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Abstract

The degradation of glycosaminoglycans (GAGs) involves a series of exolytic glycosidases and 

sulfatases that act sequentially on the nonreducing end of the polysaccharide chain. Enzymes have 

been cloned that catalyze all of the known linkages with the exception of the removal of the 2-O-

sulfate group from 2-sulfoglucuronate, which is found in heparan sulfate and dermatan sulfate. 

Here, we show using synthetic disaccharide substrates that arylsulfatase K is the glucuronate-2-

sulfatase. Arylsulfatase K acts selectively on 2-sulfoglucuronate and lacks activity against 2-

sulfoiduronate, whereas iduronate-2-sulfatase (IDS) desulfates synthetic disaccharides containing 

2-sulfoiduronate but not 2-sulfoglucuronate. As arylsulfatase K has all of the properties expected 

of a lysosomal enzyme, we conclude that arylsulfatase K is the long sought lysosomal 

glucuronate-2-sulfatase, which we designate GDS.
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Animal cells express plasma membrane and extracellular matrix proteoglycans, which 

consist of sulfated glycosaminoglycans (GAGs) covalently attached to proteoglycan core 

proteins. The major sulfated GAGs include heparan sulfate, chondroitin sulfate, and 

dermatan sulfate. Assembly initiates by the attachment of xylose to specific serine residues, 

followed by assembly of a linkage tetrasaccharide (D-glucuronic acid β1–3-D-galactose β1–4 

D-xylose). The GAG chains then polymerize by the alternating addition of D-N-

acetylhexosamine and D-glucuronate residues. A family of sulfotransferases installs sulfate 

groups at various positions along the chains, and an epimerase converts a subset of D-

glucuronate residues to L-iduronate.1 Domains containing sulfated sugar residues and 

iduronic acid confer the capacity to interact with various protein ligands, including growth 

factors, chemokines, lipoproteins, and membrane receptors.2 GAG–protein interactions 

facilitate a wide range of processes crucial during development and important for normal 

physiology.3,4

Proteoglycans are highly dynamic, undergoing partial desulfation and heparanase cleavage 

at the cell surface, shedding from the cell surface by proteolysis and endocytosis.4 The latter 

process results in the delivery of the proteoglycan and any associated ligands to the 

lysosome where they undergo degradation.5 Degradation of the GAG chains occurs in a 

sequential manner from the nonreducing end of the chain and requires the action of multiple 

exoglycosidases and exosulfatases, and in the case of heparan sulfate an N-acetyltransferase.
6 Loss of any one of these enzymes arrests degradation and causes accumulation of 

undegraded GAGs and GAG fragments in the lysosome. In humans, defects in lysosomal 

GAG degradation result in a group of diseases called mucopolysaccharidoses (MPS), a type 

of lysosomal storage disorder (LSD) characterized by developmental and neurological 

defects, and in severe cases death in the first or second decade.7,8

The enzymatic activity of all eukaryotic sulfatases is strictly dependent on a unique post-

translational modification in which an active site cysteine within a conserved sequence is 

converted into a Cα-formylglycine residue by the formylglycine-generating enzyme (FGE).
9–11 To date, 17 different sulfatases that act on GAGs, sulfated lipids, and other sulfated 

substrates have been described in humans.12–16 Many of these sulfatases exhibit activity in 
vitro against small sulfated aromatic pseudosubstrates, such as p-nitrocatechol sulfate, p-

nitrophenyl sulfate, and 4-methylumbelliferyl sulfate and thus are classified as 

arylsulfatases. Deficiencies in seven of the eight known lysosomal sulfatases result in 

different forms of lysosomal storage. Arylsulfatase A deficiency causes metachromatic 

leukodystrophy, whereas loss of galactosamine-4-sulfatase (arylsulfatase B), 

Dhamale et al. Page 2

ACS Chem Biol. Author manuscript; available in PMC 2018 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



galactosamine-6-sulfatase, glucosamine-6-sulfatase, sulfamidase, and iduronate-2-sulfatase 

(IDS) cause different types of mucopolysaccharidoses.6 We recently showed that 

arylsulfatase G acts on 3-sulfoglucosamine residues in heparan sulfate. Its inactivation in 

mice resulted in a new form of LSD, which we designated MPS IIIE.17–19

The substrate specificities of the three remaining arylsulfatases, ARSI, ARSJ, and ARSK, 

remain unknown. Arylsulfatase K was originally identified through bioinformatics on the 

basis of the conserved sequence C-S/T/C/A-P-S-R common to all sulfatases.13,14 We 

recently showed that ARSK, but not an active site mutant lacking formylglycine (ARSK-

C/A), exhibits activity toward the arylsulfate pseudosubstrates p-nitrocatechol sulfate and p-

nitrophenyl sulfate.16 The enzyme also has an acidic pH optimum, colocalizes with the 

lysosomal marker LAMP1, and carries mannose-6-phosphate tagged N-linked 

oligosaccharides, which facilitate lysosomal sorting via mannose-6-phosphate receptors.16 

Thus, ARSK most likely acts on lysosomal substrates. However, the identity of the natural 

substrate on which ARSK acts has not been determined.

To explore the substrate specificity of ARSK, we synthesized two disaccharides that are 

derived from heparan sulfate and contain a 2-sulfoglucuronate moiety (1, G2A0; 2, G2S0) 

and two disaccharides that are part of dermatan sulfate and have a 2-sulfoiduronate (3, I2a4; 

4, I2a6; Figure 1). It was anticipated that compounds 1 and 2 might be substrates for ARSK 

because the genes encoding enzymes that catalyze the hydrolysis of all sulfates of GAGs 

have been cloned with the exception of 2-O-sulfate esters from 2-sulfoglucuronate. I2a4 and 

I2a6 were prepared as part of a larger collection of nonreducing end disaccharides as 

potential biomarkers for iduronate-2-sulfatase deficiency.20

Previously, we described a modular approach for the preparation of heparan sulfate 

oligosaccharides in which a small number of strategically chosen monosaccharide building 

blocks were employed to prepare a set of disaccharides that can be converted into glycosyl 

donors and acceptors for assembly of a large number of oligosaccharides.21 Compounds 1 
and 2 were prepared using this strategy; however, the commonly employed thexyldimethyl 

silyl (TDS) ether for anomeric protection had to be replaced by a benzyl glycoside because 

the removal of the TDS ether using hydrofluoric acid (HF)-pyridine resulted in a loss of the 

sulfate group at the amino function (see the SI for synthetic details).

We employed a similar modular approach for the preparation of dermatan sulfate derived 

saccharides 3 and 4 (Scheme 1). Thus, glycosylation of thioglycosyl donor 5 with acceptor 6 
in the presence of N-iodosuccinimide (NIS) and a catalytic amount of triflic acid (TfOH) 

gave disaccharide 7 as only the β-anomer due to the presence of the participating levulinoyl 

(Lev) ester (yield 83%). Donor hydrolysis was observed when a glycosyl donor was used 

having the amine protected as a trichloroethoxy carbamate. The application of an allyl 

glycoside as acceptor also gave a rather low yield of coupling product.

Disaccharide 7 can be converted into a panel of differently sulfated disaccharide standards. 

For example, hydrolysis of the benzylidene acetal will give a diol that can be employed for 

the preparation of a di-O-sulfated derivative. On the other hand, regioselective reductive 

opening of the benzylidene acetal can give a C-4 or C-6 hydroxyl for sulfation. The Lev 
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ester can also be selectively removed to give entry into another range of sulfated compounds. 

For the purpose of preparing compounds 3 and 4, the Lev ester of 8 was selectively cleaved 

using hydrazine acetate in a mixture of toluene and methanol to give alcohol 8. Next, the 

benzylidene acetal of 8 was opened regioselectively using trimethylsilane in the presence of 

triflic acid or PhBCl2 to provide compounds 9 and 10, respectively. The reduction of the 

trichloroacetamido group of 9 and 10 to the corresponding acetamido containing derivatives 

11 and 12 proved troublesome, and the conventional use of Bu3SnH/azobisisobutyronitile 

(AIBN) did not proceed to completion, and a mixture of products was obtained in which 

varying numbers of chlorides had been reduced. Fortunately, the use of the Zn–Cu22 couple 

in acetic acid gave the desired compounds 11 and 12 in acceptable yields. The disaccharides 

were then sulfated with pyridine sulfonate in dimethylformamide (DMF) to give 13 and 14 
in excellent yields, respectively. After the installation of O-sulfates at the desired positions, 

the methyl ester was hydrolyzed using LiOH/H2O2, and the anomeric TDS of the resulting 

compounds was cleaved using a HF–pyridine complex in the presence of pyridine to give 

disaccharides 15 and 16. Controlling the amount of HF–pyridine was critical as excess 

reagent resulted in degradation of the compounds. Finally, removal of benzyl ethers was 

accomplished by hydrogenation in the presence of Pd/C in a mixture of methanol and water 

to give the target disaccharides 3 and 4 in 78% and 81% yield, respectively. Analysis of the 

various disaccharides and intermediates is described in the SI.

Recombinant human ARSK was produced in HEK293 cells and purified as described 

recently.16 Enzyme (5 ng) was added to 2 nmol of each of the four disaccharides and 

incubated overnight at 37 °C. The reaction products were lyophilized and then labeled with 

[12C6]aniline by reductive amination as described.22 All samples were then analyzed by 

reversed phase ion-pairing liquid chromatography–mass spectrometry. The extracted ion 

currents were monitored for masses corresponding to those predicted for the unreacted 

substrates and the expected 2-O-desulfated products. Characteristic elution profiles for 

G2A0 (m/z = 553) and G2S0 (m/z = 591) are shown in Figure 2A and B, respectively. 

Incubation with ARSK resulted in complete conversion of G2A0 and G2S0 to products with 

masses expected for the products, G0A0 (m/z = 473) and G0S0 (m/z = 511), respectively. 

The collision induced dissociation profile of the product of G2S0 treated with ARSK gave a 

strong signal for a Y1 ion with m/z = 335, which demonstrates that the product was 2-O-

desulfated (Figure 2C). For comparison, we also analyzed standard I0S0, which separated 

from G0S0 and fragmented less efficiently (Figure 2C and inset).

Complementary experiments were performed with iduronate containing disaccharides I2a4 

and I2a6 as substrates. Incubation with IDS resulted in desulfation of these substrates to the 

expected 2-O-desulfated products (Figure 3). Interestingly, under these conditions, IDS 

converted both I2a6 and I2a4 to I0a6 and I0a4, respectively, albeit with different overall 

yields (compare Figure 3B and D). ARSK had no effect on iduronate containing substrates, 

I2a4 and I2a6 (Supporting Information Figure S1A).

Finally, we examined ARSK-C/A in which the active site cysteine at residue 80 was 

converted to alanine and thus cannot be converted into the active form containing a 

formylglycine residue by FGE, resulting in inactivation of enzyme activity toward an 

arylsulfate substrate.16 As expected, ARSK-C/A had no measurable activity toward G2S0 
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compared to wildtype enzyme (Supporting Information Figure S1B). Similarly, IDS and 

arylsulfatase G (ARSG), the most recently characterized heparan sulfate degrading 

arylsulfatase,19 did not react with G2S0 (Supporting Information Figure S1B).

Thirty years ago, Shaklee et al. demonstrated that lysosomal enzyme preparations from 

human fibroblasts derived from Hunter patients lacking IDS catalyzed the removal of the 2-

O-sulfate groups from 2-sulfoglucuronates in disaccharides derived from heparan sulfate and 

dermatan sulfate.23 The measured glucuronate-2-sulfatase activity exhibited optimal activity 

at pH 4, suggesting a lysosomal origin, and the enzyme was eventually purified to 

homogeneity.24,25 More recently, Wiegmann et al. demonstrated that ARSK localizes to 

lysosomes, contains mannose 6-phosphate, and has an acidic pH optimum towards artificial 

sulfatase substrates, indicating a crucial role in lysosomal degradation of sulfated substrates.
16 The data reported here provide evidence that ARSK is the glucuronate-2-O-sulfatase. 

ARSK likely acts not only on heparan sulfate but also on chondroitin/dermatan sulfate that 

contains 2-sulfoglucuronate based on the work by Shaklee et al.23,26 We propose to rename 

ARSK as glucuronate-2-sulfatase (GDS) by analogy to IDS for iduronate-2-sulfatase. The 

identification of ARSK/GDS completes the identification of all the genes for this group of 

hydrolytic enzymes required for degradation of heparan sulfate and dermatan sulfate, as is 

shown in Figure 4 for the catabolism of heparan sulfate.

Deficiencies of sulfatases involved in GAG degradation result in lysosomal storage of 

undegraded substrates. Thus, we predict that a deficiency of GDS should result in 

accumulation of GAGs characterized by a terminal 2-sulfoglucuronate residue at the 

nonreducing end. We recently reported a facile method for typing MPS disorders based on 

release of the nonreducing end biomarkers characteristic of each disorder.20 We therefore 

predict that some undiagnosed cases of MPS may result from GDS deficiency and should 

manifest the NRE biomarkers containing 2-sulfoglucuronate, such as G2S0 or G2A0 after 

enzymatic depolymerization of lysosomal GAGs. The standards will allow further 

characterization of this enzyme in cells and tissues and make possible the analysis of 

enzyme activity in animals and perhaps humans lacking this enzyme. ARSK deficiency may 

be the genetic cause in mucopolysaccharidosis patients of unknown etiology, for which 

diagnosis now is possible with the help of the new disaccharide standards using the GRIL-

LC/MS method and recombinant ARSK enzyme for in vitro digestion of patient material. In 

order to unravel the physiological relevance of ARSK in mammals, we are currently 

establishing an Arsk/Gds-deficient mouse model which might also help to identify human 

patients as we expect a MPS-like phenotype in these animals.

METHODS

Enzyme Assays

ARSK or ARSK-C/A (5 ng), 30 ng of ARSG, and 50 ng of IDS (kind gift from Shire 

Human Genetic Therapies, Inc.) were diluted into 55 µL of 200 mM NaAc (pH 4.6) and 

incubated with 2 nmol of synthetic disaccharide for 24 h at 37 °C (total volume of 60 µL).16 

Samples were lyophilized and subjected to GRIL-LC/MS analysis. Representative data are 

shown for each experiment, which was repeated at least three times.
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GRIL-LC/MS Analysis

Samples were analyzed by LC/MS and quantified using the GRIL-LC/MS method using an 

LTQ Orbitrap Discovery electrospray ionization mass spectrometer (Thermo Scientific) 

equipped with an Ultimate 3000 quaternary HPLC pump (Dionex) and a C-18 reverse phase 

1 mm i.d., 150 mm, 5 µm microbore column as previously described.22 Dibutylamine (DBA) 

was used as an ion pairing reagent, and disaccharides were separated with an increasing 

methanol step gradient for LC/MS. All enzymatic reactions were dried and subjected to 

reductive amination labeling with [12C6]aniline prior to the addition of standards and 

subsequent LC/MS analysis. For quantitative GRIL-LC/MS, 10–20 pmol of differentially 

isotope labeled standards ([13C6]aniline tagged) were added prior to LC/MS analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors acknowledge Shire HGT Inc. for providing iduronate 2-sulfatase (IDS). Support for this work was 
provided by a grant from the National Mucopolysaccharidosis Society and National Institutes of Health grant 
HL107150 to J.D.E., Deutsche Forschungsgemeinschaft (grants DI 575 and LU 1173) to T. D. and T.L., and Indo-
US science and Technology Forum for a fellowship in support of B.A.S.

References

1. Esko JD, Selleck SB. Order out of chaos: Assembly of ligand binding sites in heparan sulfate. Annu. 
Rev. Biochem. 2002; 71:435–471. [PubMed: 12045103] 

2. Xu D, Esko JD. Demystifying heparan sulfate-protein interactions. Annu. Rev. Biochem. 2014; 
83:129–157. [PubMed: 24606135] 

3. Bulow HE, Hobert O. The molecular diversity of glycosaminoglycans shapes animal development. 
Annu. Rev. Cell Dev. Biol. 2006; 22:375–407. [PubMed: 16805665] 

4. Bishop JR, Schuksz M, Esko JD. Heparan sulphate proteoglycans fine-tune mammalian physiology. 
Nature. 2007; 446:1030–1037. [PubMed: 17460664] 

5. Williams KJ, Fuki IV. Cell-surface heparan sulfate proteoglycans: dynamic molecules mediating 
ligand catabolism. Curr. Opin. Lipidol. 1997; 8:253–262. [PubMed: 9335948] 

6. Lawrence R, Brown JR, Lorey F, Dickson PI, Crawford BE, Esko JD. Glycan-based biomarkers for 
mucopolysaccharidoses. Mol. Genet. Metab. 2014; 111:73–83. [PubMed: 23958290] 

7. Coutinho MF, Matos L, Alves S. From bedside to cell biology: A century of history on lysosomal 
dysfunction. Gene. 2015; 555:50–58. [PubMed: 25275857] 

8. Neufeld EF, Lim TW, Shapiro LJ. Inherited disorders of lysosomal metabolism. Annu. Rev. 
Biochem. 1975; 44:357–376. [PubMed: 806251] 

9. Cosma MP, Pepe S, Annunziata I, Newbold RF, Grompe M, Parenti G, Ballabio A. The multiple 
sulfatase deficiency gene encodes an essential and limiting factor for the activity of sulfatases. Cell. 
2003; 113:445–456. [PubMed: 12757706] 

10. Dierks T, Schmidt B, Borissenko LV, Peng J, Preusser A, Mariappan M, von Figura K. Multiple 
sulfatase deficiency is caused by mutations in the gene encoding the human C(alpha)-
formylglycine generating enzyme. Cell. 2003; 113:435–444. [PubMed: 12757705] 

11. Schmidt B, Selmer T, Ingendoh A, von Figura K. A novel amino acid modification in sulfatases 
that is defective in multiple sulfatase deficiency. Cell. 1995; 82:271–278. [PubMed: 7628016] 

12. Hanson SR, Best MD, Wong CH. Sulfatases: Structure, Mechanism, Biological Activity, 
Inhibition, and Synthetic Utility. Angew. Chem., Int. Ed. 2004; 43:5736–5763.

Dhamale et al. Page 6

ACS Chem Biol. Author manuscript; available in PMC 2018 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. Sardiello M, Annunziata I, Roma G, Ballabio A. Sulfatases and sulfatase modifying factors: an 
exclusive and promiscuous relationship. Hum. Mol. Genet. 2005; 14:3203–3217. [PubMed: 
16174644] 

14. Obaya AJ. Molecular cloning and initial characterization of three novel human sulfatases. Gene. 
2006; 372:110–117. [PubMed: 16500042] 

15. Frese MA, Schulz S, Dierks T. Arylsulfatase G, a novel lysosomal sulfatase. J. Biol. Chem. 2008; 
283:11388–11395. [PubMed: 18283100] 

16. Wiegmann EM, Westendorf E, Kalus I, Pringle TH, Lubke T, Dierks T. Arylsulfatase K, a novel 
lysosomal sulfatase. J. Biol. Chem. 2013; 288:30019–30028. [PubMed: 23986440] 

17. Kowalewski B, Heimann P, Ortkras T, Lullmann-Rauch R, Sawada T, Walkley SU, Dierks T, 
Damme M. Ataxia is the major neuropathological finding in arylsulfatase G-deficient mice: 
similarities and dissimilarities to Sanfilippo disease (mucopolysaccharidosis type III). Hum. Mol. 
Genet. 2015; 24:1856–1868. [PubMed: 25452429] 

18. Kowalewski B, Lubke T, Kollmann K, Braulke T, Reinheckel T, Dierks T, Damme M. Molecular 
characterization of arylsulfatase G: Expression, processing, glycosylation, transport and activity. J. 
Biol. Chem. 2014; 289:27992–28005. [PubMed: 25135642] 

19. Kowalewski B, Lamanna WC, Lawrence R, Damme M, Stroobants S, Padva M, Kalus I, Frese 
MA, Lubke T, Lullmann-Rauch R, D’Hooge R, Esko JD, Dierks T. Arylsulfatase G inactivation 
causes loss of heparan sulfate 3-O-sulfatase activity and mucopolysaccharidosis in mice. Proc. 
Natl. Acad. Sci. U. S. A. 2012; 109:10310–10315. [PubMed: 22689975] 

20. Lawrence R, Brown JR, Al-Mafraji K, Lamanna WC, Beitel JR, Boons GJ, Esko JD, Crawford BE. 
Disease-specific non-reducing end carbohydrate biomarkers for mucopolysaccharidoses. Nat. 
Chem. Biol. 2012; 8:197–204. [PubMed: 22231271] 

21. Arungundram S, Al-Mafraji K, Asong J, Leach FE 3rd, Amster IJ, Venot A, Turnbull JE, Boons 
GJ. Modular synthesis of heparan sulfate oligosaccharides for structure-activity relationship 
studies. J. Am. Chem. Soc. 2009; 131:17394–17405. [PubMed: 19904943] 

22. Lawrence R, Olson SK, Steele RE, Wang L, Warrior R, Cummings RD, Esko JD. Evolutionary 
differences in glycosaminoglycan fine structure detected by quantitative glycan reductive isotope 
labeling. J. Biol. Chem. 2008; 283:33674–33684. [PubMed: 18818196] 

23. Shaklee PN, Glaser JH, Conrad HE. A sulfatase specific for glucuronic acid 2-sulfate residues in 
glycosaminoglycans. J. Biol. Chem. 1985; 260:9146–9149. [PubMed: 4019466] 

24. Freeman C, Hopwood JJ. Human liver glucuronate 2-sulphatase. Purification, characterization and 
catalytic properties. Biochem. J. 1989; 259:209–216. [PubMed: 2497731] 

25. Freeman C, Hopwood JJ. Glucuronate-2-sulphatase activity in cultured human skin fibroblast 
homogenates. Biochem. J. 1991; 279(Pt 2):399–405. [PubMed: 1953637] 

26. Send N, Murakami K. Structure of disulfated disaccharides from chondroitin polysulfates, 
chondroitin sulfate D and K. Carbohydr. Res. 1982; 103:190–194.

27. Lawrence R, Lu H, Rosenberg RD, Esko JD, Zhang L. Disaccharide structure code for the easy 
representation of constituent oligosaccharides from glycosaminoglycans. Nat. Methods. 2008; 
5:291–292. [PubMed: 18376390] 

Dhamale et al. Page 7

ACS Chem Biol. Author manuscript; available in PMC 2018 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Disaccharides G2A0, G2S0, I2a4, and I2a6. To simplify the representation of constituent 

disaccharides, we use a disaccharide structure code.27 In this code, a uronic acid is 

designated as G or I for D-glucuronate or L-iduronate, respectively, and the hexosamine is 

designated as A or a for N-acetylglucosamine or N-acetylgalactosamine, respectively. The 

N-substituent on glucosamine is either A or S for acetate or sulfate, respectively. The 

presence and location of ester-linked sulfate groups are depicted by the number of the 

carbon atom on which the sulfate group is located or by 0 if absent. For example, G2S0 

refers to a disaccharide composed of 2-sulfoglucuronate-N-sulfoglucosamine.
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Figure 2. 
ARSK desulfates G2A0 and G2S0. G2A0 and G2S0 (2 nmol) were treated with ARSK (5 

ng) as described in the Methods. Prior to LC/MS analysis, reactions were labeled with 

[12C6]aniline. Shown is the extracted ion current for both substrate (black trace) and the 

corresponding desulfation products (red trace). (A) G2A0 was treated with ARSK. Inset: 

mass spectrum for unreacted substrate (m/z = 553) and the product (m/z = 473), consistent 

with the loss of one sulfate group. (B) G2S0 was treated with ARSK. Inset: mass spectrum 

for unreacted substrate (m/z = 591) and the product (m/z = 511), consistent with the loss of 

one sulfate group. (C) [13C6]aniline labeled standards G2S0 and I0S0 were added to the 
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[12C6]aniline labeled product of G2S0 after treatment with ARSK. The product disaccharide 

and I0S0 are isobaric but elute differently (red trace and blue trace, respectively). Tandem 

mass spectrometry shows that these isobaric disaccharides both generated the same product 

ions, but in distinct proportions. The detection of a strong Y1 ion in both the product and the 

I0S0 standard verifies that both are N-sulfated.
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Figure 3. 
Comparison of I2a4 and I2a6 as substrates for iduronate-2-sulfatase (IDS). For each 

reaction, 2 nmol of substrate disaccharide was reacted with 50 ng of recombinant human 

IDS in reaction buffer and incubated for 24 h at 37 °C before aniline labeling and analysis 

by LC/MS. (A) Elution profile and mass spectrum of I2a4. (B) Product formed from I2a4 by 

IDS. (C) Elution profile and mass spectrum of I2a6. (D) Product formed from I2a6 by IDS.
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Figure 4. 
Pathway of lysosomal heparan sulfate degradation. GDS catalyzes the desulfation of 2-

sulfoglucuronate residues. All of the enzymes required to degrade sulfated GAGs are now 

known.
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Scheme 1. Chemical Synthesis of Standards 3 and 4a

aReagents and conditions: (a) NIS, TMSOTf, DCM, 0°C. (b) NH2NH2·HOAc, toluene/

EtOH; 92%. (c) Et3SiH, TfOH, −78 °C (61%, 9). (d) Et3SiH, PhBCI2, −78 °C (81%, 10). (e) 

Zn–Cu couple, AcOH, r.t. (64%, 11, 72%, 12). (f) Py·SO3, DMF, (81%, 13, 92%, 14). (g, i) 
LiOH, H2O2, THF. (ii) 4M NaOH, MeOH (93% and 74%). (h) HF·Py, pyridine, r.t. (81%, 

15; 75%, 16). (i) Pd(OH)2/C, H2, H2O (78%, 3; 81%, 4).
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