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Using a number of branched and unbranched oligosaccharides, glycoproteins and
artificial glycoproteins bearing Gal(/i1-4)GlcNAc-R termini as acceptors (where R
represents H, oligosaccharide, oligosaccharide-protein or fatty acid-protein), the
comparative rates of transfer of NeuAc by the Gal(f,I-4)GlcNAc(NeuAc-Gal)
(a2-6)-sialyltransferase of embryonic chicken liver were determined. Acceptor sub-
strates were utilized at levels approximating physiological, near the Km value of the best
acceptor, desialylated a1 acid glycoprotein. The sialyltransferase has a marked
preference for multi-branched acceptors. From the specificity data, it is concluded that
the enzyme binds at least two Gal(/.1-4)GlcNAc termini of an acceptor molecule, and
that the relative orientation of the branches is an important factor determining the rate
of catalysis by the enzyme. The use of oligosaccharides as acceptors to study
sialyltransferase catalyses is emphasized. Results are discussed in the context of the
mode of assembly of sialoside termini of known glycoprotein structures in vivo.

Sialic acids are common constituents of glyco-
proteins, and are present on oligosaccharide chains
that are either N-glycosidically linked to asparagine
or O-glycosidically linked to serine or threonine
residues of glycoproteins (Montreuil, 1980; Kornfeld
& Kornfeld, 1980). The principal subcellular site of
sialylation of glycoproteins is the Golgi apparatus
(Schachter et al., 1970; Schachter & Roseman,
1980) and sialic acid transfer may be localized to, or
at least concentrated in, trans Golgi cisternae
(Bennett & O'Shaughnessy, 1981). CMP-NeuAc,
the sugar donor for sialylation, apparently enters
Golgi cisternae via a transport molecule located in
Golgi membranes (Sommers & Hirschberg, 1982).
NeuAc is subsequently transferred to acceptor
glycoproteins, the precise positioning of which
depends upon the catalytic specificities of the
sialyltransferases present in the Golgi apparatus.

Structural evidence to date indicates that sialic
acids are found in eight different linkages in the
glycoproteins of vertebrates. These include NeuAc-

Abbreviations used: NeuGc, N-glycollylneuraminic
acid; BSA, bovine serum albumin.

(a2-3, -4 or -6)Gal (Mizuochi et al., 1980a;
Takasaki et al., 1979), NeuAc(Gc)(a2-3 or -6)-
GalNAc (Carlson, 1968; Spiro & Bhoyroo, 1974;
Inoue et al., 1981), NeuAc(a2-4 or -6)GlcNAc
(Slomiany & Slomiany, 1978; Takasaki et al., 1979)
and NeuAc(a2-8)NeuAc (Finne, 1982). This implies
the existence of at least eight different sialyltrans-
ferases, based on the one-enzyme-one-linkage hypo-
thesis (Hagopian & Eylar, 1968). Additional
evidence, based on specificities of sialyltransferases,
indicates that the NeuAc(a2-6)Gal(fll-4)GlcNAc
and NeuGc(a2-6)Gal(,61-3)GalNAc linkages (Paul-
son et al., 1977; Aminoff et al., 1979) as well as the
NeuAc(a2-3)Gal[If1-3(4)IGlcNAc and NeuAc(a2-
3)Gal(,81-3)GalNAc linkages (Rearick et al., 1979;
Weinstein et al., 1982) require separate enzymes for
their synthesis, indicating the probability of the
existence of at least ten sialyltransferases. It is
important that the specificities of sialyltransferases
and their patterns of expression in different cell types
be understood, in order to clarify the mode of
assembly of sialoside termini of glycoproteins by the
various cells of an organism.

With regard to the synthesis of complex-type
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asparagine-linked oligosaccharides of glycoproteins
in vivo, there is now ample structural evidence that
indicates that NeuAc is not randomly transferred to
Gal(fl1-4)GlcNAc branches. The structures of
galactoprotein (Fukuda & Hakomori, 1979), fetuin
(Nilsson et al., 1979), caeruloplasmin (Yamashita
et al., 1981), human a, proteinase inhibitor (Mega
et al., 1980), human lactotransferrin (Spik et al.,
1982), human proline-rich glycoprotein from parotid
saliva (Reddy et al., 1982) and human immuno-
globulin A, (Baenziger & Kornfeld, 1974) indicate
preferential transfer of NeuAc by sialyltransferases
to particular Gal(fll-4)GlcNAc termini of bi- and
tri-antennary oligosaccharides.

Previous studies of sialyltransferase activity in
smooth membranes of embryonic chicken liver
indicated the presence of two sialyltransferases, one
utilizing the acceptor structure Gal(f1-4)GlcNAcJJ-R
(where R represents H, oligosaccharide-protein or
fatty acid-protein), a second using the structure
Gal(JJ1-3)GalNAca-R as an acceptor (Bendiak &
Zalik, 1981). The enzyme that transferred NeuAc
to Gal(f,1-4)GlcNAc structures utilized the di-
saccharide Gal(fl1-4)GlcNAc to a lesser extent than
glycoproteins bearing Gal(fJ1-4)GlcNAc termini as
part of a larger oligosaccharide structure. It was
deemed that structures underlying the terminal
disaccharide might be necessary for catalysis to
proceed at a maximal rate.

Recently, we documented the purification of the
sialyltransferase that transfers NeuAc to Gal(fll-
4)GlcNAc structures, free of activity recognizing
Gal(JJ1-3)GalNAc termini. The product of its
catalysis and kinetic mechanism were described
(Bendiak & Cook, 1982). In the present paper, we
report the comparative rates of transfer of NeuAc by
the enzyme to various galactoside-terminated struc-
tures at approximate physiological acceptor con-
centrations, near the Km value for the best acceptor,
desialylated a, acid glycoprotein. The general utility
of oligosaccharides as acceptors for assaying sialyl-
transferases is pointed out.

Experimental

Preparation ofsubstrates
CMP-[ 14C]NeuAc (sp. radioactivity 1.68 Ci/mol)

was obtained from New England Nuclear. Fetuin
(Spiro method) was purchased from Gibco. Human
a, acid glycoprotein and antithrombin III were
generously supplied by Dr. Y. L. Hao, National
Fractionation Center, Bethesda, MD, U.S.A. The
structures of the carbohydrate moieties of these
glycoproteins have been reported and verified
(Fournet et al., 1978; Nilsson et al., 1979; Franzen
et al., 1980; Mizuochi et al., 1980b; Krusius &
Finne, 1981; Yoshima et al., 1981). These glyco-
proteins were desialylated (Bendiak & Zalik, 1981)

and desialylated agalactofetuin was prepared from
desialylated fetuin by a single round of the Smith
degradation, as previously described (Bendiak &
Zalik, 1981). Antifreeze glycoprotein from the
antarctic fish Trematomus borchgrevinkii was sup-
plied by Dr. A. L. DeVries, Department of Physi-
ology, University of Illinois, Urbana-Champaign, IL,
U.S.A. Several compounds (Table 1, structures
9-12 and 14) were obtained from Dr. R. U.
Lemieux, Chembiomed, W5-56, Chemistry Building,
University of Alberta, Edmonton, Alberta, Canada.
The synthesis of similar compounds has been
described previously by Lemieux et al. (1982). Dr.
J. L6nngren, Department of Organic Chemistry,
Arrhenius Laboratory, University of Stockholm,
Stockholm, Sweden, provided several oligo-
saccharides (Table 1, structures 15 and 17-20), the
synthesis of which has been reported (Arnarp &
Lonngren, 1981). Dr. A. Veyrieres, Laboratoire de
Chimie Organique Multifonctionelle, Universite de
Paris-Sud, Orsay Cedex, France, supplied two
trisaccharides (Table 1, structures 16 and 17; Alais
& Veyrieres, 1981).

Large-scale preparations of the N-glycosidically-
linked oligosaccharide of native as well as de-
sialylated fetuin were performed by using the
hydrazinolysis procedure (Mizuochi et al., 1980a).
Anhydrous hydrazine was prepared by the method
of Day & Whiting (1970), except that only two-
thirds of the upper hydrazine layer was distilled.
Fetuin (1 g) or desialylated fetuin (from 1 g of native
fetuin) were treated for 24h at 1000C in hydrazine
(40 ml) in sealed glass tubes. Hydrazine was
removed by freeze-drying, care being taken to
collect ice (approx. 100ml) in the trap of the
freeze-dryer first, so that hydrazine hydrate was
present upon cleaning the trap.

The de-N-acetylated oligosaccharide thus pro-
duced was either re-N-acetylated directly, or
separated from some amino acid hydrazides by
passage through a column (2m x 2.1 cm) of Bio-Gel
P4, and subsequently re-N-acetylated. N-Acetyla-
tion was carried out on oligosaccharide dis-
solved in saturated NaHCO3 (50ml at 0°C),
followed by two 5 ml portions of acetic anhydride at
15 min intervals. The solution was then maintained
at 4°C for 24 h, and subsequently stored frozen.
Five separate batches were passed through a Bio-Gel
P4 column (195 cm x 2.1cm; 200-400 mesh) in
25mM-sodium acetate/HCI, pH 5.5, at room tem-
perature. Fractions (8.4 ml) were collected and
portions (0.2 ml) tested for hexose by the phenol/
H2SO4 reaction (Dubois et al., 1956) and for
NeuAc, after hydrolysis in 0.05M-H2SO4 at 800C
for 1 h, by the method of Warren (1959). Fractions
containing the high-molecular-weight oligosac-
charide were pooled, concentrated by rotary
evaporation (400C) to about 40ml and desalted by
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passage, in distilled water, through a Sephadex G- 15
column (2.6cm x 43cm; three batches). Hexose was
determined as described above, and chloride was
detected with silver nitrate solution. Sugar con-
stituents of the N-linked oligosaccharide of desialyl-
ated fetuin were quantified by the procedures
described by Spiro (1966), except that mono-
saccharides were separated by the more convenient
one-step paper-chromatographic system described
by Kim et al. (1971) with ethyl acetate/pyridine/
water (12:5:4, by vol.) as the solvent system.

Sialyltransferase assay
fl-D-Galactoside (a2-6)-sialyltransferase was puri-

fied on average 500-fold, by using procedures
previously published (Bendiak & Cook, 1982). The
standard assay mixture contained, in a total of
100,ul, 1.25-3.0,ug of protein of the purified
enzyme preparation [506 + 13.6nmol h-'. (mg of
protein)-1], 210 uM-CMP-[14CINeuAc, 590,UM ter-
minal galactoside or 'potential acceptor sites' of
acceptor molecules (Table 1), 0.5% (v/v) Triton
X-100 and SOmM-cacodylate/HCl, pH 5.5. This
solution was briefly vortex-mixed and incubated at
300C for 20min.
When glycoproteins were used as acceptors,

product was quantified by precipitation with tri-
chloroacetic acid/phosphotungstic acid as previously
described (Bendiak & Zalik, 1981). Oligo-
saccharides were assayed by separation of sialyl-
ated product from CMP-NeuAc and any free
NeuAc on Dowex AG2 columns (X8; 16.5cm x
0.5 cm; Bendiak & Zalik, 1981). In the present
paper, this procedure has been extended to include
the utilization of all oligosaccharide acceptors
ranging in size from two to 11 monosaccharides (see
the Results section, Fig. 3). To achieve good
separations, the following experimental details are
important. First, for the column dimensions, we use
0.5 cm x 20cm glass barrel Econo-columns (Bio-
Rad). Secondly, the concentration of the competing
chloride anion is critical. Owing to the marked
variation in the pH of Tris buffers with temperature,
the eluent should be prepared by adjusting a solution
of 15 mM-Tris base to pH 7.0 with conc. HCl at 40C.
Thirdly, as we have experienced differences between
batches of Dowex AG2 (X8; 200-400 mesh), the
length of the resin bed may require alteration by
0.5-1.Ocm to achieve total product separation. This
can be easily checked by determining the migration
of NeuAc-lactose and NeuAc through columns.

All assays contained controls in which no
exogenous acceptor was present; negligible endo
genous activity was found in every case. Transfer to
antifreeze glycoprotein 7, a neutral glycopeptide
bearing 20 neutral amino acids and Gal(,B1-3)-
GalNAc structures (Shier et al., 1975), was also
quantified by the above column assay, as the

product of its sialylation by a membranous prep-
aration of embryonic chicken liver (purified 60-fold
in sialyltransferase activity; Bendiak & Cook, 1982)
migrated within the volume (5 ml) routinely
collected.

Results
A cceptorpreparation

After hydrazinolysis and re-N-acetylation, oligo-
saccharide was passed through a Bio-Gel P4 column
(Fig. 1). The fractions containing high-molecular-
weight oligosaccharide of native fetuin (Fig. la,
fractions 36-43) were pooled and desalted by
passage through Sephadex G- 15; the yield was
176mg (96% of theoretical yield, based on an Mr of
48000 for fetuin; Spiro, 1973). The lower-mol-
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Fig. 1. The elution profile of the hydrazine-treated,
re-N-acetylated oligosaccharides of (a) native fetuin and
(b) desialylatedfetuin on a column of Bio-Gel P4 (200-
400 mesh; 195cm x 2.1 cm) in 25mM-sodium acetate!

HCl, pH5.5, at room temperature
Portions (0.2 ml) of fractions (8.4 ml) were analysed
for hexose by the phenol/H2SO4 reaction (0; A487,5;
Dubois et al., 1956) or for NeuAc by the thio-
barbituric acid assay (0; A549; Warren, 1959) after
mild acid hydrolysis (0.05 M-H2SO4, 80°C, 1 h). The
arrows indicate elution positions of Blue Dextran (1)
stachyose (2) and glucose (3). The oligosaccharides
of native fetuin were N-acetylated immediately after
removal of hydrazine; the large N-linked oligo-
saccharide of desialylated fetuin was separated
from the small 0-linked saccharide after hydrazine
treatment and subsequently N-acetylated.
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ecular-weight oligosaccharide (fractions 60-67) was
obtained in low yield (30-32% of theoretical yield,
as judged by comparative peak integration of
NeuAc and hexose) (Fig. la). Considerable deg-
radation of the latter structure is presumed, Ogata &
Lloyd (1982) and Takasaki et al. (1982) having
reported similar degradation of 0-linked oligo-
saccharides by the hydrazinolysis procedure.
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The high-molecular-weight oligosaccharide of
desialylated fetuin, after re-N-acetylation, was also
passed through Bio-Gel P4 (Fig. 1 b). Fractions
39-49 were pooled and desalted as above (yield
121mg; 96.5% of theoretical yield). A low-mol-
ecular-weight saccharide was not detected in this
sample, as the hydrazine-released oligosaccharides
were separated before N-acetylation on the same
Bio-Gel P4 column (results not shown).

Visual detection of sugars present in the large
desialylated oligosaccharide of fetuin is shown in
Fig. 2. Compositional analysis of this material
revealed mannose/galactose/glucosamine in the
ratio of 3.0:3.0:4.7, a similar ratio having been
observed by Nilsson et al. (1979) for this oligo-
saccharide. It is likely that the glucosamine residue
at the reducing end of the oligosaccharide is
modified during hydrazinolysis, as Saeed & Williams
(1980) and Takasaki et al. (1982) have reported, but
the precise chemical nature of these modifications
has yet to be elucidated.
The sialyltransferase assay using oligosaccharides
as acceptors
The migration of the large oligosaccharide of

native fetuin (prepared by hydrazinolysis and
re-N-acetylation) on the Dowex AG2(X8) columns
used in the routine assay procedure is shown in Fig.
3. Of this oligosaccharide, which bears three sialic
acid residues, 98% was eluted in the first 5 ml. The
product of sialyltransferase action on the desialyl-
ated large oligosaccharide of fetuin bears only one
sialic acid residue (Bendiak & Cook, 1982). This
structure migrates more rapidly through the columns
than the trisialylated structure; 100% of the product
was eluted in the collected 5 ml (Fig. 3).

Comparative rates of transfer of NeuAc to galac-
toside acceptors by the 8-galactoside (a2-6)-sialyl-
transferase
The rates of transfer of NeuAc to oligo-

saccharides and glycoprotein acceptors were deter-

Fig. 2. Visual detection of monosaccharide constituents
ofthe large oligosaccharide ofdesialylatedfetuin released

by hydrazine treatment
Re-N-acetylated oligosaccharide (Fig. lb) was
hydrolysed and amino sugars were separated from
neutral sugars by the method of Spiro (1966).
Samples were spotted on Whatman 3MM paper and
chromatographed for 15 h in ethyl acetate/pyridine/
water (12:5 :4; Kim et al., 1971). Lane 2, neutral
sugar fraction; lane 3, amino sugar fraction; lanes 1
and 4, standards. The positions of galactosamine
hydrochloride (A), glucosamine hydrochloride (B),
galactose (C), glucose (D), mannose (E) and fucose
(F) are indicated. The chromatogram was stained
with the silver reagent (Trevelyan et al., 1950).
Sugars stain with different intensities; equimolar
amounts (0.5 ,umol) of the standards are shown.
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Fig. 3. The migration of sialic acid-containing oligo-
saccharides on the columns of the sialyltransferase assay

system
Purified oligosaccharide was dissolved in 200,u1 of
15 mM-Tris/HCl, pH 7.0 (at 40C). The solution was
placed on a Dowex AG2 column (0.5 x 16.5 cm;
X8; Cl- form; 200-400 mesh) in 15 mM-Tris/HCl,
pH 7.0 (4°C). Material was run into the column, and
the column was washed with the same buffer, collect-
ing 0.2ml fractions. (0), Migration of the trisialy-
lated large oligosaccharide of fetuin (fractions
36-43; Fig. la, subsequently desalted); sialic acid
was detected by the method of Warren (1959) after
mild acid hydrolysis (0.05 M-H2SO4, 800C, 1 h). *,
Migration of the [14C]NeuAc-labelled, mono-
sialylated large oligosaccharide of fetuin, prepared
by the action of the Gal(f01-4)GlcNAc(a2-6)-sialyl-
transferase on the desialylated oligosaccharide (Fig.
lb), purified and desalted on Sephadex G- 15. A,
Migration of NeuAc, detected by the method of
Warren (1959). The arrow indicates the volume
(first 5 ml) that is routinely collected in the sialyl-
transferase assay, when oligosaccharides (two to 11
sugars) were used as acceptors.

mined at a constant concentration of CMP-NeuAc
and terminal galactoside on acceptor molecules
(Table 1). These concentrations were carefully
chosen. The level of CMP-NeuAc used was five
times the KcMP-NeuAc value for the enzyme (42 pm;
Bendiak & Cook, 1982) to ensure that variation in
reaction velocity was due to the structure of the
acceptor molecule. Acceptors were used at a level
1.75 times the Kterminal galactose value for the best
acceptor, desialylated a, acid glycoprotein (336,11M;
Bendiak & Cook, 1982). This value, near the K.,
was chosen so that comparisons could be made
between acceptors at levels approximating physio-
logical. Subsaturating acceptor concentrations were
surmised to represent the situation in vivo more
realistically than saturating concentrations.
Typically, enzymes display a K. near or above the
physiological concentration of substrate, so that
some measure of control can be exerted on the rate

of product formation (Cleland, 1970). Clearly, if
concentrations were used that were saturating for
desialylated a, acid glycoprotein, yet unsaturating
with respect to various other substrate analogues,
then valid comparisons of reaction rates would not
be possible. Second, a slightly higher level than the
Km (1.75 times) was chosen to keep incorporation of
[14C]NeuAc reasonably high for experimental
reproducibility.

Discussion

The N-glycosidically-linked oligosaccharides of
native and desialylated fetuin were prepared in good
yield (over 95%) by the hydrazinolysis/re-N-acetyla-
tion procedure. On the basis of the compositional
analyses and apparent molecular weight on Bio-Gel
P4, the oligosaccharides appear intact after hydra-
zinolysis, although the reducing-end N-acetylgluco-
samine is likely to be modified by the procedure, and
may exist as a mixture of compounds derived from
N-acetylglucosamine. The O-glycosidically-linked
oligosaccharides are largely degraded as low yields
(approx. 30%) of these oligosaccharides were
obtained.
An assay procedure using oligosaccharides as

acceptors has been extended beyond the use of
disaccharides (Bendiak & Zalik, 1981) to include all
acceptors ranging from two to 11 monosaccharides
in size. This procedure offers advantages over
high-voltage electrophoresis (Roseman et al., 1966)
in being more rapid, and over the previous column
procedure of Paulson et al. (1977) in that sialylated
product is recovered quantitatively and correction
factors need not be applied for every saccharide used
as an acceptor. The more rapid migration rate of
sialylated product, as compared with both CMP-
NeuAc and NeuAc, is probably related to its lower
charge/mass ratio. Separation of product from
NeuAc is also essential, as it is often present in small
quantities (approx. 1%) in commercial preparations
of CMP-NeuAc. The N-linked oligosaccharide of
fetuin, bearing three sialic acid residues, appears to
trail on the columns of Dowex AG2(X8), which
may be due to the co-operative effects of three
charges on one molecule. Nevertheless, 98% of this
oligosaccharide was eluted in the assay volume
(5 ml).
The comparative rates of transfer of NeuAc to

various acceptor substrates indicate that the di-
saccharide Gal(fl1-4)GlcNAc is the essential portion
of the acceptor molecule for transfer to occur.
Structures bearing Gal(fil-3)GlcNAc or Gal(16l-
3)GalNAc termini, which have a very different
conformation (Lemieux et al., 1980), were not
utilized by the enzyme, although Gal(fi1-4)Glc,
which is similar in structure to Gal(fl1-4)GlcNAc,
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Table 1. Acceptor specificity ofthe sialyltransferase
Activity, measured as described in the Experimental section, is expressed as the percentage of radioactivity incor-
porated using desialylated a, acid glycoprotein as the reference value of 100%. All acceptors were present at a
terminal galactoside concentration of 590,UM. In the case of native fetuin, a, acid glycoprotein, antithrombin III
and desialylated agalactofetuin, this value refers to 'potential acceptor sites'. CMP-[14C]NeuAc was utilized at a
constant concentration of 2 10#M. Six assays were performed with each acceptor. Residue X (compound 21, the
large oligosaccharide of desialylated fetuin) represents an N-acetylglucosamine that is probably modified to some
extent by hydrazine treatment (Saeed & Williams, 1980). Results are means + S.E.M.

Acceptor
1. a, acid glycoprotein
2. Desialylated a, acid glycoprotein
3. Fetuin
4. Desialylated fetuin
5. Desialylated agalactofetuin
6. Antithrombin III
7. Desialylated antithrombin III
8. Antifreeze glycoprotein

0
11

9. {Gal(fi1-4)GlcNAcfll-O-[CH2]8CN}16-BSA
0
11

10. {Gal(fil-3)GlcNAcfl-O-[CH2I8CN }26-BSA
0
11

11. {Gal(,81-3)Ga1NAcfll-O-[CH2]8CN}14-BSA
0
11

12. Gal(,81-4)GlcNAcfIl-O-[CH2]BC-OCH3
13. Gal(81-4)Glc
14. Gal(fll-4)GlcNAc
15. Gal(fJ1-4)GlcNAc(81-2)Man
16. Gal(fll-4)GlcNAc(fl1-3)Man
17. Gal(81-4)GlcNAc(fl1-6)Man
18. Gal(fil-4)GlcNAcfil N

2Man
GalC61-4)GlcNAcql1

19. Gal(fil-4)GlcNAcfll
2Man

116
G(al(-4)GlcNAqfil

20. Gal(fll-4)GlcNAc(816-2)Manal \
3Man6

Gal(fil-4)GlcNAc(81l-2)Manal
21. Gal(f6l-4)GlcNAcfl X

2Manal4 XN
Gal(fil-4)GlcNAc,6l 3Man(fi1-4)GlcNAcfl-X
Gal(fll-4)GlcNAc(fil-2)Manal

Activity (%)
10.1 +0.41

100
8.1 + 1.34

67.2 + 2.17
<1
10.2 + 0.54
36.0+2.08
<1

42.8 ± 1.80

<1

<1

<1
5.0 +0.60
6.8 + 0.60
8.4 +0.82
1.3 + 0.36
4.7 + 0.34

13.9+ 1.11

4.9 +0.71

5.9 + 0.38

48.9 ± 2.72

but bears a 2-hydroxy instead of a 2-acetamido
function,-was utilized to a small extent.
Of interest was our finding that molecules with

just one Gal(,/1-4)G1cNAc terminus were relatively
poor acceptors for the sialyltransferase. The best of
these was a trisaccharide, Gal(J81-4)G1cNAc(fil-
2)Man, ;a structure found commonly in glyco-

proteins. Yet at the same galactoside concentration,
the rate of transfer to desialylated a, acid glyco-
protein was 12 times greater than to this tri-
saccharide. Originally, it was surmised (Bendiak &
Zalik, 1981) that some oligosaccharide structure
internal to the Gal(fil-4)G1cNAc termini of an
acceptor molecule might be recognized by the
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sialyltransferase. However, the result obtained with
the artificial 'glycoprotein' (structure 9, Table 1)
shows that this molecule, which does not remotely
resemble natural glycoproteins in having a hydro-
carbon 'core' structure, is utilized at an appreciable
rate by the enzyme. If a specific hydroxy, acet-
amido or other partial sugar structure in the core
region of natural oligosaccharides was a mandatory
requirement for binding of the acceptor to the
enzyme, then this molecule would not have been
expected to act as an acceptor. The notable feature of
this chemically-prepared 'glycoprotein' is the pres-
ence of a high number (16) of Gal(fJl-4)GlcNAc
termini. Indeed, it was found that all good acceptors
(molecules where the rate of transfer of NeuAc was
at least one-third or greater than that of desialylated
a, acid glycoprotein) carried more than one Gal-
(,P1-4)GlcNAc terminus per molecule.
From the specificity studies we make the following

conclusions. First, that more than one Gal(fJl-
4)GlcNAcfl-R terminus of an acceptor molecule is
bound by the sialyltransferase. Secondly, the internal
structure of complex oligosaccharides is not actually
recognized by the sialyltransferase but serves as
a support for the display of Gal(61-4)GlcNAc
termini in an appropriate orientation to the enzyme.
Thirdly, the ability of Gal(fIl-4)GlcNAc termini to
adopt a relative conformation that enables them to
be bound by the sialyltransferase is probably an
important factor in determining the rate of catalysis.

Presumably, not all Gal(fl1-4)GlcNAc termini in
natural oligosaccharides are capable of assuming an
orientation, relative to other branches on the
molecule and the active site of the enzyme, which
would permit their sialylation. In tri-branched
structures, for example, sialic acid has always been
found, to date, in an (a2-3)-linkage to the Gal-
(fJ1-4)GlcNAc(flI-4)Man branch (Dorland et al.,
1978; Zinn et al., 1978; Nilsson et al., 1979; Mega
et al., 1980; Yamashita et al., 1981). Other branches
may contain NeuAc(a2-6)Gal or NeuAc(a2-3)Gal
linkages, depending upon the individual glycopro-
tein, but the linkages are not random, sialic acid
apparently being transferred specifically to certain
galactose residues in individual glycoproteins.

Evidence relating to the specificity of other
Gal(f11-4)GlcNAc (a2-6)-sialyltransferases has been
reported. It has long been known that the di-
saccharide Gal(f,1-4)GlcNAc is often a poor or
ineffective acceptor for sialyltransferases that readily
transfer NeuAc to N-glycosidically-linked oligo-
saccharides bearing this same disaccharide at
branch termini (Spiro & Spiro, 1968; Paulson et al.,
1977; Bendiak & Zalik, 1981). The bovine
colostrum f6-galactoside (a2-6)-sialyltransferase has
been found to transfer NeuAc to specific Gal-
(ft1-4)GlcNAc termini of di- and tri-branched
oligosaccharides (Van den Eijnden et al., 1980). Rat

liver Aflgalactoside (a2-6)-sialyltransferase has been
found to utilize desialylated glycoproteins at a
considerably higher rate than an octasaccharide
bearing two Gal(fl1-4)GlcNAc branches (Miyagi &
Tsuiki, 1982) and has appreciably lower Km values
for the Gal(,61-4)GlcNAc/i-R sequence in desialyl-
ated glycoproteins than for Gal(,61-4)GlcNAc or
Gal(fl1-4)GlcNAc(J1 -3)Gal(, 1-4)Glc (Weinstein
et al., 1982). The results reported here indicate that
the number and relative conformation of Gal-
(fi 1-4)GlcNAc branches of an acceptor molecule are
probable factors in recognition by the embryonic
chicken liver sialyltransferase.

Oberholtzer et al. (1981) have reported hydrogen-
bonding within the structure of the complex oligo-
saccharide of native fetuin. Carver & Grey (1981)
have compiled detailed proton-magnetic-resonance
data showing that branching patterns of N-linked
oligosaccharides result in specific 'microenviron-
ments' for particular protons, and, accordingly, for
individual sugar residues. As yet, however, infor-
mation concerning the preferred three-dimensional
conformation of these structures is limited. Further
studies of sialyltransferases will be required, in order
to elucidate the precise residue(s) and hydroxy
group(s) to which NeuAc is transferred in natural
oligosaccharides. In addition, large acceptors, bear-
ing more than one Gal(,61-4)GlcNAc branch, will
be necessary to determine branch preferences of
sialyltransferases that act on these structures. Since
not all sialic residues would be added simul-
taneously to an oligosaccharide it is also reasonable
to assume that some oligosaccharides that contain
NeuAc transferred to one branch may be preferable
acceptors for certain sialyltransferases. As shown in
the present study, the preparation and effective use
of complex oligosaccharides as acceptors in studies
of sialyltransferases can elucidate interesting aspects
of the substrate specificities of these enzymes. The
correlation of sialyltransferase branch preferences
with oligosaccharide conformation remains an im-
portant task for the future.
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