
 1 

Supplementary Information for 
 

Discovery of a Functional Sequon for Chondroitin Sulfate Glycosylation 
 

Yoshiko Takeda-Uchimura, Mayumi Ishihara-Aoki, Ayano Moriya, Kazuchika Nishitsuji, Shuji 

Mizumoto, Midori Ikezaki, Yuki Takechi-Haraya, Eriko Nakato, Hassan Lemjabbar-Alaoui, 

Fabrice Allain, Yoshito Ihara, Shuhei Yamada, Michael Tiemeyer, Hiroshi Nakato, Kazuhiro 

Aoki, and Kenji Uchimura 

 
Corresponding author: kenji.uchimura@univ-lille.fr 

 
 
The PDF file includes: 

Figs. S1 to S20 
Tables S1 to S6 
Data S1 

  



 2 

 

 
Fig. S1. Chondroitin sulfate (CS) modification in SULF2, as confirmed by an anti-CS stub 

antibody. 

Western blotting was used to detect CS modification in purified SULF2 proteins using the BE-

123 anti-CS stub antibody. The proteins were pretreated with chondroitinase ABC (ChABC), 

which is required for the BE-123 epitope. 
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Fig. S2. N-Glycosylation of the N- and C-terminal subunits of SULF2. 

Schematic representation of the SULF2 and its AA variant proteins is shown. The 8G1 and 2B4 

anti-SULF2 antibodies recognize epitopes in the N- and C-subunits, respectively. 

Immunoblotting analysis of the expressed SULF2 and its AA variant in HEK293 cells using 8G1 

and 2B4 antibodies after PNGase F treatment. The predicted components of the SULF2 protein 

are shown on the right. 8G1 preferentially recognizes the N-subunit of the furin-processed 

SULF2 protein and is less reactive with furin-uncleaved SULF2 proteins under reducing 

conditions.  
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Fig. S3. The possibility of switching the synthesis of CS to HS by inserting repeated SG 

sequences is unlikely. 

Immunoblotting analysis of the SULF2 variants with additional SG sequences using the 2B4 

anti-SULF2 antibody was performed. The samples prepared from HEK293 cells were pretreated 

with ChABC or a mixture of heparinases I, II, and III. The smear band signals of CS-modified C-

subunits were cleared by pretreating the samples with ChABC but not with a mixture of 

heparinases I, II, and III. 
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Fig. S4. The addition of the amino acid sequence PDGYEDLE with the Thr585 substitution 

to Trp produced a level of CS modification similar to the W (T585W) variant. 

Immunoblotting analysis was performed for the SULF2 W-PDGY (T585W-PDGY) variant, 

which has the amino acids PDGYEDLE (7) inserted into the SULF2 W (T585W) variant. In the 

(SG)3 variant, the CS-modified C-subunit is also observed at ≥250 kDa. Schematic 

representations of the detected SULF2 components are shown on the right. 
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Fig. S5. Schematic workflow for MS analysis of CS-core glycopeptides of SULF proteins. 

The workflow illustrates the major steps for MS analysis of SULF proteins. Following 

chondroitinase ABC digestion, His-tagged proteins were captured using Ni-NTA magnetic beads 

and digested directly on-bead with trypsin or Lys-C to generate peptides and glycopeptides. On-

bead digestion was selected to avoid contamination and sample loss associated with elution 

buffers, thereby improving sample cleanliness and MS detection. Nano LC-MS/MS analysis was 

performed (18,19). 
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Fig. S6. Glycopeptides with truncated bridge structures detected in the SULF2 (SG)3 

variant. 

MS/MS spectra of two representative glycopeptides with truncated bridge structures in the 

SULF2 (SG)3 variant are shown. (A) Fragmentation-matched MS/MS spectrum of a 

glycopeptide carrying a single xylose with b- and y-type ions, confirming the peptide sequence 

and xylose glycosylation. (B) Collision-induced dissociation MS/MS spectrum of a glycopeptide 

ion at m/z 1109 (4+) corresponds to the peptide backbone from His566 to Lys604, which carries 

NeuAc₁Hexose₁Pentose₁. The spectrum shows a series of neutral losses that are consistent with a 

NeuAc–hexose–pentose trisaccharide being attached to the peptide. 
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Fig. S7. N-Glycosylation of SULF1. 

Schematic representation of the SULF1 protein is shown. Immunoblotting analysis of the 

expressed SULF1 in HEK293 cells using an anti-His tag antibody after PNGase F treatment. The 

predicted components of the SULF1 protein are shown on the right. 
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Fig. S8. The addition of the amino acid sequence PDGYEDLE with the Thr596 substitution 

to Trp produced a level of CS modification similar to the DDKD-SG-W (T596W) variant. 

Immunoblotting analysis was performed for the SULF1 DDKD-SG-W-PDGY (T596W-PDGY) 

variant, which has the amino acids PDGYEDLE (7) inserted into the SULF1 DDKD-SG-W 

(T596W) variant. Schematic representations of the detected SULF1 components are shown on the 

right. Western blotting was used to detect CS modification in the purified SULF1 DDKD-SG 

variant protein. The smear band ranging from 95 to 180 kDa was cleared by pretreatment with 

chondroitinase ABC (ChABC), but not with a mixture of heparinases I, II, and III (lower left 

panel). BE-123 anti-CS stub antibody and ChABC pretreatment revealed C-subunit bands (lower 

right panel). Novel CS biosynthesis was confirmed in the SULF1 DDKD-SG variant.  
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Fig. S9. Analysis of intrinsic secondary force interactions around Ser583 for CS modification 

in SULF2. 

(A) The SULF2 variants harboring the mutations in Lys577, a unique positively charged residue 

in the EDQDDKD cluster, or in Phe582, an aromatic residue located near Ser583 were expressed in 

HEK293 cells. The concentrated conditioned medium from the transfected cells was subjected to 

Western blotting. The smear band signals of CS-modified C-subunits of the SULF2 K577A and 

SULF2 F582A variants are comparable to the SULF2. 8G1 preferentially recognizes the N-

subunit of the furin-processed SULF2 protein and is less reactive with furin-uncleaved SULF2 

proteins under reducing conditions. (B) Secondary structure of the peptides revealed by circular 

dichroism (CD) analysis. Normalized far-UV CD spectra of the synthesized SULF2 variant 

peptides are shown. These peptides form similar random coil structures.  
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Fig S10. HEK293 cells predominantly express the xylosyltransferase 2 (XYLT2) gene, but 

not the XYLT1 gene. 

The mRNA expression levels of XYLT2 and XYLT1 were quantified using qRT-PCR (n = 3 for 

each gene). Two of the three XYLT1 values; ≤ 0.0002. Data are means ± S.D. ***P < 0.001. 
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Fig. S11. Xylosyltransferase 1 activity toward the synthesized SULF peptides. 

In vitro xylosyltransferase 1 (XYLT1) assay. XYLT1 activity with the SULF2 variant peptides 

were equal to or slightly higher than that with the SULF2 peptide (n = 3). Column with mean 

value less than 0.1 in the SULF1 peptide. Data are means ± SE. **P < 0.01, ***P < 0.001. The 

activity of XYLT1 increases over time with both the SULF2 and the SULF2 W (T585W) 

peptides. Monoxylosylation of the SULF2 peptide was verified using MALDI-TOF MS analysis. 

  



 13 

 
Fig. S12. In vitro assay of xylosyltransferase 2 (XYLT2) and XYLT1 for the peptides 

derived from the SULF2 K577A and SULF2 F582A variants. 

Both the SULF2 K577A and SULF2 F582A peptides exhibit the same level of activity for 

XYLT2 and XYLT1 as the SULF2 peptide. The data were obtained from the 2hs incubation 

assay. Data are means ± SE. **P < 0.01.  
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Fig. S13. The subunit organization of human SULFs. 

The SULF pro-proteins are cleaved by a furin-type convertase into two subunit chains of 75 and 

50 kDa, which form disulfide-linked heterodimers (1,13). The Cys residues that form these 

disulfide bonds are highly conserved in vertebrate and invertebrate SULFs and are found in the 

sulfatase domains of the N- and C-subunits (Cys113 and Cys822 in SULF2; Cys112 and Cys841 in 

SULF1) and in two C-X-C motifs in the hydrophilic domain (Cys504, Cys506, Cys660, and Cys662 

in SULF2; Cys504, Cys506, Cys675, and Cys677 in SULF1) (see also figure S17). (A) SULF2 
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variants harboring Ala substitutions in Cys113 or Cys504/Cys506 (SULF2 C113A and SULF2 

C504A/C506A) and (B) SULF1 variants harboring Ala substitutions in Cys112 or Cys504/Cys506 

(SULF1 C112A and SULF1 C504A/C506A) were expressed in HEK293 cells. The concentrated 

CM were analyzed by Western blotting with or without β-mercaptoethanol (β-ME). The 

schematic representation of the predicted components of the SULF subunits is shown on the 

right. The bands with ≥ 250 kDa under non-reducing conditions partially contain potential SDS-

resistant multimers of the SULFs. These minor species are formed via the coiled-coil motif 

(bidirectional arrow) in the hydrophilic domain as previously described (1,13). #; the bands also 

seen in an isotype-match control blot. Both 8G1 and 4-C25 preferentially recognize the N-

subunit of furin-processed SULF proteins. These antibodies are less reactive against furin-

uncleaved SULFs under reducing conditions. 

  



 16 

 
 

Fig. S14. Increase in the higher order formation of furin-uncleavable SULF2 by CS 

modification 

The furin-type convertase cleaves at the Arg538 and Arg565 sites of the SULF2 protein. The furin 

recognition sites are 533RSRSIR538 and 560RNLTKR565. The new variant of the protein SULF2 

lacks these amino acids at both sites (SULF2 D1aD2). Immunoblotting analysis was carried out 

to detect the N- and C-subunits of the variants with or without β-mercaptoethanol (β-ME). The 

schematic representation of the predicted components of the SULF2 subunits is shown on the 

right. The bands with ≥ 250 kDa under non-reducing conditions partially contain SDS-resistant 

potential multimers of SULF2 that are formed via the coiled-coil motif in the hydrophilic domain 

(13). 
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Fig. S15. CS modification in the higher order of SULF2 

The furin-type convertase cleaves at the Arg538 and Arg565 sites of the SULF2 protein. The furin 

recognition sites are 533RSRSIR538 and 560RNLTKR565. The new variant of the protein SULF2 

(SULF2 R538A_KR564,565AA) contains the substitutions of these amino acids, Arg538 and 

Lys564- Arg565 into Ala. Immunoblotting analysis was carried out to detect the N- and C-subunits 

of the variants (8G1 in the upper band and His tag in the lower band) with or without β-

mercaptoethanol (β-ME). The samples were also immunoblotted with the LY111 anti-

chondroitin sulfate (CS) antibody. The schematic representation of the predicted components of 

the SULF2 subunits is shown on the right. The bands with ≥ 250 kDa in non-reducing conditions 

partially contain SDS-resistant potential multimers of SULF2 that are formed via the coiled-coil 

motif in the hydrophilic domain (13).  
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Fig. S16. The discovered CS sequons are functional for human SULFs in Chinese hamster 

ovary (CHO) cells. 

(A) The C-terminal His-tagged human SULF2, SULF1, and their mutated variants were 

transiently expressed in CHO cells. The concentrated conditioned medium (CM) from the 

transfected CHO cells were subjected to Western blotting to detect the His tag or their N-

subunits. The schematic representation of the predicted major components of the SULF subunits 

is shown on the right. (B) The level of CS-modified SULF2 proteins in the CM of the transfected 

CHO cells were analyzed to detect the N-subunits of the SULF2 and its variants. The insertion of 

Ser-Gly amino acids at Ser583-Gly584 increases CS-modified SULF2 protein levels in the CM of 

transfected CHO cells, as observed in HEK293 cells.  
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Fig. S17. Integration of the CS sequon EDQDDKDGGDFSGWGG into Drosophila Sulf1. 

The amino acid alignment of dSulf1 with human SULF2 and SULF1 is shown. The light blue 

line demarcates the hydrophilic domain. The signal peptide sequence is underlined. Yellow 

denotes the calcium ion-binding active sites, including the Cys residue that undergoes N-

formylglycine modification (1). Purple indicates the Cys residues that form disulfide bonds 

between the N- and C-subunits. The double disulfide bonds between the two C-X-C residues in 

the hydrophilic domain are the primary bonds in the SULF family. See also figure S13. 

Consensus furin cleavage sites with basic amino acids in red are shown. See also figure S14 and 

figure S15. Ser583 of SULF2 is highlighted in green.  
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Fig. S18. The discovered CS sequon is sufficient alone to induce CS biosynthesis in 

Drosophila Sulf1. 

(A) The concentrated conditioned medium (CM) from HEK293 cells that were transfected with 

dSulf1 or CS-sequon-integrated dSulf1 variants (dSulf1 DDKD-SGW-1er and dSulf1 DDKD-

SGW-2ème) was subjected to Western blotting to detect the C-terminal HA tag, with or without 

chondroitinase ABC (ChABC) pretreatment. See Figure 4C and figure S17 for detailed amino 

acid sequences. Schematic representation of the predicted components of the dSulf1 variants 

detected in the blot is shown on the right. The reduction in MW of the bands detected by PNGase 

F treatment indicates that dSulf1 and the dSulf1 DDKD-SGW-1er variant undergo N-glycan 

post-translational modification. (B) The concentrated CM prepared from Drosophila Dmel2 cells 

(36) that were transfected with dSulf1 or dSulf1 DDKD-SGW-1er, which was reconstructed in 

the pAWH vector (36), was subjected to Western blotting to detect the C-terminal HA tag. 

Induction of the CS modification appears to occur in dSulf1 with the discovered CS sequon. 

Given the MW of the detected band, it is likely that the CS chain length in the dSulf1 variant is 

shorter than that expressed in HEK293 cells. # denotes anti-HA reactive unknown materials 

present in the Dmel2 medium.  
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Fig. S19. Increased extracellular protein level of the Drosophila Sulf1 variant integrated 

with the discovered CS sequon in vivo. 

Drosophila strains with either the UAS-dSulf1 transgene (dSulf1) or the UAS-CS sequon-

integrated dSulf1 transgene (dSulf1 DDKD-SGW-1er) were generated. Expression of the 

transgenes was induced in the posterior compartment of the wing disc using a hedgehog (hh)-

Gal4 driver. (A) Extracellular dSulfs within the anterior compartment of the wing pouch were 

quantified (n = 25 for each). See Figure 4E for the posterior compartment. The data are 

presented in the form of a box-and-whisker diagram. ****P < 0.0001. (B) The molecular 

gradient of the extracellular dSulf1 and the dSulf1 DDKD-SGW-1er variant in the wing pouch 

was measured. A comparable gradient pattern in hh>dSulf1 and hh>dSulf1 DDKD-SGW 1er is 

shown. DAPI was used to show cell nuclei. The C-terminal HA tag of the extracellular dSulf1 

and dSulf1 DDKD-SGW-1er was revealed by extracellular immunostaining. The posterior 

compartment is marked by GFP expression (green). Scale bar: 100 µm.   
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Fig. S20. A brief summary of the CS biosynthesis initiation pathways and a proposed 

model of the mechanism by which CS polymerization occurs near the core protein. 

(A) A brief summary of CS biosynthesis initiation, starting with the mono-xylosylation of the 

core protein (20-23, 29, 37-44, 49). Symbols denote the following: xylose (orange star), 

galactose (yellow circle), glucuronic acid (divided blue diamond), N-acetylgalactosamine 
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(yellow square), N-acetylglucosamine (blue square), N-acetylneuraminic acid, predominant sialic 

acid (purple diamond), sulfate (S), and phosphate (P). (B) A proposed model based upon the 

results of this study implies that CS polymerization occurs in close proximity to the core protein. 

The non-reducing end of the CS chain is expected to constantly remain in the vicinity of the core 

protein during polymerization. Arrows indicate the direction of elongation. A complex of 

enzymes involved in CS chain polymerization is shown (pink, green, light green). 
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Table S1. Relative abundance of the CS peptides and glycopeptides detected in human 

SULF2 and its variants. 
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Table S2. Relative abundance of the CS peptides and glycopeptides detected in human 

SULF1 and its variants. 

 

 
  



 26 

Table S3. The primers used to construct each plasmid. 
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Table S4. The retention times and m/z values and the integrated peak areas of the target 
peptides, CS-glycopeptides, and truncated CS-glycopeptides that were detected from 
SULF1, SULF2, and their variants. 

The detected ions are highlighted in yellow. 

 

 

  



 28 

Table S5. Peak intensities of key fragment ions in the averaged MS/MS spectra of co-eluted 
CS-glycopeptides carrying a single sulfate or phosphate. 
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Table S6. Relative abundance of co-eluting CS glycopeptides with a single sulfate or 
phosphate modification. 
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Data S1. The purity and molecular weight of the nine synthesized peptides identified using reversed-

phase liquid chromatography and electrospray ionization mass spectrometry. 
SULF2 peptide: EDQDDKDGG DFSGTGG LPD
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SULF2 AA peptide: EDQDDKDGG DFAATGG LPD 

 

  

MassSpectrum
Positive

m/z

Intensity

10

20

30

40

50

60

70

80

90

100

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

654.4

962.0

990.4 1282.9 1443.4

Equipment : ZJ21010035
Interface Bias : +4.5kV
DryingGasFlow :5L/min
T.Flow :0.2ml/min
B.conc :50%H2O/50%MeOH

Sample Information

Injection Volume: 0.2
SampleName: SULF2AApep-DQDDKDGGDFAATGGLPD
Sample ID : J148DHC230-17
TheoreticalMW : 1922.88
ObservedMW : 1922.0

Interface :ESI
NebulizingGasFlow :1.5L/min
CDL Temp :250
Block Temp :200

[M+H]+
[M+Na+H]2+[M+Na]+

[M+K]+

[M+2H]2+

[M+3H]3+[M+4H]4+

[M+Na+2H]3+ [M+K+H]2+

[M+K+2H]3+

[M+5H]5+
[M+6H]6+



 32 

SULF2 (SG)3 peptide: EDQDDKDGG DFSGSGSGSGTGG LPD 
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SULF2 DLQA peptide: GPRDLQAGG DFSGTGG LPD
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SULF2 SSGG peptide: EDQDDKD SSGGNRGRM LPD
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SULF2 W (T585W) peptide: EDQDDKDGG DFSGWGG LPD
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SULF2 K577A peptide: EDQDDADGG DFSGTGG LPD

 

   

MassSpectrum
Negative

m/z

Intensity

10

20

30

40

50

60

70

80

90

100

500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

538.4

621.6

718.5 817.1

932.8

1014.4 1201.4

1243.5

1295.4
1426.2 1547.1 1744.5 1878.6

Sample Information

Injection Volume: 0.2
SampleName: SULF2 K577Apep-EDQDDADGG DFSGTGG LPD
Sample ID : J148DHC230-9
Theoretical MW : 1867.75
ObservedMW : 1867.6

Interface :ESI
NebulizingGas Flow :1.5L/min
CDL Temp :250
Block Temp :200

Equipment : ZJ21010035
Interface Bias : -3.5kV
Drying Gas Flow :5 L/min
T.Flow :0.2ml/min
B.conc :50%H2O/50%MeOH

[M-H]-

[M-2H]2-

[M-3H]3-

[M-4H]4-



 37 

SULF2 F582A peptide: EDQDDKDGG DASGTGG LPD
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SULF1 peptide: GPRDLQA SSGGNRGRM LAD 
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