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Abstract

Fibrillin microfibrils are supramolecular, extracellular matrix assemblies which play a
number of important roles in different tissues. In eye, they exist as ciliary zonules which are
inherent to the process of lens accommodation. By contrast, in skin dermis, they exist both as
constituents of elastic fibres, endowing tissue with elasticity, and also as stand-alone oxytalan
fibres, which extend through the papillary dermis. Although these assemblies play distinct key roles
within these two tissues, it remains unknown whether their ultrastructure and molecular
composition is tissue-dependent as a result. Fibrillin microfibrils have also been implicated in skin
photoageing, which is characterised by the degeneration of its dermal architecture. Additionally,
irradiation with physiological doses of ultraviolet (UV) radiation causes quantifiable changes to its
beads-on-a-string ultrastructure, in vitro. As a result, the UV-susceptibility of this assembly has
been implicated in the photoageing process. Although its ultrastructure is susceptible to UV, the
molecular foci of this damage within the fibrillin-1 monomer remain undetermined. Also, in contrast
to fibrillin, collagen VI microfibrils remain remarkably unaffected both by photoageing in skin and by
UV irradiation. The molecular reasons behind this differential susceptibility also remain unknown.

To address these gaps in knowledge, the first aim was to develop a novel mass
spectrometry (MS)-based proteomic approach capable of characterising microfibril composition and
monomeric structure of both fibrillin and collagen VI microfibril assemblies. Two digestion methods
were successfully optimised: the elastase method led to a high fibrillin-1 primary coverage and
revealed protein regions previously uncharacterised by proteomics. The SMART Digestion™
method also led to the identification of numerous co-purifying microfibril-associated proteins.

Using this developed proteomic approach and atomic force microscopy (AFM), the next
aim was to characterise tissue-dependent ultrastructural and compositional differences between
skin-, eye- and human dermal fibroblast (HDF)-derived fibrillin microfibrils. This work revealed that,
not only did the ultrastructure of eye fibrillin microfibrils differ from skin, but also tissue-specific
regions of the fibrillin-1 structure were differentially susceptible to proteolysis. Furthermore, this
work found that skin and HDF fibrillin microfibrils also differed in ultrastructure and fibrillin-1
proteolytic susceptibility. In contrast, collagen VI microfibrils from the same samples were invariant.
Finally, it was observed that fibrillin microfibrils isolated from skin and eye exhibited unique protein
compositions mirroring tissue function. This study showcased the diversity of this key assembly.

Finally, this PhD aimed to discover which regions of the fibrillin-1 monomer were
susceptible to UV and how this differs to the collagen VI alpha-3 (COL6A3) monomer. HDF fibrillin
microfibril ultrastructure was significantly altered by both solar simulated radiation (SSR; 30 J/cm2)
and UVB irradiation (100 mJ/cmz) whereas, comparatively, collagen VI microfibril ultrastructure was
not. UV irradiation consistently enhanced the total yield of digested fibrillin-1 peptide, but not
COLBA3. Mapping these peptides revealed that UV exposure increases regional susceptibility
within the fibrillin-1 structure to proteolysis, allowing the identification of UV-susceptible foci on a
molecular scale. Data-dependent quantification also revealed two fibrillin-1 peptides and ten
COL6A3 peptides from skin isolations which matched UV-signatures also identified in HDF
isolations indicating that this damage may also translate to microfibrils in native skin.

This PhD successfully characterised fibrillin microfibril structural diversity and photo-
induced molecular damage. In doing so, it has made a significant contribution to the field of ECM

biology and photobiology, with the prospect of future research projects arising from this endeavour.
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Structure and Scope of Thesis

This PhD thesis was written in journal format. This felt appropriate, as the majority of my PhD
project was spent producing original research with the purpose of publishing my work in scientific
journals. As an aspiring academic researcher, | always felt it important to strive towards producing
outputs which impact on my field. As such, a big part of my PhD was spent writing, updating and
editing manuscripts as well as dealing with reviewers’ comments and the peer review process.
Therefore, the four manuscripts | have written during this PhD project are presented here as four
separate results chapters. Despite these manuscripts functioning as stand-alone, original research
papers, the work they contain comes together to form a complete, coherent and continuous thesis.

This thesis is written as follows:

Chapter 1 provides the rationale for the research conducted during this PhD with an in-depth
literature review of fibrillin microfibril biology in the context of tissue function, composition, structure
and its role in photoageing. It begins by reviewing skin anatomy and components of the dermal
extracellular matrix (ECM), with a particular focus on elastic fibres and the fibrillin microfibrils that
constitute them. The eye anatomy and the role of fibrillin microfibrils within this tissue is then
reviewed where it becomes clear that the function of these assemblies is tissue-dependent. The
chapter then continues with an in-depth review of fibrillin and collagen VI microfibril structure,
composition, and assembly. The gaps in knowledge are then discussed, revealing that the tissue-
dependent functions of fibrillin microfibrils within eye and skin may be reflected in their structure
and composition, but this remains to be demonstrated. The process of skin photoageing and the
proposed contributions of these assemblies to its progression are next reviewed. Although
ultraviolet (UV) radiation causes demonstrable changes to fibrillin microfibril ultrastructure, its effect
on the fibrillin-1 monomer remain unknown. In contrast, collagen VI microfibril architecture and
ultrastructure is unaffected by photoageing and UV. However, whether one of its alpha chains
(namely alpha-3; COL6A3) remains unaffected, also remains unknown. Finally this chapter
concludes with a literature review of fibrillin microfibril proteomics. This is necessary for the
development of a mass spectrometry (MS)-based approach capable of measuring molecular

changes in microfibril isolations (fibrillin-1 and COL6AS3 structure and microfibril composition).

Chapter 2 contains in depth descriptions of all the methods used to produce this work. Due to the

journal format style, these methods are also described within the results chapters.
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The next four results chapters are comprised of manuscripts which have been reformatted to the
style of this thesis. As such, the pagination and references within, remain continuous. This begins
with chapter 3, which presents the successful development of pre-MS digestion methods capable
of enhancing fibrillin and collagen VI microfibril proteomic analysis compared to previously
published efforts. The developed elastase digestion method successfully generated sufficient
fibrillin-1 and COL6A3 peptides for structural analysis, from microfibrils isolated from human eye
and skin tissue. Furthermore, the developed SMART™ Digestion method successfully generated
peptides from co-purifying microfibril-associated proteins which enabled the characterisation of

microfibril composition.

Results chapter 4 used a combination of atomic force microscopy (AFM) to assess fibrillin and
collagen VI microfibril ultrastructure, and these newly developed proteomic approaches to assess
differences in fibrillin-1 and COL6AS3 structure and microfibril composition. In doing so, this chapter
reveals tissue- and cell culture-dependent differences in the ultrastructure, fibrillin-1 regional
proteolytic susceptibility and composition of fibrillin microfibrils isolated from human ciliary body,
skin and dermal fibroblast (HDF) culture. In contrast, collagen VI microfibril structure and
composition was invariant in comparison. These results showcase the structural diversity of these

key ECM assemblies, which may relate to their distinct roles in the tissues where they reside.

Results chapter 5 successfully characterises UV-induced damage in fibrillin and collagen VI
microfibrils on an ultrastructural and molecular scale in HDF-derived isolations. Physiological doses
of both solar simulated radiation (SSR) and broadband UVB not only induced ultrastructural
changes, but also led to an increase in the regional susceptibility of fibrillin-1 to proteolysis. As
expected, this was in contrast to collagen VI microfibrils, which remained resistant to UV, both
ultrastructurally and molecularly. Despite these differences in UV susceptibility, data-dependent
quantification of fibrillin-1 and COL6AS revealed specific peptide signatures of UV-induced damage
within both microfibril assemblies. This study successfully identified regional foci of UV-induced
damage to the fibrillin-1 structure, common to both sources of UV irradiation, for the first time.
Additionally, it led to the detection of peptide signatures of UV damage from the comparatively UV-
resistant collagen VI microfibrils, indicating that proteomic approaches may be more sensitive in
characterising this damage than ultrastructural measurements with AFM. This study may have
important implications for photoageing, as it reveals the possible molecular mechanism of UV-

induced damage within these assemblies.
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Having successfully characterised fibrillin-1 and COL6A3 UV-induced damage in HDF-derived
microfibril isolations, chapter 6 presents a study which attempts to test whether broadband UVB-
susceptibility translates to native skin-derived microfibrils. Proteomic approaches failed to
adequately characterise molecular-scale UV-induced damage to skin fibrillin-1 structure. Despite
this, two fibrillin-1 peptide signatures of broadband UVB-induced damage were identified. These
corresponded to signatures previously detected in the UV-irradiated HDF-derived microfibril study.
Additionally, the overall resistance of skin-derived COL6A3 structure to UV-induced damage was
confirmed. Despite this, ten COL6AS3 peptide signatures of broadband UVB-induced damage,
which corresponded to signatures identified in the previous HDF study, were identified. This
indicates that the proteomic approach was successful in characterising molecular damage in

COLBAS, in contrast to fibrillin-1.

Chapter 7 summarises the thesis and critically discusses the findings and limitations of the work.
Potential future research projects arising from this PhD are also proposed. Finally, this chapter

concludes the thesis by clearly summarising the key research questions addressed by this work.
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Chapter 1: Introduction and literature review

Fibrillin microfibrils are megadalton-sized, macromolecular assemblies (Baldock et al. 2001) of the
extracellular matrix (ECM) present in a variety of connective tissues such as skin (Dahlback et al.
1990), eye (Godwin et al. 2018; Hiraoka et al. 2010), lung (Neptune et al. 2003) and arteries (Carta
et al. 2006). Although they play a structural, mechanical and even homeostatic role (Kaartinen and
Warburton 2003) in these tissues, how this relates to their ultrastructure and composition remains
poorly understood. Furthermore, the dissolution of the fibrillin microfibril architecture in skin is a
hallmark of the photoageing process (Watson et al. 1999) and thought to be the main cause of skin
wrinkling and loss of elasticity seen clinically in aged individuals (Langton et al. 2017). Although
ultraviolet radiation (UVR) has been shown to cause measurable changes to the ultrastructure of
these extracted microfibril assemblies (Hibbert et al. 2015; Sherratt et al. 2010), the molecular
location of damage and its effects on microfibril composition also remains unknown. This PhD
strives to bridge the gap between known tissue-specific and photodamage-specific differences in
fibrillin microfibril architecture and ultrastructure and the unknown consequences for fibrillin
microfibril molecular composition. To do so, however, it is necessary to first review what is known
about this versatile and multi-functional assembly in the context of its different biological roles, the

tissues in which it resides and the pathologies associated with its remodelling.

Fibrillin microfibrils can play very different roles depending on the tissue in which they reside. Skin
fibrillin microfibrils exist predominantly as elastic fibore components (Feneck et al. 2018; Rock et al.
2004) where they play a major role in tissue compliance (Kielty, Sherratt, et al. 2002; Langton et al.
2017). In contrast, ciliary fibrillin microfibrils in eye exist as stand-alone assemblies (Godwin et al.
2018; Hiraoka et al. 2010) that play a central role in lens accommodation (Burd et al. 1999;
Delamere 2005). Although it is clear that microfibrils from these different tissues play distinct
functional roles, this PhD aims to answer whether or not this is reflected in their structure and
supramolecular composition. As a result, it is first necessary to review the anatomy, function and

ECM composition of both skin and eye as a whole.

1.1 Skin anatomy

The skin is composed of a complex architecture of layers (Fig. 1.1). The epidermis is the outermost
layer, and can be segmented into four micro-layers. The stratum corneum consists of a tightly
bound sheet of corneocytes and acts as the primary defence against dehydration (Blank 1952),
infection (Vernon et al. 1990) and damage (Hunter et al. 1974) (for a comprehensive review, see
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Proksch et al. 2008). The stratum granulosum and the stratum spinosum consist mainly of
keratinocytes, progressing through distinct stages of differentiation into corneocytes (Kémuves et
al. 2000; Weil et al. 1999; Yuspa et al. 1988). The stratum basale is made of a single layer of
progenitor keratinocytes which act as a source of proliferation, continuously replacing cells in the
more superficial layers of the epidermis (Aberdam 2003), and as a physical barrier between the
epidermis and the dermis. It lies directly above the basement membrane which marks the dermal-

epidermal junction (DEJ) (Woodley et al. 1983).

Epidermis

Papillary Dermis

Reticular Dermis

Hypodemis

Figure 1.1: The gross histological anatomy of the skin. The epidermis constitutes of four layers: the
stratum corneum (SC), stratum granulosum (SG), stratum spinosum (SS) and the stratum basale
(SB). The dermis constitutes of two layers: the papillary dermis and the reticular dermis. The
epidermis and dermis are separated by the dermal-epidermal junction (DEJ). Adapted from Wong
and Chang (2008).

Along with the basement membrane, the DEJ also contains hemidesmosomes and anchoring fibrils
which anchor the epidermis to the dermis (Burgeson and Christiano 1997; McGrath et al. 1995).
The dermis is located directly under the DEJ and is comprised of the upper papillary dermis and a
thicker reticular dermis. Since the epidermis lacks blood vessels, it is solely reliant on the papillary

dermis for nutrient exchange via diffusion through the basement membrane (Imanishi et al. 2008).
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The DEJ forms rete ridges which penetrate deep into the papillary dermis and, much like the villi of
the small intestine, maximise the surface area between the two layers. This increases the efficiency
of nutrient delivery from the dermis to the epidermis (Briggaman and Wheeler 1975). Mechanically,
this high surface area enhances the adhesion between the dermis and the epidermis and also
protects the dermis from physical trauma by diffusing external forces along the area of contact
(Xiong et al. 2013). The reticular dermis is mostly responsible for providing the skin’s elasticity and
acts as a primary architectural cushion for the underlying tissues (Dempsey and Lansing 1954;
Langton et al. 2017). Below the dermis is the hypodermis which is primarily comprised of
adipocytes. These store triglycerides and cholesteryl esters as a metabolic energy source (Prattes
et al. 2000). Aside from vascular and neural cells, the mesenchyme-derived fibroblast is the main
resident cell of the dermis (McDougall et al. 2006). This cell is tasked with the production and

deposition of a variety of ECM components (Abraham et al. 2010; Lamme et al. 1996).

1.2 Components of the dermal extracellular matrix

The most important constituent of the dermis is the ECM itself. Some components of the ECM in
the dermis are highly structured (Fig. 1.2). They exhibit a variety of functions other than providing
structural support, such as endowing the skin with elasticity, acting as a substrate for cell adhesion
and mediating cell proliferation, migration, differentiation and gene expression (Naylor et al. 2011;

Proksch et al. 2008).
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Figure 1.2: Cellular and molecular composition of the skin. The dermis is composed mainly of
ECM. Collagens confer structural stability, elastic fibres endow the skin with resilience and
glycosaminoglycans play an important role in skin hydration and metabolism. Reproduced from
Naylor et al. (2011).
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1.2.1  General overview of collagens, proteoglycans and major modifiers of the extracellular
matrix
The collagens are a major ECM component, important in the scaffolding and maintenance of
various connective tissues. The fibril forming collagens are composed of a triple helix (Gelse et al.
2003) with each polypeptide consisting of Gly-X-Y repeats (Brodsky and Persikov 2005). Type | is
the most abundant of all the fibril forming collagens and can combine with type Il in fibres of the
reticular dermis (Fleischmajer et al. 1990; Gelse et al. 2003). Helical integrity of fibril forming
collagens gives them a high load bearing and tensile strength (Kadler et al. 2007; Roeder et al.
2002). In contrast to fibril forming collagens, collagen IV creates an aggregating network by binding
fibronectin, laminins and nidogens, forming a flattened, porous mesh in basement membranes
such as in the DEJ (Fleischmajer et al. 1998; Gelse et al. 2003). As such, it plays a key role in the

transduction of signalling molecules and nutrients.

Another major component of the ECM is the proteoglycans. Although these are found within the
ECM of most connective tissues, they are most abundant in joints (Onnerfjord et al. 2012). They
are defined by a glycoprotein chain with at least one, but often more, glycosaminoglycans (GAGs)
interspersed along the core polypeptide (Sarrazin et al. 2011). Within the skin, the hydroscopic and
flexible nature of hyaluronans, in particular, make them an effective space filler within the ECM
which has even been described as a hydraulic shock absorber (Evanko et al. 2007; Scott et al.

1998).

The ability of these assemblies to bind and crosslink is inherent to the overall network and structure
of the ECM in all tissues. This is achieved through the induction of crosslinks by enzymes such as
transglutaminase and lysyl oxidase (LOX) (Heck et al. 2013). LOX is also involved in the
crosslinking of elastin in elastic fibres (Liu et al. 2004). Laminins and fibronectins, integral to
basement membranes, are also crosslinked via di-sulphide bonding (Keski-Oja 1976; Yurchenco
2011; Kalkhof et al. 2008). These mechanisms are not only important to the stability of the ECM,
but also for rendering the network insoluble. Transglutaminase-2, for instance, is extremely

important for maintaining ECM insolubility (Hynes and Naba 2012; Lorand and Graham 2003).

Equally as important, the ability of a tissue system to selectively dismantle this vast,
multicomponent ECM network is vital for turnover and repair. An important subset of ECM

proteases is the matrix metalloproteinase (MMP). This major group of zinc-dependent
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endopeptidases is found in most tissues and have the ability to hydrolytically cleave a variety of

ECM substrates (Stamenkovic 2003; Chakraborti ef al. 2003).

1.2.2  Fibrillin microfibrils and the dermal elastic fibres

Along with other members of the ECM, the elastic fibre is an integral ECM component of all
dynamic connective tissues such as, lungs, blood vessels, bladder and skin. It has a particular role
in endowing these tissues with elastic properties (Kielty et al. 2002; Langton et al. 2017). The
elastic fibre itself exhibits remarkable resilience and elasticity, capable of unforced, passive
deformation and recoil (Baldwin et al. 2013; Bhushan et al. 2010; Kao et al. 2016). Both fibrillin
microfibrils and elastin are the two integral constituents of elastic fibres, the structural degradation
of which can have deleterious effects on the dermal elastic fibre system (Rock et al. 2004; Sakai et

al. 1986; Sherratt 2009).

1.2.3 Dermal elastic fibre organisation

Elastic fibres exhibit a structured organisation in skin (Fig. 1.2) (Cotta-Pereira et al. 1976; Dahlback
et al. 1990). Thick horizontal bundles of elastic fibres dominate the deep reticular dermis of the
skin. These so called reticular fibres run parallel to the surface of the skin and form an elastic layer.
Thinner, perpendicular elastic elaunin fibres crosslink with the reticular fibres and run to the more
superficial papillary dermis, where they connect with oxytalan fibres (Montes 1996). Oxytalan fibres
are composed solely of fibrillin microfibrils and extend through the papillary dermis to the basement
membrane where they are thought to interact with the heparin sulphate proteoglycan: perlecan
(Tiedemann et al. 2005). This organized network of elastic fibres endows the skin with elasticity
throughout all its layers (Kielty, Sherratt, et al. 2002) and provides the continuous flexibility all
vertebrates need during motion. Interestingly both fibrillin microfibril and elastin exhibit marked
longevity (Shapiro et al. 1991); however, certain MMPs and serine proteases are known to cleave
elastic fibres (Ashworth, Murphy, et al. 1999). These enzymes become deregulated with age
(Brennan et al. 2003; Quan et al. 2009). In fact, a major factor of connective tissue degeneration is
attributed to the progressive deterioration of the elastic fibre network and its components (Langton

et al. 2010; Warren et al. 1991; Watson et al. 1999).

1.2.4  Elastic fibre composition
The accepted dogma is that fibrillin microfibrils are assembled followed by elastin deposition
directly on the microfibril template (Feneck et al. 2018; Rock et al. 2004). As such, the elastic fibre

is comprised of an amorphous elastin core, surrounded by a protective fibrillin microfibril sheath.
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Elastin itself constitutes 90% of the elastic fibre, making it the most abundant constituent (Kielty,

Sherratt, et al. 2002).

1.2.5 Elastic fibre longevity

Whereas most intracellular proteins and extracellular proteins have a biological half-life ranging
from minutes and hours (Aziz et al. 2016; Brinster et al. 1979; Kuehl and Sumsion 1970) to a few
days (Price et al. 2010), several components of the ECM are remarkably long-lived by comparison.
In skin, the half-life of collagen type | was an estimated 15 years and, in cartilage, collagen type ||
was estimated at a staggering 117 years (Verzijl, DeGroot, Thorpe, et al. 2000). Elastic fibres are
no exception to this longevity. Although mean turnover for elastin was extrapolated in the late
seventies using dietary estimates (Stenhouse and Baxter 1977), the permanence of elastin and its
microfibrillar template in resident human tissues was elegantly demonstrated by Shapiro et al.
(1991) using two distinct methods. The first was using aspartic acid racemization whereby L-
enantiomers of amino acids slowly and predictably convert to D-enantiomers over an individual’s
lifetime. This allowed the age of long-lived elastic fibre proteins to be determined. The second was
by measuring the levels of radioactive isotope "C within purified elastin, which had been
incorporated into the carbonaceous tissues of organisms in the late 1950s as a result of nuclear
weapons tests and provides a useful dating tool in biogenic material. Using both these means,
Shapiro et al. (1991) estimated the mean residence time of elastin, purified from human lung
parenchyma, to be 74 years. In the same study, they went on to show that microfibrils and other
non-elastin components of the elastic fibre also contributed a large proportion of total D-aspartate.
This indicated that the age of fibrillin microfibrils highly correlated with that of elastin and they were,
therefore, equally long-lived. It is important to consider the longevity of these ECM assemblies in
this PhD project as it serves as the fundamental reason behind the damage accumulation during

the photoageing process.

This section has reviewed the anatomy, function and ECM composition of skin, with a particular
focus on the dermal elastic fibre and its fibrillin microfibril constituent. Since this PhD aims to
demonstrate tissue-dependent differences between fibrillin microfibrils derived from skin and eye, it
is next necessary to review the eye with a similar context. Intriguingly, as an organ, although the
eye plays an entirely unique function in comparison to skin, both share the presence of these

versatile ECM components.
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1.3 Eye anatomy

The eye is a complex organ composed of many different tissues and cell types whose combined
functions allow the remarkable evolutionary feat of sight (Fig. 1.3). Diffuse light first passes through
the cornea which, much like skin, is mainly comprised of an epithelium, a stroma and an
endothelium (Jacob and Naveen 2016). It then travels through the aqueous humour-filled anterior
chamber and the pupil, which functions as a varying aperture, creating and directing a column of

light to the lens. Here, light is focused through to the posterior chamber and onto the macular

region of the retina.
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Figure 1.3: Cross-section depicting the gross anatomy of the eye. It is comprised of three main
compartments: the anterior chamber between the cornea and the iris, the posterior chamber
between the anterior side of the iris and the posterior side of the lens and the vitreous chamber
behind the lens and ciliary zonule. Within these chambers are three layers: the outer fibrous layer
consisting of the cornea and sclera, the middle vascular layer consisting of the iris, ciliary body and
the choroid, and the inner nervous layer consisting of the retina. The lens sits against the iris, within

the posterior chamber, suspended in place by the ciliary zonules. Reproduced from Garhart and
Lakshminarayanan (2014).
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1.4 Ciliary components of the eye

Focusing of light through the lens is achieved through the process of accommodation driven by the
ciliary components of the eye (Fig. 1.4), where the muscles within the ciliary body exert a tensile
pull on the zonular fibres attached to the lens (Burd et al. 1999). This leads to its deformation which

changes the angle of light refraction.
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Figure 1.4: A scanning electron micrograph (EM) and schematic presenting the anatomy of the
eye’s ciliary tissue. The ciliary body consists of the smooth pars plana, the ridged pars plicata (with
the ciliary processes at its ends) and the underlying ciliary muscle. The zonular fibres are seen in
two distinct locations: along the surface of the pars plana and between the lens and the base of the
pars plicata where they are referred to as the ciliary zonules. Scanning EM taken from Tamm and
Litien-Drecoll (1996) and schematic adapted from Hogan et al. (1971).

1.4.1  Ciliary body

The ciliary body itself consists of three parts: the overlying anterior pars plicata and posterior pars
plana and the underlying ciliary muscle (Tamm and Lutjen-Drecoll 1996). The ridges of the pars
plicata are known as the ciliary processes, which protrude outward into the posterior chamber.
These are densely vascularised and function mainly as producers and secretors of aqueous
humour. The valleys of the pars plicata between the ciliary processes, however, function as the
main anchoring site of the ciliary zonules which consist of fibres which connect to the lens. These

insert directly into the basal lamina of non-pigmented epithelial (NPE) cells of the ciliary epithelium

deep within these valleys. Since these cells highly express both fibrillin-1 and fibrillin-2, it is
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hypothesised that they may be responsible for zonule fibre synthesis during development (Godwin
et al. 2018; Shi et al. 2013). The valleys become the pars plana which are mostly covered by a
dense layer of parallel zonular fibres. Contrary to the ciliary zonules, which insert within the valleys
of the anterior pars plicata, these fibres run along the surface on the pars plana without insertion
until they reach the posterior extremity of the ciliary body where they aggregate and insert into the
basal lamina of NPE cells (Tamm and Litjen-Drecoll 1996). The ciliary muscle lies below the pars
plana and pars plicata at the base of the ciliary body, and consists mainly of smooth muscle
bundles capable of contraction during the accommodation process. The contraction of the muscle
is inversely proportional to the tensile pull of the ciliary zonules by shifting their anchoring points
within the plans plicata distally toward the lens. This relaxes the tension on the ciliary zonules

which returns the lens to its default spherical shape (Burd et al. 1999; Delamere 2005).

1.4.2 Ciliary zonules

The ciliary zonules refer specifically to the zonular fibres which run from the base of the pars plicata
to the lens itself, where there they anchor directly into the lens epithelium. The fibres exist as
macro-fascicle-like structures comprising of aligned bundles of fibrillin microfibrils held together by
secondary bundles which circumferentially wrap around the main structure (Godwin et al. 2018;
Hiraoka et al. 2010). As networking assemblies of the ECM, fibrillin microfibrils associate to several
proteins within the ciliary zonules, such as latent transforming growth factor beta (TGFf)-binding
protein 2 (LTBP2; Inoue et al. 2014) and a disintegrin and metalloproteinase with thrombospondin
motifs protein 10 (ADAMTS10; Kutz et al. 2011), which are thought to stabilise the zonule structure.
As with skin basement membranes, these fibrillin microfibrils are also thought to anchor directly to
the basal lamina of the lens and pars plicata epithelia by interacting with perlecan (Tiedemann et

al. 2005) but also with ADAMTS4 (Collin et al. 2015).

1.5 Fibrillin microfibrils

Having reviewed both the anatomy of both skin and eye, and the major roles fibrillin microfibrils
play within, it is next necessary to review these assemblies in more detail. In skin, fibrillin
microfibrils exist predominantly within elastic fibres (Feneck et al. 2018; Rock et al. 2004; Sakai et
al. 1986). However, they also exist completely separate from elastic fibres in tissues such as the
ciliary zonule (Godwin et al. 2018; Hiraoka et al. 2010). Since zonular fibrillin microfibrils function
very differently from those in elastic fibres, contributing heavily to the eye’s ability to focus (Burd et

al. 1999), it indicates that these assemblies play other major roles which are not elastic fibre-
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mediated. Although, it is clear that fibrillin microfibrils play structurally and mechanically distinct
roles in skin compared to in eye, how they do this on a molecular scale remains poorly understood.
However, the answer may lie in how adaptable their structure and composition might be in relation
to those different roles. In order to put this in context, it is next necessary to review the structure

and composition of the fibrillin microfibril itself.

1.5.1  Fibrillin microfibril ultrastructure

The fibrillin microfibril is an exceptionally large macromolecular, polymeric glycoprotein (Cain et al.
2006) whose ultrastructure resembles beads on a string (Fig. 1.5) (Baldock et al. 2001; Godwin et
al. 2018). The average periodicity (inter-bead distance) is commonly considered to be 56 nm and
the length of an individual repeat is 160 nm. Atomic force microscopy (AFM) and rotary shadowing
electron microscopy (EM) show these repeats as flexible molecules with both rod-like (interbead)

and globular (bead) regions (Kielty et al. 2005).
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Figure 1.5: The fibrillin microfibril’s characteristic beads-on-a-string ultrastructure. Having been
studied extensively with AFM and EM, it consists of a polymeric assembly of individual bead and
interbead repeats. The periodicity (bead to bead distance) is reportedly ~56 nm, however, this can
vary depending on species, tissue location (Lu et al. 2006; Sherratt et al. 1997), maturation
(Sherratt et al. 1997) and damage (Hibbert et al. 2015; Sherratt et al. 2010). The bead itself is
globular and easily visualised. The shoulder region stems from the bead and consists of two arms
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which join together with a physical space in between. EM image and microfibril dimensions

reproduced and adapted from Baldock et al. (2001).

Although all fibrillin microfibrils have the same characteristic beads-on-a-string ultrastructure, they
play very distinct roles in different tissues. Within elastic fibres, they serve as a template to
amorphous elastin (Rock et al. 2004) and endow the connective tissues with elasticity and
resilience (Kielty, Sherratt, et al. 2002; Langton et al. 2017) whereas in the ciliary zonule they act
as stand-alone, suspensory ligaments (Godwin et al. 2018; Hiraoka et al. 2010) whose tensile
strength allows lens accommodation (Burd et al. 1999). It is clear that this microfibrillar assembly
has evolved to fit these two distinct roles; however, it remains unclear as to how and whether their
structures have changed as a result. Additionally, fibrillin microfibrils are markedly long-lived
(Shapiro et al. 1991) and laid down early in development (Sherratt et al. 1997), which suggests that
tissue-specific differences to ultrastructure may be developmentally-mediated. Only two studies
have demonstrated that fibrillin microfibril ultrastructure is both tissue- and development-
dependent. Using scanning transmission EM and rotary shadowing EM, Sherratt et al. (1997)
showed that both the mass and periodicity (bead to bead distance) of fibrillin microfibrils isolated
and purified from foetal bovine tissues differed between aorta, skin and nuchal ligament. This
served as the first indication that the structures and composition of these assemblies may be
directly related to the functions they play in different tissues. Additionally, Sherratt et al. (1997) also
found that a decrease in microfibril mass and periodicity correlated directly with foetal age,
indicating that these assemblies undergo a post-translational process of maturation. Lu et al.
(2006) later went on to show specific differences in fibrillin microfibril bead morphology between
ciliary zonule and aorta isolations from bovine tissue. Although these studies indicate that fibrillin
microfibril ultrastructure may correlate directly with its tissue function and maturation, these
observations have never been made in humans. The protein composition of the fibrillin microfibril is
predominantly fibrillin; however, a host of associated proteins are also able to network with it
(Thomson et al. 2018). To this effect, tissue- and developmental-dependent differences in fibrillin

microfibril composition have not been studied to date.

1.5.2  Fibrillin-1 structure

Three fibrillin isoforms have been identified in humans. Fibrillin-1 (Fig. 1.6) is expressed most
abundantly and represents the most common constituent of fibrillin microfibrils. Fibrillin-2 is mostly
expressed during neonatal development (Zhang et al. 1994). Structurally, it is largely homologous

to fibrillin-1 but exhibits dissimilar expression patterns. Fibrillin-3 expression has been detected
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solely in the brain; however, its ability to form microfibrils remains unknown (Corson et al. 2004). In
skin, fibrillin-1 expression, secretion and deposition is mostly attributed to fibroblasts, although
keratinocytes have been shown to express fibrillin-1 (Haynes et al. 1997). Interestingly, fibrillin-1
and its microfibrils exhibit remarkable conservation throughout most of life’s evolution. Its initial
formation, (first mapped to the cnidarians) predates the formation of elastin (first mapped to the

jawed vertebrates) by ~3.4 billion years (Baldwin et al. 2013; Piha-Gossack et al. 2012).
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Figure 1.6: The primary and domain structures of fibrillin-1. Fibrillin-1 has a molecular weight of
312.2 kDa (Kielty et al. 2005) and is comprised of an N-terminal region, 47 epidermal growth factor-
like domains (EGF), 7 cysteine-rich TB domains (latent transforming growth factor 8 binding protein
(LTBP) — like regions) and 2 hybrid domains which bear homology to EGF domains and TB
domains (A). On the N-terminal side, there is a proline-rich domain, suggested to be a hinge
region (Kielty et al. 2005). This motif is glycine-rich in fibrillin-2 and both proline- and glycine-rich in
fibrillin-3 (Corson et al. 2004). The primary sequence of fibrillin-1 consists of 2871 amino acids (B).
Sequences corresponding to each domain are colour-coded and labelled to match the domains in
the schematic (A).
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EGF domains of fibrillin-1 are also commonly found in other large proteins such as agrin (Hoch et
al. 1994), hemicentin (Dong et al. 2006) the thrombospondins (Liu et al. 2009), the LTBPs (Jensen
et al. 2009) and the mucins (Dekker et al. 2002). They each contain three disulphide bonds
between cysteine residues which convey high stability to their internal structure (Downing et al.
1996). The majority of the EGF domains in fibrillin-1 contain calcium binding regions (Handford et
al. 1995). Varying the presence of calcium greatly changes the ultrastructure of fibrillin microfibrils.
There is a reduction of periodicity between beads in the absence of calcium and a measurable
widening of the bead (Werner et al. 2000). An increase in flexibility is also observed (Kielty et al.

2005).

The TB domains are named after their homology to LTBP and some of these regions are known to
covalently bind and store TGF-B (Lack et al. 2003). These domains are unique to the fibrillin
superfamily (including LTBPs) and occur in no other protein structure. They contain four di-sulphide
bonds which stabilise the domain’s internal structure (Yuan et al. 1997). TB domains are found
seeded among the various EGF-rich regions of fibrillin-1. They are globular motifs comprising of
two a-helices and six B-sheets (Kielty et al. 2005). The fourth TB domain between EGF26 and 27,
has an RGD amino acid sequence capable of binding to integrin receptors a5p1 and avp3 (Bax et
al. 2003). These indicate adherence points that may be integral for fibrillin microfibril deposition and

assembly.

Fibrillin’s hybrid motifs are also unique to their protein superfamily. At the N-terminal side of the
domain, they adopt a TB motif-like structure and at the C-terminal side they adopt a EGF-like
structure (Reinhardt, Gambee, et al. 2000). These hybrid domains have been hypothesised to be
important in intramolecular di-sulphide crosslinking which stabilizes the internal microfibril structure
(Kielty et al. 2005). Two furin cleavage sites have been identified in fibrillin-1 (Kielty et al. 2005):
The N-terminus of fibrillin-1 contains the first site within the first 29 amino acid sequence and the C-
terminus contains the second site located after the final EGF domain, both comprising of an
RAKRR motif (Ritty et al. 1999). Furin processing appears be very important to fibrillin microfibril

deposition and assembly (Raghunath et al. 1999).

1.5.3 Marfan syndrome
The protein structure and folding of fibrllin-1 is inherently linked to ultrastructure of its native
microfibril. As a result, mutations in fibrillin-1 can lead to measurable changes in microfibril

ultrastructure, and hence its function (Kielty, Raghunath, et al. 1998). Marfan syndrome (MFS) is
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an autosomal dominant disorder specifically caused by mutations in fibrillin-1 (Pyeritz 2000). As
such, it provides an indispensable opportunity to study the pathological effects of genetically
induced abnormalities in the assembly, deposition and structure of fibrillin microfibrils. The
incidence of MFS is estimated as 1 in 10,000 within the general population, with 85% being
attributed to family history (Kielty et al. 2005). Clinically, MFS is characterised by life threatening
cardiovascular disease along with severe skeletal and ocular defects (Giampietro et al. 2002).
Skeletally, patients exhibit increased height and limb length, skeletal chest deformities, joint laxity
and scoliosis (Kaissi et al. 2013). Ocular defects often include myopia and lens dislocation (ectopia
lentis) due to the disruption of the ciliary zonules (Kainulainen et al. 1994). By far the most serious
clinical complication for MFS patients is aortic rupture or heart valve (mitral or aortic) prolapse, both
of which cause cardiac failure in over 90% of associated patient deaths (Murdoch et al. 1972). MFS
can also manifest in neonatal stages of human development however, these individuals suffer

perinatal death usually due to congestive heart failure (Kainulainen et al. 1994).

Over 350 mutations have been identified in fibrillin-1 with 68% of these categorised as missense
mutations localised mainly within the EGF regions (Kielty et al. 2005). Classical MFS is normally
attributed to changes either in cysteine residues or within the calcium binding epitopes of fibrillin-1.
The severity of the disease, however, is dependent on the mutation’s location within the protein
structure and the domain’s propensity to bind calcium (Kettle et al. 1999; Kielty et al. 2005).
Mutations unrelated to cysteine residues or calcium affinity are rarer and usually found as
alterations in N-glycosylation sites or in glycine (Robinson et al. 2002). The fact that fibrillin-1
mutation location correlates with MFS severity suggests different domains of fibrillin-1 play distinct
roles within the native fibrillin microfibril structure and function. For instance, mutations specifically
between fibrillin-1 domains TB3-EGF22 have been shown to cause neonatal MFS and severe
symptoms such as aortic dissection in individuals younger than 16 years of age (Tiecke et al.

2001).

The fact that mutations in fibrillin-1 can cause such severe downstream effects highlights the
importance of the fibrillin microfibril, not only in tissue structure and mechanics, but also in tissue
homeostasis. As a networking ECM assembly, the fibrillin microfibril interacts with a number of
extracellular associated proteins, the disruption of which may be the reason behind these
fibrillinopathies. Furthermore, it demonstrates that changes in fibrillin microfibril ultrastructure go

hand-in-hand with changes in fibrillin-1 protein structure. This is an important consideration when

37



investigating tissue-dependent differences and UV-induced changes to fibrillin microfibrils during

this PhD.

1.5.4  Associated proteins

Although fibrillin microfibrils are primarily composed of fibrillin-1, a variety of proteins have been
shown to associate with these assemblies. As such, it is perhaps more appropriate to classify the
fibrillin microfibril as a multi-component structure. Identifying and studying these interactions is

inherent for understanding the role of the fibrillin microfibrils in health and disease.

The N-terminal region of fibrillin-1 has proved to be the most interactive, capable of binding itself
and the C-terminal region of other fibrillin-1 pro-peptides (Marson et al. 2005), as well as many
associated proteins (Kielty et al. 2005; Thomson et al. 2018). Many of these interactions (Fig. 1.7)
implicate fibrillin microfibrils in a host of novel roles, some integral to the ECM’s architecture, and

others to the control of the cellular microenvironment.
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Figure 1.7: A variety of proteins are known to associate to fibrillin microfibrils. Aside from elastin
(grey) in the elastic fibre, these also include signalling peptides and growth factors such as TGF-$
(purple) and BMP (bone morphogenetic protein) (green), fibrillin-like LTBPs (blue), ECM fibulins
(pink), zinc-dependent protease ADAMTS (light green) / ADAMTS ligand (orange) and the
microfibril assembly controlling MFAPZ2 (red) and MFAP5 (yellow). Certain proteoglycans such as
versican (dark blue) and perlecan (brown) have also been shown to associate. Adapted from
Jensen et al. (2012).

As an integral component of the elastic fibre system, tropoelastin is a long known associated
protein which co-purifies with fibrillin microfibrils at high affinities when extracted from elastic fibre

tissue (Rock et al. 2004).

The microfibril-associated proteins (MFAPs) are a glycoprotein family heavily integrated with the

ultrastructure of fibrillin microfibrils. MFAP2 (also known as microfibril-associated glycoprotein 1:
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MAGP1) has one of the highest affinities to fibrillin-1 and binds specifically to the bead region of the
microfibril (Henderson et al. 1996). It consists of a negatively charged N-terminal region, a
positively charged C-terminal region (Kielty et al. 2005) and a matrix binding domain which enables
its interaction with fibrillin-1 and other components of the ECM (Segade et al. 2002). Its calcium
dependent interactions have been implicated not only in elastic fibre assembly (Jensen et al. 2001)
but in ciliary zonule formation (Fujita et al. 2014) and ageing (Zheng et al. 2013) as well. MFAP4
contains a distinctive RGD region capable of binding av3 integrin (Gibson et al. 1999) and plays a
role in cell mediated microfibril assembly and elastogenesis (Pilecki et al. 2016). MFAP5 (MAGP2)
has multiple binding sites on fibrillin-1 and its microfibril (Hanssen et al. 2004) and, like all other
members of its family, it also plays a role in elastic fibre formation (Lemaire et al. 2007). Its
interactions with fibrillin microfibrils have also been implicated in thoracic aortic aneurism and

dissection (Barbier et al. 2014).

A number of proteoglycans interact with fibrillin microfibrils. Versican plays a versatile role in
networking ECM assemblies and regulating their adhesion to cells (Wight 2002). It binds directly to
the N-terminal region of fibrillin-1 and has been implicated in the structural integration of fibrillin
microfibrils into the surrounding ECM (lsogai et al. 2002). Together with hyaluronan, it also forms a
complex within the ciliary body (Ohno-Jinno et al. 2008). Additionally, the interaction between
fibrillin microfibrils and basement membranes at the ciliary body and at the dermal epidermal
junction is mediated by its association with the proteoglycan perlecan (Shi et al. 2013; Tiedemann

et al. 2005).

The fibulins are another family of proteins with functional interactions with fibrillin microfibrils. Both
fibulins-1 and -2 have been shown to bind the N-terminal region of fibrillin-1 (Reinhardt, Sasaki, et
al. 1996; Roark et al. 1995), the lectin domains on versican as well as the proteoglycans aggrecan
and brevican (Olin et al. 2001). This suggests that, like versican, fibulin-2 and fibulin-1 may play a
role in the integration of fibrillin microfibrils into the surrounding ECM. Fibulin-4 has also been
shown to interact with fibrillin-1 (Choudhury et al. 2009). Although removing the exposure to fibulin-
4 does not affect microfibril assembly, it decreases elastogenesis (McLaughlin et al. 2006). Its
association to tropoelastin (Kobayashi et al. 2007) and LOX (Horiguchi et al. 2009) as well as
fibrillin-1 (Choudhury et al. 2009), also suggests that it may be involved in the correct crosslinking

and deposition of tropoelastin onto its fibrillin microfibril template. Interactions with fibulin-5 may
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also play a role in microfibril function as depletion of this protein causes a disruption to elastic fibre

assembly (Yanagisawa et al. 2002).

The LTBPs are a unique group fibrillin microfibril-associated proteins. As members of the fibrillin
superfamily, they contain a number of regions of homology to all fibrillins. Once secreted, TB
regions of LTBPs 1, 3 and 4 covalently bind the latent TGF complex (Saharinen et al. 1996). This
then co-localises to fibrillin microfibrils in the ECM (Ono et al. 2009) and enables local regulation of
TGFB bioavailability. TGF-B is a multifunctional cytokine which acts as a mediator of neurogenesis,
angiogenesis, immunorecruitment, wound healing, lineage determination, differentiation,
proliferation, cell adhesion, apoptosis and ECM regulation (Massagué 1998). The storage of TGF-3
by fibrillin microfibrils suggests that they play a major role in controlling tissue homeostasis
(Lemaire et al. 2006). In fact, disruption of TGFB signalling is a characteristic pathology of MFS
(Neptune et al. 2003) and may play a role in its associated aortopathies (Franken et al. 2015).
Interestingly, LTBP2 is the only member of its family which does not sequester TGFB, however, it
still co-localises to the fibrillin microfibril (Vehvildinen et al. 2009) and interacts with fibulin-5 to
negatively regulate elastic fibre formation (Hirai et al. 2007; Sideek et al. 2014). It has also been
implicated in correct ciliary zonule function since mutations can cause ectopia lentis (Khan et al.
2011). Additional to the sequestering of TGFB, LTBP4 and its interplay with fibulins 4 and 5 is a

requirement for elastic fibre assembly (Bultmann-Mellin et al. 2016; Noda et al. 2013).

Latent BMPs are another group of cytokines which associate with fibrillin microfibrils both in vitro
and in vivo (Sengle et al. 2008). As with TGFB, fibrillin microfibrils act as natural storage for BMP,
co-localizing the growth factor to within the tissue matrix. This minimizes diffusion and enables its
controlled mobilisation (Jensen et al. 2012). BMP cytokines induce a variety of changes in cell

differentiation and migration.

Fibronectin is an ECM protein who’s interaction with the fibrillin microfibril is integral to its assembly
(Sabatier et al. 2009) and deposition (Kinsey et al. 2008). This association is also thought to
regulate the interaction between LTBP1 and the fibrillin microfibril, which indicates another role of

fibronectin in fibrillin-mediated TGF signalling (Zilberberg et al. 2012).

ADAMTSs and ADAMTS-like proteins (ADAMTSLs) are a group of fibrillin microfibril-associated
proteins which have been implicated in a number of roles including tissue integrity, development,

angiogenesis and inflammation (Apte 2009). Mutations in a number of these glycoproteins causes
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similar genetic pathologies to those seen in fibrillin-1 (Ahram et al. 2009; Dagoneau et al. 2004; Le
Goff et al. 2008). Interestingly, different members of the ADAMTSs are able to regulate fibrillin
microfibril deposition. ADAMTS6 inhibits deposition whereas ADAMTS10 enhances and maintains
it (Cain et al. 2016; Kutz et al. 2011). ADAMTSL2 interacts with both fibrillin-1 and LTBP1 which
indicates a role in TGFB signalling (Le Goff et al. 2008). ADAMTSL4 associates to fibrillin

microfibrils in eye tissue and enhances microfibril deposition in vitro (Gabriel et al. 2012).

Although the elastin microfibril interfacers (EMILINS) were initially identified within elastic fibres,
between elastin and their fibrillin microfibril templates (Bressan et al. 1993), only recently have
EMILINS-1 and -2 been shown to be specifically targeted to the microfibril in skin, requiring the
presence of fibronectin in the process (Schiavinato et al. 2016). These glycoproteins are also
multifunctional regulators of cell activity such as adhesion (Spessotto et al. 2003), proliferation
(Danussi et al. 2011), migration (Spessotto et al. 2006) and apoptosis (Mongiat et al. 2007, 2010),
with a capability of modulating TGF processing (Schiavinato et al. 2012; Zacchigna et al. 2006). It
is likely that the sequestration of EMILINs-1 and -2 within the elastic fibre contribute to tissue

homeostasis

In summary, fibrillin microfibrils associate with a variety of proteins within their resident ECM, most
of which play an important role in their assembly, elastic fibre integration, or homeostatic function.
As such, this assembly is often described as supramolecular with its molecular composition being

inherent to the myriad of functions it plays in different tissues.

1.5.5 Processing, secretion and assembly

The synthesis and deposition of fibrillin microfibrils is mainly attributed to fibroblasts (Long and
Tranquillo 2003; Milewicz et al. 1992; Sakai et al. 1986). That being said, it remains unknown
whether epithelial cells contribute to fibrillin microfibril assembly in tissue. In 1997, Haynes et al.
demonstrated that isolated primary keratinocytes have the capacity to express fibrillin-1 and
synthesise fibrillin microfibrils in vitro (Haynes et al. 1997). With this, they suggested these cells
may contribute to oxytalan fibre synthesis in the dermis through the DEJ. Additionally, the
epithelial-mesenchymal state of these cells may influence their ability to synthesise these

assemblies (Baldwin et al. 2014).

Fibrillin microfibril assembly commences with cell production and secretion of monomeric fibrillin-1

(Ashworth, Kelly, et al. 1999; Jensen et al. 2014). The intracellular aggregation of fibrillin-1 is
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prevented by the molecular chaperone calreticulin and the enzyme protein disulphide isomerase,
which bind to the monomer and inhibit its homotypic interaction (Ashworth et al. 1999). Post-
secretion, the N and C termini of fibrillin-1 are cleaved by furin, after which, it is proposed that these
monomers dimerise through the homotypic interaction between these N and C termini (Ashworth et
al. 1999; Marson et al. 2005). These dimers form the basic intermediate building blocks of fibrillin
microfibril assembly. The cellular deposition of fibrillin-1 dimers and the assembly of the microfibril
is thought to be mediated by interactions between fibronectin and RGD-dependent a531 integrin
receptors on the cell surface (Sabatier et al. 2009). This suggests that the cells may physically

adhere to an assembling microfibril, via fibronectin, before adding a fibrillin-1 dimer to the structure.

Two major models of fibrillin-1 alignment within the microfibril have been proposed (Fig. 1.8): the
hinged model (Baldock et al. 2001, 2006) and the staggered model (Kuo et al. 2007; Reinhardt et
al. 1996) (see reviews : Jensen and Handford 2016 and Kielty et al. 2005). Both models were
constructed by: 1) relating the ultrastructural features seen via negative stain and rotary shadowing
scanning EM to fibrillin-1 specific antibody binding sites and 2) by relating the predicted theoretical
axial mass distributions of the microfibri’s bead and interbead to that of the fibrillin-1 domains’
actual mass. Both models present eight fibrillin-1 monomers per microfibril bead and interbead

repeat.
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Figure 1.8: The folded model and staggered model of supramolecular organisation of fibrillin-1

within the microfibril. The folded model (A) (Baldock et al. 2001, 2006) proposes that the microfibril
bead and shoulder region is composed of both the N-terminal half of the fibrillin-1 monomer up to
EGF21 bound to the C-terminal epitope between EGF36 and 47, of another fibrillin-1 monomer.
The N-terminal half is arranged as a globular epitope in three folds with a hinge predicted at the
proline-rich domain and another at the second hybrid domain. The C-terminal region contains a
single fold predicted to be at domain TB7. The inter-bead region is putatively composed exclusively
of domains EGF22 to TB6. For simplification, two fibrillin monomers are shown in this schematic,
although a total of eight are predicted per repeat. In contrast, the staggered model (B) (Jensen and
Handford 2016; Kielty et al. 2005) proposes that fibrillin-1 monomers (all eight are shown in this
schematic) are aligned in 50% staggered array with a four domain overlap between the N- and C-
termini. Due to this stagger and the consequential shift in domain alignment, the proposed bead
and inter-bead overlap of fibrillin-1 domains differs heavily with that of the hinged model. Whereas
the folded model proposed a single inter-bead region per fibrillin-1 monomer (C), the half staggered

proposes two: one estimated between TB1 and EGF17 and another between EGF28 and EGF41.
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1.5.6  Fundamental gaps in knowledge

Over the last half a century, we have learned much about the macromolecular nature of the fibrillin
microfibril and the diverse roles it plays in the ECM. However, several fundamental gaps in
knowledge persist, as its composition, supramolecular organisation and their relation to
ultrastructure, remains poorly understood. Not only this, but evidence that the microfibril’s
ultrastructure can be dependent on tissue location (Lu et al. 2006; Sherratt et al. 1997), maturity
and developmental stage (Sherratt et al. 1997) adds further complexity and further widens the
knowledge gap. The tissue- and developmental-dependency of the fibrillin microfibril ultrastructure
has only been shown in foetal and adult bovine, elastic fibre-rich tissues. Whether these variances
relate to differences in composition or molecular arrangement still remains unknown. As such, part
of this this PhD aims to assess these differences in humans, and between elastic fibre-rich and
elastic fibre-poor tissues (such as ciliary body and skin), where fibrillin microfibrils play very
different biophysical and structural roles. Doing so will reveal more about their ultrastructural

diversity and its relation to composition and macromolecular organisation.

1.6 Collagen VI microfibrils

The collagen VI microfibril is another important, supramolecular ECM assembly often present in the
same connective tissues as the fibrillin microfibrils. Due to similarities in size and dimension, these
microfibrillar assemblies often co-purify together. During the PhD, this turned out to be
advantageous, since its ultrastructure and composition could also be assessed alongside that of
the fibrillin microfibril. This allowed comparisons to be made in order to ascertain whether changes
seen in fibrillin microfibril structure and composition were assembly-specific or not. Because of this,
it is also necessary to review the structure, composition and function of the collagen VI microfibril in

comparison to fibrillin.

1.6.1  Collagen VI microfibril composition, assembly and ultrastructure

Like the fibrillin microfibril, the collagen VI microfibril is a large macromolecular, beaded ECM
assembly commonly found in several connective tissues (Engvall et al. 1986). Unlike the fibrillin
microfibril, which is predominantly composed of fibrillin-1, human skin collagen VI microfibrils can
contain up to five different alpha (COL6A)-chains: COL6A1, COL6A2, COL6A3, COL6A5, COL6A6
(Fig. 1.9) (Cescon et al. 2015). The COL6A4 chain is not functional in humans due to a

chromosome inversion which prevents its translation (Fitzgerald et al. 2008; Gara et al. 2008).
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Figure 1.9: Domain structures of collagen VI alpha 1, 2, 3, 5 and 6 chains. All chains consist of a
long helical col-like domain which is flanked at either side by two globular regions (Chu et al. 1989).
COL6AT and COL6A2 are the smallest chains and similar in molecular weight (~120kDa). Their
helical domains are flanked by one so-called A-domain of von Willibrand factor (VWF-A) at position
N1 and two vWF-A domains at positions C1 and C2 (Chu et al. 1989). The COL6A3 chain is the
largest of the five (~340 kDa), consisting of 10 vWF-A domains on the N-terminal side of the col-
like helical region and two more on the C-terminal side (Chu et al. 1990). The C3 position, at the C-
terminal region of COL6A3, contains a proline-rich, unique region. The domain at the C4 position is
homologous to the type Ill domains in fibronectin and the domain at the C5 position shares regions
of identity with the Kunitz protease inhibitors. Although this domain is important for collagen VI
microfibril assembly (Lamandé et al. 2006), it is cleaved and removed shortly after (Aigner et al.
2002). In fact, it is possible that the entire C2-C5 region is cleaved prior to microfibril maturation
(Beecher et al. 2011). COL6AS5 and COL6AG6 are rarer than the other three chains and structurally
related to COL6A3 (Fitzgerald et al. 2008). Both COL6A2 and COL6A3 are alternatively spliced.
COL6A2 can contain three splice variants of the C2 vWF-A domain (Saitta et al. 1990) and equally
with COL6A3 which can also contain three splice variants encompassing the N3, N5 and N7-N10
vWF-A domains (Dziadek et al. 2002).

Collagen VI microfibril synthesis requires both COL6A1 and COL6A2 chains (Bonaldo et al. 1998).
As such, initial collagen VI microfibril assembly begins intracellularly, where three alpha chains
form a monomer consisting of a 1:1:1 stoichiometric ratio of COL6A1, COL6A2 and either COL6AS3,
COLBAS5, or COL6A6 (which can be interchangeable) (Gara et al. 2011). These monomers go on to
form dimers and then tetramers within the cell, which go on to assemble a collagen VI microfibril
(Fig. 1.10) extracellularly, post-secretion (Chu et al. 1988; Furthmayr et al. 1983). Recent work by
MaaB et al. (2016) has shown that, although all five alpha chains of collagen VI are all able form
functional collagen VI microfibrils, each monomer within the tetramer is homotypic, consisting of

either COL6AS3, -4 or -5 chains alongside COL6A1 and -2 chains (MaaB3 et al. 2016). This means
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that a single tetramer cannot contain a mixture of all these three alpha chains, but a microfibril may
consist of different heterotypic tetramers containing up to all of them. Although the presence of
either COL6AS3, -4 and -5 within a tetramer is interchangeable, VWF-A domain N5 of the COL6A3
chain is required for collagen VI microfibril assembly (Fitzgerald et al. 2001). This indicates that
although collagen VI microfibrils vary in their COL6A5 and COL6A6 chain composition, and may
not contain these two chains at all, the COL6AS3 chain is consistently present within all these
microfibrils (MaaB et al. 2016). Like the fibrillin microfibril, collagen VI microfibrils have a beads-on-
a-string ultrastructure which has also been studied extensively over the years using EM (Baldock et

al. 2003; Godwin et al. 2017; Kielty et al. 1991) and AFM (Hibbert et al. 2015; Sherratt et al. 2004).
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Figure 1.10: Collagen VI microfibril assembly and ultrastructure. The collagen VI microfibril
monomer is a heterotrimer containing an ai chain and an a2 chain. In humans, the third chain is
interchangeable between a3, a5 and a6 (Gara et al. 2011). Disulphide bonding between these
three chains are thought to stabilise them within the monomer (~500 kDa) (Chu et al. 1988;
Furthmayr et al. 1983). The monomers progress to dimers (~1000 kDa) via an anti-parallel,
disulphide bonding which then go on to form a tetramer (~2000 kDa) (Furthmayr et al. 1983).
These tetramer repeats exist as the intermediate, rudimentary building blocks of the collagen VI
microfibril and are secreted from the cell where they undergo end to end association during cell-
mediated microfibril assembly (Furthmayr et al. 1983). This, in turn, leads to the characteristic
beaded structure which can be observed and analysed with AFM. The bead to bead periodicity of
these microfibrils has been shown to be ~107 nm (Sherratt et al. 2005, 2007).

1.6.2 Collagen VI microfibril-associated proteins and tissue function

As a structural ECM assembly, most of the collagen VI microfibril’s interactions can be attributed to
the network it forms with other matrix proteins and cells (see review (Cescon et al. 2015)). As such,
the proposed function of these microfibrils is to anchor cells within the matrix and maintain its

organisation and structural integrity. Collagen VI interacts with perlecan within basement
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membranes which enables a link between cells and the basal lamina within muscle (Kuo et al.
1997) and perhaps even in skin, at the DEJ (Watson et al. 2001). These microfibrils also associate
to other members of the collagen family including type | (through its COL6A3 chain) (Bonaldo et al.
1990) , type Il (Bidanset et al. 1992) and type XIV (via its triple helix region) (Brown et al. 1993).
Adaptor proteins such as the matrilins have also been shown to facilitate the interactions between
collagen VI, collagen Il and the proteoglycan aggrecan (Wiberg et al. 2003). Collagen VI microfibril
secretion and assembly itself is thought to be mediated by its interaction with biglycan (Wiberg et
al. 2002) and WARP (von Willebrand factor-A domain-related protein) (Hansen et al. 2012).
Contrastingly, collagen VI presence is also important for fibronectin deposition (Sabatelli et al.
2001). Since both collagen VI and fibrillin microfibrils are often present within the same connective
tissue, it stands to reason that they would share some of their associated protein interactions. Like
fibrillin, collagen VI is able to bind MFAP2 (but not MFAPS5) through its COL6A3 chain (Finnis and
Gibson 1997) and fibulin-2 (Sasaki et al. 1995), however, the function behind these interactions

remains elusive.

Collagen VI microfibrils are able to anchor cells and stabilise them within the ECM by binding to the
core protein of chondroitin sulphate proteoglycan NG2 receptor (Stallcup et al. 1990) and the
integrins via RGD-dependent binding (Aumailley, Mann, et al. 1989; Pfaff et al. 1993). This
effectively enables the transduction of biomechanical signals between the cells and the matrix
around them (Burg et al. 1996). Disruption of this collagen VI-mediated interaction induces
autophagy (Grumati et al. 2010; Irwin et al. 2003). A role of this interaction in stem cell self-renewal

has also been shown in muscle (Urciuolo et al. 2013).

In skin, collagen VI microfibrils form a filamentous mesh, mainly in the papillary dermis below the
DEJ, but also around blood vessels (Watson et al. 2001). Primary dermal fibroblasts readily
synthesise collagen VI microfibrils in vitro, which has proved useful to characterise abnormalities
(Dziadek et al. 2002; Lamandé et al. 1999, 2001; Martoni et al. 2009; Sasaki et al. 2000). More
recently, collagen VI microfibrils have even been shown to play a role in mediating hair growth

(Chen et al. 2015).

The presence of this microfibrillar assembly, which co-locates and co-purifies with fibrillin
microfibrils enables differential susceptibilities of their structures and compositions to be studied

and compared.
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1.7 Skin ageing

As well as attempting to ascertain structural and molecular variation in fibrillin microfibrils in
different tissues and gain insight into function, this PhD also aims to assess this in the context of
photoageing in skin. Photoageing is characterised by UVR dose-dependent deterioration of the
elastic fibre network, and its constituent fibrillin microfibrils. Although UVR-induced ultrastructural
damage to fibrillin microfibrils has been assessed previously, the molecular location of this damage
and its effects on composition remains unknown. In order to consider these gaps in knowledge, is it
necessary to first review the biology behind skin ageing and the effect of photoageing and UVR on

fibrillin microfibril biology as a whole.

1.7.1  Ageing in skin

Intrinsic ageing is defined as the gradual accumulation of physiological and molecular defects over
time, through random molecular damage (Kirkwood 2008). Although the molecular damage is
classified as random, there are extrinsic factors such as smoking, obesity and exposure to UVR
which statistically increase the likelihood of molecular damage occurring. When environmental
effects or lifestyle decisions are factored in, the process is referred to as extrinsic ageing. The
effects of ageing on skin have been a particular focus of research for a number of years. This is not
only because of its associated morbidity and dysfunction but also due to the aesthetic and cosmetic

implications which impact on an individual’s psyche and quality of life.

Skin exhibits unique consequences of the ageing process which causes a variety of changes both
biochemically and architecturally, impacting heavily on its appearance and function. The majority of
these changes can be attributed to extrinsic factors; however, changes in architecture, macro-
mechanics and gene expression are also caused by an intrinsic ageing process specifically. The
effects of intrinsic ageing on skin can be studied at photoprotected sites such as the buttocks
where the skin is usually kept covered. Although photoprotected skin remains smooth and
unblemished, the clinical effects of intrinsic ageing manifest as fine wrinkles with deep expression
lines. A gradual decrease in skin elasticity is also observed in intrinsic ageing (Farage et al. 2008;

Langton et al. 2010).

The skin is exposed to a variety of environmental challenges which can accelerate its ageing
process. This is particularly relevant to fibrillin microfibrils, since UVR has a severe impact on their

structure and organisation over time. As background for understanding how age induces
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remodelling in fibrillin microfibrils, it is imperative the process of direct UV damage and the acute

and chronic consequences of its exposure to the skin anatomy be introduced.

1.7.2  Ultraviolet radiation

UVR is a band of electromagnetic radiation between the wavelengths of 10 nm and 400 nm, the
common source of which is sunlight. Not all UVR emitted by the sun reaches the Earth’s surface
and 77% is absorbed by the atmosphere (particularly the ozone layer) (Rai and Srinivas 2007). The
radiation that does penetrate the atmosphere typically consists of 295% UVA (wavelengths 315-
400 nm) depending on the sun’s angle to the surface (El Ghissassi et al. 2009). The remaining
percentage consists of UVB (wavelengths 280-315 nm). Virtually all UVC (wavelength 100-280 nm)
is absorbed by the ozone layer (World Health Organization 2002). UVB is the more damaging than
UVA, with an energy of 3.94-4.43 eV per photon compared to UVA which has an energy of 3.10-
3.94 eV per photon (all wavelength and energy information was taken from the 1SO standard ISO-
21348 (Tobiska and Nusinov 2005)). Despite the differences in damage potential, both wavebands
are known to contribute to photo-induced damage accumulation during ageing (Yaar and Gilchrest
2007). UVR is not ionising, however, it has the capacity to transfer enough energy to molecules to
elicit a chemical reaction, often leading to the association and disassociation of chemical bonds

(Goodsell 2001; ltri et al. 2016; Mozziconacci et al. 2010).

1.7.3 Acute consequences of ultraviolet radiation

The consequences of UVR exposure to skin can be either acute or chronic. The short term effects
of skin overexposure to UVR generally manifests as a sunburn (Hénigsmann 2002). This is
attributed as consequences of direct DNA damage and acute inflammation of the damaged area
with a marked increase in vasodilation causing the classical reddening of the skin (Young 20086).
An example of the DNA damage caused is the ability of UV to elicit the formation of a thymine-
thymine cyclobutane bond (Goodsell 2001; Setlow 1966; Antusch et al. 2017). The body generally
recovers from this damage via the activation of a variety of DNA repair mechanisms. Along with the
classical sunburn, acute UVR exposure can also cause skin depigmentation, immune suppression,

damage to the dermal architecture and carcinogenic mutations (Cadet et al. 2005).

In terms of cellular consequences to photodamage, various studies have highlighted the capacity
for UVR to induce programmed cell death of various skin cells. Acute exposure of UVR initiates
apoptosis in human keratinocytes via the induction of proteolytic caspases which cleave and

activate protein kinase C (Denning et al. 1998). Indeed, protein kinase C is an important family of
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proteins which initiate apoptosis in response to ionising radiation in other cell types. Acute
exposure to UVR also initiates Bcl-2 (B-cell lymphoma-2)-dependent apoptosis through the
activation of a pro-apoptotic gene; noxa (Naik et al. 2007). It is hypothesised that the activation of
programmed cell death by acute UVR exposure is an essential mechanism of tumour suppression.
Keratinocytes and fibroblasts that receive heavy doses of UVR are more likely to have acquired
cancer inducing mutations and are therefore eliminated by the preventative mechanism of induced

apoptosis.

1.7.4  Chronic consequences of ultraviolet radiation

Clinically, there is a marked difference in the appearance of photoaged skin compared to
photoprotected skin. Whereas photoprotected sites are dominated by smoothly textured skin and
fine wrinkles with a relatively homogeneous pigmentation, photoaged sites consist of rough skin
and coarse wrinkles with a mottled pigmentation (Montagna et al. 1989; Warren et al. 1991). There
is also a significantly larger decrease in skin elasticity of photoaged skin compared to intrinsically
aged skin (Langton et al. 2017, 2010). This is putatively due to the profound disassociation of the
elastic fibre architecture (Langton et al. 2010; Lee et al. 2008; Watson et al. 1999) as a

consequence of accumulated UVR damage (Naylor et al. 2011; Watson et al. 2014).

Counterintuitively, however, solar elastosis is one of the effects of photodamage on elastic fibres in
skin tissue. The degree of solar exposure in skin correlates with the level of hyperplasticity
exhibited by solar elastosis. As a result, a defining feature of chronic photoageing in skin manifests
as an increase in elastin expression (Bernstein ef al. 1994, 1995) which leads to an accumulation
of fragmented elastotic material (namely elastin) in the reticular dermis (Mitchell 1967; Chen et al.
1986; Raimer ef al. 1986). An increase in elastic material in skin coupled with a decrease in
elasticity (Langton et al. 2017) suggests a severe disruption in the function of the elastic fibre
network due to chronic UVR exposure. The reason behind this was discovered in 1986 where
antibody staining showed a significant deposition of elastin in the reticular dermis of photoaged skin
compared to photoprotected skin (Chen et al. 1986). It was later found in transgenic mice, that
acute broadband UVB exposure to the human promoter region of elastin leads to a ~8.5 fold
increase in activation (Bernstein et al. 1995). This UVR induced activation of the elastin promoter
region led to a significant increase in elastin expression (Bernstein et al. 1994) and consequently to

the enhanced deposition of elastin in the reticular dermis of photoaged skin. An increase in LOX
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expression was also observed in photoaged skin, which suggests the enhanced crosslinking of the

elastin accumulated in the reticular dermis.

Contrary to elastin, a loss of fibrillin microfibril deposition is also seen in photoaged papillary dermis
(Watson et al. 1999). Fibrillin microfibrils also exhibit a change in ultrastructure due to acute UVR
exposure (Hibbert et al. 2015; Sherratt et al. 2010). Microfibril-associated proteins are also affected
by this loss of fibrillin microfibrils and the elastotic remodelling of the elastic fibre network during
photoageing. Fibulin-5, which co-localises with the oxytalan fibres in the papillary dermis, is also
lost alongside the fibrillin microfibrils (Kadoya et al. 2005). Fibulin-2 deposition onto elastic fibres in
the deeper reticular dermis increases as a result of solar elastosis (Hunzelmann et al. 2001). A
number of other large ECM assemblies are affected in a similar manner to the elastic fibres. The
fibrillar collagens types | and Ill are also markedly reduced in the dermis of photoaged skin (El-
Domyati et al. 2002; Talwar et al. 1995). The anchoring fibrils, collagen VI, are also lost at the DEJ
(Craven et al. 1997). Interestingly, this chronic reduction with photoageing does not appear to be
the case for all structural collagens. A study by Watson et al. (2001) showed no significant change
in the distribution of collagen VI microfibrils or in the expression of its alpha chains in chronically

photoexposed skin compared to photoprotected.

Several mechanisms of skin photoageing have been proposed over the years, all of which likely
and collectively lead to the histopathologies observed for these ECM assemblies. Of the twenty
amino acids, tryptophan, tyrosine and double-bonded cysteine (also known as cystine) are capable
of absorbing UVA and UVB wavelength bands (Bensasson et al. 1993). As such, one proposed
mechanism of photoageing is the direct photodamage caused to these proteins by UVR itself,
where absorption by these amino acid chromophores induces a photochemical reaction at the
primary sequence level (Sherratt et al. 2010). This reaction causes the dissolution of molecular
bonds (ie. disulphide bonds) which, in turn, leads to protein photodegradation (Mozziconacci et al.
2010). Another proposed mechanism is thought to occur as an indirect consequence of UVR itself,
whereby the photochemical reactions caused by the absorption of these protein photosensitizers
leads to the creation of reactive oxygen species (ROS) in the extracellular space which, in turn,
increases oxidative stress within the tissue (Wondrak et al. 2006). These can oxidise amino acids
causing the degradation and denaturation of nearby proteins (Stadtman 1992). Another proposed
mechanism is more cellular in origin whereby exposure of UVR to keratinocytes and fibroblasts can

lead to an increase in the expression of ECM proteases such as the MMPs (Brennan et al. 2003;
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Brenneisen et al. 1998; Fisher et al. 1996; Saarialho-Kere et al. 1999). The consequential increase
in protease activity within the dermis is thought to promote the degradation of these ECM
assemblies via proteolysis (Fligiel et al. 2003; Quan et al. 2009). Additionally, several studies have
hypothesised a dysfunctional change in phenotype of cell populations chronically exposed to UVR,
especially when studying its effects on the ECM. Talwar et al. noticed a significant ~ 40% reduction
in type | and type lll procollagen levels in chronically photoexposed forearm skin when compared to
photoprotected buttock. Since they failed to measure a significant elevation in MMP levels between
the two areas, they hypothesised that this reduction may be due to an impairment in collagen
biosynthesis (Talwar et al. 1995). This indicates that’s chronic UV exposure may also significantly

alter a fibroblasts capability to synthesise and hence, repair matrix.

The inherent reason behind the ability of these mechanisms to cause such damage to these large
ECM assemblies in skin is thought to lie with their longevity. As discussed previously, several of
these components are built to last a lifetime (Ritz-Timme et al. 2003; Shapiro et al. 1991; Verzijl et
al. 2000). As a result, their continuous exposure to UVR and UVR-related mechanisms over a
lifetime, leads to an accrual of structural damage which impacts their functional roles in tissue

mechanics and homeostasis (Naylor ef al. 2011; Watson et al. 2014).

1.8 Effects of photoageing on fibrillin microfibrils

1.8.1  Consequences to fibrillin microfibril architecture

Photoageing in skin leads to the loss of fibrillin microfibrils (Watson et al. 1999) and an increase in
aberrant elastin deposition (Warren et al. 1991). Ultimately, this dis-regulation of elastin coupled
with the degradation of fibrillin microfibrils surrounding the elastin cores, leads to the complete
deterioration of elastic fibre architecture. The elastic fibre system in young photoprotected dermis is
organised by thick reticular elastic fibres running parallel to the DEJ and perpendicular elaunin
fibres penetrating through the reticular dermis and into the papillary dermis (Cotta-Pereira et al.
1976). A marked loss in this ordered architecture is observed in severely photoaged skin and highly
disorganised accumulations of fragmented elastic fibres can be observed throughout the dermis
(Sherratt 2009; Warren et al. 1991; Watson et al. 1999). The disorganisation and structural
changes in aged elastic fibres was seen as early as 1981 when scanning EM was used to image
fixed sections of young and old dermis (Fig. 1.11) (Tsuji & Hamada 1981). The imaging showed a

marked increase in the thickness of elastic fibres of aged dermis compared to young dermis with

53



visible areas of elastin accumulation. Whereas young dermal elastic fibres appear to run in parallel

bundles, old dermal elastic fibres are highly fragmented and disorganised in comparison.

Figure 1.11: Scanning EMs of dermal elastic fibres. Shown in 20 year old (A) and 62 year old
human skin (B), there is an observable increase in elastic fibre thickness and disorganisation in old
versus young. Accumulations of material, thought to be elastin, are also observed in old dermis
(black S). Reproduced from Tsuji and Hamada (1981).

The same study noted a loss of the ordered oxytalan fibres in photoaged skin (Tsuji and Hamada
1981). These non-elastin associated fibrillin microfibrils form structured candelabra bundles which
penetrate the papillary dermis and connect the base of the DEJ to the elaunin fibres of the reticular
dermis (Cotta-Pereira et al. 1976). Watson et al. (1999) observed a marked loss in the organisation
of these arrayed fibres in photoaged skin and, although the fibrillin microfibrils were still seen in the
papillary dermis, they appeared severely truncated and disorganised in comparison to those in
photoprotected skin. This study highlighted that, along with the elastic fibre network, the stand-
alone fibrillin microfibril network of the dermis is also highly disorganised and reduced after chronic
UVR exposure. Since these observations are seen both in mildly and severe photoaged skin, it
infers that the fibrillin microfibril network is one of the first components of the ECM to degrade
following UV irradiation (Watson et al. 1999). Interestingly, this implication has led to the hypothesis
that the degradation of fibrillin microfibrils could be used an early marker of photoageing in skin

(Watson et al. 2009).

1.8.2 Consequences to fibrillin microfibril ultrastructure

It was not until more recently that a study by Sherratt el al. (2010) proved that fibrillin microfibrils
were ultrastructurally susceptible to degradation directly via broadband UVB irradiation (Fig. 1.12).
Fibrillin microfibrils derived from fibroblast-like COS-1 cells were irradiated with broadband UVB at

three different doses and their ultrastructure assessed using AFM. These exhibited a marked
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increase in periodicity (Fig. 1.12 B) and flexibility (Fig. 1.12 C) when compared to non-irradiated
(Fig. 1.12 A). Additionally, an increased presence of fragmented fibrillin microfibrils was seen (Fig.

1.12 D).

20mJ/ecm?

50mJ/cm?

100mJ/cm?

Figure 1.12: AFM of fibrillin microfibrils, irradiated with UV at increasing doses. Non-irradiated
microfibrils (A) retain a wild type structure compared to UV irradiated microfibrils which exhibit an
increase in periodicity (B), flexibility (C) and fragmentation (D). Reproduced from Sherratt et al.
(2010).

In addition to these quantifiable changes in fibrillin microfibril ultrastructure in response to UVB
irradiation, Sherratt et al. (2010) also noticed a significant reduction in the mass per repeat of
irradiated microfibrils compared to non-irradiated (Fig. 1.13). In fact, doses of broadband UVB
irradiation (100 mJ/cmz) induced a 28% reduction in fibrillin microfibril mass compared to non-
irradiated. It was noted that the central bead region was the primary location of this mass loss. This
finding suggests that UVR may directly disassociate a variety of bonds within the fibrillin microfibril
structure, causing its gradual degradation. Interestingly, a significant structural reorganisation was
also detected within the bead region. Additionally, a sub-proportion of fibrillin microfibril regions
showed an accumulation of heterogeneous material, suggesting that perhaps UVR exposure

causes the erroneous formation as well as the disassociation of bonds within the structure.
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Figure 1.13: Changes in fibrillin microfibril bead mass correlate with UV dose. Sherratt et al. (2010)

observed that broadband UVB-irradiated fibrillin microfibrils (B) had a loss of mass compared to
non-irradiated microfibrils (A). They also observed that this occurred in a dose-dependent manner
where the higher the exposure of UVB, the lower the microfibril bead mass (C). Heat maps of bead
mass (D) and differences in them (E) indicated that changes within the average microfibril bead
were local and regional in nature. Reproduced from Sherratt et al. (2010).

Sherratt et al. (2010) also went on to show that this susceptibility to UV was also shared by
fibronectin but likely not by collagen |. Using gel electrophoresis, they observed that, even at their
highest dose used (500 mJ/cmz), broadband UVB had no effect on the mobility or intensity of
released alpha 1 and alpha 2 chains of collagen I. These effects, however, were not tested on
native collagens until more recently, where Hibbert et al. (2015) went on to show that physiological
doses of UVA and solar simulated radiation (SSR) led to a marked changes in purified human
dermal fibroblast (HDF)-derived fibrillin microfibril periodicity, but not to collagen VI microfibril
periodicity. This study served as the first indication that two different supramolecular microfibril
assemblies, both of which form a networking architecture within the dermis, had very different
susceptibilities to physiological doses of UVR. These observations made a strong case in
implicating chronic UVR exposure in the direct dissolution and loss of the dermal fibrillin microfibril
and elastic fibre system, but not in the collagen VI microfibril network, both seen histologically by

Watson et al. (1999 and 2001). These revelations recently led to a new in vitro assay which uses
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the observed ultrastructural damage to fibrillin microfibrils to test sunscreen protection of dermal

ECM assemblies (Hibbert et al. 2017).

Over the last two decades the role fibrillin microfibril degeneration plays in the photoageing process
of skin has become increasingly clear. Chronic damage to this macromolecular assembly has so
far been observed histologically with the dissolution of its architecture, and acute damage has been
observed ultrastructurally, when direct UVR exposure causes quantifiably changes to its beaded
assembly. However, the molecular location of the damage and its effect on the microfibril’s primary
constituent: fibrillin-1, has never been assessed. As such, why and how these assemblies are
susceptible to UVR, remains unknown. Assessing the effect of UVR on the molecular composition

of these fibrillin microfibrils, in conjunction with the ultrastructural changes, may reveal the answer.

1.9 Proteomics of fibrillin microfibrils

In order to assess molecular differences in fibrillin microfibrils from different tissues and in
photoageing, it is first necessary to effectively characterise their composition. However, this has
proved to be challenging. The megadalton-size of these native assemblies rules out conventional
biochemical analysis such as gel electrophoresis and x-ray crystallography, without first
fragmenting its components. In defiance to this, recent mass spectrometry (MS)-based proteomic
approaches have been used in an attempt to analyse microfibril composition, with encouraging

results.

1.9.1  Challenges facing proteomics of extracellular matrix assemblies

Before discussing recent attempts at characterising fibrillin microfibril composition using
proteomics, it is important to consider the challenges behind the proteomic analysis of ECM
proteins in general. The ECM consists of a vast array of networking supramolecular assemblies
which contribute heavily not only to tissue structure, but also to cell adhesion, communication and
homeostasis. The sheer complexity and large size of these assemblies means that their continual
synthesis and turnover would put a large pressure on tissue metabolism. As a result, many of these
assemblies are built to last a lifetime, removing the stress of long-term cell production.
Consequently, these networking structures are tightly bonded, highly modified and covalently
crosslinked (Wilson 2010). This, along with the hierarchical assembly of macromolecular ECM
components (as seen in fibrillary collagens, collagen VI microfibrils and fibrillin microfibrils) renders
them highly insoluble and, therefore, a real challenge for conventional methods of biochemical

analysis, proteomics included (Chang et al. 2016).
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Over the years, MS-based proteomic technologies have allowed for both large scale and detailed
analyses of biological systems enabling the characterisation of 1) protein presence and quantity, 2)
protein interactions and 3) protein structure (Byron et al. 2013). However, the insolubility and
complexity of many ECM assemblies in connective tissue has put real constraints on the ability to
generate peptides for MS analysis. Additionally, many ECM-rich tissues, such as skin, are
composed of a few dominating assemblies, such as the fibrillar collagens. This means that even if
near-complete solubility is achieved, detection and quantification of lower abundant proteins of
interest may be masked by these predominating components (Wilson 2010). In fact, although a
recent attempt to characterise the whole proteome of human skin successfully detected and
quantified a number of matrix components such as several collagens and keratins, they failed to
detect any of the fibrillins and collagen IV alpha chains despite these assemblies being highly
present within this tissue (Mikesh et al. 2013). To overcome the challenges of masking and

insolubility, proteomic analyses of ECM-heavy tissues often require an adaptation in the workflow.

To reduce the complexity of a sample and prevent masking, tissues can often be dissected and
separated so that the proteomes of sub-tissues can be characterised independently (Alves et al.
2011; Byron et al. 2013; Garcia et al. 2006; Vincourt et al. 2006). Additionally, if the researcher is
interested in a specific subset of assemblies, isolation of these proteins is often possible. In some
cases, selective extraction of certain assemblies can be achieved enzymatically using proteases.
Fibrillin and collagen VI microfibrils are resistant to bacterial collagenase, which enables the
selective digestion of native collagen | around these assemblies (Hibbert et al. 2015; Kielty et al.
1991; Kielty, Hanssen, et al. 1998; Sherratt et al. 2010). Following this up with a purification
method such as size exclusion chromatography (Cain et al. 2006; Handford et al. 1995; Sherratt et
al. 2003) or caesium chloride density-gradient centrifugation (Cain et al. 2008; Kielty, Hanssen, et
al. 1998) allows the separation of these larger assemblies from smaller proteins and digested
collagen | products, based on size or density respectively. Fractionation using 1D or 2D gel
electrophoresis is also a good option for separating proteins based on mass and isoelectric point
(Pecora et al. 2007). Reducing the complexity of a sample mixture by either completely removing
any masking contaminants or by stratifying them, often leads to a more complete characterisation

of a tissue or assembly’s composition.

Conversely, once complexity is reduced, increasing the peptide generation necessary for MS, from

large, insoluble ECM assemblies, often involves a combination of techniques. Physical and
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mechanical disruption using pulverisation, homogenisation (Wilson et al. 2011) and/or
ultrasonication (Hansen et al. 2009) is often a good initial step for the disassociation of ECM still
present in whole tissue form. Chemical disruption using denaturing agents like guanidine
hydrochloride (Gu-HCI), sodium dodecyl sulphate (SDS) and urea (Medzihradszky 2005), reducing
agents such as dithiothreitol (DTT) and alkylating agents such as iodoacetamide (IAM) can
effectively disrupt di-sulphide bonds and crosslinks within these large macromolecular components,
unravelling their quaternary and tertiary structures and improving the accessibility of peptide-
generating enzymes to deeper regions of their ultrastructures (Naba et al. 2015). Finally, selecting
a suitable enzyme for peptide generation based on its activity or cleavage specificity can markedly

improve the detection of ECM assemblies using MS (Hustoft et al. 2012; Rietschel et al. 2009).

As a result of these challenges, several attempts have been made at using proteomics to assess
different aspects of fibrillin microfibril composition from whole tissue, purified assemblies and

recombinant fragments.

1.9.2 Whole tissue proteomic analysis of fibrillin microfibrils

In the last decade, a number of studies have attempted to characterise the proteome of elastic
tissues using liquid chromatography tandem MS (LC-MS/MS). Using laser microdissection, Mikesh
et al. (2013) captured three specific regions of human skin (basement membrane, papillary dermis
and reticular dermis) for proteomic analysis. Since the majority of the dermis is comprised of ECM,
they successfully managed to identify several of these assemblies including many collagens and
proteoglycans. Surprisingly however, they failed to detect any of the fibrillins despite detecting
elastin. Additionally, they failed to detect collagen IV, a prominent basement membrane assembly,
despite sub-tissue microdissecting the DEJ. Histologically, it is expected that these two
components should contribute to a significant proportion of these sub-proteomes analysed. Failure
in detection may have been due to their insufficient extraction and processing prior to MS analysis.
Another study by Didangelos et al. (2010) aimed proteomically characterise the human aorta by
specifically focusing on the extracellular space. Having acknowledged the difficulty of
disassociating and solubilising ECM assemblies, they effectively analysed these components by
first decellularising and mechanically disrupting the tissue followed by extracting matrix
components using strong denaturing agents such as Gu-HCI and deglycosylating enzymes. As a
result, they successfully detected a vast number of assemblies, including fibrillin (albeit a poor

detection of only 10 unique peptides in 3 samples).
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These whole tissue studies aimed to characterise the vast proteomes of elastic tissues as opposed
to fibrillin microfibril composition specifically. Recently however, De Maria et al. (2017) published
the proteomic analysis of the human and bovine ciliary zonule. Since the ciliary zonules are
comprised predominantly of fibrillin microfibrils, this was the first attempt at characterising their
molecular composition using a whole tissue proteomics approach. Encouragingly, they were able to
remove the ciliary zonules precisely with little contamination from surrounding tissues by cutting
them free close the ciliary body and the lens using iridectomy scissors. They then used a
combination of denaturing agents (ammonium bicarbonate and urea), alkylating agents (IAM),
mechanical disruption (sonication) and high temperature (90°C) to extract, disassociate and
solubilise the tissue prior to peptide generation using trypsin and LC-MS/MS. They found that the
glycoproteins made up the majority of the ciliary zonule proteome with fibrillin-1 contributing to 63%
of it in human tissue. The remaining 37% of the zonular proteome consisted heavily of previously
known microfibril-associated proteins such as LTBPs, MFAPs, EMILIN-1 and ADAMTSLs, further
exemplifying the macro-molecular nature of the fibrillin microfibril assembly. LTBP2 was the second
most abundant protein after fibrillin-1 (7%) which is interesting considering it is the only member of
the LTBP which does not sequester TGFB and whose role in tissue remains widely unknown. A
number of crosslinking enzymes such as LOXL1 and several transglutaminases as well as some
protease inhibitors such as tissue inhibitor of metalloproteinase-3 (TIMP3), also co-localised within
the zonule, indicating that these functional modifiers may play a site-specific role in maintaining the
zonular structure. Comparing between bovine and human, they also found that although over 95%
of the zonular proteome was homologous, there appeared to be some species-specific
compositional differences. Fibrillin-1 constituted a higher proportion of the zonular proteome in
bovine (76%) than in human (63%). Interestingly, MFAP5 was identified in the top nine in the

human zonule, but not in bovine zonule.

1.9.3  Proteomic analysis of isolated fibrillin microfibrils

Although De Maria et al. (2017) successfully defined the whole zonular proteome, their study fell
short of strictly characterising the molecular composition of the fibrillin microfibril itself since a
number of the proteins identified may not have bound the microfibril directly but rather indirectly,
through a network of associations. Cain et al. (2006) however, did successfully define and
characterise the fibrillin microfibril composition specifically, by extracting them from human ciliary
zonules using bacterial collagenases IA, VIl and Gu-HCI and isolating them using size exclusion

chromatography. Fibrillin microfibril peptide fragments were then generated by denaturation with
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urea, reduction with DTT, alkylation with IAM and digestion with trypsin prior to LC-MS/MS

analysis.

The peptide profiles generated by Cain et al. (2006) from these isolated microfibrils identified
fibrillin-1 as the top hit. Additionally, MFAP2 was also detected. Intriguingly, the recurrent
identification of the annexins (V and Il) within the human ciliary zonule extracts led to the
speculation within this publication that they may also be microfibril associates. They attributed the
lack any other associated component identification such as LTBP, perlecan and versican to “loss of

loosely associated components in preparation” or simply due to lack of presence.

Additionally, Cain et al. (2006) were also able to obtain structural information of fibrillin-1 from their
native microfibrils by mapping the number of detected peptide sequences onto the protein’s domain
structure (Fig. 1.14). Most fibrillin-1 TB domains appeared to yield a particularly high number of
peptide hits. Various EGF domains were also identified, including most of the N-terminal region. A
number of regions were not identified, however, such as the proline-rich domain and much of the
C-terminal region. Cain et al. (2006) labelled these regions as resistant to urea reduction, possibly
due to covalent crosslinks of non-reducible transglutaminase bonds. Furthermore, when these
mapped domains were related to the folded model of fibrillin-1 microfibril alignment (Baldock et al.
2006) (Fig. 1.15), it was deduced that the majority of the domains that were susceptible to trypsin
were located inter-bead, one such region was the exposed ‘shoulder’ of the fibrillin-1 monomer.
Areas which were primarily resistant to reduction and trypsinisation, such as the C-terminal region
were deduced to be located within the bead. They proposed, therefore, that external areas of
fibrillin-1 which were protruding out of the microfibril may be more exposed and, hence, more
susceptible to reduction and proteolytic degradation, whereas masked areas within the microfibril
bead region were not. Cain et al. (2006) also suggested that microfibril-associated proteins may be

masking these epitopes.
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Figure 1.14: LC-MS/MS detected peptides mapped onto fibrillin-1 domains. Figure reproduced from
Cain et al. (2006) who mapped all the peptide sequences they detected, in human ciliary zonule-
derived fibrillin microfibril purifications, to their corresponding fibrillin-1 domains. This shows the
extent of primary sequence coverage and abundance achieved by their proteomic analysis.
Several domains and the C-terminal region remained largely undetected. On the other hand, a
number of peptides were detected from the TB domains and the N-terminal region. Reproduced
from Cain et al. (2006).

= =1 o =1 m—

—_——T ]

Figure 1.15: Folded model incorporating LC-MS/MS peptide-mapped fibrillin-1. After mapping
fibrillin-1 peptides to their corresponding domains, Cain et al. (2006) then applied this to the folded
model of fibrillin-1 alignment (Baldock et al. 2006) within the microfibril. By doing so, they observed
that a majority of unmapped regions lay within the microfibril beads. On the other hand, the
shoulder hinged, inter-bead regions contained a majority of mapped domains. Reproduced from
Cain et al. (2006).
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Cain et al. ’s (2006) proteomic analysis of fibrillin microfibrils provided a number of novel insights
not only into the molecular composition of the fibrillin microfibril (by identifying potential new
associated proteins such as the annexins) but also into its supramolecular organisation, by
referring the proteolytic exposure of the fibrillin-1 domain structure to previous models of microfibril

assembly.

1.9.4  Proteomic analysis of microfibril-associated proteins

Although a number of fibrillin microfibril-associated proteins have been identified, there are likely
many more interactions within the vast ECM network of proteins which still remain largely
uncharacterised and understudied. Also using LC-MS/MS-based proteomics, Cain et al. (2009)
went on to identify a number of novel proteins which co-purify with recombinant fibrillin-1 fragments
(Fig. 1.16), in vitro, in a molecular fishing study. Although this was done using recombinant
fragments of fibrillin-1 and a cell culture model, it is possible that at least some of the identified
associated components are able to bind fibrillin microfibrils in native tissue and reveal a novel

mechanistic function.
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Figure 1.16: Proteins identified via molecular fishing with fibrillin-1 recombinant fragments. Cain et
al. (2009) used fibrillin-1 recombinant fragments (PF) as bait to fish interacting proteins from
cultured dermal fibroblast ECM. This interaction map illustrates the number of associated proteins

which were found to co-purify with each fragment, and the significance of this interaction (width of
line). Many of these proteins such as fibrillin-2, fibronectin, perlecan, TGFB-2 and LOXL were
already known to associate to fibrillin microfibrils; however, this study discovered a number of
potentially novel interactors such as thrombospondin-1, S100-A7, TGFB-induced glycoprotein-H3
(Big-H3) and plasminogen activator inhibitor 1 (PAI1). The relevance and function of these

identified proteins remains unknown. Reproduced from Cain et al. (2009).
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Reviewing the literature has revealed the potential of MS-based proteomics to effectively
characterise and assess both the composition of the fibrillin microfibril and native fibrillin-1
structure. As such, it is necessary to first optimise and develop this methodology further in order to
effectively assess these traits in the context of tissue diversity and photoageing. Therefore, this
PhD also aims to further optimise and develop both the ultrastructural analysis methods employed
by Sherratt et al. (2010) and Hibbert ef al. (2015) and the proteomic analysis methods employed by
Cain et al. (2006) to effectively assess fibrillin microfibril molecular composition and ultrastructure
hand-in-hand. This can then be applied to study the role fibrillin microfibrils play in different tissues

and in cutaneous photoageing.

1.10 Aims and research questions

Fibrillin microfibrils play distinct roles in elastic fibre-rich tissue, such as in the dermis, and elastic
fibre poor-tissue, such as in the ciliary body and zonules of the eye. Whether the fibrillin microfibril
ultrastructure and molecular composition reflect these distinct roles in different tissues remains
poorly characterised, especially in humans. Although previous studies suggest that fibrillin
microfibril ultrastructure is tissue-specific, this has only been observed in foetal bovine tissue,
between skin and aorta (Sherratt et al. 1997) and in adult bovine tissue between aorta and the
ciliary zonules (Lu et al. 2006), never in human tissue. Additionally, whether the molecular
composition (fibrillin-1 structure and associated protein presence) of the fibrillin microfibrils is

tissue-dependent or not has never been studied.

One of the defining characteristics of photoageing in skin is the deterioration of the fibrillin
microfibril network and elastic fibre architecture. The effect of chronic photoageing on this
assembly has been shown histologically in vivo (Watson et al. 1999), and direct damage by UVR
on the fibrillin microfibril has been shown ultrastructurally in vitro (Hibbert et al. 2015, 2017;
Sherratt et al. 2010). However, the molecular location of this damage, specifically to the structure of
fibrillin-1 within its native microfibril, has never been shown. In contrast, collagen VI microfibril
architecture and ultrastructure is resistant to photoageing and UV-damage respectively. Comparing
differences between COL6AS3 structure and fibrillin-1 structure may reveal the reasons behind the

differential susceptibility of these two microfibrillar assemblies to UV and photoageing.

To date, only a single study has highlighted the potential of MS-based proteomics in assessing and
characterising the molecular composition (fibrillin-1 structure and associated protein presence) of

fibrillin microfibrils (Cain et al. 2006). However this study was performed more than a decade ago.
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New advances in MS technology (Byron et al. 2013) and further optimisation and development of
the methodology employed by Cain et al. (2006) should allow the fibrillin microfibril composition to
be characterised further. This would effectively enable comparisons to be made and allow the
assessment of fibrillin microfibril tissue diversity and photodamage on a never-before-seen

molecular scale.

To this end, this PhD hopes to answer four key research questions:

1. Can the proteomic characterisation (fibrillin-1 coverage and associated protein detection)
of isolated and purified human fibrillin microfibrils be improved further through the
development of novel sample preparation methods and with advances in MS technology?

2. Do human fibrillin microfibrils exhibit tissue-specific differences in ultrastructure and
molecular composition and can newly developed proteomics methods be used to address
this?

3. Does UV irradiation of primary human dermal fibroblast-derived fibrillin microfibrils, in vitro,
cause specific changes to fibrillin-1 structure within its microfibril and can this be used to
detect photodamage?

4. Can these UV-induced changes to fibrillin-1 structure be validated in native human skin-

derived fibrillin microfibrils?

These four questions are addressed in four separate manuscripts (written up as results chapters).
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Chapter 2: Materials and methods

2.1  Human tissue and cell acquisition

2.1.1  Materials

All chemicals were sourced from Sigma-Aldrich Co. Ltd (Poole, UK) unless stated otherwise.

2.1.2 Eye acquisition

Human donor eye tissue was acquired in accordance with the Human Tissue Act (2004) via the
Manchester Eye Bank, within 24 hours of corneal retrieval (for corneal transplant services). The
use of this tissue for age-related studies was approved by University of Manchester Research

Ethics Committee (UREC ref 11305).

2.1.3 Ciliary body dissection
Microfibril-containing ciliary bodies were dissected from the remaining tissue and then carefully
separated (Fig 2.1). These were placed in cryovials, snap-frozen in liquid nitrogen and stored at -

80°C prior to microfibril isolation

Figure 2.1: Dissecting the human ciliary body. Tissue was acquired in the form of the ciliary body
(CB) still attached to the iris (A). The two sub-tissues were carefully separated on a glass
microscope slide, using watchmaker’s forceps and a scalpel blade (B). The iris was discarded and

the ciliary body retained for microfibril isolation.
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2.1.4  Skin acquisition

Abdominal skin samples were sourced from middle-aged donors (post-abdominoplasty surgery)
through University of Bradford collaborators, acquired via the University of Manchester Skin Health
Biobank (MSHB). The MSHB is conducted in accordance with the Declaration of Helsinki 1964
(revised Seoul 2008) and the European Medicines Agency Note for Guidance on Good Clinical
Practice. North West Research Ethics Committee has approved this biobank (Research Ethics

Committee reference 09/H1010/10).

Forearm skin biopsies (3mm) and buttock skin biopsies (bisected 6mm) were collected from
middle-aged donors as part of a larger study titled: “Investigating the effects of intrinsic and
extrinsic ageing on fibrillin-rich microfibrils”. The use of this tissue was approved by The University
of Manchester Research Ethics Committee 3 (UREC ref 15464). Donors gave informed and written

consent. All tissue samples were snap frozen in liquid nitrogen and stored at -80°C.

2.1.5 Human dermal fibroblast acquisition and culture

Cryopreserved primary human dermal fibroblasts (HDFs) were acquired as a kind gift from Dr
Suzanne Pilkington who cultivated the cells from donor photoprotected buttock skin biopsies. Once
again, all donors gave informed and written consent and the use of this tissue was also approved

by the University of Manchester Ethics Committee (UREC ref 14415).

Dulbecco's Modified Eagle’s Medium (DMEM) was supplemented with 10% foetal calf serum (FCS)
(Gibco; Thermo Fisher Scientific; Paisley, UK), 1% amphotericin, 1% penicillin streptomycin (Pen
Strep) and 1% L-glutamine (all v/v). Cryogenically frozen HDFs were removed from liquid nitrogen
and quick-thawed in a 37°C water bath. Under sterile conditions, 2 ml of pre-warmed (37°C)
supplemented DMEM was slowly added to the cells within their cryovials (Corning; Flintshire, UK)
at a rate of 1 drop every 10 seconds. Cells were homogenously suspended via slow pipetting, and
transferred into a T75 cell culture flask (Thermo Fisher Scientific; Paisley, UK) containing a total
volume of 10 ml supplemented DMEM. All incubations were performed in humid conditions at
37°C, in 5% CO.,. Cell adherence was checked after a 24 hr incubation, after which medium was
aspirated and replaced with pre-warmed, supplemented DMEM to remove remaining dimethyl
sulfoxide (DMSO; cryoprotectant originally present in the freezing media). Supplemented DMEM

was changed twice a week until cells reached ~80% confluency.

68



To achieve a high yield of isolated microfibrils, HDFs were passaged. Medium was aspirated and
cells were washed with pre-warmed, sterile phosphate-buffered saline (PBS) which was then also
aspirated off. Cells were then incubated in 24 ml of 0.25% (v/v) trypsin-EDTA
(Ethylenediaminetetraacetic acid) solution (Sigma) for 5 minutes. Adhered cells were dislodged
with careful agitation (confirmed by light phase contrast microscopy) and total volume was split into
3 T75 culture flasks (800 ul of cell suspension in each) containing 10 ml of pre-warmed,

supplemented DMEM. All cell experiments were performed with passage 2 HDFs.

Cells were grown to 100% confluency where they were then maintained with bi-weekly changes of
supplemented DMEM (medium was aspirated and replaced with 10 ml fresh, pre-warned medium)
for a further 5 weeks. This enabled sufficient extracellular matrix (ECM) synthesis for microfibril

isolations (Kielty et al. 1991).

2.2 Microfibril extraction and purification

221 Tissue extraction

To extract fibrillin and collagen VI microfibrils from human ciliary body and skin, tissue was minced
with a scalpel blade on a glass microscope slide and placed in a 2 ml aliquot of collagenase buffer
(400 mM sodium chloride [NaCl, 1 mM calcium chloride [CaCl)], 50 mM
trishydroxymethylaminomethane [Tris], buffered to pH7.4 with hydrochloric acid [HCI]). To this,
protease inhibitors: 0.01 mM phenylmethylsulfonyl fluoride (PMSF) and 0.03 mM N-ethylmaleimide
(NEM) were added to prevent non-specific digestion. Bacterial collagenase type IA (Collagenase
from Clostridium histolyticum) was then added (to a final concentration of 1 mg/ml) and tissue was
digested on a rotary table for 4 hours at room temperature (Fig. 2.2 A) (Hibbert et al. 2015; Kielty

et al. 1991; Sherratt et al. 2010).
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Figure 2.2: Fibrillin and collagen VI microfibril extraction. Tissues were digested with bacterial

E

collagenase IA (A) before being centrifuged (B). The supernatant was then collected (C) and run
through a size-exclusion column (D). The fractions collected generated two spectrographic
absorbance peaks (E). Fibrillin and collagen VI microfibrils were found within the first peak (V) (F).

2.2.2 Cell culture extraction

Five week, post-confluent HDFs (passage 2) were washed three times with 10 ml PBS to remove
media. Two ml of collagenase buffer containing 2 mg of bacterial collagenase IA (1 mg/ml), 0.01
mM PMSF and 0.03 mM NEM were added directly to the HDF-containing T75 culture flasks. These

were digested for 2 hrs on an orbital shaker at room temperature (Hibbert et al. 2015; Kielty et al.

1991; Sherratt et al. 2010).

2.2.3 Purification by size-exclusion chromatography

Post-digestion, mixtures were centrifuged at 5000 g for 5 minutes (Fig. 2.2 B). Supernatants were
collected and pellets discarded (Fig. 2.2 C). Fibrillin and collagen VI microfibrils were purified using
an AKTA Prime Plus Liquid Chromatography System (GE Healthcare; Little Chalfont, UK).
Supernatants were injected and run at a flow rate of 0.5 ml/min within a buffer composed of 400

mM NaCl and 50mM Tris-HCI (buffered to pH 7.4), through a GE HiScale 16/40 column packed
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with Sepharose® CI2B beads (Fig. 2.2 D). One ml fractions were collected based on
spectrophotometric absorbance at 280 nm which indicates the total protein concentration in each
fraction. Two absorbance peaks are detected during microfibril purification: an initial peak equating
to the void volume (V,) which correlates to large proteins and a second, larger peak equating to the
final volume (Vg) which correlates to smaller proteins (Fig. 2.2 E). Fibrillin and collagen VI
microfibrils typically co-purify within the Vo, which is collected at the height of the absorbance peak
(Fig. 2.2 F) (Hibbert et al. 2015; Kielty et al. 1991; Sherratt et al. 2010) and yields 2 ml of isolated

extracts.
2.3 Peptide generation for mass spectrometry

2.3.1 Desalting and freeze drying

Microfibril isolations were de-salted via dialysis in 0.22 um filtered ultrapure water (see Fig. 2.3 for
workflow of entire proteomics sample preparation process). This was achieved using Slide-A-
Lyzer™ MINI Dialysis Devices (Thermo Fisher Scientific; Paisley, UK) and dialysing for 4 hours at
4°C. These were subsequently frozen at -80°C and freeze-dried using a CoolSafe freeze dryer
(LaboGene; Allergd, Denmark) coupled to a hybrid vacuum pump system (Vacuubrand; Rochdale,

UK) at -60°C for 48 hours. Samples were stored at -80°C until mass spectrometry (MS) analysis.
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Purified microfibrils (V)

Desalt — dialysis in dH,0, 4°C, 4hrs

Freeze — -80°C, overnight
Freeze dry — -60°C, 48hrs

Re-solubilisation:

denature — 8M urea
reduce — 10mM DTT, 21°C, 30min
alkylate — 50mM IAM, 21°C, 30min, in dark

AEHERICIES e SMART digestion ™ kit:
dilute — 2M urea digest — SMART digest resin, 70°C, 75min

digest — 2:1/1:20 (E:S) elastase, 37°C, 2hrs

quench activity — 5% FA remove resin — filter tips

Peptide desalt:

bind - OLIGO™ R3 Reversed Phase Resin
wash —0.1% FA
elute — 50% ACN + 0.1% FA

Vacuum dry — 2hrs, 4°C
Samples ready for LC-MS/MS

Figure 2.3: Flow diagram depicting the pre-MS sample preparation used. The purple arrows
represent the elastase method for the augmentation of fibrillin-1 peptide generation. The green
arrow represents the SMART™ digestion method for enhanced identification of microfibril-
associated proteins (which omits re-solubilisation step and proceeds directly to digestion). DTT =
dithiothreitol, IAM = iodoacetamide, E:S = enzyme to substrate ratio, FA = formic acid, ACN =

acetonitrile.
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2.3.2 Elastase digestion method

The elastase digestion method was developed to enhance peptide generation of proteins strongly
bound within fibrillin and collagen VI microfibrils such as fibrillin-1 and COL6A3 (Fig. 2.3, purple
path). This was achieved through the harsh resolubilisation of microfibrils (denaturation, reduction
and alkylation) and the addition of porcine elastase, a nonspecific enzyme with a high activity in
comparison to conventionally used trypsin (Doucet and Overall 2011; Rietschel et al. 2009;

Sziegoleit et al. 1985).

Freeze-dried samples were re-suspended in 120 pl of 0.1 M Tris-HCI, pH 8.5. Microfibril samples
were denatured in 8 M urea, reduced in 10 mM dithiothreitol (DTT; Fisher Scientific; Loughborough,
UK) for 30 minutes at room temperature and alkylated in 50 mM iodoacetamide (IAM) for 30
minutes at room temperature, in darkness. The solution was then diluted down to 2 M urea using
0.1 M Tris-HCI, and porcine elastase (catalogue: E2150; Sigma) added at an enzyme:substrate
ratio (E:S) specified for the experiment (either 1:20 or 2:1). This was incubated at 37°C for 2 hours.
Elastase activity was then quenched with 5 % (v/v) formic acid in ultrapure water and samples were
transferred to Eppendorf® LoBind 1.5 ml tubes (Eppendorf; Stevenage, UK) to minimise

electrostatic loss of peptides.

2.3.3 SMART Digest™ trypsin method

The SMART digestion method, using the SMART Digest™ Trypsin Kit (Thermo Fisher), was
performed to further enhance the identification of microfibril-associated proteins (Fig. 2.3). This kit
allows the fast digestion of samples through their incubation with trypsin, immobilised on a resin, at
a high temperature (70°C) (Moore and Samonig 2016; Lanshoeft et al. 2016; Samonig et al. 2016).
This applied heat was sufficient to denature proteins externally decorating microfibrils, making their
primary structures accessible to trypsin, but insufficient for the denaturation of components within
the microfibril itself. This means highly abundant microfibril proteins such as fibrillin-1 and the
collagen VI alpha chains remained insoluble. As a result, the presence of less abundant microfibril

accessory proteins (normally masked) became detectable with MS.

Freeze-dried samples were re-suspended in 20 pl of ultrapure water and 180 ul of SMART
Digest™ buffer added. SMART Digest™ trypsin resin was then directly added to these
suspensions. The samples were then incubated with the resin at 70°C for 75 minutes. Resin was
then removed using detached TELOS MicroPlate™ filter tips (Kinesis; Cheshire, UK) and samples

placed in Eppendorf® LoBind 1.5 ml tubes.
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2.3.4 Peptide desalting

All peptide preparations were de-salted using a reverse phase column containing 1 mg of OLIGO™
R3 Reversed Phase Resin (Thermo Fisher; Fig. 2.3). Resin was wetted twice with 50 pl of 50%
(v/v) acetonitrile (ACN) in ultrapure water within detached TELOS filter tips. Wet solution was
pipetted out of resin using a standard p1000 Gilson pipette (Gilson; Middleton, Wisconsin, USA).
Resin was then washed twice in 50 pl washing solution containing 0.1% (v/v) formic acid in
ultrapure water. Peptide samples were then added to the resin within the TELOS tips and flow
throughs kept until the end of analysis. Peptide-bound resin was then washed twice with 100 pl of
washing solution. Peptides were eluted off the resin with 100 ul of 50% ACN and 0.1% (v/v) formic
acid in ultrapure water. Collected samples were then vacuum-dried in a Speed Vac (Heto-Holten;
Frederiksborg, Denmark) prior to liquid chromatography-tandem mass spectrometry (LC-MS/MS)

analysis.
2.4 Proteomics and data analysis

2.4.1 Mass spectrometry

All MS analysis was performed by the Biomolecular Analysis Facility in the Faculty of Biology
Medicine and Health at the University of Manchester (Manchester, UK). As dictated by their
protocols (Buckley 2015; Lennon et al. 2014), peptide mixtures were analysed by LC-MS/MS using
an UltiMate® 3000 Rapid Separation LC (RSLC, Dionex Corp; Sunnyvale, CA, USA) coupled to an
Orbitrap Elite™ Hybrid lon Trap-Orbitrap mass spectrometer (Thermo Fisher Scientific; Fig. 2.4).
Peptides were separated using a gradient from 92% A (0.1% [v/v] formic acid in water) and 8% B
(0.1% [v/v] formic acid in acetonitrile) to 33% B, ran in 44 minutes at 300 nL/min, using a 250 um x
75 mm (inner diameter 1.7 um) CSH Cyg, analytical column (Waters; Herts, UK). Peptides were
selected for fragmentation automatically by data-dependent analysis. For trypsin-digested samples,
1+ and =4+ charge states were rejected. For elastase-digested samples, only =4+ charge states

were rejected.
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Figure 2.4: Pictures of the LC-MS/MS instruments. An UltiMate® 3000 Rapid Separation liquid
chromatographer (A) coupled to an Orbitrap Elite™ Hybrid lon Trap-Orbitrap mass spectrometer
(B) was used for all LC-MS/MS analysis.

2.4.2 Pre-processing of raw mass spectrometry files to Mascot generic files

For a full work-flow summarising all the proteomic data analysis performed, please see Fig. 2.5.
Raw MS spectrum files were converted to Mascot MGF files containing peak lists with associated
mass and intensity values using the ExtractMSn algorithm (Thermo Fisher) under default
parameters: minimum precursor mass — 400 Da; maximum precursor mass — 3500 Da; grouping
tolerance — 1.4 Da; intermediate scans — 1; precursor charge — all charges; minimum scans per

group — 1; minimum peaks — 10; minimum signal to noise (S/N) — 3; minimum major peaks — 5.
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Figure 2.5: Work-flow summarising all the proteomic data analysis performed. The left blue path

and Identifying Microfibril-associated Proteins
10 sisauasoud ui sapndad
€V910) pue T-uljjliqy jo uoneaynuenb yuepuadap ereq

Mapping PSMs to Fibrillin-1 and COL6A3 Protein Domains

and associated blue text boxes detail the process of identifying peptide spectrum matches (PSMs)
for fibrillin-1, COL6A3 and other fibrillin and collagen VI microfibril-associated proteins. The right
green path and associated green text boxes details the process of data-dependent quantification of
fibrillin-1 and COL6A3 peptides. Text boxes containing both blue and green colours detail steps
pertinent to both processes.

2.4.3 Mascot-based correlation of mass spectrometry spectra with the Uniprot human database

The Mascot Daemon application v2.5.1 (Matrix Science; London, UK) was used to automate the
submission of peak list MGF files to the Mascot server. The Mascot search engine then correlated
the peak spectra within each file to the Uniprot human database (Swiss-Prot and TreEMBL). The
Uniprot knowledgebase (Kb) is a comprehensive, freely accessible resource containing all known
protein sequences and their associated functional data, curated and experimentally validated by

experts worldwide (Consortium 2016). Mainly funded by the National Institute of Health, since its
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creation, its proteome sequence databases have become the gold standard for MS spectra

searching (Breuza et al. 2016).

Mascot MS/MS ion searches were performed with the following parameters: database -
Swissprot_TreEMBL_2016_04; species — Homo sapiens; enzyme — non-specific for elastase
method or trypsin for SMART digestion method; peptide charge — 1+, 2+ and 3+; max missed
cleavages — 1; fixed modifications — carbamidomethyl (mass: 57.02 Da; amino acid: C); variable
modification — oxidation (mass: 15.99 Da; amino acid: M); peptide tolerance — 10 ppm
(monoisotopic); fragment tolerance — 0.6 Da (monoisotopic); instrument — ESI-TRAP. Mascot

search results were exported as DAT files for every run performed.

2.4.4 Validation in Scaffold 4

Peptide spectrum matches (PSM) and peptide and protein identifications were generated using the
Scaffold 4 software (Proteome Software; Portland, OR, USA). DAT files were imported into
Scaffold 4 and peptide/protein identifications generated automatically using the following
parameters: searched database — Swissprot_TreEMBL_2016_04; scoring system — LFDR scoring;

protein grouping — standard experiment wide protein grouping.

From within Scaffold 4, data were filtered to report only peptides exclusive and unique to their
matched proteins (with no matching ambiguity) and only proteins with a minimum of 2 identified
peptides. Peptide and protein false discovery rates (FDR) were automatically calculated by
Scaffold 4 using peptide and protein probabilities assigned by the Trans-Proteomic Pipeline
(Sourceforge; Seattle. WA, USA) using the PeptideProphet™ (Keller et al. 2002) and
ProteinProphet™ (Nesvizhskii et al. 2003) algorithms. PeptideProphet FDR was thresholded to < 5

% and ProteinProphet FDR to < 0.1%.

Peptide and protein reports were exported from Scaffold 4 within CSV files which were then
imported into Microsoft Excel (Microsoft Office, Microsoft; Manchester, UK) for further analysis of

identified peptides and proteins.

2.4.5 Analysis of microfibril-associated proteins
Microfibril-associated protein presence was identified within the protein reports generated by
Scaffold 4. Lists of detected proteins were manually searched for known fibrillin and collagen VI

microfibril-associated proteins (see reviews: (Thomson et al. 2018) and (Cescon et al. 2015)) as
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well as those proposed by Cain et al. (2009) in their fibrillin-1 recombinant fragment molecular

fishing study. Identified proteins were then reported alongside their PSMs.

2.4.6  Mapping peptide spectrum matches to fibrillin-1 and collagen VI a3 proteins

For peptide sequence mapping onto human fibrillin-1 and COL6AS3 protein domains, primary
sequences and domain positions were extracted from the Uniprot database. Only information from
the reviewed SwissProt designated proteins were used: accession numbers: FBN1_HUMAN

(P35555) (web address: https://www.uniprot.org/uniprot/P35555) for fibrillin-1 and CO6A3_HUMAN

(P12111) (web address: https://www.uniprot.org/uniprot/P12111) for COL6AS.

Similar to the peptide mapping done by Cain et al. (2006), the peptide sequence of each PSM was
mapped to its respective protein domains of fibrillin-1 or COL6A3 (for an example, please see Fig.
2.6). The number of PSMs per domain was then counted for each sample. To allow comparisons
across different samples (which unavoidably contain variations in protein abundance), the number
of PSMs per domain were normalised across the whole experiment based on the total spectrum
counts for fibrillin-1 or COLBA3 respectively (Lundgren et al. 2010). Normalised PSMs per domain
were then averaged across each group and subsequently heat mapped onto a domain schematic
of fibrillin-1 or COLBA3 to show the average peptide yield within the different structural regions of

these proteins.
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Protein Uniprot Exclusive unique
name accession peptides Total spectra Peptide sequence
Fibrillin-1 FBN1_HUMAN 214 258 ACEDIDECSLPNICV
Fibrillin-1 FBN1_HUMAN 214 258 ACIDINECEL
Fibrillin-1 FBN1_HUMAN 214 258 ADGKACEDIDEC
Fibrillin-1 FBN1_HUMAN 214 258 ADGKACEDIDECSLPNIC
Fibrillin-1 FBN1_HUMAN 214 258 ADGKACEDIDECSLPNICV
Fibrillin-1 FBN1_HUMAN 214 258 AGSDINECALDPDICPNGICENLRGT
Fibrillin-1 FBN1_HUMAN 214 258 AGSDINECALDPDICPNGICENLRGTYKC
Fibrillin-1 FBN1_HUMAN 214 258 ALDPDICPNGI
Fibrillin-1 FBN1_HUMAN 214 258 ALDPDICPNGICENLRGT
Fibrillin-1 FBN1_HUMAN 214 258 CCPGWKTLPGGNQCIVPI

FBN1_HUMAN (100%), 312,226.0 Da '

Fibrillin-1 0S=Homo sapiens GN=FBN1 PE=1 SV=3
214 exclusive unique peptides, 234 exclusive unique spectra, 258 total spectra, 11052871 amino acids (38% coverage)
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Normalised PSMs
No Fibrillin-1 domain | Sample 1| Sample 2| Sample 3 | Average |Heat ma|
1 N-terminal Region 0 2 2 1
2 EGF-like 1 5 7 5 6
3 EGF-like 2 0 0 0 0
4 EGF-like 3 0 2 0 1
5 TB 1 3 2 0 2
6 EGF-like 4 0 2 2 2
7 EGF-like 5 3 8 2 4
8 B2 0 2 0 1
9 Pro-rich 0 0 0 0
10 EGF-like 6 0 0 0 0
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Figure 2.6: Example workflow showing the mapping of PSMs onto the domains of fibrillin-1.
Fibrillin-1 peptides are identified in the peptide reports generated by Scaffold 4. This example
depicts only the first ten fibrillin-1 peptide sequences identified out of 214 exclusive, unique
peptides in a single sample (A). All peptides are next mapped onto the primary sequence of fibrillin-
1 (highlighted yellow) overlaid with its domain positions (sequences corresponding to each domain
are boxed in alternating blue and red) (B). The number of mapped peptides is then counted per
domain. The process is repeated for all samples within the group, normalised based on the total
spectrum counts across the whole experiment, and averaged across the group (example shows
only the first ten fibrillin-1 domains) (C). These are subsequently heat mapped onto a domain

schematic of fibrillin-1 to show the average, regional yield of peptides across its structure (D).
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2.4.7 Data-dependent quantification of fibrillin-1 and collagen VI a3 peptides in Progenesis QI

Data-dependent peptide quantification was performed using Progenesis QI software package
(Nonlinear Dynamics, Waters, Newcastle, UK; see Fig. 2.7 for an example). Raw mass spectra
files were imported and ion intensity maps were automatically generated. lon outlines were
automatically aligned by Progenesis Ql to a single reference run using default settings. lon peaks
and their relative abundances were then automatically picked without filtering and normalised to a
single reference run by Progenesis QI using default settings. Data were then exported as a Mascot
MGF file and searched using Mascot v2.5.1 with same search parameters and on the same
database as described in Section 2.4.3. This was then re-imported back into Progenesis QI where
identified peptide ions were automatically matched. Normalised abundance for each peptide was
calculated by Progenesis Ql as the sum of the each matched peptide ion abundance (individual

peptide ion abundance is equal to the sum of the intensities within the isotope boundaries).

Normalised peptide abundances, compared between matched samples, were statistically analysed
within Progenesis QI using a paired (repeated measured) ANOVA test. The paired ANOVA
experimental design was selected and normalised peptide abundances were compared between
matched samples (i.e. non-irradiated vs. broadband UVB-irradiated). A fold change for each
peptide was also calculated automatically (fold change is defined as the higher average normalised

abundance of one group divided by the average normalised abundance of the second group).

Peptide quantification data were exported from Progenesis Ql as a CSV file and imported in
Microsoft Excel. Fibrillin-1 and COL6A3 peptides which matched to Uniprot accession numbers
FBN1_HUMAN and CO6A3_HUMAN were identified and filtered to p < 0.05. Significantly different
fibrillin-1 and COL6A3 peptide sequences are reported alongside their fold changes, average

normalised abundances per group and paired ANOVA p values.
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Figure 2.7: Example workflow showing the data-dependent quantification analysis of fibrillin-1
peptides using Progenesis QI. lon intensity maps were generated for each run and
automatically aligned to a single reference run (A). lons and their abundances were
automatically picked and assigned (B). Individual ion abundance equalled the sum of the
intensities within the isotope boundaries. Once spectra were matched to their respective
protein peptides by Mascot and re-imported back into Progenesis QI, a paired ANOVA
experimental design was selected. Matched before and after sample runs (non-irradiated vs
broadband UVB-irradiated in this example) were assigned to subject and condition columns
(C). Peptide quantification data were then exported to Excel where peptides assigned to
Uniprot accession no: FBN1_HUMAN were identified and filtered to p < 0.05. Significantly
different fibrillin-1 peptide sequences were reported with their fold changes, average

normalised abundances per group and p values (D).
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2.5 Microfibril ultrastructure characterisation

2.5.1  Stub preparation for atomic force microscopy

Glass coverslips (Agar Scientific; Essex, UK) were soaked in absolute ethanol overnight, left to dry
for 30 minutes and then attached to metal stubs (Agar Scientific) with clear nail varnish. One
hundred pl of microfibril suspension was pipetted directly onto the coverslips and left for one minute
where fibrillin and collagen VI microfibrils adsorbed to the glass surface. The solution was then
removed and stub left to dry overnight. Stubs were then washed three times with 0.22 um filtered
ultrapure water and left to dry for one hour before imaging with atomic force microscopy (AFM; Fig.

2.8) (Hibbert et al. 2015; Sherratt et al. 2010).

A B

Figure 2.8: Microfibril stub preparation for AFM. Purified microfibril extracts were pipetted directly
onto coverslips (A) and left to adsorb for one minute (B). The remaining solution was removed (C)

and left to dry. The coverslips were then washed and dried prior to AFM (D).

2.5.2 Atomic force microscopy

Fibrillin microfibrils were imaged using peak force and Scan-Asyst® mode AFM (Fig. 2.9 A) using a
Nanoscope llla Multi-mode atomic force microscope (Bruker; Santa Barbara, CA, USA) as
previously described (Hibbert et al. 2015; Sherratt et al. 2005, 2010). Using a single, new Scan-
Asyst® Air tip (Bruker) per sample, single fibrillin (Fig. 2.9 B) and collagen VI microfibrils were
captured at scan rate of 0.977 Hz, at resolution of 512 pixels/line in 2 x 2 um height scans. This
gave a lateral resolution of 3.9 nm/pixel, which was high enough for ultrastructural analysis, as
previously shown (Hibbert et al. 2015; Sherratt et al. 2010). Fibrillin microfibrils which were laterally
associated with collagen VI microfibrils were omitted from the analysis. AFM height scans were
then digitally flattened using WSxM v5.0 AFM Image Processing package (Horcas et al. 2007) and
the height scales set to between -5 and 15 nm. These scans were then exported in text image

format.
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Figure 2.9: AFM characterisation of fibrillin microfibril beads. A Nanoscope llla Multi-mode atomic
force microscope (Bruker) (A) was used to capture fibrillin microfibrils (B) at a lateral resolution of
3.9 nm/pixel. These were straightened in Imaged (Ci) and an axial height profile generated (Cii).
This was used to specify the centre of each bead within the microfibril (height maxima) and
generate a 15 x 41 pixel height snapshot of each bead (D). These snapshots were then averaged
for each group; i.e. population 1 (P1) and P2, and a 3D height map generated (Ei, ii). From these,
axial height profiles of bead averages were generated (F) allowing statistical comparisons of
morphologies between groups. Averaged bead snapshots from each group were also subtracted
from the averaged snapshot a comparator group to show the differences in bead height. These
were used to generate colour height difference heat maps overlaid with the contours of an average

bead from one group (G), allowing local differences in bead morphologies to be visualised.
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2.5.3  Fibrillin microfibril bead characterisation

The negative heights (below the glass surface) in the 2 x 2 um height scans of individual fibrillin
microfibrils were corrected by subtracting the negative background (Ratcliff and Erie 2001) using
AFM Image Manipulation software developed by Sherratt et al. (2005) using Microsoft Visual Basic
6.0 (Redmond, WA, USA) as described previously. These were then exported as RAW files. Using
ImagedJ image processing program (NIH; Bethesda, MA, USA) fibrillin microfibrils were straightened
using the Straighten Curved Objects plugin (Kocsis et al. 1991) enabling the generation of 41 pixel
wide images of single, straightened assemblies (Fig 2.9 Ci). This was done ensuring that the
fibrillin microfibril beads fell accurately in the centre of the images (on the 21 pixel out of 41) and
that the shoulder regions were always orientated to the right side of the image. LFA image
processing software, developed by Sherratt et al. (2003) using Microsoft Visual Basic 6.0, was then
used to generate an axial height profile of each straightened microfibril. Using this, the centre of
each bead was specified by correlating them to their height maxima in the axial profile (Fig. 2.9
Cii). This led to the generation of 15 x 41 pixel snapshots of each individual bead with the height

maxima at the central pixel of the image (Fig. 2.9 D) which were exported to Microsoft Excel.

Using Excel, all fibrillin microfibril bead snapshots within a group (n=100 per sample, n=300 per
group) were averaged and a 3D-surface graph generated for each group (Fig- 2.9 E). These 3D
height graphs effectively described the morphology (topography) of an average fibrillin microfibril
bead within one group. From these, axial height profiles of bead averages could be generated (Fig.
2.9 F) allowing comparisons of morphologies between groups and descriptive and quantitative
statistics to be performed. An averaged bead snapshot from one group could also be subtracted
from the averaged snapshot of the second group to show the differences in heights between two
average beads from each group. These were used to generate colour height difference heat maps
overlaid with the contours of an average bead from one group (Fig. 2.9 G). This allowed local

differences in bead morphology to be visualised between two fibrillin microfibril groups.

2.5.4  Fibrillin and collagen VI microfibril periodicity analysis

Flattened 2 x 2 um height scans (3.9 nm/pixel resolution) of single fibrillin and collagen VI
microfibrils were imported into Periodicity and Angles software package developed by Sherratt et
al. (2003) using Microsoft Visual Basic 6.0. The bead to bead distance (in nm) was then measured
within the program by zooming into the beads (windows icon button + plus button on keyboard) and

specifying the centre of each bead, as previously described (Sherratt et al. 2005) (Fig. 2.10). The
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periodicity measurements were then exported to Microsoft Excel and an average calculated per

group (n=500 per sample, n=1500 per group) allowing the periodicity to be statistically compared.

Image Z-1ange:22.277

Conversion factor: 17.000

High: 22.277
Low: .000
Scale to (nm): |15
Angle: 162
Dist: 37
Save to clipboard i
Clear clipboard I
Fibrillin microfibril periodicity (nm)
45.55 58.72 63.59 68.22
58.07 62.99 58.07 59.63
60.64 63.59 65.48 65.48
59.63 57.68 65.48 66.41
61.76 47.04 59.75 54.83
36.01 34.94 58.59 42.97
55.93 55.52 40.22 37.06
58.72 61.14 60.64

Figure 2.10: Periodicity measurements of a fibrillin microfibril. Flattened 2 x 2 um height scans of
single microfibrils were imported into Periodicity and Angles software package and the centre of
each bead specified within the program. This automatically generated the bead to bead distance
measurements (in nm) which were exported to Microsoft Excel.

2.5.5  Microfibril ultrastructure statistical analyses
All microfibril ultrastructure statistical comparisons were performed using GraphPad Prism statistics
software (GraphPad Software Incorporated; La Jolla, California, USA). Only differences of p < 0.05

were considered significant.
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For fibrillin microfibril bead statistical comparisons, 100 beads were measured per individual
sample. Statistical analyses were performed on all beads measured across a group of triplicate
repeats (N=3; n=300). Central beads heights were statistically analysed using Mann-Whitney U
tests and cumulative frequency distributions using Kolmogorov-Smirnov tests. Axial height profiles

(i.e. Fig. 2.9 F) were statistically analysed using Bonferroni-corrected multiple comparisons tests.

For fibrillin and collagen VI microfibril periodicity statistical comparisons, 500 measurements were
taken per individual samples. Statistical analyses were performed on all measurements across a
group of triplicate repeats (N=3; n=1500). Periodicities were statistically analysed using Mann-
Whitney U tests and cumulative frequency distributions of periodicities using Kolmogorov-Smirnov

tests.

2.6 Ultraviolet irradiation

Triplicate samples of purified microfibril suspensions were vortexed and split into three matched
groups: control, broadband UVB-irradiated and solar simulated radiation (SSR)-irradiated. All
suspensions (2 ml volumes) were irradiated within uncapped 35 mm x 10 mm polystyrene cell

culture dishes (Corning, Flintshire, UK).

2.6.1  Broadband ultraviolet-B irradiation

Broadband UVB-designated microfibril suspensions were irradiated with a broadband UVB
spectrum as previously described (Sherratt et al. 2010) using two 20 W Phillips TL-12 tubes
(Eindhoven, The Netherlands) with an emission wavelength range of 270 — 400 nm (peak output of
313 nm; Fig. 2.11). Before each experiment, the UVB waveband irradiance was first measured
using a UVX radiometer (UVR Products, Upland, CA, USA) fitted with a UVX31 broadband UVB
detector. An associated calibration factor (equal to 0.63) had already been pre-calculated via
measurement of spectral outputs using a double grating spectroradiometer (Bentham Instruments
Ltd., Reading, UK), calibrated to National Physical Laboratory (Teddington, UK) standards. By
multiplying the UVX meter reading with the associated calibration factor, an absolute irradiance

value was calculated in mW/cm?:
UVX radiometer reading x calibration factor = irradiance (mW/cmz)
The irradiation time, equivalent to a dose of 100 mJ/cm?® was then calculated by dividing the dose

by the irradiance in a standard power calculation:
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Dose (mJ/cm?) / irradiance (mW/cm?) = time (sec)

Suspensions were irradiated simultaneously, in triplicate: placed in the centre and at a vertical
distance of 16 cm from the source, at room temperature. A UVB dose of 100 mJ/cm? using the TL-
12 was equivalent to a dose of 13.2 mJ/cm?® of erythemally-weighted UVR. This was calculated

based on an erythema-weighting conversion factor reported by McKenzie et al. (2004).
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Figure 2.11: Spectral output of the UVB (TL-12) and SSR (Solar Simulator with full spectrum
WGS320 filter) sources used in UV irradiation experiments. The spectral irradiance for both sources
is shown between the wavelengths of 250 and 400 nm. Spectral output data was kindly provided by
Dr Sarah Hibbert.

2.6.2 Solar simulated irradiation

SSR-designated microfibril suspensions were irradiated using a Solar Simulator (Applied
Photophysics, Cambridge, UK) as previously described (Hibbert et al. 2017, 2015). This is
comprised of a xenon arc lamp light source fitted with a WG320 SSR filter (Schott, Stafford, UK).
The spectral output was comprised of ~5% UVB and ~95% UVA (Fig. 2.11). As with broadband
UVB, irradiance was measured using a UVX radiometer; however, this time fitted with a UVX36 full
spectrum detector. As before, a calibration factor (equal to 2.88) had been pre-calculated using
spectroradiometer spectral output measurements calibrated to National Physical Laboratory
standards. The irradiation time was then calculated using the same aforementioned equations and
suspensions were irradiated in triplicate with a dose of 30 Jlem?, at a vertical distance of 20 cm
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from the source, at room temperature. An SSR dose of 30 J/cm? using a full spectrum WG320 filter
was equivalent to 213.4 mJ/cm? of erythemally-weighted UVR. This was calculated based on an
erythema-weighting conversion factor specific to the UV spectrum of the Solar Simulator fitted with

the WG320 filter.
2.7 Skin histology and elastosis quantification

2.7.1 Tissue cryosectioning

Abdominal, forearm and buttock biopsies from middle-aged donors were re-embedded in optimal
cutting temperature compound (OCT) embedding matrix (CellPath; Powys, UK) and frozen at -
80°C. Cryosectioning was performed by Dr Abigail Langton and Mrs Poonam Halai using a Bright
OTF 5000 (Bright Instruments; Bedfordshire, UK) cryostat fitted with a 190 mm microtome blade
(Bright Instruments). Embedded samples were orientated and mounted onto a sectioning chuck
and clamped within the cryostat. The thickness of the sections was set to 5 um. Three serial
sections were collected onto each Superfrost Ultra-Plus Adhesion slide (Thermo). These were

stored at -80°C prior to Weigert’s resorcin fuchsin staining.

2.7.2 Weigert’s resorcin fuchsin staining
To compare the extent of solar elastosis between abdominal, forearm and buttock skin, elastic
fibres in cryosections were stained with Weigert’'s resorcin-fuchsin elastin staining solution (Merck;

Darmstadt, Germany) (Proctor and Horobin 1988).

Cryosection-adsorbed slides were left to defrost at room temperature for 5 minutes and then
submerged and fixed in 4% (w/v) paraformaldehyde (PFA) in PBS, at room temperature for 10
minutes. These were then washed twice in 0.1 M Tris-HCI (pH 7.8) for 5 minutes each time.
Sections were lightly rinsed with ultrapure water and then submerged in Weigert’s elastin staining
solution for 10 minutes at room temperature. These were then lightly rinsed twice with 100%
industrial methylated spirits (IMS). Staining quality was checked using brightfield microscopy (a
dark purple colour meant that the stain had effectively absorbed into the tissue). Sections were
lightly rinsed with ultrapure water and then dehydrated in graded IMS: 70% (v/v), then 100%, then
in fresh 100% again, 5 minutes per step and then twice in xylene for 10 minutes each, all
performed at room temperature. Slides were then mounted using DPX (a mixture of distyrene,

plasticizer and xylene) embedding media (Thermo) and stored at room temperature.

2.7.3 Microscopy and imaging
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Weigert’s stained abdominal, forearm and buttock skin sections were imaged in brightfield using an
Olympus BX53 advanced research microscope (Olympus; Essex, UK) fitted with an Olympus DP73
camera and controlled by Olympus cellSens v1.15 imaging software. Three images were taken per
section at two magnifications (six images total). Twenty times (20 x) magnification captured an
image size of 352 um x 264 um at a resolution of 0.22 um/pixel with an exposure time of 1.176 ms
and 10 x magnification captured an image size of 704 um x 528 ym at a resolution of 0.44 um/pixel

with an exposure time on 0.313 ms. Images were saved as TIFF files.

2.7.4  Elastic fibre quantification

Elastic fibre abundances in abdominal, forearm and buttock skin was quantified by measuring the
percentage area of elastic fibre presence in Weigert’'s stained tissue sections, at a given depth,
using Imaged. Elastic fibre presence was assessed at three dermal depths of 50 um, 100 um and

300 um, measured from the DEJ.

Images were imported as TIFF virtual stacks into ImageJ and stacked to standard RGB images.
The scale was set to 0.22 um/pixel for images at 20x magnification and 0.44 um/pixel for images at
10x magnification. Vertical lines of length equating to the dermal depths assessed (50 um, 100 pum,
or 300 um) were then inserted into the images and placed equidistantly throughout, with the tops of
the lines aligned to the DEJs (Fig. 2.12 A). Areas encompassing the DEJs (tops of the lines) and
the bottoms of the lines were then free-drawn. Only elastic fibres within these areas, and therefore

only up to the choses dermal depths, were quantified.

Percentage areas of elastic fibres, within areas drawn, were measured automatically by
thresholding the images within Imaged so pixels with a deep purple colour (stained elastic fibres)
were coloured red and the rest coloured white (Fig. 2.12 B). Images were thresholded by
brightness using “Threshold Colour”: thresholding method - moments, threshold colour — white,
colour space — hue, saturation and brightness. Brightness was thresholded to between an ImageJ-
assigned scale of 186 and 255 in all images. Hues and saturations were not thresholded (kept at 0-
255 scale). All coloured pixels were then converted to a single red colour: images were converted
to 8-bit greyscale and all grey pixels coloured red using “Threshold” and selecting the red colour.
Elastic fibre abundances were measured within Imaged as a percentage of red pixels within the
areas drawn: measurements were set to include area, area fraction, and set to threshold.

Percentages measured were then copied to and further analysed using Microsoft Excel.
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Figure 2.12: Quantification method used to measure percentage area of elastic fibres at a depth of
100 um. Vertical lines, 100 um in length, were inserted into the images and placed roughly
equidistantly, with the tops of the lines carefully aligned to the DEJ. An area encompassing the DEJ
(tops of the lines) and the bottoms of the lines was then free-drawn (A). Only elastic fibres within
these areas, and therefore only within dermal depth of 100 um, were quantified. Percentage areas
of elastic fibres, within areas drawn, were measured automatically by thresholding the images
within Imaged so pixels with a deep purple colour (stained elastic fibres) were coloured red and the
rest coloured white (B). Elastic fibre presences were measured within ImageJ as a percentage of

red pixels within the areas drawn.
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2.7.5 Histology statistical analysis

All percentage area elastic fibre statistical comparisons were performed using GraphPad Prism.
Only differences of p < 0.05 were considered significant. All graphs generated represent error bars
as standard deviation. The percentage area of elastic fibres (for each depth: 50 pm, 100 um and
300 um) was assessed for three groups (abdominal and matched forearm and buttock skin) with
four individuals per group. Percentage area was measured in three images per section and three
sections per individual. These nine measurements were then averaged to give a single
measurement of elastic fibre area per sample at a single depth. Elastic fibres were analysed
between matched forearm and buttock groups using paired t tests and between unmatched
abdominal vs. buttock and abdominal vs. forearm groups using unpaired t tests (N=4). Tests were

Bonferroni corrected for multiple comparisons.
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Chapter 3: Optimised digestion methods for the proteomic characterisation
of human tissue microfibrils

This methods paper was written with the Journal of Proteome Research in mind. | conceived,
designed and performed all experiments, analysed all the data, prepared the figures and wrote the
paper. Dr David Knight and Dr Ronan O’Cualain of the Biological Mass Spectrometry Core Facility
in the Faculty of Biology, Medicine and Health at the University of Manchester (Manchester, UK)
provided technical assistance for all LC-MS/MS. Professor Clair Baldock contributed to the

preparation and interpretation of Figure 3.3.
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3.1 Abstract

Characterising the composition of supramolecular extracellular matrix (ECM) components like
fibrillin and collagen VI microfibrils is difficult due to their large size and insolubility. Cain et al.
(2006) revealed that proteomics has the potential to do this; however, the effective generation of
peptides for LC-MS/MS remains challenging. To enhance the proteomic analysis of these
components, we optimised two pre-MS preparation protocols: the elastase and SMART™ digestion
methods. The elastase method successfully increased the generation of fibrillin-1 peptides from
single ciliary body (CB) microfibril purifications, leading to a primary coverage of over 30% and
revealed regions of the protein previously uncharacterised by proteomics. Additionally, despite the
relatively low abundance of collagen VI microfibrils in human CB, the elastase method also led to
the successful detection and proteomic characterisation of the collagen VI alpha-3 chain. The
method also yielded abundant generation of fibrillin-1 and collagen VI alpha-3 peptides from a
human skin microfibril preparation. Furthermore, the elastase method also led to the identification
of co-purifying microfibril-associated proteins: annexins V and Il, MFAPs 2, 4 and 5, collagen IV,
vimentin, nidogen-1, laminin B2, Big-H3, and EMILIN-1. The SMART™ method enhanced the
detection of additional associated proteins: versican, hyaluronan link-1, prelamin A/C and lumican.
These approaches could aid in the interpretation of ECM assemblies and in the detection of age-

and disease-related damage.

Keywords: proteomics, fibrillin, collagen VI, microfibrils, mass spectrometry, composition
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3.2 Introduction

Many components of the extracellular matrix (ECM) exist as long-lived supramolecular structures
(Stenhouse and Baxter 1977; Shapiro et al. 1991; Verzijl, DeGroot, Thorpe, et al. 2000). As a
result, the use of conventional biochemical or structural analyses for the characterisation of their
molecular composition can be challenging. Gel electrophoresis, for instance, is ill-suited to
resolving large multimeric protein assemblies without first disassociating or fragmenting its
components (Reinhardt et al. 1996; Reinhardt et al. 1997; Whiteman and Handford 2003).
Additionally, ultrastructural analysis techniques like atomic force and electron microscopy allow the
visualisation of structural features, but not the identification of individual protein components
(Baldock et al. 2003, 2001; Godwin et al. 2017; Hibbert et al. 2015; Kielty et al. 1991; Sherratt et al.

2007, 2010, 2004).

Two such supramolecular assemblies are the fibrillin and collagen VI microfibrils. Fibrillin
microfibrils function in conjunction with elastin, as elastic fibres in organs and tissues such as skin,
arteries, ligaments and lungs where they confer elasticity (see review: Kielty et al. 2002). These
microfibrils can also function independently of elastin as anchoring oxytalan fibres in the papillary
dermis (Cotta-Pereira et al. 1976) and as ciliary zonules in the eye (Shi et al. 2013). In addition to
their mechanical roles, fibrillin microfibrils sequester the homeostatic cytokine transforming growth
factor beta (TGF-B), through their interaction with latent TGF-B binding proteins (LTBPs)
(Raghunath et al. 1998), and bone morphogenetic proteins (BMPs) (Gregory et al. 2005; Sengle et
al. 2008) within the ECM. Disruption of this functionality is associated with profound pathological
consequences (Neptune et al. 2003). In contrast, the functions of collagen VI microfibrils are less
well-defined. Their proposed function is to anchor cells within the matrix (Pfaff et al. 1993; Stallcup
et al. 1990) and maintain its organisation through the vast network it forms with other matrix
proteins (see review: Cescon et al. 2015). Disruptions in these interactions are known to induce

autophagy (Grumati et al. 2010; Irwin et al. 2003).

It is clear that both microfibrillar networks can potentially interact with a wide variety of proteins
(see reviews: Cescon et al. 2015 and Kielty et al. 2005). Fibrillin microfibrils interact with the
microfibril-associated proteins (MFAPs) -2 (Jensen et al. 2001), -4 (Pilecki et al. 2016) and -5
(Hanssen et al. 2004) which play key roles in their assembly (Marson et al. 2005). Other ECM
components, such as the proteoglycans versican, hyaluronan (Isogai et al. 2002) and perlecan

(Tiedemann et al. 2005) also interact directly with fibrillin-1 whilst the basement membrane proteins
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nidogen-1 and laminin B2 interact with fibrillin microfibrils through perlecan (Tiedemann et al.
2005). Finally, other fibrillin microfibril-associated proteins, such as the elastin microfibril interface
proteins (EMILINs) (Colombatti et al. 2000) exist as a link between the fibrillin microfibril and elastin
within elastic fibres. Although many fibrillin microfibril-associated proteins have been identified,
there are potentially more interactions which remain undiscovered. Molecular fishing experiments
have revealed a number of potential associated proteins (Cain et al. 2009) such as vimentin,
annexins V/II, TGF-B-induced ig-H3 (Big-H3) and lamin-A/C.

Collagen VI microfibrils have been shown to interact specifically with ECM components such as
collagen IV (Kuo et al. 1997) and lumican (Chakravarti et al. 1998). However, since both collagen
VI and fibrillin microfibrils are commonly co-purified from connective tissues (Kielty et al. 1998),
many of their binding interactions overlap. Hyaluronan (Specks et al. 1992) and MFAP2 (Finnis and
Gibson 1997), are known to interact directly with collagen VI as well as fibrillin microfibrils.
Additionally, nidogen-1 and laminin are known associated proteins of collagen IV (Aumailley,
Wiedemann, et al. 1989). It is possible, therefore, that collagen VI may co-purify with these two
proteins, via this interaction. As a result, the identification and attribution of these interactions to

either microfibrillar species and the role they play in the ECM, remains challenging.

In common within other ECM assemblies, fibrillin and collagen VI microfibrils are thought to be
long-lived (Sell and Monnier 2010; Shapiro et al. 1991) making them prone to the accumulation of
damage through post-translational modifications (PTMs; oxidation, protease-mediated degradation,
mechanical damage and ultraviolet radiation; UVR) (Sell and Monnier 2010; Ashworth, Murphy, et
al. 1999; Watson et al. 1999; Sherratt et al. 2010; Veidal et al. 2011; Verzijl, DeGroot, Thorpe, et al.
2000). The difficulties in characterising the molecular composition of large ECM assemblies such
as fibrillin and collagen VI microfibrils makes it necessary to develop novel proteomic approaches.
However, to date only a single published proteomic study, performed over ten years ago by Cain et
al. (2006), has endeavoured to characterise human tissue fibrillin microfibril composition. In this,
they succeeded in analysing and mapping the peptide yield of its main component, fibrillin-1 and
effectively identified the presence of three known interacting proteins (annexins Il, V and MFAP2).
However, whilst Cain et al. (2006) effectively demonstrated that mass spectrometry (MS)-based
proteomic approaches have the potential to identify the protein composition of these
supramolecular ECM assemblies, the generation of peptides from fibrillin-1 and associated proteins
remained challenging due to their large megadalton size (Baldock et al. 2001), insolubility (Chang

et al. 2016) and high number of crosslinks (Marson et al. 2005).
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In this study, we present two novel methods of pre-MS sample preparation: elastase digestion and
SMART digestion™, for the improved generation of fibrillin and collagen VI microfibril peptides and
their microfibril-associated proteins from human ciliary body (CB) and skin, which led to their
improved compositional analysis via liquid chromatography tandem MS (LC-MS/MS). By
comparing these methods and results to previous published data by Cain et al. (2006), we further
demonstrate the potential of proteomics for the compositional characterisation of large,
supramolecular ECM assemblies from human tissues. We also demonstrate that resultant peptide
mapping may potentially be used to gain novel insights into the fibrillin-1 supramolecular

organisation within its microfibril.

3.3 Experimental procedures

3.3.1  Study design and method development strategy

All chemicals were sourced from Sigma-Aldrich Co. Ltd (Poole, UK) unless stated otherwise. With
highly disulphide bonded proteins (such as the fibrillins), pre-MS sample preparation usually
involves reduction using a redox reagent such as dithiothreitol (DTT) (Cleland 1964; Loo et al.
1990) followed by alkylation with an agent such as iodoacetamide (IAM) (Anfinsen and Haber
1961; Yen et al. 2000). Typically, these re-solubilisation steps are followed by proteolytic digestion
with trypsin, a highly specific enzyme which cleaves solely at the carboxyl end of lysine and
arginine (Olsen et al. 2004), allowing for the generation of peptides which can be detected via MS
at high confidence (Link et al. 1999). This trypsinisation method was trialled on purified human
ciliary zonule (CZ) microfibrils by Cain et al. (2006) in the first fibrillin microfibril proteomics study
(Fig. 3.1, Cain et al. 2006 pathway). To improve upon the achievements of this previously
published effort, two pre-MS sample preparation methods were developed and trialled on purified

human CB and skin microfibrils.
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Figure 3.1: Workflow comparing the two pre-MS sample preparation methods developed in this
study to the methods employed by Cain et al. (2006). In their 2006 proteomics study of fibrillin
microfibril composition, Cain et al, describe using either bacterial collagenase IA or guanidine
hydrochloride (Gu-HCI) to extract microfibrils from human ciliary zonule (CZ) samples prior to
purification using size-exclusion chromatography (Cain et al. 2006). By comparison, we extracted
microfibrils from human CB and skin solely using bacterial collagenase IA digestion. Microfibril
peptide generation by Cain et al. was achieved by re-solubilisation via denaturation in 8 M urea,
reduction in 9 mM DTT and alkylation in 20 mM IAM, prior to overnight digestion in 1-2 ug of
trypsin, at 37°C. In our elastase method, microfibril extracts were more thoroughly re-solubilised
and digested than those by Cain et al. through denaturation in 8 M urea, reduction in 10 mM DTT
and alkylation in 50 mM IAM followed by digestion in porcine elastase at 37°C for 2 hours. An
enzyme to substrate ratio (E:S) of 1:20 was trailed and then increased to 2:1 to maximise protein
primary sequence and domain coverage. In our SMART™ Digestion method, resolubilisation was
omitted and microfibril extracts were added directly to the SMART™ Digest kit and digested at
70°C for 1 hour 15 minutes to maximise the identification of microfibril-interacting proteins. LC-
MS/MS was performed by Cain et al. in 2006 using an older generation Micromass® Q-ToF Micro™
mass spectrometer (Waters; Newcastle, UK), whereas ours was performed using a new generation

Orbitrap Elite™ Hybrid lon Trap-Orbitrap mass spectrometer (Thermo).
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To effectively unmask and digest regions deep within microfibril ultrastructure and improve upon
the generation of peptides from core microfibril components, a higher concentration of DTT and
IAM was used (Fig. 3.1, elastase method pathway) than by Cain et al. (2006). Additionally, porcine
elastase (Sigma catalogue # E1250), a highly active enzyme, less specific than trypsin
(preferentially cleaving at leucine, isoleucine, alanine, serine, valine and glycine) (Rietschel et al.
2009; Sziegoleit et al. 1985) was trialled. To demonstrate improvements in primary sequence and

domain coverages, enzyme:substrate ratios (E:S) of 1:20 and 2:1 were both trialled.

In order to enhance peptide generation from proteins which co-purify with fibrillin and collagen VI
microfibrils, and improve upon the number of microfibril-associated proteins identified by Cain et al.
(2006), a second method was developed (Fig 3.1, SMART™ method pathway). Here, re-
solubilisation was omitted (to target only loosely bound interacting proteins) and the SMART
Digestion™ kit (Thermo Fisher Scientific; Paisley, UK) was used for peptide generation. This
method allows the rapid digestion of the sample through a column of immobilised trypsin, in
thermally denaturing conditions (70°C ) (Moore and Samonig 2016). The immobilisation of the
enzyme on the column prevents self-digestion (Nord et al. 1956; del Val et al. 2002), whose
peptides can mask the presence of less abundant proteins and render them undetectable by MS
(Gingras et al. 2005). This method was used, therefore, to allow the detection of less abundant,

loosely bound proteins which decorate the outside of fibrillin and collagen VI microfibrils.

Finally, to instrumentally enhance the detection of microfibril peptides compared to Cain et al.
(2006), all LC-MS/MS on microfibril extracts was performed using a new generation Orbitrap
Elite™ Hybrid lon Trap-Orbitrap mass spectrometer (Thermo Fisher Scientific; Paisley, UK), in
contrast to Cain et al. (2006) who used an older generation Micromass® Q-ToF Micro™ mass

spectrometer (Waters; Herts, UK).

3.3.2 Human tissue and materials

Human donor eye tissue was acquired in accordance with the Human Tissue Act via the
Manchester Eye Bank, within 24 hours of corneal retrieval (for corneal transplant services). The
use of this tissue for was approved by the University of Manchester ethics committee (ethics ref:
11305). In each case, the CB was dissected prior to snap freezing in liquid nitrogen and storage at

-80°C.
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The human abdominal skin sample was acquired via the University of Manchester Skin Health
Biobank (MSHB). The MSHB is conducted in accordance with the Declaration of Helsinki 1964
(revised Seoul 2008) and the European Medicines Agency Note for Guidance on Good Clinical
Practice. North West 5 Research Committee has approved this biobank (Research Ethics
Committee reference 09/H1010/10). The sample was snap frozen in liquid nitrogen and stored at -

80°C.

3.3.3  Fibrillin and collagen VI microfibril extraction and purification

CB and skin tissue samples were minced and placed in a 2 ml aliquot of buffer containing 400 mM
NaCl, 50 mM Tris-HCIl and 1mM CacCl,, at pH7.4. Bacterial collagenase IA (1 mg) was added to a 2
ml aliquot of the same buffer containing 0.01 mM PMSF (phenylmethane sulphonyl fluoride) and
0.03 mM NEM (N-Ethylmaleimide). Tissue was digested and stirred on a rotary mixer for 4 hours at
room temperature (Kielty et al. 1991; Sherratt et al. 2010). Post-digestion, mixtures were
centrifuged at 5000 g for five minutes and the supernatant subjected to size exclusion
chromatography on a GE HiScale 16/40 column containing Sepharose® Cl4B beads at 0.5 ml/min
in 50 mM Tris-HCI (pH 7.4), 400 mM NaCl on an AKTA Prime Plus Liquid size-exclusion
Chromatography System (GE Healthcare; Little Chalfont, UK). Fractions were collected based on
spectrophotometric absorbance at 280 nm. Both fibrillin and collagen VI microfibrils co-purify and
were enriched in the void volume peak (Kielty et al. 1991; Sherratt et al. 2010). Following
purification, microfibril isolations were desalted via dialysis in 0.22 um filtered ultrapure water using
a Slide-A-Lyzer™ MINI Dialysis Devices (Thermo Scientific) for 4 hours at 4 C. Samples were then
frozen at -80°C prior to freeze-drying at -60°C for a minimum of 48 hours. Samples were stored at -

80°C until their use in LC-MS/MS experiments.

3.3.4  Elastase digestion for microfibril peptide generation

The elastase method was developed and trialled for enhanced microfibril peptide generation (Fig.
3.1). Freeze dried samples were re-suspended in 0.1 M Tris-HCI, pH 8.5. Proteins were denatured
in 8 M urea, reduced in 10 mM DTT for 30 minutes at room temperature and alkylated using 50 mM
IAM for 30 minutes at room temperature, in darkness. The solution was then diluted to 2 M urea,
and porcine elastase added at an E:S ratio of 1:20 or 2:1. This was incubated at 37°C for 2 hours.
Elastase activity was quenched with 5% (v/v) formic acid in ultrapure water. Samples were
desalted using OLIGO™ R3 Reversed Phase Resin (Thermo) and vacuum dried prior to LC-

MS/MS analysis.
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3.3.5 SMART Digestion™ for enhanced microfibril-associated protein peptide generation

The SMART™ method was trialled to enhance the peptide generation of loosely bound microfibril-
associated proteins (Fig. 3.1, SMART™ method pathway). Freeze-dried samples were re-
suspended in ultrapure water and digested for 75 minutes using a SMART Digest™ kit (Thermo
Scientific), as per the manufacturer’s instructions. Samples were then desalted and vacuum dried

prior to LC-MS/MS.

3.3.6 Mass spectrometry

All LC-MS/MS was performed by the Biological Mass Spectrometry Core Facility in the Faculty of
Biology, Medicine and Health at the University of Manchester (Manchester, UK). As dictated by
their protocols (Buckley 2015; Lennon et al. 2014) vacuum dried samples were analysed using an
UltiMate® 3000 Rapid Separation liquid chromatographer (Dionex Corp; Sunnyvale, CA, USA) and
an Orbitrap Elite™ Hybrid lon Trap-Orbitrap mass spectrometer (Thermo Fisher Scientific). Peptide
mixtures were separated using a gradient from 92% A (0.1% formic acid [v/v; FA] in water) and 8%
B (0.1% [v/v] FA in acetonitrile) to 33% B, in 30 minutes at 300 nL/min, using a 250 mm x 75um i.d.
1.7 um BEH C18, analytical column (Waters). Peptides were selected for fragmentation

automatically by data-dependent analysis.

3.3.7 Mass spectrometry data analysis
Mass spectra were extracted using extract_msn (Thermo Fisher Scientific) correlated against the

Uniprot human database (Consortium 2016) using Mascot (Matrix Science; London, UK).

Search parameters were: species - Homo sapiens; enzyme - non-specific for elastase, trypsin for
SMART Digest™; fixed modifications - carbamidomethyl (57.02 Da on C); variable modification —
oxidation (15.99 Da on M); peptide tolerance - 10 ppm (monoisotopic); fragment tolerance - 0.6 Da

(monoisotopic); searched database: Swissprot_TreEMBL_2016_04 database (152,544 entries).

Mascot identifications generated ware analysed using Scaffold 4 (Proteome Software; Portland,
OR, USA). Only exclusive, unique peptide counts are reported. False discovery rate (FDR) was
calculated by Scaffold using protein and peptide probabilities assigned by the Trans-Proteomic
Pipeline and the Protein Prophet™ (Nesvizhskii et al. 2003) and Peptide Prophet™ (Keller et al.
2002) algorithm (Sourceforge; Seattle. WA, USA). Peptide Prophet FDR was thresholded to < 5%

and Protein Prophet FDR was thresholded to < 0.1% (min 2 peptides) for every dataset.
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3.4 Results and discussion
3.4.1 Elastase digestion enhances fibrillin-1 peptide generation compared to previously
published efforts

In their 2006 publication, Cain et al. proteomically identified fibrillin-1 in human CZ purifications
(Cain et al. 2006). By combining data from 13 separate sample runs, they achieved a total primary
sequence coverage of 30% and a total domain coverage of 64% of the fibrillin-1 protein structure
(Fig. 3.2). However, two regions of fibrillin-1, near the N-terminal region (blue arrow) and at the C-
terminal region (green arrow), remained largely undetected and uncharacterised. In contrast, a
single human CB sample, prepared using our elastase method (E:S ratio of 1:20; without pooling or
data combining), led to the detection of 78 fibrillin-1 peptides, covering 25% of the primary
sequence and 57% of its protein domains (Fig. 3.2; full protein list in Supplemental Table 3.1). A
higher elastase E:S ratio of 2:1 further increased the primary sequence and domain coverages of
fibrillin-1 to 33% and 76% respectively from another single human CB sample run (Fig. 3.2; full
protein list in Supplemental Table 3.2), higher than the total coverages achieved by Cain et al.
(2006), for a combined 13 separate sample runs. Furthermore, this optimised E:S ratio also led to
the detection of the C-terminal regions of fibrillin-1 which remained previously undetected by Cain
et al. (2006) (Fig. 3.2, green arrow). Further reproducibility tests for this optimised E:S ratio on two
additional CB samples consistently resulted in a fibrillin-1 primary sequence coverage of = 30%
(Supplemental Tables 3.3 and 3.4). Additionally, similar primary and domain coverages were
achieved when applied to human skin (Fig. 3.2; full protein list in Supplemental Table 3.5). These
improvements can likely be attributed to both the optimised elastase method and to advances in

MS technology over the last decade (see review: Byron et al. 2013).
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Figure 3.2: The optimised elastase method led to improved primary and domain coverage of
fibrillin-1 compared with previous published efforts by Cain et al. (2006). As done in their
publication, fibrillin-1 PSMs (Peptide Prophet FDR < 5%) were counted for each protein domain
and heat-mapped. By combining the data of 13 separate sample runs, Cain et al. (2006) achieved
a total fibrillin-1 primary coverage of 30% and total domain coverage of 64%. Comparatively, even
at a low E:S ratio of 1:20, the elastase method led to a similar fibrillin-1 primary and domain
coverage (25% and 57% respectively) to Cain et al.’s study, but on a single human CB sample run,
without any pooling or data combining. At an increased E:S of 2:1, elastase successfully generated
a primary and domain coverage greater than had been achieved Cain et al. for both a single
human CB microfibril extract (F67) and a single human skin microfibril extract (F49). This optimised
E:S ratio also successfully generated peptides from a C-terminal region which Cain et al. failed to
identify and which had been previously unyielding (green arrow). Interestingly, there appears to be
a region on the N-terminal side of fibrillin-1 which elastase was incapable of generating detectable

peptides (blue arrow).

3.4.2 Regions of fibrillin-1 devoid of peptide spectrum matches may reveal clues about the
supramolecular organisation of the microfibril
Both Cain et al. (2006) and the use of 1:20 E:S ratio of elastase failed to generate abundant
peptides from a region at the C-terminal end of fibrillin-1, between domains EGF43 and EGF47
(Fig 3.2, green arrow). An increased E:S ratio (2:1), however, led to the successful generation of
peptides from this region. Another region, at the N-terminal side of fibrillin-1, between domains
EGF6 and TB2 (blue arrow) was consistently devoid of PSMs regardless of the E:S ratio of
elastase used. The lack of peptide generation from these two regions of fibrillin-1 may reveal

insights into its supramolecular organisation within the microfibril (Fig. 3.3).
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Figure 3.3: Possible scenarios explaining the lack of peptides generated from two fibrillin-1 regions.
At a 1:20 E:S ratio of elastase, two regions (one between EGF6 and TB2 and another between
EGF43 and EGF47) failed to generate abundant peptides (white) compared to the rest of fibrillin-
1’s domains (dark red). At a 2:1 E:S ratio of elastase, the EGF43-EGF47 region successfully
generated peptides; however, the EGF6-TB2 region remained unyielding. Four possible
explanations for this are explored. The folded model of fibrillin-1 supramolecular organisation within
the microfibril (A) places both regions within the bead region. This indicates that as the E:S of
elastase is increased, more of the fibrillin microfibril bead may have been digested, uncovering
previously masked regions deep within the quaternary structure. The staggered model (B) places
the EGF43-EGF47 region within the bead and the EGF6-TB2 region at the shoulder of the fibrillin
microfibril bead. It is possible that the shoulder region may have been over-digested (past the point
of peptide detection at high confidence) due to a higher enzyme exposure than other, more
masked regions. Two transglutaminase crosslinks have been reported within fibrillin-1 domains
EGF9 (falling within the EGF6-TB2 region) and EGF40. From this, four possible alignments of two
fibrillin-1 monomers were suggested by Qian and Glanville (1997) (C). It is possible that the
strength of this crosslink may prevent the effective elastase digestion of the EGF6-TB2 region,
leading to the lack of peptide generation observed. Finally, it is possible that the EGF6-TB2 region

may have been enzymatically cleaved during the microfibril extraction process (D).
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Two major models of fibrillin-1 alignment within the microfibril have been proposed: the folded
model (Baldock et al. 2001, 2006) and the staggered model (Kuo et al. 2007; Reinhardt, Keene, et
al. 1996) (see reviews: Jensen and Handford 2016 and Kielty et al. 2005). When applied to the
folded model (Fig. 3.3 A), both PSM-devoid fibrillin-1 regions align to the microfibril bead. The
observation that peptides are detected from the EGF43-EGF47 region only when the E:S ratio of
elastase is increased from 1:20 to 2:1 but not from the EGF6-TB2 region suggests they may be
enzyme-resistant as a direct result of their location within the densely packed microfibril bead
(Kielty, Baldock, et al. 2002). It is possible that, as the E:S ratio increases, more of these regions
within the bead are unmasked, leading to the generation of peptides. When applied to the
staggered model (Fig. 3.3 B), the PSM-devoid EGF43-EGF47 region of fibrillin-1 also aligns to the
microfibril bead region. The consistently PSM-devoid, EGF6-TB2 region however, aligns within the
microfibril shoulder region. Previous AFM and electron microscopy imaging of fibrillin microfibrils
suggests that its shoulder and inter-bead region would be more readily digested than the more
globular, compact and highly crosslinked bead region (Ashworth, Murphy, et al. 1999; Kuo et al.
2007). As such, the EGF6-TB2 region may have been subjected to over-digestion, even at a low
E:S ratio, leading to the generation of peptides too small for either MS detection or for confident

database spectra correlation using Mascot.

Although the lack of peptides from these two fibrillin-1 regions could be due to their organisation
within the microfibril, there are other credible explanations. For instance, two transglutaminase
crosslinks have been observed in fibrillin-1 (Qian and Glanville 1997), one of which lies in the
middle of the PSM-devoid, EGF6-TB2 region (Fig. 3.3 C). As such, the presence of this crosslink
may have prevented the effective digestion of this region, which would explain the lack of peptides
detected. PSMs and MS have been used previously in an attempt to detect transglutaminase
crosslinking between a fibrillin-1 recombinant fragment and tropoelastin (Rock ef al. 2004). Two
glutamine-containing peptide sequences were successfully detected from within fibrillin-1
recombinant fragments alone but not from within fragment-tropoelastin heterodimers. As a result,
these two sequences were described as likely candidates for the location of a crosslink. These two
peptides, however, were only six and twelve amino acids in length, which indicates that that the
presence of a transglutaminase crosslink could limit the proteomic detection of a protein sequence
of only a few amino acids. As a result, it seems unlikely that a transglutaminase crosslink within
fibrillin-1 would, by itself, have prevented the generation of peptides from the entire 262 amino

acid-long EGF6-TB2 region.
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Another possibility for the lack of PSMs at the EGF6-TB2 region of fibrillin-1 is that it may have
been cleaved off by the bacterial collagenase enzyme used in the microfibril extraction process
(Fig. 3.3 D). The notion that this enzymatic extraction may be damaging the microfibril structure
was put forward when the use of bacterial collagenase led to the loss of certain immunoreactive
domains of the fibrillin microfibril (Kuo et al. 2007), compared to those which were extracted using
guanidine hydrochloride (Gu-HCI). However, the lack of presence of this region due to enzymatic
cleavage seems unlikely since, if the confidence threshold is lowered, two PSMs were detected

within this region, one at 54% peptide identification probability and another at 76%.

3.4.3 Elastase digestion allows the detection of collagen VI from human ciliary body and
enhances the peptide coverage of collagen VI alpha 3 chain from human skin

As well as fibrillin-1, the elastase digestion method (1:20) also successfully liberated 29 collagen VI

alpha-3 (COL6A3) peptides from the same single human CB microfibril extract, resulting in a

primary sequence coverage of 10% (Fig. 3.4; full protein list in Supplement Table 3.1). Since

collagen VI has a very limited distribution within the CB, as previously shown histologically (Rittig et

al. 1990), this indicates the potential of the elastase method in the detection of low abundance

ECM structures.
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Figure 3.4: The elastase method successfully generated detectable COL6A3 peptides from human
CB, despite it being a relatively collagen VI-poor tissue. As done with fibrillin-1, PSMs (Peptide
Prophet FDR < 5%) were heat mapped to their respective COL6A3 protein domains. The elastase
method led to the successful detection of peptides from both globular regions of the COL6A3
protein, derived from human CB (F29 and F67). In contrast to fibrillin-1, increasing the E:S ratio,
however, did not increase the primary or domain coverage. However, when performed on a human
skin microfibril extract (F49) (a collagen Vl-rich tissue source: Watson et al. 2001), an E:S ratio of
2:1 led to a high primary and domain coverage of COL6A3 and allowed the successful identification

of the triple helix region as well as both globular regions.
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Increasing the E:S of elastase from 1:20 to 2:1 did not improve either the primary sequence or
domain coverages of COL6A3 for CB-derived collagen VI microfibrils (Fig. 3.4). However, elastase
digestion of microfibril purifications from skin, where collagen VI is much more abundant (Watson
et al. 2001), resulted in a detection of 302 COL6A3 unique peptides with a 35% primary sequence
coverage and 60% domain coverage (Fig. 3.4; full protein list in Supplemental Table 3.5). PSMs
were mapped to both globular regions of the protein (domains N1-N6, N8 and C1) and to the triple
helical region. Additionally, 174 unique peptides were detected for COL6A1 with a primary
coverage of 48% and 224 unique peptides for COL6A2 with a primary coverage of 50%

(Supplementary Table 3.5).

Much like for fibrillin microfibrils, only a single study has attempted the proteomic analysis of
purified collagen VI microfibrils. While analysing the supramolecular organisation of the alpha
chains within these microfibrils, using single particle electron microscopy, Beecher et al. (2011)
also performed LC-MS/MS on purified extracts from bovine cornea. Using a conventional trypsin-
based method similar to Cain et al. (2006), Beecher et al. (2011) detected 40 COL6A3, 14 COL6A2
and 13 COL6A1 PSMs from one sample. In contrast, we successfully detected 302, 224 and 174
PSMs, respectively, from a single sample run using our elastase method on human skin-derived
microfibril extracts (Supplementary Table 3.5). They also achieved a COL6A3 primary coverage
of only 16% compared to our improved 35% (Fig. 3.4). Comparisons between our COLEA3 primary
sequence coverage and theirs revealed a major improvement in peptide coverage of all COL6A3
domains except N7 and N9, which are likely to be spliced out in skin (Dziadek et al. 2002). Overall,
the elastase method improved both the peptide yield of collagen VI microfibrils and the primary and

domain coverage of its alpha-3 chain.

3.4.4 Elastase and SMART™ digestion method enhance the detection of microfibril-associated
proteins compared to previously published efforts

In their 2006 study, Cain et al. (2006) only identified a total of three known fibrillin microfibril-

associated proteins, annexins V, Il and MFAP2 (Table 3.1), from a combination of 11 human CZ

sample runs. In contrast, our elastase method, led to the successful detection of ten known fibrillin

microfibril-interacting proteins, which co-purified with microfibrils extracted from a single human CB

sample (Table 3.1; Full protein lists in Supplemental Table 3.6). These include annexins V, Il and

MFAP2 (as identified by Cain et al.) plus MFAP5, vimentin and Big-H3. The elastase method also

led to the successful detection of MFAP4, nidogen-1, EMILIN-1 and laminin B2; however, these
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yielded only 2-3 detected peptides. The SMART™ method led to the successful identification of an
additional three fibrillin microfibril-interacting proteins from the same human CB extract: versican,
hyaluronan link-1 and prelamin-A/C, which elastase had failed to generate. Furthermore, a higher
number of vimentin (18), nidogen-1 (5) and laminin B2 (16) unique peptides were detected using

the SMART™ method compared to elastase.

Peptide Spectrum Matches

Identified . . ™ (10
Associates Interacts with | Cain et al. 2006 (3) Elastase (11) SMART™ (10)
Annexin V Fibrillin v/ 74 17
Annexin | Fibrillin v/ 52 17
MFAP2 Both v/ 5

Collagen IV (02) Collagen VI 4

Vimentin Fibrillin 11 18
Nidogen-1 Both 2 5
Laminin B2 Both 3 15
Big-H3 Fibrillin 4 5
MFAP4 Fibrillin 2

MFAP5 Fibrillin 7

EMILIN-1 Fibrillin 2

Versican Fibrillin 3
Hyaluronan link-1  |Both 3
Prelamin-A/C Fibrillin 3
Lumican Collagen VI 2

Table 3.1: The elastase and SMART™ methods resulted in a higher detection of microfibril-
associated proteins than previous published efforts by Cain et al. (2006). This list compares the
known fibrillin microfibril-interacting proteins identified by Cain et al. (2006), to the ones identified
using our optimised elastase (red) and SMART™ methods (blue) by LC-MS/MS (Protein Prophet
FDR < 0.1%, Peptide Prophet FDR < 5%). Whether they interact with fibrillin, collagen VI or both
and their respective number of PSMs is also shown (for our results only). From a combination of 11
human CZ sample runs, Cain et al. successfully identified only 3 known fibrillin microfibril-
associated proteins in total. In contrast, the elastase and SMART™ digestion methods, separately
performed on a single human CB (F73) microfibril extract, led to the identification of 13 known
fibrillin microfibril-associated proteins as well as 6 known collagen VI microfibril-associated
proteins. The elastase method appeared to enhance the detection of microfibril-associated proteins
thought to be tightly bonded to the structure (i.e. the MFAP family) whereas the SMART™ method
appeared to enhance the detection of weakly interacting proteins (i.e. versican and hyaluronan).
Collectively, the elastase and SMART™ methods led to an enhanced detection of known

microfibril-associated proteins compared to previous published efforts.
With regards to collagen VI microfibril-associated proteins (Table 3.1), MFAP2, nidogen-1, laminin
B2 and hyaluronan all co-interact with both fibrillin and collagen VI microfibrils. However, collagen
IV (a2) and lumican, which interact exclusively with collagen VI microfibrils were also detected,
even despite the CB being a collagen VI-poor tissue (Rittig et al. 1990).
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Collectively, the elastase and SMART™ methods led to the successful identification of 15 known
fibrillin and/or collagen VI microfibril-associated proteins. However, several candidate associated
proteins can be hypothesised from the protein lists generated from human CB (Supplemental
Table 3.6). Molecular fishing experiments previously identified annexin V and Il as potential fibrillin
microfibril-associated proteins through their binding to recombinant fragments of fibrillin-1 (Cain et
al. 2009). This study corroborates this further by showing co-purification of these two proteins with
native whole CB-derived fibrillin microfibrils (Table 3.1). Interestingly, however, elastase digested-
and SMART™ digested-microfibrils yielded several other co-purified annexins (I, IV, VI, VIl and XI).
This indicates that the annexins may play a wide role in fibrillin microfibril biology. Interestingly,
talin-1 and actin were also identified. Cells constantly and plastically network their intracellular actin
cytoskeleton with the ECM through their membranes via talin-1 (Wang et al. 2009). The
sarcoglycans also play a similar role in linking the actin cytoskeleton of sarcomeric cells to the ECM
(see review: (Holt and Campbell 1998)) and these were also detected. To summarise, it is possible
that these microfibrils are pulling out a network of linked, co-purifying proteins, all of which may
functionally interact with these assemblies and play an important role in their ability to influence cell

behaviour and mechanics.

Interestingly, recent whole tissue proteomics of human ciliary zonule performed by De Maria et al.
(2017) also report the presence of all the fibrillin microfibril-associated proteins identified in this
study except Big-H3, MFAP4 and hyaluronan link-1. Additionally, they identified abundant LTBP2
from human ciliary zonule, which this study failed to detect in human CB. Since their proteomic
analysis was performed solely on whole tissue, it may be that either the enzymatic extraction
process or the purification procedure used in this study may have stripped LTBP2 from the fibrillin
microfibrils. The advantage of this size-exclusion chromatography-purified microfibril proteomic
analysis over whole tissue however, is that we can state with a high confidence that the associated
proteins seen and hypothesised from our analysis must have been bound to either fibrillin or
collagen VI microfibrils. Although De Maria et al. (2017) successfully detected these proteins using
trypsin as a pre-MS peptide generation method, they did so by pooling together 4 ciliary zonule
samples from different individuals and subjecting the material to a 12 hours trypsinisation step. The
elastase and SMART™ digestion methods developed in this study only require a 1-2 hour digestion
and were both performed on a single CB sample from one individual, without pooling. As a result,
these methods can be effectively used to compare the proteomics of fibrillin microfibrils between

different individuals.
109



3.4.5 Conclusion

The use of the developed elastase and SMART™ methods for the enhanced peptide generation of
microfibrils, and their associated proteins, has allowed the structure and the composition of these
macromolecular ECM components to be further scrutinised. Coupled with ultrastructural analysis
via AFM, these proteomic methods may make it possible to assess whether microfibrils are
invariant between tissues. It also allows the further study into the loss (Watson et al. 1999),
deregulation and degeneration (Langton et al. 2010; Sherratt et al. 2010) of fibrillin microfibrils in
response to cutaneous photoageing (Langton et al. 2010; Watson et al. 1999) and disease
(Giampietro et al. 2002; Hartner et al. 2006). Additionally, it is possible that these pre-MS sample
preparation methods can also be used to effectively generate peptides from other large,
macromolecular proteins such as collagen fibrils (Hansen and Bruckner 2003), mucins (Nielsen et

al. 1997) and titin (Granzier and Labeit 2004) which may be of further interest to the ECM field.
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All Supplementary Tables have been uploaded to the online data repository Mendeley Data and

can be accessed by copying and pasting the following link:
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Supplementary Table 3.1: Full protein list for Elastase 1to20 CB F29

Supplementary Table 3.2: Full protein list for Elastase 2to1 CB F67

Supplementary Table 3.3: Full protein list for Elastase 2to1 variation test 1 CB F73
Supplementary Table 3.4: Full protein list for Elastase 2to1 variation test 2 CB F72
Supplementary Table 3.5: Full protein list for Elastase 2to1 Skin F49
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Chapter 4: Structural and compositional diversity of fibrillin microfibrils in

human tissues

This paper was published in the Journal of Biological Chemistry on the 6™ April 2018 (Eckersley et
al. 2018). | conceived, designed and performed all experiments, analysed all the data, prepared the
figures and wrote the paper. Dr Suzanne Pilkington isolated the primary fibroblasts from human
skin, used in this study. Dr David Knight and Dr Ronan O’Cualain of the Biological Mass
Spectrometry Core Facility at the University of Manchester provided technical assistance for all LC-

MS/MS performed.

Note: The methods paper presented in the last chapter (chapter 3) remains unpublished. As a
result, in this published manuscript, Figure 4.1 consists of a combination of Figure 3.2 and Table
3.1 from the last chapter. This was done to introduce the reader to the developed pre-mass
spectrometry sample preparation methods. All remaining figures and tables within this chapter

contain original work pertinent to chapter 4 only.
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4.1 Abstract

Elastic fibres comprising fibrillin microfibrils and elastin are present in many tissues, including the
skin, lung, and arteries where they confer elasticity and resilience. Although fibrillin microfibrils play
distinct and tissue-specific functional roles, it is unclear whether their ultrastructure and
composition differ between elastin-rich (skin) and elastin-poor (ciliary body and zonule) organs or
after in vitro synthesis by cultured cells. Here, we used atomic force microscopy, which revealed
that the bead morphology of fibrillin microfibrils isolated from the human ciliary body differs from
those isolated from the skin. Using newly developed pre-MS preparation methods and LC-MS/MS,
we detected tissue-specific regions of the fibrillin-1 primary structure that were differentially
susceptible to proteolytic extraction. Comparing tissue- and culture-derived microfibrils, we found
that dermis and dermal fibroblast fibrillin microfibrils differ in both bead morphology and periodicity
and also exhibit regional differences in fibrillin-1 proteolytic susceptibility. In contrast, collagen VI
microfibrils from the same dermal or fibroblast samples were invariant in ultrastructure (periodicity)
and protease susceptibility. Finally, we observed that skin- and ciliary body-derived microfibril
suspensions were enriched in elastic fibore— and basement membrane—associated proteins,
respectively. LC-MS/MS also identified proteins (such as calreticulin and protein disulphide
isomerase) that are potentially fundamental to fibrillin microfibril biology, regardless of their tissue
source. Fibrillin microfibrils synthesised in cell culture lacked some of these key proteins (MFAPs -
2, -4 and fibrillin-2). These results showcase the structural diversity of these key extracellular matrix

assemblies, which may relate to their distinct roles in the tissues where they reside.
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4.2 Introduction

Extracellular matrices (ECM) are commonly comprised of a diverse array of assemblies which
make key contributions to tissue mechanics and cell-mediated homeostasis. Some of these
assemblies, such as the fibrillar collagens and the elastic fibres, are large, insoluble and supra-
macromolecular. Some are markedly long-lived (Shapiro et al. 1991; Verzijl, DeGroot, Thorpe, et
al. 2000); laid down early in development where they persist and undergo a process of maturation
(Parry et al. 1978; Sherratt et al. 1997) and subsequent age and disease related accumulation of
damage (Sell and Monnier 2010). During these processes, the ultrastructure of these assemblies
can be tissue specific (Parry et al. 1978). Therefore, although these ECM assemblies are present
in multiple tissues, they may exhibit distinct development-mediated ultrastructures which have

evolved to fulfil their unique functionality.

Elastic fibres (which are comprised of fibrillin microfibrils and elastin; Kielty, Sherratt, et al. 2002),
are present in many tissues including skin (Watson et al. 1999), lungs (Wright 1961), arteries
(Wagenseil and Mecham 2009) and ligaments (Kielty et al. 1991) where they play a major role in
conferring elasticity and resilience (Kielty, Sherratt, et al. 2002). The fibrillin microfibril, along with
elastin, is a key component of the elastic fibre and adopts a bead-on-a-string appearance (Baldock
et al. 2001) when extracted and viewed with atomic force microscopy (AFM) and electron
microscopy (EM). Additionally, these microfibrils exist also as stand-alone assemblies, forming
candelabra-like structures (Cotta-Pereira et al. 1976) (see review Naylor et al. 2011) in the papillary
dermis. They also play a role in tissue homeostasis, sequestering and storing the latent forms of
members of the TGF-B (Kaartinen and Warburton 2003; Neptune et al. 2003) and BMP family
(Sengle et al. 2008). In eyes, fibrillin microfibrils play a very different architectural role to skin. They
form the ciliary zonules: stand-alone suspensory ligaments which connect the lens capsule to the
ciliary muscle (Ashworth et al. 2000; Godwin et al. 2018; Hiraoka et al. 2010). These zonules come
under tensile stress as the ciliary muscle exerts a strain to deform the lens during accommodation
(Burd et al. 1999). Although fibrillin microfibrils appear structurally and compositionally similar in
mammalian tissues and cell culture systems, and retain a bead-like structure (and presence of the
main component: fibrillin-1) throughout different tissues (Baldock et al. 2001), little is known
whether they have evolved to be distinct in each. Only two studies have shown that fibrillin
microfibril ultrastructure is tissue- and developmentally-dependent: In 1997, we showed that inter-
tissue differences in mass and periodicity (inter-bead distance) exist in microfibrils derived from

bovine foetal aorta and skin (Sherratt et al. 1997). We also showed that fibrillin microfibrils undergo
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a process of post-translational maturation as their mass increased during foetus development. Lu
et al. (2006) also reported similar differences in bead morphology between bovine adult aorta- and

ciliary zonule-derived fibrillin microfibrils.

Since fibrillin microfibrils are present in a variety of tissues, the different roles they play may be
reflected in the ultrastructure they adopt. These inter-tissue comparisons have never been made in
human, or between fibrillin microfibrils sourced from ciliary body (CB) and skin, where they play
very different architectural and mechanical roles. Additionally, the fibrillin microfibril’'s biomolecular
composition has never been compared between tissues. Although their ultrastructure has been
extensively studied using AFM (Hibbert et al. 2015; Sherratt et al. 2007, 2010) and EM (Baldock et
al. 2001; Sakai et al. 1986; Sherratt et al. 2007), characterisation of the biomolecular composition
through conventional biochemical approaches such as gel electrophoresis can be problematic due
to their large size and insolubility. As a consequence, it is necessary to develop proteomic

approaches to characterise fibrillin microfibril composition.

Recently, De Maria et al. (2017) performed whole tissue proteomics on dissected human ciliary
zonules, and effectively characterised the zonular proteome. However, to date, only a single
published proteomic study, performed by Cain et al. (2006), attempted to characterise both the
structure and composition of fibrillin microfibrils purified from human tissue. Through liquid
chromatography tandem mass spectrometry (LC-MS/MS), Cain et al. (2006) achieved a 30%
primary coverage of fibrillin-1 and identified several microfibril-associated proteins such as
microfibril-associated protein (MFAP) -2. They demonstrated that mass spectrometry (MS)-based
proteomic approaches have the potential to identify the proteins involved in these supramolecular
ECM assemblies. However, they observed that peptide generation from the core fibrillin-1 proteins,
and their interacting proteins, was challenging due to their large size and high number of crosslinks
(Marson et al. 2005). Since this study took place, over ten years ago, advances have been made in
mass spectrometer technology allowing greater resolving power with expanded functionalities
(Schilling et al. 2015). Coupled with improved sample preparation, we believe that these proteomic
approaches can be enhanced further to allow effective inter-tissue comparisons of fibrillin microfibril

composition and structure.

In this study, we optimised two effective methods of pre-MS sample preparation: elastase digestion
and SMART digestion™, for the enhanced generation of fibrillin peptides and their microfibril-

associated proteins. This led to their improved compositional analysis via LC-MS/MS, compared to
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Cain et al. (2006). We go on to test differences between the ultrastructure (bead morphology and
inter-bead periodicity) using AFM and biomolecular composition (fibrillin-1 structural, enzymatic
susceptibly and associated protein presence) using MS of fibrillin microfibrils isolated from human
eye (CB), human skin and cultured human dermal fibroblasts (HDFs). Since collagen VI microfibrils
co-purify with fibrillin microfibrils in skin- and HDF-derived samples, we use them as a comparative

control. We perform these analyses to test the following hypotheses:

1. Fibrillin microfibril ultrastructure and composition is tissue-dependent.
2. Culture-derived, newly synthesised fibrillin microfibril ultrastructure and composition is

distinct from that of native, mature, tissue-sourced microfibrils.

4.3 Results and discussion
4.3.1 Elastase digestion methods enhance fibrillin-1 peptide generation and, combined with
SMART™ digestion methods, enhance the detection of microfibril-associated proteins

To improve the generation of peptides from core microfibril components, porcine elastase, a highly
active and non-specific enzyme (which preferentially cleaves leucine, isoleucine, alanine, serine,
valine and glycine) (Rietschel et al. 2009; Sziegoleit et al. 1985) was used instead of conventional
trypsin-based methodologies (see review Hustoft et al. 2012). For human CB-derived fibrillin
microfibrils, this method, along with the use of a latest-generation mass spectrometer, led to an
improved primary coverage (33%) and domain coverage (76%) of fibrillin-1, compared to that
achieved by Cain et al. (2006) (30% primary, 64% domain) (Fig. 4.1 A) and, for the first time, the
identification of peptides from the C-terminal region of fibrillin-1 (orange arrow). A similar primary
sequence and domain coverage was achieved when applied to human skin. Crucially, this
improved coverage was achieved by the digestion and LC-MS/MS of single CB and skin samples
whereas Cain et al. (2006) reported a total primary sequence coverage of 30% from peptides

identified in 13 separately prepared human, Gu-HCI and/or trypsin treated ciliary zonule samples.

In order to improve peptide generation from proteins which co-purify with the microfibril, SMART™
digestion was used. Collectively, the elastase and SMART™ digestion methods led to the
successful identification of 13 known microfibril-associated proteins (Fig. 4.1 B) from human CB.

These include annexin V, annexin Il, and MFAP2, identified by Cain et al. (2006).
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EMILIN-1 2
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Figure 4.1: Elastase and SMART™ methods led to the improved detection of fibrillin-1 and
improved identification of microfibril-associated proteins. The ability of the elastase method to
produce peptides of fibrillin-1 from a single human CB sample (female age 67 — F67) and a single
human skin sample (F55) is compared to the efforts made by Cain et al. (2006) (A). As done by
Cain et al, (2006) peptide spectrum matches (PSMs) (Peptide Prophet FDR < 5%) were counted
for each respective fibrllin-1 domain and heat mapped. Our method led to a greater primary
coverage and domain coverage from a single sample run than Cain et al., whose coverages were
achieved from 13 separate sample runs. Peptides from the C-terminal region of fibrillin-1 were also
successfully detected (orange arrow) which Cain et al. failed to identify. The known fibrillin
microfibril-interacting protein identified by Cain et al. (green) are compared with those identified by
elastase and SMART™ methods (Protein Prophet FDR < 0.1%, Peptide Prophet FDR < 5%) (B).
The elastase method (red) and SMART™ method (blue) were both performed on the same human
CB microfibril extract (F73). The elastase method appears to enhance the detection of fibrillin
microfibril-associated proteins thought to be tightly bonded to the structure (ie. the MFAP family)
whereas the SMART™ method appears to enhance the detection of weakly interacting proteins (ie.
versican and hyaluronan proteins). Collectively, these methods led to an enhanced detection of

known associated proteins compared to Cain et al. (2006).
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4.3.2  Fibrillin microfibril bead morphology is tissue-dependent

The fibrillin microfibril is composed predominantly of fibrillin-1 (approximately 8 monomers per
single bead and inter-bead repeat) with a total mass of ~2.5 MDa per repeat (Baldock et al. 2001).
The average periodicity and bead width has been approximated to 56 nm and 19 nm respectively
(for detailed breakdown of microfibril dimensions see: Baldock et al. 2001). Our data showed that
fibrillin microfibril populations derived from human eye (CB) had a significantly higher central bead
heights than those derived from human skin (Fig 4.2 Ai). Central bead height frequency
distributions indicate that the majority of eye-derived fibrillin microfibrils had larger beads than skin-
derived (Fig. 4.2 Aii). Additionally, axial height profiles showed that although eye-derived fibrillin
microfibrils beads are significantly higher within a ~10 nm radius of the centre, they were
significantly lower at the shoulder region, ~20 nm from the peak (Fig. 4.2 Aiii, orange arrow) than
skin-derived. These height differences in bead morphology are further exemplified in the contour
heat map (Fig. 4.2 Aiv) where eye-derived fibrillin microfibrils appear to have a more pronounced
bead with a lower shoulder region than skin. Between beads, however, there was no significant
difference in the periodicities of fibrillin microfibril populations derived from eye and skin (Fig. 4.2

Bi, ii).
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Figure 4.2: Fibrillin microfibril ultrastructure is tissue-source dependent. Eye-derived fibrillin
microfibril central bead heights were significantly higher (n=100 repeats, averaged per microfibril;
n=300 repeats pooled) than skin-derived (p=0.0023, Mann-Whitney U) (Ai; data = median, IQR and
range). Cumulative frequency distributions of central bead height (averaged per microfibril, n=21
pooled) indicate a large population of eye-derived fibrillin microfibrils with significantly larger beads
(p=0.0423; Kolmogorov-Smirnov) than skin-derived (Aii). Axial bead profiles show that, although
skin-derived fibrillin microfibril beads are significantly smaller, within ~10 nm of the bead peak, than
eye-derived (Aiii; data = mean and SD; Bonferroni multiple comparison test), they also have
significantly higher slopes at the shoulder regions than eye-derived (orange arrow). This may
suggest that skin-derived fibrillin microfibril beads have a different volume distribution than that of
eye-derived. To visualise these differences in bead morphology, AFM height maps of skin-derived
fibrillin microfibril beads were averaged and subtracted from that of eye-derived. The resulting
height differences are represented as a heat map overlaid with the average height contour of the
eye-derived beads (Aiv). Significant differences seen in the axial profile panel were also added.
The biggest differences in bead morphology were around the central peak where eye-derived
beads were higher than skin and at the shoulder region where skin-derived beads were higher than
eye. There was no significant difference between the periodicities of eye- and skin-derived fibrillin
microfibrils (p=0.9737; Mann-Whitney U, n=500 repeats, averaged per microfibril; n=1500 repeats
pooled) (Bi, data = mean and SD) nor between their cumulative frequency distributions (p=0.8580;

Kolmogorov-Smirnov, averaged per microfibril, n=67 pooled) (Bii).
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Many past studies exclusively used differences in periodicity to gauge ultrastructural differences in
fibrillin microfibrils (Ashworth, Murphy, et al. 1999; Hibbert et al. 2017, 2015; Kielty et al. 1995;
Kielty, Raghunath, et al. 1998) and other fibrillar components of the ECM (Erickson et al. 2013;
Fang, Goldstein, et al. 2012; Fang, Liroff, et al. 2012; Hibbert et al. 2015). However, not only does
the majority of the fibrillin microfibri’s mass rest within the bead, much of microfibril’s functionality is
thought to be mediated via the interaction between the bead and its associated proteins
(Henderson et al. 1996; Isogai et al. 2003, 2002; Thomson et al. 2018). Our data showed that eye-
derived fibrillin microfibril beads differed in morphology in comparison to skin-derived, but
periodicity did not. By omitting analysis of the microfibril bead, these studies may have missed

some key ultrastructural changes linked to health and disease.

The ultrastructural variances seen between the beads of adult human eye- and skin-derived fibrillin
microfibrils are similar to those we observed previously (Sherratt et al. 1997) where differences
were detected in bead mass of microfibrils from bovine foetal skin and aorta. Lu et al. (2006) also
detected differences in bead morphology, including the shoulder regions, from bovine adult ciliary

zonule and aorta.

4.3.3  Fibrillin-1 derived from human eye and skin exhibit inter-tissue, regional differences in
elastase susceptibility
To further compare and substantiate the ultrastructural differences seen between CB and skin
fibrillin microfibrils, it was necessary to look at their biomolecular composition (fibrillin-1 structure
and known microfibril-associated protein presence). Previous studies have used differences to
fibrillin-1’s susceptibility to proteolysis to gauge abnormalities in fibrillin microfibril structure
(Gayraud et al. 2000) and function (Reinhardt et al. 1997; Reinhardt, Ono, et al. 2000). It is
possible that the fibrillin-1 structure may exhibit regional differences in proteolytic susceptibilities

depending on its tissue of origin.

LC-MS/MS-detected peptide hit patterns (Cain et al. 2006) indicate several regions of human eye-
derived fibrillin-1 (Fig. 4.3) with differing susceptibilities to elastase in comparison to skin-derived
(green brackets). These regional differences indicate that, not only are fibrillin microfibrils
ultrastructurally variable between tissues, their fibrillin-1 structural composition may also be as well.
Collectively, it suggests that these supramolecular assembles may have evolved distinct
ultrastructures and compositions in order to cope with their different architectural, mechanical and

biochemical roles in their respective tissues of origin. It is possible that the presence of different cell
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types within each tissue may have contributed to these differences. Baldwin et al. showed that the
epithelial-mesenchymal state of retinal pigment epithelial (RPE) cells influenced their ability to
assemble fibrillin microfibrils (Baldwin et al. 2014). Although fibroblasts (mesenchymal cells) are
thought to be responsible for microfibril deposition (Long and Tranquillo 2003; Milewicz et al. 1992;
Sakai et al. 1986), it remains unknown whether epithelial cells contribute to fibrillin microfibril
synthesis in vivo (Haynes et al. 1997). It is also unclear whether populations of fibroblasts from
different tissues exhibit differences in epithelial-mesenchymal states as shown in RPE cells
(Baldwin et al. 2014). It is possible, therefore, that different cell types (or cells in different states)

may synthesise fibrillin microfibrils with localised differences in structure.
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Figure 4.3: Eye-derived fibrillin-1 exhibits different regional patterns of elastase susceptibility
compared to skin-derived. LC-MS/MS-detected fibrillin-1 PSMs (Peptide Prophet FDR < 5%) were
counted for each respective protein domain, per sample (N=3), averaged (normalised based total
spectrum count), and subsequently heat mapped to their corresponding domain. Eye-derived
fibrillin-1 yielded more peptides between epidermal growth factor-like domains (EGF) 38 and
EGF43 than skin-derived (53 total from eye-derived versus 24 total from skin-derived) (green
brackets). Eye-derived fibrillin-1 also yielded more peptides at EGF16 and EGF17 than skin-
derived (15 vs. 2), however, it yielded less peptides between EGF11 and EGF14 (14 vs. 39).

So far, we have demonstrated fibrillin microfibril ultrastructure and fibrillin-1 regional susceptibility is
tissue-dependent. These differences may also relate to microfibril post-translational maturation in
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development. To study this, we applied the same analysis to newly synthesised fibrillin microfibrils

derived from cultured HDFs and compared it to skin fibrillin microfibrils, derived ex vivo.

4.3.4 Newly synthesised, HDF-derived fibrillin microfibrils exhibit marked differences in
ultrastructure compared to skin-derived
Cultured HDF-derived, newly synthesised, fibrillin microfibrils had a significantly lower central bead
heights than human skin-derived (Fig. 4.4 Ai). Additionally, central bead height frequency
distributions indicate a sub-population of cultured HDF-derived fibrillin microfibrils with smaller
beads than human skin-derived (Fig. 4.4 Aii, orange arrow). Average axial height profiles indicate
that, although skin fibrillin microfibril beads have a significantly larger central peak height than
cultured HDF-derived microfibrils, the reverse is true on the slopes of the beads (opposite to the
shoulder region) (Fig. 4.4 Aiii, purple arrow). This difference in bead morphology is further shown
in the contour heat map (Fig. 4.4 Aiv). Skin-derived beads have a higher peak with a more
pronounced slope (except near the shoulder region) than HDF-derived beads. This indicates that
beads of newly synthesised fibrillin microfibrils from cultured-HDFs have a different morphology

those derived from human skin.

Cultured HDF-derived fibrillin microfibrils also exhibited significantly higher periodicities in
comparison to skin-derived (Fig. 4.4 Bi). Periodicity frequency distributions also show a large
population of cultured HDF-derived fibrillin microfibrils with significantly higher periodicities than

skin-derived (Fig. 4.4 Bii).
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Figure 4.4: Newly synthesised, HDF-derived fibrillin microfibril ultrastructure is significantly different
than native skin-derived. HDF-derived microfibrils had significantly lower central bead heights
(n=100 repeats, averaged per microfibril; n=300 repeats pooled) than skin derived- (p=0.0038,
Mann-Whitney U) (Ai; data = median, IQR and range). Cumulative frequency distributions of
central bead height were not significantly different (p=0.1938, Kolmogorov-Smirnov; averaged per
microfibril, n=21 pooled), however, they indicate a sub-population of HDF-derived microfibrils with
smaller beads than skin-derived (Aii; orange arrow). Axial bead profiles (Aiii; data = mean and SD)
show that skin-derived fibrillin microfibril beads are significantly higher than HDF-derived beads
close to the central peak and significantly lower than HDF-derived beads at the slope opposite the
shoulder region (purple arrow; Bonferroni multiple comparison test; n=300 repeats pooled,
averaged per microfibril). These changes in bead morphology are reflected in the height difference
contoured heat map (Aiv) (height maps of HDF-derived fibrillin microfibril beads were averaged
and subtracted from that of skin-derived and subsequently heat mapped; the contour height of the
average skin bead was overlaid). Skin beads were higher than HDF beads only near the central
peaks whereas HDF beads had higher slopes around the peaks (except near the shoulder region).
HDF-derived fibrillin microfibrils exhibit significantly higher periodicities (n=500 repeats, averaged
per microfibril; n=1500 repeats pooled) compared to skin-derived (p=0.0004, Mann Whitney U) (Bi;
data = mean and SD). Cumulative frequency distributions also indicate a large population of HDF-
derived fibrillin microfibril with significantly higher periodicities (Bii) in comparison to skin-derived

(p=0.0051; Kolmogorov-Smirnov, averaged per microfibril, n=67 pooled).
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Similar differences in fibrillin microfibril bead morphology and periodicity have been previously
reported in three cases. The first is between tissues where we showed that bovine foetal aorta
fibrillin microfibrils had a higher bead mass and a lower periodicity than those derived from skin
(Sherratt et al. 1997) and where Lu et al. (2006) also reported that aorta-derived fibrillin microfibrils
had differing bead morphologies and a higher periodicity compared to those from bovine zonules.
The second is during developmental microfibril maturation where we also showed that the gradual
increase in foetal fibrillin microfibril bead mass and the gradual decrease in periodicity correlated
with gestation time (Sherratt et al. 1997). The third is during photoageing where two studies
highlighted the structural susceptibility of fibrillin microfibrils to UV irradiation. We showed that a
low-dose UVB irradiation of both HDF- and human skin-derived fibrillin microfibrils directly led to
the marked loss and re-distribution of their bead mass and a significant increase in their periodicity
(Sherratt et al. 2010). Since then our group has also showed that physiological doses of both solar
simulated radiation (SSR) (~5% UVB and ~95% UVA) and pure UVA led to a significant decrease

in the periodicity of HDF-derived fibrillin microfibrils (Hibbert et al. 2015).

Although these fibrillin microfibril ultrastructural differences have been reported between tissues,
during maturation and in photodamage, this study has identified them between microfibrils derived
in vitro, from primary fibroblasts (natively found in human skin) and those derived ex vivo, directly
from human skin. It is possible, therefore, that 1) the fibrillin microfibrils generated by HDFs are
structurally immature in comparison to native microfibrils sourced from skin (either through lack of
development or through the cell culture process) or that 2) the native skin-derived microfibrils have
accumulated structural damage during ageing in comparison to those newly synthesised from
HDFs. The ageing process would be more intrinsic than extrinsic (photoageing) since abdominal
skin is relatively photoprotected compared to forearm skin used in previous photoageing studies
(Watson et al. 1999). Since elastic fibre production is commonly thought to be fibroblast-driven
(Long and Tranquillo 2003; Milewicz et al. 1992; Sakai et al. 1986), these changes may have
profound implication for skin regenerative therapies, especially if they are linked to developmental

maturation or ageing.

4.3.5 Fibrillin-1 derived from newly synthesised, HDF fibrillin microfibrils exhibit regional
differences in elastase susceptibility compared to skin-derived.
LC-MS/MS-detected peptide hit patterns (Cain et al. 2006) indicate that several regions of human

skin-derived fibrillin-1 (Fig. 4.5) with differing susceptibilities to elastase in comparison to HDF-
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derived (purple brackets). The observations that: 1) these regions of cultured HDF-derived fibrillin-1
have a different structurally susceptibility to elastase than skin-derived and that 2) HDF-derived
fibrillin microfibrils have different ultrastructures compared to skin (Fig. 4.4), all support the
possibility that either newly synthesised fibrillin microfibrils, derived from HDFs, are structurally
immature compared to the more developmental (Zhang et al. 1994), long-lived (Shapiro et al. 1991)
microfibrils from skin or that the skin-derived fibrillin microfibrils are exhibiting signs of ageing in

comparison to those newly synthesised from cells.
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Figure 4.5: Fibrillin-1, derived from newly synthesised, HDF fibrillin microfibrils exhibits different
regional patterns of elastase susceptibility compared to skin-derived. LC-MS/MS-detected fibrillin-1
PSMs (Peptide Prophet FDR<5%) were counted for each respective protein domain, per sample
(N=3), averaged (normalised based total spectrum count), and subsequently heat mapped to their
corresponding domain. Skin-derived fibrillin-1 yielded less peptides from the last five domains at
the C-terminal region: between EGF43 and EGF47 (6 vs. 29) than HDF-derived, however, skin-
derived yielded more peptides between EGF11 and EGF14 (39 vs. 22) than HDF-derived (purple
brackets).

It is possible that these long-lived (Shapiro et al. 1991), skin-derived fibrillin microfibrils may have
accumulated age-related damage through the formation of oxidative crosslinks (Wang et al. 2014)
(see review: Stadtman 1992) induced by the long-term exposure to reactive oxygen species (ROS)
in tissue and also via the accrual of advanced-glycation end products on fibrillin-1 (Atanasova et al.
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2009) (see review: Goldin et al. 2006). This process may have led to a differential susceptibility to
enzyme digestion, and to an accrual of sugar on the surface of the bead, which would explain the

variations in bead morphology.

4.3.6 HDF and skin-derived collagen VI microfibril structure is conserved compared to the fibrillin
microfibril
Like the fibrillin microfibril, tissue collagen VI microfibrils are long-lived (Sell and Monnier 2010),
supramolecular, beaded assemblies (Baldock et al. 2003). Both microfibrillar species are highly
abundant in connective tissue (Kielty, Hanssen, et al. 1998) and, as such, regularly co-purify
(Hibbert et al. 2015; Kielty, Hanssen, et al. 1998). This allowed us to a make a useful comparison
between periodicity differences in collagen VI microfibrils and periodicity differences of fibrillin
microfibrils in the same skin- and HDF-derived samples. However, because collagen VI microfibril
beads are relatively small in comparison to fibrillin microfibril beads (Hibbert et al. 2015),
unfortunately, AFM resolution was not good enough to assess differences in collagen VI bead
morphology. Encouragingly though, the optimised elastase method generated sulfficient collagen VI
alpha-3 (COL6A3) peptides (Supplemental Figure 4.1) to enable its regional susceptibility to
elastase to also be compared to fibrillin-1. These comparisons allow us to differentiate whether the
changes seen so far, between newly synthesised fibrillin microfibrils in culture and those derived in

tissue, extrapolate to another predominating component of the ECM.

The periodicity and elastase susceptibility differences seen between HDF- and skin-derived fibrillin
microfibrils (Figs. 4.4 B and 4.5) are a stark contrast to that in collagen VI microfibrils within the
same samples (Fig. 4.6). Newly synthesised, cultured HDF-derived collagen VI microfibril
periodicities were not significantly different to that of skin collagen VI microfibrils, derived ex vivo
(Fig. 4.6 Ai). In addition, no distinctly different sub-populations of collagen VI microfibrils were seen
when looking at periodicity cumulative frequency distributions of cultured HDF- and skin-derived
collagen VI microfibrils (Fig. 4.6 Aii). In fact, both distributions follow almost the same pattern,
suggesting there is very little difference in the periodicity of collagen VI microfibrils from these two

sources, unlike the fibrillin microfibril (Fig. 4.4 B).

LC-MS/MS-detected peptide hit patterns, in response to elastase digestion of COL6A3 (Fig. 4.6 B),
were similar at the triple helix region (Baldock et al. 2003), at the N1-N4 region and at the C1
domain of both skin- and HDF-derived samples. This is, again, in contrast to fibrillin-1 which did

exhibit regional differences in response to elastase digestion (Fig. 4.5). However, domains N5, N6
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and N8 yielded many more peptides from skin-derived COL6A3 than from cultured HDF-derived
(Fig 4.6 B). Alternative splicing of COLA3 has been previously shown both in mice and in humans
(Dziadek et al. 2002) and isoforms of this COL6AS lacking domains N5 and N7-N10 has previously
been identified in human cell lines (Beecher et al. 2011; Dziadek et al. 2002). It is possible,
therefore, that cultured HDFs are also synthesising collagen VI microfibrils which are lacking these
domains which would explain the reduction in peptide hits seen from these regions in the HDF-

derived preparations compared to skin.
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Figure 4.6: HDF- and skin-derived collagen VI microfibril ultrastructure, and its susceptibility to
elastase, is predominantly invariant. There was no significant difference in the periodicities of HDF-
derived (n=500 repeats / sample, averaged per repeat; n=1500 repeats in pooled data) and skin-
derived (p=0.6310, Mann-Whitney U) collagen VI microfibrils (Ai; data = mean and SD).
Additionally, there was no significant difference between periodicity cumulative frequency
distributions of HDF- and skin-derived collagen VI microfibrils (p=0.2656, Kolmogorov-Smirnov)
(Aii). LC-MS/MS-detected collagen VI alpha-3 (COL6A3) peptide sequences (Peptide Prophet
FDR < 5%) were counted for each respective protein domain, per sample (N=3), averaged
(normalised based total spectrum count), and subsequently heat mapped to their corresponding
domain (B). There were similar PSM-patterns between skin- and HDF-derived COL6A3 in all
regions except at domain N5,N6, and N8 which yielded more peptides from skin-derived (39 total)
than HDF-derived (four total). This analysis could not be effectively performed on eye-derived
samples, due to low abundance of collagen VI microfibrils.
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Previously, we showed that collagen VI microfibril ultrastructure (periodicity) is resistant to both
UVA and SSR whereas fibrillin microfibril ultrastructure is susceptible (Hibbert et al. 2015).
Additionally Watson et al. (2001) demonstrated that collagen VI microfibril distribution is unaffected
in photoaged skin also in contrast to fibrillin microfibrils in elastic fibres which are markedly reduced
in photoaged skin (Watson et al. 1999). Kielty et al. (1993) also reported that skin-derived collagen
VI microfibril ultrastructure was indistinguishable at each stage bovine foetal development unlike
fibrillin microfibril ultrastructure which is (Sherratt et al. 1997). The observations made in this study,
that newly synthesised, HDF-derived collagen VI microfibrils are structurally similar to the long-lived
microfibrils derived from tissue, corroborates evidence that they are resistant to age-related
damage accumulation and that their ultrastructure may not undergo the developmental process of
maturation seen in other components of the ECM. These findings are divergent in comparison to
the degradation seen in fibrillin microfibrils in ageing and to their maturation process (Sherratt et al.
1997) and accentuate the complexity of the fibrillin microfibril in tissue development and ageing and

the robustness of the collagen VI microfibril in comparison.

4.3.7 Differences in the presence of co-purifying microfibril-associated proteins may provide
insight into tissue functions of fibrillin microfibrils

So far, differences have been observed in both the ultrastructure of fibrillin microfibrils and their

fibrillin-1 regional susceptibility to elastase, derived, ex vivo, from eye and skin and in vitro from

cultured HDFs. The fibrillin microfibril’s function is tied to the network it forms with a wide variety of

proteins within the ECM (see references in Table 4.1). It is possible, therefore, that gauging the

presence of these associated proteins may provide insight into the role they play within a specific

tissue and into the underlying composition of the fibrillin microfibril.
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Microfibril-Associated Protein
Presence
Published Interaction Eye Skin HDF

Annexin A2 Cain et al. 2009 [F [ [
Annexin A5 Cain et al. 2009 [ [ e
Vimentin Cain et al. 2009 [ [ e
Protein disulphide-isomerase |Meirelles et al. 2016 [F [ [
Calreticulin Ashworth, Kelly et al. 1999  [*** - -
MFAP5 (MAGP2) Penner et al. 2002 [ [ e
Big-h3 Cain et al. 2009 F == ==
Versican Isogai et al. 2002 F i i
MMP14 Ashworth, Murphy et al. 1999 * i i
Prelamin-A/C Cain et al. 2009 F P i
Vitronectin Dahlbéck et al. 1990 [ i
MFAP2 (MAGP1) Trask et al. 2000 [ [
MFAP4 Pilecki et al. 2016 F ==
Fibrillin-2 Zhang et al. 1994 F [
Laminin B2 Tiedemann et al. 2005 [ i
SERBP1 Cain et al. 2009 F F
IGFBP7 Cain et al. 2009 i F
Fibulin-2 Reinhardt et al. 1996 [ [
Laminin a5 Tiedemann et al. 2005 [F
Nidogen-1 Tiedemann et al. 2005 [
Perlecan Tiedemann et al. 2005 [*
Hyaluronan link protein 1 Ohno-Jinno et al. 2008 [’
LTBP2 Hirani et al. 2007 i
Elastin Sakai et al. 1986 P
Fibulin-1 Roark et al. 1995 F
EMILIN-2 Schiavinato et al. 2016 F
Fibronectin 1 Sabatier et al. 2009 =
Thrombospondin 1 Cain et al. 2009 [
MMP2 Ashworth, Murphy et al. 1999 i
MMP3 Ashworth, Murphy et al. 1999 i
Decorin Trask et al. 2000 i

Peptide hit score

>15
6-14 E
2-5 2

Table 4.1: A list of published fibrillin microfibril-associated proteins identified in eye, skin and HDF
microfibril samples. Proteins, detected using LC-MS/MS (Protein Prophet FDR < 0.1%), along with
their peptide hit score (sum of N=3) are shown.

Within the eye, skin and HDF microfibril purifications, a large variety of known fibrillin microfibril-
associated proteins were identified using LC-MS/MS (Table 4.1). A large proportion of these
associated proteins, were uniquely detected in either tissue. Four proteins key to elastic fibre

biology were identified in skin. The elastic fibore component elastin (Sakai et al. 1986); Elastin
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microfibril interface-located protein (EMILIN)-2, key to the microfibril’'s deposition onto elastic fibres
(Schiavinato et al. 2016); fibulin-1 (Roark et al. 1995), which exists as an interface between elastin
and the fibrillin microfibril; and fibulin-2 (Reinhardt, Sasaki, et al. 1996), which co-localises with
elastic fibres in vivo . This indicates that fibrillin microfibrils play a dominating role as an elastic fibre
component in skin. Conversely, four basement membrane proteins were identified in eye-microfibril
samples: perlecan, which was shown to connect fibrillin microfibrils directly to basal laminas, along
with two laminins and nidogen-1 which bind to perlecan itself (Tiedemann et al. 2005). This
indicates that fibrillin microfibrils play a major role in linking basement membranes within the CB

epithelium of the eye.

The advantage of size-exclusion chromatography-purified microfibril proteomic analysis over whole
tissue is that we can state with high confidence that the associated proteins identified must have
been bound to the fibrillin microfibrils. Many of the proteins (fibrillin-2, MFAP2, MFAP5 and LTBP2)
which directly co-purified with eye-derived microfibrils (Table 4.1) were the same as those found in
the human zonule proteome published by De Maria et al. (2017). Two of these proteins,
metalloproteinase inhibitor 3, (TIMP3) and alpha-2 macroglobulin (A2M) were also identified in
these suspensions (Supplementary Table 4.1), however, they had no previously published
interactions with fibrillin microfibrils. Since these proteins (TIMP3 in particular) were two of the most
abundant protease inhibitors found in their whole zonule proteome, they could be newly identified
associated proteins of the fibrillin microfibrils. However, some of De Maria et al. (2017)’s most
abundant glycoproteins (emilin-1 and hemicentin-1) identified in their zonule proteome did not co-
purify with our eye-derived fibrillin microfibrils. It could be that these proteins do not associate with
the microfibrils directly, or that the enzymatic extraction process and purification procedures

stripped them from the microfibrils.

Many of the detected fibrillin microfibril-associated proteins were shared between tissues (Table
4.1). This may provide key insight into identifying the integral components, fundamental to fibrillin
microfibril assembly and function, regardless of the tissue of origin. For instance the molecular
chaperone calreticulin and the disulphide bond-forming protein disulphide isomerase (PDI) , both of
which are involved in the correct intracellular dimerisation of fibrillin-1 (Ashworth, Kelly, et al. 1999)
were identified in skin, eye and HDF microfibril samples. The microfibrils tested in this study were
purified via size-exclusion chromatography which separates structures of high molecular weight

(MDa) from those of lower (KDa). This means the void volumes used should be enriched with only

132



mature, fibrillin and collagen VI microfibrils of varying lengths. Theoretically, immature forms of
fibrillin-1, already bound to calreticulin and PDI, may have associated to these mature microfibrils.
However, the N-terminus and C-terminus of immature fibrillins are cleaved by furin (at positions 44
and 1732 respectively) (Lonnqvist et al. 1998; Reinhardt, Gambee, et al. 2000) only after secretion
from the cell (Jensen et al. 2014). In all samples tested, LC-MS/MS failed to detect any peptides
corresponding to these cleaved chains. This suggests that immature fibrillin-1 was not detected in
any of the samples tested. As such, it is likely that the intracellular proteins calreticulin and PDI
were released from lysed cells where they then associated to the mature fibrillin microfibrils.
Although these two intracellular proteins wouldn’t associate with mature microfibrils naturally, the
co-purification we see in our samples exemplifies the high affinity of these proteins to fibrillin-1

which accentuates their importance in microfibril assembly.

The MFAPs -5, -2 and -4 were also identified in microfibril samples from both tissues. MFAPs -4
and -5 are both instrumental to the proper formation and organisation of elastic fibres (Penner et al.
2002; Pilecki et al. 2016) by interacting and co-localising with fibrillin-1, tropoelastin and the
crosslinking enzyme desmosine as well as promoting tropoelastin self-assembly on top of fibrillin
microfibrils. MFAP2 (also known as MAGP-1) binds strongly to fibrillin microfibrils (Gibson et al.
1989; Trask et al. 2000) and was found to interact directly with both TGF-$ and BMP-7 (Weinbaum
et al. 2008). Disrupting this interaction in mice, leads to a marked increase in TGF-B signalling
attributed to the loss of its sequestration into the fibrillin microfibril network (Walji et al. 2016). As
such, MFAP2 plays a key role in modulating fibrillin-growth factor signalling. Fibrillin-2, a key
component of maturing fibrillin microfibrils in developing elastic (Mariencheck et al. 1995) and non-
elastic (Yamanouchi et al. 2012) tissues, was also identified in microfibril preparations from both
eye and skin. It is likely that these fibrillin microfibril-associated proteins were identified from both

tissues because of the fundamental role they play fibrillin microfibril assembly and function.

Fibrillin-2 and MFAPs -2 and -4, which were identified in both eye- and skin-derived microfibril
samples, were not detected in cultured HDF-derived microfibril samples. The observation that all
three HDF-derived fibrillin microfibril purifications lacked detection of fibrillin-2, MFAP2 and MFAP4
compared to tissue-derived, indicates the possibility that these microfibrils may be immature and
functionally impaired in 1) forming mature fibrillin microfibrils, 2) forming elastic fibres and 3)
modulating growth factor signalling. The differences seen in the ultrastructure and presence of key

associated proteins, observed in cell-derived fibrillin microfibrils compared to tissue-derived, could
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be due to the limitations of the cell culture model itself. Removing HDFs from their native,
homeostatic environments could have contributed directly to the formation of immature and
possibly defective fibrillin microfibrils. Many studies have exclusively used cell culture-derived
microfibrils to elucidate their functional role in the ECM (Kielty and Shuttleworth 1993; Kinsey et al.
2008; Trask et al. 2000). The differences seen in this study demonstrates a problem with this
approach as functional observations based on cell-derived fibrillin microfibrils may not necessarily

reflect that seen in native tissue.

The distinct profiles seen between HDF- and skin-derived fibrillin microfibrils may have also
contributed to the differences bead morphology. MFAP2, for instance, binds to the fibrillin microfibril
bead directly (Henderson et al. 1996). As a consequence, it is possible that the redistribution of
HDF-derived microfibril bead height compared to skin-derived (Fig. 4.4 Aiv) may be due to the loss

of these associated proteins from the surface.

4.3.8 Conclusion

This study has found that fibrillin microfibril bead morphology and fibrillin-1 regional proteolytic
susceptibility is tissue-source dependent. Additionally, this study observed that newly synthesised
fibrillin microfibrils derived from HDFs had a different bead morphology and periodicity compared to
native skin-microfibrils. This indicated that these newly synthesised microfibrils may be structurally
immature in comparison to those developmentally formed in tissue or that they may lack the
structure-altering damage accumulation seen in microfibrils from aged tissue. Additionally, this
study demonstrated that collagen VI microfibrils, derived from HDFs and skin, are relatively
invariable in periodicity and in regional elastase susceptibility, in comparison to the fibrillin
microfibril. Finally, this study found that analysing the presence of the fibrillin microfibril-associated
proteins within skin, eye and HDF-derived samples provides insight into the role they play in the
elastic fibre, and the basement membrane. Additionally, it allowed the potential identification of
proteins which could be fundamental to fibrillin microfibril biology regardless of their tissue-source
and the observation that newly-synthesised microfibrils from cell culture lacked some of these

proteins.

Although the loss and deterioration of the fibrillin microfibril network in response to chronic
photoageing has been observed immunohistochemically (Watson et al. 1999), the effects on fibrillin

microfibril ultrastructure, fibrillin-1 protease susceptibility and associated protein composition has
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yet to be studied. The techniques and methodology used in this tissue and culture comparison

would be well suited to this goal.

4.4 Experimental procedures

4.4.1  Study design

Microfibrils were extracted and purified from adult human: 1) eye (CB) (N=3: M74 = male aged 74
years, F79, F76), 2) abdominal skin (N=3: F49, F55, F56) and 3) cultured human dermal fibroblasts
(HDF) (N=3: M75, M76, M77). The ultrastructure of these purified fibrillin microfibrils (bead
morphology and bead-bead periodicity), from these three different sources, was measured and
compared using AFM (Fig. 4.7). The regional susceptibility of the fibrillin-1 domain structure to
elastase digestion was measured and compared by counting the average number of LC-MS/MS
detected PSMs from each domain. Finally, the presence of known microfibril-associated proteins

was detected and compared for each of these purifications using LC-MS/MS.

Collagen VI microfibrils, which are also present in these purifications, were treated as a control and
their periodicity, and COLBA3 regional susceptibility to elastase compared to that of the fibrillin
microfibrils in the same samples.
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Figure 4.7: Ultrastructural measurements of the fibrillin microfibril, performed with AFM. Fibrillin
microfibrils adopt a beads-on-a-string appearance when viewed with AFM. The height maps
generated were used to measure and compare the bead morphology and the periodicity (inter-
bead distance) of eye (CB)-, skin- and HDF-derived fibrillin microfibrils.
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4.4.2 Reagents and human tissue and cell acquisition

All chemicals were sourced from Sigma-Aldrich Co. Ltd (Poole, UK) unless stated otherwise. This
study is conducted in accordance with the European Medicines Agency Note for Guidance on
Good Clinical Practice and the Declaration of Helsinki 1964 (revised Seoul 2008). The use of
human donor eye tissue was approved by the University of Manchester ethics committee (ethics
ref#11305). Tissue was received within 24 hours of corneal dissection (for corneal transplant
services) from the Manchester Eye Bank, in accordance with the Human Tissue Act. The CB was
carefully dissected from each tissue sample followed by snap freezing in liquid nitrogen and

storage at -80 C.

Human abdominal skin samples were acquired from the University of Manchester Skin Health
Biobank (MSHB). This biobank was approved by the North West 5 Research Committee (ref:

09/H1010/10). Samples were snap frozen in liquid nitrogen and stored at -80°C.

Primary HDFs were cultivated from skin biopsies taken from donor photoprotected buttock. The
use of this skin was approved by North West Research Ethics Committee (ref# 14415) where all
donors gave written and informed consent. All incubations and cultures were performed at 37°C
(5% CO.). Biopsies were incubated in HBSS (Fisher Scientific, Loughborough, UK) with 10% (v/v)
PluriSTEM™ Dispase |l solution, overnight. The dermis was then dissected and minced prior to
incubation in fibroblast media: DMEM (Fisher Scientific, Loughborough, UK) containing 10% foetal
calf serum (FCS), 1% L-glutamine, 1% ampbhotericin and 1% penicillin-streptomycin (Pen-Strep;
Gibco, Paisley, UK) (all v/v). Tissue samples were then cultured with weekly fibroblast media

changes until HDFs could be observed on sample plates.

4.4.3  Microfibril isolation and purification

Human eye and skin tissue samples were minced and added to a 2 ml aliquot of salt buffer (50 mM
Tris-HCI, 400 mM NaCl and 1 mM CaCl,; pH 7.4). 1mg of bacterial collagenase IA, 0.01 mM
phenylmethylsulfonyl fluoride (PMSF) and 0.03 mM N-ethylmaleimide (NEM) was then added to
the tissue which digested on a rotary mixer for 4 hours at room temperature (Hibbert et al. 2015;

Kielty et al. 1991).

Post-confluent (passage 2) HDFs were maintained for 5 weeks in DMEM + GlutaMAX (Fisher
Scientific, Loughborough, UK) containing 10% (v/v) FCS and 50 pg/ml of Pen-Strep. HDFs were

then washed with phosphate buffered saline (PBS) and 2 ml of salt buffer was added directly to the

136



culture flasks. 1 mg of bacterial collagenase IA, 0.01 mM PMSF and 0.03 mM NEM was then

added and digested on an orbital shaker for 2 hours at room temperature.

Microfibril purification was achieved using an AKTA Prime Plus Liquid Chromatography System
(GE Healthcare; Little Chalfont, UK). Post-digestion, tissue- and HDF-derived samples were
centrifuged at 5000g for 5 min and supernatant was ran within a column buffer (which was
comprised of 50 mM Tris-HCI and 400 mM NaCl at pH 7.4), through a GE HiScale 16/40 column
containing Sepharose® CI2B beads (Sigma-Aldrich Co. Ltd), at 0.5 mI/min. Co-purifying fibrillin and
collagen VI microfibrils were enriched in the void volume peak where fractions were collected
based on spectrophotometric absorbance at 280 nm (Hibbert et al. 2015; Kielty et al. 1991).
Aliquots of the purification were kept for AFM, and rest were desalted in 0.22 um filtered ultrapure
water using a Slide-A-Lyzer™ MINI Dialysis Devices (Thermo Fisher Scientific; Paisley, UK) for 4
hours at 4'C. Samples were subsequently frozen at -80°C and freeze-dried at -60°C for 48 hours

prior to storage at -80°C until their use in MS experiments.

4.4.4  Microfibril peptide generation using elastase and SMART™ digestion prior to mass
spectrometry

To enhance fibrillin-1 peptide generation, half of the freeze dried samples were re-suspended in 0.1

M Tris-HCI, pH 8.5. Proteins were denatured in 8 M urea, reduced in 10 mM dithiothreitol (DTT) for

30 minutes at room temperature and alkylated using 50 mM iodoacetamide (IAM) for 30 minutes at

room temperature, in darkness. The solution was then diluted down to 2 M urea, and elastase

(Catalogue # E1250) added at a 2:1 enzyme to substrate ratio. This was incubated at 37°C for 4

hours. Elastase activity was then quenched with 5% (v/v) formic acid in ultrapure water.

To enhance microfibril-associated protein peptide generation, the other half of the freeze-dried
samples were re-suspended in ultrapure water and directly digested for 75 minutes using a SMART
Digest™ kit (Thermo Scientific), which allows the fast digestion of the sample through immobilised
trypsin beads, at a high, denaturing temperature (70°C) (Moore and Samonig 2016), as per the
manufacturer’s instructions. All samples were then desalted using Oligo R3 resin (Thermo) beads

and vacuum dried prior to MS analysis.

4.4.5 Mass spectrometry
All MS was performed by the Biological Mass Spectrometry Core Facility in the Faculty of Biology,

Medicine and Health at the University of Manchester (Manchester, UK). As dictated by their
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protocols (Buckley 2015; Lennon et al. 2014): vacuum dried samples were analysed by LC-MS/MS
using an UltiMate® 3000 Rapid Separation LC (Dionex Corp; Sunnyvale, CA, USA) and an Orbitrap
Elite mass spectrometer (Thermo Fisher Scientific). Peptide mixtures were separated using a
gradient from 92% A (0.1% [v/v] formic acid [FA] in water) and 8% B (0.1% [v/v] FA in acetonitrile)
to 33% B, in 30 minutes at 300 nL min™, using a 250 mm x 75 ym i.d. 1.7 mM BEH C18, analytical
column (Waters). Peptides were selected for fragmentation automatically by data-dependent

analysis.

4.4.6 Mass spectromelry data analysis

Mass spectra were extracted using extract_msn (Thermo Fisher Scientific) correlated against the
Uniprot human database (Consortium 2016) using Mascot v2.5.1 (Matrix Science; London, UK).
Search parameters were: species - Homo sapiens; enzyme — trypsin for SMART™ digested
samples and non-specific for elastase digested samples; max missed cleavages — 1; fixed
modifications - carbamidomethyl, mass — 57.02 Da, AA — C; variable modification — oxidation, mass
— 15.99 Da, AA — M; peptide tolerance - 10 ppm (monoisotopic); fragment tolerance - 0.6 Da
(monoisotopic); searched database: the SwissProt_2016_04 database (152,544 protein entries).
Data generated was validated using Scaffold (Proteome Software; Portland, OR, USA). Only
exclusive, unique peptide counts are reported. False discovery rate (FDR) was calculated by
Scaffold using protein and peptide probabilities assigned by the Trans-Proteomic Pipeline and the
Protein Prophet™ (Nesvizhskii et al. 2003) and Peptide Prophet™ (Keller et al. 2002) algorithm
(Sourceforge; Seattle. WA, USA). Peptide Prophet FDR was thresholded to < 5% and Protein

Prophet FDR was thresholded to < 0.1% (minimum 2 peptides) for every dataset.

The MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE
(Vizcaino et al. 2016) partner repository with the dataset identifier PXD008450 and

10.6019/PXD008450.

4.4.7  Microfibril atomic force microscopy

Glass coverslips were soaked in absolute ethanol overnight then attached to metal stubs with clear
nail varnish. Samples were pipetted directly onto the coverslips and left for 1 minute so microfibrils
could adsorb to the surface. Liquid was removed and stub left to dry overnight. Stubs were washed
three times with ultrapure water and left to dry before being scanned using AFM. Fibrillin and
collagen VI microfibrils were imaged using peak force and Scan-Asyst® mode on a Multimode 8

atomic force microscope (Bruker; Billerica, MA, USA), as previously described (Hibbert et al. 2015;
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Sherratt et al. 2010). Using a single, new Sc:an-Asyst® Air tip (Bruker), single fibrillin microfibrils
were captured at 512 pixels/line in 2 x 2 pm scans. This gave a resolution of 3.9 nm/pixel, which
was deemed high enough for fibrillin microfibril ultrastructural analysis. Fibrillin microfibrils which

were laterally associated with collagen VI microfibrils were omitted from the analysis.

Scans were digitally flattened using WSxM v5.0 AFM Image Processing package (Horcas et al.
2007) and exported in text image format. Height was corrected by subtracting negative background
(Ratcliff and Erie 2001). Using ImagedJ (NIH; Bethesda, MA, USA), fibrillin microfibrils were
straightened using the Straighten Curved Objects plugin (Kocsis et al. 1991) enabling the
generation of 41 pixel wide images of single straightened fibrillin microfibrils (Fig. 4.7). LFA image
processing software, developed by our group using Microsoft Visual Basic 6.0 as previously
described (Sherratt et al. 2003), was then used to specify the location of the maximum height of
each bead and create a 15 x 41 pixel snapshot of each individual bead with the height maxima at
the central pixel of the image. Maximum bead height and morphology were taken from these
snapshots. Fibrillin microfibril periodicity was measured using Periodicity and Angles software
package developed by our group using Microsoft Visual Basic 6.0 as previously described (Sherratt

et al. 2005).
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4.8 Supplementary information
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Supplemental Figure 4.1: The elastase method and advances in MS technology led to the
improved detection of COL6A3 peptides. The ability of the elastase method to produce COLEA3
peptides from a single human CB sample (F67) and single human skin sample (F49) is compared
to efforts made by Beecher et al. (2011) from a single bovine cornea sample. Beecher et al.
identified COL6A3 peptides from von Willebrand A domains (vWA) N1-N9 of N-terminal globular
region, C1 of the C-terminal globular region and from the triple-helix domain (coloured grey since
number of peptide hits was unreported). Since the CB is a collagen VI-poor region in comparison to
cornea, our methods only detected peptides from vWA domains N1-N4 and C1 of the globular
regions from the human CB-microfibril extract (F67) leading to a lower primary coverage than that
by Beecher et al. However, when our methods were applied to human skin (F49), a collagen VI-rich
tissue, we achieved a COL6A3 primary coverage which was more than double that of Beecher et
al. (2011) .

The Supplementary Table has been uploaded to the online data repository Mendeley Data and can

be accessed by copying and pasting the following link:

https://data.mendeley.com/datasets/7t8hxk7bwb/draft?a=45c5494a-55e9-49b8-9ac6-

b505a148e07e

Supplementary Table 4.1: Full protein list for all eye skin and HDF samples
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Chapter 5: Molecular fingerprints of photodamage in human extracellular
matrix assemblies
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5.1 Abstract

Photoageing in skin is commonly recognised histologically by architectural remodelling of dermal
extracellular matrix components. Whilst these techniques are powerful, they are ill-suited to
identifying molecular damage in these long-lived assemblies. Previously, we have shown that, in
contrast to collagen VI microfibrils, the ultrastructure of fibrillin microfibrils (a key elastic fibre
component) is susceptible to physiological doses of ultraviolet radiation (UVR). However, the
molecular locations of UVR-induced damage within fibrillin-1, and potentially collagen VI alpha-3
(COL6A3) monomers, remain unknown. Using recently developed proteomic methods, this study
aimed to locate UV-susceptible foci within the fibrillin-1 and COL6A3 proteins. Fibrillin and collagen
VI microfibrils were co-purified from cultured human dermal fibroblasts and irradiated with either
broadband UVB or solar simulated radiation (SSR). Ultrastructural damage was assessed using
atomic force microscopy (AFM): fibrillin microfibril bead height and periodicity were significantly
altered by both SSR- and UVB irradiation whereas collagen VI microfibril ultrastructure was not.
UVR-induced molecular damage was confirmed by proteolytic peptide generation with elastase
followed by liquid chromatography tandem mass spectrometry (LC-MS/MS). UV irradiation
consistently enhanced the total yield of digested fibrillin-1 but not COL6A3 peptides. Furthermore,
peptides characteristic of UV exposure were repeatedly identified for both fibrillin and collagen VI
microfibrils. Mapping these peptides revealed that UVR exposure increased regional susceptibility
within the fibrillin-1 structure to protease-mediated proteolysis. This allowed the identification of UV-
susceptible foci within a key dermal assembly on a molecular scale. This proteomic approach has
the potential to facilitate the rapid, protein-specific identification of differential molecular fingerprints

of photodamage in key extracellular matrix proteins.
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5.2 Introduction

Skin photoageing is characterised microscopically by the reorganisation of the dermal extracellular
matrix (ECM) (see reviews: Naylor et al. 2011 and Tsoureli-Nikita et al. 2006) in response to
chronic exposure to ultraviolet (UV) radiation (Montagna et al. 1989). The profound downstream
consequences of this process include alterations to tissue elasticity, mechanics and homeostasis
(Langton et al. 2017) which are thought to play contributory roles in the appearance of deep
wrinkles (Warren et al. 1991). However, the precise molecular pathways driving this remain to be

defined.

Remodelling of the elastic fibre network (which is comprised of fibrillin microfibrils and elastin (see
review: (Kielty, Sherratt, et al. 2002)), has proved to be a sensitive indicator of both photoageing
(Watson et al. 1999; Warren et al. 1991) and repair (Watson et al. 2009). These assemblies are
remarkably long-lived, with a turnover close to the average human lifetime (Shapiro et al. 1991). As
a consequence, they are expected to accumulate UV-induced structural and molecular damage.
Photoageing can be histologically characterised by the loss of fibrillin microfibrils at the papillary
dermis (Watson et al. 1999). However, the presence of cumulative molecular damage, which may
impair structural and biochemical functionality (Kaartinen and Warburton 2003; Sengle et al. 2008),

has yet to be demonstrated.

UV radiation, which reaches the Earth’s surface, consists of approximately 5% high energy UVB
(wavelength 280-315 nm) and 95% low energy UVA (315-400 nm) (El Ghissassi et al. 2009). The
absorption of these short-wave photons by photosensitive biomolecules can cause photochemical
reactions in amino acid residues (Bensasson et al. 1993) leading to the direct photo-degradation of
protein (e.g. via the dissolution of di-sulphide bonds; Mozziconacci et al. 2010), or creation of new
crosslinks (Itri et al. 2016). Additionally, it is thought that this absorption may also lead to the
formation of reactive oxygen species (ROS), capable of further degrading protein structure via

oxidation of amino acids (Stadtman 1992; Wondrak et al. 2006).

The fibrillin microfibril is a large macromolecular assembly which resembles beads on a string with
a characteristic ~56 nm periodicity (Baldock et al. 2001; Eckersley et al. 2018; Hibbert et al. 2015,
2017; Sakai et al. 1986; Sherratt et al. 2007, 2010). Previously, we have shown that low-dose
irradiation of isolated, purified, cell-derived fibrillin microfibrils by either broadband UVB (Sherratt et
al. 2010) or solar simulated radiation (SSR: 95% UVA + 5% UVB) (Hibbert et al. 2015, 2017)

causes quantifiable changes to microfibril ultrastructure. It is likely, therefore, that the degeneration
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of the fibrillin microfibril network observed histologically during photoageing (Watson et al. 1999)
may be due to an accumulation of molecular damage. This, however, has yet to be demonstrated

experimentally.

Other dermal ECM assemblies, such as collagens are equally as long-lived as their elastic fibre
counterparts (Verzijl, DeGroot, Oldehinkel, et al. 2000; Verzijl, DeGroot, Thorpe, et al. 2000) yet
some, such as collagen VI microfibrils, undergo minimal architectural remodelling in photoaged
skin (Watson et al. 2001). In common with fibrillin microfibrils, collagen VI microfibrils also play
important biochemical roles: anchoring cells to the matrix (Stallcup et al. 1990) and interacting with
numerous ECM components (Kuo et al. 1997; Specks et al. 1992; Tillet et al. 1994). They also form
beaded macromolecular, assemblies which can be visualised using AFM (Eckersley et al. 2018;
Hibbert et al. 2015; Sherratt et al. 2004) and EM (Baldock et al. 2003; Godwin et al. 2017; Kielty et
al. 1991). However, in contrast to fibrillin, collagen VI microfibrils contain relatively few UV-
absorbing amino acid residues (chromophores) and are resistant to UVR-induced ultrastructural
damage in vitro (Hibbert et al. 2015). Although collagen VI microfibrils appear ultrastructurally and
histologically resistant to UVR exposure compared to fibrillin, their irradiation may still induce
molecular damage which could impact on tissue function. Additionally, the molecular mechanisms
behind the differential susceptibility of collagen VI and fibrillin microfibrils to UVR remain to be

determined.

Molecular damage can be characterised by conventional biochemical techniques such as gel-
electrophoresis; however, the high molecular weights and insolubility of these microfibrillar ECM
assemblies makes this approach challenging (Baldock et al. 2001; Sakai et al. 1986). Recently,
however, we have demonstrated that proteomics can be used to effectively detect regional and
compositional differences in the susceptibility of fibrillin and collagen VI microfibrils to elastase
(Eckersley et al. 2018). By mapping liquid chromatography tandem mass spectrometry (LC-
MS/MS) derived peptide spectrum matches (PSMs) of fibrillin-1 and collagen VI alpha-3 (COL6A3)
to their corresponding domain structures, we demonstrated tissue-specific local differences in

structure within these assemblies on a monomeric molecular scale.

In this study, we aimed to use these recently developed proteomic methods (Eckersley et al. 2018)
to determine if UV exposure (both broadband UVB and SSR) induces molecular damage in co-
purified suspensions of fibrillin and collagen VI microfibrils. These can be detected by mass

spectrometry (LC-MS/MS) as characteristic peptide "fingerprints” from within fibrillin-1 and COL6A3
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monomers. By isolating microfibrils from cultured primary human dermal fibroblasts (HDFs), we
ensured sufficient yield of newly synthesised, non-UVR exposed assemblies drawn from a
homogenous population for study. By subjecting these suspensions to UVR exposure in vitro, and
subsequent analysis with AFM and LC-MS/MS, we tested the hypothesis that physiological doses
of UVR induce localised and differential molecular changes in fibrillin and collagen VI microfibril

protease susceptibility.

5.3 Results and Discussion

5.3.1  Fibrillin microfibril ultrastructure is susceptible to both broadband UVB and solar simulated
radiation
Prior to LC-MS/MS analysis, broadband UVB- and SSR-induced damage to fibrillin microfibrils was
assessed using AFM. Both broadband UVB and SSR caused quantifiable changes to fibrillin
microfibril ultrastructure. Broadband UVB irradiation caused significant increases to fibrillin
microfibril periodicity (Fig. 5.1 Ai). Additionally, broadband UVB-irradiated fibrillin microfibrils had
significantly higher central bead heights (Fig. 5.1 Aii) as well as significant changes in bead
morphology compared to non-irradiated microfibrils. According to axial bead profiles, broadband
UVB-irradiated fibrillin microfibril beads were higher along the entire bead profile when compared to
non-irradiated (Fig. 5.1 Aiii). Interestingly, contour heat mapping of bead height differences
revealed that broadband UVB irradiation caused microfibril beads to increase in volume along its
entire ultrastructure with the largest differences seen on the slopes surrounding the peaks (Fig. 5.1
Aiv). The less energetic wavelengths in SSR were less damaging to fibrillin microfibril ultrastructure
than those from broadband UVB. Although SSR caused significant increases in both fibrillin
microfibril periodicities (Fig. 5.1 Bi) and central bead heights (Fig. 5.1 Bii) compared to
unirradiated, it induced only minimal changes to axial height profiles (Fig. 5.1 Biii). Contour heat
mapping of bead height differences, however, did indicate measurable differences close to the

central peak (Fig. 5.1 Biv).
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Figure 5.1: Fibrillin microfibril ultrastructure was affected by both broadband UVB and SSR. UVB-
irradiated microfibril periodicities were significantly higher (n=500 repeats, n=1500 pooled) than
those of control (p<0.0001, Mann-Whitney U) (Ai; data = mean and SD). Additionally, central bead
heights were also significantly higher in UVB-irradiated microfibrils (n=100 repeats, n=300 repeats
pooled) than in control (p<0.0001, Mann-Whitney U) (Aii; data = median, IQR and range). The axial
profiles of UVB-irradiated microfibril beads were also significantly higher along the entire central
bead axis than those of control (Bonferroni multiple comparison test) (Aiii; data = mean and SD). In
order to visualise UVR-induced changes in bead morphology, AFM height maps of control
microfibril beads were averaged and subtracted from that of UVB-irradiated microfibril beads. UVB-
induced changes in morphology can be observed throughout the bead but primarily along its slopes
(~10nm radius from the peak) (Aiv). Fibrillin microfibril ultrastructure was less affected by SSR (B).
SSR-irradiated microfibril periodicities were significantly higher than those of control (p<0.0001,
Mann-Whitney U) (Bi; data = mean and SD). Central bead heights were also significantly higher in
SSR-irradiated fibrillin microfibrils compared to control (p=0.0061, Mann-Whitney U) (Bii; data =
median, IQR and range). However, axial profiles of SSR-irradiated fibrillin microfibril beads did not
differ significantly from those of control (Bonferroni multiple comparison test) (Biii; data = mean and
SD). Heat mapped height differences between SSR-irradiated and control show only small

changes in bead morphology near central peak and along one of the lateral slopes (Biv).
147



The changes in fibrillin microfibril periodicity seen in response to both SSR and broadband UVB
irradiation are consistent with previous studies (Hibbert et al. 2015, 2017; Sherratt et al. 2010).
However, changes to bead morphology using AFM height mapping have not previously been
demonstrated. Using STEM, we reported previously that broadband UVB caused a loss of mass
within the beads of both skin- and cell-derived fibrillin microfibrils (Sherratt et al. 2010). Our AFM
height mapping, however, showed an increase in bead volume. Collectively these observations
suggest that exposure to UVR induced structural changes which result in a loss of microfibrillar
material (either from fibrillin-1 or associated proteins) and, consequentially, to a reduced packing
density (Baldock et al. 2006, 2001; Kuo et al. 2007; Reinhardt, Keene, et al. 1996; Sherratt et al.

2003), and hence an increased bead volume.

5.3.2  Collagen VI microfibril ultrastructure is largely resistant to SSR- and UVB-induced damage
AFM quantification showed that collagen VI microfibril ultrastructure was resistant to remodelling by
both broadband UVB and SSR radiation (Fig. 5.2). Neither broadband UVB (Fig. 5.2 A) nor SSR
(Fig. 5.2 B) was able to cause measurable changes to collagen VI microfibril periodicity. Although
we have previously shown that collagen VI microfibril ultrastructure is resistant to SSR in contrast
to fibrillin microfibrils (Hibbert et al. 2015), here we demonstrate that these assemblies are as
resistant to higher energy broadband UVB as they are to SSR. Since, in skin, collagen VI
microfibrils are predominantly distributed in the upper papillary dermis, near the dermal-epidermal
junction (Watson et al. 2001), they are likely subjected to both UVA and UVB wavebands, in vivo
(Hibbert et al. 2015). Therefore, their resistance to may be inherent to their fundamental function
and may explain the lack of change observed in collagen VI microfibril distribution in photoaged

versus photoprotected skin (Watson et al. 2001).
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Figure 5.2: Broadband UVB and SSR did not induce changes to collagen VI microfibril periodicity.
Periodicities of broadband UVB-irradiated collagen VI microfibrils (n=500 repeats, n=1500 repeats
pooled) were not significantly different compared those of control (p=0.1811, Mann-Whitney U) (A).
SSR also failed to induce measurable changes to collagen VI microfibril periodicity (B). SSR-
irradiated collagen VI microfibril periodicities were not significantly different compared to those of
control (p=0.9778, Mann-Whitney U).

Although collagen VI microfibrils appear resistant to UVR, ultrastructurally (in vitro) (Hibbert et al.
2015), and to photoageing histologically (in vivo) (Watson et al. 2001), molecular-scale changes
may still be present which AFM is unable to resolve. Additionally, although two models of fibrillin
microfibril supramolecular organisation exist (Baldock et al. 2001, 2006; Kuo et al. 2007; Reinhardt,
Keene, et al. 1996), uncertainties regarding the packing of fibrillin-1 within the microfibril still remain
(see reviews: Jensen and Handford 2016 and Kielty et al. 2005). It is still unclear, therefore,
whether specific regions of fibrillin-1 are targeted by UV exposure. By measuring the propensity of

these UVR-damaged fibrillin and collagen VI microfibrils to proteolytically yield fibrillin-1 and

COLBAS3 peptides using LC-MS/MS, we can assess whether damage exists on a molecular scale.

5.3.3 UVR exposure enhances the elastase-mediated detection and yield of fibrillin-1 peptides

Total numbers of LC-MS/MS-derived fibrillin-1 peptide spectrum matches (PSMs) were consistently
higher for SSR-irradiated and broadband UVB-irradiated fibrillin microfibril samples than for un-
irradiated samples (Fig. 5.3). SSR irradiation led to a mean increase of 24% in the number of
fibrillin-1 PSMs compared to unirradiated (103 vs. 83) (Fig. 5.3 Bi) whereas broadband UVB
irradiation led to a mean 55% increase compared to control (129 vs. 83) (Fig. 5.3 Bii). This
increase in fibrillin-1 PSMs from irradiated microfibril samples may be due to changes in fibrillin

microfibril ultrastructure. The ultrastructural damage observed in these microfibrils, (characterised
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in this study by increased bead morphometry and increased periodicity (Fig. 5.1) and previously as
a loss of bead mass (Sherratt et al. 2010)), may increase the accessibility of elastase to previously
buried (cryptic) cleavage sites.This elastase-mediated peptide yield positively correlates with the
energy of the incident radiation: high energy broadband-UVB induced more ultrastructural damage

and increased the proteolytic susceptibility of fibrillin-1 than lower energy SSR.

A
Fibrillin-1 Exclusive Unique Peptides Identified (FDR<5%)
Control SSR Broadband UVB
Fold Change Fold Change
PSMs PSMs vs. Control |PSMs vs. Control
M79 43 47 1.09 72 1.67
|M75 170 214 1.26 200 1.18
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Figure 5.3: UV exposure led to an increase in the overall proteolytic susceptibility of fibrillin-1.
PSMs for SSR- and broadband UVB-irradiated fibrillin-1 per individual and their fold changes in
comparison to control fibrillin-1 are shown (Peptide Prophet FDR < 5%) (A). SSR irradiation of
fibrillin-1 led to a small but consistent increase in fibrillin-1 peptide identification (1.22 average fold
change) for all three replicates (Bi). Broadband UVB irradiation led to an even larger increase in
fibrillin-1 peptide identification (2.00 average fold change) (Bii).

Data-dependent quantification revealed a number of fibrillin-1 peptides which were significantly
different in relative abundance in broadband UVB-irradiated or SSR-irradiated fibrillin microfibril
samples compared to non-irradiated (Fig. 5.4). Although SSR-irradiated suspensions yielded a
higher number of UVR-specific fibrillin-1 peptides than broadband UVB (21 vs 14), UVB-irradiated
samples contained more peptides with fold changes = 15 (8 vs 6). Additionally, a higher proportion
of these fibrillin-1 peptides were significantly increased in broadband UVB-irradiated samples

(78%: 11 out of 14) than in SSR-irradiated samples (52%: 11 out of 21). This is perhaps again

related to the more severe damage caused by broadband UVB to the fibrillin microfibril
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ultrastructure than SSR. Crucially, this experiment identified 7 UVR-specific fibrillin-1 peptides
which were significantly enriched in both broadband UVB- and SSR-irradiated fibrillin microfibril
samples (Fig. 5.4, top table). These shared peptides may serve as useful peptide “fingerprints” of

UV damage to fibrillin microfibrils, regardless of UV source used.
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Shared broadband UVB- and SSR-Affected Peptides
1IVGPDDSAVDMDECKEPDVCKH
ALDPDICPNGI
VDINECLLEPR
CENLRGTYKCI
CEDIDECVEEPEICA
CRHSCGDGFCSRPNMCTCPS
GFMTNGADIDECKVIHDVCR

Broadband UVB-Affected Fold AvneLrage Nor—m. Anova | [SSR-Affected Fold Av::‘gne"al:z;m. Anova
Peptides Change UVB | Control (p value)| [Peptid Change SSR Coitrol (p value)
SLDQTGSSCEDVDECEGNHR oo 109553 0 0.0281 | [NEDTRVCDDVNECETPGI 21.1 | 19214 908 | 0.0298
LMPDQRSCTDIDECEDNPNICDGGQCT | o0 47826 0 0.0065 | [GGFTCKCPPGFTQHHT 17.8 | 40018 | 2242 |0.0103
INCVDINEC oo 9637 0 0.0090 | |NEKCEDIDECVEEPEICAL 5.18 | 96336 | 18610 | 0.0492
[TGCTDINECEIGA 18.6 |278349| 14945 | 0.0347 | [ALDPDICPN 2.97 | 58817 | 19832 |0.0243
1IlVGPDDSAVDMDECKEPDVCKH 9.15 | 94566 | 10336 | 0.0285 | [STGQCNDRNECQEIPNICSHGQ 2.25 | 191532 | 85274 |0.0171
INEKCEDIDECVEEPEICAL 8.55 |159126| 18610 | 0.0414 | [TNGKPFFKDINEC 2.12 | 26531 | 12506 |0.0065
GSGIIVGPDDSAVDMDECKEPDVC 3.31 |382172|115352|0.0431 | [CEDIDECSLPNICV 1.77 | 338058 | 191357 | 0.0130
IALDPDICPNGI 1.84 |222443(120605 | 0.0319 | [CKCPPGFYTSPDGT 1.76 |204517 | 115978 | 0.0216
VDINECLLEPR 1.83 |908622|497267| 0.0423 | [CVDINECLLEPRK 1.71 |3138759|1838253| 0.0395
LQHYQWNQCVDENEC 1.81 | 29351 | 16222 | 0.0026 | [CGPGYQRRPDGEGCVDENECQTKPGICENG [ 1.48 [2098177|1417177| 0.0023
CENLRGTYKCI 1.56 | 14171 | 9107 |0.0447 | |IVGPDDSAVDMDECKEPDVC 1.43 | 897450 | 628911 | 0.0208
ICEDIDECVEEPEICA oo 0 134280 0.0267 | |CRHSCGDGFCSRPNMCTCPS oo 0 296388 | 0.0029
[CRHSCGDGFCSRPNMCTCPS -1060 | 93 | 98815 | 0.0027 | |SFQYEQFSGGCQDINECGS — 0 80459 | 0.0117
(GFMTNGADIDECKVIHDVCR -2.28 | 9472 | 21569 | 0.0190 |RPDGEGCVDENECQTKPG -86.3 | 2053 | 177403 | 0.0402
|GFMTNGAD|DECKVIHDVCR -3.05 | 7075 | 21569 |0.0227
|GYRCECDMGFVPSADGKACEDIDECSLPNIC -2.16 | 87767 | 189477 | 0.0199
GMGMGRGNPEPPVSGEMDDNSLSPEACYE | -1.83 | 64134 | 117116 | 0.0364
[AGSDINECALDPDICPNGICENLRGTYKC -1.66 |1755799|2917105| 0.0255
AGSDINECALDPDICPNGICENLRGTYKCI -1.46 | 583834 | 853005 | 0.0213
(GSDINECALDPDICPNGICENLRGTYK -1.43 | 600269 | 859731 | 0.0096
[AGSDINECALDPDICPNGICENLRGTYK -1.40 |5805329(8121980f 0.0133

Figure 5.4: Data-dependent peptide quantification revealed significant changes in the relative
abundance of specific fibrillin-1 peptide sequences post-UV exposure. Fourteen fibrillin-1 peptides
in broadband UVB-irradiated microfibril samples and 21 in SSR-irradiated samples were
significantly increased (red) or decreased (blue) in relative abundance compared to control
samples. Their peptide sequences, fold changes relative to the control group (fold changes = +5
are bold and underlined), average normalised abundances and p values are shown (Progenesis
multivariate paired ANOVA). Seven of these fibrillin-1 peptides are shared between SSR- and
broadband UVB-irradiated groups (top table). Broadband UVB-irradiated samples yielded more
fibrillin-1 peptides with fold changes = +5 (bold + underlined) than SSR-irradiated samples (8 vs. 6).
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5.3.4 UVR exposure of collagen VI microfibrils has no effect on total collagen VI alpha-3 peptide
yield but did liberate SSR- and broadband UVB-specific peptides
In contrast to fibrillin-1, total numbers of LC-MS/MS-derived COL6A3 PSMs (Fig. 5.5) changed
negligibly for SSR-irradiated (Fig. 5.5 Bi) and broadband UVB-irradiated (Fig. 5.5 Bii) microfibril
samples compared to unirradiated samples (average 1% decrease for both SSR and broadband
UVB). Therefore, in vitro UVR exposure has minimal impact on collagen VI ultrastructure (Fig. 5.2)
and protease susceptibility (Fig. 5.5) whilst chronic in vivo exposure to UVR does not affect
collagen VI architecture in human dermis (Watson et al. 2001). We have suggested previously that
this resistance may be mediated by the relatively low abundance of UV chromophore amino acids
in collagen VI alpha chains compared to fibrillin-1 (Hibbert et al. 2015). However, as with fibrillin-1,
data-dependent quantification revealed a number of COLBA3 peptides which were significantly
different in relative abundance in both broadband UVB- and SSR-irradiated microfibril samples
compared to non-irradiated (Fig. 5.6). Once again, although SSR-irradiated samples yielded a
higher number of significantly different COL6A3 peptides than those irradiated with broadband UVB
(17 vs 13), UVB-irradiated samples had more peptides with fold changes = 5 (4 vs 1). Again
mirroring the results for fibrillin-1, a larger proportion of these COL6A3 peptides were significantly
increased in broadband UVB-irradiated samples (54%: 7 out of 13) than in SSR-irradiated samples
(29%: 5 out of 17), likely due to the UVB waveband being more energetic than SSR. As with
fibrillin-1, a number of these identified COLBA3 peptide sequences were shared between both

UVB- and SSR-irradiated microfibril samples.
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Collagen VI Alpha-3 Exclusive Unique Peptides Identified
Control SSR Broadband UVB
Fold Change Fold Change
PSMs PSMs vs. Control [PSMs vs. Control
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Figure 5.5: UV exposure did not cause changes to the overall proteolytic susceptibility of COLEAS.
PSMs for SSR- and broadband UVB-irradiated COL6A3 per individual and their fold changes in
comparison to control COL6A3 are shown (Peptide Prophet FDR < 5%) (A). In contrast to fibrillin-1,
both SSR- (Bi) and broadband UVB irradiation (Bii) failed to cause any consistent change in the
number of COL6AS3 peptides identified (average change = 0.99 for both SSR and UVB).

154



Shared broadband UVB- and SSR-Affected Peptides
SSGKSDDEVDDPAVE
NLLDLDYELAEQ
FSNDVFPEFYLK
QSIKDKCPCCYGPLECPVFPTELA

Broadband UVB-Affected Fold A‘f;:f‘i:n"c'em' Anova | [ssR-Affected Fold i s Anova
Peptides Change UVE Control (p value) | |Peptides Change SSR Control (p value)
HLEFGRGF oo 24549 0 0.0129 | |QFSDTPVTEF 2.10 31011 14751 | 0.0076
IDSKRKSVLLDKI oo 5653 0 0.0352 | |GFGSWRPS 1.89 | 130241 68764 |0.0467
|SSGKSDDEVDDPAVE 11.9 76844 6488 0.0182 | [FLIDSSEGVRPDGFA 1.60 | 173707 108297 |0.0152
GPPGLIGEQGI 2839 116046 48583 0.0373 | |QFSNDVFPEF 1.38 | 359011 259305 |0.0393
ELPNIEERI 1.98 25963 13114 0.0125 | |[FDFDEYQPEM 1.26 | 3071218 | 2442213 | 0.0009
INLLDLDYELAEQ 1.76 55729 31711 0.0077 | |RNIDSEEVGKIA -281 282 79206 |0.0393
IMNSFGPSAATPAPPGVDTPPP 1.30 147351 112957 | 0.0085 | |KDKCPCCYGPLECPVFPTELA -2.62 | 100330 | 262774 |0.0080
INIFKRPLGS -25.4 3094 78492 | 0.0229 | [QSIKDKCPCCYGPLECPVFPTELA -2.33 | 50058 116581 | 0.0306
CNLDVILGFDGSRDQNV -2.81| 52201 146774 | 0.0191 | [CLDICNIDPSCGFGSWRPS -2.28 | 262432 | 599284 |0.0389
QSIKDKCPCCYGPLECPVFPTELA | -2.06 56600 116581 | 0.0473 | [FVSEIVDTVYEDGDSIQV -2.25| 48105 108419 |0.0144
FSNDVFPEFYLK -1.94 7429 14433 0.0242 | |FDFDEYQPEMLEKF -1.67 | 137429 228944 |0.0242
LHDAMHETLCPGVTDAA -1.52 782919 1193796 | 0.0482 | [FDFDEYQPEMLEK -1.53 | 1204900 | 1838735 | 0.0131
[TFRELPSLEQKLLTPI -1.16 | 1062348 | 1228918 | 0.0009 | [SGKSDDEVDDPAVELKQFGVAPF -1.33 | 880973 | 1174088 | 0.0348
SSGKSDDEVDDPAVELKQFGVAPF | -1.31 | 2850021 | 3722273 | 0.0064
ISNDVFPEFYLK -1.29 | 221486 285740 |0.0110
DLDYELAEQLDNIAEKA -1.21 | 517895 | 624977 |0.0414
SSGKSDDEVDDPAVELKQFGVAPFT | -1.18 | 124364 146578 | 0.0417

Figure 5.6: Data-dependent peptide quantification revealed significant changes in the relative
abundance of specific COL6A3 peptide sequences post-UV exposure. Thirteen COL6A3 peptides
in broadband UVB-irradiated microfibril samples and 17 in SSR-irradiated samples were
significantly increased (red) or decreased (blue) in relative abundance compared to control
samples. Their peptide sequences, fold changes relative to the control group (fold changes = +5
are bold and underlined), average normalised abundances and p values are shown (Progenesis
multivariate paired ANOVA). Four of these COL6A3 peptides are shared between SSR- and
broadband UVB-irradiated groups. As with fibrillin-1, broadband UVB-irradiated samples yielded
more COL6A3 peptides with fold changes of over 5 (bold and underlined) than SSR-irradiated
samples (4 vs. 1).

Although a number of significantly different COL6A3 peptides were affected by both SSR and
broadband UVB (Fig. 5.6), only five (four for UVB and only one for SSR) had fold changes = 15
compared to the 14 identified from fibrillin-1 (Fig. 5.4) (eight for UVB and six for SSR). Fibrillin-1
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also yielded a higher number of significantly different peptides which were shared between
broadband UVB- and SSR-irradiated samples (seven) as compared to COL6A3 (four). These
observations indicate that, with fibrillin-1, more UVR-specific peptides are detected than with
COLBA3, once again indicating a divergence of UV susceptibilty as noted previously,
ultrastructurally (Hibbert et al. 2015) and histologically (Watson et al. 2001), however this time on a

molecular scale.

The identification of UVR-specific peptides from both fibrillin-1 and COL6A3 demonstrate the
capability and potential of MS for the detection of molecular photodamage within key dermal ECM
assemblies. Additionally, the total numbers of detected fibrillin-1 and COL6A3 peptides correlate
with the scale of ultrastructural damage observed in the microfibrils by AFM as well as their
chromophore amino acid content (Hibbert et al. 2015). Finally, data-dependent quantification of
MS-detected peptides provides a more sensitive method for detecting UVR damage than either
ultrastructure (Fig. 5.2) (Hibbert et al. 2015) or histology (Watson et al. 2001), since UVR-specific
COL6A3 peptides were identified in both broadband UVB- and SSR-irradiated microfibril isolates.
This enables the identification of UV damage within collagen VI microfibrils on a molecular scale,
previously undetectable using conventional methods, which could potentially impact on their

function in tissue.

The use of peptide degradation products in the detection of disease is not a novel concept:
oncopeptidomics is a growing field which attempts to use the LC-MS/MS detection of peptide
biomarkers as a diagnostic tool for tumour presence (Schwab 2011; Tammen 2011) (see review:
(Diamandis 2006)). Additionally, the LC-MS/MS detection of peptide degradation products has
been used to identify biomarkers of Fanconi syndrome (Cutillas et al. 2003), inflammation
(Weathington et al. 2006) and even allergies (Careri et al. 2007). This is not the first time UVR
exposure has been shown to increase the susceptibility of an ECM assembly to protease-mediated
proteolysis; Menter et al. (2003) previously demonstrated that the UV irradiation of murine collagen

| significantly increased its susceptibility to proteolysis by bacterial collagenase.

5.3.5  Fibrillin-1 structure exhibits regional foci of UV susceptibility in contrast to collagen VI
alpha-3 which was less susceptible

Menter et al. (2003) went on to suggest that the regional susceptibility of collagen | to UVR may be

dependent on its superstructure and the supramolecular organisation of its protein components. In

an attempt to identify this in our microfibril assemblies, fibrillin-1 PSMs and significantly different,
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data-dependently quantified peptides from SSR-irradiated and broadband UVB-irradiated samples
were mapped to the protein domain structure and compared (Fig. 5.7). Interestingly, mapped
differences in fibrillin-1 PSMs per domain, compared to control, were remarkably consistent
between fibrillin microfibrils separately irradiated with either SSR or broadband UVB, with many of
the same patterns exhibited. The largest regional differences, consistent within both SSR- and
broadband UVB-irradiated fibrillin-1, can be seen between the N-terminal domain and epidermal
growth factor-like (EGF) domain 1 and within EGF22, both with sharp increases in PSM numbers in
both regions, and between EGFs 33 and 34 with a sharp decrease in PSM number. Encouragingly,
many of the peptides with significant differences in abundance coincide with regions exhibiting the
largest differences in PSMs compared to control. As previously shown, the fluctuation in peptides
identified within these different regions of fibrillin-1 are indicative of the propensity of elastase to
yield peptides specifically at these molecular locations (Eckersley et al. 2018). The changes seen
here are most likely, directly related to the disruption of protein folding within the tertiary structure
via the dissolution of bonds by UV, evidenced further by the direct changes seen in fibrillin
microfibril ultrastructure. These fluctuations in fibrillin-1 structural susceptibility to elastase indicate
that, although UV damage appears spread throughout the majority of the fibrillin-1 domain
structure, regional foci of this damage can be detected consistently for both SSR and broadband
UVB sources of UV. Additionally, a large region of increased PSMs close to the C-terminus,
between EGFs 42-45, can be seen exclusively in broadband UVB-irradiated fibrillin-1 compared to
control, and not in SSR-irradiated. This could be related to the greater damage caused by

broadband UVB to the fibrillin microfibril ultrastructure compared to SSR.
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sequence and its max fold change vs control (only 21.50 shown; red text
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25).

Figure 5.7: SSR and broadband UVB exposure leads to changes in the proteolytic susceptibility of
specific protein regions within fibrillin-1. LC-MS/MS identified fibrillin-1 peptide sequences (PSMs:
peptide prophet FDR < 5%) were counted for each respective protein domain, normalised based on
total spectrum count and subsequently heat mapped. The PSM number corresponding to each
broadband UVB- and SSR-irradiated fibrillin-1 domain were then subtracted from the counts of
control and divided by the domain’s primary sequence length to show regional fluctuations in
elastase susceptibility. Significantly different peptide sequences shown in Fig. 5.5 and their fold
changes are also mapped. UV-induced damage to fibrillin-1 is spread throughout the structure,
although the N-terminal region (N-term domain + EGF1) and EGFs 22, 33-34 and 43-45 appear the
most affected. The pattern of changes seen throughout the fibrillin-1 structure is consistent in many
regions, regardless of the UV irradiation method used (SSR or broadband UVB).

158



As with fibrillin-1, COL6A3 PSMs and significantly different peptides from SSR-irradiated and
broadband UVB-irradiated microfibril samples were also mapped to the protein domain structure
and compared (Fig. 5.8). Consistent with the previous UV-resistance seen in collagen VI microfibril
ultrastructure compared to fibrillin (Hibbert et al. 2015), COL6A3 had much lower regional
fluctuations in PSM number compared to fibrillin-1 (Fig. 5.7) on the same scale. The largest
regional changes in COL6A3 PSM number were at von Willebrand factor type A (vWA) domains N2

and N4.
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Figure 5.8: SSR and broadband UVB exposure leads to only minimal changes in the proteolytic
susceptibility of specific protein regions within COL6A3. LC-MS/MS identified COL6A3 peptide
sequences (PSMs: peptide prophet FDR < 5%) were counted for each respective protein domain,
normalised based on total spectrum count and subsequently heat mapped. The PSM number
corresponding to each broadband UVB- and SSR-irradiated COL6A3 domain were then subtracted
from the counts of control and divided by the domain’s primary sequence length to show regional
fluctuations in elastase susceptibility. Significantly different peptide sequences shown in Fig. 5.7
and their fold changes are also mapped. Regional UV damage to COL6A3 was limited, with the
highest changes in PSMs/domain length mapping to the N4 (vWA) domain for SSR-irradiated and
N2 domain for broadband UVB-irradiated.

The structural alterations identified in this study may have downstream effects on fibrillin-1 function
in photoexposed tissue. One of the main foci of UV damage in the fibrillin-1 structure for both SSR-

and broadband UVB-irradiated samples was at the N-terminal region (Fig. 5.7). Fibrillin microfibril
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assembly involves the homotypic interaction between the N-terminal region and C-terminal regions
of fibrillin-1 (Marson et al. 2005). It is possible that these polymeric associations between fibrillin-1
within the microfibril become disrupted post-irradiation with UV which may have caused the
characteristic ultrastructural changes within the bead and inter-bead regions. Additionally, key
elastic fibre proteins elastin and microfibril-associated glycoprotein 1 (MAGP1), which promotes
elastin deposition onto microfibrils, both bind strongly to the N-terminal region of fibrillin-1 (Jensen
et al. 2001; Rock et al. 2004). This compromise in fibrillin microfibril structure, and perhaps its
ability to interact with key elastic fibre proteins, may affect the integrity and function of elastic fibres

within the dermis.

As network-forming ECM assembilies, fibrillin-1 within native microfibrils associates with a variety of
proteins in the dermis. Additionally, a large number of these known fibrillin microfibril-associated
proteins also interact exclusively with the N-terminal region of fibrillin-1. Fibrillin microfibrils have
the ability to store the important homeostatic cytokines TGFB (Kaartinen and Warburton 2003;
Neptune et al. 2003), through their interactions with LTBPs (see review: Rifkin 2005) and BMPs
(Gregory et al. 2005; Sengle et al. 2008) via direct association to the N-terminal regions of fibrillin-1
(Ono et al. 2009; Sengle et al. 2008). Additionally, fibulins-2, -4 and -5, which play a major role in
elastogenesis (Kadoya et al. 2005; Kobayashi et al. 2007; McLaughlin et al. 2006), versican, which
plays a major role in ECM assembly and cellular interactions (see review: (Wight 2002)) and
ADAMTSs-10 and -6 which are instrumental to microfibril assembly and matrix stability (see review:
Hubmacher and Apte 2015) all interact specifically with the N-terminal region of fibrillin-1 (Cain et
al. 2016; Choudhury et al. 2009; Isogai et al. 2002; Kutz et al. 2011; Ono et al. 2009). It is possible
that the UV-mediated disruption of the N-terminal region may have a profound impact, not only in
the degeneration of elastic fibre integrity, but importantly on tissue homeostasis and function on a

wider scale.

5.3.6 Differences in fibrillin-1 and collagen VI alpha-3 chromophore content may account for an
overall divergence in UV susceptibility

Of the 20 amino acids, three have the ability to absorb UVB and UVA wavebands: tryptophan,

tyrosine and double-bonded cysteine (cystine) (Bensasson et al. 1993). This has led to the

hypothesis that these chromophores are the ones most responsible for the direct photodegradation

of proteins in UV-exposed tissues. In previous studies, we showed that the UV susceptibility of a

dermal ECM assembly correlates with its total chromophore content (% of these three amino acids)
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within four different assemblies: fibrillin microfibrils (fibrillin-1: 16.4%), fibronectin (fibronectin-1:
8.54%), type | collagen (a1 and a2 chains: 0.32%) and collagen VI microfibrils (a1,02 and a3

chains: 3.66%) (Hibbert et al. 2015; Sherratt et al. 2010).

To determine whether visualising these differences in chromophore content at the domain level,
between fibrillin-1 and COL6AS, could give us new insight into their UV susceptibilities and whether
the regional fluctuations of UV damage seen within the fibrillin-1 domain structure also correlated
with its chromophore content, we heat mapped the percentage chromophore to their corresponding
protein domains (Fig. 5.9). The majority of fibrillin-1 domains (all except for one hybrid domain, the
proline-rich domain and three TGFB-binding (TB) domains) had a chromophore content of above
7.5% with an average of ~10%. In contrast, all COL6A3 domains except for the Kunitz-like domain
(not present in microfibrils as it is cleaved prior to assembly, alongside the fibronectin-like domain
(Aigner et al. 2002)) had a chromophore content below 7.5% with an average of ~3%. This likely
indicates that the UV-susceptibility of fibrillin-1 is much greater than that of COL6A3, and may
explain why the overall damage to fibrillin-1 seen by LC-MS/MS (Fig. 5.3) was higher than that of
COL6A3 (Fig. 5.5). The effect of this susceptibility would likely have caused the higher
ultrastructural damage see to the fibrillin microfibrils (Fig. 5.1) compared to collagen VI microfibrils

(Fig. 5.2).
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Figure 5.9: The chomophoric amino acid content of fibrillin-1 and COL6A3. To gauge the overall
structural susceptibility of the fibrillin-1 and COL6A3 primary sequences to UV, the number of
chromophoric amino acids (tryptophans, tyrosines and double-bonded cysteines) were counted for
each domain and represented as a heat mapped percentage of chromophore content per domain.
The majority of fibrillin-1 domains exhibit a chromophore content of between 9% and 15% whereas
all COL6A3 domains, except the Kunitz-like, exhibit a content of below 6%.

Although this may explain the overall susceptibility of fibrillin-1 to UV, compared to COL6AS3, it does
not explain the regional foci of UV damage seen within its structure (Fig. 5.7). The largest regional
damage for both SSR-irradiated and broadband UVB-irradiated fibrillin-1 was observed at the N-
terminal region (N-terminal domain + EGF1), at EGF22 and at EGFs 33-34. Although the
chromophore content of all of these domains is above 9%, the domains with the largest differences
in PSM numbers did not directly correlate with those with the highest chromophore content.
However, these regional concentrations of UV-associated peptides suggest that damage is not
stochastic, despite the distribution of chromophores. The reason behind this may lie with the way
regional damage has been measured using LC-MS/MS. The changes to fibrillin microfibrils caused
by UV (i.e. alterations within the bead) may, in turn, change the accessibility of these different
proteinaceous regions to the peptide generating elastase. This means that any UV-induced
regional changes in peptide numbers would likely correlate to changes in the higher-order tertiary
and quaternary structure of fibrillin-1, within the microfibril, rather than that of its primary structure.
This would mean that, although the concentrations of chromophores in different regions of fibrillin-1
may be important for the primary sequence susceptibility, the UV-induced damage measured here

by LC-MS/MS, likely relates instead to the regions of fibrillin-1 exposed to proteolytic digestion.
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This is still important, as it indicates the areas of the microfibril which are most affected by UV on a

molecular scale.

5.3.7 Conclusion

In this study, we successfully identified broadband UVB- and SSR-susceptible regions within the
fibrillin-1 monomer of human fibrillin microfibrils. We effectively demonstrated that, although the
quantity of damage to the fibrillin-1 structure and to the fibrillin microfibril ultrastructure correlates
with the type of UV exposure (broadband UVB or SSR), many of these molecular foci are
conserved between UV sources. Additionally, by comparing these to the COL6A3 monomer within
co-purifying collagen VI microfibrils, we confirmed their UV-resistance on a monomeric level.
However, through data-dependent quantification, we detected UVR-specific peptides from COL6A3
arising post-irradiation, indicating that this monomer is susceptible at least on a molecular scale.
Furthermore, we showed that differences in chromophore content between fibrillin-1 and COL6A3
may account for the overall divergence in UV susceptibility. However, the domain mapped
chromophore content of fibrillin-1 did not correlate with its regional foci of UV damage, which
indicated that the changes observed are likely due to tertiary and quaternary structural alterations

rather than to the primary structure.

The discoveries made in this study forward the limited fundamental understanding we have of the
photodamaging effects of UV to dermal proteins. A great potential emerging from of this study is
the identification of specific peptide “fingerprints” of fibrillin-1 and COL6A3 damage shared between
microfibrils separately irradiated with broadband UVB and SSR. Should these be detected within
chronically photoaged microfibrils, they could serve as an early marker of the photoageing process.
Additionally, these were seen in two biochemically unrelated proteins suggesting that such
signatures may be ubiquitous in other ECM components. These experiments also indicate the
potential of LC-MS/MS as a method of identifying historical molecular damage due to direct UVR

and possibly ROS and protease.
5.4 Materials and Methods

5.4.1  Study design
Fibrillin and collagen VI microfibrils were extracted and purified from cultured primary human
dermal fibroblasts (n=3; M79 (male aged 79 years), M75 and F75). Matched samples were split

into three; one group was irradiated with a 30 Jicm? dose of SSR (95% UVA, 5% UVB) (Hibbert et
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al. 2015), another with a 100 mJ/cm? of broadband UVB (Sherratt et al. 2010) and the third was
kept as control (un-irradiated). Quantitative ultrastructural measurement of fibrillin microfibril bead
morphology and periodicity (inter-bead distance) and of collagen VI microfibril periodicity was
performed and compared using AFM. Fibrillin-1 and COLB6A3 regional susceptibility to elastase
digestion in response to UV irradiation was assessed by mapping the number of LC-MS/MS-
detected PSMs and significantly different peptides (data-dependently quantified) to their respective
protein domains. Regional differences were compared between UV-irradiated (broadband UVB or

SSR) and control, un-irradiated.

5.4.2 Reagents and cell acquisition

Chemicals were sourced from Sigma-Aldrich Co. Ltd (Poole, UK) unless otherwise stated. This
study was performed in accordance with the European Medicines Agency Note for Guidance on
Good Clinical Practice and the Declaration of Helsinki 1964 (revised Seoul 2008). The use of
human skin in this study was approved by North West Research Ethics Committee (ref# 14415).
Donors gave written and informed consent prior to the collection of punch biopsies. Primary dermal
fibroblasts were cultivated from skin biopsies taken from human donor photoprotected buttock.
Incubations and cell cultures were conducted at 37°C (5% CO,). Biopsies were incubated overnight
in HBSS (Fisher Scientific, Loughborough, UK) containing 10% (v/v) PluriSTEM™ Dispase Il
solution. The dermis was separated from the epidermis, minced and further incubated in fibroblast
DMEM media (Fisher Scientific, Loughborough, UK) containing 10% foetal calf serum (FCS), 1%
ampbhotericin, 1% penicillin-streptomycin (Pen-Strep; Gibco, Paisley, UK) and 1% L-glutamine (all

v/v). Fibroblast media was changed weekly until cells could be observed on sample plates.

5.4.3  Microfibril extraction and purification

HDFs were cultured until confluent and maintained for a further five weeks in DMEM, high glucose,
GlutaMAX™ Supplement (Fisher Scientific, Loughborough, UK) containing 10% (v/v) FCS and 50
ug/ml of Pen-Strep. Cells were then washed with phosphate buffered saline (PBS) within their
culture flasks. 2 ml of salt buffer (400 mM NaCl, 50 mM Tris-HCI and 10 mM CaCl, at pH 7.4)
containing 1 mg of bacterial collagenase IA and protease inhibitors: 0.01 mM phenylmethylsulfonyl
fluoride (PMSF) and 0.03 mM N-ethylmaleimide (NEM) was then added directly to the culture

flasks. These were digested on an orbital shaker for two hours at room temperature.

Microfibrils were purified using size-exclusion chromatography via the AKTA Prime Plus Liquid

Chromatography System (GE Healthcare; Little Chalfont, UK) as previously described (Eckersley
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et al. 2018; Hibbert et al. 2015; Sherratt et al. 2010). After digestion with bacterial collagenase IA,
HDF-derived mixtures were centrifuged at 5000 g for five minutes. The supernatants were injected
and ran at 0.5 ml/min within a column buffer (50 mM Tris-HCI and 400 mM NaCl at pH 7.4) through
a GE HiScale 16/40 column containing Sepharose® CI2B beads (Sigma-Aldrich Co. Ltd). Fractions
containing both fibrillin and collagen VI microfibrils were collected based on spectrophotometric

absorbance at 280 nm and were enriched in the void volume peak.

5.4.4  Microfibril suspension UV irradiation
Purified microfibril suspensions were split into three matched groups: control, broadband UVB-
irradiated and SSR-irradiated. All suspensions (2 ml volumes) were irradiated within uncapped 35

mm x 10 mm polystyrene cell culture dishes (Corning, Flintshire, UK).

As previously described (Hibbert et al. 2015) SSR-designated suspensions were irradiated using a
Solar Simulator (Applied Photophysics, Cambridge, UK) which is comprised of a xenon arc lamp
light source fitted with a WG320 SSR filter (Schott, Stafford, UK). Double grating spectroradiometer
(Bentham Instruments Ltd., Reading, UK), calibrated to National Physical Laboratory (Teddington,
UK) standards, was used to measure SSR spectral outputs. Irradiance was measured using a UVX
radiometer (UVR Products, Upland, CA, USA) fitted with a UVX36 full spectrum detector which was
calibrated against the aforementioned spectroradiometer spectral output measurements.
Suspensions were exposed to a dose of 30 Jiem?® (25 minutes and 30 seconds exposure time,

irradiance = 19.6 mW/cm?) at a vertical distance of 20 cm from the source, at room temperature.

As previously described, (Sherratt et al. 2010) broadband UVB-designated microfibril suspensions
were irradiated with a broadband UVB spectrum using two 20 W Phillips TL-12 tubes (Eindhoven,
The Netherlands) with an emission wavelength range of 270400 nm (peak output of 313 nm).
UVB waveband irradiance was measured using a UVX radiometer fitted with a UVX31 UVB
detector calibrated using a double grating spectroradiometer to National Physical Laboratory
standards. Suspensions were exposed to a dose of 100 mJ/cm® (4 minutes 54 seconds exposure
time, irradiance = 0.34 mW/cmz) at the centre of, and at a vertical distance of 16 cm from the

source, at room temperature.

Aliquots of each sample were kept for ultrastructural analysis using AFM, and remaining
suspensions were desalted in 0.22 um filtered ultrapure water using Slide-A-Lyzer™ MINI Dialysis

Devices (Thermo Fisher Scientific; Paisley, UK) for 4 hours at 4°C. Desalted samples were frozen
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at-80°C and subsequently freeze-dried at -60°C for 48 hours. These were stored at -80 C until their

use in MS experiments.

5.4.5  Microfibril atomic force microscopy

Glass coverslips were immersed in absolute ethanol overnight and then attached to magnetic AFM
stubs using clear nail varnish. Microfibril suspensions were pipetted directly onto the coverslips and
left for one minute for the assemblies to adsorb to the glass surface. The majority of fluid was
removed and the coverslip left to dry overnight. Coverslips were washed three times with ultrapure
water to remove crystalized salt and left to dry prior to their use in AFM. As described previously
(Eckersley et al. 2018; Sherratt et al. 2007), fibrillin and collagen VI microfibrils were scanned using
peak force in Scan-Asyst® mode on a Multimode 8 atomic force microscope (Bruker; Billerica, MA,
USA). Using new Sc:an-Asyst® Air tips (Bruker), fibrillin and collagen VI microfibrils were captured in
a 2 x 2 um scan area at a resolution of 512 pixels/line. This produced a resolution of 3.9 nm/pixel,
which was high enough for ultrastructural analysis as previously described (Eckersley et al. 2018;

Hibbert et al. 2015; Sherratt et al. 2010).

WSxM v5.0 AFM Image Processing package (Horcas et al. 2007) was used to digitally flatten each
scan which were then exported in text image format. Height was subsequently corrected by
subtracting negative background (Ratcliff and Erie 2001; Eckersley et al. 2018). Images (41 pixels
wide) of single straightened fibrillin microfibrils were generated using the Straighten Curved Objects
plugin (Kocsis et al. 1991) in Imaged (NIH; Bethesda, MA, USA). The image processing software:
LFA, which was developed using Microsoft Visual Basic 6.0 by our group as described previously
(Eckersley et al. 2018; Sherratt et al. 2003), was used to specify the height maxima of each fibrillin
microfibril bead. This generated 15 x 41 pixel snapshots of individual beads with the central pixel of
the images corresponding to the centre of a single bead. Fibrillin microfibril bead height and
morphology was measured and analysed using these snapshots. Fibrillin and collagen VI microfibril
periodicity (inter-bead distance) was measured using the software package, Periodicity and Angles,
developed by our group using Microsoft Visual Basic 6.0, as previously described (Eckersley et al.
2018; Hibbert et al. 2015; Sherratt et al. 2005). A single measurement consisted of the distance

from the centre of one bead to the centre of another.
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5.4.6  Microfibril fibrillin-1 and COL6A3 peptide generation using elastase digestion prior to mass
spectrometry
As described previously (Eckersley et al. 2018), the freeze dried microfibril purifications were re-
suspended and denatured in 8 M urea. Suspensions were then reduced by adding 10 mM
dithiothreitol (DTT) for 30 minutes at room temperature and further alkylated using 50 mM
iodoacetamide (IAM) in darkness, also for 30 minutes at room temperature. The suspension was
then diluted to a concentration of 2 M urea using Tris-HCI buffer (100 mM Tris-HCI at pH 8.5), and
porcine elastase (Catalogue # E1250) then added (2:1, enzyme:substrate ratio). Samples were
digested at 37°C for four hours after which enzyme activity was then quenched using 5% (V/v)
formic acid in ultrapure water. Peptide samples were then desalted using OLIGO R3 Reversed-

Phase Resin beads (Thermo Fisher Scientific) and vacuum dried.

5.4.7 Mass spectrometry

LC-MS/MS was performed by the Biological Mass Spectrometry Core Facility in the Faculty of
Biology, Medicine and Health at the University of Manchester (Manchester, UK). As previously
described in their protocols (Buckley 2015; Eckersley et al. 2018; Lennon et al. 2014): vacuum
dried peptide samples were analysed via LC-MS/MS using an UltiMate® 3000 Rapid Separation LC
(Dionex Corp; Sunnyvale, CA, USA) and an Orbitrap Elite mass spectrometer (Thermo Fisher
Scientific). Peptide mixtures were separated using a 250 mm x 75 ym id. 1.7 mM BEH C18,
analytical column (Waters, Hertfordshire, UK) on a gradient of 92% A (0.1% [v/v] formic acid in
water) and 8% B (0.1% [v/v] formic acid in acetonitrile) to 33% B. These were run for 60 minutes
with a flow rate of 300 nL/min. Peptides were automatically picked for fragmentation via data-

dependent analysis.

5.4.8 Mass spectrometry data analysis

For peptide spectrum matching, mass spectra were extracted using extract_msn (Thermo Fisher
Scientific). Mascot v2.5.1 (Matrix Science; London, UK) was used to correlate the spectra against
the Swissprot_2016_04 database (152,544 protein entries) (Consortium 2016) with the following
search parameters: species - Homo sapiens; enzyme — non-specific (elastase); max missed
cleavages — 1; fixed modifications - carbamidomethyl, mass — 57.02 Da, AA — C; variable
modification — oxidation, mass — 15.99 Da, AA — M; peptide tolerance - 10 ppm (monoisotopic);
fragment tolerance - 0.6 Da (monoisotopic). The PSMs reported were generated using Scaffold

(Proteome Software; Portland, OR, USA). Only exclusive, unique peptide counts are reported for
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every dataset. FDR was calculated by Scaffold using protein and peptide probabilities assigned
using the Trans-Proteomic Pipeline and the Peptide Prophet™ (Keller et al. 2002) algorithm

(Sourceforge; Seattle. WA, USA). Peptide Prophet FDR was thresholded to < 5% for every dataset.

Data-dependent peptide quantification was performed using Progenesis QI (Nonlinear Dynamics,
Waters; Newcastle, UK). Raw mass spectra files were imported and aligned using default settings.
Data was then searched using Mascot v2.5.1 with same search parameters and on the same
database as described earlier. This was then re-imported back into Progenesis Ql where identified
peptides and proteins were automatically matched. Raw abundance for each peptide was
calculated by Progenesis Ql as the sum of the each matched peptide ion abundance (individual
peptide ion abundance defined as the sum of the intensities within the isotope boundaries) and
normalised to a single run. Normalised peptide abundances were compared between matched
samples (control vs. broadband UVB and control vs SSR) and a fold change for each peptide
calculated automatically (fold change defined as the higher average normalised abundance of one
group divided by the average normalised abundance of the second group). Normalised peptide
abundances compared between matched samples were statistically analysed within Progenesis Ql

using a paired ANOVA.

Peptide quantification data was exported from Progenesis QI to Excel (Microsoft Office, Microsoft,
Manchester, UK). Only fibrillin-1 peptides which matched to Uniprot (Consortium 2016) accession
number FBN1_HUMAN and COL6AS3 peptides which matched to CO6A3_HUMAN, and which

filtered to p < 0.05, are reported.
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6.1 Abstract

Studies of fibrillin and collagen VI microfibril dermal architecture and ultrastructure have highlighted
the differential susceptibilities of these important extracellular matrix assemblies to photoageing
and UV-induced photodamage. Recently, using proteomic approaches, we successfully identified
foci of this photodamage within fibrillin-1 and collagen VI alpha-3 (COL6A3) monomers of both
these microfibrillar assemblies. However, this study was performed on microfibrils isolated from
primary human dermal fibroblast (HDFs). Previously, we also showed that human skin-derived
fibrillin microfibrils differed both in ultrastructure (bead morphology and periodicity) and in molecular
composition (fibrillin-1 regional susceptibility and presence of associated proteins) compared to
those which were HDF-derived. As a result, we aimed to confirm whether or not the molecular
photosusceptibility identified in HDF-derived fibrillin and collagen VI microfibrils translated to those
of human skin. We first confirmed that abdominal skin was sufficiently photoprotected for use in
experiments and proceeded to extract and co-purify both fibrillin and collagen VI microfibrils which

were subsequently irradiated with broadband UVB (100 mJ/cm?).

Contrary to previous work on HDF-derived microfibrils, analysis of LC-MS/MS peptide spectrum
matches (PSMs) failed to adequately detect structural changes in the proteolytic susceptibility of
fibrillin-1, in response to broadband UVB irradiation. Encouragingly, data-dependent quantification
revealed ten significantly different fibrillin-1 peptides, two of which matched peptide signatures
previously identified in HDF-derived isolations. We propose that the high UV-susceptibility of one of
the peptide signature, corresponding to EGF11, may be particularly important since mutations in

this domain are known to cause classical Marfan syndrome.

Corroborating the previous work on HDF-derived microfibrils, PSM analysis of COL6A3 structure
confirmed its overall resistance to broadband UVB irradiation. Despite this, data-dependent
quantification revealed twenty-four significantly changed COL6A3 peptides, ten of which matched
peptide signatures of UV previously identified in HDF-derived microfibrils. Since these peptides all
correspond to the double bead of the collagen VI microfibril, we propose that this region may be the

site most susceptible to ultrastructural damage by UV.

Keywords: Fibrillin, collagen VI, microfibril, proteomics, structure, ultraviolet, photodamage
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6.2 Introduction

Photoageing in skin is an extrinsic process caused by periodic exposure to ultraviolet (UV)
radiation over an individual’s lifetime (see review: Naylor et al. 2011). Clinically, photoaged skin is
exemplified by deep wrinkles, hyperpigmentation (Griffiths et al. 1992) and the loss of tissue
elasticity and compliance (Langton et al. 2017). Histologically, it is characterised both by the
aberrant deposition of elastin, known as solar elastosis (Bernstein et al. 1995; Chen et al. 1986),
and by the loss of fibrillin microfibrils (Watson et al. 1999), resulting in the degeneration of the
elastic fibre architecture. As long-lived (Shapiro et al. 1991), macromolecular extracellular matrix
(ECM) assemblies, fibrillin microfibril degeneration is considered to be a result of damage
accumulation. This is thought to occur either directly, through absorption of UV energy by
chromophoric amino acids, or indirectly, through oxidation by UV-induced reactive oxygen species
(ROS; see review: Watson et al. 2014) Previous work has shown that exposure of physiological
doses of UV to fibrillin microfibrils in vitro, can cause quantifiable changes to its beaded
ultrastructure (Hibbert et al. 2015, 2017; Sherratt et al. 2010; chapter 5, Fig 5.1). In contrast, other
ECM assembles, such as collagen VI microfibrils, seem comparatively unaffected by both the
photoageing process (Watson et al. 2001) and by UV irradiation in vitro (Hibbert et al. 2015;
chapter 5 Fig. 5.2). Although it is clear that the ultrastructures of these two ECM assemblies are
differentially susceptible to UV irradiation, the molecular locations of this damage within the fibrillin-

1 monomer and how this differs from a collagen VI alpha chain (namely a3), remained unknown.

Using a recently developed liquid chromatography tandem mass spectrometry (LC-MS/MS)—-based
proteomic approach (Eckersley et al. 2018; chapters 3 and 4), we demonstrated that UV
irradiation of primary human dermal fibroblast (HDF)-derived fibrillin and collagen VI microfibrils
consistently enhanced the total yield of peptides (peptide spectrum matches: PSMs) from digested
fibrillin-1, but not from collagen Vl-alpha-3 (COL6A3) (chapter 5, Figs 5.3 and 5.5). Furthermore,
we showed that peptide signatures characteristic of UV exposure were repeatedly identified for
both microfibrillar assemblies (chapter 5, Figs 5.4 and 5.6). Mapping both the PSMs and these
peptide signatures also revealed that UV radiation exposure increases regional susceptibility of the

fibrillin-1 protein structure to proteolysis by elastase (chapter 5, Fig 5.7).

This study led to the identification of UV-susceptible foci within the fibrillin microfibril, on a
molecular scale. However, it was performed on a structurally homogenous population of

microfibrils, derived from culturing a single primary cell type (HDFs). Previously, we have also
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shown that human skin-derived fibrillin microfibrils differ both in ultrastructure and in molecular
composition compared to HDF-derived microfibrils (Eckersley et al. 2018; chapter 4). HDF-derived
fibrillin microfibrils had different bead morphologies and longer mean periodicities than skin-derived
fibrillin microfibrils (chapter 4, Fig 4.4). Additionally, HDF-derived fibrillin-1 contained two protein
regions of differential susceptibility to elastase-mediated proteolysis: between epidermal growth
factor-like (EGF) domains 11 and 14 (within N-terminal half) and between EGFs 43 and 47 (within
the C-terminal end; chapter 4, Fig 4.5). Finally, HDF-derived fibrillin microfibrils lacked key
accessory proteins fibrillin-2 and microfibril-associated proteins (MFAPs) 2 and 4 (chapter 4, Table

4.1).

Since HDF-derived fibrillin microfibrils differ in ultrastructure and composition to skin-derived
microfibrils (Eckersley et al. 2018; chapter 4), in this study, we aimed to confirm if the molecular
photosusceptibility identified in HDF-fibrillin microfibrils (chapter 5) was also evident for microfibrils
isolated from human skin. Unfortunately, the 3 - 6 mm donor biopsies from anatomical sites
conventionally used to study photoageing, such as photoexposed forearm and photoprotected
buttock (Watson et al. 1999), yielded insufficient microfibrils required for this type of proteomic
analysis. However, previous work has shown that human donor abdominal skin samples were
suitable (Eckersley et al. 2018; chapter 4). Prior to microfibril extraction and proteomics, we first
confirmed histologically that abdominal skin samples were relatively photoprotected in comparison
to photoexposed forearm, and were similar to photoprotected buttock in regards to their elastic fibre
content and organisation. We then went on to assess whether broadband UVB exposure induced
molecular damage in suspensions of fibrillin and collagen VI microfibrils, co-extracted from human

abdominal skin.

6.3 Materials and Methods

6.3.1 Human tissue and materials

Chemicals were sourced from Sigma-Aldrich Co. Ltd (Poole, UK) unless otherwise stated. Human
skin was collected from middle-aged donors (females ages 42-60; mean = 49) with informed and
written consent. The use of forearm and buttock biopsies was approved by The University of
Manchester Research Ethics Committee 3 (ref: UREC 15464). Abdominal skin samples were
acquired via the University of Manchester Skin Health Biobank (MSHB). North West 5 Research
Committee has approved this biobank (ref: 09/H1010/10). Samples were bisected, one half snap

frozen (for LC-MS/MS) and one half embedded in Optimal Cutting Temperature compound (OCT;
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CellPath; Powys, UK) and snap frozen (for histology). All samples were stored at -80'C prior to

experimentation.

6.3.2 Tissue cryosectioning and Weigert's staining
Tissue (buttock, abdominal and forearm) was cryosectioned at a thickness of 5 um (OTF cryostat;
Bright Instruments, Bedfordshire, UK). Three serial sections were collected per slide and stored at -

80°C prior to Weigert’s staining.

The extent of solar elastosis between abdominal, buttock and forearm skin, was assessed using
Weigert’s resorcin-fuchsin elastin staining (Merck; Darmstadt, Germany) (Proctor and Horobin
1988; Tsuji et al. 1986). Cryosections were fixed in 4% [w/v] paraformaldehyde (PFA) in PBS and
then submerged in Weigert’s elastin staining solution, each step for 10 minutes at room
temperature. Stained sections were dehydrated in graded industrial methylated spirit (IMS) (70%
[v/v], then twice with 100%), cleared in xylene (5 minutes per step at room temperature) and then

permanently mounted (DPX).

6.3.3 Imaging and elastic fibre quantification

Weigert’s stained skin sections were imaged using brightfield microscopy. Elastic fibre abundance
was quantified by measuring the percentage area of elastic fibres in Weigert's stained tissue
sections, at a three dermal depths (within 50 pm, 100 um, and 300 um, measured from the dermal-
epidermal junction: DEJ), using Imaged (NIH; Bethesda, MA, USA). Percentage areas of elastic
fibres, within areas encompassing these depths, were measured automatically by thresholding the
images by brightness using “Threshold Colour” between an ImageJ-assigned scale of 186 and 255
in all images. All coloured pixels, corresponding to the purple stained elastic fibres were then
converted to a single colour and all other pixels were coloured white. Elastic fibre abundances were

measured within ImagedJ as a percentage of coloured pixels within the areas.

Statistical comparisons were performed using GraphPad Prism (GraphPad Software Incorporated;
La Jolla, California, USA). Only differences of p < 0.05 were considered significant. The percentage
area of elastic fibres, for each depth, was assessed for three groups (abdominal and matched
forearm and buttock skin) with four individuals per group. Percentage area was measured in three
images per section and three sections per individual, and then averaged. Elastic fibres were

analysed between matched forearm and buttock groups using paired t tests and between
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unmatched abdominal vs. buttock and abdominal vs. forearm groups using unpaired t tests (N=4).

Tests were Bonferroni corrected for multiple comparisons.

6.3.4  Fibrillin and collagen VI microfibril extraction and purification

Fibrillin and collagen VI microfibrils were extracted and purified as previously described (Eckersley
et al. 2018; Hibbert et al. 2015; Kielty et al. 1991; Sherratt et al. 2010). Human abdominal tissue
samples were digested with bacterial collagenase IA in 50 mM TBS buffer (400 mM NaCl, 1 mM
CaCl?, 0.01 mM phenylmethane sulphonyl fluoride and 0.03 mM N-Ethylmaleimide; pH 7.4) for four
hours at room temperature. Mixtures were centrifuged and the supernatant subjected to size
exclusion chromatography on a GE HiScale 16/40 column containing Sepharose® Cl4B beads at
on an AKTA Prime Plus Liquid size-exclusion Chromatography System (GE Healthcare; Little
Chalfont, UK). Void volume fractions were collected based on spectrophotometric absorbance at

280 nm.

6.3.5 Broadband UV irradiation of microfibril isolations

Isolated microfibril suspensions were split into two groups; one group was irradiated with a dose of
100 mJ/cm? of broadband UVB as described previously (Sherratt et al. 2010) and the second was
kept as control (unirradiated). Suspensions were irradiated within uncapped 35 mm x 10 mm
polystyrene cell culture dishes (Corning, Flintshire, UK). Broadband UVB-designated microfibril
suspensions were irradiated with a broadband UVB spectrum using two 20 W Phillips TL-12 tubes
(Eindhoven, The Netherlands) with an emission wavelength range of 270 — 400 nm. UVB
waveband irradiance was measured using a UVX radiometer fitted with a UVX31 UVB detector
calibrated to National Physical Laboratory standards. As with previous work on HDF-derived
microfibrils (chapter 5), suspensions were exposed to a dose of 100 mJ/cm?® (4 minutes 38
seconds exposure time, irradiance = 0.36 mW/cm2) at the centre of, and at a vertical distance of 16
cm from the source, at room temperature. All samples were desalted in 0.22 pm filtered ultrapure
water using Slide-A-Lyzer™ MINI Dialysis Devices (Thermo Fisher Scientific; Paisley, UK) for 4
hours at 4°C. Desalted samples were frozen at -80°C and freeze dried at -60°C for 48 hours.

These were stored at -80°C.

6.3.6 Fibrillin-1 and COL6AS3 peptide generation using elastase digestion prior to LC-MS/MS
As described previously (Eckersley et al. 2018), freeze dried microfibril purifications were re-
suspended and denatured in 8 M urea, reduced in 10 mM dithiothreitol (DTT) and alkylated in 50

mM iodoacetamide (IAM) in darkness, each step for 30 minutes at room temperature. The
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suspension was then diluted to a concentration of 2 M urea using 100mM TBS (pH 8.5), and
porcine elastase (Catalogue # E1250) then added (2:1, enzyme:substrate ratio). Samples were
digested at 37°C for 4 hours after which enzyme activity was then quenched using 5% (v/v) formic
acid in ultrapure water. Peptide samples were then desalted using OLIGO R3 Reversed-Phase

Resin beads (Thermo Fisher Scientific) and vacuum dried.

6.3.7 Mass spectrometry

All LC-MS/MS was performed by the Biological Mass Spectrometry Core Facility in the Faculty of
Biology, Medicine and Health at the University of Manchester (Manchester, UK). As dictated by
their protocols (Buckley 2015; Lennon et al. 2014): vacuum dried samples were analysed using an
UltiMate® 3000 Rapid Separation liquid chromatographer (Dionex Corp; Sunnyvale, CA, USA) and
an Orbitrap Elite™ Hybrid lon Trap-Orbitrap mass spectrometer (Thermo Fisher Scientific).
Peptide mixtures were separated using a gradient from 92% A (0.1% [v/v] formic acid in water) and
8% B (0.1% [v/v] formic acid in acetonitrile) to 33% B, in 30 minutes at 300 nL/min, using a 250 mm
X 75 pym i.d. 1.7 um BEH C18, analytical column (Waters; Hertfordshire, UK). Peptides were

selected for fragmentation automatically by data-dependent analysis.

6.3.8 Mass spectrometry data analysis

As described previously, (Eckersley et al. 2018), for peptide spectrum matching, mass spectra
were extracted using extract_msn (Thermo Fisher Scientific). Mascot v2.5.1 (Matrix Science;
London, UK) was used to correlate the spectra against the Swissprot_2016_04 database (152,544
protein entries) with the following search parameters: species - Homo sapiens; enzyme — non-
specific; max missed cleavages — 1; fixed modifications - carbamidomethyl, mass — 57.02 Da, AA —
C; variable modification — oxidation, mass — 15.99 Da, AA — M; peptide tolerance - 10 ppm
(monoisotopic); fragment tolerance - 0.6 Da (monoisotopic). PSMs reported were validated using
Scaffold (Proteome Software; Portland, OR, USA). Only exclusive, unique peptide counts are
reported for every dataset. False discovery rate (FDR) was calculated by Scaffold using protein
and peptide probabilities assigned using the Trans-Proteomic Pipeline and the Peptide Prophet™
(Keller et al. 2002) algorithm (Sourceforge; Seattle. WA, USA). Peptide Prophet FDR was

thresholded to < 5% for every dataset.

Data-dependent peptide quantification was performed using Progenesis QI (Nonlinear Dynamics,
Waters) as described previously (chapter 5). Raw mass spectra files were aligned using default

settings. Data was then searched using Mascot v2.5.1 with same search parameters and on the
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same database as described earlier and identified peptides and proteins were automatically
matched by Progenesis QIl. Normalised peptide abundances were compared between matched
samples (control vs. broadband UVB) and a fold change for each peptide calculated automatically.
Normalised peptide abundances, compared between matched samples, were statistically analysed
within Progenesis QI using a paired ANOVA. Only fibrillin-1 peptides which matched to Uniprot
(Consortium 2016) accession number FBN1_HUMAN and COL6A3 peptides which matched to

COB6A3_HUMAN, and which filtered to p < 0.05, are reported.

Fibrillin-1 and COLBA3 regional susceptibility to elastase digestion in response to UV irradiation
was assessed by mapping the number of LC-MS/MS-detected PSMs and significantly different
peptides (data-dependently quantified) to their respective protein domains. Regional differences

were compared between broadband UVB-irradiated and control.

6.4 Results and Discussion

6.4.1 Abdominal skin is sufficiently photoprotected for use in microfibril UV irradiation
experiments.
Prior to microfibril extraction, the photoageing status of middle-aged abdominal skin samples was
assessed by characterising elastic fibre presence in abdominal skin and comparing with
photoexposed forearm and photoprotected buttock samples. Visually, photoexposed forearm skin
sections exhibited marked solar elastosis, as expected (Mitchell 1967; Chen et al. 1986; Raimer et
al. 1986) with higher levels of aberrant amorphous masses of deposited elastin, in comparison to
both abdominal and photoprotected buttock skin sections (Fig. 6.1; Supplemental Fig. 6.1).
Elastic fibres seen in abdominal skin sections had a similar, organised architecture (running parallel

to the DEJ, in the reticular dermis) to that in photoprotected buttock (Cotta-Pereira et al. 1976).

Quantification of elastic fibre abundance (% coverage) indicated no significant differences between
abdominal skin and photoprotected buttock skin of middle-aged donors, regardless of the dermal
depth of assessment (Fig. 6.1; Supplemental Fig. 6.2). Photoexposed forearm skin however,
where solar elastosis was visually widespread, had significantly higher abundances of elastic fibres
in comparison to both abdominal and photoprotected buttock skin. Since abdominal skin elastic
fibore abundance and architecture resembled that of photoprotected buttock, it suggests that
abdominal skin is likely a suitable source of UV-naive fibrillin and collagen VI microfibrils, permitting

their use in subsequent irradiation experiments.
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Figure 6.1: Solar elastosis and elastic fibre abundance was compared in Weigert's stained
abdominal, forearm and buttock skin cryosections. Marked elastosis was clearly seen in
photoexposed forearm sections whereas both abdominal and photoprotected buttock exhibited no
signs of this hallmark of advanced photoageing (example buttock and forearm sections from a 46
year old female, F46; abdominal from F49). Elastic fibre abundance in abdominal skin sections was
quantified and compared to that of photoexposed forearm and photoprotected buttock (n=4; data =
median, IQR and range). Within an area encompassing a depth of up to 300 um immediately below
the DEJ, percentage elastic fibres in abdominal skin sections was not significantly different than in
photoprotected buttock sections (p=0.0973; unpaired t test). In contrast, the elastic fibre
abundances in photoexposed forearm skin sections were significantly higher than in
photoprotected body sites (abdominal, p=0.0003, unpaired t test; buttock, p=0.0002, paired t test;

all tests Bonferroni corrected for multiple comparisons).
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6.4.2 Peptide spectrum match analysis revealed only limited UV-induced damage to skin-derived
fibrillin-1 structure, which is likely due to tissue-specific variation in microfibril assembly.
Broadband UVB irradiation of abdominal skin-derived microfibril suspensions failed to cause
consistent increases in the number of fibrillin-1 peptides identified (Fig. 6.2 Ai, ii). This stands in
contrast to our previous work on HDF-derived microfibrils where broadband UVB irradiation led to a
consistent increase in fibrillin-1 PSMs (chapter 5, Fig. 5.3). Despite this, data-dependent
quantification of fibrillin-1 peptides revealed a number of peptide sequences which were either
significantly increased or decreased as a consequence of broadband UVB irradiation (Fig. 6.2 B).
However, their fold changes were relatively low in comparison to our previous work on HDF-
derived microfibrils. Previously, more than half of identified HDF-derived fibrillin-1 peptide
signatures of broadband UVB had fold changes greater than 5 (chapter 5, Fig 5.4), whereas fold
changes calculated for these abdominal skin-derived fibrillin-1 peptide signatures all equalled 1.62
or below (Fig. 6.2 B). Encouragingly, however, two sequences in particular: TGCTDINECEI and
GSDINECALDPDICPN (Fig. 6.2 B, bold and underlined) match peptide sequences which had also
significantly changed in HDF-derived, UV-irradiated fibrillin-1 (chapter 5, Fig 5.4). These two
common peptide signatures may indicate specific sites where fibrillin-1 is most vulnerable to UV-

induced damage.
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Figure 6.2: Despite PSM analysis detecting only limited UV-induced damage to skin fibrillin-1
structure, data-dependent analysis did reveal significant changes in specific peptides. PSMs for
broadband UVB-irradiated fibrillin-1 per individual and their fold changes in comparison to control
are shown (Peptide Prophet FDR < 5%) (Ai). Broadband UVB irradiation failed to cause any
consistent change in the number of fibrillin-1 PSMs identified (average fold change = 1.07) (Aii).
However, data-dependent peptide quantification did reveal ten fibrillin-1 peptides in irradiated
microfibril samples which had significantly changed in relative abundance compared to control
samples (B) (increase = red, decrease = blue). Their peptide sequences alongside their fold
changes and p values are shown (n=4; multivariate paired ANOVA). Two of these match UV-
specific peptide signatures which had been previously identified in UV irradiated HDF microfibrils
(bold and underlined). To analyse regional fluctuations in peptide yield within the fibrillin-1 protein
structure, PSMs were counted for each respective domain, normalised based on total spectrum
count and subsequently heat mapped (C). PSM counts corresponding to each broadband UVB
fibrillin-1 domain were then subtracted from the counts of the control and divided by each domain’s
primary sequence length to show regional fluctuations in elastase susceptibility. Significantly
different peptide sequences which matched previous HDF results (B, bold and underlined) and
their fold changes are also mapped (C, purple bracket). UV-induced damage to fibrillin-1 structure

was limited, with only small regional differences in peptide yield.
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Comparisons of PSM count maps of fibrillin-1 domains (as done in chapter 5, Fig. 5.7) indicate
only minimal changes in the regional susceptibility of fibrillin-1 to elastase digestion, as a
consequence of broadband UVB irradiation (Fig. 6.2 C). Abdominal skin-derived fibrillin-1 exhibited
only discreet fluctuations in PSMs per domain, especially in comparison to the previous study
performed on HDF-derived fibrillin-1 (chapter 5, Fig 5.7). Previously, broadband UVB irradiation of
HDF-derived fibrillin-1 resulted in large changes in peptide yields near the N-terminal (EGF1) and
C-terminal (EGFs 42 - 47) regions and, more focally, at EGF domains 22, 33 and 34 (chapter 5,
Fig 5.7), whereas, on the same PSMs/domain length scale, irradiation of abdominal skin-derived
fibrillin failed to induce similar peptide yield patterns in these regions (Fig. 6.2 C). The largest
regional change in abdominal skin-derived fibrillin-1 peptide yield appears to be at EGF20 (0.07
change in PSMs/domain length change) (Fig. 6.2 C); however, when compared to the previous
study, the largest domain changes to HDF-derived fibrillin-1 peptide yields were nearly double this

(EGF1 =0.16 and EGF33 = 0.14 change in PSMs/domain length) (chapter 5, Fig. 5.7).

The two UV-specific fibrillin-1 peptide sequences: GSDINECALDPDICPN and TGCTDINECEI,
which had significantly changed in both skin-derived and HDF-derived microfibril isolations
correspond to EGF11 and between EGFs 21 and 22, respectively (Fig. 6.2 C, purple brackets). It is
possible either that fibrillin-1 may be particularly UV-susceptible at these sites or that unfolding in
other regions masks or unmasks these sites, changing their exposure to elastase. The folded
model of supramolecular organisation of fibrillin-1 within the microfibril (Baldock et al. 2001, 2006)
places these domains at the interface between the bead and inter-bead regions of the microfibril,
with EGF11 placed specifically within the shoulder region. Ultrastructural susceptibility of both
these regions have been shown previously, since fibrillin microfibril periodicity (Hibbert et al. 2015,
2017; Sherratt et al. 2010, chapter 5, Fig 5.1) and bead morphology (Sherratt et al. 2010; chapter
5, Fig 5.1) change significantly in response to UV irradiation in vitro. As such, it is possible that UV
damage (either direct or via induced ROS) at the sites of these two peptide sequences may have
been partly responsible for these ultrastructural changes. Interestingly, not only do mutations in
EGF11 (also known as calcium binding-EGF7) cause classical Marfan syndrome (Hayward et al.
1994), they also change the proteolytic susceptibility of recombinant fragments containing this
mutant domain (Kirschner et al. 2011). This clearly fits with our observations where UV-induced
damage to EGF11 also caused changes in its proteolytic susceptibility, resulting in a significantly

decreased yield of the GSDINECALDPDICPN peptide fragment. If mutations to EGF11 cause
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Marfan syndrome, it is possible that UV-induced changes to this domain may lead to similar

downstream disruptions to function.

This proteomics approach only managed to detect very limited UV-induced molecular damage to
abdominal skin-derived fibrillin-1 (Fig. 6.2). This is in stark contrast to HDF-derived fibrillin-1 where
this analysis not only detected an increase in overall protease susceptibility in response to UV
irradiation (chapter 5, Fig 5.3), but also identified regional foci of damage within the protein domain
structure (chapter 5, Fig. 5.7). It is unlikely that the results in this study allude to skin-derived
fibrillin microfibrils being more resistant to UV than HDF-derived. Both HDF- and skin-derived
fibrillin-1 contain the same number of UV-sensitive chromophoric amino acids and previous studies
clearly demonstrate similar changes microfibril ultrastructure from both sources, in response to
direct UV irradiation in vitro (Hibbert et al. 2015; Sherratt et al. 2010). The reasons behind this
discrepancy are more likely due to inherent differences in structural variability within fibrillin

microfibril populations derived from skin compared to populations derived from a single cell type.

Previously, we showed that human abdominal skin-derived fibrillin microfibrils differed both in
ultrastructure and in molecular composition to HDF-derived (Eckersley et al. 2018; chapter 4). We
hypothesised that these differences may be due to sub-population variability in the structures of
skin-derived microfibrils. These assemblies are long-lived (Shapiro et al. 1991) and their
ultrastructure is known to vary depending on a tissues developmental stage (Sherratt et al. 1997).
Additionally, keratinocytes have been shown to synthesise fibrillin microfibrils, in vitro (Haynes et al.
1997) and the epithelial-mesenchymal states of cells affect their ability to synthesise these
assemblies (Baldwin et al. 2014). As a result, different cell types may be synthesising fibrillin
microfibrils in vivo, and their assembly may vary as a consequence. Furthermore, histology has
clearly shown the presence of different functional sub-populations of these assemblies: those that
are elastin-associated as part of the elastic fibre system in the reticular dermis (Suwabe et al.
1999) and those that are stand-alone oxytalan fibres in the upper papillary dermis (Cotta-Pereira et
al. 1976; Watson et al. 1999). Since we have shown previously that functionally-distinct fibrillin
microfibrils are demonstrably different in ultrastructure and composition, in different tissues,
(Eckersley et al. 2018) (chapter 4, Figs. 4.2 and 4.3), it is possible different sub-populations within
the same tissue may be present as well. To conclude, these observations indicate that fibrillin
microfibrils isolated from abdominal skin may have dynamic ultrastructures and compositions which

vary according to their maturation states (Sherratt et al. 1997), the cell types which synthesised
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them (Baldwin et al. 2014; Haynes et al. 1997) and their function (Cotta-Pereira et al. 1976;
Eckersley et al. 2018). As a result, proteomics was unable to detect UV-induced molecular damage
within a mixed population of fibrillin microfibrils, with varying structures. This is in contrast to HDF-

derived, which are synthesised from a single cell type and, therefore, more invariant.

6.4.3 Despite peptide spectrum match analysis confirming overall resistance of skin-derived
COLG6AS3 structure to broadband-UVB, data-dependent quantification revealed numerous
COLG6A3 peptide signatures of UV, previously identified in HDF microfibrils

Broadband UVB irradiation of abdominal skin-derived microfibril suspensions failed to cause

consistent increases in the number of COLEA3 peptides identified (Fig. 6.3 Ali, ii). This suggests

that, as with HDF-derived microfibrils (chapter 5, Fig. 5.5), UV exposure has minimal impact on
abdominal skin collagen VI microfibril protease susceptibility. Despite this, data-dependent
quantification of peptides revealed 24 COL6A3 peptide sequences which had significantly changed
in abundance in response to broadband UVB irradiation (Fig. 6.3 Bi, ii). However, only two out of
these 24 peptide signatures had fold changes = 5. In contrast, previous broadband UVB irradiation
of HDF-derived microfibrils yielded four out of 13 COL6A3 peptides with fold changes = 5 (chapter

5, Fig 5.6). This indicates that broadband UVB induced significant changes to abdominal skin

derived-COL6A3 which were less pronounced than in HDF-derived COL6A3. Encouragingly, out of

these 24 peptide signatures of UV, ten (Fig. 6.3 Bi, ii; bold and underlined) successfully matched
sequences identified in HDF-derived, UV-irradiated COL6A3 (chapter 5, Fig 5.6). As with fibrillin-1,

these may reflect sites where COL6A3 is most vulnerable to UV-induced damage.
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Figure 6.3: Despite PSM analysis confirming resistance of skin COL6A3 structure to broadband-
UVB, data-dependent quantification revealed numerous COL6A3 peptide signatures of UV
damage. PSMs for broadband UVB-irradiated COL6A3 per individual and their fold changes in
comparison to control are shown (Peptide Prophet FDR < 5%) (Ai). As with fibrillin-1, broadband
UVB irradiation failed to cause any consistent change in the number of COL6A3 PSMs identified
(average fold change = 0.97) (Aii). However, data-dependent peptide quantification revealed 24
COLG6A3 peptides in broadband UVB-irradiated microfibril samples which had significantly changed
(Bi, increased = red; Bii, decreased = blue) in relative abundance compared to control samples
(n=4; multivariate paired ANOVA). Of these, ten matched peptide signatures previously identified
as in HDF-derived microfibrils (bold and underlined). As done for fibrillin-1, COL6A3 PSMs were
counted per protein domain, normalised based on total spectrum count heat mapped (C). PSM
counts corresponding to each broadband UVB COL6A3 domain were then subtracted from the
counts of the control and divided by each domain’s primary sequence length to show regional
fluctuations in elastase susceptibility. Significantly different peptide sequences which matched
previous HDF results (B) are also mapped (C, purple bracket). UV damage to COL6A3 structure

was also limited, with even smaller regional differences in peptide yield than to fibrillin-1 structure.
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When comparing PSM count maps of COL6A3 domains, broadband UVB caused minimal changes
in the regional susceptibility of abdominal COL6AS3 to elastase digestion (Fig. 6.3 C), as with
fibrillin-1 (Fig. 6.2 C). This corroborates the observations following broadband UVB irradiation of
HDF-derived microfibril isolations, where COL6A3 also exhibited only discreet fluctuations PSMs

per protein domain (chapter 5 Fig. 5.8).

The ten COLBA3 peptide sequences which had significantly changed in both skin-derived and
HDF-derived microfibril isolations, mapped to VWA (A-domains of von Willibrand factor) domains
N1-N4 and C1 (Fig. 6.3 C, purple brackets). These correspond to the double bead region of the
collagen VI microfibril (specifically on either side of the triple helix regions) (Baldock et al. 2003;
Chu et al. 1989; Furthmayr et al. 1983). Interestingly, this suggests that the double beads of the
collagen VI microfibril may be the most UV-susceptible regions of this assembly. This is an
important observation, as our previous ultrastructural studies of UV-irradiated collagen VI
microfibrils have focused solely on changes affecting periodicity (the inter-bead region). Although
we showed that collagen VI microfibril periodicity remains unaffected by UV irradiation (Hibbert et
al. 2015; chapter 5, Fig 5.2), it is possible that by neglecting the ultrastructural analysis of the bead

we may have missed a key region of UV-susceptibility within this assembly.

Surprisingly, UVB irradiation of abdominal skin-derived microfibrils yielded a higher number of
significantly different COL6A3 peptides, many with larger fold changes, (Fig. 6.3 Bi, ii) than fibrillin-
1 peptides (Fig. 6.2B). This is in contradiction to the observations made for HDF-derived microfibril
isolations (chapter 5) and to previous studies which have shown that collagen VI microfibrils
exhibit marked resistance both to photodamage (Hibbert et al. 2015) (chapter 5, Fig 5.2), and to
photoageing (Watson et al. 2001), in comparison to fibrillin microfibrils (chapter 5, Fig 5.1) (Hibbert
et al. 2015; Watson et al. 1999). The reason behind this may be due to collagen VI microfibrils
having a more conserved, invariant structure in comparison to fibrillin microfibrils. We previously
showed that collagen VI microfibrils from abdominal skin did not differ in ultrastructure and COL6A3
structure in comparison to HDF-derived assemblies (chapter 4, Fig. 4.6) whereas co-purifying
fibrillin microfibrils did (chapter 4, Figs. 4.4 and 4.5) (Eckersley et al. 2018). This suggests that
collagen VI microfibril populations isolated from skin do not vary as greatly in structure compared to
fibrillin microfibrils. This means that, whereas sub-population variability in fibrillin microfibril

structure would limit the ability of LC-MS/MS to detect UV-induced molecular damage in fibrillin-1,
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this would not be the case for collagen VI microfibrils and COLBA3. This would explain why LC-
MS/MS detected a higher number of significantly different COL6AS peptides than fibrillin-1 peptides

in abdominal skin microfibril isolations.

6.4.4 Conclusion

Contrary to our previous work on HDF-derived microfibrils (chapter 5), PSM analysis failed to
adequately detect broadband UVB damage within the fibrillin-1 structure of microfibrils isolated
from ex vivo abdominal skin. We propose that this is due to structural variability within skin-derived
fibrillin microfibril populations which is rendering any UV-induced changes undetectable with PSM
analysis. This is an important consideration, as these results may show that sub-populations of
fibrillin microfibrils vary in structure and composition within the same tissue and further
demonstrates the dynamic nature of these assemblies. Encouragingly however, data-dependent
quantification revealed a number of UV-specific peptides, whose abundances had significantly
changed in response to irradiation. Two of these successfully matched peptide signatures of UV,
identified previously in HDF-derived microfibril isolations (chapter 5). One of these peptides
corresponded to EGF11 within the fibrillin-1 structure. We proposed that the higher UV-

susceptibility of EGF11 may be particularly important due to its association with Marfan syndrome.

As seen in previous work on HDF-derived microfibrils (chapter 5), PSM analysis of COL6A3
structure confirmed its overall resistance to broadband UVB-radiation. Despite this, as with fibrillin-
1, data-dependent quantification revealed a number COL6AS3 peptide sequences which had
significantly changed in abundance in response to this irradiation. Ten of these successfully
matched peptide signatures of UV in HDF-derived COL6A3 (chapter 5). Since these peptides all
correspond to the double bead region of the collagen VI microfibril, we propose that this region may
be the site of most susceptible to ultrastructural damage by UV. This is important, since the effects

of UV irradiation on the double bead region of collagen VI has never been previously assessed.

Proteomic analysis of skin-derived microfibrils was wholly successful for collagen VI but not for
fibrillin, probably due to differences in sub-population structural variation. Since we know,
historically, that fibrillin microfibrils are UV-susceptible, had these assemblies been less dynamic in
structure, it is likely we could have identified many more significantly different UV-specific fibrillin-1
peptides in common with those of HDF-derived, as done successfully for COL6A3. We also
anticipate we would have seen regional fluctuations in fibrillin domain-mapped PSMs similar to that

seen for HDF-derived. To conclude, due to the proposed variability in skin-derived fibrillin
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microfibrils, cell culture may be the most appropriate way to proteomically analyse UV-induced
damage to this assembly. Regardless, data-dependent quantification was still able to detect
significant UV-induced changes in specific fibrillin-1 and COL6A3 peptide sequences common to
both human skin-derived microfibrils and HDF-derived microfibrils. Encouragingly, it indicates that
this proteomic approach has the potential to define molecular fingerprints of UV damage not just in
fibrillin and collagen VI microfibrils but in a panel of ECM components. As such, it may be able to
characterise and reveal the molecular photosusceptibility of the whole dermal proteome, enhancing
our understanding of the mechanisms behind skin photoageing and the role UV plays in its

progression.
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6.8 Supplemental Information

Buttoc Forearm

Supplemental Figure 6.1: Extent of solar elastosis compared in Weigert's stained abdominal,
forearm and buttock skin cryosections. Marked elastosis was clearly seen in photoexposed forearm
sections whereas both abdominal and photoprotected buttock exhibited no signs of this hallmark of

advanced photoageing.
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Supplemental Figure 6.2: Elastic fibre abundance in abdominal skin resembles that of
photoprotected buttock more than photoexposed forearm. Elastic fibre abundance in abdominal
Skin sections was also compared to that of photoexposed forearm and photoprotected buttock
(n=4; data = median, IQR and range), at dermal depths of 50 um and 100 um below the DEJ.
Within these areas, percentage elastic fibres in abdominal skin sections were not significantly
different than in photoprotected buttock sections (50 um, p=0.0648; 100 um, p=0.0640; unpaired t
tests). In contrast, elastic fibre abundance in photoexposed forearm skin was significantly higher
than in abdominal skin (50 um, p=0.0040; 100 um, p=0.0011; unpaired t tests). As expected, elastic
fibre abundance was significantly higher in photoexposed forearm sections than in photoprotected
buttock sections (50 um, p=0.0290; 100 um, p=0.0088; paired t tests; all tests Bonferroni corrected

for multiple comparisons).

191



Chapter 7: Discussion and Future Perspectives

7.1 Summary of Thesis

The fibrillin microfibril is a large supramolecular ECM assembly (Baldock et al. 2001) whose
versatility enables the fulfilment of a plethora of roles in different tissues, both as a stand-alone
component (Godwin et al. 2018; Hiraoka et al. 2010; Yamanouchi et al. 2012) or as a constituent of
the elastic fibre (Kielty et al. 2002). As a consequence of their biological importance, disruption of
the fibrillin microfibril network in skin during the photoageing process (Watson et al. 1999) is
thought to be tied directly to clinical symptoms (wrinkling) (Montagna et al. 1989) and loss of gross

tissue mechanics (elasticity and resilience) (Langton et al. 2010).

The all-encompassing aim of this PhD was to characterise human fibrillin microfibril structural and
compositional diversity and UV-induced damage, on a molecular scale. To realise this, our first aim
was to develop a unique LC-MS/MS-based proteomic approach capable of characterising
differences in fibrillin-1 structure and microfibril composition (chapter 3). Characterisation of
fibrillin-1 structure was accomplished by optimising a sample preparation method using elastase
digestion which allowed the effective generation of fibrillin-1 peptides from microfibrils isolated from
eye (ciliary body) and skin tissue. This enabled the analysis of fluctuations in the protein’s regional
susceptibility to proteolysis, pertinent to its structure. Characterisation of fibrillin microfibril
supramolecular composition was accomplished by optimising a sample preparation method using
the SMART Digestion™ kit. This enabled the LC-MS/MS detection of co-purifying microfibril-
associated protein peptides which the elastase method failed to yield. These proteomic methods
also enabled the structural and compositional analysis of the collagen VI microfibril, another ECM
assembly which frequently co-purifies with the fibrillin microfibril. Coupled with the ability to
quantifiably measure ultrastructure (bead morphology and periodicity) with AFM, these approaches
became powerful tools in addressing the remaining aims set out in this thesis. With it, these studies
were able to show that differences in fibrillin and collagen VI microfibril ultrastructure went hand-in-

hand with differences in fibrillin-1 and COL6A3 structure and composition.

Since fibrillin microfibrils played distinct biological roles in different tissues, the next aim was to
answer whether or not this was reflected in their ultrastructure, fibrillin-1 structure and molecular
composition (chapter 4). Fibrillin microfibrils isolated from the ciliary body of eye differed not only in

bead morphology and periodicity to those isolated from skin, but also in their regional susceptibility
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of their fibrillin-1 monomers to proteolysis, and in the presence of functionally associated proteins.
Additionally, we showed that similar differences were also present in fibrillin microfibrils derived
from cultured HDFs compared to those derived from human skin. This was in contrast to co-
purifying collagen VI microfibrils which did not differ in periodicity or COL6A3 structure between
HDF-derived and skin-derived isolations. Finally, the data demonstrated that the presence of
microfibril-associated proteins reflected the distinct functions fibrillin microfibrils played in different
tissues. Ciliary body-derived fibrillin microfibrils co-purified with proteins involved in basement
membrane function such as nidogen-1 and laminin (Yurchenco 2011) whereas skin-derived fibrillin
microfibrils co-purified with those involved in elastic fibre function such as EMILIN-2, elastin and
fibulin-1 (Colombatti et al. 2000; Kielty, Sherratt, et al. 2002; Roark et al. 1995). Importantly, these
studies also demonstrated that HDF-derived fibrillin microfibrils lacked important microfibril-
associated proteins such as fibrillin-2 and MFAPs 2 and 4, key to microfibril maturation (Zhang et
al. 1994) and elastic fibore assembly (Jensen et al. 2001; Pilecki et al. 2016). The observations
made in this study clearly demonstrate that fibrillin microfibril structure and composition is intricately
tied to its tissue of origin and the roles they play within. This study was published in the Journal of

Biological Chemistry (Eckersley et al. 2018).

Having successfully characterised the structural and compositional diversity of fibrillin microfibrils
from elastin-rich (skin) and elastin-poor (ciliary body) tissues for the first time, the next aim was to
assess UV-induced damage due to its association to the photoageing process in skin. Fibrillin
microfibril architecture is demonstrably susceptible to the photoageing process (Watson et al.
1999) and, its ultrastructure, to UV-induced damage (Hibbert et al. 2015; Sherratt et al. 2010) in
vitro, in contrast to collagen VI microfibrils which are resistant to both (Hibbert et al. 2015; Watson
et al. 2001). However, the molecular effects of UV on the structure of the fibrillin-1 monomer, and
how this differs to the COL6A3 monomer, remained unknown. Hence, the next aim was to
characterise UV-induced damage in fibrillin and collagen VI microfibrils on an ultrastructural and
molecular scale. This was initially attempted in HDF-derived isolations (chapter 5), anticipating that
cells would give us a suitable source of homogenous, non-UV-exposed microfibrils. In doing so, the
data effectively showed that both solar simulated radiation (SSR) and broadband UVB not only
induced ultrastructural changes to bead morphology and periodicity but also led to an increase in
the regional susceptibility of the fibrillin-1 to proteolysis. As expected, this was in contrast to
collagen VI microfibrils, which remained resistant to UV, both ultrastructurally and molecularly.

Despite these differences in UV susceptibility, data-dependent quantification of fibrillin-1 and
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COL6A3 revealed peptide signatures of UV-induced damage within both microfibril assemblies.
These peptides significantly changed in abundance in response to both SSR and broadband UVB
irradiation. In summary, this study successfully identified regional foci of UV-induced damage to the
fibrillin-1 structure, common to both sources of UV irradiation (SSR and broadband UVB) for the
first time. Additionally, it led to the detection of peptide signatures of UV damage from the
comparatively UV-resistant collagen VI microfibrils, indicating that proteomic approaches may be
more sensitive in characterising this damage than ultrastructural measurements with AFM (Hibbert

et al. 2015).

Having successfully characterised fibrillin-1 and COL6A3 UV-induced damage in HDF-derived
microfibril isolations, the next aim was to test whether this photosusceptibility translated to human
skin-derived microfibrils (chapter 6). However, contrary to previous work, the proteomics
approaches failed to adequately characterise molecular damage to skin-derived fibrillin-1 structure,
in response to broadband UVB irradiation of microfibril isolations. The structural variations in fibrillin
microfibril populations from skin may have interfered with the ability to detect UV-induced damage
to fibrillin-1 using this proteomic approach. Despite this, data-dependent quantification successfully
identified two fibrillin-1 peptide signatures of broadband UVB damage which corresponded to
signatures previously detected in the UV-irradiated HDF-derived microfibril study. Encouragingly,
the resultant data confirmed the overall resistance of skin COL6A3 structure to UV-induced
damage, as shown in the previous HDF study. Despite this, ten COL6A3 peptide signatures of
broadband UVB-induced damage were detected which corresponded to signatures identified in the
previous HDF study. This indicates that the proteomic approach was successful in characterising
molecular damage in COL6AS, in contrast to fibrillin-1. This may be due to collagen VI microfibrils
being comparatively less structurally variable than fibrillin microfibrils, enabling their effective

proteomic analysis.

In conclusion this work successfully addressed the aims of the PhD. Through the development of
novel proteomic methods and AFM, distinct fibrillin microfibril populations were structurally and
compositionally characterised from two different tissues (ciliary body and skin). These novel
observations enhance our understanding of this versatile supramolecular ECM assembly.
Furthermore, the studies enabled the characterisation of UV-induced molecular damage within both
fibrillin-1 monomers of fibrillin microfibrils and COL6A3 monomers of collagen VI microfibrils,

derived from HDF culture and from ex vivo skin. This has potential implications for elucidating the
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mechanisms of photoageing by enhancing our understanding of how these assemblies may be
differentially compromised by the photoageing process, on a molecular scale. Despite this success,

the limitations of this thesis and potential future directions remain to be discussed.

7.2 The supramolecular organisation of the fibrillin microfibril is the missing link
between fibrillin-1 regional fluctuations in susceptibility and ultrastructure
In this work, there are three examples where differences in fibrillin microfibril ultrastructure
correlated with large, regional fluctuations in proteolytic susceptibility within fibrillin-1 protein
structure. This was demonstrated when ciliary body-derived microfibrils were compared to skin-
derived, when skin-derived were compared to HDF culture-derived (chapter 4) and when UV-
irradiated (either with SSR or broadband UVB) fibrillin microfibrils were compared with non-
irradiated (chapter 5). These three separate observations strongly suggest that proteolytic
susceptibility of different protein regions of fibrillin-1 is intimately tied to fibrillin microfibril
ultrastructure and, therefore, the supramolecular organisation of these monomers within.
Unfortunately, this connection can only be inferred, since the supramolecular organisation of

fibrillin-1 within the microfibril remains deeply contested.

Two models of fibrillin microfibril supramolecular organisation exist: the folded model (Baldock et al.
2001, 2006) and the staggered model (Jensen and Handford 2016; Kielty et al. 2005) (chapter 1,
Fig 1.8). Although both predict the presence of 8 fibrillin-1 monomers per microfibril repeat, they
disagree on the alignment of the molecules within the structure. For example, the folded model
predicts that the inter-bead region of microfibrils is putatively composed of a single protein region of
fibrillin-1 (between EGF22 and TB6), whereas the staggered model predicts two (one between TB1
and EGF17 and another between EGF28 and EGF41). The disagreement in fibrillin-1 alignment
between these two models means that regional fluctuations in the proteolytic susceptibility of
fibrillin-1 cannot be directly related to ultrastructural differences observed in microfibril bead
morphology or inter-bead distance (periodicity). Were the supramolecular organisation of fibrillin-1
within the microfibril solved, we could have directly linked the tissue-dependent molecular
differences and the UV-dependent molecular changes seen in this work to the differences in
ultrastructure observed. This would have informed greatly on the effect of UV-induced damaged

fibrillin-1 on the assembly as a whole.

Despite this, it is possible that the principles and approaches used in this work could contribute

greatly to answering the question of how fibrillin-1 is organised within the microfibril. The data
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showed that fibrillin-1 protein displays marked regional variations in proteolytic susceptibility and
indicated that these patterns likely relate to the organisation of fibrillin-1 within the microfibril
(chapter 3, Fig 3.3). It is possible that cryptic protein regions of fibrillin-1, which yielded little to no
peptides in response to elastase digestion, may be hidden deep within the globular regions of the
microfibril ultrastructure (namely the bead). As a result, they remain masked by more superficial
proteinaceous regions and therefore resistant to proteolysis. Relating these patterns to the folded
and staggered models further widened the discrepancies between them. It is possible, however,
that these observations could be used to help predict the alignment of fibrillin-1 within the

microfibril.

Although solving the three-dimensional (3D) structure of the fibrillin-1 monomer is challenging (due
to its size), structures of its component protein fragments (PF regions) have been solved using
nuclear magnetic resonance (NMR) (Yadin et al. 2013), X-ray crystallography (Jensen et al. 2009;
Lee et al. 2004) and small angle X-ray scattering (SAXS) (Baldock et al. 2006). Recent ongoing
work by the Baldock (Professor Clair Baldock) lab at the University of Manchester is attempting to
localise and align the 3D structure of these fibrillin PF regions to the 3D ultrastructure of the
microfibril (Godwin et al. 2018). The work presented in this thesis could aid in that pursuit. Mapping
the regional differences in the peptide yield of fibrillin-1, in response to elastase digestion, to these
PF regions may further inform on their alignment. If the predictions are correct, PFs resistant to
elastase would likely correspond to the internal regions of the microfibril, whereas susceptible PFs
to external regions. This highlights the future potential of this novel proteomic approach in

answering fundamental questions about fibrillin microfibril structure and assembly.

7.3 Characterisation of fibrillin microfibril composition in different tissues enables
the identification of potential new associated proteins
Isolating fibrillin microfibrils directly from human ciliary body, skin and HDF culture allowed the
proteomic identification of numerous co-purifying microfibril-associated proteins (Eckersley et al.
2018) (chapter 4, Table 4.1). In doing so, it enabled the characterisation of tissue- and HDF
culture-dependent differences in fibrillin microfibril composition. The identities, interactions and
fibrillin-associated biological roles of proteins such as fibrillin-2 (Zhang et al. 1994), elastin (Sakai et
al. 1986), the MFAPs (Penner et al. 2002; Pilecki et al. 2016; Trask et al. 2000), the fibulins
(Reinhardt, Sasaki, et al. 1996; Roark et al. 1995), versican (lsogai et al. 2002) and fibronectin-1
(Sabatier et al. 2009) have long been known. However, this work identified a number of co-

196



purifying proteins whose interactions with native microfibrils had never been previously reported.

As aresult it could aid in determining potential new microfibril-associated proteins.

In order to distinguish whether of the presence of these co-purifying proteins are due to genuine
interactions or to non-specific binding, we can compare them to those identified by molecular
fishing in the Cain et al. (2009) study (chapter 1, Fig. 1.16). Proteins which are co-identified both in
native tissue microfibril isolations and by molecular fishing with PF regions of fibrillin-1 in HDF
culture are likely candidates of new interactors. Five protein families fit these criteria: annexins,

vimentins, Big-H3, IGFBPs and PAls. (Table 7.1).

New Associated
Known ECM interactions

Protein Candidates

Both of these Ca®* channels are major components of matrix vesicles.
Annexins V, Il Their channel activity is stimulated by direct binding to ECM components
like collagens Il and X (Kirsch et al. 2000).

These intracellular intermediate filaments interact with the ECM indirectly

Vimentin
via vimentin associated matrix adhesions (VAMs) (lvaska et al. 2007).
. An ECM molecule with a versatile role in tissue homeostasis; it interacts
Pig-H3 with numerous ECM components (Thapa et al. 2007).
These IGF binding partners modulate the cytokine’s action in tissue. This
IGFBPS3, 7 can be affected by their direct interaction with fibronectin (Mcintosh et al.
2010).
AL This protease inhibitor mediates the degradation of the ECM (Cajot et al.
1990)

Table 7.1: Suggested new fibrillin microfibril-associated protein candidates, selected based upon
their co-identification in both the 2009 molecular fishing study (Cain et al. 2009) and the 2018
native tissue co-purification study (Eckersley et al. 2018) (chapter 4). This table was presented in a
recent published review (Thomson et al. 2018), which | co-authored and contributed to, and was

featured in the section entitled: “Potential new associated proteins”.

Having proposed these new fibrillin microfibril-associated protein candidates, the next logical step
would be to validate their interactions by dual immunofluorescence histolochemistry, using
antibodies to co-localize interactions in vivo. Additionally, it would be useful to discover the
interaction site of these proteins on the microfibril ultrastructure by potentially using immuno-gold
labelling and AFM on extracted microfibrils. This would also distinguish which proteins bind
specifically with fibrillin microfibrils and which with collagen VI microfibrils. Finally the use of
techniques such as surface plasmon resonance and the solid phase binding assay would allow us

to determine the binding strength (disassociation constants) of these proteins. In summary, the
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work presented in this thesis not only enhances our knowledge of fibrillin microfibril composition in
native, human tissue but also highlights the potential for the discovery of novel protein interactions

key to tissue functionality.

7.4 Structural diversity of fibrillin microfibrils: from inter-tissue to intra-tissue
variation
In the tissue comparison study (chapter 4), we successfully demonstrated that fibrillin microfibrils
derived from eye and from skin differed not only in ultrastructure (bead morphology) (Fig. 4.2 A),
but also in fibrillin-1 structure (regional susceptibility to proteolysis) (Fig- 4.3) and composition
(associated protein presence) (Table 4.1). We attributed these inter-tissue differences to skin
fibrillin microfibrils being predominantly elastic fibre-associated (Cotta-Pereira et al. 1976)
compared to those from the ciliary body which exist as stand-alone assemblies (Godwin et al.
2018; Hiraoka et al. 2010). These results suggest that these ECM components may have evolved
distinct supramolecular assemblies to cope with their different functions in tissues. However,
although skin fibrillin microfibrils are predominantly elastic fibre-associated, a smaller sub-
population exist as functionally distinct, stand-alone oxytalan fibres in the papillary dermis (Cotta-
Pereira et al. 1976; Yamanouchi et al. 2012). If fibrillin microfibrils with different functions have
evolved distinct ultrastructures and compositions, we can hypothesise that this may also be true

intra-tissue, as well as inter-tissue.

Similarly, within the tissue comparison study, we also discovered that the ultrastructures (Fig. 4.4),
fibrillin-1 structures (Fig. 4.5) and compositions (Table 4.1) of fibrillin microfibrils isolated from
human skin differed from those isolated from cultured HDFs. This is further indicative of the
potential existence of structural and compositional variation between sub-populations of skin-
derived fibrillin microfibrils. HDF-sourced populations, being derived from a single cell type, likely
exhibit a more homogenous structure than those sourced from skin. Interestingly, frequency
histograms (replotted from skin and HDF microfibril periodicity data presented in chapter 4, Figs
4.4 B and 4.6 A) reveal that the periodicities of skin fibrillin microfibril populations exhibit a bimodal
distribution (Fig 7.1, blue arrows). This is in contrast to periodicities of HDF-derived microfibrils
which appear relatively unimodal in distribution and further exemplifies the potential for intra-tissue

variability of fibrillin microfibrils within skin.
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Figure 7.1: Skin-derived fibrillin microfibril periodicity exhibits a bimodal distribution. Frequency
distributions were generated using fibrillin and collagen VI microfibril periodicity measurements
from skin and HDF-culture isolations. Datasets were taken directly from the tissue comparison
study represented previously in chapter 4, Figures 4.4 B and 4.6 A (Eckersley et al. 2018), and
re-plotted as frequency histograms (N=3, n=1500 pooled from n=500 per individual). Periodicities
of skin-derived fibrillin microfibrils appear bimodal in distribution (blue arrows), whereas HDF-
derived periodicities appear unimodal. Collagen VI microfibrils periodicities, in contrast, appear
unimodal in distribution regardless of whether they were sourced from skin or from HDF culture.

The potential existence of fibrillin microfibril intra-tissue variation may also explain why LC-MS/MS-
based proteomic approaches failed to effectively detect molecular photodamage to UV-irradiated
skin fibrillin microfibrils (chapter 6), but did so successfully in HDF-fibrillin microfibrils (chapter 5).

High supramolecular variability may have interfered with the ability of this approach to detect

molecular scale UV-induced damage to fibrillin-1.

In contrast to fibrillin, collagen VI microfibrils do not appear to share the same degree of intra-tissue
variations in structure and composition. The tissue comparison study (chapter 4) also showed that
skin-derived collagen VI microfibrils did not differ in ultrastructure or COL6A3 structure to HDF-
derived (Fig. 4.6). Additionally, frequency histograms indicate that regardless of whether collagen

VI microfibrils are isolated from skin or from HDFs, their periodicities remain unimodal (Fig 7.1).
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This may be tied to the architecture of collagen VI microfibrils in skin being relatively homogenous
in comparison to that of fibrillin microfibril whose architecture exists in two states: elastic fibre

associated and stand alone, oxytalan fibres.

In summary, in addition to inter-tissue diversity, this work may have also potentially revealed intra-
tissue differences in fibrillin microfibril structure and composition. Interestingly, this does not seem
to extend to collagen VI microfibrils, whose structures appear relatively homogenous in

comparison.

7.5 Future Work

7.5.1  Bridging the gap between microfibril photodamage models and chronic photoageing

There are a number of potential future projects which could arise from, or as a continuation of, this
work. Despite the success in identifying and characterising molecular-scale photodamage in UV-
irradiated fibrillin microfibrils in vitro, these studies (chapters 5 and 6) fell short of bridging the gap
between UV-induced damage (Hibbert et al. 2015; Sherratt et al. 2010) and chronic photoageing
(Watson et al. 1999). This was primarily due a persistent failure to isolate sufficient microfibrils from
skin biopsies (3 mm and 6 mm) for proteomic analysis. Unfortunately, this meant that the analyses
performed in this work could not be applied to skin biopsies derived from photoaged forearm and

photoprotected dermis; sites conventionally used to study photoageing.

Since it is likely that a large fraction of these assemblies are lost during the size-exclusion
purification process, a potential solution to this problem may lay in the development of whole tissue
sample preparation methods. Encouragingly, the Swift lab at the University of Manchester (Dr Joe
Swift) is currently optimising new methods of protein extraction from whole murine skin. Therefore,
a promising future collaboration would be to adapt these innovations to human skin. If doing so
allows the sufficient yield and LC-MS/MS detection of fibrillin-1 peptides, it would successfully
enable proteomic comparisons between chronically photoaged and photoprotected fibrillin
microfibrils from forearm and buttock biopsies. By performing the same analyses used in this work,
we could potentially compare changes in regional patterns of proteolytic susceptibility within
chronically photoaged fibriilin-1 with those seen within UV-induced photodamaged fibrillin-1
(chapters 5 and 6). This has the potential of elucidating a causal link between UV-induced fibrillin

microfibril damage (Hibbert et al. 2015; Sherratt et al. 2010) and the loss of fibrillin microfibrils
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observed during the photoageing process (Watson et al. 1999). As a result, it would have large

implications for the skin ageing field, as this causal link has always been inferred, but never proven.

7.6.2 Gauging the effects of photodamage on microfibril-associated protein interactions

Further to our UV studies (chapters 5 and 6); another promising future project may involve
assessing whether UV irradiation disrupts the interactions between the microfibrils and their
associated proteins. Doing so would demonstrate that UV exposure could potentially interfere with
microfibril function and tissue homeostasis, providing insight into the mechanistic disruptions of the
photoageing process. In the tissue comparison study (chapter 4), we successfully demonstrated
that fibrillin microfibrils isolated from ciliary body, skin and HDF culture had distinct compositions by
showing variations in the presence of associated proteins (Table 4.1), detected via LC-MS/MS.
Therefore, a potential future study may include: 1) UV-irradiating fibrillin microfibrils isolated from
HDF culture and skin. This would, hypothetically, disrupt the binding of associated proteins. 2) After
this, re-purifying these irradiated isolations using size-exclusion chromatography, which would
remove any previously-bound proteins. 3) Finally, by comparing the presence of these proteins with
non-irradiated controls and consistently identifying those missing, we could deduce which
interactions, and therefore which functions, are likely candidates for disruption during photoageing.
Additionally, it would prove that UV has the potential to change the supramolecular composition of

fibrillin microfibrils.

7.56.3 Using the proteomics to detect matrix metalloproteinase-specific damage to fibrillin
microfibrils
Additional to gauging microfibril-associated protein interaction, the UV studies detailed in this work
did not touch upon the effects of matrix metalloproteinase (MMP) on fibrillin microfibril degradation.
In skin, the upregulation of these proteases is deeply involved in the damage of ECM components
after UV-exposure (Brennan et al. 2003) and potentially during the photoageing process (see
review: Quan et al. 2009). Since these enzymes are known to cleave fibrillin microfibrils (Ashworth,
Murphy, et al. 1999), one potential future endeavour may be to characterise the peptide
degradation products of MMP-digested fibrillin-1 using LC-MS/MS. Data-dependent quantification
could then be used to detect significant increases of these specific peptide signatures in photoaged
(forearm) and photoprotected (buttock) skin tissue. Doing so would demonstrate a direct link
between the UV-induced upregulation of MMPs and ECM degradation in vivo, and these peptide

signatures may also potentially serve as diagnostic biomarkers of excessive UV-exposure.
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7.5.4  Future potential of the developed proteomic approaches

The successful characterisations of tissue-dependent differences and UV-induced molecular
damage in microfibril structure was made possible through the development of novel proteomic
approaches (chapter 3). Future studies could use these approaches to enhance our understanding
of known genetic fibrillinopathies (such as Marfan and Weill Marchesani syndromes) (Pyeritz 2000;
Faivre et al. 2003) and collagen Vl-associated pathologies (such as Belthlem and myosclerosis
myopathies) (Lamandé et al. 1999; Merlini et al. 2008). These techniques have the potential to

elucidate the effects of mutations on microfibril structure and composition.

Additionally, these proteomic innovations successfully allowed us to gauge regional differences in
the proteolytic susceptibility of monomers from within two large supramolecular assemblies (Figs
3.2 and 3.4). They also allowed the characterisation of component molecules and interactions
pertinent to their compositions (Table 3.1). If these approaches are able to demonstrably
characterise differences in these ECM components, they can likely be applied to other large
supramolecular assemblies which are difficult to characterise biochemically. One potential
assembly is titin, the largest protein in the body, with a primary sequence length of 34,350 amino
acids and a molecular mass of 3.8 MDa. This mega-protein is a key player in myocardial function,
signalling and disease (see review: Granzier and Labeit 2004). Another potential candidate are the
mucins: large glycosylated macromolecules which play a key role in the mucociliary defence of the
respiratory tract, with links to asthma, chronic obstructive pulmonary diseases (COPD) and cystic
fibrosis (see review: Rose and Voynow 2006). Their component isoforms range from a primary
sequence length of 500 and 5500 amino acids (Uniprot). By using the developed innovations in
proteomic analysis, it may be possible to characterise the structure and compositions of these

assemblies and analyse potential disease-mediated changes.

7.6 Conclusion

In summary, the work showcased in this thesis has successfully addressed the four key research
questions set out at the beginning of the PhD project (thesis chapter 1.10): 1) We successfully
improved the proteomic characterisation (fibrillin-1 coverage and associated protein detection) of
isolated and purified human fibrillin microfibrils through the development of novel sample
preparation methods and with advances in mass spectrometry technology; 2) We used these
newly developed proteomics methods to successfully characterise tissue-specific differences in
fibrillin microfibril ultrastructure, fibrillin-1 structure and molecular composition; 3) We then revealed
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that UV irradiation of primary HDF-derived fibrillin microfibrils in vitro, causes specific changes to
fibrillin-1 structure within its microfibril and finally; 4) Although validating these UV-induced changes
to fibrillin-1 structure in skin-derived fibrillin microfibrils ex vivo was challenging, we successfully
identified evidence of UV-specific peptide fingerprints which matched those shown in UV irradiated
HDF microfibrils. In conclusion, this PhD successfully characterised fibrillin microfibril structural
diversity and UV-induced damage. In doing so, it has made a significant contribution to the field of
ECM biology and photobiology, with the prospect of future research projects arising from this

endeavour.
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Elastic fibers comprising fibrillin microfibrils and elastin are
present in many tissues, including the skin, lungs, and arteries,
where they confer elasticity and resilience. Although fibrillin
microfibrils play distinct and tissue-specific functional roles, it
is unclear whether their ultrastructure and composition differ
between elastin-rich (skin) and elastin-poor (ciliary body and
zonule) organs or after in vitro synthesis by cultured cells. Here,
we used atomic force microscopy, which revealed that the bead
morphology of fibrillin microfibrils isolated from the human eye
differs from those isolated from the skin. Using newly developed
pre-MS preparation methods and LC-MS/MS, we detected tis-
sue-specific regions of the fibrillin-1 primary structure that
were differentially susceptible to proteolytic extraction, Com-
paring tissue- and culture-derived microfibrils, we found that
dermis- and dermal fibroblast— derived fibrillin microfibrils dif-
fer in both bead morphology and periodicity and also exhibit
regional differences in fibrillin-1 proteolytic susceptibility. In
contrast, collagen VI microfibrils from the same dermal or
fibroblast samples were invariant in ultrastructure (periodicity)
and protease susceptibility. Finally, we observed that skin- and
eye-derived microfibril suspensions were enriched in elastic
fiber— and basement membrane—associated proteins, respec-
tively. LC-MS/MS also identified proteins (such as calreticulin
and protein-disulfide isomerase) that are potentially fundamen-
tal to fibrillin microfibril biology, regardless of their tissue
source. Fibrillin microfibrils synthesized in cell culture lacked
some of these key proteins (MFAP2 and -4 and fibrillin-2).
These results showcase the structural diversity of these key
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extracellular matrix assemblies, which may relate to their dis-
tinct roles in the tissues where they reside.

Extracellular matrices (ECM)?* are commonly composed of a
diverse array of assemblies, which make key contributions to
tissue mechanics and cell-mediated homeostasis. Some of these
assemblies, such as the fibrillar collagens and the elastic fibers,
are large, insoluble, and supramacromolecular. Some are mark-
edly long-lived, laid down early in development, where they
persist and undergo a process of maturation (1) and subsequent
age- and disease-related accumulation of damage (2, 3). During
these processes, the ultrastructure of these assemblies can be
tissue-specific (1). Therefore, although these ECM assemblies
are present in multiple tissues, they may exhibit distinct devel-
opment-mediated ultrastructures that have evolved to fulfill
their unique functionality.

Elastic fibers (composed of fibrillin microfibrils and elastin
(4)) are present in many tissues, including skin (5), lungs (6),
arteries (7), and ligaments (8), where they play a major role in
conferring elasticity and resilience (4). The fibrillin microfibril,
along with elastin, is a key component of the elastic fiber and
adopts a bead-on-a-string appearance (9) when extracted and
viewed with atomic force microscopy (AFM) and EM. Addi-
tionally, these microfibrils exist also as stand-alone assemblies,
forming candelabra-like structures (10) (for a review, see Ref.
11) in the papillary dermis. They also play a role in tissue home-
ostasis, sequestering and storing the latent forms of members of
the TGE-B (12, 13) and BMP families (14). In eyes, fibrillin
microfibrils play an architectural role very different from that in
skin. They form the ciliary zonules, stand-alone suspensory lig-
aments that connect the lens capsule to the ciliary muscle (15).
These zonules come under tensile stress as the ciliary muscle
exerts a strain to deform the lens during accommodation.
Although fibrillin microfibrils appear structurally and compo-
sitionally similar in mammalian tissues and cell culture systems

3 The abbreviations used are: ECM, extracellular matrix; AFM, atomic force
microscopy; TGF, transforming growth factor; BMP, bone morphogenetic
protein; CB, ciliary body; MFAP, microfibril-associated protein; HDF, human
dermal fibroblast; EMILIN, elastin microfibril interface-located protein; PDI,
protein-disulfide isomerase; FDR, false discovery rate; PSM, peptide spec-
trum match; EGF, epidermal growth factor.
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and retain a beadlike structure (and presence of the main com-
ponent, fibrillin-1) throughout different tissues (9), little is
known about whether they have evolved to be distinct in each.
Only two studies have shown that fibrillin microfibril ultra-
structure is tissue- and developmentally dependent. In 1997, we
showed that intertissue differences in mass and periodicity
(interbead distance) exist in microfibrils derived from bovine
fetal aorta and skin (16). We also showed that fibrillin micro-
fibrils undergo a process of post-translational maturation
as their mass increases during fetus development. Lu et al
(17) also reported similar differences in bead morphology
between bovine adult aorta- and ciliary zonule-derived
fibrillin microfibrils.

Because fibrillin microfibrils are present in a variety of tis-
sues, the different roles they play may be reflected in the ultra-
structure they adopt. These intertissue comparisons have never
been made in humans or between fibrillin microfibrils sourced
from ciliary body (CB) and skin, where they play very different
architectural and mechanical roles. Additionally, the fibrillin
microfibril’s biomolecular composition has never been com-
pared between tissues. Although their ultrastructure has been
extensively studied using AFM (18-20) and EM (9, 18, 21),
characterization of the biomolecular composition through con-
ventional biochemical approaches such as gel electrophoresis
can be problematic due to their large size and insolubility. As a
consequence, it is necessary to develop proteomic approaches
to characterize fibrillin microfibril composition.

Recently, De Maria et al. (22) performed whole-tissue pro-
teomics on dissected human and bovine ciliary zonules and
effectively characterized the zonular proteome. However, to
date, only a single published proteomic study, performed by
Cain et al. (23), has attempted to characterize both the struc-
ture and composition of fibrillin microfibrils purified from
human tissue. Through LC-MS/MS, Cain et al. (23) achieved a
30% primary coverage of fibrillin-1 and identified several
microfibril-associated proteins, such as microfibril-associated
protein 2 (MFAP2). They demonstrated that MS-based pro-
teomic approaches have the potential to identify the proteins
involved in these supramolecular ECM assemblies. However,
they observed that peptide generation from the core fibrillin-1
proteins, and their interacting proteins, was challenging due to
their large size and high number of cross-links (24). Since this
study took place, over 10 years ago, advances have been made in
mass spectrometer technology allowing greater resolving
power with expanded functionalities (25). Coupled with
improved sample preparation, we believe that these proteomic
approaches can be enhanced further to allow effective intertis-
sue comparisons of fibrillin microfibril composition and
structure.

In this study, we optimized two effective methods of pre-MS
sample preparation: elastase digestion and SMART™ diges-
tion, for the enhanced generation of fibrillin peptides and their
microfibril-associated proteins. This led to an improved com-
positional analysis via LC-MS/MS, compared with Cain et al.
(23). We go on to test differences between the ultrastructure
(bead morphology and interbead periodicity) using AFM and
biomolecular composition (fibrillin-1 structural and enzymatic
susceptibly and associated protein presence) using MS of fibril-
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lin microfibrils isolated from human eye (CB), human skin, and
cultured human dermal fibroblasts (HDFs). Because collagen
VI microfibrils co-purify with fibrillin microfibrils in skin- and
HDEF-derived samples, we use them as a comparative control.
We perform these analyses to test the following hypotheses: 1)
fibrillin microfibril ultrastructure and composition are tissue-
dependent and 2) culture-derived, newly synthesized fibrillin
microfibril ultrastructure and composition are distinct from
those of native, mature, tissue-sourced microfibrils.

Results and discussion

Elastase digestion methods enhance fibrillin-1 peptide
generation and, combined with SMART™ digestion methods,
enhance the detection of microfibril-associated proteins

To improve the generation of peptides from core microfibril
components, porcine elastase, a highly active and nonspecific
enzyme (which preferentially cleaves leucine, isoleucine, ala-
nine, serine, valine, and glycine) (26, 27) was used instead of
conventional trypsin-based methodologies (for a review, see
Ref. 28). For human CB-derived fibrillin microfibrils, this
method, along with the use of a latest-generation mass spec-
trometer, led to an improved primary coverage (33%) and
domain coverage (76%) of fibrillin-1, compared with that
achieved by Cain et al. (23) (30% primary, 64% domain) (Fig.
1A) and, for the first time, the identification of peptides from
the C-terminal region of fibrillin-1 (orange arrow). A similar
primary sequence and domain coverage were achieved when
applied to human skin. Crucially, this improved coverage was
achieved by the digestion and MS of single CB and skin samples,
whereas Cain et al. (23) reported a total primary sequence cov-
erage of 30% from peptides identified in 13 separately prepared
human Gu-HCl- and/or trypsin-treated ciliary zonule samples.

To improve peptide generation from proteins that co-purify
with the microfibril, SMART™ digestion was used. Collec-
tively, the elastase and SMART ™ digestion methods led to the
successful identification of 13 known microfibril-associated
proteins (Fig. 1B) from human CB. These include annexin V,
annexin IL, and MFAP2, identified by Cain et al. (23) in 2006.

Fibrillin microfibril bead morphology is tissue-dependent

The fibrillin microfibril is composed predominantly of fibril-
lin-1 (~8 monomers per single bead and interbead repeat) with
atotal mass of ~2.5 MDa per repeat (9). The average periodicity
and bead width has been approximated to 56 and 19 nm,
respectively (for a detailed breakdown of microfibril dimen-
sions, see Ref. 9). Our data showed that fibrillin microfibrils
derived from human eye (CB) had a significantly higher mean
central bead height than those derived from human skin. (Fig
2A,i). Central bead height frequency distributions indicate that
the majority of eye-derived fibrillin microfibrils had larger
beads than skin-derived (Fig. 24, ii). Additionally, average axial
height profiles showed that although eye-derived fibrillin
microfibrils beads are significantly higher within a ~10-nm
radius of the center, they were significantly lower at the shoul-
der region, ~20 nm from the peak (Fig. 24, iii, orange arrow)
than skin-derived. These height differences in bead morphol-
ogy are further exemplified in the contour heat map (Fig. 24,
iv), where eye-derived microfibrils appear to have a more pro-
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Figure 1. Elastase and SMART™ methods led to the improved detection of fibrillin-1 and improved identification of microfibril-associated proteins
compared with previous published efforts. The ability of the elastase method to produce peptides of fibrillin-1 from a single human CB sample (female age
67;F67) and a single human skin sample (F55) is compared with the efforts of Cain et al. (23) (A). As performed by Cain et al. (23), PSMs (Peptide Prophet FDR =
5%) were counted for each respective fibrillin-1 domain and heat-mapped. Our method led to a greater primary coverage and domain coverage froma single
sample run than Cain et al. (23), whose coverages were achieved from 13 separate sample runs. Peptides from the C-terminal region of fibrillin-1 were also
successfully detected (orange arrow), which Cain et al. (23) failed to identify. The known fibrillin microfibril-interacting proteins identified by Cain et al. (23)
(green) are compared with those identified by elastase and SMART™ methods (Protein Prophet FDR = 0.1%, Peptide Prophet FDR = 5%) (B). The elastase
method (red) and SMART™ method (blue) were both performed on the same human CB microfibril extract (F73). The elastase method appears to enhance the
detection of microfibril-associated proteins thought to be tightly bonded to the structure (i.e. the MFAP family), whereas the SMART™ method appears to
enhance the detection of weakly interacting proteins (i.e. versican and hyaluronan proteins). Collectively, these methods led to an enhanced detection of

known microfibril-associated proteins compared with Cain et al. (23).

nounced bead with a lower shoulder region than skin. Between
beads, however, there was no significant difference in the mean
periodicity of fibrillin microfibrils derived from eye and skin
(Fig. 2B, i and ii)

Many past studies exclusively used differences in periodicity
to gauge ultrastructural differences in fibrillin microfibrils (19,
29 -32) and other fibrillar components of the ECM (19, 33-35).
However, not only does the majority of the fibrillin microfibril’s
mass rest within the bead, much of microfibril’s functionality is
thought to be mediated via the interaction between the bead
and its associated proteins (36 —38). Our data showed that eye-
derived fibrillin microfibril beads differ in morphology in com-
parison with skin-derived, but periodicity did not. By omitting
analysis of the microfibril bead, these studies may have missed
some key ultrastructural changes linked to health and disease.

The ultrastructural variances seen between the beads of adult
human eye- and skin-derived fibrillin microfibrils are similar to

£ZASBMB

those we observed previously (16), where differences were
detected in bead mass of microfibrils from bovine fetal skin and
aorta. Lu et al. (17) also detected differences in bead morphol-
ogy, including the shoulder regions, from bovine adult ciliary
zonule and aorta.

Fibrillin-1 derived from human eye and skin exhibit intertissue,
regional differences in elastase susceptibility

To further compare and substantiate the ultrastructural dif-
ferences seen between CB and skin fibrillin microfibrils, it was
necessary to characterize at their biomolecular composition
(fibrillin-1 structure and known microfibril-associated protein
presence). Previous studies have used differences in fibrillin-1’s
susceptibility to proteolysis to gauge abnormalities in fibrillin
microfibril structure (39) and function (40, 41). It is possible
that the fibrillin-1 structure may exhibit regional differences in
proteolytic susceptibilities depending on its tissue of origin.
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LC-MS/MS- detected peptide hit patterns (23) indicate sev-  rived (green brackets). These regional differences indicate that,

eral regions of human eye-derived fibrillin-1 (Fig. 3) with dif- not only are fibrillin microfibrils ultrastructurally variable
fering susceptibilities to elastase in comparison with skin-de-  between tissues, but their fibrillin-1 structure may also be as
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Figure 3. Eye-derived fibrillin-1 exhibits different regional patterns of elastase susceptibility compared with skin-derived. LC-MS/MS-detected fibril-
lin-1 PSMs (Peptide Prophet FDR = 5%) were counted for each respective protein domain, per sample (n = 3), averaged (normalized based on total spectrum
count), and subsequently heat-mapped to their corresponding domain. Eye-derived fibrillin-1 yielded more peptides between epidermal growth factor-like
domains 38 (EGF38) and EGF43 than skin-derived (53 total from eye-derived versus 24 total from skin-derived) (green brackets). Eye-derived fibrillin-1 also
yielded more peptides at EGF16 and EGF17 than skin-derived (15 versus 2); however, it yielded fewer peptides between EGF11 and EGF 14 (14 versus 39).

well. Collectively, the differences in structure suggest that these
supramolecular assemblies may have evolved distinct ultra-
structures and compositions to cope with their different
architectural, mechanical, and biochemical roles in their
respective tissues of origin. It is possible that the presence of
different cell types within each tissue may have contributed to
these differences. Baldwin et al. showed that the epithelial-mes-
enchymal state of retinal pigment epithelial cells influenced
their ability to assemble fibrillin microfibrils (42). Although
fibroblasts (mesenchymal cells) are thought to be responsible

for microfibril deposition in skin (43) and in eye (44), it remains
unknown whether epithelial cells contribute to fibrillin micro-
fibril synthesis in vivo (45). It is also unclear whether popula-
tions of fibroblasts from different tissues exhibit differences in
epithelial-mesenchymal states, as shown in retinal pigment epi-
thelial cells (42). It is possible, therefore, that different cell types
(or cells in different states) may synthesize fibrillin microfibrils
with localized differences in structure.

So far, we have demonstrated that fibrillin microfibril ultra-
structure and fibrillin- 1 regional susceptibility are tissue-depen-

Figure 2. Fibrillin microfibril ultrastructure is tissue source- dependent. Eye-derived fibrillin microfibril mean central bead height was significantly higher
(6.94 nm; n = 100 repeats/sample, averaged per microfibril; n = 300 repeats in pooled data) than skin-derived (6.51 nm; p = 0.0023, Mann-Whitney U test) (4,
i). Cumulative frequency distributions of central bead height (averaged per microfibril, n = 21 pooled) indicate a large population of eye-derived fibrillin
microfibrils with significantly larger beads (p = 0.0423; Kolmogorov-Smirnov) than skin-derived (A, ii). Axial bead profiles show that, although skin-derived
fibrillin microfibril beads are significantly smaller, within ~10 nm of the bead peak, than eye-derived (A, iii; Bonferroni corrected multiple comparison test), they
also have significantly higher slopes at the shoulder regions than eye-derived (orange arrow). This may suggest that skin-derived fibrillin microfibril beads have
adifferent volume distribution than that of eye-derived. To visualize these differences in bead morphology, the whole AFM height maps of skin-derived fibrillin
microfibril beads were averaged and subtracted from that of eye-derived. The resulting height differences are represented as a heat map overlaid with the
average height contour of the eye-derived beads (A, iv). The significant differences seen in the axial profile panel (iii) were also added to the heat map (iv, stars).
The biggest differences in bead morphology were around the central peak, where eye-derived beads were higher than skin-derived, and at the shoulder
region, where skin-derived beads were higher than eye-derived. There was no significant difference (ns) in the mean periodicity (p = 0.9737; Mann-Whitney
Utest, n = 500 repeats/sample, averaged per microfibril; n = 1500 repeats in pooled data) (8, /) and in the cumulative frequency distributions of periodicities
(p = 0.8580; Kolmogorov-Smirnov, averaged per microfibril, n = 67 pooled) (B, ii) between eye- and skin-derived fibrillin microfibrils. Error bars, S.D.
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dent. These differences may also relate to microfibril post-
translational maturation in development. To study this, we
applied the same analysis to newly synthesized fibrillin micro-
fibrils derived from cultured HDFs and compared them with
skin fibrillin microfibrils, derived ex vivo.

Newly synthesized, HDF-derived fibrillin microfibrils exhibit
marked differences in ultrastructure compared with
skin-derived

On average, cultured HDF-derived, newly synthesized, fibril-
lin microfibrils had a significantly lower central bead height
than human skin-derived (Fig. 44, /). Additionally, central bead
height frequency distributions indicate a subpopulation of cul-
tured HDF-derived fibrillin microfibrils with smaller beads
than human skin-derived (Fig. 4A, ii, orange arrow). Average
axial height profiles indicate that, although skin fibrillin micro-
fibril beads have a significantly larger central peak height than
cultured HDF-derived microfibrils, the reverse is true on the
slopes of the beads (opposite to the shoulder region) (Fig. 44, i,
purple arrow). This difference in bead morphology is further
shown in the contour heat map (Fig. 44, iv). Skin-derived beads
have a higher peak with a more pronounced slope (except near
the shoulder region) than HDF-derived beads. This indicates
that beads of newly synthesized fibrillin microfibrils from cul-
tured-HDFs have a morphology different from those derived
from human skin.

On average, cultured HDF-derived fibrillin microfibrils also
exhibited a significantly higher periodicity in comparison with
skin-derived fibrillin microfibrils (Fig. 4B, i). In addition, peri-
odicity frequency distributions show a large population of cul-
tured HDF-derived fibrillin microfibrils with significantly
higher periodicities than skin-derived (Fig. 4B, ii).

Similar differences in fibrillin microfibril bead morphology
and periodicity have been reported previously in three cases.
The first is between tissues where we showed that bovine fetal
aorta fibrillin microfibrils had a higher bead mass and a lower
periodicity than those derived from skin (16) and where Lu et al.
(17) also reported that aorta-derived fibrillin microfibrils had
differing bead morphologies and a higher periodicity compared
with those from bovine zonules. The second is during develop-
mental microfibril maturation, where we also showed that the
gradual increase in fetal fibrillin microfibril bead mass and the
gradual decrease in periodicity correlated with gestation time
(16). The third is during photoaging, where two studies high-
lighted the structural susceptibility of fibrillin microfibrils to
UV irradiation. We showed that a low-dose UVB irradiation
of both HDF- and human skin-derived fibrillin microfibrils
directly led to the marked loss and redistribution of their bead
mass and a significant increase in their periodicity (20). Since
then, our group has also showed that physiological doses of
both solar-simulated radiation (~5% UVB and ~95% UVA)
and pure UVA led to a significant decrease in the periodicity of
HDF-derived fibrillin microfibrils (19).

Although these fibrillin microfibril ultrastructural differ-
ences have been reported between tissues, during maturation,
and in photodamage, this study has identified them between
microfibrils derived in vitro, from primary fibroblasts (natively
found in human skin), and those derived ex vivo, directly from
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human skin. It is possible, therefore, that 1) the fibrillin micro-
fibrils generated by HDFs are structurally immature in compar-
ison with native microfibrils sourced from skin (either through
lack of development or through the cell culture process) or that
2) the native skin-derived microfibrils have accumulated struc-
tural damage during aging in comparison with those newly syn-
thesized from HDFs. The aging process would be more intrinsic
than extrinsic (photoaging) because abdominal skin is relatively
photoprotected compared with forearm skin used in previous
photoaging studies (5). Because elastic fiber production is com-
monly thought to be fibroblast-driven (43), these changes may
have profound implications for skin-regenerative therapies,
especially if they are linked to developmental maturation or
aging.

Fibrillin-1 derived from newly synthesized, HDF fibrillin
microfibrils exhibited regional differences in elastase
susceptibility compared with skin-derived

LC-MS/MS—detected peptide hit patterns (23) indicate sev-
eral regions of human skin-derived fibrillin-1 (Fig. 5) with dif-
fering susceptibilities to elastase in comparison with HDF-de-
rived (purple brackets). The observations that 1) these regions
of cultured HDF-derived fibrillin-1 have a structural suscepti-
bility to elastase different from skin-derived and 2) HDF-de-
rived fibrillin microfibrils have different ultrastructures com-
pared with skin (Fig. 4) both support the possibility that either
newly synthesized fibrillin microfibrils, derived from HDFs, are
structurally immature compared with the more developmental
(46), long-lived (2) microfibrils from skin or that the skin-de-
rived fibrillin microfibrils are exhibiting signs of aging in com-
parison with those newly synthesized from cells.

It is possible that these long-lived (2), skin-derived fibrillin
microfibrils may have accumulated age-related damage
through the formation of oxidative cross-links (47) (for a
review, see Ref. 48) induced by the long-term exposure to reac-
tive oxygen species in tissue and also via the accrual of
advanced-glycation end products on fibrillin-1 (49) (for a
review, see Ref. 50). This process may have led to a differential
susceptibility to enzyme digestion and to an accrual of sugar on
the surface of the bead, which would explain the variations in
bead morphology.

HDF and skin-derived collagen VI microfibril structure is
conserved compared with the fibrillin microfibril

Like the fibrillin microfibril, tissue collagen VI microfibrils
are long-lived (3), supramolecular, beaded assemblies (52).
Both microfibrillar species are highly abundant in connective
tissue (53) and, as such, regularly co-purify (19, 53). This
allowed us to a make a useful comparison between periodicity
differences in collagen VI microfibrils and periodicity differ-
ences of fibrillin microfibrils in the same skin- and HDF-de-
rived samples. However, because collagen VI microfibril beads
are relatively small in comparison with fibrillin microfibril
beads (19), unfortunately, AFM resolution was not good
enough to assess differences in collagen VI bead morphology.
Encouragingly, however, the optimized elastase method gener-
ated sufficient collagen VI «-3 (COL6A3) peptides (Fig. S1) to
enable its regional susceptibility to elastase to also be compared
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Figure 5. Fibrillin-1, derived from newly synthesized HDF fibrillin microfibrils, exhibits different regional of el tibility com-
pared with skin-derived. LC-MS/MS- detected fibrillin-1 PSMs (Peptide Prophet FDR = 5%) were counted for each respective protein domain, per sample (n =
3),averaged (normalized based on total spectrum count), and subsequently heat-mapped to their corresponding domain. Skin-derived fibrillin-1 yielded fewer
peptides from the last five domains at the C-terminal region, between EGF43 and EGF47 (6 versus 29), than HDF-derived; however, skin-derived yielded more
peptides between EGF11 and EGF14 (39 versus 22) than HDF-derived (purple brackets).

with fibrillin-1. These comparisons allow us to differentiate
whether the changes seen so far, between newly synthesized
fibrillin microfibrils in culture and those derived in tissue,
extrapolate to another predominating component of the ECM.

The periodicity and elastase susceptibility differences seen
between HDF- and skin-derived fibrillin microfibrils (Fig. 4B)
are in stark contrast to the lack of differences seen in collagen VI
microfibrils within the same samples (Fig. 64). Newly synthe-
sized, cultured HDF-derived collagen VI microfibril periodicity
was not significantly different from that of skin collagen VI

microfibrils, derived ex vivo (Fig. 64, i). In addition, no dis-
tinetly different subpopulations of collagen VI microfibrils
were seen when looking at periodicity frequency distributions
of cultured HDF- and skin-derived collagen VI microfibrils
(Fig. 64, ii). In fact, both distributions follow almost the same
pattern, suggesting that there is very little difference in the pe-
riodicity of collagen VI microfibrils from these two sources,
unlike the fibrillin microfibril (Fig. 4B).

LC-MS/MS—detected peptide hit patterns, in response to
elastase digestion of COL6A3 (Fig. 6B), were similar at the tri-

Figure 4, Newly synthesized, HDF-derived fibrillin microfibril ultrastructure is significantly different from native skin-derived. HDF-derived fibrillin
microfibrils had significantly lower central bead heights (6.02 nm; n = 100 repeats/sample, averaged per microfibril; n = 300 repeats in pooled data) than
skin-derived (6.51 nm, p = 0.0038, Mann-Whitney U test) (4, /). Cumulative frequency distributions of central bead height were not significantly different (p =
0.1938, Kolmogorov-Smirnov; averaged per microfibril, n = 21 pooled); however, they indicate a subpopulation of HDF-derived fibrillin microfibrils with
smaller beads than skin-derived (A, ii; orange arrow). Axial bead profiles (A, iii) show that skin-derived fibrillin microfibril beads are significantly higher than
HDF-derived beads close to the central peak and significantly lower than HDF-derived beads at the slope opposite to the shoulder region (purple arrow)
(Bonferroni corrected multiple-comparison test; n = 300 repeats pooled, averaged per microfibril). These changes in bead morphology are reflected in the
height difference contoured heat map (A, iv) (AFM height maps of HDF-derived fibrillin microfibril beads were averaged and subtracted from that of skin-
derived and subsequently heat-mapped; the contour height of the average skin bead was then overlaid). Skin beads were higher than HDF beads only near the
central peaks, whereas HDF beads had higher slopes around the peaks (except near the shoulder region). HDF-derived fibrillin microfibrils exhibited a
significantly higher periodicity (56.5 nm; n = 500 repeats/sample, averaged per microfibril; n = 1500 repeatsin pooled data) compared with skin-derived (54.4
nm; p = 0.0004, Mann-Whitney U test) (B, /). Periodicity cumulative frequency distributions indicate a large population of HDF-derived fibrillin microfibril with
significantly higher periodicities (8, ii) in comparison with skin-derived (p = 0.0051; Kolmogorov-Smirnov, averaged per microfibril, n = 67 pooled). Error
bars, S.D.
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VI a-3 (COL6A3) peptide sequences (Peptide Prophet FDR = 5%) were counted for each respective protein domain, per sample (n = 3), averaged (normalized
based on total spectrum count), and subsequently heat-mapped to their corresponding domain (B). There were similar PSM patterns between skin- and
HDF-derived COL6A3 in all regions except at domains N5, N6, and N8, which yielded more peptides from skin-derived (39 total) than HDF-derived (four total).
This analysis could not be effectively performed on eye-derived samples, due to low abundance of collagen VI microfibrils.

SASBMB J. Biol. Chem. (2018) 293(14) 5117-5133 5125

8102 ‘6 [Ldy uo Arexqr sosayouey jo Lnsiaarun) ay e /Sio ol mmm/dny wouy papeojumog

237



Structural diversity in human tissue fibrillin microfibrils

ple-helix region (52), at the N1-N4 region, and at the C1
domain of both skin- and HDF-derived samples. This is, again,
in contrast to fibrillin-1, which did exhibit regional differences
in response to elastase digestion (Fig. 5). However, domains N5,
N6, and N8 yielded many more peptides from skin-derived
COLG6A3 than from cultured HDF-derived (Fig. 6B). Alterna-
tive splicing of COLA3 has been shown previously both in mice
and in humans (54), and isoforms of this COL6A3 lacking
domains N5 and N7-N10 have been identified previously in
human cell lines (54, 55). It is possible, therefore, that cultured
HDFs are also synthesizing collagen VI microfibrils that are
lacking these domains, which would explain the reduction in
peptide hits seen from these regions in the HDF-derived prep-
arations compared with skin.

Previously, we have shown that collagen VI microfibril ultra-
structure (periodicity) is resistant to both UVA and solar-sim-
ulated radiation, whereas fibrillin microfibril ultrastructure is
susceptible (19). Additionally, Watson et al. (56) demonstrated
that collagen VI microfibril distribution is unaffected in photo-
aged skin, also in contrast to fibrillin microfibrils in elastic
fibers, which are markedly reduced in photoaged skin (5). Kielty
et al. (57) also reported that skin-derived collagen VI microfi-
bril ultrastructure was indistinguishable at each stage of bovine
fetal development, unlike fibrillin microfibril ultrastructure,
which is (16). The observations made in this study, that newly
synthesized, HDF-derived collagen VI microfibrils are struc-
turally similar to the long-lived microfibrils derived from tissue,
corroborate evidence that they are resistant to age-related
damage accumulation and that their ultrastructure may not
undergo the developmental process of maturation seen in other
components of the ECM. These findings are divergent in com-
parison with the degradation seen in fibrillin microfibrils in
aging and to their maturation process (16) and accentuate the
complexity of the fibrillin microfibril in tissue development and
aging.

Differences in the presence of co-purifying microfibril-
associated proteins may provide insight into tissue functions
of fibrillin microfibrils

So far, differences have been observed in both the ultrastruc-
ture of fibrillin microfibrils and their fibrillin-1 regional suscep-
tibility to elastase, derived, ex vivo, from eye and skin and in
vitro from cultured HDFs. The fibrillin microfibril’s function is
tied to the network it forms with a wide variety of proteins
within the ECM (see the references cited in Table 1). It is pos-
sible, therefore, that gauging the presence of these associated
proteins may provide insight into the role they play within a
specific tissue and into the underlying composition of the fibril-
lin microfibril.

Within the eye, skin, and HDF microfibril purifications, a
large variety of known fibrillin microfibril-associated proteins
(21, 30, 37, 46, 58 —71) were identified using LC-MS/MS (Table
1). A large proportion of these associated proteins were
uniquely detected in either tissue. Four proteins key to elastic
fiber biology were identified in skin: the elastic fiber component
elastin (21); elastin microfibril interface-located protein (EMI-
LIN)-2, key to the microfibril's deposition onto elastic fibers
(71); fibulin-1 (69), which exists as an interface between elastin
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Table1

Published fibrillin microfibril-associated proteins identified in eye,
skin, and HDF microfibril samples

Proteins, detected using LC-MS/MS (Protein Prophet FDR =0.1%), along with their

peptide hit score (sum of n = 3) are shown. Peptide hit scores are as follows: *, 2-5;
** 6-14; %, >15.

Microfibril-associated
protein presence

Protein Published interaction Eye Skin HDF
Annexin A2 Cain et al. (58) e e e
Annexin A5 Cain et al. (58) basd e e
Vimentin Cain et al. (58) b = b
Protein-disulfide Meirelles et al. 2016 (59) *** =5 ad

isomerase
Calreticulin Ashworth et al. (60) e o) bog
MFAP5 (MAGP2)  Penner et al. (61) v
Big-h3 Cain et al. (58) . mes: sas
Versican Isogai et al. (37) N e o
MMP14 Ashworth et al. (30) 5 i bl
Prelamin-A/C Cain et al. (58) ] * =
Vitronectin Dahlbick et al. (62) s .
MFAP2 (MAGP1)  Trask et al. (63) " -
MFAP4 Pilecki et al. (64) 24 bt
Fibrillin-2 Zhang et al. (46) . -
Laminin 82 Tiedemann et al. (65) wee -
SERBP1 Cain et al. (58) 2 .
IGFBP7 Cain et al. (58) . .
Fibulin-2 Reinhardt et al. (66) - b
Laminin a5 Tiedemann et al. (65) o
Nidogen-1 Tiedemann et al. (65) oy
Perlecan Tiedemann et al. (65) .
Hyaluronan link Ohno-Jinno et al. (67) =

protein 1
LTBP2 Hirani et al. (68) 5
Elastin Sakai et al. (21) &
Fibulin-1 Roark et al. (69) -
EMILIN-2 Schiavinato et al. (71) *
Fibronectin 1 Sabatier et al. (70) o
Thrombospondin 1 Cain et al. (58) se
MMP2 Ashworth et al. (30) o
MMP3 Ashworth et al. (30) .
Decorin Trask et al. (63) %

and the fibrillin microfibril; and fibulin-2 (66), which co-local-
izes with elastic fibers in vivo. This indicates that fibrillin micro-
fibrils play a dominant role as an elastic fiber component in
skin. Conversely, four basement membrane proteins were iden-
tified in eye-microfibril samples: perlecan, which was shown to
connect fibrillin microfibrils directly to basal laminas, along
with two laminins and nidogen-1 which bind to perlecan itself
(65). This indicates that fibrillin microfibrils play a major role in
linking basement membranes within the CB epithelium of the
eye.

The advantage of size-exclusion chromatography—purified
microfibril proteomic analysis over whole tissue is that we can
state with high confidence that the associated proteins identi-
fied must have been bound to the fibrillin microfibrils. Many of
the proteins (fibrillin-2, MFAP2, MFAP5, and LTBP2) that
directly co-purified with eye-derived microfibrils (Table 1)
were the same as those found in the human zonule proteome
published by De Maria et al. (22). Two of these proteins, met-
alloproteinase inhibitor 2 (TIMP3) and a-2 macroglobulin
(A2M) were also identified in these suspensions (Table S1);
however, they had no previously published interactions with
fibrillin microfibrils. Because these proteins (TIMP3 in partic-
ular) were two of the most abundant protease inhibitors found
in their whole-zonule proteome, they could be newly identified
associated proteins of the fibrillin microfibrils. However, some
of most abundant glycoproteins identified by De Maria et al.
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(22) (emilin-1 and hemicentin-1) in their zonule proteome did
not co-purify with our eye-derived fibrillin microfibrils. It could
be that these proteins do not associate with the microfibrils
directly or that the enzymatic extraction process and purifica-
tion procedures stripped them from the microfibrils.

Many of the detected fibrillin microfibril-associated proteins
were shared between tissues (Table 1). This may provide a key
insight into identifying the integral components, fundamental
to fibrillin microfibril assembly and function, regardless of the
tissue of origin. Fibrillin microfibril assembly begins with the
secretion of the fibrillin-1 monomer from the cell (60, 72),
where it is N- and C-terminally processed by furin. It is pro-
posed that the fibrillin-1 monomers then dimerize in the extra-
cellular space (60) and that these dimers then form the basic
intermediates for further microfibril assembly. This process is
thought to occur at the cell surface through the homotypic
interaction between the N and C termini of fibrillin-1 dimers
(24). Microfibril assembly is thought to be cell-driven, as previ-
ous studies have shown that the deposition of fibrillin microfi-
brils by fibroblasts requires both fibronectin and the RGD-
dependent 581 integrins (70). The molecular chaperone
calreticulin and the disulfide bond—forming protein-disulfide
isomerase (PDI), (60) were identified in skin, eye, and HDF
microfibril samples. Ashworth et al. (60) showed that both of
these intracellular proteins bind to fibrillin-1, thereby inhibit-
ing their dimerization and preventing their intracellular aggre-
gation. They go on to propose that when the fibrillin-1 mono-
mers are then secreted from the cell, the loss of these binding
partners leads to their dimerization in the extracellular space.
The microfibrils tested in this study were purified via size-ex-
clusion chromatography, which separates structures of high
molecular mass (MDa) from those of lower mass (kDa). This
means the fractions used should be enriched with only mature
fibrillin and collagen VI microfibrils of varying lengths. Theo-
retically, immature forms of fibrillin-1, already bound to calre-
ticulin and PDI, could have associated with these mature
microfibrils. However, the N terminus and C terminus of
immature fibrillins are cleaved by furin (at positions 44 and
1732, respectively) (73, 74) only after secretion from the cell
(72). In all samples tested, LC-MS/MS failed to detect any pep-
tides corresponding to these cleaved propeptides. This suggests
that immature fibrillin-1 was not detected in any of the samples
tested. As such, it is possible that the intracellular proteins cal-
reticulin and PDI were released from cells during the extraction
process, where they then associated with the mature fibrillin
microfibrils. Another explanation for the presence of PDI in the
extracellular space is the recent evidence of its secretion from
cells via an activation of av33 integrin (75). In either case, the
co-purification of calreticulin and PDI supports their proposed
roles in microfibril assembly.

MFAPS, -2, and -4 were also identified in microfibril samples
from both eye and skin tissues. Gibson et al. (76) previously
showed in bovine that MFAP5 (also known as MAGP-2) is
localized in CB but not in the zonule, in contrast to MFAP2
(also known as MAGP-1), which was found in both. This fits
with our identification, because the microfibrils used in this
study were extracted from human CB. However, De Maria et al.
(22) did detect MFAP5 both in high abundance in the human
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zonule and in lesser abundance in the bovine zonule. It is pos-
sible that either the CB was a contaminant within the De Maria
et al. (22) zonular samples (as in this study, they also detected
the basement membrane proteins nidogen and laminin, which
can be attributed to the CB epithelium) or that perhaps there
exists a genuine disparity between the composition of human
and bovine ciliary zonules.

MFAP4 and -5 are both instrumental to the proper formation
and organization of elastic fibers (61, 64) by interacting and
co-localizing with fibrillin-1, tropoelastin, and the cross-linking
enzyme desmosine as well as promoting tropoelastin self-as-
sembly on top of fibrillin microfibrils. MFAP2 (also known as
MAGP-1) binds strongly to fibrillin microfibrils (63, 77) and
was found to interact directly with both TGF- and BMP-7
(78). Disrupting this interaction in mice leads to a marked
increase in TGF-f signaling attributed to the loss of its seques-
tration into the fibrillin microfibril network (79). As such,
MFAP2 plays a key role in modulating fibrillin-growth factor
signaling. Fibrillin-2, a key component of maturing fibrillin
microfibrils in developing elastic (80) and non-elastic (81) tis-
sues, was also identified in microfibril preparations from both
eye and skin. It is likely that these fibrillin microfibril-associated
proteins were identified from both tissues because of the fun-
damental role they play in fibrillin microfibril assembly and
function.

Fibrillin-2 and MFAP2 and -4, which were identified in both
eye- and skin-derived microfibril samples, were not detected in
cultured HDF-derived microfibril samples. The observation
that all three HDF-derived fibrillin microfibril purifications
lacked detection of fibrillin-2, MFAP2, and MFAP4 compared
with tissue-derived indicates the possibility that these microfi-
brils may be immature and functionally impaired in 1) forming
mature fibrillin microfibrils, 2) forming elastic fibers, and 3)
modulating growth factor signaling. The differences seen in
the ultrastructure and presence of key associated proteins,
observed in cell-derived fibrillin microfibrils compared with
tissue-derived, could be due to the limitations of the cell culture
model itself, Removing HDFs from their native, homeostatic
environments could have contributed directly to the formation
of immature and possibly defective fibrillin microfibrils. Many
studies have exclusively used cell culture-derived microfibrils
to elucidate their functional role in the ECM (63, 82, 83). The
differences seen in this study demonstrate a problem with this
approach, as functional observations based on cell-derived
fibrillin microfibrils may not necessarily reflect those in native
tissue.

The differences in protein presence between HDF- and skin-
derived fibrillin microfibril samples may have also contributed
to the differences observed in bead morphology. MFAP2, for
instance, binds to the fibrillin microfibril bead directly (38). As
a consequence, it is possible that the redistribution of HDF-
derived microfibril bead height compared with skin-derived
(Fig. 44, iv) may be due to the loss of these associated proteins
from the surface.

Conclusion

Building upon previous evidence (16, 17), this study has
found that not only is fibrillin microfibril bead morphology tis-
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sue source— dependent, but fibrillin-1 regional proteolytic sus-
ceptibility is too. This study is first to show ultrastructural and
compositional changes between human fibrillin microfibrils
from elastin-rich (skin) and elastin-poor (ciliary body) tissues,
which have evolved to play very different architectural roles.
Additionally, this study observed that newly synthesized fibril-
lin microfibrils derived from HDFs had a different bead mor-
phology and periodicity compared with native skin-microfi-
brils. This indicated that these newly synthesized microfibrils
may be structurally immature in comparison with those devel-
opmentally formed in tissue or that they may lack the structure-
altering damage accumulation seen in microfibrils from aged
tissue. Additionally, this study demonstrated that collagen VI
microfibrils, derived from HDFs and skin, are relatively invari-
able in periodicity and in regional elastase susceptibility in com-
parison with the fibrillin microfibril. Finally, this study found
that analyzing the presence of the fibrillin microfibril-associ-
ated proteins within skin, eye, and HDF-derived samples pro-
vides insight into the role they play in the elastic fiber and the
basement membrane. Additionally, it allowed the potential
identification of proteins that could be fundamental to fibrillin
microfibril biology regardless of their tissue source and the
observation that newly synthesized microfibrils from cell cul-
ture lacked some of these proteins.

Although the loss and deterioration of the fibrillin microfibril
network in response to chronic photoaging has been observed
immunohistochemically (5), the effects on fibrillin microfibril
ultrastructure, fibrillin-1 protease susceptibility, and associated

5128 J Biol. Chem. (2018) 293(14) 5117-5133

protein composition have yet to be studied. The techniques and
methodology used in this tissue and culture comparison would
be well-suited to this goal.

Experimental procedures
Study design

Microfibrils were extracted and purified from 1) adult
human eye (CB) (n = 3; M74 (male aged 74 years), F79, F76), 2)
adult human abdominal skin (1 = 3; F49, F55, F56), and 3)
cultured HDFs (n = 3; M75, M76, M77). The ultrastructure of
these purified fibrillin microfibrils (bead morphology and bead-
bead periodicity), from these three different sources, was mea-
sured and compared using AFM (Fig. 7). The regional suscep-
tibility of the fibrillin-1 domain structure to elastase digestion
was measured and compared by counting the average number
of LC-MS/MS—detected peptide spectrum matches (PSMs)
from each domain. Finally, the presence of known microfibril-
associated proteins was detected and compared for each of
these purifications using LC-MS/MS.

Collagen VI microfibrils, which are also present in these
purifications, were treated as a control, and their periodicity
and COL6A3 regional susceptibility to elastase were compared
with those of the fibrillin microfibrils in the same samples.

Reagents and human tissue and cell acquisition

All chemicals were sourced from Sigma-Aldrich Co. Ltd.
(Poole, UK) unless stated otherwise, This study was conducted
in accordance with the European Medicines Agency Note for
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Guidance on Good Clinical Practice and the Declaration of Hel-
sinki (1964) (revised Seoul (2008)). The use of human donor eye
tissue was approved by the University of Manchester ethics
committee (ethics reference number 11305). Tissue was
received within 24 h of corneal dissection (for corneal trans-
plant services) from the Manchester Eye Bank, in accordance
with the Human Tissue Act. The CB was carefully dissected
from each tissue sample, followed by snap-freezing in liquid
nitrogen and storage at —80 °C.

Human abdominal skin samples were acquired from the Uni-
versity of Manchester Skin Health Biobank. This biobank was
approved by the North West Research Committee (reference
number 09/H1010/10). Samples were snap-frozen in liquid
nitrogen and stored at —80'C.

Primary human dermal fibroblasts were cultivated from skin
biopsies taken from donor photoprotected buttock. The use of
this skin was approved by the North West Research Ethics
Committee (reference number 14415), where all donors gave
written and informed consent. All incubations and cultures
were performed at 37 °C (5% CO,). Biopsies were incubated in
Hanks’ balanced salt solution (Fisher Scientific, Loughborough,
UK) with 10% dispase overnight. The dermis was then dissected
and minced before incubation in fibroblast medium: Dulbec-
co’s modified Eagle’s medium (Fisher Scientific) containing
10% fetal calf serum, 1% L-glutamine, 1% amphotericin, and 1%
penicillin-streptomycin (Gibco, Paisley, UK). Tissue samples
were then cultured with weekly fibroblast medium changes
until HDFs could be observed on sample plates.

Microfibril isolation and purification

Human eye and skin tissue samples were minced and added
to a 2-ml aliquot of salt buffer (50 mm Tris-HCI, 400 mm NaCl,
and 1 mm CaCl,, pH 7.4). 1 mg of bacterial collagenase IA, 0.01
mm phenylmethylsulfonyl fluoride, and 0.03 mm N-ethylma-
leimide were then added to the tissue, which was digested for
4 h on a rotary mixer, at room temperature (8, 19).

Post-confluent (passage 2) HDFs were maintained for 5
weeks in Dulbecco’s modified Eagle’s medium + GlutaMAX
(Fisher Scientific) containing 10% fetal calf serum and 50 pg/ml
1% penicillin-streptomycin. HDFs were then washed with PBS,
and 2 ml of salt buffer was added directly to the culture flasks. 1
mg of bacterial collagenase IA, 0.01 mm phenylmethylsulfonyl
fluoride, and 0.03 mm N-ethylmaleimide were then added and
digested on an orbital shaker for 2 h at room temperature.

Microfibril purification was achieved using an AKTA Prime
Plus Liquid Chromatography System (GE Healthcare, Little
Chalfont, UK). Post-digestion, tissue- and HDF-derived sam-
ples were centrifuged at 5000 X g for 5 min, and supernatant
was run within a column buffer (composed of 50 mm Tris-HCI
and 400 mm NaCl at pH 7.4), through a GE HiScale 16/40 col-
umn containing Sepharose® C12B beads (Sigma-Aldrich), at 0.5
ml/min. Co-purifying fibrillin and collagen VI microfibrils were
enriched in the void volume peak, where fractions were col-
lected based on spectrophotometric absorbance at 280 nm (8,
19). Aliquots of the purification were kept for AFM, and the rest
were desalted in 0.22-um-—filtered ultrapure water using Slide-
A-Lyzer™ MINI dialysis devices (Thermo Fisher Scientific,
Paisley, UK) for 4 hat 4 °C. Samples were subsequently frozen at
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—80°C and freeze-dried at —60'C for 48 h before storage at
—80 °C until their use in MS experiments.

Microfibril peptide generation using elastase and SMART™
digestion before mass spectrometry

To enhance fibrillin-1 peptide generation, half of the freeze-
dried samples were resuspended in 0.1 M Tris-HCI, pH 8.5.
Proteins were denatured in 8 m urea, reduced in 10 mm DTT for
30 min at room temperature, and alkylated using 50 mm iodo-
acetamide for 30 min at room temperature in darkness. The
solution was then diluted down to 2 M urea, and elastase (cata-
logue no. E1250) was added at a 2:1 enzyme/substrate ratio.
This was incubated at 37 °C for 4 h. Elastase activity was then
quenched with 5% formic acid in ultrapure water.

To enhance microfibril-associated protein peptide genera-
tion, the other half of the freeze-dried samples were resus-
pended in ultrapure water and directly digested for 75 min
using a SMART Digest ™ kit (Thermo Scientific), which allows
the fast digestion of the sample through immobilized trypsin
beads, at a high, denaturing temperature (70 °C) (84), as per the
manufacturer’s instructions. All samples were then desalted
using POROS R3 (Life Technologies, Paisley, UK) beads and
vacuum-dried before MS analysis.

Mass spectrometry

All MS was performed by the Biological Mass Spectrometry
Core Facility in the Faculty of Biology, Medicine, and Health at
the University of Manchester (Manchester, UK). As dictated by
their protocols (85, 86), vacuum-dried samples were analyzed
by LC-MS/MS using an UltiMate® 3000 Rapid Separation LC
(Dionex Corp.; Sunnyvale, CA) and an Orbitrap Elite mass
spectrometer (Thermo Fisher Scientific). Peptide mixtures
were separated using a gradient from 92% A (0.1% formic acid
in water) and 8% B (0.1% formic acid in acetonitrile) to 33% B in
30 min at 300 nl min~ ", using a 250 mm X 75-pm inner diam-
eter 1.7-um BEH C18, analytical column (Waters). Peptides
were selected for fragmentation automatically by data-depen-
dent analysis,

Mass spectrometry data analysis

Mass spectra were extracted using extract_msn (Thermo
Fisher Scientific) correlated against the Uniprot human database
(87) using Mascot version 2.5.1 (Matrix Science, London, UK).

Search parameters were as follows: species, Howo sapiens;
enzyme, trypsin for SMART "™-digested samples and nonspe-
cific for elastase-digested samples; maximum missed cleavages,
1; fixed modifications, carbamidomethyl (mass, 57.02; AA, C);
variable modification, oxidation (mass, 15.99; AA, M); peptide
tolerance, 10 ppm (monoisotopic); fragment tolerance, 0.6 Da
(monoisotopic); searched database, SwissProt_2016_04 (152,544
protein entries).

Data generated were validated using Scaffold (Proteome
Software; Portland, OR). Only exclusive, unique peptide counts
are reported. False discovery rate (FDR) was calculated by Scaf-
fold using protein and peptide probabilities assigned by the
Trans-Proteomic Pipeline and the Protein Prophet "™ (88) and
Peptide Prophet™ (89) algorithm (Sourceforge, Seattle, WA).
Peptide Prophet FDR was thresholded to =5%, and Protein
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Prophet FDR was thresholded to =0.1% (minimum of 2 pep-
tides) for every data set.

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (90) part-
ner repository with the data set identifier PXD008450 and
10.6019/PXD008450.

Microfibril atomic force microscopy

Glass coverslips were soaked in absolute ethanol overnight
and then attached to metal stubs with clear nail varnish. Sam-
ples were pipetted directly onto the coverslips and left for 1
min, so microfibrils could adsorb to the surface. Liquid was
removed, and the stubs were left to dry overnight. Stubs were
washed three times with ultrapure water and left to dry before
being scanned using AFM. Fibrillin and collagen VI microfibrils
were imaged using peak force and Scan-Asyst® mode ona Mul-
timode 8 atomic force microscope (Bruker, Billerica, MA), as
described previously (18, 19). Using a single, new Scan-Asyst®
air tip (Bruker), single fibrillin MFs were captured at 512 pixels/
line in 2 X 2-um scans. This gave a resolution of 3.9 nm/pixel,
which was deemed high enough for fibrillin microfibril ultra-
structural analysis (18, 19). Fibrillin MFs that were laterally
associated with collagen VI microfibrils were omitted from the
analysis.

Scans were digitally flattened using the WSxM version 5.0
AFM image processing package (91) and exported in text image
format. Height was corrected by subtracting negative back-
ground (92). Using Image], fibrillin microfibrils were straight-
ened using the Straighten Curved Objects plugin (93), enabling
the generation of 41-pixel-wide images of single straightened
fibrillin microfibrils (Fig. 7). LFA image processing software,
developed by our group using Microsoft Visual Basic version
6.0 as described previously (94), was then used to specify the
location of the maximum height of each bead and createa 15 X
41-pixel snapshot of each individual bead with the height max-
ima at the central pixel of the image. Maximum bead height and
morphology were taken from these snapshots. Fibrillin micro-
fibril periodicity was measured using the Periodicity and Angles
software package developed by our group using Microsoft Vis-
ual Basic version 6.0 as described previously (51).
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1. Introduction

Fibrillin, an extracellular matrix glycoprotein, assembles into
microfibrils, a component of many connective tissues, where they
form the template for elastic fibre formation. Fibrillin is also found
in tissues devoid of elastin such as the ciliary zonules of the eye.
In elastic fibre assembly, it is understood that elastin globules are
deposited directly onto a microfibril template and the elastic fibre
is comprised of an amorphous elastin central core surrounded by
a fibrillin microfibril sheath [1]. A wide array of fibrillin binding
proteins are known to facilitate the assembly of elastic fibres and
contribute to their functionality, and these will be discussed herein.

2. Fibrillin microfibrils

Fibrillin microfibrils, which have a beads-on-a-string appear-
ance, are a major component of elastic fibres, conferring long range
extensibility and contributing to the elastic deformation of tis-
sues. Microfibrils also play a key role in tissue homeostasis through
their interaction with growth factors such as transforming growth
factor-B (TGFB) and bone morphogenetic proteins (BMPs) and
through interaction with cell surface receptors such as the inte-
grins [2,3] and syndecans [4]. The importance of fibrillin-1 in the
function of tissues is further highlighted by fibrillin-1 mutations
that cause a number of heritable connective tissue disorders termed
fibrillinopathies, such as Marfan syndrome (MFS) [ 5], Weill March-
esani syndrome (WMS) [6] and geleophysic dysplasia (GD) [7].

Though three fibrillin isoforms have been identified in humans,
fibrillin-1 (FBN1) is most abundant in adult tissues. Fibrillin-1 is

Table 1

a glycoprotein composed of 2871 amino acids with a molecular
mass of ~320kDa [1]. It consists of 59 domains including an N-
terminal region, epidermal growth factor-like repeats (EGF), most
of which are calcium binding (cb), TB (TGFp-binding like) domains
and hybrid domains which bear homology to both cbEGF domains
and TB domains (Fig. 1). It has been suggested that arrays of
domains have a linear, rod-like structure, modelled from high reso-
lution structures of domain pairs and triplets [8,9]. However, X-ray
scattering data show that, in solution, longer domain arrays from
fibrillin and the homologous latent TGFB binding protein (LTBP)-1
are flexible and adopt non-linear conformations [10,11]. Fibrillin
assembles into microfibrils, but despite knowing the structures of
some domains, how individual fibrillin monomers are arranged in
the microfibril is still not understood. Fibrillin microfibrils imaged
in tissues have a diameter of ~10-12nm [ 12] with a 57 nm periodic
beaded structure [13] and in cross-section they appear hollow with
aring of eight filaments [14,15]. They have a mass per repeat rang-
ing from ~1400kDa, in some early foetal tissues and cell culture,
to ~2500kDa in adult tissues [ 16]. This mass is consistent with up
to eight fibrillin monomers per repeat [13].

3. Fibrillin-binding proteins

A large number of molecules have been shown to colocalise
or interact with fibrillin. Here we have focussed on key bind-
ing proteins that have been shown to bind directly with fibrillin
or tropoelastin, the soluble elastin precursor, and have roles in
microfibril assembly or growth factor regulation. Table 1 shows
the direct molecular interactions between fibrillin and tropoelastin
that have been quantified and these are also presented in Fig. 2.

Affinity between fibrillin-1 or tropoelastin and their binding proteins with the protein interaction analysis approach (SPR=surface plasmon resonance,
IP=immunoprecipitation, Solid Phase = solid phase binding assay) and dissociation constant (Kd).

Protein A Protein B Reference Approach Kd (nM)

FBN1 N-ter ADAMTS10 [17,18,19] SPR 11-35; 245

FBN1 N-ter ADAMTS6 [18] SPR 1-7

FBN1 N-ter ADAMTSL2 [19] SPR 200

FBN1 N-ter ADAMTSL3 [19] SPR 6

FBN1 N-half ADAMTSL5 [20] P N/A

FBN1 N-half ADAMTSLGR [21] SPR 80

FBN1 N-half Aggrecan 122) SPR 49 and 42

FBN1 cbEGF22-TB4-cbEGF23 Integrin aVB6 13] SPR 1

FBN1 N-ter BMP-2, 4, 5,7, 10, GDF5 [23,24] SPR 6-34

FBN1 N-ter Brevican, Neurocan, Versican 122] SPR 20,2,7.1

FBN1 N-ter Calsyntenin-1 [25] SPR 240

FBN1 N- and C-ter FBN1 [26] Solid Phase 5-11

FBN1 N-ter FBN1 C-ter [27] SPR 3-25

FBN1 N-ter FBN2 C-ter [27] SPR 10-74

FBN1 N-ter Fibulin-2 [28] SPR 160

FBN1 N-ter Fibulin-4 [28,29] SPR 74; 54

FBN1 N-ter Fibulin-5 [28.29] Solid Phase, SPR 63; 23

FBN1 C-half Fibronectin [30] SPR 55

FBN1 N- and C-ter Heparan Sulphate [30,31] SPR 27,93;16

FBN1 N-ter LTBP1 28] SPR 21

FBN1 N-ter LTBP2 [32] Solid Phase 22

FBN1 N-ter LTBP-4 [28] SPR 24

FBN1 N-ter Lysyl Oxidase [29] Solid Phase 26

FBN1 N-ter MAGP1 [31.33] SPR, 140-240; 36.5
Solid Phase

FBN1 N-half Perlecan [34] SPR 6-9

FBN1 N-ter MFAP4 [35] SPR N.D.

Tropoelastin Biglycan [36] Solid Phase 195

Tropoelastin FBN1 N-ter, Mid, C-ter [31,33] SPR 280, 5; 27

Tropoelastin Fibulin-1C [37] SPR 18

Tropoelastin Fibulin-2 38] Solid Phase 1-2

Tropoelastin Fibulin-2 137] SPR 18

Tropoelastin Fibulin-4 [29,38] Solid Phase 8,131

Tropoelastin Fibulin-5 [29,38] Solid Phase; SPR 2; 64

Tropoelastin Lysyl Oxidase 129] Solid Phase 49

Tropoelastin MAGP1 133] SPR 22

Tropoelastin Perlecan [37] SPR 21
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Fig. 1. The domain organisation of fibrillin-1 is shown. Fibrillin assembles into microfibrils with a beads on a string appearance. A microfibril is imaged by negative stain

TEM and the beaded structure is highlighted by asterisks.

Fig. 2. An interaction network showing the fibrillin and tropoelastin interactions with their binding proteins listed in Table 1. The line width increases with increasing
interaction strength (from >100, 10-100 to 1-10nM Kd) and the line colour indicates either SPR (red) or solid phase binding (blue).

3.1. Latent TGFf binding proteins

Latent TGFf3 binding proteins (LTBPs) 1-4 are extracellular gly-
coproteins with structural similarities to fibrillins, with long or
short splice forms (L and S). LTBPs -1, -3 and -4 can covalently
bind to the latency-associated peptide of TGFP, producing the large
latent complex (LLC) [39,40]. The LLC becomes sequestered within
the matrix, and can regulate TGFB bioavailability [39-41]. Both
LTBP-1L knockout and complete null mice (i.e LTBP-1S and L) die

at birth from severe aortopathy [42,43]; the phenotype produced
is similar to that observed in TGFB-knockout aortic smooth muscle
cells [44], supporting the requirement of LTBP-1L for TGFf3 sig-
nalling. LTBP-2 binds to the matrix via fibrillin [45,46] and, through
binding to fibulin-5, negatively regulates elastic fibre assembly
[47,48]. Mutations cause ectopia lentis (EL) [49,50] (a manifestation
of MFS) and WMS and WMS-like syndrome [51] and loss of LTBP-2
in patients leads to congenital glaucoma [52,53]. LTBP-2 has also
been implicated in wound healing [54]. LTBP-3 deletion in humans
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produces similar phenotypes to those of LTBP-3 null mice, includ-
ing short stature, spinal curvature, craniofacial abnormalities and
increased bone mass [55-57]. Aberrant LTBP-3-TGF3 complexes
may be responsible for aortic dilation and dissection in MFS as MFS
mice lacking LTBP-3 had fewer aneurysms and less fragmented
elastic fibres [58]. LTBP-4 is required for proper elastogenesis,
involving fibulin-4 and -5 incorporation into the matrix [59-62].
Humans with inactive LTBP-4 develop autosomal recessive cutis
laxa type 1C (ARCL1C), characterised by severe craniofacial, devel-
opmental and potentially fatal pulmonary defects [63]. Knockout
studies using both LTBP-4S-/- and/or LTBP-4L-/- mice have uncov-
ered discrete roles for these isoforms. Whereas mice that express
only LTBP-4L normally survive to adulthood [64], complete null
mice develop an ARCL1C-like phenotype where mice die perina-
tally with highly impaired elastogenesis [60], likely due to lack of
fibulin-4 in the matrix [61]. LTBP-4 has also been identified as a
modifier of muscular dystrophy (MD) [65-68]. MD mice with an
LTBP-4 allele that contains an insertion in the hinge region had aless
severe phenotype, including increased muscle mass and reduced
fibrosis [65,68], coinciding with lower levels of extracellular TGFB.

3.2. Fibulins

Fibulin-4 and -5 are extracellular glycoproteins that have roles
in elastogenesis [38,69]. They bind to both tropoelastin and lysyl
oxidase (LOX)or LOX-like 1 (LOXL1)[29,70,71] as well as to fibrillin-
1 [29], thereby facilitating elastin cross-linking by LOX/LOXL1
and deposition onto microfibrils. Mutations in fibulin-4 (EFEMP2)
cause ARCL1B, characterised by severe cardiovascular abnormal-
ities, joint laxity and arachnodactyly [72]. LTBP-4S-/- mice with
additional fibulin-4 deficiency have more perturbed elastogenesis
[60,61], and fibulin-4 -/- mice develop significant lung and vas-
cular defects and die perinatally [69], potentially due to altered
LOX-mediated cross-linking and matrix interactions [ 73]. However,
this dependency on fibulin-4 may vary with vessel type [74]. Mice
with a human fibulin-4 mutation (E57 K) have disrupted elastic
fibres and developed ascending aortic aneurysms [74,75], whereas
muscular arteries and resistance vessels, such as those in the kid-
ney and mesentery, have normal elastic fibres and cross-linking is
unaffected [74]. Upregulation of fibulin-4 (and colocalisation with
LOX1) has been observed in exfoliation syndrome, an elastic fibre
disorder that leads to glaucoma [76] and bronchopulmonary dys-
plasia (BPD)[77]. Fibulin-5 depletion disrupts elastic fibre assembly
to a lesser extent than fibulin-4 [78,79]. Patients with fibulin-5
(DANCE) mutations develop ARCL1A, characterised by loose skin,
emphysema and arterial tortuosity. These mutations produce con-
formational changes that lower fibulin-5 secretion and affinity for
tropoelastin [80-84].

3.3. Microfibril associated glycoproteins

Microfibril associated glycoproteins (MAGPs)-1 and -2 (also
known as microfibrillar associated proteins (MFAPs)-2 and -5,
respectively) copurify and colocalise with microfibrils [85-89].
Although neither is required for elastic fibre assembly [90-92],
both may promote elastin deposition onto microfibrils [33,87,93].
However, MAGP-1 has been shown to influence wound healing,
ciliary zonule formation, ageing, bone remodelling and thrombus
formation [90,91,94-97]. Despite the apparent lack of cardiovascu-
lar effects observed in either MAGP-1 or MAGP-2 knockout mice,
depletion of both genes resulted in aortic dilation in older mice,
suggesting a possible compensation mechanism [92]. Additionally,
Barbier et al discovered an association between MAGP-2 mutations
and thoracic aortic aneurysms and dissection (TAAD) [98]. Although
little is known about the role of MFAP-4 in elastogenesis, Pilecki
et al identified tropoelastin, fibrillin-1 and -2 and desmosine as

MFAP-4 interaction partners in vitro. MFAP-4 also enhanced elastin
assembly and colocalised with fibrillin-1 microfibrils in vivo [35].

3.4. ADAMTS and ADAMTSL proteins

A Disintegrin And Metalloprotease with Thrombospondin
type-1 repeats (ADAMTS) and ADAMTS-Like (ADAMTSL) are
matrix glycoproteins with many biological functions including
morphogenesis, development, angiogenesis, inflammation and
coagulation, as well as maintaining the structural integrity of
tissues [99]. Recently, a subset of ADAMTS and ADAMTSL pro-
teins have been implicated in microfibril assembly, adhesion and
matrix stability [100]. Mutations in ADAMTS6 and -10 give rise
to WMS [101]; gene disruption of ADAMTS17 leads to WMS-like
syndrome [102]; and mutations in ADAMTSL2 and -L4 result in
GD [103] and EL, respectively [104]. The association of ADAMTSs
and ADAMTSLs with fibrillin-1 related pathologies suggests that
they modulate fibrillin-1 function. Indeed, perturbations in the
expression of ADAMTSs and ADAMTSLs disrupt the deposition of
fibrillin microfibrils and TGF[3 regulation [17,102,103]. Mouse mod-
els either lacking ADAMTSL2 or bearing a nonsense mutation in
ADAMTSL4 mimic phenotypic characteristics observed in patients
with GD or EL, further corroborating the involvement of ADAMTSs
and ADAMTSLs in these fibrillinopathies [105-107].

ADAMTS10 is involved in the biogenesis and maintenance
of fibrillin-1 microfibrils, whereas ADAMTS6 inhibits microfib-
ril deposition [17,18]. ADAMTS10 binds the N- and C-terminal
regions of fibrillin-1 [17,19], while ADAMTS6 also interacts with
the N-terminus of fibrillin-1 and the C-terminus of LTBP1 [18].
ADAMTS10 is required for and can enhance the formation of
focal adhesion complexes through interactions with fibronectin
and heparan sulphate (HS), whereas ADAMTS6 depletes HS and
hence focal adhesions [18]. ADAMTS10 has a negative effect on
ADAMTS6 expression, whereas ADAMTS6 shows synergistic effects
on ADAMTS10 expression [18]. ADAMTS10 colocalises with fib-
rillin and addition of exogenous ADAMTS10 enhances microfibril
deposition [ 17]. Mutations in ADAMTS17 also result in the disloca-
tion of the ocular lens due to progressive degradation of the ciliary
zonules in WMS-like patients [102], implying ADAMTS17 is also an
accessory to fibrillin microfibril biogenesis and regulation.

ADAMTSL2 binds to the N- and C-terminus of fibrillin-1 [7,19],
and the N-terminal binding site overlaps with a three domain
fibrillin-1 deletion that causes WMS [19]. Increased levels of
fibrillin-2 but not fibrillin-1 were observed in ADAMTSL2-deficient
mouse lung [107]. This study also showed enhanced staining of
LTBP-1 in bronchial tissues, increased levels of active TGFf3, as well
as substantial epithelial dysplasia. ADAMTSL2 interacts with differ-
ent regions of LTBP-1 suggesting that ADAMTSL2 may also play a
role in regulating TGF3 availability in the matrix [19,103]. Found
in ocular tissue, ADAMTSL4 is deposited in the matrix in a fibrillar
arrangement co-localised with fibrillin microfibrils and addition of
ADAMTSLA to cultured fibroblasts enhances microfibril deposition
[108,109]. Furthermore, analysis of ciliary zonules in mutant mice
bearing a nonsense mutation in ADAMTSL4 revealed disorganised
arrangements of fibrillin microfibrils [106] supporting a role for
ADAMTSL4 in microfibril deposition.

3.5. Potential new associated proteins

Mass spectrometry has proven useful for identifying new fib-
rillin microfibril-associated proteins. MMP3 and annexins V and Il
co-purified with fibrillin microfibrils purified from human ciliary
zonules [86]. Molecular fishing identified elastic fibre-associated
proteins including fibronectin, perlecan, LOX, fibrillin-2, and TGF32
[25]. Again, the annexins were detected along with other candidate
proteins, such as vimentin, Big-H3, thrombospondin-1, S100-A7,
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Table 2

Fibrillin-associated candidate proteins co-identification by molecular fishing and native tissue co-purification [25,110].

New Associated

Known extracellular matrix interactions

Protein

Candidates

Annexins V, Il Ca?* channels, major components of matrix vesicles with activity stimulated by matrix binding e.g. collagens Il and X [112].
Vimentin Intracellular intermediate filaments interact with matrix indirectly via vimentin-associated matrix adhesions (VAMs) [113].
Big-H3 Matrix molecule with versatile roles in tissue homeostasis; interacts with numerous matrix components [114].

IGFBP3, -7 Modulate IGF in tissue which can be affected by their direct interaction with fibronectin [115].

PAI-1 Protease inhibitor mediates the degradation of matrix [116].

plasminogen activator inhibitor 1 (PAI-1) and IGF-binding proteins
(IGFBP)-3 and -7 [25]. More recent characterisation of potential
associated proteins from purified human ciliary body and skin fib-
rillin microfibrils identified MFAPS5, versican and fibrillin-2 in both
eye and skin-derived samples, whereas perlecan was identified
solely in eye-derived samples and elastin, EMILIN-2 and fibulin-2
and -1 were identified solely in skin-derived samples [110]. Concor-
dant with the molecular fishing study, annexins V and II, vimentin
and Big-H3 all co-purified with eye and skin fibrillin microfibrils,
whereas IGFBP7 and PAI-1 co-purified with only those derived from
eyes. Interestingly the chaperones, protein disulphide isomerase
and calreticulin, which play a role in intracellular fibrillin assembly
[111], were also identified in both tissues (Table 2).

4. Functional modifiers of elastic fibres
4.1. Transglutaminase

Transglutaminases regulate matrix remodelling and are asso-
ciated with numerous pathologies including cancer, inflammation
and fibrosis [ 117]. Tissue transglutaminase is known to have a sig-
nificant role in elastic fibre assembly, both in the cross-linking of
fibrillin microfibrils [ 118] and between fibrillin-1 and tropoelastin
[23,119]. The LLC and LTBP-1 N-terminus are also transglutaminase
substrates [120], and LTBP-1 forms multimers (both N-N and N-C)
that may be cross-linked | 11], enhancing its incorporation into the
matrix [121] and consequently, regulation of TGF(3 signalling. Since
proper incorporation of the latent complex is required for normal
TGFP regulation, this finding has implications for fibrillinopathies
such as MFS, where these processes may become dysregulated
when aberrant complexes are formed. Abnormal transglutami-
nase activity is also associated with BPD in premature infants and
impaired mitral valve development, both attributed to a dysregu-
lated matrix [122,123].

4.2, Lysyl oxidases

Lysyl oxidases LOX and LOX-likel promote the cross-linking
of elastin and its subsequent deposition onto microfibril scaffolds
to form elastic fibres [124]. Consequently, LOX is essential for
cardiovascular development and function, indeed null mice have
defective arterial wall structure with fragmented elastic fibres and
die perinatally from aortic aneurysms [125]. Lysyl oxidases may
protect against aortic aneurysm formation in MFS, as both LOX
and LOXL1 were expressed more highly in a MFS mouse model
and in aortic tissue from MFS patients. In the mouse model, LOX
inhibition prevented collagen deposition and exacerbated elastic
fibre defects, leading to aggressive aortic dilation and death [126].
Guo et al recently identified the LOX mutation that causes familial
TAAD: the Ser280Arg mutation produced a less active variant that
led to disorganised elastic fibres and increased collagen in patients’
aortas[127].Several reports have described an association between
LOXL1 and glaucoma, specifically in the early stages of the elas-
tic fibre disorder exfoliation syndrome (XFS) [76,128-131]. LOXL1
colocalised with elastin, fibrillin-1 and fibulin-4, which were also

upregulated, and its expression was enhanced by TGF31 and other
XFS-associated stimuli in Tenon’s capsule fibroblasts [76].

5. Extracellular regulation of growth factor signalling
5.1. Transforming growth factor (TGF)B

As mentioned, dysregulated TGF3 signalling is a defining char-
acteristic of MFS and other fibrillinopathies. Several studies have
reported a direct association between elevated TGFf signalling
and MFS pathology in mouse models, where injection of a TGFp-
neutralising antibody restored alveolarisation and atrioventricular
valve integrity and prevented aortic aneurysms, the most severe
clinical feature of MFS [132-134]. However, there are a num-
ber of compelling reports that mitigate TGFP's role in disease
pathology [135,136], while some point to angiotensin II as the
major factor [137-139]. Some also argue a protective role for
TGF [140,141]. Whereas TGFB neutralisation reduced the inci-
dence of aortic aneurysms in the study by Habashi et al [134],
recent data suggests otherwise and, in some cases, show enhanced
aneurysm formation upon TGFP antagonism [140,141]. Neutral-
ising TGFB in smooth muscle cells increased aortic aneurysms in
an Angll-induced model, but not when the antibody was admin-
istered systemically [136]. In order to directly address whether
excess TGFf3 signalling is responsible for the aortopathy observed
in MFS, the same group deleted the type Il TGF3 receptor in the
smooth muscle cells of fibrillin-1 deficient mice. Aortopathy was
exacerbated upon loss of TGFP signalling, and was still observed
even without changes to signalling in young mice [135].

A number of clinical trials support this emerging hypothesis. A
trial using Losartan to block or diminish the effect of excess TGF3
appeared successful in reducing aortic dilation in MFS patients
[142]. However, the same group later reported that Losartan effi-
cacy depended on the patients' fibrillin-1 status: patients with
haploinsufficiency (i.e. a lower quantity of normal fibrillin-1)
responded to Losartan better than those with dominant negative
fibrillin-1 mutations (i.e. defective fibrillin-1) [137]. In a separate
study, the authors determined that patient responsiveness to Losar-
tan correlated with higher baseline levels of TGFB and a higher
aortic dilation rate; they concluded that TGFP could be considered
a biomarker for MFS status (as did Radonic et al [143]), but that
angiotensin Il triggers initial aortic dilation and increases TGF(3 lev-
els [138]. In support of these data, Losartan was no more effective
in trials comparing it with other MFS therapies. For example, in
the largest study of its kind, aortic dilation was not significantly
different with Losartan than standard therapy with beta-blockers
[139,144).

5.2. Bone morphogenetic proteins (BMP) and growth and
differentiation factors (GDF)

MEFS patients and fibrillin-1 insufficient mice have reduced bone
mass, suggesting perturbed BMP signalling. Fibrillin-2 null mice
have reduced bone formation and impaired osteoblast maturation,
implicating a direct role for microfibrils in bone formation [145].
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Moreover, abnormal activation of BMP signalling causes myopa-
thy in fibrillin-2 null mice but deletion of a single allele of BMP7
rescues the muscle phenotype [ 146G]. A direct interaction between
BMP and the related GDF growth factors and fibrillin-1 was shown;
BMP7 is secreted with its bound prodomain which binds fibrillin-1
[147]. Furthermore, GDF5, BMP2, BMP4 and BMP10 but not GDF8
prodomains bind fibrillin-1 via the N-terminal region showing
widespread interaction of BMP/GDF family members with fibrillin-
1[23]. Indeed binding to fibrillin-1 was shown to induce latency for
proBMP7 where a conformational change from the activatable open
form to the closed latent form was observed upon fibrillin-1 bind-
ing [148]. A role for BMP antagonists in modulating extracellular
regulation of BMPs via fibrillin was shown for gremlin-1. Fibrillin-
2 is upregulated in mesothelioma and localises gremlin-1 to the
tumour microenvironment where it binds fibrillin-1 and -2 and
colocalises with microfibrils in cells and mesothelioma tumours
[149].

6. Summary and future directions

Fibrillin microfibrils are periodic, multi-component assemblies
with awidespread tissue distribution. In most organs they associate
with elastin to form elastic fibres and hence make key contribu-
tions to tissue mechanics and structure function. Although there
are three fibrillin isoforms, in adults fibrillin-1 is most abun-
dant. In tissues it forms calcium-stabilised microfibrils which are
thought to be composed of eight monomers per repeat. In addi-
tion to elastin, fibrillin microfibrils interact and/or co-localise with
proteins from the ADAMTS/L, LTBP and fibulin families and with
proteoglycans and enzymes. The LTBPs and fibulins both share
considerable structural homology with the fibrillins as all three
families are characterised by multiple cbEGF domains. These pro-
teins play key roles in elastogenesis and mutations in LTBP and
fibulin genes, in common with Marfan syndrome causing fibrillin-
1 mutations, can manifest as pathologies in multiple organ systems.
The pathological mechanisms conferred by LTBP mutations are
driven by dysregulation of TGF( signalling whilst fibulin muta-
tions may induce aberrant tissue remodelling as a consequence
of impaired LOX interactions. In contrast the role of MAGPs in
elastogenesis is less well defined but knockout experiments and
MAGP genetic mutations are clearly associated with pathologies in
elastin-rich tissues such as the aorta. Recently the importance of the
ADAMTS and ADAMTS-like glycoproteins in mediating pathologi-
cal changes (which may be phenotypically indistinguishable from
some mutations in the FBN1 gene) has been recognised. Members
of this large family of proteins exhibit diverse and complex bio-
logical functions including both the inhibition and promotion of
microfibril deposition and the mediation of focal adhesion forma-
tions. Finally it is clear that elastic fibre formation and function
may be influenced enzymatically by the expression of transglutam-
inase, LOX and LOXL and that elastic fibres can exert considerable
influence over tissue homeostasis via regulation of TGFP and the
BMP/GDF families of cytokines.

Fibrillin microfibril and elastic fibre biology is highly complex.
This complexity presents the research community with a difficult
technical challenge inunravelling the multiple molecular and cellu-
lar interactions. However, understanding the multiplicity of elastic
fibre protein interactions also presents a clear future opportunity to
intervene in, and to recognise, disease processes and mechanisms
of ageing and to control tissue development for tissue engineering
applications.
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