Structural and Computational Studies of
Fibroblast Growth Factor Receptor
Signalling Complex Formation

Santiago Manrique Zuniga

DOMI | MINA

NVS TIO
ILLV | MEA

Lady Margaret Hall
Nuffield Department of Clinical Medicine
Division of Structural Biology and Department of Biochemistry

University of Oxford

Trinity 2015

A thesis submitted in partial fulfilment of the requirements for the degree of

Doctor of Philosophy at the University of Oxford






I dedicate this thesis to my parents

Maria del Carmen & Felipe Manrique

and to my siblings
Pablo
Eduardo Moisés

Inés

Alfonso

Maria-Gracia
Andrés
Antonio

Rocio Jimena



Structural and Computational Studies of Fibroblast Growth Factor
Receptor Signalling Complex Formation

Santiago Manrique Zuiiiga

Abstract

Fibroblast growth factor receptor (FGFR) signalling plays a crucial role in embryogenesis, adult
tissue development and tissue repair. It has been implicated in a wide range of human pathologies
such as cancers and skeletal disorders which is the reason for a particular interest over recent
years. Concerted efforts in academia and industry are targeting the FGFR signalling networks at
different stages. The intracellular canonical downstream signalling pathways in healthy and
pathogenic cells are relatively well understood. A definition of the precise mechanism for ligand
induced FGFR dimerisation remains elusive. Structure biological efforts of the past 20 years have
yielded a range of insightful but contradictory structures of FGFRs in complex with their ligands.
It is key to solve uncertainties about the mode of extracellular and transmembrane receptor
dimerisation in order to promote our abilities of targeted therapeutic manipulation of FGFR
signalling in human physiology. The present study uses multiple methods from structural biology
to shed more light on the effect of mutant FGFR transmembrane domains (TMDs) on signalling
(Chapter 3) and on the architecture of the extracellular FGFR1 signalling complex (Chapter 4-6).

Coarse-grained molecular dynamics simulations of FGFR3 and FGFR4 TMDs have
confirmed inherent propensity to form symmetric dimers mediated by Gx,G motifs. Interestingly,
disease related mutations do not map on the primary TMD dimer interfaces. Simulations of
selected mutant TMDs show no significant effect on receptor dimerisation propensity. Atomistic
simulations of the transmembrane FGFR3 Achondroplasia mutant reveal a significant shift of the
dimer relative to the bilayer to allow interactions of the mutant Arg380 side chain with lipid head
group phosphates. This finding supports mechanisms of signal transduction by conformational
coupling across the membrane.

Biophysical characterisation of the FGFR signalling complex was performed to work out
a co-crystallisation strategy using receptors expressed in mammalian cells. Crystallographic
experiments yielded a FGFR1 structure bound to its ligands, revealing a full signalling complex
with an architecture that contradicts two well-established, crystal structure-derived models. The
presented structure features a central, decasaccharide-mediated Fibroblast Growth Factor dimer,
which recruits a receptor on each end to form a quasi-symmetric pentameric signalling complex.
Further biophysical validation makes the newly presented structure the first model that is
supported by structural data from the complex in solution.
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Chapter 1 — Introduction

Chapter 1 — Introduction

1.1 Background

The developmental process from a single fertilised egg to a mature independent organism relies
on a highly complex and tightly regulated series of changes in shape, composition and distribution
of tissue. Each individual cell is integrated in a larger cellular network to secure smooth temporal
and spatial control of gene expression through the process called embryogenesis — the miracle of
nature that all eukaryotic life on earth depends on. Developing fingers that begin as five tiny buds
sprouting from each side of a four-week-old human embryo will soon have grown little rods of
cartilage in their tips. These are processes that only masterly orchestrated molecular signal
transduction mechanisms between cells can guarantee. The same mechanisms define precise
number, position and shape of a myriad of other developing structures, resulting in an adult

human body consisting of about 4 x 10" (40,000,000,000,000) cells.

Cellular communication is based on secretion of signal molecules such as hormones,
neurotransmitters or morphogens (e.g. bone morphogenic proteins (BMPs), Wnt proteins or
fibroblast growth factors (FGFs)). A multitude of specialised membrane-embedded receptor
proteins read and process the extracellular signalling information leading to activation or
inhibition of intracellular signalling pathways. This results in a cellular response by alteration of
gene transcription and expression patterns. The transmembrane fibroblast growth factor receptors
(FGFRs) are members of the prominent receptor tyrosine kinase (RTK) family. FGFRs play a key
role in processes such as cellular growth, differentiation, metabolism and motility. Therefore,
deregulation of FGFR signalling leads to developmental defects resulting in skeletal disorders or

to cancer in the case of gain-of-function mutations.
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Chapter 1 — Introduction

1.2 An overview of the Receptor Tyrosine Kinase family

Biological membranes are composed of phospholipid double layers that enclose and
compartmentalise cells of all organisms. They act as effective insulators and selective filters
between the inner cytoplasm and the extracellular matrix. Each membrane accommodates
membrane proteins or protein complexes that constitute about 30% of all genes in eukaryotic cells
( Stevens & Arkin, 2000). They are involved in many basic cellular processes from ion transport
(Gamper & Shapiro, 2007; Grigoryan, Moore, & DeGrado, 2011), through cell-cell recognition
and adhesion (Maitre & Heisenberg, 2013) to signal transduction (Lemmon & Schlessinger, 2010;
Rosenbaum et al., 2009). This is why membrane proteins are important targets for current drugs.
However, since they are harder to handle than soluble proteins, our understanding for this

important class of proteins lags behind the understanding of soluble proteins.

In humans, membrane-embedded receptor tyrosine kinases form a superfamily of 58
known members, which fall into 20 subfamilies (Figure 1.1). All RTKs share a common
molecular architecture with an extracellular ligand-binding domain, a single-pass transmembrane
domain (TMD), which makes RTKs part of the large group of single-spanning membrane proteins
(Hubert et al., 2010), and a cytoplasmic kinase domain that is linked to the TMD via a flexible
juxtamembrane domain (JMD). Well-studied RTKs are amongst others epidermal growth factor
receptors (EGFRs), insulin receptors (InsR), ephrin receptors (Ephs) and the FGFRs, which are
essential determinants during embryonic development and adult homeostasis. Functional and
structural studies have revealed unexpected diversity in the mechanisms by which polypeptide
ligands — mainly growth factors — trigger RTK oligomerisation and activation. However, their
signalling pathways are highly conserved in evolution from nematodes to humans, underlining
their central role in development. Before activation by ligand-induced oligomerisation most RTKs

exist in a monomeric inactive state. Lateral receptor dimerisation brings the cytoplasmic tyrosine

11



Chapter 1 — Introduction

kinase domains into close proximity (Schlessinger et al., 2000) enabling them to
trans-autophosphorylate tyrosine residues in the kinase activation loop (H. Chen et al., 2008).
This stabilises the active conformation of the kinase domain (Hubbard, 2004) that then
phosphorylates further C-terminal tyrosine residues in cis and in trans. The generated
phosphotyrosine residues serve as recruitment sites for a multitude of downstream signalling

proteins.

In recent years, studies on the role of the transmembrane and juxtamembrane domain have
added new levels of complexity to the understanding of RTK signalling. The analysis of
triggering of activation by conformational coupling across the membrane is now revealing
dimerisation processes on a more subtle level (Endres et al., 2013; Kaszuba et al., 2015). Since the
identification of a TMD sequence motif that drives dimerisation of many integral membrane
proteins (Lemmon et al., 1994; Schneider & Engelman, 2004), cellular, biochemical and
computational studies have shown that the same motif drives dimerisation of RTK TMDs
(Fleishman et al., 2002; Hubert et al., 2010; E. Li et al., 2005). Experiments using the TOXCAT
assay (Russ & Engelman, 1999) have shown that the TMDs of all 58 human RTKSs alone have an
intrinsic propensity to form stable dimers within a membrane (Finger et al., 2009). The authors of
this study suggest that the interaction of TMDs is a general property of RTKs that contributes to
activation and signalling. Single amino acid mutations in RTK TMDs induce unregulated
signalling and consequently pathological phenotypes (E. Li et al., 2005). Examples include a
variety of FGFR3 mutants (He et al., 2010; 2011; Placone & Hristova, 2012; You et al., 2012) and
FGFR4 mutants (Bange et al., 2002; Roidl et al., 2010; J. Wang et al., 2008). For many RTK
TMDs computational analysis identified accurate TMD dimer interfaces that were in agreement

with experimental reports (Reddy et al., 2014; Volynsky et al., 2013).

Although RTK JMDs were considered inherently flexible sequences, methodological
advances provided a deeper understanding of their function. A computational study across all

human RTKSs has revealed conserved interactions of the JMDs to anionic membrane lipids. This

12
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membrane association decreases JMD flexibility and has the potential of reorienting the

C-terminal kinase domain (Hedger et al., 2015). Structural studies have revealed that JMD regions

can bind to and negatively regulate kinase domain activity, a finding that has been described as a

general mechanism for RTKs (Hubbard, 2004). In addition, the JMD has been shown to take

centre stage in EGFR activation by formation of an antiparallel a-helix dimer of the JMD’s N-

terminal half, whilst the C-terminal segment latches to the activated kinase domain (Jura et al.,

2009; Brewer et al., 2009).
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Besides these rather recent insights into RTK signalling mechanisms, the kinase domain
dimerisation and phosphorylation, and ligand-induced dimerisation of extracellular domains have
been the subject of intense studies through multiple decades. Mutations on all three segments
(ectodomain, TMD, kinase domain) of RTKs have been implicated in a wide variety of diseases
including cancers and skeletal disorders. This places RTKs among the most intensely pursued

drug targets.

1.3 FGFR signalling

The fibroblast growth factor receptor was discovered 40 years ago and has since then been found
to be expressed in a wide range of cell types. FGFR signalling plays an essential role in a
multitude of cellular processes such as cell proliferation, differentiation and survival, where it
controls tightly regulated embryonic and adult developmental processes including branching
morphogenesis, organogenesis, brain patterning, limb development, angiogenesis and homeostasis

(Aricescu & Jones, 2007; Beenken & Mohammadi, 2009).

131 Fibroblast Growth Factor Receptors

There are four FGF signalling receptors (FGFR1-4), which consist of an extracellular ligand-
binding region, a single-pass a-helical transmembrane domain and a C-terminal cytoplasmic
kinase domain (see blue box Figure 1.1; (Goetz & Mohammadi, 2013)). The extracellular domain
comprises three immunoglobulin (Ig)-like domains (Aricescu & Jones, 2007) D1 to D3. D2 and
D3 are crucial for binding to one of 18 locally or hormonally acting fibroblast growth factor
family members (Ornitz et al., 1996; Ornitz & Itoh, 2001; Plotnikov et al., 1999). Alternate
splicing of FGFR homologs results in 48 different isoforms that vary in their ligand-binding

properties (Duchesne et al., 2006; Holzmann et al., 2012). Tissue-specific splicing leads to
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restriction of FGFRbD isoform expression in epithelial cell lineages and FGFRc isoform expression
in mesenchymal cell lineages (Orr-Urtreger et al., 1993; Wuechner et al., 1996). Each receptor
isoform exhibits a distinct profile for ligand-binding specificity (see Figure 1.2) creating a
complex network of regulatory options. As FGFRb isoforms mainly bind to FGFs that are
secreted from mesenchymal tissue, and FGFRc isoforms to FGFs secreted from epithelial tissue, a
reciprocal receptor-ligand expression pattern leads to specific signalling loops between the
mesenchyme and the epithelial tissue. This enables finely tuned orchestration of developmental

processes and tissue homeostasis in adults (Xu et al., 1998; Zhang et al., 2006).

1.3.2 Fibroblast Growth Factors

FGFs are clustered into one non-secretory (FGF11; (R. Xu et al., 2013)) and 6 secretory
subfamilies, which can be further categorised into one endocrine and five paracrine subfamilies
(Belov & Mohammadi, 2013). Endocrine FGFs are involved in more global metabolic processes
such as phosphate homeostasis and glucose metabolism whereas paracrine FGFs act locally in
processes such as organogenesis and most notably in the repair and remodelling of tissues (Jonker
et al., 2012). A chain of 120 amino acids forms the core homology domain of FGFs, which folds
into a globular p-trefoil. The P-trefoil domain of paracrine FGFs is typically composed of 12
B-strands (Mohammadi et al., 2005), whereas endocrine FGFs lack the $-11 strand and therefore
have an atypical p3-trefoil. The highly divergent amino-terminal and carboxy-terminal sequences
that flank the conserved core domain have a crucial role in various functional properties of FGFs
(Goetz et al., 2010; Kalinina et al., 2009; Olsen et al., 2006). Just as the receptor, FGF activity is
also regulated by various mechanisms such as alternative splicing, homodimerisation and most

importantly heparan sulphate binding.
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FGF Receptor
Superfamily Ligand  Alternative Rlb Rlc R2b R2c R3b R3c R4
name
FGF-1 FGF acidic
FGF1
FGF-2 FGF basic
FGF-4 K-FGF, hst-1
FGF-4 FGF-5 HBGF-5
FGF-6 HBGF-6
FGF-3 Int-2
FGF-7 KGF
FGF-7
FGF-10 KGF-2
FGF-22
© FGF-8b AIGF
c
go FGE-8 FGF-17
=
™ FGF-18
E FGF-9 GAF
FGF-9 FGF-16
FGF-20
FGF-11 FHF-3
FGF-11 FGF-12 FHF-1
(non-
secretory) FGF-13 FHF-2
FGF-14 FHF-4
FGF-19 FGF-15
FGF-21
FGF-23

Figure 1.2 FGFR-FGF interaction matrix

The extracellular Ig-like domains of FGFRs 1 to 3 are alternately spliced, creating “b” and “c” isoforms. They differ in tissue
distribution and ligand specificity (reviewed in (Holzmann et al., 2012)). FGFs are grouped into seven subfamilies based on
sequence similarity and functional characteristics. Subfamilies FGF1, 4, 8, 9 and 19 act paracrine and subfamily FGF7 acts
autocrine. Members of subfamily FGF11 are not secreted and members of subfamily FGF19 depend on Klotho-cofactor for
signalling (Goetz et al., 2007). FGFs bind to heparan sulphate proteoglycans (HSPGs) and FGF receptor tyrosine kinases to
activate intracellular signalling pathways triggered by receptor dimerisation, autophosphorylation and subsequent recruitment
and docking of SH2 domain-containing proteins. FGFRL as a fifth, soluble subtype is excluded from this overview. FGFRL
lacks an intracellular kinase domain but is still capable of binding to FGFs (Sleeman et al., 2001).
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133 Heparan Sulphate Proteoglycans

Heparan sulphate proteoglycans (HSPGs) are abundantly present both at the cell surface and in
the pericellular and extracellular matrix. They are split into three families. Syndecans and
glypicans are cell surface HSPGs that are linked to the cell membrane via a TMD or a glycosyl
phosphatidyl inositol (GPI) anchor, respectively. Perlecans are secreted HSPGs that reside in the
extracellular matrix. All HSPGs are decorated with heparan sulphate (HS) chains, which form a
vital regulator for the formation of a morphogen gradient. Among other functions, the interaction
between HS and paracrine FGFs serves to retain ligand near the site of action, store the ligand,
enhance the ligand’s stability and limit the area of ligand signalling (Sommer & Rifkin, 1989).
Most importantly, heparan sulphate is required for binding of FGF to FGFR and for formation of
the FGFR signalling complex on the plasma membrane (Ornitz et al., 1992; Powell et al., 2002;
Rahmoune et al., 1998; Spivak-Kroizman et al., 1994). HS is a glycan composed of linearly
arranged, repeating units of N-substituted glucosamine and glucuronic acid (see bracket in upper
structure in Figure 1.3; (Harada et al., 2009; Perrimon & Bernfield, 2000; Yan & Lin, 2009).
Along the glycan chain, regions of 5 to 10 N-sulphated disaccharide domains harbouring various
modifications (including 2-O-sulphation of glucuronic or iduronic acid and 3-O- and
6-O-sulphation of N-sulphated glucosamine) alternate with N-acetylated regions that are generally
unmodified (Feyerabend, Li, Lindahl, & Rodewald, 2006). The blue box in Figure 1.3 indicates
the fully sulphated disaccharide unit that represents a heparin with degree of polymerisation (DP)
of 2. According to the nomenclature used in previous publications and in this thesis, this heparin
is called heparinDP2. Thus, heparinDP8, 10 and 12 consist of 4, 5 or 6 fully sulphated IdoA-
GlcNac disaccharides. On the cell surface, these highly sulphated domains constitute the main
binding sites for FGFs (Bottcher & Niehrs, 2005; Gallagher, 2001; Turner & Grose, 2010). FGF
activity is notably influenced by tissue-specific modification of heparan sulphate, producing

heparan sulphates with a distinct “fine structure”.

17



Chapter 1 — Introduction

N-Deacetylation

C5-Epimerization N-Sulfation
O-Sulfation
! ! ! ! ! ! ! i! ! ! ! ! ! heparinDP2
[] GieNAc & O-Sulfate group 0S0,™
_ - 0
! GIcNSO; ® ca 0,0 OH O 0
O ~N
A Xyl HNSO,;~
O alca ! _ 8
® 160 Ser Serglycin 0S03
do ' core protein 1d0A(2-08057)-GIcNSO,(6-0S05 )

Figure 1.3 Overview of heparin biosynthesis and nomenclature

An N-sulphated intermediate polysaccharide (upper structure) is normally modified through GlcA C5-epimerization and O-
sulphation at various positions to yield heparin (lower structure). The heparan sulphate chain is linked to the core protein via
a serine residue that is usually in the sequence Ser-Gly-X-Gly (where X can be any amino acid but proline). (Adapted from
Feyerabend et al., 2006 with permission from Elsevier)

134 FGFR signalling pathways

FGF- and HS-mediated activation of FGF receptor kinase results in activation of its intracellular
substrates. This leads to initiation of distinct but potentially interactive signalling pathways,
typically resulting in diverse cellular responses described as cell proliferation, cell survival or cell
motility (Bottcher & Niehrs, 2005; B. Thisse & Thisse, 2005; Turner & Grose, 2010). FGFR
substrate 2a (FRS2a), which is constitutively bound to the receptor kinase, and phospholipase
Cy1 (PLCy1) are the major substrates of FGFR kinases (Carpenter & Ji, 1999; Gotoh, 2008). The
adaptor protein growth factor receptor-bound 2 (GRB2) binds to activated FRS2a and recruits
either the guanine nucleotide exchange factor son of sevenless (SOS) (see Figure 1.4 A) or the

adaptor protein GRB2-associated binding protein 1 (GABI1) (see Figure 1.4 B). SOS activates the
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protein Rat sarcoma (RAS) GTPase, which triggers activation of the mitogen-activated protein
kinase (MAPK) cascade (Figure 1.4 A; (Kouhara et al., 1997)). MAPK subsequently translocates
from the cytoplasm to the nucleus in order to phosphorylate and activate immediate early gene
transcription factors. This induces transcription of specific genes, which primarily lead to cell
proliferation. However, this pathway can also lead to other responses such as cell migration or cell
differentiation (Bottcher & Niehrs, 2005; B. Thisse & Thisse, 2005; Turner & Grose, 2010). On
the other hand, GAB1 leads to activation of protein kinase B (AKT kinase) (Lamothe et al.,
2004), which inhibits pro-apoptotic effectors such as forkhead box class O (FOXO) transcription
factors and the BCL-2 antagonist of cell death (BAD). Thus, activation of AKT kinase leads to
promotion of cell survival (Figure 1.4 B; Brunet et al., 1999; Datta et al., 1997). Figure 1.4 C
shows recruitment and activation of PLCy1, which initiates a different signalling pathway that is
involved in cell differentiation and cell migration. Phosphorylated PLCy1 catalyses the hydrolysis
of the membrane phospholipid phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)(P,) into
diacylglycerol (DAG) and inositol-1,4,5 -trisphosphate (IP;) (Carpenter & Ji, 1999). DAG
activated protein kinase C (PKC) phosphorylates its substrates, including the myristoylated
alanine-rich C kinase substrate (MARCKS), which is a regulator of cell motility (Hartwig et al.,
1992). Calcium ions from intracellular stores are released upon phosphorylation of IP;, which
triggers activation of calcium-dependent proteins such as the phosphatase calcineurin. This leads
to subsequent nuclear translocation of transcription factor nuclear factor of activated T cells
(NFAT), which triggers transcription of genes that are essential for cell motility (D. Li et al.,

2011).
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Figure 1.4 FGFR-FGF signalling pathways

Heparan sulphate proteoglycan bound FGFs on the surface of the target cell bind to the corresponding FGFRs, triggering
formation of ternary FGFR-HSPG-FGF complexes in the membrane plane. This brings the intracellular kinase domains into
close proximity, enabling them to cross phosphorylate each other. Phosphotyrosines recruit adaptor proteins that initiate one
of three main FGFR signalling pathways. The FRS2a dependant Ras-MAPK pathway leads to cell proliferation (A), the
FRS20-PI3K dependant AKT pathway results in a cellular response of survival (B) and PLCy1 dependant release of calcium
ions triggers cell motility (C). (Abbreviations not explained in the main text: BAX, BCL-2-associated X protein; MAPKK,
MAPK kinase; PDK, phosphoinositide-dependent protein kinase). (Reprinted from Goetz & Mohammadi, 2013; with
permission from Elsevier)

14 Structural biology of the extracellular FGFR

signalling complex

"A heparin string with FGF beads, heparin glue between FGF monomers, or heparin glue between
FGF and its receptor? Two receptor molecules brought together by a single FGF monomer, by an
FGF dimer, or in higher order aggregates?” (Wiesmann & de Vos, 1999). The arrangement of the
active FGFR signalling complex has been matter of controversial discussion for over 15 years.
Despite huge experimental efforts aiming to establish a plausible mechanism of complex
assembly and despite multiple published receptor-ligand crystal structures, the ambiguity about

the receptor dimerisation mode and the role of heparin could not be convincingly resolved.
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14.1 The binary FGFR-FGF complex

There are currently crystal structures of eight different FGF-FGFR combinations available
(without heparin). These include structures of FGFR1, 2 and 3, with constructs that comprise Ig
domains D2 and D3 only. Within one year, two independent laboratories published crystal
structures of all possible complex combinations of FGFR1c or FGFR2c¢ with FGF1 or FGF2,
which enabled accurate mapping of the receptor-ligand interface residues (pdb ID: 1CVS,
(Plotnikov et al., 1999); pdb ID: 1DJS, (Stauber et al., 2000); pdb ID: 1EV2 and 1EVT,
(Plotnikov et al., 2000)). A study based on the crystal structure of FGFR3c-FGF1 demonstrated
that FGFR D1 and the D1-D2 linker (also called acidic box) are dispensable for FGF binding, that
the acidic box auto inhibits FGF binding through interactions with the minimal FGF binding site,
and suggested that the FGF1 N-terminus confers receptor binding affinity and promiscuity (pdb
ID: 1RY7, (Olsen et al., 2004)). Two biochemical FGFR mutant studies followed, suggesting
pathophysiological mechanisms for various skeletal disorders on the basis of the previous
structural data (Ibrahimi et al., 2004; Ibrahimi et al., 2005). The crystal structure of FGF8b in
complex with FGFR2c revealed the structural basis by which alternative splicing of the FGF8
modulates its organising activity (pdb ID: 2FDB, (Olsen et al., 2006)). Finally, structural studies
that compared FGFR “b” and “c” splice variants of FGFR1 and FGFR2 in complex with FGF1
revealed the structural basis for the ability of FGF1 to cross-react with all isoforms of FGFR (pdb
ID: 30J2, 30JM, 30JV, (Beenken et al., 2012)). These structural insights into the nature of 1:1
receptor-ligand dimers began to illuminate the molecular complexity of the FGF signalling

system.

14.2 The ternary FGFR-heparin—FGF signalling complex

For signal transduction, FGFR-FGF dimers need to be brought into higher order complexes. This

dimerisation of dimers involves heparan sulphates for fine-tuning (Ornitz & Itoh, 2001) and as a
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ternary signalling complex they produce specific signalling outputs in diverse biological contexts.
To date only two complex structures have been published that comprise an HSPG-mimicing
heparin sulphate oligosaccharide associated with two ligands and the extracellular ligand-binding
regions (Ig domains D2 and D3) of two FGF receptors. These structures represent different

arrangements of the FGFR signalling complex.

The 2:2:2 FGFR1-heparinDP10-FGF2 complex published by Schlessinger et al in 2000
(see Figure 1.5 A) is formed of two binary FGFR1-FGF2 complexes that are associated by direct
receptor-receptor contacts. This arrangement creates a deep, positively charged canyon that is
saturated with two heparinDP10 chains. The same 2:2 protein arrangement was previously
observed for the packing of the crystal lattice in binary FGFR2-FGF1 complexes without heparin
(Plotnikov et al., 1999). The authors reported that a single heparin chain is likely to occupy the
complete heparin binding cleft in a 2:1:2 complex, an arrangement which to date has not been
presented. Schlessinger and co-workers obtained the 2:2:2 complex structure instead, by
preformation of 2:2 receptor-ligand crystals of FGFR1 and FGF2 and subsequent soaking with
heparinDP10. Each of the two oligosaccharides occupies one half of the cleft with the
nonreducing ends pointing at each other. According to this model each heparin molecule
promotes the formation of a stable 1:1:1 FGFR-heparin-FGF ternary complex by cross-linking.
Receptor dimerisation occurs upon recruitment of a second 1:1:1 ternary complex, assembling to
a 2:2:2 complex (bridging both ternary complexes) stabilised by direct FGFR-FGFR contacts and
by secondary FGF-FGFR interactions. In the literature this model is referred to as the

Schlessinger model, symmetric model, two-end model or the canyon dimer model.

The contrasting Pellegrini model was published in the same year and suggests an
asymmetric model, built of FGFR2-heparinDP10-FGF1 in a 2:1:2 ratio (see Figure 1.5 B;
Pellegrini et al., 2000)). Crystals leading to this structure were grown from a solution containing
all purified components in a predefined 2:1:2 stoichiometry. The signalling complex formed by

two receptor-ligand units is completely devoid of any secondary protein—protein contacts. The
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two FGFR-FGF halves are therefore held together solely by heparin. Furthermore, heparin is
positioned asymmetrically between both receptor-ligand dimers, interacting differently with each
ligand, and binds to one receptor only. Hence, only a single 1:1:1 FGFR-heparin—FGF ternary
complex is present in this model and heparin enhances ligand—-receptor binding for only one of the
two FGF-FGFR binary complexes. The unoccupied heparin—binding site is saturated with
sulphates from the crystallisation condition. This model is referred to as the Pellegrini model or

the asymmetric model.

A Schlessinger et al., Mol. Cell, 2000 B  Pellegrini et al., Nature, 2000

\FGFR1|{Hep10|{ FGF2] \FGFR2|-{Hep10|{FGF1]
2 ¢ 2 : 2 2 1 : 2
¢¢ ¢¢
fiilee fiiee

Figure 1.5 FGFR signalling complexes according to Schlessinger and Pellegrini

Comparison of the architecture of the 2:2:2 FGFR1-heparinDP10-FGF2 two-end Schlessinger model (A) (pdb ID: 1FQ9,
Schlessinger et al., 2000) and the asymmetric 2:1:2 FGFR2-heparinDP10-FGF1 Pellegrini model (B) (pdb ID: 1E0O,
Pellegrini et al., 2000). Both structures were solved by X-ray crystallography at resolutions of 3.0 A and 2.8 A respectively.
The receptor molecules are coloured cyan and the ligands are coloured blue. Heparin chains are in red. Colour coded boxes
indicate the complex components. The differing stoichiometries of the respective complex components are highlighted in
numbers and in small cartoon representations below the structures.

It is still the subject of controversial discussion, which of these two models is formed on

the cell surface for effective signalling through the membrane. The Pellegrini camp suggests that
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both models can be formed in solution and that both models might be of biological relevance
(Brown et al., 2013). They argue that the 2:1:2 complex which forms upon a single HS chain and
the 2:2:2 complex that requires nonreducing ends from two separate HS chains might represent
different states of activation, regulated by a trans- to cis-isomerisation of a conserved proline in
the D2-D3 linker invariant proline. However, the Schlessinger camp argues that the two-end
model represents the only relevant signalling complex architecture. They have supported their
hypothesis with detailed structural and functional studies of the D2-D3 trans-conformation and
have argued that there are further implausible structural features in the Pellegrini model (Belov &

Mohammadi, 2013; Mohammadi et al., 2005).

Importantly, besides regulatory mechanisms that involve interactions between receptor,
ligand and heparin, there are multiple more levels of regulation. These involve amongst others
JMD activation and inhibition (resulting in regulation of kinase dimerisation), down regulation of
activated receptors and varying propensity of TMD dimerisation. However, intracellular processes

exceed the scope of this study.

1.5 Dysregulation of FGFR signalling in human

malignancies

The various developmental abnormalities and cancers that occur due to gain-of-function of RTK
signalling underline their diverse and essential regulatory roles (Blume-Jensen & Hunter, 2001;
Peters et al., 1994; Robertson et al., 2000). In humans, there are three main causes for signalling

irregularities:

a) generation of oncogenic fusion proteins (chromosomal translocation),
b) mutations or deletions causing overactivation and

c) overexpression as a result of gene amplification.
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The importance of FGFR gene expression was confirmed in the occurrence of dramatic
consequences upon targeted gene inactivation. FGFR1 gene disruption leads to embryonic death
(Deng et al., 1994). Inactivation of FGFR2 results in abnormal pulmonary development (Peters et
al., 1994) and inactivation of FGFR3 causes bone overgrowth, which makes FGFR3 a negative
regulator of bone growth (Deng et al., 1996). In contrast, no abnormal phenotypes could be found
for the FGFR4 null mice (Weinstein et al., 1998). Interestingly, in screening of over 1,000 exon
mutations of protein kinase genes from 210 different malignancies, the FGFR signalling pathway
was identified as the most commonly mutated tyrosine kinase signalling pathway (Gallo et al.,

2015).

There are multiple mechanisms that underlie aberrant signalling through activating FGFR
mutations. These include enhanced kinase domain activation, ligand-independent receptor
dimerisation and altered affinity for FGF ligands. The long lists of FGFR mutations have been
compiled and categorised in different ways for review (Carter et al., 2015; Gallo et al., 2015;
Touat et al., 2015; Wesche et al., 2011). Whereas mutations on the FGFR kinase domains are
rather rare, the most common activating mutations affect either the FGFR ectodomain or the
TMD. Most mutations for which functional experiments demonstrated loss- or gain-of-function

are located on FGFR2 and FGFR3 (Gallo et al., 2015).

151 Mutations in the extracellular domain

Disulphide bond disruption in the extracellular domain by cysteine mutations is a common cause
of tyrosine kinase overactivation found in FGFR2, FGFR3 and FGFR4. Mutations C278F and
C340S/Y on FGFR2 perturb a disulphide bond and cause human genetic disorders e.g. Crouzon
and Pfeiffer Syndrome by increased receptor activation, exhibiting premature closure of cranial
sutures. These are craniosynostosis syndromes, which are usually accompanied by defects in brain

development and chondrocyte signalling.
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Mutations FGFR2 W290C and S352C introduce new cysteine residues causing again
Pfeiffer Syndrome or Crouzon Syndrome, respectively ( Galvin et al., 1996; Reardon et al., 1994).
Similar mutations that have been identified in various cancers such as endometrial carcinoma and
breast cancer include R203C, Y281C, S320C, Y338C, and S373C. These are all gain-of-function
mutations that cause constitutive activation of FGFR and drive cellular proliferation and tumour

progression.

Novel cysteine residues introduced by mutations also occur in FGFR3. R248C and S249C
cause Thanatophoric Dysplasia Type I (TDI), a severe form of Achondroplasia (dwarfism) that
typically causes neonatal death. These mutations have also been implicated in a multitude of
cancer types (including bladder cancer, cervical cancer, gallbladder cancer, lung squamous cell
carcinoma, head and neck squamous cell carcinoma and multiple myeloma). Importantly, these

mutations are able to cause ligand-independent receptor activation (Liao et al., 2013).

The structurally and functionally best-studied non-cysteine mutations in the extracellular
domain are the analogous D2-D3 linker mutations of FGFR1 and FGFR2 at position P252 or
P253, respectively. P252R/S/T substitutions activate FGFR1 and lead to melanoma, lung
adenocarcinoma and spermatocytic seminoma. Autosomal dominant mutations at this codon lead
to Pfeiffer Syndrome (d'Avis et al., 1998). On FGFR2, the P253R/S mutations are associated with
Apert Syndrome (Nagata et al., 2011; Webster & Donoghue, 1996) and have also been implicated
in cancers such as lung adenocarcinoma and oral squamous cell carcinoma. Crystal structures and
biophysical analysis of FGFR2c P253R have revealed that the Apert Syndrome mutation
enhances the ligand-binding affinity without influencing the FGFR conformation (Ibrahimi et al.,
2001; 2004; Olsen et al., 2006). S252W in FGFR2 is another well-studied non-cysteine
substitution, which occurs in approximately 67% of patients with Apert Syndrome (Ibrahimi et
al., 2001). This mutation interferes with proper endochondral bone development through

aberration of MAPK signalling activation Chen et al., 2014).
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1.5.2 Activating mutations in the transmembrane domain

The effects of pathological TMD mutations in FGF receptors have been the subject of multiple
cellular and computational studies, trying to dissect common underlying mechanisms of over
activation (L. Chen et al., 2010; Sarabipour & Hristova, 2013; You et al., 2007). Activating
mutations within the transmembrane domain of RTKs have been suggested to induce
re-orientations in the dimer interface of receptors, resulting in increased receptor activation (Bell
et al., 2000). This section describes the most prominent mutations located on the TMDs of FGFR3
and FGFR4, which have been implicated in human pathologies (these mutations are the subject of

study in Chapter 3).

A single point mutation on the FGFR3 gene results in a glycine to arginine substitution at
position 380 in the TM domain, which is reported to cause Achondroplasia, the most common
genetic form of dwarfism ( Naski et al., 1996; Oberklaid et al., 1979; Shiang et al., 1994). This
mutation induces constitutive activation of the tyrosine kinase domain without apparently altering
the TM domain dimerisation energetics (E. Li et al., 2005; Webster & Donoghue, 1996; You et
al., 2006). Thus, the molecular mechanism by which the G380R mutation triggers over activation
of the receptor is still not understood. The FGFR3 Y373C mutation is reported to be responsible
for the lethal skeletal disorder TDI (d'Avis et al., 1998). The mutant cysteine residue is thought to
allow receptor dimerisation by formation of abnormal disulphide bonds, subsequently leading to

ligand independent constitutive activation.

The FGFR4 G388R substitution (similar to the FGFR3 G380R mutation) is caused by a
common single-nucleotide polymorphism (SNP). This variant results in sustained receptor
activation due to impaired lysosomal degradation (Wang et al., 2008). The FGFR4 Arg388 allele,
occurring in approximately 50 % of the human population, is innocuous in healthy individuals but
predisposes cancer patients for significantly accelerated disease progression (Bange et al., 2002).

FGFR4 Y367C is analogous to the FGFR3 Y373C mutation but has not yet been explicitly
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connected to any pathological disorder. However, it is hypothesised to lead to a constitutively

active receptor tyrosine kinase and thus to enhance tumour growth (Roidl et al., 2010).

153 Strategies for therapy

FGFR mutations that are mainly linked to cancers and severe bone disorders cause aberrant
activation of their intracellular signalling pathways. The importance of FGF signalling has driven
development of new drugs targeting these pathways by blocking or attenuating kinase activity.

Many therapeutics are in active development and a few more are entering the clinic.

The overall success of clinical treatment with tyrosine kinase inhibitors is challenged by
secondary mutations resulting in acquired mechanisms of chemotherapy resistance (Sierra et al.,
2010). Another level of complexity in terms of specificity of small-molecule inhibitors is added
by mutant FGFR fusion proteins. It has also been shown for FGFR1 that the kinase domain
gatekeeper residue mutation V561M confers in vitro drug resistance to the multikinase inhibitor
PP58 (Blencke et al., 2004). The ATP-competitive multikinase inhibitor dovitinib has proved to
be active against FGFRs (Renhowe et al., 2009) and has shown promising pre-clinical anti—
tumour activity in FGFR driven cancers (Trudel et al., 2005). A number of FGFR2 mutations
were observed in response to dovitinib (NS50H/K/S/T, V5651, ES66A/ G and K642N) that lead to
enhanced activity of the receptor kinase. Residues N550, E566 and K642 form a network of
hydrogen bonds called the molecular brake, which have an autoinhibitory effect. Drug-resistant
mutations that are located at this residue network disrupt the molecular brake in the kinase hinge
region of FGFR2 (Byron et al., 2013). There are a number of drugs that are successfully used in
the clinic that also show promising effects in connection with FGFR mutations. For instance, a
patient with oral squamous cell carcinoma expressing FGFR2 P253R was treated with pazopanib,
a multikinase inhibitor that effectively reversed cellular transformation and contributed to tumour

shrinkage ( Liao et al., 2013). The development of effective cancer treatments depends on the
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prediction of drug-resistance mechanisms evolving in cancerogenous cells. The efficacy of
chemotherapy agents is compromised without such predictions, contributing to a decrease in

treatment progression and finally resulting in tumour relapse.

1.6 Aims

As discussed above, FGFR signalling is implicated in many disorders and diseases with extensive
potential for severe developmental, homeostatic or oncogenic consequences. There is a lack of
understanding of the FGFR signalling complex architecture and underlying mechanisms of
assembly on the cell surface, many of which are of high medical importance. Accurate structural
information is required for efficient structure-based drug design. The main aim of this thesis is a
structural investigation of the fibroblast growth factor receptor association with its extracellular
ligands FGF and HSPG. X-ray crystallography and molecular dynamics simulations, in
combination with a range of biophysical techniques will serve to reveal new molecular details of

the FGFR ectodomain and TMD complex assembly.
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Chapter 2 — Material and Methods

2.1 Molecular Dynamics

2.1.1 Coarse Grained Simulations

Atomistic models of the a-helical TM fragments of wt and mutant FGFR3 and FGFR4 were built
in PyMOL (version 1.4, DeLano Scientific). The N- and C-termini were chosen according to
sequence alignments and TMD predictions. The same fragments where chosen for FGFR4,
aligning the sequences according to the predicted hydrocarbon core embedded segments (for
exact TMD sequence boundaries see Table 6). In order to perform CG simulations these atomistic
structures were converted to CG models as described previously (Bond & Sansom, 2006; Bond,
Wee, & Sansom, 2008). All simulations were performed using a modified version of the Martini
force field with an approximate 4:1 mapping of heavy atoms (i.e., not H) to CG particles (Bond et
al., 2008; Bond & Sansom, 2006; Monticelli et al., 2008). Each CG particle is assigned to one of
four particle types, namely “polar” (P), “mixed polar/apolar” (N), “hydrophobic apolar” (C) and
“charged” (Q) with further subtypes for the N and Q particles to allow fine-tuning of Lennard-
Jones interactions. To mimic hydrogen bonding in a-helices, the distance between backbone
particles was restrained with a harmonic distance restraint with an equilibrium length of 6 A and a
force constant of 1000kJ mol' nm™ (Bond et al., 2008). All simulations were performed using
GROMACS 454 (Van Der Spoel et al., 2005) with CG parameters for palmitoyl oleoyl
phosphatidyl choline (POPC, zwitterionic headgroup), palmitoyl oleoyl phosphatidyl serine
(POPS, partially negatively charged headgroup), water molecules, amino acids and sodium or
chlorine ions as described previously (Bond & Sansom, 2006; Kalli et al., 2010). All CG
simulations were set up in the same fashion. Two copies of the same a-helical transmembrane

domain were placed in a box (100x100x100A) along the z-axis in a distance of approximately
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70 A. About 320 CG lipid molecules were placed randomly around the helices before filling the
box with CG water. Each CG model was energy minimized using < 100 steps of the steepest
descent method. In order to run a 200 ns self-assembly simulation to obtain a lipid bilayer in the
x-y-plane, both helices were position restrained. After correct formation of a bilayer around each
TMD pair, restraints were removed, energy minimisation and 20 ns equilibration was performed
in order to finally run 20 production simulation repeats of 1 us of each system. Analysis of the
trajectories was performed with GROMACS 4.54, and with adapted MDAnalysis-dependant
(Michaud-Agrawal et al., 2011) Python functions (kindly provided by Tyler Reddy; (Reddy,

2012)). VMD 1.9 and PyMol 1.4 were used for visualisation of molecules.

2.1.2 Atomistic Simulations

Initial atomistic (AT) simulation systems were generated from representative CG TMD dimer
structures (obtained using the g_cluster module of GROMACS) using the in-house developed
CG2AT protocol as described previously (Stansfeld & Sansom, 2011.). This step included
conversion of water molecules, ions, lipids and protein chains. The resulting AT systems were
energy minimised using 5,000 steps of steepest descent and equilibrated (duration of 1 ns) with a
position restraint on protein Co atoms (force constant of 10 kJ mol™ A7"). Unrestrained
production simulations were performed using different initial velocities with a time step of 2 fs
and a total duration of 100 ns per simulation for TMD simulations (Section 3.5.3) and of 50 ns for
signalling complex simulations (Section 6.5.1). A semi-isotropic pressure of 1 bar was applied
using a Parinello-Rahman barostat (Parrinello, 1981) and the temperature was maintained at
323 K with a Berendsen thermostat (Berendsen et al., 1984). Electrostatic interactions were
modelled using a particle mesh Ewald summation (cut-off distance of 10 A, also used for van der
Waals interactions; (Cerutti et al., 2009)). The bond lengths were restricted using the LINCS
algorithm (Hess et al., 1997). GROMACS version 4.54 (Hess et al., 2008) was used in

combination with the GROMOS96 43a force field (Scott et al., 1999) in TMD simulations
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(Section 3.5.3) and with the Charmm?27 force field (MacKerell et al., 2001) for signalling
complex simulations (Section 6.5.1). Heparin parameters were generated using he SwissParam

server ( Zoete et al., 2011).

2.2 Molecular Biology

221 Complementary DNA and Expression Vectors

Complementary human DNA (cDNA) encoding Fibroblast Growth Factor 1 (UniProt accession
code P05230), Fibroblast Growth Factor 2 (UniProt accession code P09038), Fibroblast Growth
Factor Recptor 1 (UniProt accession code P11362) and Fibroblast Growth Factor Receptor 4
(UniProt accession code P22455) were purchased from Source BioScience (see Table 1 for
summary). For expression in mammalian HEK293S cells, multiple pHLsec vectors with different
functions based on the pLEXm backbone (Aricescu et al., 2006) were used (see Table 2 and
Appendix A.1 for details on the pHLsec vector). DNA inserts coding for a specific target
sequence were typically inserted into the vector using the Agel and the Kpnl restriction sites
(added to the DNA insert fragment via primers; see Appendix C for primer sequences). The
pHLsec vector generates expression constructs with an N-terminal Kozak sequence, a start codon
followed a secretion signal, an optional tag at the 5’ end, followed by the target protein sequence
with an optional C-terminal tag and the stop codon at the 3’ end. The pHLsec and pHLsec-10H
vectors were used for protein purification. The pHLsec-mV and the pHLsec-mTFP vectors were
used for fluorescence microscopy experiments. For expression in FE.coli, respective DNA
constructs were inserted into a modified version of pET22b(+) (Invitrogen) which was a kind gift
by Dr. Radu Aricescu (University of Oxford, Division of Structural Biology). He introduced an
Agel restriction site directly before the insert, and a Kpnl site directly behind the insert in order

to enable fast subcloning between mammalian expression vectors (pHLsec based vectors) and the
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bacterial expression vector. The pET22b(+) vector introduces a C-terminal hexahistidine tag

whereas pET22b(+)2 bypasses the tag with an additionally introduced stop codon (see Table 2.2;

and Appendix A.2)

Protein Name Gene Name | UniProt Accession | NCBI Reference
Code Sequence
Human Fibroblast Growth Factor 1 FGF1 P05230 NM_000800.2
Human Fibroblast Growth Factor 2 | FGF2 P09038 NP_001997.5
Human Fibroblast Growth Factor | FGFR1 P11362 NM_023110.2
Receptor 1c
Human Fibroblast Growth Factor | FGFR4 P22455 NM_002011.4
Receptor 4¢
Table 1 — Complementary DNA of genes used in this work

Name Tag 5’ site | 3’ site Tag cleavage

pHLsec C-term 6His Agel Kpnl -

pHLsec-10H C-term 10His “ “ -

pHLsec-mV C-term mV-8His “ “ 3C

pHLsec-mTFP C-term mTFP-8His “ “ 3C

pHLsec-avi C-term avi “ “ -

pET22b(+) C-term 6His Agel Kpnl -

pET22b(+)2 - « « -

Table 2 — Expression vectors for mammalian and bacterial protein expression
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222 Construct Design and Polymerase Chain Reaction

A number of sources of information were used for the design of protein constructs that were
produced in this study. The main sources were existing structural data entries in the Protein Data
Bank (PDB), theoretical prediction of N-linked glycosylation sites (NetNGlyc 1.0 Server, CBS,
Denmark, (Gupta & Brunak, 2002)), theoretical prediction of O-linked glycosylation sites
(NetOGlyc 4.0 Server, (Steentoft et al., 2013)) theoretical recognition of secretion signal sequence
(SignalP 4.0 server; ( Petersen et al., 2011)) and domain boundaries listed on the UniProtKB
protein sequence database. Generated constructs will be described in detail in the respective
chapters. A full list of all oligonucleotides used in this thesis, in the polymerase chain reactions
(PCR) is available in Appendix C. Primers were typically designed to have a length of 21-30

coding bases with a melting point between 60-63 °C and a GC content of around 60 % using the

online tool Oligo Calc (http://www .basic.northwestern.edu/biotools/oligocalc.html). Flanking
primers were extended with a restriction site for direct ligation of new constructs into the
appropriate vector after the PCR reaction. All primers were ordered from Eurofins Genomics
(Munich, Germany). PCR reactions were performed in volumes of 50 gl containing template
DNA (1ng/ul), forward and reverse primer (0.2 pmol/ul each), 1x Pyrobest™ buffer II (Takara
Co.), 0.4 mM dNTPs and 0.1 units Pyrobest™ DNA polymerase (Takara Co.), which is a
thermostable DNA polymerase possessing 3’-5’ exonuclease activity. PCR cycles were

programmed in 6 steps as described in Table 3 (Saiki et al., 1988).

Step | T[°C] Time Process

1 96 90 s Melting of template DNA

2 96 45 s Denaturing: yielding single-stranded DNA
3 58 45 s Annealing: primers anneal to template DNA
4 72 120-360 s Elongation: 1-2 min for each kb

5 - - Repeat steps 2-4 30 x

6 72 10 min Elongation: final step to fill all gaps

Table 3 — Standard protocol for a polymerase chain reaction
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To introduce point mutations into constructs, site directed mutagenesis was performed in
two steps, using internal primers containing altered codons. In the first PCR step two DNA
fragments upstream and downstream from the mutation were amplified in two separate reactions.
The reaction producing the N-terminal fragment contained the N-terminal forward primer paired
with the reverse version of the mutagenesis primer, whereas the second reaction contained the
forward mutagenesis primer paired with the C-terminal reverse primer. PCR products were gel
purified using the QIAquick gel extraction kit (Qiagen) before using them for the second PCR
step. In this step the N- and C-terminal fragments were used as mega primers, annealed to form
the full DNA construct and amplified in PCR cycles without any additional flanking primers. The
N- and C-terminal flanking primers were added directly into the reaction mix for amplification of
the full construct with a standard PCR reaction as described in Table 3. Agarose gel
electrophoresis was used to evaluate the outcomes of PCR reactions and all PCR products were

gel purified.

223 DNA Restriction, Digestion, Ligation and Transformation

Vectors and PCR products were digested for two hours with the corresponding restriction
enzymes (typically Agel and Kpnl, New England BioLabs; see restrictions sites in Appendix A)
using the recommended temperature and buffer conditions. Gel electrophoresis was performed to
stop the reaction, to separate small DNA fragments from the target fragment and to check the
outcomes of the digestion. Appropriate bands were isolated from the gel and purified with the
QIAquick gel extraction kit (Qiagen). The Quick Ligation kit (New England Biolabs) was used to
ligate the purified fragment into the respective vector using following protocol: 0.5 ul Quick
ligase, 5 pl Quick ligase buffer, 3.5 ul DNA fragment, 1 ul vector were mixed and incubated at
room temperature (RT) for 20 min. A transformation mixture was prepared adding 1 ul of the
ligation product to 30 ul Library Efficiency DH50 Competent Cells (Invitrogen) before

incubation on ice for 10 minutes. After a heat shock at 42 °C for 45 seconds, the transformed cells
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were incubated on ice for 5 minutes before adding 70 gl of SOC medium (Invitrogen). The
reaction mix was incubated at 37 °C for 1 hour and then plated on LB-Agar plates containing
100 pg/ml ampicillin. After incubation over night at 37 °C, three colonies were picked of each
construct for inoculation of 10 ml LB cultures, that incubated over night at 37 °C, containing
100 pg/ml ampicillin. The plasmid DNA of interest was then prepared using the QIAprep spin
miniprep kit (Qiagen) according to the manufacturer’s protocol. A digestion test was typically
performed (using the same restriction enzymes that were used to digest the insert and vector
before ligation) with subsequent agarose gel evaluation for identification of clones that contain the
insert of expected size. These clones were subjected to sequence analysis (Source Bioscience) for

final quality control of the Plasmid DNA sequence.

23 Protein Expression and Purification

231 Protein Expression in E.coli

All FGF constructs were expressed in the E.coli expression system. DNA inserts were ligated into
a modified pET-22b(+) vector (Novagen) expressing a C-terminal 6xHis tag, using the Agel and
Kpnl restriction sites. Plasmids were amplified with the QIAprep spin miniprep protocol (Section
2.2.3) and transformed into E.coli Rosetta 2 (DE3) pLusS (Novagen). This cell strain expresses
rare tRNAs to enhance the expression of eukaryotic proteins. Five litre bacterial cell cultures in
lysogeny broth (LB) medium containing 50 pg/ml ampicillin were grown to an optical density at
600 nm of 0.8, induced with 0.2 mM isopropyl 3-thiogalactopyranoside (IPTG) (Melford Labs)
and incubated in a shaker over night at 15 °C. At around 16 hours post-induction, the medium was
spun down for 45 minutes at 3000 x g. Cell pellets were re-suspened in PBS with a complete

protease inhibitor cocktail for expression in prokaryotic cells (Roche) and stored at -80 °C.
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232 Small-Scale Protein Expression in HEK293S Cells and Western Blot
Analysis

All FGFR constructs for in vitro experiments used in this thesis were expressed in an
N-acetylglucosaminyltransferase I (GnTI) deficient cell line of 293S human embryonic kidney
(HEK) cells. GnTTI deficiency disables HEK293S cells to synthesize Asn-linked polysaccharides,
which leaves posttranslational modification in the Man;GlcNAc, glycosylation state. This limits
heterogeneity across molecules and enables further enzymatic deglycosylation with
endoglycosidase F1 (EndoFl) to a single N-acetylglucosamine residue, which is highly
favourable for crystallisation (Reeves et al., 2001; Aricescu et al., 2006). Cell lines were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma), supplemented with non-
essential amino acids (Gibco), L-glutamine and 10 % fetal bovine serum (FBS, Invitrogen) in a
humidified 37 °C incubator with 5% CO,. Small-scale expression and secretion trials in
HEK293S cells were performed for all constructs prior to scaling up the expression.
Approximately 3x10° cells and 2 ml of DMEM containing 10 % FBS were seeded in 6-well plates
(Corning) and grown to confluence of 80-90 %. Then media was removed and exchanged with 1.5
ml DMEM per well, containing 2 % FBS and supplemented with 500 ul transfection mix
containing 2 ug plasmid DNA and 4yl transfection reagent lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. Cells were incubated at 37 °C with 5 % CO, for 48 h
prior to collection of cell suspensions for a check of secretion level of protein constructs by
western blot analysis. In order to separate cell debris, the cell media was centrifuged at 15000 g
for 10 minutes at 20 °C. Cells were resuspended in 1 ml PBS and for each construct 10 ul of cell
suspension and 10 gl of medium were boiled in a reducing loading buffer for 5 min. These
samples were subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) for protein separation according to molecular weight (Sambrook & Russell, 2000).
BenchMark™ pre-stained and hexa histidine tagged protein ladders (Invitrogen) were included on

the SDS-PAGE as molecular weight markers. The protein bands from the SDS-PAGE were
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transferred onto a nitrocellulose membrane (GE Healthcare Life Sciences) at 30 V for 60 minutes
using the XCell SuperLock™ Mini-Cell in 10 % [v/v] methanol NuPAGE transfer buffer
(Invitrogen). The nitrocellulose membrane was incubated in phosphate buffered saline (PBS)
supplemented with 5 % fat-free milk powder for 10 minutes to reduce nonspecific binding of
antibodies. Western blot analysis was performed using a mouse monoclonal anti-Penta-Histidine
primary antibody (1:1000 dilution, Qiagen) and a goat anti-mouse IgG horseradish peroxidase
conjugate (1:5000 dilution, Sigma) secondary antibody as previously described (Alegria-Schaffer
et al., 2009). The enhanced chemiluminescence western blotting detection kit (ECL, GE

Healthcare Life Sciences) was used for visualisation of His-tagged Protein bands.

233 Large-Scale Expression in HEK293S Cells

Only protein constructs that were identified to express, to fold correctly and to secrete efficiently
in small scale trials were considered for large scale protein production which was typically carried
out by Weixian Lu or Dr. Yuguang Zhao (University of Oxford, Department of Structural
Biology) according to the standard method (Aricescu et al., 2006). Adherent HEK293S cells were
grown in expanded surface polystyrene roller bottles (2125 cm?2, Greiner Bio-One) to 90 %
confluence and transfected with a mixture of 2 mg endotoxin free plasmid DNA (produced with
Plasmid Mega or Giga Kits, Qiagen) and 4 mg polyethyleneamine (PEI, Aldrich) per litre of cell
media. Roller bottles were typically incubated for 7-10 days at 37 °C with 5 % CO,. Medium was
then clarified by centrifugation at 7000 g for 40 min, filtered using SteritopTM filter units (0.22
um pore size, sterile) and stored at 4 °C. Prior to purification media were typically buffer
exchanged and concentrated using a QuickStand system (GE Healthcare Life Sciences) according

to the manufacturer’s protocol.
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24 Protein Purification

24.1 Immobilised Metal Affinity Chromatography

Most FGF and FGFR protein constructs were expressed with a C-terminal polyhistidine tag
(6xHis, 8xHis or 10xHis). These proteins were purified in a two-stage purification protocol,
starting with immobilised metal affinity chromatography (IMAC) followed by a size exclusion

chromatography step.

E.coli cells were defrosted and lysed by a French press (Cell Disruption Solutions,
Constant Systems), centrifuged at 20,000 rpm for 45 minutes at 4 °C and filtered with a 45 pm
syringe filter (Appleton Woods). The protein supernatant was directly loaded onto a 5 ml
Ni-loaded chelating sepharose HisTrapTM column (GE Healthcare Life Science) pre-equilibrated
in PBS (pH 7.5). To limit unspecific protein binding, medium that contained protein expressed in
HEK293S cells was supplemented with 20 mM imidazole prior to application to the Ni-loaded
chelating sepharose column. The column was typically washed with 10-20 column volumes PBS
(pH 7.5) containing 40 mM Imidazole. Protein elution was performed with PBS (pH7.5)
containing 400 mM Imidazole. During elution fractions of 1-1.5 ml were collected using an Akta
high performance liquid chromatography (HPLC) system (GE Healthcare). SDS-PAGE was used
to check protein composition in eluted fractions. Fractions containing protein of appropriate size
and purity were pooled and concentrated to a concentration between 25-50 mg/ml using Amicon-

Ultra centrifugal filter units (Millipore).

242 Analytical Heparin Affinity Chromatography

In order to improve small angle X-ray scattering (SAXS) data quality and to favour crystallisation

by reducing flexible regions, one FGF1 construct (FGF1-P241) was cloned into the pET-22b(+)
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vector lacking the 6xHis tag. Cells expressing FGF1-P241 were lysed as described in Section
2.4.1 and the protein supernatant directly applied to a Sml HiTrap™ heparin HP column (GE
Healthcare Life Science) pre-equilibrated in a low salt buffer (50 mM HEPES pH 7.5, 50 mM
NaCl). The column was washed with approximately 20 column volumes low salt buffer and
eluted with a sodium chloride gradient from 50 mM to 2M over 20 column volumes. The eluted
volume was collected in 1.5 ml fractions and analysed by SDS-PAGE to identify protein size and

purity.

243 Size Exclusion Chromatography

As a second purification step after IMAC or analytical heparin affinity chromatography, gel
filtration was performed to achieve higher protein purity and to bring the protein into the
appropriate buffer. Depending on the protein size ul of protein solution with a protein
concentration of 25-50 mg/ml was injected onto either a Superdex S75, a HiLoad S200 HR10/30
or a Superdex S200 16/60 size exclusion chromatography column (Pharmacia Biotech). The
respective column was previously equilibrated in the running buffer containing 10 mM HEPES
(pH 7.5) and 150-300 mM NacCl. Protein fractions were analysed by SDS-PAGE in order to pool
and concentrate the fractions containing pure protein sample. The pure protein samples were
optionally deglycosylated by enzymatic treatment with EndoF1 (Chang et al., 2007; Grueninger-
Leitch et al., 1996) before subjection to complex formation, crystallisation and further biophysical

methods described below.

2.5 Multi-Angle Laser Light Scattering

The combination of size exclusion chromatography with multi-angle laser light scattering (SEC-

MALLS) was applied to determine the molar mass of single proteins and protein complexes in
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different states of dissociation. Concentrated purified protein samples prepared as described in
Section 2.4 were diluted in MALLS running buffer (10 mM Hepes pH 7.5, 150-300 mM NacCl)
and samples of 90 ul containing typically 3 nM of protein were applied to SEC-MALLS analysis.
For protein complex samples, exact amounts of all complex components were mixed, diluted in
MALLS running buffer to achieve a final concentration of 3 nM of the FGF component and 90 ul
of the sample were directly injected to SEC-MALLS analysis. Size exclusion chromatography
was performed on a 30 ml Superdex S200 HR 10/30 column (GE Healthcare) attached to an
Agilent chromatography system. A Dawn Helios II Multi-Angle Light Scattering detector, using a
120 mW solid-state laser operating at 658 nm as a light source, and an Optilab rEX Refractive
Index detector the light scattering and the refractive index of the samples upon elution from the
size exclusion column. The recorded data were analysed with the ASTRAS program suite (Wyatt
Technology). Experiments were performed with assistance of Dr. Tomas Malinauskas (University

of Oxford, Division of Structural Biology).

2.6 Protein Crystallisation

2.6.1 Initial Crystallisation Screening

Different strategies were applied to achieve protein complex formation and subsequent protein
complex crystallisation of the FGFR4-Heparin-FGF1 and the FGFR1-Heparin-FGF1 complexes.
Heparin oligosaccharides of selected lengths (Iduron), concentrated protein from appropriate SEC
fractions of FGFR4 or FGFR1 and >95% pure FGF1 (tested with SDS-PAGE) were mixed in
different stoichiometric ratios to form a pentameric (2:1:2) or a hexameric (2:2:2) complex. The
complex was either applied to SEC purification or directly applied to crystallisation trials. EndoF1
was optionally added directly to the protein complex sample previous to crystallisation, in order to

cleave off the N-glycans that were added to the receptor during expression in HEK293S cells.
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Pre-crystallisation experiments using the PCT™ Pre-crystallisation Test kit (Hampton Research)
were used for each new protein complex preparation in order to determine an appropriate protein
concentration for crystallisation. For crystallisation trials in a sitting drop vapour diffusion format,
a Cartesian Technologies robot (Walter et al., 2005) dispensed 100 nl reservoir solution to 100 nl
protein complex solution in 96-well Greiner plates. The drops were equilibrated against 95 ul
reservoir solution in sealed chambers and the plates were placed in temperature-controlled storage
vaults at either 21°C (TAP Homebase) or 4°C (Formulatrix). Up to 1150 different reservoir
solutions from commercially available crystallisation screening kits (see Table 4) were tested for
initial crystallisation trials. Crystallisation conditions for FGFR4-HeparinDP10/12-FGF1 and

FGFR1-HeparinDP10/12-FGF1 are provided in the corresponding chapters.

Masterblock | Commercial Screen Wells Manufacturer

1 Block 1 Crystal Screen Al-D12 Hampton Research
Crustal Screen 2 El1-H12

2 Block 2 Wizard 1 Al-D12 Emerald Biosystems
Wizard 2 El1-H12

3 Block 3 PEG/Ion Screen Al-D12 Hampton Research
PEG 6000 Grid Screen El1-H12
Ammonium Sulphate Grid Screen GI1-H12

4 Block 4 Natrix Screen Al-D12 Hampton Research
Crystal Screen Cryo El1-H12

5 Block 5 PEG/LiCl Grid Screen Al-B12 Hampton Research
NaCl Grid Screen C1-D12
MPD Grid Screen El1-F12
Quick Screen G1-H12

6 Index Index Screen Al-HI12 Hampton Research

7 SaltRX SaltRX Screen Al-HI12 Hampton Research

8 PACT PACT Premier Al-HI12 Molecular Dimensions

9 PEGRx PEGRx Screen Al-HI12 Hampton Research

10 Morpheus Morpheus Screen Al-H12 Molecular Dimensions

11 PGA PGA Screen Al-HI12 Molecular Dimensions

12 | ProPlex ProPlex Screen Al-HI12 Molecular Dimensions

Table 4 — 1152 commercially available crystallisation conditions combined in 12 screens
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2.6.2 Crystal Optimisation

Poorly diffracting crystals obtained from initial crystallisation screens were optimised in order to
collect high resolution X-ray diffraction data. A number of different methods for crystal
optimisation were used. Hampton Additive Screens (Hampton Research) contain volatile and non-
volatile compounds, which were added to the original crystallisation condition. The range of
additive compounds was extended by using the Silver Bullets additive screen (Hampton
Research). Manual optimisation was performed systematically by varying the pH, the
concentration of components and the ratio of protein solution to reservoir solution. The latter two
were varied in a three-row optimisation screen (Walter et al., 2005). Each row had a specific
protein to reservoir ratio (1:1, 2:1, 1:2) and the reservoir solution was diluted within each row in
3% steps from 100% to 67%. The final crystallisation conditions and corresponding cryo

protectant for protein structures presented in this thesis are presented in Table 5.

Construct Space | Protein Crystallisation Condition Temp | Freezing
Group | Concentration () Procedure
FGFR1 D2D3- | C2 6 mg/ml 0.1 M amino acid 20° 25%
HepDP10-FGF1 0.1 M imidazole Glycerol
MES pH6.5
30 % PEGMME 550 PEG 20K
FGFR1  D2D3- | P2,2,2, | 6 mg/ml 0.1 M Tris pH 7.0 4°C 25%
HepDP10-FGF1 4 M NaCl Glycerol

Table 5 — Crystallisation conditions and freezing procedure for presented structures
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263 Crystal Cryo-Protection and X-ray Diffraction Data Collection

Crystal deterioration by radiation damage was avoided by X-ray data collection in cryogenic
conditions of 100 K (Garman, 2010), which requires cryoprotection. Crystals were fished from
the mother liquor solution with cryo-loops and kept there until data collection. Depending on the
crystallisation condition crystals were incubated in crystallisation solution supplemented with
cryoprotectants such as ethylene, glycerol or low molecular weight polyethylene glycol (PEG) in
order to avoid formation of water crystals during flash freezing in liquid nitrogen. Screening of
crystal diffraction properties and data collection was performed at Diamond Light Source (DLS;
Oxfordshire, UK). Well diffracting crystals were indexed by the automatic image processing
pipeline at DLS. Before collecting a complete diffraction data set, a collection strategy suitable
for the respective space group was programmed (specifying initial crystal orientation to beam,
beam intensity, exposure time per frame, degree of oscillation per frame and number of frames).

All data were collected using a single-photon-counting PILATUS detector.

264 X-ray Diffraction Data Processing

Typically three representative diffraction images, recorded at oscillation ranges separated by 90°,
were indexed to assign Miller indices (hkl) to each recorded reflection and to determine the space
group as well as the unit cell dimensions of the crystal lattice. Then, the reflection intensities from
the entire dataset were integrated, merged and scaled using the Mosflm (Leslie, 2006) or xia2
(Winter, 2010) data processing suites. In order to assess the high resolution limits as well as the

data quality several criteria were used which are briefly described below.

1) Completeness (%). The indexing process allows determination of the number of expected
unique reflections. Completeness is the percentage of reflections, which a dataset contains
of the total expected reflections (Formula 1). The ideal completeness in the highest
resolution shell was set at >90 % and for overall completeness at >95 %.
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2) Redundancy of a dataset describes the ratio of total measured reflections to unique
measured reflections (Formula 2). A higher redundancy enhances the accuracy of the
intensity for each measured reflection.

3) /ol is a signal to noise parameter in crystallography which describes the ratio of signal
intensity to the error in measurement of the signal intensity. The I/0l value typically
decreases with increasing resolution. This parameter is also used to determine the high-
resolution limit for the dataset. Error model adjustment to a %* value (goodness of fit,
Formula 3) of approximately 1 for all resolution shells of a dataset resulted in reliable
estimates of ol.

4) R (%) is a linear measure of the internal consistency of the dataset, which represents
the deviation between equivalent measurements (Formula 4). For the entire dataset R .

values of less than 10 % and for the highest resolution shell less than 100 % were targeted.

However, this parameter does not account for the redundancy of the dataset. R ;, (the

pim

precision-indicating merging R-value) was used for highly redundant data. R ;  corrects

pim
for the increasing precision of the intensity measurements as more measurements are

made (Formula 5). Pros and cons of these two R-values are further discussed by Manfred

S. Weiss (French & Wilson, 1978; Weiss, 2001).

For each dataset, structure factor amplitudes were calculated from the reflection intensities
using TRUNCATE (French & Wilson, 1978), which is part of the CCP4 software package (Winn
et al., 2011). The intensity of a reflection is proportional to the square of the amplitude of the
structure factor (Formula 6). However, in order to determine the phase for each structure factor,

molecular replacement was required in this work.
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2.6.5 Structure Determination

The so-called “phase problem” for the crystal structures presented in this thesis has been solved
with the method called molecular replacement (MR) (Rossmann & Blow, 1962) using PHASER
(McCoy et al., 2007), which is part of the CCP4 suite. The MATTHEWS_COEF program
(Matthews, 1968) was used for initial estimation of the number of protein molecules in the
asymmetric unit. The choice of suitable MR models will be discussed in the results Section 5.5.2.
Ligands and waters were removed from these models and molecules were split into their single
domain components. Each domain component was an input model for a separate rotation search
(Formula 7) against the experimental data. Solutions with top scores were used for a translation
search (Formula 8) and top scoring solutions were evaluated for clashes between symmetrically
related molecules. The solutions passing this test were subjected to rigid-body refinement before

providing the final solution statistics, models and maps.

Three criteria were applied to test for successful molecular replacement solutions. The
Log-likelihood gain (LLG) is a quantitative measure for the fit of the molecular replacement to
the experimental data compared to the same set of atoms in a random distribution. The LLG value
describes the difference between the calculated log-likelihood derived from the model and the
log-likelihood derived from a Wilson distribution, which is a probability distribution function for
structure factors of known atom types but unknown atom positions. Valid solutions do typically
result in positive LLG values increasing with each cycle of the molecular replacement procedure.
The Z-score is the second validation criterion for molecular replacement solutions. It measures
the number of standard deviations above the mean LLG score for a particular LLG value. Valid
solutions should have a positive Z-score greater than 7, which increases with each cycle of the
molecular replacement procedure. The third and clearest evaluation is finally possible by visual

inspection of the produced electron density map. The solution is likely to be correct if the
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electron density map features unmodelled electron density for missing domains, additional N- and

C-terminal amino acids to the modelled domains and potential ligands.

2.6.6 Structure Refinement

Phasing solutions from molecular replacement that satisfied the criteria described in Section 2.6.5
were subjected to iterative model building in coot (Emsley & Cowtan, 2004) and restrained
refinement using REFMAC (Murshudov, Vagin, & Dodson, 1997) and PHENIX (Adams et al.,
2010). This process was guided by geometrical constraints, atomic positions, non-crystallographic
symmetry and B-factor distributions. R, (Formula 9), R;.. (Formula 10) and the quality of the
resulting map were closely monitored during the refinement process. The gap between R, .,
which represents the deviation of the model structure factors from the structure factors of the data
using only 95 % of the reflections, and R, which is similar to R, but calculated from only 5 %
of randomly assigned reflections that are excluded from the refinement process, is a quantitative
measure for introduction of bias during the manual model building processes. The difference for

final refined models should not be higher than 4-5 %. Both R-values do typically drop if the

refinement process is leading to a model that is consistent with the measured structure factors.

2.6.7 Structure Validation and Analysis

MolProbity (Davis & van der Merwe, 2006) assesses the stereochemical properties of structural

models and was used for structural validation of refined models. The Ramachandran analysis

plots the ¢ angle (the dihedral angle between N and Ca) against the 1 (the dihedral angle

between Ca and C=0) for each protein residue. Theoretical calculations and experiments have

identified “allowed” and “prohibited” combinations of ¢ and 1, which can be directly identified

on the Ramachandran plot. The percentage of residues that are not within the allowed regions,
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so-called outliers, is an independent measure for the quality of model geometry, particularly as ¢-

and - angles are not restrained during refinement. MolProbity also analyses any other steric
clashes formed by H-bond and van der Waals contacts in molecular interfaces. Refinement and
validation statistics are presented in the corresponding chapters. Figures were rendered in PyMol

(DeLano Scientific LLC) or CHIMERA (Pettersen et al., 2004).

2.7 Small-Angle X-ray Scattering

Small-angle X-ray scattering (SAXS) experiments were performed to assess the behaviour of
protein complexes in solution. Protein complex samples were prepared directly before subjecting
them to the beamline for collection of scattering data on the BM29 beamline at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) at 20° C. The distance between the
detector and the sample was 1 m and the beam had a wavelength of 0.0995 nm. During SEC
protein purification, buffer fractions were collected after protein elution. This buffer was
measured before and after every SAXS measurement in order to minimise the background noise
after buffer subtraction. Each sample was measured in 10 consecutive frames of 10 seconds at
20° C. The sample flow was adjusted according to the degree of radiation damage. Only
measurements that did not show any radiation damage through all 10 frames were used for
analysis. Initial processing was performed directly at the beamline using the automatic pipeline of
AUTOSUB (Pernot et al., 2013). GNOM (Semenyuk & Svergun, 1991) was used to yield the

distance distribution function (P(r)) and to evaluate the maximum particle dimension (D,,,). Ab

initio reconstructions were generated by the data processing pipeline available at BM29 using
DAMMIF (Franke & Svergun, 2009) and DAMAVER (Volkov & Svergun, 2003). Molecular
Dynamics simulations of different FGFR-Heparin-FGF complex architectures were performed

(using GROMACS, see Section 2.1.2) for creation of structural ensembles, which resulted in a

pool of about 2020 models. Flexible glycans and missing loops were modelled in combination
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with energy minimisation using the AllosMod-FoXS server (Guttman, Weinkam, Sali, & Lee,
2013). CRYSOL (Svergun et al., 1995) was used to calculate theoretical SAXS patterns and

ensemble fitting was performed using GAJOE (Bernado et al., 2007).

2.8 Sequence Alignments

Sequence alignments were performed using ClustalW (Larkin et al., 2007), WebLogo (Crooks et
al., 2004). For visualisation of sequence alignments Jalview (Waterhouse et al., 2009) and
Microsoft Word were applied. Predictions of secondary structure and transmembrane regions
were performed using the SPLIT-server 4.0 (Jureti€ et al., 2002) and MPEx (Snider et al., 2009)

and the Uniprot server (The UniProt Consortium, 2015).

29 Visualisation of Graphs

Gnuplot 4.2, Xmgrace and Microsoft Office Excel were applied for display of data.
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Chapter 3 — Investigation of wild-type and mutant
FGFR3 and FGFR4 TMD Dimerisation

3.1 Summary

Fibroblast growth factor receptors form a subfamily of the receptor tyrosine kinases that are
involved in signalling through the plasma membrane. Extracellular ligand binding leads to lateral
dimerisation and receptor activation to stimulate cellular proliferation and differentiation. The
transmembrane domains play a crucial role in dimerisation processes and several mutations
located in the lipid bilayer have been identified to stabilise FGFR dimers and thus to promote

unregulated signalling.

In this work, coarse-grained and atomistic molecular dynamics (MD) simulations are used
to assess the role of diverse mutations in the TMDs of FGFR3 and FGFR4. Simulations show that
the FGFR3 G380R mutant, which causes Achondroplasia, has no severe impact on the helix
dimer interface but induces a shift towards the extracellular matrix, which could be confirmed
with atomistic simulations. The two analogous FGFR3 Y373C and FGFR4 Y367C mutants,
causing a lethal type of dwarfism and involved in breast cancer progression respectively, do
neither interfere with the dimer interface nor induce a helix shift. This suggests that the Cys
residues activate receptors by formation of disulphide bonds via the “flip sides” of the TM
domains. Moreover, this work presents the first FGFR4 wild-type (wt) and G388R TM domain
dimer model, which reveals helix-helix association via a G;gxxxG motif. Arg388 entirely
abrogates this binding interface setting both C-termini apart from each other but maintaining the
helix-helix orientation by shifting the main binding interface in N-terminal direction. The
presented results further knowledge about the role of disease related mutations in RTK TM

domains and provide new insights into possible mechanisms of abnormal FGFR signalling.
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3.2 Introduction

As discussed in Section 1.3 FGF signalling plays an essential role in a multitude of tightly
regulated biological processes such as embryonic development, cell proliferation, differentiation
and migration (Beenken & Mohammadi, 2009). FGFR activation is not solely regulated via ligand
binding but also dependent on juxtamembrane autoinhibition (Hubbard, 2004; Mohammadi et al.,
1996), down-regulation of active receptors and proper dimerisation of the transmembrane helices
to bring the kinase domains in the right spatial arrangement. Deregulation of these processes can
lead to diverse human diseases including skeletal disorders as well as cancer (Wesche et al.,

2011).

The role of single TM domains in RTK signalling is only partly understood but a list of
pathogenic mutations in these domains provides strong supporting evidence that TM helices play
a critical role in receptor dimerisation processes and thereby in cell signalling of RTKs (Li et al.,
2006). While all TM domains of human RTKs show an intrinsic propensity to form stable dimeric
structures within a membrane (Finger et al., 2009), their affinity must be inherently weak in order
to allow regulation (Peng et al., 2009). Mutant dependent alterations of the monomer-dimer
equilibrium can lead to constitutive activation or diminished receptor turnover (Turner & Grose,
2010). Some prominent TMD mutations of FGFR3 and FGFR4, which this work focuses on, were
subject to various studies and provided initial insights into the different functional effects of

single TM amino acid substitutions. However, molecular mechanisms remain elusive.

33 Aims

The main aim of the work presented in this chapter is to identify the homodimer interfaces of

wild-type FGFR3 and 4 TMDs through course-grained molecular dynamics simulations. The next
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step will be to run simulations with mutant TMDs to observe possible changes of the primary

interfaces hinting on pathogenic mechanisms.

34 Sequence analysis and simulation setup

34.1 Sequence alignments of FGFR3 and FGFR4 TMDs

Various sequence alignment tools were applied to identify which atomistic FGFR3 and FGFR4
TMD models to build as initial a-helical constructs for coarse-grained MD simulations. Sequence
identity calculations across human FGFR1-4 show that all members across this receptor family
have high sequence identities (Figure 3.1 A) ranging between 59.5 % (FGFR2/FGFR4) and
71.1 % (FGFR1/FGFR2). However, sequence identities calculated for the same receptors but from
limited 45 residue sequences of the predicted TMD regions, including flanking unstructured
residues, reveal much lower values. The TMD regions of FGFR3 and FGFR4 have only 17.4 per
cent sequence identity. Direct sequence comparison of these 45 residue regions reveal a well
conserved hydrophobic core (Figure 3.1 B) flanked by an N-terminal extracellular acidic patch
and a C-terminal intracellular basic patch, which are indeed an inherent feature of all eukaryotic
single pass transmembrane proteins (George Hedger, 2015). However, the conservation score
shows that these flanking regions are less conserved compared to the hydrophobic core. Overall
only four residues are conserved across all four receptors; three of those residues are located in
the hydrophobic core. The fourth conserved residue is a tyrosine, which is positioned in the
extracellular membrane-water interface. Interestingly, the N-terminal acidic patch, which holds
the TMD in correct position (Killian & Heijne, 2000), varies in charge and localisation. FGFR1, 2
and 4 have the first acidic residue (Glu, Glu and Asp respectively) two residues downstream from
this conserved tyrosine (red arrow in Figure 3.1 B). The first acidic residue of FGFR3 sits 5

residues upstream from the conserved tyrosine (black arrow in Figure 3.1 B). This could have
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implications for the behaviour of the TMDs in MD simulations and needs to be taken into account
when choosing the TMD models for simulations. The position of the intracellular basic patch is

well conserved and shows a very similar pattern of residues across all four receptors.

Transmembrane domain prediction tools gave different results for FGFR3 and FGFR4.
UniProt (The UniProt Consortium, 2015) TM-prediction identified regions of 21 residues, which
were perfectly aligned across both receptors and located between the negatively and positively
charged pattern. The MPEx TM-prediction tool (Snider et al., 2009) predicted a very similar TMD
for FGFR4 consisting of only 19 residues (see highlighted sequences in grey, Figure 3.1 C). In
contrast the TMD prediction for FGFR3 is shifted 5 residues towards the extracellular region.
This indicates that the TMD of FGFR3 could behave differently in the membrane, in comparison
to the other FGF receptors, potentially caused by the shift of the extracellular acidic patch towards
the N-terminus. If the MPEx TMD prediction were to be accurate, the linker between the
extracellular domain D3 (see sequences highlighted in cyan) and the TMD would be 5 residues
shorter in FGFR3. This again could lead to a more direct coupling of positional changes in the

extracellular domains to the TM domains.

Taking these results together, TMD models were used that conform to the following rules:

a) Keep the average of both predicted TMD regions in the centre.

b) Encompass all known positions of pathogenic TMD mutations (see red residues in
Figure 3.1 C).

c) Encompass two acidic residues from acidic patch.

d) Encompass at least one basic residue from basic patch.
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Figure 3.1 Sequence alignment and TMD prediction

(A) Sequence identity matrices across FGFR family members for full length receptors (left panel) and for extended TMD
regions of 45 residues (right panel). Pairs with highest conservation are highlighted green and pairs with lowest conservation
are highlighted red. Sequence conservation values between FGFR3/FGFR4 are framed blue. All sequence pairs were aligned
and analysed using the CustalW program (Larkin et al., 2007). (B) Sequence alignment of extended homologous TMD
regions of FGFR1-4 (Colour code: pink=aliphatic or hydrophobic; orange=aromatic; blue=basic; red=acidic;
green=hydrophilic; magenta=conservationally special; yellow=cysteine). The red arrow indicates the acidic residue for
FGFR1, 2 and 4 which is located most proximal to the hydrophobic core. The black arrow indicates the same, but for FGFR3.
The middle panel presents the conservation score calculated by hierarchical analysis (Livingstone & Barton, 1993). The
bottom panel shows the Jalview consensus sequence. The sequence alignment was done in ClustalW and the representation
was generated using Jalview (Waterhouse et al., 2009). (C) Transmembrane domain predictions for FGFR3 and FGFR4,
performed by UniProt ((The UniProt Consortium, 2015); bold residues) and MPEx (Snider et al., 2009); residues highlighted
in grey). Residues that have been related to human pathologies are highlighted in dark blue colour and the corresponding
mutant residues are indicated with red letters. Residues highlighted in cyan indicate the last structured residues of the
respective D3 domains.
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34.2 Model building and simulation setup

Table 6 lists the TMD sequences, which were used for modelling of initial, ideal a-helical
constructs. Bold letters represent the TMD prediction from the UniProt server. Both Tyr to Cys
substitutions are located at the same position close to the N-terminal water-membrane interface.
In contrast, the Gly to Arg substitution in FGFR3 is located closer to the TMD centre and in the
case of FGFR4 rather on the C-terminal water-membrane interface. For coarse-grained
simulations TMDs and their flanking residues were assumed to form an ideal a-helix. Atomistic
starting structures were built in PyYMOL (Figure 3.2 A), converted to CG models (Figure 3.2 B)
with an approximate 4:1 mapping of heavy atoms to coarse-grain particle as previously described
(Bond et al., 2008; Bond & Sansom, 2006) and used to set up simulations using the GROMACS
454 package (Van Der Spoel et al., 2005). Figure 3.2 C shows the atomistic and the
corresponding coarse-grained model of POPC that was used for all simulations. Table 7 lists the
composition of all coarse-grained simulations that were setup in this study. Simulation system
number 2 contained 80 % POPC and 20 % POPS and was used as a control for TMD behaviour in
presence of lipids with partially negatively charged headgroups. For a detailed description of the
simulation setup procedure and simulation parameters see Section 2.1.1. An ensemble of 20

simulation repeats of 1 us was run for each simulation system listed in Table 7.
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Receptor Mutation  TM sequence

FGFR3 wt D3s7EAGSVYAGILSYGVGFFLFILVVAAVTLCRLR
G380R D3s7EAGSVYAGILSYRVGFFLFILVVAAVTLCRLR
Y373C D3s7EAGSVCAGILSYGVGFFLFILVVAAVTLCRLR
FGFR4 wt AszctAPEARYTDIILYASGSLALAVLLLLAGLYRGQ
G388R AszetAPEARYTDIILYASGSLALAVLLLLARLYRGQ
Y367C AzstAPEARCTDIILYASGSLALAVLLLLAGLYRGQ

Table 6 — Sequences of the TMD models used for MD simulations

List of protein sequences applied in CG-MD simulations. The regions predicted to be covered by the hydrophobic membrane
core are bold. Selected amino acid positions, which were identified to be related to diseases are highlighted in blue. The

mutated residues are highlighted in red.

Conversion of TMDs and lipids from atomistic to coarse-grain

FGFR35¢; 300 B  FGFR33530 C Pporc POPC
atomistic coarse-grained atomistic coarse-grained

Figure 3.2 Conversion of atomistic TMD and lipid models to coarse-grained models

(A) An atomistic model of FGFR ;4,49 generated in PyMOL, shown as representative for all 6 TMD models, which were
created from the TM sequences listed in Table 6. (B) The same a-helix as in A, after conversion to coarse-grain. In A and B,
all residues are shown in spheres representation, N-terminal acidic aspartate and glutamate residues are coloured red,
glycines are coloured magenta, cysteines are coloured yellow and C-terminal positively charged arginine residues are
coloured in blue. (C) An atomistic POPC molecule shown in sticks representation and the corresponding coarse-grained

model shown in spheres representation. Sulphates are coloured blue and nitrogens are coloured in orange.
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n simulations

System name System components fgrming helix Sj:]ig::r
dimer

1 FGFR3 wt 2 FGFR3367.399 Wt + 319 POPC 19 of 20 9028

2 FGFR3 Wtpopcps 2 FGFR3367.309 Wt + 256 POPC + 64 POPS 18 of 20 10401

3 FGFR3 G380R 2 FGFR3367.399 G380R + 323 POPC 16 of 20 9403

4 FGFR3 Y373C 2 FGFR3367.390 Y373C + 317 POPC 16 of 20 8935

5 FGFR4 wt 2 FGFRA4351.393 Wt + 317 POPC 20 of 20 8940

6 FGFR4 G388R 2 FGFR4 351393 G388R + 318 x POPC 20 of 20 9081

7 FGFR4 Y367C 2 FGFR4351.393 Y367R + 319 x POPC 20 of 20 8894

Table 7 — Summary of coarse-grained simulation systems.

20 simulation repeats of 1 us duration were run for each simulation system. Apart from the simulation system 2
(FGFR3 wtyopcs) all simulations were run in a lipid bilayer formed of 100% POPC. System 2 contained 80% POPC and 20%

POPS in order to control and validate the quality of simulations run in 100% POPC.
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343 Helix distance tracking and dimerisation time

Visual inspection of a finished simulation typically gave a first impression about membrane and
helix behaviour. The four frames presented in Figure 3.3 A were extracted from a representative
FGFR3 wt dimerisation simulation. At t = 0 us both helices are embedded in the self-assembled
lipid bilayer at a distance of 70 A. Through the course of the simulation both helices dissociate
without constraints in a periodic box, which eventually leads to formation of a helix dimer (see
t=0.4 us in Figure 3.3 A). The first analysis performed for all simulation within an ensemble
was quantitative tracking of the distance between both helices in each trajectory, which yields
information on a number of TMD properties. The assessment of the duration until dimer
formation is the most obvious. If dimer formation occurs quickly for a given TMD construct, the
tracked separation between both helices will decrease sooner after simulation start. These
measurements were performed by adopting MDAnalysis-dependent (Michaud-Agrawal et al.,
2011) Python functions ( Reddy et al., 2014)) to my data. The helix distance was defined by the
closest interhelix approach of two Ca particles from each peptide. A distance matrix for all
interhelical Co. particle interactions was calculated for each 10" frame of a given simulation. The
Minimum value for each frame was recorded as closest distance and plotted against the simulation
time in ps. The difference between the starting time of the simulation and the time of first contact
of both helices was defined as the dimerisation time (see thin arrow in Figure 3.3 B). The
simulation time of 1 us per repeat is relatively short. Therefore not all simulations formed a TMD
dimer (for helix distance plots of individual simulations see Appendix E, 1-6). As previously
seen for Glycophorin A (GpA) (Psachoulia et al., 2008) there was stochastic variation in the time
required for initial dimer formation corresponding to the use of random initial velocities
(consistent with a Maxwellian distribution at the stated temperature) for each simulation within an
ensemble. The average dimerisation time was calculated for each ensemble. Plotted on a

histogram (Figure 3.3 C), there is no significant difference in the time to dimer formation among
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FGFR3 and FGFR4 wt and mutant simulations. Much larger ensembles (typically of =100
simulations) would be needed to explore any differences in dimerisation times more accurately
(Hall et al., 2014; Wassenaar et al., 2015). In many simulations, both helices rotate and move
substantially in the x-y-plane before dimer formation. Thus, the stochastic dimerisation times and
substantial translational and rotational motions of the helices relative to one another within the
bilayer plane are consistent with a simulation protocol that is not biased toward formation of a
particular dimer interface. Tracking of the helix distance also provides information on the stability
of the dimers. Dimer dissociation events can easily be identified using the Ca closest approach
method. Both the FGFR3 and the FGFR4 formed stable dimers in all CG simulations with no

observations of subsequent dissociation of the helices.

Having confirmed the formation of stable dimers in an unbiased fashion in our
simulations, separate sub-chapters for FGFR3 and FGFR4 TMDs will deal in more detail with

dimer configurations and interfaces.
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Figure 3.3 Helix distance tracking and dimerisation time

(A) Snapshots from a wt FGFR3 CG simulation showing TMD configurations at different times (t =0 ps, t =0.2 ys, t = 0.33
us, t = 04 us). The a-helices are shown as Ca traces in cyan with the bronze spheres corresponding to a surface
representation of the lipid phosphate particles. For the sake of clarity other lipid and solvent particles have been omitted. The
initial distance of both helices of 70 A is indicated with an arrow. Dotted lines pointing towards B connect each snapshot
with the corresponding time point on the helix-distance plot. (B) Plot of the distance Ca helix—helix approach shown as a
function of time for the same wt FGFR3 CG simulation as in panel A. Helix distance plots of all individual simulations in
each ensembles are presented in Appendix E, 1-6. (C) Plot of the average dimerisation time for each simulation ensemble
run in a 100% POPC lipid bilayer (if not differently specified) of FGFR3 wt, FGFR3 G380R, FGFR Y373C, FGFR3 wt (in
80% POPC 20% POPS lipid bilayer), FGFR4 wt, FGFR4 G388R and FGFR4 Y357C. Tracking of the first Ca helix-helix
distance that measured below <7A identified the dimerisation time of individual simulations. Error bars show the standard
deviation across all 20 simulation repeats across each simulation ensemble.
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35 Wt and mutant FGFR3 MD simulations

351 Analysis of coarse-grained Simulations of wt FGFR3

35141 Identification of the TMD dimer interface of wild-type FGFR3

With the analysis performed in Section 3.4, no significant differences between FGFR3 wt and
mutant dimer formation could be observed. In order to reveal how mutant residues are involved in
dimer formation, it is key to study the nature of the helix-dimer interfaces more closely. Firstly, to
identify whether FGFR3 wt TMDs form a predominant dimeric interface, a positional probability
analysis was performed. Again a MDAnalysis and Python based in-house code (Reddy et al.,
2014) was adopted, which centres and rmsd-fixes helix 1 of all frames of an ensemble and plots
the relative configuration of the second helix on a thermal graph that represents the xy-plane of
the lipid membrane (Figure 3.4 A). The plot for the wild-type ensemble in Figure 3.4 B shows
that helix 2 is distributed anisotropically with a very low positional probability (indicated with
blue colour) at a radial distance of 25-60 A and a relatively high positional probability (indicated
with yellow colour) within a 15 A radius from the central helix 1. A close up view of the same
plot with a more sensitive probability range clearly reveals a primary dimer interface for FGFR3
wt (yellow/orange area in Figure 3.4 C). The results of this analysis are encouraging as they
provide evidence that FGFR3 transmembrane domains do not just stick to each other in a random
fashion but interact with each other via one preferred interface. However, this analysis does not

give direct information on which residues are involved in formation of helix-helix contacts.
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Figure 3.4 Thermal plot of positional probability

(A) The thermal plot of positional probability is a simple way of visualising preferred dimer interfaces between two helices.
This is achieved by plotting of the relative position of helix 2 to rmsd-fixed helix 1. Including every 10" frame to this
analysis gives 5000 data points for ensembles with a total simulation time of 20 us. Calculation of the probability for each
Xy-position allows a heat map representation which colours data points according to their probability. Areas of lower
probability are coloured in blue and areas of higher probability are coloured in red. (B) Spatial distribution of helix 2 in the
reference frame of rmsd-fixed helix 1 (centred at the origin) in 20 repeats of 1 us coarse-grained simulations. X- and y-axis
represent the membrane plane of the full simulation box size with a side length of 120 A. Each dot represents one frame. The
non-linear probability scale is indexed as P = 0.0 white, P = 0.000001 blue, P = 0.001 yellow, P = 0.01 orange, P = 0.05 red.
(C) Close up of B with a radius of 30 A and a thermal plot with maximum heat at a probability of p = 0.01.

3.5.1.2 Identification of predominant Dimer forming Residues

Given that there is no experimental high-resolution structure available for the FGFR3 TM
domain, these simulations may provide more accurate information on important dimer interface
residues and give some insights into the molecular mechanism of pathological mutations. To
identify which residues feature most prominently at the dimer interface for FGFR3 wild-type, an

analysis was used that has been proven to identify predominant interacting residues from GpA
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dimer simulations (Reddy et al., 2014) consistent with previously experimentally identified
interfacial contacts (Treutlein et al., 1992). Firstly, in order to calculate the normalised probability
for each Ca residue to be in the top five closest interhelical contacts over the whole ensemble of
simulations, a distance matrix of all possible Ca-Ca combinations between helices was created.
For each frame, the residue identifiers of the five Ca particles that form the smallest distances,
were recorded. The total number of frames in which one residue is found amongst the five closest
contacts was divided by the total number of contacts (5 x number of frames), which yielded the
probability for each residue to be in the five closest dimer contacts. In order to assess symmetry,
probability calculations were done separately for matching residues on helix 1 and 2. This

approach will be referred to as the “top five contacts” analysis.

The result of the top five contacts analysis for FGFR3 wt is plotted in Figure 3.5 and
reveals unambiguously an interface formed of mostly small and hydrophobic amino acids,
separated by gaps of three non-interface residues. This is consistent with the identification of a
helical interface. As described previously, the so-called GxxxG Engelman motif is featured in
helix-helix association of many protein TM domains (Russ & Engelman, 2000). This motif has
been proposed by (Schneider & Engelman, 2004) to be not only valid for interfacing glycines but
also for other small residue (Ser, Thr, or Ala). FGFR3 does not comprise a GxxxG motif in its
helix-helix interface but has an ample motif matching the (small)xxx(small) motif (Figure 3.5).
The FGFR3 TMD interface can be separated into an N-terminal interface formed by the sequence
D, xxGSxxAxxxSxxxG and a C-terminal interface that can be assigned to residues V;o;xxxR.
Interestingly, the first residue forming part of the interface (D367, negatively charged) and the last
residue forming part of the interface (R397, positively charged) are both hydrophilic and located
in the extracellular or intracellular water-membrane interface respectively. This suggests, that the
helix-helix interface is not just formed by hydrophobic interactions in the hydrophobic membrane

core but that interacting residues outside the membrane support the interface.
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Figure 3.5 Residue top five contacts analysis

The normalised frequency of occurrence for a residue in the five closest contacts between helix 1 (black) and helix 2 (red)
when the interhelix (Cor) separation is within 7 A over all coarse-grained replicate simulations for FGFR3 wt. The peptide
sequence is shown in the grey box with bold letters for the UniProt-predicted TMD and dark blue letters for selected residues,
which have been identified to be mutated in skeletal diseases but are not involved in helix-helix interactions. Residues
labelled with green circles are mutated to cysteine in TD. Numbers represent the experimentally proven ranking of these
mutant cysteine’s potential to enhance dimer formation.

Surprisingly, all residues in the hydrophobic core of the TMD that have been identified to
be mutated in various skeletal disorders (Y373C, I376C, Y379C, G380R, F384L and A391E) do
not feature prominently in the closest contacts in FGFR3 dimer configurations. It is noteworthy
that residues G380 and A391, involved in Achondroplasia and Crouzon Syndrome (Meyers et al.,
1995) respectively, sit exactly between two residues that form important parts of the interface
(SxGy0xG, VXA, xV), supporting the assumption that these residues are located on the flip side
of the binding interface. This is consistent with the lack of an effect of the Achondroplasia G380R
mutation on dimerisation propensity (You et al., 2006). In contrast G370, which is predicted to be
located at the extracellular water-membrane interface, is prominent in the closest contacts and
mutated to Cys in TDI. Compared to Achondroplasia, TDI is much more severe and normally
neonatal lethal (Martinez-Frias et al., 2010). Thus, phenotype severity may, reflect the proximity
of the point mutation to the dimer interface. As highlighted in Figure 3.1 C, there are several

residues located N-terminally of G370, which have been found to be also featured in TD as
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cysteine mutations. As our simulations show, the intensity of dimer interface involvement is
decreasing in the order G370 > S371 > G375 > Y373 (see green encircled numbers in Figure
3.5). The G370C mutation has been identified by site-specific infrared dichroism to be directly
part of the dimer interface (Peng et al., 2009). Interestingly, the same study revealed that the
propensity for disulphide formation in FGFR3 decreases in the same order as our simulations

predict intensity of involvement in helix-helix contact formation.

Residue R397, which was identified as one of the top three FGFR3 dimerisation contact
residues, is part of the C-terminal CRLR tetra-peptide. Peng et al. have shown that deletion of this
tetra-peptide leads to increased dimerisation propensity of FGFR3, matching that of GpA. It is
necessary to emphasise, that in order to identify the helix-helix interfaces, it was key to use the
relative distances of the Ca particles, not contacts of the coarse-grained side chains. This means,
that the R397 Ca particles form close contacts not due to, but despite the bulky arginine side
chains. With the performed analysis it can just be assumed that both arginine side chains can not
be pointing directly at each other but must be forming interactions in parallel or antiparallel
orientation. The analysis presented in Figure 3.5 enables us to suggest residues that form the main
TMD interface. However, it does not provide structural models of the most representative helix
configuration and of alternative dimer interfaces. More accurate description of side chain
interactions requires detailed analysis of the different protein conformations and helix-helix

configurations in each simulation ensemble.

3513 Representative dimer models by cluster analysis

In order to identify structural models for the various areas of different probability on the
positional probability plot, the following analysis will separate frames according to the structural
similarity of the TMD dimers. To achieve that, the helix-helix configurations of all frames were
compared on an rmsd distance matrix and clustered according to an rmsd cut-off using g_cluster

of the GROMACS package. The value of the rmsd cut-off was varied between 2.5 and 4.5 A in
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order to obtain a primary cluster, containing approximately 40 — 50 % of all dimer structures.
Representative average structures were generated for the first three clusters using an RMSD cut-
off of 3 A (Figure 3.6). Adding these three clusters together, they compromise 61 % of all frames

in the ensemble.

The representative dimer structure of cluster 1 (48 % of all structures, Figure 3.6)
confirms, that the TMD interface is predominantly constituted by the residues of the ample
(small)xxx(small) motif (as identified in Section 1.5.1.2; Figure 3.5). According to this highly
symmetrical representative structure, the interface is formed via close interactions of Asp367,
Ser371, Ala374, Ser378 and Gly382 at the N-terminal end and via Val393 and Arg397 at the
C-terminal end of the TM domain (see residues in spheres representation in black colour Figure
3.6). As previously assumed, both bulky Arg397 residues are positioned parallel to each other and
thereby enable their Ca particles to undergo close interaction. Strikingly, and as suggested by the
top five contact analysis, all three disease-target residues Y373, G380 and A391 blue spheres with
red labels) are positioned on the exact flip side of the dimer interface. Most residues reside
between both dotted lines, which represent the coarse-grained PO, particles, and thereby inside of
the self-assembled membrane bilayer. Our simulations show that the positively charged head
group particles of coarse-grained Arg397, which mimic the arginine guanidino groups, are not
located in the cytosol but rather buried below the level of the lipid headgroups, where they point
towards the PO, layer. This is consistent with previous descriptions of the behaviour of positively
charge residues at the membrane bilayer interface (Killian & Heijne, 2000; C. Kim et al., 2012;

Sankararamakrishnan & Weinstein, 2000).
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Figure 3.6 FGFR3 wild-type cluster analysis and z-tracking

(A) Representative average coarse-grained structures of the first three clusters of FGFR3 wt (identified with 3 A RMSD cut-
off by g_cluster, GROMACS), visualised with VMD. The Ca backbone is coloured in cyan. The closest contact building
residues are shown by reduced van der Waals representation (black) and disease-target residues, which were predicted not to
be involved in dimer formation (Y373, G380 and A391; see Figure 3.50) are shown in van der Waals representation in blue,
with red label. Two dashed lines symbolise the approximate position of the PO, groups of the coarse-grained POPC lipid-
bilayer. (B) Tracking of the z-coordinate for each helix Ca geometric centre along the bilayer normal, relative to centre of the
bilayer during the first FGFR3 wt replicate simulation. Every 10th frame was parsed in a non-centred trajectory.

Cluster 2 (8 % of all structures) engages the same residues for dimer formation with the
only difference that the residues in the TMD centre seem to interact more closely, whereas the
residues at both termini seem to be slightly looser. Even cluster 3 (5 % of all structures) reveals

the same symmetric interhelical orientation with the difference that all interactions on the
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N-terminal side of the TMD are abrogated to leave only two close helix contacts on the

C-terminal side of the TMDs (Val393 and Arg397).

The relative position of the helix dimer centre of mass (COM) to the geometric centre of
the lipid bilayer, which corresponds to the dimer’s position in the z-axis (blue arrows in Figure
3.6), does not vary across different cluster configurations. The z-position of each helix was
tracked through the course of each simulation and no significant switches in z-position other than
fluctuations in nanosecond scale of about +/- 2.5 A around the average helix z-position of 2.5 A
were found. Figure 3.6 B shows an exemplary z-tracking plot of the first simulation repeat of the
FGFR3 wt simulation ensemble, which forms a TMD dimer after about 0.25 us (for reference see
Appendix E, A simulation repeat 1). Fast fluctuations are undergone by both helices, mostly in a

synchronised fashion; stationary changes in z-position can not be observed.

352 Coarse-grained simulations of mutant FGFR3

In this chapter, the FGFR3 mutant simulation ensembles are subjected to the same analysis as
presented in Section 3.5.1 for the FGFR3 wt simulations. Some results of the wild-type analysis

will be used as reference in a few of the figures in this chapter.
3521 Identification of the TMD Dimer Interfaces of mutant FGFR3

The thermal plot of positional probability analysis and the top five contacts analysis in Section
3.5.1 have shown that our wild-type helices form dimers mediated by an ample motif of mostly
small and hydrophobic residues. Furthermore, the residues Gly380 and Tyr373 (which are
mutated in skeletal disorders) are positioned on the exact opposite side of the dimer interface.
Comparing the positional probability plots of FGFR3 wt to those of G380R and Y373C, it is
evident, that both mutant simulation ensembles present a primary interface (labelled with green

box as cl. 1, (cluster 1) in Figure 3.7 B and C), which corresponds to the secondary interface of
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FGFR3 wt interface (labelled cl. 2 in Figure 3.7 A). Interestingly, as the representative FGFR3 wt
structures for cluster 1 and 2 have shown (Figure 3.6 A), these clusters engage the same residues
for helix-helix interactions despite being shifted by around 40° counter clockwise. This led to the
conclusion that the primary binding interface observed for both mutants G380R and Y373C does
not abrogate the interactions found for the wild-type primary dimer interface, but rather shifts the
approaching angle of the second helix slightly. Indeed, the top five contacts analyses for both
mutants identifies the same interhelical contact residues, forming the same (small)xxx(small)
Engelman-like motif patterns (Figure 3.7 D, E and F). In both cases the residues
D, xxGxxxAxxxSxxxG remain the central residues for dimer formation. As a consequence of
conservation of the dimer interface across wild-type and mutant simulations, the mutant residues
remain excluded from the dimer interface. This suggests, that TMD-triggered mechanisms of over
activation are either out of reach of the insight that our coarse-grained simulations can give, or
that aberrant functioning of mutant FGFRs studied in this work is not directly expressed through

major changes of the dimer interface.

Strikingly, whereas all other residues occur in the top five contacts to a certain degree,
two phenylalanine residues Phe383 and Phe384, which are positioned at the centre of the FGFR3
TMD, do not form interhelical interactions at any time. This is consistent with findings that
phenylalanine is highly enriched in the centre of TMDs (Wallin et al., 1997) and has low affinity
for the membrane interface but highest affinity to the membrane core, where it keeps the TMD in
correct position by reaching between the two membrane leaflets (Braun & Heijne, 1999; Killian

& Heijne, 2000).

Comparing the closest contacts analysis, no severe shifts of probabilities can be identified.
However, Arg380 slightly decreases the frequency of occurrence in the top five closest contacts of
its surrounding interface residues S378 and G382 (SxR;,xG). In contrast, residues G370 and
A374 clearly evolve higher values of probability of about 0.138 and 0.146 respectively, compared

to 0.084 and 0.014 in the wild-type simulations. At the same time the C-terminal interaction
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pattern, which was identified as V,,;xxxR in Section 3.5.1.2 loses its strength with probability
values of Val393 = 0.0672 and Arg 397 = 0.094 for the wild-type simulations to probability

values of Val393 = 0.036 and Arg 397 = 0.068 for G380R simulations.

As Figure 3.7 C shows, a fairly big yellow cloud, covering a radial angle of about 90°
around helix 1, represents cluster 1 for the Y373C simulations. At the same time, cluster analysis
has shown that Y373C gives rise to a very weak secondary binding interface on the exact opposite
side of the major binding region. These two effects together may describe why the closest
contacts analysis has overall lost significant interface residues on the N-terminal end of the
C-terminal region. It is noteworthy that the only residue that significantly gains importance as a

dimer interface residue is Ala374, which is the adjacent residue to the mutant Cys373.
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Figure 3.7 Positional probabilities and top five contact analysis

Spatial distribution of helix 2 in the reference frame of rmsd-fixed helix 1 (centred at the origin) in 20 repeats of 1 us coarse-
grained simulations for FGFR3 wt (A), G380R (B) and Y373C (C). X- and y-axis represent the membrane plane of the full
simulation box size with a side length of 120 A. Each dot represents one frame. The non-linear probability scale is indexed as
P = 0.0 white, P = 0.000001 blue, P = 0.001 yellow, P = 0.01 orange, P = 0.05 red. Green boxes indicate clusters of higher
probability, which were identified by g_cluster (GROMACS). All heat maps were generated using gnuplot. The normalised
frequency of occurrence for a residue in the five closest contacts between helix 1 (black) and helix 2 (red) when the interhelix
(Ca) separation is within 7 A over all coarse-grained replicate simulations for FGFR3 wt (D), G380R (E) and Y373C (F).
The peptide sequence is shown in the grey box with bold letters for the UniProt-predicted TMD, blue letters for selected
residues, which have been identified to be mutated in skeletal diseases but are not involved in helix-helix interactions and red
residues for the mutated residue in the respective simulation ensemble.
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3522 Representative TMD dimer Models of mutant FGFR3

In order to find more detailed conformational or configurational effects caused by the mutations,
representative models of cluster 1 for both mutant TMD ensembles were compared. As discussed
in Section 3.5.2.1, Figure 3.8 confirms that the interfacing residues are pretty well conserved
through all simulation types. The 40° rotational shift of cluster 1, which was observed in the
positional probability analysis for both mutants (Figure 3.7 B and C) is clearly visible on a single
residue basis. FGFR3 wt Ser378 and Val393 of helix 1 point away from the viewer and are
covered by the corresponding residue of helix 2, which point towards the viewer (Figure 3.8
A-C). In contrast, the configuration of the same residues in both mutant simulations is changed in
that Ser378 and Val393 of helix 1 covers the corresponding residue of helix 2. This is consistent
with a 40° counter clockwise shift of the interhelical approach, at conservation of the main helix-
helix interactions. No further significant differences could be observed for the FGFR3 Y373C
simulations. The dimer remains symmetrical and the differences in contact intensities observed in
the top five contacts analysis can all be described with the representative cluster 1 model: the
three residue pairs of Ala374, Ser378 and Gly382 form more tight interactions compared to the wt
TMD dimer and the bigger distances between the C-terminal residue pairs of Val393 and Arg397

confirm the loss of significance of that pattern.

The mutant FGFR3 Arg380 residues do not seem to have repulsive interactions with the
hydrophobic lipid-bilayer core, as there is no disruption of the binding interface. Surprisingly, the
full G380R TMD dimer reveals a movement in z-direction of about 4 A towards the extracellular
region, which must be a direct effect of the Arg380 residue. Throughout the simulation both of the
partially positively charged coarse-grained Arg380 side chains are directed toward the upper
membrane leaflet where they are able to interact with the negatively charged phosphates of the
lipid headgroups of the outer membrane leaflet. The resulting force of these arginine residues
pulling upwards could be responsible for the increase of distance between the residue pairs

Ser378 and Gly382, which are the closest interface residues to Arg380, and for the simultaneous
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effect on the N-terminal residue pairs of Gly370 and Ala374, which seem to be pushed closer
together. Calculations of the average TMD dimer position relative to the bilayer normal
(z-position) for all simulation ensembles confirm that the G380R mutation moves the helix dimer
4 A upwards, that the Y373C mutation has no influence on the z-position and that wild-type
simulations, which were run in membranes containing 20 % POPS do not show a significant
difference in motion along the z-axis (Figure 3.8 D). Interestingly, monomeric wt TMDs have an
average z-position of 2.4 A and move down 0.65 A after dimerisation. The same motion is
observed for Y373C and the wt 20 % POPS simulation. In contrast, the monomeric G380R
TMDs, which start at an average z-position of 5 A, move even further up after dimerisation, to
reach an average dimer position of 5.7 A. This might be due to a synergetic effect, where the

interaction of Arg380 residues with PO, particles is facilitated when both helices pull up together.
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Figure 3.8 Representative coarse-grain models and helix positions in z-axis

Representative coarse-grain models corresponding to the primary helix—helix interface ((identified by g_cluster,
GROMACS) Figure 3.7 A-C) for the wild-type (A), G380R homodimer (B) and Y373C homodimer (C) CG
simulations. The Ca backbone is coloured cyan. The closest contact residues are shown as grey, spheres and
disease-related residues (Y373, G380, and A391) as blue spheres. The two dashed lines indicate the approximate
position of the phosphate particles of the CG lipid bilayer. The horizontal arrows indicate the residue at position
380 (Gly in the wild type and Arg in the mutant). Cysteine in the Y373C mutation is coloured yellow. The
structure representations were generated with VMD. (D) Plot of the average z-position of TMDs, calculated
from helix z-tracking data by measuring the distance of the centre of mass of each helix to the lipid bilayer
normal for each single frame. The data of each single simulation repeat has been divided in the z-position before
and after dimerisation (point of dimerisation was identified by tracking the closest Ca helix-helix distances
below 71&). Increase of the distance means movement towards the N-terminus.
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353 Atomistic simulations of FGFR3 wt and G380R

The structural and functional implications of the FGFR3 G380R mutation were further explored
with a particular focus on protein—lipid interactions on atomistic models. Therefore the
representative CG structures shown in Figure 3.8 A and B were converted to the corresponding
atomistic models (Stansfeld & Sansom, 2011) to run two short simulation repeats of 0.1 us for
FGFR3 wild-type and G380R. For each ensemble the average z-position of the COM of the helix
dimer relative to the geometric centre of the lipid bilayer was plotted against the simulation time.
The relative movements of wild-type and G380R dimers reveal an approximate difference in the
z-position of ~5.5 A (see vertical arrow in Figure 3.9), i.e., just a little more than in the CG
simulations and consistent with the different resolutions of the two methods. This agrees well with

the displacement of the TMD in the mutant by 5 A revealed by neutron diffraction studies (Han et

al., 2006).
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Figure 3.9 COM of helix dimer relative to COM of lipid bilayer

TM helix dimer movements along the z-axis (equivalent to the local bilayer normal) during the AT-MD simulations of the
FGFR3 wild type (black) and G380R homodimer mutant (red; average of two simulations). The z-position of the geometric
centre of each dimer is shown relative to the centre of mass of the lipid bilayer. The vertical red arrow shows the ~5.5 A
average difference in position of the TMD dimer along the bilayer normal.
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The final frame of the atomistic wild-type simulation represents a stable dimer, fully
integrated into the lipid bilayer (Figure 3.10 A). The primary dimer interface observed in the CG
simulations is maintained. The final snapshot of the G380R mutant homodimer clearly shows the
vertical translation of both Arg380 residues (see red circles in Figure 3.10 B), such that these side
chains interact with the phosphate headgroups of the upper leaflet. This “snorkelling” effect of
basic amino acid side chains in the hydrophobic membrane environment has been widely
discussed to have a stabilising effect on the TMDs localisation within bilayers and has also been
suggested to have a regulative role in integrin signalling across the membrane (Killian & Heijne,

2000; C. Kim et al., 2012).

In the wt TMD dimer, both of the Arg397 residues are located close to the lipid headgroup
phosphates of the lower (inner) leaflet (Figure 3.10 C) where they have a horizontal, parallel
position, which enables their Ca atoms to form close contacts. This interaction is in agreement
with the CG simulations, which suggested that Arg397 plays an important role in (lipid-mediated)
TMD dimer formation. Furthermore, the AT simulations confirm that both Arg399 residues reside

in the cytoplasm and that both Cys396 residues are not involved in the dimer interface formation.

Interestingly, concomitantly with the 5.5 A translation induced by the G380R mutant, the
C-terminal residues (i.e., C;,RLR) are pulled towards the core of the lipid bilayer (Figure 3.10
D). Consequently, the Arg399 side chains occupy energetically favourable positions at the
membrane—water interface that are occupied by the Arg397 residues in the wt TMD dimer.
Intriguingly, the Arg397 residues are moved closer towards the membrane centre (resulting in
some degree of local thinning of the bilayer), which forces them to adopt a snorkelling
conformation to retain the interaction of the guanidinium group with the lipid phosphates. This
destabilises the intermolecular Arg397-Arg397 interaction, resulting in more asymmetric
rearrangement of the C-terminal region in which the Cys396 residues now form the main TMD

dimer interaction. These findings support the suggestion derived from experimental data that
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conformational changes at the CRLR tetrapeptide may serve as a conformational switch between

different states of activation and inactivation of the kinase (Peng et al., 2009).
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Figure 3.10  Snapshots of atomistic FGFR wild-type and G380R simlations

(A) Final frame of the 100 ns wild-type homo-dimer AT MD simulation. Gly380 and Arg399 are shown as spheres or bonds

respectively. (B) Final frame of the 100 ns G380R homo-dimer AT MD simulation. The Arg380 side chains forming
snorkelling interactions with lipid phosphates are shown in bond format and highlighted with red circles The phosphorus
atoms of the lipids are shown as bronze spheres for both simulations (C-D) Detailed view of protein—lipid interactions at the
inner membrane leaflet. The atoms of C396, R397, and R399 are shown as spheres, coloured according to atom type. The
bronze surface represents the position of the membrane phosphate particles.
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3.6 Analysis of wt and mutant FGFR4 MD simulations

3.6.1 Dimerisation interfaces of wt and mutant helices

All FGFR4 simulations have been analysed with the same tools as the FGFR3 simulations. The
thermal plots of the spatial distribution of helix 2 around the rmsd-fixed helix 1 for FGFR4 wt and
both mutants show very similar patterns of interaction (Figure 3.11 A-C). Two widely spread
binding interfaces on opposite sides of the helix, with one strongly preferred side (always
assigned to the first cluster, see green boxes) were identified for all three simulation systems. As
the orientation of the rmsd-fixed start structure was not in the identical orientation, the thermal
graphs need to be aligned according to the arrows in the centre of each plot. Interestingly, the
TMD of FGFR4 comprises a real Engelman motif on the C-terminal side of the helix at positions
GaexxxG. Top five closest contacts analysis, clearly indicates that Gly388 and Gly392
interactions form the main anchor points for the dimerisation of the FGFR4 wild-type T™M
domains (Figure 3.11 D). Ala381 and Leu384 seem to have a supporting function in dimer
formation. The histogram of the top five closest contacts for the mutant FGFR4 G388R (which
was found to predispose cancer patients for significantly accelerated disease progression (Bange
et al., 2002)) shows that the number of contacts between the glycines of the GxxxG motif strongly
decreases (Figure 3.11 E). This suggests that this mutation has a direct impact on the dimer
formation in that it shifts the binding interface towards the N-terminus by significantly increasing
the close helix interactions of Ala381. However, this shift does not seem to have any influence on
the approaching angle of both helices as the thermal plot analysis of wild-type simulations yield
nearly the identic pattern as the G388R simulations. Also, the secondary interface opposite the

primary interface remains the same.
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Figure 3.11 Positional probability and top five contacts analysis

(A-C) Thermal plot of the positional probability of FGFR4 wt (G388R or Y367C respectively) helix 2 in the reference frame

of rmsd-fixed helix1. All trajectories of the 20 simulation repeats of each system were merged and every 10" frame was
included into the calculation. The non-linear probability scale is indexed as P = 0.0 white, P = 0.000001 blue, P = 0.001
yellow, P = 0.01 orange, P = 0.05 red. Green boxes indicate clusters of higher probability, which were identified by g_cluster
(GROMACS). All heat maps were generated using gnuplot. (D-F) The normalised frequency of occurrence for a residue in
the five closest contacts between helix 1 (black) and helix 2 (red) when the FGFR3 wt (G380R or Y373C respectively) helix-
helix distance is < 7 A.
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In contrast to the G388R mutation, the Y367C mutation did not show significant
modulations of the TMD interface (Figure 3.11 F). This is not surprising, as according to our
wild-type simulations, Tyr367 is not contributing to helix dimer formation. Thus, Cys367 did
neither abrogate the C-terminal Gs;gxxxG motif, nor did it introduce heavy changes to the
interaction pattern on the N-terminal pole of the TMD dimer. However, as the thermal positional
probability plot for the Y367C mutation suggests (Figure 3.11 C), the prominence of the primary
interface (labelled cluster 1/3) is weakened slightly, whereas the opposite secondary interface
increases in importance. This suggests that there must be a fair percentage of asymmetric dimers
in the simulation frames. Symmetric dimer frames as well as asymmetric dimer frames are all
included in the top five contacts analysis, which might be the reason for a general decrease of
probability for residues with higher values and a general increase of probability for residues with
low values. As a result, for FGFR4 wt only 14 residues reached a probability value above 0.2,
whereas for FGFR4 Y367C 21 residues passed the probability threshold of 0.2. In order to
identify symmetric and asymmetric interface residues and in order to provide insight from our

simulations on mechanistic effects, representative structures for each cluster need to be generated.

3.6.2 Representative TMD dimer models of mutant FGFR4

A representative structure for the most prevalent dimer conformation has been calculated with
g_cluster (GROMACS) for the wt and mutant simulation systems. The closest contacts of the
representative structure for the FGFR4 wt (Figure 3.12 A) (cluster 1, comprising 41.6% of the
total 5000 structures) matches precisely the closest contacts identified by the top five closest
contacts approach (Figure 3.11 D). The small and hydrophobic residues on the C-terminal side of
each helix form a semi-symmetrical dimer with the interaction pattern A;qxxLLxxGxxxG, with
the first glycine residue of the GxxxG motif (blue) being the disease-target residue G388. The
N-terminal sides of the helices, comprising the second disease-target residue Y373, seem to form

rather weak, if any interactions at all. Interestingly, representative structures for the second and
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third cluster (17.3 % and 9.5 % of the total frames pool respectively; structure not shown) reveal a
symmetric interface mediated with the exact opposite helix side for cluster 2, and an asymmetrical
attachment for cluster 3, in which one helix binds with the cluster 1 GxxxG interface and the other
helix interacts with the opposite cluster 2 interface (for clusters see green boxes in Figure 3.11 A
and B). Strikingly, as the representative structure of the FGFR4 G388R cluster 1 shows (Figure
3.12 B), Arg388 interferes with the primary GxxxG interaction pattern favouring asymmetrical
interactions of small residues towards the N-terminus (Ala381, Leu384 and Leu385). The bulky
Arg388 residues form tight interactions in anti-parallel orientation and snorkel down towards the
phosphate headgroups. In that energetically favourable position the Arg388 residue pair crosses
the space in which C-terminal residue pairs Arg391 and Gly392 of wild-type dimers form an

important part of the interface, which results in their separation.

In contrast to the Y373C substitution on FGFR3, the representative structure of cluster 1
of the FGFR4 Y367C substitution obviously weakens the overall helix association, expressed by
two helices, which do not form particularly tight interactions in any region. The G;gxxxG is
weakened, which permits more flexibility in the binding interface without forming other
significant interactions. Atomistic simulations of FGFR4 wt, G388R and Y367C need to be
studied in order to get more insight into the importance of individual symmetric and asymmetric

TMD dimers which were identified in this chapter by coarse-grained MD simulations.
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Representative helix dimers for CG MD ensembles

A FGFR4 wt B FGFR4 G388R C FGFR4 Y367C
L

Cys367

Leu3s4 Leu384/385
Leu384 ~ Leu3ss
Leu38s Leu385

Arg388
Gly388

Arg391 Arg39 ’ 2 Gly392
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Figure 3.12 Representative TMD dimer models of wt and mutant FGFR4

Representative coarse-grain structures of the first cluster (identified by g_cluster, GROMACS) of FGFR4 wt (A), G388R (B)
and Y367C (C) respectively, generated with VMD. The Ca backbone is coloured in cyan. The residues building the closest
contacts are shown in grey van der Waals representation reduced in size. Disease-target residues are Y367 and G388 and
A391 are shown in blue van der Waals radii. Two dashed lines symbolise the approximate position of the PO, groups of the
coarse-grained POPC lipid-bilayer. In (B) and (C) the mutated residues are coloured red or yellow, respectively.

3.7 Discussion and future perspectives

In this work the behaviour of FGFR 3 and 4 transmembrane domains was studied by the means of
coarse-grained molecular dynamics simulations. Introduction of disease-related mutations
revealed changes in conformation and in dimer z-position, hinting on possible biological
mechanisms of overactivation. The TM fragments that were choosen according to sequence
alignments and TMD predictions (Figure 3.1), remained stable inside the lipid bilayer throughout
all simulations and the majority of all simulations resulted in dimer formation (Table 7, Figure

3.3).
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FGFR3 wild-type: Comparing our model of the FGFR3 TMD dimer with the NMR
structure of the dimer in detergent micelles (Bocharov et al., 2013), the experimental data reveals
a different interface, which involves an extended hydrophobic heptad motif. However, Bocharov
et al. suggest an alternative packing mode for pathogenic mutations involving a (small)xxx(small)
motif formed by residues G370-xxx-A374-xxx-S378-xxx-G382. This motif is identical with the
interface that was found in the identified primary cluster for the wild-type TMD (Figure 3.7 A
and D). This comparison of NMR studies with the presented simulation data suggests that the
FGFR3 transmembrane domains may adopt different packing modes dependent on the
environment (micelle vs. bilayer). However, the different packing modes could also represent

different functional states of the TMD dimers.

FGFR3 G380R: The representative structure of the most abundant dimer configuration
(Figure 3.8 B) strongly suggests, that both Achondroplasia mutant residues Arg380 are not
engaged in dimer formation but are directly exposed to the lipid environment on opposing sides.
This disagrees with a previously published model based on infrared spectroscopy and
evolutionary conservation data (Peng et al., 2009), which suggested an asymmetrical dimer with
different binding interfaces. A clear difference between the wild-type and mutant TM domains is
their shifted position along the z-axis (Figure 3.8 B). While Gly380 in the wt helix is very close
to the bilayer centre, the representative structure of FGFR3 G380R shows, that both arginine
residues avoid the bilayer core by directing the positively charged arginine headgroups towards
the lipid phosphate groups of the outer membrane leaflet. These results are consistent with
previous work, which has shown that the positioning of arginine residues in the membrane core is
energetically unfavourable (Dorairaj & Allen, 2007). In fact, lipid-exposed arginine side chains
have rather been described to “snorkel” towards the membrane-water interface to coordinate with
negatively charged phosphate groups (Sankararamakrishnan & Weinstein, 2000; Segrest et al.,
1990). This snorkel movement of both Arg380 sidechains give an explanation for the observed 4

A shift (compared to FGFR3 wt) of the dimer towards the outer leaflet. The snorkel effect is
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weaker before dimerisation (Figure 3.8 B) suggesting that the force of two G380R mutated
dimers towards the membrane-water interface is higher than the force of one single helix. Both,
the dimer shift and an observed coherent induced movement of the residue Arg397 into the
hydrocarbon core are consistent with neutron diffraction studies, which describe a helix shift of 5
A (Han et al., 2006). Our findings support previous reports that the Achondroplasia mutant does
neither stabilise, nor destabilise the FGFR3 TM domain dimer (You et al., 2006). Thus, reasons
for phenotypic changes may be described by more complex mechanisms. Cho et al. have
demonstrated that the mutant receptors avoid lysosomal degradation and thereby prolong the
signalling (Cho et al., 2004). Representative structures of wild-type and G380R systems (Figure
3.8 A and B) were converted to atomistic representations and used as starting models for
atomistic simulations of 100 ns duration per run. Comparing the final snapshots of these AT
simulations (Figure 3.10 A and B) provides further evidence, that both Arg380 side chains are
responsible for the positive z-axis shift perpendicular to the lipid bilayer by “snorkelling” towards
the lipid phosphate groups. Concomitantly, the C-terminal C,;,,RLR motifs (undergoing
interactions with the Arg397 pair in the wild-type simulation) are pulled into the hydrophobic
core of the membrane, where a rotation of these motifs breaks the Arg397 interactions and brings
both Cys396 residues into close proximity, potentially allowing for formation of disulphide
bonds. Future simulation studies looking at larger scale structural changes of the JM domains may
probe whether this effect plays a role in the mechanism of pathogenesis of Achondroplasia.
Furthermore, the G380R mutation has been observed to alter interactions of the JM domain with
intracellular components (Cho et al., 2004), which possibly is the cause for a delay in FGFR3

downregulation (Monsonego-Ornan et al., 2000).

FGFR4 wt and G388R: This work presents the first model for the dimeric FGFR4 TM
domain (Figure 3.12 A). The Gly388 residue was found to be the most prominent interfacing
residue as part of a GxxxG motif (Figure 3.11 D). The mutant Arg388 totally disrupts the binding

motif found for FGFR4 wt without disrupting the helix configuration (Figure 3.11 B). The bulky
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arginine residue rather shifts the region of closest backbone interactions towards the centre of the
TM domain where Ala381 forms the closest Ca interaction (Figure 3.11 E). Neither a helix shift
in the lipid bilayer nor a major shift of dimer interface could be observed. The crucial difference
between the wt and the G388R mutant is the increased distance of the C-termini resulting from
the electrostatic repulsion of the Arg residues. Atomistic simulations of the TM domains need to
be performed to confirm the findings of the CG simulations and to get more detailed insights into
the processes that promote sustained activation and subsequent promotion of prostate cancer

initiation and progression, suggested by (J. Wang et al., 2008).

FGFR3 Y373C and FGFR4 Y367C: The analogous Y to C substitutions on FGFR3 and
4 are very poorly studied. Y373C on FGFR3 has been reported to cause Thanatophoric Dwarfism
typel (d'Avis et al., 1998; Rousseau et al., 1996) and the FGFR4 Y367C mutation has been found
to enhance receptor activation and tumour growth of breast cancer cells (Roidl et al., 2010). While
these studies report that the Tyr to Cys substitution predisposes disulphide bond formation, the
studied FGFR3 and FGFR4 simulations suggest that the mutant cysteine residues are not part of
the major dimerisation interface (Figure 3.7 F and Figure 3.11 F). Formation of disulphide
bonds is unlikely to take place in the context of the cluster 1 interface. However, positional
probability plots reveal a secondary interface for FGFR3 Y373C (Figure 3.7 C cl. 2) and FGFR4
Y367C (Figure 3.11 C cl. 2) that bring the Cys residues into closer proximity. Short contacts of
two adjacent Cys residues would be enough to trap two helices in a dimer via disulphide bonding,
potentially resulting in kinase domain overactivation. A different mechanism for enhancement of
receptor activation by these Tyr to Cys mutations could be that activated receptor dimers, formed
in cluster 1 mode, form covalent disulphide bonds to a third receptor in cluster 2 mode, resulting
in a ligand independent activation of three receptors, subsequently leading to receptor clustering.
Receptor clustering has been shown for other membrane receptors by fluorescent microscopy in
live cells (Seiradake et al., 2013). This could be a feasible experimental approach to assess the

role of mutant FGFR TMDs.
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The identification of various interaction modes of TMDs is an emergent theme for a
number of receptor tyrosine kinases. This probably reflects the looser interactions compared to the
tightly binding, canonical interface of the GpA TMD dimer. Weaker interaction is likely to be of
functional importance, allowing the RTK TMDs to form a “multistate switch”, which can be
regulated by extracellular ligand-receptor or receptor-receptor interactions. It is important to
consider possible methodological limitations of coarse-grained simulations. CG simulations do
only provide an approximation to more detailed, atomistic treatments of TMD dimer interfaces.
However, recent studies have suggested that the combination of CG and subsequent AT
simulations can reproduce, e.g., the NMR structure of the integrin TMD heterodimer with high
degree of accuracy (Kalli et al., 2011). One reason is that multiple CG simulations allow
exploration of a wider range of helix-packing and conformational space than atomistic
simulations on their own, provided the same limited computational cpu time. Furthermore,
comparison of atomistic and coarse-grained simulations of GpA dimerisation suggests that free
energy profiles for the dimerisation process yielded by the two methods are comparable (Janosi et
al., 2010; Sengupta & Marrink, 2010). Most of the simulations presented in this work used POPC
as a single phospholipid species, which is a oversimplification of what in biology is a highly
complex composition of multiple lipid families. A study on GPCRs suggests that lipid
composition of the membrane may influence receptor association and function (Botelho et al.,
2006). This is likely to be translated to TMDs of receptor tyrosine kinases (Prakash et al., 2011).
Parameters of many lipids are available and it will be important to consider including multiple
lipid species in future studies, in order to study their interactions with the transmembrane and
juxtamembrane domains of FGFR3. In particular, it seems that interactions of the
intramembranous and juxtamembrane domains, with one another and with lipids, are likely to

modulate the intrinsic TMD interactions (Endres et al., 2013; Matsushita et al., 2013).
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Chapter 4 — Biophysical studies of the
FGFR4-heparin-FGF1 complex

4.1 Summary

To this day the high-resolution structure of the FGFR4 ectodomain remains unresolved. Ig-
domains 2 and 3 are hypothesised to bind to the ligand FGF in the same fashion as has been
shown for FGFR1, FGFR2 and FGFR3. All published structures were obtained from refolded
protein, expressed in bacterial systems and therefore lack N-linked glycosylations. Two
controversially discussed crystal structures of the hypothetically active 2:2 receptor-ligand
arrangement show very distinct architectures and involve highly sulphated oligosaccharide in

different stoichiometric ratios.

This chapter describes the protocol for FGFR production in mammalian cells. SEC and
SEC-MALLS analysis are used to find a strategy for stable signalling complex formation in the
presence of N-linked glycans. The presented data suggests that glycosylated FGFR4 has a very
weak affinity to FGF1. First the presence of heparin seems to enable FGF1 to bind to the well-
studied FGF binding site on FGFR. The SEC-MALLS data also suggests that presence of heparin
drives formation of a higher molecular FGFR4-Heparin-FGF1 complex in a 2:1:2 stoichiometric
ratio. However, this complex is not tight enough to be isolated by SEC. Receptor deglycosylation
by EndoF1 treatment led to partial degradation of the receptor. Deglycosylation of the receptor in
the context of the full complex mix prevented degradation. FGFR4-Heparin-FGF1 complexes
prepared using various FGFR4 constructs were screened extensively for crystallisation without
success. Recorded SAXS data from the complex yielded a curve, which could not be fitted to any

of the previously published signalling complex structures. Instead, ab initio and homology
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modelling suggested a new arrangement of two receptor-ligand units in a maximally extended,

heparin linked fashion.

4.2 Aims

The aim of this chapter will be to determine the architecture of the FGFR4-Heparin-
FGFlextracellular signalling complex and to perform comparisons with previous structural data
for the FGFR family. This requires establishment of FGFR4 and FGF1 protein production and
purification, stable complex formation and crystallisation of the complex or alternatively SAXS

data analysis.

4.3 Expression and purification of FGFR4 D2D3

glyc

Constructs were designed which comprise Ig domain 2 (D2) and Ig domain 3 (D3) of FGFR4. The
construct design strategy is described in Section 2.2 including choice of expression vector and
cloning sites. Our domain boundaries were chosen based on sequence alignments with human
homologous receptors (Appendix B), on secondary structure prediction and on published
structures of FGFR1 and FGFR2 (Beenken et al., 2012; Plotnikov et al., 2000; Schlessinger et al.,
2000). There were five N-linked glycosylation sites predicted (using the NetNGlyc 1.0 Server,
CBS, Denmark) within the ectodomain of FGFR4, one in Ig domain 1 (N112) and four in Ig-
domain 2 (N258, N290, N311, N322) (Figure 4.1 A). It is well known, that mutation of
glycosylation sites or deglycosylation of proteins can favour crystallisation (Chang et al., 2007).
In order to reduce heterogeneity caused by glycans and to test the contribution of each N-linked
glycosylation to receptor solubility, each of the predicted glycosylation sites was mutated to Gln
in a separate construct. Primers 012/035 were used for generation of the wild-type FGFR4

D2D3,,,.454 construct, mutagenesis primer pairs ol/02 for N258Q, 03/04 for N290Q, 05/06 for
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N311Q and 045/046 for N322Q (see sequences in Appendix C). Efficient secretion of soluble
protein indicates that the protein is folded correctly and likely to possess full biological activity
(reviewed by Trombetta & Parodi, 2003). The FGFR4 D2D3,,, 55, construct comprises 223 amino
acid residues including linkers and His-tag from the vector. Secreted, fully glycosylated FGFR4
D2D3 is expected to have a molecular weight (MW) of 29962.9 g/mol and the calculated MW for
non-glycosylated protein is 24762.9 g/mol. The bands in Figure 4.1 B (see small arrows) confirm
these values. In western blot analysis of small-scale expression trials in HEK293S cells (Section
2.3.2), the N258Q, N290Q and N311Q constructs showed very low expression level of soluble
glycosylated protein in the medium, compared to the non-glycosylated receptor present in the cell
lysate (Figure 4.1 B lanes 2-7). The N322Q construct seemed to be slightly more soluble.
However, the wild-type construct had significantly better solubility and secretion level, suggesting
that FGFR4 solubility strongly depends on full glycosylation. Therefore, large-scale expression
(Section 2.3.3) of FGFR4 D2D3 wild-type in HEK293S cells was chosen. These cells typically
produce smaller protein yields than HEK?293T cells but introduce shorter and highly
homogeneous N-glycosylations, which can be cleaved off enzymatically for crystallisation
purposes (Chang et al., 2007). No O-linked glycosylation sites were predicted in the receptor

ectodomain sequence that could impede crystallisation.
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Figure 4.1 FGFR4 domain structure and HEK293S cell small-scale expression test

(A) FGFR4 contains three extracellular immunoglobulin like domains, named D1-D3. D1 and D2 are separated by an acidic
linker consisting of 27 residues, called the acidic box. The TMD is linked to a split kinase domain by a juxtamembrane
domain of 60 unstructured residues. The lower panel shows the basic expression construct. Pink arrows indicate predicted N-
glycosylation sites on FGFR4 D2. (B) Western blot analysis of expression and secretion of wild-type and various mutant
FGFR4 D2D3 constructs by HEK293S cells. All constructs are His-tagged and can be detected to different extents in the
conditioned medium using monoclonal anti-Penta-Histidine primary antibody (Section 2.3.2). MW standard BenchMarkTM
Protein Ladder from Invitrogen was used. Arrows indicate the MW for non-secreted and secreted protein, which match with
the respective protein bands. MW values are presented in kDa.

The standard IMAC and SEC purification method was used as described in Section 2.4.1
and 2.4.3. Representative elution profile and SDS-PAGE analysis for the IMAC protein elution
(see black bracket above elution profile) are shown in Figure 4.2 A. As expected, the His-tagged
glycosylated protein has a size of around 30 kDa according to the MW marker. Protein fractions
eluted at volume 14-24 (see red bracket Figure 4.2. A) were pooled and concentrated to
20-30 mg/ml. Typically 400 pul concentrated protein solution were injected to a Superdex S200

16/60 SEC column equilibrated in running buffer (10 mM HEPES (pH 7.5) and 150 mM NacCl).
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A representative SEC elution profile and the corresponding SDS-PAGE (Figure 4.2. A) show that
the high molecular contamination running at 120 kDa (unspecific binding to the IMAC column)
could be separated to a satisfying degree from the receptor. Fractions within the red bracket were
pooled and concentrated. Interestingly, multiple bands of FGFR4 D2D3 could be observed (see
small arrows in Figure 4.2 B), each corresponding to a different degree of glycosylation (see also
SDS-PAGE analysis of final protein product, lane 1 of Figure 4.2 C). For crystallisation
purposes, any source of heterogeneity is undesirable and should be removed if possible. As
expression of receptor constructs with mutated glycosylation sites failed, deglycosylation by
treatment with EndoF1 was tested (Section 2.3.2; Chang et al., 2007; Grueninger-Leitch et al.,
1996) which also provided information on the accessibility of N-linked glycan moieties at the
protein surface. As reference a protein sample was subjected to PNGase F treatment according to
the manufacturers protocol (New England Biolabs), which deglycosylates the protein after
denaturation and therefore cleaves off all sugars. The first lane in Figure 4.2 C shows the
concentrated sample after SEC. The second lane shows the same protein sample after EndoF1 (2 h
at RT) and the third and fourth lanes show 5 ug and 10 pg protein sample after PNGase F
treatment. The main band after EndoF1 treatment evidently corresponds to the fully
deglycosylated protein, as it runs at the same level as PNGase F treated samples. Interestingly,
EndoF1 is not capable of cleaving off 100 % of the N-linked clycans. Two additional bands at
higher MW show that around 30 % of the total protein still possess one or two N-linked glycans.
As it is unknown whether the proteins corresponding to the two additionally occurring bands have
a homogeneous glycosylation pattern, a direct conclusion on the degree of homogeneity of native
and EndoF1 treated samples can not be drawn — an observation that needs to be considered for
crystallisation strategies. As a side effect, EndoF1 treatment led to minor protein degradation
which could be removed by ultracentrifugation. Short deglycosylation for 5 min at 37 ° led to

heavy protein precipitation and did not improve the glycosylation efficiency.
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Figure 4.2 IMAC and SEC purification of FGFR4 D2D3

Representative purification of FGFR4 D2D3. (A) IMAC elution monitored by absorbance of 280 nm (red curve, left) and
SDS-PAGE analysis using a Novex 4-12 %Bis-Tris gradient protein Gel (NuPAGE™, Invitrogen) and BenchMark Protein
Ladder from Invitrogen as molecular weight marker (right). (B) SEC of R4 D2D3 using a HighlL.oad Sperdex S200 16/60
column (GE Healthcare Life Scineces) at a flow speed of 0.5 ml/min in buffer containing 10 mM HEPES (pH 7.5) and 300
mM NaCl. Elution was monitored as in (A). The void and contaminant peaks are labelled individually. The bracket indicates
fractions that were subjected to SDS-PAGE analysis. SDS-PAGE was run as in (A). The red bracket indicates on samples
that were pure enough for experiments. They were pooled, concentrated and stored. C) EndoF1 and PNGase F treatment of
glycosylated FGFR4 D2D3 sample. Arrows to the left of the SDS-PAGE indicate fully glycosylated and fully deglycosylated
protein. An arrow to the right of the gel indicates the PNGase F band. As EndoF1 has a MW of 32 kDa and is applied in
small catalytic amounts, it is hidden by the FGFR4 D2D3 band.
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4.4 Expression and purification of FGF1

Multiple crystal structures comprising human FGF1 or FGF2 have been published to date. Based
on these structures, FGF1 constructs were designed encompassing amino acid residues Asnl7-
Asp155. Inserts were cloned as described in Section 2.2.2 and 2.2.3 using primer 073 and 074
(see sequences in Appendix C). In the same way a full-length FGF2 construct was designed
encompassing amino acid residues Met1-Ser155. Required restriction sites were designed into the
synthetically produced FGF2 gene (Eurofins Genomics, Germany). These FGF1 and FGF2
constructs were cloned into pHLsec, pHLsec-mV and pHLsec-avi (for vectors see Section 2.2.1)
to test for expression in HEK293S cells. Small-scale tests failed to express any of these
constructs. Co-transfection test of FGF1 or FGF2 in pHLsec plasmid with FGFR4 D2D3 for co-
expression showed efficient expression and secretion of the receptor, but no secretion of either
FGF1 or FGF2 could be observed. As no N-linked glycosylation sites were predicted on FGF1 or
FGF2, expression in mammalian cells was not essential for correct protein folding of the ligands.
Protocols for production of FGF1 and FGF2 in E.coli are well established (Pellegrini et al., 2000;
Rassouli et al., 2013). These bacterial cell culture protocols were adapted for production of all
FGF ligand constructs in this study (see Section 2.3.1). Small-scale bacterial expression tests
showed heavy expression for FGF1,,ss as opposed to relatively weak FGF2, 55 expression.
Figure 4.3 A shows a representative elution profile of His-tagged FGF,,, ;ss from the IMAC
column of 5 L bacterial culture. The corresponding SDS-PAGE confirms correct size of the
protein (theoretical MW = 17087 Da) and a high degree of purity. The fractions corresponding to
elution volume 13-17 ml (see red bracked) were pooled, concentrated to about 30 mg/ml and flash
frozen in small aliquots of 150 1. For further purification, single aliquots were thawed and buffer
exchanged by SEC using a Superdex S75 column (see Section 2.4.3). The corresponding elution
profile in Figure 4.3 B shows that FGF1 elutes in a sharp monodisperse peak. Peak fractions
showing protein of about 97 % purity were pooled and directly used for experiments. One litre of

bacterial culture yielded about 12 mg/L pure protein.
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Figure 4.3 IMAC and SEC purification of FGF1

Representative purification of FGF1,, ;5s. (A) IMAC elution of FGF1,,,5; monitored by absorbance of 280 nm (red curve,
left) and SDS-PAGE analysis using a Novex 4-12 %Bis-Tris gradient protein Gel (NuPAGE™, Invitrogen) and BenchMark
Protein Ladder from Invitrogen as molecular weight marker (right). (B) SEC of R4 D2D3 using a Highl.oad Sperdex S200
16/60 column (GE Healthcare Life Scineces) at a flow speed of 0.5 ml/min in buffer containing 10 mM HEPES (pH 7.5) and
150 mM NaCl. Elution was monitored as in A. The void and contaminant peaks are labelled individually. Black brackets
indicate fractions that were subjected to SDS-PAGE analysis. Red brackets indicate fractions that were pure enough for
experiments. These fractions were pooled, concentrated and stored.

97



Chapter 4 — Biophysical studies of the FGFR4-heparin-FGF1 complex

4.5 Attempts at FGFR4-heparin-FGF1 complex
formation
45.1 Glycosylated FGFR4 and FGF1 do not form binary complex

After obtaining reasonably pure protein material of FGFR4 D2D3,,. and FGF1,,,,,, purification

glyc
of a stable 1:1 receptor-ligand complex was attempted. This was supposed to form the first
building block for purification of a 2:2 complexes by addition of heparin. FGFR4 D2D3 and
FGF1 were mixed together in equal molar amounts at 4 °, incubated for 10 minutes, warmed up
slowly to RT and injected into a Superdex S200 HR10/30SEC column. As reference, both single
components were run on the same SEC column (see Figure 4.4 A; FGF1 as black line, FGFR4 as
black dotted line). The red curve in Figure 4.4 A corresponds to the complex sample and shows
that both components are mainly eluted as monomers. Only a vague shoulder at earlier elution
volume indicates the existence of a dimer (see arrow in Figure 4.4 A). This was surprising as
multiple biophysical studies have reported inconsistent, but reasonably high affinities for the
interaction between different FGFR-FGF pairs that were measured by either isothermal titration
calorimetry (ITC) (A. Brown et al., 2013) or surface plasmon resonance (SPR) (Ibrahimi et al.,
2005; Kalinina et al., 2012). Values typically ranged between 300-4000 nm. In addition, multiple
studies have reported crystal structures of FGFR-FGF complexes, obtained from preformed and
isolated receptor-ligand dimers using the same type of SEC column as used in this study.

Importantly, all these FGFR-FGF complex structures were obtained from refolded, non-

glycosylated receptor protein, expressed in bacterial cell-cultures.

The crystal structure of the full signalling complex by Schlessinger et al. served as a
template for generation of a FGFR4 D2D3 homology model using Modeller 9.15 ((Eswar et al.,
2007); sequence alignment as presented in Appendix B). Figure 4.4 B presents a single

FGFR1-FGF2 unit of the template (left) and the same unit of the FGFR4-FGF2 homology model
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(right). Mapping the predicted N-linked glycosylation sites (red residues) on both models shows
that the 4 positions on D3 are conserved. Residues Val316 and Asn317 of FGFR1 form part of the
well studied BC’-BE loop, which is reported to provide the ligand selectivity filter (Beenken et al.,
2012). Whereas Val316 undergoes hydrophobic interactions with multiple ligand residues,
Asn317 (predicted to be a target residue for glycosylation) lies in direct proximity to the receptor-
ligand interface. The same conclusion seems to hold for the equivalent residues, Ile310 and
Asn311, in FGFR4. Glycosylation of the respective residue might alter both position and
flexibility of the BC’-BE loop and thereby impede heparin independent receptor-ligand interaction.
Stauber et al. reported the first FGFR-FGF complex structure in 2000 (Figure 4.4 C). In this
structure FGF1 residues Leu57 and Tyr64 form direct hydrogen bonds with Asn318 of FGFR2, an
interaction of the BC’-BE loop with the ligand that would be impossible in presence of an
N-linked glycan. In fact, this shows that the receptor-ligand interaction can be stronger in absence
of the N-linked glycosylation at position N318. This could be a reason why FGFR4 D2D3,, .
expressed in HEK293S cells has different ligand binding properties compared to refolded
receptor, expressed in E.coli. Further experiments, particularly glycosylation site mutagenesis

studies need to be performed in order to understand better whether N-linked glycans are the

reason for the inability of FGFR4 and FGF]1 to directly interact in vitro.
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Figure 4.4 Heparin independent receptor ligand interaction

(A) Equal molar amounts of glycosylated FGFR4 D2D3 and FGF1 were mixed and incubated at 4 ° for 10 minutes before
application to a Superdex S75 10/30 for SEC (buffer containing 10 mM Hepes pH 7.5, 150 mM Nacl). The black curve
represents FGF1 alone, the black dotted line represents FGFR4 alone and the red curve represents the mixed sample. (B) The
left panel shows the complex of FGFR1 (cyan surface) and FGF2 (blue cartoon) by Schlessinger et al., 2000. Residues of the
FGFR1 BC’-BE loop and corresponding interacting residues on FGF2 are shown as sticks. Predicted sites for N-linked
glycosylation are red. The right panel shows a FGFR4 homology model derived from the structure to the left. Colour coding
for FGFR4 and FGF?2 is the same as the left panel. C) Interface of the first FGFR structure bound to its ligand (Stauber et al.,
2000). FGFR2 Asn318, which forms multiple hydrogen bonds to FGF1, is a predicted N-linked glycosylation site.
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452 Heparin induced formation of FGFR4 signalling complex

After finding that receptor-ligand formation is not possible with FGFR4 D2D3 this chapter

glye»
describes attempts to induce formation of a FGFR4 signalling complex by addition of heparin. As
described in Section 1.4.2, both previously published FGFR signalling complexes have different
heparin stoichiometry (Pellegrini et al., 2000; Schlessinger et al., 2000). Reports following on
these two publications, suggested that the heparin binding canyon of the symmetric Schlessinger
model might be occupied with only one heparin chain in physiological conditions (Harmer et al.,
2004; Pellegrini, 2001), rather than with two, which would result in a receptor-heparin-ligand
ratio of 2:1:2. However, since year 2000 no additional signalling complex structures have been
published in either of these two architectures and clear evidence for a 2:1:2 signalling complex in
Schlessinger architecture still remains to be shown. Importantly, before soaking heparin into the
crystals, Schlessinger et al., grew their crystals from preformed and purified FGFR1-FGF2. It is
also important to note that formation of crystal packings found in the Schlessinger and Pellegrini
architectures was only possible in presence of high sulphate concentration, which presumably

stabilises otherwise repulsive charges of unoccupied heparin binding sites during complex

formation and crystallisation.

The aim of this work is to obtain crystals in more physiological, lower salt conditions, in
presence of heparin. The stoichiometric quantity of heparin has to be chosen carefully as it has
been shown by SEC experiments that excess of heparin can lead to complex dissociation (Harmer
et al., 2006). Supposedly this is due to saturation of receptors and ligands with heparin, which
disables heparin-mediated multimerisation. Initial complex formation screenings in this study
were performed in a FGFR4-HepDP12-FGF1 ratio of 2:1:2. The reasoning is that limited supply
of heparinDP12 should be compatible with ternary complex formation in both published
architectures, including formation of the Schlessinger architecture for the case that the heparin

binding canyon can be occupied by one single heparin molecule.
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Figure 4.5 SEC analysis of a ternary FGFR4 D2D3-hepDP12-FGF1 complex

(A) SEC of a 2:1:2 complex prepared of FGFR4 D2D3, heparin DP12 and FGF1,,_,,, using a Superdex S200 HR10/30SEC
column, performed at a flow speed of 0.5 ml/min in 10 mM Hepes pH 7.5, 150 mM NaCl at RT (red curve). FGF1 (black
curve) and FGFR4 D2D3 (black dotted curve) were run as standards. The elution volume that was subjected to SDS-PAGE
analysis is highlighted with a black bracket at the top and the elution volume that was pooled and concentrated for further
analysis is highlighted with a red bracket. (B) SDS-PAGE analysis of the elution volume 9-17.5 ml from SEC described in
(A). The position of receptor and ligand are labelled with arrows at the left hand side. A red bracket highlights the pooled
fractions for further MALLS analysis.

One molar quantity of HeparinDP12 (Iduron) (solubilised in water to a concentration of 2 nM)
was mixed on ice with two molar quantities of FGFR4 D2D3, incubated at RT for 5 minutes
before cooling back to 4 °. Two molar amounts of cooled FGF1 were added and the complete

mixture incubated for 5 more minutes at RT before application to a Superdex S200 HR10/30
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column, equilibrated in running buffer (10 mM Hepes pH 7.5, 150 mM NaCl). For comparison,
both protein components were run as monomers (Figure 4.5 A). The elution profile of the
complex sample shows three poorly separated peaks. The last peak (encircled 3) appears at an
elution volume of approximately 16 ml, which corresponds to the elution volume of monomeric
receptor with a MW of about 30 kDa. However, separation on this column is not good enough to
exclude that a heparin mediated FGF1 dimer (corresponding to MW of about 37 kDa) forms part
of this peak. The next peak (encircled 2) occurs at elution volume of 14.2 ml and is assumed to
corresponds to a 1:1:1 complex of FGFR4 D2D3-hepDP12-FGF1. This suggests, that heparin is
required to enable receptor-ligand interactions. The first peak eluting at around 12 ml most likely
corresponds to the full FGFR4 D2D3-hepDP12-FGF1 signalling complex with stoichiometry
factors 2:1:2. Fractions collected at elution volume 9-17.5 ml (black bracket at top of Figure 4.5
A) were analysed by SDS-PAGE. The first lane of the SDS-PAGE (Figure 4.5 B) shows the input
sample for the SEC run, containing equal amounts of FGFR4 D2D3 and FGF1,, .. The whole
elution volume does not give any conclusion on the composition of the distinct peaks. In fact,
receptor and ligand seem to be contained in all peaks in the same ratio. However, this SDS-PAGE
provides evidence, that heparin mediates formation of different receptor-ligand complex species

of different molecular weight.

Fractions collected at elution volume 10-12.5 ml (red bracket Figure 4.5 B, corresponding
to peak 3, assigned to the 2:1:2 signalling complex) were pooled and concentrated with a 30 kDa
MW cut off concentrator (Millipore) in order to get rid of dissociated receptor and ligand.
Samples for MALLS analysis were prepared according to the protocol described in Section 2.5.
The first sample contained monomeric receptor (black curve Figure 4.6) and confirm the
predicted MW for glycosylated FGFR4 D2D3 of 30.0 kDa (experimental MW showed only a
difference of — 0.7 kDa to the calculated value; see table in Figure 4.6). The predicted MW for
the isolated 2:1:2 complex formed with fully glycosylated receptor is 98 kDa. The main peak of

the MALLS analysis for the complex sample (see blue encircled I) gave an average MW of only
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66.8 kDa. This is a difference of -31.8 kDa to the expected MW, and actually corresponds to the
MW of one single receptor molecule. Thus, the sample which was eluted from the MALLS
machine can be assume not to contain the full 2:1:2 complex but rather an incomplete 1:1:2
complex. This is consistent with findings from mass spectrometry acceleration experiments that
showed that the release of one FGFR molecule is the most favourable dissociation pathway for a
2:1:2 complex (Harmer et al., 2004). A second peak (see blue encircled 2) could be assigned to
the dissociated FGFR4 D2D3 with a MW of 30.8. Considering the peak height of the 1:1:2
complex, a higher peak for the monomeric receptor could have been expected. The vast amount of
monomeric receptor must have been separated during complex concentration with a 30 kDa MW
cut off concentrator and the observed peak might originate from receptor that dissociated through
the course of the SEC-MALLS experiment. There is a long slope building up to the first peak,
which could not be assigned to a particular MW. However, a short stretch of this slope was
selected to attempt to determine an estimated average MW for the biggest complex species. The
estimate yielded a MW of 83.4 kDa, which shows that the whole peak must represents a broad
mixture of 2:1:2 and 1:1:2 complexes. The small lines below or above the UV 280 absorption
curve that indicate the MW, show a strong shift. This also indicates that the sample does not
consist of one specific complex species with one specific MW but that the sample represents a

mix of complex stoichiometries.

To test whether deglycosylation after complex formation has an effect on complex
stability, the same complex sample was treated with EndoF1 as described before and applied to
MALLS. The experimental MW was 60.1 kDa, 6.7 kDa less than the glycosylated equivalent.
This decrease of MW corresponds to cleavage of 5.5 out of 8 N-linked glycosylations. This is
consistent with incomplete deglycosylation as observed in Figure 4.2 C. Interestingly, the
difference to the expected MW for a full deglycosylated signalling complex was — 27 kDa, which
again suggests that the main complex species in this peak is a 1:1:2 complex. Peak 2 (see red

encircled 2) again corresponds to dissociated receptor.
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Figure 4.6 SEC-MALLS analysis of a ternary FGFR4 D2D3-hepDP12-FGF1 complex

MALLS analysis was performed to assess MW values for the highest MW complex species after SEC (see Figure 4.5). 3.5
pmol of each protein sample were diluted in 90 pl sample volume and directly injected to SEC-MALLS analysis. Size
exclusion chromatography was performed on a 30 ml Superdex S200 HR 10/0 column (GE Healthcare), run by an Agilent
chromatography system. The protein solution was directly eluted into an attached Dawn Helios II Multi-Angle Light
Scattering detection instrument. The black curve shows UV absorption at 280 nm and the short lines below/above the peaks
indicate the respective calculated MW. The curve for the monomeric receptor sample is coloured black, the glycosylated and
deglycosylated complex samples are coloured blue and red, respectively. Predicted and experimentally determined values for
MWs are summarised in the table. The last column presents the difference between predicted or expected MW and the
experimental MW.

To summarise, FGFR4 D2D3,, . and FGF1 do not form binary complex in solution (Figure 4.4

glyc
A). Addition of heparinDP12 leads to weak complex formation but the main complex species only

contains one receptor, in a 1:1:2 stoichiometry. The formation of this complex was performed

according to the Pellegrini protocol: no preformation of receptor-ligand complex and limited
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supply of heparin. Notably, the single heparin chain in the Pellegrini model interacts with both
ligands but only with one receptor (Section 1.4.2). The second receptor is attached to the complex
by receptor-ligand interactions only. It is likely that our 1:1:2 complex is similarly formed as the
single-heparin mediated Pellegrini model. As heparin supply was limited, a 2:2:2 complex
formation in Schlessinger mode is rather unlikely. However, if formation of the Schlessinger
complex was possible with one single heparin chain occupying the full heparin binding canyon,
the core element of this complex would be formed of two receptors tightly linked by heparin.
Thus, dissociation of one receptor, as observed in the presented MALLS experiment, would be
highly unlikely. Notably, as reported for FGFR1 in Section 5.4.3, the signalling complex was

significantly destabilised when mixing all complex components in a 2:2:2 stoichiometry.

4.6 Formation of more stable signalling complexes

It is important to note, that the protein complex analysed in the previous section was exposed to
two Superdex S200 10/30 SEC runs before MALLS data was collected (1* SEC for complex
isolation Figure 4.5 A, 2™ SEC as part of MALLS analysis). To test whether the ternary 2:1:2
complex is present in solution but pulled apart during the SEC run, fresh batches of receptor and
ligand were prepared for analysis of complex composition by SEC-MALLS without an upstream
SEC for peak isolation. In order to obtain the best possible signal, samples were ultracentrifuged
for 10 minutes at 30k g before injection to the MALLS machine. The first measurement (black

curve in Figure 4.7) is composed of 3.4 ymol FGFR4 D2D3, . and 3.4 pmol FGF1,, .. As

glyc
previously presented by SEC experiments (Figure 4.4 A), this measurement confirms that
receptor-ligand dimer formation does not occur. Peak one confirms the correct MW of the
receptor with high accuracy. FGF1 has been shown in previous experiments to not remain stable

as monomer on Superdex S200 columns. Therefore the MW for the FGF1 could not be

determined precisely. For the 2:1:2 signalling complex sample (red curve), 1.8 pmol of
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heparinDP12 were added to 3.5 pmol FGFR4 D2D3 on ice and incubated at RT for 5 minutes.
The mixture was cooled back to 4 ° C for addition of 3.5 ymol FGF1,,,, on ice, before
incubation at RT for 5 minutes and injection to the MALLS machine. Surprisingly, the highest
peak is formed by protein complex mixture, which in average has a MW of 88.2 kDa. This is still
9.3 kDa below the MW of a full 2:1:2 signalling complex, but it is evident that the average MW
calculated by the MALLS machine is shifted to lower MW by the adjacent shoulder labelled with
red encircled 2. As expected, with a MW of 63.1 kDa at the centre, this shoulder represents the
1:1:2 complex (only a difference of -4.9 kDa to the predicted MW). Again, the red line below the
peak (indicating the MW) forms a strong slope, which suggests that no clear complex species is
identifiable. It is rather a mixture of 2:1:2 complex, 1:1:2 complex and monomeric receptor. The
bump at the tail of the curve (encircled 3) could be assigned to monomeric FGFR4 D2D3 with a
MW of 31.3 kDa. These results are very promising at this stage, as they show the first time

formation of a soluble 2:1:2 signalling complex involving glycosylated FGFR4.
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Figure 4.7 MALLS analysis of 2:1:2 FGFR4 D2D3,,,,-hepDP12-FGF1,, 4, complex

The black curve shows the MALLS measurement of 100 ul protein sample containing 3.4 pmol FGFR4 D2D3,,,. and 3.4
umol FGF1,,,,,, performed as described in Section 2.5. The red curve represents the measurement of a complex sample
composed of 1.8 ymol heparinDP12 , 3.5 ymol FGFR4 D2D3, . and 3.5 ymol FGF1,, ,,. The short lines below/over the
peaks indicate the corresponding MW that were calculated for the particular selected range of elution volume. The table
contains the theoretically predicted molecular weights of complexes or monomeric proteins, the experimentally assessed MW
and the difference between these two values.
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4.7 Crystallisation trials of various FGFR4-heparin-
FGF1 complexes
4.7.1 Complex formation for crystallisation trials

As described in Section 1.4.2, the first published ternary FGFR signalling complex crystal
structure, composed of FGFR1, FGF2 and heparinDP10 (Schlessinger et al., 2000) was obtained
from a preformed, purified, binary FGFR1-FGF2 complex. In contrast, the crystals for the
asymmetric structure published in the same year (Pellegrini et al., 2000) were obtained from a mix
of all three soluble components. As reported in this chapter, formation of receptor-ligand dimers
failed (Section 4.5.1) as well as attempts to isolate a sample of the full 2:1:2 signalling complex
by SEC (Section 4.5.2). Thus protein complex samples for crystal trials were produced the same
way as described by Pellegrini - by mixing together all required components in the correct molar
amounts without an additional step of purification. Multiple crystal structures have revealed
important biological implications of N-linked glycans (Crispin et al., 2013; Zhao et al., 2014) and
alterations of glycosylation patterns on Ig domains were found to play a role in diseases
(Duchesne et al., 2006; Jefferis, 2012; Winterpacht et al., 2000). However, it is also well known
that each additional N-glycan on a protein increases heterogeneity in the protein sample, which
can be highly unfavourable for crystallisation. As our FGFR4 D2D3 construct comprises four N-
linked glycosylation sites, there would be a total of 8 flexible glycan chains in the context of the
signalling complex. Therefore each crystallisation condition was tested with native receptor
sample and with EndoF1 treated sample. In order to find the best procedure for deglycosylation,
the glycosylation state of native complex sample (Figure 4.8 A lane 2) was compared to a
complex sample formed with receptor subjected to EndoF1 treatment before complex formation
(lane 3) and to a second sample that was deglycosylated after complex formation (lane 4). As
control either 5 ug (lane 5) or 10 ug (lane 6) of protein complex were treated with PNGase F.

SDS-PAGE analysis shows clearly that it does not make a difference whether N-linked glycans

109



Chapter 4 — Biophysical studies of the FGFR4-heparin-FGF1 complex

are cleaved off before or after complex formation — the degree of deglycosylation is the same. As
deglycosylation of monomeric receptor has a destabilising effect and leads to protein loss through
degradation (described in Section 4.4) the best way for deglycosylation was to add small catalytic
amounts of EndoF1 (2 ul of 1 mg/ml EndoF1 on 100 ul protein solution) to the protein complex
solution immediately before setting up crystal trials. The 60 minutes time-lapse experiment
(Figure 4.8 B) confirmed that the deglycosylation process is terminated after 10 minutes, which
therefore should not interfere with possible fast crystal formation. A pre-crystallisation test
(PCT™ kit, Hampton Research) was performed for each new protein complex batch in order to
identify the most appropriate protein complex concentration for initial crystallisation experiments.

The optimal concentration was typically 5 mg/ml or lower.

A a y 5 3 4 5 6
1 Marker 60—
2 native complex sample 50— W PNGase F
3 EndoFl1 treatm. after cmplx. formation 20—
4 EndoF1 treatm. before cmplx. formation ' <—D2D3y,
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Figure 4.8 FGFR4 signalling complex deglycosylation tests

(A) SDS-PAGE analysis of various FGFR4 signalling complex samples before and after EndoF1 (2 1 of 1 mg/ml EndoF1
solution on 100 ul protein solution) or PNGase F treatment (New England Biolabs, according to manufacturer's protocol).
See legend for detailed sample information. (B) Deglycosylation time-lapse experiment. Protein bands are labelled on figure.
Deglycosylation was finished after 10 minutes.
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4.7.2 Crystallisation trials of FGFR4 D2D3-heparinDP12-FGF1

FGFR4 D2D3-Heparin-FGF1 complex was prepared as described in Section 4.6 and 4.7.1. All 12
screens listed in Table 4 were tested at 20.5 ° C and 6 ° C, with and without EndoF1 treatment.
This made a total of 4608 screening conditions, each tested in sitting drop vapour diffusion
experiments, set up as described in Section 2.6.1. Crystals were obtained in various conditions
summarised in Figure 4.9. All crystals were flash-frozen by immersion in a cryoprotectant
containing the mother liquor and then rapidly transferred to a gaseous nitrogen stream. X-ray
diffraction data were recorded at the Beamline 102 or 104 at Diamond Light Source, Oxfordshire,
England. Unfortunately, none of the crystals gave protein diffraction — most crystals consisted of

salt or did not diffract at all.

Two additional FGFR4 constructs were cloned. FGFR4 ABD3 is a construct that
encompasses the sequence from the acidic box to the Ig-domain D3. Constructs of varying length
were cloned to test the effect of the acidic box length on protein solubility and secretion level in
small-scale expression (as described in Section 4.4). The longest ABD3 construct encompassing
amino acid residues Ser123-Glu354 (cloned with the oligo pair 071/012) showed best expression
and was scaled up to large-scale expression as described in Section 2.3.3. Purification and
signalling complex formation was performed as described in Section 4.4 and Section 4.6
respectively. MALLS analysis did confirm the correct MW for the FGFR4 ABD3 construct and
interestingly, the AB improved stability of the 2:1:2 signalling complex (Figure 4.10 A blue
curve). Compared to the D2D3 construct (see red curve), the ABD3 showed a smaller shoulder of
the 1:1:2 dissociated complex species and a smaller peak for monomeric receptor. The same
screening was performed with this construct as for the D2D3 construct but to date extensive
crystallisation trials have only led to growth of one crystal (Figure 4.10 B crystal 1) which was

tested for diffraction and turned out to be a salt crystal.
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Crystal image Crystal  Crystallisation conditions Conc. EndoF1
size (um) (mg/ml) treatment
40 20 %wl/v Polyethylene Glycol 6000 5 No

0.100 M MES pH 6.0
0.200 M Calcium Chloride

270 20 %w/v Polyethylene Glycol 10000 5 No
0.100 M HEPES-Na pH 7.5

30 20 %w/v Polyethylene Glycol 3350 5 No
0.100 M bis-Tris Propane pH 6.5
0.200 M Sodium Fluoride

45 25 %w/v Polyethylene Glycol 1500 3.9 Yes
0.100 M SPG System pH 6.0

70 20 %w/v Polyethylene Glycol 3350 3.9 Yes
0.200 M Sodium Fluoride

190 30 %v/v 2-Methyl-2,4-Pentanediol 3.9 Yes
0.040 M Magnesium Acetate
0.050 M Sodium Cacodylate pH 6.0

Figure 4.9 Crystals obtained from FGFR4 D2D3-heparin-FGF1 crystal trials

Protein solution concentration was determined by pre crystallisation trials for each complex batch. All crystals were tested
for diffraction. No crystal gave protein diffraction.

In order to reduce flexibility, the flexible loop (fl) located on FGFR4 D3 (residues 287-301
comprising one N-linked glycosylation site) was deleted and replaced by linkers of different
lengths. The best expressing construct was identified by small-scale expression tests, scaled up
and purified for crystallisation trials. This FGFR4 D2D3-Afl construct was subjected to the same
crystallisation screening as and in the context of the signalling complex. Figure 4.10 B shows two

further crystals (crystal 2 and 3), which again did not diffract X-rays.
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Figure 4.10 MALLS analysis and crystallisation of FGFR4 ABD3 signalling complex

(A) SEC MALLS analysis as described in Section 2.5 and Section 4.5 of a 2:1:2 complex prepared of FGFR4 ABD3,
heparin DP12 and FGF1,,_,,,. The black curve corresponds to monomeric receptor sample and the blue curve corresponds to
the FGFR4 ABD3 signalling complex sample. The measurement of the FGFR4 D2D3 signalling complex MALLS curve
presented in Figure 4.7 is copied into this figure as reference. (B) Non diffracting crystals obtained from FGFR4 ABD3
signalling complex crystallisation trials (crystal 1) and from FGFR4 D2D3-Afl signalling complex crystallisation trials
(crystals 2 and 3).
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4.8 SAXS analysis of the FGFR4-heparinDP12-FGF1

complex

As reported in the preceding chapters, the complex targeted for study does not show great stability
in solution. This might be the reason why neither the Schlessinger nor the Pellegrini signalling
complex structure was crystallised from an isolated signalling complex sample. More importantly,
this might be the reason, why to this day no structural data from measurements in solution has

been reported for any of the four FGFR homologs. FGFR4 D2D3,, .-HepDP12-FGF1,, ,,

glyc
complex samples were prepared in a 2:1:2 stoichiometry as described in Section 4.7 in different
concentrations (0.61, 0.93, 1.55 and 3.34 mg/ml) for collection of SAXS spectra at beamline BM
29 of the ESRF in Grenoble (for method see Section 2.7). All samples yielded spectra of good
quality. The spectrum collected at 3.34 mg/ml was fitted to theoretical SAXS patterns of the
Schlessinger and the Pellegrini complex structures (Figure 4.11 A) calculated using CRYSOL
(Svergun et al., 1995). The y* value was typically used as a measure for the goodness of the fit
between the experimental SAXS curve and the theoretical SAXS pattern of the input model. Both
crystal structures had a relatively poor fit with x* = 7.25 for the Schlessinger structure and
v* = 10.9 for the Pellegrini structure. Importantly, the SAXS curve integrates the intensities for all
molecules that are present in the soluble sample. Considering the complex dissociation that was
observed in MALLS experiments, it is reasonable to assume that the SAXS curve does not only
represent the 2:1:2 signalling complex, but to a fair extent the various species of dissociation,
ranging from a 1:1:2 complex to monomeric receptor, FGF1 and heparin. The maximum particle

dimension D,_,, (estimated using the program GNOM (Semenyuk & Svergun, 1991)) defines the

max
longest distance between any two atoms within the measured molecule or complex. Interestingly,

D,,, is estimated at 142 A from the recorded SAXS data, a distance that is firstly by far not

max
present in any of the dissociation complex species and secondly not present in the Schlessinger

(D,,.. = 100.2 A) or Pellegrini (D, = 106.7 A) structures. Taking this information together, our

SAXS spectrum suggests that FGFR4 D2D3,,.-HepDP12-FGF1,,,,, in solution forms an

(glyo)
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arrangement that differs from both published structures, probably in a more tight complex than
assumed. This new arrangement must form a maximum distance of about 142 A, a distance that

can only be bridged by two fully extended, heparin linked receptor molecules.

We were able to obtain a robust ab initio model using the bead modelling program
DAMMIN (Svergun, 1999) without imposed symmetry. Intriguingly, the generated envelope
presented in Figure 4.11 B, adopted a very symmetric shape, which indeed provided of enough
volume to manually fit two units of the previously presented FGFR4-FGF2 homology model for
the binary complex in a P2 symmetry-like fashion. In order to improve the fit of the high-
resolution model into the low resolution SAXS envelope, CHIMERA's fit in map function was
used (Pettersen et al., 2004). As supposed in the previous paragraph, both receptor molecules are
maximally extended. The side view of the ab initio envelope reveals unoccupied space in the
envelope, which in the suggested arrangement is the only location that could enable a single
heparin molecule to interact with the heparin binding sites of both receptors and both ligands
simultaneously. A red rod in the lower panel Figure 4.11 B represents the hypothetical position of
the single heparin chain. As the ab initio model provided enough volume to fit a full 2:1:2
complex without problems, the SAXS spectrum might actually originate mainly from fully

formed signalling complex

Recent studies have shown that N-linked glycosylations can have significant contributions
to SAXS intensities (Felix et al., 2013; Guttman et al., 2013). In the presented SAXS experiments
each FGFR4 molecule was carrying four N-linked glycans. In addition FGF1 as well as FGFR4
had flexible 6xHis tags at their C-termini. It is important to mention, that the fitted curves
presented in Figure 4.11 A were calculated by means of unmodified Schlessinger and Pellegrini
crystal structures which did not contain any flexible linker or N-linked glycans. However, since
our data suggests a plausible, completely distinct arrangement of the signalling complex (Figure

11 B), the SAXS curve fittings are adequate to show that none of the published signalling
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complex architectures is compatible with our FGFR4-hepDP12-FGF1 complex data from

solution. Nevertheless, the suggested extended architecture remains speculation at this stage.

4.9 Conclusions and future perspectives

This chapter has described efficient expression and purification of various glycosylated
FGFR4 constructs and of FGF1. The same strategies will be applied for expression of FGFR1

constructs. SEC and SEC MALLS experiments have shown that FGFR4 D2D3, . does not bind

glyc
efficiently to FGF1. Addition of heparin DP12 to receptor and ligand leads to formation of a 2:1:2
signalling complex of expected MW. However, about 40 % of the protein elutes from the MALLS
as partly dissociated complex. Extensive crystallisation trials of monomeric receptor and FGFR4-
HeparinDP12-FGF1 mixture have not yielded diffracting crystals. SAXS data recorded from a
freshly prepared signalling complex sample could not be fitted to any of the published signalling
complexes. Ab initio bead modelling yielded an envelope with a D, value of 142 A that easily
accommodates two receptor-ligand units in a novel extended fashion. Future experiments have to
focus on solving the crystal structure of FGFR4 D2D3 as monomer or as signalling complex.
Application of different FGF homologs and homologous FGFR4 constructs from other species
have to be considered. In addition, production of a FGFR4 D2D3-FGF1 chimera would predefine
a 1:1 receptor-ligand stoichiometry, which could favour crystallisation of the 2:1:2 complex. SPR

measurements of receptors with mutated glycosylation sites against FGF proteins could provide a

better understanding about the role of N-linked glycans in ligand binding affinity
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A FGFR4,,p5-HepDP12-FGF1,,,,, SAXS curve

Pellegrini et al., Nature, 2000
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Figure 4.11 FGFR4 D2D3-HepDP12-FGF1,,,,, SAXS analysis

(A) Complex sample was prepared in a 2:1:2 stoichiometry as described in Section 4.7 at concentration of 3.34 mg/ml.
Scattering data was collected at beamline BM29 of the ESRF in Grenoble as described in Section 2.7 and . Theoretical
SAXS patterns of the Pellegrini (upper panel) and the Schlessinger (lower panel) complex structures were calculated using
CRYSOL (Svergun et al., 1995) (see red curves) and fitted to the experimental SAXS curve (black curves). The
corresponding goodness of fit value % is annotated above the respective curve. (B) As none of the crystal structures fit the
experimental SAXS curve, the bead modelling program DAMMIN (Svergun, 1999) was used to generate ab initio model
without imposed symmetry. Two units of the previously presented FGFR4-FGF2 homology model (see Figure 4.4 B) could
be fitted into the symmetrically shaped envelope in a P2 symmetry-like fashion using CHIMERA’s fit in map function
(Pettersen et al., 2004). The high-resolution homology model is shown as cartoon, the receptor in cyan and FGF in blue. The
side view (lower panel) reveals unoccupied space in the envelope, which forms the hypothetic position of the heparin chain,
which is represented by a red rod. Dimensions of the envelope are highlighted with labelled distance arrows.
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Chapter 5 — Structural investigation of the
FGFR1-heparinDP10-FGF1 signalling complex

51 Summary

The arrangement of an FGFR-heparin-FGF signalling complex on the cell surface has been
subject of discussion for 15 years. Biophysical and functional studies were designed to find
supporting evidence for the relevance of the pseudo-symmetric, heparin canyon forming two-end
architecture by Schlessinger et al., (2000) or the asymmetric architecture by Pellegrini et al.,
(2000). Here, a new symmetric FGFR1-heparinDP10-FGF1 signalling complex architecture with
2:1:2 stoichiometry is presented, which will be referred to as the new structure or the extended
model. A detailed SEC-MALLS analysis of FGF-heparin interaction and signalling complex
formation preceded crystallisation and structural determination. Key features of the new structure,
including crystallisation procedure and electrostatic analysis, are discussed in comparison to the
Schlessinger and Pellegrini models. These results suggest that the arrangement in the new

structure has most compatibility with physiological conditions on the cell surface.

52 Aims

The aim of the work presented in this chapter is firstly to analyse the heparin mediated FGF1
dimerisation in more detail. This information will be used to develop a better strategy for
FGFR1-heparin-FGF1 signalling complex formation. Determination of this protein complex

crystal structure will provide many important insights:

* Localisation of predicted N-linked glycosylation sites in context of full signalling

complexes
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* The detailed binding mode of heparin to FGFR and FGF
* Order of events on the cell surface leading to receptor activation

* Review of the Schlessinger and Pellegrini structures

53 Analysis of the interaction between FGF1 and heparin

Experiments in different cell-lines lacking endogenous heparan sulphate have shown that
exogenous heparin is required for FGFR dimerisation (Spivak-Kroizman et al., 1994). Several
crystal structures describing FGF molecules in monovalent complexes with heparin-like sugars
have been published (Faham et al., 1996; Ornitz et al., 1995; H. Zhu et al., 1997) reporting the
same binding site for glycans on FGF. Two further structural studies describe conflicting modes
of heparin mediated FGF dimerisation. Herr and colleagues studied FGF2 dimerisation by
analytical ultra centrifugation experiments (Herr et al., 1997) and found indications that inactive
heparin-like disaccharides induce FGF2 dimers as head to head dimers (both FGF molecules are
in trans-position to the heparin). In contrast, they found evidence, indicating that heparin
octasaccharide-induced dimer complexes adopt a side-by-side architecture (both FGF molecules
in cis-position to the heparin) under formation of direct protein-protein interactions. Thus, their
conclusion was that a specific side-by-side heparin-induced FGF dimer is required for activation
of the FGF receptor. Indeed, neither the Schlessinger nor the Pellegrini model is compatible with
the side-by-side FGF dimer. There is no heparin-mediated FGF dimer present in the Schlessinger
model and the Pellegrini model reveals an asymmetric head to head dimer. On the base of a
crystal structure of human FGFI1 in a complex with a fully sulphated, homogeneous heparin
decasaccharide, DiGabriele and co-workers suggested that the biologically active FGF dimer
binds in a symmetric head to head mode (DiGabriele et al., 1998). Furthermore, using purified
FGF1-heparin complex they were able to induce promotion of tyrosine auto- phosphorylation,

activation of FGFR and neurite outgrowth in living cells. Again, neither the Schlessinger nor the
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Pellegrini model is compatible with this symmetric head to head FGF dimer. These structural
studies and additional cell-based studies (Ornitz et al., 1992; Spivak-Kroizman et al., 1994) have
established that heparin mediated dimerisation of FGF triggers productive interaction with the
FGF receptor. The following experiments are aimed to understand the behaviour of FGF1 in
interaction with oligosaccharides in vitro. Heparin oligosaccharides prepared from high-grade
porcine heparin using bacterial heparinase and isolated by high-resolution gel filtration (Iduron)
are applied in different lengths and in different concentrations. Thorough understanding of the
heparin-binding behaviour of FGF1 and of glycosylated receptor will help to find a more

sophisticated way of FGFR1 signalling complex formation for crystallisation purposes.

53.1 HeparinDP12 forms stable FGF1 dimer

To carefully dissect the properties of the FGF-heparin interaction with minimal bias from
purification tags, a FGF1-Atag construct was produced (deletion of the C-terminal 6xHis tag) that
yielded very pure protein using heparin-affinity chromatography combined with SEC. However, a
detailed NMR study on purification of FGF2 has shown that purification with heparin-sepharose
chromatography is likely to contain trace contamination of heparin stripped from the resin during
the elution step, which is not the case for FGF2 purified by ion-exchange chromatography
(Platonova et al., 2014). These trace amounts of oligosaccharide seem to modulate the
oligomerisation properties of FGF2 in solution, which was the reason why the following
experiments are all performed with 6His-tagged FGF1, expressed and purified as described in
Section 4.4. Eleven nmol freshly prepared and highly pure FGF1,,,,, were mixed with 5.5 nmol
heparin oligosaccharides of different length in a 2:1 ratio. SEC analysis using a Superdex S75
column on an Akta purifier system (see Section 2.4.3) was used as a read out for efficiency of
complex formation and for an estimation of the oligomeric state of each complex species. A FGF1
monomer standard sample was run for comparison, which shows a monodisperse peak eluting at

14.7 ml (black curve in Figure 5.1). The shortest tested heparin is an octasaccharide
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(heparinDP8), which has been described as the shortest oligosaccharide able to promote FGF
dimerisation (A. Brown et al., 2013), able to cross-link ligand and receptor for formation of a
signalling complex stable in solution (DiGabriele et al., 1998; Harmer et al., 2004; Pellegrini et
al., 2000) and able to induce mitogenic activity (Ornitz et al., 1992). Interestingly, the elution
profile of the FGF1-heparinDP8 sample shows that just about 70 % of the total protein sample has
formed a dimer (dotted curve). The next tested heparin was a dodecasaccharide (heparinDP12),
which was used in Section 4.6 for formation of FGFR4 signalling complex although both
published signalling complex structures contained a heparinDP10. This was due to the reason that
a crystal packing as observed by Pellegrini and co-workers could have revealed more heparin-
protein interactions in presence of a longer heparin. At the same time heparinDP12 would have
been more likely to be able to occupy the whole positively charged heparin canyon of the
Schlessinger structure (instead of occupancy with two heparin chains). Dodecasaccharide (red
curve in Figure 5.1) shows much more efficient dimer formation compared to heparinDP8, which
strongly suggests the presence of a stable FGF1-heparin complex in a 2:1 ratio without formation
of higher molecular weight complexes. Only10 % of the total FGF1 remain unliganded. Finally,
11 nmol FGF1 were mixed with 2.7 nmol heparinDP20, resulting in a molecular FGF-heparin
ratio of 4:1. This ratio was chosen as previous studies reported that two signalling complexes can
be formed on a heparin chain with 20 saccharide units (Harmer et al., 2006), which would
probably involve formation of two FGF dimers mediated by one single heparin chain. Indeed,
around 80 % of the total FGF1 forms a complex of higher MW, which could correspond to a 4:1
FGF-heparin complex, the remaining protein seems to stay monomeric. In conclusion, fully
sulphated heparin 12-mer leads to nearly full dimerisation of FGF1,, ,,. The reason for about
10 % non-dimerised FGF1 could be inaccuracies of the heparin stock concentration, resulting in
limited heparin supply. Heparin oligosaccharides are delivered as powder in amounts of 2 mg
(weighed by a scale with a typical minimum weighing capacity of 0.1 mg) and there is no assay to
assess the accurate concentration of a heparin solution. Thus, it is difficult to prepare heparin

stocks with precisely defined concentration.
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Figure 5.1 SEC screening of heparin length dependent dimerisation of FGF

Analysis of FGF1,,_,,, dimer formation with heparinDP8 (dotted curve), heparinDP12 (red curve) and heparinDP20 (dashed
curve). For each sample, including the monomeric FGF1 sample, 11 nmol FGF1 were mixed in the respective molar ratio of
heparin as indicated in the figure legend. SEC analysis was performed using a Superdex S75 column on an Akta purifier
system, tracking protein absorption at 280 nm of eluting material (see Section 2.4.3).

5.3.2 HeparinDP12 mediated FGF1 dimer formation is cooperative

The differences in architecture and heparin stoichiometry between the Schlessinger and Pellegrini
signalling complex structures have not contributed to a better understanding of the order of events
for receptor activation on the cell surface. The Schlessinger structure suggests that heparin
crosslinks a receptor-ligand unit and thereby promotes assembly of two 1:1:1 units to the 2:2:2
signalling complex. In contrast, the central heparin mediated FGF1 dimer in the Pellegrini
structure strongly suggests that two receptor molecules join a preformed ligand complex. The
latter hypothesis is backed up by two studies arguing that FGF1 dimerisation on a single heparin
chain (ligand-heparin ratio of 2:1) is energetically favoured over formation of 1:1 ligand-heparin
complexes (A. Brown et al., 2013; Robinson et al., 2005), a cooperative FGF1 dimerisation

mechanism that could explain how a signalling complex in 2:1:2 ratio forms at the cell surface.
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The simple SEC screen in the previous section has indicated that heparinDP12 drives
FGF1 dimerisation more efficiently than heparinDP8. Heparin DP12 was therefore used here to
screen dimerisation efficiency for a defined amount of FGF1 (8 nmol per experiment) over a wide
range of oligosaccharide concentrations. The black curve in Figure 5.2 shows the peak of pure,
monomeric FGF1. As described in the preceding section, the adjustment of heparin stock
concentration brings some challenges but plays a major role for all complex formation
experiments. In order to test whether the concentration of the heparin stock is accurate, 0.25-fold
amounts of heparin were added to a 1-fold amount of FGF1, which should lead to dimerisation of
only half of the applied protein and thereby form two peaks of the same height. In fact, two peaks
of very similar height are observed (see green curve in Figure 5.2). The monomeric FGF1 peak is
slightly higher, which suggests that the heparin concentration is marginally lower than expected
but accurate enough to go ahead with further experiments. As expected, the sample with 0.5-fold
amount of heparin (red curve) mainly yielded FGF dimer. However, the shoulder to the main peak
at higher elution volume indicates that 5-10 % of the total protein is not dimerised. As a result, all
experiments for signalling complex formation in following sections were performed with a
1.1 fold excess of heparin (corresponding to addition of 10% to the required heparin amount) in
order to avoid weakened complex formation due to inaccuracies of heparin stock concentration.
Next, to test cooperative dimerisation of FGF1 upon a single heparin saccharide a sample was
prepared with a 1-fold amount of heparin. In case of cooperative FGF1 dimerisation, formation of
a 2:1 FGF1-heparin complex is preferred to a 1:1 complex. The elution profile (purple curve)
shows that 100 % of the protein elutes as a ligand dimer confirming that FGF1 dimerises
cooperatively upon addition of heparinDP12. Even 4-fold excess of heparin (blue curve) does not
lead to dimer dissociation, suggesting that FGF1 is available as dimer even at heparin enriched

environments such as the cell surface.
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Figure 5.2 SEC screening of heparin concentration dependent dimerisation of FGF

FGF1 samples of 8 nmol were mixed with increasing amounts of heparinDP12 and applied to SEC (Superdex S75 10/30
column) to test for complex formation. The curves are coloured black for pure FGF1, green for 2 nmol heparin, red for
4 nmol heparin, purple for 8 nmol heparin and blue for 32 nmol of heparin.

533 SEC-MALLS identification of most homogeneous FGF1 dimer

The previous analysis of heparin mediated FGF1 dimerisation by size exclusion chromatography
did not provide accurate information on the molecular weight of complex species. SEC-MALLS
not only provides accurate estimations of the average MW of selected peak sections, it also
indicates whether a peak represents one single complex species or whether it represents a gradient
of complexes that differ in their composition. Figure 5.3 presents the results of SEC-MALLS
experiments containing 6 nmol FGF1,, ., supplemented with 6 nmol heparin oligosaccharides
with lengths ranging from DP8 to DP30. The FGF1-heparin ratio of 1:1 was chosen to ensure that

the calculated molecular weights from MALLS experiments are not influenced by dissociated
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FGF. The difference between predicted and experimental MW of a putative heparin mediated
FGF1 dimer and the inclination of the MW line on the MALLS graph are used as a measure for
the dimer stability. The black curve in Figure 5.3 (corresponding to peak 1, see first raw values in
the table) shows the monomeric FGF1 standard measurement. The predicted MW of 17 kDa (see
third column of table) is confirmed with an experimental MW of 18 kDa (see fourth column of
table), which makes a difference of +1.0 kDa (see fifth column of table). HeparinDP20 (purple
curve, encircled 5) and heparinDP30 (brown curve, encircled 6) yielded average MWs of 46.9
kDa and 51.3 kDa respectively, which are 6.7 kDa and 8.3 kDa above the expected MWs. More
importantly, the strong inclination of the respective MW lines at the selected peak areas indicates
that there is no definite complex species present, but rather a broad mixture ranging from FGF
dimers to FGF tetramers. Comparing the heparinDP8, heparinDP10 and heparinDP12 samples
(blue, red or green curves respectively) the horizontal MW curve clearly indicates that
heparinDP10 forms the most homogeneous and stable dimer. Strikingly, the FGF-heparinDP10
complex also has the best agreement between predicted (37.0 kDa) and experimental (37.1 kDa)
molecular weight. As a result of this analysis, the subsequent experiments will mainly be

performed with heparinDP10.
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Figure 5.3 SEC-MALLS analysis of FGF oligomerisation

SEC-MALLS was used for identification of the ideal heparin length for FGF1 dimerisation. Each sample consists of 100 ul
containing 6 nmol of FGF1 mixed with 6 nmol of heparin 8-mer (blue curve), heparin 10-mer (red curve), heparin 12-mer
(green curve), heparin 20-mer (purple curve), heparin 30-mer (brown curve) or no heparin (black curve). 90 ul solution were
injected to a Superdex S75 10/30 column previous to MALLS analysis. The results are listed in the table according to heparin
length (see increasing degree of polymerisation in first column). The second column lists the sample indexes, also indicated
on top of each peak. The third and fourth columns list the predicted MW and the experimental MW. The difference between
these two values is listed in the fifth column and is used as an indicator for FGF1 dimer stability.

54 FGFRI1 signalling complex formation

54.1 Expression and purification of FGFR1

According to the NetNGlyc 1.0 Server the ectodomain of FGFRI1 has eight N-linked
glycosylation sites and is thereby the hFGFR homolog with most glycosylation sites. For the

purpose of complex formation studies and crystallographic studies, construct boundaries were
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chosen to produce proteins comprising Ig domain 2 (D2) and Ig domain 3 (D3). Glycosylation
sites N227 and N240 are located on D2 and glycosylation sites N264, N297, N317, N330 are
located on D3 (Figure 5.4 A). Just like for the design of FGFR4 constructs (Section 4.3),
boundaries for the FGFR1 constructs were chosen based on sequence alignments with human
homologous receptors (see sequence alignment in Appendix B), on secondary structure
prediction and on published structures of FGFR1 and FGFR2 (Beenken et al., 2012; Plotnikov et
al., 2000; Schlessinger et al., 2000). Six constructs (FGFR1 D2D3-01 to -06) with slightly varying
N-terminal and C-terminal boundaries were generated (see Figure 5.4 B for boundaries), in order
to identify the best expressing construct in small-scale expression tests. The detailed construct
design strategy is described in Section 2.2 including choice of expression vector and cloning sites.
The following primer pairs were used to generate the respective FGFR1 D2D3 constructs:
D2D3-01 with 065/066, D2D3-02 with 065/067, D2D3-03 with 065/068, D2D3-04 with 064/066,
D2D3-05 with 064/067, D2D3-06 with 064/068 (see primer sequences in Appendix C). Western
blot analysis of small-scale expression tests (Section 2.3.2) of these constructs identified construct
D2D3-04 4,465 as the best expressing construct (Figure 5.4 B). This construct was expressed in
large scale and purified the same way as described for FGFR4 D2D3 constructs in Section 4.3. A
representative elution profile and the corresponding SDS-PAGE analysis are shown in Figure 5.4
C. SEC could remove the impurity at 120 kDa and only fractions containing reasonably pure
FGFR1 protein were pooled (see red bracket on Figure 5.4 C). The first lane in Figure 54 D
shows the final product. The following lanes show a time lapse of the same sample after addition
of EndoF1 (as described in Section 4.3). Deglycosylation of FGFR1 D2D3 is terminated after 10
minutes. Only a very weak band of single glycosylated receptor remains, which makes an
estimated amount of 5 % of the total protein. The predicted MW for fully glycosylated D2D3,,, 345
is 34502 Da and 26464 Da for fully deglycosylated receptor. SDS-PAGE analysis can confirm
correct MW for glycosylated and deglycosylated receptor within the typical range of accuracy
(SEC-MALLS analysis will allow determination of MW with higher accuracy). Just like FGFR4

D2D3 constructs, FGFR1 D2D3,,, ;s did also precipitate slightly through the process of
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deglycosylation. Ultracentrifugation was used to remove the precipitated protein that reoccurred
after storage over night at RT or 4 °C. Concentration of deglycosylated receptor in 15 or 30 kDa
MW cut off concentrators was also always accompanied with loss of about 20 % of the total

protein.
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Figure 5.4 Design and purification of FGFR1 D2D3 constructs

(A) Domain structure of a FGFR1 D2D3 construct, indicating positions of N-linked glycosylation sites. (B) Western blot
analysis of small-scale expression tests for FGFR1 D2D3-01 to -06. The labelling describes the exact domain boundaries of
each construct. (C) Elution profile of a SEC run using a Superdex S200 16/60 column on an Akta purifier system. Void peak
and typical contamination of 120 kDa are highlighted with small arrows. SDS-PAGE analysis of the fractions corresponding
to elution volume 45-110 shows that the main peak mainly consists of FGFR1. Fractions within the red bracket were pooled
and concentrated using a 30 kDa MW cut off concentrator (Millipore). (D) EndoF1 (2 gl of 1 mg/ml EndoF1 solution on
100-p1 protein solution) was added to pure protein sample and the degree of deglycosylation was analysed by means of
SDS-PAGE in specific time steps. The first lane shows the D2D3 construct before addition of EndoF1, which corresponds to
sample at time 0. The respective sampling time for each sample is indicated above each lane. The deglycosylation process is
terminated after 10 minutes.
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54.2 EndoF1 Deglycosylated FGFR1 does not bind to FGF1

In Section 4.5.1 it was shown by size exclusion chromatography that glycosylated FGFR4 D2D3
expressed in HEK293S cells does not form a binary complex with FGF1. Thus, it was not
possible to set up crystal trials according to the protocol described by Schlessinger and
co-workers (2000) by preformation of a 1:1 receptor-ligand complex. In this work it has not
succeeded to find out whether this is a special characteristic of FGFR4, whether it is a result of the
presence of N-linked glycans, or whether both or none of those points play a role. Figure 4.4 B
presents the mapping of glycosylation sites on domain D3 of FGFR1 (and on the homology model
of FGFR4), which only comprises four of six total glycosylation sites predicted for the D2D3,, 145
construct (see Figure 5.1 A). This mapping revealed that the glycosylation sites N227 on Ig
domain 2 and N317 on Ig domain 3 are in direct proximity to the ligand-binding site and could
potentially cause sterical hindrances for FGF1 binding. Here SEC-MALLS is used to assess
whether FGFR1 D2D3 is able to form a binary receptor-ligand complex. 3.5 nmol of fully
glycosylated FGFR1 D2D3,,, 5, were mixed with the same molar amount of pure FGF1,,,,, for
injection to the SEC-MALLS machine. This sample (Figure 5.5 black curve) formed two peaks
that correspond to the MW:s of fully glycosylated monomeric receptor (peak 1) and to monomeric
FGF1 (peak 2). A dimer peak could not be observed. In order to assess the effect of N-linked
glycans on the affinity to FGF1 in absence of heparin, binary complex formation was also tested
using EndoF1 treated receptor sample (red curve; 2-fold excess of FGF1 with 7 nmol of purified
ligand). Again the sample was eluted in two peaks that could be assigned with acceptable
accuracy to deglycosylated FGFR1 D2D3 (AMW between predicted and experimental values adds
up to 4.8 kDa; SDS-PAGE analysis of FGFR1 deglycosylation in Figure 5.4 D has shown that
EndoF1 does not lead to absolute deglycosylation) and to FGF1. A dimer of EndoFl
deglycosylated receptor and FGF1 has a predicted MW of 51.5 kDa. A very small peak labelled
as peak 3 could be found with a MW of 70.1 kDa. This is 18.6 kDa heavier than the expected

dimer and the equivalent of a putative 1:2 FGFR1-FGF1 complex. Formation of this complex in
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absence of heparin is highly unlikely. In addition, the line that indicates the MW at the selected
peak region shows a very strong slope suggesting that peak 3 is rather formed by degraded
receptor or other contaminations. In conclusion this experiment suggests that N-linked glycans do
not have a direct influence on FGFRI-FGF1 dimer formation. This has to be taken into

consideration for design of crystallisation experiments.
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Figure 5.5 SEC-MALLS analysis of FGFR1-FGF1 dimer formation

Two FGFR1 D2D3 samples were tested for dimer formation. 3.5 nmol of glycosylated FGFR1 D2D3,,, ;.s were mixed with
3.5 nmol of FGF1,, ,,, and injected to a Superdex S200 16/60 for MALLS analysis (black curve). Peaks are numbered on the
elution profile and respective predicted and experimental MWs are listed in the table below. The last column lists the
difference between these two values. The second sample contained 3.5 nmol of FGFR1 D2D3,,, ;s (treated with EndoF1 for
deglycosylation) and 7 nmol of FGF1 (red curve). Peaks are labelled 1-3 and respective MW values are listed in the red area
of the table. For detailed description of the method see Section 2.5.
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543 HeparinDP10 in 2:1:2 stoichiometry forms most stable signalling
complex

As described in Sections 5.3.1 to 5.3.3 the choice of heparin saccharide length determines
complex stability and the formed FGF-heparin complex species. Experiments presented in
Section 5.3.3 clearly identified heparinDP10 as the favoured length for stable FGF1 dimerisation.
Whether heparinDP10 is the ideal saccharide length for formation of a full signalling complex
needs to be determined experimentally. Our studies on FGFR4 signalling complex formation
(described in Section 4.6) have shown that it is not possible to isolate stable complex by size
exclusion chromatography, suggesting that the FGFR4 signalling complex is rather unstable. This
needs to be tested for FGFRI1. According to the Schlessinger model, two heparinDP6
oligosaccharides in a 2:2:2 stoichiometry (or a single heparinDP12 oligosaccharide in a
theoretical 2:1:2 stoichiometry with one heparin occupying the complete heparin binding cleft)
should be sufficient for formation of a stable signalling complex. According to the Pellegrini
model one heparinDP10 is sufficient for formation of the full complex. The following SEC-
MALLS experiments screen complex formation under three different conditions that test potential
formation of any of these two published signalling complex architectures. By comparison of the
peak sizes, the fraction of formed signalling complex is tested with heparinDP10 versus heparin
DP12 (Figure 5.6 A) and in a second step, the favourable heparin is used to test signalling
complex fraction in 2:1:2 stoichiometry (Pellegrini) versus 2:2:2 stoichiometry (Schlessinger)
(Figure 5.6 C). Predicted and experimentally determined MWs are listed in the table (Figure 5.6
B). All complex samples were formed as described for FGFR4 (Section 4.6) with the difference
that molar amounts of heparin were applied in 1.1-fold (adding 10 %) in order to avoid deficits of
complex formation due to inaccuracies of heparin stock concentrations (according to observations

from experiments in Section 5.2).
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Figure 5.6 SEC-MALLS screening for signalling complex formation

Heparin length and concentration were varied to identify the best conditions for FGFR1-FGF1 signalling complex formation.
In order to balance out potential inaccuracies of heparin stock concentrations, the molar amounts of heparin, calculated
according to the specific stoichiometric ratios, were applied in 1.1-fold amount. SEC-MALLS analysis was performed as
described in Section 2.5. (A) Two signalling complex samples were formed of FGFR1 D2D3-heparin-FGF1 in 2:1:2 ratio
(3.5nmol : 1.93nmol : 3.5nmol) using heparinDP10 (blue curve) or heparinDP12 (red curve). Both main peaks are numbered
in the colour of the corresponding curve. The elution profile of the FGFR1 D2D3-FGF1 sample (black curve) from Section
5.4.2 is added as reference, labelled with the corresponding MW of both peaks. (B) List of sample contents, predicted MWs,
experimental MWs and the difference between predicted and experimental MWs of signalling complex samples. (C)
Comparison of the FGFR1 D2D3-heparinDP10-FGF1 2:1:2 sample (blue curve) with a sample formed of the same
components in 2:2:2 Schlessinger stoichiometry (3.5nmol : 3.85nmol : 3.5nmol) (green curve). Three peaks are highlighted
in green circles. Two arrows highlight the expected peak positions of a 2:1:2 and a 1:1:2 complex.
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FGFR1-heparin-FGF1 2:1:2 (3.5nmol : 1.93nmol : 3.5nmol) signalling complex SEC-
MALLS analysis are presented for heparinDP10 (blue curve) and heparinDP12 (red curve). Both
samples formed a main peak (labelled with red or blue encircled 1) that could be assigned to a full
signalling complex. In fact, the complex formed with heparinDP10 has the more accurate MW
with a difference between predicted MW (106.0 kDa) and experimentally determined MW (103.9
kDa) of only - 2.1 kDa. But more importantly the secondary peak (labelled with blue encircled 2),
which could be assigned to a 1:1:2 complex (one dissociated receptor) with even higher accuracy,
is much less prominent compared to the secondary peak formed by the heparinDP12 sample
(labelled with red encircled 2). This clearly indicates that signalling complex is more stable when
formed with heparinDP10. Thus, for comparison of the Pellegrini stoichiometry with the
Schlessinger stoichiometry a FGFR1-heparinDP10-FGF1 2:2:2 (3.5nmol : 3.85nmol : 3.5nmol)
signalling complex sample was formed and applied to SEC-MALLS analysis (Figure 5.6 C). The
direct comparison clearly shows that the stoichiometry found in the crystal structure by
Schlessinger and co-workers leads to dissociation of the complex in solution (green curve). The
detected MW for the signalling complex peak is 10 kDa below the expected MW (see Figure 5.6
B, green encircled 1) which must be the result of the adjacent lower MW peak bleeding into the
signalling complex peak and thereby lowering the average MW. The main peak (green encircled
2) can clearly be assigned to the dissociated 1:1:2 complex with a difference of -4.5 kDa to the
expected MW. Interestingly, a third peak (green encircled 3) could be assigned to the dissociated

monomeric receptor with correct molecular weight.

These results not only give information on how to best form the complex for
crystallisation purposes, but also give insights into possible ways of complex formation at the cell
surface. Heparan sulphate proteoglycans (HSPG) are known to be ubiquitous and more abundant
than most receptors at mammalian cell surfaces (reviewed in (Bernfield et al., 1999)).
Experiments in Section 5.3.2 confirm that heparin mediated dimerisation of FGF1 is cooperative.

HS chains move freely in all dimensions and are likely to trap ligands when approaching the cell
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surface before they get closer to the membrane. This could result in FGF dimerisation and thereby
activation for interaction with two membrane anchored FGFRs. This is further supported by the

observation that FGF1 only interacts with FGFR in the presence of heparin (see Section 5.4.2).

5.5 Crystallisation of FGFR1-heparinDP10-FGF1

551 Initial crystallisation screening

Fresh samples of FGFR1 D2D3,,, ;s and FGF1,,,,, were prepared by size exclusion
chromatography in SEC buffer (150 mM NaCl, 10 mM Hepes pH 7.5), concentrated by
ultrafiltration and mixed with heparinDP10 to form a ternary FGFR1-heparin-FGF1 signalling
complex with a stoichiometry of 2:1.1:2 (the procedure of complex preparation is described in
Section 4.5.2) and a concentration of about 10 mg/ml. Half of the prepared complex was
subjected to enzymatic deglycosylation with EndoF1. Previous deglycosylation tests have shown
that the FGFR1 D2D3 is protected from precipitation within the signalling complex. Only
minimal protein precipitation was observed even after 30 minutes of enzymatic deglycosylation
(2 ul EndoF1 on 100 ul) at 37 °C. Ultracentrifugation was used to remove precipitation.
Glycosylated and deglycosylated protein pools were screened with the pre crystallisation tests
(Hampton Research) and diluted to the identified optimal concentrations of 4 mg/ml and 6 mg/ml
respectively. These two complex samples were subjected to sitting drop vapour diffusion
crystallisation experiments for initial crystallisation screening (set up as described in Section
2.6.1). Just like the various FGFR4 constructs, FGFR1 was screened against 12 commercially
available crystallisation screens (see Table 4) at 4 °C and 20.5 °C in two different sets for
glycosylated and deglycosylated complex sample. None of the crystallisation trials set up with
glycosylated sample yielded crystals. However, the deglycosylated complex sample crystallised in

a range of rather unsimilar conditions and in generally anisotropic shapes. A selection of the best
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diffracting crystals obtained from initial screening is displayed in Figure 5.7. Most crystals grew
at 20.5 °C in the same space group C2 and had the same unit cell dimensions (crystals numbered
1-5). All presented crystals grown at 20.5 °C diffracted X-rays to resolutions between 2.2-3 A.
Interestingly, the only diffracting crystal obtained at 4 °C (crystal number 6) grew in a space

group P2,2,2, but did diffract X-rays only to 3.6 A resolution.
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Crystal image Size  Crystallisation Space  Resolution
longest s A
arees o, conditions group (A)
(km)

20.5°C

85 0.1 M carboxylic acids c2 2.6
0.1M Imidazole/MES pH 6.5
37.5 % MPD, PEG 1000, PEG 3350

100 0.1 M NaCl C2 2.2
0.100 M bis-Tris propane pH 9.0
25 % PEG 1500

70 0.12 M alcohols Cc2 3.0
0.1 M imidazole/MES pH 6.5
30.0 % PEG monomethyl ether 550,
PEG 20k

45 0.1 M carboxulic acids (o 3.0
0.1M imidazole/MES pH 7.5
37.5 % MPD, PEG 1000, PEG 3350

50 0.1 M amino acids Indexing ~4.7
0.1M imidazole/MES pH 6.5 failed
30 % PEG monomethyl ether 550,
PEG 20k

4.000 M Sodium Chloride P2,2,2, 3.6
0.100 M HEPES pH 7.0

Figure 5.7 Initial crystallisation hits for FGFR1-heparinDP10-FGF1

The best diffracting crystals obtained from initial crystallisation screening of the FGFR1-heparinDP10-FGF1 complex.
Crystals 1-5 grew at 20.5 °C and crystal 6 grew at 4 °C. The first image of each crystal to the left shows the crystal in the 96-
well plate before manipulation. The second image of each crystal was taken at the beamline before data collection. Size of
the crystal for data collection, crystallisation conditions, preliminary identified space group and the maximum resolution are
listed for every crystal from left to right.
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55.2 Crystal optimisation and structure determination

All initial hit conditions, including crystals with poor X-ray diffraction properties such as crystal 5
(Figure 5.7), were used as starting point for crystal optimisation experiments. Hampton additive
screens optimisation as well as manual three-row optimisation (Walter et al., 2005) was applied.

Optimisation could not be achieved for crystal number 6 (with space group P2,2,2)).

Optimisation of crystals in space group C2 was more successful. Most conditions could be
slightly improved. Interestingly, the best diffracting crystals were obtained from the initial
crystallisation condition that yielded worst diffracting, non-indexable crystals (crystal 5
Figure 5.7). Three-row optimisation showed that crystals grow bigger and with sharp edges by
changing the protein/reservoir ratio from 100nl+100nl to 200nl+100nl (see crystal 7 in Figure
5.8 A). The crystal grew to a maximum of 350 ym within 16 days. A second crystal was obtained
by using the same protein/reservoir ratio of 200nl+100nl but with slightly diluted reservoir
solution (1:25 water:reservoir). This crystal grew to a maximum dimension of 500 ym in 16 days
(Figure 5.8 D). These were the only crystals that grew in the respective wells but they could be
split into multiple smaller pieces for collection of many data sets. Crystals were cryoprotected in
25 % glycerol as described in Section 2.6.3 and data sets of three single crystals were collected at
100 K on beamline 104 Diamond Light Source (DLS, Oxford, UK), which diffracted X-rays
beyond 2 A. A single sweep typically contained 1800 images taken at oscillations of 0.10 °, 70 %
transmission, exposure of 0.100 s and using a beam size of 90x45 um. The crystals and
representative diffraction patterns are shown in the left and middle panel of Figure 5.8 B, C and
D with zoomed-in views of the highest diffracting visible spots. Data collection statistics of
datasets 1-3 are summarised in Table 8. Due to radiation damage, the data quality usually
drastically decreased after about 600 recorded images. In order to generate one complete dataset
with good statistics, these three datasets were merged with xia2 (Winter, 2010) using images

2-800 of dataset 1, images 2-450 of dataset 2 and images 2-800 of dataset 3. According to the cell
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dimensions, a 1:1:1 complex could be expected, but not a 2:1:2 complex. The crystal structure by
Plotnikov et al. (2000) of a 1:1 FGF1 D2D3-FGF1 complex (pdb ID: 1EVT) was fragmented into
its domains (D2, D3 and FGF1) and used as a high resolution search model for molecular
replacement using Phaser (McCoy et al., 2007). Heparin was ignored during molecular
replacement. Matthews coefficients (Matthews, 1968) confirmed that one FGFR1 D2D3 and one

FGF1 molecule are present in the asymmetric unit.

Crystal ‘ Crystal 7 (dataset 1) ‘ Crystal 7 (dataset 2) ‘ Crystal 8 (dataset 3)

Data collection

Beamline DLS 104 DLS 104 DLS 104

Resolution range (A) 23.15-197 22.82 -2.24 2491 -2.07
202-1.97) (2.30-2.24) (2.12-2.07)

Spacegroup C121 C121 C121

Cell dimensions:

a,b,c(A) o,B,y (")

72.86,77.42,81.11
90.00, 114.37,90.00

72.96,77.88, 81.39
90.00, 114.90, 90.00

73.13,77.90, 81.88
90.00, 114.75, 90.00j

Wavelength (A) 0.9795 0.9795 0.9795

Total number of reflections 63487 (4386) 60653 (4337) 76764 (5886)
Number of unique 27174 (1970) 19192 (1400) 24671 (1828)
reflections

Completeness (%) 93.7 (94.0) 96.2 (95.2) 81.2 (85.5)

R eree (%) 8.6 (93.6) 8.9 (95.8) 12.8 (84.1)
I/ol 7.7 (.7) 9.6 (1.6) 8.5(2.1)
Redundancy 23(22) 32@3.1) 3.1(3.2)

Table 8 — Data collection statistics

Data collection statistics for three datasets collected from crystals FGFR1-heparinDP10-FGF1 crystals grown in similar
conditions. Numbers in brackets refer to the high-resolution shell.
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A Crystal 7

day 3 day 8 day 16

P P P
- l ‘
100 pim J

B Dataset 1

C Dataset?2

D Crystal 8

Figure 5.8 Diffraction of FGFR1-heparin-FGF1 crystalls

(A) Single crystal after three-raw optimisation of the Morpheus screen condition containing 0.1 M amino acids, 0.1 M
imidazole/MES pH 6.5, 30 % PEG monomethyl ether 550/PEG 20k (initial crystals presented in Figure 5.7 (Crystal 5).
Images of the 200nl drop after 3, 8 and 16 days show the crystal growth. (B) and (C) High resolution diffraction data up to
1.76 A were collected from two smaller pieces of the original crystal (Dataset 1 and Dataset2). (D) A second chunk of

multiple grown-together crystals from the same three-raw optimisation screen was split into small pieces (see crystal growth
through the course of 16 days in three small drop images to the right). E) One of those pieces allowed collection of the best
diffracting data set (Dataset 3) with diffraction out to 1.8 A. Dataset 1-3 were merged to a single dataset.
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553 Refinement, crystal packing and heparin solution

Initial rounds of refinement in Refmac (Murshudov et al., 1997) showed the same FGFR1-FGF1
interface as in previously published structures (Plotnikov et al., 2000; Schlessinger et al., 2000).
Due to tight crystal packing (solvent content = 47.01 %) and good diffraction properties of the
crystals, many regions of unoccupied positive density occurred which allowed building of flexible
regions and of single amino acid side chains that were missing in the molecular replacement input
structure by Plotnikov et al. After several rounds of iterative model building and refinement of the
FGFR1 and FGF1 molecules, vacant electron density in both the 2Fo-Fc and the Fo-Fc maps
occurred between symmetry related FGF1 molecules within the unit cell (Figure 5.9 C). These
peaks of highest density were considered to be sulphate groups for several reasons; firstly, sulphur
(when ordered) scatters X-rays more strongly than carbon or oxygen therefore gives higher signal
in the maps, secondly, these peaks lie adjacent to multiple basic groups of Lys and Arg, which are
likely to form electrostatic interactions with the sulphate groups of the glucosaminoglycan (GAG)
ligand and lastly, those positive density peaks feature pyramidal shapes which is characteristic for
SO, density (Figure 5.9 B). All 10 GAG units of heparinDP10 were modelled manually into this
density. This protein was predicted to have 6 N-linked glycosylation sites and GlcNac residues
could be modelled into additional positive electron density occurring adjacent to Asn227, Asn240,
Asn264, Asn296, Asn330 (Figure 5.6 B). Finally 74 water molecules were added, through the
final refinement iterations. No further ions could be identified in the electron density map. Model
building and refinement was performed as described in Section 2.6.6. Temperature factors were
refined using TLS group refinement combined with isotropic B factor refinement. Final structural

validation was performed as described in Section 2.6.7.

Figure 5.9 A presents three different views of the C2 asymmetric unit, in the typical
colour code (receptor in cyan, FGF1 in blue and heparin in red). The view in y-z-plane reveals

direct heparin-receptor interactions and the view in x-z-plane reveals direct heparin-FGF1
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interactions. However, the view in x-y-plane (left panel) shows that only half of the heparinDP10
chain interacts with proteins of the same asymmetric unit in the 1:1:1 complex. A search for
biologically relevant higher order complexes revealed a 2:1:2 complex in potential P1 space group
(Figure 5.9 C). In this complex a single heparin chain connects two receptor-ligand units.
However, attempts to solve the structure in P1 space group resulted in worse defined heparin
density and generally in worse refinement statistics. This must be due to the anisotropic character
of heparin, which has two different options to occupy the heparin-binding site. The identified
2:1:2 complex only allows occupancy of the heparin-binding site with one heparin in one
orientation. The best solution was obtained with a 1:1:1 complex in C2 space group with the
heparin at half occupancy, allowing the formation of a potentially biologically relevant 2:1:2
complex, given rise by a 2-fold symmetry. The statistics of the finally refined structure with a

resolution of 1.8 A are presented in Table 9.
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C2 space group

Figure 5.9 The monoclinic unit cell of the FGFR1-heparin-FGF1 complex

(A) Presentation of the FGFR1-heparin-FGF1 unit cell in all orientations. The asymmetric unit forms a 1:1:1 complex in C2
space group. (B) Heparin density is clearly defined and reaches over to a symmetry related receptor-ligand unit. (C) The two
receptor-ligand units that are connected by the heparin density form the new, potentially biologically relevant 2:1:2 signalling
complex architecture. As both 1:1:1 units add one heparin molecule, heparin had to be reduced to half occupancy to allow
formation of a 2:1:2 complex.
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Data collection

Resolution range (A)

38.80 — 1.80 (1.85 -1.80)

Space group

C2

Cell dimensions:

a,b,c () o,B,70)

72.82,77.60,81.16
90.00, 114.51, 90.00

Wavelength (A)

0.9795

Total number of reflections

131464 (7556)

Number of unique reflections

35332 (2544)

Completeness (%) 99.1 (97.5)
R erge (%) 5.2 (64.5)
I/ol 13.6 (1.3)
Redundancy 3.7(3.0)
Refinement
Resolution range (A) 38.80-1.8
No. reflections
Ryonc % 210
Riee % 259
No. atoms (non-hydrogen)
Protein 3107
NAG 70
GAG 175
Water 74
B factor (A?)
Protein 28.27
NAG 68.88
GAG 59.68
Water 42.42
RMSD bonds (A) 0.0181
RMSD bond angles (°) 2.0952
Ramachandran statistics
Favoured % 9593
Disallowed 0
MolProbity score 2.31
MolProbity clash score 12.5

Table 9 — Data collection and refinement statistics

Data collection and structure refinement statistics for the FGFR1-heparinDP10-FGF1 1:1:1 complex. Numbers
in brackets refer to the high resolution shell.
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Figure 5.10 presents the crystal packing in all three orientations. The unit cell is
highlighted with white lines and the putative biological unit is coloured according to the typical
colour code. The top view in Figure 5.10 C looks directly onto the heparin chain that seems to
hold both receptors and both ligands together. Interestingly, in that orientation, the crystal packing
generates a 2-dimensional layer with all receptor N-termini pointing out of the image plane and all
receptor C-termini pointing into the image plane. Although there are no strong crystal contacts
between individual 2:1:2 complex units in that planar arrangement, this could indicate on a

possible complex assembly for receptor clustering on the cell surface.

Figure 5.10  Crystal packing and final electron density map

(A) Packing of the FGFR1 D2D3-heparinDP10-FGF1 complex in the crystal. The asymmetric unit is comprised of a 1:1:1
complex and the putative biological signalling complex unit is comprised of a 2:1:2 complex. One 2:1:2 unit is depicted in
the typical colours (receptor in cyan, FGF1 in blue and heparin in red). (B) 90° horizontal rotation of panel A. (C) 90° vertical
rotation of panel B. (D) Electron density map of two [-sheets connected by a disulphide bridge at the end of the refinement.
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5.6 N-linked glycosylation of FGFR1

5.6.1 Solving of N-linked glycans

Sequence alignment in Figure 5.11 A encompasses Ig domains D2 and D3 of FGFR1-4 and
shows that not all N-linked glycosylation sites are conserved across all human homologs. FGFR1
and FGFR2 share number and position of all predicted glycosylation sites, including two
additional predicted glycosylation sites on D1 (not shown in this alignment) and are thereby the
family members with highest degree of glycosylation. As the FGFR1-heparin-FGF1 complex was
crystallised in presence of EndoF1, only single GlcNAc residues were expected at each
glycosylation site (see Figure 5.11 C). In fact, as the green boxes in Figure 5.11 B show, five out
of the six GIcNAc residues could be resolved in the presented structure. This is the first crystal
structure of a FGF receptor expressed in mammalian cells, showing glycosylations at Asn
residues. Representatively, Figure 5.11 D shows the well-defined electron density of the N240
linked GIcNAc. Interestingly this GIcNAc residue formed crystal contacts with Ig D3 of a
symmetry related receptor, showing that deglycosylation of all receptors at position N240 was
essential for crystal formation. The only N-linked sugar that could not be found is located at the
BC’-BE loop, the loop involved in receptor-ligand specificity (Beenken et al., 2012). The loop
could be built completely, however, with relatively high B-factors assigned into residues N317-
D320. For reason of completeness, the missing glycan at residue N317 is modelled to the structure

in all following analysis.
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A Ig D2
O—>
151 161 171 181 191
Consensus yn-------- APYWThpekM eKkLhAVPAa nTVkFrCPaa GnPtPtirwWL
Conservation
1 142DNTKPNRMPV APYWTSPEKM EKKLHAVPAA KTVKFKCPSS GTPNPTLRWL 191
R2 148 SNNKR - - - - - APYWTNTEKM EKRLHAVPAA NTVKFRCPA NPMPTMRWL 192
R3 149G--------- APYWTRPERM DKKLLAVPAA NTVRFRCPAA NPTPSISWL 189
R4 142YP - - - - - - QaQ APYWTHPQRM EKKLHAVPA NTVKFRCPAA NPTPTIRWL 185
201 211 22 231 Glye1 241 Glyc2
Consensus KnGkeFkgeh RIGGykIRhq hWS|iMeSVV PSDkGnYTCv VENeyGSIrh
Conservation
R1 192 KNGKEFKPDH RIGGYKVRYA TWSIIMDSVV SDKCNVTCI VENEYGS 241
R2 193 KNGKEFKQEH R YKVRNQ HWSL IMESVV SDKGN[yTCV VENEYGS 242
R3 190 KNGREFRGEH R | KLRHQ QWS LVMESVV SDR TCV VENKFGS Q 239
R4 186 KDGOAFHGEN R IRLRHQ HWSLVMESVV SDRGTYTCL VENAVGS I RY 235
g D2 g D3
251 g 261 L, 27 Plye s 281 291
Consensus tYqQLDVIERS PHRPILQAGL PANatavIiGs dVEfhCKVYS DaQPHIQWIK
Conservation
R1 242 TYQLDVV HRPILQAGL NKTVALGS NVEFMCKVYS DPQPHIQWLK 291
R2 243 TYHLDVV HRPILQAGL NJASTVV DVEFVCKV DAQPHIQWI K 292
R3 240 TYTLDVLERE HRPILQAGL ANQTAVLGS DVEFHCKVYS DAQPHIQWLK 289
R4 236 NYLLDVLERS HRPILQAGL ANJTTAVVGS DVELLCKVYS DAQPH I QWLK 285
01 Glyes 311 321 Glves 331 Glyc6 54
Consensus HievN[aSkiG pDglPYvqvL KtAgyNJttdk EiEVLyI [NV sfEDAGEYTC
Conservation
R1 202H | EVINIGSK | DNLPYVQIL KTA N[TTDK EMEV LHLRNV SFEDAGEYTC 341
R2 293 HVEKIN[GSKY DGLPYLKVL KAA N[TTDK EITEVLY I RNV TFEDAGEYTC 342
R3 290 HVE VNG SKV DGTPYVTVL KTAGAN|TTDK ELEVLSL N[V TFEDAGEYTC 339
R4 286 H I VI[NGSSFG  ADGFPYVOVL KTADI[NSS EVEVLYLRNV SAEDAGEYTC 333
Ig D3
351 361 g 37 381 M
Consensus LAGNSIGISh hSAWLtVLpa eeerpeaaas -prYleliiY
Conservation
R1 342 LAGNS IGLSH HSAWLTVLEA LEERPAVMTS LYLEIIIY
R2 343 LAGNS | I SF HSAWLTVLPA REKE ITAS DYLEIAIY
R3 340 LAGNS | FSH HSAWLVVLPA EEELVEADEA SVYAGILSY
R4 334 LAGNS | LSY QSAWLTVLPE EDPTWTAAA EARYTDI1ILY
homolog Nglvc 1 glye alye Blyc Nglyc 5 Nglvc 6
FGFR1 N227 N240 N264 N296 N317 N330
FGFR2 N228 N241 N265 N297 N318 N331
FGFR3 N225 N265 N294 N315 N328
FGFR4 N258 N290 N311 N322
L J L J

Ig D2 Ig D3

C Man,GlcNAc, D

cleavage site
of EndoF1

T N-linkage at
GIcNAc C1

Figure 5.11 Comparison of FGFR D2D3 glycosylation patterns

(A) Sequence alignment of human FGFR family members. Predicted glycosylation sites are highlighted with blue label and
black boxes. Start and end of domains are indicated with blue and red arrows, respectively. (B) Summary of all glycosylation
sites with corresponding residue number in each homolog. FGFR1 glycosylation sites in green boxes could be resolved
whereas the one in a red box could not be found in the electron density of the presented structure. (C) Structure of the
oligomannose Man;GIcNAc, (mannose in green, GIcNAc in blue) which represents the final N-linked sugar species for
protein expressed in HEK293S cells. The position of Asn-linkage and the cleavage site of EndoF1 are highlighted with
arrows. EndoF1 treatment leaves a single GlcNAc residue at each glycosylation site. (D) Representative GlcNAc residue
linked to Asn240, with corresponding electron density of the presented structure.
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5.6.2 Localisation of FGFR1 N-linked glycosylation in signalling
complexes

In Section 4.5.1 the potential involvement of N-linked glycans in regulation of the FGFR-FGF
dimer formation was discussed. MALLS experiments with deglycosylated FGFR1 sample
(Section 5.4.2), suggested that N-linked glycans do not have a direct influence on receptor-ligand
interaction. These experiments were not capable of monitoring possible interference of N-linked
glycosylations with formation of higher order signalling complexes. Various studies have shown
that some activating mutations of human FGF receptors 1-3 abolish asparagine residues in
consensus N-glycosylation sites, which lead to a diverse group of skeletal disorders. Asparagine
330 to isoleucine (N330I) in FGFR1 causes Osteoglophonic Dysplasia (K. E. White et al., 2005),
asparagine 331 to isoleucine (N331I) in FGFR2 leads to Crouzon Syndrome (Steinberger,
Mulliken, & Miiller, 1996) and substitution of asparagine 328 with isoleucine (N3281) in FGFR3
causes Hypochondroplasia (Winterpacht et al., 2000). These three mutated asparagines
correspond to N, 6 in Figure 5.11 and are labelled with red Glyc 6 in Figures 5.12 and 5.13. A
comprehensive genetic study in C. elegans has shown that this N-glycan negatively regulates
FGFR activity in vivo (Polanska, Duchesne, Harries, Fernig, & Kinnunen, 2009), supporting the
notion that mutation of N-glycosylation sites in human FGFR may lead to aberrant activation of

the receptor.

Here, the aim is to study the localisation of N-linked glycans in the context of the three
currently available signalling complexes. As the Schlessinger and Pellegrini structures were
obtained from different receptor-ligand combinations, and in addition miss important loops that
comprise N-glycosylation sites, some homology modelling was required. The GIcNAc-
glycosylated FGFR1-FGF1 unit of the new structure was used to generate models representing the
Schlessinger and Pellegrini complex architecture. This resulted in signalling complexes built of
identical components (not identical heparin stoichiometry) in three different architectures. The 12

single GlcNAc residues present in each of these models were extended to Man;GIcNAc, (using
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the AllosMod server, (Guttman et al., 2013), which represents the full oligosaccharide chain

attached to proteins expressed in HEK293S cells.

HeparinDP10 Glye4

Figure 5.12 The new FGFR 2:1:2 signalling complex in presence of N-linked glycans

(A) Top view of the FGFR1-heparinDP10-FGF1 2:1:2 signalling complex. Single GIcNAc moieties that were found attached
to asparagine residues in the crystal structure were extended to more bulky Man,GlcNAc, saccharides (coloured warmpink).
FGF receptors are coloured cyan, FGF1 molecules are coloured blue and the heparin chain is coloured red. (B) 90° horizontal
rotation of panel A. N-linked glycans are labeled Glyc I to Glyc 6. Glyc 6, which has been found to cause skeletal disorder
upon deletion, is labelled red (see Figure 5.11.B for corresponding Asn positions) (C) 90° horizontal rotation of panel B.
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Top-, side- and bottom-views of the new putative signalling complex models are
presented in Figure 5.12 A to C. Interestingly, the side view shows that all four glycans linked to
the D2 domains (Glyc 1 and Glyc 2) are located on the exact opposite side to the heparin binding
site, pointing into the same direction. This position seems to be the most probable potential
orientation relative to the cellular membrane. All three views show that the N-linked glycans
heavily hinder accessibility of certain receptor sites for potential binding partners. However,
direct sterical hindrances interfering with formation of the 2:1:2 signalling complex cannot be
found. Extension of all N-linked glycans to saccharides with more biological length would be

fully compatible with the new complex architecture.

The front-view of the FGFR1 D2D3,, -heparin-FGF1 2:2:2 homology model in

glye
Schlessinger architecture (Figure 5.13 B) shows that most glycans point away from the prominent
receptor-receptor interface suggested by (Plotnikov et al., 1999; Schlessinger et al., 2000; Stauber
et al., 2000). However, the side view in Figure 5.13 A and the zoomed in subsection (Figure 5.13
C) indicate that the sugars corresponding to Glyc 3 on Ig D3 (glycosylations at position N264)
directly point towards each other. In fact, modelling of this glycan pair without spatial clashes
required multiple attempts. Both neighbouring N264 residues and the first GIcNAc residues,
which are part of the crystal structure, are shown as sticks. These two residues on each side point
directly towards each other and imply that attached sugars are likely to generally point in the
directions of the red arrows. The very well defined electron density for N264-GlcNAc confirms
that there is no doubt about the correct conformation of the asparagine and the GlcNAc residues.
In fact, N264-GIlcNAc did not involve additional crystal contacts, which means that its orientation
is a pure consequence of the saccharide stereochemistry. Duchesne et al. (2006) analysed the
composition of N-glycans attached to FGFR1 (expressed in CHO cells) by mass spectroscopy.
The most frequently detected oligosaccharide species were built of 13 sugar moieties and the

largest were built of up to 18 sugar moieties spread in 4 branches. For the case that the

Schlessinger architecture represents a biologically relevant complex, the presented modelling of
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N-glycans suggests that the whole arrangement would require a huge degree of flexibility in order

to allow accommodation of two bulky glycans between both Ig domains 3.

Analysing the same glycan modelling for the Pellegrini architecture, again, the only

N-linked sugar that could potentially cause sterical clashes is N264 Due to the atypical

alye-
positioning of Ig D3 (caused by a cis-proline in the D2-D3 linker), N264 is located directly
adjacent to the FGF binding site (Glyc 3 in Figure 5.13 E). In this asymmetric model, heparin
forms very different interactions to each receptor-ligand unit. The zoomed-in window presents
Glyc 3 on the opposite side after 180° rotation (Figure 5.13 G). This view suggests that the N264
linked glycosylation would theoretically hinder the continuation of the reducing end of the
heparin chain. Whereas nonreducing ends are the natural ends of heparan sulphate chains,
reducing ends do not exist on the cell surface as they are attached to the proteoglycan. Thus, the
reducing heparin end would have to continue its path directly through the space that is occupied
by the comparatively small, modelled N264-linked Glc;NAc,. This makes the formation of the
Pellegrini signalling complex appear rather unlikely. To date there is no clear evidence whether
the Schlessinger and Pellegrini signalling complexes are formed on the cell surface for cellular
activation. The location of Glyc 6 (that has been linked to skeletal disorders) does not seem to be
able to interfere with signalling complex formation of any type. However, as it is positioned at the
very end of D3 it is possible that its regulatory effect relies on interactions with the cellular
membrane. Another possible regulatory mechanism could be that Glyc 6 inhibits formation of
clusters of activated receptors. Further cellular studies will be required to decipher the role of

individual, highly conserved N-glycosylations.

152



Chapter 5 — Structural investigation of the FGFR 1-heparinDP10-FGF1 signalling complex

A

Schlessinger

Glyes /o

C4 link to
next NA

E Glyc2
- ; o

Glyc 1l
Pellegrini

Figure 5.13  The Schlessinger and Pellegrini structures in presence of N-linked glycans

The FGFR1,,-FGF1 unit of the new structure was used to generate models in the Schlessinger and Pellegrini architectures.
All GIcNAc residues were extended to Man;GlcNAc, (using the AllosMod server, Guttman et al., 2013), which represents
the full oligosaccharide chain attached to proteins that are expressed in HEK293S cells. Colour coding and labels as in
Figure 5.12. (A) Front view on the FGFR1-FGF1 Schlessinger model. (B) 90° vertical rotation of panel A. (C) Zoomed in
view of highlighted window in panel A after 90° horizontal rotation. Labels highlight glycosylated asparagine residues 264
from receptor A and receptor B. Red arrows indicate that both the rigid Asn side chains as well as the first GIcNAc residues
point directly towards each other, indicating an approximate positioning of the more bulky glycosylation in biology. (D)
Sticks model of the glycosylated FGFR1 Asn264 from the new structure with corresponding 2Fc-2Fo electron density map
(blue) at 1 0. (E) and (F) Same modelling as in A and B for the Pellegrini architecture. G) Zoomed in view of highlighted
window in panel E) after 180° horizontal rotation.
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5.7 The role of heparin in the FGFR1 signalling

complex formation

5.7.1 Nonreducing heparin ends form same interactions to
receptor-ligand Interface in all three models

After comparison of the N-glycan locations in the preceding section, the following section deals
with the heparin-binding mode in all available signalling complex structures. Figure 5.14 A
shows the asymmetric FGFR1-heparinDP10-FGF1 unit with the helical heparin axis in the image
plane (upper panel) and with the heparin axis perpendicular to the image plane. (lower panel). The
equivalent views are presented for the 1:1:1 receptor-heparin-ligand unit of the Schlessinger
(Figure 5.14 B) and Pellegrini architectures (Figure 5.14 C) (as both structures are not
symmetric, the complex unit with most HS interactions was chosen). Interestingly, although the
three signalling complex architectures differ strongly, all FGFR D2-heparin-FGF units adopt the
same arrangement (with exception of the second receptor-heparin-ligand unit of the asymmetric
Pellegrini model, not shown). The BC’-BE loop on Ig domain D3 (highlighted for all structures in
Figure 5.14) has been established to be responsible for ligand binding specificity by direct
interactions with FGF (Beenken et al., 2012; Olsen et al., 2004). Importantly, these interactions
are observed in the new structure. In contrast, structural and functional studies have shown that
the Ig D3 orientation in the Pellegrini structure, imposed by the cis-conformation of P235, is not
compatible with the ligand specificity filter as the BC’-BE loop can not form interactions with the
ligand (Ibrahimi et al., 2005). The large insertion of 14 residues, forming the extended PC-BC’
loop in D3, is fully ordered in the new model. In the Schlessinger structure this loop is ordered in
only one of both D2D3 molecules in the asymmetric unit and it is completely disordered in the
Pellegrini structure (see arrows indicating the BC-BC’ loop). This loop comprises a highly

conserved glycosylation site but its function remains elusive.
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Figure 5.14 — Heparin binding mode in different FGFR-heparin-FGF 1:1:1 units

The single 1:1:1 units of 2:1:2 (or 2:2:2) signalling complexes are presented in A, B and C from the same front view (upper
panel) and side view (lower panel) in cartoon representation. FGFR molecules are coloured in cyan, FGF molecules in blue
and the sticks models of heparin chains are coloured in red with additional atom specific colouring. The BC’-BE loop on Ig
domain D3 is labelled for all three structures. (A) The 1.8 A FGFR 1-heparinDP10-FGF1 structure resolved all 10 saccharides
with half occupancy in each orientation. Only one of both possible heparin orientations is shown. 90° horizontal rotation
shows the linear helical axis of the heparin molecule and reveals the fully resolved BC-BC’. (B) Only 8 out of 10 heparin
saccharide units are ordered in the Schlessinger structure with 3.0 A resolution (pdb ID: 1FQ9). The side view in the lower
panel shows that the helical heparin axis is slightly bent. (C) In the Pellegrini structure with 2.8 A resolution (pdb ID: 1FQ9),
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the proline 235 adopts a cis-conformation, which causes a rotation of the whole Ig D3 (compare new position of BC’-BE
loop). All heparin units are ordered. The BC-BC’ is disordered. (D) Comparison of orientation and position of the heparin
chains in all signalling complex structures. In order to represent the heparin binding cleft the FGFR1-FGF1 dimer of the new
structure is shown in surface representation in the background of both panels. In addition, the saccharide backbone of the
heparinDP12 NMR structure (Forster et al., 1993; pdb ID: 1HPN) is shown in sticks and spheres representation (white),
representing the ideal heparin conformation in solution. The top panel shows the alignment of the NMR structure to the
heparinDP10 from the new model (red). The lower panel compares the helical axis of the NMR structure with one
Schlessinger heparin (black) and the Pellegrini heparin (green). All heparin chains point their nonreducing end towards the
receptor-ligand interface.

In the new structure and in the Pellegrini model all saccharide units form hydrogen bonds
with receptor and/or ligand, which caused the complete decasaccharide to be ordered in the
crystal. In contrast, in the Schlessinger structure only the first 6 saccharide units form interactions
with receptor or ligand. Thus only 8 sugars could be resolved on the 1:1:1 unit presented in
Figure 5.14 B (or 6 on the corresponding pseudo-symmetric unit, not shown). In solution heparin
adopts a rigid helical conformation (Sommer & Rifkin, 1989). In Figure 5.14 D the sugar
backbone of the linear NMR solution structure of heparinDP12 (B Mulloy, 1993); pdb ID: 1HPN;
see white spheres) is manually fitted into the heparin binding site of a receptor-ligand dimer,
enabling conformational comparison to the heparin observed in the new structure (upper panel)
and to the heparin in the Schlessinger and Pellegrini structures (lower panel). All heparin
molecules adopt the same orientation, in which the nonreducing end reaches into the same binding
pocket of FGFR D2. The general spiral track of the first six saccharides is in good agreement
across all three structures. Sulphate moieties of the different heparin chains are clustered at the
same positions, where they interact with positively charged arginine or lysine residues on FGFR
and FGF. Interestingly, only the conformation of heparinDP10 in the new model is in good
agreement with the conformation adopted by heparin in solution (which corresponds to the
sterically and energetically most favoured conformation). In contrast, the Pellegrini heparin chain
adopts a prominent 34° distortion of the helical axis between the 6™ and the 7™ saccharide (see

green heparin chain), which has been assumed to cause higher affinity for a second FGF molecule
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by realignment of free sulphate groups (Robinson et al., 2005). However there is no experimental
evidence for such a mechanism, which moreover would involve an FGF dimer with untypical

secondary FGF-heparin interface, as will be discussed in Section 5.7.3.

5.7.2 C2-symmetry axis in new model abolishes orientational restraints of
heparin

In context of the 1:1:1 complex, heparin chains appear to have a determined orientation. However,
in context of the full signalling complex, the new model reveals for the first time directional
independency of the heparin chain. Figure 5.15 A illustrates that the 2:1:2 complex has a C2
symmetry axis in the centre of the heparin chain. Both perfectly symmetric 1:1:1 units contribute
a heparin chain with half occupancy that are merged to a 2:1:2 complex with two heparin chains
of half occupancy. The green arrows indicate that heparin is observed in both orientations in the
crystal (with a 50 % probability for either orientations). In contrast the Schlessinger (2:2:2) and
Pellegrini (2:1:2) complexes were determined as crystallographically asymmetric complexes.
Schlessinger et al. solved their crystal structure in space group P4,2,2,. Both heparin chains point
their nonreducing ends (coloured red) directly towards the central pseudo C2-symmetry axis (see
green arrows in Figure 5.15 B), which makes them directionally identical in each 1:1:1 complex
subunit. Importantly, as the authors of this crystal structure report, the formation of this complex
on the cell surface depends on two free nonreducing heparin ends. Besides their observation that
terminal 2-O-sulfation (which is only present at the nonreducing end) is essential for complex
formation, it is important to mention that free reducing heparin ends (coloured blue) do not exist
on the cell surface. Thus the opposite orientation would not be compatible with the biochemistry
at the cell surface (see red arrows in Figure 5.15 B). Pellegrini et al. observed a complete,
asymmetric 2:1:2 complex (P6, unit cell) that implies that the assembly of a signalling complex
takes place on a single heparin molecule. The green arrow in Figure 5.15 C indicates the

observed orientation of the heparin chain that only interacts with one receptor. (Harmer et al.,
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2004) analysed the interactions of the nonreducing heparin end to FGFR in detail and concluded
that essential interactions for complex formation could theoretically not be undergone by the
reducing heparin ends. Thus, it may be assume that on the cell surface this complex could not be
formed with heparin in the inverted orientation (see red arrow in Figure 5.15 C). Furthermore, in
biological context the reducing heparin end would have to be continued. However, this would be
strongly impeded by the adjacent bulky N264-linked glycosylation, as discussed in Section 5.6.2

(see Figure 5.13 G).

A structure based search for the minimal HS sequence required for FGFR and FGF
binding was performed by screening of all available structures that involved a FGFR and/or FGF
bound heparin (Pellegrini et al., 2001). The minimal binding sequence to FGF was convincingly
determined as GIcN(60SO3)-IdoA(20SO3)-GlcN(NSO3). In the typical heparin conformation
these three sulphates appear aligned on one side of the saccharide chain. The minimal binding
sequence to FGFR involves both sulphates of a single glucosamine (GlcN(60SO3) and
GIcN(NSO3)). Making use of the PISA server (Krissinel & Henrick, 2007), here all three
signalling complex structures are subjected to a similar but more detailed HS-protein interaction
analysis in order to map which HS unit binds to which protein domain (Figure 5.15 D-F). The
heparin chains for each complex are depicted as squares and numbered with ascending numbers
starting from the reducing end. Heparan sulphates that form interactions with protein are
represented by coloured circles on either cyan (FGFR interaction) or blue (FGF interaction) or.
Strikingly, in the new model all 15 HS that are present on heparinDP10 form protein interaction
(Figure 5.15 D). Both FGF1 molecules interact with the typical triad of O-6-, O-2- and N-
sulphates. FGF1 B forms further interactions to two additional HS of the next triad and thereby
reveals the most intense interaction to a heparin chain observed to date. Each receptor forms
hydrogen bonds with 4 HS, involving one minimal FGFR binding sequence (GlcN(60SO3) and
GIcN(NSO3)). As the Schlessinger structure involves two heparinDP10 chains, theoretically there

are 30 heparan sulphates available. However, protein interactions are only formed to saccharides
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5-10 of each heparin decasaccharide. These 12 saccharides present a total of 18 HS units of which
only 14 form protein interactions. FGFR1 A and B form remarkably ample interfaces to heparin
but in very different patterns, revealing the high degree of asymmetry on the heparin level. Each
receptor interacts with 6 HS by formation of at least one minimal receptor-heparin binding
sequence. Both FGF2 molecules reveal identical interactions by binding to one typical HS triad.
Of all analysed FGF-heparin interactions, FGF1 B in the Pellegrini structure is the only ligand
that does not form the triad interactions to a 6-O-, 2-O-, N-sulphate motif. The strong 34° kink in
the heparin chain (see Section 5.7.1 and 5.7.3) severely alters the ideal helical heparin
conformation and thereby limits the interface to FGF1-B to two distant GIcN(NSO3) located at
glucosamine 1 and glucosamine 5. In addition, out of all compared structures, the Pellegrini
model reveals the weakest receptor-heparin interface. Whereas FGFR1 A only coordinates two
HS (one minimal binding sequence), FGFR1 B does not bind to heparin at all. Only 8 out of 15
available heparan sulphates interact with protein, forming an arrangement that is going to be less
stable and less dependent on specific sulphation patterns on cell surface HSPG than the new

model.

Taking these observations together, it seems that the new presented structure represents
the only signalling complex architecture that has no directional and positional restrictions for the
heparin binding mode. All three structures comprise heparin decasaccharide, which has been
identified in various studies to be a potent biological activator of FGFR (Franklin J Moy et al.,
1997; Goodger et al., 2008; Ornitz et al., 1992; Wu et al., 2003). Strikingly, only in the new
model does heparin adopt the ideal helical conformation and involve 100 % of all available
heparan sulphates in protein interactions. This describes the most compact heparin-binding mode
in a FGFR signalling complex and also suggests on high specificity for heparin binding arising

from evolutionary development.
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Figure 5.15  Heparin orientation and HS interaction map

Analysis of heparin orientation observed in (A) the new 2:1:2 model with C2 symmetry, (B) the pseudo C2-summetric 2:2:2
Schlessinger model and (C) the asymmetric 2:1:2 Pellegrini model. FGFRs and FGFs are shown as ribbons and coloured
cyan or blue respectively. Heparin chains are presented as sticks models and are coloured in rainbow mode, showing the
reducing end in blue and the nonreducing end in red. Green arrows indicate heparin orientations that were observed in the
crystal structure and red arrows indicate heparin orientations that are not compatible with the respective crystal packing or
with the biological environment. A detailed analysis of HS groups involved in FGF and FGFR binding is presented for the
new model in (D), for the Schlessinger model in (E) and for the Pellegrini model in (F). Heparin molecules are represented as
a chain of glucosamines (square) and iduronic acids (diamonds), numbered from the reducing to the nonreducing end and
aligned vertically relative to each other in a way that reflects their structural alignment. In order to mimic the three-
dimensional arrangement of the sulphate groups of adjacent disaccharide units relative to the heparin helix, they are drawn in
opposite positions. N-sulphate groups at a protein-interface are shown in blue, 6-O-sulphate groups in red and 2-O-sulphate
groups in green (representation adopted from Pellegrini et al., 2001). Cyan background labels HS that interact with FGFRs
and blue background labels those HS that interact with FGFs. Black arrows indicate heparin orientation as in the upper panel.
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5.7.3 Solely the new model is consistent with cooperative FGF
dimerisation

The question of how two receptors and two ligands find each other to form a heparin mediated
complex still needs to be addressed. Studies have suggested that heparin-linked FGF oligomers
are the biologically active form of the ligand (DiGabriele et al., 1998; Franklin J Moy et al.,
1997.; Spivak-Kroizman et al., 1994). The observation from SEC-MALLS experiments
(presented in Section 5.3.2), suggesting that heparin mediated FGF1 dimerisation proceeds
cooperatively, supports the hypothesis that FGF dimerisation precedes recruitment of FGFR to
form a ternary signalling complex. This hypothesis is further supported by previous SEC studies
(Harmer et al., 2006; Robinson et al., 2005) and an ITC study, reporting that the FGF2-
octasaccharide interaction exhibits pronounced cooperativity (Brown et al., 2013). Several crystal
structures have been described for FGF molecules in complexes with heparin-like sugars (Faham
et al., 1996; Omnitz et al., 1995; X. Zhu, Hsu, & Rees, 1993), revealing the FGF-binding site for
oligosaccharides. The first biologically active dimer of human FGF1 in complex with a fully
sulphated, homogeneous heparin decasaccharide was solved by DiGabriele and coworkers (1998)
at a resolution of 2.9 A (Figure 5.16 A). Heparin decasaccharide cross links FGF1 in a trans
configuration with two FGF1 polypeptides related by a quasi 2-fold symmetry axis that runs
perpendicular to the helical axis of the heparin chain. There are no direct FGF-FGF contacts,
which means that all contacts are mediated through the heparin molecule. Strikingly, aligning
FGF1A of 1AXM to FGF A of all available FGFR signalling complexes (Figure 5.16 B-D)
reveals that the new presented ternary complex is the only one that shares the same symmetry axis
at identical position (compare 1AXM 2-fold symmetry axis to C2 symmetry axis depicted in
Figure 5.15 A), including very similar heparin-FGF contacts. The heparin-ligand interface in
DiGabriele’s dimer, stretches over five saccharides (leaving five disordered saccharides), whereas
heparin in the new structure is slightly reoriented by heparin-receptor interactions, enabling

additional contacts to R122 and K128 of the ligand (residues flanking the heparin binding site on
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FGF1), resulting in a total number of 6 saccharides that interact with FGF1. The asymmetric
heparin-FGF1 unit in the Pellegrini structure (Figure 5.16 C) shows that the rotational position
and the contacts of FGF1 B to heparin strongly deviate from the typical heparin-FGF interface
(compare position of all 37-p8 loops in black circles). It is important to note that this asymmetric
FGF dimer arrangement is not the result of two ‘free ligands’ binding to heparin, but rather
imposed by the crystallographic arrangement of two FGFR-FGF units to one heparinDP10
molecule. In stark contrast, the Schlessinger structure is lacking a ligand dimer and is thereby not
compatible with all studies suggesting that heparin-linked FGF oligomers are the biologically
active form of the protein and the primary units for ternary signalling complex formation on the
cell surface. However, as presented in Figure 5.14, the isolated heparin-ligand units are in perfect
agreement with the interface observed by DiGabriele et al. Nevertheless, this model remains
particularly difficult to reconcile with reported correlation between heparin length and their

physiological activity (Barzu et al., 1989; Ishihara, 1994; Pye et al., 1998).
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A 1AXM B New model C Pellegrini
HepDP10-FGF1 symmetric 1:2 asymmetric 1:2
1:2 crystal structure heparin-FGF1 unit heparin-FGF1 unit

(DiGabriele et al., 1998)

Figure 5.16 Comparison of heparin mediated FGF dimer structures

Comparison of the heparinDP10-FGF1 crystal structure (DiGabriele et al., 1998; pdb ID: 1AXM) in (A) to the heparin-FGF
units of the new signalling complex presented in this work (B) and the asymmetric model by Pellegrini et al. in (C) (pdb ID:
1E00). All structures were aligned to their FGF A molecules which are shown as cartoon in an orange transparent sphere.
FGF B of all structures is shown as cartoon in rainbow representation. Selected arginine and lysine residues involved in
heparin interaction are shown as sticks, coloured by element. R122 and K128 form the first and the last residue of the heparin
binding site and serve as marker for positional comparison of all three structures. Equally the 37-$8 loop serves as a marker,
which highlights the positional deviation of FGF B in the Pellegrini structure.
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5.8 Conclusions and future Perspectives

An important objective pursued through comparison of FGFR signalling complexes is to find
indications that help to explain the order of events during complex formation on the cell surface.
The field has been debating whether receptor activation occurs upon a preformed FGF dimer (A.
Brown et al., 2013; Robinson et al., 2005), by assembly of two preformed 1:1:1 receptor-heparin-
ligand complexes (Mohammadi et al., 2005; Sterner et al., 2014) or whether both mechanisms are
relevant (Goodger et al., 2008). Table 10 summarises the crystallisation conditions of FGFR
crystal structures representing putative biologically relevant higher order arrangements.
Strikingly, with exception of the new structure, all crystallisation conditions contain high (= 1M)
concentration of a sulphate salt. The last column of the table lists the molecules that are bound to
the heparin-binding pocket created by assembly of two receptors and two ligands. The new model
was crystallised from a mixture of all three complex components in defined concentration,
allowing free assembly of any complex arrangement in presence of one GIcNAc residue at each
N-linked glycosylation site. Crystals grew in conditions that out of all signalling complex
conditions were closest to physiological conditions. It seems natural that the correct complex
arrangement is mainly going to be driven by electrostatic interactions of the heavily negatively
charged heparin to very positively charged lysine and arginine patches on the receptor and the
ligand. As discussed in Section 5.7.2, the result is a symmetric 2:1:2 complex arrangement, in
which all heparan sulphate units are hydrogen bonded to protein. FGFR1-FGF1 interaction in
absence of heparin could not be observed in this work, supposedly due to electrostatic repulsion
and obstructing N-linked glycosylations. This strongly suggests that the signalling complex was
formed by stepwise addition of two receptors to a central heparin-mediated FGF-dimer, which is
consistent with our previous observations of cooperative FGF dimerisation (Section 5.3.2).
Importantly, the described order of events avoids at all times formation of protein-protein
interactions without compensation of positive charges by heparin and should be compatible with

physiological conditions on the cell-surface.
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In stark contrast, the Schlessinger structure (see 1FQ9 in Table 10) was obtained by
soaking of heparin to a previously published 2:2 structure formed by two preformed receptor-
ligand dimers in presence of 1.6 M sulphate concentration (see 1EVT by Plotnikov et al., 2000 in
Table 5.3). In 1EVT the heparin binding site is occupied with 4 sulphates that compensate for
otherwise strong electrostatic repulsion of the tightly packed positively charged heparin binding
patches on receptors and ligands. It is questionable whether this complex assembly would occur in
absence of sulphate under physiological conditions. As heparin is required for FGFR activation, it
seems plausible that the Schlessinger architecture on the cell surface would be formed of two pre-
formed 1:1:1 complexes. Thus, FGFR activation through a 2:2:2 complex would depend on the
concentration of 1:1:1 complexes on the cell surface, and on receptor-receptor and secondary
receptor-ligand interactions, not on heparin directly crosslinking two receptor-ligand complexes.
The fact that nonreducing heparin ends are essential for the formation of this arrangement must be
a major limiting factor for efficient FGFR signalling. In contrast the new presented signalling
structure is independent from heparin orientation and location (see Section 5.7.2). Experiments
with synthetic heparan sulphate blocks have shown that nonreducing heparin ends are stronger
FGFR activators than highly sulphated domains anywhere else on the polysaccharide chain, which
has been used as a supporting argument for the relevance of the Schlessinger model (Sterner et al.,
2014). In fact, considering the very similar interaction pattern of heparin to the primary receptor-
ligand dimer in the Schlessinger model and the new model (Figure 5.14), nonreducing ends might
also be the stronger activators of signalling in the arrangement of the new structure, however not
essential for activation. The analysis of further FGFR-FGF crystal structures without heparin,
published by co-workers of Schlessinger, reveals that the Schlessinger arrangement with canyon-
forming interaction between the FGFR ectodomains is not observed when crystallisation is
achieved in a low salt buffer (compare pdb entry 1CVS with entries 1EVT and 1EV2). Another
independent group has published the first heparin-free canyon-forming crystal structure (see 1DJS

in Table 5.3; Stauber et al., 2000) that contains 7 sulphates in the heparin-binding site. Taking
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these facts together, it is likely that the crystallisation process, and not heparin, is responsible for

the association of two FGFR molecules in a dimer with a canyon-like cleft.

Structure Crystallisation condition Molecules bound to
) heparin binding site
Compound Concentration (pH)
New structure amino acids 01M heparin
FGFR1,,-HepDP10-FGF1 (2:1:2) Imidazole/MES 0.1 M (6.5)
PEG monomethyl ether | 30 %
550/PEG 20.000
1EVT (Plotnikov et al., 2000) (NH,),SO, 1.6M 4 sulphates
FGFR1-FGF2 (2:2) Tris-HCL 0.1 M (8.5)
Schlessinger arrangement Glycerol 20 %
1FQ9 (Schlessinger et al., 2000) (NH,),SO, as above Heparin
FGFR1-hepDP10-FGF2 (2:2:2) Tris-HCL + heparin
Glycerol (soak)
1DJS (Stauber et al., 2000) (NH,),SO, 1.6M 7 sulphates
FGFR2-FGF1 (2:2) Hepes 10 mM (7.5)
Schlessinger arrangement
1E0O (Pellegrini et al., 2000) Li,SO, 1M 4 sulphates + heparin
FGFR2-hepDP10-FGF1 (2:1:2) Tris-HCL 0.1 M (8.5)
NiSO4 10 mM

Table 10 — Crystallisation conditions of FGFR complex structures

The single heparin chain in the asymmetric signalling complex (Pellegrini et al., 2000)
crosslinks two receptor-ligand units via a central FGF dimer. Importantly, in this arrangement one
FGFR molecule is attached to the complex just by interactions to a ligand, which leaves a
complete heparin-binding site unoccupied (Figure 5.17 C). Just as in the heparin-free, canyon-
forming structure (pdb ID: 1EVT), the electrostatic repulsion of the positively charged patches of

receptor and ligand are compensated by 4 sulphates that originate from 1 M lithium sulphate in
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the crystallisation condition. Therefore, this arrangement (including the cis-Pro235 residue
(Section 5.7.1)) is again likely to represent the result of the crystallisation process rather than a
complex architecture that could occur under physiological conditions. Furthermore, as presented
in Section 5.6.2 (see Figure 5.13 E and G), this arrangement seems unlikely to be feasible in

presence of N-linked glycosylations.

A New Structure

B Schlessinger ~‘ Heparin binding
canyon

C

Surface charge

-10

Figure 5.17 - Electrostatic potential of FGFR signalling complex structures

Electrostatic surface potential of all three signalling complex structures at a potential range from red (-10kbT/ec) to blue
(+10kbT/ec). (A) The new structure depicted from top and bottom view. Heparin is shown in red. GIcNAc residues are
shown as green sticks. (B) The left panel shows the Schlessinger structure after removal of one receptor, allowing a direct
view into the inside of the heparin binding canyon occupied by heparinDP10 A and B. The right panel shows the top view
onto the heparin canyon of the complete Schlessinger complex. (C) Front and rear side of the Pellegrini structure, revealing
the phosphate occupancy of the heparin binding site of one receptor-ligand pair.

167



Chapter 5 — Structural investigation of the FGFR 1-heparinDP10-FGF1 signalling complex

Considering protein production, complex formation protocol, crystallisation condition,
crystal packing and symmetry, position of N-linked glycosylations on the receptor, compatibility
with suggested receptor-ligand binding specificity filter, length, number, orientation,
conformation and interaction pattern of heparin, ligand dimer arrangement and electrostatics of all
three ternary signalling complexes, the Schlessinger and Pellegrini structures encounter multiple
difficulties in explaining full functionality of activation of FGFR signalling pathways in
physiological conditions. At the same time the new model presented in this chapter reveals full
compatibility with physiological conditions and agreement with the reviewed studies. It is
important to evaluate compatibility of all three models with mechanisms of kinase dimerisation
for efficient downstream activation upon receptor dimerisation. In addition and importantly, to
date neither the Schlessinger nor the Pellegrini architecture could be confirmed to be present in

solution, questions which are the subject of the following chapter.
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Chapter 6 — Structural analysis of the FGFR

signalling complex in solution

6.1 Summary

All three FGFR signalling complex structures lack clear evidence for their formation in solution.
Here, Small Angle X-ray Scattering (SAXS) is used in combination with atomistic molecular
dynamics simulations in order to study the low-resolution solution structure of the
FGFR1-heprin-FGF1 complex. The presented data strongly suggests that glycosylated receptor
prefers signalling complex formation in the new elongated architecture. A MD simulation derived
structural ensemble revealed breathing motions of the complex around the heparin axis and
improved SAXS curve fitting to the new structure. Furthermore, heparinDP16 was observed to

perform least complex dissociation in solution.

6.2 Introduction

With the addition of the new complex structure presented in Chapter S, at present there are three
crystal structures representing three different FGFR signalling complex architectures. Although
these models have some important features in common, the bigger scale architectures and the
possible mechanisms of activation that come along with them, differ strongly. Although
comprehensive analysis by size exclusion chromatography (Goodger et al., 2008; Harmer et al.,
2006; Robinson et al., 2005), analytical ultracentrifugation and mass spectrometry (Harmer et al.,
2004; Ibrahimi et al., 2005) have provided valuable insights to the behaviour of the signalling
complex in solution, in no case could the authors confirm unambiguously from which complex

architecture the collected data were generated. There are various methods to be considered in
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order to obtain structural data of protein complexes without the bias of crystal packing in non-
physiological conditions. My attempts to generate a 2D reconstruction by negative stain electron
microscopy (based on methods described in Ohi, Li, Cheng, & Walz, 2004) failed due to small
particle size and heterogeneity of the complex sample. I attempted solubilisation screenings of
multiple full-length receptor constructs from expression in HEK293S cells and cell membrane
extraction as applied to other membrane protein systems (Miller & Aricescu, 2014) but these
efforts did not yield suitable amounts of soluble protein for complex formation and cryo-EM
analysis. In attempts to express the protein natively anchored in cell-derived membrane vesicles
(method described by Zeev-Ben-Mordehai et al., 2014) the receptor could not be detected in the
collected vesicles by western blot analysis. SAXS is a well-established source for structural
information of protein samples in solution and deemed as particularly helpful when conflicting
high resolution crystal structures are available (reviewed by Schneidman-Duhovny et al., 2012).
SAXS data of high quality could be obtained from signalling complex samples comprising
different complex stoichiometries and varying heparin length. Based on preliminary fitting of
measured SAXS curves of signalling complex samples to all three crystal structures (data not
shown) and based on thorough comparison of these structures’ conformity with published data
(see Sections 5.6.2 — 5.8), further analysis will be limited to the 2:2:2 Schlessinger two-end model

and the new elongated 2:1:2 structure.

63 Aims

The aims of the work presented in this chapter are to compare signalling complex crystal
structures with structural data of complex samples collected by SAXS. This will provide
important, currently lacking information on which complex stoichiometry and configuration is

adopted in solution.
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64 SAXS curves fitted to AllosMod structure ensembles

6.4.1 Modelling of flexible termini and Man;GlcNAc, moieties

SAXS measurements are very sensitive to protein aggregation. As described in the previous
chapter, FGFR1 precipitation could be observed after enzymatic deglycosylation. In order to
preserve receptor stability and to keep the process of complex formation closest to biological
conditions, the receptor has been used without EndoF1 treatment in all presented SAXS
measurements. Thus, fitting of the experimental SAXS curves to the crystal structures required
modelling of the 12 flexible, branched oligosaccharides and the 8 flexible protein termini that
were disordered in the crystal structure but part of the protein constructs during SAXS
measurements. All presented SAXS experiments were performed with the same FGFRI1 and
FGF1 constructs as used for crystallisation. The original Schlessinger structure contains the ligand
homolog FGF2. Therefore, the glycosylated FGFR1-FGF1 unit of the new structure was used for
creation of a homology model in 2:2:2 Schlessinger architecture (as described in Section 5.6.2;
Figure 5.13 A). This homology model was required in order to ensure that SAXS curve fitting
yields the most accurate solution in case of formation of the Schlessinger-like signalling complex

architecture in solution.

Figure 6.1 describes the modelling process for addition of flexible termini and N-glycans
to the signalling complexes using the AllosMod server (Guttman et al., 2013). To begin with, the
heparin coordinates were removed from the refined crystal structure (AllosMod server does not
cope with heteroatoms of that kind). An AllosMod integrated MODLLER (Eswar et al., 2007)
function, created 50 models with differently oriented flexible termini. Subsequently, for each of
these 50 models, 20 models were generated with Man;GIcNAc, in variable orientations (on the
basis of an input file indicating the correct type and connectivity of sugars). As this modelling

process did not alter the crystal structure framework, the previously removed heparin coordinates
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could simply be appended to each final AllosMod output pdb. The same procedure was carried
out for the FGFR1-FGF1 signalling complex structure in Schlessinger architecture. Finally, two
separate ensembles were created, each comprising 1000 models with flexible termini and flexible

N-linked glycans.

Starting model: Refined crystal structure
(new structure or Schlessinger structure)

50 x AllosMod generated models
with flexible termini Ny

50 x 20 AllosMod generated
models with flexible N-glycans

Ensemble of 1000 models including:
- 1 x heparin

- 8 x flexible termini

- 12 x flexible N-linked glycans

Figure 6.1 Generation of structure ensembles with AllosMod

Schematic workflow for structure ensemble generation, sampling flexible termini and N-linked glycosylations that were
disordered in the respective crystal structure. The same procedure was applied to a homology model in Schlessinger
architecture, built of the FGFR1-FGF1 unit from the new structure.
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64.2 The Schlessinger model is not found in solution

SAXS data collection was performed for all samples as described in Section 2.7 and in
Section 4.8. Briefly, FGFR1-heparin-FGF1 complex samples were mixed in either 2:1:2 or 2:2:2
stoichiometry freshly before each measurement, diluted to the correct concentration (ranging from
1 to 9 mg/ml), spun down at 15,000 g to remove any aggregates and directly applied to the SAXS
analysis pipeline. As in all other experiments, due to high probability of inaccuracies in heparin

stock concentrations, all heparin amounts were increased by 10 %.

The experimental scattering data of the FGFR1-heparinDP10-FGF1 complex samples in
2:1:2 and 2:2:2 ratio were fitted to both generated structure ensembles by the ensemble
optimisation method. First, CRYSOL (Svergun et al., 1995) was used to calculate theoretical
SAXS patterns of each single ensemble structure. Subsequently, GAJOE (Bernadé et al., 2007)
was applied to search for an ensemble of 20 structures that generates the optimum fit to the
experimental scattering curve. The top left panel in Figure 6.2 clearly shows, that the
experimental scattering curve of the 2:2:2 complex sample does not yield a good fit to the
Schlessinger structure ensemble (y* = 11.37). This confirms SEC-MALLS experiments in Section
5.4.3 providing evidence that excess of heparin leads to heavy signalling complex dissociation.
However according to SEC-MALLS, it is likely that the 2:2:2 complex sample contains a small
fraction of signalling complex. As the SAXS curve integrates intensities detected from all present
protein species, strong dissociation impedes the identification of complex architecture. The same
experimental curve yielded an improved fit to the structure ensemble of the new model with
x> =7.71 (top right panel), indicating that the small signalling complex fraction adopts a rather

elongated architecture. However, the bad fit does not allow any clear conclusions.

The 2:1:2 complex sample formed a significantly larger signalling complex fraction in
SEC-MALLS screening (Section 5.4.3, Figure 5.6 C) which is also expressed in improved 2

values when fitting the 2:1:2 experimental curve to both crystal structures. Strikingly, the fit to the
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ensemble of the new structure yielded a > value of 2.52, compared to a > value of 8.70 for the
Schlessinger ensemble. This is a first indication that the FGFR1-heparinDP10-FGF1 complex in
solution might actually adopt the architecture of the new structure presented in this work. Another
indicator for quality of fit can be the difference between the experimentally determined radius of
gyration (Rg) and the average Rg of all optimised ensemble models. The experimental Rg value
integrates scattering signal from all protein species that are present in the sample. Thus, a lower
Rg generally indicates a higher degree of dissociation or formation of a signalling complex with
smaller Rg. Interestingly, fitting the Schlessinger ensemble to the 2:2:2 sample (top left panel in
Figure 6.2) yields a ARg of only 0.05 A, which could indicate good structural agreement, if the
respective % value was lower. However, in this case this low ARg value is strong evidence, that
the 2:2:2 stoichiometry does lead to complex dissociation rather than to formation of the
Schlessinger complex with lower Rg. In comparison, ARg for the ensemble of the new structure
against the 2:1:2 complex sample is 2.70 A. This is a relatively big difference but as the > value
is relatively low and Rg (calc) relatively high, this ARg value is evidence for the presence of a

signalling complex species with bigger Rg value than the Schlessinger complex Rg.
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Fitting 2:2:2 and 2:1:2 complex curves to crystal structure ensembles

£
Schlessinger New model
ensemble TE ensemble
SAXS
sample .
input
2:2:2 Chiz=11.37 Chiz=7.71
Rg(pred)= 36.37 A i "1 Re(pred)= 4145 A i
Rg(exp) =36.42 A Rg(exp) =36.42 A
ml ORg  =0.05A | DRg  =503A
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fiiee
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Figure 6.2 SAXS analysis of the FGFRI1-heparinDP10-FGF1 sample prepared in
different stoichiometries

SAXS analysis of FGFR1-heparinDP10-FGF1 signalling complex samples prepared in Schlessinger stoichiometry (2:2:2; top
two panels) and in the stoichiometry observed in the Pellegrini structure and in the new structure (2:1:2; lower two panels).
The experimental curves (black curves) of these two samples were fitted to optimised structure ensembles (red curve)
comprising flexible protein termini and flexible N-linked glycosylations. Experimental scattering data is shown to a maximal
momentum transfer of q = 0.45 nm. Insets describe the goodness of fit value (%?), radius of gyration of the calculated curve
(Rg(calc)), experimental radius of gyration (Rg(exp)) and the difference between the Rg(calc) and Rg(exp).

643 Ab initio modelled SAXS envelopes confirm elongated complex
architecture

The SAXS curve measured from a 2:1:2 signalling complex sample was used to generate ab initio
shape reconstructions using the bead modelling program DAMMIF (Franke & Svergun, 2009).

The models generated by ten DAMMIF cycles imposing 2-fold symmetry were subsequently
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averaged with application of P2 symmetry, using the DAMAVER program suite (Volkov &

Svergun, 2003). A second averaged model was generated without any imposed symmetry.

Figure 6.3 A presents top, side and front view of the P2 symmetry ab initio model.
Intriguingly, the envelope matches perfectly with the high-resolution crystal structure of the new
elongated structure. The resolution of the envelope is good enough to identify single Ig domains
and FGF1 molecules. Manual overlay of the crystal structure (with modelled termini and
N-glycans) from top, side and front view of the ab initio envelope, reveals that only flexible,
disordered components stick out of the envelope. The maximum dimension of the envelope
measures 145 A, which is only 3 A above the maximum dimension of the crystal structure. These
data strongly suggest that the predominant complex species in solution adopts the elongated
architecture. Ab initio modelling with released P2 symmetry yielded an asymmetric envelope of
similar shape but with less definition of single domains. This indicates that the signalling complex
might not be in perfect symmetry in solution as observed in the crystal structure. A lack of
dissociated complex species and of asymmetry in the ensemble structures used for SAXS curve

fitting in Section 6.4.3 might be the reasons for poor fit with a y* = 2.52.
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A imposed P2 symmetry 145 A

top view

side view

front view

B noimposed symmetry

top view side view front view
S -~ "
-

142 A

Figure 6.3 Ab initio modelling of the FGFR1-heparinFGF1 complex

(A) Ab initio model generated of SAXS diffraction data collected from a 2:1:2 FGFR1-heparin-FGF1 signalling complex
sample. Ten DAMMIF cycles with imposed 2-fold symmetry were averaged using DAMAVER. The left panel shows top,
side and front views of the envelope shown as grey spheres. The middle panel shows the same views of the new crystal
structure after modelling of flexible termini and N-glycans. The right panel shows manual fitting of the crystal structure into
the ab initio envelope. (B) Top, side and front views of an ab initio model generated from the same sample as in (A) but
without imposed symmetry.
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6.5 SAXS interpretation on the basis of MD simulations

6.5.1 Generation of a MD simulation derived structural ensemble

The analysis in the preceding chapter has indicated, that the complex architecture of the new
structure might be predominant in the FGFR1-heparin-FGF1 2:1:2 signalling complex sample in
solution. However, the best fit that could be obtained using the structure ensembles that sample
flexible protein termini and N-linked glycosylations, was not sufficient for a clear identification of
the complex architecture in solution. In a next step, atomistic molecular dynamics simulations
were applied in order to create improved structure ensembles that also sample large scale protein

motions within the crystal complex.

Atomistic MD simulations of the Schlessinger structure and of the new structure,
including heparin and all flexible termini (excluding N-glycans) were set up as described in
Section 2.1.2 using the GROMACS 4.54 (Van Der Spoel et al., 2005) software package in
combination with the Charmm?27 force field (MacKerell et al., 2001). For each system, three
simulation repeats of 50 ns were run and concatenated. Interestingly, the side views of a selected
production run of the new structure at t = 0 and t = 50 ns reveal breathing motions of both
receptor-ligand units around the longitudinal heparin axis (see blue arrows in Figure 6.4 A, top
right panel). At the same time, the top view shows that on one side of the heparin chain,
secondary receptor-ligand interactions are intensified, whereas the same interactions are released
on the other side of the heparin chain. This causes bending of the heparin chain and produces an
asymmetric complex that matches very well to the top view of the asymmetric ab initio model
(Figure 6.3 B, top view). These motions represent important complex configurations that were
not sampled in the previous structural ensemble. In contrast, similar snapshots taken from a

Schlessinger structure simulation show only minimal deviations from the starting structure. Both
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Ig D2 domains seem to align in the longitudinal heparin axis (see blue arrows in Figure 6.4 B,

bottom right panel) and the heparin ends bend down to form further interactions with the ligand.

A thousand frames were extracted in even time steps from simulations of both complex
architectures. N-linked glycosylations were added to each model as described in Section 6.3.1.
Finally these 2000 models were merged into one big ensemble, together with all possible

dissociation species of both complex architectures. The complete ensemble contained a total of

2020 different models.
A New structure t=0ns t=50ns
side view
top view
B schlessinger t=0ns t=50ns
side view
front view

Figure 6.4 Atomistic MD simulations of FGFR1 signalling complexes

Snapshots of one selected simulation at t = O (left panel) and at t = 50 ns (right panel) for the new structure (A) and the
Schlessinger structure (B). All structures are coloured identically with the receptor in cyan, the ligand in blue and the heparin
chain in red. Blue arrows indicate motions of complex sections through the course of the 50 ns simulation.
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6.5.2 The new signalling complex model represents the complex
architecture in solution

The analysis in Section 6.3.2 suggested that most likely FGFR1-heparinDP10-FGF1 in 2:2:2 or
2:1:2 stoichiometry do not form signalling complex in the Schlessinger architecture but rather
adopt an elongated architecture as observed in the new structure. The new molecular dynamics
structure ensemble generated in Section 6.5.1 was used to analyse the solution complex
architecture in more detail on the basis of a SAXS scattering curves series. Four signalling
complex samples using heparinDP8, DP10, DP12 and DP16 in 2:1:2 stoichiometry were used for
SAXS data collection in order to analyse the dependency of complex stability on the heparin
length. Again, iterative ensemble optimisation was applied using CRYSOL and GAJOE in order
to calculate a small ensemble of 20 structures that generates the best fit to the experimental curve.
In contrast to the previous optimal ensemble search with a separate ensemble for each complex
architecture, here, GAJOE search is performed on one big ensemble (containing Schlessinger

model, the new model and all dissociated complex species).

Intriguingly, the new MD simulation-derived ensemble yielded a significant improvement
of x* values (see Figure 6.5 A; coloured curve: calculated curve from ensemble optimisation
method; black curve: experimental scattering), with the best fit found for the heparinDP12 sample
(x* = 1.21, green curve) and the least good fit for the heparinDP16 sample (y* = 1.63, red curve).
The fit for the heparinDP10 sample has improved from x* = 2.52 to x> = 1.25. However, as the
structural ensemble of 2020 models contained a broad mixture of different complexes and even
single proteins, it is important to analyse the individual models that GAJOE has combined to
generate these improved fits. Figure 6.5. B plots the Rg distribution within each optimised
ensemble, which reveals the percentage of full signalling complex models. Interestingly, the
optimised ensemble to fit the heparinDP8 sample (blue curve) contained the smallest fraction of

signalling complex structures (40 %) and thereby the highest fraction of dissociated species (60
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%). This suggests that of the tested heparin chains, heparinDP8 has the lowest potential of
keeping the signalling complex together in solution. Importantly, not a single model in
Schlessinger architecture has been included to the optimised ensemble and all selected signalling
complex models in the new architecture adopted a slightly bent configuration, as observed in the
MD simulations. The same is valid for the heparinDP10 and DP12 complex samples; only models
of the new structure plus dissociated species were included to the respective optimised ensembles.

These results strongly suggest that

a) The elongated architecture of the new structure represents the signalling complex
architecture in solution

b) The receptor-ligand units bend towards each other around the longitudinal heparin
axis in solution

c) Only about 50 % of the samples prepared with heparinDP8, 10 or 12 form signalling

complex in solution

Against expectations, the complex sample prepared with heparin DP16 was fitted with an
optimised ensemble containing almost exclusively models based on the new structure (red curve
in Figure 6.5 B). The ensemble contained only one single structure in Schlessinger architecture,
but no dissociated species. The reason for the slightly weaker fit with * = 1.63 could be that all
simulations were run with heparinDP10, which leaves 6 unmodelled saccharide units. A
representation of the new structures electrostatic potential at a lower potential range from red
(-3kbT/ec) to blue (+3kbT/ec) (Figure 6.5 C) reveals that the heparin binding canyon has
unoccupied, positively charged flanking regions on either sides. HeparinDP16 could theoretically
be modelled perfectly into the extended binding canyon with formation of additional hydrogen
bonds. These additional bonds might be the reason why according to the SAXS analysis,
heparinDP16 forms a more stable complex. However, new simulations of the signalling complex
containing heparinDP16 have to be run in order to amend the structural ensemble and new rounds

of optimised ensemble search will show whether the fit improves.
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Figure 6.5 Analysis of signalling complex formation in heparin length dependency

(A) Fitting of experimental SAXS curves (black curves) by optimised ensemble method of 2:1:2 signalling complex samples

formed with heparinDP8 (blue), 10 (yellow), 12 (green) and 16 (red). Complex concentration in all samples was 3 mg/ml. (B)
Plot of the relative Rg distribution in each optimised ensemble. The inset lists the percentage of elongated signalling complex
structures within the 20 selected models. Each single model represents 5 %. Small cartoon representations highlight the
complex species that corresponds to the respective Rg values. (C) Electrostatic potential representation of the new structure
at potential range from red (—3kbT/ec) to blue (+3kbT/ec).
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6.6 Conclusion and future perspectives

This chapter describes the first solution structural data of an FGFR signalling complex. The good
fit of experimental SAXS data to structural ensembles derived from MD simulations, suggest that
the signalling complex adopts the elongated architecture as observed in the crystal structure
presented in Chapter 5. However, it is important to note that the crystal structure, the SAXS data
and the MD simulations were obtained from systems, which neither included the Ig domain 1 nor
the cellular membrane. Cofactors on the cell surface might play important roles in FGFR complex
formation. Whereas Schlessinger and Pellegrini obtained their crystal structures in absence of N-
linked glycosylations, the SAXS data were collected from Man;GIcNAc, glycosylated receptor
sample. It could be argued that the complex formation in the absence of the freedom of motion-
limiting cell membrane context but in the presence of bulky N-linked glycans is artificially
pushed towards an elongated complex architecture. However, the discussion in Section 5.6.2
(Figure 5.13) has shown that the more compact formation of the Schlessinger or Pellegrini
architecture encounters steric hindrances in the presence of N-linked glycosylations. Furthermore,
in the crystallisation trials leading to the new crystal structure, only one single GIcNAc residue
was present at each glycosylation site of the receptor, which would not have disturbed the

potential formation of a complex in Schlessinger or Pellegrini mode.

The good agreement of the complex solution data with the crystal structure suggests that
even if the new model is not a biologically active complex form, it is still likely that many
previous studies, providing evidence for the Schlessinger or the Pellegrini structure, were actually
presenting data that were collected from a complex arranged as observed in the new crystal
structure. It could well be, that the new arrangement can not be formed on the cell surface, but it
seems that it is the most favourable arrangement in solution and in low sulphate crystallisation

conditions. Two new structural based mutant receptor constructs have been produced that by
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introduction of a new N-glycosylation site either disrupt the Schlessinger receptor-receptor
interactions or the secondary receptor-ligand interface in the new structure. Preliminary
expression tests have shown that these constructs can be expressed efficiently as FGFR1 D2D3
constructs (for in vitro experiments) and as fluorescently tagged, full length constructs (for
interaction studies in COS7 cells). SEC-MALLS complex formation and FRET-FLIM
experiments probing for receptor-receptor interaction, combined with TIRF-dSTORM
experiments probing for receptor clustering will help us to get a more clear picture of the

biological importance of the various presented signalling complex architectures.
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Chapter 7 — Further discussion and future directions

7.1 Summary

This thesis represents a structural and computational study of fibroblast growth factor receptor
signalling complex formation with a focus on extracellular and TMD dimerisation events. As
discussed in Chapter 3, coarse-grained and atomistic simulations of wild-type and mutant
FGFR3 TMDs have revealed new putative mechanistic details on the mode of action of the
Achondroplasia mutation. Coarse-grained simulations of FGFR4 have yielded the first structural
models for wild-type and mutant FGFR4 TMD dimers. Chapter 4 describes attempts to
crystallise ligand bound FGFR4. Along the way, novel methods for expression and purification of
glycosylated FGFR, and for heparin mediated signalling complex formation were developed. A
detailed study of FGF-heparin complex formation is described in Chapter S, followed by the
presentation of a new FGFR1-heparin-FGF1 signalling complex crystal structure. This structure
represents a new arrangement, which is in agreement with SAXS structural solution data as

presented in Chapter 6.

7.2 Further discussion

Discussions at the end of each results chapter have underscored that there are many important
questions that are yet to be addressed in order to gain a better understanding of the mechanism of
RTK signalling in health and disease. Three crystal structures of the extracellular signalling
complex suggest fundamentally different molecular arrangements, which suggest differing
molecular signalling mechanisms. The only similarity across all complex architectures is that they

feature heparin as cross linker for at least one receptor-ligand dimer.
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7.2.1 The Schlessinger Model

In theory the Schlessinger two-end model requires independent formation of two 1:1:1
receptor-heparin-ligand ternary complexes that stabilise a symmetric 2:2:2 signalling complex by
direct receptor—receptor interactions and by interactions of heparin and ligand to the secondary
complex elements. However, in a biological context this depends on the rather less frequent event
of two long heparin chains cross linking the independent 1:1 binary complexes not only
selectively with their non-reducing ends but also in correct directionality (with the non-reducing
ends facing towards the pseudo-C2 symmetry axis of the signalling complex; see Figure 5.15 B
and E; Section 5.7.2). Notably, this complex assembly does not rely on a single molecule
triggering receptor dimerisation. Remarkably, the crystals of that structure were only producible
in the absence of heparin, suggesting heparin independent receptor dimerisation. In that case
heparin would only enhance FGFR signalling, but not control dimerisation and signalling
complex formation as described very early (Ornitz et al., 1992; Spivak-Kroizman et al., 1994).
However, this complex architecture remains appealing due to structure based mutation studies
presenting “direct evidence for the symmetric two-end model for FGFR dimerisation” (Ibrahimi
et al., 2005), by identification of a pathogenic mutation located in the receptor-receptor dimer
interface. In addition, analysing the putative orientation of the Schlessinger structure relative to
the cellular membrane, it is the only structure that would allow cis-dimerisation of the
transmembrane domains, as shown in Figure 7.1 Nevertheless, this structure does not conform to
studies providing evidence that heparin drives FGF dimerisation in a cooperative fashion (see

Section 5.3.2 and Section 5.7.3).

7.2.2 The Pellegrini model

In the Pellegrini structure the distance between last ordered C-terminal receptor residues is 74 A,

which does not allow TMD dimerisation in cis. A TMD dimer in cross conformation, flexible
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motions of the receptor-ligand dimer units moving the C-termini closer or TMD dimerisation in
trans could solve this problem. However, there are further serious doubts about the potential
biological relevance of the Pellegrini model: a) Only one receptor-ligand unit is cross linked by
heparin, leaving a unsaturated, unstable and highly positively charged heparin binding pocket (see
Figure 5.17). b) The heparin chain adopts a prominent atypical 34° kink between the 6™ and the
7™ saccharide for FGF dimerisation (see Section 5.7.1). ¢) One ligand in the asymmetric 2:1 FGF-
heparin complex is distorted (not binding with the canonical heparin-binding site; see Section
5.7.3). d) Proline235 that is located in the D2—-D3 linker adopts a cis-conformation, which results
in rotation of Ig domain 3. In biology cis-prolines occur very rarely, but more importantly, the
reoriented D3 is not compatible with the well-established mechanism for ligand binding
selectivity (see Figure 5.14 C). This partial list of arguments strongly suggests that the Pellegrini
structure is the result of the crystallisation process (biased by high salt concentration and tight

packing) rather than the complex that would be formed under physiological conditions.

723 The new model and structural analysis in solution

The new model is generally consistent with all experimental data that has been published to
support the Schlessinger or the Pellegrini structure. It is the only model that can be formed
independent of heparin position and heparin directionality (see Figure 5.15 A), that involves all
15 heparinDP10 HS moieties in hydrogen bonding and that features a single heparin chain that
cross links both receptors and both ligands (see Figure 5.15 D). The new model is also unique in
that the central heparin mediated FGF dimer adopts the same symmetric trans-configuration and
the same interaction pattern as the previously published active 2:1 FGF-heparin complex

(DiGabriele et al., 1998).

189



Chapter 7 — Further discussion and future directions

Schlessinger Pellegrini New model
FGFR1 - HepDP10 — FGF2 FGFR2 — HepDP10 — FGF1 FGFR1 - HepDP10 — FGF1

26 A, maximum distance to be
bridged by 9 residues

Distance between last
ordered receptor residues

| |

g ¥} ‘ cis -dimer
—— 49 —e . 74 R . ———————— 182A ——
intracellular
Figure 7.1 Signalling complexes in the context of the cellular membrane

Presentation of the FGFR signalling complexes according to Schlessinger, Pellegrini and the new model. All structures are
shown in identical representations: receptor in cyan cartoon, ligand in blue cartoon, heparin in red sticks, the last ordered
residue at the receptor C-terminus as green spheres plus colouring by element, GIcNAc residues in purple sticks. The double
line represents the maximum lengths of 26 A that can be bridged by 9 residues that are missing between the last ordered C-
terminal residue of the crystal structures and the first residue of the predicted FGFR transmembrane domain. The TMD dimer
cartoons are snapshots of an atomistic FGFR3 dimer simulation produced in this work. They are embedded into a model of a
POPC lipid bilayer. The black lines below each model display the distance between two C-terminal receptor residues.

The lack of both crystal structures of full-length FGFR monomers or dimers and of any
structural data of the extracellular FGFR signalling complex in solution represents a huge
problem. Besides structure based mutation studies, most studies that aimed to discriminate
between the Schlessinger and the Pellegrini model applied size exclusion chromatography,
analytical ultracentrifugation and mass spectrometry — methods that collect data from soluble
protein (or protein in gaseous phase) but do not generate conclusive structural information. In
essence, it is generally uncertain which complex architecture was present during data collection
for these many published FGFR studies. This thesis presents the first structural data for a FGFR

signalling complex in solution by application of small angle X-ray scattering. The presented
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analysis suggests that receptor-heparin-ligand complex sample prepared in 2:2:2 (Schlessinger)-
stoichiometry results in strong complex dissociation. The collected spectra could not be fitted to
any of the three complex architectures (see Figure 6.2 in Section 6.3.2). Analysis of a 2:1:2
SAXS sample in combination with structural ensembles generated by atomistic MD simulations
yielded a convincing fit with the new model (Figure 6.5 A in Section 6.5.2). Interestingly,
complex samples with heparinDP8 revealed impeded efficiency of complex formation (Figure
6.5 B) — an observation that only makes sense in the context of the new complex model, as longer
saccharide chains are capable of cross linking receptors on both sides of the central FGF dimer
with formation of an additional set of contacts on an extended heparin binding site on Ig domain 2
(Figure 6.5 C). This conclusion is supported by the SAXS data obtained from the complex
sample formed with heparinDP16, which leads to maximisation of heparin-protein interactions in
the ternary complex. The good fit of the heparinDP10 complex data to the new crystal structure
suggests that, even if the new model does not represent a biologically active complex architecture,
it is still likely that previous studies actually presented data that were collected from a complex
arranged as observed in the new crystal structure. It could well be, that the new arrangement
cannot be formed on the cell surface, but it seems that the new arrangement is the most favourable
in solution. SAXS experiments performed with FGFR4 (the only FGFR homolog of which no
structural ectodomain data is available) strongly suggest that FGFR4 adopts the same signalling
complex architecture as FGFR1 (see Section 4.8). Considering that FGFR4 has the lowest
sequence identity to any other FGFR homolog, this shows that the new architecture is not only
specific to the FGFR1-FGF1 receptor-ligand combination but that it can also be adopted by other

receptor homologs

724 FGFR signalling through the membrane

Multiple pathogenic TMD mutations leave no doubt that the TM domains play an important role

in the process of signal transduction from the extracellular space to the cytoplasm. However
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detailed mechanisms are yet to be determined. The simulations of TMD systems presented in
Chapter 3 have shown that most of the studied FGFR3 and FGFR4 mutations (including the
Achondroplasia mutant) do not form part of the identified dimerisation interfaces (see Section
3.5.2.1 for FGFR3 Section 3.6.1 for FGFR4). This suggests that mutant TMDs act through more
sophisticated mechanisms than simple aberration of the dimerisation kinetics. In the new
signalling complex model, the C-terminal ordered receptor residues are separated by 142 A. Even
though atomistic MD simulations have shown “breathing” motions around the heparin axis that
drive the receptor’s C-termini closer, it is clear that the TMDs can not get close enough to form
dimers. Thus, if TMD dimers are required for signalling, they can only be formed to the TMD of
an adjacent receptor complex (as the modelled TMD dimer in Figure 7.1 suggests), which would
consequently result in local receptor clustering. It is evident that in the cell, RTK receptor systems
can feature formation of clusters upon activation (Franco et al., 2003; Sacchettini, 2001;
Seiradake et al., 2013). Direct evidence for FGFR clustering has not yet been shown. However, it
is known that FGFRs bind to multiple other proteins, both extracellularly (e.g. N-CAM (Cavallaro
et al., 2001), N-cadherin (Utton, et al., 2001)) and intracellularly (FRS2a, PLCy1 and further
adaptor proteins) that could drive FGFR clustering in response to FGF. Furthermore, concluding
from the discussion in Section 5.7.2, the new model seems to represent the only arrangement that
is compatible with formation of multiple FGFR-heparin—FGF complex units upon a single HS
chain. Studies of RTK juxtamembrane domains have described detailed mechanisms for kinase
activation by conformational coupling across the plasma membrane (Bocharov et al., 2013;
Endres et al., 2013; Hubbard, 2009; Jura et al., 2009). These mechanisms can come into action
independently from TMD dimerisation between two single receptors or by formation of a larger
TMD-linked receptor network. In fact, whereas the long disordered juxtamembrane domains are
theoretically capable of bridging substantial distances, there is no direct evidence yet that TMD

dimerisation is required for FGFR signalling.
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725 Future work

From the preceding discussion it is clear that extensive experimental efforts are needed to gain a
better understanding of FGFRs signalling mechanisms across the membrane. Consideration of
extracellular and intracellular binding partners will be key in both functional and structural
studies. Significant advances in electron microscopic methods could provide particularly valuable
structural information on the binding mode of additional factors and give insights into the kinase
domain arrangement. However, as briefly reported in Section 6.2, the major bottleneck for
structural studies of the full-length FGFR is the isolation of adequate amounts of monodisperse
protein sample. At this stage, the most promising method for production of full-length receptor is
expression in cell-derived membrane vesicles (Zeev-Ben-Mordehai et al., 2014). Two major
challenges here currently are a) cell surface HSPG that might be preventing FGFR from budding
out in vesicles and b) diminished receptor presence at the cell surface due to FGF that is contained
in the expression medium, leading to activation and subsequent down regulation of the receptor.
In connection with this thesis, structure based mutations were cloned that introduce new N-
glycosylation sites to either disrupt the Schlessinger receptor-receptor interactions or the
secondary receptor-ligand interface in the new structure. Forster resonance energy transfer
(FRET) applications in various flavours are capable of detecting changes of protein distances in
live cells and can therefore help to discriminate between different structural arrangements.
Applied intelligently, FRET-FLIM (fluorescence-lifetime imaging) can be used for detection of
dimerisation intensities (see (Padilla-Parra, , 2015) for FRET-FLIM). The mutant constructs will
potentially show different FRET-FLIM signals, indicating which complex arrangement is formed
in live cells. In addition, TIRF-dSTORM experiments applied in previous studies (Healey et al.,
2015) could show whether any of the mutant receptor constructs induce receptor clustering. In the
future, structural studies will also have to address the role of HS specificity in complexes
assembled of different receptor and ligand types. Naturally occurring HS sequences present

specific patterns of sulphate groups that elicit both activating or inhibiting physiological
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responses. The underlying rules to these processes need to be understood in more detail in order to
develop heparan sulphate based treatments. Lastly, future studies have to contribute to better
understanding of how canonical FGF signalling pathways generate specific cellular responses and
how enhanced expression or disruption of these pathways can lead to developmental defects and
cancer. Answering these questions could drive the development of a new generation of drugs that

block or attenuate FGFR activity.
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Appendix A — Expression Vectors

Al Mammalian Expression: pHLsec

B-globin
intron

B-globin
polyA

Figure A.1 Key features of the pHLsec vector backbone

Figure provided by Dr. Radu Aricescu. Multiple Cloning sites for pHLSec and subsequent vector variations used are

provided below, and are based on Aricescu, A. R., Lu, W. & Jones, E. Y. A time- and cost-efficient system for high-level

protein production in mammalian cells. (Aricescu et al., 2006).

Section of the pHLsec vector Multiple Cloning Site

GAATTCAAGCTTGCCACCATGGGGATCCTTCCCAGCCCTGGGATGCCTGCGCTGCTCTCCCTCGTGAG
CCTTCTCTCCGTGCTGCTGATGGGTTGCGTAGCT ACCGGT...INSERT...GGTACCAAGCACC

ACCATCACCATCACTAATGATCACTCGAG

EcoRl - HinD3 - Kozak with start codon - Signal Particle -

Agel - INSERT - Kpnl - Linker - His-6 tag - Stop - Xhol
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A2 Bacterial Expression: pET22b(+)

fl ori T7 terminator

MCS

lac operator
T7 promoter

AmpQ®

PET22b(+)
543[@

lac operon

pPBR322 ori

Figure A.2  Key features of the pET22b(+) vector (Invitrogen)
Key features of the expression vector pET22b(+) for protein expression in E.coli. A section of the Multiple Cloning Site is

depicted below. The two restriction sites Agel and Kpnl have been added to the vector by Dr. Radu Aricescu (University of
Oxford, department of Structural Biology). A second variation of this vector has been used which has a removed 6His-tag.

Section of the pET22b(+) vector Multiple Cloning Site

AAGGAGATATACATATGACCGGT. . .INSERT. . .GGTACCAAGCACCACCATCACCATCACTAATGA
TCACTCGAG

RBS - TATA-box - Ndel+Start - Agel - INSERT - Kpnl - Linker - His-6
tag - Stop - Xhol
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Appendix B — hFGFR sequence alignment
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Appendix D — NetNGlyc 1.0 Server prediction

D.1 FGFR1
Protein Position Potential Jury N-Glyc
R1 77 NRTR 0.7043 (9/9) ++
R1 117 NVSD 0.74717 (9/9) ++
R1 185 NPTL 0.7384 (9/9) ++  WARNING: PRO-X1.
R1 227 NYTC 0.7137 (9/9) ++
R1 240 NHTY 0.6360 (7/9) +
R1 264 NKTV 0.6773 (8/79) +
R1 296 NGSK 0.7346 (9/79) ++
R1 317 NTTD 0.6013 (6/9) +
R1 330 NVSF 0.6298 (7/9) +
NetNGlyc 1.8: predicted N-glycosylation sites in R1
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D.2 FGFR2
Protein Position Potential Jury N-Glyc
R2 83 NRTV 0.7158 (9/79) ++
R2 123 NVTD 0.7922 (9/9) +++
R2 228 NYTC 0.7024 (9/9) ++
R2 241 NHTY 0.6288 (8/79) +
R2 265 NAST 0.5183 (6/9) +
R2 297 NGSK 0.5840 (6/9) +
R2 318 NTTD 0.5520 (6/9) +
R2 331 NVTF 0.6438 (8/79) +
R2 402 NTTK 0.5212 (6/9) +

NetNGlyc 1.8: predicted N-glycosylation sites in R2
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D3 FGFR3
Protein Position Potential Jury N-Glyc
R3 98 NASH 0.6239 (7/9) +
R3 181 NPTP 0.2596 (9/9) -—
R3 225 NYTC 0.7502 (9/9) +++
R3 262 NQTA 0.5986 (7/9) +
R3 294 NGSK 0.6898 (9/79) ++
R3 315 NTTD 0.5316 (7/9) +
R3 328 NVTF 0.7571 (9/9)  +++
R3 428 NASM  0.4462 (6/9) -
R3 453 NVSE 0.6166 (7/9) +
R3 718 NCTH 0.6120 (6/9) +

NetNGlyc 1.8: predicted N-glycosylation sites in R3
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Sequence position
D4 FGFR4

Protein Position Potential Jury N-Glyc

R4 112 NLTL 0.7628 (9/9) +++

R4 177 NPTP 0.3104 (8/79) -

R4 258 NTTA 0.6381 (8/79) +

R4 290 NGSS 0.6580 (9/9) ++

R4 311 NSSE 0.5146 (6/9) +

R4 322 NVSA 0.6156 (6/9) +

NetNGlyc 1.8: predicted N-gluycosylation sites in R4
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Appendix E — Ca closest interhelix distance plots

El

FGFR3 wt

80
h I r‘lJ ' X
g | ¥y )
W w1\ |' el \
\ " . '4
0 —— . S (ST
<
2 |, | u\ e b Iy
= [l A (W A “
© | \l | \ I | iy 1 L
X — | RN [  F——— I—————
2
<l (- A |
2 1 \rr*,'*'\'t,'( b \
gl i W I
LRl | L I R |
(]
" ) [
B /A A W) " I by 1t
i |[1I’fw, *“J fn \H ‘L} fﬂl‘f"“.“ W iy fx‘l.“’r,l\’)\w‘irl l}w\ lWr‘ /‘
) | \ J "\
O, .. \ ! P ——
0 5 0 5 0 5 0 5 0 5
Simulation time (us)
E.2 FGFR3 G380R
80
L]l :
|l N WA | {
U\ﬂﬁ\ W j ( " J!. \ r & U‘ (('Wnﬁ\ J\ s‘
o' i L I
2
8 . ‘
gl n UNC I Y by h
,; “TNV‘NH‘KM’\& \‘ h \"’hl,‘f!" W vh,"vi\y ‘( ! y‘" Lﬁ JJ\ \
z | | | L |
5 |
; l\ ' “ ,|l,/‘\r “'\«‘i‘ﬂl‘ ‘|‘
g (Y { \u” kﬂw‘. v\ \
© l H L_,N‘H,,_“ b rﬁt.m MMMMMMMMM ]
i b I ‘ bl I
e ) | W T Y M
i ‘w{vﬂ e r\' \1{ i ”pf"“‘ W “\'AJV)\.(V{\ kw y M
L] [ 1 o L
0 5 0 5 0 5 0 5 0 5

Simulation time (us)

203



Appendix

E3 FGFR3Y373C
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E.S FGFR4Y367C
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Appendix F — List of Formulae

Formula 1
No.unique reflections observed
Completeness = - - x 100
No. unique reflections expected
Formula 2
No. reflections observed
Redundancy =

No. unique reflections observed

Formula 3

, z z <I(hkl; )—< I(hkl) >>2
x hil & O1(hkl)

where I(hkl;i) is the intensity of a single measurement i of the reflection hkl, <I(hkl)> is the mean
intensity from multiple measurements of the reflection skl and ol is the standard deviation for the

measurement /(hkl)

Formula 4

R _ D 2 [ (hkl; ) —< I(hkl) >
merge Znia 2i [(hkL; T)

where [I(hkl;i) is the intensity of a single measurement i of the reflection ikl and <I(hkl)> is the mean

intensity from multiple measurements of the reflection ikl

206



Appendix

Formula 5
thz,/ﬁ&l(hkl; i)—< I(hkl) >
Rpim = Ynk 2 I (hkl; 1)

. o f 1 .
As R,,,.. with an additional — term, where 7 is the redundancy of the data

Formula 6

I = |Fhkl|2

.ojn2
Bjsin %]

where  Fp, = X fj exp (Zm'(hxj + ky; + lzj)) exp (— P ) and f; is the atomic

scattering factor

Formula 7
Fmax
R(K: ¢' 1!’) = f Pobs (u)Pmodel(Kv (.br 1/), u) du
Fmin

where P,  (u) and P,,pq0: (K, ¢, 1, u) are the observed and model Patterson functions:

P(w) = Y| Fur)? exp (—2mi(hx + ky + 12))

u represents a point (X, y, z) in 3D space for the Patterson function k,¢,y are the rotation
angles of the model solution
I'nax 18 the mazimum intramolecular vector in the Patterson function

I'min 18 the minimum limit set to exclude the large origin peak in the Patterson function
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Formula 8

Z(lFobsl2 - |Fobs|2)(|Fcalc(t)|2 - |Fcalc(t)|2)

c) =
\/Z(lFobslz - |Fobs|2) Z(chalc(t)lz - |Fcalc(t)|2)
The correlation coefficient C(t) can be used to evaluate translation search solutions.
This is a measure of agreement between observer and calculated squared structure factor
amplitudes and is calculated for each trial solution ¢ in the translation search.
Formula 9
_ LLGsoution—< LLGranaom >
Z — score =
rmsd (LLGsolution' LLGrandom)
Formula 10
R _thl“Fobsl_lecalc”
=
wer thllFobsl
where |F,,¢| are the experimentally observed structure factor amplitudes and |F,,;.| are
the structure factor amplitudes calculated from the model
Formula 11
_ Ztestset hkl| |Fobs| - lecalc”
Rfree -

Ztest set hkllFobs |

Calculated as for R,,,,, with approximately the 5 % of data that has been excluded from the

refinement process.
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Appendix G — Abbreviations

AB

AT
BAD
BMP
CG
COM
Da
DAG
DMEM
DNA
DP

E. coli
EGFR
EndoF1
Eph
FBS
FGF
FGFR
fl
FOXO
FRS2a
GABI1
GIcNAc
GnTI
GPI
GRB2
GROMACS
GTP
HEK
hep
HPLC
HS
HSPG
Ig
IMAC
InR

1P,
IPTG
ITC
JMD
LB
LLG

M

Man
MAPK
MARCKS

acidic box

atomistic

BCL-2 antagonist of cell death
bone morphogenic protein
coarse-grained

centre of mass

Dalton

diacylglycerol

Dulbecco’s Modified Eagle’s Medium
deoxyribonucleic acid

degree of polymerisation
Escherichia coli

epidermal growth factor receptor
endoglycosidase F1

ephrin receptor

fetal bovine serum

fibroblast growth factor

fibroblast growth factor receptor
flexible loop

forkhead box class O

FGFR substrate 20
GRB2-associated binding protein 1
N-acetyl-glucosamine
N-acetylglucosaminyltransferase I
glycosyl phosphatidyl inositol
growth factor receptor-bound 2

GROningen MAchine for Chemical Simulations

guanosine triphosphate

human embryonic kidney

heparin

high performance liquid chromatography
heparan sulphate

heparan sulphate proteoglycan
immunoglobulin

immobilised metal affinity chromatography
insulin receptor

inositol-1,4,5 -trisphosphate

isopropyl B-thiogalactopyranoside
isothermal titration calorimetry
juxtamembrane

lysogeny broth

Log-likelihood gain

molar

mannose

mitogen-activated protein kinase
myristoylated alanine-rich C kinase substrate
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MD
MPD
MW
N-CAM
NFAT
PAGE
PBS
PCR
PDB
PEG
PLCy1
POPC
POPS
RAS
RT
RTK
SAXS
SDS
SEC
SNP
SOS
SPR
TDI
TMD
wt

molecular dynamics

2-Methyl-2 4-Pentanediol
molecular weight

neural cell-adhesion molecule
nuclear factor of activated T
polyacrylamide gel electrophoresis
phosphate buffered saline
polymerase chain reaction

protein data bank

polyethylene glycol

phospholipase Cy1

palmitoyl oleoyl phosphatidyl choline
palmitoyl oleoyl phosphatidyl serine
rat sarcoma

room temperature

receptor tyrosine kinase

small angle X-ray scattering
sodium dodecyl sulfate

size exclusion chromatography
single-nucleotide polymorphism
son of sevenless

surface plasmon resonance
Thanatophoric Dysplasia Type I
transmembrane domain

wild-type
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