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Supplementary Information

A typical mass spectrum of a collagen hydrolysate (see Fig. S1) exhibits a multitude of molecular
species. The maximum number of peptides per peptide length p from a linear protein sequence
with length n is (n-(p-1)). The number of detected molecular species increases when 1) partial
modification sites are present, either modified in vivo or by the sample preparation, 2) multiple
charge states and/or adduct types are formed during analysis and 3) originally there were non-
linear structure elements present. Theoretically, hydrolysates are more similar the lower the
peptide length, especially when the protein source is similar and when the evolutionary divergence
time (and rate) between source animals is low [1]. Assuming that a protein source contains the 20
most common amino acids, hydrolysates become at maximum 20 times more similar when p
decreases by one, either by processing prior to ingestion or by the chemical and enzymatic
reactions that take place in vivo. In many cases it is still possible to discriminate between protein

sources after extensive hydrolysis using the relative abundances of hydrolysate components.

It is a challenging task to perform comprehensive structural analysis of hydrolysate peptides.
Typically, structural analysis of peptides in complex mixtures, such as digests or hydrolysates, is
performed using non-targeted ultra-performance liquid chromatography - mass spectrometry
(UPLC-MS) and data-dependent MS/MS. In MS/MS, precursor ions are subjected to a fragmentation
method, such as collision induced dissociation or electron transfer dissociation [2, 3]. After
structural identification, ideally a reference is used to match precursor ion m/z, retention time and
MS/MS fragmentation for ultimate confirmation, but this is not feasible when there are multiple
analytes of interest, due to the synthesis costs. It is relatively straightforward to identify longer,
often multiply charged tryptic peptides based on MS/MS data. The shorter peptides present in
hydrolysates are often singly charged. The energy required to fragment ions increases with
decreasing charge [4]. Application of high collision energies results in more complex fragmentation
and, often, a decrease in sequence information through interresidue bond cleavages. Fortunately,
at higher collision energies another type of peptide fragment ion is formed with higher intensity,
the so-called immonium ions [5], which are amino acid specific internal fragment ions. Immonium
ions are very useful for (partial) determination of the amino acid content of short peptides. In
addition y; and a, in combination with b, ions can provide useful information as these peptide
fragments contain the C- and N- termini. Finally, predicted fragmentations, e.g. for di- and

tripeptides [6] and/or retention time prediction [7] are helpful to assign peptides.



When MS data are extracted from a non-targeted hydrolysate data set, single m/z values will often
generate multiple peaks in the chromatograms, which is especially true for collagens because their
primary structure contains many slightly different repetitions. Amino acid constituents within a
peptide with a given mass can occur in different sequences, e.g. a tripeptide containing A, G and R
might occur as GAR, GRA, ARG, AGR, RAG and RGA. In fact, all these six combinations occur in
bovine collagen 1al and 1a2, the two proteins that are present in the collagen type 1 triple helix,
see Table S1. In principle there are n! permutations for a peptide containing n different, known
amino acid constituents. When r known amino acid constituents within a sequence are the same,
there are n!/r! permutations [8]. Presence of an isomeric isoleucine or leucine residue will double
the number of permutations. A complicating factor is that a number of amino acid combinations
have exactly the same mass. In Table S2 the isomeric combinations of amino acids and dipeptides,
relevant for collagens, have been summarized, which has also been partly explored by Wu and
coworkers [9]. In Fig. S2 the occurrence of GI / GL / IG / LG / AV / VA in the sequence of bovine
collagen 1al is illustrated and Fig. S3 shows an extracted chromatogram of the corresponding m/z
189.12 in a collagen hydrolysate, illustrating that multiple species are detected. When the protein
source of a hydrolysate is well characterized and relatively pure, many possible permutations can
be dismissed. However, when the intended protein source is not pure, it might be necessary to
consider all possibilities. The potential of incomplete sequence information in MS/MS then remains
problematic, especially in relation to permutations and isomeric combinations. It is not possible,
even with the aid of data analysis software, to always correctly assign the amino acid constituents

and determine their order without confirmation using a reference.
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Table S1 Abundance of AGR permutations (m/z 303.178) in bovine collagen 1al and 1a2

Tripeptide Number of occurrences in bovine | Number of occurrences in bovine
collagen 1al collagen 1a2

GAR 9 10

GRA 0 1

ARG 9 10

AGR 3 2

RAG 0 1

RGA 5 4

Table S2 isomeric amino acid combinations, only considering amino acids and dipeptides. ] stands

for (iso)leucine, k for hydroxylysine and p for hydroxyproline

Combi 1 | Combi 2 | Combi 3 | Monoisotopic mass [M+H]" ions
I L - 132.102
GG N - 133.061
AG Q - 147.077
AS GT - 177.088
AV GJ - 189.124
Ap PS - 203.103
AN GQ - 204.098
AD EG - 205.082
AE pS - 219.098
JS TV - 219.134
AM CcVv - 221.096
DV pT - 233.114
NT Qs - 234.109
Ak KS - 234.145
DT ES - 235.093
EP [3]) - 245.114
IN Qv - 246.145
DJ EV - 247.129
AY FS - 253.119
JQ Kp kP 260.161
DQ EN - 262.104
EK kp - 276.156
Fp PY - 279.134
EF pY - 295.129
Fk KY - 310.177
HY NW - 319.141
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Fig. S1 MS spectrum of a) product D in the 2-9 minute range and b) zoom m/z 600-700



MFSFVDLRLLLLLAATALLTHGQEEGQEEGQEEDIPPVICVOQNGLRYHDRDVWKEVECQT
CVCDNGNVLCDDVICDELKDCPNAKVPTDECCEVCPEGQESPTDQETTGVEGPEGDTGER
GPRGPAGPPGRDGIPGQPGLPGPPGPPGPPGPEPGLGGNEFAPQLSYGYDEKSTGISVEGEM
GPSGPR.PGPPGAPGPQGFQGPPGE PGEPGASGPMGPRGPPGPPGENGDDGERGKPGRP
GERGP PGPQGAR.PGTA.PGMKGHRGFS.DG}-\KGDAGPAGPKGEPGS PGENGAPGQM 300
GPR.PGERGRPG}&PGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAKGEGGPQGPR
GSEGPQGVRGEPGPPGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGEQ
GPSGPPGPEGNSGEPGAPGSKGLTGAKGEPGPTGIQGPPGPAGEEGKRGARGE PGPA.P
GFPGE RGGPGSRGFPGADG.G PEGPAGERGAFPGPAGFKGSPGEAGRP GEA.P GAK.T
GSPGSPGPDGKTGPPGPRAGQDGREGPEGPEGRRGQAGVMGFPGPKGLAGEEGKAGERGVE 600
GPPGAVGPAGKDGEAGRQGPPGPAGPAGERGEQGPAGSPG FQ.PGPAGP PGERGEPGEQ
GVPGD.APGPSGARGE RGFPGERGVQGPPGPAGPRGANGAPGNDGRAEGDAGAPGAPGSQ
GAP.QGMPGE RGAA- PGPEGDRGDAGPEGADGAP GKDGVR.TGPIGP PGPRGAPGDK
GERGPSGPAGPTGARGAPGDRGEPGPPGPAGFAGPPGADGQPGAKGEPGDAGAKGDAGEP
GPAGPAGPEGPIGNVGAPGPKGRARGSAGPEPGAT GFPGRAAGRVGFPGESGNAGPEGPEGEL 900
GEEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPGADGPAGAPGTPGPQGIAGQRGVV
.PGQRGERGE‘P.PGP 3GE PGKQGPSGASGERGPPGPMGPP.AGPPGE SGREGAPGAE
GSPGRDGSPGAKGDRGETGPAGPPGAPGAPGAPGEVGPAGKSGDRGETGPAGPAGPIGEV
GRRGPAGPQGPRGDEGETGEQGDRGI KGHRGE‘S.QGP PGPPGSPGEQGEP3IGASGPAGER
GPPGSAGSPGKD.N-PGPI GPPGPRGRTGDAGPAGPPGPPGFPGPFPGPFSGGYDLSEFL 1200
PQPPRQEKAHDGGRY YRADDANVVEDRDLEVDTTLEKSLSQQIENIRSPEGSRENPARTCRD
LEMCHSDWKSGEYWIDPNQGCNLDAIKVFCNMETGETCVY PTQPSVAQENWYISKNFKEK
BEHVWYGESMTGGFQFEYGGRGSDPADVAIQLTFLRIMSTEASOQNITYHCKNSVAYMDQQT
GNLKEALLLQGSNEIEIRAEGNSEFTYSVIYDGCTSHTGAWGKTVIEYKTTKTSRLEPIID
VAPLDVGAPDQEFGFDVGEPACFL

Fig. S2 occurrence of GI / GL / IG / LG / AV / VA (m/z 189.124) in the bovine collagen 1al

sequence
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Fig. S3 extracted chromatogram of m/z 189.12 in product D



