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The structures of the N- and O-linked sugar chains of recombinant human macrophage
colony-stimulating factor (rhM-CSF) from Chinese hamster ovary (CHO) cells were
studied. rhM-CSF is a homodimeric glycoprotein. Sugar composition analysis revealed that
rhM-CSF contained 4.1 mol iV-acetylgalactosamine, 10.3 mol iV-acetylglucosamine, 5.0
mol mannose, 10.0 mol galactose, 1.4 mol fucose, and 11.8 mol sialic acid per mol of the
monomer. The N- and O-linked sugar chains liberated by hydrazinolysis were iV-acety-
lated, and the reducing-end sugar residues were tagged with 2-aminopyridine. The
pyridylamino (PA-) sugar chains thus obtained were purified by HPLC. The structures of
the PA-sugar chains were analyzed by a combination of reversed-phase and size-fraction-
ation HPLC, and exoglycosidase digestions, from which the structures of the rhM-CSF
sugar chains were estimated to be as follows: monosialo biantennary sugar chain (9 mol%),
monosialo fucosylbiantennary sugar chain (10 mol%), disialo biantennary sugar chain (30
mol%), disialo fucosylbiantennary sugar chain (28 mol%), disialo triantennary sugar chain
(7 mol%), trisialo triantennary sugar chain (11 mol%), and trisialo fucosyltriantennary
sugar chain (5 mol%) for the AMinked sugar chains, and asialo (27 mol%), monosialo (51
mol%), and disialo (22 mol%) Gal#l-3GalNAc for the O-linked sugar chains. Sialic acid
residues were linked to the N-linked sugar chains through an «2-3 linkage.

Key words: glycoprotein, macrophage colony-stimulating factor, structure, sugar chain.

Macrophage colony-stimulating factor (M-CSF), a hemato-
poietic growth factor that promotes the growth and differ-
entiation of monocytes and macrophages, is also necessary
for the survival of the mature cells (J). Recombinant
human M-CSF (rhM-CSF) expressed in Chinese hamster
ovary (CHO) cells stimulates macrophage effector func-
tions such as microbicidal (2), tumoricidal (3), and chole-
sterol-lowering activities (4), and has been used in clinical
studies. rhM-CSF is a 90-kDa disulfide-bridged homo-
dimer. The protein is N- and O-glycosylated. The mono-
mer consists of 223 amino acid residues containing two
potential sites for iV-glycosylation, at Asn 122 and Asn 140
(5). For clinical use of glycoproteins obtained by means of
recombinant DNA techniques, detailed knowledge of the
sugar chain structures is essential, because they can influ-
ence the biological properties of the protein such as its
pharmacokinetics, stability, and antigenicity. The struc-
1 This work was supported in part by the Japan Health Science
Foundation.
2 To whom correspondence should be addressed. Tel: + 81-6-850-
5380, Fax. +81-6-850-5383
Abbreviations: CHO, Chinese hamster ovary; Fuc, L-fucose; Gal,
D-galactose; GalNAc, AT-acetyl-D-galactosamine; Glc, D-glucose;
GlcNAc, iV-acetyl-D-glucosamine; Hex, hexose; HexNAc, N-acetyl-
hexosamine; HPLC, high-performance liquid chromatography; Man,
D-mannose; NDV, Newcastle disease virus; NeuSAc, iV-acetylneu-
raminic acid; NeuSGc, iV-glycolylneuraminic acid; PA-, pyridyl-
amino; rhM-CSF, recombinant human macrophage colony-stimulat-
ing factor.

tures of the sugar chains were estimated from the molecu-
lar ions as analyzed by mass spectrometry of glycopeptides
(5). However, the detailed structures have not yet been
reported.

We have established a line of CHO cells, ATCC CRL-
11275, which express much rhM-CSF, and we have report-
ed the preparation and pyridylamination of both N- and O-
linked sugar chains released from glycoproteins under the
same hydrazinolysis conditions (6, 7). Here, this method is
applied to analyze the structures of N- and O-linked sugar
chains of rhM-CSF from CHO cells ATCC CRL-11275.

MATERIALS AND METHODS

Materials—rhM-CSF was purified to homogeneity from
serum-free medium conditioned with CHO cells, ATCC
CRL-11275, and was desalted by gel filtration. Arth-
robacter ureafaciens sialidase was purchased from Nacalai
Tesque (Osaka), Newcastle disease virus (NDV) sialidase
and Streptococcus pneumoniae /?-galactosidase from Boe-
hringer Mannheim (Mannheim), bovine epididymis ct-L-
fucosidase and jack bean /?-iV-acetylhexosaminidase from
Sigma (St. Louis), Aspergillus sp. /?-galactosidase from
Toyobo (Tokyo), and Xanthomonas manihotis /9-galacto-
sidase from Bio Labs (New England). PA-Glc, PA-Gal, PA-
GlcNAc, PA-GalNAc, and PA-maltose were prepared as
reported (8). A mixture of PA-isomaltooligosaccharides
(DP = 3-22) was purchased from Takara Biomedicals (Kyo-
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TABLE I. Structures of authentic PA-sugar chains used in this study.

SD

10

11

Structure

Mana1 v

Manai^

Mana1 v

GlcNAc/31-2Mana1x

GlcNAc/31-2Mana1v

Manai '

GlcNAcB1-2Mana1v

GlcNAcfl1-2Mana1'''

GlcNAcBK.
ManaK

Gal/31-3GalNAc-PA

Gal^1-3GalNAc-PA

Neu5Aca2-3 Gal/31-3GalNAc-PA

Neu5Aco2.
6

Neu5Aca2-3Gal/31-3GalNAc-PA

Man/31-4GlcNAcB1—4GlcNAc-PA

ManB1-4GlcNAcfl1—4GlcNAc-PA

3 Man/51-4GlcNAcB1—4GlcN Ac-PA

Manfl1-4GlcNAc01-4GlcNAc-PA

? Man/31- 4GlcN Acfl1-4GlcN Ac -PA

GlcNAc/31'

GlcNAcflW.
0

GlcNAcBT

,Mana1

M a n d .
0 Manf l i - 4GICNAC/51—4GlcNAc -PA

GlcNAcBI-

GlcNAcBI

Manai

_2Mana1N

o Manai

; Man/31- 4GlcNAcfl1-4GlcN Ac -PA

SD Structure

12

13

14

Gal/31-

Gal/31-

Gal/31-

Gal/31-

Gal/31-

Gal^1-

-4GlcNAc/31-2Mana1,

-4GlcNAc/31

-4GlcNAc/31-

•4GlcNAc^1-

-4GlcNAc/3L

•4GlcNAc/3T

•2Mano1

2Manor1-

2Mana1'

"6

J Man/31-4GlcNAc/31-4GlcNAc-PA

R 6
° Manfl1-4GlcNAc/?1-4GlcNAc-PA

J Man/31-4GlcNAc/31-4GlcNAc-PA

15

16 Neu5Aca2-3

Gal/31-

Gal/31-

Gal/31-

t Gal^V

' Gal/31-

. Gal/31-

4GlcNAc/3K

4GlcNAc/31"

,Mana1

,ManaK

, Manai

Fucal

4GlcNAc/31'

•4GlcNAc/31-2Mana1v

17 Neu5Acor2-3 •

18

19

4GlcNAc/31

4GlcNAc^1-

4GlcNAc/31-2Manat

2Mana1x

2Mana1v

Neu5Aca2-

Neu5Aca2-:

Neu5Aca2-3Gal^1

Neu5Aca2-3Gal^1-4GlcNAc/31-2Mano1

•4GlcNAc/J1-2Manar

4GlcNAc^1-2Mana1x

6
3Man/31-4GlcNAc/31-4GlcNAc-PA

Man^1-4GlcNAc/31-4GlcNAc-PA

Fuca1v

Man/31-4GlcNAc^1-4GlcNAc-PA

Man^1-4GlbNAc/31-4GlcNAc-PA

Fuca1v

Man/31-4GlcNAc/31-4GlcNAc-PA

CO

R
O

e
CO

CO

r
3o
a"

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


150 Y. Ushida et al.

to). The structures and abbreviations of authentic PA-
sugar chains used in this study are shown in Table I. SD5-
11 were purchased from Takara Biomedicals. SD1 was
prepared by pyridylamination of Gal/?l-3GalNAc (8).
SD2-4 were prepared from human blood clotting factor IX
(9), SD12, 13, and 16-19 from interferon-y produced by
the human myelomonocyte cell line HBL-38 (10), and
SD14 and 15 from human erythropoietin expressed in CHO
cells (11).

Sugar Composition Analysis—rhM-CSF (20 jug) was
hydrolyzed with 2.5 M trifluoroacetic acid at 100°C for 4 h
for neutral sugars, with 4 M hydrochloric acid at 100°C for
6 h for amino sugars, or with 0.025 M sulfuric acid at 80°C
for 1 h for sialic acids, in evacuated sealed tubes. Each
hydrolysate was analyzed by high-pH anion-exchange
chromatography with a CarboPac PA-1 column (0.46x25
cm) (Dionex, Sunnyvale, CA) using a pulsed amperometric
detector (12).

Preparation of PA-Sugar Chains from rhM-CSF—N-
and O-linked sugar chains were released from 3 mg of rhM-
CSF by hydrazinolysis (60°C, 50 h), and the products were
iV-acetylated (6). The sugar chains were pyridylaminated
as described previously (8). The PA-sugar chains were
purified by gel nitration on an HW-40F column (1.1x40
cm) (Tosoh, Tokyo) after most of excess reagents had been
removed.

Preparation of Desialylated PA-Sugar Chains—Half the
amount of the PA-sugar chains was treated with 0.45 unit
of Arthrobacter sialidase in 30^1 of 140 mM ammonium
acetate buffer, pH 5.0, at 37°C for 16 h. The reaction was
terminated by heating the solution at 100°C for 3 min.

Exoglycosidase Digestion of PA-Sugar Chains—PA-
sugar chains (100 pmol) were digested with 10 milliunits of
tf-L-fucosidase in 50 julof 40 mM citrate-phosphate buffer,
pH 6.0; with 1 milliunit of Streptococcus /?-galactosidase in
10 //I of 50 mM sodium acetate buffer, pH 6.0; with 6 units
of Xanthomonas y9-galactosidase in 10 //I of 50 mM sodium
acetate buffer, pH 4.5; with 13 units of Aspergillus /?-ga-
lactosidase in 10 ul of 50 mM ammonium acetate buffer,
pH 5.0; with 25 milliunits of /3-iV-acetylhexosaminidase in
10/^1 of 50 mM citrate-phosphate buffer, pH5.0; with 2
milliunits of NDV sialidase in 100 /x\ of 50 mM ammonium
acetate buffer, pH 6.5; or with 2.5 milliunits of Arthrobac-
ter sialidase in 50 /x\ of 100 mM ammonium acetate buffer,
pH 5.0. The digestions were carried out at 37°C for 16 h
except for the NDV sialidase digestion, which was perform-
ed at 37°C for 2 h. The enzymatic reaction was terminated
by heating the solution at 100°C for 3 min.

High-Performance Liquid Chromatography—A Beckman
System Gold 126 chromatograph equipped with a Shima-
dzu RF-550 fluorescence spectrometer was used.

Reversed-phase HPLC was performed on a Cosmosil
5C18-P column (0.46x15 cm) (Nacalai Tesque) at a flow
rate of 1.5 ml/min at 25°C. PA-sugar chains were detected
by fluorescence. Excitation and emission wavelengths were
310 and 380 run, respectively, for elution condition RP-1;
and 320 and 400 nm, respectively, for elution conditions
RP-2 and RP-3.

Elution condition RP-1 (this condition was applied to
desialylated PA-O-linked sugar chains): Ammonium ace-
tate buffer (0.1 M, pH 6.0) containing 0.01% 1-butanol was
used as an eluent. After injecting a sample, the 1-butanol
concentration was increased linearly from 0.01 to 0.52% in

51 min and then to 1.0% in 12 min (7).
Elution condition RP-2 (this condition was applied to

desialylated PA-iV-linked sugar chains): Ammonium ace-
tate buffer (0.1 M, pH 4.0) containing 0.03% 1-butanol was
used as an eluent. After injecting a sample, the 1-butanol
concentration was increased linearly from 0.03 to 0.40% in
90 min (8).

Elution condition RP-3 (this condition was applied to
sialo PA-sugar chains): The column was equilibrated with
0.1 M acetic acid. After injecting a sample, the 1-butanol
concentration was increased linearly from 0 to 0.6% in 60
min, then to 1.0% in 10 min (7).

Size-fractionation HPLC was performed on a Shodex
NH2P-50 (0.46X5 cm) (Showa Denko, Tokyo) at a flow
rate of 0.6 ml/min at 25°C (13). Excitation and emission
wavelengths were 310 nm and 380 nm, respectively.

Elution condition SF-1 (this condition was applied to
desialylated PA-sugar chains): Solvent A was 0.3% (v/v)
acetic acid in a 20 : 80 (v/v) mixture of acetonitrile : water
adjusted to pH 7.0 with aqueous ammonia. Solvent B was
0.3% (v/v) acetic acid in a 93 : 7 (v/v) mixture of acetoni-
trile : water adjusted to pH 7.0 with aqueous ammonia.
The column was equilibrated with a 3 : 97 (v/v) mixture of
Solvent A:B. After injecting a sample, the proportion of
Solvent A was increased linearly to 33% in 1 min, then to
71% in 34 min.

Elution condition SF-2 (this condition was applied to
sialo PA-sugar chains): Solvent C was 3% (v/v) acetic acid
in a 20 : 80 (v/v) mixture of acetonitrile: water adjusted to
pH 7.0 with triethylamine. Solvent D was 3% (v/v) acetic
acid in a 93 : 7 (v/v) mixture of acetonitrile : water adjust-
ed to pH 7.0 with triethylamine. The column was equili-
brated with a 3 : 97 (v/v) mixture of Solvent C:D. Gradient
elution was done as in elution condition SF-1.

Anion-exchange HPLC was carried out on a MonoQ HR
5/5 column (Pharmacia, Uppsala) (8).

Reducing-End Analysis of PA-Sugar Chains—Reduc-
ing-end residues of PA-sugar chains (each 100 pmol) were
quantified by HPLC with a TSKgel Sugar AXI column
(0.46X15 cm) (Tosoh) after hydrolysis with 4M hydro-
chloric acid at l00°C for 8 h in evacuated sealed tubes
followed by JV-acetylation (14). The linkage position of the
reducing-end residue of a PA-disaccharide (100 pmol) was
analyzed by Smith degradation as reported previously
(15).

Linkage Position Analysis of Sialic Acid Residues of
Sialo PA-Sugar Chains—The linkage positions of sialic
acid residues were analyzed by HPLC in combination with
sequential exoglycosidase digestion, using a GlycoSEQ™
iV-complex sequencing kit (Takara Biomedicals) according
to the manufacturer's instructions. Briefly, sialo PA-sugar
chains (each 100 pmol) were incubated with 1 milliunit of
Streptococcus y9-galactosidase and 66 milliunits of /3-N-
acetylhexosaminidase, and with or without 20 milliunits of
a-L-fucosidase in 50 mM citrate-phosphate buffer, pH 5.3,
at 37°C for 4 h. After stopping the digestions by heating the
solutions, a mixture of 4 milliunits of Arthrobacter siali-
dase and 2 milliunits of Streptococcus /J-galactosidase was
added to the reaction mixture, and the solution was in-
cubated at 37°C for 3 h. The reactions were terminated by
heating the solutions, and a portion of the digest was
analyzed by reversed-phase HPLC.
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RESULTS AND DISCUSSION

Sugar Composition of rhM-CSF—The sugar composi-
tion analysis of rhM-CSF is shown in Table II. Most sialic
acid was AT-acetylneuraminic acid. iV-Glycolylneuraminic
acid, which is a constituent of Hanganutziu-Deicher anti-
gens, made up only 0.2% of the total sialic acid—compared
with approximately 3% of the total sialic acid in human
tissue plasminogen activator, human chimeric plasminogen
activator, human erythropoietin, and human follitropin
expressed in CHO cells (16).

Reducing-End Analysis of PA-Sugar Chains from rhM-
CSF—Reducing-end residues of the PA-sugar chains were
PA-GlcNAc (1.5mol/mol of monomeric rhM-CSF), PA-
GalNAc (2.0 mol/mol), and PA-Gal (2.1 mol/mol). PA-Gal
was probably a by-product of 0-linked sugar chains
(Gal/?l-3GalNAc-Ser/Thr type) produced during libera-
tion as reported previously (6). PA-Glc, PA-Xyl, and

TABLE II. Sugar composition of rhM-CSF.
Sugar mol/mol of monomeric rhM-CSF"
GalN
GlcN
Man
Gal
Fuc
Neu5Ac
Neu5Gc

4.1
10.3

5.0
10.0

1.4
11.8

±0.6
±1.5
±0.4
±0.8
±0.2
±1.4

0.025 + 0.004
"Average of nine experiments ±SD.

A

N2

N6

B
S5

SI

S6

20 40
Elulion time (min)

60

Fig. 1. Separation by reversed-phase HPLC of the digests of
PA-sugar chains with sialidase (A) and untreated PA-sugar
chains (B) from rhM-CSF. Elution conditions RP-1 (A) and 3 (B)
were used.

PA-Fuc were not detected, indicating that Xyl-Glc- O-Ser-,
Fuc-O-Ser-, and glycosaminoglycan-type sugar chains
were not linked to the glycoprotein. These results suggest-
ed that rhM-CSF had 1.5 mol iV-linked sugar chains and
4.1 mol O-linked sugar chains per mol of the monomer.
Possible iV-glycosylation sites in the amino acid sequence
deduced from the cDNA nucleotide sequence are Asnl22
and Asnl40 (5).

Anion-Exchange HPLC Analysis of PA-Sugar Chains
from rhM-CSF—The molar ratio of fractions appearing at
the elution positions of authentic asialo, monosialo, disialo,
and trisialo PA-sugar chains was 28:49:21:2. After the
PA-sugar chains had been digested with Arthrobacter
sialidase, only one peak was observed at the position of the

TABLE III. HPLC and reducing-end analysis of Fractions Nl
and N2. Elution condition RP-1 was used for reversed-phase HPLC,
and elution condition SF-1 for size-fractionation HPLC.

PA-sugar
chain

Aspergillus -
/?-galactosidase

HPLC
Reversed-

phase"
Size-

fractionation''

Reducing-
end

PA-sugar
Nl
N2

0.43
1.00
1.17

1.2
1.7
0.9

PA-Gal
PA-GalN Ac

SD1
PA-Gal
PA-GalNAc

1
0.43
1.16

1.7
1.1
0.9

"Elution time relative to SD1. "Glucose units.

TABLE IV. HPLC analysis of the sequential exoglycosidase
digests of Fractions N3-6, and reducing-end analysis. Elution
condition RP-2 was used for reversed-phase HPLC, and elution
condition SF-1 for size-fractionation HPLC.

HPLC
chain Exoglycosidase Reversed-

N3 No treatment
Streptococcus
/J-galactosidase
J3-N-

Acetylhexosaminidase
N4 No treatment

Streptococcus
/3-galactosidase
fi-N-

Acetylhexosaminidase
N5 No treatment

ff-L-Fucosidase
Streptococcus
/3-galactosidase
0-N.

Acetylhexosaminidase
N6 No treatment

a-L-Fucosidase
Streptococcus
/J-galactosidase

fi-N-
Acetylhexosaminidase

SD5
SD8
SDH
SD12
SD13
SD14
SD15

'Elution time relative to SD12.

Size-
Reducing-

end
phase" fractionationb PA-sugar
0.66
0.56

0.64

1.01
0.83

0.64

0.94
0.68
0.56

0.65

1.32
1.01
0.83

0.64

0.64
0.84
0.57
1
1.31
0.67
0.94

9.1
6.9

4.4

7.7
6.2

4.4

9.4
9.1
6.9

4.4

8.0
7.7
6.2

4.4

4.4
6.2
6.9
7.7
8.1
9.1
9.4

"Glucose units.

PA-GlcNAc

PA-GlcNAc

PA-GlcNAc

PA-GlcNAc
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authentic neutral PA-sugar chains (data not shown). These
results indicate that the negative charges of the PA-sugar
chains were due to sialic acid residues.

Purification of Desialylated PA-Sugar Chains from
rhM-CSF—The desialylated PA-sugar chains were sepa-
rated by reversed-phase HPLC (Fig. 1A). Size-fractiona-
tion HPLC and reducing-end analysis of the fractions
indicated that the molecular sizes of fractions eluted before
24 min were smaller than 2 glucose units, and that the
reducing-end residues were PA-GalNAc or PA-Gal, while
the molecular sizes of fractions eluted after 24 min were
larger than 7 glucose units, and the reducing-end residues
were PA-GlcNAc (data not shown). From these results, we
concluded that the former and latter fractions were PA-O-
linked and PA-iV-linked sugar chains, respectively. The
first two main fractions (Nl and N2) comprised 73% of the
amount of the PA- O-linked sugar chains, and the other four
main fractions (N3-N6) comprised 63% of the amount of
the PA-iV-linked sugar chains. Each of these six fractions
gave a single peak when analyzed by size-fractionation
HPLC (data not shown).

Structural Analysis of Desialylated PA-Sugar Chains
(Fractions N1-N6)—To identify the PA-sugar chains,
reversed-phase and size-fractionation HPLC (a two-dimen-
sional sugar map) were used.

PA-O-Linked sugar chains: Fraction Nl was eluted at
the positions of PA-Gal by the two kinds of HPLC and also
on a TSKgel Sugar AXI column (Table III), indicating that
it was PA-Gal, which is probably a by-product of O-linked
sugar chains (6).

Fraction N2, with PA-GalNAc at the reducing-end, was
eluted at the positions of SDl by the two kinds of HPLC,
and the digest with Aspergillus yff-galactosidase at the
positions of PA-GalNAc (Table III). These results indicated
that Fraction N2 was Gal/?l-3GalNAc-PA.

Structural analysis of Fractions Nl and N2 thus suggest-
ed that most 0 - linked sugar chains of rhM - CSF were of the
Gal/?l-3GalNAc type.

PA-N-linked sugar chains: Fractions N3-N6, with PA-
GlcNAc at the reducing-ends, were susceptible to digestion
with Streptococcus /?-galactosidase, which specifically
hydrolyzes Gal/7 l-4GlcNAc (17), but were resistant to
digestion with Xanthomonas /?-galactosidase, which hydro-
lyzes Gal/7l-3GlcNAc (18) (data not shown).

Fraction N3 was eluted at the positions of SD14, and the
digest with Streptococcus /?-galactosidase at the positions
of SDH. When the product was further digested with
/3-AT-acetylhexosaminidase, a new peak appeared at the
positions of SD5 (Table IV). These results indicated that
Fraction N3 was a PA-triantennary sugar chain (Table V).

Fraction N4 was eluted at the positions of SD12, and the
digest with Streptococcus /3-galactosidase at the positions
of SD8. By further digestion with /J-iV-acetylhexosamin-
idase, the product was eluted at the positions of SD5 (Table
IV). These results indicated that Fraction N4 was a PA-
biantennary sugar chain (Table V).

Fraction N5 was eluted at the positions of SD15. After
the fraction had been digested with a--L-fucosidase, a new
peak appeared at the positions of Fraction N3. Further
sequential digestion with exoglycosidases gave the same

TABLE V. Proposed structures of desialylated sugar chains of rhM-CSF.

Fraction

O-linked

N l

N2

AMinked

N3

N4

N5

N6

Structure

sugar chain

sugar chain

Relative

Gal

Gal/31—3GalNAc

Gal/31-4GlcNAc/31"'2 a " a V6
3 Man/?1-4GlcNAc01—4GlcNAc

oManai'
Gal01-4GlcNAc/?1-'z

Gal/31- 4GlcNAc/31-2Mana1Ni

Gal01-4GlcNAc01-2Mana1^

Gal^1-4GlcNAc^KeManai<

oManai'
Gal^1-4GlcNAc/5i-z

Gal^1-4GlcNAc/31-2Mano1^

Gal^1-4GlcNAc/3i-2Mana1''

^ Man/31-4GlcNAc/J1—4GlcNAc

Fucai.

" Man^1-4GlcNAcpi—4GlcNAc

FucofL
(5 6

° Man^1-4GlcNAcpi—4GlcNAc

amounta

5 1 %

49%

18%

35%

8%

39%

aRelative amounts of O- and W-linked sugar chains are expressed separately, based on the peak
area observed by reversed-phase HPLC.
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results as those obtained for Fraction N3 (Table IV). These
results suggested that Fraction N5 was a PA-fucosyltri-
antennary sugar chain (Table V).

Fraction N6 was eluted at the positions of SD13. After
the fraction had been digested with a-L-fucosidase, a new
peak appeared at the positions of Fraction N4. Further
sequential digestion with exoglycosidases gave the same
results as those obtained for Fraction N4 (Table IV). These
results indicated that Fraction N6 was a PA-fucosyl-
biantennary sugar chain (Table V).

Analysis of Linkage Positions of Sialic Acid Residues—
The PA-sugar chains from rhM-CSF were purified by
reversed-phase HPLC and the fractions indicated by bars
(Fig. IB) were collected. The first six main fractions (Sl-
S6) comprised 86% of the amount of PA-O-linked sugar
chains, and the other seven main fractions (S7-S13)
comprised 79% of the amount of PA-iV-linked sugar chains,
based on the reducing-end analysis of each PA-sugar chain
(data not shown).

PA-O-linked sugar chains: Fractions SI and S2 were
eluted at the same elution positions as Fractions Nl and N2,
respectively, by reversed-phase, size-fractionation HPLC
and anion-exchange HPLC. These results indicated that
Fractions Si and S2 were PA-Gal and Gal£l-3GalNAc-PA,
respectively (data not shown).

Fraction S3 was eluted at the positions of SD2 (Table VI).
NDV sialidase specific for Sia<j'2-3Gal (19) failed to digest
this fraction; however, the digest with Arthrobacter siali-
dase, which hydrolyzes Siaa-2-3/6Gal, was eluted at the
positions of Fraction Nl (SDl) (Table VI). These results
indicated that Fraction S3 was Gal/?l-3(Neu5Aco'2-6)-
GalNAc-PA.

Fraction S4 was eluted at the position of monosialo
PA-sugar chains by anion-exchange HPLC, and the digest
with Arthrobacter sialidase at the positions of Fraction Nl
(PA-Gal) (Table VI). The linkage position of the sialic acid
residue was analyzed by the Smith degradation method

TABLE VI. HPLC analysis of the sialidase digests of Fractions
S3-6. Elution condition RP-3 was used for reversed-phase HPLC, and
elution condition SF-2 for size-fractionation HPLC.

PA Ell

rrt-su
chain

S3

S4

S5

S6

Nl
N2

g a r Sialidase

No treatment
Arthrobacter

sialidase
No treatment
Arthrobacter

sialidase
No treatment
Newcastle

sialidase
No treatment
Newcastle

sialidase
Arthrobacter

sialidase
(PA-Gal)
(SDl)

SD2
SD3
SD4

HPLC
Reversed- Size-

Number of
sialic acid

phase" fractionation" residues'
0.70
0.31

0.89
0.25

0.99
0.31

2.05
0.70

0.31

0.25
0.31
0.70
1
2.04

3.8
1.6

2.8
1.1

3.1
1.6

6.4
3.8

1.6

1.1
1.6
3.8
3.0
6.4

1
0

1
0

1
0

2
1

0

(15). The hydrolysate of the fluorogenic oxidation-reduc-
tion product derived from Fraction S4 was eluted at the
position of PA-threose on HPLC (data not shown), indicat-
ing that the sialic acid residue was linked to C-3 of the
PA-galactose residue. These results indicated that Fraction
S4 was Neu5Aca2-3Gal-PA.

Fraction S5 was eluted at the positions of SD3, and the
digest with NDV sialidase at the positions of Fraction Nl
(SDl) (Table VI). These results indicated that Fraction S5

TABLE VII. HPLC analysis of the sialidase digests of Frac-
tions S7, S8-3, S9-1, S9-2, S10, Sl l , S12, and S13. Elution
condition RP-3 was used for reversed-phase HPLC, and elution
condition SF-2 for size-fractionation HPLC.

HPLC Number of
chain Sialidase

S7
+

S8-3
+

S9-1

S9-2

S10
+

S l l
+

S12
+

S13
+

N4 (SD12)
N6 (SD13)
N3 (SD14)
N5 (SD15)
SD16
SD17
SD18
SD19

Reversed-
phase"
0.99
0.60
1.09
0.39
1.17
0.75
1.17
0.39
1.48
0.60
1.60
0.39
1.69
0.74
1.87
0.58
0.59
0.74
0.39
0.58
1
1.18
1.47
1.69

Size-
fractionation''

9.4
7.3

14.1
9.0
9.9
7.6

14.0
9.0

12.0
7.5

17.9
9.0

12.3
7.8

18.3
9.3
7.4
7.7
8.9
9.3
9.3
9.7

11.8
12.2

sialic acid
residues0

1
0
2
0
1
0
2
0
2
0
3
0
2
0
3
0

"Elution time relative to SD16. ""Glucose units. cDetermined by anion-
exchange HPLC.

"Elution time relative to SD3. bGlucose units. ^Determined by anion-
exchange HPLC.

0 10 20 30

Button lime (mil)

Fig. 2. Reversed-phase HPLC analysis of the sequential exo-
glycosidase digests of Fractions S7 (A), S8-3 (B), S9-1 (C), and
S9-2 (D). Elution condition RP-2 was used. The numbered arrow-
heads indicate the elution positions of authentic PA-sugar chains
(Table I).
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TABLE VIII. Proposed structures for sugar chains of rhM-CSF.

Fraction Structure Relative amounta

0-linked sugar chain

SI

S2

S3

S4

S5

S6

Gal

Gal/)1-3GalNAc

Neu5Aca2v

Gal/31-3GalNAc

Neu5Acor2-3Gal

Neu5Aco2-3Gal/31-3GalNAc

Neu5Aco2.

20%

10%

2%

24%

30%

'6
Neu5Aca2-3Gal/)1- 3GalNAc

14%

/V-linked sugar chain

S7 Neu5Aco2-3 Gal/31-4GlcNAc/31-2Mana1v

Gal/31-4GlcNAc/31-2Mana1
6 Man01-4GlcNAc/31— 4GlcNAc

Neu5Aca2-3Gal/i1-4GlcNAc01-2Mana1
3 Man/31-4GlcNAc/31— 4GlcNAc

S8-3
Gal/31-4GlcNAc01,-2 Manai,

' Man/31-4GlcNAc01— 4GlcNAc

, Manai
Neu5Aco2-3Gal/?1-4GlcNAc/31~2"

S9-1 Neu5Aca2-3jGal01-4GlcNAc^1-2Mana1v^

Neu5Aca2-3Gal^1-4GlcNAc/31-2Manar

S9-2 Gal01-4GlcNAc0K
.

Neu5Aco2-3Gal^1-4GlcNAc^1'z

Neu5Aca2-3Gaiy31-4GlcNAc/3K

Manal

Neu5Aca2-3Gal01-4GlcNAc/5
a n ° N

,-2
Mana)

S10 Neu5Aca2-3 Gal^1-4GlcNAcpi-2Mana1>

S11 Neu5Aca2-3Gal/?1-4GlcNAc0K6

Neu5Aco2-3Gal/31-4GlcNAc^1 2
Mano1v

— 4GlcNAc

Fuca1Vg

§ Man^1-4GlcNAc/31— 4GlcNAc

' Man/?1-4GlcNAc/J1— 4GlcNAc

' Man/J1-4GlcNAc/)1— 4GlcNAc

— 4GlcNAc

Man/31- 4GlcN"Ac/31—4GlcNAc

,Mana1
Neu5Aca2-3Gal01-4GlcNAcpi~:

512 Neu5Aca2-3Gal01-4GlcNAc01-2Mana1v

Neu5Aca2-3Gaipi-4GlcNAc/31-2Mana1^'

513 Neu5Aco2-3Gaipi-4GlcNAc/3U6

oMana1v
Neu5Aca2-3Gal^1-4GlcNAc^1"i

Fuca1N

6 "
3 Man^1-4G!cNAc^1—4GlcNAc

— 4GlcNAc

Neu5Aca2- - 4GlcNAcp1" 2
Manai

4%

5%

2%

4%

6%

2%

3%

30%

1 1 %

28%

5%

Relative amounts of O- and /^-linked sugar chains are expressed separately, based on the peak
observed by revcrsed-phasc HPLC.
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was Neu5Aca2-3Gal/?l-3GalNAc-PA.
Fraction S6 was eluted at the positions of SD4 (Table VI),

and the digests with NDV and Arthrobacter sialidase at the
positions of Fraction S3 (SD2) and Fraction N2 (SD1),
respectively (Table VI). These results indicated that
Fraction S6 was Neu5Aca2-3Gal/?l-3(Neu5Aca<2-6)Gal-
NAc-PA.

PA-N-linked sugar chains: The digests of Fractions S7-
S13 with NDV sialidase were eluted at the position of
neutral PA-sugar chains by anion-exchange HPLC. These
results indicated that sialic acid residues in these fractions
were linked through an <*2-3 linkage.

Fraction S7 was eluted at the positions of SD16, and the
digest of Fraction S7 with NDV sialidase at the positions of
Fraction N4 (SD12) (Table VII). The linkage position of the
sialic acid residue was analyzed as follows. After digestion
of Fraction S7 with Streptococcus /3-galactosidase and
/J-iV-acetylhexosaminidase, the product was digested with
NDV sialidase and Streptococcus /J-galactosidase. The
digest was eluted at the positions of SD6 and 7 (Fig. 2A).
These results indicated that Fraction S7 was a mixture of
two monosialo PA-biantennary sugar chains in which one
sialic acid residue was linked to the Manarl-3 or Manffl-6
branch (Table VIII).

Fraction S8 was separated into three further fractions,
S8-1, S8-2, and S8-3, by size-fractionation HPLC (Fig.
3A). The reducing-end residue of Fraction S8-1, with a
molecular size of 3.6 glucose units, was PA-GalNAc, in-
dicating that this fraction was a PA- O-linked sugar chain.
Fraction S8-1 was not analyzed further because its amount
represented less than 1% of the total PA- O-linked sugar
chains. Fraction S8-2 was a disialo PA-sugar chain. De-
sialylated Fraction S8-2 had a molecular size of 7.9 glucose
units and PA-ManNAc as the reducing-end residue, which

10
Elution time (min)

15

Fig. 3. Separation by size-fractionation HPLC of Fractions S8
and S9 isolated by reversed-phase HPLC. A, Fraction S8; B,
Fraction S9. Elution condition SF-2 was used. The numbered arrow-
heads indicate the elution positions of PA-isomaltooligosaccharides.

is produced by epimerization of a reducing-end GlcNAc
residue of the AMinked sugar chain (data not shown). These
results indicated that Fraction S8-2 was probably derived
from Fraction Si2. Fraction S8-2 was not analyzed further
because its amount represented less than 1% of the total
PA-iV-linked sugar chains. Fraction S8-3 was a disialo
PA-sugar chain. Desialylated Fraction S8-3 was eluted at
the positions of Fraction N3 (SD14) (Table VII). Linkage
position analysis of the sialic acid residues (Fig. 2B)
indicated that one sialic acid residue was linked to the C-2
branch of the Manal-3 residue, and the other to the C-6
branch of the Manal-6 residue (Table VIII).

Fraction S9 was separated into two fractions, S9-1 and
S9-2, by size-fractionation HPLC (Fig. 3B). Fraction S9-1
was eluted at the positions of SD17, and when desialylated
at the positions of Fraction N6 (SD13) (Table VII). Linkage
position analysis of the sialic acid residue (Fig. 2C) indicat-
ed that this fraction was a mixture of two monosialo
PA-fucosylbiantennary sugar chains (Table VIII). Fraction
S9-2 was a disialo PA-sugar chain, and the desialylated
Fraction S9-2 was eluted at the positions of Fraction N3
(SD14) (Table VII). Linkage position analysis of the sialic
acid residues (Fig. 2D) indicated that Fraction S9-2 was a
mixture of two disialo PA-triantennary sugar chains (Table
VIII).

Fraction S10 was eluted at the positions of SD18, and
when desialylated at the positions of Fraction N4 (SD12)
(Table VII). These results indicated that Fraction S10 was
a disialo PA-biantennary sugar chain (Table VIII).

Fraction S l l was eluted at the position of trisialo
PA-sugar chains, and when desialylated at the positions of
Fraction N3 (SD14) (Table VII). These results indicated
that Fraction S l l was a trisialo PA-triantennary sugar
chain (Table VIII).

Fraction S12 was eluted at the positions of SD19, and
when desialylated at the positions of Fraction N6 (SD13)
(Table VII). These results indicated that Fraction S12 was
a disialo PA-fucosylbiantennary sugar chain (Table VIII).

Fraction S13 was eluted at the position of trisialo PA-
sugar chains, and when desialylated at the positions of
Fraction N5 (SD15) (Table VII). These results indicated
that Fraction S13 was a trisialo PA-fucosyltriantennary
sugar chain (Table VIII).

Structures of N- and O-Linked Sugar Chains of rhM-
CSF— PA-Gal (Fractions Nl and Si) was presumably
derived from Gal£l-3GalNAc-Ser/Thr and Gal/ffl-3(Neu-
5Acff2-6)GalNAc-Ser/Thr, and Neu5Ac«2-3Gal-PA
(Fraction S4) from Neu5Aca2-3Gal/?l-3GalNAc-Ser/Thr
and Neu5Aca2-3Gal/91-3(Neu5Aco'2-6)GalNAc-Ser/Thr
as by-products generated by /?-elimination (6). Our find-
ings indicate that rhM-CSF has mainly Gal/?l-3GalNAc
type O-linked sugar chains, and that its major iV-linked
sugar chains are of the sialo biantennary and sialo trianten-
nary types, with or without fucose residues. These results
are compatible with the preliminary results obtained from
molecular ions (5).

The structures of the N- and O-linked sugar chains of
rhM-CSF from CHO cells are found in native human
glycoproteins and recombinant glycoproteins derived from
CHO cells such as erythropoietin (20, 21), granulocyte
colony stimulating factor (22), interleukin-6 (23), inter-
feron-y3 (24), and interferon-y (25, 26).
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