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Abstract 

The implementation of small-angle X-ray scattering (SAXS) in combination with size 

exclusion chromatography (SEC) has provided a useful tool for increasing the purity 

of samples during SAXS data collection. With the use of SEC-SAXS, samples 

become diluted and so methods to enhance the scattering signal of the samples at 

lower concentrations have been applied to beamline B21 using a modified sample 

cell, a variety of window materials and longer exposure times. SEC-SAXS at B21 

provided a method of collecting data for biological macromolecules where 

aggregation and low concentration issues are a major problem. This method of data 

collection is shown with a variety of proteins, including matrix proteins, which are less 

amenable to SAXS data collection.  

 

Bone morphogenetic proteins (BMP) are essential signalling molecules involved in 

developmental and pathological processes and are regulated in the matrix by 

secreted glycoproteins. One such regulator is BMP-binding endothelial cell precursor-

derived regulator (BMPER) which can both inhibit and enhance BMP signalling in a 

context and concentration-dependant manner. Twisted gastrulation (Tsg) also has 

pro- and anti-BMP properties but it is unclear whether Tsg and BMPER directly 

interact and whether they act synergistically on BMP signalling. Here, we show that 

BMPER binds to Tsg with high-affinity through the N-terminal region of BMPER. Cell-

based inhibition assays show that the N-terminal region of BMPER is a better inhibitor 

of BMP-4 signalling than full-length BMPER. Furthermore, BMPER and Tsg 

cooperatively inhibit BMP-4 signalling suggesting they act in concert. Full-length 

BMPER, but not the N-terminal region, binds heparan sulphate (HS) proteoglycans 

at the cell surface. A disease-causing BMPER point mutation, P370L, which is found 

in the acid-catalysed internal cleavage site, was introduced to BMPER. The mutation 

caused a change to the location of the cleavage site, decreased HS-binding capability 

and increased BMP inhibition. These data suggest that localisation of BMPER at the 

cell surface reduces BMPER activity and consequently BMP inhibitory potential, 

which may be ameliorated by the mutation. To interrogate how these regions within 

BMPER are arranged, small-angle X-ray scattering and electron microscopy were 

used to show that BMPER is elongated which spaces the N-terminal BMP-binding 

and C-terminal cell-interactive regions. 
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1 Introduction 

 Extracellular Matrix 

The extracellular matrix (ECM) is composed of matrix molecules secreted by cells 

that provide mechanical support to the surrounding cells whilst eliciting biochemical 

responses by the incorporated molecules. The matrix has been defined as being 

composed of a ‘core matrisome’ containing approximately 300 proteins which can be 

categorised into: proteoglycans; collagens; modifiers of matrix structure and function; 

and matrix bound growth factors and secreted factors (Hynes and Naba, 2012). The 

matrix is difficult to study using biochemical methods due to its inherent insolubility 

conferred by its composition of large proteins that are often cross-linked, causing 

higher order oligomerisation (Hynes and Naba, 2012). 

 

Proteoglycans are modified with large glycosaminoglycans (GAGs), such as heparan 

sulphate, keratan sulphate and chondroitin sulphate. These GAGs are linear 

polysaccharide chains that comprise of repeating disaccharide subunits (Caligur, 

2008). GAGs are connected to core proteins such as perlecan or decorin, and their 

interactions with various growth factors facilitates signalling (Esko et al., 2009). 

 

Collagens are very abundant and are the main structural protein in the matrix, 

providing tensile strength. Although there are 28 types of collagen, collagen I is the 

most common (Bella and Hulmes, 2017). Collagens are essential to many biological 

processes such as cell attachment, tissue scaffolding and tissue repair (Kadler et al., 

2007). Fibrillar collagens require N- and C-terminal proteolytic processing of 

propeptides for assembly by members of the tolloid and a disintegrin and 

metalloproteinase (ADAM) metalloproteinase families (Sharma et al., 2017). Tolloids, 

ADAMs and matrix metalloproteases (MMPs) are grouped into the category of 

modifiers of matrix structure and function. Where tolloid and ADAM proteases cleave 

proteins to promote assembly, MMPs having a degradative function. They are 

responsible for processing the matrix, but also in the release of signalling molecules 

by cleavage of antagonists (Larrain et al., 2001). 

 

https://en.wikipedia.org/wiki/Extracellular
https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Cell_(biology)
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There is a large group of matrix-bound signalling molecules and secreted factors 

(Hynes and Naba, 2012) including members of the transforming growth factor beta 

(TGF-β) superfamily. BMPs are the largest sub-group of the TGF-β superfamily with 

more than 20 members (Bragdon et al., 2011), and are inhibited by secreted 

glycoproteins such as BMPER, Tsg and chordin (Mulloy and Rider, 2015; Rider and 

Mulloy, 2010). 

 

BMPER, the focus of this thesis, is a large, multi-domain glycoprotein secreted into 

the matrix. It is composed of five von Willebrand Factor (vWF) C domains, a vWFD 

domain and a trypsin inhibitor-like domain (TIL)(Figure 1.3-A). BMPER directly 

interacts with BMPs through the first vWFC domain (Zhang et al., 2007a; Zhang et 

al., 2008), and with the cell surface through the vWFD domain (Rentzsch et al., 2006). 

BMPER has been shown to have concentration dependant pro- and anti-BMP 

signalling functions. Mutations within BMPER cause a rare recessive skeletal disorder 

known as diaphanospondylodysostosis (DSD) (Funari et al., 2010), and an 

attenuated version ischiospinal dysostosis (ISD) (Kuchinskaya et al., 2016). DSD is 

often embryonic lethal (Gonzales et al., 2005) where ISD is less severe (Legare et 

al., 2017). This thesis will focus on the structure of BMPER, its interactions with 

extracellular regulators and the effect of a BMPER-P370L mutation.  

 

 Bone Morphogenetic Proteins 

BMPs are secreted matrix binding signalling molecules, first discovered in the extract 

of bone (Urist, 1965) and able to regulate many processes throughout an organism. 

The BMP pathway is highly phylogenically conserved dating back 1.2 – 1.4 billion 

years (Salazar et al., 2016). Indeed, BMP signalling molecules are highly conserved 

across a range of species; Drosophila contains signalling molecules similar to BMPs 

-2 & -4, decapentaplegic (Dpp), and -5, -6, -7 & -8, screw (Scw) (Arora et al., 1994; 

Shimmi et al., 2005). Dpp and screw are shown to work together in Drosophila to 

determine dorsal cell fates in embryogenesis. Although initially identified in the 

formation of bone and cartilage, BMPs are essential for a wide-range of functions 

throughout embryogenesis (Eldar et al., 2002) and into adult life where BMP 

misregulation has been linked to diseases such as cancer (Ikushima and Miyazono, 

2010) and vascular disease (Cai et al., 2012).  
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1.2.1 Expression and Secretion 

BMPs are synthesised as large precursor proteins, of around 400 – 500 residues, 

consisting of a signal peptide, a pro-domain and the BMP growth factor (Figure 1.1-

A). The signal peptide is required for secretion and the pro-domain is required for the 

mature BMP growth factor to fold and dimerise correctly (Figure 1.1-B). The BMP 

growth factor comprises a cysteine knot (Allendorph et al., 2007; Scheufler et al., 

1999). Cysteine knots are a structural motif present in BMPs and other molecules that 

lack a globular core, and provide a rigid centre (Daly and Craik, 2011); a hydrophobic 

interface then stabilises the dimers (Scheufler et al., 1999). Each BMP monomer 

contains seven cysteine residues which form three intramolecular disulphide bonds 

with the final cysteine disulphide bonding to another BMP molecule to form the small, 

~28 kDa BMP dimer (Figure 1.1-C). 

 

Under certain circumstances the pro-domains of BMPs remain associated to the 

growth factors when secreted, but the BMPs are still biochemically active, as in the 

cases of BMP-7 (Sengle et al., 2008) and BMP-9 (Brown et al., 2005). Fibrillin-1 was 

shown to provide latency to BMP-7 by interacting with the pro-domain (Wohl et al., 

2016). 
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Figure 1.1 – BMP Synthesis and Processing 

A) BMPs are synthesised as a polypeptide with a signal peptide, a pro-domain (green) and 

a mature peptide (blue and red). After post-translational modifications in the Golgi 

apparatus, the mature peptides form a disulphide bond and the pro-domains are cleaved 

by a serine protease (often furin). The resulting mature peptide is then secreted from the 

cell either in association with the cleaved pro-domains, or as a single mature peptide. B) 

The crystal structure of a mature peptide of BMP-9 associated with its pro-domain (PDB ID 

4YCG (Mi et al., 2015)) and of the BMP-2 dimer (C) (PDB ID 3BMP (Scheufler et al., 1999)) 

with one chain of the dimer shown in red and the other shown in blue. D) A magnified image 

of BMP-2 where the three disulphide bonds making up a cysteine knot coloured in yellow 

and the intermolecular disulphide bond is coloured orange. Images were produced using 

UCSF Chimera (Pettersen et al., 2004). 

 

Cleavage of the pro-domain occurs at a conserved serine protease site and furin is 

responsible for this cleavage (Heng et al., 2010), which  recognises the ‘RXXR’ 

cleavage motif and cleaves after the final arginine. Heng et al. showed that knocking 

down BMP-2 or furin had the same effect on decidualization of human embryonic 

stem cells (HESCs) demonstrating that BMP-2 is critically dependant on furin 

cleavage for activation.  
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1.2.2 Signalling 

BMP signalling is initiated by members of the BMP family binding to the BMP 

receptors (BMPR), which are members of the serine/threonine kinase family of 

receptors. The receptors belong to two different subfamilies, types I and II, where 

BMPR-I have five members: ALK1, ALK2, ALK3, ALK4, ALK6; and BMPR-II have 

three members: BRII, ActRIIa and ActRIIb (Attisano et al., 1993; Kingsley, 1994). The 

BMP ligands signal by binding to BMPR-I and -II on the cell surface causing the 

receptors to oligomerise. BMPs bind to receptors sequentially, where binding to 

BMPR-I occurs before binding to BMPR-II due to higher binding affinities to the type 

I receptor (Groppe et al., 2008; Weber et al., 2007). Allendorph et al. showed that 

each of the BMPRs have separate binding sites on the BMP molecule, which 

facilitates hetero-oligomerisation (Allendorph et al., 2006; Yadin et al., 2016). The 

receptors span the cell membrane and hetero-oligomerisation of the BMPRs and 

BMPs activates the intracellular serine/threonine kinase of BMPR-II (Figure 1.2) 

(Allendorph et al., 2006). Once BMPR-II is activated it can phosphorylate BMPR-I, 

which in turn phosphorylates the intracellular signalling molecules, SMAD-1/-5/-8, 

responsible for gene expression. There are eight SMAD molecules, classified into 

three subgroups based on their function. SMAD-1/-5/-8 become transiently 

associated with BMPR-I and become phosphorylated. In order for the phosphorylated 

SMADs to translocate through the nuclear membrane they require cooperative 

interactions with SMAD-4.  
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Figure 1.2 – BMP Signalling Pathway  

BMPs dimers (red) in the matrix bind cooperatively to the ecto domains of BMP receptors 

type I (cyan) and II (yellow) causing BMPR-II to become an active kinase, able to 

phosphorylate BMPR-I. Phosphorylation (purple sphere) of BMPR-I leads to an intracellular 

signalling cascade where the SMAD proteins 1, 5, and 8 are phosphorylated (pSMAD, 

Green), and can translocate through the nuclear membrane after recruitment of SMAD-4 

(orange).. BMP signalling can be modulated extracellularly though BMP antagonists, 

preventing binding to the BMPRs. The crystal structures are taken from PDB ID 2goo 

(Allendorph et al., 2006) and the images were created in UCSF Chimera (Pettersen et al., 

2004). 

 

Although BMP signalling can occur through the SMAD mediated pathway it is also 

mediated through SMAD independent pathways. These pathways include the 

extracellular signal-regulated kinase (ERK), MAP kinase p38, C-jun N-terminal kinase 

(JNK), ERK, and nuclear factor kappa beta (NFkB) (Bragdon et al., 2011). Through 

the initiation of these pathways, BMPs are able to elicit their effects on cell survival, 

apoptosis, migration, and differentiation (Bragdon et al., 2011). 
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1.2.3  Extracellular Regulation 

In the matrix, BMPs are regulated by antagonists, consisting mainly of secreted multi-

domain glycoproteins. Many of the regulators directly bind to BMPs and prevent them 

binding to their respective receptors (Groppe et al., 2002; Zhang et al., 2008). This 

introduction will focus on the extracellular regulation of BMP through the 

morphogenetic pathway which contains BMPs, chordin, Tsg, BMP-binding 

endothelial cell precursor-derived regulator (BMPER) and tolloid (De Robertis and 

Moriyama, 2016). Chordin, Tsg and BMPER are able to directly bind to BMP 

(Kišonaitė et al., 2016; Troilo et al., 2016a; Troilo et al., 2014; Zhang et al., 2007a), 

tolloid is a metalloprotease, of which chordin is a substrate (Berry et al., 2009; Berry 

et al., 2010; Blader et al., 1997; Piccolo et al., 1997). 

 

 BMP Endothelial Cell Precursor-Derived Regulator 

The homologue of human BMPER, crossveinless-2 (CV-2), was initially discovered 

in the development of cross veins in Drosophila; CV-2 was shown to regulate the 

signalling of BMP homologues: Dpp and Gbb (Conley et al., 2000). Similar to the 

Drosophila homologue of chordin, Sog, the vWFC domains in CV-2 were thought to 

play a role in growth factor regulation (Conley et al., 2000). Murine BMPER was 

cloned and shown to have a similar BMP binding capacity to Drosophila CV-2 

(Coffinier et al., 2002; Moser and Patterson, 2003). Human BMPER was expressed 

to provide a protein with similar BMP binding capacity (Binnerts et al., 2004). In this 

thesis BMPER will refer to human BMPER. 

 

1.3.1 BMPER Expression and Secretion 

The discovery of CV-2 and BMPER showed that there was strong sequence 

conservation across different organisms (Coffinier et al., 2002; Conley et al., 2000; 

Moser et al., 2003). The mammalian BMPERs contain an additional trypsin inhibitor-

like (TIL) domain not present in CV2; the function of this domain is not known (Figure 

1.3-A) (Coffinier et al., 2002; Conley et al., 2000; Moser et al., 2003). BMPER is a 

multi-domain secreted glycoprotein with five predicted N-linked glycosylation sites, 

four in the vWFC domains and one in the vWFD domain, although only the vWFC 

domains appear to be glycosylated (Figure 1.3-A) (Kamimura et al., 2004b). When 

BMPER is secreted it is found to be approximately 80 kDa by Western blot under non-

reducing conditions, although under reducing conditions a band at 40 kDa appears 
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(Figure 1.3-B) (Binnerts et al., 2004). This indicates that there is cleavage within 

BMPER with the two cleavage fragments stabilised by a disulphide bond. Cleavage 

occurs in the ‘GDPH’ motif, between the aspartic acid and proline residues (Rentzsch 

et al., 2006). This cleavage sequence is conserved across many proteins (Figure 1.3-

C). There has been much dispute over the cleavage mechanism of BMPER; initially 

a protease was thought to be the primary mechanism (Binnerts et al., 2004; Rentzsch 

et al., 2006; Serpe et al., 2008). However, it was shown that BMPER was not cleaved 

in a proteolytic manner, but cleavage was due to a decrease in the pH of the secretary 

system (Ambrosio et al., 2008). Similarly, work carried out on mucins showed that 

neutralising the secretory pathway prevents cleavage at the ‘GDPH’ motif (Lidell and 

Hansson, 2006; Lidell et al., 2003) building upon chemical studies into aspartyl-

proline peptide bonds (Piszkiewicz et al., 1970). 

 

 

Figure 1.3 – Schematic Diagram of BMPER and its Cleavage Reaction 

A) BMPER is made up of a signal peptide (yellow), five vWFC domains (red) with asterisks 

denoting N-linked glycosylation sites, a vWFD domain (blue) linked to the final vWFC 

domain by a disulphide bond and containing an acid catalysed ‘GDPH’ motif, and a trypsin 

inhibitor like domain (green). The first domain is underlined to show the location of direct 

BMP interaction. B) Western blot analysis of BMPER after recombinant expression and 

purification. A cleavage product is shown under reducing conditions showing that the 

cleavage fragments are disulphide linked. Image adapted from Binnerts et al (Binnerts et 

al., 2004). C) Sequence alignment of human proteins: mucins -2 and -5AC (MUC2_HUMAN 

and MUC5A_HUMAN), repulsive guidance molecules A and B (RGMA_HUMAN and 

RGMB_human), kielin/chordin-like protein (KCP_HUMAN) and BMPER 

(BMPER_HUMAN). Sequences were aligned with Clustal Omega (Sievers and Higgins, 

2014a, b). The red highlighting shows the conservation of the ‘GDPH’ motif across proteins, 

the ‘*’ represents a fully conserved residue, ‘:’ represents a conserved residue with highly 

similar properties and ‘.’ represents a conserved residue with loosely similar properties. 

 

1.3.2 Sites of BMPER Expression 

In humans, bmper was shown to be expressed throughout the body, with brain and 

lung being the most prevalent, especially in foetal lung (Figure 1.4-A) (Binnerts et al., 
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2004).  As the name BMPER suggests, it is not unexpected for BMPER to be 

expressed in these regions due to the high number of endothelial cells in the brain 

and lung (Crapo et al., 1982; Lippmann et al., 2012). 

 

Although BMPER developmental studies have been carried out in multiple organisms, 

here I will focus on mammalian models. The bmper-/-- mice have a perinatal lethal 

phenotype (Ikeya et al., 2006). Additional defects were observed throughout the 

mouse including skeletal effects, decreased body size (Figure 1.4-A,-B), eyes, 

kidneys and at low penetrance, exencephaly was also observed (Figure 1.4-B) (Ikeya 

et al., 2006).  
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Figure 1.4 – Expression Levels and Location of BMPER Expression and Mouse Knockouts 

A) Expression of BMPER mRNA in human foetal tissues and primary osteoblasts and 

chondrocytes (shown after the dashed line). mRNA expression levels are relative and 

detected by qPCR. Image adapted from Binnerts et al (Binnerts et al., 2004). B) Mouse 

knockout of BMPER (CV-2-/-) compared to wildtype mice (CV-2+/+) at postnatal day 0 (P0) 

and embryonic day 15.5 (E15.5). Arrows indicate exencephaly. Images are taken from Ikeya 

et al (Ikeya et al., 2006). 

 

1.3.3 BMPER Inhibits BMP Signalling by Directly Binding BMPs  

BMPER has been shown to interact with BMPs -2, -4, -6 and -7 as shown by 

immunoprecipitation experiments (IP) (Binnerts et al., 2004; Coffinier et al., 2002; 

Moser et al., 2003). Due to the similarity with chordin-BMP binding, it was expected 

that the vWFC domains would bind BMPs and so surface plasmon resonance (SPR) 

experiments were carried out to determine which domains were responsible (Zhang 

et al., 2007a). Zhang et al. showed that the first vWFC domain of BMPER interacts 

directly with BMP-2 and -7 and growth differentiation factor (GDF) -5 with high affinity 

(𝐾𝐷 of 2.4, 7.0 and 34.0 nM respectively). Zhang et al. also showed that vWFC 

domains 2-5 were unable to bind to BMPs or GDF5 through IPs. To determine the 
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interaction site of BMPER with BMP-2, BMP-2 mutations were generated guided by 

the crystal structures of BMP-2, BMPR-IA and ActR-IIB (PDB accession code 2GOO) 

(Allendorph et al., 2006). Mutations of both L100K and N102D in BMP2 appeared to 

disrupt the binding of vWFC1 to BMP-2 by two orders of magnitude (from 2.4 nM to 

660 nM). Interestingly the L100P mutation did not disrupt binding indicating that 

BMPER binds to BMP-2 by a mainly hydrophobic interaction. Subsequently the 

BMPER-BMP-2 complex crystal structure confirmed that the predicted sites on BMP-

2 did interact with BMPER (Figure 1.5-A) (Zhang et al., 2008). Interestingly the 

vWFC1 domain of BMPER interacts with BMP-2 through a tripartite interaction 

including an N-terminal extension, termed the clip-region. Figure 1.5-B shows a 

magnified version of how the clip region interacts with each of the BMP-2 monomers. 

With this knowledge, further SPR experiments to determine the required portion of 

the vWFC1 domain were carried out. By segmenting the domain into the clip, sub-

domain (SD) 1 and SD2, it was shown that the clip and SD1 are sufficient for binding 

to BMP-2 (Zhang et al., 2008). Furthermore, the crystal structure of BMPER and 

BMP-2 has shown directly how BMPER can inhibit BMP signalling by interaction of 

SD1 with BMP-2 at the same region responsible for binding the ActR-IIb ecto-domain 

while the clip region simultaneously interferes with the BMPR-IA binding region 

(Figure 1.5-C). 
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Figure 1.5 – Structural Information of BMPER-BMP Binding 

A) Crystal structure of BMP-2 (red and blue) with the first vWFC domain of BMPER binding 

to each side of the molecule (green and purple) (PDB ID 3BK3) (Zhang et al., 2008). The 

yellow residues are locations of the L100K and N102D mutations on BMP which greatly 

reduced binding. B) A magnified view of Figure 1.5-A showing the location and interactions 

of the residues of the clip region. C) Superimposed crystal structures of BMPs showing how 

BMPER overlaps with the binding sites of the BMPRs (PDB ID 2GOO) (Allendorph et al., 

2007). The BMP-2 dimer is represented by the blue and red chains, the vWFC1 of BMPER 

is shown in green with the BMPRs shown in pink (type I) and pale blue (type II). 

 

In Drosophila it was shown that CV-2 was able to bind both Dpp and the human 

BMPR-I (Figure 1.6-B) (Serpe et al., 2008) which was specific for the type I receptor. 

It was also shown that Dpp could simultaneously co-IP both CV-2 and BMPR-I 

suggesting that they may form a tripartite complex. Whether this would be via the N- 

or C- terminus of BMPER is unknown. Furthermore, BMPER prevented the binding 

of BMPs to the BMPR-IB receptor (Figure 1.6-F) (Ambrosio et al., 2008). 

 

1.3.4 Interaction of BMPER with Heparan Sulphate 

BMPER has also been shown to bind to additional matrix components such as 

heparan sulphate proteoglycans (HSPGs) (Figure 1.6-A) (Rentzsch et al., 2006) and 

BMPR-IB shown by co-localisation (Figure 1.6-B)  (Serpe et al., 2008). BMPER is 
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also involved in interaction with other BMP regulators, namely chordin, as shown by 

IPs and SPR (Figure 1.6-C) (Ambrosio et al., 2008; Rentzsch et al., 2006; Zhang et 

al., 2010a; Zhang et al., 2007b). Whereas there is conflicting literature surrounding 

an interaction with Tsg where a direct interaction was not observed by SPR (Zhang 

et al., 2007a) but immunoprecipitation detected an interaction (Figure 1.6-D) 

(Ambrosio et al., 2008), however this could be indirectly mediated.  

 

Work completed by Rentzsch et al, showed that zebrafish BMPER, which shares 66% 

sequence identity with human BMPER, was able to bind to heparin beads through 

the vWFD domain (Figure 1.6-A) (Rentzsch et al., 2006). This was validated with a 

deletion mutation of positively charged residues, ‘393-396’, in the vWFD domain 

which showed a reduction in heparin binding (Figure 1.6-A). Furthermore, the N-

terminus of BMPER (N-BMPER) did not appear to bind to heparin beads, and so 

localising the binding to the C-terminus (Rentzsch et al., 2006).  

 

1.3.5 Interaction of BMPER with other BMP Regulators 

The pro-BMP activity of BMPER is mediated via interactions with other BMP 

regulators such as chordin and Tsg. The interactions of BMPER and chordin have 

been well characterised by biochemical and biophysical methods (Ambrosio et al., 

2008; Rentzsch et al., 2006; Zhang et al., 2010a; Zhang et al., 2007b). SPR analysis 

of truncations of BMPER and chordin were completed to show that SD2 of vWFC1 to 

vWFC4 of BMPER were required to bind vWFC2 of chordin (Zhang et al., 2010a). 

Ambrosio et al showed that the ability of BMPER to bind BMP-4 was increased in the 

presence of chordin (Figure 1.6-C) (Ambrosio et al., 2008). A mechanism of action 

for BMPERs pro-BMP function though chordin interaction was hypothesised; the 

BMP:chordin complex binds to the surface tethered BMPER, increasing the 

concentration of the complex, and allowing tolloid to cleave chordin, releasing the 

BMPs for signalling. Surprisingly, Ambrosio et al also showed that Tsg and BMPER 

interact (Figure 1.6-E). Tsg binding increased the affinity of BMPER-BMP-4 binding 

(Figure 1.6-E) and a BMPER-Tsg-BMP-4 ternary complex was formed, in a similar 

way to chordin (Ambrosio et al., 2008). Furthermore CV-2 and Tsg additively block 

the binding of BMP-4 to BMPR-IB (Figure 1.6-E). 
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Figure 1.6 – BMPER Interactions with Matrix Components 

A) Purified Zebrafish BMPER, including FL-BMPER, a BMPER deletion of residues 393-

396 and N-BMPER, was bound to heparin beads and washed with increasing 

concentrations of NaCl. FL-BMPER bound most tightly, followed by the deletion mutant 

whereas N-BMPER bound much less. This localised the HSPG binding to the vWFD 

domain. This image was taken from Rentzsch et al (Rentzsch et al., 2006). B) 

Immunoprecipitation of Drosophila CV-2 and human BMPR-IB with Dpp-FLAG. Red bands 

represent CV-2 detected by a Myc-tag and green bands represent BMPR-IB (i = input). This 

image was taken from Serpe et al (Serpe et al., 2008). C) Co-IPs of BMPER, chordin and 

BMP-4 using BMPER conjugated to beads showing that BMPER can bind to chordin and 

BMP-4 but to a greater extent when all are present. D) Immunoprecipitation showing that 

BMPER interacts with Tsg. E) In the presence of Tsg, BMPER is able to bind to BMP-4 

more efficiently. F) Immunoprecipitation showing that BMPER and Tsg inhibit BMP-4 

binding to BMPR-IB. Images from C-F were modified from Ambrosio et al (Ambrosio et al., 

2008). 

 

Chordin is a member of the cysteine rich chordin family of proteins. It is a 120 kDa 

secreted modular glycoprotein made up of four vWFC and four chordin specific 

domains (CHRD) which are located between the first and second vWFC domain. The 
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vWFC domains of chordin can interact directly with BMPs -2, -4 and -7 and prevent 

the interaction of chordin with BMPRs (Figure 1.7-B) (Piccolo et al., 1996). Chordin is 

cleaved by tolloid at two locations, between vWFC1 and CHRD 1 and also between 

vWFC3 and -4 to produce ΔN- and ΔC-chordin, as shown in Figure 1.7-A (Larraín et 

al., 2001; Piccolo et al., 1997). The low resolution structure of chordin was determined 

by negative stain transmission electron microscopy (TEM) resulting in a horseshoe 

shaped structure (Figure 1.7-C) (Troilo et al., 2014). vWFC domains and the SAXS 

model of the CHRD domains were fitted within the TEM model with the BMP-2 crystal 

structure docked into the area that would represent binding to the vWFC1 and vWFC3 

domains. 

 

Twisted gastrulation is a small ~32 kDa secreted glycoprotein that acts as both an 

agonist and antagonist of BMP signalling (Troilo et al., 2016b). The SAXS model of 

Tsg reveals an elongated molecule with glycans clustered on one face of the molecule 

(Figure 1.7-C) (Troilo et al., 2016a). Tsg acts as a BMP antagonist by binding to the 

C-terminal vWFC domains of chordin (Troilo et al., 2016a) and enhancing formation 

of the BMP:chordin complex, forming a tripartite complex  (Chang et al., 2001; Ross 

et al., 2001; Scott et al., 2001). The ternary complex is involved in the sequestration 

of BMP-2 and allows for the dorsal-ventral diffusion gradient to form as the complex 

moves through the matrix by facilitated diffusion. BMP-2 is released from the complex 

through the cleavage of chordin by tolloid proteases (Ambrosio et al., 2008). Tsg also 

works as an agonist of BMP signalling by enhancing the ability of tolloid to cleave 

chordin and release the BMP signalling molecule (Larrain et al., 2001). The 

mechanism of how Tsg enhances chordin cleavage is not well understood but it is 

thought that chordin is required to undergo a conformational change in Tsg:BMP-

2:chordin complex, allowing tolloid to cleave chordin (Figure 1.7-D).  
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Figure 1.7 – Structure and Interaction of Tsg and Chordin with BMPs 

A) Schematic diagram of the chordin domain structure, where the blue circles represent 

vWFC domains and the purple rectangles represent CHRD domains, arrows represent the 

cleavage sites recognised by tolloid and the ‘*’ represent the domains that bind BMPs. Tsg 

with the red square representing the cysteine rich domain and the green oval representing 

the Tsg domain. Chordin schematics taken from Troilo et al. (Troilo et al., 2014). B) TEM 

structure of chordin with BMP-2 modelled into the density. Images take from Troilo et al. 

(Troilo et al., 2014). C) SAXS modelling of Tsg with glycans mapped through multiphase 

SAXS modelling. Image taken from Troilo et al (Troilo et al., 2016a). D) Mode of action of 

tolloid on the BMP:Tsg:chordin complex to release BMP. Image taken from Troilo et al 

(Troilo et al., 2016a). 

 

Expression of recombinant, functional Tsg has been shown to be sensitive to the 

expression system used in its production. Previous work has showed that production 

of Tsg from mammalian, insect and bacterial cells resulting in markedly different 

binding to BMPs, with the difference being glycosylation (Billington Jr et al., 2011). 

This interesting difference in the functional properties of protein binding may account 

for the conflicting results shown for the binding of BMPER to Tsg, where no binding 
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was shown by SPR using Tsg produced in SF9 cells, producing truncated glycans 

(Zhang et al., 2007b), but interactions were shown though co-IPs of mammalian 

produced protein (Ambrosio et al., 2008). 

 

Tsg homozygous null mice have skeletal defects where the mouse is smaller than its 

wildtype counterpart, and has a kinked tail as a result of vertebrate abnormalities (Sun 

et al., 2010). This is observed in the surviving mice as the study showed that there 

was a high mortality rate for Tsg null mice, where few survive to breeding age.  

 

1.3.6 Concentration-Dependent Effects of BMPER on BMP signalling 

How BMPER is able to regulate BMP signalling has been a point of contention in the 

literature as both a pro- (Conley et al., 2000; Ikeya et al., 2006; Kamimura et al., 

2004a; Rentzsch et al., 2006) and anti- (Binnerts et al., 2004; Moser et al., 2003; 

Rentzsch et al., 2006; Zhang et al., 2007b) BMP signalling mechanisms have been 

described. Kelley et al showed that BMPER effects on BMP signalling occured in a 

concentration dependant manner (Kelley et al., 2009). This was shown by monitoring 

the levels of pSMADs in mouse endothelial cells (Figure 1.8-A). When BMPER was 

at a concentration lower than BMP-4, there was increased pSMAD, reflecting an 

increase in BMP signalling. However, when BMPER exceeded the concentration of 

BMP-4 the level of pSMAD decreased. When repeating the experiment with another 

BMP inhibitor, noggin, pSMAD levels decreased in a concentration dependent 

manner (Figure 1.8-A) (Kelley et al., 2009). BMP inhibition at higher BMPER 

concentrations is consistent with a 2:1 molar stoichiometry which was shown by 

Zhang et al (Zhang et al., 2007b).  

 

The concentration dependence of BMPERs pro- and anti-BMP function was further 

tested in a biologically relevant model using mouse lung embryonic fibroblasts (MEFs) 

treated with BMP-4 and varying concentrations of BMPER (Figure 1.8-B). The level 

of apoptosis was detected by cleavage of caspase-3, where BMP-4 protects cells 

from apoptosis. When cells were treated with BMP-4 and a lower concentration of 

BMPER the cells were further protected from apoptosis, whereas a higher 

concentration of BMPER  resulted in increased apoptosis(Figure 1.8-B) (Kelley et al., 

2009). 
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Figure 1.8 – BMPERs Pro- and Anti- BMP Signalling Effects 

A) Analysis of SMAD phosphorylation when BMP-4 is added to mouse endothelial cells with 

varying concentrations of BMPER and noggin. BMPER enhances BMP-4 signalling at 

concentrations lower than BMP-4 and inhibits it at concentrations higher than BMP-4. 

Whereas noggin only inhibits BMP-4 signalling. B) Quantification of caspase-3 cleavage in 

lung mouse embryonic fibroblasts showed that BMPER can enhance the effect of BMP-4 

at concentrations lower than BMP-4 and enhance caspase-3 cleavage by the inhibition of 

BMP-4 when at concentrations higher than BMP-4. Images taken from Kelley et al (Kelley 

et al., 2009). 

 

1.3.7 Disease Causing Mutations in BMPER 

Mutations in BMPER have been shown to cause a range of pathologies which have 

been characterised as two diseases: DSD (Ben-Neriah et al., 2011; Funari et al., 

2010; Kuchinskaya et al., 2016; Legare et al., 2017; Scottoline et al., 2012; Zong et 

al., 2015) and ISD (Almasri et al., 2017; Kuchinskaya et al., 2016). Of the mutations 

recorded for DSD, most appear to be nonsense (NS) mutations (Ben-Neriah et al., 

2011; Funari et al., 2010; Tasian et al., 2012; Vatanavicharn et al., 2007) while one 

results in a missense mutation which coincides with the ‘GDPH’ cleavage motif of 

BMPER (Ben-Neriah et al., 2011). For ISD, the mutations are both nonsense and 

missense mutations and are equally distributed over the length of BMPER 

(Kuchinskaya et al., 2016; Zong et al., 2015). 
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Figure 1.9 – Disease Causing Mutations of BMPER 

Documented mutations involved in DSD and ISD with their locations mapped onto BMPER 

where the in silico predictions were carried out using SIFT (http://sift-dna.org), AlignGVGD 

(http://agvgd.iarc.fr/ and MutationTaster (http://www.mutationtaster.org/). The schematic 

shows the locations of the mutations with DSD on the top and ISD on the bottom. The black 

numbers are truncating mutations and the blue are missense mutations. This table and 

image was adapted from Kuchinskaya et al (Kuchinskaya et al., 2016). 

 

Both DSD and ISD are rare, distinct skeletal dysplasias despite their similarities as 

shown in Table 1. Although DSD was not identified until 2005 (Gonzales et al., 2005), 

several cases reported earlier describe this disorder (Nisbet et al., 1999; Prefumo et 

al., 2003). Whilst in the majority of cases DSD is lethal, one patient survived to nine 

years of age (Legare et al., 2017). Although the patient is the longest lived of DSD 

sufferers, they display all of the symptoms recorded in Table 1, and required 

ventilation for the first 4.5 years of life although now only requires ventilation at night 

(Legare et al., 2017). 

http://agvgd.iarc.fr/
http://www.mutationtaster.org/).%20The
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Table 1 – Phenotypes of DSD and ISD 

The table was adapted from Legare et al (Legare et al., 2017). 

 

Although there are several clinical reports on the state of DSD and ISD, to date there 

have been no biochemical studies to determine the cause of the phenotypes. 
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 Small-Angle X-ray Scattering 

The use of X-rays in the study of materials dates back to the Bragg formulation of X-

ray diffraction, where it was observed that crystalline solids have a predictable 

diffraction pattern (Equation 1-1) (Bragg and Bragg, 1913). From this formula a whole 

field of X-ray studies has evolved. 

 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

Equation 1-1 – Bragg’s Law 

Where 𝑛 is a positive integer, 𝜆 is the wavelength of the incident wave, 𝑑 is the distance 

between atomic layers and 𝜃 is the angle of incidence. 

 

1.4.1 History of Small-Angle X-ray Scattering 

Small-angle X-ray scattering (SAXS) was a concept developed by André Guinier 

(Guinier, 1939). Guinier made use of monochromatic X-ray radiation scattering to 

discern the size of Al-Cu grains, from which the Guinier Approximation was derived 

(section 1.5.2). This formula holds true for both X-ray and neutron scattering (SANS). 

 

The work completed by Guinier, utilising X-ray scattering, led to the use of SAXS to 

study a variety of materials. Kratky, best known for his work in polymer physics and 

the study of worm-like chains (Kratky and Porod, 1949b), developed the Kratky plot 

to observe the flexibility of systems (section 1.5.4). Porod used SAXS to describe the 

dense arrangements of colloids, micelles and fibres (Kratky and Porod, 1949a). 

Porod’s law describes how the signal of a SAXS curve decays at a rate of 𝑞−4 at high 

angles of scatter. Porod’s law was later derived by Peter Debye (Debye et al., 1957) 

and their findings have been used to calculate the volumes of particles obeying these 

laws (Rambo and Tainer, 2011). 

 

Glatter represented reciprocal space scattering in real space by way of an Indirect 

Fourier Transform (IFT) (Glatter, 1977a, b). With real space or pair distance 

distribution functions (PDDF), or 𝑃(𝑟), it was possible to achieve greater 

understanding of studies samples (section 1.5.3).  
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With the advances in the field as a whole, a more targeted development was occurring 

in the field of biological SAXS (BioSAXS) by Svergun. The reconstruction of biological 

sample shapes from SAXS curves was introduced with a suite of programs known as 

ATSAS (Konarev et al., 2006). Further developments have allowed the utilisation of 

atomic structures of proteins to generate accurate quasi-atomic protein models from 

SAXS data (Franke et al., 2017; Petoukhov et al., 2012; Petoukhov et al., 2007).   

 

Along with software advances there have been advances in data collection hardware, 

moving from in-house X-ray sources to 3rd generation synchrotrons, capable of high 

flux (photons per second) and high data collection from complementary metal-oxide-

semiconductor (CMOS) detectors, with high signal to noise efficiency. Furthermore, 

the ability to produce high levels of protein by recombinant methods rather than from 

source organisms has also allowed researchers to improve their SAXS studies. 

 

 Principles of SAXS 

1.5.1 X-ray Scattering 

Unlike X-ray crystallography, SAXS is inherently a contrast based method, where the 

signal is derived from the difference in the contrast of the average electron density 

(∆𝜌(𝒓)) of the solute (𝜌(𝑟)) (0.44 e-/Å3) and of the bulk solvent (𝜌(𝑠)) (0.33 e-/Å3) as 

shown in Equation 1-2. 

 

∆𝜌(𝒓) = 𝜌(𝑟) − 𝜌(𝑠)  

Equation 1-2 – SAXS Contrast Differences 

Where ∆𝜌(𝒓) is the difference in the average electron density, 𝜌(𝑟) is the electron density 

of the protein in solution and 𝜌(𝑠) is the electron density of the bulk solvent. 

 

SAXS relies on the elastic scattering of photons, that is, the kinetic energy of a particle 

is retained after interacting with a material, but the direction of the photon is modified. 

In this case the direction is the angle of scatter and can described by Equation 1-3, 

where the values denoting the momentum transfer vector are: 𝑞 = 𝑠 = ℎ = 𝑘 = 𝑄, and 

can be used interchangeably, although 𝑞 and 𝑠 are most often used in BioSAXS.  
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𝑞 =
4𝜋

𝜆
. sin(𝜃) 

Equation 1-3 – Momentum Transfer Equation 

Where 𝑞 is the momentum transfer, 2𝜃 is the angle between the incident and scattered X-

rays, and 𝜆 is the wavelength of light. 

 

Whilst 𝑞 is represented by Equation 1-3, the scattering intensity (𝐼(𝑞)) can also be 

represented as a product of the structure factor (𝑆(𝑞)) and the form factor (𝐹(𝑞)) as 

shown in Equation 1-4. The form factor is described as the scattering contribution of 

an isolated molecule, and is used to measure internal distances. The form factor 

provides characteristic scattering curves for the shape of the molecule. The structure 

factor is the contribution in densely packed systems where the intermolecular 

distances come within the same magnitude as those of the intramolecular distances 

and so the interference patterns of the neighbour contribute to the overall scattering.  

 

𝐼(𝑞) = 𝐹(𝑞). 𝑆(𝑞) 

Equation 1-4 – Scattering Intensity as a Product of the Form and Structure Factor 

Where 𝐼(𝑞) is the scattering intensity, 𝐹(𝑞) is the form factor and 𝑆(𝑞) is the structure factor.  

 

Most SAXS studies measure only the form factor of proteins, and wish to reduce 

contributions from the structure factor. Under these conditions the structure factor has 

a value of 1. In a concentrated solution, where proteins become aggregated, the 

structure factor has a value greater than 1, and so the low 𝑞 regions have an 

increased scattering contribution (Figure 1.10-A). In studies where there is active 

repulsion of molecules within the solution, the value of the structure factor decreases 

below 1 and there is a decreased scattering contribution at low 𝑞 (Figure 1.10-B, C).  
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Figure 1.10 – Depiction of Form and Structure Factors 

Schematic diagram of the form factor contributions from a single particle (A) and the 

structure factor contributions from multiple molecules at intermolecular distances in the 

same magnitude as the intramolecular distances, i.e., less that the 𝐷𝑚𝑎𝑥 (B). The structure 

is generated from PDB 3BK3 (Zhang et al., 2008). C) A scattering curve (red) shown with 

the form factor (green) and structure factor contributions (blue). 

 

The resolution of SAXS is lower than other structural techniques in the range of 10 – 

30 Å. At high 𝑞𝑚𝑎𝑥values the random tumbling effect of protein in solution means that 

the scattering of all proteins begin to converge (Figure 1.11) (Svergun et al., 2001). 

This prevents the technique from being used for high resolution studies. As shown in 

Equation 1-5, the highest resolution achievable is inversely proportional to the 𝑞𝑚𝑎𝑥. 

Similarly the largest possible distance measured by SAXS is inversely proportional to 

the 𝑞𝑚𝑖𝑛 and thus the maximum dimension of the protein (𝐷𝑚𝑎𝑥) must be smaller than 

this.  
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Figure 1.11 – Resolution Limit of SAXS 

The scattering pattern of multiple protein structures showing a convergence at very high 𝑞 

(Svergun et al., 2001). The scattering profile shows descriptors of what value of 𝑞 are 

required to see the overall shape, the protein folds and the secondary structure of the 

protein. The resolution shown across the top of the curve is calculated using Equation 1-5. 

 

𝐷𝑚𝑖𝑛 =
𝜋

𝑞𝑚𝑎𝑥
 

Equation 1-5 – Arbitrary Resolution Calculation 

Where 𝑞𝑚𝑎𝑥 is the highest scattering angle recorded and 𝐷𝑚𝑖𝑛 is the corresponding smallest 

distance that can be measured at that angle, and can thus be assumed to be resolution. 

 

SAXS is a differential technique where the scattering pattern of the bulk solvent is 

subtracted from the scattering of the protein sample in buffer to provide a SAXS profile 

of the protein (Figure 1.12-A). This requires the collection of a protein sample in 

solution and subtraction of the corresponding buffer (Figure 1.12-B).  
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Figure 1.12 – SAXS Collection and Subtraction 

A) Sample collection of protein samples in the top tube, and corresponding buffer in the 

lower tube, with a mock intensity on a detector. PDB structure in the top tube is from PDB 

ID 3BK3 (Zhang et al., 2008). B) Corresponding protein (blue) and buffer (green) intensity 

curves, taken from Tunnicliffe et al. (Tunnicliffe et al., 2017) from Section 6.3. C) An 

example of a real IFT with scattering data shown as blue circles and the red line showing 

the IFT of the PDDF on the right. Data were taken from (Tunnicliffe et al., 2017) 

 

1.5.2 Guinier Approximation 

While the shape of the scattering curve may provide us with some information 

regarding the overall shape of the molecule, Guinier derived an approximation to 

assign  the radius of gyration through the Guinier Approximation (GA) (Equation 1-6).  

 

𝐼(𝑞) = 𝐼(0)𝑒−
𝑞2.𝑅𝑔

2

3  

Equation 1-6 – Guinier Approximation 

Where 𝐼(𝑞) is the scattering intensity, 𝑞 is the angle of scatter, 𝐼(0) is the scattering intensity 

when 𝑞 = 0 and 𝑅𝑔 is the radius of gyration. 

 

The GA provides a simultaneous determination of the radius of gyration (𝑅𝑔) and the 

𝐼(𝑞) at a zero angle of scatter (𝐼(0)) through extrapolating the scattering curve by 

conversion to a straight line (Equation 1-7). 
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𝐼(𝑞) = 𝐼(0)𝑒−
𝑞2. 𝑅𝑔

2

3                          (1) 

𝑙𝑛𝐼(𝑞) = 𝑙𝑛𝐼(0) −
𝑅𝑔
2

3
. 𝑞2                (2) 

𝑦 = 𝑐 +𝑚. 𝑥                                  (3) 

 

Equation 1-7 – Guinier Derivation 

Where (1) is the Guinier Approximation, (2) represents taking the natural logarithm of the 

Guinier Approximation and (3) represents a straight line, where −
𝑅𝑔
2

3
 is the gradient of the 

line and the 𝑅𝑔 can be calculated. 

 

The 𝑅𝑔 is defined as the distribution of mass around a particle’s centre of inertia and 

is independent of the particle. It is particularly useful when comparing conformational 

changes of proteins. The 𝐼(0) is directly proportional to the particle volume. The 

Guinier Approximation has been shown to be valid for 𝑞 values of 𝑅𝑔 ≤ 1.3 (Feigin 

and Svergun, 1987) due to 20 – 30% deviations from the line, and when 𝑅𝑔 ≤ 2 the 

GA breaks down entirely (Feigin and Svergun, 1987). 

 

A further iteration of the GA has been developed; the Guinier Peak Analysis (GPA) 

provides an easy method of estimating parameter errors from problematic low 𝑞 

scattering (Putnam, 2016). Although this method has not been popularised, it could 

be well suited for beamline pipelines. 

 

1.5.3 Pair Distance Distribution Function 

Another useful parameter from the scattering curve is the intramolecular distances of 

a molecule, as represented by the gamma function (𝛾(𝑟)). The gamma function is not 

often used to represent data, but the PDDF Equation 1-8. 

 

 

𝑃(𝑟) = 𝑟2 . 𝛾(𝑟) 

Equation 1-8 – Pair Distance Distribution Function from Gamma Function 

Where 𝑃(𝑟) is the PDDF, 𝑟2 is the distance squared, and 𝛾(𝑟) is the probability of finding 

the given distance within the particle. 
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The PDDF describes the probability of distances occurring between atoms within a 

protein molecule. As mentioned in Section 1.4.1, Glatter presented a new method of 

determining the PDDF by way of IFT (Glatter, 1977a, b) as presented in Equation 1-9. 

Although the PDDF is not easily calculated from the 𝐼(𝑞), as it is not possible to collect 

scattering data to infinite angles, it is possible to accurately reconstruct a scattering 

curve from the PDDF by integrating between the 0 and the 𝐷𝑚𝑎𝑥 (Equation 1-9).  

 

𝑝(𝑟) =
𝑟2

2𝜋2
∫

𝐼(𝑞).sin(𝑞.𝑟)

𝑞.𝑟
𝑑𝑞

∞

0
              (1) 

 

𝐼(𝑞) = 4𝜋 ∫ 𝑃(𝑟).
sin(𝑞.𝑟)

𝑞.𝑟
𝑑𝑟

𝐷𝑚𝑎𝑥

0
       (2) 

 

Equation 1-9 – Indirect Fourier Transform 

Where 𝑃(𝑟) is the pair distance distribution function (PDDF), 𝑟2 is the distance squared, 𝑞 

is the scattering angle, 𝐼(𝑞) is the scattering intensity and 𝐷𝑚𝑎𝑥 is the maximum dimension 

of electron density within the molecule. 

 

Experimentally the correct PDDF is determined by estimating the PDDF and 

completing an IFT to obtain the scattering curve. This scattering curve is then 

compared to the scattering data, and the most representative scatter curve is 

selected. An amendment to this rule is that the shape of the PDDF can take many 

forms (Figure 1.13-A), but must connect to the domain axis with a smooth curve. 
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Figure 1.13 – PDDF of Model Systems 

Various model shapes were constructed with beads and the scattering patterns of these 

models are shown. Pair distance distribution functions (PDDFs) as calculated from bead 

models, producing indicative scattering curves of model systems using Indirect Fourier 

Transforms (IFT). Taken from Mertens and Svergun (Mertens and Svergun, 2010). B). 

 

From the PDDF it is possible to calculate the 𝑅𝑔 in real space. This has advantages 

over the GA as the 𝑅𝑔 is calculated from the entire scattering curve and so is much 

less sensitive to any problematic data collection in the Guinier region, at low 𝑞. This 

is also particularly useful for larger molecules that would have smaller Guinier regions.  

 

𝑅𝑔
2 =

∫ 𝑟2𝑝(𝑟)𝑑𝑟
𝐷𝑚𝑎𝑥

0

2∫ 𝑝(𝑟)𝑑𝑟
𝐷𝑚𝑎𝑥

0

 

Equation 1-10 – Real Space Radius of Gyration 

Where 𝑅𝑔 is the radius of gyration, 𝑟2 is the distance squared, 𝑃(𝑟) is the pair distance 

distribution function (PDDF) and 𝐷𝑚𝑎𝑥 is the maximal dimension of electron density. 

 

1.5.4 Determining Flexibility 

The implementation of the Kratky Plot for use in polymer systems, as outlined by 

Kratky and Porod (Kratky and Porod, 1949b), has had a huge implication in 

determining the folded state and flexibility of proteins (Figure 1.14-A). The Kratky Plot 
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is not specifically useful for the comparison of proteins of different sizes, and so the 

dimensionless Kratky Plot was used (Durand et al., 2010; Receveur-Brechot and 

Durand, 2012). The dimensionless Kratky Plot allows for the scaling of protein size 

as it takes into account the 𝐼(0) and the 𝑅𝑔 of proteins (Figure 1.14-B). The crosshair 

shown in Figure 1.14-B demonstrates a perfect sphere and is derived in Equation 9-1. 

 

 

Figure 1.14 – Protein Flexibility 

A) Kratky Plot showing unfolded (red), partially unfolded (grey) and folded proteins (black), 

as taken from (Rambo and Tainer, 2011). B) Dimensionless Kratky Plot showing possible 

conformational outcomes for a well folded protein: xylanase (cyan), for larger asymmetric 

molecules P4-P6 RNA domain (orange) and SAM-1 riboswitch (purple), an intrinsically 

disordered protein: RAD51-AP1 (magenta), and an intrinsically disordered protein attached 

to a globular protein: RAD51-AP1 fused to maltose binding protein (blue), as taken from 

www.bioisis.net. C) Determination of the flexibility of Mre11-Rad50 complex in the presence 

(black) and absence (red) of ATP from Rambo and Tainer (Rambo and Tainer, 2011). Ci) 

The scattering profiles of each are shown, with an inset showing the Kratky Plot which does 

not accurately represent the flexibility of the protein with and without ATP. Cii) Porod-Debye 

Plot showing the plateau of the Mre11-Rad50 complex in the presence of ATP (black) and 

𝑞3Plot of the Mre11-Rad50 complex in the absence of ATP (red) with a clearer depiction of 

flexibility. 

 

Although both Kratky Plots have the ability to show the change in flexibility it is not 

very sensitive and not applicable in all circumstances (Figure 1.14-Ci). Rambo and 

Tainer (Rambo and Tainer, 2011) devised the 𝑞3 plot which can be used in 

conjunction with the Porod-Debye (𝑞4) plot to determine the degree of flexibility semi-

http://www.bioisis.net/
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qualitatively by examining the point where the scatter plateaus (Figure 1.14-Cii). For 

compact proteins, 𝐼(𝑞) will decay as 𝑞−4, whereas the scattering intensity of a flexible 

Gaussian chain will decay as 𝑞−2or slower (Bernado and Svergun, 2012), the 𝑞3 plot 

makes use of the middle ground and is used to identify semi-flexible proteins. 

 

1.5.5 Molecular Mass Determination 

SAXS has been used in a variety of ways to determine the molecular mass of proteins. 

The most common way at a beamline has been to calibrate the beam with a standard, 

predominantly bovine serum albumin (BSA), and use this to approximate the mass of 

the sample. Additionally the Porod Volume of the sample can be calculated from the 

measured scattering curve (Glatter and Kratky, 1982). As a rule of thumb the volume 

is approximated to the molecular mass by dividing the volume of the protein by 1.6. 

 

A more robust method of calculation was determined by Rambo and Tainer  using 

the volume of correlation (𝑉𝑐) (Rambo and Tainer, 2013). The 𝑉𝑐 is defined as the ratio 

of the 𝐼(0) to the 𝐼(𝑞) of a molecule (Equation 1-11-1) (Rambo and Tainer, 2013). As 

such this is very sensitive to conformational changes and can also be used in the 

dimensionless Kratky Plot replacing 𝑅𝑔.  

 

𝑉𝑐 =
𝐼(0)

∫ 𝑞.𝐼(𝑞)𝑑𝑞
                           (1) 

𝑄𝑅 = (
𝑉𝑐
2

𝑅𝑔
)                              (2) 

𝑚𝑎𝑠𝑠 = (
𝑄𝑅

𝑒𝑐
)

1

𝑘
                        (3) 

ln(𝑄𝑅) = 𝑘. ln(𝑚𝑎𝑠𝑠) + 𝑐       (4)  

Equation 1-11 – Volume of Correlation in Molecular Mass Estimation 

Where 𝑉𝑐 is the volume of correlation, 𝐼(0) is the scattering intensity, 𝐼(𝑞) is the scattering 

intensity, 𝑞 is the angle of scatter, 𝑅𝑔 is the radius of gyration and 𝑘 and 𝑐 are determined 

empirically. 

 

Using the ratio QR of 𝑅𝑔and 𝑉𝑐 (Equation 1-11-2) it is possible to determine the mass 

of the protein though the transformation of Equation 1-11-3 to Equation 1-11-4, which 

utilises the power law to calculate the mass (Figure 1.15).  
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Figure 1.15 – Volume of Correlation Mass Estimates of Protein, DNA and RNA 

The estimation of the mass of protein (A) and DNA and RNA (B) is shown for proteins 

spanning several magnitudes of size. The scattering of DNA and RNA is different to that of 

protein and so the values of 𝑘 and 𝑐 differ slightly in Equation 1-11-3. This figure is take 

from Rambo and Tainer (Rambo and Tainer, 2013). 

 

 Collecting SAXS Data 

Modern SAXS data studies are conducted at synchrotrons as synchrotron radiation 

has the advantage of being higher energy meaning that experiments can be 

conducted with a higher signal to noise ratio at a faster speed. Synchrotrons operate 

at high energies and allow users to utilise X-rays at end stations of beamlines. 

Typically there are two types of beamlines for BioSAXS collections and are 

characterised by the way in which X-rays are produced: undulator beamlines (e.g. 

P12 (DESY, Germany)) (Blanchet et al., 2015) and bending magnet beamlines (e.g. 

B21 (Diamond Light Source, UK)), where undulator beamlines produce higher flux.  

 

 SAXS Modelling 

Determination of the qualitative SAXS parameters provides limited information but in 

most cases a model of the protein is often useful. This area has been mostly 

dominated by the Svergun group at EMBL, Hamburg through the development of the 

ATSAS package (Franke et al., 2017; Konarev et al., 2006; Petoukhov et al., 2012; 

Petoukhov et al., 2007). Through software refinements, introduction of new 

algorithms and more powerful hardware, this package contains modelling software 

for all types of data. 
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1.7.1 Bead Modelling 

Bead modelling, or dummy atom modelling (DAM), was the first implementation of 

SAXS modelling that provided a more accurate shape of the protein. DAMMIN 

(Svergun, 1999) and DAMMIF (Franke and Svergun, 2009) are an example of 

iteration and advancement in the algorithms that allowed a bead model to be 

reconstructed from 1D SAXS curve. Both programs use the Monte Carlo simulated 

annealing method but implemented it in very different ways. Where DAMMIN started 

with a sphere of beads with a radius of half the 𝐷𝑚𝑎𝑥, DAMMIF is able to break this 

constraint and has an unlimited search volume (Franke and Svergun, 2009). Another 

difference in the bead modelling is in the selection of beads. DAMMIN begins with a 

mixture of beads denoted as solvent and as sample, where DAMMIF used an 

approach of sample but then the solvent has three different phases: a solvent, a 

possible solvent and a search volume, where the possible solvent can easily change 

between a sample and solvent. Finally, the DAMMIF beads are all linked, and not 

independent like the DAMMIN beads. This has the added advantage of moving beads 

with fewer penalties (Franke and Svergun, 2009). A further modelling method from 

the ATSAS suite, which can arguably obtain higher resolution models is GASBOR 

(Svergun et al., 2001). This method uses simulated annealing, and takes advantage 

of the fact that at a certain 𝑞 range (~ 5 Å resolution), all residues are 

indistinguishable. GASBOR uses the number of dummy residues is equal to the 

number of residues of the protein; the down side to the constrained dummy residue 

number is that this process cannot be used to model proteins with post translational 

modifications. 

 

1.7.2 Bead Model Averaging 

When 10 – 20 bead models have been generated they are compared using the 

DAMAVER suite from within ATSAS (Volkov and Svergun, 2003). The DAMAVER 

suite (Volkov and Svergun, 2003) processes the DAMs, in order to average and filter 

the models, resulting in a final model. Within the DAMAVER suite are five individual 

programs: DAMSEL, DAMSUP, DAMAVER, DAMFILT and DAMSTART. DAMSEL 

compares each of the DAMs using a program SUPCOMB (Kozin and Svergun, 2001). 

SUPCOMB selects the most probable model and calculates the outliers, returning the 

normalised spatial discrepancy (NSD) as a metric for selecting DAMs that will 

contribute to the final model. Values of the NSD are determined by principle axis 
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alignment by aligning the x-, y- and z-axis, followed by a local grid search. DAMSEL 

uses the mean and standard deviation of the NSD to remove any DAMs with an NSD 

greater than two standard deviations over the mean. DAMSUP then reads the models 

selected by DAMSEL and aligns each DAM with the reference, considered the most 

probable representation of the final DAM. DAMAVER then takes the aligned models 

and averages them. The method of completing an average DAM uses a frequency 

probability map which is calculated for use with DAMFILT. DAMFILT then filters the 

bead model from DAMAVER given a specific cut-off volume. With the cut-off volume 

and the frequency map, low probability beads and beads with high loose-ness are 

removed from the final model. In most cases this is considered the final model. 

DAMSTART is the final program within the DAMAVER suite and works in a similar 

manner to DAMFILT, by producing a DAM with beads at a higher specified volume. 

DAMSTART models are generated from a small number of DAMMIN models 

generated in fast mode to enable an input search model for DAMMIN (Svergun, 1999) 

as an initial constraint for faster DAM generation. DAMMIF has been optimised for 

accuracy and speed so that this method is rarely used. SASRES is a new 

interpretation of model variance that has been used to calculate the resolution for 

SAXS models in a similar fashion to electron microscopy (EM) with a Fourier shell 

correlation (FSC). Resolution determined this way used a FSC cut-off at 0.5 

(Tuukkanen et al., 2016). 

 

Bead models can be generated from either SAXS or SANS models with very similar 

results of the same protein (Figure 1.16-A) (Baldock et al., 2011). This method has 

also been shown to correlate well with negative stain electron microscopy (Figure 

1.16-B) (Troilo et al., 2014) and thus a strong corroborative technique. 
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Figure 1.16 – Bead Modelling Accuracy 

Reconstruction of SAXS (Ai) and SANS (Aii) profiles collected on tropoelastin, generated 

by dummy atom modelling using GASBOR (Baldock et al., 2011). Comparison of a 3D 

reconstruction of chordin from particles identified by negative stain microscopy (Bi) with a 

DAMMIN bead model (Bii) generated from SAXS data collected on chordin (Troilo et al., 

2014). 

 

1.7.3 Atomistic Modelling 

SAXS is very useful as part of a combinatorial technique with other structural 

methods. Where crystallographers would have just used SAXS to validate X-ray 

structures by comparing the scattering intensity to the calculated intensity of the 

crystal structure (Grudinin et al., 2017; Putnam et al., 2013; Schneidman-Duhovny et 

al., 2013; Svergun et al., 1995), SAXS data can be used to construct more complex 

biological systems that may previously not have been possible. Using high resolution 

structures of domains it is possible to obtain SAXS information of the entire molecule, 

and use a variety of molecular dynamic methods to determine how those domains 

together fit the SAXS curve. This has been implemented in a number of ways, taking 

into account flexible systems using an ensemble of models to reconstruct a selection 

of contributing models (Schneidman-Duhovny et al., 2016; Tria et al., 2015), multi-

domain modelling of proteins and complex interactions (Pelikan et al., 2009; Perkins 

et al., 2016; Petoukhov et al., 2012; Petoukhov and Svergun, 2005; Schneidman-

Duhovny et al., 2016). 
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Figure 1.17 – Atomistic Modelling of Proteins 

Modelling of a single F1 ATPase using a DIMFOM, a precursor to BUNCH, and shows 

accurate modelling of the structure, shown by the line through the scattering pattern, with 

low residual divergence, shown below the scattering graph (A) (Petoukhov and Svergun, 

2005). Ensemble modelling shown using BILBOMD (B) where a single ‘best model’ of 

extracellular adherence protein (EAP), shown by the red protein, does not accurately 

represent the scatter curve, shown as the red line, with a high divergence at higher 𝑞 in the 

residual plot. An ensemble built form five conformers, shown by blue models and 

represented by the green line on the graph fits the scattering much better, with lower 

residual plot divergence (Pelikan et al., 2009).   

 

1.7.4 Combined Techniques  

As mentioned above it is possible to combine and compare SAXS with negative-stain 

EM (Troilo et al., 2014), and with X-ray crystallography through model validation 

(Grudinin et al., 2017; Putnam et al., 2013; Schneidman-Duhovny et al., 2013; 

Svergun et al., 1995) and through modelling of domains and complexes (Guttman et 

al., 2013; Petoukhov et al., 2012; Petoukhov and Svergun, 2005; Schneidman-
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Duhovny et al., 2010; Schneidman-Duhovny et al., 2016). In addition to those 

methods mentioned above, SAXS has been used in conjunction with nuclear 

magnetic resonance (NMR) spectroscopy to facilitate a comprehensive 

characterisation of biological molecules in solution.  

 

Additional solution based biophysical techniques, including multi-angle light 

scattering (MALS) and analytical ultracentrifugation (AUC) can be used to assess the 

validity of SAXS models by determining their hydrodynamic parameters. One such 

example is the use of SOlution MOdeller (SOMO) (Brookes et al., 2010a; Brookes et 

al., 2010b). This program is able to calculate the hydrodynamic radius (𝑅𝐻) and the 

frictional ratio (
𝑓
𝑓0
⁄ ) from DAMs to be compared to experimental AUC data.  

 

 Future of SAXS 

Future advances in SAXS include advances in detectors collecting data with an 

increase in the signal to noise ratio (Dectris, 2017), upgrades to beamlines improving 

the flux (Blanchet et al., 2015) and improving on sample environments. The way in 

which these advances will improve data collecting capacities will vary on beamlines. 

The higher flux may be used for higher throughput of samples collected using robots, 

where it may conversely be used in collecting data at much lower concentrations from 

difficult to express proteins after experiencing dilution on SEC-SAXS. Furthermore, 

conformational changes over time may be detected using a higher flux and a faster, 

more sensitive detector. 

 

Although not strictly SAXS, it would be remiss of me not to mention the possible 

applications of high energy X-rays generated by X-ray free-electron lasers (XFEL) 

and the possibility of observing individual molecules (Donatelli et al., 2017; 

Fratalocchi and Ruocco, 2011). In this case fluctuating X-ray scattering would use X-

ray pulses in order to collect data of randomly oriented molecules in times shorter 

than the tumbling time of the molecules (Donatelli et al., 2015). This snapshot of 

protein molecules would be akin to the way in which cryo-EM images are observed. 

The reconstruction of the molecular shape from this data would pose a challenge, 

although the deconvolution of the data through a flexible iterative method by Donatelli 

et al would allow rapid determination of the molecular structure (Donatelli et al., 2015). 
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 Aims 

The work here is carried out as part of a joint student-ship between the University of 

Manchester and Diamond Light Source, the aims of this project were designed to 

reflect this. Across both sites, the structural and functional properties of matrix 

regulators associated with BMP signalling were studied. Protein production, 

purification and biophysical characterisation were mainly carried out at the University 

of Manchester. At Diamond Light Source, the main focus was on the implementation 

of new hardware on beamline B21.  

 

Currently little is known about the structure of BMPER other than the first domain. 

Here I intend to use SAXS, EM and a number of biophysical techniques to structurally 

characterise BMPER to provide an insight into the relationship of structure and 

function. The binding of BMPER with Tsg, another BMP regulator was to be further 

investigated as there is conflict in the literature as to whether BMPER and Tsg directly 

interact. A mutation in the BMPER cleavage site (P370L) has been linked to the 

disease DSD. Currently, only clinical studies have been published on this mutation 

and a biochemical study into this mutation will allow us to determine whether the 

protein is secreted, if the mutation effects cleavage and BMP signalling. Therefore, 

adopting a multifaceted approach the biological study will have the following 

objectives: 

 

1. Recombinant production of BMPER constructs in a mammalian expression 

system in order to produce enough protein for structural and biochemical 

studies. 

 

2. To complete hydrodynamic and structural analyses on BMPER constructs to 

investigate their structure. 

 

3. Determine the binding capacity of human BMPER for Tsg and subsequently 

investigate their effect on BMP signalling as assessed by inhibition of alkaline 

phosphatase production. 

 

4. Generate and conduct the first biochemical studies on the BMPER-P370L 

mutation, responsible for the disease DSD. 
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Beamline B21 is a relatively new installation of a high throughput solution state 

BioSAXS beamline at Diamond Light Source, where commissioning must be 

completed on the beamline and periphery equipment used in experimental setups 

and so in order to help with the optimisation of the beamlines experimental setup, the 

aims reflect this. The aims of the Diamond Light Source bound project are to: 

 

1. Aid in the implementation and optimisation of HPLC-SAXS at the beamline 

 

2. Use 3D printing to make prototype sample cells for testing new window 

materials, and for implementation of HPLC-SAXS stop flow systems. 

 

3. Apply BioSAXS data collection and analysis to address key biological 

questions. 
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2 Materials and Methods 

 Bacterial Strains 

XL10-Gold Ultracompetent cells and XL1-Blue Competent cells (Agilent). 

 

 Mammalian Cell Lines 

HEK (human embryonic kidney) 293 cells containing the Epstein-barr virus nuclear 

antigen-1 (EBNA) and the SV40 large T antigen (T) cells were available in the lab, 

and were used for all mammalian cell culture. 

 

 Vectors 

The vectors used were the pCEP-Pu/Ac7, a derivative of pCEP4 vector (Kohfeldt et 

al., 1997); the pCEP4 vector was adapted to be puromycin resistant and have a BM40 

signal peptide for increased protein expression. A variant of the pCDH vector 

designed by Dr Michael Leverentz (University of Manchester); the pCDH vector was 

modified to add a His6 tag and a V5 tag before the T2A peptide and the turbo green 

fluorescent protein (GFP). T2A is a ‘self-cleaving’ peptide of the Foot-and-Mouth 

Disease Virus (FMDV) allowing for turbo GFP to be expressed but not fused to the 

gene of interest (Radcliffe and Mitrophanous, 2004). The pHLsec vector was also 

used (Aricescu et al., 2006); the pHLsec vector contains a γ-secretase signal peptide 

and a β-actin promoter and is designed as a transient transfection expression vector. 

Vector maps can be found in Appendix C. 

 

 Molecular Biology Methods 

2.4.1 Construct Generation 

The full length human BMPER construct was generated by GeneArt gene synthesis 

(Thermo Fischer) based on accession number NM_133468.4. The additional BMPER 

constructs derived from this were generated by PCR. A summary of the primers used 

to generate constructs through PCR (2.4.2) for recombinant protein expression can 

be found in Table 2-1. Additional pHLsec primers can be found in Appendix B. 
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Table 2-1 – Table of Primers for PCR Amplification 

Table showing the primers designed for each construct and their corresponding vector and 

quick change mutagenesis primers. Black text denotes the overlap of the primer with the 

gene of interest, text underlined in red denotes the endonuclease recognition sequence, 

bold blue text denotes the In-Fusion overlapping regions with the desired vector and green 

underlining denotes the region of mutation in the mutagenesis primers. 

 

 

2.4.2 Polymerase Chain Reaction (PCR) Methods 

PCR reactions were carried out using Kapa HiFi HotStart ReadyMix PCR Kit (Kapa 

Biosystems) or Phusion Flash High-Fidelity PCR Master Mix (Thermo Fischer) for 

amplification and quick-change mutagenesis as both kits and methods followed the 

same principles. For the Kapa kit the manufacturer’s instructions were followed, 

where the Oxford Protein Production Facility (OPPF) protocol was followed for the 

Phusion Flash reaction mixture. Below, the respective composition (Table 2-2) and 

amplification protocols (Table 2-3) for each polymerase kit is shown.  

 



63 
 

 

Table 2-2. Table of PCR Composition. 

A table showing the composition of PCR reaction mixtures for each of Kapa HiFi HotStart 

ReadyMix PCR Kit and Phusion Flash High-Fidelity PCR Master Mix reaction mixes.  

 

 

Table 2-3. Table of PCR Steps. 

A table showing the temperature, duration and number of cycles for each step of the 

reaction for both the KAPA HiFi HotStart ReadyMix PCR Kit and the Phusion Flash High-

Fidelity PCR Master Mix. 

 

2.4.3 Agarose Gel Electrophoresis 

1 %(v/w) agarose gels were prepared to separate DNA by size for comparison to a 

DNA standard ladder by adding agarose (Bioline) to TAE buffer (40 mM Tris (pH 7.6), 

20 mM acetic acid and 1 mM EDTA) at 1% (w/v). This was heated for 60 seconds 

then cooled on ice for 5 minutes before adding SafeView (NBS Biologicals) DNA Gel 

Stain in a 1:10,000 dilution. The gel was cast with an appropriate toothed comb to 

make wells, and allowed to set. Once set, the gel was immersed in TAE buffer. 

Samples were prepared by adding Purple Gel Loading Dye (6X) (New England 

BioLabs) to the desired amount of DNA and loading into the wells of the gel with one 

lane reserved for HyperLadder 1kb (Bioline) as a DNA molecular weight marker. Gels 

were electrophoresed for 30 minutes at 100 V and imaged using a Dark Reader 

transilluminator (Clare Chemical Research) to avoid DNA crosslinking. 
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2.4.4 Purification of DNA 

2.4.4.1 PCR Clean Up 

DNA from a PCR reaction was treated with endonuclease DpnI (New England 

Biolabs) for one hour in a 50 µL reaction at 37 °C. The entire reaction volume was 

used in the PCR clean up. DNA purification was completed with either the QIAquick 

PCR Purification Kit (Qiagen) or the NucleoSpin Plasmid Kit (Macherey-Nagel), and 

following the protocol outlined by the manufacturer. Briefly, binding buffer was added 

to the DNA solution in a 5:1 ratio and added to a spin-column. The binding column 

and mixture was centrifuged 16,100 × 𝑔 for 60 seconds to remove the excess 

material. The bound DNA was washed with wash buffer before centrifuging for a 

further 60 seconds. DNA was eluted from the column using 30 – 50 µL of sterile water, 

which was incubated on the membrane of the column for five minutes before 

centrifuging the samples for 60 seconds. If samples were not immediately used they 

were stored at -20 °C. 

 

2.4.4.2 Agarose Gel Extraction 

Once the correct band had been identified on an agarose gel, by comparison with 

DNA standards, it was excised with a sterile scalpel and purified using either the 

QIAquick Gel Extraction Kit (Qiagen) or the NucleoSpin Plasmid Kit (Macherey-

Nagel). Briefly, two to three times the gel volume (1 g – 1 mL) of solubilisation and 

binding buffer was added to the excised gel band, and the mixture heated at 55 °C 

and mixed by vortex for 10 minutes, or until the gel was dissolved. For the Qiagen kit, 

isopropanol was added to the mixture at one gel volume. For both methods the 

mixture was added to a binding column and centrifuged at 16,100 × 𝑔 for 60 seconds. 

A washing buffer was then applied to the column before centrifugation for 60 seconds 

at 16,100 × 𝑔. A further centrifugation step was required to dry the membrane. DNA 

was eluted from the column using 30 – 50 µL of sterile water, which was incubated 

on the membrane of the column for five minutes before centrifuging the samples for 

60 seconds at 16,100 × 𝑔. If samples were not immediately used they were stored at 

-20 °C. 

 

2.4.5 Preparation of PCR Products for Ligation 

Ligation was carried out by one of two methods, either by cohesive-end ligation with 

a Quick Ligation Kit (New England Biolabs) or using the In-Fusion HD Cloning Kit 

(Takara). Cohesive-end ligation was predominantly used where possible and In-
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Fusion cloning was used when two of the same cloning sites were in the construct. 

Blunt end ligation was performed for mutagenesis in a method akin to QuikChange 

Site Directed Mutagenesis (Agilent).  Recognition sires for the restriction 

endonucleases used to digest the vector were included in the design of the primers 

and added by PCR to the constructs (Table 2-1). 

 

2.4.5.1 Cohesive-end Preparation 

PCR products were digested with the corresponding endonucleases, as per the 

manufacturer’s instructions. The resulting PCR product was purified as described in 

section 2.4.4 to produce a product with complementary base-pair overhangs.  

 

2.4.5.2 Vector Linearization 

The digestion of the vector was carried out with 3 – 5 µg of DNA, 5 µL of 10X CutSmart 

Buffer (New England Biolabs) and 2 µL of each of the desired restriction 

endonucleases. The mixture was incubated at 37 °C for one hour before purification 

by agarose gel extraction, section 2.4.4.2. 

 

2.4.6 Ligation 

2.4.6.1 Cohesive-end Ligation 

Cohesive-end ligation was completed with a Quick Ligation Kit (New England Biolabs) 

by following the manufacturer’s instructions. Briefly, 50 ng of linearised vector was 

mixed with digested purified insert in a 1:3 ratio (vector to insert) and the volume 

adjusted to 10 µL. 10 μL of 2X Quick Ligation Buffer was added to the DNA mixture 

followed by 1 μL of Quick T4 DNA Ligase and incubated at room temperature for 5 – 

10 minutes. The sample was then transformed into E. coli, see section 2.4.7, or frozen 

at -20 °C. 

 

2.4.6.2 In-Fusion Ligation 

In-Fusion ligation could be completed with a purified PCR product without further 

treatment. Linearised vector (50 µg) was mixed with PCR product in a 1:2 ratio, and 

2 µL of 5X In-Fusion HD Enzyme Mix was added and made up to 10 µL with sterile 

water. The mixture was incubated at 50 °C for 15 minutes before being placed on ice. 

The sample was then transformed into E. coli, see section 2.4.7, or frozen at -20 °C. 
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2.4.6.3 Blunt End Ligation 

As a result of a modified QuikChange Site Directed Mutagenesis, the PCR product 

would be blunt ended. The same protocol from section 2.4.6.1 was used, where a 

total of 50 µg of DNA was used. The sample was then transformed into E. coli, see 

section 2.4.7, or frozen at -20 °C. 

 

2.4.7 Transformation 

3 - 10 µL of ligation reaction was mixed with 50 µL of competent XL10-Gold 

Ultracompetent cells or XL1-Blue cells. The mixture was incubated on ice for 45 

minutes before heat shocking the mixture in a 42 °C water bath for 45 seconds.  Cells 

were immediately placed back on ice and incubated for 5 minutes. Transformations 

were mixed with 500 µL of warmed Super Optimal broth with Catabolite repression 

(SOC) medium (Thermo Fischer Scientific) and incubated at 37 °C for 1 hour. The 

mixture was centrifuged slowly, ~ 200 × 𝑔, for 1 minute to obtain a loose pellet of 

cells. 250 µL of SOC medium was removed and discarded before the cells were re-

suspended in the 250 µL remaining media. 150 µL of cells were then plated onto an 

agar plate containing either ampicillin (100 µg/mL) or kanamycin (50 µg/mL), 

depending on the resistance cassette of the vector, and incubated at 37 °C overnight. 

 

2.4.8 Overnight Cultures 

Colonies resulting from transformations were picked from agar plates using a sterile 

loop and used to inoculate a 50 mL centrifuge tube (Corning) containing 10 mL of LB 

broth, with either ampicillin (100 µg/mL) or kanamycin (50 µg/mL). The cultures were 

maintained at 37 °C overnight whilst shaking (225 rpm).  

 

2.4.9 DNA Extraction by Miniprep 

Overnight cell cultures were pelleted by centrifugation at 2,260 × 𝑔 for 10 minutes 

and the supernatant removed. DNA was extracted from the pellet using QIAprep Spin 

Miniprep Kit (Qiagen). Briefly, pelleted cells were re-suspended in 250 µL of re-

suspension buffer and transferred into a 1.5 mL centrifuge tube. 250 µL of lysis buffer 

was added to the mix, gently mixed and allowed to stand for five minutes. 350 µL of 

neutralisation buffer was used to neutralise the reaction and precipitate proteins and 

chromosomal DNA. The precipitant was pelleted by centrifugation at 16,100 × 𝑔. The 

clarified buffer, containing the soluble vector DNA, was loaded onto a DNA-binding 

spin column. The spin column and mixture was centrifuged 16,100 × 𝑔 for 60 seconds 
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to remove the excess material. The bound DNA was washed with wash buffer before 

centrifuging for a further 60 seconds. DNA was eluted from the column using 30 – 50 

µL of sterile water, which was incubated on the membrane of the column for five 

minutes before centrifuging the samples for 60 seconds. If samples were not 

immediately used they were stored at -20 °C. 

 

2.4.10 Construct Validation 

2.4.10.1 PCR Verification 

PCR verification was carried out in the same manner as those mentioned in section 

2.4.2. The forward sequencing primer was used in conjunction with the reverse PCR 

primer for a PCR reaction in order amplify a fragment containing both vector and 

construct. Results were analysed by agarose gel electrophoresis (section 2.4.3). 

 

2.4.10.2 DNA Sequencing 

DNA sequencing reactions were prepared in a total volume of 10 µL with 5 µM of 

primer and up to 500 ng of DNA. Sequencing primers were selected depending on 

the vector, unless internal primers were required. Primer sequences can be found in 

Table 2-4. Sequencing samples were sent to GATC Biotech (Cologne, Germany) 

using the LIGHTrun service for sequencing. 
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Table 2-4 – Sequencing Primers for Each Vector 

Sequencing primers for each of the vectors used in expression or amplification of genes. The pCEP-

Pu/AC7 and pCDH vectors required an internal BMPER forward primer to sequence them. 

 

 Protein Expression & Purification 

2.5.1 HEK293 Cell Culture 

HEK293-EBNA and –T cells were cultured on tissue culture plastic in flasks with either 

25 or 75 cm2 surface area (Corning), and 5 or 10 mL of growth media (Dulbecco’s 

Modified Eagles Media, DMEM) supplemented with foetal bovine serum (FBS) (10% 

v/v, Gibco) and penicillin streptomycin (1% v/v, Sigma). Cells were incubated at 37 

°C and 5% CO2, until confluent. Cells were passaged by removing the growth media 

and washing the cells with 10 mL of phosphate buffered saline (PBS, Sigma). Cells 

were then detached by incubating the cells with 1 or 2 mL of trypsin-EDTA (Sigma), 

for 5 minutes at room temperature. Trypsin was inhibited by the addition of growth 

media to suspend the cells. Cells were then passaged at a 1:5 dilution for further 

growth. 

 

2.5.2 HEK293 Transfection 

A confluent T75 flask with HEK293-EBNA or –T cells was diluted to 1:40 in growth 

media. For a six well plate transfection, 1 mL of cell suspension was added to the 

plate 24 hours before transfection to achieve 80% confluency. This was scaled for 

any larger flask. In a six well plate, 5 µg of DNA was used per transfection. 

Transfections were completed as specified below. 
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2.5.2.1 Transient transfection 

DNA was diluted into 250 µL of expression media (a 1:1 mixture of DMEM and HAM’s 

F-12 nutrient mixture (Sigma) with penicillin streptomycin (1% v/v)). A 1 mg/mL 

solution of polyethylenimine (PEI) was added to the DNA in a ratio of 2:1 and 

incubated for 10 minutes before adding to cells and increasing the volume of media 

to 1 mL. The media was changed after 24 hours. Cells were then allowed to incubate 

for 48 hours before harvesting conditioned media or cell lysate. 

 

2.5.2.2 Stable transfection 

DNA was mixed with P3000 Reagent and 250 µL of serum free DMEM (Sigma) while 

Lipofectamine 3000 Reagent (Thermo Fischer Scientific) was also mixed with 250 µL 

of serum free DMEM. The mixtures were combined and allowed to mix for 10 minutes. 

This mixture was then added to the cells and allowed to incubate. After 24 hours, cells 

were passaged to a 25 cm2 flask and allowed to reach confluency. Media was 

exchanged with growth media supplemented with 2 µg/mL of puromycin (Gibco) to 

select transfected cells. Cells were selected for a period of two weeks. 

 

2.5.2.3 Lentiviral preparation and transduction 

In the case of lentivirus transfections, the pCDH vector was transfected along with 

the packaging vectors (pMD2.G and psPAX2) using PEI transfection reagent in a 

1:1.5 ratio (DNA to PEI). After 24 hours, the media was removed and replaced with 

growth media supplemented with 10 mM sodium phenyl butyrate, a histone 

deacetylase inhibitor (Sigma). After a further 4 - 8 hours the media was replaced with 

growth media and allowed to incubate for a further 24 hours.  

 

The media was removed from cells transfected with lentiviral vectors and supplanted 

onto the target cells. The cells were then incubated for 48 hours before sorting for the 

corresponding fluorescent protein encoded in the vector by fluorescence activated 

cell sorting (FACS). Cells were sorted using a FACS Aria Fusion (BD Biosciences). 

Turbo GFP (tGFP) expressing cells were sorted using an excitation wavelength of 

482 nm and an emission wavelength of 502 nm. Blue fluorescent protein was sorted 

using an excitation wavelength of 402 nm and an emission wavelength of 457 nm 
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2.5.3 Cell Storage 

2.5.3.1 Freezing Cells 

HEK293-T and -EBNA cells lines were stored for future use by freezing. Cells at 90% 

confluency were treated with trypsin (section 2.5.1), re-suspended in DMEM and 

transferred to a 15 mL centrifuge tube. Cells were centrifuged at 16,100 × 𝑔 for 5 

minutes and the supernatant removed. Cells were then re-suspended in freezing 

media composed of DMEM (50% v/v), FBS (40% v/v) and dimethyl sulfoxide (DMSO) 

(10% v/v). Aliquots (1 mL) were frozen to -80 °C at a rate of 1 °C per minute. 

 

2.5.3.2 Raising Cells 

Cells were raised from -80 °C by thawing them quickly at 37 °C and transferring them 

to a 75 cm2 flask with 10 mL of DMEM with penicillin (100 units) and streptomycin 

(0.1 mg/mL) (Sigma), L-glutamine (2 mM) (Sigma) and FBS (10% v/v), known as 

growth media. After 24 hours the media was replaced with growth media, and growth 

was carried out as described in section 2.5.1. 

 

2.5.4 Growing cells for protein expression  

Stably selected, or sorted, cell lines were grown and passaged up to 225 cm2 flasks, 

from which, cells were transferred to HYPERflasks (Corning) or roller bottles (Grenier 

Bio One). Upon reaching confluency the media was exchanged to expression media 

and the cells were incubated at 37 °C. Roller bottles did not require 5% CO2. 

 

2.5.5 Harvesting conditioned and clarifying media 

For both HYPERflasks and roller bottles, media was harvested after one week. The 

media was poured from the flasks and replaced with fresh media. This could be 

repeated for four weeks before the cells began to detach. The media was then passed 

through grade 1 filtration paper (Whatman) under vacuum to remove cell debris 

before passing the media through 0.65 µm filter (Millipore) to remove finer particulate 

matter. Media was then ready for purification. 

 

2.5.6 Immobilized Metal Affinity Chromatography 

BMPER constructs were purified by utilising their His6 tags using HisTrap Excel 

chromatography columns (GE Healthcare). Media was loaded onto the buffer 

equilibrated columns using a peristaltic pump at 4 °C. N-BMPER was purified in PBS, 
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and BMPER in PBS with 500 mM NaCl (PBS-500). Once loaded, columns were 

washed for 20 column volumes (CVs) with their respective buffers with the addition 

of 40 mM imidazole to wash off any non-specifically bound contaminants. Protein was 

then eluted from the columns with the addition of 250-500 mM imidazole. Eluted 

fractions were monitored by SDS-PAGE, as described in section 2.6.1. All fractions 

containing protein were concentrated to 500 µL by centrifugal concentration using 

Vivaspin columns (Sartorius), with a molecular weight cut off (MWCO) of 30 kDa for 

BMPER and 10 kDa for N-BMPER. 

 

2.5.7 Size Exclusion Chromatography 

Size exclusion chromatography was performed on a Superdex 200 Increase (S200i) 

10/300 GL column (GE Healthcare). The S200i column was equilibrated in either PBS 

or PBS-500 on an ÄKTA Purifier (GE Healthcare). 500 µL samples were loaded onto 

the column and injected at a rate of 0.75 mL/min. The eluted volume was collected in 

0.5 mL fractions with protein elution monitored using A280. 

 

 Protein Characterisation 

2.6.1 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Protein samples were mixed with LDS NuPAGE buffer in 20 µL (4X, Thermo Fischer). 

This was completed in either the presence or absence of 2-mercaptoethanol (5%). 

Samples were then boiled at 100 °C for 10 minutes. Samples were then loaded onto 

a 4-12% NuPAGE SDS-PAGE gel (Thermo Fischer) and electrophoresed at 200 V 

for 50 minutes in a MOPS buffer (Thermo Fischer) in an X-Cell Surelock Mini-cell 

Electrophoresis System (Thermo Fischer). Molecular mass estimations were carried 

out using either the SeeBlue Plus2 Pre-stained Protein Standard (Thermo Fischer) or 

Precision Plus Protein Standards (Bio-Rad). The protein was visualised in the SDS-

PAGE gels using InstantBlue (Expedeon), as per the manufacturer’s instructions. 

 

2.6.2 Western Blotting 

Following SDS-PAGE, the proteins were transferred to a nitrocellulose membrane 

(GE Healthcare) at 35 V for one hour using an X-Cell Surelock Mini-cell 

Electrophoresis System (Thermo Fischer). The transfer buffer was composed of 

96mM Tris-HCL, 780mM glycine, 0.075% (v/v) SDS with 20% (v/v) methanol. 

Immediately after transfer the membrane was blocked for an hour with either a milk 
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solution (5% w/v) or BSA solution (5% w/v) in Tris-buffered saline (10 mM Tris pH 

7.4, 150 mM NaCl) with Tween-20 (0.05%) (TBS-T). The blocking solution was then 

removed and replaced with the blocking solution in the presence of a primary antibody 

(Table 2-5). Primary antibodies were left on the membrane overnight at 4 °C whilst 

rocking. The primary antibody was then removed and the membrane washed with 

TBS-T three times for 10 minutes per wash. If the primary antibody was conjugated 

to horseradish peroxidase then it was imaged directly, if not a secondary antibody 

was used. The secondary antibody in blocking buffer was added to the membrane at 

room temperature for one hour. The membranes were then washed with TBS-T, as 

above, and stored in TBS-T until imaged. The blots were visualised using UptiLight 

HRP Blot chemiluminescent substrate (Interchim) on a ChemiDoc Imaging System 

(BioRad). 

 

 

Table 2-5 – Table of Western Blot Antibodies 

List of primary and secondary antibodies, the dilutions used, their source, and the product 

code and company they were purchased from. 

 

2.6.3 UV Absorbance Spectroscopy 

Protein concentrations were estimated by applying the Beer-Lambert Law (Equation 

2-1) to the absorbance measure from a Nanodrop-1000 spectrophotometer 

(Nanodrop) at A280.  

𝐴 = 𝜀𝐶𝐿 

Equation 2-1 – Beer-Lambert law 

Where ‘A’ is the A280, ‘C’ is molar concentration, ‘L’ is length in centimetres and ‘ε’ is the 

molar extinction coefficient of the protein, per centimetre. Here ‘L’ is set at 1 cm. 
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The extinction coefficients were determined through the Expasy ProtParam web 

service (http://web.expasy.org/protparam/), and are listed in Table 2-6. 

 

 

Table 2-6 – Table of Extinction Coefficients. 

Extinction coefficients were determined by submitting the protein sequence, without the 

signal peptide, to the online ProtParam web server (http://web.expasy.org/protparam/), 

where the additive effects of each residues contribution to the extinction coefficient was 

calculated. 

 

2.6.4 Mass Spectrometry 

Samples were submitted to the University of Manchester Mass Spectrometry Core 

Facility (Michael Smith Building, University of Manchester, Oxford Road, M13 9PL). 

Protein bands were excised from SDS-PAGE gels, trypsin digested and analysed 

using the HCT Ultra mass spectrometer (Bruker Daltonics). Peptide fragments were 

then analysed using the programme Scaffold (Proteome Software). 

 

 Cell based assays 

2.7.1 Heparan Sulphate Binding Assays 

Cells were seeded into a six well plate as described above (section 2.5.2) and allowed 

to become confluent overnight. The media was then removed and the cells washed 

with PBS. Fresh expression media was added to the cells containing 0, 1 or 10 mg/mL 

of unfractionated heparin (Iduron). The cells were allowed to incubate for 48 hours 

before the media was analysed by Western blot (section 2.6.2) 

 

2.7.2 Alkaline Phosphatase Assays 

Alkaline phosphatase assays were carried out in the Sengle Lab (University of 

Cologne, Germany) with recombinant protein sent to them. Full details can be found 

in Troilo et al (Troilo et al., 2014). 

http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
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2.7.3 Phospho-SMAD assays 

Stably transduced HEK293-T cells were seeded into a 6 well plate in a 1:40 dilution 

from a confluent T75. After 24 hours the growth media was replaced and the cells 

were incubated for a further 48 hours. Media was removed and the cells washed with 

1 mL of ice cold PBS before being lysed with 100 µL of radioimmunoprecipitation 

assay (RIPA) buffer containing Protease Inhibitor Cocktail (Sigma) (1 µL per 100 µL 

of RIPA buffer). Cell debris was then transferred to a centrifuge tube in the RIPA 

buffer and mixed at 4 °C for 1 hour before centrifugation at 4 °C for 10 minutes. The 

supernatant was transferred to new tubes and stored at -80 °C. When required, the 

total protein concentration of the lysate was measured using a bicinchoninic acid 

(BCA) assay as per the manufacturer’s instructions (Thermo Fischer Scientific). 50 

µg of lysate protein was loaded onto an SDS-PAGE under reducing conditions, see 

section 2.6.1, and analysed by Western blot, see section 2.6.2, using anti-pSMAD-

1/5/8. Secondary antibody, anti-mouse conjugated to HRP, was used with ECL 

reagent to image the bands. The blotting membranes were stripped by incubating 

with 5 mL of Restore Western Blot Stripping Buffer (Thermo Fischer Scientific) at 37 

°C for 30 – 60 minutes. The membrane was then blocked and re-probed with anti-

SMAD1. Blots were imaged and analysed using Bio-Rad instruments and software, 

see section 2.6.2. Image intensity analysis was performed using GraphPad Prism 

version 7.00 for Windows, GraphPad Software, La Jolla California USA, 

www.graphpad.com. 

 

 Biophysical Methods 

2.8.1 Multi-angle Light Scattering 

Samples of BMPER, (0.1 - 0.5 mg/mL), were loaded onto a S200 10/300GL column 

(GE Healthcare) at a flow rate of 0.75 mL/min, equilibrated in a buffer compatible for 

the desired protein. Samples eluted from the column were flowed through a DAWN 

HELEOS II (Wyatt), coupled with an Optilab rEX differential refractive index detector 

(dRI) (Wyatt). The DAWN HELEOS II contains an 18-angle laser photometer, where 

one of the detectors was replaced with a QELS detector (Wyatt) to determine the 

hydrodynamic radii (𝑅𝐻) of particles. The molecular mass moments, 𝑅𝐻, 

polydispersity and concentration of the samples were analysed using the software 

Astra 6.1 (Wyatt). 

 

http://www.graphpad.com/
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2.8.2 Analytical Ultracentrifugation 

Samples of BMPER (0.1 - 0.5 mg/mL) were analysed using an XL-A centrifuge 

(Beckman). Samples, in a compatible buffer, were centrifuged at 163296 × 𝑔 in an 

An60Ti-4 Hole rotor at a temperature of 20 °C with a buffer blank. Every 180 seconds 

the sedimenting boundary was monitored at a wavelength of 230 nm for 250 scans. 

The resulting data were analysed using the Sedfit software suite where a continuous 

model-based distribution was evaluated by the Lamm equation (Schuck, 2000). The 

resulting sedimentation coefficients were then corrected for solvent conditions using 

Sednterp (Biomolecular Interaction Technologies Centre), producing a more accurate 

𝑅𝐻 and 𝑓 𝑓0⁄  values for each construct. 

 

2.8.3 Surface Plasmon Resonance 

SPR was carried out on the ProteOn XPR36 Protein Interaction Array System (Bio-

Rad), using the ProteOn GLS Sensor Chip (Bio-Rad) primed in PBS with Tween 

(0.005% v/v, PBS-T). Tsg or chordin vWFC2-3 was immobilised onto the sensor chip 

at approximately 300 response units (RU) using NHS-EDC amine coupling and the 

reference lane blocked with ethanolamine. Analytes were diluted in PBS-T to their 

desired concentration for kinetic analysis. Analytes were flowed over the chip at 50 

µL/min and the response curves recorded. Data from N-BMPER binding to Tsg or 

chordin vWFC2-3 were fitted to a 1:1 Langmuir model, where binding data for BMPER 

binding to Tsg or chordin vWFC2-3 were fitted to an equilibrium model. 

 

 Structural Methods 

2.9.1 Transmission Electron Microscopy 

2.9.1.1  Data Collection 

Negative-stain electron microscopy was carried out using carbon coated 400 mesh 

copper grids (Electron Microscopy Sciences). Grids were glow discharged at 25 mA 

for 25 seconds using a K100X Glow Discharger (EMITECH). 3 µL of recombinant 

BMPER (0.02 mg/mL) was added to the grid and allowed to adsorb to the surface for 

60 seconds before being washed with 60 µL of 2% uranyl acetate (w/v) and wicked 

dry with blotting paper. Samples were loaded into a Tecnai 12 Twin microscope (FEI) 

and images recorded onto a TVIPS charge coupled device (CCD) camera (Tietz) 

fitted to the microscope. The microscope operated at 120 KV with electrons produced 

from a LaB6 electron source. Samples were imaged with a sampling of 2.8 Å/pixel. 
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2.9.1.2  Data Processing and model reconstruction 

Micrographs were analysed using EMAN 2.0 software suite (Ludtke, 2016). Particles 

were picked using the swarm picking method, using a box size of 128 pixels (358 Å). 

The particles were then contrast transfer function (CTF) corrected in using e2ctf.py 

and a particle set of 3013 particles generated using e2boxer.py in the EMAN 2.1 suite 

(Tang et al., 2007). The particles underwent a reference-free alignment and averaging 

to produce 40 classes of different orientation particle averages. An initial model was 

generated using e2initialmodel.py and was followed by the e2refine workflow, 

generating model refined class averages (Tang et al., 2007). These underwent eight 

rounds of 3D refinement to produce a final model of BMPER. The final resolution for 

each map refined in RELION 1.4 (Scheres, 2012b), using e2refinetorelion3d.py 

(Ludtke, 2016), was determined using the FSC at the 0.143 criterion (Scheres, 

2012a). 

 

2.9.2 Small-angle X-ray Scattering 

2.9.2.1  Data Collection 

SAXS data were collected using size-exclusion chromatography SAXS (SEC-SAXS), 

although some data shown in Chapters 4 and 6 were collected using a robot sample 

changer (Round et al., 2015; Round et al., 2008) in batch mode. 

 

At Diamond Light source, SAXS studies are carried out at beamline B21 which, 

making use of the bending magnet, can produce a flux of 1 × 1011 photons per 

second. At the sample, the beam has a cross section of 5 mm by 1 mm (width by 

height) which allows for a low flux density. The beam has a wavelength (𝜆) of 1 Å, 

and the scattering data are collected on a Pilatus 2M detector (Dectris) set at 4.09 m 

from the sample. The detector was configured to measure a scattering vector (q) 

range from 0.0022 to 0.42 Å-1. 

 

At B21 data were collected using SEC-SAXS on an Agilent HPLC system and the 

3.2/300 Superdex Increase (S200i) series columns (GE Healthcare) with a 2.4 mL 

bed volume. Samples were loaded into the HPLC using 96-well plates and the 

samples were loaded onto the desired column using the Agilent injection system. The 

sample cell was a custom sample cell, described in Chapter 4. When using SEC-

SAXS there are two different methods for collecting data, the first is to collect each 
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frame over the length of the elution at three second exposures, and the second is to 

pause the flow of the SEC elution, where the protein peak with highest concentration 

of desired protein is in the path of the beam. HPLC flow rate was 0.05 mL/min for 

S200i columns.  

 

SAXS data were collected and images corrected for beam current variance through 

Diamond’s Generic Data Acquisition (GDA) software (www.opengda.org) and each 

frame was processed by Data Analysis WorkbeNch (DAWN) (Basham et al., 2015) 

through the B21 pipeline to produce reduced one dimensional (1D) scatter curves for 

each frame collected. The reduced frames are outputted as ‘.dat’ files for processing. 

 

2.9.2.2 Data Processing 

For each SEC-SAXS run, the processed 1D frames were analysed in ScÅtter 

(www.bioisis.net). ScÅtter was used to monitor the change of sample intensity by 

subtracting a predicted background buffer from each frame. This trace is akin to the 

A280 trace monitored during HPLC of the sample. Using the trace, the background is 

selected from a region where the buffer is flat and the peak is then selected. The 

background is subtracted from each of the selected peak frames and the 𝑅𝑔 is 

estimated and plotted across the integral of ratio to background per frame. Regions 

of a flat, and stable 𝑅𝑔 are selected for subtraction. The frames selected for 

subtraction are first scaled together, and averaged before the scaled and averaged 

buffer is subtracted to give a final scatter curve. All data processing was carried out 

in Ångstroms.  

 

From the 1D reciprocal scatter plot it is possible to transform the data into real space 

though an IFT (Equation 1-9) resulting in a PDDF. ScÅtter required the use of 

DATGNOM (Petoukhov et al., 2012) in order to produce ‘.out’ files, compatible with 

bead modelling software, described below.  

 

2.9.2.3  Bead Modelling 

2.1.1.1.1 DAMMIF 

DAMMIF (Franke and Svergun, 2009), part of the ATSAS suite, was run using the 

ScÅtter GUI. Due to this, only the default settings were used, with the option for ‘Slow’ 

or ‘Fast’ specified. 23 DAMs were generated in ScÅtter, run in slow mode, and were 

allocated to eight central processing unit (CPU) threads in order to decrease the run 

http://www.opengda.org/
http://www.bioisis.net/
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times and prevent overloading the CPU; ScÅtter allows parallelism for DAMMIF, a 

single threaded program. These models read data from the ‘.out’ files which were 

generated in DATGNOM. The DAMAVER suite (Volkov and Svergun, 2003) was then 

run to process the DAMs, in order to average and filter the models, resulting in a final 

model.  

 

2.9.2.3.1 Multi-Phase Modelling 

Multi-phase bead modelling was carried out using MONSA (Svergun, 1999). As data 

were collected for both N-BMPER and BMPER, two phases are required for bead 

modelling. The refined ‘.dat’ files were produced and the 𝑅𝑔, 𝐷𝑚𝑎𝑥 and volume for 

each sample were calculated in ScÅtter. In order to run MONSA, both a master 

(‘.mst’) and a control (‘.con’) were created. The master file contains the volumes, the 

𝑅𝑔 of the constant phase, and the phase information. The volume was determined by 

fitting a straight line to the Porod-Debye plot. The master file also contains the names 

of the two control files. Within each of the control files are the names of the ‘.dat’ files 

used in the calculation. MONSA requires a sphere of beads to be generated using 

DAMESV, where the lengths in x-, y- and z-axes are entered. From the 𝐷𝑚𝑎𝑥 of 

BMPER, a DAMESV sphere of 200 Å × 200 Å × 200 Å was generated of two different 

phase beads and randomised. 20 MONSA models were generated independently on 

a desktop computer with a maximum number of steps of 500, and an annealing 

schedule factor of 0.95. Each of the completed MONSA phases were split into 

directories determined by their phases using a Ruby script (Rambo, 2015). The 

primary phase models, representing N-BMPER, were averaged together using the 

DAMAVER suite (Volkov and Svergun, 2003). The models of the secondary phase 

were then rotated according to the transformation applied to the matrix of the final 

DAMFILT model using a further Ruby Script (Rambo, 2015). The DAMFILT model 

and the phase-2 models were viewed in UCSF Chimera (Pettersen et al., 2004) in 

order to manually select the models with the best fit.  

 

2.9.2.4  Rigid Body Modelling 

2.9.2.4.1 CORAL 

CORAL (Complexes with Random Loops) is a program for generating rigid-body 

models of individual domains (Petoukhov et al., 2012) by implementing a combined 

approach of SASREF and BUNCH (Petoukhov and Svergun, 2005). Homology 

models of vWFC domains one to five of BMPER were generated using the SWISS-
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MODEL online server (Biasini et al., 2014), which were the rigid components of the 

modelling. A control file for CORAL was written specifying the linker regions between 

each of the domains and the correct sequence of domains. This was then used to 

assemble a protein chain where domains were connected in order but not fixed in 

space, and no domains were paired. CORAL was repeated 10 times and the outputs 

were compared to SAXS parameters measured from the data. 

 

2.9.2.5  UCSF Chimera Commands for SAXS Models 

UCSF Chimera (Pettersen et al., 2004) was used to render a surface onto bead 

models at varying resolutions. In order to represent DAMs with a surface the 

“molmap” function was used with Chimera Command 1.  

 

molmap #x value 

Chimera Command 1 – Where ‘x’ is the model to have the surface applied and ‘value’ is 

the resolution at what the surface is applied. 

 

Comparisons between two volumes, either volumes rendered with Chimera 

Command 1 or from EM, were made using the “Fit in map” function in UCSF Chimera 

using Chimera Command 2. 

 

 

fit #w #x search y res z 

Chimera Command 2 - Where ‘w’ is the model to be fitted into volume ‘x’, which are 

searched ‘y’ times and ‘z’ as the resolution of the surface rendered onto model to 

be fitted. 

 

These commands, and variations thereof, were used throughout the comparisons of 

structural models. 

 

2.9.3 Computational methods 

2.9.3.1  Calculating hydrodynamic parameters from structure 

SOMO has been developed as a way of calculating the hydrodynamic parameters of 

both atomic models and low resolution bead models. 

 

HYDROMIC (Garcia de la Torre et al., 2001), fills the volume of an EM map with 

beads given a specific threshold. The hydrodynamic parameters were calculated from 
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the resulting bead model. EM2DAM, within the ATSAS suite (Petoukhov et al., 2012), 

also fills the volume of an EM map with beads given a specific threshold, similar to 

HYDROMIC. From a bead model generated from the EM map it was possible to 

obtain the SAXS parameters calculated with CRYSOL.  

 

2.9.3.2  Calculating SAXS Curves from high resolution structures 

Crysol3 (Svergun et al., 1995) and FoXS (Schneidman-Duhovny et al., 2010; 

Schneidman-Duhovny et al., 2013, 2016) were used independently calculate the 

scattering curves of atomic structures. Both were used with default settings, with the 

exception that the scattered intensity for each of the models was cut to the 𝑞𝑚𝑎𝑥 of 

the N-BMPER data using either the ‘-sm’ argument for CRYSOL3, or ‘-q’ for FoXS. 

 

 3D Printing 

3D printing of sample cells was completed using a MiiCraft+ 3D printer 

(http://www.miicraft.com/) utilising stereolithography (SLA) based digital light 

processing (DLP). Using the MiiCraft interface, models were printed using the slow 

setting, printing ~100 µm in 14 seconds. The completed 3D print was then cured for 

300 seconds. Clear BV-003 resin was used to print the sample cells. All sample cells 

were designed by beamline B21 staff and generated as stereolithography files, ‘.stl’. 

These were then converted to MiiCraft files, ‘.mii’, in the MiiCraft software suite for 

printing. Once printing and curing was completed the sample cells were submerged 

in isopropanol and cleaned by sonication. The scaffold was then removed using a 

sharp scalpel and smoothed with sand paper. Each end of the sample cells were 

tapped to allow room for screws by the engineering team in the soft condensed matter 

village at Diamond Light Source.   

http://www.miicraft.com/
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3 Results Chapter 1: Nanoscale Structure of BMPER and N-

BMPER 

To investigate the hydrodynamic and structural parameters of full length BMPER and 

the vWFC domains of BMPER (N-BMPER), purified, recombinant proteins  were 

required. HEK293-EBNA cells were stably transfected with expression vectors 

encoding BMPER and N-BMPER. Transient expression of BMPER fragments was 

also attempted. The overexpressed proteins were purified, and their hydrodynamic 

parameters were measured SEC-MALS and AUC. Structural measurements were 

carried out using solution SAXS and negative-stain TEM with single particle analysis. 

Proteins were freshly expressed and purified for each experiment throughout this 

thesis. 

 

 Expression and Purification of BMPER and N-BMPER 

The study of BMPER and N-BMPER (Figure 3.1A) commenced with the generation 

of a BMPER construct through GeneArt Gene Synthesis (Thermo Fisher Scientific) 

based on NCBI Reference Sequence: NM_133468.4. N-BMPER was amplified from 

the synthetic gene by PCR (section 2.4.2) using primers shown in Table 2-1. 

Constructs were stably transfected into HEK293-EBNA cells (section 2.5.2.2) in T75 

flasks, and expanded to larger flasks (section 2.5.1) and expression media was 

harvested (section 2.5.5) for purification (section 2.5.6). C-terminal His6 protein 

purification tags provided a method of immobilised metal affinity chromatography 

(section 2.5.6) and for specific detection of the constructs using Western blot analysis 

using anti-His6 antibodies (R & D Systems) (section 2.6.2). This can be seen by the 

expression tests of BMPER in Figure 3.1-D. When Western blotting for BMPER in 

conditioned media under non-reducing conditions there is a band representing the 

full-length of BMPER at approximately 75 kDa (compared to 77.2 kDa by sequence) 

and a C-terminal cleavage product, containing a His6 tag at approximately 38 kDa. 

Under reducing conditions, the 75 kDa band decreased in intensity and the 38 kDa 

(compared to 37.1 kDa by sequence) band increases (Binnerts et al., 2004; Moser et 

al., 2003). This was caused through the reduction of the disulphide bond linking the 

acid-catalysed cleavage products. Affinity purified BMPER and N-BMPER were 

further purified by size exclusion chromatography (SEC) using S200 or S200i resin 

(GE Healthcare) (section 2.5.7). SEC resulted in monodisperse proteins shown by 

cleaner bands on an SDS-PAGE (section 2.6.1), migrating at estimated molecular 
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masses of above 62 kDa for BMPER and slightly below 42 kDa for N-BMPER when 

compared to a SeeBlue® Plus2 Pre-Stained Standard (Thermo Fischer Scientific) 

(Figure 3.1-E). BMPER maintained a faint band at approximately 38 kDa which likely 

represents the C-terminal cleavage product. Using different protein markers resulted 

in different mass estimates from an SDS-PAGE gel. 

 

By analysing the sequence of BMPER and N-BMPER, and from work from Kamimura 

et al. (Kamimura et al., 2004b), it was shown that the N-terminal fragment of BMPER, 

but not the C-terminal fragment, contains N-linked glycosylation sites (Figure 3.1-A). 

The PNGase-F assay conducted by Kamimura et al., was repeated using 

recombinant N-BMPER. From an SDS-PAGE analysis, visualised by Coomassie 

staining, it appears that approximately 12 kDa of mass was removed from N-BMPER 

through deglycosylation (Figure 3.1-E).  
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Figure 3.1 – Expression and Purification of BMPER and N-BMPER.  

Schematic representations of BMPER (Ai) and N-BMPER (Aii), showing the domain type 

and arrangement (vWF = von Willebrand Factor, TIL = Trypsin inhibitor like domain), the 

BMP binding domain (vWFC1, underlined in black), glycosylation sites (*), inter-domain 

disulphide bond (between vWFC5 and vWFD) and the location of the ‘GDPH’ cleavage site 

(red line). Bi) Coomassie-stained SDS-PAGE Gel of Ni-NTA purification of recombinant 

BMPER showing the flow through of the column, the wash step and the elution fractions. 

Bii) SEC trace of the most concentrated HisTrap elution fraction where BMPER is the 

largest peak on the trace shown by 𝐴280. Ci) Coomassie-stained SDS-PAGE Gel of Ni-NTA 

purification of recombinant N-BMPER showing the flow through of the column, the wash 

step and the elution fractions. Cii) SEC trace of the largest elution fraction where BMPER 

is shown to be the largest peak on the trace. D) An expression and secretion test of BMPER 

was carried out using reducing (β-ME +) and non-reducing conditions (β-ME -) on media 

secreted from BMPER. E) Coomassie-stained SDS-PAGE gel of SEC purified BMPER and 

N-BMPER, along with a PNGase F deglycosylation assay.  
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In addition to stable cell lines producing BMPER constructs (section 2.5.2.2), 25 

additional BMPER constructs were designed for use in the pHLsec vector with either 

a His6 or a 1D4 purification tag (Aricescu et al., 2006). This was completed in 

combination with The Division of Structural Biology at the University of Oxford 

(STRUBI). The constructs were designed to be used in conjunction with each other 

in the crystallisation of domain groups. Four constructs were also designed for chordin 

and two for Tsg as these would also contribute to projects within the lab. Each of the 

constructs’ domain boundaries can be seen in Table 3-1. The pHLsec vectors contain 

a β-actin promoter, have a cleavable γ-phosphatase signal peptide and have been 

used widely in the expression of recombinant proteins at high level (Aricescu et al., 

2006; Bell et al., 2013; Chang et al., 2007; Healey et al., 2015; Zhao et al., 2011).  

 

Table 3-1 – BMPER, Chordin and Tsg constructs. 

25 BMPER constructs were generated by PCR and ligated into pHLsec vectors with a C-

terminal His6 tag or a 1D4 antibody epitope tag. BMPER constructs highlighted in red 

represent N-BMPER (construct 5) and BMPER (construct 10). Four chordin constructs were 

designed around the cleavage sites (constructs 26 to 29) and two Tsg constructs with the 

presence or absence of the first cysteine (constructs 30 and 31). Label numbers correspond 

to construct boundaries in Table 3-2. 
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Table 3-2 – BMPER, chordin and Tsg construct compositions 

The domain compositions of the constructs listed in Table 3-1 are shown. 

 

The pHLsec vectors are transient mammalian expression vectors. Each construct 

was transfected into HEK293-T cells in six well plates and allowed to incubate for 48 

hours (section 2.5.2.1). Western blots were performed on both the conditioned media 

and the cell lysate (‘M’ and ‘L’ respectively) of cells transfected with constructs with 

both the C-terminal His6 and 1D4 purification tags (Figure 3.2). The transfections of 

all constructs were completed with the exception of construct eight for the 1D4 tagged 

proteins due to a failure in its generation. Conditioned media from stably transfected 

BMPER HEK293-EBNA cells was also Western blotted to compare expression, 

shown in Figure 3.2-A and labelled ‘S’. Both His6 and 1D4 tags were used with a 

positive control (+ve), using a protein characterised in STRUBI, and a negative control 
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(-ve), untransfected HEK293-T. Clearly, the stable expression system shows no band 

due to the low concentration of BMPER in the conditioned media. While this may 

indicate that the expression of BMPER from a transient system may be no better than 

the expression of BMPER from a stable system at producing protein, under these 

circumstances the stable cell lines are not creating a bottle neck, relative to the 

transient system, which the pHLsec vector was designed to remove (Aricescu et al., 

2006). 

 

Visualising the Western blots probed with the His6 antibody (Figure 3.2-A) it is 

possible to see very few bands were present. Of the bands that were present it 

appeared that the majority of the bands were seen in the cell lysate (‘L’). Although 

this was predominantly the case, some constructs were secreted, including: 6, 7, 27, 

28 and 29, as well as the positive control. These secreted bands included two BMPER 

constructs (six and seven) and three chordin constructs (27, 28, and 29). Visualisation 

of the Western Blot probed with the 1D4 antibody (Figure 3.2-B) showed similar 

results to the His6 Western blot in that most of the samples were shown to be 

expressed but not secreted. Exceptions to this were seen by constructs three and 

four where they appeared to be secreted at the appropriate molecular mass. Further 

exceptions were seen for the chordin and Tsg constructs, lanes 26 to 31. As these 

constructs were secreted in high quantities they were pursued, although this is not 

within the scope of this thesis. As only two of the BMPER constructs were secreted, 

the HEK293-EBNA system was pursued. 
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Figure 3.2 – Results of Transient Expression Trials 

Expression trials of BMPER, chordin and Tsg transiently expressed in HEK293-T cells with 

a His6 or 1D4 tag. A) Anti-His6 Western blot showing the conditioned media ,’M’, and lysate, 

’L’, of HEK293-T cells transfected with 31 constructs (25 BMPER, 4 chordin and 2 Tsg). 

Conditioned media and lysate of HEK293-EBNA cells stably transfected with BMPER was 

also shown under ‘S’. Positive and negative controls were also shown by ‘+ve’ and ‘-ve’. B)  

Anti-1D4 Western blot showing the conditioned media ,’M’, and lysate, ’L’, of HEK293-T 

cells transfected with 30 constructs (24 BMPER, 4 chordin and 2 Tsg). Positive and negative 

controls were also shown by ‘+ve’ and ‘-ve’. 
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 Solution Hydrodynamic Measurements of BMPER and N-

BMPER 

3.2.1 Hydrodynamic Measurements and Analysis of BMPER and N-BMPER 

SEC-MALS (section 2.8.1) and AUC (section 2.8.2) are excellent methods for looking 

at the hydrodynamic properties of samples in their solution state. SEC-MALS shows 

that BMPER (blue) and N-BMPER (red) have single peaks measured by dRI (Figure 

3.3-A). From the measurements it was possible to determine the estimated molecular 

mass of BMPER and N-BMPER as 100.4 kDa and 48.3 kDa. The hydrodynamic radii 

(𝑅𝐻) measured by both SEC-MALS and velocity AUC were consistent for BMPER (51 

and 53 Å) and N-BMPER (40 and 41 Å). Velocity AUC was also able to determine the 

frictional ratio (𝑓 𝑓
0

⁄ ) of 1.73 and 1.74 for BMPER and N-BMPER respectively, 

showing that although there is a difference in mass, they are elongated at the same 

proportional ratio. Comparisons of hydrodynamic measurements to structural model 

can be seen in Error! Reference source not found.. 

 

 

Figure 3.3 – Hydrodynamic Measurements of BMPER and N-BMPER. 

A) SEC-MALS was used to show the monodispersity of the sample and measure the 

molecular mass of BMPER (blue line) and N-BMPER (red line) by dRI. The black line 

corresponds to the molecular mass of the protein. B) Velocity AUC of BMPER (blue, 500 

mM NaCl) and N-BMPER (red, 150 mM NaCl) was used to measure the stoichiometry, 𝑅𝐻, 

𝑆20,𝑤 and the 𝑓 𝑓0⁄  of the samples. All parameters can be seen in Error! Reference source 

not found.. 
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 Structural Measurements and Model generation of BMPER and 

N-BMPER 

3.3.1 SAXS measurements of BMPER and N-BMPER 

Solution SAXS data for both BMPER and N-BMPER were collected using SEC-SAXS 

to remove any trace aggregates (section 2.9.2.1). This allowed the purified sample to 

flow directly into the beamline. Advantages of this were that sample frames are 

averaged over the peak, encompassing a range of concentrations. HPLC-SAXS also 

allows a buffer exchange and so the sample frames have the same buffer that the 

column was equilibrated in. The data were reduced at Diamond Light Source using 

DAWN (Basham et al., 2015) and averaged using ScÅtter (http://www.bioisis.net). All 

further processing was completed with ScÅtter (section 2.9.2.2). The 1D scatter 

intensity data of BMPER and N-BMPER are represented in reciprocal space as a 

function of 𝑞 (Å-1) (Figure 3.4-A). The Guinier plots show all trace aggregates were 

removed by displaying a straight line (Figure 3.4-Ci &-Di) with corresponding residual 

plot confirming this (Figure 3.4-Cii &-Dii). The GA of BMPER and N-BMPER 

calculated the 𝑅𝑔 at 51 Å and 34 Å respectively. An IFT produced a PDDF determining 

the real space 𝑅𝑔, 48 Å and 33 Å (Error! Reference source not found.). The shape 

of the PDDF is also indicative of elongated proteins (Figure 3.3-B), corroborating the 

elongation of both BMPER and N-BMPER. The 𝐷𝑚𝑎𝑥 of BMPER and N-BMPER was 

160 Å and 111 Å respectively. 

 

http://www.bioisis.net/
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Figure 3.4 – SAXS Processing of BMPER and N-BMPER.  

A) One-dimensional scattering profiles showing the log to the base 10 of BMPER (blue) and 

N-BMPER (red) scattering vectors as a function of 𝑞 (log10 𝐼(𝑞)vs 𝑞). The results of 

processing the data are shown with the fitting of the IFT from the pair distance distribution 

function (PDDF) as a solid black line (BMPER) and a dashed line (N-BMPER). B) The 

normalised PDDF of BMPER (blue) and N-BMPER (red), representing the real space 

distance probabilities of each is presented with the band limited 𝐷𝑚𝑎𝑥of 160 Å and 111 Å 

respectively. The Guinier plots (log10 𝐼(𝑞) vs 𝑞2) for BMPER and N-BMPER are represented 

in Ci and Di with their corresponding residual plots (𝐸𝑜𝑏𝑠 −𝐸𝑝𝑟𝑒𝑑 vs 𝑞) in Cii and Dii. The 

respective reciprocal radius of gyration (𝑅𝑔) and 𝐼(0) were calculated at 51 Å and 

7.92 × 10−3 for BMPER and 34Å and 21.23 for N-BMPER. 

 

3.3.2 Structural Flexibility of BMPER and N-BMPER 

SAXS is a powerful tool in assessing the ‘folded-ness’ of a protein as well as its 

flexibility.  The dimensionless Kratky plot provides a semi-quantitative assessment of 

proteins regardless of size as the 𝑅𝑔 and 𝐼(0) are taken into account in the 

normalisation process (Durand et al., 2010; Receveur-Brechot and Durand, 2012). 

Examination of the dimensionless Kratky plot shows that for both BMPER and N-

BMPER the peaks are not coincident with the cross-hair (√3, 3𝑒−1) on both axis, 

signifying folded, elongated proteins (Figure 3.5-A). Both BMPER and N-BMPER are 

proportionally elongated, as was described by the frictional ratio by AUC (Figure 3.3). 

To assess the flexibility of proteins it is possible to exploit a power-law relationship 

that exist between compact and flexible proteins (Rambo and Tainer, 2011). As the 

dimensionless Kratky plot shows no intrinsic disorder, or high levels of flexibility, the 
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Kratky-Debye plot was omitted from flexibility analysis. Comparison of the SIBYLS 

Plot and the Porod-Debye Plot allows determination of whether   BMPER and N-

BMPER are flexible (Figure 3.5-B). Both proteins plateau in the SIBYLS plot showing 

that there is a degree of flexibility, between intrinsic disorder and complete rigidity 

(Rambo and Tainer, 2011). 

 

Figure 3.5 – Analysis of Flexibility of BMPER and N-BMPER.  

A) Dimensionless Kratky plot ((𝑞. 𝑅𝑔)
2. (𝐼(𝑞) 𝐼(0))⁄  vs 𝑞. 𝑅𝑔) showing that both BMPER 

(blue) and N-BMPER (red) are folded to a similar degree. B) The degree of flexibility of 

BMPER and N-BMPER can be seen by comparing the SIBYLS plot (𝐼(𝑞). 𝑞3 vs 𝑞3)(Bi) and 

the Porod-Debye plot (𝐼(𝑞). 𝑞4 vs 𝑞4) (Bii) to observe the first region to plateau. 

 

3.3.3 ab initio Shape Reconstruction of BMPER 

From SAXS data, low resolution DAMs can be generated for shape determination 

(section 2.9.2.3). 23 ab initio models were generated using DAMMIF to best represent 

the scatter profile of BMPER by DAMs (Franke and Svergun, 2009). The DAMAVER 

suite (Volkov and Svergun, 2003) produced a unique finalised model. For the 23 

models generated, the mean NSD was 0.672 with a standard deviation of 0.035. Only 

one model was removed from the selection as the NSD had a difference of greater 

than 2σ. This consistency within the shape of the models shows a unique solution to 

the data. Each model was also checked to make sure that the bead models did indeed 

fit with the data. An example model has been used in Figure 3.6 showing the bead 

model fitting to the curve with a 𝜒2 of 1.126, and the inset showing a residual plot 

(𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑠 = 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑣𝑎𝑙𝑢𝑒𝑠 − 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑𝑣𝑎𝑙𝑢𝑒𝑠) with a good fit. For BMPER, 

the resolution of the models is 44 Å (± 3 Å) with the FSC curve shown in Figure 3.6. 

The final filtered model appeared to be consistent with the data provided by SAXS 

and AUC with regards to an elongated structure (Figure 3.6). Further comparison of 
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BMPER to hydrodynamic data is carried out in section 3.4 and values are represented 

in Error! Reference source not found.. 

 

Figure 3.6 – ab initio Modelling of BMPER.  

A) 1D scattering profile showing the log to the base 10 of BMPER scattering vectors as a 

function of 𝑞 (log10 𝐼(𝑞) vs 𝑞) with an overlay of the bead model simulated scatter with a 𝜒2 

of 1.126. B).  The resolution of the most likely ab initio DAM is 44 Å (± 3 Å) and is plotted 

as the FSC as a function of 𝑞 (𝐹𝑆𝐶 vs 𝑞). Resolution was determined by a 0.5 cut off on the 

FSC giving a resolution of 44 Å (± 3 Å). C) The final DAMFILT model of BMPER is shown 

with 90 ° rotations in the x- and y-axis. The scale bars represent 100 Å. 

3.3.4 ab initio Shape Reconstruction of N-BMPER 

DAM models were generated for N-BMPER, again using 23 models. The mean NSD 

of N-BMPER was calculated at 0.674 with a standard deviation of 0.064; DAMAVER 

excluded a single model, again showing consistency of the models giving a unique 

result to the data. An example of the data is represented in Figure 3.7-A, with a 𝜒2 of 

0.213. The resolution of the resulting models generated for N-BMPER is 35 Å (± 3 Å) 

and represented in Figure 3.7-B by the FSC curve with a cut-off of 0.5. The resulting 

filtered model is shown to be elongated. Further comparison of N-BMPER to 

hydrodynamic data will be represented in section 3.4 and values are represented in 

Error! Reference source not found.. 

 



93 
 

 

Figure 3.7 – ab initio Modelling of N-BMPER.  

A) 1D scattering profile showing the log to the base 10 of N-BMPER scattering vectors as 

a function of 𝑞 (log10 𝐼(𝑞) vs 𝑞) with an overlay of bead model simulated scatter with a  𝜒2 

of 0.213. B) The resolution of the most likely ab initio DAM is 35 Å (± 3 Å) and is plotted as 

the FSC as a function of 𝑞 (𝐹𝑆𝐶 vs 𝑞). Resolution was determined by a 0.5 cut off on the 

FSC giving a resolution of 35 Å (± 3 Å). C) The final DAMFILT model of BMPER is shown 

with 90° rotations in the x- and y-axis. The scale bars represent 100 Å. 

 

3.3.5 Quasi-atomic Resolution Model of N-BMPER using Rigid Body Modelling 

The crystal structure (Zhang et al., 2008) and solution NMR structure of the first vWFC 

domain of BMPER (Fiebig et al., 2013) provided a structure for homology models of 

vWFC domains to be generated. Ten rigid body models of N-BMPER were generated 

using the program CORAL (Petoukhov et al., 2012) (section 2.9.2.4.1). Filtering of 

the models was required to obtain the model that best fitted the data. The ten CORAL 

models fit the data with a 𝜒2 of around 0.2 (data not shown). With SAXS the aim is to 

fit the data with a 𝜒2 close to 1. Here the data appeared to be over fitted but with 

equally distributed residuals and so another mode of selection was required.  

 

Firstly, the 𝐷𝑚𝑎𝑥 for each of the 10 CORAL models was measured using ScÅtter 

(Table 3-3). In Figure 3.8, it is possible to see that some models have a 𝐷𝑚𝑎𝑥 much 
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larger than that of N-BMPER, whereas others are within a 10% margin: models 1, 2, 

5 and 7 (Figure 3.8-B).  

 

Secondly, the CORAL models generated were then compared to the N-BMPER data 

by calculating the 1D scatter curves using CRYSOL 3 (Svergun et al., 1995) and 

FoXS (Schneidman-Duhovny et al., 2010; Schneidman-Duhovny et al., 2016) (Figure 

3.8Ci & -Cii), FoXS gives its results in 𝜒 rather than 𝜒2 so these values were squared 

to match CRYSOL for ease of reading. From this further comparison of the models to 

the SAXS curve it is possible to see that the original models that were selected based 

on 𝐷𝑚𝑎𝑥 (1, 2, 5 & 7) were again the models with the best fitting to the data (Figure 

3.8, Table 3-3). Exceptions can be seen with models four and nine with 𝜒2 of 

0.32/0.25 and 0.41/0.34, calculated using CRYSOL 3 and FoXS respectively, but 

these models had a 𝐷𝑚𝑎𝑥 larger than N-BMPER.  

 

Figure 3.8 – Selecting CORAL models.  

Ai) The normalised P(r) for each of the 10 CORAL models, with the real data overlaid in 

red. B)  Normalised P(r) for each of the CORAL models (1, 2, 5, 7) that have a 𝐷𝑚𝑎𝑥 that 

consistent with the measured data. C)  The resulting scattering curves for the four models 

were simulated using CRYSOL 3 (Ci) and FoXS (Cii) to recalculate the fitting of the models 

to the scatter. 𝐷𝑚𝑎𝑥 and 𝜒2 values can be seen in Table 3-3. 
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Table 3-3 – Model Comparison Table.  

This table shows all of the parameters that were calculated for each of the 10 CORAL 

models using ScÅtter, CRYSOL and FoXS. 

 

With models narrowed down from ten to four, the remaining models were 

cDSompared to the DAM model of N-BMPER rendered to 35 Å resolution. With the 

resolution defined for the CORAL models there can be a correlation calculation for 

the fit of the CORAL models within the N-BMPER DAM volume, which is more widely 

reported as a ‘goodness of fit’. For the CORAL models, the search was completed 

ten times and the resolution was set at 35 Å, the same as the DAM model resolution 

and surface. Figure 3.9 shows each of the models and their relative correlation to the 

SAXS model. Visually we can see that model 2 is too long and should be removed 

from consideration. Other than model 2, the correlation of fit for the atomistic models 

to the DAM models is high, greater than 0.9, where 1 is perfect. With this modelling 

information and the quantitative results above, CORAL model 5 fits the data the best 

and will be used moving forward in describing BMPER and N-BMPER in this thesis, 

although models 1 and 7 are very close overall. 
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Figure 3.9 – CORAL Models Fitted into the N-BMPER DAMMIF Model.  

A) Representation of all models fitted into the N-BMPER surface representation of a 

DAMMIF model using the UCSF Chimera function ‘fit-in map’ with a surface map 

representing a resolution of 35 Å. B) A table showing the correlation of models to the surface 

map at 35 Å. C) CORAL model 5 shown at three rotations about its axis. 

 

3.3.6 Determination of the Locations of the N- and C-Termini of BMPER by 

Multiphase ab initio Modelling 

Although SAXS is a powerful tool for looking at the structure of proteins, it isn’t able 

to provide us with any information regarding the orientation of the proteins from a 

single-phase ab initio model. Volumes of BMPER and N-BMPER were measured 

from the SAXS data using ScÅtter at 320,000 and 140,000 Å3 respectively. Having 

two scattering curves meant that two phases could be used to construct a multi-phase 

model (section 2.9.2.3.1). The first phase was N-BMPER with a volume of 140,000 

Å3 and the second phase was ΔN-BMPER, the remainder of BMPER representing 

the C-terminus, with a volume of 180,000 Å3. 20 multi-phase ab initio models were 

generated using MONSA. The phases were split and phase-1 was averaged with the 
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DAMAVER suite and showed a distinct similarity to the DAM model of N-BMPER 

(Figure 3.10-B). Currently there is not a way to average the second phase and so a 

representative model can be found in Figure 3.10-B. Figure 3.10-C represents the 

fitting of the N-BMPER CORAL model 5 into phase-1 of the MONSA model. 

 

Figure 3.10 – Multiphase ab initio Modelling of BMPER.  

A) The 𝜒2 values of BMPER (Ai, blue) and N-BMPER (Aii, red) are 0.96 and 0.23 

respectively. B) A representative model from 20 MONSA runs shows the N-terminus of 

BMPER in red and the C-terminus (ΔN-BMPER) in blue with a 20 Å resolution shell over 

the beads. The models are presented with a 90 ° rotation in the y-axis. C) The N-BMPER 

CORAL model is fitted into the N-BMPER phase of the MONSA model using UCSF Chimera 

with a correlation of 0.8 at a resolution of 20 Å. 

 

3.3.7 Validating the N-terminal Models of N-BMPER 

It is possible to validate the phase-1 model using the single phase DAMMIF model 

representing N-BMPER (Figure 3.7-C) as they are generated from the same data set. 

Phase-1 was run through the DAMAVER suite to generate a final model (Figure 3.11-

B) with an NSD value of 0.6 (SD of 0.032 and one model excluded). The final MONSA 
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model was compared to the DAM from DAMMIF in two ways. The first was using 

DAMSEL to align the models and compare them. This resulted in an NSD of 0.526, 

showing good agreement, but also using ‘fit-in map’ at a resolution of 35 Å providing 

a correlation of 0.98. Both methods showed high levels of agreement through 

independent model generation. 

 

Figure 3.11 – Comparison of N-BMPER DAMs from Single and Multiphase ab initio 

Modelling.  

A) DAMFILT model of N-BMPER generated from 22 models, shown as gold beads with a 

blue surface at a resolution of 35 Å and rotation in the x- and y- axes. B) DAMFILT models 

of phase-1 generated from 19 models, shown as blue beads with a blue surface at a 

resolution of 35 Å and rotated in the x- and y- axes. All surfaces were generated using 

‘molmap’ Chimera Command 1. The scale bar represents 100 Å. 

 

3.3.8 3D reconstruction of BMPER Using Negative Stain Transmission Electron 

Microscopy 

Negative-stain TEM was used to further validate the structural information of BMPER. 

A dilute, monodisperse sample of BMPER was added to a carbon coated copper grid 

and subjected to negative staining. Discreet negatively stained particles could be 

imaged, as represented in Figure 3.12-A, with an inset showing particles at a 

magnification of 1.5x (section 2.9.1.1). The micrographs revealed that individual 

particles of BMPER are elongated. 3013 particles were picked using the EM software 

EMAN 2.1 (Tang et al., 2007) (section 2.9.1.2). Eight rounds of reference-free class 

averaging was undertaken in order to remove any ‘bad’ particles. The reference-free 

class averages are then generated and revealed BMPER as an elongated molecule 

with a bend in the centre (Figure 3.12-B). No symmetry was applied throughout the 

EM processing. 
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Figure 3.12 – Negative-stain Transmission Electron Microscopy of Purified BMPER 

A) Representative image of negatively stained BMPER particles. Scale bars represent 100 

nm. B) Representative reference-free class averages generated from the picked particle set 

using EMAN2.1. Class averages are elongated with a defined bend in the centre of the 

molecule. A box size of 128 pixels (258 Å) was used. 

 

Utilising the information from the reference free class averages, it was possible to 

construct an initial 3D model of BMPER. The initial 3D model was projected in 2D, 

which was then compared to the particles that were used to make the 3D model. 

Particles with similar orientations are then aligned and averaged in 2D, which are then 

used to construct a refined 3D model. This model is then used as a projection for the 

next round of refinement. Eight iterations were completed before a final model was 

constructed (Figure 3.13). The final model was analogous to the BMPER bead model 

with regards to scale and overall shape. Overall shape comparisons are evaluated in 

section 3.3.9. 
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Figure 3.13 – 3D Reconstruction of BMPER from 2D Class Averages.  

Ai) Model refined class averages of BMPER, with corresponding back projections (Aii) from 

the 3D reconstruction of BMPER. A box size of 128 pixels (258 Å) was used. B) 3D 

reconstruction of BMPER from iterative model refined class averages is shown with 90° 

rotations in the x- and y-axis. The model appears elongated with a bend in the centre of the 

structure. Scale bar represents 100 Å. 

 

The final model was represented at a resolution of 35.8 Å, as determined by the Gold 

Standard resolution calculation (Figure 3.14-A). The particles that were used to 

reconstruct the 3D model of BMPER sampled the space well, providing a good 

distribution of angles, shown by the Euler angles (Figure 3.14-B). 
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Figure 3.14 – Resolution Assessment of the BMPER Model.  

A) The Gold-standard FSC of BMPER is calculated with a 0.143 FSC criteria, shown with a 

dashed line representing a final resolution of 35.8 Å. B) Euler angle distribution of all 

particles contributing to the final 3D reconstruction at a given angle. Red columns signify 

more particle contributions at designated angles relative to the blue columns. 

 

3.3.9 SAXS and EM Model Comparisons  

In order to generate a final model that represents BMPER as accurately as possible 

the final models from SAXS and from EM were compared with each other (Figure 

3.15) (section 2.9.2.5). In Figure 3.15-A the model of BMPER from DAMMIF 

modelling was shown to be of a good overall fit to that of the 3D reconstruction from 

negative stain EM. Looking to a more complete model of BMPER the comparison of 

the negative stain EM model to the multi-phase ab initio model from MONSA was 

undertaken (Figure 3.15-B). The overall model fits within the volume of the mesh of 

the 3D reconstruction. Using multi-phase ab initio modelling it is possible to represent 

the N- and C-termini of BMPER within the mesh. Finally, in Figure 3.15-C, it is 

possible to use CORAL model 5, as was shown in Figure 3.10-C, to represent the N-

terminus of BMPER at an all-atom level. 
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Figure 3.15 – Comparison of Negative Stain EM Reconstruction and SAXS Models.  

A) Single phase ab initio BMPER bead models (blue beads) are docked into the volume of 

the 3D reconstruction of BMPER obtained by negative stain EM, rotated along the y-axis. 

B) Multi- phase ab initio BMPER bead models (N-terminal segment is red, C-terminal 

segment is blue) are docked into the volume of the 3D reconstruction of BMPER obtained 

by negative stain EM, rotated along the y-axis. C) CORAL model 5 and phase-2 (ΔN-

BMPER) ab initio BMPER bead model is docked into the volume of the 3D reconstruction 

of BMPER obtained by negative stain EM, rotated along the y-axis. 

 

 Comparison of Hydrodynamic and Structural Parameters 

Hydrodynamic parameters were calculated using the super matrix inversion (SMI) 

method, built into SOMO, and the Zeno method (Kang et al., 2004) which is piped 

through SOMO. These methods were used for BMPER and N-BMPER DAM models 

and CORAL model 5 (section2.9.3.2). These results can be seen in Error! Reference 

source not found.. 
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Hydrodynamic parameters for EM models were calculated using HYDROMIC (Garcia 

de la Torre et al., 2001) as seen in Error! Reference source not found. (section 

2.9.3.1). SAXS parameters can also be simulated from EM models using EM2DAM 

and by running CRYSOL on the resulting bead models (Error! Reference source 

not found.) (section 2.9.3.2). From here it was possible to directly compare the 

results of measured parameters for each method in the structural study. 

 

 Discussion 

In summary, wild-type BMPER and N-BMPER were expressed and secreted from 

stably transfected HEK293-EBNA cells. BMPER showed the characteristic cleavage 

products under reducing conditions that have been shown previously (Ambrosio et 

al., 2008) at the ‘GDPH’ cleavage motif (Rentzsch et al., 2006). Each construct was 

then purified from the media using IMAC in the form of HisTrap nickel affinity columns. 

Further purification using a S200 or S200i SEC column yielded predominantly 

monodisperse protein (Figure 3.1-C). From the analysis of the sequence, and by 

reproducing the work of Kamimura et al., (Kamimura et al., 2004b), it was shown that 

N-BMPER was glycosylated with approximately 12 kDa of glycosylation, consistent 

with four glycans.  

 

Although BMPER and N-BMPER were being produced at levels for structural and 

hydrodynamic analysis, an opportunity to use the STRUBI mammalian expression 

vector pHLsec, with His6 and 1D4 purification tags, arose with the vision to crystallise 

BMPER. 25 BMPER constructs were generated along with four chordin and two Tsg 

constructs (Table 3-1). The domain boundaries were designed to extend to the end 

of the predicted domains and to minimise the flexibility of the linkers using RONN 

(Yang et al., 2005). In most cases construct boundaries ended at either the predicted 

site, or the region of most order, predicted by RONN. Domain boundaries for chordin 

were determined by tolloid cleavage sites. For Tsg, the final residue remained the 

same for both of the constructs, but the first residue was varied. The first residue in 

the mature peptide, after the signal peptide, is a cysteine this was omitted from one 

construct and retained in the other as it was thought that this may either hinder or 

help folding of the mature peptide. Although the cloning was successful for all 

constructs, with the exception of construct 8 in the 1D4 vector, and the constructs 
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appeared to be expressed, few BMPER constructs were secreted and so these were 

not taken forward for further study (Figure 3.2-A & B). The chordin and Tsg constructs 

with a 1D4 tag were highly expressed, but their use is not within the scope of this 

thesis. It may be possible that due to the complexity of BMPER, with respect to the 

high number of domains, disulphide bonds and glycans, and the strong promoter (β-

actin promoter) and signal peptide (µ-phosphatase), BMPER may not be folding 

correctly which in turn would increase endoplasmic reticulum stress and activate the 

unfolded protein response. A method to compensate for this may be to grow the cells 

under hypothermic conditions at temperatures of 30 – 35 °C. This has been shown to 

reduce the growth rate of cells whilst increasing the expression of protein by ~1.5 

times which may increase the expression and secretion of BMPER fragments (Lin et 

al., 2015). 

 

Although BMPER constructs had been expressed by several groups in the literature 

(Ambrosio et al., 2008; Fiebig et al., 2013; Kamimura et al., 2004b; Moser et al., 2003; 

Rentzsch et al., 2006; Serpe et al., 2008; Zakin et al., 2010; Zhang et al., 2007a; 

Zhang et al., 2010a; Zhang et al., 2008), only the first vWFC domain was structurally 

characterised. This left a gap in the literature for a structural model of full length of 

BMPER, and corresponding hydrodynamic data. Hydrodynamic characterisation of 

BMPER and N-BMPER was carried out using SEC-MALS (Figure 3.3-A) and AUC 

(Figure 3.3-B). MALS provided information on the molecular mass, revealing BMPER 

to be 100 kDa and N-BMPER to be 48 kDa showing both samples to be monomeric. 

The measurements of mass were not entirely accurate as the specific refractive index 

increment (𝑑𝑛 𝑑𝑐⁄ ) was not calibrated for glycoproteins as glycans scatter light more 

than peptides. The mass measured by MALS was ~26 kDa larger than the mass 

prediction by sequence which is through a combination of N-linked glycans and the 

differences in 𝑑𝑛 𝑑𝑐⁄  calibration. AUC provided information on elongation via the 

frictional ratio, and interestingly both BMPER and N-BMPER appeared elongated by 

the same proportion, although their mass is significantly different. Both SEC-MALS 

and AUC provided measurements of the 𝑅𝐻 for BMPER and N-BMPER. SEC-MALS 

measured 𝑅𝐻s of 51 Å and 40 Å for BMPER and N-BMPER while AUC measured 

values of 53 Å and 41 Å. These are very consistent across the two techniques and 

provide a consensus for the final hydrodynamic parameters using two independent 

approaches. A summary of all hydrodynamic parameters can be seen in Error! 

Reference source not found.. 
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Table 3-4 – Comparison of Measured Structural and Hydrodynamic Parameters 

The table shows measured and calculated structural parameters. The values calculated 

from structural models are directly compared to the values of the measured data. Calculated 

values for the SAXS DAM and CORAL models are shows with super matrix inversion (SMI) 

or Zeno approaches through SoMo (Brookes et al., 2010a; Brookes et al., 2010b). 

 

SEC-SAXS was employed to determine the overall shape of BMPER through DAMs, 

but also from the 1D scatter curve. This also provided information regarding the 

shape, folded-ness and flexibility of BMPER and N-BMPER. An IFT was then applied 

to the 1D scattering curves to transform the data to real space from reciprocal space 

resulting in a 𝐷𝑚𝑎𝑥 of 160 Å and 111 Å for BMPER and N-BMPER respectively. The 

values obtained from the gradient of the GA (Figure 3.4-C & D), 𝑅𝑔 of 51 Å and 34 Å 

for BMPER and N-BMPER respectively, were very close to the real space values of 

BMPER and N-BMPER (48 Å and 33 Å), shown in Table 3-4Error! Reference source 
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not found.. The 𝐼(0) values were also shown to be close for BMPER at 7.04 × 10−3 

and 7.92×10−3, and for N-BMPER at 21.23 and 18.55, in reciprocal and real space 

respectively, also shown in Error! Reference source not found.. As the values from 

the GA and the PDDF are close, it shows that the processing is most likely correct.  

 

The flexibility of BMPER and N-BMPER was determined through transformations of 

the domain and range axes of the 1D curves. The normalised Kratky plot allowed the 

semi-quantitative comparison of the BMPER constructs regardless of their size 

(Figure 3.5-A). Similar to the frictional ratio, as described in section 3.2.1, the 

normalised Kratky plot showed that the BMPER constructs were roughly 

proportionally elongated by the shift of their peaks away from the cross-hair. The 

PDDF (Figure 3.4-B) also showed elongation for each construct due to the tail on the 

right of the peak. Hydrodynamic measurements, reported by the frictional ratio 

(section 3.2.1) also showed that BMPER and N-BMPER were elongated. As the 

normalised Kratky plot did not show any form of intrinsic disorder or high flexibility, 

the flexibility of BMPER and N-BMPER were assessed by the SIBYLS and the Porod-

Debye plots. As both BMPER constructs showed a plateau in the SIBYLS plot, the 

protein could not be a single rigid system. They were therefore defined as a set of 

rigid domains connected with flexible linkers, accounting for a degree of flexibility. The 

SIBYLS plot has been used to describe partially flexible multi-domain proteins (Troilo 

et al., 2016c). 

 

The single phase DAMs generated from the BMPER (Figure 3.6-C) and N-BMPER 

(Figure 3.7-C) scattering confirmed the molecules are elongated. 23 DAMs were 

generated using DAMMIF. The fitting of the representative BMPER DAM (Figure 3.6-

A) is close to an ideal (𝜒2 of 1.126 versus 1), but for N-BMPER the 𝜒2 was lower 

(0.213). Although this would normally be considered over fitting, the residual plot inset 

into the scatter plot (Figure 3.7-A) shows a close match to the data. In explaining this, 

the problem may be due to the errors reported on the data from the sample detector 

due to a low concentration of sample. The 23 DAMs were analysed with the 

DAMAVER suite with the NSD values for BMPER as 0.672 and for N-BMPER 0.674, 

with a single model excluded from each pool of models. With values less than ‘0.7’ it 

is clear that these are DAMs unique to the corresponding scattering profiles (Volkov 

and Svergun, 2003). Resolution of the models could also be calculated using 
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SASRES and was shown to be 44 Å (± 3 Å) and 35 Å (± 3 Å). These values were 

used when generating surface maps or fitting models within a volume using UCSF 

Chimera ‘molmap’ and ‘fit-in map’ commands. Hydrodynamic parameters of the 

DAMs were calculated using SOMO by both SMI and ZENO methods of calculation. 

Here the values are close enough as to say the models generated from SAXS agree 

with two other independent methods for measuring hydrodynamic parameters, SEC-

MALS and AUC (Error! Reference source not found.). It can be understood that 

slight variations in the final values come from errors with the measurements and the 

imperfect nature of model calculations matching real data. 

 

From the work of Zhang et al., (Zhang et al., 2008) and Fiebig et al., (Fiebig et al., 

2013) in solving the structure of the first vWFC of BMPER, homology models were 

generated in order to generate a rigid body model for N-BMPER using CORAL. As 

shown above, in Figure 3.4-A and Figure 3.7-A, when N-BMPER DAM 

reconstructions are compared to the data the 𝜒2 is low, around 0.2. This would usually 

be considered over fitting, but, as mentioned, the residual plots show no divergence 

from the data. Of the CORAL models generated, only models with a 𝐷𝑚𝑎𝑥 close to 

that of N-BMPER were kept for further analysis (Figure 3.8-A). Interestingly, as the 

𝐷𝑚𝑎𝑥 of the models increased further from that measured for N-BMPER, the 𝜒2 of the 

CORAL output increased also (Table 3-3). As the fit of the CORAL models to the 

scattering curves (Figure 3.8-B) and the correlation of the CORAL models to the DAM 

volume could not definitively select a single model to represent N-BMPER, CORAL 

model 5 was selected as the best overall fit, including hydrodynamic values calculated 

from SOMO (Table 3-4Error! Reference source not found.).  

 

Yet, further information can be obtained from the SAXS data. As the single-phase 

DAM of BMPER cannot inform us of the orientation, MONSA was used to construct 

20 multi-phase ab initio models to elucidate the terminal fragments (Figure 3.10). The 

fitting of the models for both phase-1, N-BMPER, and the combined phase-1 and -2, 

N-BMPER and ΔN-BMPER, were good (𝜒2 values at 0.23 and 0.96). As mentioned 

there are no specific methods of generating a final model of MONSA models, but the 

scripts by Rambo (Rambo, 2015) allowed the splitting of the phases allowing 

averaged DAMs of phase-1 to be generated. This averaged model was similar to the 

DAM of N-BMPER generated from DAMMIF, which is understandable as phase-1 
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was generated from N-BMPER scattering data (Figure 3.11). A consistent location for 

the N- and C-terminus was found throughout the models (Figure 3.10-B). CORAL 

model 5 fitted well within the phase-1 volume as a representative quasi-atomic N- and 

C-terminus model (Figure 3.10-C). 

 

The hydrodynamic information coupled with the SAXS data has provided 

corroborating information regarding the elongation of BMPER and N-BMPER. 

Hydrodynamic data supplied information regarding the elongation of proteins through 

the frictional ratio while SAXS provided this though the dimensionless Kratky plot and 

the PDDF. DAMs generated through ab initio modelling also provided a visual 

representation of the elongation of the molecule. Negative stain electron microscopy 

was employed as a final corroborative technique to independently determine the 

structure of BMPER. This was not possible for N-BMPER as it is too small. From the 

micrographs, represented by Figure 3.12-A, approximately 4,000 particles were 

picked using the EMAN2.1 software suite. Through reference free classification 1,000 

bad or damaged particles were removed from the data set by eliminating bad classes. 

Examples of classes can be seen in Figure 3.12-B. An initial 3D model was generated 

from the reference free classes and allowed for a refinement to achieve a final 3D 

reconstruction (Figure 3.13-A). The final 3D reconstruction showed a slight bending 

in the structure of BMPER. The model refined class averages (Figure 3.13-Bi) match 

the projections from the 3D reconstruction (Figure 3.13-Bii) and so gives rise to a final 

model of BMPER by negative stain EM with a resolution of 35.8 Å (Figure 3.14-A). 

The contribution of particles to the final model can be assessed visually by way if the 

Euler angles (Figure 3.14); Euler angles show a good distribution of particles 

contributing to the final model.  

 

As mentioned above, this information regarding the measurements of hydrodynamic 

and structural parameters, as well as the generation of models goes a long way to 

filling gaps in the literature regarding the structure of BMPER. 
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4 Results Chapter 2: Investigating BMPERs Inhibition of 

BMPs and the Effect of the Diaphanospondylodysostosis 

Causing Mutation 

BMPER is a large, multi-domain glycoprotein from the chordin family. Chordin 

contains four vWFC domains that have been shown to facilitate binding to different 

ECM ligands and regulators, such as Tsg (Troilo, 2013; Troilo et al., 2016a; Troilo et 

al., 2014). As the vWFC domains of human BMPER share between 23% and 38% 

sequence identity with vWFC domains of human chordin it could be expected that 

BMPER may also bind Tsg.  

 

 BMPER Binds to ECM Components 

A variety of binding assays were used in order to determine the binding of BMPER to 

various ECM proteins and components. Inhibition assays were also employed to 

determine how these interactions effect BMP signalling. 

 

4.1.1 BMPER Binds to Heparan Sulphate 

As it was shown that BMPER from zebrafish can bind to cell surfaces through HSPGs 

(Rentzsch et al., 2006), validation was required for the human homologue of BMPER. 

Using a different approach from the heparin beads, utilised by Rentzsch et al. 

(Rentzsch et al., 2006), cells expressing either BMPER or N-BMPER were dosed with 

unfractionated heparin, a more sulphated form of HS, to compete the protein from cell 

surface interactions (section 2.7.1). Figure 4.1 shows both BMPER and N-BMPER 

being dosed with unfractionated heparin, and compared with conditioned media from 

non-dosed cells and cells washed with PBS. In lane 1 of Figure 4.1-A, full length 

BMPER is not detected in the conditioned media due to low protein concentrations. 

Lane 2 shows that when BMPER expressing cells were washed with PBS no 

additional protein was observed. However, when BMPER cells were incubated with 

1 μg/mL and 10 μg/mL of heparin (lanes 4 and 5), there was a clear increase in the 

intensity of the bands. When looking at the corresponding N-BMPER lanes there were 

no overall increase in the band intensity Figure 4.1-B. This shows that the C-terminus 

of BMPER is the region binding to HS. 
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Figure 4.1 – Heparin Competition Assay.  

Conditioned media from cells incubated in the absence of heparin, cells washed with PBS, 

cells incubated with 1 µg/mL and 10 µg/mL of unfractionated heparin were analysed by 

Western blotting using an anti-His6 antibody. A) Western blot analysis of the media and 

wash collected from the BMPER cell line under different culturing conditions, including 1 

µg/mL and 10 µg/mL of heparin. B) Western blot analysis of the media and wash collected 

from the N-BMPER cell line under different culturing conditions, including 1 µg/mL and 10 

µg/mL of heparin.. 

 

4.1.2 BMPER Binds to Tsg 

The ability of BMPER to bind to Tsg has been reported within the literature with 

differing results. It has been shown that BMPER is able to bind to Tsg through 

crosslinking studies using the mouse homologues of BMPER and Tsg (Ambrosio et 

al., 2008) but not through SPR using the zebrafish homologue of BMPER and the 

mouse homologue of Tsg (Zhang et al., 2007a). To provide a conclusive result we re-

examined the interactions of human BMPER and Tsg by SPR studies (section 2.8.3). 

Recombinant BMPER and N-BMPER and recombinant Tsg, as purified previously 

(Troilo et al., 2016a), was used to determine binding affinities. Tsg was immobilised 

to the GLC sensor chip (Bio-Rad) through amine coupling, as had previously been 

reported (Troilo et al., 2016a). Recombinant BMPER and N-BMPER were injected 

over the chip in concentrations of 0 – 150 nM and 0 – 50 nM, respectively. The 

resulting sensorgrams showed that both BMPER and N-BMPER were able to bind to 

Tsg (Figure 4.2). It was not possible to fit the sensorgram  data from BMPER 

interactions to a 1:1 Langmuir binding model (Figure 4.2-Ai) so an equilibrium analysis 

was performed using a non-linear regression using GraphPad Prism version 7.00 for 

Windows (GraphPad Software); this provided a binding constant (𝐾𝐷) of 68.37 nM 

(Figure 4.2-Aii). With N-BMPER it was possible to fit the data to a 1:1 binding model 

to obtain a 𝐾𝐷 of 0.55 nM (Figure 4.2-C). These data showed that BMPER is able to 

bind to Tsg with a high binding affinity, and that the binding is localised to the vWFC 

regions in N-BMPER. A complete table of results can be seen in Figure 4.2-C. 
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Figure 4.2 – BMPER and N-BMPER Binds to Tsg by SPR. 

Ai) SPR sensorgram of the analyte, BMPER, at varying concentrations (0 – 150 nM) binding 

to the ligand, Tsg, with the binding analysis conducted using equilibrium analysis to give a 

𝐾𝐷of 68.37 nM (Aii). B) Sensorgram of the analyte, N-BMPER, at varying concentrations (0 

– 50nM) binding to the ligand, Tsg, with a Langmuir 1:1 binding model showing a 𝐾𝐷 of 0.55 

nM. C) A table showing the binding parameters of BMPER constructs and Tsg. All 

experiments were carried out in triplicate. 

 

As the binding affinities of BMPER and N-BMPER differ by two orders of magnitude, 

further analysis was conducted in order to determine why this may be. Looking at the 

dissociation constants, 𝑘𝑑 , of BMPER and N-BMPER, values were very close at 2.03 

× 10−4𝑠−1  and 2.28 × 10−4𝑠−1, respectively (Figure 4.3). This indicates that it is the 

association constant, 𝑘𝑎, that differs for the analytes, because when the constructs 

are bound to the ligand they dissociate at the same rate. The data provided here then 

leads us to believe that both of the BMPER constructs interact in a similar fashion 

with Tsg. The 𝑘𝑎 value may be higher for BMPER due to a conformational change 

which occurs in the N-terminus of BMPER when the C-terminus is present. 
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Figure 4.3 –Dissociation Constants of BMPER and N-BMPER from Tsg. 

SPR sensorgrams showing the dissociation constant of BMPER (A) from Tsg, represented 

by a black line and the dissociation constant of N-BMPER (B) from Tsg, represented by a 

black line. 

 

4.1.3 BMPER Binds to Chordin 

Although it has been reported elsewhere that BMPER is able to bind to chordin, with 

𝐾𝐷s of 1.4 nM (Ambrosio et al., 2008), 25 nM (Rentzsch et al., 2006) and 175 nM 

(Zhang et al., 2010a), the study was repeated using recombinant human N-BMPER 

and the chordin fragment composed of the vWFC domains 2-3, that had previously 

been expressed in the lab (Troilo et al., 2016a) (section 2.8.3). Chordin fragment 

vWFC 2-3 was chosen as it has been shown that BMPER only binds to vWFC2 of 

chordin (Zhang et al., 2010b). The chordin fragment was immobilised to a GLC sensor 

chip (Bio-Rad). N-BMPER was used as the analyte and injected over the ligand at 

concentrations of 0 – 100 nM (Figure 4.4). From the sensorgrams it is possible to see 

an interaction between the ligand and the analyte and it was possible to fit the data 

to a 1:1 Langmuir binding model with a 𝐾𝐷 of 0.20 nM. This allowed the corroboration 

of the binding site of the chordin fragment to N-BMPER. 

 

Figure 4.4 – vWFC2-3 of Chordin Binding to N-BMPER 

A) SPR sensorgram of the analyte, N-BMPER, at varying concentrations (0 – 100nM) 

binding to the ligand, fitted to a Langmuir 1:1 binding model showing a 𝐾𝐷 of 0.20 nM. B) A 

table showing the binding parameters of BMPER constructs and chordin vWFC2-3. 
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 BMPER Works in Concert with Tsg to Inhibit BMP Signalling 

As BMPER and Tsg have been shown to interact with one another, we wished to 

pursue the effect that the combination of proteins would have on BMP signalling. 

Previous studies looking at the effect of ECM regulators on BMP signalling have been 

monitored using alkaline phosphatase (ALP) assays (Troilo et al., 2016a; Troilo et al., 

2014). ALP assays were carried out using both BMPER constructs to assess the 

impact of the constructs on BMP-4 signalling in both the presence and absence of 

Tsg (section 2.7.2). As Tsg also inhibits BMP-4 signalling to 20% at 28× molar excess 

(Troilo et al., 2016a), this concentration was used for the ALP assays. 

 

The ALP assays were carried out and analysed in collaboration with the Sengle lab 

(University of Cologne, Germany) with recombinant proteins purified in the Baldock 

lab. BMPER and Tsg constructs were purified as described above (section 4.1.2) and 

used in ALP assays to assess their efficacy in BMP-4 inhibition. Figure 4.5-A shows 

that BMPER inhibits BMP-4 by approximately 5%, as shown by the red line. When 

Tsg was added to BMPER, it was possible to see a downward trend in the activity of 

BMP-4, shown by the blue line. The inhibition was such that it was possible to 

determine an 𝐼𝐶50 of 2.6× molar excess of BMPER to BMP-4. Comparing the 

percentage inhibition of BMP-4 at a BMPER excess of 2.6 fold in the absence and 

presence of Tsg, the activity of BMP-4 decreases from 5% to 50%. Although Tsg has 

been added, it can only provide 20% inhibition at this concentration showing BMPER 

and Tsg work in concert to inhibit BMP-4 signalling (Troilo et al., 2016a). 

 

Figure 4.5 – Alkaline Phosphatase Assay Showing Inhibition of BMP-4 by BMPER and N-

BMPER.  

For all inhibition assays BMP-4 was used at 30 ng/mL (1.15 nM) and the concentrations 

of BMPER constructs used at two, four and eight times the concentration of BMP-4. Tsg 

was used at 28× molar excess of BMP-4 (32.3 µM), as per previous studies (Troilo et al., 

2016a). A) BMPER shows little effect (5% inhibition at 2.6 × molar excess) in inhibiting 
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Figure 4.5-B provides us with the same experiment using N-BMPER to inhibit BMP-

4 signalling activity. When N-BMPER was used in the absence of Tsg, it showed a 

distinct decrease in the percentage of BMP-4 activity (red line). When Tsg was 

combined with the N-BMPER titrations (blue line), it was possible to see a further 

decrease, providing an 𝐼𝐶50 of 1.4× molar excess of BMPER to BMP-4. Comparing 

the inhibition of N-BMPER in the absence of Tsg, at 1.4 fold molar excess, N-BMPER 

provides 20% inhibition of BMP-4 activity, and in the presence of Tsg provides 50% 

inhibition of BMP-4 signalling. This shows further synergistic effects of BMPER and 

Tsg. A full comparison of results at their percentage inhibition can be seen in Table 

4-1. 

 

Table 4-1 – Table Showing the Percentage Inhibition of BMP-4 Signalling. 

Inhibition of BMP-4 signalling by BMPER and N-BMPER concentrations in line with their 

correspondingpercentage inhibition, with and without Tsg at 28× molar excess to BMP-4. 

 

 Investigating the Diaphanospondylodysostosis Causing 

Mutation 

Clinical studies into the cause of the rare, recessively inherited, perinatally lethal 

skeletal disorder DSD identified 13 mutations in BMPER (Funari et al., 2010). 

Differing severities of DSD have also been described by Kuchinskaya et al. 

(Kuchinskaya et al., 2016), as well as a less severe ISD. Although some of the 

mutations in BMPER were shown to influence the severity of DSD, studies into the 

mutation of proline 370 to leucine (BMPER-P370L) were pursued, as this was in the 

‘GDPH’ acid catalysed cleavage motif of BMPER. As no biochemical studies have 

BMP signalling (red). When Tsg was added (blue) the inhibition was increased and an 

𝐼𝐶50 of 2.6 × molar excess of BMPER was observed. B) N-BMPER shows a greater effect 

(20% inhibition at 1.4 × molar excess) in inhibiting BMP signalling (red). When Tsg was 

added (blue) the inhibition was increased and an 𝐼𝐶50 of 1.4 × molar excess of N-BMPER 

was observed. Results can be seen in Table 4-1. 



115 
 

been conducted on DSD mutants and so secretion studies of BMPER and BMP 

inhibition assays were performed.  

 

4.3.1 Generating Clones of BMPER and BMPER-P370L 

BMPER-P370L was generated by site directed mutagenesis of BMPER by PCR and 

cloned into modified pCDH vectors (sections 2.4.6 and 11.3), along with BMPER, with 

the native BMPER signal sequence. 

 

4.3.2 Generating HEK293-T Cell Lines with Lentiviral Constructs 

Lentivirus containing BMPER and BMPER-P370L were generated in HEK293-T cells 

by transfecting BMPER containing pCDH vectors with packaging vectors into them 

(section 2.5.2.3). HEK293-T cells were transduced with BMPER containing lentivirus 

transplanted from transfected HEK293-T cells and sorted for tGFP with an excitation 

wavelength of 482 nm and an emission wavelength of 502 nm. These were compared 

to a HEK293T control, and cells containing tGFP were selected for experimental use. 

Figure 4.6-A shows the control of HEK293-T cells, where Figure 4.6-B and –C shows 

that there are emissions in the tGFP wavelength and these are selected in the range 

designated by ‘P3’. Figure 4.6-D, shown the percentage of tGFP expressing cells that 

were selected from each cell sort for BMPER and BMPER-P370L. Sorted cells were 

cultured in a similar way to standard HEK293-T cells. 



116 
 

 

Figure 4.6 – Sorting for Cells Expressing  tGFP 

BMPER and BMPER-P370L transduced HEK293-T cells were sorted. P3 shows the cells 

that express tGFP, A) Control HEK293T cells with no tGFP expression, B) Cells selected 

for tGFP and also expressing BMPER. C) Cells selected for tGFP and also expressing 

BMPER-P370L. D) Table showing the populations of cells presenting tGFP. 

 

In addition to expression and secretion studies, stable cell lines were developed to 

test the inhibition of BMP signalling of BMPER and BMPER-P370L. An additional, 

adapted pCDH vector was used to generate cells lines that have inducible BMP-2 

expression, provided by Dr Stuart Cain (University of Manchester, UK). BMP-2 

expression was induced by doxycycline and was co-expressed with a blue fluorescent 

protein (BFP). Viruses were generated for the BMP-2 and the BMPER constructs; 

cell-lines transduced with BMP-2, BMP-2 and BMPER and BMP-2 and BMPER-

P370L were produced. Cells were sorted (Figure 4.7) to select for only those 

expressing both tGFP and BFP. The control (Figure 4.7-A) shows cells without the 

expression of tGFP or BFP. BFP can be detected by excitation at a wavelength of 

402 nm and emission at a wavelength of 457 nm. In Figure 4.7, P3 shows the cells 

that express only tGFP; P4 shows cells that express only BFP and P5 shows cells 

that express both tGFP and BFP. Figure 4.7-B shows that 69.3% of the cells sorted 

expressed BFP, corresponding to BMP-2. Figure 4.7-C and –D showed that 9.7% 
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and 7.0% of cells sorted contained both BMPER & BMP-2 and BMPER-P370L & 

BMP-2 respectively by selecting based on tGFP and BFP. 
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Figure 4.7 – Sorting for Cells Expressing tGFP or BFP 

BMP-2, BMP-2 & BMPER and BMP-2 & BMPER-P370L transduced HEK293-T cells were 

sorted. P3 shows the cells that express only tGFP, P4 shows cells that express only BFP 

and P5 shows cells that express both tGFP and BFP. A) Control HEK293T cells, B) Cells 

selected for BMP-2 containing cells. C) Cells selected for BMP-2 and BMPER containing 

cells. D) Cells selected for BMP-2 and BMPER-P370L containing cells. 

 

4.3.3 BMPER-P370L is Secreted and Cleaved from HEK293-T Cells 

Media from BMPER and BMPER-P370L cell lines were analysed by Western blot, 

under reducing (Figure 4.8-A) and non-reducing (Figure 4.8-B) conditions using a V5 

antibody. BMPER and BMPER-P370L were both shown to be secreted. BMPER 

appears to be expressed and secreted in a characteristic, two band fashion, as shown 

in (Figure 3.1-D) under the reducing and non-reducing conditions. Interestingly, 

BMPER-P370L is secreted as a high molecular weight species at the same mass as 
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BMPER. More surprisingly, BMPER-P370L has a cleavage product that can be seen 

at a smaller molecular mass than the BMPER cleavage product. 

 

To further investigate the origin of the cleavage product shown by the BMPER-P370L 

cell-lines, the cell lysates were Western blotted under reducing conditions using the 

V5 antibody (Figure 4.8-C). Figure 4.8-C clearly shows that BMPER is cleaved within 

the cell where BMPER-P370L shows no signs of cleavage. This points to the 

cleavage of the mutant occurring in the ECM, leading to the conclusion that cleavage 

is most likely completed by an ECM protease rather than by an acid catalysed 

mechanism for BMPER. 

 

Figure 4.8 – BMPER-P370L Secretion Tests 

The conditioned media and cell lysates of BMPER and BMPER-P370L cell-lines and 

HEK293T control cells were probed by Western blot using an anti-V5 antibody. Red lines 

show BMPER protein, blue lines show BMPER-P370L protein and the three lanes represent 

technical repeats. A) Western blot of reduced samples of BMPER, BMPER-P370L and 

HEK293T cell conditioned media showing the cleavage products of BMPER and BMPER-

P370L. B) Western blot of a non-reduced sample of BMPER, BMPER-P370L and HEK293T 

cell media showing the cleavage products of BMPER and BMPER-P370L. C) Western blot 

of reduced samples of BMPER, BMPER-P370L and HEK293T cell lysates showing the 

cleavage products of BMPER. 

 

4.3.4 BMPER-P370L Inhibits BMP Signalling More than BMPER 

With the knowledge that BMPER-P370L is secreted, we wished to determine how it 

affected BMP-2 mediated signalling by monitoring phosphorylation of SMAD proteins 

(pSMAD). Using cell lines produced in section 4.3.2, six well plates were seeded with 

BMP-2, BMPER & BMP-2 or BMPER-P370L & BMP-2 cells. While BMPER and 

BMPER-P370L were constitutively expressed, BMP-2 was only expressed in the 

presence of doxycycline. Cell media was exchanged to expression media containing 
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200 ng/mL of doxycycline to induce BMP-2 expression. Cells were incubated for 48 

hours before the media was removed, and the cells were lysed. Cell lysates were 

Western blotted with the antibody for pSMAD-1/5/8, and compared to a control of 

SMAD-1 (section 2.7.3). Figure 4.9 shows the results of the densitometry analysis, 

where cells expressing only BMP-2 was normalised to 1. In Figure 4.9, cell-lines 

expressing BMPER and BMP-2 showed a decrease in pSMAD 1/5/8 by 30%, while 

cell lines expressing BMPER-P370L and BMP-2 showed a 45% decrease in pSMAD 

1/5/8. The data here presents an interesting result, where the inhibition of BMP-2 by 

BMPER-P370L is increased, and could contribute to the pathological phenotype.  

 

Figure 4.9 – BMPER-P370L Inhibits Signalling Greater than BMPER 

Analysis of pSMAD assays, where BMP-2 is normalised to 1, calculated from the intensity 

of the bands whilst completing a Western blot analysis. BMPER showed an inhibition of 

BMP signalling by 30% where BMPER-P370L inhibits BMP signalling by 45% (n = 3). Error 

bars are shown from the standard deviation of the mean. Using an ordinary one-way 

ANOVA with multiple comparisons there were no statistically significant changes in 

signalling, although a trend can be seen.  

 

 Discussion 

With the results described above it is possible to see how the interactions of BMPER 

and N-BMPER fit into the current model of BMPER signalling through biophysical and 

cell based assays. Additionally it has been possible to look at the effects of the 

BMPER-P370L mutation on the ability of BMPER to inhibit BMP signalling. 
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4.4.1 BMPER Binds to ECM Components 

To build upon earlier work shown that BMPER binds to HSPGs (Rentzsch et al., 2006) 

where BMPER was bound to heparin beads, the binding was examined using 

recombinant human BMPER as opposed to zebrafish protein. The result was 

expected to be similar as the heparan sulphate binding region has been localised to 

residues  ‘393-396’ in zebrafish BMPER which are conserved in humans (Rentzsch 

et al., 2006). The heparin binding experiment also showed that N-BMPER was unable 

to bind to HS beads, localising the binding to the C-terminus. The experiment carried 

out using human BMPER constructs, shown in Figure 4.1, shows that human BMPER 

does indeed bind to heparin. When cells were dosed with increasing concentrations 

of unfractionated heparin, a dose response was observed for BMPER (Figure 4.1-A), 

but not for N-BMPER (Figure 4.1-B). This assay again confirms that human BMPER 

binds to HSPGs through its C-terminus. 

 

With the conserved formation of a ternary complex comprising chordin, Tsg and 

BMPs in the BMP signalling pathway (De Robertis and Moriyama, 2016; Wharton and 

Serpe, 2013; Zakin and De Robertis, 2010), it has also been suggested that BMPER 

may play a role in the formation of a larger complex during signalling (Zakin and De 

Robertis, 2010). Although extensive binding studies of various homologues of 

BMPER and chordin have been completed, forming a consensus (Ambrosio et al., 

2008; Rentzsch et al., 2006; Zhang et al., 2010a; Zhang et al., 2007b), and BMPER 

and BMPs (Ambrosio et al., 2008; Binnerts et al., 2004; Moser et al., 2003; Qiu et al., 

2008a; Zhang et al., 2007a; Zhang et al., 2010a; Zhang et al., 2008), the literature is 

conflicted regarding the binding of BMPER to Tsg (Ambrosio et al., 2008; Zhang et 

al., 2007a). With this conflict in literature, binding studies between BMPER and Tsg 

were carried out using SPR analysis, which has proven useful for studying chordin 

and Tsg as well as chordin and BMPER in the past (Troilo et al., 2016a; Troilo et al., 

2014; Zhang et al., 2010a). In section 4.1.2, it is shown that when Tsg is immobilised 

to the SPR sensor chip, BMPER is able to bind to Tsg with a 𝐾𝐷 of 68.37 nM, 

contradicting a previous SPR studies (Zhang et al., 2007a). As chordin interacts with 

Tsg through its vWFC domains, the binding of Tsg and N-BMPER was investigated. 

Figure 4.2-B shows that N-BMPER binds to Tsg with a high affinity of 𝐾𝐷 0.55 nM. 
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This contrast in results to Zhang et al. may be due to a cross-species protein of the 

different expression system (recombinant mouse homologue of Tsg and a 

recombinant zebrafish homologue BMPER expressed in SF9 insect cells). Possible 

problems in previous experiments are twofold. Firstly, the use of SF9 cells to produce 

recombinant mammalian protein, rather than mammalian cells, could cause a 

problem as each of the proteins used in the experiment are glycosylated. It has been 

shown that insect cells produce smaller N-glycans than mammalian expression 

systems (Chang et al., 2007). The interaction between BMP and Tsg has been shown 

to be affected by changes in glycosylation (Billington et al., 2011). Tsg from mouse is 

predicted to have two glycosylation sites (Gupta and Brunak, 2002), where the human 

Tsg protein has three, and with the SF9 cells providing a reduced glycan, this may 

alter the binding further. Secondly, although human BMPER and zebrafish BMPER 

share 69% sequence identity, the differences may be enough to oblate the binding of 

the BMPER and Tsg. Figure 4.10 shows the sequence alignments of BMPER 

homologues from four commonly studies species, with Table 4-2 showing the 

percentage sequence identities.  
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Figure 4.10 – Sequence alignment of BMPER homologues 

Sequences of BMPER from Drosophila (UniProt ID Q9GTX3), Zebrafish (UniProt A6H8K2), 

Human (UniProt ID Q8N8U9) and Mouse (UniProt ID Q8CJ69) aligned using Clustal Omega 

(Sievers and Higgins, 2018); ‘*’ indicates a fully conserved residue, ‘:’ indicates residues 

with strongly similar properties and ‘.’ Indicates residues with weakly similar properties.  
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Table 4-2 – Identity Matrix of BMPER homologues 

Amino acid sequence identities of the BMPER homologues shown in Figure 4.10. 

 

With the interactions of N-BMPER and Tsg being so markedly different from BMPER 

and Tsg the question of “why?” arose. In Figure 4.3, the dissociation rate of BMPER 

and N-BMPER from Tsg was examined and was similar at 2.03 × 10−4𝑠−1  and 2.28 

× 10−4𝑠−1 respectively. Although the structure of BMPER has been shown to be 

elongated, the presence of the C-terminus of BMPER may be having some effects on 

the binding of Tsg due to conformational changes.  

 

BMPER and chordin have been shown to bind tightly from a variety of SPR and pull 

down studies (Ambrosio et al., 2008), yet corroboration of the data by SPR was 

required using human homologues. Figure 4.4 shows the interaction of N-BMPER 

and chordin domains vWFC 2-3. These constructs were used as sub-domain 2 of 

vWFC1 to vWFC4 of BMPER, were required to bind to vWFC2 of chordin at a 𝐾𝐷 of 

140 nM (Zhang et al., 2010a). The proteins in the study by Zhang et al. were those 

previously described (zebrafish BMPER homologue and the mouse chordin 

homologue using SF9 insect cells). The resulting 𝐾𝐷 of 0.2 nM, shown in Figure 4.4 

was a much tighter interaction than that shown by Zhang et al. (Zhang et al., 2010a) 

but was similar to the 𝐾𝐷 of 1.27 nM shown by Ambrosio et al. (Ambrosio et al., 2008) 

where recombinant mouse homologues of BMPER and chordin were used. The 

agreement of the 𝐾𝐷 in the study shown and that of Ambrosio et al. (Ambrosio et al., 

2008) are likely due to using recombinant protein from the same species and 

produced in mammalian expression systems. 

 

With the validation of the interaction of BMPER to Tsg in vitro, the next step was to 

determine how this effects BMP signalling. Provisionally, Ambrosio et al. had shown 

that not only did BMPER and Tsg interact with one another; Tsg enabled BMPER to 
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bind tighter to BMP-4 and crosslinking showed a ternary complex (Ambrosio et al., 

2008). It was also shown that the BMPER:Tsg:BMP-4 complex inhibited the binding 

of BMP-4 to BMPR-IB receptor. Around the same time as the in vitro studies, in vivo 

studies were carried out to elucidate how Tsg and BMPER may interact with one 

another on a genetic level (Ikeya et al., 2008; Zakin et al., 2008). By using double 

knock out studies in mice it was shown that pups with the double BMPER-/- and Tsg-

/- mutations survived with little appearance of skeletal phenotypes (Ikeya et al., 2006). 

This showed that BMPER and Tsg were linked, with Tsg epistatic over BMPER. A 

further study showed that both Tsg and BMPER abolish any proangiogenic effect 

either protein had on their own, in terms of sprouting and branching (Heinke et al., 

2013). However, the way in which BMPER and Tsg inhibit BMP signalling has not 

previously been described.  

 

BMP signalling assays were completed to assess how the combination of BMPER 

and Tsg can affect BMP signalling. Previous BMP signalling assays, performed in 

collaboration with the Sengle Lab (Troilo et al., 2016a; Troilo et al., 2014), were 

repeated for BMPER and Tsg. As mentioned, ALP assays had been completed for 

Tsg and had found that at 28× molar excess inhibited BMP-4 signalling by 20% (Troilo 

et al., 2016a). It was discovered that when BMPER was titrated onto C2C12 cells, 

there was little change in signalling (Figure 4.5-A, red line). When coupled with Tsg 

there was a clear decrease in the percentage of BMP-4 signalling; BMP-4 signalling 

was decreased enough to determine an 𝐼𝐶50  at 2.6× molar excess, of BMPER (Figure 

4.5-A, blue line). Clearly the difference between the absence and presence of Tsg in 

Figure 4.5-A is greater than the 20% decrease in BMP-4 activity that had previously 

been shown (Troilo et al., 2016a) and suggests BMPER and Tsg act synergistically 

to bind, and inhibit, BMP-4. This clearly corroborated the information shown by 

Ambrosio et al. whereby BMP-4 is more tightly bound by Tsg and BMPER, but also 

this prevents BMP-4 binding to BMPR-IB (Ambrosio et al., 2008). When repeated with 

N-BMPER alone, there was a clear decrease in BMP-4 activity (Figure 4.5-B, red 

line). When N-BMPER was titrated onto the cells with Tsg, the activity decreased 

further, again allowing an 𝐼𝐶50  at 1.4× molar excess to be determined (Figure 4.5-B, 

blue line). At 1.4× molar excess, the percentage inhibition of N-BMPER alone is 

approximately 20%. Again, when compared to the activity of Tsg, the combination 

cannot account for 50% inhibition of BMP-4 signalling and so suggests a synergistic 

effect. All values can be found in Table 4-1 
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Figure 4.11-A shows a brief schematic of the relative inhibition potential of BMPER, 

N-BMPER and Tsg. BMPER and N-BMPER have distinct differences in terms of 

binding to the cell surface through the C-terminal vWFD domain to HSPGs. When 

comparing the inhibition potential of BMPER and N-BMPER alone, N-BMPER is a 

more potent inhibitor. This is most likely due to the ability of N-BMPER to diffuse away 

from the cell surface and into the media, showing a higher inhibition potential, where 

BMPER, as shown by Serpe et al., acts as a short range inhibitor, but also a facilitator 

of signalling by sequestering BMPs close to the cell surface (Serpe et al., 2008). 

These effects are amplified considerably by the addition of Tsg, enhancing the binding 

of BMPER to BMP-4 (Figure 4.11-B). 
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Figure 4.11 – Model of Action of BMPER and N-BMPER. 

A simple schematic showing how BMPER, N-BMPER and Tsg can inhibit BMP signalling, 

but when BMPER or N-BMPER are bound to Tsg the signalling is inhibited further. Shown 

here are BMPER in the absence (A) and presence (B) of Tsg bound to HSPGs through the 

vWFD domain and N-BMPER in the absence (C) and presence (D) of Tsg, without the 

capacity to bind to the cell surface. This shows how BMPER, N-BMPER and Tsg have the 

ability to agonise and antagonise BMP signalling. When Tsg is bound to BMPER or N-

BMPER the signalling is inhibited further. For N-BMPER there is no vWFD domain to 

mediate binding to the cell surface and so the N-BMPER:Tsg:BMP complex will diffuse into 

intercellular space, decreasing signalling more. 
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4.4.2 Mutations in BMPER cause DSD by increasing BMP inhibition 

For this study the DSD mutation, BMPER-P370L, was generated in a lentiviral vector 

and transduced into HEK293-T cells, which were selected by sorting for GFP (Figure 

4.6). It was hypothesised that BMPER-P370L would not be secreted as it had 

previously been shown that mutations in the acid-catalysed ‘GDPH’ motif of RGMs 

prevented secretion from HEK293-T cells (Bell et al., 2013). By interrupting the 

cleavage motif it is thought that the vWFD domain is unable to fold correctly and so 

is degraded. If BMPER-P370L were not secreted it would effectively represent a 

knockout of BMPER which would mimic phenotypes shown in mouse models of 

BMPER-/- mice which have very similar skeletal characteristics to patients suffering 

from DSD. Surprisingly, Western blots of the conditioned media of BMPER-P370L 

showed that BMPER-P370L was secreted (Figure 4.8-A & -B). Even more surprisingly 

BMPER-P370L appeared to be cleaved under both reducing and non-reducing 

conditions, but with a mass lower than that of the BMPER cleavage product, 

approximately 37 kDa. Western blots of the cell lysate were used to determine if this 

cleavage occurs intra- or extracellularly. Figure 4.8-C shows that BMPER is cleaved 

intracellularly, as would be expected due to the low pH of the secretory pathway 

(Ambrosio et al., 2008; Lidell and Hansson, 2006; Lidell et al., 2003), whereas 

BMPER-P370L does not appear to be cleaved within the cell lysate. This leads us to 

believe that BMPER-P370L is cleaved extracellularly by an ECM protease. As 

BMPER-P370L is secreted, cell based assays were used to determine how BMP 

signalling may be effected. 

 

Further cell-lines were generated using the lentiviral vectors described above by co-

transducing BMPER constructs with a doxycycline inducible BMP-2 construct (Figure 

4.7). It had been shown by Dr Stuart Cain that when the BMP-2 vector was not 

induced, BMP-2 could not be detected above endogenous levels showing no ‘leaky-

ness’ (data not shown). Cells were lysed and BMP-2 activity was probed by Western 

blotting against pSMAD-1/5/8. The values were normalised against SMAD-1, with the 

resulting graphs shown in Figure 4.9. Here we see that BMPER inhibits BMP-2 

signalling, and BMPER-P370L is a more effective inhibitor of BMP-2 signalling. This 

increase in inhibition is reminiscent of the increased BMP inhibitory activity of N-

BMPER when compared to BMPER. Disruption of the acid-catalysed ‘GDPH’ motif 

could cause the vWFD domain to fold incorrectly and expose a cryptic cleavage site. 

When BMPER-P370L is cleaved it liberates an N-terminal fragment, of approximately 

63 kDa. This fragment would almost mimic N-BMPER, containing the vWFC domains 
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(Figure 4.12). This N-terminal cleavage product may account for the increased 

inhibition of BMP-2 signalling. It has been show that BMP signalling is extremely 

important in the early stages of embryogenesis, with homozygous null mice showing 

embryonic lethality and heterozygous BMP-2 null mice exhibiting cardiac 

malformation (Zhang and Bradley, 1996). As BMPER transcripts were shown to be 

high in early embryogenesis (Moser et al., 2003), the interference of BMP signalling 

in early embryogenesis may bring about the onset of the DSD phenotype. 

 

 

Figure 4.12 – Potential Mechanism of P370L Cleavage. 

A) BMPER schematic shown with the P370L mutation. The inset shows now an exposed 

loop from the vWFD domain may be cleaved by a protease. B) The resulting N-terminal 

cleavage product of BMPER. 

 

To conclude, BMPER functions by binding through its C-terminal vWFD domain to 

the ECM, mediated by HS, and bind BMPs and BMP regulators that are secreted into 

the ECM through the N-terminal vWFC domains. The results described within this 

chapter demonstrate the capacity of BMPER to bind through these domains, and how 

the binding may differ between species. It also presents the first biochemical study 

into the DSD causing mutation at the acid-catalysed cleavage site ‘GDPH’ and how 

this mutation impacts on BMP signalling. 
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5 Results Chapter 3: Beamline Upgrades and B21 

This chapter will reflect upon the contributions to the work on several projects that 

were carried out at Diamond Light Source’s beamline B21 throughout the time of my 

PhD.  

 

 Beamline Upgrades 

Many experiments to study biological samples have been conducted using SAXS. It 

has traditionally been completed using batch mode, where protein samples are 

introduced into beamline X-rays in a capillary, usually quartz. Problems with this type 

of data collection arose with the formation of time, or radiation, dependant 

aggregates. As a result, beamlines have devised several ways to lessen effects of 

radiation damage induced by X-ray radiation. These methods include the flowing of 

samples slowly through the X-ray beam, utilised at beamlines BM29 at the ESRF 

(France) and P12 at DESY (Germany), or oscillating the sample back and forth, 

utilised at Station G1 at CHESS (USA). Further problems were seen with the 

measuring of complexes, where non-covalently complexed proteins, in a dynamic 

equilibrium, would form mixtures in the capillary. To overcome these problems many 

SAXS beamlines are employing SEC-SAXS where data is collected on the eluent of 

SEC purification runs. In addition to problems with protein complexes, the SEC-SAXS 

method can be used to remove any trace aggregates that would interfere with data 

collection. In order to improve the data collected using SEC-SAXS on beamline B21, 

custom samples cells with custom window materials have been designed and 

employed. 

 

5.1.1 B21 Custom Sample Cells 

With low flux beamlines (less than 1012 photons/s) there is a large challenge in 

collecting high quality data. Beamline B21 has a flux of 1011 photons/s and so to make 

use of this low flux to collect high quality data a custom sample environment was 

designed. 

 

Beamline B21 was designed for use with the EMBL automated sample-changing 

robot using the custom quartz sample cell (Round et al., 2015), but upgrades to the 

beamline have begun to implement SEC-SAXS, using an Agilent HPLC. The HPLC 
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is able to use both the Superose and Superdex increase series of SEC columns (GE 

Healthcare) and the KW series of SEC columns (Shodex). The HPLC setup is fitted 

with two pumps to equilibrate a column with one pump whilst running the other with 

sample and vice versa.  

 

It is possible to control the HPLC remotely from the control room while the HPLC runs 

in the experimental hutch of the beamline. The HPLC can complete runs using a 

sample injection mechanism, loading samples from a 96-well plate. The 96-well plate 

sits in a temperature controlled chamber so multiple samples can be run using a 

combination of the Agilent control software and GDA (http://www.opengda.org/). The 

standard EMBL capillary worked well with the HPLC setup. The eluent from the HPLC 

was used to flow through the sample cell and into waste, yet attempts were made to 

find a better solution for use with the stop flow system described below. 

 

The main problem with the EMBL capillary is that it was designed to withstand the 

pressure of the vacuum used to draw samples through the beam in the Bio-SAXS 

robot (Round et al., 2015); the walls of the capillary are made of a relatively thick 

quartz to account for this pressure (Table 5-1), and would absorb a higher proportion 

of scattered X-rays.  

 

 

Table 5-1 – Dimensions of the EMBL and B21 Custom Cells 

The values presented are for the dimensions of the samples cells used at Diamond Light 

Source. The values allow for the comparison of dimensions of the quartz capillary to be 

compared to that the custom sample cell and the calculation of the volumes in the cells at 

the 5 mm beam. 
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Although the absorption of X-rays is not usually a problem in standard batch mode 

operation, it becomes a problem with the lower protein concentrations resulting from 

a SEC run. Samples are diluted by approximately one third (Figure 5.1) and the flow 

of the samples means that the signal per frame can only be recorded for the duration 

of the peak. A secondary problem was that the capillary has a large total volume 

(approximately 35 µL) (Zhang et al., 2007b). Preliminary studies found that this 

caused dilution of the sample by diffusion when the sample was static using the stop 

flow method, preventing effective buffer subtractions. 

 

 

Figure 5.1 – Relative Dilution by Different SEC Columns 

Comparison of A280 peak heights normalised to the injection of BSA through the HPLC 

system without a column attached and with an S200 increase column and KW403 column. 

The S200i column, run at 0.05 mL/min, provides a 3.2 times dilution where the KW403 

column, run at 0.05 mL/min, provides a 2.7 times dilution. The dilution is lessened again for 

the KW403 column at a flow rate of 0.1 mL/min to 2.5 times allowing for a higher peak with 

a smaller base, and a higher concentration at the peak. 

 

A new sample cell was designed in collaboration with the beamline B21 staff (Figure 

5.2-A). The manufacturing of the sample cell was completed with stainless steel, 

taking approximately six weeks. Although the manufacturing time is not a limiting 

factor, a scheme was put into place for decreasing the time taken for sample cell 

optimisation. Using 3D printing the sample cell was optimised through various print 

jobs to produce a smaller cell (section 2.10). Optimisation proved successful as a 

sample cell, printed with a resolution of 30 μm, was competed in 3 hours and 20 

minutes. The cells shown in Figure 5.2-C are the initial steel prototype next to a 3D 

printed cell with a shorter end. These optimised cells would decrease the cost and 

manufacturing time of making the stainless-steel cells due to a smaller material 

requirement. It could also allow the sample cells to be used for more hazardous 

substances like live virus and toxic proteins, by sending out the sample cells to labs 



133 
 

where they could be loaded under the appropriate safety conditions. The printed 

sample cells would then be sealed and returned to beamline B21 for data collection. 

This would be duplicated for measuring buffer too. Once the samples were measured 

the sample cells containing the hazardous materials could be disposed of 

appropriately without incurring large costs for acquiring new sample cells.  

 

Figure 5.2-B shows how the B21 SEC-SAXS sample cell was printed, where a 

scaffold is printed around the cell in order to support the sample cell during 

construction process. The cells were printed on an angle so as to prevent pooling of 

the resin at areas critical for creating a vacuum in the flight-tube. The printed cells 

had the scaffold removed, the ends tapped, to allow valves to be screwed into them, 

and were sanded down at the points where the cell came into contact with O-rings to 

form a vacuum in the flight-tube. The cells were then baked at 50 °C in a vacuum 

oven overnight to harden before use. Window materials were then glued onto the 

cleaned surface of sample cells for measuring data. 
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Figure 5.2 – Design of the B21 SEC-SAXS Sample Cell. 

A) The engineering schematics of the B21 SEC-SAXS sample cell shown in full (Ai) and in 

cross section (Aii). B) A 3D printed sample cell shown with the scaffold required to support 

printing the sample cell at an angle. C) Comparison of the 3D printed sample cell after the 

scaffolding support was removed next to the machined stainless steel B21 SEC-SAXS 

sample cell. It can be seen here that the end length of the stainless steel sample cell is 

longer than that of the optimised 3D printed cell. The figure also represents how valves can 

be easily screwed into the sample cell using the tapped holes. 

 

5.1.2 Testing Windows Samples 

Collectively the beamline staff and I completed the measuring of the following data. 

Various window materials were glued onto the sample cell in order to identify the most 

appropriate material. The cell was placed into the vacuum and an exposure of 15 

minutes was recorded (Figure 5.3-A). From these results it was determined that 

synthetic mica, with a width at approximately 25 µm had the lowest scatter; the 

background of the synthetic mica window is approximately 100 times lower than that 
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of a quartz window. Additionally, a silicon nitride (SiN) window, with a width of 2 µm, 

was measured (data not shown) with a further reduced background.  

 

A SEC-SAXS study was carried out to determine how the quartz windows compared 

to that of the SiN windows by measuring a glucose isomerase (GI) standard with 14 

one second exposures, subtracting buffer from the sample across the elution peak 

(Figure 5.3-B). From the scattering profiles of GI it is possible to see that the SiN 

windows (black curve) provided less absorbance than the quartz windows (green 

curve) and so a higher signal to noise ratio was achieved. With that, it was still 

possible to extract the GI scattering signal from the data by applying the noisy-coding 

channel theorem (Rambo and Tainer, 2013). Although SiN was a more efficient 

window material it was prone to breaking and so the sturdier synthetic mica was used, 

with only a small drop in performance. 
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Figure 5.3 – Testing Different Window Materials for the Sample Cell 

A) Measurements of different potential window materials were taken by gluing them onto 

the 3D printed sample cells. Each measurement consisted of a single 15 minute exposure 

on beamline B21 and the resulting scatter plotted without scaling. This data shows that 

synthetic mica, with a width of approximately ~25 µm, was the material with the lowest 

background scattering. B) SEC-SAXS experiment using GI with the processed scattering 

curves showing the improvements of the SiN windows (black) over the quartz windows 

(green) with an improved signal to noise ratio. The red line indicated the Fourier Transform 

of the PDDF for GI. To extract the GI scattering signal from the quartz capillary the noisy-

coding channel theorem was applied (Rambo and Tainer, 2013).  

 

5.1.3 HPLC with A Stop Flow System 

Implementation of the newly customised sample cell with mica windows was tested 

with a stop-flow system (Figure 5.4-A) using three protein standards: xylanase, bovine 

serum albumin (BSA) and GI. The sample cell has a valve on the back end that opens 

under flow through route 1 and automatically closes when the flow is diverted through 

the valve into route 2 (Figure 5.4-A). This allows the peak of the sample to be held in 

the sample cell and, due to the shape of the cell, sample diffusion is minimised relative 
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to the quartz capillary (data not shown). Data were collected in the same way as batch 

mode, with 30 frames at 10-second exposures for each of the standards, and the 

corresponding buffers were collected by the same method after 1 full CV of buffer had 

passed through the column. The frames were reduced, subtracted (the buffer was 

treated in the same way as the sample and held in the sample cell) and averaged and 

the PDDF calculated in ScÅtter (Figure 5.4-B) (section 2.9.2.2). As these proteins are 

standards the 𝑅𝑔 and the 𝐷𝑚𝑎𝑥 were known. Whilst calculating the PDDF very little 

data needed truncating from the high 𝑞 region due to the high signal to noise ratio 

achieved by the accumulation of frames (Figure 5.4-B). Similarly, very few points were 

removed from the low 𝑞 region due to the use of the SEC column, although removal 

of parasitic scatter from the beamstop was required. The volume of correlation (𝑉𝑐) 

plot gives an indication of the molecular mass of the protein (Rambo and Tainer, 

2013), but can also be used as an estimate to show how well the buffer of the sample 

matches the subtracted buffer. This can be seen qualitatively in Figure 5.4-Biii where 

the integration of the 𝑞. 𝐼(𝑞) plot shows a flat line. This shows that the buffer was well 

matched to the buffer in the sample. 

 

This technique takes advantage of the lower flux density of beamline B21 where the 

accumulation of frames, and therefore signal, can occur without the onset of radiation 

damage. Although other beamlines utilise SEC-SAXS, this method of stopping the 

flow of the HPLC by diverting the flow through a quick change valve appears to be 

the only type in the world. 
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Figure 5.4 – Measurements of standard proteins using the stop-flow technique. 

A) Schematic of the stop flow set-up where the eluent from the SEC column goes through 

a valve and onto the X-ray beam, following route 1. The valve can be changed remotely 

from the control room to capture the peak elution and allow the column to keep flowing to 

waste through route 2. B) 10 mg/mL samples Xylanase (red), bovine serum albumin (blue) 

and GI (green) standards were run down a KW-403 SEC column (Shodex). The peak was 

retained in the X-ray beam for 30 frames of 10-second exposures. Processed scattering 

data (Bi) and corresponding PDDF (Bii) are shown with volume of correlation (𝑉𝑐) plot (Biii). 

 

 Discussion 

Here the upgrades to the peripheral hardware of beamline B21 were described. 

These upgrades have had a beneficial effect on the ability to collect high quality SAXS 

data with long exposures without the onset of aggregation or the need for beam 

attenuators, like higher flux beamlines (Blanchet et al., 2015). While other beamlines 

with greater flux have become specialist in high throughput SAXS, B21 utilised the 

lower flux density in order to record high quality data from fewer samples. This is 

accompanied with software that allows users to interact with the SEC-SAXS setup 

effectively and without specialist knowledge.  
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In addition to SEC-SAXS, further improvements have been made to the sample 

environments in order to increase the signal to noise ratio without the need for 

beamline upgrades, although these are scheduled. By utilising 3D printing and testing 

window materials, beamline B21 has become the first user of the EMBL sample robot 

to utilise new sample cells (Blanchet et al., 2015; Round et al., 2015). This has 

allowed materials other than quartz to be used and with the addition of the stop flow-

system, SEC-SAXS data can be collected at lower concentrations. 

 

Amongst the developments that are ongoing at beamline B21, the new beamstop will 

provide a higher signal to noise ratio with a predicted background that is five times 

lower. Additionally the beamline will upgrade its optics and will see the inclusion of a 

double-multilayer monochromator (DMM) which is predicted to increase the flux by 

approximately 80 times. Increasing the flux means that data can both be collected 

faster and at a better quality on lower sample concentrations. This makes the 

technique more accessible and open to a larger audience in the biology community.  

 

Overall these modifications to the beamline have allowed what might be considered 

disadvantages to be turned into beamline strengths. Beamline B21 now has the 

capacity to surpass many other beamlines (e.g. BM29 of the ESRF and P12 of 

PETRA III) with regard to data quality, although it lacks the throughput of higher flux 

beamlines; arguably the quality of information generated using B21 exceeds that of 

high throughput systems. 
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6 Results Chapter 4: Paper Contributions 

This chapter contains contributions to projects that have used SAXS to address 

questions and have subsequently been published. As these projects are varied, from 

bacterial cell wall biosynthesis (Cleverley et al., 2016), to herpes viral transcription 

factors (Tunnicliffe et al., 2017), only the SAXS experiment will be described, and how 

the results have allowed the hypothesis in each situation to be tested will be 

discussed.  

 

 Twisted Gastrulation paper 

This section contains a reprint of the article: 

Troilo, H., Barrett, A.L., Zuk, A.V., Lockhart-Cairns, M.P., Wohl, A.P., Bayley, C.P., 

Dajani, R., Tunnicliffe, R.B., Green, L., Jowitt, T.A., et al. (2016). Structural 

characterization of twisted gastrulation provides insights into opposing functions on 

the BMP signalling pathway. Matrix Biol. 

 

My contribution to the paper is the analysis and interpretation of SAXS data shown in 

Figure 2. The full paper can be found in Appendix D, Section 12.1. 

 

 

6.1.1 Twisted Gastrulation Paper Methods 

Tsg is a secreted glycoprotein involved in the bone morphogenetic (BMP) signalling 

pathway. Currently no structural knowledge is available for Tsg. Due to the size of 

Tsg only NMR spectroscopy and X-ray crystallography are suitable methods for 

determining the high resolution structure experimentally but so far Tsg has not been 

resolved by these methods, presumably due to the low expression level and high 

degree of glycosylation. Here SAXS was employed as a technique to determine the 

low resolution structure of Tsg (Troilo et al., 2016a). 

 



141 
 

SAXS data were collected on both native recombinant Tsg and natively 

deglycosylated recombinant Tsg on beamline I22 at Diamond Light Source, and at 

PETRA III, on beamline P12. From the data, shown in Figure 2, it was possible to 

determine the 𝑅𝑔 and the 𝐷𝑚𝑎𝑥 for native Tsg as 31 Å and 90 Å, and for 

deglycosylated Tsg as 25 Å and 110 Å. The generation of ab initio models was 

completed for both of the samples using DAMMIN (Svergun, 1999), and average over 

the resulting 20 models using the DAMAVER suite (Volkov and Svergun, 2003). From 

the generated models it was possible to see that native Tsg had an additional feature 

(Figure 2-Ei), not shown by the deglycosylated Tsg (Figure 2-Eii). This was most likely 

due to the presence of the three N-linked glycans predicted for Tsg.  

 

In order to map the location of the glycans, multi-phase ab initio models were 

generated with MONSA (Svergun, 1999) through the ATSAS online server. Contrasts 

of Tsg were set to the protein as 1, and the glycans as 1.6 to represent the differences 

in their scattering contribution. Phase-1 was specified as the volume of 

deglycosylated Tsg, and was assumed to be rigid; phase-2 was specified as the 

difference in volume between native Tsg and deglycosylated Tsg. It is phase-2 that 

has a contrast of 1.6. From the 20 models that were generated, three representative 

models were displayed showing the locations of the glycans (Figure 2-F). 

 

By modelling the location of the glycans, it was possible to show that they cluster 

together on the 3D structure, although predictions show that they are spread 

throughout the primary sequence. The clustering of the glycans shows that this may 

contribute to their role in  binding BMPs presented previously (Billington Jr et al., 

2011). This paper showed that the truncation or removal of Tsg glycans perturbs the 

binding of BMPs by Tsg, and so the clustering of glycans may explain this change in 

binding affinity.  
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 GpsB paper 

This section contains a reprint of the article: 

Cleverley, R.M., Rismondo, J., Lockhart-Cairns, M.P., Van Bentum, P.T., Egan, A.J., 

Vollmer, W., Halbedel, S., Baldock, C., Breukink, E., and Lewis, R.J. (2016). Subunit 

Arrangement in GpsB, a Regulator of Cell Wall Biosynthesis. Microb Drug Resist. 

 

SAXS data forms the basis for figures 1-3. The full paper can be found in Appendix 

D, Section 12.2. 

 

6.2.1 GpsB Paper Methods 

GpsB is a key regulator in cell wall division in Gram-positive bacteria. GpsB is known 

to be involved in cell division by binding components of the cell division machinery. 

As the full length GpsB protein was resistant to crystallising, SAXS was used to 

determine the subunit arrangement of Listeria monocytogenes GpsB (Lm-GpsB) 

(Cleverley et al., 2016). By determining the full length structure, and coupling this with 

functional assays, it allows new insights into how GpsB is essential for efficient cell 

division. 

 

The SAXS data of LmGpsB and N-LmGpsB were collected in either batch mode at 

beamline P12 at PETRA III (Germany), and also by SEC-SAXS on beamline B21 at 

Diamond Light Source (UK). The data were initially processed to attain the 𝑅𝑔 and 

the 𝐷𝑚𝑎𝑥 of LmGpsB at 53.1 Å and 185 Å (Figure 2) and for N-LmGpsB at 22.2 Å and 

76 Å (Figure 1) respectively.  Advice was provided for docking of crystal structures, 

with regards to the method of representing and validating the structures. Examples 

can be seen in Figure 1-A where CRYSOL (Svergun et al., 1995) was used to 

calculate the theoretical scatter of the crystal structure and showed a reasonable fit 

with a 𝜒2 of 1.8 to the experimental data. Additionally, the PDDF of N-LmGpsB was 

determined using ScÅtter and directly compared to the experimental data, again 

resulting in a good fit (Figure 1-A). As the end result would be to dock models into the 

SAXS results, it was advised that the flexibility of the proteins were taken into account, 

if they did indeed exhibit flexibility. In Figure 2B, the Porod-Debye plots were plotted 

and show that N-LmGpsB was rigid, as would be expected of a single, helical domain, 

and that LmGpsB presented a higher degree of flexibility. 
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These data presented the first insight into the arrangement of LmGpsB allowing for 

prediction of the importance of this structural arrangement for function, with scope for 

future experiments to test this. 
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 ICP4 paper 

This section contains a reprint of the article: 

Tunnicliffe, R.B., Lockhart-Cairns, M.P., Levy, C., Mould, A.P., Jowitt, T.A., Sito, H., 

Baldock, C., Sandri-Goldin, R.M., and Golovanov, A.P. (2017). The herpes viral 

transcription factor ICP4 forms a novel DNA recognition complex. Nucleic Acids Res. 

 

My contributions are shown in Figure 4A-D and Supplementary Figure 4 and 5. The 

full paper can be found in Appendix D, Section 12.312.1. 

 

6.3.1 ICP4 paper methods 

Infection by the Herpes simplex virus-1 (HSV-1) causes a sequential cascade of viral 

gene expression, including the ‘immediate-early’ (IE) genes. The IE gene in turn 

produces infected cell protein 4 (ICP4), which is able to act as a repressor by binding 

to the promoter of the IE genes. In the experiments the N-terminus of the ICP4 was 

used (ICP4N) in conjunction with a 19 base pair IE3 (IE3_19mer). The N-terminus 

contains an intrinsically disordered region (IDR) that was not resolved through 

structure determination by X-ray crystallography. A single phenylalanine from the 

IDR, intercalating into the DNA strand, was resolved suggesting the presence of the 

IDR region around the DNA strand. The IDR region proved important for DNA binding 

as removal decreased binding, calculated by SPR. 

 

SAXS methods were employed for this project in order to determine how the ICP4N 

transcription factor dimer changed in conformation when bound to a DNA strand, 

analogous to the ICP4 promoter (IE3_19mer). Data for the ICP4N dimer, IE3_19mer 

and the ICP4N: IE3_19mer complex were collected using HPLC-SAXS at beamline 

B21 (Supplementary Figure 4A). Data were shown to be monomeric through the 

linearity of the Guinier analysis (Supplementary Figure 4E). Scattering data were 

processed to determine the PDDF resulting in a real space 𝑅𝑔 and 𝐷𝑚𝑎𝑥 for the ICP4N 

dimer, IE3_19mer and the ICP4N: IE3_19mer complex (Supplementary Figure 4B). 

Interestingly the 𝑅𝑔 and 𝐷𝑚𝑎𝑥 of the ICP4N dimer decreased from 31 Å to 25 Å and 

from 127 Å to 83 Å, respectively, during the formation of the ICP4N:IE3_19mer 

complex. This was confirmed by the dimensionless Kratky plot (Figure 4A), where the 
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ICP4N:IE3_19mer complex is shown to be almost spherical compared to the 

elongation of the ICP4N dimer. 

 

Comparison of the scattering data to the computed scattering intensity calculated 

from the ICP4N:IE3_19mer complex crystal structure (Figure 4B) showed  similarity, 

but the lack of the IDR in the resolved structure accounted for the poor fit, with a 𝜒2 

of 2.4.  

 

The ab initio models generated through DAMMIF (Franke and Svergun, 2009) fitted 

the data well (Supplementary Figure 4C). The docking of the crystal structure into the 

ab initio model (Supplementary Figure 5B) showed that there were regions of empty 

volume around the DNA and below the ICP4N:IE3_19mer complex. It was assumed 

that these were occupied by the IDR regions so these regions modelled for by protein 

multiphase ab initio modelling. The phases were accounted for by determining the 

volume of the DNA component from SAXS, and this was designated phase-1 as this 

was a more static structure than the protein dimer, as shown above. Phase-2 was 

calculated by subtracting the volume of the DNA from the volume of the 

ICP4N:IE3_19mer complex. Due to the inherent scattering differences of DNA and 

protein, phase-1 was assigned a contrast of 2, and phase-2 was assigned a contrast 

of 1. 20 MONSA (Svergun, 1999) runs were used to generate the multi-phase ab initio 

models through the ATSAS online server. The models fitted the data well 

(Supplementary Figure 4D) and methods described in Section 2.9 were used to 

generate a finalised model (Figure 4C). Figure 4D shows the crystal structure of the 

ICP4N:IE3_19mer docked within the multi-phase ab initio model with the DNA fitting 

within the phase-1 volume and the protein fitting within the phase-2 volume. Labels 

show the location of the IDR within the phase-2 volume. 

 

Together with the hydrodynamic data and binding data shown within the rest of the 

article, a novel binding model was developed showing how the ICP4 dimer may 

‘search’ for DNA. DNA can then be bound through the IDR regions working in a 

synergistic manner with the globular region of the dimer, enhancing the protein:DNA 

complex (Tunnicliffe et al., 2017).  
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 CAR paper 

This section contains a reprint of the article: 

Gahloth, D., Dunstan, M.S., Quiaglia, D., Klumbys., E., Lockhart-Cairns, M.P., Hill, 

A.M., Derrington, S.R., Scutton, N.S., Turner, N.J., and Leys, D. (2017). Structure 

and mechanism of carboxylic acid reductase. Nature Chemical Biology. 

 

SAXS data validated crystal structures and was presented in a number of 

supplementary figures. The full paper can be found in Appendix D, Section 12.4. 

 

6.4.1 CAR Paper Methods 

Carboxylic acid reductase (CAR) reduces carboxylic acids to aldehydes without 

proceeding to alcohols, a difficult task for small molecule catalysts. CAR presents a 

potential biotechnological tool that can easily be altered to increase specificities for 

different substrates. CAR is made up of an adenylation domain (A-domain), a peptidyl 

carrier protein (PCP) domain and a reductase termination domain (R-domain). Here 

a combination of SAXS and X-ray crystallography provided information resulting in a 

model of action (Gahloth et al., 2017).  

 

All SAXS data were collected on beamline B21 at Diamond Light Source using SEC-

SAXS. I mainly subtracted SAXS data, and processing of data was split between the 

lead author and me. Crystal structures were determined for several combinations of 

domain arrangements from two species: Nocardia iowensis (CARni) and Segniliparus 

rugosus (CARsr). Firstly, the CAR A-PCP domain pair was crystallised in an open 

conformation and a closed conformation (Supplementary Figure 2B). To determine 

which of the conformations existed in solution, SAXS data were collected for A-PCP. 

Neither conformation fitted the SAXS data well, shown by the high 𝜒2 value 

(Supplementary Figure 4A and C), and so an ensemble method (Tria et al., 2015), 

was used to sample conformational space. The ensemble resulted in the open model 

present in 34% of occurrences and the closed model present in the remaining 66%. 

The ensemble fitted the SAXS data well, with a 𝜒2 value of 1.39 (Supplemental Figure 

4D). A further crystal structure was determined of the PCP-R domains, and a similar 

process was carried out to determine the occurrence of multiple domain 

conformations (Supplementary Figure 7). In this case an ensemble of three crystal 
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structures was used to describe the SAXS curve (𝜒2 1.21), where the determined 

crystal structure was present 10% of the time, and two open conformations were 

present between 20% and 70% of the time (Supplementary Figure 7D). Finally, 

ensemble modelling was carried out using SAXS data of the whole CAR protein 

(Supplementary Figure 8). This resulted in two distinct open conformations one at 

60% occupancy and the other at 40% (𝜒2 1.45).  

 

Collectively, the data presented allowed a model showing how the domains of the 

CAR protein work to facilitate catalysis. The full CAR protein exists in two open 

conformations showing that there are degrees of flexibility of the protein that would 

allow for catalysis, for ligand exchange, and either the adenylation/reduction or 

thiolation conformations (Gahloth et al., 2017). 
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7 Final discussion 

This thesis focusses on the BMP regulator BMPER which has essential roles in 

angiogenesis, embryonic development and homeostasis. The structure of BMPER is 

incompletely understood with only the structure of first vWFC domain bound to BMP-

2 determined (Zhang et al., 2007a). The binding of BMP regulators BMPER, Tsg and 

chordin and the functional consequence of these interactions is unclear due to 

conflicts in the literature. For example, with regard to whether or not BMPER and Tsg 

interact directly (Ambrosio et al., 2008; Zhang et al., 2007a). This thesis provides data 

on the structure and binding partners of BMPER, which is supported by cell based 

assays and mutational studies. The latter part of this thesis documents my inputs into 

the upgrades and commissioning of the Diamond Light Source beamline B21.  

 

 Nanoscale Structure of BMPER 

Previous structural analysis of BMPER had been limited to the first vWFC domain, 

which is responsible for the binding of BMPs (Fiebig et al., 2013; Zhang et al., 2008). 

Although this does not provide information on the structure of the full length BMPER 

molecule it has provided the first structure of a vWFC domain interacting with BMP-2 

and shown how these domains interact with BMPs (Zhang et al., 2008). More 

recently, the crystal structure of another vWFC domain from CCN3 has been solved 

showing high levels of structural homology to the vWFC domains of BMPER and 

collagen 2A (O'Leary et al., 2004; Xu et al., 2017; Zhang et al., 2008). There had not 

been further advancements in this area of study for BMPER in some time, and 

knowledge of the global structure of BMPER would aid in further understanding its 

function. Here, expression, purification, structural and biophysical studies were 

employed to characterise the N-terminal and full length structure of BMPER. 

 

It was possible to express and purify N- and FL-BMPER from a native mammalian 

expression system. Biochemical analysis of N-BMPER showed that there are four N-

linked glycosylation sites using PNGase, in agreement with previous studies 

(Kamimura et al., 2004a). Biophysical analysis by MALS and AUC showed that N-

BMPER and FL-BMPER were monomeric and elongated molecules (Figure 3.4). 

Structural measurements using SAXS enabled the generation of bead models to 

segment the volumes of N-BMPER and C-BMPER (Figure 3.10). Additionally 

homology models were used to generate a quasi-atomic model of N-BMPER (Figure 
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3.9) that were used to represent the bead model in the multiphase reconstruction. 

These SAXS data were corroborated by structural analysis of BMPER by negative-

stain TEM (Figure 3.13). The biophysical and structural data was then compared 

using in silico techniques, where the hydrodynamic parameters were calculated from 

the structural models (Figure 3.15). Overall, the structure and biophysical 

characterisation of BMPER was completed with the segmentation of N- and C-

terminal domains and the N-BMPER domains represented as quasi-atomic models. 

 

 Investigating BMPERs Binding Affinity to Tsg and How This 

Affects BMP Signalling 

Many binding studies had been conducted to determine the binding affinity of BMPER 

to chordin (Ambrosio et al., 2008; Rentzsch et al., 2006; Zhang et al., 2007b; Zhang 

et al., 2010b; Zhang et al., 2008). We were able to reproduce these findings with 

similar binding affinities between BMPER and chordin (Figure 4.4). Interestingly there 

were conflicting data regarding whether BMPER binds to Tsg (Ambrosio et al., 2008; 

Zhang et al., 2007b). In these studies, recombinant zebrafish BMPER and mouse 

Tsg, both expressed in SF9 insect cells, did not interact in SPR assays (Zhang et al., 

2007a). However, in our binding studies with mammalian expressed human BMPER, 

N-BMPER and Tsg they interacted with high affinity (𝐾𝐷 of 0.55 nM) (Figure 4.2). The 

differences in results observed between our experiments and the published work may 

be due to the truncated glycans added by sf9 cells for different proteins of different 

species i.e. zebrafish and mouse. Glycosylation has been shown to have large effects 

on the ability of ECM proteins to bind to each other (Billington et al., 2011; Troilo et 

al., 2016a). 

 

Building upon the binding analysis, BMPER protein was provided for cell based 

assays conducted by the Sengle Lab (University of Cologne, Germany) with a similar 

approach to previous studies (Troilo et al., 2016a; Troilo et al., 2014). These assays 

showed that BMPER and Tsg worked in concert to decrease the activity of BMP-4 

(Figure 4.5). Together with the results from Ambrosio et al. we see that it is possible 

to form a triparte complex with BMPER, Tsg and BMP-4 (Ambrosio et al., 2008). Not 

only does BMPER bind to both Tsg and BMP individually, and Tsg binds to BMPs, it 

appears that BMPER binds more strongly to BMP when Tsg is present (Ambrosio et 
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al., 2008). Together this shows the synergistic inhibitory effects of BMPER and Tsg 

to BMP signalling.  

 

A model proposed by Zakin and De Robertis shows how BMPER may be a vital 

protein in the binding of the chordin:Tsg:BMP complex (Figure 7.1) through the N-

terminal vWFC domains, but also binds to cell surface associated HSPG glypican and 

the BMPR-1B receptor (Zakin and De Robertis, 2010). The data presented can be 

used to dissect this model proposed and may eventually be used to improve it.  

 

 

Figure 7.1 – Proposed Model of BMPER Binding 

Model showing how the membrane tethered BMPER molecule binds to the 

Tsg:chordin:BMP complex diffusing through the ECM (Zakin and De Robertis, 2010). The 

chordin-BMP-Tsg ternary complex interacts with BMPER via chordin binding to the vWFC 

domains of BMPER. The vWFD domain of BMPER binds to the HSPG glypican and the 

BMP receptor type 1B. 

 

In order for BMPER to simultaneously bind the cell surface and the Tsg:chordin:BMP 

complex it would have to be in an extended conformation. Both the SAXS and 

negative stain EM data supported by hydrodynamic measurements from AUC show 
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that BMPER is elongated. The extended conformation of BMPER provides a mode of 

action for how BMPER can bind through both the N- and C-terminus to the chordin-

Tsg-BMP complex and the cell surface, respectively. To determine this 

experimentally, cells expressing BMPER were dosed with varying concentrations of 

heparin and the media analysed by Western blot. This resulted in a dose response of 

BMPER being competed from the cell surface by heparin. Conversely this did not 

occur with N-BMPER, as it lacks the vWFD domain. Interestingly chordin has also 

been shown to bind to HS, where Tsg cannot (Jasuja et al., 2004). This is interesting 

as it shows that when BMPER and Tsg work in concert to inhibit BMP signalling, 

where the vWFD domain is not present in SD mutations; there is no binding of the 

complex to the cell surface.  

 

 Biochemical Studies into the BMPER Mutation 

DSD is a rare, recessive, embryonic lethal, skeletal disorder shown to be as a result 

of mutations in BMPER. DSD has a more mild form, ISD, which is known to be less 

frequently lethal. Through genomic sequencing it was first thought that mutations in 

pax1 and meox1 caused DSD (Vatanavicharn et al., 2007) but it was later shown that 

a mutation in bmper was also responsible for DSD (Funari et al., 2010). Subsequently 

it has been shown that multiple mutations in BMPER are involved in DSD (Scottoline 

et al., 2012), and are responsible for various levels of severity of this disorder 

(Kuchinskaya et al., 2016; Zong et al., 2015). Interestingly a mutation in the ‘GDPH’ 

cleavage site appeared to be closely linked to a possible mechanism of protein 

secretion as determined in mucins (Fahim et al., 1987; Lidell and Hansson, 2006; 

Lidell et al., 2003) and repulsive guidance molecule (RGM), where in the latter it was 

shown that mutations clustering around the cleavage site prevent cleavage and cause 

juvenile hemochromatosis (Bell et al., 2013). It was anticipated that the same 

mechanism would be required for the secretion of BMPER, and would thus explain 

the DSD phenotype shown in bmper-/-
 mice, we show that this is not the case.  

 

We showed that BMPER-P370L was secreted when cloned into a vector with a mild 

promoter (UbiC) and the native signal peptide. While this contrasts with previous 

studies around the ‘GDPH’ motif mutation (Bell et al., 2013) it appears this may still 

be a cause for the disease. When secreted from HEK293-T cells, BMPER-P370L 

showed a C-terminal cleavage product that was smaller than the cleavage product of 
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native BMPER. This was also observed on non-reducing gels so the cleavage 

fragments are not stabilised by a disulphide bond. Furthermore the levels of BMP 

signalling in the presence of BMPER-P370L, by monitoring SMAD phosphorylation, 

were less than those for wildtype BMPER, but similar to that of N-BMPER. Previous 

studies on the ‘GDPH’ motif mutation (Bell et al., 2013) indicated that the ‘GDPH’ 

motif is required for the correct folding of the vWFD domain. From this we speculate 

that the cleavage of BMPER-P370L is through an extracellular protease, so far not 

identified. This could be due to incorrect folding of the vWFD domain due to the 

‘GDPH’ mutation. As the vWFD domain is highly disulphide bonded, which occurs in 

the endoplasmic reticulum, providing a rigid structure, the lack of ‘GDPH’ cleavage in 

the latter stages of the secretory pathway still allows secretion. Furthermore the 

GPDH sequence is found at the N-terminus of the vWFD domain and the mutation 

may confer a conformational change or local misfolding, which could allow a 

proteolytic site that was previously buried within the domain to be exposed for 

cleavage. Once cleaved this N-terminal fragment would behave like N-BMPER. 

BMPs and Tsg bind to the N-terminal fragment strongly, and due to the lack of the 

vWFD domain there is no cell surface interaction allowing the BMPER complex to 

diffuse into the matrix and reducing BMP signalling. These findings could explain the 

reduced BMP signalling seen for the P370L mutant and it will be interesting to see if 

these data correlate with findings in DSD patients and models.  

 

 Aiding the Implementation and Optimisation of SEC-SAXS at 

Beamline B21 

Improving the hardware and software for any set of techniques allows incremental 

performance boosts. Where X-ray crystallographers, NMR spectroscopers and more 

currently cryo-electron microscopists have generated a whole host of new methods 

cultivated around improved measurement techniques and software methodologies, 

small-angle X-ray scatterers are enjoying their renaissance, with an increase in usage 

through greater beamline access and better tools available to process data (Graewert 

and Svergun, 2013). The use of SEC through HPLC for SAXS is not a new method, 

but it is now becoming commonplace on beamlines and has room for improvements, 

with SEC-SANS also being implemented with some success (Jordan et al., 2016). 

The major improvements would be made with respect to the software. A current 

problem of SEC-SAXS is that although samples are separated from aggregates, there 

is always the possibilitiy of heterogeneity within the SEC peak. It is possible to 



153 
 

deconvolute the data within the peaks through rigorous statistical methods, and this 

would be extremely useful here.    

 

Beamline B21 at Diamond Light Source had its first users at the beginning of 2014 

using a BioSAXS robot based on the EMBL design (Round et al., 2015). Since then 

there have been marked changes throughout the commissioning period. While B21 

has a modest flux, at 1011 photons per second, compared to other European SAXS 

beamlines, 1013 at BM29 at the ESRF (Pernot et al., 2013) and up to 1015 at P12 at 

DESY (Blanchet et al., 2015), the implementation of SEC-SAXS has been fairly 

unique. While BM29 and P12 have their own implementation of SEC-SAXS using 

HPLC, B21 has worked at improving the sample environment to increase the amount 

of scattering obtained from the sample (Figure 5.3). The sample cell was designed to 

utilise the maximum amount of beam available to scatter from the sample. This 

increase in the beam utilisation means that for each frame there is a higher exposure 

producing higher signal to noise ratios for even lower concentrations.  

 

By increasing the signal to noise ratio, it means that proteins that cannot be highly 

concentrated or that cannot be produced in high quantities can be analysed with 

greater precision to higher 𝑞 and thus providing less ambiguity when further modelling 

steps are applied. These results show that the current use of cylindrical quartz 

capillaries doesn’t allow the full potential of the beamline to be utilised, as by changing 

the shape of the cell and the material of the capillary it would provide a lower 

background scatter with a better signal to noise ratio, illustrated by the window 

material experimentation. 
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 Future Work 

Following on from the work carried our throughout this thesis, future work can be 

categorised as either University of Manchester based, or Diamond Light Source 

based. Where work at University of Manchester would focus on the biological aspects 

of BMPER and work at Diamond Light Source would focus on the improvements of 

the beamline. 

 

7.5.1 Complex formation of BMPER binding proteins 

The work looking at BMPER in combination with additional regulators has a large 

scope for expansion. While we have shown that BMPER will bind to Tsg and chordin, 

with past works showing the binding of BMPER to BMPs (Ambrosio et al., 2008; 

Binnerts et al., 2004; Coles et al., 2004; Conley et al., 2000; De Robertis, 2009; 

Kamimura et al., 2004b; Moser et al., 2003; Qiu et al., 2008b; Rentzsch et al., 2006; 

Zhang et al., 2007b; Zhang et al., 2008), the formation of complexes for structural 

studies has not yet been attempted. Investigating the molecular details of how 

BMPER, Tsg and chordin interact and how these interactions influence BMP binding 

is integral to deconvolution of their regulation. Previously, the structural determination 

of a complex of around 220 kDa would have required high levels of protein for the 

formation of crystals for X-ray crystallography. However, the introduction of the high 

quantum efficiency direct detectors (DDD), responsible for the ‘resolution revolution’ 

in cryoEM means that high resolution structures of complexes in this mass range are 

becoming more routine, with an order of magnitude less protein (Khoshouei et al., 

2017; Wu et al., 2016). This has been facilitated with the use of phase plates, and the 

improvement in cameras since the first generation of DDD cameras. This approach 

would not only provide information regarding the structure of the multi-part 

complexes, but it would also provide the structure of Tsg and the CHRD regions of 

chordin, both of which are novel folds, and have little homology to existing structures. 

Direct observation of the protein structure would allow a more complete visualisation 

of the interaction, and the residues involved. As vWFC domains are found in other 

ECM proteins, such as collagen 2A and CCN3, it may be useful to determine how 

other structures may bind to BMPs and other regulators if a specific motif can be 

found. Expression of the multipart complex could be completed using lentiviral vectors 

that have different fluorescent tags and affinity tags. It would then be possible to sort 

cells to select cells that express each single regulator, pairs of regulators and all three 

components. By cloning each construct with a different affinity tag, e.g. His6, STREP-

II and FLAG, it would allow for a more focused and rigorous purification method. 
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Furthermore, by expressing the regulators together it may provide a higher yield of 

the complexes as there is possibly a higher chance of complex formation through 

longer incubation within the media before expression. Furthermore, the expression of 

TGF-β, when co-expressed with LTBP-1, was shown to be much higher than that of 

just TGF-β alone; very little TGF-β being secreted and the majority of the TGF-β 

precursor being found within the cell (Miyazono et al., 1991). 

 

Following the signalling assays conducted within this study of BMPER and Tsg, 

assays with BMPER and chordin would also be useful to observe their combined 

effect on BMP signalling. Chordin is a BMP antagonist but as BMPER has both pro- 

and anti-BMP activity modes, it would be interesting to see how these regulators work 

together, although it has been shown by SPR that BMPER and chordin are able to 

bind to BMPs even when the clip region of BMPER has been removed indicating that 

there may be a mechanism where chordin dominates competition for BMP 

interactions (Zhang et al., 2010a). Furthermore, all of BMPER, Tsg and chordin would 

be useful in determining how they would inhibit the signalling of BMPs and how 

different combinations of the regulators would provide insight into the overall 

mechanism. It would be possible to conduct these experiments using ALP assays to 

give a comparison to the data in Section 4.2. It may also be possible to determine the 

order in which BMPER, Tsg and chordin interact with one another and with BMPs 

using quartz crystal microbalance with dissipation monitoring (QCMD). This would 

allow the monitoring of complexation or displacement of proteins in real time and has 

been used to assess the increase of decrease both mass and structural properties of 

molecular layers (Dixon, 2008). 

 

7.5.2 Further Investigating the Effects of BMPER-P370L 

Initial studies of BMPER-P370L have yielded novel information regarding the 

proteolytic cleavage of this mutant and its inhibition of BMP inhibition, but much is still 

unknown about the function of BMPER cleavage and how pathology results from 

BMPER mutation. By utilising cell based experiments it would be possible to compare 

the published data on BMPER with those of the mutations. Although many of the 

pathologies affect the bones and cartilage, studies on BMPER function have primarily 

been angiogenic assays. By comparing BMPER-P370L with wildtype BMPER in 

angiogenic assays, it may be possible to provide more information on the effects of 

BMPER-P370L on signalling. The most efficient approach would be the use of 
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CRISPR/Cas 9 gene editing to insert the bmper-P370L gene into the bmper promoter 

so that cells would have native levels of BMPER transcription, and the same 

regulation. Cells could then be probed using angiogenic assays to determine 

efficiency of mutant BMPER in supporting vessel sprouting and network formation. 

Gene expression levels can also be monitored by looking at specific genes through 

q-PCR, or RNA-Seq to identify the effect of mutant BMPER.   

 

Additionally, binding studies of BMPER-P370L with Tsg and BMPs would be 

important to show that there have not been changes in the vWFC domains in order 

to support the proposed mechanism of action for BMPER-P370L. 

 

7.5.3 Improvements to Beamline B21 

The upgrades to the beamline outlined in this thesis are downstream of the optics 

hutch and have been shown to increase the signal sensitivity of the sample. Further 

improvements to the experimental setup would be possible in a number of ways. 

Firstly, the detector could be upgraded from the Pilatus 2M detector (Dectris) to the 

equivalent Eiger detector. This provides a better signal to noise ratio, smaller pixel 

size and a more continuous readout. This would prevent the loss of time throughout 

the collection process; between frames the Pilatus detectors must pause for 10 ms in 

order to have non-overlapping frames, where the Eiger can continuously read out the 

data. Additionally, at the detector end of the flight tube the vacuum is maintained by 

a piece of Kapton. Due to the high vacuum the Kapton bows into the vacuum tube 

which means that the scattered photons must travel through the air before hitting the 

detector. Using a stronger, but similarly transparent material, to reduce this air gap 

would increase the number of photons hitting the detector, improving the signal. This 

could be further increased by putting the entire detector into a vacuum. Further up 

from the experimental hutch the optics could be upgraded by to a double-multilayer 

monochromator (DMM). The DMM uses a relatively wide bandpass for the energy 

range from the synchrotron source and can be used to increase the flux. Calculations 

carried out on beamline B21 show that it may be possible to increase the flux by 80 

times, with the DMM alone. Combining all of the above, it would be possible to obtain 

high data signals for proteins at lower concentrations, therefore allowing the 

acceptable protein concentration to be decreased to below 1 mg/mL.  
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The upgrades that are mentioned here would not be trivial. The upgrades to the 

detector alone would cost more than £400,000, and to put this detector under vacuum 

would require a refitting of the vacuum tube and a specially designed Eiger detector 

that can withstand the vacuum, further increasing the cost to close to £1 million. Again 

the upgrade to the DMM would likely cost up to £1 million. That said, in the Diamond 

Light Source 10 year plan, developments have been scheduled to increase the flux 

of the beamline by up to 2 orders of magnitude.  



158 
 

8 References 

Allendorph, G.P., Isaacs, M.J., Kawakami, Y., Izpisua Belmonte, J.C., and Choe, S. (2007). 

BMP-3 and BMP-6 structures illuminate the nature of binding specificity with receptors. 

Biochemistry 46, 12238-12247. 

Allendorph, G.P., Vale, W.W., and Choe, S. (2006). Structure of the ternary signaling complex 

of a TGF-β superfamily member. Proceedings of the National Academy of Sciences 103, 

7643-7648. 

Almasri, M., Kishta, W., Abduljabbar, F.H., Arlet, V., Saran, N., and Oullet, J. (2017). 

Ischiospinal Dysostosis in a Child with Pierre-Robin Syndrome. Case reports in orthopedics 

2017, 8263536. 

Ambrosio, A.L., Taelman, V.F., Lee, H.X., Metzinger, C.A., Coffinier, C., and De Robertis, E.M. 

(2008). Crossveinless-2 Is a BMP feedback inhibitor that binds Chordin/BMP to regulate 

Xenopus embryonic patterning. Developmental cell 15, 248-260. 

Aricescu, A.R., Lu, W., and Jones, E.Y. (2006). A time- and cost-efficient system for high-level 

protein production in mammalian cells. Acta crystallographica Section D, Biological 

crystallography 62, 1243-1250. 

Arora, K., Levine, M.S., and O'Connor, M.B. (1994). The screw gene encodes a ubiquitously 

expressed member of the TGF-beta family required for specification of dorsal cell fates in the 

Drosophila embryo. Genes & development 8, 2588-2601. 

Attisano, L., Cárcamo, J., Ventura, F., Weis, F., Massagué, J., and Wrana, J.L. (1993). 

Identification of human activin and TGFβ type I receptors that form heteromeric kinase 

complexes with type II receptors. Cell 75, 671-680. 

Baldock, C., Oberhauser, A.F., Ma, L., Lammie, D., Siegler, V., Mithieux, S.M., Tu, Y., Chow, 

J.Y., Suleman, F., Malfois, M., et al. (2011). Shape of tropoelastin, the highly extensible protein 

that controls human tissue elasticity. Proceedings of the National Academy of Sciences of the 

United States of America 108, 4322-4327. 

Basham, M., Filik, J., Wharmby, M.T., Chang, P.C., El Kassaby, B., Gerring, M., Aishima, J., 

Levik, K., Pulford, B.C., Sikharulidze, I., et al. (2015). Data Analysis WorkbeNch (DAWN). 

Journal of synchrotron radiation 22, 853-858. 

Bell, C.H., Healey, E., van Erp, S., Bishop, B., Tang, C., Gilbert, R.J., Aricescu, A.R., 

Pasterkamp, R.J., and Siebold, C. (2013). Structure of the repulsive guidance molecule 

(RGM)-neogenin signaling hub. Science 341, 77-80. 

Bella, J., and Hulmes, D.J. (2017). Fibrillar Collagens. Sub-cellular biochemistry 82, 457-490. 



159 
 

Ben-Neriah, Z., Michaelson-Cohen, R., Inbar-Feigenberg, M., Nadjari, M., Zeligson, S., 

Shaag, A., Zenvirt, S., Elpeleg, O., and Levy-Lahad, E. (2011). A deleterious founder mutation 

in the BMPER gene causes diaphanospondylodysostosis (DSD). American journal of medical 

genetics Part A 155a, 2801-2806. 

Bernado, P., and Svergun, D.I. (2012). Structural analysis of intrinsically disordered proteins 

by small-angle X-ray scattering. Molecular bioSystems 8, 151-167. 

Berry, R., Jowitt, T.A., Ferrand, J., Roessle, M., Grossmann, J.G., Canty-Laird, E.G., 

Kammerer, R.A., Kadler, K.E., and Baldock, C. (2009). Role of dimerization and substrate 

exclusion in the regulation of bone morphogenetic protein-1 and mammalian tolloid. 

Proceedings of the National Academy of Sciences of the United States of America 106, 8561-

8566. 

Berry, R., Jowitt, T.A., Garrigue-Antar, L., Kadler, K.E., and Baldock, C. (2010). Structural and 

functional evidence for a substrate exclusion mechanism in mammalian tolloid like-1 (TLL-1) 

proteinase. FEBS Lett 584, 657-661. 

Biasini, M., Bienert, S., Waterhouse, A., Arnold, K., Studer, G., Schmidt, T., Kiefer, F., Gallo 

Cassarino, T., Bertoni, M., Bordoli, L., et al. (2014). SWISS-MODEL: modelling protein tertiary 

and quaternary structure using evolutionary information. Nucleic Acids Res 42, W252-258. 

Billington, C.J., Jr., Fiebig, J.E., Forsman, C.L., Pham, L., Burbach, N., Sun, M., Jaskoll, T., 

Mansky, K., Gopalakrishnan, R., O'Connor, M.B., et al. (2011). Glycosylation of Twisted 

Gastrulation is Required for BMP Binding and Activity during Craniofacial Development. Front 

Physiol 2, 59. 

Billington Jr, C.J., Fiebig, J.E., Forsman, C.L., Pham, L., Burbach, N., Sun, M., Jaskoll, T., 

Mansky, K., Gopalakrishnan, R., and O’Connor, M.B. (2011). Glycosylation of Twisted 

Gastrulation is Required for BMP Binding and Activity during Craniofacial Development. 

Frontiers in physiology 2, 1-9. 

Binnerts, M.E., Wen, X., Cante-Barrett, K., Bright, J., Chen, H.T., Asundi, V., Sattari, P., Tang, 

T., Boyle, B., Funk, W., et al. (2004). Human Crossveinless-2 is a novel inhibitor of bone 

morphogenetic proteins. Biochemical and biophysical research communications 315, 272-

280. 

Blader, P., Rastegar, S., Fischer, N., and Strahle, U. (1997). Cleavage of the BMP-4 

antagonist chordin by zebrafish tolloid. Science 278, 1937-1940. 

Blanchet, C.E., Spilotros, A., Schwemmer, F., Graewert, M.A., Kikhney, A., Jeffries, C.M., 

Franke, D., Mark, D., Zengerle, R., Cipriani, F., et al. (2015). Versatile sample environments 



160 
 

and automation for biological solution X-ray scattering experiments at the P12 beamline 

(PETRA III, DESY). J Appl Crystallogr 48, 431-443. 

Bragdon, B., Moseychuk, O., Saldanha, S., King, D., Julian, J., and Nohe, A. (2011). Bone 

morphogenetic proteins: a critical review. Cellular signalling 23, 609-620. 

Bragg, W.H., and Bragg, W.L. (1913). The Reflection of X-rays by Crystals. Proceedings of 

the Royal Society of London Series A 88, 428-438. 

Brookes, E., Demeler, B., and Rocco, M. (2010a). Developments in the US-SOMO bead 

modeling suite: new features in the direct residue-to-bead method, improved grid routines, 

and influence of accessible surface area screening. Macromolecular bioscience 10, 746-753. 

Brookes, E., Demeler, B., Rosano, C., and Rocco, M. (2010b). The implementation of SOMO 

(SOlution MOdeller) in the UltraScan analytical ultracentrifugation data analysis suite: 

enhanced capabilities allow the reliable hydrodynamic modeling of virtually any kind of 

biomacromolecule. European biophysics journal : EBJ 39, 423-435. 

Brown, M.A., Zhao, Q., Baker, K.A., Naik, C., Chen, C., Pukac, L., Singh, M., Tsareva, T., 

Parice, Y., Mahoney, A., et al. (2005). Crystal structure of BMP-9 and functional interactions 

with pro-region and receptors. The Journal of biological chemistry 280, 25111-25118. 

Cai, J., Pardali, E., Sánchez-Duffhues, G., and ten Dijke, P. (2012). BMP signaling in vascular 

diseases. FEBS letters 586, 1993-2002. 

Caligur, V. (2008). Glycosaminoglycan Sulfation and Signaling. In BioFiles. 

Chang, C., Holtzman, D.A., Chau, S., Chickering, T., Woolf, E.A., Holmgren, L.M., Bodorova, 

J., Gearing, D.P., Holmes, W.E., and Brivanlou, A.H. (2001). Twisted gastrulation can function 

as a BMP antagonist. Nature 410, 483-487. 

Chang, V.T., Crispin, M., Aricescu, A.R., Harvey, D.J., Nettleship, J.E., Fennelly, J.A., Yu, C., 

Boles, K.S., Evans, E.J., Stuart, D.I., et al. (2007). Glycoprotein Structural Genomics: Solving 

the Glycosylation Problem. Structure 15, 267-273. 

Cleverley, R.M., Rismondo, J., Lockhart-Cairns, M.P., Van Bentum, P.T., Egan, A.J., Vollmer, 

W., Halbedel, S., Baldock, C., Breukink, E., and Lewis, R.J. (2016). Subunit Arrangement in 

GpsB, a Regulator of Cell Wall Biosynthesis. Microb Drug Resist. 

Coffinier, C., Ketpura, N., Tran, U., Geissert, D., and De Robertis, E.M. (2002). Mouse 

Crossveinless-2 is the vertebrate homolog of a Drosophila extracellular regulator of BMP 

signaling. Mech Dev 119 Suppl 1, S179-184. 



161 
 

Coles, E., Christiansen, J., Economou, A., Bronner-Fraser, M., and Wilkinson, D.G. (2004). A 

vertebrate crossveinless 2 homologue modulates BMP activity and neural crest cell migration. 

Development 131, 5309-5317. 

Conley, C.A., Silburn, R., Singer, M.A., Ralston, A., Rohwer-Nutter, D., Olson, D.J., Gelbart, 

W., and Blair, S.S. (2000). Crossveinless 2 contains cysteine-rich domains and is required for 

high levels of BMP-like activity during the formation of the cross veins in Drosophila. 

Development 127, 3947-3959. 

Crapo, J.D., Barry, B.E., Gehr, P., Bachofen, M., and Weibel, E.R. (1982). Cell number and 

cell characteristics of the normal human lung. The American review of respiratory disease 

126, 332-337. 

Daly, N.L., and Craik, D.J. (2011). Bioactive cystine knot proteins. Current opinion in chemical 

biology 15, 362-368. 

De Robertis, E.M. (2009). Spemann's organizer and the self-regulation of embryonic fields. 

Mech Dev 126, 925-941. 

De Robertis, E.M., and Moriyama, Y. (2016). The Chordin Morphogenetic Pathway. Current 

topics in developmental biology 116, 231-245. 

Debye, P., Jr., H.R.A., and Brumberger, H. (1957). Scattering by an Inhomogeneous Solid. II. 

The Correlation Function and Its Application. Journal of Applied Physics 28, 679-683. 

Dectris (2017). EIGER X Detector Series for SAXS and WAXS 

(https://www.dectris.com/EIGER_X_Detectors.html: Dectris). 

Dixon, M.C. (2008). Quartz Crystal Microbalance with Dissipation Monitoring: Enabling Real-

Time Characterization of Biological Materials and Their Interactions. Journal of Biomolecular 

Techniques : JBT 19, 151-158. 

Donatelli, J.J., Sethian, J.A., and Zwart, P.H. (2017). Reconstruction from limited single-

particle diffraction data via simultaneous determination of state, orientation, intensity, and 

phase. Proceedings of the National Academy of Sciences of the United States of America 

114, 7222-7227. 

Donatelli, J.J., Zwart, P.H., and Sethian, J.A. (2015). Iterative phasing for fluctuation X-ray 

scattering. Proceedings of the National Academy of Sciences of the United States of America 

112, 10286-10291. 

Durand, D., Vives, C., Cannella, D., Perez, J., Pebay-Peyroula, E., Vachette, P., and Fieschi, 

F. (2010). NADPH oxidase activator p67(phox) behaves in solution as a multidomain protein 

with semi-flexible linkers. J Struct Biol 169, 45-53. 

https://www.dectris.com/EIGER_X_Detectors.html


162 
 

Eldar, A., Dorfman, R., Weiss, D., Ashe, H., Shilo, B.-Z., and Barkai, N. (2002). Robustness 

of the BMP morphogen gradient in Drosophila embryonic patterning. Nature 419, 304-308. 

Esko, J.D., Kimata, K., and Lindahl, U. (2009). Proteoglycans and Sulfated 

Glycosaminoglycans. In Essentials of Glycobiology, A. Varki, R.D. Cummings, J.D. Esko, H.H. 

Freeze, P. Stanley, C.R. Bertozzi, G.W. Hart, and M.E. Etzler, eds. (Cold Spring Harbor (NY): 

Cold Spring Harbor Laboratory Press 

The Consortium of Glycobiology Editors, La Jolla, California.). 

Fahim, R.E., Specian, R.D., Forstner, G.G., and Forstner, J.F. (1987). Characterization and 

localization of the putative 'link' component in rat small-intestinal mucin. The Biochemical 

journal 243, 631-640. 

Feigin, L., and Svergun, D.I. (1987). Structure analysis by small-angle X-ray and neutron 

scattering (Springer). 

Fiebig, J.E., Weidauer, S.E., Qiu, L.Y., Bauer, M., Schmieder, P., Beerbaum, M., Zhang, J.L., 

Oschkinat, H., Sebald, W., and Mueller, T.D. (2013). The Clip-Segment of the von Willebrand 

Domain 1 of the BMP Modulator Protein Crossveinless 2 Is Preformed. Molecules 18, 11658-

11682. 

Franke, D., Petoukhov, M.V., Konarev, P.V., Panjkovich, A., Tuukkanen, A., Mertens, H.D.T., 

Kikhney, A.G., Hajizadeh, N.R., Franklin, J.M., Jeffries, C.M., et al. (2017). ATSAS 2.8: a 

comprehensive data analysis suite for small-angle scattering from macromolecular solutions. 

Journal of Applied Crystallography 50. 

Franke, D., and Svergun, D.I. (2009). DAMMIF, a program for rapid ab-initio shape 

determination in small-angle scattering. Journal of Applied Crystallography 42, 342-346. 

Fratalocchi, A., and Ruocco, G. (2011). Single-molecule imaging with x-ray free-electron 

lasers: dream or reality? Physical review letters 106, 105504. 

Funari, V.A., Krakow, D., Nevarez, L., Chen, Z., Funari, T.L., Vatanavicharn, N., Wilcox, W.R., 

Rimoin, D.L., Nelson, S.F., and Cohn, D.H. (2010). BMPER mutation in 

diaphanospondylodysostosis identified by ancestral autozygosity mapping and targeted high-

throughput sequencing. American journal of human genetics 87, 532-537. 

Gahloth, D., Dunstan, M.S., Quiaglia, D., Klumbys., E., Lockhart-Cairns, M.P., Hill, A.M., 

Derrington, S.R., Scutton, N.S., Turner, N.J., and Leys, D. (2017). Structure and mechanism 

of carboxylic acid reductase. Nature Chemical Biology. 



163 
 

Garcia de la Torre, J., Llorca, O., Carrascosa, J.L., and Valpuesta, J.M. (2001). HYDROMIC: 

prediction of hydrodynamic properties of rigid macromolecular structures obtained from 

electron microscopy images. European biophysics journal : EBJ 30, 457-462. 

Glatter, O. (1977a). Data Evaluation In Small-Angle Scattering - Calculation Of Radial 

Electron-Density Distribution By Means Of Indirect Fourier Transformation. Acta Physica 

Austriaca 47, 83-102. 

Glatter, O. (1977b). A new method for the evaluation of small-angle scattering data. Journal 

of Applied Crystallography 10, 415-421. 

Glatter, O., and Kratky, O. (1982). Small angle X-ray scattering (Academic press). 

Gonzales, M., Verloes, A., Saint Frison, M.H., Perrotez, C., Bourdet, O., Encha-Razavi, F., 

Joye, N., Taillemite, J.L., Walbaum, R., Pfeiffer, R., et al. (2005). Diaphanospondylodysostosis 

(DSD): confirmation of a recessive disorder with abnormal vertebral ossification and 

nephroblastomatosis. American journal of medical genetics Part A 136a, 373-376. 

Graewert, M.A., and Svergun, D.I. (2013). Impact and progress in small and wide angle X-ray 

scattering (SAXS and WAXS). Current opinion in structural biology 23, 748-754. 

Groppe, J., Greenwald, J., Wiater, E., Rodriguez-Leon, J., Economides, A.N., Kwiatkowski, 

W., Affolter, M., Vale, W.W., Izpisua Belmonte, J.C., and Choe, S. (2002). Structural basis of 

BMP signalling inhibition by the cystine knot protein Noggin. Nature 420, 636-642. 

Groppe, J., Hinck, C.S., Samavarchi-Tehrani, P., Zubieta, C., Schuermann, J.P., Taylor, A.B., 

Schwarz, P.M., Wrana, J.L., and Hinck, A.P. (2008). Cooperative Assembly of TGF-β 

Superfamily Signaling Complexes Is Mediated by Two Disparate Mechanisms and Distinct 

Modes of Receptor Binding. Molecular cell 29, 157-168. 

Grudinin, S., Garkavenko, M., and Kazennov, A. (2017). Pepsi-SAXS: an adaptive method for 

rapid and accurate computation of small-angle X-ray scattering profiles. Acta Crystallogr D 

Struct Biol 73, 449-464. 

Guinier, A. (1939). La diffraction des rayons X aux tres petits angles: applications a l'etude de 

phenomenes ultramicroscopiques. 

Gupta, R., and Brunak, S. (2002). Prediction of glycosylation across the human proteome and 

the correlation to protein function. Pacific Symposium on Biocomputing Pacific Symposium on 

Biocomputing, 310-322. 

Guttman, M., Weinkam, P., Sali, A., and Lee, K.K. (2013). All-atom ensemble modeling to 

analyze small-angle x-ray scattering of glycosylated proteins. Structure 21, 321-331. 



164 
 

Healey, E.G., Bishop, B., Elegheert, J., Bell, C.H., Padilla-Parra, S., and Siebold, C. (2015). 

Repulsive guidance molecule is a structural bridge between neogenin and bone 

morphogenetic protein. Nat Struct Mol Biol 22, 458-465. 

Heinke, J., Juschkat, M., Charlet, A., Mnich, L., Helbing, T., Bode, C., Patterson, C., and 

Moser, M. (2013). Antagonism and synergy between extracellular BMP modulators Tsg and 

BMPER balance blood vessel formation. J Cell Sci 126, 3082-3094. 

Heng, S., Paule, S., Hardman, B., Li, Y., Singh, H., Rainczuk, A., Stephens, A.N., and Nie, G. 

(2010). Posttranslational activation of bone morphogenetic protein 2 is mediated by proprotein 

convertase 6 during decidualization for pregnancy establishment. Endocrinology 151, 3909-

3917. 

Hynes, R.O., and Naba, A. (2012). Overview of the matrisome--an inventory of extracellular 

matrix constituents and functions. Cold Spring Harbor perspectives in biology 4, a004903. 

Ikeya, M., Kawada, M., Kiyonari, H., Sasai, N., Nakao, K., Furuta, Y., and Sasai, Y. (2006). 

Essential pro-Bmp roles of crossveinless 2 in mouse organogenesis. Development 133, 4463-

4473. 

Ikeya, M., Nosaka, T., Fukushima, K., Kawada, M., Furuta, Y., Kitamura, T., and Sasai, Y. 

(2008). Twisted gastrulation mutation suppresses skeletal defect phenotypes in Crossveinless 

2 mutant mice. Mech Dev 125, 832-842. 

Ikushima, H., and Miyazono, K. (2010). TGFβ signalling: a complex web in cancer 

progression. Nature Reviews Cancer 10, 415-424. 

Jasuja, R., Allen, B.L., Pappano, W.N., Rapraeger, A.C., and Greenspan, D.S. (2004). Cell-

surface heparan sulfate proteoglycans potentiate chordin antagonism of bone morphogenetic 

protein signaling and are necessary for cellular uptake of chordin. The Journal of biological 

chemistry 279, 51289-51297. 

Jordan, A., Jacques, M., Merrick, C., Devos, J., Forsyth, V.T., Porcar, L., and Martel, A. (2016). 

SEC-SANS: size exclusion chromatography combined in situ with small-angle neutron 

scatteringThis article will form part of a virtual special issue of the journal, presenting some 

highlights of the 16th International Conference on Small-Angle Scattering (SAS2015). Journal 

of Applied Crystallography 49, 2015-2020. 

Kadler, K.E., Baldock, C., Bella, J., and Boot-Handford, R.P. (2007). Collagens at a glance. J 

Cell Sci 120, 1955-1958. 

Kamimura, M., Matsumoto, K., Koshiba-Takeuchi, K., and Ogura, T. (2004a). Vertebrate 

crossveinless 2 is secreted and acts as an extracellular modulator of the BMP signaling 



165 
 

cascade. Developmental dynamics : an official publication of the American Association of 

Anatomists 230, 434-445. 

Kamimura, M., Matsumoto, K., Koshiba‐Takeuchi, K., and Ogura, T. (2004b). Vertebrate 

crossveinless 2 is secreted and acts as an extracellular modulator of the BMP signaling 

cascade. Developmental dynamics 230, 434-445. 

Kang, E.H., Mansfield, M.L., and Douglas, J.F. (2004). Numerical path integration technique 

for the calculation of transport properties of proteins. Phys Rev E 69. 

Kelley, R., Ren, R., Pi, X., Wu, Y., Moreno, I., Willis, M., Moser, M., Ross, M., Podkowa, M., 

and Attisano, L. (2009). A concentration-dependent endocytic trap and sink mechanism 

converts Bmper from an activator to an inhibitor of Bmp signaling. The Journal of cell biology 

184, 597-609. 

Khoshouei, M., Radjainia, M., Baumeister, W., and Danev, R. (2017). Cryo-EM structure of 

haemoglobin at 3.2 A determined with the Volta phase plate. Nature communications 8, 

16099. 

Kingsley, D.M. (1994). The TGF-beta superfamily: new members, new receptors, and new 

genetic tests of function in different organisms. Genes & development 8, 133-146. 

Kišonaitė, M., Wang, X., and Hyvönen, M. (2016). Structure of Gremlin-1 and analysis of its 

interaction with BMP-2. Biochemical Journal 473, 1593-1604. 

Kohfeldt, E., Maurer, P., Vannahme, C., and Timpl, R. (1997). Properties of the extracellular 

calcium binding module of the proteoglycan testican. FEBS Lett 414, 557-561. 

Konarev, P.V., Petoukhov, M.V., Volkov, V.V., and Svergun, D.I. (2006). ATSAS 2.1, a 

program package for small-angle scattering data analysis. Journal of Applied Crystallography 

39, 277-286. 

Kozin, M.B., and Svergun, D.I. (2001). Automated matching of high- and low-resolution 

structural models. Journal of Applied Crystallography 34, 33-41. 

Kratky, O., and Porod, G. (1949a). Diffuse small-angle scattering of X-rays in colloid systems. 

Journal of colloid science 4, 35-70. 

Kratky, O., and Porod, G. (1949b). Röntgenuntersuchung gelöster Fadenmoleküle. Recueil 

des Travaux Chimiques des Pays-Bas 68, 1106-1122. 

Kuchinskaya, E., Grigelioniene, G., Hammarsjo, A., Lee, H.R., Hogberg, L., Grigelionis, G., 

Kim, O.H., Nishimura, G., and Cho, T.J. (2016). Extending the phenotype of BMPER-related 

skeletal dysplasias to ischiospinal dysostosis. Orphanet journal of rare diseases 11, 1. 



166 
 

Larkin, M., Blackshields, G., Brown, N., Chenna, R., McGettigan, P.A., McWilliam, H., 

Valentin, F., Wallace, I.M., Wilm, A., and Lopez, R. (2007). Clustal W and Clustal X version 

2.0. Bioinformatics 23, 2947-2948. 

Larrain, J., Oelgeschlager, M., Ketpura, N.I., Reversade, B., Zakin, L., and De Robertis, E.M. 

(2001). Proteolytic cleavage of Chordin as a switch for the dual activities of Twisted 

gastrulation in BMP signaling. Development 128, 4439-4447. 

Larraín, J., Oelgeschläger, M., Ketpura, N.I., Reversade, B., Zakin, L., and De Robertis, E.M. 

(2001). Proteolytic cleavage of Chordin as a switch for the dual activities of Twisted 

gastrulation in BMP signaling. Development 128, 4439-4447. 

Legare, J.M., Seaborg, K., Laffin, J., and Giampietro, P.F. (2017). 

Diaphanospondylodysostosis and ischiospinal dysostosis, evidence for one disorder with 

variable expression in a patient who has survived to age 9 years. American journal of medical 

genetics Part A. 

Lidell, M.E., and Hansson, G.C. (2006). Cleavage in the GDPH sequence of the C-terminal 

cysteine-rich part of the human MUC5AC mucin. The Biochemical journal 399, 121-129. 

Lidell, M.E., Johansson, M.E., and Hansson, G.C. (2003). An autocatalytic cleavage in the C 

terminus of the human MUC2 mucin occurs at the low pH of the late secretory pathway. The 

Journal of biological chemistry 278, 13944-13951. 

Lin, C.Y., Huang, Z., Wen, W., Wu, A., Wang, C., and Niu, L. (2015). Enhancing Protein 

Expression in HEK-293 Cells by Lowering Culture Temperature. PLoS One 10. 

Lippmann, E.S., Azarin, S.M., Kay, J.E., Nessler, R.A., Wilson, H.K., Al-Ahmad, A., Palecek, 

S.P., and Shusta, E.V. (2012). Human Blood-Brain Barrier Endothelial Cells Derived from 

Pluripotent Stem Cells. Nature biotechnology 30, 783-791. 

Ludtke, S.J. (2016). Single-Particle Refinement and Variability Analysis in EMAN2.1. Methods 

Enzymol 579, 159-189. 

Mertens, H.D., and Svergun, D.I. (2010). Structural characterization of proteins and 

complexes using small-angle X-ray solution scattering. Journal of structural biology 172, 128-

141. 

Mi, L.Z., Brown, C.T., Gao, Y., Tian, Y., Le, V.Q., Walz, T., and Springer, T.A. (2015). Structure 

of bone morphogenetic protein 9 procomplex. Proceedings of the National Academy of 

Sciences of the United States of America 112, 3710-3715. 



167 
 

Miyazono, K., Olofsson, A., Colosetti, P., and Heldin, C.H. (1991). A role of the latent TGF-

beta 1-binding protein in the assembly and secretion of TGF-beta 1. The EMBO journal 10, 

1091-1101. 

Moser, M., Binder, O., Wu, Y., Aitsebaomo, J., Ren, R., Bode, C., Bautch, V.L., Conlon, F.L., 

and Patterson, C. (2003). BMPER, a novel endothelial cell precursor-derived protein, 

antagonizes bone morphogenetic protein signaling and endothelial cell differentiation. Mol Cell 

Biol 23, 5664-5679. 

Moser, M., and Patterson, C. (2003). Thrombin and vascular development: a sticky subject. 

Arteriosclerosis, thrombosis, and vascular biology 23, 922-930. 

Mulloy, B., and Rider, C.C. (2015). The Bone Morphogenetic Proteins and Their Antagonists. 

Vitamins and hormones 99, 63-90. 

Nisbet, D.L., Chitty, L.S., Rodeck, C.H., and Scott, R.J. (1999). A new syndrome comprising 

vertebral anomalies and multicystic kidneys. Clinical dysmorphology 8, 173-178. 

O'Leary, J.M., Hamilton, J.M., Deane, C.M., Valeyev, N.V., Sandell, L.J., and Downing, A.K. 

(2004). Solution structure and dynamics of a prototypical chordin-like cysteine-rich repeat (von 

Willebrand Factor type C module) from collagen IIA. The Journal of biological chemistry 279, 

53857-53866. 

Pelikan, M., Hura, G.L., and Hammel, M. (2009). Structure and flexibility within proteins as 

identified through small angle X-ray scattering. General physiology and biophysics 28, 174-

189. 

Perkins, S.J., Wright, D.W., Zhang, H., Brookes, E.H., Chen, J., Irving, T.C., Krueger, S., 

Barlow, D.J., Edler, K.J., Scott, D.J., et al. (2016). Atomistic modelling of scattering data in the 

Collaborative Computational Project for Small Angle Scattering (CCP-SAS). J Appl Crystallogr 

49, 1861-1875. 

Pernot, P., Round, A., Barrett, R., De Maria Antolinos, A., Gobbo, A., Gordon, E., Huet, J., 

Kieffer, J., Lentini, M., Mattenet, M., et al. (2013). Upgraded ESRF BM29 beamline for SAXS 

on macromolecules in solution. Journal of synchrotron radiation 20, 660-664. 

Petoukhov, M.V., Franke, D., Shkumatov, A.V., Tria, G., Kikhney, A.G., Gajda, M., Gorba, C., 

Mertens, H.D., Konarev, P.V., and Svergun, D.I. (2012). New developments in the ATSAS 

program package for small-angle scattering data analysis. J Appl Crystallogr 45, 342-350. 

Petoukhov, M.V., Konarev, P.V., Kikhney, A.G., and Svergun, D.I. (2007). ATSAS 2.1 - 

towards automated and web-supported small-angle scattering data analysis. Journal of 

Applied Crystallography 40, S223-S228. 



168 
 

Petoukhov, M.V., and Svergun, D.I. (2005). Global rigid body modeling of macromolecular 

complexes against small-angle scattering data. Biophys J 89, 1237-1250. 

Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Meng, E.C., and 

Ferrin, T.E. (2004). UCSF chimera - A visualization system for exploratory research and 

analysis. J Comput Chem 25, 1605-1612. 

Piccolo, S., Agius, E., Lu, B., Goodman, S., Dale, L., and De Robertis, E.M. (1997). Cleavage 

of Chordin by Xolloid metalloprotease suggests a role for proteolytic processing in the 

regulation of Spemann organizer activity. Cell 91, 407-416. 

Piccolo, S., Sasai, Y., Lu, B., and De Robertis, E.M. (1996). Dorsoventral patterning in 

Xenopus: inhibition of ventral signals by direct binding of chordin to BMP-4. Cell 86, 589-598. 

Piszkiewicz, D., Landon, M., and Smith, E.L. (1970). Anomalous cleavage of aspartyl-proline 

peptide bonds during amino acid sequence determinations. Biochemical and biophysical 

research communications 40, 1173-1178. 

Prefumo, F., Homfray, T., Jeffrey, I., Moore, I., and Thilaganathan, B. (2003). A newly 

recognized autosomal recessive syndrome with abnormal vertebral ossification, rib 

abnormalities, and nephrogenic rests. American journal of medical genetics Part A 120a, 386-

388. 

Putnam, C. (2016). Guinier peak analysis for visual and automated inspection of small-angle 

X-ray scattering data. Journal of Applied Crystallography 49. 

Putnam, D.K., Lowe, E.W., Jr., and Meiler, J. (2013). Reconstruction of SAXS Profiles from 

Protein Structures. Computational and structural biotechnology journal 8, e201308006. 

Qiu, L.-y., Zhang, J.-l., Kotzsch, A., Sebald, W., and Mueller, T.D. (2008a). Crystallization and 

preliminary X-ray analysis of the complex of the first von Willebrand type C domain bound to 

bone morphogenetic protein 2. Acta Crystallographica Section F: Structural Biology and 

Crystallization Communications 64, 307-312. 

Qiu, L.Y., Zhang, J.L., Kotzsch, A., Sebald, W., and Mueller, T.D. (2008b). Crystallization and 

preliminary X-ray analysis of the complex of the first von Willebrand type C domain bound to 

bone morphogenetic protein 2. Acta crystallographica Section F, Structural biology and 

crystallization communications 64, 307-312. 

Radcliffe, P.A., and Mitrophanous, K.A. (2004). Multiple gene products from a single vector: 

'self-cleaving' 2A peptides. Gene Therapy 11, 1673-1674. 

Rambo, R.P. (2015). Resolving Individual Components in Protein-RNA Complexes Using 

Small-Angle X-ray Scattering Experiments. Methods Enzymol 558, 363-390. 



169 
 

Rambo, R.P., and Tainer, J.A. (2011). Characterizing flexible and intrinsically unstructured 

biological macromolecules by SAS using the Porod-Debye law. Biopolymers 95, 559-571. 

Rambo, R.P., and Tainer, J.A. (2013). Accurate assessment of mass, models and resolution 

by small-angle scattering. Nature 496, 477-481. 

Receveur-Brechot, V., and Durand, D. (2012). How random are intrinsically disordered 

proteins? A small angle scattering perspective. Current protein & peptide science 13, 55-75. 

Rentzsch, F., Zhang, J., Kramer, C., Sebald, W., and Hammerschmidt, M. (2006). 

Crossveinless 2 is an essential positive feedback regulator of Bmp signaling during zebrafish 

gastrulation. Development 133, 801-811. 

Rider, C.C., and Mulloy, B. (2010). Bone morphogenetic protein and growth differentiation 

factor cytokine families and their protein antagonists. The Biochemical journal 429, 1-12. 

Robert, X., and Gouet, P. (2014). Deciphering key features in protein structures with the new 

ENDscript server. Nucleic Acids Res 42, W320-324. 

Ross, J.J., Shimmi, O., Vilmos, P., Petryk, A., Kim, H., Gaudenz, K., Hermanson, S., Ekker, 

S.C., O'Connor, M.B., and Marsh, J.L. (2001). Twisted gastrulation is a conserved extracellular 

BMP antagonist. Nature 410, 479-483. 

Round, A., Felisaz, F., Fodinger, L., Gobbo, A., Huet, J., Villard, C., Blanchet, C.E., Pernot, 

P., McSweeney, S., Roessle, M., et al. (2015). BioSAXS Sample Changer: a robotic sample 

changer for rapid and reliable high-throughput X-ray solution scattering experiments. Acta 

crystallographica Section D, Biological crystallography 71, 67-75. 

Round, A., Franke, D., Moritz, S., Huchler, R., Fritsche, M., Malthan, D., Klaering, R., Svergun, 

D., and Roessle, M. (2008). Automated sample-changing robot for solution scattering 

experiments at the EMBL Hamburg SAXS station X33. Journal of applied crystallography 41, 

913-917. 

Salazar, V.S., Gamer, L.W., and Rosen, V. (2016). BMP signalling in skeletal development, 

disease and repair. Nat Rev Endocrinol 12, 203-221. 

Scheres, S.H. (2012a). A Bayesian view on cryo-EM structure determination. J Mol Biol 415, 

406-418. 

Scheres, S.H. (2012b). RELION: implementation of a Bayesian approach to cryo-EM structure 

determination. J Struct Biol 180, 519-530. 

Scheufler, C., Sebald, W., and Hülsmeyer, M. (1999). Crystal Structure of Human Bone 

Morphogenetic Protein-2 at 2.7 Å Resolution. J Mol Bio 287, 103-115. 



170 
 

Schneidman-Duhovny, D., Hammel, M., and Sali, A. (2010). FoXS: a web server for rapid 

computation and fitting of SAXS profiles. Nucleic acids research 38, W540-W544. 

Schneidman-Duhovny, D., Hammel, M., Tainer, J.A., and Sali, A. (2013). Accurate SAXS 

profile computation and its assessment by contrast variation experiments. Biophys J 105, 962-

974. 

Schneidman-Duhovny, D., Hammel, M., Tainer, J.A., and Sali, A. (2016). FoXS, FoXSDock 

and MultiFoXS: Single-state and multi-state structural modeling of proteins and their 

complexes based on SAXS profiles. Nucleic Acids Res. 

Schuck, P. (2000). Size-distribution analysis of macromolecules by sedimentation velocity 

ultracentrifugation and lamm equation modeling. Biophys J 78, 1606-1619. 

Scott, I.C., Blitz, I.L., Pappano, W.N., Maas, S.A., Cho, K.W., and Greenspan, D.S. (2001). 

Homologues of Twisted gastrulation are extracellular cofactors in antagonism of BMP 

signalling. Nature 410, 475-478. 

Scottoline, B., Rosenthal, S., Keisari, R., Kirpekar, R., Angell, C., and Wallerstein, R. (2012). 

Long-term survival with diaphanospondylodysostosis (DSD): survival to 5 years and further 

phenotypic characteristics. American journal of medical genetics Part A 158a, 1447-1451. 

Sengle, G., Ono, R.N., Lyons, K.M., Bachinger, H.P., and Sakai, L.Y. (2008). A new model for 

growth factor activation: type II receptors compete with the prodomain for BMP-7. J Mol Biol 

381, 1025-1039. 

Serpe, M., Umulis, D., Ralston, A., Chen, J., Olson, D.J., Avanesov, A., Othmer, H., O'Connor, 

M.B., and Blair, S.S. (2008). The BMP-binding protein Crossveinless 2 is a short-range, 

concentration-dependent, biphasic modulator of BMP signaling in Drosophila. Developmental 

cell 14, 940-953. 

Sharma, U., Carrique, L., Vadon-Le Goff, S., Mariano, N., Georges, R.N., Delolme, F., 

Koivunen, P., Myllyharju, J., Moali, C., Aghajari, N., et al. (2017). Structural basis of homo- 

and heterotrimerization of collagen I. Nature communications 8, 14671. 

Shimmi, O., Umulis, D., Othmer, H., and O’Connor, M.B. (2005). Facilitated Transport of a 

Dpp/Scw Heterodimer by Sog/Tsg Leads to Robust Patterning of the Drosophila Blastoderm 

Embryo. Cell 120, 873-886. 

Sievers, F., and Higgins, D.G. (2014a). Clustal omega. Curr Protoc Bioinformatics 48, 3.13.11-

16. 

Sievers, F., and Higgins, D.G. (2014b). Clustal Omega, accurate alignment of very large 

numbers of sequences. Methods Mol Biol 1079, 105-116. 



171 
 

Sievers, F., and Higgins, D.G. (2018). Clustal Omega for making accurate alignments of many 

protein sequences. Protein Sci 27, 135-145. 

Sun, M., Forsman, C., Sergi, C., Gopalakrishnan, R., O'Connor, M.B., and Petryk, A. (2010). 

The expression of twisted gastrulation in postnatal mouse brain and functional implications. 

Neuroscience 169, 920-931. 

Svergun, D. (1999). Restoring low resolution structure of biological macromolecules from 

solution scattering using simulated annealing. Biophysical journal 76, 2879-2886. 

Svergun, D., Barberato, C., and Koch, M.H.J. (1995). CRYSOL - a Program to Evaluate X-ray 

Solution Scattering of Biological Macromolecules from Atomic Coordinates. Journal of Applied 

Crystallography 28, 768-773. 

Svergun, D.I., Petoukhov, M.V., and Koch, M.H. (2001). Determination of domain structure of 

proteins from X-ray solution scattering. Biophysical Journal 80, 2946-2953. 

Tang, G., Peng, L., Baldwin, P.R., Mann, D.S., Jiang, W., Rees, I., and Ludtke, S.J. (2007). 

EMAN2: an extensible image processing suite for electron microscopy. J Struct Biol 157, 38-

46. 

Tasian, S.K., Kim, G.E., Miniati, D.N., and DuBois, S.G. (2012). Development of anaplastic 

Wilms tumor and subsequent relapse in a child with diaphanospondylodysostosis. Journal of 

pediatric hematology/oncology 34, 548-551. 

Tria, G., Mertens, H.D.T., Kachala, M., and Svergun, D.I. (2015). Advanced ensemble 

modelling of flexible macromolecules using X-ray solution scattering. IUCrJ 2, 207-217. 

Troilo, H. (2013). The Role of Chordin and Twisted Gastrulation in Regulatiing BMP Family 

Growth Factors. In Faculty of Life Science (University of Manchester), pp. 114-120. 

Troilo, H., Barrett, A.L., Zuk, A.V., Lockhart-Cairns, M.P., Wohl, A.P., Bayley, C.P., Dajani, R., 

Tunnicliffe, R.B., Green, L., Jowitt, T.A., et al. (2016a). Structural characterization of twisted 

gastrulation provides insights into opposing functions on the BMP signalling pathway. Matrix 

Biol. 

Troilo, H., Bayley, C.P., Barrett, A.L., Lockhart-Cairns, M.P., Jowitt, T.A., and Baldock, C. 

(2016b). Mammalian tolloid proteinases: role in growth factor signalling. FEBS Lett 590, 2398-

2407. 

Troilo, H., Steer, R., Collins, R.F., Kielty, C.M., and Baldock, C. (2016c). Independent 

multimerization of Latent TGFbeta Binding Protein-1 stabilized by cross-linking and enhanced 

by heparan sulfate. Scientific reports 6, 34347. 



172 
 

Troilo, H., Zuk, A.V., Tunnicliffe, R.B., Wohl, A.P., Berry, R., Collins, R.F., Jowitt, T.A., Sengle, 

G., and Baldock, C. (2014). Nanoscale structure of the BMP antagonist chordin supports 

cooperative BMP binding. Proceedings of the National Academy of Sciences of the United 

States of America 111, 13063-13068. 

Tunnicliffe, R.B., Lockhart-Cairns, M.P., Levy, C., Mould, A.P., Jowitt, T.A., Sito, H., Baldock, 

C., Sandri-Goldin, R.M., and Golovanov, A.P. (2017). The herpes viral transcription factor 

ICP4 forms a novel DNA recognition complex. Nucleic Acids Res. 

Tuukkanen, A.T., Kleywegt, G.J., and Svergun, D.I. (2016). Resolution of ab initio shapes 

determined from small-angle scattering. IUCrJ 3, 440-447. 

Urist, M.R. (1965). Bone: formation by autoinduction. Science 150, 893-899. 

Vatanavicharn, N., Graham, J.M., Jr., Curry, C.J., Pepkowitz, S., Lachman, R.S., Rimoin, D.L., 

and Wilcox, W.R. (2007). Diaphanospondylodysostosis: six new cases and exclusion of the 

candidate genes, PAX1 and MEOX1. American journal of medical genetics Part A 143a, 2292-

2302. 

Volkov, V.V., and Svergun, D.I. (2003). Uniqueness of ab initio shape determination in small-

angle scattering. Journal of Applied Crystallography 36, 860-864. 

Weber, D., Kotzsch, A., Nickel, J., Harth, S., Seher, A., Mueller, U., Sebald, W., and Mueller, 

T.D. (2007). A silent H-bond can be mutationally activated for high-affinity interaction of BMP-

2 and activin type IIB receptor. BMC structural biology 7, 6. 

Wharton, K.A., and Serpe, M. (2013). Fine-tuned shuttles for bone morphogenetic proteins. 

Curr Opin Genet Dev 23, 374-384. 

Wohl, A.P., Troilo, H., Collins, R.F., Baldock, C., and Sengle, G. (2016). Extracellular 

Regulation of Bone Morphogenetic Protein Activity by the Microfibril Component Fibrillin-1. 

The Journal of biological chemistry 291, 12732-12746. 

Wu, S., Armache, J.-P., and Cheng, Y. (2016). Single-particle cryo-EM data acquisition by 

using direct electron detection camera. Microscopy 65, 35-41. 

Xu, E.R., Blythe, E.E., Fischer, G., and Hyvonen, M. (2017). Structural analyses of von 

Willebrand factor C domains of collagen 2A and CCN3 reveal an alternative mode of binding 

to bone morphogenetic protein-2. The Journal of biological chemistry. 

Yadin, D., Knaus, P., and Mueller, T.D. (2016). Structural insights into BMP receptors: 

Specificity, activation and inhibition. Cytokine Growth Factor Rev 27, 13-34. 



173 
 

Yang, Z.R., Thomson, R., McNeil, P., and Esnouf, R.M. (2005). RONN: the bio-basis function 

neural network technique applied to the detection of natively disordered regions in proteins. 

Bioinformatics 21, 3369-3376. 

Zakin, L., Chang, E.Y., Plouhinec, J.L., and De Robertis, E.M. (2010). Crossveinless-2 is 

required for the relocalization of Chordin protein within the vertebral field in mouse embryos. 

Dev Biol 347, 204-215. 

Zakin, L., and De Robertis, E. (2010). Extracellular regulation of BMP signaling. Current 

Biology 20, R89-R92. 

Zakin, L., Metzinger, C.A., Chang, E.Y., Coffinier, C., and De Robertis, E.M. (2008). 

Development of the vertebral morphogenetic field in the mouse: interactions between 

Crossveinless-2 and Twisted Gastrulation. Dev Biol 323, 6-18. 

Zhang, H., and Bradley, A. (1996). Mice deficient for BMP2 are nonviable and have defects in 

amnion/chorion and cardiac development. Development 122, 2977-2986. 

Zhang, J.-L., Huang, Y., Qiu, L.-Y., Nickel, J., and Sebald, W. (2007a). von Willebrand factor 

type C domain-containing proteins regulate bone morphogenetic protein signaling through 

different recognition mechanisms. Journal of Biological Chemistry 282, 20002-20014. 

Zhang, J.-L., Patterson, L.J., Qiu, L.-Y., Graziussi, D., Sebald, W., and Hammerschmidt, M. 

(2010a). Binding between Crossveinless-2 and Chordin Von Willebrand Factor Type C 

Domains Promotes BMP Signaling by Blocking Chordin Activity. PLoS ONE 5, e12846. 

Zhang, J.L., Huang, Y., Qiu, L.Y., Nickel, J., and Sebald, W. (2007b). von Willebrand factor 

type C domain-containing proteins regulate bone morphogenetic protein signaling through 

different recognition mechanisms. The Journal of biological chemistry 282, 20002-20014. 

Zhang, J.L., Patterson, L.J., Qiu, L.Y., Graziussi, D., Sebald, W., and Hammerschmidt, M. 

(2010b). Binding between Crossveinless-2 and Chordin von Willebrand factor type C domains 

promotes BMP signaling by blocking Chordin activity. PLoS One 5, e12846. 

Zhang, J.L., Qiu, L.Y., Kotzsch, A., Weidauer, S., Patterson, L., Hammerschmidt, M., Sebald, 

W., and Mueller, T.D. (2008). Crystal structure analysis reveals how the Chordin family 

member crossveinless 2 blocks BMP-2 receptor binding. Developmental cell 14, 739-750. 

Zhao, Y.G., Bishop, B., Clay, J.E., Lu, W.X., Jones, M., Daenke, S., Siebold, C., Stuart, D.I., 

Jones, E.Y., and Aricescu, A.R. (2011). Automation of large scale transient protein expression 

in mammalian cells. Journal of Structural Biology 175, 209-215. 



174 
 

Zong, Z., Tees, S., Miyanji, F., Fauth, C., Reilly, C., Lopez, E., Tredwell, S., Paul Goldberg, 

Y., Delaney, A., Eydoux, P., et al. (2015). BMPER variants associated with a novel, attenuated 

subtype of diaphanospondylodysostosis. Journal of human genetics 60, 743-747. 

 

  



175 
 

9 Appendix A 

 Derivation of Normalised Kratky Plot 

A derivation of the Normalised Kratky Plot (Durand et al., 2010; Receveur-Brechot 

and Durand, 2012) as derived from the GA. 

 

𝐼(𝑞) = 𝐼(0). 𝑒−
𝑞2. 𝑅𝑔

2

3                                  (1) 

(𝑞. 𝑅𝑔)
2
. (

𝐼(𝑞)

𝐼(0)
) = (𝑞. 𝑅𝑔)

2. 𝑒−
𝑞2. 𝑅𝑔

2

3              (2) 

(𝑢)2.
𝐼(𝑞)

𝐼(0)
= (𝑢)2. 𝑒−

(𝑢)2

3                            (3) 

𝑓(𝑢)′ = 2𝑢. 𝑒−
(𝑢)2

3 − 𝑢2 .
2𝑢

3
. 𝑒−

(𝑢)2

3            (4) 

2𝑢. 𝑒−
(𝑢)2

3 =
2𝑢3

3
. 𝑒−

(𝑢)2

3                            (5) 

3 = 𝑢2                                                  (6) 

𝑢 = √3                                                 (7) 

𝑅𝑔 . 𝑞 =  √3 ≈ 1.73                                (8) 

(𝑞. 𝑅𝑔)
2
. (

𝐼(𝑞)

𝐼(0)
) = (√3)2 . 𝑒

−
(√3)2

3              (9) 

(𝑞. 𝑅𝑔)
2
. (

𝐼(𝑞)

𝐼(0)
) = 3𝑒−1                           (10) 

3𝑒−1 ≈ 1.104                                        (11) 

Equation 9-1– Derivation of the Dimensionless Kratky Plot 

Where 𝐼(𝑞) is the scattering intensity, 𝑞 is the scattering angle, 𝐼(0) is the scattering 

intensity where 𝑞 = 0, 𝑅𝑔 is the radius of gyration and 𝑢 = (𝑞. 𝑅𝑔). Equation (1) is the GA, 

and is multiplied by (𝑞. 𝑅𝑔) to produce equation (2). From here (𝑞. 𝑅𝑔) is substituted for 𝑢 

for ease of following (3). The first derivative, with regards to 𝑢 is taken in (4) to determine 

the gradient of a slope resulting in (5). When this is solved for 0, 𝑢 has the value of √3 (6, 

7, 8). This gives the value of the domain axis (𝑞. 𝑅𝑔). by substituting this value back into (2), 

and solving in (9, 10) we have the value of the range axis, 3𝑒−1, (11). 
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10 Appendix B 

 Sequences and Primers 

 

Supplemental Figure 10-1 – Sequence of BMPER 

Translation of the BMPER DNA to protein sequence. Red sequence denotes the 5 vWFC 

domain, blue sequence denotes the vWFD domain and the purple sequence denotes the 

TIL domain. The sequence which is underlines denotes the thrombin cleavage site, the 

green sequence denotes the His6 tag and the bold text denotes the stop codon. 
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 BMPER, Chordin and Tsg pHLsec Primers 

 

 

Supplemental Table 10-1 – Primers for pHLsec 

Primers were used to generate 25 BMPER clones, 4 chordin clones and 2 Tsg clones for 

ligation into pHLsec vectors tagged with either His6 or 1D4 tags resulting in 62 clones. Red 

sequence denotes In-Fusion tags and blue sequence denotes cloning sites. 
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 Sequence Alignment of BMPER and Chordin vWFC domains 

 

 

Supplemental Figure 10-2 – Sequence comparison of vWFC domain of BMPER and 

Chordin 

vWFC domains of BMPER and chordin are aligned using Clustal (Larkin et al., 2007) and 

annotated with ESPript 3 (Robert and Gouet, 2014).  

 

 Mutagenesis Conformation 

 

Supplemental Figure 10-3 – Mutagenesis Verification 

Sequencing data providing evidence for the mutation of BMPER to BMPER-P370L. 
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11 Appendix C 

 BMPER GeneArt Synthetic Gene 

 

 

Supplemental Figure 11-1 – Synthetic BMPER Gene 

A) BMPER construct was generated by GeneArt gene synthesis (Thermo Fischer) based 

on accession number NM_133468.4. 
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 pCEP-Pu/AC7 Vector 

 

Supplemental Figure 11-2 – pCEP-Pu/AC7 Mammalian Expression Vector 

The pCEP-Pu/Ac7 mammalian expression vector, allowing for expression and secretion of 

BMPER constructs in stably transfected HEK293-EBNA cells. 
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 Lentiviral Vectors 

 

Supplemental Figure 11-3 - pCDH Lentiviral Expression Vector 

The pCDH lentiviral mammalian expression vector allowing for expression and secretion of 

BMPER constructs when transduced into HEK293-T cells with pMD2.G and psPAX2 

packaging vectors. The cells transduced with this vector can be selected for by sorting cells 

for GFP. 
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Supplemental Figure 11-4 – Doxycycline Inducible BMP-2 Expression Vector 

The pCDH lentiviral mammalian expression vector allowing for expression and 

secretion of BMP-2, in the presence of doxycycline, when transduced into HEK293-

T cells with pMD2.G and psPAX2 packaging vectors. The cells transduced with this 

vector can be selected for by sorting cells for blue fluorescent protein. 

  



183 
 

 Packaging Vectors 

 

Supplemental Figure 11-5 – pMD2.G Packaging Vector 

Packaging vector used in conjunction with psPAX2 and pCDH vectors to form effecting 

lentiviral particles. 
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Supplemental Figure 11-6 – psPAX2  Packaging Vector 

Packaging vector used in conjunction with pMD2.G and pCDH vectors to form effecting 

lentiviral particles.  
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 pHLsec Vector 

 

Supplemental Figure 11-7 – pHLsec Mammalian Expression Vector 

The pHLsec mammalian expression vector, allowing for expression and secretion of 

BMPER constructs in transiently transfected HEK293-T cells. 
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