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Abstract

Abstract

Bone fractures typically heal without surgical intervention. However, pathological situations
exist which impede the healing process resulting in so-called non-union fractures. Such
fractures are nowadays treated with scaffold material being introduced into the defect area.
These scaffolds can be doped with osteogenic factors, such as bone morphogenetic protein
(BMP)2. BMP2 belongs to the most osteogenic growth factors known to date. Its medical use,
efficiency and safety have been approved by FDA for certain applications. Currently, BMP2
is distributed with a stabilizing scaffold, which is simply soaked with the growth factor. Due
to fast release kinetics supraphysiological high doses of BMP2 are required which are
causally associated with severe side effects observed in certain applications being most
harmful in the area of the cervical spine. These side-effects include inflammation, swelling
and breathing problems, leading to disastrous consequences or secondary surgical
interventions. Since it could be shown that a retardation of BMP2 release from the scaffold
resulted in superior bone forming properties in vivo, it seems obvious to further reduce this
release to a minimum. This can be achieved by covalent coupling which in the past was
already elaborated using mainly classical EDC/NHS chemistry. Using this technique coupling
of the protein occurs non-site-directedly leading mainly to an unpredictable product outcome
with variable osteogenic activities. In order to improve the reproducibility of scaffold
functionalization by BMP2 we created variants one of which contains a unique unnatural
amino acid substitution within the mature polypeptide sequence (BMP2-K3PIlk) and another,
BMP2-A2C, in which an N-terminal alanine has been substituted by cysteine. These
modifications enable site-specific and covalent immobilization of BMP2 e.g. onto polymeric
beads. Both proteins were expressed in E. coli, renatured and purified by cation-exchange
chromatography. Both variants were extensively analyzed in terms of purity and biological
activity which was tested by in vitro interaction analyses as well as in cell based assays. Both
proteins could be successfully coupled to polymeric beads. The different BMP2
functionalized beads were shown to interact with the ectodomain of the type | receptor
BMPR-IA in vitro indicating that the biological activity of both BMP2 variants retained upon
coupling. Both functionalized beads induced osteogenic differentiation C2C12 cells but only
of those cells which have been in close contact to the particular beads. This strongly indicates

that the BMP2 variant are indeed covalently coupled and not just adsorbed.
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Abstract

We claim that we have developed a system for a site-specific and covalent immobilization of
BMP-2 onto solid scaffolds, potentially eliminating the necessity of high-dose scaffold
loading. Since immobilized proteins are protected from removal by extracellular fluids, their
activities now rely mainly on the half-life of the used scaffold and the rate of proteolytic
degradation. Assuming that due to prolonged times much lower loading capacities might be
required we propose that the immobilization strategy employed in this work may be further

refined and optimized to replace the currently used BMP2-containing medical products.
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Abstract

Zusammenfassung

Knochenbriiche heilen typischerweise ohne die Notwendigkeit chirurgischer Eingriffe. Es gibt
jedoch pathologische Situationen, in denen keine Heilung erfolgt was zur Ausbildung
sogenannter non-union Frakturen fithrt. Solche Frakturen werden heutzutage mit
Tragermaterialen versorgt, welche in die Defektzonen -eingebracht werden. Diese
Tragermaterialien konnen mit osteogen wirkenden Faktoren dotiert sein, z.B. mit bone
morphogenetic protein (BMP)2. BMP2 gehort zu den am meisten osteogen wirkenden
Faktoren, welche derzeit bekannt sind. Die Nutzung dieses Faktors als Medikament, wurde
aufgrund seiner Effizienz und der Sicherheit in der Anwendung von der FDA fiir bestimmte
Anwendungsgebiete zugelassen. Derzeit wird BMP2 mit einer stabilisierenden Tragerstruktur
vertrieben, wobei diese einfach mit dem Wachstumsfaktor getrinkt wird. Aufgrund schneller
Freisetzungskinetiken werden unphysiologisch hohe Mengen von BMP2 gebraucht, welche in
Beziehung zu extremen Nebeneffekten gebracht werden, die bei verschiedenen
Anwendungen, speziell im Wirbelsdulenbereich, beobachtet werden konnten. Die
Nebeneffekte umfassen Endziindungen, einhergehend mit Schwellungen und Atemprobleme,
welche weitere Operationen nach sich ziehen konnen. Da bereits gezeigt werden konnte, dass
eine Verzogerung der BMP2 Freisetzung aus der Tréagerstruktur eine Verbesserung der
osteogenen Wirkung mit sich bringt erscheint es offensichtlich, diese Freisetzung auf ein
Minimum zu reduzieren. Dies kann durch kovalente Anbindung erreicht werden, was bereits
in der Vergangenheit durch die Verwendung Kklassischer EDC/NHS Kopplungschemie
versucht wurde. Bei dieser Art der Anbindung wird das Protein ungerichtet gekoppelt, was zu
unvorhersagbaren Produktqualitdten mit variablen osteogenen Aktivitdten fiihrt.

Um eine Reproduktion solcher Funktionalisierungen mit BMP2 zu erm6glichen wurden zwei
BMP-2 Varianten erzeigt, wobei bei einer der Varianten eine Aminosdure im N-terminalen
Teil des reifen Proteinteils gegen eine unnatiirliche Aminosdure BMP2-PIk), bei der anderen
ein Alanin gegen ein Cystein ausgetauscht wurde BMP2-A2C. Durch diesen Austausch wird
es moglich, diese Varianten gerichtet an polymere Strukturen anzubinden. Beide Proteine
wurden in E. coli exprimiert, renaturiert und mittels Kationenaustausch-Chromatographie
aufgereinigt. Die resultierenden Proteinprodukte wurden intensiv bzgl. ihres Reinheitsgrades
sowie ihrer biologischen Aktivitit {berpriift. Letzteres erfolgte sowohl durch In-vitro
Interaktions-Analysen als auch durch zellbasierte Untersuchungen. Beide Proteine konnten
erfolgreich an polymere Strukturen (“beads™) gekoppelt werden. Es konnte gezeigt werden,
dass die verschiedenen BMP2 funktionalisierten beads mit isolierten Ektodomidnen des BMP

12



Abstract

Typ | Rezeptors (BMPR-IA) interagieren. Dies belegt, dass die biologische Aktivitdt auch
nach der Kopplung erhalten bleibt. Die funktionalisierten beads induzieren die osteogene
Differenzierung von C2C12 Zellen. Die Differenzierung erfolgt aber nur in jenen Zellen die
im direkten Kontakt zu den beads stehen. Dies legt nahe, dass beide BMP2 Varianten wirklich
kovalent gekoppelt und nicht nur adsorbiert sind.

Es kann behauptet werden, dass im Rahmen dieser Arbeit ein System entwickelt wurde, durch
das eine gerichtete Immobilisierung von BMP2 an solide Oberflichen moglich ist. Dadurch
konnen moglicherweise die notwendigen BMP2 Mengen reduziert werden, da bereits
Subnanogram Mengen der gekoppelten BMP2 Varianten Osteogenese auslosen konnen. Da
gekoppelte Proteine nicht durch interstitielle Fliissigkeiten entfernt werden konnen unterliegt
die Fortdauer ihrer biologischen Aktivitit der Halbwertszeit des verwendeten Trégermaterials,
was durch die verlingerten Wirkzeiten eine Verringerung der verwendeten
Wachstumsfaktormenge ermoglicht. Es wird beabsichtigt diese Kopplungsstrategie
weiterzuentwickeln um die derzeit am Markt befindlichen BMP2 beinhaltenden

Medizinprodukte ersetzen zu kdnnen.
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Introduction

Introduction

1. Bone morphology and physical properties

Healthy skeleton plays crucial anatomical and physiological roles in a human organism. It
provides a protection for internal organs, support for surrounding tissues, such as muscles and
tendons, and builds the scaffold supporting the whole body structure. Therefore mechanical
stability and resilience are key features of a healthy skeleton. Bones are composed of
trabecular and cortical bone. Trabecular bone, with 50-95% porosity, is present inside of the
flat bones and at both apexes of a long bone in the region of the proximal and distal epiphysis,
adjacent to articular cartilage. It is a spongy structure harboring red blood marrow,
hematopoietic stem cells and blood vessels. On the other hand, cortical bone exhibiting 5-10%
of porosity constitutes the outer part of the flat bones and the diaphysis of a long bone, with a
medullary cavity in the center. The inner part of the compact cortical bone, as well as
cancellous bone is lined with a membranous endosteum, with an outer surface of the cortical
bone covered with a fibrous tissue rich in blood vessels, osteoblasts, osteoclasts and nerve
fibers, called periosteum (1). Bone is also a reservoir for calcium and phosphate ions therefore
playing an important role in calcium homeostasis. Mature calcified bone is composed of 70 %
hydroxyapatite, 25 % organic matrix, and 5 % water. Bones are constantly exposed to high
load and compression forces and are therefore susceptible to injuries and fractures, despite the
intrinsic mechanical strength. Therefore, to maintain their stability, highly controlled

processes of bone remodeling take place continuously throughout the lifespan of an organism.

2. Regulation of bone remodelling

Bone tissue constantly undergoes complex processes of tissue remodeling in order to remove
microstructure damages and thereby maintain right resilience and compression resistance. A
multitude of cross-signaling factors is involved in this process to assure the adequate response
to internal as well as external stimuli, such as mechanical stimulation or immunological
response. A complete cycle of bone remodeling comprising activation phase, bone resorption,

matrix production and mineralization takes approximately 12 weeks (2). Within this time
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osteoblasts, osteoclasts, and osteocytes act together by secreting cross-reactive modulators
and chemoatractants. In the first phase of bone remodeling the damaged tissue needs to be
resorbed, which is accomplished by osteoclasts, which are recruited from osteoclast precursor
cells. (3).

. B @
IL-11, OSM,

PGE2, PTHrP

llagenase | g
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resorption

Figure 1: Schematic process of osteoclast formation (3)

Legend: cells from the osteoblastic lineage — shades of blue; cells from the osteoclastic lineage — shades of red; osteoclast
precursors — round, pink cells, osteoblast — round dark blue cells, lining cells — flat blue cells; resorbing osteoclast — dark
blue, osteocytes - star-shaped cells, fusion proteins —green bars; the lightning indicates a bone microdamage. The CSF-1
factor released from osteoblasts stimulates the osteoclast progenitors to proliferation, expression and presention of the RANK
receptor on their cell surface. IL-11, OSM, PGE2 and PTHrP present in an extracellular space together with microdamage-
triggered apoptotic signals lead to upregulated RANKL expression by osteoblasts. Interaction of RANK and RANKL induce
formation of fusion proteins on the surface of osteoclast progenitors, which mediate the attachement of resorbing osteoclast

into a bone remodeling unit.

During bone resorption osteoclasts secrete hydrochloric acid (in order to degrade
hydroxyapatite crystals) and a range of proteases, such as cathepsin K to cleave collagen and
other proteins building bone matrix. In the final step of bone remodeling osteoblasts migrate
into the resorbed bone cavity. This process is not completely unraveled, but it is presumed to
be triggered by a series of growth factors released from bone matrix that was degraded by
osteoclasts in the previous stage. That might include bone morphogenetic proteins (BMPs),
transforming growth factor B (TGF- ), or insulin-like growth factor (IGF)-1l. After
completing matrix deposition osteoblasts differentiate further into bone lining cells or
osteocytes embedded within the bone matrix. Mineralization is the final stage of bone
remodeling (4). Various types of cells participating in the process of bone remodeling are also
involved in fracture healing, which is an emergency event, resembling to some extend de

novo bone formation.
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3. Critical-size bone defects

Apart from standard bone fractures that are relatively easily repaired by an organism itself,
another group of bone defects, called critical-size (CSD), non-union or non-healing bone
defects may occur. They can be defined as the smallest size defect that exhibits no potential
for healing throughout the natural life of an individual without an external intervention (5) or
rather in case of animal studies “the size of a defect that will not heal over the duration of the
study”. Such defect may arise from surgical procedures, high energy trauma, bone cancer, or
osteoporotic deficiencies and fractures. (6). In general terms a critical size-defect can be
divided into 2 groups: viable and non-viable. Viable defects are characterized by the sufficient
blood supply and may arise from improper surgical procedure and weak stabilization of the
wound site, resulting in excessive callus formation. Sometimes bone injuries involve striping
of periosteum and surrounding tissue resulting in poor or non-existing blood supply. Such
defects are called non-viable, and callus formation is not observed in such cases. In the
current research several bone segments are mostly studied and they represent bones of the
cranium: mandible and calvaria, as well as weight-bearing long bones, such as tibia, fibula
and femur. For example calvarial defects have been studied in several animal models, e.g.: rat
(4 and 8mm), rabbit (15mm), dog (17 and 20mm), sheep (18-20mm), and primates (15,
25mm) (7) 4mm defect was verified to be a critical size for a mouse long bone defect model
(8). Because of such a great diversity it is of the highest importance to create a proper model
of CSD that is standardized, and large enough to eliminate the possibility of any spontaneous
healing (9).

4. Current clinical treatment of non-healing bone defects

Present treatment options for CSD are fairly limited and possess a considerable number of
drawbacks and limitations. A method recognized as a gold standard in modern medicine is an
autologous bone grafting, which relies on a resection of a fragment from a healthy bone,
mainly from the iliac crest area, and introducing it into a bone-deficient segment. Despite
excellent biological compatibility, plenty of disadvantages are related to this approach. The
main one is the non-satisfactory success rate, ranging from 60 to 100%, and applicability is

limited only to minor volume defects. Other disadvantages involve shortage of available bone
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for transplantation, painful convalescence, and morbidity of a donor-site (10-12). Another
successful technique used to treat large bone defects is called distraction osteogenesis, where
2 bone ends are clumped together to leave only a small gap in between. After the callus is
formed within the gap, the space between the ends is stretched to make a place for further
bone formation. The quality and vascularization of a newly formed bone is excellent.
Nonetheless the procedure is painful, carries a risk of fixation-related infection and is
extremely long, demanding from 40 to 50 days to heal a defect of 1 cm in length (13).
Another alternative used in practical medicine is an allograft or xenograft replacement. Such
procedures provide a scaffold and bone-stimulating mineral phase but their use is not
completely safe. Bovine bone xenograft under the name CopiOs®Cancellous Particulate
Xenograft is already available on the market for over 40 years. But in spite of a good
availability of xenografts, a contamination with bacteria and viruses as well as high
immunogenicity constitute a real risk, therefore special precautions including sterilization
techniques must be obeyed. Nevertheless, even with keeping all the precautions and using
acellularized scaffolds, satisfactory screening for viruses is not possible (14). As an
alternative to biological bone material, synthetic materials, such as bone cement made of
methyl methacrylate or tricalcium phosphate are used in surgical procedures. They have
however insufficient mechanical or biological properties, such as high brittleness in case of
TCA or nonresorbable nature in case of the latter (13). Therefore there is a high demand for
engineered biocompatible scaffolds, able to induce bone formation without exerting
considerable side effects. Here in place come the synthetic scaffolds populated with
osteoblastic-like or mesenchymal stem cells as well as materials functionalized with

osteogenic growth factors, such as bone morphogenetic protein 2.

5. Role of BMP2 in bone fracture repair

BMPs have been discovered by M. Urist in 1960s, who noticed that demineralized bone
matrix was able to stimulate ectopic bone formation in a soft tissue, and he named this
presumed active molecule ‘bone morphogenetic protein’ (15). Later it was understood that it
was the whole BMP/TGF-f family, rather than only one specific molecule, that was
responsible for osteoinductive properties of the demineralized matrix. BMP2 is one of the
most studied representatives of the TGF-B family and has been extensively investigated in

terms of bone regeneration and fraction repair. Data from multiple in vivo studies show
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positive influence of BMP2 on fracture healing (16-18). It has been tested, that in C2C12
osteoprogenitor cells a huge range of genes involved in osteogenic differentiation is regulated
upon treatment with BMP2. Among them signal transduction genes have been classified as
immediate early response, including Smad6, Smad7, OASIS, TIEG, Prx2, Snail and 1d1-3. On
the other hand intermediate early and late early response genes were shown to be targeted in
the process of osteoblastic differentiation. These included Heyl and Tcf7 transcription factors
associated with Notch and Wnt signaling (19). In vitro studies with cell lines representing
different stages of osteoblastic differentiation showed that among the whole family, BMP-2,
BMP-6, and BMP-9 are the most potent osteogenic factors, being the only ones able to induce
differentiation in non-committed C3H10 pluripotent cells (20). Yet, regardless of the great
success of in vivo studies, it is still not completely understood how BMP2 promotes bone
regeneration in a mature organism. Tsuji et al (2006) investigated what happens at the fracture
site in mice deficient in limb-specific BMP2. The results showed that mutated mice were not
able to initiate the regenerative cascade, and periosteum activation did not take place at the
fracture site, even when other BMPs, such as BMP4 and BMP7 were still expressed. In spite
of available mesenchymal stem cells surrounding the wounded area, no healing events were
observed. It shows that BMP2 is an indispensable element of a healing cascade, promoting
callus formation and differentiation of certain MSCs species into chondrocyte and osteoblast
lineages (21). BMPs are essential molecules not only controlling skeleton formation during
mammalian development, but they also contribute to bone healing during postnatal life. They
transmit their signal via two main mechanisms: the canonical SMAD and non-canonical
p38/MAPK pathway, with the latter involved in alkaline phosphatase and osteocalcin
expression in osteoblastic cells (22). It was shown that C3H10T1/2 cells transformed with an
adenoviral vector carrying BMP2 gene promoted mineralization, increased alkaline
phosphatase activity, and led to elevated expression levels of bone related markers, like

collagen I, osteocalcin, and osteopontin (23).
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6. BMP2 signaling

The secreted mature Bone morphogenetic protein 2 is a homodimeric protein consisting of 2
subunits of 114 amino acids each. Within its structure four regions have been identified that
are responsible for interaction with BMP2 receptors. 2 wrist epitopes are created by both of
the BMP2 subunits and show high affinity to BMP type | receptors. The second receptor
binding site is called knuckle epitope, which appears within each of the BMP2 subunits, and
binds to the so-called type Il receptors (24). As already mentioned, proteins from a BMP
family are paracrine mediators transducing the signal by interaction with two types of
transmembrane serine/threonine kinase receptors: type | and type Il. There are seven type |
and five type Il BMP receptors identified to date, out of which BMPRIA (Alk3), BMPRIB
(Alk6), BMPRII and ActR-I11 are the target receptors for BMP2 signaling (19, 25). Both, type
| and Il receptors together are indispensable elements of BMP2 signaling. They possess an
extracellular ligand binding domain and an intracellular kinase domain, which is
constitutively active for the type Il BMP receptor. Upon ligand binding the type Il receptor
transphosphorylates the type | receptor within its GS-box motif, which is a glycine/serine-rich
region situated upstream of the kinase domain. As a result the kinase domain of the type |
receptor (L45 loop) further phosphorylates signaling mediators, the so-calle SMAD
proteins.(26). The mode of BMP receptor oligomerization is highly flexible. Pre-existing
heteromeric complexes of BR-11/BR-la, BR-1I/BR-1b and BR-1a/BR-Ib, as well as homomeric
BR-1I/BR-1l, BR-la/ BR-la, BR-1b/ BR-1b have been detected in the absence of the BMP
ligand (27). There is evidence that depending on the mode of receptor assembly different
signaling pathways are addressed. There are at least two possibilities how BMP2 initiates the
signaling cascade. In the first scenario BMP2 ligand interacts with a type | receptor, upon
which type Il receptor gets recruited into the complex and phosphorylates the type | receptor.
In this event cascade the non-canonical pathway is activated resulting in the induction of ALP
via p38/MAPK (28). In the second scenario already preformed heteromeric complexes of both
type | and type Il receptors capture the BMP2 ligand on the cell surface, which activates the
complex by promoting its conformational changes leading to sequential phosphorylation

events and the canonical smad-dependent signaling.
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Figure 2: Signaling cascade of bone morphogenetic proteins. (29)

BMP2 binds to type | and type Il receptors embedded in the cell membrane of responsive cells. Upon binding the type 11
receptor transphosphorylates the type | receptor thus activating the kinase activity of the type | receptor - marked by a red box
(1). Other transmembrane receptors or proteins might modulate the BMP binding (2,3). The activated type | receptor further
phosphorylates R-SMAD molecules which in complex with co-SMAD4 molecules are transported into the nucleus regulating
the gene expression (4). Inhibitory SMADs negatively regulate BMP signaling by complex formation with co-SMAD4 (5).
Apart from the described canonical SMAD-dependent BMP2 pathway members of other signaling cascades are also involved
in binding to TGFb/BMP receptors (6,7,8).

Phosphorylated R-smads in complex with Co-smad (smad 4) are translocated into the nucleus,
where they interact with series of transcription factors, such as Osterix (Osx), core binding
factor alpha 1 (Runx2/Cbfal), Homeobox protein (Msx2), and Homeobox protein DLX-5
(DIx5) which in turn mediate the transcription of corresponding genes to induce osteogenesis
(24). There are also differences in the way that these receptor complexes are internalized upon
ligand binding. In case of the BMP-induced signaling complex (BISC) internalization via
caveolae takes place, while oligomerization via preformed complexes (PFC) triggers Clathrin-
dependent internalization (26).
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Membrane

Figure 3: Ribbon representation of the BMP2 structure

(A) BMP2 dimer (each monomer depicted as blue or yellow), (B) ternary signaling complex of BMP2 (both subunits shown
in orange and red), BMPRIA ectodomain (BMPR-la-ECD) shown in blue, and ActRII ectodomain (ActRII-EDC) shown in
green. Cystine residues are presented as yellow spheres. C-termini connecting the receptors with the cell membrane are
shown as dashed lines (25).

7. Clinical use of BMP2

Despite positive outcome from multiple animal trials that examined various BMP2 carriers to
treat critical bone defects (30-36) there is only a limited choice of BMP2-functionalized
constructs available for surgical procedures. Already in 2002 a construct comprising of
titanium mesh and demineralized bone matrix reconstituted with naturally derived BMPs was
implanted in segmental mandibular bone defects of 6 patients. In 2 out of 6 cases treated with
the BMP2 device there was an evident bone formation examined by histological evaluation
(37). Nevertheless positive clinical outcome was achieved only for collagen-based BMP2
devices. There is only one series of FDA-approved medical products containing BMP2 as an
active agent for the use in surgical procedures. They all have been developed by Medtronic
and are based on a scaffold manufactured of bovine collagen | soaked with recombinant
hBMP2 at a concentration of 1.5 mg/mL. Induct Os® BMP2 bone grafts have been approved
by the European Medicines Agency (EMEA) for single level lumbar interbody spine fusion
and treatment of acute tibia fractures (38). Subtypes of bone grafts under the name
‘INFUSE®’ have been approved by the FDA for medical use in humans in 2002 for exclusive
treatment of acute, open tibial shaft fractures, degenerative disc disease at single level L2-S1
in skeletally mature patients, as well as for sinus and alveolar ridge augmentations for defects
associated with extraction sockets (39). Because safety of these products was approved only
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for the use in the four cases described above, applications other than that are left to surgeons’
discretion. There are several case reports showing adverse clinical consequences related to
off-label use of INFUSE® Bone Graft devices. They mainly concern extensive swelling and
edema developed at the implantation site. A Medtronic implant used in a 2-year-old boy in a
bone defect created as a consequence of craniosynostosis-correcting surgery caused an
ubnormal and progressive swelling extended across the patient’s face till the anterior cervical
region. This state was maintained until the implant was removed at day 10 after implantation
(40). Another case of complications after an anterior cervical discectomy and fusion (ACDF)
surgery was described by Perri et al (2007). After treatment with rhBMP2 a 54-year male
patient developed massive neck swelling spreading to pharyngeal tissue and difficulty with
swallowing at the 5™ postoperative day (41). In an independent, retrospective clinical record
review a cervical spine fusion procedure using a BMP2-soaked collagen sponge was
investigated on 69 patients. 27.5% of the patients subjected to the surgery had significant
swelling problems compared to 3.6% in the non-rhBMP-2 group (42). In response to multiple
reports concerning severe complications after use of BMP-2 implants in the region of cervical
spine, the FDA issued a warning note to healthcare practitioners about life-threatening
complications, such as swelling of throat and neck tissues occurring mostly between 2™ and
14" day after implantation. Swelling is especially dangerous complication in the region of
cervical spine because of proximity of an airway structures, and it has been reported to result
in difficulty in swallowing, speaking and breathing (43). BMP2-soaked collagen sponge has
also been used for treatment of continuous mandibular defects. In the study of Carter et al
(2008) closing of the defect was observed in 3 out of 5 patients, with the longest follow-up of
22 months after the surgery. In 4 out 5 patients subjected to the procedure significantly more
swelling was observed, compared to the standard reconstruction using autologous bone
transplant (44). Some attempts were made to treat posterior cervical spine with BMP2
because it was suspected that anterior airway structures might not be affected by this
procedure. A retrospective evaluation of 204 patients that underwent posterior spinal fusion
augmentation indeed had a significantly increased fusion rate. However the highest rate of
recurrent neck pain was also observed in patients treated with BMP2 (45). The study
comparing BMP2 device versus autograft in Posterior Lumbar Interbody Fusion (PLIF)
procedure showed heterotopic bone formation in the central canal in 20.8% of the patients
treated with BMP-2 compared to 8.3% of patients undergoing and autograft procedure (46).
The nature of the above side effects is not certainly known, but it might be assumed that the

supraphysiological doses of BMP2 and its free diffusion to neighbour tissues might be a
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reason for undesired reactions towards BMP2 implants used in all those procedures. There are
areas in the body responding well to collagen BMP2 implants, as it is observed in lumbar
spine fusion, tibia, or cleft reconstruction, however, there is also a need for new, more
advanced and controllable BMP2 constructs that could be used in neuralgic structures of the
body, eg. cervical spine.

8. BMP2 delivery strategies

As described before, present techniques applied in clinics for treatment of non-healing bone
defects do not bring satisfactory results. Auto- or xenograft replacements carry certain side
effects that restrict their safe use in patients. Therefore new polymer materials functionalized
with osteoinductive growth factors are being constantly developed to support orthopedic
surgeons. The most promising osteoinductive growth factor seems to be BMP2. Considering
limited applicability of BMP2 implants available on the market, more efficient and safer
delivery strategies need to be developed. A proper implantation material and sustained
delivery into a resected bone area are the main challenges in treatment of critical size bone
defects, as BMP2 directly injected into the blood stream is rapidly cleared from the body
within minutes (6.7 min. in non-human primates) (47). Modern carrier materials need to be
able to capture BMP2 molecules for a long period of time without affecting its biological
activity, and at the same time without promoting an initial burst release, which is a commonly
encountered phenomenon. Therefore, various immobilization strategies, composites, polymers
and biological scaffolds have been developed during the last years in order to optimize the

healing process of bone.

8.1 Physical adsorption

A frequently used BMP2 delivery approach in vivo is physical adsorption onto natural or
synthetic scaffolds. Such technique is easy to perform, does not require any special scaffold
functionalization or protein modification. Yet, a major disadvantage of this approach is
random protein immobilization compromising its biological activity. One of the main
concerns in case of adsorption is the uncontrolled protein release rate, with a high initial burst
release occurring in vast majority of cases (48-51). Initial burst release is considered an

undesired phenomenon, because bone requires long time to regenerate and therefore extended
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exposure towards osteoinductive growth factors is preferred. High doses of applied BMP2
entail also a series of side effects which are detrimental for the healing process and in certain
cases for well-being and life of patients. Various scaffold materials have been tested as BMP2
carriers with hydroxyapatite/p-tricalcium phosphate (52) being well accepted in clinical
environment. It has been shown in a small clinical evaluation that grafts composed only of
combined hydroxyapatite and B-tricalcium phosphate effectively support regeneration of
intrabony periodontal defects (53).

Difusion

Adsorption and dehydration

% Denaturation

Figure 4: Adsorption of biomolecules to a polymeric material (54)

Proteins may interact with surfaces through hydrophilic or hydrophobic residues depending on the characteristics of the
surface. While interacting with hydrophobic surfaces a protein undergoes unfolding by release of the water molecules and
spreading the hydrophaobic residues onto the surface. This process minimizes the area of the hydrophobic core of the protein
in the solvent. On the other hand hydrophilic surfaces interact with proteins via polar residues. In this scenario the tendency
of irreversible protein unfolding is lower as the hydration of both components is favorable.

A study of Maus et al showed that addition of BMP2 to tricalcium phosphate scaffold in the
bovine distal femoral epiphysis led to healing efficiency comparable to autologous graft,
whereas remodeling rate was even higher for TCP-BMP2 scaffolds than for the autograft (55).
In this approach BMP2 was added to TCP during the mixing process instead of soaking,
thereby authors speculated that the protein was evenly distributed and slowly released in the
course of scaffold degradation. Delivery of BMP2 on titanium implants coated with graphene
oxide was proposed for treatment of calvarial defects. In the animal study the implant was
introduced into mouse calvaria and showed an improved healing in comparison to uncoated
titanium implants. Nonetheless, again a burst release in first several days was observed in
uncoated and, to a lesser extent, coated scaffold. BMP2 has also been delivered to cells in
vitro on nanodiamonds particles. Coated nanodiamonds were able to induce differentiation of

C2C12 cells, but a burst release was observed within the first 2 hours in buffers of different

24



Introduction

pH (56). Adsorption of BMP2 on poly-g-caprolactone (PCL) surfaces also resulted in
successful differentiation of C2C12 cells and ectopic bone formation when implanted
subcutaneously into a mouse back.

Figure 5: Adsorption of BMP-2 to a hydrophobic graphite surface (57)

Nonpolar residues are shown in blue, neutral residues in green and polar residues in red. The N-terminus is shown in yellow

and C-terminus in orange.

As in previously described examples, also here a high initial release was observed within the
first 3 days. On the other hand PCL scaffolds functionalized with BMP2 by chemical
crosslinking showed no alkaline phosphatase induction, which means that the covalently and
randomly immobilized BMP2 lost its biological activity or its bioavailability was greatly
reduced (58). Adsorption of recombinant BMP2 on collagen sponges is widely accepted
among clinicians, as it has been approved by drug-controlling agencies in Europe and USA. It
has been shown already in late 90’ that BMP2 adsorbed on a collagen sponge triggered
superior healing scores in a goat tibia compared to all control groups, which was characterized
by increased in torsional toughness, significantly tougher callus and increased total callus new
bone volume (59). Yet, it has been demonstrated later, that collagen sponge also promotes
high release rates within several first days after adsorption (60). One of the most successful
release kinetics has been achieved by physisorption of BMP2 to surfaces coated with oxygen-
terminated nanocrystalline diamond particles. In this approach BMP2 was shown to be
desorbed with stable exponential Kinetics with fully preserved bioactivity (61). BMP2
immobilized on these crystalline nanodiamonds triggered differentiation of human
mesenchymal stem cells and showed good results in the in vivo experiment. Titanium dental
implants coated with nanodiamonds and BMP2 were shown to achieve good osseointegration

when implanted into sheep calvaria. Along with these results new bone formation was
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detected 4 weeks after surgery, however bone formation was also achieved in all control
groups (62). BMP2 has also been immobilized by electrostatic interactions between the
protein and the scaffold. For instance polycaprolactone (PCL) fibers were modified with poly-
acrylic acid using a y-ray irradiation technique. In this approach positively charged BMP-2
molecules formed a complex with the highly negative poly-acrylic acid. Such functionalized
scaffolds showed sustained BMP-2 release over 28-days and were able to induce osteogenic
differentiation of MG-63 cells (63). The crosslinking and irradiation of PCL fibers were
performed before complexation with BMP2, therefore the authors claimed that the bioactivity
of BMP2 should not be affected by this process.

8.2 Encapsulation

Encapsulation of growth factors within a polymeric matrix or microspheres is a popular
alternative for drug delivery because of the manufacture ease, high loading capacity, and
responsiveness to environmental conditions, such as temperature or pH. The release kinetic of
encapsulated drugs depends strongly on the properties of a polymer, its porosity and
degradability. The release might be achieved either by the diffusion from a porous structure
or as a result of partial scaffold degradation (64). The disadvantages of this approach are
harsh conditions used for the polymer manufacture, which may lead to loss of protein
bioactivity. Lots of different polymers have been tested as a carrier system for BMP2, such as
PLGA microspheres (65), poly(DL-lactic acid) (PLA) scaffold (66), gelatin microspheres
(67), chitosan/chondrotin sulfate nanoparticles (CHI/CS NPs) (68). When BMP-2 has been
encapsulated within a poly(DL-lactic acid) (PLA) scaffold, the mix of the protein and the
PLA polymer was subjected to hight pressure and 35°C in order to achieve a porous structure.
No experiment was performed in order to estimate how the manufacture process influenced
BMP2 bioactivity. BMP2 release from gelatin microspheres strongly depends on activity of
matrix metalloproteinases and is minimal in absence of collagenase. On the other hand

addition of gelatin-degrading enzymes leads again to high initial burst releases (67).

8.3 Affinity interactions

In order to improve release kinetics of BMP2 physically adsorbed on biological implants,

various surface functionalization techniques have been utilized. Interaction of BMP2 with
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glycosaminoglycans, mainly heparin, is studied at most. The N-terminal region of the mature
part of BMP2 is rich in lysines and arginines which constitute a heparin binding site that is
responsible for affinity interaction between BMP2 and heparin/heparan sulfates (69). Because
affinity interactions are stronger than physical adsorption it has been proposed that scaffolds
functionalized with heparin would assure controlled continuous release of BMP2. When
osteoblast cells were exposed to heparinized-chitosan scaffolds, expression of osteopontin and
osteocalcin was upregulated, and ALP activity as well as calcium deposition where
significantly increased, but BMP2 release curves revealed a profile characteristic for the
initial bulk release within the first 5 days (70). Tricalcium phosphate/hydroxyapatite granules
have also been coated with heparin-functionalized collagen in order to provide long-term
BMP2 delivery (71). However, when 10ug BMP2 was delivered in collagen sponges filled
with heparin-conjugated fibrin there was no bone formation observed in response to
posterolateral lumbar fusion in rabbits (72). These results are in contrast to previous
investigation, where 50ug of BMP2 was used (73). Another example of heparin use is a
biohybrid hydrogel consisting of star-shaped poly(ethylene-glycol) (starPEG) and heparin.
Here, the starPEG polymer provides the mechanical stability of the scaffold, whereas heparin
guarantees immobilization of growth factors via affinity interactions (74). Also,
polycaprolactone/poly(lactic-co-glycolic acid) (PCL/PLGA) scaffolds functionalized with
heparin—dopamine and conjugated with bone morphogenic protein-2 (BMP-2) were shown to
promote differentiation of osteoblast-like MG-63 cells as well as in vivo bone formation in rat
femur defect (75). Apart from polymer materials, also titanium implants have been modified,
by covalent conjugation of heparin. In the study of Kim et al (2014) titanium implants were
first functionalized with propargyl groups, then by click reaction with 2-azidoethanamine
reactive amine groups were attached, and heparin was conjugated by condensation reaction
with formation of amide bonds (76). Conjugation of BMP2 can also be achieved using the
strong affinity interaction between avidin and biotin. In the study of Hauff et al biotinylated
BMP2 has been immobilized onto microcontact printed biotinylated fibronectin via a
NeutrAvidin cross-linker. Fibronectin, which is a component of the extracellular matrix,
interacts with cells via a RGD peptide motif. According to the authors, a combination of
immobilized BMP2 with matrix proteins could provide a suitable tool to study the signaling
pathways and crosstalks involved in cellular behaviour, such as migration and adhesion.
Along with predictions, immobilized BMP2 was able to induce SMAD 1/5/8-dependent
signaling in C2C12 cells, which means that its bioactivity in an immobilized state has been

preserved (77). Another option to couple growth factors is introduction of fusion affinity tags
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at the N or C terminus of the protein sequence. However, such modification might lower the
bioactivity of a growth factor when the tag is introduced in the proximity of the active sites, or
in case of proteins containing cysteine bridges a tag might hinder their refolding capability.
Jennissen et al (2007) introduced a poly-tyrosine tag at the N-terminus of BMP2. Terminal
tyrosines might be then chemically transformed into dihydroxy phenylalanine (DOPA) which
can be bound with a high affinity to titanium dioxide surface. Nevertheless, the modified
BMP2 showed lower bioactivity in cell-based alkaline phosphatase assays in comparison to
the wild type protein, even without further chemical modification of the tyrosines (78).

8.4 Covalent coupling: site-directed vs random immobilization

Proteins and peptides are composed of amino acids that are joined together by the amide
bonds. Whereas each amino acid contains at least one carboxylic group and an amine group
they all participate in the condensation reaction forming intermolecular peptide bonds (except
for the N-terminal amine group and C-terminal carboxylic group). Therefore, reactivity of the
protein is determined mainly by the chemical composition of its side chains. A lysine residue
carries a free primary amine group, whereas acidic amino acids, such as aspartic acid and
glutamic acid contain a free carboxylic group. Another functional group present within a
cysteine residue is a sulfhydryl (-SH) group. These functional moieties are largely exploited

in protein crosslinking or immobilization strategies.

site-specific coupling unspecific coupling

YYVYY A4

Figure 6: Schematic illustration of site-specific versus unspecific covalent coupling

Site-specific covalent coupling allows targeting of selected residues resulting in homogenous conformation of protein within
the scaffold. Unspecific coupling results in random protein distribution within the scaffold and may affect accessibility of the
biomolecule towards cognate receptors. Legend: grey rectangulars represent a scaffold, a grey wavy line represents a linker,
and green and blue triangles represent biomolecules in different configurations.
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Crosslinking using N-Hydroxysuccinimide esters (NHS reagent) is an efficient and robust
strategy for protein immobilization by reacting with the protein primary amines in slightly
alkaline conditions. The disadvantage of this approach is however the fact, that the reaction
may decrease the biological activity of a protein, e.g. by targeting moieties involved in
receptor- or ligand- binding sites. One of the most common reagents used for non-specific
protein  immobilization on  carboxylated surfaces are EDC  (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride) or DCC (dicyclohexylcarbodiimide),
depending on the solubility preferences. These reagents catalyze spontaneous condensation
reaction with the primary amines, without being incorporated in the final amide bond. The
disadvantage of this reaction is the susceptibility of a protein to form polymeric structures, as
protein primary amines start to react spontaneously not only with the scaffold, but also with
carboxylic groups present within the same macromolecule. Such an approach was employed
for immobilization of BMP2 on hyaluronic acid-modified poly(e-caprolactone) (HA-PCL)
scaffolds or covalent linking to antibacterial carboxymethyl chitosan-coated titanium
implants. (79), where immobilized BMP2 was able to enhance calcium mineralization and
alkaline phosphatase activity in human bone marrow mesenchymal stem cells. Similarly,
using NHS/EDC chemistry BMP2 was immobilized on collagen-coated polyetheretherketone
(PEEK) implants for prospective spinal surgery applications (80) and BMP4 on titanium

implants previously functionalized with carboxyl or amine reactive groups (81).

It has to be noted, that no site-specific covalent coupling has been achieved to date for bone
morphogenetic proteins. Most of the strategies used for immobilization of BMP2 base on non-
specific covalent coupling or physical adsorption. Recent discoveries in the field of genetic
code expansion opened a ground for introducing orthogonal and specific chemistry into a
BMP2 structure providing a possibility of controlled site-specific and covalent
immobilization. Here into play comes a range of chemically synthetized artificial amino acids,

which can be directly incorporated into a polypeptide sequence by genetic codon expansion.
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9. Aim of the study

Based on a common observation made in a vast number of studies we conclude, that BMPs
need to be presented to surrounding tissues over a longer period of time in sufficiently high
concentrations which is difficult to achieve with the known application methods. One of the
strategies that may provide a sustained presentation of BMP2 is its covalent immobilization.
Currently, there is no medical device containing covalently immobilized BMP2 available on
the market. Therefore in herein work we aimed to establish the BMP2-A2C variant containing
an extra N-terminal cysteine and the BMP2-K3PIlk variant generated by genetic codon
expansion that would be site-specifically and covalently immobilized on a solid scaffold. We
hypothesize that covalent binding would overcome the side effects associated with physical
adsorption by eliminating the initial burst release. Additionally, site-specific binding achieved
through introduction of orthogonal chemical groups within an unnatural amino acid would

enable highly controllable and directed saturation of an implant.
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1. BMP2-A2C

1.1 Expression of the BMP2-A2C variant

JM109(DE3) competent bacteria were transformed with pET28-A2C plasmid (kindly
provided by Prof. Dr. Thomas Miiller) and incubated overnight at 37°C. A single colony was
transferred to LB medium supplemented with 50ug/ml kanamycin, incubated for 8 h, and
transferred into an overnight LB culture (50pg/ml kanamycin). On the next day bacteria were
split 1:20 into a fresh TB medium supplemented with 30pg/ml kanamycin and incubated till
OD 0.7 was reached. At OD 0.7 cultures were induced by addition of 1ImM IPTG and
incubated for 3 hours with shaking (200rpm). Cultures were centrifuged, supernatant

discarded and pellets were frozen at -20°C for further procedures.

1.2 Purification of BMP2-A2C monomers from inclusion bodies

Bacterial pellets were subjected to 3 cycles of sonication (10min. with: 40sec. Puls,20sec.
break and 30% amplitude) in STE buffer (10mM Tris pH=8.0; 150mM NaCL; 1mM EDTA;
375mM Saccarose; freshly added 1/1000 B-mercaptoethanol) using Branson Digital Sonifier
250 and 3 cycles of centrifugation in order to obtain inclusion bodies. IBs were resuspended
with benzonase buffer (100mM Tris pH=7.1; ImM EDTA; 3mM MgCL, 80U/mL benzonase)
and incubated for 1h at RT with stirring. 0.5 volume part of triton buffer (60mMEDTA pH=7.0;
6% (v/v) Triton X-100; 1.5M NaCL) was added and the suspension was further incubated for
20min. at 4°C with stirring. The suspension was further centrifuged for 20min. with 6000rpm
at 10°C, pellet resuspended again in TE buffer (100mM Tris pH=7.0; 20mM EDTA), and
centrifuged. The pellet was finally resuspended in an extraction buffer (25mM NaAc
pH=5.0; 3M GuCl; 1mM DTT) and incubated overnight at 4°C with stirring. Extracts were
centrifuged at 25000rpm and concentrated to 20 OD/ml with an Amicon® concentrating cell
and 3kDa MWCO membrane.
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1.3 Refolding of BMP2-A2C monomers

The concentrated BMP2-A2C monomers were applied dropwise to the refolding buffer
(50mM Tris-HCI pH 8.5, 1 M NaCl, 5 mM EDTA, 0.5 M GuHCI, 0.75 M CHES, 2 mM
GSH, 1 mM GSSG) with stirring and incubated at RT for 5 days in dark.

1.4 Purification of refolded BMP2-A2C

After 5 days of refolding BMP2-A2C was concentrated in Amicon® Concentrating Cell with
Ultrafiltration regenerated cellulose Discs, 10 kDa NMWL (Millipore), and dialyzed to urea
buffer (L00mM Tris pH 5.5, 300mM NaCl, 5mM EDTA, 6M Urea). The solution was filtered,
degassed, and purified by cation-exchange chromatography (BioLogic Duo-Flow Protein
Purification System, BIO-RAD) in urea buffer using 5ml SP HP column (GE Healthcare) and
linear gradient elution up to 2M NaCl. 2ml IEX fractions were collected and analyzed by
SDS-PAGE. Fractions containing dimeric BMP2-K3PIk were combined and dialyzed to 1mM
HCI. Dialyzed solution was concentrated in an Amicon® Concentrating Cell with
Ultrafiltration regenerated cellulose Discs, 10 kDa NMWL (Millipore), aliquoted, lyophilized,

and frozen at -80°C.

1.5 Separation of BMP2-A2C homodimers

1mg of the BMP2-A2C variant in 1mM HCI was supplemented with TFA to a final TFA
concentration of 0.1%. Protein was separated on a 4ml Jupiter C4 column (250x4.6mm, 5um,
300A) (Phenomenex) using a linear gradient elution up to 100% acetonitril. Fractions of 1ml
were collected and analyzed by SDS-PAGE. Buffer A and buffer B were composed of 0.1%
TFA in H,0O and 100% acetonitril respectively.

1.6 Western blot analysis of BMP2-A2C

lpug of BMP2-A2C was separated by SDS-PAGE and transferred onto a nitrocellulose
membrane using a semi-dry western blot system (Semi-Dry Electroblotter Sedec™,Peqlab).
The membrane was blocked with 5% milk, washed with TBST (2.5mM Tris base pH=7.6;

15mM NaCl; 0.1% Tween), and incubated overnight with a primary anti-BMP2 antibody
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(Anti-BMP2 antibody - Differentiation marker ab 17885, ABCAM) at a dilution of 1:20 000
at 4°C on a roller mixer. On the following day the membrane was incubated for 1h at RT with
a secondary antibody (goat polyclonal secondary antibody to rabbit IgG - H&L HRP
ab97051, ABCAM) at a dilution of 1:50 000. Bands were developed using Amersham™
ECL™ Prime Western Blotting Detection Reagent (GE healthcare). Chemiluminescence was
captured with FluorChemQ (Biozym Scientific GmbH) and AlphaView FluorChemQ

software.

1.7 Evaluation of biological activity of BMP2-A2C

Myoblast progenitor C2C12 cells were used for osteogenic differentiation. Cells were seeded
onto a 96-well plate at a concentration of 10 000 cells/well. Cells were cultured in 100ul of
DMEM medium containing 10% FCS and 1% of Pen/Strep. After 12 hours of incubation the
medium was replaced with DMEM medium containing 2%FCS and 1% Pen/Strep. BMP2-
A2C and BMP2-wt were applied in duplicates at a concentration of 200nM and diluted using
log-2 serial dilution. The plate was incubated for 3 days. After incubation the medium was
removed, cells lysed with 100ul of lysis buffer (0.1 M Glycin pH 8.5, 1% TritonX-100, 1 mM
MgCl,, 1 mM ZnCly) an incubated at RT on an orbital shaker for 2h. After incubation 100ul
of a paranitrophenyl-phosphate solution at a concentration of 2mg/ml in a reaction buffer (0.1
M Glycin pH 8.5, 1 mM MgCl,, 1 mM ZnCl,) was added to all wells and the absorption at
405nm was measured every 5 min. for 0.5h using a Tecan infinite M200 (Tecan Deutschland
GmbH) multiplate reader. Dose response curves and the EC50 values were generated in
OriginPro09.1G using a logistic model y = A2 + (A1-A2)/(1 + (x/x0)"p).

1.8 Immobilization of BMP2-A2C to iodoacetyl-functionalized acrylamide beads

250ug of BMP2-A2C was dissolved in 20ul of water and reduced with 2 molar eq of TCEP
(tris(2-carboxyethyl)phosphine) for 1.5h at RT. UltraLink iodoacetyl resin beads
(Thermoscientific) were washed with the reaction buffer. Upon reduction BMP2-A2C was
transferred to 470ul of the reaction buffer (50mM Tris pH 8.5, 5mM EDTA, 6M urea), and
10pl of iodoacetyl-activated acrylamide beads were added. The mixture was incubated for 1h
at RT. The beads were centrifuged, washed 3 times with the reaction buffer, and blocked with

50mM cysteine solution for 30 min. at RT. The supernatant was discarded, and beads were
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thoroughly washed 5 times with HBSsqo buffer, 5 times with 4M MgCl,, and 5 times with
PBS. The supernatant and all washing steps were analyzed by SDS-PAGE. Beads were stored
in PBS.

1.9 Visualization of BMP2-A2C coupled to iodoacetyl-functionalized beads

lodoacetyl-functionalized beads coupled to BMP2-A2C were blocked with 5% milk in TBST
buffer for 1h at 4°C, and incubated with a BMP2 specific primary antibody (Anti-BMP2
antibody - Differentiation marker ab 17885, Abcam) (1:20 000) overnight at 4°C. Beads were
washed 3 times with TBST (0.1% Tween) and incubated with Donkey Anti-Rabbit 1gG H&L
(Alexa Fluor® 488) antibody (Abcam, ab150061) (1:1000) for 1h at RT. Beads were washed
3 times with TBST (0.1% Tween) and fluorescence was detected by fluorescence microscopy

(Keyence).

1.10 Quantification of BMP2-A2C immobilized to iodoacetyl-functionalized beads

For the quantification of BMP2-A2C covalently immobilized to the iodoacetyl-functionalized
acrylamide beads the Pierce™ BCA Protein Assay Kit was used. The BCA assay exploits the
reaction between bicinchoninic acid and cuprous cations (Cu+1) that are formed by contact of
cupric sulfate with proteins. The coupling reaction was performed in a 2ml reaction volume.
The beads were separated using poly-prep® chromatography columns (BioRad) and
resuspended with 400ul water prior to measurement. 100ul of beads was transferred to 300ul
of the BCA working reagent. The assay was performed in triplicates. Tubes were incubated at
60°C according to the manufacturer’s protocol. To calculate the amount of protein coupled to
a single bead, the UV/VIS absorption of non-coupled beads at 280nm was subtracted, and

normalized to the number of beads applied to the reaction.

1.11 Fluorescent labelling of BMPRIA receptor ectodomain

100ug of BMPRIA receptor ectodomain was incubated with a NHS-activated fluorescent dye
Texas Red (lifetechnologies) in a 1:5 molar ratio. Reaction was performed in HBS;50 buffer
(10mM HEPES pH 7.4, 150mM NaCl) at 4°C overnight. Receptor was further dialyzed 5
times against HBS;s5o buffer, 2 times with 4M MgCl,, and 5 times with HBSsq, buffer.
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1.12 Interaction of BMP2-A2C coupled to iodoacetyl-functionalized beads with
BMPRIA receptor ectodomain

10ul of beads coupled to BMP2-A2C were incubated with 1uM fluorescent BRIA receptor
ectodomain in HBSsqo buffer for 1h at RT. Beads were washed 5 times with the reaction

buffer and visualized using fluorescent microscopy (Keyence).

1.13 Evaluation of osteogenic potential of beads coupled to BMP2-A2C

C2C12 cells were seeded and treated as for verification of BMP2-A2C activity except for cell
lysis and pNPP treatment. Additionally, iodoacetyl-activated acrylamide beads coupled to
BMP2-A2C were applied to the wells and overlaid with 0.4% of low melting agarose
(dissolved in DMEM medium, supplemented with 2%FCS and 1% Pen/Strep after cooling to
37°C) in order to prevent movement of the beads. Upon agarose gelling wells were covered
with 50ul of DMEM medium (2% FCS, 1% Pen/Strep). Plates were incubated for 3 days.
Medium was removed, 100ul of 1-Step™ NBT/BCIP substrate solution (Thermoscientific)
was transferred to all wells, and the plate was incubated in dark at RT for 15 min. Upon
colour development the staining solution was removed, replaced with PBS, and plates were

analyzed microscopically (Keyence).

2. BMP2-K3Plk

2.1 Cloning of the BMP2-K3PIk variant

Human mature BMP2 (hmBMP2) sequence was amplified from p25N_hmBMP2 vector with
a forward primer (5’GA CCA GGA CAT ATG GCT CAA GCC TAG CAC AAA CAGC3)
introducing an Ndel restriction site and an amber stop codon (TAG) at the position of the first
lysine, and a reversed primer (5’CCA GGA GGA TCC TTA GCG ACA CCC ACA ACC
CT3’) converting a naturally existing 3> TAG stop codon into TAA stop codon. Pfu
polymerase was used for the amplification. Amplification was performed by initial
denaturation for 5 min. at 95°C; 30 cycles of denaturation at 95°C for 1 min, 1 min. annealing
at 60°C, 1 min. elongation at 72°C, and final extension for 10 min. at 72°C. The PCR product
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was purified with Wizard® SV Gel and PCR Clean-Up System (Promega), and digested with
the restriction enzyme Ndel (Fermentas) for 45 min. at 37°C. Enzyme was heat inactivated
and the reaction was purified with Qiagen PCR purification kit. In the second step PCR
product was digested with the restriction enzyme BamHI (Fast Digest, Fermentas) for 1h at
37°C and purified.

pET11la-pyrtRNA vector was double-digested with Ndel and BahmHI enzymes. In the first
step the vector was digested with Ndel enzyme for 2h 45min. at 37°C. Ndel enzyme was
inactivated for 20min. at 65°C and the vector was purified with Qiagen PCR purification Kit.
In the second step pET11a vector was digested with BamHI restriction enzyme (Fermentas
Fast Digest) for 1h at 37°C and the enzyme was heat inactivated for 5 min. at 80°C. The
product was dephosphorylated with Antarctic phosphatase (New England Biolabs), and the
enzyme inactivated at 65°C for 10 min. Finally the digested vector was separated by agarose
electrophoresis and purified using Promega wizard SV gel and PCR clean-up system.

Digested BMP2-K3TAG was ligated into digested pET11a-pyrtRNA vector using T4 DNA
Ligase (ThermoScientific) for 2h at 22°C to generate the final construct pET11a-pyrtRNA-
BMP2-K3Plk. Chemically competent NovaBlue cells (Novagen) were transformed with the
ligation reaction according to the standard protocol, seeded on ampicillin agar plates
(100pg/ml ampicillin), and incubated overnight at 37°C. Transformants were isolated,
propagated, and plasmids were isolated using Wizard® Plus SV Minipreps DNA Purification
kit (Promega) according to the manufacturer’s protocol. Positive clones were identified by
restriction digestion, colony PCR, and sequencing. NovaBlue cells were transformed with a
plasmid verified by sequencing and propagated. High purity plasmid was isolated using
QIAGEN®PIlasmid Purification kit.

2.2 Optimization of BMP2-K3PIk protein expression

BL21(DE3)pLysS E.coli strain was initially used as an expression host for BMP2-K3PIKk.
BL21(DE3)pLysS cells were double transformed with pET11la-pyrtRNA-BMP2-K3PIk and
pRSFduet-pyrtRNAsynth (coding for pyrrolysyl-tRNA synthetase), seeded on kanamycin
(50png/ml) /ampicillin (100pg/ml)/chloramphenicol (50ug/ml) plates. Expression efficiency
was tested in presence of 1mM propargyl-lysine (Plk) after 3h and overnight in TB medium at

37°C and overnight in LB medium at 27°C. In parallel the amber codon mutation in the final
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vector was reversed to the original lysine codon (AAA) by site-directed mutagenesis
(QuikChange Il  Site-Directed Mutagenesis  Kit, Agilent) with a forward
5‘ATGGCTCAAGCCAAA CACAAACAGCGGAAAC3® and a reversed
5‘GTTTCCGCTGTTTGTG TTTGGCTTGAGCCAT3* primer. Expression under standard
conditions (3h, 37°C and 1mM IPTG) was performed. In another set-up BL21(DE3) strain
was used to test BMP2-K3PIk expression. BL21(DE3) was double transformed with pET11a-
pyrtRNA-BMP2-K3PIlk and pRSFduet-pyrtRNAsynth (coding for pyrrolysyl-tRNA

synthetase), seeded on kanamycin (50pg/ml) /ampicillin (100pg/ml) plates and incubated
overnight at 37°C. On the next day several colonies were selected and propagated overnight at
37°C in a LB liquid culture supplemented with antibiotics. On the next day, cultures were
transferred into TB liquid medium (1:20) supplemented with pH buffer and antibiotics, and
grown till ODegp 0.7. To validate optimal concentrations of propargyl-lysine, final
concentrations of 1mM, 2mM, 3mM, 4mM, 5mM, 7mM and 10mM of propargyl-lysine in the
medium were used. Cultures were induced with ImM IPTG within the next 30 min. Protein
was expressed overnight at 37°C. For large scale expression the same procedure was applied
in TB medium with a propargyl-lysine concentration of 20mM. Propargyl-lysine, as well as
pET11a-pyrtRNA and pRSFduet-pyrtRNAsynth were kindly provided by prof. Lorenz Meinel
from the Chair for Pharmaceutics and Biopharmacy, Institute for Pharmacy and Food

Chemistry, University of Wiirzburg.

2.3 Purification of BMP2-K3Plk from inclusion bodies

Inclusion bodies were prepared as described for the BMP2-A2C variant in section 1.2.

2.4 Purification of BMP2-K3PIk according to Wessel and Fliigge

Monomers purified from inclusion bodies were precipitated according to Wessel and Fliigge
(1984). Briefly, 100ul of the sample was mixed with 400ul of methanol and vortexed. 100pu1
of chloroform was added and vortexed again. Finally 300 pl of dH,O deionized water was
added, vortexed and centrifuged at 14 000rpm for 5min. Top aqueous phase was discarded,
the mixture was supplemented with 800ul of methanol and centrifuged for 10min. at 14
000rpm. The supernatant was removed, and the pellet was air dried, and dissolved in 1mM
HCI.
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2.5 Evaluation of BMP2-K3PIk by mass spectrometry

To determine the mass of BMP2-K3Plk, monomers purified from inclusion bodies were
precipitated according to Wessel and Fliigge (1984) and analyzed with electrospray mass
spectrometry analysis (ESI-MS). Refolded BMP2 dimers were purified by IEX
chromatography and dialyzed to Millipore water prior to measurement. ESI-MS was
performed using an APEX-I1 FT-ICR (Bruker Daltonic GmbH, Bremen) equipped with a 7.4
T magnet and an Apollo ESI ion source in positive mode. Desalted proteins were dissolved in
MeOH/H20/HACc (49.5/49.5/1) at a concentration range of 1 - 5uM. 2ulL/min of sample were
injected using a Hamilton syringe. Detection range was typically set to 750 - 3000 m/z
according to earlier measurements with other BMP variants. The detection range was
optimized to the signal containing area afterwards. 256 scans were recorded at a resolution of
256K.

2.6  Verification of BMP2-K3PIk refolding

The protein solution obtained from inclusion bodies was concentrated to 280D/ml in an
Amicon® concentrating cell. Half of the solution was used for the refolding with GSSG:GSH
ratio 1:2. The other half was used for the refolding with GSSG:GSH ratio 1:4. The refolding
buffer consisted of 50 mM Tris pH 8.0 - 8.2; 2M LiCIl; 5 mM EDTA; 25 mM CHAPS; 2 or 4
mM glutathione (GSH), and 1 mM glutathione disulfide (GSSG). Monomers were applied
dropwise, and incubated at RT for 5 days in dark. The small scale refolding experiment was

performed according to the same procedure, using 1mM GSSG and 2mM GSH.

2.7 Purification of refolded BMP2-K3PIk by cation-exchange chromatography

The pH of the refolding buffer was adjusted to 3.0 using concentrated HCI and proteins were
dialyzed to 1mM HCI and concentrated using a QuickStand Benchtop System (Hollow Fiber
Cartridge, 5000 NMWC, surface 650cm?) and further concentrated in an Amicon
concentrating cell. The refolding buffer with GSSG to GSH ratio 1: 2 was centrifuged for 0.5
h at 5000 rpm and its composition was adjusted to buffer A (20mM NaAcl; 30% isopropanol),

centrifuged for 10 min. at 5000 rpm and applied to the column.
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The composition of the refolding buffer with GSSG to GSH ratio 1: 4 was directly adjusted to
buffer A, centrifuged for 10 min. at 5000 rpm and loaded on the column. Fractions were
eluted using a linear gradient of buffer B (20mM NaAc; 30% isopropanol, 2M NaCl),
analyzed by SDS-PAGE, pooled and dialyzed to 1mM HCI.

2.8 Evaluation of BMP2-K3PIk biological activity

Myoblast progenitor C2C12 cells were used as BMP2-responsive cell line. Cells were seeded
onto a 96-well plate at a concentration of 10 000 cells/well. Cells were cultured in 100ul of
DMEM medium containing 10% FCS and 1% of Pen/Strep. After 12 hours of incubation the
medium was replaced with DMEM medium containing 2%FCS and 1% Pen/Strep. BMP2-
K3PIk and BMP2-wt were applied in 4 replicates at a concentration of 200nM and diluted
using log-2 serial dilution. The plate was incubated for 3 days. After incubation the medium
was removed, cells lysed with 100ul of lysis buffer (0,1 M Glycin pH 8.5, 1% TritonX-100, 1
mM MgCl,, 1 mM ZnCl,), and incubated at RT on an orbital shaker for 2h. After incubation
100ul of a paranitrophenyl-phosphate solution at a concentration of 2mg/ml in a reaction
buffer (0.1 M Glycin pH 8.5, 1 mM MgCl,;, 1 mM ZnCl,) was added to all wells and the
absorption at 405nm was measured every 5 min. for 0.5h using a Tecan infinite M200 (Tecan
Deutschland GmbH) multiplate reader. Dose response curves and the EC50 values were
generated in OriginPro9.1G using a logistic model y = A2 + (A1-A2)/(1 + (x/x0)"p).

2.9 Separation of BMP2-K3PIk using a heparin column

600ug of BMP2-K3PIlk and BMP2-wt were loaded onto a FPLC (Akta avant, GE healthcare)
heparin column (1ml heparin column HP, GE Healthcare) in buffer A (6M urea, 20mM NaAc,

pH 4.5). Fractions were obtained using linear NaCl gradient elution from 0 to 2M.

2.10 SPR analysis using BMPRIA and ActRIIB receptor ectodomains

The ProteOn XPR36 biosensor system (Bio-Rad) was used for all biosensor experiments.
Receptor ectodomains were N-biotinylated by incubation with equimolar concentrations of
sulfo-NHS-LC-biotin (Pierce, Thermo Scientific, Rockford, IL, USA). The biotinylated

receptor ectodomains were immobilized at -500 resonance units (RU) to streptavidin coated
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matrices of biosensor chips. Sensorgrams of ligand receptor interactions were recorded at a
flow rate of 25 ul min™ at 25°C. The association and dissociation time was set to 3 min. After
each cycle the chips were regenerated with 4M MgCl, for 1 min. The binding affinities were
calculated by fitting the kinetic data to a 1:1 Langmuir binding model. All binding constants
were determined from two or more independent experiments using at least six different

analyte concentrations. Standard deviations for the obtained affinities are less than 50%.

2.11 Optimization of click reaction conditions

2.11.1 Coupling of BMP2-K3PIk catalyzed by UV irradiation

Poly(2-oxazoline) polymer functionalized terminally with a sulfhydryl group (pox-cys) (0.6
mg, 6 eq) (kindly provided by prof. Jirgen Groll, Department for functional materials in
medicine and dentistry University of Wiirzburg) was dissolved in 100ul 1mM HCI and mixed
with BMP2-K3Plk (0.5mg, 1 eq). Argon was passed through the solution to prevent
oxidation of the pox-cys. Then 4,2mg DMPA (2,2-Dimethoxy-2-phenylacetophenone -
radical starter) was solved in 10ml MeOH and 10ul of this solution (0.8 eq.) was added to the
peptide/polymer solution. The solution was split into 3 parts and treated with UV light of
365nm for: 5 min, 15 min and 30 min. In parallel 0,5mg BMP2-K3PIlk was dissolved in 50 uL
instead of 100uL of the pox-cys solution, processed as described before and irradiated for
20min. with UV light of 365nm (82).

2.11.2 Coupling of BMP2-K3Plk using copper(l)-catalyzed alkyne-azide cycloaddition

2.11.2.1 Coupling of BMP2-K3PIk to azylated poly(2-oxazoline)

BMP2-K3Plk was reacted with a 2.5kDa poly(2-oxazoline) terminally functionalized with an
azide group (pox-azide) (kindly provided by prof. Jirgen Groll, Department for functional
materials in medicine and dentistry University of Wiirzburg). Reaction was performed
overnight in Millipore water using final BMP2-K3PIk concentration of 76.9uM (1 eq), 2.4 eq

pox-azide, 0.5 eq sodium ascorbate, and 0.3 eq CuSO,,.

2.11.2.2 Effect of sodium ascorbate and copper(ll) sulfate on BMP2-wt
20 uM BMP2-wt in 45ul. was incubated overnight at RT in Millipore water with varying

ratios of sodium ascorbate to CuSO, Final concentration of 5mM NaAscorabte was used in
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the experiment. Tested ratios of NaAscrobate to CuSO,4 were: (50:1); (40:1); (30:1); (20:1);
(10:1); (1.7: 1) and (1:1). Samples were analyzed by SDS-PAGE and Coomassie Brilliant

Blue staining.

2.11.2.3 Analysis of protective role of THPTA in CUAAC reaction

Reaction was performed in Millipore water for 24h in presence of 5mM NaAscrorbate,
0.10mM CuSO, and 200uM 3-Azido-7-hydroxycoumarin (baseclick). As a positive control
propargyl alcohol, as model alkyne, was used. As negative control the same reaction was
performed using wildtype BMP2. Tested ratios of CuSO, to THPTA were: (1:7); (1:10);
(1:12); (2:15); (1:20); (1:10 reaction performed in H2O/tert-BuOH 2 eq : 1 eq). Samples were
separated by SDS-PAGE and analyzed by Coomassie brilliant blue staining and fluorescent
imaging (excitation 365nm).

2.11.2.4 Coupling of BMP2-K3PIk to biotinylated PEG-linker

Several conditions were tested for the optimal site-specific biotinylation of BMP2-K3Plk.
26ug (20 uM) BMP2-K3Plk was incubated with 200 uM PEG4-carboxamide-6-
Azidohexanyl-Biotin (Lifetechnologies) at 37°C for 15, 30, 45, and 60min. in 50l of reaction
buffer: 0.1M HEPES pH 7.0, 3.7M urea, 50uM CuSO,4, 250uM THPTA, 5SmM NaAscorbate.
As negative control reaction was performed with wildtype BMP2 for 1h. Above reaction
conditions were additionally tested at 23°C for 1, 2, 5, 10, and 15 min. Negative control
reaction was performed for 15 min. and Millipore water instead of CuSO4 was used Reaction
was stopped by addition of EDTA to a final concentration of 5mM_Samples were separated
by SDS-PAGE and blotted with Semi-Dry Electroblotter Sedec™ (Peqlab). Membrane was
incubated with Streptavidin- Alexa Fluor® 488 Conjugate (lifetechnologies) in TBST buffer
with 0.1% SDS for 1h at RT, and washed with TBST. The fluorescence was measured with
FluorChemQ (Biozym Scientific GmbH).

2.12 Evaluation of CUAAC reaction efficiency

To evaluate the efficiency of the coupling reaction between BMP2-K3Plk and PEG4-
carboxamide-6-Azidohexanyl-Biotin biotinylated BMP2-K3Plk was separated from non-
biotinylated BMP2-K3Plk by reversed phase HPLC (Hitachi LaCHromUItraTM HPLC
system) using the RP C4 column (4.0 mm x 125 mm, Machery-Nagel, Diiren, Germany).
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Buffer A 0.1% TFA in H,0, and buffer B 0.1% TFA in 95% acetonitrile were used as a liquid
phase. For protein elution a linear gradient from 20% to 100% buffer B was used.

In parallel BMP2-K3PIk was coupled to a fluorescent dye. 260ug of BMP2-K3PIlk (20 uM)
were incubated with 200 uM of Alexa Fluor® 488 Azide (Thermo Fisher Scientific) in 500ul
of reaction buffer (0.1M HEPES pH 7.0, 3.7M Urea, 50uM CuSOg, 250uM THPTA, 5SmM
NaAscorbate) for 15 min. at RT. Reaction was stopped by addition of EDTA to a final
concentration of 5mM. The protein was dialyzed to 6M GuCl using a 10kDa MCWO
membrane. The sample was divided into 3 parts and the fluorescence was measured in
triplicates. The mean fluorescence values of the dialysis flowthrough were subtracted from the
values of experimental samples. The excitation/emission parameters for the fluorescence
measurement were set to 495/519nm. For the standard curve a log-2 dilutions of Alexa
Fluor® 488 Azide were performed in triplicates starting from 10uM. The standard curve was
generated in OriginPro 9.1 using a logistic model y = A2 + (A1-A2)/(1 + (x/x0)"p).

2.13 Immobilization of BMP2-K3PIk to neutravidin-agarose beads

260ug of BMP2-K3Plk (20 uM) were incubated with 200 uM PEG4-carboxamide-6-
Azidohexanyl-Biotin (Lifetechnologies) in 500ul of reaction buffer (0.1M HEPES pH 7.0,
3.7M Urea, 50uM CuSOg4, 250uM THPTA, 5mM NaAscorbate) for 15 min. at RT with
shaking. Reaction was stopped by addition of EDTA to a final concentration of 5mM. As
negative control BMP2-wt was used. Biotinylated BMP2-K3PIk and the negative control
were dialyzed to 1mM HCI, concentrated, and incubated for 1.5h at RT in 8ml HBS500 buffer
(10mM HEPES pH 7.4, 500mM NaCl) with 50ul NeutrAvidin agarose beads
(Thermoscientific) previously washed with reaction buffer. After incubation beads were
thoroughly washed 5 times with HBSsq buffer, 5 times with 4M MgCl,, 5 times with PBS,
and stored in 500ul of PBS.

2.14 Direct immobilization of BMP2-K3Plk to azide-functionalized beads
260pg of BMP2-K3Plk (20uM) were incubated with 20ul of azide-functionalized agarose

beads (Jena biosciences) in a reaction buffer (0.1M HEPES pH 7.0, 3.9M Urea, 50uM CuSOg4,
250uM THPTA, 5SmM NaAscorbate) for 2h and 15min. at RT. Reaction was stopped by
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addition of EDTA to a final concentration of 5mM. Beads were thoroughly washed 5 times
with HBSsqo buffer, 5 times with 4M MgCl,, 5times with PBS and stored in PBS.

In order to couple BMP2-K3PIk to azide-functionalized silica particles the same conditions as
for the agarose beads were used. For that 20mg of azide-functionalized silica particles were
resuspended with 194,3ul of Millipore water and 4ul of the beads were used for the 100l

reaction.

2.15 Verification of BMP2-K3PIlk immobilized to functionalized beads

In order to visualize BMP2-K3Plk immobilized to azide-functionalized beads and neutravidin
agarose beads the beads were blocked with 5% milk in TBST buffer for 1h at 4°C, and
incubated with a BMP2 specific primary antibody (Anti-BMP2 antibody - Differentiation
marker ab 17885, Abcam) (1:20 000) overnight at 4°C. Beads were washed 3 times with
TBST (0.1% Tween) and incubated with Donkey Anti-Rabbit 1gG H&L (Alexa Fluor® 488)
antibody (Abcam, ab150061) (1:1000) for 1h at RT. Beads were washed 3 times with TBST

(0.1% Tween) and fluorescence was detected by fluorescence microscopy (Keyence).

2.16 Quantification of BMP2-K3Plk immobilized to neutravidin agarose beads

To evaluate the quantity of BMP2-K3Plk immobilized to NeutrAvidin agarose beads the
coupling of BMP2-K3Plk to PEG4-carboxamide-6-Azidohexanyl-Biotin (Lifetechnologies)
was performed in the 1,5ml reaction volume, stopped with addition of EDTA to a final
concentration of 5mM, dialyzed to 1mM HCI and incubated with 150u1 of neutravidin beads
(ThermoScientific) in 24ml HBS500 buffer for 1,5h at RT. Beads were washed thoroughly as
described previously, separated using poly-prep® chromatography columns (BioRad) and
resuspended with water in 400ul final volume prior to measurement. Beads were boiled at
95°C in 2% SDS solution in order to break the interaction between neutravidin and BMP2-
K3PIk and centrifuged to recover the protein containing supernatant. 100ul of the supernatant
was transferred to 300ul of the working reagent in triplicates. The assay was developed
following the manufacturer’s protocol. To calculate the amount of protein coupled to a single
bead, absorption for non-coupled beads was subtracted, and normalized to the number of

beads applied to the reaction.
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2.17 Quantification of BMP2-K3Plk immobilized to azide agarose beads

The amount of BMP2-K3PIk immobilized to azide-functionalized agarose beads was
measured with BCA Protein Assay Reagent (Thermoscientific). The coupling reaction was
performed in a 2ml reaction volume. Beads were thoroughly washed as described before,
separated using poly-prep® chromatography columns (BioRad) and resuspended with 400ul
of water. 120ul suspension was added to 300ul of a working reagent in triplicates. Tubes were
incubated at 60°C according to the manufacturer’s protocol. To calculate the amount of the
protein coupled to a single bead, absorption for non-coupled beads was subtracted, and

normalized to the number of beads applied to the reaction.

2.18 Interaction of immobilized BMP2-K3Plk with BMPRIA ectodomain
Interaction of BMP2-K3PIk immobilized to azide-activated beads and neutravidin agarose
beads with BRIA receptor ectodomain was determined by incubation with 1uM fluorescent

BRIA receptor ectodomain in HBSsoo buffer for 1h at RT. Beads were washed 5 times with

the reaction buffer and visualized using fluorescent microscopy (Keyence).

2.19 Evaluation of osteogenic potential of beads coupled to BMP2-K3Plk

Osteoinductive potential of azide-functionalized and neutravidin-agarose beads coupled to

site-specifically biotinylated BMP2-K3PIlk was performed as described in section 1.13.
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1. Results

1. BMP2-A2C

1.1 Evaluation of BMP2-A2C protein expression

In order to achieve site specific immobilization of BMP2 to a suitable scaffold two BMP2
variants were created. The first variant, named BMP2-A2C containing an extra N-terminal
cysteine residue, was successfully expressed in JM109(DE3) bacteria. The expression was
initially validated by SDS-PAGE and coomassie brilliant blue staining (Figure 7). The lanes
corresponding to induced cultures show a band between 10kDa and 15kDa indicated by an
arrow and match the electrophoretic mobility of the positive control (wildtype BMP-2). The
predicted molecular weight of BMP2-A2C monomers is 13kDa. Leaky expression from the

T7 promotor may be observed in lanes corresponding to uninduced BMP2-A2C cultures.

induction with 1mM IPTG -+ -+ -+ -+

clone number

Figure 7: Expression of the BMP2-A2C variant

The figure shows SDS-PAGE separation and coomassie brilliant blue staining of BMP2-A2C expressed in E.coli strain
JM109(DE3). Lanes: PC - wt BMP2, M - protein marker. The bands indicated with an arrow represent expressed BMP2-A2C
monomers. Leaky BMP2-A2C expression can be also observed in uninduced clones (indicated by °-). Induced clones are

indicated with ‘+’.
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1.2 Purification of the BMP2-A2C variant

BMP2-A2C variant was accumulated in bacterial inclusion bodies which required a stepwise
isolation procedure. After isolation monomeric BMP2-A2C from inclusion the protein was
refolded and purified by cation exchange chromatography in order to separate the wanted
BMP2-A2C dimers (Figure 8).
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Figure 8: Purification of refolded BMP2-A2C by IEX chromatography

(A) Refolded BMP2-A2C was purified by cation-exchange chromatography in order to separate BMP2-A2C dimers. The
protein was eluted within one sharp peak with a small shoulder indicating non-homogenous population of eluted protein; (B)
Eluted BMP2-A2C fractions were analyzed by SDS-PAGE and Coomassie Brilliant Blue staining (left picture).
Heterogenous population of BMP2-A2C monomers, dimers, and multimers was detected. Fractions containing BMP2-A2C
dimers were pooled and analyzed by SDS-PAGE under reducing and non-reducing conditions in order to estimate the ratio of
multimers to dimers in the final sample (right picture). Bands representing BMP2-A2C multimers are indicated with arrows
(right picture). Legend: M — protein marker.
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As shown in the Figure 8A the protein was eluted within one sharp peak with a small shoulder
at a conductivity equal to 37.11 mS/cm. All protein containing fractions were analyzed by
SDS-PAGE and Coomassie Brilliant Blue staining. Chromatography fractions containing
dimeric BMP2-A2C were pooled and dialyzed to 1mM HCI. Approx. 1.3 mg of purified
BMP2-A2C was obtained per 1g of inclusion bodies. The overall yield of produced BMP2-
A2C was approx. 2mg per 1L of bacterial culture. Due to the additional cysteine introduced
within the N-terminal region of the BMP2 mature polypeptide a heterogenous population of
dimers and multimers varying in molecular weight was generated upon the refolding process,
with the most prominent being a dimeric protein. Pooled fractions were analyzed by SDS-
PAGE and coomassie staining under reducing and non-reducing conditions. Under reducing
conditions only one band corresponding to BMP2-A2C monomers could be observed (Figure
8B). However, under non-reducing conditions (Figure 8B) multiple bands could be detected
thus it seemed not feasible to separate properly folded BMP2-A2C dimers from multimeric
structures. A further purification step appeared necessary. The IEX-purified fractions were
therefore subjected to a secondary purification by reversed phase chromatography (Figure 9).
In order to verify, whether this purification procedure would eliminate multimeric BMP2-

A2C fractions an analytical amount of 1mg of BMP2-A2C variant was further purified using

a C4 column.
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Figure 9: Purification of BMP2-A2C by reversed-phase chromatography

(A) Chromatogram of BMP2-A2C purified by reversed-phase chromatography. As BMP2-A2C dimers were not successfully
separated by IEX chromatography, a second purification step using reversed-phase chromatography was used; (B) Analysis
of reversed-phase chromatography fractions. Protein containing BMP2-A2C fractions were analyzed by SDS-PAGE and
Coomassie Brilliant Blue staining. Legend: PC — BMP2-A2C purified by IEX chromatography; M — protein marker.
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However, a separation of the BMP2-A2C dimers could not be achieved with this method.
Because of similar hydrophobic properties between BMP2-A2C dimers and its multimers a
satisfactory separation of dimers was not feasible. The fractions were analyzed by SDS-PAGE
and Coomassie Brilliant Blue staining. Dimeric and multimeric bands of varying molecular

weight were still present in all protein-containing fractions (Figure 9B).

1.3 Evaluation of BMP2-A2C by Western blot

In order to prove the identity of the purified protein sample, especially of the bands
corresponding to high molecular weight structures SDS-PAGE, followed by Western blot
analysis, was performed (Figure 10). Separation was performed under both, reducing and non-
reducing conditions because of the dimeric nature of BMP2 (monomers coupled via disulfide
bridges). WB was performed using an anti-BMP2 antibody raised against the mature

polypeptide.

reduction - + - +
wt wt A2C A2C
— -

Figure 10: Western blot analysis of refolded BMP2-A2C
Purified BMP2-A2C was analyzed by Western blot to confirm the identity of the protein, especially the multimeric fraction
visible in the Coomassie Brilliant Blue staining. Legend: wt - BMP2-wt; A2C — BMP2-A2C. Samples reduced with B-

mercaptoethanol are indicated with ‘+” and non-reduced samples with ‘-*.

Non-reduced BMP2-A2C appeared in the Western blot as a mixture of dimers and multimers
of varying molecular weight (Figure 10) as visualized previously with Coomassie Brilliant
Blue staining (Figure 9B). The reduced BMP2-A2C appeared as 3 bands. The lowest band
showed the same electrophoretic mobility as reduced BMP2-wt. The higher band migrated
with a similar, though slower, electrophoretic mobility as non-reduced BMP2 dimers, and the

highest band appeared as a multimeric protein with the electrophoretic mobility different than
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the multimeric bands present in non-reduced BMP2-A2C. The 2 bands of higher molecular
weight might therefore be a result of partial reduction of high molecular structures present in
non-reduced BMP2-A2C. Possibly, not all disulfide bridges in multimeric BMP2-A2C were
reduced upon B-mercaptoethanol treatment because of their limited accessibility. Incomplete
reduction of BMP2-A2C might indicate that a fraction of the protein formed disulfide bridges
between different cysteine residues than that in the BMP2-wt. Therefore, stronger reducing
conditions may be required for their complete reduction. The results of the Western blot
confirm that the dimeric bands as well as bands of higher molecular weight represent BMP2.
However, the presence of multimers could affect the affinity of BMP2-A2C to main BMP2
receptors. Therefore, in the next step the interaction of BMP2-A2C with type | and type II
BMP receptor ectodomains was investigated.

1.4 Interaction of BMP2-A2C with BMP2 receptor ectodomains

In order to validate the binding of the BMP2-A2C variant with type | and type Il BMP
receptors biotinylated BMPRIA and ActRIIB receptor ectodomains were individually
immobilized to channels of a streptavidin coated surface plasmon resonance chip. BMP2-A2C
variant was used as an analyte. The apparent KD for the BMP2-A2C applied to BMPRIA-
decorated chip was approx. 0.6nM whereas BMP2-wt showed KD value equal approx. 0.7nM.
For interaction with the ActRIIB receptor ectodomain immobilized on the SPR chip KD for
the BMP2-A2C was equal approx. 1.7nM and 0.9nM for the BMP2-wt (Figure 11). These
values show that the binding of BMP2-A2C to the main BMP2 receptor ectodomains is
comparable to the wildtype BMP2, meaning that the BMP2-A2C multimers have the same
binding to individual BMP2 receptor ectodomains as the wildtype protein. The measured
values are in agreement with the values published for wildtype BMP2 (83). However, BMP2
protein applied in vivo interacts simultaneously with both of the receptor ectodomains
forming thereby a signaling complex. Therefore, even though BMP2-A2C showed similar
binding constants to individual BMP2 receptor ectodomains, in the next step a cell-based
assay was performed in order to validate the capability of simultaneous binding of BMP2-

A2C to both receptors which are embedded within the cell membrane.
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Figure 11: Binding of BMP2-A2C variant to BMPRIA and ActR11B BMP2 receptor ectodomains

Interaction of BMP2-A2C variant and BMP2-wt with BMPRIA and ActRIIB BMP2 receptor ectodomains was measured by
surface plasmon resonance. The measured KD values were in the same range for both measured proteins indicating similar
affinity for both receptor ectodomains. The binding constants were determined from two or more independent experiments
using at least six different analyte concentrations.

1.5 Evaluation of biological activity of BMP2-A2C

In order to evaluate the biological activity of the BMP2-A2C variant a cell-based assay using
C2C12 cells was used. C2C12 myogenic progenitor cells differentiate towards osteoblastic
lineage upon exposure to serum starvation conditions and BMP2, therefore they are reliable
cells for testing of BMP2 bioactivity. Upon exposure to BMP2 C2C12 cells start to express
alkaline phosphatase, which is an early marker for osteoblastic differentiation. The expression
of alkaline phosphatase is dependent on the concentration of BMP2 applied to the cells. To
calculate an EC50 values (the half maximal effective concentration) of BMP2-wt and BMP2-
A2C a colorimetric assay with p-nitrophenyl phosphate was used. The p-nitrophenyl
phosphate solution turns yellow upon cleavage of phosphate by alkaline phosphatase. For this

purpose the cells were seeded onto 96-well plate and treated with serial dilutions of BMP2-wt
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or the BMP2-A2C variant in medium supplemented with 2% FCS. After 3-days of incubation
cells were lysed and the absorbance at 405nm was measured spectrophotometrically. The
results were fitted in OriginPro9.1 using a Logistic model y = A2 + (A1-A2)/(1 + (x/x0)"p).

187 = BMP2wt EC50:34,37  (+/-1,45)
16+ ® BMP2-A2C ECS50:107,90 (+/-14,79)
144
124
1,04
0,8—-

0,6

Absorption 405nm

0.4

0,2+

0,0

-0,2 T T T
0,1 1 10 100

Concentration [nM]

Figure 12: Validation of BMP2-A2C bioactivity

Biological activity of the BMP2-A2C variant was validated in a cell-based assay usingBMP2-responsive cell line C2C12.
Bioactivity was determined based on the expression of alkaline phosphatase by C2C12 cells upon exposure to increasing
concentrations of BMP2-A2C. BMP2-wt was used as a reference. The EC50 values were generated using logistic model y =

A2 + (A1-A2)/(1 + (x/x0)"p). Each data point represents the mean absorption value from 2 biological replicates + SD.

The calculated EC50 value was approx. 34nM for the wildtype BMP2 and approx. 108nM for
the BMP2-A2C variant (Figure 12). Also the maximum absorption value was lower for the
BMP-A2C mutant compared to wildtype BMP2. The mutation substituting alanine into
cysteine in the BMP2-A2C mutant was located at the N-terminus of the polypeptide chain
which, according to the present knowledge, is not involved in binding to any BMP2 cofactors,
or receptors (except for the heparan sulfate). Hence, the difference in the dose response curve
is most probably not related to the position of the mutation, but rather to structural and
conformational changes of BMP2, being a consequence of introducing the additional cysteine.
As shown in the Western Blot (Figure 10) the presence of extra cysteine residues led to
formation of multimers, which could not be completely reduced to monomers, in contrast to
wildtype BMP2. This fact led to a conclusion that in case of at least a portion of BMP2-A2C
the disulfide bridges were formed differently than in the wildtype protein. Therefore, the

discrepancy in the dose response curve between the wildtype and the mutant might originate
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from the multimeric species present in the BMP2-A2C as well as from improperly folded
dimers. It was shown in SPR evaluation (Figure 11) that BMP2-A2C has the same binding
affinity towards BMPRIA and ActRIIB receptor ectodomains as wildtype BMP2. However,
increased EC50 value and decreased efficacy of BMP-A2C manifested by the shift to the right
on the dose response curve was observed in the cell based assay. This might indicate a
presence of an internal competitive antagonist attenuating the signal transduction. If the
BMP2-A2C multimeric molecules were unable to bind the type | BMP2 receptors one would
expect a decreased potency (change in the EC50 value) but no change in the protein efficacy.
However, the cell-based assay showed that both of these values changed for BMP2-A2C
compared to BMP2-wt. Another hypothesis would be that BMP2-A2C can bind the type |
receptor with the same affinity but the recruitment of the type Il receptor is hindered. In this
scenario the number of available BMP2 receptor complexes present in the cellular membrane
would be decreased, though lower efficacy of the protein should be expected. As bioactive
concentration of the BMP2-A2C would differ from the protein concentration measured by the
UV-VIS spectrometry also the EC50 value should be increased. This scenario suits very well
the dose response curve measured for the BMP2-A2C variant. The precise mechanism by
which multimeric or improperly folded dimers act in the cellular assay as BMP2 inhibitors is
not absolutely clear, as their binding affinity to main BMP2 receptors participating in signal
transduction in C2C12 cells is similar to wildtype BMP2, as shown previously in SPR
measurement (Figure 11). One could speculate that although the affinity to individual BMP2
receptors is the same for BMP2-A2C as it is for BMP2-wt, the proximity of both, type I and
type 11, receptors distributed on the cell surface prevents correct binding to the type Il receptor
by the bulky BMP2-A2C multimers.

1.6 Immobilization of BMP2-A2C to iodoacetyl-functionalized acrylamide beads

After detailed analysis, the BMP2-A2C variant was covalently coupled to iodoacetyl-
functionalized acrylamide beads. Additional cysteine residues introduced within the N-
terminus of BMP2-A2C allowed a partial reduction of the protein enabling a covalent
coupling by thioether formation between the SH group of the protein and iodoacetamide
group present on crosslinked acrylamide beads. Following partial reduction and the coupling
procedure, the beads were thoroughly washed and stored in PBS. Samples of the reaction

supernatant and the washing steps were collected and analyzed by SDS-PAGE and Coomassie
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Brilliant Blue staining (Appendix). Uncoupled BMP2-A2C remained in the reaction
supernatant, however no protein was detected in further washing steps as analyzed by SDS-
PAGE. As negative control the same coupling procedure was applied to BMP2-wt. The
uncoupled protein also here remained in the supernatant. The beads were washed according to
the same scheme as for the BMP2-A2C variant. Upon reduction some monomers were
generated in both, BMP2-wt and the BMP2-A2C variant. More BMP2-A2C monomers
relative to dimers were visible in SDS-PAGE compared to BMP2-wt. It may be explained by
the fact that a greater amount of BMP2-wt monomers was generated by the reduction
procedure compared to BMP2-A2C. Consequently, higher monomer concentration of BMP2-
wt compared to BMP2-A2C would lead to more efficient coupling of BMP2-wt monomers to
the beads. Such scenario would be in agreement with the results shown in Figure 10 where -
mercaptoethanol reduction was more efficient for wildtype BMP2 than for the BMP2-A2C
variant. In order to verify whether the coupling reaction between BMP2-A2C and iodoacetyl-
functionalized acrylamide beads was successful and specific, BMP2-A2C-coupled beads as
well as beads incubated with BMP2-wt under the same conditions were fluorescently stained.
Beads were initially blocked and incubated with a primary BMP2 antibody, followed by
subsequent staining with secondary fluorescent antibody conjugated to Alexafluor488 (Figure
13).

Figure 13: Detection of BMP2-A2C immobilized to iodoacetyl-functionalized beads

BMP2-A2C variant was covalently coupled to iodoacetyl-functionalized beads via cysteine residues. Uncoupled beads and
beads reacted with BMP2-wt were used as negative control. Upon thorough washing steps the presence of BMP2 on the
beads was verified by incubation with the primary BMP2 antibody and secondary fluorescent antibody. The scale bars
represent 200nm. (A) non-coupled beads, (B) beads coupled to BMP2-wt, (C) beads coupled to BMP2-A2C.

Fluorescent analysis revealed prominent staining for beads coupled to both: BMP2-wt, as well

as BMP2-A2C variant. Considering the harsh washing steps, the prominent staining indicates
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that both proteins were successfully covalently coupled to the beads. Even though all cysteine
residues of the dimeric BMP2-wt participate in the formation of the disulfide bridges, the
reducing step and subsequent covalent coupling must have occurred between the cysteines
naturally present in the BMP2-wt sequence and iodoacetyl groups on the beads. Therefore, it
implies that the coupling reaction between the BMP2-wt and the iodoacetyl-functionalized
beads was either not site-specific or not covalent, which should also account at least partially
for BMP2-A2C. Nevertheless after excessive washing of beads with strong buffers non-
covalent interaction with beads might be excluded. In contrast to these observations there was
no fluorescent signal detected for non-coupled iodoacetyl-functionalized beads. Stronger
staining visible for the beads coupled to BMP2-wt in comparison to BMP2-A2C would
indicate that a higher quantity of wildtype BMP2 was coupled to the beads. However, it might
also be explained by the presence of multimers in the BMP2-A2C population, which might
shield other dimeric BMP2-A2C molecules and hinder their accessibility by the antibodies.
Assuming that the monomer formation upon reducing step was greater in the BMP2-wt
sample (Figure 10), the accessibility of the BMP2 antibody should be higher for immobilized
BMP2-wt than for the immobilized BMP2-A2C species.

1.7 Quantification of BMP2-A2C immobilized to iodoacetyl acrylamide beads

To confirm the assumption from the previous experiment that a higher quantity of BMP2-wt
compared to BMP2-A2C was immobilized per one iodoacetyl-functionalized acrylamide bead
a colorometric protein assay was used. Because the protein was coupled to an insoluble
acrylamide material a direct spectroscopic protein measurement could not be applied
here.Therefore the BCA (bicinchoinic acid) protein assay was used. The assay was developed
within a 2-step reaction. In the first step a light blue complex of a protein and copper®* ions
was formed at basic pH. In the second step reduced cuprous cations resulting from the first
step reacted with bicinchoinic acid to form an intense purple reaction product. The absorbance

of the resulting BCA/copper complex was measured at 562nm.
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Figure 14: Quantification of BMP2-A2C coupled to iodoacetyl-functionalized beads

The amount of BMP2-A2C and BMP2-wt coupled to iodoacetyl-functionalized acrylamide beads was quantified by BCA
protein assay. The mean absorption for the uncoupled beads was subtracted from the experimental samples. Bars represent
the mean values + SD of 3 replicates.

As shown in Figure 14 approximately double amount of the BMP2-A2C variant (2.5ng/bead)
was coupled to the iodoacetyl-functionalized beads compared to wildtype BMP-2
(1.2ng/bead). This data confirm the results from the fluorescent staining (Figure 13), in terms
of a successful immobilization of both BMP variants to the beads . As shown in Figure 14,
more BMP2-A2C protein have been covalently bound to iodoacetyl-functionalized groups
present on the surface of the beads. The more efficient coupling of BMP2-A2C may be a
result of the additional cysteine residues available for the reaction. However, these results are
in clear contradiction to the fluorescent staining shown in Figure 13 where a stronger staining
was observed for beads coupled to BMP2-wt. Since the BCA assay measures the protein
peptide bonds, it is a more reliable method to evaluate the number of immobilized molecules
than the fluorescent staining using a BMP2 antibody. The antibody can bind only to its
recognized epitopes within BMP2-A2C which are accessible. Multiple epitopes of BMP2-
A2C forming conglomerates could be masked, as they could be shielded by other BMP2-A2C
molecules. In this case the antibody would recognize only the external, exposed BMP2-A2C
molecules. Additionally, strong fluorescent staining of the beads coupled to wildtype BMP2
might indicate substantial coupling of BMP2-wt monomers, which are easily accessible by the
BMP?2 antibody.

According to the information provided by the manufacturer of the iodoacetyl-functionalized
acrylamide beads 6mg of reduced 1gG (approx. mw: 75000 g/mole) might be coupled to 1ml

of the settled resin. Considering that reduced 1gG molecules are approx. 3 times larger than
55



Results

BMP2-A2C dimers and that only 10ul of the beads were used for the reaction, the maximum
binding for BMP2-A2C should be approx. 1,2 nmoles. Therefore, it can be estimated that
approx. 8.3 times excess of BMP2-A2C compared to the binding capacity of the beads was
used for the reaction. Therefore, the parameter limiting the saturation of BMP2-A2C on the
surface of the beads should be in this case the number of the reactive iodoacetyl groups and
efficiency of the reducing step.

After validating the quantity of immobilized BMP2-A2C per one bead it was verified in the
next step whether covalently coupled BMP2-A2C is still able to bind the type I BMP2
receptor which is a prerequisite for the downstream signal transduction.

1.8 Interaction of immobilized BMP2-A2C with BMPRIA receptor ectodomain

BMP?2 transmits the signal via interaction with the extracellular domains of type | and type Il
BMP receptors. The strongest affinity of BMP2-wt has been measured towards the BMPRIA
receptor (83), and thus this receptor was chosen for the binding experiments. It was shown in
Figure 11 that the affinity of soluble BMP2-A2C to BMPRIA receptor ectodomain was
almost identical to wildtype BMP2. However, it was not known whether the BMP2-A2C
variant covalently immobilized to iodoacetyl-functionalized beads is still able to bind to
BMPRIA receptors and thus retains its structural integrity being essential for the ligand’s
biological activity. To answer this question beads coupled to BMP2-A2C and wildtype BMP2
were incubated with fluorescently labelled BMPRIA receptor ectodomain, washed and

visualized by fluorescent microscopy.

Figure 15: Interaction of iodoacetyl-functionalized beads coupled to BMP2-A2C with BMPRIA receptor ectodomain

The iodoacetyl-functionalized acrylamide beads coupled to BMP2-A2C were incubated with fluorescently-labelled BMPRIA
ectodomain. The beads were washed and visualized by the fluorescent microscopy. As control uncoupled beads and beads
reacted with BMP2-wt were used. The scale bars represent 200nm. (A). non-coupled beads; (B) beads coupled to BMP2-wt;
(C) beads coupled to BMP2-A2C.
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The images showed fluorescent signal for both BMP2-wt- and BMP2-A2C-coupled beads.
Nonetheless, the fluorescence of beads coupled to BMP2-A2C was significantly stronger than
that of the beads coupled to BMP2-wt. This might indicate that random reduction of cystine
residues in BMP2-wt followed by interaction with the iodoacetyl-functionalized beads
resulted in structural or orientational changes that hindered proper interaction with the main
BMP2 receptor ectodomain. Nevertheless, according to the data from the protein
quantification (Figure 14) approx. double amount of BMP2-A2C over BMP2-wt has been
immobilized to the beads, which would also partially explain weaker fluorescence of the
beads coupled to wildtype BMP2. The results from the previous experiments, including
fluorescent staining with BMP2 antibody (Figure 13) and analysis of the supernatants from
the coupling procedure (Appendix), indicate that higher number of partly unfolded and
reduced BMP2-wt participated in the coupling reaction compared to BMP2-A2C. Since both
BMP2 subunits are involved in formation of the wrist epitope responsible for binding of type I
receptor weaker fluorescence of the beads coupled to BMP2-wt should also be expected. No
staining was observed for the non-coupled iodoacetyl-functionalized beads, as there was no
protein immobilized therein and the non-coupled beads showed low autofluorescence (Figure
15).

1.9 Differentiation of C2C12 cells upon exposure to BMP2-A2C-coupled beads

To finally verify the osteogenic potential of iodoacetyl-functionalized beads covalently
coupled to BMP2-A2C variant C2C12 myoblast progenitor cells were used as a BMP2-
responsive osteogenic differentiation model. Beads were applied onto the cell monolayer and
embedded with agarose to prevent them from translocation. Over 3 days in serum starvation
conditions the differentiation of premyoblastic cells towards osteoblastic lineage was
examined. In wells treated with non-coupled beads there was no staining for alkaline
phosphatase detected hence there differentiation of C2C12 was not influenced by the material,
nor was it triggered by the chemical functionalization of acrylamide beads. In contrast, strong
localized osteogenic differentiation was observed in wells supplemented with beads coupled
to BMP2-A2C as well as BMP2-wt (Figure 17B,C). In both cases the staining was restricted

only to the close proximity of the beads.
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Figure 16: Scheme presenting application of functionalized beads to C2C12 myoblast progenitor cells
C2C12 were seeded onto a 96-well plate and incubated overnight. On the next day the iodoacetyl-functionalized beads
covalently coupled to BMP2-A2C and BMP2-wt were applied to the wells and the beads were overlaid with low melting

agarose. Upon gelling the agarose immobilized the acrylamide beads in place.

Based on the previous results showing high binding of beads coupled to BMP2-A2C to
fluorescently labelled BMPRIA receptor ectodomain one would expect that the beads would
also trigger the differentiation of BMP2-responsive C2C12 cells. However, activity studies
(Figure 12) of uncoupled BMP2-A2C showed markedly reduced efficacy in comparison to
wildtype BMP2, which was most probably caused by the presence of the multimeric
structures that played a role of an internal inhibitor. BMP2-A2C immobilized to the beads
consisted therefore not only of active BMP2-A2C dimers but also of multimeric structures
acting as an inhibitor of BMP2 signaling. The question was whether a further decrease of the
efficacy generated by the reduction step would block the signaling activity of BMP2-A2C.
However, as shown in Figure 17C the beads covalently coupled to the BMP2-A2C variant
triggered prominent differentiation of C2C12 cells that were precisely at that position where
the beads were localized. Also, strong differentiation of C2C12 cells upon treatment with
coupled BMP2-wt was remarkable considering the results from the previous experiments,
which revealed that wildtype BMP2 covalently coupled to iodoacetyl-functionalized
acrylamide beads showed highly reduced binding to BMPRIA receptor in comparison to the
BMP2-A2C variant (Figure 15), and the amount of immobilized BMP2-wt was 2-times lower
than for BMP2-A2C (Figure 14).
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Figure 17: Alkaline phosphatase expression of C2C12 upon exposure to iodoacetyl-functionalized acrylamide beads.

lodoacetyl-functionalized acrylamide beads covalently coupled to BMP2-A2C were applied to C2C12 monolayer culture and
overlaid with low melting agarose. Differentiation of C2C12 cell was visualized by dark blue staining of alkaline
phosphatase. As negative control uncoupled beads and beads reacted with BMP2-wt were used. As positive control 25nM of
soluble BMP2-wt was used. The scale bars represent 500nm in the main pictures and 100nm in the enlargement. (A)
uncoupled beads, (B) beads coupled to BMP2-wt, (C) beads coupled to BMP2-A2C, (D) 25nM soluble BMP2-wit.

Considering the inactive monomeric BMP2-wt immobilized to the beads (resulting from the
reducing step prior to immobilization) one could speculate that much lower than -1ng/bead of
active BMP2-wt was immobilized on the beads. This indicates that the coupling of BMP2 to a
scaffold could be performed at much lower density than the one currently tested while still
preserving the differentiating potential of the beads. Lowering the dose of BMP2 immobilized
on the scaffold while preserving its signaling capabilities would have a great economical and
therapeutic benefits for the potential implant. The results of this experiment also confirm the
hypothesis that BMP2 is still active in an immobilized state and that the BMP2-dependent
signaling cascade leading to induction of ALP is triggered independently of the ligand

internalization.
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2. BMP2-K3PIk

2.1 Cloning of BMP2-K3Plk

The backbone of pET11-a vector carrying a sequence encoding pyrrolysyl-tRNA was double-
digested with BamHI and Ndel enzymes. The backbone of the vector was purified by agarose
gel electrophoresis (Figure 18A), excised from the gel and further purified. The BMP2
sequence was amplified by PCR. Ndel and BamHI restriction sites were introduced into the
forward and the reversed primer respectively. An amber stop codon mutation was introduced
within the forward primer. The reversed primer contained a mutation substituting the original
amber TAG stop codon at the 3’ terminus of the native BMP2-wt sequence into a TAA stop
codon. Changing the stop codon at the 3’ terminus was necessary, because otherwise
expression would exceed the native translational stop if the loaded propargyl lysine-tRNA

was present.
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Figure 18: Cloning strategy of BMP2-K3Plk

(A) Restriction digestion of the pET1la vector. The pET1la-pyrtRNA vector carrying a gene for pyrrolysine tRNA
synthetase was digested with restriction enzymes BamHI and Nde. The pET11a-pyrtRNA vector backbone is marked with a
red arrow. Lanes: M. DNA ladder; 1. Non-digested pET11a; 2. pET11a digested only with Ndel; 3. pET11a digested only
with BamHI; 4. pET11a double digested with Ndel and BamHi; (B) PCR amplification of BMP2-K3Plk sequence. BMP2-
K3Plk cDNA carrying an amber TAG codon mutation was amplified using primers containing Ndel and BamH]I restriction
sites; Lanes: 1 - DNA ladder, 2. Amplified BMP2-K3PIk cDNA,; (C) Verification of the positive clones. Amplified BMP2-
K3Plk cDNA was ligated with the backbone of pET11-pyrtRNA vector and the positive clones were selected using the
restriction digestion and colony PCR; lanes: 1. Double digested pET11-a; 2. pET11-a-pyrtRNA non-digested; 3. Product of
the colony PCR; 4. Ligated pET11-a_BMP2-K3PIk digested with BahmHI and Ndel; 5. DNA ladder. The BMP2-K3PIk
insert is marked with an arrow.
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The expected PCR product of 360bp is visualized in Figure 18B. The BMP2-K3PIk insert was
ligated with the backbone of the pET11-a vector, amplified in NovaBlue (Novagen) bacteria
and analyzed by colony PCR and the restriction digestion with Ndel and BamHI enzymes.
The digestion and colony PCR product of 353bp are depicted in Figure 18C. The vector was
finally analyzed by sequencing.

2.2 Optimization of BMP2-K3PIk protein expression

The constructed vector coding BMP2-K3Plk was initially expressed in the E.coli strain
BL21(DE3)plysS. The construct was co-transformed with pRSFduet-pyrtRNAsynth
containing the gene coding pyrrolysyl tRNA synthetase. Varying expression conditions were
used, including different temperatures, medium, and time (Figure 19A,B,C). Additionally, in
order to verify, whether the newly formed construct was able to express wildtype BMP2 the
amber codon mutation was reversed back to the original AAA codon which encodes a lysine
residue (Figure 19D). As depicted in Figure 19A,B,C expression of BMP2-K3Plk could not
be achieved under any of the tested conditions in the strain BL21(DE3)plysS. However, it was
shown, that the construct in which the amber codon was reversed back to the original AAA
codon expressed BMP2-wt within 3h after IPTG induction (Figure 19D). Therefore the main
transcription elements in the expression vector, including the cDNA sequence of BMP2-
K3PIk, promoter and the ribosome binding site seemed to be correctly operational. These
results indicate also that the lack of BMP2-K3Plk expression in BL21(DE3)pLysS bacteria is
directly associated with the presence of the stop codon introduced at the position of the third
lysine residue in the mature BMP2-wt sequence. Because expression of wildtype BMP2 was
successful, the vector sequence was not further optimized. Instead, different expression
conditions were tested. Varying temperatures, expression duration and the used media did not
show any improvement in terms of the protein yield. Perhaps other expression parameters,
such as the moment of induction and different propargyl-lysine concentrations could be tested
as well. However, the choice of the bacterial strain seemed to be the key parameter.
BL21(DE3)pLysS strain enables a tight control of the recombinant protein expression by the
presence of the T7 lysozyme gene derivative. Lysozyme forms a complex with T7 RNA
polymerase and inhibits the basal transcription of target genes, which may be detrimental for
expression of challenging proteins. The plasmid coding for lysozyme is maintained within the

cell by conferring the resistance to chloramphenicol, which can downregulate the
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transcription of recombinant proteins. In case of BMP2-K3Plk BL21(DE3)pLysS bacteria
were transformed with 3 plasmids, which maintenance could lead to a substantial
consumption of cellular resources. Another hypothesis explaining the lack of BMP2-K3PIk
expression in the BL21(DE3)pLysS strain might be a degradation of propargyl-lysine by the
cellular lysozyme. Even though the most recognized substrate for lysozyme are components
of the bacterial cell wall, such as peptidoglycan (containing f(1—4) linkages between N-
acetyl-muraminic acid and N-acetyl-D-glucosamine residues) a number of other, also

synthetic, low molecular weight molecules have been identified as lysozyme substrates (84).
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Figure 19: Optimization of BMP2-K3Plk expression in E.coli strain BL21(DE3)pLys

BL21(DE3)pLys cells were transformed with the BMP2-K3PIk construct and the protein expression was induced using
different medium, incubation temperature and time. Induced and uninduced clones were lysed, analyzed by SDS-PAGE
under reducing conditions and visualized by Coomassie Brilliant Blue staining. Additionally, BMP2-wt was expressed in a
clone carrying BMP2-K3Plk plasmid with reversed amber codon mutation using the standard expression conditions.
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As there was no BMP2-K3PIk expression observed in the strain BL21(DE3)plysS, another
E.coli strain BL21(DE3), lacking the gene coding for lysozyme, was co-transformed with
both, pET11a-pyrtRNA-BMP2-K3Plk and pRSFduet-pyrtRNAsynth vectors, and additionally
a series of propargyl-lysine concentrations was tested for the most efficient induction.
Expression was performed overnight at 37°C. As shown in Figure 20B BMP2-K3PIk
expression was most successful with propargyl-lysine concentration of 10mM, whereas
expression with 1mM of propargyl-lysine could not be observed. Also, no expression was

observed in samples induced with IPTG without propargyl-lysine added.

A B
Optimization of BMP2-K3Plk expression Small scale BMP2-K3Plk expression
using propargyl-lysine concentration gradient using optimized parameters
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Figure 20: Evaluation of BMP2-K3PIk expression in E.coli strain BI21(DE3)

(A) Evaluation of BMP2-K3PIk expression using a propargyl-lysine (plk) concentration gradient. BMP2-K3PIk expression in
BL21(DE3) was performed overnight and was optimized using increasing concentrations of propargyl-lysine. Lanes: wt —
BMP2-wt; 1-10 — concentrations of PIk; M — protein marker; (B) Evaluation of 100-ml BMP2-K3Plk expression. Protein
expression was performed overnight in presence of 10mM propargyl-lysine. Legend: 1. PC — purified BMP2-wt, M — protein
marker.

Because Coomassie Brilliant Blue stains all the proteins present in the bacterial lysate the
identity of BMP2-K3PIlk was verified by Western blot analysis using BMP2 specific antibody
(Figure 21). In all 4 BMP2-K3PIk clones and the clone coding for wildtype BMP2 induced by
addition of ImM IPTG a positive signal was detected in presence of the propargyl-lysine. As
positive control the pET1la-pyrtRNA BMP2-K3PIk vector with reversed amber codon

mutation was used.
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Figure 21: Western blot analysis of monomeric BMP2-K3PIk

Expression of BMP2-K3Plk in E.coli strain BL21(DE3) was verified by Western blot analysis using BMP2 antibody.
Legend: PC — BMP2-wi.

2.3 Mass spectrometry of BMP2-K3Plk monomers from small scale preparation

After verification of BMP2-K3PIlk identity a small scale (100ml) expression of BMP2-K3Plk
variant was performed in order to verify whether and how many propargyl-lysine residues
were successfully integrated into BMP2 polypeptide chain. 1,8g of the bacterial pellet was
obtained from 100ml expression culture. The protein was then isolated from inclusion bodies
and analyzed by mass spectrometry. Figure 22C depicts a theoretical isotopic mass
distribution of the expected BMP2-K3Plk monomers. It was shown in the past that wildtype
BMP2 and its variants expressed in E.coli are posttranslationally modified in that their N-
terminal methionine is cleaved off. Therefore the deconvoluted MS spectrum of BMP2-K3Plk
was compared to the theoretical isotopic distribution of BMP2-K3Plk monomers lacking the
N-terminal methionine. The theoretical mass of the reduced monomeric BMP2 with cleaved-
off N-terminal methionine and with propargyl-lysine introduced instead of lysine in the
position 3 is 13058.408 Da (Figure 22C). The mass of the measured sample was 13058.537
Da (Figure 22A,B) which is in a very good agreement with theoretically calculated mass for
BMP2-K3Plk. This experiment also answered the question how many propargyl-lysine
residues were introduced in the BMP2-K3PIk polypeptide during translation process. Because
of the high concentration of propargyl-lysine in the medium, there was an uncertainty whether
this high concentration would not affect the specificity of native tRNA synthetases for their
cognate amino acids. Nevertheless, as shown by the MS measurement BMP2-K3Plk was

shown to contain only one propargyl-lysine residue within the polypeptide chain.

64



Results

A B e
9-fold charged ions Deconvoluted spectrum Theoretical isotopic distribution
9+
1451.844 13058.537 13058.408

1 ‘ ‘i . ‘ ‘

Figure 22: Mass spectrometry of BMP2-K3PIlk monomers

BMP2-K3PIk monomers from the small scale preparation were analyzed by mass spectrometry in order to validate the
presence and number of propargyl-lysine residues. The measured mass of the BMP2-K3Plk monomer was compared to the
theoretical isotopic distribution of monomeric BMP2-K3PIk containing one propargyl-lysine substitution: (A) Measured
spectrum of 9-fold charged BMP2-K3PIk monomer ions (X-axis 900-2100). The m/z ratio was equal 1451,844 which
corresponds to the mass of 13058.596 Da (1451,844*9-8=13058,596). The measured mass is in agreement with the
theoretically calculated mass of BMP2 containing one propargyl-lysine substitution; (B) Deconvoluted spectrum of BMP2-
K3PIk monomers (X-axis 13000-13100). The measured mass was equal 13058,537 Da which is in agreement with
theoretically calculated mass for BMP2-K3PIk monomers with reduced cysteine residues; (C). Theoretical isotopic
distribution modeling of BMP2-K3PIk monomers was based on the formula: C 578, H 894, N 161, O 167, S9 [+1].

2.4 Refolding and purification of BMP2-K3Plk (small scale)

According to the present knowledge the only biological form of BMP2 able to activate Smad
signaling cascade upon binding to type | and type Il receptors is a dimer. Therefore, in order
to obtain functional dimers and to verify whether introduction of propargyl-lysine interfered
with the renaturation process, a small scale refolding (3mg of BMP2-K3PIk monomers) was
performed (Figure 23A). As shown in the figure below the BMP2-K3PIk band of the same
electrophoretic mobility as dimeric wildtype BMP2 could be detected under non-reducing
conditions. Additionally, the dimeric band could not be visualized by the Coomassie Brilliant
Blue staining when SDS-PAGE was performed under reducing conditions. Instead, a

prominent band of monomeric molecular weight could be visualized.
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Figure 23: Small scale refolding and purification of BMP2-K3Plk

(A) Evaluation of the BMP2-K3PIk refolding. K3PIk monomers purified from the bacterial inclusion bodies were renatured
in order to obtain dimers. The refolding efficiency was analyzed by SDS-PAGE and Coomassie Brilliant Blue staining.
Wildtype BMP2 was used as a reference. Dimeric and monomeric BMP2-wt and BMP2-K3PIk are marked red. Legend: M -
protein marker, wt — BMP2-wt, plk — BMP2-K3PIk; (B) Chromatogram of BMP2-K3Plk purified by IEX chromatography.
After the small refolding process BMP2-K3PIk was purified by IEX chromatography in order to separate refolded dimers
from BMP2-K3PIk monomers and impurities extracted from the inclusion bodies. Pooled BMP2-K3Plk fractions containing
dimeric protein are marked with an arrow; (C) Analysis of BMP2-K3PIk fractions separated by IEX chromatography. The
fractions separated by IEX chromatography were analyzed by SDS-PAGE under reducing and non-reducing conditions and
stained with Coomassie Brilliant Blue. Reduced and non-reduced wildtype BMP2 was used as positive control. Fractions
representing dimeric BMP2-K3PIk are marked red. Legend: M - protein marker, PC — BMP2-wt.

The products of the refolding process were then separated by cation exchange
chromatography (Figure 23B). Approx. 70 ug of the dimeric BMP2-K3PIk could be
recovered from the IEX column. The chromatogram of eluted BMP2-K3Plk showed 2 typical
peaks for BMP2. The second peak represented the dimeric protein, whereas the first one
constituted probably the monomeric BMP2-K3PIk. Eluted fractions were analyzed by SDS-
PAGE and Coomassie Brilliant Blue staining (Figure 23C). The peak eluted as first from the
chromatography column could not be visualized by the Coomassie Brilliant Blue staining,
probably because of too low protein concentration. The fractions eluted within the second
peak contained solely dimeric protein. Fractions representing dimeric BMP2-K3Plk were

pooled, dialyzed, and analyzed by mass spectrometry.

2.5 Mass spectrometry of refolded BMP2-K3PIk (small scale)

Apart from monomeric BMP2-K3PIk, also the refolded protein was analyzed by mass

spectrometry. Here, the expected theoretical mass of 1H+ charged BMP2-K3Plk homodimers
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without N-terminal methionines, and including 7 disulfide bridges was 26101.700 Da (Figure
24B).
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Figure 24: Mass spectrometry of dimeric BMP2-K3PIk (small scale)

(A) Deconvoluted spectrum of refolded BMP2-K3Plk (small scale); (B) Theoretical isotopic distribution of BMP2-K3PIk
dimers. The calculated mass of the most frequently represented isotope is 26102,669 Da. The chemical formula used for
isotopic distribution modeling was: C 1156, H 1773, N 322, O 334, S18 [+1].

Figure 24A represents the deconvoluted spectrum of dimeric BMP2-K3PIk with the measured
mass of 26102.453Da. The difference of approx 0.75Da between the theoretically calculated
value and the measured mass is within the margin of error for MS-ESIT (<1Da), therefore the
measured mass corresponds perfectly to the theoretically calculated value for dimeric BMP2-
K3PIlk. The deconvoluted spectrum shows a homogenous protein population in terms of the
amino acid composition and the number of the disulfide bridges. Based on the mass of the
molecule it is however not feasible to verify whether the disulfide bridges have been formed
between the same residues as in wildtype BMP2. A small protein fraction representing the
mass of 26021.5Da (Figure 24A) could be generated by partial N-terminal alanine cleavage

from a small percentage of the protein.
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2.6 Large scale preparation of BMP2-K3Plk

Based on positive outcome from preliminary small scale experiments a large scale expression
was performed in TB medium supplemented with 10mM propargyl-lysine. The induction was
performed by addition of IPTG to a final concentration of 1mM. As depicted in Figure 25A a
strong expression was visible in the induced sample, and no expression could be detected in
the non-induced sample. Per one 1L of culture approx. 12,59 of bacterial pellet was recovered

yielding approx. 1,4g of inclusion bodies.
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Figure 25: Large scale preparation of BMP2-K3PIk

(A) Large scale expression of BMP2-K3PIk. BMP2-K3PIk was expressed in BL21(DE3), isolated from inclusion bodies and
analyzed by SDS-PAGE and Coomassie Brilliant Blue staining. The separation was performed under reducing conditions.
Wildtype BMP2 was used as positive control. Legend: M — protein marker, wt — BMP2-wt, 1 - BMP2-K3PIk after o/n
induction; 2 - BMP2-K3PIk 1h after Plk addition, -IPTG; (B) Large scale refolding of BMP2-K3Plk. Refolded protein was
analyzed by SDS-PAGE and Coomassie Brilliant Blue staining. Wildtype BMP2 was used as positive control. Two different
ratios of GSSG to GSH used for the refolding (1:2 and 1:4) were compared. Legend: PC — purified BMP2-wt, M — protein
marker.

BMP2-K3Plk monomers purified from the inclusion bodies were renatured and the refolding
efficiency was analyzed by SDS-PAGE and Coomassie Brillinat Blue staining. As shown in
Figure 25B the majority of monomers transferred to the refolding buffer formed dimers. The
efficiency of refolding was comparable between the 2 buffer compositions used:
supplemented with GSSG to GSH ratio of 1:2 or 1:4. Refolded protein was then purified by
ion-exchange chromatography and eluted fractions were analyzed by SDS-PAGE and

Coomassie Brilliant Blue staining.
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Figure 26: IEX chromatography of large scale BMP2-K3PIk preparation
(A) Chromatogram of cation-exchange purification of BMP2-K3PIk (large scale). Pooled fractions are marked with an arrow;

(B) Fraction analysis of purified BMP2-K3PIk dimers purified by IEX chromatograpyhy. Fractions were analyzed by SDS-
PAGE and Coomassie Brilliant Blue staining. Pooled fractions containing dimeric BMP2-K3PIk are marked red. Legend: wtg
— reduced BMP2-wt; wt— BMP2-wt non-reduced; C1-C12 — IEX fractions; M — protein marker.

The eluted fractions were analyzed by SDS-PAGE in order to select fractions containing
BMP2-K3Plk dimers. All dimeric fractions were pooled, dialyzed, and concentrated. An

overall yield of refolded BMP2-K3Plk dimers per 1L of culture was approx. 7mg of
biologically active BMP2-K3PIKk.

2.7 Western blot analysis of refolded BMP2-K3Plk homodimers (large scale)

As Coomassie Brilliant Blue provides only information about the approximate molecular
weight of a protein the identity of the refolded and purified BMP2-K3PIlk dimers were
analyzed by Western blot under non-reducing and reducing conditions. The staining showed
specific bands corresponding to the size of the wildtype BMP2 (Figure 27).
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Figure 27: Western blot of refolded BMP2-K3PIk homodimers
Refolded BMP2-K3Plk was analyzed by Western blot under reducing and non-reducing conditions. Reduced BMP2 samples
are indicated with ‘+’ and non-reduced with ‘-. As positive control wildtype BMP2 was used.

2.8 Analysis of BMP2-K3Plk dimers by mass spectrometry (large scale)

In order to acquire more detailed information about the molecular weight of the BMP2-K3Plk
obtained from the large scale expression mass spectrometry analysis was performed. In
contrast to the deconvoluted MS spectrum of BMP2-K3PIk from the small-scale preparation
showing the mass of 26102.4kDa (Figure 24A), a heterogeneous population of 26105.9 and
26102.1 Da for the large-scale preparation (Figure 28) was detected. Wildtype BMP2 contains
7 cysteines involved in the formation of 3 intramolecular disulfide bridges and 1
intermolecular disulfide bridge forming a dimer. The expected mass of 1H+ charged BMP2-
K3PIk homodimers without N-terminal methionine, and including 7 SS-bridges is 26101.7 Da
(Figure 24B). The heterogeneous population of the measured sample appears as two
overlapping isotopic distribution spectra (Figure 28). The population of 26102.1 Da represents
BMP2-K3Plk dimers with the proper pattern of disulfide bridges, whereas the population of
26105.9 BMP2-K3PIlk represents dimers missing 2 disulfide bridges, as their mass is 4H+
smaller than the mass of the expected, theoretically calculated BMP2-K3Plk dimer. Therefore,
BMP2-K3PIlk from the large preparation is a mixture of dimers, originating probably from
monomers with either 2, or 3 SS-bridges. The location of the missing disulfide bridges
remains unclear, however the intermolecular bonds are intact as visualized in Figure 27.
Additionally, the signal of 25835.8 Da present also in the BMP2-wt (data not shown)
indicates a partial N-terminal cleavage from a small percentage of the protein missing 2

disulfide bridges, as cleavage of 2 alanine residues and 1 glutamine would result in a mass of

70



Results

25831.6 Da. The small protein fraction with the mass of 26087.8 Da was generated most
probably due to desamination or dehydratization resulting from the ionization procedure. The
protein fraction with the mass of 26020.9 Da could be a result of the terminal alanine cleavage
of one BMP2-K3PIk subunit. Overall, the MS data show that majority of BMP2-K3PIk
dimers are homogenous in terms of their N-terminal composition and propargyl-lysine

incorporation.

A B
Measured spectrum Theoretical isotopic distribution
26101,661
26105.861 1000 N a
26102.140 80.0]
60,0
40,0
25835.770 ]
20,0 7
26087.777 A A
26020.87 ]
somers | al i,

0,0
“ 26080,00 26090,00 26100,00 26110,00 26120,00 26130,00

Figure 28: Mass spectrometry of refolded BMP2-K3PIk (large scale).

Refolded BMP2-K3PIk was analyzed by mass spectrometry in order to validate the successful incorporation of propargyl-
lysine residue at the N-terminus of each BMP2-K3PIk subunit. The figure presents deconvoluted isotopic distribution of the
measured spectrum. The mass of 26102.1Da and 26105.9Da represent refolded dimeric BMP2 containing one propargyl-
lysine substitution within each monomer. The measured mass of 26105.9Da differs from the predicted BMP2-K3Plk mass by
4Da, indicating, that a fraction of the protein contained 5 instead of 7 disulfide bridges.

2.9 SPR analysis using BMPRIA and ActRIIB receptor ectodomains

After validation of proper incorporation of propargyl-lysine into the BMP2 polypeptide and
successful refolding of BMP2 monomers, the binding of the BMP2-K3Plk variant for the
main BMP type I and II receptors was verified. Surface plasmon resonance experiments were
performed using 6 different analyte concentrations. BMPRIA and ActRIIB receptor
ectodomains were immobilized to the chip surface and BMP2-K3Plk was used as an analyte.
Each investigated receptor ectodomain (ligand) was immobilized to the separate sensor

surface. The principle of the SPR measurement is the relationship between the mass change
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on the chip surface and the intensity change of the light reflected from the surface. While an
analyte in a solution binds to a ligand immobilized on a sensor surface the refractive index
close to the surface changes, reducing thereby an angle and an intensity of the light reflected
from the glass side of the SPR chip. This change of the reflected light angle is proportional to
the mass change on the sensor chip. By plotting the time-dependent SPR response on the
sensor surface the association rate constant (k,) and a dissociation rate constant and (kg)
values can be extracted. Based on the ratio between kg to k, the equilibrium dissociation

constant Kp can be calculated.
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Figure 29: Interaction of BMP2-K3Plk with BMPRIA and ActRI1IB receptor ectodomains

In order to examine the interaction of the BMP2-K3PIk variant with type | and type Il receptor ectodomain surface plasmon
resonance was performed. The measured KD values were in the same range for both measured proteins indicating similar
affinity for both receptor ectodomains. The binding constants were determined from two or more independent experiments
using at least six different analyte concentrations.

Data from the SPR measurements fitted using the Langmuir binding model showed that the
Kp values for both BMP2-wt and BMP2-K3Plk were in the same range, with approx. 0.9nM
for the first one and 0.8nM for the latter in case of ActRIIB, and 0.7nM for the BMP2-wt and
0.8nM for BMP2-K3PIk in case of BMPRIA receptor ectodomain (Figure 29). The measured

values are in agreement with the values already published for wildtype BMP2 (83) and
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indicate that the conversion of lysine into propargyl-lysine in the BMP2-K3Plk polypeptide
has not changed its affinity to individual BMPRIA and ActRIIB receptor ectodomains.

2.10 Evaluation of biological activity of refolded BMP2-K3PIk

Binding to individual BMP2 receptor ectodomains does not guarantee the biological activity
on the cellular level. The main difference between the SPR experiments and cell-based assays
is the distribution of the receptors. While the receptor ectodomains are individually
immobilized on the chip surface, both types of the receptors are located simultaneously and in
close proximity to each other within the cell membrane. Therefore, to verify the biological
activity of the BMP2-K3PIk variant a cell-based assay was used. The first 12 basic amino
acids at the N-terminus of the BMP2 polypeptide constitute a heparin binding site, which
modulates its biological activity. Although it is known that heparin binding site does not
participate directly in the receptor assembly, it was shown to contribute to the bioavailability
of BMP2 by binding to components of the extracellular matrix. It has been shown, that the
BMP2 mutant deprived of the heparin binding site shows increased activity in vitro compared
to wildtype BMP2. However, exactly the same protein shows decreased bioactivity in vivo
(85) which could be explained by the fact, that in vitro the heparin binding sites bind to
heparan sulphates of the ECS, therefore restricting BMP2 binding to its receptors. Moreover,
a BMP2 variant containing extended heparin binding site results in increased osteoinductivity
in vivo, caused by enhanced protein retention within the ECM and thus slower degradation
rates (86). Because deletion of the heparin binding site significantly affects the activity of
BMP2 in vitro we investigated whether insertion of propargyl-lysine disrupted the heparin
binding capabilities of the N-terminus of BMP2. In such a case the results from in vitro
bioactivity test would be unreliable. For this purpose, prior to a cell-based experiment, BMP2-
K3PIlk as well as BMP2-wt was purified using a heparin column. The separation resulted in
simultaneous elution of BMP2-K3PIlk and BMP2-wt with the maximum elution peaks at a
concentration of 790mM NaCl (Figure 30). Simultaneous elution of both proteins shows, that

the heparin binding sites of BMP2-K3PIk variant have not been affected.
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Figure 30: 1EX separation of BMP2-K3PIk using a heparin column

BMP2-K3PIk and BMP2-wt were separated using a heparin column. The separation was performed to verify whether the
properties of the heparin binding site at the N-terminus of BMP2-K3Plk were affected by the mutation. Both of the proteins
were eluted at the same time indicating that the affinity of BMP2-K3PIk to heparin was not decreased by the mutation.

Therefore, in the next step the bioactivity of BMP2-K3PIk was tested in a cell-based assay
(Figure 31). The dose response curve of BMP2-K3PIlk resembles the curve of BMP2-wt, with
EC50 value equal 28,9nM for the wildtype BMP2 and 19,4nM for BMP2-K3PIk. The efficacy
of both proteins differed only at the concentration of 200nM, at which the maximum response
asymptote was 7.2% lower for the BMP2-K3PIlk variant compared to wildtype BMP2. The
lower response towards the BMP2-K3Plk variant resulted most probably from a lower
solubility of BMP2-K3PIk in the cell culture medium. Moreover, similar potency of BMP2-wt
and BMP2-K3PIk also further indicates that the heparin binding site was unaffected in the
BMP2-K3PIk variant. If the binding capability of the heparin binding site was decreased in
BMP2-K3Plk lower EC50 value and therefore a shift of the dose response curve to the left

would be expected.
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Figure 31: Validation of BMP2-K3PIk biological activity

Biological activity of BMP2-K3Plk was tested using C2C12 cells. Under conditions of serum starvation and exposure to
BMP2 C2C12 cells undergo differentiation with expression of alkaline phosphatase. Expression of alkaline phosphatase is
proportional to the concentration of BMP2 applied to the cells. As positive control BMP2-wt was used. The EC50 values
were generated using using logistic model y = A2 + (A1-A2)/(1 + (x/x0)"p). Each data point represents the mean absorption
value from 3 biological replicates + SD.

2.11 Optimization of coupling conditions

After performing the biochemical and cell-based experiments indicating that the properties of
the BMP2-K3PIk variant are similar to wildtype BMP2 the optimal coupling conditions were
to be determined in order to couple BMP2-K3PIk in a controlled and site-specific manner to

polymeric structures.

2.11.1 Click reaction catalyzed by UV irradiation

Considering the dimeric nature of BMP2-K3PIk, a standard CuUAAC click reaction seemed to
be a suboptimal choice considering the use of sodium ascorbate as a reducing agent.
Therefore, in the first trial a 5kDa pox-cys polymer terminally functionalized with an —SH
group, allowing for the site-specific reaction with the propargyl group of the BMP2-K3PIlk
variant was used. The reaction was triggered by a free radical starter generated by UV
irradiation at 365nm in presence of DMPA (2,2-Dimethoxy-2-phenylacetophenone). There is
only one functional alkyne group within each BMP2 monomer that could be targeted by the

reaction with the thiolated 5kDa pox-cys polymer. The reaction could occur exclusively
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between the thiol group of the polymer and the alkyne group of the protein, but as a
consequence a second bond could be formed between an SH group of another polymer and
remaining unsaturated alkene of the protein. Consequently it was expected that the protein
species of 31kDa (1 molecule of the polymer coupled), 36kDa (2 molecules of the polymer
coupled), 41kDa (3 molecules of the polymer coupled), and 46kDa (4 molecules of the

polymer coupled) could be detected.
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Figure 32: Poxylation of BMP2-K3PIk catalyzed by UV irradiation

In order to establish the optimal coupling conditions BMP2-K3Plk was reacted with 5kDa poly(2-oxazoline) polymer
terminally functionalized with a sulfhydryl group (pox-cys). As negative control BMP2-wt was used. All samples were
analyzed by SDS-PAGE and Coomassie Brilliant Blue staining under reducing and non-reducing conditions. Reduction step
was performed using p-merkaptoethanol: (A) Wildtype BMP2 at the concentration of 193,3uM was incubated in the reaction
conditions for 5,15 and 30min without the pox-cys. Legend: NC — untreated BMP2-wt; M — protein marker (B) Wildtype
BMP2 at the concentration of 193,3uM was reacted with the pox-cys polymer for 5,15, and 30min. Legend: NC — untreated
BMP2-wt; M — protein marker; (C) BMP2-K3PIk at the concentration of 192,3 pM was reacted with the pox-cys polymer for
5,15, and 30min. Legend: NC — untreated BMP2-K3Plk; M — protein marker; (D) BMP2-K3Plk at the concentration of
384,6uM was reacted with the pox-cys polymer for 20min. Legend: NC; — BMP2-wt untreated; NC, — BMP2-K3PIk

untreated; M — protein marker.
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Unfortunately, none of the tested reaction conditions: 5, 15 and 30 min. reaction with final
BMP2-K3Plk concentration of 192,3uM (Figure 32C) or 20min. reaction with final BMP2-
K3PIk concentration of 384,6uM (Figure 32D) resulted in satisfactory reaction efficiency.
Bands corresponding to a molecular weight of 40kDa (Figure 32C,D) have been visualized in
the Coomassie Brilliant Blue staining, however they appeared faint and occurred also in a
negative control, where the wildtype BMP2 was used (Figure 32B). When wildtype BMP2
was incubated without the pox-polymer in the reaction conditions no additional bands could
be visualized in the coomassie staining. Therefore appearance of the 40kDa bands in the
negative control of BMP2-wt incubated with the pox-polymer (Figure 32B) might indicate
that the reaction conditions were not 100% specific for terminal alkynes and alkenes. To
additionally analyze an influence of the UV treatment on the BMP2-wt activity, products of
the BMP2-wt reaction with and without the pox-polymer were subsequently tested in the cell-
based bioactivity assay. It was shown in the alkaline phosphatase assay, that the efficacy of
the treated BMP2-wt (in both BMP2-wt samples: with and without the pox-cys polymer) was
decreased proportionally to the duration of the reaction (Figure 33A,B). Considering the fact
that no additional bands could be detected in the coomassie staining for wildtype BMP2
incubated without the pox-cys polymer (Figure 32A) the decrease of the efficacy seems to
depend on the free radicals generated by UV irradiation and not by the presence of the higher

molecular weight structures.
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Figure 33: Bioactivity of BMP2-wt upon treatment by UV click reaction conditions

Bioactivity of BMP2-wt exposed to UV click reaction conditions was evaluated in C2C12 cells. Expression of alkaline
phosphatase by C2C12 cells is dependent on the activity of BMP2-wt applied to the cells. Log 2 dilutions of BMP2-wt were
performed. The EC50 values were generated using using logistic model y = A2 + (A1-A2)/(1 + (x/x0)*p). Each point
represents mean values of 3 biological replicates + SD (A) Activity of BMP2-wt exposed to UV click reaction conditions
without the pox-cys polymer; (B) Activity of BMP2-wt reacted with pox-cys polymer using UV click reaction conditions.

2.11.2 Copper catalyzed azide-alkyne cycloaddition

As the UV/radical-triggered click reaction did not result in a satisfactory efficiency and
specificity, copper(l)-catalyzed alkyne-azide cycloaddition was performed between BMP2-
K3Plk dimers and a 2,5kDa pox polymer terminally functionalized with an azide group.
CUAAC reaction is known for its extreme specificity and good efficiency rates, which
benefits however from higher reaction temperatures, neutral pH and high concentrations of
the reactants. The bioconjugation using CuAAC reaction is challenging because of the

sensitivity of proteins to redox reactions (e.g. reducing agents), and limited working protein
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concentrations. In the following reaction 76.9uM concentration of the protein was used.
Because the solubility limit of BMP2-wt in salt-containing buffers oscillates within the limit
of 1uM, Millipore water was used as a diluent. As one BMP2-K3PIlk monomer was able to
react with only one pox-azide molecule two additional bands should be expected on the gel:
28,5kDa (one molecule of azide-pox attached) and 31kDa (two molecules of azide-pox
attached).
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Figure 34: Poxylation of BMP2-K3PIk using copper catalyzed azide-alkyne cycloaddition

BMP2-K3PIk was reacted with a 2,5kDa poly(2-oxazoline) polymer functionalized with a terminal azide group (pox-azide)
using standard click reaction conditions with sodium ascorbate. (A) SDS-PAGE and Coomassie Brilliant Blue staining of
BMP2-K3PIk reacted with pox-azide; (B) Evaluation of BMP2-K3PIk bioactivity upon coupling with the pox-azide polymer.
The bioactivity was measured in C2C12 cells using alkaline phosphatase assay. Cells were incubated with log-2 dilutions of
BMP2-K3PIk. The EC50 values were generated using using logistic model y = A2 + (A1-A2)/(1 + (x/x0)"p). Each point
represents the mean value from at lesast 2 biological replicates + SD.

Despite the reaction conditions had no influence on the bioactivity of wildtype BMP2 (Figure
34B) the reaction between azide-functionalized pox-polymer and the BMP2-K3PIk variant led
to formation of non-specific higher molecular bands corresponding to the mass of approx.
40kDa visible in the coomassie staining, indicated with a green arrow (Figure 34A). The
modified BMP2-K3Plk of approx. 40kDa could not be detected under reducing conditions
indicating that the non-specific band represented BMP2-K3PIk multimers coupled by
disulfide bridges. A band of poxylated BMP2-K3Plk corresponding to the expected molecular
weight of 30kDa, indicated with a red arrow, was also observed upon coomassie staining.

This band however was very faint, and still present in the reducing conditions with the same
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electrophoretic motility as the non-reduced sample. If the band of 30kDa was the expected
product, a band of approx. 15kDa should be visible in the coomassie staining under reducing
conditions. Indeed a band of 15kDa was observed in the coomassie staining, it was however
very faint. The band of approx. 30kDa was still visible under reducing conditions which could
result from the incomplete reduction of higher molecular bands. Nevertheless, the presence of
higher molecular weight structures might indicate that reduction of copper (Il) sulfate by
sodium ascorbate or the CuAAC reaction between the azide-functionalized pox-polymer and
BMP2-K3Plk changed the redox potential of the solution leading to reduction, successive
formation of cysteine bridges, and formation of higher molecular weight structures. The
presence of the faint band of expected molecular weight of approx. 30kDa led to an
assumption that the classical click reaction using Copper (I1) sulfate and sodium ascorbate
was to some extent successful but needed further optimization and better tools for the
detection of the coupled protein. Redox reactions between CuSO, and sodium ascorbate
generate reactive oxygen species that might affect the structural integrity and thus bioactivity
of BMP2-K3PIk. In order to verify how free radicals and reducing agent present in the
reaction influence BMP2 structural integrity an overnight incubation of BMP2-wt was
performed at RT in water with different molar ratios of sodium ascorbate to copper (1) sulfate
(Figure 35). Upon incubation only with sodium ascorbate and CuSO, BMP2-wt was degraded
in a concentration-dependent manner, as no protein was visible in the coomassie staining at
higher ratios of sodium ascorbate to copper (I1) sulfate. Large excess of sodium ascorbate
over copper sulphate (1) resulted in distinctive protein degradation (Figure 35A) as well as
formation of multimers/aggregates mostly of approx. 40kDa but also higher, which were too
large to enter the SDS-PAGE gel (Figure 35B). Under reducing conditions bands with slower
electrophoretic mobility than the BMP2-wt monomers appeared (Figure 35A, indicated with

red arrows), which may indicate partial fragmentation of BMP2-wit.
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Figure 35: Effect of sodium ascorbate and CuSO, on BMP2-wt

BMP2-wt was exposed to different molar ratios of sodium ascorbate to CuSO,4 The samples were analyzed by SDS-PAGE,
and Coomassie Brilliant Blue staining under reducing and non-reducing conditions. A) reducing conditions. The bands
representing cleaved BMP2-wt is indicated with arrows; B) non-reducing conditions. The bands representing multimeric
BMP2-wt are marked with red arrows. The bands representing cleaved BMP2-wt is indicated with a blue arrow. Legend:
NCg — reduced BMP2-wt untreated; NC - BMP2-wt untreated; 1:1 — 50:1 — increasing molar ratios of sodium ascorbate to
CuSQy; M — protein marker.

Due to the unsatisfactory results obtained using classical copper(l)-catalyzed alkyne-azide
cycloaddition (CuAAC) further optimization of the reaction conditions was performed in the
next steps. For further optimization small functionalized molecules were used instead of the

functionalized polymers.

Because incubation of BMP2-wt in the solution containing sodium ascorbate and copper (I1)
sulfate resulted in excessive protein degradation and fragmentation  Tris(3-
hydroxypropyltriazolyl-methyl)amine was used in the next step as a protective agent. THTPA
exerts a protective function in the click reaction, by intercepting free radicals resulting from
CuSO, : NaAsc redox reactions. Reactive oxygen species can oxidize side chains of amino
acids, such as histidine. THPTA was also shown to prevent protein hydrolysis by Cu(ll)
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byproducts. 5-times molar excess of THPTA over the copper (Il) sulfate has been
recommended in other studies (87). In the following experiment it was verified whether
increasing concentrations of THPTA improve the reaction efficiency and reduce the number
of BMP2-K3PIlk multimers formed during CUAAC reactions. BMP2-K3PIlk was coupled to 3-
azido-7-hydroxycoumarin in presence of varying ratios of THPTA to CuSO, to for 24h.
100uM CuSO4 and 5mM NaAsc was used in all samples. 3-azido-7-hydroxycoumarin is a
non-fluorescent molecule, which becomes fluorescent upon coupling with an azide group. It
was expected that coupling to a small molecule instead of a polymer would facilitate the
reaction efficiency because of the possibility of using much higher concentrations.
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Figure 36: Effect of THPTA on CuCAAC efficiency and BMP2 integrity

BMP2-K3PIlk was coupled to 3-Azido-7-hydroxycoumarin using CuAAC reaction conditions supplemented with THPTA.
Increasing molar ratios of THPTA to CuSO,4 were tested in order to evaluate the protective role of THPTA for BMP2
integrity. Upon coupling 3-Azido-7-hydroxycoumarin becomes a fluorescent dye. The samples were analyzed by SDS-
PAGE, Coomassie Brilliant Blue and fluorescent staining. Reactions were performed in water. The reaction with 10:1 molar
ratio of THPTA to CuSO, was performed in H2O/tertBuOH (2eq:1eq). Legend: PC - propargyl alcohol coupled to 3-Azido-
7-hydroxycoumarin; NC — BMP2-wt reacted with 3-Azido-7-hydroxycoumarin; 7:1 — 20:1 - BMP2-K3PIk reacted with 3-
Azido-7-hydroxycoumarin in presence of increasing molar ratios of THPTA to CuSO4. Multimers are indicated with arrows.
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The successful coupling was observed in all the experimental samples, except for the negative
control and BMP2-K3PIk reacted in the presence of tert-butanol. No difference in terms of
multimers formation and reaction efficiency was detected upon incubation with different
concentrations of THPTA (Figure 36). However, no protein species smaller than mw=13kDa
(visible in the Figure 35A) were any longer present in SDS-PAGE indicating, that addition of
THPTA could prevent BMP2-K3PIk fragmentation. Appearance of the higher molecular
weight structures of approx. 40kDa (indicated with red arrows) can be observed in the
coomassie staining under non-reducing conditions (observed also in previous experiments:
Figure 35, Figure 34, and Figure 32B,C,D). However, these structures disappear partially in
the reducing conditions which may indicate that the protein multimers were generated by
formation of intermolecular disulfide bridges.

Because for the future coupling experiments BMP2-K3PIk needed to be site-specifically
biotinylated, instead of 3-azido-7-hydroxycoumarin, a short PEG4-carboxamide-6-
Azidohexanyl-Biotin linker was used for further reaction optimization. To reach optimal
reaction efficiency the coupling was performed at two different temperatures and with several
different reaction times (Figure 37 and Figure 38A). All reactions were performed in 3.7M
urea and 0.1M HEPES buffer pH 7.2.
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Figure 37: Site-specific biotinylation of BMP2-K3PIk at 37°C

BMP2-K3PIk was coupled to PEG4-carboxamide-6-Azidohexanyl-Biotin using CUAAC coupling conditions at 37°Ciin urea
buffer. The samples were analyzed by SDS-PAGE, coomassie staining and Western blot. Western blot was developed using
Streptavidin-Alexa Fluor® 488 Conjugate. The reactions were performed over the time course of 1h. BMP2-K3PIk and
BMP2-wt multimers are indicated with arrows. Two negative controls were used : BMP2-wt reacted with PEG4-
carboxamide-6-Azidohexanyl-Biotin and BMP2-K3PIk reacted with PEG4-carboxamide-6-Azidohexanyl-Biotin without
CuSQ, in the reaction buffer. As positive control wildtype BMP2 biotinylated using the standard NHS chemistry was used.
Legend: M — protein marker; wt — BMP2-wt reacted with PEG4-carboxamide-6-Azidohexanyl-Biotin; NC - BMP2-K3Plk
reacted with PEG4-carboxamide-6-Azidohexanyl-Biotin without CuSQ, in the reaction buffer; PC — BMP2-wt wildtype
BMP2 biotinylated using the standard NHS chemistry.

83



Results

As shown in the picture above the click reaction occurred rapidly at 37°C but again led to
formation of multimers larger than 40kDa (Figure 37). These multimers could not be
observed in the negative control where CuSO,4 was not added (Figure 37 lane NC). In the
negative control a faint band of the coupled protein was present in in the fluorescent staining.
This may suggest that the presence of sodium ascorbate alone in the reaction mixture neither
influences the formation of the multimers nor leads to the reduction of disulfide bridges.
Formation of multimers was also observed for the wildtype BMP2 which was biotinylated
using conventional NHS coupling (Figure 37 lane PC). Direct quantification of the coupled
relative to uncoupled protein is not feasible by comparing Western blot and Coomassie
Brilliant Blue staining. However, some bands present in the fluorescent staining (representing
the coupled protein) marked with a red arrow are barely visible in the coomassie staining.
Also the proportion between the bands of approx. 40kDa to the bands of approx. 25kDa is
different comparing the fluorescent and Coomassie Brilliant Blue staining which might
indicate high sensitivity of the fluorescent staining and lower than expected reaction

efficiency.

In order to reduce the rate of multimers formation the reaction was performed as well at RT.
Already after 1 min. of incubation the biotinylated product was detectable in the Western blot
(Figure 38 lane 1). The reaction was performed for 1, 2, 5 and 15 min. The maximal
biotinylation was observed after 15 min. (Figure 38 lane 15). Reaction conditions at room
temperature were chosen due to low multimers formation in comparison to the reaction at
37°C. In order to evaluate the reaction efficiency biotinylated and non-biotinylated BMP2-
K3PIk was purified by RP-HPLC (Figure 38B). However, the elution peak of both proteins
appeared simultaneously, revealing the same hydrophobicity of the biotinylated and non-
biotinylated protein and thus the separation could not be achieved. Therefore, to quantify the
efficiency of the reaction, BMP2-K3Plk was coupled to azide-functionalized AlexaFluor®
dye and the percentage of the coupled protein in the total protein sample was calculated. The
results showed that after 15min. reaction at RT approx. 11% of total BMP2-K3PIk was
fluorescently labelled. The time of the reaction could be prolonged to improve the coupling
efficiency, however in order to prevent formation of a higher number of multimers these

conditions were used for further experiments.
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Figure 38: Copper catalyzed site-specific biotinylation of BMP2-K3PIlk at RT

BMP2-K3PIk was coupled to PEG4-carboxamide-6-Azidohexanyl-Biotin using CUAAC coupling conditions at RT in urea
buffer. (A) Western blot. The samples were analyzed by SDS-PAGE and Western blot.. Western blot was developed using
Streptavidin-Alexa Fluor® 488 Conjugate. The reactions were performed over the time course of 15min.. As negative control
the reaction was performed in absence of CuSQO, Legend: NC — BMP2-K3PIk reacted with PEG4-carboxamide-6-
Azidohexanyl-Biotin for 15min. in absence of CuSO,; M — protein marker; (B) Reversed phase chromatography of
biotinylated BMP2-K3PIk. In order to evaluate the efficiency of biotinylation BMP2-K3PIk reacted for 15min. at RT with
PEG4-carboxamide-6-Azidohexanyl-Biotin was subjected to reversed phase chromatography. As reference non-treated
BMP2-K3PIk was used. The evaluation of reaction efficiency was not feasible with this method as reacted and non-reacted
BMP2-K3PIk were eluted with the same retention time. (C) Evaluation of the coupling efficiency. BMP2-K3PIk was coupled
to Alexa Fluor® 488 Azide using CuAAC reaction conditions for 15min. at RT. The percentage of the labelled protein in the

total protein sample was evaluated by fluorescent measurement. The diagram represents the mean value of 3 replicates + SD.

2.12 Site-specific biotinylation of BMP2-K3PIk

In order to immobilize BMP2-K3PIk in a site-specific manner to a surface two parallel
strategies were followed: direct covalent coupling to azide-functionalized agarose beads and
coupling via a short biotinylated PEG linker functionalized with an azide group. Coupling
using a short linker could increase the flexibility of the ligand immobilized to a surface. In
case of immobilization via a linker BMP2-K3PIk was first coupled to PEG4-carboxamide-6-
azidohexanyl-biotin in a site-specific manner using the CUAAC click chemistry. In the second
step the biotinylated protein was incubated with neutravidin-functionalized agarose beads. In
order to evaluate the influence of biotinylation on the BMP2-K3PIk activity a bioactivity
assay was performed (Figure 39). It was expected that the site-specific biotinylation of
BMP2-K3Plk would not influence its activity since the propargyl-lysine residues of the

protein are situated outside of the receptor binding sites. The results showed that EC50 value
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for the untreated BMP2-K3Plk was 23.5nM (+/- 3.3) and 39.2nM (+/- 4.5) for the biotinylated
BMP2-K3Plk. Although the EC50 value for the biotinylated BMP2-K3PIk was lower in
comparison to the untreated sample, 39.2nM is still in the activity range reported for the
BMP2-wt in the literature (88).
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Figure 39: Bioactivity validation of site-specifically biotinylated BMP2-K3PIk

The bioactivity was measured in C2C12 cells using alkaline phosphatase assay. Cells were incubated with log-2 dilutions of
non-treated and site-specifically biotinylated BMP2-K3PIk. The EC50 values were generated using using logistic model y =
A2 + (A1-A2)/(1 + (x/x0)"p). Each point represents the mean value from at lesast 2 biological replicates + SD.

2.13 Immobilization of BMP2-K3PIk to neutravidin-agarose beads

BMP2-K3Plk variant was further coupled to neutravidin agarose beads. As a negative control
BMP2-wt was used with the same reaction conditions. The majority of the uncoupled protein
remained in the supernatant (Appendix, Fig. 2). The rest of the uncoupled protein was
extensively washed with the HBSsoo buffer, 4M MgCl,, and PBS. For the BMP2-K3PIlk the
non-coupled protein was already completely washed with the first HBSsoo washing step
(Appendix, Fig. 2). Wildtype BMP2 was observed in the supernatant however no bands were
visible in the subsequent washing steps. Possibly, a part of the uncoupled wildtype BMP2
remained adsorbed to the surface of the beads. Multiple bands are visible in the supernatant of
coupled BMP2-K3PIlk in SDS-PAGE. These bands were not visible previously in WB
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developed using fluorescent neutravidin (Figure 38). This difference might be caused by the
sensitivity difference between silver and fluorescent staining. The silver staining can already
detect 1ng of the protein whereas the staining using a neutravidin Alexa fluor 488® depends
strongly on the WB efficiency and the stringency of the washing steps. Formation of the
multimers could also be affected by a higher reaction volume, more intensive mixing of the

reaction and therefore higher exposure to oxygen from the air.

As first analysis of BMP2 immobilized to the beads a fluorescent staining was performed. The
staining was performed in order to validate the coupling and to elucidate whether a part of
wildtype BMP2 remained non-covalently bound to the surface of the beads. The coupling was
verified by fluorescent staining with a BMP2-antibody.

Figure 40: Detection of BMP2-K3PIk coupled to neutravidin agarose beads

BMP2-K3PIk was site-specifically and covalently coupled to PEG4-carboxamide-6-Azidohexanyl-Biotin. The biotinylated
product was then coupled to neutravidin agarose beads by bioaffinity interaction. BMP2-wt and uncoupled beads were used
as negative controls. The presence of BMP2 on the beads was verified by incubation with the primary BMP2 antibody and
secondary fluorescent antibody. The scale bars represent 200nm. (A) uncoupled neutravidin agarose beads; (B) neutravidin
agarose beads reacted with BMP2-wt; (C) neutravidin agarose beads coupled to BMP2-K3PIk.

Results obtained from the fluorescent microscopy showed no detectable staining for
uncoupled neutravidin-agarose beads (Figure 40A). The same beads reacted with wildtype
BMP2 also showed no fluorescent signal (Figure 40B) indicating that wildtype BMP2 could
not be immobilized under these conditions. Only neutravidin-agarose beads which were
coupled with the BMP2-K3PIk variant showed an intensive fluorescent signal (Figure 40C)

indicating specific covalent coupling of BMP2-K3PIk onto neutravidin-agarose beads.
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2.13.1 Quantification of BMP2-K3PIlk immobilized to neutravidin beads

Since fluorescent visualization does not allow a quantitative analysis of BMP2 coupled to the
beads, a colorometric BCA (bicinchoinic acid) protein assay was performed. Determination of
the BMP2-K3Plk amount immobilized per bead is crucial for perspective in vivo studies. For
in vivo experiments a precise dose of the protein should be applied at the implantation site in
order to be able to relate the effect of the treatment to the applied dose. Gaining the
knowledge of the protein quantity immobilized per bead (or per cm? of an implant) is essential
for the personalization of any implant. Saturation of the scaffold that is optimal for the bone
healing process needs to be determined during initial in vivo studies also taking into account
different sites of the body. Thereby a personalized scaffold dependent on the position of the
defect might be constructed. Such modification can be achieved by the adaptation of the
reaction time (e.g. concentration of BMP2-K3PIk applied to the reaction) or adaptation of the
number of functional groups present within the scaffold.
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Figure 41: Quantification of BMP2-K3PIk coupled to neutravidin-agarose beads

The quantity of BMP2-K3PIk in nanograms was quantified using BCA protein assay. Beads reacted with BMP2-wt were
used as negative control. The mean absorption value for the uncoupled beads was subtracted from the experimental samples.
Bars represent the mean values + SD of 3 replicates.

As depicted in the figure above (Figure 41) approx. 0.50 ng of BMP2-K3Plk was immobilized
per one neutravidin-agarose bead, whereas only a background amount of approx. 0.04ng of
BMP2-wt per one bead has been detected. The limiting factor determining the saturation of
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the biotinylated BMP2-K3PIk on neutravidin-agarose beads was probably the number of
neutravidin molecules present on the beads. According to the information provided by the
manufacturer 1ml of the settled resin can bind 8mg of biotinylated BSA. However, BSA
molecules (BSAmw=66,5) are approx. 2,5 times larger than BMP2-K3PIk dimers, therefore
one could estimate that approx. 307nmoles of the BMP2-K3PIlk variant could maximally bind
to 1ml of the resin. As only 50ul of the neutravidin beads were added to the coupling reaction
7,7nmoles of BMP2-K3PIlk could in theory maximally bind to the beads. The amount of the
dimeric BMP2 used for the reaction was 10nmoles which means that the BMP2 molecules

were used at excess.

2.13.2 Interaction of bead-immobilized BMP2-K3Plk with the BMPRIA receptor

ectodomain

To verify whether BMP2-K3Plk immobilized on neutravidin-agarose beads preserved a
bioactive structure towards main BMP2 receptor, the coupled protein was incubated with

fluorescently-labelled BMPRIA receptor ectodomain.

Figure 42: Interaction of BMP2-K3Plk immobilized to neutravidin beads with BMPRIA receptor ectodomain

The neutravidin-agarose beads coupled to BMP2-K3PIk were incubated with fluorescently-labelled BMPRIA ectodomain.
The beads were washed and visualized by the fluorescent microscopy. As control uncoupled beads and beads reacted with
BMP2-wt were used. The scale bars represent 200nm. (A) uncoupled beads; (B) neutravidin agarose beads reacted with
BMP2-wt; (C) neutravidin beads coupled to BMP2-K3PIk.

According to expectations the results showed no staining for uncoupled neutravidin beads
(Figure 42A), as well as for the beads reacted with BMP2-wt which indicates that BMPRIA
receptor ectodomain did neither interact with uncoupled beads, nor with the beads that had
been previously reacted with BMP2-wt (Figure 42B). The beads showed no detectable
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autofluorescent signal. On the contrary, an intensive fluorescent signal was detected for beads
coupled to BMP2-K3PIk variant (Figure 42C). These results indicate that only the beads
coupled to the BMP2-K3Plk variant were able to bind molecules of fluorescently-labelled
BMPRIA ectodomain. As showed in the previous experiments (Figure 40B and Figure 41)
only a background amount of the protein could be detected on the beads reacted with BMP2-
wit, therefore it was expected that the beads should also not bind to the BMPRIA ectodomain.
It has been shown in the previous SPR experiment (Figure 29) that uncoupled BMP2-K3Plk
binds to the immobilized BMPRIA ectodomain with similar Kp value as wildtype BMP2. In
this experiment it was investigated whether BMP2-K3Plk immobilized to the solid phase is
still able to bind to BMPRIA ectodomain, which is a key mechanism for the signal
transduction in a cell based assay. The results prove that upon coupling BMP2-K3PIk is
indeed able to bind to the main BMP type | receptor ectodomain. Nevertheless, the
quantitative efficiency of binding cannot be determined solely by fluorescent visualization.

2.13.3 Osteogenic potential of BMP2-K3PIk coupled to neutravidin-agarose beads

As final test a cell based assay was performed in order to investigate whether the beads
coupled to BMP2-K3PIlk show bioactive function towards BMP2-responsive cells. Therefore,
neutravidin-agarose beads covalently coupled to BMP2-K3Plk were directly applied onto
undifferentiated C2C12 cells monolayer and the assay was incubated for 3 days in a serum
starvation conditions — enabling differentiation into osteoblastic lineage. Even though the
previous experiments showed that BMP2-K3PIk was successfully immobilized on
neutravidin-agarose beads and it was able to interact with the main BMP2 receptor
ectodomains in a free as well as immobilized state it was still not known whether the cells
exposed to BMP2-K3PIk- functionalized beads would be able to initiate the differentiation
events. The difference between the SPR experiments and the cell-based assay using the beads
covalently coupled to BMP2-K3PIk is that in the cellular assay both reactants: the BMP2
receptors and BMP2-K3PIlk are immobilized: BMP2-K3Plk covalently coupled to the beads
and BMP2 receptors as a part of the cellular membrane. Therefore the interaction between
both reactants is strongly dependent on the number of the receptors present on the cell surface
that are able to interact with BMP2-K3Plk immobilized on the beads. A question to answer
should also be what percentage of a cell surface is covered by the functionalized beads and
how many receptors on the cell surface need to be simultaneously activated in order to trigger

the differentiation events. Another difference, compared to the SPR measurement, is that in
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the cell-based experiment both kinds of BMP2 receptors (type | and type Il) being a part of
the signaling complex are located in a close proximity on the cellular surface. Therefore, it
was unknown whether the rigid conformation of immobilized BMP2-K3Plk will hinder the
binding with type Il BMP2 receptors. Therefore, the aim of the following experiment was
elucidate whether the beads coupled to BMP2-K3PIk were and potent enough to trigger
osteogenic differentiation of BMP2-responsive C2C12 cells.

/
a

Figure 43: Expression of alkaline phosphatase by C2C12 cells upon exposure to neutravidin-beads coupled to BMP2-
K3PIk

Neutravidin agarose beads covalently coupled to BMP2-K3PIk were applied to C2C12 monolayer culture and overlaid with
low-melting agarose. Differentiation of C2C12 cell was visualized by dark blue staining of alkaline phosphatase. As negative
control uncoupled beads and beads reacted with BMP2-wt were used. As positive control 25nM of soluble BMP2-wt was
used. The scale bars represent 500nm in the main pictures and 100nm in the enlargement.. (A) uncoupled neutravidin-agarose
beads; (B) neutravidin-agarose beads reacted with BMP2-wt; (C) neutravidin-agarose beads coupled to BMP2-K3PIk; (D)
25nM soluble BMP2-wt

As shown in the figure above, the ALP staining was detected in the well where BMP2-K3PIk-
functionalized beads were transferred (Figure 43C) and the staining was highly restricted to
the area where the beads were applied. On the contrary, no staining was detected in the area
surrounding the beads that were reacted with BMP2-wt (Figure 43B). Similarly, no staining

could be detected in wells supplemented with uncoupled beads (Figure 43A). As positive
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control 25nM of soluble BMP2-wt was used (Figure 43D) which showed, as expected,
uniform staining across the whole well. The above experiment reveals that despite multiple
unknown variables that need to be taken into account in the cellular and in vivo experiments,
BMP2-K3PIlk-functionalized beads (carrying 0.5ng of immobilized protein per bead) show
biological activity towards C2C12 cells. Nevertheless, for prospective in vivo experiments,
further analysis should be performed to verify the lowest possible amount of immobilized
BMP2-K3Plk per bead that is still able to trigger cell differentiation cascade.

2.14 Direct immobilization of BMP2-K3PIk to azide-functionalized agarose beads

Parallel to linker-mediated coupling, BMP2-K3PIk variant was directly covalently coupled to
azide-functionalized agarose beads. Also here BMP2-wt served as negative control in the
same reaction conditions. Direct coupling has certain advantages over a linker-mediated
immobilization, therefore it was a step forward towards optimization of the BMP2-K3PIk-
functionalized beads. Direct coupling reduces the number of immobilization steps, minimizes
the cost and does not involve intermediary products, such as streptavidin and biotin. When
considered as a future implant material, the beads should optimally not introduce any
additional biologically active substances that could have an influence on the regeneration and
metabolic processes at the implantation site, such as neutravidin. The beads were thoroughly
washed after the coupling procedure (Appendix, Fig.3) and the majority of uncoupled protein
remained in the supernatant. Also here, similarly to the immobilization using a biotinylated
linker the multimers of BMP2-K3PIk and BMP2-wt were visible in the coomassie staining.
The rest of the uncoupled protein was extensively washed with the HBSsoo buffer, 4M MgCl,,
and PBS. Similarly to the coupling via a biotinylated linker no BMP2-wt was detectable in the
washing steps. Therefore, a part of BMP2-wt could be non-specifically adsorbed to the
surface of the beads, which was verified in the following steps. Similarly to the BMP2-K3Plk
immobilization via a bifunctional linker, also here the coupling was validated by fluorescent
microscopy. As previously, azide-functionalized agarose beads were incubated with anti-
BMP2 antibody and subsequently with a secondary fluorescent antibody. The results of the

experiment are depicted below.
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Figure 44: Detection of BMP2-K3PIk immobilized to azide-functionalized agarose beads

BMP2-K3PIk was covalently and site-specifically coupled to azide-functionalized agarose beads. Upon extensive washing
steps the presence of BMP2 on the beads was verified by incubation with primary BMP2 antibody followed by a fluorescent
secondary antibody. Beads reacted with BMP2-wt and uncoupled beads were used as negative controls. The scale bars
represent 200nm. (A) uncoupled azide-functionalized agarose beads; (B) azide-functionalized agarose beads reacted with
BMP2-wt; (C) azide-functionalized agarose beads coupled to BMP2-K3PIk.

As visualized in the figure above no fluorescence was detected for uncoupled beads (Figure
44A). In the beads, which had been previously reacted with BMP2-wt, a faint fluorescent
signal was observed (Figure 44B). This confirms the assumptions from the SDS-PAGE of the
washing steps, that a fraction of BMP2-wt could