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Glucosamine-6-sulfatase is a lysosomal enzyme which degrades glycos- 
aminoglycans and is deficient in mucopolysaccharidosis type IIID. Human l i ver  
contains two major active forms of glucosamine-6-sulfatase, form A which has a 
single 78 kDa polypeptide and form B which has two polypeptides of 48 kDa and 
32 kDa. A 1761 base pair cDNA clone encoding the complete 48 kDa polypeptide 
of form B was isolated. Form A is shown to be processed to form B with the 48 
kDa polypeptide C-terminal to the 32 kDa polypeptide, and i t  is shown that C- 
terminal processing is l imited to a region of t h i r t y  amino acids. The 
glucosamine-6-sulfatase sequence reveals homology with steroid sulfatase, a 
microsomal enzyme. ® 1988 Academic Press, I n c .  

The human genome encodes at least nine separate enzymes which hydrolyse 

sulfate esters. Steroid sulfatase (STS) is a microsomal enzyme which acts upon 

a number of 3#-hydroxysteroids ( I ) ,  while the others are lysosomal 

exohydrolases (2,3). Five of these lysosomal sulfatases are involved in the 

stepwise degradation of heparan sulfate and heparin (3). Though they act upon 

a common substrate and catalyse very similar reactions, they exhibit an 

exquisite speci f ic i ty  and thus make an attract ive model for investigations 

into the molecular detai ls of enzyme/substrate interactions and sulfate ester 

hydrolysis. Glucosamine-6-sulfatase (G6S) cleaves the O-linked sulfate group 

at the 6-position of the non-reducing-end glucosaminide residues of heparan 

sulfate, heparin and keratan sulfate (4-6). A deficiency in the act iv i ty  of 

G6S results in the accumulation of par t ia l ly  degraded heparan sulfate in 

lysosomes causing organelle, cell and tissue distor t ion,  ultimately leading to 

the lysosomal storage disorder, mucopolysaccharidosis type IIID, or Sanfilippo 

D syndrome (4). G6S has been purif ied from normal human l i ver  in two major 

forms, one with a single subunit of M r of 78 kDa and the other with two 

* To whom reprint requests should be addressed. 

6bbreviations: G6S, glucosamine-6-sulfatase; STS, steroid sulfatase; 
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresiso 
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subunits of M r 48 kDa and 32 kDa (7). The gene for G6S has been localized to 

human chromosome 12q14 (8). 

In this report we describe the isolation and identification of a cDNA 

clone coding for human G6S using oligonucleotides directed against peptide 

sequence data generated from pure G6S. Comparison of the amino acid sequence 

of the encoded protein with that of STS (I),  the only other sulfatase with 

gene sequence available, revealed regions of significant homology. 

MATERIALS AND METHODS 

Materials. G6S was purified from human l iver as previously described (7). The 
human l iver cDNA library in Agt10 was kindly donated by G. Howlett (University 
of Melbourne). 

Peptide isolation and sequencing. Peptides for amino acid sequencing were 
produced in three ways: Approximately 50 ~g of form A and form B human l iver 
G6S (Fig. la) were subjected to SDS-PAGE, the major bands were isolated and 
subjected to N-terminal amino acid sequencing (9); approximately 150 ~g of 
form A was digested with trypsin (10); approximately 150 ~g of form B was 
cleaved with cyanogen bromide (11); total tryptic and cyanogen bromide digests 
were applied to an Aquapore RP-300 (Brownlee Labs Inc) cartridge (30x4.6 mm), 
and the peptides eluted with a linear 180 min gradient from 0-30% (v/v) 
acetonitrile in 0.1% (v/v) trifluoroacetic acid at a flowrate of 1.0 ml/min. 
Absorbance at 216 nm was followed and fractions were collected manually and 
stored at -75"C. Amino acid sequencing and oligonucleotide synthesis were 
services of BRESATEC (Adelaide, S.A., Australia). 

Oligonucleotide Screening. Two oligonucleotide mixtures were used to screen a 
human l iver cDNA library in ~gt10 (12,13). The bacterial host used was C600 
(14) and approximately 250,000 recombinants were plated and screened with the 
oligonucleotide mixtures. Each species in the probe mixture was present at 180 
pM. Hybridization was conducted overnight at 37"C, and washing conditions were 
established empirically for each probe mix. 

General Methods. Standard DNA techniques were used throughout (14). Probe 
preparation and DNA blot analysis are described in (8). 

DNA Sequencing. Insert cDNA was subcloned into the Eco RI site of pUC19 for 
restriction endonuclease analysis. Selected fragments were subcloned into 
M13mp19 for sequencing via the dideoxy chain termination method (15) using the 
Klenow fragment of E. col i  DNA polymerase I at 47°C. 

Sequence Analysis. The nucleotide sequence was screened against the GenBank 
database and the encoded protein sequence against the NBRF protein database. 
General sequence analysis and comparisons were performed using a package of 
programs supplied by A. Reisner (16). 

RESULTS AND DISCUSSION 

G6S from human l iver can be purified as two major forms which together 

account for some 90% of G6S activity. These two forms, designated A and B, 

both have a native M r of approximately 75 kDa and a pl greater than 9.5, they 

have similar activity towards heparan sulfate and keratan sulfate substrates 

(17), but they have different subunit compositions. Form A contains a single 

polypeptide with an apparent M r of 78 kDa, while form B consists of two 
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a 

M 1 2 3 kDa 

b 

Amino acid sequence: 

Asn Lys Asn Phe Asn l l e  His Gly Thr Asn Lys His Trp Leu l l e  Gln 

G 
Possible mRNA sequences: UUA 

G G G 
A A A A A 

C G C C C C C C C C G C C C 
AAU AAA AAU UUU AAU AUU CAU GGU ACU AAU AAA CAU UGG CUU AUU 

TTG TTT TTG AAG TTG TAG GTG CC TGI TTA TTT GTA ACC GAI TA 

I c T I I 0 c 0 A 1 
Probe 1 Probe 2 

FIG. I. a; SDS-PAGE of human l iver  G6S. All samples were reduced with 
di thioerythr i tol .  Track I, a mixture of form A and form B G6S; track 2, form A 
G6S; track 3, form B G6S; track M, molecular weight markers. The molecular 
weights of the major species present are indicated at the side of the diagram 
in kDa. b; Oligonucleotides based on amino acid sequence of tryptic peptide 45 
derived from form A G6S (A/tryp45 in Table I). I = inosine. 

polypeptides with apparent M r of 48 kDa and 32 kDa (Fig. la ) .  I t  has been 

proposed that form B is produced by p ro teo ly t i c  processing of form A (7). 

The three polypeptides were subjected to d i rec t  N-terminal amino acid 

sequencing. Both forms were also digested to produce peptides that were 

separated by HPLC. Several of these peptides which f ract ionated as large well 

iso lated peaks were sequenced (Table 1). One of these peptides, A/tryp45, was 

TABLE I.  Amino acid sequences of peptides derived from G6S. Peptide 
designations indicate which form of G6S the peptide was derived from [A/B], 
how i t  was derived [trypsin/cyanogen bromide/N-terminal sequencing] and which 
HPLC fraction/polypeptide species was used. The location of peptides in the 
sequence (Fig. 2) is indicated in brackets. "Xaa" indicates that the amino 
acid at that position was not identi f ied, "?" indicates a tentative 

iden t i f i ca t ion .  

A/tryp45 (79-94) 
Asn Lys Asn Phe Asn l le  His Gly Thr Asn Lys His Trp Leu l le  Gin 

A/tryp52 (245-261) 
Ser Val Thr Asp Pro Thr Cys Pro Ser Leu Ser/Leu Pro Gly Val/Ser Val? Gln Cys 

B/CNBr59 (327-345) 
Asn Tyr Arg Leu Met Met Leu Gln Ser Xaa Set Gly Arg/Pro Thr Xaa Arg Thr Pro Gly 

B/Nter48 (45-74) 
Phe GIu Pro Phe Phe Met Met l le Ala Thr Pro Ala Pro His Ser Pro Trp Thr Ala Ala 
Pro Gin Tyr Gin Lys Ala Phe Gin Asn Val 
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used to design two oligonucleotide mixtures (Fig. lb) that were used to screen 

a human l iver  cDNA l ibrary  in Agt10. Six positive clones were isolated af ter  

screening with probe I .  Of these clones only one was posit ive when screened 

with probe 2. The locations of cleavage sites for several rest r ic t ion 

endonucleases were determined, and fragments of the cDNA insert were subcloned 

into Ml3mpl9 for nucleotide sequencing. 

The nucleotide sequence of the cDNA (Fig. 2) revealed a continuous open 

reading frame of 1125 bases which encodes a protein of 375 amino acids. Within 

the sequence four regions display col inear i ty  with the sequences of peptides 

derived from pure G6S (Table i ) .  There are three apparent discrepancies 

between the direct  and predicted amino acid sequence data. These are at amino 

acids 94, 245, and 259. We believe these to be amino acid sequencing errors. 

The nucleotide sequence data unambiguously predicts amino acid 245 to be an 

asparagine located in a consensus site for N-linked glycosylation. Such a 

modification, par t icu lar ly  at the f i r s t  residue, would conceivably cause 

misident i f icat ion of the residue during direct  amino acid sequencing. Indeed, 

AATTCTAA•TATTATAATTACACCCTGTCTATCAATGGGAAG•CACGGAAGCATGGTGAAAACTATA•TGTG•ACTACCT•ACA•ATGTT 9o 
ftSll Ser Lys Tyr Tyr ~ Fyr Thr Leu Ser ile AsIt GI' Lys AI~ Arg Lys Ilis Gly G[u ~ i'yr Set Vai .&si / fyr  Leu Thr Asp Val 3o 

T•••••AAT•TCTC••T••A•T••C•G•A••A•AA••••AA•T-FTGAG•••••••••AT•AT•AT••CCA••••AGCGC•••A•T•••CT 1so 
Leu A l a . [ ' ~  Vai Ser Lea Asp Phe Leu Asp Tyr Lys Ser Aslt Phc GIu Pro Phe Phe Met Met lie Ab, Thr Pro Ala, Pro lIis Se~ Pro 60 

TGGACAGCTGCACCTCAGTACCAGAAGGCTTT¢ ¢AGAATGTCTTTGCACCAAGAAACAAGAACTTCAACATCCATGGAACGAACAAGCAC 270 
Trp Thr Ala. Ab. Pro Gill Tyr C, ln Lys Ala. Phe Gin Ash Val PILe Ala~ PIo Mg Ash Lys \ s .  Phe As. lie tIis Gly 'Fhr Ash Lys IIis 90 

TG•T•AATTAGG•AAGCCAA•ACTC•AAT•A••AATT•TTCAATA•A••TTTTA•ATAAT••ATTTAG•AAAAGGT••CAAAC•CT•CTC "360 
"1'@ Leu Ib Aig ({hi Ala. bys Thl Pro Met "Ihr ~ Set Set Ib Glzz Phe Let, Asp Ash Ai~ Plle Arg Lys Arg Frp Gin Thr Lea Leu 120 

TCAGTTGATGAC CTTGTGGAGAAACTGGTCAAGAGGCTGGAGTTCACTGGGGAGCTCAACAACACTTACATCTTCTATACCTCAGACAAT 4so 
Set Val Asp Asp Lett Val (31u Lys Leu V~d Lys Arg Leu (][u Phe l'hr Gly C, lu Leu ~ Aan l'hr ['>r [k' Phe l'yr Thr Set Asp Asu 15o 

GGCTATCACACA6 GACAGTTTTCCTTGCCAATAGACAA6AGACAGCTCTATGAGTTTGATATCAAAGT I CCACTGTTGGTTCGAGGACCT 5~o 
(;iy Fyi Iiis Thr GI' Gin Phc Sel Lcu ['io [le Asp g~s :\lg L]hl belt ryz (3hi Phe Asp Ik Ly* VaJ Pro Leu Lea \al  Arg ("h Pro 160 

G••ATCAAACCAAA•CAGACAA•CAA•AT•C••G••••CAACA•••AC•••G•••C•AC7A••••••A•A•••CT•••TAC•A•••AAA• .:3o 
(31 Ile Ly~ Pro ~ Gin 2 ] .  Set b~s Met Leu \"id Aht :\sit lk' Asp Lett GI3 Pro FM lie Lc-u \~p lk' kill Lily Tyl Asp Let, ~ 210 

AAGACACAGATGGATGGGATGT CCTTA TTGCCCATTTTGAGAGGTGCCAGTAACTTGACCTGGCGATCAGATGTCCTGGTGGAATACCAA 720 
Lys i'hr qhl Met Asp C,[y Mcl Ser Leu Leu i)lo ilc L~,u Arg C',l> Aia Sol ~ L ~ u  LEt l'rp AIg Ser A~p Val Leu Val Ghl iyr (;hi 2i0 

GGACAAGGC CGTAACGTCACTGACCCAACATGCCCTTCCCTGAGTCCTG6 CGTATCTCAATGCTTCCCAGACTGTGTATGTGAAGATGCT sm 
Gly Glu Cd A r g ~  Val ]?iu Asp Pro Thr C s  Pro Sex Leu Set Pro Gly Val S¢'l Gin CFs Phc Pro Asp Cys \'a] ('3s Glu Asp Ala~ 270 

•A•AA•AA•A•••A••CCT•••T•A••ACAA•••CA••AT•••6•AA••TGCA•TA•T6••A•••T•A••AC•A••A•••GT••••A•AA 'ao,J 
T y l ~ A s n  TE~ 'l'y~ Ala. Cy~ Vai Arg Thr Met Se~ Ala Leu l'ip Ash Leu Glib Ty~ Cys Glu Phe Asp Asp Glil Glu Val Phc VaI Glu 300 

•TCTA•AA•C••AC••CAGA••CA•ACCA•A•CA••AACA•••C•AAAACCA•A•ACCCA•A•••••TA••AAAGAT•AAC•ATC•G••A 99o 
Val , i , y i r ~  Leu Thr Ala Asp Pro Asp Gill lie fhr  Ash lie AI~ Lys Thr lie Asp Pro (31u Leu Leu Gly Lys Mei Ash Tyr Arg Leu 330 

AT•AT•TTA•AGT•CT•T•CT•GGC•AACCT•IC•CAC•CCA•••••TI•TGAC••••GA•A•AG•TT••ACCCCC••••CA••••CAG• 3.060 
Met Met Leu Gin Set Cys Se~ Gly Pro Tllt Cys Arg Thr Pro Gly Val Phe Asp Pro Gly Tyr Arg Phe Asp Pro Arg Leu Met Pile Ser 360 

AA•••C••CAGT•T•AG•ACT•GAA•ATT•TCCAAACA•CTTCI••A•C•ACC••ACACA•CCT•TG•A•AT••ATCC•T•CAC•C•T•• 127o 
Ash Arg Giy Ser Val Arg Thr Arg Arg Phe Set Lys His Leu beu *** 375 

TTCTGAT•AAGTGATT•TA•TA••TGTCTGTA•••A•TCTTCAA•ACCACA•CTGGAAGAGTTTCT•GGCT•••T•TAA•T•CTG•TTGA 1260 

A A A A G ~ A A ~ C C A G T ~ A G C T 6 A ~ T ~ C C T ~ G ~ C A A T G T G T T A A A C T ~ T ~ A A C T C T ~ C C C A T ~ T G T ~ A 6 G A ~ T G ~ T ~ T C T ~ T ~ 6 T ~ T C T T C  t3S0 

C T T T A G C T G A C A A ~ G A ~ A C T C ~ T G A G ~ T ~ T T T G T T C T C A C T ~ T A T T T T ~ T T T A ~ C C T G G 6 ~ C C A ~ A G ~ T C T T ~ A T T A T ~ C C T ~ T T ~ G ~ T  1440 

TAAAGACTGAATTTGTAAA C C CATT CA GATAAATG G CA6TACTTTAGGACACACACAAACACACAGATACA C CTTTT6ATATGTAAG CTT 1530 

6ACCTAAAGTCAAAGGACCTGTGTAG CATTTCAGATTGAGCACTTCACTATCAAAAATA¢TAACATCACATGG<TTGAAGAGTAACCATC Z620 

A6AGCTGAATCAT~CAAGTAAGAACAA~TACCATTGTTGATTGA~AAGTA~AGATACATTITTTAT~AT~TT~ATCACAGTGT6GTAA~G 17m 

TTGCAAATTCAAAACATGTCACCCAAG CTCTGTTCATGTTTITGTGAATTC t7~l 

FIG. 2. N u c l e o t i d e  and amino acid sequences  o f  the G6S cDNA clone.  Regions 
corresponding  to  p e p t i d e s  in TaMe 1 are u n d e r l i n e d ,  p o s s i b l e  s i t e s  for  N- 
l i n k e d  asparag ine  g l y c o s y l a t i o n  are boxed, the  N-terminus of  the 48 kOa form B 
p o l y p e p t i d e  i s  marked with  an arrow, and the t r a n s l a t i o n - s t o p  codon i s  marked 
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this data may be interpreted as evidence for glycosylation at this site. The 

otherwise consistent colinearity of the direct amino acid sequence data with 

the predicted amino acid sequence over more than eighty amino acids in four 

different peptides confirms that this clone encodes human G6S. 

A translation-stop codon is found at nucleotide position 1126, leaving a 

long 3'-untranslated region of at least 636 bases. The N-terminus of the 48 

kDa species is found at amino acid 45 (Fig. 2). These two points define the 

entire 48 kDa polypeptide of form B G6S as a polypeptide of 331 amino acids 

with a predicted M r of 37.8 kDa on the basis of amino acid composition alone. 

Comparison of this predicted value with the M r estimation by SDS-PAGE 

indicates that about 20% of the apparent M r is contributed by modifications to 

the primary amino acid sequence. There are eight sites for possible N-linked 

asparagine glycosylation within the defined protein (Fig. 2). Glycosylation 

with oligosaccharides containing eight mannose residues at four or five of 

these sites would account for the apparent discrepancy in M r . 

The clone encodes peptides derived from the 78 kDa form A G6S and the 48 

kDa species of form B. In addition, the N-terminal amino acid sequence of the 

78 kDa form A and of the 32 kDa form B species are identical (C.F. unpublished 

data). These results indicate that, allowing for minimal inaccuracies in SDS- 

PAGE M r estimation, a 78 kDa polypeptide (form A) is processed by internal 

peptidase cleavage to a 32 kDa N-terminal species and a 48 kDa C-terminal 

species (form B). I f  there is consistent modification throughout the 

polypeptide, then the G6S cDNA clone encodes approximately 70% of the mature 

78 kDa G6S protein. 

Proteolytic processing is observed in other lysosomal enzymes. I t  is 

suggested (18,19) that the sites of proteolytic processing of the #- 

hexosaminidase precursors are hydrophilic regions that expose sites for thiol 

and/or trypsin-like endopeptidase action, which is followed by exopeptidase 

trimming. There is a hydrophilic region of the G6S sequence from amino acids 

14-23 which is rich in basic amino acids and may be an analogous site involved 

in the proteolytic processing that exposes the N-terminus of the 48 kDa form B 

polypeptide. There is also a lysine two residues before the 48 kDa N-terminus 

which may be a site for trypsin-like activity. Lysosomal enzymes generally are 

synthesized with transient carboxyl sequences that are removed during 

maturation. The extent of C-terminal processing in the maturation of form B, 

and presumably form A, G6S is confined to a region of 30 amino acid residues, 

since peptide B/CNBr59 has been directly sequenced to within 30 amino acids of 

the C-terminus of the precursor. 

The nucleotide and encoded protein sequences of the G6S clone were 

screened against the GenBank and NBRF databases, and those lysosomal protein 

and gene sequences which are available. They were also compared to those of 

the only other sulfatase for which such information is available, STS (1,20). 
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10 20 30 40 50 60 70 
NSKYYNYTLS ING- KARKHGENYSVDY LTDVLANVSLDFLDYKSNFEPFFMMIATPAPHS- PWTAAPQYQKAFQNVFAPRN 

V+LLTLAALNCLGLLHVPLGVFFSLLFLAACi L+CFLGFLHYFRPLNCFMMI~NY E I 1¼QbMSY{)NLi¼RLTVEAAQF 1¼RN 
180 190 200 210 220 230 240 250 

90 100 110 120 130 140 150 
KNFN I HGTNKHWL I RQAKTPMTNSS IQFLDNAFRKRWQTLLSVDDLVEKLVKRL EFTGELNNTY I FYTSDNGYHIGQ FS -- 

iETPFLLVLSY--- LH~}HTAI" FSSKD FAGKSQHGVYG6AG EiM[)WS~}GQ i LNLCDELRLAfi[)TLi YFTSDQGAH~}EEVSSK 
260 270 280 290 300 310 320 330 

160 170 180 190 200 210 220 
. . . . . . . . . .  LPIDKRQLYEFDIKVP- LLVRGPGIKPNQTSKMLVANIDLGPTI LDIAGYDLNKTQM-DGMSLLPI LRGAS 

. :  . . :  . : . : :  . :  , 7 .  : . . . :  . . . .  : . : .  : : .  . . : :  : . . . .  : : . . : . : . :  : : 

GEI HGGSNG I YKGGKANNWEGG I RVPG I LRWPRV IQAGQKI DEPTSNMDI FPTVAKLAGAPLPEDR I I DGRDLMPLLEGKS 
340 350 360 370 380 390 400 410 

230 240 250 260 270 280 290 300 
NLTWRSDVLVEYQGEGRNVTDPTC PSLSPGVSQCFP- - -DCVC EDAYNNTYACVRTMS-ALWNLQYC EFDDQEVFVEVYNL 
. . . . . . . . . . .  : .o : : . : .  , : . . . . .  : . . :  : . . . : :  , : : 
QRSDHEFLFHYCNAYLNAVRWHPQNSTS IWKAFFFTPNFNPVGSNGC FATHVCFC FGSYVTHHDPPL L FD I SKDPRERN PL 

420 430 440 450 460 470 480 490 

310 320 330 340 350 360 370 
TADPDQ ITN IAKTIDPELLGKMNYRLMMLQSCSGPTCRTPGVFDPGYRFDPRLMFSNRGSVRTRRFSKHL L 

TPASE bRFYE I LKVMQEAA6RH+QTLPEVb6Q FSWNNFLWKPWLQLdC PS+GCSCQCDREKQDKRLSR 
500 510 520 530 540 550 560 

FIG. 3. Alignment of G6S, upper sequence, from amino acid I to the C-terminus 
with STS, lower sequence, from amino acid 173 to the C-terminus, both shown in 
single le t te r  amino acid code. Positions with identical residues are marked 
( : ) ,  p o s i t i o n s  of  c o n s e r v a t i v e  s u b s t i t u t i o n  are  marked . ) ,  and i n s e r t i o n s  are  
indicated (-). STS numbering is from reference I. 

No s i gn i f i can t  homology was detected with any specles except the STS amino 

acid sequence. A region of local homology was found which al igned G6S residues 

171-230 with STS residues 354-415. Using the algorithm of Needleman and Wunsch 

(21), comparison of the score of that  alignment with the scores of I00 

randomized sequences of the same lengths and compositions showed that  the 

s i m i l a r i t y  between STS and G6S is s t a t i s t i c a l l y  s i gn i f i can t .  The alignment of 

the authent ic sequences generated a score that was 9.7 standard deviat ions 

greater  than the score generated by the random sequences. This local alignment 

was used to produce a global alignment that  i l l u s t r a t e s  a possible overal l  

s i m i l a r i t y  between G6S and STS (Fig. 3). About 20% of amino acids match, and 

i f  conservative subst i tu t ions according to the mutation matr ix scores of 

Dayhoff (22) are included, the homology is over 50%. There are regions of 

s t i l l  higher local homology, notably the region that gave the or ig ina l  

alignment, from G6S amino acids 170 to 230, where some 75% of the amino acids 

match or are conservative subst i tu t ions .  I t  is tempting to speculate that  th is  

homology indicates that the two enzymes are re lated to an ancestral 

sul fohydrolase, and that  t h e i r  divergence re f l ec t s  t h e i r  d i f f e r e n t  locat ions 

and substrates. The b io logica l  s ign i f icance of  th is  homology may become 

c learer  wi th the cloning of genes for  other sul fatases and lysosomal enzymes. 
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