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ABSTRACT: Prion proteins from humans and rodents contain two consensus sites for asparagine-linked
glycosylation near their C-termini. The asparagine-linked oligosaccharides of the scrapie isoform of the
hamster prion protein (PrP 27-30) were released quantitatively from the purified molecule by hydrazinolysis
followed by N-acetylation and NaB3H, reduction. The radioactive oligosaccharides were fractionated into
one neutral and three acidic oligosaccharide fractions by anion-exchange column chromatography. All
oligosaccharides in the acidic fractions could be converted to neutral oligosaccharides by sialidase digestion.
Structural studies on these oligosaccharides including sequential exoglycosidase digestion in combination
with methylation analysis revealed that PrP 27-30 contains a mixture of bi-, tri-, and tetraantennary
complex-type sugar chains with Manal—6(GlcNAcS1—4)(Manal—3)Mang1—4GlcNAcS1—4-
(Fucal—6)GIcNAc as their core. Variation is produced by the different combination of the oligosaccharides
GalB1—4GIcNAcB1—, Galfl—4(Fucal—3)GlcNAcS1—, GIcNAcS1—, Siaa2—>3Galf1—+4GIcNAcS1—,
and Siac2—6Gal31—=4GIcNAcB1— in their outer chain moieties. When both asparagine-linked consensus
sites are glycosylated, the diversity of oligosaccharide structures yields over 400 different forms of the scrapie
prion protein. Whether these diverse asparagine-linked oligosaccharides participate in scrapie prion infectivity

or modify the function of the cellular prion protein remains to be established.

Scrapie is a degenerative neurological disease of sheep and
goats, which can be transmitted to laboratory rodents (Pru-
siner, 1987). Because the unusual properties of the scrapie
agent distinguish it from viruses, the term prion was intro-
duced (Prusiner, 1982). Three human diseases may also be
caused by prions: Creutzfeldt-Jakob disease, kuru, and
Gerstmann-Striussler syndrome (Gajdusek, 1977; Masters
et al., 1981). Purification of scrapie prion infectivity led to
isolation of a protein with relative molecular weight of
27000-30000 (Bolton et al., 1982; Prusiner et al., 1982). This
protein was designated prion protein (PrP) 27-30.!

PrP ¢cDNA clones were isolated from libraries that were
constructed by using poly(A+)RNA from scrapie-infected
brains of hamsters and mice (Chesebro et al., 1985; Oesch et
al., 1985). Southern blotting revealed that PrP 27-30 is en-
coded by a cellular gene and not by the infectious prion
particles (Oesch et al., 1985). Unexpectedly, Northern blotting
indicated that normal and scrapie-infected brains contain
similar levels of PrP mRNA (Chesebro et al., 1985; Oesch et
al., 1985). The presence of PrP mRNA in normal brain led
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to the discovery of a normal cellular isoform of PrP, termed
PrPS, and the demonstration that PrP 27-30 is derived by
limited proteolysis from a larger protein, designated PrPSe
(Oesch et al., 1985). Sensitivity to proteinase K and solubility
after detergent extraction differentiate PrPS from PrPC (Qesch
et al., 1985; Meyer et al., 1986). Because the entire PrP open
reading frame (ORF) is contained within a single exon, the
differences between PrPC and PrP% are not due to alternative
splicing of exons but probably result from a posttranslational
event (Basler et al., 1986). To date, there is evidence for at
least six posttranslational modifications of both PrP isoforms
including glycosylation (Prusiner, 1987; Stahl et al., 1987; Turk
et al., 1988; Haraguchi et al., unpublished observations). Since
earlier studies suggested that PrP 27-30 is a sialoglycoprotein
and the amino acid sequence of PrP contains two potential
asparagine-linked glycosylation sites (Bolton et al., 1985; Oesch
et al.,, 1985), we undertook a structural study of the sugar
chains of PrP 27-30 with a view toward eventually determining
whether the different properties of two PrP isoforms arise from
differences in their asparagine-linked oligosaccharides. Re-
cently, we demonstrated the presence of asparagine-linked
oligosaccharides in both PrP isoforms, which were resistant
to endoglycosidase H digestion but sensitive to N-glycanase

! Abbreviations: PrP, prion protein; PrP%, scrapie isoform of the prion
protein; PrPC, cellular isoform of the prion protein; PrP 27-30, scrapie
prion protein derived from PrP% by limited proteolysis. Subscript OT
is used in this paper to indicate NaB*H,-reduced sugars. All sugars
mentioned in this paper were of the D configuration, except for fucose,
which had an L configuration.

© 1989 American Chemical Society
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digestion (Haraguchi et al., unpublished observations).
In this paper, we report a detailed structural study of the
sugar chains of PrP 27-30.

EXPERIMENTAL PROCEDURES

Chemicals and Enzymes. NaB>H, (348 mCi/mmol) was
purchased from New England Nuclear, Boston, MA, and
NaB?H, (98%) from Merck Co., Darmstadt, FRG. Arthro-
bacter ureafaciens sialidase was purchased from Nacalai
Tesque Inc., Kyoto. 8-Galactosidase and $-N-acetylhexos-
aminidase were purified from the culture fluid of Diplococcus
pneumoniae by the method of Glasgow et al. (1977). Another
(-galactosidase, 8-N-acetylhexosaminidase, and a-mannosidase
were purified from jack bean meal according to the method
of Li and Li (1972). Snail 8-mannosidase was kindly supplied
by Seikagaku Kogyo Co., Tokyo. Bovine epididymal a-fu-
cosidase was purchased from Sigma Chemical Co., St. Louis,
MO. a-Fucosidase I was purified from almond emulsin, and
Aspergillus saitoi a-mannosidase II was purified as reported
previously (Kobata, 1982; Amano & Kobata, 1986). Datura
stramonium agglutinin (DSA)-Sepharose was prepared as
described previously (Yamashita et al., 1987). Ricinus com-
munis agglutinin (RCA) 120-WGO003 was purchased from
Hohnen Oil Co., Tokyo.

Scrapie Prions. Weanling random-bred (LVG/LAK)
Syrian golden hamsters were inoculated intracerebrally with
107 IDs, units of Syrian hamster adapted scrapie prions in their
fifth passage. These animals developed clinical signs of scrapie
approximately 70 days after inoculation and were sacrificed
5 days later. Their brains were removed immediately upon
sacrifice, frozen in liquid nitrogen, and stored at —70 °C.

Purification of PrP 27-30. Large-scale purification of PrP
27-30 from scrapie-infected hamster brains was accomplished
with a series of detergent extractions, enzymatic digestions,
differential centrifugations, and discontinuous sucrose gradient
sedimentation as previously described (Prusiner et al., 1983).
The purified PrP 27-30 is aggregated into rod-shaped struc-
tures that were dissociated by boiling the purified samples in
2% SDS for 2 min. PrP 27-30 was purified further by
preparative SDS-PAGE. The buffer system of Laemmli
(1970) was employed by using a 16 X 18 cm slab with a
thickness of 0.75 mm composed of 15% polyacrylamide. A
strip 1 cm wide was cut from the slab and the PrP 27-30 eluted
into 10 mM NH,HCO, buffer containing 0.1% SDS. The
SDS was removed by repeated acetone precipitation (X6) and
the sample dried by lyophilization.

Analytical Studies of PrP 27-30. The amount of purified
PrP 27-30 was estimated by three independent methods: (a)
silver staining of SDS-PAGE (Merril et al., 1981); (b) bi-
cinchoninic acid (BCA) protein assay (Smith et al., 1985); and
(c) amino acid analysis (Jones, 1986). The intensity of PrP
27-30 staining with silver was compared to that of known
standard proteins. Protein determinations using the BCA
reagent purchased from Pierce were performed by using
crystalline bovine serum albumin fraction V purchased from
Pentex as a standard. Amino acid analysis of hydrolyzed PrP
27-30 was accomplished by derivatization with fluor-
aldehyde-o-phthalaldehyde (OPA) purchased from Pierce.
The mixture was separated on a C,3 column by reverse-phase
HPLC and the amount of protein estimated from the values
obtained for the following amino acids: Asp, Glu, Ser, His,
Thy, and Ile.

Glycosidase Digestion. Radioactive oligosaccharides (1-100
X 10* cpm) were incubated with one of the following mixtures
at 37 °C for 2448 h: sialidase digestion, 50 milliunits of
enzyme in 0.1 M sodium acetate buffer, pH 5.0 (50 uL); jack
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bean B-N-acetylhexosaminidase digestion, 2 units of enzyme
and 2.5 mg of galactono-1,5-lactone in 0.1 M sodium citrate
buffer, pH 5.0 (50 uL); digestion with a mixture of jack bean
B-galactosidase and 3-N-acetylhexosaminidase, 0.6 unit of
B-galactosidase and S units of 8-N-acetylhexosaminidase in
0.1 M sodium citrate buffer, pH 4.0 (50 uL); jack bean o-
mannosidase digestion, 0.5 unit of enzyme in 0.05 M sodium
acetate buffer, pH 4.5, containing 1 mM ZnCl, (50 uL); 4.
saitoi a-mannosidase II digestion, 100 microunits of enzyme
in 0.1 M acetate buffer, pH 5.0, containing 1 mM CaCl, (50
pL); snail B-mannosidase digestion, 10 milliunits of enzyme
in 0.05 M sodium citrate buffer, pH 4.0 (50 uL); epididymal
a-fucosidase digestion, 10 milliunits of enzyme in 0.05 M
sodium citrate buffer, pH 6.0 (40 uL); diplococcal B-galac-
tosidase digestion, 2 milliunits of enzyme in 0.1 M sodium
citrate buffer, pH 6.0 (50 uL); diplococcal B-N-acetyl-
hexosaminidase digestion, 10 milliunits of enzyme in 0.1 M
sodium citrate buffer, pH 6.0 (50 uL); almond a-fucosidase
I digestion, 40 microunits of enzyme in 0.15 M citrate
phosphate buffer, pH 5.0 (30 uL). A small amount of toluene
was added to all reaction mixtures to inhibit bacterial growth
during incubation.

Oligosaccharides. Neu5Aca2—6Gal1—4GIcNAcS1—-
2Manal—6[NeuSAca2—3Galf1—4GIlcNAcB1—4-
(NeuSAca2—6GalB1—4GIlcNAcSl—2)Manal—3]-
ManB1—+4GIlcNAcS1—=4GIcNAcor (NeuSAcyGalye
GlcNAc;Man;GleNAc-GleNAcyr), NeuSAca2—6Galgl—-
4GlcNAcBl—2Manal—6(NeuSAca2—6Galgfl—-
4GlcNAcS1—=2Manal—3)Man81—-4GIcNAcgl—-
4GlcNAcgor (NeuSAc,Gal,-GlcNAc,-Man;-GleNAc:
GlcNAcgr), and Neu5SAca2—6GalB1—4GIcNAcBl—-
2Mana1—6(Gal31—+4GlcNAcB1—2Manal—3)ManB1—-
4GIcNAcB1—4GIcNAcor (NeuSAcGaly,GlcNAc,Man,:
GIcNAc-GlcNAcyr) were prepared from human ceruloplasmin
by hydrazinolysis followed by reduction with NaB*H, (Ya-
mashita et al., 1981). Gal81—4GIcNAcS1—2Manal—6-
(GleNAcB1—4)(GalB1—4GIcNAcBl—2Manal—3)-
ManB1—4GlcNAcf1—4(Fucal—=6)GIcNAcgr (Gal,
GlcNAc,Man,GlcNAc-Man-GlcNAc-Fuc-GlcNAcqg),
GalB1—4GlcNAcf1—=2Manal—6(GlcNAcB1—4)-
(GlcNAcf1—2Manal—3)ManB1—4GIcNAcf1—4-
(Fucal—6)GIcNAcor (Gal-GlcNAc,:Man, GlcNAc-Man:
GleNAc-Fue:GIcNAcor), and GlcNAcf1—2Manal—6-
(GlcNAcB1—4)(GlcNAcB1—2Manal—3)Mangl—-
4GlcNAcB1—4(Fucal—6)GlcNAcor (GlcNAc,-Man,:
GlcNAc-Man-GlcNAc-Fuc'GlcNAcyr) were obtained from
human immunoglobulin G (Mizuochi et al., 1982).
Manal—6(Manal—3)ManB1—4GlcNAcB1—4(Fucal—-
6)GIlcNAcor (Man;yGlcNAc-Fuc-GlcNAcgr) was obtained
by jack bean p-N-acetylhexosaminidase digestion of
GlcNAc,yMan, GleNAc-Man-GlcNAc-Fuc:GlcNAcqT.
Manal—6(Galg1—4GIlcNAcS1—2Manal—3)Mang81—-
4GIlcNAcf1—4(Fucal—6)GlcNAcyt (Gal-GlcNAc-Man,:
GlcNAc-Fuc'GlcNAcgr) (Endo et al., 1987), [Gal3l—4-
(Fucal—3)GlcNAcSl—2Manal—6](Manal—3)Mang1—-
4GlcNAcB1—=4(Fucal—6)GlcNAcor (Gal-Fuc-GlcNAc:
Man; GIcNAc-Fuc:GleNAcgor) (Endo et al., 1986),
GIctNAcB1—=6(GlcNAcBl—2)Manal—6(GIcNAcB1—4)-
[GIcNAcB1—-4(GlcNAcB1—2)Manal—3]ManpB1—-
4GlcNAcB1—4(Fucal—6)GIlcNAcyor (GlcNAc,Man,.
GlcNAc-Man-GlcNAc-Fuc:GlcNAcgr), and GIcNAcB1—-
2Manal—6(GlcNAcB1—4)[GIcNAcB1l—4(GlcNAcS1—-
2)Manal—3]Mang1—4GlcNAcB1—4(Fucal—6)GlcNAcor
(GlcNAc;-Man, GleNAc-Man-GleNAc-Fuc-GleNAcoT)
(Yamashita et al.,, 1983) were obtained according to the
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FIGURE 1: Time course of the release of the asparagine-linked oli-
gosaccharides from PrP 27-30 by hydrazinolysis.

methods of the cited references.

Analytical Methods. Anion-exchange chromatography was
carried out on a FPLC apparatus (Pharmacia LKB Biotech-
nology Inc., Tokyo) equipped with a Mono Q HR5/5 column.
The elution was performed with 5 mM sodium acetate, pH
4.0, for 10 min, then with a linear gradient from 5 to 300 mM
sodium acetate (pH 4.0) for 30 min, and finally with a linear
gradient from 300 to 500 mM sodium acetate (pH 4.0) for
10 min. Chromatography was performed at room temperature
at a flow rate of 1 mL/min. Oligosaccharides were frac-
tionated on columns of Bio-Gel P-4 at 55 °C with a mixture
of glucose oligomers as internal standards (Yamashita et al.,
1982). Methylation analysis of oligosaccharides was carried
out as described earlier (Endo et al., 1979) by using a JEOL
DX-300 gas chromatograph—mass spectrometer (JEOL, Ltd.,
Tokyo), the capillary column (0.25 mm X 30 m) of DB5-30N
(J&W Scientific Inc., Cordova, CA), and the column tem-
perature programmed at 8 °C increments/min from 95 to 280
°C. Lectin affinity chromatography on a column of RCA
120-WG003 and DSA were performed as described previously
(Harada et al., 1987; Yamashita et al., 1987).

RESULTS

PrP 27-30 Contains Two Asparagine-Linked Oligo-
saccharides. The hamster PrP gene encodes a protein of 254
amino acids with two consensus sites for asparagine-linked
glycosylation at codons 181 and 197. To determine the
number of asparagine-linked oligosaccharides attached to PrP
27-30, 26 nmol of PrP 27-30 was subjected to hydrazinolysis
for varying periods of time (Takasaki et al., 1982). As shown
in Figure 1, 10 h of hydrazinolysis is sufficient to liberate all
asparagine-linked oligosaccharides from PrP 27-30, and ap-
proximately 2 mol of oligosaccharides was liberated from 1
mol of PrP 27-30 by hydrazinolysis. On the basis of these
results, 2.5 mg of PrP 27-30 was subjected to hydrazinolysis
for 10 h. One-third of the oligosaccharide fraction was reduced
with NaB3H,, and the remainder was reduced with 2 mg of
NaB?H, to obtained deuterium-labeled oligosaccharide fraction
for methylation analysis.

Sialylated Oligosaccharides from PrP 27-30. The radio-
active oligosaccharide mixture obtained from PrP 27-30 was
subjected to anion-exchange column chromatography with the
Mono Q HR5/5 column. As shown in Figure 2A, one neutral
(N) and three acidic (A1-3) fractions were obtained. When
a mixture of Al, A2, and A3 was digested exhaustively with
sialidase, it was completely converted to neutral oligo-
saccharides (AN in Figure 2B). Mild acid hydrolysis (0.01
N HCl at 100 °C for 3 min) of A2 and A3, after which part
of the original acidic component still remained, gave one and

Endo et al.
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o
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10 20 30

ELUTION VOLUME (ml)
FIGURE 2. Anion-exchange chromatography of oligosaccharides re-
leased from PrP 27-30 (A) and of sialidase digests of the acidic
oligosaccharides (pooled sample of A1-3) (B). The arrows indicate
the positions where authentic oligosaccharides were eluted: 1,
Gal,*GlcNAc,:Man,;-GleNAc-Man:GleNAc-Fuc-GlcNAcqy; 2,
Neu5Ac-GalyGlcNAc,Man; GleNAc-GleNAcgr; 3, NeuSAc,-
GalGlcNAcyMan;-GleNAc-GlcNAcor; 4, NeuSAc;-Galj
GlcNAc;-ManyGleNAc-GleNAcgr.

two additional acidic components, respectively, with a neutral
component (data not shown). In contrast, fraction Al, treated
under the same condition, gave only a neutral product (data
not shown). These results indicated that Al, A2, and A3
contain one, two, and three sialic acid residues, respectively.
The percent molar ratio of neutral, monosialylated, disialy-
lated, and trisialylated oligosaccharide fractions was 27:20:48:5
on the basis of their radioactivities.

Methylation Analysis of Oligosaccharides. Since it was
not possible to obtain interpretable methylation data for in-
dividual oligosaccharides, the elucidation of oligosaccharide
structure was based mainly on sequential exoglycosidase di-
gestion and lectin affinity chromatography. However, for
interpretation of the results, knowledge of the sugar linkages
present in the oligosaccharides was required and, thus, fractions
N, AN, and A (a pool of A1-3) were subjected to methylation
analysis (Table I). The data indicated that all oligo-
saccharides in these fractions had bisecting N-acetylglucos-
amine residues because 2-mono-O-methylmannitol but not
2,4-di-O-methylmannitol was detected. Therefore, the relative
amounts of each monosaccharide fragment were calculated
by taking the value of 2-mono-O-methylmannitol as 1.0.

Detection of 1,3,5-tri- but not 1,3,5,6-tetra-O-methyl-2-
(N-methylacetamido)-2-deoxyglucitol indicated that N-
acetylglucosamine residues at the reducing termini of all ol-
igosaccharides are substituted both at the C-4 and at the C-6
positions. From the results of glycosidase digestion, the C-6
position of this N-acetylglucosamine residue should be occupied
by an a-fucosyl residue. Galactose residues of the oligo-
saccharides in fraction AN occur as nonreducing termini
because only 2,3,4,6-tetra-O-methylgalactitol was detected.
Detection of 6-mono-O-methyl 2-(/N-methylacetamido)-2-
deoxyglucitol in fraction AN indicated that either Le? or
X-antigenic determinant is included in the outer chain moieties
of many oligosaccharides. Detection of more than 1 mol of
3,4,6-tri-O-methyl-2-(N-methylacetamido)-2-deoxyglucitol in
fraction N indicated that some of the oligosaccharides in this
fraction contained a nonreducing terminal N-acetylglucos-
amine residue in their outer chain moieties.

Comparison of the data obtained by methylation analysis
of fractions AN and A indicated that difference was found
only in the galactitol derivatives. The decrease of the
2,3,4,6-tetra-O-methylgalactitol in fraction A was balanced
by the presence of 2,3,4- and 2,4,6-tri-O-methylgalactitols.
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FIGURE 3: Bio-Gel P-4 column chromatography of oligosaccharide
fraction AN and its sequential exoglycosidase digestion products.
Arrows at the top indicate the elution positions of glucose oligomers
(the numbers indicate the glucose units). Arrow heads indicate the
elution positions of authentic oligosaccharides: 1, GlcNAc,Man,
GlcNAc-Man:GlcNAc:Fuc-GlcNAcor; 2, GlcNAc;-Man,.
GlcNAc:-Man'GlcNAc:Fuc-GlcNAcor; 3, GlcNAc;-Man,:
GicNAc-Man-GlcNAc-Fuc-GlcNAcgoy; 4, Gal-Fuc-GlcNAc-Man,:
GlcNAc-Fuc:GlcNAcoy; 5, Man;GlcNAc-Fuc-GlcNAcot; 6,
Galp»GIcNAcyManyGlcNAc:ManGlcNAc-Fuc:-GlcNAcer.  (A)
Fraction AN; (B) fraction in (A) after digestion with almond a-fu-
cosidase I; (C) fraction I in (A) after digestion with a mixture of jack
bean S-galactosidase and jack bean §-N-acetylhexosaminidase; (D)
peak d in (C) after digestion with almond a-fucosidase I; (E) the peak
in (D) after digestion with A. saitoi a-mannosidase II (solid line) or
after sequential digestion with diplococcal 5-galactosidase and di-
plococcal B-N-acetylhexosaminidase (dotted line); (F) fraction IT in
(A) after digestion with a mixture of jack bean §-galactosidase and
jack bean §-N-acetylhexosaminidase; (G) peak fin (F) after sequential
digestion with almond «-fucosidase I (solid line), diplococcal 3-g#-
lactosidase (dotted line), and A. saitoi a-mannosidase II (dot-dash
line); (H) peak g in (F) after sequential digestion with almond a-
fucosidase I (solid line) and diplococcal 8-galactosidase (dotted line).

These results indicated that the sialic acid residues of the three
acidic fractions (A1-3) are linked both at the C-6 and at the
C-3 positions of the terminal galactose residues.

It is noteworthy that neither 3,6- nor 3,4-di-O-methyl-
mannitol was detected in fraction N. This result indicated that
fraction N does not contain any tri- and tetraantennary oli-
gosaccharides.

Structural Studies of Oligosaccharides in Fraction AN by
Exoglycosidase Digestion. To determine the anomeric con-
figuration and the monosaccharide sequence in each oligo-
saccharide, radioactive oligosaccharides in fraction AN were
subjected to sequential exoglycosidase digestion, and the re-
action product at each step was analyzed by Bio-Gel P-4
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Table I: Methylation Analysis of Fractions N, A, and AN Obtained
from PrP 27-30

molar ratio?

methylated sugar N A AN
fucitol
2,3,4-tri-O-methyl 1.5 1.6 1.7
(1,5-di-O-acetyl)
galactitol
2,3,4,6-tetra-O-methyl 0.7 1.2 2.8
(1,5-di-O-acetyl)
2,4,6-tri-O-methyl b 0.5 b
(1,3,5-tri-O-acetyl)
2,3,4-tri-O-methyl b 1.1 b
(1,5,6-tri-O-acetyl)
mannitol
3,4,6-tri-O-methyl 2.0 1.0 1.1
(1,2,5-tri-O-acetyl)
3,6-di-O-methyl b 0.7 0.7
(1,2,4,5-tetra-O-acetyl)
3,4-di-O-methyl b 0.1 0.1
(1,2,5,6-tetra-O-acetyl)
2-mono-O-methyl 1.0 1.0 1.0

(1,3,4,5,6-penta-0-acetyl)
2-(N-methylacetamido)-2-deoxyglucitol

1,3,5-tri-O-methyl 09 08 09
(4,6-di-O-acetyl)

3,4,6-tri-O-methyl 22 09 0.9
(1,5-di-O-acetyl)

3,6-di-O-methyl 1.0 28 2.9
(1,4,5-tri-O-acetyl)

6-mono-O0-methyl 06 08 0.9

(1,3,4,5-tetra-O-acetyl)

“Numbers in the table were calculated by taking the value of 2-
mono-O-methylmannitol as 1.0. ?Not detected.

1 £ ¢ % molar ratio
2 Galp1—+4GIcNACB 1w GlcNAch vee !
’2Manu1 . 4 6
Galp1—4GIcNACp1 6 . .
GaID1—~4GIcNAcb1\4 ’3Man61 4GIcNAcB1 4GI<:NA<:OT 11
2Mamﬂ
Galp1—~4GIecNACp1~
GleNACcB ! Fuca1
b Galp1—+4GicNAcB1 -8 4 i
2Manu1‘6 4 &
Galp1—~4GleNAcp1~ 3ManD1—-4GlcNAch-4GIcNAc0T 5
Galp1—4GIcNAcf1—2Manal1”
GicNAcB1 Fucail
1 i
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FIGURE 4: Structures of defucosylated oligosaccharides from fraction
AN and their percentage molar ratio.

column chromatography. Although the elution profile of
fraction AN on Bio-Gel P-4 column chromatography was quite
heterogeneous (Figure 3A), it was separated into three peaks
after almond a-fucosidase I digestion (peaks a—c in Figure 3B)
in a molar ratio of 11:67:22.

Structures of oligosaccharides in peaks a and ¢ were elu-
cidated as shown in Figure 4. Since the analytical procedures
to reach these structural assignments were the same as reported
in the previous papers (Yamashita et al., 1983, 1985, 1986),
they will not be described here. That oligosaccharide ; and/or
oligosaccharide b, in Figure 4 was included in peak b was
confirmed by sequential exoglycosidase digestion as reported
previously (Renwick et al., 1987; Yamashita et al., 1983, 1985,
1986) (data not shown). When peak b was applied to a
DSA-Sepharose column, it was separated into two fractions,
a retarded and a bound fraction in the molar ratio 93:7 (data
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not shown). On the basis of the binding specificity of the
DSA-Sepharose column (Yamashita et al., 1987), it was
concluded that peak b contains oligosaccharides 4, and b, in
Figure 4 in the molar ratio 7:93. The percentage molar ratio
of the four identified oligosaccharides is also given in Figure
4,

It is well-known that almond a-fucosidase I cleaves the
a-fucosyl linkages of the Galg1—4(Fuca1—3)GIcNAc and
the Gal81—3(Fucal—4)GIcNAc groups and not of the
Fuca1—2Gal group (Ogata et al., 1977). As described above,
the oligosaccharide mixtures in defucosylated fraction AN
contain only the Gal31—+4GlcNAc linkage. Therefore, it was
concluded that fraction AN is a mixture of bi-, tri-, and tet-
raantennary complex-type oligosaccharides with the Galg1—-
4GlcNAcB1— and GalB1—4(Fucal—3)GlcNAcS1— groups
in their outer chain moieties.

To determine the location of the Galgl—4(Fucal—3)-
GIcNAcB1— group in the outer chain moieties of oligo-
saccharides in AN, fractions I and II (indicated by bars in
Figure 3A) were separately pooled and digested with a mixture
of jack bean (-galactosidase and jack bean B-/V-acetyl-
hexosaminidase to remove completely the nonfucosylated outer
chain moieties. That fraction I contained only the biantennary
complex-type oligosaccharides and fraction II contained both
the tri- and tetraantennary complex-type oligosaccharides was
estimated from the effective sizes of radioactive peaks in the
gel permeation chromatogram (Yamashita et al,, 1982). On
the basis of the radioactivities, the molar ratio of fractions I
and II was calculated to be 22:78. By the enzymatic treatment,
fraction I was degraded into two components (Figure 3C) and
fraction II into three components (Figure 3F), and the per-
centage molar ratio of the five components was peak d (13%),
peak e (9%), peak f (16%), peak g (45%), and peak h (17%).

Peak e in Figure 3C was eluted at the same position as
authentic Man;-GlcNAc-Fuc-GIcNAcgr. This component
should be derived from the biantennary complex-type oligo-
saccharides without any Galg1—4(Fucal—3)GIlcNAc outer
chain because 8-galactosidase cannot hydrolyze the 8-galac-
tosyl residue of this trisaccharide group. Therefore, peak e
should be derived from oligosaccharide 1 in the summary
Figure 6.

Peak d, which eluted at the same position as authentic
Gal-Fuc-GlcNAc-Man;GlcNAc-Fuc-GlcNAcqr, released a
fucose residue by almond a-fucosidase I digestion (Figure 3D).
The radioactive peak in Figure 3D released one galactose and
one N-acetylglucosamine residue by sequential digestion with
diplococcal B-galactosidase and diplococcal (-NV-acetyl-
hexosaminidase and moved to the same position as Man;
GlcNAc-Fuc:GlcNAcqr (Figure 3E, dotted line). This result
indicated that the structure of the radioactive peak in Figure
3D is Galg1—4GIlcNAcB1—2Manal—6 and/or 3-
(Manal—3 and/or 6)Manf1—4GlcNAcS1—4(Fucal—6)-
GlcNAcgr. The radioactive peak in Figure 3D released one
mannose residue by A. saitoi a-mannosidase II digestion
(Figure 3E, solid line). Since this enzyme removes a mannose
residue from the Gal31—4GlcNAcB1—2Manal—6-
(Mana1—3)Manf1—4GIcNAc- group but not from the
Manal—6(Gal31—4GlcNAcS1—2Manal—3)Mangl—-
4GlcNAc- group (Amano & Kobata, 1986), the radioactive
peak in Figure 3D should contain Gal31—4GlcNAcgB1—-
2Manal—6(Manal—3)ManB1—4GIlcNAcS1—4(Fucal—-
6)GIcNAcqr only. In peak d, the Galg1—4GlcNAcS1—
outer chain should occur as the Galg1—4(Fucal—3)GIlcNAc
group. Therefore, peak d should be derived from oligo-
saccharide 2 shown in Figure 6.
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Radioactive peak f'in Figure 3F released two fucose residues
by almond a-fucosidase I digestion (Figure 3G, solid line). The
radioactive solid-line product in Figure 3G released two ga-
lactosyl groups by incubation with diplococcal 8-galactosidase
(Figure 3G, dotted line). When the dotted-line product in
Figure 3G was incubated with 4. saitoi a-mannosidase II, one
mannose residue was released (Figure 3G, dot-dash line). The
dotted-line product in Figure 3G was completely resistant to
diplococcal 8-N-acetylhexosaminidase digestion but released
two N-acetylglucosamine residues by jack bean 3-N-acetyl-
hexosaminidase digestion and moved to the same position as
Many-GleNAc-Fuc:GlcNAcqr (data not shown). When the
solid-line component shown in Figure 3G was subjected to a
DSA-Sepharose column, it was bound to the column and then
eluted with the buffer containing N-acetylglucosamine oli-
gomers (data not shown). These results indicated that the
solid-line peak in Figure 3G contains the oligosaccharide

Fucai
Galp1—4GIcNACP 1« 5 }
2Mana1\ 6 6
Galp1—4GIcNAcB1~ 3Manﬁ1—-4GIcNAcﬁ1—o4GlcNAc0T.
Mana1~”

The two Gal81—4GlcNAc outer chains should be fucosylated
in peak f because these two galactose residues were resistant
to B-galactosidase treatment before defucosylation. As de-
scribed already, oligosaccharides containing the Galgl—-
4GlcNAcB1—6(Gal1—4GIcNAcS1—2)Man group ac-
counted for 16% of fraction AN (Figure 4). Since the molar
ratio of peak fin fraction AN was 16%, all oligosaccharides
containing the 2,6-branch in fraction AN should have been
converted to peak f. On the basis of these results, it was
concluded that all 2,6-branched outer chains of tetraantennary
and triantennary oligosaccharides are completely fucosylated.
Therefore, oligosaccharides a and b, in Figure 4 should occur
in fraction AN as oligosaccharides 6 and § in Figure 6, re-
spectively.

The data described above also indicated that another two
products in Figure 3F (peaks g and k) should be derived from
2,4-branched triantennary oligosaccharides. When peak g in
Figure 3F was incubated with almond «-fucosidase I, it re-
leased a fucose residue (Figure 3H, solid line). The radioactive
solid-line product in Figure 3H released one galactose residue
by incubation with diplococcal 8-galactosidase (Figure 3H,
dotted line). The dotted-line product in Figure 3H released
a mannose residue by A. saitoi a-mannosidase II digestion,
and it also released an N-acetylglucosamine residue by di-
plococcal -N-acetylhexosaminidase digestion (data not
shown). These results indicated that peak g in Figure 3F
contains the oligosaccharide

Fucai
I Fucal
3 }
GaIt}1—-4GlcNAct}1—-2Mana1\s ]

Manp 1—4GIcNACH1 —+4GIcNAC,
Manai”
This nonasaccharide should be derived from oligosaccharide
4 in Figure 6.

Peak & in Figure 3F was eluted at the same position as
authentic Man;GlcNAc-Fuc:GlcNAcor and was concluded
to be derived from oligosaccharide 3 in Figure 6.

The analytical data so far described indicated that oligo-
saccharides 3~6 in Figure 6 are included in fraction II in
Figure 3A.

Structures of the Oligosaccharides in Fraction N. Upon
Bio-Gel P-4 column chromatography, fraction N gave a
complicated elution profile as shown in Figure SA. By in-
cubation with almond a-fucosidase I, a part of the oligo-
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FIGURE 5: Bio-Gel P-4 column chromatography of oligosaccharide
fraction N and its sequential exoglycosidase digestion products (A-E)
and RCA-HPLC column chromatogram of fraction N (F). Arrows
in (A) are the same as in Figure 3. Arrow heads in (A) and (F)
indicate the elution positions of authentic oligosaccharides: 1,
Gal:GlcNAc:-Man;-GlcNAc-Fuc-GlcNAcgr; 2, Man;-GlcNAc:
Fuc-GleNAcor; 3, GleNAc,:Man,GleNAc-Man-GlcNAc-Fuc-
GlcNAcor; 4, Gal-GlcNAc,:Man,-GleNAc:Man:GlcNAc-Fuce
GleNAcor; 5, GalyGlcNAc,;-Man,GleNAc-Man-GleNAc-Fuc-
GlcNAcot. (A) Fraction N; (B) fraction N after digestion with
almond o-fucosidase I; (C) fraction N after digestion with jack bean
B-N-acetylhexosaminidase; (D) peak i in (C) after digestion with
diplococcal B-galactosidase; (E) the peak in (D) after digestion with
jack bean fB-N-acetylhexosaminidase. Arrow in (F) indicates the
position where the elution buffer was switched to the buffer containing
10 mM lactose.

RADIOACTIVITY

saccharide seemed to be degraded (Figure 5B). When the
radioactive products in Figure 5B were subjected to an
RCA-HPLC column (Harada et al., 1987), three fractions (a
passed-through, a retarded, and a bound) were obtained in the
percent molar ratio of 39, 50, and 11 (Figure 5F). On the
basis of the specificity of the RCA-HPLC column and the
results of sequential exoglycosidase digestion as reported by
Harada et al. (1987), the passed-through fraction and the
bound fraction in Figure 5F were found to contain oligo-
saccharides 7 and 1 shown in Figure 6, respectively (data not
shown). The retarded fraction in Figure 5F was found to
contain Galg1—4GIcNAcB1—2Manal—6(GlcNAcB1—-
4)(GlcNAcBf1—=2Manal—3)ManB1—-4GlcNAcS1—~4-
(Fucal—6)GlcNAcor by the same series of experiments re-
ported by Harada et al. (1987). Some of their outer chain
moieties should originally contain an a-fucosyl residue as the
GalBl—4(Fucal—3)GlcNAcS1— group.

To determine the position of the a-fucosy! residues in the
outer chain moieties, the radioactive fraction shown in Figure
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Fraction AN % molar ratio

GleNACH1 Fucal
| i

1 Gaip1—4GIcNACH1+2Manat g 4 6
aMenB 1+ 4GIcNACB1 - 4GIcNACy 64
Galp1~4GIcNACHT — 2Manat <

Fucal GicNAcH1 Fucal
3 ) !
2 GIID1—-4GICNACD1-2M|na1\s 4 6
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FIGURE 6: Proposed structures for the asparagine-linked oligo-
saccharides of scrapie prion protein, PrP 27-30, and their percentage
molar ratio to total oligosaccharides.

SA was digested with jack bean §-N-acetylhexosaminidase.
Three peaks (i-k in Figure 5C) were obtained upon Bio-Gel
P-4 column chromatography, and the molar ratio of peaks i,
J, and k was 11:50:39. The mobility of the radioactive peak
k in Figure 5C was the same as authentic Man;GlcNAc-
Fuc-GIcNAcgy. This hexasaccharide should be derived from
oligosaccharide 7 in Figure 6. Peak j with mobility of 11.9
glucose units in Figure 5C showed exactly the same results
of sequential exoglycosidase digestion as those of the peak g
in Figure 3F. Therefore, peak j in Figure 5C should be derived
from oligosaccharide 8 in Figure 6.

Radioactive peak i with mobility of 15.7 glucose units in
Figure 5C released one galactose and two N-acetylglucosamine
residues by sequential digestion with diplococcal §-galacto-
sidase (Figure 5D) and jack bean $8-/V-acetylhexosaminidase
(Figure SE), respectively. The radioactive product in Figure
SE gave the same results as peak j in Figure 5C by sequential
exoglycosidase digestion (data not shown). Therefore, peak
i in Figure 5C should contain oligosaccharide 9 in Figure 6.
That the bisecting /N-acetylglucosamine residue linked to
digalactosylated biantennary oligosaccharide was not digested
by jack bean 3-N-acetylhexosaminidase was already reported
by Taniguchi et al. (1985).

Structures of the Asparagine-Linked Oligosaccharides of
PrP 27-30. Our data indicate that PrP 27-30 contains the
nine oligosaccharides in the percent molar ratio shown in
Figure 6. As described in the methylation analysis (Table
I), some of the galactose residues in oligosaccharides 1-6
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should occur as the Siae2—3Gal and Siaa2—6Gal groups.
On the basis of the structures in Figure 6, approximately 70%
of the galactose residues in oligosaccharides 1-6 occur as the
GalB1—4GIcNAcS1— group and the remainder as the
GalB1—4(Fucal—3)GIlcNAcB1— group. The methylation
data of fraction A in Table I indicated that more than 30%
of the total galactose residues in this fraction remained non-
sialylated. Therefore, the fucosylated outer chain may not be
sialylated as in the case of human parotid amylase (Yamashita
et al., 1980) and mouse kidney +v-glutamyltranspeptidase
(Yamashita et al., 1985).

DISCUSSION

While the scrapie isoform of PrP is clearly a necessary
component of the infectious prion particle (Gabizon et al.,
1987; Prusiner, 1987), the function of PrP€ is unknown. Both
PrP3¢ and PrPC in hamsters are encoded by an ORF of 254
amino acids (Basler et al., 1987; Prusiner, 1986). During
biosynthesis both proteins lose a 22 amino acid signal peptide
from their N-termini (Basler et al., 1986; Robakis et al., 1986;
Hope et al., 1988; Turk et al., 1988). In addition, a highly
hydrophobic C-terminal peptide appears to be removed when
a glycosylphosphatidylinositol (GPI) anchor is added to both
isoforms (Stahl et al., 1987). Codons 181-183 have the se-
quence Asn-Ile-Thr (NIT) and codons 197-199 Asn-Phe-Thr
(NFT), both of which are consensus sequences for aspara-
gine-linked glycosylation (Pless & Lennarz, 1977; Hart et al.,
1979). The data reported here indicate that the oligo-
saccharide pattern of the scrapie prion protein PrP 27-30 is
very complex and diverse. Indeed, calculation of the possible
oligosaccharides (Figure 6) with zero (fraction N), one
(fraction A1), two (fraction A2), or three (fraction A3) sialic
acid residues (Figure 2) yields 401 forms of PrPS¢ when both
sites are glycosylated. This extreme variation may be one of
the reasons for the broad band observed with PrP 27-30 on
SDS-PAGE (Bolton et al., 1982; Prusiner et al., 1982).

In other papers (Bolton et al., 1985; Manuelidis et al., 1985;
Haraguchi et al., unpublished observations), the information
about the structures of the oligosaccharides attached on prion
proteins was obtained from lectin affinity chromatography and
the susceptibility to sialidase and endoglycosidases (endo-
glycosidase H and N-glycanase). Only complex-type oligo-
saccharides were detected attached to the prion protein; these
oligosaccharides were resistant to endoglycosidase H digestion
but sensitive to N-glycanase digestion. It was concluded from
the results of kinetic studies with N-glycanase digestion that
the scrapie prion protein contains two asparagine-linked oli-
gosaccharides. It is noteworthy that cell-free translation studies
using either reticulocyte lysates or wheat germ extracts and
dog pancreas microsomes with recombinant PrP mRNA
produced PrP molecules that were sensitive to endoglycosidase
H digestion (Hay et al., 1987). Not unexpectedly, these
high-mannose oligosaccharides are modified in the Golgi in
vivo to produce authentic PrP€ and PrP that are resistant
to endoglycosidase H but susceptible to N-glycanase. Since
sialidase digestion of PrP 27-30 reduced the number of acidic
charge isomers, it was thought to be a sialoglycoprotein (Bolton
et al., 1985). These sialic acid residues were thought to be
linked to galactose residues because PrP 27-30 did not bind
to an RCA-Sepharose column but bound to the column after
sialidase treatment (Haraguchi et al., unpublished observa-
tions). The oligosaccharides of PrP 27-30 were also thought
to contain a fucosylated trimannosyl core because PrP 27-30
bound to a lentil lectin~Sepharose column.

The foregoing features of PrP 27-30 oligosaccharides are
supported by the structural studies reported here. Two moles
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of complex-type asparagine-linked oligosaccharides was found
linked to the polypeptide portion of PrP 27-30. It will be of
interest to learn if PrP molecules from other species also
contain 2 mol of complex-type asparagine-linked oligo-
saccharides. Molecular cloning and sequencing of PrP genes
from human, Syrian hamster, Chinese hamster, Armenian
hamster, three strains of mice, rat, and sheep indicate that all
these species have PrP genes with two consensus sites for
asparagine-linked glycosylation in the C-terminal domain.
These highly conserved glycosylation sites argue that the PrP
oligosaccharides are essential for the function of PrP€. More
than 70% of hamster PrP 27-30 oligosaccharides were sialy-
lated, and the sialic acid residues were linked to penultimate
galactose residues. The core domains of these oligosaccharides
were all fucosylated.

Besides quantitating the level of glycosylation and validating
several structural features, many new findings include our
discovery that all PrP 27-30 oligosaccharides contain bisecting
N-acetylglucosamine residues, and a portion of the oligo-
saccharides contain the Gal31—>4(Fucal—3)GIcNAc group
(X-antigenic determinant) in their outer chain moieties.

X-Antigenic determinant is widely distributed in various
tissues and cell types as free oligosaccharides (Kobata &
Ginsburg, 1969; Hallgren & Lundblad, 1977), glycolipids
(Yang & Hakomori, 1971), and glycoproteins (Yamashita et
al., 1980, 1985; Endo et al., 1986). This trisaccharide is also
designated as stage-specific embryonic antigen 1 (SSEA-1),
and its expression on cell surface in early developmental stage
is considered to function as adhesion molecules between the
cell-cell interactions in normal developmental processes in
embryo (Solter & Knowles, 1978; Fenderson et al., 1984).
Finne et al. (1980) reported that it is expressed only on poorly
metastasizing wheat germ agglutinin (WGA) resistant me-
lanoma cells and not on highly metastasizing parental B16
mouse melanoma cells. These results suggested that the altered
glycosylation, including the appearance or disappearance of
the X-antigenic determinant on the cell surface, may play an
important role in the cell to cell recognition phenomena.

It is of interest that PrPC synthesis is developmentally
regulated in the brains of newborn hamsters (McKinley et al.,
1987). PrP gene transcription increases at different rates in
various regions of the Syrian hamster brain during the first
2 weeks after birth (Mobley et al., 1988). In addition, PrPC
is found almost exclusively on the external surface of cells
where it is bound by a GPI anchor (Stahl et al., 1987). These
observations taken together with the X-antigenic determinant
of PrP%¢ asparagine-linked oligosaccharides suggest that PrPC
may function as a cell recognition or adhesion molecule.
Whether PrPC contains the same asparagine-linked oligo-
saccharides as PrPS¢ remains to be established. Enzymatic
and chemical deglycosylation studies of PrPC suggest that its
asparagine-linked oligosaccharides have also complex-type
structures as those reported here for PrPS¢ (Haraguchi et al.,
unpublished observations).

Reports of the bisected complex-type sugar chains with the
X-antigenic determinant in their outer chain moieties are
limited. So far, these oligosaccharides were detected in human
(Yamashita et al., 1986) and mouse (Yamashita et al., 1985)
kidney vy-glutamyltranspeptidases and in the membrane gly-
coproteins of the human myeloid and monocytoid cell lineages
(Mizoguchi et al., 1984).

It is of interest that the neutral fraction (N) contained only
biantennary complex-type oligosaccharides and the acidic
fractions (Al plus A2 plus A3) contained not only biantennary
but also tri- and tetraantennary oligosaccharides. In view of
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the specific distribution of different oligosaccharides at dif-
ferent asparagine loci of glycoprotein molecules as clearly
demonstrated in human chorionic gonadotropin (hCG)
(Mizuochi & Kobata, 1980) and bovine blood coagulation
factors II and IX (Berger et al., 1982; Mizuochi et al., 1983),
it is possible that the bi-, tri-, and tetraantennary oligo-
saccharides are distributed at different asparagine loci of PrP
27-30.

Whether differences in asparagine-linked oligosaccharide
structure account for the different properties exhibited by PrP€
and PrP%¢ remains to be established. Equally interesting is
the possibility that the diversity of PrP oligosaccharide
structures features in the different biological properties ex-
hibited by distinct “strains” (Dickinson et al., 1979) or isolates
of scrapie prions (Prusiner, 1987). That small structural
changes in the prion protein can drastically alter scrapie in-
cubation times in mice comes from recent studies where
PrPSe-A prions were found to yield incubation time of ~280
days in mice, while PrPS¢-B prions gave ~190 days. PrPS-A
differs from PrP%¢-B by two amino acids at codons 108 and
189 (Westaway et al., 1987; Carlson et al., unpublished ob-
servations).
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Hemagglutinins from Two Influenza Virus Variants Bind to Sialic Acid
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ABSTRACT: The equilibrium binding of influenza virus hemagglutinin to derivatives of its cell-surface ligand,
sialic acid, was measured by nuclear magnetic resonance (NMR) spectroscopy. Binding was quantified
by observing perturbations of sialic acid resonances in the presence of protein. The major perturbation
observed was a chemical shift of the N-acetyl methyl resonance, presumably due to the proximity of the
methyl group to tryptophan 153. X-31 hemagglutinin binds to the methyl a-glycoside of sialic acid with
a dissociation constant of 2.8 mM and does not bind to the methyl 3-glycoside. Replacing the 4-hydroxyl
group of sialic acid with an acetyl group has little effect, while replacing the 7-hydroxyl group with an acetyl
prevents binding. Experiments with sialylated oligosaccharides confirm literature reports that mutations
at amino acid 226 change the specificity of hemagglutinin for «(2,6) and «(2,3) glycosidic linkages. The
NMR line broadening of sialyloligosaccharides suggests that sialic acid is the only component that contacts
the protein. Saccharides containing two sialic acid residues appear to have two separate binding modes.
Hemagglutinin that has undergone a low pH induced conformational change retains the ability to bind sialic

acid.

Inﬂuenza virus infection is initiated by the attachment of
virus particles to cell-surface receptors containing sialic acid
[reviewed in Wiley and Skehel (1987)]. Sialic acid is rec-
ognized by the viral glycoprotein hemagglutinin, a mem-
brane-bound trimer consisting of three HA1 and three HA2
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polypeptide chains. Viral attachment is followed by recep-
tor-mediated endocytosis, after which the viral and cell mem-
branes fuse, allowing the viral nucleocapsid to enter the cy-
toplasm. Membrane fusion is thought to be mediated by a
conformational change in the hemagglutinin, triggered at the
pH of the endosome.

The recently published structure of hemagglutinin com-
plexed with sialyllactose at 3-A resolution (Weis et al., 1988)
reveals that sialic acid binds to a shallow pocket in the HA
polypeptide, a pocket containing several conserved amino acid
residues. Amino acid mutations in or near the binding pocket
are known to change the hemagglutinin’s binding properties.
Viruses that contain leucine at position 226, for example,
preferentially agglutinate erythrocytes that possess sialic acids
joined in an «(2,6) linkage with galactose, whereas viruses
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