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Sulfated polysaccharides such as heparin and heparan sulfate
glycosaminoglycans (HSGAGs) are chemically and structurally
heterogeneous biopolymers that that function as key regulators of
numerous biological functions. The elucidation of HSGAG fine
structure is fundamental to understanding their functional diver-
sity, and this is facilitated by the use of select degrading enzymes of
defined substrate specificity. Our previous studies have reported
the cloning, characterization, recombinant expression, and
structure-function analysis in Escherichia coli of the Flavobac-
terium heparinum 2-O-sulfatase and 6-O-sulfatase enzymes
that cleave O-sulfate groups from specific locations of the
HSGAG polymer. Building on these preceding studies, we
report here the molecular cloning and recombinant expression
in Escherichia coli of an N-sulfamidase, specific for HSGAGs. In
addition, we examine the basic enzymology of this enzyme
through molecular modeling studies and structure-function
analysis of substrate specificity and basic biochemistry. We use
the results from these studies to propose a novel mechanism for
nitrogen-sulfur bond cleavage by the N-sulfamidase. Taken
together, our structural and biochemical studies indicate that
N-sulfamidase is a predominantly exolytic enzyme that specifi-
cally acts on N-sulfated and 6-O-desulfated glucosamines pres-
ent as monosaccharides or at the nonreducing end of odd-num-
bered oligosaccharide substrates. In conjunction with the
previously reported specificities for the F. heparinum 2-O-sul-
fatase, 6-O-sulfatase, and unsaturated glucuronyl hydrolase, we
are able to now reconstruct in vitro the defined exolytic
sequence for the heparin and heparan sulfate degradation path-
way of F. heparinum and apply these enzymes in tandem toward
the exo-sequencing of heparin-derived oligosaccharides.

The N-sulfate group is characteristic and unique to heparin
sulfate glycosaminoglycans (HSGAGs),* which are commonly
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occurring polysaccharides predominant in proteoglycans (1).
HSGAGs are linear polymers with variable repeating disaccha-
ride units and diverse chemical heterogeneity due to the vari-
able positions of O- and N-linked sulfates (2, 3). Other factors
contributing to the structural diversity of HSGAGs include the
presence of N-linked acetates and possible epimerization at the
C-5 carboxylates. The structure-function relationship of this
diversity plays out in the dynamic regulation by HSGAGs of
various signaling pathways (4), including cell death (5, 6), inter-
cellular communication, cell growth and differentiation (7),
and adhesion and tissue morphogenesis (8). Microbial patho-
genesis has also been shown to depend upon the HSGAGs that
are present as structurally defined binding epitopes on cell sur-
faces and as part of the extracellular matrix (9, 10).

GAG degradation follows an obligatory sequence of depoly-
merization steps involving multiple enzymes acting in tandem
to cleave the HSGAG chain. Most of these enzymes act exolyti-
cally (11, 12) but may differ in the extent of their processivity,
e.g. when comparing functionally similar enzymes between
eukaryotic lysosomal and bacterial systems (13). Previously
cited work in our laboratory has led to the molecular cloning
and biochemical characterization of several HSGAG-degrading
enzymes derived from the Gram-negative soil bacterium Fla-
vobacterium heparinum (Pedobacter heparinus). Although ear-
lier work described the enzymology of the heparin lyases (14—
17), more recent work has focused on downstream enzymes
such as an unsaturated glucuronyl hydrolase (A4,5-glycuroni-
dase) and the 2-O- and 6-O-sulfatases (18 —20). By their very
nature, these latter enzymes provide an attractive subject of
study and application given the following: 1) their respective
substrate specificities, 2) their relevance as tools to probe mul-
tiple biological processes, and 3) a solid biochemical foundation
of their structure-function relationships that include several
protein structures (21, 22) and a detailed understanding of their
common catalytic mechanism (23). Taken together, these fac-
tors make the enzymes a useful “tool kit” for the structural
characterization of heparin and heparan sulfate.

a-D-glucosamine; Glcya es, N-acetylated, 6-O-sulfated a-D-glucosamine;
Galyaces: N-acetylated, 6-O-sulfated B-p-galactosamine; 4-MU, 4-methy-
lumbelliferyl; APTS, aminopyrene-1,4,6-trisulfonate; FGly, L-C-a-formylgly-
cine; MES, 4-morpholineethanesulfonic acid; MOPS, 3-(N-morpholino)pro-
panesulfonic acid; MALDI, matrix-assisted laser desorption ionization; ORF,
open reading frame; CE, capillary electrophoresis.
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Toward this end, we describe in the preceding paper (19) the
cloning, recombinant expression, structural and biochemical
characterization of enzymatic action, and substrate specificity
of the F. heparinum 6-O-sulfatase enzyme. In this paper,
we extend this work through the cloning of the N-sulfamidase
gene from F. heparinum and the bacterial expression of the
gene product. A biochemical and structural characterization of
the enzyme is also described, including a determination of the
substrate specificity and metal ion requirements for optimal
enzyme activity. This sulfamidase enzyme is unique because it
hydrolyzes the sulfamate linkage (N-S) and not a sulfoester as
is described for the other HSGAG sulfohydrolases. Using
a homology-based structural model of the N-sulfamidase
enzyme, we have outlined a possible mechanism for the N-S
bond cleavage and the critical amino acids involved in both
the catalytic activity and substrate specificity of the enzyme.
Finally, taken together with the reported substrate specific-
ities for the previously characterized F. heparinum 2-O-sul-
fatase, the 6-O-sulfatase (described in the preceding paper,
see Ref. 19) and the unsaturated glucuronyl hydrolase, we are
now able to reconstruct in vitro the complete and defined
exolytic sequence for the heparin and heparan sulfate degra-
dation pathway of F. heparinum and apply these enzymes in
tandem toward the exo-sequencing of HSGAG-derived
oligosaccharides.

EXPERIMENTAL PROCEDURES

Reagents—Glucosamine and galactosamine monosaccha-
rides and aryl sulfate substrates 4-catechol sulfate and
4-methyllumbelliferyl sulfate were purchased from Sigma.
Exo-glucosidases were purchased from MP Biomedicals
(Irvine, CA). N-Sulfated fluorogenic glycopyranoside deriva-
tives were obtained through Toronto Research Chemicals
(Toronto, Ontario, Canada). Fluorescent glucopyranoside sub-
strates 4-methyllumbelliferyl-c/B-p-glucopyranoside (4-MU-
a-D-Glc and 4-MU-B-p-Glc) were purchased from EMD Bio-
sciences, Inc. (San Diego). PCR enzymes, TOP10 chemically
competent cells, and oligonucleotide primers were obtained
from Invitrogen. Materials for genomic library construction
and screening and site-directed mutagenesis were obtained
from Stratagene (La Jolla, CA). Additional reagents for molec-
ular cloning were purchased from New England Biolabs (Bev-
erly, MA) or the listed manufacturers.

Molecular Cloning of Flavobacterial N-Sulfamidase—PCR
from a AZAPII flavobacterial genomic library originally
screened using DNA hybridization probes specific to the 2-O-
sulfatase (18) and subsequently used for the 6-O-sulfatase (19)
were used to clone the sulfamidase gene. Library construction,
hybridization screening, and phage excision were performed as
outlined. Two overlapping clones were expanded by chromo-
somal walking and Southern restriction mapping using the
Lambda DASH II genomic cloning kit (Stratagene). This was
used for the ligation of size-fractionated genomic DNA gener-
ated by partial digestion of Sau3Al The DNA was purified from
a high titer lysate using standard techniques, and three succes-
sive rounds of plaque purification were performed on 2-O-sul-
fatase-positive clones from an amplified library. Recombinant
phage DNA was subcloned into pBluescript SK* for sequenc-
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ing the DNA. The putative N-sulfamidase gene is described
throughout this paper as orfc. The coding sequence of orfc was
identified by the canonical Protein Families Database (24) sul-
fatase family identifier (CXPXRXXXX(S/T)G) and subse-
quently PCR-amplified using the primer set given by 5'-TCT
AGACATATGAAATTTAACAAATTGAAATATTTC-3'
(forward) and 5'-GGA TCC TCG AGT TAC TTC AAA TAA
TTG TAA CTG GAA T-3' (reverse). Subcloning of the ampli-
fied gene into T7-based bacterial expression vector pET28a
(Novagen) was performed as an Ndel-Xhol cassettes described
for the 6-O-sulfatase (19).

Bacterial Expression and Protein Purification—Similar to the
setup in the 2-O-sulfatase (18) and 6-O-sulfatase (19) expres-
sion systems that we had designed earlier, the Escherichia coli
strain BL21(DE3) and one-step affinity purification by nickel
chelation chromatography likewise were used. von Hejne com-
putational method was used to make the prediction of the NH,-
terminal signal sequence and putative cleavage site for the pro-
tein (25). The engineering and expression of the truncated
protein lacking the signal sequence were as described for the
complete gene with the exceptions of substituting the internal
5’ primer with 5'-TCT AGA CAT ATG TCC TGC ACT TCG
CCG GAA-3' (Ndel site underlined) and beginning the orfc
gene sequence at Ser-21. Site-specific protease cleavage using
the thrombin cleavage capture kit (Novagen) was performed to
remove the His, tag with proteolysis conditions as described for
other recombinantly expressed flavobacterial heparin-degrad-
ing enzymes. Ultrafiltration was used to concentrate the
enzymes, and cleaved proteins were dialyzed against 4 liters of
50 mm Tris, pH 7.5, and 0.1 M NaCl, 4 °C overnight using a 3-ml
Slide-a-Lyzer cassette with a 10,000 molecular weight cutoff
(Pierce). The Bradford assay (Bio-Rad) was used to determine
final protein concentrations and was confirmed by UV absorp-
tion spectroscopy with theoretical molar extinction coefficients
(€580) of 86,340 (53,193 Da) for the NH,-terminally truncated
orfc (N-sulfamidase). This value was calculated for the throm-
bin-cleaved protein lacking the His, purification tag. To retain
full enzyme activity for months, the enzyme was stored at 4 °C
and 10 mg/ml concentration.

Site-directed Mutagenesis of Putative N-Sulfamidase Active
Site Residues—Based on the homology modeling of the N-sul-
famidase (described below), three residues were initially chosen
for mutagenesis: Cys-80, Asp-40, and Lys-158. Site-directed
mutagenesis was completed by thermal cycling using the
QuickChange™ method (Stratagene, La Jolla California) as
described in the accompanying paper (19) and using the follow-
ing oligonucleotide primer pairs: 5'-AT ATC CTG ATG ATC
ATG TCC GceT AAC CAA TCC TGG AAC CAC G-3', and
5'-CG TGG TTC CAG GAT TGG TTA gCG GAC ATG ATC
ATC AGG ATA T-3' (D40A); 5'-CT TTT TGC AGT TCA
CCT TCC gcT ACG CCC GCA AGG GCT G-3' and 5’ CA
GCC CTT GCG GGC GTA gcG GAA GGT GAA CTG CAA
AAA G-3' (C80A);5'-GTTT AAAAGT TTT GGCGCATTT
TTA gcA GAT AAA AAA GAAGGT CCCTG-3"and 5'-CAG
GGA CCT TCT TTT TTA TCT gcT AAA AAT GCG CCA
AAA CTT TTA AAC-3' (K158A). Base pair changes are noted
in lowercase boldface type. The same pET28 (His,) vector used
for bacterial expression of the wild type N-sulfamidase-sulfat-
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ase was likewise used as the template for linear amplification.
Parental DNA was restricted using Dpnl. Targeted mutations
were confirmed by direct DNA sequencing of both strands.

Arylsulfatase, N-Sulfamidase, and Coupled Enzyme Assays;
Biochemical Protocols and Kinetic Studies—The 4-catechol sul-
fate and 4-methylumbelliferyl sulfate were two chromogenic
substrates used to independently measure arylsulfatase activity.
The catechol substrate assay was conducted as described (26).
Fluorimetric arylsulfatase assay using 4-methylumbelliferyl
sulfate was also generally as described previously (27), and
detection of fluorescent methylumbelliferone was measured
using a SpectraMax microtiter plate reader (GE Healthcare) set
at excitation and emission wavelengths of 360 and 440 nm,
respectively. Fluorescence intensity was corrected against
background (minus enzyme control). In both assays, 0.5 unit
of arylsulfatase from Aerobacter aerogenes was the positive
control.

For the pilot N-sulfamidase assay, initial assessment of sub-
strate specificity and pH optima was made using a capillary
electrophoresis-based assay for detection of desulfated prod-
ucts. The fluorescently derivatized monosulfated gluco- and
galactopyranosides used as substrates to test enzyme activity
included 4-MU-Glcypo 6 4-MU-Gleyg, 4-MU-GalNAC,6S,
and 4-MU-Gal. Standard reactions included 1 mwm substrate,
1-10 uM enzyme, 50 mMm sodium acetate, pH 5.5— 6.5, and 5 mm
CaCl, in a 20-ul reaction volume. Exhaustive reactions involv-
ing overnight incubations at 30 °C were used for pilot experi-
ments. N-Sulfamidase was inactivated by heat denaturation at
95 °C for 10 min, followed by a 10-fold dilution into water, and
the products were resolved by capillary electrophoresis using a
25-cm long, 75-um inner diameter fused silica capillary (Agi-
lent Technologies). Substrate desulfation was measured as a
percentage of substrate depletion relative to a minus enzyme
control as monitored by the loss of UV absorbance at 315 nm
detected at ~4 min. A standard capillary electrophoresis buffer
included 50 mm Tris and 10 uM dextran sulfate (average molec-
ular mass of 10,000 Da) adjusted to pH 2.0 with phosphoric
acid. The effect of pH was measured by capillary electrophore-
sis using the following three sets of buffers with overlapping pH
ranging from 4.5 to 8.0: 50 mM sodium citrate at 4.5, 5.0, and 5.5;
50 mMm MES at 5.5, 6.0, 6.5, and 7.0; and 50 mm MOPS at 6.5, 7.0,
7.5, and 8.0. For N-sulfamidase, the reactions included 4-MU-
Glcyg, 50 mm buffer, and 5 mm CaCl, in a 20-ul reaction vol-
ume, and this assay was initiated by addition of 2 ul of 10X
enzyme stock to 18 ul of preheated reaction mixture. All the
reactions were performed at 30 °C for 30 min each. The ability
of N-sulfamidase to desulfate unsaturated heparin and chon-
droitin disaccharides was assessed essentially as described for
CE-based compositional analyses of enzymatically generated
glycosaminoglycan di- and tetrasaccharides (28).

A fluorimetrically based plate assay was used for indirect
measurement of enzyme activity, in which the N-sulfamidase-
driven desulfation of the glucopyranoside 1—4 methylbellifer-
one substrate was coupled to the glucosidase-controlled hy-
drolysis of the stereospecific 1—4 glycosidic linkage between
the pyranose ring and the adjoining fluorophore. Release of the
4-MU was monitored spectroscopically as described above for
the arylsulfatase assay. N-Sulfamidase hydrolysis of 4-MU-a-D-
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Glcyg at the 2-amino position was coupled to a-glucosidase
(catalogue number 153487, MP Biomedicals), and the efficacy
of this coupled assay was contingent on the intrinsically poor
ability of the enzyme for hydrolyzing the glycosidic bond when
the adjoining glucosamine is modified by a sulfate.

The coupled N-sulfamidase assay was generally described for
the 6-O-sulfatase (19) but with the following modifications:
4-MU-Glcyg as substrate, 50 mm sodium acetate at pH 6.0
(instead of 5.5), and 1 uMm enzyme. For the second enzyme step,
5 units of a-glucosidase were added. Enzyme incubation was
carried out for 22 h at 37 °C. The obvious difference in enzyme
efficacies between a-glucosidase versus p-glucosidase is re-
flected in the substantially longer incubation times required for
the a-glucosidase to quantitatively hydrolyze the glycosidic
al—4 linkage between the fluorophore and the desulfated glu-
cosamine. All other reaction conditions were as described for
the coupled 6-O-sulfatase/S-glucosidase assay (19). Michaelis-
Menten kinetics were extrapolated from V, versus substrate
concentration plots fit by nonlinear regression to pseudo first-
order kinetics, and all obtained data represent mean of three
experimental trials.

The coupled enzyme assay was also used for the assessment
of enzyme activity for select site-directed mutants. Enzyme
activity was measured kinetically using a single saturating con-
centration (2 mm) of fluorescently labeled substrate. Results are
reported as % activity relative to the wild type enzyme.

Compositional Analyses of Sulfamidase-treated Heparin—10
uM N-sulfamidase was preincubated with 20 ug of heparin for
8 h at 30 °C in a 20-ul reaction, which included 25 mm sodium
acetate, pH 7.0, and 2 mM calcium acetate, pH 7.0. The enzyme
was then inactivated by heat denaturation at 95 °C for 10 min,
and the heparin was completely digested at 37 °C by the addi-
tion of 2 ul of concentrated enzyme mixture containing hepa-
rinase I and III. The CE-based compositional analyses of hepa-
rinase-derived disaccharides were performed as described (29).

Sequential Degradation of Heparin Oligosaccharide by Fla-
vobacterial Exo-enzymes—The purified penta- and hexasul-
fated tetrasaccharides AU,gH g ¢sIF,5Hys 65 Were a gift from
Dr. I. Capila (Momenta Pharmaceuticals, Inc.). The following
enzyme sequence was performed: 2-O-sulfatase, A4,5-glycu-
ronidase, 6-O-sulfatase, and N-sulfamidase. The enzyme was
heat-inactivated after each step, and 20-ul aliquots were
removed prior to the addition of the next enzyme. The initial
reaction conditions included 20 mm Tris, pH 7.2, and 60 nmol
of tetrasaccharide in a 120-ul reaction volume, and enzyme
reactions were carried out at 30 °C. The following specific con-
ditions were also used: 1) 2-O-sulfatase, 1 um enzyme, 6 h; 2)
A4,5-glycuronidase, 1 um enzyme, 6 h; 3) 6-O-sulfatase, 5 um
enzyme, 5 mMm CaCl,, 1215 h; 4) N-sulfamidase, same condi-
tions as for 6-O-sulfatase. MALDI-mass spectrometry is an
established method that was used for determination of the
molecular masses of enzyme products (30).

The APTS derivatization protocol was adapted from Chen
and Evangelista (31). Briefly, 2 ul of 100 mm APTS in 25% acetic
acid (v/v) was mixed with 10 ul of 1 M sodium cyanoborohy-
dride in tetrahydrofuran and 1 umol of saccharide. The reac-
tion mixture was incubated at 75 °C for 2 h and was diluted
1:100 prior to CE analysis. Capillary electrophoresis/laser-
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Structure-based multiple sequence alignment of the sulfatases using ClustalW. The flavobac-

terial N-sulfamidase enzyme is a member of a large sulfatase family. The putative active site is boxed, with the
critically modified cysteine 80 noted by an asterisk. Invariant residues are shaded in dark gray; those with partial
identity in light gray, and conservative substitutions in charcoal. Multiple sequence alignment was generated
by ClustalW using only select sequences identified from a BLASTP search of the protein data base. Enzymes
with the following GenBank™ accession numbers are abbreviated as follows: F. heparinum N-sulfamidase
(Nsulf); F. heparinum 6-O-sulfatase (FH6S); F. heparinum 2-O-sulfatase (FH2S); P. aeruginosa arylsulfatase (PARS,

GenBan

kTM

code CAA88421); human N-acetylgalactosamine-6-sulfate sulfatase or chondroitin-6-sulfatase

(HGal6S, GenBank™ code AAC51350); human cerebroside-3-sulfate sulfatase or arylsulfatase A (HARSA, Gen-
Bank™ code AAC51350); human N-acetylgalactosamine-4 sulfate sulfatase or arylsulfatase B (HARSB, Gen-
Bank™ code AAC51350).
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induced fluorescence was per-
formed on a Beckman Coulter
ProteomeLab PA 800 with a 488-nm
argon laser-induced fluorescence
module. Samples were loaded onto
a N-CHO capillary (50-um inner
diameter X 65-cm total length)
using 0.5 p.s.i. of pressure at the
anode for 20 s. Electrophoretic sep-
arations were performed using a
20-kV potential in a 100 mMm sodium
borate, pH 10.2 buffer for 15 min at
25 °C. Fluorescence emission spec-
tra were collected using a 520-nm
narrow band filter.

Electrospray Ionization-Mass Spec-
trometry of Sulfated Glucosamine
Monosaccharides—Electrospray ion-
ization-mass spectrometry was per-
formed generally as described for
the 6-O-sulfatase (19) but with a few
modifications. Reactions were car-
ried out with 100 uM substrate, 2
mM CaCl,, 5 uMm enzyme, and 50 mm
sodium acetate buffer, pH 6.0, at
37 °C overnight.

Homology Modeling of N-Sulfa-
midase and Docking of Sub-
strates—Multiple sequence align-
ment of N-sulfamidase with human
arylsulfatase A (Protein Data Bank
code 1AUK), human arylsulfatase B
(Protein Data Bank code 1FSU), and
P. aeruginosa arylsulfatase B (Pro-
tein Data Bank code 1HDH) was
performed using ClustalW (Fig. 1).
The crystal structures of these
enzymes were obtained from the
Protein Data Bank and structure-
based multiple superposition was
obtained using CE-MC (32) and
SuperPose (33). The Homology
module of Insight II molecular sim-
ulations package (Accelrys, San
Diego) was used to obtain a struc-
tural model of N-sulfamidase with
PDB 1AUK as template. The loop
regions of the structure were mod-
eled using the homology module of
InsightIl. The deletions were closed
using the Discover module of
Insight II, wherein most of the
structure was held rigid except for
the regions in the proximity of the
deletion site, followed by 200 itera-
tions of steepest descent and 300
iterations of conjugate gradient
minimization. The loop regions and
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FIGURE 2. Obligatory substrate-product relationship of N-sulfamidase. Desulfation of the disulfated mon-
osaccharide Hy ¢s (Glcys 65) by the enzymes was followed by electrospray mass spectrometry. Panel i, substrate
only shown here as the sodium adduct of a single ion species (M — 1) with molecular mass of 360.8 Da; panel ii,
treatment of Glcys 65 substrate with 6-O-sulfatase desulfates the 6-O position; panel iii, inability of N-sulfami-
dase to hydrolyze the original disulfated monosaccharide (compare with panel i); panel iv, co-treatment of the
disulfated substrate with both 6-O-sulfatase and N-sulfamidase enzymes showing the disappearance of all
sulfated monosaccharides and demonstrating a prerequisite 6-O-desulfation by the 6-O-sulfatase prior to
sulfate hydrolysis at the 2-amino position by the N-sulfamidase. Internal standard (458.1 Da) used to monitor

ionization efficiency and mass calibration is noted by an asterisk.

side chains of all residues were then allowed to move freely by
performing 300 iterations of steepest descent minimization.
This was followed by further refinement of the structure by
subjecting it to 500 iterations of steepest descent minimization
without including charges and 500 iterations of conjugate gra-
dient minimization, including charges to obtain the final pre-
dicted model of N-sulfamidase.

The coordinates of a heparin-derived hexasaccharide were
obtained from co-crystal structure of FGF-1 heparin complex
(Protein Data Bank code 2AXM). The hexasaccharide coordi-
nates were imported into the Builder module of InsightII to
generate the monosaccharide (Glcyg, Gleyg s, and Gleyggs)
and disaccharide (AU __,H 5. ¢5) substrates for N-sulfamidase.
As with our previous studies on other sulfatases, the initial
docking of the substrates in the enzyme groove was facilitated
by the highly conserved position of the cleavable NHSO, group
relative to the O-vy1 of the geminal diol. The enzyme-substrate
complexes were then subjected to optimization with 300 steps
of steepest descent followed by 400 steps of Newton-Raphson
minimization, including charges, using the Discover module of
Insight II. In this step, a force constant of 7000 kcal/mol was
utilized to constrain the ring torsion angles to maintain the ring
conformation of the substrates. The Amber force field was used
to assign potentials to enzyme and sugar substrates for the
energy minimization as described in the accompanying paper
(19).

RESULTS

Molecular Cloning and Recombinant Expression of F. hepari-
num N-Sulfamidase Gene—Screening of a genomic library with
hybridization probes directed at the flavobacterial 2-O-sulfat-
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Families Database identifier PF
000884 (see under “Discussion”).
The orfc gene product was robustly
expressed in E.coli as a soluble
enzyme by removal of the amino-
terminal signal sequence, as
detailed earlier for the 6-O-sulfatase
(19). The apparent molecular mass
of 53,193 Da for the protein based
on SDS-PAGE was consistent with the theoretical molecular
weight calculated from putative amino acid composition based
on translation of orfc.

Biochemical Characterization of N-Sulfamidase and Optimi-
zation of in Vitro Reaction Conditions—We first considered the
possibility of the orfc gene product functioning as a generic
arylsulfatase by testing it against 4-catechol sulfate and 4-MU
sulfate, which are two different aromatic sulfate esters com-
monly used as substrates to assess generic sulfatase activity. It
was found that the orfc gene product exhibited only negligible
activity relative to a known arylsulfatase from A. aerogenes that
served as a positive control. To further test whether more
robust activity could be determined against heparin and hepa-
ran sulfate, we used capillary electrophoresis wherein the two
commercially available “heparin” monosaccharides 4-MU-
Gleyac6s and 4-MU-Glcyg and the 6-O-sulfated galactose sug-
ars 4-MU-Galgg and 4-MU-Galy, s (corresponding to the
monosaccharide constituents of keratan sulfate and chon-
droitin/dermatan sulfate, respectively) were tested. This analy-
sis showed that orfc gene product could only hydrolyze the glu-
cosamine sulfated at the 2-amino position. As such, we
hereafter refer to the orfc gene product as the N-sulfamidase
(data not shown).

We further investigated the substrate specificities of N-sul-
famidase by examining the influence of various substitutions at
the 2-amino, 3-OH, and 6-OH positions of the glucosamine,
using electrospray ionization-mass spectrometry. In this anal-
ysis, we found the N-sulfamidase activity at the 2-amino posi-
tion was absolutely abolished when a 6-O-sulfate was also pres-
ent (Fig. 2). Reciprocally related to this observation, in the
accompanying paper (19) we determined that the 6-O-sulfatase
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enzyme required a substituted amine (acetate or sulfate) at the
2-amino position. These findings imply that the 6-O-sulfatase
and N-sulfamidase process substrates in a strictly sequential
fashion with the former preceding the latter. Additionally,
N-sulfamidase was completely inhibited by the presence of a
3-O-sulfate.

The CE-based assay was also used to determine the pH opti-
mum for the enzyme. N-Sulfamidase exhibited a slightly acidic
pH optima (between 5.5 and 6.5) but was active over a broad
range, especially above pH 7.0. The enzyme showed higher
activity in acetate buffer when compared with sulfonate buffers
such as MES and MOPS when examined over this same pH
range.

Having identified a suitable chromogenic substrate for meas-
uring N-sulfamidase activity, we likewise used this substrate to
develop a fluorescence-based, coupled enzyme assay as the
means to define the optimal in vitro reaction conditions and
enzyme kinetic parameters as generally described for the 6-O-
sulfatase (19), with the exception that the secondary enzyme
that was used was an a-glucosidase. These experiments dem-
onstrated only modest hydrolysis of the 1—4-MU glycosidic
linkage of the N-sulfated glucosamine by the a-glucosidase in
the absence of an N-sulfamidase preincubation. In this assay,
the N-sulfamidase exhibited a sensitivity to increasing ionic
strength with 50% inhibition observed at ~200 mm NaCl and
less than 20% activity remaining at 1 M NaCl relative to the zero
NaCl control. Addition of sulfate or phosphate anions did not
inhibit the action of N-sulfamidase.

We also investigated the action of the N-sulfamidase
toward HSGAG disaccharides that possess a uronic acid at
the nonreducing end. N-Sulfamidase was initially tested
against a panel of unsaturated heparin disaccharides repre-
sented by AU. ,sHyg.6s. For these experiments, standard
reaction conditions were chosen as defined in the monosaccha-
ride studies. None of the unsaturated disaccharides were des-
ulfated by the enzyme (data not shown). The inability of N-sul-
famidase to do so was confirmed in a related experiment in
which all possible heparin disaccharides were first generated by
pretreating heparin with heparinase I and III prior to adding
N-sulfamidase to the same reaction tube. The converse exper-
iment was also conducted in which unfractionated heparin was
preincubated with N-sulfamidase for an extended period of
time (8 h) followed by the addition of heparinase I and IIL In
this sequence, sulfatase pretreatment had no effect on the com-
positional profile of the heparinase-derived cleavage products
(data not shown). These results confirm that the enzyme
requires an N-sulfated (and non-O-sulfated) glucosamine at the
nonreducing end of the chain. Taken together, these data also
strongly suggest that the N-sulfamidase like the 6-O-sulfatase
acts in an exclusively exolytic manner.

Structural Basis for Substrate Specificity and Enzymatic
Activity of N-Sulfamidase—The molecular surface of the N-sul-
famidase structural model revealed a groove region that was
much wider than the 2-O-sulfatase that we have studied earlier
(20), as well as the 6-O-sulfatase described in the accompanying
paper (19). The theoretical model of the N-sulfamidase com-
plexed with Glcyg substrate was used to identify the critical
residues potentially involved in positioning of the substrate
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and/or catalysis (Fig. 3). Based on this theoretical model, the
proposed roles of the putative active site residues are summa-
rized in Table 1. The residues Arg-84 and Asp-40 that stabilize
the FGly in the resting state in the active site are highly con-
served among the different sulfatases. Furthermore, there is a
pocket of oxygen atoms formed by Asp-40, Asn-41, Asp-246,
Asn-247, the geminal diol of FGly, and N-sulfate group that can
potentially coordinate a divalent metal ion such as Ca®>". The
Ca®" coordination formed by these residues resembles a simi-
lar arrangement in the other sulfatases (such as 6-O-sulfatase in
the accompanying manuscript (19)) whose activity is critically
influenced by Ca*>* ions. Surprisingly, two critical His residues
that are highly conserved among the other sulfatases are absent
in the putative active site of the N-sulfamidase. In the case of the
6-O-sulfatase homology model, His-130 is proposed to stabilize
the FGly, whereas His-507 is proposed to be involved in the
catalytic desulfation of the O-sulfate group. The absence of
these critical His residues could be central to conferring the
specificity of the N-sulfamidase enzyme to solely cleave the
N-S bond (as against the O-S bond) in Glcyg containing
HSGAG substrates. Other O-sulfated hexosamine sugars such
as Glegac e Galyacesr Galyacas and Galya 45,65 Would there-
fore not be processed by N-sulfamidase, although these sub-
strates might be accommodated in the active site. The modeled
structural complex of N-sulfamidase with a 6-O-sulfate con-
taining Glcyg s substrate showed that when the N-sulfate
group is oriented toward the FGly residue, the 6-O-sulfate
would make unfavorable steric contacts with Trp-249 in
the active site (data not shown). This observation points to the
obligatory sequential activity of the 6-O-sulfatase acting first to
desulfate the 6-O-sulfate group, which is then followed by the
action of N-sulfamidase. Similarly the complex of N-sulfami-
dase with Glcyy 55 showed that the 3-O-sulfate group would
also have unfavorable steric contacts with Ile-188 and Asp-189
residues in the active site.

Using the homology model, we also investigated the struc-
tural rationale for the predominant exolytic action of N-sulfa-
midase. The unsaturated AU. ,;Hy4.¢s disaccharides were
docked into the active site in an attempt to optimally position
the N-sulfate group for catalysis. In so doing, the AU sugar and
its sulfate group now made unfavorable steric contacts with
several residues in the active site, including Trp-249, Leu-255,
Ile-188, Trp-131, Trp-384, and Pro-363. This structural con-
straint imposed by the model is consistent with our observation
that the N-sulfamidase will only process a Glcyg sugar at the
nonreducing end of an oligosaccharide substrate (data not
shown).

Specificity of N-Sulfamidase toward Longer Oligosaccharide
Substrates—To experimentally validate the proposed exolytic
activity of N-sulfamidase, we studied its activity on two struc-
turally related sulfated trisaccharides (HygesIHyges and
Hys 6slasHns 6s)- Each of these was generated from the corre-
sponding tetrasaccharide AU,¢H g g5l nsHns 65 by the tandem
use of the 2-O-sulfatase and the A4,5-glycuronidase prior to the
addition of 6-O-sulfatase and N-sulfamidase. Desulfation of the
resultant trisaccharide was followed by MALDI-mass spec-
trometry (Fig. 4; data not shown for AU,gH g ¢sIHyg 65)- In this
experiment, we observed that the 6-O-sulfatase was able to sin-
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FIGURE 3. Theoretical structural model of N-sulfamidase-Glcys substrate. Shown on top is the stereo view
of the active site of N-sulfamidase with the docked Glcys substrate. The side chains of the key residues are
shown and colored as follows: Arg and Lys, blue; Asp and Glu, red; Trp, Leu, and lle, brown; Asn and GIn, light
blue; and FGly, purple. The Glc-ys substrate is colored by atom as follows: C, cyan; O, red; N, blue; and S, yellow.
Shown at the bottom is the schematic of the active site with the key amino acids labeled for clarity. Also shown
in the schematic is the location of the divalent Ca®* ion and its interactions with the active site and the

substrate.

gularly desulfate both trisaccharides (Fig. 4, C and E), as
detailed in the accompanying paper (19). The N-sulfamidase,
however, was not able to do so, presumably because of the pres-
ence of the interfering 6-O-sulfate. In contrast, a pretreatment
of the pentasulfated trisaccharide with the 6-O-sulfatase fol-
lowed by N-sulfamidase treatment resulted in both the loss of a
detectable pentasulfated trisaccharide mass and a dramatic
reduction of the tetrasulfated trisaccharide mass (correspond-
ing to the predicted substrate for the N-sulfamidase). Unfortu-
nately, the formation of the 2N-desulfated trisaccharide prod-
uct was not readily observable in this experiment (possibly
because of inefficient ionization or poor complexation with the
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basic RG15 peptide that normally
facilitates the flight of the intact sul-
fated saccharide).

For this reason, we used an
orthogonal CE-based method in an
attempt to confirm the ability of the
N-sulfamidase to hydrolyze odd-
numbered oligosaccharides (lacking
a 6-O-sulfate at their respective
nonreducing ends) as strongly in-
ferred in the previous experiment.
Toward this end, the trisulfated
pentasaccharide HygIHygIHyg was
generated by A4,5-glycuronidase
treatment of the purified hexasac-
charide AUHIHsIH,s and fol-
lowed by incubation with the sulfa-
midase. All of the saccharides
(untreated, A4,5 alone, and A4,5 fol-
lowed by N-sulfamidase) were sub-
sequently fluorescently labeled at
their reducing end through reduc-
tive amination. End labeling of the
sugars permitted their detection by
laser-induced fluorescence follow-
ing resolution of the products by
capillary electrophoresis (Fig. 5). At
each step in the experiment, saccha-
ride peak assignment was inferred
by observing discrete electropho-
retic shifts in peak migration times
as a function of exo-enzyme treat-
ment and in accordance with their
expected elution times based on dif-
ferential charge densities. In this
experiment, a unique peak (peak Z)
eluting at 7.6 min appears following
the sequential treatment of the
starting material with the A4,5-gly-
curonidase and the N-sulfamidase.
The late elution time of this peak is
consistent with it possessing a lower
sulfate density than either the trisul-
fated hexasaccharide starting mate-
rial (peak X) or the pentasulfated
pentasaccharide (peak Y, interme-
diate) resultant from digestion with the unsaturated glycuroni-
dase. Such a dramatically shifted elution time is also suggestive
of the presence of a positively charged amine that would reduce
the formal negative charge of the sulfated oligosaccharide run
under the electrophoresis conditions described. From this anal-
ysis, it appears that the N-sulfamidase does desulfate oligosac-
charides devoid of the 6-O-sulfate group on the terminal hex-
osamine, and it does so in a predictably exolytic fashion.

Role of Calcium Metal Ions in Catalysis by N-Sulfamidase—
N-Sulfamidase enzyme was found to be activated by the pres-
ence of calcium in a concentration-dependent manner (Table
2). Interestingly, the enzyme was found to be almost inactive in
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TABLE 1
Functional assignment of N-sulfamidase active site residues

Amino acids listed in this table were identified by molecular interaction analysis of
the N-sulfamidase model depicted in Fig. 3 as well as the proposed enzymatic cleav-
age mechanism shown in Fig. 4.

Active site
residues

Cys-80

Proposed functional role

The active site cysteine is modified into the
hydrated form of the FGly-O-+y1 (20) and
participates in nucleophilic attack on the
sulfate group

Arg-84 This primarily stabilizes the hydrated FGly by
interaction with O-vy2. This is also well
positioned for proton abstraction from O-y2
after the catalytic process for elimination of

sulfate and regeneration of diol

Asp-159 The negatively charged carboxylate groups of
these residues are likely to abstract the proton

from the NH; group of Lys-160

Upon loss of the proton to Asp-159, the
nitrogen of this lysine residue is likely to be
sulfated by the NHSO; group, thereby
breaking the existing nitrogen-sulfur bond.
This process is mediated by the calcium ion.
After this step, the sulfated lysine will be
desulfated by the FGly residue. This lysine is
also likely to increase electrophilicity of sulfur
center by coordinating with the oxygen atoms
of the sulfate group

Asp-246, Asp-247, Asp-40, and Asn-41 are well
positioned to coordinate with the divalent
Ca*" metal ion. The calcium ion is likely to
play the crucial role of coordinating with the
nitrogen of NHSOj; group, hence helping Lys-
160 to break the N—S bond successfully.
Hence, this tetrad is important for optimal
N-sulfamidase function. Furthermore, Asp-40
is also understood to donate a proton and
enhance nucleophilicity of O-y1

Lys-160

Asp-246, Asn-247,
Asp-40, Asn-41

the absence of calcium, unlike previously analyzed sulfatases
(Fig. 6A). For example, the 6-O-sulfatase described in the
accompanying paper (19) was activated 2—3-fold by the pres-
ence of calcium but was somewhat active even in the presence
of 1 mMm EDTA. Furthermore, the divalent metal activation was
found to be specific to calcium; inclusion of Mg>* or Mn>* had
only negligible effects. To further examine this metal selectiv-
ity, we measured the potential for enzyme inhibition in the
presence of the calcium-specific chelator EGTA. As expected,
EGTA inhibited calcium-dependent N-sulfamidase activity (at
5 mm Ca®*) in a concentration-dependent manner, with 50%
inhibition occurring at ~3 mm EGTA (data not shown). In an
attempt to determine the mechanism by which calcium
exerts its effect on N-sulfamidase, we followed up these
metal ion experiments by next measuring the effect of cal-
cium on enzyme steady-state kinetics (Fig. 6B). Consistent
with our previous results, the initial rate of the enzyme was
significantly affected by calcium in a concentration-depen-
dent fashion with both kinetic parameters being affected
proportionally (Table 2).

Proposed Mechanism for Nitrogen-Sulfur Bond Cleavage by
N-Sulfamidase Enzyme—The combination of our biochemical
studies and the structural model of the N-sulfamidase active
site and its interactions with the substrate led us to propose a
mechanism for the N-S bond cleavage. This mechanism is
novel given the uniqueness of N-sulfamidase active site and that
it is the only enzyme from P. heparinus that cleaves N-S bond
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in HSGAGs. The proposed mechanism of N-sulfamidase action
has been depicted as a step-by-step process pictorially (Fig. 7).
In the resting state, the active site cysteine that is understood to
be modified into the hydrated form of the FGly-O-vy1 (20) is
likely to be stabilized by interactions with the carboxylate anion
group of Asp-40 and the amino group of Arg-84 as shown.
Furthermore, the divalent calcium ion has been proposed to
coordinate with the diol form of FGly-O-vy1 and also with the
negatively charged oxygen atom of the NHSO; group upon
addition of a suitable substrate R-NH-SO; . Subsequently, the
carboxylate anionic group of Asp-159 is well poised to abstract
the proton from the NH; group of Lys-160 residues. The nitro-
gen-sulfur bond cleavage is mediated by Ca®" ion and Lys-160
resulting in the transfer of the sulfate group to the formyl gly-
cine. Alternatively, it is possible for the amine group of the
deprotonated Lys-160 to form a bond with the sulfate group
(potential transition state) that would in turn facilitate the
transfer of this group to the formyl glycine (Fig. 7, dotted
arrows). This crucial step that is unique to N-sulfamidase is
likely to be motivated by the interaction of the Ca®>" ion with
the nitrogen atom of the NHSO, group and simultaneous pro-
tonation of this nitrogen atom by the NH; group of Lys-158 as
shown. This form of nitrogen-sulfur bond cleavage in the pres-
ence of metallic cations has been proposed for sulfonamide
reactions (34). In our proposed mechanism, the divalent cal-
cium cation and the basic Lys-160 residue provide the three
interactions of this process, whereas in the sulfonamide mech-
anism proposed, a trivalent metal cation was used. The carbox-
ylate group of Asp-40 is positioned to abstract a proton from
the geminal diol leading to acquisition of the SO; group from
the sulfated form of Lys-160 as depicted. Following these dis-
tinguishing steps, the rest of the mechanism is likely to be sim-
ilar to the other sulfatases (35). The basic Arg-84 residue has
been indicated to interact with FGly-80 leading to the efflux of
SO; ™~ and formation of the aldehyde. This in turn is hydrolyzed
back into the diol state, and the enzyme is ready to catalyze
another desulfation process as and when a new substrate is
encountered. The functions assigned to the key amino acids
that participate in the proposed mechanism are summarized
(Table 1).

An insight into the proposed mechanism for N-sulfamidase
action based upon our structural model provides possible
rationale for the observed behavior. First, calcium ion is abso-
lutely required for coordinating the nitrogen-sulfur bond cleav-
age as outlined above. Without the presence of the divalent
cation and the coordination of nitrogen of the N-SO, group,
the enzyme cannot act. Therefore, it is clear that the activity of
N-sulfamidase is very much dependent on calcium ion concen-
tration and that the enzyme becomes inactive in the absence of
the cation. Moreover, it is well know that magnesium ions
(Mg>") almost always exhibit octahedral coordination geome-
try with six being the preferred coordination number. Also,
manganese ions (Mn>") prefer coordinating with four ligands
thereby exhibiting predominantly tetrahedral coordination
geometry. These are fewer ligands than calcium (Ca>™") that is
most commonly found coordinated by seven or eight ligands.
The optimal coordination number in metal ions is a function of
the ion size typically, because close packing of maximum pos-
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FIGURE 4. Sequential degradation of an HSGAG tetrasaccharide using
recombinantly expressed flavobacterial enzymes. Sequential treatment
of the HSGAG tetrasaccharide (AU,sHys 6slasHns,6s) Was physically assessed
after each enzyme step (A-E) by MALDI-mass spectrometry. Masses listed in
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FIGURE 5. Sequential degradation of an HSGAG hexasaccharide. The
structurally defined, heparin-derived hexasaccharide AUHysIHysIHys Was
treated with A4,5-glycuronidase alone or with A4,5-glycuronidase followed
by the N-sulfamidase. Resultant oligosaccharide products were fluorescently
labeled at the reducing end with APTS by reductive amination as described
under “Experimental Procedures.” Oligosaccharides were resolved by capil-
lary electrophoresis and detected by laser-induced fluorescence. The N-des-
ulfated pentasaccharide Hy,,IHysIHys is observed as a unique peak appear-
ing at ~7.6 min (peak Z). Oligosaccharide impurities are noted by an asterisk.

TABLE 2
Steady-state kinetic parameters using 4-MU monosaccharide
substrates

N-Sulfamidase

Addition -
Keat K, keat/K,, (X10%)
min~! M
None ND” ND ND
0.5 mm Ca** 5.1 45 11.3
5 mm Ca** 21.9 178 12.3
1 mM EDTA ND ND ND

“ ND means not determined due to lack of activity.

sible ligands around the ions is generally attempted. This anal-
ysis of the enzyme-substrate interactions explains the absolute
necessity for calcium ions for N-sulfamidase action and also
helps to rationalize the inability of other divalent cations such
as manganese and magnesium to promote enzyme activity.

DISCUSSION

In this paper, we have described the cloning, characteriza-
tion, molecular modeling, and structure-function analysis of
the flavobacterial N-sulfamidase enzyme. The N-sulfamidase
(EC 3.10.1.1), commonly known as N-sulfoglucosamine sulfo-
hydrolase, described here is one of only two nitrogen-sulfur
cleaving enzymes currently identified by the Nomenclature
Committee of the International Union of Biochemistry and

each panel represent either peptide alone (~3216 Da) or oligosaccharide-
peptide complex. The net mass of the oligosaccharide is listed in parentheses.
A, addition of the 2-O-sulfatase; B, subsequent addition of the A4,5-glycuroni-
dase; G, subsequent addition of the 6-O-sulfatase (note loss of a sulfate rep-
resented by a shift in net molecular mass from ~915 to ~835 Da); D, addition
of N-sulfamidase directly after the A4,5-glycuronidase step (note the lack of
any desulfation); E, addition of the N-sulfamidase subsequent to the 6-O-
sulfatase (6-O then NS). The results in E are equivocal inasmuch as a double
desulfated species with a net molecular mass of ~755 Da was not clearly
detected in this experiment.
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upon by the exolytic A4,5-glycuroni-

dase and the sulfatases. Previously, we
established that 2-O-sulfatase action
must precede the A4,5-glycuronidase
cleavage because the presence of a
2-O-sulfate group inhibits the gly-
curonidase enzyme (18, 29). In the
accompanying paper (19) and this
study, we further establish that the
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Molecular Biology (NC-IUBMB), the other enzyme being cyc-
lamate sulfohydrolase (EC 3.10.1.2). Although significant pro-
gress has been made in understanding enzymatic O-sulfate
cleavage mechanisms (35) involving oxygen-sulfur bond cleav-
age, surprisingly little is known about the mechanisms of enzy-
matic action by the corresponding N-sulfate cleaving hydro-
lases that specifically break the normally stable nitrogen-sulfur
bonds that are unique to HSGAGs. As such, the investigation
presented here provides valuable insight into the unique prop-
erties of this enzyme.

One of the important observations that motivated our struc-
ture-function studies of N-sulfamidase was the notable absence
of key histidines that have been implicated as integral to the
function of O-sulfatases (35). The absence of these key histi-
dines could potentially govern the specificity of N-sulfamidase
to cleave nitrogen-sulfur as against oxygen-sulfur bond. This
observation prompted us to further investigate the mechanism
of nitrogen-sulfur bond cleavage by this unique active site of
N-sulfamidase. Using the theoretical structural model of the
enzyme-substrate complex, we propose a new mechanism for
the N-S bond cleavage by N-sulfamidase that was different
from oxygen-sulfur cleavage of O-sulfatases. To our knowledge,
this study is the first to propose such a mechanism of enzymatic
nitrogen-sulfur bond cleavage. We also experimentally vali-
dated the role of key active site residues by C80A or D40A as
described previously (20). These mutants showed no activity
(Table 3) in comparison with the wild type enzyme and hence
validate the critical role of these amino acids in the catalytic
activity of the enzyme.

Using this and previous studies, we have been able to recon-
struct the complete F. heparinum HSGAG degradation path-
way in vitro through a biochemical description of the respective
substrate specificities for each of the cloned enzymes. As such,
we are also able to place the activity of N-sulfamidase in a
sequential context related to the F. heparinum HSGAG degra-
dation pathway as it presumably exists in vivo, i.e. a degradation
pathway that begins with the heparin lyases (heparinases),
which leads to small oligosaccharides with AU uronic acid at
the nonreducing end. These oligosaccharides are then acted
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FIGURE 6. Effect of calcium metal ions on N-sulfamidase activity. A, calcium-specific requirement for N-sul-
famidase activity and inhibition by EDTA wherein the divalent metal effect was not observed when calcium was
replaced by either Mg?* or Mn?* (at either 1 or 5 mm concentrations). The following is the key: open bars (no
divalent metals added); black bars (1 mm EDTA added); light gray bars (1 mm divalent metal); stippled gray bars
(5 mm divalent metal). B, effect of calcium on steady-state kinetics of N-sulfamidase observed while varying
concentrations of Ca®" or in the presence of 1 mm EDTA. Substrate saturation plots were fitted to pseudo
first-order Michaelis-Menten kinetics by nonlinear regression analyses. 0.5 mm Ca* (@), 1 mm Ca?™ (O), 5 mm
Ca®" (M). For clarification, the EDTA result (showing a lack of activity) is omitted.

6-O-sulfatase enzyme should act
prior to N-sulfamidase because the
presence of the 6-O-sulfate group
inhibits the sulfamidase enzyme.
Interestingly, we still have to assign
within this sequence the functional
position of the 3-O-sulfatase activity
reported in the literature (36, 37).
The observations from this study
and the accompanying paper (19)
point to 3-O-sulfatase preceding the 6-O-sulfatase and N-sul-
famidase. Therefore, the complete HSGAG degradation path-
way (after action by the depolymerizing heparinases) is likely to
proceed in the following sequence of enzymatic action: 2-O-
sulfatase, A4,5-glycuronidase, 3-O-sulfatase (putative), 6-O-
sulfatase, and N-sulfamidase.

Other questions related to the concerted activity of the
N-sulfamidase enzyme in vivo also remain. Chief among them
is the question of what precise form the substrates for these
end-of-the-line sulfatases actually take. Is it reasonable to
assume, for example, the “natural” substrates for the N-sulfa-
midase are actually monosaccharides? This assumption is at
least consistent with the sequentially exolytic nature of the
flavobacterial HSGAG-degrading pathway that we have
described. It is also in line with the HSGAG structure-activity
relationships and the active site architecture implied from these
relationships. Ultimately, the ability of these enzymes to act on
longer oligosaccharides in a manner predicted by their sub-
strate specificities is of great practical value toward the use of
these enzymes as discrete analytical tools for elucidating
HSGAG fine structure.

N-Sulfated glucosamines are unique to heparin and heparan
sulfate, and it is not surprising that the mechanism proposed in
this paper is somewhat unique to this sulfate ester. The distinct
chemistry and atomic interactions obtained from an analysis of
our molecular model explained the empirically observed prop-
erties such as the substrate specificity, the novel mechanism of
nitrogen-sulfur cleavage, the activity of the enzyme only in the
presence of calcium ions but not other divalent metal cations,
the order of enzyme processivity, and the inhibition of the
enzyme by the presence of secondary sulfates within the gluco-
samine. As form follows function, these distinctions naturally
play out at the level of enzyme structure and, in the case of the
lysosomal N-sulfamidase, these are perceptible even at the pri-
mary sequence level where there is only about 10 -25% identity
to O-sulfatases. We also point out that even when one compares
the heparan sulfamidase between divergent organisms such as
flavobacterium and mammals, discrete structural differences
are likely given the reversed order within the degradation

04 06 08 1.0 1.2
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FIGURE 7. Proposed mechanism for cleavage of nitrogen-sulfur bond by N-sulfamidase. The color coding of the amino acids is as mentioned in Fig. 3
legend. The mechanism is depicted in parts for clarity, and all interactions are shown as broken lines. Transfer of protons and electrons are shown by arrows to
denote directionality of transfer. The alternate pathway where Lys-160 potentially mediates the sulfate transfer to the formylglycine is shown with dotted

arrow.

TABLE 3

Assessment of relative activity of N-sulfamidase active site mutants

% Activity”
Mutant Classification
After 0.5h After3h

Wild type  Control 100 100
C80A Active site (FGly) 0 0
D40A Ca®" coordination and catalytic role 0 0

“ Activity measured using the coupled enzyme assay under maximum (saturating
substrate) conditions as described under “Experimental Procedures.”

sequence in which the sulfatase enzymes act. In the lysosomal
pathway, the N-sulfamidase is a relatively early enzyme that
precedes the 6-O-sulfatase, although our results indicate a
reverse order for the flavobacterial enzymes. As such, the lyso-
somal heparin N-sulfamidase naturally possesses broader sub-
strate specificity relative to the functional homologue from F.

DECEMBER 11, 2009+ VOLUME 284+NUMBER 50

heparinum. 1t follows that the relative active site topologies
should also differ, especially as it pertains to additional residues
for the lysosomal enzyme that must accommodate secondary
sulfate interactions.
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