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Abstract

An Investigation on the Application of Mass Spentadry Protein Footprinting Technique to
Study Interactions of Collagen and Collagen Reaspto

by

Michele Kirchner

Adviser: Dr. Yujia Xu

Collagen is one of the most abundant pnsta the human body. There are many different
types of collagen; they interact with an assortneémther proteins in the extracellular matrix,
and with collagen receptors on the surfaces o$.céfi this study, oxidative protein footprinting
using Fenton chemistry followed by mass spectrome#rs explored as a method to investigate
collagen interactions. A known collagen bindingtpmn, the A3 domain of the von Willebrand
Factor protein (VWF A3), was chosen as a modeis ptotein association is the first critical
step in blood clotting, and has been the targethfedevelopment of new drugs to treat von
Willebrand disease, a bleeding disorder. Masstsp@etry protein footprinting could
potentially aid in these endeavors. In order woawlish this objective, original studies using
Fenton chemistry labeling of triple helical pepdand mass spectrometry collagen sequencing
studies were carried out. The von Willebrand Fa&® protein was produced from an

Escherichia coli expression system.



This work discovered many challenges tlaathto be overcome for the successful
approach of mass spectrometry oxidative proteitpfating by Fenton chemistry to investigate
full chain collagen interactions. Additionallyetmix of variable post translational
modifications of collagen makes the identificatmfrbinding sites by footprinting unreliable.
Even sequencing collagen proves problematic beazfube many post translational
modifications. Despite these setbacks, we did;dwaw find that the von Willebrand Factor A3
protein binds to a triple helix conformation ladkiany of the presumed necessary
hydroxyproline sites. We were also able to idgntigions in full chain collagen where the
oxidation content varied from what was expectedyasng all the prolines in the Y position

were hydroxylated.
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Chapter 1

I ntroduction

1.1 Collagen

The human body contains a great deal of collagetejr; it is a component of
muscles, skin, bones, tendons, ligaments, carlaggans, blood vessels, teeth, and
hair (Kielty, C., et. al., 2002). There are twentge distinct types of collagen, and
collagen type | is the most prevalent (Apweiler, &. al., 2004). The protein collagen
consists of three polypeptide chains, and somageiis are homotrimers; they contain
three identical polypeptide chains (Tkocz, C.a&t.1968). Heterotrimers also occur,
they may contain two or three different polypeptith@ins. The forty four unique human
collagen genes encoding these alpha chains aretboa many different chromosomes:
1,2,3,4,5,6,7,8,9, 10, 12, 13, 17, 19,220and X (Apweiler, R., et. al., 2004).

The biosynthesis of collagen is complicatat processing varies by collagen type.
Collagen is first synthesized as a larger pre atigtlagen chain, after which its signal
peptide is cleaved off in the lumen of the endaplageticulum (Dalbey, R., et. al.,
1997). The enzymes prolyl-3-hydroxylase, prolyydroxylase and lysyl hydroxylase
respectively hydroxylate prolines and lysines (Kkko, K., et. al., 1990). The cofactors
involved in hydroxylation are ferrous ion, ascora@d, molecular oxygen, and
ketoglutarate (Hutton, J., et. al., 1966 and MjlRy, et. al., 1979). These hydroxylases

are only able to hydroxylate prolines and lysinesree alpha chains; so once the three



chains form a triple-helix these amino acids widllonger be modified (Kielty, C., et. al.,
2002). Heat shock protein 47 acts as a collagdeaular chaperone involved in folding
(Koide, T., et. al., 2006). Peptidyl-prolyl cistrs-isomerase converts propyl and
hydroxypropyl peptide bonds from a cis to a tramsfarmation, which increases the rate
of protein folding; protein disulfide isomeraserfa disulfide bonds (Bachinger, H.,
1987 and Bachinger, H., et. al., 1980).

Hydroxylysine undergoes further post-tratishal modification by the enzymes
hydroxylysyl galactosyltransferase and galactosybyylysyl-glucosyltransferase where
some hydroxylated lysines are O-glycosylated wélagtose and glucose-galactose
(Spiro, R., et. al., 1971). After three of theiba&l collagen alpha chains align at their C
terminus and coil around each other, the moleaupackaged into secretory vessels and
transported out of the cell and into the extra¢atlmatrix (Kivirikko, K., et. al., 1976
and Bachinger, H., et. al., 1980).

Outside the cell, procollagen N-proteinasd procollagen C-proteinase remove any
N-propeptides and C-propeptides (Prockop, D.,|et1898). The enzyme lysyl oxidase
reacts with lysines and hydroxlysines at the eridseocollagen molecule, telopeptidyl
lysyl and hydroxylysyl residues, forming aldehydefied allysine and hydroxyallysine
which cross-link (Smith-Mungo, L., et. al., 1998h the extracellular space, collagen
can assemble into macromolecular structures sutheas, and interact with other
matrix proteins.

All collagen molecules contain three polytieée chains with GXY repeat
sequences: G is a glycine (Gly), X is often a pI{Pro), and Y is usually a

hydroxyproline (Hyp). These three polyprolineikd chains coil around each other to



form a right-handed super helix (Ramachandranl®7). The chains are staggered by
one amino acid relative to each other, with thieie €hains sticking out, and the glycines
packing into the center of the triple helix; theyrh a rod like protein. Because a glycine
amino acid residue is so small, it is able torfibithe center of a triple helix; whereas,
other amino acids would disrupt the triple helistauicture of collagen. Several diseases
in humans have been shown to be due to glycinditutimns; osteogenesis imperfecta, a
brittle bone disease, can be caused by glycinditutins in collagen type I, and the
severity of the disease can vary with the locatibthe substitution (Starman, B., et. al.,
1989). A model of collagen generated using X-nygt@llography data from a short
triple helical peptide containing only Pro-Pro-Gépeat sequences illustrates the
backbone configuration of the three chains; colteigenuch longer and contains an
assortment of other amino acids (Figure 1). Whelirges in the Y position are

hydroxylated, they increase the thermal stabilftshe collagen triple helix (Privalov, P.,

et. al., 1979 and Persikov, A., et. al., 2004).

Figure 1: Structure of Collagen Triple Helix. Cdmates for the crystal structure of
[(Pro-Pro-Gly)]s, a thirty amino acid triple helical peptide, wémem the Protein Data
Bank (PDB) file 1K6F (Berisio, R., et. al., 2002)he proline residues are shown on the
surface of the molecule. The model was generatadyuhemolecular graphics program
MOLMOL (Koradi, R., et. al., 1996).



The lengths of specific collagen polypeptide alphains vary. In humans, collagen
polypeptide alpha chains range in size from shavirig only 421 amino acids (type
XXVI alpha 1chain) to as long as 3,152 amino aaid$e type VI alpha 3 chain
(Apweiler, R., et. al., 2004).

In this study we will focus on the interiact of collagen with collagen receptors.
Theses interactions are critical for tissue funcaod development. Specifically, we will
study the interaction of collagen type | and typeavith the von Willebrand Factor

protein, which is involved in the first step in bbbclotting.

1.2 Collagen Typel and Typelll

Type | collagen is the most abundant collagen,iisdorevalent in many tissues:
bone, cornea, skin, dentine, sclera, vasculardjssgans, and tendons (Kielty, C., et. al.,
2002). It is the major component of bone, whers fbund mineralized with calcium
hydroxyapatite (Lees, S., 2003). About ten peroétite prolines in collagen type | are
hydroxylated (Piez, K., et. al., 1963). Collaggpe | is a heterotrimer containing twi
polypeptide chains and o chain [¢1()].02(l). The genes encoding human type |
collagen alpha chains are located on differentrimsbomes. The gene encoding the
al(l) chain is located in humans on chromosome 173 then2(l) gene is located on

chromosome 7 g22.H(erre, C., et. al., 1982)

Collagen type | alpha chains are translatedre procollagens containing a signal
peptide and N and C-propeptides which are remouedgl their biosynthesis. The

resultinga1(l) chain contains 1,057 amino acid residues,i@cholecular weight is

4



around 95 kDa; the2(l) has 1,040 amino acids, and the molecular wegyabout 93.5
kDa (Apweiler, R., et. al., 2004). Type | collagentherefore, a very large protein with a
molecular weight of approximately 282 kDa. Eveouph thenl(l) anda2(l) chains
contain a different number of amino acids, thdérigelical domain in both polypeptide
chains contain the same number of amino acids 4),,@hd it is their N and C-non
helical ends called telopeptides which are notstiree lengths; th&l(l) N-telopeptide
contains seventeen amino acids whiz¢l) has only eleven, and th@(l) C-telopeptide
has twenty six amino acids while th2(l) has just fifteenKuivaniemi, H., et. al., 1988
andTromp, G., et. al., 1988

Type lll collagen is present in the lungign, intestine, liver, lymphoid tisssues,
aorta, and blood vessels, and is often in assoniatith type | collagen (Kielty, C., et.
al., 2002). Collagen type Il is a homotrimer haythree identicadl chains ¢1(Il1)] .
The gene encoding the (11l) chain is located in humans on chromosome2223
(Limongi, M., et. al., 1997). Collagen type Ill &sfound to contain a high level of 4-
hydroxyproline, and a cysteine which is involvedliaulfide bond formation (Artimo, P.,
et. al., 2012).

Just like collagen type I, collagen typladlalso translated as a pre procollagen
containing a signal peptide and N and C-propeptidash are removed. The final
al(lll) chain is longer than either type | alpha ielsait is composed of 1,068 amino acid
residues and has a molecular weight around 95 &®the type Ill triple helical protein
has a high molecular weight about 285 kDa (ApweRer et. al., 2004). Collagen type

[l chain’s triple helical domain is fifteen resiesi larger than type |, and it contains 1,029



amino acid residues; its N and C-telopeptides fawrdeen and twenty five amino acids
respectively (Ala-Kokko, L., et. al., 1989).

Type | and type 1l collagen are both filam collagens; in the extracellular matrix
these triple helical collagen molecules form fib@eelty, C., et. al., 2002). Fiber
diffraction and electron microscopy revealed caladjbrils have a 67 nm repeat pattern,
called the D period (Doyle, B., et. al., 1974 andd¥, K., et. al., 1979). A fibril is
composed of five 1.4 nm wide triple helical collagaolecules approximately 300 nm in
length, 4.4 D periods, that are consecutively stegmy 1D period, 234 amino acids, and
rotated one-fifth of a circle (Piez, K., et. al974). These fibrils are arranged in a
hexagonal fashion in fibers; collagen type | foffiibers which are thicker than type Ili
collagen fibers (Piez, K., et. al., 1974).

Besides providing structural support in pnéssues, type | and type Il collagen
play an important role in the regulation of haerasst where they are major components
in the wall of blood vessels. In the process obllclotting, they bind to the von

Willebrand Factor protein (Fitzsimmons, C., et, 4888).

1.3 Thevon Willebrand Factor

The von Willebrand Factor (VWF) is a laggebular glycoprotein found in blood
plasma, and the subendothelial matrix; the geneding human von Willebrand Factor
is located on chromosome 12p13.3 (Ginsburg, Dalgt1985). Mutations in the von
Willebrand Factor gene cause von Willebrand disemsénherited bleeding disorder

(Ginsburg, D., et. al., 1993).



The biosynthesis of von Willebrand Factmtein is very interesting; it occurs in
endothelium and megakaryocytes where it is stares®cretory granules called Weibel-
Palade bodies and platetegranules respectively (Sadler, J., 1998). Thiaini
translation contains a 22 amino acid signal pepad&1 amino acid von Willebrand
antigen 2, and the von Willebrand Factor whosegandtas 2,050 amino acids; an
individual von Willebrand Factor polypeptide hasalecular weight of 225 kDa
(Apweiler, R., et. al., 2004). The signal peptidegets the pre propolypeptide to the
endoplasmic reticulum where it is removed by aaigeptidase inside the lumen
(Dalbey, R., et. al., 1997). The propeptide istyi@nslationally modified; it undergoes
N-linked glycosylation and O-linked glycosylatioBgmor, B., et. al., 1986 and Schulte
am Esch, J., et. al., 2005).

The von Willebrand Factor propeptide is posed of four types of domains
arranged as follows: D1-D2-D'-D3-A1-A2-A3-D4-B1-B23-C1-C2-CK; the first two
subunits, D1and D2, form von Willebrand antigersadler, J., 2009). The von
Willebrand propeptide dimerizes at its C-termirausg is transported to the Golgi
apparatus; in the trans-Golgi a protease cleaabh@ion Willebrand antigen 2,
allowing the von Willebrand protein to form multinsevhose D3 subunits are linked by
disulfide bonds (Vischer, U., et. al., 1994). Theltimeric von Willebrand Factor can
consist of up to 80 monomers, and is either storgide secretory granules or released
directly into the plasma (Sadler, J., 1998).

The von Willebrand protein is a multifuraetal protein consisting of twelve
subunits (Figure 2). Its D'/D3 domain binds to lth@od clotting protein factor VIII

(Takahashi, Y., et. al., 1987). The Al domain bitmheparin, and to the platelet GP1b



receptor (Fujimura, Yegt.al., 1987 and Miura, S., et. al., 2000)he C1 domain birs to
platelet integrirullbB3, (GP Ib-llla), at its arginine-glycinespartic aciamino acid
sequence motif (RGDDEe Marcg, L., et. al., 1986 and Ruggeri, Z.,918. The CK
domain dimerizes with another CK domain via disldfbond¢(Katsum, A., et. al.,
2000). After a vascular injury, the von Willebrand Facis involved in platelet adhesic
and aggregation; th&3 domain is considered the collagen binding domamna binds t

collagen during the blood clotting proceLankhof, H., et. al., 1996).

DD3 Al A2 A3 D4 BI B2B3 (1 (2 CK C2 C1 B3B2B1 D4 A3 A2 Al DID

T0000HN00 000000

Figure 2: von WlebrandFactor Subunits. The protdias four types of domains: A,
C and D. The monomer forms a dimer at tl-terminus CK domaimand then form:
disulfide D3 linked multimei (Sadler, J., 1998)The A3 domain which is involved |
collagenbinding is highlighted iryellow (Lankhof, H., et. al., 1996).

Human von Willebrand Factor A3 doméasbeen cloned and can be expresse
Escherichia coli.Our work focuses on the interaction of collageretyand type Il witF
the humarvon Willebrand Factor A3 domain, an important agsamn in blood clo

formation.
1.4 Thevon Willebrand Factor A3 Domain

The von Willenbrand Factor A3 (VWF A3) domain biriddeexposed collagens ty

| and type lll, after a blood vsel is injured (Fitzsimmons, C., et. al., 1988 aadkhof,



H., et. al., 1996).This is the initial step in the formation of a et pluc (Figure 3).
When a blood vessel wall is ruptured the von Withelal Factor protein A3 domain bin
to the exposed collagemc conformational changes in the A3 domallow the von
Willebrand Factor Adomain o then bind to the Gplb platelet recepthe platelet is
pulled down tgplug the injured blood vesl wall, and anotheplatelet receptor prote

a2B1, binds to collager(ber, B., et. al., 1999).

platelet

Figure 3: Collagen and on Willebrand Factor Roli Blood Clot Formatio. The first
four steps in blood clot formation enumbered witharrows. Al is the von Willebrar
Factor A1 domainA3 is von Willebrand Factor Adomain,a21 andGplbare platelet
receptor proteins.

The von Willebrand A3 domain is made up of 181 aanidsand ha a molecular
weight of 19.3 kDaApweiler, R., et. al., 2004)The amino acids in this sequence do
contain any postranslational modifications; of titwelve Asnlinked andten Thr/Ser-
linked oligosaccharide chaiion the von Willebrand Factanpne are present in the /

domain (Titani, K.et. al.,1986).



The structure for theon Willebrand FactoA3 domain has been examined usir-
ray crystallography, and coordinates for the cilysttaicture are available in the Prot
Data Bank (Bernstein, F., et. al., 1977). 'von Willebrand FactoA3 domain consist
of five central beta strands surrounded by six alpdlices (Figui 4). The structureof
thevon Willebrand Factor Adomain is similar to integrin | domainsow also calle
integrin A domainshoweve, the von Willebrand Factor A3 domaiioes not bind met:
ions and integrin dog8ienkowska, J., et. al., 199" Integrin proteins are cell recept
proteins, and severaf themsuch as the1p1 anda2B1 protein bind tanany sites ol

collagen platelets contaialf1 anda2pl (Xu, Y., et. al., 2000).

Figure 4: Structure dhe \on Willebrand Factor A3 DomainCoordinates for the cryst
structure were from the Protein Data Bank (PDB)1ATZ (Huizinga, E.et. al., 1997).
The model wagenerated using trmolecular graphics prograMOLMOL (Koradi, R.,
et. al., 1996).

How this von Willebrand Factor A3 domain interaeith type | and type Il
collagen is not fully understood. any binding sites onollagen type | and collagen ty

[l have been found fathe structurally similaintegrin proteins, yetnly one vor

10



Willebrand Factor protein A3 binding site on coltaghas been located, and that site is
on collagen type Il (Lisman, T., et. al., 2008)his was done using short synthetic triple
helical peptides; studies using full chain collagpene revealed there are multiple
binding sites, but the exact location of these inigaites were not identified
(Fitzsimmons, C., et. al., 1988). A different apgoeh for finding the position of these
binding sites using full chain collagen and the Wiliebrand Factor A3 protein, and
employing a mass spectrometry oxidative proteindonting technique, was
investigated; in order to oxidize proteins, Fentbemistry was used to form hydroxyl

radicals.

1.5 Fenton Chemistry Protein Footprinting by Mass Spectrometry

Fenton chemistry oxidation followed by mapsctrometry has been used to study
globular proteins (Sharp, J., et. al., 2003). &emhemistry could be used, as an
oxidation method, to map the binding sites of tha Willebrand Factor A3 protein on
full chain collagen by oxidative footprinting folled by mass spectrometry. The
advantage of using Fenton chemistry to generateolytiradicals is that the technique is
inexpensive, and the reagents are easily obtainablisadvantage of using Fenton
chemistry is potential peptide backbone cleavage/@idk, T., et. al., 2001).

Fenton chemistry involves the oxidatiorfesfous iron (F€*) and the reduction of
hydrogen peroxide (#D.). The hydroxyl radicals that are produced casviersibly
modify the side chains of amino acids; a reactitictv occurs faster than the cleavage of

amide bonds (Heyduk, T., et. al., 2001). The aatehich amino acids in a peptide are

11



oxidized varies; and the order of reactivity isteyse, methionine > tryptophan, tyrosii
phenylalanine, cystine > histidine > leucine, isciae > arginine, lysine, valine > serin
threonine, proline > glutamine, glutamic acid >a$p acid, asparagine > alanine
glycine (Takamoto, K., et. al., 2006). Oxidaticsually forms an alcohol, aldehyde,
ketone group with a corresponding massease of +16 or +14 Da which can ther

monitored by mass spectrome (Figure 5).

(ascorbate, EDTA)
FE& + H,0O, Fe* +OH +OH

Figure 5 Fenton Chemiry Side Chain Reactions: Oxygen is added to amusbsade

chains. Alcohol formation increases the mass bpa6 Ketone formation increases-
mass by 14 Da.

Even though the oxidation amino acid side chains occurs faster than the alge
of the amide bonds, the reaction needs to be dedr(Heyduk, T., et. al., 2001). TI
efficiency of an aqueous Fenton reaction depends®fé*: H,O, ratio and the pH
(Dercova, K., et. al., 8). The iron is chelated to prevent nonspecificling to

collagen (Heyduk, E., et. al., 1994). Ascorbatessd to reduce **back to F**

(Elmagirbi, A., et. al., 201.
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In this study we used Fenton chemistrgenerate hydroxyl radicals for protein
footprinting. In a typical protein footprinting ried, two potential interacting proteins
are placed in the same tube and allowed to intengdroxyl radicals are then introduced
which oxidize any amino acid residues not beindgui@d in the binding complex. In
order to determine which residues are involvedhetiinding interaction and are not
oxidized, the complex is first broken down into #lergpieces using an enzyme and these

small fragments are sequenced using mass spectyomet

1.6 Mass Spectrometry Oxidative Protein Footprinting

This technique employs mass spectromethishvare instruments that measure the
mass to charge ratio of analytes (m/z), and prosidectural information. A mass
spectrometer consists of an ion source, a masgzamaand a detector. The ion source
generates charged species called ions. The mabzanmeasures the (m/z) ratio of the
ionized analytes, and the detector records the puwofdons. Matrix-assisted laser
desorption/ionization time of flight (MALDI-TOF) ahelectrospray ionization (ESI) are
two techniques used to volatize and ionize protamspeptides. MALDI-TOF ionizes
analytes out of a dry crystalline matrix using tgsglses (Karas, M., et. al., 1988);
whereas, ESI ionizes analytes out of a solutiomigi-@., et. al., 1989).

Collagen is a very large protein, and ndedse broken chemically or enzymatically
into peptides for MS/MS analysis. The enzyme tirygsn be used to digest proteins in
solution or from a gel (Rosenfeld, J., et. al.,299Trypsin cleaves amide bonds after

arginines (R) and lysines (K). In MS/MS, peptidmts are broken with a collision gas
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inside a mass spectrometer. The sequence of gtel@ean be determined measuring
the fragmented ions m/z rati Insidea mass spectrometer, ions are selefor by their
m/z, and thenn MS/MS, feptide bonds are broken using a neutadlision ga. A

tryptic peptide typically breaks apart along thetmie backbone anc series of ions fron
the N-terminus (bens), and a series of ions from th-terminus (y-ionsare produced
(Figure §. Mass differences between ions in the b sendseoy series give the residt

mass of an amino acidnd he sequence of the pepticien be determin« from this mass.

B N B ;
N CH-CO-NH-CH-CO NKCH-CO-NH-CHCGH
b, ion y2ion

Figure 6 Peptide Fragmentation Pattern Inside A Mass tfpeeter. Peptide backbo
cleavage into b and y ions. The structure ¢, ion and a yion is illustratec
(Roepstreorff, P., 1984).
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In mass spectrometry oxidative protein poioiting, protein interactions are
determined via protein modification, proteolysisgdanass spectrometry analysis.
Hydroxyl radicals oxidize exposed amino acid sidaigs increasing the mass by +16 or
+14 Da. The oxidized protein is then digested itbrotease into small peptide
fragments, separated over a HPLC column, and intedl into a mass spectrometer.
Oxidation sites on a peptide are identified by tandnass spectrometry (MS/MS)
analysis. Target amino acid sequences in a proteiared by its binding partner are
protected from oxidation and would not be modifi@the location of a binding site
would be elucidated by comparing the MS/MS datanfthe binding experiment with

controls (Figure 7).

“OH
&
collagen Lot Sronanpad
P \

. . :: et o gy :
YWEAZ protein % -{3 % — MS analysis
collagen . ; % /
VIVF A3 i 10N =
complex i e

__ +— FProtected
fragments

Figure 7: Mass Spectrometry Oxidative Protein ponting of Collagen. Collagen and
von Willebrand Factor A3 controls are oxidized,adited, and analyzed using mass
spectrometry, along with the collagen von Willelwt&actor A3 complex.
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1.7 Objectives

The von Willebrand Factor A3 domain is kmotw bind collagen type | and type IlI.
Studies using short triple helical peptides haeaniiied a single high affinity binding
site on collagen type Ill, but no sites were idigedi for type | (Lisman, T., et. al., 2006).
This approach of using short peptides is limitaddimg interactions may require a more
extensive structural arrangement, so not all bigdites would be identified. The exact
locations of all of the sites where the von Willefd Factor protein binds to collagen are
still unknown. The aim of this research was teesthgate mass spectrometry protein
footprinting as a way to study full chain collagateractions with the von Willebrand
Factor A3 protein. In order to accomplish thikiase needed to carry out the following

original studies:

e Binding of recombinant von Willebrand Factor A3 f@ia with collagen, and triple
helical peptides.
e A procedure for oxidizing a triple helix using Fentchemistry.

e Mass spectrometry of collagen, which is larger mrmade modified than most proteins.
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Chapter 2

Binding of the von Willebrand Factor A3 Protein to Full Chain Collagen

2.1 Introduction

The binding of the von Willebrand Factorctwlagen is the first step in blood clot
formation, and there are still many things thatraseknown about this binding process.
Early experiments involving the chemical modificatiof amino acids showed that
arginine residues in collagen and the carboxyl gsan the von Willebrand Factor
protein are involved in the binding of collagerthe von Willebrand Factor protein
(Fitzsimmons, C., et. al., 1988). Multimeric vonilMbrand Factor protein was shown to
specifically bind to several sites along the caladyiple helix (Fitzsimmons, C., et. al.,
1988). Fitzsimmons demonstrated that this multiocn@motein binds to cyanogen
bromide fragments of bovine collagen typé bnd type llkl. Two cyanogen bromide
fragments from bovine type Il collagen (peptidesndl 5), and four cyanogen bromide
fragments from typeoll bovine collagen (peptides 8, 3, 7, and 6b) waeatified which
bind to the von Willebrand Factor protein, but @swnot clear where the von Willebrand
Factor protein was binding (Fitzsimmons, C., ef.E988). Cyanogen bromide cleaves
after methionine (M) residues; the cyanogen broroldaved proteins, predicted from
their molecular weights, are highlighted in Fig8rand Figure 9. Bovine and human
collagen type bl and type lllal protein sequences are similar; CLUSTAL W alignimen
of bovine and human collagen typell and bovine and human collagen typeulllof

each chain revealed they are 98.3 % and 90.5 %icdé{iThompson, J., et. al., 1994). It
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seems likely that theon Willebrand Factor prote wouldalso bind to human collagen

multiple sites.

EYEA YDVKS GWV. AGGGIAGYP GPAGPPGPPGPPGTSGHPGAPGAP GYO GPP

Figure 8: Bovine Gllagen Il a1l Peptides that Bind to von WillebraRkector. Bovine
collagen type lll sequence is frcUniProt (Apweiler, R., et. al., 2004)Thepeptide 4 is
highlighted in aqua, anslis in green. Methionines (Mjre shown highlighted in re

OLST GV DEKSTGISVPGPM GPSGPRGLPGPPGAPGPO GTQGPPGEPGERG
ASGPMGPRGPPCGPPGE WGDDGE A CKPGRPGER GPPGPQGARGLPGTAGLP
GME GHRGFSGLDGAK CDAGPAGPEGEPGSPGEN GA PGOMGPRGLPGERGR
PGAPGPAGARGNDGATGA AGPPGPTGPAGPPGFPGAVGAKGEG GPQGPRG
SEGPQGVRGEPGPPGPAGAA GPAGNPGADGQPGAKGANGAPGIAGAPGFP
GARGPSGPQGPSGPPGPEGNSGEPGAPGSKGDTGAKGEPGPTGIQGPPGE
AGEECGKRGARGEPGPAGLPGPPGERG GPGESRGFPGADGVAGPE GPAGERG
APGPAGPK GSPGEAGRPGEA GLPGAK GLTGSPGSPGPDGK TGPPGPAGQD
GRPGPPGPPGARGQAGVM GFPGPEGAAGEPCGE AGERGVPGPPGAVGPAGE
DGEAGAQGPPGPAGPAGERGEQGPAGSPGFQGLPGPAGPPGEAGKPGEQG
VPGDLGAPGPSGARGERGFPGERGV QGPPGPAGPR GANGAPGNDGAK GDA
GAPGAPGSQGAPGLQGM

PQPPOEEAHDG

GRYTY

Figure 9: Bovine Gllagen lal Peptides that Bind to von Willebranddtol. Bovine
collagen type bl sequence is frotUniProt (Apweiler, R., et. al., 2004Peptide 8 is
highlighted yellow, 3 i®qua, 7s green, and 6b is blue. e¥hionines are highlighted

red.
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The von Willebrand Factor domain which @nd type | and to type Ill collagen
was identified as its A3 domain (Lankhof, H., ét, 8996). Recombinant von
Willebrand Factor A3 domain protein was shown teeha lower affinity for collagen
than the multimeric von Willebrand Factor proteime Ky was 1.8 uM instead of being
around 2 nMVan der Plas, R., et. al., 2000 and Cruz, M.,let1895).

X-ray crystallography studies predicted tihés von Willebrand Factor A3 domain
collagen binding site is small, containing onlyesvfamino acid residues, and a limited
sequence pattern (Huizinga, E., et. al., 1997) fiedicted number of residues involved
in binding is around eight (Romijn, R., et. al.03). Since collagen type | and type IlI
contain over 1,000 amino acid residues, this walltslv the von Willebrand Factor A3
domain to interact with collagen at several logatialong the triple helix as was
observed by Fitzsimmons (Figure 8 and 9). A mad¢he von Willebrand Factor A3
domain binding to a short segment of collagen, @gdprately one-tenth the size of native

collagen type I is depicted in Figure 10.
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e :;—Jff'fr"‘r-*--?._?-'ﬂ-:-‘_—:&‘—f'%Tﬂ-ﬂﬂ:ﬁ@:ﬁw=--~~:_f--:-:-- e
<y
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Figure 10: von Willebrand Factor A3 Domain on @gkn. The model was generated
using themolecular graphics prograMOLMOL (Koradi, R., et. al., 1996) with the
coordinates for the crystal structures from PDBsfiLATZ (Huizinga, E., et. al., 1997)
and 1K6F (Berisio, R., et. al., 2002).
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Recent studies using a cross-saturatidmtquae have revealed that the front face of
the von Willebrand Factor A3 domain is where cadladpinds (Nishida, N., et. al., 2003).
Mutant von Willebrand Factor A3 studies and compdtzking work revealed the
binding surface displays a shallow groove, neggtigbarged residues, and a
hydrophobic patch; an electrostatic interactiorhvaitpositively charged residue on
collagen has been predicted, as well as a hydroplhaeraction (Romijn, R., et. al.,
2001 and Romijn, and R., et. al., 2003).

Studies using synthetic triple helical peégs have identified only one binding site
on collagen llI; this site consists of nine amirmdada, and contains a hydroxyproline
which was considered important (Lisman, T., e{.2006). The type Ill collagen binding
site sequence is Arg-Gly-GIn-Hyp-Gly-Val-Meth-GIyx®. From these studies, the
amino acid residues Arg, Hyp, Val and Phe were idened invariable; whereas, GIn and
Met were not (Lisman, T., et. al., 2006). Thislagén binding sequence in type I
collagen is identical in humans and in cows; tls¢ tao amino acid residues Gly-Phe are
the first two in bovine type Il cyanogen bromidagment 4 in Figure 8. No sites were
identified for type | collagen.

The study by Lisman et. al., utilizes swtityhomotrimer peptides; the peptide
length is limited to only twelve amino acid residubat are surrounded by Gly-Pro-Pro
sequences needed for triple helical formation.| ¢hdin collagen is long, over 1,000
amino acids, so synthetic peptides may not repteskeof the attributes of a collagen
molecule, which may be one reason why no otheribgnsites in human collagen type
Il have been identified, and none for collagenetyp More than one binding site is

expected, since two cyanogen bromide fragments fype Il collagen, and four from
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type | collagen were implicated in binding (Fitzsnons, C., et. al., 1988). The von
Willebrand Factor A3 domain binds to other sitexoliagen type Il and type I, and
these sites have not been identified. The binohitegactions of the von Willebrand
Factor A3 domain with full chain collagen are gpiiorly understood; exactly how many
collagen binding sites there are, their affinitigsd their locations have not been
determined. Understanding the details of thisradion is important for the successful
designing of drugs to treat von Willebrand diseadeleeding disorder. In order to
determine the location of any binding sites, the Willebrand Factor A3 protein was
purified for use in binding and oxidative footprirg experiments. The binding of full
chain collagen was studied with a recombinant volte¥fand Factor A3 protein. In this
chapter, the purification and characterizatiorhef von Willebrand Factor A3 domain

protein will be presented first. In the second e binding study will be presented.

2.2 Materialsand M ethods

2.2.1 Materials: Molecular weight markers, Tris-HCI, sodium chloridedium
hydroxide, sodium phosphate monobasic, sodium ptadsplibasicacetic acid, urea,
lysozyme, bovine serum albumin (BSA), cytochromeat collagen type |, human
collagen type Ill, and human collagen type | wenechased from Sigma. The peptides
(Pro-Pro-Gly)o and (Pro-Hyp-Gly) were from Peptides International. Thermo
Scientific Precise gels, Talon resin, imidazolélutnroacetic acid, and acetonitrile were

purchased from Fisher Scientific.
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2.2.2 Peptide P23: Peptide P23 was synthesized at The Rockefellerdysity
Proteomics Center by Dr. Nagarajan Chandramoumban showed this peptide binds to
von Willebrand Factor. P23 sequence: Acetyl-Gig-Ryp-Gly-Pro-Arg-Gly-GIn-Hyp-

Gly-Val-Met-Gly-Phe-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-GifPro-Hyp-Gly-Pro-Hyp-NH,

2.2.3 Expression and Protein Purification of von Willebrand Factor A3: The
bacteria pET 20b (+) plasmid containing the humam Willebrand Factor A3 insert with
a C-terminal His-tag was a kind gift from Dr. Chaagng Ruan (Suzhou Medical
College, Suzhou, China). The plasmid DNA was itegemto DH1 cells, purified with
Promega’s Wizard Plus SV DNA Mini Prep PurificatiBgstem, and used to transform
Stratagene’s E. coli BL21 (DE3) pLysS competeniisdelr protein expression, according
to the manufacturer’s protocol.

Three microliters of E. coli BL21 (DE3) pLysS cetlsntaining pET 20b (+)
plasmid with the gene for human von Willebrand Baét3 protein was streaked onto a
Luria-Bertani amp plate and grown overnight in an incubator set7at@. For
purification, a single bacterial colony was remagveldced in ten milliliters of Luria-
Bertani amp media, and grown overnight at 37 °C with shakifipe cells were
transferred into one liter of Luria-Bertani ampedia; the transformed cells were grown
at 37 °C with shaking. At an QB of 0.5, a sample of the bacteria was removedédbr g
analysis, and the rest of the one liter transforeedld were induced with 1ImM
isopropyl-B-D-thiogalactopyranoside overnight. &rthe expressed protein is produced
and retained inside the bacterial cells, the Eschiarcoli cells were harvested by

centrifugation for twenty minutes at 10,000 rpnd &C. The cell pellet containing the
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von Willebrand Factor A3 protein was resuspendesventy five milliliters of 50 mM
phosphate buffered saline containing 1mM phenylwistitfonyl fluoride which is a
serine protease and prevents protein degradafidt00 ul sample of the induced
bacteria was removed for gel analysis. The E.aals were broken open using one
milliliter of lysozyme (20mg/mL), freeze thawed éertimes, and sonicated four times in
order to release the protein. This was done bgimdathe sample into liquid nitrogen for
twenty minutes and then defrosting it in a watehlz 37 °C. The sample was sonicated
on ice for thirty seconds; the sonicator machingoiuwas set at three, and the duty cycle
was set at fifty percent.

The solution was centrifuged, to clearany debris and aggregated protein. In
order to determine where the von Willebrand Faé®protein was and if it had
aggregated and formed inclusion bodies which wbelthsoluble and reside with the
cell debris, samples were taken from the superhatahthe pellet. For gel analysis,
forty microliters from the supernatant was remowaed a little bit of the pellet was
solubilized in 100 ul of sample loading buffer. eion Willebrand Factor A3 protein
was found mainly in the cell pellet as an inclusimay so the cell pellet was solubilized
overnight in twenty five milliliters of 50 mM phobpte buffered saline containing 8M
urea.

The expressed von Willebrand Factor A3girotontains a C-terminal His-tag.
There is a series of histidine amino acids whitbvabh recombinant protein to be
purified with an affinity resin which will selectly bind to histidine. The solubilized
von Willebrand Factor A3 protein was affinity pueil with Clontec Taloh Metal

Affinity resin, which selectively binds to His-tagd proteins. Imidazole was used to
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release His-tagged proteins from the talon resntesit competes with histidine for
binding to the resin. The solubilized von WillebdaFactor A3 protein was incubated
with 1 ml of talon resin for half an hour, the taleesin was washed three times with ten
milliliters of 50 mM phosphate buffer saline, at@ recombinant protein was eluted in
ten milliliters of 50 mM phosphate buffer salinetkvBOO mM imidazole following the
manufacturer’s instructions. Forty microliters weiaved for gel analysis. Samples were
mixed with loading buffer, the 5X SDS sample loadbuffer contained 60 mM Tris-HCI
pH 6.8, 25 % glycerol, 2 % sodium dodecyl sulf&®) mM dithiothreitol, and 0.1 %
bromophenol blue, and were run on a SDS-PAGE gi#ureducing conditions, and
stained with coomassie blue G-250.

The recovered protein was refolded by dialyn one liter of 6M urea which was
diluted overtime with 50 mM phosphate buffer salioa final volume of three liters.
The sample was further dialyzed three times inlb@eof 50 mM phosphate buffer

saline. The concentration of the von WillebrandtBaA3 protein was determined to be
1 mg/mL at a UV absorbance of 280 nm, and an etigimcoefficient of 0.5 cit

(mg/mL)™?, and the protein was stored at 4 °C.

2.2.4. Expression and Purification of 877 Protein: A pET 32a (+) vector containing
an N-terminal His-tag-thioredoxin-collagenl fragment fusion protein (877) was
created in the Xu lab by modifying the (Gly-Pro-Rgdoldon insert of Dr. Jurgen
Engle’s lab (Xu, K., et. al., 2008). Escherichodi containing the 877 pET 32a (+)
plasmid were induced overnight with 1mM isopropyBRhiogalactopyranoside. The

His-tagged fusion protein was purified from thel estract using Clontec TalSrMetal
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Affinity resin, and eluted with imidazole; the 8#&sion protein was cleaved using
Thrombin CleanCleavit (Sigma) according to the manufacturer. The Bifitein was
purified over a @column with a gradient of 0.1 % trifluoroacetiachand 100 %

acetronitrile on a Beckman HPLC, and then lyophiiz

2.2.5 Circular Dichroism: The secondary structure of proteins and peptides we
determined by CD measurements using an AVIV 200s@é&ctrometer with a 1mm
optical path length, a 1nm bandwidth, a Peltierrtted controller, and a wavelength
between 190 nm-260 nm. Measurements were perfowrtbd@00 ul of 50 mM
phosphate buffer saline, and then using the sametteywith 200 ul of 0.2 mg/mL von
Willebrand Factor A3 protein in 50 mM phosphatefbusaline pH 7.0 at 4 °C. Samples

were equilibrated for five minutes at 4 °C.

2.2.6 Pull Down Assay: The His-tagged von Willebrand Factor A3 protein and
potential binding proteins were mixed in a onene mole ratio with the final
concentration of each protein being 3 uM, exceptjvochrome C which was 12 uM.

An excess of cytochrome C was used in a mole odtame to four. Twenty six
micrograms of the von Willebrand Factor A3 protél6 kDa) was used in each
experiment in a total reaction volume of 300 ubhmM phosphate buffer saline pH 7.0.
The eppendorf containing the von Willebrand Faét®iprotein and the potential binding
partner was placed on a rotator at 4 °C, for févts minutes. Each sample was then
transferred into a different 0.5 ml eppendorf tubestaining 50 uL of Clontec Tal8n

Metal Affinity resin, and placed for one hour at@ on a rotator. The supernatant
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containing any nonbinding substances was removetiiee talon resin was washed
several times with 50 mM phosphate buffer salifibe von Willebrand Factor A3

protein along with any protein interacting withwias eluted from the resin with 50 ul of
300 mM imidazole according to the manufacturerl pAll down assay experiments were
repeated three times. Protein samples were arthby&DS-PAGE followed by
coomassie blue staining. Ten microliters of thikagen elution, and twenty microliters
of bovine serum albumin, cytochrome C, and the @ptide were loaded onto the gel.
Bovine serum albumin, the von Willebrand Factorpk8tein, the 877 protein, and the
peptide samples were chromatographed ovegadumn on a Beckman HPLC using a
gradient of 0.1 % trifluoroacetic acid and 100 %taaitrile. Fifty microliters of the

imidazole elution samples were also chromatographed

2.3 Reaults

2.3.1 Thevon Willebrand Factor A3 Protein isPurified as An Inclusion Body:

The von Willebrand Factor A3 proteuas expressed as a recombinant His-tagged
protein. It was purified as an inclusion body (Fg11). pLysS A3 cells do not express
the von Willebrand Factor A3 protein, after theg arduced overnight with isopropyl-B-
D-thiogalactopyranoside, the Escherichia coli ceXpress the foreign gene, and produce
the recombinant protein (Figure 11A). The von Bhland Factor A3 protein was
overexpressed in E. coli and formed inclusion bediee protein was found mainly in the

pellet and not in the supernatant (Figure 11B)e fidcombinant His-tagged protein was
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purified from the pellewith ar affinity resin. On a SD®AGE gel the talon res|
purified von WillebrandA3 protein runs at a molecular weight of aroundkP@ (Figure

11C).
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Figure 11: Expressioand Purification ovon Willebrand Factor A3A. Lane 1. Sigma
marker. Lane 2. A3 pLysS cells before inductidiane 3. Induced A3 pLysS cel B.
Lane 1. Sigma marker. Lane Lysed nduced A3 pLysS cell pellet. Lane Lysed
induced A3 pLysS cell superant. C. Lane 1. Talon resin purified/F A3 protein.
Lane 2. Marker All samples were reduced widithiothreitol, run on &DS-PAGE gel,
and stained witha@omassitblue.

Inthe induced and lysed ysS A3 cell spernatant there is a protein band runr
around 29 kD4Figure 1:B). This band is also presantthe non induced fysS A3
cells (Figure 11A) The presence of the kDa band in Figure 11Bne 3 is no

indicative of the presence of the vorillebrandFactor A3protein. We therefore, did r

purify the induced pLyS A3 cell supernatai
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2.3.2 CD Spectrum of thevon Willebrand Factor A3 Protein: The purified
recombinant VWF A3 protein folded into the expeatedformation. The secondary
structure for the von Willebrand A3 protein wasatetined by circular dichroism
measurements using CDNNZ2.1 spectra deconvolutittwae. The helical content of
the von Willebrand Factor A3 protein was found ¢032.3 % and the beta content was
17.4 %. This is close to the predicted helicaltenhof the von Willebrand Factor A3
domain of 35.6 % and beta content of 20.8 % (Hg@ajrkE., et. al., 1997). Delta Epsilon,
also known as molar circular dichroism, was usehéasure circular dichroism, and is

defined as\e = eL — €R wheresL is the extinction coefficient of left circularlyolarized

light, andeR is the right (Figure 12).

CD Spectrum

—

Delta Epsilon
(an)

; L} R

190 200 210 220 230 240 250 260
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Figure 12: CD Spectrum of von Willebrand Factor. AGircular dichroism
measurements of the recombinant von Willebrand md8gn were recorded using Delta
Epsilon at a wavelength between 190 nm-260 nm fbnty/ml von Willebrand Factor
A3 protein in 50 mM phosphate buffer saline pH &ilibrated for five minutes at 4

°C.
2.3.3 SDS-PAGE of Pull Down Assay. The binding of type | and type Il collagen, and

877 with the von Willebrand Factor A3 protein warelyzed using the pull down assay.
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After incubation with the von Willebrand Factor fABotein and each of its bindir
partners with the taloaffinity resin, the resin was tharghly washed to remove a
non-sspecific bound protein (Figure 13, Lane 2 of A,i8l&C) and then eluted with 3!
mM imidazole. The fact that the three proteinsaleisible in the elution sample
indicate they bind specifically toe von Willebrand A3 proteirand thus coeluted wi
the Histagged von Willebrand A3 protein (Figure . On the contrary, when the sa
experiment is carried out with the control protdmesine serum albumin and cytochro
C, the proteins were presemly in the non-binding fraction, arate not visible in th
imidazole eluent sample; even when the concentrati@ytochrome C is increas
dramatically, still no cytochrome C could be semidelute with the von Willebrar

Factor A3 protein (Figure 1.

collagen

—
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VWF A3 35,00(
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Figure 13: SDSAGE of thevWF A3 Protein Pull Down Assaghowing the Interactio
of VWF A3 with GollagenType | (A), Collagen Type Il (B), and 87#dtein (C). In all
three cases Lane Mixture of VWF A3 protein and binding partneLane2. Wash.
Lane 3. Imidazole elution. Lane 4. Mark All samples were reduced wi
dithiothreitol, run on a PAGE gel, and stained v coomassie blue.
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Figure 14: SDSAGE of thevWF A3 Protein Pull Dowssay Controls. A: Lane ]
Sigma marker. Lane 2. Bovine serum albumin and~\A8. Lane 3.Nonbinding.
Lane 4. Wash. Lane 9midazole elution. B: Lane 1. Sigma marker. Lane
Cytochrome C and VWR3. Lane 3. Nonbinding. Lane 4. Wadhane5. Imidazole
elution. All samples were reduced wdithiothreitol run on a PAGE gel, and stain
with coomassie blue.

This pull down assay demonstrates that type | gpe til collagen bind to the vc
Willebrand Factor A3 protein as pected. Surprisingly, 877 was also found to b
the von Willebrand A3 proteinThe 877 peptide is a triple helical protein contair
sixty three amino acid residues, -939, from the human collagen type | alpha 1 ch.
The 877protein is obtaine from Escherichia coli, and does not contayaroxyproline

In Figure 13 A-B e detection athe von Willebrand Factor A@roteir and
collagen is reduced because limidazoleelution sample was loaded onto the cTo
understand if thepecific sequence of 877 facilitates bing, or if a general triple heli
conformation does, binding experiments were domgguse following triple helica

peptides: (Pro-Pro-Gly), (Pro-Hyp-Gly), and P23.
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2.3.4 High Performance Liquid Chromatography of Pull Down Assay: The von
Willebrand Factor A3 binding interactions with tephelical peptides were investigated
using the same pull down assay, but the imidazakengs were analyzed by high
performance liquid chromatography, usingig €&lumn, because the peptides do not
stain well with commassie blue and are small. tRerfollowing experiments, the species
in the imidazole eluent were identified based airtretention time on the
chromatogram. The retention time of each specasdetermined using a pure sample
on the column and using the same solvent gradiéné results of binding of the von
Willebrand Factor A3 protein to bovine serum albarand 877 are shown in Figure 15.
The retention time of pure bovine serum albumiry,,&hd the von Willebrand Factor A3
protein were found to be 62.5 minutes, 60 minwad, 72 minutes respectively (Figure
15 B, E, A and D). In the bovine serum albumin #relvon Willebrand Factor A3
binding experiment only the von Willebrand Factd@ peak was observed in the
imidazole eluent (Figure 15C). In the binding w&th7, peaks for 877 and the von
Willebrand Factor A3 protein were observed in thest, indicating 877 is coeluted with
the von Willebrand Factor A3 protein. As expediedine serum albumin did not
coelute with von Willebrand Factor A3, and thel&ipelical protein 877 coeluted with
the von Willebrand Factor A3 protein (Figure 19he imidazole eluent containing the
resin purified von Willebrand Factor A3 protein ¢ains only the von Willebrand Factor
A3 protein as shown by the labeled sole peak inrfeéid5C. Since no bovine serum
albumin was found in the von Willebrand Factor A8tpin imidazole eluent sample; it

does not bind to the von Willebrand Factor A3 pro{€igure 15C). On the contrary, the
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peaks of the von Willebrand Factor A3 protein amel&77 protein are apparent in Fig

15F, and so 877 interacts with the von Willebraadtér A3 proteir
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Figure 15: HPLC Pull Bwn Assay of VWF A3 with BSA (Uppgranels) and of vW
A3 with 877 (Lower panels). The upper panels are the chromimsof pure von
Willebrand Factor A3 protein (A), pure bovine seratbumin (B), and the imidazo
eluent (C). Lower panels are tchromatogrars of pure von Willebrand Ftor A3
protein (D), pure 877 protein (E), andidazole eluent (F). The arrows in C and F m
the retention time of each spec Sample dtection was at an absorbance of 214
with a gradient of 0.1 %ifluoroacetic acid and 100 % acetonitrile.

When individually chromatographed, tpurepeptides had different retention time
P23 had a retention time of 42.5 minu(Pro-Hyp-Gly)o had a retention time of 36
minutes and (Pro-Proigohad a retention time of 43.0 minui@sgure 16 /-C). For
peptide binding experiments with the von Willebrdrattor A3 protein, the imidazo
elutions from eaclexperimer are shown in Figure 16 D, E and Rll three peptide:

were detected in the imidazole elution indicatifigoeluted with the von Willebrar
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Factor A3 protein from the affinity resi The peptide (Pro-Hyp-Gly) appears to hav
aggregates as shown in Figure 1¢The additional small peaks P23 anc(Pro-Pro-
Gly)ipcould be due to the equilibrium transitionween monomer and trimer ste

(Figure 16 A and C).

i A P23 A |- (Pro-Hyp-Gly); B | = (Pro-Pro-Glyig <
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Figure 16: HPLC of an Willebrand Factor A3 Peptideull Down Assay:A, B and C
are the chromatogranad the pureP23 peptide, pure (Pro-Hyp-Glypeptide and pure
(Pro-Pro-Gly)o peptiderespectively. D, E and F are the chromatmsof the imidazole
elution from each respective experim Sample detection was at an absorbance o
nm with a gradient of 0 % trifluoroacetic acid and 100 % acetonitrile.

P23 peptide, (PrordGly)1o, and (Pro-Hyp-Gly) peptides aralsopresent when
the von Willebrand &ctol A3 is purified from the talon resin; von Willebranddtar has
a retention time of2 min and is eluted from columefter seventy two minute (Figure
16 D-F). This indicatethatthey bind to the recombinant voniM¢brandFactor A3
protein. A smallvon Willebrand FactoA3 protein peak wadetected in tr elutions, and
this could be due to a change in concentrationlossof protein on the affinity res

P23 binds to von MiebrandFactor A3 as predicted. The trigilelical peptide:

(Pro-Pro-Gly)o, and (Po-Hyp-Gly),o also interact with the von MiebrandFactor A3
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protein. The peaks of P23, (Pro-Pro-Gdyand (Pro-Hyp-Gly), are clearly visible on
the chromatograms of the coeluent in Figure 16 O=f#en though their binding affinities
cannot be determined from these pull down experismyéRro-Pro-Glyy), and (Pro-Hyp-
Gly)10 seem to interact with von Willebrand Factor Azaaimilar level as the high

affinity P23 peptide.

2.4. Discussion and Conclusion

The von Willebrand Factor A3 protein wasified, and circular dichroism
confirmed the structure. Binding studies were @ankd in order to see if the
recombinant von Willebrand A3 protein binds to agkn type | and type Ill, and to the
P23 peptide. The purified von Willebrand Factorg8tein binds to collagen type | and
type lll, collagen ll 877 protein, P23 peptide, (Pro-Pro-Gignd (Pro-Hyp-Gly). As
expected, it did not bind to cytochrome C or toibhewserum albumin.

Binding was detected by a pull down assayno affinity data was collected.
Studies using short peptides have not identifigdragh affinity binding sites for
collagen type I, but our studies show von Willelar&actor A3 binds to type | collagen
in a manner similar to type Ill. We cannot asadarthe affinity, but recognized there is
an association.

In short peptide investigations, the hygmmoline was considered important for
binding, but in our case on two occasions a tiy@kx without any hydroxyprolines
appears to have an affinity for von Willebrand Ba&3 protein. They are the 877

protein type | alpha 1collagen fragment and the-®w-Gly), peptide.
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The 877 protein contains a segment of huoadlagen type | alpha 1chain,
specifically it contains the sequence of amino aegidues 877-939, and it is expressed
in E. coli without hydroxylation. This sequenceamhino acids is almost identical to the
bovine collagen &1 sequence. With the exception of not having amrdxyprolines,
there is only one other amino acid difference.pésition 900 there is a valine in 877
instead of an isoleucine as in the bovine colldgehchain. This 877 protein is included
in the cyanogen bromide fragment 6b shown by Fitrsons’s study to bind to the von
Willebrand Factor protein.

The von Willebrand Factor A3 protein alsods to (Pro-Pro-Gly). This peptide
sequence is not a naturally occurring sequenceliagen. Collagen contains a greater
variety of amino acids. This peptide however fothessame backbone configuration as
collagen, and is often used as a model for théethplix (Figure 1). Since the von
Willebrand Factor A3 protein binds (Pro-Pro-Glya peptide which doesn’t contain
hydroxyprolines but has a similar structure asag@h, it would appear that the von
Willebrand Factor A3 protein has an affinity tqota helical peptides.

The fact that the von Willebrand Factor gx8tein binds to both 877 and to (Pro-
Pro-Gly)opeptide indicates that the von Willebrand Factoré&gnizes the triple
helical configurations. This binding may be weakl anspecific. Certain charged
residues in a collagen sequence could correlateanmighter binding.

Research using short peptides have idedtdinly one high affinity binding site on
collagen type lllI; collagen Il most likely has ethbinding sites. It is still not known
exactly where the von Willebrand Factor binds foety collagen, and at how many sites.

Clearly, the binding to von Willebrand Factor A3f&in is not only limited to the one
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binding site identified by Lisman’s peptide studddditionally the binding may be less
specific. Some regions may require specific ressglbut the triple helix appears to be a
prerequisite. In order to explore the interactibthe von Willebrand Factor A3 domain
with full chain collagen by a Fenton footprintirgchnique, the oxidation of triple helical

peptides by Fenton chemistry was then investigated.
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Chapter 3

Fenton Chemistry

3.1 Introduction

Fenton chemistry was used many years agwéstigate DNA-protein interactions;
this was termed hydroxyl radical footprinting (Tiufi, T., et. al., 1986). Hydroxyl
radicals generated in the Fenton reaction nongpaltyf cleaved the backbone of the
DNA in a DNA-protein complex that was not being fecied by the binding partner
protein, thereby, providing information on the lboa of the binding interaction (Tullius,
T., et. al., 1986). This same approach was aled tesstudy protein-ligand interactions;
the peptide backbone of unprotected amino acidesenps was cleaved (Loizos, N.,
2004).

Alternatively, hydroxyl radicals can be d4e covalently modify the side chains of
exposed amino acid residues in a protein (Guast.J)., 2005). Amino acid
modification happens before the cleavage of thelarhonds as long as the concentration
of hydroxyl radicals is not too high (Heyduk, Tt, @&., 2001). The oxidation of amino
acid side chains usually forms alcohols, aldehydeketone groups. These
modifications can be observed by mass spectrorbetguse there is a change in the
mass of the oxidized amino acid. Alcohol formatiocreases the mass of the amino acid
residue by +16 Da; whereas, with an aldehyde aneetormation, the increase would be

+14 Da. These protein chemical modifications cam$ed to study protein-protein
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interactions (Guan, J., et. al., 2005, and Shayet.Jal., 2003). Oxidative Fenton
footprinting was explored for use in studying cgéta binding reactions.

In the literature, different conditions waeported for oxidizing peptides, and
proteins. In certain cases, the peptide backbageskown to break after several minutes
(Heyduk, T., et. al., 2001). Reliable means of itwimg the Fenton reaction were
looked at, before investigating its effects on pubgst and proteins. Two different
methods were used: a methylene blue dye test Ardzvic acid hydroxylation test
(Satoh, A, et. al., 2007). In a methylene blue thst, the formation of hydroxyl radicals
is visualized; hydroxyl radicals will cause thedldye to change its color. The benzoic
acid test monitors hydroxyl radical formation ireditly by detecting hydroxylated
benzoic acid at its absorbance wavelength of 517Satoh, A., et al., 2007).

Certain amino acids are known to be mos#eaxidized than others; hydroxyl
radicals readily oxidize tryptophan, methionineepylalanine, tyrosine, cysteine, and
cystine (Takamoto, K., et. al., 2006). Collagessally do not contain tryptophan,
cysteine and cystine residues, but it often costaigthionine and phenylalanine, and in
a few cases tyrosine. The two major amino acidives in collagen are glycine and
proline. Glycines do not oxidize very well, buistis not a concern because in collagen
the glycines are located in the center of thedrh@lix, and are not accessible. Proline
residues oxidize well, and in collagen these ressdare readily available, and are located
on the surface of the molecule. Hydroxyprolinadess were not characterized, and how
well hydroxyproline residues are oxidized is unclea

In order to investigate conditions for opil oxidative footprinting, the peptides

bradykinin and (Pro-Pro-Gly)were used. Bradykinin contains two phenylalanines
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which are easily oxidized, and three prolines.o{Pro-Gly), is a collagen like peptide
which can form a triple helix. Once conditions &xidizing a triple helical peptide are
established, the von Willebrand Factor A3 bindiitgsson collagen could then be

identified by a mass spectrometry oxidative profeotprinting technique.

3.2 Materialsand M ethods

3.2.1 Materials: Tris-HCI, sodium hydroxide, sodium chloride, sgdi phosphate
dibasic, sodium phosphate monobaagetic acid, ethylenediaminetetraacetic acid,
sodium ascorbate, 30 % hydrogen peroxide, methylareehydrateq-cyano-4-
hydroxycinnamic acido-CHCA), ammonium ferrous sulfate, benzoic acid,gbptide
bradykinin, and milli Q water were purchased froign$a. The peptide (Gly-Pro-Prg)
was purchased from Peptides International. Whatittanpaper, hydrochloric acid,
methanol, Millipore GgZipTips, trifluoroacetic acid, acetonitrile, Seqyare Peptide
Mass Standards, and a Maldi plate were purchased Fisher Scientific. Deionized

water (18M2) was prepared with a Milli-Q water purificationstgm (Millipore).

3.2.2 MethyleneBlue Dye Test: The test was done according to Satoh’s procedure
(Satoh, A, et. al., 2007). Briefly, whatman filfgaper was cut into strips, and a line was
drawn with a permanent marker. A paper strip wppet ten times into a 1 mM
methylene blue dye 10 % methanol solution, andradtbto dry overnight in the dark.

The Fenton reaction was started by mixing ammorfemous sulfate and hydrogen

peroxide to the final concentration of, respeciryl6 mM and 0.3 %. At 0.5 minutes
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and at 2.5 minutes, forty microliters of the reactsample was directly spotted onto the
dyed papers. The bleaching of the paper is acation that hydroxyl radicals have

formed. This test was repeated three times withlai results.

3.2.3 Chemical Oxidation of BenzoicAcid: Benzoic acid was oxidized under different
Fenton chemistry conditions, and in each casedhgiens were added to a crushed dry
benzoic acid powder. The generation of hydroxgliaals was monitored by the
formation of hydroxylated benzoic acid which isetged at 517 nm (Satoh, A., et. al.,
2007).

Reactions were done using 9 mM benzoic ecd6 mM ammonium ferrous
sulfate, and 3 % hydrogen peroxide @@ When employing Fenton chemistry as a
means to oxidize proteins, it is considered impurta add ethylenediaminetetraacetic
acid, and sodium ascorbate. Ethylenediaminetedt@aacid is used to chelate the iron,
and the sodium ascorbate recycles the oxidized(Heyduk, E., et. al., 1994). For this
reason, reactions were done using 9 mM benzoiciadddd mM ammonium ferrous
sulfate, 0.6 mM ethylenediaminetetraacetic acid, 2f6 hydrogen peroxide af@.
Reactions were also done using 9 mM benzoic adiddnmM ethylenediaminetetraacetic
acid, 0.6 mM ammonium ferrous sulfate, 0.6 mM sodascorbate, and 3 % hydrogen
peroxide at 4C. All reactions were quenched with an equal nawf 2M Tris-HCI pH

5.0.

3.2.4 Chemical Oxidation of Bradykinin: Bradykinin was dissolved in water to a

concentration of 5 mg/mL. A 1mM stock solutionboédykinin was used for each
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oxidation reaction. Reactions were done using mRbbradykinin in 0.5 mM sodium
ascorbate, 0.5 mM ethylenediaminetetraacetic &ctdmM ammonium ferrous sulfate,
0.5 mM sodium ascorbate, and 0.5 mM hydrogen pdeoat £C. Reactions were
guenched with an equal volume of 2M Tris-HCI pH.5The reaction was repeated three
times with similar results. Reactions containimgM and 10 mM hydrogen peroxide
were tested as well as reactions containing alsthtetions except bradykinin at those
two higher concentrations. The sequence of bradyks Arg-Pro-Pro-Gly-Phe-Ser-Pro-

Phe-Arg.

3.2.5 Chemical Oxidation of (Pro-Pro-Gly)io: Three stock solutions were prepared.
Stock 1 contained 5 mM sodium ascorbate, 50 mMusongihosphate buffer pH 6.5.
Stock 2 contained 5 mM ammonium ferrous sulfat@Nd ethylenediaminetetraacetic
acid, 50 mM sodium phosphate buffer pH 6.5. S®ckntained 88 mM hydrogen
peroxide. The lyophilized peptide was dissolve80rmM phosphate buffer pH 6.5 to a
concentration of 2.25 mg/mL and stored aC4or at least two days. Stock solution 1, 2
and then 3 were added to the (Pro-Pro-Glggptide. The reaction was carried out in a
200 uL solution of 0.2mM (Pro-Pro-Gly)in 50 mM sodium phosphate buffer pH 6.5,
0.5 mM sodium ascorbate, ammonium ferrous sul&tgjlenediaminetetraacetic acid,
and hydrogen peroxide af@ and at 37C. Reactions were also done using 20 mM
hydrogen peroxide. An equal volume of 2M Tris-HEl 5.0 was used to quench the

reaction. The reaction was carried out three times

3.2.6 MALDI-TOF MS Analysis: Thea-cyano-4-hydroxycinnamic acid matrix
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(a-CHCA) was used to crystallize samples for MALDI-F®IS analysis. A saturated
solution ofa-CHCA matrix was prepared in 50 % acetonitrile, 8t % trifluoroacetic
acid. Sequazyme Peptide Mass Standards were ptegecording to the manufacturer.
Samples were taken from oxidation reactions atregtiene points before they were
guenched, and they were directly spotted onto a Bliitlate and crystallized.
Quenched oxidized peptide samples were zip tippedrding to the manufacturer, and
spotted 1:1 witlu-CHCA matrix onto a sample plate, and allowed tn dr

Zip tips are tips that contain a small amtaaf column material, and are used to
clean up samples. The zip tip column is prepasefirft wetting the column with 100 %
acetonitrile, and then equilibrating the columnhaBt1 % trifluoroacetic acid. The
sample is bound to the column by pipetting thetgppup and down in the sample
solution. Once the sample is bound to the coluihis cleaned up by washing it many
times with 0.1 % trifluoroacetic acid. The peptaianple is then eluted with 0.1 %
triflouroacetic acid and 50 % acetonitrile.

A Voyager-DE STR mass spectrometer (PE\Biesns, Foster City, CA) was used
to acquire spectra in reflectron, positive ionagleld extraction mode at The Rockefeller
University Proteomic Center. This instrument isiipged with a pulse nitrogen laser (
=337 nm). The mass spectrometer was calibrated) &@quazyme Peptide Mass
Standard STDZ2, and the calibration file was saaead,used to externally calibrate each
sample. The accelerating voltage was set at 20/Q0@@e grid voltage at 66 %, the low

mass gate at 300 Da, and spectra from 100 indivldser shots were averaged.
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3.2.7 ESI MS Analysis: Oxidized peptide samples were zip tipped using gif tips
according to the manufacturer’s protocol, and stifechito Hunter Mass-spec facility for
mass spectrometry analysis. ESI data was useetéongine the percentage of oxidized
and unoxidized peptide for each Fenton reactidme Jercent of unoxidized peptide at 0,
2.5, 5, and 30 minute time points was estimateunh fits integrated peak area, divided by
all the integrated peak areas present. The pexgemtf oxidized peptide at 0, 2.5, 5, and
30 minute time points was calculated by summinglupf the observed oxidized

integrated peak areas, and dividing it by the sotiad of all the integrated peak areas.

3.3. Results

3.3.1 Hydroxyl Radical Detection: The bleaching of the methylene blue dye was used
as an indicator of hydroxyl radical formation (Saté.., et. al., 2007). In this test the
Fenton reaction was initiated by adding hydrogamxide to iron to form a 0.6 mM
ammonium ferrous sulfate and 0.3 % hydrogen peegalution, and after different
durations of time, samples were spotted onto p sfrdyed paper. For the time points
0.5 minutes and 2.5 minutes, the blue dye was wbddo be bleached white, indicating
the presence of hydroxyl radicals (Figure 17D-Ehis showed us that hydroxyl radicals
are forming quickly using millimolar concentratioofferrous ammonium sulfate.

When concentrated Tris-HCI was added to the sailubaa final concentration of 1M
Tris-HCI the reaction is quenched, and the solutiam no longer bleach the dye (Figure
17F). As expected, there was no bleaching obsernviee hydrogen peroxide ancter

controls (Figure 17 A-C). It is apparent from thethylene blue dye test, that hydroxyl
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radical formation occurs within thirty seconds, @hid reaction can be stopped wit

high concentration of Tr-HCI pH 5.0.

Figure 17: MethylenelBe Dye Test. A. No sample. Bdydrogen peroxidi C. HO.
D. 0.5 min. of 0.6 mMammonium ferrous sulfe, and 0.3 %hydrogen peroxic. E. 2.5
min. of 0.6 mMammonium ferrous sulfe and 0.3 %hydrogen peroxic. F. 15 min. of
ammonium ferrous sulfe, 0.3 % hydrogen peroxide and theprenched wit 2M Tris-
HCI pH 5.0.

The formation of hydroxyl radicawasalso monitored by the hydroxylation
benzoic acid (BA). The hydroxylated benzacidshave a detected absorbaiat 517
nm. Fenton chemistry was carried out under differemiditions Hydroxyl radicals
formed very fast usingnly 0.6 mM ammonium ferrous sulfate, and @3ydrogen
peroxide (Figure 18A)When ¢hylenediaminetetraacetic acihs added to the stande
Fenton reaction it wagbserved tslow the rate of hydroxyl radical formati, and the
addition ofsodium ascorba was shown to further reduce théte (Figure 8B-C). The
use of ¢hylenediaminetetraacetic a and sodium ascorbatp@ears to have lowered t
amount of hydroxyl radicals being form, thereby providing a venyild oxidation
environmenfor peptides Ascorbate was gected to facilitate the reaction becait

recycles the iron.
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Figure 18: Detection of Hydroxylated Benzoic Acid. A. 0.6 mavhmonium ferrous
sulfate and 0.3 % hydrogen peroxide. B. withatdition of 0.6 mM
ethylenediaminetetraacetic acid. C. with the tholdiof 0.6 mM
ethylenediaminetetraacetic acid, and 0.6 mM sodisoorbate The concentration of
benzoic acid was 9 mM. Absorbance was at 517 nm.

3.3.2 Fenton Chemistry Oxidation of Peptides: The oxidation of the peptides by
hydroxyl radicals were studied using bradykinin &Btl/-Pro-Pro),. The oxidation of
bradykinin monitored by MALDI-TOF MS showed thagbykinin is easily oxidized
(Figure 19). The best condition for oxidizing bykithin was found to be 0.25 mM
bradykinin in 0.5 mM ethylenediaminetetraacetida®.5 mM sodium ascorbate, 0.5
mM ammonium ferrous sulfate, and 0.5 mM hydrogemoxide. Bradykinin was
observed at an m/z of 108QFigure 19A-B). After Fenton oxidation, severalinmacid
residues were oxidized. A significant extent oidation of bradykinin was observed, up
to six oxygens were added (Figure 19B). Not athefbradykinin peptide was oxidized,

as seen in Figure 19B peak labeled BK.
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Figure 19: MALDI-TOF MSSpectra of the Oxidation of Bradykinin.. ABradykinin
B. Bradykininoxidized ir 0.5 mM ammonium ferrous sulfasgdium ascorbai
ethylenediaminetetraace, and hydrogen peroxidelrhe samples were analyzed c
VoyagerDE STR mass spectrometer usit-CHCA matrix.

Similaroxidation conditions were used to oxidthetriple helical peptid«Gly-Pro-
Pro)o, but only limited oxidation was found (Figure 208 the MALDI spectra,Gly-
Pro-Pro)owas seen at an m/z of 25" (Figure 19A-B). Sodium angotassiur adducts

were found associated with tl(Gly-Pro-Pro)opeptide as seen as extra peaks
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corresponding increases in mass of twenty threetlartgl nine daltons respectively

(Figure 19A-B).
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Figure 20: MALDI-TOF Spectra of the Oxidation ofr@Pro-Gly),. A. (Pro-Pro-
Gly)10. B. (Pro-Pro-Gly)poxidized in 50 mM phosphate buffer pH 6.5, 0.5 mM
ammonium ferrous sulfate, ethylenediaminetetraecetidium ascorbate, and hydrogen

peroxide. The samples were analyzed on a Voyage&TR mass spectrometer using
CHCA matrix.
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Even with extensive cleaning, these sodiNiant) and potassium (K+) adducts
could not be eliminated. It may be due to the @wors of peptide synthesis or (Pro-Pro-
Gly)10 may have a higher affinity to the ions.

Because only limited oxidation of (Pro-FBby)iowas observed by MALDI-TOF
MS analysis, ESI MS was done just in case some othdation m/z peaks were being
suppressed by the major peaks in the MALDI-TOF NESI MS of (Pro-Pro-Gly) at 4
°C, revealed that after five minutes twenty twocgeert of theérimer was oxidized; the
peptide continued to be oxidized, and after thiniputes twenty eight percent of the
trimer was oxidized (Figure 21A). The percentage wstimated from the sum of all of
the observed oxidized integrated peak areas, divigehe sum total of all the integrated
peak areas. The amount of unoxidized peptide ptedso decreased from ninety seven
to forty one percent (Figure 21A). The percentaigenoxidized peptide was estimated
from its integrated peak area divided by the sumallahe integrated peak areas. Of the
peaks present after thirty minutes, approximataiyyt percent of the peaks were
unidentified. They are likely cleaved peptideshwinusual modifications. Only those
modifications with multiples of +16 and +14 increasn mass were considered. After
thirty minutes, approximately one percent of thptjpke was observed to be unmodified
cleavage products. The percentage of cleaveddeeptas estimated from its integrated

peak area divided by the sum of all the integrateak areas
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Figure 21. Hydrogen Peroxi@®ncentration Effect on (Pro-Pro-GlypDxidation. A. 4
°C and 0.5 mM hydrogen peroxidé3. 4 °C and 20 mM hydrogen peroxide 37 °C
and 20 mM hydrogen peroxiddeS1 MS/MS data of 0.2 mM (Pro-Pro-Gly)oxidized in
50 mM phosphate buffer pH 6.5, 0.5 mM ammoniumaigsrsulfate, 0.5 mM
ethylenediaminetetraacetic, and 0.5 mM sodium asdter
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In an attempt to achieve a higher levedhxatlation, the hydrogen peroxide
concentration was increased from 0.5 mM to 20 nMle maximum amount of
oxidation after five minutes increased slightlyatound twenty six percent; however,
after thirty minutes only eighteen percent oxidateas detected indicating the peptide is
being cleaved at this higher hydrogen peroxidel Iévgure 21B).

In order to see if the structure of thpl&ihelix was hindering oxidation, the
temperature for the reaction was changed to 37Tt (Pro-Pro-Gly)is unfolded at 37
°C, and ESI-MS analysis showed that after 5 mgyutee monomer is only slightly more

easily oxidized (Figure 21C).
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Figure 22: Oxidation of (Pro-Pro-GlgMonomer and Triple Helical Trimer. (Pro-Pro-
Gly)i0at 4 °C is in dark blue, and (Pro-Pro-Ghgt 37 °C is in light blue. 0.2 mM (Pro-
Pro-Gly) oxidized in 50 mM phosphate buffer pH 6.5, 0.5 amimam ferrous sulfate,
0.5 mM ethylenediaminetetraacetic, 0.5 mM sodiunodsate, and 20 mM hydrogen
peroxidefor five minutes and then analyzed by ESI MS.
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ESI MS of (Pro-Pro-Glyjat 4 °C, when the peptide is in triple-helix comf@tion,
revealed that after 5 minutes of Fenton chemistrgtation, twenty six percent of the
trimer was oxidized (Figure 22). There wasn’t mddference between the folded and

unfolded states, and this could be because glyesidues are not easily oxidized.

Discussion and Conclusion

In this study the benzoic acid experimeshitswed that both sodium ascorbate and
ethylenediaminetetraacetic decrease the initial o Fenton reaction, providing a
gentler environment for which to oxidize peptides @roteins.
Ethylenediaminetetraacetic acid is added to prethenbinding of excess iron on the
protein which may affect both the conformation, #imelinteraction of the protein, and it
prevents the preferential oxidation of any residiesyduk, E., et. al., 1994). By
removing the iron, ethylenediaminetetraacetic atso reduces the rate of hydroxyl
radical formation and the amount of the hydroxyglical. Ascorbate was used to recycle
the iron, but instead it appears to further suppties reaction leaving some questions
about the effects and role of ascorbate.

Using mild oxidation conditions, six sit@s bradykinin were oxidized in one
minute. The peptide sequence of bradykinin costaio highly reactive phenylalanine
residues which were probably oxidized, as welhasd prolines (Takamoto, K., et. al.,
2006). Since we did not sequence the oxidizedgepive do not know the identity of

the oxidized amino acids.
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The triple helical peptide (Pro-Pro-GlyJm is26.8 °C (Persikov, A., et al., 2004).
At 4 °C the (Pro-Pro-Gly) peptide is a triple helix, and at 37 °C it is anomer. (Pro-
Pro-Gly)o was oxidized using Fenton chemistry, and approteipawenty six percent of
the (Pro-Pro-Glyptriple helix was labeled after five minutes. TRedq-Pro-Gly)o
monomer labeled slightly more than the triple helising 0.5 mM hydrogen peroxide at
4 °C about one percent of the peptide was obsdovbd cleaved after thirty minutes.
For the Fenton reaction using 20 mM hydrogen peexit 4 °C approximately one
percent of the peptide was detected to have beewed. MALDI-TOF MS analysis of
(Pro-Pro-Gly), oxidation revealed at most three additional oxggevhereas, ESI-MS
showed a mix of oxidation states with up to tenitmital oxygens, but the amount of
oxidized species remained low and was difficuldlébect in a MALDI spectrum.
MALDI-TOF MS analysis may not be the best methadifwestigating Fenton oxidation
reactions because of signal suppression and spabildy in the crystallization process.
It appears the best way to study Fenton chemisaigtions is via ESI MS and not
MALDI-TOF MS. However, we did not proceed with apsotein footprinting
experiments because of the concern that the ogitdétivel and coverage was too low for

footprinting purposes.
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Chapter 4

M ass Spectrometry of Collagen

4.1 Introduction

The mass spectrometry work was initiallgnuled in order to establish controls for
oxidative footprinting experiments, a technique evhmodifies unprotected amino acids
in a complex in order to identify binding sitesdahese modifications would need to be
identified by mass spectrometry sequencing. Tipdicability of the mass spectrometry
protein footprinting method largely relies on tlee@acy of the MS/MS sequencing
results. In our study, rat type | collagen and hartype | and type Il collagen were
sequenced using mass spectrometry. Our data eelverny unexpected heterogeneous
post-translational modification patterns. Howrterpret the data and how to understand

the nature of post-translational modifications efagen became the focus of this work.

Collagen is a ubiquitous protein in humamg] has been studied for many years. It
is composed primarily of glycine, and proline amawad residues. Prolines in collagen
are post-translationally modified by two enzymeawsily 4-hydroxylase and prolyl 3-
hydroxylase (Kivirikko, K., et. al., 1990). The joaty of post-translationally modified
prolines in collagen are 4-hydroxyproline; there arfew 3-hydroxyprolines (Piez, K., et.
al., 1963). Several lysine residues in collagenadso hydroxylated by lysyl

hydroxylase, and some of these hydroxylysines aogylated by hydroxylysyl
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galactosyltransferase and galactosylhydroxylysykgsyltransferase (Kielty, C., et. al.,

1993 and Spiro, R., et. al., 1971).

Edman sequence analysis of collagen fratgnmenealed that hydroxyprolines are
found primarily in the Y position of Gly-X-Y sequess where X is any amino acid
(Schuppan, D., et. al., 1984). Studies using ®fitipeptides determined that the prolyl
4-hydroxylase enzyme hydroxylates prolines in thgosition, except when the X is a
glycine (Myllyhararju, J., 2003). A 3-hydroxypro& was found in the X-position in a
Gly-X-Hyp collagen sequence, leading to the behet this was the prolyl 3-hydroxylase
motif (Eyre, D., et. al., 2011 and Ogle, J., et. B962). Hydroxylysines were located in
X-Lys-Gly collagen sequences suggesting this wlais@ing motif (Kielty, C., et. al.,
2002). Even though the function and recognitionif®of these enzymes are still not
fully understood, the assumption that these enzyaresighly selective is widely held.

In collagen there are numerous Gly-Pro-Kiygs, yet only a few 3-hydroxyprolines
have been identified. Collagen purified from ba&tendon was found to contain 0.26
percent 3-hydroxyprolines (Ogle, J., et. al., 196Phe location of a couple of 3-
hydroxyprolines in collagen have been identifietl{l)Pro986,01(11)Pro986, and
al(V)Pro986,01(lI1)Pro944,02(V)Pro944 a2(1)Pro707 a2(V)Pro707, andi2(V)Pro470;
the spacing between some of the sites was obseyszlabout 234 amino acids, a D
period in collagen (Weis, M., et. al., 2010 and M&ad., et. al., 2007).

Multiple hydroxyprolines in the X-positidrave been reported in the C-terminal
region of collagen where there is a series of Gly-Pro sequences (Weis, et. al., 2010).
In a recent mass spectrometry study of collagee YWjprolines were reported to be

hydroxylated in the X position in unexpected GlygHyal and Gly-Hyp-Ala sequences
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(Yang, C., et. al., 2012). The locations of hydiggines have also been investigated.
Hydroxylysines have been identified in the N-terahiregions, the N-telopeptide ot
anda2 chains of various collagens (Barnes, M., et18l71 and Barnes, M., et. al.,
1971).

The importance of these hydroxyprolines laydroxylysines in collagen has been
extensively researched. The thermal stability obléagen triple helix is enhanced when
4-hydroxyprolines are in the Y position (Prival®, et. al., 1979). The 3-
hydroxyprolines in the X-position may also be intpat, since a recent study showed
osteogenesis imperfecta can be due to mutatioieiprolyl 3-hydroxylase enzyme
(Cabral, W., et. al., 2007). Hydroxylysines invadvin cross-linking increase the
stability of collagen fibrils (Kang, A., et. al.910).

In this chapter we present our work ongbguencing of collagen type | and type Il

using mass spectrometry.

4.2 Materialsand Methods

4.2.1 Materials: Molecular weight markers, acetic acid, ammoniunatbonate
acetonitrile a-cyano-4-hydroxycinnamic acid{CHCA), human collagen type IlI,
human collagen type |, and rat collagen type | wenehased from Sigma. Thermo
Scientific Precise gels, an Applied Biosystems Segme Peptide Mass Standard Kit,

and a Maldi plate were purchased from Fisher Sifient
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4.2.2 Collagen Preparation: Sigma human collagen type | and type Il wererfro
placenta, and rat collagen type | was from rat tRi&t collagen type | was also freshly
prepared from rat tail tendon, under the supermisioDr. Sergey Leikin. All collagens
were solubilized in 20 mM acetic acid, pH 3 at 4 “The final concentration for the
purchased collagens was 2.4 mg/mL; whereas, thigourat tendon collagen type | was
3.0 mg/mL. Twenty four micrograms of collagen waiged with 5X SDS sample
loading buffer containing 60 mM Tris-HCI pH 6.8, 2bglycerol, 2 % sodium dodecyl
sulfate, 350 mM dithiothreitol, and 0.1 % bromopbidsiue. The samples were run on
either a 7.5 % SDS-PAGE gel, or a 4-20 % Precis&@®a Thermo Scientific. The gels
were stained for ten minutes with coomassie blu5G-destained three times, and
rinsed with deionized water. Bands of alpha chaiase excised from the gels for in-gel

digestion and mass spectrometry analysis.

4.2.3 Rat Typel Collagen Purification: Rat type | collagen was purified according to
a procedure provided by Dr. Sergey Leikin (Makaggdyv,, et. al., 2006). Briefly,
tendons were excised from rat tails, and washé&Mrsodium chloride with enzyme
inhibitors overnight. After several water washég, tendons were then digested 1:50
weight/volume with a 0.1 mg/mL solution of pepsm0.5 M acetic acid overnight at 4
°C. At low temperatures, collagens triple helixasistant to enzyme degradation, and it
is also soluble in acid. To remove the insolublgenal, the sample was centrifuged at 4
°C for thirty minutes at 15,000 g. The collagerthia supernatant was precipitated with
sodium chloride with a final concentration of 0. &gdium chloride. The collagen was

centrifuged at15,000 g at 4 °C, rinsed with 70 #@gbl, and resuspended in 0.5M acetic
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acid. After adjusting the collagen concentratio® 8 mg/mL, the collagen was mixed
1:1 with 50 mM Tris, 0.26M sodium chloride, pH ‘abd incubated at 32 °C for two
hours until the solution became cloudy. The prigaied collagen was spun down and

resuspended in 20 mM acetic acid.

4.2.4 Trypsin Solution Digestion: Solutions containing fifty micrograms of human
collagen type I, type Il and rat collagen typ& 25 mM ammonium bicarbonate pH 8
were individually heat denatured for forty five mtas at 55 °C in order to separate their
three alpha chains. The sample was allowed totco®? °C before trypsin was added so
as not to denature the enzyme. The sample wastddywith trypsin using 1:20 or 1:50
weight/weight at 37 °C overnight; both worked edgmalell. The reaction was
terminated with a final concentration of 0.1 %ltrifroacetic acid, and then stored at -80

°C; at a low pH trypsin is deactivated.

4.2.5 Trysin In-gel Digestion: The excised collagen gel bands were reducedMith
mM dithiothreitol in 50 mM ammonium bicarbonate forty five minutes at 55 °C, and
alkylated with 100 mM iodoacetamide in 50 mM amnuomibicarbonate for thirty
minutes at room temperature in the dark. This mibdify the cysteine residues in type
[l collagen to carboxyamidomethyl cysteine (Sehi,et. al., 1998). The bands were
then washed with 50 mM ammonium bicarbondten microliters of 0.02 ug/uL trypsin
in 50 mM ammonium bicarbonate, 0.1 % octyl glucepyside, and 5 mM calcium
chloride was used to digest each sample overntgit &C in 50 mM ammonium

bicarbonate. The digestion was stopped with tliitiad of SuL of 10 % acetic acid, and
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the peptides were extracted first with 30 % acétibmiand 5 % trifluoroacetic acid, and
then with 50 % acetonitrile and 5 % trifluoroacetmd. The samples were dried down in

a Speed Vac to a few microliters.

4.2.6 High Performance Liquid Chromatography Analysis: Fifty microliters of a 0.1
mg/mL trypsin solution digest was injected ontoexBnan HPLC. The tryptic peptides
were chromatographed over gs€olumn using a gradient of 1.8 % solvent B
(acetonitrile/0.08 % trifluoroacetic acid) to 50B4n fifty minutes with solvent A as 0.1
% trifluoroacetic acid. Hydrophilic and small pelgs will come off the ¢ column

first; the larger peptides tend to elute laterighér acetonitrile concentrations.

427 MALDI-TOF MS Analysiss MALDI-TOF MS is a technique which requires
samples to be cocrystallized in special matriggs$aser is used to transfer energy to the
matrix, which releases the matrix and cocrystalligebstance; the time it takes for a
particle to travel down a vacuum tube in an eledteld is inversely related to its mass to
charge ratio. The matrix-cyano-4-hydroxycinnamic acid was used to cocrizeal
peptides; it was prepared as a saturated solutiéf Po acetonitrile and 0.1 %
trifluoroacetic acid. Solution digest samples offagen were spotted 1:1 with matrix
onto a sample plate and allowed to dry. All speuetere acquired using a Voyager-DE
STR mass spectrometer (PE Biosystems, Foster Cityequipped with a pulse nitrogen
laser L =337 nm) at The Rockefeller University ProteoniResource Center.
Sequazyme Peptide Mass Standards wererptegecording to the manufacturer.

The mass spectrometer was calibrated using SeqeaRgpiide Mass Standard STD2,
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and the calibration file was saved. Each spectmas acquired in the reflectron, delayed
extraction, positive ion mode with an acceleratmfage of 20,000 V, a grid voltage of
66 %, and a low mass gate of 300 Da. Spectra f@dnndividual laser shots were

averaged, and externally calibrated.

428 LCESI-MS/MS Analysis: The in-gel digests and solution digest samplagwe
chromatographed using ag&olumn on a Dionex HPLC, and eluted with a gradaén

0.1 % formic acid and 100 % acetonitrile. The s®pvere introduced into the mass
spectrometer with the collision energy set at 86, the capillary temperature set at 275
°C. Tandem mass spectrometry was done at The RidlekdJniversity Proteomics
Resource Center. In-gel digests of commercial luoadlagen type |, and rat collagen
type | alpha chains were sequenced two times usags spectrometry. In-gel digests of
freshly prepared rat tendon collagen type | algians were sequenced once. Two
human collagen type Ill in gel digests, and twaiioh digests were mass spectrometry

sequenced.

4.2.9 Data Base Search and Analysis. For peptide identification a Mascot (Matrix
Science) search was performed (Perkins, D., et1299). Mass spectrometry results in
.raw data files were converted to .dta files orf.filgs, and these files were then used to
perform a search. The database User 0710 (in-laatabase at The Rockefeller
Proteomics Resource Center) containing human aaill&gpe | and type 1ll, and rat
collagen type I, was used with oxidized methionpgre)ine, and lysine as variable

modifications. The Swiss Prot database was usggrédein identification confirmation.
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The GPM Cyclone (Global Proteome Machine Orgaromtsearches were also

performed for peptide identification, and the datss used were Uniprot, Swiss Prot and
Ref (Craig, R., et. al., 2004). Peaks6 searches also done using the following

collagen sequences: human type | and type lll,rahtype | (Ma, B., et. al., 2003). The
selected identified peptides had a Mascot scod®afr higher, which translates to a
probability of false identification of <10 Peaks6 software was used to generate spectra.
The tandem mass spectrometry results for eachdeeptre examined, and the identified

ions were manually checked.

4.3 Resaults

4.3.1 Collagen Tryptic Solution Digests and SDS PAGE Analysis. The molecular
weight of a collagen type | or type Il alpha ch&@raround 95 kDa, and it is too large to
sequence using mass spectrometry instruments; ithesements can capture and
fragment charged peptides up to 4,000 kDa. hesdfore necessary to digest collagen
into smaller peptides within this mass range. $nynas become the enzyme of choice
for accomplishing this task; it specifically cleavithe amide bond C-terminal to arginines
and lysines. The efficiency of trypsin solutiogestions of collagen type | and type Il
were evaluated using high performance liquid chitography (Figure 23). The
observed 214 nm peaks in the HPLC chromatograrpepedes generated from this
digestion; their peptide bonds absorb at 214 neak® observed at 280 nm are tryptic
peptides containing tyrosivehich absorbs at 280 nm; only a few of these peptides wer

expected.
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Figure 23: HPLC o€Collagen rypsin Solution Digests. A. Rat typedllagen
containingal anda2 chairs. B. Human collagen type | containiat anda2 chains.
C. Human collagen typell. Peptide absorbance monitored at 214(dark grey line or
top) and at 280 nrflight grey line on botton.

A theoreticalrypsin digest of a collaganchain would generate approximat

eighty peptides. For human collagen Ill, a honmaén, about fifty peaks are discernil
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at 214 nm. Type | collagen digestions containgxaahal anda2 chairs, and about fifty
peaks areisible. For each collagen digesi fifty percent acetonitrileall of the tryptic
peptides appear to halbeeneluted. Most peaks in a protein tryptic digest, separ:
over a Ggcolumn by high performance liquid chromatographeneyally contain .
mixture of peptides, so the actual number of pegtid the digest would be higher tr
observed in an HPLC chromatogr:

Since type | collagen contains tdifferent alpha chains, thechainsof collagen
type lwere separated on SDS-PAGE gel as shown in Figure ZPhe chainare well
separatedand were individually excised from the or in-gel trypsindigestior and
mass spectrometgequencin. Collagen appears as a monomer above kDa, and as a

dimer above 200 kDgFigure 24).

A B
(Col Il al), 200,000 (Col lal), 200,000
Col lll a1—> 116,000 Col '0‘13
97,000 Col lo2 116,000
97,000
66,000
66,000
55,000
45,000
55,000
36,000
45,000
29,000
24,000 36,00(

Figure 24: SDS-PAGHf Collagen.A: Lane 1. Humawollagen typell. Lane 2.
Sigma marker. Blanel. Rat collagen type I. Lane 2. Sigma markeels were
stained with coomassie bl
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4.3.2 MALDI-TOF Analysis. Matrix-assisted laser desorption ionization-tiofidlight
mass spectrometry (MALDI-TOF MS) spectra was usefditther assess the efficiency
of the tryptic digests. The peaks observed inMid¢.DI-TOF MS spectra, are tryptic
peptides with a given m/z ratio (Figure 25). In MA-TOF MS, the charge on the
tryptic peptides is usually +1 so the peptide msisise m/z ratio. In all the spectra over
seventy individual peptides are seen, much mone ¢bald be visualized via high
performance liquid chromatography; this is furtbenfirmation the digestion was
sufficient.

MALDI-TOF MS data is often used for peptide masscipmetry fingerprinting,
where an unknown protein is identified from matchihe observed peptide masses to the
theoretical masses of a digestion. In these cetialigestions, several tryptic peptides
can be identified using the molecular weight of #ieions in the spectrum, and
comparing it to the generated peptide masses froraaetical tryptic digest. These
theoretical peptides were labeled in Figure 25 aB,AC, D, E, and F. One feature in the
spectra is the multiple number of peaks with a nvassnt of 16 Da with regard to the
theoretical mass of the labeled peptide assumingalines in the Y position are
hydroxylated. These mass variants indicate unad@woaer hydroxylation, and were later
identified as missed hydroxylation in the Y positiand the unexpected hydroxylation of

proline in the X position, hydroxylated lysine,@tidized methionine.
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molecular weight (+1 ion) with that of the ‘thedoat value’ (assuming all -Pro as



4.3.3 Unusual Hydroxylation in Collagen: Prolines and lysines are the two main
amino acids which are modified in collagen. Poats$lational modifications of collagen
include hydroxylation of proline in the Y-positigHyp), hydroxylation of proline in the
X-position (Q,,) and the hydroxylation of lysine (Hyl). Proteansioftware uses both the
intact mass of the tryptic peptide, and the ionsegated from fragmentation to identify
peptides in a protein. The fragmentation of pegstigenerates a series of b and y ions,
and the masses of these ions are used to identifyoaacids, and reveal the sites of
unexpected hydroxylations. Mass spectrometry sexjng was based on a Mascot
database search using hydroxyproline, hydroxylyame oxidized methionine () as
variable modifications. These modifications ina@#he mass of the amino acid by +16
Da.

There is some variation between the repesgguencing results which reflects the
level of reproducibility of this technique. Hydrgated prolines in the X-position ({
and unhydroxylated prolines in the Y positiog)(Bbserved multiple times are shown in
bold in Tables 1- 4. The C-terminal lysine ressluetryptic peptides may also be
hydroxylated. However, the probability that a tiggeptide ends in a hydroxylysine is
low because trypsin’s ability to cleave hydroxyhssis reduced seven fold as compared
to lysine (Molony, M., et. al., 1998). Also, glyogdated or cross-linked hydroxylysines
would not be observed. We usually do not see feaged ions to support C-terminal
hydroxylysines. We did detect a few hydroxylysiresd in thex2 chain of rat type |
collagen we observed HYj this same lysine in human collagen type | is also

hydroxylated (Henkel, W., et. al., 2007).
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MS/MS spectra of collagen tryptic peptidegealed unusual variations in proline
hydroxylation. Unhydroxylated prolines in the Ysuiwon (R) were observed as well as
hydroxylated prolines in the X-position {O Human collagen type Il tryptic peptide
766 contains five prolines, three of them are enYhposition. An unhydroxylated
proline in the Y-position was observed in this pegpias well as the hydroxylated (Figure
26). In Figure 26A thesyion with an m/z of 117978 indicates the proline in position

777 is not hydroxylated. The expected peptide alss observed as seen in Figure 26B.
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Figure 26: MS/MS Spectra of Human Collagdrdlll) Tryptic Pepide. Sequencing
outcomes from ions: A. MS/MS of 1044.5467®n (2088.0832). B. MS/MS of
1052.54617% ion (2104.078%). The identified peptide is

" GSPGAQGPPGAPGPLGIAGITGAR. The lower case p is bygproline.
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The proline in position 777 is hydroxylated as sem its yi3ion whose mass is 16 Da
greater and its m/z is 11955 This peptide was also observed in the MALDI- TKAS
spectrum in Figure 25 top panel labeled B-16 and B.

Another example is shown in Figure 27 wherder and over hydroxylation was
seen in the same tryptic peptide. Rat tail tenglpchain tryptic peptide 43&ontains
three proline residues. Two are in the X-posiabAd46 and 449, and one is in the Y-
position 444. Figure 27A is the expected pepfigeproline in position 444 (Hy" is
hydroxylated, and the peptide has a predicted étieat m/z of 1680.00. This result is
supported by y and b-ions, with a strongign. Over hydroxylation was observed in
this same peptide; its mass was seen to be 16dgbahil696.75 (Figure 27B). The
extra hydroxylation was located on the prolinehia 449 X-position (3*9. This was
supported by thesyand ¥ ions and a strongyin Figure 27B. This peptide was also
observed to be under hydroxylated (Figure 27C)e iz of the -16 species is 1664.76
*1 and a strongayion, as well as the;yand yzions indicates the proline in Y-position
444 (F§444) position was not hydroxylated. Interestingly egb, this tryptic peptide was
purified from a single rat tail tendon, and so lileéerogeneous hydroxylation observed
here is either a species specific variation ipitgpyl 4-hydroxylase or a variation it
accumulated over time.

Methionine residues can also be oxidizedl this is not a normal post- translational
modification (Houde, D., et. al., 2006). The sgmegtide in human collagen type | and
rat collagen type | were observed to have theithioaines oxidized, but this could just

be a coincidence (Figure 28A-B).
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Figure 27: MS/MS Spectra of Rat Collagek(l) Tryptic Peptide. Sequencing outcomes
from ions: A. MS/MS of 840.8832ion (1680.76"). B. MS/MS of 848.88("ion
(1696.75%. C. MS/MS of 832.8864ion (1664.76™). The identified peptide is
“*DGEAGAQGAPGPAGPAGER. The hydroxylation sites atewn in lower case.

In rat tail tendon type | alpha 2 chairptig peptide 324 a methione is oxidized, this

result is supported by the y ions y6, y7, and tienbseries b3, b4 and b5 (Figure 28A).
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The human collagen type | alpha 2 chain tryptictioep324 also has an oxidized
methionine (Figure 28B). This result is suppottgdhe y ion series y6, y7, and y8 and

by the b5 ion.
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Figure 28: MS/MS Spectra of Rat and Human Collabsptic Peptide. Sequencing
outcomes from ions: A. MS/MS of 494.237ion (987.4678"). B. MS/MS of
480.7322%i0n(960.4567%). The rat tail tendon2(l) identified peptide i§%*
AGVMGPPGNR. The humaai2(l) chain identified peptide €*AGVMGPPGSR. The
oxidation and hydroxylation sites are shown in loa&se.

Mascot results for collagen, using onlytmgs whose ion score was 40 or above,
shows a sequence coverage of about 30 % for hwypanlt collagen, 45 % for human

type lay chain ,40 % for human typesh chain, and 55 % for rat type | collagen. Why
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certain regions sequenced better than others isamcThe peptide may have
fragmented poorly, or it may have been further {stslationally modified such as

being cross-linked to anotherchain.

4.3.4 Collagen Peptide Identification: The complete sequencing results for the five
collagen alpha chains have been compiled into Tablen the Appendix because of the
files large size. The identified unusual hydroxga sites for the sequencing results
have been compiled in Table 1- 4 at end of Chaptek map of these sites was
constructed (Figure 29). Figure 29 is at the ey of this Chapter 4. Unusual
hydroxylated peptides were identified from theigsencing results and from variations
in their mass; collagen was sequenced multiplegjrard the combined results are
shown in Tables 1- 4.

Table 1 shows the mass spectrometry refsaltsthe sequencing of both thé and
thea2 chains of rat collagen type | that were purchdsmd Sigma (commercial
sample), and revealed a range of variations inigeeptydroxylation. Mass changes of
+16 and +32 confirmed the unexpected hydroxylatiorsx segments of thel chain at
residues 238-252, 705-725, 375-396, 658-684, 198a2t 145-174. The2 chains
contained two over-hydroxylated segments at resid0®-725 and 145-174. Most of the
hydroxylation sites were in the X-position. T&2(l) chain peptide 145 hydroxylation
site could not be confirmed since no y or b ionsefeund supporting the proline
hydroxylation. Either the proline or the lysinesnlaydroxylated; since lysines are more

likely to be cleaved by trypsin than hydroxylysitige proline in position 173 was
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tentatively assigned in italics as being hydroxedd®,'”® (Molony, M., et. al., 1998).
Under hydroxylation was found in six regions in ttfechain: residues 793-806, 295-
309, 271-291, 757-780, 859-884 and 934-963. Fmomplete hydroxylated regions
were detected in the2 chains: residues 292-309, 757-789 and 265-29¢IVE R,
residues were observed and six of them were foutigei triplet Gly-Glu-Prp More

than one hydroxylated species was generally obdervihe peptides. For example, in
the alpha 1 chain in rat collagen type | the 23&ide, m/Z* of 1306.6386, was observed
to contain one or two extra hydroxylations. Tlsiglirectly visible from the mass change
of +16 and +32 m/Z of 1322.6335, and 1338.6284 respectively. Sonestithe

expected hydroxylated peptide was not observed asiah peptide 143 in the2 chain
m/Z'* of 2605.2529, but this does not mean it doesrigtexA peptide may not be
observed due to poor fragmentation, additional{rasislational modifications or it was

not selected for fragmentation.

The wide range of variation in hydroxylatim the commercial sample was
unexpected, and rat type | collagen was purifiedhfa single rat tail tendon, to look at
whether this variation was due to the commerciad@as purity or purification. The
mass spectrometry sequencing result of the fradaitaendon sample, were even more
variable (Table 2-3). The variations in the hyddakon content between the
commercial and the purified rat tail tendon wergikir, and in the seven regions where
additional hydroxyprolines were detected in étiechain of the rat tail tendon sample,
four of them were seen in the commercial sampld,smme contained more
hydroxylated residues. In tlel 705 peptide the commercial sample was observed to

have one to two additional hydroxylation sites ([€ab); whereas, two and three
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additional sites were identified for this peptidehe rat tail tendon sample as seen by a
mass increase of +32 and +48. The rat tail tersdomple contains additional
hydroxylated proline residues in the X-position’® O,/**and Q"% In thea2(l)

chain, five out of the six peptides with unusuatitoxylations in the commercial sample
(Table 1) are also in the rat tail tendon sampbb(@ 3). The sequenced peptides in
Table 1 appear to be a subset of the peptidesifiéenn rat tail tendon (Table 2-3).
Because of this similarity, the commercial samplese considered to be representative
of the averaged features of post-translational ficadions of collagens from a specific

tissue and/or organism.

The more heterogeneous hydroxylation irrgéthéail tendon sample may be because

9%86\vas identified as

the sequence coverage was higher (Table S1). wiki3sHyp G
being hydroxylated in the rat tail tendaf(l) chain. A proline in the telopeptide region
preceding the triple helical region (the Ras hydroxylated; since this proline residue

proceeds a glycine residue it was expected to beolylated by prolyl 4-hydroxylase;

however, it has not been reported before.

Unusual hydroxylation sites detected framthlrat samples have been mapped out
onto the sequences of thechains arranged in D-periodicity in Figure 29.rddregions
appear to be highly variable sites. They are twter@inal regions, residues 705-725 of
theal(l) and then2(l) chains, respectively, and one N-terminal ragi@sidues 238-252
of theal chain. Several gesidues were detected in these regiongestdues were
observed in the following regions: residues 941-860 821-840 of the1(l) chain, and

271-300 and 757-780 of bottl and thex2 chains.
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Unusual hydroxylation sites detected in hnmollagen type | and type IIl are
tabulated in Table 4. Two regions of thag chain of the type Il collagen were: residues
406-417 and residues 595-627; peptide 595 containedternal hydroxylated L§¥ and
peptide 406 had an oxidized methionine, MetThe oxidation of Met is usually an
indication of cellular stress (Houde, D., et. 2006). Under hydroxylation was observed
in five a1(1ll) proline residues (f} residues, and position 981,?@) was observed in

every sequencing attempt as a strong signal.

In human type | collagen only a hydroxythpoline in the X-position was
observed (%9, and a few under hydroxylations for both tiechain and the:2 chain
(Table 4). The sequencing of the human type bhgelh sample appeared uncomplicated,
with only a few unexpected modifications, and th8/MS sequencing results were
mapped out in Figure 29.

The identified Qresidues in the highly variable region in rat agén are consistent
between samples, but othey €kes are more sporadic. Most of the over hydadions
seen in the rat type | collagen were not obsermdtiman type | collagen. The Hpin
theal chain and two Presidues in Gly-Thr-Pro and Gly-Ala-Pro tripletsspectively, at
position 771 and 876 of thel(l) chain were observed in the two type | collaggein this
study we located the sites and the sequence nuotdinding missed hydroxylations
which have not been reported before. Unhydroxglat®lines in Y-position were
observed in thirty locations, and about 1/6 of ¢heere found in a Gly-Glu-Pro sequence
motif, the rest were generally found in Gly-Ala-P€ély-Pro-Pro and Gly-Ser-Pro

sequence motifs.
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4.4 Discussion and Conclusion

Collagen is composed of GXY repeat units, whers Msually a hydroxyproline. In
the rough endoplasmic reticulum, prolines in arolddd collagen chain are hydroxylated
by collagen prolyl 4-hydroxylase or prolyl 3-hydstase, and lysyl hydroxylase
hydroxylates lysines (Kivirikko, K., et. al., 1990These lysines can then be O-
glycosylated with Glu-Gal. In general, collagersptranslational modifications vary, as
we and others have recently observed (Eyre, Dal.e011, Weis, M., et. al., 2010, and
Yang, C., et. al., 2012).

Using mass spectrometry, we detected uhilesegls of hydroxylation in rat type |
collagen, human type | collagen and human typedllagen, and some regions in
collagen appear to be overly hydroxylated. Humalagen type | and type lll is less
heterogeneic than rat type | collagen, possiblycaithg variations in the hydroxylase
enzyme in different species and/or tissues.

MALDI-TOF MS analysis of enzymatically dgted collagen indicated there is a
variation in the extent of proline hydroxylatioMultiple peptides differing by a mass of
16 Da are present in the mass spectra of collagpsinh digests. To identify these
peptides and their post-translational modificatjdiS/MS sequencing is needed.
MS/MS sequencing has confirmed that there is indetaydroxylation of prolines in
the Y position (Figure 26). This same peptide alas observed in the MALDI-TOF MS
spectrum of human collagen type Ill trypsin solataigestion as peak B (m/z) of

2104.04™ and peak B-16 (m/z) 2088.04(Figure 25).
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An examination of the tandem mass speatomesults of collagen reveals
collagen has unexpected hydroxylated Pro in the3itpns, and unhydroxylated Pro in
the Y-positions. The extent of hydroxylation ire ttame peptide can differ from the
expected level (Tables 1- 4). These discrepamarccur when there is incomplete
hydroxylation of prolines in the Y-position, oveydroxylation of prolines in the X-
position, hydroxylation of lysines, or oxidationmiethionines. Over all, rat tail type|
chains have more variations in their chains th#meeihuman placenta type | or type Ill.
Most of the under hydroxylation and over hydroxigas observed in rat type | collagen
were not seen in human type | collagen. In boghr#t type | and human type:l chain;
however, a hydroxylated proline H{{pwas observed, as well as an unhydroxylated
proline in the Y-position (f at position 771 and 876. The outcomes of theatepe
sequencing of the same collagen sample shown ile§db 4 are similar, but the unusual
hydroxylations detected vary and only about halthef Q. and/or R residues are
reproducible. Some,r R, residues, especially those in the highly variabtgons of
the rat tail tendon type | collagen, appeared tpresent even among different samples
and may be functionally important.

The over hydroxylation observed in the hyghariable regions of rat type | collagen
is consistent with the reported three to four 3 lymno acids in theinl(l) anda2(l)
chains (Piez, K., et. al., 1963). In rat tail typmllagen, we identified 15,0n theal(l)
chain and 11 in the2(l) chains. These Qvere usually detected as a mixture so some
may be present at a very low level. No Edman sagjng was attempted to confirm the

identity of the identified Qresidues in this work.
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Recent studies have identified a new GlyptAya (Oy) motifs which we have also
observed along with a new motif of Gly-Hyp-Ser am¢ case of Gly-Hyp-lle, but our
observed Qresidues might be from an unexpected hydroxylabpprolyl 4-
hydroxylase so it may not be the expected 3Hype dnount of missed hydroxylation of
proline residues in the Y-positions is also highethe rat type | collagen than in the
human type | collagen. This could be a reflectorthe selectivity of the enzyme, and
rat prolyl 4-hydroxylase could be less selectivag thuman. Also, sequences with
negative charged residues like Gly-Glu-Pro mayesgnt a slippery spot for this rat
prolyl 4-hydroxylase because so many Py have bastified with this sequence.

Variation in hydroxylation is difficult tevaluate because very little is known about
the selectivity of the hydroxylases and only a fesiman sequencing data have
determined the locations of the 4-Hyp and 3Hypssit€ollagen studies have depended
on the amino acid composition of the averaged eartehydroxyproline in am-chain,
and even using MS/MS sequencing, the locationrobdification cannot always be
resolved. Collagen contains many Gly-Pro-Pro ammd@®y-Pro sequences. Since in
MS/MS there is a sequence dependent bias to fragtirminal to a proline bond; it is
generally necessary to assume the hydroxylati®?r@fs in the Y-position and not in the
X-position in order to resolve mass variations (knW., et. al., 2007).

An investigation of type | and type Il fithar collagens revealed a variation in the
extent of proline hydroxylation. The stability adllagen is dependent on the level of
proline hydroxylation at the Y-position (Privaldv,, et. al., 1979). These differences in
the post-translational modification of collagen ni@yimportant to consider, when

examining the biochemical and biophysical propsrtiea collagen triple helix. Not only
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is hydroxyproline important for stability, it plagsrole in immune responses against

collagen (Yang, C., et. al., 2012).

45 Summary

The purpose of this study was to inveséidhe application of a mass spectrometry
protein footprinting technique to study interacsasf collagen and collagen receptors. In
this endeavor, we discovered that unhydroxylatigdethelical peptides unexpectedly
bind to von Willebrand Factor A3 protein. This waasurprise, since it had been assumed
that hydroxyproline was an important residue fordimg. We found that the oxidation of
triple helix experiments using Fenton chemistryewdifficult to control, and not
sufficient for protein footprinting purposes; far axidative footprinting technique to be

useful, enough of the molecule needs to be modiGembnfirm a binding site location.

Our mass spectrometry sequencing resultsltzZfgen were very interesting. A few
unexpected hydroxylations were detected for hunadlagen. Proline hydroxylation in
rat collagen type | was, however, surprisingly hygrariable; we were able to identify
two new clusters of hydroxylated prolines in the@dsition. Additional studies would be

required to determine if these proline hydroxylatiampart any function.

The heterogeneity of the post-translationadifications of collagen adds another
level of complications for the application of maggectrometry protein footprinting

technique for the study of the binding of collagenl the von Willebrand Factor A3
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protein. This and the difficulties in controllitige degree of oxidation by Fenton

chemistry are the reasons we did not pursue tharigrstudy as originally proposed.
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Table 1. Commercial Rat Type | Collagen Peptidik Mass Variants of 16

| AP | Scoré | Unusual Hydroxylation  Sequence of Peptide
Theal(l) chain of rat collagen (commercial sample
1306.638 92 BEGPSGPQGPSGAOGF
1322.6335 +16 | 65 0 ZEGPSGPQ®,SGAOGPK
1338.6284 +32 | 58 02, 0,2 BtG0,SGPQ®,SGAOGPK
1328.648 -16 74 p2 "*GFOGLOGPSGP,GK
1344.6430 41 *GFOGLOGPSGEOGK
1435.681 -16 | 43 P, 2“GEP,GPSGLOGPOGEI
1840.918 50 "%/GPOGPSGNAGOGPOGIGK
1856.9137 +16 | 61 o "%vG0O,0GPSGNAGPOGPOGPVGK
1872.9086 +32 | 49 0, 0,/% %/G0,0GPSGNAGPOGPOG,VGK
1959.951 -16 | 87 P2 *'GEP,GPAGVQGPOGPAGEEGK
1975.9468 94 2"GEOGPAGVQGPOGPAGEEGKR
2014.968 41 3 TGPOGIAGODGROGPAGPOGA
2030.963 +1€6 | 50 0,3 *"*TGFOGFAGQDGROGC,AGPOGAR
2120.995 -16 | 98 p,™ S"GSOGADGPAGSOGP,GPQGIAGOF
2136.9905 84 SIGSOGADGPAGSOGTOGPQGIAGQR
2169.057 -16 57 pare S GETGPAGPOGAOGAOGA, GPVGPAGK
2185.0520 45 $*GETGPAGPOGAOGAOGAOGPVGPAGK
2307.136. 58 St GDAGPOGPAGPAGPOGPIGNVAOGFK
2323.131 +1€6 | 79 o, 58 ¢ GDAGPCGPAGPACPOGPGNVGAOGOK
2316.048 53 1 GEOGPCGPAGAAGPAGNOGADGQOGAL
2332.0436 +16 | 79 0, %% 9 GEOGPOGPAGAA®,AGNOGADGQOGAK
2548.206. 101 M GNDGAVGAAGPOGPTGPTGPOGFOGAAGA
2564.2012 +16 | 54 0, L GNDGAVGAAGO,0GPTGPTGPOGFOGAAGAK
2679.239 -16 42 p 8 9GFSGLQGPOGSOCP,GEQGPSGASGPAGF
2695.234 127 S GFSGLQGPOGSOGSOGEQGPSGASGPA(
Theo?2 (1) chair
1238.6052 +16 | 58 Hyl®’ *GFOGTOGLOGK ,
1560.812 -16 | 102 p.5! 8 GEP,GPAGSVGPVGAVGPI
1576.8078 59 B *GEOGPAGSVGPVGAVGPR
1576.771 -32 79 P2 P2 2:Gep, GEP,GSAGPAGIOGLR
1592.7663 -16 | 58 P> 2“GSOGEP,GSAGPAGPOGLR
1608.761 76 P:5SOGEOGSAGPGFOGLR
1781.793 -16 69 P27 GEP,GSAGAQGFOGPSGEEGK
1937.8948 -16 115 P *"GEP,GSAGAQGPOGPSGEEGKR
2368.0648 -16 | 41 P “GETGNKGEP,GSAGAQGPOGPSGEEGK
2384.0597 60 B GETGNKGEOGSAGAQGPOGPSGEEGK
1833.890 +1€ | 47 o/ o™ p "’ "%*TGO,0GPSGITGIP,GO,0GAAGK
2605.252' +1€ | 80 o7 M GSDGSVGPVGPAGPIGSAGPOGFOGA(OK
2971.51 -16 76 P,/ S IGPSGEOGTTGR,GTAGPQGLLGAOGILGLOCSR
2987.5069 48 SIGPSGEOGTTGPOGTAGPQGLLGAOGILGLOGR

Footnote:

& The mass of the single charged ion used to ifyesdich peptide. The sequencing results of mottepeptides
are based on the fragmentation of the double cHaspecies (see below).

b The mass differences compared to the ‘theorétisaluming all Pro in the Y positions are hydrotgtha

“ The score of Mascot search engine (see MatarthMethods).

4 Unexpected hydroxylation of X-Pro and unhydroxgthY-Pro are shown as,@nd R, respectively; those
observed in more than one sequencing effort arnidfooth the commercial and the rat tendon samgles {ext) are
in bold; those with uncertainties are shown indtésee text).
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Table 2. Rat Tail Tendon Typeull Collagen with Mass Variants of 16

lon mas® | An® | Scor€ | Unusual Peptid(’

al chain

1242.5961 -16 | 63 P ®IGLTGSOGSRGPDGK

1322.6335 +16 | 76 0% 2EG0,SGPQGPSGAOGPK

1338.6284 +32| 76 0.2®, 0,2 BtG0,SGPQGPSGAOGEK

1354.623 +48 | 49 02, 02, 0,2 | 2%60,SGPQM®,SGAORK

1452.7264 65 "SAGVSVPGPMGPSGPR

1468.7213 +16 | 51 V§ "SAGVSVPGPM,GPSGPR

1484.7162 +32| 40 B M,E SAGVSVP*GPM,GPSGPR

1574.8173 -16 | 86 P ¥ GLTGPIGPOGPAGARGDK

1590.8122 42 S GLTGPIGPOGPAGAOGDK

1561.7969 +16 | 40 o *DGLNGLOGPIGQOGPR

1872.9086 +32| 49 0% o, %%/G0O,0GPSGNAGPOGEDGPVGK

1888.9035 +48 | 48 o0 0", 0,2 | ™VG0O,0GPSGNAGPOGEDGO,VGK

1664.7623 -16 | 88 Vi **DGEAGAQGAR,GPAGPAGER

1680.7551 96 *DGEAGAQGAOGPAGPAGER

1696.7521 +16 | 92 o *DGEAGAQGAOGPAGQAGER

1800.8697 -32 | 105 Noalhee #'GPOGPMGPPGLAGPR,GESGR

1816.8647 -16 | 125 B2 R M, | #GPOGPM,GPRGLAGPRGESGR

1803.8508 -16 | 77 P, " *"'GEP,GPAGVQGPOGPAGEEGK

1819.8457 82 ZGEOGPAGVQGPOGPAGEEGK

2105.0006 -32 | 78 P p " "*'GSRGADGPAGSOGP,GPQGIAGQR

2339.1262 +32| 40 & o5& St GDAGPOGPAGPAGPOGUIGNVGAO,GOK

2548.2063 58 M4*GNDGAVGAAGPOGPTGPTGPOGFOGAAGAK

2564.2012 +16| 96 0, 4 GNDGAVGAAGO,OGPTGPTGPOGFOGAAGAK

2663.2444 32 | 96 PP *¥GFSGLQGPOGSESP,GEQGPSGASGPAGPR

2679.2394 -16 | 105 P, *¥GFSGLQGPOGSOGSGEQGPSGASGPAGPR

2695.2343 62 “GFSGLQGPOGSOGSOGEQGPSGASGPAGPR
Footnote:

& The mass of the single charged ion used to ifyesdich peptide. The sequencing results of mottepeptides
are based on the fragmentation of the double cHaspecies (see below).

b The mass differences compared to the ‘theorétisaluming all Pro in the Y positions are hydrotgtha

“ The score of Mascot search engine (see MatarthMethods).

4 Unexpected hydroxylation of X-Pro and unhydrotgthY-Pro are shown as,@nd R, respectively; those
observed in more than one sequencing effort andfooth the commercial and the rat tendon samplefebold;
those with uncertainties are shown in italic.
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Table 3. Rat Tail Tendon TypeR Collagen with Mass Variants of 16

lon mas® | Am® | Scor€ | Unusual Peptid

868.4653 51 V'GPSGPQGIR

884.4585 +16 | 46 o 90'G0,SGPQGIR

937.510; 52 SB‘GPAGPSGPIGI

953.5051 +16 | 51 o B‘GPAGQSGPIGK

1068.568 16 |7 p,2% BGLVGEFR,GPAGSK

1084.5633 70 BGLVGEOGPAGSK

1187.6280 | -16 | 54 P ' SGHRGPVGPAGVR

1238.6052 +16 | 64 Hyl® ®*GFOGTOGLOGK

1437.748 -16 | 79 pree 48GLP,GEFGLOGPAGP!

1453.7434 75 “B‘GLOGEFGLOGPAGPR

1469.7383 +16 | 110 ag% “B‘GLOGEFGLOGQAGPR

1490.712 59 " GEIGASGPCGFAGEK

1506.7071 | +16 | 67 g "' TGEIGASGQOGFAGEK

1560.8129 -16 | 102 p, ¥GEP,GPAGSVGPVGAVGPR

1576.8078 110 8*GEOGPAGSVGPVGAVGPR

2025.0373 -16 | 82 Pt S*HGNRGEP,GPAGSVGPVGAVGPR

2041.0322 76 B*HGNRGEOGPAGSVGPVGAVGPR

1576.771 -32 76 P2, P2 29:Gep, GEP,GSAGPAGPOGLI

1592.7663 -16 | 85 P2 #“GP,GEOGSAGPAGPOGLR

1608.7612 88 Bi5SOGEOGSAGPAGPOGLR

1624.7562 +16 | 94 & BiGSOGEOGSAGAGPOGLR

1748.8674 | -16 | 69 P, %’ *RGSOGEP,GSAGPAGPOGLR

1764.8624 50 PIRGSOGEOGSAGPAGPOGLR

1599.823 -16 87 p, 18 1 GELGPVGNF,GPAGPAGP!

1615.8187 105 " GELGPVGNOGPAGPAGPR

1781.793 -16 85 p, %" GEP,GSAGAQGPOGPSGEEG

1797.7886 94 "GEOGSAGAQGPOGPSGEEGK

1817.902 52 "“TGPCGPSGITGPOGPOGAAG

1833.8973 +16 | 69 o, ", 0™, P "“TGO,0GPSGITGP,GO,0GAAGK

1849.8926 +32 | 89 0, 0,*° "%TGO,0GPSGITGPO®,0GAAGK

1865.8876 +48 | 97 0, o ", 0, "%TGO,0GPSGITGQOGO,0GAAGK

2589.258 112 I GSDGSVGPVGPAGPIGSAGPOGFOGAOG

2605.2529 +16 | 103 o M GSDGSVGPVGPAGPIGSAGPOGFOGARD,K

2621.2478 +32 | 51 &t oM 1 GSDGSVGPVGPAGPIGSAGOGFOGAGGO,K

3045.4257 -16 78 Pz 52l GPSGAOGPDGN KGEAGAVGAOGSAGASGPGGLBER

3077.4155 +16 76 ;e 520GPSGAOGPDGNKGEAGAVGAOGSAGASGGGLOGER
Footnote:

& The mass of the single charged ion used to ifyeatich peptide. The sequencing results of mottepeptides
are based on the fragmentation of the double cHaspecies (see below).

b The mass differences compared to the ‘theorétisaluming all Pro in the Y positions are hydrotgtha

“ The score of Mascot search engine (see MatarthMethods).

d Unexpected hydroxylation of X-Pro and unhydroxgthY-Pro are shown as,@nd R, respectively; those
observed in more than one sequencing effort andfooth the commercial and the rat tendon sampkeebold;
those with uncertainties are shown in italic.
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Table 4. Human Type lll and Type | Collagen Peggidvith Mass Variants of 16

lon mas® (m/z") | An® | Scoré | Unusua | Peptidd
A. Human collagen type llI
949.5102 -16 | 45 P, **GPVGPSGP,GK
965.5051 44 GPVGPSGPOGK
1138.5674 62 "' GLAGPOGMOGPR
1154.5623 +16 | 41 M7 *GLAGPOGM,,OGPR
1203.5827 57 GQOGVMGFOGPK
1219.5776 +16 | 42 0,16 4%GQOGVMGFOGD,K
1514.7346 -16 | 50 P *¥DGTSGHRGPIGPOGPR
1530.7295 57 BIDGTSGHOGPIGPOGPR
1670.7989 42 P M **GEMGPAGIOGARGLM,,GAR
2088.0832 -16 94 P,"” "*GSOGAQGPOGR,GPLGIAGITGAR
2104.0782 137 88GSOGAQGPOGAOGPLGIAGITGAR
2283.1000 79 P, % *"GEGGPOGVAGPOGGSGPAGRGPQGVK,
2950.4653 82 S GPTGPIGPOGPAGQOGDKGEGGAOGLOGIAGPR
2966.4603 +16 | 58 0,5 59°GPTGPIGPO®,AGQOGDKGEGGAOGLOGIAGPR
B. Human type | collagen
al chair
1562.7863 +16 | 65 &Fe *DGLNGLOGPIGQOGPR
1832.8596 78 M P #GPOGPM,GPRGLAGPOGESGR
1848.8545 +16 | 41 M2 8l'GPOGPM,GPOGLAGPOGESGR
2105.0006 -16 66 P, "*'GSOGADGPAGAOGTEGPQGIAGQR
2121.0373 58 SIGSOGADGPAGAOGTOGPQGIAGQR
2497.2066 -16 | 81 p,57 *“GDRGETGPAGPOGAOGAOGABEPVGPAGK
2513.2015 109 8¢ GDRGETGPAGPOGAOGAOGAOGPVGPAGK
2703.2394 -16 63 p,%® **GAOGDRGEOGPOGPAGFAGRBADGQOG
73 52°GEOGPOGPAGFAGPOGADGQOGAK

a2 chain
1168.4978 -16 | 61 FO 8'DGNP,GNDGPOGR

Footnote:

& The mass of the single charged ion used to ifyeatich peptide. The sequencing results of mottepeptides
are based on the fragmentation of the double cHaspecies (see below).

b The mass differences compared to the ‘theorétisaluming all Pro in the Y positions are hydrotgtha

“ The score of Mascot search engine (see MatarthMethods).

4 Unexpected hydroxylation of X-Pro and unhydroxgthY-Pro are shown as,@nd R; those observed in more
than one sequencing effort are in bold; those wuiitbertainties are shown in italic.
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The sequence of collagen a-chainsin D-periodicity

D1 - 21 41 61 81

H1A1
SAGVSVP* SGPR GPPG PQGAR GFSGLD  RIAL
GVGLGP RG PPGAAGAPGP QGFQGPAGEP GEPGQTGPAG AR HLA2
GVSAGP* RG PPGAVGAPGP QGFQGPAGEP GEPGQTGPAG SR GWG PQGARGFPGT PGLPGFR R1A2
H3AL
D1 101 121 141 161 181 201
GE PGSPGENGAP GQNIGPR GSEGPQG VRGEPGPPGP AGAAGPAGNP GA HLAL
GAK GNDGAV GAABBBGPTG PTGPPGFPGA AGAK GSEGPQG VRGEPGPPGP AGAABBAGNP GA R1A1
VGAPGP AGAR HLA2
VGAPGP AGARGSDGSV GPVGPAGP! G SABBBGFPGA PEBRGELGPV GNPGPAGPAG PR R1A2
H3AL
D2 221 241 261 281 301 321
DGQPGAKG ANGAPG AGA PGFPGARGPS GPQGPGGPPG PK! GEPGPVGVQG PPGPAGEEGK RGARGEPGPT GLPGPPGER GFPGA DGVAGPK! HLAL
DGQPGAKG ANGAPG AGA PGFPGAH GEPGPAGV(QG PPGPAGEEGK R/"GEPGPS GLPGPPGER GFPGA DGVAGPK R1A1
ARGLVGEPGP AGSKGESGNK GEPGSAGPQG PPGPSGEEGK RGPNGEAGSA GPPGPPGLR A H1A2
G ATGLPGVAGA PGLPGPRG P GPVGAAGATG PRGLVGEPGP AGSKGETGNK GEPGSAGAQG PPGPSGEEGK RGSPGEPGSA [EBAGPPGLR GLPGA DGRA R1A2
GE NGPAG PGAP GLEIGAR D GSPGEPGANG LPGAAGER H3AL
D2 341 361 381 401 421 441
GLTGSPGSPG PDGKTGPPGP AGQDGRPGPP GPPGARGQAG PGPK GVPGPPGAVG PAGKDGEAGA QGPPG H1A1
GSPGEAGR PGEAGLPGAK GLTGSPGSPG PDGKTGPPGP AGQDGRPEBA GPPGARGQAG PEBR GVPGPPGAVG PAGKDGEAGA QGAPG R1A1
P GSR GLPGSPGNI G PAGK GEPG NI GFPGPK GHAGLAGAR H1A2
P GNR GLPGSPG\WG PAGKEGPVGL PG DGRPGPI GPAGPRGEAG NI GFPGPR G APGPDGNNGA QGPPG R1A2
GQPGV MGFPEBEG\D G GPGGPGPQGP P&K H3AL
D3 461 481 501 521 541 561 -
PAGPA GERGEQGPAG SPGFQGLPGP AGPPGEAGKP GEQGVPGDLG APGPSGAR GVQ GPPGPAGPR H1A1
PABBA GER GVQ GPPGPAGPR GDTGAPGAP GSQGAPGLQG IPGERGAAGL PGP RI1AL
GLHGEFG LPGPAGPR GPPGESGAA GPTGPI GSR H1A2
PQGVQ GGKGEQGPAG PPGFQGLPGP SGTAGEVGKP GERGLPGEFG LPEBBAGPR G PSGAPGPDGN KGEAGAVGAP GSAGASEBEG LPGERGAAG PGG  RLA2
GPPG LAGAPGLR GAAGPPGPPG AAGTPGLQAW PGE  HB3AL
D3 581 601 621 641 661 681
GLTGP | GPPGPAGAP GDKGESGPSG PAGPTGARGA PGDRGEPGPP GPAGFAGPPG ADGQPGAK GDA GPPGPAGPAG PPGPI GN\VGA P H1A1
K GLTGP | GPPGPAGAP GDK GDA GPPGPAGPAG PPEBIIG\WVGA P R1A1
GAPGA VGAPGPAGAT GDRGEAGAAG PAGPAGPR GEVGPA GPNGFAGPAG AAGQPGAK HLA2
KGEKGET GLRGEI GNPG R GAPGA | GAPGPAGAS GDRGEAGAAG PSGPAGPR R1A2
R GPTGPI GPPEBBGQPG DKGEGGAPGL PGl AGPR GETGPPG PAGFPGAPGQ NGEPGGK GEGG PPGVAGPPGG S HBAL
D4 701 721 741 761 781
GAKCGARGSA GPPGATGFPG AAGRVGPPGP SGNAGPPGPP GPAGK GSPG ADGPAGAPGT_PGPQG AGQR GWGLPGQR GFPGLP H1A1
BBR 1 "GAA GPPGATGFPG AA GETGPAGR PGEVGPPGPP GPAGEKGSPG ADGPAGSPGT PGPQGE AGQR GWGLPGQR GFPGLP R1A1
GDG GPPEITGFPG AAGR TGEVGAVGPP GFAGEKGPSG EAGTAGPPGT PGPQGLLGAP Gl LGLPGSR GLPGVA HLA2
GDG GPPGMIGFPG AA%GP SG TEBBERR GAAK] TGE| GASEBR GFAGEKGPSG EPGTTGPPGT AGPQGLLGAP G LGLPGSR R1A2
GPAGPPGPQ GV "GSPG GP DGPPGP AGNTGAPGSP GVSGPK GSPGA QGPPGAPGPL G AG TGARG LAGPPEIP H3AL
D4 so1 821 841 861 881 901
GP SGEPGK GPPG PNGPPGLAGP PGESGR GDRGE TGPAGPPGAP GAPGAPGPVG PAGK GE TGPAGPTGPV GPVGARGPAG PQGP HLAL
GP SGEPGKQGPS GASGERGPPG PNMGPPGLAGP PGESGREGSP GAEGSPGRDG APGAKGDRGE TGPAGPPGAP GAPGAPGPVG PAGK GE TGPAGPAGPlI GPAGARGPAG PQGP R1AL
GA VGEPGPLG A GPPGAR DGNP GNDGPPGR GY PGNI GPVGAA GAPGPHGPVG PAGKHGNRGE TGPSGPVGPA GAVGPRGPSG PQA H1A2
GPPG AVGSPGVNGA PGEAGRDGNP GSDGPPGRDG QPGHKCGERGY PGNI GPTGAA GAPGPHGSVG PAGKHGNRGE _PGPAGSVGPV GAVGPREBSG PQG R1A2
GP R GPPGP QGLPGLAGTA GEPGRDGNPG SDGLPGR GES GPAGPAGAPG PAGS H3AL
D4. 6 921 941 961 981 1001
R GFSGLQG PPGPPGSPGE QGPSGASGPA GPR DGLNGL PGPl [BBBGPR H1A1
R GFSGLQG PPGSPGSPGE QGPSGASGPA GPRGPPGSAG SPGKDGLNGL PGPl GBRGPR R1AL
R GLP GLKGHNGLQG LPG AGHHGD QGAPGSVGPA GPRGPAGPSG PAGK H1A2
R GHNGLQG LPGLAGLHGD QGAPGPVGPA GPRGPAEBBSG Pl GKDGRSGH PGPVGPAGVR R1A2
R GFPGNPGA PGSPGPAGQQ GAl GSPGPAG PRGPVGPSGP_PGKDGTSGHP GPI GPPGPR H3AL
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Figure 29 Unexpected Hydroxylation Sitesin Collagen a Chains. Sequences of the;(I) anday(l) chains of human, the;(I) and theo(l) chains of rat and
the a1(lll) chains of human were arranged by the D-pdidity according to Di Lullo (DiLullo, G., et. al2002). The triplets including an,@re in grey
highlight, and in bold for more than one detectidriplets with F are underscored, and in bold for multiple detectidhe entire segment of three highly
variable regions with multiple Qesidues are boxed. The hydroxylated prolindéntélopeptide is P*. Hydroxylysines and oxidizeethionines are in
magenta highlight, and bold for more than one dietec Not sequenced regions are in grey italic.
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Table S1: The complete sequencing results.

Chapter 5

Appendix

RClal_a Commercial Rat Collagen Type | in-gel digestion

m/z ** Score | Py Ox Peptide

783.4359 43 561 | ***GAAGLOGPK

836.4373 57 UIGPAGPQGPR

886.4377 62 B4GSEGPQGVR

1088.5371 64 318 | ¥GFOGADGVAGPK

1161.5721 67 405 | **"GQAGVMGFOGPK

1258.5910 61 366,369 | **)GLTGSOGSOGPDGK

1306.6386 92 249 | 28%GPSGPQGPSGAOGPK

1322.6335 65 245 249 | PGPSGPQGOSGAOGPK

1328.6481 74 804 795,798 | "**GFOGLOGPSGEPGK

1443.6975 126 693,699 | **"GAAGPOGATGFOGAAGR

1451.6761 63 297,303,306 | **GEOGPSGLOGPOGER

1532.7816 92 B GETGPAGPAGPIGPAGAR

1680.7572 87 444 | “*DGEAGAQGAOGPAGPAGER
1832.8596 51 819,825,831 | *'GPOGPMGPOGLAGPOGESGR
1840.9188 50 708,717,720 | ®VGPOGPSGNAGPOGPOGPVGK
1856.9137 61 707 708,717,720 | "VGOOGPSGNAGPOGPOGPVGK
2136.9905 81 759,768,771 | *’"GSOGADGPAGSOGTOGPQGIAGQR
2185.0520 74 867,870,873,876 | ***GETGPAGPOGAOGAOGAOGPVGPAGK
2228.9837 54 537,540,546,552 | **GDTGAOGAOGSQGAOGLQGMOGER
2244.9786 67 537,540,546,552 | **GDTGAOGAOGSQGAOGLQGMGER
2307.1364 58 663,672,681 | ©"GDAGPOGPAGPAGPOGPIGNVGAOGPK
2316.0487 52 195, 198,210,216 | “**GEOGPOGPAGAAGPAGNOGADGQOGAK
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RClal_a continued

2323.1313 79 683 663,672,681 | **"GDAGPOGPAGPAGPOGPIGNVGAOGK
2332.0436 65 206 195,198,210,216 | ““"GEOGPOGPAGAAGOAGNOGADGQOGAK
2548.2063 101 156,165,168 | “**GNDGAVGAAGPOGPTGPTGPOGFOGAAGAK
2564.2012 54 155 156,165,168 | “**GNDGAVGAAGOOGPTGPTGPOGFOGAAGAK
2679.2394 42 948 942,945 | ®'‘GFSGLQGPOGSOGSPGEQGPSGASGPAGPR
2695.2343 132 942,945948 | *'GFSGLQGPOGSOGSOGEQGPSGASGPAGPR
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RClal_b Commercial Rat Collagen Type | in-gel digestion

m/z ! Score Ox Oy Peptide
783.4359 52 561 | **GAAGLOGPK
836.4373 72 YIGPAGPQGPR
851.4258 46 YIGFSGLDGAK
852.4322 41 69 | GPOGPQGAR
886.4377 63 GSEGPQGVR
898.5105 60 786 | "®*GVVGLOGQR
1088.5371 66 318 | *'*GFOGADGVAGPK
1105.5749 47 513 | *“GVQGPOGPAGPR
1161.5721 67 405 | *"GQAGVMGFOGPK
1177.5670 48 405 | **GQAGVMGFOGPK
1192.6321 74 423,426 | *"GVOGPOGAVGPAGK
1258.5910 64 366,369 | **'GLTGSOGSOGPDGK
1306.6386 82 249 | **GPSGPQGPSGAOGPK
1328.6481 76 804 795,798 | "**GFOGLOGPSGEPGK
1338.6284 58 239,245 249 | *GOSGPQGOSGAOGPK
1344.6430 41 795,798,804 | "**GFOGLOGPSGEOGK
1435.6812 43 297 303,306 | **GEPGPSGLOGPOGER
1443.6975 127 693,699 | ®BCGAAGPOGATGFOGAAGR
1532.7816 67 8GETGPAGPAGPIGPAGAR
1680.7572 86 444 | “**DGEAGAQGAOGPAGPAGER
1744.7733 46 840,846,852 | *’EGSOGAEGSOGRDGAOGAK
1819.8457 91 273.282 | ?"GEOGPAGVQGPOGPAGEEGK
1856.9137 44 707 708,717,720 | "®VGOOGPSGNAGPOGPOGPVGK
1872.9086 49 707, 722 708,717,720 | "*VGOOGPSGNAGPOGPOGOVGK
1959.9519 87 273 282 | *"GEPGPAGVQGPOGPAGEEGKR
1975.9468 94 273,282 | ?"GEOGPAGVQGPOGPAGEEGKR
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RClal_b continued

2014.9689 41 378,387,303 | - TGPOGPAGQDGROGPAGPOGAR

2030.9639 50 389 378,387,393 | *"TGPOGPAGQDGROGOAGPOGAR
2120.9955 98 771 759,768 | "*'GSOGADGPAGSOGTPGPQGIAGQR
2136.9905 84 759,768,771 | *'GSOGADGPAGSOGTOGPQGIAGQR
2169.0571 57 876 867,870,873 | ®GETGPAGPOGAOGAOGAPGPVGPAGK
2185.0520 45 867,870,873,876 | ***GETGPAGPOGAOGAOGAOGPVGPAGK
2216.0578 57 741,747,750 | "“GETGPAGROGEVGPOGPOGPAGEK
2228.9837 99 537,540,546,552 | **GDTGAOGAOGSQGAOGLQGMOGER
2316.0487 53 195,198,210,216 | ***GEOGPOGPAGAAGPAGNOGADGQOGAK
2332.0436 79 206 195,198,210,216 | ***GEOGPOGPAGAAGOAGNOGADGQOGAK
2513.2015 142 867,870,873,876 | ®*"GDRGETGPAGPOGAOGAOGAOGPVGPAGK
2548.2063 72 156,165,168 | “**GNDGAVGAAGPOGPTGPTGPOGFOGAAGAK
2564.2012 69 155 156,165,168 | “*GNDGAVGAAGOOGPTGPTGPOGFOGAAGAK
2679.2394 68 948 942,945 | *‘GFSGLQGPOGSOGSPGEQGPSGASGPAGPR
2695.2343 127 942,945,948 | ***GFSGLQGPOGSOGSOGEQGPSGASGPAGPR
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RClol_c Rat Collagen Type I in-gel digestion

+1

m/z Score Ox Oy Peptide
783.4359 47 561 | *GAAGLOGPK
836.4373 44 YGPAGPQGPR
851.4258 60 SlGFSGLDGAK
852.4322 43 69 | ®'GPOGPQGAR
886.4377 62 1B4GSEGPQGVR
898.5105 56 786 | "**GVVGLOGQR
943.4480 41 966,972 | ***GPOGSAGSOGK
945.4384 56 8'QGPSGASGER
1088.5371 62 318 | ***GFOGADGVAGPK
1132.4865 53 840,846 | *’EGSOGAEGSOGR
1161.5721 72 405 | **GQAGVMGFOGPK
1177.5670 44 405 | *"GQAGVMGFOGPK
1193.5619 54 405 | *'GQAGVMGFOGPK
12425961 63 369 366 | **)GLTGSOGSPGPDGK
1322.6335 76 239 249 | Z*GOSGPQGPSGAOGPK
1338.6284 76 239,251 249 | **GOSGPQGPSGAOGOK
1344.6430 57 795,798,804 | "**GFOGLOGPSGEOGK
1354.6233 49 239,245,251 249 | 2'GOSGPQGOSGAOGK
1443.6975 42 693,699 | ***GAAGPOGATGFOGAAGR
1451.6761 46 297,303,306 | **GEOGPSGLOGPOGER
1452.7264 65 -1 SAGVSVPGPMGPSGPR
1468.7213 51 -1 "SAGVSVPGPMGPSGPR
1484.7162 40 -1 | "SAGVSVOGPMGPSGPR
1532.7816 84 89GETGPAGPAGPIGPAGAR
1561.7969 40 986 981,987 | " DGLNGLOGPIGOOGPR
1574.8173 86 600 594 | S®GLTGPIGPOGPAGAPGDK
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RClal_c continued

1585.7717 78 225,231,234 | *"GANGAOGIAGAOGFOGAR

1590.8122 42 594,600 | ***GLTGPIGPOGPAGAOGDK

1655.7984 60 345,351,357 | **GSOGEAGROGEAGLOGAK

1664.7623 88 444 43 DGEAGAQGAPGPAGPAGER

1680.7551 9 444 | “*DGEAGAQGAOGPAGPAGER

1696.7521 92 449 444 | “**DGEAGAQGAOGPAGOAGER

1800.8697 105 825,831 819 | ®'GPOGPMGPPGLAGPPGESGR

1803.8508 77 273 282 | ?"GEPGPAGVQGPOGPAGEEGK

1816.8647 125 825,831 819 | *'GPOGPMEPPGLAGPPGESGR

1819.8457 82 273,282 | *"GEOGPAGVQGPOGPAGEEGK

1872.9086 49 707,719 708,720 | "*VGOOGPSGNAGPGOOGPVGK

1888.9035 48 707,719,722 708,717,720 | "“VGOOGPSGNAGPOGOOGOVGK

1975.9468 69 273,282 | *GEOGPAGVQGPOGPAGEEGKR

2105.0006 78 759,771 768 | *'GSPGADGPAGSOGTPGPQGIAGQR
2244.9786 98 537,540,546,552 | **GDTGAOGAOGSQGAOGLQGMYGER
2339.1262 40 674,683 663,672,681 | ®"GDAGPOGPAGPAGPOGOIGNVGAGOK
2513.2084 67 867,870,873,876 | ®**GDRGETGPAGPOGAOGAOGAOGPVGPAGK
2548.2063 58 156,165,168 | “**GNDGAVGAAGPOGPTGPTGPOGFOGAAGAK
2564.2012 96 155 156,165,168 | “*GNDGAVGAAGOOGPTGPTGPOGFOGAAGAK
2663.2444 96 945,948 942 | ®/GFSGLQGPOGSPGSPGEQGPSGASGPAGPR
2679.2394 105 948 942,945 | “*‘GFSGLQGPOGSOGSPGEQGPSGASGPAGPR
2695.2343 62 942,945 948 | ***GFSGLQGPOGSOGSOGEQGPSGASGPAGPR
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RCla2_a Commercial Rat Collagen Type | in-gel digestion

+1

m/z Score Ox Oy Peptide
758.3791 56 318 | *®*GLOGADGR
868.4635 50 138 | B®VGAOGPAGAR
868.4635 58 YGPSGPQGIR
937.5102 41 %“GPAGPSGPIGK
987.4676 54 330 | **AGVMGPOGNR
1084.5633 71 258 | 2 GLVGEOGPAGSK
1159.5742 82 405 | *'GEAGNIGFOGPK
1203.6229 48 981 | ¥"®*SGHOGPVGPAGVR
1238.6052 57 78,81,84 | ‘'GFOGTOGLOGFK
1239.6328 80 363,366 | **’GLOGSOGNVGPAGK
1251.6076 77 CMGEAGAAGPSGPAGPR
1293.6910 83 240 | Z*GIOGPVGAAGATGPR
1399.6821 43 -1 | *GVSAGOGPMGLMGPR
1453.7434 89 486,492 | “*GLOGEFGLOGPAGPR
1490.7122 49 750 | " TGEIGASGPOGFAGEK
1510.7245 68 588,594 | **GAOGAIGAOGPAGASGDR
1560.8129 102 891 BGEPGPAGSVGPVGAVGPR
1576.8078 59 891 | ®°GEOGPAGSVGPVGAVGPR
1592.8391 83 225231234 | 2°GATGLOGVAGAOGLOGPR
1592.7663 58 297 294,306 | *GSOGEPGSAGPAGPOGLR
1608.7612 67 294,297,306 | *GSOGEOGSAGPAGPOGLR
1615.8187 81 183 | Y"GELGPVGNOGPAGPAGPR
1781.7937 69 273 282 | "GEPGSAGAQGPOGPSGEEGK
2098.104 52 381,387 | **EGPVGLOGIDGROGPIGPAGPR
2276.1054 122 861,873 | ®**GYOGNIGPTGAAGAOGPHGSVGPAGK
2384.0597 51 273,282 | ***GETGNKGEOGSAGAQGPOGPSGEEGK

91




RCla2_a continued

2605.2529 102 173 165,168,171 | **GSDGSVGPVGPAGPIGSAGPOGFO®GOK

27433143 79 588,504, | **"GAOGAIGAOGPAGASGDRGEAGAAGPSGPAGPR

2836.3496 73 462,468,480 | ““GEQGPAGPOGFQGLOGPSGTAGEVGKOGER

2971512 76 768 762,780,786 | "*'GPSGEOGTTGPPGTAGPQGLLGAOGILGLOGSR

2987.5069 48 762,768,780,786 | "°'GPSGEOGTTGPOGTAGPQGLLGAOGILGLOGSR

3061.4206 71 525540552 | **'GPSGAOGPDGNKGEAGAVGAOGSAGASGPGGLOGER

4202.0537 118 173 165,168,171,183 | ***GSDGSVGPVGPAGPIGSAGPOGFOGAOGOKGELGPVGNOGPAGPAGPR
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RCla2_b Commercial Rat Collagen Type | in-gel digestion

+1

m/z Score | Py Ox Oy Peptide
840.4686 60 *GVVGPQGAR
868.4635 71 138 | *VGAOGPAGAR
868.4635 46 Y'GPSGPQGIR
987.4676 52 330 | **AGVMGPOGNR
1057.5636 42 561 | “°*GAAGIOGGKGEK
1084.5633 75 o5g | PGLVGEOGPAGSK
1159.5742 52 405 | *'GEAGNIGFOGPK
1238.6052 58 788184 | ‘GFOGTOGLOGEK
1239.6328 50 363366 | 'GLOGSOGNVGPAGK
1251.6076 81 S“GEAGAAGPSGPAGPR
1293.6910 %4 240 | Z°GIOGPVGAAGATGPR
1399.6821 65 -1 “GVSAGPGPMGLMSPR
1453.7434 87 486,492 | ““GLOGEFGLOGPAGPR
1510.7245 81 588,504 | *'GAOGAIGAOGPAGASGDR
1560.8129 111 891 889GEPGPAGSVGPVGAVGPR
1576.8078 o1 891 | **GEOGPAGSVGPVGAVGPR
1576.7714 79 294,297 306 | 2’GSPGEPGSAGPAGPOGLR
1592.7663 50 297 294,306 | ’GSOGEPGSAGPAGPOGLR
1592.8391 88 225,231,234 | “*"GATGLOGVAGAOGLOGPR
1608.7612 76 294,297 306 | ~*"GSOGEOGSAGPAGPOGLR
1615.8187 93 183 | *""GELGPVGNOGPAGPAGPR
1781.7937 69 273 282 | “"GEPGSAGAQGPOGPSGEEGK
1833.8905 47 717 707,719 708,720 | "*TGOOGPSGITGPPGOOGAAGK
1892.8118 45 840,846,852 | *'DGNOGSDGPOGRDGQOGHK
1937.8948 115 273 282 | 2"GEPGSAGAQGPOGPSGEEGKR
2041.0322 97 891 | **HGNRGEOGPAGSVGPVGAVGPR
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RCla2_b continued

2098.1040 56 381,387 | "EGPVGLOGIDGROGPIGPAGPR

2276.1054 134 861,873 | *"GYOGNIGPTGAAGAOGPHGSVGPAGK

2368.0648 41 273 282 | **GETGNKGEPGSAGAQGPOGPSGEEGK

2384.0597 60 273,282 | **GETGNKGEOGSAGAQGPOGPSGEEGK

2605.2529 80 173 165168171 | - GSDGSVGPVGPAGPIGSAGPOGFOGAOGOK
2743.3143 88 588,504 | “"GAOGAIGAOGPAGASGDRGEAGAAGPSGPAGPR
2836.3496 79 462,468,480 | 'GEQGPAGPOGFQGLOGPSGTAGEVGKOGER
3061.4206 72 525,540,552 | **’GPSGAOGPDGNKGEAGAVGAOGSAGASGPGGLOGER
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RCla2_c Rat Collagen Type I in-gel digestion

+1

m/z Score | Py Ox Oy Peptide
758.3791 48 318 | **GLOGADGR
840.4686 54 *"GVVGPQGAR
868.4635 62 138 | ®VGAOGPAGAR
868.4653 51 YGPSGPQGIR
884.4585 46 908 Y"GOSGPQGIR
937.5102 52 ®IGPAGPSGPIGK
953.5051 51 968 ®IGPAGOSGPIGK
971.4727 44 330 | **AGVMGPOGNR
987.4676 54 330 | **’AGVMGPOGNR
1068.5684 71 258 B3GLVGEPGPAGSK
1084.5633 70 258 | 2*GLVGEOGPAGSK
1157.4818 57 840,846 | **’DGNOGSDGPOGR
1175.5691 79 405 | *'GEAGNIGFOGPK
1187.6280 54 981 9SGHPGPVGPAGVR
1238.6052 64 78,81,84 | "*GFOGTOGLOGFK
1239.6328 85 363,636 | **'GLOGSOGNVGPAGK
1251.6076 77 SGEAGAAGPSGPAGPR
1399.6821 95 “*GVSAGPGPMGLMGPR
1415.6770 87 *GVSAGPGPMGLMGPR
1428.7190 52 579 | **®GETGLRGEIGNOGR
1431.6719 46 -1 | *GVSAGOGPMGLMGPR
1437.7485 79 486 492 | “*GLPGEFGLOGPAGPR
1453.7434 75 486,492 | “*GLOGEFGLOGPAGPR
1469.7383 110 494 486,492 | “**GLOGEFGLOGOAGPR
1490.7122 59 750 | “TGEIGASGPOGFAGEK
1506.7071 67 749 750 | ““TGEIGASGOOGFAGEK
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RCla2_c continued

1510.7245 86 588,504 | “**GAOGAIGAOGPAGASGDR

1533.6751 74 702,708 | *’GDGGPOGMTGFOGAAGR

1560.8129 102 891 89GEPGPAGSVGPVGAVGPR

1576.8078 110 891 | ®*GEOGPAGSVGPVGAVGPR

1576.7714 76 294,297 306 | 2*GSPGEPGSAGPAGPOGLR

1592.7663 85 294 297,306 | *GSPGEOGSAGPAGPOGLR

1599.8238 87 183 1SGELGPVGNPGPAGPAGPR

1608.7612 88 294,297,306 | *GSOGEOGSAGPAGPOGLR

1615.8187 105 183 | 1"*GELGPVGNOGPAGPAGPR

1624.7562 94 302 294,297,306 | **GSOGEOGSAGOAGPOGLR

1748.8674 69 297 294,306 | »*’RGSOGEPGSAGPAGPOGLR
1751.8307 107 819,825,831 | *’'GPOGAVGSOGVNGAOGEAGR
1764.8624 50 294,297,306 | *’RGSOGEOGSAGPAGPOGLR
1781.7937 85 273 282 | 2""GEPGSAGAQGPOGPSGEEGK
1797.7886 94 273,282 | 2"GEOGSAGAQGPOGPSGEEGK
1817.9028 52 708,717,720 | "*TGPOGPSGITGPOGPOGAAGK
1833.8973 69 717 707,719 708, 720 | "°*TGOOGPSGITGPGOOGAAGK
1849.8926 89 707,719 708,717,720 | "*TGOOGPSGITGPOGOOGAAGK
1865.8876 97 707,716,719 708,717,720 | "*TGOOGPSGITGOOGOOGAAGK
1953.8897 52 273,282 | ?"GEOGSAGAQGPOGPSGEEGKR
2010.9475 86 540,552 | ***GEAGAVGAOGSAGASGPGGLOGER
2025.0373 82 891 89 GNRGEPGPAGSVGPVGAVGPR
2041.0322 76 891 | ®**HGNRGEOGPAGSVGPVGAVGPR
2098.1040 53 381,387 | *“EGPVGLOGIDGROGPIGPAGPR
2145.9908 76 432,444 | “*GAOGPDGNNGAQGPOGPQGVQGGK
2368.0648 61 273 282 | **GETGNKGEPGSAGAQGPOGPSGEEGK
2524.1659 54 273 282 | *GETGNKGEPGSAGAQGPOGPSGEEGKR
2540.1608 52 273,282 | ***GETGNKGEOGSAGAQGPOGPSGEEGKR
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RCla2_c continued

2589.2580 112 165,168,171 | “*GSDGSVGPVGPAGPIGSAGPOGFOGAOGPK

2605.2529 103 173 165,168,171 | ***GSDGSVGPVGPAGPIGSAGPOGFOGARDK

2621.2478 51 164,173 165,168,171 | ***GSDGSVGPVGPAGPIGSAGOOGFOGATIK

2786.4081 77 952,964 | *‘GHNGLQGLOGLAGLHGDQGAOGPVGPAGPR

2987.5069 84 762,768,780,786 | °'GPSGEOGTTGPOGTAGPQGLLGAOGILGLOGSR

3045.4257 78 552 525540 | *’GPSGAOGPDGNKGEAGAVGAOGSAGASGPGGLPGER

3077.4155 76 548 525,540,552 | *>’GPSGAOGPDGNKGEAGAVGAOGSAGASGOGGLOGER

4186.0588 64 183 173 165,168,171 | ***GSDGSVGPVGPAGPIGSAGPOGFOGAOGOKGELGPVGNPGPAGPAGPR
4218.0487 80 164,173 165,168,171.183 | ***GSDGSVGPVGPAGPIGSAGOOGFOGAOGOKGELGPVGNOGPAGPAGPR
4459.2012 41 750,762,768,780,786 | "“TGEIGASGPOGFAGEKGPSGEOGTTGPOGTAGPQGLLGAOGILGLOGSR
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HClal_a Commercial Human Collagen Type | in-gel digesti

m/iz** | Score | Py Ox Oy Peptide
836.4373 69 O'GPAGPQGPR
886.4377 50 1B4GSEGPQGVR
898.5105 58 786 | ®'GVVGLOGQR
1088.5371 48 318 | ***GFOGADGVAGPK
1105.5749 40 513 | *®GVQGPOGPAGPR
1177.5670 49 405 | *"GQAGVMGFOGPK
1258.5910 69 366,369 | **’'GLTGSOGSOGPDGK
1302.6437 80 249 | Z*GPSGPQGPGGPOGPK
1344.6430 48 795,798,804 | "**GFOGLOGPSGEOGK
1459.6924 135 693,699 | ®*"GSAGPOGATGFOGAAGR
1465.6918 74 297,303,306 | 2> GEOGPTGLOGPOGER
1546.7972 76 S9GETGPAGPAGPVGPVGAR
1706.7729 104 444 | “**DGEAGAQGPOGPAGPAGER
1812.8875 49 708,717,720 | ®VGPOGPSGNAGPOGPOGPAGK
1832.8596 78 825 819,831 | **'GPOGPMEPPGLAGPOGESGR
1848.8545 41 819,825,831 | *''GPOGPMEPOGLAGPOGESGR
2003.9781 100 273,282 | **GEOGPVGVQGPOGPAGEEGKR
2056.9795 67 378,387,390,393 | **TGPOGPAGQDGROGPOGPOGAR
2105.0006 83 771 759,768 | "*’"GSOGADGPAGAOGTPGPQGIAGQR
2149.9785 73 627, 630,639,645 | **GEOGPOGPAGFAGPOGADGQOGAK
2281.1207 61 663,672,681 | ***GDAGPOGPAGPAGPOGPIGNVGAOGAK
2316.0487 97 195, 198,210,216 | “**GEOGPOGPAGAAGPAGNOGADGQOGAK
2497.2066 72 876 867,870,873 | **GDRGETGPAGPOGAOGAOGAPGPVGPAGK
2703.2394 40 639 621,627, 630,645 | ***GAOGDRGEOGPOGPAGFAGPPGADGQOGAK
2705.2550 132 942,945,948 | ***GFSGLQGPOGPOGSOGEQGPSGASGPAGPR
2869.4075 73 504,600 | ***GLTGPIGPOGPAGAOGDKGESGPSGPAGPTGAR
4112.9180 68 462,468,474,480,486,492 | “**GEQGPAGSOGFQGLOGPAGPOGEAGKOGEQGVOGDLGAOGPSGAR
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HClal_b Commercial Human Collagen Type | in-gel digesti

m/iz** | Score | Py Ox Oy Peptide
836.4373 67 O'GPAGPQGPR
886.4377 58 1B4GSEGPQGVR
1192.6320 71 “21GVOGPOGAVGPAGK
14506924 | 101 693, 699 | **GSAGPOGATGFOGAAGR
1465.6918 78 297,303,306 | “GEOGPTGLOGPOGER
1546.7972 67 89GETGPAGPAGPVGPVGAR
1562.7863 65 986 981,987 | *“DGLNGLOGPIGOOGPR
1585.7717 72 20GANGAOGIAGAOGFOGAR
1706.7729 93 444 | “*DGEAGAQGPOGPAGPAGER
1758.7347 79 111, 114,120 | "“GEOGSOGENGAOGQMPR
2003.9781 72 273,282 | ?"GEOGPVGVQGPOGPAGEEGKR
2105.0006 66 771 759,768 | "*’"GSOGADGPAGAOGTPGPQGIAGQR
2121.0373 58 759,768,771 | 'GSOGADGPAGAOGTOGPQGIAGQR
2149.9785 57 627, 630,639,645 | **GEOGPOGPAGFAGPOGADGQOGAK
2281.1207 84 663,672,681 | ®*GDAGPOGPAGPAGPOGPIGNVGAOGAK
2497.2066 81 876 867,870,873 | **GDRGETGPAGPOGAOGAOGAPGPVGPAGK
2513.2015 109 867,870,873,876 | **GDRGETGPAGPOGAOGAOGAOGPVGPAGK
2703.2394 63 639 621,627, 630,645 | **GAOGDRGEOGPOGPAGFAGPPGADGQOGAK
2705.2550 111 942,945 948 | *'GFSGLQGPOGPOGSOGEQGPSGASGPAGPR
2869.4075 97 594,600 | *®*GLTGPIGPOGPAGAOGDKGESGPSGPAGPTGAR

99




HClo2_a Commercial Human Collagen Type | in-gel digesti

m/z ! Score | Py Ox Oy Peptide
809.4377 48 *IGHAGLAGAR
868.4635 73 138 | B*VGAOGPAGAR
868.4635 40 YGPSGPQGIR
895.4632 54 4GPAGPSGPAGK
960.4567 62 330 | **’AGVMGPOGSR
1084.5633 42 258 | 2GLVGEOGPAGSK
1201.5848 67 399,405 | *’GEOGNIGFOGPK
1253.6484 89 363,366 | **’GLOGSOGNIGPAGK
1267.6753 51 240 | Z*GIOGPVGAAGATGAR
1427.7134 56 “GVGLGPGPMGLMGPR
1477.7546 67 492 | “*GLHGEFGLOGPAGPR
1488.7329 49 750 | “*TGEVGAVGPOGFAGEK
1510.7245 69 588,594 | **GAOGAVGAOGPAGATGDR
1549.6700 80 693, 699 | ®*'GDGGPOGM GFOGAAGR
1562.7921 85 S9GETGPSGPVGPAGAVGPR
1580.7663 81 504 | *“GPOGESGAAGPTGPIGSR
2027.0166 119 8 HGNRGETGPSGPVGPAGAVGPR
2115.1193 134 795,804,813 | "“'GLOGVAGAVGEOGPLGIAGPOGAR
2284.1469 106 861,873 | ®**GYOGNIGPVGAAGAOGPHGPVGPAGK
2727.3193 88 588,594 | **GAOGAVGAOGPAGATGDRGEAGAAGPAGPAGPR
2957.4963 76 768,771,780,786 | "°'GPSGEAGTAGPOGTOGPQGLLGAOGILGLOGSR
2959.3565 47 12,18,30,33 | *"GPOGAAGAOGPQGFQGPAGEOGEOGQTGPAGAR
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HClo2_b Commercial Human Collagen Type | in-gel digesti

m/z ! Score | Py Ox Oy Peptide
868.4635 78 138 | ®*VGAOGPAGAR
895.4632 65 4GPAGPSGPAGK
1168.4978 61 840 846 | *'DGNPGNDGPOGR
1201.5848 59 399,405 | *’GEOGNIGFOGPK
1267.6753 96 240 | Z*GIOGPVGAAGATGAR
1477.7546 78 492 | ***GLHGEFGLOGPAGPR
1580.7663 75 504 | *“GPOGESGAAGPTGPIGSR
1619.7772 | 102 303,306 | ““GPNGEAGSAGPOGPOGLR
1775.8783 77 303.306 | *'RGPNGEAGSAGPOGPOGLR
1823.8042 89 273,282 | *'GEOGSAGPQGPOGPSGEEGK
2027.0166 89 B HGNRGETGPSGPVGPAGAVGPR
2050.9941 66 645 | **GEVGPAGPNGFAGPAGAAGQOGAK
21151193 | 124 795,804,813 | "“*GLOGVAGAVGEOGPLGIAGPOGAR
2284.1469 106 861,873 | **GYOGNIGPVGAAGAOGPHGPVGPAGK
2396.0597 93 273,282 | **GESGNKGEOGSAGPQGPOGPSGEEGK
3397.7108 67 930,033,942,954 | ~ GLOGLOGHNGLQGLOGIAGHHGDQGAOGSVGPAGPR
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HC3u1_a Commercial Human Collagen Type Il in-gel digen

m/z ! Score | Py Ox Oy Peptide
949.5102 47 981 " GPVGPSGPPGK
965.5051 73 981 | Y*GPVGPSGPOGK
1094.5953 62 519,525 | **’"GPOGLAGAOGLR
1154.5623 41 795,798 | "®GLAGPOGMOGPR
1173.5131 69 849,855 | *DGNOGSDGLOGR
1207.5702 76 432,435441 | “*GGOGGOGPQGPOGK
1303.6026 48 699,702,708 | *’GSOGGOGAAGFOGAR
1508.7088 51 909 | ***GESGPAGPAGAOGPAGSR
1530.7295 40 990,996 | **DGTSGHOGPIGPOGPR
1702.7887 58 237,240 | **GEMGPAGIOGAOGLNMGAR
1833.9090 | 110 828,834,843 | **GPOGPQGLOGLAGTAGEOGR
1921.8886 92 738,747,750 | **DGPOGPAGNTGAOGSOGVSGPK
2104.0782 103 768,774,777 | "*®GSOGAQGPOGAOGPLGIAGITGAR
2180.0037 72 546,549,555,561 | **'GAAGPOGPOGAAGTOGLQGMDGER
2283.1000 79 687 672,678 | *'GEGGPOGVAGPOGGSGPAGPPGPQGVK
2690.2553 78 945,948,951,954,966 | **GFOGNOGAOGSOGPAGQQGAIGSOGPAGPR
2950.4653 81 603,609,618,621 | **GPTGPIGPOGPAGQOGDKGEGGAOGLOGIAGPR
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HC3u1_b Commercial Human Collagen Type Il in-gel dien

m/z " Score Ox Oy Peptide
9495102 67 981 " GPVGPSGPPGK
965.5051 40 981 | “*GPVGPSGPOGK
1094.5953 77 519,525 | **’'GPOGLAGAOGLR
1138.5674 65 795,798 | "*"GLAGPOGMOGPR
11735131 86 849,855 | **DGNOGSDGLOGR
1203.5827 49 408,414 | ““GQOGVMGFOGPK
1207.5702 75 432,435,441 | “**GGOGGOGPQGPOGK
1303.6026 57 699,702,708 | *"GSOGGOGAAGFOGAR
1508.7088 69 909 | *GESGPAGPAGAOGPAGSR
1530.7295 55 990,996 | **DGTSGHOGPIGPOGPR
1631.8024 80 603,609 | ***GPTGPIGPOGPAGQOGDK
1670.7989 72 237,240 | ?*GEMGPAGIOGAOGLMGAR
1833.9090 117 828,834,843 | 2°GPOGPQGLOGLAGTAGEOGR
1921.8886 90 738,747,750 | *®DGPOGPAGNTGAOGSOGVSGPK
2104.0782 125 768,774.777 | "**GSOGAQGPOGAOGPLGIAGITGAR
2164.0088 122 546,549,555,561 | **GAAGPOGPOGAAGTOGLQGMOGER
2283.1000 71 687 672,678 | **’GEGGPOGVAGPOGGSGPAGPPGPQGVK
2690.2553 94 945,948.951,954.966 | **'GFOGNOGAOGSOGPAGQQGAIGSOGPAGPR
2950.4653 82 603,609,618,621 | ***GPTGPIGPOGPAGQOGDKGEGGAOGLOGIAGPR
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HC3u0l_c Commercial Human Collagen Type IlII solutiagestion

m/z ! Score | Py Ox Oy Peptide
949.5102 45 981 " GPVGPSGPPGK
965.5051 44 981 | °*GPVGPSGPOGK
1203.5827 57 408,414 | “*GQOGVMGFOGPK
1219.5776 42 416 408,414 | “**GQOGVMGFOGDK
1514.7346 50 990 996 | *DGTSGHPGPIGPOGPR
1530.7295 57 990,996 | **“DGTSGHOGPIGPOGPR
1631.8024 96 603,609 | **GPTGPIGPOGPAGQOGDK
1670.7989 51 237,240 | *GEMGPAGIOGAOGLMGAR
1756.7733 88 303,306,312 | **DGSOGEOGANGLOGAAGER
1833.9090 125 828,834,843 | #%GPOGPQGLOGLAGTAGEOGR
2088.0832 94 777 768,774 | "**GSOGAQGPOGAPGPLGIAGITGAR
2104.0782 137 768,774,777 | "*GSOGAQGPOGAOGPLGIAGITGAR
2164.0088 107 546,549,555,561 | **GAAGPOGPOGAAGTOGLQGMOGER
2180.0037 97 546,549,555,561 | **'GAAGPOGPOGAAGTOGLQGMDGER
2690.2553 98 945,948,951,954,966 | ***GFOGNOGAOGSOGPAGQQGAIGSOGPAGPR
2966.4603 58 605 603,609,618,621 | **GPTGPIGPO®,AGQOGDKGEGGAOGLOGIAGPR
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HC301l_d Commercial Human Collagen Type Il solutiagestion

m/z ! Score | Py Ox Oy Peptide
949.5102 42 981 " GPVGPSGPPGK
965.5051 41 981 | °*GPVGPSGPOGK
1094.5953 52 519,525 | SY'GPOGLAGAOGLR
1138.5674 44 795,798 | "““GLAGPOGMOGPR
11735131 44 849,855 | %*DGNOGSDGLOGR
1203.5827 52 408,414 | ““*GQOGVMGFOGPK
1303.6026 68 699,702,708 | *"GSOGGOGAAGFOGAR
1337.6808 42 618,621 | **GEGGAOGLOGIAGPR
1508.7088 77 909 | *¥%GESGPAGPAGAOGPAGSR
1530.7295 66 990,996 | ®*“DGTSGHOGPIGPOGPR
1631.8024 90 603,609 | *GPTGPIGPOGPAGQOGDK
1670.7989 42 240 237 | **GEMGPAGIOGAPGLMSAR
1833.9090 136 828,834,843 | #°GPOGPQGLOGLAGTAGEOGR
2088.0832 117 777 768,774 | "**GSOGAQGPOGAPGPLGIAGITGAR
2104.0782 126 768,774,777 | "**GSOGAQGPOGAOGPLGIAGITGAR
2164.0088 105 546,549,555,561 | **GAAGPOGPOGAAGTOGLQGMOGER
2196.9792 52 639,645,648,654 | S*GETGPOGPAGFOGAOGQNGEOGGK
2690.2553 68 945,948,951,954,966 | **GFOGNOGAOGSOGPAGQQGAIGSOGPAGPR
2966.4603 60 605 603,609,618,621 | **GPTGPIGPO®,AGQOGDKGEGGAOGLOGIAGPR
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