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Figure S1. Fragment mass spectra of the identified HS-glycopeptides. A perlecan sample derived 

from Engelbreth-Holm-Swarm mouse sarcoma was analyzed for the presence of HSPGs. The sample 

was digested with trypsin and enriched for GAG-glycopeptides using strong anion exchange (SAX) 

chromatography. The GAG-glycopeptides were eluted from the column using three buffers of 

increasing sodium chloride concentration (0.4 M NaCl, 0.8 M NaCl and 1.6 M NaCl). The resulting 

fractions were digested with a mixture of heparinases and analyzed with nLC-MS/MS in a 90 min 

program. A typical HCD spectrum of each identified HS-glycopeptide is shown. The retention time 

(RT) and the fragmentation energy level for each precursor ion are indicated (NCE 25, 30 or 35%). 

The lengths of the identified structures were either hexasaccharides or octasaccharides. All the HS-

glycopeptides were identified in the 0.8 M fraction.  
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Figure S2. Identification of a HS-site in the C-terminal end of perlecan. nLC-MS/MS analysis of a 

heparinase-digested perlecan sample revealed a HS-site in the C-terminal end of the protein. A 

precursor ion of m/z 1095.75; 3+ was identified which corresponds to the peptide sequence of 

(CQQGAGYGVVESDWHPEGSGGN) and a residual HS-hexasaccharide structure generated by the 

heparinase digestion. Additional precursor ions with the saccharide structures of octasaccharides (m/z 

1222.12; 3+) and decasaccharides (m/z 1348.82; 3+) were also identified. The MS fragment spectra of 

these extended structures displayed glycosidic- and peptide fragmentation similar to that of the 

hexasaccharide, including the diagnostic 362-ion. In addition, a prominent m/z 380.12 ion was 

observed, which corresponds to internal disaccharide fragmentation of the HS-chain [GlcAGlcNAc] +. 

Notably, no precursor ions with the additional mass of a sulfate modification were observed.   
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Figure S3. Identification of HS-tetrasaccharide structures. The heparinase-digestion of HS-

glycopeptides also generated residual tetrasaccharide structures that were composed of the linkage 

region with a dehydrated terminal HexA residue. (a-b) A glycopeptide derived from the N-terminal 

domain of perlecan encompassing the three previously known HS-sites 

(DDASGDGLGSGDVGSGDFQMVYFR) where found with three tetrasaccharide modifications 

(614.169429 Da), one methionine oxidation and one phosphate modification. HCD spectra of the 

identified HS-glycopeptide are shown at a fragmentation energy level of NCE 25 % (a) and 30 % (b). 

The distinction between phosphate- and sulfation modification was feasible by examining the 

spectrum in a more narrow mass range. A mass shift of 212.0090 Da between m/z 1234.5172; 2+ and 

m/z 1340.5217; 2+ was observed in the range of m/z 1000 – 1400 (a, enlarged view). This 

demonstrates the presence of a xylose and a phosphate group (132.0423 + 79.9663 = 212.0086 Da), as 
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opposed to a xylose and a sulfate group (132.0423 + 79.9568 = 211.9991 Da). The finding that the 

xylose residue is modified with a phosphate group is in keeping with the literature, as structural 

studies of both CS- and HS proteoglycans have reported phosphate modifications on xylose residues1, 

2. Moreover, a kinase (FAM20B) and a phosphatase (XYLP) have been identified that are involved in 

the specific addition and removal of phosphate groups on xylose residues of the linkage region 3, 4. 
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Figure S4. Fragment mass spectra of the identified HS-tetrasaccharide glycopeptides. A typical 

HCD spectrum of each identified HS-glycopeptide is shown. The fragmentation energy level for each 

precursor ion is indicated (NCE 25, 30 or 35%).  

 

 

 

 

 

 

 

 



9 

 

 

 

Figure S5. Identification of a HS-tetrasaccharide structure in the C-terminal end of perlecan.  

(a) An extracted-ion current chromatogram of a heparinase-digested perlecan sample revealed a HS-

tetrasaccharide structure (m/z 969.04; 3+) at the C-terminal perlecan site, eluting as two distinct peaks 

at RT = 35.5 min and 40.7 min. (b) Detailed inspection of the precursor ions indicated that the late 

eluting peak (b, ii) relates to an NH3-adduct (delta mass = + 17.02 Da) of a HS-tetrasaccharide 

structure with a mass of 17.02 Da less (m/z 963.37; 3+) than the original structure at m/z 969.04; 3+. 

Peptides containing N-terminal cysteine residues are prone to undergo cyclization of 
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carboxamidomethylated cysteine residues, resulting in the loss of an ammonium group (17.02 Da)5. As 

the peptide sequence of the C-terminal HS-site of perlecan has a cysteine residue in the N-terminus 

(CQQGAGYGVVESDWHPEGSGGN), the late eluting peak is therefore likely the result of an N-

terminal loss of a NH3-group with the subsequent adduct formation of a NH3-group to the 

glycopeptide. This NH3-rearrangement gives the glycopeptide a different chromatographic behavior 

and proposes an explanation to the two distinct chromatographic peaks observed. (c-d) Fragment mass 

spectra of the precursor ions of the early- and late eluting peaks. (c) The precursor ion of the early 

eluting peak (RT = 35.5 min) display a fragmentation pattern where several b- and y-ions are 

observed. (d) In contrast, the precursor ion of the late eluting peak (RT = 40.7 min) display only b*-

ions and y-ions. The b*-ions are the result of the loss of an N-terminal NH3-group, which is consistent 

with the proposed cyclization of a carboxamidomethylated cysteine residue and the subsequent loss of 

an ammonia group.     

  

 

 

 

 

Figure S6. Work flow for enrichment, analysis and identification of HSPGs and CSPGs. General 

workflow from sample preparation to nLC-MS/MS-analysis and the interpretation of spectra.  
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Figure S7. Network interactome analyses of the identified heparan sulfate proteoglycans. The 

identified proteoglycans (Perlecan, HSPG2; Agrin, AGRN; Collagen XIII, COL18A1) are essential for 
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the assembly and maintenance of the extracellular matrix. They are predicted to act on similar 

pathways as illustrated by their interconnections in the pathway Reactome Database (a) and have also 

been shown to physically interact with each other, directly or indirectly, as illustrated by their 

connections in the physical interaction database Mentha (b). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



Supplementary Table S1 
The deviation of identified mass shifts (xylose + PO3H) on HSPGs  
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aTheoretical delta mass for loss of a xylose with a phosphate modification.  

bExperimentally observed delta mass for the proposed loss of xylose with a phosphate modification. 

cThe experimental delta mass error (Da) denotes the difference between the experimental- and theoretical delta masses using monoisotopic ions.   

dThe experimental relative delta mass error (ppm) denotes the difference between the experimental- and theoretical delta mass error relative to the theoretical 

mass.  

eThe theoretical delta mass was calculated for a xylose with a sulfate modification.   

f The theoretical delta mass error (Da) denotes the difference between the experimental- and theoretical delta mass, calculated for a theoretical sulfate 

modification. 

 gThe theoretical relative delta mass error (ppm) denotes the difference between the experimental- and theoretical delta mass error relative to the calculated 

theoretical mass of a xylose with a sulfate modification.  
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