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INTRODUCTION

1 INTRODUCTION

Elasticity is one of the requirements as organisrassform into complex multicellular

systems. Elastin, the main component of elastier§ipoffers tissues with this exceptional
function. It is secreted as a monomer but it rgpidiatures into a complex polymer
through a process of extensive cross-linking betweapoelastin units as well as through
interactions with other elements of the elastiefieystem such as fibrillins, fibulins, and
emilin. Mature elastin is the most stable proteithie extracellular matrix (ECM) although
some proteases, mainly matrix metalloproteinasdd®®), are now known to compromise
its integrity over time. Degradation of elastin lasrmous influence on the fundamental
functions of the ECM, particularly in tissues whenevement is critical such as in the

aorta and lung.

MMPs are a family of multidomain proteases consgbf pro-, catalytic, and hemopexin-
like domains. Some members have additional donmsinh as fibronectin-type Il inserted
in the catalytic domain. They are synthesized &pnor and secreted as pro-MMPs and
thus need activation to induce their catalytic\aiti Their activation involves disruption
of the propeptide-zinc linkage (also called cysteswitch) and this cleavage makes the
catalytic zinc free for activity. Ever since théirst discovery nearly half a century ago,
MMPs have been shown to mediate all forms of EChhgformations. Their proteolytic
activity is central to normal physiological processuch as tissue development, cell-to-
cell interactions and remodeling. There is now @hmoevidence to support MMPSs’ active
participation in pathological conditions such asas progression. Under normal condi-
tions, very few MMPs are constitutively expressadtissues; the notable examples are
MMP-2 and MMP-7. However, when tissues are undessst for instance, during expo-
sure of the skin to UV radiation, multiple MMPs che upregulated and this has conse-

guent catabolic effect on the ECM.

Several MMPs have been identified to degrade elastd the major ones are MMP-2, -7,
-9 and -12. These enzymes are markedly upregulatder certain pathological conditions
such as aneurysms, atherosclerosis, emphysemaaadr. In fact, they are claimed to
contribute to these disease processes by degrattistin and other ECM components.

Their extensive involvement in inflammatory proessnade them targets for extensive
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research and drug development (Verma and Hans¢€ly) 26lowever, success is far too
slow for reasons including the lack of clear unterding on the functional role of each
enzyme in the degradation process. For exampleatients with chronic obstructive pul-
monary disease (COPD) a myriad of MMPs and serimo¢eases are known to be up-
regulated (Elkington and Friedland, 2006). Undé&s tircumstance, it is difficult to distin-
guish the relative contribution of each elastaseatmnally target the problem. This fact
calls for a detailed understanding of the molechksis of interactions between proteases
and components of the ECM. Part of the objectivéhefpresent study, therefore, was to
provide a comprehensive insight in the degradatiomoth soluble and insoluble forms of
elastin under the influence of MMPs.

Moreover, MMPs act broadly on other componentshef ECM such as collagens, which
are the major components of tissue proteins. Stralty, collagens are made from three
polypeptide chains, callegichains, wound together around a central axis i fa stable
triple helix. Each chain is composed of a regularganized Gly-X-Y triplet, where every
third position is occupied by Gly and the HyP & thposition confers collagens with their
stability. Several collagen types have been idiectiind collagen type | is the most abun-
dant of all in the ECM. As a result of its abundancollagen | is in constant contact with
MMPs. From the MMP family, MMP-1, -2, -8, -13, -14.8, and -22 have been reported to
possess collagenolytic activity (Lauer-Fiektsal, 2002). However, limited information is
available on the functional role of others; fortarece, the role of MMP-12 has not been
defined. MMP-12 is known to be upregulated in vasionflammatory disease processes
and given that collagen degradation is one of tlheked features of many inflammatory
conditions, it is of high biological significance &xplore the role of MMP-12 in the degra-
dation of collagens. The second part of this diasien, thus, investigates the role of
MMP-12 on the degradation of native collagens | Bhd

The mature elastin and collagens are structuraltyptex compounds. Thus, the biochemi-
cal investigation effort on these complex biomoleswvill have to face a challenging task
of overcoming several analytical setbacks in otdegenerate relevant information. In this
regard, mass spectrometry (MS) has presented heeantinmatched sensitivity and versa-
tility advantages to the analytics of increasinghmplex biological samples as compared

to conventional analytical techniques. As a restifecent technological advances, MS can
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be interfaced with several protein chemistry assayd provide powerful information on
proteins sequences, structures, and post-transdtimodifications (PTMs). This study
sought to take the advantages of this powerfulrtiegte.

Therefore, the aim of the present study is to dgvahalytical methods based on comple-
mentary MS and employ them to comprehensively itiyate the degradation of tropoe-
lastin, elastin and collagens under the influenc®blIPs. It also intends to apply these
methods to provide insight in to the complex stioes of elastin and collagens. Further-
more, MS has been employed to explore the role BIPgl in generating matrikines both

from elastin and tropoelastin.
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2 THE EXTRACELLULAR MATRIX

The ECM is composed of families of macromolecuteduding collagens, elastin, glyco-
proteins, and proteoglycans arranged in a uniggsye-specific, age-dependent, and three-
dimensional ultrastructure (Har-el and Tanzer, 1293 and Bissell, 1993; Rosenbloosh
al., 1993; Venstrom and Reichardt, 1993). In mostaimsts matrix molecules exist as
large sparingly soluble aggregates that can natyebs solubilzed or dissociated into
component units. When dissociated, the biologicaperties and functional complexities
of the individual constituent often differ from ti@act form. The ECM, beyond its obvi-
ous structural function, serves as a “virtual infation highway” between cells. It also,
through the use of elastic fibers, provides tissith flexibility and extensibility, which
have been essential requirements in the evolutionuiticellular organisms (Adams and
Watt, 1993; Badylak, 2002; Geiget al, 2001; Har-el and Tanzer, 1993; Lin and Bissell,
1993; Rosenbloorat al, 1993; Venstrom and Reichardt, 1993).

2.1 Elastic fibers

Elastic fibers are components of all vertebratetalaissues with the exception of lower
vertebrates such as lamprey (Har-el and Tanze;10@lty et al, 2002; Lin and Bissell,
1993; Rosenbloonet al, 1993; Sage and Gray, 1977; Venstrom and Reicha@®3).
Their function in different tissues is a consequent their composition and organization
or architecture. For example, whereas they forntenfric fenestrated lamellae in the me-
dial layer of the aorta, they exist as delicatéidatvork throughout the lung with slight
accumulation in specific areas of stress such asoffening of the alveoli (Shifren and
Mecham, 2006). Mature elastic fibers are compogeghauter microfibrillar mantle and
an inner core of amorphous cross-linked elastiiQ-% of the elastic fibers) (Rosenbloom
et al, 1993). Microfibrils are principal component okthklastic system with central impor-
tance in providing long range elastic recoil to mective tissues. They are also present in
some flexible tissues that do not express elagtininstance, in the ciliary zonules that
hold the lens in dynamic suspension (Ashwattal, 2000) or in invertebrates with low
pressure closed circulatory system such as indolg&ielty et al, 2002; Qian and Glan-
ville, 1997; Sherratt, 2009). Elastin and micrafirevolved independently and elastin’s
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evolution is thought to have happened more recdatlgome point after the divergence of
the cyclostome and gnathostome lines) to reinftlieehigh pressure of closed circulatory
system of higher vertebrates (Faury, 2001; Kieltyal, 2002; Rosenblooret al, 1993).
Isolated microfibrils are 10-12 nm wide beadedditnes exhibiting an average axial unit
repeat of 56 nm (Kielty and Shuttleworth, 1997;dtual, 2006; Wes®t al, 1998). While
fibrillins are the major component in microfibritlgroteins, other members include mi-
crofibril associated glycoproteins (MAGPS), latérgnsforming growth factop-binding
proteins (LTBPs), emilin, fibulins, and proteoglpsaBressanet al, 1993; Cainet al,
2006; Hendersoret al, 1996; Sakaiet al, 1986a; Sakaet al, 1986b; Sherratt, 2009;
Wagenseil and Mecham, 2007)..

2.2 Elastin

2.2.1 Biophysical properties

Elastinused to be defined as the remaining part whersadis subjected to an aggressive
treatment of extreme temperature and pH (Daastexh, 2007; Mecham, 2008). However,
the functional form of the protein is a large anghly cross-linked polymer that organizes
as sheets or fibers in the ECM. More than 10 diffierextraction methods have been re-
ported, which basically involve either one or a bomation of autoclaving, treatment with
chaotropic agents, buffers, and reducing agents. mbst common methods have been
reviewed by Mecham (Mecham, 2008) and comparisarthe relative efficiency of some
of these methods have been reported (Daastent, 2001; Soskel and Sandburg, 1983).
Pure elastin is devoid of collagen, carbohydraaesl has Gly level that represents about
one-third of the total residue. The purity of elagiber is traditionally assessed by amino
acid analysis. However, in most instances, thel$eveAsp and Glu give the most accurate

assessment of elastin purity (Mecham, 2008; Ritmrieet al, 2003).

Elasticity is a property that originates from stwral features of elastin. The backbone of
elastin structure is highly mobile and the Ala-riejdrophilic region exhibits predomi-
nantly a-helical structure, while the hydrophobic regiorhiiits both ordered conforma-
tion (conformations that are stabilized by interdmadirogen bonds like thgstrands ang-

turns) and random structure (Fig. 2.1). The couateass-links impart restriction to the
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molecule sahat while stretching one chain is restricted frelipping past another. More-
over, elastin is rich in small amino acids sucl@as which provides kinetic freedom, and
Pro, a helix breaker, which may help to keep thaircfree (Debelle and Alix, 1999; De-
belle and Tamburro, 1999; Rauscletral, 2006; Tamburrcet al, 2006; Vrhovski and
Weiss, 1998).

unordered
Uy a-helices of KA domains JVV double B-turns
@ hydrophobic flexible domains Nt p-turns

@ the peculiar structure of disulphide containing exon 36

Fig. 2.1: Idealized model of tropoelastin structure (adopfi®an (Tamburro et al., 2006))

Several mechanisms have been proposed to expajphtysicochemical processes of elas-
ticity (Mithieux and Weiss, 2005; Vrhovski and W&id998). One such theory considers
elastin as a typical rubber consisting of a netwafrkandom chains of high entropy. While

stress orders the chain and decreases the entropy system, a reduction in entropy pro-
vides the recoiling force when the stress is rerdq¥oeve and Flory, 1974; Tatham and
Shewry, 2002). The alternative model is based enadtbservation that elastin exhibits a
regular structure of-spiral comprising repetitive type-p-turns. With stress thp-turns

act as spacers between the turns of the spirad. Sves to suspend chain segments in a
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kinetically free state. Stretching reduces the tiinffeedom and entropy of the system
with consequent creation of a recoiling tendenctlf@m and Shewry, 2000; Tatham and
Shewry, 2002; Urry, 1988; Urrgt al, 1986). Moreover, part of this restoring force may
originate from the hydrophobic interaction betwesttle chains and water. In this case,
stretching of elastin exposes the hydrophobic sitn to an aqueous environment, de-
creasing the entropy of the surrounding water mdéedHence, a restoring force will arise
from the re-establishment of the hydrophobic intBom (Debelle and Alix, 1999; Gosline,
1978; Tatham and Shewry, 2000; Tatham and SheWw2)2

2.2.2 Biochemistry

2.2.2.1 The elastin gene

The human elastin gene has been mapped to chroreogqii.1-12.1 and it has an un-
common high intron-to-exon ratio of 20:1 (Rosenintoet al, 1993; Rosenbloomat al,
1991). In most species the elastin gene is compos&6 exons. Comparatively, the hu-
man elastin gene lacks sequences that correspaxbtes 34 and 35 but contains the un-
usual hydrophilic sequence—encoding exon 26A (Basthal, 1989; Cicilaet al, 1985;
Tassabehjet al, 1997; Vrhovski and Weiss, 1998) (domain composiis shown in Fig.
2.2). These two exons were lost sequentially duprighate evolution and their loss is
thought to have conferred a functional advantagdastin (Bashiet al, 1989; Indiket al,
1987b; Mithieux and Weiss, 2005; Szaddal, 1999). Extensive alternative splicing of the
primary elastin transcript has been confirmed lyusace analysis of mMRNA and cDNA.
It has further been described that the splittingadons at the exon-intron borders occurs
consistently throughout the molecule in a fashiat tnaintains the reading frame (In@ik
al., 1987b; Rosenbloorat al, 1993; Vrhovski and Weiss, 1998). Alternative siplg can
result in: (I) complete excision of an exon, foaemple exons 2and 32 in human tropoe-
lastin or (ll) excision of portion of an exon astie case of exon 26A (Indit al, 1987a;
Vrhovski and Weiss, 1998).

From human tropoelastin, at least exons 22, 23, 24A26A, 30, 32, and 33 are known to
be alternatively spliced out (Indiét al, 1987b; Parks and Deak, 1990; Pieztal, 1992a;
Vrhovski and Weiss, 1998; Zhamg al, 1999). Particularly, exon 22 is claimed to always
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be spliced out, while in the case of exon 32, gd&l to be subjected to frequent (~ 70 %)
splicing. Moreover, exons 3, 5, 10, 11, and 20adse suspected to be alternatively spliced
out (personal communication with Dr. R.P. Mechand &r. Z. Urban, [also (Mecham,
2008; Tamburro, 2009)])

*

AL EEEREEALCOR

2 4 6 8 10 12 14 16 18 20 22 24 26 27 29 31 33

O Signal peptide O KP crosslinking domains D Domain 26A

D Hydrophobic domains D KA crosslinking domains @ Domain 36

Fig. 2.2: Domain structure of human tropoelastin containaligpossible exons. Exons subjected to alterna-
tive splicing are shown bordered in bold. The positof Exon 24A, which has been identified in

elastin cDNA from fibroblast of human skin, is oated by an asterisk (Fazio et al., 1988).

2.2.2.2 Tropoelastin

Tropoelastin is composed of sequences encodeddrgpiyobic and cross-linking domains
and with rare exception, these coding exons after(iadik et al, 1987b; Rosenbloorat
al., 1991, Sandbergt al, 1969; Tassabehgt al, 1997). It was isolated first from copper-
deficient pig and at present at least 11 humancepliariants have been identified
(Sandberget al, 1969; Vrhovski and Weiss, 1998). The functiorwé rof these isoforms
has not been yet fully determined. However, siritaraative splicing may result in a sce-
nario where either two cross-linking domains brdugho apposition (e.g., deletion of
exon 22) or the interval between cross-linked domancreased (e.g., deletion of exon
23), splicing can have influence on cross-linkinghveventual consequence on the overall
properties of the mature elastin (Rosenbloetmal, 1993; Satcet al, 2006; Yuraet al,
2006). Tropoelastin undergoes minimal PTMs andaspdnly hydroxylation of some Pro
residues and cross-linking have been reported (BrAugsburgeret al, 1995; Fosteet
al., 1973; Getieet al, 2005; Schmelzeet al, 2005; Taddeset al, 2008). Hydroxylation
in elastin is catalyzed by prolyl hydroxylase (0jt1979).
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2.2.2.3 Regulation of expression

Elastin synthesis starts early in development awmdnearly repressed by maturity
(Holzenbergeet al, 1993a; Holzenbergeat al, 1993b; Parks, 1997; Sephatlal, 1987;
Vrhovski and Weiss, 1998). It is synthesized arateted from several cell types including
smooth muscle cells, fibroblasts, endothelial ¢cetlsondroblasts, and mesothelial cells
(Starcher, 2000; Uitteet al, 1991). Its expression is primarily controlled the post-
transcriptional level (Davidson, 2002; Parks, 199Cpmpounds such as aprotinin
(McGowanet al, 1996; Parks, 1997), vitamin D, steroids, and pbbester have been
shown to control tropoelastin’s expression mainfyntodifying the half-life of its mRNA
(Hinek et al, 1991; Parkset al, 1992; Pierceet al, 1992b). In contrast, studies of tran-
scriptional regulation of elastin synthesis haveniified a limited number of regulatory
factors (Burnettet al, 1982; Davidson, 2002; Pierad al, 2006). Given the fact that
elastin is a stable biopolymer, post-transcriptiamgyulation of its expression is unex-
pected (Parks, 1997). Post-transcriptionally retgalgroteins such as cytokines and onco-
genes are expressed during physiologic transitorisr brief periods during developmen-
tal processes, where changes in the stability eif thRNAs rapidly regulate protein syn-
thesis. In elastin, however, once the growth cfuiisis complete new elastin synthesis is
not required with the notable exception of the uggiUrban and Boyd, 2000). Thus, it ap-
pears that uniqgue and complex regulatory mechamamevolved for the elastin gene
(Parks, 1997; Vrhovski and Weiss, 1998).

2.2.2.4 Secretion

Tropoelastin can be rapidly degraded by cysteirgepses if it is retained within cells
(Davis and Mecham, 1996; Davis and Mecham, 1998s&r and Mecham, 1988). Secre-
tion occurs at specific sites on the cell surface #his targeted secretion is thought to be
mediated by an elastin receptor or chaperone comlavis and Mecham, 1996; Hinek
and Rabinovitch, 1994; Hine&t al, 1988). This chaperone complex consists of at leas
three protein subunits, where two of these subugils and 55-kDa subunits) are cell
membrane-associated proteins that immobilize thid,th 67-kDa peripheral subunit, also
called elastin binding protein (EBP). EBP is anyanatically inactive alternatively spliced

variant ofp-galactosidase and has two binding sites; onerémotlastin and another for
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lectin. EBP binds to hydrophobic domains in elastith xGxxPG sequences but predomi-
nantly to the VGVAPG sequence (Grosso and Scofi31Blineket al, 1993; Mechanet
al., 1989; Priviteraet al, 1998). On the outer side of the cell, fhgalactosugar-bearing
moieties of the microfibrils bind to the lectin dam of EBP. This binding causes allos-
teric reduction in EBP’s affinity to tropoelastindhdissociation of EBP from the integral
proteins (Rodgers and Weiss, 2005). Thus, troptelessseparated and free for deposition,
while the EBP is recycled by internalization (Pevaet al, 1998).

2.2.2.5 Elastic fiber assembly

Severalin vitro reports have commended the hypothesis that traptielis released and
deposited on a pre-formed microfibrillar templatepreparation for cross-linking (Cleary
and Gibson, 1983; Fahrenlea al, 1966; Kozelet al, 2004). Microfibrils are expressed
early in development and, thus, may play very irtgodrrole in the maturation process of
elastin. The high affinity cross-linking betweenpgoelastin and a sequence in the central
region of fibrillin-1 is one strong example thatosts the fundamental role of fibrillins
(Rock et al, 2004). Tropoelastin has also been shown to ictevéh fibrillins (Trasket

al.,, 2000), MAGPs (Brown-Augsburgeet al, 1996; Clarke and Weiss, 2004),
proteoglycans (Reinbotht al, 2002), and fibulins especially with fibulin-5 (&ki et al,
1999; Wachiet al, 2008). The C-terminal region of tropoelastin baen identified to me-
diate these protein-protein interactions andpfsteet formation of the sequence encoded
by exon 30, in particular, has been reported tiaiei fiber formation (Kozeét al, 2003).
Fig. 2.3 gives an overall summary of known inteat between elastin and associated

proteins (Wagenseil and Mecham, 2007).

However, even after characterizing several potemitar- and intra-protein interactions,
the molecular basis on how microfibrils function tasplate for tropoelastin is still not
fully understood. Severah vivo studies conducted to define the temporal hieraafhig-

teractions produced results, which led some eveyuéstion the need for microfibrils in
the early phase of elastin synthesis (Kiadtyal, 2002). For example, all inactivation of
genes encoding fibrillin-1 and -2, fibulins, MAGRs, lysyl oxidases (LOXs) had little
effect on elastic fibers formation (Chaudtatyal, 2001; Kozelet al, 2006; Pereirat al,

1997). Furthermorein vitro studies have shown tropoelastin’s self-assemidagacity
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without any or very minimal assistance from midooifs. In this case, tropoelastin mono-
mer under appropriate temperature and ionic strehgs been confirmed to undergo a
process of ordered self-aggregation (also knowooaservation) (Coxt al, 1974; Kozel

et al, 2004; Volpinet al, 1976). Coacervation is caused by multiple andifpanterac-
tions between hydrophobic domains with some degfemoperativity with cross-linking
domains (Kumashiret al, 2006; Vrhovsket al, 1997).

Microfibrils
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Fig. 2.3: Reported binding interactions (A) and spatial lization (B) of major components of elastic
fiber proteins (elastin; fibrillin, fon; fibulinsfbins; MAGPs; LOXs; and emilin)(modified after
(Wagenseil and Mecham, 2007)).

The self-assembling capacity of tropoelastin has ghined support fromm vivo studies.
Kozel et al, for instance, described the sequence of evergfasgiic fibers formation with
the help of a reporter protein (Kozet al, 2006). According to their observation, the first
step in elastic fibers synthesis is the formatibsroall cell-surface associated tropoelastin
globules. This early assembly process is known iasoassembly and it may also involve
fibulin-4 and/or -5 and LOXs. These small crosdid aggregates remain on the cell-
surface long enough until they become sufficietdahge with the addition of new tropoe-
lastin molecules. The elastin globules are themsteared to pre-existing microfibrils (pri-
marily fibrilin-1 and/or -2 and probably MAGPs) anttividual globules finally coalesce
to form a larger elastin structure through a preag<urther cross-linking. This last step is
called macroassembly. Therefore, the function arafibrils in the entire process is not to
initiate assembly, but rather to restrict eithex éxtent or rate of tropoelastin aggregation.
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A hypothetical model that tries to incorporate latiown experimental results about the

elastic fibers assembly process can be referregvbbre (Wagenseil and Mecham, 2007).

Taken together, elastic fiber assembly has beeveprto be a complex multistep process
with several players; some have a direct while rstieave an indirect role, some have
known while others have unknown functions. Altesas in the functions of these compo-
nents have been shown to result in defects in fssembly, which can be expressed by
elastic tissue phenotypes including in Marfan sgnu¥, supravalvular aortic stenosis
(SVAS), and Williams-Beuren syndrome (Urban and &d000). Some of these diseases
are severe and at times life-threatening (Kiel§0®&. For this reason, the interest to un-

derstand the cellular and molecular basis of eldigter synthesis is still very high.

2.2.2.6 Cross-linking in elastin

Cross-linking is a multistep process that beginth whe alignment of monomers so that
Lys residues come to proximity. Coacervation hasnbought to facilitate the alignment
process and thus help the oxidative deaminationcertain Lys residues to form
a-aminoadipics-semialdehyde (allysine). Deamination is catalybyda family of en-
zymes known as LOXs (Uitto, 1979; Wiseal, 2005). Of the LOX family members, only
the mature enzymes LOX and LOX like-1 (LOXL-1) hdxeen confirmed to play a role in
elastin cross-linking (Boreét al, 2001; Cenizcet al, 2006; Smith-Mungo and Kagan,
1998; Wagenseil and Mecham, 2007). Once the reactigdehyde derivative is formed,
extensive cross-linking takes place in a rathermlemand spontaneous fashion to form
stable cross-links known as desmosine and isodesenttgough intermediate products of
allysine aldol, lysinonorleucine, and merodesmogkyge et al, 1984; Narayanaet al,
1978; Uitto, 1979; Vrhovski and Weiss, 1998).

Several investigators have tried to describe tharaaand mechanism of cross-linking in
mature elastin including the domains involved ia thoss-linking (Baigt al, 1980; Davis
and Anwar, 1970; Fostet al, 1974; Gerber and Anwar, 1975; Mecham and Fo$€at3;
Vrhovski and Weiss, 1998). However, the complicatature of elastin has made the pro-
gress in this regard slow and our knowledge witiard to the actual participation of do-

mains in mature elastin is still not comprehensiMege only demonstration on specific in-
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teractions that involve cross-linking of more thtaro chains describes the association of
sequences encoded by exons 10, 19, and 25 joigethtr by one desmosine and two
lysinonorleucine cross-links (Brown-Augsburgaral, 1995). Recently though, with the
help of sensitive analytical techniques such as a8 by employing novel approaches
other investigators have provided some indirect ioytortant insights into the cross-
linking mechanism. For example, the central hydotgit region of tropoelastin (domains
17-27) has been identified to be a “hot-spot” fotemtial cross-linking (Dyksterhuit al,
2007; Mithieuxet al, 2005; Wiseet al, 2005). Moreover, it is hoped that the application
of modern techniques and the introduction of saleatross-linking agents combined with
intelligent algorithms as tools to study proteisg'ucture can help to solve the puzzle of

investigating cross-linking in elastin.

2.3 Collagens

Collagens are the most abundant proteins in the B6§are involved in a broad range of
functions. The name collagen is used to refer poodein that forms a characteristic triple
helix of three polypeptide chains. However, nottagile helix forming proteins are neces-
sarily collagens by definition. Each polypeptidaichis mainly composed of Pro-rich Gly-
X-Y repeating units where X and Y positions areqfrently occupied by Pro and 4-
hydroxyproline, respectively (Gelsg al, 2003; Kadleret al, 2007). Collagens also have
non-triple helical domains at their N- and C-terintermed as ‘non-collagenous’ (NC)
domains and are numbered from the C-terminus (N2, etc.) (Kadleret al, 2007).
The threen-chains are numerically numberedoas, -2, -3 and a collagen can have identi-
cal a-chains (homotrimer, e.g., collagen II) or can lifecent (heterotrimer, e.g., type |
collagen, two identicabi-chains and a third chain that differs). Each ast#u-chains
forms an extended left-handed helix with a pitchL8famino acid residues per turn. The
three chains are wrapped one after another arowethtsal axis in a right handed manner
to form a triple helix. The chains are coiled ard@am axis in such a way to position all Gly
residues in the center of the triple helix, whiléky side chains occupy the outer positions
(Fraseret al, 1979; Gelsest al, 2003; Hofmanret al, 1978).

Collagens have been known for long time now anddi® at least 28 distinct types have
been identified in vertebrates (numbered I- XXV(Kadleret al, 2007). There are also at
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least 15 collagen-like proteins such as acetyliobeterase, adiponectin, ficolin, macro-
phage receptor and surfactant protein (Myllyhamd &ivirikko, 2001). Collagen type |
exists widespread across the animal and plant kimgdt is well characterized and is a
model for other collagens in the family. Its triglelix has no imperfections, it assembles
into fibrils, and it has a predominant structuralerin tissues. Other collagens may lack
several properties, for example, they have impédes in their triple helix and thus are
not fibrillar protein in their own right (BadylaR002; Kadleret al, 2007). Collagens are a
subject of numerous reviews with the emphasis eir gynthesis, structural information,
and their function (Bornstein and Sage, 1980; Canty Kadler, 2005; Gels# al, 2003;
Greenspan, 2005; Kadlet al, 1996; van der Rest and Garrone, 1991).

2.4 Proteolytic processing in the ECM

Proteolysis in the ECM is one very important capisehanges in the cellular environment.
Metalloproteinases are widely claimed to mediatecst all degradation processes in the
ECM both under physiological and pathological ctinds. Metzincins are very important
members of metalloproteinases and they are recedriiz play crucial role during ECM
transformation. They are distinguished by a hididynologous motif containing three His
residues that bind to zinc at the catalytic sitd arronserved Met-turn that sits beneath the
active site zinc. Their signature zinc-binding rhotiads HExxHxxGBxHZ, where B is a
bulky hydrophobic residue and Z is a family-spec#imino acid (Sternlicht and Werb,
2001). MMPs are members of this superfamily (Moiti &/erb, 2004) and most of them
have a Ser residue at the Z position (Stoekaal, 1995). MMPs are the focus of the pre-

sent work and are introduced further in the follogvsections.

2.4.1 Matrix metalloproteinases

Ever since the first discovery of a MMP (MMP-1) thdates back to 1962 (Gross and
Lapiere, 1962; Woessner, 2002) and its purificastmost a decade later (Bauetr al,

1970; Brinckerhoff and Matrisian, 2002), the explawsn of MMPs (matrixins) has been
constantly expanding. At least 25 distinct vertebotdMPs and 4 tissue inhibitors of met-
alloproteinases (TIMPs) are known until now. Alltbem are multidomain proteases syn-

thesized with an approxir20 amino acid signal peptide and an approgénresidues long
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N-terminal propeptide followed by an approxif¥.0 residue long catalytic domain (ctD).
Some also have additional domains such as a hagjerr, a hemopexin-like domain and
repeats of fibronectin type Il. On the basis ofitlilemain organization, sequence similar-
ity, and substrate specificity vertebrate MMPs bardivided into(1) collagenases (MMP-
1, -8, -13, and -18)(2) gelatinases (MMP-2 and -93) stromelysins (MMP-3 and -10);
(4) matrilysins (MMP-7 and -26)5) membrane-type MMPs (MMP-14, -15, -16, -17, -24,
and -25); and6) those which cannot be classified in any of thevabmategories and this
list includes MMP-12, -19, -20, -22, -23, and -28s6e and Nagase, 2003).

2.4.1.1 Mechanism of catalytic action

The polypeptide chain folds of the ctD of MMPs amarkedly similar and a given ctD is
composed of 5 strand@dpleated sheets,@helices, and connective loops. It also contains
His-coordinated zinc and a water molecule. Glu @l to the first His (in the
HExxHxxXGxxH sequence) is essential for catalysige Tatalysis involves binding of a
substrate into the catalytic site cleft throughrdamation of the carbonyl group of the pep-
tide bond and the active site zinc. This arrangeéndeplaces a water molecule from the
zinc atom and allows the carboxyl group of the @luraw a proton from the displaced
water molecule. This facilitates the nucleophilitaek of the water molecule on the car-
bonyl carbon of the peptide scissile bond (Chakmaled al, 2003; Pirard, 2007; Visse and
Nagase, 2003).

2.4.1.2 Regulation of activity

The activity of MMPs is tightly regulated at mulgpsteps including their synthesis, stor-
age, activation, inhibition and clearance from slgstem. Their synthesis, in particular, is
regulated primarily at the level of transcription $pecific signals that are temporally lim-
ited and spatially confine@Curran and Murray, 2000; Mancini and Di Batti2806; Ma-
trisian, 1994; Ra and Parks, 2007). Seveisklements in the promoter regions of MMPs
allow cell-specific expressions (Yan and Boyd, 200&, 2000). Although transcriptional
regulation is the major control mechanism, somentspsuggest that post-transcriptional

mechanism is also involved, possibly by affecting half-life of MMPs” mRNA. As an
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example, transforming growth factpr(TGF-) increases MMP-2 and -9 levels in human

gingival fibroblasts and prostate cancer cells (#ad Boyd, 2007).

Once MMPs are synthesized, cells employ differeatimanisms to confine proteolysis to
specific locations within the ECM. For example,ythese surface receptors to ‘sniff out’
the identity and location of specific substrateshe ECM. In this regard, integrin-ligand
contacts provide cells with crucial signals to na¢elithe release of a particular enzyme to
an identified location (Parks and Shapiro, 2001aRd Parks, 2007). Moreover, cells sup-
port targeted proteolytic activity within a perikcghr space by storing MMPs anchored at
specific locations on the cell membrane or spegéds of the ECM, thereby maintaining
a locally high enzymes concentration. The bindih@//iMP-2 to theasfs integrin (Brooks

et al, 1996), MMP-1 to the,p; integrin (Duminet al, 2001), MMP-9 to CD44 (Yu and
Stamenkovic, 2000), and MMP-7 to surface proteagigc(Yu and Woessner, 2000) are

good examples of compartmentalization effort tofc@nMMPSs’ activity.

2.4.1.3 Inhibition

Inhibition is another mechanism of controlling thetivity of MMPs. TIMPs are endoge-
nous inhibitors of MMPs that bind in a 1:1 stoiahietry. They are secreted proteins, but
may be found at the cell surface in associatiom wiembrane-bound proteins (Baledr
al., 2002). They are variably glycosylated and haveahNd C-terminal domains of ~125
and 65 amino acids, respectively, with each coirigi® conserved disulfide bonds. The
N-terminal domain folds as a separate unit an@jmble of inhibiting MMPs although the
C-terminal domain can also mediate some interast{itagaseet al, 2006; Wojtowicz-
Pragaet al, 1997). The TIMP-MMP interaction is very similar that of MMP-substrate
interaction. For example, Fig. 2.4 illustrates ieraction between the ctD of membrane
type-1 MMP (MT1-MMP) and TIMP-2, where the N-terralrfour residues of the TIMP
bind in the catalytic site cleft of the enzyme @4sand Nagase, 2003). Other endogenous
proteins that contain residues with some similatyhe N-terminal sequences of TIMPs
can also act as MMP inhibitors (Baketr al, 2002; Banyai and Patthy, 1999; Hernetn
al., 2001) From these proteinsi2-macroglobulin ¢2-M) has been identified to be the
most prominent and clinically relevant inhibitorg@jaseet al, 1994; Tchetverikoet al,
2003). It is a large (750 kDa) protein producedmtyaby the liver hepatocytes (Hermanh
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al., 2001) and it is capable of entrapping and inatitng MMPs. However, as a conse-
guence of its size, the inhibitory actiono®-M is mainly limited to the intravascular com-
partment (Bakeet al, 2002; Brewet al, 2000; Nagaset al, 1994; Wojtowicz-Pragat
al., 1997).

NTD CTD
1

Fig. 2.4: Inhibition of MT1-MMP (bottom) by TIMP-2 (top).c®mplex is formed as a result of interaction
between them. The location of the catalytic sigdtcs indicated by a dashed rectangle while the
active site zinc is visible as a pink sphere (addgtom(Visse and Nagase, 2003))

2.5 MMP-mediated elastin degradation and its consequees

MMP-2, -7, -9, and -12 are the major elastinolyiioteases expressed in the ECM (Curci
et al, 1998). While MMP-2 and -7 are known to be consirely expressed, the other two
MMPs have to be stimulated by stress factors (Velel@t al, 2004). The upregulation of
MMPs as a result of stresses usually causes datoagastin and other components of the
ECM (Chen, 2004; Murphet al, 1991). The degradation of elastin affects noy ahe
structural integrity of the ECM but also producesgiments with capacities to regulate a
variety of other cellular functions including disegprocesses (Nenanal, 2005; Shapiro,
1999). The subsequent sections provide a brief sammraf common diseases, where

MMP-mediated elastin degradation is claimed to beramon feature.
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2.5.1 Vascular diseases

Aneurysmal diseases are the result of excessivekthosvn of the ECM, primarily of
elastin (Loftus and Thompson, 2002). Abdominal ia@heurysm (AAA) is a progressive
structural deterioration, gradual expansion, anen&al rupture of elastin-rich aorta. In
aneurysmal aorta, the loss of elastin is a strikiistological feature (only 8 % remain in-
tact from 35 %) (Loftus and Thompson, 2002; Steitzne¢ al, 2003). A prominent infil-
tration of inflammatory cells and upregulation afngriad of MMPs such as MMP-2, -8, -
9, -12, -13, and MT1-MMP have been reported (Lo&ind Thompson, 2002; Sakalihasan
et al, 1996; Thompsoret al, 1995; Thompson and Parks, 1996). MMP-9 and MMP-12
have been found overexpressed in macrophages ategbwith elastic fibers disruption in
specimens of human AAA. In particular, MMP-12 haseib observed to localize in the
active “transition zone” of aneurysm, where remodghnd elastin degradation was still
active. In fact, MMP-12 has been detected spedfideund to fragmented elastic fibers.
This is in agreement with the vitro results, which confirmed the superior binding raffi

of MMP-12 to elastin compared to other elastasesrdfore, these and other similar find-
ings imply that MMP-12 plays a central role in anm formation in humans (Curet
al., 1998; Shapiro, 1999; Thompsehal, 1995).

Atherosclerosis is another important MMP-mediatadcular disease. It is a result of con-
tinuous inflammatory processes involving variouscgrowth factors, and ECM degrad-
ing proteases. Studies have shown that dispropatgoincrease in the expression of
MMPs plays a major role at different stages of athea formation (Knoxet al, 1997).
During the initial stage, for example, MMP-9 alowgh other MMPs has been found to
contribute to the degradation of endothelial ceaBdment membrane. As a consequence of
this, the barrier function was altered and diapisdelsinflammatory cells was aggravated
(Smeglin and Frishman, 2004). In addition, MMP-2 aiMP-9 have been reported to
degrade the ECM and internal elastic lamina, ahgga path for the migration of smooth
muscle cells from the media to intima (Bendetkal, 1994; Paulyet al, 1994; Smeglin
and Frishman, 2004). After plaques are formed a&irg) evidence suggests that several
MMPs including MMP-2, -7, -9, -13, and -14 are itwad in the degradation of the fibrous
cap and plaque through their elastinolytic andaggholytic activity (Galis and Khatri,
2002; Konget al, 2005; Loftuset al, 2000).
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2.5.2 Destructive pulmonary pathology

The primary structural fibrils of the lung are @gen and elastin (Starcher, 1986; Starcher,
2000). COPD is one of the major causes of mortality4 morbidity and emphysema is a
major source of COPD. Emphysema is characterizetllayive excess of proteases and a
relative paucity of anti-proteolytic defenses (Ghand Wright, 2005; Elkington and Fried-
land, 2006; Lagentet al, 2005; Parkset al, 2004). Historically, neutrophil elastase was
considered to cause the major destruction, howevisr,now known that MMPs are par-
ticularly involved in the process (Tetley, 2002)inically, the upregulation of MMP-1, -2,
-8, -9, and -14 has been associated with the datijoadof collagens (Elkington and Fried-
land, 2006; Turino, 2007), while the increase immjity of MMP-12 has been claimed to
be responsible for the degradation of elastin (b&get al, 2009; Lagentet al, 2005). In
animal models, moreover, the involvement of MMP&i MMP-9 has been shown to
play a role in pathological changes of cigarett®lsgexposure (Churg and Wright, 2005;
Hautamakiet al, 1997; Lanoneet al, 2002). In particular, the upregulation of MMP-12
has been observed in all animals that developedBC@PRurg and Wright, 2005; Lagente
et al, 2005). Although MMP-7 is a potent elastase an&newn to be upregulated in
COPD, not many studies have been dedicated totigaés the contribution of MMP-7 in
this disease process (Elkington and Friedland, RQ@6any case, taking animal and clini-
cal data together, it becomes apparent that eldstinrading MMPs play central role in the

pathology of COPD and emphysema.

2.5.3 Tumor progression

The cellular and non-cellular compartments of tn@dr microenvironment communicate
mainly through the cooperation of multiple proteasehich create a milieu permissive of
tumor progression, invasion and dissemination (Naeal, 2008; Overall and Kleifeld,
2006). MMPs have been confirmed to play a significeole in cancer progression
(Egeblad and Werb, 2002; Fingleton, 2006etial, 2006). Severain vitro andin vivo
experiments showed a modulation of tumor growth raethstasis either through the use of
inhibitors or deliberate deletion of MMP genes (ff&ton, 2006; Noeét al, 2008). How-

ever, their involvement has proven to be complek @t all MMPs contribute to the pro-
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gression of tumor. In fact, some play anti-tumanigerole through processing of their sub-
strates (Egeblad and Werb, 2002; Fingleton, 20G8ulékov and Strongin, 2007; Lynch
and Matrisian, 2002; Nodt al, 2008; Yoonet al, 2003). Elastin is also involved in sev-
eral ways; on the one hand, the strong bindinguofor cells (melanoma) to insoluble
elastin correlates with the metastatic potentiataricer cells (Lapis and Timar, 2002; Ti-
mar et al, 1991). On the other hand, elastases includingesbiiPs generate bioactive
products (also called matrikines) from elastin teise multiple responses such as chemo-
taxis to tumor cells and induction of other MMPattplay a complex role in the carcino-
genesis process (Lapis and Timar, 2002). Specifideace on the role of elastinolytic
MMPs during tumor progression include MMP-2 and MBIRLambertet al, 2003;
Massonet al, 2005; Noelet al, 2008), MMP-7 (Adachiet al, 1999; li et al, 2006;
Yamamotoet al, 2001), and MMP-12 (Heppnet al, 1996; Kerkel&t al, 2000). Taken
together, through complex mechanisms including deaeration of bioactive peptides,
elastinolytic MMPs can control cell behavior witblevant consequences on cancer pro-

gression.

2.5.4 Generation of cryptic bioactive fragments

The degradation of ECM components releases fragmeagpable of initiating multiple
signaling pathways (Maquadt al, 2004). These cryptic bioactive fragments are kmal
ligands from the entire parent molecule and aralskepof interacting with cellular recep-
tors such as EBP, integrin#8; and galectin-3o induce biological activitie@Ducaet al,
2004; Kohidaiet al, 2004; Maquartt al, 2005; Maquaret al, 2004; Poczat al, 2008).
Elastin has been identified as one major sourcenafikines in the ECM. For example,
unidentified components afelastin were found to unfold bioactivities suchirduction

of monocytes, chemotaxis to white blood cells, station of fibroblasts, and also enhance
angiogenesis (Maquasdt al, 2004; Robinetet al, 2005). The rarely expressed domain
26A has also been reported to exert a relaxatiowitgoon the vascular tone (Ostuei al,
2002). Several other ligands from human elastin luting GLGVGAGVP,
GFGVGAGVP, PGAIPG, and VGVAPG have also been comdd to induce multiple
bioactivities (Adair-Kirk and Senior, 2008; Duea al, 2004; Poczat al, 2008). Studies
that aimed to associate structures of matrikinelsiatngical activities have revealed that

generally fragments that contain the xGxxPG consemsotif and form a type VIIB-
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conformation can correctly bind to receptors tonstate bioactivities (Duceat al, 2004;
Floquetet al, 2004). Thus, it can be concluded that proteolgtadification in the ECM
will not only lead to structural failure, as wascenthought, but also activates cryptic

molecules, which otherwise cannot be active bafoodification.

2.6 Analytical challenges of investigating elastin

Elastin remains one of the insufficiently charaized components of the ECM. The chal-
lenge of investigating elastin begins with its tisdistribution. Some tissues are rich in
elastin, e.g., the aorta, and it is hence compeigtieasier to isolate elastin, but others are
poor in their elastin content. Furthermore, elastists covalently bound to several elastic
fiber components and isolation of pure elastin meguharsh treatment to remove other
components (Mecham, 2008). To date, isolationexd find intact elastin, particularly from
diseased tissues, is a tremendously challengikg Ea®n after isolation, the mature elastin
is not amenable for conventional wet-biochemicaehteques. It can only be dissolved af-
ter hydrolysis. In effect, very important technigugich as X-ray crystallography and solu-
tion NMR can not be applied on intact elastin (kgeadt al, 2002). Nonetheless, because
of its central role in tissue physiology and patigids the interest to understand the bio-
chemistry and biomechanical properties of elagtmains high. Several methods, for ex-
ample, circular dichroism (Debelle and Alix, 19%msteret al, 1976), imaging techniques
(Kozel et al, 2006), and other biochemical methods (Brown-Auggeér et al, 1996;
Brown-Augsburgeeet al, 1995) have been employed to get insights intgpthesical and
chemical properties of this complex molecule. Eatcthese approaches has contributed to
the present knowledge on elastin and its role e EECM. However, the application of
other novel techniques can obviously add anotheedsion to the research endeavor and
generate helpful results. In this regard, MS hasmdy become one of the most successful
analytical methods to investigate complex compoufimtinuous technical and concep-
tual advances in areas of MS, most notably on @itm techniques, analyzers, and data
processing have given MS-based analysis an edgeablrer conventional biochemical
techniques (Aebersold and Mann, 2003; Fehgl, 2008). Therefore, the present study
aspires to develop methods based on MS to invéstifa biochemical basis of elastin and

collagens degradation.
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2.6.1 Application of MS in protein and peptide analytics

MS can be used for accurate mass determinatiom stutly complex structures of proteins
and peptides (Figeyet al, 2001; Freeet al, 2009; Gingra®t al, 2005). In the latter case,
the mass-to-charge ration/z) of an isolated peptide/protein is initially detémed fol-
lowed by structural investigation after controlléf@gmentation. Such experiments are
called tandem MS (also known as MS/MS or3She subsequent sections briefly high-
light the most important components of MS, i.enization techniques and mass analyzers,
followed by strategies of peptide sequencing frandem MS. Since a typical workflow of
MS experiments usually starts with separation ohglex analytes, it is dealt with briefly

first.

2.6.1.1 The need for separation prior to MS analysis

On the account of their insoluble nature elastid anllagens cannot be analyzed directly
with MS and a hydrolytic step is always necess&tgwever, the resultant hydrolytic
products are complex mixtures of peptides, whiah @ften challenging for analysis. For
example, released peptides contain various motdita including cross-links. The hy-
drophobic nature of the peptides also affects tiadyais since such peptides are less ioni-
zable. Therefore, separation prior to MS analysisa@eces the quality of data that can be
generated by MS significantly. In this regard, gated separation techniques such as two-
dimensional polyacrylamide gel electrophoresis @AGE) can be used. However, gel
separation may not necessarily perform well wite thydrophobic peptides of elastin
(Barrosoet al, 2006). In addition, gel-based separation teclesdwave limited application
for low abundant and low mass peptides. Thus, chtographic separation has been the
method of choice for sample treatment. The prircipf liquid chromatography (LC) in-
volves separation of the analyte by passing a sasgiution through a column containing
succession of stationary phases. The subtle stalatifferences between molecules are
sources of separation. Both conventional and minig@éd LC methods can be imple-
mented but the latter has the added advantagensckotrating the analyte and hence pro-
vides better sensitivity. Nanoflow LC, in particylhas been proven to enhance sensitivity
significantly (Cutillas, 2005).
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2.6.1.2 lonization techniques

lonization techniques are critical in convertingleonles in solution into ions in the gas
phase. The most common soft ionization techniqygdiead in protein analysis are elec-
trospray ionization (ESI) and matrix-assisted lagesorption ionization (MALDI). ESI
creates ions from solution by spraying an eledtsicgenerated fine mist of droplets at
atmospheric pressure. The formed ions are thesrirdied into the ion optics of the MS
for further processing. The physicochemical proessavolved in the generation of ions
are sufficiently described elsewhere (Bruins, 1988arone and Williams, 2003). In the
case of MALDI, an analyte is allowed to dissolved aio-crystallize with an excess of a
matrix on a metal target (plate). Most matrices @ganic compounds of low molecular
mass with a capacity to absorb laser energy oftainevavelength. The sample plate with
crystallized analyte is brought into a vacuum charrdf the MS and laser pulses are ap-
plied to cause a rapid desorption of the matrig thie gas phase and liberation of ionized
analyte (Glickmanet al, 2001; Yates, 2004; Zenobi and Knochenmuss, 1998)ances

in the refinement of ESI and MALDI have been matlee most notable improvements in
the case of ESI have come from a reduction inlthe fate of the liquid, thereby improv-
ing the efficiency of ionization with an added adiszge of concentrating the analyte as it
elutes off the column. NanoESI is widely appliether on static mode or online by cou-
pling LC to MS. MALDI has also led to the generatiof matrix free ionization techniques
such as surface-assisted laser desorption/ionizé8ALDI) anddesorption ionization on
porous siliconDIOS) (Paret al, 2007; Sheret al, 2001).

2.6.1.3 Analyzers

A. TOF analyzers

In time-of-flight (TOF) analyzers the/z of an analyte ion is deduced from its flight time
through a tube of defined length that is under uatuAll the ions receive the same kinetic
energy from a source and since they have differénvalues they will have different cor-

responding velocities as they traverse througHigha-free region. Thus, they are resolved
into groups or packets according to thmitz values (Domon and Aebersold, 2006; Guil-

haus, 1995; Mamyrin, 2001). Steady technologicalaades in TOF analyzers have im-
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proved the ions resolution significantly (Mamyr001). As an example, poor resolution
arising from lack of discreteness of an initial ipacket in conventional linear TOF ana-
lyzers has been improved by extending the field fegion and more importantly by intro-
ducing a unique technique called time-lag focusinghe latter case, a time delay between
the end of the ionization pulse and the start efaktraction pulse has been shown to im-
prove resolution (Guilhaus, 1995; Mamyrin, 2001;sk4 2009).Another development
utilizes an ion mirror to improve the resolutiom An mirror works according to the prin-
ciple that ions of the samm/zvalues but of slightly different kinetic energiester into an
electric field that opposes the electric field lre tacceleration region. lons with relatively
higher kinetic energy travel deeper in the ion arithan those with second higher energy.
When ions leave the mirror, they leave with the eatistribution of kinetic energies and
velocities as when they entered but with differpath lengths. The differences in path
lengths correct time differences between isomassexffect, ions of the sama/zvalues
will reach the detector at the same time (Marsaatl Hendrickson, 2008). This operating
principle is applicable in reflectron TOF analyzeFsirther resolution enhancement has
been achieved by orthogonal acceleration of ionghis case, an ion beam travels in a
direction perpendicular to the axis of the fliglathp and by doing so; the dispersion in ki-
netic energy can be minimized. TOF analyzers candesl to perform MS and MS/MS
experiments especially when they are implementedT&a3F (a hybrid) or as TOF/TOF.
Moreover, they can be operated with both ESI and_BIA(Domon and Aebersold, 2006;
Guilhaus, 1995; Vestal, 2009).

B. Quadrupole ion traps

Quadrupole uses an oscillating electric potertbafocus ions toward the center of the
traps. The quadrupole ion trap (QIT) functions bashan ion store in which case ions can
be confined for a period of time and as a MS. nldter case, the/zof the confined ion
species can be measured by tipping the electtit diethe ion trap in a particular direction
so that ions tumble out of the potential well agaMe the ion trap in order of ascendiniz
values (Jonscher and Yates, 1997; March, 1997fdgtiaf2002). Conventional three di-
mensional analyzers (3D-QIT) employ a 3D quadrugtéetric field to store ions in con-
centric 3D orbitals. lons of the lowest storetz values occupy the outer layer and ions of

successively highan/zvalues occupying orbitals of progressively shorgatii. Older 3D-
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QIT analyzers have typically limited trapping caipa@and low resolution. However, a
series of technological improvements produced mo8&r-QIT instruments with extended
m/z upper limits up to 6000 and reduced lower masst leapecially while conducting
MS/MS experiments (March, 1997). In the case afdinquadrupole ion trap/zanalyzers
(LIT) ions are confined radially by a two-dimensa2D radio frequency field, and axially
by stopping potentials applied to the end elecsodie comparison to 3D-QIT, LIT has
higher injection efficiencies and ion storage capsx Thus, their function is not limited
to simply storing ions, rather, they can be implataed with multiple analyzers (e.g., Q-Q-
LIT) to offer multiple functionalities with enhandesensitivity (Domon and Aebersold,
2006; Douglast al, 2005).

2.6.1.4 Sequencing strategies using tandem MS

Different approaches have been devised to sequaobeins using MS. Peptide mass fin-
gerprinting was among the first to gain widesprpagularity. In this method, an isolated
protein is enzymatically digested with a specifiotpase (e.g., with trypsin) and the result-
ing peptide masses are measured typically with MALDF MS. The measured peptide
masses are then searched against a database ehgritiat have been digestedsilico
(Gevaertet al, 2001; Thiedeet al, 2005). Another common strategy, called shotgun or
bottom-up approach, involves pre-separation andfwichment of an enzymatically di-
gested protein or protein mixture followed by intgyation of selected ions by MS/MS.
The third method is called top-down approach andviblves direct analysis of the intact
protein. In this case, since proteins are diffitolionize identification requires MS capable
of high resolution (lower ppm range) with the dlilio fragment large analyte, for exam-
ple, FT-ICR MS (Cooret al, 2005; Geet al, 2002; Resing and Ahn, 2005).

The latter two sequencing approaches involve fragat®n of an ion of interest and re-
cord them/zvalues of the resulting fragments. Fragmentatioasually performed by col-
lision with an inert gas (CID). In this case, eneigapplied to a precursor ion in the colli-
sion cell of the MS and depending on the quantitthe energy applied fragmentation will
occur. Lower energies (typically 10-50 eV) tengtoduce fragments generated by cleav-
ages at peptide bonds, while higher energies (V)lcln produce other ions including

those produced by internal fragmentations (Hernardeal, 2006). Results of fragmenta-
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tion experiments are recorded as continuous sigrralsthey need to be processed to get
discrete values. Various signal processing algmstitan be used to convert the raw data
into tandem mass spectra, wherein each fragmens impresented by ite/zand the cor-
responding intensity value. Once tandem mass spectr obtained, interpretation to get
the original peptide or protein sequence is thd step. This step has also its own formi-
dable challenges arising from incompleteness ofnfientation, complicated and less-
understood fragmentation patterns and poor quithiyment spectra. However, it is often
possible to influence the interpretation processitpely by generating quality data
through careful selection of methods including thasvolved during sample preparation
and MS analysis. Generally, two approaches carsed 10 deduce sequences from tandem

mass spectra as described in the following twamest

A. Sequence database searching

The governing principle in this case is for evenyque peptide the complete spectrum of
fragment ions is also unique. Depending on the naddeagmentation different types of
ions can be formed; the most common ions with isoftactivation methods are the y- and
b-fragments. Searching a protein sequence dataisasg MS/MS begins with the genera-
tion of candidate peptides ly silico digestion of theoretical proteins from the databas
Those peptides withn/zvalues that match to the precursor ion mass éeetsd for further
comparison and scoring. Filtering criteria sucleasyme specificity, species, and accurate
mass can be used to reduce the number of candaladesomputing time. Once candidates
are selected, the experimental tandem mass spaetrthen compared to the theoretical
fragment spectra generated for each candidatedeeffiernandezt al, 2006). Various
scoring methods are applied to judge the validitgach match; the most common ones
are MASCOT (Perkingt al, 1999) and SEQUEST (Ergg al, 1994). Some scoring algo-
rithms use bothm/z value and intensity component of a spectrum, whilers use only
m/z component. However, predictable pattern of intessiof fragment ions, which is de-
pendent on the collision energy and specific contiposof the peptide, can help to con-
firm the identity of the matched peptide (Shadfattal, 2005).
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B. Denovo sequencing

De novosequencing seeks to use MS/MS spectrum of pepasebe sole reference for
deducing their sequences. Therefore, this requiigh quality spectra and complete
enough set of fragment ionBe novosequencing has particular advantages, for instance
when a reference database is not available or semugeof artificial peptides is required,
or when there are extensive PTMs. Several algosthave been designed to autondee
novosequencing and the list may include PEAKS, MassShkgrenga, and AuDeNs. The
approaches these algorithms use to deduce sequearté® grouped into two broad cate-
gories. The first group works by building all pddei permutations of sequences that can
match them/zvalue of the experimental precursor ion. Then,tkie®retical fragmentation
patterns created from these “pseudo-sequencestaan@ared against the measured tan-
dem mass spectra and peptides with higher scoegsr@sented as candidates for the origi-
nal peptide sequence. However, the challenge sfabproach is the degree of complexity
will dramatically increase with the increase in fir@cursor mass value. In this regard,
other additional information such as immonium iopior information on the amino acid
composition, and accurata/z measurements of the precursor are helpful in ilmithe
number of theoretical sequences. The software PEAK®articular, uses a robust algo-
rithm to limit the number of pseudo-sequences t@AM Alternatively, other software
tools depend on step-by-step building of a pemetpuence from the experimental tandem
mass spectra until the sequenced peptide masssdipgaieasured precursor mass. This
approach is referred to as peak succession appawatt is evidently much more sensitive
to the quality of the MS/MS data submitted. The kirng principles of these algorithms are
reviewed elsewhere (Hernandetzal, 2006; Pevtsowet al, 2006; Reinder®t al, 2004;
Shadforthet al, 2005; Xu and Ma, 2006).
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3 RESULTS AND DISCUSSION

Elastin and collagens are the major componentsmhective tissues and they are subjects
of damage when tissues are exposed to stressdaEtmrexample, as compared to the area
of skin protected from UV light (Fig. 3.1 A) elasthas been observed damaged when the
skin was exposed to UV radiation (Fig. 3.1 B) (RedgRonchetti and Baccarani-Contri,
1997). Damage of important ECM components has esuently associated with dis-
eases such as atherosclerosis, emphysema, and. dantimes, these diseases are severe,
if not life-threatening. Therefore, it is of hightérest to understand the biochemical basis
of damages in tissues and the present study igroesito provide a comprehensive insight
into the degradation of elastin, tropoelastin, selécted collagens of human skin under the
influence of MMPs.

As described in the previous sections, moleculaestigations on elastin and collagens
will face hurdles arising from their structural colexities and the present study addresses
these problems by developing MS-based analyticategties. The methods basically in-
volve a combination of separation techniques andtM$8haracterize degradation proc-
esses and the resulting products. The same metheds also employed to gain insight
into the complex molecular structure of elastin aaliagens. Experiments were performed
either online, i.e., LC coupled to MS or offlineg.i by fractionating complex samples into
lesser complex components using LC followed by M@eeiments. For exhaustive charac-
terization of degradation products, a combinatibdifferent acquisition methods and MS
analyzers were employed. MS instruments were tyigieguipped with an ion trap, orbi-
trap, qTOF, or TOF/TOF analyzer and ionization teghes were based on ESI, nanoESI,
and MALDI. Applying a combination of these techréguhas been proven to provide
complementary information (Stapels and Barofskyg&0Peptides were sequencedday
novo sequencing and/or comparing experimentally acduiamdem mass spectra with
silico generated fragment spectra from sequence datalfasegputational analyses were
assisted by programs based on multiple algoritmuisiding MASCOT, PEAKS, SPIDER,
and PHENYX. When necessary, fragment spectra weayzed manually to confirm the
identity of sequences. This was particularly nemesto verify PTMs, in which case sev-
eral candidates with modifications at differenesitould be suggested. Furthermore, mo-

lecular modeling was performed using crystal strret of enzymes and modeled peptides
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from the natural substrate with the help of sofeverols. Modeling was conducted to ex-

plain some of the observed specificity differences.

The study utilized human recombinant tropoelastipressed irE. coli, mature insoluble
elastin isolated from human skin using a methodcresd elsewhere (Starcher and
Galione, 1976), and bovine neck ligament elastim.ekample of an electron microscopic
view of elastin fibers isolated from human skinngsa slightly modified procedure after
Daameret al.is shown in Fig. 3.ZDaamenet al, 2005). Synthesized peptides from iso-
lated domain of human elastin were also employedgecific cleavage studies. Moreover,
collagen isolated from human skin was employedkfaae the binding and collagenolytic
behavior of one of the three MMPs. The resultshefdegradation of elastin are presented

in the first part of this cumulative thesis, whiksults regarding collagenolytic activity of

MMPs are summarized afterwards.

B

Fig. 3.1: Immunofluorescence staining of elastic fibers in-puotected (A) and sun-damaged human skin

(B) as visualized by confocal laser scanning micopy (adopted from (Mahoney et al., 2009)).

Fig3.2. Atransmission electron microscopic view of elasti@ tm) isolated from human skin.
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3.1 Characterizing the degradation profile of human reombinant tropoelastin by
MMPs

Human tropoelastin lacking domains encoded by ex@#)s24A, and 26A (Isoform 2,
SHELA26A) prepared as described previously (Maetiral, 1995) was used as substrate
The activated forms of MMP-7 and -12 were utiliziacquired from the manufacturer,
while MMP-9 was activated as described in the mactuier's guide. The profile of deg-
radation was investigated by exposing tropoelatstinlifferent concentrations of MMPs
(e.g., enzyme-to-substrate ratios of 1:500, 1:5@0d,1:1x10000n a buffer systems con-
sisting of 50 mM Tris, 200 mM NaCl, and 10 mM Cafdr MMP-7 and -12; 50 mM Tris,
100 mM NacCl, and 5 mM Cagfor MMP-9 at pH 7.5. The degradation profiles were
monitored with the help of MALDI-MS by taking aliqts from the respective digestion
and control samples at different time intervalse Bamples were mixed with the matrix
solution (10 mg mL* sinapinic acid in 0.1 % aqueous TFA/acetonitrdld,, V/V) at a di-
gest-to-matrix solution ratio of 1:5 (V/V). 0.pL of the mixture was spotted onto a
stainless steel sample plate and measurementspegm@med after drying. To character-
ize the profile of degradation the appearance lebeed products as well as the disappear-
ance of tropoelastin were monitored. The testsaledethat the three MMPs cleaved tro-
poelastin very fast and products could be detested after the first minute of incubation.
Interestingly, even at low enzyme concentratiomzyme-to-substrate ratio 1:1x10000)
perceptible degradation, especially by MMP-12, watected very early (Fig. 1, appendix
6.1).

As the degradation continued it was possible t@geze that MMPs firstly generated
higher mass polypeptides with characteristic pastercross the incubation period. These
compoundsnclude those with 32 kDa, 43 kDa, 44 kDa, 48 kDa, 53 kBagd 56 kDa.
These polypeptides were degraded to smaller preduysgn further incubation. During the
early phase of degradation, MMP-7 and -12 typicplgduced polypeptides with masses
of 32 kDa, 44 kDa, and 48 kDa. The compound witrkB4, in particular, was the most
abundant peptide initially, while the compound wgh kDa was the second most abun-
dant. However, their abundance changed rapidlytaeccompound with 32 kDa became
the most intense peak. In contrast, the 48 kDapeplifde was produced rapidly and it was

the mostintense peak when tropoelastin was degraded by MMFie pattern of forma-
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tion of these polypeptides was reproducible oveltipie concentrations of enzymes and

separate experiments. Therefore, this may inditetethe most sensitive bonds that read-
ily respond to MMP-9 reside at different locationgropoelastin sequence as compared to
sensitive bonds to MMP-7 and -1Representative spectra that compare the formafion o

intermediate polypeptides by the three MMPs arevshia Fig. 3.3.

Further comparison of the three MMPs revealed MhigP-12 degraded tropoelastin faster
than the other two enzymes. For example, intapottastin could not be detected after 30
min incubation with MMP-12 (enzyme-to-substrateiaat:50Q0 appendix 6.1), while it
took at least 2 h with MMP-7 and even longer (3vith MMP-9 at the same enzyme-to-
substrate ratio. With regard to the intermediatiygeptides, it took at least 2 h for MMP-
12 to degrade them to smaller masses. In contlasintermediate polypeptides could be
detected even after 4 h incubation in the presefddMP-7 and MMP-9. In the control
study, where tropoelastin was incubated in the ratess®f MMPs, tropoelastin remained
intact during the course of incubation (Fig. 2, epghix 6.1). This ensured the cleavages in

tropoelastin were induced exclusively by the MMPs.

Thus, this study confirmed that tropoelastin isyveensitive to the proteolytic activity of
MMPs, especially to MMP-12. The degradation hasnbglgown to proceed through the
generation of intermediate higher mass polypepti8asilar pattern of processing of tro-
poelastin was also reported bathvitro andin vivo. Serum proteases such as kallikrein
and plasmin have been claimed to cause such pmogédsstissues (Romeret al, 1986).
The cleavages, particularly in domains 6 and 2@elseen identified to form higher mass
polypeptides with similar patterns (Jensstnal, 2003; Jensemt al, 2000; Kozelet al,
2003; Mecham and Foster, 1977). The degradatiomopbelastin through intermediate
polypeptides has also been reported to be medmtedetal-dependent enzymes (Hayashi
et al, 1995).In this study, the exact cleavage sites that lethéoformation of the afore-
mentioned intermediate products were not mappeedvever, it was recognized that some
of the peptides reported to exist in serum havél@imasses with those polypeptides pro-
duced by MMPslt should be underscored that the extreme seitgittf bonds in tropoe-
lastin to MMPs has several consequences. For exartipg ability of tropoelastin to get

involved in a process of new elastic fibers formator repair of damaged elastin is de-
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pendent on its intactness. Truncated tropoelastibieen proven to fail to undergo produc-

tive elastic fibers formation (Satt al, 2007).
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Fig. 3.3: Positive ion MALDI mass spectra of polypeptidesiegated when tropoelastin (shown by
[M + H] * in the chromatogram) was incubated for 30 minhi@ presence of MMP-7 (A, enzyme-
to-substrate ratio 1:500); MMP-9 (B, 1:500); andWp-12 (C, 1:5000).

3.2 The degradation of human recombinant tropoelastin p MMPs: mapping cleav-

age sites and analyzing specificities (Appendix 6.Bleinzet al., 2010)

To further understand the cleavage processes apdsoszeptible areas, tropoelastin was
digested in the presence of MMP-7, -9, and -12 wtige buffer conditions described in
appendix 6.2. The digests were chromatographedyusnoHPLC and subsequently se-
guenced with the help of nanoESI-qTOF MS and MAOM¥+/TOF MS. The sequence
coverage of each digest is shown in Fig. 1 (appefdl). Using these peptides, the sus-
ceptible areas in tropoelastin were mapped and/atgaspecificities were characterized.
As can be seen in Fig. 1, the three MMPs degradgd¢lastin extensively. MMP-12 pro-
duced at least 132 peptides, while 84 and 74 peptdere generated by MMP-7 and
MMP-9, respectively. All three MMPs cleaved bontisotughout tropoelastin with fre-
quent cleavages occurring mainly at the C- andriiteus of the protein. In contrast, the
central hydrophobic region of the tropoelastin szme, particularly the region encoded by
domains 17-25, was observed to notably resist qiggte attacks. This region has been

reported to contain residues responsible for irdad intra-molecular contacts (cross-links)
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during coacervation (Toonkoel al, 2001; Wiseet al, 2005). It was, therefore, speculated
that the incubation condition might support foldimgthe region and hide several bonds
from MMPs attack. MMP-12 cleaved at least at 88ssivhile MMP-7 and -9 cleaved at
least at 58 and 63 sites, respectively. From tted tdeavages, 24 were common sites for
the three enzymes while 29 were shared by MMP-7M~NtP-9. Similarly, MMP-7 and
MMP-12 shared 35 common cleavage sites, while MME® -12 exhibited the maximum
common cleavage sites of 46. As also pointed otieeaMMP-12 is the most active en-
zyme against tropoelastin and it was identifiedubat several sites, except in the domains
encoded by exons 8, 9, and 11. In contrast, MMR&/-8 did cleave multiple linkages in
several domains but no cleavage could be detestddmains encoded by exons 8-11, 19,
20, and 36.

MMPs involve primarily their ctDs to facilitate @deage of substrates. The interaction be-
tween the zinc atom of the ctD and a residue ciisti) the scissile bond of the substrate
has been identified to play the most important rioleenzyme catalysis (Pirard, 2007).
Other residue-subsite contacts that take placedckgts either to the right or to the left of
zinc have also been recognized to support cleguamgeesses. Subsites differ in the manner
they bind to substrates; some bind strongly whileers exhibit weak interactions. The
difference in the binding affinities can be tappediesign unique inhibitors that are selec-
tive in their interactions with a given MMP. Howeyéhe remarkable similarity between
the 3D structure of MMPs and the resultant resendglan substrate specificity always
offer a formidable challenge to attain the objextof designing selective inhibitors. Fig.
3.4 depicts a ribbon structure of MMP-7, -9, andl aligned to demonstrate the degree of

similarity these enzymes have.

A summary of specific residue-subsite interactithred show preferences of the respective
subsites in the ctDs of the three MMPs is givemables 1 and 2 (appendix 6.2). As can be
observed, the three MMPs cleaved typically N-teahito hydrophobic and/or aliphatic
residues such as Leu, Ala, Val, Gly, lle, Tyr, &ttt with noticeable differences in their
affinity towards individual residues. When residoieferences were determined on the
basis of the number of cleavages each MMP initjetes preference of the Sn MMP-7
followed the order Leu (48 %) >> Val/Gly (each 12 $%Pro (10 %) > Tyr (5 %). The
residue specificity of MMP-9 followed the order LE2R %) > Ala (19 %) > Gly (14 %) >
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Lys (11 %) > Val (9 %), while MMP-12 showed a spiiedly according to the order Ala
(26 %) > Leu (20 %) > Lys (12 %) > Val/Tyr (eacl®® > Gly (7 %). It is evident that the
three enzymes showed certain degree of preferdacesnino acids at:S To exemplify
this, MMP-7 showed stronger preference for hydrdphoesidues particularly for Leu (73
%, 29 out of a total of 4Deu residues in tropoelastin) as compared to MMP-9%3%nd
MMP-12 (48 %) at $. It is also interesting to note that Ala, a riely small aliphatic
and hydrophobic residue, was moderately preferte®] aof MMP-9 and particularly pre-
ferred in MMP-12. However, very few cleavages (2 @ul57 possible x-Ala bonds) could
be identified with Ala at P for MMP-7. Moreover, all three MMPs appeared leage N-
terminal to charged residues such as Lys with netdifferences in their affinities. In par-
ticular, around 31 % of all x-Lys linkages in traghastin could be cleaved by MMP-12,
while in the case of MMP-7 and MMP-9 the proportiamere 3 % and 20 %, respectively.
At other subsites, the three MMPs behaved moress similarly and a detailed account

has been provided in appendix 6.2.

Fig. 3.4:  Alignment of the ribbon structures of MMP-7 (grayiMP-9 (red), and MMP-12 (cyan).

Some of the observed residue-subsite interactiomsnéeresting. Thus, to better explain
these interactions the crystal structures of theettMMPs in complex with model peptides
were graphically analyzed. As also described presho(Bode, 2003) and confirmed in
this work (Fig. 3, appendix 6.2), the size and shapindividual subsites influenced resi-

due-subsite interactions. For example, as evidebgddg. 3A, Tyf**of the S loop in the
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case of MMP-7 was identified to extend into therdpg of the loop, while MMP-9 and -
12 have the smaller Leu residue at the same posdiving the loop in MMP-9 and -12 an
extended appearance. In addition, whereas thenestraf the $ loop in MMP-9 was re-
stricted by the bulkier but flexible T3 the same position was occupied by the smaller
Th**° residue in MMP-12. Therefore, bulky and aromaisidues such as Ser, Lys, and
Arg were restricted from binding in the shallower focket of MMP-7 but accommodated
well in the deeper subsite of MMP-12. Furthermamsidering the hydrophobic nature of
S:” charged residues are not expected to be favbtedever, the degree of hydrophobic-
ity differs between the three MMPs. For example, polar residue TAY* of MMP-12 is
mutated to an aliphatic residue V&lin MMP-9 and AIZ* in MMP-7. GI*® of MMP-7
and MMP-12 is also mutated to Glhin MMP-9. Fig. 3C also confirmed that the bound
model substrate with Lys at; Prests in the vicinity, where it is more hydropfmin
MMP-7 than MMP-12 and MMP-9. Therefore, the morelophilic and wider pocket in
MMP-12 could accommodate Lys better than MMP-7 géhdThe other interesting resi-
due-subsite interaction is that Pro was a preferesdiue at £(Tables 1 and 2, appendix
6.2). Modeling of the crystal structure of MMP-12 Gomplex with the natural substrate
LPYGYGP (residues 226—-233, tropoelastin isoformmeX)ealed that Pro atRppeared to
force the backbone of the peptide into a conforomathat favors the occupation of indi-
vidual subsites (Fig. 4A, appendix 6.2). Furthermahe positioning of Pro atRllowed
bulky residues such as Tyr atposition to interact with SFigs. 4B and C, appendix 6.2).

Overall, as discussed in section 3.1 tropoelastdegraded by MMPs rapidly and it is now
known that most cleavages take place mainly clogbd two terminal regions of the tro-
poelastin sequence. The rapid cleavages in théyhtgimserved C-terminal region, in par-
ticular, are interesting. The C-terminal domaintrofpoelastin has been proven to be re-
sponsible for tropoelastin’s binding with microfitar proteins and possibly cross-linking
during elastin biosynthesis (Broekelmagal, 2008; Satcet al, 2007). Products of ter-
minally truncated tropoelastin sequences have Beewn to cause errors in elastin bio-
synthesis. Examples of similar cases include SVA8 lamb ductus arteriosis diseases
(Hinek and Rabinovitch, 1993; Tassabedtjial, 1997; Wu and Weiss, 1999). Thus, the
present study identified the susceptibility of wefastin to MMPs and further mapped sus-
ceptible bonds. The clear indication of these tesigl that tropoelastin will be rapidly

processed when it is expressed in the presenceM®P3v Moreover, as previous results
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showed, processed tropoelastin cannot effectivalfigipate in elastin synthesis. There-
fore, this underlines not only the direct degradatioles of MMPs on tropoelastin but it
also shows the potential influence MMPs have orB6#& functions by undermining new
synthesis and repair of damaged elastin. The irdton gained by mapping susceptible
bonds in tropoelastin can also be applied in trsgikéng of biomaterials based on tropoe-
lastin. Efforts have already been made to devedsstant tropoelastin derivatives using
recombinant technologies or chemical methods byifyiod susceptible regions of tro-
poelastin without affecting functional propertidég(et al, 2008; Weiss, 2007). Further-
more, the cleavage site specificity study has plediseveral important results that can be

used to understand tropoelastin-MMP interactions.

3.3 Investigation of the degradation of insoluble humarskin elastin by MMPs

A. Macrophage elastase-mediated degradation (Appendi 3 Taddeseet al., 2008

MMP-12-mediated degradation of elastin is centraliseases like emphysema (Lagestte
al., 2005), atherosclerosis (Liareg al, 2006), and certain cancerous diseases (Keetela
al., 2000). However, it is not always easy to conefelsi assign the role of MMP-12 in
disease processes. The fact that other elastiradiegr MMPs are co-expressed makes the
unequivocal determination of the primary etiologjitactor difficult. In addition, identifi-
cation of other MMPs than MMP-12 as major playesthe same disease but different
disease models complicates the matter even furin€@OPD, for example, while all ani-
mal studies have confirmed MMP-12 to be the mosiniment player, some human studies
suggested MMP-9 to play the major role (Elkington &riedland, 2006). Therefore, under
these circumstances a detailed investigation ofdttect role of each MMP on the ECM
components may help to characterize their roldsaate processes. To assist this purpose,

the present study investigated MMP-12-mediatedatsgion of elastin.

Elastin isolated from human skin was exposed toatttevity of MMP-12 as described in
appendix 6.3The resultant peptides were characterized usingG4E&l-ion trap MS or
offline by nanoESI-qTOF MS after HPLC fractionatiddince the biopolymer elastin re-
leases a complex mixture of peptides upon deg@uati was necessary to develop an

optimum chromatographic separation method thatdc@ldo serve to characterize less
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abundant products. Furthermore, fractionation anmequent offline experimentation us-
ing nanoESI-qTOF MS gave the chance to conduct MSHkasurements over longer
time so that fragment spectra could be averageshhbance quality. This was particularly
necessary for the identification of less abundaec®s. The sequences of peptides were
determined from their tandem mass spectra by dsgatm@atchinggde novosequencing and

a combination ofde novosequencing and database searching. Table 1 imdppé.3
summarizes the peptides generated by MMP-12 fraoluble elastin. A total of 41 pep-
tides ranging from 4 to 41 amino acids were idédif Moreover, with the help of these

peptides the cleavage sites were mapped and amnshd-ig. 2.

Additional measurements were also performed onMMP-12 digest of elastin using
nanoHPLC coupled to nanoESI-qTOF MS and offline MALDI-TOF/TOF MS after
nanoHPLC separation. Fig. 3.5, for instance, pewidn overview of the peptides gener-
ated by MMP-12 when measured using nanoHPLC-nanr@H®IF MS (procedure is de-
scribed in appendix 6.4T.hese additional experiments helped to charactenzee degra-
dation products than those reported in appendixI6v@as particularly possible to identify
cleavages from domains in the central region ofdlastin sequence. As described in ap-
pendix 6.3, almost no degradation product coulddmenced using ESI or nanoESI alone
from this region. The identification of new degrida products can be ascribed to the
complementary nature of the acquisition strate@esl and MALDI), which have been
reported to preferentially ionize peptides of darteharacter. For example, MALDI has
been identified to exhibit a slight bias towardptmes with basic or aromatic residues,
while ESI tends to favor the identification of hgghobic peptides (Stapels and Barofsky,
2004). Taken as a whole, using the combined siegtely was possible to identify 96 pep-
tides with lengths between 4 and 51 amino acida.dmilar study that aimed to character-
ize the MMP-12 degradation products of elastin,r@so and coworkers could sequence
much fewer peptides using an LC-MS approach (1Iigepwith lengths ranging from 4
toll residues) (Barrosat al, 2006). Evidently, methods developed in this stadiieved
significantly better characterization of the clegearoducts. It was, for example, possible
to sequence low abundant peptides with masses bkia. Thus, this underlines the ad-
vantages of employing multiple approaches to aeéhlmtter sequence coverage of a com-

plex mixture like an elastin digest. The overall MM2-initiated cleavage sites are sum-
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marized and discussed in section C in comparisdah thie MMP-7-mediated cleavage

sites and specificities.

1004

500 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00

Fig3.5: Base peak chromatogram of a MMP-12 digest of ifidel human skin elastin (enzyme-to-
substrate ratio 1:100). The measurement was cardatl using nanoHPLC-nanoESI-qTOF. It
shows the elution profile of peptides released satloition using the method described in appendix
6.4.

B. Matrilysin-mediated degradation (Appendix 6.4, Taddeseet al.)

Matrilysin is the smallest member of the MMP famdgd has been shown to be constitu-
tively expressed in tissues @t al, 2006). It has important functions in the innatenu-
nity of organs such as the lung and intestine (Bug004; Wielockxet al, 2004). How-
ever, its overexpression has been shown to leaenodeling of the ECM. Of all the re-
modeling processes that MMP-7 has been claimect tmolved in, the most prominent
and widely investigated one is its involvement ancer (liet al, 2006; Wielockxet al,
2004). MMP-7 has been associated with almost altemus diseases of many organs of

the body, for example, ovarian cancer (Waigal, 2005), esophageal adenocarcinoma
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(Salmelaet al, 2001), and rectal cancer (Lab al, 2005). Its expression at almost every
phase of cancer progression has been reportedqdliiett al, 2004). MMP-7 has also
been associated with progressive inflammatory d¢ardi such as atherosclerosis (Halpert
et al, 1996), elastotic material formation in the skBaérialho-Kereet al, 1999), and
other destructive pulmonary diseases (Elkington Briddland, 2006). Although many
diseases have been associated with the aberrargssign of MMP-7, its direct role has
not been fully understood. Nevertheless, it is Wyid@mown that MMP-7 can degrade vari-
ous components of the ECM, including elastin aaddrticular role in conferring macro-
phages with the most potent elastinolytic functi@as been demonstrated (Filippetal,

2003). The present study describes the degradaleef MMP-7 on mature elastin.

Human skin elastin was digested in the presend@\dP-7 (as described in appendix 6.4).
The resultant degradation products were separayedabnoHPLC and analyzed either
online with nanoESI-qTOF MS or offline with MALDIOF/TOF MS. Additionally, pep-

tides were characterized offline using static nélo&n qTOF MS after fractionation by
HPLC. Fig. 1 in appendix 6.4 shows the elution peobf peptides generated by MMP-7
when analyzed by nanoHPLC coupled to nanoESI-qT®&F Réptides released by MMP-7
are summarized in Table 1 and with the help of@hasptides it was possible to identify

protease susceptible regions in mature elastin &ig

Unlike MMP-7 and MMP-12, when elastin was incubatedthe presence of activated
MMP-9 no elastin-derived peptides could be deteetezh after 24 h incubation. This ob-
servation was unexpected considering the factttteasame enzyme could extensively de-
grade tropoelastin at the same buffer and pH ciamdit Similar observations have been
reported under slightly modified buffer conditiofi£.5 mM Tris, 1.5 mM CagG| 33 mM
NaCl, 0.005 % Brij at pH 7.5) (Barrost al, 2006). Thus, given the fact that the same
enzyme could effectively degrade tropoelastin, rbgult may lead to a speculation that
MMP-9 binds less to elastin than tropoelastin. Hasvethis has to be proven with further

investigations.
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C. Comparison of matrilysin and macrophage elastase-niéated degradations

The overall sequence coverage and cleavage sitppemiausing MMP-7 and MMP-12
digests of elastin are summarized in Fig 3.6. Tdwuence coverage is shown on the basis
of the amino acid sequence of human tropoelastiois 9 (SwissProt accession number
P15502-9. It can be observed that at least 81 susceptitkages were mapped for MMP-
12, while MMP-7 cut at least at 56 linkages in #tasAs a result of these cleavages, at
least 95 peptides were released by MMP-12, while®/Mgenerated at least 52 peptides
with lengths ranging from 5 to 87 amino acids. Tenparison of the chromatograms of
MMP-7 and -12 digests of elastin also providessuai overview on the degree of com-
plexity of the degradation products. Evidently, tieomatogram from the MMP-12 digest
(Fig. 3.5) is more complex and appears to contairerdetectable peptides than the MMP-
7 digest (Fig. 1, appendix 6.4). This has also beflected on the number of peptides
identified from the two digests (52 vs. 95). Thisservation is consistent with results of a
previous report, which has shown that MMP-12 bitalslastin more efficiently than
MMP-7 (Curciet al, 1998).

Furthermore, when cleavage sites recognized by MMiPe compared against those rec-
ognized by MMP-12 (Fig 3.6), it can be observed #@prox. 40 % (38 out of 99) of the
total cleavages are common sites for both MMPs. ¢l@w if the comparison is performed
on the basis of the identities of peptides produmedhe two MMPs, it becomes evident
that MMP-12 produced several unique peptides (650ba total of 95) that could not be
identified in MMP-7 digest. The difference in thegsience identities between these two
digests is interesting and seems to present anrily to discern potential marker pep-
tide or a set of peptides that may help to follbw tole of MMPs in degradative disease
processes. In this regard, a peptide mass fingerpfithe MMP-12 digest of elastin has
been suggested as a predictor of disease procssdess in COPD (Brobegg al, 2006).
However, mass fingerprinting of complex biologisamples requires the determination of
masses with a high degree of accuracy, which issaéble for routine purposes. More-
over, the reliability of mass fingerprinting may liraited by the fact that complex biologi-
cal samples may contain several compounds witlellasmilar or identical masses. Thus,
known peptides sequences generated by specific MivlBsbe a better choice to address

the setbacks of relying only on masses.
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1 MAGLTAAAPR PGVLLLLLST LHPSRPGGVP GAIPGGVPGG VFYPGAG}.GA 50
p——— Signal sequence —— A A A

51 LGGGALGPGG KPLKPVPGG}. AGAGLGAGLG AF;PAVTFPGA " LVPGGVADAA 100
A A A AAA A A

101 AAYKAAKAGAA GLGGVPGVGG LGVSAGAVVP QPGAGVKPGK VPGVGLPGVY 150

10 11

151 PGGVLPGARF PGVGVLPGVP TGAGVKPKAP GVGGAFAGIp GVGpFGGPQP 200
AA A A A A

12 13 14

201 GVPLGYPIKA PKLPGGYGLP YTTGKLPYGY GPGGVAGAAG KAGYPTGTGV 250
A A

15 16

251 GPQAAAAAAA KAAAKFGAGA AGVLPGVGGA GVPGVPGAIP GIGGIAGVGT 300

17 18

....................................................................................................................................................

301 PAAAAAAAAA AKAAKYGAAA GLVPGGPGFG PGVVGVPGAG VPGVGVPGAG 350

........................................................................ T b e e
351 IPVVPGAGIP GAAVPGWSP EAAARAAAKA AKYGARpGVG VGGIPTYGVG 400

................................................... 20 e ey D1 anrnssennens
401 AGGFPGFGAVG VGGIpGVAGV PSVGGVPGVG GVPGVGISPE APAAAAAKAA 450

A A A A

............................................ 7 ST SR
451 KYGAAGAGVL GGLVPGPQAA VPGVPGTGGV PGVGTPAAAA A.KAAAKAAQF 500

LDAB oo D4 oot sees e
501 ALLNLAGLVP GVGVAPGVGV APGVGVABGV GLAPGVGVAP GVGVAPGVGV 550
A A A
.............................................................................. 26 ..o
551 APGIGPGGVA AAAKSAAKVA AKAQlLRAAAG LGAGIPGLGV GVGVPGLGVE 600
A A A A AAA
................................................................................................... 26A oo
601 AGVPGLGVGA GVPGFGAGAD EGVRRSLSPE LREGDPSSSO HLPSTPSSPR 650
AAA A
................ 27 e - BT
651 VPGA‘LAAAKA AKYGAAVPGV LGGLGALGGV GIpGGVVGAG PAAAAAAAKA 700
A A A A A A AA
.................... S s B U B
701 ARKAAOFGLYV GAAGLGGLGV GGLGVPGVGGE LGGIppAAAA KAAKYGAAGL 750
ATA A A A AA A
................ 7 R < SO - S

751 GGVLGGAGQF af.‘eAGAVAAPlPG LEG SPIFPGE  ACLGKACGRK RK

A
A AA A AAA A A
Ill\/ll\/lPJ

MMP-12
Fig. 3.6 Sequence coverage from MMP-7 and MMP-12 digesissofuble human skin elastin. Cleavage
sites are highlighted by shaded triangles. Thegssent is based on the sequence of human tro-
poelastin isoform 9 (SwissProt accession number5B28). Hydroxylated Pro residues are

shown as p".
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It also becomes clear from Fig 3.6 that both MMBRd -12 frequently cleaved linkages
close either to the C- or N-terminus of the tropsgh sequence. A similar pattern of pref-
erence was also noted in tropoelastin. Thus, atghint it can be concluded that elasti-
nolytic MMPs prefer bonds in the region close aittee C- or N-terminus, while bonds
from residues encoded by domains close to the alerggions of the elastin sequence are
markedly resistant to the degradative activitie$/dPs. Amino acids encoded by the ex-
ons 5-7, 26, and 30-33 were found to be partiguukceptible to MMP-7 attack, while
none or few cleavages could be detected in linkagesded by other exons. In contrast,
MMP-12 cleaved in domains slightly more diversenthdMP-7. For instance, in addition
to those mentioned for MMP-7, MMP-12 cleaved femkéiges in the central hydrophobic
region including the sequence encoded by exont24.rnecessary to point out, however,
that several cleavages mapped in tropoelastin cootdbe detected in elastin (compare
Fig. 3.6 and Fig. 1 in appendix 6.2). Identificatiof a limited number of cleavages in
elastin might be related to the extensive involvend several domains in cross-linking.
Cross-linking restricts the availability of streéshof residues to make productive interac-
tions with enzymes. In this regard, the observatibrthe present study is in agreement
with a recent result reported by Bertini and coveosk(Bertiniet al, 2009). They showed
that at least 8-11 amino acid residues (4—7 residNierminal and 2—4 residues C-
terminal to the amino acids containing the scisbibd) are required for MMP-12 to
cleave a linkage in elastin. Fig. 3.7 shows, faaregle, an interaction between the ctD of
MMP-12 and KPVPGGLAGOf elastin (residues 64—72), where -8ijeu’- is the scis-

sile bond.

Moreover, to get insight on the specificities o #tDs of MMP-7 and MMP-12, particu-
larly of the S-S, subsitesyesidue preferences were comparatively analyzedazsuon-
mary is provided in Table 3.1. Similar to other M§ia the family, both MMP-7 and -12
cleaved preferentially -Gly-Leu- bonds in elastidaas a possible consequence of its
abundance, Gly is accepted relatively equally 4aFR P," and R" positions (Table 3.1).
The S subsite in both MMPs revealed a strong preferdacdeu, which was followed
by Gly and Val for MMP-7 and Val and Gly for MMP-1RIMP-7 also exhibited moderate
affinity for Pro at the § pocket and this contrasts a previous report, wisitowed that
placing Pro at § made cleavage of substrates undetectable (NAtrekt et al, 1993).

However, the contributions of residues at othersgab have to be accounted in order to
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make direct comparison of the influence of residateS . Whereas Pro at;Rvas accepted
in both MMPs, it was further recognized that hyddakion of Pro at Pdid not affect the
binding of Pro to § HyP could still be accepted particularly by MMPB-1A detailed dis-
cussion on the residue preferences of each subgitamparison with reported specificities

is provided in the appendices.

Fig.3.7: A complex between the ctD of MMP-12 and an elastigrirent KPVPG™-L°AG (residue 62-
74). The ctD interacts with a stretch of residudsclv should be long enough to make a produc-
tive interaction (adopted from (Bertini et al.,g)).

Table3.1: Residue preferences af-§ subsites of the ctDs of MMP-7 and MMP-12 uporavdge of

insoluble human skin elastin.

Pel% | Ps/% | Po/% | Po/% JP' /% | P /% | Ps/% | Pil%

Mvp- [ 7 (2] 7 (2]l 72l 7 27 12 722 7 ]22] 7 [ 22
Gly |28]27 E- 23| 28 28
Ala |13 |15 20| 28] 29| 13| 23
val |15 17 15[17[15] 5 | 12
Leu | 7] 4 418585
lle 2 5 315
Phe |8 7 35| 3[5] 4
Tyr 2|0 1| 2] 3| 2] o
Pro | 12|13 o| 7 [12|15] 11
HyP | 5] 7 o[ o] 3| o 4
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Taken together, this study tried to characterizedgradation of elastin in terms of prod-
ucts released, susceptible degradation sites, esidue specificities of enzymes involved.
The results provided insight as to how and whereRdMind and degrade elastin. As also
suggested, one potential application of the regilthis investigation is the possibility of

describing disease-associated products releasedimfiuids. In this regard the potential

of developing marker peptide has been suggestaedrégults of residue specificity studies
may also be used in the designing of inhibitorbetter model substrates. Models, in par-

ticular, can be used in high-throughput screeningke place of actual substrates.

3.4 Generation of matrikines from tropoelastin and elasin (Appendices 6.1, Tad-
deseet al., 2009 and 6.2, Heinet al., 2010)

As discussed in the preceding sections, elastintiaaelastin are rich sources of bioac-
tive peptides. Several proteases have been deddobproduce matrikines from elastin;
the notable examples are leukocyte elastase (Lammétral, 2006) and proteinase 3
(Lombardet al, 2005). However, limited or no information is dahie on the identity of
MMP-generated matrikines from elastin and tropdeladhus, the potential of the three
MMPs to liberate peptides with bioactive and patdiyt bioactive sequences was ana-
lyzed. Tables 3 and 4 in appendix 6.2 summarizes¢tygiences of peptides with bioactive
motifs released from tropoelastin by the proteolgctions of MMPs. All tested MMPs
released several peptides from tropoelastin canione or a combination of the
GLGVGAGVP, PGAIPG, VPGVG, and VGVPG motifs with MME2 producing the
highest number of potential matrikines. It is waidhnote that some of the identified frag-
ments contain bioactive motifs multiple times ieithsequences. For example, the peptide
103-207 1n/z9371) released by MMP-12 possesses 9 reportedthvieasequences or the
peptide 121-207nf/z 7860) released by MMP-7 and MMP-12 contains 8 diiva se-
qguences (Tables 3 and 4 in appendix 6.2). The gaaerof the entire sequence of domain
24 from tropoelastin by MMP-9 is also another ntgadxample of the potential of MMPs
in releasing multiple matrikines. Domain 24 consageveral repeats of the VGVAPG se-
guence, a peptide that has been reported to bévad/an various biological activities
(Maquartet al, 2005). The possible biological significance ofiing a repeated bioactive
motifs in one peptide sequence has been propodeddo overall bioactivity (Ducat al,
2004).
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Furthermore, the hexapetide VGVAPG has been rephootée the principal ligand of elas-
tic receptor (Brassasdt al, 2001; Senioet al, 1984). When released locally, it has been
shown to induce series of signals that lead to adlgriof activities. For instance, through its
interaction with the galectin-3 receptor, it leadsiological functions that amplify mela-
noma invasion (Poczet al, 2008). Thus, it was of particular interest to lexp the poten-
tial of the three MMPs in releasing VGVAPG from #la. To study this, domain 24-
encoded residues were synthesized as two fragr{(lRERRA and PEPB, appendix 6.1) and
their susceptibilities to MMPs was thoroughly exaed. As shown in Fig. 5 and Table 1
(appendix 6.1) several small-sized sequences weduped when PEPA and PEPB were
exposed to the activity of MMP-12. It was obserteat MMP-12 cleaved at several link-
ages in the synthesized peptides, provided thaadkiee subsites (S S) of the enzyme
were occupied. The linkages -&fval*®, -Gly**-val*®-, and -Vaf®3Gly***- (on the
basis of tropoelastin isoform 2) were identifiecdbtosusceptible to MMP-12 attack. Cleav-
ages of these bonds resulted in abundant peptidskaavn in the MS chromatogram (Fig
6, appendix 6.1). However, it is necessary to iioé a considerable proportion of PEPA
and PEPB was found to be undegraded after 10 hcabation in the presence of MMP-
12.

When PEPA and PEPB were exposed to the activifiédP-7 and MMP-9 no cleavage
could be detected. This shows that these two enzyrae hardly cleave in the region en-
coded by exon 24 even when the sequence is preséstisolated form. Consistent with
these observations, MMP-12 cleaved at least aetlm&ages in domain 24 in intact tro-
poelastin (-ValF3Gly*4, -Al*“Pre®, and -Gly*>Val’*:, Fig. 4 in appendix 6.1).
These cleavages were identified in a 10 h digesbpbelastin, while only one of the three
cleavages could be detected in a 4 h digest (Fig.appendix 6.2). In insoluble elastin,
four cleavage sites could be identified for MMP-{Bly*°-Lerr®®, -Gly>*%Leu®2,
-Ala®*-Pr*®-, and -Gly*®-Vval**%-, Fig. 3.7, whereas no cleavages in domain 24 could be
identified when elastin was incubated for 24 hhi@ presence of MMP-7 and MMP-9. It is
necessary to recall from the preceding discussianthe linkages encoded by domains in
the central region of the tropoelastin sequencarane resistant to proteolytic attack and
that the domain 24-encoded sequence is one of ¢is¢ mydrophobic sequences in tropoe-

lastin.
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Overall, the three MMPs produced several fragmevite potential bioactivity as evi-
denced by the presence of motifs with reportedvigygtilt appears that MMP-12 has a
higher potential of producing matrikines. MMP-1Za@lshowed a higher propensity of
generating VGVAPG fragments from domain 24. Thesdifigs perhaps help to explain
the biological activities observed in biologicalifls containing the three MMPs. For ex-
ample, monocytes recruitment has been observeanthoalveolar lavage fluid of MMP-
12-expressing mice but not in MMP-12 deficient mideen model animals were exposed
to cigarette smoke (Houghtaet al, 2006). EDPs were detected only in the lavaged flui
from MMP-12 expressing mice but not from MMP-12 ideint mice. In another report,
instillation of MMP-12 to the lung has been repdrte recruit chemokines, macrophages
or neutrophils to the lung (Greenleg al, 2007). However, additional experiments are
needed to conclusively establish thevivo significance of the potential matrikines identi-
fied by this study.

3.5 On the primary structure of elastin

A. Identification of proline hydroxylation sites (Appendices 6.3, Taddeset al.,
2008 and 6.4, Taddeset al.)

MS provides an exceptional advantage to identifstf@nslationally modified sequences.
Thus, in an attempt to characterize the Pro hydation pattern in elastin, digests of
MMPs were screened for the presence of peptidetsioamy HyP residues. Table 3.2 pro-
vides a list of HyP-containing peptides generatgdMiMP-7 and MMP-12 from elastin.
With the help of these peptides, sites of hydraxyiain elastin were mapped and are
shown in Fig. 3.6 by small and colored lettpt.“As can be seen, at least 15 hydroxylation
sites could be assigned, out of which 10 have aenhlreported before. The hydroxylation
of Pro in elastin is contentious topic and only feports have been dedicated to exhaus-
tively quantify the extent of hydroxylation. In tadhe first work that comprehensively
identified such modification sites in human skiastin was reported only recently (Getie
et al, 2005; Schmelzeet al, 2005). Thus, together with previously identifid@ sites
(Getieet al, 2005; Schmelzegt al, 2005) the total number of potential Pro hydrokigia
sites in human skin elastin is 40. This is out pbasible 86 Pro residues in elastin, consid-

ering the most frequent isoform in the human skiterature reports that 0-33 % of the
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Pro in elastin are hydroxylated (Bergethetral, 1989; Schmelzest al, 2005). However,

it was not possible to infer the extent of hydratidn from the present data since not all
Pro at the same position but in different elastwienules are always hydroxylated. Partial
modification is not uncommon for complex proteinsis as elastin. Worthy of note, none-
theless, is that the majority of the modified Rieelastin lie at the Y position in the -Gly-
X-Y- repeats, which is consistent with the sequesecificity of the enzyme prolyl hy-
droxylase (Rhoads and Udenfriend, 1969).

Table 3.2: List of peptides produced from human skin elasfithie action of MMP-7 and -12. They possess

hydroxyproline residues in their sequences.

M. Sequence Residue

~ 1789.0 G LGAG pGLGVGVGVPG.GVGAG V 581- 602
a 3348.9 G LGAG pGLGVGVGVPG.GVGAGYPA. GVGAGVPGFGAVPGA. L 581- 654
§ 3364.9 G. LGAG pGLGVGVGVPG.GVGAGYP GLGVGAGVPGFGAVPCGA. L 581- 654
2 3888.2 Q LRAAAGLGAG PGLGVGVGVp GLGVGAGVPGL GVGAGVPGFGAVPGA. L 575- 654
4511.5 L. VGAAGL GGLGVGGELGVPGVGGLGG PpAAAAKAAKYGAAGL GGVLGGAGFPLG. G 710- 763

867. 4 | . pPGGVWGAGPAA. A 683- 693

1081. 6 Q LRAAAGLGAG p. G 575- 586

1090. 5 A. FAG pGVGPFGG P 186- 197

1109. 6 G LGVSAGAWPQ. G 121-132

~ 1263. 7 A. GVLpGVGGAGVPGVp. G 272-286
. 1277.6 | . PGVGOFGGPQPGVP. L 190- 203
% 1334.8 G. LGAG pGLGVGVGVPG. L 581-596
E 1363. 7 A. LGGVGE pGGWGAGPAA. A 677- 693
g 1378.8 G LGVpGVGGLGG ppAA. A 723-738
@ 1504. 9 G LGAG pGLGVGVGVPGLG. V 581- 598
E 1535. 8 K. YGARpGVGVGGE PTYG. V 383-398
2 1665. 9 A FAG pGVGPFGGPQPGVP. L 186- 203
1736.9 G AFAG pGVGPFGGPQPGVP. L 185- 203

2096. 1 A. FAGl pGVGPFGGPQPGVPLGYP. | 186- 207

3348.9 G. LGAG pGLGVGVGVPG.GVGAGVPG. GVGAGVPGFGAVPGA. L 581- 654

3583.3 G. VGAGGFPGFGVGVGAE pGVAGVPGVGGVPGVGGVPGVG SPEA. Q 399-441

M, Cal cul ated nonoi sot opi ¢ mass; p, hydroxyproline

The role of HyP in elastin has not been fully urstieed although some reports show that
HyP plays a minimal role during elastic fiber fortoa. For instance, the inhibition of Pro

hydroxylation affected neither secretion of tropstih nor the oxidation of Lys residues
nor did it affect the incorporation of tropoelasiio elastic fibers (Mecham, 1991; Nara-
yananet al, 1977; Narayanaat al, 1978; Rosenbloom and Cywinski, 1976). This hds le
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to the speculation that the synthesis of tropoelastd procollagen at the same area in the
endoplasmic reticulum may be the source of HyPastm. Under this circumstance, pro-
lyl hydroxylase may act on some of the Pro residnedastin (Rosenbloom, 1982; Uitto,
1979). However, the view of coincidental hydroxidatneeds careful examination. There
are reports which indicate over-hydroxylation ob Pras an effect on the stability of the
tropoelastin secondary structure and the coacervatiocess with eventual consequence
on the elastic fiber synthesis (Davidseinal, 1997; Tinker and Rucker, 1985; Urey al,
1979; Vrhovski and Weiss, 1998).

B. Cross-linking

The present study has also aimed at devising a &8emethod for the characterization
of the cross-linking pattern in the mature elasBovine neck ligament elastin was di-
gested by pancreatic elastase (enzyme-to-subsatibel:50) in 1 mM Tris at pH 7.5 for
24 h and the resultant peptides were separatedRyCHising an XTerra C-18 column
(150 x 3.9 mm 5um, Waters, Watford, UK). A methawaler solvent system of A (20 %
methanol containing 0.05 % formic acid) and B (8@r&thanol containing 0.05 % formic
acid) was used. The gradient follows: 0 to 75 ¥nE5% min, to 100 % B in the next 10
min and remain at 100 % B for 15 min to return @ 26 A within 10 min. The elution
profile of non-linear peptides was mapped by cdithecfractions of every minute and ana-
lyzing the presence of cross-linkers in each slephis context, non-linear peptides are
those peptides which are modified by the presehceoss-linkers, mainly desmosine. The
cross-linkers content at each step was determifted @omplete hydrolysis of peptides
under boiling 6 N HCI for 36 h. A high proportiori desmosine-containing peptides was
eluted between 15 and 25 min. Thus, this regia®fchromatogram was further enriched
with care to include only as few peptides as pdssiBome fractions (particularly those
Fi9-20 Fro-21, and k125 numbers in subscript are elution times in minutesre then ex-
haustively investigated using complementary MS. liihear peptides were sequenced with
the help of a combination of nanoESI-gTOF MS and MBATOF/TOF MS, while the
cross-link-containing candidates were further stddusing LTQ-Orbitrap MS (Thermo
Fisher Scientific, Bremen, Germany). The accuraassas were determined and the corre-
sponding fragment spectra were acquired. As an pbearthe spectra of MS and MS/MS
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experiments of a triply charged cross-linked pepttim/z855.4797 (derived from1b2g)

are shown in Figs. 3.8 and 3.9.
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Fig3.8: A positive ion full scan spectrum of pancreati@séhse digest of bovine elastin acquired using an
orbitrap MS. The spectrum is magnified in the ingetshow the isotope cluster of the triply
charged species at m/z 855.4797.

Using the accurate masses, candidate peptidesssarehed in the sequence from bovine
tropoelastin isoform 1 (SwissProt accession nur@985-) with the help of algorithms
based onGeneral Protein Mass Analysis for Windows (GPMAWysion 8.00 (Light-
house Data, Odense, Denmalnkip://www.gpmaw.com (Peri et al, 2001)and the soft-
ware Links which is part of the Collaboratory /63D program (Sandia National Labo-
ratories, Livermore, CAhttps://ms3d.ca.sandia.gov:11443/cms3d/pp(B¢hilling et al,
2003). For searching purpose, previous knowledgthertleavage specificities of pancre-
atic elastase in elastin was considered (Schme27). Up to five missed cleavages
were allowed and the maximum error permitted wagpm. Moreover, the hydroxylation
of Pro and the changes in masses of peptides eohwsoss-linking were also taken into

account. In this regard, lysinonorleucine and allgsaldol lead to mass reductions of
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17.0266 Da and 20.0738 Da, respectively with retspedwo Lys residues, while des-
mosine reduces by 58.1350 Da with respect to fggrresidues. Once candidate peptides
were identified, matching of the experimental ahd theoretical fragment spectra was
performed using GPMAW and MS2Links, which is pafrttlee Collaboratory for MS3D
algorithms. All possible fragment types (a, b, cyxand z) as well as losses of,H -

NHg;, and -CO were considered during matching.
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Fig3.9: Fragment spectrum of a triply-charged peptide at B85.4797 from a pancreatic elastase digest
of bovine elastin. Acquisition was performed udii@-MS at 35 eV CID.

Table 3.3 lists the lysinonorleucine- and desmosim@aining candidates for the peptide
detected ain/z855.4797. Previous modeling and direct investogatin elastin identified
that tetra-functional cross-links, namely desmosind isodesmosine can be formed in the
region containing Lys residues separated by twilni@e Ala residues (Brown-Augsburger
et al, 1995; Fosteet al, 1976; Gerber and Anwar, 1975; Miabal, 2005). In contrast,
Lys residues in Pro-rich regions, for instancefibptides shown in asterisks in Table 3.3,

cannot form aru-helix due to steric constraints imposed by thespnee of multiple Pro
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residues and formation of desmosine is unlikelyofBr-Augsburgeret al, 1995; Tam-
burro, 2009; Vrhovski and Weiss, 1998). Thus, basethis and additional factors such as
mass accuracy and matching of the fragment spedésmosine-containing candidates
were considered to be unlikely for a peptidendt 855.4797. The accurate precursor mass
determined using orbitrap MS has also enabled tkenfiarther comparison based on the
elemental composition predicted using the monofgotmass (2563.4172 Da). Thus, 26
compounds were predicted within 5 ppm error maggid the compound with the compo-
sition G 19H190031N32 corresponds with candidate | (4 ppm error), whilgdd:edO32N30
corresponds to the elemental compositions of catelgdll and Il (0.4 ppm error). Candi-
dates Il and Il have very similar sequences exéapthe position of one Ala residue on

the first peptide sequence.

Table: 3.3: Candidate cross-linked peptides for a triply chatgeeptide detected at m/z 855.4797. Accu-

rate mass was measured using orbitrap MS.

. . . Error Elemental
Candidate peptides Residue Mr. .
(ppm) composition

Lysinonorleucine

(1)  GVGGKPPKPFGGAL 714-727

GVKPKAQVGAGAFA 185-198 2563.4274 4.0 1fgH190031N 3>
(11)  AKSAA 543-547

GPFGGQOPGLPLGYPI KAPKL 204-224 2563.4162 0.4 158H100032N30
(111) AAKSA 542-546

GPFGGQOPGLPLGYPI KAPKL 204-224 2563.4162 0.4 GoH19003oN 39
Desmosine/lsodesmosine

GPGVKPAKPGVGAEL* 57-70

GVGGELGPGVKPAKPGV* 52-67 2563.4034 5 16H18503N3;

* Peptides from Pro-rich regions
M. Monoi sotopi ¢ mass, Lys residues involved in cross-linking are shown in red

NB: No al |l ysine al dol-containing candidate was found within 5 ppmerror nmargin

Furthermore, matching of the experimentally acqli@ndem mass spectra with the theo-
retically generated fragment spectra of the cand&eevealed that candidate Il has several
fragments that matched within an acceptable errargm of the MS instruments as is
shown in Table 3.4 for gTOF MS. MS/MS experimenggng LTQ and subsequent detec-
tion of fragment ions using orbitrap resulted ie tieduction of intensities; however, the
detected fragments matched with better mass agc@nathin 2 ppm error). Thus, putting
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the evidence together suggests that the triplygathpeptide aim/z 855.4797 could be
constituted by two peptides containing lysinonociee cross-link between & (domain
25) andK>?°(domain 12). However, further confirmation of thessults is necessary and
can be carried out with additional experiments sagby conducting MSor selected ions
(e.g., the doubly-charged fragmentratz 1188) or investigating the peptide using other
modes of fragmentations, for instance, electroriwrapdissociation (ECD) helps to make

extensive fragmentation by keeping PTMs intactZS2006).

Table3.4: Matched fragments of a triply-charged peptide (885.466) with the theoretically generated
fragment spectra of the cross-linked peptide (cdaidi I in Table 3.3). Tandem mass spectro-

metric measurements were carried out using qTOF MS.

Measuredm/z Charge Error (ppm) Fragment lon*
1066.106 2 10 AKSAA-QOPGLPLGYPI KAPKL a/y16-H,0
1103.660 2 25 AKSAA-CQOPGLPLGYPI KAPKL alyl7
1122.589 2 30 AKSAA-GCQOPGALPLGYPI KAPKL 0/z18
1132.175 2 27 AKSAA—GCQPALPLGYPI KAPKL a/y18
1139.141 2 16 AKSAA-GPFCCQPCGLPLGYPI KAP a/al9
1188.704 2 24 AKS—EPFGEQQPGLPLGYPI KAPKL a3p
1196.640 2 28 AKSAA—FGEQQPGLPLGYPI KAPKL a/y19-H,0

o Represents full length peptide 1 (AKSAA)
B Represents peptide 2 (GPFGEQQPGLPLGYPI KAPKL)
* Fragnment ions of peptides 1 and 2 are separated by forward sl ash

The nature of cross-linking in elastin is such tyato four Lys residues can be involved to
form cross-links. The matter becomes even more toated by the fact that more than
two chains can be cross-linked by more than ongfgattional cross-linker as has been
identified for pig aortic elastin (scheme shownFig. 3.10) (Brown-Augsburgeet al,
1995). This pattern of cross-linking obviously yiela peptide with complex fragment
spectra that can be difficult to interpret usingnooon search engines employed to assign
bi-functionally cross-linked peptides. This candre of the reasons why cross-linking in
mature elastin has not been investigated using &/&rs In this study, for reasons of com-
plex fragmentation it was not possible to unegualycassign tandem mass spectra of
some modified peptides. Therefore, the attempteguence cross-linked peptides from
elastin in the future needs to be supported byatiégsand smart algorithms, which are
capable of interpreting complex fragmentation patePeptide characterization can also

be facilitated by taking certain measures. For gtamacquisition of precursor and frag-
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ment ions of cross-linked peptides with high massueacy helps in limiting the combina-
torial possibilities of candidate peptides. Tanggtpeptides of higher charge states (when
ionized by ESI) can also be used to further fittet linear peptide candidates. Cross-linked
peptides have at least two N-termini, which maypsupthe formation of multiply-charged

ions when ionized by ESI.

Domain 10

K\@ Domain 19

-—-——AAAKAAARAARKYE G——-

P
K Des

A\@

-—--FOAKAAAKAASIKAA-——
b 5

Domain 25

Fig. 3.10: Scheme of multifunctional cross-links formatioattbonnects three bovine tropoelastin mono-
mers. Desmosine (Des) is formed by four Lys residien domain 19 and 25, while two lysi-
nonorleucines (Lnl) connect domain 10, 19, and &fapted from (Brown-Augsburger et al.,
1995)).

Furthermore, although cross-linker-guided fracttara of the elastin digest (the method
adopted by this study) has helped to concentrawifrad peptides, there was still a high
degree of co-elution of non-modified peptides. 8itinear peptides may decrease the sig-
nal intensity of modified peptides by ion suppresseffect, this can create another chal-
lenge on MS-based sequencing of cross-linked peptifherefore, selective and affinity-
based enrichment is another area, where furthesstigation should be directed. In this
regard, a stepwise digestion of elastin beginniith fess aggressive elastases can be one
starting step towards concentrating cross-linkgutides. Weaker elastases help to remove
peptides from non-cross-linked regions and subselastase treatment will yield higher
concentration of cross-link-containing peptidese@i, based on the lesson gained from
the present study a workflow that can be impleneerneeidentify cross-linked peptides

from elastin digest using MS is suggested and sumeadhin Fig. 3.11.
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Fig. 3.11: A potential workflow for identification of cross¥ked peptides from elastin using MS.

C. Domains subject to alternative splicing (Appendices$.3, Taddeseet al., 2008
and 6.4, Taddeset al.)

Multiple elastin variants exist in tissues and of¢he causes is alternative splicing of do-
mains from the primary elastin transcript (Hiragtcal, 2001). Several domains are known
to be spliced out in human elastin but specific dors such as domains 26A and 32 have
been identified to be a subject of frequent exaisio human skin (Hiranet al, 2001).
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The influence of the resulting isoforms on the pblggical function of the final protein is
not fully documented. However, some reports indidhgt splice variants may play a role
in disease processes. For example, in a recenttt€pen and coworkers identified an in-
crease in domain 26A-containing elastin in photdagjen (Cheret al, 2009). The authors
suspected that domain 26A-containing elastin coolatribute to the development of solar
elastosis by changing the elastic fibers netwohe Present study tried to gain an over-
view on the domain composition of human skin efadt this regard, a maximum effort
was exerted to identify peptides from the regiomsich have been claimed to be alterna-

tively spliced out.

Domain 26A is known to be unique to the human geme expressed only under few cir-
cumstances (Hiranet al, 2001). Both MMP-7 and MMP-12 are shown to cleawveesi-
dues encoded by domains 25-27. Thus, sequencitite gfeptides released from the re-
gion closer to domain 26A confirmed the absenceesidues encoded by exon 26A. For
example, peptides generated by MMP-12 in the regrenshown in Fig. 3.12. These pep-
tides have sequences with N-termini that startatiqular residues in domain 26 and
stretch up to some residues in domain 27, excludisglues from domain 26A. This find-
ing is in agreement with similar reports on humkin €lastin (Getieet al, 2005; Schmel-
zer et al, 2005). Exon 32 is another example for frequelitisg in human skin elastin
(Hiranoet al, 2001; Zhanget al, 1999). In this work, 14 peptides from the regitose to
domain 32 were sequenced and all of them were fooimmbssess residues from exon 32.
Similarly, several peptides containing residuesodrad by exons 24, 30 and 33 were iden-
tified. However, no peptide could be found from tlegion encoded by exons 22, 23 and
24A. Another interesting observation was made wéhard to the highly conserved C-
terminal domain of elastin. Residues from domairh8@e been reported to be either lost
or highly modified during maturation of elastin (@kelmanret al, 2008). As discussed
in the previous sections, both MMP-7 and MMP-12aekd preferentially in the C-
terminal region of elastin. Thus, it was possib##ng these enzymes to investigate the
availability of domain 36-derived residues in matw@lastin. Several peptides from this
region were sequenced; however, only 3 amino goigisof a total of 14 residues encoded
by exon 36) could be identified. This finding seeimagree with the previous observation,
which suggested that the entire sequence of do&ttan rarely (0.2 %) be incorporated

in mature elastin (Broekelmarm al, 2008).
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Exon 26 Exon 264 _ _Exon 27

600 610 620 630 540 650 | 660
..GVGVPGLGVG AGVPGLGVGA GVPGFGAGAD EGVRRSLSPE LREGDPSSSQ HLPSTPSSPR VPGALAAAKA..

Fig. 3.12: Peptides released from insoluble human skin eldsfi MMP-12. The peptides have sequences

that start from exon 26 and then stretch in to eXénexcluding residues from exon 26A.

Moreover, during sequencing of peptides releasem flastin it was found that one of the
peptides could not be assigned to any of the lfonss of tropoelastin inUni-
ProtKB/TrEMBL database with the accession number P15H0%vever, it could be as-
signed to a hypothetical sequence identified franm&an cDNA. This protein is identified
in the database with the accession number Q8N&D0it contains 472 amino acids. The
peptide sequenced from human skin elastin belamgsé¢ polymorph of the elastin gene
products. It contains an A-to-G polymorph in exdh #«vhich has been reported to be
caused by conversion of the codon AGT (codes foy 8eGGT (codes for Gly) at amino
acid position 422 (Trompt al, 1991). The allele frequencies of such changepsnted to
be 36 % for A allele and 64 % for G allele (Hareiral, 2001). In human skin elastin, the
residue Gly instead of Ser at position 422 coulddamtified (shown below). A similar
observation was also made in a previous study omahuskin elastin (Schmelzer, 2007).
The functional significance of this type of charges not been well understood. However,
it has been suggested to have significance on dhatid artery elasticity, especially on
aged patients (Hanaet al, 2001)

P15502 G VGAGGFPGFGVYGVGE PGYAGVYPSVGGVPGVGGEVPGYA SPEA. Q
Q8N2G0: G VGAGGFPGFGVGVGEE PGYAGYPGVGGVPGYGGYPGYAE SPEA. Q

3.6 The catalytic domain of MMP-12 can bind and cleavesollagens type | and Il
(Appendix 6.5, Taddesest al, 2010.)

Native collagens are resistant to many proteolgtieymes and their degradation under
inflammatory conditions requires the involvementMMPs. A number of MMPs have
been described to possess collagenolytic propé@iesnget al, 2004; Lauer-Fieldst al,
2002; Lauer-Fieldgt al, 2000). However, the role of MMP-12 in degradimdjagen | has
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not been addressed fully. Considering the abundahamllagen | in the ECM and the
upregulation of MMP-12 under several progressiviammatory conditions, it is neces-
sary to establish the functional role of MMP-12 awilagen | catabolism (Nenaet al,
2005). Based on this premise, the present work ditmelucidate the degradation process
of collagen | in the presence of MMP-12. It shob&recalled, however, that MMP-12 has
a unique feature of processing itself to a finalvacform (22 kDa) by releasing its he-
mopexin-like domain after initial activation to 48Da from a full length (54 kDa)
(Shapiro, 1999; Shapiret al, 1993). This final active form has been reportedbe
physiologically relevant. For instance, in a tisaféected by aneurysm a significantly
higher amount of the processed MMP-12 (22 kDa)hees) identified in areas of extensive
degradation (Curcet al, 1998). Thus, this study utilized the truncatedrfmf MMP-12
(physiologically active form) to investigate itsiding and cleavage capacity against colla-

gen .

Collagen | was incubated in the presence of ctD MMRinder the conditions described in
appendix 6.5. To characterize the profile of degtiah, samples were frequently taken
during the incubation period and qualitatively awerized with the help of MALDI-TOF
MS. As shown in Fig. 3.13, peptides could alreaeydbtected in solution within 30 min of
incubation. After 24 h, at least 90 % of the iditallagen was dissolved by MMP-12 and
no intact collagen could be detected after 30 lbation. The profile of peptides gener-
ated after 24 h is shown in Fig. 1 (appendix 6T%).ensure collagens’ triple helicity all
experiments were performed at 33°C, a temperateteb&low the melting point of colla-
gen. The triple helicity at 33 °C was tested andficmed by incubating collagen in the
presence of trypsin. Resistance of collagen | ¢oaittion of trypsin has been used as a test
for stability of the triple helix (Kafienakt al, 1998; Leeet al, 1992). Moreover, the in-
fluence of other buffer components particularly ethyl sulphoxide (DMSO) on the sta-
bility of collagen was checked by conducting sefmexperiments in the absence of these
reagents. Taken together, the test procedure ehsleetriple helicity of collagen under
the experimental setup. Therefore, the evidencetheactD of MMP-12 alone can bind

and cleave collagen | is compelling.

With the help of nanoHPLC coupled to nanoESI-qTOB Mr offline with MALDI-
TOF/TOF MS, the susceptible sites were mapped awas found that MMP-12 cleaved
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the typical collagenase sitesdrl (-Gly’">lle’’®) and ina-2 (-Gly’">-Leu’"®

) type | col-
lagen. Besides, it cleaved at several other sitdsadl these cleavages were characterized
and shown in Figs. 2 and 3 (appendix 6.5). Ovek#lilP-12 cleaved at least at 53 sites in

thea-2 chain, while 42 such sites could be identifiedhea-1 chain.
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Fig. 3.13: Positive ion MALDI mass spectrum of the MMP-12edtgof human skin collagens (enzyme-
substrate ratio 1:100) after 30 min incubation & 3C, showing early appearance of peptides

released into solution.

During sequencing of the released peptides sortteeainequivocally identified sequences
were assigned to collagen type lll. These peptwiexe considered to be originated from
type lll collagen that was co-isolated with collaggpe |. This is not unexpected because
type Il collagen exists in close association amgerhaps bound to collagen type | in the
skin (Epstein and Munderloh, 1978; Friess, 1998 ®dverall cleavages caused by MMP-
12 in collagen lll are summarized in Fig. 4 (apper&d5). Similar to cleavages in collagen

I, MMP-12 cut the typical collagenase site at “Giyle’’® and multiple other linkages in

collagen Ill.

Based on the overall cleavages mapped in collatensesidue specificities of MMP-12
have been characterized and summarized in Talte deneral, the cleavage and residue
specificities of MMP-12 are consistent with the fprences of other collagenases. The

primed positions are poor in Pro/HyP residues, aviiile unprimed are rich in Pro/HyP.
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Moreover, MMP-12 frequently cleaved -Gly-Leu- bondsdetailed account of the indi-

vidual subsite preferences is provided in appefidix

Furthermore, although the extensive hydroxylatiériPm in collagens is widely known,
the modification patterns in human collagens haw# been characterized so far
(Nerenberget al, 2008; Nerenberg and Stultz, 2008). With the léIpS, it was possible

to accurately map 16 and 26 Pro hydroxylation Sites-1 anda-2 type | collagens, re-
spectively. Similarly, 15 modification sites cout@ identified in collagen type Ill. The
positions of modifications are summarized in thegpeetive collagen sequences in Figs. 2—

4 in appendix 6.5.

Hydroxyproline is known to provide collagens withetresistance to numerous proteases
mainly by stabilizing their triple helical domai{Gelseet al, 2003). In fact, the explana-
tion of one of the proposed collagenolytic mechasi€ntirely depends on the structure of
collagens. According to this hypothesis, collagerkibit chain flexibility in the region
close to the typical collagenase cleavage siteaadghamic equilibrium between a folded
(native) and partially unfolded (vulnerable) stategsts. The chain flexibility depends
highly on the Pro hydroxylation pattern (Nerenbargl Stultz, 2008). Therefore, colla-
genases attack collagens on the pre-formed vulleefabm (Nerenbergt al, 2008; Ner-
enberg and Stultz, 2008). The findings of the preseudy are in agreement with the no-
tion of two states of collagens. For example, ety collagen the Pro at Y-position of the
first Gly-X-Y triplet N-terminal to the typical ctilgenase site was hydroxylated in th2
chain, while it was not hydroxylated in thel chain. Other Pro residues close to the scis-
sile bond were also identified to be either pdstial not hydroxylated. Hence, under these
circumstances collagen | may exist in both patialifolded and native states, where the
unfolded form is vulnerable to the attack by MMP-52 also described in the work of
Nerenberg and Stultz. Fig. 3.14 illustrates theifa structure of collagen I in the region
of the typical cleavage site under the conditioesctibed by the present work (Nerenberg
and Stultz, 2008). Hydrogen bonds exist in theveastate of collagen (a and b), while in
the vulnerable state hydrogen bonds seem to baptést (interchain distance shown in
orange) (c and d). In the latter case, #h2 chain exists in the partially unfolded state

(Nerenberget al, 2008; Nerenberg and Stultz, 2008). Thereforesahesults seem to be
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consistent with the explanation of the recently posed collagenolysis mechanism
(Nerenberget al, 2008; Nerenberg and Stultz, 2008).

(a) Native state type I collagen (b) Interchain distances in native state collagen

Chain B (al): -G-T-P-G-P-Q-G-I-A-G-Q-R-G-V-V-G-
/3.01 /3.91 /3.61 /2.'72 /3.19

\W/ ; Chain C (02): ~G-T-0-G-P-Q-G-L-L-G-A-0-G-I-L-

/2.76 2.90 /3.32 2.86/2.90

Chain A (al): -G-T-P-G-P-Q-G-I-A-G-Q-R-G-V-V-G-
(C) Vulnerable state type I collagen (d) Interchain distances in vulnerable state collagen
Chain B (al): —6—T—-P—-GC—P-0-G=T=A~C-Q-R-G—V—-V-G—

/, / /3.36 /2.87 /2.98
W, Chain C (02): -G-T-0-G-P-Q-G-L-L-G-A-0-G-I-L-
/2.80/ / /2.82 /3.04

Chain A (al): -G-T-P-G-P-Q-G-I-A-G-Q-R-G-V-V-G-

Fig. 3.14: Representative folding structures (a, c) and thgpective interchain distances (b, d) of the na-
tive state and unfolded state of collagen | in ¥f@nity of the typical cleavage site. The Pro in
the Y position of the immediate Gly-X-Y triplettugam to the scissile bond is hydroxylated in
the a-2 chain but not ire-1 chain. Thex-2 chain is colored red (a & c) and the residuesco

taining the scissile bond are shown in magenta jpéetd from (Nerenberg and Stultz, 2008)).

Taken together, the present work provided the &ioshprehensive and conclusive results
confirming that the catalytic domain of MMP-12 adonan bind and degrade types | and
Il collagens. Areas susceptible to cleavages veateustively mapped and peptides gen-
erated as a result of the collagenolysis were semae Furthermore, hydroxylation pat-
terns were extensively characterized. These firedoamn help to advance the knowledge on
the degradation processes taking place in the ERQMy also help to explain reported ob-
servations such as a recent finding by Nadthal, who have shown the MMP-12 depend-
ent processing of collagen | by prostate cancds ¢blabhaet al, 2008). Similar results
have also been reported by Sarkar and coworkersy Tdentified the involvement of
MMP-12 in regulating glioma invasiveness by degngdtollagen | (Sarkaet al, 2006).
Finally and most importantly, the results of thegant work can stimulate othier vivo

studies to fully describe the physiological relesaof MMP-12-mediated collagenolysis.
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4 SUMMARY

In the scope of this thesis, MS-based analyticahods were developed to investigate the
molecular basis of the degradation of tropoelasiistin and collagens under the influence
of MMPs. The degradation processes and the resydtaducts were exhaustively charac-
terized using complementary MS methods based onipteulanalyzers and ionization
techniques. The mass analyzers typically used wgeiedrupole ion trap, qTOF, and
TOF/TOF and the ionization techniques were ESIpE&S1 and MALDI. This work is one
of the few attempts that utilized the unique adagas of MS to provide comprehensive
and new insights in the degradation processesvimgthe aforementioned ECM compo-
nents and MMPs. A detailed account on the findiofgthis work has been provided and
the following is a brief summary.

a) Characterizing the degradation of tropoelastin andelastin

Tropoelastin was identified to be very vulneraldethie actions of MMP-7, -9, and -12,
with remarkable susceptibility to MMP-12 attack. nh@diate cleavages in tropoelastin
produced characteristic polypeptides including courls of 32 kDa, 43 kDa, 44 kDa, 48
kDa, 53 kDa, and 56 kDa@hese intermediate polypeptides were subsequeetyed into
smaller masses. Mapping of the susceptible regionopoelastin revealed that domains
closer to either N- or C-termini of tropoelastinre/garticularly subjected to proteolytic
attacks. In contrast, the linkages encoded by eiottse central region of tropoelastin se-
guence were found to be resistant. The degradafietastin was also characterized and it
was found that MMP-12 cleaved in at least 76 sieslastin and released at least 95 pep-
tides ranging in lengths from 4 to 51 amino acldshe case of MMP-7, at least 54 pep-
tides with lengths ranging from 5 to 87 residuesensequenced and 60 cleavage sites were
mapped. Domains 2, 3, 5, 6, 26, and 30-33 werdiftkehto be subjects of frequent at-
tacks by MMP-7 and -12, while few or no cleavageldde detected in other domains. As
a possible consequence of cross-linking, more®mne of the cleavages identified in tro-

poelastin could not be detected when elastin wpesed to MMPs.

To gain insight on the specificities of the thre®I®ks, the overall cleavage sites were ana-

lyzed with respect to residues interacting with $eS,” subsites of the catalytic domains
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of the three enzymes. It was possible to desciib#asities and identify several important
differences in the actions of the three MMPs adagtsstin and tropoelastin. The study
also further tried to explain observed differenibgsnolecular modeling using the 3D crys-
tal structures of MMPs in complex with peptide dtdtes. It was, for example, possible to
explain why the § subsite of MMP-12 accommodated charged residikeslys and

bulky residues such as Ser, Lys, and Arg better tha other two MMPs. Overall, by pre-
cisely mapping cleavages with the help of MS, #iigly identified MMP-susceptible re-
gions in both mature elastin and its monomer trégstim. It also provided comparative
evidence on the residue preferences of MMPs. Tharnmation generated through this
study can be used in many ways, for example, teries MMP-associated molecular

changes in the ECM.

b) Generation of cryptic bioactive peptides from trop@lastin and mature elastin

The three MMPs were confirmed to produce severgmlly bioactive peptides from
tropoelastin with MMP-12 releasing the highest nembf matrikines. Sequencing con-
firmed that some of the potential matrikines camtaiultiple bioactive motifs. Previous
reports have suggested that the presence of neultigltifs confer peptides with higher
chances of initiating bioactivity. Further investigpn of the potential role of MMPs in
releasing the potent ligand VGVAPG from domain hfamed that MMP-12 has the
capacity to produce small fragments by cleavingaltiple sites in this region. However,
furtherin vitro andin vivo screening is necessary to establish the role aidgical rele-

vance of these peptides.

c) An overview on the primary structure of elastin

MS-based method was also developed and used targamnmation on the cross-linking
pattern and®TMs in mature human skin elastin. It was, foranse, possible to probe and
map the exact sites of at least 15 hydroxylatedrBsaues, from which 10 sites are re-
ported for the first time. Together with those itiged previously, the total number of
likely Pro hydroxylation sites in human skin elast 40 (out of a total of 86 Pro). How-
ever, since partial hydroxylation was confirmed&common in elastin it was not possible

to quantitatively estimate the extent of hydroxgat
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Furthermore, to get an overview on domains repaiteble subjects of frequent splicing,
peptides released from these regions were exhalstereened. It was possible to un-
equivocally confirm the absence of residues encdeeixon 26A. All peptides sequenced
from the region closer to this domain were foundédevoid of residues from domain
26A. In contrast, all residues encoded by exons3®4,32 and 33 were confirmed to be
present in the skin elastin sequence. However,epbige could be identified in the region
close to domains 22, 23 and 24A. Moreover, it ter@sting to note that although several
peptides could be sequenced in the region encogexdn 36, it was possible to recover
only 3 residues out of a possible 14. Residue®ofain 36 have been reported to be either

highly modified or lost during elastin maturation.

d) The ctD of MMP-12 alone can efficiently cleave trife helix collagen | and Il

The second part of this thesis was dedicated taléwvelopment of MS-based methods to
explore the role of MMP-12 in the degradation oflasgens. With the help of these meth-
ods, it was possible to unequivocally confirm ttteg catalytic domain of MMP-12 alone
can bind and cleave bonds in collagens type | #dnd’he susceptible sites in collagens
were exhaustively mapped and it was identified M&P-12 could cleave at the typical
collagenase cleavage site. MMP-12 could also cutwdtiple other sites. Moreover, since
information on the hydroxylation patterns of Pra drys in human collagens are not avail-
able, MS was used extensively to probe and idehtyiyroxylation sites including in the
region closer to the typical collagenase cleavigels collagen I, for example, the pattern
of hydroxylation was confirmed to be in agreemeithwhe possibility of co-existence of
local native and partially unfolded states. Undechsa condition, MMP-12 can attack
bonds from the unfolded or relaxed chain. Takertiogy, the evidence presented by this
work is the first major report that conclusivelyosired the degradative role of MMP-12 on
collagen I. The results cannot only help to explesmtain disease processes, but also
stimulate furthemn vivo studies to define the physiological relevance dMmRA12-mediated

collagen destructions.
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ZUSAMMENFASSUNG

Im Rahmen dieser Arbeit wurden massenspektromb&istethoden entwickelt, um den
durch MMPs hervorgerufenen Abbau von Tropoelagtiastin sowie zwei Kollagenen auf
molekularer Ebene zu untersuchen. Der Abbauvorgang. die dabei entstehenden
Peptide wurden durch den Einsatz komplementaresenapektrometrischer Techniken
eingehend charakterisiert. Als Massenanalysatoramek lonenfallen, qTOF sowie
TOF/TOF und als lonisationstechniken ESI, nanoESlie MALDI zum Einsatz. Diese
Arbeit ist eine der wenigen, die sich die aullerdgeviohen Mdoglichkeiten der
Massenspektrometrie zu Nutze macht, um neue Ekw#lit die Degradationsvorgange der
zuvor genannten ECM-Bestandteile durch MMPs zu lemhalm Folgenden sollen die

Ergebnisse dieser Untersuchungen noch einmal timrhatusammengefasst werden.

a) Charakterisierung des Abbaus von Tropoelastin und Estin

Fir Tropoelastin konnte gezeigt werden, dass esassgteifbar gegentiber MMP-7, -9 und
im Besonderen durch MMP-12 ist. In der Anfangsphdss Abbaus von Tropoelastin
wurden charakteristische Polypeptide von 32 kD&k[38, 44 kDa, 48 kDa, 53 kDa sowie
56 kDa erzeugt. Diese Zwischenprodukte wurden ingdrmen weiter gespalten. Die
Zuordnung der fur den Abbau anfalligen Bereichepbmdastins ergab, dass insbesondere
Doméanen des N- und C-Terminus Tropoelastins prgtisoh gespalten wurden. Fur die
zentralen Bereiche des Substrats wurde hingegemdefi, dass sie relativ bestandig sind.
Der Abbau von Elastin wurde ebenfalls charaktetisiobei 76 Spaltstellen sowie die
Freigabe von 95 Peptiden mit Langen zwischen 45indminosaureresten nachgewiesen
werden konnten. Im Falle von MMP-7 wurden 54 Peptitt LAngen zwischen 5 und 87
Aminosaureresten und insgesamt 60 Spaltstellertifiiégrt. Die Doméanen 2, 3, 5, 6, 26
und 30 bis 33 wurden als Bereiche identifiziertdemen MMP-7 und -12 besonders haufig
spalteten, wohingegen in den anderen Doménen weadgr teilweise gar keine

Spaltungen festgestellt werden konnten.
Um Einblick in die Spaltspezifititen der drei MMPRs erlangen, wurden die Spaltstellen

mit Hinblick auf die Interaktionen der substratggin Aminosaurereste mit den Subsites

S—S, der katalytischen Doménen der drei MMPs analysidadurch war es mdglich,
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Ahnlichkeiten aber auch einige wichtige Unterschied dem Abbauverhalten der drei
MMPs gegenuber Elastin und Tropoelastin zu besoérei Ferner wurde versucht,
Unterschiede in den Spaltspezifitaten aufzuklaremgdem die dreidimensionalen
Kristallstrukturen der MMPs im Komplex mit ausgewéh peptidartigen Substraten
grafisch analysiert wurden. Dadurch lie3 sich helspeise nachvollziehen, warum die
Subsite $ der MMP-12 geladene Aminosaurereste wie Lysin gralie Reste wie Ser,
Lys und Arg besser als andere MMPs akzeptiert. REkonstruktion der Spaltstellen aus
den identifizierten Peptiden erlaubte zudem diatifigation von Bereichen in Elastin und
seinem Monomer, die durch die MMPs hydrolysiert degr. Die daraus erhaltenen
Informationen kdénnen vielféltig eingesetzt werdef3. um molekulare Veranderungen in
der ECM zu beschreiben, die in Verbindung mit MMR=hen.

b) Entstehung von potentiell bioaktiven Peptiden aus fpoelastin und reifem

Elastin

Far alle drei MMPs konnte gezeigt werden, dassvsischiedene, potentiell bioaktive
Peptide erzeugen, wobei im Falle der Inkubation fbestin mit MMP-12 die héchste
Anzahl von Matrikinen freigegeben wurde. Die Sequenmung dieser Peptide zeigte
weiterhin, dass einige Peptide mehrere bioaktiveildobeinhalteten. Dies ist insofern
besonders interessant, da aus vorangegangenenefriaaiderer Autoren hervorgeht, dass
das Vorhandensein mehrerer solcher Motive die VWaleislichkeit erhoht, dass diese
Peptide Uber biologische Aktivitaten verflgen. lait@ren Experimenten sollte Uberprift
werden, ob die eingesetzten MMPs der Fahigkeittiasi den potenziellen Liganden
VGVAPG aus Domane 24 freizusetzen. Es konnte gezeégden, dass MMP-12 im
Gegensatz zu den beiden anderen MMPs dazu in dgr ish, da Spaltungen in dieser
Doméane nachgewiesen werden konnten. Allerdings wiaderein vitro- und in vivo-
Experimente erforderlich, um die Bedeutung unddgche Relevanz dieser Peptide zu

klaren.

c) Uberblick tiber die Primarstruktur von Elastin

AuBerdem wurden auf Massenspektrometrie basieredM@¢hoden entwickelt und

verwendet, um Informationen Uber das Quervernewmugter und posttranslationale
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Modifikationen in reifem Elastin der menschlichenadl zu erhalten. So war es
beispielsweise madglich, die exakten Positionen wvmmdestens 15 hydroxlierten
Prolinresten zu untersuchen und zu bestimmen, eoerd 10 Positionen zum ersten Mal
ermittelt wurden. Zusammen mit denjenigen, die goridentifiziert wurden, ergibt sich
eine Gesamtzahl von 40 potenziellen Hydroxylierpog#tionen in menschlicher Haut (bei
insgesamt 86 Prolinen). Aufgrund partieller Hydriesung, die typisch fur Elastin ist, war

es allerdings nicht mdglich, das Ausmald der Hydiexyng quantitativ zu schatzen.

Um zu prifen, welche der fir alternatives SpleiBekannten Domanen auf Proteinebene
vorhanden sind, wurde gezielt nach Peptiden gesdahtderen An- bzw. Abwesenheit

belegen kdnnen. Durch solche Peptide war es b&s@se moglich, nachzuweisen, dass
die durch Exon 26A kodierte Doméne ausgespleil3t imarGegensatz dazu konnten alle
Aminosaurereste, die durch die Exons 24, 30, 3238 #odiert werden, im untersuchten
Hautelastin nachgewiesen werden. Es konnten jelleicie Peptide gefunden werden, die
das Vorhandensein der Doménen 22, 23 oder 24A tbdlagen. Weiterhin ist es

erwahnenswert, dass zwar einige aus Doméane 36 stladarPeptide gefunden werden
konnten, diese aber insgesamt lediglich 3 der l14inAgdurereste abdeckten. Fir
Aminosaurereste der Domane 36 wurde in der Literderichtet, dass sie entweder

modifiziert oder wahrend der Elastinreifung verlogehen.

d) Die katalytische Domane der MMP-12 ist in der Lagetripelhelikales Kollagen |

und Il zu spalten

Der letzte Teil dieser Arbeit widmete sich der Einklung MS-basierter Methoden um die
Rolle der MMP-12 beim Abbau von Kollagenen zu belgan. Mit Hilfe dieser Methoden

war es maglich, eindeutig nachzuweisen, dass da@yesche Domane der MMP-12 allein
dazu befahigt ist, an die Kollagene vom Typ | uhdzli binden und diese zu spalten. Die
Spaltstellen in den Kollagenen wurden eingehenceraotht und es konnte gezeigt
werden, dass MMP-12 sowohl an den fur Kollagengpest¢hen als auch an zahlreichen
anderen Positionen hydrolysiert. Weiterhin wurdestrealig zahlreiche Positionen von
Hydroxylierungen an Pro und Lys identifiziert, iesiondere von solchen, die sich in
unmittelbarer Nahe typischer Spaltstellen befinderKollagen | wurde beispielsweise fur

die Anordnung der Hydroxylierungen gefunden, dagssed mit mdglichen lokalen,
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teilweise entfalteten Bereichen einhergehen konbees konnte dazu fihren, dass MMP-
12 leichter an Aminosaurereste der entfalteten odixierten Kette binden kann. Die
Ergebnisse dieser Studie kdnnen bei der Aufklarwmg Degradationsvorgéangen
Kollagens behilflich sein, bei denen die MMP-12 #imsammenhang mit pathologischen
Zustanden eine physiologische Relevanz zu habesirdch
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