J. Biochem. 124, 726-737 (1998)

Alpha 1,6-Linked Fucose Affects the Expression and Stability of
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To determine the effect of ¢1,6-linked fucose modification of N-glycans on the expression
of polysialic acids (PSAs), the expression of PSAs in a fucose-lacking mutant of Chinese
hamster ovary (CHO) cells, Lecl3, was compared with that in CHO K1 cells. PSA synthase
activity in these cells and the antennary structures of N-glycans associated with the neural
adhesion molecule (NCAM), which is a major PSA-carrying glycoprotein, did not differ
between the two types of cells. Metabolic labeling of cells with [*H]glucosamine for 48 h
followed by immunoprecipitation with anti-PSA monoclonal antibodies revealed that the
amount of labeled PSA-carrying glycoproteins obtained from Lecl3 cells was 10-times less
than that from K1 cells, although the incorporation of [*H]glucosamine into total extracts
and NCAM was almost the same. In contrast, when cells were pulse labeled with [*°S]-
methionine followed by a 1 h chase, there was not such a great difference in PSA-carrying
protein synthesis between K1 and Lec13 cells. However, during a prolonged chase period,
PSA-carrying proteins rapidly decreased in Lecl3 cells, whereas those in K1 cells did not
change. The degradation of PSA-carrying glycoproteins in Lec13 cells was partly prevented
when the cells were grown in fucose-containing medium. Therefore, fucose modification of
core N-glycans may affect the efficient expression of PSAs through the intracellular
stability of PSA-carrying glycoproteins.
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A polysialic acid (PSA) is a unique homopolymer of «2,8-
linked sialic acids and is mainly associated with the neural
cell adhesion molecule (NCAM) in mammals (I, 2). Ex-
pression of PSAs on NCAM has been shown to be highly
regulated, i.e., NCAM is much more abundantly polysial-
ylated in fetal brain than adult brain (1). The biological
significance of PSAs on NCAM in pathfinding and targeting
as to the innervation of axons, migration of neuronal cells
and tumor cells, and spatial learning and memory has been
described (2). However, only little is known about how
polysialylation is regulated during brain development or
why NCAM is selectively polysialylated. Recently, cDNAs
encoding two distinct PSA synthases, ST8Sia II and IV,

were cloned and characterized (3-10), and one of them,
ST8Sia I1, was shown to be highly regulated during brain
development and neuronal differentiation (7, 11-13),
suggesting that regulation of PSA expression is partly
directed by PSA synthase gene expression. On the other
hand, it has been shown that the alterations in the extracel-
lular polypeptide structure of NCAM caused by alternative
splicing affected the polysialylation of NCAM (14-17),
suggesting that a particular protein conformation is re-
quired for the expression of PSAs on certain glycoproteins.
More recently, the structure of the N-glycan core which
carries PSAs was re-characterized and shown to contain
several unique elements, such as «1,6-linked fucose
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attached to the proximal GlcNAc of the di-N-acetyl chito-
biose unit and sulfate residues (18, 19). In addition, in vitro
experiments involving soluble recombinant ST8Sia IT and
IV demonstrated that the «1,6-linked fucose attached to
the di- N-chitobiose unit of N-glycan partly contributed to
the PSA formation (9). Thus, it is also possible that unique
elements, such as a1,6-linked fucose, may play roles in the
determination of PSA expression on certain N-glycans.

CHO cells are known to express the polysialylated form
of NCAM, and a PSA synthase, ST8Sia II, was cloned from
a CHO cell line (3). In addition, it was shown that ST8Sia
IV is the only factor for PSA synthesis and expression in
CHO cells (20). Lec13 cells were established as a pea-lectin
resistant CHO mutant (21) and shown to lack GDP-man-
nose 4,6-dehydrogenase activity, therefore the cells can not
synthesize GDP-fucose, which is the precursor for fucose
residues in complex carbohydrates (22). It was also shown
that the complex carbohydrates produced by Lecl3 cells
lack «1,6-linked fucose (22). Thus, this a1,6-linked
fucose-lacking CHO mutant, Lec13, provides us with an in
vivo model for studying the role of the «1,6-linked fucose
modification of complex carbohydrates during PSA synthe-
sis and expression. Recently, it was reported that «1,6-
fucose is not essential for in vitro PSA synthesis because
PSAs were synthesized on «1,6-linked fucose lacking
NCAM-Fe (soluble recombinant NCAM fused with the Fc
region of human IgQG) as well as «1,6-linked fucose contain-
ing NCAM-Fc by recombinant PSA-synthases (23). In this
study, we focus on the in vivo biosynthesis and expression
of PSAs using Lec13 cells. We compare the in vivo synthe-
sis of PSAs between Lec13 cells and the parental CHO K1
cells, and demonstrate that PSAs are expressed much more
efficiently in CHO K1 cells than in fucose-lacking Lec13
cells.

MATERIALS AND METHODS

Cells and Antibodies—The Chinese hamster ovary
(CHO) cell line, K1, was obtained from the RIKEN GENE
BANK. The pea-lectin resistant CHO mutant cell line,
Lec13, which lacks the synthetic pathway from GDP-Man
to GDP-fucose (21, 22), was kindly provided by Dr. Pamela
Stanley (Albert Einstein College of Medicine). Both types
of cells were cultured in minimum essential alpha medium
(GIBCO) supplemented with 10% fetal bovine serum. The
anti-polysialic acid (PSA) monoclonal antibody (mAb)
(mouse IgQ,), 735 (24), was a gift from Dr. Rita Gerardy-
Schahn (Inst. fiir Med. Mikrobiologie, Hanover, Germany).
Antibody 735 was shown to react with polysialic acid chains
containing eight or more «2,8-linked sialic acid residues
(25). The anti-neural cell adhesion molecule (NCAM) mAb
(mouse IgG,), produced using E17 rat forebrain as an
immunogen, NCAM-OB11, was purchased from Sigma.
The anti-NCAM polyclonal rabbit antibody, NA-1206, was
purchased from Affinity Research Products. We confirmed
that these antibodies could be used for quantitative im-
munoprecipitation of NCAM prepared from mouse and
hamster. However, only 30-50% of the polysialylated form
of NCAM could be immunoprecipitated with NCAM-0OB11
or NA-1206. In addition, NCAM antibodies have been
shown to react with NCAM with high molecular PSAs much
more weakly than with nonpolysialylated NCAM (see Fig.
1) (26). Endoneuraminidase (27) was kindly provided by
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Dr. Frederick A. Troy (University of California). Anti-Le*
mAb (clone 73-30, IgM), anti-Le” mAb (clone H18A,
IgG3), and FITC-conjugated Ulex europaeus agglutinin
were purchased from Seikagaku. Unless otherwise indicat-
ed, the materials and methods are essentially the same as
described previously (9-11).

Western Blotting—For immunoblot analysis, cells (3 X
10%) were sonicated on ice in a lysis buffer (50 mM MES, pH
6.0, 1% Nonidet P-40, 150 mM NaCl, 1 mM EDTA, and 1
mM PMSF), incubated for 15 min at 4°C with gentle
rotation, and centrifuged at 15,000 X g for 15 min, and then
the protein concentration of the supernatant was measured
by the BCA method (Pierce). The lysate (20 ug of protein)
was subjected to SDS-PAGE on a 5-20% gel. The proteins
were then transferred to a Zetaprobe (Bio-Rad) filter
paper. The filter paper was blocked for 60 min with PBS
containing nonfat dry milk, and then incubated with an
anti-NCAM antibody, NA-1206 (1:1,000 dilution), and
then anti-PSA mAb 735, overnight at 4°C, followed by
incubation with alkaline phosphatase-conjugated anti-rab-
bit IgG goat and then anti-mouse IgG rabbit secondary
antibodies. NCAM and PSAs were detected as to chemi-
luminescence using a Phototope™ . Star detection kit (New
England BioLabs).

Labeling of Cells—CHO K1 and Lec13 cells (0.6<10°%)
were seeded into 6 cm-diameter culture dishes containing 2
ml alpha medium supplemented with 10% FCS, and then
100 «Ci of [*H)GlecNH, (50 £Ci/ml) was added to the
medium. After 48 h, the cells had proliferated to 2.3-2.8 X
10° (in the case of K1 cells) and 2.6-3.0 X 10° (in the case of
Lecl13 cells). The labeled cells were harvested, washed with
PBS, and then incubated with 200 x1 of another lysis buffer
(50 mM MES, pH6.0, containing 0.15M NaCl, 1.0%
Nonidet P-40, 5 mM EDTA, and 1 mM PMSF) at 4°C for 30
min with gentle rotation. The cells were then centrifuged
and the supernatant (cell lysate) was collected. For the
immunoprecipitation of PSA-carrying glycoproteins, the
lysate of 1Xx10° cells was incubated with 10 xg/ml of
anti-PSA mAb, 735, for 2 h. Protein G-Sepharose (10 1 of
resin) was then added to the mixture and the mixture was
gently rotated at 4°C for overnight. The immune complex
adsorbed to protein G-Sepharose was recovered by centri-
fugation, and the resin was washed 4 times with the
extraction buffer and twice with PBS. For the immuno-
precipitation of NCAM, the cell lysate was first treated
with neuraminidase F (0.5 U/ml) for 3h, and then the
treated cell lysate was incubated with anti-NCAM mAb,
NCAM-0OB11 (1:100 dilution), for 2 h. The radioactivity in
an aliquot of the resin was counted, the rest of it being
analyzed by SDS-PAGE on a 5-20% gradient gel before and
after treatment with neuraminidase F (0.5 U/ml) for 3 h,
followed by autoradiography.

For pulse-chase labeling with [**S]Met, cells (0.4 x 10%)
were cultivated in the wells of a 6-well culture plate
(Falcon), washed twice with methionine-free DMEM, and
then incubated with the same medium (0.5 ml) for 30 min.
The cells were then pulse-labeled with [**S]Met (100 . Ci/
ml) in methionine-free DMEM for 10 min at 37°C. After
the pulse-labeling, non-radiolabeled methionine (1 mM)
was added to the medium, the medium was changed to
alpha medium supplemented with 10% FCS and 1 mM
methionine, and then the cells were cultured for 1, 2, 4, or
8 h. After the cells had been washed with PBS twice, they
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were lysed with the lysis buffer. The cell lysate was
centrifuged with 15,000 rpm for 20 min. The supernatant
was precleared with nonimmunized mouse IgG and protein
G-Sepharose for 16 h at 4°C with gentle rotation, and then
the resulting supernatant was immunoprecipitated with
anti-NCAM mAb, NCAM-OB11, or anti-PSA mAb, 735,
and protein G-Sepharose, as described above. The beads
were collected by centrifugation and then subjected to
SDS-PAGE on a 5% acrylamide gel before and after
treatment with neuraminidase F. The gel was fixed and
dried, and radioactivity was detected with a BAS2000 radio
image analyzer (Fuji Film).

Flow Cytometry—For flow cytometry, cells were freshly
harvested using an EDTA/PBS solution (PBS containing
0.53 mM EDTA), and then incubated with anti-PSA mAb
for 60 min at 4°C, followed by FITC-conjugated anti-mouse
1gG+M for 45 min at 4°C. The fluorescence intensity of the
cells was analyzed using an FACSort (Becton Dickinson).
To determine the time course of PSA expression, the cells
(5% 10°%) were harvested with the EDTA/PBS solution,
suspended in 100 x] of PBS, and then treated with endo-
neuraminidase (1:10 dilution), which cleaves poly-«2,8-
sialic acids, for 1 h at 37°C. After this treatment, the cells
were washed with PBS, and then one-fifth of the cells (1 %
10%) was fixed with 4% paraformaldehyde for 1h at 4°C,
washed with PBS, and stored at 4°C until analysis. 1x10°
of the remaining cells were seeded into a 6-cm-diameter
culture dish and cultured for 15, 40, 60, or 72 h. After the
incubation, the cells were harvested using the EDTA/PBS
solution and then fixed with 4% paraformaldehyde. The
fixed cells were treated with 1% BSA-containing PBS for 1
h at 4°C and then stained with anti-PSA mAb or nonimmu-
nized mouse IgG, followed by analysis of PSA expression
with the FACSort.

Assay for PSA Synthase Activity—PSA synthase activ-
ity in cells was measured using soluble recombinant NCAM
fused with the Fc region of human IgG (NCAM-Fc) as the
acceptor substrate and the membrane fraction of the cells
as the enzyme source, as described previously (13). Briefly,
the reaction mixture, comprising 0.1 mM CMP-['*C]Sia
(0.25 xCi), 10 mM MgCl,, 25 mM MES, pH 6.0, 0.5 ug of
NCAM-Fc, and 50 ug of membrane protein, was incubated
at 37°C for 4 h. Then NCAM-Fc in the reaction mixture was
recovered by adding protein A-Sepharose, followed by
SDS-PAGE. PSA synthase activity was estimated as the
difference in radioactivity between before and after treat-
ment with endoneuraminidase. As a control, the incorpora-
tion of sialic acids into asialo a1-acid glycoprotein (20 ug,
1 mg/ml) was also measured under the same conditions as
for the 2,3 and «2,6-sialyltransferase activities.

Preparation and Analyses of Glycopeptides Derived from
NCAM and PSA-Carrying Glycoproteins—Cells were
labeled with [*H]GlcNH;, and then the labeled glycopro-
teins were extracted from the cells, as described above. The
labeled NCAM and PSA-carrying glycoproteins were im-
munoprecipitated with anti-NCAM mAb and anti-PSA
mAb, respectively. The glycopeptides of NCAM or PSA-
carrying glycoproteins were prepared by digestion with
pronase K (100 xg/ml) in 50 mM Tris-HCI, pH 8.0, at 65°C
for 36 h. Pronase K was used after preincubation at 65°C for
1 h for inactivation of glycosidase activity. After desalting
by passage through a G-25 column equilibrated with water,
the glycopeptides derived from NCAM or PSA-carrying
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glycoproteins were separated on a DEAE-Toyopearl col-
umn (Toso) with a linear gradient of ammonium acetate (0-
0.6 M). Fractions (1 ml) were collected and aliquots were
counted with a liquid scintillation counter. The materials
eluted at around 0.1 M ammonium acetate and 0.4 M
ammonium acetate were collected and designated as non-
PSA-carrying glycopeptides and PSA-carrying glycopep-
tides, respectively.

For lectin affinity chromatography of glycopeptides
prepared from NCAM, a labeled cell lysate was first treated
with neuraminidase F, and then NCAM was immunopre-
cipitated with anti NCAM mADb, followed by digestion with
pronase K. In this case, all glycopeptides were eluted at
under 50 mM ammonium acetate. Lectin affinity column
chromatography was carried out according to the method
described by Kobata and Yamashita (28). Briefly, the
glycopeptides were dissolved in 10 mM Tris-HCI (pH 7.4)
containing 1 mM CaCl,, 1 mM MgCl;, and 0.02% NaN;
(TB), and then applied to a concanavalin A (Con A)-agarose
column (bed volume, 2 ml) equilibrated with TB. The
column was washed with TB, and then eluted with 5 column
volumes each of 5 mM methyl-«-mannoside in TB and 0.2
M methyl-@-mannoside in TB. Fractions (2 ml) were
collected and aliquots of 100 x1 were counted with a liquid
scintillation counter. The materials that passed through the
column (Con A-agarose unbound materials), and those
eluted at 5 mM methyl-a-mannoside (Con A-agarose
bound materials) were pooled and desalted, respectively.
Half of the Con A-agarose unbound materials was then
applied to a Datura stramonium agglutinin (DSA)-agarose
column (bed volume, 2 ml) equilibrated with TB. The
column was washed with 15 bed volumes of TB and then
eluted with 1% N-acetylchitotetraose in TB. Fractions (2
ml) were collected and aliquots of 100 x1 were counted with
a liquid scintillation counter. The rest of the Con A-agarose
unbound materials or Con A-agarose bound materials was
applied to a lentil lectin (LCA)-agarose column (bed
volume, 2 ml) equilibrated with TB. The column was
washed with 10 volumes of TB and then eluted with 0.2 M
methyl-#-mannoside in TB. Fractions (2 ml) were col-
lected and aliquots of 100 ul were counted with a liquid
scintillation counter. All the lectin-conjugated agarose was
purchased from Honen, and all procedures were carried at
4°C.

Cultivation with L-Fucose—The cells were maintained in
1, 2, or 5 mM L-fucose containing alpha medium for at least
72 h before use. The medium was changed every 2 days.
For pulse-chase labeling of cells cultured with fucose, 2 mM
L-fucose-containing medium was used. For determination
of the expression of Fucal,2Gal and Fucal,3GlcNAc
structures in Liec13 cells after cultivation with fucose, cells
were incubated with anti-Le® mAb or anti-Le¥ mAb for 60
min at 4°C, followed by FITC-conjugated anti-mouse IgG +
M for 45 min at 4°C, or incubated with FITC-conjugated
Ulex europaeus agglutinin for 30 min at room temperature,
and then expression of the carbohydrate structures was
determined by fluorescence microscopy.

Transfection of ST8Sia II cDNAs into Cells—CHO cells
are known to express ST8Sia IV but not ST8Sia II mRNA.
To establish highly PSA-expressing CHO cells, cDNA
containing the full open reading frame of mouse ST8Sia II
was ligated into the cloning site of the mammalian expres-
sion vector, pCAGSS, including hygromycin resistance,
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yielding pCAGSS-mST8Sia II. The plasmid was transfect-
ed into CHO K1 and Lec13 cells by means of lipofectoamine
(9, 10). After culturing for 72 h in DMEM supplemented
with 10% FCS, cells were selected in 0.7 mg/ml hygromy-
cin. mRNA was prepared from hygromycin-resistant col-
onies and expression of ST8Sia [ mRNA was determined.
Fourteen and five mST8Sia II mRNA-expressing clones
were obtained from K1 and Lec13 cells, respectively. PSA
expression of the clones was determined by flow cytometry
and Western blotting using anti-PSA mAb, and the highest
PSA-expressing clones derived from K1 and Lec13 cells,
which were designated as K1-II and Lec-II, respectively,
were examined in this study.

RESULTS

Comparison of De Novo Synthesis of PSAs between
Lecl3 and K1 Cells—The fucose-lacking CHO mutant,
Lecl13 cells, like CHO K1 cells, expresses PSAs (Fig. 1A),
but the expression level was lower than that in CHO K1
cells based on the immunofluorescence intensity after cells
had been stained with anti-PSA mAb (Fig. 1B). The highly
sialylated NCAM is much larger than that detected with
anti-NCAM antibodies (Fig. 1A), consistent with the
results reported previously (26), because anti-NCAM
antibodies have been shown to react with NCAM with high
molecular PSAs much more weakly than with nonpolysial-
ylated NCAM. The PSA synthase activities in Lec13 and
K1 cells were not significantly different, i.e., 74.2 and 94.5
pmol/mg protein-h, respectively. In addition, the «2,3-
and «2,6-sialyltransferase activities in Lecl3 cells were
almost the same as those in K1 cells, ie., 150 and 145
pmol/mg protein-h in Lec13 and K1 cells, respectively. It
is possible that this small difference in PSA synthase

A Western blot B
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activity between the two types of cells may cause the
difference in PSA expression. To rule out this possibility,
another PSA-synthase cDNA (mST8Sia II) was introduced
into the cells and the PSA-synthase was overexpressed.
Both cell lines expressed ST8Sia IV mRNA, but not ST8Sia
IO mRNA, as a PSA synthase mRNA (data not shown). The
PSA-synthase activities in mST8Sia II cDNA-transfected
Lecl3 and K1 cells (designated as Lec-II and K1-II cells,
respectively, in this paper) were 651.8 and 810.1 pmol/mg
protein-h, respectively. PSA expression in both types of
cells increased as compared with in the respective parental
cells.

To investigate the roles of fucose modification of the N-
glycans in PSA synthesis and expression in vivo, the de
novo synthesis of PSA in the two cell lines was compared by
metabolic labeling with [*H]GlcNH,, followed by immuno-
precipitation with anti-PSA mAb, 735. During the labeling
period (48 h), the total radioactivities incorporated into
Lecl3 and K1 cells were almost the same (Table I). The
migration patterns on SDS-PAGE of the labeled glycopro-
teins in Lecl3 and K1 cells were very similar (Fig. 2). The
de novo incorporation of [*H])GIcNH; into NCAM was
compared between before and after cell lysates had been
treated with sialidase, followed by immunoprecipitation
with anti-NCAM mAb, since NCAM is known to be a major
carrier of PSAs in CHO cells. As shown in Fig. 2 and Table
I, the radioactivity incorporated into NCAM of Lecl3 and
K1 cells was almost the same. In contrast, the radioactivity
recovered in the immunoprecipitate obtained with anti-
PSA mAb from Lecl3 cells was 10-times less than that
from K1 cells (Fig. 2 and Table I), although both types of
cells synthesized PSAs. After being treated with sialidase,
the majority (over 90%) of PSA-carrying glycoproteins was
re-immunoprecipitated with anti-NCAM mAb and gave a

FACS

Fig. 1. Expression of polysialic acids in
CHO cells. A: Cells were sonicated on ice in 50
mM MES, pH6.0, 1% Nonidet P-40, 150 mM
NaCl, 1 mM EDTA, and 1 mM PMSF, and then
incubated for 16 min at 4°C with gentle rotation.
The lysate (20 ug of protein) was subjected to
SDS-PAGE on a 5-20% gel. The proteins were
K1-l then transferred to a Zetaprobe (Bio-Rad) filter
paper. The filter phper was blocked for 60 min
with PBS containing nonfat dry milk, and then
incubated with anti-NCAM pAb, NA-1206
(1:1,000 dilution), overnight at 4°C, followed by
incubation with the alkaline phosphatase-con-
jugated anti-mouse IgG rabbit secondary anti-
body. B: Cells were freshly harvested using an
EDTA/PBS solution, and then incubated with
anti-PSA mAb for 60 min at 4°C, followed by
FITC-labeled anti-mouse IgG+M for 45 min at

[t 1
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4'C. The fluorescence intensity of the cells was
determined with a FACSort (Becton Dickinson).
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140 kDa protein on SDS-PAGE (data not shown). There-
fore, most of the PSA-carrying glycoproteins in CHO cells
were most probably NCAM-140. If mST8Sia II ¢cDNA-
transfected Lec13 cells, in which the PSA synthase activity
was 7-fold higher than that in parental K1 cells, were used

TABLE 1. Incorporation of [*H]GlcNH, into PSA-carrying
glycoproteins and NCAM in K1 and Lecl3 cells. Cells were
labeled with [*H]GIcNH, for 48 h, and then lysed with a lysis buffer.
PSA-carrying glycoproteins were isolated by immunoprecipitation
with anti-PSA mAb. NCAM was isolated by immunoprecipitation
with anti-NCAM mAb after the cell lysate had been treated with
sialidase. Aliquots of the immunoprecipitates absorbed to protein G-
Sepharose resin were counted after the resin had been washed 4 times
with the lysis buffer and 2 times with PBS. K1-II and Lec-II indicate
mST8Sia II cDNA-transfected K1 and Lecl3 cells, respectively.
K1+Fuc and Lecl13+Fuc indicate cells grown in 2 mM L-fucose
containing medium. Each value represent the mean+SD for three
independent experiments. The values in parentheses indicate the
ratios of the radioactivity incorporated into the cells to that into CHO
K1 cells.

Radioactivity in 1x10° cells (cpm)

N. Kojima et al.

for the metabolic labeling with [*H]GleNH,, the radioac-
tivity recovered in PSA-carrying glycoproteins was lower
than that in the case of K1 cells without transfection of
mST8Sia II cDNA (Table II and Fig. 2B). Thus, the PSA
synthesis and expression in Lec13 cells were quantitatively
different from those in K1 cells.

Polysialylation in Lecl3 Cells Is Qualitatively Different
from That in K1 Cells—We then investigated whether or

TABLE [I. Populations of polysialylated glycopeptides in
PSA-carrying glycoprotein preparations derived from K1 and
Lec13 cells. Cells were labeled with [*H]GleNH, for 48 h, and then
lysed. PSA-carrying glycoproteins were prepared by immunoprecipi-
tation with anti-PSA mAb. Three individual immunoprecipitates
were pooled and used for the experiment in each case. The total
radioactivity in PSA-carrying glycoproteins prepared from K1 and
Lec13 cells, and mST8Sia I ¢cDNA-transfected ones (K1-II and
Lec-IT) was about 51,000, 5,200, 58,000, and 13,000 cpm, respec-
tively. PSA-carrying glycoproteins were also prepared from mST8Sia
I ¢cDNA-transfected Lecl3 and K1 cells. The glycopeptides were
prepared by digestion with pronase K and then separated on a
DEAE-Toyopear] column, as described under “MATERIALS AND

AntiPSALP.  Anti-NCAM Lp, ot extract METHODS.” The materials eluted with about 0.1 M ammonium
K1 14,400+2,800 17,500+4,400 2.2Xx10° (1.00) acetate and 0.4 M ammonium acetate, as shown in Fig. 3, were
(1.00) (1.00) collected and designated as non-PSA-carrying glycopeptides and
Lecl3 1,790+ 580 20,840+1,900 2.5x10° (1.13) PSA-carrying glycopeptides, respectively. The values in parentheses
(0.12) (1.19) indicate the ratios of the radioactivity of polysialylated N-glycans to
K1-II 48,100+6,000 19,560+3,800 2.5x10° (1.13) that of non-polysialylated N -glycans in the preparations.
(3.34) (1.12) PSA-carrying Radioactivity (cpm)
Lec-II 5,630+2,200 14,500+2,600 2.4%x10°(1.09) glycoproteins Non-polysialylated Polysialylated
(0.38) (0.82) prepared from N-glycans N -glycans
K1+Fuc 12,600+1,380 15,220+890 2.0x10° (0.91) K1 17,000 (1.00) 27,800 (1.63)
(0.88) (0.87) Lecl3 3,000 (1.00) 1,440 (0.48)
Lecl13+Fuc 4,180+2,800 12,850+1,730 1.9x10° (0.86) K1.II 15,240 (1.00) 29,600 (1.94)
(0.29) (0.73) Lec-1I 6,410 (1.00) 4,360 (0.68)
.P. LP. with I.P. with
A ;:u-v;g: anti-NCAM anti-NCAM Total extract B L.P. with anti-PSA mAb
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Fig. 2. Metabolic labeling with [*H]GlcNH, of NCAM and PSA-
carrying glycoproteins in CHO cells. Cells were labeled with [*H]-
GlcNH, for 48 h, and then lysed with a lysis buffer as described under
“MATERIALS AND METHODS.” PSA-carrying glycoproteins were
isolated by immunoprecipitation with anti-PSA mAb. NCAM was
isolated by immunoprecipitation with anti-NCAM mAb before and
after the cell lysate had been treated with sialidase. The radioactivity
in an aliquot of the resin was counted, and the rest of the resin was

analyzed by SDS-PAGE on a 5-20% gradient gel before and after
treatment with neuraminidase F (0.5 U/ml) for 3 h, followed by
autoradiography. A: SDS-PAGE (5-20% gel) of NCAM and PSA-car-
rying glycoproteins from CHO K1 and Lec13 cells. B: SDS-PAGE (5%
gel) of PSA-carrying glycoproteins from K1 and Lec13 cells, and their
mST8Sia I ¢cDNA-transfectants (K1-II and Lec-IT) before and after
sialidase treatment.
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not the polysialylation in Lecl3 cells was only different
quantitatively from that in K1 cells. After sialidase treat-
ment, PSA-carrying glycoproteins derived from both types
of cells gave the same labeled band, the molecular weight of
which was about 140 kDa (Fig. 2B). This 140 kDa glyco-
protein could be re-immunoprecipitated with anti-NCAM
mAb, indicating that NCAM-140 was polysialylated in both
types of cells. To determine the proportion of PSA-carrying
N-glycans in the PSA-carrying glycoproteins, glycopep-
tides prepared from PSA-carrying glycoproteins were
separated by ion-exchange chromatography (Fig. 3). PSA-
carrying glycopeptides obtained from Lec13 and K1 cells
were eluted at almost the same salt concentration, suggest-
ing that the degree of polymerization of «2,8-linked sialic
acids in Lec13 was similar to that in K1 cells. However, the
population of PSA-carrying N-glycans in the PSA-carrying
glycoproteins from Lecl3 cells was about 4-times less than
that in the case of K1 cells (Table IT). Even when glycopep-
tides were prepared from mST8Sia II ¢cDNA-transfected
Lec13 cells, the proportion of PSA-carrying glycopeptides
was smaller than that in the case of K1 cells. In addition,
PSA-carrying glycoproteins from mST8Sia Il cDNA-trans-
fected Lecl3 cells migrated much faster than those from
mST8Sia II ¢DNA-transfected K1 cells on SDS-PAGE
(Fig. 2B). This suggests that the number of PSA-carrying
N -linked oligosaccharides in Lec13 cells was less than that
in K1 cells in the same PSA-carrying proteins. Therefore,
polysialylation of the glycoproteins in Lecl3 cells is differ-
ent from that in K1 cells not only quantitatively but also
qualitatively.

Radioactivity (cpm)

CH3COONH, (M)

Fraction number

Fig. 3. Ion-exchange chromatography of glycopeptides de-
rived from PSA-carrying glycoproteins. Cells were labeled with
(*H]GlcNH; for 48 h, and then lysed with a lysis buffer as described
under “MATERIALS AND METHODS.” PSA-carrying glycoproteins
were isolated by immunoprecipitation with anti-PSA mAb. Glyco-
peptides were prepared by digestion with pronase K and separated on
a DEAE-Toyopear] column, as described under “MATERIALS AND
METHODS,” and then subjected to anion-exchange chromatography
on a DEAE-Toyopearl column with a linear gradient of 0-0.6 M
CH,COONH..
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Comparison of N-Glycans Associated with NCAM —As
described above, the major PSA-carrying glycoproteins in
both types of cells are most probably NCAM-140. Since
PSAs are usually carried on a branched chain attached to
mannose through a £1,6-linked GlcNAc of tri- and tetra-
antennary N-glycans associated with the 5th Ig-like do-
main of NCAM (18, 19), the differences in the antennary
structures of NV-glycans of NCAM may affect PSA synthe-
sis and expression both quantitatively and qualitatively.
Therefore, N-linked glycopeptides were isolated from
NCAM preparations of K1 and Lecl3 cells by digestion
with pronase K, and the N-linked complex carbohydrates
associated with NCAM were compared by lectin affinity
chromatography. As shown in Fig. 4, about 90% of the
N-glycans in NCAM preparations from both types of cells
passed through a Con A-agarose column, and 10% of them
was bound and eluted with 5 mM «a-methyl mannoside,
suggesting that the majority of N-glycans in the NCAM
preparations from K1 and Lecl3 cells had tri- or tetra-
antennary structures, the rest of them having biantennary
structures (29). The Con A-agarose unbound N -glycans of
K1 and Lec13 cells were bound to a DSA-agarose column
and eluted with 1% GlcNAc oligomer (Fig. 4), indicating
that the N-glycans in the NCAM preparations from both
types from cells contained £1,6-branched GleNAc struc-
tures (30).

In the case of K1 cells, about 30% of the Con A-agarose
unbound N-glycans was bound to LCA-agarose (Fig. 4),
indicating that they are a1,6-fucosylated, £1,6-branched
triantennary N-glycans (31). It is known that tri- or
tetraantennary moieties containing branch GlcNAc resi-
dues linked 81,4 to mannose do not bind to LCA-agarose,
even if they also contain a branch GleNAc linked £1,6 to
mannose and an a1,6-linked fucose. Therefore, the bian-
tennary N-glycans (Con A-agarose bound N-glycans) of
K1 cells were applied to a LCA-agarose column. Most of the
biantennary N -glycans of K1 cells were bound to LCA-aga-
rose and eluted with 0.2 M methyl- 2 -mannoside, indicat-
ing that most of the biantennary N-glycans of NCAM
prepared from K1 cells contained «1,6-linked fucose
residues. Judging from this result, most of the LCA-aga-
rose unbound materials from K1 cells was probably tetra-
antennary N-glycans modified with «1,6-fucose. In con-
trast, LCA-bound materials were not observed among
either Con A-agarose bound or unbound glycopeptides
derived from NCAM preparations from Lecl3 cells, be-
cause Lecl3 cells lack a1,6-fucose residues in their com-
plex carbohydrates, as shown by Ripka et al (22). The
results of sequential lectin affinity chromatography of
NCAM N-glycans indicated that there are no significant
differences in the antennary structures of N-glycans
between K1 and Lecl3 cells except for «1,6-fucose
modification, i.e., NCAM of both types of cells contained
tri- and tetraantennary complex carbohydrates with 51,6-
GlcNAc branches as major N-linked oligosaccharides.
Therefore, the absence of a1,6-linked fucose on complex
N-glycans may affect the synthesis and/or expression of
PSAs in Lec13 cells.

Effect of Fucose on the Expression of PSAs—To further
confirm the possibility of the requirement of «1,6-linked
fucose modification for PSA synthesis and expression, cells
were first treated with endoneuraminidase, which speci-
fically cleaves poly «2,8-sialic acids, and then the recovery
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K1 NCAM-GP

Con A-agarose

Lec13 NCAM-GP

N. Kojima et al.

Lec13 NCAM-GP

+ Fuc
5mM 02M
™ a-Me  a-Me Man

Fraction number

Fig. 4. Lectin affinity chromatography of NCAM glycopep-
tides. A labeled cell lysate was first treated with neuraminidase F and
then NCAM was immunoprecipitated with anti NCAM mAb, followed
by digestion with pronase K. The glycopeptides were subjected to
lectin affinity chromatography under the conditions given under
“MATERIALS AND METHODS.” The glycopeptides were dissolved
in 10 mM Tris-HCI (pH 7.4) containing 1 mM CaCl;, 1 mM MgCl,,
and 0.02% NaN,, and then applied to a Con A-agarose column. The
column was washed, and then eluted with 5 column volumes each of 5

of PSA expression on the cell surface was determined with
a fluorescence activated cell sorter (FACS). As shown in
Fig. 5, PSAs on the cell surface were completely eliminated
by the treatment with endoneuraminidase. In the case of
CHO K1 cells, PSA expression on the cell surface gradually
increased after endoneuraminidase treatment, about 80%
of the PSAs being recovered after 72 h. In contrast, PSA
expression increased much more slowly in Lecl3 cells.
Only 20% of the PSAs in Lec13 cells were recovered during
the same period. This indicates that the rates of PSA
synthesis and/or expression in K1 cells are much faster
than those in fucose-lacking Lecl3 cells. Lecl3 cells are
known to regain the lectin sensitivity on growth in medium
containing L-fucose (2I), indicating that fucose modi-
fication of complex carbohydrates occurs in Lecl3 cells
when the cells are grown in L-fucose containing medium.

LCA-agarose
o 3 [~ (Con A-unbound)
o 02M 02M 02M
- a-Me Man b~ a-Me Man
% \/ v
£
5 N I Voot
> LCA-agarose
.E 0.3 " (Con A-bound)
"3 02 02M - 02M =~ 02M
o a-Me Man
O o1  /
T
. E 0 PP
DSA-agarose
1.5 " (con A-unbound)
- 1% 1%
1.0 (GlcNAc), — (GleNAS),
0.5 v — v
0 2%, 040000600 0-00-0-00
0 10 20 0 10 20

mM methyl-o-mannoside and 0.2 M methyl-a-mannoside. Half of
the Con A-agarose unbound materials was then applied to a DSA-aga-
rose column. The column was washed and eluted with 1% N-acetyl-
chitotetraose. The rest of the Con A-agarose unbound materials or Con
A-agarose bound materials was applied to a LCA-agarose column. The
column was washed and then eluted with 0.2 M methyl- a -mannoside.
Fractions (2 ml) were collected and aliquots of 100 u1 were counted
with a liquid scintillation counter.

Therefore, the effect of exogenous L-fucose on PSA-expres-
sion was investigated. As shown in Fig. 6 and Table I, PSA
expression and synthesis in Lecl13 cells both increased
about 2-fold when the cells were grown in L-fucose con-
taining medium for 7 days, whereas those in K1 cells did
not change.

To examine the occurrence of «1,6-fucosylation of N-
glycans associated with NCAM after cultivation with L-
fucose, glycopeptides were prepared from a NCAM prepa-
ration from Lec13 cells grown with 2 mM L-fucose, and
then separated by sequential lectin affinity chromatog-
raphy (Fig. 4). The ratio of Con A-bound and -unbound
materials in the cells was not different from that in the case
of Lecl3 cells cultured without fucose. When the materials
were applied to a LCA-agarose column, about 20% of the
Con A-bound materials and 5% of the Con A-unbound
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Fig. 5. Recovery of PSA expression after en-
doneuraminidase treatment. Cells were harvest-
ed and then treated with endoneuraminidase (1:10
dilution) for 1 h at 37°C. After the treatment, the
cells were washed with PBS, and then one-fifth of
the cells was fixed with 4% paraformaldehyde for 1
h at 4°C, washed with PBS, and stored at 4°C until
analysis. 1 X 10* of the remaining cells were seeded
into a 6-cm-diameter culture dish and cultured for
15, 40, 60, or 72 h. After the incubation, the cells
were harvested using an EDTA/PBS solution and
then fixed with 4% paraformaldehyde. The fixed
cells were treated with 1% BSA-containing PBS for
1 h at 4°C, and then stained with anti-PSA-mAb or
nonimmunized mouse IgG, followed by analysis of
PSA expression with a flow cytometer. A: Typical
FACS pattern of PSA expression after endoneur-
aminidase treatment. B: Recovery of PSA expres-
sion. Each value represents the mean fluorescence
I intensity. Bars represent the means+SD for four
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independent experiments. Open and closed circles
indicate CHO K1 and Lec13 cells, respectively.

Incubation time (h)

A B

Fucose CHO K1 CHO Lec13
added
"
7%, 1825
omM
<
3
" g 40
5543 272
2mM 5
B
& 20l
Y | _Jaam: ] [}
, &
47.10 FESTS o
5mM 0
R -

Fluorescence intensity

materials bound to the column and were eluted with 0.2 M
methyl-« -mannoside, although no LCA-agarose binding
materials were observed in the NCAM preparation from
Lec13 cells grown without L-fucose. These results indicated
that at least a part of the N-glycans of NCAM prepared
from Lecl3 cells was «1,6-fucosylated after the cells had
been cultured with L-fucose.

PSA-Carrying Proteins Are Degraded in Fucose-Lacking
Mutant Lec13 Cells—Angata et al. reported that «1,6-
linked fucose lacking NCAM-Fc¢ produced by Lecl3 cells
was polysialylated by recombinant PSA-synthases as
equally as «1,6-linked fucose containing NCAM-Fc pro-
duced by K1 cells (23). To determine whether or not fucose
modification affects the biosynthesis of PSA or the expres-
sion of PSA in vivo, cells were pulse-labeled with {(**S]Met
for 10 min, followed by a chase for 1, 2, 4, or 8 h. After the
pulse-chasing of the cells, PSA-carrying proteins were
recovered by immunoprecipitation with anti-PSA mAb,
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Fig. 6. Effect of fucose on the expression of
PSAs. Cells were maintained in 1, 2, or 5 mM L-
fucose containing alpha medium for 7 days. The
medium was changed every 2 days. The expres-
sion of PSA was measured with a FACS. A:
Typical FACS pattern of PSA expression after
growth with fucose. B: Expression of PSAs after
growth with fucose based on the mean fluores-
cence intensity values in panel A. Each value
represents the mean fluorescence intensity. Bars
represent the means+ SD for four independent
experiments. Open and solid columns indicate
CHO K1 and Lec13 cells, respectively.

2 5

Fucose (m M)

and then analyzed by SDS-PAGE. As shown in Fig. 7, both
K1 and Lecl3 cells synthesized PSA-carrying proteins
within a 1 h chase after a 10 min pulse. Judging from the
radioactivity recovered on immunoprecipitation with anti-
PSA mADb, PSA synthesis in Lec13 cells within a 1 h chase
seemed to be only 2 times lower than that in K1 cells. This
difference was not significant as compared to the difference
in metabolic labeling of the cells with [*H]GlcNH, for 48 h.
However, the radioactivity recovered in PSA-carrying
proteins of Lecl3 cells gradually decreased during a
prolonged chase period. After a 8 h chase, only 20% of the
PSA-carrying proteins remained as compared to those
obtained from cells after a 1h chase (Fig. 7). In this
process, PSA-carrying proteins were degraded into a
polypeptide with a molecular weight of about 85 kDa and
several other polypeptides. In contrast, the radioactivity
recovered in PSA-carrying proteins in K1 cells did not
change during a 8 h chase. The degradative polypeptide (85
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Fig. 7. Pulse-chase labeling of
PSA-carrying glycoproteins. Cells
were pulse-labeled with [**S)Met (100
4Ci/ml) in methionine-free DMEM for
10 min at 37°C, and then chased for 1,
2, 4, or 8h, as described under
“MATERIALS AND METHODS.”
Each cell lysate was precleared with
nonimmunized mouse IgG and protein
G-Sepharose for 16h at 4°C with
gentle rotation, and then the resulting
supernatant was immunoprecipitated
with anti-NCAM mAb or anti-PSA
mAb, and protein G-Sepharose, as
described under “MATERIALS AND
METHODS.” The resin was collected
by centrifugation and then subjected to
SDS-PAGE on a 5% acrylamide gel
before and after treatment with neur-

Chase time (h)

aminidase F. The gels were fixed and
dried, and radioactivity was detected
and counted with a BAS2000 radio

image analyzer (Fuji Film). A and B: SDS.PAGE pattern of immunoprecipitates with anti-PSA mAb and

anti-NCAM mAb, respectively. Arrowheads indicate the degradative polypeptide with a molecular weight of

113 > ' about 85 kDa. C: The relative amounts of PSA-carrying glycoproteins and NCAM. Open and closed circles
indicate the PSA-carrying glycoproteins from K1 and Lec13 cells, respectively. Open and closed squares indicate
the NCAM from K1 and Lecl3 cells, respectively. The values represent the relative radioactivity of PSA-car-

independent experiments.
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Fig. 8. Effect of fucose on the synthesis of PSA-carrying
glycoproteins. Cells were cultured with or without 2 mM L-fucose
containing alpha medium for 3 days, pulse-labeled with [**S]Met
(100 x«Ci/ml) in methionine-free DMEM for 10 min at 37°C, and then
chased for 1, 4, or 8h, as described under “MATERIALS AND
METHODS.” PSA-carrying glycoproteins were recovered by im-
munoprecipitation with anti-PSA mAb, and then subjected to SDS-
PAGE on a 5% acrylamide gel. Each gel was fixed and dried, and
radioactivity was detected and counted with a BAS2000 radio image
analyzer (Fuji Film). Open and closed circles indicate the PSA-carry-
ing glycoproteins from Lec13 cells cultured with and without 2 mM
fucose, respectively. Open and closed squares indicate the PSA-carry-
ing glycoproteins from K1 cells cultured with and without 2 mM
fucose, respectively. Bars represent the means + SD for three experi-
ments.

kDa polypeptide) was not observed at all during a 4 h chase,
but a small amount of it could be detected after a 8 h chase
even in K1 cells (Fig. 7). On the other hand, the radioactiv-
ity in NCAM preparations from the two types of cells was
not significantly different. In the NCAM preparation
prepared from cells after a 4 h chase, the degradative 85

< rying glycoproteins and NCAM prepared from the cells after a 1 h chase. Bars represent the means + SD for four

kDa polypeptide was clearly observed but polydisperse
material could not be detected in Lecl3 cells, suggesting
that this 85 kDa polypeptide was derived from polysialylat-
ed NCAM. These results suggested that PSA-carrying
proteins in Lecl3 cells were rapidly degraded after PSA
modification of the proteins. Since PSA-carrying proteins
disappeared during the chase, the ratio of the radioactivity
recovered in PSA-carrying proteins in Lec13 and K1 after
a 8 h chase was about 1:10, which was a similar value to that
obtained on metabolic labeling with [2H)GIcNH, for 48 h.
PSA-carrying proteins were rapidly degraded even in
mST8Sia II cDNA-transfected Lecl3 cells (data not
shown).

When Lecl3 cells were cultured in 2mM L-fucose
containing medium for 48 h before the pulse-chase experi-
ment, the radioactivity recovered in PSA-carrying mate-
rials in Liec13 cells during a 1 h chase was about 2 times that
in control cells cultured without fucose (Fig. 8). In addition,
the degradation of the PSA-carrying materials during a
prolonged chase period was inhibited in the cells cultured
with fucose (Fig. 8). In contrast, the synthesis of PSA-
carrying proteins in K1 cells cultured with fucose was
slightly inhibited. These results suggested that the «1,6-
fucosylation of N-glycans promotes PSA synthesis and
prevents the degradation of synthesized PSA-carrying
proteins. Thus, the lower and slower expression of PSA in
fucose-lacking Lec13 cells may be explained primarily by
the instability of the synthesized PSA in the cells, and
secondly by the low polysialylation efficiency.

DISCUSSION

Since it was recently shown that PSA-carrying N-glycans
are almost completely a1,6-fucosylated at the proximal
GleNAc of the di- N-acetyl chitobiose unit (19), and «1,6-
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fucosylated glycoproteins are predominantly polysialylated
by recombinant polysialic acid synthases in vitro (9), the
a1,6-linked fucose modification of N-glycans associated
with NCAM may act as a signal for PSA synthesis. In this
study, therefore, to determine the role of «1,6-linked
fucose in the expression of PSAs, we compared PSA
synthesis and expression between the CHO cell line, K1,
and the fucose-lacking CHO mutant line, Lec13. Lec13 cells
were originally established as a pea-lectin resistant CHO
mutant (21), and shown to lack «1,6-linked fucose attached
to the proximal GlcNAc of the di- N-acetyl chitobiose unit
of N-glycans of all glycoproteins (22). As shown in this
study, a1,6-linked fucose modification of N-glycans was
not essential for the biosynthesis of PSAs but was required
for the efficient expression of PSA-carrying glycoproteins
on the surface of CHO cells. The following results strongly
suggest that the lack of «1,6-linked fucose on N-glycans
reduced the stability of PSA-carrying glycoproteins in CHO
cells; (i) Lecl3 cells express PSAs on their surface like K1
cells, but the level of expression of PSAs in Lec13 cells was
lower than that in K1 cells; (ii) the incorporation of labeled
glucosamine into PSA-carrying glycoproteins in Lec13 cells
was over 10-times lower than that in K1 cells, although that
into NCAM as well as total extracts of Lec13 and K1 cells
was almost the same; (iii) when Lec13 cells were cultured
in fucose-containing medium, in which Lecl3 cells are
known to regain the sensitivity toward pea lectin, PSA
expression clearly increased; and (iv) a pulse-chase experi-
ment with [**S]Met revealed that PSA -carrying proteins in
Lec13 cells gradually decreased during a prolonged chase
period, and that the degradation of PSA-carrying proteins
was partly prevented by cultivation of the cells with fucose.

The expression of PSAs in Lecl3 cells is remarkably
lower and slower than that in K1 cells. The differences in
the expression and biosynthesis of PSAs between Lecl3
and K1 cells might be simply explained as due to differ-
ences in PSA synthase activity, the intracellular amount of
NCAM, and/or the antennary structures of complex N-
glycans of NCAM, but the following results should exclude
such possibilities. In CHO cells, ST8Sia IV, of the two kinds
of PSA synthase, has been shown to be the only factor
necessary for PSA synthesis and expression (3, 20). In the
case of Lecl3 cells, ST8Sia IV but not ST8Sia II is
expressed (data not shown), and the PSA synthase activity
in the two types of cells is not significantly different. Even
if PSA synthase was overexpressed in Lecl3 cells on
transfection with the cDNA encoding mST8Sia II, the de
novo PSA synthesis and expression were still lower than
those in the cDNA non-transfected K1 cells (Fig. 2B). In
addition, the a2,3- and a2,6-sialyltransferase activities in
Lecl3 cells were almost the same as those in K1 cells.
Metabolic labeling of cells suggested that NCAM expres-
sion was not significantly different between the two types of
cells (Fig. 2A). The same glycoprotein, whose molecular
mass is about 140 kDa, is polysialylated in the two types of
cells. This 140 kDa glycoprotein is most probably NCAM-
140, because the 140 kDa glycoprotein could be immuno-
precipitated with anti-NCAM mAb from the immuno-
precipitates with anti-PSA mAb after sialidase treatment.
Furthermore, most of the N-glycans of NCAM in both
types of cells had tri- and tetraantennary structures with a
branch GleNAc linked 81,6 to mannose (Fig. 4), based on
the carbohydrate-binding specificities of Con A and DSA
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(29, 30).

In contrast, N-glycans associated with NCAM prepared
from Lec13 cells did not contain a1,6-linked fucose, while
N -glycans associated with NCAM in K1 cells are thought to
contain «1,6-linked fucose residues, judging from the
results of LCA-agarose affinity chromatography of glyco-
peptides (31). Since there are no significant differences in
the levels of NCAM synthesis and PSA synthase activity,
or the antennary structures of N-glycans associated with
NCAM between the two types of cells, the absence of a1,6-
linked fucose residues on N -glycans associated with NCAM
is considered to be the only difference as to the PSA
synthesis and expression of Lec13 from K1 cells. There-
fore, the absence of a1,6-linked fucose residues is assumed
to be one of the causes of the lower and slower PSA
synthesis and expression in Lecl3 cells. This assumption
was supported by the increased expression of PSA in cells
cultured with L-fucose. It is known that Lec13 cells regain-
ed the sensitivity toward pea lectin, strongly recognizing
a1,6-linked fucose residues (31), on growth in fucose-con-
taining medium (21). A part of the N-glycans of NCAM
was a 1,6-fucosylated after Lecl3 cells had been grown in
fucose-containing medium (Fig. 4). On the other hand,
blood group H, Le*, and Le” were not expressed on Lecl3
cells even after cultivation with fucose. CHO cells have well
defined glycans on their glycoproteins and glycolipids, and
do not synthesize Fuca1,2Gal and Fuca1,3/4GlecNAc link-
ages (32, 33). Therefore, only «1,6-linked fucose modifica-
tion would occur in Lecl3 cells cultured with fucose.

The «1,6-fucosylation of N-glycans probably affects the
PSA synthesis process, because in vivo PSA synthesis in
the two types of cells differs qualitatively as well as
quantitatively (Fig. 3 and Table II). However, the lower
and slower PSA expression in Lecl3 cells can be mainly
explained by the instability of PSA-carrying glycoproteins
rather than the slower rate of PSA synthesis in Lec13 cells.
It was surprising that in Lec13 cells PSA-carrying proteins
were rapidly (within 8 h) degraded after PSAs had been
synthesized (Fig. 7). On the other hand, the degradation of
PSA-carrying proteins in K1 cells was not observed at all
during the chase period. The degradation of PSA-carrying
proteins in Lec13 cells was partly prevented when the cells
were grown in fucose-containing medium. These results
suggest that «1,6-fucosylation of N-glycans in PSA-car-
rying glycoproteins may play a role in the post-translational
stability of the PSA-carrying glycoproteins in CHO cells.

It was shown that highly purified polysialylated NCAM
was automatically degraded completely in a low salt buffer
at 37°C for 96 h (34). This was only observed in vitro and
was assumed to be the result of intrinsic proteolytic activity
or a contaminating tightly bound enzyme. Therefore, the
possibility that the specific proteolytic activity is only
expressed in Lecl3 cells, i.e. not K1 cells, can not be
completely excluded. However, even in K1 cells, a pro-
longed chase produced the same degradative polypeptide
(Fig. 7). Based on the spontaneous proteolysis of poly-
sialylated NCAM in vitro, it was suggested that there is at
least one compact proteinase-sensitive domain in the
polypeptide chain (34). Therefore, the «1,6-fucosylation of
N -glycans may prevent the proteinase-sensitive domain of
N.glycans undergoing a conformational change. If there is
proteolytic activity tightly bound to or closely associated
with NCAM, it may be possible that the proteinase
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selectively cleaves non a1,6-fucosylated NCAM, and
thereby the PSA-carrying N-glycans of NCAM are almost
completely fucosylated on the proximal GlcNAc, as shown
in chick brain (19). Alternatively, de- N-glycosylation of
the nonfucosylated N-glycans of NCAM by PNGase may
trigger the degradation of PSA-NCAM, because the activ-
ity of PNGase purified from L-929 mouse fibroblast cells
was shown to be inhibited in the presence of a1,6-linked
fucose, and PNGase activity could be detected ubiquitously
in mammalian cells (35). It was recently shown that the
quality of ovalbumin was controlled through site-specific
de-N-glycosylation by PNGase (36). It is not clear at this
time whether the stability of only PSA-carrying glycopro-
teins is affected by fucose modification or those of other
glycoproteins are also affected. Judging from the results of
metabolic labeling with (*H]GlcNH, for 48 h, there was no
gignificant difference in the SDS-PAGE patterns between
total extracts of Lecl3 and K1 cells, suggesting that the
expression of the major glycoproteins in CHO cells may not
be affected by fucose modification. In addition, the incorpo-
ration of labeled glucosamine into NCAM during the label-
ing period was almost the same in the two types of cells.
Judging from the results of a pulse-chase experiment
involving [**S]Met, newly synthesized NCAM in Lecl3
cells seemed to be more rapidly degraded than that in K1
cells (Fig. 7). Therefore, it is possible that «1,6-linked
fucose plays a role in the expression of not only the
polysialylated form of NCAM but also other glycoproteins
through its stability in CHO cells.

Although a1,6-linked fucose residues attached to the
proximal GlcNAc of N-glycans have been shown to have
some relationship with carcinogenesis (37-39), only little
is known about their function. It has been reported that
fucose-containing glycoproteins are cleared rapidly from
the blood into the liver (40), and that nonfucosylated
complex N-glycans are more stable than fucosylated N-
glycans as to the action of an endo-S- N-acetylglucosamin-
idase F/PNGase mixture (41). On the other hand, the
activity of PNGase purified from mammalian cells is
inhibited in the presence of «1,6-linked fucose (35).
Therefore, «1,6-linked fucose may contribute to the
quality control of glycoproteins. Here, we presumed a novel
function of «1,6-linked fucose of N-glycans, i.e., a1,6-
linked fucose modification of N-glycans affects the expres-
sion of certain glycoproteins (e.g. NCAM) through the
intracellular stability of the glycoproteins and the quality of
polysialylation in vivo. Recently, cDNA encoding an «1,6-
fucosyltransferase was cloned from porcine and human
sources (42, 43). Since a1,6-fucosyltransferase mRNA is
most abundantly expressed in the brains of several mam-
mals (42), and «1,6-linked fucose of N-glycans is en-
countered frequently in brain glycoproteins (44), manipu-
lation of the a1,6-fucosyltransferase gene is required for
elucidation of the function of «1,6-linked fucose in brain
glycoproteins.

We are also grateful to Drs. P. Stanley (Albert Einstein College of
Medicine), R. Gerardy-Schahn (Inst. fiir Med. Mikrobiologie), and
F.A. Troy (Univ. of California) for providing us with the fucose-
lacking CHO mutant cell line, Lecl3, the anti-PSA mAb 735, and
endo N, respectively. We also thank Dr. Yoshitaka Nagai, Director of
the Glycobiology Research Group, and Dr. Tomoya Ogawa, Coordina-
tor of the Group, Frontier Research Program of the Institute of
Physical and Chemical Research (RIKEN), for their continued sup-

N. Kojima et al.

port and encouragement of our research.

10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

. Troy, F.A. (1992) Polysialylation: from bacteria to brains.

Glycobiology 2, 5-23

. Rutishauser, U. and Landmesser, L. (1996) Polysialic acid in the

vertebrate nervous system: a promoter of plasticity in cell-cell
interactions. Trends Neurosci. 19, 422-427

. Eckhardt, M., Miihlenhoff, M., Bethe, A., Koopma, J., and

Gerardy-Schahn, R. (1995) Molecular characterization of eu-
karyotic polysialyltransferase-1. Nature 373, 715-718

. Nakayama, J., Fukuda, M.N., Fredette, B., Ranscht, B., and

Fukuda, M. (1995) Expression cloning of a human polysialyl-
transferase that forms the polysialylated neural cell adhesion
molecule present in embryonic brain. Proc. Natl. Acad. Sci. USA
92, 7031-7035

. Yoshids, Y., Kojima, N., and Tsuji, S. (1995) Molecular cloning

and characterization of a third type of N-glycan «2,8-sialyltrans-
ferase from mouse lung. J. Biochem. 118, 658-664

. Livingston, B.D. and Paulson, J.C. (1993) Polymerase chain

reaction cloning of a developmentally regulated member of the
sialyltransferase gene family. J. Biol. Chem. 268, 11504-11507

. Kojima, N., Yoshida, Y., Kurosawa, N., Lee, Y.C., and Tsuji, S.

(1995) Enzymatic activity of a developmentally regulated
member of the sialyltransferagse family (STX): evidence for
a2,8-gialyltransferase activity toward N-linked oligosaccha-
rides. FEBS Lett. 360, 1-4

. Kojima, N., Yoshida, Y., and Tsuji, S. (1995) A developmentally

regulated member of the sialyltransferase family (ST8Sia II,
STX) is a polysialic acid synthase. FEBS Lett. 373, 119-122

. Kojima, N., Tachida, Y., Yoshida, Y., and Tsuji, S. (1996)

Characterization of mouse ST8Sia II (STX) as a neural cell
adhesion molecule-specific polysialic acid synthase: Requirement
of core a1,6-linked fucose and a polypeptide chain for polysialyl-
ation. J. Biol. Chem. 271, 19457-19463

Kojima, N., Tachida, Y., and Tsuji, S. (1997) Two polysialic acid
synthases, mouse ST8Sia II and IV, synthesize different degrees
of polysialic acids on different substrate glycoproteins in mouse
neuroblastoma Neuro2a cells. J. Biochem. 122, 1265-1273
Kojima, N., Kono, M., Yoshida, Y., Tachida, Y., Nakafuku, M.,
and Tsuji, S. (1996) Biosynthesis and expression of polysialic
acid on the neural cell adhesion molecule is predominantly
directed by ST8Sia [I/STX during in vitro neuronal differentia-
tion. J. Biol. Chem. 271, 22058-22062

Kurosawa, N., Yoshida, Y., Kojima, N., and Tsuji, S. (1997)
Polysialic acid synthase (ST8Sia II/STX) mRNA expression in
the developing mouse central nervous system. JJ. Neurochem. 69,
494-503

Angata, K., Nakayama, J., Fredette, B., Chong, K., Ranscht, B.,
and Fukuda, M. (1997) Human STX polysialyltransferase forms
the embryonic form of the neural cell adhesion molecule: Tissue-
specific expression, neurite outgrowth, and chromoesomal localiza-
tion in comparison with another polysialyltransferase, PST. JJ.
Biol. Chem. 272, 7182-7190

Small, S.J., Haines, S.L., and Akeson, R.A. (1988) Polypeptide
variation in an N-CAM extracellular immunoglobulin-like fold is
developmentally regulated through alternative splicing. Neuron
1, 1007-1017

Walsh, F.S. and Dickson, G. (1989) Generation of multiple N-
CAM polypeptides from a single gene. Bioessays 11, 83-88
Small, S.J. and Akeson, R.A. (1990) Expression of the unique
NCAM VASE exon is independently regulated in distinct tissues
during development. J. Cell Biol. 111, 2089-2096

Nelson, R.W., Bates, P.A., and Rutishauser, U. (1995) Protein
determinants for specific polysialylation of the neural cell adhe-
sion molecule. J. Biol. Chem. 270, 19357-19263

Finne, J. and Makela, P.H. (1985) Cleavage of the polysialosyl
units of brain glycoproteins by a bacteriophage endosialidase.
Involvement of a long oligosaccharide segment in molecular
interactions of polysialic acid. J. Biol. Chem. 260, 12656-1270

. Kudo, M., Kitajima, K., Inoue, S., Shiokawa, K., Morris, H.R.,

J. Biochem.

2102 ‘T .00100 uo AISBAIUN pezy dlwes| e /610'seunolpioxo qly/:dny wouj pepeoumoq


http://jb.oxfordjournals.org/

Role of al,6-Fucose in Expression of PSA

Dell, A., and Inoue, Y. (1996) Characterization of the major core
structures of the #2,8-linked polysialic acid-containing glycan

. chains present in neural cell adhesion molecule in embryonic

20.

21.

22.

23.

24.

25.

26.

27.

29.

30.

31.

32.

chick brains. J. Biol. Chem. 271, 32667-32677

Miihlenhoff, M., Eckhardt, M., Bethe, A., Frosch, M., and
Gerardy-Schahn, R. (1996) Polysialylation of NCAM by a single
enzyme. Curr. Biol. 6, 1188-1191

Ripka, J. and Stanley, P. (1986) Lectin-resistant CHO cells:
selection of four new pea lectin-resistant phenotypes. Somatic
Cell Mol. Genet. 12, 51-62

Ripka, J., Adamany, A., and Stanley, P. (1986) Two Chinese
hamster ovary glycosylation mutants affected in the conversion of
GDP-mannose to GDP-fucose. Arch. Biochem. Biophys. 249,
533-545

Angata, K., Suzuki, M., and Fukuda, M. (1997) Requirement for
polysialic acid synthesis in N-CAM. Glycobiology 7, 1037
(Abstr.)

Frosch, M., Gérgen, 1., Boulnois, G.J., Timmis, K.N., and
Bitter-Suermann, D. (1985) NZB mouse system for production of
monoclonal antibodies to weak bacterial antigens: isolation of an
IgG antibody to the polysaccharide capsules of Escherichia coli
K1 and group B meningococei. Proc. Natl. Acad. Sci. USA 82,
1194-1198

Hayrinen, J., Bitter-Suermann, D., and Finne, J. (1989) Interac-
tion of meningococcal group B monoclonal antibody and its Fab
fragment with alpha 2-8-linked sialic acid polymers: require-
ment of a long oligosaccharide segment for binding. Mol. Immu-
nol. 26, 523-529

Finne, J., Bitter-Suermann, D., Goridis, C., and Finne, U. (1987)
An IgG monoclonal antibody to group B meningococci cross-reacts
with developmentally regulated polysialic acid units of glyco-
proteins in neural and extraneural tissues. J. Immunol. 138,
4402-4407

Hallenbeck, P.C., Vimr, E.R., Yu, F., Bassler, B., and Troy, F.A.
(1987) Purification and properties of a bacteriophage-induced
endo-N-acetylneuraminidase specific for poly-alpha-2,8-sialosyl
carbohydrate units. J. Biol. Chem. 263, 18253-18268

. Kobata, A. and Yamashita, K. (1990) Fractionation of oligosac-

charides by serial affinity chromatography with use of immo-
bilized lectin columns in Practical Approach-Glycoprotein Analy-
sis (Kobata, A. and Fukuda, M., eds.) pp. 103-125, Oxford
University Press, Cambridge

Komnfeld, R. and Ferris, C. (1975) Interaction of immunoglobulin
glycopeptides with concanavalin A. J. Biol. Chem. 250, 2614-
2619

Yamashita, K., Ohkura, T., Takasaki, S., Goldstein, I.J., and
Kobata, A. (1987) Carbohydrate binding properties of complex-
type oligosaccharides on immobilized Datura stramonium lectin.
J. Biol. Chem. 2682, 1602-1607

Kornfeld, K., Reitman, M.L., and Komfeld, R. (1981) The
carbohydrate-binding specificity of pea and lentil lectins. Fucose
is an important determinant. J. Biol. Chem. 266, 6633-6640
Prieto, P.A., Larsen, R.D., Cho, M., Rivera, H.N., Shilatifard,
A., Lowe, J.B., Cummings, R.D., and Smith, D.F. (1997) Ex-
pression of human H-type a1,2-fucosyltransferase encoding for
blood group H (O) antigen in Chinese hamster ovary cells. J. Biol.

Vol. 124, No. 4, 1998

33.

36.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

737

Chem. 272, 2089-2097

Campbell, C. and Stanley, P. (1983) Regulatory mutations in
CHO cells induce expression of the mouse embryonic antigen
SSEA-1. Cell 35, 303-309

. Edelman, G.M. (1983) Cell adhesion molecule. Science 219, 450-

457

Suzuki, T., Seko, A., Kitajima, K., Inoue, Y., and Inoue, S.
(1994) Purification and enzymatic properties of peptide:N-
glycanase from C3H mouse-derived L-929 fibroblast cells.
Possible widespread occurrence of post-translational remodifica-
tion of proteins by N-deglycosylation. J. Biol. Chem. 269, 17611-
17618 .

Suzuki, T., Kitajima, K., Emori, Y., Inoue, Y., and Inoue, S.
(1997) Site-specific de-N-glycosylation of diglycosylated oval-
bumin in hen oviduct by endogenous peptide:N-glycanase as a
quality control system for newly synthesized proteins. Proc.
Natl. Acad. Sci. USA 94, 6244-6249

Aoyagi, Y., Isemura, M., Yoshizawa, Z., Suzuki, Y., Sekine, C.,
Ono, T., and Ichida, F. (1985) Fucosylation of serum alpha-feto-
protein in patients with primary hepatocellular carcinoma. Bio-
chim. Biophys. Acta 830, 217-223

Ohno, M., Nishikawa, A., Kouketsu, M., Taga, H., Endo, Y.,
Hada, T., Higashino, K., and Taniguchi, N. (1992) Enzymatic
basis of sugar structures of alpha-fetoprotein in hepatoma and
hepatoblastoma cell lines: correlation with activities of alpha 1-6
fucosyltransferase and N-acetylglucosaminyltransferases ITI and
V. Int. J. Cancer 51, 315-317

Miyoshi, E., Uozumi, N., Noda, K., Hayashi, N., Hori, M., and
Taniguchi, N. (1997) Expression of alpha 1-6 fucosyltransferase
in rat tissues and human cancer cell lines. Int. J. Cancer 72,
1117-1121

Lehrman, M.A., Pizzo, S.V., Imber, M.J., and Hill, R.L. (1986)
The binding of fucose-containing glycoproteins by hepatic lectins.
Re-examination of the clearance from blood and the binding to
membrane receptors and pure lectins. J. Biol. Chem. 258, 7412-
7418

Anumula, K.R. (1993) Endo beta-N-acetylglucosaminidase F
cleavage specificity with peptide free oligosaccharides. JJ. Mol.
Recognit. 8, 139-145

Uozumi, N., Yanagidani, S., Miyoshi, E., Ihara, Y., Sakuma, T.,
Gao, C.X., Teshima, T., Fujii, 8., Shiba, T., and Taniguchi, N.
(1996) Purification and cDNA cloning of porcine brain GDP-
L-Fuc: N -acetyl-beta-D-glucosaminide alphal-6 fucosyltransfer-
ase. J. Biol. Chem. 271, 27810-27817

Yanagidani, S., Uozumi, N., Thara, Y., Miyoshi, E., Yamaguchi,
N., and Taniguchi, N. (1997) Purification and ¢cDNA cloning of
GDP-L-Fuc: N -acetyl-beta-D-glucosaminide:alphal-6 fucosyl-
transferase (alphal-6 FucT) from human gastric cancer MKN45
cells. J. Biochem. 121, 626-632

Hoffmann, A., Nimitz, M., Wurster, U., and Conradt, H.S.
(1994) Carbohydrate structure of f-trace protein from human
cerebrospinal fluid: Evidence for “brain-type™ N-glycosylation.
J. Neurochem. 63, 2185-2195

Tsuji, S., Datta, A.K., and Paulson, J.C. (1996) Systematic
nomenclature for sialyltransferases. Glycobiology 6, V-IIV

2102 ‘T J2g0o100 Uo AlSIRAIUN Pezy o1wes| e /610'sjeulnolpioxo-qly/:dny wo.j pepeojumod


http://jb.oxfordjournals.org/



