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Abstract: Chinese hamster ovary and murine myeloma
NS0 cells are currently favored host cell types for the
production of therapeutic recombinant proteins. In this
study, we compared N-glycan processing in GS-NS0 and
GS-CHO cells producing the same model recombinant
glycoprotein, tissue inhibitor of metalloproteinases 1. By
manipulation of intracellular nucleotide-sugar content,
we examined the feasibility of implementing metabolic
control strategies aimed at reducing the occurrence of
murine-specific glycan motifs on NS0-derived recombi-
nant proteins, such as Gala1,3Galb1,4GlcNAc. Although
both CHO and NS0-derived oligosaccharides were pre-
dominantly of the standard complex type with variable
sialylation, 30% of N-glycan antennae associated with
NS0-derived TIMP-1 terminated in a1,3-linked galactose
residues. Furthermore, NS0 cells conferred a greater pro-
portion of terminal N-glycolylneuraminic (sialic) acid
residues as compared with the N-acetylneuraminic acid
variant. Inclusion of the nucleotide-sugar precursors,
glucosamine (10 mM, plus 2 mM uridine) and N-
acetylmannosamine (20 mM), in culture media were
shown to significantly increase the intracellular pools of
UDP-N-acetylhexosamine and CMP-sialic acid, respec-
tively, in both NS0 and CHO cells. The elevated UDP-N-
acetylhexosamine content induced by the glucosamine/
uridine treatment was associated with an increase in the
antennarity of N-glycans associated with TIMP-1 pro-
duced in CHO cells but not N-glycans associated with
TIMP-1 from NS0 cells. In addition, elevated UDP-N-
acetylhexosamine content was associated with a slight
decrease in sialylation in both cell lines. The elevated
CMP-sialic acid content induced by N-acetylman-
nosamine had no effect on the overall level of sialyla-
tion of TIMP-1 produced by both CHO and NS0 cells,
although the ratio of N-glycolylneuraminic acid:N-
acetylneuraminic acid associated with NS0-derived
TIMP-1 changed from 1:1 to 1:2. These data suggest that
manipulation of nucleotide-sugar metabolism can pro-
mote changes in N-glycan processing that are either con-
served between NS0 and CHO cells or specific to either
NS0 cells or CHO cells. © 2001 John Wiley & Sons, Inc. Bio-
technol Bioeng 73: 188–202, 2001
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INTRODUCTION

A number of reports have demonstrated mammalian host-
cell-specific processing ofN-glycans associated with re-
combinant proteins (James et al., 1995; Lifely et al., 1995).
These differences may be important for therapeutic proteins
as they can directly alter the antigenicity, rate of clearance
in vivo, and stability of recombinant proteins (Jenkins et al.,
1996). Thus, it is important not only to be able to charac-
terize glycans bound to a therapeutic recombinant protein to
predict the consequences for in vivo efficacy, but also to
understand the cellular controls underpinning glycan pro-
cessing in a potential host cell enabling the implementation
of appropriate strategies to control cellular glycosylation
(Grabenhorst et al., 1999; James and Baker, 1999).

To date, only a very limited number of studies have de-
scribed the glycosylation of recombinant proteins produced
by murine cell types. In contrast to human, Chinese hamster
ovary (CHO), and baby hamster kidney (BHK) cells,N-
glycans produced in murine (e.g., hybridomas, NS0, and
C127) cell types may be associated witha-linked galactose
residues (Gala1,3Galb1,4GlcNAc; Sheeley et al., 1997),
which are absent in old world monkeys, apes, and humans,
and are consequently immunogenic (Lavecchio et al.,
1995). In addition, murine cell lines have a tendency to
confer N-glycolylneuraminic acid (NeuGc), an oncofetal
antigen and potentially immunogenic derivative ofN-
acetylneuraminic acid (NeuAc). NeuGc has been found to
be associated with the oligosaccharides of an immunoglob-
ulin M (IgM) produced by a human–mouse hybridoma,
where it was twice as prevalent as NeuAc (Monica et al.,
1995). Similarly, comparison of glycans associated with a
chimeric immunoglobulin G (IgG) produced by CHO and
NS0 cells revealed modification of NS0-derived glycans
with NeuGc, but not NeuAc. This was linked to enhancedCorrespondence to:D. James
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rate of plasma clearance (Marzowski et al., 1995). In these
cases, the proteins investigated were generally antibodies,
whereN-glycan processing is sterically hindered at Asn297

in the Fc region (Jefferis and Lund, 1997). Antibodies are
therefore not an ideal model to investigate the complete
potential of NS0 cells forN-glycan processing.

In this study, we examine the ability of murine myeloma
NS0 cells to process theN-glycans of a model recombinant
protein, human tissue inhibitor of metalloproteinases 1
(TIMP-1). Both N-glycosylation sites of recombinant
TIMP-1 (Asn30 and Asn78) produced by CHO cells are
known to exhibit extensive microheterogeneity (Sutton et
al., 1994), and structural analysis has confirmed no steric
hindrance to glycosylation (GomisRuth et al., 1997). This
protein is therefore an ideal model for direct comparison of
N-glycan processing in murine NS0 cells withN-glycan
processing in the well-characterized CHO cell (i.e., we can
analyze the complete repertoire ofN-glycans that NS0 cells
will confer). To this end, we have utilized both NS0 and
CHO cell lines producing recombinant human TIMP-1 at
specific productivities in excess of 20mg 106 cells−1 day−1,
which is more relevant to industrial processes. In both cases,
TIMP-1 expression is under glutamine synthetase selection/
amplification (Cockett et al., 1990). Consequently, ammo-
nia does not accumulate in these cultures so we can effec-
tively eliminate the well-documented effect of this toxic
metabolite onN-glycan processing (Gawlitzek et al., 1998;
Valley et al., 1999; Zanghi et al., 1998). By manipulation of
intracellular nucleotide-sugar content, which is known to be
involved in the regulation ofN-glycan processing, we ex-
amined the feasibility of implementing metabolic control
strategies aimed at reducing the occurrence of murine-
specific glycan motifs on NS0-derived recombinant pro-
teins. This report identifies conserved features and differ-
ences in metabolic control ofN-glycan processing in CHO
and NS0 cell lines.

MATERIALS AND METHODS

Cell Lines, Culture Conditions, and Recombinant
Protein Production

NS0 and CHO cell lines expressing recombinant TIMP-1
under glutamine synthetase selection and amplification
were kindly donated by Celltech Therapeutics, plc (Slough,
UK). Both cell lines were created as described extensively
by Cockett et al. (1990). The GS-CHO cell line used was a
suspension-adapted variant, 19.6(500)14. Both TIMP-1–
secreting cell lines were routinely maintained at 37°C in a
5% CO2 atmosphere in 1-L spinner flasks (Techne, Cam-
bridge, UK) with a working culture volume of 0.4 L in
glutamine-free Dulbecco’s modified essential medium/
nutrient mix F12 (DMEM-F12) supplemented with 2% (v/
v) fetal calf serum (FCS; Gibco BRL); 25mM methionine
sulfoxamine; 60mg mL−1 L-glutamic acid; 60mg mL−1

L-asparagine; and 7mg mL−1 each of adenosine, guanosine,

cytidine, and uridine; and 2.4mg mL−1 thymidine (Sigma
Chemical Co., Poole, UK). Viable cell density was assessed
daily using the trypan blue exclusion method. For metabolic
manipulation experiments, the medium defined earlier for
GS-CHO and GS-NS0 cell growth was supplemented with
either N-acetylmannosamine (Sigma; 20 mM) or glucos-
amine (Sigma; 10 mM) plus uridine (Sigma; 2 mM) at the
beginning of the exponential growth phase of culture (24 h).
Glucose consumption, lactate production, and ammonia ac-
cumulation were measured using standard enzyme-linked
colorimetric assay kits (glucose, hexokinase; lactate, lactate
dehydrogenase; ammonium, glutamate dehydrogenase; all
purchased from Sigma) according to manufacturer’s in-
structions.

Quantitation and Immunoaffinity Purification of
Recombinant TIMP-1

Recombinant TIMP-1 was quantified using a BIAcore 2000
optical biosensor (BIOcore, Herts., UK) (Baker et al.,
1997). Following centrifugation of either GS-NS0 or GS-
CHO cell broth at 1000gfor 10 min at 4°C, recombinant
TIMP-1 was purified by immunoaffinity chromatography
using anti–TIMP-1 monoclonal antibody MAC019 (kindly
donated by Celltech) covalently conjugated to CNBr-
activated Sepharose 4B (Sigma). Cell-free supernatant was
passed over a 1.5-mL bed volume column and contaminat-
ing proteins were removed by washing with 5 column vol-
umes of phosphate-buffered saline (pH 7.0) at 1 mL min−1.
Recombinant TIMP-1 was eluted with 5 column volumes of
0.1M glycine-HCl (pH 3.0), and immediately neutralized to
pH 7.0 by the addition of 1M Tris-HCl (pH 9.0). Purified
TIMP-1 was desalted into water using a PD-10 desalting
column (Amersham Pharmacia), lyophilized, and stored at
−20°C. TIMP-1 was routinely found to be >95% pure after
analysis by sodium dodecylsulfate– polymerase gel electro-
phoresis (SDS-PAGE).

N-Glycan Release, Recovery, and Derivatization
with 2-Aminobenzamide

Recombinant TIMP-1 (500mg) protein was digested with
PNGase F in a 96-well-plate PVDF format following stan-
dard procedures (Papac et al., 1998), except that acetic acid
incubation was not undertaken. ReleasedN-glycans were
removed from the deglycosylated TIMP-1 polypeptide
(which remain bound to the 96-well plate) by aspiration,
then concentrated and desalted by lyophilization.N-glycans
released from TIMP-1 protein were reductively aminated at
the reducing terminus with the fluorophore 2-aminobenza-
mide (2-AB; excitation 330 nm, emission 420 nm) using a
kit supplied by Oxford GlycoSciences, Ltd. (Abingdon,
UK). All procedures were carried out according to manu-
facturer’s instructions.

Matrix-Assisted Laser Desorption Mass
Spectrometry of 2-AB Derivatized N-Glycans

After labeling with 2-aminobenzamide, enzymatically desi-
alylated neutralN-glycans were analyzed as sodiated mo-
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lecular ions ([M + Na]+) in positive ion mode using 2,3-
dihydroxybenzoic acid (Aldrich) as matrix as described pre-
viously (James and Jenkins, 1997).

Enzymatic Digestion of Released N-Glycans

To desialylateN-glycans, 1mL (containing approximately 1
nmol) of anN-glycan mixture was incubated with 0.02 U
sialidase fromArthrobacter ureafaciens(Oxford GlycoSci-
ences) in 2 mMsodium acetate buffer (pH 5.0), overnight at
room temperature. Following desialylation, removal of ter-
minal a-linked galactose residues with green coffee bean
a-galactosidase (Oxford GlycoSciences) was performed
following the manufacturer’s instructions. Reactions were
terminated by freezing in liquid nitrogen prior to analysis by
MALDI-MS as described previously.

Analysis of N-Glycans by Normal Phase HPLC

Separation of releasedN-glycans according to their hydro-
dynamic volume was performed using an Tosohaas TSK
Amide-80 column (4.6 × 250 mm; Anachem, UK) accord-
ing to the method of Guile et al. (1996). Initial conditions
were 35% solvent A (50 mM ammonium formate, pH 4.4),
65% solvent B (100% CH3CN) at 0.4 mL min−1 for 5 min,
followed by a linear gradient of 35% to 53% solvent A over
72 min, then 53% to 100% solvent A over the next 3 min.
The flow rate was then increased to 1 mL min−1 over 2 min
and the column washed in 100% solvent A for 5 min fol-
lowed by re-equilibration in 35% solvent A. Oligosaccha-
ride elution was monitored with a Waters 474 scanning
fluorescent detector. Separations were calibrated using a
standard 2-AB-labeled dextran ladder (Oxford GlycoSci-
ences) and resolved glycans were assigned glucose unit val-
ues accordingly.

Analysis of Sialylated N-Glycans by
Cation-Exchange HPLC

2-AB-labeledN-glycans were separated into neutral, mono-,
di-, tri-, or tetrasialylated structures by HPLC with a Gly-
cosep C cation-exchange column (4.6 × 100 mm; Oxford
GlycoSciences). Using this procedure, neutral oligosaccha-
rides elute in the void volume, whereas chargedN-glycans
are progressively eluted using a linear gradient of 100%
solvent A (20% CH3CN, 80% H2O) to 100% solvent B
(20% CH3CN, 80% 250 mMammonium formate, at pH 4.5)
at a flow rate of 0.3 mL min−1 over 35 min. Oligosaccharide
elution was monitored with a Waters 474 scanning fluores-
cence detector. Separations were calibrated using standard
2-AB-labeled oligosaccharides from Oxford GlycoSci-
ences.

Analysis of Sialic Acid Variants by
Reverse-Phase HPLC

Quantitative analysis of the extent to which recombinant
TIMP-1 proteins were substituted with eitherN-glycolyl-

neuraminic (NeuGc) andN-acetylneuraminic (NeuAc) si-
alic acid variants was achieved by release (using mild acid
hydrolysis) and labeling of sialic acids with the fluorophore
1,2-diamino-4,5-methylenedioxybenzene (DMB) using a kit
supplied by Oxford GlycoSciences, according to the manu-
facturer’s instructions. The DMB-derivatized sialic variants
were then separated by rpHPLC on a Waters 626 system
using a Phenomenex Jupiter C18 column (250 × 2 mm,
particle size 5mm) with a linear gradient of 5% CH3CN, 7%
MeOH to 10% CH3CN, 7% MeOH over 40 min at 0.4 mL
min−1. Variants were identified by comparision of their re-
tention time with that of DMB-labeled standards.

Sialyltransferase Assay

This assay was carried out as previously described (Hooker
et al., 1999) with the following exceptions; 1 × 108 cells
from either NS0 or CHO cultures were used for each ex-
periment and a sialidase inhibitor (1 mM 2,3-dehydro-2-
deoxy-N-acetylneuraminic acid) was included in the reac-
tion mix. Briefly, total sialyltransferase activity of the solu-
bilized cellular lysate was assayed for its ability to catalyze
the addition of CMP-fluoresceinyl-NeuAc onto asialofetuin.
The reaction was halted by the addition of 0.1M CTP, a
potent inhibitor of sialyltransferase. The incorporation of
CMP-9-fluoresceinyl-NeuNAc into the acceptor glycopro-
tein was monitored by separation of bound from free fluo-
resceinyl-NeuNAc (excitation 490 nm, emission 520 nm)
on a “Fast Desalt” gel-filtration column (Amersham Phar-
macia) attached to a Waters 626 HPLC system. The degree
of incorporation of CMP-9-fluoresceinyl-NeuNAc into asi-
alofetuin was determined by comparison to a standard curve
generated with purifieda2,3-sialyltransferase protein of
known specific activity (Sigma). One unit of activity is
defined as that which will transfer 1mmol of NeuAc from
CMP-NeuAc to an acceptor per minute at 37°C at pH 6.5.

Extraction and Separation of Soluble
Nucleotide Sugars

Soluble nucleotides were extracted from the cells and sepa-
rated by anion-exchange HPLC using a modified protocol,
similar to that described by Pels Rijcken et al. (1995). Cells
(1 × 108) were harvested by centrifugation (3000g for 10
min at 4°C) and washed twice with PBS. The cells were
then incubated with 15 mL of cold ethanol (75% [v/v], 4°C)
for 15 min, followed by centrifugation (12,000g for 25 min
at 4°C). The pellet was washed twice with 3 mL of cold
ethanol (75% [v/v] 4°C), vortexed briefly, and the extract
and washes recentrifuged under vacuum to dryness for 2 h
at 4°C. Chloroform:methanol:water (10:5:3; 4.5 mL) was
added to extract the lipids and vortexed briefly. Following
centrifugation (3000gfor 10 min at 4°C), the upper phase
(∼1.5 mL) was carefully removed and the lower phase was
washed with 1.5 mL methanol/water (1:1 [v/v]) and recen-
trifuged. The upper phase and wash were then centrifuged

190 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 73, NO. 3, MAY 5, 2001

 10970290, 2001, 3, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/bit.1051 by U

niversity O
f M

anitoba, W
iley O

nline L
ibrary on [25/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icenseSamsung Bioepis Exhibit 1084 

Page 3

https://analyticalsciencejournals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fbit.1051&mode=


under vacuum to dryness for 2 h at 4°C. Anion-exchange
chromatography of soluble nucleotides was performed us-
ing a Whatman Partisphere SAX cartridge (4.6 mm × 125
mm, particle size 5mm) linked to a Waters 626 HPLC
system (Millipore, Ltd., Watford, UK), which was con-
trolled using MILLENIUM software. Separations employed
a three-step linear gradient using phosphate buffer solvents
from 5 mM H3PO4/KH2PO4 (pH 4.0) (solvent A) to 0.5M
KH2PO4/K2HPO4 (pH 4.5) (solvent B); 0% to 10% B over
30 min, 10% to 45% B over 15 min, and 45% to 100% B
over 10 min at 1.0 mL min−1. Peaks detected at 262 nm
were identified and calibrated against nucleotide-sugar stan-
dards of known concentration.

RESULTS

Culture of GS-NS0 and GS-CHO Cells

For the purpose of the comparative experiments described
in this study, GS-NS0 or GS-CHO cells were cultured in
1-L spinner vessels with a 400-mL culture volume. Cultures
were seeded at 2 × 105 cells mL−1 from cell cultures in
mid-exponent ia l phase growth. Addi t ions (N-
acetylmannosamine [ManNAc] or glucosamineplusuridine
[GlcN + Urd]) to the culture were made after 24-h growth
and product harvested after a further 48-h growth, corre-
sponding to middle to late phase exponential growth. Typi-
cal data for cell growth in the different environmental con-
ditions employed are shown in Figure 1. For all cultures,
cell viability was routinely >90% (data not shown).

Clear differences in cell growth characteristics were evi-
dent. The GS-NS0 cells attained a higher viable cell density
earlier in culture than the GS-CHO cells, which exhibited a
characteristic lag phase. For both cell types, maximal rates
of cell growth occurred between 24 and 48 h of culture
(control: mean GS-NS0,m 4 0.033 h−1, td 4 20.9 h; mean
GS-CHO,m 4 0.037 h−1, td 4 18.8 h), after which NS0
cell growth slowed relative to CHO cell growth. Addition of
20 mM N-acetylmannosamine to either GS-NS0 or GS-
CHO cultures after 24 h had no subsequent effect on cell
growth, whereas addition of 10 mM glucosamineplus2 mM
uridine had an obvious inhibitory effect (GlcN + Urd: mean
GS-NS0,m 4 0.028 h−1, td 4 24.8 h; mean GS-CHO,m 4
0.021 h−1, td 4 33.1 h). These cell growth data were ac-
companied by reductions in cell-specific glucose consump-
tion after administration of GlcN + Urd. Between 24 and 72
h of culture, meanqglucosein NS0 and CHO cultures (plus or
minus ManNAc) varied between 0.145 and 0.195mmol 106

cells−1 day−1, whereas meanqglucose in the GlcN + Urd
cultures ranged from 0.06 (GS-NS0) to 0.09mmol 106

cells−1 day−1 (GS-CHO) over the same period. Ammonia
accumulation in both GS cell lines was consistently below
0.15 mM(data not shown).

Recombinant TIMP-1 secretion was assessed by direct
measurement of the rate of binding of recombinant protein
to immobilized monoclonal anti–TIMP-1 using an optical
biosensor (data not shown). At 72-h growth of control or
ManNAc-treated GS-NS0 and GS-CHO cultures, recombi-
nant protein had accumulated to a similar level (GS-NS0,
∼20 mg mL−1; GS-CHO,∼30 mg mL−1). Maximum cell-
specific productivity during this period of cell growth was
slightly greater for GS-CHO cells (qTIMP-1 4 25.9 mg 106

cells−1 day−1) than for the GS-NS0 cells (qTIMP-1 4 21.2mg
106 cells−1 day−1). Addition of GlcN + Urd compromised
recombinant protein yield significantly; that is, there was a
45% reduction from GS-CHO cultures and a 29% reduction
from GS-NS0 cultures.

Comparative Analysis of N-Glycans Associated
with Recombinant TIMP-1 Produced by GS-NS0
and GS-CHO Cells

For both NS0- and CHO-cell-derived recombinant TIMP-1
glycoproteins recovered after 72-h culture, we quantita-
tively analyzed the key sources ofN-glycan microheteroge-
neity, specifically the degree of antennarity (or branching),
a1–3-linked galactosylation and terminal sialylation. These
analyses are summarized in Figures 2 to 5 and Tables I to V.
Prior to most analyses ofN-glycans released from immu-
noaffinity-purified TIMP-1, we labeled the reducing termi-
nus with the fluorophore 2-aminobenzamide (Bigge et al.,
1995). This permitted sensitive quantitative analyses of the
both neutral core (Fig. 2) and acidic sialylated (Fig. 4)N-
glycan populations by HPLC.

As shown in Figure 2, preliminary analyses of the desi-
alylated N-glycans by normal phase HPLC showed that
NS0-derivedN-glycans were more heterogeneous. Struc-

Figure 1. Growth of GS-NS0 and GS-CHO cells in culture. GS-NS0
(broken lines) and GS-CHO (unbroken lines) cells were seeded at 2 × 105

cells mL−1 and grown without further additions to the culture (control,j)
or supplemented after 24-h growth (arrow) with 20 mM N-
acetylmannosamine (ManNAc,d) or 10 mM glucosamine plus 2 mM
uridine (GlcN + Urd,m). Data are the mean of duplicate cultures ± SE.
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tural assignments were made on the basis of hydrodynamic
volume (determined as glucose units) after comparison with
the retention time of dextran standards. This method has
been described extensively (Guile et al., 1996; Rudd et al.,
1997). Limited exoglycosidase digestion with sialidase
alone, or in combination witha-galactosidase, revealed the
distribution of core oligosaccharides to be similar, consist-
ing of predominantly fucosylated bigalactosylated bianten-
nary structures (A2G2F) with smaller proportions of trian-
tennary (A3G3F) and tetraantennary variants (A4G4F).
These assignments were confirmed by comparable MALDI-
MS analyses of the 2-aminobenzamide-labeled oligosaccha-
rides (Fig. 3). The relative proportions ofN-glycans with

varying antennarity is shown in Table I. Clearly, in control
conditions (no addition of nucleotide-sugar precursors),
TIMP-1 produced by GS-CHO cells was associated with a
greater proportion of tetraantennary oligosaccharides (11%
of theN-glycan pool) than the protein produced by GS-NS0
cells (3% of theN-glycan pool). However, these different
proportions did not greatly affect the calculated mean num-
ber of antennae perN-glycan given in Table III (approxi-
mately 2.4 to 2.5 antennae perN-glycan).

Digestion of the desialylatedN-glycan pool by green cof-
fee beana-galactosidase unambiguously demonstrated that
a1,3-linked galactose residues were exclusively associated
only with NS0-derivedN-glycans. Taking into account the
structural assignments made possible by normal phase
HPLC (Fig. 2) and confirmed by MALDI-MS analysis of
monosaccharide composition (Fig. 3),a1,3-linked galactose
residues were associated with specific bi- and triantennary
components (components B [A2G3F], D [A2G4F], E
[A3G4F], and G [A3G5F] in Fig. 2). As for quantitation of
antennarity, integration of the normal phase peak areas per-
mitted calculation of molara-Gal content, expressed as mol

Figure 2. Separation of fluorophore-labeledN-glycans released from re-
combinant TIMP-1 produced in GS-NS0 and GS-CHO cells by normal
phase HPLC.N-glycans were released from recombinant TIMP-1 proteins
by peptide-N-glycosidase F and labeled at the reducing terminus with
2-aminobenzamide. Panels (A) and (D) show representative separations of
2-aminobenzamide-derivatized dextran ladder standards used to calculate
the hydrodynamic volume (expressed as a glucose unit value indicated
above each peak) of resolvedN-glycans. Each component (N-glycan) of a
chromatogram was assigned a structure based on the calculated glucose
unit value as described extensively by Guile et al. (1996). Desialylated
N-glycan populations are shown in (B) and (E);a1,3-linked galactose
residues were confirmed by digestion of theN-glycan population with
sialidaseplusa-galactosidase (C, F). A, number of antennae; G, number of
galactose residues; F, number of deoxyhexose (fucose) residues; S, number
of sialic acid residues.

Figure 3. Analysis of fluorophore-labeledN-glycans released from re-
combinant TIMP-1 produced in GS-NS0 and GS-CHO cells by MALDI-
MS. N-linked oligosaccharides were released by digestion with peptide-N-
glycosidase F, derivatized with 2-aminobenzamide at the reducing termi-
nus (+120 Da), and approximately 0.5 pmol of the mixture analyzed as [M
+ Na]+ ions (+23 Da) by MALDI-TOF MS in positive ion mode. A pre-
dicted N-glycan structure (nomenclature as described in Fig. 2) for each
component with a given observed molecular mass was derived from the
correlating molecular mass of anN-glycan with defined monosaccharide
composition using basic biosynthetic principles.
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a1,3-Gal per moleN-glycan in Table III.a-Linked galac-
tosylation was also calculated as a percent of the respective
degree of antennarity (assuming termination of all antennae
with b1,4-linked Gal acceptor sites), expressed as percent
a-galactosylation in Table III. Thus, for control GS-NS0
cells, approximately 33% ofN-glycan antennae werea-ga-
lactosylated (Table III).

Sialylation of releasedN-glycans was analyzed quantita-
tively both with respect to total degree of sialylation and
type of sialic acids present. Degree of sialylation was de-
termined by cation-exchange HPLC, as described previ-
ously (Goldman et al., 1998). Typical data are shown in
Figure 4 and a comparison of the proportion of differently
sialylated oligosaccharides associated with TIMP-1 proteins
from control GS-NS0 and GS-CHO cells is shown in Table
II. There was a distinctly lower proportion of neutral, non-
sialylated oligosaccharides in the NS0-derived population
than are present in the CHO-derived pool. This is compen-
sated by an elevated proportion of monosialylatedN-
glycans in the NS0 population. These data were used to
derive molar sialic acid content, expressed as moles SA per
mole N-glycan in Table III. As for sialylation,a-galacto-
sylation was also calculated as a percent of the respective
degree of antennarity (assuming termination of all antennae
in b1,4-linked Gal acceptor sites), expressed as percent si-
alylation in Table III. For NS0-derivedN-glycans, antennae
may terminate in eithera1,3-Galor sialic acid. It has pre-

viously been demonstrated thata1,3-Gal residues cannot be
sialylated by mammalian sialyltransferases (Gilbert et al.,
1997). Thus, our calculations assume that these glycosyl-
transferase reactions actuallycompetefor freeb1,4-Gal ac-
ceptor sites, as has been demonstrated previously (Smilo-
vitch et al., 1998; Smith et al., 1990). Even with these
considerations, the percent sialylation of TIMP-1 derived
from control NS0 cells (53.3%) was slightly greater (by
∼5%) than that observed for CHO-derived TIMP-1. Oligo-
saccharide substitution with particular sialic acid variants
was analyzed quantitatively by reverse-phase HPLC of
DMB-labeled sialic acids released by mild acid hydrolysis.
These data (Fig. 5 and Table IV) demonstrate conclusively
that, while CHO-cell-derivedN-glycans were substituted
predominantly withN-acetylneuraminic acid (Neu5Ac; >83
%), NS0-derivedN-glycans were associated with similar
proportions ofN-glycolyl and N-acetyl variants. In both
cases, there was a minor proportion (<2%) of doubly acety-
lated neuraminic acid (Neu5,7Ac2).

Sialyltransferase Activity in GS-NS0 and
GS-CHO Cells

Associated with the analytical data just examined, total si-
alyltransferase activity extracted from GS-NS0 and GS-
CHO cells was determined in vitro by measurement of the
rate of addition of CMP-fluoresceinyl-NeuAc substrate to
an asialoglycoprotein acceptor. In each case, sialyltransfer-

Table I. Effect of nucleotide-sugar precursor addition to cultures of GS-NS0 and GS-CHO cells on the antennarity ofN-glycans associated with
recombinant TIMP-1.

Treatment group
Biantennary

N-glycans (%)
Triantennary

N-glycans (%)
Tetraantennary
N-glycans (%)

NS0 Control 60.8 36.2 3.0
ManNAc (20 mM) 58.8 37.2 4.0
GlcN (10 mM) + Urd (2 mM) 63.8 32.9 3.3

CHO Control 60.6 28.0 11.4
ManNAc (20 mM) 58.8 33.4 7.8
GlcN (10 mM) + Urd (2 mM) 34.9 43.0 22.1

Cell cultures were adjusted to the indicated final concentration of precursor after 24-h cell growth and cell-free supernatant was harvested 48 h later. Data
derived from analyses of 2-aminobenzamide-labeledN-glycans by normal phase HPLC (as shown in Fig. 2). All values represent the mean of duplicate
cell culture experiments.

Table II. Effect of nucleotide-sugar precursor addition to cultures of GS-NS0 and GS-CHO cells on the sialylation ofN-glycans associated with
recombinant TIMP-1.

Treatment group
Neutral

N-glycans (%)
Monosialylated
N-glycans (%)

Bisialylated
N-glycans (%)

Trisialylated
N-glycans (%)

Tetrasialylated
N-glycans (%)

NS0 Control 11.9 50.6 34.6 2.8 0.1
ManNAc (20 mM) 10.7 49.5 36.5 3.0 0.3
GlcN (10 mM) + Urd (2 mM) 16.6 50.9 30.1 2.4 0

CHO Control 29.9 27.5 35.8 6.3 0.5
ManNAc (20 mM) 27.3 32.7 32.9 5.8 1.3
GlcN (10 mM) + Urd (2 mM) 30.2 34.7 27.6 5.8 1.7

Cell cultures were adjusted to the indicated final concentration of precursor after 24-h cell growth and cell-free supernatant was harvested 48 h later. Data
derive from analyses of 2-aminobenzamide labeledN-glycans by cation-exchange HPLC (Fig. 4). All values represent the mean of duplicate cell culture
experiments.
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ase activity was measured after 36- and 72-h cell growth in
triplicate. Under the assay conditions employed, a signifi-
cantly higher level of activity was extracted from NS0 cells
than CHO cells (after 36 h: GS-NS0, 10.1 ± 0.05 pU cell−1;
GS-CHO, 1.43 ± 0.15 pU cell−1; after 72 h: GS-NS0, 13.3
± 0.10 pU cell−1; GS-CHO, 6.1 ± 0.02 pU cell−1). We note
that 1 pU cell−1 is equivalent to a rate of sialylation of 1440
fmol of NeuAc transferred per day.

Effect of Nucleotide-Sugar Precursors on
N-Glycosylation of Recombinant TIMP-1 in
GS-NS0 and GS-CHO Cells

We hypothesized that elevation of intracellular CMP-
NeuAc content induced by feeding the precursorN-

acetylmannosamine (ManNAc; as previously demonstrated
by Gu and Wang [1998]) would result in an increase in
sialylation ofN-glycans in both cell types. Furthermore, in
NS0 cells, elevated CMP-NeuAc would result in: (i) an
increase in the proportion of NeuAc rather than NeuGc on
N-glycans (i.e., a lower proportion of the cellular CMP-
NeuAc would be converted to NeuGc by limited intracel-
lular CMP-NeuAc hydroxylase activity); and (ii) decreased
a-galactosylation, as sialyltransferases anda-galactosyl-
transferases are thought to compete forb-Gal acceptor sites.
We compared cell-specific controls onN-glycan processing
by the feeding cells with glucosamine plus uridine (GlcN +
Urd). Urd was included to counter cellular depletion of
UTP. Treatment with GlcN has been reported to increase
intracellular UDP-N-acetylhexosamine (UDP-HexNAc)
content in BHK-21 cells, resulting in increasedN-glycan

Table III. Summary of the effect of nucleotide-sugar precursor addition to cultures of GS-NS0 and GS-CHO cells on antennarity, sialylation, and
a-galactosylation ofN-glycans associated with recombinant TIMP-1.

Treatment group
Mean antennae
per N-glycan

molesa-Gal/
mol N-glycan

a-Galacto
sylation (%)

Moles SA/
mol N-glycan Sialylation (%)

NS0 Control 2.42 0.80 33.1 1.29 53.3
ManNAc (20 mM) 2.45 0.89 36.3 1.33 54.3
GlcN (10 mM) + Urd (2 mM) 2.40 0.74 30.8 1.19 49.6

CHO Control 2.51 — — 1.20 47.8
ManNAc (20 mM) 2.49 — — 1.21 48.6
GlcN (10 mM) + Urd (2 mM) 2.87 — — 1.14 39.7

In each case the mean number of antennae perN-glycan is derived from data presented in Table I. Values relating toN-glycan sialylation were calculated
using the data shown in Table II (moles SA/molN-glycan) and the associated degree ofN-glycan antennarity (percent sialylation ofb-Gal acceptor sites).
Similarly, values relating toN-glycana-galactosylation were calculated using data derived from the normal phase HPLC analyses exemplified in Figure
2 (molesa1,3-linked Gal/molN-glycan) and the associated degree ofN-glycan antennarity (percenta-galactosylation ofb-Gal acceptor sites).

Figure 4. Analysis of the sialylation of fluorophore-labeledN-glycans
released from recombinant TIMP-1 produced in GS-NS0 and GS-CHO
cells by cation-exchange HPLC. SialylatedN-linked oligosaccharides were
released by digestion with peptide-N-glycosidase F, derivatized with
2-aminobenzamide at the reducing terminus and separated by cation-
exchange HPLC. Typical separations of neutral (0), monosialylated (+1),
disialylated (+2), trisialylated (+3), and tetrasialylated (+4)N-glycans from
NS0 and CHO-cell-derived recombinant TIMP-1 are shown. L indicates
the elution of free 2-aminobenzamide label.

Figure 5. Analysis of sialic acid variants associated with GS-NS0- and
GS-CHO-cell-derived recombinant TIMP-1 by reverse-phase HPLC. Sialic
acids were released from TIMP-1N-glycans by mild acid hydrolysis, la-
beled with the fluorophore 1,2-diamino-4,5-methylenedioxybenzene
(DMB), and separated by rpHPLC. DMB-labeled standards as follows: (A)
Neu5Gc; (B) Neu5Ac; (C) Neu5,7Ac2; and (D) Neu5GcAc9.
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antennarity and decreased terminal sialylation (Gawlitzek et
al., 1998; Grammatikos et al., 1998). Therefore, we ex-
pected to observe elevateda1,3-galactosylation ofN-
glycans produced by NS0 cells.

As shown in Table V, addition of 20 mM ManNAc to
both GS-NS0 and GS-CHO cell cultures after 24-h cell
growth markedly stimulated intracellular CMP-sialic acid
content measured 48 h later. In both cell types, intracellular
CMP-sialic acid levels increased significantly; by 30-fold in
GS-NS0 cells and 12-fold in GS-CHO cells. ManNAc treat-
ment did not result in significant alterations in intracellular
UDP-HexNAc content (the HPLC technique employed can-
not distinguish between UDP-N-acetylglucosamine and
UDP-N-acetylgalactosamine), although UDP-Hex (UDP-
glucose + UDP-galactose) levels were decreased by 60% in
GS-NS0 cells. However, forN-glycans released from re-
combinant TIMP-1 produced by either GS-NS0 or GS-CHO
cells, elevated intracellular ManNAc was not associated
with a significant difference in the distribution of differently
sialylated oligosaccharides (Table II). For both cell types,
only a slight elevation in degree of sialylation was observed
(Table III), although this was still not significantly different
from the degree to which control TIMP-1 was sialylated.
Furthermore, treatment with 20 mM ManNAc had no sig-
nificant effect onN-glycan antennarity for both cell types
(Tables I and III), and the degree to whichN-glycans were
a-galactosylated in NS0 cells was not significantly elevated
(a 3% increase; Table III). In contrast, as shown in Table IV,
addition of ManNAc to NS0 cells had a significant effect (P

< 0.05) on the substitution ofN-glycans with both NeuAc
and NeuGc. In fact, the proportion of Neu5Gc recovered
from TIMP-1 oligosaccharides dropped from a mean value
of 52% to 30%, with a corresponding increase in the pro-
portion of Neu5Ac. A similar trend was observed for CHO-
cell-derived TIMP-1N-glycans, albeit to a much reduced
and insignificant extent.

Addition of 10 mMGlcN + 2 mM Urd to both GS-NS0
and GS-CHO cells led to significant increases in intracel-
lular UDP-HexNAc levels. In GS-NS0 cells, cellular UDP-
HexNAc was elevated 18-fold, and in the GS-CHO cells
UDP-HexNAc was elevated 60-fold. In addition, in both
cell types, mean CMP-NeuAc content was increased ap-
proximately 5-fold (GS-NS0) or 2-fold (GS-CHO). In both
cell types, UDP-Hex content was also markedly elevated by
some 3-fold (GS-NS0) or 8-fold (GS-CHO). Associated
with these alterations in nucleotide-sugar metabolism were
cell-type-specific changes inN-glycan processing. Al-
though the mean antennarity of oligosaccharides associated
with TIMP-1 from NS0 cells was unaltered (Tables I and
III), N-glycans released from CHO-cell-derived TIMP-1
were significantly (P< 0.05) more branched. As shown in
Table I, both tri- and tetraantennaryN-glycans were more
abundant after treatment of the GS-CHO cells with GlcN +
Urd. Notably, the proportion of tetraantennary oligosaccha-
rides increased almost threefold. Consequently, there was a
14% increase in the mean number of antennae perN-glycan
(Table III). No other alterations to core TIMP-1N-glycan
structures were induced by GlcN + Urd treatment of CHO

Table IV. Effect of addition of nucleotide-sugar precursor to cultures of GS-NS0 and GS-CHO cells on the substitution of recombinant TIMP-1N-glycans
with sialic acid variants.

Treatment group Neu5Ac (%) Neu5,7Ac2 (%) Neu5Gc (%)

NS0 Control 46.0 1.7 52.3
ManNAc (20 mM) 69.4 0.8 29.8
GlcN (10 mM) + Urd (2 mM) 42.2 3.5 54.3

CHO Control 83.5 1.3 15.2
ManNAc (20 mM) 90.8 2.1 7.1
GlcN (10 mM) + Urd (2 mM) 72.8 1.7 25.5

Cell cultures were adjusted to the indicated final concentration of precursor after 24-h cell growth and cell-free supernatant was harvested 48 h later. Data
derived from analyses of DMB-labeled sialic acids by reverse-phase HPLC (Fig. 5). All values represent the mean of duplicate analyses.

Table V. Effect of nucleotide-sugar precursor addition to cultures of GS-NS0 and GS-CHO cells on intracellular content of nucleotide-sugars.

Treatment group
CMP-SA
(fmol/cell)

UDP-HexNAc
(fmol/cell)

UDP-Hex
(fmol/cell)

NS0 Control 0.08 0.60 0.24
ManNAc (20 mM) 2.21 0.50 0.10
GlcN (10 mM) + Urd (2 mM) 0.39 10.80 0.70

CHO Control 0.06 0.24 0.10
ManNAc (20 mM) 0.74 0.20 0.07
GlcN (10 mM) + Urd (2 mM) 0.12 14.00 0.84

Cell cultures were adjusted to the indicated final concentration of precursor after 24-h cell growth and cells were harvested and analyzed 48 h later. Data
derived from analyses of nucelotide-sugars by anion-exchange HPLC (as described in Materials and Methods section, but not shown). All values are the
mean of duplicate cell culture experiments.
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cells, anda-galactosylation of NS0-derived TIMP-1 was
not altered significantly (−3%;a-galactosylation ofb-gal
acceptor sites [Table III]) in NS0 cells.

The sialylation of TIMP-1N-glycans (availableb-Gal
acceptor sites, taking changes in oligosaccharide antennar-
ity into account) by NS0 cells was moderately (but not
significantly) reduced by GlcN + Urd treatment (−4%).
However, for CHO cells, the reduction in sialylation was
more pronounced. Significantly elevated antennarity ofN-
glycans induced by the GlcN + Urd supplement (+13 %),
combined with an insignificant decrease (−5%) in molar
sialylation (moles SA per moleN-glycan−1 [Table III]) re-
sulted in an 8% reduction in the percent sialylation of avail-
ableb-Gal acceptor sites. Finally, the relative proportion of
sialic acid variants (Neu5Ac, Neu5Gc, or Neu5,7Ac2) on
NS0-derived TIMP-1N-glycans was not significantly al-
tered with GlcN + Urd treatment. However, CHO-derived
N-glycans exhibited an increased proportion (+10%) of the
Neu5Gc variant following GlcN + Urd supplement.

DISCUSSION

Comparative Analysis of N-Glycosylation in
GS-NS0 and GS-CHO Cells

Our data demonstrate that the only major differences be-
tween NS0-derived and CHO-derived recombinant TIMP-1
were the presence of terminala1,3-linked galactose and
N-glycolylneuraminic acid residues on the NS0-derived oli-
gosaccharides. These differences are presumably due to the
presence (a1,3-galactosyltransferase) or greater abundance
(CMP-NeuAc hydroxylase) of the respective enzymes in the
NS0 host cell. In contrast to this study,a1,3-linked galac-
tose residues have been reported to occur to a minor extent
on NS0-derived recombinant IgG molecules (Sheeley et al.,
1997). However,N-glycan processing is sterically hindered
at the partially buried Asn297 site in the Fc region of IgG
(Wormald et al., 1997), so the total extent to which this may
occur in NS0 cells was not apparent in this study. As up to
1% of all circulating human IgG is directed against the
Gala1,3Gal motif (Galili et al., 1993), antibodies produced
by murine cells that carry this epitope have a short half-life
in vivo (Borrebaeck et al., 1993). Therefore, current NS0
cell lines are restricted to the production of IgG at present.
Our attempts to reduce the occurrence of Gala1,3Gal by a
metabolic strategy is described below.

With respect to NeuGc, the extent to whichN-glycans are
sialylated with either NeuAc or NeuGc residues is now
known to be highly species specific. For example, Raju et
al. (2000) recently analyzed sialylated IgGN-glycans from
a variety of species and found that the relative proportions
of NeuAc and NeuGc varied considerably (mouse-derived
IgG contained only NeuGc). In this study, while NeuGc was
prevalent on NS0-derivedN-glycans (>60%), we also ob-
served a reasonably high proportion of NeuGc on CHO
N-glycans (15%). This exceeds the low proportion (1% to
5%) of NeuGc previously reported for recombinant proteins

produced by CHO cells (Hokke et al., 1995), and may be
specific to this cell line. As CMP-NeuAc hydroxylase is not
present in humans (Irie and Suzuki, 1998; Muchmore et al.,
1989), NeuGc is considered to be potentially immunogenic
(Noguchi et al., 1995). Therefore,N-glycan substitution
with NeuGc is undesirable, even for recombinant IgG pro-
teins where sialylation is reduced by steric hindrance. Our
studies indicate that NS0 cells will sialylateN-glycans with
NeuGc, although substitution with NeuGc can be reduced
considerably by metabolic means, as described below. Fur-
thermore, there is the possibility that elimination of both
a1,3-galactosyltransferase and CMP-NeuAc hydroxylase
activities in NS0 cells may be achieved by direct genetic
manipulation (Gregoire et al., 1998; Shinkel et al., 1997).

Effect of N-Acetylmannosamine on Cell Growth
and N-Glycosylation

In agreement with recent previous reports concerned with
CHO cells (Gu and Wang, 1998; Zanghi et al., 1998), we
found that a ManNAc supplement (20 mM in this study)
substantially increased the CMP-sialic acid content of both
NS0 and CHO cells. Associated with this was a decline in
the UDP-Hex content of both cell types, more evident in
NS0 cells than in CHO cells. In addition, in both cell types,
there was a slight decline in UDP-HexNAc level, indicating
a general trend toward reduction in cellular UDP-sugar con-
tent with ManNAc treatment. In unsupplemented cells, en-
dogenous ManNAc may be derived from UDP-GlcNAc via
UDP-GlcNAc-2-epimerase or from GlcNAc via GlcNAc-2-
epimerase. As the former reaction is subject to negative
feedback control by CMP-NeuAc, a ManNAc supplement
effectively bypasses this control step, which normally regu-
lates CMP-NeuAc production (Fig. 6). However, synthesis
of CMP-sialic acids also requires a source of cytidine tri-
phosphate, which may be derived either from CDP directly
or alternatively from UTP plus glutamine by an ATP-
dependent reaction catalyzed by CTP synthetase yielding
CTP plus glutamate (Koerner, 1970). CTP synthetase is
known to be upregulated in tumor cells (Hatse et al., 1999).
As we did not supply ManNAc with cytidine, we speculate
that this nucleotide may have become limiting and that the
alternative source of CTP from UTP and glutamine via CTP
synthetase may have competed for cellular UTP, partially
compromising UTP-sugar synthesis. Moreover, Nyberg et
al. (1999) postulated that glutamine limitation itself may
compromise UDP-GlcNAc synthesis as Gln is the amino
donor for glucosamine-6-phosphate synthesis from fruc-
tose-6-phosphate (Fig. 6). In both cell types, these Man-
NAc-induced alterations in UDP-sugar metabolism were
not of sufficient magnitude to induce changes inN-
glycosylation of recombinant TIMP-1; core antennarity and
galactosylation were effectively unchanged.

We expected to see an increase in the degree of sialyla-
tion of TIMP-1 N-glycans derived from NS0 and CHO
cells treated with ManNAc via increased CMP-NeuAc
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availability. However, this was not the case. In fact, the
extent ofN-glycan sialylation was virtually unchanged after
ManNAc treatment, despite augmented cellular CMP-
NeuAc levels. These data concur with those previously ob-
served for ManNAc-treated CHO cells (Gu and Wang,
1998; Zanghi et al., 1998), which also demonstrated a lim-
ited effect of ManNAc treatment and significantly elevated
intracellular CMP-NeuAc levels on recombinant protein si-
alylation. These data imply that CMP-NeuAc availability in
the Golgi lumen may be a factor limiting the effect of Man-
NAc in both cell types. CMP-sialic acid may occur in three
distinct subcellular compartments; it is synthesized in the
nucleus and transported from the cytosol to the lumen of the
trans-Golgi network via a specific transporter (Berninsone

et al., 1997; Eckhardt and Gerardy-Schahn, 1997; Munster
et al., 1998). Although we have not quantified CMP-sialic
acid in these discrete subcellular locations, it has been sug-
gested that CMP-sialic acid transport capacity into the Golgi
lumen is intrinsically limited (Carey et al., 1980) and inhib-
ited by UDP-HexNAc or CMP (Cacan et al., 1984; Pels
Rijcken et al., 1995).

Despite the fact that the NS0 (and most mammalian) cells
containeda1,3-galactosyltransferase activity, which is
thought to compete forb1,4-Gal acceptor sites with endog-
enous sialyltransferases (Smilovitch et al., 1998; Smith et
al., 1990), sialylation of the NS0-derived TIMP-1 slightly
exceeded that of the CHO-derived TIMP-1. However, sial-
yltransferase (ST) activity present in NS0 cells (a2,3- and
a2,6-ST) was double that present in the CHO cells (known
to containa2,3-ST only). Therefore, if we consider that
a1,3-Gal residues cannot be sialylated (Gilbert et al., 1997),
then the observed level of sialylation in NS0 cells may have
been promoted by higher endogenous sialyltransferase ac-
tivity. However, in control NS0 cells,a-galactosylation and
sialylation together accounted for only 86% ofb1,4-Gal
acceptor sites, not 100%. As discussed, CMP-NeuAc avail-
ability in the Golgi may also intrinsically limit sialylation
and, while UDP-Gal levels in the Golgi lumen may not limit
b-galactosyltransferase activity, there is some evidence that
a-galactosyltransferase has a lower affinity for UDP-Gal
than doesb-galactosyltransferase (Hara et al., 1989; Kawa-
kita et al., 1998). Finally, we do not discount the possibility
that a soluble form ofa1,3-galactosyltransferase occurs in
murine NS0 cells (Cho and Cummings, 1997). Thus,a-ga-
lactosyltransferase and sialyltransferase reactions may actu-
ally “compete” in the Golgi to only a limited extent. Genetic
augmentation of sialyltransferase activity in mammalian
cells has not consistently increased the total sialic acid con-
tent of glycoproteins. Although Weikert et al. (1999) dem-
onstrated that overexpression ofa2,3-sialyltransferase in
CHO cells resulted in increased glycoprotein sialylation
(>90% of branches), expression ofa2,6-sialyltransferase in
BHK-21 cells had no such effect, althougha2,6-linked si-
alic acids were present (Grabenhorst et al., 1995).

The other factor that could affect the observed degree of
sialylation of recombinant TIMP-1 produced byboth NS0
and CHO cells is specific productivity; that is, elevated
specific productivity effectively introduces additional com-
petingb1,4-Gal acceptor sites into the Golgi lumen. Even
taking account of differences between cell types, this may
be significant. For example, the GS-CHO cell line had a
specific productivity in excess of 20mg 106 cells−1 day−1

with approximately 50% of outer armb1,4-Gal residues
sialylated. Therefore, there are three basic variables that
may affect the extent ofN-glycan sialylation in mammalian
cells expressing a recombinant protein with a sterically un-
hindered glycosylation site: (i) availability of sialyltransfer-
ase activity; (ii) abundance ofb1,4-Gal acceptor sites (re-
lated to cell specific productivity); and (iii) availability of
nucleotide-sugar substrate in the Golgi lumen. The latter
factor may be a significant determinant. Whereas incom-

Figure 6. Primary metabolic interconversions and controls implicated in
nucleotide-sugar biosynthesis and transport in mammalian cells. The meta-
bolic precursors supplied in the present study are highlighted. Broken lines
terminating in a cross link a synthesis or transport process with the poten-
tial regulatory metabolite (Carey et al., 1980; Pels Rijcken et al., 1995; Ryll
et al., 1994, Valley et al., 1999). CP, carbamoyl phosphate; Tr, nucleotide-
sugar transporter. Numbered enzymes as follows: 1, hexokinase; 2, phos-
phoglucose isomerase; 3, GlcN-6-P synthase; 4, GlcN-6-PN-
acetyltransferase; 5, GlcNAc-6-P mutase; 6, UDP-GlcNAc pyrophos-
phorylase; 7, hexokinase; 8, GlcNN-acetyltransferase; 9, GlcNAc kinase;
10, GlcNAc-2-epimerase; 11, UDP-GlcNAc-2-epimerase; 12, ManNAc ki-
nase; 13, NeuAc-9-P synthase; 14, NeuAc phosphatase; 15, CMP-NeuAc
synthetase; 16, CMP-NeuAc-4-hydroxylase; 17, phosphoglucomutase; 18,
UDP-Glc pyrophosphorylase; 19, CTP synthetase; 20, UDP-Gal-4-
epimerase; 21, galactokinase; 22, Gal-1-P uridyltransferase; 23, carbam-
oylphosphate synthetase II; 24, galactosyltransferases (a1,3 or b1,4); 25,
GlcNAc transferases (I to V); 26, sialyltransferases (a2,3 anda2,6); 27,
nucleoside diphosphatase.
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plete sialylation may be considered to be “built in” to cel-
lular N-glycan processing for a variety of biological pur-
poses (Varki, 1993), it follows that rational genetic im-
provement of sialylation (at least in CHO cells) could
involve augmentation of CMP-sialic acid transport into the
Golgi via elevated expression of recently cloned CMP-
NeuAc transporter genes (Eckhardt and Gerardy-Schahn,
1997; Ishida et al., 1998). This is a strategy that we are
currently testing in this laboratory.

Finally, although increased sialylation was not associated
with elevated CMP-NeuAc, we observed clear differences
in the proportion of sialic acid variants substituted on
NS0- and CHO-derivedN-glycans. The same trend oc-
curred with both cell types treated with ManNAc, albeit to
a greater (and significant) extent with NS0 cells — that is,
an increase in the proportion of NeuAc over NeuGc. We
interpret this simply as a saturation of limited soluble cy-
tosolic CMP-NeuAc hydroxylase (monooxygenase) activity
in the cell (Muchmore et al., 1989). This is therefore a
modification that is under direct control of available enzyme
activity and substrate. A similar manipulation of cell me-
tabolism by incorporation of a synthetic precursor,N-
glycolylmannosamine pentacetate, in the growth environ-
ment of neural cells has recently been shown to result in an
increase in the proportion of Neu5Gc associated with a my-
elin-associated glycoprotein, decreasing its biological activ-
ity (Collins et al., 2000).

Effect of Glucosamine on Cell Growth
and N-Glycosylation

In common with many previous reports (Gawlitzek et al.,
1998; Grammatikos et al., 1998; Zanghi et al., 1998), we
observed that addition of glucosamine to both GS-NS0 and
GS-CHO cell cultures resulted in an inhibition of cell
growth and metabolism with a concomitant increase in cel-
lular UDP-HexNAc content. Indeed, there is now very
strong evidence to suggest that glucosamine exerts this in-
fluence primarily through its direct incorporation into cel-
lular UDP-GlcNAc. It is thought that stimulation of UDP-
GlcNAc synthesis by glucosamine, as observed for both cell
types employed in the present study (we cannot distinguish
between UDP-GlcNAc and UDP-GalNAc), may in turn trap
UTP in an enlarged UDP-GlcNAc pool, resulting in a de-
ficiency of this nucleotide. Alternatively, it has recently
been speculated (Valley et al., 1999) that altered intracellu-
lar UDP-GlcNAc levels may affect the degree to which
nuclear and cytoplasmic proteins are modified by O-
GlcNAc residues. This form of O-glycosylation may be
involved in the regulation of a variety of cellular processes
(e.g., transport of proteins between nucleus and cytoplasm)
(Haltiwanger et al., 1992; Hart et al., 1996). The latter hy-
pothesis is more attractive, as it has previously been shown
that inhibition of the growth of colon carcinoma cells in
culture by glucosamine was associated with elevated UDP-
GlcNAc without a decrease in cellular UTP or CTP pools
(Krug et al., 1984). Moreover, in the present study, simul-

taneous addition of uridine with glucosamine (specifically
to counter potential UTP depletion) did not eliminate the
reduction in cell growth. Furthermore, a similar limiting
deficiency in the cellular CTP pool may have been expected
on supplementation of cell cultures with ManNAc, which
markedly stimulated CMP-sialic acid synthesis in NS0 and
CHO cells, possibly “trapping” cellular cytidine in the pro-
cess. In this case, decreased cell growth did not occur.

Recent studies using baby hamster kidney (BHK)-21
cells have clearly established a link between elevated cel-
lular UDP-HexNAc level and alterations inN-glycan pro-
cessing, specifically increasedN-glycan antennarity and de-
creased sialylation (Gawlitzek et al., 1998; Grammatikos et
al., 1998; Valley et al., 1999). The former is thought to be
the result of increased transport of UDP-GlcNAc substrate
into the Golgi lumen with a consequent stimulation of the
activity of GlcNAc transferases IV and V. It has been sug-
gested that the latter may be mediated by an inhibition of
CMP-sialic acid transport into the Golgi lumen by UDP-
GlcNAc (Pels Rijcken et al., 1995).

Furthermore, Ryll (1994) have shown that UDP-GlcNAc
forms a partial link between the inhibitory effect of ammo-
nia on cell growth andN-glycosylation. Recently, using
15NH4+, Valley et al. (1999) demonstrated conclusively that
extracellular ammonium is incorporated into cellular UDP-
GlcNAc and recombinant proteinN-glycans. However, am-
monium (derived from glutamine metabolism and/or deg-
radation), being a weak base, may also raise the pH of acidic
cellular compartments, such as the Golgi affecting nucleo-
tide-sugar transporters (Hirschberg, 1997) and/or the activ-
ity of lumenal glycosyltransferases (Thorens and Vassalli,
1986). In recent studies, Wagner and colleagues (Gawlitzek
et al., 1998; Grammatikos et al., 1998) suggested that, in
BHK-21 cells, ammonium ions act by these independent
mechanisms to regulate antennarity (via elevated UDP-
GlcNAc) and sialylation (via elevated Golgi pH). Even rela-
tively small increases in extracellular ammonia have been
associated with alterations inN-glycan processing.
Andersen and Goochee (1995) reported that sialylation of
the O-glycans associated with granulocyte colony stimulat-
ing factor was compromised by NH4+ concentrations up to 2
mM. It is of interest to note that the CMP-NeuAc transporter
recently isolated by complementation cloning of mutant
(Lec2) CHO cells bears a structural similarity to cloned
ammonium transporters (Eckhardt et al., 1996; Marini et al.,
1994). In contrast, both NS0 and CHO cell lines employed
in the present study expressed the recombinant TIMP-1
gene under glutamine synthetase (GS) selection/
amplification. Aside from relatively high-level gene expres-
sion (>20mg 106 cells−1 day−1 in both cases), these cell
lines do not accumulate ammonia as they are necessarily
maintained in a glutamine-free environment and any am-
monia generated metabolically is recycled in the synthesis
of glutamine from glutamate. Consequently, extracellular
ammonia never exceeded 0.15 mM in either NS0 or CHO
cultures. Under these conditions, we consider our experi-
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ments to have occurred in essentially “ammonia-free” con-
ditions. However, the GS-NS0 and GS-CHO cell cultures
may be considered to be intrinsically glutamine-limited (en-
dogenous GS in CHO cells is inhibited by methionine sulf-
oximine), and, as stated earlier, glutamine limitation itself
may impose constraints on UDP-GlcNAc synthesis (Nyberg
et al., 1999; Fig. 6). For example, we previously observed
higher cell-specific levels of UDP-HexNAc in experiments
using glutamine-containing CHO cell cultures producing re-
combinant interferon-gunder DHFR selection/amplification
(Hooker et al., 1999).

Although the data we obtained for GS-CHO cells sup-
ports the hypothesis that increased cellular UDP-GlcNAc
induced by a GlcN + Urd supplement promotesN-glycan
antennarity by a stimulation of UDP-GlcNAc transport into
the Golgi, the same cannot be inferred for GS-NS0 cells. In
this cell type,N-glycan branching was not affected. There
may be numerous effectors influencing this observation,
including cell-type variations in: (i) the abundance or affin-
ity of a particular Golgi transporter or glycosyltransferase
for its nucleotide-sugar substrate; (ii) affinity of glycosyl-
transferases for a particular acceptor substrate; (iii) nucleo-
tide-sugar synthesis pathways and effectors; (iv) competi-
tion between adjacent Golgi glycosyltransferases; (v) gly-
cosyltransferase cofactor levels (e.g., Mn2+); and (vi)
availability of N-glycan acceptors (H. Schachter, personal
communication).

On treatment of both cell types with GlcN + Urd, we
observed an elevation of UDP-Hex levels, presumably as
we supplied the Urd supplement to compensate for Urd
trapped in increased UDP-HexNAc. We note that, for an-
other GS-NS0 cell line employed in this laboratory (pro-
ducing a recombinant humanized antibody), the same trend
is observed. Furthermore, in the absence of Urd, there is a
slight decline in cellular UDP-Hex content with a GlcN
supplement alone (unpublished observations). Pels Rijcken
et al. (1995) observed a 3.8-fold increase in UDP-Hex levels
and a 4.6-fold increase in UDP-HexNAc after treatment of
rat hepatocytes with 0.5 mMUrd alone for 40 h. Thus, we
speculate that the GlcN supplement “pulls” UTP away from
UDP-Hex synthesis into a UDP-GlcNAc “sink.” Inclusion
of a Urd supplement will offset this phenomenon to an
extent that varies with cell type, prevailing metabolic bal-
ance, and inherent controls. However, as we cannot distin-
guish between UDP-Gal and UDP-Glc, the possibility re-
mains that the Urd supplement primarily promotes UDP-
Glc synthesis and not UDP-Gal, as Glc was the hexose
source supplied in culture media. This may explain why
increased UDP-Hex does not promote an increase inN-
glycana-galactosylation, as observed on treatment of NS0
cells with GlcN +Urd. In these cells, we may have expected
an elevation ofa-galactosylation given the significantly el-
evated UDP-Hex substrate levels.

The effect of GlcN + Urd on the degree of terminal si-
alylation was similar in both cell types, a slight (and insig-
nificant) reduction by 5% to 8%. However, associated with
this was an increase in cellular CMP-sialic acid content, also

seen in both cell types. These apparently contradictory ob-
servations may be explained if we accept the hypothesis that
elevated UDP-HexNAc inhibits CMP-sialic acid transport
into the Golgi (Pels Rijcken et al., 1995), reducing its rapid
incorporation into glycoconjugates by sialyltransferases. El-
evated intracellular CMP-sialic acid is likely to derive from
a stimulation of ManNAc synthesis (a precursor of CMP-
NeuAc) by GlcN. This may occur biosynthetically in two
ways: (i) UDP-GlcNAc is a substrate for UDP-GlcNAc-2-
epimerase, yielding ManNAc; and (ii) conversion of
GlcNAc to ManNAc by GlcNAc-2-epimerase (Fig. 6).
Given that the UDP-GlcNAc-2-epimerase is subject to
negative feedback inhibition by CMP-NeuAc in a concen-
tration-dependent manner (Hinderlich et al., 1997), elevated
CMP-NeuAc will downregulate its own de novo synthesis
via this route. Similar considerations would also apply to the
CMP-sialic acid transporter in the Golgi.

The proportions of sialic acid variants associated with
TIMP-1 were not affected by GlcN + Urd treatment of NS0
cells. Conversely, the GS-CHO-cell-derived TIMP-1 exhib-
ited an increased proportion of CMP-NeuGc. Given that the
GlcN + Urd-induced increase in cellular CMP–sialic acid
was not as marked in GS-CHO cells as in GS-NS0 cells, and
that CMP-NeuAc hydroxlase activity is lower in CHO cells,
this result is cannot be explained at present.

CONCLUSIONS

We have compared metabolic control ofN-glycan process-
ing in two mammalian cell types. Our studies confirm that
control ofN-glycan processing is not solely reliant upon the
complement, ordered sequence, and abundance of glycos-
yltransferases in the secretory apparatus, but is also con-
trolled by metabolic and transport processes that affect sub-
strate availability. Our experiments demonstrated that meta-
bolic control ofN-glycosylation involves processes that are
conserved between cell types (e.g., the minimal effect of
elevated cellular UDP-HexNAc and CMP-sialic acid on si-
alylation) and those that are not (e.g., the effect on elevated
cellular UDP-HexNAc onN-glycan branching). We infer
that these cell-specific observations are ultimately a conse-
quence of differences in the kinetics of intermolecular re-
actions (protein/protein and protein/metabolite) between ge-
netic variants within protein (sub)families.

Strategies to controlN-glycosylation in mammalian
cells for biotechnological purposes may not be based
only upon genetic alteration of glycosyltransferase activity
(although this can be successful; see Umana et al. [1999]
and Weikert et al. [1999]), but also on metabolic consider-
ations. For example, we highlight the possibility that in-
creased transport of CMP-NeuAc into the Golgi lumen by
regulated overexpression of the CMP-sialic acid trans-
porter may prove to be a generally effective means of
improving sialylation. Furthermore, metabolite feeding
strategies may be a viable means of control. For example,
N-acetymannosamine can significantly reduceN-glycan
substitution withN-glycolylneuraminic acid. This approach
could therefore be used to reduce the occurrence of this
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potential immunogen on recombinant proteins produced by
murine cells.

NOMECLATURE

Asn asparagine
2-AB 2-aminobenzamide
BHK baby hamster kidney
CH3CN acetonitrile
CHO Chinese hamster ovary
CMP cytidine monophosphate
CNBr cyanogen bromide
CTP cytidine 58-triphosphate
DHB 2,5-dihydroxybenzoic acid
DMB 1,2-diamino-4,5-methylenedioxybenzene
Fc constant region of immunoglobulin molecule
FCS fetal calf serum
Gal galactose
Glc glucose
GlcN glucosamine
GlcNAc N-acetylglucosamine
GS glutamine synthetase
Hex hexose
HexNAc N-acetylhexosamine
ManNAc N-acetylmannosamine
MALDI-TOF MS matrix-assisted laser desorption ionization time-of-

flight mass spectrometry
MeOH methanol
NeuAc N-acetylneuraminic acid
NeuGc N-glycolylneuraminic acid
PBS phosphate-buffered saline
PNGase F peptide-N-glycosidase F
PVDF polyvinyldifluoride membrane
rpHPLC reverse-phase high-pressure liquid chromatography
SA sialic acid
SDS-PAGE sodium dodecylsulfate–polyacylamide gel electro-

phoresis
TIMP-1 tissue inhibitor of metalloproteinases 1
td doubling time
UDP uridine 58-diphosphate
Urd uridine
UTP uridine 58-triphosphate
m specific growth rate
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