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Vertebrates produce various chondroitin sulfate pro-
teoglycans (CSPGs) that are important structural compo-
nents of cartilage and other connective tissues. CSPGs
also contribute to the regulation of more specialized pro-
cesses such as neurogenesis and angiogenesis. Although
many aspects of CSPGs have been studied extensively,
little is known of where the CS chains are attached on the
core proteins and so far, only a limited number of CSPGs
have been identified. Obtaining global information on gly-
can structures and attachment sites would contribute to
our understanding of the complex proteoglycan struc-
tures and may also assist in assigning CSPG specific
functions. In the present work, we have developed a gly-
coproteomics approach that characterizes CS linkage re-
gions, attachment sites, and identities of core proteins.
CSPGs were enriched from human urine and cerebrospi-
nal fluid samples by strong-anion-exchange chromatog-
raphy, digested with chondroitinase ABC, a specific CS-
lyase used to reduce the CS chain lengths and
subsequently analyzed by nLC-MS/MS with a novel gly-
copeptide search algorithm. The protocol enabled the
identification of 13 novel CSPGs, in addition to 13 previ-
ously established CSPGs, demonstrating that this ap-
proach can be routinely used to characterize CSPGs in
complex human samples. Surprisingly, five of the identi-
fied CSPGs are traditionally defined as prohormones
(cholecystokinin, chromogranin A, neuropeptide W, se-
cretogranin-1, and secretogranin-3), typically stored and
secreted from granules of endocrine cells. We hypothe-
sized that the CS side chain may influence the assembly

and structural organization of secretory granules and ap-
plied surface plasmon resonance spectroscopy to show
that CS actually promotes the assembly of chromogranin
A core proteins in vitro. This activity required mild acidic
pH and suggests that the CS-side chains may also influ-
ence the self-assembly of chromogranin A in vivo giving a
possible explanation to previous observations that chro-
mogranin A has an inherent property to assemble in the
acidic milieu of secretory granules. Molecular & Cellular
Proteomics 14: 10.1074/mcp.M114.043703, 41–49, 2015.

Chondroitin sulfates (CS)1 are complex polysaccharides
present at cell surfaces and in extracellular matrices. The
polysaccharides belong to a subclass of glycosaminoglycans
(GAGs) and are covalently linked to various core proteins to
form CS-proteoglycans (CSPGs), each with differences in the
protein structures and/or numbers of CS side chains. Apart
from their structural role in cartilage, CSPGs contribute to the
regulation of a diverse set of biological processes such as
neurogenesis, growth factor signaling, angiogenesis, and
morphogenesis (1–5). Although the molecular basis of CSPGs
functions remains elusive, accumulating evidence suggests
that the underlying activities relate to selective ligand binding
to discrete structural variants of the polysaccharides. Thus,
the current strategy for understanding the biological role of
CSPGs aims to identify selective CS polysaccharide–ligand
interactions. However, information on the number of CS-
chains and their specific attachment site(s) on any given core
protein is often scarce which limits our functional understand-
ing of CSPGs.

The biosynthesis of GAGs occurs in the endoplasmic retic-
ulum and Golgi compartments and is initiated by the enzy-
matic addition of a beta-linked xylose (Xyl) to a Ser residue of
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the core protein. The sequential addition of two galactose
residues (Gal) and a glucuronic acid (GlcA) onto the growing
saccharide chain completes the formation of a tetrasaccha-
ride linkage region (GlcA�3Gal�3Gal�4Xyl�Ser). This part of
the biosynthesis is the same for CS and heparan sulfate (HS).
However, for CS the biosynthesis continues with the addition of
an N-acetylgalactosamine (GalNAc�3), whereas HS biosyn-
thesis continues with the addition of an N-acetylglucosamine
(GlcNAc�4) (6). The CS-chains are thereafter elongated
through the addition of repeating units of GlcA and GalNAc
and are further modified by the addition of specifically posi-
tioned sulfate groups (7). Certain features of the core protein
seem to influence if a certain Ser residue is selected for GAG
attachment and whether CS or HS will be synthesized, but the
selection mechanism is largely unknown. Sequence analysis
of previously known GAG-substituted core proteins reveals
that the glycosylated serine residues are usually flanked by a
glycine residue (-SG-), and are associated with a cluster of
acidic residues in close proximity (8). This motif may assist in
the prediction of potential GAG-sites of core proteins; how-
ever, the use of such strategy is ambiguous because pro-
teoglycans may also contain unoccupied motifs or motifs that
are occasionally occupied (9).

Glycoproteomics strategies have recently appeared that
provide site-specific information of N- and O-glycans. Such
strategies are typically based on a specific enrichment of
glycopeptides and a subsequent analysis with nano-liquid
chromatography-tandem mass spectrometry (nLC-MS/MS)
(10). By further developing this concept for proteoglycans
(11), we have now analyzed CSPG linkage region glycopep-
tides of human samples, which enabled us to identify 13 novel
human CSPGs in addition to 13 already established CSPGs.
Urine and cerebrospinal fluid (CSF) samples were trypsinized
and CS glycopeptides were enriched using strong anion ex-
change (SAX) chromatography. The CS chains were depo-
lymerized with chondroitinase ABC, generating free disaccha-
rides and a residual hexameric structure composed of the
linkage region and a GlcA-GalNAc disaccharide dehydrated
on the terminal GlcA residue (12). MS/MS analysis provided
the combined sequencing of the residual hexasaccharide and
of the core peptide.

EXPERIMENTAL PROCEDURES

Bikunin CS-glycopeptide Preparation—One hundred micrograms
of bikunin (provided by Mochida Pharmaceutical, Japan) was incu-
bated for 3 h at 37 °C with 10 �l digestion buffer (55 mM NaAc, pH 8.0)
and 1 mU of chondroitinase ABC (C3667, Sigma-Aldrich). The sample
was lyophilized and thereafter trypsinized using an in-solution diges-
tion protocol. Briefly, the sample was incubated for 10 min with
Protease Max surfactant trypsin enhancer (0.02% final concentration)
(Promega, Madison, WI) in 50 mM NH4HCO3. The sample was there-
after reduced with DTT (5 mM) and alkylated with iodoacetamide (15
mM). Additional Protease Max surfactant was then added (0.03% final
concentration) and the sample was trypsinized over night (37 °C) with
20 �g trypsin (Promega). The actions of the two enzymes were
monitored with SDS-PAGE. Three micrograms of bikunin was saved

before and after the enzymatic steps. The samples (three in total)
were mixed with 5 � SDS sample buffer and loaded onto a 4–20%
Novex Tris-Glycine gel (Invitrogen, Carlsbad, CA). After electropho-
resis separation at 100 V for 1 h, the gel was stained with Coomassie
blue and scanned.

Enrichment of CS-glycopeptides from Human Urine and CSF—
Eight ml of morning urine was collected from a healthy male individual
and the sample was separated from cell-debris by centrifugation
(3000 � g for 10 min). The urine was mixed with SDS to a final
concentration of 0.1% and run through a PD-10 column (GE Health-
care) equilibrated in 0.1% SDS to remove urochrome pigments. The
eluted sample was thereafter run through a second PD-10 column
and equilibrated in dH2O to remove the SDS. The sample was col-
lected and lyophilized to a volume of �10 �l. The CSF sample was
donated from a patient undergoing neurosurgery because of a benign
condition and was kept in 2 ml aliquots at �80 °C until use. The CSF
sample (2 ml) was directly lyophilized to a volume of �10 �l, without
any prior purification. The protein amount of the two samples was �1
mg, as determined with Nanodrop 1000 spectrophotometer (Thermo
Scientific). The samples were trypsinized using an in-solution diges-
tion protocol, as described above. The GAG-substituted peptides
were enriched using SAX-chromatography (Vivapure, Q Mini H). The
trypsin-digested samples (1 mg) were diluted in 10 ml coupling buffer
(50 mM NaAc, 200 mM NaCl, pH 4.0) and 400 �l of the diluted sample
were applied onto the column and spun at 1000 � g for 2 min. The
procedure was repeated until all sample volume had been applied
onto the column. The column was thereafter washed with 400 �l of a
low-salt wash solution (50 mM Tris-HCl, 200 mM NaCl, pH 8.0) to
remove loosely bound material. The GAG-peptides were then eluted
stepwise with three buffers of increasing NaCl-concentrations and
pH; 1) 50 mM NaAc, 400 mM NaCl, pH 4.0, 2) 50 mM Tris-HCl, 800 mM

NaCl, pH 8.0, and 3) 50 mM Tris-HCl, 1600 mM NaCl, pH 8.0. For each
wash and elution step, the column was spun at 1000 � g for 2 min.
The collected fractions were desalted using a PD10-column and
individually subjected to chondroitinase-lyase degradation, as de-
scribed above. Prior to MS-analysis, the samples were desalted again
using a C18 spin column (8 mg resin) according to the manufacturer’s
protocol (Thermo Scientific, Inc., Waltham, MA). The samples were
thereafter dried and stored at �18 °C until MS-analysis.

LC-MS/MS Analysis—The samples were analyzed on a Q Exactive
mass spectrometer coupled to an Easy-nLC 1000 (Thermo Fisher
Scientific, Inc., Waltham, MA). Glycopeptides (10 �l injection volume)
were separated using an in-house constructed precolumn and ana-
lytical column set up (45 � 0.075 mm I.D. and 200 � 0.050 mm I.D.,
respectively) packed with 3 �m Reprosil-Pur C18-AQ particles (Dr.
Maisch GmbH, Ammerbuch, Germany). The following gradient was
run at 150 nL/min; 7–37% B-solvent (acetonitrile in 0.2% formic acid)
over 15 or 60 min, 37–80% B over 5 min, with a final hold at 80% B
for 10 min. The 15 min nLC-gradient was used for pharmaceutical
grade bikunin sample, whereas the 60 min gradient was used for the
complex CSF and urine samples.

Ions were generated and injected into the Q Exactive mass spec-
trometer under a spray voltage of 1.6 kV in positive ion mode. MS
scans were performed at 70,000 resolution (at m/z 200), an Automatic
Gain Control (AGC)-target value of 3E6 with a mass range of m/z
600–2000. MS/MS analysis was performed in a data-dependent
mode, with the top six most abundant doubly or multiply charged
precursor ions in each MS scan selected for fragmentation (MS2) by
stepped higher energy collision dissociation (stepped HCD) of � 25%
around a normalized collision energy (NCE)-value of 20, 25, and 30.
For MS2 scans the following parameters were employed; one mi-
croscan performed at 35,000 resolution (at m/z 200), AGC 1E6 with a
maximal injection time of 128 ms, a fixed first mass of m/z 100, an
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isolation window of 2 Da, intensity threshold of 1.2E5 and a dynamic
exclusion of 30 s.

Mascot Search for CS-glycopeptides—The HCD.raw spectra were
converted to Mascot .mgf format using Mascot distiller (version
2.3.2.0, Matrix Science, London, UK). The ions were presented as
singly protonated in the output Mascot file. Searches were performed
using an in-house Mascot server (version 2.3.02) with the enzyme
specificity set to Trypsin, and then to Semitrypsin, allowing for one or
two missed cleavages, in subsequent searches on human se-
quences of the UniprotKB (87,613, sequences, 13/3/2013). Addi-
tional searches were made on human sequences of the NCBInr
(22,826,248, sequences, 03/18/2013). The instrument parameter was
set to consider the MH� form of b- and y-ions and the corresponding
ion series resulting from losses of H2O (b0 and y0 series) or NH3 (b*

and y* series). The peptide tolerance was set to 10 parts per million
(ppm) and fragment tolerance was set to 0.01 Da. The searches were
allowed to include variable modifications at serine residues of the
residual hexasaccharide structure [GlcA(-H2O)GalNAcGlcAGalGalXyl-
O-] with 0 (C37H55NO30, 993.2809 Da), 1 (C37H55NO33S, 1073.2377
Da), or 2 (C37H55NO36S2, 1153.1945 Da) sulfate groups attached.
Moreover, “neutral losses” of the same masses were implemented to
the search constraints, as the glycan modification is absent in the
obtained peptide fragments because of the efficiency of the HCD-
fragmentation. The distinction between a sulfate group (79.9663 Da),
as opposed to a phosphate groups (79.9568 Da), was made by
manually evaluating the MS2-spectra for obtained hits. Further, the
HexNAc-derived peaks were added as “Ignore Masses” to improve
the Mascot-score of potential hits: C6H8NO2 (126.06 Da); C7H8NO2

(138.06 Da); C6H10NO3 (144.07 Da); C8H10NO3 (168.08 Da);
C8H12NO4 (186.08 Da); C8H14NO5 (204.09 Da); C9H12NO5 (214.09
Da); and C14H20NO10 (362.11 Da).

Manual Data Evaluation—We manually evaluated all hits according
to the following criteria: (1) The presence of HexNAc generated oxo-
nium ions, most specifically m/z 362.11 and m/z 214.09 that are
specific for the CS linkage region hexasaccharide structures and not
found for core 1 Neu5AcHexHexNAc and (Neu5Ac)2HexHexNAc
structures. (2) Stepwise glycosidic fragmentation of the linkage region
must be visible and/or the peak(s) corresponding to the deglycosyl-
ated peptide ion must be present. (3) Ions originating from peptide
backbone fragmentation at the N-terminal side of Pro must be prom-
inent, with the simultaneous presence of both the b- and y-ion.
Scores below the p � 0.05 Mascot score threshold were also con-
sidered to be true if all above criteria were met.

Chromogranin A and CS Interaction—Binding of Chromogranin A
(Abcam, Ab85486, Abcam, MA) to CS purified from bovine trachea
(Sigma-Aldrich, C9819) was evaluated using the Biosensor system
(Biacore 2000, GE Healthcare). The protein was diluted into a 50 mM

NaAc (pH 4.5) coupling buffer and immobilized onto a CM 5 sensor
chip (2000 RU) using an amine coupling kit (GE Healthcare). All
experiments and procedures used a flow rate of 20 �l/min. CS was
injected over the protein ligand at a concentration of 5 �M under mild
acidic conditions (pH 5.0) or under neutral conditions (pH 7.4). As a
negative control, BSA was immobilized to a sensor chip to the same
level as for Chromogranin A and CS was injected over surface as
described above. Sequential injections of CS (5 �M) and CgA (15 nM)
were made over immobilized CgA (1000 RU) at pH 5.0 to assess
whether CS may promote CgA complex formation. All sensorgrams
obtained were double-reference subtracted in Biacore evaluation
software 2.0, using reference flow cell and buffer blank sample.

RESULTS

Structural Analysis of Chondroitin Sulfate Linkage Region
Glycopeptides—Bikunin, also known as Protein AMBP (Inter-
alpha-trypsin inhibitor light chain; Uniprot P02760), was cho-

sen as model CSPG because it has been the focus of previous
structural studies and is therefore perceived as relatively well
characterized (13–16). Bikunin holds only one CS chain that
typically contains 27–39 monosaccharides with 3–6 sulfate
groups attached to GalNAc residues (13). The chain attaches
to the core protein at Ser10 through the tetrasaccharide link-
age region and the linkage region may also contain modifica-
tions such as a phosphate group at the xylose residue or a
sulfate group at one of the two galactose residues (17). Fig. 1A
shows a schematic illustration of bikunin. To obtain a defined
CS-glycopeptide for structural analysis, pharmaceutical grade
bikunin was degraded by chondroitinase ABC, generating free
disaccharides and a residual hexasaccharide structure still
attached to the core protein. Previous studies have demon-
strated that the resulting hexasaccharide is composed of the
linkage region and a GlcA-GalNAc disaccharide, which is
dehydrated on C4-C5 on the terminal GlcA (12).

Analysis of the chondroitinase-treated sample by SDS-
PAGE showed a distinct band that fitted well with that of the
combined core protein-hexasaccharide molecular weight
(�17 kDa) (Fig. 1B). Additional trypsin treatment generated a
CS-glycopeptide that migrated out of the gel because of its
low molecular weight. The preparation was thereafter ana-
lyzed with nLC-MS/MS in a 30 min program (see experimental
procedures) and an extracted-ion chromatogram demon-
strated the presence of a precursor ion (MS1 m/z 1094.43;
3�), which eluted as a distinct chromatographic peak at 18.5
min (Fig. 1C). The identified precursor ion equated to the
molecular mass of the expected CS-glycopeptide with two
phosphate/sulfate modifications (3280.2641 Da). Fragmenta-
tion of the ion with higher energy collision dissociation (HCD)
at normalized collision energy (NCE) of 20% enabled the
identification of several specific glycosidic and peptide frag-
ments (Fig. 1D). A prominent diagnostic oxonium ion at m/z
362.1 was observed corresponding to the disaccharide [Gl-
cAGalNAc-H2O�H] �. (A comparable oxonium ion at m/z
366.1 is typically found for the GalGalNAc disaccharide of
mucin core 1 structures (11)). Furthermore, the glycan was
modified with one sulfate group (SO3

�) at the subterminal
GalNAc residue ([GlcAGalNAc-H2O�SO3�H]� oxonium ion,
m/z 442.1) and one phosphate group (PO3

�) at the Xyl residue
(peptide�Xyl�PO3, m/z 1171.061; 2�). The identified CS-
glycopeptide structure is shown in Fig. 1D (insert). The dis-
tinction between phosphate- and sulfation modification was
feasible by examining the spectrum in a more narrow mass
range (Fig. 1E). A mass shift of 79.968 Da between m/z �

1131.077; 2� and 1171.061; 2� was observed in the range of
m/z 1000–1200 (Fig. 1E, enlarged view). This demonstrates
the presence of a phosphate group (79.966 Da), as opposed
to a sulfate group (79.957 Da), on the xylose-residue.

An additional bikunin CS-glycopeptide precursor ion (MS1
m/z 1094.43; 3�) was identified that co-eluted with the afore-
mentioned structure at 18.5 min (supplemental Fig. S1A).
Similar to the first precursor ion, the MS2 fragment spectrum
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of this precursor ion displayed a mass shift of 79.958 Da
between m/z � 362.110; 1� and 442.068; 1�, demonstrating
the presence of a sulfate group on the GalNAc-residue (sup-
plemental Fig. S1A, i). However, the exact structure of this
structural isomer could not be determined as no additional
mass shift could be identified that indicated the presence of
either a phosphate- or sulfate modification.

Structural Analysis of the Bikunin Linkage Region in Human
Urine—We then tested whether the strategy could be used for
direct detection and sequencing of CSPG linkage region gly-
copeptides in a complex biological sample. Human urine was
chosen as sample matrix because it contains high concentra-
tions of bikunin and urine has also previously proven useful for
glycoproteomics analyses (16, 18). Trypsinized urine sample
was passed over a SAX-column that had been equilibrated
with a low-salt buffer (0.2 M NaCl). The positively charged
matrix retains anionic polysaccharides and their attached
peptides, whereas nonsubstituted peptides flow through (19).
After a subsequent wash step, the bound structures were
eluted stepwise with three buffers of increasing sodium chlo-
ride concentration (0.4 M NaCl, 0.8 M NaCl and 1.6 M NaCl).
These three fractions were collected, desalted and individu-
ally treated with chondroitinase ABC to depolymerize the
CS-chains. LC-MS/MS analysis of the 0.8 M fraction revealed
a bikunin-derived glycopeptide (m/z 1094.43; 3�) that dis-
played a fragmentation pattern similar to that of the pharma-
ceutical grade preparation (supplemental Fig. S2A–S2B). (To
obtain better separation of molecules with similar polarity, a
70 min nLC-program with a slow increase in organic solvent
was used for analysis of the complex urine sample). Further-
more, a NCE level of 30% was used to generate abundant
peptide fragmentation that enabled the identification of sev-
eral diagnostic b- and y-ions (m/z 400–1000) (supplemental
Fig. S2C). This analysis also enabled the identification of
several diagnostic GalNAc-derived oxonium ions. Such ions
were the result of H2O losses (m/z 168.1 and m/z 186.1) and
saccharide decompositions (m/z 126.1, m/z 138.1, m/z 144.1,
and m/z 214.1) (supplemental Fig. S2D). Further evaluation
also revealed the presence of additional bikunin CS-glyco-
peptide structures, including one without secondary modifi-
cations (m/z 1041.13; 3�) and one with only one phosphate
group (m/z 1067.78; 3�) (supplemental Fig. S3).

Identification of Novel CSPGs in Human Urine and CSF—An
automated Mascot search strategy was developed to identify
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FIG. 1. Site-specific linkage region analysis of bikunin. A, Sche-
matic illustration of bikunin. The number of disaccharides (n) and the
degree of sulfation (s) vary according to a predefined pattern. The
linkage region may contain modifications such as a phosphate group
at the xylose residue or a sulfate group at one of the galactose
residues. B, Bikunin incubated either with chondroitinase ABC, or
with chondroitinase ABC and trypsin, was analyzed with SDS-PAGE

and stained with Coomassie blue. C, Reversed phase liquid chroma-
tography-ESI-Orbitrap extracted-ion current of the bikunin sample
revealed a CS-glycopeptide (m/z 1094.43; 3�), eluting as a single
distinct peak at �18.5 min and (C, insert) Orbitrap-MS1 of the mo-
lecular ion. D, MS2-fragmentation of the CS-glycopeptide provided
y-ions as well as glycosidic fragmentation. E, A mass shift of 79.968
Da was identified between m/z � 1131.077; 2� and 1171.061; 2� (E,
enlarged view), demonstrating the presence of a phosphate group
(79.966 Da) on the xylose-residue. All ions are [M � zH]� and their
charges are shown as superscript when z 	 1.
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all CS substituted peptides from the urine sample. The gen-
eral workflow for glycopeptide enrichment, MS-analysis and
subsequent data interpretation is illustrated in Fig. 2. In order
to identify CS substituted peptides, standard proteomic da-
tabase search settings were allowed to include also variable
modifications of the residual hexasaccharide structure
(993.2808 Da) for [GlcA(-H2O)GalNAcGlcAGalGalXyl-O-] with
0, 1, or 2 sulfates or phosphates attached. All generated hits
were manually validated and interpreted with regard to pep-
tide sequence, glycan structure, and sulfate- and phosphate
modifications. We thereafter used the same procedure to
analyze CSPGs in a CSF sample.

In total, Mascot-assisted analysis of urine and CSF samples
revealed 30 different CS-glycopeptides. supplemental Table
S1 shows a complete list of all the CSPGs identified in the
present study, organized based on the CSPGs’ cellular dis-
tribution. These groups include “cell surface,” “extracellular
matrix,” “intracellular granules,” and “miscellaneous.” More-
over, the identified peptide sequences are shown together
with their corresponding linkage region glycan isoforms. We
identified fifteen glycopeptides on 13 novel core proteins,
where two of the novel CSPGs were found with two CS-
glycopeptides (osteopontin and secretogranin-1). Addition-
ally, 14 glycopeptides were identified from 13 previously
known CSPGs, where two of the glycopeptides were related
to neurocan. Annotated spectra of all CS-glycopeptides are
shown in supplemental Fig. S4. Moreover, supplemental Ta-
ble S2 shows a complete list of all previously known human
CSPGs and the novel CSPGs identified in this study.

Prohormones as a Novel Class of Proteoglycans—Pro-
teoglycans are often classified as cell surface proteoglycans
or extracellular matrix components (20). However, several of
the novel CSPGs identified in the present study may better be
described as granular or secretory proteoglycans, similar to
serglycin present in mast cells and other cells of hematopoi-
etic origin. The identified CSPGs that have a granular distri-
bution are shown in Table I. Notably, many of the core pro-
teins have previously been defined as prohormones, including
chromogranin A (CgA), cholecystokinin, neuropeptide W, se-
cretogranin-1, and secretogranin-3. Two examples of the CS-

glycopeptides identified are shown in Fig. 3. Cholecystokinin
(Fig. 3A) has not previously been reported to carry CS,
whereas CgA (Fig. 3B) has been identified as a CSPG in one
earlier study (21). Both proteins are prohormones as they
serve as precursors for several bioactive peptides, as illus-
trated in Fig. 3C–3D. Alignment of mammalian cholecysto-
kinins shows a relatively low degree of sequence homology
for the CS-locus. For instance, the mouse sequence contains
a proline instead of a serine at the CS-attachment site (S31),
thereby excluding the possibility of a CS-modification. Be-
cause the CS-modification may influence how cholecystoki-
nin is processed, this modification is likely relevant when
studying cholecystokinin in animal models with sequences
different from humans (22). Unlike cholecystokinin, CgA is
highly conserved in mammals with almost complete homol-
ogy for the aligned CS-site.

Chromogranin A and CS form Complex Under Mild Acidic
Conditions—During the formation of secretory granules, CgA
is known to self-assemble into so-called “dense core aggre-
gates” in a process that requires mild acidic conditions (23).
Because CS-chains are known to promote the binding and
assembly of various proteins (24, 25), we hypothesized that
the CS-side chain of CgA may promote self-assembly of CgA
in a similar mode. To investigate a potential core protein to CS
interaction, we thus applied surface plasmon resonance (SPR)
spectroscopy. CgA expressed in a bacterial system (and
therefore lacking CS) was immobilized onto a Biacore sensor
chip and free CS was allowed to interact with the ligand at
neutral (pH 7.4) and mild acidic conditions (pH 5.0). CS bind-
ing to CgA was easily observed at pH 5.0 whereas very little
binding was observed at neutral conditions, demonstrating a
pH-dependence for this interaction (Fig 4A). Such drastic
effect was not observed for CS binding to BSA, a protein with
similar isoelectric point to that of CgA (Fig. 4B). The pH-
dependence suggests that the CgA-CS interaction is specif-
ically mediated by electrostatic interactions between histidine
residues that become positively charged in an acidic milieu,
and the negatively charged CS-chain of CgA. Inspection of
the CgA amino acid sequence indeed reveals a histidine-motif
(KERAHQQKKH) that may account for the observed effect
(Fig. 4C). Sequential injection of CS and CgA at pH 5.0 dem-
onstrated the formation of a CgA/CS/CgA complex (Fig. 4D).
In contrast, CgA injected directly over the protein ligand with-
out prior CS injection did not display any clear binding either
at neutral or mild acidic conditions (Fig. 4E). These results
suggest that CS may influence the assembly of CgA core
proteins under mild acidic conditions, which may be of func-
tional importance for the function of CgA in secretory
granules.

DISCUSSION

Proteoglycans affect many aspects of normal cellular phys-
iology and are essential for embryonic development. In addi-
tion, proteoglycans may also contribute to pathological con-

Trypsin digestion Anion-exchange 
chromatography Chondroitinase digestion

High saltLow salt

S+ 0, 1 or 2 P/

Automated search 
for CS-glycopeptides  Manual verifactionLC-MS/MS - analysis

Core proteins CS chains

FIG. 2. Work flow for enrichment, analysis, and identification of
CSPGs. General work flow from sample preparation to LC-MS/MS-
analysis and interpretation of spectra.
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ditions, such as cancer and amyloid diseases including
Alzheimer’s disease (26, 27). Many of the functions depend on
specific interactions between the GAG side chains and the
target proteins. However, in most cases, attachment sites as
well as core protein identities are unknown. Such information
would be of great value to further delineate proteoglycan-
mediated functions. To this aim, we enriched and analyzed by
LC-MS/MS CS linkage region glycopeptides in human sam-
ples, which resulted in the identification of 13 novel CSPGs.
Moreover, the method allowed integrated glycopeptide struc-
tural characterization in which the positions of sulfate- and/or
phosphate modifications could be determined.

Enrichment of GAG-chains using SAX-chromatography is
commonly used because of the abundance of sulfate groups
and GlcA on the polysaccharides. Similar to previous studies,

GAG-chains were purified from biological samples using SAX-
chromatography with the exception that the samples were
enriched for GAG-substituted glycopeptides, rather than for
intact proteoglycans or released GAGs (28). Chondroitinase
ABC digestion was thereafter employed to specifically reduce
the length and the structural variability of CS-chains. Enzy-
matic treatment generated a residual hexasacharide struc-
ture, composed of the linkage region and an additional un-
saturated GlcA-GalNAc disaccharide (12). This concept of
reducing glycan heterogeneity prior to analysis is similarly
used for other glycoproteomics studies (10).

Earlier strategies for identifying GAG-attachment sites typ-
ically involve site-directed mutagenesis of potential “GAG-
motifs” (8). If amino acid substitution by molecular engineer-
ing (e.g. into alanine) results in the reduction of the apparent

TABLE I
CSPGs identified in the present study with an intracellular distribution.

Protein namea Peptide sequenceb Glycan modificationc Sample type

Intracellular granules CSPGs
Bone marrow proteoglycan 53ELEEEEEWGSGSEDASK69 Urine

aCholecystokinin 21QPVPPADPAGSGLQR35 CSF and Urine

Chromogranin-A 419KEEEGSANR427 CSF and Urine

aCollagen and calcium-binding EGF
domain-containing protein 1

382DLGSGDDHPR391 Urine

aDermcidin 20YDPEAASAPGSGNPCHEASAAQK42 Urine

aNeuropeptide W 120APEPALEPESLDFSGAGQR138 CSF and Urine

aSecretogranin-1 88DPADASEAHESSSR101 CSF and Urine

aSecretogranin-1 235SSQESGEETGSQENHPQESK254 CSF

aSecretogranin-3 35ELSAERPLNEQIAEAEEDK53 Urine

a Indicate novel CSPGs identified in this study.
b Bold and underlined serine residues depict established attachment sites while bold depict probable attachment sites.
c The CS-hexasaccharide were identified either without or with sulfate (SO3

�) and/or phosphate (PO3
�) modifications and their positions on

the hexasaccharide structure are indicated. The positioning and distinction of sulfate- (79.9663 Da) and phosphate (79.9568 Da) modifications
were made by manually evaluating the MS2-spectra. When the expected modifications could not be identified a bracket including the whole
hexasaccharide structure is presented as the expected modification could be, in theory, anywhere on the glycan.
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molecular weight of the potential proteoglycan, this result
serves a proof for the presence of a GAG-site. This strategy is
useful for mapping potential sites in a given protein, but does
not allow for the discrimination of the type of GAG (HS or CS)
or for effective mining of the GAG-proteome. Only one unbi-
ased proteomic approach for identifying GAG-sites has pre-
viously been described (19). Enriched GAG-peptides were
then treated with sodium hydroxide, causing �-elimination of
the sugar chains resulting in a reactive serine residue that was
subsequently tagged with DTT. The tagged serine-residue
allowed site-specific characterization with MS/MS. However,
this strategy does not discriminate between the different
types of GAG-chains, neither provides site-specific glycan
structural information. Determining the type of GAG is essen-
tial for the biological understanding because HS- and CS-
chains typically display different roles in cell functions. For
instance, HS was recently shown to promote axonal guidance
through clustering of receptor protein tyrosine phosphatase
sigma, whereas CS had an inhibitory effect (29).

Surprisingly, several of the core proteins identified in this
study belong to a family known as prohormones, including
CgA, secretogranin-1, secretogranin-3, cholecystokinin, and

neuropeptide W. One previous study identified CgA to be
modified with CS (21), which was confirmed in the present
study with the identification of a CS-substitution in the C-ter-
minal end (S424). Prohormones are known to undergo exten-
sive post-translational modifications, such as phosphoryla-
tion, tyrosine sulfation, and glycosylations (30). These
modifications may influence the action of proprotein conver-
tases and thereby contribute to the functional processing of
the prohormones. Intriguingly, the ratio of T3 and T4, which is
derived from human thyroglobulin, was affected by a CS-
chain linked onto a subset of the protein. This effect was likely
related to the blocking of specific proteolytic cleavage sites
(30). Whether CS-modifications influence the processing of
the above identified prohormones in a similar way remains to
be determined.

CgA, secretogranin-1 and secretogranin-3 are acidic pro-
teins that all belong to the granin family. In addition to being
precursors of several bioactive peptides, they share a pro-
pensity to self-assemble into aggregates in the acidic milieu of
secretory granules (31). Our binding studies using SPR-tech-
nique revealed that free CS and CgA-core protein interacted
under mild acidic conditions but not at neutral pH, demon-
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FIG. 3. Prohormones as a novel class of proteoglycans. A, MS2 fragment spectrum of cholecystokinin (P06307) (m/z 1242.5; 3�). The
fragment ion of the peptide backbone (QPVPPADPAGSGLQR, m/z 1472.8; 1�) was identified with an N-terminal glutamine deamination (-NH3).
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strating a pH-dependence for this interaction. Inspection of
the CgA amino acid sequence revealed a histidine-motif that
likely becomes protonated in mild acidic milieu (Fig. 4C) and
may thereby bind to the negatively charged CS through elec-
trostatic interactions. Further, the SPR data demonstrated
that sequential injection of CS and CgA over a CgA-surface at
pH 5.0 resulted in the formation of a CgA/CS/CgA complex.
This may reflect the in vivo aggregation of CgA in secretory
granules, where the CS-side chains promote the assembly of
CgA core proteins in an acidified environment. It is possible
that the CS-side chains of secretogranin-1 and 3 may influ-
ence the assembly of their respective core proteins in a similar
mode.

Interestingly, it was recently discovered that protein hor-
mones in secretory granules of the endocrine system are
stored in an amyloid-like cross-�-rich conformation (32).
Whereas incubation of certain recombinant peptide hormones
resulted in their spontaneous aggregation under conditions
mimicking that of secretory granules, other hormones aggre-
gated only after the addition of low molecular weight heparin
or free CS (32). With our finding that several prohormones are
actually CSPGs, one may speculate that self-induced CS-
aggregation is a common mechanism for hormone storage in
secretory granules.

The concept of specificity of GAG-protein interactions has
been intensely discussed over the years (25). Although the
clinically explored anticoagulant activity of heparin clearly
needs a distinct sulfation pattern, other interactions display
lower degree of specificity and rely on a less stringent sulfa-
tion distribution (27). There is no correlation between physio-
logical importance and degree of specificity. Most likely, evo-
lution has only developed a higher degree of specificity when
it is needed. Furthermore, recent studies suggest that several
ligands share binding sites in both HS and CS chains (4). With
this in mind it is reasonable to believe that HS may also bind
CgA core protein in a similar fashion as CS, given that the HS
is of sufficient negative charge. Nevertheless, it will be inter-
esting to determine how specific the binding between CgA
and its CS-chain is. Such attempts would likely require site-
specific sequencing of CS to discern whether any given core
protein or peptide is associated with unique CS structures or
not. We propose that the methods presented here open new
possibilities for such an endeavor.

In summary, the vast structural heterogeneity of CSPGs has
previously hindered the development of integrated glycopep-
tide characterizations. As the CS-chain(s) and core protein are
usually separated prior to analysis, the possibility of site-
specific glycan information is excluded. Such information is
likely to be valuable for improved understanding of CSPG-de-
pendent processes and may open new avenues in cell biol-
ogy, diagnostics, and therapeutic intervention. Our novel
strategy allows for the combined enrichment of CSPGs, se-
quencing and identification of the peptide backbone, and
detailed structural characterization of the innermost six resi-
dues of the CS-polysaccharide. Analysis of human urine and
CSF samples unraveled that several established prohor-
mones carry CS-chains and should thus fit into the definition
of granular CSPGs. The quantitative and functional aspects of
such glycan modifications of peptide prohormones will be the
objects of future studies.

* This work was supported by grants from the Swedish Medical
Research Council (8266), Governmental grants (ALF) to the Sahlgren-
ska University Hospital. The glycoproteomic LC-MS analyses were all
performed at the Proteomics Core Facility, Sahlgrenska Academy at
the University of Gothenburg.

□S This article contains supplemental Tables S1 and S2, and Figs.
S1 to S4.
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FIG. 4. Complex formation of Chromogranin A and CS under
mild acidic conditions. A–B, CgA core protein A, and BSA B, were
immobilized onto a Biacore CM5 sensor chip (2000 RU) and CS (5 �M)
was allowed to interact with the surfaces at neutral (pH 7.4) and under
mild acidic conditions (pH 5.0). C, CgA amino acid sequence where
histidine “(�)” and other basic amino acids “�” are marked. A basic
peptide sequence likely to interact with negatively charged CS-chains
is underlined. D, Sequential injection of CS (5 �M) and CgA (15 nM)
over immobilized CgA (1000 RU) at pH 5.0 indicates CgA-CS-CgA
complex formation. E, In contrast, CgA injected directly over immo-
bilized CgA without any prior CS injection did not display any binding,
neither at pH 5.0 nor at pH 7.4. The increment in CgA-binding of the
three different experiments is shown. The lines represent the mean
value of three independent experiments. Notably, a slight decrease in
signal was observed for CgA and CgA interaction at both pH-condi-
tions. This effect was related to a stronger binding of the analyte to
the reference channel than that of the ligand channel.
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