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Abstract 

LTBP4 belongs to a family of large secreted TGFβ binding glycoproteins that are structurally 
related to fibrillin-1. LTBP4 mutations are linked to an ARCL1C that is characterised by 
generalised cutis laxa and severely disrupted elastic fibres in several visceral organs including 
the lung.  LTBP4 assists in regulating TGFβ1 biology by mediating its folding and secretion and 
extracellular matrix bioavailability by targeting latent TGFβ and mediating its sequestration 
via interaction with fibrillin-1. LTBP4 is also essential for promoting elastic fibre assembly via 
interaction with fibulin-4 and -5. Although LTBP4 plays a vital role in elastogenesis, the 
molecular mechanism by which it regulates elastic fibre assembly is poorly understood, and 
its structure is not defined yet.  

To understand the role of LTBP4 in elastogenesis and how ARCL1C-causing mutations impact 
on LTBP4 leading to defective elastic fibre assembly, it was essential to determine the 
structure of LTBP4. Using recombinant wildtype LTBP4 constructs and ARCL1C mutants, LTBP4 
hydrodynamics and nanostructure have been determined using complementary biophysical 
methods and compared to analyze any differences. Findings presented in this thesis 
demonstrate novel structural information on the wildtype LTBP4 and define conformational 
changes induced by ARCL1C. The monomeric LTBP4 C-terminal region was found to adopt an 
elongated and flexible conformation. In a comparison of the mutant, C1286S, to the wildtype, 
minimal conformational change has been induced. While the C1186R mutation caused a more 
considerable conformational change and resulted in a conformational transition. The 
monomeric LTBP4 N-terminal region was found to adopt an elongated and inflexible 
conformation while the C244G mutant resulted in a more compact protein.  

Previous studies have demonstrated that LTBP4 promotes elastogenesis by interacting with 
fibulin-4 and fibulin-5 via its N-terminal region and by interacting with fibrillin-1 via its C-
terminal region. Matrix deposition of LTBP4 is dependent on fibrillin-1 deposition. While 
matrix deposition of fibulin-5 is dependent on the proper deposition of LTBP4, moreover, it 
has been demonstrated that fibronectin and heparin/heparan sulphate (HS) mediate LTBP4 
matrix deposition via its N-terminal region. Using binding studies, how ARCL1C mutations may 
impact on LTBP4 molecular interactions with these proteins, that are involved in LTBP4 
deposition and elastogenesis, has been investigated. Data presented here demonstrate that 
ARCL1C mutants could bind to these matrix partners but with slightly altered affinity 
depending on the position of the substituted highly conserved cysteine. Findings shown here 
also identify tropoelastin and LTBP1 as novel matrix partners, suggesting new roles for LTBP4.  

Previous work by our group demonstrated that LTBP1 can self-assemble and that 
transglutaminase 2 (TG2) stabilises its assembly and cross-linking to fibrillin-1. Using binding 
studies and TG2 cross-linking assays, LTBP4 self-assembly and cross-linking with fibrillin-1 was 
investigated. Data here demonstrate that LTBP4 does not self-interact or cross-link nor cross-
link to fibrillin-1 via TG2. Moreover, data here show a novel non-covalent interaction with 
small latent complex (SLC) and that interaction of LTBP1 with fibrillin-1 is not altered by the 
formation of the large latent complex (LLC).   

Collectively, data presented in this thesis contribute to understanding the role of LTBP4 in 
elastogenesis and highlight the importance of the highly conserved cysteines in LTBP4 
structure and function.   
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1. Introduction 

Latent transforming growth factor β binding protein 4 (LTBP4) is a large secreted multidomain 

glycoprotein that is associated with the major integral microfibril and elastic fibre component, 

fibrillin-1 (Saharinen et al., 1998, Zilberberg et al., 2012). LTBP4 is essential for promoting 

elastic fibre assembly by interacting with the elastogenic proteins, fibulin-4 and fibulin-5 

(Noda et al., 2013, Bultmann-Mellin et al., 2016). It is also important for regulating TGFβ-

bioavailability by mediating its secretion, sequestration by interacting with fibrillin-1 and thus 

TGFβ activation (Rifkin, 2005). Mutations in the LTBP4 gene cause functional modifications in 

both the long and short isoforms of LTBP4, leading to an Autosomal Recessive form of Cutis 

Laxa (CL) type 1C (ARCL1C), initially known as Urban Rifkin Davis Syndrome (URDS) (Urban et 

al., 2009). ARCL1C is characterised by severely disrupted elastic fibres and life-threatening 

pulmonary defects. Despite the importance of LTBP4 for intact elastic fibre architecture, the 

structure of LTBP4 is not yet defined and how LTBP4 point mutations impact on LTBP4 

structure and function is not clear, and is the focus of this thesis. This chapter will briefly 

present the main ECM components of connective tissue and elastic fibre formation. LTBPs 

family members will be presented with current understanding of how they are involved in 

regulating TGFβ bioavailability and more detailed introduction on LTBP4 structure, functions 

and ECM interactions that are important for LTBP4 deposition and its elastogenic role. A brief 

introduction on CL and more focus on LTBP4-related CL will also be presented. 

1.1. Connective Tissues  

Connective tissues consist of cells and continuous networks of fibrous proteins, non-fibrous 

proteins and proteoglycans that are widely distributed throughout the body providing 

mechanical support and intercellular exchange between cells, organs, and systems.  Together 

they make up the most abundant connective tissue component, the extracellular matrix 

(Kailashiya et al., 2017). 

1.2. The Extracellular matrix (ECM) of Connective Tissue  

The ECM is the non-cellular component within tissues and organs that provides an essential 

scaffold for cells and controls their communication, migration and differentiation. It also 

provides a tissue specific biochemical and biomechanical properties such as elasticity, tensile 
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and compressive strength, and homeostasis. The major components of the extracellular 

matrix are proteoglycans, glycoproteins and fibrous proteins that are produced intracellularly 

and secreted by exocytosis (Frantz et al., 2010). 

1.2.1. Proteoglycans 

Proteoglycans (PGs) are glycosaminoglycans that are covalently linked to a protein core (with 

the exception of hyaluronic acid). PGs participate with other matrix proteins such as, collagen 

and elastin in organising the ECM. There are different several types of extracellular GAGs 

including, heparan sulphate/heparin, chondroitin sulphate, keratan sulphate and hyaluronic 

acid that are composed of linear polysaccharides composed of repeating units of amino acetyl 

(N-acetyl) disaccharides usually D-galactosamine alternating with uronic acid. In heparan 

sulphate/heparin, the disaccharides are mostly found as amino sulphate (N-sulphate). All 

GAGs except hyaluronic acid, contain sulphate groups linked with hydroxyl groups of the 

amino sugars in an ester linkage. These groups provide GAGs with high negative charge 

density making them extremely hydrophilic (Kailashiya et al., 2017). PGs are involved in 

essential biochemical processes such as cell adhesion, migration, proliferation and signaling 

(Schaefer and Schaefer, 2010).  

1.2.2. Glycoproteins  

Glycoproteins are proteins that are extensively post-translationally modified in the 

endoplasmic reticulum (ER) and Golgi apparatus with glycans. There are two types of protein 

glycosylation, an N- and O-linked glycosylation. While in N-linked glycosylation, the glycans 

(N-acetylglucosamine) are covalently attached to the side-chain nitrogen atoms of an 

asparagine residue at the conserved consensus sequence Asn-X-Ser/Thr, where X is any amino 

acid except proline. Whereas, in the O-linked glycosylation, the glycan (monosaccharide N-

acetylglucosamine) is covalently linked to the side-chain an oxygen atom of hydroxyl amino 

acids such as serine and threonine  residues, hydroxyproline side-chains, or to an oxygen atom 

of lipids (Li et al., 2019). The N-linked glycosylation occurs initially in the ER and further 

modification occurs in the Golgi apparatus yielding complex glycans. While the O-linked 

glycosylation occurs in the Golgi only, thus showing little secondary structure. Protein 

glycosylation is essential and has impact on proteins’ folding and stability and function 

(Moremen et al., 2012, Li et al., 2019).    
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1.2.3. Fibrous Proteins 

Collagen is the most abundant extracellular fibrous protein secreted by fibroblasts and 

provides tensile strength to the matrix. To date, 28 types of fibrillar and non-fibrillar collagens 

have been identified, but collagen type I is the major type and expressed in skin, bone, 

tendon, dentin, and some other tissues. Collagens also play an important role in regulating 

cell adhesion, migration, and tissue development (Rozario and DeSimone, 2010). Collagen, is 

synthesized as a propeptide that undergoes posttranslational modification and cleavage of its 

N- and C-terminal propeptides forming collagen fibrils. The secreted collagen (tropocollagen) 

then undergoes maturation by covalent crosslinking by lysyl oxidase (LOX) forming mature 

collagen fibrils (Kailashiya et al., 2017). 

Fibrillin is another major ECM fibrillar protein. To date, three fibrillin isoforms have been 

identified in human tissue, fibrillin-1, -2 and -3, but fibrillin-1 is the major isoform found in the 

ECM (Kielty et al., 2005). Fibrillin-1 is initially synthesized by many ECM cells including, 

fibroblasts, smooth muscle cells and osteoblasts as pro-fibrillin-1 with a molecular weight of 

about 350 KDa that undergoes intracellular calcium dependent processing via furin/PACE 

convertases leading to the production of fibrillin-1 with a molecular weight of about 330 KDa 

(Raghunath et al., 1999, Milewicz et al., 1992). Fibrillin-1 monomers undergo aggregation 

extracellularly into fibrillar structures, microfibrils, with a diameter of 10-12 nm (Kailashiya et 

al., 2017). These microfibrils undergo maturation process via inter-microfibrillar cross-linking 

leading to the formation of a framework of microfibrillar bundles (Kailashiya et al., 2017). 

Fibrillin microfibrils limit tissue elasticity and act as regulators of growth factor signaling 

events and as a scaffold for elastin deposition during elastogenesis (Handford et al., 2000, 

Charbonneau et al., 2004, Hubmacher et al., 2006). 

Elastin and fibronectin are also important components of ECM connective tissue. Elastin is an 

amorphous insoluble protein that is tightly associated with collagen. It provides recoil to 

tissues. It is initially synthesized and secreted by primarily by fibroblasts and smooth muscle 

cells as the soluble elastin precursor, tropoelastin. The secreted tropoelastin self-assembles 

(coacervates) and then cross-link via LOX leading to mature elastin that deposit onto fibrillin 

microfibrils to form elastic fibres (Lucero and Kagan, 2006, Wagenseil and Mecham, 2007).  
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Fibronectin is secreted as a dimer disulphide bonded via their C-termini and self-assembles 

into fibronectin fibrils enhanced by integrins. Fibronectin is directly involved in directing and 

controlling the organization of other extracellular components and plays an essential role in 

cell adhesion, cell traction forces, and cell migration during development ((Smith et al., 2007, 

Rozario and DeSimone, 2010, Wierzbicka-Patynowski and Schwarzbauer, 2003).  

1.3. Elastic Fibres 

Elastic fibres are major insoluble extracellular matrix (ECM) components that provide 

connective tissues such as blood vessels, lungs, and skin, and other dynamic connective 

tissues with essential characteristics of elasticity and resiliency that are necessary for the 

development of multicellular organisms (Li et al., 1998, Wagenseil and Mecham, 2007). 

Ultrastructural analysis of normal dermal elastic fibres show that elastin and fibrillin 

microfibrils are the major components of elastic fibres, where its core consists of cross-linked 

elastin surrounded by a network of fibrillin microfibrils (Figure 1-1).  

 

Figure 1-1: Ultrastructure of elastic fibres. Electron microscope image of a normal dermal elastic fibre 

showing an insoluble elastin core (EI) surrounded by microfibril bundles (Mf). Co, control. 

Magnification bar represent 0.2 µm. Image was taken from (Urban et al., 2009).  
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1.3.1. Elastic Fibre Formation (Elastogenesis)  

The assembly of elastic fibres is a complicated multi-step process that initially involves 

synthesis and secretion of fibrillin and elastin precursors, pro-fibrillin and tropoelastin 

respectively. Then the formation and assembly of mature microfibrils and elastin (Figure 1-2).  

 

Figure 1-2: Schematic diagram of the stages of elastic fibre formation. Fibrillin-1 is synthesised as pro-

fibrillin-1 that is processed by Furin convertase to fibrillin-1. Fibrillin-1 assembles at the cell surface to 

form the beaded microfibrils that are cross-linked via ECM transglutaminase. The mature microfibrils 

then form parallel bundles by inter-microfibrillar crosslinking.  In elastic tissues, elastin aggregates 
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deposit on microfibril bundles that act as a scaffold for elastin. Tropoelastin is synthesised and 

secreted to the extracellular matrix via association with elastin binding protein (EBP). Tropoelastin is 

then released from EBP-tropoelastin complexes in the presence of galactoside. Tropoelastin 

coacervates then is cross-linked by lysyl oxidase leading to cross-linked elastin that deposits on 

microfibrils. The process of deposition and further cross-linking continues to form mature elastic 

fibres.  

Fibrillin microfibrils are widely distributed components in both elastogenic and non-

elastogenic ECM of connective tissues. Microfibrils are 10-12 nm in diameter with 56 nm 

periodicity and are majorly composed of fibrillin-1 molecules (Keene et al., 1991). Newly 

synthesised fibrillin-1 precursor, pro-fibrillin-1 undergoes intracellular calcium dependent 

processing via furin/PACE  convertases leading to the production of fibrillin-1 (Raghunath et 

al., 1999, Milewicz et al., 1992). This process is essential for the multimerisation of fibrillin in 

an aligned linear and lateral manner. The processed C-terminal region of pro-fibrillin, named 

as asprosin is increased by fasting and involved in regulating glucose homeostasis (Romere et 

al., 2016). Fibrillins can be multimerised by homotypic and heterotypic interactions between 

N- terminal and /or C-terminal regions (Kielty et al., 2005). After fibrillin-1 assembly into 

insoluble microfibrillar arrays at the cell surface it undergoes cross-linking by TG2 (Qian and 

Glanville, 1997, Ross et al., 1977). Recent ultrastructural analysis revealed that the fibrillin 

microfibrils are linearly assembled beaded polymers (Figure 1-3) (Godwin et al., 2019, Godwin 

et al., 2018).  
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Figure 1-3: Ultrastructure of negatively stained bovine zonular microfibril. Transmission electron 

microscopy (TEM) image showing the beads on string appearance of the microfibril. Image was taken 

from (Godwin et al., 2019). 

Elastin is initially synthesised as the soluble precursor, tropoelastin with a molecular weight 

of about 72 KDa (Uitto et al., 1991, Fazio et al., 1988). The intracellular tropoelastin then 

associates with the elastin binding protein (EBP) in order to prevent intracellular self-

association and provide the correct secretion of tropoelastin (Hinek, 1995). Extracellular 

galactosides can compete for binding to EBP and cause the dissociation of EBP from 

tropoelastin (Mecham, 1991). The release of EBP from tropoelastin allows the self-association 

between the hydrophobic domains of tropoelastin. Tropoelastin has the ability to self-

associate via a process named coacervation, which concentrates and aligns tropoelastin for 

cross-linking via LOX and it mainly involves the central hydrophobic domains leading to the 

formation of mature insoluble elastin (Csiszar, 2001, Siegel et al., 1970). The mature elastin is 

then deposited onto microfibril scaffolds.  

Besides elastin and fibrillins, there are several molecules that have been identified to co-

localise with microfibrils and elastic fibres and are required for the association of the elastin 

core with microfibrils such as, microfibril-associated glycoproteins (MAGPs), fibulins, latent 

TGFβ binding proteins (LTBP1, 2, 3, and 4) and other ECM proteins reviewed in  (Thomson et 

al., 2019). Among these molecules, fibulin-4, -5, LTBP2 and -4 are the molecules involved in 

elastogenesis (Kobayashi et al., 2007, Hirai et al., 2007a, Hirai et al., 2007b, Noda et al., 2013) 

Fibulins are a family of secreted glycoproteins that function as bridges that stabilise the elastic 

fibre architecture (Argraves et al., 2003). Fibulin-4 and -5 have been demonstrated to 
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differently bind tropoelastin, LOX, and fibrillin-1 and have distinct roles in elastic fibre 

formation (Choudhury et al., 2009, Kobayashi et al., 2007, Papke and Yanagisawa, 2014). 

LTBPs are a family of large secreted glycoproteins that are associated with fibrillin microfibrils 

in the ECM (Todorovic and Rifkin, 2012). Among the LTBPs (LTBP1, 2, 3 and 4) family members, 

LTBP2 and LTBP4 are involved in elastic fibre formation. LTBP2 is required for the formation 

of intact microfibril bundles in the ciliary zonules, LTBP4 can compensate LTBP2 and rescue 

the formation of microfibril bundles in the ciliary zonules by ectopic overexpression in the eye 

of LTBP2 null mice (Fujikawa et al., 2017).  

Genetic defects in one of the elastic fibre constituents may lead to abnormalities in their 

assembly and loss of function and therefore lead to pathological connective tissue diseases 

such as cutis laxa (Berk et al., 2012). 

1.4. Transforming Growth Factor-β (TGFβ) and Latent TGFβ Binding Proteins (LTBPs) 

Transforming growth factor-βs belong to a large superfamily of secreted multipotent growth 

and differentiation regulators that are implicated in a wide range of biological processes in all 

tissues of the human body (Weiss and Attisano, 2013, Poniatowski et al., 2015). Three TGFβ 

isoforms (TGFβ1,2 and 3) have been identified in humans. TGFβ is initially synthesised as a 

homodimeric proprotein (proTGFβ) associated with its propeptide latency associated 

propeptide (LAP) forming the small latent complex (SLC) (Figure 1-4). Both proTGFβ and LAP 

undergo an intracellular cleavage processed via furin. The LAP has strong affinity to the 

mature TGFβ and thus the proteins are secreted as complex and TGFβ remains inactive (Annes 

et al., 2003). After SLC intracellular assembly, disulphide exchange occurs between cysteine 

residues of both LAP and the LTBP leading to the formation of large latent complex (LLC) that 

is secreted into the extracellular matrix. LTBP binding to the SLC is essential for proper folding 

and efficient secretion of TGFβ into the extracellular matrix (Saharinen et al., 1999, Rifkin, 

2005).  
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Figure 1-4: Large latent complex (LLC) assembly and TGFβ activation. In the endoplasmic reticulum, 

pro-TGFβ homodimerizes with its LAP forming the small latent complex (SLC). Then in the trans-Golgi, 

both Pro-TGFβ and LAP undergo processing via furin, yielding mature TGFβ. The SLC then forms 

disulphide bonds to LTBP, yielding the LLC. The LLC is then secreted and associates with ECM proteins 

and the latent TGFβ is activated by proteases or integrins. The activated TGFβ then binds to its 

receptor.  

The domain structures of the LTBPs are highly related to the fibrillins (Figure 1-5). Both LTBPs 

and fibrillins share two distinct cysteine rich domain types, a six-cysteine domain (Epidermal 

growth factor-like domain EGF and calcium binding cbEGF-like domain) and eight-cysteine 

domain (TGFβ binding protein like domain TB) and both perform distinct functions. LTBPs also 
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exclusively share a four-cysteine domain near their N-terminal region (Todorovic et al., 2005). 

Each LTBP has three TB domains and a hybrid domain interspersed with EGF-like domains. 

The hybrid domain is structurally similar to both TB and EGF domains and thus called the 

hybrid domain (Todorovic and Rifkin, 2012). Moreover, LTBPs have an unstructured hinge 

region that is susceptible to proteolytic cleavage (Annes et al., 2003, Ge and Greenspan, 

2006).  

 

Figure 1-5: Schematic representation of the fibrillins/LTBPs members domain structure. Image was 
taken from (Godwin et al., 2019).  

LTBPs were first identified as a part of the LLC (Kanzaki et al., 1990). All LTBPs except LTBP2, 

covalently bind to the TGFβ-LAP by disulphide bonding via their TB2 domain (Gleizes et al., 

1996, Saharinen et al., 1996, Saharinen et al., 1999). The remaining TB domains of LTBP1, 3, 

and 4, cannot form covalent bonds with the LAP homodimer of TGFβ. The covalent binding 

between these LTBPs and the LAP has been demonstrated to be dependent on a specific 

sequence motif localized between the 6th and 7th conserved cysteine residues within the TB2, 

that is absent in LTBP2 (Saharinen and Keski-Oja, 2000). Structural studies using nuclear 

magnetic resonance (NMR) on TB2 domain of LTBP1 has suggested that the dipeptide 
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insertion before the 7th conserved cysteine leads to the exposure of the sulfhydryl groups of 

the 2nd and 6th conserved cysteines, allowing the disulphide exchange with the Cys33 of LAP 

dimer (Lack et al., 2003). This direct disulfide bonding was initially facilitated by a “ring” of 

five negatively charged amino acids within the third TB2 domain (Chen et al., 2005). In 

addition to the “ring”, four positively charged amino acids surrounding the Cys33 within LAP 

dimer have been demonstrated to stabilise the disulfide exchange between the SLC and LTBP 

(Walton et al., 2010).  

All LTBPs except LTBP2, bind differently to the TGFβ-LAP. For instance, LTBP1 and LTBP3 bind 

with strong affinity to all three TGFβ isoforms (TGFβ1, 2, and 3), while LTBP4 binds only TGFβ1 

isoform and with weak affinity. The poor interaction between TGFβ1-LAP and LTBP4 has been 

suggested due to the “ring” within the TB2 domain contained only one negatively charged 

amino acid (Chen et al., 2005). Indicating that LTBP4 might play less important role in TGFβ 

extracellular deposition than LTBP1 and LTBP3. Moreover, LTBP4L has been demonstrated to 

complex more efficiently to TGFβ1-LAP than the LTBP4S (Saharinen and Keski-Oja, 2000). 

LTBP4L has been also demonstrated to be mainly secreted as part of the LLC, while the LTBPS 

is mainly secreted free from SLC (Kantola et al., 2010). The difference in binding TGFβ1-LAP 

between both LTBP4 long and short isoforms suggested isoform specific functions, but no 

further studies have investigated this hypothesis.  

Although, all LTBPs are structurally similar, each possesses different functions in TGFβ biology 

and homeostasis; this was apparent from the discrete phenotypes linked with their mutations 

reviewed in (Todorovic and Rifkin, 2012, Robertson et al., 2015, Rifkin et al., 2018). For 

instance, LTBP1L-/- mice die at birth due to the persistent truncus arteriosis and defective 

aortic arch (Todorovic et al., 2007). A similar phenotype was observed in LTBP1-/- mice 

(Horiguchi et al., 2015). To date, no human pathologies have been linked to LTBP1 mutations. 

Ocular malformations have been linked to LTBP2-/- mutations in humans and mice (Narooie-

Nejad et al., 2009, Ali et al., 2009). LTBP3-/- mice and patients display multiple skeletal and 

craniofacial anomalies including, oligodontia and kyphosis. They also suffer from lung alveolar 

septation accompanied with decreased levels of TGFβ (Noor et al., 2009, Colarossi et al., 2005, 

Dabovic et al., 2002). LTBP4-/- mice and patients show complex phenotype that affect 

craniofacial, musculoskeletal, and visceral organs. They also show skin laxity.  Among all LTBPs 
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associated pathologies, the LTBP4-related phenotype is the most severe human disease. 

LTBP4 related pathology in mice and humans will be covered in sections 1.5.2 and 1.6.1.  

1.5. LTBP4 

1.5.1. Domain Structure  

LTBP4, as for the other LTBPs, is structurally related to fibrilin-1 (Figure 1-5). It has been 

demonstrated that the LTBP4 open reading frame codes for a protein that is similar to human 

LTBP1 and LTBP3 with 1511 amino acids and a molecular mass of 161 KDa (Saharinen et al., 

1998). Its domain structure is composed of 20 EGF-like, of which 17 are calcium binding EGF-

like repeats (cbEGF), three TB domains, a hybrid domain, and potential protease-sensitive 

hinge region. It also contains five potential N-linked glycosylation sites and an integrin-

mediated cell attachment motif (RGD). Two major isoforms of LTBP4 have been identified in 

mammalian cells, a long form (LTBP4L) and short form (LTBP4S), produced by alternative 

splicing (Kantola et al., 2010). LTBP4L and LTBP4S differ in their amino-terminal coding 

sequence (Saharinen et al., 1998). Both LTBP4 isoforms have distinct tissue expression 

patterns and are suggested to possess different functions that will be covered in more detail 

in section 1.5.2.  

cbEGF domains contain highly conserved six cysteine residues that form three disulphide 

bonds in a 1-3, 2-4 and 5-6 pattern. Its secondary structure is mainly composed of β-sheets 

(Downing et al., 1996). The cbEGF domains of fibrillin-1 have been demonstrated to play a 

structural role and also protect them from proteolysis by binding to calcium (Smallridge et al., 

2003, Reinhardt et al., 1997). TB domains are interspersed between the EGF domains and are 

characterised by eight conserved cysteines that form four disulphide bonds in a 1-3, 2-6, 4-7 

and 5-8 pattern (Yuan et al., 1997). While the hybrid domain has four disulphide bonds 

conserved in a 1-3, 2-5, 4-6, and 7-8 arrangement (Jensen et al., 2009). The TB domains are 

composed of β-sheets and a small amount of α-helix. These conserved cysteines in all domain 

types have been demonstrated to stabilise the  domain structures and interdomain 

interactions in the fibrillin/LTBPs superfamily and substitution of these highly conserved 

cysteines impact on the conformational integrity of both protein families (Smallridge et al., 

2003, Downing et al., 1996, Jensen et al., 2009, Lack et al., 2003). 
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1.5.2. LTBP4 Functions 

LTBP4 has been demonstrated to possess dual independent functions, both TGFβ dependent 

and independent (Dabovic et al., 2009). Recently, LTBP4 has been shown to compensate for 

LTBP2 in the ciliary zonule of the eye by restoring the microfibrils in LTBP2-/- mice (Fujikawa 

et al., 2017). Moreover, LTBP4 has been identified as a genetic modifier for muscular 

dystrophy (Heydemann et al., 2009). Here we will focus on the role of LTBP4 in TGFβ ECM 

bioavailability and in elastogenesis that will be covered in sections 1.5.2.1 and 1.5.2.2.  

1.5.2.1. ECM TGFβ1 Bioavailability  

Both long and short LTBP4 isoforms have been identified as regulators for TGFβ1 

bioavailability in the ECM (Saharinen et al., 1998, Saharinen et al., 1999, Lack et al., 2003). 

The literature on the role of LTBP4 in regulating TGFβ by direct interaction with LAP was 

inconsistent (Rifkin et al., 2018). However, lung and skin fibroblasts from LTBP4S-/- mice and 

skin fibroblasts from human were demonstrated to show dysregulated TGFβ signaling, 

indicating LTBP4 as a regulator for TGFβ signaling (Urban et al., 2009).  

LTBP4S-/- mice showed severe pulmonary emphysema, cardiomyopathy and colorectal cancer 

associated with reduced extracellular deposition of TGFβ1 (Sterner-Kock et al., 2002). The 

immunohistochemical analysis using anti-TGFβ1 antibodies demonstrated that the lung, 

colon and heart of these mice, lacked extracellular TGFβ1 but not intracellular TGFβ1. This 

suggested that LTBP4 is required for the secretion and deposition of the SLC into the ECM.  

Consistent with the reduced extracellular TGFβ1 deposition, TGFβ1 signaling was significantly 

reduced in the affected tissues. These data show that LTBP4 is essential for TGFβ1 activity in 

lung, colon and heart of LTBP4S knockout mice (Sterner-Kock et al., 2002). In line with the 

previous in vivo study (Sterner-Kock et al., 2002), cultured lung fibroblasts from LTBP4S-/- mice 

showed decreased amounts of active TGFβ1. These data indicate that the loss of LTBP4S 

causes impaired TGFβ1 secretion and activation. However, further study on these mice 

showed that TGFβ signaling was increased in skin and lung fibroblasts (Dabovic et al., 2009). 

A more recent study investigated whether LTBP4 binding to TGFβ1-LAP plays a functional role 

in regulating TGFβ1 ECM bioavailability (Dabovic et al., 2015), where mice were generated 

with the two highly conserved cysteine residues (Cys 1235 and 1260 in the TB2 domain of 

LTBP4) that bind to TGFβ1-LAP were replaced  with serine residues. Preventing disulfide bond 
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formation between LTBP4 and TGFβ1-LAP did not affect the lung development and elastic 

fibre formation of LTBP4cc>ss mice (Dabovic et al., 2015). This is inconsistent with previous 

studies on other LTBPs that have shown inhibition of the disulphide bond between TGFβ1-

LAP and LTBPs yielded similar pathological phenotypes as observed in TGFβ1-/- mice 

(Yoshinaga et al., 2008, Shibahara et al., 2013). These data suggested that LTBP4 may play a 

TGFβ-independent role in the lung.    

ARCL1C patients with mutated LTBP4, displayed severely defective pulmonary, 

gastrointestinal, urinary, musculoskeletal, craniofacial and dermal development (Urban et al., 

2009). Skin fibroblasts from these patients showed decreased expression and secretion of 

LTBP4 accompanied with increased activity of TGFβ1 signaling. Consistent with the normal 

TGFβ expression observed in LTBP4S knockout mice lung, colon and heart (Sterner-Kock et 

al., 2002), ARCL1C patients’ fibroblasts showed normal TGFβ1 mRNA. This has suggested that 

decreased expression of LTBP4 causes increased TGFβ ECM bioavailability but not TGFβ 

biosynthesis (Urban et al., 2009).  

1.5.2.2. Elastogenesis 

1.5.2.2.1. TGFβ Dependence  

Both LTBP4-/- mice and ARCL1C patients show similar phenotype of severely disrupted elastic 

fibre assembly and die during early infancy due to respiratory failure (Bultmann-Mellin et al., 

2015, Urban et al., 2009). Lack of LTBP4 causes the formation of large globular aggregates of 

elastin adjacent to microfibril bundles in addition to poor incorporation of elastin polymers 

into microfibril bundles (Urban et al., 2009, Dabovic et al., 2009).  

ARCL1C show defective ECM accompanied with dysregulation of TGFβ activity and signaling 

(Urban et al., 2009). Neutralising the increased TGFβ signaling accompanied with the 

defective air-sac septation and elastic fibres in the lungs of LTBP4S-/- mice, normalised the 

TGFβ and rescued the air-sac septation but not elastogenesis. This has suggested that the 

LTBP4 role in elastogenesis is TGFβ independent (Dabovic et al., 2009). However, the 

defective air-sac septation was not rescued by normalising TGFβ1 nor TGFβ3, but by lowering 

TGFβ2 level only, indicating that the abnormal air-sac septation is associated with excessive 

TGFβ2 level. LTBP4S-/-; TGFβ2-/- mice show normal air-sac septation but still have abnormal 

elastic fibres, indicating that the abnormal elastic fibre formation is caused by LTBP4S 
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deficiency and is not directly associated with TGFβ2 signaling and that LTBP4 plays an 

essential structural role. The lack of direct association between elastic fibre formation and 

TGFβ2 signaling in LTBP4S-/- is consistent with a previous finding that LTBP4 is capable of 

binding to the TGFβ1 isoform only (Saharinen et al., 1999).  

However, human dermal fibroblasts (HDFs) showed normal and linear elastin deposition on 

microfibrils along with LTBP4. Whereas LTBP4S knockdown cell culture lacked elastin 

deposition. The defective elastin deposition was rescued by the addition of recombinant 

LTBP4S (rLTBP4S). Moreover, the rLTBP4S enhanced elastic fibre formation and maturation in 

a dose-dependent manner. Interestingly, both LTBP4S knockdown or addition of rLTBP4S did 

not affect the mRNA expression of other elastic fibre components, except elastin. Both the 

rescued elastin and the added rLTBP4S colocalised with fibrillin-1, suggesting that LTBP4 

regulates the deposition of elastin onto the microfibril scaffold (Noda et al., 2013). TGFβ is a 

multipotent growth factor that increases the expression of elastic fibre proteins (Roberts et 

al., 1990). Therefore, more studies were needed to investigate whether the elastogenic role 

of LTBP4 is TGFβ1-dependent. It has been demonstrated that the addition of active TGFβ1 

into LTBP4 knockdown HDF culture medium did not rescue the elastic fibre defect. Whereas, 

the addition of the rLTBP4S + eLAP (empty LAP without TGFβ1) enhanced elastic fibre 

assembly as effectively as TGFβ-LAP bound rLTBP4S, indicating that the elastogenic role of 

LTBP4 is TGFβ-independent.  Consistent with the previous study that demonstrated that 

LTBP4S possesses two independent roles in regulating elastogenesis and TGFβ1 signaling in 

lungs (Dabovic et al., 2009). 
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1.5.2.2.2. Role of Fibulins on LTBP4-Elastogenesis  

Fibulin-5 has been shown to promote elastic fibre formation and maturation in human skin 

fibroblasts (Hirai et al., 2007a) and LTBP4 has been shown to specifically interact with fibulin-

5  and promote elastogenesis (Noda et al., 2013, Bultmann-Mellin et al., 2015). Therefore, the 

elastogenic role of LTBP4S was further studied using LTBP4 knockdown HDFs and 

recombinant fibulin-5 and LTBP4S to investigate whether the elastogenic role of LTBP4 is 

fibulin-5 dependent. These cells lacked elastin deposition that was rescued by addition of 

rLTBP4 and elastogenesis was enhanced in a dose dependent. While addition of rFibulin-5 

into the medium of these cells enhanced elastic fibre formation but in an abnormal punctate 

pattern, presumably due to the absence of LTBP4S that act as a carrier protein for elastin-

fibulin-5 complex leading to defective deposition of the added fibulin-5 (Noda et al., 2013). 

The punctate pattern of fibulin-5 was also observed in the skin and lung of LTBP4S-/- mice.  

Using solid-phase binding assays, LTBP4S indirectly interacts with tropoelastin and its 

elastogenic role is mediated by via fibulin-5 that directly binds tropoelastin (Noda et al., 2013), 

indicating that the elastogenic role of LTBP4S is fibulin-5 dependent.  

LTBP4S-/- mice show non-fibrillar elastin aggregates and short intact elastic fibres (Urban et 

al., 2009) , while LTBP4S-/-; fibulin-5-/- mice show some intact fibrillar elastic fibres (Noda et 

al., 2013). In contrast, LTBP4S-/-; fibulin-4R/R mice show completely fragmented elastic fibres 

and no intact elastic fibres were present (Bultmann-Mellin et al., 2016). Similar elastic fibre 

pathology was observed in LTBP4-/- mice (Bultmann-Mellin et al., 2015). However, the 

formation of intact fibrillar elastin and elastic fibres in LTBP4S-/-; fibulin-5-/- mice indicated an 

alternative elastogenesis pathway likely involving both LTBP4L and fibulin-4 (Dabovic et al., 

2015, Bultmann-Mellin et al., 2015).  

Fibulin-4 has been demonstrated to aid elastic fibre assembly and maturation by recruiting 

LOX to tropoelastin in HDFs (Horiguchi et al., 2009). A functional interaction between LTBP4 

and fibulin-4 has been reported (Bultmann-Mellin et al., 2015, Bultmann-Mellin et al., 2016, 

Kumra et al., 2019). LTBP4S-/-; Fibulin-4R/R mice that have normal expression of the long 

isoform of LTBP4, reduced expression of fibulin-4, and normal expression of fibulin-5, showed 

severely impaired elastogenesis in lungs and the mice died in early postnatal period 

(Bultmann-Mellin et al., 2016). This indicated that fibulin-5 cannot compensate for fibulin-4 
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in LTBP4S-/-; Fibulin-4R/R mice, while fibulin-4 can partially compensate for fibulin-5 as 

observed in LTBP4S-/-; fibulin-5-/- mice (Bultmann-Mellin et al., 2015, Dabovic et al., 2015). 

Moreover, the difference in elastic fibre formation between LTBP4S-/-; fibulin-5-/- and LTBP4S-

/-; Fibulin-4R/R mice, led to the speculation that LTBP4L preferentially binds to fibulin-4 rather 

than fibulin-5 in vivo, while LTBP4S preferentially binds to fibulin-5. This was further 

confirmed by binding studies (Bultmann-Mellin et al., 2015), covered in sections 1.5.3.4 and 

1.5.3.5.  

1.5.3. LTBP4 Extracellular interactions  

The molecular mechanism by which LTBP4 regulates elastic fibre formation is incompletely 

understood but LTBP4 interacts with other extracellular matrix proteins that are involved in 

elastic fibre formation and thus enhances elastogenesis. Disruption of LTBP4 interactions with 

these ECM proteins might lead to the formation of defective elastic fibres.  

1.5.3.1. Interaction with Fibronectin 

Fibronectin is the first deposited ECM component that regulates and directs the assembly and 

deposition of other ECM proteins (Wierzbicka-Patynowski and Schwarzbauer, 2003, 

Zilberberg et al., 2012).  

Previous research has demonstrated that FN-/- mouse fibroblast matrix lacked ECM deposition 

of LTBP4 (Kantola et al., 2008). Although early FN-/- cell culture mainly lacked LTBP4, minor 

quantities of LTBP4 were detected occasionally in these cells’ matrices, indicating that there 

might be another protein that may mediate LTBP4 matrix incorporation. Addition of 

exogenous FN into FN-/- cell culture rescued the matrix deposition of LTBP4. Interestingly, 

LTBP4 deposits and colocalises with fibronectin in early fibroblast ECM then it colocalised with 

fibrillin-1 in matured cultures (Kantola et al., 2008). This finding was in line with an earlier 

study that showed that LTBP4 deposits after 7 days from fibronectin meshwork in human lung 

fibroblast culture then it colocalises with fibrillin-1 after matrix maturation in a fibronectin 

independent manner (Koli et al., 2005), indicating the requirement of fibronectin for the early 

ECM assembly and deposition of LTBP4. However, more recent study demonstrated that 

fibrillin-1-/- fibroblasts matrix that normally produce and deposit fibronectin, lacked LTBP4 

deposition (Zilberberg et al., 2012). 
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Using solid-phase binding assays, LTBP4S has been demonstrated to directly bind with 

fibronectin via its N-terminal region (Kantola et al., 2008). Deletion of LTBP4 N-terminal region 

containing the 1st and 2nd 8-cys domain prevented this direct interaction, indicating that these 

two domains might be involved in the interaction with fibronectin.  

No further studies have investigated the LTBP4 interaction with fibronectin. Fibroblast 

cultures from patients with a frameshift mutation in LTBP4 showed reduced colocalisation 

with fibronectin and abnormal microfibrils (Callewaert et al., 2013). However, the deposition 

of fibronectin was normal in all fibroblast cultures from patients with other mutations in 

LTBP4 (Urban et al., 2009) and lung fibroblast cultures from LTBP4S-/- and LTBP4-/- mice also 

showed normal fibronectin matrix deposition (Bultmann-Mellin et al., 2015).  

1.5.3.2. Interaction with Heparan Sulphate 

Heparan sulphate (HS) is a ubiquitous GAG that is expressed in the ECM and on the cell 

surface. It is synthesised in the Golgi apparatus of several different cells. Heparin is highly 

structurally related to HS and is a more sulphated variant that is produced by mast cells. Both 

HS and heparin are involved in the regulation of several biological processes such as cell 

adhesion and cell matrix assembly and immunity via their interaction with several proteins 

(Meneghetti et al., 2015, Dreyfuss et al., 2009, Simon Davis and Parish, 2013).   

The heparin binding of LTBP4S has been demonstrated using heparin affinity chromatography 

(Kantola et al., 2008). LTBP4S possesses heparin binding sites at both its N- and C-termini, but 

the N-terminal region shows stronger binding than the C-terminal region. This interaction was 

increased with the addition of exogeneous human plasma fibronectin, but was inhibited with 

the addition of soluble heparin, indicating the specificity of this interaction (Kantola et al., 

2008) 

It has been shown that the LTBP4S C-terminal region mediated both human and mouse lung 

fibroblast adhesion (Kantola et al., 2008). Further analysis has been done to investigate the 

significance of the LTBP4 C-terminal region heparin binding site on cell adhesion. While cell 

adhesion to LTBP4 C-terminal was inhibited by the addition of soluble heparin, confirming the 

involvement of LTBP4S C-terminal region heparin binding site in supporting fibroblast 

adhesion. In contrast, the N-terminal region heparin binding sites did not support cell 

adhesion but were suggested to mediate LTBP4 ECM targeting, as addition of soluble heparin 
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inhibited LTBP4 matrix deposition in dose dependent manner (Kantola et al., 2008). To our 

knowledge, no studies have further investigated this interaction.  

1.5.3.3. Interaction with Fibrillin-1 

Fibrillin-1 is an essential ECM glycoprotein in both elastic and non-elastic tissues. It is the 

major component of the microfibrils that are required for the normal fibrillogenesis of the 

connective tissues. Fibrillin-1 microfibrils also act as anchors in non-elastic tissues (Kielty et 

al., 2005). Several ECM proteins interact with fibrillin-1 and regulate the formation of elastic 

fibres (Thomson et al., 2019).  

Previous studies have shown that LTBP4 associates with fibrillin-1 in mature fibroblast 

cultures (Koli et al., 2005, Kantola et al., 2008). An in vitro study has demonstrated that, 

fibrillin-1-/- dermal fibroblasts lacked fibrillin-1 and LTBP4 matrix deposition even after matrix 

maturation but showed normal expression of LTBP4 (Ono et al., 2009). In contrast, fibrillin-2-

/- fibroblasts showed normal deposition of fibrillin-1 and LTBP4. Moreover, immunostaining 

using LTBP4 antibodies on wildtype, fibrillin-1-/- and fibrillin-2-/- mice skin tissue, 

demonstrated fibrillar patterns similar to that of fibrillin-1 fibrillar patterns in both wildtype 

and fibrillin-2-/- but significantly reduces LTBP4 staining in fibrillin-1-/- compared with the wild 

type tissue (Ono et al., 2009). These data suggested that fibrillin-1 is required for the matrix 

assembly and deposition of LTBP4. The association between LTBP4 and fibrillin-1 is mediated 

by the C-terminal region of LTBP4 and the N-terminal region of fibrillin-1 (Ono et al., 2009, 

Isogai et al., 2003).  

Further investigations on the interaction between LTBP4 and fibrillin-1 have been performed 

using surface plasmon resonance (SPR) binding and the 1st hybrid domain of fibrillin-1 has 

been shown to majorly contribute to this direct interaction with binding affinity of 24 nM, and 

deletion of this domain prevented interaction with LTBP4 C-terminal (Choi et al., 2009). 

Moreover, the N164S fibrillin-1 mutation that is associated with dominant ectopia lentis 

(Comeglio et al., 2002, Ono et al., 2009), showed reduced binding to the LTBP4 C-terminal 

region compared with wildtype fibrillin-1, suggesting that the disruption of this interaction 

might contribute to ectopia lentis (Ono et al., 2009). 

Skin fibroblasts from patients with homozygous premature termination mutations in LTBP4, 

showed normal and robust deposition of fibrillin-1 but lacked LTBP4 ECM deposition (Urban 
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et al., 2009, Callewaert et al., 2013). However, no study to date has examined the impact of 

LTBP4 mutations on the interaction with fibrillin-1.  

1.5.3.4. Interaction with Fibulin-5 

Fibulin-5 is an elastin binding ECM protein that promotes elastogenesis by acting as 

chaperone and directing elastin deposition onto microfibrils scaffolds (Choudhury et al., 

2009). Impaired matrix deposition of fibulin-5 causes the formation of abnormal elastin 

aggregates that are poorly deposited onto microfibrils (Hirai et al., 2007a, Choi et al., 2009). 

Fibulin-5 has been shown to specifically colocalise with LTBP4 in mice lung and skin tissues 

(Noda et al., 2013, Dabovic et al., 2015). LTBP4 knockdown abolished fibulin-5 deposition, 

while the addition of recombinant LTBP4S rescued the linear deposition of fibulin-5. In 

contrast, the addition of recombinant fibulin-5 into LTBP4 knockdown culture, did not deposit 

linearly on microfibrils, indicating the requirement of LTBP4 for fibulin-5 ECM deposition 

(Noda et al., 2013).  

In vitro and in vivo studies on lungs and skin tissues of LTBP4S-/- and LTBP4-/- mice 

demonstrated that lack of LTBP4S and or LTBP4 disrupted the matrix assembly of the fibulin-

5-elastin complex and showed punctate globular patterns rather than fibrillar patterns of 

deposited fibulin-5-elastin complex compared to wildtype, suggesting the requirement of 

LTBP4 for normal ECM deposition of fibulin-5 and elastin (Dabovic et al., 2015, Noda et al., 

2013, Bultmann-Mellin et al., 2015).  

In vitro binding assays by immunoprecipitation and solid-phase binding using shortened 

fragments of both LTBP4 short and long isoforms, and showed that only the N-terminal region 

fragment of both LTBP4 isoforms directly interact with fibulin-5. Fibulin-5 binding site in 

LTBP4 isoforms was defined, where the four-cysteine domain within the N-terminal region 

was involved and the binding site on fibulin-5 was the C-terminal region, as deletion of this 

region ablated the interaction (Noda et al., 2013).  

Further study has investigated the direct interaction between LTBP4 and fibulin-5 using SPR 

analysis to measure the binding affinity (Bultmann-Mellin et al., 2015).  SPR analysis showed 

that the N-terminal region of LTBP4 isoforms directly interact with the full length fibulin-5 

with different binding affinities. The long isoform of LTBP4 showed stronger binding to fibulin-
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5 than the short isoform (KD of 2.4 and 15.8 nM, respectively) (Bultmann-Mellin et al., 2015). 

However, no study to date has tested whether LTBP4 mutations impact on the interaction 

with fibulin-5. 

1.5.3.5. Interaction with Fibulin-4 

Fibulin-4 has been demonstrated to enhance elastic fibre formation by tethering lysyl oxidase 

(LOX) to tropoelastin leading to the maturation of elastic fibres. Lack of fibulin-4 matrix 

deposition in fibulin-4-/- mice and reduced expression of fibulin-4 in fibulin-4R/R mice caused 

the formation of defective elastic fibres (Horiguchi et al., 2009, McLaughlin et al., 2006).  

Fibulin-4 has been shown to colocalise with LTBP4 and deposit linearly in lung fibroblasts of 

wildtype mice (Bultmann-Mellin et al., 2015). Fibulin-4 deposition in LTBPS-/- was comparable 

to that in wildtype mice, whereas fibulin-4 deposition in LTBP4-/- mice was defective in a 

punctate pattern rather than fibrillar. The difference in fibulin-4 deposition between these 

strains supported an interaction between LTBP4 and fibulin-4. A direct interaction between 

LTBP4 and fibulin-4 has been demonstrated using SPR binding assays where the N-terminal 

region of both LTBP4 isoforms bound to full-length fibulin-4.The long isoform showed higher 

binding affinity than the short isoform to fibulin-4 with a KD of 3.1 and 15.4 nM, respectively 

(Bultmann-Mellin et al., 2015). However, no previous study has examined the impact of LTBP4 

mutations on the interaction with fibulin-4. 

1.6. Cutis Laxa (Elastolysis) 

Cutis laxa (CL), is a group of rare inherited or acquired disorders, characterised by generalised 

loose and redundant skin with loss of elasticity and resilience creating a premature ageing 

appearance as a result of abnormal elastic fibres (Berk et al., 2012). This group of disorders 

has a wide range of symptoms and clinical features (Uitto et al., 2013). CL may be inherited in 

autosomal dominant, autosomal recessive or X-linked recessive manners. To date, mutations 

in 13 genes have been reported to cause CL  (Mohamed et al., 2014, Van Damme et al., 2017). 

Acquired CL cases associated with inflammatory reactions or hematological malignancies 

have also been reported (McCarty et al., 1996, Timmer et al., 2009, Lewis et al., 2004). 

Although the inherited forms of CL are rare, the autosomal recessive cutis laxa (ARCL) is the 
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most prevalent and heterogeneous type due to the clinical overlap between the subtypes of 

this form (Berk et al., 2012, Morava et al., 2009).  

Autosomal recessive cutis laxa (ARCL) is divided into types (ARCL1-3) based on specific 

symptoms and the causative gene. And each type is further divided into subtypes. ARCL1 

includes ALCL1A, ARCL1B, and ARCL1C that are caused by mutations in fibulin5 (FBLN5), 

fibulin4 (FBLN4), and Latent TGFβ binding protein 4 (LTBP4) genes, respectively (Loeys et al., 

2002, Hucthagowder et al., 2006, Urban et al., 2009). ARCL2 includes ARCL2A and ARCL2B 

caused by mutations in ATPase, H+ transporting, lysosomal V0 subunit a2 (ATP6V0A2) and 

Pyrroline-5-carboxylate reductase 1 (PYCR1), respectively (Kornak et al., 2008, Reversade et 

al., 2009). Finally, the ARCL3 overlaps with the ARCL2 subtypes is also caused by same 

mutations as ARCL2 or by mutations in  Delta-1-pyrroline-5-carboxylate 

synthetase (P5CS)/ALDH18A1 gene (Bicknell et al., 2008, Guernsey et al., 2009, Leao-Teles et 

al., 2010).  

LTBP4 is the focus of this thesis, thus the LTBP4-related cutis laxa will be covered in more 

detail in section 1.6.1.  

1.6.1. LTBP4-Related Cutis Laxa (ARCL1C) 

The LTBP4-related cutis laxa, is an autosomal recessive form of CL type 1C (ARCL1C), also 

known as Urban Rifkin Davis Syndrome (URDS), caused by mutations in the LTBP4 gene in 

humans reviewed in (Ritelli et al., 2019) summarized in Table 1-1. 

  

https://ghr.nlm.nih.gov/gene/ALDH18A1
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Table 1-1: ARCL1C-causing mutations of LTBP4. 

Patient Cons. Status Exon cDNA Protein Type Domains References 

P1 + Hom 12 c.1450del p.(Arg484Glyfs*290) Frameshift‐
PTC 

‐ (Ritelli et al., 
2019) 

P2 + Hom 28 c.3554del p.(Gln1185Argfs*27) Frameshift‐
PTC 

Second 8‐Cys 
domain 

(Urban et al., 
2009) 

P3 − Comp. 
Het 

9 c.791del p.(Pro264Argfs*37) Frameshift‐
PTC 

Hybrid 
domain 

22 c.2570_2571delGCinsAA p.(Cys857*) Frameshift‐
PTC 

Eleventh EGF‐
like domain 

P4 + Hom 9 c.820T>G p.(Cys274Gly) Missense Hybrid 
domain 

P5 − Comp. 
Het 

22 c.2570_2571delGCinsAA p.(Cys857*) Frameshift‐
PTC 

Eleventh EGF‐
like domain 

33 c.4127dup p.(Arg1377Alafs*27) Frameshift‐
PTC 

Third 8‐Cys 
domain 

P6 − Comp. 
Het 

11 c.1342C>T p.(Arg448*) Nonsense First 8‐Cys 
domain 

(Callewaert 
et al., 2013) 

31 c.4115dup p.(Tyr1373Ilefs*2) Frameshift‐
PTC 

Third 8‐Cys 
domain 

P7 + Hom 19 c.2408C>A p.(Ser803*) Nonsense Seventh EGF‐
like domain 

P8 − Comp. 
Het 

28 c.3661C>T p.(Gln1221*) Nonsense Second 8‐Cys 
domain 

29 c.3886C>T p.(Gln1296*) Nonsense Fourteenth 
EGF‐like 
domain 

P9   Homo 6 c.780+2T>G ‐ Splicing ‐ 

P10 + Homo 11 c.1263del p.(Cys422Alafs*352) Frameshift‐
PTC 

First 8‐Cys 
domain 

P11 + Homo 15 c.1851C>A p.(Cys617*) Nonsense Second EGF‐
like domain 

P12 + Homo 31 c.4127dup p.(Arg1377Alafs*27) Frameshift‐
PTC 

Third 8‐Cys 
domain 

P13 + Homo 31 c.4128C>T p.(Arg1377*) Nonsense Third 8‐Cys 
domain 

P14 + Homo 26 c.3556T>C p.(Cys1186Arg) Missense Second 8‐Cys 
domain 

P15 − Comp. 
Het  

7 c.883+1G>T ‐ Splicing Hybrid 
domain 

(Su et al., 
2015) 

17 c.2161C>T p.(Arg721*) Nonsense Eighth EGF‐
like domain 

P16 − Comp. 
Het 

18 c.2377_2378insA p.(Gly793Glufs*5) Frameshift‐
PTC 

Ninth EGF‐
like domain 

29 c.3856T>A p.(Cys1286Ser) Missense Eighteenth 
EGF‐like 
domain 

P17 − Comp. 
Het 

20 c.2632G>T p.(Gly878*) Nonsense Eleventh EGF‐
like domain 

31 c.4113dup p.(Ala1372Argfs*3) Frameshift‐
PTC 

Third 8‐Cys 
domain 

P18 + Hom 5 c.341−1G>C ‐ Splicing First EGF‐like 
domain 
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Table 1-1: Exons and mutations numbering are based on transcript NM_003573.2, NP_003564.2; 

Cons, consanguinity; Comp. het., compound heterozygous, Hom, homozygous, PTC, premature 

termination codon. The table was modified from (Ritelli et al., 2019).  

ARCL1C, as other cutis laxa forms, is characterised by generalised skin laxity as a result of 

defective elastic fibres, but is also accompanied with other manifestations such as 

craniofacial, pulmonary, gastrointestinal and genitourinary anomalies.  

ARCL1C patients usually die during infancy due to respiratory failure (Urban et al., 2009, 

Callewaert et al., 2013, Ritelli et al., 2019). LTBPS -/- mice also have elastic fibre pathology 

similar to that of ARCL1C patients (Figure 1-6) (Urban et al., 2009). These mice also have 

severe pulmonary and gastrointestinal defects but survive to adulthood. The milder 

phenotype seen in LTBPS -/- mice may be due to the expression of LTBP4L in these mice 

(Dabovic et al., 2009, Sterner-Kock et al., 2002). Indeed, LTBP4-/- mice nearly replicate the 

phenotype of ARCL1C (Bultmann-Mellin et al., 2015). 

 

Figure 1-6: Ultrastructure of elastic fibres in ARCL1C patient and LTBP4S-/- mouse. Electron microscope 

images of defective dermal elastic fibre showing diminished elastin core (EI) and large aggregates of 

globular elastin (GI) that are adjacent to microfibril bundles (Mf) in ARCL1C patient (left panel) and in 

LTBP4S-/- mice (right panel). Magnification bar represent 0.2 µm. Images were taken from (Urban et 

al., 2009).  

 To date, only 18 ARCL1C patients have been reported (Callewaert et al., 2013, Urban et al., 

2009, Ritelli et al., 2019, Su et al., 2015). Frameshift, nonsense, and splice mutations are the 

most frequent LTBP4 mutations that lead to premature termination and severely reduced 

LTBP4 mRNA expression. Missense mutations in LTBP4 were also reported (reviewed by 

(Ritelli et al., 2019)).  

https://www.ncbi.nlm.nih.gov/nuccore/NM_003573.2
https://www.ncbi.nlm.nih.gov/protein/NP_003564.2
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LTBP4 missense mutations, the focus of this thesis, affect highly conserved cysteine residues 

within the hybrid (Urban et al., 2009), the 16th cbEGF (Su et al., 2015), and the 3rd 8-Cys/TB2 

(Callewaert et al., 2013) domains. Substitution of these cysteines has been demonstrated to 

interfere with the structure and function of LTBPs and fibrillin (Jensen et al., 2009, Lack et al., 

2003). Therefore, this thesis will focus on the structure of LTBP4, its interactions with other 

ECM partners and the impact of LTBP4 point mutations.  

1.7. Biophysical Characterisation of LTBP4 Monomers  

The structure and hydrodynamic properties of LTBP4 is not known yet. Here a number of 

complementary biophysical techniques was used to structurally characterise LTBP4 N- and C-

termini monomers to gain information on its structure, dynamics and function. LTBP4 binding 

with other ECM protein was investigated using surface-based binding techniques that 

determine binding kinetics in real-time. 

1.7.1. Size-Exclusion Chromatography with Multi-Angle Laser Light Scattering (SEC-MALS) 

SEC-MALS is widely used static light scattering technique to separate proteins based on 

hydrodynamic size and to determine the concentration and the absolute molecular mass of 

the separated proteins by measuring the absorbance at 280 nm and the differential refractive 

index (dRI) of the scattered light of a protein sample that hit by intense laser beam. As the 

measured intensity of scattered light is proportional to molecular mass and concentration. It 

also can be used to measure the radius of gyration (Rg) in an angular dependence for proteins 

larger than 10 nm. The Rg of proteins smaller than 10 nm can be measured by small-angle X-

ray scattering. SEC-MALS can use a detector that detects the fluctuations in the intensity of 

the scattered light over time and estimate the hydrodynamic radius of the protein (Rh). Both 

Rg and Rh describe the size but use different means. Rg is defined as the mass weighted average 

distance from the core of a molecule to each mass element in the molecule. While, Rh is the 

apparent size adopted by solvated molecule. The ratio of Rg/Rh can provide information about 

the shape of the molecule. Globular proteins have a ratio of 0.775, if proteins deviate from 

this ratio then they are considered as non-globular proteins (Beirne et al., 2011, Espinosa-de 

la Garza et al., 2015).  
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The advantages of SEC-MALS, widely used and accepted for quantitative assessment of 

oligomers and aggregates, it directly determines the molecular mass and overcomes 

limitations of column calibration. The disadvantages of SEC-MALS, limited size range and is 

invaluable for characterising peptides and heterogeneous polymers (Espinosa-de la Garza et 

al., 2015, Beirne et al., 2011).  

1.7.2. Analytical Ultracentrifugation (AUC) 

AUC is a hydrodynamic technique that separates protein species in solution, without the use 

of stationary phase as in SEC, under a strong centrifugal force. It also determines the 

sedimentation rate of the protein by real-time continues monitoring the UV absorbance to 

provide size distribution profile of the protein species. Two methods can be applied, the 

sedimentation velocity that provides hydrodynamic information and equilibrium velocity that 

provides thermodynamic information (Howlett et al., 2006, Laue, 1995). Here sedimentation 

velocity (SV-AUC) at 20oC was used to provide information about LTBP4 proteins 

homogeneity/heterogeneity and to detect the presence of aggregates. SV-AUC provides 

information about, size, shape, and approximate molecular mass of the studied protein 

(Howlett et al., 2006). The principle of SV-AUC is based on three forces that act on the 

molecule; the sedimentation force and the opposing forces, the buoyant and frictional forces. 

The sedimentation force of a molecule must be stronger than the opposing forces to be 

sedimented at the bottom of the cell, therefore gravitational force is used to allow for protein 

particles to migrate according to their mass. The sedimentation coefficient (s), the ratio of the 

velocity to the centrifugal field can be determined by balancing the applied forces using the 

Svedberg equation;  

s = ν/ ω2r = Mb/ ƒ 

Where ν is the partial specific volume of the particle, ω is the rotor speed in radians per 

second, r is the distance from the centre  of the rotor, Mb , the buoyant mass of the particle, 

and ƒ is the frictional coefficient (Fujita, 1975, Williams et al., 1958). This equation indicates 

that s is proportional to the buoyant molar mass, Mb, and inversely proportional to the 

frictional coefficient, ƒ. Diffusion is another force that opposes S and ƒ. Diffusion causes the 

sedimenting boundary to spread with time.  
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Lamm equation (sedimentation boundary modle) describes the sedimentation and diffusion 

of a molecule under centrifugal force. It shows the evolution of concentration distribution 

variations of a molecule in a centrifugal field as a function of time with two competing forces; 

diffusion and sedimentation.  

 

Where c is the weight concentration of macromolecules and t is time. The optical systems on 

the analytical ultracentrifuge provides the radial concentration distribution at time intervals 

during the experiment.  By taking the ratio of s/D through Svedberg equation that describes 

the sedimentation rate of a macromolecule;   

s/D = Mb/RT 

where R is the gas constant and T is the absolute temperature. This indicates that the s/D 

ratio is proportional to the buoyant molar mass (Philo, 1994). The sedimentation coefficient 

is expressed in Svedberg (Schuck, 2000). There are different meddles can be used for data 

analysis. Here the sedimentation coefficient distribution c (s) analysis was used to calculate 

the sedimentation distribution of protein species based on the Lamm equation, where the 

differential sedimentation distribution c (s) is plotted against the sedimentation coefficient 

which was determined by the mathematical data analysis program SEDFIT (Schuck, 2000, 

Philo, 1994). Advantages of the AUC, it is direct and native proteins can be used with minimal 

sample preparation. The disadvantages of this technique, is low throughput and impractical 

to use as a routine method (Liu et al., 2006).   

1.7.3. Circular Dichroism (CD)  

CD measures the difference in absorption of circularly polarised light that arise from structural 

asymmetry (Greenfield, 2006). Here, the Far-UV (195-260), that is dependent on peptides, 

was used. A beam of light that has a time dependent electric and magnetic fields is associated 

with the CD instrument (Jasco). The obtained CD data was reported in milli degree was 

deconvoluted to estimate the secondary structure content of LTBP4 N- and C-termini. Each 

secondary structure content has characterised CD spectra for instance, α-helix has negative 
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peaks at 222 and 208 nm and a positive peak at 193 nm, β-pleated sheets (β-helices) have 

negative peak at 218 nm and positive peak at 195 nm5, while disordered structure has very 

low spectra above 210 nm and negative peak near 195 nm (Holzwarth and Doty, 1965, 

Greenfield and Fasman, 1969, Venyaminov et al., 1993). CD spectra are collected in high 

transparency quartz cuvettes with path length ranging from 0.01 – 1 cm. Different methods 

can be used to analyse CD data, here CONTIN and CDSSTR that gave me the best fit were used 

(Sreerama and Woody, 2000). CD is rapid and sensitive to asymmetry in sample structure, 

while its limitations are, provides qualitative data only, cannot be used for atomic level 

structure analysis (Greenfield, 2006).  

1.7.4. Small-Angle X-ray Scattering (SAXS) 

SAXS is a powerful analytical technique used for nanostructure analysis. It measures the 

intensities of X-rays scattered by a solution of particles usually placed in a quartz capillary 

illuminated by a collimated monochromatic X‐ray beam as a function of the scattering angle. 

Here a pure monodisperse protein samples were used to characterise LTBP4 structure. The 

scattering pattern of the solvent must be subtracted from the scattering data of the protein 

solution leaving only the scattering data from the protein particles that can be used to 

determine the structural parameters of the particle including, size, molecular mass, shape, 

and flexibility. SAXS data can also be used to determine a low revolution reconstruction of the 

protein structure (Svergun, 1999, Svergun et al., 2001, Kikhney and Svergun, 2015).  Due to 

the randomly oriented protein articles in a solution, the scattering pattern is isotropic, thus 

the scattering is recorded by 2-dimentional detector that is averaged. The scattering intensity 

I is represented as a function of momentum transfers; 

I = 4π sin θ /λ  

Where λ is the beam wavelength and 2θ is the scattering angle. The Rg of the protein particle 

can be estimated from SAXS data using the Guinier approximation at very small angles 

(Mertens and Svergun, 2010). The averaged data can be transformed using indirect Fourier 

transform (IFT) to distance distribution function p (r) that provides the inter-atomic distance 

in real space and the maximum dimension Dmax of the particle. SAXS data provides several 

indicators of the presence of protein flexibility using the Kratky plot that provide sensitive 

means of monitoring the degree of compactness (Uversky and Dunker, 2010). The low-
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resolution solution structure of the protein molecule can be modelled ab initio using Dummy 

Atom Model Minimisation (DAMMIN/DAMMIF) program and DAMAFVER is used to average 

the ab initio models (Franke and Svergun, 2009, Svergun, 2003). The advantages of SAXS, is a 

versatile technique for quantitative structural characterisation, no size limitation, native 

proteins can be used with minimal sample preparation, it ideally complements electron 

microscopy and nuclear magnetic resonance methods because it provides representative 

structural information, while the main limitation is the complexity in data fitting and analysis 

(Tuukkanen et al., 2017).   

1.7.5. Surface Plasmon Resonance (SPR) 

SPR is a label-free biomolecular interaction technique that measures real-time binding 

affinities, kinetics and thermodynamic parameters of interacting molecules. SPR uses thin 

gold films as biosensors. The SPR signal originates from changes in the refractive index (RI) at 

the surface of the gold biosensor chip. The increase in mass at the surface of the sensor 

associated with the binding event causes proportional increase in the RI, observed as change 

in response. The changes in RI are measured as changes in response angle of the refracted 

light when the analyte binds to the ligand and thus increasing the density at the sensor chip. 

Several different concentrations of analyte are used to obtain the binding curves that are fit 

to a binding modle to determine the kinetic binding constants including the binding affinity 

(KD), association rate constant Ka, and dissociation rate constant Kd (Nguyen et al., 2015, Souto 

et al., 2019). The benefits of SPR are, label-free detection, real-time quantitative data, 

sensitivity and accuracy, small sample quantity is required. While its limitations are, expensive 

sensors and maintenance, surface preparation is required, air-bubble using the fluidic system, 

immibilisation of one ligand so its not very practical, the amine coupling is a multi-step and 

requires reagents that must be freshly prepared with each immobilisation, and its moderate 

throughput (Drescher et al., 2009, Li et al., 2006, Wang and Fan, 2016).   

1.7.6. Biolayer Interferometry (BLI) 

BLI is another label-free biomolecular interaction technique that measures real-time binding 

affinities and kinetics (KD, Ka, and Kd) of interacting molecules. It analyses the interference 

pattern of white light reflected from two optical surfaces; a layer of immobilised ligand on the 

biosensor tip and an internal reference layer. The binding event between a ligand and an 
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analyte results in an increase in the density (optical thickness) at the biosensor tip resulting 

in a shift in the interference pattern (Concepcion et al., 2009). As in SPR, several different 

concentrations of analyte are used to obtain the binding curves. The benefits of this technique 

are, label-free detection, real-time data, high throughput, fluidic-free system so less 

maintenance needed, no surface preparation, biotinylated proteins can be stored and reused, 

and small sample quantity is required. The disadvantage of BLI is its less sensitivity compared 

to SPR and expensive biosensor tips (Sanders et al., 2016, Sun et al., 2013).  

1. 8. Project Aims 

Despite the importance of LTBP4 for intact elastic fibre architecture, its structure is not yet 

defined and the molecular mechanism by which it regulates elastic fibre assembly is poorly 

understood. Moreover, the structural and functional outcome of ARCL1C causing missense 

mutations that lead to severely defective elastic fibre assembly was not investigated. Three 

ARCL1C missense mutations have been reported (Urban et al., 2009, Su et al., 2015, 

Callewaert et al., 2013), C244G, C1186S and C1286R, where highly conserved cysteines have 

been replaced within the hybrid, the cbEGF16, and the TB2 domains, respectively. However, 

only clinical characterization studies have been published on these mutations. The main 

hypothesis of this thesis was that the substitution of the highly conserved cysteines affects 

LTBP4 structure and molecular interactions that are involved in elastic fibre assembly and 

LTBP4 matrix deposition.  

LTBP4 shows sequence similarity with LTBP1 and both LTBP4 and LTBP1 bind equally to the 

C-terminal region of fibrillin-1 (Isogai et al., 2003). LTBP1 has the capacity to self-assemble 

and cross-link via TG2 forming filamentous structures (Troilo et al., 2016). LTBP1 can be cross-

linked to fibrillin-1 by TG2 cross-linking assays (Steer, 2014). Moreover, both LTBP4 and LTBP1 

are covalently linked to the ECM. It has been shown that LTBP1 cross-links to fibronectin, 

while it is not known yet to which ECM proteins LTBP4 is covalently linked and whether TG2 

is implicated in this cross-linking (Zilberberg et al., 2012). It has been demonstrated that LTBP4 

associates with fibrillin-1 and that fibrillin-1 is essential for LTBP4 matrix deposition 

(Zilberberg et al., 2012). LTBP1 also has been demonstrated to interact with SLC non-

covalently (Saharinen and Keski-Oja, 2000). This data led to the hypothesis that LTBP4 may 
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also self-interact or interact with LTBP1, LTBP4 may self-cross-link or cross-link to fibrillin-1 by 

TG2, and LTBP4 may non-covalently interact with SLC. 

Therefore, this thesis aimed to understand how ARCL1C causing mutations impact on LTBP4 

structure and molecular interaction with other matrix partners and to investigate whether 

LTBP4 can self-interact or cross-link, whether LTBP4 can be cross-linked to fibrillin-1 by TG2, 

and whether LTBP4 can interact non-covalently with SLC. 

 This will be addressed via the following aims:   

1. To express and purify wildtype and mutant recombinant human LTBP4 in HEK293-

EBNA cells to yield sufficient protein for characterisation.  

2. To determine the LTBP4 structure and how this is disturbed in ARCL1C using 

complementary methods including, multi-angle light scattering (MALS), small angle 

X-ray scattering (SAXS), circular dichroism (CD) and analytical ultracentrifugation 

(AUC). Wildtype human LTBP4 will be compared with ARCL1C mutants to analyze 

differences in their behavior and conformation. 

3. To investigate LTBP4 interactions with other extracellular proteins, and determine if 

the interactions are disrupted when introducing ARCL1C mutations, using surface 

plasmon resonance (SPR) and biolayer interferometry (BLI). Interactions with ECM 

proteins will be compared for both wildtype LTBP4 and ARCL1C mutations. 

4. To investigate LTBP4 self-interaction using SPR and self-cross-linking and cross-linking 

with fibrillin-1 by TG2 using cross-linking assays. 

5. To investigate LTBP4 non-covalent interaction with SLC using SPR.  

The studies in this thesis have been written as a paper draft and the aims will be 

addressed in three separate paper drafts.  

1.8.1. Paper draft 1: Autosomal recessive Cutis Laxa 1C Mutations Disrupt the Structure and 

Interactions of Latent TGFβ binding protein 4 (LTBP4) 

This paper draft aims to characterize LTBP4 C-terminal region and compare its hydrodynamic 

properties to LTBP4 C-terminal region ARCL1C-causing point mutations. This paper draft also aimed 

to investigate whether ARCL1C mutations impact on LTBP4 interaction with fibrillin-1.  
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1.8.2. Structural and Functional Consequences of a Point mutation in the N-terminal 

region of LTBP4 in Autosomal Recessive Cutis Laxa type 1C 

Continuing on paper draft 1, this paper aims to determine the hydrodynamic properties of LTBP4 N-

terminal region and compare it to that one of the LTBP4 N-terminal region ARCL1C-causing point 

mutation. This paper draft also investigates whether ARCL1C N-terminal point mutation interferes 

with LTBP4 interaction with fibulin-4, fibulin-5, fibronectin and heparan sulphate.  

1.8.3. Functional similarities and interaction between Latent TGFβ binding protein 4 and 

Latent TGFβ binding protein 1 

Since LTBP1 is the most studied LTBP member and LTBP4 is highly structurally related to it, this paper 

draft aims to compare LTBP4 to LTBP1 on its capacity to self-assemble or cross-link. This paper draft 

also investigated whether LTBP4 cross-link to fibrillin-1. Moreover, this paper aimed to investigate 

whether LTBP4 non-covalently interacts with TGFβ.   

1.9. Author Contributions 

1.9.1. Autosomal recessive Cutis Laxa 1C Mutations Disrupt the Structure and Interactions 

of Latent TGFβ binding protein 4 (LTBP4) 

Status: Un-published  

Authors: Yasmene F. Alanazi, Michael P. Lockhart-Cairns, Anthony S. Weiss and Clair Baldock 

Contributions: The original idea for this study was convinced by Clair Baldock. I performed all 

the experiments in this paper draft including the supplementary experiments, except loading 

protein sample in the SEC-SAXS column that was performed by Michael P. Lockhart-Cairns. 

Michael P. Lockhart-Cairns also provided me a training for SAXS data processing. Anthony S. 

Weiss provided the tropoelastin for binding experiments. I wrote the paper draft with Clair 

Baldock guidance and revision.  

1.9.2. Structural and Functional Consequences of a Point mutation in the N-terminal 

region of LTBP4 in Autosomal Recessive Cutis Laxa type 1C 

Status: Un-published  

Authors: Yasmene F. Alanazi, Michael P. Lockhart-Cairns, and Clair Baldock 
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Contributions: The original idea for this study was convinced by Clair Baldock. I performed all 

the experiments in this paper draft including the supplementary experiments, except loading 

protein sample in the SEC-SAXS column that was performed by Michael P. Lockhart-Cairns. I 

wrote the paper draft with Clair Baldock guidance.  

1.9.3. Functional similarities and interaction between Latent TGFβ binding protein 4 and 

Latent TGFβ binding protein 1 

Status: Un-published  

Authors: Yasmene F. Alanazi, Thomson J, and Clair Baldock 

Contributions: The original idea for this study was convinced by Clair Baldock. I performed all 

the experiments in this paper draft including the supplementary experiments except the SPR 

of the LTBP1 C-terminal interaction with fibrillin-1 (PF3) fragment was done by Thomson J. I 

wrote the paper draft with Clair Baldock guidance.  
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2. Materials and Methods  

2.1. Materials  

2.1.1. Plasmid Vectors  

The vectors utilized were, the pCEP-Pu/Ac7 vector, a derivative of the pCEP4 mammalian 

expression vector (Appendix 2) (Life Technologies). These vectors contain the BM40 signal 

sequenced that allows for increased protein expression. Moreover, these vectors acquired 

puromycin resistance from the transformed cells.  

2.1.2. Bacterial strains 

The bacterial strains used were, NEB 10-beta Competent E. coli, a derivative of the DH10B 

(New England Biolabs).  

2.1.3. Mammalian expression cell lines 

Human embryonic kidney (HEK) 293 cells that stably express the Epstein-Barr virus nuclear 

antigen-1 (EBNA) were available in the lab prior to the start of this project (Troilo et al., 2014). 

The expression of the EBNA-1 gene is constrictively controlled by the CMV promoter. The 

HEK293-EBNA cells were transfected with pCEP-Pu/AC7 expression vector containing C-

terminally tagged with a thrombin cleavage site (LVPRGS) and six-histidine residue tag (6x His-

tag) wildtype N-terminal LTBP4S (residues 29-394), mutant C244G, wildtype C-terminal 

(residues 1114-1557), mutants C1286S and C1186R that were available in the lab.  

2.1.4. Antibodies 

Anti-His6 tag primary antibodies (R & D Systems) and donkey anti-mouse secondary 

antibodies (LI-COR). 2.2. Basic Molecular Biology  

2.2.1. NEB 10-beta competent E. coli transformation of LTBP4 constructs and isolation of 

Positive colonies from LB Agar Plates 

2 μL of each wildtype LTBP4 and mutant constructed vector was transformed into 20 μL of 

10-Beta Competent E. coli cells, incubated on ice for 30 minutes then heat-shocked at 42°C 

for 45 seconds. Cells were immediately placed back on ice for 2 minutes. 500 μL of warmed 
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Super Optimal broth (SOC) media (Thermo Fisher Scientific) were added to the 

transformations and grown in 37°C shaking incubator for an hour. The mixture was 

centrifuged at 200 x g for a minute and 250 μL of the SOC media was discarded. The cells were 

re-suspended with the remaining 250 μL of SOC media. 75μL of the transformed cells were 

then plated onto solidified LB agar plates containing ampicillin (100 μg/mL). finally, the plates 

were incubated at 37°C overnight to allow for selection. 

2.2.2. Inoculation and growth of bacterial culture 

Using sterile inoculating loop, a single colony from the ampicillin containing LB agar plate was 

picked and transferred into 50 mL centrifuge tube (Corning) containing 15mL Luria broth (LB) 

media supplemented with ampicillin (100 μg/ml). The LB bacterial culture was then grown 

overnight in a 37°C shaking incubator to grow up sufficient numbers of bacteria necessary to 

isolate plasmid DNA. 

2.2.3. Miniprep purification of LTBP4 expression vectors  

Minipreps were performed on the overnight cell cultures to isolate the expression vectors 

using QIAprep Spin Miniprep Kit according to the manufacture’s protocol (Qiagen). Briefly, a 

15 mL of the overnight cell culture was pelleted by centrifugation at 10000 x g. The pelleted 

cells were then re-suspended in a 250 μL of re-suspension buffer P1 (with added RNase) and 

then transferred to a 1.5 mL microcentrifuge tube. 250 μL of lysis buffer P2 was added, mixed 

thoroughly and allowed for the lysis reaction to proceed for 5 minutes. 350 μL of the 

neutralizing buffer N3 was added and immediately mixed gently. The precipitant was pelleted 

by centrifugation at 10000 x g for 10 minutes. The supernatant was transferred into the 

QIAprep spin column and centrifuged for 60 seconds. The bound DNA was washed with 750 

μL of the washing buffer PE and centrifuged for 60 seconds followed by an additional step of 

1-minute centrifugation to remove the excess material. The purified DNA was eluted from the 

spin column by 50 μL of sterile water that was incubated for 1 minute before centrifugation 

for 1 minute. The purified DNA was quantified using nanodrop instrument. The DNA was 

stored at -20 °C. 
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2.3. Recombinant protein expression in HEK293-EBNA  

2.3.1. HEK-293 EBNA cell culture 

HEK-293 EBNA cells were initially seeded in T75 culture flasks (Corning) using 15 mL growth 

media (Dulbecco’s modified Eagle’s medium DMEM (Sigma-Aldrich) supplemented with 1% 

glutamine, 1% penicillin/streptomycin, and 10% fetal bovine serum). Cells were grown for 48 

h at 37°C and 5% CO2, until confluent. Cells were passaged by removing the growth media 

and washing the cells in the T75 cell culture flask (Corning) (with 10 mL Phosphate buffered 

saline (PBS) (Sigma). Cells were then trypsinised by adding 2 mL of trypsin-EDTA (Sigma), 

leaving it for 2-3 min to allow adherent cells to detach. Trypsin was inhibited and cells were 

suspended by adding 10 mL of growth media. Trypsinised cells were centrifuged at 1000 g 

and resuspended in 5ml of growth media in a T27 cell culture flask. Suspended cells were then 

passaged and seeded at a 1:10 dilution.  

2.3.2. Stable Episomal vector transfection of HEK293-EBNA cells 

Mammalian expression vector pCEP-Pu/AC7 containing the His-tagged LTBP4 constructs were 

transfected into 70-80 % confluent HEK-293 EBNA cell culture using Lipofectamine 3000 

reagent according to the manufacture’s protocol (Invitrogen). Briefly, LTBP4 construct was 

mixed with diluted P3000 reagent with 125 μL of serum free Opti-MEM media (DMEM4 mixed 

in a 1:1 ratio with F12-HAMS supplemented with 5% (v/v) of Penicillin/Streptomycin mixture). 

Lipofectamine 3000 reagent was also diluted with serum free media. The diluted mixtures 

were then combined and incubated at room temperature for 5 minutes. The mixture was 

then added to the semiconfluent cell culture and incubated overnight at 37°C and 5% CO2. 

The cells then were passaged as previously described in (section 2.3.1.) using media 

supplemented with 2 μg/mL of puromycin (Gibco) to select the transfected cells. Cell selection 

last for a period of 2-3 weeks.  
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2.3.3. Storage of transfected HEK293-EBNA cells  

Following successful stable Episomal transfection of the HEK293-EBNA cells, cells were grown 

until 90-100% confluency. The confluent culture was then trypsinised and centrifuged as 

previously described in (section 2.3.1.). The centrifuged cells were resuspended using freezing 

media (Thermo Fisher SCIENTIFIC), aliquoted in 1mL and frozen at -80OC.  

2.3.4. Expression of recombinant LTBP4 constructs in HEK293-EBNA cells 

Stored transfected HEK293-EBNA cells were thawed at 37oC and resuspended in 9 mL growth 

media and seeded in T75 cell culture flask. Cells were grown at same conditions mentioned 

in (section 2.3.1.) until 100% confluency. Cells were then passaged to larger culture flask T225 

followed by HYPER flasks using growth media. 100 % confluent cells were then washed with 

200-300 mL of serum free Opti-MEM media (DMEM4 mixed in a 1:1 ratio with F12-HAMS 

supplemented with 5% (v/v) of Penicillin/Streptomycin mixture). After washing, confluent 

cells were incubated at 37°C and 5% CO2 with serum free media.  

2.3.5. Expression media harvest  

Serum free expression media from confluent transfected HEK293-EBNA cells was collected 

every 3-4 days. The collected media was replaced with fresh serum free media. The collected 

serum free media was stored at -20oC. For protein purification, the stored media was thawed 

at room temperature, filtered using vacuum and 65µm (Whatmann N. 1) filter paper to 

remove cellular debris. 

2.4. Purification of recombinant proteins from harvested media 

2.4.1. Nickle affinity chromatography  

Filtered media was purified using 5 mL His-Trap column (GE Healthcare). The column was washed with 

water then equilibrated with 10 column volume of binding buffer (10 mM Tris, 500 mM NaCl, 

10mM imidazole, pH 7.8). The media was passed through the column overnight at 2ml/min. 

the column was then washed using 50-60 mL of binding buffer at 1 mL/min. For protein 

elution, 50 mL of elution buffer (10 mM Tris, 500 mM NaCl, 500 mM imidazole) was used at a 

flow rate of 0.5 mL/min. 0.5 mL eluates were collected and protein yield and purity were 



Chapter 2: Materials and Methods 

56 | P a g e  
 

assessed by Sodium Dodecyl Sulphate-Polyacrylamide gel electrophoresis. The highest 

protein fractions were further purified using Size-exclusion chromatography.   

2.4.2. Size exclusion chromatography 

The most concentrated protein fractions further purified by size-exclusion chromatography on an 

AKTA purifier FPLC using a Superdex 200 10/300GL column (GE Healthcare), that was 

equilibrated with buffer containing 10 mM Tris, 150 mM NaCl, pH 7.8 at a flow rate of 0.5 

ml/min. 1mL of protein sample was injected into the column at a flow rate of 0.5 ml/min. 

Eluates were collected in 0.5 mL fractions monitored by absorbance at 280 nm. Protein purity 

was assesed by SDS-PAGE under reducing and non-educing conditions. Protein concentration 

was determined using Bicinchoninic acid (BCA) protein assay. 

2.5.  Purity assessment and concentration determination of purified proteins   

2.5.1. Purity assessment by SDS-PAGE 

Using precast 4-12% NuPAGE SDS-PAGE gel (Thermo Fisher SCIENTIFIC), (4x) LDL NuPAGE 

buffer (Life Technologies) was diluted with protein sample in a ratio of 1:4 was loaded under 

either non-reducing and reducing (2-Mercaptoethanol) conditions. Electrophoresis was 

performed at 180V at room temperature for 50 min – 1hour using 50mM MOPS or MES 

running buffer (Thermo Fisher SCIENTIFIC) in X-Cell Surelock Minicell electrophoresis system 

(Thermo Fisher SCIENTIFIC). See-blue Plus2 pre-stained standard (Thermo Fisher SCIENTIFIC) 

was used for molecular weight assessment. Protein bands were visualized using instant Blue 

following the manufacture’s protocol (Expendion).   

2.5.2. Concentration determination by BCA  

Purified recombinant wildtype and mutant protein concentration was determined using the 

BCA assay according to the manufacture’s protocol (Thermo Fisher SCIENTIFIC). Bovine serum 

albumin (BSA) protein standards at known range of concentration (0 – 2 mg/mL) was used. 

The assay was carried out in a 96 well microplate, where the known protein sample (10 

µL/well) and the BSA standard (10 µL/well) were separately added to the BCA reagent (200 

µL/well). The plate was incubated at 37°C for 30 minutes and the absorbance at 570 nm was 

measured using a Dynex MRX II microtitre plate reader with Revolution software. 
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2.6. De-glycosylation of recombinant protein  

Purified recombinant wildtype and mutant proteins were digested using PNGase-F according 

to the manufacturer's protocol (New England’s Biolabs). 20 µg of protein was incubated with 

2 µL of GlycoBuffer 2 (10X) and 5 µL of PNGase F at 37oC for 24 hours. The removal of glycans 

was verified using SDS-PAGE as previously described in (section 2.5.1.). 

2.7.  Cross-linking  

Cross-linking assay was performed using guinea pig liver-derived commercial 

transglutaminase-2 (TG2) (Sigma-Aldrich). Cross-linking assays of LTBP4 with tropoelastin, 

fibulin-5, fibrillin-1 were performed with TG2. TG2 was incubated with proteins in a ratio of 

0.1:1 for 2 hours at 30 °C in 10 mM HEPES, 150 mM NaCl pH 7.4 buffer containing 1 mM CaCl2. 

Equal molar ratios of cross-linking proteins were used. Cross-linked proteins were then 

analysed by SDS-PAGE as previously described in (section 2.5.1.).  

2.8. Biophysical characterisation of recombinant protein  

2.8.1. Multi-angle Light Scattering (MALS) 

Purified recombinant wildtype and mutant protein samples (0.5 ml at approximately 0.4 - 1 

mg/ml) were passed into a Superdex 200 10/300GL column (GE Healthcare) running at a flow 

rate of 0.5 ml/min using a buffer containing 10 mM Tris, 150 mM NaCl, pH 7.8. Eluted protein 

fractions were passed from the column into a Wyatt DAWN Heleos II EOS 18 angle laser 

photometer that measures the intensity of scattered light at 18 angles with QELS detector 

(Wyatt Technologies) that detects the fluctuations in the intensity of scattered light to 

determine the hydrodynamic radius (Rh) of the protein. The QELS is connected to an Optilab 

T-rEX refractive index detector that detects the absolute refractive index to determine the 

absolute molecular mass. The absolute molar mass, concentration and hydrodynamic radius 

of the resulting peaks were analyzed using ASTRA 6.  

2.8.2. Sedimentation Velocity Analytical Ultracentrifugation (SV-AUC) 

Monomeric recombinant wildtype and mutant protein samples (0.4 - 1 mg/ml) in the same 

buffer as used in MALS (section 2.7.1.) were characterised by sedimentation velocity SV-AUC 
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using Beckman XL-A analytical ultracentrifuge with an An60Ti 4-hole rotor running at 45,000 

rpm at 20°C. The sedimenting boundary was monitored at either 280 or 230 nm for 200 scans. 

Data were analyzed by continuous model-based distribution C(s) of Lamm equation solutions 

method using SEDFIT software (Schuck, 2000). The resulting sedimentation coefficients were 

corrected to standard conditions using SEDNTERP software (Philo, 2000). 

2.8.3. Small-angle Light Scattering (SAXS) 

In-line SEC-SAXS was performed on purified wildtype and mutant proteins at a concentration 

range of 1 - 2 mg/ml in the same buffer used for MALS and SV-AUC. Wildtype LTBP4 N- and 

C-termini and C1286S SAXS data were collected at 1 second intervals using 45 µL purified 

protein sample passed through a Superdex 200 3.2/300 column at beamline BM29, European 

synchrotron radiation facility (Grenoble, France), while SAXS data for C1186R were collected 

at B21 at Diamond. SAXS data were pre-processed and reduced by EDNA, inhouse ESRF 

software(http://www.esrf.eu/home/UsersAndScience/Experiments/MX/About_our_beamli

nes/bm29/computing-environment/edna.html; last accessed September 2017). For each 

frame with a consistently similar radius of gyration (Rg) across the elution peak, the protein 

scattering intensities were merged. SAXS data were then analyzed and buffer scattering 

subtracted from that of the sample using ScAtter software (http://www.bioisis.net/tutorial/9; 

last accessed October 2018). The Rg of the protein was estimated by Guinier analysis and the 

intraparticle distance distribution function P(r) in real space were evaluated using the Indirect 

Fourier transform (IFT) program GNOM, and particle shapes were modelled ab initio using 

DAMMIN software in slow mode (Franke and Svergun, 2009). Ten ab initio models were 

generated and aligned and superimposed to generate a single model using the DAMAVER 

suite (Svergun, 2003). The goodness of the superimpositions of the 10 models compared using 

DAMSEL was estimated by the normalized spatial discrepancy (NSD).  

2.8.4. Circular Dichroism (CD) 

The purified wildtype and mutant proteins, at a concentration range of 0.5 - 1 mg/ml in 10 

mM Tris, 150 mM NaCl, pH7.8 buffer, were analysed by circular dichroism (CD) using the Far-

UV spectral region (190-260 nm). The Far-UV spectra were recorded in millidegrees (mdeg) 

by Jasco-J810 spectropolarimeter. Measurements were taken every 0.2 mm in a 0.5 cm path 

http://www.esrf.eu/home/UsersAndScience/Experiments/MX/About_our_beamlines/bm29/computing-environment/edna.html
http://www.esrf.eu/home/UsersAndScience/Experiments/MX/About_our_beamlines/bm29/computing-environment/edna.html
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length cell at 25 oC. 10 accumulated scans were recorded, averaged, and corrected for each 

construct. The secondary structure content was quantitatively analyzed by the online tool 

Dichroweb (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml; last accessed October 2018) 

using CDSSTR and CONTIN algorithms.  

2.9. Interaction characterisation of recombinant protein  

2.9.1. Surface Plasmon Resonance (SPR) 

Kinetics of fibrillin-1 PF3 fragment (residues 1-722) (Rock et al., 2004) and LTBP4 wildtype and 

mutant C-terminal region binding were measured in real time using SPR ProteOn system at 

25 oC. Fibrillin-1 was diluted in 10 mM HEPES, 150mM NaCl, pH7.4 supplemented with 0.005% 

(v/v) Tween-20 and then injected at a range of concentrations from 100-0 nM over a constant 

concentration of immobilised LTBP4 on amine coupling GLC sensor chip using the 

manufacturer’s instructions (Bio-Rad). All binding experiments for each LTBP4 construct were 

performed at least 2 times. The sensor chip surface was regenerated using 10 mM glycine at 

pH 2.5. Equilibrium analysis was used to determine kinetic parameters.  

2.9.2 Bio-layer interferometry (BLI) 

BLI using OctetRED96 (ForteBio) system was performed for measuring the kinetics of the 

interaction of wildtype and mutant LTBP4 with full-length tropoelastin, fibronectin, fibulin-4, 

fibulin-5, heparan sulphate, LTBP1 and SLC in real time. Biotinylated proteins were diluted in 

10 mM HEPES, 150 NaCl, pH7.4 buffer supplemented with 0.005% (v/v) Tween-20 and then 

immobilized at 200nM constant concentration on Streptavidin biosensors tips surface. The 

biosensors immobilized with biotinylated proteins were then incubated with the analyte 

diluted at a range of concentrations. The biosensor surface was regenerated using 10 mM 

glycine at pH 2.5. The binding kinetics was analyzed using Octet software version 7 (ForteBio). 

The goodness of binding data fitting was assessed by X2 and R2 values. All binding 

experiments were performed in solid-black 96 well plates at 25Co with an agitation speed of 

1000 rpm and repeated at least 2-3 times.

http://dichroweb.cryst.bbk.ac.uk/html/home.shtml
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Wellcome Trust Centre for Cell Matrix Research, Division of Cell Matrix Biology and 

Regenerative Medicine, School of Biological Science, Faculty of Biology, Medicine and 

Health, Manchester Academic Health Science Centre, University of Manchester, UK1 

Charles Perkins Centre, University of Sydney, NSW 2006 Australia2 

School of Life and Environmental Sciences, University of Sydney, NSW 2006 Australia3 
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Abstract 

Latent TGFβ binding protein 4 (LTBP4) mutations are linked to autosomal recessive cutis laxa 

type 1C (ARCL1C), a rare congenital disease characterised by high mortality and severely 

disrupted elastic fibres. LTBP4, a multi-domain glycoprotein, is essential for regulating elastic 

fibre assembly and the bioavailability of TGF. Despite the importance of LTBP4, its structure 

is not known and the molecular mechanism by which it regulates elastogenesis is poorly 

understood. Therefore, we analysed the structural and functional consequences of two 

ARCL1C-causing point mutations, C1286S and C1186R, which both effect highly conserved 

cysteine residues to result in either a mild or severe pathology, respectively. Our structural 

and biophysical data show that the LTBP4 C-terminal region is monomeric in solution and 

adopts an extended and flexible conformation. The C1186R mutation results in a more 

unordered structure whereas, the C1286S mutation results in a more compact conformation 

which demonstrates the importance of conserved cysteine residues in stabilising the 

structure of LTBP4. Binding studies show that the C1186R but not the C1286S mutation, 

slightly decreases binding to fibrillin-1. We found that the LTBP4 C-terminal region directly 

interacts with tropoelastin which is also disrupted by C1286R and C1186S mutations. Our 

results suggest that both mutations contribute to ARCL1C by disrupting the structure of 

LTBP4.  
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Introduction 

Latent TGF Binding Protein 4 (LTBP4) is a large secreted multidomain glycoprotein that is 

associated with fibrillin-rich microfibrils in the extracellular matrix (ECM). The LTBP4 domain 

structure, as for other LTBP family members (LTBP1, 2 and 3), is highly structurally related to 

the major component of extracellular matrix microfibrils, fibrillin. Both LTBPs and fibrillin 

share two types of cysteine-rich domains, the six-cysteine Epidermal growth factor-like 

domains (EGF) that form disulphide bonds in a conserved 1-3, 2-4 and 5-6 pattern and an 

eight cysteine domain TGFβ binding protein-like (TB) domains that form disulphide bonds in 

a conserved 1-3, 2-6, 4-7 and 5-8 pattern (Lack et al., 2003, Saharinen et al., 1999, Yuan et al., 

1997, Oklu and Hesketh, 2000). The LTBPs also share a 4-cysteine domain near their N-

terminus. LTBP4 has 20 EGF-like domains, of which 17 are calcium-binding, a hybrid domain, 

three TB domains, and a proline-rich interdomain region. Two major isoforms of LTBP4 are 

expressed in mammalian cells, a long (LTBP4L) and short form (LTBP4S) (Saharinen et al., 

1998), produced by independent promoters (Kantola et al., 2010). Both isoforms share similar 

domain structure, but LTBP4L has an additional amino-terminal 4-Cysteine domain compared 

with LTBP4S. The long and short LTBP4 isoforms have overlapping expression in the lung and 

aorta, whereas, in the skin and heart, LTBP4S is the major expressed isoform (Bultmann-

Mellin et al., 2015). Moreover, LTBP4S has higher expression in lung during late embryonic 

and postnatal periods (Bultmann-Mellin et al., 2017). Mutations in both LTBP4 isoforms lead 

to an autosomal recessive cutis laxa type 1C (ARCL1C), initially named as Urban-Rifkin-Davis 

Syndrome, and an autosomal recessive cutis laxa type 1C-like phenotype is seen in LTBP4S 

deficient mice (Urban et al., 2009, Bultmann-Mellin et al., 2015, Sterner-Kock et al., 2002). 

ARCL1C patients share similar clinical and pathological features of craniofacial, pulmonary, 

gastrointestinal, genitourinary anomalies accompanied with generalised cutis laxa. Both 

ARCL1C patients and LTBP4 deficient mice have high postnatal mortality due to respiratory 

failure caused by severely disrupted pulmonary elastic fibre architecture (Urban et al., 2009, 

Bultmann-Mellin et al., 2015), indicating a crucial role for LTBP4 in elastic fibre assembly. 

LTBP4 modulates elastic fibre assembly by interacting with other extracellular partners such 

as fibulin-4 (Bultmann-Mellin et al., 2015, Bultmann-Mellin et al., 2016), fibulin-5 (Noda et al., 

2013) and fibrillin-1 (Ono et al., 2009) and regulates extracellular TGFβ bioavailability by 

covalent interaction with the small latent complex (Annes et al., 2004, Robertson and Rifkin, 

2016, Saharinen and Keski-Oja, 2000). 
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LTBP4 is primarily involved in the regulation of elastic fibre assembly in a TGFβ independent 

manner (Dabovic et al., 2009). The LTBP4 C-terminal region binds directly to the N-terminal 

region of fibrillin-1  (Isogai et al., 2003, Ono et al., 2009) and this interaction is essential for 

LTBP4 matrix deposition LLC (Ono et al., 2009, Zilberberg et al., 2012). These studies have 

confirmed the requirement of fibrillin-1 for LTBP4 to be incorporated into the extracellular 

matrix. Moreover, it has been suggested that the disruption of this interaction in Marfan 

syndrome might contribute to ectopia lentis (Ono et al., 2009, Comeglio et al., 2002). LTBP4 

has also been demonstrated to compensate LTBP2 in forming microfibrils of the ciliary 

zonules in LTBP2 null mice (Fujikawa et al., 2017). 

Here we focused on two missense mutations p.C1186R (Callewaert et al., 2013) and 

p.C1286S (Su et al., 2015) in the C-terminal region of LTBP4 that affect highly conserved 

cysteine residues within the 2nd TB and the 16th cbEGF domains, respectively. A cutis laxa (CL) 

patient with homozygous LTBP4 p.C1186R mutations, suffered a life-threatening pulmonary 

defect, hydronephrosis with generalised skin laxity (Callewaert et al., 2013). The p.C1286S 

mutation was reported in a 14-year-old female heterozygous for c.3856T>A and p.C1286S 

with the clinical and pathological characteristics of CL. Skin biopsies show large globular 

elastin aggregates and poor integration into the fibrillin microfibrils (Su et al., 2015). Whereas 

the p.C1186R mutation resulted in severe ARCL1C, the C1286S mutation resulted in mild to 

moderate pulmonary disease (Su et al., 2015).  

To determine whether ARCL1C mutations interfere with LTBP4 structure and 

molecular interactions, we analysed the structure of the LTBP4 C-terminal region using 

complementary structural and biophysical methods and compared its structural features with 

the ARCL1C mutants. We identified tropoelastin as a new interaction partner for LTBP4 and 

investigated the impact of ARCL1C mutations on the interactions with tropoelastin and 

fibrillin-1 to further understand the role of LTBP4 in elastic fibre assembly and disruption in 

ARCL1C. 

Material & Methods 

Expression and Purification of Recombinant LTBP4 Constructs  

Human wildtype and mutant LTBP4 C-terminal region constructs were purchased as gene 

strings (residues 1114-1557) and ligated into a modified version of the mammalian expression 
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vector pCEP4 (Invitrogen), pCEP-Pu/AC7 that contains a C-terminal six-histidine residue tag 

(6x His-tag). The recombinant human wildtype and mutant LTBP4 C-terminal constructs were 

stably transfected and expressed in Human Embryonic Kidney (293)-EBNA cells. The proteins 

were then purified using nickel affinity column (GE Healthcare) followed by size-exclusion 

chromatography on fast protein liquid chromatography (FPLC) (AKTApurifier)  using a 

Superdex 200 10/300GL column (GE Healthcare) equilibrated with buffer containing 10 mM 

Tris, 150 mM NaCl, pH 7.8 at a flow rate of 0.5 ml/min. Protein identity was confirmed by 

mass spectrometry (MS) and Western immunoblotting and concentration determined using 

BCA protein assay (Thermo Fisher Scientific).   

Multi-angle Light Scattering (MALS) 

Purified native protein samples (0.5 ml at approximately 0.4 - 1 mg/ml) were loaded onto a 

Superdex 200 10/300GL column (GE Healthcare) running at a flow rate of 0.5 ml/min using a 

buffer containing 10 mM Tris, 150 mM NaCl, pH 7.8. Eluted protein fractions were passed 

from the column into a Wyatt DAWN Heleos II EOS 18 angle laser photometer with QELS 

detector (Wyatt Technologies) connected to an Optilab T-rEX refractive index detector. The 

absolute molar mass, concentration and hydrodynamic radius of the resulting peaks were 

analysed using ASTRA 6.  

De-glycosylation:  

Purified proteins were digested using PNGase-F according to the manufacturer's protocol 

(New England’s Biolabs). The removal of glycans was verified using SDS-PAGE.  

Sedimentation Velocity Analytical Ultracentrifugation (SV-AUC) 

Native monomeric protein samples (0.4 - 1 mg/ml) in the same buffer as used in MALS were 

characterised by sedimentation velocity SV-AUC using Beckman XL-A analytical 

ultracentrifuge with an An60Ti 4-hole rotor running at 45,000 rpm at 20°C. The sedimenting 

boundary was monitored at either 280 or 230 nm for 200 scans. Data were analysed by 

continuous model-based distribution C(s) of Lamm equation solutions method using SEDFIT 

software (Schuck, 2000), and the resulting sedimentation coefficients were corrected to 

standard conditions using SEDNTERP software (Philo, 2000). 
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Small-angle Light Scattering (SAXS) 

In-line SEC-SAXS was performed on purified proteins at a concentration range of 1 - 2 mg/ml 

in the same buffer used for MALS and SV-AUC. Wildtype LTBP4 C-terminal and C1286S SAXS 

data were collected at 1 second intervals using 45 µL purified protein sample passed through 

a Superdex 200 3.2/300 column at beamline BM29, European synchrotron radiation facility 

(Grenoble, France), while SAXS data for C1186R were collected at B21 at Diamond. SAXS data 

were pre-processed and reduced by EDNA, inhouse ESRF software 

(http://www.esrf.eu/home/UsersAndScience/Experiments/MX/About_our_beamlines/bm2

9/computing-environment/edna.html; last accessed September 2017). For each frame with a 

consistently similar radius of gyration (Rg) across the elution peak, the protein scattering 

intensities were merged. SAXS data were then analysed and buffer scattering subtracted from 

that of the sample using ScAtter software (http://www.bioisis.net/tutorial/9; last accessed 

October 2018). The Rg of the protein was estimated by Guinier analysis and the intraparticle 

distance distribution function P(r) in real space were evaluated using the Indirect Fourier 

transform (IFT) program GNOM, and particle shapes were modelled ab initio using DAMMIN 

software in slow mode (Franke and Svergun, 2009). Ten ab initio models were generated and 

aligned and superimposed to generate a single model using the DAMAVER suite (Svergun, 

2003). The goodness of the superimpositions of the 10 models compared using DAMSEL was 

estimated by the normalised spatial discrepancy (NSD).  

Circular Dichroism (CD) 

The purified wildtype and mutant LTBP4 C-terminal regions, at a concentration range of 0.5 - 

1 mg/ml in 10 mM Tris, 150 mM NaCl, pH7.8 buffer, were analysed by circular dichroism (CD) 

using the Far-UV spectral region (190-260 nm). The Far-UV spectra were recorded in 

millidegrees (mdeg) by Jasco-J810 spectropolarimeter. Measurements were taken every 0.2 

mm in a 0.5 cm path length cell at 25 oC. Ten accumulated scans were recorded, averaged, 

and corrected for each construct. The secondary structure content was quantitatively 

analysed by the online tool Dichroweb (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml; 

last accessed October 2018) using CDSSTR and CONTIN algorithms.  

  

http://www.esrf.eu/home/UsersAndScience/Experiments/MX/About_our_beamlines/bm29/computing-environment/edna.html
http://www.esrf.eu/home/UsersAndScience/Experiments/MX/About_our_beamlines/bm29/computing-environment/edna.html
http://dichroweb.cryst.bbk.ac.uk/html/home.shtml
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Surface Plasmon Resonance (SPR) 

Kinetics of fibrillin-1 PF3 fragment (residues 1-722) (Rock et al., 2004) and the LTBP4 C-

terminal region binding were measured in real time using SPR ProteOn system at 25 oC. 

Fibrillin-1 was diluted in 10 mM HEPES, 150mM NaCl, pH7.4 supplemented with 0.005% (v/v) 

Tween-20 and then injected at a range of concentrations from 100-0 nM over a constant 

concentration of immobilised LTBP4 C-terminal region on amine coupling GLC sensor chip 

using the manufacturer’s instructions (Bio-Rad). All binding experiments for each LTBP4 

construct were performed at least twice. The sensor chip surface was regenerated using 10 

mM glycine at pH 2.5. Equilibrium analysis was used to determine kinetic parameters.  

Bio-layer interferometry (BLI) 

BLI using OctetRED96 (ForteBio) system was performed for measuring the kinetics of the 

interaction between full-length tropoelastin and the LTBP4 N- (residues 29-394) and C-

terminal regions in real time. Biotinylated full-length tropoelastin was diluted in 10 mM 

HEPES, 150 NaCl, pH7.4 buffer supplemented with 0.005% (v/v) Tween-20 and then 

immobilised at 200nM constant concentration on Streptavidin biosensors tips surface. The 

biosensors immobilised with biotinylated tropoelastin were then incubated with the LTBP4 C-

terminal wildtype or mutant constructs diluted at a range of concentrations in the same 

buffer used for tropoelastin. The biosensors surface was regenerated using 10 mM glycine at 

pH 2.5. The binding kinetics was analyzed using Octet software version 7 (ForteBio). The 

goodness of binding data fitting was assessed by X2 and R2 values. All binding experiments 

were performed in solid-black 96 well plates at 25oC with an agitation speed of 1000 rpm and 

repeated at least twice. The interaction was also performed in the other orientation with 

immobilized biotinylated LTBP4 and tropoelastin as the analyte. 

Results 

Expression and Purification of Recombinant Human LTBP4 C-terminal region   

To structurally characterise the LTBP4 C-terminal region, HEK293-EBNA cells stably expressing 

the wildtype LTBP4 C-terminal region and ARCL1C mutants were generated (Figure 3-1A). The 

LTBP4 proteins were purified using nickel affinity followed by size exclusion chromatography 

(SEC), which yielded a single prominent peak with similar elution volumes (Supplementary 

Figure 3-1). The purified proteins were analysed by non-reduced SDS-PAGE (Figure 3-1B), 
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based on the sequence predicted mass, the main species corresponded to a monomer which 

appeared slightly larger than the sequence predicted size of 51 kDa. LTBP4 has eight potential 

glycosylation sites, of which six asparagine residues were predicted to be N-glycosylated and 

three threonine residues to be O-glycosylated (Saharinen et al., 1998, Bultmann-Mellin et al., 

2015). Our C-terminal construct was predicted to contain two potential N-linked glycan. This 

post-translational modification could explain the slight increase in the molecular mass. The 

presence of sugars was verified using PNGase F deglycosylation assay by increased protein 

mobility on SDS-PAGE and a shift to lower molecular weight for all LTBP4 constructs shown in 

Figure 3-1B. To determine whether the loss of a cysteine residue resulted in abnormal 

dimerisation for the mutants, fractions of each peak were analysed under both non-reducing 

and reducing conditions but only monomeric species were observed for both the wildtype 

and mutants indicating that the free cysteine residue in the mutants de not induce 

dimerisation (Figure 3-1C).  
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Figure 3-1: Expression and purification of recombinant LTBP4. (A) Schematic diagram of the domain 

organization of full-length LTBP4S, with fibrillin-1 interaction site, and the human LTBP4 C-terminal 

constructs with C-terminal 6x-His-tag used in this study. Arrows and asterisks indicate the positions of 

the ARCL1C mutations. (B) Non-reduced Coomassie blue stained SDS-PAGE gel showing the purified 

LTBP4 C-terminal constructs: CWT, C1286S and C1186R before and after deglycosylation. (C) SDS-

PAGE for the purified LTBP4 C-terminal constructs: CWT, C1286S and C1186R under (NR: non-

reducing) and (R: reducing using 2-Mercabtoethanol) conditions.  

The C-terminal of Latent TGF Binding Protein 4 is Monomeric in Solution  

Multi-angle light scattering (MALS) in combination with size exclusion chromatography (SEC) 

and sedimentation velocity analytical ultracentrifugation (SV-AUC) were used to determine 

the native state, size and absolute molar mass of LTBP4 C-terminal region in solution. SEC-

MALS data showed a single peak with an estimated hydrodynamic radius of 4.7 nm and 
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absolute molecular mass of 58 KDa for both CWT and C1286S and a hydrodynamic radius of 

5 nm and absolute molecular mass of 58 kDa for the C1186R. These results indicate that all 

LTBP4 C-terminal proteins are monomeric in solution (Figure 3-2A). Consistent with SEC-MALS 

data, the SV-AUC profile showed that both the wildtype and mutant C-terminal region 

behaved as monomers in solution, but the SV-AUC profile for the ARCL1C C1286S mutant was 

asymmetric, indicating the presence of higher ordered species (Figure 3-2B). Based on the 

sedimentation profile from SV-AUC data, the wildtype LTBP4CT sediments at 4.15 Svedberg 

(S) with a frictional ratio of 1.39, that deviates from that expected for a globular protein 

(theoretically f/f0 of 1.2) (Schuck, 2000). This suggests a moderate elongation of this region. 

However, the C1286S mutant was more compact than the WT and sedimented faster at 4.70 

S with a lower friction ration of 1.31. In contrast, the C1186R mutant sedimented slower at 

3.61 S with a higher friction ratio of 1.69, indicating a more extended protein conformation.   

 

 

Figure 3-2: Structural characterisation of LTBP4CT region. (A) SEC-MALS chromatograms of LTBP4 C-

terminal constructs showing that all LTBP4 constructs are monomeric in solution with mass of 58KDa 

and (B) Sedimentation coefficient profile of LTBP4 C-terminal constructs showing a prominent single 

peak for each construct.  
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Table 3-1: Experimental hydrodynamic results for LTBP4 C-terminal region constructs 

Hydrodynamic Properties CWT C1286S C1186R 

Molecular Mass (kDa) a 58 58 58 

Hydrodynamic Radius Rh (nm) a 4.7 4.7 5.0 

Sedimentation Coefficient (Sw) b  4.30 4.98 3.82 

Sedimentation Coefficient (Sw,20) b 4.15 4.70 3.61 

Frictional Ratio b 1.39 1.31 1.69 

Stokes Radius (nm) b 3.70 3.61 4.63 

Radius of Gyration Rg  (nm) c 3.97 4.02 4.28 

Maximum Dimension Dmax (nm) c 13.0 12.3 13.7 

    

Rg/Rh
 0.84 0.85 0.84 

 

a Multi-Angle Light Scattering (MALS) 

b Sedimentation Velocity Analytical Ultracentrifugation (SV-AUC) 

c Small-Angle X-ray Scattering (SAXS) 

 

The LTBP4 C-terminal Region has an Elongated and Flexible Nanostructure  

Small angle X-ray scattering was performed to obtain more detailed structural information on 

LTBP4. SAXS data were collected directly from SEC eluates to ensure the monodispersity of 

LTBP4 in solution. The 1D scattering intensity data of each LTBP4CT construct are plotted as 

a function of q (Figure 3-3A). The Guinier approximation was used for sample quality 

assessment. Guinier plots for both wildtype and ARCL1C mutants showed linearity which 

indicates that no aggregation present (Supplementary Figure 2Ai, Bi and Ci for LTBP4CWT, 

C1286S and C1186R, respectively). The structural parameters including Rg and Dmax obtained 

from the experimental data are summarised in Table 3-1. 

The radius of gyration (Rg) was similar for the WT and the C1286S mutant, 3.97 nm 

and 4.02 nm, respectively. Whereas the Rg for the C1186R mutant was slightly larger (4.28 

nm) consistent with the more elongated conformation shown by SV-AUC. The flexibility of the 

LTBP4 C-terminal region was assessed (Supplementary Figure 2Aii, Bii and Cii for LTBP4CWT, 

C1286S and C1186R, respectively) and the normalised Kratky plots in Figure 3-3B show a 
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single peak, with maxima slightly deviating from the expected peak position for a globular 

protein, with tail extending to high q values, indicating that this region has an elongated 

structure with some flexibility rather than a compact and globular conformation. The distance 

distribution function P(r) shown in Figure 3-3C, is also consistent with an extended 

conformation for the LTBP4 C-terminal region. The maximum particle dimension was 13.0 nm, 

12.3 nm and 13.7 nm for the CWT, C1286S and C1186R, respectively, again consistent with 

the SV-AUC data in figure 3-2B where the C1286S mutant is more compact and the C1186R 

mutant more extended than the WT.  

3-dimensional ab initio models of the wildtype and mutants were generated using the 

DAMMIN (Supplementary Figure 3) and DAMAVER suite (Figure 3-3D) of programmes. The 

determined Normalized spatial discrepancy (NSD) was 0.666 ± 0.028, 0.857 ± 0.022 and 0.694 

± 0.017 for LTBP4CWT, C1286S and C1186R, respectively suggestive of a unique solution. The 

ab initio models are consistent with the elongated conformation adopted by the LTBP4 C-

terminal region. The models of the wildtype and mutant constructs highlighted differences in 

their 3D-dimensional structures. The nanostructure of the C1286S mutant was more compact 

compared with the wildtype LTBP4 C-terminal, while the C1186R mutant was wider and more 

extended than the wildtype again consistent with the SV-AUC results.  
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Figure 3-3: Structural characterisation of LTBPCT region in solution Using Small Angle X-ray Scattering 

(SAXS). The experimental 1D scattering intensity I plotted as a function of q for (Ai) WT, (Aii) C1286S 

and (Aiii) C1186R constructs used for analysis and modelling. (B) The dimensionless Kratky plot for 

wildtype and mutants show a peak deviating from the expected peak position for globular particles 

(cross-hair marks the Guinier-Kratky point (1.732, 1.1)), indicating that the proteins are folded and 

have a non-globular conformation but rather are elongated with some flexibility. (C) The indirect 

Fourier transform of I vs. q using GNOM, P(r) vs. r indicates the maximum dimensions in real space. 

The averaged DAMFILT model of (Di) LTBP4CWT, (Dii) C1286S and (Diii) C1186R shown in three 

orthogonal views.   
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ARCL1C mutation alters the Secondary Structure of the LTBP4 C-terminal region  

To gain more information on the structure of the LTBP4 C-terminal region, we performed 

circular dichroism (CD). The secondary structure of LTBP4 wildtype C-terminal and ARCL1C 

mutants were analysed using Far UV-CD. The far-UV spectra for the WT showed a negative 

maximum at 209 nm, which is characteristic for proteins with a high content of −sheet and 

unordered regions (Figure 3-4). To investigate possible conformational changes caused by 

ARCL1C mutations, the far-UV spectra of ARCL1C mutants were analysed and compared to 

the WT. The C1286S substitution had little impact on the far UV-CD spectra and showed a 

shift of three nm in the position of the negative peak (Figure 3-4). A more substantial change 

in the far UV-CD spectra was observed for the C1186R substitution, resulted in a shift of six 

nm in the position of the negative peak towards 200 nm, which is characteristic for a more 

unordered structure (Figure 3-4). These changes indicated a secondary structural transition. 

Using the online tool Dichroweb, the secondary structure components were quantitatively 

analysed and summarised in Table 3-2. The estimated −helix content was generally low (4.5-

7.8%) for all LTBP4 C-terminal constructs whereas there was a high content of −sheet (32.2-

40.15 %) and unordered conformations (60.8-61.4 %) consistent with the secondary structure 

of cbEGF/TB domains of fibrillin-1 (Rao et al., 1995, Downing et al., 1996). The C1186R mutant 

had a decrease in the −sheet content to 26.6% and an increase in the unordered structure 

to 64%. These data indicate that the ARCL1C cysteine substitution, C1186R alters the 

secondary structure of the LTBP4 C-terminal and possibly results in a less stable protein.  

  



Chapter 3: Results 

74 | P a g e   

   

 

Figure 3-4: Circular Dichroism using the Far UV-CD spectra in the 260-190 nm range of LTBP4 CWT and 

mutants. LTBP4 CWT spectra showed a negative maximum at 209 nm, which is characteristic for 

proteins with a high content of β-sheet and unordered conformations. The C1286S substitution had 

little impact on the spectra. Whereas a more significant change in the spectra was observed for the 

C1186R substitution, resulting in a shift of six nm in the position of the negative peak towards 200 nm, 

indicating a secondary structural transition to a less β-sheet and more unordered conformation. Table 

3-2: Secondary structure content of LTBP4 C-terminal region constructs. 

ARCL1C Mutation reduces Binding to Fibrillin-1 

LTBP4 binds to fibrillin-1 as has been previously shown by solid phase and surface-based 

binding studies (Isogai et al., 2003, Ono et al., 2009). These studies demonstrated that binding 

was via the TB3, EGF3 and cbEGF17 domains in LTBP4 (domains indicated in Figure 3-1A). The 

LTBP4-fibrillin-1 interaction is essential for matrix assembly and incorporation of LTBP4 (Ono 

et al., 2009, Zilberberg et al., 2012) so ARCL1C causing mutations might interfere with this 

important interaction. Therefore, to investigate the impact of ARCL1C mutations on the 

interaction with fibrillin-1, surface plasmon resonance binding analysis was performed. An N-

terminal region of fibrillin-1 (PF3 fragment as previously described (Rock et al., 2004)) 

encompassing the LTBP4 binding site was used. Fibrillin-1 was injected at different 

concentrations over immobilised LTBP4. The kinetic analysis demonstrated that fibrillin-1 

strongly interacted with both WT and mutant LTBP4 C-terminal regions with low nanomolar 

affinity (KD). The calculated binding affinities for fibrillin-1 to both WT and the C1286S mutant 

were equivalent (15.81 and 12.23 nM, respectively), indicating that C1286S substitution did 
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not affect this interaction. Whereas the C1186R mutant had a slightly weaker binding affinity 

with a KD of 40.22 nM, indicating that C1186R substitution slightly interfered with the fibrillin-

1 interaction. Moreover, this data suggests that the 2nd TB domain in LTBP4 where cystine 

residue 1186 is located might be involved in this important interaction or that the 

conformational change induced by the mutation may have longer-range effects (Figure 3-5). 

 

 

Figure 3-5: Surface Plasmon Resonance (SPR) analysis of the fibrillin-1 PF3 construct binding to LTBP4. 

(Ai) WT, (Bi) C1286S) and (Ci) C1186R. LTBP4 was immobilised on the sensor chip (GLC) using amine-

coupling and purified fibrillin-1 (PF3) was injected as analyte at different concentrations (100 – 3.1 

nM) over the immobilised LTBP4. The binding affinity was determined by steady state with equilibrium 

response plotted against fibrillin-1 concentration for (Aii) WT, (Bii) C1286S) and (Cii) C1186R mutants. 

All experiments were performed in duplicates and representative results are shown.  
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The C-terminal region of LTBP4 Directly Interacts with Tropoelastin which is perturbed by 

ARCL1C Mutation 

A previous study showed that LTBP4 knockdown prevented elastin deposition in human 

dermal fibroblasts and LTBP4 has also been shown to interact with tropoelastin indirectly 

using solid phase and surface based binding assays (Noda et al., 2013). This led us to speculate 

that LTBP4 might interact directly with tropoelastin. To examine whether LTBP4 interacts 

directly with tropoelastin, binding studies using Biolayer interferometry (BLI) were performed 

using the N- and C- terminal region constructs of LTBP4 to define which region of LTBP4 binds 

to tropoelastin. The OctetRED96 sensorgrams for the C-terminal but not the N-terminal 

region, showed a binding response to immobilised tropoelastin (Figure supplementary 4). The 

kinetics of the interaction between the C-terminal region with tropoelastin were then studied. 

Full-length tropoelastin was immobilised and then incubated with increasing concentrations 

of the LTBP4 C-terminal region. The kinetic analysis demonstrated that the LTBP4 C-terminal 

region binds to tropoelastin with binding affinity of 56.98 nM. The effect of ARCL1C mutations 

on this interaction was also investigated. Both mutants C1286S and C1186R showed weaker 

binding affinity to tropoelastin with a KD of 151.1 and 154.1 nM, respectively. Although the 

steady state for both mutants resulted in a similar dissociation constant for binding to 

tropoelastin, the kinetic analysis demonstrated a highly biphasic association and slower 

dissociation steps for C1186R binding to tropoelastin (Figure 3-6). We further confirmed the 

direct interaction between the C-terminal region of LTBP4 and tropoelastin by performing 

binding studies in the opposite orientation immobilizing the LTBP4 C-terminal region 

constructs and using tropoelastin as the analyte (Supplementary Figure 5).  

 



Chapter 3: Results 

77 | P a g e   

 

Figure 3-6: Biolayer interferometry (BLI) analysis of LTBP4CT binding to full-length tropoelastin using 

OctetRED96. OctetRED analysis show that all LTBP4 (A) CWT, (B) C1286S and (C) C1186R at different 

concentrations (375 – 23.4 nM) directly bind to immobilised full-length tropoelastin. The binding 

affinity was determined by steady state analysis (equilibrium) plotted against LTBP4 (Aii) CWT, (Bii) 

C1286S and (Cii) C1186R concentration. All experiments were performed in duplicates and averaged 

Kd are presented. Error bars represent standard error of the mean.  
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Discussion  

LTBP4 is important for the correct formation of an intact elastic fibre network with mutations 

resulting in ARCL1C, confirming its biological significance in elastogenesis (Urban et al., 2009). 

ARCL1C missense mutations C1286S and C1186R result in the substitution of highly conserved 

cysteine residues located in the 16th cbEGF and 2nd TB domains, respectively. Our hypothesis 

was that mutant LTBP4 may result in structural changes and altered molecular interactions of 

LTBP4 to result in defective elastic fibre assembly.  

In our study, we have provided novel structural and functional information on the wildtype 

LTBP4 C-terminal region. Using SEC-MALS and SV-AUC, we show that the wildtype LTBP4 C-

terminal region is stable and is a monomer in solution. This is consistent with our previous 

study on LTBP1 where the LTBP1 C-terminal region is also a monomer in solution (Troilo et 

al., 2016). The ARCL1C-causing mutants C1286S and C1186R are also monomers, but the 

C1286S mutant shows a tendency to form higher-order aggregates, suggesting the production 

of a less stable protein. The molecular masses for all C-terminal fragments determined by 

MALS were slightly larger than expected from sequence, consistent with the presence of N-

linked glycans (Saharinen et al., 1998, Bultmann-Mellin et al., 2015). This post-translational 

modification is vital in a wide range of biological processes, including protein folding, stability 

and protein-protein interaction (Dalziel et al., 2014). SV-AUC analysis of the wildtype LTBP4 

C-terminal region suggested a moderately elongated conformation. However, the C1286S 

mutant adopted a more compact conformation compared with the wildtype LTBP4 C-terminal 

region. In contrast, the C1186R mutant had a more extended conformation. In line with SV-

AUC analysis, SAXS data showed that the C-terminal region has a non-globular structure but 

is elongated with some flexibility. This is consist with our recent study on the C-terminal 

region of LTBP1 which also adopts an elongated and flexible conformation (Troilo et al., 2016). 

The 3D ab initio models for the LTBP4 C-terminal region generated from SAXS data supported 

an elongated conformation for this region. Consistent with the SV-AUC findings, the C1286S 

mutant resulted in a more compact and shorter protein structure and the C1186R mutant 

resulted in a more elongated protein compared with the WT. The secondary structure of 

wildtype LTBP4 C-terminal region contained low α-helix content (6.3 %), high β-sheet (32.2%) 

and unordered conformation (61.4 %). These data are consistent with previous structural 

studies on the TB and cbEGF domains of the LTBP4 homolog, fibrillin-1, which are mainly 
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composed of β-sheets and small amount of α-helix (Rao et al., 1995, Downing et al., 1996). 

The C1286S mutant resulted in a slight increase in the β-sheet content (to 40.15%), while the 

C1186R mutant resulted in a conformation transition with lower β-sheet content (26.65%) 

and slightly higher random structure content (64 %). Our structural characterisation suggests 

that substitution of highly conserved cysteines within the TB or cbEGF domain, impacts on 

the conformational integrity of LTBP4.  

The observed structural differences caused by the mutations led us to hypothesise that these 

mutations might also interfere with LTBP4 molecular interactions with extracellular proteins. 

Our SPR binding studies demonstrate that the wildtype LTBP4 C-terminal region and C1286S 

mutant showed similar binding affinities to fibrillin-1, indicating that the substitution of 

Cysteine with Serine in the cbEGF16 domain of LTBP4 had little impact on fibrillin-1 binding. 

Conversely, the C1186R mutation resulted in a slight reduction in the binding to fibrillin-1, 

indicating that this substitution in the 2nd TB domain of LTBP4 interferes with fibrillin-1 binding 

which could either be due to the secondary structure transition caused by this mutation or 

that the 2nd TB domain in LTBP4 contributes to the interaction with fibrillin-1. It has been 

demonstrated that fibrillin-1 is required for LTBP4 deposition (Ono et al., 2009, Zilberberg et 

al., 2012) and so perturbing this interaction may result in less LTBP4 deposited in the matrix.  

Indeed, it has been demonstrated that disruption of this interaction, caused by mutation in 

fibrillin-1 N-terminal region (N164S), results in reduced matrix deposition of LTBP4. Therefore, 

we hypothesised that ARCL1C causing mutations might impair LTBP4 matrix deposition 

leading to defective elastic fibres. Future work using in vivo studies are required to confirm 

this hypothesis. 

Using BLI binding assays, we show that the LTBP4 C-terminal region but not the N-terminal 

region interacts with tropoelastin. A previous study was not able to detect an interaction 

between full-length LTBP4S and tropoelastin using solid phase binding assays (Noda et al., 

2013). However, recently, full length LTBP4L has been shown to adopt a compact 

conformation that turns to a more open and extended conformation after binding with 

fibulin-4 (Kumra et al., 2019). Therefore, the tropoelastin binding site in full-length LTBP4 

might be hidden, whereas the binding site for tropoelastin might be more accessible in our 

shortened LTBP4 construct. Noda et al., 2019 also showed that fibulin-5 mediates an 

interaction between LTBP4 and tropoelastin but it may also be that fibulin-5 induces a 
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conformational change in LTBP4S exposing a cryptic tropoelastin binding site. Both LTBP4 C-

terminal mutants, C1186R and C1286S, impacted on tropoelastin binding. Our BLI binding 

studies identify tropoelastin as a new interaction partner for LTBP4. Elastic fibre formation 

might require both the indirect and direct molecular interactions between LTBP4 and 

tropoelastin (Figure 3-7). This is consistent with previous studies that observed 

distinguishable elastic fibre ultrastructural anomalies in patients with fibulin-5 mutations 

(FBLN5-/-) and patients with LTBP4 mutations (LTBP4S-/-). Both patients showed globular 

elastin deposits that were poorly integrated into the microfibrils in their skin, but  the LTBP4 

mutants showed larger elastin deposits and more patchy elastic fibres than fibulin-5 mutants 

(Callewaert et al., 2013), in line with the immunolocalisation studies of fibulin-5 and LTBP4 

knockdown cells (Noda et al., 2013). Moreover, it has been demonstrated that fibulin-5-/- mice 

show some incorporated elastic fibres into microfibrils, suggesting an alternative 

elastogenesis likely involving LTBP4 and fibulin-4 (Dabovic et al., 2015). With our 

demonstrated direct interaction between LTBP4 and tropoelastin, we hypothesise that LTBP4 

may directly facilitate tropoelastin deposition onto microfibrils. Future work should be 

conducted to confirm the direct binding using in vitro binding studies and to investigate the 

significance of this interaction in elastic fibre formation using in vivo studies.  

Our data also demonstrated that the C1186R mutation has more dramatic consequences to 

both structure and interactions than the C1286S mutation. The difference in these mutations 

might be attributed to the position of the replaced cysteine residue. From the sequence of 

the 2nd TB domain of LTBP4 in Figure 3-8A, the C1186R disrupts the C4-C7 disulphide bond 

that is involved in stabilising the intramolecular folding. It is well studied that there is an 

important hydrophobic area between the C6 and C7 shown in Figure 3-8A that is responsible 

for binding of TGFβ-LAP (Saharinen and Keski-Oja, 2000). Therefore, the C7 substitution in 

TB2 might also disturb this area leading to less functional protein. While the C1186S mutation 

disrupts the C5-C6 disulphide bridge in the 16th cbEGF domain. The disulphide bridges in the 

cbEGFs of fibrillin-1, to stabilise an antiparallel β-sheet that increases binding to calcium 

(Figure 3.9B) (Iain D. Campbell, 1993, Downing et al., 1996, Schrijver et al., 1999). Additionally, 

a cysteine to serine substitution might not cause such a dramatic change as cysteine to 

arginine substitution due to the comparative size of cysteine and serine. While the arginine 

side-chain is much larger than cysteine and positively charged which could account for the 
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more dramatic effect of this substitution both in terms of structural alterations and perturbed 

interactions with binding partners.  In summary, we have provided the solution structure of 

the C-terminal region of LTBP4 and shown the impact of ARCL1C causing point mutations. 

These data demonstrate the importance of the conserved cysteine residues in maintaining 

the structure and function of the LTBP4 C-terminal region. 

 

 

 

Figure 3-7: Model of LTBP4 role in health. In TGFβ dependent functionality, LTBP4 regulates TGFβ 

bioavailability by facilitating its secretion, ECM targeting and assisting in latent TGFβ activation by 

proteases or integrins (Todorovic and Rifkin, 2012). Active TGFβ then binds to its receptor and 

promotes the expression of many extracellular matrix components. LTBP4 also regulates elastic fibre 

assembly in a TGFβ independent manner by direct interaction with fibulin-4 and fibulin-5 via its N-

terminal region to facilitate the deposition of elastin-fibulin-4/-5 complex onto fibrillin microfibrils by 

direct interaction with Fibrillin-1 via its C-terminal region involving TB3, EGF3 and cbEGF18 domains 

(Bultmann-Mellin et al., 2015, Bultmann-Mellin et al., 2016, Noda et al., 2013). Moreover, it might 

help in the deposition of tropoelastin by direct interaction maybe involving TB2 and 16th cbEGF with 

tropoelastin onto microfibrils via direct interaction with fibrillin-1 involving TB3, EGF3 and cbEGF18 

domains.  
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Figure 3-8: TB and cbEGF domains conserved Cysteine residues. (A) Aligned amino acid sequence of 

LTBPs 2nd TB domain showing the conserved eight cysteine residues (highlighted by black) and the 

hydrophobic area that is involved in the interaction with TGFβ-LAP between C6 and C7 (indicated by 

black asterisk). (B) A schematic diagram of a cbEGF domain with the conserved cysteine residues 

(shaded light grey) and disulphide bonds illustrated by (bold black lines) and the position of substituted 

cysteine, C5, indicated by an arrow. 
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Supplementary 

 

Figure 1: Purification of LTBP4 C-terminal constructs. Size exclusion chromatograms of the (A) 

wildtype LTBP4 C-terminal, (B) C1286S and (C) C1186R showing similar elution volumes of the 

monomer species for each construct. All proteins were in buffer containing 10 mM Tris and 150 mM 

NaCl at pH 7.8 and eluted at a flow rate of 0.5 ml/min.  
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Figure 2: SAXS analysis of LTBP4 C-terminal constructs. Guinier plot of the low q region for the (Ai) 

wildtype LTBP4 C-terminal, (Bi) C1286S and (C) C1186R showing linearity. Nicer plateau in the SIBYLS 

plot than in the Porod-Debye plot for the (Aii) wildtype LTBP4 C-terminal, (Bii) C1286S and (Cii) C1186R 

suggesting flexibility in their structures.  
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Figure 3: ab initio modeling of LTBP4 C-terminal constructs. The experimental 1D scattering intensity 

I plotted as a function of q for the  (Ai) wildtype LTBP4 C-terminal , (Bi) C1286S and (Ci) C1186R used 

for analysis and modelling with the DAMMIN best fit to the experimental data and discrepancy factor 

χ2 of (1.1) for the LTBP4CWT, (1.19) for the C1286S and (1.2). Bead model of one of the ten generated 

DAMMIF’s showing an elongated conformation for the (Aii) wildtype LTBP4 C-terminal, (Bii) C1286S 

and (Cii) C1186R.  
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Figure 4: LTBP4 binding to tropoelastin. (A) OctetRED96 analysis of 50 nM of the wildtype LTBP4 N-

terminal binding to immobilized tropoelastin at different concentrations (1600 – 0 nM) showing no 

binding. (B) OctetRED96 analysis of 100 nM of the wildtype LTBP4 C-terminal binding to immobilized 

tropoelastin at different concentrations (1600 – 0 nM) showing specific binding. 
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Figure 5: Biolayer interferometry (BLI) analysis of full length tropoelastin binding to LTBP4 C-

terminal constructs using OctetRED96. OctetRED analysis show that different concentrations ( 75 – 

4.60 nM) of full length tropoelastin directly bind to immobilized (Ai) CWT, (Bi) C1286S and (Ci) C1186R. 

The binding affinity was determined by steady state (equilibrium) plotted against full length 

tropoelastin concentration with the determined averaged binding affinity KD for the interaction with 

the LTBP4 (Aii) CWT, (Bii) C1286S, and (Cii) C1186R. All experiments were performed in duplicates 

and representative results are shown.
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Abstract 

Latent TGFβ binding protein 4 (LTBP4) is essential for the formation of intact elastic fibres and 

extracellular regulation of TGF bioavailability. Mutations in LTBP4 result in Autosomal 

Recessive Cutis Laxa type 1 C (ARCL1C) in humans, that severely disrupts elastic fibre assembly 

in multiple organs including the lung, leading to high mortality. The multi-organ involvement 

associated with LTBP4 mutations emphasises its biological importance in elastogenesis. 

Despite the importance of LTBP4, its structure is not yet defined and little is known about the 

molecular mechanism by which it regulates elastogenesis. The N-terminal region of LTBP4 is 

functionally important in extracellular matrix deposition and elastogenesis. Mutations in this 

region could impair its matrix deposition and hamper its involvement in elastic fibre assembly 

leading to defected elastic fibres. Here we show that the LTBP4 N-terminal region is 

monomeric in solution and adopts an extended inflexible structure. We also demonstrate that 

the ARCL1C causing point mutation, within the hybrid domain of LTBP4, induces a 

conformational change resulting in a more compact conformation. Binding studies show that 

this mutation increased binding to fibulin-4 and decreased binding to heparan sulphate. We 

also show that the N-terminal region of LTBP4 does not directly bind to fibronectin. Together, 

these data demonstrate the importance of the hybrid domain in stabilising the structure and 

maintaining the function of LTBP4.   

 

Introduction 

Latent TGFβ binding protein 4 (LTBP4) belongs to a family of four large secreted extracellular 

matrix glycoproteins (LTBP1-4) that are structurally homologous to the integral extracellular 

matrix protein fibrillin-1 (Todorovic and Rifkin, 2012). Both LTBPs and fibrillin-1, share 
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disulphide-rich epidermal growth factor-like domains (EGF) and TGFβ binding protein-like 

domains (TB) (Saharinen et al., 1999, Oklu and Hesketh, 2000, Robertson et al., 2011). LTBP4 

has 20 EGF-like domains, of which 17 are calcium-binding, three TB domains and a hybrid 

domain, named due to its sequence similarity to both TB and cbEGF domains, and proline-

rich interdomain regions (Saharinen et al., 1998, Giltay et al., 1997). LTBP4 assists in TGF-β 

folding and secretion by disulphide bonding with TGFβ latency associated propeptide (LAP) 

via the 2nd TB domain to form the large latent complex. The Latent complex is targeted into 

the extracellular matrix via the N-terminal region of LTBP4 where it is accessible for activation 

(Saharinen and Keski-Oja, 2000, Rifkin, 2005, Robertson and Rifkin, 2016, Koli et al., 2005). In 

addition to the TGFβ related function, LTBP4 has also been shown to regulate elastic fibre 

assembly in a TGFβ independent manner (Dabovic et al., 2009) by direct interaction with 

fibulin-4 and fibulin-5 via the N-terminal region (Noda et al., 2013, Bultmann-Mellin et al., 

2016, Dabovic et al., 2015) and fibrillin-1 via the C-terminal region (Isogai et al., 2003, Ono et 

al., 2009). 

In mammalian cells, two LTBP4 isoforms are expressed, a long form LTBP4L and a short form 

LTBP4S (Saharinen et al., 1998). Both isoforms have similar domain structure, but an 

additional N-terminal 4-Cys domain was found in the long form (Kantola et al., 2010). Each 

LTBP4 isoform is produced by an independent promoter and possesses distinct functions 

(Kantola et al., 2010). Both LTBP4 isoforms show overlapping expression in lung and aorta in 

mice. Whereas, the short form of LTBP4 is the major expressed isoform in heart and skin 

(Bultmann-Mellin et al., 2015). Interestingly, LTBP4S is the major expressed form in lung 

during late embryonic and postnatal periods (Bultmann-Mellin et al., 2017). Mutations in both 

LTBP4 isoforms cause Autosomal Recessive Cutis Laxa type 1C (ARCL1C) in humans. This rare 

congenital connective tissue disease is characterised by craniofacial anomalies and high 

mortality, lung and several visceral organs are severely involved due to the severe disruption 

of elastic fibres (Callewaert et al., 2013, Urban et al., 2009). LTBP4 deficient (LTBP4 -/-) mice 

replicate the phenotype of ARCL1C (Bultmann-Mellin et al., 2015).  LTBP4S -/- mice that 

express the long isoform of LTBP4, have a milder phenotype of ARCL1C, ARCL1C-like (Dabovic 

et al., 2009, Sterner-Kock et al., 2002). The homozygous point mutation p. C274G, where a 

highly conserved cysteine residue is substituted with glycine in the hybrid domain of LTBP4, 

was first reported in a 4-month old male with generalised LTBP4-related cutis laxa (CL) (Urban 

et al., 2009) and severe pulmonary emphysema caused by severely disrupted elastic fibres 
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(Ritelli et al., 2019). Hybrid domains of both fibrillins and LTBPs play a major role in stabilising 

their folding and structure (Jensen et al., 2009, Lack et al., 2003).  

To our knowledge, only a clinical characterisation and mutational analysis studies 

were reported for this mutant. Thus, the purpose of this study was to characterise the 

structural and functional properties of wildtype human LTBP4 N-terminal region and to 

investigate the structural and functional consequences caused by the ARCL1C mutation on 

LTBP4, thus improving our knowledge on the role of LTBP4 in elastic fibre assembly.  

Material & Methods 

Expression and Purification of Recombinant Proteins  

Human wildtype and mutant LTBP4 N-terminal region fragments were purchased as gene 

strings (residues 29-394) and expressed in Human Embryonic Kidney (293)-EBNA cells using a 

modified mammalian expression vector pCEP4 (Invitrogen), pCEP-Pu/AC7 that contains a C-

terminal six-histidine residue tag (6x His-tag). The recombinant human wildtype and mutant 

LTBP4 N-terminal constructs were then purified using nickel affinity column (GE Healthcare) 

followed by size-exclusion chromatography on FPLC (AKTA purifier) using a Superdex 200 

10/300GL column (GE Healthcare). The Superdex 200 10/300GL column was equilibrated with 

buffer containing 10 mM Tris and 150 mM NaCl at pH 7.8 at a flow rate of 0.5 ml/min. Protein 

identity was confirmed by mass spectrometry (MS) and Western immunoblotting, and 

concentration determined using BCA protein assay (Thermo Fisher Scientific). Full length 

fibulin-5, fibulin-4 and fibronectin were expressed and purified as previously describe 

(Choudhury et al., 2009, Cheng et al., 2018).  

Multi-angle Light Scattering (MALS) 

Purified protein samples 0.5 ml at approximately 0.4 - 1 mg/ml were loaded onto a Superdex 

200 10/300GL column (GE Healthcare) at a flow rate of 0.5 ml/min using a buffer containing 

10 mM Tris and 150 mM NaCl at pH 7.8. Protein samples were then passed from the column 

into a Wyatt DAWN Heleos II EOS 18 angle laser photometer with QELS detector (Wyatt 

Technologies) coupled to an Optilab T-rEX refractive index detector. The absolute molar mass, 

hydrodynamic radii and concentration of the resulting peaks were analyzed using ASTRA 6 

software.  
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De-glycosylation:  

Deglycosylation of the purified proteins were performed using PNGase-F under according to 

the manufacturer's protocol (New England Biolabs). The removal of sugars was verified using 

SDS-PAGE electrophoresis.  

Sedimentation Velocity Analytical Ultracentrifugation (SV-AUC) 

Sedimentation velocity AUC was performed using Beckman XL-A analytical ultracentrifuge 

with an An60Ti 4-hole rotor running at 45,000 rpm at 20°C on native monomeric protein 

samples (0.4 - 1 mg/ml) in the same buffer as used in MALS. Continuous model-based 

distribution C(s) method was used for analysis by SEDFIT software (Troilo et al., 2016). The 

obtained sedimentation coefficients were corrected to standard conditions using the 

software, SEDNTERP (Philo, 2000). 

Small-angle Light Scattering (SAXS) 

In-line SEC-SAXS data were collected at 1 - 2 mg/ml on native monodisperse sample of 

wildtype and mutated LTBP4 N-termini in the same buffer as used in MALS and AUC at the 

Diamond Light Source on beamline B21. SAXS data were collected at 1 second intervals using 

45uL purified protein sample passed through a Superdex 200 3.2/300 column. The initial SAXS 

data were spherically averaged reduced by an in-house software then were processed and 

analysed using ScAtter software (http://www.bioisis.net/tutorial/9; last accessed November 

2019). The collected scattering data from buffer was subtracted from that of the sample. 

Guinier approximation was used to determine the radius of gyration Rg of the protein. Indirect 

Fourier transform (IFT) method, GNOM, was used to determine the pair distance distribution 

P (r) in real space and particle shapes of the protein were generated in slow mode using 

DAMMIN software (Franke and Svergun, 2009). Ten ab initio models were generated 

separately and aligned and then superimposed to obtain a final filtered model using the 

DAMAVER suite. Goodness of the superimpositions of the separate DAMMIN models 

compared using DAMSEL was assessed by the normalised spatial discrepancy (NSD).  

Circular Dichroism (CD) 

Purified wildtype and mutant LTBP4 proteins at a concentration range of 0.5 - 1 mg/ml in 10 

mM Tris, 150 mM NaCl, pH7.8 buffer were analysed by circular dichroism (CD) using the Far-

UV spectral region (190-260 nm). The Far-UV spectra were recorded in millidegrees (mdeg) 
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by Jasco-J810 spectropolarimeter. Measurements were taken every 0.2 mm in a 0.5 cm path 

length cell at 25oC. Ten accumulated scans were recorded, averaged, and then corrected for 

each LTBP4 N-terminal construct. The online tool Dichroweb was used to quantitatively 

analyze the secondary structure content of each construct.  

Bio-layer interferometry (BLI) 

Binding studies were performed on an OctetRED96 system (ForteBio) using biolayer 

interferometry (BLI). Streptavidin biosensors were first hydrated with buffer containing 10 

mM HEPES, 150 NaCl, pH7.4 buffer supplemented with 0.005% (v/v) Tween-20 for 10 minutes 

then were loaded with the biotinylated ligands at constant concentration. The loaded 

biosensors were then incubated with the analyte diluted at different concentrations in the 

same buffer used for hydration. The biosensors were regenerated using 10 mM glycine at pH 

2.5. The binding kinetics were analyzed using Octet software version 7 (ForteBio). The 

goodness of binding data fitting was assessed by X2 and R2 values. Background response has 

been subtracted from all binding sensorgrams. All binding experiments were performed in 

solid-black 96 well plates at 25Co with an agitation speed of 1000 rpm and repeated at least 

2 times. Both ligand and analyte were diluted in the same buffer used for biosensors 

hydration. Biotinylated human long chain heparan sulphate was kindly provided by the 

Biomolecular analysis facility in the University of Manchester.  

Results 

Expression and Purification of Recombinant Human LTBP4 N-terminal region   

The wildtype and mutant N-terminal region of human LTBP4S were stably expressed in 

HEK293-EBNA cells (Figure 4-1A). The expressed and secreted LTBP4S N-terminal wildtype 

and mutant were then purified using nickel affinity chromatography followed by size-

exclusion chromatography (SEC). The SEC chromatograms for both wildtype and mutant 

showed a single prominent peak which eluted at similar elution volume (Figure 

supplementary 1). The non-reducing SDS-PAGE of the purified prominent species presented 

in Figure 4-1B & C showed a single band of approximately 50 KDa for both the wildtype and 

mutant, respectively, which is larger than expected from sequence (41 KDa). However, there 

are three potential N-linked glycosylation sites predicted in the N-terminal region of LTBP4S 

(Saharinen et al., 1998). The presence of N-glycans on full-length LTBP4S was previously 
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shown using PNGaseF (Bultmann-Mellin et al., 2015) so the presence of N-glycans on the 

shorter constructs was verified using PNGaseF deglycosylation assays. Following PNGase 

treatment, wildtype and mutant proteins migrated at the expected size, confirming the 

presence of N-linked sugars (Figure 4-1D). Since the ARCL1C mutation changes a conserved 

cysteine residue involved in disulphide bond formation, purified wildtype and mutant 

proteins were analysed using SDS-PAGE under reducing and non-reducing conditions to 

determine whether the presence of a free cysteine in the mutant altered disulphide bond 

formation or allowed the formation of disulphide-bonded dimers. Upon reduction the 

mobility of the LTBP4 N-terminal regions decreased, consistent with intramolecular 

disulphide bridges maintaining the domain fold even in denaturing conditions  but no higher 

ordered species were present for either the wildtype or mutant N-terminal regions under 

non-reducing conditions, indicating the absence of intermolecular interactions between 

LTBP4 monomers (Figure 4-1B & C).  
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Figure 4-1: Expression and purification of recombinant LTBP4 N-terminal region. (A) Schematic 

diagram of the domain organisation for full-length LTBP4S with N- and C-terminal binding sites 

indicated and the shorter constructs used in this study.  Arrows indicate the location of the ARCL1C 

causing mutation studied. (B & C) SDS-PAGE gel showing purified LTBP4 N-terminal constructs: 

wildtype and mutant, respectively, under reducing (R) and non-reducing (NR) conditions. (D)Non-

reduced SDS-PAGE gel showing the purified LTBP4 N-terminal constructs before and after 

deglycosylation with PNGaseF.   

The N-terminal region of Latent TGF Binding Protein 4 is Monomeric in Solution  

Our recent study on human LTBP1 demonstrated that the wildtype N-terminal terminal region 

tends to oligomerise into dimers and higher ordered species in a calcium-dependent manner 

[28]. Therefore, we used complementary methods including SEC-MALS and SV-AUC to 
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investigate the oligomeric state and the hydrodynamic properties of LTBP4. The ARCL1C 

causing mutant was also characterised to investigate possible structural consequences caused 

by this mutation. SEC-MALS data showed a single peak eluted at similar volume for both the 

wildtype and mutated LTBP4 N-termini (Figure 4-2A). An absolute molar mass of 47 KDa and 

51 KDa were estimated for the LTBP4 N-terminal wildtype and mutant, respectively. The 

estimated absolute molar mass for each construct indicates that both the wildtype and 

mutated LTBP4 N-termini are monomeric in solution. The sedimentation profile from the AUC 

(Figure 4-2B) further confirmed the monomeric state of both the wildtype and mutant LTBP4 

N-termini, with estimated molecular weight of 42 KDa for the wildtype LTBP4 N-terminal and 

45 KDa for the mutant. Moreover, the SV-AUC data for the mutant showed small amounts of 

higher sedimenting species, indicating an increased tendency to form larger species. Based 

on the sedimentation profile (Figure 4-2B), the wildtype LTBP4 N-terminal region sediments 

at 3.25 Svedberg (S) with a frictional ratio of 1.40, higher than that expected for a globular 

protein (theoretically f/f0 of 1.2) (Schuck, 2000), suggesting a moderate elongation for this 

region. While the mutant sediments slightly faster at 3.61 (S) with slightly lower frictional ratio 

of 1.33, indicating that the mutation induces a more compact conformation. Table 4-1 

summarises the hydrodynamic properties of LTBP4 N-terminal region constructs.  

 

Figure 4-2: Structural characterisation of LTBP4 N-terminal region. (A) SEC-MALS chromatograms of 

the LTBP4 N-terminal constructs, in which the differential refractive index (solid lines) and molecular 

weight (dashed lines) are plotted as a function of elution volume (mL), showing both wildtype and 

mutant constructs are monomeric in solution with mass of 47 and 51 KDa for LTBP4 N-terminal region 

wildtype and mutant, respectively and (B) Sedimentation coefficient profile of the LTBP4 N-terminal 
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region constructs showing a prominent single peak for each construct with smaller amounts of larger 

sedimenting species.  

Table 4-1: Experimental hydrodynamic results for LTBP4 N-terminal region constructs 

Hydrodynamic Properties  Wildtype Mutant 

Molecular Mass (KDa) a 47 51 

Molecular Mass (KDa) b 41 45 

Sedimentation Coefficient (Sw) b 3.15 3.54 

Sedimentation Coefficient (Sw, 20) b 3.25 3.61 

Frictional Ratio (f/f0) b 1.40 1.33 

Stokes Radius bnm 3.20 3.14 

Radius of gyration Rg
 (nm)c 3.8 3.5 

Maximum Dimension Dmax (nm)c ND 11.1 

Rg/Rh  1.18 1.11 

a Multi-Angle Light Scattering (MALS) 

b Sedimentation Velocity Analytical Ultracentrifugation (AUC) 

c Small angle X-ray Scattering  

LTBP4 N-terminal Monomer has an Elongated and inflexible Nanostructure  

To gain more information on the size and shape of the LTBP4 N-terminal region, small angle 

X-ray scattering (SAXS) was performed. SAXS data were collected directly from in-line SEC 

eluates of purified wildtype and mutant LTBP4 N-terminal region to ensure their 

monodispersity in solution. The experimental 1D scattering intensity curve of each LTBP4 N-

terminal region construct is plotted as a function of q (Figure 4-3A & B). SAXS data quality was 

assessed using Guinier plots of each LTBP4 N-terminal region construct. Guinier plots for both 

wildtype and mutated LTBP4 N-termini showed linearity, indicating no aggregation present 

(Figure supplementary 2A and B for LTBP4 N-termini wildtype and mutant, respectively). The 

Guinier approximation was also used to determine the radius of gyration Rg which was 3.8 

and 3.5 nm for the wildtype and mutant, respectively. The scattering intensity at higher angles 

was insufficient for the wildtype to perform further data analysis or ab initio modelling so the 

data for the mutant was analysed. The maximum particle dimension Dmax for the mutant was 

11.1 nm determined by indirect Fourier transformation using GNOM (Svergun, 2003). The 
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flexibility of the mutant was assessed, the Porod-Debye plot plateaued at high q range, 

indicating that this region is not flexible (Figure supplementary 2C). The normalised Kratky 

plot for the mutant (Figure 4-3C) displayed single peak with maxima slightly deviating from 

globularity point, indicating that this region is asymmetric and elongated. The obtained 

distance distribution function P(r) shown in Figure 3-3D, also suggests an extended 

conformation for the mutant. Ten 3-D ab initio models were independently generated using 

DAMMIN. A representative DAMMIN model confirmed the elongated structure with the best 

fit to the experimental SAXS data χ2 of 1.5 (Figure supplementary 2). An average ab initio 

model was generated by DAMAVER (Figure 4-3E), with normalised special discrepancy (NSD) 

of 0.655 ± 0.030 which indicates a unique solution. The structural parameters including Rg 

and Dmax obtained from the experimental data are summarised in Table 4.1. 

 

Figure 4-3: Structural characterisation of the LTBP4 N-terminal region in solution using Small Angle X-

ray Scattering (SAXS).Experimental 1D scattering intensity I plotted as a function of q for (A) wildtype 

LTBP4and (B) mutant LTBP4 N-terminal constructs used for analysis. (C) The normalised Kratky plot 
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for the mutant shows the peak slightly deviating from the globular point (cross-hair indicates the 

Guinier-Kratky point (1.732, 1.1)), indicating that the protein has a folded but extended conformation. 

(D) The indirect Fourier transform of I vs. q using GNOM, P(r) vs. r indicating the maximum dimension 

in real space. (E) The averaged DAMFILT model of the mutant LTBP4 N-terminal region shown in three 

orthogonal views.  

Secondary Structure Analysis of Wildtype and mutant LTBP4 N-terminal region  

The secondary structure of the wildtype and ARCL1C mutant LTBP4 N-terminal region was 

analysed using Far UV-CD to determine whether the mutation causes structural changes. The 

CD spectra displayed a minima at 205 nm for both wildtype and mutant (Figure 4-4). The 

estimated secondary structure content for both wildtype and mutant LTBP4 N-termini were 

similar, indicating that the ARCL1C point mutation did not cause a conformational transition. 

Both contained 16 – 17 % of -helix, 23 – 24 % of β-sheet, 19 – 20 % turns, and 40 % of 

unordered structure.  

 

Figure 4-4: Circular Dichroism and secondary structure prediction of LTBP4 N-terminal region. The Far-

UV-CD spectra in the 260-190 nm range for the wildtype and mutant LTBP4 N-terminal regions show 

a negative peak with a strong intensity at 205 nm. Table 4-2: Secondary structure content of LTBP4 N-

terminal region constructs. 

The Effect of ARCL1C Causing Point Mutation on Binding to Fibulin-4 

LTBP4 has been previously shown to interact with fibulin-4 to support elastogenesis where 

both LTBP4 long and short isoforms bind to fibulin-4 (Bultmann-Mellin et al., 2016, Bultmann-

Mellin et al., 2015, Kumra et al., 2019). However, since the elastogenic role of LTBP4 is driven 

by its N-terminal region, we hypothesised that the ARCL1C causing mutation might interfere 

with the interaction with fibulin-4. To test whether the interaction of the LTBP4 N-terminal 

region with fibulin-4 is affected by the C244G mutation, we performed kinetic analysis using 
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OctetRED96 biolayer interferometry. As shown in Figure 4-5, both wildtype and mutant 

bound to immobilised full-length fibulin-4. Interestingly, the ARCL1C causing mutation 

resulted in an increase in binding affinity to fibulin-4 with a KD of 177.3 nM compared to the 

wildtype that binds with a KD of 1294 nM. From the binding profile, faster association and 

dissociation steps were observed for the wildtype compared with the mutant (Figure 4-5Ai). 

Since fibulin-5 is also vital for the elastogenic role of LTBP4 and mutations in LTBP4 might also 

interfere with the interaction of fibulin-5, we attempted to test this hypothesis but we were 

unable to detect direct binding response between the N-terminal region of LTBP4S and 

fibulin-5 (Figure supplementary 4).  

 

Figure 4-5: The Impact of ARCL1C-causing point mutation on LTBP4 N-terminal region Interaction with 

fibulin-4. Binding studies using Biolayer interferometry (BLI) were performed using OctetRED analysis.  

Representative Octet sensorgrams showing both (A) wildtype and (B) the mutant at a range of 

concentrations (1000 – 62.5 nM) bind to immobilised fibulin-4. The binding affinity KD was determined 

by steady state (equilibrium) for (Aii) the wildtype and (Bii) Mutant. All experiments were performed 

in duplicates and representative results are shown. 
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LTBP4 N-terminal region Monomer does not Directly Bind to Fibronectin but it Does with 

Heparan Sulphate  

Fibronectin regulates and directs the assembly and deposition of other ECM proteins 

(Wierzbicka-Patynowski and Schwarzbauer, 2003, Hielscher et al., 2016). LTBP4 ECM 

association has been thought to be mediated via its N-terminal region binding to fibronectin 

(Kantola et al., 2008). An LTBP4 N-terminal region direct interaction with plasma fibronectin 

has previously demonstrated using solid phase binding assay (Kantola et al., 2008) and 

deletion of the LTBP4 N-terminal region prevented interaction with fibronectin. This 

interaction has been suggested to be important for LTBP4 deposition into early extracellular 

matrix. To our knowledge, no previous studies have examined this interaction using real-time 

binding methods. To determine whether LTBP4S N-terminal was able to bind fibronectin we 

performed binding studies using OctetRED96 biolayer interferometry (BLI). Purified wildtype 

LTBP4 N-terminal region was biotinylated and immobilised on streptavidin biosensors. The 

wildtype LTBP4 N-terminal region loaded biosensors were then incubated in a range of 

concentrations from (100 -0 nM) of purified full-length fibronectin. The obtained sensorgrams 

(Figure 4-6A), show flat association/dissociation steps, indicating no direct binding was 

detected between wildtype LTBP4 N-terminal region and full-length fibronectin. Heparan 

Sulphate (HS) has been reported to mediate binding between LTBP1 and fibronectin (Chen et 

al., 2007) and no direct binding was observed between LTBP1 and fibronectin. Therefore, we 

hypothesised that HS might also mediate the interaction between LTBP4 and fibronectin. The 

importance of heparin/heparan Sulphate (HS) interaction in mediating cell adhesion has been 

previously studied (Bax et al., 2007, Vehvilainen et al., 2003). They are also important in 

mediating protein-protein interactions (Chen et al., 2007). Using heparin affinity 

chromatography, an interaction between the LTBP4 N-terminal region and heparin has 

previously been demonstrated (Kantola et al., 2008). Heparin is an analogue of the highly 

sulphated polysaccharide, HS (Liu and Pedersen, 2007). No studies have examined whether 

there is a direct interaction between LTBP4 and HS. To determine whether they interact and 

if the ARCL1C causing mutation interferes with this interaction, we first examined binding 

using biolayer interferometry OctetRED system and investigated the impact of this mutation 

on the interaction with HS. Biotinylated HS was immobilised on streptavidin biosensors then 

incubated with different dilutions of the LTBP4 N-terminal region. The sensorgrams showed 
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that the wildtype LTBP4 N-terminal region interacted with HS with high affinity KD = 53.4 nM 

(Figure 4-6Bi). The mutant LTBP4 N-terminal region also binds to HS with similar affinity KD = 

52.6 nM (Figure 4-6Bii).  

 

Figure 4-6: Analysis of LTBP4 N-terminal region interaction with fibronectin and heparan sulphate 

Using Biolayer Interferometry (BLI). (A) OctetRED system sensorgram showing no binding response 

detected between immobilized wildtype LTBP4 N-terminal and a range of concentrations (100 – 1.56 

nM) of fibronectin. (B) OctetRED sensorgrams showing both (Bi) Wildtype and (Bii) Mutant N-termini 

at a range of concentrations (150 – 9.37 nM) bind to immobilised heparin. The binding affinity KD was 

52.6 nM for the wildtype and 53.4 nM for the mutant, determined by fitting to a 1:1 Langmuir binding 

model (red fits). All experiments were performed in duplicates and representative results are shown. 
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Discussion: 

Despite the primary role LTBP4 plays in elastogenesis, the molecular mechanism by which it 

regulates elastic fibre assembly is poorly understood. Therefore, analysing the structure of 

LTBP4 and investigating the conformational and functional consequences of ARCL1C mutation 

are necessary to understand the role of LTBP4 in elastic fibre assembly.  

Our study provides novel structural information on the LTBP4 N-terminal region. SEC-MALS 

and SV-AUC data show that the LTBP4 N-terminal region is monomeric in solution, but SV-

AUC also showed that this region tends to form higher ordered species. This is in-line with our 

previous study on LTBP1 where the LTBP1 N-terminal region is also a monomer in solution 

but readily multimerises in low calcium concentrations (Troilo et al., 2016). The mutant LTBP4 

N-terminal region is also monomeric in solution, but had an increased propensity to form 

higher-ordered species, indicating the production of a less stable protein. The determined 

molecular masses for both wildtype and mutant proteins obtained from SEC-MALS were 

slightly larger than expected from sequence, consistent with the presence of N-linked sugars. 

Full-length LTBP4S contains six potential N-linked glycosylation sites (Saharinen et al., 1998, 

Bultmann-Mellin et al., 2015), which is important for folding, conformation and function of 

proteins (Dalziel et al., 2014). SV-AUC analysis, suggested a moderate elongation in the 

conformation of the wildtype LTBP4 N-terminal region. However, the incorporation of a 

mutation in the hybrid domain induced a more compact conformation compared with the 

wildtype. This finding is consistent with a previous study on substitutions occurring in the 

hybrid domain of fibrillin-1 that resulted in the production of more compact proteins 

compared with the wildtype (Mellody et al., 2006). These findings, indicate the importance of 

the hybrid domain in both LTBP4 and fibrillin-1. Consistent with the SV-AUC analysis, SAXS 

data also showed that the N-terminal region has an elongated inflexible conformation. This is 

consistent with our recent study on the N-terminal region of the LTBP4 homologue, LTBP1, 

which also adopts an elongated and inflexible conformation (Troilo et al., 2016). Our CD data 

shows that there is no change in the secondary structure caused by the cysteine substitution 

in the hybrid domain of the LTBP4 N-terminal region.  

Our BLI binding studies showed wildtype LTBP4 N-terminal region bound to fibulin-4 with a 

KD of 1294 nM. This interaction has previously been analysed using SPR with binding affinity 

of 15.4 nM (Bultmann-Mellin et al., 2015). Another recent study demonstrated that fibulin-4 
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multimers but not monomers that bind efficiently to LTBP4 and that the central domains of 

fibulin-4 showed the strongest binding affinity to LTBP4 (Kumra et al., 2019). The different 

binding techniques, LTBP4S N-terminal region constructs, and protein solutions 

(monodisperse in our study), used in this study and the published data might explain the 

differences in the determined KD. Nonetheless, the mutated LTBP4 bound to fibulin-4 with 

higher affinity (KD = 177.3 nM) compared to the wildtype. LTBP4 interaction with fibulin-4 is 

vital for fibulin-4-elastin complex linear deposition onto microfibril scaffolds (Bultmann-

Mellin et al., 2015). We attempted to investigate LTBP4 interaction with fibulin-5, but we 

were unable to detect binding response, this also could be explained by using fibulin-5 

monomers and not multimers. Both LTBP4 long and short isoforms bind to fibulin-4, but with 

different binding affinities (Bultmann-Mellin et al., 2016, Bultmann-Mellin et al., 2015). It has 

been demonstrated that the short isoform of LTBP4 favors binding to fibulin-5 than fibulin-4 

to regulate elastic fibre assembly (Bultmann-Mellin et al., 2015, Bultmann-Mellin et al., 2016, 

Kumra et al., 2019). However, future binding studies using fibulin-4 and fibulin-5 multimers 

might be useful to explain the inconsistent binding affinities obtained from our  binding 

studies with those of the previously published data (Bultmann-Mellin et al., 2015). 

Comparative binding studies between LTBP4 wildtype and mutant interaction with fibulin-4 

and fibulin-5 multimers are also required to understand the outcome of LTBP4 mutation.  

LTBP4 has been demonstrated to interact with fibronectin via the N-terminal region (Kantola 

et al., 2008). We used BLI binding studies to investigate whether LTBP4 directly interacts with 

fibronectin but could not detect an interaction. This is inconsistent with a previous study that 

used solid phase binding methods to show binding between LTBP4 and plasma fibronectin, 

whereas we used purified cellular fibronectin which could account for the difference (Kantola 

et al., 2008). Another possible reason for this inconsistency is that, the previous study (Kantola 

et al., 2008) used LTBP4 N-terminal construct that has an intact hinge region, while our LTBP4 

construct lacked this region. It has been this region mediated LTBP1 interaction with 

fibronectin (Fontana et al., 2005). Immunolocalisation studies have demonstrated that LTBP4 

colocalises initially with fibronectin but then it deposits into the matrix in a fibronectin 

independent manner and localises with fibrillin-1 (Kantola et al., 2008), indicating that 

fibronectin might be required for the initial matrix deposition of LTBP4 but not in matured 

tissue. Our finding is consistent with a previous study that demonstrated that LTBP1 interacts 
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indirectly with fibronectin and through a direct interaction with HS (Chen et al., 2007). Using 

heparin affinity chromatography, the LTBP4 N-terminal region has been demonstrated to 

directly interact with heparin, this also suggested that LTBP4 might interact with heparan 

sulphate (Kantola et al., 2008). Our real time binding studies confirmed a direct interaction 

between LTBP4 and heparan Sulphate. Moreover, the mutated LTBP4 N-terminal region had 

no impact on the binding affinity to HS. It has been suggested that the direct interaction of 

LTBP4 with heparin/heparan sulphate is important for its matrix deposition (Kantola et al., 

2008). Future work using binding studies are required to investigate whether the hinge region 

and HS are required for LTBP4 and fibronectin interaction. Moreover, in vitro and in vivo 

studies are required to investigate the importance of HS in LTBP4 ECM deposition.  

In summary, the data presented here show for the first time the solution structure of 

the wildtype LTBP4S N-terminal region and show the structural and functional consequences 

of the ARCL1C point mutation. Our data indicate that this region is monomeric and adopts an 

elongated structure. Our binding data show that LTBP4 strongly and directly interacts with 

HS.  
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Supplementary 

 

 

Figure 1: Purification of LTBP4 N-terminal region constructs. Size exclusion chromatograms 

of the (A) wildtype LTBP4 N-terminal region, (B) Mutant LTBP4 N-terminal region displaying 

similar elution volumes of the monomer species for each construct. Purified proteins were 

in buffer containing 10 mM Tris and 150 mM NaCl at pH 7.8 and eluted at a flow rate of 0.5 

ml/min.  
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Figure 2: SAXS analysis of wildtype and mutated LTBP4 N-terminal region constructs. 

Guinier plot of the low q region for the (A) wildtype LTBP4 N-terminal region and (B) Mutant 

LTBP4 N-terminal region showing linearity. (C) Porod-Debye plot for the mutated LTBP4 N-

terminal region showing plateau at high q value, indicating inflexible structure for this region.  
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Figure 3: ab initio modeling of mutated LTBP4 N-terminal region construct. (A) The 

experimental 1D scattering intensity I plotted as a function of q for the mutated LTBP4 N-

terminal region.  (B) ab initio bead model of one of the ten generated DAMMIN modles with 

best fit to the experimental data and discrepancy factor χ2 of (1.5) for the mutated LTBP4 N-

terminal region showing extended conformation for this region. 

 

 

Figure 4: LTBP4 interaction with Fibulin-5. OctetRED96 biolayer interferometry sensorgram 

showing no binding response between immobilised fibulin-5 and a range of concentrations 

(500 – 15.6 nM) of wildtype LTBP4 N-terminal region.   
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Abstract 

Latent TGFβ binding proteins are essential for regulating TGFβ biology. Among all LTBPs, 

LTBP1 and LTBP4 show the highest similarity. LTBP1 is required for TGFβ activation and cross-

linking via the matrix transglutaminase-2 (TG2). LTBP4 possesses a TGFβ-independent role in 

elastogenesis. However, no previous study has tested whether LTBPs interact with each other. 

Here we show that LTBP4 does not cross-link via TG2. LTBP4 also does not cross-link to 

fibrillin-1 via TG2. We identify LTBP1 as new interaction partner for LTBP4. LTBP4 directly 

interacts with LTBP1 via its N-terminal region. We also show that mutated LTBP4 N-terminal 

region slightly interfere with the LTBP1 interaction.  We demonstrate that the N-terminal but 

not the C-terminal region of LTBP4 directly interacts with LTBP1 C-terminal region. This data 

might suggest a new matrix role for LTBP4 and LTBP1. Moreover, we show that LTBP4 weakly 

interacts with the small latent complex (SLC) and that the formation of the large latent 

complex (LLC) does not effect the interaction of LTBP1 with fibrillin-1.  

Introduction  

The latent TGFβ binding proteins (LTBP1-4) are large extracellular glycoproteins that belong 

to the fibrillin/LTBP family (Kanzaki et al., 1990, Moren et al., 1994, Yin et al., 1995, Saharinen 

et al., 1998), that share typical tandem repeats of the disulphide-rich epidermal growth 

factor-like domains (EGF) and TGFβ binding protein-like domains (TB) (Saharinen et al., 1999, 

Oklu and Hesketh, 2000, Robertson et al., 2011). LTBPs possess an important extracellular 

matrix function. TGFβ binding LTBPs (LTBP1, 3 and 4) have a role in regulating the biology of 

the pluripotent growth factor, TGFβ. They are required for folding and secretion of the small 

latent complex and for targeting it to the extracellular matrix for activation (Rifkin, 2005). The 
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TGFβ is secreted as an inactive small latent complex (SLC), which includes the C-terminal 

region of TGFβ homodimer non-covalently bound to the N-terminal region latency associated 

propeptide dimer (LAP) (Gentry et al., 1988, Gray and Mason, 1990). The SLC prevents TGFβ 

from binding to its receptor and TGFβ remains inactive due to the strong binding affinity 

between it and its propeptide LAP (Annes et al., 2003). LTBP1 was the first LTBP identified as 

a part of the large latent complex (Miyazono et al., 1988). All TGFβ binding LTBPs, except 

LTBP2, are implicated in mediating TGFβ dissociation from its LAP by different several 

mechanisms involving proteases and integrins (Saharinen and Keski-Oja, 2000, Annes et al., 

2004, Robertson and Rifkin, 2016). The covalent association between LTBPs and the SLC 

involves cysteine residues within the second TB domain of LTBPs and cysteine 33 residues in 

the LAP dimer (Lack et al., 2003), that is stabilised by specific surrounding amino acids 

(Saharinen and Keski-Oja, 2000, Chen et al., 2005, Walton et al., 2010). LTBP2 cannot bind 

TGFβ-LAP due to the absence of a specific TGFβ binding motif (Saharinen and Keski-Oja, 2000), 

but it has crucial role in matrix. LTBP2 play an essential role in the formation of microfibrils in 

the ciliary zonules and in cell adhesion (Vehvilainen et al., 2003), that are a TGFβ-independent 

functions. TGFβ binding LTBPs also have a TGFβ-independent role in cell adhesion (Kantola et 

al., 2008), cell surface receptor stabilisation (Su et al., 2015), and elastogenesis (Dabovic et 

al., 2015). LTBPs play an essential structural role in microfibril and elastic fibre assembly via 

their interaction with several other extracellular matrix proteins such as fibrillin, fibronectin, 

and fibulins (Thomson et al., 2019). Previous studies demonstrated that the LTBPs are initially 

incorporated into the ECM by interaction with fibronectin through their N-termini (Chen et 

al., 2007, Fontana et al., 2005, Hyytiainen and Keski-Oja, 2003). While LTBPs interaction with 

fibrillin-1 has been demonstrated to be important for their ECM deposition and LLC 

sequestration (Isogai et al., 2003, Zilberberg et al., 2012). All LTBPs except LTBP3, directly 

interact with the N-terminal region of fibrillin-1 via their C-termini (Isogai et al., 2003, Ono et 

al., 2009, Massam-Wu et al., 2010). However, LTBPs might also cooperate with or compensate 

for each other (Koli et al., 2008, Fujikawa et al., 2017). Among the LTBP family, LTBP1 and 

LTBP4 exist in two major isoforms in mammalian cells, long and short forms that are produced 

by alternative splicing (Koski et al., 1999, Kantola et al., 2010). LTBP1 is capable of binding to 

all TGFβ isoforms (TGFβ1-3) with high affinity, whereas LTBP4 can bind TGFβ1 only and with 

weak binding affinity (Saharinen and Keski-Oja, 2000). LTBP1 is primarily involved in the 

regulation of TGFβ activation by integrins (Fontana et al., 2005, Annes et al., 2003), whereas 
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LTBP4 is primarily involved in elastogenesis (Noda et al., 2013). A previous in vitro study 

demonstrated that neutralising LTBP1 blocked the activation of latent TGFβ in both 

endothelial and smooth muscle cell cultures and inhibited embryonic stem cell differentiation 

(Gualandris et al., 2000). LTBP1L-/- mice showed severely disrupted great vessels and cardia 

valve that are accompanied with decreased TGFβ activity (Todorovic et al., 2007, Todorovic 

et al., 2005). Similar phenotype was observed in LTBP1 null mice (Horiguchi et al., 2015). 

Interestingly, no human pathology has been linked to LTBP1 mutations. LTBP4 deficient mice 

and humans displayed the same pathology of defective elastogenesis in multiple organs 

including the lung (Sterner-Kock et al., 2002, Urban et al., 2009). However, LTBP4 shows the 

highest similarity percentage (52%) in its sequence with LTBP1 (Saharinen et al., 1998). Both 

LTBP1 and LTBP4 C-termini bind equally to the N-terminal region of fibrillin-1, suggesting that 

LTBP4 might compensate LTBP1 in some tissues where LTBP1 is not expressed (Isogai et al., 

2003). We previously showed that the LTBP1 has the capacity to assemble into elongated 

filamentous structure in an N- to N- or N- to C-terminal region manner (Troilo et al., 2016). 

LTBP1 also can be cross-linked to fibrillin-1 by TG2 (Steer, 2014). These together led us to 

hypothesise that LTBP4 might interact/cross-link in the same manner and/or interact with 

LTBP1. A previous study has using immunoprecipitation assays, investigated the possibility of 

a non-covalent interaction between the SLC and LTBPs, demonstrated that LTBP1 interacts 

non-covalently with SLC (Saharinen and Keski-Oja, 2000). However, to our knowledge there 

is no study demonstrating a non-covalent interaction for LTBP4 to SLC. Here we show that 

LTBP4 both N- and C- termini do not interact nor cross link with each other and cannot be 

cross-linked to fibrillin-1. LTBP4 directly interacts with full length LTBP1. We also show that 

ARCL1C point mutation has impact on this interaction. Moreover, we show that the N-

terminal region but not the C-terminal region of LTBP4 directly interacts with LTBP1 C-

terminal region. Finally, we show that LTBP4 non-covalently interacts with SLC, but this 

interaction was very weak.  

Materials and methods  

Expression and purification  

Human wildtype and mutant LTBP4 N-terminal region fragments (residues 29-394) and 

wildtype LTBP4 C-terminal region fragment (residues 1114-1557) were expressed in Human 

Embryonic Kidney (293)-EBNA cells using a modified mammalian expression vector pCEP4 
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(Invitrogen), pCEP-Pu/AC7 that contains a C-terminal region six-histidine residue tag (6x His-

tag). The recombinant human wildtype and mutant LTBP4 N- and C-terminal region constructs 

were the purified using nickel affinity column (GE Healthcare) followed by size-exclusion 

chromatography on an AKTA purifier FPLC using a Superdex 200 10/300GL column (GE 

Healthcare). 10 mM HEPES and 150 mM NaCl at pH 7.8 buffer was used to equilibrate the 

column at a flow rate of 0.5 mL/min. Full length and C-terminal regionLTBP1 were expressed 

and purified as previously described (Troilo et al., 2016).The LTBP1CT-TGFβ-LAP and SLC were 

provided by (Rana Dajani, University of Manchester). The proteins were analysed by SDS-

PAGE and Western blotting using anti-His antibodies. BCA protein assay (Thermo Fisher 

Scientific) was used to determine proteins concentration. 

Biolayer Interferometry (BLI) 

BLI binding studies were performed using an OctetRED96 system (ForteBio) with Streptavidin 

(SA) biosensors. The SA biosensors were first hydrated with buffer containing 10 mM HEPES, 

150 NaCl, pH7.4 buffer supplemented with 0.005% (v/v) Tween-20 for 10 minutes then were 

loaded with the biotinylated ligands at constant concentration. The loaded biosensors were 

then incubated with the analyte diluted at a range of concentrations in the same buffer used 

for hydration. 10 mM glycine at pH 2.5 buffer was used to regenerate the biosensors. The 

binding kinetics was analysed using Octet software version 7 (ForteBio). Steady state analysis 

was used. Baseline subtraction was performed with reference biosensors, that are dipped 

into buffer without analyte. The goodness of binding data fitting was assessed by X2 and R2 

values. All binding experiments were performed in solid-black 96 well plates at 25oC with an 

agitation speed of 1000 rpm and repeated at least twice.  

 

Cross-linking  

Cross-linking assay was performed using guinea pig liver-derived commercial 

transglutaminase-2 (TG2) (Sigma-Aldrich). TG2 was incubated with LTBP4 and LTBP1 and or 

fibrillin-1 (PF3 (Rock et al., 2004)) fragments in a ratio of 0.1:1 for 2 hours at 30 °C in 10 mM 

HEPES, 150 mM NaCl pH 7.4 buffer containing 1 mM CaCl2. Equal molar ratios of cross-linking 

LTBP4 and LTBP1 were used. Cross-linked proteins were then analysed by SDS-PAGE and 

immunoblotting using anti-His antibodies.  

Results  
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LTBP4 Cannot be Cross-linked by TG2 nor Directly Interact 

We have previously demonstrated that the LTBP4 close homolog, LTBP1, has the capacity to 

self-oligomerise under calcium dependency and its oligomerisation is stabilised by 

transglutaminase-2 (TG2) (Troilo et al., 2016).Here we investigate whether LTBP4 possesses 

the same capacity, using the cross-linker TG2 in the same conditions as previously described 

(Troilo et al., 2016); however, neither  LTBP4 N- or C-termini formed larger species (Figure 

5.1C). We also performed BLI to test whether LTBP4 N- and C-termini can interact with 

immobilised wildtype LTBP4 N-terminal region independent of TG2. However, no direct 

interaction was observed for either LTBP4 termini to the wildtype LTBP4 N-terminal region 

(Supplementary Figure 1 A & B).  
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Figure 5-1: LTBP4 and LTBP1 constructs. Schematic representation of the domain organisation of the 

full length LTBP4S and the 6xHis tagged LTBP1 and LTBP4 constructs used in this study. (B) Non-

reducing SDS-PAGE showing LTBP1 C-terminal cross-linking with fibrillin-1 (PF3) via TG2 as a positive 

control. (C) Western blot showing no cross-linking of wildtype LTBP4 via TG2 was observed. Wildtype 

LTBP4 N- and C-termini do not cross-link to themselves nor to each other to form larger species in 

presence of TG2.  
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LTBP4 Monomer cannot be Cross-linked to Fibrillin-1 (PF3 fragment) by Transglutaminase-

2 (TG2) 

LTBP4, associates with the ECM by cross-linking with an unknown matrix protein. It colocalises 

with the integral microfibril component, fibrillin-1 (Isogai et al., 2003). LTBP4 C-terminal 

region has been demonstrated to directly interact with the fibrillin-1 N-terminal region (Isogai 

et al., 2003, Ono et al., 2009). The importance of this direct interaction has been 

demonstrated to be essential for LTBP4 matrix deposition (Isogai et al., 2003, Zilberberg et 

al., 2012). Therefore, we tested whether the LTBP4 C-terminal region cross-links with the N-

terminal region of fibrillin-1 by TG2 using a shortened fragment of fibrillin-1 (PF3) described 

previously in (Rock et al., 2004). As it has been previously shown that the LTBP1 C-terminal 

region can cross-link with fibrillin-1 PF3 fragment (Steer, 2014). However, no higher molecular 

weight complexes were present, indicating that the LTBP4 C-terminal region did not cross-

link with the fibrillin-1 N-terminal region (Figure 5-2). It was noted that fibrillin-1 PF3 fragment 

can form higher ordered spices without the presence of TG2 (Figure 5-2). 

 

Figure 5-2: Investigating LTBP4 cross-linking by transglutaminase-2 (TG2). Non-reduced SDS-PAGE 

showing no cross-linking between the wildtype LTBP4 C-terminal region and fibrillin-1 (PF3 fragment).  

LTBP4 N-terminal region directly interacts with full-length LTBP1 

Previous binding studies were performed to investigate whether LTBPs interact with fibrillin-

1 due to the high similarity in their structure and colocalisation in many tissues (Isogai et al., 

2003, Ono et al., 2009). Among all LTBPs, LTBP1 and LTBP4 show the highest sequence 

similarity (52 %)(Saharinen et al., 1998). Both LTBP1 and LTBP4 are highly expressed in heart 

and lung (Robertson et al., 2015). However, no previous study has tested whether LTBPs 

interact with each other. Here we performed BLI to investigate whether LTBP4 interacts with 
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LTBP1. Our BLI sensorgrams showed that both the wildtype and mutant LTBP4 N-terminal 

region directly interacted with immobilized full-length LTBP1 (Figure 5-3). The calculated 

averaged binding affinity for the wildtype LTBP4 N-terminal region was 189.6 nM. While the 

ARCL1C point mutation reduced the binding affinity to 319.4 nM, indicating that the cysteine 

substitution in the hybrid domain of LTBP4 did slightly affect this interaction. The mutant also 

showed bi-phasic association/dissociation steps compared to the wildtype (Figure 5-3Bi). 

 

Figure 5-3: Analysis of the LTBP4 N-terminal region interaction with full-length LTBP1 using Biolayer 

Interferometry (BLI). OctetRED system sensorgram showing binding response detected between 

immobilized wildtype full-length LTBP1 and a range of concentrations (400 – 6.25 nM) of (Ai) wildtype 

LTBP4 N-terminal region and (Bi) mutant LTBP4 N-terminal region. The binding affinity KD was 

determined by steady state fitting (Aii and Bii). All experiments were performed in duplicates and 

averaged Kd are presented. Error bars represent standard error of the mean. 

LTBP4 N-terminal region-specific interaction with LTBP1 C-terminal region 

Further binding studies using BLI were conducted to determine the LTBP1 LTBP4 binding site. 

A shortened construct of LTBP1 including the C-terminal region domains TB2, cbEGF13, 

cbEGF14, TB3, EGF2, and cbEGF15 (Troilo et al., 2016) and the LTBP4 N- and C-terminal 

regions were used (Figure 5-1A). The LTBP1 C-terminal region was immobilised on 

streptavidin biosensors at a range of concentrations (200 – 0 nM) and constant concentration 
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at 50 nM of LTBP4 N- and C-termini were used as analytes. There was no binding detected 

between the C-termini of LTBP1 and LTBP4 (Supplementary Figure 2A). In contrast, the N-

terminal region of LTBP4 interacted with the immobilised LTBP1 C-terminal region, indicating 

that there is a direct and specific interaction between these two regions (Supplementary 

Figure 2B). Kinetic analysis of this interaction was performed (Figure 5-4). The calculated 

averaged binding affinity for wildtype LTBP4 N-terminal region was 511 nM (Figure 5Aii), 

weaker than the binding affinity to the full-length LTBP1, indicating that there might be 

another binding site for LTBP4 in the full length LTBP1 (Figure 5-4Aii). We also tested whether 

the mutation in the LTBP4 N-terminal region effected on this specific interaction. However, a 

similar binding affinity was calculated 493.6 nM (Figure 5-4Bii), indicating that the ARCL1C 

substitution did not impact on the interaction with the LTBP1 C-terminal region. 

 

Figure 5-4: Analysis of the LTBP4 N-terminal region interaction with the LTBP1 C-terminal region using 

Biolayer Interferometry (BLI). OctetRED system sensorgram showing binding response detected 

between immobilised wildtype LTBP1 C-terminal region and different concentrations (800 – 25 nM) 

of (Ai) wildtype LTBP4 N-terminal region and (Bi) mutant LTBP4 N-terminal region. The binding affinity 

KD was determined by steady state fitting (Aii and Bii). All experiments were performed in duplicates 

and averaged Kd are presented. Error bars represent standard error of the mean. 
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LTBP4 non-covalent Interaction with TGFβ1-LAP Complex 

LTBP4 as other TGFβ binding LTBPs (LTBP1 and LTBP3), directly binds the TGFβ-LAP by 

disulphide bonding mediated by the 2nd TB domain of LTBP4 and cysteine 33 in TGFβ-LAP. A 

previous in vitro study demonstrated that LTBP4, in contrast to other TGFβ binding LTBPs that 

strongly bind to all TGFβ isoforms (TGFβ1-3), showed inefficient binding to the TGFβ1 isoform 

only (Saharinen and Keski-Oja, 2000). LTBP1 has been shown to non-covalently interact with 

SLC (Saharinen and Keski-Oja, 2000). To our knowledge no other in vitro binding studies have 

tested whether LTBP4 directly interacts with TGFβ1-LAP complex. Therefore, we used BLI to 

investigate the kinetics of LTBP4 and the SLC interaction. The sensorgrams showed a binding 

response between the immobilised LTBP4 C-terminal region and a range of concentrations of 

the TGFβ1-LAP complex (Figure 5-5). The calculated binding affinity between the LTBP4 C-

terminal region and TGFβ1-LAP was 2540 nM, indicating a weak interaction between LTBP4 

and TGFβ1-LAP complex.  

 

 

Figure 5-5: Analysis of the LTBP4 C-terminal region interaction with TGFβ-LAP complex using Biolayer 

Interferometry (BLI).OctetRED system sensorgram showing the binding response detected between 

immobilised LTBP4 C-terminal region and a range of concentrations (500 – 31.2 nM) of TGFβ1-LAP 

complex. The binding affinity KD was determined by fitting to a 1:1 Langmuir binding model (red 

curves). Experiments were performed in duplicates and representative results are shown. 
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LTBP1CT-TGFβ-LAP complex interaction with fibrillin-1 

LTBPs bind to the fibrillin-1 N-terminal region via their C-terminal region (Isogai et al., 2003, 

Ono et al., 2009). LTBPs also covalently bind TGFβ-LAP complex via their C-termini involving 

the 2nd TB domain. Here we tested whether the formation of the large latent complex 

changed the binding affinity between LTBP and the fibrillin-1 N-terminal region. Binding 

studies using OctetRED96 BLI were performed. Since LTBP4 inefficiently binds TGFβ1-LAP 

complex, we decided to use LTBP1 that strongly and efficiently formed a latent complex with 

the TGFβ-LAP complex (Saharinen and Keski-Oja, 2000). Although, there is difference in the 

binding epitopes required for fibrillin-1 interaction between LTBP1 and LTBP4 (Ono et al., 

2009), we were wondering whether the formation of the LLC affect on fibrillin-1 interaction.   

Our sensorgrams showed tight binding (KD = 4.7 nM) between immobilised LTBP1CT-TGFβ-

LAP complex and concentrations of fibrillin-1 N-terminal region (PF3 fragment) (Figure 5-6). 

We also performed SPR to determine the binding affinity of LTBP1 C-terminal region without 

the TGFβ-LAP complex interaction with fibrillin-1 (PF3 fragment) (Supplementary Figure 3).  

The calculated binding affinity was 17.6 nM, indicating that TGFβ-LAP complex disulphide 

bonding with LTBP1 does not affect the fibrillin-1 interaction.  

 

Figure 5-6: Analysis of LTBP1CT-TGF-LAP complex interaction with fibrillin-1 N-terminal region using 

Biolayer Interferometry (BLI).OctetRED system sensorgram showing binding response detected 

between immobilised LTBP1CT-TGFβ-LAP complex and a range of concentrations (100- 6.25 nM) of 

fibrillin-1 N-terminal region (PF3 fragment). The binding affinity KD was determined by fitting to a 1:1 

Langmuir binding model (red curves). Experiments were performed in duplicates and representative 

results are shown. 
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Discussion 

LTBPs are key players in several different matrix functions, including regulation of TGFβ 

bioavailability (Saharinen and Keski-Oja, 2000), microfibril organisation (Fujikawa et al., 2017), 

elastogenesis and cell adhesion (Kantola et al., 2008, Dabovic et al., 2015). All LTBPs share 

similar domain structure, but LTBP1 and LTBP4 are highly structurally related among other 

LTBPs (Saharinen et al., 1998). LTBP1 possesses an important TGF-dependent role, it is 

primarily involved in TGFβ storage and activation by integrins (Fontana et al., 2005), while 

LTBP4 is a promoter for elastogenesis (Noda et al., 2013). An early study has demonstrated 

that LTBP1 is a substrate for matrix transglutaminase-2 and it cross-links via its N-terminal 

region as it contains the transglutaminase reactive site (Nunes et al., 1997), that is essential 

for TGFβ activation (Kojima et al., 1993). LTBP1 has also been demonstrated to covalently 

bind fibronectin (Zilberberg et al., 2012). We previously showed that LTBP1 is cross-linked by 

TG2 in an N- to N- and N- to C-terminal region manner. LTBP1 was also able to self-assemble 

into higher ordered species independent of TG2 (Troilo et al., 2016). In the present study we 

show that LTBP4 is incapable of interacting nor cross-linking in an N- to N- or N- to C-terminal 

region manner via TG2, indicating that LTBP4 might not be a substrate for TG2 or might 

require other proteins to mediate its cross-linking and self-assembly. LTBP4 has been 

demonstrated to cross-link to the ECM, but it is still not known to which ECM protein is LTBP4 

cross-linked. It was also suggested that LTBP4 might covalently binds fibrillin-1 (Zilberberg et 

al., 2012). LTBP4 colocalises with fibrillin-1 and interacts with the fibrillin-1 N-terminus via its 

C-terminal region (Isogai et al., 2003, Ono et al., 2009). LTBP4 also requires fibrillin-1 for its 

matrix deposition (Zilberberg et al., 2012). And the C-termini of both LTBP1 and LTBP4 bind 

with the same affinity to the N-terminus of fibrillin-1 (Isogai et al., 2003). It has been shown 

that the LTBP1 C-terminal region can cross-link to the fibrillin-1 N-terminal region via TG2 

(Steer, 2014). Therefore, we hypothesised that LTBP4 can also be cross-linked to fibrillin-1 via 

TG2. Here we show that the LTBP4 C-terminal region cannot cross-link with fibrillin-1 N-

terminal region, confirming that LTBP4 C-terminal region might not be a substrate for TG2 

and or that it doesn’t cross-link with fibrillin-1 but with another matrix protein, for example 

LTBP4 deposition requires fibronectin (Kantola et al., 2008). Future cross-linking assays are 

required to investigate whether LTBP4 can be cross-linked to fibronectin. 

Our BLI binding result show that LTBP4 directly interacts with its full-length homolog, LTBP1 

via its N-terminal. This suggests that LTBP1 and LTBP4 might cooperate in a unique matrix 
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function. Indeed, previous studies have reported a cooperative and compensatory role for 

other LTBPs. It has been demonstrated that both LTBP1 and LTBP3 cooperate in human 

mesenchymal stem cell differentiation to osteoblasts, where LTBP3 regulates TGFβ activation 

during early phases whereas LTBP1 regulates TGFβ activity in matured cells (Koli et al., 2008). 

A more recent study has showed that LTBP4 can compensate for LTBP2 in regulating the 

formation of microfibrils in the ciliary zonules in LTBP2 null mice (Fujikawa et al., 2017).  

Our binding data show that the N-terminal region but not the C-terminal region of LTBP4 

interacts with the C-terminal region of LTBP1, indicating the specificity of this interaction. The 

binding affinity between the N-terminal of LTBP4 and full-length LTBP1 was stronger than 

binding to the C-terminal region of LTBP1, indicating that there might be another binding site 

in LTBP1. The ARCL1C mutation in the LTBP4 N-terminal region, where a highly conserved 

cysteine residue within the hybrid domain is substituted, resulted in decreased binding 

affinity to full-length LTBP1, suggesting the involvement of this domain in the interaction with 

LTBP1. However, since the mutated LTBP4 N-terminal region did not reduce binding with the 

C-terminal region of LTBP1, the hybrid domain probably is not essential for binding to LTBP1 

C-terminal region. The importance of this interaction is not yet known as there are no studies 

investigating whether the other LTBPs interact with each other. Therefore, future studies are 

required to investigate the significance of LTBP4 and LTBP1 interaction and whether this 

interaction is involved in elastic fibre assembly or TGF-β activation using in vitro cell-based 

studies.  

Previous study showed that LTBP1 can interact non-covalently with TGFβ-LAP (Saharinen and 

Keski-Oja, 2000). We show that the LTBP4 C-terminal region can also interact TGFβ-LAP 

complex but with very weak binding affinity. This might be due to the requirement of the 

intracellular disulphide bond between LTBP4 and TGFβ1-LAP for this interaction. Since we 

know from an earlier study that LTBP4 inefficiently binds TGFβ1-LAP (Saharinen and Keski-

Oja, 2000), we attempted to investigate whether LTBP1 covalent binding with the TGFβ-LAP 

complex effected the fibrillin-1 interaction. Our binding data showed that the formation of a 

covalent complex with TGFβ-LAP does not impact on the LTBP1-fibrillin-1 interaction.  

In summary, we provide novel functional information for LTBP4.  We also identify 

LTBP1 as a new matrix partner for LTBP4. This interaction might contribute to further 

understanding of the role of LTBPs in the matrix.  
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Supplementary 

 

Figure 1: OctetRED96 system sensorgrams showing no binding response detected between 

concentrations (100 – 0 nM) immobilised wildtype LTBP4 N-terminal region and constant 

concentration at 50 Nm of (A) wildtype LTBP4 N-terminal region and (B) wildtype LTBP4 C-terminal.  
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Figure 2: (A) OctetRED96 system sensorgrams showing no binding response detected between (200 – 

0 nM) immobilized wildtype LTBP1 C-terminal region and a constant concentration at 50 nM of 

wildtype LTBP4 C-terminal. (B) OctetRED96 system sensorgrams showing direct binding detected (200 

– 0 nM) immobilised wildtype LTBP1 C-terminal region and a constant concentration at 50 nM of 

wildtype LTBP4 N-terminal. 
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Figure 3: Surface plasmon resonance (SPR) analysis of the fibrillin-1 PF3 construct binding to LTBP1 C-

terminal region. LTBP1 was immobilised on the sensor chip (GLC) using amine-coupling and purified 

fibrillin-1 (PF3) was injected as analyte at different concentrations (0 – 20 nM) over the immobilised 

LTBP1 (left panel). The binding affinity (KD = 17. 6 nM) was determined by steady state with equilibrium 

response plotted against fibrillin-1 concentration (right panel).  
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6. General Discussion  

6.1. Summary 

LTBP4 is an important promoter for elastogenesis and its genetic mutations are linked to the 

severe human disease, ARCL1C, among other LTBPs deficiency syndromes. ARCL1C is 

characterised by high mortality due to severely disrupted elastogenesis that affect many 

several organs, including the lung (Urban et al., 2009). LTBP4 possesses two independent 

matrix functions, a structural and TGFβ-independent role in elastic fibre assembly and a 

functional and TGFβ-dependent role in TGFβ ECM bioavailability (Noda et al., 2013, Saharinen 

and Keski-Oja, 2000). The elastic fibre assembly is a multistep process that requires several 

microfibril-associating molecules (Thomson et al., 2019), including LTBP4, the focus of this 

thesis. The mechanism by which LTBP4 is regulating elastogenesis is poorly understood and 

how LTBP4 mutations disrupt elastic fibre assembly in ARCL1C is not clear.  

The work presented in this thesis contributes to better understanding of the role of LTBP4 in 

elastogenesis and the impact of ARCL1C point mutations on LTBP4 structure and function.  

First, we demonstrated novel structural information for the LTBP4 C-terminal region and 

confirmed the predicted impact of the missense mutation, C1186R, found in the 2nd TB 

domain of LTBP4 (Callewaert et al., 2013). Consistent with previous studies that 

demonstrated that substitutions of the conserved cysteines in TB and hybrid domains of the 

LTBPs/fibrillin family interfere with their conformation and function (Lack et al., 2003, Jensen 

et al., 2009), our data showed that ARCL1C causing point mutation, C1186R in the C-terminal 

region had a slight impact on LTBP4 structure and interaction with fibrillin-1. We also 

identified tropoelastin as a novel matrix protein partner for LTBP4. Following on from this 

work, we also investigated the structure of the N-terminal region of LTBP4 and whether an 

ARCL1C point mutation within the hybrid domain effects LTBP4 structure and function. Our 

data provided preliminary structural information for the N-terminal region of LTBP4 and 

suggested that the ARCL1C point mutation within the hybrid domain did not have a gross 

impact on the structure nor on LTBP4 interaction with heparan sulphate. Interestingly, this 

mutation increased binding to fibulin-4. Finally, we showed that LTBP4 cannot be cross-linked 

to itself nor to fibrillin-1 by TG2. We also identified LTBP1 as a novel N-terminal matrix partner 



Chapter 6: General Discussion 

142 | P a g e   

for LTBP4. These data contribution to a better understanding of the role of LTBP4 in regulating 

elastic fibre assembly and have been presented in Figure 6-1.  

 

Figure 6-1: LTBP4 matrix functions. In health, LTBP4 is secreted as a part of the LLC and may be 

integrated into the ECM via its N-terminal region through interaction with heparan sulphate 

proteoglycans (HSPGs) and through interaction with fibrillin-1 via its C-terminal region, thus targeting 

the TGFβ latent complex for ECM sequestration (Kantola et al., 2008, Zilberberg et al., 2012). TGFβ 

then can be activated by several activation mechanisms such as activation by proteases that might 

degrade LAP and or LTBP4 and activation by heparanase (Horiguchi et al., 2012). LTBP4 can also be 

secreted free from TGFβ-LAP complex and promotes elastogenesis by regulating linear deposition of 

elastin-fibulin-4 and elastin-fibulin-5 complexes onto microfibril scaffolds through direct interaction 

with fibulin-4 and fibulin-5 via its N-terminal region (Noda et al., 2013, Bultmann-Mellin et al., 2015). 

In the first paper draft of this thesis, we showed that the ARCL1C point mutation, C1186R, changed 

the secondary structure and slightly altered fibrillin-1 interaction; this might lead to impaired matrix 

deposition of LTBP4 and consequently latent TGFβ ECM sequestration resulting in an increased 

activation of TGFβ as observed in ARCL1C patients and LTBP4-/- mice (Urban et al., 2009). We also 

identified tropoelastin as a new C-terminal partner for LTBP4 and the ARCL1C point mutations C1186R 

and C1286S interfere with tropoelastin interaction, suggesting a new role for LTBP4 in directly 
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regulating elastin deposition onto microfibrils. Interference with this interaction might contribute to 

the formation of large elastin deposits and patchy elastic fibres observed in ARCL1C patients. It should 

be noted that the elastin deposits were larger and patchier than that observed in fibulin-5 mutants 

(Noda et al., 2013, Callewaert et al., 2013). In the second paper draft, we demonstrated that LTBP4 

directly interacts with heparan sulphate. This interaction might me important for LTBP4 matrix 

deposition. Moreover, we showed that this mutation increased binding with fibulin-4, this might lead 

to the formation of elastin-fibulin-5 complex aggregates. As it has been previously demonstrated that 

LTBP4S and LTBPL preferentially bind fibulin-5 and fibulin-4, respectively (Bultmann-Mellin et al., 

2015, Bultmann-Mellin et al., 2016). In the third paper draft, we identified LTBP1 as a new N-terminal 

region partner for LTBP4, suggesting a new role for LTBP4 and LTBP1 in matrix. LTBP1 and LTBP4 might 

cooperate in TGFβ activation and elastic fibre formation.  

6.2. General discussion  

The literature on LTBP4 mutations focused on the molecular and clinical features of ARCL1C 

patients due to the considerable clinical overlap between ARCL1C and other ARCL diseases 

(Urban et al., 2009, Ritelli et al., 2019, Callewaert et al., 2013). This rare disease is caused by 

frameshift, nonsense and splice variant mutations in LTBP4 that lead to premature 

termination and severe reduction of LTBP4 mRNA expression (Urban et al., 2009, Ritelli et al., 

2019). Three missense mutations in LTBP4, the focus of this thesis, have been also reported 

to cause ARCL1C (Urban et al., 2009, Callewaert et al., 2013, Su et al., 2015). These mutations 

affect highly conserved cysteine residues within the hybrid [1], the 16th cbEGF (Su et al., 2015) 

, and the TB2 domains, respectively (Callewaert et al., 2013). No in vitro studies have 

investigated the impact of these missense mutations on LTBP4 biology.  

LTBP4 has dual independent matrix functions; promoting elastogenesis and regulating TGFβ 

bioavailability. Although some of the mechanisms are known for LTBP4 in regulating elastic 

fibre formation, its role in elastic fibre assembly and disruption in ARCL1C is still poorly 

understood. Previous studies have  demonstrated that LTBP4 elastogenic role is driven by 

direct interaction with fibulin-4 and fibulin-5 that directly binds tropoelastin and LTBP4 acts 

as a carrier for elastin-fibulin4/fibulin-5 complex facilitating its linear deposition onto 

microfibrils (Noda et al., 2013, Dabovic et al., 2015, Bultmann-Mellin et al., 2015, Bultmann-

Mellin et al., 2016). It also has been demonstrated that LTBP4 function in elastic fibre 

formation is a TGFβ-independent (Noda et al., 2013). LTBP4 as other LTBPs except LTBP2, 
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regulate ECM TGFβ bioavailability by facilitating TGFβ folding, secretion, and sequestration 

by direct interaction with fibrillin-1. In contrast to LTBP1 and LTBP3 that efficiently bind to all 

TGFβ isoforms, LTBP4 binds less efficiently to TGFβ-LAP and it binds to TGFβ1-LAP only, 

suggesting that LTBP4 may not play a central role in TGFβ bioavailability. Moreover, it has 

been shown that LTBP4 is majorly secreted as TGFβ-LAP-free form (Saharinen and Keski-Oja, 

2000). However, reduces LTBP4 expression in ARCL1C patents and LTBP4-/- mice show 

impaired TGFβ signaling (Urban et al., 2009, Su et al., 2015). Although, LTBP4 is important for 

elastic fibre assembly, its structure is not yet defined and the outcome of its point mutations 

is not clear.  

In the first study of this thesis, we determined the nanostructure of LTBP4 C-terminal 

monomer using SAXS and as expected we demonstrated that this region has an elongated 

and flexible conformation due to the presence of the unstructured protease sensitive linkers 

on either side of TB3 domain (Robertson et al., 2014). This is in line with our previous study 

on LTBP1 where the C-terminal region adopts an elongated and flexible nanostructure (Troilo 

et al., 2016) and with a study that demonstrated a highly dynamic and an elongated model 

for four C-terminal domains cbEGF14,TB3,EGF3,and cbEGF15 of LTBP1, using nuclear 

magnetic resonance (NMR) (Robertson et al., 2014). It has been suggested that the flexibility 

of this region might be essential for LTBP interactions with fibrillin-1 and latent TGFβ 

(Robertson et al., 2014). We also determined the secondary structure of the LTBP4 C-terminal 

region using CD and showed that it is composed of low α-helix content and higher contents 

of β-sheet and unordered structure. These, data are consistent with previous structural 

studies where the TB and cbEGF domains of fibrillin-1 have similar composition (Rao et al., 

1995, Downing et al., 1996). Additionally, our structural data indicated differences between 

the wildtype LTBP4 C-terminal region and ARCL1C mutants, suggesting the importance of the 

highly conserved cysteines within the TB2 and cbEGF16 domains in stabilising LTBP4 

structure. The C1286S substitution produced a protein with more compact nanostructure, 

while the C1186R produced a protein with more elongated structure compared with the 

wildtype. C1186R, but not C1286S, also showed significant secondary structure transition with 

lower β-sheet and higher unordered structure contents compared with the wildtype.  

The demonstrated structural differences caused by the ARCL1C cysteine substitutions raised 

the hypothesis that these mutations might also interfere with LTBP4 matrix molecular 
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interactions. Previous studies using solid phase and SPR binding experiments demonstrated 

that the LTBP4 C-terminal region interacts with the N-terminal region of fibrillin-1 (Isogai et 

al., 2003, Ono et al., 2009). The data in chapter 3 confirm that both wildtype and mutants 

interact with fibrillin-1. However, the C1186R but not C1286S, slightly reduced fibrillin-1 

binding affinity, indicating that cysteine substitution within the cbEGF16 domain of LTBP4 had 

minimal impact on fibrillin-1 binding, while cysteine substitution within the TB2 domain 

slightly alters the affinity of this binding. It is possible that the secondary structure transition 

caused by this mutation could perturb the interaction with fibrillin-1. Alternatively, the data 

could suggest that the TB2 domain contributes to fibrillin-1 binding. Fibrillin-1 is implicated in 

the matrix deposition of LTBP4, as fibrillin-1-/- dermal fibroblasts lacked fibrillin-1 and LTBP4 

matrix deposition even after matrix maturation, while LTBP4 was deposited in a fibrillar 

pattern with fibrillin-1 in wildtype cells (Ono et al., 2009, Zilberberg et al., 2012). It has also 

been demonstrated that disruption of LTBP4 interaction with fibrillin-1 by mutation in fibrillin-

1 N-terminal region, causes reduced matrix deposition of LTBP4 (Ono et al., 2009, Zilberberg 

et al., 2012). Therefore, we hypothesised that ARCL1C mutations might disturb this important 

interaction leading to less LTBP4 matrix deposition thus contributing to the disease. Future in 

vivo and in vitro cell-based work should be performed to confirm this hypothesis.  

Previous, in vivo and in vitro studies have demonstrated that LTBP4 promotes elastogenesis 

in a TGFβ-independent manner (Noda et al., 2013, Dabovic et al., 2015, Dabovic et al., 2009, 

Kumra et al., 2019). Noda et.al observed no linear deposition of elastin or fibulin-5 onto 

microfibril scaffolds in LTBP4 knockdown human dermal fibroblasts (HDFs) (Noda et al., 2013). 

This was rescued by the addition of recombinant LTBP4S but not fibulin-5, indicating that 

LTBP4 is required for the linear deposition of both elastin and fibulin-5. The addition of more 

(at higher concentrations) recombinant LTBP4S enhanced more elastic fibre assembly 

compared with the wildtype cells and elastin has been observed to fully colocalise with LTBP4. 

Moreover, the addition of recombinant LTBP4S increased the amount of matured elastin. It 

has been observed that both elastin and the added recombinant LTBP4S colocalise with 

fibrilin-1, suggesting that LTBP4 regulates tropoelastin deposition on microfibrils (Noda et al., 

2013). This led us to speculate that LTBP4 might directly interact with tropoelastin. Our BLI 

binding assays demonstrated that the LTBP4 C-terminal region but not the N-terminal region 

specifically and directly interacts with tropoelastin. This finding contrasts with a previous 
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study that showed indirect binding between LTBP4 and tropoelastin using solid phase binding 

assays (Noda et al., 2013). One possible explanation for this contradiction is the usage of full-

length proteins in the previous study (Noda et al., 2013), as it has been recently demonstrated 

that full-length LTBP4L adopts a compact structure that converts to an extended 

conformation after binding with fibulin-4 multimers (Kumra et al., 2019), thus the tropoelastin 

binding site in full-length LTBP4S could be masked prior to interaction with fibulin-4 (Noda et 

al., 2013). However, the tropoelastin binding site could also be more accessible in our 

shortened LTBP4 construct. Noda et al. also demonstrated that the LTBP4 indirect interaction 

with tropoelastin is mediated by interaction with fibulin-5 (Noda et al., 2013). Potentially, in 

a similar mechanism to fibulin-4, fibulin-5 could also induce a conformational change in 

LTBP4S that might expose a tropoelastin binding site which would be interesting to test in the 

future. It would be relevant to use cell cultures and investigate whether LTBP4 directly 

regulates deposition of elastin onto microfibril scaffolds and how LTBP4 mutants would effect 

elastogenesis. The ARCL1C mutants also bound to tropoelastin but both C1186R and C1286S 

mutations interfered with tropoelastin binding. This data identifies tropoelastin as a novel 

matrix partner for LTBP4 and led us to hypothesise that elastogenesis might require both the 

indirect and direct interaction between LTBP4 and tropoelastin. Future work is required to 

test this hypothesis and investigate whether LTBP4 directly deposit elastin onto microfibrils 

using in vitro cell-based studies. It has been observed in previous studies that there are 

ultrastructural anomalies of elastic fibres in patients with fibulin-5 and LTBP4 mutations, 

where patients displayed abnormal globular elastin deposits that were poorly integrated into 

the microfibrils in their skin. While LTBP4 mutants displayed larger elastin deposits and 

patchier elastic fibres than those observed in fibulin-5 mutants (Callewaert et al., 2013). This 

is in line with the more recent immunolocalisation studies of both proteins in knockdown cells 

(Noda et al., 2013).  

From our data we observed that the ARCL1C point mutation C1186R showed more impact on 

both the structure and interaction of LTBP4 than the C1286S mutation. However, why this 

difference is not clear but it could be attributed to either the position of the substituted 

cysteine residue or the substitution type.  The C1186R mutation within the TB2 domain affects 

the C7 residue that disulphide bonds with the C4 residue to stabilise the intramolecular 

folding of the domain. It has been demonstrated that the area between C6 and C7 within the 
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TB2 domain is an important hydrophobic area that is responsible for TGFβ-LAP complex 

binding (Saharinen and Keski-Oja, 2000). Therefore, we hypothesised that substitution of C7 

in TB2 might disturb the hydrophobic area leading to the production of less functional protein. 

Indeed, it has been previously shown that fibroblasts from ARCL1C patients displayed higher 

levels of active TGFβ compared to the wildtype but normal levels of TGFβ1 mRNA were 

observed, suggesting that LTBP4 mutations impaired the ECM sequestration of the latent 

TGFβ (Urban et al., 2009, Callewaert et al., 2013, Su et al., 2015). In agreement with findings 

with ARCL1C patients, LTBP4-/- mice showed increased pSmad2 in their lungs (Dabovic et al., 

2009). It is important to elucidate whether ARCL1C-causing point mutations could alter TGFβ 

signaling, thus future work using TGFβ reporter cells could investigate the impact of ARCL1C 

mutants on TGFβ activation and signaling. The C1186S mutation within the cbEGF16 domain 

affects the C5 that disulphide bond with the C6. It has been demonstrated that the disulphide 

bridges in the cbEGF domains of fibrillin-1 stabilise the antiparallel β-sheet that enhance 

calcium binding (Downing et al., 1996, Schrijver et al., 1999). Another reason for the milder 

effect of cysteine to serine substitution relative to the more dramatic change caused by 

cysteine to arginine substitution could be the comparable size of cysteine and serine, while 

arginine side chain is much larger than cysteine and charged positively.   

In the second paper draft of this thesis, using AUC we demonstrated that the LTBP4 N-

terminal monomer has an elongated conformation. We also determined the secondary 

structure of this region using CD and showed that it is composed of low α-helix and higher 

content of β-sheet and unordered structure as expected due to the presence of TB and cbEGF 

domains (Rao et al., 1995, Downing et al., 1996).  No difference in the secondary structure 

content were observed between the LTBP4 wildtype and mutant N-terminal, indicating that 

the ARCL1C point mutation within the hybrid domain did not cause a secondary structure 

alteration. From our AUC data, this point mutation caused the production of a more compact 

protein than the wildtype (Mellody et al., 2006). This finding is in line with a previous study 

on fibrillin-1 which demonstrated that substitution of a conserved cysteine residue within the 

hybrid domain led to the production of more compact protein compared with the wildtype. 

While our SAXS data showed that the mutant had an elongated and inflexible conformation, 

we were unable to determine the nanostructure of the wildtype LTBP4 N-terminal due to the 

propensity of this region to aggregate when concentrating it. Interestingly, based on our 
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findings, we observed that the mutant LTBP4 N-terminal region appeared to stabilize this 

region and showed less aggregation during concentration compared to the wildtype LTBP4 N-

terminal region. Determining the nanostructure of the wildtype LTBP4 N-terminal could be 

one of the future studies.  

In vivo and in vitro studies have demonstrated that LTBP4 supports elastic fibre formation by 

direct interaction with fibulin-4 (Bultmann-Mellin et al., 2015, Bultmann-Mellin et al., 2016, 

Kumra et al., 2019). This interaction, in common with the LTBP4 interaction with fibulin-5, 

involves the four-cysteine domain in the N-terminal region of LTBP4 (Noda et al., 2013, 

Bultmann-Mellin et al., 2015). Since the N-terminal region of LTBP4 is functionally important 

in promoting elastogenesis, we hypothesised that ARCL1C missense mutation in this region 

could interfere with binding fibulin-4. Using BLI binding assays, it has been demonstrated in 

this thesis that the ARCL1C cysteine substitution within the hybrid domain of the short LTBP4 

isoform caused increased binding affinity to fibulin-4 compared with the wildtype, indicating 

that this mutation does impact on interaction with fibulin-4. As it has been previously 

demonstrated that both LTBP4 isoforms interact with fibulin-4, but the long and not the short 

isoform of LTBP4 favors binding with fibulin-4 (Bultmann-Mellin et al., 2016). We attempted 

to test the impact of this mutation on the interaction with fibulin-5 but we were unable to 

detect binding response between LTBP4S N-terminal region and fibulin-5. One possible 

explanation is that LTBP4S might bind more efficiently with fibulin-5 multimers but not 

monomers. As it has been demonstrated recently that LTBP4L strongly binds fibulin-4 

multimers but not to lower molecular species (Kumra et al., 2019). Future binding work could 

thus test this hypothesis and study the interactions with multimers of fibulin-4 and fibulin-5. 

The LTBP4 N-terminal region is important in its initial matrix deposition. An in vitro study has 

demonstrated that the initial deposition of LTBP4 is mediated by fibronectin (Kantola et al., 

2008). Using solid-phase binding assays, LTBP4S has previously been shown to directly 

interact with fibronectin via its N-terminal region. Therefore, we hypothesised that the 

ARCL1C point mutation within the hybrid domain might interfere with this interaction leading 

to impaired matrix deposition of LTBP4. However, in this thesis, our binding studies contrast 

with the previous study (Kantola et al., 2008). As we show that the N-terminal region of LTBP4 

did not bind to fibronectin. One possible explanation for the contrasting findings could be 

attributed to the different fibronectin used, as the previous study used a plasma fibronectin, 
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while in this thesis we used purified cellular fibronectin. Moreover, the fibronectin in the 

previous study contained the hinge region, while ours did not, so this could also explain the 

contradicted result. Indeed, It has been demonstrated that the hinge region is important for 

mediating the interaction between LTBP1 and fibronectin (Fontana et al., 2005). Future 

binding studies using LTBP4 construct containing this region would be useful to investigate 

whether the hinge region is important for LTBP4 interaction with fibronectin. Another 

explanation which could account for the difference, is that LTBP4 might indirectly bind 

fibronectin as it has been demonstrated that LTBP1 indirectly binds fibronectin via its N-

terminal region and through interaction with heparan sulfate (Chen et al., 2007). Indeed, a 

previous study has shown that the LTBP4 N-terminal region binds heparin, and this binding 

has been suggested to be important for LTBP4 matrix deposition (Kantola et al., 2008). In this 

thesis we showed that the LTBP4 N-terminal region directly binds heparan sulphate. We also 

demonstrated that the ARCL1C mutation within the hybrid domain did not change the binding 

affinity with heparan sulfate. However, the significance of this interaction on LTBP4 matrix 

deposition needs to be investigated further. Further binding studies are also required to 

investigated whether heparan sulphate mediates the LTBP4 interaction with fibronectin.   

An early study has demonstrated that LTBP1 possess a TG2 reactive site in its N-terminal 

region and that LTBP1 matrix incorporation is TG2 dependent (Nunes et al., 1997). We 

previously showed that LTBP1 can self-oligomerise in an N- to N- and N- to C-terminal manner 

and these assemblies are stabilised by TG2 (Troilo et al., 2016). It has also been shown by Ruth 

Steer (PhD thesis) (Steer, 2014), that LTBP1 and fibrillin-1 do cross-link mediated by TG2. To 

date it is still not known to with ECM protein is LTBP4 covalently linked and whether TG2 is 

implicated in its matrix association. It has been shown that LTBP4 requires fibrillin-1 for its 

matrix incorporation (Zilberberg et al., 2012). These data led us to speculate that LTBP4 might 

possess the same dependence on TG2 and or can be cross-linked to fibrillin-1. However, in 

the third paper draft of this thesis, we showed that LTBP4 does not self-associate nor is it 

cross-linked in an N- to N- or N- to C-terminal manner by TG2, indicating that LTBP4 might not 

be a substrate for TG2 or might require other proteins to mediate its cross-linking and self-

assembly. We also show that the same region in LTBP4 does not cross-link with fibrillin-1, 

confirming that the LTBP4 C-terminal region does not appear to be a substrate for TG2.  
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In this thesis, we identified LTBP1 as a novel matrix partner for LTBP4. Using BLI binding, we 

observed that LTBP4 directly interacts with the full-length LTBP1 via its N-terminal. We also 

showed that the LTBP4 N-terminal but not the C-terminal interacts with the C-terminal of 

LTBP1, suggesting a head-to-tail interaction. Moreover, we observed that LTBP4 N-terminal 

binds stronger to the full-length than the C-terminal region of LTBP1, suggesting that there 

might be another binding site for LTBP4 in full length LTBP1. The significance of this 

interaction is not known yet and further studies are required for elucidation. However, we 

also showed that the ARCL1C point mutation within the hybrid domain, slightly interfered 

with the interaction of full-length LTBP1 but not the C-terminal region of LTBP1. These 

findings led us to suggest that LTBP1 and LTBP4 might cooperate in a unique matrix function. 

As previous studies have demonstrated cooperative and compensatory roles for other LTBPs 

(Koli et al., 2008, Fujikawa et al., 2017).  

All LTBPs except LTBP3, directly bind the N-terminal of fibrillin-1 via their C-terminal (Isogai et 

al., 2003, Ono et al., 2009). LTBPs also covalently bind TGFβ-Latent complex via their C-

terminal, therefore, tested whether the covalent interaction with TGFβ-LAP could interfere 

with LTBPs interaction with fibrillin-1. As a LTBP4-TGFβ-LAP complex was not available, we 

showed that the covalent binding between LTBP1 and TGFβ1-LAP did not interfere with the 

interaction with fibrillin-1.  

6.3. Future Directions 

It was demonstrated here that the LTBP4 C-terminal region missense mutation, C1286R, 

slightly interferes interaction with fibrillin-1, investigating whether this mutation impairs 

LTBP4 matrix deposition and colocalization with fibrillin-1 could be a future interest.  This aim 

could be achieved by using fibroblast cells the overexpress the mutant LTBP4 and use 

immunolocalisation studies using anti-LTBP4 and anti-fibrillin-1 antibodies. BLI binding 

studies here identified tropoelastin as new matrix partner for LTBP4 and that the missense 

mutations C1186S and C1286R reduced the affinity of this binding, investigating the 

significance of this interaction and the effect of these mutations on elastic fibre formation 

and whether LTBP4 itself can deposit elastin on to microfibrils, is of future interest. This could 

be achieved using in vivo and in vitro studies using fibulin-5-/-/fibulin-4-/- fibroblasts and using 

recombinant LTBP4 protein. The determined binding affinity of the interaction between 
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LTBP4 and fibulin-4 was weak and inconsistent with the previous studies (Bultmann-Mellin et 

al., 2015, Kumra et al., 2019). Moreover, we could not show any binding between LTBP4 and 

fibulin-5. It has been demonstrated that the fibulins multimers but not monomers nor dimers, 

that bind LTBP4, while fibulins monomers were used in our binding studies. So future binding 

studies using multimers could explain this discrepancy. Our binding studies on LTBP4 and 

fibronectin interaction did not show binding, which contradicts a previous study that showed 

a direct interaction using solid-phase binding (Kantola et al., 2008). The previous study used 

LTBP4 construct that contains the hinge region but our LTBP4 does not. It has been 

demonstrated that LTBP1 requires the hinge region to interact with fibronectin (Fontana et 

al., 2005). Future work is required to investigate whether the hinge region is required for the 

direct interaction between LTBP4 and fibronectin. This can be achieved by binding studies 

using LTBP4 construct that contain the hinge region.  We also showed here that LTBP4 directly 

interacts with heparan sulphate. It has been suggested that heparin is important for LTBP4 

matrix deposition (Kantola et al., 2008). Future work is required to test the significance of the 

LTBP4 and heparan sulphate interaction on LTBP4 matrix deposition using fibroblasts that 

overexpress LTBP4 and heparanase treatments. Additionally, data here identify a new 

molecular interaction for LTBP4 with LTBP1. The significance of this interaction is not known. 

Therefore, future work is essential to elucidate the importance of this interaction and 

whether this interaction is important for elastic fibre formation or for the TGFβ bioavailability 

and activation. This can be achieved by in vitro studies and cell-based TGFβ activity assays. It 

is also worth investigating whether LTBP4 mutants effect on TGFβ activity.   
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Appendix 2: Supplementary  

8.1. Protein sequence and domains of LTBP4 constructs used in this thesis 

8.1.1. Protein sequence of LTBP4S N-terminal region construct  

Example:  EGF1 

Example: Hybrid 

Example: cbEGF1 

Example: TB1 

 

Figure 8-1: Protein sequence of truncated LTBP4S N-terminal region construct. The domains are 

highlighted as above and the ARCL1C-causing point mutation in the hybrid domain is highlighted by 

red. The construct was tagged with 6X-His in its C-terminal region end. 
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8.1.2. protein sequence of LTBP4 C-terminal region construct  

Example: TB2 & TB3 

Example: cbEGF15, cbEGF16, cbEGF17 

Example: Proline-rich  

Example:  EGF3 

 

Figure 8-2: Protein sequence of truncated LTBP4 C-terminal region construct. The domains are 

highlighted as above and the ARCL1C-causing point mutations within the TB2 and cbEGF16 are 

highlighted by red. The constructs were tagged with 6X-His in its C-terminal region end.  
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8.2. Expression and purification of Fibulin-4, Fibulin-5 and Fibronectin  

Human embryonic kidney (HEK) 293 cells that stably express the Epstein-Barr virus nuclear 

antigen-1 (EBNA) were available in the lab prior to the start of this project (Troilo et al., 2014). 

HEK293-EBNA were previously transfected with fibulin-4, fibulin-5 and fibronectin 

(Choudhury et al., 2009, Cheng et al., 2018). Previously stored transfected HEK-293 EBNA cells 

were thawed at 37 OC and then resuspended in 9 mL of growth media (Dulbecco’s modified 

Eagle’s medium DMEM (Sigma-Aldrich) supplemented with 1% glutamine, 1% 

penicillin/streptomycin, and 10% fetal bovine serum). Cells were then seeded in T75 flask and 

grown at 37°C and 5% CO2 until 95-100% confluency. Cell number was increased by 

transferring them to larger culture flasks T225 followed by hyper flasks. For protein 

expression, a 1:1 serum free culture mixture of Dulbecco’s Modified Eagle’s Medium and 

Ham’s F-12 was used to wash the cells and subsequently added media was collected and 

replenished every 2-3 days, which was stored in -20°C. The expression media were collected 

for 3-4 weeks, until cells started to detach from culturing flask surface. 

The collected serum-free media, containing the secreted His-tagged proteins was filtered 

using 0.65 μm filter (Whatman). Before protein purification, a 5 mL nickel affinity column (GE 

Healthcare) was equilibrated at 4°C with 20 ml of binding buffer, containing 10 mM Tris, 500 

mM NaCl and 10 mM imidazole pH 7.8 at a flow rate of 1ml/min. Then 1.5 - 2L of media 

containing the recombinant protein was loaded, washed with 10 mL of binding buffer and 

then eluted using a buffer containing 10 mM Tris, 500 mM NaCl and 500 mM imidazole pH 

7.8. The most concentrated eluates were further purified and proteins were separated by 

size-exclusion chromatography on an AKTA purifier FPLC using a Superdex 200 of Superose 6 

10/300GL column (GE Healthcare) and a buffer containing 10mM Tris or 10 mM HEPES and 

150mM NaCl pH7.8 at a flow rate of 0.5 mL/min. The purity and identity of the His-tagged 

proteins in eluted fractions was verified using SDS-PAGE. All buffers were filtered using 0.2 

μm filters before use. 
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8.2.1. Purification of Fibulin-4 

 

Figure 8-3: Purification of Fibulin-4. (A) Non-reducing SDS-PAGE analysis of 6xHis-tagged Ni-affinity 

chromatography proteins after elution. (B) Size exclusion chromatograms of fibulin-4. Purified 

proteins were in buffer containing 10 mM HEPES and 150 mM NaCl at pH 7.8 and eluted at a flow rate 

of 0.5 ml/min. (C) Non-reducing SDS-PAGE analysis of SEC fractions. The arrow showing fraction 

corresponding to the monomer species observed in SEC trace. FT, follow-through and W, wash.   
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8.2.2. Purification of Fibulin-5  

 

Figure 8-4: Purification of Fibulin-5. (A) Non-reducing SDS-PAGE analysis of 6xHis-tagged Ni-affinity 

chromatography proteins after elution. (B) Size exclusion chromatograms of fibulin-4. Purified 

proteins were in buffer containing 10 mM HEPES and 150 mM NaCl at pH 7.8 and eluted at a flow rate 

of 0.5 ml/min. (C) Non-reducing SDS-PAGE analysis of SEC fractions. The arrow showing fraction 

corresponding to the monomer species observed in SEC trace. FT, follow-through and W, wash. 
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8.2.3. Purification of Fibronectin  

 

Figure 8-5: Purification of Fibronectin. (A) Non-reducing SDS-PAGE analysis of 6xHis-tagged Ni-affinity 

chromatography proteins after elution. (B) Size exclusion chromatogram of full-length fibronectin. 

Purified proteins were in buffer containing 10 mM HEPES and 150 mM NaCl at pH 7.8 and eluted at a 

flow rate of 0.5 ml/min. (C) Non-reducing SDS-PAGE analysis of SEC fractions. The arrow showing   

fraction corresponding to the monomer species observed in SEC trace. FT, follow-through and W, 

wash. 
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8.3. Investigating LTBP4 C-terminal region cross-linking with Tropoelastin by TG2  

In this thesis we identified tropoelastin as a new matrix partner for LTBP4 and showed that 

the C-terminal but not the N-terminal region strongly bound to full-length tropoelastin. 

Previous studies have demonstrated that tropoelastin strongly binds fibrillin-1 and both 

proteins form cross-linked complex in the presence of TG2 (Clarke et al., 2005, Rock et al., 

2004). Altogether, these findings led us to investigate whether LTBP4 C-terminal region could 

cross-link with tropoelastin by TG2.  

One µg of purified LTBP4 C-terminal region and full-length tropoelastin were incubated 

separately or together with 0.1 µg of the guinea pig liver-derived commercial 

transglutaminase-2 (TG2) (Sigma-Aldrich) for 2 hours at 30 °C in 10 mM HEPES, 150 mM NaCl 

pH 7.4 buffer containing 1 mM CaCL2. The cross-linked proteins were then analysed by non-

reducing SDS-PAGE (Figure 8-6). 

 

Figure 8-6: Investigating LTBP4 C-terminal region cross-linking with tropoelastin by TG2. Non-reducing 

SDS-PAGE showing no higher molecular weight species were formed in the pretense of the cross-linker 

TG2.  
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8.4. Investigating LTBP4 N-terminal region cross-linking with Fibulin-5 by TG2 

LTBP4 as other LTBPs family members, is incorporated into the ECM via its N-terminal region 

(Todorovic and Rifkin, 2012). LTBP4 is known to promote elastic fibre assembly through its 

direct binding to fibulin-5 via its N-terminal region (Noda et al., 2013). These data led us to 

investigate whether LTBP4 N-terminal region is capable to cross-link with fibulin-5. Cross- 

linking assay was performed as described in section 7.6. LTBP1 C-terminal region has been 

previously shown to cross-link with fibrillin-1 (PF3 fragment), therefore we used it as positive 

control (Figure 8-7).  

 

Figure 8-7: Investigating LTBP4 N-terminal region cross-linking with fibulin-5 by TG2. Non-reducing 

SDS-PAGE showing no higher molecular weight species were formed in the pretense of the cross-linker 

TG2. While there are higher molecular spices when cross-linking LTBP1 C-terminal region to fibrillin-1 

N-terminal region (PF3 fragment), confirming that the cross-linker is active.  

 8.5. Generation of LTBP4L N-terminal region constructs  

Since mammalian cells express two major isoforms of LTBP4, the long, LTBP4L and the short, 

LTBP4S, that are produced by alternative promoters (Kantola et al., 2010), we attempted to 

also characterise the long isoform of LTBP4 and compare its structural and functional 

properties with the obtained information in this thesis on the short isoform. Therefore, we 

purchased the Gene Synthesised sequence (ThermoFisher Scientific) for the wildtype LTBPL 

N-terminal region and for an ARCL1C mutant that contain the 5’ Nhel restriction site, 6xHis-
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tag, stop codon, C-terminal thrombin cleavage site, a stop codon, and 3’ Xhol restriction site 

(Figures 8-8 and 8-9). The codon sequence was optimized using the manufactures software. 

The synthetic gene constructs were received as lyophilised DNA in a plasmid DNA, pMA-T 

(Figure 8-10).  

 

Figure 8-8: DNA and protein sequence of truncated wildtype LTBP4L N-terminal region construct. The 

construct was tagged with 6X-His in its C-terminal region end. 
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Figure 8-9: DNA and protein sequence of mutated LTBP4L N-terminal region construct. The construct 

was tagged with 6X-His in its C-terminal region end. 
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Figure 8-10: Plasmid map of pMA-T 

 

8.5.1. Double Digestion of Vector Sequence  

The LTBP4L synthetic genes were double digested from the Pmap-T vector using NheI-HF 

and Xhol restriction enzymes according to the manufactures protocol (New England 

Biolabs) then were ligated to the mammalian vector pCEP-Pu/Ac7. Briefly, between 5-10 

units of enzyme was used per µg of DNA. The digestion reactions were performed in 1x 

CutSmart buffer (50 mM Potassium Acetate, 20 mM Tris-acetate, 10 mM Magnesium 

Acetate, 100 µg/mL BSA, PH 7.9) at 50 μl reaction and 60 minutes incubation time at 37oC.  

8.5.2. Agarose gel Electrophoresis  

DNA was separated by electrophoresis using 1% (w/v) agarose gels. Briefly, gels were 

prepared by the addition of 1% (w/v) agarose (Bioline) to 100 mL of TAE buffer (2 M Tris, 1 

M acetic acid and 0.5 mM EDTA, PH 8.0) that was dissolved by heating in a microwave. The 

solution was then cooled and 0.005% (v/v) of SafeView nucleic acid stain was added (NBE 

Biologicals Ltd.). DNA samples were loaded and electrophoresis was performed at 120V for 

40 minutes and DNA was visualised using visible spectrum blue light.  
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8.5.3. DNA Purification from Agarose Gel  

DNA was purified from agarose gel using QIAqucik Gel Extraction Kit according to the 

manufactures protocol (Qiagen). Briefly, DNA bands were excised from agarose gel, 

weighted, and transferred to a microfuge tube. QG buffer (3-fold greater than the weighted 

gel) was added to the tube and incubated for 10 minutes at 50oC. After dissolution of the 

gel, 1 volume of isopropanol was added and the sample was then passed through a 

QIAquick spin column (Qiagen) by centrifugation at 10000 g. Immobilised DNA was washed 

by 750 µL of PE buffer (Qiagen) then eluted from the column by 20 µL of DNAse-free sterile 

water.  

8.5.4. Ligation of Insert  

DNA ligation was performed using the Quick Ligation Kit according to the manufactures 

protocol (New England Biolabs). Briefly, about 50 ng of pCEP-Pu/Ac7 was mixed with 37 ng 

of insert and 1 µL of quick ligase was added. The reaction was carried out in 2x Quick ligase 

reaction buffer at a total volume of 20 µL incubated at room temperature for 5 minutes. 

The mix was then chilled on ice and transformed in competent cells.  

 

Figure 8-11: Plasmid map of pCEP-PuAC7. 
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8.5.5. NEB 10-beta competent E. coli Transformation of LTBP4L constructs and Isolation of 

Positive colonies from LB Agar Plates 

Two μL of each wildtype LTBP4 and mutant constructed vector was transformed into 20 μL of 

10-Beta Competent E. coli cells, incubated on ice for 30 minutes then heat-shocked at 42°C 

for 45 seconds. Cells were immediately placed back on ice for 2 minutes. 500 μL of warmed 

Super Optimal broth (SOC) media (Thermo Fisher Scientific) were added to the 

transformations and grown in 37°C shaking incubator for an hour. The mixture was 

centrifuged at 200 x g for a minute and 250 μL of the SOC media was discarded. The cells were 

re-suspended with the remaining 250 μL of SOC media. 75μL of the transformed cells were 

then plated onto solidified LB agar plates containing ampicillin (100 μg/mL). finally, the plates 

were incubated at 37°C overnight to allow for selection. 

8.5.6. Inoculation and Growth of Bacterial Culture 

Using sterile inoculating loop, a single colony from the ampicillin containing LB agar plate was 

picked and transferred into 50 mL centrifuge tube (Corning) containing 15mL Luria broth (LB) 

media supplemented with ampicillin (100 μg/ml). The LB bacterial culture was then grown 

overnight in a 37°C shaking incubator to grow up sufficient numbers of bacteria necessary to 

isolate plasmid DNA. 

8.5.7. Miniprep Purification of LTBP4L Expression Vectors  

Minipreps were performed on the overnight cell cultures to isolate the expression vectors 

using QIAprep Spin Miniprep Kit according to the manufacture’s protocol (Qiagen). Briefly, a 

15 mL of the overnight cell culture was pelleted by centrifugation at 10000 g. The pelleted 

cells were then re-suspended in a 250 μL of re-suspension buffer P1 (with added RNase) and 

then transferred to a 1.5 mL microcentrifuge tube. 250 μL of lysis buffer P2 was added, mixed 

thoroughly and allowed for the lysis reaction to proceed for 5 minutes. 350 μL of the 

neutralizing buffer N3 was added and immediately mixed gently. The precipitant was pelleted 

by centrifugation at 10000 x g for 10 minutes. The supernatant was transferred into the 

QIAprep spin column and centrifuged for 60 seconds. The bound DNA was washed with 750 

μL of the washing buffer PE and centrifuged for 60 seconds followed by an additional step of 

1-minute centrifugation to remove the excess material. The purified DNA was eluted from the 
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spin column by 50 μL of sterile water that was incubated for 1 minute before centrifugation 

for 1 minute. The purified DNA was quantified using nanodrop instrument. The DNA was 

stored at -20 °C. 

8.5.8. DNA Sequencing of Expression Vectors 

DNA sequencing reaction was prepared in total reaction volume of 10 µL including 5 µM of 

forward sequencing primer and 500 ng of plasmid DNA. For sequencing LTBP4L, THE forward 

sequencing primer (5’-TTCTTCACCCGACATCTC-3’) was used. While sequencing of the 

mammalian pCEP-Pu/Ac7 construct, the pCEP forward sequencing primer (5’-

AGAGCTCGTTTAGTGAACCG-3’) was used. DNA sequencing samples were sent to GATC 

Biotech (Cologne, Germany) using the LIGHTrun service for sequencing. 

8.6. Stable Episomal Vector Transfection of HEK293-EBNA  

Mammalian expression vector pCEP-Pu/AC7 containing the His-tagged LTBP4L constructs 

were transfected into 70-80 % confluent HEK-293 EBNA cell culture using Lipofectamine 3000 

reagent according to the manufacture’s protocol (Invitrogen). Briefly, LTBP4 construct was 

mixed with diluted P3000 reagent with 125 μL of serum free Opti-MEM media (DMEM4 mixed 

in a 1:1 ratio with F12-HAMS supplemented with 5% (v/v) of Penicillin/Streptomycin mixture). 

Lipofectamine 3000 reagent was also diluted with serum free media. The diluted mixtures 

were then combined and incubated at room temperature for 5 minutes. The mixture was 

then added to the semiconfluent cell culture and incubated overnight at 37°C and 5% CO2. 

The cells then were passaged using media supplemented with 2 μg/mL of puromycin (Gibco) 

to select the transfected cells. Cell selection last for a period of 2-3 weeks. LTBP4L protein was 

expressed as previously described in section 8.2.  
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8.7. LTBP4L SDS-PAGE and Immunoblotting  

SDS-PAGE was carried out using NuPAGE 4-12% gradient Bis-Tris pre-cast polyacrylamide gels 

(Invitrogen) and NuPAGE 1X MES or MOPS SDS running buffer (Life technologies). Protein 

samples were diluted in loading buffer with and/or without reducing agent, boiled at 100°C 

for 4-5min, then loaded into the pre-cast gels. Electrophoretically separated proteins were 

transferred to nitrocellulose membranes using a semi-dry blotting system (Bio-Rad). The 

proteins were transferred and blotted from the gel to the membrane using NuPAGE 1X 

transfer buffer (Life technologies). The blots were blocked with 5% skimmed milk in 1xTris-

Buffered Saline, 0.1% Tween20 (TBS-Tween) composed of 20mM Tris and 150 mM NaCl pH 

7.6 for an hour at room temperature. Immunodetection was performed using mouse anti-

His-tag primary antibody (1:2000) (Bio-Rad) overnight at 4°C. Membranes were then washed 

5 times at 5-minute intervals in TBS. Then a conjugated donkey anti-Mouse secondary 

antibody (IRDye 800 CW) was used at (1: 1000) (LI-COR Biosiences) and visualised using 

(ODYSSEY CLx) infrared imaging system (LI-COR Biosciences). The LTBP4L proteins were 

detected at larger molecular weight than expected (Figure 8.12), maybe due to the presence 

of N-linked glycosylation.  

 

Figure 8-12: Immunoblotting of LTBP4L N-terminal constructs. Western blot showing the wildtype 

LTBP4L N-terminal region (left panel) and mutant (right panel) at slightly larger molecular weight than 

expected (46 KDa) from sequence.  
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8.8. LTBP4L Recombinant Protein Purification  

The recombinant LTBPL was purified as previously described in section 8.3. The protein yield 

was very low, therefore we were unable to characterise the proteins (Figure 8.13).  

 

Figure 8-13: SDS-PAGE analysis of LTBP4L constructs. Non-reduced commassie blue stained SDS-PAGE 

gel were unable to detect purified LTBP4L N-terminal region constructs. (A) NWT and (B) mutant. Red 

box indicated expected size of proteins. Red box indicated expected size of proteins. 

 

 

 

 

 

 

 

 


