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Abstract

The most abundant proteins in vertebrates — the collagen family proteins — play structural and
biological roles in the body. The predominant member, type I collagen, provides tissues and
organs with structure and connectivity. This protein has several unique post-translational
modifications that take place intra- and extra-cellularly. With growing evidence of the relevance
of such post-translational modifications in health and disease, the biological significance of O-
linked collagen glycosylation has recently drawn increased attention. However, several aspects of
this unique modification — the requirement for prior lysyl hydroxylation as a substrate,
involvement of at least two distinct glycosyl transferases, its involvement in intermolecular
crosslinking — have made its molecular mapping and quantitative characterization challenging.
Such characterization is obviously crucial for understanding its biological significance. Recent
progress in mass spectrometry has provided an unprecedented opportunity for this type of
analysis. This review summarizes recent advances in the area of O-glycosylation of fibrillar
collagens and their characterization using state-of-the-art liquid chromatography—-mass
spectrometry-based methodologies, and perspectives on future research. The analytical
characterization of collagen crosslinking and advanced glycation end-products are not addressed
here.

Introduction

Collagens represent a large family of extracellular matrix proteins comprising at least 29
different genetic types encoded by 44 genes.[1] These are the most abundant proteins in
vertebrates, and collagens are classified into several sub-family groups, depending on the
molecular structure and assembly mode.[2] Of the sub-families, the fibril-forming group,
including types I, 11, 111, V, XI, XXIV, and XXVII, represents the largest and most
characterized, except for the latter two types that were recently identified. Type I collagen is
the “classical’ type and is the main structural component in almost all connective tissues
such as skin, tendon, bone, and ligament. In addition to the structural role, it also regulates
cellular activity by interacting with their specific cell surface receptors such as integrin,
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discoidin domain receptors.[3] The hallmark of collagen is the unique triple helical structure
formed by intertwining three polypeptides, ‘a’ chains (Fig. 1a). The amino acid sequences
of the a chains in the triple helix consist of —(Gly—X-Y),— triplet repeats. The presence of
Gly, the smallest amino acid, at every third residue is a prerequisite for the formation of the
triple helix as it is the only amino acid that can physically fit in the centre of the collagen
helix. Another unique characteristic of collagen is the presence of post-translationally
modified amino acids at position Y, including 4-hydroxyproline (Hyp), 5-hydroxylysine
(Hyl), and glycosylated Hyl[45] (Fig. 1a), and at position X, of 3-hydroxyproline (3-Hyp).
The high content of Hyp is required for the stability of the triple-helical structure, whereas
Hyl is crucial for collagen glycosylation and crosslinking. The helical ‘collagenous domain’
—(Gly—X-Y), and the associated modifications are also found in several collagen-like
proteins, such as mannose-binding lectin (MBL), complement C1q, adiponectin, and lung
surfactant proteins SP-A and SP-D.[6]

Collagen Glycosylation: Structure and Function

Glycosylation of collagen was first identified in 1935,17] but the structures of the glycosides
were not defined until the mid-1960s.18°] Collagen biosynthesis and post-translational
modifications of the nascent chains, including hydroxylation and glycosylation, take place in
the endoplasmic reticulum (ER), before assembly into the triple helix to form a procollagen
molecule in cells. Collagen O-glycosylation is first formed by the attachment of galactose
(Gal) in its p-configuration to the 5-hydroxyl group of Hyl to form galactosylhydroxylysine
(Gal-Hyl). This step is catalyzed by two newly identified, ER-resident enzymes, GIt25d1
and GIt25d2.[20.11] The second step is the transfer of glucose (Glc) to the Gal-Hyl residues,
likely by a multifunctional collagen-modifying enzyme lysyl hydroxylase 3 (LH3), to form
glucosyl galactosylhydroxylsine (GlcGal-Hyl) (Fig. 1b).[22-14] These are the only two O-
linked glycosides found in mature type | collagen. Therefore, the main difference between
collagen- and mucin-type O-glycosylation is the nature of the sugar acceptor (Hyl versus Ser
and Thr) and the nature of the attached sugar (Gal versus GIcCNAc).

The attachment sites, pattern (mono- or diglycosylation), and number of glycosylated
structures differ among collagen types. For example, type | collagen is the least glycosylated
member, containing on average one Gal-Hyl and one GlcGal-Hy!I residue every 1000 amino
acids, i.e. ~two glycosylated Hyl residues per a chain. In contrast, type IV and V collagen
are heavily glycosylated, containing 2 Gal-Hyl and up to 44 GlcGal-Hyl residues per 1000
amino acids (type 1V) and up to 7 Gal-Hyl and 44 GlcGal-Hyl residues (type V) per 1000
amino acids.[1516] However, even within the same type of collagen, the amount, type, and
distribution of glycosylation appear to depend on the tissue, cell type and pathophysiologic
condition. For example, type I collagen is differentially glycosylated depending on
functional regions within tissue,[17] maturation stage,[18] and disease state.[19-27]

The functional role of collagen glycosylation is not clearly defined as yet. Some studies
suggest that glycosylation increases collagen stability against proteolytic degradation,
controls the lateral growth of fibrils, and mediates interaction with noncollagenous
molecules.[28-32] Some studies have also indicated that glycosylation in fibrillar collagen
functions as a ligand for collagen-specific cell-surface receptors, e.g. discoidin domain
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receptors (DDR) 1 and 2,[29-32] thus controlling certain signalling pathways. During tumour
cell invasion, a critical step in the onset of metastasis, melanoma cell receptors bind to
triple-helical regions of network-forming type IV collagen present in the basement
membranes.[33] Receptor binding is greatly diminished when glycosylation is present in the
key regions of type IV collagen molecules, minimizing tumour cell invasion. As another
example, in autoimmune rheumatoid arthritis, glycosylated epitopes derived from type 11
collagen in synovial fluid may be critical in mediating the inflammatory process, by
recruiting T-cells to the joints.[34]

Collagen glycosylation is also thought to play a major role in modulating the crosslinking
process. Covalent intermolecular crosslinking of collagen is initiated after secretion in the
extracellular space by oxidative deamination of key Lys and/or Hyl residues in the N- and
C-telopeptide regions by lysyl oxidase (LOX) and LOX-like proteins. Then, an aldimine
(Schiff base)-type crosslink can be formed spontaneously between the newly formed
aldehyde in the telopeptides and the s-amino group of the juxtaposed helical Lys or Hyl
residues on the neighbouring molecule. In skeletal tissues, these divalent immature
crosslinks further mature into trivalent crosslinks with pyrrole or pyridinoline structures.
Crosslinking is the key molecular process to connect and stabilize the fibrils and likely to
regulate fibrillogenesis and matrix mineralization (for a comprehensive review see reference
[35] and references therein). Interestingly, one of the major glycosylation sites found in
almost all fibrillar collagens, a1/2-Lys 87, is also one of the major intermolecular
crosslinking sites. However, the role of glycosylation in crosslinking has not been
demonstrated until recently. By employing a short hairpin RNA technology, we have
recently showed that an altered glycosylation pattern at residue 87 has profound effects on
the number and maturation of collagen crosslinks, which in turn affects the diameter of the
fibrils and the mineralization process.[36:371 All these studies reinforce the critical role of
collagen glycosylation in collagen functions and warrant thorough molecular
characterization of this modification.

Collagen Glycosylation Analysis by Mass Spectrometry: Review of the

Literature up to 2010

In early studies, mass spectrometry (MS) was employed in combination with Edman
degradation and amino acid analysis for sequence determination and collagen glycosylation
analysis. Typical sample preparation steps involved a series of chemical and enzymatic
degradation (e.g. CNBr, collagenase, Lys C, trypsin), followed by extensive purification by
molecular-sieve, reversed-phase, and ion-exchange chromatography. The collected peptides
were analyzed by matrix-assisted laser desorption—ionization time-of-flight (MALDI-TOF)
MS and Edman degradation.[38:3%] In 1996, Mann and coworkers employed these
methodologies to determine the primary structure of hydrothermal-vent worm collagen. The
main difference between mammalian collagens and collagen analyzed in their study is that a
large number of Hyl residues in the X—-Hyl-Gly repeat are replaced by Thr. Glycosylation
was found at Thr residues by MALDI-TOF and by the lack of signal in that position by
Edman analysis. Similarly, Bos et al. determined the full-length sequence of porcine type X
collagen. In both of these studies, glycosylated residues were inferred from both sequencing
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and mass spectrometric data of individual peptides. Following protein sequencing,
glycosylated peptides were characterized based on the mass difference between
experimental and predicted values. Site-specific assignment of glycosylation was not
possible from these data other than indirect observation by Edman degradation analysis, i.e.
absence of the corresponding non-glycosylated residues.[38:3]

In another study, it was shown that interaction of CD44 on melanoma cells with the
al(1V)1263-1277 region of basement membrane collagen is modulated by glycosylation of
the peptide. In this study, glycosylated peptides corresponding to those derived from type IV
collagen were synthesized by fluorenylmethyloxycarbonyl (Fmoc) chemistry and
characterized by MALDI-TOF MS. As matrices, sinapinic acid or 2,5-dihydroxybenzoic
acid and 2-hydroxy-5-methoxy-benzoic acid were used.[33]

Van den Steen et al. analyzed the degradation products of denatured type Il collagen by
gelatinase B[3440] to identify possible collagen epitopes involved in pathogenesis of
autoimmune rheumatoid arthritis. In the initial report,[40] peptides resulting from treatment
of type Il collagen with gelatinase B were separated by off-line reversed-phase high-
performance liquid chromatography (RP-HPLC), and individual fractions were analyzed by
Edman degradation sequencing and electro-spray ionization (ESI)—ion trap MS. Amino acid
modifications including proline (Pro) and lysine (Lys) hydroxylation and glycosylated Hyl
were determined based on both MS data and N-terminal amino acid sequence by Edman
degradation. The presence of hexose was determined in the MS-MS mode; however,
glycosylation-site determination was based on Edman sequencing, where the
chromatographic retention time of the modified amino acid was shifted compared with that
of the non-modified residue. This is, again, not a direct determination of such modifications.
In a follow-up study published in 2004,[34] the same type 11 collagen digested by gelatinase
B was analyzed by HPLC with post-column flow splitting; the eluent was diverted either to
a fraction collector, or to a Bruker Esquire ion-trap mass spectrometer. The gelatinase B
cleavage products were identified by their masses and by Edman degradation of collected
fractions. The authors showed that the immunodominant epitope of human type Il collagen
is contained between residues 273-356 and is modified by partial Lys hydroxylation and
Hyl glycosylation at residues 283 and 289.

In a more recent study published in 2007,[41] Henkel and Dreisewerd used cyanogen
bromide-cleaved peptides of types I, 111, and V collagen from embryonic calf skin to
characterize non-crosslinked and crosslinked glycosylated peptides by MALDI-TOF MS.
Peptide identification was performed by comparing the experimental masses with available
collagen sequence data and those deduced from cDNA sequence. Several advantages were
described for the use of CNBr in collagen analysis, such as selective and quantitative
cleavage at Met residues and a low number of Met residues per collagen chain, which results
in a limited number of cleavage products per collagen molecule. Furthermore, the masses of
specific CNBr-cleaved peptides can be used as signatures for identifying collagen types,
because of their unique amino acid composition.[42-44] Using this approach, the authors
determined that the a1 and a2 chains of type V collagen are differentially glycosylated, with
the a1(V) chain containing a higher ratio of disaccharide to monosaccharide compared with
a2(V). For type | collagen, the glycosylated CNBr-peptide containing residue 87 was
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detected in both Gal and GlcGal forms. Several glycosylated peptides from type 111 collagen
were similarly identified. Although this method provides valuable information about the
number of carbohydrates present on a specific CNBr-cleaved peptide, no site-specific
information is available.[4] In addition, the large size of CNBr non-crosslinked and
crosslinked peptides, the heterogeneity of modifications, and the low resolution of the linear
TOF mass analyser make the data interpretation difficult.

Liquid Chromatography—Tandem Mass Spectrometry (LC-MS-MS)

Collagen glycosylation site mapping was advanced significantly by the use of liquid
chromatography—-tandem mass spectrometry (LC-MS-MS).[37:45-48] A chemo-enzymatic
approach to identify glycosylated structures in collagen was recently described by Taga et
al.1%6] The described hydrazide-based methodology involves treatment of collagen O-
glycopeptides with Sepharose 4B-immobilized galactose oxidase, followed by reaction of
the newly introduced aldehyde functionality with the hydrazide resin. After removal of the
non-glycosylated peptides, the hydrazone bond is hydrolyzed with 0.1% formic acid, the
glycosylated peptides are eluted, reduced with sodium borohydride to their original form
(aldehyde — alcohol conversion), and analyzed by reversed-phase LC-MS-MS. As proof-
of-principle, standards of Gal-Hyl and GlcGal-Hyl were subjected to the hydrazide method
and the products were identified on zwitterionic hydrophilic interaction liquid
chromatography (ZICHILIC)-ESIMS-MS in the multiple reaction monitoring (MRM)
mode. Type | and 1l collagens purified from bovine skin were digested with trypsin, and the
mixtures were subjected to the ‘*hydrazide method’. The eluted glycopeptides were separated
on an Agilent 1200 series HPLC system and analyzed on-line with a QTRAP mass
spectrometer. Using data dependent MS-MS of the two most abundant ions, the authors
identified a considerable number of glycosylation sites, including some sites that have not
been reported previously.[4¢] This is the first ‘enrichment-type’ approach described for
characterization of collagen glycosylation. Although it holds great promise for identification
of glycosylated structures in collagens, the main limitation of this method is the lack of
ability to obtain information about the site-specific occupancy, i.e. distribution of Lys, Hyl,
Gal-Hyl and GlcGal-Hyl at a particular site. This is due to the fact that non-glycosylated
peptides containing the modification site in the form of Lys and Hyl cannot be oxidized by
galactosyl oxidase, and hence will not bind to the hydrazide resin.

The use of MS-MS for characterization of collagen glycopeptides has great advantage over
the conventional peptide mapping—Edman sequencing approach. The analysis is less time-
consuming and site-specific information about various modifications can be readily
obtained. In particular, for mucine O-glycopeptides, the characterization of O-glycosylation
sites was drastically improved by the introduction of electron transfer dissociation
(ETD).[49:50] Fyrthermore, on high-resolution instruments, it is possible to discriminate
between residues with the same nominal mass, e.g. Leu/lle (residue mass 113.0796 Da) and
hydroxyproline (residue mass 113.0477 Da), based on their mass defects. Hence, their
assignment can be made “de novo’ rather than using the cDNA-deduced protein sequence to
map these modifications. This was recently shown by Yang et al. who used a Waters
nanoACQUITY ultra-performance liquid chromatography (UPLC) system coupled to an
LTQ-Orbitrap Velos mass spectrometer equipped with ETD, to map the Hyl glycosylation
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and Pro hydroxylation sites in human recombinant- and bovine placenta-derived type V
collagen. In addition to 106 Hyp residues within the —Y-Gly— consensus motif (most likely
4-Hyp), the authors identified several additional Hyp residues in the position X of the X-Y-
Gly repeats. The identity of Hyp positional isomers (3-Hyp versus 4-Hyp) in the position X
of X=Y-Gly could not be established from these data. The unusual presence of Hyp at these
locations remains unexplained. A total of 34 GlcGal-HyI residues were found in this
study.[47]

We recently showed that collagen tryptic glycopeptides characteristically behave differently
in collision-induced dissociation (CID) compared with typical N- and O-linked
glycopeptides, in that the peptide backbone undergoes extensive fragmentation in
competition with glycosidic bond dissociation.[8] Consequently, a significant number of bly
fragments are observed with similar or higher abundances than those of fragments arising
from glycosidic bond cleavages. Because of the large number of Pro and Hyp residues in
collagen glycopeptides, cleavages N-terminal to these sites are preferentially observed. We
found that the main advantage of these competing fragmentation pathways is that peptide
sequence determination and glycosylation site localization can be readily obtained from CID
data, without the need of additional fragmentation techniques such as ETD. One
representative CID spectrum is shown in Fig. 2, and several others can be found in reference
[48]. In this example, the main dissociation pathway corresponds to cleavage of the amide
bonds, giving rise to a series of glycosylated y fragments, including y; (m/z876.51), y;7 (m/z
1751.95), Y20 (m/z 1977.08), Y21 (m/z 2034.14), Vo3 (m/z 2202.23), Yo5 (m/z 2372.32), Yo6
(m/z2469.34), and y»7 (MVz 2526.35). Cleavage of the glycosidic bond is observed with
lower relative abundance. We found this competing behaviour of the two dissociation
channels (amide versus glycosidic bond) to be dependent on the number of ionizing protons
relative to the number of basic sites, including the N-terminus, Arg, Lys, and Hyl.[48] When
the number of ionizing protons is greater than the total number of Arg, Hyl, Lys, and N-
termini, the amide bond is preferentially cleaved, while fragment ions containing the
glycosylation site retain the glycan. In those instances when the number of ionizing protons
is less than the total number of Arg, Hyl, Lys, and N-termini, collagen glycopeptides have a
behaviour comparable with that of mucine O-glycopeptides, i.e. glycosidic bond cleavages
are almost exclusively observed, and sequence assignment requires additional MS-MS
experiments. Particularly interesting examples are those where the number of ionizing
protons equals the number of sites (as in the example in Fig. 2). In these instances, the amide
and glycosidic bonds either compete or one dissociation channel dominates the other,
suggesting that additional factors may play a role. Using quantum mechanics calculations,
we showed that cleavage N-terminal to Hyp requires less energy compared with Pro,
whereas the glycosidic bond dissociation in Hyl O-glycosides requires at least the amount of
energy necessary to dissociate the amide bonds N-terminal to Hyp and Pro.[48]

Semiquantitative Analysis of Collagen Glycosylation by LC-MS-MS

Recently, we characterized LH3 as the major glucosyl transferase in the type | collagen in an
osteoblastic cell culture system.[36:37] The glycosylation sites in type I collagen isolated
from wild-type mouse osteoblasts were identified by LC-MSMS on a nanoACQUITY
UPLC-QTOF Premier mass spectrometer from tryptic digests of a1 and a2 chains, and
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were assigned to the following five residues: al-and a2-87, al- and a2-174, and a2-219.
Amino acid analysis of the total levels of Gal-Hyl and GlcGal-Hyl indicated that GlcGal-
Hyl is diminished when LH3 expression is suppressed.[36] To determine the site-specific
changes associated with suppression of LH3, we adopted a semiquantitative LC-MS-based
approach, outlined in Fig. 3. The first step involves separation of the collagen a chains by
sodium dodecy!l sulfate polyacrylamide gel electrophoresis, followed by in-gel digestion of
the individual a chains with trypsin, chosen because of its high specificity. Following
qualitative characterization of glycosylated residues by MS-MS, the site occupancy was
determined by taking into account all modifications of a specific site, including Lys, Hyl,
Gal-Hyl, and GlcGal-Hyl. This was achieved by generating extracted ion chromatograms
(EIC) corresponding to each modified protonated peptide species from the total ion current
and integration of the corresponding signals. We found that trypsin cleavage is entirely
abolished when Gal- and GlcGal- are present on Hyl. However, when a site is present as
Lys or Hyl, the rate of trypsin cleavage may vary considerably. Consequently, fully cleaved
peptides ending in Lys or Hyl and their miscleaved variants can be formed. The total ion
current was inspected for the presence of all these species. All charge states in which a
glycopeptide or non-glycosylated peptide was observed were integrated for the site-specific
analysis. The major glycosylation site in bone type | collagen was found to be a1-87. This
is also one of the major intermolecular helical crosslinking sites. This site is found >90% as
GlcGal-Hyl in wild-type type I collagen in osteoblasts. In the LH3-suppressed clones, the
relative amount of this glycoform at residue a1-87 is dramatically diminished, as shown in
Fig. 4. A decrease in the GlcGal-Hyl glycoform was observed at the other glycosylation
sites as well, although not as drastically as for residue a1-87. It is noteworthy that the
homologous residue on the a2 chain, a2-87, is only minimally glycosylated, with ~90 %
present as Hyl in these mouse-derived osteoblastic cells.

This is likely due to the specific sequence in the vicinity of the Hyl residue in mice.[3¢] In
other species, a2-87 is also highly glycosylated (I. Perdivara, M. Yamauchi, M. Terajima,
K. B. Tomer, unpubl. data). The change in glycosylation at a1-87 has significant impact on
collagen fibril formation. The number and maturation of collagen crosslinks was also found
to be reduced in the collagen synthesized by LH3-suppressed clones. This in turn inversely
affects the diameter of the collagen fibrils and delays the mineralization process.[36:371

One difficulty in quantitative collagen glycosylation analyses is (glyco)peptide
heterogeneity arising from various degrees of proline hydroxylation. Pro residues in the
sequence Pro—Gly are expected to be quantitatively 4-hydroxylated; however, major
variations in the degree of hydroxylation of specific residues are found in different tissues.
The functional consequences of these variations are not clear at present. One example of Pro
underhydroxylation in type I collagen peptides from bovine skin is shown in Fig. 5. Peptides
al [145-174] contain residues 168 and 174 in the form of both Pro and Hyp (168) and
Lys/Hyl (174), while two Hyp residues are invariantly present at residues 156 and 165.
Peptide [145-174] containing three Hyp residues and Hyl is observed as the ion of nV/z
1282.65 (2+), and the variant containing two Hyp, Pro 168, and Lys 174 is observed as the
ion of m/z 1266.65 (2+). Based on their chromatographic retention times, the isobaric
species of m/z1274.64 (2+) are differentiated into two populations, one containing Hyp
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168/Lys 174 (38.40 min), and the later-eluting population containing Pro 168/Hyl 174
(39.97 min). The MS-MS spectra of the 3+ isobaric ions (m/z 850.09) acquired in the data-
dependent mode (Fig. 5) clearly identify the location of hydroxylation, based on the
fragment ions y3 (m/z 275.20 —Lys 174 and 291.18 —Hyl 174) and y7 (m/z615.38). In Fig. 5,
the abundances of the ions corresponding to differentially hydroxylated peptides were
normalized to that of the most abundant species of m/z 1266.65. Moreover, residue 174 was
found in the form of Hyl and Gal-Hyl in the miscleaved tryptic peptides [145-183].
Heterogeneity of these species due to partial hydroxylation at Pro 168 was observed as well
(data not shown). This example illustrates the complexity of the sample and data for
characterization of site-specific glycosylation occupancy in collagen. Additional details on
quantitative determination of site-specific occupancy in collagen glycopeptides are
presented in the supplemental information of reference [37].

Another remarkable feature of collagens is that the degree of Hyl glycosylation varies
considerably depending on tissue, organ,[51-53] different locations within the same tissue,
and pathophysiologic state.[2754] It is also noteworthy that type I collagen-rich connective
tissues such as skin, bone, and tendon have different physiologies and require distinct
structural and mechanical features. This raises the question of the potential involvement of
glycosylation in modulating collagen structure, stability, recruitment of other molecules
(proteoglycans, minerals), and the final form and mechanical properties of tissues. As part of
a larger study, we analyzed type I collagen from various species and tissues, including
bovine bone and skin, rat-tail tendon, and mouse bone and skin. Preliminary results showing
the differential glycosylation of the crosslinking residue a1-87 (Fig. 6) were obtained using
the same quantitative approach described previously.

Remarkable differences were found in the occupancy of residues a1-87 between different
tissues and species. Type | collagen from rat-tail tendon is the least glycosylated at a1-87,
with >90% of this site present as Hyl. In contrast, bone, and skin type I collagen are mainly
found hydroxylated and glycosylated at a.1-87, with different ratios of GlcGal-Hyl to Gal-
Hyl, depending on species and tissue (Fig. 6). Collagen from rat-tail tendon has some of the
tightest packed fibrils, which indirectly suggests the abundance of complex, multivalent
crosslinks such as dehydrohistidinohydroxymerodesmosine. Because a1-87 is one of the
main crosslinking helical residues, the occupancy of this site might regulate the number and
maturation of cross-linking events and subsequent fibril growth. This example demonstrates
the potential of quantitative collagen glycosylation analysis in correlating molecular
structures with macroscopic tissue properties.

One key requirement for accurate (near to biologic) site-specific quantitation by LC-MS is a
reasonable signal-to-noise (S/N) ratio and good peak shape for the peptide species
containing the modifications of interest. This analysis also requires raw (non-enriched)
digests, so that sample loss is minimal. Because integration is based on generating post-data-
acquisition EIC, it is still puzzling how differences in ionization efficiencies of glycosylated/
non-glycosylated and long/short glycopeptides may affect these analyses. Nevertheless,
achieving good chromatographic resolution of the collagen tryptic digests is crucial to
ensure that glycosylated species with various degrees of heterogeneity, as described
previously, are detected and accounted for.
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Hence, we sought to explore the potential of nanoscale two dimensional reversed phase—
reversed phase (RP-RP) separations at high/low pH in the characterization of collagen site-
specific glycosylation. This technology has recently become commercially available (Waters
Corporation), and was originally developed for proteomics studies.[35:5¢] Orthogonal peptide
separations are carried out in 20 mM ammonium formate in the mobile phase (pH 10, first
dimension), followed by a 10-fold online dilution and conventional RP separation at pH 2-3
in 0.1 % formic acid (second dimension). RP-RP experiments consist of alternating high pH
and low pH gradients sent from two different binary pump systems on two different
columns, online connected through a trapping column. For example, a three-fraction
experiment at high pH consists of three distinct ramps of the organic solvent from 1 to 13.1
%, from 1to 17.7 %, and from 1 to 65 % respectively, followed by isocratic elution at 13.1,
17.7, and 65 % organic respectively, and return to the initial 1 % organic solvent. The eluted
fraction after one high-pH gradient is then 10-fold diluted in the initial solvent of the lowpH
dimension, trapped, and then directed into the analytical column where the conventional
low-pH separation is performed. Preliminary studies of collagens using nanoscale RP-RP
separations demonstrated great potential of this technology for site-specific collagen
glycosylation analyses. Two examples are shown in Fig. 7. In Fig. 7a, EIC obtained for three
(glyco) peptide ions from bovine skin collagen using one dimensional (1D-nanoUPLC, left
two columns) and two dimensional RP-RP (2D-nanoUPLC, right two columns) are
compared. For 1D-nanoUPLC, two different gradients were tested, a 90- and a 120-min
gradient. For 2D-nanoUPLC, two experiments with three and five fractions in the high-pH
dimension were performed. In each column, the ion abundances of the two lower peptides
a2 [928-963] containing residue 933 as Gal-Hyl and Hy| respectively were normalized to
the abundances of the glycopeptide a2 [76-90] (GlcGal-Hyl at a2-87). This species was
observed with good S/N in both 1D and 2D experiments. In the 1D experiments, peptides a2
[928-963] were observed at noise level, and were characterized by broad chromatographic
peaks. In the 2D experiment with three fractions in the first dimension, a marked
improvement in the S/N of both Hyl and Gal-Hyl-containing peptides was observed,
whereas all species, i.e. peptides a2 [76-90] and a2 [928-963], eluted in fraction no. 3.
When five fractions were set up in the first dimension, the S/N of peptides a2 [928-963]
improved even more, whereas all analyzed species were found in fraction no. 5 of the high-
pH experiment. Based on these data, site a2-933 (also known to participate in
intermolecular crosslinking) appears to be largely present as Hyl with minute amounts of
Gal-Hyl. The presence of Lys at this site was not yet interrogated, whereas GlcGal-Hyl was
present at very low abundances.

In the preparation of type | collagen from tissues, other collagen types such as types Il and
V may often be co-purified, although they are normally present at much lower levels than
type I. The example shown in Fig. 7b demonstrates that the S/N for glycopeptide ions al
[76-90] from type 11 collagen containing the homologous crosslinking residue 87 in the
form of Gal-Hyl and GlcGal-Hyl is significantly improved in the 2D compared with the 1D
LC experiments. Similarly to Fig. 7a, the abundances of these species were normalized to
that of glycopeptide a2 [76-90] from type I, invariably detected with good S/N in all
experiments. Within RP-RP separations, the experiment with five fractions in the first
dimension was qualitatively superior to the one with three fractions, because of a >2-fold
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improvement in the S/N for the glycopeptide ions from type 111 collagen in the former
compared with the latter (see Fig. 7b). Furthermore, in spite of sequence similarities,
glycopeptides a2(l) [76-90] eluting in fraction no. 5 (at 65 % acetonitrile) have different
retention characteristics under high-pH conditions compared with glycopeptides a1(ll) [76-
90] eluting in fraction no. 4 (at 20.4 % acetonitrile). These analyses demonstrate the
usefulness of RP-RP separations in the detection of peptides with low levels of
modifications, without additional fractionation or enrichment. This is due in part to the
increased peak capacity resulting from the use of a second chromatographic dimension,
which in turn might resolve some ion-suppression effects of the low-abundance species.
This technology is currently being explored for quantitative site-specific glycosylation
studies.

Conclusions

This review recapitulates the recent advances in collagen glycosylation analysis by mass
spectrometry. In the literature before 2010, glycosylation was determined mainly from low-
resolution mass spectrometric data in combination with Edman analysis. Those analyses
were time-consuming and the information was obtained rather indirectly. The use of MS-MS
(CID and ETD) and the availability of high-resolution instruments greatly expanded the
potential to directly characterize the glycosylation pattern. The complexity of collagen
samples is related to the heterogeneity of its non-stoichiometric post-translational
modifications. Collagen site-specific glycosylation analysis by LC-MS provides unique
molecular information that can be correlated with tissue- and species-specific information.
Furthermore, nanoscale RP-RP separations at high/low pH with online dilution have great
potential to improve the detection of collagen glycopeptides containing low levels of
glycosylation. One of the biggest challenges is to obtain ‘absolute’ quantitative
glycosylation data, e.g. the number of glycosylated residues per collagen molecule. With the
availability of a large variety of commercial platforms for LC-MS-MS, we foresee an
expansion of the research in the area of collagen glycosylation, in particular in the context of
collagen-related diseases.
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Fig. 1.
(a) Schematic representation of a type | collagen molecule formed by intertwining two al

and one a2 chains: unstructured N-terminal telopeptide region, followed by the triple helix
(‘collagenous domain’) and by the C-terminal telopeptide region. The OH groups indicate
the presence of hydroxylated residues Hyp and Hyl. Glycosylation of Hyl is indicated with
light grey (yellow) (Gal) and dark grey (blue) circles (Glc). (b) The sequence of post-
translational events involved in modification of Lys residues in collagen: (1) lysine
hydroxylation; (2) addition of Gal to form Ga—Hyl, and (3) addition of Glc to form GlcGal-
Hyl.
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Fig. 2.
Deconvoluted collision-induced dissociation (CID) spectrum of the glycopeptide ion of m/z

923.78 (3+) observed in a bovine skin tryptic digest, corresponding to the indicated peptide
modified with Gal-Hyl. The spectrum was obtained with a collision energy of 30 V.
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Fig. 3.
Analytical strategy employed for site-specific glycosylation analysis by liquid
chromatography-tandem mass spectrometry (LC-MS-MS).

Aust J Chem. Author manuscript; available in PMC 2014 November 18.



1duosnuely Joyny vd-HIN

Perdivara et al. Page 18

[76-90]
GlcGal-Hyl 9mi
100 -9 min 100
(a) (c)
— EIC, m/z612.971 (3+)
76— —Hyl
31.3 min [76-90], GG-Hy
* 2
0 Time [min] o Time [min]
29.00 33.00 37.00 28.00 32.00 36.00
100 100 31.9 min

(b) (d)

— EIC, m/z558.949 (3+)
[76-90], G-Hyl

%
Yo

324(43 min /
0 — Time [Min] O keeessmmesssssses Time [min]
29.00 33.00 7.00 28.00 32.00  36.00
MC, a-1(1) Sh, a-1(1)
Gal-Hyl

Fig. 4.
Extracted ion chromatograms (EIC) of m/z612.97 (3+) and 558.95 (3+), corresponding to

glycopeptides a-1(1) [76-90], containing residue 87 as GlcGal-Hyl and Gal-Hyl
respectively: A and B, wild type (MC) collagen; C and D, collagen isolated from lysyl
hydroxylase 3 (LH-3)-suppressed mouse osteoblastic cells (Sh). For each collagen sample,
the EIC were normalized to the abundance of the most abundant glycoform. This figure is
reproduced from Sricholpech et al. J. Biol. Chem. 2012, 287(27), 22998.
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Extracted ion chromatograms (EIC) of peptide ions corresponding to bovine skin peptides
al(l) [145-174] containing different degrees of hydroxylation: (a) nVz 1266.65 (2+); (b) m/z
1274.64 (2+); and (c) m/z1282.65 (2+). Partially hydroxylated residues are shown in red;

(d) and (e) deconvoluted region (m/z 200-1100 Da) of the collision-induced dissociation
(CID) spectra of the ions of m/z850.09 (3+), corresponding to the isobaric species [145—
174] containing hydroxylation at residue 168 (d) or 174 (e). The ions indicating the location
of hydroxylation are highlighted in red.
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Fig. 6.

Distribution of Lys, Hyl, Gal-Hyl and GlcGal-Hy!I at residue a1-87 in bovine bone, bovine
skin, rat-tail tendon, and mouse bone.
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Fig. 7.
Comparison of nanoscale 1D and 2D UPLC-MS (ultra-performance liquid chromatography—

mass spectrometry) for detection of (a) collagen glycopeptides containing low levels of
modifications; shown here are peptides a2(l) [928-963] containing Hyl and Gal-Hyl
respectively at residues 933; and (b) glycopeptides from types I and 111 collagen, having
different ion abundances. In both (a) and (b), bovine skin glycopeptide a2(1) [76-90]
modified with GlcGal-Hyl was chosen as reference. Extracted ion chromatograms (EICs) in
the same column were normalized to the abundance of peptide a2(l) [76-90]. Light grey
(Yellow), Gal; dark grey (blue), Glc. For more details, see text.
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