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Abstract

Large quantities of fibronectin (Fn) are present in inflamma-
tory synovial fluid. Inflammatory synovial fluid Fn, while in-
distinguishable from plasma Fn on the basis of reactivity to
polyclonal antibodies, displays alterations in molecular size
and charge. Since biochemical differences between plasma and
synovial fluid fibronectins might be in part due to differences in
glycosylation we have compared the carbohydrate composition
of plasma Fn, synovial fluid Fn, and Fn from synoviocyte con-

ditioned medium by biochemical assay, glycopeptide analysis,
and binding to a series of lectins.

Synovial fluid Fn has a greater carbohydrate content but
contains less sialic acid when compared with plasma Fn. Gly-
copeptides formed from synovial fluid Fn are smaller than
plasma Fn glycopeptides. These data suggest the presence of
an additional N-linked oligosaccharide chain on synovial fluid
Fn. In addition, synovial fluid Fn contains N-acetyl galactos-
amine indicating the presence of 0-linked oligosaccharides.
Synovial fluid Fn and Fn isolated from rheumatoid synovio-
cyte-conditioned medium display strong reactivity with the
lectins wheat germ agglutinin (WGA) and peanut agglutinin
(PNA), whereas normal and rheumatoid plasma Fn react
weakly. The PNAreactivity of synovial fluid Fn is mediated by
terminal ,-galactose residues on the gelatin-binding domain,
whereas the enhanced WGAreactivity of synovial Fn is me-

diated by a sialic acid containing oligosaccharide located on a

27-kD C-terminal fragment. These data demonstrate domain-
specific biochemical differences between plasma and synovial
fluid fibronectins. These differences suggest a local origin for
synovial fluid Fn and may contribute to functional differences
between these forms of the protein.

Introduction

Elevated concentrations of Fn' present in inflammatory syno-

vial fluid (1-5) may originate by diffusion from plasma
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(plasma form) or by increased local turnover in joint tissue
(cellular form). While in vitro synthesis of Fn by synoviocytes
has been demonstrated (6, 7), the form of Fn present in syno-
vial fluid is not known. Although indistinguishable on the
basis of reactivity to polyclonal antibodies, plasma Fn and
inflammatory synovial fluid Fn have been shown to differ in
molecular size and charge (4, 5, 8) and to display functional
variations (8).

Different forms of Fn display functional alterations that
have been shown to be in part due to heterogeneity of glycosy-
lation (9-13). Glycosylation has been shown to affect Fn resis-
tance to proteolysis and collagen-binding affinity. Characteris-
tic glycosylation profiles have been identified for the plasma,
cell matrix, and embryonal forms of Fn. Since these biochemi-
cal differences are useful in identifying forms of Fn present in
Fn mixtures and in identifying domain-associated functional
heterogeneity among fibronectins, we investigated the carbo-
hydrate composition of Fn isolated from normal plasma,
rheumatoid plasma, inflammatory synovial fluid and rheu-
matoid synoviocyte-conditioned medium. These studies were
performed to identify specific regions of biochemical diversity
between plasma and synovial fluid Fn. The results identify
domain-associated regions of carbohydrate heterogeneity
among these fibronectins that may be responsible for func-
tional differences between the forms present in the plasma and
joints of patients with rheumatic disease.

Methods

Patients. Normal human plasma was obtained from the New York
Blood Center. Plasma and synovial fluid from patients with rheumatic
disease was collected into 6 mMEDTA, centrifuged at 1,000 g to
remove cells and stored frozen at -30'C. Primary explant cultures of
rheumatoid synovium removed at joint replacement surgery were
maintained in Dulbecco's modified Eagles medium (DME) (Gibco
Laboratories, Grand Island, NY) containing 10% pooled human
serum depleted of Fn as previously described (6). Conditioned me-
dium was collected and frozen at -30'C for subsequent Fn isolation.

Isolation of fibronectin and limited proteolytic digestion. Fn was
isolated by affinity chromatography on Sepharose 4B and gelatin-
Sepharose 4B (Pharmacia Fine Chemicals, Piscataway, NJ) as -pre-
viously described (8). Purified fibronectins were digested by chymo-
trypsin (Calbiochem-Behring, La Jolla, CA) at 1:50 wt/wt for 1 h at
23'C in 0.05 MTris, 0.15 MNaCI, I mmCaCl2, pH 7.0. The reaction
was stopped by freezing to -20'C. Fragments containing collagen and
heparin binding domains were separated by chromatography of digests

1. Abbreviations used in this paper: Con A, concanavalin A; DME,
Dulbecco's modified Eagles medium; Fn, fibronectin; PNA, peanut
agglutinin; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; WGA,wheat germ agglutinin.
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on gelatin-Sepharose 4B or heparin-Sepharose 6BC1 (Pharmacia Fine
Chemicals). Bound fragments were eluted with 8 Murea or 0.5 M
NaCi, respectively.

Fibronectin 140-kD fragments were further digested with Staphylo-
coccus aureus V8 protease (Miles Laboratories, Elkhart, IN) in 0.1 M
Tris HCI, pH 7.2 for 30 min at 230C. The reaction was stopped by
freezing to -20'C.

Biochemical determinations. Identification of the individual
monosaccharides of plasma and synovial fluid fibronectins was ac-
complished by gas chromatography (GC-65, Beckman Instruments,
Inc., Fullerton, CA) of pooled, purified fibronectins after methanol-
ysis, re-N-acetylation and derivitization with silylating reagents (14).

Quantitation of the sialic acid content of individual plasma, syno-
vial fluid and synoviocyte culture medium fibronectins was performed
by the periodate thiobarbituric acid method (15) using sialic acid puri-
fied from human urine (Sigma Chemical Co., St. Louis, MO) as a
standard. Hexose content was similarly assayed using the phenol sul-
furic acid method and galactose as a standard ( 16).

Glycopeptide analysis. Purified Fn from plasma and synovial fluid
were dialyzed against 0.1 MTris, 0.5 MNaCl, 10 mmCaC12, pH 7.
Concentrations were adjusted to I mg/ml before adding pronase
(1:100 wt/wt under toluene). Samples were incubated at 37°C with
shaking; fresh pronase was added after 24 and 48 h of incubation. After
lyophilization, the digest was resuspended in I ml of 0.1 Mammonium
bicarbonate, pH 8, and chromtographed on a 1.5 X 81-cm column of
Sephadex G50. Fractions (5 ml) were collected, lyophilized, resus-
pended in distilled, deionized water, and assayed for hexose as above.

To examine Fn glycopeptides synthesized by rheumatoid synovio-
cytes in culture, a 75-cm flask was labeled with 200 uCi [3H~mannose
(40.6 Ci/mM) (New England Nuclear, Boston, MA) for 24 h. Labeled
Fn was immunoprecipitated from the conditioned medium using rab-
bit antihuman Fn followed by goat anti-rabbit IgG. After washing with
cold phosphate-buffered saline (PBS), the immunoprecipitate was re-
dissolved in 0.5 ml of Tris-NaCI buffer and digested with pronase as
above. Labeled Fn glycopeptides were chromatographed on Sephadex
G 50. 50 ul of each column fraction was dissolved in Aquasol (New
England Nuclear) and radioactivity determined in a liquid scintillation
counter (Beckman LS-9000).

Electrophoresis and protein blotting. Sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) was performed by
Laemmli's method (17) using a 3% stacking gel. Intact Fn molecules
were resolved with a 7% gel and proteolytic digests with a 10% gel.
Proteins were then transferred to nitrocellulose by Towbin's method
(I18) using equipment and reagents from Bio-Rad Laboratories, Rich-
mond, CA. Nitrocellulose papers containing transferred Fns were
blocked with 3% bovine serum albumin (BSA) rather than gelatin.
Each electrophoresis and transfer was performed with replicate groups
of proteins. The nitrocellulose was then cut and a series of proteins was
stained with anti-Fn antibodies to identify immunoreactive fragments
and monitor protein loading. Replicate series were stained with perox-
idase labeled lectins (Sigma Chemical Co.,) to detect specific carbohy-
drate sequences ( 19).

Lectin binding of purified Fn was also assessed by dot blotting. A
2-Ml sample of a solution of purified plasma or synovial fluid Fn (I
mg/ml) was spotted onto replicate nitrocellulose papers. After air dry-
ing, the papers were blocked with BSA and stained with peroxidase
labeled lectins as above.

To assure the carbohydrate specificity of lectin binding to Fn, la-
beled lectins were preincubated with 200-mM concentrations of ligand
sugars in PBS for 45 min at 23°C before blotting. Concanavalin A
(Con A) reactivity was inhibited by a-methyl mannoside (Sigma
Chemical Co.); wheat germ agglutination (WGA) reactivity was en-

tirely inhibited by a 1:1 mixture of N-acetyl neuraminic acid and
N-acetyl glucosamine (Sigma Chemical Co.); peanut agglutination
(PNA) reactivity was inhibited by galactose (Fisher Scientific Co.,
Pittsburgh, PA).

For some experiments fibronectins were treated with neuramini-
dase (Sigma Chemical Co.), 1:10 wt/wt in 0.1 Msodium acetate, pH

6.0, for 16 h at 370C before electrophoresis and lectin binding analysis.
Similarly, some samples were pretreated with hyaluronidase (Sigma
Chemical Co.) for 1 h in 0.05 MTris-HCI, pH 7.0.

Statistical analysis. All data are expressed as the mean±SE. Signifi-
cance was determined using Student's t test for unpaired samples.

Results

Biochemical analysis of carbohydrate content. Gas chromato-
graphic analysis of pooled, purified fibronectins from normal
plasma and synovial fluid (Fig. 1) revealed that both forms
contained mannose, galactose, and N-acetylglucosamine con-
sistent with the presence N-linked oligosaccharide side chains.
Neither form of the protein contained fucose. Whereas the
plasma Fn samples demonstrated only trace amounts of N-
acetygalactosamine, the synovial fluid form contained a signif-
icant amount, - 0.5% residue weight as estimated from gas
chromatographic (GC) analysis.

Quantitative comparison of hexose content between six
individual plasma Fn samples and seven synovial fluid Fn
samples (Table I) revealed that synovial fluid Fn contained
significantly more hexose (4.2±0.2%) than did plasma Fn
(2.8±0.4%) (P = 0.007). Plasma Fn, however, had a greater
sialic acid content (1.2±0.2%) than did synovial fluid Fn
(0.70±0.09%) (P = 0.036). The sialic acid content of Fn iso-
lated from the conditioned media of two synoviocyte cultures
(0.86 and 0.75%) was similar to that of synovial fluid Fn (Ta-
ble I).

Analysis of Fn glycopeptides. Glycopeptides prepared from
purified plasma Fn, synovial fluid Fn and [3H]mannose-
labeled synoviocyte culture Fn were analyzed by gel filtration
on Sephadex G-50 (Fig. 2). Fn glycopeptides synthesized by
human synoviocytes in culture (panel C) emerged as a single
peak coeluting with transferrin glycopeptides (M, = 2800,
arrow). Synovial fluid Fn glycopeptides (panel A) were some-
what heterogeneous and had an elution position of lower mo-
lecular mass (2,200-2,600 D) when compared with either
transferrin, plasma Fn, or synoviocyte Fn glycopeptides.

Heterogeneity of carbohydrate distribution on synovial and
plasma fibronectins. The lectin binding patterns of purified
normal plasma Fn, and synovial fluid Fn are shown in Fig. 3.
Plasma and synovial fluid Fn reacted equally with antifibro-

El 20 30 40 50 60
Retention rTie(min)

Figure 1. Gas chromato-
graphic profiles of derivi-
tized monosaccharides
formed from pooled syno-
vial fluid fibronectins (A)
and plasma fibronectins
(B). Arrows indicate elu-
tion positions of major
monosaccharides. Synovial
fluid fibronectin contains
N-acetylgalactosamine (un-
derlined), which elutes at
41.2 min. Neither prepara-
tion contains fucose.
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Table I. Quantitative Comparison of Hexose and Sialic Acid
Content of Individual Plasma and Synovial Fluid FNSamples

Hexose
Sample

PFN910
PFN 104
PFN 117
PFN213
PFN220
PFN321

mean±SE

SF POW
SF SVO
SF WAL
SF MAH
SF BUR
SF RAB
SF MAL

mean±SE

Sialic acid
Sample

PFN 104
PFN614
PFN94
PFN 1212

mean±SE

SF RAS
SF POW
SF WAL
SF MAL

mean±SE

Synoviocyte culture 8410
Synoviocyte culture 841 1

Diagnosis*
Normal
Normal
Normal
Normal
Normal
Normal

RA
RA
RA
RA
RA
PSA
OA

Diagnosis

Normal
Normal
Normal
Normal

RA
RA
RA
RA

RA
RA

I
0

%Hexose$

4.1
3.7
2.3
2.5
1.9
2.2

2.8±0.4

3.8
4.3
4.3
3.4
4.8
5.4
3.5

4.2±0.2

%Sialic acid0
1.0
1.4
1.3
0.9

1.2±0.23

0.8
0.6
0.6
0.7

0.70±0.09

0.86
0.75

* RA, rheumatoid arthritis; PSA, psoriatic arthritis; OA, os-
teoarthritis; $ P, 0.007 P vs SF; § P, 0.034 P vs SF.

nectin and Con A. Synovial fluid Fn demonstrated strong reac-
tivity to WGA(eight samples examined), whereas normal
plasma Fn reacted weakly (four different preparations) (Fig.
3 a).

Synovial fluid Fn and plasma Fn obtained simultaneously
from a patient with RAalso demonstrated differential reactiv-
ity to WGA(Fig. 3 b).

Differences between plasma and synovial fluid Fn were
also demonstrated with PNA. Four synovial fluid fibronectins
uniformly displayed strong reactivity to PNA, whereas Fn iso-
lated from normal plasma (three different preparations) and
rheumatoid plasma failed to react with PNA(Fig. 3 c).

Fibronectin secreted by rheumatoid synoviocytes in cul-
ture displayed a lectin binding pattern similar to that of syno-
vial fluid Fn, binding weakly to Con A but strongly to PNA
(Fig. 4 a) and WGA(Fig. 4 b).

Effect of neuraminidase treatment on lectin binding pat-
terns. WGAreacts with sialic acid and N-acetylglucosamine
residues on glycoproteins (20). PNA reacts with (Gal(1,3Gal-
NAc) residues but reactivity is blocked by terminal sialic acid

I
0

0.06 - A +
0.04:
0.02-

0.16 r

0.14E
0.101
0.06
0.02 :

1 C

I. 100 -

ELUTION VOLUME(ML)
Figure 2. Chromatography of Fn glycopeptides on Sephadex G-50.
(A and B) Hexose content of fractions measured colorimetrically at
485 nm. (C) Counts per minute [3Hjmannose incorporated in the
glycopeptide. (A) Plasma Fn glycopeptides. (B) Synovial fluid Fn gly-
copeptides. (C) Fn glycopeptides synthesized and secreted by pri-
mary explant rheumatoid synoviocytes. (Arrow) Elution position of
transferrin glycopeptides, M, = 2,800.

( 19). Therefore, neuraminidase digestion was utilized to exam-
ine the contribution of sialic acid heterogeneity in producing
the observed lectin binding patterns (Fig. 5).

Neuraminidase treatment did not alter the WGAreactivity
of plasma Fn (Fig. 5). After neuraminidase treatment, how-
ever, plasma Fn reacted strongly with PNA. The PNAstaining
intensity of synovial fluid Fn was somewhat further enhanced
by neuraminidase treatment, whereas neuraminidase de-
creased the WGAreactivity of synovial fluid Fn slightly. Hyal-
uronidase treatment did not alter the lectin reactivity of syno-
vial fluid Fn (data not shown).

Lectin binding patterns of fibronectin chymotryptic digests.
Chymotrypsin cleaves Fn into large (140-160 kD) C-terminal
fragments and 30-60 kD gelatin N-terminal fragments. Fig. 6
a shows the lectin binding patterns of plasma and synovial
fluid Fn chymotryptic digests separated on a 10% gel. The
gelatin-binding and nonbinding chymotryptic fragments from
both plasma and synovial fluid Fn reacted equally with antifi-
bronectin and Con A. Although intact plasma Fn consistently
demonstrated weak reactivity to WGA(Fig. 3), the plasma Fn
gelatin-binding fragments demonstrated strong reactivity after
chymotryptic cleavage, equalling the synovial fluid gelatin-
binding fragments (Fig. 6 a, lanes 11 and 12). On the other
hand, the plasma Fn 140-160-kD fragments, like intact
plasma Fn, displayed minimal WGAreactivity while the syn-
ovial fluid 140-160 kD fragments reacted strongly (Fig. 6 a,
lanes 9 and 10).

After chymotryptic digestion, weak PNA reactivity was
seen only on synovial fluid Fn gelatin binding fragments (data
not shown).

The lectin binding patterns of the nongelatin binding C-
terminal fragments, were reexamined after electrophoresis on
a 7% gel (Fig. 6 b). The major glycosylated fragments seen at
160, 140, and 120 kD all reacted with Con A. The 140-kD
synovial fluid Fn fragment clearly showed the most intense
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Ab Con A WGA
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b
Con A WGA

WGA

1 2 3 4
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Figure 3. (a) Reactivity of plasma and synovial fluid Fn with Con A
and WGA.Western blots of purified normal plasma Fn (lanes 1, 3,
5) and Fn purified from inflammatory synovial fluid (lanes 2, 4, 6)
electrophoresed on a 7%slab gel (14 ,g protein per lane). Fibronec-
tins were stained with peroxidase labeled antifibronectin (lanes 1 and
2), Con A (lanes 2 and 5) and WGA(lanes 5 and 6). (b) WGAreac-

tivity of plasma and synovial fluid Fn obtained from the same pa-

tient. Western blots of purified plasma Fn (lanes I and 3) and puri-
fied synovial fluid Fn (lane 2 and 4) obtained simultaneously from a

patient with RA (17 Mg protein per lane). Ab, proteins stained with
peroxidase-labeled antifibronectin. WGA,proteins stained with per-

oxidase-labeled WGA.For this study the fibronectins were prepared
without protease inhibitors, hence more extensive degradation is ob-
served. (c) PNAreactivity of plasma and synovial fluid fibronectins.
Western blot of purified normal plasma Fn, (22 Mg protein) is shown
in lanes I and 5. Lanes 2 and 6 and 3 and 7 contain 22 Mg of Fn pu-

rified from the plasma and synovial fluid, respectively, of a RA pa-

tient (see Fig. 1 b). Lanes 4 and 8 contain 23 Mg of Fn purified from
a different RAsynovial fluid. Ab, proteins stained with peroxidase
labeled antifibronectin. PNA, protein stained with peroxidase labeled
PNA.

reactivity to WGA(arrow, Fig. 6 b). This fragment did not
bind heparin-Sepharose (Fig. 6 c, NB), eluting in the flow-
through fraction. The 160-kD fragment bound heparin, re-

quiring 0.5 MNaCl for elution (Fig. 6 c, B). Further digestion
of the 140-kD synovial fluid and plasma Fn fragments with S.
aureus V8 protease showed that selective WGAbinding was

localized to a 27-kD synovial fluid Fn fragment (Fig. 6 d).
Preincubation of WGAwith 0.2 Msialic acid inhibited WGA
binding to the 140-160-kD synovial fluid fragments.

Discussion

Fibronectins are a family of glycoproteins in which differences
in primary structure are generated by differential mRNA

Figure 4. (a) Reactivity of plasma, synovial fluid and synoviocyte
culture to PNAand Con A. Western blot of purified normal plasma
Fn (22 Mg protein) (lanes I and 4), purified rheumatoid synovial
fluid Fn (17 Mg protein) (lanes 2 and 5), and Fn purified from the
conditioned medium of a primary culture of rheumatoid synovium
(1I1 Mg protein) (lanes 3 and 6). Con A, proteins stained with peroxi-
dase labeled Con A. PNA, proteins stained with peroxidase-labeled
PNA. The synovium used for explant culture and the synovial fluid
were obtained simultaneously from the same joint. (b) Reactivity of
synoviocyte culture Fn to WGAand Con A. Western blot of repli-
cate lanes of Fn (8 Mg) purified from conditioned medium of a pri-
mary rheumatoid explant culture. Con A, peroxidase labeled Con A.
WGA,peroxidase labeled WGA.Strong reactivity of synoviocyte Fn
with WGAis similar to that observed for synovial fluid Fn (Figs. 1 a

and b).

splicing (21). In normal and pathological states additional
posttranslational modifications have been demonstrated, in-
cluding heterogeneity in glycosylation (9-13).

Our results indicate that the carbohydrate content and

WGA PNA Figure 5. Effect of neur-
aminidase treatment on

WGAand PNAreactiv-
P SF P SF ity of fibronectins in a

dot blot assay. Each
-N * spot contains 2 ug of

purified protein.
+N I N WGA-P, plasma Fn

stained with peroxidase
labeled WGA;WGA-

SF, rheumatoid synovial fluid Fn stained with peroxidase labeled
WGA;PNA-P, plasma Fn stained with peroxidase labeled PNA;
PNA-SF, synovial fluid Fn stained with peroxidase labeled PNA;
-N, without neuraminidase treatment; +N, treatment with neur-

aminidase prior to dot blot.
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structure of synovial fluid Fn differs considerably from that of
plasma Fn. Plasma Fn contains less neural hexose (2.8%), than
does synovial fluid Fn (4.25%), whereas synovial fluid Fn con-
tains less sialic acid, 0.7% vs. 1.2%. If both forms contain

- 1.5% hexosamine and synovial fluid Fn contains - 0.5%
N-acetylgalactosamine as estimated from GCanalysis, then
plasma Fn samples contain 5.5% carbohydrate, whereas the
synovial fluid Fn contains 6.9%. Although the molecular
masses of glycopeptides from both forms of Fn are consistent
with biantennary N-linked carbohydrate units (10), synovial
fluid glycopeptides appear somewhat smaller than glycopep-
tides derived from plasma Fn or transferrin and have a mean
apparent 2,400 Mr. These data demonstrate four N-linked
biantennary carbohydrate chains per plasma Fn monomer and
are consistent with existing reports in the literature (22). Syno-
vial fluid Fn appears to have at least one more carbohydrate

C
NB B

Figure 6. (a) Carbohydrate distribution profile of chymo-
tryptic digests prepared from purified plasma and synovial
fluid fibronectins. Plasma Fn, lanes 1, 3, 5, 7, 9, 11. Syno-
vial fluid Fn, lanes 2, 4, 6, 8, 10, 12. Fragments not bound
to gelatin-Sepharose (C-terminal derived) lane 1, 2, 5, 6, 9,
10 (21 jig protein). Fragments bound to gelatin-lanes 3, 4,
7, 8, 11, 12(8Ogprotein). Ab, all immunoreactive frag-
ments identified with antifibronectin; Con A, Glycosylated
fragments binding peroxidase labeled Con A. WGA,Frag-
ments specifically reactive with peroxidase-labeled WGA.
(b) WGAreactivity of chymotrypsin generated C-terminal
(nongelatin binding) fragments of plasma Fn (27 jg pro-

Mr X 10-3 tein) (lanes I and 3) and synovial fluid Fn (20 jig protein)
3 4 (lanes 2 and 4) examined by lectin blotting of a 7%SDS-

gel. Con A, peroxidase labeled Con A; WGA,peroxidase-
labeled WGA.Arrow indicates strongly WGAreactive
140-kD synovial fluid Fn fragment. (c) Western blot of Fn

43.0 C-terminal chymotryptic fragments separated by heparin-
25.7 Sepharose chromatography. Blot stained with antifibronec-
-184 tin. NB, nonbinding fraction eluted with 0.1 MNaCl (140-
14.3 kD fragment) B, bound fraction requiring 0.5 MNaCl for
- 6.2 elution (160-kD fragment). (d) SDS-PAGEof S. aureus

V8 proteolytic digests of plasma and synovial fluid Fn C-
terminal chymotryptic fragments (b). (Lanes 1 and 3)
Plasma Fn fragments; (lanes 2 and 4) Synovial fluid Fn
fragments. (Lanes I and 2) Total protein stained with
silver. (Lanes 3 and 4) Proteins transferred to nitrocellu-
lose and stained with peroxidase WGA.

unit per monomer. In addition, synovial fluid Fn has a signifi-
cant degree of O-glycosylation. O-glycosylation has recently
been demonstrated on amniotic fluid Fn and to a minor degree
on plasma Fn (23).

A population of undersialyated side chains in synovial
fluid Fn may be responsible for the somewhat lower molecular
mass exhibited by synovial fluid Fn glycopeptides (Fig. 6 b).
Reduced sialyation of synovial fluid fibronectin has been sug-
gested by the electrophoretic data of Zardi (24) and is consis-
tent with data obtained for Fn secreted by fibroblasts in culture
( 11) and isolated from amniotic fluid (13).

The lack of fucose suggests that synovial fluid Fn is not
entirely typical of "cellular" Fn. This is consistent with its
synthesis from differentiated adult tissue since it is now felt
that fucosylated cellular Fn is a product of fetal and tumor
tissue (25).
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Differences in Fn carbohydrate side chain structure are
also demonstrated by their reactivity with a panel of lectins. Fn
isolated from synovial fluid reacts more intensely with WGA
and PNAthan does normal plasma Fn. This difference is not a
generalized property of fibronectins produced by patients with
rheumatic disease since plasma Fn from a patient with RA
shows markedly reduced WGAand PNAbinding compared to
simultaneously isolated synovial fluid Fn (Fig. 3 b and c).

Lectin binding patterns of Fn produced by cultured syno-
viocytes resemble those of synovial fluid Fn, demonstrating
intense reactivity to WGAand PNA when compared to
plasma Fn (Fig. 4). These data suggest that the carbohydrate
composition of synovial fluid Fn resembles that of Fn secreted
by synoviocytes, and thus provide further evidence for the local
production of synovial fluid Fn. Similar carbohydrate group
reactivities on synovial fluid Fn and Fn secreted by synovial
fibroblasts in vitro also suggest that the enhanced PNA/WGA
reactivity of Fn recovered from synovial fluid is not due solely
to postsecretory modification of the molecule by glycosidic
enzymes secreted by synovial fluid leukocytes (26).

Fn glycopeptides produced from synovial fluid Fn comi-
grate with the major Fn glycopeptide produced by synovio-
cytes in vitro, further suggesting similarity in the carbohydrate
structures of these fibronectins (Fig. 1 B and C). In contrast,
the higher molecular weight glycopeptide component consis-
tently observed with plasma Fn preparations (Fig. 1 A) was not
seen in preparations from synovial fluid or synoviocyte Fn.
The microheterogeneity observed in the glycopeptide profile
obtained from synovial fluid Fn may represent the contribu-
tion of other fibronectin producing cells in the joint such as
macrophages (27), polymorphonuclear leukocytes (28), plate-
lets (29), and endothelial cells (30).

Examination of lectin binding patterns of Fn chymotryptic
digests show that carbohydrate side chain differences can be
localized to specific domains of the molecule. Although chy-
motryptic digestion greatly reduces the PNA reactivity of the
resultant synovial fluid Fn fragments, faint reactivity does ap-
pear on the gelatin binding fragments. This suggests maximal
PNAactivity requires intact synovial fluid Fn monomer and
that the major reactive determinants are nonsialyated 0-
linked chains located on or near the gelatin binding N-termi-
nal domains (Fig. 7, site 2). This is consistent with the studies
of Nichols et al. (31) who demonstrated thermolysin sensitivity
of monoclonal antibody AH8-28 binding. This antibody rec-
ognizes GalB,3GalNaC O-linked residues. A 22 amino acid
sequence immediately C-terminal to the gelatin-binding do-
main (residue 591-610) encompasses a chymotryptic cleavage
site and contains six serine residues as potential PNA-reactive
O-glycosylation sites (Fig. 7, site 2).

Intact plasma Fn monomer displays weak WGAbinding
(Fig. 2). Following chymotryptic digestion, however, plasma
Fn gelatin binding domains display strong WGAreactivity.
This suggests that the heavily glycosylated gelatin binding do-
mains (32) are not themselves responsible for differences in
WGAbinding and that a steric effect at the gelatin binding
domain, central domain junction may interfere with WGA
binding in the intact plasma Fn monomer under the condi-
tions of this study (Fig. 7, site 1).

Recent studies have shown that variations in collagen bind-
ing affinity may be the result of alterations in glycosylation
(33). Wehave previously shown that Fn isolated from inflam-
matory synovial fluid demonstrates reduced binding to gelatin

Figure 7. Model of fibronectin demonstrating major structural fea-
tures and glycosylation heterogeneity. FIB, GEL, DNA, CELL, HEP
indicate major domains. The approximate domain size is shown
under each domain in kilodaltons. Y, N-linked oligosaccharide; Y, 0-
linked oligosaccharide; t, sialyated N-linked oligosaccharide. Chy,
chymotrypsin cleavage site. (1) Approximate location of conforma-
tion-dependent inhibition of WGAreactivity in plasma Fn. Plasma
Fn gel binding domains acquire WGApositivity after chymotryptic
cleavage (see Fig. 6 a). (2) Approximate location of conformation de-
pendent PNAreactive site on synovial fluid Fn. This chymotrypsin
sensitive region (residue 601-602) (36) is located in a 22 amino acid
sequence containing six serine residues as potential O-glycosylation
sites. (3) 140 kD nonheparin binding chymotryptic fragment local-
ized to Fn "B" chain. (4) 27 kD WGAreactive fragment. Sialyated
N-linked oligosaccharide (T) is potentially located at residue 847, 977,
or 1214 (37). (5) Nonglycosylated 20 kD domain containing the
RGDsequence. (6) EDrepresents extra domain found in cellular fi-
bronectins. (7) IIICS represents a variable region generated by RNA
splicing which contains an O-linked and N-linked oligosaccharide
chain.

that was in part attributed to posttranslational proteolytic
changes (8). Altered glycosylation at or near the gelatin bind-
ing domain may contribute to differences in gelatin binding
observed between plasma and synovial fluid Fn.

The responses of WGAand PNA reactivity on specific
chymotryptic fragments to neuraminidase treatment suggest
that at least two mechanisms are responsible for glycosylation
heterogeneity between plasma and synovial fluid Fn (see Fig.
5). The low level of PNA reactivity displayed by plasma Fn
appears to be due to interference with Gal#,(3GalNaC binding
by the terminal sialic acid moiety of the oligosaccharide side
chain on the gel-binding fragment (Fig. 7, site 2). Neuramini-
dase treatment of plasma Fn thus restores its PNA reactivity.
Since synovial fluid Fn contains less total sialic acid, reduced
sialyation of some of the O-linked carbohydrate side chains
may be responsible for the intense PNA reactivity of synovial
fluid fibronectins.

The difference in WGAreactivity localized to a 27-kD
fragment derived from a 140-kD synovial fluid Fn C-terminal
fragment (Fig. 6 a-d; Fig. 7 site 3). The WGAreactivity of the
synovial fluid Fn C-terminal fragment was reduced by neur-
aminidase and was completely blocked by sialic acid; there-
fore, a sialic acid containing oligosaccharide must be responsi-
ble for the WGAreactivity of the synovial fluid Fn C-terminal
fragment. This 140-kD synovial fluid Fn fragment (Fig. 6 b)
did not bind to heparin (Fig. 6 c), and thus is devoid of the
24-kD C-terminal Hep/Fib domain (34) (Fig. 7). This 140-kD
fragment has subsequently been shown to be derived from the
fibronectin B chain (35). Since the cell binding 15-23-kD
fragment located at the extreme C-terminal end of the 140-kD
fragment (Fig. 7, site 5) is not glycosylated (36), the WGA
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reactive oligosaccharide must be located on a 27-kD fragment
(Fig. 6 d) minimally 60-70 kD from the C-terminal end of the
synovial fluid fibronectin B chain (Fig. 7, site 4) and may
involve potential N-linked glycosylation sites at residues 847,
977, and 1214 (37).

Our 140-kD fragment has properties similar to a 125-kD
chymotryptic fragment described by Hormann et al. (36). The
125-kD fragment did not bind to gelatin, was not retained by
heparin-Sepharose, contained carbohydrate and demonstrated
WGAdependent binding to macrophage membranes that was
inhibited by sialic acid. Since the actual cell binding region of
Fn present on the C-terminal 23-kD fragment of the 125-kD
fragment does not contain carbohydrate, the authors hypothe-
sized that a sialic acid containing oligosaccharide on the N-ter-
minal 95-kD section of the 125-kD fragment could modulate
the cell binding activity of the 23-kD section. Interestingly, the
intense WGAbinding of our synovial fluid Fn C-terminal
fragment is mediated by a sialic acid, containing oligosacchar-
ide adjacent to the cell binding region.

It is thought that a major function of glycosylation is to
protect the protein from enzymatic digestion (32, 38). Despite
the presence of proteases in the inflamed joint, synovial fluid
Fn has been shown to be largely intact (5, 8, 39, 40). Moreover,
timed plasmin digests of plasma and synovial fluid Fn have
shown that a synovial fluid Fn 190-kD fragment derived from
the B chain shows enhanced resistance to proteolysis com-
pared with plasma Fn (8). The enhanced WGAreactivity of
the 140-kD B chain fragment derived from synovial fluid Fn
may represent a difference in glycosylation responsible for its
resistance to proteolysis.

Wehave demonstrated differences in carbohydrate com-
position between plasma and synovial fluid Fn. It should be
noted that we have only studied patient material and cannot
state with certainty that normal synovial Fn shares these prop-
erties, These differences, however, strengthen the argument for
the local origin of synovial fluid Fn in inflamed joints and may
help to explain its structural integrity and the regulation of its
function in the inflammatory environment.
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