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Part 1

Structural analysis of the human

Fibroblast Growth Factor Receptor 4 kinase

Summary

The family of Fibroblast Growth Factor Receptors (FGFRs) plays an important and well characterized
role in a variety of pathological disorders. FGFR4 is involved in myogenesis and muscle regeneration,
and mutations affecting the kinase domain of FGFR4 may cause cancer, e.g. breast cancer or
rhabdomyosarcoma. Whereas FGFRs 1-3 have been structurally characterized, the structure of the

FGFR4 kinase domain has not yet been reported.

In this study we present four structures of the kinase domain of FGFR4, in its apo-form and in complex
with different types of small-molecule inhibitors. The two apo-FGFR4 kinase domain structures show an
activation segment similar in conformation to an autoinhibitory segment observed in the hepatocyte

growth factor receptor kinase but different from the known structures of other FGFR kinases.

The structures of FGFR4 in complex with the type I-inhibitor Dovitinib and the type Il-inhibitor
Ponatinib reveal the molecular interactions with different types of kinase inhibitors and may assist in the

design and development of FGFR4-inhibitors.
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1. Introduction

1.1. Signal transduction and receptors tyrosine kinases

Eukaryotic cells use many ways to communicate with each other and signal transduction indicates the
fascinating steps through which signals cross the plasma membrane and reach the nucleus or other
organelles where the signal is finally influencing gene expression in it is various processes. DNA
transcription is a delicate process and only specific proteins can pass the double nucleus membrane.
Moreover, the activity of the proteins involved must be tightly regulated and many checkpoints are
necessary to avoid errors and protect cell life.

The first checkpoint involves proteins on the plasma membrane (Fig. 1) that are responsible of
distributing the signal to cytosolic proteins: G protein-coupled receptors (GPCRs), receptors with
enzyme-linked activities (such as receptor tyrosine kinases), cytokine receptors and/or others.

The main part of my thesis is on Receptor Tyrosine Kinases (RTK). RTKs form a large family of
proteins responsible for fundamental cellular processes: cell cycle, cell migration, cell metabolism and
survival, cell proliferation and differentiation. RTKs are folded in an extracellular domain, a membrane
spanning domain and one or more intracellular tyrosine kinase domain(s) (KDs). The extracellular
domain contains various sub-domain types (Fig. 2) able to interact with and bind specific ligands. The
binding causes conformational changes which pass through the membrane domain and reach the
cytoplasmic domain. Its regulatory sequences are subject to autophosphorylation in trans and
phosphorylation by partner kinases' . RTK monomers can also oligomerize without ligands, however
their interaction is not stable, so they remain “inactive™*. In addition, the single membrane-spanning a-
helix may contribute to dimerisation in some cases, although its precise role is not defined yet. One
receptor in the dimer/oligomer phosphorylates one or more tyrosines in a neighboring RTK, and then the
phosphorylated receptor serves as a site for assembly and activation of intracellular signaling proteins™ "
7. Phosphorylation events and their subsequent conformational changes are the way through which the

external signal is transmitted to the nucleus.
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Fig. 1. Cell signaling receptors differ in their mechanisms of activation and signal transmission. They are broadly classified into
three groups: GPCRs, receptors with enzyme-linked activities (such as receptor tyrosine kinases) and cytokine receptors. Some
receptors mediate cell-to-cell or cell-to-matrix contact by binding transmembrane proteins or extracellular proteins,
respectively, and link cell adhesion to outside-in and inside-out signaling. Lipophilic ligands that can cross the cell membrane
by simple diffusion target intracellular receptors that act directly as transcriptional regulators (Reiser et al., 20148).
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Fig. 2. Schematic classification of RTKs. The prototypic receptor for each family is indicated above the receptor, and the
known members are listed below (Blume-Jensen et al., 20019).
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1.2. Protein kinases: function and structural elements

A protein kinase is an enzyme which transfers the y-phosphate of a nucleoside triphosphate (usually
ATP) to specific amino acids with free hydroxyl groups. Such residues can be serine and threonine
(serine/threonine kinases)lo, tyrosine (tyrosine kinases)' or histidine (histidine kinases)''. Some kinases
have dual activity on two types of amino acids (dual-specificity kinases)'*.

The kinase fold is composed of two domains: the smaller N-terminal lobe and the larger C-terminal
lobe, connected by a flexible hinge region (Fig. 3a). The N-lobe is made up of a five stranded B-sheet
and (usually) two a-helices, of which the aC-helix is the structurally most conserved, whereas the larger
C-lobe is mainly a-helical. An ATP-molecule binds in the deep cleft between the two lobes. The
adenosine base forms H-bonds with the kinase hinge region, the ribose moiety binds to the ribose
binding pocket and the phosphate groups interact with the glycine-rich loop (GXGXXG), which is also
called the phosphate-binding loop (P-loop). Usually, phosphorylation sites lie within unstructured
regions of proteins, and structural studies using substrate peptides have shown that the C-lobe
recognizes the sequence on either side of the phosphorylated residues. In the N-lobe, a conserved
lysine-glutamate salt bridge is typical in active kinases and formed by a glutamate located on the aC-
helix and a lysine residue located on the P3-strand. This lysine also interacts with the phosphates of
ATP, stabilizing them in the correct position for catalysis'*. The HRD- and DFG-motifs are other
essential features of protein kinases. The aspartate residue of the HRD-motif acts as a catalyst that
deprotonates the substrate, for that this region of the kinase is also named the catalytic loop'”. The
aspartate of the DFG-motif coordinates a magnesium ion that activates the y-phosphate of the ATP-
molecule, and this region of kinases is often called magnesium-binding loop. In active kinases, the DFG-
motif adopts a DFG-in conformation and contacts the HRD-motif through a hydrophobic interaction.
Displacement of these motifs into positions incompatible with catalysis is part of the regulatory

mechanism of many kinases and can also be induced by inhibitors (Fig. 3b).
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Fig. 3. Distinctive structural elements of kinases. Figure colour scheme: kinase main chain and Lys/Glu pair (beige), HRD- motif
(blue), DFG-motif side chains (red), activation segment (cyan), phosphorylated residue on activation loop (yellow),
hydrophobic spine (green), ATP (magenta), substrate protein (grey). (a) Architecture of the protein kinase A (PKA) catalytic
domain in cartoon representation, with key residues shown as sticks and the ADP ligand shown as spheres (PDB code 1JBP).
The side chains of the four residues that comprise the hydrophobic spine are surrounded by a wire mesh. (b) Close-up view of
the active site. Key interactions between residues are indicated with dashed black lines; these do not necessarily imply
hydrogen bonds. (c) Schematic summarizing the major features of the active kinase conformation. (d) Schematic illustrating
the canonical interactions between the phosphorylated residue of the activation loop and basic residues in the aC- helix, 9
and the HRD-motif (Bayliss et al., 201216).

The hydrophobic spine is a typical feature of active kinase and is made up of the side chains of four
hydrophobic residues: a first side chain comes from the f4-strand in the N-lobe and the second one from
the adjacent aC-helix;the side chains of the phenylalanine from the DFG-motif and the histidine from
the HRD-motif'’ complete the hydrophobic spine (Fig. 3b). The activation segment starts at the DFG-
motif and ends at the APE-motif, another consensus sequence. The activation loop is variable in length

and sequence and is the primary site of regulatory phosphorylation'’. Usually, phosphorylated residue/s
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on the activation loop is/are typically coordinated by the side chains of basic residues at specific
positions: the residue preceding the glutamic acid on the aC-helix, the residue three positions C-terminal
to the DFG-motif on the f9-strand and the arginine residue of the HRD-motif (Fig. 3d). These three

anchors help to stabilize the activation segment in the correct conformation for substrate binding'®.
1.3. Conformational plasticity of kinases

Protein phosphorylation is a refined and complicated communication mechanism essential for cell life:
2% of the human genes encode protein kinase domains'®'®. The spatial and temporal control of
phosphorylation events is crucial to cell growth and development, and this control depends on kinases.
Deregulated kinase activity has usually catastrophic consequences, resulting in cell transformation and
cancer. As shown in figure 4, a kinase can have different intermediate states: inactive and autoinhibited,
partially in/active, active, active and phosphorylated. Some of these conformations are obtained in vitro
with the help of inhibitors. Generally, when the enzyme is inactive the hinge cleft is open, the activation
segment is folded so that the residues involved in phosphorylation are not accessible and the
hydrophobic spine is disassembled. In some kinases the DFG-in conformation of the DFG-motif is
differently oriented with respect the active state and the lysine-glutamate salt bridge is disengaged. An
active kinase shows the opposite conformation, with mainly a strong rearrangement of the activation
segment and a closure of the N-lobe to the C-lobe due to the ATP-binding. The DFG-motif is used as an
indicator of another kinase inactive state: the DFG-out conformation. This one was discovered in the
unliganded insulin receptor kinase®, and later exploited for the development of specific inhibitors. This
conformation is an inactive state of the enzyme and its main feature is the flip of phenylalanine of the
DFG-motif with respect to the DFG-in conformation. As a consequence, also the activation segment
changes its fold. The DFG-out conformation creates an additional hydrophobic pocket adjacent to the
ATP-binding site, frequently referred to as the allosteric binding site. Because the amino acids
surrounding this pocket are less conserved than those in the ATP binding pocket and therefore, the
allosteric pocket is exploited in for gaining selectivity during inhibitor design. The tight regulation of
kinase conformation is crucial for kinase activity and partially depends of the kinase itself and partner

proteins.
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Fig. 4. Three key Abl kinase conformations. (a - c¢) at the top, a close-up representation of each state, detailing the
conformations of the DFG-motif (red) and aC-helix (blue). Below, a crystal structure of each conformation is shown. The
activation loop is colored red, the aC-helix blue, and the catalytic loop orange. (d) In cells the active conformation of Abl
undergoes rapid autophosphorylation that is expected to trap the protein in the active conformation (indicated as C*).
Similarly, the inhibitor imatinib only binds to Abl when the kinase domain adopts conformation A and forms a stable complex
with the protein (A*). The interconversion between the different states of Abl is shown in the context of this competition
(Figure adapted from Levinson et al., 200621).
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1.4. The fibroblast growth factor receptor family

Fibroblast growth factor receptors (FGFRs) act as mitogens in embryogenesis and development (cell
morphogenesis, proliferation, differentiation and migration) and in adult organisms (organ, vascular and
skeletal development)*>*. The FGFRs 1-4 have an overall structure similar to most RTKs, containing
three Ig-like extracellular sub-domains, a trans-membrane helix and an intracellular tyrosine kinase
domain® (Fig.5a). FGFRS is composed of an extracellular domain only, and might negatively regulate

. . 5
signaling®™*.

(a) FGF-FGFR structure (b) FGFR splicing
FGFR gl 53
’ g JAYATAY - =
— S i —
Acid box HPSG £ 8. — isoform
gl i

FGF

ligand

=M —{15 T —

TK
domain

r— pe— llic

isoform

Fig. 5. Schematic representation of a FGFR protein. (a) FGF receptor (FGFR) complex comprises two receptor molecules, two
FGFs and one heparan sulphate proteoglycan (HSPG) chain. FGFs bind with low affinity to cell surface HSPGs (purple) and with
high affinity to specific FGFRs. The FGFRs consist of three extracellular immunoglobulin (Ig) domains, a single transmembrane
helix and an intracellular tyrosine kinase domain. The Il and Ill Ig domains form the ligand-binding pocket and have distinct
domains that bind both FGFs and HSPGs. (b) Ligand-binding specificity is generated by alternative splicing of the Ig Ill domain.
The first half of Ig lll is encoded by an invariant exon (llla), which is spliced to either exon Illb or llic, both of which splice to the
exon that encodes the transmembrane (TM) region. Epithelial tissues predominantly express the lllb isoform and
mesenchymal tissues express Illc. FGFR4 is expressed as a single isoform that is paralogous to FGFR-lllc.

Figure adapted from Turner et al., 2010%.

In mammalia there are 18 different FGFs and each FGFR recognizes a unique subset of the fibroblast
growth factors”. The extracellular ligand-binding domain of an FGFR is composed of three
immunoglobulin (Ig) like domains, labeled as D1-D3, a stretch of seven to eight acidic residues
connecting D1 and D2 (the “acid box’’) and a conserved positively charged region in D2 that serves as a

binding site for heparin®?

(Fig. 5a). The extracellular domain of FGFR was shown to undergo N-
glycosylation and mutations that impaired glycosylation resulted in permanent activation of FGFR™.

The cytoplasmatic domain contains the tyrosine kinase domain, with conserved regulatory sequences

that undergo autophosphorylation and/or phosphorylation by heterologous protein kinases.
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An important hallmark of the FGFR family is that a variety of FGFR isoforms are generated by
alternative splicing of FGFR transcripts, usually affecting the Ig-like domains, profoundly alternating

31,32

ligand-binding specificity” "~ (Fig. 5b). The alternative splicing in D3 exists in FGFR1, 2 and 3, but not

333% and deletions in the kinase

in FGFR4. Other splicing forms include soluble secreted FGFRs forms
domain. Variants lacking parts of the kinase domain may act as down regulators of the signal, since they
can heterodimerize with active forms, leading to non-functional dimeric receptors’~°. Fibroblast growth
factors (FGFs) bind to the extracellular domain and stimulate receptor dimerisation together with
heparin-like molecules™***".

Cell surface heparin or heparan sulfate proteoglycans (HSPG) interact with FGFs to induce growth
factor polymerization, binding to FGFR and subsequent dimerisation of FGFRs. HSPG absence limits
dimerisation and activation of the FGF-FGFR complex”"***. In activated oligomers, the kinase domain
becomes active by displacement of its activation segment to an “open” position, allowing Mg-ATP
binding and phosphotransfer events on signaling proteins*. Dimerisation juxtaposes the kinase domains
into close proximity, enabling them to trans-phosphorylate each other. The activity of FGFR-KDs is
tightly regulated and connected with phosphorylation of up to seven specific tyrosines residues™.
Some of these are docking sites for downstream signaling molecules containing SH2 (Src homology 2)
domains. For instance, the SH2 domain of PLCy (phospholipase Cy ) binds to a phosphotyrosine in the
C-terminal tail of the activated receptors*. The juxtamembrane domain of FGFRs is considerably longer
than that of other receptor tyrosine kinases. This region contains a highly conserved sequence that serves
as a binding site for the phosphotyrosine binding (PTB) domains of the two members of the FRS2
family of docking proteins FRS2a and FRS2b"' (Fig. 6a).

Activating mutations, gene amplification, altered splicing and chromosome translocation of FGFRs are
responsible for some developmental syndromes and human cancers in different tissues™*.

Activating mutations and chromosomal translocations can result in ligand-independent dimerisation or
constitutive activation of the kinase. Intragenic translocations generate fusion proteins*, usually with the
N-terminus of a transcription factor fused to the C-terminal FGFR kinase domain, resulting in

dimerisation of the fusion protein and constitutive signalling™. Receptor gene amplification, which

results in receptor over expression, can also be accompanied by altered splicing, contributing to receptor
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accumulation. In addition, tumour cells can stimulate stromal cells to release FGF ligands and increase
the release of ligands from the extracellular matrix (paracrine loop), or FGF ligands are produced by a
cancer cell (autocrine loop)**. The autocrine loop can be established by FGFR expression out of context
or by the increased expression of FGF ligands. FGF released from stromal cells or cancer cells can act

on endothelial cells to promote angiogenesis (Fig 6b).
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Fig. 6. FGFR structure, signaling, and dysregulation in cancer. (a) FGFR and downstream signalling: a complex is formed among
the FGF ligand, heparan sulfate and FGFR to cause receptor dimerisation and trans-phosphorylation at several tyrosine
residues in the kinase domain. Subsequent downstream signaling occurs through two main pathways: via the intracellular
receptor substrates FRS2 and PLCy or via STAT-dependent signaling. Negative regulation of the FGFR signaling pathway is
mediated via FGF-regulated inhibitory factors such as SPRY and MKP3. (b) FGFR dysregulation in cancer. Ligand activation of
FGFRs can be dysregulated when a cell overproduces FGF ligand (1) that activates a corresponding FGFR, or when a cell
produces splice-variant FGFRs (2) that have altered specificity to endogenous FGF ligands. Ligand-independent dysregulation
of FGFRs can occur when an FGFR becomes mutated (3), leading to receptor dimerization or constitutive activation of the
kinase, or when a gene translocation occurs (4), whereby the FGFR fuses with a transcription factor or promoter region
resulting in over expression or activation of the FGFR. A third mechanism is when a gene amplification for the receptor occurs
(5), resulting in grossly exaggerated expression of the receptor. Other mechanisms of FGFR dysregulation include germline
SNPs, which are associated with increased cancer risk or a poor prognosis, and impairment of the normal negative feedback
mechanisms, such as reduced expression of the negative regulator SPRY. (Brooks et al., 2012%).
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Crystal structures of FGFR1 and FGFR2 kinase domains have been solved in different conformations:

. . . [ 5
464748749 and in complex with small-molecule inhibitors’*>'. Moreover,

apo- and phosphorylated protein
different FGFR2 mutants have been structurally characterized*’. The structure of the FGFR3-K650E
mutant was recently published as the first FGFR3 structure™.

In this study I describe four crystal structures of the FGFR4 kinase domain in different conformations. I
have solved two different apo-FGFR4 structures with the DFG-motif adopting a conformation similar to
an autoinhibitory conformation observed in the hepatocyte growth factor receptor kinase (c-MET), but
different to the known structures of FGFR kinases. I have also solved crystal structures of FGFR4-KD in

complex with the inhibitors Dovitinib and Ponatinib, revealing the first FGFR protein in a DFG-out

conformation.
1.5. Therapeutic approaches

To date, three strategies have been developed to treat cancer related to FGFR activity: kinase inhibitors,
monoclonal antibodies and FGF ligand trap. In this thesis, I focus on the first strategy and I show two
structures of the FGFR4-KD in complex with two inhibitors.

Aberrant RTKs signaling may be inhibited through the development of small-molecule drugs that
selectively interfere with the tyrosine kinase activity and thereby block receptor autophosphorylation
and activation of downstream signal transducers™>*.

In the case of FGFRs, tyrosine kinase inhibitors would be relevant therapeutics for the treatment of
cancers over expressing FGFRs (breast cancer), displaying activating FGFR mutations (bladder and
endometrial cancers), or expressing chimerical fusion proteins (rhabdomyosarcoma). Small-molecule
tyrosine kinase inhibitors targeting FGFRs are currently in early phases of clinical trials, and most of
them show broad specificity and target not only FGFRs, but also PDGFRs and/or VEGFRs due to high
structural similarity of their kinase domains, increasing drug side effects®**’. FGFR-specific tyrosine
kinase inhibitors have shown promising results in cancer cells and mouse models. The broad expression
of FGFRs throughout the body and the importance of the FGFRs in various physiological processes, as

well as the high degree of homology between the kinase domains of FGFRs, have to be considered in

the development and application of FGFR tyrosine kinase inhibitors for cancer treatment.
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1.6. FGFR4 and its therapeutic value

FGFRA4 is involved in myogenesis and muscle regeneration with a tissue-specific expression”’. FGFR4

displays a unique affinity to certain FGF ligands™®

and it has different splice variants, one concerning
the kinase domain®. FGFR4 has a reduced autophosphorylation and tyrosine kinase activity compared
to other FGFRs***"”. FGFR4 tyrosines phosphorylation has been reported to be glycosylation
dependent and to require hetero-oligomerisation with other phosphorylated and active FGFRs™. Both
FGFR1 and FGFR4 are expressed during skeletal muscle growth, development and repair, as well
during myogenesis of satellite cells *>*°'. FGFR4 expression and function was also implicated in
muscle regeneration in vivo®. While FGFR1 seems to play a role in supporting myoblast proliferation,
the specific role of FGFR4 during myogenesis remains an enigma®*®".

Many mutations involve different FGFR4 domains and have been found in different cancer types (Fig.
7). For instance, the known polymorphism G388R is in the transmembrane region, occurs in
approximately 50% of the population® and has been associated with cancer development and
progression® . The Y367C mutation identified FGFR4 as dominant oncogene and a driver of tumor
growth in breast cancer®. My work was on the FGFR4 kinase domain, which is also affected by
tumorigenic mutations”. Especially, mutants N535K and VS550E are activating mutations in
rhabdomyosarcoma (RMS), a childhood cancer®™®. In addition, Valine 550 has been found mutated to
methionine in breast cancer’’. Other mutations of the kinase domain are known to result in lung, skeletal
muscle and skin cancer®. It has been reported that chemotherapy resistance involves FGFR4 up-
regulation’' and proposed to become a targetable regulator of drug resistance in colorectal cancer’”. For
these reasons and for its oncogenic potential, FGFR4 is a valid therapeutic target. Kinases domain
ligands may inhibit wild-type up-regulated FGFR4, extracellular and transmembrane domains mutants
and kinase domain mutants. Here, I show two FGFR4 structures in complex with inhibitors Ponatinib
and Dovitinib, both in second phase of clinical trials. Recently, Ponatinib was identified as a potent
FGFR4 inhibitor with an ICsy in the nanomolar range73 . Especially, it has been shown that Ponatinib

inhibits tumor growth in mice models expressing mutationally activated FGFR4". Dovitinib is an ATP-

competitive tyrosine kinase inhibitor and shows activity against FGFRs1-4, VEGFRs1-3 and other RT-
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kinases’>’®. Dovitinib induces both cytostatic and cytotoxic responses in vivo resulting in regression of
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FGFR3-expressing tumors’’.
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1.7. Structure determination by X-ray crystallography

Protein function is deeply related to three-dimensional protein folding, and knowledge of the 3D-
structure of a target protein is obviously essential for structure-based functional studies. To date,
different methods have been developed to reach protein structural models at different resolution levels:
Electron Microscopy (EM), Small-Angle Scattering of X-rays (SAXS) and Small-Angle Neutron
Scattering (SANS), Atomic Force Microscopy (AFM), X-ray crystallography and Nuclear Magnetic
Resonance (NMR) spectroscopy. X-ray free-electron lasers (XFELs) is one of the most recent method,
developed to study GPCRs and membrane proteins crystals, which are usually very tiny’®.

X-ray crystallography has no size limitation for the molecule or complex under investigation, but
displays only a “snapshot” of the macromolecule and X-ray diffracting crystals are required. The
crystallization success is currently not predictable, making it a sometimes tedious and labor-intensive
process. During data collection, the X-ray detector can only record intensities but not phases of the
scattered electromagnetic waves. Each reflection on the diffraction pattern corresponds to a wave
consisting of structure factor amplitude and phase angle. A structure factor can be represented as the
vector Fy (a complex number, named Fourier coefficient) with the amplitude |Fyl and the phase @py
(Fig. 8a). Amplitudes are easily calculated by taking the square root of the intensity, but phases are lost
during data collection.

The phase problem is solved using three main methods:

molecular replacement (MR), where a model structure is present;
- SIR, MIR methods, exploiting scattering of heavy atoms;

- SAD, and MAD methods, exploiting anomalous scattering;

direct methods, requiring very high resolution and small proteins for an ab initio phase
determination.
FGFR4 was solved by molecular replacement and the theory of this method is briefly explained in the

next paragraph.
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(a) (b)

Fru = |Fru| exp(i@n)
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Fig. 8. Molecular Replacement. (a) Argand diagramme. A complex number can be represented as a pair of numbers (a, b)
forming a vector on a diagram representing the complex plane. "Re" is the real axis, "Im" is the imaginary axis, and “i” is the
imaginary unit. (b) The blue horse molecule with known structure (A) is rotated through the [R] operation and shifted
through T to bring it over the position of the unknown red molecule (A’). The molecular replacement equation is simplified

as A’ = A [R] + T. Figure adapted from http://www-structmed.cimr.cam.ac.uk/Course.html.

1.8. Molecular replacement

Molecular Replacement (MR) is a phasing method that can be applied when a search model structurally
similar (~40%) to a moleluce in the target crystal structure is available. Nowadays, molecular
replacement is extensevely used due to the numerous structures available and dedicated software
packages and servers (MolRep, Phaser, MrBump, AMORE)”**'. To carry out molecular replacement,
the model structure has to be correctely oriented in the unknown unit cell. This means specifing three
rotation angles to place the molecule in the 3D space and three translational parameters to correctly
orient the molecule in the unit cell (Fig. 8b). Identifying these parameters is relatevely easy due to the
Patterson function®”. In contrast to the electron density map (Fourier transform), the Patterson map can
be computed directely from intesities (amplitued squared) without additional phases. In a Patterson
function, all phases are set to O, resulting in a map where the peaks correspond to distance vectors
between individual atoms. For example, if there is a peak of electron density for atom 1 at position x;
and a peak of electron density for atom 2 at position X,, then the Patterson map will have peaks at
positions X,-X; and X;-X,. So for each vector from atom x; to X, there is an oppositely oriented vector of
the same length (from atom X, to Xx;), therefore the Patterson map always has centrosymmetry. The
vectors can be divided in two categories: intramolecular vectors (from one atom in the molecule to
another atom in the same molecule) depending only on the orientation of the molecule and not on its

position in the cell, so these can be exploited in the rotation function; intermolecular vectors depend
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both on the orientation of the molecule and on its position so, once the orientation is known, these can
be exploited in the translation function. In the Patterson map the height of the peaks is proportional to
the product of the heights of the two peaks in the electron density map, especially the Patterson map has
its maxima at the intermolecular vectors.

Once that the space group has been pinpointed, the selected software combines the model structure and
the unknown one, applies algorithms of the rotation and translation functions and the result is an
approximate initial set of phases of the Fourier coefficient of the unknown structure. For that purpose a
Patterson map is calculated from the experimental intensities and compared to a theoretical Patterson

map of the model structure coordinates.
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Fig. 9. Patterson map representation. (a - b) Rotation and translation function are represented in the unit cell (a) and in the
crystal lattice (b). (c) Here a entire Patterson map is represented: in light blue intramolecular vectors resulting from rotation
function, while in blue and red intermolecular vectors, resulting from translation function. Figure adapted from http://www-
structmed.cimr.cam.ac.uk/Course.html.

Once that the phases have been approximated, the new structure is rebuilt and refined during many
cycles. Refining is achieved through statistical adjustment of the atomic parameters to better fit the
experimental diffraction data. The R-value measures how much calculated amplitudes differ from the
observed amplitudes. To prevent overfitting and getting a misleading level of agreement with the
observed data, a fraction of the data is left out during refinement for cross-validation. These cross-
validation data gives the R-free value, which is an unbiased indication of the quality of the structure.
Two methods are widely used in refinement: maximum likelihood (REFMAC®) and simulated
annealing (CNS/Phenix®*). Both methods use restraints of bond lengths, angles and temperature factors
(B-factors) during refinement of the atomic model. In maximum likelihood, the phases are adjusted to

minimize the R-factor. In simulated annealing the potential energy of a model is perturbed and slowly



Part I — Introduction 24

returned to equilibrium following a certain annealing schedule. Additional methods can improve the
maps, for instance in this work TLS refinement was used. This is a macromolecular refinement in which
the displacement of whole groups of atoms of the molecule (like domains) is parameterized as a

combination of translation, libration and screw motion.
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2. Materials and Methods

2.1. Molecular cloning

Standard polymerase chain reaction was performed in 50ul with 1x Phusion HF buffer, 200uM dNTPs,
0.5uM of forward and reverse primers, 3% DMSO, 50-100ng of DNA template and 1U Phusion DNA
polymerase (New England BiolLabs). The following program was used for amplification in an
Eppendorf MasterCycler:

Initial denaturation: 98°C x 30sec

30 cycles: denaturation 98°C x 10sec — annealing 55°C x 1min — elongation 72°C x 30sec

Final elongation: 72°C x 10min

The PCR product was then purified using the QIAquick extraction kit (Qiagen). After restriction enzyme
digestion using New England Biolabs enzymes and protocols, the fragments were separated and purified
from agarose gels with the QIAquick extraction kit (Qiagen). The target vector was digested in the same
way and also purified via gel-extraction. Ligation of the PCR product into the vector was carried out
using T4 DNA Ligase (New England BioLabs) according to the manufacturer protocol. After
transformation into Escherichia coli (E. coli) TOP10F” and growth at 37°C over night, plasmid DNA
was prepared using the QIAcube (Qiagen) with the corresponding QIAprep Spin Miniprep Kit (Qiagen).
The quality of the final plasmid vector containing the target insert was checked by restriction enzyme
digestion and DNA sequencing. For agarose electrophoresis and visualization of DNA, typically 1%
(w/v) agarose was dissolved by heating in 1x TAE buffer (Applichem) and gels were prepared using a
Sub-Cell GT electrophoresis system (Bio-Rad). After mixing with 6x DNA loading dye (Fermentas), the
samples were loaded and electrophoresis was carried out at a constant voltage of 110V in 1x TAE buffer
(Applichem). Either a 1kb or 100bp DNA ladder (peqlab) was used as a size reference. DNA was
visualized with SYBRR Safe DNA gel stain (Life Technologies), followed by imaging on a gel-doc
system (Bio-Rad).

Human FGFR4 was obtained by GENEART, corresponding to human FGFR4 isoform 1 in UniProtKB

P22455. The used vectors are pFastBacHTB (Life Technologies) and its derivatives generated at
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Proteros Biostructures. Many FGFR4 length variants were cloned in vectors containing different
protein-tags. A list is reported and explained in “Results” at page 31.

The successful clone coded for amino acids 447-753 of human FGFR4 and was cloned into
pFastBacHTB vector containing a hexahistidine-tag and TEV (Tobacco Etch Virus) protease cleavage

site. FGFR4-V550E mutant was generated with QuikChange II Site-Directed Mutagenesis Kit (Agilent).
2.2. Insect cell culture and heterologous protein expression

For the expression of target protein in insect cells, viral DNA was generated using the Baculovirus
Expression Vector System (Life Technologies) following the instructions given by the supplier. For
recombinant protein expression, Spodoptera frugiperda cells (Sf9) were grown in Grace's Insect Media
(Gibco-Life, Technologies) supplemented with Fetal Bovin Serum (Sigma Life Science) and infected at
a cell density of 2-2.6x10°ells/ml (vitality 95-98%) with an MOI of 2.5 (Virus Counter InDevR). 64h
after infection, cells were harvested by centrifugation at 900g for 10min and shock-frozen at -80°C.

Initially, test expressions were performed in 100ml cultures which were analyzed using a NiNTa spin
column kit (Qiagen) for HIS-tagged target proteins and quantified with SDS-page and western blot
analysis. Test expressions were repeated until a good sub-clone was identified (in terms of protein yield)
and different parameters were tested to improve expression yields (MOI, post-infection time, cell

density).
2.3. Sodium dodecyl sulfate - polyacrylamide gel electrophoresis analysis (SDS-PAGE)

To denature protein samples, they were boiled in 1% sodium dodecyl sulfate (SDS)-loading buffer for

Smin at 95°C. Subsequently samples were loaded on gels purchased from Life Technologies
(NuPAGER NovexR 10% Bis-Tris Midi Gel). Electrophoresis was performed at 190V until the running
front reached the boarder of the gel. Prestained Protein Marker VI (AppliChem) was used as a size
reference covering 10-245 KDa. The gel running buffer was either 1x NuPAGER MES SDS running
buffer (Life Technologies). To visualize proteins, the SDS-PAGE gels were soaked in the Coomassie
based staining solution InstantBlueTM (Biozol) at room temperature (RT) for 30min. InstantBlueTM
protein-staining solution then was removed and substituted with water. Imaging was performed on a gel-

doc system (Bio-Rad).
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2.4. Western blot analysis

After SDS-PAGE analysis, Western Blotting was performed using the iBlotTM Dry Blotting System
(Life Technologies) with the proper iBlot Transfer Stack, nitrocellulose (Life Technologies) according
to the manual provided by the distributor. The anti-HIS4-Peroxidase (Roche) was used as antibody and

visualized using “BM Blue POD substrate, precipitating” (Roche).
2.5. Determination of DNA and protein concentration

Protein and DNA-concentrations were determined using a NanoDrop Spectrophotometer (ND-1000
spectrophometer, peqlab). In order to calculate the concentrations of the protein samples of the different
constructs, the respective extinction coefficients and theoretical molecular weights (MW) were
calculated from primary proteins sequences using the ProtParam online tool®.

The extinction coefficient of 39420 M'cm™ with Abs 0.1% (=1 g/l) equaling 1.149 was used for

quantification.
2.6. Purification protocol

In general, all the purification steps were performed at room temperature (about 22°C). In case of
protein precipitation events, the protein was cooled and kept on ice. All chromatography buffers were
prepared and the pH adjusted at room temperature. Subsequently they were filtered (0.22 pm) and
degassed. The purification steps were performed on chromatography systems and columns obtained
from GE Healthcare (AKTA system). Before the protein was pooled, samples were analyzed on pre-cast
SDS-gels (10%) obtained from Life Technologies. Many buffers systems and columns were tested, and
the buffers recipes here reported refer to combination “purification-crystallization” which finally led to
solve the structures.

Pellet was thawed in buffer A (50mM Hepes, pH=8, 300mM NaCl, 10% glycerol, 0.3mM CHAPS,
20mM imidazole, 1mM TCEP) supplemented with complete-EDTA free proteases inhibitors and DNase
I (Roche). Cells were lysed using a homogenizer stirrer and soluble protein was recovered after
centrifugation at 10000g for 30min at 10°C. SmM NiSO, were added to the supernatant and the lysate
was incubated for 2 hours with Ni-NTA Agarose beads (Qiagen). The beads were recovered by

centrifugation at 500g for 2min, resuspended in Buffer A and packed in an XK16/20 column. The
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column was washed with buffer A and bound protein was eluted with a gradient 0-100% of buffer B
(50mM Hepes pH=8, 200mM NaCl, 10% glycerol, 0.1mM CHAPS, 300mM imidazole, ImM TCEP).
The His-tag was removed using TEV protease in a dialysis step run overnight at room temperature. The
ratio of FGFR4/TEV (w/w) was 20:1. The next day a second passage over the Ni-NTA column was
performed and the flow-through of the column was collected. FGFR4 protein was further purified on a
HiLoad 26/60 Superdex 200 prep grade column (GE Healthcare) in buffer C (10mM Hepes pH=S8,
100mM NaCl, 3% glycerol, ImM TCEP) and concentrated for crystallization. To estimate the MW of
proteins and complexes, the columns were calibrated with the Low and the High Molecular Weight Gel
Filtration Calibration Kit (Amersham Pharmacia Biotech), which uses proteins in the range between

13.7 kDa and 669 kDa.
2.7. Phosphorylation and dephosphorylation — Mass spectrometry analysis (MALDI)

Dephosphorylated FGFR4 was generated after the second affinity chromatography by adding A-
phosphatase (produced in house) and 2mM MnCl,. The ratio used FGFR4/ A-phosphatase was 60:1. The
reaction was incubated 1h at room temperature (about 22°) under mild agitation. A-phosphatase was
then removed from the reaction mixture by size-exclusion chromatography performed with Hil.oad
26/60 Superdex 75 prep grade column (GE Healthcare) in buffer C.

Double-phosphorylated FGFR4 was obtained after purification and before concentration through the
incubation of the protein sample with 10mM ATP and SmM MgCl, for 3h at 20°C at neutral pH and
under mild agitation. Excess ATP was removed by size-exclusion chromatography performed with
HiLoad 26/60 Superdex 200 prep grade column (GE Healthcare) in buffer C.

The phosphorylation state was checked by Matrix-assisted laser desorption/ionization (MALDI), a
mass spectrometry application at the Protein Core Facility of the Max Planck Institute of

Biochemistry in Munich.

2.8. Addition of inhibitors

For the Ponatinib- and Dovitinib-FGFR4structures, the buffers for the second affinity chromatography

were supplemented with SmM MgCl, and 1mM ATP.
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After size-exclusion chromatography, Ponatinib (AP24534) was added to the protein mixture in a 1:1
molar ratio and the mixture was incubated for 10min at 4°C. Precipitated protein (app. 1/3rd of initial
protein) was removed by centrifugation and the protein was concentrated for crystallization. For the
Dovitinib-FGFR4structure, after size-exclusion chromatography the protein was concentrated and

incubated with 2mM Dovitinib (TKI258) for 10min at 4°C before crystallization.

2.9. Protein concentration steps

In order to concentrate protein samples after intermediate and final purification steps, centrifugal filter
devices (Amiconr Ultra and Sartorius Vivaspin 500) with a 30KDa nominal molecular weight limit were
used as described in the provided protocol. Concentration was conducted up to the desired volume for

intermediate purification and up to the desired protein concentration in final concentration steps.

2.10. Phosphorylation western blot

Homogeneous non-phosphorylated FGFR4 was generated with A-phosphatase produced in-house as
described above and analyzed by mass spectrometry. The phosphorylation reaction was performed in the
presence of 10mM MgCl, and SmM ATP at constant 20°C. Samples were taken before the reaction and
up to 120minutes. All the samples were from the same reaction and two samples were taken for every
time point. The reaction was immediately stopped by heating the samples at 95°C for 15 minutes, and
supplementing them with the addition of 2mM DDT and 3x Sample Loading Buffer for the next
electrophoresis. We used antibodies against p-Tyr653 and p-Tyrs654 of FGFR1 (Emelca Bioscience),
exploiting the highly conserved sequence (98%) of the activation segment between FGFR4 and FGFR1.
Tyr653 of FGFR1 corresponds to Tyr642 and Tyr654 to Tyr643 in FGFR4. The western blot was
performed with PVDF membranes (Life Technologies) and BSA was used as background control, while
non-phosphorylated and double-phosphorylated FGFR4s were used as negative and positive controls,
respectively. The blot follows a standard protocol with a first phase with BSA incubation, a second
phase with primary antibodies incubation and a third phase with secondary conjugated antibody
incubation. The development phase was carried out and visualized with BM Blue POD substrate

(Roche).
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2.11. Thermofluor analysis

Thermofluor assay®® was used to determine protein-unfolding curve of FGFR4 wild-type and mutant
V550E. The final solution contains purified protein at 1mg/ml, 100x Sypro Orange. For the samples
containing ATP-analogue, the solution was supplemented with SmM AMP-PNP and 10mM MgCl,. The
gradient temperature is from 25 to 90°C with recorded signals every 0.5°C. Every condition was

repeated twice.
2.12. Protein crystallization

Fresh FGFR4 kinase domain was crystallized at 4°C with a concentration between 6-25mg/ml from
different conditions using various salts as precipitants, especially anions. Apo-1-FGFR4 in crystal form I
crystallized from 0.6M NaH,PO,, 0.6M KH,PO,, 0.075M NaHEPES pH=7.5 and 24% glycerol. Apo-2-
FGFR4 in crystal form II supplemented with SmM AMP-PNP and 10mM MgCl, crystallized in 2.5M
C,H;Na0, and 0.1M MES pH=6.5. The FGFR4-Ponatinib cocrystal was grown from 0.4M NH,H,PO,
and FGFR4-Dovitinib crystal from 0.1M Citric acid pH=4.0, 1.6M (NH,),SO,, final pH=5. For the
glycerol condition, the reservoir was directly used for cryo-protection. For the FGFR4-Dovitinib crystal,
the cryo-solution was composed by reservoir with the addition of 20% glycerol, while for the other two
crystallization conditions, cryo-solutions were prepared using fresh reservoir supplemented with 20%
ethylene glycol. Crystals were transferred into the cryo-solution for a few seconds and shock-frozen in

liquid nitrogen.
2.13. X-ray data collection, data processing and structures solution

Data sets were collected at beamline X06SA of the Swiss Light Source (Table 2 in Results) and
processed with XDS*” and XSCALE®’. A model of the FGFR4 kinase domain was generated in SWISS-
MODEL®® and used to solve the first apo-FGFR4 structure with MOLREP®. All structures were
rebuilt manually in COOT**®' and refined using REFMAC®"*. All the structures miss the trans-
activation loop, which is about from Pro568 to Pro583 residues in the C-lobe. Solvent/water molecules
were modeled at stereochemically reasonable sites. Figures were generated in PYMOL’ and edited with

GIMP®.
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2.14. PDB accession numbers

The coordinates and structure factors of the structures described have been deposited at the wwPDB
under accession code: Apo-1-structure 4TYE, Apo-2-structure 4TYG, Dovitinib-structure 4TYI and

Ponatinib-structure 4TY]J.
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3. Results

3.1. Cloning and expression of FGFR4-KD gene

Different variants of the human fibroblast growth factor 4 kinase domain were cloned, amplified and

expressed as described in Methods. Through mutagenesis, the most known rhabdomyosarcoma mutants

N535K and V550E were also generated (Tablel).

YVQVLKTADI NSSEVEVLYL RNVSAEDAGE YTCLAGNSIG LSYQSAWLTV 350
LPEEDPTWTA AAPEARYTDI ILYASGSLAL AVLLLLAGLY RGQALHGRHP 400
RPPATVQKLS RFPLARQFSL ESGSSGKSSS SLVRGVRLSS SGPALLAGLV 450
SLDLPLDPLW EFPRDRLVLG KPLGEGCFGQ VVRAEAFGMD PARPDQASTV 500
AVKMLKDNAS DKDLADLVSE MEVMKLIGRH KNIINLLGVC TQEGPLYVIV 550
ECAAKGNLRE FLRARRPPGP DLSPDGPRSS EGPLSFPVLV SCAYQVARGM 600
QYLESRKCIH RDLAARNVLV TEDNVMKIAD FGLARGVHHI DYYKKTSNGR 650
LPVKWMAPEA LFDRVYTHQS DVWSFGILLW EIFTLGGSPY PGIPVEELFES 700
LLREGHRMDR PPHCPPELYG LMRECWHAAP SQRPTFKQLV EALDKVLLAV 750
SEEYLDLRLT FGPYSPSGGD ASSTCSSSDS VEFSHDPLPLG SSSEFPEFGSGV 800
QT 802

Fig. 10. FGFR4 amino acid sequence. The kinase domain sequence is highlighted in yellow by UniProt (P22455). In bold red is
marked the successful clone 304, from residue 447 to 753.

Cloning PCR Spébiﬁc Bacmid Nonspecific
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— 500K b
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Fig. 11. Agarose gel electrophoresis of FGFR4 DNA, clone H. On the left, the initial PCR before digestion. The specific bacmid
PCR is done with the primers of the initial PCR, while the nonspecific one is done with one specific primer set and a primer set
that binds in the baculovirus genome. The result of the two bacmid PCRs must be coherent.

As listed below, at least 10 variant of FGFR4-KD were prepared and, when it was possible, tested until
crystallization trials. In addition, to increase protein solubility and stability, protein tags such as GST or
NusA were used with unsatisfying results. The best combination was achieved with the expression
protocol reported in “Methods” and the shortest variant H in combination with the 6x histidine-tag,
which speeded up the purification steps and significantly increased protein stability, eliminating protein

precipitate. For these reasons, the next paragraph refers to variant H and its relative mutated clone J

(Table 1).
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Table 1. Human FGFR4-KD variants tested.

Clone FGFRA4 residues* Baculovirus Vector Result

Clone A Hs. 447-762 EE?;%ZCbHIS_NUS_TEV‘ Poor expression

Clone B Hs. 447-802 EE?;%ZCéHIS_NUS_TEV‘ Poor expression

Clone C Hs. 442-753 EE&SS}B&C@HIS-GST—TEV- rCe(r)lrllct)e\llrélcilnants could not be
Clone D Hs. 442-802 EE&S%]?&C@HIS—GST—TEV— Eeirllct)a\l]r:énants could not be
Clone E Hs. 391-802 prasBac-OHISNUSTEY™ " nsoluble

Clone F Hs. 442-802 EE?;%ZC'6HIS'NUS'TEV' Insoluble

Clone G Hs. 391-802 EEES;%ZC'&IS'TEV' Did not crystallized

Clone H Hs. 447-753 EEg;iZCﬁHIS_TEV‘ Different structures solved
Clone I Hs. 447-753/N535K EEE}S;%T'@IS'TEV' Not correct clone

Clone J Hs. 447-753/V550E EE?;%ZCbHIS_TEV‘ Crystals require optimization

*refers to Homo sapiens. The kinase domain sequence is reported in Fig. 10.
6HIS = 6-histidine; TEV = Tobacco Etch Virus nuclear inclusion; GST = glutatione S-transferase; NUS = NusA,
antitermination protein.

3.2. Purification of FGFR4-KD-wt and FGFR4-KD-V550E mutant

FGFR4-KD was purified in three column steps. A first affinity chromatography exploited the interaction
between the His-tag of the construct and the Nickel ions of the resin and results in a pool of proteins able
to bind the Nickel-matrix. A second affinity chromatography, called “negative” because in this case the
target protein without the His-tag is contained in the flow through separates the target from proteins
interacting with Nickel ions. In the third step, a size exclusion column separates proteins by their size
(Fig. 12). Many trials pointed out different essential details to obtain high protein yield and purity. Some
involved buffers optimization, especially the final buffer in which the protein is conserved before
crystallization screenings. Adding an anion-exchange column to the purification procedure did not
improve the final yields. The main improvement was the use of Ni-NTA Agarose beads (Qiagen) instead
of Ni-Sepharose High Performance (GeHealtcare) and the incubation of the cell lysate for at least 2
hours with Nickel-beads supplemented with NiSO,, preventing that proteins remove NiSO, from the

beads. To reduce the presence of contaminants, it made a difference working at room temperature (about
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22°C) instead of the usual 4°C: in fact higher temperature does not affect FGFR4-KD stability or
solubility but decreases contaminants stability for wild-type protein. On the contrary, the few
purifications of mutant FGFR4-KD-V550E (active site mutant) at room temperature showed a higher
FGFR4-KD-V550E instability, as later confirmed by the thermofluor experiments.

The FGFR4-KD variant H has a molecular weight about 34.7kDa without the HIS-TEV sequence and
36.2kDa including the tag and protease cleavage site, and variant J has similar weights (absolute values

1*° and

counted using the human sequence plus cloning vector residues - ExXPASy Compute pl/Mw too
mass spectrometry analysis). In size-exclusion chromatography, FGFR4-KD elutes as a monomer
however, traces of dimers were found in SDS-page gels and on phosphorylation western blots. Dimers
could depend either on the presence of external cysteine which form disulfide bonds or the physiological
ability of the kinase to form dimers during autocatalytic activation/phosphorylation (Fig. 12c). To
increase purity, fractions corresponding to the centre of the chromatographic peak of the size-exclusion
chromatography were collected.

Although the protein purity was almost the same during every purification, the yield changed depending
on expression culture quality. In general, from 5 liters of culture about 20mg of FGFR4-KD-wt are
recovered with purity about 95%. However, FGFR4-KD is not homogenous and contains approximately

60% of non-phosphorylated protein mixed with single and double phosphorylated forms as explained

later (Fig. 13a).
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Fig. 12. FGFR4-KD-wt purification profiles and their relative SDS-page analysis. (a) First affinity chromatography. (b) Negative -
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exclusion chromatography.
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3.3. Phosphorylation states and mass spectrometry analysis

At the beginning of the crystallization experiments, FGFR4-KD variant H did not crystallize even after
many screenings. To collect more information on the protein and potentially resolve the problem, the
homogeneity of the sample was analyzed by mass spectrometry.

It is known that FGFR-KDs have up to 7 tyrosines which undergo to auto/phosphorylation during their
activation™. Two of them are in the active site and are responsible for autoinhibition/auto activation
mechanisms, in FGFR4-KD these are Tyr642 and Tyr643. In mass spectrometry analysis, we found that
after the purification, FGFR4-KD-wt was pure with respect to SDS-PAGE analysis, but most of the
protein was non-phosphorylated and parts of it in single- and double-phosphorylation states (Fig. 13a). It
is possible to hypothesize that these two phosphorylation events occur at positions Tyr642 and Tyr643.
It had been reported that for the crystallization of FGFR2 with and without ATP the micro-homogeneity
of the sample and its phosphorylation state” was essential, therefore a fully dephosphorylated FGFR4-
KD was generated with A-phosphatase/MnCl, (Fig 13b). In addition, experiments to produce a fully
phosphorylated FGFR4-KD by incubation with ATP/MgCl, were performed. However, phosphorylating
FGFR4-KD before the size-exclusion chromatography for 1h resulted in another heterogeneous sample,
where the most dominant form is the single-phosphorylated one. Surprisingly, this form was more prone
to crystallize, especially in combination with inhibitors. It is possible to reach an almost homogenous
double-phosphorylated form with an incubation of 3h at 20°C. Interestingly, the presence of the double
phosphorylated dimeric form in this sample was observed (Fig. 13c). This last form was never tested in
crystallization screening but was used in western blot analysis.

It has been tried to phosphorylate FGFR4-KD-V550E, but the protein precipitates quickly even at lower

temperatures, therefore, these experiments were stopped.
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Fig. 13. Mass spectrometry analysis of FGFR4-KD-wt. (a) Heterogeneous sample after purification. (b) Homogenous sample
after treatment with A-phosphatase/MnCl,. (c) Heterogeneous sample obtained after incubation with ATP/MgCl,. Star colors
legend: blue, non-phosphorylated; green, single phosphorylated; pink, double phosphorylated; vyellow, double
phosphorylated dimeric form.

3.4. Crystallization screenings

A large set of crystallization screenings were tested for initial screenings, containing combinations of
salts, polyethylene glycol (PEG), 2-methyl-2, 4-pentanediol (MPD), alcohols and detergents. As
described above, different constructs and also differently phosphorylated samples of these variants were
tested. Concerning ligands (AMP-PNP, Dovitinib, Ponatinib and other here not mentioned) were tested
in co-crystallization experiments.

Crystallization temperatures were tested (such as 4, 12 and 20°C) but positive hits happened only at 4°C,
rarely at 12°C and precipitation was too fast at 20°C. Using frozen protein dramatically reduces chances
to get crystals. Crystals of FGFR4-KD-wt in complex with AMP-PNP (ATP-analogue) were obtained
but they are intergrown with multiple layers and could so far not be optimized. Also FGFR4-KD-V550E

crystallized in tiny intergrown needles not yet optimized.
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Fig. 14. Images of FGFR4-KD crystals.

3.5. Apo-FGFR4-KD structures

The apo-FGFR4-KD kinase domain crystallized from a mixture of mostly (about 60%) non-
phosphorylated and singly and doubly phosphorylated protein as confirmed by mass spectrometry
analysis. Two apo-FGFR4-KD structures in different crystal forms have been solved with molecular
replacement and they share their main features (referenced as Apo-1 and Apo-2, respectively). As the
Apo-1-FGFR4-KD structure crystallized in the same crystal form as the Dovitinib- and Ponatinib-
structures (Table 2), the structural description is mainly of Apo-1.

Overall, FGFR4-KD-KD adopts the typical protein kinase structure composed by a smaller N-terminal
and a larger C-terminal domain (Fig. 15). Both apo-FGFR4-KD structures are in DFG-in conformation
and lack electron density indicative of phosphorylation of any tyrosine residue. The structures reveal an
unusual autoinhibited conformation that has not been reported for members of the FGFR family so far:
C-terminal to the DFG-motif, the activation segment (residues 630 — 659) protrudes upwards and
reaches the tip of the P-loop in the N-lobe (Figs. 15 and 16). This contact involves Tyr642 and Tyr643,

which become phosphorylated during activation of FGFR4 kinase™*.
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(@) (b)

Fig. 15. Human apo-FGFR4-KD structures. (a) Apo-1-FGFR4-KD. (b) Apo-2-FGFR4-KD. The P-loop is in blue and the activation-
segment in magenta. The DFG-motif is colored in cyan and the HRD-motif in black. Tyr642 and Tyr643 are represented in
sticks and highlighted in light green. The figures were generated after superimposition of the C-lobe and both the apo-
structures are in the same orientation.

In the Apo-1-FGFR4-KD structure, the electron density for the activation segment is incomplete,
starting from residue 644, thus allowing modeling of tyrosines 642-643. The side chain of Tyr643 is
partially exposed to the solvent while the side chain of Tyr642 points towards the aC-helix and is
coordinated by Phe478 from the P-loop and residues from the B3-strand and the aC-helix which shield it
from phosphorylation. The side-chains of Tyr643 and Asp641 are located in the ATP-binding pocket

which, together with the displacement of the P-loop, prevents ATP binding (Fig. 16a).
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The Apo-2-FGFR4-KD structure shows a slightly different conformation of the N-lobe (Fig. 16b), and
superposition of the C-lobes of the two apo-structures indicates a rotational N-terminal domain motion
of about 11.4 degrees (Fig. 17a). However the Apo-1 and Apo-2-structures belong to two different space
groups and the rotation is about a different axis compared to the Apo-1/Dovitinib-/Ponatinib-structures
(see below). In the Apo-2-FGFR4-KD structure, the activation segment is completely defined by
electron density and positioned closer to the P-loop. Here, Asp641 is out of the ATP-binding pocket,

which is occluded by Tyr643 and partially by Tyr 642 (Fig 16b).

(a)

(b)

Fig. 16. Stereo close-up at FGFR4-KD N-lobe. (a) N-lobe of Apo-1-FGFR4-KD. (b) N-lobe of Apo-2-FGFR4-KD. The P-loop is in
blue and the activation-segment in magenta. Tyr642 and Tyr643 are highlighted in light green. The figures were generated
after superimposition of the C-lobe and both the N-lobes are in the same orientation.
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Fig. 17. Domain motions in FGFR4-KD structures. (a) Superposition of the C-lobe of Apo-1 and Apo-2-FGFR4-KD. Apo-1 is
colored in magenta and Apo-2 in dark grey; they show a rotation of 11.4°. (b) Superposition of the C-lobe of Apo-1-, Dovitinib-
and Ponatinib-FGFR4-KD structures. Dovitinib-structure is in yellow, while Ponatinib-structure in blue. Both inhibitors affect
the N-lobe rotation leading to its closure upon the C-lobe. The rotation of Apo-1 relative to the Dovitinib-structure is 8.8° and
11° to the Ponatinib-structure. The figures were generated after superimposition of the backbone of the C-lobe (residues 659-
749), ligands are removed and both (a) and (b) figures are in the same orientations.

A conformation of the activation segment similar to the apo-FGFR4-KD structures was observed for
non-phosphorylated inactive c-MET and attributed to autoinhibition® (Fig. 18 - Table 3). However, our
FGFR4-KD-structures differ from c-MET by the presence of the salt bridge between Lys503 and

Glu520 from the aC-helix (Fig. 16), generally conserved in active kinase.
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(a)

(b)

Fig. 18. Comparison of human apo-FGFR4-KD structures with the c-MET kinase structure. (a) Apo-1-FGFR4-KD. (b) Apo-2-
FGFR4-KD. (c) c-MET kinase. The activation-segment in magenta while Tyr642 and Tyr643 are in represented in stick and
highlighted in light green. The figures were generated after superimposition of the C-lobe.

Table 2. Crystallographic parameters for human FGFR4-KD structures

Apo-1- Apo-2- Dovitinib- Ponatinib-
FGFR4-KD FGFR4-KD FGFR4-KD FGFR4-KD
Data collection
Space group P4;2,2 H32 P4;2,2 P4;2,2
Resolution (A) 58.74-2.8 79.7-24 61.7-34 62.03-2.4
(3.02-2.8)" (2.56 -2.4) (3.69-3.4) (2.65-2.4)
Cell dimensions
a b, c(A) 619 629 1849 1594 1594 92.2 659 659 1822 66.2 66.2 176.0
o, py(°) 90 90 90 90 90 120 90 90 90 90 90 90
Rinerge 12.7 (85.4) 8.9 (73.8) 8.7 (83.1) 9.1 (85)
1/cl 12.5 (2.3) 12.1 2.7) 10.4 (1.7) 17.34 (3.0)
Completeness (%) 99.6 (99.2) 98.7 (99.6) 96.4 (96.8) 99.9 (100)
Total observations 58,867 74,629 15,344 158,760
Total unique observations 9,467 17,454 5,806 15,173
Refinement
Reryst/ Reree 22.3/27.8 20.2/23.8 27.7134.0 21.4/24.7
N of reflection” 8742 (725) 16365 (1092) 5427 (379) 14070 (1101)
RMS bonds (°) 0.007 0.007 0.007 0.007
RMS angles (°) 1.272 1.033 1.025 1.227
No. atoms
Protein‘/water 2302 /25 2324 /80 2176 /0 2184 /56
Ligand/solvent 0/10 0/10 29/0 39/14
Average B-factors
Protein/water 60.2 /38.7 60.8/53.9 110.380/0 53.3/55
Ligand 127.7 44.7
Ramachandran plot
Most favored geometry (%) 89.7 93.2 86.7 92.7
Additionally allowed (%) 9.9 6.4 12.0 6.9

*Values in brackets refer to the highest resolution shell; ®Values in brackets refer to free R-value test set;
“Electron density gaps are listed in the methods.
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Table 3. List of structures mentioned

Protein structure PDB code Reference
Apo-1-FGFR4-KD 4TYE

Apo-2-FGFR4-KD 4TYG

Dovitinib - FGFR4-KD 4TYI

Ponatinib - FGFR4-KD 4TYJ

Non-phosphorylated - c-MET 2G15 Wang W. et al., 2006
Non-phosphorylated - FGFR1* 1FGK Mohammadi M. et al., 1996
Phosphorylated - FGFR1 3GQI Bae J.H. et al., 2009
Non-phosphorylated - FGFR2* 2PSQ Chen H et al., 2007
Phosphorylated - FGFR2 2PVF Chen H et al., 2007
Non-phosphorylated - FGFR3 - K650E 4K33 Huang Z. et al., 2013
Ponatinib - BCR-ABL 30XZ Zhou T. et al., 2011
BCR-ABL - T3151 31K3 OHare T. et al., 2009
Ponatinib - DDR1 37Z0S Canning P. et al., 2014
Ponatinib - RIPK2 4C8B Canning P. et al., unpublished

4-(aminoalkylamino)-3-benzimidazole
-quinolinones - CHK1

*Since there are many FGFR1 and 2 structures, we limited our comparison to selected examples.

2GDO Ni Z.J. et al., 2006

3.6. Phosphorylation western blot and thermofluor analysis

To get more information on the connection between FGFR4-KD apo-structures, autoinhibition, and
activation, we determined the sequence of the phosphorylation events in the activation segment of
FGFR4-KD. Therefore, a phosphorylation western blot of tyrosines 642 and 643 was performed. We
used antibodies against p-Tyr653 (Tyr642 in FGFR4-KD) and p-Tyrs654 (Tyr643 in FGFR4-KD) of
FGFR1, exploiting the highly conserved sequence (98%) of the activation segment between FGFR4 and
FGFR1. Homogeneous non-phosphorylated FGFR-KD was generated with A-phosphatase and analyzed
by mass spectrometry. The phosphorylation reaction was followed for up to 2 hours in presence of ATP
and MgCl,. The result of the western blot indicates that Tyr643 and Tyr642 are phosphorylated at
similar rates, with bands appearing after 3 and 5 minutes respectively, indicating a slightly faster rate for
Tyr643 (Fig.19).

To characterize our FGFR4-KD variants further, we used thermofluor analysis®. Additionally, it has
been reported that mutant V550E is an activating mutation in cells®®. We expressed and purified a

variant of the same length as the wild-type carrying the Glu550 mutation. Thermofluor assay was used
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to determine protein-unfolding of FGFR4-KD wild-type and mutant V550E with and without ATP-
analogue (Fig. 20). FGFR4-KD wild-type with and without AMP-PNP/MgCl, shows unfolding at 46.5°
and 47.5°C respectively, whereas FGFR4-KD-V550E unfolds at 38.5°C in absence and 43.5°C in
presence of AMP-PNP/MgCl,, indicating ATP-binding potential. Higher concentrations of AMP-PNP
up to 25mM have been tested and increase the melting temperature for both variants (wt and mutant) by

additional 2-3 degrees.
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Fig. 19. Western blot showing a time course of the phosphorylation of FGFR4 Tyr642 and Tyr643.

4 + AMP-PNP
Protein
ote +MgCI2
Melt Curve Melt Curve
35 + T X 2% § . 1 : L2 T T T
o i ' Tm=46.5C 0T N Tri £475°C
0 R A / . T e
/ : \ : : 25
L e . \ : H
5 . : s
FGFR4-wt |8 ,,1 7 - , N gl
15 + ™ 16 T
D
0 “ 5 © ) % % % M 50 8 70 % %
Temperature, Celsius Temperature, Celsius
Melt Curve 60 Meht Curve
50 4 e T Tk T T 5 = 3 ¥ v ¥ H N R
\ T Ym=385°C m=4abC
S / : : s0 1 /
ol oo B - - A T
5 ’/I /
g 40 + A
FGFR4-V550E |5 % 1 5 R
] - 2
™ : 0 -
20 ]
N sy
0 w s & ™ e @ 0 40 s 6 70 8 9
Temperature, Celsius Temperature, Celsius

Fig. 20. FGFR4-KD unfolding curves. Thermofluor analysis was used to calculate FGFR4-wt and V550E mutant melting
temperature, with and without ATP analogue (AMP-PNP/MgCl,). Celsius degrees are reported the on X-axis and relative
fluorescence units (RFU) are on Y-axis.
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3.7. Dovitinib-FGFR4-KD structure

As in the apo-forms, the DFG-in conformation of FGFR4-KD is seen in complex with the ATP-
competitive tyrosine kinase inhibitor Dovitinib. Dovitinib shows activity against FGFRs1-4, VEGFRs1-
3 and other RT-kinases”>’°. The Dovitinib-FGFR4-KD structure has been solved at intermediate
resolution (3.4A - Table 2) and the piperazine group of the inhibitor is not clearly defined by electron
density. However, it is possible to build a Fem-map of the inhibitor through the PHENIX application
FEM (Feature Enhanced Maps), resulting in an optimized density map. (Fig. 21c).

The binding mode agrees well with the structure of the CHKI1 kinase in complex with 4-
(aminoalkylamino)-3-benzimidazole-quinolinone’’, a compound that has a similar core-structure (Table
3). The quinolone group of Dovitinib binds in the ATP-binding pocket of FGFR4-KD and is stabilized
by hydrophobic contacts with the gatekeeper residues Val550, Val481 and Leu619 (Fig. 20). The
backbone atoms of Ala553 form hydrogen bounds with the carbonyl oxygen of the quinolone group and
the nitrogen of the benzimidazole group. FGFR4-KD Dovitinib crystallized in the same space group as
Apo-1- and Ponatinib structures, and a superposition of their C-lobes highlights inhibitor dependent
domain motions (Fig. 17b). Dovitinib causes N-lobe closure to the C-lobe with a rotation of 8.8 degree
compared with Apo-1-FGFR4-KD structure. The P-loop covers the active site and the activation
segment is displaced from its autoinhibitory position by the ligand (the activation segment is not defined

by electron density from Gly637 to Arg650).
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Fig. 21. Dovitinib-FGFR4-KD structure. (a) Overall structure of Dovitinib-FGFR4-KD. (b) Stereo close-up of FGFR4-KD active-site
with Dovitinib bound. Fo—Fc omit map of Dovitinib FGFR4-KD complex with a contour level of 2.50. (b) Fem-map of Dovitinib
FGFR4 complex at 1.50, generated with Phenix-FEM. (d) Drawing of Dovitinib inhibitor. Atoms are colored according to atom

type: carbon, orange; nitrogen, blue; oxygen, red; fluor, cyan.
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3.8. Ponatinib-FGFR4-KD structure

We also cocrystallized FGFR4-KD in complex with Ponatinib, a potent inhibitor of FGFR-kinases”>”"*,

Ponatinib belongs to the third generation of kinase inhibitors and had been designed to overcome
resistance of the BCR-ABL gatekeeper mutant T3151° FGFR4-KD-Ponatinib cocrystals diffract to
2.4A. With respect to the other FGRF4 structures, the N-terminus from Ser446 to Asp453 forms an
additional a-helix. The FGFR4 kinase-Ponatinib complex exhibits the DFG-out conformation, a specific
inactive conformation that has not been observed in other structures of FGFR kinase domains (Fig. 22)
so far. Ponatinib binds to the hinge region of FGFR4-KD in the same way as in DDR1'” (Table 3) and
stretches along the ATP-binding cleft into the so-called allosteric binding pocket generated by a flip-out
of Phe631 located in the DFG-motif. The imidazo-pyridazine group makes apolar contacts with the
hinge region (Cys552) and the FGFR4-KD-gatekeeper Val550 is stabilized by the benzimide group.
Bisarylamide derivatives, as Ponatinib, form a typical double H bond in the active site: in this case, it is
established between Glu520 from the aC-helix and the benzimide nitrogen and carbonic oxygen and
Asp630 from the DFG-motif. The triflouro-amine group is involved in apolar interactions within the
deep pocket of FGFR4-KD and the terminal piperazine moiety of Ponatinb is exposed to solvent. As
mentioned above, Ponatinib induces a domain motion of the N-lobe, and superposition of the C-lobe
shows a rotation of 11 degrees with respect to the Apo-1-FGFR4-KD structure (Fig. 17b).

Crystal structures of RIPK2, DDR1 and ABL in complex with Ponatinb (Table 3) are available, and
RIPK2 and DDRI1 superpose well with our FGFR4-KD structure, whereas ABL and its mutant T315I
shows a slightly distorted inhibitor conformation, especially around the triflouro-amine group.
Moreover, an interesting difference with FGFR4-KD is that ABL-Tyr253, located in the P-loop, together
with Phe317 and Phe382 locks Ponatinib in a hydrophobic network which has been reported to be
essential for Ponatinib efficacy. In DDR1 Arg789, from the activation segment, is in the same position
as Tyr253 of ABL, indicating a similar locking function. However, in FGFR4-KD the P-loop has a more
elongated conformation with respect to the ABL-T3151 mutant and Arg635, corresponding to DDR1

Arg789, is far away from Ponatinib.
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Fig. 22. Ponatinib-FGFR4-KD structure. (a) Overall structure of Ponatinib-FGFR4-KD. (b) Stereo close-up of FGFR4-KD active-
site with Ponatinib bound. Fo—-Fc omit map of Ponatinib FGFR4 complex with a contour level of 2.50. (c) Refined density map
of FGFR4-KD in complex with Ponatinib. (d) Drawing of Ponatinib inhibitor. Atoms are colored according to atom type: carbon,
orange; nitrogen, blue; oxygen, red; fluor, cyan.
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4. Discussion
4.1. Autoinhibition in FGFR4-KD

FGFR4 has a main role in skeletal muscles development, with a peculiar autophosphorylation rate and
tyrosine kinase activity compared to other FGFRs”***. In addition, it has been suggested that the
FGFR4 kinase domain undergoes heterologous phosphorylation by other FGFRs, and its truncated
variant appears to have an autoinhibitory role™.

The two FGFR4-KD apo-structures described in this thesis both show an uncommon orientation of the
activation segment that is stabilized by interactions with different elements of the N-lobe. In addition,
Tyr642 that becomes phosphorylated during FGFR4-KD activation is trapped in a hydrophobic network
between B3-strand and aC-helix, whereas the second tyrosine in the activation segment (Tyr643) is in
two different positions in the two apo-structures. The absence of phosphates bound and the orientation
of the activation segment could indicate an autoinhibitory conformation of the kinase domain, similar to
autoinhibitory strategies already reported for other receptor tyrosine kinases. For example, IRK, TrkA
and Ror2 have a tyrosine in the substrate-binding site preventing its phosphorylation®”'”". A comparison
among the Apo-1-, Apo-2- and Dovitinib-structures and active/phosphorylated FGFR1-2 (Table 3)
shows that FGFR4-KD DFG-motif is oriented in an autoinhibited conformation, even though Dovitinib
induces a displacement of the activation segment.

In accordance with our structural analysis, we suggest an autoinhibition “dual switch” mechanism for
FGFR4-KD, as formulated for c-MET'”. Accordingly, the kinase can reach a less autoinhibited/partially
active conformation when both tyrosines of the activation segment are successively phosphorylated and
stepwise displaced. The activation segment of FGFR4-KD is similar to the one reported for c-Met and,
with Tyr642 buried deeply inside the protein, it appears logical that Tyr643, which is more easily
accessible, should be the first residue to be phosphorylated. Upon this initial phosphorylation event, the
interaction of the activation segment with the rest of the protein could be weakened to allow for a larger
structural reorganization, enabling phosphorylation of Tyr642. Indeed, this has been demonstrated for

the activation process of c-MET, by screening with phosphorylation blot analysis of the tyrosines of the
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activations segment (Tyr1234 and 1235) . Our phosphorylation analysis had indicated that Tyr642 is
phosphorylated after Tyr643, like in c-MET, in accordance with the structural data.
This result points out that FGFR4 behaves differently from other FGFRs as had been shown by other

experiments®>***"%_ Specifically, it was reported for FGFR1’*%, that the internal tyrosine 653 is

phosphorylated before the external tyrosine 654.
4.2. FGFR4-KD in cancer

Over the last years, FGFR4 has been identified as oncogene and a candidate target for cancer diagnosis
and therapy'®**”*. Mutations in the FGFR4 kinase domain have been shown to be associated with lung
and rhabdomyosarcoma cancer (RMS)®4,

Mutations of Arg616 and Glu681 appear to be associated with lung cancer'®***. A mutation of Arg616 to
glycine disengages Asp612 of the HRD-motif and thereby reduces the catalytic activity of the kinase.
Similar effects are observed when Glu681 is mutated to lysine: Glu681 in FGFR4 forms hydrogen
bounds with W655 and A615 which are also involved in Asp612 coordination.

RMS is an aggressive childhood cancer originating from skeletal muscles and is linked with 4 residues:
Asn535, Val550, Ala554 and Gly576. FGFR4 N535K/D corresponds to the equivalent mutation N549K
in FGFR2, which is responsible for the disengagement of the molecular brake**. Ala554 is located in
the hinge region at the entrance of the ATP-binding site, and its mutation to valine could result in an
interaction with Leu473 in the P-loop. Deduced from our Dovitinib-structure, a valine at position 554
could interact with the hydrophobic part of the benzimidazole group, suggesting that molecules similar
to Dovitinib could also inhibit the mutated version of FGFR4-KD. Gly576 is located on the trans-
activation loop that is disordered and not visible in our structures. However, residue 575 is an aspartate
and the G576D mutation may lead to a distorted conformation of this segment.

Three clinical mutations involve the gatekeeper residue Val550, which has been found mutated to
leucine/glutamate in RMS and to methionine in breast cancer’**. In vivo and in vitro studies are
available only for V550E variant, which is an activating mutant®’*. A mutation at the gatekeeper

position in FGFR4-KD could result in a clash with Tyr643 enforcing an open conformation of the

activation segment. Our thermofluor analysis prove that FGFR4-KD-V550E is less stable than the wild-



Part I — Discussion 51

type in absence of ATP-analogue but, stabilized by ATP (Fig. 5), reaching a melting temperature closer
to FGFR4-KD-wt.

In vitro studies confirmed that Ponatinib inhibits wild-type and both N535K and V550E mutants, while
in vivo it has higher activity against the mutant forms’™. From our Ponatinib-structure it is possible to
hypothesize that a mutation to a charged residue strengthens inhibitor binding, as Glu550 could interact
with the nitrogen of the benzimide group and induce a small shift of Ponatinib with respect to its
position in the wild-type-structure. In contrast to the glutamate-mutation described for FGFR4-KD,
mutation of the gatekeeper in FGFR2 to isoleucine abolishes Ponatinib-binding which is attributed to a
steric clash of two residues with the inhibitor, the gatekeeper (Val564) and Ile548, which is located on

the B-strand next to the gatekeeper’®.
4.3. FGFR4-KD and drug design

FGFR proteins have been known to be involved in cancer for many years and the synthesis of target-
specific inhibitors is a main goal in drug discovery. Our structures of the FGFR4-KD in complex with
Dovitinib and Ponatinib reveal amino acids specific for FGFR4-KD which can be exploited within the
drug discovery process. Dovitinib is smaller than Ponatinib, and its quinolone group binds closer to the
gatekeeper Val550 (Fig. 21). Dovitinib derivatives may be considered as a strategy for FGFR4-KD
gatekeeper mutants.

Interestingly, Cys552 is absent in other FGFRs, DDR1, RIPK2 and ABL kinases, and is located at the
entrance of the ATP-binding site. In both complex-structures, Cys552 is in direct contact with the
inhibitor and offers opportunity for a covalent anchor with Ponatinib derivatives (Fig. 7c). Ponatinib
binds FGFR4-KD in a DFG-out conformation, documenting the selectivity of the binding pocket. In
contrast with the other FGFRs, FGFR4 has valine 523 instead of a methionine at the equivalent position
on the aC-helix, and Val523 contacts the piperazine group of Ponatinib. Comparing the FGFR4-KD
Ponatinib-structure with other Ponatinib structures available, we identify some more differences. For
instance, the gatekeeper residue is a valine only in the FGFR family, while in ABL, DDR1 and RIPK2 it
is a threonine. In addition, the hydrophobic residue in the B-strand under the gatekeeper is different

among these kinases and this can modify the binding affinity. Cys608 is in contact with the piperazine
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group of Ponatinib and conserved within the FGFR family but substituted in the other kinases.
Moreover, the ABL Ponatinib-structure clearly shows an interaction among the P-loop, the activation
segment and the inhibitor, while this is not the case in FGFR4-KD.

Taken together, the crystal structures shown in this thesis identify structural elements that can be

exploited for the design of selective FGFR-ligands.
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Part 11

Expression and purification of the

human calcium channel ORAI1

Summary

The plasma membrane defines and separates cells and organelles. The membrane is a lipid bilayer in

which cholesterol, glycolipids and membrane proteins are located.

Orail is a plasma membrane protein with four predicted transmembrane segments and its N- and C-
termini are located in the cytosol. Orai channels exhibit distinct inactivation profiles, permeability
properties, and 2-aminoethoxydiphenyl borate (2-APB) sensitivity'”. They assemble to a tetrameric
channel with a unique structure that is unrelated to any other known ion-channel family. Severe
combined immunodeficiency SCID patients are homozygous for a single missense mutation in Orail
(R91W). Children with Orail mutations suffer from ectodermal dysplasia, anhydrosis, congenital non-

progressive myopathy, and slight mental retardation, in addition to defective T-cell function.

Orail has known to be a tetrameric protein complex with at least two states: open and closed. In this
thesis I present some strategies I explored to solve some main issues: reaching a minimum level of
protein yield and purity for structural studies, reducing contaminant proteins, getting a homogenous

sample.
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1. Introduction

1.1. Membrane proteins functions

Cells and organelles are defined and separated by the external space through a lipid bilayer, the
membrane. Initially, electron microscopy experiments showed that the membrane consists of a lipid
bilayer to which numerous membrane proteins are attached'®. Nowadays, we describe the membrane as
a phospholipid bilayer in which proteins, cholesterol and glycolipids are inserted and can move through
it (fluid mosaic model'"). In the membrane, the hydrophilic heads of phospholipids are exposed to the
external sides of the bilayer (extracellular space and cytoplasm), while the hydrophobic tails are
protected in the inner core of the bilayer. In the bilayer Lipid molecules continually move in a horizontal
direction, but do not move between the inner and outer sides of the membrane except under special
conditions (lipid flip-flop). Lipid composition differs between the inner and outer sides of the membrane,
and in animal cells glycolipids are known to be found more on extracellular side, working as recognition
signals.

Membrane functions are mostly carried out by proteins. Membrane proteins are synthesized, folded and
assembled by mutual action of the ribosome and the translocon complex on the endoplasmic reticulum
(co-translational translocation). The entire process is driven by specific recognition sequences, which are
recognized by ribosome, translocon and scaffold proteins.

Membrane proteins anchor extracellular proteins (collagen, fibronectin, laminin, etc.) and help them in
holding up the extracellular matrix or lymphocyte adhesion/rolling. Membrane proteins are also
involved in the respiratory chains of mitochondria and bacteria, where oxidation of substrates is coupled
to the transfer of electric charges across the mitochondrial or bacterial membrane. In photosynthesis, the
photosynthetic reaction centers use the energy of light for the primary charge separation and transport of
electrons across the photosynthetic membrane. The lipid-hydrophilic nature of the membrane obstacles
an easy diffusion of substances and generates a voltage difference on the two sides. Destabilization of
the membrane potential is used by neurons to transmit signals, being the fastest way of communication
compared to chemical messengers. Passive transport is driven by channels, porins and permeases, while

active transport is catalyzed by pumps exploiting energy-rich molecules like ATP molecules. Besides
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channels and transporters, the pharmacologically most attractive membrane proteins are the G-protein
coupled receptors (GPCRs). Binding of an agonist to the receptor leads to an activation of trimeric G-

proteins and the start of a signal transduction cascade.
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Fig. 23. Schematic representation of integral membrane protein functions (Essential Cell Biology, Alberts

1.2. Calcium signaling

Calcium (Ca®") signaling is one of the most widespread signaling systems in signal transduction
pathways. The concentration of calcium ions in the cytoplasm in most mammalian cells is of the order of
100-200nM, while extracellular calcium ion concentration is maintained in the low millimolar range.
Thus, perturbations in this wide gradient can produce rapid increase in intracellular calcium. Calcium-
dependent proteins (such as calmodulin) can evoke a myriad of cellular responses, ranging from the
extremely rapid responses of neurosecretory cells and skeletal muscle to the long-term responses
involving modulation of cell division and differentiation. Calcium ions may come from two sources:
through their influx across the plasma membrane or from the endoplasmic reticulum.

Ca’" signaling mechanism can regulate many processes due to its extremely versatility in terms of speed,
amplitude and spatio-temporal patterning. This versatility emerges from the use of an extensive
molecular repertoire of signaling components, which are assembled in combinations to create signals
with widely different spatial and temporal profiles. More variations are achieved through the interactions
that Ca* makes with other signaling pathways (crosstalk)'”. The calcium signaling network can be
divided into four functional units:

* Signaling is triggered by a stimulus that generates various Ca**-mobilizing signals.

* The latter activate the ON mechanisms that move calcium into the cytoplasm.
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* Calcium functions as a messenger to stimulate numerous Ca**-sensitive processes.
* Finally, the OFF mechanisms, composed of pumps and exchangers, remove calcium from the

cytoplasm to restore the resting state.
1.3. Calcium Release-Activated Channels (CRAC)

Calcium Release-Activated Channels (CRAC) are specialized plasma membrane calcium ion channels.
When calcium ions are depleted from the endoplasmic reticulum of mammalian cells, the CRAC

channel is activated to slowly replenish the level of calcium in the endoplasmic reticulum (ER).
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Fig. 24. (a) In cells with full Ca®* stores, stromal interaction molecule 1 (STIM1) is homogenously distributed in the
endoplasmic reticulum (ER) with its EF hand occupied with Ca®*. ORAIL is dispersed throughout the plasma membrane. Upon
stimulation with agonists that increase the levels of cytoplasmic inositol-1,4,5-trisphosphate, the Ca®* content of the store
falls. Ca®* dissociates from STIM1 and this results in STIM1 oligomerisation and subsequent migration to ER—plasma
membrane junctions. At these sites, STIM1 captures diffusing ORAI1 channels. Interaction between the amino and carboxyl
termini of ORAI1 with the CRAC activating domain (CAD) on STIM1 leads to CRAC channel opening.

(b) Predicted topology of the plasma membrane protein ORAI1. ORAI1 has four transmembrane domains (TM1-TM4), with
intracellular amino and carboxyl termini. The purple amino acid represents the single point mutation (R91W) that is seen in
CRAC channel-deficient severe combined immunodeficient patients. The red amino acid is glutamate 106.The yellow amino
acids represent aspartate 112 and 114 and glutamate 190. Mutation of these latter amino acids affect selectivity, but they
might not line the pore. Hexagonal structures represent sugar residues attached to an N-linked glycosylation site N223
(Parekh A.B., 2010™9).

Two families of small proteins form the CRAC complex. The first of the two protein families, which
functions in sensing calcium ion levels in the ER, comprises the Stromal Interacting Molecules-(STIM)-
1 and -2. STIM proteins are single transmembrane proteins that reside in the ER; their N-termini are
oriented toward the lumen and contain an EF-hand calcium binding motif'"". Depletion of calcium from
the ER causes calcium ions to dissociate from STIM, resulting in a conformational change that promotes

the clustering and migration of STIM molecules''” to closely reach ER—plasma membrane junctions. At
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these junctions, STIM oligomers interact with proteins that represent the second of the two families, the

113-115

ORAI family, consisting of pore-forming ORAI subunits (isoforms 1, 2 and 3- Fig. 23a)
1.4. Orail, the pore-forming subunit

Orail is a plasma membrane protein with four predicted transmembrane segments and N- and C-termini
are located in the cytosol (Fig. 24b). The extracellular loop between the third and fourth transmembrane
segments contains an N-glycosylation site (Arg223)'". The Orai family consists further of Orai2 and
Orai3 which all can be activated following store depletion via a coupling to STIM1. The overall domain
structure of Orai2 /3 is similar to that of Orail, but missing the proline-rich region in the N-terminus.
Orai channels exhibit distinct inactivation profiles, permeability properties, and 2-aminoethoxydiphenyl

borate (2-APB) sensitivity105

. All three Orai proteins assemble to a tetrameric channel with a unique
structure that is unrelated to any other known ion-channel family''®. The proline- and arginine-rich N-
terminal cytoplasmic sequences have been suggested to play an essential role in Orail assembly, as its
N-terminus acts in a dominant negative manner on the CRAC comprlex''’. Deletion of the whole N-
terminus of Orail abolishes CRAC-function, while its partial truncation up to amino acid 73 retains
Orail channel activity'"®.

Orail exists in two forms in similar quantities: a longer form (Oraila) of approximately 33 kDa, and a
shorter form (Orailf) of approximately 23 kDa. The OrailP form derives from alternative translation
initiation from a methionine at position 64. In the lost sequence there is a poly-arginine sequence
involved in interaction of Orail with plasma membrane phosphatidylinositol 4,5-bisphosphate. The loss
of this phospholipid binding domain would be expected to influence the mobility of Orail protein in the
plasma membrane'"’,

Biochemical studies and electron cryo microscopy reported human Orail to be homotetrameric''®'*
(Fig. 25) , however the subunit stoichiometry of Orail alone has not been clearly understood, although
several reports suggest Orail exists as an oligomeric form''*'*". Nevertheless, the crystal structure of
Orai from Drosophila melanogaster has recently been solved and reveals that the calcium channel in

insects is composed of a hexameric assembly of Orai subunits arranged around a central ion pore'* (Fig.

26).
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Fig. 25.Three dimensional structure of human Orail by electron cryo microscopy. Surface representations of Orail viewed
from four different Euler angles (a, B, y): 1 (0, 180, -45), 2 (0, 0, -45), 3 (0, 90, -45), and 4 (0, 90, 0). The molecular mass
enclosed by the isosurface is 210 kDa, corresponding to 149% of the tetrameric Orail protein. Protein is displayed in bright
shades. Two blue lines, ~30 A apart in panels 3 and 4, indicate the putative position of the lipid bilayer. A red arrowhead in
panel 4 indicates one of inverted-V-shaped orifices in the cytoplasmic domain (Maruyama Y., 2010™%)

Fig. 26. Architecture of Orail from Drosophila melanogaster. (A) Ribbon representation showing the tertiary structure of the
channel from the side. The helices are colored: M1 (blue), M2 (red), M3 (green), M4 (brown), M4 extension (yellow in subunit
A and gray in subunit B). Also shown are a ca® ion (magenta sphere) and the nearby Glu178 residues (yellow sticks). Based on
the hydrophobic region of the channel’s surface, horizontal lines (~30 A apart) suggest approximate boundaries of the inner
(In) alr212d outer (Out) leaflets of the membrane. (B) Orthogonal view of the channel from the extracellular side (Hou X.,
2012°°).
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Severe combined immunodeficiency SCID patients are homozygous for a single missense mutation in
Orail (R91W), leading to the loss of CRAC-function'”. SCID represents a subgroup of primary immune
deficiencies causing serious infections, such as pneumonia, meningitis or bloodstream infections'*. It is
currently known that defective T-cell signaling in SCID patients can arise from mutations in different
genes including the point mutation R91W in Orail. Children with Orail mutations suffer from
ectodermal dysplasia, anhydrosis, congenital non-progressive myopathy, and slight mental retardation,
in addition to defective T-cell function'®. The arginine at position 91 in wild-type Orail is positively
charged and highly hydrophilic, while the tryptophan in the SCID mutant is neutral and hydrophobic.
Electrophysiological examination of various point mutants has revealed that negatively charged or polar
residues largely maintain functional Orail channels with unaltered calcium ions selectivity and similar
current densities. However, hydrophobic substitutions result in the loss of Orail channel function with
the coupling to STIMI retained. This increase in hydrophobicity of the amino acid at position 91 may
change Orail channel conformation by altering the orientation of the first transmembrane helix in the

plasma membrane (Fig. 27), thereby leading to the loss of channel function'*.
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Fig. 27. Schematic models of Orail channel gating. Two of the pore-lining Orail TM1 segments are shown, with E106, G98,
and R91 highlighted from outside to inside. E106 sites near the outside control ca® selectivity. Near the inside, the R91 sites
prevent ion flow in the closed state of the channel. Located in the middle of TM1, the G98 sites permit a conformational
change that opens the channel upon store depletion followed by STIM1-Orail interaction. R91W Orail, irreversibly closed by
a greasy tryptophan plug and hence a “dead” channel (Zhang S.L. et al., 2011"%).
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1.5. STIMs: stromal interaction molecules

STIM proteins are dynamic sensors of Ca®* stored within the endoplasmic reticulum and are
triggered by Ca®* store depletion to self-activate, aggregate and translocate to endoplasmic
reticulum. There STIM proteins attach to the plasma membrane and activate the highly Ca**
selective Orai family of plasma membrane Ca’* entry channels.

The amino-terminal ER-luminal segments of STIM proteins are the Ca** sensing domains by
specific EF-hand domain Ca®* binding sites, which are highly tuned to detect small changes in
luminal calcium levels. The detection of decreased luminal Ca®* concentrations triggers a
conformational change that leads to aggregation and translocation of STIM proteins.

Cytoplasmic carboxy-terminal STIM protein domains contain a uniquely configured group of a-
helical s