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Structural analysis of the sialylated N- and O-linked carbohydrate chains

of recombinant human erythropoietin
expressed in Chinese hamster ovary cells
Sialylation patterns and branch location of dimeric N-acetyllactosamine units
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The N-linked carbohydrate chains of recombinant human erythropoietin expressed in CHO cells were
quantitatively released with peptide-N*-(N-acetyl-f-glucosaminyl)asparagine amidase F, separated from
the remaining O-glycoprotein by gel-permeation chromatography, and subsequently fractionated via FPLC
on Mono Q, HPLC on Lichrosorb-NH, and high-pH anion-exchange chromatography on CarboPac PA1.
The purified sialylated oligosaccharides were analyzed by one-dimensional and two-dimensional 500-
MHz 'H-NMR spectroscopy. When necessary, oligosaccharides were treated with endo-f-galactosidase
(and N-acetyl-f-glucosaminidase) followed by "H-NMR analysis of the incubation products, to obtain
additional structural information. Di-, tri-, tri’- and tetraantennary N-acetyllactosamine-type oligosaccha-
rides occur which can be completely (major) or partially (minor) sialylated. Three different types of a2-
3-linked sialic acids are present, namely, N-acetylneuraminic acid (95 %), N-glycolylneuraminic acid
(2%) and N-acetyl-9-O-acetylneuraminic acid (3 %). In the case of partial sialylation, a non-random
distribution of the sialic acids over the branches is observed. One or two extra N-acetyllactosamine units,
being exclusively located in the branches attached to the al1-6-linked Man residue, can be present in
completely or partially sialylated di-, tri’~, and tetraantennary oligosaccharides. Tetraantennary oligosac-
charides with N-acetyllactosamine repeats could be digested quantitatively with endo-f-galactosidase
from Bacteroides fragilis, whereas under the same conditions tri’antennary oligosaccharides hardly re-
acted (<15 %). Using endo-f-galactosidase from Escherichia freundii, these tri’antennary oligosaccha-
rides could be digested more extensively (> 75 %). The O-linked carbohydrate chains were released from
the O-glycoprotein by alkaline borohydride treatment, and purified via FPLC on Mono Q and HPLC on
Lichrosorb-NH,. Two O-glycans were found, namely, Neu5Aca2-3Galf1-3GalNAc-ol and Neu5Aca2-

3Galp1-3(NeuSAca2-6)GalNAc-ol.
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Human erythropoietin (EPO), a glycoprotein that is synthe-
sized mainly by the kidney, stimulates the proliferation and dif-
ferentiation of erythroid progenitor cells [1]. Its molecular mass
is 34—39 kDa [2], and the polypeptide chain has one O-glycosy-
lation site at Ser126 and three N-glycosylation sites at Asn24,
Asn38 and Asn83. The carbohydrate chains account for about
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Abbreviations. BHK, baby hamster kidney; CHO, Chinese hamster
ovary; EPO, erythropoietin; HOHAHA, homonuclear Hartmann-Hahn;
HPAEC, high-pH anion-exchange chromatography; MLEV, composite
pulse devised by M. Levitt; Neu5SAc, N-acetylneuraminic acid; Neu5Ge,
N-glycolylneuraminic acid; Neu5,9Ac,, N-acetyl-9-O-acetylneuraminic
acid; PAD, pulsed amperometric detection; PNGase-F, peptide-N*~(N-
acetyl-f-glucosaminyl)asparagine amidase F; rEPQO, recombinant eryth-
ropoietin.

Enzymes. Peptide-N*-(N-acetyl-f-glucosaminyl)asparagine amidase
F (EC 3.5.1.52); endo-f-galactosidase (EC 3.2.1.103); N-acetyl-f-glu-
cosaminidase (EC 3.2.1.30).

Note. This work was presented at the X VIIth International Carbohy-
drate Symposium (Paris) in July 1992.

40 % of the molecular mass [3]. EPO has been expressed in
various heterologous cell systems and the recombinant human
glycoprotein (rEPO) is an important therapeutic agent for the
treatment of anemia associated with renal failure [4]. It has been
shown that the carbohydrate moiety is of great importance for
the biological function of EPO or rEPO. Removal or modifica-
tion of the carbohydrate chains, or prevention of glycosylation
at specific sites by site-directed mutagenesis, results in altered
in vivo and in vitro activity [4—10].

Several studies on the structure of the carbohydrate chains
of rEPO, expressed in various cell systems like Chinese hamster
ovary (CHO) and baby hamster kidney (BHK) cells, have been
carried out [11—18]. Although the results of these studies are to
some extent similar, discrepancies are observed on a more de-
tailed level, in particular regarding N-acetyllactosamine repeats
and sialylation. The latter aspect is especially important since

-the sialic acid residues influence the activity of rEPO as an in

vivo therapeutic drug. In order to clarify the uncertainties con-
cerning the structure of the carbohydrate chains of rEPO pro-
duced in CHO cells, we undertook a detailed structural analysis,
revealing the native sialylation patterns and the branch location
of the extra-N-acetyllactosamine units.
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MATERIALS AND METHODS

Materials. Recombinant human erythropoietin (rEPO), ex-
pressed in CHO cells, was a gift of Organon Teknika BV (Box-
tel, The Netherlands). Peptide-N*-(N-acetyl-f-glucosaminyl)-
asparagine amidase F (PNGase-F) from Flavobacterium me-
ningosepticum and endo-f-galactosidase from Bacteroides frag-
ilis were obtained from Boehringer Mannheim. Endo-f-galacto-
sidase from Escherichia freundii was purchased from ICN Bio-
chemicals, and N-acetyl-f-glucosaminidase from jack beans
from Sigma.

Liberation of the N-linked carbohydrate chains. Prior to
liberation of the carbohydrate chains, rEPO was separated from
mannitol, added as a stabilizer, on a Bio-Gel P-4 column
(40X2.5 cm, 200—400 mesh, Bio-Rad). The elution was carried
out with 25 mM NH,HCO,, adjusted to pH 7.0 with HCI, at a
flow rate of 25 ml/h, and monitored using refractive index detec-
tion. The void volume peak containing the glycoprotein was col-
lected and lyophilized.

The N-linked carbohydrate chains were enzymically released
essentially as described [19, 20], but using incubation conditions
optimized for rEPO. Briefly, 50 mg rEPO was dissolved in 5 ml
50 mM Tris/HC1 pH 8.4, containing 50 mM EDTA. Subse-
quently, 1% (by vol.) 2-mercaptoethanol and 1% (mass/vol.)
SDS were added, and the mixture was kept for 3 min at 100°C.
After cooling to room temperature, the sample was diluted twice
with incubation buffer, and PNGase-F was added (0.2 U/mg
rEPO). The mixture was incubated for 16 h in an end-over-end
mixer at ambient temperature, then the solution was kept for
3 min at 100°C, and after cooling, another aliquot of PNGase-F
(0.2 U/mg rEPO) was added. The incubation was continued for
24 h and the deglycosylation was checked by SDS/PAGE on a
15 % slab gel (2.6 % cross-linking) with Coomassie brilliant blue
staining.

The digest was fractionated on a Bio-Gel P-100 column
(47X2 cm, 200—400 mesh, Bio-Rad), eluted with 25 mM
NH,HCO, pH 7.0, at a flow rate of 22 ml/h. The eluent was
monitored at 206 nm (Uvicord SII, LKB) and fractions of 7 ml
were collected. The void volume fraction containing the N-de-
glycosylated glycoprotein was kept apart, and the other carbohy-
drate-containing fractions (orcinol/H,SO,) were pooled, lyophi-
lized and desalted on a Bio-Gel P-2 column (45X1 cm, 200—
400 mesh, Bio-Rad), using water as eluent.

Liberation of the O-linked carbohydrate chains. The P-
100 void volume fraction was lyophilized and suspended (ap-
prox. 10 mg/ml) in 0.1 M NaOH, containing 1 M NaBH,. The
solution was kept for 24 h at 40°C, then cooled on ice and neu-
tralized with 4 M HOAc. Boric acid was removed by repetitive
co-evaporation with MeOH, containing 1 % HOAc. Finally, the
material was resuspended in water and centrifuged at 12000X g,
and the supernatant was desalted on a Bio-Gel P-2 column
(45X1 cm, 200—400 mesh, Bio-Rad) [21].

FPLC fractionation. Enzymically and chemically released
oligosaccharide pools were fractionated on a Mono Q HR 5/5
anion-exchange column using a Pharmacia FPLC system [21].
Fractions were eluted with a gradient of NaCl in H,O as indi-
cated in the figures, at a flow rate of 2 ml/min. The eluent was
monitored at 214 nm and collected fractions were lyophilized,
desalted on a Bio-Gel P-2 column (20X1 cm, 200—400 mesh,
Bio-Rad) and lyophilized again.

HPLC fractionation. The carbohydrate-containing Mono Q
fractions were subfractionated by HPLC on a 10-pm Lichrosorb-
NH, column (25X0.46 cm, Chrompack) using a Spectroflow
400 HPLC system (ABI Analytical, Kratos Division). Elutions
were performed with 30 mM K,HPO,/KH,PO,, pH 7.0/acetoni-
trile in a ratio as indicated in the figures, at a flow rate of 2 ml/
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min. The fractionation was monitored at 205 nm. Fractions were
dried under a stream of nitrogen, desalted on a Bio-Gel P-2 col-
umn (20X1 cm, 200—400 mesh, Bio-Rad) and lyophilized.

High-pH anion-exchange chromatography. Some of the
HPLC fractions were further fractionated by high-pH anion-ex-
change chromatography (HPAEC) with pulsed amperometric de-
tection (PAD) on a Dionex LC system consisting of a Dionex
Bio LC quaternary gradient module, a PAD 2 detector, and a
CarboPac PA1 pellicular anion-exchange column (25X0.9 cm,
Dionex). Elutions were performed with a concentration gradient
of NaOAc in 0.1 M NaOH as indicated in the figures, at a flow
rate of 4 ml/min. Detection was performed using the following
pulse potentials and durations for the PAD detector: E, = 0.05 V
(300ms); E,=0.65V (60ms); E;=—095V (180 ms).
Collected fractions were immediately neutralized by addition of
2 M HCI, lyophilized, desalted on a column of Bio-Gel P-2
(45X1 cm, 200—400 mesh, Bio-Rad) eluted with 5 mM
NHHCO;,, and lyophilized again.

Moneosaccharide analysis. Monosaccharides were analyzed
by gas chromatography on a capillary CP-Sil 5 WCOT fused
silica column (25 mX0.32 mm, Chrompack) using a Varian
Aerograph 3700 gas chromatograph. The trimethylsilylated
(methyl ester) methyl glycosides were prepared by methanolysis,
N-(re)acetylation, and trimethylsilylation as reported [22].

Sialic acid analysis. Sialic acids were released by hydrolysis
in 2M acetic acid and converted into fluorescent derivatives
with 1,2-diamino-4,5-methylene-dioxybenzene [23]. The sialic
acid derivatives were analyzed by reverse-phase HPLC on a
Chromspher C,; column (25X0.46 cm, Chrompack) as described
[24].

'H-NMR spectroscopy. Prior to 'H-NMR spectroscopic
analysis, samples were treated twice with 99.9 % *H,O at p*H 7
with intermediate lyophilization. Finally, samples were dissolved
in 99.96 % *H,O0 (MSD Isotopes). 'H-NMR spectra were re-
corded at 500 MHz on a Bruker AM-500 spectrometer at a probe
temperature of 27°C (N-linked carbohydrate chains) or 22°C
(O-linked carbohydrate chains). Chemical shifts are expressed
in ppm by reference to internal acetone (6 2.225) [25]. Typically,
one-dimensional spectra were recorded with a spectral width of
5000 Hz, collecting 64—2500 free induction decays of 8K or
16K complex data points. Suppression of the residual water sig-
nal was achieved by applying the water-eliminated Fourier trans-
form pulse sequence as described [26]. The resolution of the
one-dimensional spectra was enhanced by Lorentzian-to-
Gaussian transformation and the final spectra were baseline-cor-
rected with a polynomal function when necessary.

For the two-dimensional homonuclear Hartmann-Hahn
(HOHAHA) measurement [27] a MLEV-17 mixing sequence of
120 ms was used. The 90° pulse width was adjusted to about
26 ps and the spectral width was 3500 Hz in both dimensions.
The HOH signal was presaturated for 1 s during the relaxation
delay. In total 360 spectra of 2048 data points with 96 scans/
t, value were recorded. The two-dimensional NMR data were
processed on a VAXstation 3100 using Triton software (Bijvoet
Center, Department of NMR spectroscopy, Utrecht University).
The time domain data were multiplied with a phase-shifted sine
bell. After Fourier transformation, the resulting data set of
1024X2048 points was baseline-corrected in both frequency
domains with a fourth-order polynomal fit.

Quantification of oligosaccharides. The molar ratio of the
FPLC fractions was calculated from the FPLC peak areas on the
basis of the weighted average number of C=0 groups (responsi-
ble for absorption at 214 nm) being known after structural iden-
tification and determination of the relative amounts of each indi-
vidual component. The molar ratio of the constituent oligosac-
charides within each FPLC fraction was determined from the
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Fig. 1. HPLC profile of the 1,2-diamino-4,5-methylene-dioxybenzene
derivatives of the sialic acids released from recombinant human
erythropoietin expressed in CHO cells. The Chromspher C,; column
(25X0.46 cm) was eluted with acetonitrile/methanol/water (9:7:84, by
vol.), at a flow rate of 1 ml/min.

kDa

Fig. 2. SDS/PAGE of recombinant human erythropoietin from CHO
cells on a 15 % slab gel. The gel was stained with Coomassie brilliant
blue. Lane 1, native rEPO; lane 2, N-deglycosylated rEPO; lane 3,
molecular mass markers.

HPLC peak areas (corrected for the number of C=0O groups) at
205 nm [19]. When HPAEC/PAD was used for further fraction-
ation of HPLC fractions, the PAD response was assumed to be
equal for each oligosaccharide present within one HPLC frac-
tion. For mixtures, molar ratios were determined on basis of the
'H-NMR spectra. _

Endo-p-galactosidase digestions. Digestions with endo-f-
galactosidase from B. fragilis, followed by purification of the
digestion products on Mono Q and subsequent treatment with
N-acetyl-f-glucosaminidase, were performed as described [28].
Digestions with endo-f-galactosidase from E. freundii were car-
ried out using the same incubation conditions as for endo-f-
galactosidase from B. fragilis.

RESULTS

Monosaccharide analysis of rEPO revealed the presence of
Fuc, Gal, GIcNAc, Man and NeuSAc in the molar ratio of
1.0:4.3:6.0:3.0:4.1, and a trace amount of GalNAc. NeuSAc
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Fig. 3. Fractionation pattern at 214 nm of the PNGase-F-released
carbohydrate chains of rEPO on a FPLC HR 5/5 Mono Q column.
The column was first eluted with 2 ml H,O, followed by a linear concen-
tration gradient of 0—50 mM NaCl in 8 ml H,0, and finally by a steeper
gradient of 50—500 mM NaCl in 8 ml H,O, at a flow rate of 2 ml/min.

represents the total sialic acid content. The value of GlcNAc
has been corrected for the relatively stable GIcNAc-Asn linkage.
Sialic acid analysis of tEPO demonstrated the occurrence of
NeuSAc, NeuSGce and Neu5,9Ac, in the molar ratio of 95:2:3
(Fig. 1). Analysis by SDS/PAGE of a sample of the PNGase-F
digestion mixture taken after a 20-h incubation indicated a com-
plete release of the N-linked carbohydrate chains (Fig. 2). The
molecular mass of rEPO shifted from 35 kDa (native) to 22 kDa
(N-deglycosylated).

N-linked carbohydrate chains. FPLC on Mono Q of the Bio-
Gel P-100 pool of PNGase-F released carbohydrate chains
yielded four carbohydrate-containing peaks, denoted N1, N2, N3
and N4, having elution positions corresponding to mono-, di-,
tri- and tetrasialylated N-acetyllactosamine-type N-linked oligo-
saccharides, respectively (Fig. 3).

- HPLC on'Lichrosorb-NH, yielded for fraction N1 three sub-
fractions NI1.1-N1.3 (Fig.4A), for N2 ten subfractions
N2.1-N2.10 (Fig. 4B), for N3 thirteen subfractions N3.1-N3.13
(Fig. 4C), and for N4 eight subfractions N4.1-N4.8 (Fig. 4D).
The HPLC fractions were investigated by 500-MHz 'H-NMR
spectroscopy and, if necessary, further fractionated by HPAEC.
Some fractions containing compounds with N-acetyllactosamine
repeats were treated with endo-f-galactosidase to generate spe-
cific digestion products, which were subsequently purified by
anion-exchange chromatography on Mono Q, and then analyzed
by 'H-NMR spectroscopy [28]. 'H-NMR data of di-, tri-, and
tri’antennary oligosaccharides, and of tetraantennary oligosac-
charides, all without N-acetyllactosamine repeats, are compiled
in Tables 1 and 2, respectively. The spectral data of oligosaccha-
rides with N-acetyllactosamine repeats are presented in Table 3,
and those of endo-f-galactosidase digestion products in Table 4.



Hokke et al. (Eur: J. Biochem. 228)

984

060 12184 060°¥ 060'¥ 060V SOty SOl SO’y 901t 901 g alid)!
L6L'Y 01T¥ 961y 8617y 861Y [ ¥ 4 A ¥4 4 161% 161°+% 11184 p-ue]\
0ST¥y 01Ty sy (744 (744 {3 ¥4 eIy 8YT'v 6vTy 6vev £-ueN CH
LO6'V 006'v €06y 906’ 906’V 6681 668V 006 % 868t 868V g
668'F 068y S68'v 668V 668 168v 168 2681 0681 068V pong
09S¢y - 19¢°'v 09S¢V 187y - - - - - 8TeD
- 1494 - - - 1A% 12424 - - - 8-1®D
12404 - SPSv SYS'vy SPS'v - - - - - LOVNIID
- 9% 4 - - - 12404 14404 - - - LOVNOID
14424 %1294 697’ v SYSv 19494 1440 % vy 6vS'Y LyS'v vy 91D
14204 19494 SvSv 99%'v 197494 1240 % 12404 14224 L9V evsy 9-1eD
L3SV CLS'S S6Sv 78SV (439 4 oLS v 6LSY eLSY €LSY [4:19 4 SOVNIID
LLS'Y 655V LLSY 8LSY 8LSY €9S° Y €9CY ELSY [4:1% 4 €LSY S-OVNOID
1.8y 106'¥ vL8 Y L98v L98V €06'Y 126'v 126'v Yoy L4 %% J-UEN
€S 1213 1 XA %Y 9IS 9TI'S LIT'S LIS 911'¢ ocrs ocr's p-uey
Y99y £99°'v 299 199'v 199°% €99y €99t 999’y 799y 799y g
099°% €99t 099Y 199y 199'% €99V £99'v £99'v ¥99°v ¥99°v VTOVNIID
069y 69 069V 169'% 169'v 169'v 169°F 69 £69'v €69V g
(4159 218Y 4159 [4:15% 81°¢S 181°S 181°¢ 181°S 181°C 181°¢ DI-OVNOIID IH
wdd
S'EN V'eEN €' LIN qTLIN VTLIN D9IN 49°IN V'IN 4I'IN VI'IN
mw WM % mm “WM WWN y dnoi3
Ut YIys [BOTUIAY)) anpIsay Jopodoy

"T-OVNDOID JO uoneImSuod OLISWOoue 3y} J0J pue)s g pue » ¢ PIUIULISOP JOU “P'U JX9) 398 ‘Sanplsal OpLIBYOIesSOUOW 3 JO Sunequinu 10, OYGNON ‘Y (UBA ‘@ ‘OVNOID ‘@
‘[eD ‘@ ‘ond ‘[ :uopelou droquiks puey-Hoys £q pajuesaidsr are spunodwo) *([67] STT'T ¢) 2U0JRE 0} QATE[I O°H, Ul PIINSLIUL 1M PUE 1), /T 18 UoAIS oIe SYIYS Teorwey)) “unRrodosy)Als uewny
JUBHIQUIODA WIOA] PIALIIP ‘SIPLIBYIIESOSHO PIYUl-N AIeuud)jue Lr) pue -L1) “-Ip JO SOPLIBYIIESOUOW JUIMIISU0D Y} JO suojoad dnoid-zaaodas-fernyons ayj Jo SYS [BIRUAYI-H; °T dqeL



985

Hokke et al. (Eur: J. Biochem. 228)

'sdnoi8 oyN ee1y) woiy Fumua)s [eudis ,

'sdnoi8 oyN om) woij Jurururs)s [eudis ,

-de[10A0 [enoads Jo 9snessq S[EUIIOOp 0M) ATUO YIIM USAIS oIe sonjea dwOS ,
*suojoxd oomy woij Surwue)s [eusis ,

‘suojord om} woij Surwruels [eusis 4

‘paSuryoIour 9q O} 9ABY ABUI SONJBA

£eT’]
1t

11€0°C
6£0'C

6£0C
0T
160°C
$60°C
6£0'C
ely
oy
SLSLC
-€08°T

611y

611y
61l

€'l
11T

s1€0°T

€L0C
ev0'C
£¥0'C
$60°C
$60C
8¢€0C
1984
L60'Y
29SL'T
>¢08'1

91y
9ll'Yy
911y

1Tt
60C'1

-1€0°C
6£0°C

wo'c
150°C
¥60°C
¥60°C
6€0'C
ey
ol'y
alSLT
1008°1

LIVy

pu
LIy

el
el

-1€0°C
6€0'C

6£0°C
60T
$60°C
¥60°C
8¢0C
ey
ory
alSLT
aC08°L

LIy

LTy
‘pu

Tl
111

-1€0°C
6€0°C

6€0°C
50T
¥60°C
¥60°C
8€0C
1254
01y
aLSL'T
1208’1

pu

LIVY
L1VY

€'l
01T1

-1€0°C

vLO'T
0T
0T
$60°C
60T
8¢0'C
€y
oL’y
aLSL'T
40081

vily
vty
‘pu

€Tl
01Tt

-1€0°C

yLOC
0T
0T
$60'C
$60'C
8¢0C
1424
o017
aLSLT
1008°1

1218 %
‘pu
1215 %

€21 1201 12T1 g
(AKAN 60T1 60T'T 0Ing HO
2Z€0'T 1€0°C 1€0°C oy gnaN
- - - L-OVNOID
- - - L-OVNOID
0T 8¥0°C 6£0°C S-OVNOID
8%0'C 8%0C 8¥0'T S-O¥NOID
¥60'C $60°C $60'C q
L60'T $60'C S60°C DZ-OYNOID
00T 6£0°C 6€0°C T-O¥N2ID YN
SETY €Ly Ly g
960'v 6607 660 Dong SH
a8SL'T LSLT LSLT oy gnaN ocH
£08/86L'1 L6LT L6L'T oygnaN vcH
— - - 8TeD
- - - 812D
It SII'Y pu 912D
SIL'¥ pu 81y 9-1eD €H



Hokke et al. (Eur. J. Biochem. 228)

986

- - LSLT - - - - - - Lye'snaN
VLL'T - - - ODCUIN
pLSL'T 29GLT pLSLT pLSLT pLSL'T pLSL'T pLSL'T S9SL'T SLSL'T OV STdN 9¢tH
+08'1 - - V6 SnaN
178°1 - - - - - - - dDGNON
»708'1 4081 o708 p£08°1 »£08'1 €081 »£08°T -108°1T -008°1 Oy GneN BCH
(99% 74 LIVY LIy LY LI LItV pu pu ‘pu 8TeD
(4% 4 LIVY LIVY LIUY pu LILY LIV 91T'v 1154 8-1eD
SIl'y LIVY LIVY Pu L1V LIV LITY pu 1184 9TED
SILy LITY LIV LITY LIV pu LIVY 1854 pu 9-[eD ¢H
160°'v 060t 160 €60y 160y 160'v 160'Y 160°¥ 760y FueN
XA 4 0cTty wy wy Y wy wy w7y wy p-ueiN
LOTY 0T oty 0TV 1Ty 1Ty | Y44 1TY 1Tv €-Ue]N CH
606'v 606'v 016'v 906'Y 906V 906t 906'Y €06t 806t g
206t 106'¢ 206V 668°Y 668V 668V 668’7 968t 006t 0oNJ
095V 655y 098V 19S°¥ 09Sv 095t (4144 X344 187’y 88D
SYSy TSV 12294 1494 Sor'v Y4294 PSP SYS'y 8vS'v 8-1eD
SYS'v aSPS'Y 12494 1494 9YSY 9V 9PS Y SYSv 8vS'v LOVNOIID
SYe'v Y4404 1220% 148 4 PY4%04 PY4 %0 % PY4 404 SYSy 8YSy LOVNOIID
Sve'v 9 %4%% 12434 LYy 9VSY S VSV 891y 8YSv 918D
SYS'v Y4404 124904 51494 Y4294 vy Y4404 SYSv OLY'V 9-1eD
€65t €65V (97 09'v 65 65V 6S'v 09t 6Sv S-OVNOID
€98V €96V 12194 19Sv 998V 99¢'y 996"y SoC'Y €98V S-OVNDOID
LS8y LS8V 868y 0L8Y LS8V LS8V LS8V L98V 868V J-UeN
s 1€1°¢ IEASY 6C1'S Y45 SIS YANY 9T1'S 6C1'S P-ueN
99y Y99V 199t S99t €99t €99t €99°v Y99y 99y g
99y 659y 199°v 99y 099°v 099t 099t 199t 99y VT-OVNOID
6891 889 =69V 169'v 069t 069t 069t 169t S69't g
£81°¢ 81°¢ €81°'¢ (415 81's 81'S 81'¢ Z81°¢ 181°¢ DI-OVNOID IH
wdd
3 287 (A 7 VOLEN IDT'LEN dr°L'eN VI'L'EN TOTIN TOTIN
mwwm memmvmymww“mmnwmm
LR S 3
b dnoi3
UL IS [ROTWay) anprsay Jopodey

“T-OVNDOID JO uonemS3Iyuod OLLWouE ) I0] pue)s § pue » ¢ PIUTULISOP JOU “PrU "}X9) 93S ‘SANPISAI OPLIBYIIBSOUOW 3}
Jo Supequnu 10 ‘(9DGNAN ‘A ‘POV6SNAN OV6Y) T 9[GEL 99S ‘UONEIOU dIjoquIAs puey-Hoys 3y} 104 ‘([Sz] STTT ¢) SUOIedk 03 2ATR[SI OFH, Ul PAINSEIUI AI9M PUE D), /7 1B USAIS oIk S)IUS [edray))
ur)a10do)£1d JUBUIGUIOIIT WIOTJ PIALIIP SIPLIBYIIESOSI0 PIYUI-N AILUUIIUBEI}d) JO SIPLIBYIIBSOUOUI JUININSUOD 3Y) Jo suojord dnois-1a310das-[eInjona)s ay; Jo SHHYS [EIMUD-H, *Z QYL



987

*sdnoi§ oy N Inoj uroiy Sururuia)s [eudrs ,

-sdnoi§ oy N eary) woixy Surwrmals [eudiS

'sdnoid oy N om) woxy Sumrwals [eudiS 5.

‘wnnoads VHYHOH-(C © WOIJ paureiqo snfeA ,

‘suojoid 1oy woiy Sunuwua)s Teudis ,

‘suojord sory) woxy Sumunua)s [eusis ,

‘suojoxd om) wory Sumurua)s feusis ,

“paSueyo1oiur 9q 03 2ABY ABUI SANTBA o

‘dep1oA0 [enoads JO 9SNBIAq STEWIOSP 0M) ATUO (JIM UAAIS oIe Son[eA SWIOS .

Hokke et al. (Eur. J. Biochem. 228)

£l [44A’ £l (44" €Tl €Tl €Tl |4 £TC’] d
(474" et [474° 0121 (444" (474" (474! 60C'1 et ponyg *HO
- - Evl'e - - - - - - “V6°SoN VO
121y - - - - - - - - IDSNSN 9DON
- - 8¢0'C - - - - - - V6°SNaN
41€0°C 11€0°C 41€0C 40T «1€0'C 41€0°C 41€0°C 31€0°C 31€0°C dVSenN
6£0'C 8¢0'T 8€0°C 6€0°C 6€0°C 6€0°C 6£0'C 8¢0°C 8¢0'C ALPVNIID
SL0T SLOT SL0T SL0T 9L0°C 9L0°C 9L0C §LOT 8L0T L-OVNOID
6£0°C 8¢0C 6£0C 6£0°C 6£0'C 6€0'C 6£0'C 6£0'C 8¢0'C SOVNOID
8%0°C LY0'C 80T 6¥0'C 6¥0°C 6¥0°C 6¥0'C 8¥0'C 00T S-OVNOIID
60T 060C ¥60°C $60°C 060°C 060C 060C £60°C £60'C g
¥60°C $60'C ¥60'C ¥60°C 60°C ¥60°C 60°C £60°C £€60C DZ-OVNAID
6£0°C 8€0'C 6£0°C 6£0°C 6£0'C 6€0C 6£0'C 6£0'C 8¢0°C T-OVNOID dVN
- - Svy - - - - - - 2V6°SaN 6H
- - 0T - - - - - - “OV6'SNON 6H
- - 1Ty = - - - - - V6 SIeN 8H
- - :§9°€ - - - - - - “V6'SIeN LH
€'y 2 4 (A4 el'y 1254 €y 1254 (A4 ey g

860'¥ L60Y L60Y or'vy ol'y o1’y oy oLy 660y vong SH



988

Az0s

Azqs

d

Hokke et al. (Eur: J. Biochem. 228)

N3.7

60 v 120(mt) O

o+

Azos

. N24 B

Azos

60 120 180 y_(m)

N4.4

D

—t——

120 (ml) 0

e

60 v

60 v 120 (mi)

Fig. 4. Fractionation patterns at 205 nm of FPLC fractions N1 (A), N2 (B), N3 (C) and N4 (D), derived from rEPO, on a Lichrosorb-NH,
column (25%0.46 cm). The column was eluted with 30 mM K,HPO,/KH,PO, pH 7.0/acetonitrile (37.5:62.5, by vol.), at a flow rate of 2 ml/min.

The structure determination of the compounds present in the
Lichrosorb-NH, fractions will be described in an order which is
convenient for discussing the 'H-NMR data. The numbering of
the monosaccharide residues is exemplified in the structure of
compound N4.8. The structures of the identified oligosaccha-
rides are summarized in Table 5, together with their relative
amounts. Fractions not discussed below did not contain enough
material, or were mixtures too heterogeneous for structure deter-
mination by 'H-NMR spectroscopy.

All N-linked oligosaccharides identified have the a1-6-fuco-
sylated N, N-diacetylchitobiose element at their reducing ends
in common. This unit is recognized from the anomeric signals
of aGlcNAc-1, fGlcNAc-1, GlcNAc-2, and Fuc, together with
the NAc CH; signals of GlcNAc-1 and GIcNAc-2, as well as
from the Fuc CH; signals [26, 29]. Furthermore, the sialic acids
occur exclusively in a2-3-linkage to Galf1-4GlcNAc, as de-
duced from the H3 and NAc signals of Neu5Ac [25], the H3
and NGec signals of Neu5SGc [24], the H3, NAc and OAc signals
of Neu5,9Ac, [30], and the H3 signal of the Gal residue to which
the sialic acid residue is linked [25]. Throughout this paper, the

term ‘sialylated’ is used for ‘substituted with Neu5Ac’, unless
indicated otherwise.

The 'H-NMR spectrum of fraction N1.1 shows the presence
of a mixture of two monosialylated diantennary oligosaccha-
rides. Compound NI1.1A carries the NeuSAc residue on the
Manal-3 branch (cf. compound N1.3 in [26]), whereas in com-
pound N1.1B, the NeuSAc residue is located in the Manal-6
branch (cf. compound C-Q1-1’ in [31]). The 'H-NMR spectrum
of fraction N2.4, being the largest N2 subfraction, indicates the
occurrence of a disialylated diantennary oligosaccharide (cf.
compound N2.5 in [26]). According to the 'H-NMR spectra,
fraction N3.4 contains a trisialylated triantennary oligosaccha-
ride (cf. compound N6.3.1 in [26]), whereas fraction N3.5 con-
tains a trisialylated tri’antennary oligosaccharide (cf. compound
N3.5 in [20]), which is in fact the main component of fraction
N3. The '"H-NMR spectrum of fraction N4.4 demonstrates the
presence of a tetrasialylated tetraantennary oligosaccharide,
which is the major constituent of all N-linked carbohydrate
chains in this study. The spectral data of N4.4 are in accordance
with those of compound N4.4.5 in [26].



PAD-response
T

Hokke et al. (Eur. J. Biochem. 228)

B N2.7.2

)
°

[ovOuN]
PAD-rasponse

o W

-
=3

N
=
o

pY
wuifovoen]

o
o

PAD-response

40 80 v 120 (mh

C N2.10.2

o Wwldvoen}
PAD-response

o

40 80

.
wwlovoen]) 8

T
-
o

40 80 v, 120 (ml)

PAD-response

40 80

]
o

0

nwlovoeni

-
o

0 40

v 120 (mi)

989

Fig. 5. Fractionation patterns of HPLC fractions N4.6 (A), N2.7 (B), N2.10 (C), N3.7 (D) and N3.9 (E) on a semi-preparative CarboPac PA1
column (25x0.9 cm). The column was eluted with 0.1 M NaOH, at a flow rate of 4 ml/min using a NaOAc gradient as indicated in the figures.
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Fucal-6
N
N3.5 Manf1-4GlcNAcf1-4GlcNAc
Neu5Aca2-3Galf1-4GlcNAcf1-2Manal-3
Neu5Aca2-3Galf1-4GlcNAcf1-6
N
Neu5Aca2-3Galf1-4GlcNAcf1-2Manal-6 Fucal-6
AN
N44 Manf1-4GlcNAcf1-4GlcNAc

Neu5Aca2-3Galf1-4GlcNAcf1-2Manal-3

Neu5Aco2-3Galf1-4GlcNAcS1-4

From the 'H-NMR spectrum of fraction N4.6, the occurrence
of a mixture of tetrasialylated tetraantennary oligosaccharides,
each containing one N-acetyllactosamine repeat, was deduced.
The components in fraction N4.6 were separated using HPAEC,
affording the subfractions N4.6.1 and N4.6.2 (Fig. 5A). As has
been proven earlier, the '"H-NMR spectrum of fraction N4.6.1
demonstrates the presence of a tetrasialylated tetraantennary oli-
gosaccharide having an additional N-acetyllactosamine unit
linked to Gal-8’, whereas the NMR data of fraction N4.6.2 show

to Gal-6" (cf. compounds B and C in [28]). The branch locations
of the repeats are reflected by the typical H1 signals of Gal-8’
at 0 4.467 in N4.6.1 and of Gal-6" at § 4.455 in N4.6.2. Pre-
viously, the "H-NMR spectrum of fraction N4.8 has been proven
to reflect the presence of a tetrasialylated tetraantennary oligo-
saccharide with two elongated branches linked to Man-4" (cf.
compound D in [28]). The branch location of the N-acetyllacto-
samine repeats is shown by the Gal-6" and Gal-8’ H1 signals at
0 4.454 and 6 4.468, respectively.

that it contains an isomer of N4.6.1 having the extra unit linked

NeuSAca2-3Gal1-4GlcNAcS1-3GalB1-4GlcNAcp1-6
AN

Neu5Aca2-3Galf1-4GlcNAcfS1-2Manal-6 Fucal-6
N\
N4.6.1 Manf1-4GlcNAcf1-4GlcNAc
Neu5Aca2-3Galf1-4GlcNAcfB1-2Manal-3
Neu5Aca2-3Galf1-4GlcNAcfS1-4
Neu5Aca2-3Galf1-4GIcNAcS1-6
Neu5Aca2-3Galf1-4GlcNAcf1-3Galf1-4GlcNAcf1-2Manal-6 Fucal1-6
; N\
N4.6.2 Manf1-4GIcNAcf1-4GlcNAc
Neu5Aca2-3Galf1-4GlcNAcf1-2Manal-3
/
Neu5Aca2-3Galf1-4GlcNAcS1-4
ext ext 8 7
Neu5Aca2-3Galf1-4GlcNAcS1-3Galf1-4GlcNAcS1-6
Neu5Aca2-3Galf1-4GlcNAcf1-3Galf1-4GlcNAcf1-2Manal-6 Fucal-6
ext ext 4 5 L4
N4.8 Manf1-4GlcNAcf1-4GlcNAc

6 5 4 3 2 1

NeuSAca2-3Galp1-4GIcNAcp1-2Manal-3
7

Neu5Aca2-3Galf1-4GlcNAcfS1-4
8 7

In fact, the determination of the branch locations of the addi-
tional N-acetyllactosamine units in N4.6.1, N4.6.2 and N4.8 was
based on the "H-NMR analysis of the digestion products ob-

tained after subsequent endo-f-galactosidase (B. fragilis) and N-
acetyl-f-glucosaminidase (jack bean) treatments [28]. This made
the assignment of the specific structural reporters of the intact
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compounds possible in a retrospective way. In the context of this
report, the 'H-NMR data of the intermediate products N4.6.1Q2
(trisialylated), N4.6.2Q2 (trisialylated) and N4.8Q2 (disialy-
lated) (see Fig. 6), formed after endo-$-galactosidase digestion
of N4.6.1, N4.6.2 and N4.8, respectively, and isolated via Mono
Q, will be discussed. These data (Table 4) will be used for the
identification of the endo-$-galactosidase digestion products ob-
tained from fractions N3.9.2, N3.10 and N3.12 (see below). The
tetraantennary nature of N4.6.1Q2, N4.6.2Q2 and N4.8Q2 is in
each case deduced from the chemical shifts of the set of H1
signals of Man-4 and Man-4’, and H2 signals of Man-3, Man-4
and Man-4" [25]. The terminal GlcNAc-7’ residue in N4.6.1Q2
gives rise to a typical H1 signal at 6 4.530 (cf. compound 13
{26,24} in [32]), whereas the terminal GlcNAc-5" residue in
N4.6.2Q2 is reflected by its H1 signal at § 4.574. GIcNAc-7’ H1
in N4.6.1Q2 and GIcNAc-5" H1 in N4.6.2Q2 show similar up-
field shifts (46—0.019 and 46—0.015, respectively), as com-
pared to the corresponding signals in the tetrasialylated tetraan-
tennary compound N4.4. In the "H-NMR spectrum of N4.8Q2,
in which both GlcNAc-5" and GIcNAc-7 are in terminal posi-
tion, the typical H1 signals are observed at & 4.563 (GIcNAc-5')
and 6 4.536 (GlcNAc-7').

The "H-NMR spectrum of fraction N2.6 provides indications
for the presence of di- and triantennary types of branching, and
repeating N-acetyllactosamine units. Fraction N2.6 was treated
with endo-f-galactosidase from B. fragilis, and the digest was
applied to Mono Q (not shown), yielding two fractions (N2.6Q1
and N2.6Q2) eluting in the monosialo region and one fraction
(N2.6Q3) cluting in- the disialo region. The 'H-NMR data of
fraction N2.6Q2 are in accordance with Neu5Aca2-3Galf1-
4GIcNAcp1-3Gal [28], whereas those of fraction N2.6Q1 de-
monstrate the occurrence of a monosialylated diantennary oligo-
saccharide having a terminal GlcNAc-5 residue. The dianten-
nary character of N2.6Q1 is reflected by the chemical shifts of
the set of Man-4 and Man-4’ H1, and Man-3, Man-4 and Man-
4’ H2 signals [25]. As compared with compound N1.1A (Table
1), upfield shifts are observed for Man-4’ H1 (46—0.007) and
GlcNAc- 5’ H1 (46—0.028). These data indicate that GleNAc-
5" is in terminal position (cf. the «2-6 sialylated isomer 1-2 in
[29]), which is confirmed by the absence of an H1 signal of Gal-

Neu5Aca2-3Galf1-4GlcNAcf1-3Galp1-4GlcNAcS1-2Manal-6

6’. Taking together the findings for N2.6Q1 and N2.6Q2, it is
concluded that in the intact diantennary component of fraction
N2.6, denoted N2.6A, an elongated branch was located at
GIcNAc-5". The 'H-NMR spectrum of fraction N2.6Q3 shows
the presence of a mixture of two disialylated triantennary oligo-
saccharides of which the branching pattern is reflected by their
sets of Man-4 and Man-4" H1, and Man-3, Man-4 and Man-4’
H2 signals. It should be noted that two different Man-4’ H1
resonances are observed at § 4.903 and & 4.921, respectively.
The compound denoted N2.6B has a terminal Gal-6’ residue as
is concluded from the Gal-6" H1 signal at § 4.472, in combina-
tion with the Man-4’ H1 signal at  4.921 which shifted down-
field (40 +0.017) as compared to the trisialylated triantennary
compound N3.4 (cf. compound N2.3 in [20]). Compound N2.6C
contains a terminal Gal-8 residue which is characterized by the
H1 signal at 6 4.463 (compare Gal-8 H1 in the asialo trianten-
nary compound 10 in [25]) in combination with Man-4’ H1 at
0 4.903 which remains unchanged as compared to compound
N34.

'H-NMR analysis of fraction N2.7 showed the presence of a
complex mixture of oligosaccharides. Further fractionation of
N2.7 by HPAEC on CarboPac PA1, yielded the subfractions
N2.7.1-N2.7.3 (Fig. 5B). The 'H-NMR spectrum of fraction
N2.7.2 (Fig. 7A) reveals the presence of a mixture of disialy-
lated tri‘antennary oligosaccharides, the branching pattern being
characterized by the chemical shifts of the set of Man-4 and
Man-4’ H1, and Man-3, Man-4 and Man-4’ H2 signals [25]. The
presence of two different isomers is deduced from the Gal H1
signals in the & 4.48—4.46 region of which the signal at § 4.481
stems from a terminal Gal-8” residue (N2.7.2A; cf. compound
N2.4A in [30]) and that at § 4.466 from terminal Gal-6
(N2.7.2B; compare the Gal H1 values of the asialo tri’antennary
compound 11 in [25] and the 'H-NMR data of N2.7.3). As
shown by its "H-NMR spectrum (Fig. 7B), fraction N2.7.3 con-
tains the third possible isomer of the disialylated tri’antennary
oligosaccharides. The Man-4" H1 signal at § 4.874 has shifted
downfield (46+0.003) as compared to compound N3.5 (Table
1), which is, together with the Gal H1 signal at & 4.469 (cf.
compound 11 in [25]), indicative of a Gal-6’ residue in terminal
position. This reasoning is based on the observation that desialy-
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lation at Gal-6’ in a trisialylated triantennary compound is ac- The '"H-NMR data of fraction N2.10 showed indications for
companied by a downfield shift for Man-4" H1 (compare com- the presence of tri’- and tetraantennary types of branching, and
pounds N2.6B and N3.4, see [20]). repeating N-acetyllactosamine sequences. Further fractionation
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of fraction N2.10 by HPAEC yielded three subfractions, denoted
N2.10.1-N2.10.3 (Fig. 5C). The 'H-NMR spectrum of fraction
N2.10.1 demonstrates the presence of a disialylated tetraanten-
nary oligosaccharide, of which the branching pattern is reflected
by the chemical shifts of the set of Man-4 and Man-4" H1 sig-
nals, and Man-3, Man-4 and Man-4° H2 signals [25]. The termi-
nal Gal-6 and Gal-8’ residues are recognized from their H1 sig-
nals at & 4.470 (Gal-6, taking into account the '"H-NMR data of
N2.10.2) and J 4.481 (Gal-8'; cf. compound 12 in [25]). The
'H-NMR spectrum of N2.10.2 shows the presence of an isomer
of compound N2.10.1, containing terminal Gal-6" and Gal-8’
residues. In a similar way as discussed for N2.7.3 and N2.7.2A/
B, the downfield shift of Man-4’ H1 (46 +0.010) as compared
to the Man-4" H1 signal in the fully sialylated compound N4.4
(Table 2), in combination with the position of the Gal H1 signal
at § 4.468 (cf. compound 12 in [25]) proves that Gal-6" is in
terminal position. The H1 signal at § 4.483 stems from the termi-
nal Gal-8’ residue (cf. compound 12 in [25]). The 'H-NMR data
of fraction N2.10.3 suggest the presence of a mixture of tri’an-
tennary oligosaccharides. Because of the complexity of the mix-
ture, in combination with the low amount of material, no definite
structures can be presented. The chromatographic data indicate
that the components in fraction N2.10.3 are disialylated (elution
position of N2 on Mono Q) and contain one additional N-acetyl-
lactosamine element as compared to the compounds in fraction
N2.7 (elution position of N2.10 on Lichrosorb-NH,, Rnzi0 =
1.58XRnz7; cf. Rnss = 1.58XRyss). Based on the results ob-
tained for other fractions, it is suggested that in each compound
the N-acetyllactosamine repeat is located in one of the branches
linked to Man-4".
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ferred by their common set of Man H1 and H2 signals [25]. The
difference in structure between the oligosaccharides is reflected
by the chemical shift values of the anomeric protons of the ter-
minal Gal residues (cf. compound 12 in [25]), indicating that
compound N3.7.1A contains terminal Gal-8’ (H1, § 4.482), com-
pound N3.7.1B has Gal-6 in terminal position (H1, J 4.472) and
compound N3.7.1C contains terminal Gal-8 (H1, 6 4.465). As is
evident from the 'H-NMR data of compound 12 in [25], the
position of the H1 resonance of terminal Gal-6 is nearly identical
to that of a terminal Gal-6". However, the presence of the isomer
with a terminal Gal-6" residue would have affected the position
of Man-4" H1 by 46 +0.01 (cf. compounds N2.10.2 and
N3.7.2A; Table 2; see below). Inspection of the 'H-NMR
spectrum of fraction N3.7.2 indicated the presence of tri- and
tetraantennary types of branching, and repeating N-acetyllacto-
samine units. Incubation of fraction N3.7.2 with endo-f-galac-
tosidase from B. fragilis and subsequent fractionation of the di-
gestion mixture on Mono Q (not shown) afforded two fractions,
denoted N3.7.2Q1 and N3.7.2Q2, eluting very close to each
other in the trisialo region. '"H-NMR spectroscopy of fraction
N3.7.2Q2 revealed that it contains the fourth possible isomeric
structure of the trisialylated tetraantennary oligosaccharides (see
N3.7.1A-C), denoted N3.7.2A. The presence of the terminal
Gal-6’ residue is reflected by its H1 signal at d 4.470, in combi-
nation with the H1 signal of Man-4" at § 4.870, which shifted
downfield (46+0.013) as compared to compound N4.4 (see Dis-
cussion for compound N2.10.2). The '"H-NMR spectrum of frac-
tion N3.7.2Q1 demonstrates the occurrence of a trisialylated oli-
gosaccharide having an additional N-acetyllactosamine unit at-
tached to Gal-8'. The location of the repeat is inferred from the
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Fraction N3.7 contained a complex mixture of trisialylated
oligosaccharides ("H-NMR analysis) and was subfractionated by
HPAEC, yielding three subfractions, denoted N3.7.1-N3.7.3
(Fig. 5D). The 'H-NMR spectrum of fraction N3.7.1 demon-
strates the occurrence of three isomeric trisialylated tetraanten-
nary oligosaccharides of which the branching patterns are in-

N
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Fucal-6

N
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Galp1-4GlcNAcf1-2Manal-3

Gal-8 H1 signal at § 4.469 which is assigned by comparing the
NMR data obtained for tetraantennary oligosaccharides having
additional N-acetyllactosamine units in the branches linked to
Man-4" (see compounds N4.6.1, N4.6.2, and N4.8; Table 3).
Furthermore, typical signals of Gal-8 H4 (9 4.155) and Glec-
NAc. H1 (d 4.700) are present. Evidently, compound N3.7.2B
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was not sensitive to treatment with endo-f-galactosidase from
B. fragilis, and Mono Q fractionation could have been carried
out directly on fraction N3.7.2. '"H-NMR spectroscopy of frac-
tion N3.7.3 demonstrates that it contains an isomer of N3.7.2B
having an elongated GicNAc-5" branch. The location of the ad-
ditional N-acetyllactosamine unit is reflected by the typical posi-

Hokke et al. (Eur. J. Biochem. 228)

tion of Gal-6’ H1 at 6 4.455 (cf. compound N4.6.2) together
with that of the Man-4" H2 signal at § 4.08 which has shifted
upfield (46 —0.01) compared to compound N3.7.2B (cf. com-
pounds N4.6.2 and N4.6.1). As observed for N3.7.2B, treatment
of N3.7.3 with endo-f-galactosidase from B. fragilis did not re-
sult in the release of NeuSAco2-3Galf1-4GleNAcf1-3Gal.
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The 'H-NMR spectrum of fraction N3.9 showed the pres-
ence of tri’- and tetraantennary types of branching, and of N-
acetyllactosamine repeating units. Further fractionation of frac-
tion N3.9 by HPAEC vyielded four subfractions, denoted N3.
9.1-N3.9.4 (Fig. 5E). '"H-NMR spectroscopy of fraction N3.9.2
demonstrates the occurrence of a mixture of trisialylated tetra-
antennary oligosaccharides having one extra N-acetyllactosam-
ine unit, but no assignment could be made at this stage concern-
ing the location of this unit and the NeuS5Ac residues in the
different components. Therefore, fraction N3.9.2 was incubated
with endo-f-galactosidase from B. fragilis, and then subjected
to FPLC on Mono Q (not shown), affording two subfractions,
denoted N3.9.2Q1 and N3.9.2Q2, eluting in the mono- and disi-
alo region, respectively. "H-NMR spectroscopy shows that frac-
tion N3.9.2Q1 contains NeuSAca2-3Galf1-4GIcNAcf1-3Gal
[28], whereas fraction N3.9.2Q2 contains a mixture of two disia-
lylated tetraantennary oligosaccharides. The first compound, de-
noted N3.9.2Q2A, contains a terminal GlcNAc-7’ residue (H1,
0 4.530; cf. compound N4.6.1Q2; Table 4) and a terminal Gal-
6’ residue as shown by its anomeric signal at § 4.468 in combi-
nation with Man-4" H1 at ¢ 4.864. The latter signal shows a
similar downfield shift compared to N4.6.1Q2 (46 +0.009) as
N3.7.2A compared to N4.4 (46 +0.013). The second compound,
denoted N3.9.2Q2B, has terminal GIcNAc-5" (H1, J 4.562; cf.
compound N4.6.2Q2; Table 4) and Gal-8’ (H1, 6 4.482; cf. com-
pound N3.7.1A; Table 2) residues. From these data it is con-
cluded that, prior to digestion, fraction N3.9.2 contained a mix-
ture of two trisialylated tetraantennary oligosaccharides, one
with a terminal Gal-6’ residue and an elongated GIcNAc-7’
branch (N3.9.2A) and one with terminal Gal-8” and an elongated
GicNAc-5" branch (N3.9.2B). The 'H-NMR spectrum of fraction
N3.9.3 (Fig. 7C) reveals the presence of a trisialylated tri’anten-
nary oligosaccharide containing two elongated branches. The oc-
currence and location of these branches is reflected by the
GlcNAc,,, H1 signals at § 4.699, the Gal H1 signals at J 4.454
(Gal-6") and & 4.468 (Gal-8’), and the Gal H4 resonances at o
4159 (cf. compounds N3.7.2B, N3.7.3 and N4.8; Table 3).
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Compound N3.9.3 was not susceptible to endo-f-galactosidase
from B. fragilis.

The 'H-NMR spectrum of fraction N3.10 shows similar
characteristics as the spectrum of fraction N3.9.2. Incubation of
N3.10 with endo-f-galactosidase from B. fragilis and subsequent
purification of the incubation mixture on Mono Q yielded, in
addition to a neutral fraction, one fraction (N3.10Q2) eluting in
the trisialo region. The "H-NMR data of fraction N3.10Q2 match
those of the terminal-GlcNAc-5"-containing trisialylated tetraan-
tennary oligosaccharide N4.6.2Q2 (Table 4), indicating that in
the undigested oligosaccharide, the additional N-acetyllactosam-
ine unit was located in the GlcNAc-5’ branch, and that the Gal,,,
residue was in terminal position. The structure of N3.10Q2 was
confirmed by further digestion with N-acetyl-f-glucosaminidase
which splits off the terminal GlcNAc-5 residue, yielding an oli-
gosaccharide identical to compound C.Q4* in [28], having
branches linked to C2 and C4 of Man-4, and to C6 of Man-4".
Using these data, the two Gal H1 signals in the 6 4.48—4.45
region of the '"H-NMR spectrum of the intact compound N3.10
can be assigned to Gal-6" (§ 4.456; reflecting the location of the
repeat) and Gal,,, (0 4.479; reflecting the terminal position of
Galey).

The 'H-NMR spectrum of fraction N3.12 provides indica-
tions for the presence of a mixture of trisialylated tetraantennary
oligosaccharides with two additional N-acetyllactosamine units,
the latter feature being judged from the intensities of the charac-
teristic Gal H1, Gal H4, and GlcNAc,,, H1 signals. Because no
definite structures could be deduced at this stage, fraction N3.12
was treated with endo-f-galactosidase from B. fragilis. The di-
gestion products were separated by anion-exchange chromatog-
raphy on Mono Q (not shown), affording two fractions eluting in
the monosialo region (N3.12Q1 and N3.12Q2), and one fraction
eluting in the disialo region (N3.12Q3). Fraction N3.12Q2 con-
tains Neu5Aca2-3Galf1-4GlcNAcf1-3Gal [28]. The 'H-NMR
data of N3.12Q1, together with the elution position on Mono
Q, indicate the occurrence of a monosialylated tetraantennary
oligosaccharide with two terminal GIcNAc residues. The
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Neu5Aca2-3Galff1-4GlcNAcf1-4
Neu5Aca2-3Galf1-4GlcNAcS1-3Galf1-4GIlcNAcf1-6
Neu5Aca2-3Galf1-4GlcNAcf1-3Galf1 —4G1cNAc,Bl-21\}ana1-6 Fucal1-6
N3.9.3 Manf1-4GIcNAcf1 -4G1;\IAC

Neu5Aca2-3Galf1-4GIcNAcf1-2Manal-3
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Neu5Aca2-3Galf1-4GlcNAcS1-6

N\
Galp1-4GlcNAcfS1-3Galp1-4GlcNAcf1-2Manal-6

N3.10

Fucal-6

N N
Manf1-4GlcNAcf1-4GlcNAc
/

Neu5Acoa2-3Galf1-4GlcNAcS1-2Manal-3
/

NeuSAca2-3Galp1-4GlcNAcf1-4

terminal GlcNAc-5 and GIcNAc-7’ residues are reflected by
their H1 signals at 6 4.562 and J 4.534, respectively (cf. com-
pound N4.8Q2; Table 4). The position of the single NeuSAc
residue cannot be directly deduced since the observed chemical
shift value of the H1 resonance of the terminal Gal residue
(0 4.468), appearing as a relatively broad signal, lies in between
the values of the Gal H1 signals expected in case of a terminal
Gal-6 (0 4.472, cf. compound N3.7.1C; Table 2) or a terminal
Gal-8 (6 4.465, cf. compound N3.7.1B; Table 2) residue. Diges-
tion of N3.12Q1 with N-acetyl-f-glucosaminidase yielded a
mixture of two diantennary compounds with a terminal Man-4’
residue and a NeuSAc residue linked to Gal-6 or Gal-8. The
NMR data of the digest are similar to those of compound D.Q3*
in [28], but two different H1 signals characteristic for terminal
Gal residues are observed, indicating that two isomers are pre-
sent, one having Gal-6 (H1, 6 4.468) in terminal position and
one having Gal-8 (H1, J 4.464) in terminal position. The 'H-
NMR spectrum of fraction N3.12Q3 demonstrates the presence
of a disialylated tetraantennary oligosaccharide having terminal
GlcNAc-5" and GleNAc-7’ residues, and is in accordance with
that of compound N4.8Q2 (Table 4). Digestion of N3.12Q3 with
N-acetyl-B-glucosaminidase yielded a disialylated diantennary
oligosaccharide with a terminal Man-4’ residue (cf. compound
D.Q3* in [28]). From the above-mentioned data, it is concluded
that before endo-f-galactosidase treatment of fraction N3.12 in

each constituent oligosaccharide two extra N-acetyllactosamine
units were present, one in the GIcNAc-5’ and one in the
GlcNAc-7 branch. Compound N3.12A contains terminal Gal-6,
compound N3.12B has Gal-8 in terminal position, and in com-
pound N3.12C one of the Gal,,, residues is not sialylated. From
the available data it can not be determined whether a specific
branch in compound N3.12C carries the terminal Gal,,, residue.

The 'H-NMR spectrum of fraction N4.2 (Fig. 7D) demon-
strates the presence of a tetrasialylated tetraantennary oligosac-
charide carrying three NeuSAc residues and one Neu5,9Ac, resi-
due. The spectral data of N4.2 are in close agreement with those
of compound N4.4, except for the presence of an additional sig-
nal at 6 2.143 stemming from the OAc group of the Neu5,9Ac,
residue, whereas the H9 signal of Neu5,9Ac, shifted out of the
bulk region to 6 4.415 (cf. compound N4.1 in [30]). The pres-
ence of the Neu5,9Ac, residue is confirmed by the two-dimen-
sional HOHAHA spectrum of N4.2 (not shown), in which the
characteristic spin system of its acetylated glycerol side chain is
observed (H9, 6 4.42; HY, 6 4.20; HS8, 6 4.11; H7, J 3.65 [30]).
From the available data, it can not be deduced if the Neu5,9Ac,
residue has a specific location or is randomly distributed over
the branches. 'H-NMR spectroscopy of fraction N4.5 (Fig. 7E)
indicates the occurrence of a tetrasialylated tetraantennary oligo-
saccharide containing three Neu5Ac residues and one Neu5Gc
residue. The structure is deduced by comparison with the

NeuSAca2-3Galf1-4GlcNAcB1-3GalB1-4GIcNAcS1-6

AN
Neu5Aca2-3Galf1-4GIlcNAcf1-3Galf1-4GlcNAcS1-2Manal-6

Fucal-6
AN AN
N3.12A Manp1-4GlcNAcf1-4GlcNAc
Galﬂ1;4GlcNAcﬂ1—2Mana1—3
Neu5Aco2-3Galf1-4GlcNAcB1-4 g
Neu5Aca2-3Galf1-4GlcNAcf1-3Galf1-4GIcNAcS1-6
Neu5Aca2-3Galf1-4GIlcNAcf1-3Galf1-4GlcNAcS1 -21\>I\an(z1 -6 Fucal1-6
N3.12B \Manﬁl -4GIcNAcf1 -4G1;\IAC
Neu5Aca2-3Galf1-4GlcNAcf1-2Manal-3 d
Galf1-4GIcNAcpS1-4 d
Galp1-4GlcNAcf1-3Galp1-4GlcNAcS1-6
NeuS5Aca2-3 | Galf1-4GlcNAcp1-3Galf1 —4GlcNAc,Bl-21\>ana1 -6 Fucal-6
N3.12C \Manﬁl -4GIcNAcf1 -4G1;\1Ac

NeuS5Acoa2-3Galf1-4GlcNAcf1-2Manal-3

/

NeuSAca2-3Galp1-4GlcNAcf1-4
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Galf1-4GlcNAcf1-6
3XNeu5Aca2-3 | Galf1-4GlcNAcS1 -ZGanal -6 Fucal-6
N4.2 Manf1-4GlcNAcf1 -4G1;\IAC
1XNeu5,9Ac,02-3 | Galf1-4GlcNAcf1-2Manal-3
Galf1-4GIcNAcf1-4 g
Galp1-4GlcNAcf1-6
3XNeuS5Aca2-3 | Galf1-4GlcNAcf1-2Manal-6 Fucal-6
N4.5 Manf1-4GlcNAcf1 -4G1;\IAC '
1XNeu5Gea2-3 | Galf1-4GlcNAcf1-2Manal-3
Galf1-4GlcNAcf1-4
Galp1-4GlcNAcf1-3Galf1-4GlcNAcS1-6
3XNeu5Aca2-3 Galp1-4GlcNAcf1 ~21\>anorl -6 Fucal-6
N4.7A \Manﬁ 1-4GlcNAcf1 -4G1:I\\IAC
1XNeu5Gca2-3 Galf1-4GlcNAcf1-2Manal-3 g
Galp1-4GIcNAcf1-4 d
Galf1-4GlcNAcf1-6
3XNeu5Aca2-3 | Galf1-4GlcNAcf1-3Galfl —4G1cNAc,31-21\>ana1 -6 Fucal-6
N4.7B Manf1-4GlcNAcf1 -4G1:I\\IAC
1XNeu5Gca2-3 Galf1-4GIcNAcf1-2Manal-3
Galp1-4GlcNAcf1-4
Galf1-4GlcNAcf1-6
2XNeuS5Aca2-3 | Galf1-4GlcNAcf1 —2ﬁana1 -6 Fucal-6
N3.2 1XNeu5,9Ac,02-3 Manf1-4GlcNAcf1 -4G1;\IAC
Galf1-4GlcNAcf1-2Manal-3

spectral data of N4.4 (Table 2), taking into account the presence
of the typical NGec singlet at § 4.121, and the altered position of
one of the four sets of sialic acid H3 signals (H3a, J 1.821; H3e,
0 2.774; cf. compound N4.3 in [30]). The location of the
Neu5Gc residue cannot be deduced from the available data, but
in view of the biosynthetic pathway in which hydroxylation of
NeuSAc takes place before it is transferred to the oligosaccha-
ride [33, 34], a random distribution is most likely.

The '"H-NMR spectrum of fraction N4.7 is similar to that of
fraction N4.6, except for the presence of a NGc singlet at ¢
4.122, and Neu5Gc H3a and H3e signals at  1.820 and 6 2.774,
respectively (cf. compound N4.5; Table 2). The specific H3 sig-
nals of Neu5Gc and NeuSAc occur in the intensity ratio of 1:3.
Therefore, it is concluded that fraction N4.7 contains a mixture

of two tetrasialylated tetraantennary oligosaccharides having an
additional N-acetyllactosamine unit linked to Gal-8' (N4.7A; cf.
compound N4.6.1; Table 3) or Gal-6’ (N4.7B; cf. compound
N4.6.2; Table 3), and carrying three NeuSAc residues and one
Neu5Gc residue.

Fraction N3.2 did not contain sufficient material to obtain a
good quality '"H-NMR spectrum, but the NAc and OAc singlets
in the ¢ 2.03—2.15 region are clearly observed. In addition to
a NAc pattern indicative for a Neu5Ac sialylated tri’antennary
oligosaccharide (GIcNAc-1, ¢ 2.039; GIcNAc-2,  2.095/91;
GIcNAc-5, § 2.052; GlcNAc-5’, § 2.039; GlcNAc-7’, § 2.039;
Neu5SAc, 6 2.031), the OAc resonance of a Neu5,9Ac, residue is
present at d 2.142 (cf. compound N3.1A in [30]). Together with
the chromatographic behaviour of fraction N3.2 as compared to
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Fig. 8. Fractionation pattern at 214 nm of the f-elimination products
derived from N-deglycosylated rEPO on a FPLC Mono Q HR 5/5
anion-exchange column. For details, see Fig. 3.

N3.5 (compare compounds N4.2 and N4.4), these data suggest
that compound N3.2 is a trisialylated tri‘antennary oligosaccha-
ride carrying two NeuSAc residues and one Neu5,9Ac, residue.

O-linked carbohydrate chains. FPLC on Mono Q of the mix-
ture of O-linked oligosaccharide alditols obtained from N-degly-
cosylated rEPO by alkaline borohydride treatment gave rise to
two carbohydrate-containing fractions, denoted O1 and 02
(Fig. 8) which were further fractionated by HPLC on Lichro-
sorb-NH,, yielding two subfractions for O1 (denoted O1.1 and
01.2; Fig. 9A), and two subfractions for 02 (denoted 02.1 and
02.2; Fig. 9B). The structure of fractions O1.2 and 02.1 was
determined by 'H-NMR spectroscopy. Fraction O1.1 did not
contain carbohydrate material and for fraction Q2.2 the amount
of material was too low for structure determination. The 'H-
NMR spectrum of fraction O1.2 indicated the presence of the
monosialylated trisaccharide alditol Neu5Aca2-3GalB1-3Gal-
NAc-ol (cf. compound 78 in [35]). 'H-NMR spectroscopy of
fraction O2.1 revealed the presence of the disialylated tetrasac-
charide alditol Neu5Aca2-3GalB1-3(NeuSAca2-6)GalNAc-ol
(cf. compound 85 in [35]). The molar ratio of 01.2/02.1 is ap-
proximately 4:6.

DISCUSSION

The structures of the sialylated N- and O-linked carbohy-
drate chains of recombinant human erythropoietin produced in
CHO cells have been determined. Over 35 different N-linked
oligosaccharides were identified, representing at least 95 mol/
100 mol carbohydrate chains. These compounds are presented

Azos
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Fig.9. Fractionation patterns at 205 nm of FPLC fractions O1 (A)
and O2 (B) on a Lichrosorb-NH, column (25x0.46 cm). The column
was eluted isocratically with 30 mM K,HPO/KH,PO, pH 7.0/aceto-
nitrile (70:30, by vol.; A) or (67:33, by vol.; B), at a flow rate of
2 ml/min,

in Table 5, together with their relative amounts. In agreement
with previous studies on the carbohydrate moiety of rEPO from
both CHO and BHK cells [11—15, 17, 18], the major portion of
the identified carbohydrate chains comprise sialylated tetraan-
tennary oligosaccharides with 0—2 N-acetyllactosamine repeats.

- From a biological point of view, a high content of tetraantennary

carbohydrate chains is important since there is a positive correla-
tion between the in vivo activity of rEPO and the ratio of tetra-
to diantennary oligosaccharides [36].

Also, a high degree of sialylation is of great importance
since terminal Gal residues are recognized by the hepatic Gal
(asialoglycoprotein) receptor resulting in rapid clearance of
poorly sialylated EPO from the circulation, having a negative
effect on the in vivo activity [4]. Concerning the degree of sialy-
lation, contrasting results have appeared in the literature. The
first structural study on carbohydrate chains of rEPO from CHO
cells showed that almost all oligosaccharides contained at least
one non-sialylated terminal Gal residue [11], but more recently
it was reported that over 90 % of the oligosaccharides are fully
sialylated [15, 18]. The results of the present study show that of
the tetraantennary oligosaccharides, which comprise about 62 %
of the N-linked carbohydrate chains, 68 % are tetrasialylated,
24 % are trisialylated, and 6 % are disialylated. Of the tri’anten-
nary oligosaccharides, which account for 23 % of the N-linked
carbohydrate chains, 70 % are trisialylated and 26 % are disialy-
lated. The above-mentioned inconsistencies may have been
caused partly by the use of different methods for the release and
the purification of the carbohydrate chains. In particular the use
of hydrazinolysis to release the N-linked oligosaccharides [11]
may have caused some desialylation. However, in the present
study applying PNGase-F for release of the N-glycans, substan-
tial amounts of incompletely sialylated oligosaccharides were
also found, showing that these are in fact present in the original
ensemble of carbohydrate chains on the isolated glycoprotein.
The contrasting results concerning sialylation can therefore more
likely be explained by the fact that all studies were performed
on different TEPO samples produced in different laboratories.
The use of different purification methods to obtain rEPO may
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Table 5. Sialylated N-linked carbohydrate chains obtained from re-
combinant human erythropoietin expressed in CHO cells, together
with their relative amounts. Compounds are represented by short-hand
symbolic notation (see Tables 1 and 2). The structure of the remaining

approximately 5 % was not determined.

Structure Code Amount
mol/100 mol
A—:--x“E NL1A <1
W N1.1B <1
W N2.4 7
Z : : : N2.6A <1
g;?'g N2.6B <1
E N2.6C <1
gy’g N34 2
230? N2.7.2A 2
%'E N2.7.2B 1
ZE%’Q N2.7.3 1
%.E N3.5 9
2x A
Fx Lphe N3.2 <1
e
2x A\
N2.10.3 1
N3.7.2B 3

1005
Table 5. (Continued)
Structure Code Amount
mol/100 mol
N3.7.3 2
N3.9.3 2
Zﬁ‘g N2.10.1 <1
g:—‘:.—: N2.10.2 3
@d N3.7.1A 5
f : : N3.7.1B 1
.'5‘ N3.7.1C 1
@09 N3.7.2A 3
@3 N4.4 19
3x A
1x/\9Ac
N4.2 2
3xA
1xV
N4.5 2
; : : N3.9.2A 2
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Table S. (Continued)

Structure Code Amount
mol/100 mol
;“ N3.9.2B 1
g N3.10 1
A.@’g N4.6.1 5
g N4.6.2 5
3xA
1xY
N4.7A <1
3x A\
1xV
N4.7B <1
i N3.12A <1
3 N3.12B <1
A

N3.12C <1

N4.8 7

influence the distribution of glycoforms which make up the final
product. Furthermore, variations found in the degree of sialyla-
tion may also have been caused by the use of various CHO cell
clones, different culturing conditions which can lead to differ-
ences in the activity of the fGal:a2-3-sialyltransferase, and the
recently reported possibility for the presence of CHO sialidase
activity in the culture fluid [37]. Differences between other gly-
cosyltransferase activities are indicated by differences in the rel-

Hokke et al. (Eur: J. Biochem. 228)

afive amounts of triantennary (2,4-branched) and tri’antennary
(2,6-branched) oligosaccharides in various rEPO samples.
Whereas previous studies on rEPO from CHO cells showed ra-
tios for tri/tri’antennary oligosaccharides between 1:1 and 2:1
[11, 13, 18], the present study shows a ratio of approximately
1:6. These different ratios cannot be artefacts caused by analyti-
cal problems as in the case of partial desialylation. They may be
explained by differences in the activities of the involved glyco-
syltransferases for the various CHO cell lines and culture condi-
tions.

For the incompletely sialylated N-linked carbohydrate
chains, the following distribution of sialic acids over the dif-
ferent branches was observed (see Table 5). In tetraantennary
oligosaccharides, Gal-6 and Gal-8 are sialylated to the highest
degree, followed by Gal-6’, and then by Gal-8". In tri"antennary
oligosaccharides, Gal-6 and Gal-6" are about twice as often sia-
lylated as Gal-8’. For triantennary carbohydrate chains, the dis-
tribution could not be determined accurately because of the low
amounts of material, and in diantennary oligosaccharides, the
sialic acid residues are equally divided over the two branches.
The occurrence of this non-random distribution of sialic acids
can be explained by the branch-specific action of the involved
sialyltransferases, although the possibility that some sialic acid
residues have been released by sialidase cannot be excluded.
However, to our knowledge, a branch-specific action of sialidase
has not been reported. On the other hand, it is interesting that
the observed distribution in tetra- and diantennary oligosaccha-
rides is in good agreement with the branch specificity of human
placental @2-3-sialyltransferase [38]. For tetraantennary oligo-
saccharides it was determined that the preferred acceptor sites
are Gal-6 and Gal-8, followed by Gal-6’ and then by Gal-§’,
whereas in diantennary oligosaccharides this enzyme has no
preference for a specific branch. In tri‘antennary oligosaccha-
rides, the preferred acceptor site is Gal-6, followed by Gal-§’,
and then by Gal-6’. The sialic acid distributions found in the
present study contrast strongly with previous results obtained for
rEPO from CHO cells, in which Gal-6 was found to be terminal
for most oligosaccharides [11].

Three different types of exclusively a2-3-linked sialic acids
were found, namely, NeuSAc (95%), Neu5Gc (2%) and
NeuS,9Ac, (3 %). It has been shown that Neu5Gc generally oc-
curs in CHO-cell-derived recombinant glycoproteins [24].
Neu5,9Ac, has recently been found in a chimeric tissue plasmin-
ogen activator produced in CHO cells [30]. It should be noted
that the present results indicate that the small peak eluting at
about 11 ml in the sialic acid analysis elution profile of recombi-
nant follicle-stimulating hormone from CHO cells (Fig. 1C in
[24]) represents the 1,2-diamino-4,5-methylene-dioxybenzene
derivative of Neu5,9Ac,. Therefore, it is suggested that
Neu5,9Ac¢, is also generally present in recombinant glycopro-
teins expressed in CHO cells. The implications of the presence
of the different sialic acids for clinical use of these glycoproteins
have been discussed [24, 30].

Repeating N-acetyllactosamine units were found to be pre-
sent exclusively in the branches arising from the al-6-linked
Man residue in di-, tri’-, and tetraantennary oligosaccharides.
The amount of oligosaccharides containing elongated branches
is similar to that in previous studies. The carbohydrate chains of
urinary EPO have in general a lower content of N-acetyllacto-
samine repeats [11, 13, 14]. In the present study, oligosaccha-
rides containing more than two additional N-acetyllactosamine
units were not detected, in contrast to previous investigations
describing the finding of small amounts of carbohydrate chains
with three repeats [11, 14, 18, 39]. The present results concern-
ing the location of the repeats are in agreement with those re-
ported in [13] but a somewhat different distribution of the re-
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peats over the branches was reported in [11]. The location of the
N-acetyllactosamine repeats in the branches attached to the al-
6-linked Man residue is in accordance with the reported specific-
ity of GlcNAc-VII transferase from Novikoff tumor cell ascites
fluid which synthesizes the GIcNAcf1-3Gal linkage in repeating
N-acetyllactosamine sequences [40].

No indications have been found for the presence of sulfated
oligosaccharides in rEPO from CHO cells, which contrasts with
the suggestion made in [41]. All Asn-linked GlcNAc residues
were substituted with an al-6-linked Fuc residue. Quantitative
al1-6-fucosylation of recombinant glycoprotein glycans has also
been reported for the N-linked carbohydrate chains of CHO-cell-
derived chimeric tissue plasminogen activator [30] and rEPO
from BHK cells [17]. Previous analyses of rEPO from CHO
cells have shown a fucosylation of at least 85 % [11, 13, 18]. It
is not known whether a1-6-fucosylation plays any role in the
biological activity of rEPO.

Two O-linked carbohydrate chains, namely, Neu5Aca2-
3Galf1-3GalNAc-ol and Neu5Aca2-3Galf1-3(NeuSAca2-
6)GalNAc-ol were identified. These oligosaccharides were also
found in previous investigations on both CHO- and BHK-cell-
derived rEPO [11, 17, 18]. In recent studies on the O-glycans of
rEPO from CHO cells also Galf1-3(Neu5Aca2-6)GalNAc-ol
[16] and Galf1-3GalNAc-GP, GalNAc-GP and NeuS5Aca2-
6GalNAc-GP [39] (GP = glycopeptide) were detected in minor
amounts. No indications for the occurrence of these carbohy-
drate structures were found in the present study.

Comparison of the carbohydrate chains of tEPO with those
of urinary EPO shows that in general the same type of N-linked
oligosaccharides in terms of branching patterns are present, but
the relative amounts of the individual structures are different.
For urinary EPO a somewhat lower content of tetraantennary
oligosaccharides has been found, although large differences can
occur between different individuals [13, 14]. The earlier state-
ment that the O-glycans of rEPO seem to be completely different
from those of urinary EPO containing only GalNAc and Neu5-
Aca2-6GalNAc [16] contrasts with the findings in [39]. It should
be noted that for urinary EPO contrasting results have been
found concerning a2-3/a2-6-sialylation [11, 13].

By using endo-f-galactosidase to specifically degrade oligo-
saccharides containing N-acetyllactosamine repeats, typical 'H-
NMR data were obtained, useful for the identification of oligo-
saccharides that were not susceptible to endo-f-galactosidase. It
is interesting that di- and tetraantennary oligosaccharides con-
taining N-acetyllactosamine repeats could be degraded quantita-
tively by endo-f-galactosidase from B. fragilis, whereas tri’an-
tennary oligosaccharides were digested for less than 15 %. In an
experiment performed on an analytical scale (results not shown),
it was observed that these tri’antennary oligosaccharides could
be degraded by endo-f-galactosidase from E. freundii to a much
higher extent (> 75 %), suggesting a specific difference in sub-
strate specificity between the two enzymes.

Specific knowledge was collected about the chromato-
graphic behaviour of closely related structures on Lichrosorb-
NH, and CarboPac PA1. Whereas Lichrosorb-NH, is very well
suited for separation based on the type and linkage of the sialic
acid residues [19, 42, 43], chromatography on CarboPac PA1 is
useful in many cases for separating isomeric carbohydrate chains
[44] (and results in this study).

In conclusion, this study has shown that by using PNGase-
F to release N-linked oligosaccharides combined with extensive
purification and high-resolution "H-NMR spectroscopy for
analysis, the native sialylation patterns of glycoprotein glycans
can be determined, even when mixtures are present. Combina-
tion of "H-NMR spectroscopy with specific enzymic degradation
is a powerful tool for the structure determination of carbohydrate
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chains which contain N-acetyllactosamine repeats. Using the
above-mentioned methodology, the present study provides the
most detailed analysis so far of the carbohydrate chains of rEPO
from CHO cells, paying attention to the many aspects of carbo-
hydrate chain microheterogeneity in glycoproteins.
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