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Multiple and variable tyrosine sulfation in extracellu-
lar class II leucine-rich repeat proteins/proteoglycans
were characterized by mass spectrometry. The sulfo-
group on tyrosine is labile and is released from peptides
under normal mass spectrometric conditions. Thus, spe-
cial approaches must be considered in order to identify
this modification. By using a combination of mass spec-
trometry studies operating in negative and positive ion
mode, tyrosine sulfation could be identified. In positive
mode, the peptides normally appeared non-sulfated,
whereas in negative mode a mixture of sulfated and
non-sulfated species was observed. A combination of
peptides released by different proteinases was used to
obtain details on the locations of sulfate groups. Multi-
ple tyrosine sulfates were observed in the N-terminal
region of fibromodulin (up to 9 sites), osteoadherin (up
to 6 sites), and lumican (2 sites). Osteoadherin contains
two additional sulfated tyrosine residues close to its C
terminus. We also identified an error in the published
sequence of bovine fibromodulin, resulting in the re-
placement of Thr37 by Tyr37-Gly38, thus increasing its
homology with its human counterpart.

Tyrosine sulfation is a post-translational modification found
on many secreted and membrane-bound proteins. As much as
1% of all tyrosine residues of the total protein in an organism
can be sulfated, making this the most common post-transla-
tional modification of this residue (1). A number of proteins
have been reported to contain sulfated tyrosines (2). Sulfation
is suggested to occur at tyrosines located in close proximity to
acidic residues (3). The existence of two different tyrosylprotein
sulfotransferases, TPST-11 and TPST-2, might explain the di-
versity of sequences that are sulfated. Each enzyme may have
a different substrate specificity and act on a different subset of
target proteins. Tyrosine sulfation of chemokine receptor
CCR-5 by TPST-1 and TPST-2 follows a discrete pattern and

temporal sequence (4). The N terminus contains the sulfation
sites with 0–4 sulfogroups present. TPST-1 null mice (5) ap-
peared healthy but had a �5% lower average body weight than
wild type animals. In addition, although the fertility of (�/�)
males and females is normal, they have significantly smaller
litters because of fetal death between 8.5 and 15.5 days
postcoitum.

Regulation of tyrosine sulfation in vivo by enzymatic sulfate
removal is still largely unknown. However, human arylsulfa-
tase A and B reside in the lysosome where they are thought to
participate in the degradation of tyrosine sulfated proteins (6).
In contrast, arylsulfatase E is found in the Golgi compartment
(7). Mutations in this gene cause chondrodysplasia punctata, a
congenital disorder characterized by abnormalities in cartilage
and bone development (7–12).

The biological role of tyrosine sulfation has been unclear, but
recent studies have shown its functional importance in leuko-
cyte adhesion (13–16), hormone synthesis (17–19), chemokine
receptor signaling (20–26), and hemostasis (27–33).

Mass spectrometry (MS) has previously been used for detec-
tion of tyrosine-sulfated peptides in a number of applications.
An early report describes a singly sulfated peptide (factor VIII
light chain) using matrix-assisted laser/desorption ionization
time-of-flight (MALDI-TOF) MS in positive and negative ion
modes (34). The sulfated species was more prominent in the
negative ion mode. In another publication, a comparison of a
sulfated or phosphorylated peptide of cholecystokinin-8 with
identical sequences was studied using MALDI-TOF MS, illus-
trating the difference in lability of the different modifications
in negative ion mode using linear or reflector detectors (35).
Loss of the phosphate group was difficult to observe in the
reflector mode, whereas loss of sulfate was prominent. In linear
mode the sulfopeptide was observed intact. In addition, the
phosphotyrosine immonium ion of m/z 216.043 can be used to
search for tyrosine phosphorylations using a quadrupole-TOF
(Q-TOF) instrument, and in the same experiment MS-MS can
be used to determine the phosphorylation site (36). This is not
the case for tyrosine sulfation sites, because the sulfate group
is much more labile than the peptide bonds, which are broken
upon a MS-MS experiment. Multiply sulfated peptides (con-
taining 2 and 3 sulfates, respectively) of cionin and cholecysto-
kinin-associated nonapeptides were studied using secondary
ion mass spectrometry (37). In these experiments, ladders of up
to three sulfates were obtained in negative ion mode. Tyrosine
sulfation and phosphorylations have also been reported in the
extracellular bone sialoprotein (38). Multiple phosphorylations
were observed in the negative ion mode, but in contrast only
singly sulfated peptides were detected. The tyrosine sulfate
residues in antihemophilic recombinant factor VIII have been
reported using triple quadrupole-MS in positive ion mode (39).
A neutral loss of 40 Da (m/z � 2) was used to identify sulfated
peptides; only ions that lose this specific mass pass through
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both Q1 and Q3. The doubly charged species was observed to
have the most intense signal with up to three sulfates observed
within a single peptide.

The sulfation pattern of recombinant human B-domain de-
leted factor VIII with 6 well documented sulfation sites was
also studied using Q-TOF MS (40). Seven peptides with single
and multiple �80 modifications were isolated and analyzed for
their post-translational modifications. Q-TOF MS-MS in posi-
tive mode was used together with in-source dissociation (MS3).
Each sulfated peptide lost all SO3 before backbone fragmenta-
tion occurred. Also, in this case a maximum of 3 tyrosine
sulfates were detected within a peptide.

In the present work we have studied a class of extracellular
matrix proteins, leucine-rich repeat (LRR) proteins, that con-
tain a large number of potential tyrosine sulfation sites clus-
tered together at either terminal. These proteins are present in
cartilage, where they bind other matrix constituents, particu-
larly collagen, and stabilize the fibrillar network that consti-
tutes the framework of the tissue. The study includes the use of
different mass spectrometric techniques for identification and
characterization of tyrosine sulfates in these proteins.

EXPERIMENTAL PROCEDURES

Proteins were isolated as described previously (41–44). Human os-
teoadherin was expressed in human kidney cells, EBNA-293 (Invitro-
gen) by transfection with a pCEP4 vector (Invitrogen) with the tran-
scription cytomegalovirus promoter included.2 Purity of the proteins
used in this report was determined by SDS-PAGE.

Purified bovine fibromodulin, 400–600 �g, was dissolved in 200 �l of
Tris-buffered saline, pH 7.4, and 30 �l of 500 �g/ml LysC was added
followed by incubation for 16 h at 37 °C. The reaction was stopped by
adding 2 �l of 1 mg/ml 1-chloro-3-tosylamido-7-amino-2-heptanone or
N�-p-tosyl-L-lysine chloromethyl ketone (TLCK) and incubation for 30
min at 37 °C. N-Linked oligosaccharides were removed by the addition
of 5 units of N-glycosidase F (Roche Applied Science) and incubation for
16 h at 37 °C. Before loading onto a MiniQ SMART column (Amersham
Biosciences), 1500 �l of 10 mM Tris-HCl, pH 7.6, containing 6 M urea
(buffer A for anion exchange chromatography) was added. A gradient of
0–600 mM NaCl in the buffer over 20 column volumes was used to elute
bound peptides. The column was regenerated with 2 ml of NaOH
following each run. Fractions deemed by Western blot and MALDI
analysis to contain the N-terminal peptide were pooled and loaded onto
a Sephasil C8 mini reversed-phase chromatography column (Amer-

sham Biosciences). Bound material was eluted with a gradient of
0–100% acetonitrile in 20 column volumes. The resulting peak was
dried and stored at �20 °C. This N-terminal peptide was used for all
experiments involving fibromodulin in this work.

Sample Preparation for MALDI-TOF MS—Coomassie-stained bands
of human lumican and osteoadherin were excised and washed exten-
sively using 40% acetonitrile in 25 mM NH4HCO3. Gel pieces were then
dried in a SpeedVac concentrator before digestion overnight at 37 °C.
Digestion was terminated by addition of 2 �l 2% trifluoroacetic acid,
which also extracted the peptides from the gel. After a 1-h extraction at
room temperature, peptides were purified from the digestion buffer
using miniaturized C18 reversed-phase tips (ZiptipsTM, Millipore). Pu-
rified peptides were eluted directly onto the sample target. The matrix,
2,5-dihydroxybenzoic acid, was used on an AnchorchipTM target
(Bruker Daltonics), which confines the sample to a smaller area,
thereby increasing the sensitivity (45). Bovine fibromodulin and lumi-
can were digested in solution. The tryptic digest of bovine lumican was
further purified by C8 reversed-phase chromatography as described
previously for bovine fibromodulin. The fibromodulin samples for elec-
trospray ionization (ESI)-MS were cleaned on ZiptipsTM before analysis
using off-line nano-electrospray MS.

Enzymatic and Chemical Treatments—Digestions with sequencing
grade trypsin (Roche Applied Science), endoproteinase Lys-C (Wako),
Asp-N (Roche Applied Science), and chymotrypsin (Roche Applied Sci-
ence) were generally performed in 50 mM NH4HCO3 at pH 7.8. Enzy-
matic digestions of hirudin fragment-(54–65) (Sigma) and lumican
peptide (fraction from a reversed-phase separation) using arylsulfatase
(Roche Applied Science) and sulfatase (Sigma; type IV (S8504), Type VI
(S1629), Type H1 (S9626), and type H2 (S9751)) were performed in
phosphate-buffered saline, pH 7.4, using 40–200 milliunits of enzyme
with or without a protease inhibitor mixture (Pierce). Digestions were
also performed using different buffers including 50 mM NH4HCO3 at pH
7.8, 50 mM Tris-HCl at pH 7.4, and 100 mM, 250 mM, 0.5 M and 1 M

NH4CH3COOH at pH 6.0. For dephosphorylation, peptides were incu-
bated with calf intestinal alkaline phosphatase (1 unit, MBI Fermen-
tas) in 50 mM NH4HCO3 for 45 min at 37 °C. The tyrosine-phosphoryl-
ated control peptide CRDSNpYISKGS, from platelet-derived growth
factor �-receptor, was a generous gift from U. Engström and U. Hell-
man (Ludwig Institute for Cancer Research, Uppsala, Sweden). The

2 V. Tillgren, L. Camper, and D. Heinegård, manuscript in
preparation.

FIG. 1. SDS-PAGE of the purified proteins used in this study:
bovine fibromodulin (bov. FM) (8–16% SDS), human fibromodu-
lin (10%), human lumican (hum. LUM) (4–16%), human osteoad-
herin (hum OSAD) (4–16%), and bovine lumican (bov. LUM) (4–
16%). In-gel digests were performed with human osteoadherin and
lumican, and in-solution digests were carried out with the other
proteins.

FIG. 2. Behavior of tyrosine-sulfated peptides in MALDI-TOF
MS. A sulfopeptide, TYPDYYEYYDFPQALYGR, from bovine lumican
with two tyrosine sulfation sites was analyzed in positive linear mode
(top), negative linear mode (middle), and negative reflector mode (bot-
tom). In linear positive mode, only ISD fragmentation is detected. In
negative mode, both singly and doubly sulfated species can be detected.
The spectrum in positive reflector mode is not shown because it ap-
peared the same as in linear mode with a single unsulfated peak. In the
reflector mode, PSD fragmentation is detected in peaks e and f, whereas
ISD fragmentation is detected in peaks a and b. The combination of ISD
and PSD fragmentation is observed in peak d. Annotated peaks: a,
[M�H-2SO3]�/�, ISD; b, [M-H-SO3]�, ISD; c, [M-H]�, d, [M-H-2SO3]�,
ISD�PSD; e, [M-H-2SO3]�, PSD; f, [M-H-SO3]�, PSD.
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tryptic serine-phosphorylated peptide from �-S1-casein (Sigma),
VPQLEIVPNpSAEER, was used as a reference.

Chemical treatments for desulfation of tyrosine sulfates were per-
formed by acid hydrolysis using 1 M HCl at 99 °C for 0,1, or 5 min (46).
Samples were then cooled to room temperature and immediately
cleaned up on ZiptipsTM before application onto the MALDI target.

Mass Spectrometry—Mass spectrometric studies were performed us-
ing a Bruker Scout 384 Reflex III MALDI-TOF mass spectrometer. The
instrument was used in the positive or negative ion mode with delayed
extraction and an acceleration voltage of 20–26 kV. Peptide samples
were analyzed by collecting 50–150 single-shot spectra for improved

signal-to-noise ratio. Some data were obtained using ESI ion-trap mass
spectrometers (Esquire 3000� (Bruker Daltonics, Bremen, Germany)
and LCQ Deca XP� (Thermofinnigan, London, UK)).

RESULTS

The purity of the protein preparations used in this work, as
tested by SDS-PAGE, is depicted in Fig. 1. Post-translational
modifications made the protein bands appear heterogeneous on
the gel. These modifications include various oligosaccharide
chains as well as tyrosine sulfation.

FIG. 3. PSD spectrum of a singly sul-
fated peptide in positive mode ob-
tained after in-gel digestion with
chymotrypsin. Switching to the nega-
tive mode identifies the tyrosine sulfation
site, whereas the PSD spectrum in the
positive mode confirms the identity as the
N-terminal peptide of bovine fibromodu-
lin, pQsYEEDSHWWF.

FIG. 4. Schematic representation of bovine fibromodulin containing a tyrosine sulfate-rich region, three disulfide loops, and an
LRR region. The intact protein was first digested with endoproteinase Lys-C, and the N-terminal peptide was purified. Trypsin or endoproteinase
Asp-N was used to further cleave this peptide. Peptides are labeled with residue numbers, and tyrosines are marked Y. The maximum number of
tyrosine sulfates found by MALDI-TOF MS or ESI ion-trap MS (*)/total number of tyrosines present in each peptide is shown in parentheses.
Sequences on all detected peptides are listed in Table I. In total 9 of 10 potential tyrosines in the N-terminal peptide were detected with tyrosine
sulfate. The residue undetected for this modification is located in the sequence of amino acids (aa) 39–50.
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The sulfate group that modifies tyrosine is easily lost when
exposed to low pH, high temperature, or energetic collisions
such as those used in mass spectrometers. Today, MALDI-TOF
MS instruments commonly have both linear and reflector de-
tector capabilities and can be operated in both the positive and
negative ion mode. These different options facilitate the studies
of tyrosine-sulfated peptides. In the linear mode, fragments
that form in the flight tube, post-source decay (PSD), are not
separated and hence are detected as if they were still intact.
This simplifies the spectral interpretation because only the
fragments formed inside the ion source, in-source decay (ISD),
would be observed as different from the intact fragments.

This observation is typical for sulfated peptides as illustrated
in Fig. 2 using peptide Thr19-Arg36 from bovine lumican as a
model. The mass spectra were acquired in the linear positive
(top) and negative ion modes (middle), respectively. In the
positive mode only the non-sulfated peptide was observed (peak
a) because of in-source fragmentation loss of SO3, whereas in
the negative ion mode both one and two sulfate adducts were
seen (peaks b and c). This is the general behavior of sulfated
peptides with MALDI-TOF MS. In reflector mode the picture
becomes somewhat more complex because PSD fragments and
ISD fragments were observed in the same spectrum. As before,
the peptide was detected in both the positive and negative ion
mode. The spectrum in the positive ion mode again resulted in
detection of the non-sulfated species alone (not shown). How-
ever, the negative ion mode spectrum (Fig. 2, bottom) appears
more complex with three additional peaks (d, e, and f). These
peaks correspond to the metastable PSD fragment with losses
of SO3 (�69 Da). The mass difference of the PSD fragment was
not equal to 80 Da because the calibration step was omitted in
order to separate the ISD and PSD fragments within the same
spectrum. The generated spectrum displayed a mixture of ISD
(peaks a and b) and PSD fragments (peaks d–f) due to loss of the
labile SO3 group. Because sulfated peptides behaved as non-
sulfated species in the positive ion mode, sequence confirma-
tion could be performed using conventional PSD experiments,
as illustrated with the N-terminal fibromodulin peptide in Fig.
3. The fragments were matched to the theoretical sequence.

Characterization and Identification of Tyrosine Sulfation in
LRR Class II Proteins—To locate the position of individual
tyrosine sulfates, a number of enzyme digestions were per-
formed. The strategy for bovine fibromodulin is shown sche-

matically in Fig. 4, where the intact protein is illustrated
together with the N-terminal digestion products of endopro-
teinase Lys-C, trypsin, and Asp-N. The trypsin and Asp-N
digestions were performed using the purified large N-terminal
fragment from Lys-C (amino acids 19–98). The positive and
negative ion spectra from the Asp-N digest are shown in Fig. 5.
In a single spectrum we were able to detect 7 different peptides
with varying degrees of tyrosine sulfation. The number of ty-
rosine sulfates detected in each peptide varied between 0 and 2.
Detailed information on all detected sulfotyrosine peptides is
listed in Table I. Some sites are more constantly sulfated than
others, e.g. Tyr38 is invariably modified because several pep-
tides containing only this single sulfotyrosine were detected.
However, three sulfopeptides in this digest (m/z � 2608, 2997,
and 3633 Da) did not match the theoretical sequence. Addition-
ally, the sulfated species detected could be a heterogeneous
mixture of different sulfation states or a fully sulfated species
that readily fragments.

The labile nature of tyrosine sulfate puts high demands on
the ionization process, and thus soft ionization methods are of
utmost importance in minimizing fragmentation. The use of
atmospheric pressure MALDI has been reported to decrease
the in-source fragmentation of positive ions as compared with
conventional MALDI (47). Other soft ionization techniques
such as electrospray ionization (39, 40, 47) and liquid second-
ary ion mass spectrometry (37) were used to study tyrosine
sulfation in the past. However, the complete absence of tyro-
sine sulfate fragmentation has not generally been observed.

To our knowledge there are no previous reports on sulfation
studies using ESI in combination with ion-trap mass spectrom-
eters. In this study, we analyzed tyrosine sulfation of fibro-
modulin using two different ion-trap instruments that are ideal
for tandem MS experiments. The behavior of sulfated peptides
in the ion-trap instrument was tested using a sulfated peptide
standard (hirudin fragment) in both the positive and negative
mode. MS in the positive mode resulted in partial loss of an SO3

group, and in MS-MS mode the major event was loss of SO3. In
the negative MS mode there was no loss of SO3, whereas in
MS-MS loss of SO3 and/or water was the main fragmentation
event.

The Asp-N digest of fibromodulin was analyzed by static
nanospray MS. The data obtained for the unknown peptides
indicated that the theoretically available primary sequence

FIG. 5. MALDI-TOF MS spectrum of
an Asp-N digest of bovine fibromodu-
lin using positive (�) and negative
(�) ion mode. The tyrosine-sulfated spe-
cies are clearly seen; each sulfate is anno-
tated with a small circle as �80 adducts
in the negative mode. In this spectrum 7
different peptides are detected with 1 or 2
tyrosine sulfates each.
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EPYPTGEGPAYAYGSPPQPEPR was incorrect or post-trans-
lationally modified. The previously detected peptide at m/z
2608.16 with MALDI was suspected to contain a sequence
different from the theoretical sequence when we observed the
peptide present with up to four tyrosine sulfates in the negative
mode. The theoretical sequence contained only three tyrosines,
and therefore at least one amino acid appeared incorrect. De
novo sequencing of the mismatching peptide at 2608 Da (the-
oretical mass 2489 indicated a mass shift of 119 Da) revealed
the sequence PPQPEPR with MS3. However, no significant
sequence series were obtained using only MS2. By combining
data from other MS3 experiments using different m/z values,
more information about the sequence was obtained. In addi-
tion, comparisons with the human sequence suggested a cor-
rection of Thr37 to Tyr37 as well as the addition of one amino
acid, which in this case corresponded to the mass of glycine
(Gly38). These changes resulted in the following sequence:
EPsYPsYGGEEGPAsYAsYGSPPQPEPR (tyrosines are bold-
face). When fitting the obtained data to this sequence, most y

ions and several b ions matched the collected MS2 spectrum
(Fig. 6).

Considering the tryptic digest of fibromodulin, it became
apparent that the sample should be analyzed in the negative
ion mode. A high signal was observed at m/z 1080 (Fig. 7)
corresponding to a charge state of �5 (isotopic peaks were
separated by a mass difference of 0.2 Da). When this peak
was selected for MS-MS fragmentation, it lost 16 Da corre-
sponding to the loss of SO3. The advantage of using this
technology is that tandem MS (MS)n, where n � 12, can be
performed. Consequently the m/z 1064 peak was isolated for
another MS fragmentation (MS)3, where again we detected
loss of SO3. This was repeated until no more losses of SO3

could be detected and loss of water became apparent. In this
case the peptide of interest lost five SO3 groups before the
signal became too low for further analysis. The previously
corrected sequence suggests that seven sulfogroups are pres-
ent in this peptide in order for it to match the experimental
data. This peptide then lost SO3 in a stepwise manner until

TABLE I
Peptides from LRR class II proteins that have been detected containing at least one post-translational modification in the form of

tyrosine sulfation
Peptide sequences are listed, and all tyrosines are labeled in boldface with unambiguously modified tyrosines denoted as “sY.” The expected

unmodified mass, �M�H��, is listed together with the number of tyrosine sulfates detected and the MS method, enzyme, and protein used. The
residue numbering in human recombinant osteoadherin includes the His tag, and the mature protein begins at residue 20. FM, fibromodulin;
OSAD, osteoadherin; LUM, lumican; bov, bovine; hum, human.

Peptide sequence m/z No. of sY MS/enzyme Protein Amino acids

pQsYEEDSHWWFQFLR 1953.86 0–1 MALDI/trypsin FM_bov 19–32
NQQSTYDDPYDPYPYEPYEPYPYGGEEGPAYAYGSPPQPEPR 4844.06 6–8a ESI-IT/trypsin FM_bov 33–74
pQsYEEDSHWW 1262.47 0–1 MALDI/CT FM_bov 19–27
pQsYEEDSHWWF 1409.54 0–1 MALDI/CT FM_bov 19–28
DPYPYEPY 1043.44 0–1 MALDI/Asp-N FM_bov 42–50
DSHWWFQFLRNQQSTsY 2142.98 0–1 MALDI/Asp-N FM_bov 23–38
EDSHWWFQFLRNQQSTsY 2272.02 0–1 MALDI/Asp-N FM_bov 22–38
EEDSHWWFQFLRNQQSTsY 2401.06 0–1 MALDI/Asp-N FM_bov 21–38
pQYEEDSHWWFQFLRNQQSTY 2675.16 0–1 MALDI/Asp-N FM_bov 19–38
EPsYPsYGGEEGPAsYAsYGSPPQ PEPR 2608.16 0–4b ESI-IT/Asp-N FM_bov 51–74
EPYPYGGEEGPAYAYGSPPQPEPR 2608.16 0–2 MALDI/Asp-N FM_bov 51–74
EPYEPYPYGGEEGPAYAYGSPPQPEPR 2997.32 0–2 MALDI/Asp-N FM_bov 48–74
DPYDPYEPYEPYPYGGEEGPAYAYGSPPQPEPR 3632.58 0–2 MALDI/Asp-N FM_bov 42–74
pQYEEDSHWWFQFLRNQQSTYDDPYDPYPYEPYEPYPYGGE

EGPAYAYGSPPQPEPRDCPQECDCPPNFPTAMYCDNRNLK
9529.94 1–7c MALDI/Lys-C FM_bov 19–98

PYDPYPYEPYEPYPYGGEEGPAYAYGSPPQPEPRDCPQECDC
PPNFPTAMYCDNRNLK

6271.64 0–4c MALDI/LysC � HCOOH FM_bov 43–98

PYPYEPYEPYPYGGEEGPAYAYGSPPQPEPRDCPQECDCPPN
FPTAMYCDNRNLK

6646.79 0–4c MALDI/LysC � HCOOH FM_bov 46–98

pQYEDDPHWWFHYLR 1974.86 0–1 MALDI/trypsin FM_hum 19–33
pQsYEDDPHWW 1258.48 0–1 MALDI/CT FM_hum 19–27
pQsYEDDPHWWFH 1542.61 0–1 MALDI/CT FM_hum 19–29
EPsYPsYGV 824.38 0–2 MALDI/Asp-N FM_hum 51–57
DPYPYETY 1047.43 0–1 MALDI/Asp-N FM_hum 43–50
DPYPYETYEPYPYGV 1852.79 0–1 MALDI-Asp-N FM_hum 43–57
DDPHWWFHYLRSQQSTYY 2429.07 0–2 MALDI/Asp-N FM_hum 22–39
APQLHHHHHHDLYDDDDKLQYETYQWDEDYDQEPDDDYQT

GFPFRQNVDYGVPFHQYTLGCVSECFCPTNFPSSMYCDNRK
10033.22 0–6d MALDI/LysC OSAD_hum 1–81

TQVFRRFPDDDDESEDHDDPDNAHESPEQEGAEGHFDLH
sYsYENQE

5361.72 0–2c MALDI/lys-C OSAD_hum 376–420

DDDDKLQYETYQW 1718.72 0–1 MALDI/CT OSAD_hum 14–26
DKLQYETYQW 1373.64 0–1 MALDI/CT OSAD_hum 17–26
DLHsYsYENQE 1210.50 0–1 MALDI/Asp-N OSAD_hum 412–420
DDsYQTGFPFRQNV 1586.72 0–1c MALDI/Asp-N OSAD_hum 17–29
DDDsYQTGFPFRQNV 1701.75 0–1c MALDI/Asp-N OSAD_hum 16–29
DYGVPFHQYTLGCVS 1742.78 0–1c MALDI/Asp-N OSAD_hum 30–44
DQEPDDDsYQTGFPFRQNV 2170.93 0–1c MALDI/Asp-N OSAD_hum 12–29
DYGVPFHQYTLGCVSTNFPSSMYC 3523.42 0–1c MALDI/Asp-N OSAD_hum 30–58
TYPDYYEYYDFPQALYGR 2324.05 0–2c MALDI/trypsin LUM_bov 19–36
TYPDYYEYYDFPQALY 2110.90 0–1 MALDI/CT LUM_bov 19–34
TYPDYYEYYDFPQAL 1947.83 0–1 MALDI/CT LUM_bov 19–33
pQYYDYDFPLSIY 1569.68 0–1 MALDI/CT LUM_hum 19–30
pQYYDYDFPLSIYGQSSPNCAPECNCPESYPSAMYCDE 4232.6 0–2 MALDI/Glu-C LUM_hum 19–55

a MS analysis made at the demonstration lab of Bruker Daltonics, Bremen, Germany.
b MS analysis made at the demonstration lab of Thermofinnigan, London, UK.
c Acid treatment was performed, confirming the presence of tyrosine sulfation.
d Recombinant human protein from EBNA cells containing a His tag.
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only two sulfogroups remained. The reason that the peptide
did not fragment further is unclear, but it might be that the
�5 charge was no longer stable when removing too many
negatively charged SO3 groups. A lower, but significant, sig-
nal was also detected for the same peptide containing 8
tyrosine sulfates at the charge state �6. Apparently, in this

tryptic peptide we detected 8 of the 9 possible sites that carry
the modification.

In the case of human fibromodulin the same experiments
were performed using MALDI-TOF MS. The data obtained
suggest a similar sulfation pattern with at least 6 tyrosine
sulfates. The trypsin digest indicated that Tyr20 was sulfated

FIG. 6. MS-MS spectrum, in positive
mode on an ESI ion-trap MS, of a bo-
vine fibromodulin peptide obtained
by endoproteinase Asp-N digestion.
The peptide sequence EPsYPsYGGEEG-
PAsYAsYGSPPQPEPR was confirmed
to fit the obtained data, and matching b/y
ions are annotated accordingly.

FIG. 7. Multiple tyrosine sulfations studied with ESI ion-trap in negative mode. m/z � 1080 corresponds to the tyrosine-sulfated peptide
NQQSTYDDPYDPYPYEPYEPYPYGGEEGPAYAYGSPPQPEPR of a high pressure liquid chromatography fraction of trypsin-digested bovine
fibromodulin. The tandem MS experiment revealed a stepwise loss of a sulfate group.
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similarly to bovine fibromodulin. The Asp-N digest of human
fibromodulin was most informative resulting in the detection of
5 additional tyrosine sulfates.

The other member of the class II LRR family, osteoadherin,
was analyzed in a similar manner. The results are listed in
Table I and show that both the N-terminal and the C-terminal
parts of the protein are sulfated. The N-terminal Lys-C peptide
(amino acids 1–81), including the His tag, was identified as
carrying 0–6 tyrosine sulfate residues, whereas the C-terminal
peptide (amino acids 376–420) contained 0–2 such modifica-
tions. These sulfation sites were confirmed in the peptides of
the Asp-N digest. The sulfated tyrosines in osteoadherin are
similar in number compared with fibromodulin but are more
evenly distributed. For bovine and human lumican, two tyro-
sine sulfates were detected close to the N terminus.

Large sulfopeptides Are More Stable—The behavior of sul-
fated peptides described in this work, where sulfated species
are detected as if non-sulfated in the positive ion mode, seems
to hold true for peptides below 3000 Da. Larger peptides from
3–10 kDa appeared more stable and underwent less ISD in the
positive ion mode. In this case, switching polarities did not
alter the observed peaks significantly. This is illustrated in Fig.
8, which shows that multiple tyrosine sulfates were observed in
both the positive and negative ion modes for the N-terminal
peptide (amino acids 19–98) of fibromodulin. A number of
sulfate adducts (0–7) in both modes and a small shift toward
higher sulfation states in the negative mode were detected.

Chemical Desulfation of Tyrosine—It is well documented
that tyrosine sulfates are labile to acid hydrolysis (46, 48). A
short acid treatment can be used in combination with the
results from positive/negative ion mode analysis in order to
prove existence of tyrosine sulfates. Results from bovine lumi-
can using 0, 1, or 5 min hydrolysis times were obtained by
MALDI-TOF MS (Fig. 9). The zero-time control indicated the
presence of two tyrosine sulfates. The desulfation at 1 min was
not complete, but 5 min incubations were sufficient for com-
plete sulfate removal. It is of major importance to avoid excess
exposure to acid, because acid hydrolysis of the peptide back-

bone can occur, predominantly between Asp–Pro bonds (49,
50). This was also observed in our samples to some extent.
Desulfation with acid was used to confirm tyrosine sulfation in
bovine lumican, fibromodulin, and human osteoadherin. The
treatment successfully desulfated the peptides as shown in
Table I.

Enzymatic Removal of Tyrosine Sulfate—Another way to
distinguish sulfation from phosphorylation is by enzymatic
treatments, which specifically remove these respective modifi-
cations. Alkaline phosphatase is a readily available enzyme
that dephosphorylates Ser, Thr, and Tyr residues. This treat-
ment had no effect upon sulfated control peptides but worked
well on phosphorylations (data not shown). Alkaline phospha-
tase treatment of osteoadherin digests caused no shifts in the
MS spectra, indicating that the �80 adducts were not caused
by tyrosine phosphorylations. The enzymatic removal of tyro-
sine sulfate is unfortunately not as straightforward. A number
of enzymes of different origin are available commercially and
have been tested previously with some sulfated standards (51).
Several sulfatases were evaluated for desulfation of hirudin. In
our hands, the efficiency of these was not satisfactory and
resulted in only partial desulfation, despite the use of large
amounts of enzyme. Without protease inhibitors, samples were
in some cases completely degraded, probably due to activity by
peptidases. In experiments performed on biological samples
such as lumican and fibromodulin, the desulfation failed.
Seemingly, no general solution for enzymatic or chemical re-
moval exists today, which suggests that each individual sul-
fated site must be tested by specifically adapted procedures.

DISCUSSION

Tyrosine sulfation in three LRR class II proteins has been
characterized using various mass spectrometric techniques in-
cluding MALDI-TOF MS and ESI ion-trap instruments. The
labile sulfogroup was studied in both the positive and negative
ion modes. Use of the negative ion mode appeared necessary to
minimize the fragmentation event in ISD and PSD events.
Bovine fibromodulin is sulfated with up to 9 tyrosine sulfates in
the N-terminal part of the protein. Only one of 10 tyrosines was
not found to carry the modification. This tyrosine residue is

FIG. 8. Multiple tyrosine sulfation sites in bovine fibromodu-
lin, pQYEEDSHWWFQFLRNQQSTY DDPYDPYPYEPYEPYPYG-
GEEGPAYAYGSPPQPEPRDCPQECDCPPNFPTAMYCDNR-
NLK, illustrates a different behavior as compared with smaller,
less sulfated peptides. The sulfated species are more stable in the
positive mode where multiple sulfations (peaks 0–5, most abundant
peak at 2) are present. In negative mode the peptides are even more
stable (peaks 0–7, most abundant peak at 3–4) but the difference is not
as significant as previously shown on smaller, less sulfated peptides
(e.g. as shown in Fig. 2).

FIG. 9. Acid treatment of tyrosine sulfates on the same lumi-
can N-terminal tryptic peptide as shown in Fig. 1. Treatment with
1 M HCl at 99 °C for 0, 1, and 5 min is shown, illustrating the acid
lability of a sulfogroup being removed completely after 5 min of
treatment.
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encompassed within amino acids 39–50, but the obtained data
could not verify whether a particular residue was never sul-
fated. For most sulfopeptides it appeared that ESI was the
optimal ionization mode with less fragmentation than MALDI-
TOF MS. For larger peptides, the stability of tyrosine sulfates
was enhanced in the positive mode using MALDI. Within the
same peptide, up to 7 tyrosine sulfates were detected. However,
by ESI a smaller peptide was detected with up to 8 sulfates.
Acid treatment is a possible way to remove tyrosine sulfate, but
the presence of acid sensitive Asp–Pro bonds in the protein
complicates this approach. In human fibromodulin at least 6
tyrosine sulfations were detected within the same region as in
the bovine sequence. Osteoadherin was sulfated in both its
N-terminal (6 sulfates) and C-terminal (2 sulfates) parts.
Treatment of these peptides with alkaline phosphatase caused
no mass shift, whereas the �-casein control was successfully
dephosphorylated. This showed that these tyrosines were not
phosphorylated. However, a smaller peptide (amino acids 376–
420) was observed to shift in mass and appeared desulfated
after 5 min of acid treatment. Both bovine and human lumican
contained at least two tyrosine sulfates in the N-terminal part
of the protein. The clustering of sulfated tyrosines and the
acidic nature of these regions precludes digestions with tryp-
sin. However, endoproteinase Asp-N is a suitable alternative in
this case, with its ability to cleave acidic residues (Asp and Glu)
also next to sulfated tyrosine residues.

There is a software program, The Sulfinator, that can be
used to predict tyrosine sulfation (52). When the sequences of
the proteins used in this study were analyzed by this program,
the following number of tyrosine sulfates were predicted: bo-
vine fibromodulin, 6; human fibromodulin, 5; osteoadherin, 2;
bovine lumican, 6; and human lumican, 0; however, our data
support 9, 6, 8, 2, and 2 sulfates, respectively. Apparently, this
program does not accurately predict tyrosine sulfation in this
class of proteins.

The biological role of tyrosine sulfation in these proteins is as
yet unknown, but the presence of negatively charged clusters
around the termini of these proteins suggests a role in protein
interactions. It could also be important for increased stability
or correct protein folding. Future developments in derivatiza-
tion of aryl sulfates may allow tandem MS to be performed on
sulfated peptides without fragmentation. To our knowledge
this has not been achieved. The methodology described in this
work uses present technology to obtain a great deal of informa-
tion. However, the exact location of a single sulfation in a
peptide with multiple tyrosine residues by mass spectrometry
remains a challenging problem.
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