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N-Acetylglucosaminyltransferase 111 (GnT-IIT), which catalyzes the synthesis of a bisecting GIcNAc residue
of N-glycans, is thought to be involved in the function of glycoproteins such as growth factor receptors. We inves-
tigated the effects of the overexpression of GnT-1II on the hepatocyte growth factor (HIGF) receptor c-Met, a gly-
coprotein, in human hepatocarcinoma HepG2 cells. GnT-III activity was elevated about 250-fold in HepG2 cells
stably transfected with the GnT-III gene, whereas no significant change in GnT-III activity was observed in mock
transfectants. Cell scattering assay revealed that HGF-induced cell scattering was enhanced depending on the
GnT-III activities in the GnT-III transfectants. Western blot analysis and E-PHA lectin blot analysis showed that
the level of c-Met protein was the same in both transfectants; however, the bisecting GlcNAc residue on ¢-Met
was detected only in the GnT-III transfectants. Althongh the peak level of c-Met phosphorylation was not differ-
ent in both transfectants, the level of tyrosine phosphorylation of c-Met decreased more rapidly in the GnT-III
transfectants than in the mock transfectants. Furthermore, HGF-induced extracellular-regulated kinase (ERK)}
phosphorylation was slightly higher in the GnT-III transfectants than in the mock transfectants, These results
show that overexpression of GnT-III in HepG2 cells enhances HGF-induced cell scattering, which may result
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from, at least in part, enhancement of HGF-induced ERK phosphorylation.

Key words  N-acetylglucosaminyltransferase III; cell scattering; hepatocyte growth factor; c-Met; extracellular-regulated kinase

(ERK)

N-Acetylglucosaminyltransferase III (GnT-III: EC 2.4.1.144)
is one of the glycosyltranferases and catalyzes the synthesis
of a bisecting GlcNAc residue to the S-mannoside of the tri-
mannose core in N-glycans.” After introduction of the bisect-
ing GleNAc residue to the biantennary sugar chain, further
processing and elongation of N-glycans by the other glyco-
syltransferases are suppressed,”—* resulting in alterations of
structure with reduction of size. It seems that GnT-III may af-
fect the functions of various glycoproteins. In this respect, it
is noteworthy that the overexpression of GnT-III affects re-
ceptor tyrosine kinases such as the epidermal growth factor
(EGF) and NGF receptor Trk, followed by the modulation of
signal transductions.” EGF inhibits the growth of U373 MG
glioma cells, while the overexpression of GnT-III causes the
decreased binding of EGF to its receptor and then autophos-
phorylation of the receptor, resulting in the increase in the
cell growth rate.® In contrast, the overexpression of GnT-III
in HeLaS3 cells does not affect EGF receptor autophospho-
rylation, but enhances internalization of the receptors, result-
ing in the increase of the EGF-induced phosphorylation of
extracellular-regulated kinase (ERK).” In PC 12 cells, nerve
growth factor-stimulated Trk receptor autophosphorylation
and signal transduction was disrupted by the overexpression
of GnT-111.» This evidence suggests that GnT-III may also af-
fect the other growth factors-induced signal transduction by
the modulation of the function of their receptors in some
ways.

Since the expression of GnT-III is associated with many
physiological and pathological processes in the liver, includ-
ing its regeneration” and hepatocarcinogenesis,'® it is as-
sumed that GnT-III is involved in the processes via the mod-
ulation of some glycoproteins such as the receptor of the he-
patocyte growth factor (HGF), c-Met. In the present study,
we investigated the effects of the overexpression of GnT-III

*+ To whom correspondence should be addressed. e-mail: mhyuga@nihs.go.jp

on the scattering of human hepatocarcinoma HepG2 cells, a
defined HGF-induced biological response.

MATERIALS AND METHODS

Materials The recombinant human HGF was purchased
from R&D systems (Minneapolis, MN, U.8.A.). The Dulbec-
co’s modified Eagle’s medium (DMEM), fetal calf serum
(FCS), ampiecillin, G418, Lipofectamine plus, and Opti-
MEM were purchased from Life Technologies Inc.
(Rockville, MD, U.S.A). The human brain cDNA was pur-
chased from Origene Technologies Inc. (Rockville, MD,
U.S.A.). The mammalian expression vector pCl-neo was pur-
chased from Promega (Madison, WI, U.S.A.). The protease
inhibitors cocktail was purchased from Sigma Chemical Co
(St. Louis, MO, US.A)}. The PVDF membrane was pur-
chased from Millipore Corporation (Bedford, MA, US.A}).
Biotinylated E-PHA was purchased from Vector Laboratories
(Burlingame, CA, U.S.A.). Protein G-immobilized magnetic
beads (BioMag Protein G) were purchased from Poly-
sciences, Inc. (Warrington, PA, U.S.A)). The anti-human c-
Met antibody (C-23), anti-phospho-ERK antibody (E-4) and
anti-ERK antibody (K-23) were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, US.A)). The mono-
clonal anti-phosphotyrosine antibody (PY20) was purchased
from Transduction Laboratories (Lexington, KY, US.A)).
The biotinylated anti-mouse IgG antibody, biotinylated anti-
rabbit IgG antibody, peroxidase-conjugated rabbit anti-
mouse IgG, and ECL chemiluminescence detection kit were
purchased from Amersham-Pharmacia Biotech (Piscataway,
NI, US.A). The vectastain ABC kit was purchased from
Vector Laboratories (Burlingame, CA, US.A.). All other
chemicals were obtained from commercial sources, and were
of the highest purity available.

© 2004 Pharmaceutical Society of Japan
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Cell Culture Human hepatocarcinoma HepG2 cells
were obtained from the Japanese Cancer Research Resources
Bank (Tokyo, Japan). The HepG2 cells and GnT-HI gene
transfectants were cultured in DMEM supplemented with
10% FCS and 0.1 mg/ml of ampicillin under a humidified at-
mosphere of 95% air and 5% CO,. Following incubation for
1d with serum-free DMEM, the cells were incubated with
50ng/ml of HGF in serum-free DMEM.

Expression Vector Construct, Gene Transfection, and
Selection of Cells The human GnT-III cDNA was ampli-
fied by PCR using human brain ¢cDNA as a template. The
cDNA fragment containing the entire coding sequence was
inserted into the pCI-neo EcoR I site and the final construct,
pCl-GnT-III, was obtained. The pCl-neo is 2 mammalian ex-
pression vector which includes the cytomegalovirus en-
hancer/promoter and the G418-resistant gene. HepG2 cells
were plated in a 6-cm plastic culture dish at a2 density of
1108 cells/ml. After 24 h, the cells were washed twice with
ice-cold phosphate-buffered saline (PBS), pH 7.2, and the
medium was changed to serum-free Opti-MEM. The pCI-
GnT-III vector or pCl-neo vector (20 tg) was mixed with
Lipofectamine plus, 100yl of which was added to the
HepG2 cells. After 5h incubation, the medium was changed
to DMEM supplemented with 10% FCS. Stable transfectants
were selected using 1 mpg/ml G418.

GnT-III Activity The GnT-II activity was measured ac-
cording to the methods deseribed previously.'? Briefly, cell
pellets were homogenized in ice-cold PBS containing pro-
tease inhibitors, and the supernatant was obtained after re-
moval of the nucleus fraction by centrifugation for 20 min at
900Xg. The GnT-III activity in the supernatant was assayed
by high performance liquid chromatography methods using
the fluorescence-labeled sugar chain (GleNAcp-1, 2-Mano-
1, 6-[GlcNAcpS-1, 2-Mana-1, 3-] Manf-1, 4-GIcNAcS-1, 4-
GlecNAc-pyridylamino} as a substrate. The substrate was pre-
pared according to the method of Tokugawa et al.'?

Cell Scattering Assay The HepG2 cells were plated in a
6-cm plastic culture dish at a density of 5X10* cells/ml. The
HepG2 cells were allowed to grow as discrete colonies for
2—3d. The culture medium was then replaced with fresh
DMEM medium containing 50 ng/ml HGF, After 24 h, the
cells were observed under a phase contrast microscope.

Immunoprecipitation and Western Blot Analysis The
cultured cells were washed twice with ice-cold PBS and dis-
rupted in the lysis buffer (20 mm Tris, pH 7.2, 1% Triton X-
100, 10% glycerol, 1 mmM APMSE 5mM aprotinin, 1mum
sodium orthovanadate, 10mmM sodium fluoride, and 10 mm
iodoacetamide). The protein concentrations were determined
using a protein assay kit (Bio-Rad, CA, U.S.A.). The cell-free
lysates (1 mg) were immunoprecipitated with the anti-human
c-Met antibody and protein G-immobilized magnetic beads
(BioMag Protein G). For Western blot analysis, whole cell
lysates or immunoprecipitates were subjected to 6 or 10%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) under reducing conditions, and then transferred
to a PVDF membrane. The blot was blocked with 1% bovine
serum albumin (BSA) in Tris-buffered saline containing
0.1% Tween 20 (TBST). For the detection of c-Met, the blot
was incubated with anti-human c-Met antibody, and biotiny-
lated anti-rabbit IgG antibody. For the detection of the phos-
phorylated tyrosine residues of c-Met, the blot was incubated
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with a monoclonal anti-phosphotyrosine antibody, and perox-
idase-conjugated rabbit anti-mouse IgG. For the detection of
phosphorylated ERK1/2, the blot was incubated with anti-
ERK antibody, and biotinylated anti-mouse IgG antibody. Bi-
otinylated antibody was detected using a Vectastain ABC-kit,
and the blots were developed using the ECL chemilumines-
cence detection kit according to the manufacturer’s instruc-
tions.

Lectin Blot Analysis Immunoprecipitated ¢-Met were
subjected to 6% SDS-PAGE and transferred to PVDF mem-
branes, as described above, The blot was blocked with 1%
BSA in TBST and then incubated with 1 gg/ml biotinylated
erythroagglutinating phytohemagglutinin (E-PHA) in TBST
for 1h at room temperature. After washing with TBST, the
lectin-reactive proteins were detected using a Vectastain
ABC kit and the ECL chemiluminescence detection kit.

RESULTS

Establishment of HepG2 Cell Lines Stably Expressing
GaT-III The GnT-lI expression vector pCI-GnT-III was
transfected into the HepG2 cells. The G418-resistant cells
were screened as candidates of the GnT-III transfectants. Two
randomly selected G418-resistant clones were evaluated for
GnT-II activity. The clones expressing moderately and
highly were designated HepG2-IIIm and HepG2-I1Ih, respec-
tively. A pCl-neo vector transfectant, designated as HepG2-
mock, was also established as a negative control. The GnT-1II
activity in the HepG2-IIIm and HepG2-IITh cells was signifi-
cantly elevated about 20- and 250-fold, respectively, whereas
the activity in the HepG2-mock cells did not differ signifi-
cantly among the parental HepG2 cells (Table 1).

Enhancement of HGF-Induced Cell Scattering in GnT-
III Transfectants To determine the effect of the overex-
pression of GnT-UI on the HGF-induced cell scattering, the
GnT-III transfectants and mock transfectants were examined.
When the HepG2-mock cells were cultured, they showed a
cobble-stone shape and had formed colonies of the cells (Fig.
1A). No significant difference in cell morphology of the
GnT-IT transfectants was observed (Figs. 1B, C). HepG2-
mock cells scattered following cell-cell dissociation by the
stimulation with HGF (Fig. 1D). The cell scattering of the
GnT-II transfectants was more pronounced than the HepG2-
mock cells; the enhancement of cell scattering was most pro-
nounced in the HepG2-IITh cells that had a high GnT-III ac-
tivity (Figs. 1E, F).

Analysis of ¢-Met of GnT-III Transfectants The ex-
pression levels of the c-Met protein in GnT-III transfectants
were analyzed by Western blot analysis. No significant
change of the level of c-Met was observed (Fig. 2). To ana-
lyze the alterations of the N-glycan structure on c-Met, E-

Table 1. Enzyme Activities of GnT-[1I in Mock- and GnT-III Transfected
HepG2 Cells
Cell line GnT-III activity [pmol/h/mg protein]
HepG2 79+30
HepG2-mock 149x50
HepG2-IIlm 1400260
HepG2-IITh 19600+ 1350

Data were mean+S.E. of three separate experiments.
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Fig. 1. HGF-Induced Cell Scattering in HepG2-Mock Cells and GnT-IlI
Transfected HepG2 Cells

HepG2 mock-cells (A, D), HepG2-11Im cells (B, E), and HepG2.1lTh cells (C, F)
wete cultured with (D, E, F) or without (A, B, C) HGF (50ng/m]) for 24 h. Representa-
tive fields were photographed using a phase—contrast microscope.

[xDa]

Fig. 2. Western Blot Analysis of c-Met

Total cell lysates from HepG2-mock cells (fane 1), HepG2-1lIm cells (lane 2), and
HepG2-1lTh cells (lane 3) were subjected to 6% SDS-PAGE and then transferred to
PVDF membrane. The blots were probed with anti-c-Met antibody.

IP:acMet 1 2 3
ol
LB:EPHA — -
LT T a
WE: acMot | wmee amw o |4

Fig. 3. Lectin Blot Analysis of c-Met

C-Met was immunoprecipitated from cell lysates of HepG2-mock cells (lane 1),
HepG2-Im cells (lane 2), and HepG2-1Ih cells (lane 3). Immunoprecipitates were
subjected to 6% SDS-PAGE and then transferred to PVDF membrane. The blots were
probed with E-PHA (upper panei) or anti-c-Met antibody (lower pancl). Arrows indi-
cate ¢-Met.

PHA lectin blot analysis was performed. E-PHA binds
specifically to bisecting GlcNAc residues.' Immunoprecipi-
tated c-Met from the HepG2-IIIm cells and the HepG2-11Th
cells showed significant reactivity of E-PHA (Fig. 3), show-
ing that N-glycan on c-Met was modified with bisecting Glc-
NAc residues. It was noted that the apparent molecular size
of c-Met from the HepG2-IIlh cells were smaller than that
from the HepG2-mock cells. The following experiments
were performed with HepG2-IITh cells and HepG2-mock
cells.

Tyrosine Phosphorylation of c-Met in Gn T-III Trans-
fectants To determine the effect of the GnT-11I transfection
on HGF signaling, HGF-induced tyrosine phosphorylation of
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Fig. 4. The Time Course of the Tyrosine Phosphorylation of c-Met

(A) Cells were harvested at the indicated time after HGF treatment (50ng/ml), C-
Met, immunoprecipitated from the cell lysates of HepG2-mock cells (@) and HepG2-
[ITh cells (O) were subjected to 6% SDS-PAGE and then transferred to a PVDF mem-
brane, The blot was probed with anti-phosphotyrosine antibody (upper panel) or anti-
human ¢-Met antibody (lower panel). One representative result of three scparate experi-
ments is shown. (B) The intensities of the bands obtained with phosphorylated c-Met
were normalized to the intensities of the ¢-Met bands. These values are shown as per-
centages of the level of c-Met phosphorylation in HepG2-mock cells treated with HGF
for 10min (mean=$.E., three separate experiments).

¢-Met in HepG2-1lIh cells and HepG2-mock cells were ex-
amined. The c-Met phosphorylation level reached a peak by
10min after the HGF treatment in each transfectant. Al-
though no difference in the peak level of c-Met phosphoryla-
tion between the HepG2-IIIh cells and HepG2-mock cells
was observed, the level of c-Met phosphorylation in the
HepG2-1IIh cells was reduced more rapidly than in the
HepG2-mock cells (Fig. 4).

ERK Activation jn GnT-III Transfectants To further
clarify the effect of the GnT-III transfection on HGF signal-
ing, the HGF-induced phosphorylation of ERK in the
HepG2-IITh cells and HepG2-mock cells was also examined.
The time course of the tyrosine phosphorylation of ERK
showed that the phosphorylated ERK level reached a peak by
10 min after treatment in each transfectant. The peak level in
the HepG2-1ITh cells was slightly higher than in the HepG2-
mock cells (Fig. 5).

DISCUSSION

In this paper we investigated the effects of the overexpres-
sion of GnT-11I on the scattering of human hepatocarcinoma
HepG2 cells, a defined HGF-induced biological response,
since the function of the HGF receptor ¢-Met could be mod-
ulated by GnT-III transfection followed by the alteration of
its biological functions, as described in the “INTRODUC-
TION” section. The results showed that GnT-II gene trans-
fection increases GnT-11I activity by about 250 fold, followed
by a significant increase of E-PHA reactivity with c-Met
(Fig. 3), indicating that the transfection of GnT-IIl increased
the amount of bisecting oligosaccharide residue on c-Met, In
addition, the molecular size of c-Met in the HepG2-IIh cells
was smaller than that in the HepG2-mock cells (Figs. 2, 3),
suggesting that an elongation of N-glycans on c-Met was
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Fig. 5. The Time-Course of the Tyrosine Phosphorylation of ERK

(A) Cells were stimulated with 50 ng/m! HGF and barvested at the indicated times,
Whole cell lysates of HepG2-mock cells (@) and HepG2-11Th cells (C) were subjected
to 10% SDS-PAGE and then transferred to a PYDF membrane. The blot was probed
with anti-phespho-ERK antibody (upper panel) or anti-ERK antibody (lower panel).
One representative result of three separate experiments is shown. (B) The intensities of
the bands obtained with phospho-ERK were normalized to the intensities of the ERK
bands. These values are shown as percentages of the level of ERK phosphorylation in
HepG2-mack cells treated with HGF for 10min (mean+S.E., three separate experi-
ments).

suppressed by the bisecting GleNAc residue. The same ob-
servation has been shown in various glycoproteins such as
the EGF receptor,” E-cadherin,'*'*) and CD44.'®

We investigated the effect of the overexpression of GnT-1II
on HGF-induced cell scattering using these transfectants, be-
cause cell scattering is one of the HGF-induced biological re-
sponses and an important component of several physiological
and pathological processes. We found that HGF-induced cell
scattering in the GnT-II transfectants was enhanced depend-
ing on the GnT-IIT activities. As far as we know, this is the
first report of the enhancing effect of HGF-induced cell scat-
tering by the overexpression of GnT-IIL

To confirm the effect of GnT-IIl overexpression on HGF
signaling, we first investigated the effect on the HGF-induced
tyrosine phosphorylation of c-Met in GnT-1II transfectants.
Unexpectedly, the peak level of the tyrosine phosphorylation
of ¢-Met did not change by GnT-IIL. In addition, the level of
c-Met phosphorylation was reduced quite a bit more rapidly
than that in the HepG2-mock cells. Previous studies shown
that HGF stimulation also leads to down-regulation of the re-
ceptor.'” We assume that the rapid dephosphorylation was
caused by up-regulated HGF signaling.

We further examined the effects on the HGF-induced
phosphorylation of ERK, because ERK activation is associ-
ated with HGF-induced cell scattering.'® The ERK phospho-
rylation was slightly enhanced by the GnT-II overexpres-
sion, showing that the enhancement of cell scattering in-
volves the up-regulation of the HGF-induced ERK phospho-
rylation. The mechanisms by which GnT-1II overexpression
affects ERK activation is now under investigation. It has been
shown that GnT-III overexpression enhances the EGF-in-
duced ERK phosphorylation in HelaS3 cells by up-regulation
of the internalization rate of the receptors.” A possible mech-
anism by which GnT-IIl overexpression enhances HGF-in-
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duced ERK phosphorylation is that GnT-III affects c-Met in-
ternalization.

In this study, we demonstrated that GnT-HI overexpression
increased the amount of bisecting oligosaccharide structures
and shortened the N-glycans associated with c-Met. Lectin
blot analysis of total showed that N-glycans of the other gly-
coproteins were also changed by GnTIII overexpression
(data not shown). Therefore, the glycoproteins involved in
cell scattering, such as E-cadherin and integrin, are candidate
proteins for involvement in the enhancement of cell scatter-
ing by GnT-lII overexpression. In fact, it has been reported
that GnT-II overexpression affects their biological
functions.!**'® Further study is needed to clarify the mech-
anism involved in the enhancement of cell scattering.

In evaluating the significance of the present results, it
seems worthwhile to examine the relation of the change of
GnT-III with the action of HGF in vivo. In the normal rat
liver, GnT-IIT activity is very low. However, the activity in-
creased about 4-fold in regenerating rat liver.” HGF is in-
duced in regenerating rat liver, and stimulates hepatocyte
growth. In addition, it was shown that hepatocarcinoma ex-
hibited a high level of GnT-HII activity, whereas normal liver
contains very little.”” Autocrine HGF signaling leads to ab-
normal malignant progression.?” Therefore, the increase of
GnT-IIT may contribute to liver regeneration and hepatocarei-
noma progression by the enhanced HGF signal.

In conclusion, we demonstrated that the overexpression of
GnT-III caused the enhancement of HGF-induced cell scat-
tering, and suggest that the enhancement of cell scattering in-
volves, at least in part, enhancement of the HGF-induced
ERX phosphorylation.
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SUMMARY

Liquid chromatography/mass spectrometry equipped with a graphitized carbon column is
useful for the simultaneous analysis of oligosaccharides. By using capillary column and
nanoelectrospray ion source, the method can be used for the oligosaccharide profiling of sub
microgram quantities of glycoproteins. This oligosaccharide profiling is expected to be a pow-
erful tool for the glycome analysis. We demonstrate a potential application of oligosaccharide
profiling in glycomics with two examples, the structural analysis of N-linked oligosaccharides
from a gel-separated glycoprotein, and the differential analysis of N-linked oligosaccharides

in cells.

Key words: LC/MS, oligosaccharide profiling, 2-dimensional electrophoresis, glycomics.
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Abstract

Follistatin (F3), a glycoprotein, plays an important role in cell growth and differentiation through the neutralization of the
biological activities of activins. In this study, we analyzed the glycosylation of recombinant human FS (thFS) produced in Chinese
hamster ovary cells. The results of SDS-PAGE and MALDI-TOF MS revealed the presence of both non-glycosylated and
glycosylated forms. FS contains two potential N-glycosylation sites, Asn95 and Asn2539. Using mass spectrometric peptide/
glycopeptide mapping and precursor-ion scanning, we found that both N-glycosylation sites were partially glycosylated.
Monosaccharide composition analyses suggested the linkages of fucosylated bi- and triantennary complex-type oligosaccharides on
rhFS. This finding was supperted by mass spectrometric oligosaccharide profiling, in which the m/z values and elution times of some
of the oligosaccharides from rhFS were in good agreement with those of standard oligosaccharides. Site-specific glycosylation was
deduced on the basis of the mass spectra of the glycopeptides. It was suggested that biantennary oligosaccharides are major
oligosaccharides located at both Asn9S and Asn259, whereas the triantennary structures are present mainly at Asn935.
© 2004 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.

Abbreviations: CHO, Chinese hamster ovary; FCS, fetal calf serum; FS, follistatin; GCC, graphitized carbon colurnn; GnT, N-acetylglucosaminyl-
transferase; HPAEC-PAD, high-pH anion-exchange chromatography with pulsed amperometric detection; IEF, isoelectric focusing; LC/MS, liquid
chromatography/mass spectrometry; MALDI-TOF MS$, matrix-assisted laser desorptionfionization time-of-flight mass spectrometry; NeuAc,
N-acetyl neuraminic acid; NenGe, N-glucoryl neuraminic acid; PNGaseF, peptide N-glycanase F; rhFS, recombinant human follistatin, SDS-PAGE,
sodium dodecy! sulfate-polyacrylamide gel electrophoresis; TFA, trifluoroacetic acid

1. Introduction

Follistatin (FS), a glycoprotein, was first discovered
in ovarian follicular fluid as an inhibitor of pituitary
follicle-stimulating hormone secretion [1,2]. Subsequent
studies have revealed that FS can bind to activins and
neutralize their biological activities [3,4]. Activins are
members of the transforming growth factor-p super-
family, and they play important roles in the regulation
of cell growth and in the differentiation processes that
lead to morphogenests in early vertebrate development
[5,6]. Since FS and activins are broadly distributed,

* Corresponding author. Fax: +81-3-3700-9084.
E-mail address: mhyuga@nihs.go.jp (M. Hyuga).

they are not confined solely to tissues associated with
reproduction [7}.

FS is present in heterogeneous forms [8]. The FS gene
consists of 315 amino acids, and it includes six exons
(Fig. 1); alternative splicing can generate two isoforms,
i.e. a 315-amino-acid protein (the full-length form,
FS8315) and a 288-amino-acid protein (the carboxy-
truncated form, FS288) [9). The activin-neutralizing
activity of FS288 is higher than that of FS315 [10,11],
which appears to correlate with their heparin/heparan
sulfate proteoglycan-binding abilities [12]. The hetero-
geneity of FS is also due to diverse glycosylation. FS
has two potential N-glycosylation sites (Asn95 and
Asn239). Oligosaccharides are generally known to play
important roles in defining the properties of glycopro-
teins such as their biological activity, immunogenicity,

1045-1056/04/$30.00 © 2004 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.
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Fig. 1. Amino acid sequence of thFS. Predicted cleavage sites with Asp-N are indicated by | The potential N-glycosylation sites are indicated by

boxes.

pharmacokinetics, solubility, and protease resistance
[13,14]. Glycosylation on FS is also likely to exert an
effect on activin-neutralizing activity; however, neither
structure of the N-linked oligosaccharides in FS, nor
their physiological roles, have been clarified due to the
limited availability of these oligosaccharides.

The aim of this study was to elucidate the glycosyla-
tion of FS. We previously developed an oligosaccha-
ride profiling method using liquid chromatography/mass
spectrometry (LC/MS) equipped with a graphitized
carbon column (GCC) [15--22]. Recently, we demon-
strated a procedure for facilitating the structural anal-
ysis of glycoproteins [16]. Carbohydrate profiles and
site-specific glycosylations can be characterized by the
GCC-LC/MS method, followed by mass spectrometric
peptide/glycopeptide mapping. We used this method to
demonstrate here the carbohydrate heterogeneity and
the site-specific N-linked oligosaccharide structures in
recombinant human FS8288 (rhFS) produced in Chinese
hamster ovary (CHO) cells, in which a sufficient amount
of FS could be expressed.

2. Materials and methods
2.1. Materials

Human FS315 ¢cDNA and recombinant buman
activin A were kindly provided by Dr. Yuzuru Eto
(Ajinomoto Co., Inc., Kawasaki, Japan). CHO cells
were obtained from the Japanese Cancer Research
Resources Bank (Tokyo, Japan). Mammalian expres-
sion vector pcDNA3.1/Hygro was purchased from
Invitrogen (Carlsbad, CA, USA). Lipofect AMINE plus
reagent, Ham’s F12 medium, fetal calf serum (FCS) and
hygromycin were purchased from Life Technologies Inc.
(Rockville, MD, USA). Pellicon XL membrane and
Immobilon-P membrane were purchased from Millipore
Corp. (Bedford, MA, USA). Sulfated-cellulofine was
purchased from Seikagaku Corp. (Tokyo, Japan).
Neuraminidase was purchased from Nakalai Tesque
(Kyoto, Japan). N-glycosidase F (PNGaseF) and endo-
proteinase Asp-N (Asp-N) were purchased from Boeh-
ringer Mannheim (Mannheim, Germany). All other
chemicals were obtained from commercial sources and
were of the highest purity available.

2.2. Establishment of @ CHO cell line expressing rhFS

Complementary DNA encoding human F3288, was
constructed from FS315 ¢DNA, and was cloned into
pcDNA3.1/Hygro. This expression vector was trans-
fected into CHO cells with Lipofect AMINE plus reagent,
according to the manufacturer’s instructions. To screen
the transformants, the transfectants were cultured with
Ham’s F12 medium supplemented with 10% FCS and
1 mg/ml hygromycin. After 2 weeks, the colonies were
lifted with a micropipette. Expression levels of rhFS were
assessed by an activin-neutralizing assay. The candidates
were cloned by limiting ditution twice and were assessed
again, The most productive rhFS-expressing clone
(CHO-FS) was used in the following experiments.

2.3. Preparation of rhFS

Semi-confluent CHO-FS cells were cultured in Ham’s
F12 medium supplemented with 2% FCS. The condi-
tioned medium was concentrated to a 1/10 volume by
filtration with a Pellicon XL membrane (M, 5000 cut),
and was applied onto a sulfated-cellulofine column
(2.5 X 20 ¢m) at 2 ml/min. The column was washed with
50 mM Tris—HCI] (pH 8) containing 0.5 M NaCl, and
the protein was eluted with 50 mM Tris—HC] (pH 8)
containing 1.5 M NaCl. The effluent from the column
was fractionated, and rhFS was monitored on Western
blots using polyclonal anti-FS antibody. The fractions
containing thFS were injected into an HPLC (Hitachi
D7000, Hitachi Co., Tokyo, Japan) apparatus equipped
with a reversed-phase column (Vydac C4, 10 X 300 mm,
The Separations Group, Inc., Hesperia, CA, USA). The
protein was eluted with a linear gradient of 16—48% of
acetonitrile/0.1% trifluoroacetic acid (TFA) for 30 min
at a flow rate of 2ml/min. Elution of proteins was
monttored at 280nm and individual peaks were
manually collected. Fraction of rhFS was monitored
on Western blots using polyclonal anti-FS antibody.

2.4. SDS-PAGE analysis of thFS

RhFS was digested with or without PNGaseF at
37 °C for 24 h. The proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
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(SDS-PAGE) on 10% polyacrylamide gel. The gel was
stained with Coomassie blue.

2.5. Isoelectric focusing

RhFS was dissolved in 100 mM ammonium acetate

buffer, pH 4.5, and incubated with neuraminidase at
37 °C for 18 h. The proteins were precipitated with cold
acetone and separated by isoelectric focusing (IEF). The
gel was stained with Coomassie blue.

2.6. MALDI-TOF MS

RhFS (20 ug) was subjected to positive-ion matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS), using a Shimazu/
KRATOS MALDI I instrument (Shimazu Co., Kyoto,
Japan) with 3,5-dimethoxy-4-hydroxy-cinnamic acid as
the matrix.

2.7. Monosaccharide composition analysis

Monosaccharide composition analysis was performed
according to the method reported by Hardy et al. [23].
Briefly, thFS (50 pg) was hydrolyzed with 2M TFA at
100 °C for 3h. Monosaccharide compositions were
analyzed by high-pH anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD)
using a DX-300 system (Dionex, Sunnyvale, CA,
USA) equipped with a CarboPac PA-1 anion exchange
column (4 X 250 mm, Dionex).

2.8. Preparation of N-linked oligosaccharides alditols

N-linked oligosaccharides alditols were prepared by
a previously described method [20]. Briefly, rhFS
(100 pg) was digested with Sunits of PNGaseF at
37 °C for 2 days. Proteins were precipitated with 75%
cold ethanol. The oligosaccharides were incubated with
NaBH, at room temperature for 2 h. Excess reagent was
decomposed with diluted acetic acid. The mixture was
applied to a Supelclean ENVI-Carb column (Supelco,
Bellefonte, PA, USA), which was washed with H,O to
remove the salts. Borohydride-reduced oligosaccharides
were eluted with 30% acctonitrile/5 mM ammonium
acetate.

2.9. Sugar profiling by LC/MS

Sugar profiling was carried out using 8 MAGIC 2002
system (Michrom BioResources, Inc.,, Auburn, CA,
USA) connected to 2 TSQ7000 triple-stage quadruple
mass spectrometer (ThermoFinnigan, San Jose, CA,
USA) in the positive-ion mode. The column used was
a GCC (Hypercarb 5 pm, 1.0 X 150 mm, ThermoFinni-
gan). The eluents were 5mM ammonium acetate (pH

9.6) containing 2% acetonitrile {(pump A); and 5 mM
ammonium acetate {pH 9.6) containing 80% acetoni-
trile (pump B). The N-linked oligosaccharide alditols
were eluted at a flow rate of 50 pl/min for 80 min with
a gradient of 5—30% in pump B. The ESI voltage was
set at 4500 V, and the capillary temperature was 175 °C,
The electron multiplier was set at 1200 V.

2.10. Asp-N digestion

RhFS was reduced and S-carboxymethylated as
previously described [20]). Briefly, thFS (100 pg) was
dissolved in 0.5 M Tris—HCI buffer (pH 8.6) containing
8 M guanidine and 5 mM EDTA. After reduction with
2-mercaptoethanol at room temperature for 2 h, mono-
iodoacetic acid was added and incubated at room
temperature for 2 h in the dark. Reduced and S-car-
boxymethylated-thFS (equivalent to 100 pg of rhFS)
was digested with Asp-N (2 ug) in 25 mM NH,HCO;
(pH 8.0) at 37 °C for 20 h. The predicted peptides to be
obtained by Asp-N digestion were sequentially desig-
nated as D1-D15 (Fig. 1).

2.11. Peptidefglycopeptide mapping of Asp-N-digested
rhFS

Peptide/glycopeptide mapping was carried out using
a MAGIC 2002 system connected to a TSQ7000 triple-
stage quadruple mass spectrometer in the positive-ion
mode. The column used was a MAGIC CI8 column
(1.0 X 150 mm, Michrom BioResources). The eluents
were 2% acetonitrile/0.05% TFA (pump A), and 80%
acetonitrile/0.05% TFA (pump B). Asp-N-digested
rhFS was eluted with a linear gradient from 5 to 45%
in pump B at a flow rate of 50 pl/min for 40 min. The
eluate was monitored at 206 nm. The ESI voltage was
set at 4500 V, and the capillary temperature was 175 °C.
The electron multiplier was set at 1200 V. Precursor-ion
scanning was performed using argon gas as the collision
gas at a pressure of 2 mTorr. The collision energy was
adjusted to 25 eV. The scan rate was 3 s/scan.

3. Results
3.1. Heterogeneity of rhES

The carbohydrate heterogeneity of rhFS was ana-
lyzed by SDS-PAGE with and without PNGaseF
digestion. The intact rhFS migrated as bands of an
apparent molecular mass of 32kDa and 33—-36kDa
under non-reducing conditions (Fig. 2A, lane 1).
PNGaseF digestion resulted in the disappearance of
the multiple bands at 33—36 kDa with increases in the
32-kDa band (Fig. 2A, lane 2). These results suggest that
the 32 kDa band and higher molecular weight bands are



