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Summary

Proteins can be assembled into specific complexes especially by scaffold proteins, which
safeguard as control elements the strength, efficiency, fidelity and specificity of signal
transduction within the cells. A variety of scaffold proteins, e.g., IQ domain GTPase-activating
protein 1 (IQGAP1), nucleophosmin (NPM1), and nucleolin (NCL), has been reported to directly
bind small GTPases of the RAS and RHO family and to control their signaling processes. RHO- and
RAS-related proteins, which normally act as molecular switches in diverse biological processes,
are frequently dysregulated in diseases, such as cardiovascular and infectious diseases,
developmental and neurological disorders, and cancer. Deciphering new functional control
mechanisms and defining new targets is essential for the rational development of highly selective
drugs that attenuate signal transduction rather than inhibiting it. An essential prerequisite to
elucidate the mechanism behind functions of scaffold proteins is the dissection of their individual
domains and the analysis of their interactions with desired protein partners; and this was the aim
of the present dissertation. Comprehensive investigation of IQGAP1 interaction with the RHO
family proteins revealed for the first time that IQGAP1 association with RAC- and CDC42-related
proteins underlies a two-step mechanism, first a low-affinity, nucleotide-independent binding of
the GAP-related domain outside the switch regions, and second a high-affinity, GTP-dependent
binding of the GTPase binding domain to the switch regions of RAC- and CDC42-related proteins.
These results provide the field with new insights into interaction characteristics of RHO GTPases
with IQGAP1, which is a critical mechanism in temporal regulation and integration of IQGAP1-
mediated cellular responses. In contrast, a proposed physical interaction of NPM1 and NCL with
the RAS isoforms (HRAS, NRAS, and KRAS) was not verified in this study but instead new
interactions of their domains were explored in-depth. NPM1 interactions with HIV-1 Rev and HSV-
1 US11, two functionally homologous viral proteins, in the presence and in the absence of a
blocking cyclic peptide (CIGB-300), provided unprecedented insights into the key role of NPM1 in
viral infections that may represent a novel promising target for antiviral therapeutic intervention.
The identification of a direct interaction between NCL and the fragile X mental retardation protein
(FMRP) pointed to a novel mechanism underlying a transient nucleocytoplasmic and nucleolar

translocation and regulating different processes, e.g., ribosome biogenesis.



Zusammenfassung

Proteine konnen in spezifischen Komplexen durch sog. Adaptor- bzw. Geristproteine
,vernetzt” werden, die in den Zellen als Kontrollelemente Starke, Effizienz und Spezifitdt eines
Signaltransduktionswegs kontrollieren/regulieren. Verschiedenen Studien zufolge
regulieren/kontrollieren eine Reihe von GerUstproteinen, u.a. /IQ domain GTPase-activating
protein 1 (IQGAP1), Nucleophosmin (NPM1), und Nucleolin (NCL) die Signalprozesse kleiner
GTPasen der RAS- und Rho-Familie, indem sie direkt mit ihnen interagieren. RAS- und RHO-
verwandte Proteine, die als molekulare Schalter normalerweise in diversen biologischen
Prozessen agieren, sind sehr haufig bei kardiovaskularen und neuronalen Erkrankungen,
Infektionserkrankungen, Entwicklungsstorungen und Tumorerkrankungen fehlreguliert. Die
Entschlisselung neuer funktionaler Kontrollmechanismen und die Definition neuer Targets sind
essentiell flir die rationale Entwicklung hochselektiver Pharmazeutika, welche die
Signaltransduktion abschwacht, aber nicht vollstandig inhibiert. Eine wesentliche Voraussetzung
zur Aufklarung der Funktion der Geristproteine ist ihre Zerlegung in einzelnen Domanen und die
Untersuchung deren Interaktionen mit den entsprechenden Bindungspartnern, was das Hauptziel
der vorliegenden Dissertation darstellte. Umfassende Untersuchungen der IQGAP1-Interaktion
mit den Proteinen der RHO-Familie haben hierbei gezeigt, dass die Assoziation von IQGAP1 mit
RAC- und CDC42-verwandten Proteinen einem zwei-Schritt Mechanismus unterliegt. Dieser
umfasst eine niederaffine Nukleotid-unabhangige Bindung an die GAP-verwandte Doméne
auBerhalb der Schalterregionen, gefolgt von einer hochaffinen, GTP-abhangigen Bindung der
GTPase-Bindungsdomane an die Schalterregionen von RAC- und CDC42-verwandten Proteinen
RAC- und CDC42-verwandten Proteinen RAC- und CDC42-verwandten Proteinen. Diese Resultate
tragen zum besseren Verstandnis der Bindungseigenschaften von RHO-GTPasen mit IQGAP1 und
somit der zeitlichen Regulation und Integration IQGAP1-vermittelter zelluldarer Antworten.
Demgegeniiber stehen die Geristproteine NPM1 und NCL, deren vorgeschlagenen physikalischen
Interaktionen mit den RAS-Isoformen (HRAS, NRAS, und KRAS) in dieser Arbeit nicht bestétigt
werden konnten. Eingehende Untersuchungen einzelner Domanen von NPM1 und NCL
identifizierten stattdessen neue Interaktionen. Die NPM1-Interaktionen mit HIV1-1 Rev und HSV-1
US11, zwei funktionell homologe virale Proteine, in der An- und Abwesenheit eines blockierenden
zyklischen Peptids (CIGB-300), lieferten neue Einblicke in die Schlisselrolle von NPM1 bei viralen
Infektionen. Letzteres reprasentiert derzeit eine neue und viel versprechende Zielstruktur fiir die
Entwicklung antiviraler Wirkstoffe. Die Charakterisierung der direkten Interaktion zwischen NCL
und fragile X mental retardation protein (FMRP) weist auf einem wichtigen Mechanismus hin,
dem eine voriibergehende nukleozytoplasmatische und nukleoldre Translokation von NCL
zugrunde liegt und hierbei unterschiedliche Prozesse, wie beispielsweise die Ribosomen-
Biogenese, reguliert wird.
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1 RAS Superfamily

As of today the RAS superfamily of small guanosine triphosphatases (GTPases) comprise over
167 human members, which are small proteins between 20-25 kDa in size and classified by a
conserved structural domain. In the beginning, RAS genes were identified as viral oncogenes
found in the Harvey murine sarcoma virus (Ha-MuSV) and the Kirsten murine sarcoma virus (Ki-
MuSV), which encode a 21 kDa phosphoprotein and induce tumor formation in new-born rodents
[1-3]. Shortly after that it was shown that transforming genes are detected in human tumor cell
lines and these oncogenes originated from genes called HRAS and KRAS [4]. The first human RAS
gene was identified in human bladder carcinoma cell line and it was shown that bladder cancer
HRAS gene is activated by a codon 12 mutation [5-7]. In 1982, transforming genes in human
cancer cell lines identified as HRAS and KRAS sequences and this finding led to beginning of an
intensive focus on studying biology, biochemistry, and structure of the RAS proteins. Normal
cellular RAS genes were cloned, sequenced, and it was found very soon that they encode 21 kDa
proteins, which bind the guanine nucleotides GDP and GTP, have GTPase activity, and are
localized at the inner leaflet of the plasma membrane [3,8]. Later, it was shown that HRAS C-
terminus, especially Cys186 is required for its posttranslational modification, membrane
association, and transformation [3]. They show high-affinity binding for GDP and GTP, and have
low intrinsic nucleotide exchange and GTP hydrolysis reactions. Their GDP/GTP exchange activity
is controlled by guanine-nucleotide-exchange factors (GEFs) and GTPase-activating proteins
(GAPs) as regulatory proteins [9]. So, these proteins act as molecular switches, have diverse

regulatory functions, and control a wide variety of processes within the cell.

1.1 Classification of RAS Small GTPases

The human RAS superfamily is divided into five classical subfamilies, including RAS, RHO, RAB,
RAN, and ARF (Fig. 1) [10-12]. Most of the biological and biochemical processes in the cells are
accomplished by the crosstalk of different proteins and it is not easy to define the unique function
of a certain small GTPase family alone [13]. The RAB family is by far the largest family. RAB
GTPases and their effectors coordinate consecutive stages of transport such as intracellular
vesicular transport and the protein trafficking between different organelles in the endocytic and
secretory pathways [14]. There is only one copy of the RAS-like nuclear (RAN) protein in the
human genome, but it is the most highly expressed protein in human. It functions as a positional
marker of the genome and regulates the nucleocytoplasmic transport of RNAs and proteins
through NPC (nuclear pore complex) [15]. The ADP ribosylation factor (ARF) family is by far the

most diverse and divergent family of the RAS superfamily. ARF family members are also a central
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role player in the membrane trafficking and phospholipid metabolism pathways of eukaryotic cells
[16,17], and eventually the RHO proteins, which are the main focus of this thesis, are mostly
known to direct the reorganization of the actin cytoskeleton at a specific time and site in the cell

[18,19].

RAS SUPERFAMILY OF SMALL GTPases
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Figure 1. RAS superfamily of small G proteins. RAS superfamily consists of 167 human members which is
divided to five subfamily, including RAS, RHO, RAB, ARF, and RAN. Numbers indicate the orthologues found
in each subfamily. Modified from [20].

1.2 Structural properties of the RAS GTPases

By comparing the amino acid sequences of RAS proteins from different species, it has been
shown that these proteins are highly conserved with a homology of 30-55%. Among RAS proteins,
each protein shares quite high amino acid identity (¥50%), while RAB and RHO/RAC/CDC42
proteins share ~30% amino acid identity with RAS proteins [21,22]. All these proteins share a core
GDP/GTP-binding (G) domain (RAS residues 5-166; approximately 19 kDa) that has a universal
structure and carries out the basic functions of nucleotide binding and hydrolysis [11]. This
domain is the basis for the molecular switch function of almost all RAS-like proteins cycling
between an active GTP-bound state, and an inactive GDP-bound, which are highly conserved in all
GTPases [11,23,24]. They share five conserved GDP/GTP-binding (G) motifs. G1 (L1) box or the
“Walker A motif” with the consensus sequence GX4GKS/T (residues 10-17 in HRAS), is a glycine-
rich phosphate binding (P) loop, which provides the highest contribution to high-affinity binding
of the nucleotides. This motif comprises three vital residues: codon 12 encoding for Gly12 that is
the most frequently mutated RAS codon in human tumors [25,26]; Lys16 is responsible for the
formation of a ring-like structure, which wrap around the B- and y-phosphate oxygen and
generate a positively charged environment; Ser17 with its hydroxyl group coordinates the Mg**
ion and the B-phosphate oxygen [27-29]. G2 box or L2 (residues 32-40 in HRAS) also called

effector binding site or switch |, contains a threonine (Thr35 in HRAS), that is conserved in almost
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all members of RAS superfamily. Switch | region overlaps with G2 box and locates between al
helix and B2 strand. This conserved residue is crucial for sensing the presence of the y-phosphate
of GTP and coordinates the magnesium (Mg”*) ion. It is absolutely crucial for the functional
dynamics of the switch | region, and is therefore essential for the interaction with effector
proteins [30]. Switch Il region comprises part of a2 helix and G3 motif. G3 box, L4 or “Walking B
motif” is the DX2G motif (residues 53-62 in HRAS), close to “switch II” region with a conserved
aspartate (Asp 57 in HRAS) in the vicinity of the Mg* ion and a Gly (Gly60 in HRAS) that
coordinates the y-phosphate by a main chain hydrogen bond, and is a key sensor for the
conformational change of the switch Il region [31]. G4 is the N/TKXD motif (residues 112-119 in
HRAS), where an aspartate (Asp 119 in HRAS) binds to the nitrogen atoms of the base with two
hydrogen bonds, and an asparagine and a lysine (116 and 117 in HRAS) contacting the oxygen of
the purine, which are important in conferring the specificity to the guanine base [10]. G5 box is
the SAK motif (residues 144-146 in HRAS), where a serine side chain (145 in HRAS) stabilizes the
neighbor loop in a tight turn, and an alanine (146 in HRAS) that binds the guanine base and is
another determinant for the guanine-specificity of RAS [10,30,32]. The conformations of switch |
and switch Il largely change when the G domain cycles between the GDP-bound and GTP-bound
states. The conformational change can best be interpreted as a “loaded spring” mechanism.
Presence of the GTP y-phosphate causes the switch | and switch Il regions to locate in the position
close to the nucleotide. Once the y-phosphate is cleaved off after GTP hydrolysis, the switch
regions relax into the “open”-GDP specific conformation. Such GTP-induced conformational
changes are crucial for the function of molecular switch (Fig. 2) [11,33,34].

In addition, small GTPases belonging to RAS, RHO/RAC/CDC42, and RAB proteins have
sequences at their carboxyl (C) terminal that undergo posttranslational modifications with lipid,
such as palmitoyl, geranylgeranyl, farnesyl, methyl moieties, and proteolysis. Indeed the main
difference between RAS superfamily members comes from the carboxyl (C) terminal
hypervariable region (HVR; residues 165-185 in HRAS; 173-189 in RHOA; 181-212 in RAB5) [35-
37]. HVR is important for membrane association of small GTPases and probably plays a role in
selectivity for different binding partners [38]. In the case of RHO GTPases, the HVR is sufficient for

association of the proteins with the membrane without any posttranslational modification [39].
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Figure 2. Motifs and structure of the RAS superfamily proteins. (A) Topology diagram for G-domains of the
RAS superfamily. a-helices are shown in red and B-strands in green, and N and C termini are indicated. (B)
Three dimensional structure of the G-domain with labeled position of the conserved nucleotide binding
motifs (same color code like in (a)), P loop is shown in orange [34].

2 Small GTPases of the RHO family

RHO (RAS homologous) family proteins are involved in a variety of cellular processes by
modulating cytoskeletal organization, cell polarity, transcription, cell cycle progression, and
hematopoiesis [40,41]. So far, 22 human proteins of the RHO family have been identified, that can
be divided into six distinct subfamilies based on their sequence homology and biological
functions: (1) RHO-related group, i.e. RHOA, RHOB, RHOC; (2) the RAC-related group, i.e. RAC1
(and its splice variant RAC1b), RAC2, RAC3, RHOG; (3) the CDC42-related group, i.e. CDC42 (and its
brain-specific C-terminal splice variant G25K), TC10, TCL, RHOU/WRCH1, RHOV/CHP; (4) RHOD,
i.e. RHOD, RIF; (5) RND, i.e. RND1, RND2, RND3; (6) RHOBTB group, i.e. RHOBTB1, RHOBTB2, and
RHOH/TTE (Fig. 3) [18,40,42,43] (chapter 2).
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2.1 Biological functions and role in human diseases

The RHO family GTPases play an important role in diverse cellular processes and progression of
different diseases, such as cardiovascular diseases, developmental and neurological disorders,
tumor invasion and metastasis as well as regulating liver regeneration [44-51]. They are main
regulators of cytoskeletal dynamics and stimulate various cellular processes, including migration,
neuronal development, morphogenesis, cell polarity, cell division and adhesion, cytokinesis,
embryonic development, immune response, wound healing, tumor formation, and metastasis
[40,52-54]. Moreover, they regulate microtubule dynamics, vesicle transport, gene expression,
and cell cycle progression [54]. Of the RHO GTPase family members, RAC1, RHOA, and CDC42
have been most extensively studied and characterized. Activation of RAC1 results in the
membrane ruffling and lamellipodia formation, while CDC42 leads to the formation of filopodia
[54]. RHOA promotes the formation of actin stress fibers and focal adhesion assembly [55,56].
Other RHO GTPases such as TC10 (RHOQ), WRCH1 (RHOU), RIF (RHOF), and RHOD also promote
filopodia formation [57-59]. RHO GTPases are also implicated in various aspects of neuronal
development, including neurite extension, axon specification, and axon guidance, hence
perturbations in RHO GTPase signaling may lead to cognitive disorders [60]. Numbers of
enzymatic activities which are involved in lipid metabolism or implicated in changes to the actin
cytoskeleton are also influenced by RHO GTPases [61,62]. It has been shown that RHOA, RAC1,
and CDC42 contribute to G1 cell cycle progression of fibroblasts and epithelial cells in culture, and
all of them when expressed in quiescent fibroblasts are able to stimulate entry into G1 and
progression to S phase [63,64]. Some effects of RHO GTPases on G1 progression, seems to be vital
for adhesion- or anchorage-dependent signals for cell proliferation. Since one of the hallmarks of
cancer is loss of anchorage, this motivates many scientists to inspect the possible involvement of
RHO GTPase pathways dysregulation to tumor progression [65]. RHO-like proteins can potentially
influence the invasiveness of tumor cells in many different ways [54,66,67].

In addition, it has been shown that dysregulation or dysfunction of RHO signaling pathways
results in number of other clinical symptoms such as X-linked genetic diseases, mental
retardation, and neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS),
Alzheimer’s disease, Huntington’s disease and Parkinson’s disease as well as human

immunodeficiency syndrome [66,68-72].
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Figure 3. Phylogenetic tree of the RHO family proteins. The unrooted phylogentic tree is based on the
ClustalW alignment of the amino-acid sequences of the 20 RHO GTPase proteins. RHO family can be roughly
divided into six major groups: RHO-, RAC-, CDC42-, RND-, RHOBTB-, and RHOD-related groups, where RHOH
cannot assign as a defined group [40].

2.2 RHO mutations in tumor progression

There are different levels of RAS and RHO cross-talks at the levels of GAP or scaffolding
proteins. While HRAS, NRAS, and KRAS regularly acquire transforming missense mutations in
human cancer, slight is known of the oncogenic roles of RHO GTPases or the coexistence of RAS
and RHO mutations in tumors. The mutation in RHOH/TTF has been shown to be involved in
lymphoma development [73]. In addition to that, recently a mutant form of RAC1 with the amino
acid substitution N92I beside the NRAS Q61K mutation in a human sarcoma cell line, HT1080, has
been discovered and have been shown that this mutation renders RAC1 constitutively active and
highly oncogenic [74]. Further screening for RAC1, RAC2, and RAC3 mutations among cancer cell
lines as well as public databases, identified additional transforming mutations of RAC1 and RAC2
including RAC1 P29S, RAC1 C157Y, RAC2 P29L, and RAC2 P29Q [74]. Furthermore, RAC1 P29S

mutation in melanoma and its possible role in resistance to RAF inhibitors by maintaining
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activation of the MAPK signaling pathway has been reported [75]. Most recent report of mutation
in RHO proteins is the RAC2 D63V mutation in Juvenile myelomonocytic leukemia (JMML) [76].
Juvenile myelomonocytic leukemia (JMML) is a rare but aggressive form of childhood leukemia
that results from infiltration of overproduced myelomonocytic cells to organs such as liver,
spleen, and intestine and exhibits both myelodysplastic and myeloproliferative properties [77].
Pathological studies revealed that the JMML initiated by germline or somatic RAS-activating
mutations [78]. JMML is considered as a unique example of RAS-driven oncogenesis since it is
thought to be initiated by mutations, usually described as mutually exclusive, in NRAS and KRAS
genes or RAS-pathway regulators (PTPN11, NF1 or CBL) [79] but genetic profiling of the JMML
patient with NRAS mutation has shown the second mutation which belongs to RHO GTPase

(RAC2) [76] (see chapter 3).

2.3 Structural features of RHO proteins

RHO proteins are defined by the presence of a RHO-type GTPase-like domain. These proteins
normally comprise a conserved GDP/GTP-binding domain (called G domain) and a C-terminal
hypervariable region ending with a consensus sequence known as CAAX (C is cysteine, A is any
aliphatic amino acid, and X is any amino acid) [11,18]. The G domain of RHO proteins is highly
conserved among RHO family members and its structure is slightly different from what was
described above for the RAS superfamily proteins (Fig. 2). One of the main differences between
RHO family proteins and other small GTPases, which indeed distinguishes these proteins from
other small GTPases, is an additional 12-amino acid “insert region”, (residues 124-135) in the RHO
family proteins. This region is located between the fifth B strand and the fourth a helix in G
domain [80]. All RHO family members have conserved motifs for high affinity binding to GDP and
GTP. Furthermore, the majority of RHO members undergo post-translational modification such as
phosphorylation, acetylation, ubiquitination, farnesylation, geranylgeranylation, palmitoylation,
endoproteolysis, and carboxyl methylation at their C-terminal HRV that facilitates their membrane

anchorage [18,81].

2.4 Regulation of RHO proteins activity by nucleotide binding

As indicated before, similar to other RAS superfamily members, RHO family proteins also share
a core G domain with five conserved sequence motifs (G1-G5), which are required for nucleotide
binding and hydrolysis [34]. Membrane-associated RHO GTPases act, with some exceptions [82],
as molecular switches by cycling between an inactive GDP-bound state and an active GTP-bound
state (Fig. 4). The role of the RHO family proteins as signaling molecules in controlling a wide

range of fundamental cellular processes is mostly dependent on this functional molecular switch
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[83]. This cycle underlies two critical intrinsic functions, the GDP-GTP exchange and GTP hydrolysis
[82], and is controlled by at least three classes of regulatory proteins: guanine nucleotide
exchange factors (GEFs), GTPase-activating proteins (GAPs), and guanine nucleotide dissociation
inhibitor (GDI) (Fig. 4) [83,84]. GEFs accelerate the intrinsic nucleotide exchange by several orders
of magnitude, resulting in the formation of the GTP-bound active state [82,85]. GAPs stimulate
the intrinsic GTP hydrolysis activity and leading to a rapid inactivation of RHO proteins [84,86,87].
GDIs have been suggested to selectively bind to prenylated RHO proteins and to sequestrate the
RHO proteins from the membrane by binding to the lipid anchor and by creating an inactivated
cytosolic pool [88,89]. RHO proteins, in their active GTP-bound, associate with and in turn activate
a wide variety of downstream effector molecules and subsequently activate signaling cascades

(Fig. 4) [90,91] (more detailed information in chapter 2).
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Figure 4. RHO Proteins as molecular switches. Most members of the RHO family act as molecular switches
by cycling between an inactive, GDP-bound state and an active GTP-bound state. They interact specifically
with three structurally and functionally unrelated classes of proteins. Guanine nucleotide exchange factors
(GEFs), which activate the RHO proteins by accelerating the slow intrinsic exchange of GDP for GTP and turn
on the signal transduction. GTPase-activating proteins (GAPs) negatively regulate the switch by stimulating
the slow intrinsic GTP hydrolysis activity of the RHO proteins and turn off the signal transduction. Guanine
nucleotide dissociation inhibitors (GDIs), which solubilize prenylated RHO proteins in cytosol and keep them
in inactive state. The active GTP-bound RHO proteins interact with, and activate the downstream effectors
to induce a variety of intracellular responses.

2.5 RHO GTPases and their effectors

GTP-bound RHO proteins interact with effector molecules to activate downstream cellular
responses [92]. The crystal structures of several RHO proteins have revealed that the
conformational differences between the GTP-bound and the GDP-bound forms are restricted to

switch regions | and II. Activation of RHO proteins typically induce a conformational change,
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providing common elements of the switch regions that are specifically recognized by the
downstream interacting partners, although certain effectors may bind outside of switch regions
[83,93,94]. In addition to switch regions, other regions are required for specific interaction of RHO
proteins with distinct binding partners. Each protein may recognize several effectors, and some
effectors may be recognized by multiple family members. To date more than 30 potential
effectors for RHO, RAC, and CDC42 have been identified [18,54,90,91]. Many of RAC- and CDC42-
binding proteins such as activated CDC42-associated tyrosine kinase (ACK), and Wiskott—Aldrich-
syndrome protein (WASP) contain the conserved GTPase-binding consensus site, so-called CRIB
(CDC42/RAC-interactive binding) motif [95]. Binding of RHO to its effector proteins require quite
different GTPase regions compared to RAC and CDC42. One group of effectors, including protein
kinase N (PKN)/PRK1 and PRK2, rhotekin and rhophilin, bind to RHO via RHO effector homology
(REM) domain, which contains three repeats of a leucine-zipper-like motif termed HR1IRHO
effectors [96]. ROCK and kinectin are in another class of RHO effectors so-called ROK-kinectin
homology proteins (RKH), and finally citron kinase is known as class Ill of RHO effectors [91,97-
99]. p67°" is one of the first targets of RAC which was identified. p67°"™ is an essential structural
component of the phagocyte NADPH oxidase complex [100]. RAC is involved in the assembly and
activation of NADPH oxidase complex via direct interaction with p67°"™ and possibly gp91°"™
[101]. The p21-activated kinase (PAK) family of serine/threonine kinases is another well-known
effector that can be activated by both RAC and CDC42. So far, six members of this family (PAK1-6)
have been identified and it has been shown that they play critical roles in actin cytoskeleton
dynamic regulation and gene expression [102,103]. In addition to classical regulators and
effectors of RHO GTPases, the interaction with other scaffold proteins, like IQGAP1, as a crucial

interacting partner of RHO family proteins has been investigated in recent years [118,119].

3 Protein scaffolds

The spatial and temporal organization of molecules within a cell is critical for coordinating
many activities carried out by the cell. Signaling molecules interact together to form large
complexes, which are normally not diffuse in the cytoplasm, but are rather attached to the cell
membranes. The complex is called signalsome or transducisome. In signalsome, a protein that
binds to more than one protein and has no enzymatic activity is defined as a scaffold protein or
adaptor protein [104]. Cells have developed this class of proteins in order to physically assemble
the relevant molecular components. These proteins simultaneously bind multiple components,
assemble them into specific complexes, and thereby enhance signaling efficiency and fidelity,

increase signaling sensitivity, and coordinate different signaling pathways [105].
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Many scaffold proteins with diverse functions in different signaling pathways have been
identified. For instance, the importance of scaffold proteins such as IQGAP1 [45,106,107], kinase
suppressor of RAS (KSR) [108], MEK partner-1 (MP-1) [109], B-arrestins, and similar expression to
FGF (Sef) [110], are well investigated in mitogen activated protein kinase (MAPK) signaling
pathways specially MEK/ERK pathway [111]. Galectin-1 (Gal-1), Galectin-3 (Gal-3), nucleophosmin
(NPM1), and nucleolin (NCL) are other protein scaffolds which participate in facilitating or
enhancing RAS nanoclusterring [112-115]. Gal-1 increases nanoclusterring of active form of HRAS
and its level may modulate HRAS signaling activity [115]. In contrast to Gal-1, cytosolic Gal-3
associates more with GTP bound form of KRAS nanoclusters [114]. NPM1 and NCL are other
protein scaffolds for KRAS nanoclusters, and the latter is involved in ribosome biogenesis most
likely in the complex with FMRP (fragile X mental retardation protein). These proteins are
shuttling proteins between nucleolus and cytoplasm and can interact with KRAS, but not HRAS on
the plasma membrane [112]. Furthermore, it has been shown that increasing cytosolic NPM1 or
NCL concentration, stabilizes KRAS localization to the plasma membrane and enhances KRAS

nanoclustering [112].

3.1 IQGAPs

IQ-domain GTPase-activating proteins (IQGAPs) belong to a recently identified protein family,
which is an evolutionary conserved multidomain protein family in eukaryotes, from
Saccharomyces cerevisiae to mammals. The multiple domains in IQGAPs interact with wide variety
of binding partners, regulate numerous signaling pathways, and subsequently playing an
important role in different biological processes [48,106,116-119]. IQGAPs have high sequences
similarity to the RAS GAPs and four isoleucine/glutamine-containing domains (1Q), and the name
"IQGAP" came from these two structural features.

In mammals, three isoforms of IQGAPs are expressed: IQGAP1, IQGAP2, and IQGAP3 (Fig. 5A).
These homologues have similar domain compositions but different subcellular localization, tissue
expression (Fig. 5B), and functions. Among these Isoforms, IQGAP1 is ubiquitously expressed and
is the most investigated member. IQGAP1 via many different mechanisms coordinate
communication between binding partners, including serving as a scaffold. IQGAP2 is expressed
predominantly in the liver and also in stomach and platelet, and has 62% sequence identity to
IQGAP1. IQGAP3 is enriched in brain and lung tissue [107,120-122]. Recent differential gene and
protein expression analysis revealed a reciprocal expression of IQGAPs in hepatic stellate cells
(HSC), with highly expression of IQGAP2 in quiescent HSC and IQGAP1 in activated HSC (chapter

4), and also in hepatocellular carcinoma (HCC) [123]. In spite of having RASGAP homology domain,
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none of these three isoforms have GAP activity. In contrast, IQGAP proteins exhibit an inhibitory

effect on the intrinsic GTPase activity of RHO GTPases CDC42 and RAC1, thereby stabilize them in

their active GTP-bound form [124,125]. Lack of GAP function is apparently owing to absence of

arginine finger in their GAP-related domain, which is involved evolutionarily in GAP activity of

RASGAPs [126,127].

IQGAPs participate in many essential cellular activities in different organisms including

cytokinesis in yeast and Dictyostelium [116], cell—cell adhesion through binding to E-cadherins as

well as B-catenins [48,128], and regulate cell adhesion via binding to RAP1 [129]. Moreover they

contribute in cancer cell invasion and metastasis and also as a scaffold for the mitogen-activated

protein (MAP) kinase pathway by interactions with MAPK/ERK kinase (MEK1/2), B-RAF and

extracellular signal-regulated kinase 2 (Erk2) [130,131].
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Figure 5. IQGAP isoforms and their tissue expression. (A) Schematic representation of the IQGAP proteins.
IQGAPs contain several domains that mediate protein—protein interactions. They are consisting of five
distinct domains; calponin homology domain (CHD), the WW domain, the IQ domain (which contains four
tandem 1Q motifs), the GTPase-activating protein (GAP)-related domain (GRD), and the RASGAP-C terminus.
The amino acid homologies are indicated. (B) The tissue expression pattern of IQGAP family members [117].

The plus number reflects the expression level.
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3.1.1 IQGAP1 domain organization and interacting partners

IQGAP1 is ubiquitously expressed and best-investigated member of the IQGAP family. It is a large
multidomain scaffolding protein with 1657 amino acids (190 kDa). Since its discovery 20 years ago
[132], more than 100 interacting partners have been identified, that some of them are illustrated
in Figure 6 [118,119]. The N-terminal calponin homology domain (CHD) shares homology with the
Ca’* and calmodulin-binding protein calponin. CHD interacts with F-actin [133], also weakly with
calmodulin and Ca** ions [134,135]. This followed by a long coiled-coil (CC) region. So far, only
Ezrin and adaptor protein ShcA have been identified to bind to a distinct part of this region
containing six LNEALDEGDAQ consensus sequence repeats [118,135,136]. Whereas the proline
rich region with two conserved tryptophans (WW) interacts with components of the MAPK
pathway such as ERK1 and 2 [137]. This domain is followed by IQ motifs comprising Iso/Leu and
Gln residues that mediate interactions with Ca**-binding proteins, including calmodulin [45,138]
and S100 family proteins [139]. RAS GAP-related domain (GRD), and originally called RASGAP C
terminal domain which we called a GTPase-binding domain (GBD) are known as RAC- and CDC42-
like binding sites. At the very C-terminus, the C domain interacts with CLIP-170 [140], beta-
catenin, E-cadehrin [48,141,142], and the important tumor suppressor protein adenomatous

polyposis coli (APC) [143].
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Figure 6. Schematic representation of the protein interaction domains of IQGAP1. Functional domain
organization of IQGAP1 protein and the binding sites of some well-investigated binding partners are shown.
It encompasses calponin homology domain (CHD), coiled-coil (CC) region, tryptophan-containing proline-
rich (the WW domain), the 1Q domain with four tandem IQ motifs, the GTPase-activating protein (GAP)-
related domain (GRD), GTPase-binding domain (GBD), and C-terminal domain (C). Each domain has diverse
interacting partners. The numbers indicate the N- and C-terminal amino acids of the respective domains.

3.1.2 IQGAP1-RHO interaction and regulating cellular functions

Accumulating evidence supports diverse roles for the IQGAP1 interaction with CDC42 [144] and
RAC1 [145] in vertebrates, including regulation of cell-cell adhesion [146], cell polarity and
migration , neuronal motility [147], invasion of Salmonella typhimurium [148], and tumor cell

invasion [149]. IQGAP2 and IQGAP3 are also able to bind RHO proteins [120,125,150]. The
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interaction with the active, GTP-bound form of CDC42 and RAC1 suggests that IQGAP1 acts as a
downstream effector [151,152]. However, the nature of such a protein-protein recognition
process has remained obscure. Physical interaction of IQGAP1 with small GTPases, like RAC1 and
CDC42, play vital controlling roles in actin polymerization at the leading edge of migrating cells,
where they localize with IQGAP1 [153,154]. Filamin-A is an actin crosslinking protein, which forms
a complex with IQGAP1 and activated (; integrin to recruit RACGAP1. RACGAP1-IQGAP1
interaction negatively regulates RAC1 and promotes RHOA activation [155,156]. Since depletion
of filamin-A, IQGAP1 or RACGAP1, caused uncontrolled membrane protrusion and disrupted
directional cell migration [156], it has been suggested that IQGAP1 regulates cell motility at the
leading edge [133]. Current evidence indicates that R-spondins (RSPOs)-leucine-rich repeat-
containing G-protein coupled receptor 4 (LGR4) recruits IQGAP1 into the Wnt signaling complex
and potentiates both the canonical and noncanonical pathways of Wnt signaling [157]. IQGAP1
also plays a critical role in cell polarity by associating with Wnt/RSPO and activation of the RAC1,
and CDC42 proteins [157].

While modulation of the cytoskeletal architecture was initially thought to be the primary
function of the interaction of IQGAP1 with RHO proteins, it is now clear that they have some
critical physiological roles beyond the cytoskeleton [119]. Hepatocyte growth factor (HGF)
enhances barrier function in endothelial cells [158]. It has been reported that IQGAP1 functions as
a scaffold between microtubules and actin to stimulate enhanced barrier functions downstream
of HGF [158,159]. CDC42 promotes the interaction of PTPu with IQGAP1 to stimulate actin
remodeling and, eventually, neurite outgrowth [160]. The complex of active CDC42, Lis1, and
CLIP-170 with IQGAP1 seems to be crucial for cerebellar neuronal motility [147]. Another example
is in the pancreatic B-cells. Analysis of the insulin secretory pathway has shown that IQGAP1
scaffolds CDC42, RAB27a, and coronin-3 and this complex controls endocytosis of insulin
secretory membranes [161]. Apart from that, immunoprecipitation studies have recently shown
that IQGAP1 binds to both RHOA and p190A-RHOGAP to inactivate RHOA and modulates
contractility of airway smooth muscle cells [162]. Wu et al. also have found RHOC and IQGAP1 in
immunoprecipitates. This study has shown that isoform-specific interaction of RHO proteins with
IQGAP1 regulates cancer cell proliferation and reveals that IQGAP1 is a downstream effector of
RHOC in the regulation of gastric cancer cells migration activity [163,164]. From IQGAP family,
IQGAP1 has been precisely implicated as a drug target although the molecular mechanism of the
IQGAP1 functions is unclear. A prerequisite to elucidate the mechanism behind IQGAP1 functions
is the dissection of its distinct domains and the analysis of their interactions with desired protein

partners.
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Work from several laboratories has shown that the C-terminal half of IQGAP1 (GRD-C, aa 863-
1657), including GRD, GBD, and C (Fig. 6), binds physically to active, GTP-bound forms of CDC42
and RAC1 [150,165,166]. IQGAP1 GRD, which is structurally a homologous but functionally an
inactive RASGAP [167] also undergoes interaction with RAC1 and CDC42, although with a lower
affinity than the larger protein fragment, containing GRD, GBD, and C [167]. These works together
with homology modeling, based on the RHOGAP in complex with RHOA [168] and CDC42 [169],
provided a structural model of IQGAP1 GRD that contacts the switch regions of the GTP-bound
CDC42 [167,170,171]. On the contrary, in this study new model was proposed that the C-terminal
half of IQGAP1 utilize at least three functionally distinct units, including GRD, GBD, and C, to
achieve the interaction with RAC1- and CDC42-like proteins. GRD undergoes a low-affinity, GDP-
/GTP-independent complex with RAC1 and CDC42 proteins outside their switch regions. GBD only
binds to the RAC1 and CDC42 proteins if they are active and exist in the GTP-bound forms, and
the C-terminal region of IQGAP1 may potentiate the IQGAP1 interaction with RAC1 and CDC42
proteins by probably extending the resident time of the respective proteins complexes (chapter

4).

3.2 Nucleophosmin and nucleolin

Nucleophosmin (NPM1, also known as B23, numatrin, NO38), and nucleolin (NCL, C23), are
multifunctional phosphoprotein predominately localized in nucleoli, where they play key roles in
RNA regulatory mechanisms including transcription, ribosome assembly and biogenesis, mMRNA
stability and translation, and microRNA processing [172-175]. They also act as a nucleolar
chaperon of histones [172,176-178]. Moreover, they have been reported to undergo a large
variety of posttranslational modifications such as phosphorylation [179,180], ADP-ribosylation
[181], glycosylation [182], glutamylation, and acetylation [183-185]. Mechanistic relationships
between differential modifications, localizations, and functions of these proteins are still unclear.
It is, however, clear that NCL and NPM1 undergo multiple interactions with diverse host proteins

and microbial effectors in different subcellular compartments.

3.2.1 Structural features

NPM1 (294 aa) is a 37 kDa protein that contains an N-terminal oligomerization domain, a
central histone binding domain, and a C-terminal RNA binding domain (Fig. 7) [186]. It also has
two nuclear exports signals (NESs) at the N-terminus, two central nuclear localization signals
(NLSs), and one nucleolar localization signal (NoLS) at the very C-terminus (Fig. 7). NPM1 exists in
two splicing variants, B23.1 (major form) and B23.2 (minor form). B23.2 is identical to B23.1 but

contains a C-terminal 35 amino acids extension [177,186].
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A sequence comparison of NCL (710 aa, 77 kDa) reveals a high degree of identity in the different
kingdoms. It contains an N-terminal domain (aa 1-284) with four acidic motifs, one nuclear
localization signal (NLS), a large central region (aa 307-647) containing four RNA recognition
motifs (RRM 1-4), and a C-terminal arginine-glycine-glycine-rich (RGG, also called glycine-arginine

rich or GAR) region (aa 645-710) (Fig. 7) [187].

Histone binding
Oligomenzation RMA binding

wew| BB NEEE -

Mucleo-cytoplasmic shuttling RNA binding MESPTN
T DD B ElEaEaEs el

Figure 7. Functional domains organization of nucleophosmin (NPM1), and nucleolin (NCL). NES, nuclear
export signal; AD, acidic domain; NLS, nuclear localization signal; NoLS, nucleolar localization signal; RRM
(or RBD), RNA recognition motifs (also called RNA binding domain), and GAR (or RGG), glycine-arginine-
repeat (arginine-glycine-glycine domain).

3.2.2 Interacting partners

NCL, and also NPM1, belong to the most abundant non-ribosomal proteins of the nucleolus, but
are also found in the nucleoplasm and at the nuclear membrane, as well as in the cytoplasm and
at endomembrane and the plasma membrane [188]. NPM1 and NCL are interacting partners [189]
and also interact with many other nucleolar and viral proteins. These proteins include the tumor
suppressors ARF (p19ARF in mouse, p14ARF in human) [190,191], the SUMO1/sentrin/SMT3
specific peptidases 3 and 5 (SENP3-5) [192], F-box and WD repeat domain containing 7 (Fow7g)
[193], p21/WAF/CIP (p21) [194,195], nucleolar cell cycle related protein p120 [189,196], and
ribosomal protein S9 [197], and some viral proteins which are reported to accumulate in the
nucleolus by the help of NPM1 [198].

As it was mentioned before, both NCL and NPM1 bind KRAS and mediates recruitment of KRAS
into nanoclusters on the inner leaflet of the plasma membrane [112]. Furthermore, it has been
shown that NPM1 is a negative regulator of the small GTPase RAC1 [199]. It has also been
identified that ROCK Il kinase, an effector of RHO small GTPase, as a protein that localizes to
centrosomes, physically interacts with NPM1 and this play role in the regulation of centrosome
duplication [200].

NCL participates in the dynamic intracellular localization of telomerase complex [201], inhibits
Mdm2 and thereby leads to p53 stabilization [202]. At the outer leaflet it participates in the
interaction with lactoferrin [203], Midkine [204], Pleiotrophin [205], and Urokinase-type

plasminogen activator [206]. Most recently, the direct interaction of the N-terminus of FMRP with

16



Chapter |

the arginine-glycine-glycine (RGG) domain of NCL has also been reported and proposing that the
transient nucleolar localization of FMRP in a complex with NCL and possibly ribosomes, regulate

translation of target mRNAs [188] (chapter 6).

3.2.3 Role in cell signaling and human diseases

NPM1 and NCL are involved in the regulation of a wide spectrum of cellular processes via
binding to many partners in distinct cellular compartments, including nucleolar factors,
transcription factors, nuclear factors, and proteins involved in cell proliferation, mitosis, and the
response to oncogenic stress.

NPM1 was first identified as a nucleolar phosphoprotein and was shown to be critical in the
regulation of proliferation, cell growth, and transformation [178,207]. NPM1 is directly involved in
human tumorigenesis [178] but its physiological function thereby is controversial as it has been
shown to have both oncogenic and tumor suppressor functions [208]. The upregulation of NPM1
occurs in various tumors, and it has been proposed as a marker for gastric [209], colon [210],
ovarian [211], and prostate [212] carcinomas. Recent studies indicate that about 35% of adult
acute myeloid leukemia (AML) has mutations in exon 12 of the NPM1 gene [213]. Therefore,
understanding the function(s) and the mechanism(s) of NPM1 regulation may provide new
insights into the molecular pathogenesis of human cancer.

To date, several distinct cellular functions for NPM1 upregulation have been described (Fig.
8). Following is a brief description of some of these functions. NPM1 has been proposed as a
nucleolar receptor for PI(3,4,5)P3 in the cells. NPM1 directly interacts caspase-activated DNase
(CAD) and inhibits active CAD in a PI(3,4,5)P3 dependent manner and leads to antiapoptotic
actions [214]. Furthermore, NPM1 by binding PI(3,4,5)P3 and suppressing p21"*"' causes
inhibition of DNA synthesis and cell proliferation [215]. It also interacts tumor-suppressor ARF
which leads to inhibition of Mdm2 and to stabilization of p53 transcriptional responses, such as
apoptosis or cell cycle arrest [216]. Ubiquitin-like protein/sentrin-specific proteases (Ulp/SENPs)
process all lately synthesized small ubiquitin-like modifer proteins (SUMOs). SENP3 and SENP5
physically interact with NPM1 and regulate SUMO deconjugation. This may be a main facet of
NPM1 function that by affecting H3-H4 and Cenp-A and by inhibiting GCN5 and pRb resulting in
histone acetylation, chromatin assembly, and translation [192]. It has also been reported that
phosphorylation of NPM1 at Thr199 plays a vital role in the RNF168 and RNF8-dependent DNA
repair pathway via recruiting to DNA double-strand breaks (DSBs) [217]. It has been suggested
that balance between SIRT1 and p300 activity is critical for maintaining NPM1 acetylation status in

the cells. Acetylated NPM1 directly regulates the transcriptional activity of defined genes such as
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AP2a, NFKB, AR, Mizl, and c-Myc which are associated with oral cancer [218]. NPM1 is also
important for Bax-mediated cell death. NPM1-Bax interaction increases accumulation of

mitochondrial Bax, organelle injury, and cell death [219].
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Figure 8. Nucleophosmin signaling. NPM1 overexpression in tumor cells or under external stress leads to
regulation of variety of cellular processes.

NCL is an abundant nucleolar protein, which is highly expressed in stem cells and cancer cells.
Similar to NPM1, NCL also contributes widely to RNA regulatory mechanisms and via its different
RNA modulatory functions and its ability to associate with target RNAs. NCL is increasingly
involved in pathological processes, especially cancer and viral infection.

NCL stimulates survival and cell proliferation related carcinogenesis, but the mechanisms are
not well understood [174,187]. In various tumor cell lines and in activated endothelial cells,
expression of surface NCL is enhanced [220,221]. Moreover, it has been reported that NCL
targeting with a specific antibody results in the activation of endothelial cell apoptosis via
reducing antiapoptotic Bcl-2 mRNA [222]. Apart from its functions at the cell surface, it has been
shown that NCL has vital role in the apoptotic process which is linked to regulation of proteins like
p53, Bcl-2, and retinoblastoma [223,224]. Recent studies revealed the potential role of NCL in

parkinson disease (PD) pathogenesis as well [225].

3.2.4 Role in viral infection

NPM1 and NCL have emerged as an essential host factor for multiple aspects of microbial

infection, adhesion at cell surface, entry, intracellular trafficking, regulation of transcription and
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translation, and nucleo-cytoplasmic shuttling [172-174,176]. It is increasingly evident that these
two proteins function as a host-specific target for a large number of viruses and pathogenic
bacteria which have raised interest in targeting them therapeutically.

NCL is involved as a pro-viral host target in different processes during infection of many viruses,
including Herpes simplex virus type 1 (HSV-1), Influenza A viruses (IAV), Cytomegalovirus (CMV),
and Severe acute respiratory syndrome coronavirus (SARS) [226-231]. NCL is a host component
that interacts with Hepatitis C virus (HCV) NS5B and is indispensable for HCV replication
[226,227]. NCL interaction with UL24 of HSV-1 [232,233] and with UL44 and UL83 of CMV
[228,231] appears to be important for efficient viral DNA replication. A direct interaction of NCL
with UL24 has not been shown yet. However, it is known that the conserved N-terminal domain of
UL24 is sufficient to induce the spatial redistribution of NCL [234]. UL12 and US11 binding to NCL
has been reported to be required for efficient nuclear egress of HSV-1 nucleocapsids in infected
cells [229,230]. US11 displays striking functional similarities to HIV-1 Rev and human T-cell
leukemia/lymphoma virus type | (HTLV-I) Rex proteins [235]. Remarkably, it can substitute for Rev
and Rex and interferes with the life cycle of these retroviruses [230], suggesting a possible role for
NCL in HIV-1 and HTLV-I replication. NCL is an integral element of internal ribosome entry site-
mediated translation of HCV [236]. The growth factors pleiotrophin and midkine have been
reported to interfere with HIV infection by competitively associating with C-terminal end of NCL,
an arginine-glycine-rich (called RGG or GAR) region [204,205]. The GAR domain of surface NCL has
been suggested to be also involved in the interaction with the elongation factor Tu of Francisella
tularensis [237,238] and the TNFa-inducing protein (Tipa), which is a secreted protein of
Helicobacter pylori [239]. This interaction has been implicated to causes a cancer-oriented
microenvironment that increases the risk of gastric cancer [240]. NCL has been most recently
reported as the only protein target receptor of human respiratory syncytial virus (RVS) at the
apical surface of epithelial cells [241]. Similarly, the adhesin intimin-y of the EHEC pathogen has
been implicated as a ligand for NCL function as a host cell surface receptor [242].

NPM1 appears also to be such a host-directed antimicrobial drug-target protein that acts
strikingly as an emerging receptor for a multitude of viruses, including Adeno-associated virus
(AAV) [243], Adenovirus [244,245], Epstein-Barr virus (EBV) [246,247], Hepatitis B virus (HBV)
[248,249], Hepatitis C virus (HCV) [250], Hepatitis delta virus (HDV) [251], Herpes simplex virus 1
(HSV-1) [252], Human immunodeficiency virus type 1 (HIV-1) [253-255], Human T-cell leukemia
virus type 1 (HTLV-1) [256], Japanese encephalitis virus (JEV) [257], Kaposi's sarcoma herpes virus
(KSHV) [258], and Newcastle disease virus (NDV) [198].
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NPM1 is a replication protein (Rep) interacting partner which plays a role in Adeno-associated
virus (AAV) amplification and affecting Rep function and virion assembly [243]. It interacts with
adenovirus basic core proteins and functions as a chaperone in the viral chromatin assembly
process in infected cells [244]. Epstein-Barr virus (EBV) is a gamma herpes virus that infects more
than 95% of the world’s adult population. The EBV EBNA1 protein plays important roles in latent
infection of this virus. NPM1 is recruited by EBNA1 to the FR element and is required for EBNA1-
mediated transcriptional activation [247]. NPM1 is a host factor that increases HBV capsid
assembly of Hepatitis B virus (HBV) by interaction with the HBV core protein 149 (Cpl49) via its
RNA binding domain [248,249]. Furthermore, NPM1 make a complex with Hepatitis C virus core
protein which this complex formation may describe the pleiotropic effects of core protein on gene
expression and cellular function in HCV-infected cells [250]. Hepatitis delta virus (HDV) encodes
two isoforms of delta antigens (HDAgs); the small form and the large form, which they are needed
for HDV RNA replication and virion assembly, respectively. It has been shown that the association
of NPM1 and NCL with the small HDAg may characterize an important mechanism for HDV RNA
replication [251].

Viral proteins such as HSV-1 UL24 [252], Rex protein of human T-cell leukemia virus [256], Rev
protein [253], and Tat protein of HIV-1 [255] are reported to accumulate in the nucleolus by
interaction with NPM1 via their nucleolar localization signals (NoLSs) [198]. After entering the Rev
to the nucleus, NPM1 facilitates transport of Rev to the nucleolus. It is shown that NPM1 is
necessary for the Rev nucleolar localization through interaction with its respective basic domain
[253,259]. However, this interaction is currently not well understood and awaits detailed
molecular investigations. Along with this line, the direct interaction between Rev and NPM1
variants has been done in vitro in order to map binding epitope of NPM1 for Rev. It is shown that
Rev undergoes high-affinity binding to two domains of NPM1, OD and HBD, in an RNA-
independent manner [260] (chapter 5). Furthermore, it has been revealed that proapoptotic
CIGB-300 pseudopeptide, which specifically interacts NPM1 in vivo [261-263], bound to NPM1
oligomerization domain in vitro as well, and blocked Rev and US11 association with NPM1.
Moreover, HIV-1 virus production is significantly reduced in the cells treated with CIGB-300 [260]
(chapter 5). Rex is the post-transcriptional regulator of human T-cell leukemia virus type | (HTLV-
). It is suggested that NPM1 functions as a shuttle protein for the import of HTLV-I Rex from the
cytoplasm to the nucleolus to allow further circles of export of the viral mRNAs containing Rex-
responsive element [256]. Japanese encephalitis virus (JEV) is the arthropod-borne virus which
causes significant morbidity and mortality in mammals and birds. It is shown that NPM1 plays

critical role in the JEV replication [257]. Oncogenic Kaposi’s sarcoma herpesvirus (KSHV) is the
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etiological agent of Kaposi’s sarcoma, Primary effusion lymphoma (PEL) and Multicentric
castleman disease (MCD). NPM1, via functional interactions with v-cyclin and Latency-associated
nuclear antigen (LANA), regulates oncogenic Kaposi’'s sarcoma herpesvirus (KSHV) latency [258].
NPM1 has been reported to interact with Newcastle disease virus (NDV) matrix (M) protein and
this association represents a direct role for NPM1 in NDV replication [198]. In addition, NMP1
interaction with UL24 of HSV-1 seems to promote nuclear egress of nucleocapsids during HSV-1
infection, possibly through effects on nucleoli [252]. Furthermore it has recently been shown that
NPM1 interacts with HSV-1 US11 in vitro and in the cell, but the biological function of this
interaction remains to be elucidated yet (chapter 5). As it was mentioned before, in addition to
UL24, US11 is also shown to interact with NCL [230]. US11 protein acts as an inhibitor of an
antiviral host defense system. dsRNA and IFN activate the ribosome-associated PKR (protein
kinase R) which in turn inhibits translation and induces autophagy [264,265]. US11 hijacks dsRNA

and PKR, and counteracts the host defense.

3.2.4.1 HIV-1Rev

Besides the three common polyproteins (Gag, Pol, and Env) in all retroviruses, the human
immunodeficiency virus (HIV) genome encodes six more regulatory proteins. Among these
regulatory proteins, Rev, which is translated from fully spliced viral mRNAs, is one of the crucial
proteins for viral replication in human cells [253,266,267]. It interposes during the late phase of
the viral replicative cycle and its posttranscriptional activity permits synthesis of structural and
enzymatic viral proteins needed for production of infectious viral particles [268,269]. Rev is
typically 116 amino acids and has RNA binding domains composed of arginine-rich motif (ARM or
R-rich), which binds to different HIV-1 RNA stem loop structures. The RNA binding domain of Rev
also functions as a nuclear/nucleolar targeting signal and can deliver cytoplasmic protein to the
nucleus or nucleolus. Rev is located predominantly in the nucleus of the cells infected with the
virus and transfected cells but due to the nucleocytoplasmic shuttling, in addition to nucleoplasm

it localizes in the nucleolus and also to a lesser extent, in the cytoplasm [270,271].

3.2.4.2 HSV-1 US11

Herpes simplex virus type 1 (HSV-1) is a nearly 152 kb double-stranded DNA virus. It encodes at
least 80 polypeptides which are expressed as three, immediate early (IE), early (E), and late (L),
classes of genes. The US11 gene of HSV-1 is a so-called nonessential gene, since it is not necessary
for virus growth in animal models as well as in tissue culture [272-274]. The US11 protein is a
highly basic phosphoprotein expressed late during infection. HSV-1 has three different strains (F,

17 and KOS strain) that US11 protein from these strains showed more than 97% identity with
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different copies of XPR repeats, in the C-terminal half, (F strain: 21; 17 strain: 24; KOS strain: 20),
where X is most commonly an acidic or uncharged polar amino acid (P; Proline and R; Arginine).
US11 is a tegument protein and approximately 600 to 1,000 molecules per virion are presented
[274-276]. It is localized in the nucleus, specially accumulated in the nucleolus, and the cytoplasm
[277]. US11 can associate strongly with ribosomes and has been found in rRNA and polysome-
containing fractions [274-276]. Although, US11 is unessential for virus growth, but it plays a role in
cells subjected to thermal stress [278,279] and in the replication of HSV-1 in the adrenal gland, an
organ vital for viral penetration into the brain and spinal cord [273,280]. US11 shows anti-
apoptotic activity, remarkably against heat-induced apoptosis, which seems to be placed at
mitochondrial level or upstream signaling [281]. Moreover, it is involved in the antiviral response

by inhibiting activation of the cellular PKR kinase in response to dsRNA [265].

3.3 Fragile X mental retardation (FMRP)

FMRP is ubiquitously expressed with higher abundance in the brain and testis [282,283]. It
localizes predominantly in different cellular compartments, including mitochondria and nucleoli
[188]. FMRP is a regulator of protein translation and associates with the translation machinery
[284-286]. It is associated with messenger ribonucleoprotein (mRNP) particles and large
polyribosomal complexes in the cytoplasm of numerous cell types [287-295]. This protein consists
of an N-terminal dimerization domain [296,297], a central region containing two K homology (KH1
and KH2) domains [298], and a C-terminus encompassing the arginine-glycine-glycine (RGG)
region [299]. The N-terminal and central regions of FMRP are highly conserved among the fragile
X related proteins (FXRPs), while the C-terminal shows significant variability [283,300,301]. FMRP
is known to play roles in nucleocytoplasmic shuttling of mRNA [288,302,303], which is
accomplished by a non-canonical nuclear localization signal (NLS) and a nuclear export signal
(NES) [303-305]. Different mechanisms for the nuclear export of FMRP such as involving
CRM1/Exportinl [305] and/or the nuclear export factor family proteins have been suggested
[303,306].
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4 Aims of this thesis

The RHO family of GTPases is known to play an important role in diverse cellular processes and
progression of different diseases, such as cardiovascular diseases, developmental and
neurological disorders, and cancer. The formation of the active GTP-bound state of RHO GTPases
is accompanied by a conformational change in two regions (known as switch | and Il) which
provides a platform for the selective interaction with structurally and functionally diverse
effectors, e.g. the IQ motif-containing GTPase activating protein 1 (IQGAP1). This class of proteins
activates a wide variety of downstream signaling cascades thereby regulating many important
physiological and pathophysiological processes in eukaryotic cells. IQGAP1 is a ubiquitously
expressed scaffold protein and has been implicated as a drug target although the molecular
mechanism of the IQGAP1 functions is unclear. A prerequisite to achieve this aim is the dissection
of its distinct domains and the analysis of their interactions with desired protein partners. Aim of
this thesis was to better understand the structure and functions of RHO proteins in diseases, to
comprehensively investigate the structure-function relationship and the mode of interaction of
the small GTPases of the RHO family with their effector IQGAP1, and to explore the molecular
mechanism, binding domains and interacting residues. Addressing these issues is of fundamental
importance and will ultimately advance our knowledge in the field of signal transduction and
disclose molecular details of dysregulated signaling pathways.

Nucleophosmin (NPM1) is another multifunctional scaffold protein which is increasingly
emerged as a potential cellular factor that directly associates with viral proteins in different
subcellular compartments, although the significance of these interactions in each case is still not
clear. Another aim of this thesis was to investigate the physical interaction of NPM1 with human
Human immunodeficiency virus type 1 (HIV-1)-Rev and Herpes simplex virus type 1 (HSV-1)-US11
proteins in order to perform binding epitope mapping of NMP1 and elucidate their probable
function in viral infection. Deciphering new functional control mechanisms and defining new

targets are essential for the rational development of antiviral agents.
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Chapter 14
Classical Rho Proteins: Biochemistry
of Molecular Switch Function and Regulation
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Abstract Rho family proteins are involved in an array of cellular processes by
modulating cytoskeletal organization, transcription. and cell cycle progression. The
signaling functions of Rho family proteins are based on the formation of distinctive
protein—protein complexes with their regulators and effectors. A necessary precon-
dition for such differential interactions is an intact molecular switch function,
which is a hallmark of most members of the Rho family. Such classical Rho
proteins cycle between an inactive GDP-bound state and an active GTP-bound
state, They specifically interact via a consensus-binding sites called switch 1 and 11
with three structurally and functionally unrelated classes of regulatory proteins,
such as guanine nucleotide dissociation inhibitors (GDIs), guanine nucleotide
exchange factors (GEFs), and GTPase-activating proteins (GAPs). Extensive stud-
ies in the last 25 years have provided invaluable insights into the molecular
mechanisms underlying regulation and signal transduction of the Rho family pro-
teins. In this chapter, we will review common features of Rho protein regulations
and highlight specific aspects of their structure—function relationships.
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Dbl Diffuse B-cell lymphoma

DH Dbl homology domain

DHR1&2 DOCK-homology regions | and 2

ERM Ezrin/radixin/moesin

GAPs GTPase-activating proteins

GDIs Guanine nucleotide dissociation inhibitors
GDP Guanosine diphosphate

GEFs Guanine nucleotide exchange factors

Gln Glutamine

Gly Glycine

GTP Guanosine triphosphate

p75 TR Neurotrophin receptor p75

PAKI p2l-activated Kinase 1

PH Pleckstrin homology domain

PKA Protein kinase A

PKC Protein Kinase C

P-loop Phosphate-binding loop

X Any amino acid

14.1 General Introduction

The role of the Rho family proteins as signaling molecules in controlling a large
number of fundamental cellular processes is largely dependent on a functional
molecular switch between a GDP-bound, inactive state and a GTP-bound, active
state (Dvorsky and Ahmadian 2004). This function underlies a so-called GTPase
cycle consisting of two different, slow biochemical reactions, the GDP/GTP
exchange and the GTP hydrolysis. The cellular regulation of this cycle involves
guanine nucleotide exchange factors (GEFs), which accelerate the intrinsic nucle-
otide exchange, and GTPase-activating proteins (GAPs), which stimulate the
intrinsic GTP hydrolysis activity (Cherfils and Zeghouf 201 3). Rho protein function
requires both posttranslational modification by isoprenyl groups and membrane
association. Therefore, Rho proteins underlie a third control mechanism that directs
their membrane targeting to specific subcellular sites. This mechanism is achieved
by the function of guanine nucleotide dissociation inhibitors (GDIs), which bind
selectively to prenylated Rho proteins and control their cycle between cytosol and
membrane. Activation of Rho proteins results in their association with effector
molecules that subsequently activate a wide variety of downstream signaling
cascades (Bishop and Hall 2000; Burmidge and Wennerberg 2004), thereby regu-
lating many important physiological and pathophysiological processes in eukary-
otic cells (Etienne-Manneville and Hall 2002; Heasman and Ridley 2008) (see
Chap. 16). In the following, the biochemical properties of the Rho proteins and
their regulatory cycles will be described in detail. Figure 14.1 schematically
summarizes the regulatory mechanism of the Rho proteins.
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Fig. 14.1 Molecular principles of regulation and signaling of Rho Proteins. Most members of the
Rho Family act as molecular switches by cycling between an inactive, GDP-bound state and an
active GTP-bound state. They interact specifically with four structurally and functionally unrelated
classes of proteins: (a) In resting cells, guanine nucleotide dissociation inhibitors (GDIs) seques-
trate the Rho proteins from the membrane by binding to the lipid anchor and create an inactivated
cytosolic pool. (b In stimulated cells, different classes of membrane receptors activate guanine
nucleotide exchange factors (GEFs), which in tum activate their substrate Rho proteins by
accelerating the slow intrinsic exchange of GDP for GTP and tum on the signal transduction, (c)
The active GTP-bound Rho proteins interact with and activate their targets (the downstream
effectors) to evoke a variety of intracellular responses. (d) GTPase-activating proteins (GAPs)
negatively regulute the switch by stimulanng the slow intrinsic GTP hydrolysis activity of the Rho
proteins and tum off the signal ransduction

14.2 Rho Family and the Molecular Switch Mechanism

Members of the GTP-binding proteins of the Rho family have emerged as key
regulatory molecules that couple changes in the extracellular environment to
intracellular signal transduction pathways. So far, 20 human members of the Rho
family have been identified. which can be divided into six distinct subfamilies
based on their sequence homology: (1) Rho (RhoA, RhoB, RhoC); (2) Rac (Racl.
Raclb, Rac2, Rac3, RhoG); (3) Cded42 (Cded2, G25K, TC10, TCL, RhoU/Wrchl,
RhoV/Chp). (4) RhoD (RhoD, Rif); (5) Rnd (Rndl, Rnd2, Rnd3); (6) RhoH/TTF
{ Boureux et al. 2007; Jaiswal et al. 2013a, b; Wennerberg and Der 2004).

Rho family proteins are approximately 21-25 kDa in size typically containing a
conserved GDP/GTP-binding domain (called G domain) and a C-terminal hyper-
variable region ending with a consensus sequence known as CAAX (C is cysteine,
A is any aliphatic amino acid, and X is any amino acid). The G domain consists of
five conserved sequence motifs (G 1-GS) that are involved in nucleotide binding and
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hydrolysis (Wittinghofer and Vetter 2011). In the cycle between the inactive and
active states at least two regions of the protein, switch [ (G2) and Switch 1 (G3),
undergo structural rearrangements and transmit the “OFF" to “"ON" signal to
downstream effectors (Fig. 14.1) (Dvorsky and Ahmadian 2004), Subcellular
localization of Rho proteins at different cellular membranes, that is known to be
critical for their biological activity, is achieved by a series ol posttranslational
modifications at a cysteine residue in the CAAX motif, including isoprenylation
(geranylgeranyl or farnesyl), endoproteolysis, and carboxyl methylation (Roberts
et al. 2008),

A characteristic region of Rho family GTPases is the insert helix (amino acids
124-136, RhoA numbering) that may play a role in effector activation and down-
stream process (Thapar et al, 2002). Although the function of the insert helix has not
been elucidated yet, it has been reported to be involved in the Rho-dependent
activation of ROCK (Zong et al. 2001), phospholipase D (Walker and Brown
2002) and mDia (Lammers et al. 2008; Rose et al. 2005), and in the
Rac-dependent activation of p67phox (Joneson and Bar-Sagi 1997; Karnoub
et al. 2001; Nisimoto et al. 1997) and Plexin Bl (Bouguet-Bonnet and Buck 2008).

Although the majority of the Rho family proteins are remarkably inefficient GTP
hydrolyzing enzymes, in quiescent cells they rest in an inactive state because the
GTP hydrolysis is in average two orders of magnitude faster than the GDP/GTP
exchange (Jaiswal et al. 2013a, b). Such different intrinsic activities provide the
basis for a two-state molecular switch mechanism, which highly depends on the
regulatory functions of GEFs and GAPs that directly control ON and OFF states of
classical type of Rho proteins (Fig. 14.1). Eleven out of twenty members of the Rho
family belong to these classical molecular switches, namely RhoA, RhoB, RhoC,
Racl, Rac2, Rac3, RhoG, Cdcd2, G25K. TC10, and TCL (Jaiswal et al. 201 3a, b).

The atypical Rho family members, including Rnd1, Rnd2, Rnd3, Raclb, RhoH/
TTF, Wrchl, RhoD, and Rif, have been proposed to accumulate in the GTP-bound
form in cells due to various biochemical properties (Jaiswal et al. 2013a, b). Rnd1,
Rnd2, Rnd3, and RhoH/TTF represent a completely distinet group of proteins
within the Rho family (Riou et al. 2010; Troeger et al. 2013), as they do not
share several conserved and essential amino acids, including Gly-12 (Racl num-
bering) in the G1 motif (also called phosphate-binding loop or P-loop) and Gin-61
(Rac 1 numbering) in the G3 motif or switch Il region. The role of these residues in
GTP hydrolysis is well described for Ras oncogene in human cancers (Chaps. 6 and
7). Thus, they can be considered as GTPase-deficient Rho-related GTP-binding
proteins (Fiegen et al. 2002; Garavini et al. 2002; Gu et al. 2005; Li et al. 2002) (see
also Chap. 15). Another example is Raclb, which is an alternative splice variant of
Racl and contains a 19-amino acid insertion next to the switch Il region (Jordan
et al. 1999), Raclb exhibits different biochemical properties as compared to the
other Rac isoforms (Fiegen et al. 2004; Haeusler et al. 2006), including an accel-
erated GEF-independent GDP/GTP exchange and an impaired GTP hydrolysis
(Fiegen et al. 2004). RhoD and Rif are involved in the regulation of actin dynamics
(Fan and Mellor 2012; Gad and Aspenstrom 2010) and exhibit a stnikingly faster
nucleotide exchange than GTP hydrolysis similarly to Raclb and thus persist
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mainly in the active state under resting conditions (Jaiswal et al. 2013a, b). Wrchl,
a Cdc42-like protein that has been reported to be a fast cycling protein (Shutes
et al. 2006), resembles in this context Raclb, RhoD, and Rif (Jaiswal et al. 2013a,
b). These atypical members of the Rho family with their distinctive biochemical
features do not follow the classical switch mechanism and may thus require
additional forms of regulation.

14.3 Guanine Nucleotide Dissociation Inhibitors

Multiple functions have been originally described for the Rho-specific GDIs,
including the mhibition of the GDP/GTP exchange (Hiraoka et al. 1992; Ohga
et al. 1989), the intrinsic and GAP-stimulated GTP hydrolysis (Chuang et al. 1993;
Hancock and Hall 1993; Hart et al. 1992), and the interaction with the downstream
effectors (Pick et al. 1993). However, it is generally accepted that in resting cells,
RhoGDls target the isoprenyl anchor and sequester Rho proteins from their site of
action at the membrane in the cytosol (Boulter and Garcia-Mata 2010; Garcia-Mata
etal. 2011).

RhoGDIs undergo a high affinity interaction with the Rho proteins using an
N-termunal regulatory arm contacting the switch regions and a C-terminal domain
binding the isoprenyl group (Tnimov et al. 2012). In contrast to the large number of
RhoGEFs and RhoGAPs, there are only three known RhoGDIs in human
(DerMardirossian and Bokoch 2005). RhoGDI-1 (also called RhoGDIlw) is ubiqui-
tously expressed (Fukumoto et al. 1990), whereas RhoGDI-2 (also called RhoGDI,
LyGDI, or D4GDI) is predominantly found in hematopoietic tissues and lympho-
cytes (Leonard et al. 1992; Scherle et al. 1993) and RhoGDI-3 (also called
RhoGDly) in lung, brain, and testis (Adra et al. 1997; Zalcman et al. 1996),

Despite intensive research over the last two decades, the molecular basis by
which GDI proteins associate and extract the Rho GTPases from the membrane
remains to be investigated. The neurotrophin receptor p75 [p‘?SNm} and ezrin/
radixin/moesin (ERM) proteins have been proposed to displace the Rho proteins
from the RhoGDI complex resulting in reassociation with the cell membrane
(Takahashi et al. 1997; Yamashita and Tohyama 2003). Another regulatory mech-
anism is RhoGDI phosphorylation. RhoGDI has been shown to be phosphorylated
by serine/threonine p2l-activated kinase 1 (PAKI1), protein kinase A (PKA).
protein kinase C (PKC). and the tyrosine kinase Src, thereby decreasing the ability
of RhoGDI to form a complex with the Rho proteins, including RhoA. Racl, and
Cdc42 (DerMardirossian et al. 2004, 2006).
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14.4 Guanine Nucleotide Exchange Factors

GEFs are able to selectively bind to their respective Rho proteins and accelerate the
exchange of tightly bound GDP for GTP. A common mechanism utilized by GEFs
is to strongly reduce the affinity of the bound GDP, leading to its displacement and
the subsequent association with GTP (Cherfils and Chardin 1999; Guo et al, 2005),
This reaction involves several stages, including an intermediate state of the GEF in
the complex with the nucleotide-free Rho protein. This intermediate does not
accumnulate in the cell and rapidly dissociates because of the high intracellular
GTP concentration leading to the formation of the active Rho-GTP complex. The
main reason therefore is that the binding affinity of nucleotide-free Rho protein is
significantly higher for GTP than for the GEF proteins (Cherfils and Chardin 1999;
Hutchinson and Eccleston 2000). Cellular activation of the Rho proteins and their
cellular signaling can be selectively uncoupled from the GEFs by overexpressing
dominant negative mutants of the Rho proteins (e.g., threonine 17 in Racl and
Cdced2 or threonine 19 in RhoA to asparagine) (Heasman and Ridley 2008). Such
mutations decrease the affinity of the Rho protein to nucleotide resulting in a
so-called dominant negative behavior (Rossman et al. 2002). As a consequence,
dominant negative mutants form a tight complex with their cognate GEFs and thus
prevent them from activating the endogenous Rho proteins.

RhoGEFs of the diffuse B-cell lymphoma (Dbl) family directly activate the
proteins of the Rho family (Cook et al. 201 3; Jaiswal et al. 2013a, b). The prototype
of this GEF family is the Dbl protein, which was isolated as an oncogenic product
from diffuse B-cell lymphoma cells in an oncogene screen (Eva et al. 1985;
Srivastava et al, 1986), and has been later reported to act on Cdc42 (Hart
et al. 1991). The Dbl family consists of 74 members in human (Jaiswal
et al. 2013a, b) with evolutionary conserved orthologs in fly (23 members), yeast
(6 members), worm (18 members) (Schmidt and Hall 2002; Venter et al, 2001}, and
slime mold (45 members) (Viahou and Rivero 2006). Human Dbl family proteins
have recently been grouped into functionally distinet categories based on both their
catalytic efficiencies and their sequence-structure relationship (Jaiswal et al, 20134,
b). The members of the Dbl family are characterized by a unique Dbl homology
(DH) domain (Aittaleb et al. 2010; Erickson and Cerione 2004; Hoffman and
Cerione 2002; Jaiswal et al, 2011: Viaud et al. 2012). The DH domain is a highly
efficient catalytic machine (Rossman et al. 2005) that is able to accelerate the
nucleotide exchange of Rho proteins up 1o 107-fold (Jaiswal et al. 2011, 2013,
b), as efficiently as the RanGEF RCCI (Klebe et al. 1995) and Salmonella
typhimurium effector SopE (see below) (Bulgin et al, 2010; Rudolph et al. 1999),
The DH domain is often preceded by a pleckstrin homology (PH) domain indicating
an essential and conserved function, A model for PH domain-assisted nucleotide
exchange has been proposed for some GEFs, such as Dbl, Dbs, and Trio (Rossman
et al. 2005). Herein the PH domain serves multiple roles in signaling events
anchoring GEFs to the membrane (via phosphoinositides) and directing them

30



Chapter Il

14 Classical Rho Proteins: Biochemistry of Molecular Switch Function and Regulation 333

towards their interacting GTPases which are already localized to the membrane
{Rossman et al. 2005).

In addition to the DH-PH tandem, Dbl family proteins are highly diverse and
contain additional domains with differemt functions, including SH2, SH3, CH,
RGS. PDZ, and 1Q domains for interaction with other proteins: BAR, PH FYVE.
Cl, and C2 domains for interaction with membrane lipids; and other functional
domains like Ser/Thr kinase, RasGEF, RhoGAP, and RanGEF (Cook et al. 2013).
These additional domains have been implicated in autoregulation, subcellular
localization, and connection to upstream signals (Dubash et al. 2007; Rossman
et al. 2005). Spatiotemporal regulation of the Dbl proteins has been implicated to
specifically initiate activation of substrate Rho proteins (Jaiswal et al. 201 3a, b) and
to control a broad spectrum of normal and pathological cellular functions (Dubash
et al, 2007; Hall and Lalli 2010; Mulinari and Hacker 2010; Mulloy et al. 2010
Schmidt and Hall 2002). Thus, it is evident that members of the Dbl protein family
are attractive therapeutic targets for a variety of diseases (Bos et al. 2007: Loirand
et al. 2008; Vigil et al. 2010),

Apart from conventional Dbl family RhoGEFs there are two additional proteins
families, which do not share any sequence and structural similarity with each other.
The dedicator of cytokinesis (DOCK) or CDM-zizimin homology (CZH) family
RhoGEFs are characterized by two conserved regions, known as the DOCK-
homology regions | and 2 (DHRI and DHR2) domains (Meller et al. 2005;
Rittinger 2009). This type of GEFs employs their DHR2 domain to activate
specially Rac and Cdc42 proteins (Meller et al. 2005). Another Rho protein-
specific GEF family. represented by the SopE/WxxxE-type exchange factors, is
classified as type 11l effector proteins of bacterial pathogens (Bulgin et al. 2010).
They mimic functionally, but not structurally, eukaryotic GEFs by efficiently
activating Rac| and Cdc42 and thus induce “the trigger mechanism of cell entry™
(see Chap. 4) (Bulgin et al. 2010; Rudolph et al. 1999),

145 GTPase-Activating Proteins

Hydrolysis of the bound GTP is the timing mechanism that terminates signal
transduction of the Rho family proteins and returns them to their GDP-bound
inactive state (Jaiswal et al. 2012). The intrinsic GTP hydrolysis (GTPase) reaction
is usually slow, but can be stimulated by several orders of magnitude through
interaction with Rho-specific GAPs (Eberth et al. 2005; Fidyk and Cerione 2002;
Zhang and Zheng 1998). The RhoGAP family is defined by the presence of a
conserved catalytic GAP domain which is sufficient for the inmteraction with Rho
proteins and mediating accelerated catalysis (Scheffzek and Ahmadian 2005). The
GAP domain supplies a conserved arginine residue, termed “arginine finger”, into
the GTP-binding site of the cognate Rho protein, in order to stabilize the transition
state and catalyze the GTP hydrolysis reaction (Nassar et al. 1998; Rittinger
ct al. 1997). A similar mechanism is utilized by other small GTP-binding proteins

31



Chapter Il

334 S5.-C. Zhang et al,

(Scheffzek and Ahmadian 2005), including Ras, Rab, and Arf, although the
sequence and folding of the respective GAP families are different (Ismail
et al. 2010; Pan et al. 2006; Scheffzek et al. 1997). Masking the catalytic arginine
finger is an elegant mechanism for the inhibition of the GAP activity. This has been
recently shown for the tumor suppressor protein DLC1, a RhoGAP, which is
competitively and selectively inhibited by the SH3 domain of pl20RasGAP
(Jaiswal et al. 2014),

RhoGAP insensitivity can be achieved by the substitution of either the catalytic
arginine of the GAP domain (Fidyk and Cerione 2002; Graham et al, 1999) or
amino acids eritical for the GTP hydrolysis in Rho proteins, e.g., Glycine 12 and
Glutamine 61 in Racl and Cded2 or Glycine 14 and Glutamine 63 in RhoA, which
are known as the constitutive active mutants (Ahmadian et al. 1997; Graham
et al. 1999), Most remarkably, a similar mechanmistic strategy has been mimicked
by buacterial GAPs (see Chap. 4), such as the Salmonella typhimurium virulence
factor SptP, the Pseudomonas aeruginosa cytotoxin ExoS, and Yersinia pestis
YopE, even though they do not share any sequence or structural similarity to
cukaryotic RhoGAP domains (Evdokimov et al. 2002: Stebbins and Galan 2000);
Wurtele et al, 2001).

The first RhoGAP, pSORhoGAP, was identified by biochemical analysis of

human spleen cell extracts in the presence of recombinant RhoA  (Garrett
et al. 1989). Since then more than 80 RhoGAP containing proteins have been
identified in eukaryotes, ranging from yeast to human (Lancaster et al, 1994;
Moon and Zheng 2003). The RhoGAP domain (also known as Ber-homology,
BH domain) containing proteins are present throughout the genome and rarely
cluster in specific chromosomal regions (Peck et al. 2002). The majority of the
RhoGAP family members are frequently accompanied by several other functional
domains and motifs implicated in tight regulation and membrane targeting (Eberth
et al. 2009 Moon and Zheng 2003, Tcherkezian and Lamarche-Vane 2007).
Numerous mechanisms have been shown to affect the specificity and the catalytic
activity of the RhoGAPs, e.g., intramolecular autoinhibition (Eberth et al. 2009),
posttranslational modification (Minoshima et al. 2003), and regulation by interac-
tion with lipid membrane (Ligeti et al, 2004) and proteins (Yang et al. 2009),

14.6 Conclusions

Abnormal activation of Rho proteins has been shown to play a crucial role in
cancer, infectious and cognitive disorders, and cardiovascular diseases. However,
several tasks have to be yet accomplished in order to understand the complexity of
Rho proteins signaling: (1) The Rho family comprises of 20 signaling proteins, of
which only RhoA, Racl, and Cded42 have been comprehensively studied so far, The
functions of the other less-characterized members of this protein family await
detailed investigation. (2) Despite intensive research over the last two decades,
the mechanisms by which RhoGDIs associate and extract the Rho proteins from the
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membrane and the factors displacing the Rho protein from the complex with
RhoGDI remain to be elucidated. (3) For the regulation of the 22 Rho proteins, a
tremendous number of their regulatory proteins ( >74 GEFs and =80 GAPs) exist in
the human genome. How these regulators selectively recognize their Rho protein
targets is not well understood and majority of GEFs and GAPs in humans so far
remain uncharacterized. (4) Most of the GEFs and GAPs themselves need to be
regulated and require activation through the relielf of autoinhibitory elements
(Chow et al. 2013; Eberth et al. 2009; Jaiswal et al. 201 1: Mitin et al. 2007; Moskwa
et al. 2005; Rojas et al. 2007; Yohe et al. 2008). With a few exceptions (Cherfils and
Zeghout 2013; Mayer et al. 2013), it is conceptually still unclear how such
autoregulatory mechanisms are operated. A better understanding of the specificity
and the mode of action of these regulatory proteins is not only fundamentally
important for many aspects of biology but is also a master key for the development
of drugs against a variety of discases caused by aberrant functions of Rho proteins.
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Juvenile myelomonocytic leukemia displays mutations in
components of the RAS pathway and the PRC2 network
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Juvenile myvelomonocytic leukemia (JMML) is a rare and
severe myclodysplastic and myeloproliferative neoplasm of
early childhood initiated by germline or somatic BEAS-activating
mutations'-%, Genetic profiling and whole-exome sequencing
of a karge IMML cohort (118 and 30 cases, respectively)
uncovered additional genetic abnormalities in 56 cases (47 %),
Somatic events were rare (0,58 events/Mb/case) and restricted
to sporadic (4978; 63%) or nevrofibromatosis type 1 (NF1)-
associated (8/8; T00%) JMML cases. Multiple concomitant
genetic hils targeting the RAS pathway were identified in 13 of
78 cases (17 %}, disproving the concept of mutually exclusive
RAS pathway mulations and defining new pathways activated
in JMML involving phosphoinositide 3-kinase (P13K) and the
mTORC2 complex through RAC2 mutation, Furthermore, this
study highlights PRC2 loss (26/78; 33% of sporadic JMML
cases) that switches the methylation/acetylation status of
lysime 27 of histore H3 in JMML cases with altered RAS

and PRCZ pathways. Finally, the association between JMML
outcome and mulational profile suggests a dose-dependent
effect for RAS pathway activation, distinguishing very aggressive
1ML rapidly progressing to acute myeloid leukemia,

IMML is comsidersd a wnigue example of RAS-driven ancogenesis
because it is theught bo be inktiated by mutations, usually described
as mutually exclusive, in RAS genes [NRAS or KEAS) or RAS pathway
regulators {FTPN L, NETor CRL) IMML can be sporadic or develop
In patients displaying syndromic diseases with constitutional RAS
everactivation such as Mooman syndrome, KF1and CBL syndrome,
which are caused by heterozygous germline mutations in FTPN1,
MNFI and CBL, respectively”.

We first explored the somatic mutation landscape of 30 patients
with syndromic {n = 8) or sporadic (n = 22) [MML by combinlng
genome-wide DNA arcay analysis, whole-exome sequencing and
targeted sequencing in paired germline and tumoral samples

iAol tist of author atfiliations appears at tho ond of the paper.

(Supplementary Table 1). In total, 85 somatically acquired genetic
alterations were foumd in 25 of M (33%) patients in this suboohor
{Supplementary Fig. | and Supplementary Tables 2 and 3). The
low rate:of somatic events (0,35 events/ Mbrcase versus 0,61 events/
Mbicase on sverage in chifdhood cancer)® confirms the paucity of
oncogenic events required for IMML ancogenesis®,

Genes containing somatic variations. detected by whole-
gxtme sequencing or previously reported to be mutated in [MML
(Supplementary Table 4) were then sequenced in the full cohornt
of 118 MML cases {Supplementary Figs. 2 and 3). In total.
122 secondary clonal abnormalities in addition o initiating RAS
pathway mutations were uncovered in 58 of the |18 (49%] patients
(Fig. 1 and Supplementary Tables 2, 5 and 6). Interestingly, almost no
additional mutations were detected in patients with CBL syndrome or
MNoonan syndrome. [n line with phenotype-genatype correlations™ %,
this observation supports an enclogenious rale for germline PTPNT T
and CBL mutations in the occurrence of myeloproliferative neoplasms
and suggests that parameters other than additional somatic gene
mutations, such as, for instance, a mutated hematopoictic microen-
vironment, might be involved in supporting leukemogenesis.

In comtrast, at bewst one additional somatic hit was found in eight of
gight { [00%) NF1-associated [MML cases and 49 af 78 (63% ) sporadic
IMMIE cases. The percentage of sporadic IMML cases with secondary
genetic alterations was similar in all subgroups, but the pattern of
mutations varied substantially depending on the initiating lesion.
IMML cases with an imitioting KEAS lesion (KRAS- IMML) mastly
displayed chromosomal abnormalities, including del? or del7y In 56%
of cases, unlike other penetic subgroups that mastly ad point mota
tions {Supplementary Fig, 4 and Supplementary Table 5}, Further
studies are required 1o understand why RAS-driven ancogenesis
procecds throeugh the acquisition of various patterns of secondary
mutation that depend on the initiating leston.

The secondary sumatic mutations targeted genes known 1o be
involved in niyeloproliferative neoplasms, albeit with a much lower
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Figure 1 Combinations of mulhple hits targeting the RAS pathway and
PRCZ netwark, (a) Circos plot epreserting CHNVS in 118 IMML cases.
Copy number profiles gre shawn in red (sermabe gain) o Bliee (somates kss),
aUPD regians are shown in crange and germling aneuphoidies are showm
in black, A question mark indicates undeterminad boundarias, Retovant
genes in the RAS pathway and PRCZ network are indicaled in pink and
bliee, respenctivedy. Al BUPD events §n = 16) resultad in the duplication
of gnoogenic AAS-redated warianis. An aUPD region encompassed the
secend aliabe of NFI (n=3) and CBL (5= 10} in patients with germlina
imilations af these penes or somalically acgquired ancogenic PTPNT |
{m=1)or NRAS [n = 2) mutations in sporadss IMML cases. Dalations
targeted variows PREZ components. E£HZ was haploinsufficiant in
patients with del? or delTn. AEBFE was deleted in one patient with
dellZp. A &p delation encompassed COVL (BR25.1) in three patisnts,
with co-deletion af JARIG2 {6p22.3] in two of them, (B) Venn diagram
shewing the coexistenca of multiple RAS-targating hits in JMML. Both
germiine and somatically scguired midalions of cononical RAS patteay
gened and orihologs are represented. Each colored segment comespanss
to & differant gene. In three cases (two NRAS-JMML and one PTPNLE-
JMMLY, raprasanted by darknr ¢ icles ombedded in the segment of the
allered pena, RAS double mutabian corredpanded fo LOH of the ancegenic
mistation, ARAS mutatbors are represented by a gray cocle embadded in
the WFAS segment, &5 the two FRAS mutations wem found in patients
with concomitant NRAS mutation

prevalince than in adult diseases™'" (Fig, 2). SETHPT was mutated
In ten of the 118 (%%) cases, and the spliceosome gene ZRSR2 was
mutated in three cases, In contrast with a previows report, JAK3
miutaticns were found in enly four [MML cases®, The acquisition
of SETRIM, ASXLL, JAK3 and other somatic alterations, tncluding
momosmry 7, consistently appearcd secondary to the RAS pathway
ricitations, wsually following a lnear pattern, except in 1wo patients
{Fig. A}, An active mole for the variants in leokemogenesis is supported
by the high proportion predicted to be deleterions (Supplementary
Fig. 5) and, most notably, by their steiking enrichment in RAS path-
way and Polycomb repressive complex 2 { PRC2) network components
(Fig- 1 and Supplementary Table ).

surprisingly, o secomnd hit targeting the RAS pathway was observed
in 13 of Y8 (17%) sporadic IMML cases and two of eight [25%)
NFL-associated |MML cases (Fig. 1b and Supplementary Table 5),
hereafter termed "RAS double mutants! Duplication of the oncogenic
miutation due 1o acquired uniparental disomy (alVPIY) was observed
in three patients. Various combinations of mutations activaring the
canonical RAS patlyway were also found, with the meost frequent beling
NFT haploinsufficiency in six sporadic [IMML cases with an initiating
leslon in PFTPNIT{PTPNLI-IMML) (Supplementary Fig. 6].

Mutations in RAS regulators were also found, POESA. mulated
in one PTPNLL-PMML case, protects RAFL from inhibitory phos-
phorylation by protein kinase A (PEA), enhancing s activity!!,
Twe |MML cases with initiating lesions in NRAS (NRAS-IMML)
had mutations in RRAS, an inducer of RAS-mitegen-activaied
protein kinase (MAPK] activation'? and upstream regulator of RAC
in hematopoictic stem cells’, and another had a mutation in the RHO
GTPase RACZ The coexistence of RAC and RAS-MAPK mutations In
some tumars and ceoperation between oncogenic NRAS and RAC has
previously been demonstrated'Y. Investigations into the functional
and structural propertics of the Aspa3val RAC2 mutant. which
predominantly occurred in its active, GTP-loaded form, &= compared
o weibd- bype RAC2 and the comstitutively active Gly1 2Val RACE variant
demonstrated a drastic gain-of-function effect {Fig. 4). Interestingly,
an analysis of signaling downstream of RAS showed that Aspaival
RAC2 activated the PI3E-PDEL-AKT and mTORC2 pathways but did
ned have a slgnificant effect on the RAF-MEK-ERK pathway (Fig, 4
and Supplementary Fig. 7). This finding is consistent with several
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lines of evidence indicating a strong impact of the PI3K-PDE-AKT
pathway on [MMLY, and activating the catalytic pl 168 subanii of
PIZK has recently been shown to promote the effects of Shp2 on
granulocyte-macrophage colony-stimulating factor {GM-CSF) hyper-
sensitivity'®, Plexins catalyze RRAS inactivation via their GTPase-
activating protein (GAP) domain, and PLYNB2 was mutsted in one
PTPN1I-IMML case. Finally, ABII, belonging 1o a multimolecular
complex required for SO5-mediated RAC activation' Y, was mtated
in one case. Together, these findings suggest thar the RRAS-RAC
pathway represents a meaningful mutated subnetwork in [MML,

Although no KRAS-[MML case was a RAS double mutant at
diagnodis, los of heteroevgosity (LOH) fos oncogenic KRAS during
disease progression in one patent suggests that this could occur
[Supplementary Fig. ).

Sequencing of isodated myeloid colonies demanstrated the coexist-
ence of multiple RAS hits in the same myeloid progenitors in three
[MML cases tested (Supplementary Table 7). With the exception of
NFI mutations, which were subclonal in four of six cases, consistent
with their late acquisition (Supplementary Fig 6). RAS mitations
could not be temparally hicrarchized at diagnosis, despite extensive
colony screening, This suggests a role for mugational combinations in
the early stages of the disease and a strong selective benefit for dowble
mutants. Surprisingly, however, in one patient with both an NRAS and
HRAS miitation at dlagniosis, the NEAS mitation was lost after inten-
sive chemotherapy whereas the RRAS mutation was still detected.
This findding strongly sugpests that BRAS mutations may initkate [IMMI
(Fig- 3, u hypothesis consistent with the recent report of & myveloid
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Figure 2 Alturation prafiles in ndividual JMML cases, Germiline and somafically acquired alterations with recurring hits in the R85 pathway and PRCE network
e st for 118 patients wath JMML who undensent dotailed genefic analysis. Blast oxcess was defined as o blas) count 210% buf <305 ol nocleasd
callg in the bons marrow at diagnoais. Blaal ensis was defined 85 8 blast count 220% af nucieated eebs in the bane mamow. NS, Noonan syndrome.

hemopathy in a patient harboring a germline REAS mutation!?,
Our findings challenge the dogma of the mutual exclusivity of RAS
pathway mutations, supporting a dose-dependent effect for onco-
genic RAS. The cooperative effects of RAS-activating events that were
previoushy viewed as functionally equivalent have been evidenced in
several mouse models™ 22, Nit and Kras double-mutant mice have
been shown to develop myeloid malignancies with reduced latency
and increased severity in comparisen to mice with enly one of the
two defects. More receitly, the role of oncogene dosage bas been deim-
onstrated in the context of Nras-driven myeloid transformation?!=2,
Our findings based on patient sarnples provide evidence that these
miodels are fully rebevant to human disease

Anosther major group of genes targeted in IMML belonged to the
PR complex, involved it the transeriptional repression of target
genes via methylation at lysine 27 of histone H3 (H3KI7med). In
aur calior, copy mumiber varlations {CWVa) I'mquunrl.y resufted (n
haplotnsufficiency for PRC2 core subumits (50212 or EZH2) or PRCI-
associated factors necessary for optimal PRO2 activity (AERP2, CDYT
or JARID2) (Fig, 1a). In two patients, an EZH2 point mastation became
bemizygous by fuss of the copy of chromosome T bearing the wild-type
EXH2 alkele, EFAH2 |'L:|FlEu:||'ri:~'||ﬂ"in’:lv:|:||..':,I indsced h.-d:l? %' dr.-]?q rediices
HIK27med levels at specific loci®®, JARID2 is invoived in the recruit-
meenit of the PRO2 complex io ity Barget genes (n hematopidetlc stem
cells?38, and AZBP2 is an evolwtionarily conserved PRC2 cofactor®,

NATLURE GENETICS  ADWANCE QN INE PLIRLPCATIONN

Hemizygoos JARID2 and A EBP2 deletions have been described in the
clomal evolution of myeloproliferative neoplasms®”. COYL, for which
three of our paticnts were haploinsufficient, encodes a transcriptional
corepressor that recruits PROZ o the chromatin substeane™ hut has
ot been demonstrated toundergo alteration in myeloid malignancies
before now. Finally, insctivating mutations in the Polycomb-assoctated
gene ASXL] were observed in eight of 118 (7%] IMML cases, all
sporadic, ASXLI silencing reduces HIK27me3 levels through the
plibition of PRO2 recruitment to specific oncogenic tangel loc and
collshorates with NEAS mutation encoding p.Giy L 2Asp i vive 1o
promote myvelokd leukemogenesis®® . Thus, noa-mutually exclusive
genetic alterations impairing PRC? function occurred in 26 of 78
(33%) sporadic IMML cases and five of eight {63%] MNFI -associated
IMML cases. Interestingly, hemizygous splicescomal mutatione
simifar to those found in three of our patients have recently been
shown to Induce nonsense-mediated decay of EZH2, reducing
its expression to bevels observed with hemizygous deletion?* and
possibly further increasing the rate of PRC2 alterations in |MML
Owr findings extend & previons observation that components of
epigenetic regulation are mutated a1 high frequencies in & subset of
rlflJ:i:ﬂ (e [s |..'i|.'IH.'E|‘!'I':|. Modesver, receit data show that "LﬂFI!Hi:l'I!IJ{ﬁ;‘iEI‘l'
cies for multiple genes that regulate PRC2 function can cotperate in
snyebild transformation™ - and resuli In an antagontstic methylation-
to-pcetylation switch at HAK27, with the transcriptional activation of
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Figure 3- Clonad evolution of JMAML Clenal a2
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(Supplemantary Table &1 The clonal architectum NRAS
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cases displaying a nonliness clonal architecture

{AMML_92 and JMML_113), is represented.
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clenes, Al diagnosis, IMML_92 had matations in i 4 N Ilr Iy [ h + ) ]'|| ¢ i '|j
NRAS |VAF = 0.49), RACZ (WAF = 0,27}, NACAD Borm o al Ml () ||‘l]'l'I gt LRI
VAT = .32 and NFJ [VAF = 0,04), Coborios sagroms ot |1 BN 1L ] Ll Ll'llu | '[l
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b maoe .
matation and showed that the RACZ mutsted B H o i I.“ I| _ l. i ||I I
another clane pressnting buallelie NF) mautatans. Wil LRI ANLAILL il
Im WKL 37, the NRAS mutatan was lost in
a folbow-up sampde collacted aftor intensive chemotharapy tor Blast orists, wheneas a subclonal RRAS muftation was still detected. This suggests that the RRAS

abianed af relapss confirmed thal the RACS and

: M
clone was progresssoely outoampeted by {pre-#SCT) II i
and not the NRAS maitation shidmaled the JMML, The allelic imbalance of thie EZHZ muitation indicates thal 1§ preceded Ehe oes of cheomosomes 7.

FRCZ target genes™, Coneordantly, wsing antibodies to H3K27med  decrease in H3K27 trimethylation with a concomitant increase in
and H3K2Tag, we found that primary [MML samples with decreased  acetylation (Fig. 5). The identification of recurrently affected bio-
FRCZ activity due o ASKLT mutation or monasony 7 showed o global - logical pathwiys i5 4 strong and powerful indication fhit mutations

Figure 4 The pAsps3Vel substitutian in RACZ a

resufts in a gain-of-functor efect sssociated

with an increase in effector binding and a e
astive decrease in GAP lunchon, leading to
AKT activation via bwa drstinct pathways. g g g
{a,b) Analysis of actve, GTP-bound RAC2 j E
prodein using a pulldosn a=say with glutatheane £2 8
S{ransderass (GST) lused 1o the PAK] GTPase- BT g -
bendeng domadn (GBD) (af and densitometra Tl RASS e
quantification of thres saparate biods (b) 1B FLAD
showed, in contrast fo wild-type (WT) RACZ,

atrong accurmdilation of sctive Asph3val RAC2

comparaila (o that seen with constifutivaly c

active Glyl 2¥al RAGE. P, pulldown; 18, T Mo o
immunabled. (c.d) Immunablel analysis af the 2 B
phoapharylation levels of MEKY and MEK2 b B =
{pMEK1/2), ERK] and ERKZ {pERK1/Z) and 5 E
AKT {pRKT) (c] ans densitametric quantification BAKT {708 E—

ol three separate bhats (dh shéwed cléar
activation of ART but not MER 1/2 or ERE 1/2,
correlating with levets of the GTP-bound foem of

PRAT (HATT] e e -
BT ———

Rapf3Val RACE in regulaling signaling cascndes PN ——

(PI3K-POKT and mTORCE) respansitde for AKT WHKIE m——

activation (Supplementasy Fig. 61, AKT, MEK 12, WRIR o

ERK1/Z and o-actin were used as loading [Su 5

contnals. (e-g) Biochemical analysis of AspGdval IR T pr——— gg g g
RACZ i wira Wild-lype RACZ and (he AspB3val

miitant were analyzed for catalyzed nuclaotede £ E E

exchange by the RAC guanine nuckeofide

exchange lactor {GEF) TIAMI (&), interaction with the elfecior PAKE (1) and stimulated GTF bydredyais by lhe RACGAP pSO5 [gh using puridied

proteins and fluorescently labeled nucleatides. K, is the observed rate constant, and K is the dessociation constant. (h In the RACZ structure, Aspb3 is
located at the edge of the TIAML- and PAK1-binding sites and rather central to the GAP-binding sita. clarifying the reason for the rabust decrease in
GhP-accelerated GTP hydrolysis chserved with alteration of this site,
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L1 o 6 {179 other cages (P < 00001 ) and rapid evolation to A ML with
mipelodysplasia-related changes (AML-MRC), in line with previous
singrle-case reportst24547 [ Fig. 6). The outcome of RAS double-mutant
cases wins thus significantly poorer than that of other |MML cases,
with a 3-vear overall survival rate of 37% versus rates of 85% and 70%
in patients with no or one other secondary alteration, respectively
(P = 0.001) { Fig, 67, In NEAS-TMML cases, which display the greatest
climical diversiey®, three long-term survivors were observed; none
of these patients had secondary abnormalities. In contrast, ten of
L1 (%1% ) patients with aggressive disease, as assessed by blast excess
at ciagnosis or blast crisis before HRCT, had additional abnormalities,
incleding double mutation of RAS pathway components in five
cises. These Gindings supggest that oncogenic NRAS protelns reguire
additional transforming hits to give rise to aggressive [MML and
provide a wseful progaostic tool to differentiate patlents with NRAS-
associated IMML who regquire HSCT from those who conld benefit
from & ‘wait-and-see’ approach.

I conelusion, our study shows foe the first time, g our knowl-
edge, that concomitant mutations in IMML target a small number of
Interacting netwaorks, with a striking enrichment in components of
the RAS and PRCZ networks, These findings extend and reinforce the
noticn that [MML s a RASopathy while showing that BAS activation
is the major but ned the omly plaver in |MML. Such new information
on the pathegenesis of IMML should provide functional guidance,
prognastic markers and patient selection criteria for new therapewtic
options in thisvery severe childhood leukemia.

URLs. UCHC Genome Browser, httpsfwwwgenome nosc.edu);
dbSNPI137, httpe fwww.nchinlm.nibugoviprojects/SMNPY HapMap,
hittpe Thapmaponehinlmonibgov 1000 Genomes Project, hitp
wiww, L 00genomes, org/; Catulogue of Somatic Mutations in Cancer
(COSMICY, http://cancersanger.ac, ukicince rgenomme! projecisl
cosmibcy SIFT, hitpe!/sift, joviorg/s PolyPhen-2, hitps/ fgenetics.bwh,
bivardoedu) pphid s MutationTaster, https/ wwsiimitabliabister o
Leiden Crpen Varmation Database (LOYIY, httpd Swwwelovdonld 3,045
R-survival library, hitp:/CRAN R-projectorg/package=survivaf;
ArrayExpress database, hirps/fawwebd acukfarravexpress; European
Genome-phenome Archive (EGA) database, hitps www.ebbacukiepa),

METHODS
Methods and any assockated references are avallable I the siline
verslon of the paper;

Accession codes. SNP array data have been deposited in the
ArrayExpress database under accessions E-MTAB-3399 and B-MTAD-
3724 Targeted sequencing dats have been deposited in the Furopean
Genome-phenome Archive (ECGA ), which is hosted by the European
Bilolnfermatics Institute ( EBL, under accession EG ARG 324,

ke Any Sepplesienticry Infrrmntine imd Source Db file are isifatde i the
it weratow &f e poper.
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OMLINE METHODS

Pathents, The study incloded 118 [patients with [MML mn.;c;;l,ﬂnw'l:,- referred ti
our lsboratory bebween 1995 and 2004, Tor whom o RAS-activating mutation was
idendified ax part of the routine diagnistic workup (Supplementary Note),

Al patienis falfilled the consensas [MML criteria reporied recenthy h:,- Chan
et al ¥, Centralized cytomuorphological review was performed on bone marros
andl Do samples. Measurement of fetal hemoglobin (HLE) dosege and
karyotyping were systematically performed wsing standard procedures.

[MHagnosis with [MML was based on clinical and hematological findings.
cviammorphabogical exaniination of blood wnd bone marrow smcars, in vt
groiwth of mydeid progenitors and mulation screening of DXNA oblained from
the leukemia ﬂmp]r.

Asornatically scoqisied RAS-activaring matatkon was identified 31 diagnosis in
7R of 118 [/6%] patierils in the :|'|.I||.1win|5||_.;1.'luas: FPTENTL (n=38), KRAS (n = 18]
angd NRAS (n = 22). [MML cages were classified acconding 1o these initial
Tesions a8 PTPRI1-DMML, KRAS-TMML amd NRAS-IMML, respectively,
Liv 410 off THR £34%) cases, IMML was syndromic with a geemline PTENTE
mnrtafion comsigtent with Nomman s].'rhhnu'm‘ features {m=22}.n H,erm|ir.|r: CEL
mkiation consistent with CRE a}'nl,lmmn' = 1 1}or mnh-.culnrl:.l confirmel
MEL (0 = B (Sapplementary Fig, 3 and Supplementary Table 51 The sex
ratio {mades/females) was 2L The median ape ot diagnosis was 18 monthe
Snu:nt:.l-mg;h! o | 1R {6i%) patiems received bone marrow 1ran5pla.11.1ul.|u1
Blast excess was defined s a blast coant 210% bat <20% in the bone marrow
at dhiagnosis. Blast crisas was defined ax 3 bast cowist 220 b the bone marrow,
Twar patients with :;Pnnd'.in.' IMML wwere lost tn1|:||hm'-u|n

Samples, Peripheral blood andior bome mrtey aspirates were collecned
on EDVTA af diagnosis. Mon-hematopoistic tissues (filbroblasts, nails o hair
follicles) were als collecied. Genomic DNA was extracted using a {]'jup;en
Ilimd o bich ki

To use minimal amounts of sattve DRAL all disgnostic DA ssimples under-
werit whn]l.:-g;cnnmu zmpllﬁr_aﬂmn asing the Rq.-l 105 M kit (Qiagen) accard -
ing to the manufactirers instrictlons.

Diagnoatic workup. Mutational screening using bidirectional Sanger sequenc-
ing, af exons and their I'Im.kmp; intran-exon boondaries was perﬁ!-rrrw,l
on genmic DMA as part of the dassic diagnestic workap for IMML and
ineluded analysis of NRAS exony 2anad 3 [NM_0025704), KRAS exons 2and
MMM 0EFAALE), PTPN ] exons 3and 13 (MM 002408 3] and AL exans S and
8N _005188 9], Genes secently: shown o be invedved in [IMMEL (ASXL1
o L4 { N &_0153385) and the SETBF sEquunce in exomn 6 EﬂLUdi.rIH the
SEI-hamelagoas region (5% _015559.25) were also systematically screened
by Sanger sequencing a3 previowsly deseribed™. The germling origin of muip-
tins was bested waing constitutional DMA, Macrosatellite analysis of the 17p
region emcompassing NFT was performed ag previowsly described™, Primer
SEQUETICES &re liven in ﬁqpplem:rlr.qrf Talkle &,

Gemome-wide DNA arvay analysis, Genomic DA from 78 loekermia samples
was analyzed by NP array technologies using the Gennme-Wide GeneChip
Human SMNP Areay 6.0 (Afymetria) (o =633 andfor by hegh-density array
comparative genimnic hybridization (CGH) echibogies using the 4x180M
Microarmay SurePramt 63 Catalog [.Agi'ur:l T:d:nnlugiﬂ_l im = 1}, l:cm'd‘.ing
10 the muanufaciuress’ recommentations: Analyses were performaed aeing
Cytoienomics {Agllent Technologbest For array CGH data and Genomie
Suite 6.5 sodtware (Partek) and the hidden Markoy msdel and segmentation
JJEnrithm: for the :n:ﬂys.'is. af both CNVs and LOH, The final abnormali-
ties relained were validated by visual analysis, considering the sizes and log,
{ratice) o the abaacemalities with respect 10 the individual bockground noise of
each array at each particular chromasomal location. Palymorphic €NV s were
excluded using the Database of Genemic Variants frack in the UCSC Genome
Browser in Cartagenia Beoch Lal CNY soltware. Huiman gendme sssembly
GREBATIhgl9 was wsed a3 @ relerence. Final validated data are provided in
Supplementary Tahle 3,

‘Whele-exome sequencing. Targeied envichment aind massively parallel

sequencing were Pcrfnrm:d on padred genomic DA samples from leukncytes
andl fibroblasts. Exome capiure was carried oul using SureSelect Human All

NATURE GENETICS

Exon vi+UTRs [ Agilent Technologies), end sequencing was performed with
a Hifeq 20000 instrument {Hlumina). Image analysis and base calling were
performed wsang the Real-Time Analyzsis (RTA] pipeline, v L 14 (Hluminal,
Alignment ol paired -end reads 1o the reference human genome (LCSC
I:?Rl'h.':‘.’-'.'hgi G, wariami al!in“ and w.-m:ﬂrinr: ol quality scores for variants
were carried sut using the CASAVA v.1.8 pipeline {[himina),

Variant annotation, SN g and patient-motched geemling variant
filtering were achievesd using an in-howse pipeline by Integruen. Gene and
transcript names, strand and posstion (wirdn, 5° UTR, 3 UTR, eic.) were
reporied for each vartant, Nuckeotide, codon and amino scid changes as well
a% fanctional class {synomymous, misense, nonsemse, sp]i:-r Bite, elo ) were
rqmruﬂ Foor n:n-d.lnp. varkants, Anmatation content was oeml.'pll:..l from several
sources: 1000 Genomes Prodect, dbaNEF rell and frequencies from the
Integradien Exome Database, which conprises 200 reference exomes. Finally,
germiine uncl tumora] genotypes were compared to determine the somatic
nature of each vartant, Only positions that wiere presend in bath Gkes aod met
e minimem coverage regquirement (26w were compared, The significance
of the allele frequency difference (as a Pvalue) was calculated by Fisher's exact
test for each variant, IJ}CIHR_ ik acoount the counts of the mustates] allele in
basth samples. A somatic score was calcullated for each vartant (from 1t 30,
with 30 indicating the highest confidence]. The somatic variant caller handled
Ineleks st rI'I|II|'|1.'. Mermln.ln[( the number of DlIH.TIJT!EI'Hh covering a gl-r:n prsi-
thon that inclusded 8 particular indel (variang count} wersies the overall coverage
ab that position. Yielkl per exome ranged between 364 aimd 7.17 Mb (mmean of
.78 Mb}. Mean coverage per sample is prven in Supplementary Figure 10,

Known pedvmarphisms reparted at a frequency =0,1% in at leass ene of the
above-maentiied databases, lw-civerage varkails (<10 reads i geomline
andior twmoral samples) and bow-quality variants [Q variant score from
Inu‘guﬁm SHI) were spu.unuﬁ:ally evcloded. l.'lrl.l:.r yuriants with a prdnahle
impact st the protein level (nonsynonymons exonic vartants and abnormeali-
ties locaved at intron-exon punclions) wese considered for further analysis.
All puative somatks evenis (ahsent in the Hurmllne :.:rnrple bt m:qulrﬂl in
turmaral DNA or beterozygous in the germiine sample but homazygoas in
the tumoral sample} were verified by comventional Sanger requencing and
wzarched lor in constitutional DNA, when available.

The previaas imvalvernent of comdirmed somatic varianis in concer was vers
fiedd by consulting the Catalogae of bomatic Muttions in Cancer |COBMIC),
Prediction of the effects of amina acid substitutions on the functivn and
structine of projeins was achizved using deubicabed Prm.in:lmn soibbware; Scale-
Iovarlant Peature Transform (5IFT), MutationTaster and PolyPhen- 2. Final
walidated data are provided in Sopplementary Table 2,

High-throughput targeted sequencing, High-throughput targeted sequencing
by multgpbiy PCI was performed on whole genome-amglified temoral DA
dituted 155, The coding regions of 38 genes were targeted The complese list of
targeted genes and their correspomding sequencing performance are available
In Sapplementary Figure 11 and Supplementary Table 4, Primer pairs were
desipmed with the IntograGen internal pipeline | Supplementary Table B).
DN A samples were amplified on an Access Array system (Fluidigm ] and sub.
Jected v sdx additioaal PCR cvcles tooadd specific barcodes and P& ard 177
adaptors: An equimalar pool of all PCR products was sequenced on the MiSeq
instrument [llumina}, with Mi%eq Heagenl Kit V2 cycles and paired-end
2= 150 bases. Image analysis and base calfing, alignment of reads to the reference
Feman gename, saclant calling varlant annotation and sabseguent mistational
analbysis were performed as for whale-exome sequencing. All identified
sariants were venbed in native twmoral DA and searched for hy Hanger
sequencing i constitutional PEMA, when available,

Sanger sequencing. PCH was performed using the GoTag DNA Palymerase
kit [Promega) or the Fasthort Tag DNA Polymerase kit (Roche] according
tis the manaifnctirer’s instrsctons. Primes sequences for Sanger sequenciig
performed in the whole IMML cobort are provided in Supplementary Table &
Primer ARIEIENCES e for comtrol variams found by whaole-exame SET|LETICN]
and high-throughput targeted sequencing ane available on request, IFCR prod-
wets were puritied using the Wustra ExeStar 1-Step kit {GE Healtheare, Life
Soiences), and direct s-ﬂp.lcﬂclnﬁ WkE Per}hrml:d uslng the 'I!igﬂfpe- Terminator
Ready Reaction Cycle Sequencing kit (Applisd Riosystems). Reaction products

deit 10,1 D3R 1420

47



Chapter llI

© 2015 MNature America, Inc. All rights reserved.

were run on an aulomated capillary sequencer (ARL 3130 Genelic Analyzer,
.hpplud ﬂm:.-saurns]. Srqueﬂ;:s. w:relll.g,nnl |||=in3_ Sequ.npr anakysis sodbware
{Applied Biosystems) of visualized on Chromas software { Technelysium ) and
were compared with Uhe reference sequences for genomic TINA

Myeloid progenitor cell grawih and genetic testing. fn vitro groowth assays
of mycoid progenitors were performed by plating bone marrow andfor
peripheral bloed mononucleated cells in semisdicd methyleellulose with or
without levkocyte -comditioned medium (cytakine medium, LCM, Stemcell
Technilogles), as proviowsty described ™, Colonies (aggregales containiig =50
cells) were scored on doys 11 and 14 after plating.

Targeted sequencing of isolated colonies. Colonies obrained from the
i vitee growth of myeloid progenitors were piched wisd resuspended i 100 ul
of sterile water. Isolated colonies were hysed with protelnase K (10 jg) in 500l
of lysia buffer {50 mM ECL 10 mbd Tris-HOL pH & 25 m My, 0.45%
NP-40 amid 045% Tween-20). Sanger direct sequencing was perfoomed as
deseribed above. Genetic screening was restricted by culanies nlained from
MM cises displaying at beast two somatically acquired genetac besions (0 = £,
with 8-93 colonbes successfully scroened per paticit],

RAC? constructs, Different variants ol the pl.'i[-'.!l.’. veckor Ilp{iE}a'.l'l' and
POENAT-11 encoding M-terminal GET were used for the overexpression of
wild-gype RACE, AspeiVal RACE, the GBD of PAK] (amino scids 57-141],
the catalytic domains of TLAM 1 {¥H-PH; amdme acids 1033 Léik fand pn:'\{l'i'“
{a GAF; amino acids 198433}, To generate RACE construgts with mutation,
wild-type RACZ in pGERAT-1 ainl pelyNAT vectoss was ised us the template
and the mulation encoding pAspEIYal wis generated by PUR-based site-
directed mutagenesis s descrihed ™!,

Proteins. All proteins were purified as GST Tusion proteins from Escfeericidi
ol as previously described™ ™ The GET tag was deaved off with purified
tobacco etch virug (Tev) protease and removed by reverse gluiathione affin-
Iy purification in the case of the RACE protedns. Noceotide-Tree RAC2
proteins were prepared using alkaline phosphatase | Roche) and phasphodiesterase
{Sippma- Aldrich) st 4 °C, o described™, Fluorescent methylanthraniloyl
{mant}and tetramethylehodamine (inmea} were psed 1o generite uoeescent
mantCGDP-, mantGppNHp- and tamraGTP-bound RAC? proteins.

Fluorescence polartzation. Experiments werg performied in o Fluoromiag 4
Muorometer in polarization mode as priviousty described ™, Brielly, an increas-
ing amount of GET-PAK GRD was titrated ito mantGpph Hp-bound wild
type amd AspedVal RACD (1 pb) m a buffer containing 30 mM Tris- HCL
pH 7.5, 150 | Nadd, 5 ;M MpC; ansd 1 mbd Tels-12-carboxyethyl) phis-
phine (TCE) in a tatal volmme of 200 pl at 25 °C The dissociation constant
{kal was calculated by Fitting the concentration dependent binling curve
using & quadratic Hgand - Mnding equatkon

Flusrescence measurements. Kinetie measurements o infrinsic and GEF
catalyrel nodleotide exchange and of intriesie and GAP-stimulsted GTT
hyalrolysis for wild-type and AspaIVal BACZ were monitored by stopped-
Aow apparatus { Hi-Tech Scientific SF-61 with a mercury xenon light source
amal Tk Scientific Kinetic Studio software} and performed as described 54,
The abserved rate constants | K. were fitted single exponentially wslng the
CiraFit progrm (Erithocos software ]2,

Pulldown assays and immunoblotting. Sequences encod ing hunen wile-
fype, Gly1ZVal and AspaIval RACZ, Gly12Val NRAS, Gly12Val HRAS and
Gl 2%al KRAS were cloned inta pciNAGD, and constrocis were overex

peresseiil b COG-T cells {ACC-60, Deutsche Sammiung von Mikrossganismen
wil Fellkubnuren (DSMA): cells were tested for mycoplasma by the DEME
andl used freshly) for 48 he Cells were brsed with fish baiber (50 mM Tris-HCI,
'p-'H T.5, Lk mM NaCl, 2 mM Mp;{:I:. l%]wn!ﬂk-ﬁ.!{l. Iﬂ!hgl:.l:nml,lﬂ mMl
B-phyvcerophosphate, | mb ssdium orthovanadate and one EDTA-free inhibi-
tor wblet). GET-fused PAK] GBD (amino acids 57-141) was expressed in
. coli o 4 b at 37 °C and tatal bacterial prodeins were released by sonication.

doiiin, II15P.'r|p_ EFE]

The bacterinl ysates were ncubated with glutbions conjegated beads for
A min, and beads were washed three times with fish bulfes. The foial cell
lypsates from COS-7 cells were divided into two parts, One part was sadded 1o
the GET-PAKT GBD/ghutathione -confugated bead complex for 30 min, and
beads were washed three times with fish bofier. The ssond part was wsed
o check the activity of the FIZK-AKT-mTORE and RAF-MERK12-ERK L2
cascades in ransfected cells by bmmunoldoing. Immunoldsting was carried
out ising rabbit antibody to FLAG (F7423, Sigma- Aldrich], mowse antibody io
o-nctin (M AR50, and rabbdt antibodies o MEKLQ (9126), phosphorylated
MEKL2 (8cr21 7/%r221, 9154} ERK 12 [9102), phosphorylated ERKL/Z
{Thr202/Thr2od, 9106], AKT (9272 band phosphorylated AKT [Ser473, 4060
and Thrlis, 29655 from Cell Signaling Technalogy as described ™,

Structoral analysis. Interaction inter faces for RAC G Pases were analyied
o hase RACL sructures for RACE in complex with TIAM | {ref, 59; Protein
Pata Bank (FDB) 1FOT) and with PAKL {ref 50), As there Is nir comgplex
strocture for any RAC GTPase interacting with a GAT the carrespanding
inferaction interface was deduced lrom the stracture of Cded? in complex with
Caled 2GAP, Interacting residues were conskdered g0 be aming acids from
GTPases that had at least one atom within 400 A of the interacting proten,
Individual as wiell a8 overlapping imteraction surfeces werd fimally pro-
jected ontir the malecular serface of RACE in the sctive, GTP boand sate
using the program PyMOL (PyMOL Melecalar Graphics System, version
L.7.4, Schriidinger),

Inmanofluarescence and confocal mlcroscepy. Cells were cptaspan ono
polylysine-coated slides, fined in 4% paraformabilehyde for 15 min ot noom
temperature and permeabitizid with 0.3% Triton in PBS for 15 min st rosm
temperature, swashed ewice for 8 min sach wash in PES and incubated in
blocking hutfer (1% BSA in PBS) For 1 b st room temperature, Cells were
then incubated with mowse motoclonal antibedy 0 histone H3 (H3IK27me3,
Abcam, &i03; h'nllnwmg the manufacturer’s instructons) for | b at room
temperatire, follswed by three 5-min washes In PRS. Secondary Alexa Fluor
Jff-conjugated goal anti-mouse 1gG (Life Technologies, A1LO01) was Uhen
applied for | h, The second incubation was identical to the first ane, using 25
primary 4n.||l'u.|..!:,l talshit poi}'\:lnnni antibiody to histone H3 [H3K27ac, Ahcam,
Ab4T729) andd as secondary antibody Alexa Fluos 594-conjugated goat anti-
rahhbit [gG (Life Technobogies, A11012) Cells were subseguently washed three
times for § min each wash in PAS and were ihen mommied in ShwFade Gold
Antifsde Reagent with DAPT (Life Techoolopies, 53693%), coverslips were
s e with il varnisl and slides were visualized using tw Zeiss LSM 510
contocal system. The SKEM- 1 and K562 myeloid cefl lines were purchased
from DSME and the American Type Caliure Collection { ATCC). respectively,
The presence of an EZHI mutation endoding p Tyesietys (COSMILC,
17032 ) was checked. with the mutation foond b be homorygous, by Sanger
sEqUEncing {data not shown),

Statistical methods, Statistical analyses were performed with B version 3,12
Fisher's exact test was used to determing whether different groups of cases
were algnificantly different with respect 1o the number of indiveduals with
somialic alterations. Overall survival was calculated Trom the date of diag-
nozizs 1o the date of deatle Distrebution of evernll survival in the different
groups of capes was estimated by the Kaplan-Meier technkme implemented
in the survival library of B Tabolar data for survival curves are given in
Supplementary Table 9.

The dilferences hetween the Enpl:m-M;irr curves for differens Froups b
cases were Wsted using the two-tailed Mantel-Haenszel bog-rank tess,

48 Chan, R, Cooper, T, Krake, §.F, Wess, B & Loh, WL, Jivenile mysformonpoylic
leisemin: a repoet from the dnd internstionad AWML Symposiume feok fes 3%,
155-362 (2009)

B Piver B.ost af, Genetic byping of CAL. ASXLI, RUNKL. TET2 a0 MK2 n jnenile
myelomonocybc  bsdsaemia mveals 8 genetc paolile disfinct from chronic
myebTonocyte Buksemia, S 1 Haemsinl 151, 460 388 (29105

&1, ahmadian, M.R., Stege, P, Schelfzes, K. & ‘Wibnghaler, A Confirmation of the
arginmefinger hypothesis for the GAP-stimulated GTP-hydrolysis reachon of Ras.
Aat. Stnct, Blod. 4, SBE-ERES (1997,
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fﬁnmpluldln (gain; 7; 8%

suploidies (loss); 5; 6%
WV (deletion); 5; 6%
aUupPD; 4; 5%

Truncating {frameshift small indel); 6; 7%

Splice-site; 1; 1%
tissensessplicesite; 2; 2%

in frame small indel; 2; 2%

Supplemantary Figure 1

Spactrum of somatically acguired mutations Identified by combinlng WES and genoma-wids DNA array analysls v the
discovery cohort of 30 JMML casoes.

A total of B5 somatically acquired alterations were found, Including 64 nonwynonymaus point mutations o small insertion-deletions
{indets ) antified in the coding regions of these umors by WES and 21 somatic oytogenstic aftlerations evidenced by SNPICGH armay,
WES andlor mataphane cytoganatics,
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Supplementary Figure 2
Graphical representation of the type of data obtained by sample in a cohort of 118 patients with JMML.

Baoth the dacovery cohort (top; n = 30) and validation cohort (bottom; n = B8) are representad,
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Supplementary Flgure 3
Distribution of RAS-related mutations in a cohort of 118 patients with JMML as detected by routine workup.

Distribution of RAS-relaled mutalions in 118 conseculivaly diagnosed JMML cases as deleded by rouline workup and detailed
specirum of KRAS (n=18)and Nmﬂn:zz}mulal_]m.
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Supplementary Figure 4
Histogram showing the type and number of additional somatic mutations per patient with JMML, according to genatic
subgroup..

53



Chapter llI

100t

Bo —

TN

I Benign by 3 algorithms:
Deleterious by 113 algorithms
I Deletarious by 2/3 algorithms

B Deleterious by 3 algorithms

All missense Initiating Secondary

Variants Mutations mutations
N=152 M =106 N = 46

Supplementary Figure 5

Proportion of mutations predicted to be deleterious versus non-pathogenic substitutions.

The pathogenicity of somatc nonsynonymous exonic missense vananis with respect to gene function was predicted using the SIFT,
PolyPhen-2 and MutationTaster algorithms (Supplementary Table 6). A total of 1% of all missense mulations were predicted o result
i fenctionally relevant alterations by al least twe of the three methods used for funclional prediction. Thiz percentage was similar when
considering only Infiating mutations, known lo be deleterious In all cases (92%), as well a3 secondary mutations (B9%).
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PTPNT!p.AlaT2Val CBL p.Cys3BdArg NF1pProB7T8RfE"10

GG C0OOTTECCOE TOCATOE

|

TTTRCCACTTTE fTiiaaTilovreerda

Supplementary Figure &

Seguence electrophoregraim showlng the presence of thres cancomltant mutatlons targetlng the RAS pathway at dlagnosis of
JMML_B9,

Mutated nucleotides are indicated By 8 red arrow, The subclonal pattern of NFT mutation (s consistent with late scquisiien, NFY
naploinaufficoncy was dus fo o mcument o 2033debG mutation of o G homopolymar within this NFT coding regson (excn 18). The
fracuancy of this mulatllon sppanrsd atflkingly highar among somatic varants (50 cases with a secondary N1 miutatian) than among
germling varanis (Leiden Opan Vanabon Doatabase, LOVD),
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Supplementary Figure 7
Hyporactive RAC2 AspBiVal contributes to AKT activation via both the PLIK-PDK1 and mTORC2 cascades.

Pull-down axperimants (a,b) and immunatiol (IB) anatysis were conducted using tolal cedl lysates (e-g) derived from transfectsd COS-
T colls wilh FLAG-lagged RACZ and RAS vartants, The GTPase-binding domain (GBO) of the RAC effecior PAKT was used as a GST
fusion proteln for the pulldown expenment, All axperiments were performad three times, (a) Pulldown analysis ahowed that RACE
AspbiVal largely exieta In an sclive, GTP-bound slate as comparad o wild-typa RAC2 (RACZ WT), bul activation i8 not ae strong as for
conmslifutivaly aclive RACZ Gly12Val, Total RACE and RAS profeins were detected using antibody 1o FLAG and pan-RAS antibody 1o
show the totnl amounts of the transfected FLAG-agged RACZ and RAS varanis. (b) The RACZ protein bands In & were
densitometrically quaniified (deploled as numbers and bars) as the amount of the GTP-bownd RACZ protein relalive to wild-type RACZ,
Cosxpression of constilullvaly active NRAS GlyiZVal, HRAS Giy12Val and KRAS Giy12val did nol change the level of GTP-bound
RACZ AspbaVal () Total cell lyeates wers analyzed for the phosphorylation levels of AKT (pAKT 308 and pAKT 4T3), MEK12
(PMEK1/2) and ERK1/2 (pERK1/2), Total amounts of these kinases were used a8 loading controls. AKT is phosphorylated ot Thraod by
tha PI3K-PDK1 pathway, whereas the mTORCZ2 complex phosphorylates AKT at SerdT3 (d—g) The protedn bands In & wers
densitometrically quantifiied (deploled as numbers and bars), clearly showing thal the presence of RAC2 AspBiVal resulted In strong
AKT phosphorytaton and slight MEK phosphorylation but ne ERK phospharylation, Intarestingly, a comparison of RACZ Aspa3val and
RACZ Gly12Val ghowed that the retative amount of phosphorylated profen was proportional (o the amownt of the GTP-bound protein
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4.5 months
Germiine JMML &t diagnosis post-diagnosis
SREITVTISLT FRTILSATT T FITORAGCTANT RET STAREE srtocisctelltsecuraane
WT & 35GA {p Glyi28sp) ¢ I5G=A ) LOH

Supplementary Figure 8

Sequonce slectrophoregram showing progressive LOH of the KRAS locus with an allelic imbalance in favor of the oncogenic
allele in JMML_24.

Wild-type (WT} and mutatad nuclectides are Indicated by black and red arrows, respeciivaly.
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CBL(n=11)

KRAS (n = 18)

#4  NHRAS (n = 22)

PTPN11 samatic (n= 37)

Overall survival (%)

ME1(n=8)

Logrank test, p: 0.001

Supplementary Figure 8
Overall survival in sporadic JMML according to initiating RAS-activating lesion.

Kaplan-Meier representation of the overall survival (%) in 96 patients with JMML evaluable for follow-up, Patients with Noonan
syndrome were excludad from the analysis.
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Supplementary Figure 10

Mean coverage of whole-exome sequencing in 30 paired JMML and germiine DNA samplas.
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Supplementary Figure 11

Performances of PCR-based targeted deep saguencing in 75 JMML samples.
{a) The maan coverage of the coding regions is plotted for each gena by 25« descending order. (b) The mean depih of sequencing is
plotled for aach gene on a leganthmic scake, by descanding order
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Supplementary Table 1: Charscteristics of 10 patierts with JMML subjected Lo whole exome sequencing
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Supplementary Table 4: Gene panel for targeted sequencing and NGS performances

s%nh:ll method Target region (bp) “.:::?x:l Rational for sequencing
ASXELA NGS whole cading region 5 D87 626 Mutations repored in JMML
ASXL2 NG5S whole coding region 4 676 BG5S ASXL1-related
ASELY NGS whole coding region 7238 5 ASKL1-related
BAP1 NGS whike coding region 2 BAT 83 ASKL1-related
BCORL1 NGS whoda coding region 5828 190 Mutztions reported in JMBML
CBL NGS whode coding region 3317 489 Mutations reported in JMML
CHD7 NGS whole coding reglon 10511 481 Mulated In a NS-AML with RRAS gemmiine mutation
DYNC1IH1  NGS whote coding region 17139 34 Mutationis)} found by WES in our cohort of JMRL
EZHZ NGS whobe coding region 3035 466 PRCZ-related
GATAZ NGS whole coding region 1 648 a7 Mutated in 8 NS-AMLwith RRAS garmline mutaticn
GATAZ NGS whole coding reglon 1 540 183 GATAZ-retated
GRHL3 NGS whode coding region 2 786 123 Mutated in 8 N5-AML with RRAS germiine mutation
IL33 NGS whote coding region 1100 10 Mutations) found by WES in our cohort af JMRML
ITPR3 NGS whole coding region 10 384 62 Mutationis)} found by WES in our cohort of JMML
JAK1 NGS whole coding reglon 4449 524 JAK3-nelated
JAKZ NGS whole coding region 4 342 a77 JAK3-related
JAK3 NGS whode coding reglon 4 318 9" Mutations reported in JMBML
KRAS NGS whode coding region a2 AG8 Mutations reported in JMML
KRT1 NGS whole eoding reglon 2 304 484 Mutationis) found by WES In cur cohor af JMML
MRGPRXZ NGS5 whole coding region 1034 1028 Mutationis) found by WES in our cohort af JMML
MF1 NGS whobe coding reglon 10 524 486 Mutations reporied in JMBL
MNRAS NGS whola coding region T34 642 Mutations reported in JMBAL
PDEBA NGS5 whoie coding region 3392 485 Mutationis) found by WES in our cohort of JMML
PLXNBZ NGS whode cading region g 852 10 Mutationis} found by WES in our cohorl of JMML
PTPMN11 NGE whole eoding reglon 2401 612 Mutations reported in JMML
RRAS NGS whole coding region 803 23 RAS-related
SETBP1 NGS whole coding reglon 5226 435 Mutations reported in JMML
SF3BA1 NGS whote coding region 5 0o 448 Mustations reported in JMML
SHIBP1 NGS whola coding reglon 2 844 10 Mutations reparted in JMML
SPRED1 NGS whoda coding region 1622 T34 related to NF1
SRC NGS5 whode coding region 17 148 RAS-related
SREF2 NGS whola coding region T48 135 Mutations raported in JMML (spliceasomi)
SUZ12 NGE whide coding region 2182 361 PRCZ componant
TCIRGY NGS whode coding region 3272 18 Osteopetross-ralated
TMTECA NGS whoda coding region 3 3ar 310 Mutationis} found by WES in cur cohort of JMML
U2aF NGS whode coding region 1158 259 Mutations reporied in JMML (sphcsasame)
WT1 NGS whibe coding region 2015 352 Mutated in 8 NS-AML with RRAS germiine mutatian
ZNF565 NGS whole coding region 1 664 423 Mulated in a NS-AML with RRAS gemmdine mutation
ZRSR2 NGS whole coding region 1800 13 Spliceozame-related
CDYL Sanger  NM_D04824.3 {ex Th-12) L A Dwletion found in aur cohort of JMML
RRAS Sarger  NM_006270.3 {ex 1-6) W& MNA RAS-related
RACZ Sanger WM _D02872.4 {1-3) HA NA RAS-related
NF1 Sanger MM 0010424922 fex 18) Ma MNA RAS-related
JAK3 Sanger  NM_D00215.3 (ex 15) A, M Mutations reported in JMBL
SH3IBP1  Sanger  NM 0189573 {ax 10; 11) HA MNA Mulations reported in JMML
GATA2 Sanger  NM_0G2638.4 {ex 2-6) BA MNA Mutations reported in JMBML
SETBP1 Sanger  WM_015558 2 {ex 6 part) LT A Diagnostic workup
ASXL1 Sangar  NM_015338.5 (ex 14) WA M Diagnostic workup
PTPH11 Sanger MM 002834 3 {ex 3;13) h NA Diagnostic warkup
CBL Sanger  NM_DO5188.3 (ex 7:8,9) NA MA Diagnogtic workup
KRAS Sanger  NM_033360.3 {ex 2; 3) N4 NA& Diagnostic workup
MRAS Sanger MM 002534 4 {ex 2; 3) A, MNA Diagnastic workup

bp: base palrs: NA: not applicable
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Supplementary Table 5: General features of 118 JMML cases, additional somatic mulations and cutcome according to genetic status. The
numbar of additional somatic akeratons was avaluated by dismgarding somatic RAS -paltreay mutalions assumad 9 b eithar tha indiating evenl or pat ol the
classic mecharem of Bukemagenesia, such & hits tageing the wikl-lypa WFT or CBL allsle in gomline-mutated patiants™ ", Desphe 8 trand taward mon
oyieganalic aharations and favsar point mutations in the KEAS-JMML group, no significant diference was found in e otal number of additional somalic akerabons
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Supplementary Note

Leukemia samples

JMML patient samples were collected in a diagnostic setting. All patients’ parents have
given their written informed consent before sample collection. This study was approved
by the ethical evaluation committee of the French Institute of Medical Research and
Health (INSERM) (IORG0003254) in accordance with the declaration of Helsinki.
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IQGAP1 interaction with RHO family proteins revisited:
kinetic and equilibrium evidence for two distinct binding sites

Graphical abstract

IQGAP1 full-length

RAC/CDC42

Status: In preparation
Impact factor:

Own Proportion to this work: 70 %
Cloning, expression and purification of RHO, IQGAPs, and RAC partners proteins
Preparing RHO proteins in nucleotide-free form
Generating mantGDP, mantGppNHp and tamraGTP bound RHO proteins
Fluorescence polarization measurements
Stopped-flow measurements

Designing and performing the experiments
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ABSTRACT
The scaffolding 1Q motif-containing GTPase activating protein 1 (IQGAP1) plays a central role in

the physical assembly of relevant signaling networks that are responsible for various cellular
processes, including cell adhesion, polarity and transmigration. Amongst various proteins, RAC1
and CDC42, have been also proposed to interact with the GAP-related domain (GRD) of IQGAP1,
however, the exact nature of this interaction process has remained obscure. Here, we
demonstrate that (i) IQGAP1 associates with six different RAC- and CDC42-related proteins but
not with other members of the RHO family, including the RHO-and RND-proteins, and (ii) unlike
published models, IQGAP1 interaction with RAC- and CDC42-related proteins underlies a two-step
binding mechanism, first a low-affinity, largely nucleotide-independent binding of GRD outside
the switch regions, and second a high-affinity, GTP-dependent binding of the RHO GTPase binding
domain (GBD) to the switch region. These data were confirmed by phosphomimetic mutations of
$1443 in GBD, which resulted in complete abolishment of the IQGAP1 interaction with RAC1 and
CDC42, clearly indicating that S1443 phosphorylation by protein kinase C is critical for these
interactions. Taken together, these results provide the field with new insights into interaction
characteristics of IQGAP1 and highlight the complementary importance of kinetic and equilibrium
analyses. Therefore, herein, we challenge the paradigm that the ability of IQGAP1 to interact with
RAC/CDC42 proteins is based on a two-step binding process which is a prerequisite for IQGAP1
activation and a critical mechanism in temporal regulation and integration of IQGAP1-mediated

cellular responses.

Key words: CDC42, GBD, GRD, stopped-flow, fluorescence, polarization, anisotropy, interaction,

IQGAPs, RAC1, RHOA, RHO family
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INTRODUCTION

The RHO family proteins are known to play an important role in diverse cellular processes and
progression of different diseases, such as cardiovascular diseases, developmental and
neurological disorders, tumor invasion and metastasis as well as regulating liver regeneration [1-
3]. RHO proteins share two common functional characteristics, membrane anchorage and an
on/off switch cycle [4]. Subcellular localization of RHO proteins to different cellular membranes is
known to be critical for their biological activity. This is achieved by a hyper variable region (HVR)
[5] and a lipid anchor in their C-terminal tail at a distinct cysteine residue in the CAAX motif (C is
cysteine, A is any aliphatic amino acid, and X is any amino acid) [6]. RHO protein function is
dependent on the guanine nucleotide-binding (G) domain that contains the principle binding
center for GDP and GTP and presents depending on its nucleotide-bound state various contact
sites for regulators and effectors [4]. Thus, membrane-associated RHO proteins act, with some
exceptions [7], as molecular switches by cycling between an inactive GDP-bound state and an
active GTP-bound state. This cycle underlies two critical intrinsic functions, the GDP-GTP exchange
and GTP hydrolysis [7] and is controlled at least three classes of regulatory proteins [4]: (i)
Guanine nucleotide exchange factors (GEFs) catalyze the exchange of GDP to GTP and activate the
RHO protein [8,9]; ii) GTPase activating proteins (GAPs) stimulate the GTP hydrolysis and convey
the RHO protein in its inactive conformation [10,11]; (iii) Guanine nucleotide dissociation
inhibitors (GDIs) bind to prenylated RHO proteins and extract them from the membranes into the
cytoplasm [12-15]. The formation of the active GTP-bound state of RHO proteins is accompanied
by a conformational change in two regions, known as switch | and Il [4], which provide a platform
for the selective interaction with structurally and functionally diverse effectors, e.g. p21-activated
kinase 1 (PAK1) [16], p67°"* a member of the NSDPH oxidase [17], semephorin receptor Plexin B1
[18,19] as well as the IQ motif-containing GTPase activating proteins (IQGAPs) [20,21].

In mammals, three isoforms of IQGAPs are expressed: IQGAP1, IQGAP2 and IQGAP3. These
homologues have similar domain compositions but different subcellular localization, tissue
expression and functions [20,22]. This class of proteins activates a wide variety of downstream
signaling cascades [22-25], thereby regulating many important physiological and
pathophysiological processes in eukaryotic cells [20,26,27]. Among IQGAP isoforms, IQGAP1 is
ubiquitously expressed and is the most investigated member of IQGAP family, and our
understanding mainly relies on the evidences from IQGAP1. IQGAP1 is involved in wide spectrum
of cellular processes, such as adhesion, cell polarity and directional migration [24] and also cancer
progression [22,28] via binding to RHO protein. The domain organization of IQGAP1 is highly
conserved in IQGAP family consisting of an N-terminal calponin homology domain (CHD), a coiled-
coil repeat region (CC), a tryptophan-containing proline-rich motif-binding region (WW), four
isoleucine/glutamine-containing motifs (IQ), a RASGAP-related domain (GRD), an originally called
RASGAP C-terminal domain (RGTC) [24], which we called a GTPase-binding domain (GBD) in this
study, and a C-terminal domain (C).

IQGAP2 and IQGAP3 are also able to bind RHO proteins [29-32]. IQGAP2 has 62% sequence
identity to IQGAP1 and is expressed predominantly in the liver, but can be detected in stomach,
prostate, thyroid, testis, kidney, platelets and salivary glands [20,30,31,33,34]. IQGAP3 is enriched
in brain, testis, lung, small intestine, and colon [31-33,35-37]. Recent differential gene expression
analysis revealed a reciprocal expression of IQGAPs in Hepatocellular carcinoma (HCC) and
subsequently opposing functions [38]. Given that IQGAP proteins share a domain structure and
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have sequence homology, such a paradoxical phenomenon may be due to their protein binding
partners, subcellular localization and diverse tissue expression.

Furthermore, in hepatic stellate cells (HSCs) has been shown that Iggapl deficiency promotes
myofibroblast activation, tumor implantation, and metastatic growth in mice via upregulation of
paracrine signaling molecules [39]. In spite of having RASGAP homology domain, none of these
three isoforms have GTPase-activating protein (GAP) activity. GAPs increase the intrinsic activity
of RHO proteins and inactivate them. By contrast, IQGAP proteins exhibit an inhibitory effect on
the intrinsic GTPase activity of the RHO family members CDC42 and RAC1, thereby stabilize them
in their active GTP-bound form [30,40,41]. Apart from RAC1 and CDC42, a multitude of IQGAP
interacting partners have been reported to date [20,24,25,27,42-44]. From IQGAP family, IQGAP1
has been implicated as a drug target although the molecular mechanism of the IQGAP1 functions
is unclear. A prerequisite to achieve these functions is the dissection of its distinct domains and
the analysis of their interactions with desired protein partners.

Work from several laboratories has shown that the C-terminal half of IQGAP1 (amino acids
863-1657), encompassing GRD (amino acids 1025-1238) and RGTC (called GBD in this study;
amino acids 1451-1583), binds physically to active, GTP-bound forms of CDC42 and RAC1 [29,45-
47]. IQGAP1 GRD, which is structurally a homologous but functionally an inactive RASGAP [48],
also undergoes interaction with RAC1 and CDC42, although with a lower affinity than the larger
protein fragment, containing GRD and RGCT [47,48]. These works together with homology
modeling, based on the RHOGAP in complex with RHOA [49] and CDC42 [50], and RASGAP in
complex with HRAS [51], provided a structural model of IQGAP1 GRD that contacts the switch
regions of the GTP-bound CDC42 [47,48,52]. In contrast, another study has shown
phosphomimetic variants of IQGAP1 at position S1441 and S1443 were significantly impaired in
interacting with active CDC42 [46]. This strongly indicates that regions downstream of GRD, may
also be critical in the interaction with RAC1 and CDC42. In an attempt to resolve this controversy,
we set out to investigate comprehensively the structure-function relationship of IQGAP1
interaction with the RHO proteins. Detailed characterization of the IQGAP1 interaction with the
RHO family members, using time-resolved fluorescence spectroscopy, provided unprecedented
insights into the structure, function, and mechanistic properties of IQGAP1, especially regarding
its interaction with RAC- and CDC42-like proteins. Obtained data showed that GRD-C associated
with the RAC- and CDC42-like proteins (RAC1, RAC2, RAC3, RHOG, CDC42, and TC10), but not with
RHOA, RHOB, RHOC, RHOD, TCL, RND and RIF. Furthermore, GRD1 and GRD2 do not associate
with RAC1 under this experimental condition. We next investigated the effect of the last 99 amino
acids of IQGAP1 on RAC1 and CDC42 binding and our results clearly suggest that the very C-
terminal region of IQGAP1 may negatively regulate GBD-RAC1/CDC42 interaction. Moreover, we
found that point mutations of the PKCa phosphorylation sites (51441 and $1443) differently affect
GRD-GBD association with RAC1/CDC42-mantGppNHp. Additionally, equilibrium measurement
using fluorescence polarization experiments showed that IQGAP1GRD2 also interacts with RAC1
and CDC42 but with a much lower affinity and in a largely nucleotide-independent manner as
compared with IQGAP1GRD-C. Results described here clearly suggest that IQGAP1 binds RAC1-
and CDC42-like proteins at least at two sites by utilizing the GBD domain rather than the GRD
domain to contact the switch regions.
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MATERIALS AND METHODS

Constructs. Different variants of pGEX vectors (pGEX2T, pGEX4T-1, pGEX3) encoding an N-
terminal glutathione S-transferase (GST) fusion protein were used for the overexpression of
various human IQGAP1 (Acc. no. P46940) variants (aa 863-1345, 962-1345, and 863-1657, 877-
1558, 877-1558 S1443E and S1443A), human Plexin-B1 (Acc. no. 043157) (aa 1724-1903), human
p67°" (Acc. no. P19878) (aa 1-203), human PAK1 (Acc. No. Q13153) (aa 57-141), murine TIAM1
DH-PH (Acc. no. Q60610) (aa 1033—1404), human TrioN DH-PH (Acc. no. 075962) (aa 1226-1535),
and human RHOGDIa (Acc. no. P52565) as well as human RHO-related genes, i.e. RAC1 (Acc. no.
P63000) (aa 1-179), RAC2 (Acc. no. P15153) (aa 1-192), RAC3 (Acc. no. P60763) (aa 1-192), RHOG
(Acc. no. P84095) (aa 1-178), RHOA (Acc. no. P61586) (aa 1-181), RHOB (Acc. no. P62745) (aa 1-
181), RHOC (Acc. no. P08134) (aa 1-181), CDC42 (Acc. no. P60953) (aa 1-178), TC10 (Acc. no.
P17081) (aa 2-193), TCL (Acc. no. Q9H4ES) (aa 2 —197), RND1 (Acc. no. Q92730) (aa 1-232), RND2
(Acc. no. P52198) (aa 26-184), RND3 (Acc. no. P61587) (aa, 1-244), RIF (Acc. no. Q9HBHO) (aa 1-
195), and mouse RHOD (Acc. no. P97348) (aa 2-193). pET46 EKLIC vector (Merck, Nottingham,
United Kingdom) was used for the overexpression of IGQAP1 877-1558 S1441E, S1143D,
S1441A/S1443A, and S1441E/S1443D mutants as a his tag protein. The Kazusa cDNA clone
KIAA0O51 [53] was used as a template for making mutants.

Proteins. All proteins were purified according to the protocols described [7,54,55]. Nucleotide-
free RHO proteins were prepared using alkaline phosphatase (Roche) and phosphodiesterase
(Sigma Aldrich) at 4°C as described [56]. Fuorescent methylanthraniloyl (mant) was used to
generate mantGDP and mantGppNHp bound RHO proteins, where GppNHp is non hydrolayzable
analog of GTP. Quality and concentrations of labeled proteins were determined as described [56].

Fluorescence measurements. Kinetics measurements were monitored by stopped-flow apparatus
(Hi-Tech Scientific SF-61 with a mercury xenon light source and TgK Scientific Kinetic Studio
software), and performed as described [55]. The observed rate constants were fitted single
exponentially using the GraFit program (Erithacus software).

Fluorescence polarization. Experiments were performed in a Fluoromax 4 fluorimeter in
polarization mode as described [57]. The dissociation constant (Ky) were calculated by fitting the
concentration dependent binding curve using a quadratic ligand binding equation.

Cell isolation and culture. Livers from male Wistar rats (local animal facility of the Heinrich Heine
University) were enzymatically digested with collagenase H (Roche, Germany) and protease E
(Merck, Germany). Primary hepatic stellate cell (HSC) isolation was followed by density gradient
centrifugation. HSCs were feeded with Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 15% fetal calf serum and 50 units of penicillin/streptomycin (Gibco® Life
Technologies).

Reverse transcriptase polymerase chain reaction. To isolated RNA, cells were lysed by QlAzol
lysis reagent (QIAGEN, Germany) and proceed with RNeasy plus kit (Qiagen, Germany). To
eliminate any possible genomic DNA contaminations, isolated RNAs were subjected to DNase with
the DNA-free™ DNA Removal Kit (Ambion, Life Technologies, Germany). Transcrption of the RNA
to first strand complementary DNA (cDNA) was followed by using the ImProm-II"™ reverse
transcription system (Promega, Germany). Quantitative polymerase chain reaction (qPCR) was
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performed using the SYBR Green reagent (Life Technologies, Germany). Primers are listed in Table
51. 2% method was used to calculate the mRNA levels according to relative endogenous levels of
the HPRT1.

Immunoblotting. Cell membranes and nuclei were disturbed with lysis buffer (50 mM Tris-HCl pH
7.5, 100 mM NaCl, 2 mM MgCl,, 1% Igepal CA-630, 10% glycerol, 20 mM beta-glycerolphosphate,
1 mM Ortho-NasVO,, 1 EDTA-free inhibitor tablet). To normalize the amount of the total proteins,
the Bradford assay applied to measure the protein concentration (Bio-Rad). Primary antibodies to
mouse y-tubulin (# T5326) Sigma-Aldrich; mouse RAC1 (05-389) millipore; rabbit CDC42 (2462)
cell signaling; mouse IQGAP1 (ab56529) and rabbit IQGAP2 (ab181127) abcam were diluted in 5%
non-fat milk (Merck, Germany)/TBST (Tris-buffered saline, 0.05% Tween 20), and incubated
overnight in 4°C. After washing steps, membranes were incubated with horseradish peroxidase-
coupled secondary antibodies for 1 h and signals were visualized by the ECL detection system (GE
Healthcare) and images were collected using the ChemoCam Imager ECL (INTAS science imaging,
Germany).

RESULTS

IQGAP1%*° € selectively associates with various RAC- and CDC42-like proteins

Kinetics of 1QGAP1%"°C (IQGAP1%%*'®*’; Fig. 1) association with different RHO proteins was
monitored using stopped-flow fluorescence spectroscopic methods established previously [58].
MantGppNHp (Fig. 2A) is a fluorescent, non-hydrolysable GTP analog and stopped-flow
fluorescence is a direct way to monitor the association between two proteins in real-time [56].
Rapid mixing of GRD-C with active, mantGppNHp bound RAC1 and CDC42 resulted in change in
fluorescence (Figs. 2B and 2F green trace), which represents the RAC1/CDC42-IQGAP1 association
reaction. Under the same conditions, most remarkably, we did not observe any fluorescence
change when mixing RAC1/CDC42-mantGppNHp with GRD itself (IQGAP1°°***) (Figs. 2B and 2F
red trace). This was unexpected because GRD has been generally accepted as the RAC1- and
CDC42-binding domain of IQGAP1 to date [40,41,46-48,52,59]. Under the same conditions we
measured kinetics for other members of the RHO family and evaluated the data by single
exponential fitting to obtain the respective observed rate constants (ko). Data presented in
figure 2B-G show that GRD-C associated with various RAC- and CDC42-like proteins (RAC1, RAC2,
RAC3, RHOG, CDC42 and TC10), but not with RHOA, RHOB, RHOC, RHOD, TCL and RIF. Mixing of
mantGppNHp-bound form of the latters did not result in a fluorescence change (Fig. 2H). Due to
instability, fluorescently labeled RND proteins could not be prepared. Therefore, their association
with GRD-C was measured indirectly by premixing excess amounts of GTP-bound RND proteins
with GRD-C before measuring its association with RAC1-mantGppNHp. RND1, RND2 and RND3 did
not interfere with the RAC1-IQGAP1 interaction (Fig. 2I), indicating that IQGAP1 does also not
associate with RND proteins under these conditions, while Figure 2J shows association
competition of mantGppNHp-RAC1 with IQGAP1%*"“ in the presence of excess amount of CDC42,
or vice versa.

RAC2 showed highest affinity for IQGAP1°%°€

In some studies was previously shown that the binding affinity of CDC42 for IQGAP1 was
considerably higher than that of RAC1 for IQGAP1 (see Table 1) [29,45,60]. Later Owen et al.
reported that, IQGAP1 has similar affinities for both RAC1 and CDC42 (see Table 1) [47]. Here
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individual kinetic parameters were determined for the interaction of IQGAP1%*>“ with RAC- and
CDC42-like proteins under conditions described previously [55]. An incremental increase in
fluorescence was observed when increasing the concentrations of GRD-C were rapidly mixed with
RAC1-mantGppNHp (Fig. 3A). Increase in fluorescence was also observed for other RAC- and
CDC42-like proteins except for CDC42 that the mode of interaction was different and we observed
decrease in fluorescence (Fig. $3). Association kinetics was then performed for all other RAC- and
CDC42-like proteins. kq,s values obtained by a single exponential fitting were evaluated in a linear
fashion as a function of the GRD-C concentration (Fig. 3B), which yielded the respective
association rate constants (k.,). The dissociation of GRD-C from its complex with RAC1-
mantGppNHp was measured in a displacement experiment when excess amounts of RAC1-
GppNHp were rapidly mixed with the complex. This led expectedly to fast decrease (for CDC42;
increase) in fluorescence (Figs. S2 and S4), which was also observed for other RAC- and CDC42-
like proteins (data not shown). Exponential fitting of the curves yielded the dissociation rate
constants (ko). The dissociation constants (Kg) (Fig. 3D, Green bars), which is the binding affinity
and defined as the strength of IQGAP-RHO protein interactions was ultimately calculated from the
ratio of the k. values (Fig. 3D, Orange bars) divided by the k,, values (Fig. 3D, Blue bars).
Accordingly, RAC2 turned out to possess the highest affinity for GRD-C that was between 16- and
75-fold higher than that of the other RHO proteins (Fig. 4D, Green bars). All individual data are
summarized in Table 1.

GBD but not GRD appears to be critical for the IQGAP1 interaction with RAC1 and CDC42

To further prove the critical role of the more C-terminal domains of IQGAP1 beyond GRD we
generated various deletion and point mutations of IQGAP1 (Fig. 1). Figures 4A, S1, and S3 clearly
show that GRD1 and GRD2 do not associate with RAC1 and CDC42 under this experimental
condition. We next measured the effect of the last 99 amino acids of IQGAP1 on RAC1 and CDC42
binding and found that GRD-GBD (IQGAP1®”7>*%), which lacks this region associated 3-fold faster
with RAC1 as compared to GRD-C. Moreover, we found that point mutations of the PKCa
phosphorylation sites (51441 and S1443; Fig. 1) differently affect GRD-GBD association with RAC1-
mantGppNHp. In contrast to GRD-GBD ** (Ser1441 substituted by Glu), GRD-GBD *° (Ser1443
substituted by Asp), and the double mutations GRD-GBD SE/SD (phosphomimetic substitutions)
and GRD-GBD SA/SA (neutral substitutions to Ala) completely abolished GRD-GBD association
with RAC1 and CDC42 (Fig. 4A).

As it is shown in Figures 4B and 4C, association kinetics were performed for the interaction of
GRD-C, GRD-GBD, and GRD-GBD*f with RAC1 and CDC42. k,, values gained by a single exponential
fitting were evaluated in a linear fashion as a function of the GRD-C, GRD-GBD, and GRD-GBD*
concentrations, which yielded the respective association rate constants (k,,). The k., for all three
variants was almost similar and the same pattern was observed for RAC1 and CDC42 (Figs. 4B and
4C). The dissociation of all three proteins from their complex with RAC1-/CDC42-mantGppNHp
was measured in a displacement experiment in the presence of excess amounts of RAC1- and
CDC42-GppNHp mixed with the complex (Figs. S2 and S4). Exponential fitting of the curves
yielded the dissociation rate constants (ko) (Figs. 4B and 4C). The binding affinity (Ky) as the
strength of IQGAP1-RAC1/CDC42 interactions was calculated from the ratio of the k. values
divided by the ko, values. Our results showed 2 folds lower K4 of GRD-GBD** compared to GRD-
GBD in the case of RAC1, and K4 for CDC42 was not significantly changed (Figs. 4B and C, Green
bars).

72



Chapter IV

IQGAP1 possesses at least two RAC/CDC42-binding domains

To further shed light on the potent interaction of GRD-C versus GRD alone we used a different
method, fluorescence polarization, that measures the binding affinity of two proteins and provide
an equilibrium dissociation constant (Ky) of their interaction. As shown in figures 5A-5C, both
IQGAP1 variants, GRD-C and GRD do in fact interact with mantGppNHp-bound RAC1 and CDC42
but as expected not with RHOA using fluorescence polarization (equilibrium mode). Evaluated Kg4
values obtained from the measurements showed that GRD-C is a high affinity binder as compared
to GRD with 10-15-fold lower affinity for mantGppNHp-bound RAC1 and CDC42 (Fig. 5C; Table 1).
This was not observed using Stopped-flow fluorescence, measuring the kinetics of the association
in real-time, as is shown in figures 2 and 4A. Furthermore, for GRD-GBD and GRD-GBD** with
mantGppNHp-bound RAC1 comparable affinity to GRD-C was observed but GRD-GBD®*® showed 5-
8 folds lower affinity (Figs. 5E and 5F; Table 1). The explanation for our observations regarding
binding of RAC1 to GRD is simple; in direct mode only a change in fluorescence can be observed
when the associating protein (IQGAP1) binds to close vicinity of the fluorophore (mant group of
the bound GppNHp) on the surface of RAC1 and CDC42 (Fig. 2). This surface covers the switch
regions that changes their conformation upon a GDP/GTP exchange [4]. This is of fundamental
importance because binding effectors (such as IQGAP1) to the switch regions determines the
specificity of the signal transduction [4,58]. To prove this idea we repeated the measurements by
using inactive RHO proteins bound to mantGDP. Both GRD-C and GRD were able to interact with
CDC42-mantGDP although with very low affinities (Fig. 5G-H). This strongly suggests that IQGAP1
consists of two distinct binding domains, with GBD binding to the switch regions and with GRD
that binds to other regions of CDC42 beyond the switch regions in a largely nucleotide-
independent manner.

Differential expression analysis of IQGAPs in hepatic stellate cells

Each IQGAP isoform possess its specific binding partners and therefore contribute to different
cellular processes. For instance, IQGAP1 is known as an oncogene where IQGAP2 is a tumor
suppressor [22,38]. IQGAP2 is shown to express predominantly in liver. We asked the questions, is
there any isoform preference for IQGAPs in the specific liver cell types called hepatic stellate cells
and how they could scaffold the RHO proteins in these cells? Hepatic stellate cells (HSCs) reside in
the Disse space of the liver and during chronic liver injuries become activated and contribute in
either liver repair or fibrosis [61,62]. It is reported that the IQGAP1 play a role in HSC activation by
binging to TGF-B receptor Il and suppress HSC activation [39]. To investigate the biological
function of IQGAP isoforms and their responsive target proteins (RAC and CDC42), freshly isolated
HSCs were cultivated for 8 days that induce spontaneous activation of these cells. Quantitative
RNA analysis revealed that IQGAP1 and 3 were upregulated during the activation process of HSCs
where the IQGAP2 was downregulated. RAC2 exhibits the drastic increased in HSC d8, however,
other RAC isoforms (RAC1 and 3) did not altered. To further investigate the correlation between
the IQGAP1 regulation of RAC1 and CDC42 mechanisms in HSCs, the protein levels of IQGAP1, 2,
RAC1, and CDC42 were detected. Consistent with gPCR data, obtained data showed IQGAP1
increase at proteins levels, where IQGAP2 is downregulated. The RAC1 and CDC42 exist at higher
levels in activated HSCs (Fig. 6).
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DISCUSSION

The interaction with the active, GTP-bound form of RAC1 and CDC42 identified IQGAP1 as a
putative downstream effector [29,40,45-48,52,63-69]. Subsequent studies have shown that the
interaction between IQGAP1 and the RHO proteins has significance on variety of biological
functions. Accumulating evidence supports diverse roles for IQGAP-RHO protein interaction in
vertebrates. However, the nature of such a protein-protein recognition process has remained
obscure. While modulation of the cytoskeletal architecture was initially thought to be the primary
function of the interaction of IQGAP1 with RHO proteins, it is now clear that they have some
critical physiological roles beyond the cytoskeleton. CDC42 promotes the interaction of PTPI with
IQGAP1 to stimulate actin remodeling and, eventually, neurite outgrowth [70], and also complex
of active CDC42, Lisl, and CLIP-170 with IQGAP1 seems to be crucial for cerebellar neuronal
motility [66]. Another example is in the pancreatic B-cells. Analysis of the insulin secretory
pathway has shown that IQGAP1 scaffolds CDC42, RAB27A, and coronin-3 and this complex
controls endocytosis of insulin secretory membranes [71].

Of the RHO family proteins, RAC1, RHOA, and CDC42 have been most extensively studied and
characterized [72]. In this study, a comprehensive interaction study of RHO proteins and C-
terminal domain of IQGAP1%¢*'®*’ (here called GRD-C) was conducted. Kinetics of GRD-C
association with different RHO proteins was monitored using stopped-flow fluorescence
spectroscopic methods (Fig. 2). The results clearly indicate that IQGAP1 binds among RHO
proteins selectively to RAC- and CDC42-like proteins in the active form and that GRD-C most
obviously recognizes and binds to the switch regions but however not, as previously proposed by
several groups [47,48,52], the GRD alone. In contrast to our data, Casteel et al. have shown that
GRD-C interacts with the active, G14V variant of RHOA and RHOC but not with that of RHOB,
which were overexpressed in, and immunoprecipitated from human embryonic kidney 293T cell
lysates [73]. In addition, recent immunoprecipitation studies have shown that IQGAP1 binds to
both RHOA and p190A-RHOGAP to inactivate RHOA, and to modulate contractility of airway
smooth muscle cells [74]. Wu et al. have also found RHOC and IQGAP1 in immunoprecipitates.
This study has shown that an isoform-specific interaction of RHO proteins with IQGAP1 regulates
cancer cell proliferation, and has been proposed that IQGAP1 is a downstream effector of RHOC in
the regulation of gastric cancer cell migration [75,76]. In contrast, our study showed no physical
interaction between GRD-C and the RHO isoforms, including RHOA or RHOC, under cell-free
conditions using purified proteins. In this context, we think that observed interactions of GRD-C
with RHOA and RHOC most likely are indirect, mediated by other proteins co-immunoprecipitated
from cells expressing tagged RHO protein. We also exclude an interaction with other regions of
RHOA outside switch regions evident from our fluorescence polarization data (Figs. 5A-5C).

Another striking observation was an increase in fluorescence upon association of GRD-C with
RAC1, RAC2, RAC3, RHOG, and TC10 but a decrease in fluorescence with CDC42 (Figs. 2, S1 and
$3). In contrast, we have monitored in an earlier study a fluorescence decrease for the association
of the CDC42/RAC-interacting binding (CRIB) motif of the Wiskott-Aldrich syndrome protein
(WASP) with the CDC42, RAC1 and TC10, respectively [58]. This observation indicates that (i) the
binding mode of CDC42 interaction with IQGAP1 is different from that of TC10 and the RAC-like
proteins, and (ii) the binding mode of IQGAP1 interaction with these RHO proteins differs from
that of WASP. Owen et al. have studied GRD-C interaction with a large panel of RAC1 and CDC42
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variants and have suggested, despite their 71% identity, RAC1 and CDC42 appear to have only
partially overlapping binding sites on IQGAP1, and each uses different determinants to achieve
high affinity binding [47]. However, our competition experiment has shown in figure 2J clearly
indicated that GRD-C competitively associates with an overlapping binding region of RAC1 and
CDC42.

The determination of individual kinetics parameters for the interaction of GRD-C with RAC- and
CDC42-like proteins indicates that GRD-C may utilize a homologous set of associating residues of
various CDC42-/RAC-like proteins, in spite of differences in the reaction rates (Fig. 3D; Table 1).
The fact that six members of the RHO family and probably also WRCH1 and Chp/WRCH2 (not
analyzed in this study), associate with IQGAP1 raises the question of how an interaction specificity
is achieved in cells. RHOG is due to its high sequence similarity with the RAC proteins classified as
a RAC-related protein, although it shares with RAC1 overlapping signal transduction pathways
[77]. TC10 and RHOG interaction with IQGAP1 and IQGAP2, respectively, has been previously
reported [78,79]. RHOG has been reported that do not bind to effectors such as PAK1, PAKS,
PAK6, PAR6, IRSp53, WASP, or POSH, but on the other hand it binds in an activated GTP bound
form to the RAC/CDC42-specific effectors MLK3, PLD1, and IQGAP2 which in turn, stimulates
some downstream signaling targets of activated RAC1 and CDC42 such as JNK and Akt [78].
Although the consequence of TC10-IQGAP1 interaction is not defined, it seems to play a role in
exocytosis and cell polarity. EXO70, a component of the exocyst complex, has been shown to bind
to the N-terminal IQGAP1, most likely to the WW motif [77] but probably not to the IQ region
because Exo70 was not found as binding partner of this region [21]. In mammals, RALA, a member
of the RAS family, and TC10 have been shown to bind the exocyst [80]. TC10-EXO70 interaction is
implicated in the tethering of GLUT4 vesicles to the plasma membrane in response to insulin [80-
82], and in promoting neurite outgrowth [83-85]. IQGAP proteins has been shown to be involved
in both processes [21,31,86]. Data presented in this study, revealed that TC10 has the fastest
dissociation rate from GRD-C (Fig. 3D), suggesting that the IQGAP-TC10 complex requires
stabilization by additional binding proteins, for example EXO70. Investigating the protein
interaction network of the IQGAPs, modulating their function in space and time, remains an open
and very interesting issue for future studies.

The highest affinity of RAC2 for GRD-C can most likely be attributed to distinct amino acid
sequence deviations. The high affinity of RAC2 for IQGAP1 cannot be explained by comparing
potential residues that may undergo direct interacting contacts in spite of high amino acid
sequence identity of RAC isoforms. An aspect to be considered is the overall dynamics of the
protein parts originated from few different amino acids all over the molecule. The lower flexibility
of the switch | region of RAC2 in comparison to RAC1 and RAC3 may explain the functional
differences of these proteins as it has been previously proposed to contribute to a higher TIAM1
activity on RAC2 compared to RAC1 and RAC3 [87].

Previous studies by other groups have shown that shorter IQGAP1 fragments, encompassing
the GRD domain, are responsible for the RAC1 and CDC42 interactions. For the first time, Zhang
and coworkers have shown that activated form of CDC42 is able to bound IQGAP1 GRD-C (aa 864-
1657) [60]. One year later the same group reported that not only CDC42 but also RAC1, although
with lower affinity, could interact to GRD-C [45]. Afterwards, Nomanbhoy and Cerione, have
shown that GRD-C interacts tightly to CDC42-mantGTP using fluorescence assay [88]. Owen et al.
have also reported that a GRD protein (aa 950-1407) was able to tightly bind CDC42(Q61L) with a
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K4 value of 140 nM but failed to bind RAC1(Q61L) using scintillation proximity assay [47]. In this
study, GRD-C (aa 864-1657) has shown a much higher affinity for the Q61L mutant of not only
CDC42 but also RAC1, and yet the GRD was proposed to be the binding domain of IQGAP1 that
associates with the switch regions of CDC42. Correspondingly, Kurella et al. have reported that
GRD2 (aa 62-1345) binds CDC42 in a GTP-dependent manner with an affinity of 1300 nM using
isothermal titration calorimetry [48]. These biochemical data (summarized in Table 1) along with
homology modeling, based on the RAS-RASGAP structure [51], provided up to date a structural
model of IQGAP1 GRD contacting the switch regions of the CDC42 which is generally accepted
[40,41,46-48,52,59]. Contrary to the existing model, we observed a low-affinity, largely
nucleotide-independent binding of GRD that associates with RAC- and CDC42-like proteins outside
the switch regions. This was evidenced by kinetic measurements of GRD-GBD and GRD-C
association, but not GDR, with RAC1 and CDC42 proteins (Figs. 2 and 4; no changes in
fluorescence were observed with GRD). Conducted equilibrium measurements using fluorescence
polarization not only substantiated the essential role of IQGAP1 GBD in a GTP-dependent
interaction with RAC1 and CDC42 in support with our kinetic analysis but also provided striking
insights into the main feature of IQGAP1 GRD. Our quantitative analysis under equilibrium
conditions clearly revealed that GRD indeed undergoes a low-affinity, largely nucleotide-
independent interaction with CDC42 and also RAC1 but in contrast to GBD its binding site resides
outside the critical switch regions (Fig. 5). The significance of GBD (previously called RGTC) as a
GTP-dependent interacting domain for RAC- and CDC42-like proteins was proved using single
point mutants of GRD-GBD (e.g. Ser1443 substituted by Asp and Ala but not Ser1441 to Glu and
Ala, two PKCa phosphorylation sites), which led to the abolishment of a GTP-dependent
interaction of GRD-GBD while nucleotide-independent association through the GRD was
unchanged. Grohmanova and coworkers previuosly have shown via GST pull down experiments
and using MCF10A cell lysate, that in the presence of phosphatase inhibitor there is a significat
reduction in the interaction between IQGAP1 and CDC42-GTP bound in contrast to CDC42
nucleotide depleted which bound to phosphorylated IQGAP1 much stronger [89]. In addition, our
data have clearly demonstrated that the region upstream of GRD2 (aa 863-961) is dispensable for
the RAC1 and CDC42 interaction. Another interesting issue was the inhibitory effect of the very C-
terminal 99 amino acids (C domain) on the GBD determined through a 3-fold faster association of
GRD-GBD (lacking the C domain) with RAC1 and CDC42 as compared to GRD-C. This is consistent
with observations regarding the interaction of GRD and GBD-C domains with each other, favoring
GTP-dependent binding to CDC42 [89,90].

Upon HSCs activation, quiescent HSCs develop into the cells that are able to contract and
migrate. It is reported that IQGAP1 plays a role in HSC activation by binding to TGF-B receptor Il
and suppress HSC activation [39]. These observations raised the questions, which IQGAP isoforms
are present in HSCs and is there any evidence that IQGAPs actively scaffolds RHO proteins in
HSCs? To address these questions, first we investigated the expression pattern of IQGAP1, 2, 3,
RAC1, 2, 3, and CDC42 in quiescent vs. activated HSCs. Our quantitative RNA analysis revealed
that /IQGAP1 and 3 isoforms get upregulated during the activation process of HSCs while IQGAP2 is
down-regulated. At protein levels, we were able to detect IQGAP2 isoform only in quiescent HSCs
while IQGAP1 was presented in both states of HSCs, and became upregulated during HSC
activation. These results are in consistent with what Schmidt and colleagues, have reported
regarding the reciprocal expression of IQGAP1 and 2 in human hepatocellular carcinomas, where
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IQGAP1 increased and IQGAP2 decreased [91]. In quiescent HSCs, we speculate that IQGAP2
exerts its specific functions by scaffolding the distinct signaling components in different protein
complexes than IQGAP1. Canonical Wnt signaling is very dynamic in quiescent HSCs and it is
shown in other cells that IQGAP2 can interact with Dishevelled/B-catenin, therefore in gHSCs
IQGAP2 may modulate Wnt-B-catenin signaling and stimulate GFAP synthesis and cell-cycle arrest
[92,93]. Another possibility would be, IQGAP2 competes with other scaffolding proteins to
recruits RHO proteins and may interfere with RHO-dependent cell migration. The functions and
specific binding partners of IQGAP2 in gHSCs remain to be investigated. aHSCs display the
elevated levels of PDGF signaling and focal adhesion kinase (FAK), acts downstream of PDGF [94].
PDGF induces the IQGAP1-dependent complex formation of focal adhesion proteins (paxillin and
vinculin) and PDGF receptor B [95]. IQGAP1 also binds to FAK [96], therefore, PDGF-IQGAP1 may
regulate the focal adhesion assembly in aHSCs that is important for cell motility and migration.

Elevated levels of the RAC1 and CDC42 correlate with high amount of IQGAP1 in activated
HSCs; we detected higher levels of RAC1, RAC2 and CDC42 in aHSCs than gqHSCs. On the other
hand, our biochemical studies demonstrated that RAC1 and CDC42 interact in GTP-bound forms
with IQGPA1. Therefore, we suggest that IQGAP1 scaffolds RAC1 and CDC42 to regulate cell-
adhesion and migration in these cells. However, the role of IQGAP1 in aHSCs needs to be
investigated.

Taken together, our kinetic and equilibrium measurements clearly challenge the paradigm that
the ability of IQGAP1 to interact with RAC/CDC42 proteins is mainly attributed to its GRD. On the
contrary, we propose that the C-terminal half of IQGAP1 utilize at least three functionally distinct
units, including GRD, GBD and C, to achieve the interaction with RAC1- and CDC42-like proteins.
Keeping this in mind, the switch regions of the RHO family proteins have been previously
proposed as the first binding site for the downstream effectors and if this first contact is achieved
then additional contacts outside the switch regions will be required to guarantee effector
activation [4]. Remarkably, IQGAP1 seems to employ a different strategy to interact with RAC1
and CDC42 proteins as schematically illustrated in Figure 7: (i) GRD undergoes a low-affinity, GDP-
/GTP-independent complex with RAC1 and CDC42 proteins outside their switch regions in a way
that is independent of the upstream signals, providing it is structurally accessible and available for
interactions; (ii) GBD only binds to the RAC1 and CDC42 proteins if they are active and exist in the
GTP-bound forms; (iii) the C-terminal region of IQGAP1 may potentiate the IQGAP1 interaction
with RAC1 and CDC42 proteins by probably extending the resident time of the respective proteins
complexes. Such a sequential association with the RAC1 and CDC42 proteins most likely leads to
activation of IQGAP1, can be envisaged as conformational changes allowing further IQGAP1
interaction with its downstream targets depending on both the cell types and the upstream
signals. We further propose that this is a conserved control mechanism also for IQGAP2 and
probably also IQGAP3 due to high sequence homology.
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Table 1. Data summary for the interaction of RHO proteins with IQGAP variants

Proteins’ Ky (nM)™* Method* Reference
IQGAP1863'1345/RAC1-mantGppNHp no binding FM this study
IQGAP1%%* % /CDC42-mantGppNHp no binding FM this study
IQGAP1°**** /RAC1-mantGppNHp no binding FM this study
IQGAP1°****/CDC42-mantGppNHp no binding FM this study
IQGAP1%%**/RAC1-mantGppNHp 1,420 FM this study
IQGAP1%°'%7/CDC42-mantGppNHp 2,000 FM this study
IQGAP1%"%7/RAC2-mantGppNHp 27 FM this study
IQGAP1%"%/RAC3-mantGppNHp 450 M this study
IQGAP1%*"*7/RHOG-mantGppNHp 490 M this study
IQGAP1%%* %7 /TC10-mantGppNHp 1,530 FM this study
IQGAP1*"7**® JRAC1-mantGppNHp 4,110 FM this study
IQGAP1*”7*%%/CDC42-mantGppNHp 4,200 FM this study
IQGAP1%7 1258614418 )R A C1-mantGppNHp 9,960 FM this study
IQGAP1%71>%8514418) )ch 42 -mantGppNHp 6,060 FM this study
IQGAP1877'1558(514430)/RAC1-ma ntGppNHp no binding FM this study
IQGAP1877'1558(514430)/CDC42—mantGppNHp no binding FM this study
IQGAP1¥71>%865*) )R AC1-mantGppNHp no binding FM this study
IQGAP1¥7 2% /cpCa2-mantGppNHp no binding FM this study
IQGAP1%715855/5) )R AC1-mantGppNHp no binding FM this study
IQGAP1%71>5865/E0) /e c42-mantGppNHp no binding FM this study
IQGAP1¥7**%/cDC42-GTP 1,300 SPR [46]

IQGAP1¥7 1338514418 e g 2 -G TP 220,000 SPR [46]

Proteins® eKy (nM)™ Method® Reference
IQGAP*** ***/RAC1-mantGppNHp 8,145 FP this study
IQGAP******/CDC42-mantGDP 184,700 FP this study
IQGAP** %’ /RAC1-mantGppNHp 5,530 FP this study
IQGAP***%’/CDC42-mantGDP 95,100 FP this study
IQGAP******/CDC42-mantGppNHp 30,200 FP this study
IQGAP******7 /cDC42-mantGppNHp 3,400 FP this study
IQGAP******/RHOA-mantGppNHp no binding FP this study
IQGAP*®* '’ /RHOA-mantGppNHp no binding FP this study
IQGAP1¥"7 %8 /RAC1-mantGppNHp 4,570 FP this study
IQGAP1%7 1558614418 )R A C1-mantGppNHp 6,680 FP this study
IQGAP1%771°58614430) g A C1_mantGppNHp 288,300 FP this study
IQGAP1%*"%’/CDC42-mantdGTP 28 FA [88]

IQGAP1%* %7 /RACI - [*H]GTP 18 SPA [47]

IQGAP1%* 7 /RAC1I®™-PH]GTP no binding SPA [47]

IQGAP1%*'%*7/cDC42%°" - PH]GTP 24 SPA [47]

IQGAP1™ Y /cDC42%™ - PH]GTP 140 SPA [47]

IQGAP1*****/CcDC42-GTP 1,300 ITC (48]

IQGAP17**"**/cDC42-GDP no binding ITC (48]

Proteins® K; (nM)™ Method® Reference
IQGAP1%*'®7/cDC42-GTP 82 PRA [60]

IQGAP1%*'%*7/cDC42-GTP 390 PRA [45]

IQGAP1***"*"/RAC1-GTP 2,130 PRA [45]

°|QGAP1 proteins; ®the binding affinity of the IQGAP proteins for various RHO proteins has been analyze in different
ways: ®under kinetic condition that provides the individual association and dissociation rate constant (k,, and k.¢) and
determines the dissociation constants (Ky) or ®2under equilibrium conditions by determining the equilibrium
dissociation constants (eKy) or 53 under competitive reaction conditions, for example inhibition the intrinsic GTP-
hydrolysis reaction the RHO proteins that determines the equilibrium inhibition constant (K); © FM, fluorescence
measurement by stopped flow, FA, fluorescence assay; FP, fluorescence polarization; ITC, isothermal titration
calorimetry; PRA, Phosphate-release assay; SPA, scintillation proximity assay; SPR, surface plasmon resonance.

83



Chapter IV

FIGURE LEGENDS

Figure 1. Schematic representation of domain organization and various constructs and proteins
of IQGAP1. (A) Domain organization (color coded) along with the PKCa phosphorylation sites and
constructs relevant to this project. (B) Coomassie brilliant blue (CBB) stained SDS-PAGE of purified
IQGAP1 used in this study.

Figure 2. GRD-C selectively associates with various RAC- and CDC42-like proteins. (A) Chemical
structure of mantGppNHp, a fluorescently labelled, non-hydrolyzable GTP analog. (B-H)
Association of GRD-C (2 uM) with mantGppNHp-bound RHO proteins (0.2 uM). B and F also show
the association of RAC1 and CDC42 with GRD-C (green), but not with GRD (red). (I) Association of
mantGppNHp-RAC1 (0.2 uM) with IQGAP1°%°“ (2 uM) in the presence of excess amount of RND1,
RND2 or RND3 (10 uM). (J) Association of RAC1-mantGppNHp (0.2 uM) with IQGAP1GRD-C (2 uM)
in the presence of excess amount of CDC42-GppNHp (10 uM), and vice versa.

Figure 3. Kinetic measurements of GRD-C with RAC- and CDC42-like proteins. (A) Association of
RAC1-mantGppNHp (0.2 uM) with increasing GRD-C concentrations (0.25-8 uM). (B) Association
rates (ko,,) of GRD-C binding RHO proteins. (C) Dissociation of GRD-C (2uM) from RAC1-
mantGppNHp (0.2 uM) in the presence of unlabeled RAC1-GppNHp (10uM). (D) Association rates
(kon), dissociation rates (ko) and dissociation constants (ks) of GRD-C binding RHO proteins.

Figure 4. Interaction of different C-terminal variants and phosphomimicking mutants of IQGAP1
with RAC1 and CDC42. (A) Association of different IQGAP1 variants with RAC1/CDC42-
mantGppNHp (0.2 uM) was measured and the observed rate constants (ko,s) were plotted against
the investigated IQGAP1 C-terminal domains. In contrast to GRD-C, GDR-GBD and GRD-GBR®® of
IQGAP1, which efficiently interact with RAC1 and CDC42, GRD1, GRD2, and GDR-GBD variants (SD,
SE/SD and SA/SA) were disabled to associate RAC1 and CDC42. (B, C) Kinetic measurements were
performed to obtain the k,, and the k. values, and to calculate the K4 values for the interaction of
GRD-C, GRD-GBD, and GRD-GBD* with RAC1 (B) and CDC42 (C). Obtained data show the
comparable results for RAC1 and CDC42.

Figure 5. GRD binds RAC-/CDC42 like proteins but outside the switch regions. (A-C) Fluorescence
polarization experiments were conducted to measure the interaction of mantGppNHp-bound
RAC1, CDC42 and RHOA (1 uM, respectively) with increasing concentrations of GRD-C (0-20 uM)
(A), and GRD (0-120 uM) (B). (C) Evaluated data and obtained dissociation constant (Ky) shown in
the bars illustrates a significant difference in the binding affinities of these two IQGAP1 proteins.
(D) Binding of mantGppNHp-bound RAC1 protein (1 pM) with increasing concentrations (0-45 uM)
of GRD-GBD, GRD-GBD** and GRD-GBD®". (E) Calculated dissociation constants (k) shown in the
bars reveal a significant decrease in the affinities of GRD-GBD*® compared to GRD-GBD and GRD-
GBD®*:. (F-G) Fluorescence polarization experiments were conducted under the same conditions as
in A and B, the only different was that inactive mantGDP-bound CDC42 was used. Calculated Kq
values were 95 uM for GRD-C and 184 uM for GRD, respectively.

Figure 6. Reciprocal expression of IQGAP isoforms and RHO proteins in hepatic stellate cells. (A)
gPCR analysis of IQGAP1, 2, 3, RAC1, 2, 3, and CDC42 in freshly isolated (quiesent, d0) and
activated HSCs (day 8) revealed that IQGAP1, 3 and RAC2 preferentially expressed in aHSCs where
IQGAP2 is downregulated. (B) Western blot analysis of RAC1, CDC42, IQGAP1 and 2 were
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performed at different time points after HSC isolation (dO, d1, d4 and d8). On contrary to IQGAP2
which was expressed more in qHSCs and lesser in aHSCs, IQGAP1, RAC1, and CDC42 had higher
levels of expression in aHSCs. y-tubulin was applied as a inernal contral for western bloting.

Figure 7. A proposed multi-stage mechanistic model of IQGAP interaction with IQGAP1. Low-
affinity, GDP-/GTP-independent interaction of GRD with RAC1 and CDC42 proteins outside their
switch regions occurs in a way that is independent of the upstream signals, providing it is
structurally accessible and available for interactions. GBD only binds to the RAC1 and CDC42
proteins after GEFs catalyze the exchange of GDP to GTP, and they exist in an active GTP-bound
forms. The C-terminal domain of IQGAP1 may potentiate the IQGAP1 interaction with RAC1 and
CDCA42 proteins by probably extending the resident time of the respective proteins complexes.
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Nouri et al., Figure 2
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Nouri et al., Figure 6
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Table S1: Primer sequences were obtained from Primer Bank

(http://pga.mgh.harvard.edu/primerbank) with small modifications match with rat sequences.

Target Primer Source

FW: 5’-GAGAAGACCGTTTTGGAGCTAAT -‘3

IQGAP1 NM_001 1 08489.1
RV: 5'-GGGTGAGGCTATGCTCAGG -‘3
FW: 5’-GCTGTCAAAACTTCAGCAGAC-3

IQGAP2 XM_008760685.1
RV: 5'- AGGTTGTCTACACAGGTCTTGA-'3
FW: 5’-AACTTCTGGCTTTCTGCGGTA -3

IQGAP3 NM_001191709.1
RV: 5’-AATGCAGTAGATCACCCGAGG-3
FW: 5- ACGGAGCCGTTGGTAAAACC-3

RAC1 NM_1 34366.1
RV: 5’- AGACGGTGGGGATGTACTCTC-‘3 -
FW: 5’- GACAGTAAACCTGTGAACCTGG-3

RAC2 XM_006242028.1
RV: 5’- CTGACTAGCGAGAAGCAGATG-3
FW: 5’- TATCCCCACAGTTTTCGACAAC-3

RAC3 XM_006247966.1
RV: 5'-GAGAGTGGCCGAAGCCTAT -3 -
FW: 5’-GAAAATGTGAAAGAAAAGTGGGTG-3

CDC42 XM_006239270.1
RV: 5’-TCTGGAGTAATAGGCTTCTGTTTG-'3 -

HPRT1 FW: 5’-AAG TGT TGG ATA CAG GCC AGA-3 .

self-designed

RV: 5-GGC TTT GTA CTT GGC TTT TCC-3
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Nouri et al. Figure S1
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Figure S1. IQGAP1°® is crucial for the interaction with RAC1. Association of RAC1 mantGppNHp
labeled (0.2 uM) and various IQGAP1 variants (2 uM) were measured. In contrast to GRD-C, GDR-
GBD, and GRD-GBD*® variants of IQGAP1, GRD1, GRD2, and GDR-GBD variants (SD, SE/SD, and
SA/SA) failed to associate with RAC1. Calculated kg, values for associating IQGAP1 fragments with
RAC1 are shown in parenthesis.
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Nouri et al. Figure S2
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Figure S2. Kinetic measurements of GRD-C, GRD-GBD, and GRD-GBD* association with RAC1.
Association of mantGppNHp-RAC1 (0.2 uM) with increasing concentrations (2-12 uM) of IQGAP1,
association rates (ko,), and dissociation of IQGAP1 (2uM) from RAC1-mantGppNHp (0.2 uM) in the
presence of unlabeled RAC1-GppNHp (10uM) are shown for (A-C) GRD-C, (D-F) GRD-GBD, and (G-
1) GRD-GBD*, respectively. Quantitative data are presented in figure 4B.
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Nouri et al. Figure S3
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Figure S3. IQGAP1°® is essential for the CDC42 interaction. Association of different IQGAP1
variants (2 uM) with CDC42-mantGppNHp (0.2 uM) was measured under the same conditions as
in S1. CDC42 associates with GRD-C, GDR-GBD, and GRD-GBR*®, but not with GRD1, GRD2, and
GDR-GBD variants (SD, SE/SD and SA/SA). k.5 values are presented in parenthesis in front of each
associating fragment.
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Nouri et al. Figure S4
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Figure S4. Kinetic measurements of GRD-C, GRD-GBD, and GRD-GBD** association with CDC42.
Kinetic measurements were performed under the same conditions as in S2. Association of
mantGppNHp-CDC42 (0.2 uM) with increasing concentrations (2-12 uM) of IQGAP1 proteins,
association rates (ko,), and dissociation of IQGAP1 (2uM) from CDC42-mantGppNHp (0.2 uM) in
the presence of unlabeled CDC42-GppNHp (10uM) are shown for GRD-C (A-C), GRD-GBD (D-F),
and GRD-GBD** (G-1), respectively. Corresponding quantitative data are presented in figure 4C.

98



Chapter V

Biophysical Characterization of Nucleophosmin Interactions with Human
Immunodeficiency Virus Rev and Herpes Simplex Virus US11

Graphical abstract

5

%’? ﬁ viral pM|m

HSY-1

Rt
%ﬁ_wrap uction

HI%-1
Status: PLOS One, in press, November 2015
Impact factor: 3.25
Own Proportion to this work: 90 %

Design, cloning, expression, and purification of Rev, NPM1, and US11 variants
Designing and performing almost all the experiments

Designing and writing the manuscript

99



Chapter V

Biophysical Characterization of Nucleophosmin Interactions with Human
Immunodeficiency Virus Rev and Herpes Simplex Virus US11

Kazem Nouri', Jens M. Moll*, Lech-Gustav Milroy?, Anika Hain®, Radovan Dvorsky®, Ehsan Amin?,
Michael Lenders®, Luitgard NageI-StegerS’G, Sebastian Howe’, Sander H. J. Smits®, Hartmut
Hengel7'8, Lutz Schmitt®, Carsten Miink®, Luc Brunsveld®, and Mohammad R. Ahmadian®’

!Institute of Biochemistry and Molecular Biology Il, Medical Faculty, Heinrich-Heine University,
Disseldorf, Germany

’Laboratory of Chemical Biology & Institute of Complex Molecular Systems, Department of
Biomedical Engineering, Technische Universiteit Eindhoven, Eindhoven, Netherlands

*Clinic for Gastroenterology, Hepatology and Infectiology, Medical Faculty, Heinrich-Heine

University, Dusseldorf, Germany

*Institute of Biochemistry, Heinrich-Heine University, Disseldorf, Germany

’Institute of Complex Systems (ICS-6), Research Centre Jilich, Jilich, Germany
®Institute of Physical Biology, Heinrich-Heine University, Diisseldorf, Germany
"Institute of Virology, Medical Faculty, Heinrich-Heine University, Disseldorf, Germany
®Institute of Virology, University Medical Center Freiburg

' Corresponding author
reza.ahmadian@uni-duesseldorf.de (MRA)

Running title: NPM1 interaction with viral proteins

Abbreviations: aa, amino acid; A1-A3, acidic regions 1-3; aSEC, analytical SEC; CBB, Coomassie
Brilliant Blue; Cterm, C-terminal; f, fluoresceinated; FL, full-length; HSV-1, herpes simplex virus type
1; HIV-1, human immunodeficiency virus type 1; HRBD, histone and RNA-binding domains; IP,
immunoprecipitation; ITC, isothermal titration calorimetry; MALS, multi angle light scattering;
NES, nuclear export signal; NLS, nuclear localization signal; NoLS, nucleolar localization signal;
NPM1, nucleophosmin; Nterm, N-terminal; OD, oligomerization domain; PD, pull-down; RBD,
RNA-binding domain; SEC, size exclusion chromatography.

100



Chapter V

Abstract

Nucleophosmin (NPM1, also known as B23, numatrin or NO38) is a pentameric RNA-binding
protein with RNA and protein chaperon functions. NPM1 has increasingly emerged as a potential
cellular factor that directly associates with viral proteins; however, the significance of these
interactions in each case is still not clear. In this study, we have investigated the physical
interaction of NPM1 with both human immunodeficiency virus type 1 (HIV-1) Rev and Herpes Simplex
virus type 1 (HSV-1) US11, two functionally homologous proteins. Both viral proteins show, in
mechanistically different modes, high affinity for a binding site on the N-terminal oligomerization
domain of NPM1. Rev, additionally, exhibits low-affinity for the central histone-binding domain of NPM1.
We also showed that the proapoptotic cyclic peptide CIGB-300 specifically binds to NPM1
oligomerization domain and blocks its association with Rev and US11. Moreover, HIV-1 virus
production was significantly reduced in the cells treated with CIGB-300. Results of this study
suggest that targeting NPM1 may represent a useful approach for antiviral intervention.

Key words: B23, CIGB-300, cyclic peptide, herpes simplex virus, histone-binding domain, HIV-1, HSV-1,
human immunodeficiency virus, NO38, NPM1, numatrin, oligomerization domain, Rev, US11
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Introduction

Nucleophosmin (NPM1, also known as B23, numatrin, NO38) is a multifunctional
phosphoprotein, predominantly localized in the nucleoli, which participates extensively in RNA
regulatory mechanisms including transcription, ribosome assembly and biogenesis, mRNA
stability, translation and microRNA processing [1,2]. NPM1 (294 amino acids; 37 kDa) consists of
an N-terminal oligomerization domain (OD), a central histone binding domain (HBD) and a C-
terminal RNA-binding domain (RBD) (Fig. 1A) [3]. It also contains nuclear localization signals (NLSs)
at the N-terminus, central nuclear exports signals (NESs) and a nucleolar localization signal (NoLS)
at the very C-terminus (Fig. 1A). NPM1 shuttles between the nucleus and cytoplasm and
accordingly, a proportion of nucleolar NPM1 constantly translocates to the nucleoplasm and inner
nuclear membrane as well as to the cytoplasm and inner and outer plasma membrane [2,4,5].
Due to this ability, NPM1 has been implicated in many stages of viral infection through interaction
with a multitude of proteins from heterologous viruses (Table 1), including Human
immunodeficiency virus type 1 (HIV-1) Rev [4], Human T-cell leukemia virus type 1 (HTLV-1) Rex [6]
and Herpes simplex virus type 1 (HSV-1) UL24 [7].

Rev is 116 amino acid long and its RNA-binding domain is composed of an arginine-rich motif
(ARM), which binds to various HIV-1 RNA stem loop structures [8]. The RNA- binding domain of
Rev also acts as a nuclear/nucleolar targeting signal, which can deliver cytoplasmic proteins to the
nucleus or nucleolus [8,9]. Many host proteins including DDX1, DDX3, elF5A, exportin-1, hRIP/Rab,
Matrin-3, NPM1, PIMT, and RNA helicase A have been suggested to bind to Rev prior to induction
of its nuclear translocation [10-13]. NPM1 interaction with Rev appears to be necessary for
nucleolar localization of Rev [4]. In fact, the HIV-1 Rev response element, a segment of viral RNA,
represents a nuclear export signal, which triggers, via Rev binding, the nucleocytoplasmic
shuttling of viral transcripts in infected cells [14]. A similar mechanism is controlled by Rex
responsive element [15]. Most interestingly, US11, a protein of HSV-1, has the potential of directly
binding to the Rev and Rex response elements and functionally substituting for Rev and Rex
functions [4,14].

HSV-1 virions have four morphologically separate structures, a DNA core, capsid, tegument,
and envelope. Tegument proteins fill the space between the capsid and the envelope [16]. US11 is
a tegument protein and approximately 600 to 1,000 molecules per virion are released in the
target cell upon virus entry [17]. It is a multifunctional protein involved in posttranscriptional
regulation of gene expression and in biological processes related to the survival of cells following
environmental stress [18,19]. US11 is localized in the nucleus and the cytoplasm, but especially
accumulates in the nucleolus [20,21]. It has been reported that US11 has RNA-binding activity and
can associate strongly with ribosomes and has also been found in rRNA and polysome containing
fractions [17,22]. US11 also interacts with several host proteins, including nucleolin [23],
ubiquitous kinesin heavy chain (UKHC) [24], homeodomain-interacting protein kinases 2 (HIPK2)
[19], and protein kinase R (PKR) [25], which in turn counteracts the antiviral host defense system.
Furthermore, although US11 protein is not essential for viral growth in cell cultures, it plays a vital
role in the cells subjected to thermal stress [26], recovery of protein synthesis and survival in heat
shock-treated cells [27].

In this study we investigated Rev-NPM1 interaction and found that Rev shows high-affinity
binding to two domains of NPM1, OD and HBD, in an RNA-independent manner. Due to the
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functional homology of US11 with both HIV-1 Rev and HTLV-1 Rex, it was tempting to examine
US11 binding to NPM1. The achievements in this study demonstrates, for the first time, a physical
interaction between the C-terminal domain of US11 and NPM1°° in an RNA-independent manner.
The Rev and US11 association with NPM1 was prevented by a cyclic peptide, CIGB-300, which also
bound to NPM1°° but not to the other NPM1 domains. Cell-based experiments revealed a
significant reduction of HIV-1 virus production in the presence of CIGB-300. Thus, the association
of nucleolar protein NPM1 with the viral proteins Rev and US11 may advance our understanding
of HIV and HSV pathology and further implies that NPM1 can be exploited as a therapeutic target
for infectious diseases.

Materials and Methods

Constructs

The coding sequence of NPM1 full-length (NPM1™, aa 1-294), kindly provided by F. Carrier
[28]. Oligomerization domain (NPM1°®, aa 1-122), histone and RNA-binding domains (NPM1"®°,
aal20-294), histone binding domain (NPM1"®°, aa 120-241), RNA-binding domain (NPM1%®®, aa
241-294), HSV-1 US11 full-length (US11™, aa 1-152), Nterm (US11“™™, aa 1-84) and Cterm
(US11“*™, aa 79-152) as well as HIV-1 Rev full-length (Rev™, aa 1-116) were amplified by PCR and
cloned into pGEX-4T1-Ntev or pET-23b to obtain GST-fusion or His-tagged proteins. The Myc-
tagged HSV-1 US11™ was cloned into pcDNA3.1-Myc for expression in eukaryotic cells. pNL4-3
was used to produce replication competent HIV-1 [29].

Cell culture
COS-7 and Hela cells were obtained from German Collection of Microorganisms and Cell

Cultures (Braunschweig, Germany). TZM-bl Cells were from NIH AIDS reagent program and
HOS.CD4.CXCR4 cells were from CFAR (Centers for AIDS Research). All cells were grown in DMEM
supplemented with 10% fetal bovine serum (FBS) (Life Technologies) and penicillin/streptomycin
(Life Technologies) as antibiotics. Cells were grown in a humidified CO, (5%) atmosphere at 37°C.
Trypsin/EDTA was from Genaxxon Bioscience GmbH (Ulm, Germany).
Antibodies and fluorescent probes

Mouse monoclonal anti-NPM1 (ab10530) recognizing the C-terminal 68-amino acids and rabbit
monoclonal anti-NPM1 (ab52644) recognizing the N-terminal 122-amino acids were from Abcam
(Cambridge, United Kingdom), Rabbit monoclonal anti-myc from Cell Signaling Technology, Inc.
(Boston, USA), Alexa fluor 488 mouse anti-rabbit IgG and Alexa fluor 633, and goat anti-mouse IgG
from Molecular Probes (Oregon, USA), and normal monoclonal Rabbit IgG (sc-2027) was from
Santa Cruz Biotechnology, Texas, USA.
Proteins

For protein expression the Escherichia coli strains BL21(DE3), pLysS BL21(DE3), CodonPlusRIL,
or BL21(Rosetta), were transformed and used to purify the respective protein as previously
described [30,31]. All purified proteins were analyzed by SDS-PAGE (Fig. 1B) and stored as either
tag-fused or cleaved protein at -80°C.
Transient transfection

COS-7 and Hela cells were transfected using the TurboFect transfection reagent according to
the manufacturer's instructions (Thermo Scientific) in 24-well plates or 10 cm dishes by using 0.5
ug or 5 pg plasmid DNA per transfection, respectively.
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Confocal laser scanning microscopy
Confocal imaging was performed using a LSM510-Meta confocal microscope (Zeiss, Jena,

Germany) as previously reported [5].
Immunoblotting

Proteins were heated in Laemmli sample buffer and subjected to SDS-PAGE. The proteins were
transferred to nitrocellulose membranes (Hybond C, GE Healthcare) using Mini Trans-Blot cell
(100 volt for 1 h) (BIO-RAD, USA), and immunoblotted using monoclonal primary antibody to
mouse NPM1 antibody (Abcam), rabbit NPM1 antibody (Abcam), and rabbit myc antibody (Cell
Signaling) for 1 h. After three washing steps, membranes were incubated with polyclonal
horseradish peroxidase-coupled secondary antibodies for 1 h and signals were visualized by the
ECL detection system (GE Healthcare) and images were collected using the ChemoCam Imager ECL
(INTAS science imaging, Germany).

Immunoprecipitation

COS-7 cells were transiently transfected with cDNA encoding Myc-tagged US11. After 48 h, an
equal number of the cells were lysed in a buffer, containing 30 mM Tris/HCI, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 2.5 mM Na-pyrophosphate, 1 mM B-glycerophosphate, 1 mM
sodium vanadate, and one EDTA-free protease inhibitor cocktail tablet (Roche, Mannheim,
Germany). Lysates were centrifuged at 12,000xg for 2 min. The supernatant was precleared with
protein G agarose (Roche, Mannheim, Germany) and divided to three parts for IgG control, beads
control and IP, and then incubated with an anti-myc antibody (Cell Signaling) overnight at 4°C.
Afterwards, protein G-Agarose beads were added to the lysate for 1 h before recovering the
beads by centrifugation at 500xg for 5 min at 4°C. The beads were washed 4-times in the lysis
buffer, and resuspended in Laemmli sample buffer. Precipitates and total cell lysate were
subjected to SDS-PAGE, and Western blotting as described above.

Analytical size exclusion chromatography (aSEC)

The complex formation of NPM1°° and US11™ was analyzed using a superdex 200 10/30
column (GE Healthcare, Uppsala, Sweden) and a buffer, containing 30 mM Tris-HCL (pH 7.5), 150
mM NaCl, 5 mM MgCl,, and 3 mM dithiothreitol. The flow rate was sustained at 0.5 ml/min.
Fractions were collected at a volume of 0.5 ml and then peak fractions were visualized by 12.5%
SDS-PAGE gel and staining using coomassie brilliant blue (CBB).

Pull-down assay

GST, GST-fused NPM1 and HSV-1 US11 variants as well as HIV-1 Rev were expressed in E. coli
and purified using standard protocols [30,31]. In order to obtain prey proteins the GST-tag was
cleaved off with purified tobacco etch virus (tev) protease and removed by reverse GSH affinity
purification. Pull-down experiments were performed by adding 50 ug purified proteins, e.g. HIV-1
Rev and HSV US11 variants, or COS-7 cell lysate transfected with pcDNA-mycUS11™ to 25 ug of
GST-fused NPM1 proteins, immobilized on 100 ul glutathione-conjugated Sepharose 4B beads
(Macherey-Nagel, Duren, Germany). The mixture was incubated at 4°C for 1 h in a buffer
containing 30 mM Tris/HCI, pH 7.5, 150 mM NaCl, 5 mM MgCl,, and 3 mM Dithiothreitol. In cases
of RNase treatments, 70 U RNase A (Qiagen, Hilden, Germany) were added to the same buffer in
order to determine an RNA dependent interaction between the NPM1 variants and HIV-1 Rev.
After four washing steps with the same buffer, proteins retained on the beads were heat-
denatured (7 min at 90°C) and analyzed by SDS-PAGE followed by coomassie brilliant blue (CBB)
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staining or by Western blotting. Mixed samples prior to pull-down (PD) analysis were used as
input controls.
Isothermal titration calorimetry (ITC)

All proteins were prepared in ITC buffer, containing 30 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5
mM MgCl,, and 1 mM Tris (2-carboxyethyl) phosphine (TCEP) on a size exclusion chromatography
(SEC) column (Superdex 200, 16/60, GE Healthcare, Uppsala, Sweden). ITC measurements were
performed at 25°C using a VP-ITC system (Microcal, Northampton, MA, USA) as previously
reported [32]. The final data analysis was carried out using Origin software (Microcal). The
experimental data were evaluated using Origin 7.0 software (Microcal) to determine the binding
parameters including association constant (K,), number of binding sites (n), and enthalpy (AH).
Control measurements were carried out by titrating buffer to the protein.

Analytical Ultracentrifugation (AUC)
Sedimentation velocity centrifugation experiments at 50,000 rpm and 20°C were carried out in

a Beckman Optima XL-A (Beckman-Coulter, Brea, CA, USA), equipped with absorption optics, and
a four-hole rotor. Samples (volume 400 uL) were filled into standard aluminum double sector cells
with quartz glass windows. Measurements were performed in absorbance mode at detection
wavelengths 230 nm. Radial scans were recorded with 30 um radial resolution at ~1.5 min
intervals. The software package SEDFIT v 14.1 (www.analyticalultracentrifugation.com) was used
for data evaluation. After editing time-invariant, noise was calculated and subtracted. In SEDFIT
continuous sedimentation coefficient distributions c(s) were determined with 0.05 S resolution
and F-ratio = 0.95. Suitable s-value ranges between 0 and 20 S and f/f, between 1 and 4 were
chosen. Buffer density and viscosity had been calculated with SEDNTERP v 20111201 beta
(bitcwiki.sr.unh.edu) [33]. The partial specific volume of NPM1°° fragment, NPM1™and US11™
were calculated according to the method of Cohn and Edsall [34] as implemented in SEDNTERP.
NPM1°° was analyzed at 0.25 concentrations in 30 mM Tris-HCI, pH 7.5, 150 mM NacCl, and TCEP
(1 mM). After equilibrium was reached, concentration profiles were recorded with 10 um radial
resolution and averaging of seven single registrations per radial value. Equilibria had been
established at 14,000, 16,000, 25,000, 42,000 and 50,000 rpm. Data evaluation was performed
using SEDPHAT.

Multi angle light scattering (MALS)

MALS experiments were performed as described [35]. Briefly, light scattering measurement of
purified NPM1°® alone or combined with US11™ was performed on a MALS instrument
(miniDAWN™ TREOS). For exact protein mass calculation, UV absorptions at 280 nm (Agilent
Infinity 1260) and refractive index (RI) signals (OptilabRex, Wyatt Technology) were collected. Raw
data was analyzed and processed using ASTRA software (Wyatt Technology) to calculate
molecular mass averages and polydispersity indexes of analyzed protein samples.

CIGB-300 synthesis
The CIGB-300 peptide was synthesized at room temperature by manual solid-phase peptide

synthesis using a Rink Amide resin (0.59 mmol/g loading). Briefly, the resin (200 umole scale) was
pre-swollen by suspending in 3 mL of NMP for 10 min and the N-terminal Fmoc-protecting group
cleaved by treating the resin with 3 mL of a stock solution of 20% piperidine (v/v) in N-methyl-2-
pyrrolidone (NMP) (2 x 5 min). Each amino acid coupling was performed by pre-mixing 2 mL of a
0.4 M stock solution of O-Benzotriazole-N,N,N' N'-tetramethyluronium-hexafluoro-phosphate
(HBTU) in NMP with 4 mL of a 0.2 M stock solution of the amino acid building block in NMP,
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followed by 2 mL of a 1.6 M stock solution of N,N-diisopropylethylamine (DIPEA) stock solution,
also in NMP. The reaction mixture was added immediately to the resin and the reaction vessel
agitated at ambient temperature for 30 min. Each amino acid coupling was performed twice. For
the coupling of the fluorescein isothiocyanate (FITC) dye, an amino acid linker (Fmoc-O1Pen-OH,
Iris Biotech GmbH) was first coupled to the N-terminus, the Fmoc group deprotected under
standard conditions, and then the resin was incubated with 7 eq. of FITC and 14 eq. of DIPEA in
DMSO at RT for 18 h. The linear peptides (with and without FITC dye) were simultaneously
deprotected and cleaved from the Rink Amide resin using a 92.5/2.5/2.5/2.5 (v/v) mixture of
trifluoroacetic acid (TFA)/H,O/triisopropylsilane (TIS)/ ethanedithiol (EDT), and then precipitated
in ice-cold diethyl ether. Finally, disulfide formation was performed by stirring the crude peptide
in phosphate buffer (pH 7.5) with 1% v/v DMSO at RT for 48 h to afford either CIGB-300 or
fluoresceinated CIGB-300 after purification by reverse-phase HPLC using an Alltima HP C18
column (5 um, length 125 mm, ID: 20 mm) and 0.1% trifluoroacetic acid (TFA) in H,0/MeCN as
mobile phase. The pure peptides were analyzed by LC-MS using a Shimadzu LC Controller V2.0,
LCQ Deca XP Mass Spectrometer V2.0, Alltima C18-column 125 x 2.0 mm, Surveyor AS and PDA
with solvent eluent conditions: CH;CN/H,0/1% TFA. The Rink Amide resin and all amino acid
building blocks were purchased from Novabiochem®. HBTU, DIPEA, NMP, HPLC-grade CH3;CN and
HPLC-grade TFA were all purchased from Biosolve B.V. Diethyl ether was purchased from Actu-All
Chemicals. FITC, ethanedithiol, and triisopropylsilane were all purchased from Sigma-Aldrich. H,0
refers to Millipore-grade distilled water. Summary of LC-MS data (ESI): CIGB-300; [M+5TFA+3H]*":
1210.25 (theoretical), 1210.13 (found); [M+6TFA+3H]**: 1248,26 (theoretical), 1248.20 (found);
fluoresceinated  CIGB-300; [M+5TFA+3H]*": 1335.61 (theoretical), 1335.73 (found);
[M+6TFA+3H]*": 1373.95 (theoretical), 1373,60 (found).
Fluorescence polarization

Fluoresceinated CIGB-300 (also referred to as FITC-labelled CIGB-300) was synthesized as
described above. Increasing amounts of different variants of NPM1, GST-Rev, GST-US11 and GST
as a negative control were titrated into FITC-labeled CIGB-300 (0.1 uM) in a buffer containing 30
mM Tris/HCl (pH 7.5), 150 mM NaCl, 5 mM MgCl,, 1 mM tris-(2-carboxyethyl) phosphine and a
total volume of 200 pl at 25°C using a Fluoromax 4 fluorimeter. Displacement assay was
performed by titrating increasing amount of Rev and US11 to the complex of NPM1 and FITC-
labelled CIGB-300. The concentration dependent binding curve was fitted using a quadratic ligand
binding equation.
Virus production assay

HOS.CD4.CXCR4 were seeded in a 24 well plate with 2.5x10* cells per well. One part was
treated with 100 uM CIGB-300 peptide for 30 min at 37°C and one part was left untreated. Cells
were infected with HIV-1 NL4-3 (MOI 1) and after 6 h cells were washed to remove input virus.
Cell culture supernatant was collected 48 h and 72 h after infection. Virus titer in the supernatant
was determined by infection of TZM-bl cells and luciferase measurement three days later using
the Steady-Glo Luciferase Assay System (Promega).
Structural bioinformatics

Model of the complex between NPM1 and CIGB-300 was created in two steps. Tat part of the
peptide was first docked to the structure of NPM1 (PDB ID: 4N8M) [36] with the help of Haddock
web portal (http://haddocking.org/). Acidic residues on three subunits were defined as active
residues for docking while the setup of the Easy interface was used. Docked pose with best score
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that enables building of cyclic part of the peptide was then used in the second step. Model of the
cyclic peptide was first generated and then placed with program CHARMm [37] in different
orientations and positions on the surface of NPM1 in a way that enabled its interaction with the
Tat portion of the peptide construct. After linking, the geometry of whole complex was optimized
by energy minimization applying 500 steps of steepest descent method. Complex with lowest
minimized energy was used as a final mode.

Results

HIV-1 Rev directly binds to two distinct regions of NPM1

Previous reports have shown that NPM1 is co-localized and co-immunoprecipitated with HIV-1
Rev in cells [4,38]. To investigate a direct interaction between NPM1 and Rev, pull-down
experiments under cell-free conditions were performed using Rev’" and NPM1 variants as GST-
fusion proteins. As indicated in Fig. 2A (upper panel), Rev'" interacts with NPM1™, NPM1°®,
NPM1™ and NPM1"%® but not with the NPM1*®°, suggesting that two different regions of
NPM1, namely OD and HBD, have tight physical interaction with the HIV-1 Rev. To show whether
this interaction is RNA-dependent, the pull-down experiments were performed under the same
conditions in the presence of RNase A. As shown in Figure 2A (lower panel), RNase treatment had
no effect on HIV-1 Rev association with NPM1. These results clearly indicate that HIV-1 Rev
specifically binds to NPM1, and the binding is not RNA-dependent.

Next, we purified all proteins in high quantities (Fig. 1B), and after cleaving the tag, isothermal
titration calorimetry (ITC) experiments were conducted in order to examine the stoichiometry of
binding and to determine the binding affinity of Rev™ for the NPM1 variants. Consistent with the
data obtained by pull-down assay, Rev' revealed variable affinity for the NPM1 variants with
calculated dissociation constants (Kq) between 18 and 0.013 puM for 1:1 stoichiometry (Figs. 2B,
S1A-C Fig.; Table 2). No interaction was detected between Rev™ and NPM®®° (Fig. 2C) suggesting
that a low micromolar affinity for the interaction between Rev and NPM1"%*® actually stems from
the central histone binding domain of NPM1 (NPM1"®°). The obtained dissociation constant (Kg)
for the Rev™ and NPM1™ interaction was 5.8 uM indicating a stronger affinity for Rev™ as
compared to that of NPM"*®P

terminal RBD.

, which could be due to a binding site that partially masked by the C-

HSV-1 US11 associates with NPM1 in cells

The fact that Rev physically binds to NPM1 and US11 alone can fulfill Rex and Rev’s function in
transactivating envelope glycoprotein gene expression [14], led us to examine a potential US11-
NPM1 interaction. We first analyzed the intracellular distribution of endogenous NPM1 and
overexpressed myc-US11 in Hela cells using confocal imaging. Figure 3A shows a nucleolar co-
localization of NPM1 and US11 where the overall pattern of these proteins is different. In contrast
to a predominant nucleolar localization of NPM1, US11 was found in the cytoplasm and also
accumulated, to certain extent, in the nucleoli. To confirm the association of US11 with NPM1,
COS-7 cells overexpressing myc-US11 were lysed and endogenous NPM1 was
immunoprecipitated. Fig. 3B shows that NPM1 co-precipitated with myc-US11 indicating that
US11 forms a complex with NPM1. We, next, used purified GST-NPM1™ and pulled down myc-
US11, transiently overexpressed in COS-7 cells. As shown in Fig. 3C, the myc-US11™ clearly bound
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to NPM™, but not to the GST control, indicating that there may be a direct interaction between
US11 and NPM1.

US11 associates with NPM1°° in its oligomeric state

To clarify whether the interaction observed above is a direct interaction, we used purified,
RNase A treated NPM1 and US11 variants from E. coli. Fig. 4A shows that NPM1™ and NPM1°° but
not NPM1"%® and NPM1"®°, directly interact with US11™. We repeated the experiments to map
the NPM1 binding region of US11 by using purified, GST-fused, N-terminal and C-terminal
fragments of US11. As shown in Fig. 4A, both US11*™ and US11"*™ bound, with the same
pattern as US11™ bound to NPM1™ and NPM1°°. However, binding affinities of isolated N- or C-
terminal domains of US11 towards NPM1 seemed markedly reduced compared to the full-length
protein. In the light of above mentioned, we concludes that NPM1 and US11 physically interact
with each other via NPM1°° and largely US11°*™,

Next, ITC measurement was also performed to determine the binding affinity between NPM1
and US11 by titrating NPM1™ (1.2 mM) to US11™ solution (60 uM); both proteins were treated
with RNase A. As shown in Fig. 4B, the association of NPM1 with US11™" is endothermic (positive
peaks). As a control experiment, buffer was titrated to 60 uM US11™ under the same
experimental condition with no calorimetric changes (Fig. 4C). Based on ITC analysis we estimated
an apparent Ky value of 4 uM. The NPM1°® interaction with US11™ was also analyzed by aSEC
combined with MALS, after treating the proteins with RNase A. Fig. 4D (lower panel) shows a co-
elution of the RNase-treated NPM1°° and US11™ proteins from the Superdex 200 (10/300)
column indicating that these proteins form a complex. MALS analysis revealed that NPM1°°
oligomerized to a pentameric state and formed a 1:1 complex with the monomeric US11™ (Fig. 4D
upper panel). To further investigate the oligomerization states of US11 and NPM1, AUC
experiments were performed. Results obtained were consistent with the MALS data, and revealed
that NPM1™ and NPM1°° are pentameric and globular while US11™ was monomeric and adopts
an elongated structure (Table 3 and S2 Fig.). Together, the data clearly demonstrates that US11
selectively binds to the N-terminal oligomerization domain of NPM1 in an RNA-independent
manner.

Displacement of the NPM1-CIGB-300 complex by Rev and US11

Synthetic peptide CIGB-300 (also called p15-Tat; Fig. 5A) has been described as a proapoptotic
and anti-cancer peptide, which directly targets and antagonizes NPM1 function in cancer cells
[39,40]. Fluorescence polarization analysis revealed that a FITC-labelled CIGB-300 tightly
associates with NPM1™ and NPM1°° but not with NPM1"%®® and NPM1%®® (Fig. 5B). Calculated Kjq
values for the FITC-labelled CIGB-300 interaction with NPM1™ and NPM1°° were 1.4 and 6.6 UM,
respectively.

We used the NPM1™- FITC-labelled CIGB-300 complex to further investigate NPM1 interactions
with Rev and US11. The idea here was that titrating Rev or US11 to the complex may result in
displacement of NPM1™ from the FITC-labelled CIGB-300. Fig. 5C shows that increasing
concentrations of US11, but not Rev, significantly displaced NPM1™ from the FITC-labelled CIGB-
300 complex. This result was surprising for two reasons: First, Rev binds NPM1 in a higher
nanomolar range (Table 2) and should be able to compete with CIGB-300 provided that both bind
to the same surface of the NPM1 protein. Interestingly, Rev revealed a 30-fold lower affinity for
NPM1™ as compared to NPM1°® (Table 2), which may explain why Rev did not displace NPM1™
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from FITC-labelled CIGB-300. Second, US11, which evidently exhibits an approximately 10-fold
lower binding affinity for NPM1™ as compared to Rev, is able to displace NPM1™ from its complex
with the synthetic FITC-labelled CIGB-300 (Fig. 5C). To address this issue we repeated the
displacement experiments under the same conditions as before but used the FITC-labelled CIGB-
300 complex with NPM1°° instead of NPM1™. Data obtained revealed that both Rev and US11
efficiently displace FITC-labelled CIGB-300 by binding to NPM1°® (Fig. 5D), indicating that Rev,
US11 and FITC-labelled CIGB-300 have overlapping binding sites on NPM1°°.

1°° site targeted by CIGB-300 we conducted a
multistage protein-ligand docking approach. Assuming that basic part of CIGB-300 determines the

To obtain a first structural assessment of NPM

binding, its Tat tail was docked in the first step. In the second step, the cyclic part was placed on
the surface of NPM1°® and linked to the peptide fulfilling geometry and energy criteria. Whole
peptide contacted three out of five monomeric units of the pentameric NPM1°°, but in a way that
enables five copies of CIGB-300 to be generated without sterical clashes (Fig. 5E). It is important
to note that a stoichiometry of 1:1 emerged spontaneously, as the criteria that five peptides
should bind to NPM1°° pentamer was not applied while generating of the model. The feature that
CIGB-300 wraps around at least several monomeric units (Fig. 5E, middle panel) points to a
stabilization effect of bound peptides and is consistent with the model of NPM1 in complex with

R-rich proteins, such as p19*%, ARF6, Rev and the ribosomal protein L5 [36].

HIV-1 production is influenced in CIGB-300 treated cells

In order to investigate the possible role of NPM1-Rev interaction for HIV-1 replication, HOS-
CD4.CXCR4 cells were incubated with CIGB-300 for 30 min or left untreated. After removing the
peptide, cells were infected with HIV-1 (clone NL4.3, MOI 1). Culture supernatants were collected
48 and 72 h post infection and were quantified by titration on the HIV-1 reporter cells TZM-bl. In
cells treated with CIGB-300, the virus production was reduced by 63% and 70% after 48 h and 72
h post infection, respectively (Fig. 6). Thus, CIGB-300 may interfere with an NPM1-Rev interaction
in cells and affect Rev-dependent gene expression and subsequently HIV infection.

Discussion

Since its discovery 34 years ago, intensive research has been performed on NPM1. NPM1 is
ubiquitously expressed and significantly upregulated in response to cellular stress signals
[18,19,41,42] leading to the alteration of nucleolar structures and its re-localization to other
cellular compartments. As a global effector, it has been implicated in maintenance of genomic
stability, transcriptional gene regulation, ribosome biogenesis, centrosome duplication, DNA
repair, control of cellular senescence, protection against radiation-induced apoptosis, tumor
suppression, and has been increasingly emerging as a potential cellular factor for viral infection
(see Table 1). Most of these functions have hitherto remained obscure and unexplained.

To shed light on the association of NPM1 with viral proteins, we have investigated its physical
interaction with HIV-1 protein Rev and HSV-1 protein US11. Based on our results Rev exhibits
affinity towards two NPM1 binding sites: on the pentameric, N-terminal oligomerization domain
(NPM1°®) and on the central histone-binding domain (NPM1"®°), while HSV-US11 has only one
binding site on NPM1°°. We suggest that the different NPM1 domains interact in a
mechanistically different mode with the Rev and US11 proteins. Rev association with NPM1 is the
result of presumably an RNA-independent bimodal binding mechanism, according to our data, of
(i) a low-affinity binding to the histone-binding domain of NPM1 (K4 5.8 uM) and (ii) a very high-
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affinity binding to oligomerization domain of NPM1 (K4 0.013 uM), leading to an overall 0.4 uM Kq
value for the full-length NPM1 (Table 2). In the case of the NPM1-US11 interaction, we observed a
strong binding of US11 to NPM1°°, which is most probably achieved via its C-terminal RBD
(US11™; See Figs. 1A and 4A). While the data regarding US11 reports its unprecedented direct
interaction with NPM1, our measurements with Rev confirm previously obtained observations. It
has been shown that two different transcripts of NPM1, B23.1 and B23.2, prevent the aggregation
of Rev via their proposed chaperone activity [43]. B23.1, which was also used in this study, is
identical to B23.2 but has a 35-amino acid longer C-terminus. As the prevention of Rev
aggregation by both constructs was nearly identical, this C-terminus was excluded from the
interaction with Rev [43], which is in agreement with our results from PD and ITC experiments
(Fig. 2, S1A-C Fig. and Table 2). Our finding of a 1:1 ratio (n= 0.84) between NPM1 and Rev
obtained by ITC (Table 2) is also consistent with earlier studies that have suggested a
stoichiometric interaction between NPM1 and Rev, and a maximal stimulation of the import of
Rev into the nucleus by NPM1 at a 1:1 molar ratio [4,43]. This stoichiometric ratio suggests that
NPM1™ exhibits one binding site for one HIV-1 Rev molecule. Since Rev has the tendency to
aggregate also under normal physiological conditions [44], it is very likely that NPM1, by acting as
a molecular chaperone, increases Rev’s solubility and mobility during the import into and
throughout the nucleus.

US11 is an abundant HSV-1 protein, which is expressed late during infection [45]. It has been
reported that US11 functionally substitutes Rev and Rex proteins by stimulating expression of
glycoproteins required for retroviral envelope synthesis [14]. US11 interaction with cellular
proteins may, therefore, be required during HSV-1 infection. However, so far, only a few proteins
including 2'-5'-oligoadenylate synthetase [46], cellular kinesin light-chain-related protein PAT1
[45], human ubiquitous kinesin heavy chain [24], protein kinase R (PKR) [47], protein activator of
the interferon-induced protein kinase (PACT) [48], and nucleolin [23] have been reported. NPM1
and nucleolin are among the most abundant nucleolar proteins [5] with high functional but not
structural similarities. They are usually found in the granular components and dense fibrillar
components of nucleoli, have the same distribution as US11 [49], and are re-localized during HSV-
1 infection [7,50]. With NPM1, we have identified in this study a new nucleolar protein partner for
US11 and characterized the subdomains responsible for their interactions. US11 has two domains
(Fig. 1A): An N-terminal domain called effector domain (ED) and a C-terminal RNA-binding domain
(RBD). C-terminal domain consisting of 20-24 XPR (X, any amino acid; P, proline; R, arginine)
repeats has a polyproline type Il helix organization and is usually engaged in interactions with
other proteins [15]. US11®® is necessary for transactivation of gene expression, transport, and
mMRNA translation [15]. Therefore, we designed two deletion variants of US11 (N- and C- terminus)
to determine the part involved in the interaction with NPM1. In contrast to nucleolin, which has
been reported to interact with the C-terminus of US11 [23], our data clearly shows that both
domains are apparently required for the interaction with NPM1. The C-terminal domain of US11,
which is involved in the nucleolar localization of US11, binds to NPM1 stronger than the N-
terminal domain (Fig. 4A). Since C-terminus of US11 is rich in arginine, these results support the
idea that arginine-rich motif (R-rich) mediates the interactions with NPM1 [36]. Synthetic peptide
CIGB-300 used in our investigation also falls into this category as it is the conjugate of R-rich
peptide Tat, and the cyclic peptide (hence is called p15-Tat; Fig. 5A). This peptide, which has been
described as a proapoptotic peptide with antiproliferative activity in vitro and antitumoral activity
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in vivo [51], has been reported to directly bind to NPM1 [39,40]. We observed in this study that
only NPM1°, but not the other domains of NPM1, associates with fCIGB-300. Interestingly, the Kq
value for the fCIGB-300 interaction with NPM1™, derived from our polarization measurements
(Fig. 5B), was indicative of almost 5-fold higher affinity than that of fCIGB-300-NPM1°°
interaction. This higher affinity can be explained by an avidity effect that originates from core N-
terminal domain and the dynamic flexible tails, similarly to the model proposed for nucleoplasmin
interaction with histones [52]. NPM1°® is followed by the two highly acidic regions with
disordered structure and a C-terminal RBD that folds as a three-helix bundle [53]. The biological
significance of the acidic regions (A1-A3; Fig. 1A) has not been established. The A1l region in
NPM1°° has been recently shown to play a crucial role in the interaction with R-rich motifs of
NPM1 binding proteins, such as p19ARF, ARF6, the ribosomal protein L5, and HIV1 Rev [36]. A
1°° and CIGB-300 provided insights into different sites for the

Tat

model of the complex between NPM
association of the CIGB-300 peptide, especially the R-rich motif of the CPP
charges of the Al region of NPM1°® (Figs. 1A and 5E). Additionally, our displacement experiment
with Rev indicates that CIGB-300 shares the same binding site on NPM1 and may act as an
inhibitor of NPM1-Rev interaction. Most likely for the same reason, we observed a reduced
expression of viral production in HIV-1 infected cells treated with the CIGB-300 peptide (Fig. 6).
Furthermore, our displacement data shows that the NPM1-US11 interaction was also
modulated by CIGB-300 (Figs. 5C and 5D). Thus, it is tempting to speculate that US11 and Rev, two
functionally homologous viral proteins, share a similar binding site on NPM1 as suggested in this
study for CIGB-300. An amino acid sequence analysis revealed clear differences in the R-rich
motifs between Rev (**RRNRRRRWRARAR®) and US11, which consists of 21 "XPR’ repeat motifs in
US11®™. R-rich motifs act as NLS by binding to the nuclear import receptors in nuclear
translocation of viral proteins [10,12,54,55]. On the other hand, nucleolar shuttling and
accumulation of Rev requires interaction with NPM1 [4,12]. US11 is similarly shuttling between

contacting negative

the nucleus and the cytoplasm in transiently transfected cells and HSV-1-infected cells [20,56].
Mutagenesis and modeling studies of the C-terminus of US11, containing XPR repeats, have
shown that this region is critical for both nucleolar accumulation of US11 and its
nucleocytoplasmic export [15,57]. As mentioned above, CIGB-300 has the cell penetrating peptide
Tat with R-rich motif, which corresponds to the presumed nuclear localization signal (NLS). Tat
moves across the nuclear envelope and consequently drives CIGB-300 to the nucleus. Thus, we
hypothesize that, (i) R-rich motifs of viral proteins serve as NPM1 binding sites that facilitate their
nuclear transport analogous to NLS-importin system, and (ii) NPM1 most likely acts as an auxiliary
factor for R-rich motif-containing viral proteins, such as HIV-1 Rev and HSV-1 US11, and achieves
their transport into different nuclear compartments and subnuclear domains, leading to nuclear
egress of infectious viral particles. Thus, NPM1 seems to represent a key protein in viral infections
that is hijacked by invading pathogens to facilitate infection. As a consequence, NPM1 may
represent a novel promising target for antiviral therapeutic intervention.
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Table 1 - Nucleophosmin involvement in multiple viral infections.

Partner

Domain

Effect/observation

References

AAV Rep n.d. Viral assembly [58]
Adenovirus Core protein V n.d. NPM1 re-localization, Replication, [59,60]
Viral assembly
Basic core protein n.d. Transcription, Replication [61]
Core protein V, pre-VIl n.d. Replication, chromatin assembly [62,63]
CHIKV n.d. n.d. n.d. [64]
EBV EBNA1 HBD Transcription [65,66]
EBNA2 oD Transcription, latency [67]
EBNA3 n.d. Transcription [68]
EMCV 3BCD n.d. Nuclear transport [69]
HBV core protein 149 n.d. Capsid assembly [70-72]
X protein n.d. n.d. [73,74]
HCV Core protein n.d. Transcription [75]
HDV Antigen n.d. n.d. [76]
HIV-1 Rev 0D, HBD n.d. [4]; this study
Tat n.d. NPM1 acetylation, transcription [77-79],
HRSV Matrix protein n.d. Replication [80]
HSV-1 uL24 n.d. NPM1 re-localization [7]
uUsii oD n.d. this study
HTLV-1 Rex HBD n.d. [6]
JEV Core protein oD Replication [81]
KSHV LANA n.d. NPM1 phosphorylation (T199), [82]
latency
NDV Matrix protein M RBD NPM1 re-localization, Replication [83]
PEDV N protein n.d. Nucleolar co-localization [84]

® Virus abbreviation: AAS, Adeo-associated virus; EBV, Epstein Barr virus; CHIKV, Chikungunya
virus; EMCV, Encephalomyocarditis virus; HBV, Hepatitis B virus; HCV, Hepatitis C virus; HDV,
Hepatitis delta virus; HIV-1, Human immunodeficiency virus type 1; HRSV, Human respiratory
syncytial virus; HSV-1, Herpes simplex virus type 1; HTLV1, Human T-cell leukemia virus type 1;
JEV, Japanese encephalitis virus; KSHV, Kaposi's sarcoma-associated herpes virus; NDV, Newcastle
disease virus; PEDV, porcine epidemic diarrhea virus. n.d., not determined.

Table 2 - ITC data for HIV-1 Rev™ interaction with NPM1 variants.

Protein Ky (pM)? AH (kcal/mol) TAS (kcal/mol) n (sites)
NPM1™ 0.41 -16.50+0.47 -0.66 0.84
NPM1%° 0.013 -3.79+0.11 -0.58 0.94
NPM1™®® 18 -3.2340.31 -0.27 0.76
NPM1"P 5.8 -1.7140.20 -0.71 0.85
NPM1"P no binding - - -

Ky association

constant; Ky dissociation constant; AH, enthalpy; n, binding stoichiometry (number of
binding sites). HIV-1 Rev™" did not show any binding to the RNA-binding domain (RBD) of NPM1. All
measurements were performed at 25 °C. ? K4 values were calculated from Ky = 1/K,.
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Table 3 - AUC-SV data for NPM1™, NPM1°®°, and US11™, respectively.

Proteins ) . . MW (kDa)
NPM1™ 6.7 0.52 1.5 146
NPM1°° 4.5 0.14 1.27 - 1.40 63.3
us11™ 1.4 0.20 1.4-1.7 15.3

MW, molecular weight; S20,w (S), sedimentation rate at 20 °C; f/f0, frictional coefficient. In all three cases
the values refer to a single, dominant species, which represented more than 90 % of the sample.
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Figure legends

Fig. 1. Schematic representation of domain organization, various constructs and proteins of
NPM1, HSV-1 US11, and HIV-1 Rev.

(A) Domains and various constructs of NPM1, US11 and Rev. The numbers indicate the N- and C-
terminal amino acids of the respective constructs used in this study. A1-A3, acidic regions 1-3;
Cterm, C-terminal; ED, effector domain; FL, full-length; HRBD, histone and RNA-binding domains;
HBD, histone binding domain; NES, nuclear export signal; NLS, nuclear localization signal; NoLS,
nucleolar localization signal; Nterm, N-terminal; OD, oligomerization domain; RBD, RNA-binding
domain. (B) Coomassie brilliant blue (CBB) stained SDS-PAGE of purified proteins used in this
study.

Fig. 2. Direct NPM1 interaction with HIV-1 Rev.

(A) Qualitative interaction analysis by GST pull-down assay and subsequent CBB staining. NPM1
FL, OD and HRBD, but not RBD, displayed a selective interaction with HIV-1 Rev (upper panel),
which was also observed after an RNase A treatment (lower panel). (B) Quantitative interaction
analysis by ITC. The binding parameters for the interaction between NPM1™ and Rev were
obtained using ITC. Titration of NPM1™ (750 puM) to Rev™ (35 puM) showed an exothermic
response (negative peaks) indicating that Rev selectively interacts with NPM1™. The upper graph
shows calorimetric changes plotted versus the time and the lower graph represents the changes
in temperature according to the molar ratio of the interacting proteins. (C) No interaction was
observed in a control experiments by titrating NPM1®° (300 pM) to Rev™ (30 uM).

Fig. 3. NPM1 association with HSV-1 US11 in the cell.

(A) Nucleolar colocalization of endogenous NPM1 with myc-US11. Confocal images of Hela cells
transfected with myc-US11 were obtained by staining endogenous NPM1 (Mouse anti-NPM1
(ab10530)), myc-US11 (anti-myc antibody), and filamentous actin (rhodamine-phalloidin). For
clarity, a boxed area in the merged panel shows colocalization of NPM1 and US11 in the nucleolus
as pointed by arrows. Scale bar: 20 um. (B) Myc-US11 associates with endogenous NPM1 in COS-7
cells. NPM1 was co-immunoprecipitated with myc-US11 overexpressed in COS-7 cells using anti-
myc antibody. A normal Rabbit IgG and sample without antibody were used as IP controls. Input,
5% of total cell lysate; IP, immunoprecipitation; IB, immunoblotting. (C) Myc-US11™ displayed an
interaction with NPM1™. Myc-US11™ was pulled down with the GST-fusion NPM1™, but not with
GST, which was used as a negative control. Samples prior pull-down (PD) analysis were used as
input control.

Fig. 4. Physical interaction of HSV-1 US11 with NPM1.

(A) C-terminal region of US11 largely contributes to NPM1 interaction. Pull-down experiments
were conducted with purified proteins in the presence of RNase A by using GST-fused US11%,
Us11Me™, US11“*™, and GST as a negative control. For the detection of NPM1 variants two
different antibodies were used, ab52644 recognized an N-terminal epitope containing in NPM1™
and NPM1°°, and ab10530 recognized a C-terminal epitope containing in NPM1"%®° and NPM17®.
The same pattern of interaction was obtained for the N-terminal and the C-terminal parts of
US11, although the interaction between NPM1™ and NPM1°® with US11M*™ was much weaker
than with US11““™. The exposure time was 1 min for all the blots. (B-C) US11 binds NPM1 with a
binding constant in the low micromolar range. To measure the binding parameter for the NPM1-
US11 interaction, 1.2 mM NPM1™ (B) and buffer (C) were titrated to 60 uM US11™. Both NPM1
and US11 were treated with RNase A. Conditions were the same as described in Fig. 2. US11
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binding to NPM1 is an endothermic reaction. (D) US11 binds to a pentameric NPM1. aSEC-
MALS/RI analysis of NPM1°°, US11™, and a mixture of both proteins revealed an oligomeric
nature of NPM1°® with a molecular weight (MW) of 66.1 kDa corresponding to the pentameric
form. Obtained MW for US11 was 16.6 kDa, which matches the theoretical MW of 16.7 kDa for a
monomeric US11 (upper panel). SDS-PAGE and CBB staining of the aSEC (Superdex 200, 10/300)
elution fractions of NPM1°°, US11", and a mixture of both clearly revealed a NPM1-US11 complex
formation (lower panel). Both NPM1 and US11 were treated with RNase A. The MW of this
complex corresponds to 76.6 kDa for a pentameric NPM1°°, and a monomeric US11™. A MW of
21.8 kDa was measured that is estimated to an unbound US11™.

Fig. 5. The synthetic peptide CIGB-300 competes with Rev and US11 by binding NPM1°° with
high-affinity.

(A) CIGB-300 consists of the cyclic P15 (blue) and the Tat (purple) peptides, and labeled with
fluorescein (green; FITC). (B) Fluorescence polarization experiments conducted by titrating
increasing amounts of NMP1 variants, Rev, US11, and GST to 0.1 uM FITC-labelled CIGB-300 (f
CIGB-300). A high affinity interaction with the peptide was only observed for NPM1™ and NPM1°°,
resulting from an increase of polarization, but not for Rev, US11, GST, and the other NPM1
variants. (C-D) Contrary to US11, Rev only displaced NPM1°® from its fCIGB-300 complex.
Displacement experiments were performed by adding increasing amounts of Rev or US11 to the
NPM1™-fCIGB-300 complex (C) or to the NPM1°°-fCIGB-300 complex (D). (E) A proposed NPM1°°-
CIGB-300 docking model of pentameric NPM1°° structure in the complex with CIGB-300. Cyclic
part (blue) and basic part (purple) of the peptide shown as sticks and ribbons wraps around
several monomeric units of NPM1 represented by surfaces in different colors shown in top view
(left), rotated orientation (middle), and the bottom view (right).

Fig. 6. CIGB300 treatment interferes with HIV-1 production.

CIGB-300 treated or untreated HOS.CD4.CXCR4 cells were infected with NL4.3 virus at an MOI of
1. Culture supernatant was collected 48 and 72 h post infection and virus titer was determined.
The figure shows one representative experiment out of four, in which virus quantification was
performed by TZM-bl cell titration. Values are the means * S.D. of three measurements. Statistical
significance (P) was calculated by the Student’s t-test: ***P<0.002; **P<0.02.
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Supporting Information

S1 Fig. Physical interaction of HIV-1 Rev with NPM1.

Quantitative interaction analysis were performed by ITC at 25°C by titrating (A) NPM10OD (450
M) to 30 uM HIV-1 Rev, (B) NPM1HBD (350 uM) to 25 pM HIV-1 Rev and (C) NPM1HRBD (800
KUM) to 50 uM HIV-1 Rev, respectively. The upper graph shows calorimetric changes plotted versus
the time, and the lower graph represents the changes in temperature according to the molar ratio
of the interacting proteins.

S2 Fig. Analytical ultracentrifugation for the determination of the oligomeric state and
molecular mass of US11 and NPM1.

(A) Sedimentation velocity analysis of US11™ and NPM1™ at 35,000 rpm and 20 °C. Graphs show
the evaluated c(s) distributions obtained by SEDFIT. For presentation, curves had been normalized
to maximum peak height. Results revealed that NPM1™ and US11™ are pentameric and
monomeric, respectively. (B) The left panel contains data obtained from the sedimentation
velocity analysis of NPM1°°, which shows the population of pentamer, and the right panel are
data obtained from sedimentation equilibrium analysis of 0.25 uM NPM1°° at 14000 (purple),
16000 (blue), 25000 (cyan), 42000 (green) and 50000 rpm (yellow) at 20°C. Experimentally
determined concentration profiles were fitted globally with a single species model resulting in a
molecular mass of 65180 +640 Da corresponding to a pentamer of NPM1°°. The experimental
data together with the fitted concentration profiles are shown on the top, and at the bottom,
residuals from the fit are documented.
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Nouri et al., Fig. 3
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Nouri et al., Fig. 4
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Nouri et al., Fig. 5
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Nouri et al., Fig. 6
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Nouri et al., Fig. S1
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Abstract

Fragile X mental Retardation Protein (FMRP) 5 a well-known regulator of local translation of its mENA targets In neurons,
However, despite fts ubiquitous expression, the role of FMRP remains (-defined in other cell types. In this study we
investigated the subcellular distribution of FMRP and its protein compleses in Hela cells using confocal imaging as well as
detergent-free fractionation and size exclusion protocols. We found FMAP localized excusively to solid compartments,
including cytosolic heavy and light membranes, mitochondria, nuclear membrane and nucleall, Interestingly, FMRP was
associated with pucleolin in both a high malecular weight ribasomal and translation-associated complex | 6 MDa) In the
cytosal, and a low molecular weight complex (200 kDa) in the nucleoli. Consistently, we identified two functicnal
nucleolar localization signals (MolSs) in FMRP that are responsible for a strong nucleolar colocalization of the C-terminus of
FMRP with nucleolin, and a direct interaction of the N-terminus of FMRP with the arginine-glycine-ghcine (RGG) domain of
rucleolin, Taken together, we propose a novel mechanism by which a transient nuclealar localization of FMRP underles a
strong nucleocytoplasmic translocation, most likely in a complex with nuclealin and possibly ribosomes, in erder to requlate
transiation of its target mRNAs.
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Introduction canonical moclear localization signal (NLS) and o neclear export
signal (NES) [17,15,19.20], Different mechanisms for the nuclear
export of FMEP have been sugarested iovobving CRA L exportin |
[20] andder the nuclear export factor fmily protcins [17]. In
addinon, FXEIP and FXR2P have been reported 0 contain o
nuclealar localization sipmal (NalS) a their C-ermind, which is
not reported yer in FMBE |7] although s nucleolar localization
has Been descnbed previously [21].

Frigile X symedrome [FR5) 15 one of the most commen foomes of
imherited micnal reardation, which b assoctited with various
behavioral oo physiologieal  abamormalities,  ncheding  social
withdrawal, anxiety, miellectual dealibity, epilepsy and autism
[1L.2,3]. FX5 is caused by the absence ol the [ragile X mental
retardativm i:mull'in IFMRP |-E.-|.|i|. which belongs o the BRNA-
binding, fragile X related protein (FXRP} Gamily that chedes also
the: fragile X related proteins 1 and 2 (FXRIP and FXR2P) |7.4].

FAMEBP & abiquitously expressed with higher almmdasnce in o
hrain and tests |7.9]. Suedies by a number of lboratories have
shown that FMBFP s o regulater of peotein translation and
associates with  the tmmslagion machinery [4,00], FMRP =
associated with messenger  ribonucleospratein (mENP) partcles
aned lange polyribosormal compleses o the cytopdinem of virious cell

Severpd FMEF interacting proeins luve been ideotilied s far,
FXRIF aml FXR2P ave seructrally wnd functionally rebued w
FMRP, They addivionally harbor a functional macleolar terpeang
signal [7]. The evroplasmic imeracting FME] prowein (CYFLP;
alsn known as pl40 and PIRIZ], respecovelvl, a binding partner
al FMREF [22], acts as a downsteeam effecior of Racl therelsy
lmking Racl o actin dvnamics and  lamellipodin formanion,

types [ 11,0215, 14]. FMEP consists ol an N-termmal dimerization
dosmnin, a centenl region containing two kK omology (KH1 and
RH?' rhllllilillh ilrl.“l it t:-li'l?llinll‘i I'I'II.'lll'Ili'IiL‘«.‘ﬂl'l:e !III' ..'|I1_§i.||'ir|l'-
glveine-glveine (RGG) region [15,16], The N-terminal and ceneral
regions of FMBP are highly conserved among the FXBRPs, while
the C-termoanal sl significant varmbalicy [7]. FMERP s konown o
play roles in nucleocyioplasmie shurling of mRENA by a non-

PLOS ONE | www.plosone.org

Activared Rac] hands OVFIP and e i from s 1'u|:|:|ﬂ|;x
with FMRE, which in turm s then released o regubie protemn
translaton [23], Moreover, nuckear FMREP imteracnng protein |
:.\:L'lel las Diven idenniled a8 o eeebeas R.\'.\. ||i|||.1i.|1|..': |5u'r:lI1'1'II
[2]. Chher molecules: deserbed in FMEP protein compleses
iJII .II.I':II' rhl' ]{N.\'IIII!III:'I":I *i]l'lll:'i'l'lg i'lullldl"‘ 'HTH :I. ar EllrlilllfL' -_r
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AU, Dhcer, the 82-kDa FMRP mierneting protein (B2
well pukiarvotic intmation Beter 5 (elF5) and noclealin

-FIP, as
1,26, 27)

When six dilferent cell lines were analbyzed, Le. Cos-7, HER
203, Hela, MDCK 11, MEF, and NTHITI, we

stromgest FMRP expressson in Hela cells, Thus, we investigated m

feaaril  the

this study the subcelulae localization and imteraction of FAIRP
with its binding parmens i Hela cells wang an anei-FMEP
nkbestly dabel S thiot has been suceesshally |||.-I!..l|--l m FMRI
knockout mice |3 Our nevel lndings reveal thioe FMEPR localizs
predominamly o chfferent eellular companments,  mcluding

mitochomdris and nucleolt, Interestingly, FMRP was found

associated with puclealin in vwo distinet protein comple

[RERIREHET TS i:'lll'll aarm Il"\

I ¥ B 1
LR RRE RIS II!I'_II LR E W R '.'i‘:'ll:_lll rans

il @ [ARA] ||-:||._|I_ lovw e .l._ll '.I.|'|l_;::I [wa] |

protetns wie show thar the MNe-wermines of FMEP undergoes a direct

prodein-protei itersction with the Cetermmionl RGG domuin of

muclealin, We further demonstraie that the nuckealar loealiznon
af FAIRE is specifically regulared by two Tunetional Mol Ss i is C-
leTTns

Results and Discussion

FMRP localization at different subcellular compartments
in HelLa celis

||| ik :il'.’cl wli Il L ".'.illlll'ul':l [ ||':'.|-C'I.|a E.l'\-l'l SCANLDALNg II:I‘IfIII\.
cLEM) 1 analvee the miracellular disinbuton of endogenos
FMEDP in Hela cells. Cells were co-stained with antibodies specifi
cethilar  organelles  and
FMRP

almost every compartment of the cell. Moo

o several endogenous markers, Le.

Canpartments vs indicated i Fagur an be detecied

slizntion conkid

be feaandd with the plsma membraoe and filamentoas actin (F-

actin] when eostamned with antibodses against the transmembrians

profein Ma AR -ATPase and Muorescent phalloadin, vespectively

Fi, 1AL FMREP considerably colocalized m pennuclear regions
and at endomembranes with its binding pariner CYFIP, the G5
acklic ribosomal prowein pll [RPFLIY, the eokaryone initation

Faetor 5 (elF5] [26], and calreticulion (o murker of the endopshsm

retwulurm), OM note, e miochondrially encoded cytochrome
obdlase subamie 1 (ATTOO: also known as CUOX-D) showed a
coloceliztion with FMEP seepeesting thar FMEP may b=

associated with the mmtochondil (see below

by a very weak colocalivation coubd be detected wnder these
onchisons wiven |'n':||!u'|.:||g markers bor the meclear maembrine

AUPGH s well lamin Bi  ana
surprisingly, also nucleohin (Fig, 1B Tniceestingly, pucleolin has

as antibodies specific  for

b previcusly reported w0 be part of FMEP prosem complexes
linked 1o tramslational inhibinon [26], Ahhowgh FALP
':'I-i':l:l'. [ II LETS |||I|I-' i :III y E
mportant o note that FMEP comiains both W15 and NES
wnees  [13), with the later playving o

nucheocvioplasmie showling of

. & R
Illll\.l-\.".l'\- wncker L IIIII||'.|III il

" ribosomes probably in asocition

Subfractionation and biochemical characterization of

intracellular FMRP localization
“\-.l %l i

miberacting parimers i Hela o

cellular  compartmentalizaton of FAMRP and s
il
by estabdishime 5 determeni=free differenial centmfoganon ||||-|-u-'-l
ribed in Blaterinl ond Methods

Fherebw, we chusned six dstner Fracoons, mcludang heayy

s wits vestmeed inogreaier detal

thromgh sucrose cushions as o

aml roerh

membrane lraction |||;|.|||_| miembrane, mitochondr

endopbasmic retculum or tTER), lieht membrane fosctic

-C'.".III -|||.|-r||i| TOTHCARENT o \IH. ancd I-I'\f'l III.II'\I SOLTES l"lllllilln'\.lll

fraction melnding  ysosomes, moclear membranes woeether with
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| Mwrm

Figure 1. FMRP is localized at various intracellular sites in Hela
cells.Confocal laser scanning microscopy [cL5M) Images of Hela cells
depicting |:l'|r||'_||._'|-r_|nn|,.-:. FMIRP |'{;rr_~|:ﬂ channell costained with various
.:;..-Lusuln: 1A) and nuckear (Bl rarkers (red chanmel], including antibodies
against CYFIPZ, RPLPO (ribosomal proteinsl, nucleofin inudeolar
misrkerl, MTCO2 (mittchondrial protein), MUPGE Inucleoporing, lamin
B1 (nuckear intermediate filament proteins), and calraticulin (endoplas
mic reticulum marker], Detection of Na /& -ATPase and phalloidin
stalning were used to detect the cellular membrane and F-actin,
respectively, DNA was stained by Llsing APl (Blue channal), Boxed
areas im the merged panels depict enlarged aneas of interest. Scale bar:
10pm

dai: 101 371 journal poae. 009 14659001
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Chapter VI

rER artached w the outer noclear membrane, and Lty fractions
eomtaining the mucleoplasm and ooclecod (Fig. 2AL To svaluate the
separation quality of the tsolaved sub-cellular frocoons we osed
antibestlies directed agast specific marker protens (Fig. 2H), The
iramsmembrane protein Nao SR -ATPase thae is also expressed in
Hielis eells, was comnsistently found in the heavy membirane and tie
Tiht membne ractions, Trace amounts of Mo A -ATPaee
were detevted i the muclear fracuons, where it has been sugpesied
o pay a physiological ol Ca'  homeoitisis [28]. Ancaler
membrane marker found i the heavy membrane fraction, whick
undergores palmitoylation and localizes w the plasmas membrane
[f.'.“ii. = wsurhoenn ol the O Wl ]1I-'Ilt1."i-'l'| ] 4ih I !‘.:'-J?-r:'rqu']:}'rh'-."I-
phosphate debydrogenase (GAPDH] is largely present in the
eytoplasmac [raction with comparable amounis also in heavy and
light membranes, GAPTIH has been reported 1o bind specifically
o cerain micgral membrane. proteige that aee locaied i the
]1|.a.-|r|:1.'| membrane, siuch Na AR <A TPase |3I'l|. GAI'DH & also
associated with the GTTase RabZ a the ER and Gaolgi apparatos
[31). The early encdosome aotigen 1 (EEAL was used a8
enosoimal marker o show it erslosomes primarily exist i the
evtoplasm and light membrane fractions [32]. NUPG2 as o marker
fowr the muclear membrane, as well as lamin Bl and histoswe H3 as
nuchear markers were emploved and were also detected in the
nuchbeodar fraction and the nuclear membrane as well as i the
mecheoplasm mthe case of lamin BE [33]. Lasty, oueleolin and
nuclecphoamin (also called B2, NOSE or numatring were ised as
mscheclar mackers, Both proteins were found not only o nochear
fractions bt also in the fight and heavy membranes. Interestinghy,
simlar o mucleoling slo oecleoplosmin bas been inplicated o
the modulstion of muliiphe cellubar processes outade the ioclens
[#4).

Immumoblor anabeses of all fractions vsing the above mentoned
murker proteins reveabed thar FMEP and phospho-FMEP (Serine
09 exists predommantly i salid compartments. such as the
evtosalic heawvy and light membranes, the nuclear membrane, and
also the nuclesdi (Fig. 28, FMBEP appeared on e srmmumsollons in
two major banids with maolecular masses of 72 and 50 kDa,
comsistent with several previous studies [3,912.26,35.36), The fac
that FMRP & part of i linge miBRNP complex | 600 kDa) [13]
seromgly indicates that the wmouns of soluble FAYBP must be very
loow, Conatstend with this, no xi.!pliﬂl.:u:li arnounis ol FAMRP were
detected in both the eytoplasm and in the nocleoplasm (Fig. 25
The FMEF content in the respretive fractions was ealeulated using
the fflowing approaeh: (1) The relative mtensity of each protein
band was determined by densitometric evaluation of FMRP
mmunohlsl sigmal intensivies; (i obtased  ensites of escl
fractiom were divided by the intensiey obtaned for FMRET in the
total el bsare and moliplied by e protein amounits ased in
every fracton; (i) the oblained FMEP comcenration i cach
fractiom was dmvided by the iotal FMRIP conceniration  and
muleaplied by [0k Accordingdy, the FMEP content wis 42.5% in
the: heavy membrane fracoon, 22.5% in beht membranes, 13,9%
in the nuclear membrane fraction, and 21.7% in the tucleoli-
comtaining facton, The nucleolin coment in these fractions,
caleulaied in the sme way, were [59%, H08%, 1535% and
HLO0%, respoctively,

In addition w FMREP, we ilso analyeed te presence of paoteits
by dmuedalen detection, which are cither pant of the tansdastianal
machimery or known to modulaie FMRDP function in o RNA-
dependiont manner. Ineresingly, the small GTPase Bac ] amad s
elffector CYFIP revesled fmctionaiion paterns, which were very
similar to FMEE. CYFIP fsoforms | and 2 were previoosly found
m a l:||||r|1|-r.v.~; with FMRBRP i Hela cells l!ﬁ], wggrui:lg il
FMEP may pot discriminate between both bighly  conserved
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CYFIP soforms. However, in contrast te CYFIE, Racl was lound
nat andy i the beavy and bght membrane frctioos, bt adss nodhe
cyioplasm, Cywplasmic Bacl exists i comples wath s regulaor
guamene pucleside dissociation ndilaor GINa [38]. Muclear
shuttling of Racl depends on s Claerminal polvbasie regiom [349],
The nuclear mmport eceptor karyophenn o2 has been shown to
chirvetly Biand soamd o anslocate Racl oo the oucleos [40], T
has been reporied that GFP-CYFIP2 accomiliies in the nuchess
and that OYFIP2 &8 capable of undergoing CRM-1/ exportin-
dependent nucleocvioplasmic shuithng [41]. The roles ol both
CYFIP and Racl i the nuces are stll unclear. Nuclear Racl
wins Toumnd in |:1||:|:||1|.|'x with pumerres IJHIIF[I]K anel L thas i1|a1.1_.-
different rofes [40], incloding the regulation of cell dvision [42].

The lght membrane frcsions contamed the largest population
of proteins which are linked 1o the mranstational machinery, such as
ribosinal RELPO and the mitagion factor elF3, The high amount
of wvioplasmic elFS i ibe absence of FMRE, CYFIP, and
ribosomes (inclwling BRPLITE indicates thar the association of efl5
with the trnslation machinery . mdepeadent of FMRP[27] The
presence of FMEP, CYFI, RPLPO. and also elFS in the nuclear
membrane fracion 15 most |:i[u']:,.' Tased an thelr asociation wiih
the rER.

An interesting observation was that nucleoling, another mulii-
fmeticmal BNA-binding phosphoprotein, was found in all FME
containing  fractions  (Fig, 2B Nucleolin,  which  has  been
previously reported 1o exist om the FMEP-comtaining  proiein
complexcs in murine libroblasaf 26] and human embryonic kidmey
EHELT ells ]2'”. r\em'lllhlﬂ |"4'-FRF A% i rnnl.:l.i.ux il :’\—I.S .'|.|:||:l ® .'|.|15|'
o shgile between the nuckealus and ovioplasm | 43]. 1t & volved
in various  processes, including chromann remedeling, (RNA
prescessingz, Mbescane biogeneas i the nuclealss, nucleocyioplas-
mic shutiling of ribosomees, mMENA smbilization, and ramslaton
[44]. FMREP contains both o NLS and NES [15] and abo
undergoes nncleocytoplasmic shutling [17,09.20] and is, like
nueleolin  [45], asociated  with mBENP particles and - Large
peobvribiesomal] commpleses [11,02,13, 14046), Thos, the presence of
FMEF i the nucleslar fraction [11] led us o speculate abont a
prmsibile conceried role of FMEP and aucleolin i oucleoeyto-
plasmne shutiling of ribosomes and escorting mMBNAs o the
ranalational machinery. Similar o FMRP, nucleolin is associated
'l'a'l.lh IH'1IH1TJE‘_“I,"|'|I’F.|'I1i"I' d-l"“mh'ﬂ| l'ljl']] s Hllrll;llgtl_lrllﬁ llis-i‘_-l.'ﬁl"l
Alzhieimer disease, Diown syndrome, and progressive supransclear
palsy [47]. .

Ansther interesting ohservation in this stucdy was the assodintion
of FMREP with mitochondea [Fig 1AL To harther prove this
finding we mvestgated o possble localizagon of FMREP in or on
mitochotdria by selating highly eoriched mivschondria fraciion
froon the hemvy membrane fraction of the Hela cells (Fag, 2A; see
Mierials and Methods:. As flustrated in Figure 20, a consider-
abde wrmeand of FAMRP iIEl]'lf'.ilI‘lﬂ:E to exasd b the maioe hondria like
the mutochomdrial markers: MTCO2 and ACATI] (Acend-Cod
averylransferse), where abwo slight amounts of nuclear proweins,
such as histone H3 and nocleohn, were also detected, This apmresis
that the mitochondrial fraction contained nucear impuriy.
Monetheless, our nesult cleady indieate thae FMRP 3 Fither
physically assocuied with the owter mitochondrial membrane,
cveninally s part of phodies and steess granubes [48.49] o it &
sonteed into dhe mitochondmal waerix. The laer was ceported i
both  EBV-transtormed homan lvmphoblastoid cells using cell
fenctionation and ral beain ocurons using eleciion oicreEoopey
18], These observations are m lne with the studies sugeesing
pesaible  mitochondria-gesociated  lonctions of FMEP, ez
preventing apoplasts asa downstream ellecior ol methotops:
glutamate receprors [50] and/or conmuolling mitschondrial privein
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Figure 2. FMRP shows a diverse subcellular distribution pattern in Hela cells as revealed by subcellular fractionation analysis, (A
Experimental cell fractionation procedure employing several differential centrifugation steps. Cells were fractionated into sk distinct fractions,
including heavy membrane [plasma membrane and rough endoplasmic reticubem], light membrane |polysomes, golgi apparatus, smooth
endoplasmic reticulum), cytoplasm {cytoplasm and lysosames), enriched nudear membrane (containing rough endoplasmic reticulum), nucleoplasm,
and nucleoli. 5 supematant; P, pellet, (B) FMRP is largely absent in the oytoplasm and nudeoplasm and predominantly localizes to solid
comparmments. The profein concentrations were normalized In all fractions with exception of the nucleoplasm dwe its low proteln content as
compared to the other fractions. In each lane, 5 pg proteins were loaded except for the nudeoplasm, where one g was used. in addition to FMRP
and its binding partner CYFIP, the fractions were snalyred by using different subcellular marker, including Ga,, Na /X -ATPase and Aaci {plasma
membrane), EEA2 (endosomes), GAPDH cyvoplasm), elf5 and APLPO (ribosomes and rough ER). Muclear markers included histone H3 and lamin 81,
Muclealin was used a5 nucleolar marker, () Detection of FMRP in mitechandsia, The presence of FMRP in. solated mitochondrial fraction wis
analyzed by S05-PAGE and Immunobdotting, using antibodies against FMER, two mitochomdrial protetns MTCO2 and ACAT, the cytosolic GAPDH as
well as the nuclear proteins lamin B1, histone H3 and nucleslin. Equal protein amounts of the mitochondrial fraction and the total cell lysate were
used,

dioi; 100131 fournal pone 0091 465 9002

iranalaiion [5[}..-||:|. ]n:l-e'rl'-s[illgl:r. |J:||'Ii:|| recluctbon e the FAMRP
mmount in pre-mutaton FMB] knock-in mice has been shiown 1o
correlute wath the miteehondoal number and foction [E], and o
bead 1o mitochosdrial dysirophy [50) and ebevaed mivochondrial
mxidintive stress in FRS patienis |53 However, the role of FAMRP
ondin mitochondria is woclear |51 and requires Further dnvesti-
garion,

FMRP coexists with nuclealin in two distingt, nucleolar
and cytosolic complexes

T turther characterze the  colocabization and 8 posable
ITI:IIIJ:I;IIIL.'I.I.I micracion of FMBEP and  nescbeoling  the |.'ig||1
membrang and mocleolar fracdons were further analveed wsing
analvtical siee excludon chromuography on o superose 6 HR
column calibrared with molecular weight standards (zee Material
el Methods), Ac indicared in Fyrores 3A and 38, intse FMEP-
conaining prowin complexes of both samples showed a diffenem
weparation and eloson profile. Frotems in the light membrane

PLOS OME | wowrw.plosone.ong

r'l-l[".ﬂlll |']|.|.|1'[! ;II |h.1' \11il] ".T:IIII.I'I'II." *IIF“'I"H';"H |ELE|.1 lIH' I""IIRP
commpeses exhibit & natve molecular weight of ar lease 6 MDa
o vedumme eof the superose 6 HR codumn), Soch a evtosolic high
modecular  weight complex. may  comist ol polyribosomes

+.2 MRS ribosome), mENPs particles and/or acditional
components  or  regulatoss of  the  wanslaticnal  machin-
erv] | 1,13,55]. In hmphoblasts, FMET has been shown previously
tir bse part of a protewn complex of GO0 kD [voird volumee of the
superdes. A0 columin), which contain the G0 S ribosomal prosein
RPLPO as well as the FMRP-relaed FXRIP and FXRIP [35].
Such a FMEP proicin complex has been shown in Hella cells o
he assoctated with actively translating polymsbosomes [ 13]

In contrast, the FMRE compleses of the nocleodor fraction
exhibited & rather bow molecular weight of  appreoximately
2000 kD, bbbt soalysis of baoth peak frections: farther
sumrested thar nuckealin esasts in two different FMEI compleses,
Le, mothe cyvisohbe and noceolar compartments, Based on the
detevtion of nucleoling CYFIP, and RPLID (Fig, 44 in dhe lighe
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Figure 3. FMRP and nucdleolin interact in both cytosolic high molecular weight and nuclear low molecular weight complexes, (4, B}
Mative FMRP protein compleses were fractionated by koading the light membrane (A and nuckecdar (B) fractions on a superose & sice exclusion
chromatography colummn, The absarbance of the column eluent at 280 nm [A,,, ) was plotted against the elution volume {ml). Differant FMRF binding
partnars and markers are shown, incheding histone H3 and GAPDH as negative contrals in the endomembrane and nucleolar fractions, respectively.
The elution positions of standard prateins employed include thyroglobuline (669 kDa), ferritin (440 kDa, aldolase (158 kDa), ovalburnin {75 kDa),
carbonic anhydrase (259 kDal, ribonuclease (13.7 kDa), and apsotinin (5.5 kDa), The peak fractians, as indicated by a sofid line, were subjected to 505-
PAGE and i‘hmunuhl-uui.ng using antibodies aqainsl FMAP {71 kD), nuclealin {76 kDa), CYFIP2 (146 kDa), RPLPO (34 kDal and elF5 (58 kDa) LM, |Ig!‘|r|:
membrane; Nu, nucleadl. The molecular mass of the peak fractions is indicated above the peaks. [C) Interaction of FMEP with CYFIP, nuclealin, elF5,
angd RPLPO as analyzed by co-immunogrecipitation. Endogencaes FMRAP was immuncprecipitated from Hels cell lysates using an anti-FVRP antibody
before and after RMase treatment. FMRF co-precipitated with nucleolin, RELPO, &lFS, and CYFIPZ. interaction with the later two proteing was sensitive
o RMase treatment. Proteins were visualized by using antibodies against FMRP, nuclealin, elFS, CYFIP2 and RPLPO, N-WASP and GAPDH were used as
a negative IP contrals, 1P, immunoprecipitation: TCL 1o1al cell lysate. (D) Direct interaction betwesn FMAP and nucleodin, GST pull-down experiments
were conducted by mixing bacterial lysate expressing His-tagged FMRAP fl lupper panef] or FMRP Ntarm (lower panell with different G5T-fused
nuclenlin pooteins (RRM1&2, aa 2B4-466; ARM384, &y 467-604; AAMIEL-RGG, aa 499-710; RGG, as 645-710) immaobilized on GSH sepharose beads,
Proteins retained on the beads were rescheed by SO5PAGE and processed for Western blot wsing a monockonal antibedy against FMAP. Mixed
samples before performing pulldown (PO analysis were used as Enput contred. (E) Low-affinity interaction between the FMAP Nterm and the nucleolin
RGE Fluorescence polarization assay was wsed as a tool for monitosing the interaction of the FMAP Nterm {increasing concentrathons as indicated)
with the IAEDANS-labeled Auorescent RGG (0.5 pM) [open circles). As negative controls, FMRP Mterm was titrated into IAEDANS alone (0.5 pM)
{elosed circles). The inser depicts the displacement of FMEP Nterm from IAEDANSlabebed Nuorescent RGG by Increasing concentrations of unlabeled
AGG and the synthetic peptide construct SIKPRITASS,

dod 101 371 journal pone 0081 465 4003
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Figure 4. The C-terminal region of FMRP contains evolutionary
conserved nucleolar localization signals. (A) Domain onganization
and motifs of FMAP. Schematic diagram of FMAP architectures
highlights major domains and matifs, FCT, FMRP C-terminus; KH1 and
KH2, tandem K (described first in the hnRNP K protein) homalogy
domain; MES, nuckear export signal: NLS, nuclear localization signal
Mals, nucleolar localization signal; FFID, protein-protein imteraction
damain; RGG, arginine-glycne-glycine region: P, phosphorylation sites
Tud! and Tud2, tandem Tudor (also called Agenet] domains, The C-
terminal reglon (Cterm; aa 444-632) of FMAP contains two NolSs
ichentified in this study, Two further FAMP fragment used were Nterm
{1-218) and a Central reglon {212-425}. (B) Overexpression of the Cterm
wild-type iwt} and its variants on Hela cells. Cterm 1: QKKEK changed to
EEEeE: Crerm 2: ARGDGRRR changed to EEgdgEEE; Crerm 3: RR chamged
te EE; Cterm 1 X a combination of Cterm 1 and. 2 mutations: Cterm
1 3: a combdnathon of Cterm 1 and 3 mutations. Crerm 2 and Clerm 1 2
revealed a change in protein mobility (**) as compared to the wild-type
and the other variants (°1 (C) Mols prediction of FMRP Crerrm using the
Miol5 predictor program {58l Graph shows the probabélity of MolS
distribution [represented by score) plotted against the amino acid
sequence of FMAP Cterm (444-632). Three motifs and critical posithvely
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charged residues are marked biwe. (D) Multiple sequence alignment of
the thres predicted MNobs rmotifs 1, 2, and 3 of FMEP Cterm from
different species [upper panell as well as FMRP transcripts and
homologaous prateng (lower panel). Basic residues (blue), which ane
changed to glutamsc acids {red) are highlighted. Upper panal: FMAR
sequences from different species are buman {accession number
544328), oranguian {1971027198), rat (30794228), frog (53749722) and
zebrafish (2338667). Lower panel: FMRP transcripts and homalogous
profeins are ranscript 6 (297374777, 7 (2973747709, 9 (2973 747097) and
12 [297374765) as well as FXR1P (61635148) and FXR2P (259013556, (E]
Nuclealar localization of FMAP. eL5M images of Hela cells transfected
with FMAPR fl, Mterm, Central, Cterm (wt) and Cterm varants (anti-flag;
green channel) costained with emdogenous nuckeoling [anti-necleoling
red channel) and DMA (DAPL; blue channel) revealed that Crerm [wi), (1],
12}, (3 and (1 3) cobocalize with nucleolin in the necleslus, In contrast
this colocalization was absent in the case of Crerm (1 2} Cyuoplasmic
distribution of FMRP Mterm and the subnuclear distribution of
endogenows nucleolin are highlighted by arrows. Scale bar: 1@ gm
doi: 10,1371/ journalipone (09146 5.g004

membranc-amocited  FMEP complex, we asume  thar this
VIO III'_'\,II milecubin '--I'I_'Jll II-I|||.-|IH i\ EVET TR |.':I'_U'|
than 36 MDa amd also contains programmed sibosomes and
podveomes [54], Tn contrast, the low modecilar weight FMRP
||.-|n|:-I| % Ay CoOntmim one mucleadin modeeule (76 kD) amd owo
FMEP maolecules (71 kDa), as FMEF i able o di
This conmpliex

CTLAE u!i:?" ."'

terminal domain [15] also exast inoa 1:1

-'.-'il hismvetry simoe I'I-II- I TN i bealin I.||I|- AP Iy an
I10-EDm idata not shown

I order g0 further chamctenze the interaction between FMVRP
and nucleolin as evitical sranslational Il'}:’l'.|.|':-.-|\. kLY |||-|'|: e

mnpnunopreelHation studies vsing Hela cell bsates witle ool

withoui BNase treaiment using FMEP-specific antihodies, As
, mucleohn, CYFIP, KPLPL, and also elF5
iciently eo-mmuneprecipitibed and found inoa complex
with FMEP. Here, CYTFTF and clES dissoriaied almost complencly
fromm the complexes when the samples were weated with BNase A
T heese data strongdy supses that elF5 and CYFIP aesociaton with
FMBP withm the mamstaton machimery s RNA-dependent, In
contrast o the FMEP-elFS -.|-|._||'.n-|-!:i|| in translational imitiaton,
which remains unclear, the FAIRP-CYFIP coamples has been
shimwwin (o -.’:l'.||:.|.:. a translatianal ||'_-.|||'-;-i|||- weimly |i|"; which
ilelinoanily regquires clFRE | 50]. OF particulir relevance may be
in andl RPLPD
witd tol affeeted by BNase A oreatment [Fig 300, Consistent with
this result, FMRP was previowsly detected in the same protein
comples with RPLPO [353], as well as with nucleoling FXRIP,
FXRMP, and differrent snBNAs, mcluding FMEP mRNA i.-'I;l. In
i FMED complex,
which most fikely conprols  translation, the role of the Bow

indicated i Figure 54
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of FMRP with CYFIP and 1F5.
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Chapter VI

lengh (i) as well as the N-verminal region (Neerm) o FMEP (aa 1-
218, Fig. 4A) aned vanoe nucleoling subsdomains as Glotharon-5-
transterase (GST) fusson peogeins, As indicated m Frgure 513, both
FAMBELP variants were abile o directly bind to nucleolin subdomins,
although with dilferene panterns, FMEP 11 siongly bouad o
comstruct encompassing  the REM3&4-RGG (aa 499710} do-
mains of nucleolin and w & weaker extent also o BREMS3&4 (aa
7040 dewrnains and e Coreemmal RGO domain I::u. l's-l-.:.l--Tll'P_l
of pocleoling, This pictore was, bowever, greaaly differem for
interaction studics using the Newermins of FMEP. The sironges:
imteraction wiss fowned between the N-terminus ol FMEP and the
RGO domain of nucleoling Binding of the FAMRP Netermimus 1o
the RRMS3&4 frgment was a5 weak as that of FMEP [, and
Tuneding of REAMI&S-ROGOG domains was  abio oot moch
promounced, Both FMRP constricts did not reveal any mierction
with BEME&? jaa 284 466) domains of nocleslin (Fig. $1.

In order 1o determine the baneing affinity between FAMRP
MNwrm and nucleolin RGG, we wsed the advantage of fluorescence
podarization. Therefore, we labeled RGG with the luorescence
repaarter group IAEDANS, As shown in Figure 3E, we notably
observed an meremental merease m uorescence polarizagon n
the presesee of imereasing amomiis of FMEP Noeon bt nor wiils
TAEDANS alonse, Froan this dhita i dissocianon constant (B, value
of B7 pM was caleulated  llusirnting a0 low-affinity FAMIRP-
nucheolin meracton, Competition cxperiments were nest per-
fermaed v [rame: this 1'|_m||'_rl|-'u fesrmiiion l,H;lIH_ e |:|||riﬁ!:|,|1
ulabeled RGO domain of nuclsobn and & synthetic pepode
comstruct RPRITASE, which has been reported  previously o
bind nocleokin [35]. As odecated i Fgore 3E, the ondabsebed
RGO domain and the pepride construct efficiently  displaced
FAMEP Nierm from its complex with the fluorescent RGG domain
by Biachng o FNERFP Neerm and the flooreseeny RGO domiaim,
respectively,

The nucleabin-biching N-termmnas of FATRP harbors due boons
carious subdomains different mteracton charactensises (Fig. 4A)
[10]. It eomtiins two comserved Tador domains (Tudl and Tad2;
JIJW I:dl‘.‘d N—lmlli-llill. 1‘Irmlilill llr F'k’jRF E ﬂl“‘l I.z ar ""IT:.FI. ﬂlll]
NDF2 [16]) thse are part of the proposed royal iy of proem
domains, also including Agenet, MBU, PWWP, and clhiromo
dommains |36, The Tudor domains of FMEFP, FXEIP, aned
FRRZP have been shown 1o sebectneely b inmethylaced lvsines
peptides devived (rom histones HIKY and HAR20 [16,357]. The
Tl alosmnisin of FMEF has also been shown o plogsieally bind 52-
FIP (82-kDa FMRP Interactog Protein) [16], which has been
ichentified s o component of FMEP-conaining mBEXE compleses
[25]. The Tud2 domain of FMEP has becn proposed w be a
stromger Grget for interactions as compared o Tudl, possbly
brovause of its plasticity and availability of exposed bydrophobic
cavities [ 1G],

Taken together, our findings sugeest that the N-terminus of
FAMBP s vesposwable for its phyvsical titeraction with siecleoli.
The FMRP haneling epitope an nicleolin could be identficd as the
RGO region, which has been implicated in facilitaing a variery of
protein and BRNA interactions [44].

FMRP contains a functional nucleclar localization signal
(MolS)

The fact that FMEP was clearly detectable in the nucleslar
fraction simular © oucleodin -:Flg. EH:, and that both [n'u-'ll’til:m
directly interact with cach other (Fig, 510, was remarkalife,
especially becanse FMRE was found o be associpwed wath the
wranular component of the nucleolus using menogald Tabseling
el electron microscopy [21], T ordee we clarify the sigmficance of
these oheervations, we subjected FMEFP to 4 muotasonal analyais

PLOS ONE | www.plosono.org

Subcellubar Companmaentalization of FMAP

by stucbying the eolocaltzanon of different FMEF subdomains with
encddogrnoas nucleolin in Hela cells. Maost remarkabdy, we foumd
that in contrast wo FMEP full-dength (), the Naerminus [called
N aa [-218), and the ceneal KH domging {called central; an
212425 a Cetermumal region of FMREP (called Crerm; aa 444
G372 clearly colocalized with nuclealin in e nucleclus (Fig, 4E5L
when overexpressedd in Hela cells, These datae strongly . suggest
that FMEP Crerm must encompass one or more functonal Nol.S
ok,

Therelore, we next serecned for the presence of NolS moifs in
FMEFP Cilerm by emploving o Mol S predwiion softwaee g’
www comphindundeeac uk/wwwenod;  [58],  This  anabyss
showed that there e al least three putative NolS motils an the
Cotermmimus of FMRE (Fig, 4050, which awre partially conserved m
othier organisms and within different PMEP soforms and eelaed
proteins. One of these NolS monf (motif 2, Fig. 413 has boen
previously described for the FMEPrelaed proteins FRXDP and
FEX2P |59, Ineresaingly, FMBE isoforms 6 amd 12, which lack
bath MNolS1 and NolS2 (Fig. 404, have been very meoenthy
reported to localize o Cajal bodies in the nucleus [840), due wa
thiferent Cetermmal regon. Cagal  leshies participate e the
bisrenesis of small pudear  dbonucleoproteins [snRNPY with
which FMBEFP isofomms are associmed [61].

To anabyee the potential roles of dhese maotils, we substimted the
positively charged residucs. 0 all theee moilk with negatively
chiargesd glutamse acids (B the context of the Clenmn constrct
(Fig. 413 Transient wansfeetion experiments of’ Hela cells have
shewwn thsad Cerm msnts of motils |oand 2 (Cierm | and 20, b
ot motif 3 {Cierm: 3, vesulted in o significant redwction of their
mucleobar localization a8 compared o the wild-type situation
[Crerm wi) (Frr. 4E). This effect was stromger when we combined
the substitution of both mofs | and 2, Consequently, overex-
Fn‘nuw’] Cierm |2, when |:1||:|:;.1:|r||.‘\|:tl gos Covieren ."|1 wias Jocalized
at other subcellular regions, but ne i the oucleolus (Fig 45, In
arlditicn, a submiuelear distribution of nweleolin was ohwerved when
Crerm 1 3 was overexpressed (Fie, 4E) Thus, our dats clearly
demaonstrate the existence of at beast two svolutionary conserved
wod] fuinsctioasal sosonafs iﬁ;ﬁl.ﬁl and Nol53 tha are crwcial for
nnclealar localizatdon of FARP,

The Tact thag T"!'nlﬂ?, whoeh comtainn funcuemal NTS and
Nol&s, was predominantly found in the cvioplasm (Figures, 1A,
1B amd B} ean e explamed by the presence of dallerent nuclsar
export mechanisms [17,1920]. However, it & rather mimguing
that uucleofin, which lacks NES amd NolS (daa ot shown,
:||Jnrm| |'|::-|11p]|"lr'!}' |:;-|,".:|Eiuw1.'] [N l!lr' nlu'lruluq [ﬁgﬁ. |a"|.I |H ;.1||r] -H::l
The presence of two NolS monfs m FMBE and e (Ger chat i
sebectively binds nucleolin led ws oo specubioe o FMEF may
facahicaee moclear and mwockeobar impon of nucleoln noa kind of
piggvback mechanim. Nest o the Todor domains 5 s non-
canomicsl NLES within the FAMEP Neerm [ 17, V962], whicl mast
likely focibtoees. FALRP shunting o the pucleus [10037], This
piggvpack hvpothesis is nicely supported Iy the abservation tha
overspresaon of FMEP Nweom resulied o the suboellular
redistribution of nwchealin (Fig. 4EL FMEP Nierm comperes for
pucleolin bindig with endogenoss FMEFP and  poovents the
FMIRPmediared  nucleolin targeting 1o the  mucbeolus. This
[uncticn of FMREF obwiously s raer significant especially beciuse
a missense mutation o the NES of the FMRI gese, alieving a
conserved arginine residue at position | 38 o glutemine (B 1380
may represenl an important cause asockied wath developoental
delay [64]. An rRNA-medisied nucleolr localization of nuecholn
hias been proposed in an carly sosdy that has shown thae the C-
terminal r:'ginuux ol nuclealing |.1:||:|1.u.i||i:r.|!.; the REM: amd the BGG
dormain, are essentil for nucleolar accumulanon of muclesdin [6:4].
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Thus, it s very likely that 2 concerted interaction of FMEP with
mucheolin regulbaies the transport of YRMAs and cihosomal proaeins
towards the nocleclus and the expont of nbosomes from the
ﬂl“'h't,liq s \'«'r‘.‘“ % T.HR N‘\,ﬁ. ﬂr“l J'l'IR-\rF Ilﬂl"il.'lf'h rl.'llm Il!r' III.II.'IE‘I.l*
(1264465, I s mmportant o note that nockeslin may be
addressed in the nucleclus by o FMEP-independent mechanism
sinee 1t has wsown NES [64] Accordingly, sucleolin and FMEP
eouled asemble in the gucleoplasm or in e nucealus in order w
accomplish nbosomal Bogenesis and ribosome or mENP paricle
export.

An impomant question o be addressed is owhy FMEP s
predomimely. cytoplanic, slibowsgh i contams functional NES
and NolS mobfs, Several explanations for this paradox are
proposed: (1) The NLS and evenieally the NolS moifs of FNIRP
may b masked 0 the contexe of FMRP 0 dhrough an
imtramelecular o intermobecular mechanism thar need w0 be
released for example by posttrnslational - modificaions [19).
FAMEP phosphorvlation of conserved eesidues (Serdt7, Seradi,
Thedl2 aned Serdldh s lowated within the phasphoryaton (F)
regin close o the wenified NolS motds (Figo 4A) [46,66] and
iy abio have moadulatory impacts on the FMEFP redisiibonon
[63]- (20 Interestingly, NolS2 is an integral part of the RGG
region of FMRP, and argimine methylations in and aroond this
region have been reported 1o regulae the associaton of FMRP
with polyribosomes mml mENA [$8.54]. This may sugyest that
nuchealar  bocalzation of FMEP, posibly i complex with
muclecding may well be a prevequisite for FMBEF association with
and nuckear export of tacget mBNAs aml rlosoanes [17,68], (3)
The fact that FMRP il predommantty bocalizes in the cvtosolic
comypartments supports te meion that FMEP, due o s owo NES
mifs, underlies an elficent mechanism for moclear expor.
Comsistent with this, deletion of the NES motifs has been shown 1o
result m FMEF acoummbation m the oueleas [17].

Conclusions

The discovery of the FMBL geoe delects over twetty-two years
age [69] has bed to significant advanees o undderstanding the
critical mole of FMRP in synaptic plastieiny and the molecular
events of the fruele X mental retandation sydoome [2,6,14,67]
Dhespite the bulk of dat conceming the molecular properties of
FMBP el despiie the growing body of evidence oo s functional
significance cspecially n newrons, the molecular mechanisms by
whieln FMEP |||:|.:|ﬂ a fole in RNA ransgaor andd smetabinhian,
ranslagon regulaton, cvioskeleton remodeling, and cell moolicy
anill remain o be elucicdaied,

This sty describes the thorough nvvestigntion of physical and
functsonal miches of FMEF Iy analyeing the subcellolar diserlu-
tion of endogenons FMBP and s compleses ander anutive
comthtaons 1 Hela cells, Confocal mneroscopy imuging sulicellular
fractionation and  precipitation  experiments  provide  valuable
ilb:igh.m intes (i) FMRP assscintion with various  nischear and
cvitosolic factions of varable molecular weights, (i) uncovered o
direct imeraction between FMEBP Noerming and the RGG
deanain of nueleoling and () ddestilied the exisience of two
functional MolSs an the Ceterminus of FMBE. Our data open new
perspectives of a possibibe mechanistic Tink between  mcbeolar
ritosoime hiogenesis, RNA shuttling and the eytoplasmic mranska-
tional mselinery it ooy e dependent oo disine Genetisnal
subisens of FMEPaucleoln comploses,

This stuchy also demonstraies the presence of FATRP-contaning
compdexes in the nucleus and the cytoplasm, These complesxes
comtam pucleolin amd other crocal faoore for BNA lntx'ming
and translational contrel. A direct interaction of FMRP with
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mucleolin was identified by ENase digestion experiments and
interaction sedies using purified progeins, YWe were further abile o
wlennify the eesponsible bmding epitopes a5 the N-terminus of
FMEP and the RGG domain of nocleoling A potenial funsctional
robe the FMEP-socleolin complex formation may be nucleocvto-
plasmic shunfing of oucleolin provided by the presence of
fumctional NLS, NolSs and NESs existing in FMEP.

Future: ioglosical investigations of FAIRE beyond differential
cell fracuonation and size exclusion chromaography will svenio-
ally recpuire the wae of Blue native polvacodumide gel eleciropho-
resis, which is in combination with mass specoroscopy a powertul
strategy for further separation amd adentification of mative muli-
protein. FMEP compleses. These will provide an essenrial
framework for uncovering the molecolar niches and the physical
covironment of FMEP endowed of specific, molecular properties,
and may wlimmately open new perspectives e elocidaiing the
irelecular mechanisns of FMEP regulation and Gmetion,

Materials and Methods

Constructs

Miern L 1218 and Cuerm (aa -I-H---ﬁﬂ‘.!':l el huimmaaa I"f'n-[Rl’,
REM3EA-RGG faa 499 710) and ROGG (an 645 -7 10 of human
nuclealin were amplificd by standard PCR and  cloned  imio
PUGEX-ITT and pGEX-4T1-Niev. Full length FMRE (FMEP-:
w1632 was cloned o pET23b as o His-tag fused prooeim,
Moreover, FMEP-IL, Murm G 1-218), Central (aa 212423} and
Cierm saa 4HH-632) were cloned imto peDNA 5 1-FLAG,
BERMI&D? (am 284-466), RREM3&4 (an 467640, REMI&4-
RGG faa 499-710) and RGG (aa 645-707) of humsn nuebeodin
wWrre kiur]h' provided by F. Carner [70],

Cell culture

Varkous ecll hnes, including Cos-7, HEK 295, Hela and
NIHATE, were obtained  from the German Collection  of
Microorganisms  and  Cell  Culores . (DSMEZ, Bl‘:u.ul'm'l'l'm:i_'_;.
Germany). MDCK [ lrom the Amenican Type Culture Collection
(ATOC, Manassas, USA), and  wald-tvpe murise  cmbryonie
fitwoblasts (MEFs) from our laborarory, All cell Bnes were grown
i I}?l.[]:-“"ui s'l:l.]1|n]|'.r|'||.‘r|l|::|:|. 'willl Il'lnfh fietal |u:n'.i||¢ EIR R THI |:|"H.‘;: |:|.a-|7¢
Technologies, Darmstady, Germany| and penicillinsoreptomyein
ws antibiones, -|-r1_.'|:m'r|:|.|"|"1..'['.|']1_."‘|. wits Trom Genaxxen Baoscenoe
GmbH, Ulm, Germuny,

Antibodies and fluorescent probes

Ant-FMREFP  (Fa072 was purchased  from U5 Beological
[Swampseodt, Unned Staies); ant-FMBRP (ab] 7722, ans-FMREP
(phavsphe S499) (ab 127, ant-calretenln (abd), ant-Lamin B1
[ab 16043), ant-RPLPO (ab38873), an-CYFIF2 (ABS5OGY), ann-
mucleolin (ah22750), andg-AMTCO2 (ARI29E, anti-nucleophosmin
[ab 05300, anti-ACAT! (b 1 and ant-EEAL {abs2 900} were
prurchased from Abeam (Cambridge, United Kingdom); ani-e[75
[(SC-2H50), anti-N-WASP (sc- 100964}, and anti-Gea (50392
were from Santa Croe biostechnology [Texas, USAL  andg-
nucleoporing pb2 (6498} and and-Bacl | G1063]] were from
BLY Transduction (New _]c!u‘}'. UsAY ami-Histone H3 ( 9715)
and anti-GAPDH {2118 were from Cell Signaling [Boston,
USAY amd anti=Actn ( MABIGOL) from Millipore (Temeculs,
LSAL Anti-Na /K ATPase [AZT6), anti-FLAG (F3163) asd
DAPL were obtained  from Sagmoa-Aldrich,. Alexa Duor 346
phalloidin and the secondary amibodies Alexa fluor 488 goar
anti-rablat Igls and Alexs Moor 635 geai ant-mousse gl were
obstained from Molecular Probes (Oregon, LUTSA).
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Proteins

Eschenichin coli BL2IDEY plysS, BL2IDES] CodonlPlis-
RIL, or BLII[Rosetia) stonns feanslormed with the espective
comstruct were grown untl an OUPG00 walue of 0.7 and thereatter
mchoced. wich (L1 mM isopropel-fED-thiogalactopyramosice
APTG) overnighe s 25°C. All prowing were purified as described
a5 deseribed [71,72],

Transient transfection

Hela eells were transfected using the TurloFeer {Thermn
Scientific] translection reagent according o the manufaoiurer’s
mistruciions m Gwell plates emplovine 4 jig DNA per transdection,

Immunaflusrescence microscopy

Hila eells Erowm an j;].'llﬂ t'lﬂ'rr':l'i'n were fed swath 4%
paraformaldehyde for 20 min, permeabilized with 0.23% witon-
MUK i PBS for 10 min, amd thereafter blocked o | h noa
seduticn contining 3% BSA in 0.25% tricon-X 1007 PES. Cells
were inewhared with primary and secondary antibodies for | b and
[ially cointerstamed with DAPL (F G-diambdine-2- pheinyindale
dibydrochloride) for 5 min and mounted wsing the prolong gold
anbi-Gade reagent (Molecular Probes, :F,ugr'ur. LT5ANL Inul._g!"x wWere
obaained as wingle optical slides wsing a LSM310-Meta confical
microscope (Aeiss, Jena, Germany) equipped with o Hix/ 1.3
immersion  abjective and  excitation  woavelengths of 364 nm,
A0 nm, and 546 wn.

Subcellular fractionation by differential centrifugation

A differeme] centrifugation method was combmed wath the use
of sucrose cushicass b this sy 1o Feacoonate Hela celis. [n
addinon, we aveaded detergents and somicasion morder 1o keep
subcellular proiein complexes ntact. Hela cells were homoge-
mized bw using a preschilled 7 oml Dounce homogenizer inoa
dr'rl'rgrnl-rri'r |'r~:i,x Ll e 1'rrnla|ir|'i||.g 10 md TrssHC |_]1H T4,
PO mAd NaCl, 0.5 mM MOl and EDYTA-free protease ishabsito
eockiatl [Roche, Beding Germany), The  homogenaies were
cemtrifuged ar 2000xg for 5 min o 4 "C, The pellas were
resuspended m 250 mM secrose solution conteinmg 10 mbd
!\igﬂh and cemrifiged throogh an BH0 mM swrose cushion
containing (03 mM¢ MgCl, o 1,200xg Gfime 10 min in order oo
obain the crade puclear and eytoplismie frctions, The sieperna-
s were further sulijected w a 16.000xg cenrifugation siep for
L w0 medane the hesyvy membrane peller and the post-nuaclear
supernatant, The post-nuclear supernatanes were then centafuged
for 15 hoar 1300000 x g, The resuling peflets contained the Tizhe
membsrane fracnen and l'ull:,-'ﬂllllll":. Nuehd were :rr'|.l||'|-|'.n'1:||.i|'r| m
Iveis bufler and gently homogenized using a Baleh homogenizer
(clewranee of B pmy and £ 10 apeand-down strokes, Homogenized
mikchei were centeifuged through o cushion of B30 mM sserose
contaiming. .5 mMy MgCl m 20000% g for 20 min o sodace the
muclealar l:r.]Et'l anel qu-nul'lr::ﬂur stpperakianl. Thee rh:aﬁ!-uw'h:-
olar supernatamt was linally centrifiuged for 1.5 boar F30,000 % g,
The resuliing pelleis contained the nockear membranes and e
supernatant: the nueleoplasmic Fractions.: Adl fractionation seps
were carreed ot at 470, Proden concentration of all fractions wis
determuiied v ihe Bradioeel AR Pio-Rad, Hercubes, CA) Al
fractions were divided o vwo samples. One somple was mised
with fx SDS-PAGE hji’u’ﬁrlg lealTer sunnel Hix ool 1ol |nrrm-'i|| (TS TY
subjected 10 SDS-PAGE. The other sample sas analveed asing
siee exclision chromatography.
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Isolation of mitochondria

Hela cell mitochondna were jsolated frome the heavy mem-
b fraction (see abwowve) usiog @ modified protocel deseniled
previcasly [73]. This friction was subjected 10 PEB buffer (PRS
buffer, pH 7.2, 2 mM EDTA and (0L5% Dovise e albmin)
and meubated wath 50 pl ann-TOM22 MicroBeads (Miliesy
Biotee, Bergisch Gladbach, Germany) for | b st 4 °C. The
misture was |oaded onte a pre-equilibrated  MACS  codumn
::'l.]'.'l]IrLI}.i H.ihll:l."!-.. wlich wiis |:|la.r.‘1!|! wi the H.l.i.gl:u.‘lil: Toebd ol @
MACS separaior (Miltenvi Biotec), The colwmmn wis washed three
timees with 3 ml PEB buffer and retained manchondeia were fnally
cloed in o volume of L5 ml Mitochondrial solution was
ceniriluged ar 15 0xg for | min, The mitochendria-containing
pellet was washed two times using (032 M sucrose, | mM EDVTA,
and 10 mM Tris/HCL Afier centrifugation (13,(00xg. 1 min) e
mitochonedrial pellet was resuspended o 30 mM Tos/HC
pH 750 and egual prowcin amount of mitochondrial fraction
and 1otal eell hesse were subjecied o SDS-PAGE and immuno-
biloteing analysis,

Analytical size exclusion chromatography (aSEC)

Anildvtical size exclusion chromatography was empboyed for
Murther wfmr.lﬁm: al FMRP e unpﬁ'xuu i Uhie eertlormembsane and
nuclealar fractions using a superose-6 HE 10/530 column (GE
Healtheare, Uppsals, Sweden) and o buffer contammg 30 mM
HEPES prl‘l T8, 5mM MeCl, 150 mM NaCl, and 3 mbl
IYTT, The apamal segreration range of the column is 5 kDa
5 MDa, with an cxelusion lmid of 40 MDa (GE Healiheare,
Upgualy, Sweden), The Oow cate was mamgained at 0.3 ol moin,
Fractions were collected at o volume of 0.5 ml Peak fractions were
visoalizedd by 15% SDE-PAGE gel and simining asng Coomassie
bralliant blue (CBBE)

Immunoprecipitation

For immunoprecipitasion of FMRP protein compleses from
cellolar extracts, Hela cells were hvaed i o buffer containing
2 mM TreHC (pH 7.5, 150 mM NaCl, | mM EDTA, 1%
triton X-100, 25 mA Na-pyrophospluoe, | mM fglveeroplios-
pheate, 1 mMd sodawmm vanadate, one EDYTA-free protease mbakbaior
eockiail mbdet (Roche, Mannheim, Geemany). and 70 U BNase A
Wagren, Halden, Germany in order i determime RNA depemdent
mteracting  parners of FMRP. Lysates were centrifuged s
[0 for 10 min. The supernatant was - precleared  with
prodein ASG plus-agarose (3c-20035, Santa Croe Bistechnology,
Trxas, USA| and then incobated with an ani:FMBEP aniibody
(Gpgdml; abl 7722 Abcam, Combridge, UK) overnight at 4 "G
Thervafier, protein AMG plus-agarose beads were added te the
lysate fowr 1 b belore recovering the beads by centrifuganon at
Gfidxg for 5 mim an 470 The beads weee washed omes in ihe
Ivsis Bufler, resuspended in SDS-PAGE  loading  buller and
anmabyeed by SDS-PAGE and Western blotting using o BinRad
Mini-PROTEAN svseem (BioRad, Hereules. CAL

Pull-down assay

GET pull-down experiments were conducted by adding 300 pg
ol bacterial baate cxpressng His-tageed FMRP il or 30 pg FAMRE
Miermi  punfied protem with 25 pgr of differest GST-fused
mschrnlin Imltt:inx (REMI1&D. aa 284 -400; BRM3&4, aa 467
Gkl REM3EA-RGG, aa 499-7hE RGG, aa 645710 immola-
leed om 30 pl gluathiome-conjogansd  Sepharcse 4B beads
Macherey-Nagel, Duren, Germany). The miture was incubated
at 4 o 40 min an baller, containing 50 b Tra/HCL pH LD,
Fal - mM NaCl, | mM DTT, 5% ghycerol. Afer washing for five
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times with the same bufter proteins. retamed on the beads were
resalved by SDS-PAGE and processed for smmusobloaring wsang a
skl u.m'ih-mj}- il“il,i“zﬂ FMRP, MNixed 1a|||.]1|.n,'x ]lriu:lr i |,|-,||l-
dhowm (PLY) ananlysis were ased s input controlk

Peptide synthesis

The wemplaie assembded svouhetic peptide XRKPRITASP [74,75]
was synthesized by manval solid-phase peptide synthesis on
Rink Amide resin (Movabiochem, 100-200 mesh, .59 mmaol/g
loeking) wsing standard Foooc/HRETL peplide couplmg eondi-
ons, Briefly, the rvesin (200 pmole) was  pre-swollen by
suspending in S ml of Nmethyl-2-pyrrolidone  (NME for
10 mmin fellowed by deprotection of the Nuorenylmethylosyear-
byl (Fimacsprotectimg grooup wsing 3 ml of 205 prpendine v/
viin NMP (2 =5 min). Esch amino scid coupling was performied
by mixing 2 ml of a (4 M stock solution of O-Beozorriesle- Y,
M N, N tetrsmethylwroniom-hexallvorephosphace [HBTL)
with 4 ml of a 0.2 3 NMP stock soluton of the smino acid,
followed by 2 ml of & 1.6 M NMP siock solution of A_V-
diisopropylethvlamioe (IDMPEA), The resctiion  mixiure was
added immediately to the resin and the reaction vessel agitated
at ambient temperature for 30 min. For the synthesis of the
peptice backbwome, the A-2-Fmoc-prodected aming acid building
Blecks were introduced sequentially and e the following order
ingle coupling); Fmoc-Cys Tri=OL Fmoc-Gly-CiH, - Fmoc-
Lyl Abloc-CH, Frooe-GluliBu-C0H, Fmec-Pro-0H, Frooe-Gly-
OH, Froc-LysiAlloc=-OH, Frooc-LysiBac-0H, Frooc-Lys(Als
foc=CHL Prior o the introduction of the peptide side-chains,
orthogenal cleavage of the allvioyvearbonyl (alloc-protecting
groups was pecfommed by suspending the pre-swaollen resin
(10 min, dichloromethane, CHL,CL) in o CHLCL soluvion of
tetradin-iriphenviphosphine palladivm(@) (0.1 eg. per alloc
FI'I:HIFI:- ancd .'r'.-"n'-—dil:lrlh}'m;nl:i:luri:: weebed |"'1i L alloe H""'-"Iﬂ.
according to a recently  deseribed  protocol [76]. For the
symthesis of the peptide side-chains, wriple couplings  were
newesary o mtroduce the Fooe-R{PFL0-0H, Fooe-Pro-C0H
ard  Frooe-LysiBui-0H  building  blocks. The S(KPRITASP
peptide was cleaved from the resin wsing a 92,5/ 2.5/2.5/2.5 v/
v e af trifleoroacetic acid [TEALH O misopropylsilane
(TIS: ethanedithiol (ETT, and then precipatated e see-vald
diethvl ether, The pepiide construct was then puorified by
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reverse-phase HPLC wsing an Allima HP CI8 column (5 pm,
bength E25 mumy, 10 20 mm) aned Q8% TEA in Ho O MeCN as
mobile phase, The pure pepodes were analyzed by LC-MS
lhilia i Shamilen LU Controller ‘h-".!.U', I..[:Q Deca XP :\.]'.;hx
Sprotrometer Va0, Al Clcolumm 125 =20 mm, Survey-
or AS and PDA with salvent eluent conditions: CHCNAHLOF
1% TFA (Cyas Hye Nag Oy 5y, [M 3H]" Caleulated: 1003.31;
Measured; [0035.80), The identity of the peptides was venified by
MALDI (€3 Hy Ny Og 8, [M H]  Calcolated: 300898
Mewsared: 3007.98). The Rink Amide resin and all aming asid
buiiding Blocks were purchased from Novabiochem®. HBTU,
N A-disopropylamine, S-methyl-2-pyrrahdone, CHLCLs,
HPLC-grade CH,CN and HPLC-grade TFA were all pur-
chased from Biosolve BY. Diethyl ether was purchased {rom
Acou-All Chemacals. [(PPhy, Ped], ALY thimeihilvbarbiric acad,
cthancdithiol, and trisopropylsilane were all purchased from
Sigma-Addrich, Ho00 refers o Millipore grade disilled water,

Fluorescence polarization

Fluarescence labeling of the nucleolin RGO with the fluores-
cence feporter groap X-{lodoacetaminoety] - 1-nophthylamine-3-
subforic acwd (TAEDANS; Sigma, Deisenbolien, Germany) wis
performed s previowsty deseribed [72]. Increazing amounts of
FMRP Nuern (50, 100, L50, 200, 250, 300 and 350 1M) were
irtrated o IAEDANS-labeled Duorescerd RGG (0.5 M) in a
buffer, containing 30 mM Tris/HC! (pH 7.5.150 mM NaCil,
G mM l-lgf:l;.._ | mb irisFerartuwovrethvl] |1|'||r|4|1hi.nr' and a 1ol
vedume of 2000 pl an 25 °C usimg @ Flooromas 4 luonimerer, The
concentragion  dependent binding  curve was fined  wsing a
uadtratic lgand bindimg equation,
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Background: The TACC3-chTOG protein complex is essential for mitotic spindle assembly.
Results: TACCI-chTONG binding is directed and mediated by specific intradomain and interdomain interactions that are not

affected by Aurora-A kinase.

Conclusion: Formation of the TACC3-chTOG complex s Auroria-A-independent, in contrast bo its reeraltment to the spindle

apparatus.

Stgnificance: Novel Insight into regulation and domain specificiey of TACC3-chTOG interaction is provided.

The cancer-assnciated, centrosomal adaptor protein TACCI
{transforming acidic coiled-coil 3} and its direct effector, the
microtubule polymerase chTOG (colonic and hepatic tumor
overexpressed gene), play a crucial function in centrosome-
driven mitotic spindle assembly, I is unclear how TACCS inter-
acts with chTOG, Here, we show that the C-terminal TACC
domain of TACCS and a C-terminal fragment adjacent to the
TOG domains af chTOG mediate the interaction between these
two proteins, Interestingly, the TACC domain consists of two
functionally distinct subdomains, CC1 (amino acids (aa) 414-
30 and CC2 (wa 530 - 630). Whereas CC1 s respansible for the
interaction with ch T'OG, CC2 performs an intradomain interac-
tion with the central repeat region of TACC3, thereby masking
the TACC domain before effector binding. Contrary to previous
findings, our data clearly demonstrate that Aurora-A kinase
does not regulate TACC3-chTOG complex formation, indicat-
ing that Aurora-A solely functions as a recruitment factor for
the TACCI-chTOG complex to centrosomes and proximal
mitotic spindles. We identified with CC1 and CC2, two func-
tionally diverse modules within the TACC domain of TACC3
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that moduolate and mediate, respectively, TACCS interaction
with ¢hTOG required for spindle assembly and microtubule

dynamics during mitotic cell division,

The centrosome represents the main microtubole (MT)
organizing center in all metazoans and is theraby responsible
for equal partitioning of chromosomes to daughter cells during
the mitotic phase of the cell eyele (1-5) Numerical and struc-
tural abnormalities of centrosomes are associated with aneu-
plotdy, chromaosomal instability and transformation, develop-
mental defects, apoptotic cell death, and cell cvele arrest
through induction of premature senescence (6-12L Cancer
cells eg counteract extra centrosomes and, therefore, the dan-
ger of multipolar divisions and excess aneuploidy/cell death
through centrosome clustering (13—15). This process became
an attractive pharmacological tumor target (16, 17),

Puring the cell evele centrosomes undergo a division and
maturation process called the centrosome cvele (4, 18, 19).
Mitotic centrosomes are structurally made up of one pair of
centrioles surrounded by the pericentriolar matrix (200, Moce
than two hundred proteins are involved in centrosome assem-
blv, organization, and function (19, 21-23}, These proteins
have structural, functional/enzymatic, and regulatory/signal-
ing roles in MT nucleation and spindle dynamics, mitotic pro-
gression, and cytokinesis (24). Recent wark by the Mitocheck
consartium (25, 26) provided a global confirmation of known
and identification of novel cell division genes and their protein

* The abbreviations used are: MT, microtubule; sa, aming acid; SEC, size exchy-
ston chromatography; aSEC. analytical SEC: CBB, Coomassie Brilllant Bhee;
CC, eolled-coll; chTOG, colonic and hepatic wmor overexpressed gens;
IMC, isothermal titration calorimatry; 7R, serine-proline-glutamate-rich
repeat region; TACC, transforming acidic coiled-coil; XMAPZ1S, Xemapus
microtubube associated protein 215 kDa; ARNT, aryd hydrocarbon receptor
nuclear translocator,
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complexes that require binchemical and functional elucidation
in greater detail.

Members of the centrosomal TACC (transforming acidic
coiled-coil} family of proteins are important structural compo-
nents of the mitotic spindle apparatus (37-29). TACCs are con-
served in all metazoans and play a vital role as adaptor proteins
in the regulation of centrosomal integrity and spindle MT sta-
bility and dynamics (27, 28, 30-34). Vertebrates express three
TACC isoforms, TACC], TACCZ, and TACCS, of which the
latter is gypically found at high levels in proliferative and regen-
erative cell types and Ussives (35-37). Durng the cell cvele
TACCS expression increases strongly in the G,/M phase (38)
followed by Cdhl-dependent degredation of TACTCI during
mitotic exit (39). TACCS deficiency leads to growth retardation
and embryonic fethality (38, 404, in line with the anti-prolifer-
ative impact of shRMNA mediated gene silencing of TACC3 (41,
42),

A eructal regulator of TACCS is the mitotic kinase Aurora-A
that phosphorylates TACCS (pTACC3) and thereby deter-
mines its differential centrosomal/proximal spindle (pTACC3)
versiiy distal spindle MT {TACCI) localization during (pro)-
metaphase (43~ 46). Interestingly, recent findings expand the
function of TACC3 and the Aurora-A-TACCS axis to the reg-
ulation of kinctochore-microtubiile connections (47) and cen-
tral spindle assembly at later stages of mitogis (48), respectively,
Other known TACCH binding partners with regulatory/effec-
tor functions include the endocytic and vestcle trafficking pro-
tein clathrin {Le. clathrin heavy chainj (49, 50) that binds to the
clathrin interaction domaein of pTACC3 to ensure infermicro-
tubule bridging and mitotic spindle organization (51, 52).
Moreover, the evolutionary conserved interaction between
TACCs and MT polymerases of the XMAP215 family is crucial
for spindle pole stabilization and growth of centrosomal MTs
(43, 46, 53). Family members, which comprise XMAPZ1S in
Kenopus faeviy, Msps in Drosophila melarogaster, and chTOG/
CRAPS (cytoskeleton associated protein 5) in Home sapiens,
are identified by the presence of several "TOG” domains
imvalved in MT binding.

TACC proteins are structurally characterized by a rather
variable M-terminal region of which the approximately Arst 100
residues are uniquely conserved among vertebrate TACCT iso-
forms, Further features include a central serine- proline-gluta-
mate-rich repeat region (28, 33) that in the case of murine
TACCS is characterized by seven perfect repeats of 24 amino
acids each (thereafter referred to as “7R™) (33, 38) as well as a
highly conserved, coiled-coil-containing C terminus {thereaf-
ter referred to as “CC" or “TACC domain”). This signature
domain is composed of ~200 amino acids {aa) (27, 33, 53],
required for centrosomal localization, and known to be
invalved in protein-protein interaction (28). Here, TACC pro-
teing interact from veast to human through their TACC
donzain with the C terminus of XMAP215 family members (28,
46, 5, 57), thereby targeting them to spindle poles. In contrast,
the functional role of the N-terminal part of TACCH outside of
the TACC domain is rather undefined besides being a substrate
for Aurora-A-mediated phosphorylation that is required for
centrosomal and proximal spindle localization of TACCS (28).

TASBME,
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From the analysis of X. laevis TACC, it has been proposed
that the M-terminal part masks the TACC domain and thereby
inhilbits its function (38, 59). Aurors-A mediated phosphoryla-
tion of TACCS was implicated to "unmask” and thereby ex-
pose the TACC domain to intermolecular interaction with
XMAP215 (46, 59), However, the molecular basis/ details of the
masking/unmasking mechanism of the TACC domain and its
interaction with the C terminus of XMAP215 remained enig-
muatic, Here, we subjected recombinant murine TACCS and the
C-terminal part of the murine XMAP215 homologue chTOG
to a deletion and biochemical interaction analysis. We identify
within the TACC domain two functionally distinct sub-
domatns, CC1 {ad 414 <5300 and CC2 {aa 530 - 630), which are
involved in interdomain and intradomain protein interaction,
respectively, We demonstrate that TACCS forms a stable intra-
moleciilar complex through the interaction of 7B with CC2
(TACC domain “masked”). Interestingly, the C terminus of
chTOG {aa 1806 -2032) right hand to the putative MT-inter-
actng TOGE domaln (52) binds selectively to the CC1 moadiile
and thereby disrupts the intramolecular CC2-7R complex,
thereby giving rise to the effector-bound state of the TACC
domain (TACC domain "unmasked ™) Meither intradomain
interaction of TACCS nor itsbinding to chTOG was affected by
Aurora-A kinase. Thus, consecutive intra- and intermolecular
protein interactions direct and determine TACC3-chTOG
protein complex formation before its Aurora-A-regulated cen-
trosomal and proximal spindle recruitment required for MT
growth and mirtotic spindle assembly,

EXPERIMENTAL PROCEDURES

In Silice Analyzsis of TACCI—Protein sequences of TACC
family members were retrieved from the NCBI database and
used for further analysis. For sequence alignment and evolu-
tionary analysis of conserved domains, the ClustalW multiple
sequence alignment algorithm was wsed (60}, and alignment
was analyzed with JALVIEW, Further analysis of the coiled-
coil boundary in the TACC domain of murine TACCS was
performed using the COILS server in 14, 21, and 28 residue scan
mode (61). Algorithms and tools from the EXPASY pro-
tenmic server were emploved for sequence-based protein
characterization.

Clarring of Expression Comstructs—Coding, sequences for
murine TACCH and its variants were amplified using se-
quence-specific primer and cloned into the pGEX-4TI-NTEV
expression vector, The following constructs were created: full-
length TACCH {aa 1-630); TACC3-AN (A1-118) TACC3-AR
(A141-308), lacking the serine-proline-glutamate-rich repeat
region; TACCI-ANAR (Al-11% and A141-308); 7R (aa 119-
324) comprising the serine-proline-glutamate-rich repeat
region; CC (TACC domain; aa 414 - 6300 CC1 (aa 414 -530);
CC2 {aa 530-630) (62). Moreover, pGEX-4T1-NTEV-based
expression constructs for C-terminal fragments of human
chTOG were created: chTOG-Cterm (aa 1574-2032),
chTOG-A (sa 1544 - 1805), and chTOG-B (aa 1806-2032). To
penerate TACCS deletion mutants fused at the C terminus to
GFP, the following constructs were cloned in a pEGFP-N1
(Clontech)-based vector: full-length TACC3: TACC-ACC]
and TACC-ACC2 lacking the CCL or CC2 subdomains, respec-
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tively; TACC-ACC lacking the entire TACC domain, All con-
structs were validated by DNA sequencing.

Ohverexpression and Purification—GST fusion proteins were
overexpressed in Eschericlia coli BL21 Rosetta strain (Wova-
gen). Protein extraction was carried out by incubating cells at
4 *C with DNase [ (10 pg/ml) followed by cell lysis in a micro-
fluidizer {model M1108, Microfluidics Corp.) at a pressure of
10,000 p.s.i. Bacterial lysates were centrifuged to eollect soluble
fractions, and GS5T-tagged proteins were isclated from the
supernatant via G5T affinity purification. Upon cleavage of the
G&ST tag with tobacco etch virus protease (4 units'mg, 4°C,
overnight) or thrombin (2 units/mg, 4 °C, overnight) proteins
were subjected bo gel Gltration using a standard buffer contain-
ing 30 mus Tris-HCL pH 7.5, 200 ma NaCl, 3 my DTT, and 2
mm EDTA. The G5T tag from the TACC3-AN and TACCS-
AMNAR deletion miitants could not be cleaved by tobaceo etch
virus protease for unknown reasons (data not shown), thos
emploving thrombin for both GST tag removal and cleavage at
the internal site (supplemental Fig, 54), The final purity was
analyzed on SD5-PAGE, proteins were concentrated using cen-
trifugal ultrafiltration devices (Amicon Ultra; Millipore), and
protein concenttation was determined by the Bradford assay,
For mass spectrometric analysis of thrombin-cleaved TACCH,
the protein was desalted by passing through NAP-25 columns
(GE Healtheare) and analvzed by MALDI-TOF at the centeal
BMFZ facility of the Heinrich- Heine-University Ditsseldorf.

drmmurnablogting—Proteins were separated using 5D5-
PAGE gels and transferred o nitrocellulose membranes
(Hybond C, GE Healthcare), Blots were probed overnight with
primary antibodies: o TACCI (MN18) and aTACCS (C18), bath
generated in rabbits (38), are specific for the N and C terminus
of murine TACCS, respectively; wGST (Abcam); achTOG
{(Abcam, QED Bioscience! Acris, and Novus Biologicalsy; eGFP
(Reche Applied Sclence). After three washing steps membranes
wiere incubated with horseradish peroxidase-coupled second-
ary antibodies for 1 h. Signals were visaalized by the ECL detec-
tion system (GE Healtheare), and images were collected using
the INTAS chemostar imager.

Analytical Gel Filtration/Size Exclusion Chromatography
{SEC)—Gel filtration was performed using a Superose & 10/300
GL column connected to an AKTA™ purifier (GE Healthcare)
and LMVSIK) detector, For molecular weight determination, the
column was calibrated with standard proteins of known malec-
ular mass: thyroglobulin (669 kD), ferritin (440 kIa), aldolase
{158 kD), ovalbumin {43 kDa), carbonic anhydrase {29 kDa),
ribonuclease A (13.7 kDa), and aprotinin (6.5 kDa). Protein
samples {50-200 jug) were injected onto the preequilibrated
eolumn, and elution fractions of 0,5 ml were collected. Elution
profiles were recorded using UNICORN4.11 software, and
peak fractions were analyzed by SD5-PAGE followed by Coo-
massie Brilllant Blue {CBE) staining and Immunoblotting.

GET Pulidown Assay—GST, GST-fused TACCS variants,
and fragments of the C terminus of chTOG (chTOG-Crerm)
were expressed in £ coll and purified using standard protocols.
To obtain prey proteins, the GST tag was cleaved off with
tobacoo etch virus protease and cleared by reverse GSH affinity
purification, G5H-Sepharose beads (GE Healtheare) ina 100-ul
volume were washed 3 times with standard bulfer. GST and

76 JOURNAL OF BIOLOGKAL CHEMISTRY

GST-fused proteins (10 —20 s} were added and incubated in a
firal woslurne of 200 1l at 4 °C for 1 h, Blocking with 5% BSA (2 h
at 4 *C) was performed followed by three washing steps with
standard buffer (30 ma Tris-HCL pH 7.5, 200 mum Nall, 3 ma
DTT, 2 ms EDTAL Finally, samples were incubated at an
equimolar ratio with prey proteins at 4 °C for 2 h After five
washing steps, 100 ul of 2% Leemmli buffer was added, and
samples were heat-denatured (5 min at 95 °C) and analyzed by
SDS-PAGE followed by CBB staining and immunoblotting,

Isathermal Titration Calorimetry (ITC)—Purified TACC3
variants and ch TOG-Crerm were first subjected to gel filtration
(Superose 6 XK16/60) using ITC buffer (30 mm Tris-HCl, pH
7.5, 200 msi NaCl, 1 ms Tris{2-carboxyethyl)phosphine, 2 mau
EDTA). For the 7R fragment, buffer was exchanged by owver-
night dialysis against 1TC bulfer vsing Slide- A-Lyzer dialysis
cassettes (Thermo Scientific). All ITC measurements were car-
ried out at 20 "C wsing a ¥ P-1TC microcalorimeter { Microcal)
(63, 64), Proteins were londed into the sample cell and titrated
with their putitive inteciction partiees (10-15-fold highet
protein concentration in the syringe compared with the con-
centration in the cell; titration volume &, 10, or 15 l; spacing of
150 =180 5; peference power of 13 poal s, stireing at 310 epim ).
The final data analysis was carried out using Origin software
(Microcal Software). The experimental data were evaluated
ustng Origin 7.0 software (Miceocal Software) todetermine the
binding parameters, including association constant (£ ), num-
ber of binding sites (), and enthalpy (AH). Contral measure-
ments were performed by titrating buffer to the protein and
ViOE VETsa,

Tmmunoprecipitation—Purified TACCS proteins before and
after thrombin cleavage (~ 10-15 ug) were mixed with 2 ul of
rabbit antisera (o TACCS N1B or o TACCI CI8) (38) and incu-
hated overnight at 4 *C. Thereafter, 25 pl of protein A/G-aga-
rose (Santa Cruz Biotechnology) preabsorbed with BSA was
added, and the volume was adjusted to 100 wl with 1T baffer (30
must Tris-HCL, 200 mat NaCl, 2 ma EDTA). After an incubation
period of 1 h the beads were washed with [P buffer, and protein
complexes were eluted with 23 Laemmli loading buffer and
analyzed by S5D5-PAGE and immunoblotting using primary
antibodies (M 18, C18) and horseradish peroxidase-conjugated
secondary anmtibodies. Moreover, total cell Ivsates from
HEK2493 cells, which were transfected with expression vectors
for TACCH or TACCS deletion mutants fused C-terminally to
GFP, were prepared essentially as described (32) and thereafter
subjected to immunoprecipitation using aGFP antibodies
{Boche Applied Science). chTOG was detected in the co-im-
munoprecipitates using an achTOG antibedy from QED
Baoscience/ Acris,

Protein Kimase Assay—Purified human Aurora-A kinase
(Signal Chem) was empioyed according te the manufacturer’s
instructions. In brief, kinase assays were performed in avolume
of 25 ul by mixing 5 pl (0.1 pgsdpld of Aurora-A kinase (diluted
in kinase assay buffer: 5 ms MOPS; pH 7.2, 2.5 ma B-glyceral
phosphate, 5 ma MgCl,, 1 mm EGTA, 0.4 ma EDTA, 50 ng/ful
B5A) with 1 pg of purified TACCS protein {before and after
thrombin cleavage) or 1 g of the TACCI-ch TOG complex as a
substrate. The final volume was adjusted to 20 pl with double
distilled H,0O, and reactions were started by adding 5 gl of 10
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mm ATP (dissolved in 25 ma MOPS, pH 7.2, 12.5 mw §-glhyc-
ernl phosphate, 25 ma MgCl, 5 ma EGTA, 0t ma EDTA).
Beactions were incubated at 30 °C for 15 min and slopped by
the addition of 10 gl of 2% Leemmli loading buffer. Samples
were separated by SDS-PAGE, and phosphorylated proteins
were subseguently detected by Pro-Q Diamond (Molecular
Probes, Invitrogen} and CBE staining.

Eukaryatic Cell Culture—HEK293 and Hela cells were cul-
tured in Dulbecco's modified Eagles medium supplemented
with 10% fetel calf serum (Invitrogen), 2 ms L-glutamine, 100
units/mi penicillin, and 100 pg/ml streptonycin. GFP-fused
TACCS expression vectors were transfected into HEK293 cells
using the TurboFect transfection reagent (ThermoScientific).
The Aurora-A kinase inhibitor MLNS237 (Selleckchem) was
applied in cell culture at a concentration of 0.5 g for 2 h (65).

Confecal Laser Scanning Microscopy—Cells were seeded at
densities of & % 107 cells/em” on coverslips and fixed with
ice-cold methanolfacetone (1:1) for 20 min at —20°C upon
MLNBZIT treatment. Subsequently, cells were incubated in [F
buffer (4% bovine serum albumin, 0.05% saponin in PBS) for
| hand stained in IF buffer with the following primary antibod-
tes at the indicated dilutions: anti-e-tubulin (DM La,1:500,
Sigma, or YOL1/34, Acris Antibodies, Hiddenhausen, Germa-
y s o TACCS (H300 or D2, Santa Cruz Biotechnology); anti-y-
tubulin (GTU-88, 1:100, Sigmak achTOG {1:500, Acrisk apTI88
Auvrora-A (L500; Cell Sipnaling). DNA was detected using 4,6-
diamiding-2-phenylindole (DAPL 1 mg/mi; Sigma). Analyses
were performed with a LSM510-Meta confocal microscope
(Zeiss) equipped with 40/1.3 or 63/1.4 Immersion objectives
and excitation wavelengths of 364, 488, 543, and 633 nm.

RESULTS

The TACC Domain of TACCY Comsists af Two Distinct
Coiled-coil Sabdomaing—To examine the primary structure of
miirine TACCE and thereby define functional modules in
TACC3, sequence alignments of vertebrate TACC family
members were performed, Consistent with previous findings
(28, 33, 55}, the M termini of TACCS soforms are characterized
by a variable length and different amino acid composition as
compared with other vertebrate TACC family members. Inter-
estingly, the first E00 amino acids of TACCS isoforms display a
sequence identity of up to 75% (data not shown) followed by the
central repeat region that in the case of murine TACCS com-
prises seven conserved serine-proline-glutamate-rich repeats
(7R} each consisting of 24 amina scids. Interestingly, coiled-cail
prediction analysis indicated the presence of one bresking
region that divides the C-terminal TACC domain of mamma-
lian TACC3 proteins into two coiled-coll-containing sub-
domains, CC1 and CC2 (supplemental Fig. 51} Here, CC2
clearly revealed a higher aming acid sequence identity than the
CCl subdomain {supplemental Fig. 52). Overall, the domain
organization of vertebrate TACCS proteins emphasizes their
isoform-specific functional roles as compared with TACCT and
TACCZ, That is exemplified by the embryonic lethality caused
by TACCS deficiency, which is not observed for TACC2 deh-
ciency (37, 38, 40), as well as by the selective interaction of the
aryl hydrocarbon receptor nuclear transtocator (ARNT) with
TACCS but not with TACC] and TACC2 (66).
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Moreover, we identified a unigue and functional thrombin
cleavage site (YLEPR/GL*) cloge ta the TACC domaln of
murine TACCS (Fig. 14) that is absent in all other TACC3
proteing and TACC isoforms. This cleavage site resembles o
bona fide recognition site for thrombin (“LVIPR/GS).
Although the thrombin site present in murine TACCS might
not have any physiological relevance, it was used as a tool in this
study to analyze the intra- and intermolecular interaction of
murine TACCS.

Purification of Deletion Mutants and Fragments of TACC3
and e TOG—BRased on the in sifico analysis we cloned murine
TACC3 and its variants (supplemental Fig, 53) as well as C-ter-
minal fragments of chTOG (supplemental Fig. 554) into the
prokarvotic expression vector pGEX-4T1-NTEV. Proteins
fused M-terminally to glutathione S-transferase (GRT) were
purified, cleaved using tobacco etch virus protease to remove
the GST tag, and finally separated by gel filtration and/or
reverse glutathione alfinity chromatography (supplemental
Figs. 54 and 55, B and C}. Thrombin cleavage of TACC3
resufted in two fragments, a larger M-terminal part (TACC3-
W7R, aa 1-413) and a smaller C-terminal fragment (CC, aa
414 =630} containing the TACC domain (Fig, 1A and supple-
mental Fig. 54:4). Theidentity and size of the CC frapment {25.2
kDDa) was corroborated by mass spectrometry using MALDI-
TOF. The adaptability of the thrombin site was also confirmed
for the defetion muotants TACC3-AR, TACCI-AN, and
TACCI-ANAR (supplemental Fig. 53 and 54},

Iutradomain Association Leads bo an Intramolecilar Masked
State of TACCI—We next subjected TACCS to analytical size
exclusion chromatography {aSEC) using & Superose 6 10/300
column. Interestingly. TACCI eluted before and after throm-
bin cleavage in peak fractions with apparent malecular masses
of 1200 and —630 kDa, respectively (Fig. 18), the latter being
unexpectedly the only peak detected after thrombin cleavage.
Subsequent peak fraction analysis by SDS-PAGE and CBB
staining as well as immunoblotting demonstrated the co-eha-
tion of both fragments, TACC3-N7R and CC (Fig. 1C). These
fincings strongly suggested the formation of a tight complex
between the N- and C-terminal parts of TACC3, We confirmed
this intramolecular interaction by co-immunoprecipitation of
TACCS before and after thrombin cleavage using antibodies
specilic for the N or C termind of murine TACC3 (38). As indi-
cated in Fig. 1, TACC3-NTR and CC was co-immunoprecipi-
tated in both directions. Of note, thrombin cleavage of TACC3
did not vesult in changes in its secondary strocture as indicated
from circular dichroism measurements (supplemental Fig
S114).

The Intramolecular Interaction of TACC3 §s Mediated
between the 7R armd CC2 Domains—To identify the domains
involved in intradomain TACCS interaction, we deleted the
conserved N-terminal region (Al-118; TACC-AN) and the
central 7R region (A141-308; TACC3-AR) (supplemental Fig.
53). The respective purified TACCS variants were analyzed
before and after thrombin cleavage by aSEC. The absence of the
fiest 118 amino acids did not have any detectable effect on the
elution pattern of TACCI-AN that was comparable to full-
Jength TACC3 (Fig: 280, Also, upon thrombin cleavage, both
protein fragments (named TACC3-TR and TACC3-CC In Fig.
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FIGUMHE 1, Thrombin deavage of murine TACCI ganerates two N- and C-terminal fragments staying in one intramolecular complex, A a novel and
unftue thrombin site divides TACCT into two separate parts; TACCI-NTR and TACCS-CC. Mapecifies the consenved — 100 armind acid residues at the N terminus.
CCT and CC2 Indicate vwo distinct coiled-cosl subdamains in the € terminus, rT 1o ¢7 denotes the central region in TACCS consisting of seven serine-proling-
ghutamate-rich repeats (7], B, detormination of the apparent molecular mass of TAROCY by a5EC {Suporpase 6, 10,3001, Elution profiles of TROC? belone [solid
Hme) and afier thrambin cheavage (dashed line) are indicated, V,, void volume. mAw, millabsorbance units. C, peak efution fractions were analyzred by S05-PAGE
followed by CEB staining {ieft panel) and immunablotting (centrel and ripht panels emiploying N18 and C18 antibodies directed against the M- or C-terminal end
of TACC T, respectively] [38]. O, co-immunaprecipitation analysis of TACCS belore (usper panel) and after thrombin cleavage (ower ponel] was performed sithers

without antibody Input [beads control, e 2 or by using N18 and C18 antibodies (lanes 3 and 41, Thr., thrombin,

2) still co-eluted in one peak, suggesting that the conservid
M-terminal region is not essentially involved in the intramolec-
ular interaction of TACC3, In contrast, deletion of the 7R
region abolished intradomain binding and resulted after
thrombin cleavage in the separation ol the fragments (named
TACCS-N and TACCE-CC in Fig. 3) in two distinct peaks with
apparent molecular masses of 160 and 630 kDa, respectively).
Their identity was reconfirmed by immunoblot analysis (Fig.
3C) Thus, the central serine-proline-glutamate-rich repeat
region [7R] s required for the intramolecular interaction with
the C-terminal CC domain.

We further validated this finding by subjecting the isolated
domains, Le. GST-7R {bait) and CC (prey) (supplemental Fig.
53) to pulldown-based interaction analysis. G5T alone was used
as the control. Although CC showed an unspecific binding to
the beads, we could still detect a clearly stronger binding of CC
when GST-7R was used as bait and analyzed by immunoblot-
ting {Fig. 30, Last, to determine the region within the TACC

T8 NOURNMAL OF BN OGICAL CHEMISTRY

domain that binds to the central repeat region, we purified 7R
and the CC subdomains CC1 and CC2 (supplemental Fig. 53
and 54£) and analyzed their interaction by emploving ITC. As
indicated in Fig. 3F, significant calorimetric changes as well as
changes in the temperature as a function of the molar matio of
the interacting proteins were observed when 7R was titrated
onto CC2, In contrast, binding of 7R to CC1 could not be
detected (Fig, 3E, lower panel}l, We conclude that the central
repeat region, Le TR, binds selectively to CC2 and thereby
mediates intramobecular TACCE binding potentially masking
the © terminus of TACC3 before intermaolecular protein
interaction.

TACCS Interacts with chTOG via Its CCl Domuain—"We next
characterized the interdomain hinding between TACC3 and its
major effector, the MT polymerase chTOG. We emploved the
C terminus of ¢hTOG as bait (GST-chTOG-Ctermy; supple-
mental Fig. 55) in pulldewn assays demonstrating a strong
interaction between chTOG-Ceerm and the ©C domain of
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FIGURE 2 The N-terminal 118 aminao acids are not involved in intramolecular complex formation of murine TACC3, A, pamary structure of TRCCS AN
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immiunahilotting wsing anti-TACCI C18 {middie poned) or snt-GST antibodies (awer pamed), GST was used a5 a control,

TACCSH (Fig. 44). Interestingly, when analyzing the relative
contribution of the two coiled-coil-containing subdomains of
the TACC domain (Le CCland CC2; supplemental Fig. 53) to
chTCE-Crerm binding in aSEC experiments, we observed o
prominent peak shift of CC1 mixed with chTOG-Clerm that
did not occur in the case of CC2 (Fig. 4, 8 and C). This selective
CEl-ehTOG-Crerm  interaction was still observable in the
presence of equimolar amounts of CC2, Le when mixing and
analyzing all three fragments together (Fig, 400, O note, CC1
and CC2? did not interact with each other (supplemental Fig.
57). Sobsequent ITC-based binding measurements revealed a
stromg association between CC1 and ch TOG-Crerm with a K
of 0.7 pat and a binding stolchiometry (0 = 0&3) of nearly 1:1
(Fig. 4E}). Consistent with the aSEC data, we did not detect any
interaction between CC2 and chTOG-Cterm in ITC experi-
mients {Fig. 4E). Importantly, we confirmed these findings also
i vive by expressing deletion mutants of TACCI lacking either
the TACC domain (CC) or one of its subdomains (Le CCL or
CCZ2) in HERK293 cells as C-terminally tapged GEP* fusion pro-
teins. Transfected cells were subjected to co-immunoprecipita-
tion analysis using GFP-specific antibodies. As indicated in Fig.
5, deletion of CC1, but not of the CC2 subdomain, abrogated
interaction with endogenous chTOG, strongly indicating that
also under in vive conditions the CC1 domain specifically
determines binding of TACCS to chTOG,

chTOG Binds to TACCS via @ C-terminal Region after bhe
MT-tmteracting TOG Donatns—Having localized CC1 as part
in the TACC domain that binds te the C terminus of chTO4G,
we now narrowed down the TACCS interacting part within the
C terminus of chTOG, For this, we purified and analyveed two
subdomaing, chTOG-A (aa 1543 -1803), which contains the
putative, MT-interacting TOG6H domain (52), and chTOG-BE
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{an 1806 -2032) within the C terminus of chTOG {(supplemen-
tal Fig, 55). As indicated in the pulldown-based interaction
analysis in Fig. 6, chTOG-B, but not chTOG-A, efficiently
baund to TACCS or its Bolated CC1 domain, Consistent with
this, employing aSEC and subsequent peak fraction analysis on
SD5-PAGE, we observed a clear complex formation for
chTOG-B-CC1 but no interaction and peak shift when
chTOG-A and CC1 were mixed together (supplemental Fig. 10,
A and B, Thus, chTOG binds specifically viaa C-terminal frag-
ment adjacent to the putative MT-binding TOGH domain to
the CC1 domain of TACCE.

Interaction of chTOG with TACCS Abrogates Intradonsain
Masking of TACCI—Based on the findings above, we next
addressed the relation between the intradomain TACCS inter-
action (mediated through 7R and CC2} and intermolecular
CCl-chTOG-Cterm binding thereby analyzing the “directinn-
ality” of formation of these protein complexes, As indicated in
Fig. 74, GST-fused chTOG-Clerm was able to pull down full-
lemgth TACCE or its C terminus { CC) produced upon thrombin
cleavage of TACCI. However, in the latter case, the N-terminal
part of TACCS (TACC3-NTR) could not he detected in GST-
e TOG-Crerm pulldown complexes by immunoblotting (Fig.
7A, last fane) strongly indicating that chTOG-Cterm binding
uncouples the intramolecular TACCS interaction. These find-
ings were further validated by subjecting the TACC3-chTOG-
Cierm protein complex before and after thrombin cleavage to
aSEC, Fig. 78 shows that both TACCE alone and TACCS bound
to ch TOG-Cterm eluted on a5EC comparably at a peak fraction
equivalent to an apparent molecular mass of —1200 ki?a. In
contrast, when TACC3 was prebound to chTOG-Crerm and
then subjected Lo thrombin cleavage, a shift of the TACCS com-
plex {TACCI-NTR-CC; apparent mass of —630 kDa} toward an
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earlier elution volume corresponding to an apparent mass of
—B00 kDa was detected (Fig. 7C). SDS-PAGE analysis con-
firmeed that this prak shift was due to the interaction of chTOG-
Cterm with the TACC domain, once more indicating that the
intramolecular interaction between TR and CC2 s relieved
upon chTOG-Clterm binding to CCl. We conclude that
TR-CC2 and CC1-chTOG-Crerm are consecutive and mutually
exclusive interactions representing the two distinct masked and
unmasked states of the C-terminal TACC domain of TACCS.

Aurora-A Kingse Does Not Interfere with TACC3-chTOG
Complex Formation—Aurora-A kinaze phosphorylates and
targets TACCS to centrosomes and proximal mitotic spindles
as a prerequisite for TACC3-chTOG protein complex-depen-
dent centrosomal MT assembly and dynamics (43-46).
Sequence alignment and phosphorvlation prediction revealed
that murine TACCS displavs three putative Aurora-A phos-
phorylation sites (Ser-34, -321, and -347) that are localized in
the M-terminal part outside of the CC domain (Fig. 1A)and are
conserved in human TACCS (Ser-34, -552, and -558) as well as
X faevis TACCS (Ser-33, -620, and -6:26) (28). Our in vitro data
presented above already indicated that Aurora-A-mediated
phosphoryiation of TACCS is not required o expose the TACC
domain for intermolecular protein interaction. However, the
time point when Aurcra-A phosphorylates TACCS, Le before
of after chTOG binding, remained unclear, We, therefore, sub-
jected {1} TACCE before and after thrombin cleavage, (i)
TACC3-AR facking the central repeat region reguired for intra-
malecular masking, and (iil) TACC3 prebound to chTOG-
Crerm to i vitro kinase assays. As shown in Fig, 8, under all
these conditions the N terminus of TACCI outside of the
TACC domain was efficiently phosphorylated by Aurora-A
kinase, Thus, Aurora-A phosphorylates TACCS independent
from the masked or unmasked status of the TACC domain and
does thereby not discriminate between the unbound or
chTOG-bound state.

These in vitro findings were also tested-in vivo by employing
the Aurora-A kinase inhibitor MENS237 in cell culture under
conditions where Aurora-A kinase activity {as monitored by
autophosphorylation at Thr-288) was abrogated (supplemental
Fig. 584). As indicated in supplemental Fig. 8, 8-, MLN8237-
mediated inhibition of Aurora-A kinase impaired spindle for-
miation and colocalization of TACCS and chTOG o microtu-
bules and spindle poles. However, centrosomal colocalization
of TACCS and ¢hTOG was still detectable despite the oc-
currence of fragmented centrosomes. Consistent with this,
employing co-immunoprecipitation analysis, interaction of
TACCS with chTOG was still detectable in MLNE237-treated
cells {supplemental Fig. 59). Taken together, these findings
emphasize that Aurora-A functions solely as a recruitment fac-
tor of the TACC3-chTOG complex to centrosomes and prowi-

mal spindle microtubules (43— 46) without affecting its forma-
tion and protein interaction.

DISCUSSION

This study provides novel molecular insight into the basis of
spindbe MT stability and dysamics during mitosis by determin-
ing the interaction between the centrosomal adaptor protein
TACCT and the MT polymerase chTOG, The main findings of
our work are as follows, 1) The C-terminal TACC domain of
TACCS consists of two functionally distinet modules, ©C1 and
€02 2)CC2 performs an intradomain interaction with the cen-
tral repeat region (TR), o complex that masks intermolecular
interaction of TACCI, 31 chTOG directly binds CCL via a
C-terminal fragment adjacent to M-terminal MT binding TOG
domains, 4) Aurora-A kinase, a major regulator of TACCS,
does not interfere with TACCI-chTOG complex formation
either i vitro or in vive. 5) Thus, Aurora-A solely acts as a
centrosomal/proximal spindle recruitment factor for the
TACCA-chTOG complex consistent with previous. findings
(43— 46),

Our data argue against the possibility that the evolutionary
conserved Interaction between TACCS and chTOG family
members, as observed by several groups (31, 53, 58, 549, 67),
requires the complete TACC domain. By analyzing the
TACC3-chTOG proteln comples, we define CC1 asan chTOG
interacting domain. Moreover, we show that the deletion
mutant TACCI-ACCT, in contrast to TACCI-ACCY, fails to
co-Immunoprecipitate/interact with ehTOG v vivo (Fig. 5).
Our findings are consistent with recent work of Hood ef al, (52)
that has analyzed the interaction of human TACC3 and ch TOG
Isoforms wsing a deletion mapping approach. The authors nar-
rowied down the corresponding human CC1 domain 1o a short
region of 12 amino acids (aa 673 684) that appears to be suffi-
cient for chTOG binding and chTOG localization on spindle
MTs i wivo (52). Interestingly, centrosomal localization of
chTOG was apparently reduced but still detectable, further
indicating that ¢hTOG may be recruited to centrosomes via
both TACC3-dependent and -independent mechanisms.

As indicated in our model [(Fig. %), the mutually exclusive
intradomain TR-CC2 and interdomain CCL-chTOG interac-
tions, respectively, provide novel functional insight into the
subdomain selectivity and divectionality of TACC3-chTOG
complex formation. Our findings obtained by [TC analysis
(Figs, 3E and 4E) are of particular relevance by providing clear
insights into differential binding affinities for a strong chTOG-
Crerm-CCl interaction versus 2 weak 7R-CC2 interaction.
Accordingly, we propose that chTOG binding to CC1 resultsin
a conformational change of the CC2 subdomain, which is in
turn released from its imtramolecular complex with 7R and
hence unmasks both CC2 and the central répeat region of

FIGURE 3, Deletion of the central repeat [TR} domain pravents i

lecular TACCH ¢

formation. A, primary strectere of TRCCT-AR lacking the

Ti domaln. £, elution profile of TACC3- AR on analytical gal ilration {Superpose 6, 10/300) before (ol ing) and after (dashed lina) thromibsin cheavage. ¥, wald
volume. C, peak elution fractions were analyzed on 505 PAGE (4 -15% gradient gel} followed by CBB staining (upper panel) and immunobiotting using the
indicated antibodies {rmiddie and fower panef), Thr., thrombin, 0, the interaction between the isolated repiat regiaon (PRI and the TACC darmain (£0) wai
analyzed by pulldown assays and mmunoblotting using N18 and C18 antibodies: agadnst TACCI. The asten'sk indicates bovine albumin used to reduce
unspecific binding to G5H-5epharose beads. £ analysis of the interaction between TR and subdomains of the TACC domain (CC1, CC2) employing ITC. Heat
changes afver asiociation of the indicated protein fragments indicate that TR selectively interacts with CC2 (upper panel) but not CC1 (fower pomel). See

spplemental Fig. 56 for experimental ITC contrals.
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o the CC1 The anteraction between the C t2mmine of
chTOH {dnaded into the chTOG-A and chTOG-B; supplemental
Fig. 55] with full-length TACCS ot it CC1 subdomsin wes anahyzed by pull-
doewn Essays and subsequently detecied by CBE and imemunoddor-
ting using antibodies against the C-terminal end of TACCY (CT8L chTOGE,

It met the TOGE domain comtasning fragment chTDG-A (Rupplements Fig
25} displays a selective interaction with TACCY

TACCE. As a consequence, not only CCZ but also TR may
stream hinding partners. However, in the latter case, no protein
is currently known that binds to the central repeat domain of
TACCS despite the presence of bona fide PXXP hinding motifs
known to interact with 5H3 domain-containing proteins in
intraceliular signaling processes. This is different for the TACC
domain that has been identified by yeast two hybrid-based

Corimmunopresipitstion
followed by SDA-FAGE analysis and detartion of chTOG in the immishoprecipitates. mdo, milatsarbance units: P,

screening a5 well as pulldown and immunoprecipitation sssays
proteins. These include factors involved in cortical neurogen.
esis (Cepl92, DOCKT] (68. 69), hematopoistic development
(FOG-1) (70). hypoxia response and gene expression (ARNT)
{66}, transcriptional regulation (MBD2) (71), and regulation of
mTOR signaling (TSC2) (55). Interestingly, FOG-1 and ARNT
have been proposed to bind to a region containing the last 20
residues of the CC2 subdomain (66, 72). Conststently, CC2 may
be involved not only in iniradomain but also in intermalecular
pritein interactions, whereas CC1 may only undergo intermo-

Agrora-A-mediated phosphorylation of TACCS seems not
to interfere with TACC3 intradomain and TACC-chTOG
interdomain intrractions under in vitre conditions (Fig. 8).
Accordingly, én vive, TACCI-chTOG interaction and centro-
somal colocalization was still detectable in Hela cells that have
been subjected to treatment with the Aurora- A kinase inhibitor
MLNE237 {(supplemental Figs. S8 and 59). These findings also
contradict the previous model proposing that Aurora- A-medi-
ated phosphoryiation of X leevts TACCS trigpers unmasking of
the TACC domain and thereby exposes it for imlermolecular
interaction (ie. XMAP215 binding) and centrosomal targeting
(46, 539 In fact, Avrorz-A-medisted phosphorylation of
TACCS seems to be solely required for targeting of the TACC3-
<hTOG complex to centrosomes and spindle MTs {28, 44). In
the latter case, pTACC-chTOG interacts with another key
effector in mitotic spindle assembly, the clathrin heavy chain,
thereby cross-linking and stabilizing MT bundles (31, 31, 32

Based on this sindy a sequential function of TACCS chTOG
effector complexes in the conrse of mitosis can be proposed.

FGURE 4. The CC1 subdomain of TALCS mediates chTOG binding. A, interacton between the { terminus of chT0G IchTOG-(term; aa 1574 -203%

el Fag. 56} and the CC domasin of TADCS

wrsing antibodies sasine the C-terminal end of TACC3 1014)

iy -aralyzed by puliciown sdays and mmurssstting
#nad G5T. B aned I, idnding of pasified TACC solbadorrasns (00T or 007 o chTOG-Ctenm was anabyzed by #5850 (supenpose 6, 103000 followed by 505-PAGE and
CBE staining of the respective peak fractions. D, chTOG-Ctermn nteracts in a comipetition expenment seiectively with CC1 when mieed with both (01 and CC2
Sarmples weere, by 25EC loBowed by SIS-PAGE and CBS niaining of the respecthve peak fractions. The dofmed bor indhcates slution fracticns
from the anabyss of the (01 -+ 002 + chTOG-Cterm meisture emiploying ant-ch TOG and ants- TAOC 31018 recogrizing 002, bet not COCT ) antibodies. £, analysis of
barching of chTOG-Cterm to CC1 {inft pome) and T2 bright posed| wiing ITC condirm selective protein compies formution betveeen chTOG-Cherm and C01. See
supplemeantal Fag. 56 for experimentsl ITC controls.
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FIGLIRE 7, Binding of chTOG-Cterm to TACCY disrupts the intradomaln Intecaction of TRCCA, A, the interaction betwern chTOG-Clerm and theambin:
cleaved TACCI was anatyzed by pulldown asgays and Immunobiatting using the indecated antibodies, Intamatecular interaction of TACCIN7A with CC
thareby abrogated upon chTOG-Clermn binding, a5 chTOG-Creemn pulle down CC but not TACC3-NTR (st one), The, thrombin, § and €, a56C-based analysis of
the TACCH - chTEG-Charm comphn waas perormead ernployiag uncleaved TACC Y (F) or thrombén-cleaved TACC aithier stone o prebaund to chTOG-Clerm (£,

Peak fractions were analyzed by SD5-PAGE and CBA staining. The dached lings within the CBB-stalned SD5-PAGE gals highlight the peak shift of the chTOG-
Creem-CC comples (Bt not of TACC-NTR) after thrambin cleavage. mau, milllsbsosbance units.
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A TACCY TACCI+Thr. TACCI) TACCI+Thr.
o . - +

130

C _TAcc3+chToge

130

FIGURE B Aurara-A kinase phosphorylates murine TACCE in witro inde-
pendent from its Intra- or intermolecular binding status. Kinasa assays
ware pﬂfnrm:d in the presence and abience of porified Aurora-& kinase
employing uncleaved and thrombin-cleaved TACCI (Al TACCI-AR (8), and
the TACCI-chTOG-Ctorm complex (), Phosphaorgiated protein fragments
wwerre vitualized by Prol) diamond staining. Thr, thromban

TACCS interacts with the C terminus of chTOG thereby tar-
geting it in an Aurora-A-dependent manner te spindle poles,
Oin the other hand, the evelutionary conserved N terminus of
chTOG likely comprises MT-stabilizing activity as demaon-
strated for XMAP215 In partbcular, XMAP215/chTOG pro-
teins contain a varizhle number of TOG domains that bind to
arf-tubulin heterodimers, load them as MT polymerase (73) to
the plus ends of MTs, and thereby inhibit "MT catastrophes.” In
contrast, the C-terminal part of XMAP215 (and likely also
chTOG) suppresses MT growth by promoting MT catostro-
phes (74), Therefore, the engagement of chTOG-Clerm by the
CC1 subdomain of TACCS during G,/M transition and meta-
phase might be a vital step in shifting the equilibrium toward
MT palymerization, Upon mitotic exit, Cdlil and ubbquitin-de-
pendent degradation of TACCS (39) then “disengages” the MT
catastrophe promoting activity of the C terminus of XMAP215/
chTOG. As a consequence, a shift of the equilibrium occurs
toward MT "shrinkage” and disassembly of the spindle appara-
tus, Thus, TACCI family members may function as “engage-
ment fclors” for the C terminus of XMAP215/chTOG to
ensure o dynamic batance between MT rescue and catastrophe
during the course of mitosis.

Besides a better molecular understanding regarding the
miechanism and direcdonality of TACC3-.chTOG interaction,
we furthermore obtained novel insight into the unusual bio-
physical properties of TACC3. Analysis by a5EC (eg Fig. 1)
chearly demonstrated that TACCS displays a higher oligomeric

TASEME,

JANUARY 3, 2004 =V UIME J85-NLIMBER 1

CENTROSOME

FIGURE 5. Integrative model for the domain specificity and directionality
of TACC3-chTOG complex formation. We propose that the intradomain
[FR-CCE; TACCT masked) and intermolecular (0C 1-chTOG; TACCT unmaskead)
binding states of TACLI are mutually exclushve. therely defining a direction-
ality of TACCY reguiated adaptor function toward chTOG binding and func:
tion, TACC3 can be phosphorylated by Aurora-A Kinase in both binding
wiates, Indicating that Auroea-A acts as a centrasomal recruitment factor but is
nat invohed in exposing the TACC domain for intermolecular interaction
with chTOG of TACC3-ehTOG eomplex farmation, Moreover, based on bio-
physical charscterization of murine TACCS (supplemental Fig. 11, Boand C, and
wipplemental Table 51; Rel. 341 we conchude that TRCLI dhisplays an dimersc
to oligormsric state. Th, thrambin.

miazs and/or an elongated rod-like structure, obviously due to
the presence of the coiled-coil containing TACC domain that
elutes inherently at an apparent molecular mass of —630 kDa
(Fig. 36), Moreover, endogenous TACCS or FLAG-tagged
TACCE from transfected eukaryotic cells behaves on aSEC
comparable to purified TACC3 (data not shown). These find-
imgs are in sccordance with the observation that TACC iso-
forms overexpressed in Hela cells form in a TACC domain-
dependent manner punctuate-like structures resembling
evtaplasmic polymers (data not shown) (27). Employving fur-
ther analytical methods including multiangle light scattering
and analyvtical ultracentrifugation allowed us to conclude that
TACC3 s characterized by a oligomeric (Le. dimeric to hexam-
eric) structure and a highly extended shape {supplemental Fig,
11, B and C, and supplemental Table 51}, These findings are
consistent with data from electron microscopic analvsis where
TACCS depicts an eclongated, fiber-like appearance (34
Another abnormality of murine TACCS represents its migra-
tion in SDS-PAGE gels at 120-130 kDa (Fig. 1C) as compared
with its theoretical molecular mass of 70.5 kDa. Interestingly,
this unusual “gel shifting” is not based on the presence of the
cotled-coil containing TACC domain (data not shown) but is
rather caused by the central repeat region (supplemental Fig,
54, B versus A). As proof, deletion of the 7R domain restored
normal gel migration of TACC3 (Fig. 3C and supplemental Fig.
S48). Of note, abnormal SDS-PAGE migration of acidic pro-
teins can be caused by an altered binding of surfactants {like
S35} (75), a possibility that remains to be clarified for TACCS
and in particalar the 7R domain.
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Biological and pathobiological roles of TACCS are under-
lined by severa observations. TACCS deficiency leads to severe
growth retardation and embryonic lethality (35, 400, This is in
line with the anti-proliferative and cell cycle arrest /senescence-
inducing impact of shRNA - mediated gene silencing of TACCS
(41, 421 Moreover, it could be shown that TACCS depletion
sensitizes. cells o the spoptotic and senescence-inducing
efferts of mitotic spindle posons. Accordingly, inducible gens
disruption of TACCS in vivo in the p53° " sarcolymphoma
model i highly effective in cansing apoptotic tumor regression
(76). Interestingly, besides quantitative dereguistion of gene
expression of TACC soforms in several tumor types, TACC]
and TACCS paint mutants have been identified in melanoma
amd ovarian cancer patients (77. 78). Moreover, oncogenic
fusions between TACC and fibroblast growth factor receptor
genes have been recently described in glioblastoma multiforme
end bladder cancer patients (79, 80). The impact of these struc-
tural and tumor-azsociated alterations on Aurora- A-mediated
regrlation and function of TACCs is currently unknown and
requires a more in-depth molecular understanding of TACC-
effector interactions. lrrespective, it is tempting to speculate
that these TACC mutants translate through boss-of -fanction or
gain-of-function mechanisms into chromosomal instability

(81, 82). Taken all these points into acoount, TACCS represents.-

=n attractive antituror target that may be at least indirectly
drug-treatable at the level of its interactome. This assumption i
supported by the recent identification of small drugs that act as
half-life and stability of TACCS (KSH101), disTupt the TACC3-
ARNT complex (KG-548), or inhibit the function of the
TACC3-chTOG complex {spindlactone) (54, 66, &3, 84},
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SUPPLEMENTARY EXPERIMENTAL PROCEDURES

Multiangle Light Scattering (MALS) — Light scattering measurement of purilied TACC3 (before
and after thrombin cleavage) was performed on a MALS insttument (miniDAWN™ TREOS)
under asymmetric  Flow-Field-Flow-Fractionation  conditions  (Eclipse™  AF4,  Wyan
Technology). Protein separation by size was achieved within a very thin flow against a
perpendicular force field. For exact protein mass caleulation, UV absorptions at 280 nm (Agilent
Infinity 1260) and refractive index signals (OptilabRex, Wyatt Technology) were collected. In
particular, AF4 membranes were equilibrated with standard buffer followed by injection of 50ul
of protein sample (3.86 mg/ml). Movement of the protein sample on the AF4 membrane was
monitored and degree of scattered light and UV absorption (Azsem) were measured. Raw data
were analyzed and processed using ASTRA software (Wyatt Technology) to caleulate molecular
mass averages and polydispersity indexes of analyzed protein samples.

CD (circular dichroism) speciroscopy — CD spectroscopic measurements were performed on a
J715 spectropolarimeter (JASCO) in 50 mM sodium phosphate bufter (1.09% Na:HPOy and
0.13% NaH:PO4, pH 7.5 150 mM NaCl; 1| mM EDTA), Protein samples were subjected to
buffer exchange through gel filtration, The CD spectrum was measured in the wavelength range
of 190 nm to 260 nm with a data pitch of 0.2 nm with ten accumulations per reading, The
spectrum was recorded and converted into molar ellipticity using the following formula: Molar
ellipticity [e] in dug.cmj.-'tlmu! = [Ae (in mdeg) * mean residue weight])/|pathlength (in mm) =
concentration (mg/ml)]. Final data processing was carried out with help of the K2D3 CD spectra
analysis program by selecting 41 data points from 200 nm to 240 nm at a data pitch interval of |
.

Analvtical wltracentrifugation sedimentation velocity centrifugation (AUC-SV) = AUC-5V was
performed using an Optima XL-A analytical ultracentrifuge (Beckman Coulter) with a 4-hole
titanium rotor (AnTi-60; Beckman). For S8V experiments, cells with a standard aluminum two-
channel centerpiece and guartz windows were used, Samples were prepared by gel filtration
using standard buffer and concentrated up to 20 uM. The rotor temperature was equilibrated at
10°C in the vacuum chamber. Aflter loading the sample (400 ply as well as reference buffer (420
ul), radial scans at 280 nm with 20 pm radial resolution were recorded at 3 1o 5 min intervals
during sedimentation at 37,000 rpm, Partial specific volume of the protein, solvent density, and
solvent viscosity were caleulated from standard tables using the UltraScan 11 program (Version
14.3), The collected radial scans were analyzed using the continuous distribution [c(s)) analysis
module in the SEDFIT program (Version 12.1) as well as two-dimensional spectral analysis
combined with genetic algorithm (GA) and final Monte Carlo statistics as implemented in
UltraScan [l SEDFIT data evaluation was performed as follows: Sedimentation coefTicient
increments of 0.1 S were used in the appropriate range for each sample, The frictional coefTicient
was allowed to Moat during the Htting, The weight average sedimentation coeflicient was
obtained by integrating the range of sedimentation coefficients in which peaks were present. The
¢(s) distribution was converted o o ¢(s3, ) distribution using the SEDFIT program. Additional
data were evaluated with the UltraScan 11 software, which in contrast to ¢(s) in SEDFIT provides
cach detected species with an individual shape factor, Le. frictional ratio. After a primary data
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evaluation by 2DSA the time invariant noise was subtracted. These noise corrected data were
fitted according to a model of non-interacting species with a parsimoniuosly regulated genetic
algonithm to find the sum of solutions of the Lamm equation with the lowest number of
individual species that describes the measured data best.
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SUPPLEMENTARY TABLES AND FIGURE LEGENDS

TABLE S1. Statistics from analytical ultracentrifugation sedimentation velocity experiments to
determine biophysical parameters including the molecular weight of purified murine TACC3
before and after thrombin cleavage, The data revealed the presence of one major species tor TACCH
(species 1) and two major species (species | and 2) for thrombin cleaved TACC3, The full length protein
showed a nearly dimeric molecular mass (1.56 times of the monomeric mass of 70 kDa), sediment faster
[Siaw (S)=3.12], and displayed a highly extended shape (f/f;=2.55). Upon thrombin cleavage of TACC3,
two major species appeared: species | (62,.3%) displayed a molecular mass of 52.55 kDa and a relatively
high sedimentation rate [Si0. (5)=2.20] as well as a highly extended shape; species 2 (29.3 %) had a
molecular mass of 61,92 kDa, o relatively slow sedimentation rate [S)4. (S)=1.28). and 8 very extended
and open conformation (H1=4.26). Values in small brackets indicate the results from two independent
gxperiments,

FIGURE 51, In silico prediction of coiled-coll subdomains reveals “break reglons™ within the CC
domain of higher vertebrate TACCY isoforms. The very C-terminal region of TACC family members
consisting of 250 residues was subjected 1o coiled-coil structure prediction using the COILS2 software in
scanning modes of 14, 21, and 28 residues (green, blue, and red lines, respectively), 4, comparison of the
TACC domain of TACCY isoforms from Takifugn rubripes (Tr-TACC3), Newopus laevis (Xi-
TACCHMaskin), Bos taurus (B=TACCI), and Orverolagus cunicilins (Oe-TACC3), B, comparison of the
TACC domain of murine (Mwr) and human (Hy) TACC proteins, Red arrows indicate “break regions”
which are typical for TACC3 isoforms and separate the TACC domain into two coiled-coil-containing
parts, CCI and CC2,

FIGURE S2. Multiple sequence alignment of the C-terminal CC domain of vertebrate TACC
family members. The arrow indicates the conserved glycine residue used to separate and clone the
TACC subdomains CCI {aa 414=-530) and CC2 (aa 530-630) of murine TACC3, The red box indicates the
“coiled coil structure breaking region” separating the CC| and CC2 regions of the TACC domain from
each other. Evolutionary, CC1 displays a lower degree of sequence homology when compared to CC2,

FIGURE 53, Domain organization of murine TACCI deletion variants and fragments analyvzed in
this study. N specifies the conserved ~100 amino acid residues from the N-terminus of all vertebrate
TACCY isoforms. rl to r7 denotes the central region in TACCS consisting of seven serin-proline-rich
repeats. CC 1 and CC2 indicate two coiled-coil regions in the C-terminus separated by a break region. The
internal thrombin cleavage site close 10 the CC-domain is indicated,

FIGURE S4. Murine TACC3 deletion variants and fragmenis overexpressed and purified in this
study. 4 1o £, purified proteins as listed in Fig. S3 were analvzed on Coomussie Brilliant Blue stained
SDS-PAGE gels. Molecular weights: TACC), 70,5 kDa; TACC3-AR, 52.3 kDa; TACC3-AN, 57.2 kDa;
TACCI-ANAR, 39.]1 kDa; 7R, 22.0 kDa; CC, 25.2 kDa; CCI, 14.4 kDa; CC2, 11.7 kDa. Note that the
abnormal migration of TACC3 in SDS-PAGE gels (~125 kDa; theoretical molecular weight: 70 kDa) is
associated with the presence of the seven repeat (TR) region, as its deletion nonmalizes gel migration to
the expected molecular weight.

FIGURE S5. C-terminal chTOG fragments overexpressed and purified in this study. (4) Domain
organization of murine ¢hTOG and outline of C-terminal fragments analyzed for TACC3 binding, The
TOG domains 1 o 5 are implicated in microtubule interaction (1), Fragment A covers also an additional
and putative TOG domain (TOG6) that was recently identified (2). (8.C) C-terminal fragments of murine
chTOG were purified after bacterial expression and analyzed on Coomassie Blue stained SDS-PAGE
gels. Calculated molecular weights: ¢chTOG-Crerm, $1.9 kDa: chTOG-A, 29.9 kDa; and chTOG-8, 23.2
kDa. The identity of the ¢chTOG fragments A and B was verified by immunoblotting using achTOG
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antibodies which either recognize only fragment B (achTOG, #34032 from QED Bioscience/Acris, raised
against a peptide of 14 aa. at the very C-terminus of human chTOG) or both fragments A and B
(echTOG #NB5S00-182, Novus Biologicals, raised against the C-terminal 301 a.a. of human chTOG)
(data not shown). CBB, Commassie Brilliant Blue.

FIGURE S6. Experimental controls for the ITC experiments performed in this study. Control
experiments done in the context of Fig. 3E and 4E included titration of CC1 (485 uM) over buffer (4),
buffer on CC2 (40 puM) (8), TR (450 pM) over bufter (C), and CC2 {160 uM) over buffer (D). The heat
release detecied in the latter case may indicate changes in the oligomeric behavior of CC2 upon dilution.

FIGURE 57. Lack of interaction between CC1 and CC2 under aSEC conditions poinis to a parallel
cofled-coil structure of the TACC domain. Potential binding of the purified TACC domain fragmenis
CCl1 and CC2 to each other was analyzed by analytical size exclusion chromatography (aSEC) followed
by SDS-PAGE and CBB staining of the respective peak fractions. The observation that CCl and CC2 do
not interact indicates that the TACC domain of murine TACC3 displays a parallel coiled-coil siructure,

FIGURE 58. MLN8237 — mediated inhibition of Aorora-A kinase impairs colocalization of TACC3
and chTOG to spindle microtubules and poles, but does not completely abolish centrosomal
TACC3-chTOG colocalization despite centrosomal Fragmentation. Hela cells were treated with
DMSO or 0.5 pM MLNB237 for 2 h. Thereafier, colocalization of the centrosomal marker y-Tubulin and
Aurora-A kinase (autophosphorylated at T288) was analyzed in the absence or presence of the Aurora-A
kinase inhibitor MLNB237 (4). (8) and (C) depict confocal section analyses of TACC3 (green)-chTOG
(red) colocalization (yellow o orange) at centrosomes ond spindles in the absence or presence of
MLMNE237, respectively. Antibodies against a-Tubulin were used to stain the mitotic spindle apparatus.
(2} Magnifications (3.2-fold) of representative confocal pictures depicted in (B) and (C).

FIGURE 59. Binding of TACC3 to chTOG occurs in vive in an Aurora-A — independent manner.
HEK293 cells were transfected with expression constructs for TACC3 or the indicated C-terminal
deletion mutanis all fused C-terminally t0o GFP, Following 48 h, cells were treated with the Aurora-A
inhibitor MLNE237 (0.5 uM) for 2h. Thereafier, totel cell lysates were prepared and subjected to co-
immunoprecipitation analysis using a GFP-specific antibody followed by SDS-PAGE and detection of
chTOG in the immunoprecipitates,

FIGURE S10. The chTOG-B [ragment, but not chTOG-A, interacts with the CCl subdomain of
TACC3. Binding of chTOG-A (4) or chTOG-B (8) (Fig. S5) to the CC1 subdomain of TACC3 was
analyzed using analytical size exclusion chromatography (aSEC) followed by SDS-PAGE and CBB
staining of the respective peak fractions. A significant peak shift due to complex formation was observed
for chTOG-B — CC1, but not for chTOG-A - CCI.

FIGURE S11. Biophysical characterization of purified murine TACC3. 4, Thrombin cleavage of
TACC3 did not impair it's a-helical content and secondary structure as revealed by circular dichroism
(CD) measurements. B, Multi Angle Light Scattering (MALS) analysis reveals a polydisperse/oligomeric
nature of TACC3 with a molecular mass of 420 kDa at the maximom UV, absorbance. In contrast,
upon thrombin cleavage, TACC3 appears monodisperse with a molecular mass of ~72 kDa that is very
close to the monomeric mass of murine TACC3 (70 kDa). C, analytical ultracentrifugation sedimentation
veloeity experiments analyvzing the molecular weight of TACC3 in solution before and after thrombin
cleavage (resulls summarized in Table S1).
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Table S1. Biophysical parameters obtained from two independent AUC-SV experiments
analyzing murine TACC3 vs. thrombin-cleaved TACC3.

Constructs Amount (%) MW (kDa) 5,0.(3) o
Species 1 arm 108.91 112 255
108,03, 109.87 312, 312 253, 2.57
——— { )|t | i )
Spacies 2 1220 5740 472 110
{57.10, 58.20) (4,88, 4.7T) [1.08, 1.12)
Species 1 62.30 52 55 220 222
(5217, 52.92) (218, 2.29) (221, 2.24)
TACC3
+ Thrombin | Species 2 2032 6192 128 426
(60 98, B2 B6) (1.22.1.27) (4,24, 4.29)
Spacies 3 B.63 88.00 3,78 1.51
(63.68, 68.50) {3.77, 3.80) (1,47, 1.55)

sadimantation rate af 10 "C. 110, frctional cosfficient.

analytical ultracentrifugation — sedimantation velocity. MW-malecular waight. 5, _ (5).

TABLE $1

164



Chapter VI

os
oe
oz
g

1o
Q8

-1
Gs
oz
=]

1.0¢

a8
as
o4
a2
e

18/ OcTACCS

o=
as
o
o2
<]

.*

L

10f TFTACC3
o8;

XITTACC3

Figure S1

165



Chapter VI

Score

10} MmTAGG3.

o8
08
o4
02
1]

1.0
0.8
L]
04
0.2
0

0.8
0.8
0.4

o2}

1]

1.0
oA
oe
0.4
o2

1.0
0.8
0.6
04
02

1.0
o8
0.6
04
02

MmTACC2 |

10| MmTACCT

HSTACC3

HSTACC2

HsTACC1 |

0 50

-I-'-—-l-
]
e ty)
|
|
100 150 200
number of amino acid residue

j

Figure S1

166



Chapter VI

MmTACCH
HaTACCY
OcTACCY
ATACC)
MTACCA
TrTACEY
MmTACC2
HaTACC2
HmTALCY
HsTACCY

MmTACCY
HaTACCY
OeTACCH
AITACCY
MTACLY
TrTACCY
MmTACC?
HETACC2
MmTACCY
HaTAGC?

W TACCH
HETACCY
QeTACC
BITACLY

ATACEN

TrTACCH

MmTaACCI
HaTACCE
W TACCT
HaTACC?

s aes Eaws pene ety rersre—sis RELL PAEP IR wHvMaafn- - - - - -- EHTHYL WOl 4er
sisisssEesesaasascsns e OGP STERENEL VEATOE@N: - - - - - -FELESRCEELMGRNL DR G
..................... ILEPECPPLPYGR INDVERY VOAACGEM - - - - - - -LELESRCEELMTRNL OG 5T
PRSI RRarcg v Y W LY TR R SAYVEATAK GECAALCERLL 05 E50
......................... HPFLSTS0A IVEMEKY IEAVALEVOEROLEYL BT BB L v By i ™
sriaesisssiesdssscsesvies JOTANVEERYIEY I akVOARVERD - - - - NCWSANVRFLLE .
SREROOTKREAAHPRPOVE I SHTALYSRIGSTEVERPPSELFO sALGVARA | AlerEyelien sREEVY ]
ERSHODAKREAAHR TOVS I SKTALYSRIGTAEVEKPAGHL Fage sRLG | Arall | THEREY SEAED SRREYIE =3
................................ umescLl TtLTLIHE 11 THE | Ean Bk TREEVL L5
................................ ESELDGICL TEVLTL I RE ] TROEVLE

VGEE I 1 E

| BEDK I
LEKAE | BRVLK
AARLEVEKYL KDR
L THAEMBMVL K
HETAKLELNEVLD
HE. . - TEESOHOLMHEALS
E---I:IBHGTV LVL

AEHBREL
& .-

L
v
E
]

RE - - - BSvEHOT vBoL VL
T SMESOKEFBOL TH
T« GMTSOKSF

~ < & & TR TR

B35:95399% UBBSRALEAL £

Figure S2

167



Chapter VI

Thrombin cleavage site (LEPR/GL)
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5 Discussion
During past two decades a principle has appeared asserting that cells achieve specificity in

their molecular signaling networks by organizing distinct subsets of proteins in space and time.
Spatial organization is required to achieve high-fidelity intracellular information transfer. Proteins
can be assembled into specific complexes via different ways, including membrane localization,
compartmentalization (organelle targeting), and by the assembly of specific protein complexes by
scaffold proteins [105,307-309]. These proteins control fidelity and specificity of the information
flow within a cell by assembling and linking different types of proteins, e.g., activators, effectors,
enzymes, and substrates into signaling circuits. Scaffolds are extremely diverse proteins and could
carry out different functions. For instance, the Ste5 and KSR (kinase suppressor of RAS) physically
assemble individual kinases that control MAPK pathway localization like membrane anchoring.
They are essential for efficient signaling and they can also sequester MAPK signaling proteins from
competing inputs [310-312]. Scaffold proteins are not restricted to directing kinase cascades; they
can organize other classes of molecules, such as pathogens signaling as well. Pathogens normally
use scaffold proteins for rewiring host signaling pathways to turn off or avoid host defenses. For
example, the pathogenic bacteria Yersinia pestis produces a scaffold-like protein (YopM) that
artificially links together two kinases (Rsk1 and Prk2) that do not normally interact [313]. Another
example is for the human immunodeficiency virus (HIV) that by producing a scaffold protein, Vif,
which bind both APOBEC3G and cullin-E2, destroys the host APOBEC3G protein which is a cytidine
deaminase and interferes with viral replication [314]. Another very important and interesting
group of scaffold proteins are involved in GTPase (RHO and RAS) signaling. For example, the yeast
protein Bem1 promotes the interaction between the GEF, PAK and GTPase substrate, CDC42
[315]. Such coordinated GTPase regulation controls defined morphological behaviors like
polarized budding of yeast cells. Another well investigated protein is IQGAP1, which contains
several protein-interacting domains that mediate binding to variety of target molecules. This
diversity of targets suggests that IQGAP1 coordinates a wide variety of signaling pathways and
cellular functions through the assembly of multiprotein complexes [45,118,119]. For example, a
ternary complex of CDC42/RAC1 (RHO proteins), IQGAP1 and actin [316], complexes of IQGAP1
containing RAC1/CDC42 and CLIP-170 [140], CDC42 and calmodulin or RAC1 and calmodulin [45],
have been described so far. Thus, IQGAP1 play diverse roles in vertebrates, such as nervous
system, cardiovascular system, pancreas, lung and kidney.

RAS and RHO proteins such as KRAS, CDC42, and RAC proteins control essential biological
processes and are frequently dysregulated in diseases, such as cardiovascular diseases,

developmental and neurological disorders, and cancer. A prerequisite for their signaling is
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association with and activation of downstream effectors, such as PI3K, B-RAF, WASP, and PAK1.
While the role of these effectors is well-investigated, the nature of such a protein-protein
recognition process and the mode of interactions for IQGAP1 remain to be established. This study
have focused on the interaction of IQGAP1 with the active, GTP-bound form of RHO proteins
RAC1 and CDC42 and provides new insights into a two-step binding process that is a prerequisite
for IQGAP1 activation and a critical mechanism in temporal regulation and integration of IQGAP1-
mediated cellular responses.

From protein scaffolds involved in GTPase signaling, galectin-1 (Gal-1), galectin-3 (Gal-3),
nucleophosmin (NPM1), and nucleolin (NCL) are also known to participate in facilitating or
enhancing RAS nanoclusterring [112-115]. Gal-1 and Gal-3 associate with HRAS and KRAS, and
increase nanoclusterring of active form of HRAS [115] and KRAS [114], respectively. In addition to
be known that NPM1 is a negative regulator of the small GTPase RAC1, and also interacting with
ROCK Il kinase and playing role in the regulation of centrosome duplication, both NCL and NPM1
bind KRAS and mediates recruitment of KRAS into nanoclusters on the inner leaflet of the plasma
membrane [112]. Apart from what is known about the scaffolding role of these two proteins
regarding small GTPases, NPM1 and NCL have emerged as an essential host factor for multiple
aspects of microbial infection including adhesion at cell surface, entry, intracellular trafficking,
regulation of transcription and translation as well as nucleo-cytoplasmic shuttling [172-174,176].
It is increasingly evident that these proteins function as a host-specific target for a large number
of viruses and pathogenic bacteria which has raised interest in targeting them therapeutically.
While neither direct interaction of NPM1 nor NCL with the RAS isoforms (HRAS, NRAS, and KRAS)
was detected, various protein domains of NPM1 and NCL has been used in the present thesis to

investigate their interactions with FMRP and viral proteins (HIV1 Rev and HSV1 US11).

5.1 Classical RHO proteins and Juvenile myelomonocytic leukemia (JMML)
In chapter 2 the biochemical properties of the RHO proteins and their regulatory cycles are

described in detail [317]. As it was mentioned before, dysregulation of RHO proteins has been
shown to play a vital role in cancer, infectious, cognitive disorders, and cardiovascular diseases.
But several aspects of RHO proteins signaling have to be considered yet. Of the RHO family
members only RHOA, RAC1, and CDC42 have been widely studied so far and the functions of the
other less-characterized members of this protein family await detailed investigation. RHOGDIs
associate and extract the RHO proteins from the membrane. Despite the intensive research over
the last two decades, the mechanism of this function is not clear yet and the factors displacing the
RHO protein from the complex with RHOGDI remain to be elucidated. For the regulation of the 22

RHO proteins more than 70 and 80 GEF and GAP, respectively exist in the human genome. How

182



Chapter VI

these regulators selectively recognize their RHO protein targets is not well understood and
majority of GEFs and GAPs in human so far remain uncharacterized. Most of the GEFs and GAPs
themselves need to be regulated and require activation through the relief of autoinhibitory
elements [318-324]. With a few exceptions [84,325], it is conceptually still unclear how such
autoregulatory mechanisms are operated. A better understanding of the specificity and the mode
of action of these regulatory proteins is not only fundamentally important for many aspects of
biology but also is a master key for the development of drugs against a variety of diseases caused
by aberrant functions of RHO proteins.

Another aspect is point mutations in genes related to RHOGTPases, which is very rare.
Accordingly, chapter 3 describes the genetic profiling and whole-exome sequencing (WES) of a
large Juvenile myelomonocytic leukemia (JMML) cohort. JIMML is a rare and severe
myelodysplastic and myeloproliferative neoplasm of early childhood initiated by germline or
somatic RAS-activating mutations [78,326-328]. JMML is considered as a unique example of RAS-
driven oncogenesis since it is thought to be initiated by mutations, usually described as mutually
exclusive, in RAS genes (NRAS, KRAS) or RAS pathway regulators (PTPN11, NF1 or CBL) [78]. IMML
can be sporadic or develop in patients displaying syndromic diseases with constitutional RAS over
activation such as Noonan syndrome (NS), type 1-neurofibromatosis (NF1), and CBL syndrome,
caused by heterozygous germline mutations in PTPN11, NF1, and CBL respectively [79]. Our study
has shown that in addition to RAS and RAS regulators mutation, the RHO GTPase RAC2 is also
mutated in some JMML cases [76]. The coexistence of RAC and RAS/MAPK mutations in some
tumors and cooperation between oncogenic NRAS and RAC has been previously demonstrated
[74]. However, the molecular basis for this interrelationship remained unclear. Our investigations
of RAC2 D63V, which predominantly occurs in its active GTP-loaded state as compared to wild-
type RAC2 and its constitutive variant RAC2 G12V, have revealed a drastic gain-of-function effect.
Interestingly, the analysis of downstream signaling of RAS has shown that RAC2 D63V activates
the PI3K/PDK1/AKT and the mTORC2 pathways but has no significant effect on the RAF/MEK/ERK
pathway [76]. Furthermore, our data have clearly shown a reversed molecular switch function of
RAC2 D63V leading to an accumulation in its active GTP-bound state and undergoing a tight
interaction with its effectors, as compared to wild-type RAC2, which may explain its cellular
activities towards AKT phosphorylation [76]. This is consistent with several lines of evidence
indicating a strong impact of the PI3K/PDK/AKT pathway on JMML [329], and most likely
activating the catalytic p1106 subunit of PI3K, which promote the effects of SHP2 on GM-CSF

hypersensitivity [330].
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In conclusion, these findings suggest that the RAS-RAC pathway represents a significantly
dysregulted subnetwork in IMML and these findings extend and reinforce the notion that JMML is
a RASopathy while showing that RAS activation is the major but not the unique player in JMML.
Such novel insight into the pathogenesis of IMML should provide functional guidance, prognostic
markers and patient selection criteria for new therapeutic options in this very severe childhood

leukemia.

5.2 RHO family GTPases and IQGAP1 interaction
It was mentioned before that the interaction of RHO proteins and the downstream effectors

such as PAK and WASP is well investigated but the molecular basis of their interaction with
another effector, IQGAP1, remains to be elucidated. In chapter 4 the comprehensive interaction
study of different RHO proteins with IQGAP1 C-terminus (here called GRD-C) is presented. Kinetics
of these interactions was monitored using stopped-flow fluorescence spectroscopic method. The
results clearly indicated that IQGAP1 binds among RHO proteins selectively to RAC- and CDC42-
like proteins (RAC1, RAC2, RAC3, RHOG, TC10, and TCL) only in the active GTP form. In contrast to
our study which showed that there is no physical interaction between GRD-C and the RHO
isoforms RHOA or RHOC, purified from E. coli, two studies have reported an association of IQGAP1
with the RHO proteins using immunoprecipitation protocols. Casteel et al. have shown that GRD-C
interacts with the active, G14V variant of RHOA and RHOC but not with RHOB, in human
embryonic kidney 293T cells, and suggested IQGAP1 as a downstream of RHOA [331].
Bhattacharya et al. have shown that IQGAP1 binds to both RHOA and p190A-RHOGAP leading to
inactivation of RHOA and modulation of contractility of airway smooth muscle cells [162]. We
think that observed interaction of IQGAP1 GRD-C with RHOA and RHOC is indirect and may be
mediated by another protein in cells, because no direct interaction between IQGAP1 and the RHO
isoforms was monitored in our kinetic and equilibrium measurements. However, we do exclude
the possibility that other regions at the N-terminal half of IQGAP1 may play a role in the
interaction with the RHO isoforms. This can only be investigated with the full-length IQGAP1,
whose expression and purification from the baculovirus-insect cell system needs to be
established.

Obtained result from individual kinetic measurements displayed the fastest association with
RAC2 suggesting that GRD-C-interacting RHO proteins, in spite of tremendous difference in the
overall binding affinities, may utilize a homologous set of associating residues in the
neighborhood of the fluorescence reporter group. Another point is that these members of the
RHO family associate with IQGAP1 more or less in the same time range raising the question

whether these interactions may selectively take place in the cells and how temporal regulation
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and integration of IQGAP-mediated cellular responses is achieved. RHOG and TC10 interaction
with IQGAP2 and IQGAP1, respectively, has been previously reported [57,332]. RHOG has been
reported to bind in an activated GTP bound form to the RAC/CDC42-specific effectors MLK3,
PLD1, and IQGAP2 which in turn, stimulates some downstream signaling targets of activated RAC1
and CDC42 such as JNK and Akt [332]. Although the consequence of TC10-IQGAP1 interaction is
not defined yet, it may control exocytosis and cell polarity for two reasons. Exo70 has been shown
to bind to the N-terminal IQGAP1, most likely to the WW motif [333] but probably not to the IQ
region because Exo70 was not found as binding partner of this region [119]. In mammals, only RAL
(RALA) and TC10 (RHOQ) GTPases have been shown to bind the exocyst complex [334]. TC10-
Exo70 interaction is implicated in the tethering of GLUT4 vesicles to the plasma membrane in
response to insulin [334-336] and in promoting neurite outgrowth [337-339]. IQGAP1 proteins
have been shown to be involved in both processes [119,120,340]. Such a complex interacting
network circuit of IQGAP1, which modulates its function in space and time, remains an open and
very interesting issue for future studies. Furthermore, TC10 has the fastest and RAC2 the slowest
dissociation from GRD-C, respectively, suggesting that an IQGAP1 complex with RAC2 is most
stable and may contribute to a longer signal transduction as compared to e.g. RAC1, CDC42,
RHOG, RAC3, and TC10.

Biochemical analysis along with homology modeling, based on the RAS-RASGAP structure [341],
provided up to date a structural model of IQGAP1 GRD contacting the switch regions of the GTP-
bound CDC42 [124,141,152,154,166,167,171]. In order to investigate the molecular mechanism of
this interaction and reveal the binding domains and interacting residues, different deletion
variants of IQGAP1 were designed. Obtained data clearly have shown that GRD1 and GRD2 do not
associate with RAC1 and CDC42 under our experimental condition. This was unexpected because
GRD has been generally accepted in the IQGAP community as the RAC1- and CDC42-binding
domain of the IQGAP1 [124,141,152,154,166,167,171]. In addition, our data have clearly revealed
that the region upstream of GRD2 (aa 863-961) is dispensable for the RAC1 and CDC42
interaction. Another interesting issue was the inhibitory effect of the very C-terminal 99 amino
acids (C domain) on the GBD determined through a 3-fold faster association of GRD-GBD (lacking
the C domain) with RAC1 and CDC42 as compared to GRD-C. This is consistent with what it has
been published regarding interaction of GRD and GBD-C domains with each other, favoring the
binding to GTP bound CDC42 [342,343]. Moreover, we found that point mutations of the PKCa
phosphorylation site (S1443) affect GRD-GBD association with RAC1/CDC42-mantGppNHp and
completely abolished GRD-GBD association with RAC1 and CDC42. This is consistent with what has

been reported regarding significat reduction in the interaction between IQGAP1 and CDC42-GTP
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bound in the presence of phosphatase inhibitor and using MCF10A cell lysate [342]. Works from
several groups have shown that shorter IQGAP1 fragments, encompassing the GRD domain, are
responsible for RAC1 and CDC42 interaction. However, we did not observe any change in
fluorescence when we used a similar protein, GRD2, to measure association kinetic with CDC42
and RAC1 using stopped-flow system. Therefore, to further investigate this point we measured
these interactions using fluorescence polarization under equilibrium conditions for both GRD and
GRD-C fragments with mantGppNHp-bound RAC1, CDC42, and RHOA. Interestingly, we found that
both proteins bind to the GTP-bound state of RAC1 and CDC42 but not to RHOA. Our data have
shown that GRD2 exhibits weaker binding to CDC42 and RAC1 10- and 15-folds, respectively as
compared with GRD-C. In addition, the K4 value for GRD-GBD S1443D has significantly decreased.
Thus, we hypothesised that the binding interface of IQGAP1 interaction with RHO proteins
extends beyond the minimal GRD. Mutational data also support our hypothesis that propose GBD
but not GRD as the main domain of IQGAP1 associating the switch regions of RAC- and CDC42-like
proteins. To prove this proposal, the interaction with GDP-bound state of CDC42 was also
conducted under the same condition using fluorescence polarization. Our results have shown that
both domians, GRD and GRD-C, indeed interact also with the GDP-bound form of CDC42 with
much lower but comparable affinitis. This clearly has proved our hypothesis regarding a
nucleotide-idependent interaction of GRD outside the switch regions of CDC42.

In conclusion, the results indicated that IQGAP1 binds among RHO proteins selectively to RAC-
and CDC42-like proteins only in a GTP-dependent manner. Moreover, obtained results suggested
that GBD and specifically, serine 1443 phosphorylation is critical for this interaction. Our kinetic
and equilibrium measurements clearly challenge the paradigm that the ability of IQGAP1 to
interact with RAC/CDC42 proteins is mainly attributed to its GRD. On the contrary, we proposed
that the C-terminal half of IQGAP1 utilize at least three functionally distinct units, including GRD,
GBD and C, to achieve the interaction with RAC1- and CDC42-like proteins. Remarkably, IQGAP1
seems to employ a different strategy to interact with RAC1 and CDC42 proteins as schematically
illustrated in Figure 9: (i) GRD undergoes a low-affinity, GDP-/GTP-independent complex with
RAC1 and CDC42 proteins outside their switch regions in a way that is independent of the
upstream signals, providing it is structurally accessible and available for interactions; (ii) GBD only
binds to the RAC1 and CDC42 proteins if they are in an active GTP-bound forms; (iii) the C-
terminal region of IQGAP1 may potentiate the IQGAP1 interaction with RAC1 and CDC42 proteins
by probably extending the resident time of the respective proteins complexes. Therefore, we

unraveled a new level of regulation for the interaction of IQGAP1 with RAC and CDC42 like
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proteins. Such a model is very helpful in understanding the mechanism of IQGAP1 activation in
the cellular context.
GEFs

GTP “GDP>

Figure 9. Model for the molecular mechanism of RAC1/CDC42 interaction with IQGAP1 GRD-C. Low-
affinity, GDP-/GTP-independent interaction of GRD with RAC1 and CDC42 proteins outside their switch
regions. GBD only binds to the RAC1 and CDC42 proteins after GEFs catalyze the exchange of GDP to GTP,
and they exist in an active GTP-bound forms. The C-terminal domain of IQGAP1 may potentiate the IQGAP1
interaction with RAC1 and CDC42 proteins by probably extending the resident time of the respective
proteins complexes. Figure adopted from chapter 4.

Since a major issue in biology is the isoform specificity, the question to be addressed in the
future is that, how the cell controls a specific interaction of IQGAP1 with one of the six identified
RHO GTPases interacting IQGAP1. We propose that scaffold proteins, such as calmodulin, may
fulfill this function by linking for example RAC1 and IQGAP1 at a distinct area at the plasma
membrane. This hypothesis is based on independent published data on individual interaction of
calmodulin with both IQGAP1 and RACL1. These studies could be performed in the presence and
absence of purified calmodulin and calmodulin/Ca*. The physical and biochemical investigations
will ultimately advance our knowledge in the field of scaffolds, e.g., calmodulin, as specificity-
determining components in signal transduction. Another protein which may play role here is
Ajuba [344,345], which has been shown to be required for RAC activation and maintenance of E-

cadherin adhesion. However, an interaction between Ajuba and IQGAP1 remains to be shown.

5.3 Nucleophosmin and viral infection
Nucleophosmin (NPM1) is a multifunctional phosphoprotein which has increasingly emerged as

a potential cellular factor that directly associates with viral proteins and plays vital role in viral
infection. Since its discovery 34 years ago, intensive research has been performed on NPM1. It is
ubiquitously expressed and significantly upregulated in response to cellular stress signals leading
to the alteration of nucleolar structures and its relocalization to other cellular compartments
[346-349]. Due to this ability, NPM1 has been implicated in many stages of viral infection by
interacting with a multitude of proteins from heterologous viruses, including Human
immunodeficiency virus type 1 (HIV-1) Rev [253], Human T-cell leukemia virus type 1 (HTLV-1) Rex
[256], and Herpes simplex virus type 1 (HSV-1) UL24 [252], although the significance of these
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interactions in each case until now remained obscure and unexplained. To shed more lights on
the association of NPM1 with viral proteins, in chapter 5 we have investigated NPM1 physical
interaction with HIV-1 protein Rev and HSV-1 protein US11 in order to perform binding epitope
mapping of NMP1. Rev is 116-amino acids long and its RNA-binding domain is composed of an
arginine-rich motif, which binds to different HIV-1 RNA stem loop structures [350]. The RNA-
binding domain of Rev acts also as a nuclear/nucleolar targeting signal and can deliver
cytoplasmic proteins to the nucleus or nucleolus [271,350]. US11 is an abundant HSV-1 protein,
which is expressed late during infection [351]. It has been reported that US11 functionally
substitutes Rev and Rex proteins by stimulating expression of glycoproteins required for retroviral
envelope synthesis [235]. US11 interaction with cellular proteins is required during HSV-1
infection. In this study, we have identified NPM1 as a new nucleolar protein partner for US11 and
characterized the subdomains responsible for their interactions.

Our data indicate that Rev exhibits two NPM1 binding sites on both the pentameric, N-terminal

HBD), while

oligomerization domain (NPM1°°) and on the central histone-binding domain (MPM1
HSV-US11 has only one binding site on NPM1°°. We suggested that the different NPM1 domains
interact in a mechanistically different mode with the Rev and US11 proteins. Rev association with
NPM1 underlies presumably an RNA-independent bimodal binding mechanism. In the case of the
NPM1-US11 interaction, we observed a strong binding of US11 to NPM1°°, which is most
probably achieved via C-terminal RBD of US11 (US11"*™), containing arginine rich (R-rich) motif.
The C-terminal domain of US11, which is involved in the nucleolar localization of US11, binds
NPM1 stronger than the N-terminal domain. Since C-terminus of US11 is rich in arginine, these
results nicely support the idea that arginine-rich motif mediates the interactions with NPM1
[352]. While the obtained data regarding US11 report its unprecedented direct interaction with
NPM1, our measurements with Rev confirm previously obtained observations. The 1:1
stoichiometric ratio suggests that NPM1™ exhibits one binding site for one HIV-1 Rev molecule.
Since Rev has the tendency to aggregate also under normal physiological conditions [353], it is
very likely that NPM1, by acting as a molecular chaperone, increases the Rev solubility and
mobility during the import into and throughout the nucleus [260].

Furthermore, the interaction of synthetic peptide CIGB-300 and NPM1 was investigated. This
peptide has the cell penetrating peptide Tat with R-rich motif. CIGB-300 has been described as a
proapoptotic peptide with anti-proliferative activity in vitro and anti-tumor activity in vivo [262].
We observed in this study that only NPM1°®°, and with 5-fold lower affinity compare to NPM1™,
associated with fCIGB-300 but not the other domains of NPM1. This higher affinity can be

explained by an avidity effect that originates from core N-terminal domain and the dynamic
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flexible tails similarly to the model proposed for nucleoplasmin interaction with histones [354].
Afterward, the molecular docking was used to make a model of CIGB-300-NPM1 interaction.
There is an acidic region (A1) in NPM1°® which has been recently shown to play a crucial role in
the interaction with R-rich motifs of NPM1 binding proteins, such as p19ARF, ARF6, the ribosomal
protein L5, and interestingly HIV-1 Rev [352]. A model of the complex between NPM1°° and CIGB-
300 provided insights into different sites for the association of the CIGB-300 peptide, especially
the R-rich motif of the Tat contacting negative charges of the Al region of NPM1°°. Additionally,
our displacement experiment with Rev indicates that CIGB-300 shares the same binding site on
NPM1 and may act as an inhibitor of NPM1-Rev interaction. Most likely for the same reason we
observed a reduced expression of viral production in HIV-1 infected cells treated with the CIGB-
300 peptide. In addition, our displacement data have shown that the NPM1-US11 interaction was
also modulated by CIGB-300. Thus, it is tempting to speculate that US11 and Rev, two functionally
homologous viral proteins, share a similar binding site on NPM1 as suggested in this study for
CIGB-300 [260].

Rev, US11, and CIGB-300 contain R-rich motif which acts as NLS by binding to the nuclear import
receptors in nuclear translocation of viral proteins [355-358]. In addition to that, Rev, NPM1, and
US11 are shuttling between the nucleus and the cytoplasm, and US11 C-terminus is critical for
both nucleolar accumulations of US11 and its nucleocytoplasmic export [272,359]. On the other
hand, nucleolar shuttling and accumulation of Rev requires interaction with NPM1 [253,358].
Thus, we hypothesize that, (i) R-rich motifs of viral proteins serve as NPM1 binding sites that
facilitate their nuclear transport analogous to NLS-importin system, and (ii) NPM1 most likely acts
as an auxiliary factor for R-rich motif-containing viral proteins, such as HIV-1 Rev and HSV-1 US11,
and achieves their transport into different nuclear compartments and subnuclear domains,
leading to nuclear egress of infectious viral particles (Fig. 10).

In conclusion, NPM1 seems to represent a key protein in viral infections that is hijacked by
invading pathogens to facilitate infection. Unrevealing the association of nucleolar protein NPM1
with the viral proteins Rev and US11 may advance our understanding of HIV and HSV pathology
and further imply that NPM1 can be exploited as a therapeutic target for infectious diseases.

In this study only the interaction of these proteins was investigated. The possible regulatory
roles and molecular processes in which these proteins are involved during viral infection are still

needed to be elucidated.
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viral production

HIV-1

Figure 10. Model for the regulation of nuclear export and import of Rev and US11 viral proteins. After
synthesis in the cytoplasm, Rev and US11 are rapidly transported to the nucleus through an interaction of
their arginine-rich nuclear localization signal (NLS) with the nuclear import factor importin8. NPM1 may act
as an auxiliary protein in this process. The same arginine-rich motif in Rev is responsible for binding to the
Rev response element (RRE). The export of unspliced/partially spliced HIV-1 RNA occurs through a CRM1
dependent pathway. NPM1/Rev/CRM1/RanGTP complex cooperates with DDX3 RNA helicase for the export
of unspliced/partially spliced HIV-1 RNAs from the nucleus through the nuclear pores. Unlike to HIV-1, the
export of HSV-1 RNA is not CRM1 dependent. NCL is required for efficient nuclear egress of HSV-1
nucleocapsids and US11 is a structural protein which is cotransported with capsids, suggesting that NCL and
most probably NPM1, through their interactions with US11, could participate in the transport of the viral
particles. CIGB-300 shares the same binding site on NPM1 as Rev, and act as an inhibitor of NPM1-Rev
interaction. Consequently, reduced expression of viral production in HIV-1 infected cells treated with the
CIGB-300 peptide is observed. The question marks show unknown roles of Rev-NPM1 and US11-NPM1
complexes.

5.4 Nucleolin and FMRP interaction
As it was mentioned in introduction, nucleolin (NCL, C23), is multifunctional phosphoprotein

predominately localized in nucleoli where it plays key roles in mRNA stability and translation,
transcription, ribosome assembly and biogenesis, and microRNA processing. The prerequisite for
this multifunctionality is interaction with multitude of other proteins. One of these proteins is the
fragile X mental retardation protein (FMRP) which belongs to the RNA-binding, fragile X related
protein (FXRP) family [283,360]. Absence of FMRP causes Fragile X syndrome (FXS) which is one of

the most common forms of inherited mental retardation, which is associated with various
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behavioral and physiological abnormalities, including social withdrawal, anxiety, intellectual
disability, epilepsy, and autism [361-363]. Chapter 6, describes the physical and functional niches
of FMRP by analyzing the subcellular distribution of endogenous FMRP and its complexes under
native conditions in Hela cells. This study demonstrated the presence of FMRP-containing
complexes in the nucleus and the cytoplasm. These complexes contain nucleolin and other crucial
factors for RNA processing and translational control. A direct interaction of FMRP with nucleolin
was identified by RNase digestion experiments and interaction studies using purified proteins. We
were further able to identify the responsible binding epitopes as the N-terminus of FMRP and the
RGG domain of nucleolin. All to all, obtained results, (i) provided valuable insights into FMRP
association with various nuclear and cytosolic fractions of variable molecular weights, (ii)
uncovered a direct interaction between FMRP N-terminus and the RGG domain of nucleolin, and
(iii) identified the existence of two functional NoLSs at the C-terminus of FMRP [188]. A potential
functional role for the FMRP-nucleolin complex formation may be nucleocytoplasmic shuttling of
nucleolin provided by the presence of functional NLS, NoLSs, and NESs existing in FMRP. These
data open new perspectives of a possible mechanistic link between nucleolar ribosome
biogenesis, RNA shuttling, and the cytoplasmic translational machinery that may be dependent on
distinct functional subsets of FMRP-nucleolin complexes.

In conclusion, we proposed a novel mechanism by which a transient nucleolar localization of
FMRP underlies a strong nucleocytoplasmic translocation, most likely in a complex with nucleolin

and possibly ribosomes, in order to regulate translation of its target mRNAs.
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