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Summary. Background: Acquired deficiency of ADAMTS13
causes a rare and life-threatening disorder called throm-
botic thrombocytopenic purpura (TTP). Several studies
have shown that aberrant glycosylation can play an
important role in the pathogenesis of autoimmune dis-
eases. N-linked glycosylation and putative O-fucosylation
sites have been predicted or identified in recombinant
ADAMTSI13. However, it is not known which of these
sites are glycosylated in plasma derived ADAMTSI3.
Objectives: Here we investigated the presence of putative
O-fucosylation, C-mannosylation and N-linked glycosyla-
tion sites on plasma derived ADAMTSI3. Methods/
Results: Sites of N-linked glycosylation were determined
by the use of peptide N-glycosidase-F (PNGase F), which
removes the entire carbohydrate from the side chain of
asparagines. Nine of the 10 predicted N-linked glycosyla-
tion sites were identified in or near the metalloproteinase,
spacer, thrombospondin type 1 repeat (TSR1) and the
CUB domain of plasma ADAMTSI13. Moreover, six
putative O-fucosylated sites were identified in the TSR
domains of plasma ADAMTSI13 by performing searches
of the tandem mass spectrometry (MS/MS) data for loss
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of hexose (162 Da), deoxyhexose (146 Da), or hexose-
deoxyhexose (308 Da). The use of electron transfer disso-
ciation (ETD) allowed for unambiguous identification of
the modified sites. In addition to putative O-fucosylation
and N-linked glycosylation, two putative C-mannosyla-
tion sites were identified within the TSR1 and
TSR4 domains of ADAMTSI3. Conclusions: Our data
identify several glycosylation sites on plasma derived
ADAMTSI13. We anticipate that our findings may be rel-
evant for the initiation of autoimmune reactivity against
ADAMTSI3 in patients with acquired TTP.

Keywords: ADAMTS-13 protein, human; autoimmune
diseases; glycosylation; mass spectrometry; thrombotic
thrombocytopenic purpura.

Introduction

ADAMTSI3 is a plasma metalloproteinase that regulates
platelet adhesion and aggregation by its ability to process
ultra-large von Willebrand factor (VWF) multimers on the
surface of endothelial cells [1-3]. It is a member of the AD-
AMTS family (a disintegrinlike and metalloproteinase with
thrombospondin type 1 repeats) and like most secreted pro-
teins it is predicted to contain several N- and/or O-linked
oligosaccharides [2]. Recent studies have shown that
recombinant ADAMTSI13 is highly glycosylated presenting
both O-fucosylated and N-glycosylated residues. O-fucosy-
lation (glucose-B (1,3)-fucose disaccharide linked to the
hydroxyl group of Ser or Thr residues) occurs in at least 6
thrombospondin type 1 repeats (TSR) and is required for
an appropriate secretion of the recombinant protease [4].
Several N-linked glycosylation sites (oligosaccharide chain
linked through the N-acetylglucosamine group to an Asn
residue) have been predicted throughout the entire protein:
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two in the metalloproteinase domain (N142 and N146),
four are in or near the spacer domain (N552, N579, N614
and N667), one in the second (N707) and fourth (IN828)
TSR, and two in the CUB domains (N1235 and N1354) [3].
N-linked glycans on recombinant ADAMTSI3 play an
important role in the secretion of ADAMTSI13 but are not
necessary for its VWF cleaving activity [5].

Deficiency of ADAMTSI13 causes a rare and life-threat-
ening disorder called thrombotic thrombocytopenic pur-
pura (T'TP). Patients affected by acquired TTP develop
autoantibodies directed towards the metalloproteinase
ADAMTSI13 [6]. Reduced activity or absence of the
metalloproteinase causes lack of cleavage of UL-VWF
resulting in microvascular obstruction, low platelet counts
(thrombocytopenia) and fragmentation of red blood cells
(hemolytic anemia) [3,7,8]. Our current knowledge on the
etiology of acquired TTP is limited. A large number of
case reports suggest that microbial infections are linked to
the onset or recurrence of this autoimmune disease [6].

Aberrant glycosylation of proteins can play an impor-
tant role in the pathogenesis of autoimmune disorders [9].
Alterations in protein glycosylation may modify or create
novel B-cell epitopes and may also influence the presenta-
tion of peptides to T-cells [10]. Previous work has shown
that O-linked glycans can alter proteolytic processing and/
or presentation of glycopeptides on MHC class II mole-
cules and therefore interfere with activation of T-cells
[11,12]. Glycosylated “self derived” peptides might not be
presented efficiently by antigen presenting cells and might
escape negative selection in the thymus [11]. However, in
the periphery, modification of these peptides by glycosi-
dases allows appropriate presentation of “self derived”
peptides and activation of autoreactive T-cells leading to
‘autoimmune reactivity towards self antigens [11].

Similarly, aberrant glycosylation of ADAMTSI13 might
contribute to the onset of acquired TTP by exposure of
cryptic T-cell epitopes that are shielded by glycans under
quiescent, non-inflammatory conditions. In this study we
employed collision induced dissociation (CID) and elec-
tron transfer dissociation (ETD) to identify glycosylation
sites in plasma derived ADAMTSI13. Glycopeptide analy-
sis by CID/ETD MS/MS identified nine N-linked sites in
or near the metalloproteinase, spacer, thrombospondin
type 1 repeat (TSR) and the CUB domain of plasma
ADAMTSI13. Six potential O-fucosylated sites were iden-
tified in the TSR domains of the protease. In addition to
N-linked and potential O-fucosylated modifications, two
putative C-mannosylation sites were identified within the
TSR domains of ADAMTSI13.

Materials and methods

Purification and deglycosylation of ADAMTST3

Full length recombinant ADAMTS13 was produced in
stable HEK293 cells and purified as described previously
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[13]. Plasma ADAMTS13 was purified as described in the
Supplemental Material and Method section using a
specific monoclonal antibody A10 directed against the
disintegrin domain of ADAMTSI3 (Figure S1) [13,14].
Purified plasma and recombinant ADAMTSI13 (200 nm)
were incubated with PNGase F (2 U; Roche Diagnostics,
Almere, the Netherlands) in a final volume of 50 plL,
overnight at 37 °C in order to enzymatically remove
N-linked sugar moieties from the protein. Removal of the
glycans was assessed by SDS-PAGE on NuPAGE
Bis-Tris Gel System 4-12% gel (Invitrogen, Breda, the
Netherlands) followed by silver staining.

Generation of peptides and mass spectrometry sample
preparation

Purified recombinant and plasma ADAMTSI3 (200 nm)
treated and non-treated with PNGase F (volume of
50 pL) was denatured by the addition of 6 M of urea
(final concentration 2.4 M urea) for 15 min at room tem-
perature. Urea concentration was reduced to 1 M by
addition of 50 mm ammonium bicarbonate buffer (ABC).
Disulfide bonds of the samples were reduced and alkyl-
ated by adding 10 pL of 100 mm 1.4-dithiothreitol freshly
prepared in 50 mM ABC buffer for 30 min at room tem-
perature following incubation with 25 pL. of freshly pre-
pared 55 mm iodoacetamide stock solution for 30 min at
room temperature. Trypsin and chymotrypsin (Promega,
Promega Benelux, the Netherlands) digestion was per-
formed by incubation of the samples with 0.1 ug of the
appropriate enzyme at room temperature. For chymo-
trypsin digestions 2.5 mM of CaCl, was added to the sam-
ples prior to addition of the enzyme. After overnight
digestion the peptide mixtures were acidified with formic
acid (Biosolve, Valkenswaard, the Netherlands) to stop
the enzymatic reaction and to allow for concentration of
the peptides using CI18 zip tips (Millipore, Amsterdam,
the Netherlands) as per the manufacturer’s instructions.
Peptides were eluted with acetonitrile that was subse-
quently removed from the samples before mass spectrom-
etry analysis by evaporation wunder vacuoum by
speedvac centrifugation (Thermo Fisher Scientific,
Bremen, Germany).

Mass spectrometry analysis of peptides

Peptides were separated using a reverse phase CI8 col-
umn (50 pm x 20 cm, 5 pm particles; Nanoseparations,
Nieuwkoop, the Netherlands) at a flow rate of
100 nl/min with a gradient from 0 to 35% (v/v) acetoni-
trile in 0.1 M hydrogen acetate. Eluted peptides were then
sprayed directly into a LTQ XL Orbitrap mass
spectrometer (Thermo Fisher Scientific Inc, Bremen,
Germany) using a nanoelectrospray source with a spray
voltage of 1.9 kV. Full mass spectrometry (MS) scans
were performed and the five most intense precursor ions
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from each full scan in the Orbitrap were selected for colli-
sion induced dissociation (CID; 300-2000 m/z, resolving
power 30.000). Under CID fragmentation the peptide pre-
cursor ion undergoes one or more collisions by interac-
tions with mneutral gas molecules. The generated
vibrational energy results in ion dissociation at the amide
bonds along the peptide backbone generating b- and y-
type fragment ions. Subsequently the product ions are
ejected for detection, generating CID fragmentation spec-
tra (MS/MS). Alternatively, the product ions can be kept
and selected for another CID fragmentation, which can
be repeated several times (MS" were n indicates the num-
ber of CID reactions). MS/MS/MS was in fact triggered
upon detection of neutral loss of the top 10 peptides in
the MS/MS spectrum. For appropriate identification of
the glycosylated sites several peptides were selected manu-
ally for electron transfer dissociation (ETD) fragmenta-
tion. This leads to the cleavage of N-Ca backbone bonds
and generates c- and z- type fragment ions. In contrast to
CID fragmentation, ETD fragmentation does not result
in removal of intact oligosaccharide moieties from the
peptide. The LTQ Orbitrap was calibrated on a monthly
basis as recommended by the manufacturer in order to
ensure a high mass accuracy.

Data analysis

Peptides were identified by screening each SEQUEST out-
put file against the UniprotKB non-redundant protein
25.H_sapiens.fasta database using Proteome Discoverer
version 1.2 software (Thermo Scientific, Bremen, Ger-
many). Data were also analyzed against a decoy database
from the 25.H_sapiens.fasta database comprising the
reverse of all protein sequences. A false discovery rate
(FDR) of 5% (which indicates that the probability that a
peptide are false positive is <5%) was used as a cut-off
for this study. The identification of oxidation on methio-
nine (+15.994 Da; dynamic modification) and modifica-
tion on cysteine groups (carbamidomethyl groups
+57.0214 Da; static modification) was included during the
search. Peptides modified by N-linked glycosylation were
identified by the conversion of asparagine to aspartic acid
at the site of carbohydrate attachment, resulting in an
increase of the peptide mass of 1 Da (Asn — Asp;
+0.9840). Identification of putative O-fucosylated sites
was determined by performing searches for the hexose-de-
oxyhexose group (+308 Da) on serine residues. Trypto-

phans were monitored for the presence of a putative
C-mannosylated group (+162.058). Individual MS/MS
fragmentation spectra were manually analyzed in order to
identify the sequential loss of hexose (162 Da), deoxyhex-
ose (146 Da), or hexose-deoxyhexose (308 Da) from O-fu-
cosylated sites and the loss of 120 Da in MS/MS spectra
of peptides containing the modified tryptophan, a charac-
teristic cross-ring fragmentation product of aromatic
C-glycosides.

Results

Mapping of the N-linked glycosylation sites in plasma
ADAMTS13

To identify N-linked glycosylation sites in plasma
ADAMTS13 we used tandem MS to acquire mass/charge
(m/z) values of peptides ions derived from in-solution
tryptic and chymotryptic digestion of purified plasma
ADAMTSI13 after treatment with PNGase F. The
enzyme is able to release the entire carbohydrate from
the side chain of asparagine and in this process converts
the amino acid asparagine to aspartic acid resulting in
an increase of peptide mass of 1 Da. Treatment of puri-
fied plasma ADAMTSI13 with PNGase F resulted in an
increase of the sequence coverage from 72% towards
81% (Figure S2). Although PNGase F treatment
increases ADAMTS13 sequence coverage not all peptides
were detected. This is most probably due to the length
of the peptides. Too long or extremely short peptides are
out of range and not detectable by mass spectrometry.
Full MS scans were performed and the five most intense
precursor ions from each full scan were selected for CID
and analyzed by MS/MS. Figure 1 illustrates the
mass spectral data for the glycosylated peptide
TATHALATNMGAGTEGANASYILIR derived from the
CUB2 domain of ADAMTSI13. The series of b- and
y-ions from the peptide confirm the presence of a glycan
attached to NI1354 for peptide I1337-R1361. Nine
N-linked glycosylated peptides were identified throughout
ADAMTSI13 (Fig. 2). Mass spectra of the other N-linked
peptides are provided in Figure S3. As shown in Fig. 2
two N-linked sites were identified in the metalloprotein-
ase domain (N142 and N146), four in or near the spacer
domain (IN552, N579, N614 and N667), one in the sec-
ond TSR domain (N707) and two in the CUB domains
(N1235 and N1354). All peptides contained the N-glyco-

Fig. 1. Mapping of N-linked glycosylation sites in plasma ADAMTS13. Fragmentation spectra of deglycosylated peptide JATHALATNM-
GAGTEGANASYILIR, derived from the CUB2 domain of ADAMTSI13. Upper panel represents the MS/MS spectrum of the peptide. The
peak corresponding to the parent ion is indicated in green; selected peaks corresponding to b- and y-ions are indicated in red and blue. The
lower panel depicts the complete list of b- and y-ions. Theoretically predicted peptide masses are indicated in black. Y-ions that were found in
the spectrum are indicated in blue whereas the b-ions that are indicated in red. Peptides masses highlighted in the spectrum are marked in yel-
low. Mass differences between Yg™ (950.53059) and Y, ™ (835.50364) allows the identification of an Asp (monoisotopic mass: 115.02695) at
position N1354 that is obtained after cleavage of N-linked glycans by PNGase F. Cleavage is obtained only when an Asn is modified by the
addition of N-linked sugars. Cleavage by PNGase F converts an Asn to Asp resulting in an increase of peptide mass of 1 Da (from 114.04293

to 115.02695).
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Glycosylation Peptide sequence
N142+N146 MVILTEPEGAPNITANLTSSLVCGWSQTINPEDDTDPGHADLVLYSTR

N552 CQVCGGDNSTCSPR
N579 AREYVTFLTVTPNLTSVYIANHRPLFTHLAVR
N614 MSISPNTTYPSLEEDGR
N667 YGEEYGNLTRPDITFTYFQPKPR
N707 WVNYSCLDQARK
N1235 VLESSLNCSAGDMLLLWGR
N1354 JAIHALATNMGAGTEGANASYILIR

Fig. 2. Schematic representation of the confirmed N-linked glycosylation sites in plasma derived ADAMTS13 measured by tandem MS,

sylation consensus sequence N-X-S/T and had an
increase of mass of 1 Da. Interestingly, ADAMTSI3
derived peptides containing the N-linked sites were iden-
tified only in samples treated with PNGase F with the
exception of peptides containing N142, N146, N707 and
N1354 that were also detected in non-PNGase F treated
ADAMTSI13. This observation suggests that N-glycosyla-
tion at these sites is not complete. We were not able to
identify whether a glycan was attached to N82§ since
peptides containing this amino acid were not detected in
our analysis. All nine N-linked glycosylation sites were
also identified in recombinant ADAMTSI3 that was
analysed in parallel (Figure S4).

Detection of terminal sugars on both plasma and recom-
binant ADAMTSI13 was carried out by assessing the bind-
ing of digoxygenin-labelled lectins. Lectins specifically
recognizing terminal o-D-mannose (GNA), p-D-galactose
(DSA) and terminal sialic acid (SNA and MAA) bound to
both recombinant and plasma ADAMTS13 confirming the
presence of complex and hybrid N-glycan structures on
both proteins (Figure S5). The lectin PNA, that binds to
the disaccharide galactose-f(1-3)-N-acetylgalactosamine,
recognized recombinant but not plasma derived
ADAMTSI3. The disaccharide might not be accessible
due to the presence of one or two sialic acids or by the
addition of fucose, that needs to be removed enzymatically
to allow binding of the PNA lectin. Absence of binding of
this lectin suggests the presence of complex glycans struc-
tures on plasma ADAMTS13.

CID/ETD MS/MS analysis of putative O-fucosylation sites in
plasma ADAMTS13

Chromatography and tandem mass spectrometry analysis
have shown that the thrombospondin type | repeats
(TSRs) of recombinant ADAMTS13 and from several
other proteins are modified by the addition of the disac-
charide glucose-B-(1-3)-fucose-1-O linked to serine or

threonine residues [4,15-18]. To determine whether the
same modification occurs in plasma ADAMTSI3 we
examined tryptic and chymotryptic peptides derived from
purified plasma ADAMTS13 through mass spectral
analysis using two different fragmentation approaches:
collision induced dissociation (CID) and electron transfer
dissociation (ETD). CID fragmentation of the glycosylat-
ed peptides resulted in a characteristic pattern in accor-
dance with the sequential neutral losses of hexose (Hex,
162 Da), deoxyhexose (dHex, 142 Da) and of the
disaccharide hexose-deoxyhexose (Hex-dHex, 308 Da)
(Fig. 3, Figure S6). As shown in Fig. 3, for TSR5-derived
peptide  TGAQAAHVWTPAAGSCSVSCGR  (charge
z = +2), the mass of the most intense ions in the spectrum
(m/z 1116.72) corresponds to the loss of Hex-dHex disac-
charide) with respect to the mass of the parent peptide
ion (m/z 1270.06). The lower ions (m/z 1189 for TGA-
QAAHVWTPAAGSCSVSCGR) corresponds to the loss
of the single Hex. MS/MS/MS fragmentation of the
TGAQAAHVWTPAAGSCSVSCGR peptide without the
Hex and dHex yields extensive peptide backbone frag-
ments and provides sufficient information to appropri-
ately identify the peptide (Fig. 3; right panel). Results
from CID analysis suggested the presence of six putative
O-fucosylated peptides within 6 of the 8§ TSR domains of
ADAMTSI13 (Fig. 4 and Suppl. Figure S6). Formally, the
observed neutral loss of Hex (162 Da) and dHex
(142 Da) does not allow for identification of the attached
glycan moiety. The identified glycosylation sites within
the TSRs domain of ADAMTSI13 fall within the consen-
sus sequence of O-fucosylation depicted as WX5C1X2-3
(S/T)YC2X2G. This suggests that the neutral losses
correspond to the loss of fucose (162 Da), glucose
(142 Da) and the disaccharide glucose-B(1-3)-fucose
(Hex-dHex, 308 Da). Despite the fact that the TSRI1
domain of ADAMTSI3 contains a consensus sequence
for O-fucosylation (CSRSCG) the peptide containing
such modification was not retrieved in the mass spectrom-
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Fig. 3. Identification of putative O-fucosylation sites in TSR domains of ADAMTS13. Left panel represents the MS/MS spectrum of a tryptic
peptide derived from the TSRS domain of ADAMTSI13. The major ions correspond to the sequential neutral loss of a hexose (81 Da; corre-
sponding to loss of glucose from a doubly charged peptide; [M + 2H-Hex][2+, m/z 1.189) and of a hexose-deoxyhexose (154 Da loss of the glu-
cose-fucose disaccharide from a double charged peptide; [M + 2H-Hex-dHex]2+, m/z 1116.72). Peaks corresponding to neutral losses are
indicated by a red hexagon. Right panel shows the MS/MS/MS fragmentation confirming the assignment of the peptide. Selected peaks corre-

sponding to b- and y-ions are indicated in red and blue.
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Glycosylation Peptide sequence Parent mass +H Charge Product mass +H Parent - Observed
TSR 2 GPCSVSCGAGLR 1528.66 2 1220 308
TSR3 ELVETVQCQGSQQPPAWPEACVLEPCPPYWAVGDFGPCSASCGGGLR 5512.46 4 5207.48 305
TSR 5 TGAQAAHVWTPAAGSCSVSCGR 2539.12 2 2233.44 305.56
TSR 6 LAACSVSCGR 1288.6 2 1081.6 307
TSR7 VMSLGPCSASCGLGTAR 2047.29 2 1740.9 306.39
TSR 8 WHVGTWMECSYSCGDGIQR 2573.07 3 2267.28 305.79

Fig. 4. Schematic representation of potential O-linked fucosylation sites of plasma derived ADAMTSI3.

etry analysis for both plasma and recombinant
ADAMTSI13. (Figure S6 and S7) [4]. No consensus site
for putative O-fucosylation is present within TSR4. In
accordance with the lack of a consensus site we did not
obtain evidence for the presence of a potential O-fucosy-
lation site in TSR4. MS/MS/MS spectra of Hex-dHex
containing peptides derived from TSR2, TSR3 and TSR6
did not contain sufficient information to allow for appro-
priate identification of the modified amino acid (Figure
S6; panel C, D and E). The same potential O-fucosylation
sites were also identified for recombinant ADAMTSI3
(Figure S7).

© 2014 International Society on Thrombosis and Haemostasis

ETD fragmentation of glycosylated peptides produces
several c- and z-ions (nomenclature of Zubarev and
co-workers [19]), resulting from the cleavage of the N-Cu
bonds, and allows the intact oligosaccharide moieties to
remain attached to the fragment ions containing the gly-
cans. The ETD process represents an excellent tool to
allow the localization of sites of modification in glycopep-
tides. Therefore, the same putative O-linked fucosylated
peptides identified by CID were analyzed by ETD.
Figure 5 shows the ETD fragmentation of the Hex-dHex
modified peptide GPCSVSCGAGLR derived from
the TSR2 domain. Both c- and z- ions were observed
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Fig. 5. Analysis of potential O-fucosylation of TSR domains of AD-
AMTSI13 using ETD mass spectrometry. ETD spectrum of putative
O-fucosylated peptide GPCSVSCGAGLR belonging to the TSR2
domain. The difference between z7+ and the zd+ is consistent with
putative O-fucosylation of Ser698.

allowing sequence determination of the peptide. The
glycosylation site was determined by the mass differences
between z + 7 to z -+ 4 (indicated by the arrow). The
ETD spectra obtained for peptides TGAQAAHVWT-
PAAGSCSVSCGR and WHVGTWMECSVSCGDGIR
are depicted in Figure S8. Although the putative O-fu-
cosylated modification sites were recognized as S698,
S907 and S1087 respectively, ETD fragmentation of the
glycosylated peptides of TSRS and TSRS suggested that
these peptides can be modified at different sites: S691 and
S695 for TGAQAAHVWTPAAGSCSVSCGR, S905 for
WHVGTWMECSVSCGDGIR. This suggests the possi-
bility of two positional isomers of the same peptide with
putative O-fucosylation modifications on different resi-
dues. The ETD spectrum fragmentation for the remaining
peptides derived from TSR3, TSR6 and TSR7 did not
show extensive sequence coverage (data not shown) and
therefore it was not possible to identify the exact site of
modification. A consensus sequence for O-fucosylation
has been defined previously as WX5C1X2-3(S/T)C2X2G
[4,16]. Based on this consensus sequence the glycosylation
sites for ELVETVQCQGSQQPAWPEACVLEPCPPYW-
AVGDFGPCSASCGGLR  (TSR3), LAACSVSCGR
(TSR6) and VMSLGPCSASCGLGTAR (TSR7) are most
likely at S757, S965 and S1027, respectively.

C-mannosylation of plasma ADAMTS13

In addition to O-fucosylation TSRs often contain a consen-
sus motif for C-mannosylation which has been defined as
WXXW [15,16,18]. Examination of the sequence of
ADAMTSI3 suggests the presence of several potential
C-mannosylation  sites. We  therefore  analyzed

ADAMTSI3 derived peptides, obtained as described
above, employing CID and ETD tandem mass spectrome-
try. Peptides carrying an additional 162 Da mass (sug-
gested to correspond to a single mannosyl residue) were
subjected to ETD fragmentation. Figure 6 and Figure S10
show the MS/MS fragmentation of respectively plasma and
recombinant ADAMTSI3 derived peptide: APSPWGSIR
belonging to the TSR4 domain. Evidence for putative
C-mannosylation of Trp884 was further suggested by the
loss of 120 Da in the MS/MS spectra (Fig. 6; left panel), a
characteristic cross-ring fragmentation product of aromatic
C-glycosides. In addition, ETD-fragmentation was per-
formed yielding a series of c- and z-ions that were consis-
tent with the presence of C-mannose on Trp8&84 in the
APSPWGSIR peptide (Fig. 6; right panel). Mass differ-
ences between z + 5 and z+ 4 provided evidence for
Trp884 as site of glycosylation. Evidence for a second puta-
tive C-mannosylation site at Trp390 in the WSSWGPR
peptide in the TSR 1 domain was obtained (Figure S9 and
S10) for both plasma and recombinant ADAMTS13.

Discussion

Like most secreted proteins ADAMTS13 undergoes post-
translational modifications and is predicted to contain
several N-linked oligosaccharides. In our current study
we were able to demonstrate by means of tandem mass
spectrometry that plasma ADAMTSI3 is a highly gly-
cosylated protein presenting several N-, O- and C-linked
glycosylation sites. Treatment of plasma ADAMTSI3
with PNGase F, which removes the N-linked glycan moi-
eties, allowed for the identification of 9 out of 10 pre-
dicted N-linked glycosylation sites; two in the
metalloproteinase domain (IN142 and N146), four in or
near the spacer domain (N552, N579, N614 and N667),
one in the second TSR domain (N707) and two in the
CUB domains (N1235 and N1354). Surprisingly, plasma
ADAMTSI3 derived peptides containing the N-linked
sites N142, N146, N707 and N1354 were also detected in
the non-PNGase F treated ADAMTS13 samples, suggest-
ing that N-glycosylation at these residues is not complete.
Interestingly, for recombinant ADAMTS13 all N-glyco-
sylation peptides were detected only in the PNGase F
treated samples. These findings suggest that N-glycosyla-
tion of plasma ADAMTSI13 is more heterogenous when
compared to recombinant ADAMTSI13. The tryptic pep-
tide containing the predicted N-linked glycosylation site
at N828 was not identified in both plasma and recombi-
nant ADAMTS13. Therefore we were unable to deter-
mine whether a glycan is attached to this residue.
Mammalian N-Jinked moieties are highly versatile in nat-
ure. Lectin binding analysis of both plasma and recombi-
nant ADAMTSI3 revealed that both proteins contain
high mannose structures, sialic acid and galactose residues
(Figure S5). Absence of binding of peanut agglutinin
(PNA), a lectin that binds the disaccharide galactose-B(1-

© 2014 International Society on Thrombosis and Haemostasis
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Fig. 6. Putative C-mannosylation of TSR domains of ADAMTSI13. CID and ETD fragmentation spectrum of ADAMTS13 derived peptides.
Left panel show the MS/MS spectrum of the APSPWGSIR peptide belonging to the TSR4 domain of ADAMTS13. The major peak in the
spectrum corresponds to the neutral loss (120 Da) of a cross-ring fragmentation product potentially derived from a C-mannosylated Trp (indi-
cated by the red hexagon). The peak corresponding to the intact peptide is indicated in green; selected peaks corresponding to b- and y-ions
are indicated in red and blue. Right panel shows the ETD spectrum of the APSPWGSIR peptide. Differences between z5+ and z4+ ions

allowed for identification of the modified Trp at position 834.

3)-N-acetylgalactosamine, to plasma derived ADAMTSI13
might be due to the modification of the core structure by
the addition of sugars such as sialic acid and/or fucose
(Figure S5). Removal of sialic acid and/or fucose might
therefore be necessary in order to allow binding of the
PNA lectin to plasma derived ADAMTS13. Overall our
findings suggest that plasma ADAMTSI13 contains differ-
ent terminal glycan structures when compared to recom-
binant ADAMTS13 (Figure S5) and suggests the presence
of complex glycan structures on plasma ADAMTS13.
O-fucosylation is a different post translational modifica-
tion in which fucose or the disaccharide glucose-pl1,3-
fucose is covalently attached to Ser or Thr residues within
a putative consensus sequence CSX(S/T)CG [4,20]. It is
well established that O-fucosylation takes place in TSRs
[4,16,20]. Previous studies have identified several putative
O-fucosylation moieties in the TSR domains of recombi-
nant ADAMTSI3 [4,21]. Through a combination of CID/
ETD MS/MS analysis we provide evidence for neutral loss
of Hex, dHex and Hex-dHex sugar moieties suggesting the
presence of six putative O-fucosylation sites within the
TSR2, TSR3, TSRS, TSR6, TSR7 and TSRS domains of
plasma ADAMTS13. As expected no putative O-fucosyla-
tion site was identified in the TSRI1 since that region does
not contain a consensus sequence. We were unable to iden-
tify the peptide containing the putative O-fucosylation site
from the TSR4 domain of ADAMTSI3 and therefore
cannot exclude the possibility of such modification in this
domain. MS/MS fragmentation spectra (Fig. 3; Figure
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S6 and S7) showed a characteristic neutral loss of a
hexose-deoxyhexose disaccharide (308 Da) confirming the
presence of the glycan within the TSR derived peptides. To
further identify the site of glycosylation we performed an
ETD analysis. Unlike CID analysis, ETD fragmentation
does not remove the glycan from the peptide allowing for
assignment of the modified residue [22-24]. Using this
approach we were able to assign the exact site of modifica-
tion for three of the TSRs glycosylated peptides: S698 for
GPCSVSCGAGLR, S907 for TGAQAAHVWTPAAG
SCSVSCGR and S1087 for WHVGTWMECSVSCGD-
GIQR (Fig. 35; Figure S8). Unfortunately the precise site of
glycosylation for the remaining peptides could not be iden-
tified due to low sequence coverage. Taking into account
previous findings of putative O-fucosylated sites in recom-
binant ADAMTSI13 [4] and the consensus sequence of the
modification we suggest that O-fucosylation takes place at
S757, S965 and S1027.

In addition to N- and O-linked oligosaccharides, pro-
teins are often modified by C-mannosylation. C-mannosy-
lation is a common post-translation modification of TSR
[16,18]. In this study we show that Trp884 and Trp390 in
the TSR 4 and TSR 1 domain of both plasma and recom-
binant are potentially modified by C-mannosylation, sug-
gesting that this modification might not only occur within
the consensus sequence (WXXW) but also takes place at
other sites [18]. Recently, Akiyama and co-workers showed
that Trp387 in TSR1 was C-mannosylated in a recombi-
nant ADAMTSI3 variant [25]. Our data suggest that
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Trp390 in plasma derived ADAMTS13 contains a putative
C-mannosylation site. Interestingly, ions corresponding to
putative C-mannosylated WSSWGPR peptide were identi-
fied that did not contain the mannose-residue at Trp390.
This suggest that Trp387 might also be modified in plasma
derived ADAMTS13. However, the fragmentation spec-
trum did not allow for accurate assignment of the putative
C-mannosylation at Trp387 (data not shown). In a recent
study, Ling and co-workers showed that replacement of
Trp387 by Ala resulted in a reduced expression and pro-
cessing activity of ADAMTSI13 suggesting that C-man-
nosylation might be required for optimal folding [26].

Protein glycosylation has not only been considered to
play an important role in cell-cell communication and adhe-
sion, protein structural stability, membrane structure and
cellular signaling. Several studies have shown that protein
glycans may be crucial also for T-cell recognition of autoan-
tigens in autoimmune disorders [10]. Previously we have
shown that antigen presenting cells derived from HLA-
DRBI1*11-positive individuals present a CUB2 domain
derived peptide FINVAPHARIA (residues 1327-1338)
[27]. Since HLA-DRB1*11 is considered to be a risk factor
for the development of acquired TTP [28-30] functional
presentation of this CUB2 domain-derived peptide might
contribute to the onset of acquired TTP [27]. Presentation
of the FINVAPHARIA peptide (residues 1327-1338) may
potentially be affected by the presence of an N-linked gly-
can at N1354. Moreover, non-DRB1*11 donors present a
second CUB domain peptide ASYILIRDTHSLRTTA (res-
idues 1355-1370) which is right adjacent to N1354 [27]. This
raises the possibility that differential glycosylation at
N1354 might contribute to the onset of acquired TTP in
patients capable of presenting such peptides.
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M7 U Jzo Kokame 45%9 13 VWEF-A2 R A1 N T E
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AICH T2 meEM/INNERELE (TMA) £E&
B8k EFBITIKR O update

%32 513 1998 4E 12 Furlan & @ VWEM %12 & %
VWF-CP/ADAMTS13 {EHEEIE L & R TR E |
U, Z 0%, SEOERBERD S IKES NERIEICD
WTh, ZOHEEEZHET HEITAR> 7, 2001 FLIBE
IZEIERAESRENCEZ, Y¥SROKR—-LRA—D
(http://www.naramed-u.acjp/~trans/) & B & L, Bk
ZANE AT ALME Uz, 72 2005 F 4 A5 53T
SEDFHBBEFE L 7= chromogenic ADAMTS13 act-ELISA
W BIEEEEEZID ANZ20, SERITHREEZTE
WIEDOBRORNICHREEZRHITES VAT LABRBETE
7o

JREI & LT ADAMTS13 fEHNZER GB% <5%) L,
By —2EHT, BEOEEFEREEDETE
KETTP (FRR USS) &2MTELbOR, HEEES
BB > CENIERGEWRIAR & > & — T ADAMTSI3
BETHENZ2EBL TNS, —7F, ADAMTSI3 iEHEDS
ERLTBST, £FA > EEY—bRETH D,
TMA FED KB, REENED 5N5 B DIk,
BFEAEEDIE K TMA (congenial TMA with the etiol-

1400

ogy unknown) &/MEL TWi=AS, &, HEERENE
B OBFEEECHEHEKEER - WAWNEOREEED
Fub&E720, IR MR BIEEREERE (atypical HUS,
aHUS) OZMEENMER I NEY, Zhickb &, e
MREEARFEDOHXKETMA EHFEL TW=EFDFREN
FRKMEHUS DHFTY —ICABENRINE, £BR
P aHUS I3 Al gl T OB R T REICTED,
BEEROEYE, FREREETH S, ZHITRL, %
K TTP (USS) DEERERIIERARLERDT, &
D EFEHIT aHUS 2 USS ZENICL ORI &2
TWwb, B 15 EMICAH O EBEE N S5 VWF-CP/
ADAMTSI13 {&E M HlE 2 KBS N, EiEL ZRERIZE
KT, BRIz TMA BEHT 2012 £ 12 AR T
LI49 B TH o7z (Fig.2), 2N 5 DAFR%E Table 11
R,

$ XK TTP (Upshaw-Schulman syndrome, USS) :
B & REOMES
NBEIMEFEMEI & o T, USS @ hallmark &1, [#7
£ RHIC Coombs BB EERENH D, HNIT
A TR I NS0, F0H%bEIM & /M7
BIECGREL, Ihs OERAMmEE R TRIICEE
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Fig. 2 Cumulative number of TMA patients in NMU registry.
Since 1998, our laboratory of Nara Medical university (NMU) has been functioning as a TMA
referral center in Japan through analyzing VWF-cleaving protease/ADAMTSI13 activity. Until
the end of 2012, the cumulative number reached to 1149, which included 104 patients of
congenital TMA (49 with USS and 55 with aHUS). Abbreviations: SCT, stem cell
transplantation; MMC, mitomycin C, TC/CL, ticlopidine/clopidogrel.



Table 1 Plasma levels of ADAMTSI13 activity and ADAMTS13 inhibitor in 1149 patients with TMA, registered to our laboratory of NMU between 1998 and 2012.

Congenital TMAs Acquired TMAs Total

(n=25/n=2)

(h=3) (n=263) (n=73) (n=19) (=37 (n=1148)

(n=48) (n=43) (n=313) (n=50) (n=24/n=2) (h=9) (n=3) (n=206) (n=32) (n=26) (n=9) (n=22) (n=30) (n=817)

<0.5 48 36 34 47 2 8 0 91 17 21 3 19 8

() Sample number determined
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THEE] Tholk, ZOEEDFHMIIDOVWTIIHET
HELTWBOTEETZY, EE, USS ORFaEEHIC
<< OWMEEFEDEEBMN D o =5, Upshaw &
Schulman O DAFINGHBEO TWDHDIE, 0D
W D AHDY 1960 4F & 1978 4RI, R HEE I & A8 f /i
BBDERTENENOBREFICH LT, /MR T
A< Migmic kv, M/MUEENEL <EINT52E2H
HUEIC X B0, MR 58 I i /N E A R R
F (platelet stimulating factor) 2NEET BHEZ{RIEL T
W=, ZOEZIE, %4 thrombopoietin (TPO) 23[F
FEEN, USS LOEERITERICEE I N,

EFEL 1998 FELIKE, AFB USS BE 3 KR D VWF-
CPiEMEZHN, BEILFENZTRWL, REHHITEED
R ETRTNEERTHD I EMN5, REBNERAL
EUBEERTHDZEE2MELEZDNP, 0645 A%
Levy 5712 & U ADAMTSI3 BizF03/ 0 —2 207 X
#1, USS 8 ADAMTS1I3 BRBETOLHEBRIZLSE
MEEINTz, B, HHRTUSS BETH 150 ZRES
NTWBA, EFHFIIAIT 2012 FRIZIT 49 HOFE
FHEFEE LR, USSEETHESN/Z ADAMTS13 Eix
FERZ Fig. 3 1TRTY, BHITNERRETRAIN
FPEREARLETEHLELERDIETHD, £k, FHE

FHODOHEMSE (natural history) ZZEHT 5 & Table2 D K&
ST D, T THRETANEE, ATEE O USS hallmark
THOHRBMAEVEE TS LS L REEFHEER
9 early-onset type (BHIFELD 13 &M 39X DEEITL
NESNBWAE, USS OBERIIEREALELDT,
BERIAE BLRERREBEEINDD, BEREH
BEAMICZEEMNTH D, TN USS ZEDEHE,
IRICE D TTP BENFEIND DT, FIEFEHIT
BHD20~40FREICHEAINH W LItk D, —4,
USS B OERBE TERICZEH I N TWDHIIX
<, 0~BFEBEATHDTTIPRIEZREIL T
WranTWaHREREINS, 55 H13 late-onset
type (RHIFER) CRBISNTH5S,

Taguchi %4 2% 2012 G 1T E U /= B M EF % late-
onset type D HLEIfH & LT Fig. 4 I T 3. EHIE
1931 {4 T, EERIZ 6B F Thoz. BHEREIOES
THIHTTIP REEZR I U TR LD, BRI
BERHEIR ORISR S, [/ H IS a2 217 o
o UNMUBRICHEREREBREBONFICE L WHEE
MMA LN, DI TTP BIERICmIERTE DA THEL
Tz, U Ui &30 TTP SfEmE &L, 77
FEF (2007 ) ICIS/NMEZEREL I Uiz, ZORET

wasls|  179M W390C LS95Gfs | C754Afs | CO08Y | WIOT6* |  R12067
Qaar  V8SM w390+ A596Y | C758R | CO08S | C1024G | C1213Y
vasL R398C AGOGP | G760Afs | GOOSR | C1024R | 112177
ASSP R398H RGISES | A793Pfs | ROT0% | R1034* | R1219W
HO6D 124442T>6]  AG3IV QS29* | R1060W | 61239V
E9BPfs cassy Y658C 9516 | C10675fs | W1245%
R102C P671L YI074A8 1 L1258Vfs
CI30+164 1673F
AL C977_R979delinsW
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Fig. 3
syndrome, USS).

ADAMTS13 gene mutations responsible for congenital TTP (Upshaw-Schulman

The description of protein sequence mutation follows the recommendation of the
Human Genome Society (WWW .hgvs.org/mutnomen/recs-prot.html). Mutations in

red were identified in Japanese patients

43)
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Table 2 Summary of natural history in 49 patients with Upshaw-Schulman syndrome in Japan.

Family:

e 43 families

e IFfemale predominance (31 Fand 18 M)
o Up to 79 years of age

EXBT to severe newborn jaundice: 19 pts/49 (39%)
Hemodialysis for CKD: 5 pts (3 pts were dead)

Aggravating factors:

e Severe infections such as FLU

e Pregnancy: 23 occasions in 13 female pts (1 pt was diagnosed after death)
e DDAVP

e interferon

¢ heavily drinking alcohol

° Aging

ADAMTS13 gene analysis in 47 pts: 9 homo. and 38 compound hetero.
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Fig. 4 Clinical course of a representative case of Upshaw-Schulman syndrome (USS) with the late-onset
phenotype. This Japanese male patient first developed a TTP-bout at the age of 63 years and was admitted
to a local hospital, where plasma exchange was not ready available, and so he was treated with plasma
infusion, which dramatically improved his clinical conditions on the following day. Since then, he had been
treated with plasma infusion on demand at TTP-bouts, but its frequency became quite often with aging. At
age of 77 years, he had cerebellar infarct, and on that occasion ADAMTS13 was analysed, that disclosed a
moderate deficiency of ADAMTS13 activity (2.4-3.4% of the normal) and a homozygous ADAMTSI3 gene
mutation of p.C1024R. His parents were indeed the first cousins. As for his natural history, he worked as a
business man until the age of 60 years and received health examination annually, but he never had
appreciable abnormalities in both labolatory and clinical findings*’.
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ADAMTSI3 f# #7 % 38 & L, ADAMTSI3 & # &
24~34% EFEW L, F7= ADAMTSI3 BaTFHEHT T
p.Cl024R DR EHABERDVEESI N, TN&KD,
FHEEEEEMCHAET 2 EEFEOHmRIIVWE ZIBT
Hol, KEZKZEHEE L TEELZEHL, TofE
FEEERZE 22 Tz, FICEE2ERHI N
Bidaholzlnd, KEBERIIIOE 79 F T/INEEE
DOBEBIEE THiE I N2, FEMITMEAZ late-
onset phenotype OB EZRUZHEBHELT, (DB
T, (2) ADAMTSI3 JE I 2.4~3.4% & fEN 28 5 H
ENBFETHo7, D22ENHTENS, THILTTP
FECEBINEOI DK, NERERMIEL SO UL
VWFM B HABREICRE 2 EEL SN TBYD, o
TRERE, BERBIN NI TEE2D, Bz
B3, 0F2EA2L VWFEBIZEFEEHOIFIF 154
WCHEZ TS DENRASNTWSEDT, BT DERH
& (40~60F) TTTP FREIEMNFFKL, USSHEEMNFEA
INGNWEFHIAEINS,

RE] USS BE ORI WEER, &2 BB
1 EOHE TEHM FFP #iix 6~10 ml/kg BW) %%
T TW5B, Ziid ADAMTSI3 #& 1% & U o ifn o 2 A
Mg 2.5 HThAE L, WmFicim/MRERIZ7~10 HE
TE—IB2WADERDIT—FIREDNTNDS, BES
1% ADAMTS13 7 > b EY —FRAEOHEFNIHRED &
IAEETH DN, BrDF—F TEP2011 FITHRE
L7 USS #BE 43 Al 7 5] (16.2%) 1T IgG BLDIErpFN
PR BRHINTWA DT, 4%, FRFEOFEEICD
WTHEBICRT > TORERDH D LB TNV,
—7%, BARTFLOMBEANC DWW TIE 1988 4 LK
NS HCVREMNBEA I N TS, ZNLETH S Mg
TR EE 221 T 5 USS % Tl HOV BERHE B 1
%, B, BETHE ADAMTSI3 #H| D Phase 1 FIE
BBRPBKTHASNAEEBALNTNSDT, TOMHK
B EFEBIOBERNREENOZANZFIN TN S,

FBRETIP : 2¥ & aBEORES

TTP BED 90% LI L3 #%KME TTP T, Z 0@k,
ADAMTS13 JE 14 E R & ADAMTS13 I3 9 2 3% 4 D
Jiik (IgGBlA > bESY—) HDWIRIERPAE (Fic
IgG B) NGO R TS N5 &, ADAMTSI3
TEHEIRIRIER ThH > TOHME 5 8% (pentad) TR E
NZDPO2BEND 5, EHFITHIE 2 RICER TTP,
B EEEMTIP &IEA TS, JEER TTP XM
PR 0 P R B FEAREE (atypical hemolytic uremic syn-
drome, aHUS) & OERIAEEET, £7z aHUS I3 %R
MEEBREORG DD B2, BRMETIP TEREIE
EROBEENEIMEZICL > TRESERD, EES

—100—

23 1998~2012 £F DRICE R E KM A THE L 7= 1,149
%0 TMA BE OfRTHE R T TTP 1 361 4 T TMA £
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mWEESHEIND, EE S HTRILVMRED> &
Mm»3d 0, ADAMTSI3 {EHZ AR I NN, h
TEETIP L3N TV, BRIt - &8 TTP Tik
BHRENGWE, FLIEEH TTP TRINAPRNE
HITEREINTWDB, —F, BREOER KU IEER
TTP DTN BH, —RKE EED TEU3H0 L8,
ERRE, By, BESCEEL TTRERELCSHO
Wh b, £, BRME - EBTIP THAET D 1gG B
ADAMTSI3 1 > b EY —DITE F—FZ&@EL T
Spacer KA >NIZH B, D KA 2 VWF Gk
2, CORBEZHETOHCEELREMEEZSNTS
D, Pos % 3 ZOT Y h— T OEEMAEMEHTICT
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PRI TTP 124§ 5 firstline {6 1% PE TH %, PE
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WERIERHY A XD VWEM OfF, 7L TOREMEY
A A4 2ORRE, BRETHHINTNS®, EfEid 1
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HEns, PE OFRITM/ARE, #ER, LDH 2 E
OEMEZSY —Z2ERULNSHEL, RISHNETNE
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TTP I B W TIIHE & Ia kL & PE O ff AT
EoTRDOENDENLIILIESH D, HREESOHIR &
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INREE © PE 2 Cl/MRECDSEE U g 7= B (GEE H
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Fig. 5 The clinical course of ai-TTP patient with ADAMTS13 inhibitor boosting by

plasma exchange,

A 67year female was admitted to our hospital with complaints of
thrombocytopenia (platelet count 10 X 10°/1), hemolytic anemia (hemoglo-
bin 8.6 g/dl and lactate dehydrogenase 703 IU/D), unconsciousness, and
fever (38°C), without any known etiology. At that time, plasma levels of
ADAMTS13 activity and inhibitor were <0.5% (of the normal). and
4.7Bethesda U/mi, respectively. Plasma exchange was performed for the
consecutive 3 days with a steroid pulse therapy (methylpredonisolone 1 g/
day X 3) that resulted in an increase of ADAMTS13 activity (13%) and/or
platelet count (100 10%/1). However, soon after this, both platelet count
and ADAMTSI13 activity dropped again, and the inhibitor titer was re-
increased up to 18 Bethesda U/m! (inhibitor boosting). Rituximab was then
administered from the day 7 after plasma exchange initiation, with a dose of
375 mg/m? per week for 4 times. Then, the clinical and laboratory findings
rapidly improved to remission.
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FHE) T RFH 8 G0mg) 248 52 (REBREAL,
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Mt 1 mg BINEEE REEAN, DU YFIITEL
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B OEENHELN T, BRICEL L TOHMMNERL
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FEHIMF, ADAMTSI3 IEHIZY Y+ v THAMTE
DEE ElEEE IgG AR KD IKME S ORRIR
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WTIEEHHTEZEDT, £/=, 5)ERMOBY 2 E
B » AlE B-YU U NETOFERAERALCTH - 7=,
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BUMEER A T 01 RV AEIEDO P B 5k E40 R0
25, MMBENIEPE &) YF I TOMBITNE
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