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A B S T R A C T

The human 6-O-endosulfatases HSulf-1 and -2 catalyze the region-selective hydrolysis of the 6-O-sulfate group of
the glucosamine residues within sulfated domains of heparan sulfate, thereby ensuring a unique and original
post-biosynthetic modification of the cell surface proteoglycans. While numerous studies point out the role of
HSulf-2 in crucial physiological processes as well as in pathological conditions particularly in cancer, its
structural organization in two chains and its functional properties remain poorly understood. In this study, we
report the first characterization by mass spectrometry (MS) of HSulf-2. An average molecular weight of
133,115 Da was determined for the whole enzyme by MALDI-TOF MS, i.e. higher than the naked amino acid
backbone (98,170 Da), highlighting a significant contribution of post-translational modifications. The HSulf-2
protein sequence was determined by Nano-LC-MS/MS, leading to 63% coverage and indicating at least four N-
glycosylation sites at Asn 108, 147, 174 and 217. These results provide a platform for further structural in-
vestigations of the HSulf enzymes, aiming at deciphering the role of each chain in the substrate binding and
specificities and in the catalytic activities.

1. Introduction

The human heparan sulfate 6-O-endosulfatases HSulf-1 and HSulf-2
(HSulfs, EC 3.1.6.14) catalyze the regioselective hydrolysis of the 6-O-
sulfate groups within heparan sulfate (HS) chains present on cell sur-
face proteoglycans and extracellular matrix [1,2]. HSulfs exhibit two
unique features among human sulfatases, since to date they are the only
known sulfatases to be secreted in the extracellular medium, and to be
active at neutral pH and at the polymer level [3]. They belong to HS 6-
O-endosulfatase family, which was firstly discovered in early 2000's in
quail embryo [4,5], and then in chick [6], Xenopus laevis [7,8], sea
urchin [9], zebrafish [10], Drosophila [11] and mammals [3,12–14].
Sulf enzymes were initially found during quail embryo development,
highlighting their roles in modulating the binding of the morphogen
Wnt to HS and thereby the Wnt signaling [8,15]. Since then, Sulfs have
been shown to be involved in key developmental and tumoral processes
through an unprecedented post-biosynthetic editing mechanism of the
6-O-sulfate pattern of HS [16–20]. Being confined to the highly sulfated
domain (NS) of HS, HSulf-catalyzed 6-O-desulfation process leads to a
modest decrease in the polysaccharide 6-O-sulfation content, and thus

to a limited impact on its overall sulfation (4–5% sulfate loss) [21].
Remarkably, such moderate but subtle changes in HS sulfation pattern
lead to massive alteration of its biological activities, affecting the
polysaccharide modulatory properties towards a large number of
growth factors, morphogens and chemokines [15,22,23].

Despite the key role of HSulfs in the cellular glycomic machinery,
these enzymes remain elusive protein objects as regard their structure
and functions. In one hand, much effort has been devoted to the un-
derstanding of the enzyme reaction specificities, revealing a narrow
specificity of HSulfs for highly sulfated disaccharide constituents within
the NS domain of HS, and a processive oriented 6-O-desulfation starting
from the non-reducing end [3,24]. In the other hand, much less is
known about the structural organization at a molecular level, and no
crystallographic data have been reported to date. Main structural in-
sights arise from gene-derived sequence analysis and from mutation/
deletion experiments [3,25,26]. HSulfs are biosynthesized as single
polypeptide chain pro-enzymes (871 and 870 amino-acids for HSulf-1
(Q8IWU6) and HSulf-2 (Q8IWU5), respectively) comprising a signal
peptide, followed by a catalytic domain featuring the formylglycine
residue of prototype sulfatase active site, a hydrophilic domain (HD),
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and a C-terminal domain presenting a significant homology with that of
the lysosomal glucosamine-6-sulfatase [3,4,16]. A maturation process
including the removal of the signal peptide and the cleavage within the
HD domain by a furin protease yields the mature enzyme as a two-chain
protein likely joined by disulfide bonds [3,16,26]. As regard for HSulf-
2, it results in a maturated active heterodimer, which consists in a
longer chain comprising the catalytic domain (Phe 1 to Glu 391) and
part of the HD domain cleaved at Arg 514, and a shorter chain com-
posed of the remaining part of the HD domain and the C-terminal do-
main (Scheme 1).

It is worth noting that HSulfs were most often indirectly detected in
previous studies, generally by western-blotting and/or through the
monitoring of its catalytic activity. We report here the first mass
spectrometry characterization of HSulf-2, allowing its direct detection
at the protein level and the coverage of the full protein sequence by a
bottom-up proteomics approach.

2. Materials and methods

2.1. Materials

All reagents were of analytical grade. DL-dithiothreitol (DTT), io-
doacetamide (IAA), ammonium bicarbonate (NH4HCO3), and urea were
all purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France).
Acetonitrile and formic acid were obtained from Fluka (France); se-
quencing-grade trypsin, Arg-C, Chymotrypsin, Asp-N, Trypsin/Lys-C
Mix and PNGase F were from Promega (France). Purified recombinant
HSulf-2 was prepared according to a procedure described in a forth-
coming report. Briefly, the enzyme was purified from the conditioned
medium of HSulf-2 transfected HEK293F cells, using cation exchange
and size exclusion chromatography, successively (A. Seffouh et al., Cell
Mol. Life Sci. in press). The purified active enzyme was stored at −80 °C
in 50mM Tris buffer, 300mM NaCl, 5 mM MgCl2, 5mM CaCl2 pH 7.5.
All buffers and solutions were prepared using ultra-pure water from a
MilliQ apparatus (Millipore, Merck, France).

2.2. N-deglycosylation of HSulf-2

N-deglycosylation of HSulf-2 (3 μg) by PNGase F was carried out
under denaturing conditions in a 20 μL final volume according to the
provider instructions (Promega). The deglycosylation of HSulf-2 was
carried out by the addition of 2 μL of recombinant PNGase F and in-
cubation at 37 °C for 1–3 h.

2.3. Desalting of HSulf-2

Desalting of HSulf-2 was performed by diafiltration using Microcon®

DNA Fast Flow 100 kDa (Millipore) previously washed with 300 μL
water. HSulf-2 sample (30 μg, 40 μL) supplemented to 200 μL with

water was centrifuged in Microcon at 500 g for 4min at 4 °C. Then,
200 μL of water were added and centrifugation was repeated for few
min to get about 30 μL final volume. Finally, the Microcon was returned
to recover the HSulf-2 sample in 30 μL water retentate.

2.4. MALDI-TOF mass spectrometry

MS experiments were carried out on a MALDI Autoflex speed TOF/
TOF MS instrument (Bruker Daltonics, Germany), equipped with a
SmartBeam II™ laser pulsed at 1 kHz. The spectra were recorded in the
positive linear mode (delay: 600 ns; ion source 1 (IS1) voltage: 19.0 kV;
ion source 2 (IS2) voltage: 16.6 kV; lens voltage: 9.5 kV). MALDI data
acquisition was carried out in the mass range 5000–150000 Da, and
10000 shots were summed for each spectrum. Mass spectra were pro-
cessed using FlexAnalysis software (version 3.3.80.0, Bruker Daltonics).
The instrument was calibrated using mono- and multi-charged ions of
BSA (BSA Calibration Standard Kit, AB SCIEX, France). MALDI-TOF MS
analysis was achieved by mixing 1.5 μL of sinapinic acid matrix at
20mg/mL in acetonitrile/water (50/50; v/v), 0.1% TFA, with 1.5 μL of
the desalted protein solution (0.71 mg/mL).

2.5. In-solution proteolytic digestions of HSulf-2

For trypsin digestion, 2 μL of HSulf-2 sample (3 μg) were diluted in
5.5 μL of 50mM NH4HCO3 pH 8.0 to which 2.5 μL of 8M urea were
added (2M final), and then incubated for 1 h at room temperature
under moderate stirring. Samples were then reduced by addition of
1.1 μL DTT (5mM final) for 1 h at 37 °C under moderate stirring.
Samples were then alkylated by addition of 1 μL IAA (20mM final) and
left for 45min at room temperature in the dark. Before performing
trypsin digestion, 6.9 μL 50mM NH4HCO3, pH 8.0, was added to the
samples to reach a final concentration of 1mM urea. Trypsin (1 μL of
0.4 μg.μL−1) was then added before overnight incubation at 37 °C.
Conditions for digestion by Trypsin/Lys-C Mix, Asp-N, Chymotrypsin,
and Arg-C are reported in Supplementary Materials.

2.6. In-gel proteolytic digestions of HSulf-2

HSulf-2 was analyzed in reducing conditions in 12% polyacrylamide
gel. HSulf-2 treated/untreated with PNGase F (25/10 μL) was mixed
with an equal volume of Laemmli SDS-sample buffer (60mM Tris-Cl pH
6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% bromo-
phenol blue), heated for 5min at 95 °C and then centrifuged and cooled
at ambient temperature before to be loaded into wells.

The protein bands were excised, cut into small cubes, destained and
washed with 50 μL of 0.1 M NH4HCO3, and then shrunk by dehydration
in acetonitrile for 5min (repeated 3 times). The gel pieces were next
incubated in 50 μL 10mM DTT for 35min at 56 °C. After cooling to
room temperature, the DTT solution was replaced by 50 μL acetonitrile

Scheme 1. Schematic view of the domain organization of HSulf-2.
Domains from Ne to Ce terminus are displayed with their four ending residues: signal peptide (orange, 24 aa); catalytic domain (dark blue, 391 aa); hydrophilic
domain (green, 307 aa); C-terminus (blue, 148 aa). The following sequence key points are indicated: Fgly 64, active site formylglycine at Cys64; RSIR 514, main furin
cleavage site in HD; RNLTKR 541, secondary furin cleavage site in HD; 678 KRKKKLRKLLKR 689, HD C-terminus basic residues cluster.
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for 5min, then by 50 μL 0.1M NH4HCO3 for 5min followed by dehy-
dration in acetonitrile for 5min. Alkylation was carried out by addition
of 50 μL of 50mM IAA and incubation for 30min at room temperature
in the dark. The gel pieces were rinsed twice alternatively with 50 μL of
acetonitrile, and with 50 μL of 0.1 M NH4HCO3 (5min each), followed
by a final dehydration step with acetonitrile. The gel pieces were then
rehydrated in 40 μL of 0.1M NH4HCO3, pH 8.0, containing 0.4 μg of
sequencing grade trypsin. After overnight digestion at 37 °C, the su-
pernatant was collected, the gel pieces were re-suspended in 50 μL of
acetonitrile/water/formic acid (60:40:0.1, v/v/v) and sonicated for
10min at 37 °C. Finally, the two resulting supernatants were gathered,
vacuum-dried and stored at −80 °C until analysis.

2.7. Peptide preparation for LC-MS/MS analysis

Prior to NanoLC-MS/MS analysis, HSulf-2 peptides from in-gel di-
gestion were re-suspended in 20 μL of solvent A (acetonitrile/water/
formic acid 2:98:0.1, v/v/v). HSulf-2 peptides from in-solution diges-
tion were desalted by two filtration cycles on ZipTip C18 (Millipore)
according to the manufacturer procedure to remove urea. Eluted pep-
tides (40 μL) were vacuum-dried and stored at −80 °C until analysis.
HSulf-2 peptide digests were re-suspended in 30 μL of solvent A.

2.8. Reverse phase NanoLC-MS/MS analysis

Peptide mixtures were analyzed on a Dual Gradient Ultimate 3000
chromatographic system (Dionex) coupled to a LTQ-Orbitrap™ XL mass
spectrometer (Thermo-Fisher Scientific).

5 μL of peptide solution in solvent A were injected at 20 μL/min flow
rate onto a C18 pre-column (Acclaim PepMap C18, Dionex) to con-
centrate and desalt for 5min in solvent A (water/acetonitrile/formic
acid, 98:2:0.1, v/v/v). Then, peptide separation was carried out on a
C18 capillary column (Acclaim PepMap C18, Dionex) at 300 μL/min
flow rate according to the gradient: 0% solvent B (acetonitrile/water/
formic acid 80/20/0,1; v/v/v) during 6min, then 0–70% B over 49min,
then 70%–100% B over 2min, 100% B during 10min and finally de-
creasing to 0% B in 3min. The column was finally re-equilibrated with
100% solvent A for 15min. The LC eluent was sprayed into the MS
instrument with a glass emitter tip (Pico-tip, New Objective, USA).

The LTQ-Orbitrap XL mass spectrometer (Thermo-Fisher Scientific)
was operated in positive ionization mode. Singly charged species were
excluded from fragmentation; dynamic exclusion of already fragmented
precursor ions was applied for 300 s, with a repeat count of 1, a repeat

duration of 30 s and an exclusion mass width of ± 1.5m/z. The
minimum MS signal for triggering MS/MS was set to 500.

One microscan was acquired for all scan modes. The Orbitrap cell
recorded signals between 250 and 1600m/z in profile mode with a
resolution set to 60,000 in MS mode. The five most intense ions/scan
were dissociated by CID (normalized collision energy 35%, precursor
selection window 3 Da). During MS/MS scans, fragmentation and de-
tection occurred in the linear ion trap analyser in centroid mode. The
automatic gain control allowed accumulating up to 106 ions for FTMS
scans and 104 ions for ITMSn scans. Maximum injection time was set to
500ms for FTMS scans and 100ms for ITMSn scans.

2.9. Database search

Raw data files were processed using Proteome Discover 1.4 (Thermo
Fisher scientific) to obtain Mascot-compatible MGF files. Searches in
the Swissprot Database were performed first in human taxonomy using
the Mascot server (version 2.2.07, Matrix Science) with the following
parameters: 1 missed cleavage, monoisotopic identification, tolerance
on mass measurement 10 ppm for MS and 0.6 Da for MS2. To speed up
the search, a homemade database was manually created containing the
sequences of HSulf-2 chains. The MS/MS spectra were searched with
semitryptic cleavage for trypsin, eight missed cleavage for chymo-
trypsin, and a maximum of two missed cleavages for the other pro-
teases; no fixed modification was set; the following variable modifica-
tions were allowed: carbamidomethyl (C), carbamyl (K), carbamyl (N-
term), deamidation (QN), formylGly (C), oxidation (M), and propio-
namide (C) without carbamyl (N-term, K) specifically for peptides re-
sulting from in-gel digestion. Fragment types taken into account were
those specified in the configuration “ESI-trap” for CID MS/MS. MS/MS
spectra were all visually inspected to search for y/b discriminating ions
and validate peptide sequences.

3. Results and discussion

Recombinant HSulf-2 was overexpressed in the HEK293F cells,
yielding an active enzyme on HS and heparin oligosaccharide substrate
[24]. Trypsin digestion of HSulf-2 was carried out in solution in order to
get complete sequence coverage of both short and long chains. How-
ever, this digestion performed in usual reducing/alkylating conditions
led to poor sequence coverage (not shown), indicating a weak acces-
sibility of the cleavage sites to trypsin. To increase proteolysis effi-
ciency, proteolytic digestion was carried out in presence of urea. This

Fig. 1. Sequence coverage percentages obtained by in-solution digestion of HSulf-2 using the proteases trypsin, trypsin/Lys-C Mix, Arg-C, chymotrypsin,
Asp-N and Glu-C.
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protocol modification improved the digestion efficiency, since the se-
quence of both long and short chains of HSulf-2 was significantly
covered for the first time (39% for each chain, Fig. 1). No significant
coverage increase was observed following addition of various de-
tergents (not shown), thus suggesting a particularly tight structural
organization of HSulf-2.

To further increase the sequence coverage of HSulf-2 in solution,
various other proteases or protease mixture (trypsin/Lys-C, Arg-C,
chymotrypsin, Asp-N, Glu-C) with different specificities were used.
Slightly higher coverage percentages of the long chain sequence were
obtained with Arg-C and the mix trypsin/Lys-C (43%), while trypsin
remained the most efficient protease for the short chain (39%) (Fig. 1,
Fig. S1). Overall, by merging the different peptides produced by the
various proteases in a single sequence map, 63% of the whole HSulf-2
sequence was covered, the sequence coverage being slightly higher for
the long chain (67%) than for the short one (58%) (Fig. 2). Arg-C was
the only protease to produce a peptide from the long chain containing
the residue Cys 64 detected mainly as a formylglycine residue (Fig. S2,
Table S2). Formylglycine is a key feature of sulfatase active site, which
is essential for the catalytic activity [27,28]. It worth noting that pre-
vious reported point mutation experiments abolishing the enzyme ac-
tivity, targeted simultaneously Cys 64 and the adjacent residue Cys 65
[3,25]. For the first time, the catalytic residue formylglycine is thus
precisely located at Cys 64 and directly identified at the protein level in
HSulf-2, appearing as a major PTM occurring in HSulf-2.

Until now, experimental molecular weight of HSulf-2 estimated to
around 125 kDa relied on previously reported SDS-PAGE analysis,
which showed the long chain at 75 kDa and the short chain hardly
visible as a faint band at 50 kDa [26]. We confirmed this electrophoretic
pattern (not shown), however, to provide an accurate mass value,
HSulf-2 was submitted to MALDI-TOF MS analysis. Interestingly, the
MALDI spectrum of the HSulf-2 showed in high m/z range a single low
intensity peak at m/z 133,412, that we assigned to the mono-charged
ion [M+H]+ of the whole HSulf-2 molecule (Fig. 3). A major peak at
m/z 66,410 dominated the spectrum, which could be attributed to the
doubly charged ion [M+2H]2+ of the entire HSulf-2 species. Based on
these mono- and doubly-charged ions, an average experimental mass
value of 133,115 ± 297 gmol−1 was determined for the first time by
MS for the whole HSulf-2 enzyme. This experimental mass value was
higher that the molecular weight deduced from the amino acid com-
position (98,170 gmol−1) suggesting a significant contribution of
PTMs. An additional ion at m/z 55,212 was also detected, which could
arise from possible variations in these modifications. The peak at m/z
66,410 exhibited a shoulder (at. m/z 65,420, and probably its doubly
charged ion at m/z 32,748, Fig. 3) that remains unidentified. We cannot

rule out that the observed shoulder along the doubly charged ion of the
entire HSulf-2 species could be an isolated chain, which remains linked
to the enzyme.

A shift of the HSulf-2 bands on SDS-PAGE was previously reported
after treatment by the N-glycosidase PNGase F [3,25], indicating the
presence of N-glycans in agreement with the potential N-glycosylation
sites along the HSulf-2 sequence (Scheme 1). We performed the trypsin
in-gel digestion and nanoLC-ESI-MS/MS analysis of the resulting pep-
tides on the most visible band attributed to the long chain, before and
after treatment of HSulf-2 by PNGase F. The detected peptides belonged
to the long chain (residues Phe 1 to Arg 514), ascertaining thus the
identity of the main band on SDS-PAGE (Fig. S3). 46% of the long chain
sequence was covered (i.e. 71% of the theoretical coverage expected by
using trypsin), while the sequence coverage reached 66% (i.e. 100% of
the theoretical coverage expected by using trypsin) after N-deglycosy-
lation by PNGase F. The increased sequence coverage obtained after
PNGase F treatment indicates that some cleavage sites in the long chain
are protected from trypsin by N-glycan chains. Among the seven po-
tential N-glycosylation sites found within the long chain (Asn 41, 88,
108, 125, 147, 174, 217), five on Asn 88, 108, 147, 174 and 217 were
detected only in peptides obtained after N-deglycosylation. Deamida-
tion introduced by PNGase F at Asn glycosylation site was observed on
MS/MS spectra of de-glycosylated peptides (Fig. S4, Table S4). Con-
versely, Asn 125 is probably not a N-glycosylation site as it was de-
tected in both glycosylated and N-deglycosylated forms of the long
chain. The N-terminal first forty amino acids containing a potential N-
glycosylation site were not covered. We assume that the various trypsin
cleavage sites present within this N-terminal region may yield either too
small peptides (≤6 residues, m/z above the chosen MS cutoff at 250) or
the too acidic long peptide (PNIILVLTDDQDVELGSMQVMNK, with the
potential site of glycosylation at Asn41) to be detected.

This study provides the first detailed structural data at the mole-
cular level of the human endosulfatase HSulf-2 by mass spectrometry.
The entire enzyme molecule was detected by MALDI-TOF allowing the
determination of its average experimental mass at 133,115 Da, which
indicated a significant contribution of post-translational modifications
to the whole molecular mass. The protein sequence was covered by

Fig. 2. Sequence coverage of the whole HSulf-2 enzyme. Merged sequence
map of HSulf-2 determined by combining the covered sequences obtained by
the proteases trypsin, trypsin/lys-C Mix, Arg-C, chymotrypsin, Asp-N and Glu-C.
C: formylglycine in the catalytic domain; N: potential N-glycosylation site; RS:
furin cleavage site.

Fig. 3. MALDI-TOF mass spectrometry analysis of HSulf-2.Mass spectrum of
HSulf-2 in positive ionization mode (100 kDa-filtrated Hsulf-2, mixed with si-
napinic acid matrix, linear mode).
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bottom-up ESI-MS/MS, evidencing the presence of the sulfatase specific
catalytic residue formylglycine at Cys 64. The five conserved signatures
of formylglycine-dependent sulfatase [29] are well identified in HSulf-
2, among them the two catalytic signatures C88 to G98 and G135 to
K143, and the two signatures comprising the sequences D52 to D53 and
D317 to H318 involved in the coordination of a calcium ion. The in-
creased protein sequence coverage upon N-deglycosylation by PNGase
F support the presence of numerous N-glycans attached to HSulf-2 in
agreement with previously reported apparent molecular mass shift on
SDS-PAGE, particularly at Asn 108, 147, 174 and 217 within the long
chain. While the in-gel digestion experiments of the long chain sug-
gested Asn 88 as potentially N-glycosylated, this residue was actually
identified in several peptide sequences formed under in-solution di-
gestion conditions, indicating that Asn 88 was either not N-glycosylated
like Asn 125 or could be a heterogeneous glycosylation site. Further
characterization of Hsulf-2 N-glycans and whole protein top-down
analysis are currently under way. The weak MS ionization efficiency of
the protein and the need for multiple proteases to achieve the full se-
quence coverage in solution make HSulf-2 a tough protein to analyze
and suggest tights folding and/or additional unusual modification of
the protein backbone. This study provides the basis for further mass
spectrometry investigations of the human endosulfatases.
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