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A large M, chondroitin sulfate proteoglycan was extracted from the media of human
aorta under dissociative conditions and purified by density-gradient centrifugation, ion-
exchange chromatography, and gel filtration chromatography. Removal of a contami-
nating dermatan sulfate proteoglycan was accomplished by reduction, alkylation and
rechromatography on the gel filtration column. After chondroitinase ABC treatment,
the proteoglycan core was separated from a residual heparan sulfate proteoglycan by
a third gel filtration chromatography step. As assessed by radioimmunoassay, the iso-
lated proteoglycan core was free of link protein, but possessed epitopes that were rec-
ognized by antisera against the hyaluronic acid binding region of bovine cartilage pro-
teoglycan as well as those that were weakly recognized by anti-keratan sulfate antisera.
Following 8-elimination of the protein core, the liberated low M, oligosaccharides were
partially resolved by Sephadex G-50 chromatography, and their primary structure was
determined by 500-MHz 'H NMR spectroscopy in combination with compositional sugar
analysis. The N-glycosidic carbohydrate chains, which were obtained as glycopeptides,
were all biantennary glycans containing NeuAc and Fug; microheterogeneity in the
NeuAc — Gal linkage was detected in one of the branches. The N-glycosidic glycans
have the following overall structure:

NeuAca(2— 60or 3)Galf(l - 4)GleNAcS(1 - 2)Mana(l = 3)

I
ManpB(1—4)GleNAcB(1—4)GleNAcB(1— N)Asn

l |
NeuAca(2— 3)GalB(1 - 4)GleNAcB(1 — 2)Mana(l — 6) Fuca(l—6)

The majority of the O-glycosidic carbohydrate chains bound to the protein core were
found to be of the mucin type. They were obtained as glycopeptides and oligosaccharide
alditols, and possessed the following structures: NeuAco(2 — 3)GalB(1 — 3)GalNAc-
ol, [NeuAca(2 - 3)GalB(1 — 38)[NeuAca(2 — 6)]GalNAc-ol, and NeuAca-(2 — 3)
GalB(1 - 3)[NeuAca(2 - 8)GalB(1 - 4)GlcNAcB(1 - 6)]GalNAc-ol.

The remainder of the O-glycosidic carbohydrate chains bound to the isolated proteo-
glycan were the hexasaccharide link regions of the chondroitin sulfate chains that re-
mained after chondroitinase ABC treatment of the native molecule. These latter glycans,
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which were obtained as oligosaccharide alditols, had the following structure (with
GalNAc free of sulfate or containing sulfate bound at either C-4 or C-6):

A¥GlcUAB( — 3)GalNAcB(1 - 4)GlcUAB(L — 3)GalB(1 — 3)GalB(1 - 4)Xyl-ol.

© 1987 Academic Press, Inc.

In previous investigations, we reported
on quantitative changes in the four types
of glycosaminoglycans of the intima and
media of the human aorta with progressive
atherosclerosis (1, 2). In the present inves-
tigation we have analyzed another carbo-
hydrate moiety of aorta proteoglycans, the
lower M, carbohydrate chains. Since pro-
teoglycans synthesized by chondrocytes (3-
6), as well as by other cells (7-11) possess
N- and/or O-glycosidic oligosaccharides, it
was of interest to investigate the major
large M, chondroitin sulfate proteoglycan
(ChS-PG)® of the media in terms of these
carbohydrate units; we report here the
structure of these units as determined by
500-MHz 'H NMR spectroscopy in con-
junction with compositional sugar analyses
(12, 18). The use of this powerful 'H NMR
spectroscopic analytical technique has re-
sulted in the first determination of the
structures of the N- and O-glycosidic oli-
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gosaccharides derived from an aorta pro-
teoglycan.

MATERIALS AND METHODS

Materials. Ninety-four human aortas with Grades
II to III atherosclerotic involvement (14) were ob-
tained 20-30 h postmortem and stored at —80°C until
used.

Reagents. The following special reagents were uti-
lized: ultrapure guanidine-HCI (Bethesda Laborato-
ries); concanavalin A-Sepharose, Sepharose CL-4B,
Sephadex G-50, and Sephadex G-25 (Pharmacia);
DEAE-cellulose (Schleicher and Schuell Co.); cellulose
acetate membranes (15 X 15 ¢cm; Sepraphore II; Gel-
man Sciences, Inc.); Fue, Gal, GalNA¢, GleNAc, Man,
NeuAec, and Xyl (Pfanstiel); pepstatin, N-ethylma-
leimide, phenylmethylsulfonyl fluoride, 6-aminohex-
anoic acid, iodoacetamide, a-methyl-D-glucoside, o~
methyl-D-mannoside, and papain (Sigma Chemical
Co.); pronase (Seikagaku Kogyo Co., Ltd., Tokyo); DO
(99.96 atom % D), benzamidine hydrochloride (Aldrich
Chemical Co.); Linbro enzyme-immunoassay (EIA)
plates (Flow Laboratories); Proteus vulgaris chon-
droitinase ABC (Dr. Okuyama).

Extraction and purification of human aorta ChS-PG.
Each aorta was thawed separately, and the intima
was carefully dissected from the media to remove any
region with Grade IV (14) atherosclerotic involvement,
thereby minimizing autolysis of matrix proteoglycans
and loss of oligosaccharides. The media were frozen
in liquid nitrogen, pulverized in a Waring blender for
60 s, and pooled yielding 1.2 kg (wet wt) of starting
material. Approximately 180-g portions of this pooled
material were suspended in 900 ml of 4 M guanidine-
HClI containing 10 mM EDTA, 0.10 M 6-aminohexanoic
acid, 5 mM benzamidine hydrochloride, 1 mM iodo-
acetamide, and 50 mMm Tris-HC], pH 6.8, and extracted
for 17 h at 4°C. The resulting extract was centrifuged
at 1500¢ for 45 min to remove residual connective tis-
sue and then subjected to dissociative CsCl density-
gradient centrifugation at an initial density of 1.40
g/ml at 17°C and 150,000g for 48 h (15). The bottom
third of the CsCl gradient which contained the ma-
jority of the extracted aorta proteoglycans was di-
alyzed at 4°C against 7 M urea containing 50 mM Tris-
HCI, pH 6.8, and the above protease inhibitors. The
density-gradient purified proteoglycans were then
applied at 5°C to a DEAE-cellulose column (3 X 10
cm) previously equilibrated in the urea-containing
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buffer (16). After washing the ion-exchange column
with 800 ml of the latter buffer, proteoglycans were
eluted with a 400-ml linear gradient from 0 to 3 M
NaCl in the same urea-containing buffer. Proteogly-
can-containing fractions, detected by uronmic acid
analysis (17), were pooled and chromatographed on a
Sepharose CL-4B column (2.5 X 226 c¢m) which had
been equilibrated with 4 M guanidine-HCl containing
10 mM 6-aminohexanoic acid, 10 mM EDTA, and 50
mM Tris-HCI, pH 6.8. Chondrosarcoma proteoglycan
(~2,000,000 M,) (18), bone marrow-derived mast cell
proteoglyean (~200,000 M,) (19), and [®Slsulfate were
used to standardize the gel filtration column. Distinct
peaks containing proteoglycans of different hydro-
dynamic size were separately dialyzed against water
and lyophilized. The major large M, fractions from
seven separate replicate gel filtration chromatoma-
tograms were pooled, reduced with dithiothreitol, al-
kylated with vinylpyridine (20), and rechromato-
graphed on Sepharose CL-4B to remove a residual low
M, dermatan sulfate PG.

Isolation of N- and O-linked glycans from hwman
aorta ChS-PG. The purified ChS-PG (215 mg) was in-
cubated at 37°C overnight with 15 units of chondroi-
tinase ABC in albumin-free 10 mm Tris~HCI buffer,
pH 8.1, containing 30 mM sodium iodoacetate, 10 mM
EDTA, 10 mM N-ethylmaleimide, 5 mM phenylmeth-
ylsulfonyl fluoride, and 0.35 mM pepstatin (21). The
chondroitinase ABC digest was again chromato-
graphed on Sepharose CL-4B under dissociative con-
ditions to separate the residual undigested heparan
sulfate proteoglycan from the ChS-PG now devoid of
its chondroitin sulfate chains. The hexose-containing
protein core was dialyzed against 50 mm NH,HCOs,
lyophilized to yield 32 mg, and then subjected to 8-
elimination (22) by incubating the sample in 5 ml of
0.05 M NaOH, 1 M NaBH, at 45°C for 26 h. The resulting
alkaline cleavage products were neutralized with
acetic acid and chromatographed on a Sephadex G-
50 eolumn (1.2 X 155 cm), previously equilibrated with
50 mM NHHCO;. Alternatively, the chondroitinase-
treated proteoglycan was dissolved in 5 mm NaCN, 10
mM cysteine-HC], and 10 mM EDTA, pH 7.6, and in-
cubated at 65°C for 20 h with 3% (w/w) papain (1).
Solid caleium acetate was then added to give 2 final
concentration of 20 mM, the pH was adjusted to 8.0,
and then the papain-treated sample was incubated at
37°C for 20 h with 3% (w/w) pronase. The resulting
papain-pronase digest was filtered on a Sephadex G-
25 column (1.2 X 155 e¢m), equilibrated, and eluted
with 50 mm NHHCO;. Hexose-containing fractions
were pooled, lyophilized, and the structures of the N-
and O-glycosidic oligosaccharides determined. An
attempt was made to fractionate a Sephadex G-50
fraction which contained both N- and O-glycosidic
oligosaccharides by their differential binding to con-
canavalin A-Sepharose. Glycans (2.4 mg), obtained
by Sephadex G-50 chromatography of alkali-treated
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proteoglycans, were suspended in 1 mm CaCl;, 1 mM
MgCl,, 0.15 M NaCl, and 20 mM sodium acetate, pH
7.0, and applied to a 1.2 X 8.5-cm column of conca-
navalin A-Sepharose equilibrated with this same
buffer. Lectin-bound glycans were eluted with 0.1 M
a-methyl-D-glucoside, followed by 0.1 M a-methyl-D-
mannoside.

Carbohydrate and protein analytical procedures. The
glycosaminoglycans present in the different proteo-
glycan fractions were identified by two-dimensional
electrophoresis on cellulose acetate (1, 23). For com-
positional sugar analysis, samples were methanolyzed
(1 M HCl in methanol, 24 h at 85°C), N-(re)acetylated,
and trimethylsilylated (20, 24). The resulting deriv-
atized monosaccharides were analyzed by capillary
gas-liquid chromatography on a CpSil 5 column (25
m X 0.32 mm). The oven temperature was programmed
from 130 to 220°C at 2°C/min. The amino acid com-
position of the purified proteoglycan was determined
using a Beckman Model 119 CLW/126 amino acid an-
alyzer after hydrolysis with constant boiling 6 M HCI
for 24 h at 110°C in a sealed tube under N;. The ef-
fluents of the DEAE-cellulose, Sepharose, and Se-
phadex chromatography columns described above
were monitored at 280 nm for protein and nucleic acid,
at 530 nm for GlcUA (17), and at 490 nm for neutral
hexose (25).

Immunological identification of the antigenic sites
of ChS-PG. The antigenic sites of both native human
aorta ChS-PG and ChS-PG devoid of its chondroitin
sulfate were determined according to a previously de-
seribed EIA method (26) utilizing the following
monoclonal and polyclonal antibodies: 3-B-3 (anti-
chondroitin 6-sulfate), 1-B-5 (anti-chondroitin), 9-A-
2 (anti-chondroitin 4-sulfate), 5-D-4 (anti-keratan
sulfate), 8-A-4 (anti-link protein), R-17 (anti-bovine
nasal cartilage proteoglycan aggregates), R-13 (anti-
bovine link protein), R-21 and SAH (anti-hyaluronic
acid binding region of bovine cartilage proteoglycan).
The preparation and specificity of the monoclonal and
polyclonal antibodies used for the EIA analyses on
the isolated human aorta proteoglycan have been de-
scribed previously (26, 27).

500-MHz ‘H NMR spectroscopy. Approximately 1
mg of each Sephadex G-50 fraction was repeatedly
dissolved in D,0 and lyophilized, and then analyzed
with a Bruker WM-500 spectrometer equipped with
a Brubaker Aspect-2000 computer (SON, hf-NMR fa-
cility, Department of Biophysical Chemistry, Univer-
sity of Nijmegen, The Netherlands) operating at 500
MHz in the Fourier transform mode at a probe tem-
perature of 27°C. Resolution enhancement of the
spectrum was achieved by Lorentzian to Gaussian
transformation from quadrature phase detection fol-
lowed by a complex Fourier transformation. Chemical
shifts are given relative to sodium 4,4-dimethyl-4-si-
lapentane-1-sulfonate but were actually measured by
reference to internal acetone in D,0 (8 2.225 ppm)
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(12). This method of analysis was chosen because of
its increased sensitivity relative to differential en-
zymatic and/or chemical degradation of glycoconju-
gates and because of its ability to deduce the struc-
tures of distinct glycans in heterogeneous prepara-
tions (12, 13).

RESULTS
Purification of ChS-PG

Approximately 75% of the total uronic
acid-containing macromolecules were ex-
tracted from human aorta media when
treated with buffer containing 4 M guani-
dine-HCI. Upon fractionation of the ex-
tract by CsCl density-gradient centrifu-
gation, approximately 65% of this material
localized in the bottom third of the gra-
dient. Chromatography of this high buoy-
ant density material on a DEAE-cellulose
column resulted in two uronic acid-con-
taining fractions (Fig. 1). The minor, less
acidic fraction (fraction I) contained con-
siderable amounts of contaminating pro-
tein and was therefore stored at —30°C for
future studies. Fraction II, which eluted at
a NaCl concentration of approximately 1
M, included the major portion of the uronic
acid-containing molecules and was further
resolved into five subfractions by filtration
through Sepharose CL-4B (Fig. 2, fractions
A-E). Fraction A, eluting at the column’s

=530 nm
-—-280 nm
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NaCl Gradient (M)
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FiG. 1. Chromatography on DEAE-cellulose of the
proteoglycans extracted from the human aorta media
and purified by CsCl density-gradient centrifugation.

The eluate was collected in 10-m] fractions and was .

monitored for protein and/or nucleic acid (---) and
uronic acid (—).
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F1G. 2. Gel filtration through Sepharose CL-4B of
the DEAE-fraction II (Fig. 1) proteoglycans derived
from the aorta media. The eluate was collected in 10-
ml fractions and was monitored for protein and/or
nucleic acid (---) and for uronic acid (—). ¥ and V;
indicate the column’s excluded volume and total vol-
ume, respectively.

void volume, was relatively free of uronic
acid. Since the absorbance of this fraction
was greater at 260 nm than at 280 nm, it
was concluded that it contained predomi-
nantly nuecleic acids. Glycosaminoglycan
analysis by two-dimensional cellulose ac-
etate electrophoresis of the other fractions
revealed that fraction B contained proteo-
glycans rich in chondroitin-6-sulfate gly-
cosaminoglycans, although traces of he-
paran sulfate, dermatan sulfate, and hy-
aluronic acid were also present. As
assessed by their 0.23 K, on this Sepharose
CL-4B column, the M, of the proteoglycans
in fraction B was estimated to be approx-
imately 1 X 10° Fractions D and E con-
tained proteoglycans rich in dermatan sul-
fate with small amounts of heparan sulfate
and chondroitin 6-sulfate. Fraction C rep-
resented a mixture of fractions B and D.
Thus, because of its higher degree of purity
and its larger M,, the proteoglycans in
fraction B were selected for further inves-
tigation.

The amino acid composition of fraction
B was found to be rich in aspartie acid,
threonine, serine, and glutamic acid (Table
I). The amino acid composition of this pu-
rified proteoglycan was very similar to that
reported for the large M, chondroitin sul-
fate-containing proteoglycan .of bovine
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TABLE I

AMINO AcID COMPOSITION OF THE HUMAN AORTA
ChS-PG AND THAT OF BOVINE AORTA
CHONDROITIN SULFATE PG

Residues per 1000

residues
Amino
acid Human Bovine®

Asx 98 108
Thr 92 83
Ser 98 95
Glx 135 137
Pro 81 94
Gly 8 75
Ala 60 66
Val 59 44
1/2 Cys ND*® 8
Met 7 14
Ile 4 29
Leu 83 83
Tyr ND 21
Trp ND ND
Phe 52 35
Lys 35 49
His 18 26
Arg 30 32

% Values are those reported by Oegema et al. (28).
5 ND, not determined.

aorta (28) (Table I) except for the former’s
higher isoleucine content.

Chondroitinase ABC Treatment of ChS-
PG and Immunochemical Analyses

After reduction and alkylation of frac-
tion B proteoglycans and rechromatogra-
phy on the Sepharose CL-4B column, the
ChS-PG was found to be free of dermatan
sulfate. Upon incubation of the modified
ChS-PG with chondroitinase ABC, the en-
zymatically treated proteoglycan decreased
substantially in size, as evidenced by a
change in K, on the Sepharose CL-4B col-
umn from 0.23 before incubation to 0.43 af-
ter digestion. This separation step also re-
sulted in the removal of essentially all of
the residual chondroitinase ABC-resistant
heparan sulfate proteoglycans.

Utilizing the monoclonal and polyclonal
antibodies, it was determined that both the
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native fraction B proteoglycans and the
chondroitinase ABC-treated proteoglycans
contained a hyaluronic acid-binding site.
Although the anti-chondroitin-6-sulfate
antibody reacted with the chondroiti-
nase ABC-treated sample, no substantial
amount of unsulfated or 4-sulfated chon-
droitin could be detected immunologically.
In addition, there was no reaction with ei-
ther monoclonal or polyclonal antibodies
that recognize link protein. Although the
peptide core of the isolated human aorta
ChS-PG was homologous immunologically
to the large M, aggregating proteoglycan
present in cartilage, as assessed by the
presence of a hyaluronic acid-binding re-
gion and chondroitin sulfate, only a weak
cross-reaction with the 5-D-4 anti-keratan
sulfate antibody was observed. This finding
indicated that only small amounts of mac-
romolecular keratan sulfate like glycos-
aminoglycans are present in this ChS-PG
preparation.

Isolation of Glycams and Elucidation
of Their Structures

After mild alkaline treatment of the
chondroitinase ABC-treated ChS-PG, four
oligosaccharide fractions were obtained by
gel filtration (Fig. 8; fractions 3-6). Frac-
tions 1, 2, and 7 were not investigated fur-
ther as they contained predominantly nu-
cleic acids, peptides, and salts, respectively.
Sugar analysis of fractions 3 and 4 (Table
IT) revealed the presence of substantial
amounts of Man, Gal, and NeuAc, lesser
quantities of Fuc and GalNAc, and the lack
of significant amounts of GlcNAc-ol and
GalNAc-ol, suggesting that the carbohy-
drates in fractions 3 and 4 existed as
glycopeptides. Application of 'H NMR
spectroscopy to fractions 3 and 4 read-
ily revealed the presence of N-glycosidic
glycopeptides. Although the spectrum of
the glycopeptides in fraction 4 was some-
what simpler than that derived from frac-
tion 3, both fractions were similar to each
other in that they indicated the presence
of glycans of the N-acetyllactosamine type.
The spectrum of fraction 4 (Fig. 4A) is
reminiscent of that obtained from analysis
of a mixture of isomers of a biantennary
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F1G. 3. Sephadex G-50 fractionation of the glycans
liberated by reductive 8-elimination from chondroi-
tinase ABC-treated aorta ChS-PG (Fig. 2, fraction B).
Fractions were monitored for protein and/or nucleic
acid (---) and neutral hexose (—).

glycopeptide derived from horse pancreatic
ribonuclease which contain NeuAec and Fue
[compounds R-N-44 and R-N-45 in Ref.
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(12)]: The 'H chemical shifts of pertinent
structural-reporter groups for the N-type
glycopeptide found in this fraction (see
Table III) are compared in Table IV to
those of the corresponding R-N-44 refer-
ence compound. The pentasaccharide core,
ManzGleNAc,, of the human ChS-PG-de-
rived Asn-linked glycan is typical of N-type
glycopeptides. However, this glycan was
found to contain a Fuc residue linked «a-
(1 = 6) to GleNAc-1. Evidence for this as-
signment stems from the occurrence in the
spectrum of the Fuc H-1 and CHj; signals
at 6 =~ 4.87 and 1.202 ppm, respectively, in
conjunction with the N-acetyl methyl res-
onance of GleNAc-2 being observed at 6
2.093 [compare Ref. (12)]. Because the set
of chemical shifts of the Man H-2 atoms
(Table IV) is identical to that obtained with
the reference compound (12), it was de-
duced that this N-glycan is of the bianten-
nary type. Both branches of this glycan end
in sialic acid. That NeuAc is linked a(2 -
6) to Gal-6 in the Mana(1 — 3) branch and
NeuAc is linked a(2 = 3) to Gal-6' in the

TABLE II

CARBOHYDRATE COMPOSITIONS OF THE GLYCAN FRACTIONS (8-6) OBTAINED AFTER ($-ELIMINATION, AND OF
THAT OBTAINED AFTER PAPAIN-PRONASE DIGESTION OF CHONDROITINASE
ABC-TREATED HUMAN AORTA ChS-PG

Sephadex fraction®

3 4 5 6 Protease
Monosaccharide (1.5 mg) (24 mg) (6.0 mg) (7.3 mg) digest
Fuc 0.9 1.2 +° —° 1.0
Xyl + 0.2 0.1 + 1.0
Man 3.0 3.0 + - 3.0
Gal 6.4 4.8 2.1 14 5.8
GalNAc 1.9 1.9 0.5 0.2 5.3
GleNAc 417 42 0.4 ND* 44
GalNAc-ol ND ND 1.0 1.0 -
GleNAc-ol - - - - -
GlcUA - - 0.3 + 11
NeuAc 4.8 42 25 1.2 4.7
Xyl-ol - - 02 0.2 -

¢ Values for fractions 3 and 4 and for the papain-pronase digest are expressed relative to 3 mol (assumed)
of Man, and those of fractions 5 and 6 relative to 1 mol (assumed) of GalNAc-ol.

b4, traces.
¢ —, negligible.

¢ND, could not be determined due to interference of contaminants.
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Mana(1 — 6) branch were inferred from signals of GleNAc-5 and -5’ (Table IV) (12).
the chemical shifts of the H-3 signals of The structure of this glycopeptide, desig-
the sialic acid residues, the shifts of the H- nated “Compound I,” has been included in
1 signals of Man-4 and -4/, and the N-acetyl Table III.

[ s A
NeuAc o (2-+6)Gal 8 (1—~4)GlcNAC Bl1-+2)Man o (1~3) 3
Ma

N
v

1
nﬁ(I—-L)GlcNACﬂ(I —~~4)GlcNAc 3{1—~N)Asn
NeuAc o (2—3) Gal {1~ 4) GlcNAc B(1-=2)Man ot (1—6) :
& g CX 1
- - - o
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HOD protons
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55 50 45 40 35 30 25 20 15 1.0

F1c. 4. 500-MHz 'H NMR analyses of glycans derived from human aorta ChS-PG. (A) Structural
reporter group regions of the 500-MHz *H NMR spectrum (D,0, pD ~7, 27°C) of Sephadex G-50,
fraction 4, obtained by S-elimination of the chondroitinase ABC-treated chondroitin sulfate pro-
teoglycan from human aorta. The numbers in the spectrum refer to the corresponding residues in
the structure. The large peak at ~1.0 ppm is probably due to proton signals derived from amino
acid residues of peptides. (B1) Overall 500-MHz 'H NMR spectrum of Sephadex G-50, fraction 5,
obtained by 8-elimination of the chondroitinase ABC-treated chondroitin sulfate proteoglycan from
human aorta. The 3.3 to 5.3 ppm region (B2) and the 1.3 to 3.0 ppm region (B2 cont.) of the overall
spectrum have been enlarged to indicate the pertinent structural reporter groups. Assignments of
the signals have been indicated above the spectrum for the three components of the mixture, each
on a separate trace. The upper trace contains the assignments of the resonances for the major
component, Compound III; the middle trace contains those for Compound IV; and the lower trace
contains those for Compound V. For explanation of superscripts at the names of sugar residues, see
Table V. The relative-intensity scale of the N-acetyl methyl proton signals deviates from that of
the other parts of the spectrum, as indicated.
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The spectrum of the glycopeptides pres-
ent in fraction 3 (not shown) also revealed
the presence of Compound I. However, in
addition to the above-mentioned signals a
lower intensity H-1 signal at ¢ 5.116 ppm
(ratio 8:7, when compared to the signal at
5 5.130 ppm) was detected which was at-
tributed to the H-1 signal of the Man-4-
forming part of a branch that is terminated
in NeuAca(2 = 3) rather than in a(2 — 6).
The 7:8 intensity ratios of the NeuAc H-
3eq signals at § 2.75 and 2.67 ppm, the
NeuAc H-3ax signals at § 1.80 and 1.72 ppm,
and the GleNAc N-acetyl signals at 6 2.045
and 2.068 ppm confirm the occurrence of
this second N-glycan which has been des-
ignated as “Compound II” (Tables III and
IV). Compound II has been obtained earlier
from Sindbis virus membrane glycopro-
teins and the chemical shifts of its reporter
groups (29) are in accordance with the data
in Table IV for this ChS-PG-derived com-
pound.

The molar ratios of the constituent
monsaccharides present in fractions 3 and
4 (Table II) do not correspond exactly to
the structure of the two biantennary N-
type glycopeptides deduced by 500-MHz ‘H
NMR analysis. The relative excess of Gal,
GleNAc and NeuAc, together with the
presence of GalNAc, suggested $-elimina-
tion was incomplete and that glycopeptides
of the GalNAc-containing O-glycosidic type
probably are also present in these two gel
filtration fractions. Even if the structural
elements of the 0-type glycans present in
these fractions were similar or identical to
those present in Compounds I and II and
resulted in most of the expected NMR res-
onances from the latter two compounds
being overlapped by those originating from
the former compounds, some of the ex-
pected resonances should be clearly ob-
servable. The presence of an H-4 signal at
8 4.254 ppm (Fig. 4A), which is a charac-
teristic signal for peptide-linked GalNAc
present in mucin-like glycans (30), in com-
bination with the compositional sugar
analyses of these two gel filtration frac-

tions does suggest the presence of O-type

chains containing NeuAca(2 — 3)Galg(l —
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4)GleNAepS(1 = O) and/or NeuAca(2 -
3)Galp(1l — 3).

Subsequent concanavalin A-Sepharose
chromatography of fraction 3 and 4 glycans
failed to separate the N-linked glycans
from the O-linked glycans, most likely be-
cause both types of glycans were bound to
a common peptide. As an alternative ap-
proach to mild alkali treatment for ob-
taining these glycans, the chondroitinase-
treated ChS-PG was exhaustively digested
with both papain and pronase. Upon Se-
phadex G-25 chromatography, the result-
ing peptides and glycopeptides eluted as a
single hexose-containing fraction (Table
II). 'H NMR analysis of the glycopeptides
in this fraction revealed the presence of
such a complex mixture of glycans that
their structures could not be determined
conclusively.

Sugar analysis of Sephadex G-50 frac-
tions 5 and 6 revealed the absence of Man
and the presence of GalNAc-ol, Xyl-ol,
GlcUA, and NeuAc, indicating the probable
presence of peptide-free glycans of the
mucin type and the linkage region glycans
derived from the residual chondroitin sul-
fate chains. The 'H NMR spectrum (Fig.
4B) of the glycans of fraction 5 confirmed
the presence of mucin O-type glycans
terminating in GalNAc-ol. The obtained
spectrum revealed the characteristic
chemical shifts (Table V) of the structural-
reporter groups of the tetra- and hexasac-
charide alditols which have been desig-
nated “Compounds III and IV” (Table III)
[compare Refs. (31-33)]. Based on the in-
tensity ratio of the NeuAc H-3 signals (Fig.
4B), the molar ratio of Compound III to
Compound IV in fraction 5 was calculated
to be 3:1. In addition to Compounds III and
IV, further analysis of this 'H NMR spec-
trum revealed the presence of A**GlcUA.
This monosaccharide is known to be pres-
ent at the terminal nonreducing site of the
residual chondroitinase ABC-treated
chondroitin sulfate chain (34-36). The H-1
signal at § = 5.15 ppm and the H-4 signal
at 6 =~ 5.85 ppm are typical for A**GlcUA
(87-39). Based on a comparison of the 'H
NMR data with that of a reference chon-
droitin sulfate-derived linkage region gly-
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2.012
2.094
2.048
2.066

2.012
2.094
2.069

201
2.093
2.069

2.010
2.090
2.068/2.045

GleNAc-2
GleNAc-5

2.044
2.030

2.043¢
2.030

2.045

GleNAc-5'
NeuAc/NeuAc’

2.032

2.029

¢ Chemical shifts are expressed in ppm downfield from internal DSS in D;0 at 27°C, acquired at 500 MHz.

b In the table heading, structures are represented by symbolic notation [cf. Ref. (12)]: 4, Man; ®, GlcNAc; B, Gal; [, Fuc; O, NeuAca(2—>6); A, NeuAca(2—>3).

For complete structures and numbering of monosaccharide residues, see Table III.

¢ Glycopeptide fraction 3 consists of compounds I and IT (Table III). The numbers in the left column are attributed to reporter groups of compound I, and

those in the right column to compound II.

¢ Reference compounds R-N-44 and R-N-45 were obtained in a mixture from horse pancreatic ribonuclease (12).

¢ND, not determined.

fThis standard glycan has NeuAc'a(2—>6) instead of (2—3).

¢ In addition, a low-intensity singlet at § 2.048 ppm was observed, indicating the presence of a minute amount of glycopeptides with terminal, i.e., desialylated

Gal-6' in fraction 4.

can (Table V1), it was deduced that “Com-
pound V” (Table III) was present in gel fil-
tration fraction 5. Microheterogeneity of
Compound V was observed with respect to
the presence and site of attachment of the
sulfate ester group on GalNAc. Because the
three N-acetyl signals detected at é 2.095,
2.057, and 2.052 ppm were observed earlier
for ADi-4S, ADi-OS, and ADi-6S standards,
respectively (Table VI) [compare Ref. (42)],
it was concluded that the GalNAc residue
of Compound V possessed sulfate bound to
C-4, lacked sulfate, or had sulfate bound to
C-6. This is in keeping with the doubling
observed for the A**GleUA H-1 and H-4
signals (Fig. 4). The H-1 and H-4 signals
for both the nonsulfated and the C-6 sul-
fated GalNAc compounds are found at ¢
5.183 and 5.813 ppm, respectively, whereas
C-4 sulfated GalNAc results in an H-1 sig-
nal at 4 5.266 ppm and an H-4 signal at §
5.953 ppm (Table VI).

Sephadex G-50 fraction 6 consisted of
lower M, oligosaccharide alditols. The main
component in this fraction (“Compound
VIL,” Table IIT) was found to be a trisac-
charide related to Compounds III and IV.
The 'H NMR spectral data of Compound
VI, which are included in Table V, are
identical to those obtained for this same
compound obtained from other sources
(18, 33).

DISCUSSION

This study describes the first structural
determination of the N- and O-linked oli-
gosaccharides of a ChS-PG purified from
the human aortic media by a five-step pro-
cedure. As assessed immunologically, the
ChS-PG contained a hyaluronic acid bind-
ing site. As assessed by enzyme-immu-
noassay, no link protein was present in the
purified ChS-PG preparation. This finding
indicates a high degree of purity of the
ChS-PG, since link protein is often tightly
associated with proteoglycan molecules
containing a hyaluronic acid binding re-
gion. Carbohydrate composition analysis of
the isolated chondroitinase ABC-treated
ChS-PG suggested that this proteoglycan
contained both N-type and O-type carbo-
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TABLE V

11 CHEMICAL SHIFTS OF STRUCTURAL-REPORTER GROUPS OF CONSTITUENT MONOSACCHARIDES FOR THE MUCIN-
TYPE OLIGOSACCHARIDE-ALDITOLS (COMPOUNDS III, IV AND VI) PRESENT IN SEPHADEX G-50 FRACTIONS 5
AND 6, OBTAINED AFTER $-ELIMINATION OF CHONDROITINASE ABC-TREATED HUMAN AORTA ChS-PG,
TOGETHER WITH PERTINENT REFERENCE DATA

Chemical shift® in®

. Fraction 5
Reporter
s e d d
Residue group 11 R-0-1 v R-0-2 Fraction 6
A—m A—n VI R-0-3¢
N AN S —
. % o A—m
Residue® Reporter / s N
group O A—E—@ ¢
GalNAc-ol H-2 4.378 4.378 4.387 4.389 4.389 4.390
H-3 4.067 4.067 4.067 4.066 4.070 4.074
H-4 3.524 3.524 345 3.439 3.497 3.498
H-5 4.239 4.240 4.266 4.265 4.186 4.187
H-6' 3.473 3.475 ND”/ ND ND ND
NAc 2.043 2.042 2.065 2.065 2.044 2.046
Gal® H-1 4.541 4.541 4.529 4.530 4.544 4.547
H-3 4.116 4117 4113 4.113 4118 4.122
H-4 3.927 3.927 3.927 8.927 3.927 3.981
GleNAc® H-1 — — 4553 4.552 — —
NAc —_ — 2.062 2.062 — —
Galt H-1 — — 4.546 4.546 — —
H-3 — — 4113 © 4113 — —
H-4 —_ — 3.957 3.956 —_ —
NeuAc? H-3ax 1.800 1.800 1.800 1.799 1.800 1.800
H-3eq 2.175 2.774 2775 2775 2.773 2.174
NAc 2.032 2.032 2.032 2.033 2.033 2.034
NeuAc®! H-3ax — — 1.800 1.799 — —
H-3eq — — 2.756 2.755 — —
NAc — — 2.032 2.031 — —
NeuAc® H-3ax 1.692 1.692 — — — —
H-3eq 2.722 2.723 — — —_ —_
NAc 2.032 2.032 — — — —

% Chemical shifts are expressed in ppm downfield from internal DSS in D,0 at 27°C, acquired at 500 MHz.

5Tn the table heading, structures are represented by symbolic notation: ¢, GalNAc-ol; B, Gal; A, NeuAca(2—3);
®, GleNAc; O, NeuAca(2—6). See Table III for complete structures.

°The superscript for each sugar residue indicates to which carbon atom of the adjacent monosaccharide it
is linked. For example, Gal® means Gal 8(1—38)-linked.

¢ Compounds R-O-1 and R-O-2 were isolated from human plasma galactoprotein (31) and from human
platelet glycocalicin (32).

¢ Compound R-0-3 was obtained from cow milk x-casein (13, 33).

SND, not determined.
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hydrate chains attached to its protein
backbone. Since alkaline borohydride re-
ductive cleavage (B-elimination) is rou-
tinely used to degrade the peptide of gly-
coproteins that contain both N-type and
O-type carbohydrate chains (43-46), this
procedure was employed to degrade the
proteoglycan for subsequent isolation of its
glycans. S-Elimination of the ChS-PG un-
der relatively mild conditions resulted in
the recovery of most of the N-type chains
as glycopeptides and most of the mucin O-
type chains as peptide-free alditols. We
demonstrate in this study that this hydro-
lysis technique in combination with H
NMR analysis can be also used to deduce
the structure of the linkage region of O-
linked glycosaminoglycans. The structures
of the low M, carbohydrates bound to hu-
man aorta ChS-PG, together with their
relative abundances, are compiled in Table
IIT and were deduced by a combination of
500-MHZ 'H NMR spectroscopy and quan-
titative sugar analyses. Based on the evi-
dence for the N-type structures (Com-
pounds I and II), and by analogy to the
structures of the alditols found in fractions
5 and 6, we propose that gel filtration frac-
tions 3 and 4 (Fig. 3) consist of glycopep-
tides containing Compounds I, II, III, and
IV in the approximate molar ratios of 7:3:
2:5 and 10:0:1:4, respectively. The inability
to separate the N-glycans from the O-gly-
cans by subsequent concanavalin-A Seph-
arose chromatography even after pronase
and papain treatments indicates that the
different oligosacecharide chains in frac-
tions 3 and 4 are probably attached to a
common protease-resistant portion of the
peptide core. Fraction 5 consists of the oli-
gosaccharide alditols of Compounds III, IV,
and V in the approximate molar ratio of 6:
2:5, while fraction 6 contains Compounds
V and VI in the ratio of 1:5. The finding
that all Sephadex G-50 fractions derived
from the human aorta ChS-PG contained
more than one glycan raises the possibility
that an unknown structural determinant
of a compound in Table III may have been
missed because of the complexity of the 'H
NMR analysis. Nevertheless, because the
'H NMR spectrum for each of these glycans
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is known from earlier investigations on
other glycoconjugates, we are reasonably
certain of their structures. It should be
noted that the structure of Compounds III
and IV were deduced earlier when present
in a 1:10 ratio in a mixture of S-elimination
products from human plasma galactopro-
tein (31).

Proteoglycans of other tissue origins and
of other species have also been reported to
contain the same O-linked oligosaccharides
(3, 4, 6) that are bound to the human aorta
ChS-PG. Except for the presence of NeuAc,
these latter oligosaccharides are identical
in structure to the reducing terminus of
skeletal keratan sulfate (47), which is the
region of the keratan sulfate chain that is
linked to the protein core. The weak rec-
ognition of the purified ChS-PG by the
anti-keratan sulfate antibody indicates
that the purified aorta-derived molecules
differ from the proteoglycans present in
cartilage in being relatively deficient in
macromolecular keratan sulfate. This ob-
servation confirms those findings reported
in our earlier investigation that little ker-
atan sulfate of large M, is present in the
human aorta (1). The relative lack of bio-
synthesis of keratan sulfate beyond the
first three monosaccharides suggests either
the absence of the required glycosyltrans-
ferase system necessary to complete the
biosynthesis of keratan sulfate or the
presence of unusually high levels of specific
sialic acid transferases that terminate
further polymerization of the oligosaccha-
rides.

In recent years considerable progress has
been made in the isolation and character-
ization of aorta proteoglycans (16, 28, 48~
56). However, no reports on the structures
of the N- and O-glycosidic oligosaccharides
bound to aorta proteoglycans have been
made. The elucidation of the structures of
these glycans will enable future studies to
address the biologic relevance of these oli-
gosaccharides on ChS-PG. At present their
functions are unknown, but by analogy to
circulating glycoproteins, one may specu-
late that they inhibit the proteolytic deg-
radation of this important aorta matrix
proteoglycan.
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Ch4S-tetra, GlcUAB(1—>8)GalNAcB(1~>4)GlcUAB(1—+>3)GalNAc
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