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Studies of the interaction between Bikunin proteins, tumor
necrosis factor-stimulated gene-6 protein (TSG-6), and glycos-
aminoglycans have revealed a unique catalytic activity where
TSG-6/heavy chain 2 transfer heavy chain subunits between gly-
cosaminoglycan chains. The activity is mediated by TSG-6/
heavy chain 2 and involves a transient SDS stable interaction
between TSG-6 and the heavy chain to be transferred. The focus
of this study was to characterize the molecular structure of this
cross-link to gain further insight into the catalytic mechanism.
The result showed that the C-terminal Asp residue of the heavy
chains forms an ester bond to Ser*® B-carbon of TSG-6 suggest-
ing that this residue plays a role during catalysis.

The Bikunin proteins, inter-a-inhibitor (Ial),” pre-a-inhibi-
tor (Pal), and heavy chain 2-bikunin (HC2-bikunin) are het-
erodimers or trimers composed of bikunin and one or two
homologous heavy chains (HCs) (1, 2). The subunits are
covalently linked by a chondroitin sulfate (CS) originating from
Ser'® of bikunin forming an inter-chain protein-glycosamin-
oglycan-protein bond between the C-terminal Asp residues of
the HCs C-6 of an internal N-acetylgalactosamine in the CS
(2-5). The HCs have also been identified in complex with hya-
luronan (HA) (6, 7). This cross-link is similarly mediated by an
ester between the C-terminal Asp residue of the HCs and an
internal C-6 of an N-acetylglucosamine in HA (8).

Tumor necrosis factor-stimulated gene-6 protein (TSG-6) is
a 35-kDa extracellular matrix protein transiently expressed
during inflammation and ovulation (9 -11). TSG-6 is composed
of a Link domain mediating binding to glycosaminoglycans (12,
13) and a CUB domain of uncertain function. In other proteins
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the CUB domain is often involved in protein-protein interac-
tions, and the CUB domain in TSG-6 has been shown to inter-
act with fibronectin (14).

TSG-6 and Ial interact spontaneously (15) in an SDS stable
manner to form HC1-TSG-6 and HC2-TSG-6 complexes (16).
During the formation of these complexes, TSG-6 cleaves the
protein-glycosaminoglycan-protein cross-link of lal, and HC2
is linked to TSG-6 through the C-terminal Asp residue of the
HC (16). The HC1-TSG-6 attachment site has not been identi-
fied, but it has previously been suggested that it similarly is
mediated by the C-terminal Asp residue (16). The HC1-TSG-6
or HC2:TSG-6 complexes are only transient as the HCs are
further transferred to HA, if present (17). The transfer mech-
anism requires the presence of HC2 and involves two
sequential divalent cation-dependent transesterifications,
where the HC-TSG-6 complexes act as intermediates (16 —
18). In the absence of HA the HCs are transferred to the CS
chain of the bikunin proteins, generating high molecular
weight bikunin proteins (16, 18).

Free TSG-6, HC-TSG-6 intermediates, and the HC-HA com-
plexes are present in synovial fluid from arthritis patients (8, 19,
20). The importance of TSG-6 during arthritis has been empha-
sized as knock-out mice develop the disease more rapidly,
whereas mice over-expressing TSG-6 were protected (21-23).
Mice models have also been used to demonstrate the impor-
tance of the HC-HA complexes during ovulation. Both TSG-6
knock-out mice and bikunin knock-out mice have impaired
extracellular matrix formation around the oocyte resulting in
female infertility (24, 25). Furthermore, cell studies have shown
that the interaction between the HCs and HA produces cable-
like structures mediating the binding of leukocytes (26, 27).
Likewise the HC-HA structures increase cell binding and
migration compared with unmodified HA (28, 29). In general,
the interactions are important for formation and remodeling of
many types of extracellular HA matrixes.

In the present study we have determined the molecular
structure of the HC-TSG-6 cross-link. The results show that the
B-carbon of Ser®® of TSG-6 (numbered according to the pre-
protein) forms an ester bond to the a-carbon of the C-terminal
Asp residue of the HCs suggesting that Ser® is part of a catalytic
site. Site-directed mutagenesis similarly suggested that Ser*®
was essential for the activity. The Asp-Ser®® bond is akin to the
acyl-enzyme intermediate transiently formed during serine
protease catalysis suggesting that TSG-6/HC2 similarly utilizes
covalent catalysis.
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Molecular Structure of the HC-TSG-6 Intermediate

EXPERIMENTAL PROCEDURES

Materials—Horseradish peroxidase-conjugated goat anti-
rabbit IgG, Glu-fibrinopeptide B, and a-cyano-4-hydroxycin-
namic acid were obtained from Sigma. ECL Western blotting
reagents, Ettan™ CAF™ MALDI sequencing kit, HiTrap Q
column (5 ml), HiTrap Blue column (5 ml), and Mono Q 5/50
GL column (1 ml) were obtained from GE Healthcare. MS grade
trypsin was from Promega and Stagetips (C18) were from Proxeon
Biosystems A/S. ZipTips (C18) and Amicon centriprep YM-10
were obtained from Millipore. The reverse phase (RP) column was
from Vydac (C18, 2.1 X 250 mm, particle size 5 um). The strong
cation exchange PolySULFOETHYL A™ column (2.1 X 200
mm, particle size 5 um) was obtained from PolyLC Inc. The
RNeasy mini kit was from Qiagen and Herculase Enhanced
Polymerase was from Stratagene. Superscript II reverse tran-
scriptase, pcDNAS5/FRT expression vector, and Zero Blunt
TOPO PCR Cloning Kit were obtained from Invitrogen. All
primers were from Eurofins MWG GmbH and restriction
enzymes were from New England Biolabs. For the site-directed
mutagenesis study recombinant human TSG-6 was expressed
in mammalian cells, as described later. Ial was purified from
human plasma basically as previously described (2). Recombi-
nant human TSG-6 was expressed in insect cells and purified as
described before (30). The resulting protein was used for the
generation of rabbit anti-TSG-6 antibody (30). Human plasma
was from Statens Serum Institut, Denmark, and human liver
tissue was obtained from the Pathology Department, Aarhus
University Hospital, Denmark. Protein concentrations were
determined spectrophotometrically at 280 nm using theoretical
extinction coefficients (GPMAW software, Lighthouse Data).

SDS-PAGE and Immunoblotting—Samples were boiled in
SDS-sample buffer containing dithiothreitol and resolved in
5-15% gradient gels using the glycine/2-amino-2-methyl-1,3-
propandiol-HCl system described previously (31). The resolved
proteins were either visualized by Coomassie Blue staining or
they were electrotransferred to polyvinylidene difluoride mem-
branes (32) and processed for immunoblotting using chemilu-
minescence as described before (16).

Complex Formation between lal and TSG-6 and Tryp-
sinization—Human Ial and human recombinant TSG-6 (100
ug) expressed in insect cells were incubated in 2 mm MgCl,, 20
mM Tris-HCl, 150 mm NaCl, pH 8.0, at a 1:1 ratio (w/w) for 3 h
at 37 °C. The complex was then denatured in 6 M guanidinium
hydrochloride, pH 8, for 1 h at 25 °C and the disulfides reduced
in the same buffer containing 10 mm dithiothreitol. Subse-
quently, the complex was carboxymethylated using 20 mm
iodoacetamide and dialyzed into 10 mm NH,HCO,. The
reduced and carboxymethylated sample was digested using 4
pg of trypsin for 20 h at 37 °C and lyophilized (SpeedVac,
Savant).

Purification of Cross-linked Peptides—The lyophilized pep-
tides were rehydrated in 10 mm KH,PO,, 20% acetonitrile, pH
2.8 (Buffer A), filtered, and applied to a PolySULFOETHYL A
column connected to a Ettan LC system (GE Healthcare) equil-
ibrated in buffer A. The bound material was eluted with buffer
B (500 mm KCl in Buffer A) using a gradient from 0 to 15% B
after 30 min, 50% B after 70 min, and 100% B after 95 min. The
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column was operated at 25 °C at a flow rate of 150 wl/min.
Fractions of 300 ul were collected and the eluate monitored at
220 nm. The fractions of interest were either analyzed directly
by RP-HPLC using a 2.1-mm Vydac C18 column equilibrated in
0.1% trifluoroacetic acid or pretreated with NaOH (final con-
centration 200 mm) for 15 min (3). The column was developed
using a linear gradient from 0.1% trifluoroacetic acid to 90%
acetonitrile containing 0.07% trifluoroacetic acid at 25 °C and a
flow rate of 200 ul/min. The eluate was monitored at 220 nm
and fractions were collected manually.

Sample Preparation for Matrix-assisted Laser Desorption/
Ionization (MALDI)-Mass Spectrometry (MS)—Aliquots from
the PolySULFOETHYL A column fractions were made 100 mm
in NaOH, incubated for 15 min at 25 °C (3), and acidified. Pep-
tides derived from these samples or from diluted aliquots of the
column fractions were purified on C18 stage tips and eluted
directly onto MALDI targets using 1 ul of matrix solution con-
taining 70% (v/v) acetonitrile, 0.03% trifluoroacetic acid (v/v),
and 0.4% recrystallized a-cyano-4-hydroxycinnamic acid. Ali-
quots from the reverse phase columns were concentrated to 5
pl (SpeedVac, Savant), diluted by adding 50 ul of 0.1% triflu-
oroacetic acid, purified by C18 stage tips, and eluted directly
onto MALDI targets.

Chemically Assisted Fragmentation (CAF) Reagent Derivat-
ization of Cross-linked Peptides—The derivatization of peptides
was performed according to the manufacturer’s recommenda-
tions (GE Healthcare). In short, tryptic peptides were purified
on a C18 ZipTip and Lys side chains were converted to homo-
arginine to avoid sulfonation of Lys residues in the next step.
Subsequently, the N-terminal of the peptides was sulfonated.
Finally, the derivatized peptides were eluted from the ZipTip
using the previously described matrix solution and spotted
directly onto the MALDI target.

MALDI-MS Analyses—MS or MS/MS spectra were collected
using a Q-TOF Ultima Global mass spectrometer (Micromass/
Waters Corp.) calibrated over the m/z 50 -3000 range using a
polyethylene glycol mixture. Each MS spectrum was calibrated
using Glu-fibrinopeptide B (m/z 1570.6774) for external cali-
bration. The obtained MS and MS/MS data were processed
using Masslynx 4.0 software (Micromass). The GPMAW soft-
ware package (Lighthouse Data) was used to generate theoret-
ical MS/MS fragment ions of peptides, to facilitate manual
interpretation of the obtained MS/MS data.

N-terminal Sequence Analyses—Samples were applied
directly to precycled Biobrene-coated micro-trifluoroacetic
acid filter or adsorbed to a polyvinylidene difluoride mem-
brane using a ProSorb device (Applied Biosystems). Auto-
mated Edman degradation was performed in a PROCISE™
494 HT sequencer with on-line phenylthiohydantion-deriv-
ative HPLC analysis using a 140C Microgradient System
(Applied Biosystems), operated according to the manufac-
turer’s recommendations.

TSG-6 ¢cDNA Cloning and Site-directed Mutagenesis of
Ser’®*—Total RNA was isolated from 30 mg of human liver
using the RNeasy mini kit from Qiagen. Subsequently, Super-
script Il reverse transcriptase was used to synthesize oligo(dT)-
primed first strand cDNA from 3 ug of total RNA. Full-length
TSG-6 cDNA was obtained from the cDNA library by PCR
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using Herculase Enhanced Polymerase and the following
primer set spanning the open reading frame: 5'-AACTCCTA-
AAAAACCGCCACCATGATCATCTTAATTTACTTATT-
TCTCTT-3" and 5'-TTATAAGTGGCTAAATCTTCCAGC-
TAAAAAG-3' (start and stop (complementary) codons are
bolded). The blunt end PCR product was initially cloned in the
pCR-blunt II vector using the Zero Blunt TOPO PCR Cloning
Kit. Later the insert was excised with Xhol and Kpnl and ligated
into the pcDNA5/FRT mammalian expression vector. The
TSG-6 insert sequence was confirmed by sequencing both
strands. Afterward the S28A mutation was introduced in the
TSG-6 cDNA by in vitro mutagenesis using Herculase
Enhanced Polymerase and the following complementary muta-
tion primer set: 5'-CAAGGATGGAATTTTTCATAACGCC-
ATATGGCTTGAACGAGCA-3' and 5'-TGCTCGTTCAAG-
CCATATGGCGTTATGAAAAATTCCATCCTTG-3"  (the
mutation is underlined). The mutation was confirmed by
sequencing both strands.

HEK293 cells (a human embryonic kidney cell line) were
grown in Dulbecco’s modified Eagle’s medium with glutamine
supplemented with 10% fetal calf serum and 100 IU penicillin/
streptomycin. Approximately 5.0 X 10° cells were seeded onto
10-cm dishes 1 day prior to transfection. Four hours before
transfection the medium was replaced with fresh medium.
Transfection was done using the calcium phosphate coprecipi-
tation method with 20 ug of plasmid DNA per dish including a
reporter plasmid containing the B-galactosidase gene for
recording transfection efficiency. Three dishes with cells were
transfected with mammalian expression vectors containing
TSG-6 wild type cDNA, TSG-6 S28A mutant cDNA, or extra-
cellular superoxide dismutase cDNA (control). Sixteen hours
following transfection the medium was changed to the same as
above but without calf serum. Finally conditioned serum-free
medium was collected every 24 h over a period of 2 days and
concentrated 50 times using Centriprep YM-10.

The presence and the concentration of wild type TSG-6 and
TSG-6 S28A mutant in the media were evaluated by immuno-
blotting. In addition, the expression of TSG-6, both wild type
and mutant, was confirmed by direct analysis of the proteins by
tandem mass spectrometry (see below).

Complex Formation between Ial and TSG-6 S28A—Approx-
imately 1 ug of purified human Ial was mixed with concen-
trated extracellular superoxide dismutase medium (control) or
concentrated medium containing the same amount of either
wild type or mutant TSG-6. MgCl, was added to a final concen-
tration of 2 mM and the samples incubated for 1 h at 37 °C.
Subsequently, the proteins were resolved by SDS-PAGE and
immunoblotting was performed using an anti-TSG-6 antibody.

Nanoelectrospray Mass Spectrometry—The concentrated
medium derived from control, wild type TSG-6, and mutant
TSG-6 expressions were subjected to reduced SDS-PAGE and
stained for protein using Coomassie Blue. The proteins migrat-
ing in the area of interest were excised and digested with trypsin
(16, 33). The resulting peptides were analyzed by nano-liquid
chromatography (LC)-MS/MS using an EASY-nLC (Proxeon
Biosystems) system connected in-line to a Q-TOF Ultima API
(Micromass/Waters Corp.) mass spectrometer. The data were
processed using Masslynx 4.0 (Micromass) and the generated
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FIGURE 1. Complex formation between lal and TSG-6. Purified human lal
(lane 1), purified recombinant human TSG-6 (lane 2), and purified human lal
incubated with purified recombinant human TSG-6 (lane 3) were subjected to
reduced SDS-PAGE. Subsequently the resolved proteins were visualized by
Coomassie Blue staining (A) or subjected toimmunoblotting using anti-TSG-6
antibody (B). The experiment shows the formation of the previously identified
covalent HC1-TSG-6 and HC2-TSG-6 complexes.

peak list files were used to query the Swiss-Prot data base using
the Mascot program (34). The searches were performed with
propionamide as fixed modification, peptide mass, and frag-
ment mass tolerances offset to 0.2 Da, and no missed tryptic
cleavage sites were allowed.

RESULTS

HC-TSG-6 Cross-link Generation, Initial Purification, and
Characterization—The cross-link was formed by incubating
Ial and TSG-6, the reaction was followed by Coomassie Blue-
stained SDS gels and immunoblotting using an anti-TSG-6
antibody (Fig. 1). The analyses confirmed that the covalent
HCI1-TSG-6 and HC2-TSG-6 complexes were formed. The
cross-linked proteins were reduced and carboxymethylated,
digested with trypsin, and subjected to strong cation exchange
chromatography at pH 2.8 (supplemental data Fig. S1). Using
these conditions each tryptic peptide was expected to contain
two positive charges derived from the N-terminus and the
C-terminal Lys or Arg residues. The only peptides containing
more than two positive charges were either cross-linked
and/or contain His residues. Consequently, the cross-linked
HC-TSG-6 peptides were expected to elute later from the col-
umn than most peptides. In addition, the HC-TSG-6 cross-link
readily dissociate during NaOH treatment (16), the mass of the
cross-linked peptide is thus likely to be significantly reduced by
NaOH treatment. These properties were exploited during the
purification and detection of the cross-linked peptides.

The mass of the late eluting peptides (fractions 22— 44) were
determined before and after NaOH treatment. A significant
difference between the MALDI-MS analyses was observed in
fractions 31 and 3435 (supplemental data Fig. S2). Without
NaOH treatment protonated molecular ions (MH™) peaks of
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m/z 2174.05 and 1943.92 were observed in fractions 31 (pool 1)
and 34 -35 (pool 2), respectively. In the samples treated with
NaOH these molecular ions disappeared and a new MH™ at
m/z 1486.73 became apparent (supplemental data Fig. S2). This
molecular ion corresponded to the tryptic TSG-6 peptide,
2DGIFHNSIWLER?*® (numbered according to preprotein),
with a theoretical monoisotopic MH™ of 1486.74 Da. It has
been shown that the cross-link between TSG-6 and HC2 is
mediated by an ester between the C-terminal Asp residue of the
HCs (16) and thus suggested that the unknown TSG-6 residue
has to contain a hydroxyl group (Ser, Thr, or Tyr) (16, 35).
Recent studies have suggested that it also is the C-terminal Asp
residue of HC1 that mediates the cross-link from HC1 to TSG-6
(16, 17). The theoretical monoisotopic MH ™" of the C-terminal
tryptic peptides derived from HC1 and HC2 are 706.33 Da
(°**V,TGVDTD®?®) and 476.20 Da (***VEND®*®), respectively.
Because water is lost during the formation of an ester linkage
the theoretical monoisotopic protonated mass of the cross-
linked peptides are 2174.04 Da (HC1-TSG-6), and 1943.91 Da
(HC2-TSG-6). These values correspond to the observed MH™
values in untreated pool 1 (m/z 2174.05) and untreated pool 2
(m/z 1943.92), respectively. In addition both molecular ions
disappeared after NaOH treatment (supplemental data Fig. S2).

Taken together, these data suggests that ***VTGVDTD®*®
derived from HC1 and ®***VEND®*® derived from HC2 are
cross-linked to the TSG-6 peptide **DGIFHNS**IWLER??, The
hydroxyl group of Ser®® appears to be the most likely candidate
for the formation of the ester linkage as it is the only hydroxyl
group containing residues in the peptide. All relevant fractions
were analyzed and only the mentioned fractions contained
NaOH-sensitive cross-links suggesting that Ser*® exclusively
mediates the HC-TSG-6 cross-link.

RP-HPLC Purification of the HCI-'TSG-6 and HC2-TSG-6
Cross-links—The HC-TSG-6 cross-links were further purified
by RP-HPLC. Pool 1 containing HC1-TSG-6 and pool 2 con-
taining the HC2-TSG-6 cross-link were subjected to RP-HPLC
before and after NaOH treatment (Figs. 2, A and B, and 3, A and
B). A visual comparison of the chromatograms revealed pep-
tides sensitive to NaOH treatment (Figs. 24, peak «, and 34,
peak ). MS analysis confirmed that they contained the purified
HC1-TSG-6 (Fig. 2C, m/z 2174.04) and purified HC2-TSG-6
cross-link (Fig. 3C, m/z 1943.92). Comparison of the absorb-
ance at 220 nm of the two purified cross-links (Figs. 24, peak «,
and 34, peak ) indicates that the amounts of the purified com-
plexes are similar. This was anticipated, because the amount of
HC1-TSG-6 and HC2-TSG-6 generated during lal/TSG-6
interaction is similar (Fig. 1).

The chromatograms contained other peaks, the two domi-
nating peptides in the separation of the untreated HC1-TSG-6
cross-link included peptides of m/z 1424.59 and 2241.15 (Fig.
2A, labeled with *). These were anticipated as they were present
in the direct MS analysis of pool 1 (supplemental data Fig. S2A),
but they were not affected by NaOH treatment (Fig. 2B). An
analysis of all peaks generated after NaOH treatment of the
HC1-TSG-6 cross-link revealed that the TSG-6 peptide
2DGIFHNS**TWLER?? co-elutes with one of the two major
peaks in the chromatogram (Fig. 2, Band D, peak B). The C-ter-
minal HC1 peptide ®**VTGVDTD®*® is very hydrophilic and
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FIGURE 2. Purification of HC1-TSG-6 complex. Pool 1, containing the
HC1-TSG-6 complex, from the strong cation exchange-HPLC analysis was sub-
jected to RP-HPLC analysis directly (A) or after treatment with NaOH (B). The
asterisk-labeled peaks contained MH™ of m/z 1424.59 and m/z 2241.15,
respectively. C, MALDI-TOF MS analysis of peak a from RP-HPLC of the
untreated pool 1. The analysis shows that the peak contains the HC1-TSG-6
complex (theoretical monoisotopic MH™: m/z 2174.04). D, MALDI-TOF MS
analysis of peak B from RP-HPLC of the NaOH-treated pool 1. The analysis
shows that the peak contains the tryptic TSG-6 peptide (*>DGIFHNSIWLER?3,
theoretical monoisotopic MH™: m/z 1486.73), that participates in the cross-
link. The analyses demonstrate that HC1-TSG-6 (®*2VTGVDTD®?® cross-linked
to 2?DGIFHNSIWLER®3) has been purified and is present in peak a.

was not detected. The reverse phase separation of the NaOH-
treated HC2-TSG-6 cross-link contained a peak not related to
the cross-link (Fig. 3B, labeled with *). MS analysis and N-ter-
minal sequencing suggested that this peak did not contain pep-
tides. The other dominating peak (Fig. 3B, peak A) contained
the TSG-6 peptide **DGIFHNS**TWLER>? involved in cross-
linking (m/z 1486.74) (Fig. 3D). Analogous to the HC1-TSG-6
cross-link, the liberated HC2 peptide (°***VEND®*®) was not
observed during RP-HPLC of the NaOH-treated sample.
Tandem MS Analyses and NH ,-terminal Protein Sequencing
of the HC-TSG-6 Cross-links—The purified cross-linked
HC1-TSG-6 and HC2'TSG-6 peptides were analyzed by tan-
dem MS using CAF (Fig. 4, A-D) (36). The CAF protocol sim-
plifies spectra interpretation because y-ions are favored,
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FIGURE 3. Purification of HC2:TSG-6 complex. Pool 2, containing the
HC2-TSG-6 complex, from the strong cation exchange-HPLC analysis was sub-
jected to RP-HPLC analysis directly (A) or after treatment with NaOH (B). The
asterisk-labeled peak contains a non-peptide derived contamination.
C, MALDI-TOF MS analysis of peak vy from RP-HPLC analysis of the untreated
pool 2 (panel A) shows that the peak contains the HC2:TSG-6 complex (theo-
retical monoisotopic MH™: m/z 1943.91). D, MALDI-TOF MS analysis of peak A
from RP-HPLC of the NaOH treated pool 2 (panel B) shows that the peak con-
tains the tryptic TSG-6 peptide (**DGIFHNSIWLER®3, theoretical monoiso-
topic MH™: m/z 1486.73), which participates in the cross-link. The analyses
demonstrate that HC2-TSG-6 (***VEND®*® cross-linked to 22DGIFHNSIWLER33)
has been purified and is present in peak .

although in this case the presence of two peptides complicated
the spectra due to the increased number of possible fragment
ions (supplemental data Tables S1 and S2). All the observed
fragment ions were in agreement with an ester bond between
the C-terminal Asp residue of HC1 or HC2 and the 3-carbon of
Ser*® of TSG-6 (supplemental data Tables S1 and S2). The
results demonstrate that like in HC2-TSG-6 (16), the C-termi-
nal Asp residue of HC1 mediates the cross-linking from HC1 to
TSG-6. The fragmentation of the ester bond between the Asp
and Ser residues apparently favored the loss of water from
Ser®®, generating a double bond between the C* and CF of the
Ser residue. The NaOH-released TSG-6 peptide (peak 8 and
peak A) was also subjected to CAF derivatization and MS/MS
analysis (supplemental data Fig. S3). These analyses confirmed
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the TSG-6 peptide sequence, >DGIFHNS?**TWLER>?, The
fragmentation of the free TSG-6 peptide did not induce the loss
of water from Ser®® (supplemental data Fig. S3) supporting, that
Ser®® is modified and mediates the HC cross-linking.

Aliquots of the purified HC-TSG-6 complexes (peak a and
peak y) were subjected to N-terminal protein sequence analysis
(supplemental data Table S3). In addition to the C-terminal
sequence of HC1 and HC2, respectively, the following sequence
was identified *?DGIFHN(S*®)I(W)LE(R?®) (parentheses indi-
cates residues not identified during Edman degradation) in
both samples (peak « and peak +y). All residues were positively
identified except Ser?®, Trp®°, and the C-terminal Arggg. For
comparison we sequenced the N-terminal of unreacted TSG-6
clearly detecting Ser®® (supplemental data Table S3). The fail-
ure to identify the Ser residue during the analyses of the cross-
linked peptides further support that this residue is modified
and involved in the cross-link (the C-terminal and Trp residues
are usually not detected during Edman degradation).

In conclusion, tandem MS and NH,-terminal protein
sequence analyses support a cross-link between Ser”® of the
TSG-6 protein and the C-terminal Asp residue of the HC.
These data also show that the nature of the cross-link between
HC1 and TSG-6 and between HC2 and TSG-6 is the same.

Ser®® in TSG-6 Is Required for HC-TSG-6 Formation—Ser®®
was mutated to an Ala residue and both wild type TSG-6 and
the S28A mutant TSG-6 were expressed in a mammalian cell
line. The expression of both forms was confirmed directly by
LC-MS/MS analyses (supplemental data Table S4) and by
immunoblotting using anti-TSG-6 antibody (Fig. 5). The pos-
sibility that the S28 A mutation perturbs the wild type folding of
TSG-6 could not be excluded. However, the fact that (i) only
one amino acid residue is mutated, (ii) the substituted amino
acid residue is similar in size, (iii) the TSG-6 mutant is soluble,
and (iv) the mutation is positioned very close to the N-terminal
of the protein, indicate that the S28A TSG-6 mutant has the
native three-dimensional fold. Media containing the mutant or
wild type TSG-6 were incubated with purified Ial and the
HC-TSG-6 complex formation was evaluated by immunoblot-
ting using an anti- TSG-6 antibody (Fig. 5). The wild type TSG-6
formed, as expected, covalent complexes with Ial (Fig. 5, lane
8). In contrast, no complex formation was detected between Ial
and the S28A TSG-6 mutant (Fig. 5, lane 9). These results are
consistent with Ser®® of TSG-6 being the site of covalent attach-
ment and they indicate that no alternative cross-linking sites
exist in TSG-6.

DISCUSSION

TSG-6/HC2 transfers HCs from the bikunin proteins to HA
or unsulfated chondroitin in a reaction that involves covalent
HC-TSG-6 intermediates (1618, 37) (Fig. 6). The molecular
structure of the transient cross-link is likely to lead to further
insights into the mechanism of the transfer reaction. It has pre-
viously been shown that the C-terminal Asp residues of HC2 is
covalently linked to TSG-6 (16). However, the involved TSG-6
residue was unknown leading to speculations regarding the
nature of the cross-link. Because the Link domain does not
interact covalently with the HCs (38), we have speculated that
the cross-linked residue was positioned on the CUB domain
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FIGURE 4. Tandem MS analyses of the purified HC-TSG-6 complexes. The purified HC1-TSG-6 cross-link (Fig. 2A, peak ) (A and B) and the purified HC2:TSG-6
cross-link (Fig. 3A, peak y) (C and D) were modified using the CAF derivatization protocol and subjected to tandem MS analyses. The MS/MS fragmentation of
the ester bond favors a loss of water from Ser and the derived sequences shown above the spectra are based on dehydrated Ser. Analysis of the fragment ions
(supplemental data Tables S1 and S2) correlates with an ester bond between the C-terminal Asp residue of the HCs and Ser®® in TSG-6.

(39), whereas others have suggested that the Link domain was
involved (11, 40, 41). However, in the present study we show
that the residue responsible for cross-linking is neither located
in the Link domain nor in the CUB domain, but in the N-ter-
minal part of TSG-6. An ester bond cross-links the C-terminal
Asp residue of the HCs to the B-carbon of Ser*® in the TSG-6
protein (Fig. 6). Sequence similarity analyses using Basic Local
Alignment Search Tool (BLAST) revealed that Ser*® was con-
served throughout evolution and that the overall TSG-6
sequence was also highly conserved. In fact, the sequence
HNSIWLE (residues 26 —32 in human TSG-6 protein) is con-
served from such distantly related species as Xenopus laevis and
Danio rerio suggesting that the TSG-6/HC2-mediated HC
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transfer activity is maintained, underlining the importance of
these interactions.

The catalytic mechanism utilized by TSG-6/HC2 is
unknown, but the transfer activity is likely to employ several
catalytic strategies including, acid-base catalysis, metal ion
catalysis, transition state stabilization, and covalent catalysis.
An acid-base catalytic strategy could produce an activated Ser*®
residue, which in turn performs a nucleophilic attack on the
C-terminal carbon of the HC, thereby cleaving the ester bond
between the HC and CS chain (16). A previous study (39) has
shown that the HC-TSG-6 formation includes a divalent cation-
independent binding of TSG-6 to the CS of bikunin followed by
a divalent cation-dependent transesterification, supporting
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FIGURE 5. Mutation of Ser®® in TSG-6 prevents covalent complex forma-
tion. The complex formation of wild-type and the TSG-6 S28A mutant were
analyzed by reduced SDS-PAGE and immunoblotting using an anti-TSG-6
antibody. As controls purified lal and purified wild type TSG-6 expressed in
insect cells were analyzed alone (lanes 1 and 2), and following coincubation
(lane 3). The medium from cells transfected with an unrelated protein (extra-
cellular superoxide dismutase) was included as a negative control (lane 4).
The cell culture medium from mammalian cells transfected with TSG-6 wild
type cDNA and TSG-6 S28A mutant cDNA were analyzed alone (/anes 5 and 6).
lal was incubated with medium from mammalian cells transfected with cDNA
encoding an unrelated protein (extracellular superoxide dismutase) (lane 7),
medium from mammalian cells transfected with TSG-6 wild type cDNA (lane
8), and medium from mammalian cells transfected with the TSG-6 S28A
mutant cDNA (lane 9). The immunoblot shows that both wild type and
mutant TSG-6 were present in the cell culture medium, but only the wild type
TSG-6 formed covalent complexes with lal. The slightly shorter migration of
TSG-6 expressed in mammalian cells compared with TSG-6 expressed in
insect cells is most likely caused by differences in glycosylation. The results
support that HC:TSG-6 complex formation requires Ser®® of TSG-6 and that no
other residues are able to form the cross-link.

that the catalytic strategy involves metal ions. HC2 and TSG-6
are likely to, in concert, form the active site and/or HC2 might
stabilize the transition state and/or be involved in orientation of
the reactants. Another possibility is that HC2 triggers a confor-
mational change that in turns activates the active site Ser resi-
due. Thus, the role of HC2 in the reaction mechanism requires
further investigations. The HC-TSG-6 intermediate has simi-
larity with the acyl-enzyme intermediate of the serine proteases
in which there is a transient covalent ester bond between the
active site Ser'®® residue (chymotrypsin numbering system)
and the C-terminal carbon of the substrate (42—44). In the ser-
ine proteases, an activated water molecule quickly hydrolyzes
the ester bond to regenerate the enzyme. In the HC transfer
mechanism, instead of water, HA performs the nucleophilic
attack on the intermediate and the HC-HA complex is released.

The three-dimensional structure of the Link domain in
TSG-6 has been solved (12) and the three-dimensional struc-
ture of the CUB domain has been predicted (11), but unfortu-
nately the structure of the N-terminal part of TSG-6 remains
unknown. Secondary structure prediction of the N-terminal
peptide suggests that it is mainly random coiled (Jpred data
base). Future studies solving the three-dimensional structure of
full-length TSG-6 and the HC-TSG-6 intermediates are
required to understand the unique enzymatic activity of TSG-6.
Furthermore, the role of the different GAGs remains to be clar-
ified. We have previously shown that the CS chain of bikunin
remains associated with HC-TSG-6 complexes (39), but these
experiments were performed in the absence of HA. It is possible
that CS is released from the HC-TSG-6 complex when HA is
bound to TSG-6, but CS and HA might also bind simulta-
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FIGURE 6. An overview of the HC transfer mechanism. The schematic illus-
trates the reaction mechanism for the HC transfer and summarizes the rela-
tion between the different cross-links mediated by the ester bond from the
C-terminal Asp residue of the HCs. In the bikunin proteins the HCs are cross-
linked to a C-6 of an internal N-acetylgalactosamine in the CS chain originat-
ing from Ser'® of bikunin (top). In the presence of TSG-6 and HC2 this ester
bond is cleaved and a covalent intermediate is formed, where the C-terminal
of the HCs are esterified to Ser?® of TSG-6 (middle). The HC from this interme-
diate is subsequently transferred to HA and TSG-6 released. In the last step a
new ester bond is formed between the C-terminal of the HC and C-6 of an
internal N-acetylglucosamine in HA (bottom). In addition to HA, chondroitin
also acts as HC acceptor. The reaction mechanism contains two transesterifi-
cation steps; both of these steps are divalent cation-dependent and require
the presence of HC2. R, represents the N-terminal sequence of the HCs and R,
represents the C-terminal sequence of TSG-6.

neously to TSG-6, it remains to be investigated. In this context,
it might be important that the Link domain of TSG-6 in fact
contains two GAG binding sites (13). Interestingly, HA is not
the only HC acceptor because both unsulfated chondroitin and
the CS chain originating from bikunin (mainly unsulfated
chondroitin), are HC acceptors as well (16, 37, 45). It demon-
strates that the same type of GAG could be the HC donor and
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HC acceptor, and that HA is not required to induce the second
transesterification of the reaction.
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