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Thy-1 is a cell-surface glycoprotein belonging to the
immunoglobulin superfamily containing three N-gly-
cosylation sites at Asn 23, 74 and 98 and a glycosyl-
phosphatidylinositol anchor. Recombinant soluble Thy-
1 (sThy-1) was used as a model to characterize glyco-
sylation in COS-7 cells as its glycan profile in CHO-
K1 cells and across species is well characterized. The
primary sequence of the protein has an effect on gly-
cosylation as different glycoproteins expressed in the
same cell line show differences in protein glycosylation.
sThy-1 was expressed by transient transfection in COS-
7 cells as a mixture of glycoforms showing variable
site occupancy. Neutral and sialylated oligosaccharides
obtained from sThy-1 expressed in COS-7 cells were
in equal proportions, while glycans from sThy-1 expressed
in CHO-K1 cells were predominately neutral. Complex
glycans accounted for 83% of oligosaccharides with
the remaining 17% belonging to the oligomannose-type
glycans, similar to CHO-K1-derived sThy-1 glycans. In
addition, sThy-1 expressed in COS-7 cells also showed
the presence of oligomannose MangGIlcNAc, and bi-
antennary complex oligosaccharides with outer arm
fucosylation not observed in CHO-K1 cells. These re-
sults verified that glycoforms emerging from the secre-
tory pathway for a protein are both protein- and cell-
specific.

Keywords: CHO-K1 cells, COS-7 cells, glycosylation,
oligosaccharides, Thy-1.

GLYCOPROTEINS have a wide range of functions in ensuring
conformational stability of proteins, antigenicity and various
biological functions'. Little is known about the rules that
govern N-glycosylation, although in vitro studies indicate that
some residues in and around the glycosylation sequon
may have an effect on the occupancy of the sequon™”. The
carbohydrate structures found on secreted glycoproteins
is specific to the series of glycosidases and carbohydrate
transferases that line the secretory pathway. These glycan-
processing enzymes, along with carbohydrate-binding pro-
teins in the secretory pathway, are involved in the maturation
and trafficking of glycoproteins within the cell’.
Glycosylation is cell-type dependent in that various en-
zymes may or may not be expressed in a given cell-type, thus
giving rise to a population of glycoforms which are both
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species and tissue-specific™”. For cells in stasis, a steady state
exists and therefore the final product is reproducible and
not random. Under cell culture conditions both enzyme
and substrate levels vary, with proteins being glycosylated
differently compared to conditions in vivo. An example of
tissue-specific glycosylation is Thy-1, an immunoglobin su-
perfamily (IgSF) glycoprotein, which has no glycoform in
common between rat thymus and brain*. Glycoproteins se-
creted eutopically and ectopically by tumour cells in vivo
and cell lines in vitro show glycosylation characteristic of
the cell-type, which reflects either a mutational event or
genetic polymorphism. Therefore, different cell lines with
different repertoire of enzymes glycosylate the same pro-
tein in a cell-specific manner, which may differ.

Comparison of native and recombinant glycoproteins
could provide insights into the regulation of oligosaccha-
rides biosynthesis and the role of oligosaccharides in bio-
logical function. Various recombinant proteins have been
expressed in CHO cell lines, for example, B-interferone’ and
erythropoetin® show Chinese hamster ovary cell line
(CHO-K1) characteristic glycosylation. a-2,3 Sialidase and
not ¢-2,6 sialidase is found in CHO-K1 cells and hence
sialylation in CHO-K1-expressed glycoproteins is always
found in the o-2,3 linkage. Glycoproteins expressed in CHO-
K1 cells have not yet shown any deleterious glycan link-
ages. Cell lines like mouse epithelial cell line (C127) and
human lung adenocarcinoma cells (PC8) expressing IL-
B1, showed the presence of Galal,3gal linkage. This
linkage is not synthesized in human cells and hence glyco-
proteins expressed from these cell lines cannot be used for
therapeutic purposes, as it would lead to an adverse immu-
nological reaction.

CHO-K1 cells in common with human cells contain a large
repertoire of oligosaccharide-processing enzymes and can
therefore process a wide variety of glycans. With the excep-
tion of minor variations in sialylation and fucosylation,
the carbohydrate profile for a glycoprotein produced in
CHO-K1 is constant and reproducible'.

In this study we have shown the carbohydrate profile
of recombinant rat soluble Thy-1 (sThy-1) expressed in
African green monkey kidney fibroblast cell line (COS-7).
Thy-1 was a suitable molecule to characterize as its glycan
profile from various species, rat, mouse, human®!' and
recombinant-soluble and glycosylphosphatidyl inositol
(GPI) anchored Thy-1 from CHO-K1 cells are known'Z.
Thy-1 is a membrane glycoprotein belonging to the im-
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munoglobulin superfamily, having three N-glycosylation
sites and linked to the cell surface through a GPI anchor'.
This study showed that COS-7 cells do not produce any
undesirable glycan linkages in sThy-1. Further, the oligosac-
charides obtained were similar to those seen in sThy-1 ex-
pressed in CHO-K1 cells. This indicates that the protein
primary structure does have an effect on the glycosylation
of the protein in addition to the cell in which it is synthe-
sized.

The study demonstrates a methodology for the rapid
screening of therapeutically beneficial recombinant glycopro-
teins by transient transfection, combined with carbohy-
drate analysis. In addition, this is a rapid and efficient method
for studying the rules governing the mechanism of glycosyla-
tion.

Results
Expression of fully glycosylated sThy-1 in COS-7 cells

Thy-1, a member of the immunoglobulin superfamily,
consists of a single V-type IgSF domain of 111 amino acids,
stabilized by two intramolecular disulphide bonds, a 19
amino acid signal sequence and a 31 amino acid C-
terminal, GPI-anchor signal sequence. Three N-glycosylation
sequons are present at Asn 23, Asn 74 and Asn 98. sThy-1
without the GPI-anchor signal sequence was expressed in
this study, to eliminate the effect of the GPI anchor on glyco-
sylation (Figure 1 a). A construct for sThy-1 was made by
introducing a stop codon after the GPI-anchor attachment
residue Cys 111, which is involved in the stabilization of the
V domain by intramolecular disulphide bond formation'”.
No expression of sThy-1 was observed until the addition
of a tripeptide GGS at the C-terminus'? (Figure 1 ). It has
been shown previously that expression of single-domain
molecules could be improved by the addition of extra amino
acids at either end of the domain'*. The DNA sequence of
sThy-1 with the three extra amino acids at the C-terminal
was transferred from the vector pEE14.sThy-1 to pEF-BOS
expression vector (Figure 1b)"2. The sThy-1 encoding
DNA with the extra three amino acids was transiently trans-
fected into COS-7 cells by the DEAE-dextrane method .

sThy-1 was assayed in the supernatant by Western blot-
ting using rabbit polyclonal anti Thy-1 antibody detected by
chemiluminescence using the ECL method. The super-
natant was analysed 48 h after transfection for the presence
of sThy-1. Analysed by SDS-PAGE, sThy-1 was expressed
as four major protein bands ranging in molecular weight
from 14.7 kDa (unglycosylated protein) to 28 kDa (fully gly-
cosylated protein; data not shown), similar to sThy-1 ex-
pressed in CHO-K1 cells'””. The four major bands
corresponded to glycoforms with variable site occupancy
in that 0, 1, 2, or all 3 glycosylation sequons were occupied.
This was unlike GPI-anchored Thy-1, which was expressed
as the fully glycosylated protein in CHO-K1 cells'*.
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Figure 1. a, Schematic representation of sThy-1 showing 19 amino

acid ER signal sequence and tripeptide GGS following the C-terminal
Cys residue. b, Schematic representation of pEF-BOS vector. Regions
indicating the SV40 origin (ori), stuffer from CDMS8 and poly(A) ade-
nylation sites are indicated. Lines flanking on either side indicate the
sequence of pUC119 from which this vector was derived.

Carbohydrate analysis of sThy-1 expressed in
COS-7 cells

sThy-1 was purified on an OX-7 affinity column'® followed
by gel filtration using a Superdex S-75 column (Pharmacia,
FPLC system). sThy-1 glycoprotein fractions were pooled
and quantified. Carbohydrates were released by hydrazinoly-
sis from 50 ug of sThy-1 protein and labelled with the
fluorochrome 2-aminobenzamide (2-AB) for carbohy-
drate analysis by normal phase HPLC (NP-HPLC). The
glycans observed for sThy-1 expressed in COS-7 cells were
assigned a structure based on their elution positions by
NP-HPLC. The sugars were confirmed by a series of
exoglycosidase reactions'” (Figure 2).

The glycans of sThy-1 expressed in COS-7 cells were
oligomannose, neutral biantennary and sialylated bian-
tennary complex glycans with a core fucose (Figures 2 and
3). Negatively charged carbohydrates contained mono
and di-sialylated glycans (Figure 2 and Table 1). Neutral
glycans account for approximately 83% of the oligosaccha-
rides (Figure 4). Sialylated biantennary glycans had sialic
acid in the 02, 3 linkage, as proved by Newcastle disease
virus neuraminidase digestion (data not shown), similar
to sialylated glycans from sThy-1 expressed in CHO-K1
cells"’. However, unlike CHO-K1 cells the sialic acid
linkage characteristic of COS-7 cells is not known.

The oligosaccharides obtained from sThy-1 expressed
in COS-7 cells were similar to those obtained from CHO-
K1 cells, except in the presence of biantennary complex
glycans with outer arm fucosylation and MancGlcNAc,
oligosaccharides (Table 1). Comparison of rat sThy-1
glycans from the two cell lines showed equal quantities
of neutral and sialylated glycans from sThy-1 expressed
in CHO-K1 cells"?, while in sThy-1 expressed in COS-7
cells, neutral glycans accounted for 83% of total glycans
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Figure 2. Carbohydrate analysis of oligosaccharides released from rat sThy-1 expressed in COS-7 cells was
done by multiple exoglycosidase digestion. 2-AB labelled glycans of sThy-1 (a) were digested to oligomannose
glycans (b—e). Enzymes shown in each panel are in addition to those shown above them. Analysis of oligosaccha-
rides was done by NP-HPLC, the glucose unit values and structure assignments (Table 1) were obtained from a
standard dextran run®*. X-axis represents elution time in minutes and Y-axis the fluorescence units (FU).

(Figure 4). No hybrid glycans were found in either CHO-
K1 or COS-7 expressed sThy-1 (Table 1). Approximately
83% of glycans were complex oligosaccharides from sThy-
1 expressed from both cell-types, with the remaining belong-
ing to the oligomannose class oligosaccharides (Figure 4).

Confirmation of bi-antennary complex glycans with
outer arm fucosylation

Outer arm fucosylation in o, 2 linkage of fucose to the
Gal of bi-antennary complex glycans was confirmed by
the digestion of oligosaccharides with a combination of
B-galactosidase and AB sialidase (Figure 5). The peak as-
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signed to the sugar with the outer arm fucosylation did not
move (Figure 5). Disappearance of the peak is seen with
o-fucosidase (C. lampas) and P-galactosidase (S. pneu-
moniae) (Figure 2 ¢, d). Addition of this linkage is COS-7
cell-specific, as it does not appear in CHO-K1-derived
sThy-1 (ref. 12) or in native Thy-1 molecules®.

Expression level of sThy-1 in COS-7 cells was 1 mg/l,
which is adequate material for glycan analysis since
complete carbohydrate analysis could be done with as lit-
tle as 50 ug of protein. Most importantly, the entire pro-
tocol is much shortened, since stable cell lines were not
required as transient transfections provided sufficient ma-
terial for complete carbohydrate analysis.
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Figure 3. Examples of proposed oligosaccharide structures with their linkages. Man, Mannose; Gal, Galactose;

Fuc, Fucose; GIcNAc, N-acetylglucosamine.

Discussion
Effect of protein primary structure on glycosylation

By molecular modelling it can be seen that both rat and
human Thy-1 share the same three-dimensional structure
(unpublished data). Oligosaccharides found in recombinant
rat sThy-1 were of the oligomannose and complex class.
Human sThy-1 expressed in CHO-K1 cells contained oligo-
mannose, hybrid and complex glycans (unpublished data).
Hence glycosylation is dictated by the protein primary
sequence in addition to the cell-type in which it is expressed.
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Oligosaccharide processing is also glycosylation se-
quon-specific, indicating the local effect of the amino acids
around the N-glycosylation site on glycosylation®>'®. Pre-
liminary data from mutagenesis studies of sThy-1 in COS-7
cells suggested that processing of glycans at each site was
independent of glycans at the other N-glycosylation sites
(unpublished data). We have seen that oligomannose glycans
and bi-antennary complex glycans with outer arm fucosyla-
tion were present on sThy-1 mutants expressing glycosy-
lation site 23 alone and not present in sThy-1 mutants
expressing glycosylation sites 74 and/98 (unpublished
data).
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Figure 4. Comparison of oligosaccharides from rat sThy-1 expressed in
COS-7 and CHO-K1 cells. Comparison of various oligosaccharides is
in percentage. N, Neutral; S, Sialylated; O, Oligomannose and C, Complex.

Table 1. Comparison of sThy-1 oligosaccharides expressed in COS-7 and
CHO-K1 cells after separation by NP-HPLC
Structure COS-7 (%) CHO-K1 (%)
M4N2 (5.2) 6.1 0
A3G0 (6.1) 12.2 0
MS5N2 (6.2) 3.8 14.1
A2G2(7.1) 39.4 14.7
M6N2 (7.15) 7 0
A2G2F (7.45) 2.7 13.4
A2G2S(3) (7.55) 0 9.1
A2G2FS(3) (7.79) 6 0
A2G2F(OF) (7.95) 6.5 0
A2G2S2(3) (7.95) 11.2 25.1
A3G3 (8.2) 0 2.8
A2G2FS2(3) (8.3) 0 16.3
A3G3F (8.69) 0 5
A2G2F(OF)2 (8.8) 5.1 0

M, Oligomannose; N, Core GlcNAc; F, Core fucose; OF, Outer arm
fucosylation in a1, 2 linkage; A2, Biantennary complex; A3, Trianten-
nary complex; G, Gal; S, Sialic acid. Glucose units are shown in brack-
ets for each glycan structure, which was obtained by comparison with
standard glucose oligomers (data not shown).

Further, it has been shown that site 23 in rat brain Thy-1
has oligomannose structures, while human brain Thy-1
was occupied by hybrid and complex glycans®. Hence the
presence of dissimilar glycans on the conserved site 23 and
similar glycans on the remaining two non-conserved sites
across rat and human Thy-1 indicated the effect of the
protein primary sequence on glycosylation®'".

Glycoforms with variable site occupancy

Secretion of sThy-1 was achieved by stabilizing the ter-
minal Cys 111 residue which takes part in intramolecular
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disulphide bond formation, by the addition of the tripeptide
GGS at the C-terminus'®. This effect has been seen in the
expression of TCR ¢off domain, where the addition of 10-15
amino acid residues at the C-terminus is necessary for se-
cretion 19. Secretion in terms of expression levels and
variable site occupancy was protein-dependent as ob-
served in the expression of sThy-1 in COS-7 cells and
CHO-K1 cells. However, recombinant GPI-anchored Thy-
1 in CHO-K1 cells does not show variable site occupancy
in that the fully glycosylated form was expressed on the
cell surface'’. Variable occupancy was also observed in
sCD2, which has three glycosylation sites and appears as
four bands by SDS-PAGE”.

As observed in both CHO-K1 and COS-7 cell lines,
unglycosylated sThy-1 as a 14.7 kDa band was secreted.
When all the Asn in the three glycosylation sites were
changed to Ser, no protein was secreted and was presumably
degraded (unpublished data). However, this could be over-
come as long as sites 23/98 were glycosylated (unpub-
lished data). These preliminary results indicate the importance
of glycans and amino acids in shielding the protein from
degradation.

Effect of protein secondary structure on glycosylation

The oligosaccharides on IgSF molecules sCD2 and sCD48
are located in loops and for both, complex oligosaccha-
rides were predominantly present'’. In Thy-1, all the glycosy-
lation sites are present at the beginning or end of -
strands'’. The type of Thy-1 oligosaccharides obtained
across the various cell-types and recombinant soluble or cell
surface forms were a mixture of oligomannose, complex
and hybrid glycans™™'2. Hence glycans attached to loops
are more readily accessible to processing enzymes than
glycans within B-strand of the molecules. This was observed
when sThy-1 mutant expressing only site 23, which is at
the end of the B-strand, has 75% oligomannose structures
(data not shown). This is indicative of the restricted ac-
cessibility of the N-acetylglucosaminyl transferase 1 to
moditying the MansGIcNAc, at this site. In contrast, the lack
of oligomannose structure seen in mutants lacking N-
glycosylation site 23 indicates complete accessibility at
sites 74 and 98 to the processing enzymes (unpublished
data).

Oligosaccharide processing is cell-type specific

N-glycosylation is a co-translational modification, while
the processing of the oligosaccharides is post-translational
and is both species- and cell type-specific. As shown here,
oligosaccharides from sThy-1 expressed in COS-7 cells gave
almost all the oligosaccharides seen in sThy-1 expressed
from CHO-K1 cells" (Table 1). The presence of Mang
GlcNAc, oligomannose-type oligosaccharides present in
sThy-1 from COS-7 cells was consistent with that seen in
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