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Abstract

Osteopontin (OPN) is an intrinsically disordered, multifunctional protein recognised as
a key player in a plethora of physiological and pathological processes. The extracellu-
lar matrix protein is subject to various post-translational modifications and interacts with
different cell-surface receptors. There is strong evidence that OPN dynamically samples
compact states, which are likely relevant for its versatile biological functions as the in-
tricate interplay between extended and compacted conformations facilitates interactions
with variable binding partners.

In this thesis, paramagnetic relaxation enhancement (PRE) was utilised to characterise the
compact states of both quail and human OPN by introducing spin labels at various posi-
tions of the proteins and analysing the resulting PRE profiles. The sequence determinants
for compaction in OPN were studied and the conservation of biophysical properties from
the primary sequence determined. Furthermore, phosphorylation of OPN and interaction
studies with its binding partners CD44, hyaluronic acid and heparin were conducted. This
work paves the way for further characterisation of OPN binding to membrane-receptors
and extracellular components as well as understanding the importance of compaction in
intrinsically disordered proteins for their biological functions.






Zusammenfassung

Osteopontin (OPN) ist ein intrinsisch ungeordnetes Protein mit zentralen Funktionen in
diversen physiologischen und pathologischen Prozessen. Es liegt als stark posttransla-
tional modifiziertes Protein vor und ist ein Bestandteil der extrazelluliren Matrix, wo es
mit verschiedenen Zelloberflichenrezeptoren und anderen Biomolekiilen interagiert. Es
wurde gezeigt, dass OPN in der Lage ist, kompakte Strukturen auszubilden. Diese sind
vermutlich essentiell fiir die unterschiedlichen biologischen Funktionen des Proteins, da
das dynamische Zusammenspiel zwischen verschiedenen Konformationen die Interaktion
mit vielfadltigen Bindungspartnern ermdoglicht.

In dieser Masterarbeit wurde die Kernspinresonanzmethode "Paramagnetic Relaxation En-
hancement” (PRE) eingesetzt, um die kompakten Strukturen von OPN zu charakterisieren.
Hierfiir wurden Spin Labels an verschiedenen Positionen angebracht und die resultieren-
den PRE Profile analysiert. Es wurden weiterhin Sequenzdeterminanten fiir Kompak-
tierung bestimmt und die Konservierung biophysikalischer Eigenschaften analysiert. OPN
wurde in-vitro phosphoryliert und Bindungsstudien mit CD44, Hyaluronsaure und Hep-
arin durchgefiihrt. Die Resultate dieser Studien ermdéglichen eine weitere Charakterisierung
der Interaktionen von OPN mit Zelloberfldchenrezeptoren und Komponenten der extrazel-
luldren Matrix und tragen zu einem besseren Verstdndnis fiir die Rolle der Kompaktierung
von intrinsisch ungeordneten Proteinen in deren biologischen Funktionen bei.
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Introduction

Highly dynamic proteins which exist in a vast ensemble of heterogeneous structures, re-
ferred to as intrinsically disordered proteins (IDPs), have gained growing recognition in the
last decade due to their biological importance and intriguing biophysical properties [1, 2].
The ability to sample a broad conformational space allows IDPs to interact with multi-
ple binding partners and act as protein network hubs [3-5]. IDPs are especially abundant
in eukaryotic organisms [6], which is likely due to their ability to facilitate the signalling
mechanisms required for multicellular life [7, 8]. Tight regulation of these proteins is cru-
cial [9, 10] and elevated protein levels of several IDPs are strongly associated with dis-
ease [11,12].

IDPs do not adopt a random structure, but sample a distinct set of different predefined
populations [13]. Most IDPs are defined by a high content of structure-breaking, polar
and charged amino acids, while containing a low amount of bulky hydrophobic amino
acids [14]. Although this means IDPs typically lack a hydrophobic core, varying degrees
of compaction are possible [15], which is primarily modulated by the overall charge and
proline-content of the protein [16].

Adding to the flexible nature of IDPs, several post-translational modifications (PTMs) and
splicing variants increase the complexity of their conformational heterogeneity in-vivo. As
they do not adopt a rigid structure, most amino acids on the sequence are usually acces-
sible for PTMs and disordered regions tend to be targets for covalent modifications like
phosphorylation [17,18]. PTMs can modulate the function of IDPs on several levels - they
are able to affect the propensity to form secondary structural elements, regulate intra- and
intermolecular tertiary contacts and have a strong impact on the overall physico-chemical
properties of the protein (e.g. electrostatic and hydrophobic changes), affecting the con-
formational ensemble sampled [19]. Disordered regions and proteins containing protein-
binding motifs and PTM sites are frequently subject to tissue-specific splicing [20, 21],
which could provide a mechanism for tissue-specific regulation of interaction networks.

The protein this thesis is focussed on, Osteopontin (OPN), is a multifunctional protein,
expressed by various tissues and cell types [22] and part of the small integrin-binding lig-
and N-linked glycoprotein (SIBLING) family - soluble, secreted, integrin-binding proteins
that have important functions in bone mineralisation [23] and implications in tumour-
progression [24]. Epithelial cells secrete OPN into bodily fluids, including milk [25],
blood [26] and urine [27].



OPN is a protein with versatile physiological functions [28] and has been shown to be
involved in a plethora of pathological processes and diseases, like metabolic disorders [29],
immune-mediated diseases [30] and autoimmune disorders [31]. Furthermore, OPN is
associated with tumour progression and growth [32], and could serve as biomarker for the
diagnosis and treatment of cancer [33]. OPN has been identified as a flexible protein in
solution [34] and like many IDPs, it is part of a complex interaction network with multiple
binding partners. The protein is found in the extracellular matrix of mineralized tissues
[35] and is involved in the regulation of hydroxyapatite crystal formation [36]. OPN also
acts as a cytokine and is able to activate migration of various immune-cells [37,38].

Through binding to cell-surface receptors, namely several integrins [39] and CD44 vari-
ants [40], OPN can mediate different biological activities like cell survival, immune regu-
lation, cell adhesion and migration. Therefore, it is not surprising that these interactions
have been associated with the metastatic potential of OPN in cancer [41]. OPN binds in-
tegrins primarily through the canonical arginine-glycine-aspartic acid (RGD) recognition
sequence [39]. CD44 consists of 4 distinct regions: the hyaluronic acid binding amino-
terminal domain (HABD), the stem-part with variable length due to alternative splicing,
the transmembrane region and the cytoplasmic tail [42]. Although the exact binding mech-
anism is not clearly understood, studies have reported interactions of OPN with the flexible
stem of CD44 containing the exons v3, v6 and/or v7 [43-45].

Importantly, OPN is subject to several cell-type specific modifications including several
PTMs, protein cleavage, alternative translation and splicing. It is a substrate for matrix
metalloproteases [46,47] and thrombin, which exposes the cryptic integrin binding motif
of OPN [48,49] and enhances binding to several integrins [39]. Although research has pri-
marily focussed on secreted OPN, alternative translation generates an intracellular version
of OPN lacking the signal peptide [50], which also has essential biological functions [51].
The various splicing isoforms of OPN have distinct biological functions and are expressed
in different contexts [52].

Especially phosphorylation and glycosylation of OPN have been investigated by several
groups. For example, it has been shown that OPN phosphorylation modulates hydrox-
yapatite binding, which has an influence on hydroxyapatite formation and growth [53]
and regulation of macrophage migration by OPN is dependent on phosphorylation [54].
Phosphorylation and glycosylation patterns have been characterised for OPN isolated from
rat bone [55], murine fibroblasts [56], bovine milk [57], as well as human milk [58] and
urine [59]. Recently, a Golgi casein kinase, family with sequence similarity 20 member C
(Fam20c), localized within the secretory pathway was identified, which has been shown
to phosphorylate proteins in the extracellular matrix of bones and teeth as well as in
milk [60, 61]. The kinase mainly phosphorylates Ser-X-Glu/pSer motifs and a mutation
leading to a decreased Fam20c activity has been linked to Raine syndrome, a rare osteo-
clerotic bone dysplasia [60,62,63].

Although the inherent flexibility of IDPs can make their investigation challenging, Nu-
clear Magnetic Resonance (NMR) based methods have proven to be especially useful and
versatile by providing structural and dynamic information for a broad range of time scales
and with a coverage of almost every residue in a protein [64,65]. For example, the chemical
shift is highly sensitive to changes in the environment of a residue, which makes it possible
to characterise ligand binding and differences in local structure of a protein [66, 67].



A NMR technique to characterise transient long-range interactions of IDPs, Paramagnetic
Relaxation Enhancement (PRE), exploits the effect of an unpaired electron, which causes
paramagnetic-enhanced relaxation of any nuclear spin within its proximity through dipo-
lar interactions [68, 69]. This paramagnetic centre is introduced in the form of a tag, typi-
cally as nitroxide free radicals or lanthanides bound via a chelator, which is conjugated to
a cysteine residue of the protein [70].

The magnitude of the PRE is proportional to the r~® distance between the electron and
nucleus, meaning the contribution from short distances will be especially large [68, 69].
Although both longitudinal and transverse relaxation rates are affected, measurement of
the transverse relaxation rate is more accurate and reliable as it is more sensitive and less
susceptible to cross-correlation effects [68]. The PRE rate (I,) is obtained by calculating
the difference between the transverse relaxation rates of the paramagnetic sample and a
diamagnetic control (in our case generated by quenching the nitroxide label), which ex-
cludes relaxation mechanisms present in both states [68]. Due to the strong distance de-
pendence and the large effect arising from the interaction between the magnetic moment
of an unpaired electron and the nucleus, information on long-range contacts (up to 35 A)
and sparsely-populated states can be obtained [71-73].

Previous studies by our group have indicated the prevalence of compacted states in OPN
[74,75]. This thesis is focussed on the characterisation of these compact states of quail OPN
(qQOPN) and human OPN (hOPN). To generate a more accurate correlation map [76], sev-
eral spin labels at an interval of ca. 20-30 residues were introduced. Conserved sequence
properties of OPN were analysed with the compact states in mind. To investigate the com-
plex interaction network of hOPN, in-vitro phosphorylation with Fam20c was carried out,
the phosphorylation sites mapped by NMR and mass spectrometry and binding studies
conducted with the flexible stem and the HABD of CD44 as well as hyaluronic acid - a non-
sulphated glycosaminoglycan consisting of D-glucuronic acid and N-acetylglucosamine
disaccharide repeats and an essential part of the extracellular matrix [77] - and heparin
- a negatively charged, highly sulphated glycosaminoglycan used as an anticoagulant and
structurally related to heparan sulphate, a common PTM in proteoglycans [78].



Materials and Methods

Expression and Purification of Osteopontin

Quail Osteopontin (qOPN)

Cysteine mutations for MTSL labelling were introduced via site-directed mutagenesis (po-
sitions highlighted in sequence below) using a pET11d plasmid containing the respective
qOPN insert as template vector. The correct insertion of the mutation was validated via
sequencing of the plasmid.

Protein Sequence of qOPN (mutation sites highlighted):

MHQDHVDSQSQEHLQQ""TONDLASLOQTHYSSEENAD""VPEQPDFPDVPSKSQETVDD "'DDDDDNDSNDTDESDEVF
TD'“"FPTEAPVAPFNRGDNAGRGD ""'SVAYGFRAKAHVVKASKIRK ""AARKLIEDDATTEDGDSQPA ""GLWWPKES
REQNSRELPQHQ*"'SVENDSRPKFDSREVDGGDS* "KASAGVDSRESQGSVPAVDA " "SNQTLESAEDAEDRHSIENN"
"YEVTR

The respective vector was transformed into the Escherichia coli (E. coli) strain BL21(DE3)
phage resistant via heat-shock method. Protein expression was induced at an ODggg of
ca. 0.8 by adding 0.4 mM IPTG. For expression of isotopically labelled protein for NMR
studies, before induction the cells were harvested and pellets from 4L LB resuspended in
1L M9-Minimal Media (containing 1g/L '>NH,Cl and 3g/L !'3C Glucose for >N and '3C
labelling respectively). The expression was carried out at 27°C and 140rpm overnight.

The cells were harvested and resuspended in 40mL of cold PBS (2mM KH,PO,, 8mM
Na,HPOy, 2.5mM KCl, 140mM NaCl, 5mM EDTA, pH 7.3), fresh DTT was added for cys-
teine mutants. The suspension was sonicated and cooked at 95°C for 10min. The lysate was
centrifuged at 18000 rpm and an ammonium sulphate precipitation (saturation of 50%)
carried out with the supernatant. The pellet was resuspended in PBS, diluted 1:2 with
water to lower the salt concentration and an anion-exchange chromatography (HiTrap Q)
performed. The column was equilibrated with PBS and a gradient of 30% High-Salt Buffer
(PBS containing 1M NaCl) run in 20 minutes at 2 mL/min. Protein purity was confirmed
via SDS-PAGE and NMR. The protein was concentrated using a centrifugal filter and the
final concentration measured at 280nm.



Human Osteopontin (hOPN)

Cysteine mutations for MTSL labelling were introduced via site-directed mutagenesis (po-
sitions highlighted in sequence below) using a pETM11 plasmid containing the respective
hOPN insert as template vector. The correct insertion of the mutations was validated via
sequencing of the plasmid.

Protein Sequence of hOPN (after TEV-Cleavage, mutation sites highlighted):

GAMGIPVK?’QADSGSSEEKQLYNKYPDAV!’ATWLNPDPSOKQONLLAPQONA®VSSEETNDFKQETLPSKSNE®"SHDHM
DDMDDEDDDDHVDSQ'“’DSIDSNDSDDVDDTDDSHQS '’ DESHHSDESDELVTDFPTDL ' *"PATEVFTPVVPTVDTYD
GRG'°’DSVVYGLRSKSKKFRRPDIQ'*'YPDATDEDITSHMESEELNG?’AYKAIPVAQDLNAPSDWDSR’?’GKDSYET
SOLDDQSAETHSH**"KQSRLYKRKANDESNEHSDV**"IDSQELSKVSREFHS**"HEFHSHEDMLVVDPKSKEEDKHLK
F*''RISHELDSASSEVN

The respective vector was transformed into the E. coli strain BL21(DE3) Rosetta pLysS
phage resistant via heat-shock method. Protein expression was induced at an ODgqg of
ca. 0.8 by adding 0.4 mM IPTG. For expression of isotopically labelled protein for NMR
studies, before induction the cells were harvested and pellets from 4L LB resuspended in
1L M9-Minimal Media (containing 1g/L >NH4Cl and 3g/L !3C Glucose for !°N and *C
labelling respectively). The expression was carried out at 28°C and 140rpm overnight.

The cells were harvested and resuspended in 40mL of cold PBS (140mM NacCl, 2.7mM
KCl, 10mM Na,HPOy, 1.8mM KH,PO,, 20mM Imidazole, pH 8), fresh DTT was added
for cysteine mutants. The suspension was sonicated and cooked at 95°C for 10min. The
lysate was centrifuged at 18000 rpm and the supernatant loaded onto a HisTrap affinity
column. The protein was eluted with High-Imidazole Buffer (140mM NaCl, 2.7mM KClI,
10mM Na,HPOy, 1.8mM KH,PO,4, 500mM Imidazole, pH 8).

The protein was concentrated in TEV-Cleavage Buffer (140mM NaCl, 2.7mM KCI, 10mM
Na,HPOy, 1.8mM KH,PO,4, 1mM DTT, 1mM EDTA, pH 8), TEV protease was added in
a ratio of 1:50 and incubated overnight at 4°C under agitation. Further purification was
carried out with ion-exchange chromatography (HiTrap Q). The column was equilibrated
with PBS and a gradient of 50% High-Salt Buffer (PBS containing 1M NaCl) run in 30
minutes at 1 mL/min. Protein purity was confirmed via SDS-PAGE and NMR. The protein
was concentrated using a centrifugal filter and the final concentration measured at 280nm.



Expression and Purification of CD44

CD44 consists of several regions: the signal-peptide (1-20), the hyaluronic acid binding do-
main (21-178), a linker (179-223), the variable stem region (224-649), a transmembrane do-
main (650-670) and a cytoplasmic tail (671-742). The stem region as well as the hyaluronic
acid binding domain were purified for binding studies with hOPN.

Complete Sequence of CD44 (hyaluronic acid binding domain is coloured blue and the
stem region green):

MDKFWWHAAWGLCLVPLSLAQIDLNITCRFAGVFHVEKNGRYSISRTEAADLCKAFNSTLPTMAQMEKALSIGFETCR
YGFIEGHVVIPRIHPNSICAANNTGVYILTSNTSQYDTYCFNASAPPEEDCTSVTDLPNAFDGPITITIVNRDGTRYV
QKGEYRTNPEDIYPSNPTDDDVSSGSSSERSSTSGGYIFYTFSTVHPIPDEDSPWITDSTDRIPATTLMSTSATATET
ATKRQETWDWF SWLFLPSESKNHLHTTTQMAGTSSNTISAGWEPNEENEDERDRHLSFSGSGIDDDEDFISSTISTTP
RAFDHTKONQDWTQWNPSHSNPEVLLQTTTRMTDVDRNGTTAYEGNWNPEAHPPLIHHEHHEEEETPHSTSTIQATPS
STTEETATQKEQWFGNRWHEGYRQTPKEDSHSTTGTAAASAHTSHPMQGRTTPSPEDSSWTDFFNPISHPMGRGHQAG
RRMDMDSSHSITLQPTANPNTGLVEDLDRTGPLSMTTQQSNSQSFSTSHEGLEEDKDHPTTSTLTSSNRNDVTGGRRD
PNHSEGSTTLLEGYTSHYPHTKESRTFIPVTSAKTGSFGVTAVIVGDSNSNVNRSLSGDQDTFHPSGGSHTTHGSESD
GHSHGSQEGGANTTSGPIRTPQIPEWLIILASLLALALILAVCIAVNSRRRCGQKKKLVINSGNGAVEDRKPSGLNGE
ASKSQEMVHLVNKESSETPDQFMTADETRNLONVDMKIGV

Stem part of CD44 (CD44stem)

A pETM11 plasmid containing the respective CD44stem insert was transformed into the
E. coli strain BL21(DE3)pLysS phage resistant via heat-shock method. A pellet from 50mL
of overnight culture was resuspended in 1mL LB and added to 1L M9-Minimal Media
(containing 1g/L '>NH,4Cl and 3g/L !3C Glucose for 1°N and !'3C labelling respectively)
and grown to an ODggg of ca. 0.8 at 37°C and 140rpm, before induction with 0.4 mM
IPTG. Protein expression was carried out at 32°C for 4h.

The cells were harvested and resuspended in 40mL of cold Resuspension-Buffer (50mM
Tris, 300mM NaCl, 6M Guanidinium chloride, pH 8). The suspension was sonicated, the
lysate was centrifuged at 18000 rpm and the supernatant (diluted to 4M Guanidinium
chloride) loaded onto a HisTrap affinity column. The column was washed with Washing-
Buffer 1 (50mM Tris, 300mM NacCl, 4M Guanidinium chloride, pH 8), Refolding-Buffer
(50mM Tris, 300mM NaCl, pH 8) and Washing-Buffer 2 (50mM Tris, 1M NaCl, 20mM
imidazole, pH 8) before eluting with Elution-Buffer (50mM Tris, 300mM NaCl, 500mM
imidazole, pH 8) using a gradient of 100% in 30min at 1mL/min.

To remove the His-Tag, TEV protease was added in a ratio of 1:50 and dialysed overnight in
PBS (10mM NaP, 500mM NaCl, ImM EDTA, 1mM DTT, pH 7.4) overnight at 4°C. The pro-
tein was concentrated using a centrifugal filter with 30kDa cut-off and the buffer changed
using a PD-10 Desalting-Column. Protein purity was confirmed via SDS-PAGE and NMR.
The protein was concentrated using a centrifugal filter and the final concentration mea-
sured at 280nm.



Hyaluronic Acid Binding Domain of CD44 (HABD)

A pETM11 plasmid containing the respective HABD insert was transformed into the E.
coli strain BL21(DE3)pLysS phage resistant via heat-shock method. Protein expression was
induced at an ODg of ca. 0.8 by adding 0.4 mM IPTG. Protein expression was carried out
at 37°C for 4h.

The cells were harvested and resuspended in 40mL of cold Resuspension-Buffer (10mM
Na,HPOy, 1.8mM KH,POy4, 140mM NaCl, 2.7mM KCl, pH 7.4). The suspension was son-
icated, the lysate was centrifuged and the inclusion body pellet resuspended in ice-cold
Triton-Wash (50mM Tris, 100mM NaCl, 0.5% Triton X-100, 0.02% NaN3, pH 8). The pel-
let was made homogeneous using a Dounce-Homogenizer. The pellet was washed several
times, finally resuspended in Solubilisation-Buffer (50mM MES, 8M Urea, 0.1mM EDTA,
0.1mM fresh DTT, pH 6.5) overnight at 4°C under agitation.

The solution was centrifuged to remove insoluble material and the protein refolded in a
200-fold dilution with Refolding-Buffer (100mM Tris, 250mM L-Arginine, 2mM EDTA,
2.5mM Reduced Glutathione, 2.5mM Oxidized Glutathione, 0.5png/mL fresh Leupeptin,
pH 8.5). Refolding was carried out for 48h at 4°C before concentrating the protein using a
centrifugal filter.

Monomeric protein was purified by size-exclusion chromatography (26/60 Superdex G75)
in SEC-Buffer (20mM Tris, 150mM NaCl, pH 8) at 4mL/min. The protein was concen-
trated and TEV protease was added in a ratio of 1:50 and dialysed overnight in PBS with
low imidazole (140mM NacCl, 2.7mM KCI, 10mM Na,HPOy,, 1.8mM KH,PO,4, 20mM Im-
idazole, pH 8) at 4°C. The fractions containing the protein were loaded onto a HisTrap
affinity column and the flow-through collected to remove TEV protease and the His-Tag.
Protein purity was confirmed via SDS-PAGE and NMR. The protein was concentrated us-
ing a centrifugal filter and the final concentration measured at 280nm.

Phosphorylation

Fam20c Kinase

HEK293T cells, stably expressing FLAG-tagged Fam20c were kindly provided by Vincent
S. Tagliabracci (UT Southwestern Medical Center, Texas). For expression and purification,
the protocol was followed as described by Tagliabracci et. al [60].

The HEK cells were grown for 72h to allow expression of high amounts of Fam20c. All
subsequent steps were carried out at 4°C. The media was centrifuged, filtered and incu-
bated with anti-FLAG resin overnight. The solution was loaded onto a 20mL column and
washed with Phosphorylation-Buffer (50mM Tris, 50mM NaCl, pH = 7.2). The resin was
incubated with Elution-Buffer (100png/mL FLAG Peptide in Phosphorylation-Buffer) for 4h
under agitation before elution. Protein purity was confirmed via SDS-PAGE. The protein
was stored at -80°C with 15% glycerol and 1mM beta-mercaptoethanol.



Phosphorylation Reaction

The reaction was carried out in Phosphorylation-Buffer (50mM Tris, 50mM NaCl, pH 7.2).
The reaction mix consisted of 50uM protein, an excess of ATP (4.3mM for hOPN and
0.8mM for CD44 based on the expected phosphorylation sites), 10mM MnCl,. Fam20c
was added at a ratio of ca. 1:300. The reaction was carried out in 3 steps, each 8-16h, at
room temperature. After each step the solution was centrifuged at 18000 rpm and fresh
ATP and MnCl, added to the supernatant. The protein was purified using ion-exchange
chromatography after removing the ATP through a centrifugal filter.

The phosphorylated hOPN sample was sent to the MFPL Mass Spectrometry Facility and
intact protein mass determination as well as mapping of the phosphorylation sites were
performed by Dorothea Anrather.

NMR Measurements

MTSL-Tagging

The protein was incubated with an excess of DTT (10mM) for 15min at room tempera-
ture. A PD-10 Desalting-Column was equilibrated with MTSL-Tagging Buffer (100mM
NaP, 1ImM EDTA, pH 8), the protein loaded to a total volume of 2.5mL and eluted with
3.4mL of buffer. The free thiol concentration was measured using a 300uM DTNB solution
at 412nm. A 3-fold excess of MTSL was added and the sample incubated for 3 hours at
37°C during agitation. The free thiol concentration was measured again to confirm com-
plete tagging of the protein.

Measurement Conditions

Buffer Temperature [K] Concentration [mM]
qOPN qOPN PBS, pH 6.5 298 0.5
hOPN 50mM NaCl, 50mM NaP, pH 6.5 293 0.2-0.3
hOPN (phos.) 50mM NaCl, 50mM NaP, pH 6.5 293 0.1
CD44stem 50mM NaCl, 50mM NaP, pH 6.5 293 0.1
HABD 50mM NaCl, 50mM NaP, pH 6.5 293 0.1

Table 2.1. Measurement Conditions for NMR-Samples

NMR Spectra were recorded using a 800 MHz Bruker Avance III and 600 MHz Bruker
Neo spectrometer; 10% D,0O was added as the lock-solvent. For hOPN and CD44 mea-
surements, 5mm Shigemi-Tubes were used to reduce the sample volume needed (250pL
compared to 500puL for qOPN).

For the H¥2 PRE measurements, paramagnetic samples were reduced using a 3-fold excess
of ascorbic acid providing the diamagnetic control-samples. Relaxation delays for hOPN
were 0.001, 0.0025, 0.005, 0.015, 0.03, 0.06 and 0.12 s and for qOPN 0.001, 0.005, 0.01,
0.02, 0.05 and 0.1 s.



For interaction studies, heparin sodium salt from porcine intestinal mucosa with an aver-
age molecular weight of 17.5kDa and hyaluronic acid sodium salt from streptococcus equi
with an average molecular weight of 20kDa were bought from Sigma Aldrich. The titration
of hOPN and phosphorylated hOPN with hyaluronic acid were carried out in molar ratios
of ca. 10:1, 5:1, 2:1, 1:1 and 1:2. Titration with heparin were carried out in molar ratios of
ca. 10:1, 5:1, 2:1, 1:1, 1:2, 1:5 and 1:10.

Data Analysis

All spectra were processed with NMRPipe [79] and analysed with Sparky [80]. Further
data analysis and visualisation were carried out using RStudio [81].

The Multiple Sequence Alignment of OPN was performed out using MAFFT [82] and the
phylogenetic tree generated using Archaeopteryx [83].

PRE profiles and Correlation Matrix

Relaxation fitting was carried out using Sparky. The points are fit to a decaying exponential
(h = A+e®") and the time constant (T) given, including an error estimate. The PRE rates
were calculated as the difference between the transverse relaxation rates (R, = %) for para-
and diamagnetic measurements for each residue.

I‘2 = RZ,pam - RZ,dia

The symmetric correlation matrix was calculated according to the pearson correlation co-
efficient. With the sample size (1) as the number of labelling sites and the PRE rates as
sample points (x, 7).

COvyy = 3 Uity (% = %) (i —7)

COVyy

COTT’X’y = o2,

Calculation of the Chemical Shift Perturbation (CSP)

To determine the binding site of heparin to hOPN, the CSP was calculated for each residue
upon titration of heparin and plotted. The CSP is calculated as the geometrical distance
between the chemical shift of a residue before and after addition of a ligand.

A8 =\ (A5)2 + (23)2



Phosphorylation Analysis

The phosphorylation sites from the mass spectrometry results and the NMR assignment
were compared with the phosphorylation sites of hOPN found in the literature for human
milk OPN [58] and OPN phosphorylated by Fam20c in HepG2 cells [61].

Plotting Hydrophobicity and Charge Distribution of Osteopontin

Hydrophobicity plots were calculated using the hydrophobicity scale of Kyte & Doolittle
[84]. Charge plots were simply calculated by assuming the amino acids lysine and arginine
as +1, histidine as +0.5 and glutamic acid and aspartic acid as -1. The average for every
residue was calculated with a sliding window of size 15 to generate distribution plots.
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Results

Sequence Properties of OPN

To investigate the sequence determinants of the compact states of OPN, the distribution of
charged and hydrophobic residues was analysed. A multiple sequence alignment (MSA)
was generated (supplementary S1) and the charge and hydrophobicity distribution for all
included sequences plotted and structured according to the phylogenetic tree generated
from the MSA (supplementary S2).
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Figure 3.1. Charge and hydrophobicity plots of qOPN (a) and hOPN (b). The residue number is
plotted on the x-axis with the corresponding hydrophobicity/charge values on the
y-axis. Hydrophobicity was calculated according to the scale of Kyte & Doolittle
[84] and charge by setting charged residues to +1 or -1 respectively (for histidine a
value of +0.5 was assumed). For each residue an average value from a window of
size 15 was calculated.

Figure 3.1 shows the charge and hydrophobicity distribution plots for quail (a) and human
OPN (b). The range of the hydrophobicity plot is -4.5 to 4.5, with high values correspond-
ing to hydrophobic regions. In the charge distribution plots, very positive or negative
values correspond to respectively highly charged regions within a range of -1 to 1. From
this analysis an overall good conservation for both charge and hydrophobicity distribution
can be observed, especially when considering the low sequence conservation of OPN.
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The high hydrophobicity values at the beginning of the sequence correspond to the signal
peptide of OPN. The well conserved region surrounding the RGD motif, residues 138-140
in qOPN and 159-161 in hOPN, is of particular interest. In all analysed sequences, an
increase of negatively charged residues before the integrin binding motif, followed by an
increase in positively charged residues after the motif can be observed. Finally, there is
another increase in negative charges close to position 180 in qOPN and 200 in hOPN. This
charge distribution already indicates a certain compaction potential of this area driven by
electrostatic interactions. The region directly preceding the RGD motif has a conserved
increase in the amount of hydrophobic residues and prolines.

Analysis of Long-Range Contacts in OPN using PRE

PRE rates for ten qOPN (S54C, E77C, S108C, R132C, A161C, D174C, S188C, S206C, 5228C,
$247C) and nine hOPN (G25C, Q50C, D90C, D130C, T185C, D210C, S239C, S267C, S311C)
spin label positions were calculated from the para- and diamagnetic measurements of each
mutant. The PRE profiles can be viewed in supplementary S3 for qOPN and S4 for hOPN.
High PRE rates correspond to an effect of the spin label on the affected areas, indicating
spacial proximity.

In all profiles, a long-range effect of the paramagnetic label on different regions, not only
the area close to the label on the primary sequence of the protein, can be seen. This already
suggests a behaviour deviating from a theoretical random coil, which would generate an
even distribution of PRE rates for residues not surrounding the spin label site. This can be
seen most prominently for labels placed close to the termini, where distinct areas show an
increase in PRE rates. Labels positioned closer to the centre of the proteins generally affect
the entire surrounding region, indicating a compaction of these areas.

Figure 3.2 shows example profiles generated from the PRE rates of the mutant E77C for
qOPN (a) and D90C for hOPN (b). The most relevant regions, where the difference in
transverse relaxation rates between the paramagnetic and diamagnetic form is large are
indicated for both profiles. Residues in region A are strongly affected by the label due to
their proximity on the primary sequence, while effects for residues in regions B and C can
only be explained by spacial proximity to the label through long-range contacts occurring
in the protein.

From the PRE profiles of all mutants, a correlation matrix was calculated for both proteins.
Positive correlations (red) are obtained when two residues are affected in a similar way
by the paramagnetic labels due to concerted structural elements, while anti-correlation
(blue) between two regions indicates a low structural relation within the conformational
ensemble of the protein.

The correlation map for qOPN (figure 3.3a) shows a strong overall compaction of the pro-
tein, indicated by the high number of strongly correlated residues. Both the N- and C-
Terminus show a strong local compaction as well as the entire middle region of the protein
(residues 75 to 210). In both terminal regions, there are areas weakly correlated with the
centre of the protein, while there is a negative correlation between the two segments.

12
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Figure 3.2. Examples for PRE profiles of qOPN-E77C (a) and hOPN-D90C (b). The PRE rates

I, were calculated as the difference between the
the para- and diamagnetic state of each residue.

transverse relaxation rates (R,) for
The position of the paramagnetic

label is marked by the red bar. Strongly affected regions are indicated by boxes A,

B and C.
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Figure 3.3. Correlation matrices of qOPN (a) and hOPN (b). The correlation coefficient was
calculated for each residue-pair taking all spin label positions (10 for qOPN and 9
for hOPN) into account. Correlated regions are coloured red, while anti-correlated
regions are blue.

Looking at the correlation matrix of hOPN (figure 3.3b), especially the N-Terminal segment
shows a strong correlation, suggesting a highly compacted region. Similar to qOPN, there
is an overall compacted segment of the protein, although in the case of hOPN a larger
region (residues 110 to 314), which is more shifted towards the C-Terminus is affected
with a less pronounced correlation.

Analysis of the OPN Interaction Network

Phosphorylation of hOPN

The phosphorylation of hOPN was confirmed via Mass Spectrometry (MS) Analysis and
NMR, additionally the phosphorylation sites were identified using both techniques. A
comparison of the phosphorylation sites found in the literature with the NMR and MS
results from our sample can be viewed in table 3.1. Overall, a good agreement between the
different samples could be observed.

An overlap of the hOPN spectra before and after phosphorylation in figure 3.4 shows sig-
nificant shifts for several residues. Especially the shift of serine residues upon phospho-
rylation can be clearly recognised. A closer look at the serine region is provided in figure
3.4, indicating the chemical shift change of serine at position 26 upon phosphorylation as
an example.
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Residue

Milk HepG2 MS NMR Residue Milk HepG2 MS NMR

S24 + + 5195 + + + +
S26 + + + + S215 + + + +
S27 + + + + S219 + + + +
S62 + + + + S224 + + + +
S63 + + + + Y225 +

T66 + T227 +

S78 * + S228 + + + +
S76 + * S234 + + + +
S81 + * + T237 + +
S99 + * + S239 + + *
S102 + * S243 + *
S105 + * + S254 + + + +
S108 + * + S258 + + +
S117 + * + S263 + + + +
S120 + * + S267 + +

S123 + * + S270 + + +
S126 + * + 5275 + + + +
S129 + * + S280 + + + +
S162 + S291 + + + *
Y165 + S303 + + + *
S169 + S308 + + + +
T185 + + + S310 + + + +
T190 + + S311 + + + (+)
S191 + + + +

Table 3.1. Comparison of phosphorylation sites found in human milk OPN (Milk) [58], OPN

phosphorylated by Fam20c in HepG2 cells (HepG2) [61] and our sample analysed
by MS and NMR analysis (MS and NMR respectively). A ”+” indicates a phospho-
rylation, residues not covered by MS or not assigned with NMR are indicated by
an asterisk. For S311 a notable upfield shift in the proton dimension indicates a
modification of this residue, although generally a downfield shift is expected for
phosphorylation.
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Figure 3.4. The figure shows an overlap of the spectra from hOPN before (red) and after (blue)
phosphorylation. The most prominent shifts are seen for the serine region (zoomed
region on the left) due to the phosphorylation of these residues. The arrow shows
the shift of S26 due to phosphorylation of the residue as an example.

Interaction of hOPN with CD44stem

The binding of OPN to the stem of CD44 was confirmed via NMR, both from the side of
hOPN and CD44stem. An overlap of the hOPN spectra before and after the addition of
CD44stem can be seen in supplementary S5. A change in intensity for several residues
could be observed, indicating binding of hOPN to CD44stem; the same was observed for
CD44stem upon the addition of hOPN.

Interaction of hOPN with Hyaluronic Acid and Heparin

The binding of hyaluronic acid and heparin to hOPN before and after phosphorylation
was analysed by adding increasing molar ratios of the biomolecules to an hOPN sample;
all resulting spectra of the complete titrations can be found in the supplementary material
(supplementary S6-9).

No significant shifts were observed for the titration of hyaluronic acid to hOPN before
phosphorylation, even at high concentrations, shown in supplementary S6. Upon titra-
tion of hyaluronic acid to phosphorylated hOPN (supplementary S8), small shifts were
observed for some phosphorylated residues.

For heparin, binding to hOPN was confirmed before and after phosphorylation (supple-
mentary S7 and S9). Higher concentrations of heparin were needed to observe significant
chemical shift changes in the phosphorylated sample and overall less changes were ob-
served. Figure 3.5 demonstrates this effect showing the chemical shift changes for a residue
upon heparin titration for the non-phosphorylated (a) and phosphorylated (b) hOPN.

The chemical shift perturbations (CSP) caused by the titration of heparin to hOPN are
shown in figure 3.6. In the non-phosphorylated sample, especially residues in the regions
130-190 (with a dip around 160) and 230-270 show high values, demonstrating a strong
change in the chemical shift.

16



(a)

70 7.65 7.60 BB | | 760 358 s e e
17.4 17.4 |
1
176 17.6
1178 117.8 175 117.5
£
g 1180 118.0 £
F 3
B =
L1182 18.2 &
g 1180 1180
118.4 18.4
118.6- 118.6
|
770 785 7.60 755 i 7.60 755 750 7.45
1
w,-"H (ppm) | g g

Figure 3.5. Chemical shifts of residue 1179 during titration of heparin for non-phosphorylated
OPN (a) and phosphorylated OPN (b). The peak before addition of heparin is
shown in red. Titrations were carried out in molar ratios of 10:1 (orange), 5:1 (yel-
low), 2:1 (green), 1:1 (cyan), 1:2 (blue) and 1:5 (magenta) another titration step of
1:10 (pink) was added to the phosphorylated sample.
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Figure 3.6. Chemical Shift Perturbations through the addition of heparin to hOPN.
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In figure 3.7 the spectra of the heparin titration with the phosphorylated hOPN is shown;
residues with a large shift are indicated. Changes in the chemical shift are primarily ob-
served for residues in the region 170-185, small shifts could be shown for some residues in
the positively charged region at ca. residue 250.

Interaction of hOPN with the Hyaluronic Acid Binding Domain of CD44

An analysis of hyaluronic acid binding to the HABD of CD44 was conducted by recording
1D spectra of the HABD with hOPN and hyaluronic acid. The spectrum of HABD shows
a prototypical chemical shift dispersion of a folded protein. The dashed box in figure
3.8 shows that signals from the the HABD disappear upon addition of hyaluronic acid,
indicating an interaction. 2D spectra recorded from hOPN in the presence of the HABD
with and without hyaluronic acid showed no interaction between the two proteins.

9 8 7 [ppm]

Figure 3.8. An overlap of the 1D-Spectra of HABD. The spectrum of HABD is shown in red,
the HABD with hOPN is shown in blue and the HABD with hOPN and hyaluronic
acid in green. The signal at ca. 7.8ppm is from the hyaluronic acid. The region
indicated by the dashed box shows that upon addition of hyaluronic acid, signals
from the HABD are significantly reduced in intensity.
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Discussion

The ability to dynamically adopt extended as well as compact conformations is an impor-
tant feature of IDPs, enabling their versatile biological functions, which makes it worth-
while to study what drives the transitions between these states and how they are regulated.
From the long-range effects of the different spin label positions and the resulting correla-
tion maps, it can be concluded that both hOPN and qOPN adopt compact conformations.

For both quail and human OPN, a significant effect on the PRE rates close to the RGD motif
could be observed. The lower overall PRE rates and correlations found for hOPN indicate
the compact conformations are either less populated or they are less spatially packed than
in qOPN. This suggests qOPN and hOPN have different structural pre-formation strate-
gies. In hOPN, a strongly affected region surrounding residue 250 shows an increase in
positively charged residues, which probably leads to additional tertiary contacts due to
electrostatic interactions. While this stretch of positive residues is missing in qOPN, a re-
gion strongly affected by the spin labels corresponds to a tryptophane (W184) followed
by a proline. This is an intriguing motif, as aromatics (especially tryptophane) close to a
proline stabilise the cis-conformation [85], which results in a turn-like structure compared
to the locally extended conformations of trans-isoforms [86].

Previous studies have shown that the presence of both urea and NaCl is required to unfold
qOPN [74], indicating an intricate interplay of several compaction mechanisms. Consider-
ing the low sequence identity of OPN between species, the overall biophysical properties
are well conserved, especially the distribution of charged and hydrophobic residues sur-
rounding the RGD motif responsible for the binding of OPN to integrins. The opposing
charges before and after the motif already indicate tertiary contacts between these regions
as confirmed by the PRE experiments. The high number of prolines and hydrophobic
residues directly preceding the RGD motif is also well conserved, suggesting an important
role of prolines in modulating the complex network of intramolecular contacts that lead to
compaction.
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OPN is highly phosphorylated in-vivo, which affects the binding to several partners and
could have important implications for the compaction of OPN through the addition of
negative charges. Most likely the extensive phosphorylation of OPN will lead to an overall
expansion, preventing the formation of strongly compacted regions. The phosphorylation
sites of hOPN were mapped using MS and NMR. With NMR, additional sites could be
identified not covered by MS, while MS was able to map lowly populated phosphoryla-
tion sites not detected by NMR. Some of the observed phosphorylation sites do not follow
the canonical Fam20c motif (Ser-X-Glu/pSer), suggesting a certain degree of promiscuity
of this kinase. The overall good agreement between the phosphorylation sites found in
the literature compared to the sample generated by in-vitro phosphorylation indicates the
sample can be used to further investigate the effect of phosphorylation on the conformation
and interactions of OPN. By MS three low populated non-canonical sites close to the RGD
motif (5162, Y165, S169) were identified. These sites could have important implications
on modulating the interaction between OPN and integrins. Thrombin cleavage is impor-
tant for the efficient binding of OPN to several integrins, which makes the phosphorylation
found at the thrombin cleavage site (5169) especially compelling, as it has been shown that
phosphorylation was able to inhibit thrombin cleavage of tau [87]. These findings will be
further investigated due to the potential biological implication of OPN phosphorylation by
Fam20c.

The effect of phosphorylation on the interaction of hOPN to several binding partners was
analysed. Like in qOPN, the binding of heparin to hOPN was confirmed by NMR. Sev-
eral chemical shift changes were observed and the binding sites mapped by analysing the
CSP of all residues upon addition of heparin. Heparin binds to the positively charged re-
gions (surrounding positions 175 and 250) due to electrostatic attraction of the negatively
charged biomolecule. The second binding region was not observed in qOPN, which does
not have this positive patch. The chemical shift changes for residues preceding the RGD
motif could be due to the expansion of the compact state upon heparin binding as has been
suggested for heparin binding to qOPN [88]. For the binding of heparin to phosphorylated
hOPN less shifts were observed, primarily in the positively charged area following the RGD
motif. No shifts were observed for the negatively charged region, which could indicate the
compact conformation is not present in the phosphorylated sample and therefore is not
modulated upon the binding of heparin.

The interaction studies showed hOPN does not bind to hyaluronic acid and the HABD of
CD44, although binding to both heparin and the flexible stem of CD44 could be observed.
The binding of hOPN to heparin could have important implications for the interaction
with CD44, as the splicing variant 3 of CD44 contains a heparan sulphate modification,
which is structurally related to heparin (supplementary S10). Future experiments will
be conducted analysing the binding of hOPN to heparan sulphate to further explore this
hypothesis. The interaction possibilities of hOPN and CD44 were delimited: hOPN can
only bind to CD44 through the stem part and/or the heparan sulphate PTM, which could
be modulated by phosphorylation.
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Conclusion

This thesis presents a characterisation of the compact states of both qOPN and hOPN as
well as an analysis of the complex interaction network of hOPN using NMR techniques. It
has been demonstrated that for IDPs, which usually have a low sequence identity across
species, it is particularly interesting to investigate conserved similarities in biophysical
properties.

This work provides a more complete picture of the compact state of qOPN through PRE
measurements of additional spin label positions. It also provides the first experiments fo-
cussing on the compact state of hOPN using the same approach. Although certain sequence
features are well conserved between the species, significant changes between human and
quail OPN compaction were identified. This indicates additional sidechain and backbone
interactions, such as the one occurring in aromatic-proline motifs, may play a role in the
subtle regulation of their conformational ensemble.

In addition to protein sequence properties, PTMs, such as phosphorylation, are able to
modulate long-range contacts in IDPs. The in-vitro phosphorylation of hOPN by Fam20c
was carried out. The generation of a soluble, highly phosphorylated and pure sample
allows atomic resolution studies by NMR. Moreover, the results gained from the bind-
ing studies pave the way to further characterise the interaction of OPN with CD44 and
biomolecules of the extracellular matrix, like heparin and hyaluronic acid.
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Figure S1. Multiple Sequence Alignment (MSA) of OPN generated from different sequences
collected from UniProt [89] (P10451, AOAOD9QWBS5, P10923, P08721, P31097,
F7AYC1, P14287, P31096, Q9XSY9, P23498, Q91832) using MAFFT [82]. Con-
served residues with weakly and strongly similar properties are indicated by a
”” and ”:” respectively, identical residues by an asterisk. Prolines are coloured in
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Figure S2. Charge and hydrophobicity plots of the OPN sequences used for the MSA. The tree
is based on the MSA shown in figure S1. The dotted line indicates a value of zero.
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Figure S3. All PRE-Profiles of qOPN - Red bars indicate the position of the spin label.
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Figure S5. The NMR Spectra of hOPN before (red) and after (blue) binding to CD44
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Figure S6. Titration of hyaluronic acid with hOPN.
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Figure S7. Titration of heparin with hOPN.
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Figure S8. Titration of hyaluronic acid with phosphorylated hOPN
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Figure S9. Titration of heparin with phosphorylated hOPN.
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Figure S10. The basic building blocks of Hyaluronic Acid, Heparan Sulphate and Heparin.
Heparan sulphate is variably sulfated, adding negative charges to the biomolecule.
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Abbreviations

ATP adenosine triphosphate
CSP chemical shift perturbation
DTNB 5,5’-dithiobis-(2-nitrobenzoic acid)
DTT dithiothreitol
EDTA ethylenediaminetetraacetic acid
Fam20c family with sequence similarity 20 member C
HABD hyaluronic acid binding domain
HEK cells human embryonic kidney cells
HSQC heteronuclear single quantum coherence
IDP intrinsically disordered protein
IPTG Isopropyl-p-D-Thiogalactopyranoside
LB lysogeny broth medium
MES 2-(N-morpholino)ethanesulfonic acid
MSA multiple sequence alignment
MTSL S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl) methyl methanesulfonothioate
NMR nuclear magnetic resonance
ODgo optical density at 600nm
OPN osteopontin
PBS phosphate-buffered saline
PRE paramagnetic relaxation enhancement
PTM post-translational modification
SDS-PAGE | sodium dodecyl sulfate polyacrylamide gel electrophoresis
TEV protease | tobacco etch virus protease
Tris tris(hydroxymethyl)aminomethane
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