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Abstract 

  

An Investigation on the Application of Mass Spectrometry Protein Footprinting Technique to 
Study Interactions of Collagen and Collagen Receptors 

by 

Michele Kirchner 

 

Adviser: Dr. Yujia Xu  

 

        Collagen is one of the most abundant proteins in the human body.  There are many different 

types of collagen; they interact with an assortment of other proteins in the extracellular matrix, 

and with collagen receptors on the surfaces of cells.  In this study, oxidative protein footprinting 

using Fenton chemistry followed by mass spectrometry was explored as a method to investigate 

collagen interactions.  A known collagen binding protein, the A3 domain of the von Willebrand 

Factor protein (vWF A3), was chosen as a model.  This protein association is the first critical 

step in blood clotting, and has been the target for the development of new drugs to treat von 

Willebrand disease, a bleeding disorder.  Mass spectrometry protein footprinting could 

potentially aid in these endeavors.  In order to accomplish this objective, original studies using 

Fenton chemistry labeling of triple helical peptides, and mass spectrometry collagen sequencing 

studies were carried out.  The von Willebrand Factor A3 protein was produced from an 

Escherichia coli expression system. 
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        This work discovered many challenges that have to be overcome for the successful 

approach of mass spectrometry oxidative protein footprinting by Fenton chemistry to investigate 

full chain collagen interactions.  Additionally, the mix of variable post translational 

modifications of collagen makes the identification of binding sites by footprinting unreliable.  

Even sequencing collagen proves problematic because of the many post translational 

modifications.  Despite these setbacks, we did; however, find that the von Willebrand Factor A3 

protein binds to a triple helix conformation lacking any of the presumed necessary 

hydroxyproline sites.  We were also able to identify regions in full chain collagen where the 

oxidation content varied from what was expected, assuming all the prolines in the Y position 

were hydroxylated. 
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  Chapter 1 

Introduction 

  

 

1.1  Collagen        

                            

The human body contains a great deal of collagen protein; it is a component of 

muscles, skin, bones, tendons, ligaments, cartilages, organs, blood vessels, teeth, and  

hair (Kielty, C., et. al., 2002).  There are twenty nine distinct types of collagen, and 

collagen type I is the most prevalent (Apweiler, R., et. al., 2004).  The protein collagen 

consists of three polypeptide chains, and some collagens are homotrimers; they contain 

three identical polypeptide chains (Tkocz, C., et. al., 1968).  Heterotrimers also occur, 

they may contain two or three different polypeptide chains.  The forty four unique human 

collagen genes encoding these alpha chains are located on many different chromosomes: 

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 13, 17, 19, 20, 21 and X (Apweiler, R., et. al., 2004).  

        The biosynthesis of collagen is complicated, and processing varies by collagen type.  

Collagen is first synthesized as a larger pre alpha collagen chain, after which its signal 

peptide is cleaved off in the lumen of the endoplasmic reticulum (Dalbey, R., et. al., 

1997).  The enzymes prolyl-3-hydroxylase, prolyl-4-hydroxylase and lysyl hydroxylase 

respectively hydroxylate prolines and lysines (Kivirikko, K., et. al., 1990).  The cofactors 

involved in hydroxylation are ferrous ion, ascorbic acid, molecular oxygen, and α-

ketoglutarate (Hutton, J., et. al., 1966 and Miller, R., et. al., 1979).  These hydroxylases 

are only able to hydroxylate prolines and lysines on free alpha chains; so once the three 
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chains form a triple-helix these amino acids will no longer be modified (Kielty, C., et. al., 

2002).  Heat shock protein 47 acts as a collagen molecular chaperone involved in folding 

(Koide, T., et. al., 2006).  Peptidyl-prolyl cis-trans-isomerase converts propyl and 

hydroxypropyl peptide bonds from a cis to a trans conformation, which increases the rate 

of protein folding; protein disulfide isomerase forms disulfide bonds (Bachinger, H., 

1987 and Bachinger, H., et. al., 1980). 

        Hydroxylysine undergoes further post-translational modification by the enzymes 

hydroxylysyl galactosyltransferase and galactosylhydroxylysyl-glucosyltransferase where 

some hydroxylated lysines are O-glycosylated with galactose and glucose-galactose 

(Spiro, R., et. al., 1971).  After three of the helical collagen alpha chains align at their C 

terminus and coil around each other, the molecule is packaged into secretory vessels and 

transported out of the cell and into the extracellular matrix (Kivirikko, K., et. al., 1976 

and Bachinger, H., et. al., 1980). 

        Outside the cell, procollagen N-proteinase and procollagen C-proteinase remove any 

N-propeptides and C-propeptides (Prockop, D., et. al., 1998).  The enzyme lysyl oxidase 

reacts with lysines and hydroxlysines at the ends of the collagen molecule, telopeptidyl 

lysyl and hydroxylysyl residues, forming aldehydes called allysine and hydroxyallysine 

which cross-link (Smith-Mungo, L., et. al., 1998).  In the extracellular space, collagen 

can assemble into macromolecular structures such as fibers, and interact with other 

matrix proteins.   

        All collagen molecules contain three polypeptide chains with GXY repeat 

sequences: G is a glycine (Gly), X is often a proline (Pro), and Y is usually a 

hydroxyproline (Hyp).  These three polyproline II-like chains coil around each other to 
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form a right-handed super helix (Ramachandran, G., 1967).  The chains are staggered by 

one amino acid relative to each other, with their side chains sticking out, and the glycines 

packing into the center of the triple helix; they form a rod like protein.  Because a glycine 

amino acid residue is so small, it is able to fit into the center of a triple helix; whereas, 

other amino acids would disrupt the triple helical structure of collagen.  Several diseases 

in humans have been shown to be due to glycine substitutions; osteogenesis imperfecta, a 

brittle bone disease, can be caused by glycine substitutions in collagen type I, and the 

severity of the disease can vary with the location of the substitution (Starman, B., et. al., 

1989).  A model of collagen generated using X-ray crystallography data from a short 

triple helical peptide containing only Pro-Pro-Gly repeat sequences illustrates the 

backbone configuration of the three chains; collagen is much longer and contains an 

assortment of other amino acids (Figure 1).  When prolines in the Y position are 

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

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

   

   

Figure 1:  Structure of Collagen Triple Helix.  Coordinates for the crystal structure of 
[(Pro-Pro-Gly)10]3, a thirty amino acid triple helical peptide, were from the Protein Data 
Bank (PDB) file 1K6F (Berisio, R., et. al., 2002).  The proline residues are shown on the 
surface of the molecule.  The model was generated using the molecular graphics program 
MOLMOL (Koradi, R., et. al., 1996).   
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The lengths of specific collagen polypeptide alpha chains vary.  In humans, collagen 

polypeptide alpha chains range in size from short having only 421 amino acids (type 

XXVI alpha 1chain) to as long as 3,152 amino acids in the type VI alpha 3 chain 

(Apweiler, R., et. al., 2004). 

        In this study we will focus on the interaction of collagen with collagen receptors.  

Theses interactions are critical for tissue function and development.  Specifically, we will 

study the interaction of collagen type I and type III with the von Willebrand Factor 

protein, which is involved in the first step in blood clotting. 

  

1.2  Collagen Type I and Type III 

  

        Type I collagen is the most abundant collagen, and it is prevalent in many tissues: 

bone, cornea, skin, dentine, sclera, vascular tissue, organs, and tendons (Kielty, C., et. al., 

2002).  It is the major component of bone, where it is found mineralized with calcium 

hydroxyapatite (Lees, S., 2003).  About ten percent of the prolines in collagen type I are 

hydroxylated (Piez, K., et. al., 1963).  Collagen type I is a heterotrimer containing two α1 

polypeptide chains and one α2 chain [(α1(I)]2α2(I).  The genes encoding human type I 

collagen alpha chains are located on different chromosomes.  The gene encoding the 

α1(I) chain is located in humans on chromosome 17 q21.33; the α2(I) gene is located on 

chromosome 7 q22.1 (Huerre, C., et. al., 1982).  

        Collagen type I alpha chains are translated as pre procollagens containing a signal 

peptide and N and C-propeptides which are removed during their biosynthesis.  The 

resulting α1(I) chain contains 1,057 amino acid residues, and its molecular weight is 
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around 95 kDa; the α2(I) has 1,040 amino acids, and the molecular weight is about 93.5 

kDa (Apweiler, R., et. al., 2004).  Type I collagen is, therefore, a very large protein with a 

molecular weight of approximately 282 kDa.  Even though the α1(I) and α2(I) chains 

contain a different number of amino acids, the triple helical domain in both polypeptide 

chains contain the same number of amino acids (1,014), and it is their N and C-non 

helical ends called telopeptides which are not the same lengths; the α1(I) N-telopeptide 

contains seventeen amino acids while α2(I) has only eleven, and the α2(I) C-telopeptide 

has twenty six amino acids while the α2(I) has just fifteen (Kuivaniemi, H., et. al., 1988 

and Tromp, G., et. al., 1988).   

        Type III collagen is present in the lungs, skin, intestine, liver, lymphoid tisssues, 

aorta, and blood vessels, and is often in association with type I collagen (Kielty, C., et. 

al., 2002).  Collagen type III is a homotrimer having three identical α1 chains [α1(III)] 3.  

The gene encoding the α1(III) chain is located in humans on chromosome 2q32.2 

(Limongi, M., et. al., 1997).  Collagen type III was found to contain a high level of 4-

hydroxyproline, and a cysteine which is involved in disulfide bond formation (Artimo, P., 

et. al., 2012). 

        Just like collagen type I, collagen type III is also translated as a pre procollagen 

containing a signal peptide and N and C-propeptides which are removed.  The final 

α1(III) chain is longer than either type I alpha chains; it is composed of 1,068 amino acid 

residues and has a molecular weight around 95 kDa, so the type III triple helical protein 

has a high molecular weight about 285 kDa (Apweiler, R., et. al., 2004).  Collagen type 

III chain’s triple helical domain is fifteen residues larger than type I, and it contains 1,029 
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amino acid residues; its N and C-telopeptides have fourteen and twenty five amino acids 

respectively (Ala-Kokko, L., et. al., 1989).  

        Type I and type III collagen are both fibrillar collagens; in the extracellular matrix 

these triple helical collagen molecules form fibers (Kielty, C., et. al., 2002).  Fiber 

diffraction and electron microscopy revealed collagen fibrils have a 67 nm repeat pattern, 

called the D period (Doyle, B., et. al., 1974 and Meek, K., et. al., 1979).  A fibril is 

composed of five 1.4 nm wide triple helical collagen molecules approximately 300 nm in 

length, 4.4 D periods, that are consecutively staggered 1D period, 234 amino acids, and 

rotated one-fifth of a circle (Piez, K., et. al., 1974).  These fibrils are arranged in a 

hexagonal fashion in fibers; collagen type I forms fibers which are thicker than type III 

collagen fibers (Piez, K., et. al., 1974).   

        Besides providing structural support in many tissues, type I and type III collagen 

play an important role in the regulation of haemostasis where they are major components 

in the wall of blood vessels.  In the process of blood clotting, they bind to the von 

Willebrand Factor protein (Fitzsimmons, C., et. al., 1988).   

 

1.3  The von Willebrand Factor            

  

        The von Willebrand Factor (vWF) is a large globular glycoprotein found in blood 

plasma, and the subendothelial matrix; the gene encoding human von Willebrand Factor 

is located on chromosome 12p13.3 (Ginsburg, D., et. al., 1985).  Mutations in the von 

Willebrand Factor gene cause von Willebrand disease, an inherited bleeding disorder 

(Ginsburg, D., et. al., 1993).   
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        The biosynthesis of von Willebrand Factor protein is very interesting; it occurs in 

endothelium and megakaryocytes where it is stored in secretory granules called Weibel-

Palade bodies and platelet α-granules respectively (Sadler, J., 1998).  The initial 

translation contains a 22 amino acid signal peptide, a 741 amino acid von Willebrand 

antigen 2, and the von Willebrand Factor whose protein has 2,050 amino acids; an 

individual von Willebrand Factor polypeptide has a molecular weight of 225 kDa 

(Apweiler, R., et. al., 2004).  The signal peptide targets the pre propolypeptide to the 

endoplasmic reticulum where it is removed by a signal peptidase inside the lumen 

(Dalbey, R., et. al., 1997).  The propeptide is post-translationally modified; it undergoes 

N-linked glycosylation and O-linked glycosylation (Samor, B., et. al., 1986 and Schulte 

am Esch, J., et. al., 2005).  

        The von Willebrand Factor propeptide is composed of four types of domains 

arranged as follows: D1-D2-D'-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK; the first two 

subunits, D1and D2, form von Willebrand antigen 2 (Sadler, J., 2009).  The von 

Willebrand propeptide dimerizes at its C-terminus, and is transported to the Golgi 

apparatus; in the trans-Golgi a protease cleaves off the von Willebrand antigen 2, 

allowing the von Willebrand protein to form multimers whose D3 subunits are linked by 

disulfide bonds (Vischer, U., et. al., 1994).  The multimeric von Willebrand Factor can 

consist of up to 80 monomers, and is either stored inside secretory granules or released 

directly into the plasma (Sadler, J., 1998).    

        The von Willebrand protein is a multifunctional protein consisting of twelve 

subunits (Figure 2).  Its D'/D3 domain binds to the blood clotting protein factor VIII 

(Takahashi, Y., et. al., 1987).  The A1 domain binds to heparin, and to the platelet GP1b 



 

receptor (Fujimura, Y., et. 

platelet integrin αIIbβ3, (GP I

sequence motif (RGD) (De Marco

domain dimerizes with another CK domain via disulfide bonds 

2000).  After a vascular injury, the von Willebrand Factor 

and aggregation; the A3 domain is considered the collagen binding domain, and binds to 

collagen during the blood clotting process (

 

Figure 2:  von Willebrand 
C and D.  The monomer forms a dimer at the C
disulfide D3 linked multimers
collagen binding is highlighted in 
 
 

        Human von Willebrand Factor A3 domain 

Escherichia coli.  Our work focuses on the interaction of collagen type I and type III with 

the human von Willebrand Factor A3 domain, an important association in blood clot 

formation. 
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        The von Willenbrand Factor A3 (vWF A3) domain binds to exposed collagens type 

I and type III, after a blood ves

8 

et. al., 1987 and Miura, S., et. al., 2000).  The C1 domain bind
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After a vascular injury, the von Willebrand Factor is involved in platelet adhesion 

A3 domain is considered the collagen binding domain, and binds to 
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H., et. al., 1996).  This is the initial step in the formation of a platelet plug

When a blood vessel wall is ruptured the von Willebrand Factor protein A3 domain binds 

to the exposed collagen and

Willebrand Factor A1 domain t
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This is the initial step in the formation of a platelet plug

When a blood vessel wall is ruptured the von Willebrand Factor protein A3 domain binds 

and conformational changes in the A3 domain allow

domain to then bind to the Gp1b platelet receptor; t

plug the injured blood vessel wall, and another platelet receptor protein,

Obert, B., et. al., 1999).   

 

                         

Collagen and von Willebrand Factor Role in Blood Clot Formation
four steps in blood clot formation are numbered with arrows.  A1 is the von Willebrand 

, A3 is von Willebrand Factor A3 domain, α2β1 and Gp1b 
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et. al., 1986).  
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The structure for the von Willebrand Factor A3 domain has been examined using X

ray crystallography, and coordinates for the crystal structure are available in the Protein 

Data Bank (Bernstein, F., et. al., 1977).  The von Willebrand Factor A3 domain consists 

of five central beta strands surrounded by six alpha helices (Figure 4).  The structure 

von Willebrand Factor A3 domain is similar to integrin I domains, now also called 

; however, the von Willebrand Factor A3 domain does not bind metal 

(Bienkowska, J., et. al., 1997).  Integrin proteins are cell receptor 

of them such as the α1β1 and α2β1 protein bind to many sites on 

; platelets contain α1β1 and α2β1 (Xu, Y., et. al., 2000).     

 

the von Willebrand Factor A3 Domain.  Coordinates for the crystal 
structure were from the Protein Data Bank (PDB) file 1ATZ (Huizinga, E., 

generated using the molecular graphics program MOLMOL (

How this von Willebrand Factor A3 domain interacts with type I and type III 

collagen is not fully understood.  Many binding sites on collagen type I and collagen type 

the structurally similar integrin proteins, yet, only one von 

A3 domain has been examined using X-

ray crystallography, and coordinates for the crystal structure are available in the Protein 

A3 domain consists 

The structure of 

, now also called 

does not bind metal 

Integrin proteins are cell receptor 

many sites on 

.  Coordinates for the crystal 
Huizinga, E., et. al., 1997).  

MOLMOL (Koradi, R., 

How this von Willebrand Factor A3 domain interacts with type I and type III 

collagen type I and collagen type 

only one von 
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Willebrand Factor protein A3 binding site on collagen has been located, and that site is 

on collagen type III (Lisman, T., et. al., 2006).  This was done using short synthetic triple 

helical peptides; studies using full chain collagen have revealed there are multiple 

binding sites, but the exact location of these binding sites were not identified 

(Fitzsimmons, C., et. al., 1988).  A different approach for finding the position of these 

binding sites using full chain collagen and the von Willebrand Factor A3 protein, and 

employing a mass spectrometry oxidative protein footprinting technique, was 

investigated; in order to oxidize proteins, Fenton chemistry was used to form hydroxyl 

radicals.  

 

1.5  Fenton Chemistry Protein Footprinting by Mass Spectrometry  

 

        Fenton chemistry oxidation followed by mass spectrometry has been used to study 

globular proteins (Sharp, J., et. al., 2003).  Fenton chemistry could be used, as an 

oxidation method, to map the binding sites of the von Willebrand Factor A3 protein on 

full chain collagen by oxidative footprinting followed by mass spectrometry.  The 

advantage of using Fenton chemistry to generate hydroxyl radicals is that the technique is 

inexpensive, and the reagents are easily obtainable.  A disadvantage of using Fenton 

chemistry is potential peptide backbone cleavage (Heyduk, T., et. al., 2001).   

        Fenton chemistry involves the oxidation of ferrous iron (Fe 2+) and the reduction of 

hydrogen peroxide (H2O2).  The hydroxyl radicals that are produced can irreversibly 

modify the side chains of amino acids; a reaction which occurs faster than the cleavage of 

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



 

oxidized varies; and the order of reactivity is cysteine, methionine > tryptophan, tyrosine, 

phenylalanine, cystine > histidine > leucine, isoleucine

threonine, proline > glutamine, glutamic acid > aspartic acid, asparagine > alanine > 

glycine (Takamoto, K., et. al., 2006).  Oxidation usually forms an alcohol, aldehyde, or 

ketone group with a corresponding mass incr

monitored by mass spectrometry

 

                                         
            Fe2+      +      H2O2      

 
Figure 5:  Fenton Chemist
chains.  Alcohol formation increases the mass by 16 Da.  Ketone formation increases the 
mass by 14 Da.   
 

   

        Even though the oxidation of 

of the amide bonds, the reaction needs to be controlled (Heyduk, T., et. al., 2001).  The 

efficiency of an aqueous Fenton reaction depends on the Fe

(Dercova, K., et. al., 1999).  The iron is chelated to prevent nonspecific binding to 

collagen (Heyduk, E., et. al., 1994).  Ascorbate is used to reduce Fe

(Elmagirbi, A., et. al., 2012)
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oxidized varies; and the order of reactivity is cysteine, methionine > tryptophan, tyrosine, 

phenylalanine, cystine > histidine > leucine, isoleucine > arginine, lysine, valine > serine, 

threonine, proline > glutamine, glutamic acid > aspartic acid, asparagine > alanine > 

glycine (Takamoto, K., et. al., 2006).  Oxidation usually forms an alcohol, aldehyde, or 

ketone group with a corresponding mass increase of +16 or +14 Da which can then be 

monitored by mass spectrometry (Figure 5).   

                                         (ascorbate, EDTA)  

                                                  Fe3+    + -OH   + .OH                  

 

:  Fenton Chemistry Side Chain Reactions:  Oxygen is added to amino acid side 
chains.  Alcohol formation increases the mass by 16 Da.  Ketone formation increases the 

Even though the oxidation of amino acid side chains occurs faster than the cleavage 

of the amide bonds, the reaction needs to be controlled (Heyduk, T., et. al., 2001).  The 

efficiency of an aqueous Fenton reaction depends on the Fe2+: H2O2 ratio and the pH.  

99).  The iron is chelated to prevent nonspecific binding to 

collagen (Heyduk, E., et. al., 1994).  Ascorbate is used to reduce Fe3+ back to Fe

Elmagirbi, A., et. al., 2012).        

oxidized varies; and the order of reactivity is cysteine, methionine > tryptophan, tyrosine, 

> arginine, lysine, valine > serine, 

threonine, proline > glutamine, glutamic acid > aspartic acid, asparagine > alanine > 

glycine (Takamoto, K., et. al., 2006).  Oxidation usually forms an alcohol, aldehyde, or 

ease of +16 or +14 Da which can then be 

         

y Side Chain Reactions:  Oxygen is added to amino acid side 
chains.  Alcohol formation increases the mass by 16 Da.  Ketone formation increases the 

amino acid side chains occurs faster than the cleavage 

of the amide bonds, the reaction needs to be controlled (Heyduk, T., et. al., 2001).  The 

ratio and the pH.  

99).  The iron is chelated to prevent nonspecific binding to 

back to Fe2+ 
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         In this study we used Fenton chemistry to generate hydroxyl radicals for protein 

footprinting.  In a typical protein footprinting method, two potential interacting proteins 

are placed in the same tube and allowed to interact; hydroxyl radicals are then introduced 

which oxidize any amino acid residues not being protected in the binding complex.  In 

order to determine which residues are involved in the binding interaction and are not 

oxidized, the complex is first broken down into smaller pieces using an enzyme and these 

small fragments are sequenced using mass spectrometry.   

 

1.6  Mass Spectrometry Oxidative Protein Footprinting 

 

        This technique employs mass spectrometers which are instruments that measure the 

mass to charge ratio of analytes (m/z), and provide structural information.  A mass 

spectrometer consists of an ion source, a mass analyzer, and a detector.  The ion source 

generates charged species called ions.  The mass analyzer measures the (m/z) ratio of the 

ionized analytes, and the detector records the number of ions.  Matrix-assisted laser 

desorption/ionization time of flight (MALDI-TOF) and electrospray ionization (ESI) are 

two techniques used to volatize and ionize proteins and peptides.  MALDI-TOF ionizes 

analytes out of a dry crystalline matrix using laser pulses (Karas, M., et. al., 1988); 

whereas, ESI ionizes analytes out of a solution (Fenn, J., et. al., 1989). 

        Collagen is a very large protein, and needs to be broken chemically or enzymatically 

into peptides for MS/MS analysis.  The enzyme trypsin can be used to digest proteins in 

solution or from a gel (Rosenfeld, J., et. al., 1992).  Trypsin cleaves amide bonds after 

arginines (R) and lysines (K).  In MS/MS, peptide bonds are broken with a collision gas 



 

inside a mass spectrometer.  The sequence of the peptide can be determined by 

the fragmented ions m/z ratios.

m/z, and then in MS/MS, p

tryptic peptide typically breaks apart along the peptide backbone and a

the N-terminus (b-ions), and a series of ions from the C

(Figure 6).  Mass differences between ions in the b series or the y series give the residual 

mass of an amino acid, and t

 

                          

 

                             R1                  
                             │                   
                     NH2-CH-CO
 
                                          

 

Figure 6:  Peptide Fragmentation Pattern Inside A Mass Spectrometer.  Peptide backbone 
cleavage into b and y ions.  The structure of a b
(Roepstreorff, P., 1984). 
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inside a mass spectrometer.  The sequence of the peptide can be determined by 

the fragmented ions m/z ratios.  Inside a mass spectrometer, ions are selected 

n MS/MS, peptide bonds are broken using a neutral collision gas

tryptic peptide typically breaks apart along the peptide backbone and a series of ions from 

ions), and a series of ions from the C-terminus (y-ions)

).  Mass differences between ions in the b series or the y series give the residual 

and the sequence of the peptide can be determined

 

                 R2                               R3                R4               
                   │                                │                  │                                 

CO-NH-CH-CO               NH3-CH-CO-NH-CH-CO

                                          b2 ion                                          y2 ion 

:  Peptide Fragmentation Pattern Inside A Mass Spectrometer.  Peptide backbone 
cleavage into b and y ions.  The structure of a b2 ion and a y2 ion is illustrated.

 

inside a mass spectrometer.  The sequence of the peptide can be determined by measuring 

a mass spectrometer, ions are selected for by their 

collision gas.  A 

series of ions from 

) are produced 

).  Mass differences between ions in the b series or the y series give the residual 

can be determined from this mass.   

 

              
                                  

CO2H            

:  Peptide Fragmentation Pattern Inside A Mass Spectrometer.  Peptide backbone 
ion is illustrated. 
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        In mass spectrometry oxidative protein footprinting, protein interactions are 

determined via protein modification, proteolysis, and mass spectrometry analysis.  

Hydroxyl radicals oxidize exposed amino acid side chains increasing the mass by +16 or 

+14 Da.  The oxidized protein is then digested with a protease into small peptide 

fragments, separated over a HPLC column, and introduced into a mass spectrometer.          

Oxidation sites on a peptide are identified by tandem mass spectrometry (MS/MS) 

analysis.  Target amino acid sequences in a protein covered by its binding partner are 

protected from oxidation and would not be modified.  The location of a binding site 

would be elucidated by comparing the MS/MS data from the binding experiment with 

controls (Figure 7).   

 

            

 

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

 

        The von Willebrand Factor A3 domain is known to bind collagen type I and type III.  

Studies using short triple helical peptides have identified a single high affinity binding 

site on collagen type III, but no sites were identified for type I (Lisman, T., et. al., 2006).  

This approach of using short peptides is limited; binding interactions may require a more 

extensive structural arrangement, so not all binding sites would be identified.  The exact 

locations of all of the sites where the von Willebrand Factor protein binds to collagen are 

still unknown.  The aim of this research was to investigate mass spectrometry protein 

footprinting as a way to study full chain collagen interactions with the von Willebrand 

Factor A3 protein.  In order to accomplish this task, we needed to carry out the following 

original studies:  

 

• Binding of recombinant von Willebrand Factor A3 protein with collagen, and triple 

helical peptides.   

• A procedure for oxidizing a triple helix using Fenton chemistry.   

• Mass spectrometry of collagen, which is larger and more 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 Factor to collagen is the first step in blood clot 

formation, and there are still many things that are not known about this binding process.   

Early experiments involving the chemical modification of amino acids showed that 

arginine residues in collagen and the carboxyl groups in the von Willebrand Factor 

protein are involved in the binding of collagen to the von Willebrand Factor protein 

(Fitzsimmons, C., et. al., 1988).  Multimeric von Willebrand Factor protein was shown to 

specifically bind to several sites along the collagen triple helix (Fitzsimmons, C., et. al., 

1988).  Fitzsimmons demonstrated that this multimeric protein binds to cyanogen 

bromide fragments of bovine collagen type Iα1 and type IIIα1.  Two cyanogen bromide 

fragments from bovine type III collagen (peptides 4 and 5), and four cyanogen bromide 

fragments from type Iα1 bovine collagen (peptides 8, 3, 7, and 6b) were identified which 

bind to the von Willebrand Factor protein, but it was not clear where the von Willebrand 

Factor protein was binding (Fitzsimmons, C., et. al., 1988).  Cyanogen bromide cleaves 

after methionine (M) residues; the cyanogen bromide cleaved proteins, predicted from 

their molecular weights, are highlighted in Figure 8 and Figure 9.  Bovine and human 

collagen type I α1 and type III α1 protein sequences are similar; CLUSTAL W alignment 

of bovine and human collagen type I α1 and bovine and human collagen type III α1 of 

each chain revealed they are 98.3 % and 90.5 % identical (Thompson, J., et. al., 1994).  It 



 

seems likely that the von Willebrand Factor protein

multiple sites. 

 

               

 
Figure 8:  Bovine Collagen III
collagen type III sequence is from 
highlighted in aqua, and 5 
 
  

             
                        
Figure 9:  Bovine Collagen I 
collagen type I α1 sequence is from 
highlighted yellow, 3 is aqua, 7 i
red. 
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on Willebrand Factor protein would also bind to human collagen at 

ollagen III α1 Peptides that Bind to von Willebrand F
collagen type III sequence is from UniProt (Apweiler, R., et. al., 2004).  The 
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        The von Willebrand Factor domain which binds to type I and to type III collagen 

was identified as its A3 domain (Lankhof, H., et. al., 1996).  Recombinant von 

Willebrand Factor A3 domain protein was shown to have a lower affinity for collagen 

than the multimeric von Willebrand Factor protein; the Kd was 1.8 uM instead of being 

around 2 nM (Van der Plas, R., et. al., 2000 and Cruz, M., et. al., 1995).      

        X-ray crystallography studies predicted that this von Willebrand Factor A3 domain 

collagen binding site is small, containing only a few amino acid residues, and a limited 

sequence pattern (Huizinga, E., et. al., 1997).  The predicted number of residues involved 

in binding is around eight (Romijn, R., et. al., 2003).  Since collagen type I and type III 

contain over 1,000 amino acid residues, this would allow the von Willebrand Factor A3 

domain to interact with collagen at several locations along the triple helix as was 

observed by Fitzsimmons (Figure 8 and 9).  A model of the von Willebrand Factor A3 

domain binding to a short segment of collagen, approximately one-tenth the size of native 

collagen type I is depicted in Figure 10.  

 

   
 

Figure 10:  von Willebrand Factor A3 Domain on Collagen.  The model was generated 
using the molecular graphics program MOLMOL (Koradi, R., et. al., 1996) with the 
coordinates for the crystal structures from PDB files 1ATZ (Huizinga, E., et. al., 1997) 
and 1K6F (Berisio, R., et. al., 2002). 
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        Recent studies using a cross-saturation technique have revealed that the front face of 

the von Willebrand Factor A3 domain is where collagen binds (Nishida, N., et. al., 2003).  

Mutant von Willebrand Factor A3 studies and computer docking work revealed the 

binding surface displays a shallow groove, negatively charged residues, and a 

hydrophobic patch; an electrostatic interaction with a positively charged residue on 

collagen has been predicted, as well as a hydrophobic interaction (Romijn, R., et. al., 

2001 and Romijn, and R., et. al., 2003). 

        Studies using synthetic triple helical peptides have identified only one binding site 

on collagen III; this site consists of nine amino acids, and contains a hydroxyproline 

which was considered important (Lisman, T., et. al., 2006).  The type III collagen binding 

site sequence is Arg-Gly-Gln-Hyp-Gly-Val-Meth-Gly-Phe.  From these studies, the 

amino acid residues Arg, Hyp, Val and Phe were considered invariable; whereas, Gln and 

Met were not (Lisman, T., et. al., 2006).  This collagen binding sequence in type III 

collagen is identical in humans and in cows; the last two amino acid residues Gly-Phe are 

the first two in bovine type III cyanogen bromide fragment 4 in Figure 8.  No sites were 

identified for type I collagen.                         

        The study by Lisman et. al., utilizes synthetic homotrimer peptides; the peptide 

length is limited to only twelve amino acid residues that are surrounded by Gly-Pro-Pro 

sequences needed for triple helical formation.  Full chain collagen is long, over 1,000 

amino acids, so synthetic peptides may not represent all of the attributes of a collagen 

molecule, which may be one reason why no other binding sites in human collagen type 

III have been identified, and none for collagen type I.  More than one binding site is 

expected, since two cyanogen bromide fragments from type III collagen, and four from 
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type I collagen were implicated in binding (Fitzsimmons, C., et. al., 1988).  The von 

Willebrand Factor A3 domain binds to other sites on collagen type III and type I, and 

these sites have not been identified.  The binding interactions of the von Willebrand 

Factor A3 domain with full chain collagen are still poorly understood; exactly how many 

collagen binding sites there are, their affinities, and their locations have not been 

determined.  Understanding the details of this interaction is important for the successful 

designing of drugs to treat von Willebrand disease, a bleeding disorder.  In order to 

determine the location of any binding sites, the von Willebrand Factor A3 protein was 

purified for use in binding and oxidative footprinting experiments.  The binding of full 

chain collagen was studied with a recombinant von Willebrand Factor A3 protein.  In this 

chapter, the purification and characterization of the von Willebrand Factor A3 domain 

protein will be presented first.  In the second part, the binding study will be presented. 

 

2.2  Materials and Methods 

 

2.2.1  Materials:  Molecular weight markers, Tris-HCl, sodium chloride, sodium 

hydroxide, sodium phosphate monobasic, sodium phosphate dibasic, acetic acid, urea, 

lysozyme, bovine serum albumin (BSA), cytochrome C, rat collagen type I, human 

collagen type III, and human collagen type I were purchased from Sigma.  The peptides 

(Pro-Pro-Gly)10 and (Pro-Hyp-Gly)10 were from Peptides International.  Thermo 

Scientific Precise gels, Talon resin, imidazole, trifluoroacetic acid, and acetonitrile were 

purchased from Fisher Scientific.  
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2.2.2  Peptide P23:  Peptide P23 was synthesized at The Rockefeller University 

Proteomics Center by Dr. Nagarajan Chandramouli.  Lisman showed this peptide binds to 

von Willebrand Factor.  P23 sequence:  Acetyl-Gly-Pro-Hyp-Gly-Pro-Arg-Gly-Gln-Hyp-

Gly-Val-Met-Gly-Phe-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-NH2.    

 

2.2.3  Expression and Protein Purification of von Willebrand Factor A3:  The 

bacteria pET 20b (+) plasmid containing the human von Willebrand Factor A3 insert with 

a C-terminal His-tag was a kind gift from Dr. Chang Geng Ruan (Suzhou Medical 

College, Suzhou, China).  The plasmid DNA was inserted into DH1 cells, purified with 

Promega’s Wizard Plus SV DNA Mini Prep Purification System, and used to transform 

Stratagene’s E. coli BL21 (DE3) pLysS competent cells for protein expression, according 

to the manufacturer’s protocol. 

        Three microliters of E. coli BL21 (DE3) pLysS cells containing pET 20b (+) 

plasmid with the gene for human von Willebrand Factor A3 protein was streaked onto a 

Luria-Bertani amp+ plate and grown overnight in an incubator set at 37 °C.  For 

purification, a single bacterial colony was removed, placed in ten milliliters of Luria-

Bertani amp+ media, and grown overnight at 37 °C with shaking.  The cells were 

transferred into one liter of Luria-Bertani amp+ media; the transformed cells were grown 

at 37 °C with shaking.  At an OD600 of 0.5, a sample of the bacteria was removed for gel 

analysis, and the rest of the one liter transformed cells were induced with 1mM 

isopropyl-B-D-thiogalactopyranoside overnight.  Since the expressed protein is produced 

and retained inside the bacterial cells, the Escherichia coli cells were harvested by 

centrifugation for twenty minutes at 10,000 rpm at 4 °C.  The cell pellet containing the 
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von Willebrand Factor A3 protein was resuspended in twenty five milliliters of 50 mM 

phosphate buffered saline containing 1mM phenylmethylsulfonyl fluoride which is a 

serine protease and prevents protein degradation.  A 100 ul sample of the induced 

bacteria was removed for gel analysis.  The E. coli cells were broken open using one 

milliliter of lysozyme (20mg/mL), freeze thawed three times, and sonicated four times in 

order to release the protein.  This was done by placing the sample into liquid nitrogen for 

twenty minutes and then defrosting it in a water bath at 37 °C.  The sample was sonicated 

on ice for thirty seconds; the sonicator machine output was set at three, and the duty cycle 

was set at fifty percent.    

        The solution was centrifuged, to clear out any debris and aggregated protein.  In 

order to determine where the von Willebrand Factor A3 protein was and if it had 

aggregated and formed inclusion bodies which would be insoluble and reside with the 

cell debris, samples were taken from the supernatant and the pellet.  For gel analysis, 

forty microliters from the supernatant was removed, and a little bit of the pellet was 

solubilized in 100 ul of sample loading buffer.  The von Willebrand Factor A3 protein 

was found mainly in the cell pellet as an inclusion body so the cell pellet was solubilized 

overnight in twenty five milliliters of 50 mM phosphate buffered saline containing 8M 

urea. 

        The expressed von Willebrand Factor A3 protein contains a C-terminal His-tag.  

There is a series of histidine amino acids which allow a recombinant protein to be 

purified with an affinity resin which will selectively bind to histidine.  The solubilized 

von Willebrand Factor A3 protein was affinity purified with Clontec Talon® Metal 

Affinity resin, which selectively binds to His-tagged proteins.  Imidazole was used to 
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release His-tagged proteins from the talon resin, since it competes with histidine for 

binding to the resin.  The solubilized von Willebrand Factor A3 protein was incubated 

with 1 ml of talon resin for half an hour, the talon resin was washed three times with ten 

milliliters of 50 mM phosphate buffer saline, and the recombinant protein was eluted in 

ten milliliters of 50 mM phosphate buffer saline with 300 mM imidazole following the 

manufacturer’s instructions.  Forty microliters were saved for gel analysis.  Samples were 

mixed with loading buffer, the 5X SDS sample loading buffer contained 60 mM Tris-HCl 

pH 6.8, 25 % glycerol, 2 % sodium dodecyl sulfate, 350 mM dithiothreitol, and 0.1 % 

bromophenol blue, and were run on a SDS-PAGE gel under reducing conditions, and 

stained with coomassie blue G-250.      

        The recovered protein was refolded by dialysis in one liter of 6M urea which was 

diluted overtime with 50 mM phosphate buffer saline to a final volume of three liters.  

The sample was further dialyzed three times in one liter of 50 mM phosphate buffer 

saline.  The concentration of the von Willebrand Factor A3 protein was determined to be 

1 mg/mL at a UV absorbance of 280 nm, and an extinction coefficient of 0.5 cm
_1 

(mg/mL)
_1, 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-collagen I α1 fragment fusion protein (877) was 

created in the Xu lab by modifying the (Gly-Pro-Pro)10-foldon insert of Dr. Jurgen 

Engle’s lab (Xu, K., et. al., 2008).  Escherichia coli containing the 877 pET 32a (+) 

plasmid were induced overnight with 1mM isopropyl-B-D-thiogalactopyranoside.  The 

His-tagged fusion protein was purified from the cell extract using Clontec Talon® Metal 
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Affinity resin, and eluted with imidazole; the 877 fusion protein was cleaved using 

Thrombin CleanCleave® 
kit (Sigma) according to the manufacturer.  The 877 protein was 

purified over a C8 column with a gradient of 0.1 % trifluoroacetic acid and 100 % 

acetronitrile on a Beckman HPLC, and then lyophilized.   

 

2.2.5  Circular Dichroism:  The secondary structure of proteins and peptides were 

determined by CD measurements using an AVIV 200 CD spectrometer with a 1mm 

optical path length, a 1nm bandwidth, a Peltier thermal controller, and a wavelength 

between 190 nm-260 nm.  Measurements were performed with 200 ul of 50 mM 

phosphate buffer saline, and then using the same cuvette, with 200 ul of 0.2 mg/mL von 

Willebrand Factor A3 protein in 50 mM phosphate buffer saline 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 one to one mole ratio with the final 

concentration of each protein being 3 uM, except for cytochrome C which was 12 uM.  

An excess of cytochrome C was used in a mole ratio of one to four.  Twenty six 

micrograms of the von Willebrand Factor A3 protein (26 kDa) was used in each 

experiment in a total reaction volume of 300 ul in 50 mM phosphate buffer saline pH 7.0.  

The eppendorf containing the von Willebrand Factor A3 protein and the potential binding 

partner was placed on a rotator at 4 °C, for forty five minutes.  Each sample was then 

transferred into a different 0.5 ml eppendorf tubes containing 50 uL of Clontec Talon® 

Metal Affinity resin, and placed for one hour at 4 °C on a rotator.  The supernatant 
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containing any nonbinding substances was removed, and the talon resin was washed 

several times with 50 mM phosphate buffer saline.  The von Willebrand Factor A3 

protein along with any protein interacting with it was eluted from the resin with 50 ul of 

300 mM imidazole according to the manufacturer.  All pull down assay experiments were 

repeated three times.  Protein samples were analyzed by SDS-PAGE followed by 

coomassie blue staining.  Ten microliters of the collagen elution, and twenty microliters 

of bovine serum albumin, cytochrome C, and the 877 peptide were loaded onto the gel.  

Bovine serum albumin, the von Willebrand Factor A3 protein, the 877 protein, and the 

peptide samples were chromatographed over a C18 column on a Beckman HPLC using a 

gradient of 0.1 % trifluoroacetic acid and 100 % acetonitrile.  Fifty microliters of the 

imidazole elution samples were also chromatographed. 

 

2.3  Results  

  

2.3.1  The von Willebrand Factor A3 Protein is Purified as An Inclusion Body:                   

         

        The von Willebrand Factor A3 protein was expressed as a recombinant His-tagged 

protein.  It was purified as an inclusion body (Figure 11).  pLysS A3 cells do not express 

the von Willebrand Factor A3 protein, after they are induced overnight with isopropyl-B-

D-thiogalactopyranoside, the Escherichia coli cells express the foreign gene, and produce 

the recombinant protein (Figure 11A).  The von Willebrand Factor A3 protein was 

overexpressed in E. coli and formed inclusion bodies, the protein was found mainly in the 

pellet and not in the supernatant (Figure 11B).  The recombinant His-tagged protein was 



 

purified from the pellet with an

purified von Willebrand A3 protein runs at a molecular weight of around 29 kDa (Figure 

11C).  
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with an affinity resin.  On a SDS-PAGE gel the talon resin 

A3 protein runs at a molecular weight of around 29 kDa (Figure 

                                                          

                             1     2     3                              1 

and Purification of von Willebrand Factor A3.  A.  
marker.  Lane 2.  A3 pLysS cells before induction.  Lane 3.  Induced A3 pLysS cells. 
Lane 1.  Sigma marker.  Lane 2.  Lysed induced A3 pLysS cell pellet.  Lane 3.  
nduced A3 pLysS cell supernatant.  C.  Lane 1.  Talon resin purified vWF 
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2.3.2  CD Spectrum of the von Willebrand Factor A3 Protein:  The purified 

recombinant vWF A3 protein folded into the expected conformation.  The secondary 

structure for the von Willebrand A3 protein was determined by circular dichroism 

measurements using CDNN2.1 spectra deconvolution software.  The helical content of 

the von Willebrand Factor A3 protein was found to be 32.3 % and the beta content was 

17.4 %.  This is close to the predicted helical content of the von Willebrand Factor A3 

domain of 35.6 % and beta content of 20.8 % (Huizinga, E., et. al., 1997).  Delta Epsilon, 

also known as molar circular dichroism, was used to measure circular dichroism, and is 

defined as ∆ε = εL – εR where εL is the extinction coefficient of left circularly polarized 

light, and εR is the right (Figure 12). 

 

      

Figure 12:  CD Spectrum of von Willebrand Factor A3.  Circular dichroism 
measurements of the recombinant von Willebrand A3 protein were recorded using Delta 
Epsilon at a wavelength between 190 nm-260 nm for 0.2 mg/ml von Willebrand Factor 
A3 protein in 50 mM phosphate buffer saline pH 7.0 equilibrated for five minutes at 4 
°C. 
 
  
2.3.3  SDS-PAGE of Pull Down Assay.  The binding of type I and type III collagen, and 
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Factor A3 protein (Figure 14)
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After incubation with the von Willebrand Factor A3 protein and each of its binding 

affinity resin, the resin was thoroughly washed to remove any 

specific bound protein (Figure 13, Lane 2 of A, B and C) and then eluted with 300 

mM imidazole.  The fact that the three proteins are all visible in the elution samples 

indicate they bind specifically to the von Willebrand A3 protein, and thus coeluted with 

tagged von Willebrand A3 protein (Figure 13).  On the contrary, when the same 

experiment is carried out with the control proteins bovine serum albumin and cytochrome 

C, the proteins were present only in the non-binding fraction, and are not visible in the 

imidazole eluent sample; even when the concentration of cytochrome C is increased 

dramatically, still no cytochrome C could be seen to coelute with the von Willebrand 

Factor A3 protein (Figure 14). 
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This pull down assay demonstrates that type I and type III collagen bind to the von 

Willebrand Factor A3 protein as expected.  Surprisingly, 877 was also found to bind to 

the von Willebrand A3 protein.  The 877 peptide is a triple helical protein containing 

sixty three amino acid residues, 877-939, from the human collagen type I alpha 1 chain.  
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2.3.4  High Performance Liquid Chromatography of Pull Down Assay:  The von 

Willebrand Factor A3 binding interactions with triple helical peptides were investigated 

using the same pull down assay, but the imidazole eluents were analyzed by high 

performance liquid chromatography, using a C18 column, because the peptides do not 

stain well with commassie blue and are small.  For the following experiments, the species 

in the imidazole eluent were identified based on their retention time on the 

chromatogram.  The retention time of each species was determined using a pure sample 

on the column and using the same solvent gradient.  The results of binding of the von 

Willebrand Factor A3 protein to bovine serum albumin and 877 are shown in Figure 15.  

The retention time of pure bovine serum albumin, 877, and the von Willebrand Factor A3 

protein were found to be 62.5 minutes, 60 minutes, and 72 minutes respectively (Figure 

15 B, E, A and D).  In the bovine serum albumin and the von Willebrand Factor A3 

binding experiment only the von Willebrand Factor A3 peak was observed in the 

imidazole eluent (Figure 15C).  In the binding with 877, peaks for 877 and the von 

Willebrand Factor A3 protein were observed in the eluent, indicating 877 is coeluted with 

the von Willebrand Factor A3 protein.  As expected bovine serum albumin did not 

coelute with von Willebrand Factor A3, and the triple helical protein 877 coeluted with 

the von Willebrand Factor A3 protein (Figure 15).  The imidazole eluent containing the 

resin purified von Willebrand Factor A3 protein contains only the von Willebrand Factor 

A3 protein as shown by the labeled sole peak in Figure 15C.  Since no bovine serum 

albumin was found in the von Willebrand Factor A3 protein imidazole eluent sample; it 

does not bind to the von Willebrand Factor A3 protein (Figure 15C).  On the contrary, the 



 

peaks of the von Willebrand Factor A3 protein and the 877 protein are apparent in Figure 

15F, and so 877 interacts with the von Willebrand Factor A3 protein.
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peaks of the von Willebrand Factor A3 protein and the 877 protein are apparent in Figure 

15F, and so 877 interacts with the von Willebrand Factor A3 protein.    

own Assay of vWF A3 with BSA (Upper panels) and of vWF 
ower panels).  The upper panels are the chromatograms of pure von 

Willebrand Factor A3 protein (A), pure bovine serum albumin (B), and the imidazole 
eluent (C).  Lower panels are the chromatograms of pure von Willebrand Fac
protein (D), pure 877 protein (E), and imidazole eluent (F).  The arrows in C and F mark 
the retention time of each species.  Sample detection was at an absorbance of 214 nm 

trifluoroacetic acid and 100 % acetonitrile. 

When individually chromatographed, the pure peptides had different retention times.   

P23 had a retention time of 42.5 minutes, (Pro-Hyp-Gly)10 had a retention time of 36.5 
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Factor A3 protein from the affinity resin.  The peptide (Pro-Hyp-Gly)10 appears to have 

aggregates as shown in Figure 16B.  The additional small peaks in P23 and 

could be due to the equilibrium transition between monomer and trimer states

on Willebrand Factor A3 Peptide Pull Down Assay:  
of the pure P23 peptide, pure (Pro-Hyp-Gly)10 peptide
respectively.  D, E and F are the chromatograms 

elution from each respective experiment. Sample detection was at an absorbance of 214 
nm with a gradient of 0.1 % trifluoroacetic acid and 100 % acetonitrile. 

ro-Gly)10, and (Pro-Hyp-Gly)10 peptides are also 

actor A3 is purified from the talon resin; von Willebrand Factor has 

72 min, and is eluted from column after seventy two minutes.
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protein.  The peaks of P23, (Pro-Pro-Gly)10, and (Pro-Hyp-Gly)10 are clearly visible on 

the chromatograms of the coeluent in Figure 16 D-F.  Even though their binding affinities 

cannot be determined from these pull down experiments, (Pro-Pro-Gly)10, and (Pro-Hyp-

Gly)10 seem to interact with von Willebrand Factor A3 at a similar level as the high 

affinity P23 peptide.   

 

2.4.  Discussion and Conclusion 

 

        The von Willebrand Factor A3 protein was purified, and circular dichroism 

confirmed the structure.  Binding studies were performed in order to see if the 

recombinant von Willebrand A3 protein binds to collagen type I and type III, and to the 

P23 peptide.  The purified von Willebrand Factor A3 protein binds to collagen type I and 

type III, collagen I α1 877 protein, P23 peptide, (Pro-Pro-Gly)10 and (Pro-Hyp-Gly)10.  As 

expected, it did not bind to cytochrome C or to bovine serum albumin. 

        Binding was detected by a pull down assay, so no affinity data was collected.  

Studies using short peptides have not identified any high affinity binding sites for 

collagen type I, but our studies show von Willebrand Factor A3 binds to type I collagen 

in a manner similar to type III.  We cannot ascertain the affinity, but recognized there is 

an association.  

        In short peptide investigations, the hydroxyproline was considered important for 

binding, but in our case on two occasions a triple helix without any hydroxyprolines 

appears to have an affinity for von Willebrand Factor A3 protein.  They are the 877 

protein type I alpha 1collagen fragment and the (Pro-Pro-Gly)10 peptide.   
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        The 877 protein contains a segment of human collagen type I alpha 1chain, 

specifically it contains the sequence of amino acid residues 877-939, and it is expressed 

in E. coli without hydroxylation.  This sequence of amino acids is almost identical to the 

bovine collagen I α1 sequence.  With the exception of not having any hydroxyprolines, 

there is only one other amino acid difference.  At position 900 there is a valine in 877 

instead of an isoleucine as in the bovine collagen I α1 chain.  This 877 protein is included 

in the cyanogen bromide fragment 6b shown by Fitzsimmons’s study to bind to the von 

Willebrand Factor protein.   

        The von Willebrand Factor A3 protein also binds to (Pro-Pro-Gly)10.  This peptide 

sequence is not a naturally occurring sequence in collagen.  Collagen contains a greater 

variety of amino acids.  This peptide however forms the same backbone configuration as 

collagen, and is often used as a model for the triple helix (Figure 1).  Since the von 

Willebrand Factor A3 protein binds (Pro-Pro-Gly)10, a peptide which doesn’t contain 

hydroxyprolines but has a similar structure as collagen, it would appear that the von 

Willebrand Factor A3 protein has an affinity to triple helical peptides. 

         The fact that the von Willebrand Factor A3 protein binds to both 877 and to (Pro-

Pro-Gly)10 peptide indicates that the von Willebrand Factor A3 recognizes the triple 

helical configurations.  This binding may be weak and unspecific.  Certain charged 

residues in a collagen sequence could correlate with a tighter binding. 

        Research using short peptides have identified only one high affinity binding site on 

collagen type III; collagen III most likely has other binding sites.  It is still not known 

exactly where the von Willebrand Factor binds to type I collagen, and at how many sites.  

Clearly, the binding to von Willebrand Factor A3 protein is not only limited to the one 
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binding site identified by Lisman’s peptide study.  Additionally the binding may be less 

specific.  Some regions may require specific residues, but the triple helix appears to be a 

prerequisite.  In order to explore the interaction of the von Willebrand Factor A3 domain 

with full chain collagen by a Fenton footprinting technique, 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 ago to investigate DNA-protein interactions; 

this was termed hydroxyl radical footprinting (Tullius, T., et. al., 1986).  Hydroxyl 

radicals generated in the Fenton reaction nonspecifically cleaved the backbone of the 

DNA in a DNA-protein complex that was not being protected by the binding partner 

protein, thereby, providing information on the location of the binding interaction (Tullius, 

T., et. al., 1986).  This same approach was also used to study protein-ligand interactions; 

the peptide backbone of unprotected amino acid sequences was cleaved (Loizos, N., 

2004). 

        Alternatively, hydroxyl radicals can be used to covalently modify the side chains of 

exposed amino acid residues in a protein (Guan, J., et. al., 2005).  Amino acid 

modification happens before the cleavage of the amide bonds as long as the concentration 

of hydroxyl radicals is not too high (Heyduk, T., et. al., 2001).  The oxidation of amino 

acid side chains usually forms alcohols, aldehydes, or ketone groups.  These 

modifications can be observed by mass spectrometry because there is a change in the 

mass of the oxidized amino acid.  Alcohol formation increases the mass of the amino acid 

residue by +16 Da; whereas, with an aldehyde or ketone formation, the increase would be 

+14 Da.  These protein chemical modifications can be used to study protein-protein 
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interactions (Guan, J., et. al., 2005, and Sharp, J., et. al., 2003).  Oxidative Fenton 

footprinting was explored for use in studying collagen binding reactions.   

        In the literature, different conditions were reported for oxidizing peptides, and 

proteins.  In certain cases, the peptide backbone was shown to break after several minutes 

(Heyduk, T., et. al., 2001).  Reliable means of monitoring the Fenton reaction were 

looked at, before investigating its effects on peptides and proteins.  Two different 

methods were used: a methylene blue dye test and a benzoic acid hydroxylation test 

(Satoh, A., et. al., 2007).  In a methylene blue dye test, the formation of hydroxyl radicals 

is visualized; hydroxyl radicals will cause the blue dye to change its color.  The benzoic 

acid test monitors hydroxyl radical formation indirectly by detecting hydroxylated 

benzoic acid at its absorbance wavelength of 517 nm (Satoh, A., et al., 2007).  

        Certain amino acids are known to be more easily oxidized than others; hydroxyl 

radicals readily oxidize tryptophan, methionine, phenylalanine, tyrosine, cysteine, and 

cystine (Takamoto, K., et. al., 2006).  Collagens usually do not contain tryptophan, 

cysteine and cystine residues, but it often contains methionine and phenylalanine, and in 

a few cases tyrosine.  The two major amino acid residues in collagen are glycine and 

proline.  Glycines do not oxidize very well, but this is not a concern because in collagen 

the glycines are located in the center of the triple helix, and are not accessible.  Proline 

residues oxidize well, and in collagen these residues are readily available, and are located 

on the surface of the molecule.  Hydroxyproline residues were not characterized, and how 

well hydroxyproline residues are oxidized is unclear.   

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

bradykinin and (Pro-Pro-Gly)10 were used.  Bradykinin contains two phenylalanines 
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which are easily oxidized, and three prolines.  (Pro-Pro-Gly)10 is a collagen like peptide 

which can form a triple helix.  Once conditions for oxidizing a triple helical peptide are 

established, the von Willebrand Factor A3 binding sites on collagen could then be 

identified by a mass spectrometry oxidative protein footprinting technique.  

 

3.2  Materials and Methods 

 

3.2.1  Materials:  Tris-HCl, sodium hydroxide, sodium chloride, sodium phosphate 

dibasic, sodium phosphate monobasic, acetic acid, ethylenediaminetetraacetic acid,  

sodium ascorbate, 30 % hydrogen peroxide, methylene blue hydrate, α-cyano-4-

hydroxycinnamic acid (α-CHCA), ammonium ferrous sulfate, benzoic acid, the peptide 

bradykinin, and milli Q water were purchased from Sigma.  The peptide (Gly-Pro-Pro)10 

was purchased from Peptides International.  Whatman filter paper, hydrochloric acid, 

methanol, Millipore C18 ZipTips, trifluoroacetic acid, acetonitrile, Sequazyme Peptide 

Mass Standards, and a Maldi plate were purchased from Fisher Scientific.  Deionized 

water (18MΩ) was prepared with a Milli-Q water purification system (Millipore).   

 

3.2.2  Methylene Blue Dye Test:  The test was done according to Satoh’s procedure 

(Satoh, A., et. al., 2007).  Briefly, whatman filter paper was cut into strips, and a line was 

drawn with a permanent marker.  A paper strip was dipped ten times into a 1 mM 

methylene blue dye 10 % methanol solution, and allowed to dry overnight in the dark.  

The Fenton reaction was started by mixing ammonium ferrous sulfate and hydrogen 

peroxide to the final concentration of, respectively, 0.6 mM and 0.3 %.  At 0.5 minutes 
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and at 2.5 minutes, forty microliters of the reaction sample was directly spotted onto the 

dyed papers.  The bleaching of the paper is an indication that hydroxyl radicals have 

formed.  This test was repeated three times with similar results. 

 

3.2.3  Chemical Oxidation of Benzoic Acid:  Benzoic acid was oxidized under different 

Fenton chemistry conditions, and in each case the solutions were added to a crushed dry 

benzoic acid powder.  The generation of hydroxyl radicals was monitored by the 

formation of hydroxylated benzoic acid which is detected at 517 nm (Satoh, A., et. al., 

2007). 

        Reactions were done using 9 mM benzoic acid in 0.6 mM ammonium ferrous 

sulfate, and 3 % hydrogen peroxide at 4  °C.  When employing Fenton chemistry as a 

means to oxidize proteins, it is considered important to add ethylenediaminetetraacetic 

acid, and sodium ascorbate.  Ethylenediaminetetraacetic acid is used to chelate the iron, 

and the sodium ascorbate recycles the oxidized iron (Heyduk, E., et. al., 1994).  For this 

reason, reactions were done using 9 mM benzoic acid in 0.6 mM ammonium ferrous 

sulfate, 0.6 mM ethylenediaminetetraacetic acid, and 3 % hydrogen peroxide at 4 °C.  

Reactions were also done using 9 mM benzoic acid in 0.6 mM ethylenediaminetetraacetic 

acid, 0.6 mM ammonium ferrous sulfate, 0.6 mM sodium ascorbate, and 3 % hydrogen 

peroxide at 4 °C.  All reactions were quenched with an equal volume of 2M Tris-HCl 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 solution of bradykinin was used for each 
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oxidation reaction.  Reactions were done using 0.25 mM bradykinin in 0.5 mM sodium 

ascorbate, 0.5 mM ethylenediaminetetraacetic acid, 0.5 mM ammonium ferrous sulfate, 

0.5 mM sodium ascorbate, and 0.5 mM hydrogen peroxide at 4 °C.  Reactions were 

quenched with an equal volume of 2M Tris-HCl pH 5.0.  The reaction was repeated three 

times with similar results.  Reactions containing 1mM and 10 mM hydrogen peroxide 

were tested as well as reactions containing all the solutions except bradykinin at those 

two higher concentrations.  The sequence of bradykinin is Arg-Pro-Pro-Gly-Phe-Ser-Pro-

Phe-Arg. 

 

3.2.5  Chemical Oxidation of (Pro-Pro-Gly)10:  Three stock solutions were prepared. 

Stock 1 contained 5 mM sodium ascorbate, 50 mM sodium phosphate buffer pH 6.5.  

Stock 2 contained 5 mM ammonium ferrous sulfate, 5 mM ethylenediaminetetraacetic 

acid, 50 mM sodium phosphate buffer pH 6.5.  Stock 3 contained 88 mM hydrogen 

peroxide.  The lyophilized peptide was dissolved in 50 mM phosphate buffer pH 6.5 to a 

concentration of 2.25 mg/mL and stored at 4 °C for at least two days.  Stock solution 1, 2 

and then 3 were added to the (Pro-Pro-Gly)10 peptide.  The reaction was carried out in a 

200 uL solution of 0.2mM (Pro-Pro-Gly)10 in 50 mM sodium phosphate buffer pH 6.5, 

0.5 mM sodium ascorbate, ammonium ferrous sulfate, ethylenediaminetetraacetic acid, 

and hydrogen peroxide at 4 °C and at 37 °C.  Reactions were also done using 20 mM 

hydrogen peroxide.  An equal volume of 2M Tris-HCl pH 5.0 was used to quench the 

reaction.  The reaction was carried out three times.  

 

3.2.6  MALDI-TOF MS Analysis:  The α-cyano-4-hydroxycinnamic acid matrix 
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(α-CHCA) was used to crystallize samples for MALDI-TOF MS analysis.  A saturated 

solution of α-CHCA matrix was prepared in 50 % acetonitrile, and 0.1 % trifluoroacetic 

acid.  Sequazyme Peptide Mass Standards were prepared according to the manufacturer.  

Samples were taken from oxidation reactions at several time points before they were 

quenched, and they were directly spotted onto a MALDI plate and crystallized.  

Quenched oxidized peptide samples were zip tipped according to the manufacturer, and 

spotted 1:1 with α-CHCA matrix onto a sample plate, and allowed to dry.  

        Zip tips are tips that contain a small amount of column material, and are used to 

clean up samples.  The zip tip column is prepared by first wetting the column with 100 % 

acetonitrile, and then equilibrating the column with 0.1 % trifluoroacetic acid.  The 

sample is bound to the column by pipetting the zip tip up and down in the sample 

solution.  Once the sample is bound to the column , it is cleaned up by washing it many 

times with 0.1 % trifluoroacetic acid.  The peptide sample is then eluted with 0.1 % 

triflouroacetic acid and 50 % acetonitrile. 

        A Voyager-DE STR mass spectrometer (PE Biosystems, Foster City, CA) was used 

to acquire spectra in reflectron, positive ion, delayed extraction mode at The Rockefeller 

University Proteomic Center.  This instrument is equipped with a pulse nitrogen laser (λ 

=337 nm).  The mass spectrometer was calibrated using Sequazyme Peptide Mass 

Standard STD2, and the calibration file was saved, and used to externally calibrate each 

sample.  The accelerating voltage was set at 20,000 V, the grid voltage at 66 %, the low 

mass gate at 300 Da, and spectra from 100 individual laser shots were averaged.   
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3.2.7  ESI MS Analysis:  Oxidized peptide samples were zip tipped using C18 zip tips 

according to the manufacturer’s protocol, and submitted to Hunter Mass-spec facility for 

mass spectrometry analysis.  ESI data was used to determine the percentage of oxidized 

and unoxidized peptide for each Fenton reaction.  The percent of unoxidized peptide at 0, 

2.5, 5, and 30 minute time points was estimated from its integrated peak area, divided by  

all the integrated peak areas present.  The percentage of oxidized peptide at 0, 2.5, 5, and 

30 minute time points was calculated by summing up all of the observed oxidized 

integrated peak areas, and dividing it by the sum total 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 (Satoh, A., et. al., 2007).  In this test the 

Fenton reaction was initiated by adding hydrogen peroxide to iron to form a 0.6 mM 

ammonium ferrous sulfate and 0.3 % hydrogen peroxide solution, and after different 

durations of time, samples were spotted onto a strip of dyed paper.  For the time points 

0.5 minutes and 2.5 minutes, the blue dye was observed to be bleached white, indicating 

the presence of hydroxyl radicals (Figure 17D-E).  This showed us that hydroxyl radicals 

are forming quickly using millimolar concentrations of ferrous ammonium sulfate.          

When concentrated Tris-HCl was added to the solution to a final concentration of 1M 

Tris-HCl the reaction is quenched, and the solution can no longer bleach the dye (Figure 

17F).  As expected, there was no bleaching observed in the hydrogen peroxide and water 

controls (Figure 17 A-C).  It is apparent from the methylene blue dye test, that hydroxyl 



 

radical formation occurs within thirty seconds, and this reaction can be stopped with a 

high concentration of Tris

  

 

             
 
Figure 17:  Methylene Blue 
D.  0.5 min. of 0.6 mM ammonium ferrous sulfate
min. of 0.6 mM ammonium ferrous sulfate
ammonium ferrous sulfate
HCl pH 5.0.  
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radical formation occurs within thirty seconds, and this reaction can be stopped with a 

high concentration of Tris-HCl pH 5.0.   

lue Dye Test.  A.  No sample.  B.  Hydrogen peroxide.
ammonium ferrous sulfate, and 0.3 % hydrogen peroxide

ammonium ferrous sulfate and 0.3 % hydrogen peroxide
ammonium ferrous sulfate, 0.3 % hydrogen peroxide and then quenched with

The formation of hydroxyl radicals was also monitored by the hydroxylation of

benzoic acid (BA).  The hydroxylated benzoic acids have a detected absorbance 

Fenton chemistry was carried out under different conditions.  Hydroxyl radicals 

only 0.6 mM ammonium ferrous sulfate, and 0.3 %

When ethylenediaminetetraacetic acid was added to the standard 

observed to slow the rate of hydroxyl radical formation

sodium ascorbate was shown to further reduce this rate (Figure 1

thylenediaminetetraacetic acid and sodium ascorbate appears to have lowered the 

amount of hydroxyl radicals being formed, thereby providing a very mild oxidation 

for peptides.  Ascorbate was expected to facilitate the reaction because 

B                C               D             E                F 

radical formation occurs within thirty seconds, and this reaction can be stopped with a 
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Figure 18:  Detection of Hydroxylated Benzoic Acid.  A.  0.6 mM ammonium ferrous 
sulfate and 0.3 % hydrogen peroxide.  B.   with the addition of 0.6 mM 
ethylenediaminetetraacetic acid.  C.  with the addition of 0.6 mM 
ethylenediaminetetraacetic acid, and 0.6 mM sodium ascorbate.  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 and (Gly-Pro-Pro)10.  The oxidation of 

bradykinin monitored by MALDI-TOF MS showed that bradykinin is easily oxidized 

(Figure 19).  The best condition for oxidizing bradykinin was found to be 0.25 mM 

bradykinin in 0.5 mM ethylenediaminetetraacetic acid, 0.5 mM sodium ascorbate, 0.5 

mM ammonium ferrous sulfate, and 0.5 mM hydrogen peroxide.  Bradykinin was 

observed at an m/z of 1060+1 (Figure 19A-B).  After Fenton oxidation, several amino acid 

residues were oxidized.  A significant extent of oxidation of bradykinin was observed, up 

to six oxygens were added (Figure 19B).  Not all of the bradykinin peptide was oxidized, 

as seen in Figure 19B peak labeled BK.      

A 
 
 
 
 
 
 
B 
 
C 



 

 
 
Figure 19: MALDI-TOF MS 
B.  Bradykinin oxidized in
ethylenediaminetetraacetic
Voyager-DE STR mass spectrometer using 
 
 
 
        Similar oxidation conditions were used to oxidize 

Pro)10, but only limited oxidation was found (Figure 20B).  In the MALDI spectra, (

Pro-Pro)10 was seen at an m/z of 2530

were found associated with the  

1050 1078
0

10

20

30

40

50

60

70

80

90

100

%
 In

te
n

s
it

y

1060.4237
Bradykinin (BK)

BK BK + 

46 

TOF MS Spectra of the Oxidation of Bradykinin.  A.  B
oxidized in 0.5 mM ammonium ferrous sulfate, sodium ascorbate,

ethylenediaminetetraacetic, and hydrogen peroxide.  The samples were analyzed on a 
DE STR mass spectrometer using α-CHCA matrix.   

oxidation conditions were used to oxidize the triple helical peptide 

, but only limited oxidation was found (Figure 20B).  In the MALDI spectra, (

was seen at an m/z of 2530+1 (Figure 19A-B).  Sodium and potassium

were found associated with the  (Gly-Pro-Pro)10 peptide as seen as extra peaks with 
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corresponding increases in mass of twenty three and thirty nine daltons respectively 

(Figure 19A-B).     

 

 

 

  

     
Figure 20: MALDI-TOF Spectra of the Oxidation of (Pro-Pro-Gly)10.  A.  (Pro-Pro-
Gly)10.  B.  (Pro-Pro-Gly)10 oxidized in 50 mM phosphate buffer pH 6.5, 0.5 mM 
ammonium ferrous sulfate, ethylenediaminetetraacetic, sodium ascorbate, and hydrogen 
peroxide.  The samples were analyzed on a Voyager-DE STR mass spectrometer using α-
CHCA matrix.   
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        Even with extensive cleaning, these sodium (Na+) and potassium (K+) adducts 

could not be eliminated.  It may be due to the conditions of peptide synthesis or (Pro-Pro-

Gly)10  may have a higher affinity to the ions. 

        Because only limited oxidation of (Pro-Pro-Gly)10 was observed by MALDI-TOF 

MS analysis, ESI MS was done just in case some other oxidation m/z peaks were being 

suppressed by the major peaks in the MALDI-TOF MS.  ESI MS of (Pro-Pro-Gly)10  at 4 

°C, revealed that after five minutes twenty two percent of the trimer was oxidized; the 

peptide continued to be oxidized, and after thirty minutes twenty eight percent of the 

trimer was oxidized (Figure 21A).  The percentage was estimated from the sum of all of 

the observed oxidized integrated peak areas, divided by the sum total of all the integrated 

peak areas.  The amount of unoxidized peptide present also decreased from ninety seven 

to forty one percent (Figure 21A).  The percentage of unoxidized peptide was estimated 

from its integrated peak area divided by the sum of all the integrated peak areas.  Of the 

peaks present after thirty minutes, approximately thirty percent of the peaks were 

unidentified.  They are likely cleaved peptides with unusual modifications.  Only those 

modifications with multiples of +16 and +14 increases in mass were considered.  After 

thirty minutes, approximately one percent of the peptide was observed to be unmodified 

cleavage products.  The percentage of cleaved peptide was estimated from its integrated 

peak area divided by the sum of all the integrated peak areas   
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Figure 21.  Hydrogen Peroxide Concentration Effect on (Pro-Pro-Gly)10 Oxidation.  A.  4 
°C and 0.5 mM hydrogen peroxide.   B.  4 °C and 20 mM hydrogen peroxide.  C.  37 °C 
and 20 mM hydrogen peroxide.   ESI MS/MS data of 0.2 mM (Pro-Pro-Gly)10 oxidized in 
50 mM phosphate buffer pH 6.5, 0.5 mM ammonium ferrous sulfate, 0.5 mM 
ethylenediaminetetraacetic, and 0.5 mM sodium ascorbate. 
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        In an attempt to achieve a higher level of oxidation, the hydrogen peroxide 

concentration was increased from 0.5 mM to 20 mM.  The maximum amount of 

oxidation after five minutes increased slightly to around twenty six percent; however, 

after thirty minutes only eighteen percent oxidation was detected indicating the peptide is 

being cleaved at this higher hydrogen peroxide level (Figure 21B).          

        In order to see if the structure of the triple helix was hindering oxidation, the 

temperature for the reaction was changed to 37 °C.  The (Pro-Pro-Gly)10 is unfolded at 37 

°C, and  ESI-MS analysis showed that after 5 minutes, the monomer is only slightly more 

easily oxidized (Figure 21C).           

         

 

              

                    

Figure 22:  Oxidation of (Pro-Pro-Gly)10 Monomer and Triple Helical Trimer.  (Pro-Pro-
Gly)10 at 4 °C is in dark blue, and (Pro-Pro-Gly)10 at 37 °C is in light blue.  0.2 mM (Pro-
Pro-Gly)10 oxidized in 50 mM phosphate buffer pH 6.5, 0.5 ammonium ferrous sulfate, 
0.5 mM ethylenediaminetetraacetic, 0.5 mM sodium ascorbate, and 20 mM hydrogen 
peroxide for five minutes and then analyzed by ESI MS. 
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        ESI MS of (Pro-Pro-Gly)10 at 4 °C, when the peptide is in triple-helix conformation, 

revealed that after 5 minutes of Fenton chemistry oxidation, twenty six percent of the 

trimer was oxidized (Figure 22).  There wasn’t much difference between the folded and 

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

 

 
3.4  Discussion and Conclusion 

 

        In this study the benzoic acid experiments showed that both sodium ascorbate and 

ethylenediaminetetraacetic decrease the initial rate of a Fenton reaction, providing a 

gentler environment for which to oxidize peptides and proteins.   

Ethylenediaminetetraacetic acid is added to prevent the binding of excess iron on the 

protein which may affect both the conformation, and the interaction of the protein, and it 

prevents the preferential oxidation of any residues (Heyduk, E., et. al., 1994).  By 

removing the iron, ethylenediaminetetraacetic acid also reduces the rate of hydroxyl 

radical formation and the amount of the hydroxyl radical.  Ascorbate was used to recycle 

the iron, but instead it appears to further suppress the reaction leaving some questions 

about the effects and role of ascorbate.   

        Using mild oxidation conditions, six sites on bradykinin were oxidized in one 

minute.  The peptide sequence of bradykinin contains two highly reactive phenylalanine 

residues which were probably oxidized, as well as three prolines (Takamoto, K., et. al., 

2006).  Since we did not sequence the oxidized peptide, we do not know the identity of 

the oxidized amino acids.     
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        The triple helical peptide (Pro-Pro-Gly)10 Tm is 26.8 °C (Persikov, A., et al., 2004).  

At 4 °C the (Pro-Pro-Gly)10 peptide is a triple helix, and at 37 °C it is a monomer.  (Pro-

Pro-Gly)10 was oxidized using Fenton chemistry, and approximately twenty six percent of 

the (Pro-Pro-Gly)10 triple helix was labeled after five minutes.  The (Pro-Pro-Gly)10 

monomer labeled slightly more than the triple helix.  Using 0.5 mM hydrogen peroxide at 

4 °C about one percent of the peptide was observed to be cleaved after thirty minutes.  

For the Fenton reaction using 20 mM hydrogen peroxide, at 4 °C approximately one 

percent of the peptide was detected to have been cleaved.  MALDI-TOF MS analysis of 

(Pro-Pro-Gly)10 oxidation revealed at most three additional oxygens; whereas, ESI-MS 

showed a mix of oxidation states with up to ten additional oxygens, but the amount of 

oxidized species remained low and was difficult to detect in a MALDI spectrum.  

MALDI-TOF MS analysis may not be the best method for investigating Fenton oxidation 

reactions because of signal suppression and spot variability in the crystallization process.  

It appears the best way to study Fenton chemistry reactions is via ESI MS and not 

MALDI-TOF MS.  However, we did not proceed with any protein footprinting 

experiments because of the concern that the oxidation level and coverage was too low for 

footprinting purposes.   
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Chapter 4 

 

Mass Spectrometry of Collagen 

 

 4.1  Introduction    

 

        The mass spectrometry work was initially planned in order to establish controls for 

oxidative footprinting experiments, a technique which modifies unprotected amino acids 

in a complex in order to identify binding sites, and these modifications would need to be 

identified by mass spectrometry sequencing.  The applicability of the mass spectrometry 

protein footprinting method largely relies on the accuracy of the MS/MS sequencing 

results.  In our study, rat type I collagen and human type I and type III collagen were 

sequenced using mass spectrometry.  Our data revealed many unexpected heterogeneous 

post-translational modification patterns.  How to interpret the data and how to understand 

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

        Collagen is a ubiquitous protein in humans, and has been studied for many years.  It 

is composed primarily of glycine, and proline amino acid residues.  Prolines in collagen 

are post-translationally modified by two enzymes: prolyl 4-hydroxylase and prolyl 3-

hydroxylase (Kivirikko, K., et. al., 1990).  The majority of post-translationally modified 

prolines in collagen are 4-hydroxyproline; there are a few 3-hydroxyprolines (Piez, K., et. 

al., 1963).  Several lysine residues in collagen are also hydroxylated by lysyl 

hydroxylase, and some of these hydroxylysines are glycosylated by hydroxylysyl 
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galactosyltransferase and galactosylhydroxylysyl-glucosyltransferase (Kielty, C., et. al., 

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

        Edman sequence analysis of collagen fragments revealed that hydroxyprolines are 

found primarily in the Y position of Gly-X-Y sequences where X is any amino acid 

(Schuppan, D., et. al., 1984).  Studies using synthetic peptides determined that the prolyl 

4-hydroxylase enzyme hydroxylates prolines in the Y position, except when the X is a 

glycine (Myllyhararju, J., 2003).  A 3-hydroxyproline was found in the X-position in a 

Gly-X-Hyp collagen sequence, leading to the belief that this was the prolyl 3-hydroxylase 

motif (Eyre, D., et. al., 2011 and Ogle, J., et. al., 1962).  Hydroxylysines were located in 

X-Lys-Gly collagen sequences suggesting this was a binding motif (Kielty, C., et. al., 

2002).  Even though the function and recognition motifs of these enzymes are still not 

fully understood, the assumption that these enzymes are highly selective is widely held. 

        In collagen there are numerous Gly-Pro-Hyp sites, yet only a few 3-hydroxyprolines 

have been identified.  Collagen purified from bovine tendon was found to contain 0.26 

percent 3-hydroxyprolines (Ogle, J., et. al., 1962).  The location of a couple of 3-

hydroxyprolines in collagen have been identified: α1(I)Pro986, α1(II)Pro986, and 

α1(V)Pro986, α1(II)Pro944, α2(V)Pro944, α2(I)Pro707, α2(V)Pro707, and α2(V)Pro470; 

the spacing between some of the sites was observed to be about 234 amino acids, a D 

period in collagen (Weis, M., et. al., 2010 and Marini, J., et. al., 2007).  

        Multiple hydroxyprolines in the X-position have been reported in the C-terminal 

region of collagen where there is a series of Gly-Pro-Pro sequences (Weis, et. al., 2010).   

In a recent mass spectrometry study of collagen type V, prolines were reported to be 

hydroxylated in the X position in unexpected Gly-Hyp-Val and Gly-Hyp-Ala sequences 
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(Yang, C., et. al., 2012).  The locations of hydroxylysines have also been investigated.  

Hydroxylysines have been identified in the N-terminal regions, the N-telopeptide of α1 

and α2 chains of various collagens (Barnes, M., et. al., 1971 and Barnes, M., et. al., 

1971).                       

        The importance of these hydroxyprolines and hydroxylysines in collagen has been 

extensively researched.  The thermal stability of a collagen triple helix is enhanced when 

4-hydroxyprolines are in the Y position (Privalov, P., et. al., 1979).  The 3-

hydroxyprolines in the X-position may also be important, since a recent study showed 

osteogenesis imperfecta can be due to mutations in the prolyl 3-hydroxylase enzyme 

(Cabral, W., et. al., 2007).  Hydroxylysines involved in cross-linking increase the 

stability of collagen fibrils (Kang, A., et. al., 1970).   

        In this chapter we present our work on the sequencing of collagen type I and type III 

using mass spectrometry.  

 

4.2  Materials and Methods 

 

4.2.1  Materials:  Molecular weight markers, acetic acid, ammonium bicarbonate, 

acetonitrile, α-cyano-4-hydroxycinnamic acid (α-CHCA), human collagen type III, 

human collagen type I, and rat collagen type I were purchased from Sigma.  Thermo 

Scientific Precise gels, an Applied Biosystems Sequazyme Peptide Mass Standard Kit, 

and a Maldi plate were purchased from Fisher Scientific. 
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4.2.2  Collagen Preparation:  Sigma human collagen type I and type III were from 

placenta, and rat collagen type I was from rat tail.  Rat collagen type I was also freshly 

prepared from rat tail tendon, under the supervision of Dr. Sergey Leikin.  All collagens 

were solubilized in 20 mM acetic acid, pH 3 at 4 °C.  The final concentration for the 

purchased collagens was 2.4 mg/mL; whereas, the purified rat tendon collagen type I was 

3.0 mg/mL.  Twenty four micrograms of collagen was mixed with 5X SDS sample 

loading buffer containing 60 mM Tris-HCl pH 6.8, 25 % glycerol, 2 % sodium dodecyl 

sulfate, 350 mM dithiothreitol, and 0.1 % bromophenol blue.  The samples were run on 

either a 7.5 % SDS-PAGE gel, or a 4-20 % Precise gel from Thermo Scientific.  The gels 

were stained for ten minutes with coomassie blue G-250, destained three times, and 

rinsed with deionized water.  Bands of alpha chains were excised from the gels for in-gel 

digestion and mass spectrometry analysis.      

   

4.2.3  Rat Type I Collagen Purification:  Rat type I collagen was purified according to 

a procedure provided by Dr. Sergey Leikin (Makareeva, E., et. al., 2006).  Briefly, 

tendons were excised from rat tails, and washed in 3M sodium chloride with enzyme 

inhibitors overnight.  After several water washes, the tendons were then digested 1:50 

weight/volume with a 0.1 mg/mL solution of pepsin in 0.5 M acetic acid overnight at 4 

°C.  At low temperatures, collagens triple helix is resistant to enzyme degradation, and it 

is also soluble in acid.  To remove the insoluble material, the sample was centrifuged at 4 

°C for thirty minutes at 15,000 g.  The collagen in the supernatant was precipitated with 

sodium chloride with a final concentration of 0.7M sodium chloride.  The collagen was 

centrifuged at15,000 g at 4 °C, rinsed with 70 % ethanol, and resuspended in 0.5M acetic 
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acid.  After adjusting the collagen concentration to 0.8 mg/mL, the collagen was mixed 

1:1 with 50 mM Tris, 0.26M sodium chloride, pH 7.5 and incubated at 32 °C for two 

hours until the solution became cloudy.  The precipitated 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 III and rat collagen type I in 25 mM ammonium bicarbonate pH 8 

were individually heat denatured for forty five minutes at 55 °C in order to separate their 

three alpha chains.  The sample was allowed to cool to 37 °C before trypsin was added so 

as not to denature the enzyme.  The sample was digested with trypsin using 1:20 or 1:50 

weight/weight at 37 °C overnight; both worked equally well.  The reaction was 

terminated with a final concentration of 0.1 % trifluoroacetic 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 reduced with 10 

mM dithiothreitol in 50 mM ammonium bicarbonate for forty five minutes at 55 °C, and 

alkylated with 100 mM iodoacetamide in 50 mM ammonium bicarbonate for thirty 

minutes at room temperature in the dark.  This will modify the cysteine residues in type 

III collagen to carboxyamidomethyl cysteine (Sechi, S., et. al., 1998).  The bands were 

then washed with 50 mM ammonium bicarbonate.  Ten microliters of 0.02 ug/uL trypsin 

in 50 mM ammonium bicarbonate, 0.1 % octyl glucopyranoside, and 5 mM calcium 

chloride was used to digest each sample overnight at 37 °C in 50 mM ammonium 

bicarbonate.  The digestion was stopped with the addition of 5uL of 10 % acetic acid, and 
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the peptides were extracted first with 30 % acetonitrile and 5 % trifluoroacetic acid, and 

then with 50 % acetonitrile and 5 % trifluoroacetic acid.  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 onto a Beckman HPLC.  The tryptic peptides 

were chromatographed over a C18 column using a gradient of 1.8 % solvent B 

(acetonitrile/0.08 % trifluoroacetic acid) to 50 % B in fifty minutes with solvent A as 0.1 

% trifluoroacetic acid.  Hydrophilic and small peptides will come off the C18 column 

first; the larger peptides tend to elute later at higher acetonitrile concentrations. 

 

4.2.7  MALDI-TOF MS Analysis:  MALDI-TOF MS is a technique which requires 

samples to be cocrystallized in special matrices.  A laser is used to transfer energy to the 

matrix, which releases the matrix and cocrystallized substance; the time it takes for a 

particle to travel down a vacuum tube in an electric field is inversely related to its mass to 

charge ratio.  The matrix α-cyano-4-hydroxycinnamic acid was used to cocrystallize 

peptides; it was prepared as a saturated solution in 50 % acetonitrile and 0.1 % 

trifluoroacetic acid.  Solution digest samples of collagen were spotted 1:1 with matrix 

onto a sample plate and allowed to dry.  All spectra were acquired using a Voyager-DE 

STR mass spectrometer (PE Biosystems, Foster City, CA) equipped with a pulse nitrogen 

laser (λ =337 nm) at The Rockefeller University Proteomics Resource Center.    

        Sequazyme Peptide Mass Standards were prepared according to the manufacturer.  

The mass spectrometer was calibrated using Sequazyme Peptide Mass Standard STD2, 
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and the calibration file was saved.  Each spectrum was acquired in the reflectron, delayed 

extraction, positive ion mode with an accelerating voltage of 20,000 V, a grid voltage of 

66 %, and a low mass gate of 300 Da.  Spectra from 100 individual laser shots were 

averaged, and externally calibrated.   

 

4.2.8  LC ESI-MS/MS Analysis:  The in-gel digests and solution digest samples were 

chromatographed using a C18 column on a Dionex HPLC, and eluted with a gradient of 

0.1 % formic acid and 100 % acetonitrile.  The samples were introduced into the mass 

spectrometer with the collision energy set at 35, and the capillary temperature set at 275 

°C.  Tandem mass spectrometry was done at The Rockefeller University Proteomics 

Resource Center.  In-gel digests of commercial human collagen type I, and rat collagen 

type I alpha chains were sequenced two times using mass spectrometry.  In-gel digests of 

freshly prepared rat tendon collagen type I alpha chains were sequenced once.  Two 

human collagen type III in gel digests, and two solution 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., et.  al., 1999).  Mass spectrometry results in 

.raw data files were converted to .dta files or .mgf files, and these files were then used to 

perform a search.  The database User 0710 (in-house database at The Rockefeller 

Proteomics Resource Center) containing human collagen type I and type III, and rat 

collagen type I, was used with oxidized methionine, proline, and lysine as variable 

modifications.  The Swiss Prot database was used for protein identification confirmation.  
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The GPM Cyclone (Global Proteome Machine Organization) searches were also 

performed for peptide identification, and the databases used were Uniprot, Swiss Prot and 

Ref (Craig, R., et. al., 2004).  Peaks6 searches were also done using the following 

collagen sequences: human type I and type III, and rat type I (Ma, B., et. al., 2003).  The 

selected identified peptides had a Mascot score of 40 or higher, which translates to a 

probability of false identification of <10-5.  Peaks6 software was used to generate spectra.  

The tandem mass spectrometry results for each peptide were examined, and the identified 

ions were manually checked.  

 

4.3  Results 

 

4.3.1  Collagen Tryptic Solution Digests and SDS PAGE Analysis:  The molecular 

weight of a collagen type I or type III alpha chain is around 95 kDa, and it is too large to 

sequence using mass spectrometry instruments; these instruments can capture and 

fragment charged peptides up to 4,000 kDa.  It is therefore necessary to digest collagen 

into smaller peptides within this mass range.  Trypsin has become the enzyme of choice 

for accomplishing this task; it specifically cleaves the amide bond C-terminal to arginines 

and lysines.  The efficiency of trypsin solution digestions of collagen type I and type III 

were evaluated using high performance liquid chromatography (Figure 23).  The 

observed 214 nm peaks in the HPLC chromatogram are peptides generated from this 

digestion; their peptide bonds absorb at 214 nm.  Peaks observed at 280 nm are tryptic 

peptides containing tyrosine which absorbs at 280 nm; only a few of these peptides were 

expected.   



 

 
 
Figure 23:  HPLC of Collagen T
containing α1 and α2 chain
C.  Human collagen type I
top) and at 280 nm (light grey line on bottom)
  
 

        A theoretical trypsin digest of a collagen 

eighty peptides.  For human collagen III, a homotrimer, about fifty peaks are discernible 
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Collagen Trypsin Solution Digests.  A.  Rat type I collagen 
chains.  B.  Human collagen type I containing α1 and 

uman collagen type III.  Peptide absorbance monitored at 214 nm (dark grey line on 
(light grey line on bottom).  

trypsin digest of a collagen α chain would generate approximately 

eighty peptides.  For human collagen III, a homotrimer, about fifty peaks are discernible 

Minutes   (min) 
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at 214 nm.  Type I collagen digestions contains a mix of 

peaks are visible.  For each collagen digest, at

peptides appear to have been 

over a C18 column by high performance liquid chromatography, generally contain a 

mixture of peptides, so the actual number of peptides in the digest would be higher than 

observed in an HPLC chromatogram.

        Since type I collagen contains two 

type I were separated on an

separated, and were individually excised from the gel 

mass spectrometry sequencing

dimer above 200 kDa (Figure 2

  

                         

 
Figure 24:  SDS-PAGE of Collagen.  
Sigma marker.  B:  Lane 
stained with coomassie blue.
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       Col III  α1 
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at 214 nm.  Type I collagen digestions contains a mix of α1 and α2 chain

visible.  For each collagen digest, at fifty percent acetonitrile, all of the tryptic 

been eluted.  Most peaks in a protein tryptic digest, separated 

column by high performance liquid chromatography, generally contain a 

mixture of peptides, so the actual number of peptides in the digest would be higher than 

observed in an HPLC chromatogram. 

Since type I collagen contains two different alpha chains, the α chains 

were separated on an SDS-PAGE gel as shown in Figure 24.  The chains 

and were individually excised from the gel for in-gel trypsin digestion

sequencing.  Collagen appears as a monomer above 116

(Figure 24). 

                                      

of Collagen.  A:  Lane 1.  Human collagen type I
Lane 1.  Rat collagen type I.  Lane 2.  Sigma marker.  

stained with coomassie blue. 
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4.3.2  MALDI-TOF Analysis:  Matrix-assisted laser desorption ionization-time of flight 

mass spectrometry (MALDI-TOF MS) spectra was used to further assess the efficiency 

of the tryptic digests.  The peaks observed in the MALDI-TOF MS spectra, are tryptic 

peptides with a given m/z ratio (Figure 25).  In MALDI-TOF MS, the charge on the 

tryptic peptides is usually +1 so the peptide mass is the m/z ratio.  In all the spectra over 

seventy individual peptides are seen, much more than could be visualized via high 

performance liquid chromatography; this is further confirmation the digestion was 

sufficient. 

        MALDI-TOF MS data is often used for peptide mass spectrometry fingerprinting, 

where an unknown protein is identified from matching the observed peptide masses to the 

theoretical masses of a digestion.  In these collagen digestions, several tryptic peptides 

can be identified using the molecular weight of the +1 ions in the spectrum, and 

comparing it to the generated peptide masses from a theoretical tryptic digest.  These 

theoretical peptides were labeled in Figure 25 as A, B, C, D, E, and F.  One feature in the 

spectra is the multiple number of peaks with a mass variant of 16 Da with regard to the 

theoretical mass of the labeled peptide assuming all prolines in the Y position are 

hydroxylated.  These mass variants indicate under and over hydroxylation, and were later 

identified as missed hydroxylation in the Y position, and the unexpected hydroxylation of 

proline in the X position, hydroxylated lysine, or oxidized methionine.  

   



 

 

 

 

Figure 25:  MALDI-TOF MS Spectra of Collagen T
Human collagen type III.  
chains.  Bottom panel.  Rat collagen type I 
tryptic peptides of the corresponding collagens identified based on the agreement of their 
molecular weight (+1 ion) with that of the ‘theoretical 
Hyp) are labeled together with 
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TOF MS Spectra of Collagen Trypsin Solution Digest
Human collagen type III.  Middle panel.  Human collagen type I containing 

Rat collagen type I containing α1 and α2 chains.  
peptides of the corresponding collagens identified based on the agreement of their 

molecular weight (+1 ion) with that of the ‘theoretical value’ (assuming all Y
are labeled together with their +16 and – 16 variants (see text). 

 

 

 

 

igests.  Top panel.  
containing α1 and α2 

.  In each panel 
peptides of the corresponding collagens identified based on the agreement of their 

value’ (assuming all Y-Pro as 
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 4.3.3  Unusual Hydroxylation in Collagen:  Prolines and lysines are the two main 

amino acids which are modified in collagen.  Post-translational modifications of collagen 

include hydroxylation of proline in the Y-position (Hyp), hydroxylation of proline in the 

X-position (Ox,) and the hydroxylation of lysine (Hyl).  Proteomic software uses both the 

intact mass of the tryptic peptide, and the ions generated from fragmentation to identify 

peptides in a protein.  The fragmentation of peptides generates a series of b and y ions, 

and the masses of these ions are used to identify amino acids, and reveal the sites of 

unexpected hydroxylations.  Mass spectrometry sequencing was based on a Mascot 

database search using hydroxyproline, hydroxylysine and oxidized methionine (Mox) as 

variable modifications.  These modifications increase the mass of the amino acid by +16 

Da. 

        There is some variation between the repeated sequencing results which reflects the 

level of reproducibility of this technique.  Hydroxylated prolines in the X-position (Ox) 

and unhydroxylated prolines in the Y position (Py) observed multiple times are shown in 

bold in Tables 1- 4.  The C-terminal lysine residues in tryptic peptides may also be 

hydroxylated.  However, the probability that a tryptic peptide ends in a hydroxylysine is 

low because trypsin’s ability to cleave hydroxylysine is reduced seven fold as compared 

to lysine (Molony, M., et. al., 1998).  Also, glycosylated or cross-linked hydroxylysines 

would not be observed.  We usually do not see fragmented ions to support C-terminal 

hydroxylysines.  We did detect a few hydroxylysines, and in the α2 chain of rat type I 

collagen we observed Hyl87; this same lysine in human collagen type I is also 

hydroxylated (Henkel, W., et. al., 2007).   
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        MS/MS spectra of collagen tryptic peptides revealed unusual variations in proline 

hydroxylation.  Unhydroxylated prolines in the Y-position (Py) were observed as well as 

hydroxylated prolines in the X-position (Ox).  Human collagen type III tryptic peptide 

766 contains five prolines, three of them are in the Y-position.  An unhydroxylated 

proline in the Y-position was observed in this peptide as well as the hydroxylated (Figure 

26).  In Figure 26A the y13 ion with an m/z of 1179.6+1 indicates the proline in position 

777 is not hydroxylated.  The expected peptide was also observed as seen in Figure 26B.  

 

 

 

 
Figure 26:  MS/MS Spectra of Human Collagen α1(III) Tryptic Pepide.  Sequencing 
outcomes from ions:  A.  MS/MS of 1044.546732+ ion (2088.08321+).  B.  MS/MS of 
1052.5461732+ ion (2104.07821+).  The identified peptide is  

766GSPGAQGPPGAPGPLGIAGITGAR.  The lower case p is hydroxyproline.      
 

 A 

 B 
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The proline in position 777 is hydroxylated as seen from its y13 ion whose mass is 16 Da 

greater and its m/z is 1195.5 +1.  This peptide was also observed in the MALDI- TOF MS 

spectrum in Figure 25 top panel labeled B-16 and B. 

        Another example is shown in Figure 27 where under and over hydroxylation was 

seen in the same tryptic peptide.  Rat tail tendon α1 chain tryptic peptide 435 contains 

three proline residues.  Two are in the X-position at 446 and 449, and one is in the Y-

position 444.  Figure 27A is the expected peptide; its proline in position 444 (Hyp444) is 

hydroxylated, and the peptide has a predicted theoretical m/z of 1680.00+1.  This result is 

supported by y and b-ions, with a strong y10 ion.  Over hydroxylation was observed in 

this same peptide; its mass was seen to be 16 Da higher, 1696.75+1 (Figure 27B).  The 

extra hydroxylation was located on the proline in the 449 X-position (Ox
449).  This was 

supported by the y5 and y6 ions and a strong y10 in Figure 27B.  This peptide was also 

observed to be under hydroxylated (Figure 27C).  The m/z of the -16 species is 1664.76 

+1, and a strong y10 ion, as well as the y12 and y13 ions indicates the proline in Y-position 

444 (Py
444) position was not hydroxylated.  Interestingly enough, this tryptic peptide was 

purified from a single rat tail tendon, and so the heterogeneous hydroxylation observed 

here is either a species specific variation in its propyl 4-hydroxylase or a variation it 

accumulated over time. 

        Methionine residues can also be oxidized, but this is not a normal post- translational 

modification (Houde, D., et. al., 2006).  The same peptide in human collagen type I and 

rat collagen type I were observed to have their methionines oxidized, but this could just 

be a coincidence (Figure 28A-B).   
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Figure 27:  MS/MS Spectra of Rat Collagen α1(I) Tryptic Peptide.  Sequencing outcomes 
from ions:  A.  MS/MS of 840.88322+ ion (1680.76+1).  B.  MS/MS of 848.88012+ ion 
(1696.75+1).  C.  MS/MS of 832.88642+ ion (1664.76 +1).  The identified peptide is  

435DGEAGAQGAPGPAGPAGER.  The hydroxylation sites are shown in lower case.   
 

        In rat tail tendon type I alpha 2 chain tryptic peptide 324 a methione is oxidized, this 

result is supported by the y ions y6, y7, and the b ion series b3, b4 and b5 (Figure 28A).   

 A 

 B 

 C 
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The human collagen type I alpha 2 chain tryptic peptide 324 also has an oxidized 

methionine (Figure 28B).  This result is supported by the y ion series y6, y7, and y8 and 

by the b5 ion. 

         

                 
 

             

 
             

Figure 28:  MS/MS Spectra of Rat and Human Collagen Tryptic Peptide.  Sequencing 
outcomes from ions:  A.  MS/MS of 494.2371+2 ion (987.4676+1).  B.  MS/MS of 
480.7322+2 ion (960.4567+1).  The rat tail tendon α2(I) identified peptide is 324 

AGVMGPPGNR.  The human α2(I) chain identified peptide is 324 AGVMGPPGSR.  The 
oxidation and hydroxylation sites are shown in lower case.   

 
 

        Mascot results for collagen, using only peptides whose ion score was 40 or above, 

shows a sequence coverage of about 30 % for human type III collagen, 45 % for human 

type I α1 chain ,40 % for human type I α2 chain, and 55 % for rat type I collagen.  Why 

 A 

 B 
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certain regions sequenced better than others is unclear.  The peptide may have 

fragmented poorly, or it may have been further post-translationally modified such as 

being cross-linked to another α chain.    

     

4.3.4  Collagen Peptide Identification:  The complete sequencing results for the five 

collagen alpha chains have been compiled into Table S1 in the Appendix because of the 

files large size.  The identified unusual hydroxylation sites for the sequencing results 

have been compiled in Table 1- 4 at end of Chapter 4.  A map of these sites was 

constructed (Figure 29).  Figure 29 is at the very end of this Chapter 4.  Unusual 

hydroxylated peptides were identified from their sequencing results and from variations 

in their mass; collagen was sequenced multiple times, and the combined results are 

shown in Tables 1- 4.  

        Table 1 shows the mass spectrometry results from the sequencing of both the α1 and 

the α2 chains of rat collagen type I that were purchased from Sigma (commercial 

sample), and revealed a range of variations in peptide hydroxylation.  Mass changes of 

+16 and +32 confirmed the unexpected hydroxylations in six segments of the α1 chain at 

residues 238-252, 705-725, 375-396, 658-684, 193-219 and 145-174.  The α2 chains 

contained two over-hydroxylated segments at residues 705-725 and 145-174.  Most of the 

hydroxylation sites were in the X-position.  The α2(I) chain peptide 145 hydroxylation 

site could not be confirmed since no y or b ions were found supporting the proline 

hydroxylation.  Either the proline or the lysine was hydroxylated; since lysines are more 

likely to be cleaved by trypsin than hydroxylysine, the proline in position 173 was 
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tentatively assigned in italics as being hydroxylated Ox
173 (Molony, M., et. al., 1998).  

Under hydroxylation was found in six regions in the α1 chain: residues 793-806, 295-

309, 271-291, 757-780, 859-884 and 934-963.  Four incomplete hydroxylated regions 

were detected in the α2 chains: residues 292-309, 757-789 and 265-290.  Twelve Py 

residues were observed and six of them were found in the triplet Gly-Glu-Proy.  More 

than one hydroxylated species was generally observed in the peptides.  For example, in 

the alpha 1 chain in rat collagen type I the 238 peptide, m/z+1 of 1306.6386, was observed 

to contain one or two extra hydroxylations.  This is directly visible from the mass change 

of +16 and +32 m/z+1 of 1322.6335, and 1338.6284 respectively.  Sometimes the 

expected hydroxylated peptide was not observed such as in peptide 143 in the α2 chain 

m/z+1 of 2605.2529, but this does not mean it doesn’t exist.  A peptide may not be 

observed due to poor fragmentation, additional post-translational modifications or it was 

not selected for fragmentation.  

        The wide range of variation in hydroxylation in the commercial sample was 

unexpected, and rat type I collagen was purified from a single rat tail tendon, to look at 

whether this variation was due to the commercial samples purity or purification.  The 

mass spectrometry sequencing result of the fresh rat tail tendon sample, were even more 

variable (Table 2-3).  The variations in the hydroxylation content between the 

commercial and the purified rat tail tendon were similar, and in the seven regions where 

additional hydroxyprolines were detected in the α1 chain of the rat tail tendon sample, 

four of them were seen in the commercial sample, and some contained more 

hydroxylated residues.  In the α1 705 peptide the commercial sample was observed to 

have one to two additional hydroxylation sites (Table 1); whereas, two and three 
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additional sites were identified for this peptide in the rat tail tendon sample as seen by a 

mass increase of +32 and +48.  The rat tail tendon sample contains additional 

hydroxylated proline residues in the X-position: Ox
707, Ox

719 and Ox
722.  In the α2(I) 

chain, five out of the six peptides with unusual hydroxylations in the commercial sample 

(Table 1) are also in the rat tail tendon sample (Table 3).  The sequenced peptides in 

Table 1 appear to be a subset of the peptides identified in rat tail tendon (Table 2-3).  

Because of this similarity, the commercial samples were considered to be representative 

of the averaged features of post-translational modifications of collagens from a specific 

tissue and/or organism. 

        The more heterogeneous hydroxylation in the rat tail tendon sample may be because 

the sequence coverage was higher (Table S1).  A known 3-Hyp Ox
986 was identified as 

being hydroxylated in the rat tail tendon α1(I) chain.  A proline in the telopeptide region 

preceding the triple helical region (the P*) was hydroxylated; since this proline residue 

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

however, it has not been reported before. 

        Unusual hydroxylation sites detected from both rat samples have been mapped out 

onto the sequences of the α-chains arranged in D-periodicity in Figure 29.  Three regions 

appear to be highly variable sites.  They are two C-terminal regions, residues 705-725 of 

the α1(I) and the α2(I) chains, respectively, and one N-terminal region, residues 238-252 

of the α1 chain.  Several Ox residues were detected in these regions.  Py residues were 

observed in the following regions: residues 941-950 and 821-840 of the α1(I) chain, and 

271-300 and 757-780 of both α1 and the α2 chains.   
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        Unusual hydroxylation sites detected in human collagen type I and type III are 

tabulated in Table 4.  Two regions of the α1 chain of the type III collagen were: residues 

406-417 and residues 595-627; peptide 595 contained an internal hydroxylated Lys612 and 

peptide 406 had an oxidized methionine, Met411.  The oxidation of Met is usually an 

indication of cellular stress (Houde, D., et. al., 2006).  Under hydroxylation was observed 

in five α1(III) proline residues (Py) residues, and position 981 (Py
981) was observed in 

every sequencing attempt as a strong signal.    

        In human type I collagen only a hydroxylated proline in the X-position was 

observed (Ox
986), and a few under hydroxylations for both the α1 chain and the α2 chain 

(Table 4).  The sequencing of the human type I collagen sample appeared uncomplicated, 

with only a few unexpected modifications, and the MS/MS sequencing results were 

mapped out in Figure 29. 

        The identified Ox residues in the highly variable region in rat collagen are consistent 

between samples, but other Ox sites are more sporadic.  Most of the over hydroxylations 

seen in the rat type I collagen were not observed in human type I collagen.  The Hyp986 in 

the α1 chain and two Py residues in Gly-Thr-Pro and Gly-Ala-Pro triplets, respectively, at 

position 771 and 876 of the α1(I) chain were observed in the two type I collagens.  In this 

study we located the sites and the sequence motif surrounding missed hydroxylations 

which have not been reported before.  Unhydroxylated prolines in Y-position were 

observed in thirty locations, and about 1/6 of these were found in a Gly-Glu-Pro sequence 

motif, the rest were generally found in Gly-Ala-Pro, Gly-Pro-Pro and Gly-Ser-Pro 

sequence motifs. 
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4.4  Discussion and Conclusion 

 

       Collagen is composed of GXY repeat units, where Y is usually a hydroxyproline.  In 

the rough endoplasmic reticulum, prolines in an unfolded collagen chain are hydroxylated 

by collagen prolyl 4-hydroxylase or prolyl 3-hydroxylase, and lysyl hydroxylase 

hydroxylates lysines (Kivirikko, K., et. al., 1990).  These lysines can then be O-

glycosylated with Glu-Gal.  In general, collagen post-translational modifications vary, as 

we and others have recently observed (Eyre, D., et. al., 2011, Weis, M., et. al., 2010, and 

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

        Using mass spectrometry, we detected unusual levels of hydroxylation in rat type I 

collagen, human type I collagen and human type III collagen, and some regions in 

collagen appear to be overly hydroxylated.  Human collagen type I and type III is less 

heterogeneic than rat type I collagen, possibly indicating variations in the hydroxylase 

enzyme in different species and/or tissues. 

        MALDI-TOF MS analysis of enzymatically digested collagen indicated there is a 

variation in the extent of proline hydroxylation.  Multiple peptides differing by a mass of 

16 Da are present in the mass spectra of collagen trypsin digests.  To identify these 

peptides and their post-translational modifications, MS/MS sequencing is needed.  

MS/MS sequencing has confirmed that there is incomplete hydroxylation of prolines in 

the Y position (Figure 26).  This same peptide was also observed in the MALDI-TOF MS 

spectrum of human collagen type III trypsin solution digestion as peak B (m/z) of  

2104.04 1+ and peak B-16 (m/z) 2088.04 1+ (Figure 25). 
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         An examination of the tandem mass spectrometry results of collagen reveals 

collagen has unexpected hydroxylated Pro in the X-positions, and unhydroxylated Pro in 

the Y-positions.  The extent of hydroxylation in the same peptide can differ from the 

expected level (Tables 1- 4).  These discrepancies can occur when there is incomplete 

hydroxylation of prolines in the Y-position, over hydroxylation of prolines in the X-

position, hydroxylation of lysines, or oxidation of methionines.  Over all, rat tail type I α 

chains have more variations in their chains than either human placenta type I or type III.         

Most of the under hydroxylation and over hydroxylations observed in rat type I collagen 

were not seen in human type I collagen.  In both the rat type I and human type I α1 chain; 

however, a hydroxylated proline Hyp986 was observed, as well as an unhydroxylated 

proline in the Y-position (Py) at position 771 and 876.  The outcomes of the repeated 

sequencing of the same collagen sample shown in Tables 1- 4 are similar, but the unusual 

hydroxylations detected vary and only about half of the Ox and/or Py residues are 

reproducible.  Some Ox or Py residues, especially those in the highly variable regions of 

the rat tail tendon type I collagen, appeared to be present even among different samples 

and may be functionally important.  

        The over hydroxylation observed in the highly variable regions of rat type I collagen 

is consistent with the reported three to four 3 Hyp amino acids in their α1(I) and α2(I) 

chains (Piez, K., et. al., 1963).  In rat tail type I collagen, we identified 15 Ox in the α1(I) 

chain and 11 in the α2(I) chains.  These Ox were usually detected as a mixture so some 

may be present at a very low level.  No Edman sequencing was attempted to confirm the 

identity of the identified Ox residues in this work.   
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        Recent studies have identified a new Gly-Hyp-Ala (Ox) motifs which we have also  

observed along with a new motif of Gly-Hyp-Ser and one case of Gly-Hyp-Ile, but our 

observed Ox residues might be from an unexpected hydroxylation by prolyl 4-

hydroxylase so it may not be the expected 3Hyp.  The amount of missed hydroxylation of 

proline residues in the Y-positions is also higher in the rat type I collagen than in the 

human type I collagen.  This could be a reflection on the selectivity of the enzyme, and 

rat prolyl 4-hydroxylase could be less selective that human.  Also, sequences with 

negative charged residues like Gly-Glu-Pro may represent a slippery spot for this rat 

prolyl 4-hydroxylase because so many Py have been identified with this sequence. 

        Variation in hydroxylation is difficult to evaluate because very little is known about 

the selectivity of the hydroxylases and only a few Edman sequencing data have 

determined the locations of the 4-Hyp and 3Hyp sites.  Collagen studies have depended 

on the amino acid composition of the averaged content of hydroxyproline in an α-chain, 

and even using MS/MS sequencing, the location of a modification cannot always be 

resolved.  Collagen contains many Gly-Pro-Pro and Pro-Gly-Pro sequences.  Since in 

MS/MS there is a sequence dependent bias to fragment N-terminal to a proline bond; it is 

generally necessary to assume the hydroxylation of Pro is in the Y-position and not in the 

X-position in order to resolve mass variations (Henkel, W., et. al., 2007). 

        An investigation of type I and type III fibrillar collagens revealed a variation in the 

extent of proline hydroxylation.  The stability of collagen is dependent on the level of 

proline hydroxylation at the Y-position (Privalov, P., et. al., 1979).  These differences in 

the post-translational modification of collagen may be important to consider, when 

examining the biochemical and biophysical properties of a collagen triple helix.  Not only 
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is hydroxyproline important for stability, it plays a role in immune responses against 

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

 

4.5  Summary 

 

        The purpose of this study was to investigate the application of a mass spectrometry 

protein footprinting technique to study interactions of collagen and collagen receptors.  In 

this endeavor, we discovered that unhydroxylated triple helical peptides unexpectedly 

bind to von Willebrand Factor A3 protein.  This was a surprise, since it had been assumed 

that hydroxyproline was an important residue for binding.  We found that the oxidation of  

triple helix experiments using Fenton chemistry were difficult to control, and not 

sufficient for protein footprinting purposes; for an oxidative footprinting technique to be 

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

        Our mass spectrometry sequencing results of collagen were very interesting.  A few 

unexpected hydroxylations were detected for human collagen.  Proline hydroxylation in 

rat collagen type I was, however, surprisingly highly variable; we were able to identify 

two new clusters of hydroxylated prolines in the X-position.  Additional studies would be 

required to determine if these proline hydroxylations impart any function. 

        The heterogeneity of the post-translational modifications of collagen adds another 

level of complications for the application of mass spectrometry protein footprinting 

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

chemistry are the reasons we did not pursue the binding study as originally proposed. 
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Table 1.  Commercial Rat Type I Collagen Peptides with Mass Variants of 16               

 
    ∆mb Scorec Unusual Hydroxylation Sequence of Peptided 
The α1(I) chain of rat collagen (commercial sample)  
1306.6386  92   238GPSGPQGPSGAOGPK 

1322.6335 +16 65 Ox
245 238GPSGPQGOxSGAOGPK 

1338.6284 +32 58 Ox
239 , Ox

245 238GOxSGPQGOxSGAOGPK  
1328.6481 -16 74 Py

804 793GFOGLOGPSGEPyGK 

1344.6430   41  793GFOGLOGPSGEOGK  

1435.6812 -16 43 Py
297 295GEPyGPSGLOGPOGER  

1840.9188   50  705VGPOGPSGNAGPOGPOGPVGK 
1856.9137 +16 61 Ox 

707  705VGOxOGPSGNAGPOGPOGPVGK 
1872.9086 +32 49 Ox

707 , Ox
722 705VGOxOGPSGNAGPOGPOGOxVGK 

1959.9519 -16 87 Py
273 271GEPyGPAGVQGPOGPAGEEGKR  

1975.9468   94   271GEOGPAGVQGPOGPAGEEGKR  

2014.9689   41  375TGPOGPAGQDGROGPAGPOGAR  

2030.9639 +16 50 Ox
389 375TGPOGPAGQDGROGOxAGPOGAR  

2120.9955 -16 98 Py
771 757GSOGADGPAGSOGTPyGPQGIAGQR 

2136.9905   84   757GSOGADGPAGSOGTOGPQGIAGQR 

2169.0571 -16 57 Py
876 859GETGPAGPOGAOGAOGAPyGPVGPAGK 

2185.0520   45    859GETGPAGPOGAOGAOGAOGPVGPAGK 

2307.1364   58  658GDAGPOGPAGPAGPOGPIGNVGAOGPK 
2323.1313 +16 79 Ox 

683 658GDAGPOGPAGPAGPOGPIGNVGAOGOxK 
2316.0487   53  193GEOGPOGPAGAAGPAGNOGADGQOGAK 

2332.0436 +16 79 Ox 
206 193GEOGPOGPAGAAGOxAGNOGADGQOGAK 

2548.2063   101  145GNDGAVGAAGPOGPTGPTGPOGFOGAAGAK 
2564.2012 +16 54 Ox

155 145GNDGAVGAAGOxOGPTGPTGPOGFOGAAGAK 

2679.2394 -16 42 Py
948 934GFSGLQGPOGSOGSPyGEQGPSGASGPAGPR 

2695.2343   127  934GFSGLQGPOGSOGSOGEQGPSGASGPAGPR 

The α2 (I) chain 

1238.6052 +16 58 Hyl87 76GFOGTOGLOGFKx
 

1560.8129  -16 102 Py
891 889GEPyGPAGSVGPVGAVGPR 

1576.8078  59  889GEOGPAGSVGPVGAVGPR 
1576.7714 -32 79 Py

294 , Py
297 292GSPyGEPyGSAGPAGPOGLR 

1592.7663 -16 58 Py
297 292GSOGEPyGSAGPAGPOGLR 

1608.7612   76  292GSOGEOGSAGPAGPOGLR 

1781.7937 -16 69 Py
273 271GEPyGSAGAQGPOGPSGEEGK  

1937.8948 -16 115 Py
273 271GEPyGSAGAQGPOGPSGEEGKR  

2368.0648 -16 41 Py
273 265GETGNKGEPyGSAGAQGPOGPSGEEGK 

2384.0597   60   265GETGNKGEOGSAGAQGPOGPSGEEGK  

1833.8905 +16 47 Ox
707 , Ox 

719 , Py
717 705TGOxOGPSGITGPPyGOxOGAAGK 

2605.2529 +16 80 Ox
173 145GSDGSVGPVGPAGPIGSAGPOGFOGAOGOxK

 

2971.512 -16 76 Py
768 757GPSGEOGTTGPPyGTAGPQGLLGAOGILGLOGSR 

2987.5069   48  757GPSGEOGTTGPOGTAGPQGLLGAOGILGLOGSR 

Footnote: 
a: The mass of the single charged ion used to identify each peptide. The sequencing results of most of the peptides 
are based on the fragmentation of the double charged species (see below). 
b: The mass differences compared to the ‘theoretical’ assuming all Pro in the Y positions are hydroxylated. 
c: The score of Mascot search engine (see Material and Methods).   
 d: Unexpected hydroxylation of X-Pro and unhydroxylated Y-Pro are shown as Ox and Py, respectively; those 
observed in more than one sequencing effort and/or in both the commercial and the rat tendon samples (see text) are 
in bold; those with uncertainties are shown in italic (see text). 
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Table 2.  Rat Tail Tendon Type I α1 Collagen with Mass Variants of 16  
  

Ion massa ∆mb Scorec Unusual Peptided 
α1 chain     

1242.5961 -16 63 Py
369 361GLTGSOGSPyGPDGK 

1322.6335 +16 76 Ox
239 238GOxSGPQGPSGAOGPK  

1338.6284 +32 76 Ox
239, Ox

251 238GOxSGPQGPSGAOGOxK
 

1354.623 +48 49 Ox
239, Ox

245, Ox
251 238GOxSGPQGOxSGAOGOxK

 

1452.7264   65  -7SAGVSVPGPMGPSGPR 

1468.7213 +16 51 Mox
3 -7SAGVSVPGPMoxGPSGPR 

1484.7162 +32 40 P-1*, M ox
3 -7SAGVSVP*GPMoxGPSGPR 

1574.8173 -16 86 Py
600 586GLTGPIGPOGPAGAPyGDK 

1590. 8122   42  586GLTGPIGPOGPAGAOGDK 

1561.7969 +16 40 Ox
986 975DGLNGLOGPIGOxOGPR 

1872.9086 +32 49 Ox
707, Ox

719 705VGOxOGPSGNAGPOGOxOGPVGK 

1888.9035 +48 48 Ox
707, Ox

719, Ox
722 705VGOxOGPSGNAGPOGOxOGOxVGK 

1664.7623 -16 88 Py
444 435DGEAGAQGAPyGPAGPAGER 

1680.7551  96  435DGEAGAQGAOGPAGPAGER 

1696.7521 +16 92 Ox
449 435DGEAGAQGAOGPAGOxAGER 

1800.8697 -32 105 Py
825, Py

831 817GPOGPMGPPyGLAGPPyGESGR 

1816.8647 -16 125 Py
825 , Py

831, Mox
822 817GPOGPMoxGPPyGLAGPPyGESGR 

1803.8508 -16 77 Py 
273 271GEPyGPAGVQGPOGPAGEEGK 

1819.8457   82   271GEOGPAGVQGPOGPAGEEGK 

2105.0006 -32 78 Py
759, Py

771 757GSPyGADGPAGSOGTPyGPQGIAGQR 

2339.1262 +32 40 Ox
674, Ox

683 658GDAGPOGPAGPAGPOGOxIGNVGAOxGOxK 

2548.2063   58  145GNDGAVGAAGPOGPTGPTGPOGFOGAAGAK 

2564.2012 +16 96 Ox
155 145GNDGAVGAAGOxOGPTGPTGPOGFOGAAGAK 

2663.2444 -32 96 Py
945, Py

948 934GFSGLQGPOGSPyGSPyGEQGPSGASGPAGPR 

2679.2394 -16 105 Py
948 934GFSGLQGPOGSOGSPyGEQGPSGASGPAGPR 

2695.2343   62   934GFSGLQGPOGSOGSOGEQGPSGASGPAGPR 

Footnote: 
a: The mass of the single charged ion used to identify each peptide. The sequencing results of most of the peptides 
are based on the fragmentation of the double charged species (see below). 
b: The mass differences compared to the ‘theoretical’ assuming all Pro in the Y positions are hydroxylated. 
c: The score of Mascot search engine (see Material and Methods).   
 d: Unexpected hydroxylation of X-Pro and unhydroxylated Y-Pro are shown as Ox and Py, respectively; those 
observed in more than one sequencing effort and/or in both the commercial and the rat tendon samples are in bold; 
those with uncertainties are shown in italic. 
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  Table 3.  Rat Tail Tendon Type I α2 Collagen with Mass Variants of 16    
                        

Ion massa ∆mb Scorec Unusual Peptided 
868.4653   51  907GPSGPQGIR 

884.4585 +16 46 Ox
908 907GOxSGPQGIR 

937.5102   52  964GPAGPSGPIGK 

953.5051 +16 51 Ox
968 964GPAGOxSGPIGK 

1068.5684 -16 71 Py
258  253GLVGEPyGPAGSK 

1084.5633   70   253GLVGEOGPAGSK 

1187.6280 -16 54 Py
981 978SGHPyGPVGPAGVR 

1238.6052 +16 64 Hyl87 76GFOGTOGLOGFKox
 

1437.7485 -16 79 Py
486 484GLPyGEFGLOGPAGPR 

1453.7434  75  484GLOGEFGLOGPAGPR 

1469.7383 +16 110 Ox 
494 484GLOGEFGLOGOxAGPR 

1490.7122   59   741TGEIGASGPOGFAGEK 

1506.7071 +16 67 Ox
749 741TGEIGASGOxOGFAGEK 

1560.8129 -16 102 Py 
891 889GEPyGPAGSVGPVGAVGPR 

1576.8078   110   889GEOGPAGSVGPVGAVGPR 

2025.0373 -16 82 Py
891 885HGNRGEPyGPAGSVGPVGAVGPR 

2041.0322   76   885HGNRGEOGPAGSVGPVGAVGPR 

1576.7714 -32 76 Py
294 , Py

297  292GSPyGEPyGSAGPAGPOGLR 

1592.7663 -16 85 Py
294 292GSPyGEOGSAGPAGPOGLR 

1608.7612   88  292GSOGEOGSAGPAGPOGLR 

1624.7562 +16 94 Ox
302 292GSOGEOGSAGOxAGPOGLR 

1748.8674 -16 69 Py 
297 291RGSOGEPyGSAGPAGPOGLR 

1764.8624   50  291RGSOGEOGSAGPAGPOGLR 

1599.8238 -16 87 Py
183 175GELGPVGNPyGPAGPAGPR 

1615.8187   105   175GELGPVGNOGPAGPAGPR 

1781.7937 -16 85 Py 
273 271GEPyGSAGAQGPOGPSGEEGK 

1797.7886   94   271GEOGSAGAQGPOGPSGEEGK 

1817.9028   52  705TGPOGPSGITGPOGPOGAAGK 

1833.8973 +16 69 Ox
707 , Ox

719, Py
717 705TGOxOGPSGITGPPyGOxOGAAGK 

1849.8926 +32 89 Ox 
707, Ox

719 705TGOxOGPSGITGPOGOxOGAAGK 

1865.8876 +48 97 Ox
707, Ox

 716, Ox
719 705TGOxOGPSGITGOxOGOxOGAAGK 

2589.2580   112  145GSDGSVGPVGPAGPIGSAGPOGFOGAOGPK 

2605.2529 +16 103 Ox
173 145GSDGSVGPVGPAGPIGSAGPOGFOGAOGOxK

 

2621.2478 +32 51 Ox
164 , Ox

173 145GSDGSVGPVGPAGPIGSAGOxOGFOGAOGOxK
 

3045.4257 -16 78 Py552 520GPSGAOGPDGNKGEAGAVGAOGSAGASGPGGLPyGER 

3077.4155 +16 76 Ox 548 520GPSGAOGPDGNKGEAGAVGAOGSAGASGOxGGLOGER 

Footnote:   
a: The mass of the single charged ion used to identify each peptide. The sequencing results of most of the peptides 
are based on the fragmentation of the double charged species (see below). 
b: The mass differences compared to the ‘theoretical’ assuming all Pro in the Y positions are hydroxylated. 
c: The score of Mascot search engine (see Material and Methods).   
 d: Unexpected hydroxylation of X-Pro and unhydroxylated Y-Pro are shown as Ox and Py, respectively; those 
observed in more than one sequencing effort and/or in both the commercial and the rat tendon samples are in bold; 
those with uncertainties are shown in italic. 
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Table 4.  Human Type III and Type I Collagen Peptides with Mass Variants of 16 
 

Ion massa (m/z+1) ∆mb Scorec Unusual Peptided 
A. Human collagen type III 
949.5102 -16 45 Py

981 973GPVGPSGPPyGK 

965.5051  44   973GPVGPSGPOGK 

1138.5674  62  790GLAGPOGMOGPR 

1154.5623 +16 41 Mox
797 790GLAGPOGMoxOGPR 

1203.5827  57   406GQOGVMGFOGPK 

1219.5776 +16 42 Ox
416 406GQOGVMGFOGOxK

 

1514.7346 -16 50 Py
990 984DGTSGHPyGPIGPOGPR 

1530.7295  57   984DGTSGHOGPIGPOGPR 

1670.7989   42 Py
240

 , Mox
243 229GEMGPAGIOGAPyGLMoxGAR 

2088.0832 -16 94 Py
777  766GSOGAQGPOGAPyGPLGIAGITGAR 

2104.0782  137   766GSOGAQGPOGAOGPLGIAGITGAR 

2283.1000  79 Py 
687 667GEGGPOGVAGPOGGSGPAGPPyGPQGVKx

 

2950.4653  82  595GPTGPIGPOGPAGQOGDKGEGGAOGLOGIAGPR 

2966.4603 +16 58 Ox
605 595GPTGPIGPOGOxAGQOGDKGEGGAOGLOGIAGPR 

B. Human type I collagen 
α1 chain     

1562.7863 +16 65 Ox
986 975DGLNGLOGPIGOxOGPR  

1832.8596   78 Mox
822

 ,
 Py

825 817GPOGPMoxGPPyGLAGPOGESGR 

1848.8545 +16 41 Mox
822 817GPOGPMoxGPOGLAGPOGESGR  

2105.0006 -16 66 Py
771 757GSOGADGPAGAOGTPyGPQGIAGQR  

2121.0373   58    757GSOGADGPAGAOGTOGPQGIAGQR  

2497.2066 -16 81 Py
876 

856GDRGETGPAGPOGAOGAOGAPyGPVGPAGK
  

2513.2015   109   
856GDRGETGPAGPOGAOGAOGAOGPVGPAGK
  

2703.2394 -16 63 Py
639 

619GAOGDRGEOGPOGPAGFAGPPyGADGQOG
AK 

   73  625GEOGPOGPAGFAGPOGADGQOGAK 

α2 chain     

1168.4978 -16 61 Py
840 837DGNPyGNDGPOGR  

Footnote:  
a: The mass of the single charged ion used to identify each peptide. The sequencing results of most of the peptides 
are based on the fragmentation of the double charged species (see below). 
b: The mass differences compared to the ‘theoretical’ assuming all Pro in the Y positions are hydroxylated. 
c: The score of Mascot search engine (see Material and Methods).   
 d: Unexpected hydroxylation of X-Pro and unhydroxylated Y-Pro are shown as Ox and Py; those observed in more 
than one sequencing effort are in bold; those with uncertainties are shown in italic.  
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                         The sequence of collagen αααα-chains in D-periodicity 
D1                    -7           1                              21                            41                             61                             81                      _ 
                         GPMGPSGPRG LPGPPGAPGP QGFQGPPGEP GEPGASGPMG PRGPPGPPGK NGDDGEAGKP GRPGERGPPG PQGARGLPGT AGLPGMKGHR GFSGLD   H1A1 
                 SAGVSVP*GPMGPSGPRG LPGPPGAPGP QGFQGPPGEP GEPGASGPMG PRGPPGPPGK NGDDGEAGKP GRPGERGPPG PQGARGLPGT AGLPGMKGHR GFSGLD   R1A1 
                  GVGLGP GPMGLMGPRG PPGAAGAPGP QGFQGPAGEP GEPGQTGPAG ARGPAGPPGK AGEDGHPGKP GRPGERGVVG PQGARGFPGT PGLPGFKGIR GHNGLD   H1A2 
                  GVSAGP*GPMGLMGPRG PPGAVGAPGP QGFQGPAGEP GEPGQTGPAG SRGPAGPPGK AGEDGHPGKP GRPGERGVVG PQGARGFPGT PGLPGFKGIR GHNGLD   R1A2 
                         GLAGYPGPAG PPGPPGPPGT SGHPGSPGSP GYQGPPGEPG QAGPSGPPGP PGAIGPSGPA GKDGESGRPG RPGERGLPGP PGIKGPAGIP GFPGMK   H3A1 
D1    101                            121                            141                           161                            181                            201                           _ 
GAKG DAGPAGPKGE PGSPGENGAP GQMGPRGLPG ERGRPGAPGP AGARGNDGAT GAAGPPGPTG PAGPPGFPGA VGAKGEAGPQ GPRGSEGPQG VRGEPGPPGP AGAAGPAGNP GA     H1A1 
GAKG DTGPAGPKGE PGSPGENGAP GQMGPRGLPG ERGRPGPPGS AGARGNDGAV GAAGPPGPTG PTGPPGFPGA AGAKGEAGPQ GARGSEGPQG VRGEPGPPGP AGAAGPAGNP GA     R1A1 
GLKG QPGAPGVKGE PGAPGENGTP GQTGARGLPG ERGRVGAPGP AGARGSDGSV GPVGPAGPIG SAGPPGFPGA PGPKGEIGAV GNAGPAGPAG PRGEVGLPGL SGPVGPPGNP GA     H1A2 
GLKG QPGAQGVKGE PGAPGENGTP GQAGARGLPG ERGRVGAPGP AGARGSDGSV GPVGPAGPIG SAGPPGFPGA PGPKGELGPV GNPGPAGPAG PRGEAGLPGL SGPVGPPGNP GA     R1A2 
GHRG FDGRNGEKGE TGAPGLKGEN GLPGENGAPG PMGPRGAPGE RGRPGLPGAA GARGNDGARG SDGQPGPPGP PGTAGFPGSP GAKGEVGPAG SPGSNGAPGQ RGEPGPQGHA GA     H3A1 
D2       221                    241                   261                    281                    301                            321                _ 
DGQPGAKG ANGAPGIAGA PGFPGARGPS GPQGPGGPPG PKGNSGEPGA PGSKGDTGAK GEPGPVGVQG PPGPAGEEGK RGARGEPGPT GLPGPPGERG GPGSRGFPGA DGVAGPKGP     H1A1 
DGQPGAKG ANGAPGIAGA PGFPGARGPS GPQGPSGAPG PKGNSGEPGA PGNKGDTGAK GEPGPAGVQG PPGPAGEEGK RGARGEPGPS GLPGPPGERG GPGSRGFPGA DGVAGPKGP     R1A1 
NGLTGAKG AAGLPGVAGA PGLPGPRGIP GPVGAAGATG ARGLVGEPGP AGSKGESGNK GEPGSAGPQG PPGPSGEEGK RGPNGEAGSA GPPGPPGLRG SPGSRGLPGA DGRAGVMGP     H1A2 
NGLTGAKG ATGLPGVAGA PGLPGPRGIP GPVGAAGATG PRGLVGEPGP AGSKGETGNK GEPGSAGAQG PPGPSGEEGK RGSPGEPGSA GPAGPPGLRG SPGSRGLPGA DGRAGVMGP     R1A2 
QGPPGPPG INGSPGGKGE MGPAGIPGAP GLMGARGPPG PAGANGAPGL RGGAGEPGKN GAKGEPGPRG ERGEAGIPGV PGAKGEDGKD GSPGEPGANG LPGAAGERGA PGFRGPAGP     H3A1 
D2           341                           361                            381                            401                           421                            441            _ 
A GERGSPGPAG PKGSPGEAGR PGEAGLPGAK GLTGSPGSPG PDGKTGPPGP AGQDGRPGPP GPPGARGQAG VMGFPGPKGA AGEPGKAGER GVPGPPGAVG PAGKDGEAGA QGPPG     H1A1 
A GERGSPGPAG PKGSPGEAGR PGEAGLPGAK GLTGSPGSPG PDGKTGPPGP AGQDGRPGPA GPPGARGQAG VMGFPGPKGT AGEPGKAGER GVPGPPGAVG PAGKDGEAGA QGAPG     R1A1 
P GSRGASGPAG VRGPNGDAGR PGEPGLMGPR GLPGSPGNIG PAGKEGPVGL PGIDGRPGPI GPAGARGEPG NIGFPGPKGP TGDPGKNGDK GHAGLAGARG APGPDGNNGA QGPPG     H1A2 
P GNRGSTGPAG VRGPNGDAGR PGEPGLMGPR GLPGSPGNVG PAGKEGPVGL PGIDGRPGPI GPAGPRGEAG NIGFPGPKGP SGDPGKPGEK GHPGLAGARG APGPDGNNGA QGPPG     R1A2 
N GIPGEKGPAG ERGAPGPAGP RGAAGEPGRD GVPGGPGMRG MPGSPGGPGS DGKPGPPGSQ GESGRPGPPG PSGPRGQPGV MGFPGPKGND GAPGKNGERG GPGGPGPQGP PGKNG     H3A1 
D3               461                            481                           501                            521                            541                            561        - 
PAGPA GERGEQGPAG SPGFQGLPGP AGPPGEAGKP GEQGVPGDLG APGPSGARGE RGFPGERGVQ GPPGPAGPRG ANGAPGNDGA KGDAGAPGAP GSQGAPGLQG MPGERGAAGL PGP   H1A1 
PAGPA GERGEQGPAG SPGFQGLPGP AGPPGEAGKP GEQGVPGDLG APGPSGARGE RGFPGERGVQ GPPGPAGPRG NNGAPGNDGA KGDTGAPGAP GSQGAPGLQG MPGERGAAGL PGP   R1A1 
PQGVQ GGKGEQGPPG PPGFQGLPGP SGPAGEVGKP GERGLHGEFG LPGPAGPRGE RGPPGESGAA GPTGPIGSRG PSGPPGPDGN KGEPGVVGAV GTAGPSGPSG LPGERGAAGI PGG   H1A2 
PQGVQ GGKGEQGPAG PPGFQGLPGP SGTAGEVGKP GERGLPGEFG LPGPAGPRGE RGPPGESGAA GPSGPIGIRG PSGAPGPDGN KGEAGAVGAP GSAGASGPGG LPGERGAAGI PGG   R1A2 
ETGPQ GPPGPTGPGG DKGDTGPPGP QGLQGLPGTG GPPGENGKPG EPGPKGDAGA PGAPGGKGDA GAPGERGPPG LAGAPGLRGG AGPPGPEGGK GAAGPPGPPG AAGTPGLQGM PGE   H3A1 
D3                 581                            601                           621                            641                             661                   681      _ 
KGDRGDA GPKGADGSPG KDGVRGLTGP IGPPGPAGAP GDKGESGPSG PAGPTGARGA PGDRGEPGPP GPAGFAGPPG ADGQPGAKGE PGDAGAKGDA GPPGPAGPAG PPGPIGNVGA P   H1A1 
KGDRGDA GPKGADGSPG KDGVRGLTGP IGPPGPAGAP GDKGETGPSG PAGPTGARGA PGDRGEPGPP GPAGFAGPPG ADGQPGAKGE PGDTGVKGDA GPPGPAGPAG PPGPIGNVGA P   R1A1 
KGEKGEP GLRGEIGNPG RDGARGAPGA VGAPGPAGAT GDRGEAGAAG PAGPAGPRGS PGERGEVGPA GPNGFAGPAG AAGQPGAKGE RGAKGPKGEN GVVGPTGPVG AAGPAGPNGP P   H1A2 
KGEKGET GLRGEIGNPG RDGARGAPGA IGAPGPAGAS GDRGEAGAAG PSGPAGPRGS PGERGEVGPA GPNGFAGPAG SAGQPGAKGE KGTKGPKGEN GIVGPTGPVG AAGPSGPNGP P   R1A2 
RGGLGSP GPKGDKGEPG GPGADGVPGK DGPRGPTGPI GPPGPAGQPG DKGEGGAPGL PGIAGPRGSP GERGETGPPG PAGFPGAPGQ NGEPGGKGER GAPGEKGEGG PPGVAGPPGG S   H3A1 
D4                   701                           721                            741                            761                           781                          _ 
GAKGARGSA GPPGATGFPG AAGRVGPPGP SGNAGPPGPP GPAGKEGGKG PRGETGPAGR PGEVGPPGPP GPAGEKGSPG ADGPAGAPGT PGPQGIAGQR GVVGLPGQRG ERGFPGLP     H1A1 
GPKGSRGAA GPPGATGFPG AAGRVGPPGP SGNAGPPGPP GPVGKEGGKG PRGETGPAGR PGEVGPPGPP GPAGEKGSPG ADGPAGSPGT PGPQGIAGQR GVVGLPGQRG ERGFPGLP     R1A1 
GPAGSRGDG GPPGMTGFPG AAGRTGPPGP SGISGPPGPP GPAGKEGLRG PRGDQGPVGR TGEVGAVGPP GFAGEKGPSG EAGTAGPPGT PGPQGLLGAP GILGLPGSRG ERGLPGVA     H1A2 
GPAGSRGDG GPPGMTGFPG AAGRTGPPGP SGITGPPGPP GAAGKEGIRG PRGDQGPVGR TGEIGASGPP GFAGEKGPSG EPGTTGPPGT AGPQGLLGAP GILGLPGSRG ERGQPGIA     R1A2 
GPAGPPGPQ GVKGERGSPG GPGAAGFPGA RGLPGPPGSN GNPGPPGPSG SPGKDGPPGP AGNTGAPGSP GVSGPKGDAG QPGEKGSPGA QGPPGAPGPL GIAGITGARG LAGPPGMP     H3A1 
D4 801                            821                           841                            861                            881                            901                     _ 
GP SGEPGKQGPS GASGERGPPG PMGPPGLAGP PGESGREGAP GAEGSPGRDG SPGAKGDRGE TGPAGPPGAP GAPGAPGPVG PAGKSGDRGE TGPAGPTGPV GPVGARGPAG PQGP     H1A1 
GP SGEPGKQGPS GASGERGPPG PMGPPGLAGP PGESGREGSP GAEGSPGRDG APGAKGDRGE TGPAGPPGAP GAPGAPGPVG PAGKNGDRGE TGPAGPAGPI GPAGARGPAG PQGP     R1A1 
GA VGEPGPLGIA GPPGARGPPG AVGSPGVNGA PGEAGRDGNP GNDGPPGRDG QPGHKGERGY PGNIGPVGAA GAPGPHGPVG PAGKHGNRGE TGPSGPVGPA GAVGPRGPSG PQGI     H1A2 
GA LGEPGPLGIA GPPGARGPPG AVGSPGVNGA PGEAGRDGNP GSDGPPGRDG QPGHKGERGY PGNIGPTGAA GAPGPHGSVG PAGKHGNRGE PGPAGSVGPV GAVGPRGPSG PQGI     R1A2 
GP RGSPGPQGVK GESGKPGANG LSGERGPPGP QGLPGLAGTA GEPGRDGNPG SDGLPGRDGS PGGKGDRGEN GSPGAPGAPG HPGPPGPVGP AGKSGDRGES GPAGPAGAPG PAGS     H3A1 
D4.6   921                            941                           961                            981                           1001                                       _ 
RGDKGE TGEQGDRGIK GHRGFSGLQG PPGPPGSPGE QGPSGASGPA GPRGPPGSAG APGKDGLNGL PGPIGPPGPR GRTGDAGPVG PPGPPGPPGP PGPP                       H1A1 
RGDKGE TGEQGDRGIK GHRGFSGLQG PPGSPGSPGE QGPSGASGPA GPRGPPGSAG SPGKDGLNGL PGPIGPPGPR GRTGDSGPAG PPGPPGPPGP PGPP                       R1A1 
RGDKGE PGEKGPRGLP GLKGHNGLQG LPGIAGHHGD QGAPGSVGPA GPRGPAGPSG PAGKDGRTGH PGTVGPAGIR GPQGHQGPAG PPGPPGPPGP PGVS                       H1A2 
RGDKGE PGDKGARGLP GLKGHNGLQG LPGLAGLHGD QGAPGPVGPA GPRGPAGPSG PIGKDGRSGH PGPVGPAGVR GSQGSQGPAG PPGPPGPPGP PGVS                       R1A2 
RGAPGP QGPRGDKGET GERGAAGIKG HRGFPGNPGA PGSPGPAGQQ GAIGSPGPAG PRGPVGPSGP PGKDGTSGHP GPIGPPGPRG NRGERGSEGS PGHPGQPGPP GPPGAPGPC       H3A1 
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Figure 29. Unexpected Hydroxylation Sites in Collagen αααα Chains. Sequences of the α1(I) and α2(I) chains of human, the α1(I) and the α2(I) chains of rat and 
the α1(III) chains of human were arranged by the D-periodicity according to Di Lullo (DiLullo, G., et. al., 2002).  The triplets including an Ox are in grey 
highlight, and in bold for more than one detection. Triplets with Py are underscored, and in bold for multiple detection.  The entire segment of three highly 
variable regions with multiple Ox residues are boxed.  The hydroxylated proline in the telopeptide is P*.  Hydroxylysines and oxidized methionines are in 
magenta highlight, and bold for more than one detection.  Not sequenced regions are in grey italic.  
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Chapter 5 

Appendix 

Table S1: The complete sequencing results. 
 
 
RCIα1_a Commercial Rat Collagen Type I in-gel digestion   

    m/z +1 Score Py Ox Oy Peptide 

783.4359 43     561 556GAAGLOGPK 

836.4373 57       907GPAGPQGPR 

886.4377 62       184GSEGPQGVR 

1088.5371 64     318 316GFOGADGVAGPK 

1161.5721 67     405 397GQAGVMGFOGPK 

1258.5910 61     366,369 361GLTGSOGSOGPDGK 

1306.6386 92     249 238GPSGPQGPSGAOGPK 

1322.6335 65   245 249 238GPSGPQGOSGAOGPK 

1328.6481 74 804   795,798 793GFOGLOGPSGEPGK 

1443.6975 126     693,699 688GAAGPOGATGFOGAAGR 

1451.6761 63     297,303,306 295GEOGPSGLOGPOGER 

1532.7816 92       889GETGPAGPAGPIGPAGAR 

1680.7572 87     444 435DGEAGAQGAOGPAGPAGER 

1832.8596 51 819,825,831 817GPOGPMGPOGLAGPOGESGR 

1840.9188 50 708,717,720 705VGPOGPSGNAGPOGPOGPVGK 

1856.9137 61 707 708,717,720 705VGOOGPSGNAGPOGPOGPVGK 

2136.9905 81     759,768,771 757GSOGADGPAGSOGTOGPQGIAGQR 

2185.0520 74     867,870,873,876 859GETGPAGPOGAOGAOGAOGPVGPAGK 

2228.9837 54     537,540,546,552 532GDTGAOGAOGSQGAOGLQGMOGER 

2244.9786 67     537,540,546,552 532GDTGAOGAOGSQGAOGLQGMOGER 

2307.1364 58 663,672,681 658GDAGPOGPAGPAGPOGPIGNVGAOGPK 

2316.0487 52 195, 198,210,216 193GEOGPOGPAGAAGPAGNOGADGQOGAK 
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RCIα1_a continued 

2323.1313 79 683 663,672,681 658GDAGPOGPAGPAGPOGPIGNVGAOGOK 

2332.0436 65 206 195,198,210,216 193GEOGPOGPAGAAGOAGNOGADGQOGAK 

2548.2063 101 156,165,168 145GNDGAVGAAGPOGPTGPTGPOGFOGAAGAK 

2564.2012 54   155 156,165,168 145GNDGAVGAAGOOGPTGPTGPOGFOGAAGAK 

2679.2394 42 948   942,945 934GFSGLQGPOGSOGSPGEQGPSGASGPAGPR 

2695.2343 132     942,945,948 934GFSGLQGPOGSOGSOGEQGPSGASGPAGPR 
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RCIα1_b Commercial Rat Collagen Type I in-gel digestion 
 

m/z +1 Score Py Ox Oy Peptide 
783.4359 52     561 556GAAGLOGPK 

836.4373 72       907GPAGPQGPR 

851.4258 46         91GFSGLDGAK 

852.4322 41     69  67GPOGPQGAR 

886.4377 63       184GSEGPQGVR 

898.5105 60     786 781GVVGLOGQR 

1088.5371 66     318 316GFOGADGVAGPK 

1105.5749 47     513 508GVQGPOGPAGPR 

1161.5721 67     405 397GQAGVMGFOGPK 

1177.5670 48   405  397GQAGVMGFOGPK 

1192.6321 74     423,426 421GVOGPOGAVGPAGK  

1258.5910 64     366,369 361GLTGSOGSOGPDGK  

1306.6386 82     249 238GPSGPQGPSGAOGPK 

1328.6481 76 804   795,798 793GFOGLOGPSGEPGK 

1338.6284 58   239,245 249 238GOSGPQGOSGAOGPK  

1344.6430 41     795,798,804 793GFOGLOGPSGEOGK  

1435.6812 43 297   303,306 295GEPGPSGLOGPOGER  

1443.6975 127     693,699 688GAAGPOGATGFOGAAGR  

1532.7816 67       889GETGPAGPAGPIGPAGAR  

1680.7572 86     444 435DGEAGAQGAOGPAGPAGER 

1744.7733 46     840,846,852 
837EGSOGAEGSOGRDGAOGAK  

1819.8457 91     273,282 
271GEOGPAGVQGPOGPAGEEGK 

1856.9137 44 707 708,717,720 705VGOOGPSGNAGPOGPOGPVGK 

1872.9086 49 707, 722 708,717,720 705VGOOGPSGNAGPOGPOGOVGK 

1959.9519 87 273   282 
271GEPGPAGVQGPOGPAGEEGKR  

1975.9468 94     273,282 
271GEOGPAGVQGPOGPAGEEGKR  
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RCIα1_b continued 
 
 

2014.9689 41   378,387,393 
375TGPOGPAGQDGROGPAGPOGAR  

2030.9639 50 389 378,387,393 
375TGPOGPAGQDGROGOAGPOGAR  

2120.9955 98 771   759,768 757GSOGADGPAGSOGTPGPQGIAGQR 

2136.9905 84     759,768,771 757GSOGADGPAGSOGTOGPQGIAGQR 

2169.0571 57 876   867,870,873 859GETGPAGPOGAOGAOGAPGPVGPAGK 

2185.0520 45      867,870,873,876 859GETGPAGPOGAOGAOGAOGPVGPAGK 

2216.0578 57 741,747,750 733GETGPAGROGEVGPOGPOGPAGEK  

2228.9837 99     537,540,546,552 532GDTGAOGAOGSQGAOGLQGMOGER 

2316.0487 53   195,198,210,216 193GEOGPOGPAGAAGPAGNOGADGQOGAK 

2332.0436 79 206 195,198,210,216 193GEOGPOGPAGAAGOAGNOGADGQOGAK 

2513.2015 142     867,870,873,876 856GDRGETGPAGPOGAOGAOGAOGPVGPAGK  

2548.2063 72   156,165,168 145GNDGAVGAAGPOGPTGPTGPOGFOGAAGAK 

2564.2012 69 155 156,165,168 145GNDGAVGAAGOOGPTGPTGPOGFOGAAGAK 

2679.2394 68 948   942,945 934GFSGLQGPOGSOGSPGEQGPSGASGPAGPR 

2695.2343 127     942,945,948 934GFSGLQGPOGSOGSOGEQGPSGASGPAGPR 
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RCIα1_c   Rat Collagen Type I in-gel digestion 

m/z+1 Score Py Ox Oy Peptide 

783.4359 47     561 556GAAGLOGPK 

836.4373 44       907GPAGPQGPR 

851.4258 60       91GFSGLDGAK 

852.4322 43     69 67GPOGPQGAR 

886.4377 62       184GSEGPQGVR 

898.5105 56     786 781GVVGLOGQR 

943.4480 41     966,972 964GPOGSAGSOGK 

945.4384 56       807QGPSGASGER 

1088.5371 62     318 316GFOGADGVAGPK 

1132.4865 53     840,846 837EGSOGAEGSOGR 

1161.5721 72     405 397GQAGVMGFOGPK 

1177.5670 44     405 397GQAGVMGFOGPK 

1193.5619 54     405 397GQAGVMGFOGPK 

1242.5961 63 369   366 361GLTGSOGSPGPDGK 

1322.6335 76   239 249 238GOSGPQGPSGAOGPK 

1338.6284 76   239,251 249 238GOSGPQGPSGAOGOK 

1344.6430 57     795,798,804 793GFOGLOGPSGEOGK 

1354.6233 49   239,245,251 249 238GOSGPQGOSGAOGOK 

1443.6975 42     693,699 688GAAGPOGATGFOGAAGR 

1451.6761 46   297,303,306 295GEOGPSGLOGPOGER 

1452.7264 65 -1     -7SAGVSVPGPMGPSGPR 

1468.7213 51 -1     -7SAGVSVPGPMGPSGPR 

1484.7162 40     -1 -7SAGVSVOGPMGPSGPR 

1532.7816 84       889GETGPAGPAGPIGPAGAR 

1561.7969 40   986 981,987 975DGLNGLOGPIGOOGPR 

1574.8173 86 600   594 586GLTGPIGPOGPAGAPGDK 
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RCIα1_c   continued 
 
 
 

1585.7717 78     225,231,234 220GANGAOGIAGAOGFOGAR 

1590.8122 42     594,600 586GLTGPIGPOGPAGAOGDK 

1655.7984 60     345,351,357 343GSOGEAGROGEAGLOGAK 

1664.7623 88 444      435DGEAGAQGAPGPAGPAGER 

1680.7551 96     444  435DGEAGAQGAOGPAGPAGER 

1696.7521 92   449 444 435DGEAGAQGAOGPAGOAGER 

1800.8697 105 825,831   819 817GPOGPMGPPGLAGPPGESGR 

1803.8508 77 273 282 271GEPGPAGVQGPOGPAGEEGK 

1816.8647 125 825,831   819 817GPOGPMGPPGLAGPPGESGR 

1819.8457 82     273,282 271GEOGPAGVQGPOGPAGEEGK 

1872.9086 49 707,719 708,720 705VGOOGPSGNAGPOGOOGPVGK 

1888.9035 48   707,719,722 708,717,720 705VGOOGPSGNAGPOGOOGOVGK 

1975.9468 69     273,282 271GEOGPAGVQGPOGPAGEEGKR 

2105.0006 78 759,771   768 757GSPGADGPAGSOGTPGPQGIAGQR 

2244.9786 98     537,540,546,552 532GDTGAOGAOGSQGAOGLQGMOGER 

2339.1262 40 674,683 663,672,681 658GDAGPOGPAGPAGPOGOIGNVGAOGOK 

2513.2084 67     867,870,873,876 856GDRGETGPAGPOGAOGAOGAOGPVGPAGK 

2548.2063 58   156,165,168 145GNDGAVGAAGPOGPTGPTGPOGFOGAAGAK 

2564.2012 96   155 156,165,168 145GNDGAVGAAGOOGPTGPTGPOGFOGAAGAK 

2663.2444 96 945,948   942 934GFSGLQGPOGSPGSPGEQGPSGASGPAGPR 

2679.2394 105 948   942,945 934GFSGLQGPOGSOGSPGEQGPSGASGPAGPR 

2695.2343 62     942,945,948 934GFSGLQGPOGSOGSOGEQGPSGASGPAGPR 

 
 
 
 
 



91 
 

RCIα2_a Commercial Rat Collagen Type I in-gel digestion 
 
 

m/z +1 Score Py Ox Oy Peptide 

758.3791 56     318 316GLOGADGR 

868.4635 50     138 135VGAOGPAGAR 

868.4635 58       907GPSGPQGIR 

937.5102 41       964GPAGPSGPIGK 

987.4676 54     330 324AGVMGPOGNR 

1084.5633 71     258 253GLVGEOGPAGSK 

1159.5742 82     405 397GEAGNIGFOGPK 

 1203.6229  48     981 978SGHOGPVGPAGVR 

1238.6052 57     78,81,84  76GFOGTOGLOGFK  

1239.6328 80     363,366 361GLOGSOGNVGPAGK 

1251.6076 77       604GEAGAAGPSGPAGPR 

1293.6910 83     240 238GIOGPVGAAGATGPR 

1399.6821 43     -1  -6GVSAGOGPMGLMGPR 

1453.7434 89     486,492 484GLOGEFGLOGPAGPR 

1490.7122 49     750 741TGEIGASGPOGFAGEK 

1510.7245 68   588,594 586GAOGAIGAOGPAGASGDR 

1560.8129 102 891     889GEPGPAGSVGPVGAVGPR 

1576.8078 59     891 889GEOGPAGSVGPVGAVGPR 

1592.8391 83     225,231,234 220GATGLOGVAGAOGLOGPR 

1592.7663 58 297 294,306 292GSOGEPGSAGPAGPOGLR 

1608.7612 67     294,297,306 292GSOGEOGSAGPAGPOGLR 

1615.8187 81     183 175GELGPVGNOGPAGPAGPR 

1781.7937 69 273   282 271GEPGSAGAQGPOGPSGEEGK 

2098.104 52     381,387 375EGPVGLOGIDGROGPIGPAGPR 

2276.1054 122     861,873 859GYOGNIGPTGAAGAOGPHGSVGPAGK 

2384.0597 51     273,282 265GETGNKGEOGSAGAQGPOGPSGEEGK 
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RCIα2_a continued 
 
 
 

2605.2529 102   173 165,168,171 145GSDGSVGPVGPAGPIGSAGPOGFOGAOGOK 

2743.3143 79     588,594, 586GAOGAIGAOGPAGASGDRGEAGAAGPSGPAGPR 

2836.3496 73   462,468,480 454GEQGPAGPOGFQGLOGPSGTAGEVGKOGER 

2971.512 76 768 762,780,786 757GPSGEOGTTGPPGTAGPQGLLGAOGILGLOGSR 

2987.5069 48 762,768,780,786 757GPSGEOGTTGPOGTAGPQGLLGAOGILGLOGSR 

3061.4206 71 525,540,552 520GPSGAOGPDGNKGEAGAVGAOGSAGASGPGGLOGER 

4202.0537 118 173 165,168,171,183 145GSDGSVGPVGPAGPIGSAGPOGFOGAOGOKGELGPVGNOGPAGPAGPR 
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RCIα2_b Commercial Rat Collagen Type I in-gel digestion 

m/z +1 Score Py Ox Oy Peptide 

840.4686 60       
67GVVGPQGAR 

868.4635 71     138 
135VGAOGPAGAR 

868.4635 46       
907GPSGPQGIR 

987.4676 52     330 
324AGVMGPOGNR 

1057.5636 42     561 
556GAAGIOGGKGEK  

1084.5633 75     258 
253GLVGEOGPAGSK 

1159.5742 52 405 
397GEAGNIGFOGPK 

1238.6052 58     78,81,84  76GFOGTOGLOGFK  

1239.6328 50     363,366 
361GLOGSOGNVGPAGK 

1251.6076 81       
604GEAGAAGPSGPAGPR 

1293.6910 94     240 
238GIOGPVGAAGATGPR 

1399.6821 65 -1      
  -6GVSAGPGPMGLMGPR 

1453.7434 87     486,492 
484GLOGEFGLOGPAGPR 

1510.7245 81     588,594 
586GAOGAIGAOGPAGASGDR 

1560.8129 111 891     
889GEPGPAGSVGPVGAVGPR 

1576.8078 91     891 
889GEOGPAGSVGPVGAVGPR 

1576.7714 79 294,297   306 
292GSPGEPGSAGPAGPOGLR 

1592.7663 50 297 294,306 
292GSOGEPGSAGPAGPOGLR  

1592.8391 88     225,231,234 
220GATGLOGVAGAOGLOGPR 

1608.7612 76     294,297,306 
292GSOGEOGSAGPAGPOGLR 

1615.8187 93     183 
175GELGPVGNOGPAGPAGPR 

1781.7937 69 273   282 
271GEPGSAGAQGPOGPSGEEGK 

1833.8905 47 717 707,719 708,720 705TGOOGPSGITGPPGOOGAAGK 

1892.8118 45     840,846,852 
837DGNOGSDGPOGRDGQOGHK  

1937.8948 115 273   282 
271GEPGSAGAQGPOGPSGEEGKR  

2041.0322 97     891 
885HGNRGEOGPAGSVGPVGAVGPR  
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RCIα2_b continued 
 
 

2098.1040 56     381,387 
375EGPVGLOGIDGROGPIGPAGPR 

2276.1054 134     861,873 
859GYOGNIGPTGAAGAOGPHGSVGPAGK 

2368.0648 41 273   282 
265GETGNKGEPGSAGAQGPOGPSGEEGK 

2384.0597 60     273,282 
265GETGNKGEOGSAGAQGPOGPSGEEGK  

2605.2529 80   173 165,168,171 
145GSDGSVGPVGPAGPIGSAGPOGFOGAOGOK 

2743.3143 88     588,594 
586GAOGAIGAOGPAGASGDRGEAGAAGPSGPAGPR 

2836.3496 79   462,468,480 
454GEQGPAGPOGFQGLOGPSGTAGEVGKOGER 

3061.4206 72   525,540,552 520GPSGAOGPDGNKGEAGAVGAOGSAGASGPGGLOGER  
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RCIα2_c   Rat Collagen Type I in-gel digestion 
   

m/z+1 Score Py Ox Oy Peptide 

758.3791 48     318 316GLOGADGR 

840.4686 54       67GVVGPQGAR 

868.4635 62     138 135VGAOGPAGAR 

868.4653 51       907GPSGPQGIR 

884.4585 46   908   907GOSGPQGIR 

937.5102 52       964GPAGPSGPIGK 

953.5051 51   968   964GPAGOSGPIGK 

971.4727 44     330 324AGVMGPOGNR 

987.4676 54     330 324AGVMGPOGNR 

1068.5684 71 258     253GLVGEPGPAGSK 

1084.5633 70     258 253GLVGEOGPAGSK 

1157.4818 57     840,846 837DGNOGSDGPOGR 

1175.5691 79     405 397GEAGNIGFOGPK 

1187.6280 54 981     978SGHPGPVGPAGVR 

1238.6052 64
 

    78,81,84  76GFOGTOGLOGFK 

1239.6328 85     363,636 361GLOGSOGNVGPAGK 

1251.6076 77       604GEAGAAGPSGPAGPR 

1399.6821 95       -6GVSAGPGPMGLMGPR 

1415.6770 87       -6GVSAGPGPMGLMGPR 

1428.7190 52     579 568GETGLRGEIGNOGR 

1431.6719 46     -1  -6GVSAGOGPMGLMGPR 

1437.7485 79 486   492 484GLPGEFGLOGPAGPR 

1453.7434 75   486,492 484GLOGEFGLOGPAGPR 

1469.7383 110   494 486,492 484GLOGEFGLOGOAGPR 

1490.7122 59 750  741TGEIGASGPOGFAGEK 

1506.7071 67   749 750 741TGEIGASGOOGFAGEK 
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RCIα2_c   continued 
 

1510.7245 86     588,594 586GAOGAIGAOGPAGASGDR 

1533.6751 74     702,708 697GDGGPOGMTGFOGAAGR 

1560.8129 102 891     889GEPGPAGSVGPVGAVGPR 

1576.8078 110     891 889GEOGPAGSVGPVGAVGPR 

1576.7714 76 294,297   306 292GSPGEPGSAGPAGPOGLR 

1592.7663 85 294   297,306 292GSPGEOGSAGPAGPOGLR 

1599.8238 87 183     175GELGPVGNPGPAGPAGPR 

1608.7612 88   294,297,306 292GSOGEOGSAGPAGPOGLR 

1615.8187 105     183 175GELGPVGNOGPAGPAGPR 

1624.7562 94 302 294,297,306 292GSOGEOGSAGOAGPOGLR 

1748.8674 69 297   294,306 291RGSOGEPGSAGPAGPOGLR 

1751.8307 107     819,825,831 817GPOGAVGSOGVNGAOGEAGR 

1764.8624 50 294,297,306 291RGSOGEOGSAGPAGPOGLR 

1781.7937 85 273   282 271GEPGSAGAQGPOGPSGEEGK 

1797.7886 94     273,282 271GEOGSAGAQGPOGPSGEEGK 

1817.9028 52 708,717,720 705TGPOGPSGITGPOGPOGAAGK 

1833.8973 69 717 707,719 708, 720 705TGOOGPSGITGPPGOOGAAGK 

1849.8926 89   707,719 708,717,720 705TGOOGPSGITGPOGOOGAAGK 

1865.8876 97   707,716,719 708,717,720 705TGOOGPSGITGOOGOOGAAGK 

1953.8897 52     273,282 271GEOGSAGAQGPOGPSGEEGKR 

2010.9475 86     540,552 532GEAGAVGAOGSAGASGPGGLOGER 

2025.0373 82 891     885HGNRGEPGPAGSVGPVGAVGPR 

2041.0322 76     891 885HGNRGEOGPAGSVGPVGAVGPR 

2098.1040 53     381,387 375EGPVGLOGIDGROGPIGPAGPR 

2145.9908 76     432,444 430GAOGPDGNNGAQGPOGPQGVQGGK 

2368.0648 61 273   282 265GETGNKGEPGSAGAQGPOGPSGEEGK 

2524.1659 54 273 282 265GETGNKGEPGSAGAQGPOGPSGEEGKR 

2540.1608 52    273,282 265GETGNKGEOGSAGAQGPOGPSGEEGKR 
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 RCIα2_c   continued 
 

2589.2580 112     165,168,171 145GSDGSVGPVGPAGPIGSAGPOGFOGAOGPK 

2605.2529 103   173 165,168,171 145GSDGSVGPVGPAGPIGSAGPOGFOGAOGOK 

2621.2478 51   164,173 165,168,171 145GSDGSVGPVGPAGPIGSAGOOGFOGAOGOK 

2786.4081 77     952,964 934GHNGLQGLOGLAGLHGDQGAOGPVGPAGPR 

2987.5069 84 762,768,780,786 757GPSGEOGTTGPOGTAGPQGLLGAOGILGLOGSR 

3045.4257 78 552   525,540 520GPSGAOGPDGNKGEAGAVGAOGSAGASGPGGLPGER 

3077.4155 76   548 525,540,552 520GPSGAOGPDGNKGEAGAVGAOGSAGASGOGGLOGER 

4186.0588 64 183 173 165,168,171 145GSDGSVGPVGPAGPIGSAGPOGFOGAOGOKGELGPVGNPGPAGPAGPR 

4218.0487 80  164,173 165,168,171.183 145GSDGSVGPVGPAGPIGSAGOOGFOGAOGOKGELGPVGNOGPAGPAGPR 

4459.2012 41 750,762,768,780,786 741TGEIGASGPOGFAGEKGPSGEOGTTGPOGTAGPQGLLGAOGILGLOGSR 
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HCIα1_a Commercial Human Collagen Type I in-gel digestion 
 

m/z +1 Score Py Ox Oy Peptide 

836.4373 69       907GPAGPQGPR  

886.4377 50       184GSEGPQGVR  

898.5105 58     786 781GVVGLOGQR  

1088.5371 48     318 316GFOGADGVAGPK  

1105.5749 40     513 508GVQGPOGPAGPR  

1177.5670 49     405 397GQAGVMGFOGPK 

1258.5910 69     366,369 361GLTGSOGSOGPDGK  

1302.6437 80     249 238GPSGPQGPGGPOGPK  

1344.6430 48     795,798,804 793GFOGLOGPSGEOGK 

1459.6924 135     693,699 688GSAGPOGATGFOGAAGR  

1465.6918 74     297,303,306 295GEOGPTGLOGPOGER 

1546.7972 76       889GETGPAGPAGPVGPVGAR  

1706.7729 104     444 435DGEAGAQGPOGPAGPAGER  

1812.8875 49   708,717,720 705VGPOGPSGNAGPOGPOGPAGK  

1832.8596 78 825 819,831 817GPOGPMGPPGLAGPOGESGR 

1848.8545 41   819,825,831 817GPOGPMGPOGLAGPOGESGR  

2003.9781 100     273,282 271GEOGPVGVQGPOGPAGEEGKR 

2056.9795 67   378,387,390,393 375TGPOGPAGQDGROGPOGPOGAR  

2105.0006 83 771   759,768 757GSOGADGPAGAOGTPGPQGIAGQR  

2149.9785 73 627, 630,639,645 625GEOGPOGPAGFAGPOGADGQOGAK 

2281.1207 61   663,672,681 658GDAGPOGPAGPAGPOGPIGNVGAOGAK  

2316.0487 97 195, 198,210,216 193GEOGPOGPAGAAGPAGNOGADGQOGAK  

2497.2066 72 876   867,870,873 856GDRGETGPAGPOGAOGAOGAPGPVGPAGK  

2703.2394 40 639 621,627, 630,645 619GAOGDRGEOGPOGPAGFAGPPGADGQOGAK 

2705.2550 132   942,945,948 934GFSGLQGPOGPOGSOGEQGPSGASGPAGPR 

2869.4075 73   594,600 586GLTGPIGPOGPAGAOGDKGESGPSGPAGPTGAR 

4112.9180 68 462,468,474,480,486,492 
454GEQGPAGSOGFQGLOGPAGPOGEAGKOGEQGVOGDLGAOGPSGAR 
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HCIα1_b Commercial Human Collagen Type I in-gel digestion 
 

m/z +1 Score Py Ox Oy Peptide 

836.4373 67       907GPAGPQGPR  

886.4377 58       184GSEGPQGVR  

1192.6320 71       421GVOGPOGAVGPAGK  

1459.6924 101     693, 699 
688GSAGPOGATGFOGAAGR  

1465.6918 78     297,303,306 295GEOGPTGLOGPOGER 

1546.7972 67       889GETGPAGPAGPVGPVGAR  

1562.7863 65   986 981,987  975DGLNGLOGPIGOOGPR  

1585.7717 72       220GANGAOGIAGAOGFOGAR  

1706.7729 93     444 435DGEAGAQGPOGPAGPAGER  

1758.7347 79     111, 114,120  109GEOGSOGENGAOGQMGPR  

2003.9781 72     273,282 271GEOGPVGVQGPOGPAGEEGKR 

2105.0006 66 771   759,768 757GSOGADGPAGAOGTPGPQGIAGQR  

2121.0373 58   759,768,771 757GSOGADGPAGAOGTOGPQGIAGQR  

2149.9785 57 627, 630,639,645 625GEOGPOGPAGFAGPOGADGQOGAK 

2281.1207 84   663,672,681 658GDAGPOGPAGPAGPOGPIGNVGAOGAK  

2497.2066 81 876   867,870,873 856GDRGETGPAGPOGAOGAOGAPGPVGPAGK  

2513.2015 109     867,870,873,876 856GDRGETGPAGPOGAOGAOGAOGPVGPAGK  

2703.2394 63 639 621,627, 630,645 619GAOGDRGEOGPOGPAGFAGPPGADGQOGAK 

2705.2550 111   942,945,948 934GFSGLQGPOGPOGSOGEQGPSGASGPAGPR 

2869.4075 97   594,600 586GLTGPIGPOGPAGAOGDKGESGPSGPAGPTGAR 
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HCIα2_a Commercial Human Collagen Type I in-gel digestion 
 

m/z +1 Score Py Ox Oy  Peptide 

809.4377 48       421GHAGLAGAR 

868.4635 73     138 135VGAOGPAGAR  

868.4635 40        907GPSGPQGIR 

895.4632 54       964GPAGPSGPAGK 

960.4567 62     330 324AGVMGPOGSR 

1084.5633 42     258 253GLVGEOGPAGSK 

1201.5848 67     399,405 397GEOGNIGFOGPK 

1253.6484 89     363,366 361GLOGSOGNIGPAGK 

1267.6753 51     240 238GIOGPVGAAGATGAR 

1427.7134 56       -6GVGLGPGPMGLMGPR 

1477.7546 67     492 484GLHGEFGLOGPAGPR 

1488.7329 49     750 741TGEVGAVGPOGFAGEK 

1510.7245 69     588,594 586GAOGAVGAOGPAGATGDR  

1549.6700 80     693, 699 688GDGGPOGMTGFOGAAGR 

1562.7921 85       889GETGPSGPVGPAGAVGPR  

1580.7663 81     504 502GPOGESGAAGPTGPIGSR 

2027.0166 119       885HGNRGETGPSGPVGPAGAVGPR 

2115.1193 134     795,804,813 793GLOGVAGAVGEOGPLGIAGPOGAR  

2284.1469 106     861,873 859GYOGNIGPVGAAGAOGPHGPVGPAGK  

2727.3193 88     588,594 586GAOGAVGAOGPAGATGDRGEAGAAGPAGPAGPR  

2957.4963 76   768,771,780,786 757GPSGEAGTAGPOGTOGPQGLLGAOGILGLOGSR  

2959.3565 47   12,18,30,33 10GPOGAAGAOGPQGFQGPAGEOGEOGQTGPAGAR 
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HCIα2_b Commercial Human Collagen Type I in-gel digestion 
 

m/z +1 Score Py Ox Oy  Peptide 

868.4635 78     138 
135VGAOGPAGAR  

895.4632 65       
964GPAGPSGPAGK 

1168.4978 61 840   846 
837DGNPGNDGPOGR  

1201.5848 59     399,405 
397GEOGNIGFOGPK 

1267.6753 96     240 
238GIOGPVGAAGATGAR 

1477.7546 78     492 
484GLHGEFGLOGPAGPR 

1580.7663 75     504 
502GPOGESGAAGPTGPIGSR 

1619.7772 102     303,306 
292GPNGEAGSAGPOGPOGLR  

1775.8783 77     303,306 
291RGPNGEAGSAGPOGPOGLR  

1823.8042 89     273,282 
271GEOGSAGPQGPOGPSGEEGK  

2027.0166 89       
885HGNRGETGPSGPVGPAGAVGPR 

2050.9941 66     645 
625GEVGPAGPNGFAGPAGAAGQOGAK  

2115.1193 124     795,804,813 
793GLOGVAGAVGEOGPLGIAGPOGAR  

2284.1469 106     861,873 
859GYOGNIGPVGAAGAOGPHGPVGPAGK  

2396.0597 93     273,282 
265GESGNKGEOGSAGPQGPOGPSGEEGK  

3397.7108 67     930,933,942,954 
928GLOGLOGHNGLQGLOGIAGHHGDQGAOGSVGPAGPR  
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HC3α1_a Commercial Human Collagen Type IIII in-gel digestion 
 

m/z +1 Score Py Ox Oy Peptide 

949.5102 47 981     973GPVGPSGPPGK 

965.5051 73     981 973GPVGPSGPOGK 

1094.5953 62     519,525 517GPOGLAGAOGLR 

1154.5623 41     795,798 790GLAGPOGMOGPR 

1173.5131 69     849,855 846DGNOGSDGLOGR 

1207.5702 76     432,435,441 430GGOGGOGPQGPOGK 

1303.6026 48     699,702,708 697GSOGGOGAAGFOGAR 

1508.7088 51     909 898GESGPAGPAGAOGPAGSR 

1530.7295 40   990,996 984DGTSGHOGPIGPOGPR 

1702.7887 58     237,240 229GEMGPAGIOGAOGLMGAR 

1833.9090 110     828,834,843 826GPOGPQGLOGLAGTAGEOGR 

1921.8886 92   738,747,750 735DGPOGPAGNTGAOGSOGVSGPK 

2104.0782 103     768,774,777 766GSOGAQGPOGAOGPLGIAGITGAR 

2180.0037 72     546,549,555,561 541GAAGPOGPOGAAGTOGLQGMOGER 

2283.1000 79 687 672,678 667GEGGPOGVAGPOGGSGPAGPPGPQGVK 

2690.2553 78   945,948,951,954,966 943GFOGNOGAOGSOGPAGQQGAIGSOGPAGPR 

2950.4653 81   603,609,618,621 595GPTGPIGPOGPAGQOGDKGEGGAOGLOGIAGPR 
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HC3α1_b Commercial Human Collagen Type IIII in-gel digestion 
 
   

m/z +1 Score Py Ox Oy Peptide 

949.5102 67 981     973GPVGPSGPPGK 

965.5051 40     981 973GPVGPSGPOGK 

1094.5953 77     519,525 517GPOGLAGAOGLR 

1138.5674 65     795,798 790GLAGPOGMOGPR 

1173.5131 86     849,855 846DGNOGSDGLOGR 

1203.5827 49     408,414 406GQOGVMGFOGPK 

1207.5702 75     432,435,441 430GGOGGOGPQGPOGK 

1303.6026 57     699,702,708 697GSOGGOGAAGFOGAR 

1508.7088 69     909 898GESGPAGPAGAOGPAGSR 

1530.7295 55     990,996 984DGTSGHOGPIGPOGPR 

1631.8024 80     603,609 595GPTGPIGPOGPAGQOGDK 

1670.7989 72     237,240 229GEMGPAGIOGAOGLMGAR 

1833.9090 117     828,834,843 826GPOGPQGLOGLAGTAGEOGR 

1921.8886 90   738,747,750 735DGPOGPAGNTGAOGSOGVSGPK 

2104.0782 125     768,774,777 766GSOGAQGPOGAOGPLGIAGITGAR 

2164.0088 122     546,549,555,561 541GAAGPOGPOGAAGTOGLQGMOGER 

2283.1000 71 687 672,678 667GEGGPOGVAGPOGGSGPAGPPGPQGVK 

2690.2553 94   945,948,951,954,966 943GFOGNOGAOGSOGPAGQQGAIGSOGPAGPR 

2950.4653 82   603,609,618,621 595GPTGPIGPOGPAGQOGDKGEGGAOGLOGIAGPR 
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HC3α1_c  Commercial Human Collagen Type IIII solution digestion 
 

m/z +1 Score Py Ox Oy Peptide 

949.5102 45 981     973GPVGPSGPPGK 

965.5051 44     981 973GPVGPSGPOGK 

1203.5827 57     408,414 406GQOGVMGFOGPK 

1219.5776 42   416 408,414 406GQOGVMGFOGOK 

1514.7346 50 990   996 984DGTSGHPGPIGPOGPR 

1530.7295 57     990,996 984DGTSGHOGPIGPOGPR 

1631.8024 96     603,609 595GPTGPIGPOGPAGQOGDK 

1670.7989 51     237,240 229GEMGPAGIOGAOGLMGAR 

1756.7733 88     303,306,312 300DGSOGEOGANGLOGAAGER 

1833.9090 125     828,834,843 826GPOGPQGLOGLAGTAGEOGR 

2088.0832 94 777   768,774 766GSOGAQGPOGAPGPLGIAGITGAR 

2104.0782 137     768,774,777 766GSOGAQGPOGAOGPLGIAGITGAR 

2164.0088 107     546,549,555,561 541GAAGPOGPOGAAGTOGLQGMOGER 

2180.0037 97     546,549,555,561  541GAAGPOGPOGAAGTOGLQGMOGER 

2690.2553 98   945,948,951,954,966 943GFOGNOGAOGSOGPAGQQGAIGSOGPAGPR 

2966.4603 58   605 603,609,618,621 595GPTGPIGPOGOxAGQOGDKGEGGAOGLOGIAGPR 
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HC3α1_d  Commercial Human Collagen Type IIII solution digestion 
 

m/z +1 Score Py Ox Oy Peptide 

949.5102 42 981     973GPVGPSGPPGK 

965.5051 41     981 973GPVGPSGPOGK 

1094.5953 52     519,525 517GPOGLAGAOGLR 

1138.5674 44     795,798 790GLAGPOGMOGPR 

1173.5131 44     849,855 846DGNOGSDGLOGR 

1203.5827 52     408,414 406GQOGVMGFOGPK 

1303.6026 68     699,702,708 697GSOGGOGAAGFOGAR 

1337.6808 42     618,621 613GEGGAOGLOGIAGPR 

1508.7088 77     909 898GESGPAGPAGAOGPAGSR 

1530.7295 66     990,996 984DGTSGHOGPIGPOGPR 

1631.8024 90     603,609 595GPTGPIGPOGPAGQOGDK 

1670.7989 42 240   237 229GEMGPAGIOGAPGLMGAR 

1833.9090 136     828,834,843 826GPOGPQGLOGLAGTAGEOGR 

2088.0832 117 777   768,774 766GSOGAQGPOGAPGPLGIAGITGAR 

2104.0782 126     768,774,777 766GSOGAQGPOGAOGPLGIAGITGAR 

2164.0088 105     546,549,555,561 541GAAGPOGPOGAAGTOGLQGMOGER 

2196.9792 52     639,645,648,654 634GETGPOGPAGFOGAOGQNGEOGGK 

2690.2553 68 945,948,951,954,966 943GFOGNOGAOGSOGPAGQQGAIGSOGPAGPR 

2966.4603 60   605 603,609,618,621 595GPTGPIGPOGOxAGQOGDKGEGGAOGLOGIAGPR 
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