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TSG-6, an Arthritis-Associated Hyaluronan Binding Protein, Forms a Stable

Complex with the Serum Protein Inter-a-inhibitor®
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ABSTRACT: TSG-6 is a secreted 35-kDa glycoprotein, inducible by TNF and IL-1. The N-terminal portion
of TSG-6 shows sequence homology to members of the cartilage link protein family of hyaluronan binding
proteins. The C-terminal half of TSG-6 contains a so-called CUB domain, characteristic for developmentally
regulated proteins. High levels of TSG-6 protein are found in the synovial fluid of patients with rheumatoid
arthritis and some other arthritic diseases. Here we show that TSG-6 readily formed a-complex with a
protein present in human, bovine, rabbit, and mouse serum. This complex was stable during SDS-PAGE
under reducing conditions, and in the presence of 8 M urea. The protein that binds TSG-6 was purified
from human serum and identified as inter-a-inhibitor (IaI) by N-terminal microsequencing.  Microsequencing
of the complex itself revealed the presence of TSG-6 and two of the three polypeptide chains of IaI (bikunin
and HC2). Experiments with recombinant TSG-6 and Lol purified from human serum showed that the
TSG-6/1al complex is rapidly formed even in the apparent absence of other proteins at 37 °C, but not at
4°C. The TSG-6/Ial complex was cleaved by chondroitin sulfate ABC lyase, suggesting that cross-linking
by chondroitin sulfate is required for the stability of the complex. Although the functional consequences
of TSG-6/1al complex formation are presently unknown, the fact that TSG-6 forms similar complexes with
Il from several animal species indicates that the components involved in this interaction are conserved
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in evolution.

TSG-6 (TNF-stimulated gene 6) codes for a secretory 35-
kDa glycoprotein that is a member of the hyaladherin family
of hyaluronan binding proteins (Leeetal., 1992; Toole, 1991).
TSG-6 was originally discovered by differential screening of
a cDNA library from TNF-stimulated human diploid fibro-
blasts (Lee et al., 1990). Sequencing of the cDNA revealed
an open reading frame coding for a polypeptide of 277 amino
acids including a cleavable signal peptide (Lee et al., 1992).
In its N-terminal half, the predicted amino acid sequence
shows 36~40% homology to members of the hyaladherin family
of proteins that includes the lymphocyte homing/hyaluronan
receptor CD44, cartilage link protein, and the proteoglycan
core proteins aggrecan and versican (Lee et al., 1992). The
C-terminal half of TSG-6 shares 30% sequence homology
with the A chain of complement component Clr. This
homology region forms a so-called CUB domain which is a
motif found in proteins involved in developmental processes
(Bork & Beckmann, 1993). Two N-glycosylation consensus
sequences are present in TSG-6, and the presence of N-linked
carbohydrate was experimentally confirmed (Leeet al., 1992).
Like other hyaladherins, TSG-6 protein binds specifically to
hyaluronan. TSG-6 expression is tightly regulated, with its
transcription in fibroblasts rapidly activated by stimulation
with the proinflammatory cytokines IL-1 or TNF-a (Lee et
al., 1990, 1993). High levels of TSG-6 protein were found
in synovial fluids of patients with rheumatoid arthritis and
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some other forms of arthritis, whereas no TSG-6 protein was
detected in synovial fluids from normal human joints (Wis-
niewski et al., 1993). Inaddition, synovipcytes from the joints
of rheumatoid arthritis patients showed constitutive TSG-6
expression that was further upregulated by IL-1 and TNF,
cytokines that are regularly found in the rheumatoid synovial
fluid and tissue (Wisniewski et al., 1993).

Western blot analysis with antibodies to TSG-6 protein
revealed, in addition to the 35-kDa band, an unexpected second
band with an apparent molecular mass of approximately 120
kDa (Lee et al., 1992; Wisniewski et al., 1992, 1993). (This
second band characteristically appeared as a doublet, with a
major component of ~120kDa and a less regularly detectable
~130-kDa component.) Although the nature of what appeared
to be a high molecular weight form of TSG-6 protein was not
understood, we noted that this form was regularly detected
by Western blots in supernatants from TSG-producing cultures
maintained in serum-containing medium, but not in serum-
free medium. This observation led to the notion that the 120-
kDa band may represent a stable complex of TSG-6 with a
serum protein (Wisniewski et al., 1992, 1993). The presence
of the 120-kDa band was also demenstrated in synovial fluids
from arthritis patients (Wisniewski et al., 1993).

Inter-a-inhibitor (IaI)! is a member of a family of closely
related serum proteins with serine protease inhibitory activity,
consisting of Ial, pre-a-inhibitor (Pal), and inter-a-like
inhibitor (IaLI) (Enghild et al., 1989; Gebhard et al., 1990;
Rouet et al., 1992). The protease inhibitory activity of these
proteins resides exclusively in a polypeptide chain termed

! Abbreviations: lal, inter-a-inhibitor; Pal, pre-a-inhibitor; IaLl,
inter-a-likeinhibitor; HC, heavy chain; MES, 4-morpholineethanesulfonic
acid; PTH, phenylthiohydantoin; SAC, heat-killed, formalin-fixed Sta-
phylococcus aureus (Immunoprecipitin); PAA, polyacrylamide; TN-
5B, BTI-TN-5B1-4 (High Five) insect cells.
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bikunin (Gebhard et al., 1989, 1990) that is shared by all
members of this family. The different proteins are formed by
the linkage of bikunin to one or two of three heavy chains
(HC1, HC2, HC3) which show 38—54% amino acid sequence
homology to each other (Bourguignon et al., 1993). Ial
consists of bikunin linked to both HC1 and HC2, Pal consists
of bikunin linked to HC3, and IaLI is a complex of bikunin
with HC2 (Enghild et al., 1989; Gebhard et al., 1990; Rouet
et al.,, 1992). A chondroitin 4-sulfate chain whose reducing
end is linked to Ser!0 of bikunin (Enghild et al., 1991; Chirat
etal.,, 1991) cross-links the polypeptide chains of these complex
protein molecules, which are all stable in SDS-PAGE under
reducing conditions. Here we show that the earlier recognized
120-kDa complex reactive with antibodies to TSG-6 protein
(Lee et al., 1992; Wisniewski et al., 1992, 1993) consists of
TSG-6 and components of Ial, cross-linked by a glycosami-
noglycan chain.

EXPERIMENTAL PROCEDURES

Materials. Chrondroitin sulfate ABC lyase from Proteus
vulgaris (EC 4.2.2.4) and hyaluronate lyase from Strepto-
myces hyalurolyticus (EC 4.2.2.1) were purchased from
Sigma, rabbit anti-human Ial immunoglobulin was from Dako
(Glostrup, Denmark), and [3**S]methionine/[*3S]cysteine
(Tran33S-label) was purchased from ICN. Immunoprecipitin
(SAC) was from GIBCO BRL, and EX-CELL 300 and EX-
CELL 400 medium was from JRH Biosciences (Lenexa, KS).
Albumin Removal Affini-Filters were from Affinity Technol-
ogy, New Brunswick, NJ, Centricon-10 concentrators were
from Amicon, and PVDF membranes (Immobilon-P) were
from Millipore. FPLC equipment and separation matrices
were from Pharmacia. All other chemicals were purchased
from commercial suppliers and were of analytical or molecular
biology grade.

Production and Purification of Recombinant Human
TSG-6 Protein. Recombinant Autographa californica nuclear
polyhedrosis virus (genus Baculovirus) containing human
TSG-6 ¢cDNA (Wisniewski et al., 1992) was used for the
infection of High Five insect cells from Trichoplusia ni (BTI-
TN-5B1-4; purchased from Invitrogen, San Diego, CA). For
high-level expression and purification of TSG-6 protein, TN-
5B insect cells were grown in serum-free EX-CELL 400
medium. The cell culture medium was replaced 24 h after
inoculation of ~70-80% confluent cultures with recombinant
virus and collected again 48 hlater. For purification of TSG-6
protein, cleared culture supernatant was directly loaded on a
MonoS (HR5/5) column equilibrated with 20 mM MES, pH
6.5. Bound protein was eluted with a linear gradient (20 mL)
from 0 to 1 M NaCl in 20 mM MES, pH 6.5. Fractions
containing the bulk of TSG-6 protein (0.45-0.65 M NaCl)
were pooled, concentrated in Centricon-10 units, and applied
onto a Superdex 75 (HR10/30) column equilibrated with 20
mM MES, pH 6.5,0.5 M NaCl. Thisresulted in the recovery
of 295% pure TSG-6 protein as judged by silver staining of
SDS-PAGE gels. About 1 ug of pure protein was recovered
per 1 mL of culture supernatant. Microsequencing of the
purified TSG-6 protein established Trp!® as the N-terminus
of the mature secreted glycoprotein (data not shown and Table
2), which is in good agreement with the predicted cleavage
site of the signal peptide sequence (Von Heijne, 1984, 1985).

Analysis of TSG-6 Binding to Carrier Protein. To
determine the presence of TSG-6 binding protein, samples to
be analyzed were mixed with an equal volume of TSG-6-
containing serum-free supernatants of TN-5B insect cells
infected with recombinant Bacuwlovirus and incubated at 37
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°C for 30-60 min. (Purified TSG-6 protein was used in some
experiments, as indicated.) Thereafter, the mixtures were
analyzed for the presence of the 120-kDa complex by Western
blotting with purified rabbit antibody to TSG-6 as described
earlier (Wisniewskietal.,1993). Fordetection of Il epitopes
by Western blotting, membranes were incubated with a rabbit
anti-human Ial antibody (Dako) at a 1:2000 dilution for 1
h.

Immunoprecipitation. Human HepG2 hepatoma cells
producing Ial constitutively (Bourguignon et al., 1989) were
grown in serum-free EX-CELL 300 medium. [3*S]Methion-
ine (Tran®3S-label) was added to about 75% confluent HepG2
cell cultures in a 25 cm? flask (500 uCi/culture), and the
culture supernatant was collected after 24 h. The 35S-labeled
HepG?2 culture supernatant (300 uL) was incubated with 16
ug of purified recombinant TSG-6 protein or with buffer for
1 hat 37 °C. Samples were precleared with 150 uL of 10%
SAC (heat-killed, formalin-fixed Staphylococcus aureus).
Rabbit anti-TSG-6 antiserum or preimmune serum from the
same rabbit (5 uL) was added to the supernatants and
incubated for 3 h at 37 °C. Thereafter, 150 uL of 10% SAC
was added and incubated for 30 min at room temperature.
The supernatants were removed, and the pellets were washed
3 times with 1 mL of 20 mM Tris, pH 7.5,0.5 M NaCl, 0.02%
Tween-20. Pellets were resuspended in 40 uL of SDS-PAGE
sample buffer (reducing) and incubated for 3 min in a boiling
water bath. The supernatants were removed and analyzed by
SDS-PAGE on 10% PAA gels and fluorography.

Partial Purification of the TSG-6 Binding Protein from
Human Serum for N-Terminal Microsequencing. Protein
precipitated between 40% and 55% saturation withammonium
sulfate from 40 mL of fresh human serum was dissolved in
10 mL of PBS and dialyzed against 50 mM KH,PO,, pH 7.0,
50 mM NaCl. Four aliquots were passed through Affini-
filter cartridges for albumin removal (Affinity Technology).
Each cartridge was washed with 5 mL of the same buffer and
eluted with 5 mL of 50 mM KH,PO,, pH 7.0, 0.5 M NaCl.
The eluates of four cartridges were pooled, dialyzed against
20 mM Tris, pH 7.5, 50 mM NaCl, and loaded on a MonoQ
column (HRS/5, Pharmacia) using a Pharmacia FPLC
system. Protein was eluted with a linear gradient (16 mL)
from 50 mM to 1 M NaCl in 50 mM Tris, pH 7.5. Fractions
containing TSG-6 binding activity were pooled and concen-
trated in Centricon-10 units to a final volume of 200 uL. This
material was further separated by FPLC on a Superdex 200
column (HR10/30). The column was equilibrated with 50
mM Na,HPO,, pH 7.0, 150 mM NaCl and run at a flow rate
of 0.5 mL/min. Fractions containing TSG-6 binding activity
were pooled and concentrated in Centricon-10 units. The
material was further separated by SDS-PAGE under reducing
conditions on a 4-15% PAA gel and transferred in methanol-
free transfer buffer at 200 mA for 1 h to a PYDF membrane.
Staining with Coomassie Blue R250 revealed only one protein
band greater than 200 kDa which was used for microse-
quencing.

Purification of Iod from Human Serum. 1ol was purified
from human serum according to Salier et al. (1980), with
some modifications. FPLC on Q Sepharose Fast Flow was
used instead of DEAE-Sephacel chromatography. Chelating
Sepharose Fast Flow was used for zinc chelate chromatog-
raphy. Phenyl Superose was used for hydrophobic chroma-
tography, and Superdex 200 was used for size-exclusion
chromatography instead of Sephacryl-300. The Ialrecovered
was essentially pure as judged by SDS-PAGE and silver
staining.
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FIGURE 1: TSG-6 forms a stable complex with a serum protein.
Fetal bovine serum (/anes 2, 3), serum-free supernatant of human
HepG?2 cells (/anes 4, 5), or mouse serum (lanes 6, 7) was incubated
inthe absence (/anes 2, 4, 6) or presence (lanes 3, 5, 7) of recombinant
human TSG-6 for 1 h at 37 °C. All samples were then subjected to
Western blot analysis with rabbit antiserum to TSG-6. Lane 1 is a
TSG-6 control. The lower (29 kDa) TSG-6 band represents
nonglycosylated protein present in variable amounts in preparations
of TSG-6 protein from insect cells infected with recombinant
Baculovirus.

Protein Sequencing. Coomassie Blue-stained protein bands
on the PVDF membranes were cut from the blots and placed
directly intoa micro-cartridge of an Applied Biosystems Model
473A protein sequencer. Automated Edman degradations
were performed using standard cycles with gas phase delivery
of TFA. Data collection and reduction were performed using
Applied Biosystems Model 610 software.

Microsequencing of the TSG-6/Ial Complex. Purified
recombinant TSG-6 (2.5 ug) was incubated with 2.6 ug of Ial
purified from human serum for 1 h at 37 °C. After SDS-
PAGE in an 8% PAA gel under reducing conditions, protein
was transferred to a PVDF membrane in methanol-free
transfer buffer at 200 mA for 1 h. The membrane was stained
with Coomassie Blue R250, and the newly formed 120-kDa
band (not present in the Il or TSG-6 preparation) was excised
for microsequencing.

RESULTS

Binding of TSG-6 Protein to a Protein Present in Mam-
malianSeraand in Supernatants of Human HepG2 Hepatoma
Cells. Western blot analysis of serum-free culture superna-
tants of TN-5B insect cells infected with recombinant
Baculovirus encoding human TSG-6 revealed the presence of
a 32-kDa band reactive with antibody to TSG-6 (Figure 1,
lane 1). Recombinant human TSG-6 protein produced in
insect cells migrates somewhat faster than the 35-kDa TSG-6
protein from human cells (Wisniewski et al., 1993; data not
shown) possibly due to a different extent of glycosylation. A
second band recognized by antibody against TSG-6, with the
apparent molecular mass of 29 kDa, probably represents
unglycosylated TSG-6 protein. When TSG-6-containing
culture supernatants were incubated at 37 °C in the presence
of fetal bovine serum (lane 3), mouse serum (lane 7), or serum-
free culture supernatant of human HepG2 hepatoma cells
(lane 5), anadditional 120-kDa band became readily apparent.
A band of identical electrophoretic mobility appeared after
incubation of recombinant TSG-6 protein with human or rabbit
serum (data not shown).

The 120-kDa Band Represents a Complex of TSG-6 with
a Distinct Protein. In order to show that the newly formed
120-kDa band revealed by Western blot analysis is indeed a
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FIGURE 2: Immunoprecipitation of a **S-labeled 120-kDa protein
complex by anti-TSG-6 antiserum. 3*S-Labeled HepG2 culture
supernatant was preincubated for 1 h at 37 °C with (/anes 2, 3) or
without (/ane I') unlabeled purified recombinant TSG-6 protein and
precipitated with rabbit anti-TSG-6 immune serum (lanes 1, 2) or
preimmune serum (/ane 3) from the same rabbit. The samples were
then analyzed by SDS-PAGE in a 10% PAA gel and fluorography.

complex of TSG-6 with a distinct protein, and not a TSG-6
oligomer whose formation is promoted by serum, we employed
immunoprecipitation. Whena supernatant from HepG2 cells
cultured in serum-free medium in the presence of [¥S]-
methionine was incubated with unlabeled purified recombinant
TSG-6 protein and immunoprecipitated with a rabbit anti-
serum to TSG-6, a labeled 120-kDa molecule was precipitated
(Figure 2). This immunoprecipitation was specific because
incubation with preimmune serum from the same rabbit or
incubation of 35S-labeled HepG2 supernatants with immune
serum in the absence of TSG-6 protein failed to precipitate
a labeled 120-kDa molecule. [*3S]Methionine incorporation
into a molecule specifically recognized by an antibody to TSG-6
indicates that the 120-kDa molecule is indeed a complex of
TSG-6 protein with another distinct protein that is consti-
tutively produced and secreted by human HepG2 cells.

Partial Purification and Identification of the TSG-6
Binding Protein from Human Serum. Fractionationof normal
human serum by ammonium sulfate precipitation showed that
proteins precipitated between 40% and 55% saturation
contained most of the TSG-6 binding activity, although
significant binding was also detected in the fraction precipi-
tated at an ammonium sulfate saturation of 40% (data not
shown). The purification procedure used for the isolation of
the binding protein and the Western blot-based assay used for
the detection of TSG-6 binding protein are described under
Experimental Procedures. During Affini-filter chromatog-
raphy, most of the TSG-6 binding activity eluted at 0.5 M
NaCltogether with residual albumin (data not shown). FPLC
on a MonoQ column proved to be very efficient for further
purification of the TSG-6 binding protein. SDS-PAGE
followed by silver staining revealed that incubation of fractions
from MonoQ-FPLC with recombinant TSG-6 protein resulted
in the partial disappearance of a >200-kDa band and the
appearance of a new band at 120 kDa (Figure 3). This finding
suggests that the human TSG-6 binding protein is greater
than 200 kDa in size and hence considerably greater than its
complex with TSG-6. During FPLC on Superdex 200, the
TSG-6 binding protein eluted with a retention volume
corresponding to a molecular mass of about 270 kDa.
Fractions containing TSG-6 binding activity were concentrated
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FIGURE 3: Changes in the band pattern of a fraction of human serum
proteins after incubation with purified TSG-6 protein. A partially
purified preparation of TSG-6 binding protein from human serum
(after fractionated ammonium sulfate precipitation, Affini-Filter
chromatography,and FPLC on MonoQ) was incubated in the absence
(lane 2) or presence (lane 3) of purified TSG-6 protein at 37 °C for
1 h. Lane 1 is a TSG-6 control. The samples were separated by
SDS-PAGE ina 10% PAA gel under reducing conditions and silver-
stained.

Table 1: N-Terminal Amino Acid Sequence of the Human TSG-6
Binding Protein Determined by Microsequencing

amino acid residues

position

1 A S
2 v L
3 L P
4 P E
5 Q G
6 E -
7 E -
8 E -
9 G -

10 - -

11 G .

12 G .

@ Not determined.

about 80-fold before SDS-PAGE which was performed on
4-15% PAA gradient gels or 8% PAA gels under reducing
conditions. Proteins were transferred electrophoretically to
PVDF membranes. CBB staining revealed the presence of
only one band greater than 200 kDa which was cut for
microsequencing.

Microsequencing of the TSG-6 binding protein resulted in
double signals for the first five cycles and one signal for each
of the following seven cycles. Comparison of the resulting
sequences with sequences stored in protein databases revealed
that they identify 2 of the 3 chains of the human inter-a-
(trypsin) inhibitor (Iel): the bikunin chain of lal was
represented by its 12 N-terminal amino acids whereas the
heavy chain 2 (HC2) was represented by its 5 N-terminal
amino acids (Table 1). It is noteworthy that Ser!'® of the
bikunin chain could not be identified. No signals correspond-
ing to the heavy chain 1 (HC1) of lal were retrieved. The
microsequencing data along with the molecular mass of ~250
kDa (determined by SDS-PAGE) indicate that the TSG-6
binding proteinis lal, rather than laLI whose molecular mass
is 130-140 kDa (Enghild et al., 1989; Rouet et al., 1992).
Subsequent microsequencing of another preparation of lal
purified from human serum allowed the identification of HC1
besides HC2 and bikunin. However, the detected amount of
HC1 was substantially lower than that of the two other chains
on a molar basis (data not shown).
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FIGURE4: Time course and temperature dependence of the formation
of the TSG-6/1al complex. Purified recombinant TSG-6 protein
(lane 1) and lal purified from human serum (l/ane 2) were mixed
and incubated for 2 min (lane 3), 5 min (lane 4), 10 min (/ane 5),
15 min (lane 6), 30 min (lane 7), or for 60 min (/ane 8) at 37 °C
or for 60 min at 0 °C (lane 9). The reaction mixtures were then
separated by SDS-PAGE and subjected to Western blot analysis
with rabbit anti-TSG-6 serum.
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FIGURE 5: Antibodies to Ial or TSG-6 protein recognize a 120-kDa
complex formed after incubation of purified Ial and TSG-6 protein.
Purified 1ol was incubated in the absence (lanes I, 4) or presence
(lanes 2, 5) of purified TSG-6 protein at 37 °C for 10 min. Lanes
3 and 6 contain purified TSG-6 protein without Ial. All samples
were separated by SDS-PAGE on 8% PAA under reducing conditions.
For Western blot analysis, lanes 1-3 were developed with anti-lal,
and lanes 4-6 were developed with anti-TSG-6 antibody.

Rapid Complex Formation between Recombinant TSG-6
Protein and lal Purified from Human Serum at 37 °C. The
120-kDa TSG-6/1al complex formed readily when purified
TSG-6 protein and purified Ial were incubated together at
37°Chbutnotat0°C (Figure4). At37°C,complex formation
was detectable within 2 min, and the reaction appeared to be
complete by 10 min. At 0 °C, however, little or no TSG-
6/lal complex was formed within 1 h (Figure 4). Mono-
specific rabbit antisera against either TSG-6 protein or lal
(Figure 5) detect the 120-kDa complex in Western blots,
indicating the presence of both TSG-6 and Ial epitopes in a
stable complex. Besides the formation of the TSG-6/lal
complex of 120 kDa, incubation of TSG-6 protein with lal
resulted in the appearance of yet another band with a molecular
mass of ~ 130 kDa (Figure 5, lane 2) which was detected by
anti-Iel but not by anti-TSG-6. This lal derivative appears
to be a byproduct of the reaction of TSG-6 with Ial. Itshould
be noted that the 120-kDa TSG-6/lal complex is formed by
purified TSG-6 and lal proteins in the apparent absence of
other proteins.

Composition of the TSG-6/Ial Complex. The 120-kDa
complex, formed by incubating together purified TSG-6
protein and lal, was isolated and identified by SDS-PAGE
inan 8% PAA gel, electrotransfer toa PVDF membrane, and
CBB staining. Microsequencing of the isolated band cor-
responding to the complex revealed the presence of TSG-6
protein, bikunin, and heavy chain 2 (HC2) of lal in nearly
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Table 2: N-Terminal Amino Acid Sequences of the TSG-6/I«l
Complex Determined by Microsequencing

amino acid residues

yield (pmol of PTH)

position  bikunin HC2  TSG-6

1 A S W 10 12 15
2 v L G 10 12 12
3 L P F 9 11 9
4 P G K 9 15 8
5 Q E D 7 12 13
6 E S G 11 8 13
7 E E I 13 9
8 E E F 15 9
9 G M H 11 9 6
10 S M N 8 12 13
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FiGURE6: Treatment of the TSG-6/1al complex with 8 M urea. 100
ul of a TN-5B insect cell culture supernatant containing TSG-6
protein was incubated with 100 uL of a 1:50 dilution of human serum
for 1 hat 37 °C. Thereafter, one 100-xL aliquot was mixed with 2
mL of 8 M urea and concentrated in a Centricon-10 unit to 100 uL
(lane 2); the other aliquot was left untreated (/ane ). The reaction
mixtures were then separated by SDS-PAGE and subjected to
Western blot analysis with anti-TSG-6 antibody.

equimolarratios (Table 2). Interestingly, Ser!?of the bikunin
chain, which was not detectable during microsequencing of
lal (see Table 1), was found in an equimolar amount in the
TSG-6/1al complex. The unexpected appearance of a serine
residue in position 10 could reflect the presence of anadditional
chain or partial modification of one or more N-termini. A
less likely possibility is that Ser!? of the bikunin chain, which
is glycosylated in Ial, might become deglycosylated in the
process of TSG-6/Ial complex formation.

The Stable Cross-Link in the TSG-6/Ial Complex Is
Provided by a Glycosaminoglycan Chain. The stability of
the 120-kDa TSG-6/lal complex during SDS-PAGE under
reducing conditions raises the question of the nature of the
interaction between TSG-6 and the other components of the
complex. Addition of 8 M urea before SDS-PAGE did not
affect the 120-kDa complex (Figure 6). The effect of
treatment with 8 M guanidine hydrochloride could not be
fully evaluated because the detectability of both the TSG-6
band and the TSG-6/lal complex in Western blots was
significantly diminished. However, the TSG-6/1al complex
was still detectable after treatment with 8 M guanidine
hydrochloride (data not shown). Taken together, these data
reflect the high stability of the TSG-6/lal complex, and the
formation of a covalent bond cannot be ruled out.

It is known that the three polypeptide chains of lal are
cross-linked by a chondroitin sulfate chain (Enghild et al.,
1989; Jessen et al., 1988; Balduyck et al., 1989). It has been
shown that bikunin, HC2 of I«LI, and HC3 of Pal are
covalently bound to chondroitin 4-sulfate (Enghild et al., 1989,
1991, 1993). To determine if cross-linking via chondroitin
sulfate is also required for the stability of the TSG-6/lal
complex, purified TSG-6 protein and Il were first incubated
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FIGURE 7: Treatment of the TSG-6/Ial complex with chondroitin
sulfate ABC lyase or hyaluronidase. Partially purified Ial was
incubated in the absence (lane 1) or presence of purified TSG-6
protein (lanes 3-5) at 37 °C for 1 h. The sample containing both Ial
and TSG-6 protein was divided into aliquots and further incubated
without enzyme (/ane 3), with 800 milliunits of chondroitin sulfate
ABC lyase (lane 4), or with 1.6 units of hyaluronidase (/ane 5). Lane
2isa TSG-6 control without Ial. The reaction mixtures were separated
by SDS-PAGE and analyzed by Western blotting with anti-TSG-6
antibody.
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FIGURE8: TSG-6/lal complex formation by Ial and TSG-6 proteins
pretreated with chondroitin sulfate ABC lyase. Four micrograms of
purified lal and 3 pg of purified TSG-6 protein were incubated
separately for 16 hat 37 °C in the absence or presence of 30 milliunits
of chondroitin sulfate ABC lyase. Thereafter, control Ial was mixed
with control TSG-6 protein (/ane 1), chondroitinase-pretreated Ial
was mixed with control TSG-6 protein (/ane 2), and control I«l was
mixed with chondroitinase-pretreated TSG-6 protein (lane 3). The
reaction mixtures were incubated for 1 h at 37 °C before SDS-
PAGE and Western blot analysis with anti-TSG-6 antibody.

together toallow the formation of the complex and then treated
with chondroitin sulfate ABC lyase from Proteus vulgaris or
hyaluronidase from Streptomyces hyalurolyticus. Treatment
with chondroitin sulfate ABC lyase resulted in complete
disappearance of the complex whereas hyaluronidase had no
effect (Figure 7).

Chondroitin Sulfate Associated with Ial Is Required for
the Formation of the TSG-6/Ial Complex. In order to
determine the effect of chondroitin sulfate ABC lyase on either
TSG-6 protein or lal separately, purified TSG-6 protein and
purified Ial from human serum were incubated with a limited
amount of chondroitinase for 16 h and then mixed with
untreated Ial or TSG-6 protein, respectively. Western blotting
revealed that Il preincubated with chondroitin sulfate ABC
lyase was no longer able to form a complex with untreated
TSG-6 protein (Figure 8). On the other hand, pretreatment
with chondroitinase had little effect on the ability of TSG-6
protein to react with untreated lal (Figure 8). A slight
decrease of the amount of TSG-6/lal complex formed by
chondroitinase-pretreated TSG-6 (Figure 8) can be explained
by carry-over of the enzyme into the final TSG-6-lal
incubation mixture because the chondroitinase could not be
selectively inactivated. Limiting chondroitinase activity to
the necessary minimum was essential in this experiment in
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order to prevent Ial inactivation during the final incubation.
This finding suggests that Ial, but not TSG-6 protein, has a
chondroitinase-sensitive structure required for the formation
of the TSG-6/Ial complex.

DISCUSSION

We showed earlier that TSG-6 synthesis is rapidly induced
in human diploid fibroblasts and peripheral blood mononuclear
cells after stimulation with the inflammatory cytokines TNF
and IL-1 (Lee et al., 1990, 1992; Wisniewski et al., 1993).
The affinity of TSG-6 protein for hyaluronan suggests a
possible association with the extracellular matrix and cartilage
(Leeetal., 1992). Highlevels of TSG-6 protein in the synovial
fluid of patients with rheumatoid arthritis and constitutive
TSG-6 expression by cultured synovial cells from rheumatoid
joints in vitro that was further enhanced by TNF and IL-1,
suggested a role for TSG-6 in inflammatory diseases of
connective tissue and cartilage (Wisniewski et al., 1993). Little
isknown, however, about the actions of TSG-6 at the molecular
or cellular level. Here we show that recombinant human
TSG-6 protein is readily incorporated into a stable 120-kDa
complexifincubated with human, fetal bovine, rabbit, or mouse
serum. Isolation and microsequencing of the human TSG-6
binding protein allowed its identification as Ial, an extensively
studied serum protein.

Ialis a complex protein in which the bikunin chain is linked
to HC1 and HC2 (Enghild et al., 1989; Gebhard et al., 1990;
Rouet et al.,, 1992). Yet, sequence analysis of the TSG-6
binding protein purified from human serum revealed only the
bikunin chain and HC2 (Table 1), and no indication for the
presence of HC1 was obtained. Subsequent sequencing of
another preparation of Il purified from human serum resulted
in the detection of very weak signals for the sequence of HC1,
corresponding to about one-tenth of the other two chains on
a molar basis. Other investigators who reported N-terminal
sequencing data for IaI also received incomplete and divergent
sequences for HC1 when sequencing the unmodified Ial
molecule (Enghild et al., 1989; Jessen et al., 1988; Malki et
al., 1992). Nevertheless, little doubt exists that the TSG-6
binding protein is Ial because Ial is the only member of this
protein family with a molecular mass greater than 200 kDa.
IaLI, which consists of bikunin and HC2, the two chains we
detected by microsequencing, has a molecular mass of only
130-140 kDa (Enghild et al., 1989; Rouet et al., 1992). In
addition, we found that purified Ial forms what appears to
be the same 120-kDa complex with TSG-6 protein as whole
serum (Figures 4 and 5). While there is no doubt that Ial
is the TSG-6 binding protein we have isolated, it is possible
that Ia«LI or Pal also can bind TSG-6 protein.

Evidence that the reaction between TSG-6 and Ial indeed
yields a complex of TSG-6 with one or more polypeptide chains
of Ial is provided by the immunoprecipitation data (Figure
2). Further information about the composition of the TSG-
6/1al complex is derived from Western blot analysis. Antisera
specific for either TSG-6 protein or lal detected a 120-kDa
band newly formed upon incubation of TSG-6 protein and
Ial with each other (Figure 5), suggesting the presence of
TSG-6 and Ial epitopes in the complex. This was confirmed
by microsequencing of the TSG-6/Ial complex (Table 2)
which revealed the presence of three chains: TSG-6 protein,
bikunin, and HC2. The signals of all three chains are
represented in nearly equimolar amounts, suggesting that the
complex contains one of each polypeptide chain. No signals
corresponding to HC1 could be detected. The molecular mass
of the complex is surprisingly low if one considers the molecular
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masses of the incorporated polypeptides. HC2 hasa molecular
mass of 70 kDa (Enghild et al., 1989), the reported molecular
mass of bikunin is 26~70 kDa depending on the extent of
glycosylation (Gebhard et al., 1990; Rouet et al., 1992), and
that of recombinant TSG-6 protein is 32 kDa. The fact that
the apparent molecular mass of the 120-kDa complex is less
than the sum of its components suggests that some additional
modifications, such as deglycosylation or limited proteolytic
cleavage, might take place. Alternatively, changes of the gross
structure of the complex due to incorporation of TSG-6 could
have a substantial effect on its apparent molecular mass.

The unusual stability of the TSG-6/Ial complex raises the
question of the nature of the bonds linking its components.
The resistance of the complex to boiling in 2% SDS and 5%
B-mercaptoethanol as well as to 8 M urea makes any
noncovalent hydrophobic or hydrophilic bond unlikely. In
addition, the strict temperature dependence of TSG-6/Ial
complex formation (Figure 4) suggests that the reaction
involves an activated transition state and supports the notion
that a covalent bond is formed. However, an unusually stable
noncovalent association of TSG-6 with the glycosaminoglycan
chain of the complex cannot be ruled out. The polypeptide
chains of Ial are cross-linked by a chondroitin 4-sulfate chain
(Enghild et al., 1989; Jessen et al., 1988; Balduyck et al.,
1989). The sensitivity of the TSG-6/Ial complex to chon-
droitin sulfate ABC lyase (Figure 7) and the inability of
chondroitinase-pretreated Ial to form the complex (Figure
8) suggest that the chondroitin 4-sulfate chain cross-linking
the polypeptide chains of Il is also required for the formation
of the 120-kDa complex. It has been shown that the
chondroitin 4-sulfate chain of Ial is bound to Ser!© of bikunin
via a common Gal-Gal-Xyl oligosaccharide (Enghild et al.,
1989, 1991; Chirat et al., 1991). An unusual ester bond has
been shown to cross-link the a-carboxylic group of the HC2
C-terminal Asp®® of 1oLl to C-6 of an internal N-acetyl-
galactosamine of the chondroitin 4-sulfate chain (Enghild et
al., 1993). A similar bond cross-links the C-terminal Asp5!8
of HC3 to chondroitin 4-sulfate in Pal (Enghild et al., 1991,
1993). Analysis of the cDNAs of the three heavy chains
showed that all have the conserved consensus sequence
VXXDPHFII, supposed to determine the cleavage site for
the C-terminal propeptide (Bourguignon et al., 1993) after
the aspartic acid residue. This cleavage generates the free
a-carboxylic group of the now C-terminal aspartic acid residue
which forms the ester bond to an internal N-acetylgalac-
tosamine of chondroitin 4-sulfate, two reactions that may be
closely coupled. Interestingly, TSG-6 also features a core of
the consensus sequence VXXDP24, Hence, it is conceivable
that TSG-6 forms a direct covalent bond to the chondroitin
4-sulfate chain of Ial. Additional studies are required to
determine the molecular structures formed and the exact
nature of the interactions leading to the formation of the
exceedingly stable TSG-6/1al complex.

Although the trypsin-inhibitory activity of Il has been
known for a long time (Heide et al., 1965), little is known
about the functions of the different members of the Il family.
However, disease-associated presence in various tissues and
fluctuations seen in the serum levels of Ial and Ial-related
proteins suggest an involvement in pathologic processes.
Daveau et al. (1993) reported a distinct pattern of changes
in serum concentrations of the different members of the Ial
family during acute inflammation. Proteins identical with,
orclosely related to, the bikunin chain of IaI have been detected
in the stroma and the surrounding connective tissue of
malignant tumors (Yoshida et al., 1989), in brain tissue of
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patients with Alzheimer’s disease (Yoshida et al., 1991), and
in serum and urine of patients with inflammatory disease,
cancer, and leukemias (Rudman et al.,, 1976; Franck &
Pedersen, 1983; Chawla et al., 1990). A link between Ial and
rheumatoid arthritis was suggested over 20 years ago when
Becker and Sandson (1971) found Ial associated with
hyaluronan in the synovial fluid of patients with rheumatoid
arthritis, whereas no Ial was detectable in control synovial
fluids. This finding was confirmed and extended to show that
Ial associates in vitro with hyaluronan isolated from the
synovial fluid of healthy subjects (Hutadilok et al., 1988).
Huang et al. (1993) showed recently that in the presence of
serum the two heavy chains of Il become covalently associated
with hyaluronan.

The possibie functional implications of complex formation
between TSG-6 and [al are still elusive. Though TSG-6 has
been detected in human serum, it is most prominent at sites
of local inflammation (Wisniewski et al., 1993; and unpub-
lished results). Therefore, TSG-6/Ial interaction probably
occurs most readily at inflammatory sites such as the synovial
tissue in rheumatoid arthritis, where both TSG-6 and Ial are
found at high concentrations together with hyaluronan.
Indeed, synovial fluids from arthritis patients contained both
the free 35-kDa form and the 120-kDa complexed form of
TSG-6 protein (Wisniewskietal., 1993). Recently, the rabbit
homologue of TSG-6 has been cloned and characterized as
a developmentally regulated protein (Feng & Liau, 1993),
supporting the idea that TSG-6 might play a role in
developmental processes. Tissue remodeling could be the
common denominator of TSG-6 association with develop-
mental and inflammatory processes. The fact that human
TSG-6 forms complexes of equal size with Il from different
mammalian species indicates that the molecular structures
involved in theinteractionare well conserved among mammals,
perhaps reflecting selective pressure due to functional and
structural constraints.
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