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Human thrombopoietin (TPO) that regulates the numbers of megakaryocytes and platelets is a heavily N- and O-
glycosylated glycoprotein hormone with partial homology to human erythropoietin (EPO). We prepared recombinant
human TPO produced in Chinese hamster ovary (CHO) cells and analyzed the sugar chain structures quantitatively using
2-aminobenzamide labeling, sequential glycosidase digestion and matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF/MS).

We found bi-, tri- and tetraantennary complex-type sugar chains with one or two N-acetyllactosamine repeats, which are
common to recombinant human EPO produced in CHO cells. On the other hand, there were triantennary sugar chains with
one or two N-acetyllactosamine repeats that were specific to the recombinant human TPO, and their distributions of
branch structures were also different. These results suggested that proximal protein structure should determine the
branch structure of Asn-linked sugar chains in addition to the glycosyltransferases subset.
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Abbreviations: 2-AB, 2-aminobenzamide; NeuAc, N-acetylneuraminic acid; NeuGc, N-glycolylneuraminic acid; Man, D-
mannose; Glc, D-glucose; Gal, D-galactose; GalN, D-galactosamine; GlcN, D-glucosamine; GIcNAc, N-acetylglucosamine;
Fuc, L-fucose; TPO, thrombopoietin; EPO, erythropoietin; CFU-MK, colony forming unit-megakaryocyte; MALDI-TOF/MS,
matrix-assisted laser desorption ionization time-of-flight mass spectrometry; DHB, 2,5-dihydroxybenzoic acid; 5HT,
hydroxytryptamine; DMB, 1,2-diamino-4,5-methylene dioxybenzene; DP, Diplococcus pneumoniae; NDV, Newcastle
Disease virus; AU, Arthrobactor ureafaciens; JB, Jack bean; AAL, Aleuria aurantia lectin; ConA, Concanavalin A; PHA,
Phaseolus vulgaris agglutinin; SSA, Sambucus sieboldiana agglutinin; CHO, Chinese hamster ovary; BHK, baby hamster
kidney

Introduction the same time, the cDNAs of human and murine TPO were
cloned as c-Mpl ligands [4,5].

TPO, which consists of 332 amino acids, has a molecular
weight of 80,000, and has 6 potential N-glycosylation sites.
TPO has two domains, a cytokine domain and a C-terminal
domain [4,5]. The C-terminal domain has Asn-linked and
mucin type sugar chains, whereas the cytokine domain has
only mucin type sugar chains. The cytokine domain, which
includes the amino acid residues from the N-terminal to 153, is
responsible for c-Mpl binding and stimulation of megakar-
yocytes in vitro. Human hepatocytes express TPO and bone
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TPO is a glycoprotein hormone that regulates platelet
production by promoting the proliferation and maturation of
megakaryocytes and their precursor cells. Thus, TPO is a
potentially useful pharmaceutical agent for disease- and
therapy-related severe thrombocytopenia. TPO was purified
from rat plasma [1] and cDNA was cloned [2]. The cDNA of
human TPO was cloned based on the rat cDNA [3]. Around




708

role in serum stability during transit from the liver to the bone
marrow. Sialic acid may also play an important role in serum
stability, as exemplified by erythropoietin [6]. In fact, sialidase
digestion reduces the in vivo activity of TPO.

In this study, the sugar chain structures of recombinant
human TPO produced in CHO cells were analyzed by the 2-
AB labeling method with matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry(MALDI
TOF/MS), which enabled us to determine the precise structure
with limited samples. The sugar chain structures of recombi-
nant human TPO produced in baby hamster kidney(BHK)
cells have already been reported [7]. The same sugar chain
structures were commonly found in TPO and erythropoietin
produced in BHK cells [8], and in human urinary erythro-
poietin [8,9]. A comparative study between human erythro-
poietin from CHO and human urinary erythropoietin also
showed similar sugar chain moieties [9].

However, recombinant human TPO produced in CHO cells
had a unique sugar chain structure that was not found in
erythropoietin produced in CHO cells. This indicated that the
different sugar chain structures appeared on the glycoprotein
even in the same cell. Thus, natural TPO might have unique
sugar chain structures.

Materials and methods
Materials

Recombinant human TPO was purified from the culture
medium of CHO into which the human TPO gene had been
introduced. The purified human TPO increased the uptake of
['“C]-labeled hydroxytryptamine (*4C-5HT) into rat colony
forming unit-megakaryocyte(CFU-MK) cells in vitro. The in
vivo activity was measured by the increase in platelet number
in the mice. In normal mice, the subcutaneous injection of
recombinant human TPO at a dose of 0.03-2 pg/mouse/day
for 4 days increased the platelet number dose-dependently.
Two days after the last injection, platelet number was increased
by fivefold at a dose of 2 pg/mouse/day.

Endo-f-galactosidase from Bacteroides fragilis was pur-
chased from Wako Pure Chemicals (Osaka, Japan). f-N-
Acetylhexosaminidase from Jack bean (JB), x-mannosidase
from JB, Aleuria aurantia lectin column (LA-AAL-column),
Concanavalin A column (LA-Con A-column), Phaseolus
vulgaris agglutinin agarose (PHA-E4-agarose) and Sambucus
sieboldiana agglutinin column (LA-SSA-column) were pur-
chased from Seikagaku Kogyo (Tokyo, Japan). Sialidase from
Newecastle Disease virus (NDV), ff-galactosidase from Diplo-
coccus pneumoniae (DP) and p-N-acetylglucosaminidase
from DP were purchased from Boehringer Mannheim
(Mannheim, Germany). Sialidase from Arthrobactor ureafa-
ciens(AU) and 2-aminobenzamide (2-AB) were purchased
from Nacalai Tesque(Kyoto, Japan). 2, 5-Dihydroxybenzoic
acid(DHB) was purchased from Aldrich Chemical (Milwau-
kee, WI, USA).
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Sugar composition analysis

Neutral sugars were released from 1pg of TPO in 4M
trifluoroacetic acid at 100°C for 90 min. Amino sugars were
released in 6 N HCI at 100°C for 120 min. After hydrolysis,
samples were immediately dried in a vacuum evaporator,
dissolved in 200 pl of distilled water and analyzed with a
Dionex GlycoStation™ (Austin, TX, USA), equipped with a
CarboPac PA1 column and a CarboPac PA1 guard column.
Sialic acids were released in 4 N acetic acid at 80°C for 3 h,
derivatized with 1,2-diamino-4,5-methylene dioxybenzene
(DMB) and analyzed using an ODS 120T column
(4.6 x 250 mm, Tosoh, Tokyo, Japan) at 0.5 ml/min [10].

Preparation of 2-AB-labeled oligosaccharides from
recombinant human TPO

Asn-linked sugar chains were released from 0.2mg of
recombinant human TPO by hydrazinolysis at 100°C for
16h and re-N-acetylated [11]. The oligosaccharides were
reductively aminated with 2-AB in 20 pl of acetic acid/di-
methylsulfoxide (3:7) solution containing 7 umol of 2-AB
and 2mg of sodium cyanoborohydrate at 37°C for 16h
[12,13]. The 2-AB-labeled Asn-linked oligosaccharides were
purified by a series of paper and gel-permeation chromato-
graphies. An upsending chromatography was performed on
No. 514 paper (Advantec Toyo, Tokyo, Japan) with 1-
butanol/ethanol/distilled water (4:1:1) as a solvent. Gel
permeation chromatography was performed on a Superdex
Peptide HR 10/30 column (Pharmacia, Uppsala, Sweden)
equilibrated and eluted with 50 mM pyridine acetate buffer,
pH 5.0. 2-AB-labeled Asn-linked oligosaccharides were
collected from the flow-through fraction. 2-AB-labeled
oligosaccharides were detected by fluorescence with excitation
at 330 nm and emission at 420 nm.

Charge analysis of Oligosaccharides

Charge analysis of the 2-AB-labeled oligosaccharides was
performed by anion-exchange chromatography on a HiTrap-Q
column (1 ml, Pharmacia, Uppsala, Sweden) at a flow rate of
1 ml/min, using a linear gradient of sodium acetate buffer, pH
5.0, from 2 mM to 160 mM per 30 min as described previously
[13].

The 2-AB-labeled oligosaccharides were digested with
20mU of sialidase from NDV in 20pul of 10mM sodium
phosphate buffer, pH 7.0, at 37°C for 20 h [14]. The reaction
mixture was diluted with 80 pl of distilled water and analyzed
by anion-exchange chromatography.

Preparation of desialylated oligosaccharides

The 2-AB-labeled oligosaccharides were treated with 0.2 U of
sialidase from AU in 200 pl of 20 mM sodium acetate buffer,
pH 5.0, at 37°C for 20 h [15]. The reaction was terminated by
heating the solution at 100°C for 3 min.



Asn-linked sugar chain structures

The following 2-AB-labeled oligosaccharides were obtained
from recombinant EPO [9]. Galf1-4GlcNAcf1-2Mana1-6
(Galp1-4GlcNAcf1-2Mana1-3) Manf1-4GlcNAcf1-4
(Fucal1-6) GIcNAc-2AB, Galf1-4GlcNAcf1-6  (Galfl-
4GlcNAcf1-2) Manol-6  (Galfl1-4GleNAcf1-2Mano1-3)
Manf1-4GlcNAcf1-4  (Fucal-6) GIlcNAc-2AB, Galfl-
4GIcNAcf1-2Mano1-6 [Galf1-4GIcNAcfS1-4 (Galp1-
4GlcNAcf1-2) Manal-3] Manfi1-4GlcNAcf1-4 (Fucal-6)
GIcNAc-2AB and Galf1-4GlcNAcf1-6 (Galf1-4GlcNAcpf1-
2) Manal-6 [Galfl1-4GlcNAcf1-4 (Galfl1-4GleNAcfS1-2)
Mano1-3] Manf1-4GIlcNAcf1-4  (Fucxl-6) GIcNAc-2AB
were used as standard.

Glycosidase digestion was carried out under the following
conditions: 20mU of endo-f-galactosidase [16] in 200 ul of
50 mM sodium acetate buffer, pH 5.8, at 37°C for 20h; 0.1 U
of f-N-acetylhexosaminidase from JB [17] in 200pul of
100mM sodium citrate phosphate buffer, pH 6.0, at 37°C
for 20h; 1U of z-mannosidase from JB [17] in 200 ul of
50 mM sodium acetate buffer, pH 4.5, at 37°C for 48 h; 40 mU
of f-galactosidase from DP [18] in 80 ul of 10 mM sodium
cacodylate buffer, pH 6.0, containing 40 pg of bovine serum
albumin at 37°C for 20 h; 4 mU of f-N-acetylglucosaminidase
from DP [19] in 100 pl of 100 mM sodium citrate phosphate
buffer, pH 5.0, containing 2 pg of bovine serum albumin at
37°C for 20 h. The reactions were terminated by heating the
solution at 100°C for 3 min.

Lectin affinity column chromatography of oligosaccharides

The desialylated 2-AB-labeled oligosaccharides were analyzed
by lectin affinity column chromatography, using LA-AAL-
column [20], LA-ConA-column [21], LA-SSA-column [22]
and PHA-E4-agarose (2ml) column [23] with 10mM Tris-
H,S0;, buffer, pH 7.5, as a loading buffer at 0.5 ml/min. The
bound fractions were eluted with 1mM Fuc from the LA-
AAL-column, 5mM o-methyl glucoside from the LA-ConA-
column and 200 mM lactose from the LA-SSA-column.

Size analysis of oligosaccharides by gel permeation
chromatography

The molecular sizes of desialylated oligosaccharides were
analyzed by gel permeation chromatography on a Bio-Gel P-4
column (2 x 100 cm, 20-30 micron, Bio-Rad, Hercules, CA,
USA) eluted with distilled water at 0.2 ml/min at 50°C [24].

Reverse phase chromatography

The 2-AB-labeled oligosaccharides were purified by reverse
phase chromatography using a TSKgel ODS 80Ts column
(4.6 x 150 mm, Tosoh, Tokyo, Japan) at 0.5ml/min. The
mobile phase was 6.8% acetonitrile in 100 mM ammonium
acetate buffer, pH 4.0.

The MALDI-TOF/MS spectra were analyzed using a
Lasermat 2000 (Finnigan MAT, Hemel Hempstead, UK).
Neutral oligosaccharides were positively ionized with DHB
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solution and observed as [M + Na] + ions. The DHB solution
consisted of acetonitrile/distilled water (3 :7) containing 1%
(w/v) DHB and 0.01% (w/v) sodium dihydrogenphosphate
dihydrate.

Results

Sugar composition

The sugar compositions of recombinant human TPO and its 2-
AB-labeled Asn-linked oligosaccharides were analyzed. The
sugar composition of TPO was 31.5mol NeuAc, 0.3 mol
NeuGc, 6.6mol Fuc, 32.6mol Gal, 14.8 mol Man, 32.1 mol
GIcN, and 14.7mol GalN per protein. On the other hand, 2-
AB-labeled Asn-linked oligosaccharides contained 5.9 mol
Fuc, 17.8mol Gal, 14.8mol Man and 28.6mol GIcN per
protein. GalN was not detected in 2-AB-labeled Asn-linked
oligosaccharides. The sugar composition suggested that
recombinant human TPO has 6 Asn-linked and about 15
mucin type sugar chains.

Charge analysis of 2-AB-labeled oligosaccharides

The 2-AB-labeled Asn-linked oligosaccharides of recombi-
nant human TPO were separated into five peaks (N, Al, A2,
A3 and A4) by anion-exchange column chromatography
(Fig. 1). N, Al, A2, A3 and A4 indicate the oligosaccharide
fractions with 0, 1, 2, 3 and 4 negative charges (sialic acid),
respectively. Ninety-five percent of negatively charged peaks
were sensitive to sialidase from NDV, which specifically
released 02,3 linked sialic acids. The remaining 5% were not
sensitive to the non-specific sialidase from AU, but were
sensitive to solvolysis [25]. The SSA lectin has specificity for
sialic acid with «2,6 linkage. The LA-SSA-column did not
bind any 2-AB-labeled Asn-linked oligosaccharides. These
results indicated that recombinant human TPO has only «2,3
linked sialic acids and suggested that the remaining 5% of the
negatively charged oligosaccharides might have been due to a
sulfate group similarly to EPO [9].

Structure analysis of 2-AB-labeled oligosaccharides

The 2-AB-labeled oligosaccharides neutralized by AU siali-
dase digestion were separated on the LA-AAL-column. AAL
lectin has a specificity for Fuc o1,6 residues at reducing
terminal GlcNAc. The amount of LA-AAL unbound oligo-
saccharides was less than 1% of the total. LA-AAL bound and
eluted oligosaccharides were subjected to Bio-Gel P-4 column
chromatography, which yielded 5 peaks corresponding to 15,
18, 21, 24 and 27 glucose units (G) (Fig. 2A). After LA-AAL-
column chromatography, the LA-AAL unbound oligosacchar-
ides showed the same pattern on the Bio-Gel P-4 column as
that shown in Figure 2A (data not shown). The PHA-E-
agarose column did not bind the desialylated 2-AB-labeled
oligosaccharides. PHA-E lectin has a specificity for bisecting
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Figure 1. Anion-exchange chromatography of Asn-linked sugar
chains.

2-AB-labeled Asn-linked sugar chains of recombinant human
TPO were applied onto a HiTrap-Q column. N, A1, A2, A3 and A4
with arrows indicate the elution positions of 2-AB-labeled Asn-
linked sugar chains obtained from recombinant human erythro-
poietin produced in CHO cells containing 0, 1, 2, 3 and 4 negative
charges, respectively.

GlcNAc. The majority of the Asn-linked oligosaccharides of
recombinant human TPO produced in CHO cells were
fucosylated complex types without bisecting GIcNAc. Se-
venty-two percent of desialylated 2-AB-labeled oligosacchar-
ides passed through the LA-Con A-column. The LA-Con A-
column bound oligosaccharides were eluted by SmM o-
methylglucoside. The oligosaccharides of the 15G peak on
Bio-Gel P-4 chromatography bound to the LA-Con A-column,
while the other oligosaccharides (18, 21, 24 and 27 G) passed
through the column. The MALDI/MS signal of the LA-Con
A-column bound oligosaccharide was m/z 1930 which
corresponded to the sodium adduct of 2-AB-labeled Gal,Glc-
GlcNAcsMansFuc. Sequential digestion with f-galactosidase
from DP and f3-N-acetylglucosaminidase from DP shifted the
MALDI/MS signal to m/z 1606 and then to 1199,
respectively. These results indicated that the oligosaccharide
structure of the 15G fraction was Galf1-4GIlcNAcf1-2Mana1-
6 (Galf1-4GlcNAcf1-2Manx1-3)  Manf1-4GlcNAcf1-4
(Fuca1-6) GlcNAc-2AB. The 18 G fraction from the Bio-Gel
P-4 column was then separated into two peaks designated as
18G-1 and 18G-2 by reverse phase chromatography with a
molecular ratio of 73:27 (18G-1:18G-2) as shown in Figure
3A. The MALDI/MS signals of 18G-1 and 18G-2 were both
m/z 2296, which corresponded to 2-AB-labeled
Gal;NAcsMansFuc. The fractions of 18G-1 and 18G-2 were
digested with f-galactosidase from DP and were designated
18G-1-g and 18G-2-g, respectively. They were also separated
by reverse phase chromatography (Fig. 3B). The MALDI/MS
signals of the two samples were both m/z 1809, which
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Figure 2. Size analysis of Asn-linked sugar chains on Bio-Gel P-4
gel permeation chromatography.

Panel A, neutralized LA-AAL-bound Asn-linked sugar chains of
recombinant human TPO were separated on a Bio-Gel P-4 column.
Arrows indicate elution positions of 2-AB-labeled glucose oligo-
mers obtained from partial hydrolysate of dextran. The numbers
are glucose units. Bars show the pooled fractions. Panel B, the
21G fractions were separated by endo-f-galactosidase digestion;
Panel C, the 24G fractions were separated by endo-f-galactosi-
dase digestion.

corresponded to 2-AB-labeled GlcNAcsMansFuc. The pro-
ducts from 18G-1-g and 18G-2-g digested with f-N-
acetylglucosaminidase from DP were analyzed by MALDI/
MS and their signals were m/z 1606 and 1403, which
corresponded to 2-AB-labeled GlcNAcsManzFuc and
GlcNAc;MansFuc, respectively. f-N-Acetylglucosaminidase
from DP can hydrolyze GlcNAcf1-2Man, but not GlcNAcf1-
6 (GlcNAcf1-2)Man structure [26]. This indicated that the
product from 18G-2-g corresponded to Mana1-6 (GleNAcf1-
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Figure 3. Reverse phase chromatography of Asn-linked sugar
chains.

Panel A, the 18G fraction was separated on a TSKgel ODS 80Ts
column. Panel B, the 18G fraction was digested with $-galactosi-
dase and analyzed. Peaks were designated as 18G-1-g and 18G-
2-g. Panel C, the 21G-e fraction was digested with f-galactosidase
and analyzed. Panel D, the 21G-e fraction] was separated. Peaks
were designated as 21G-e1 and 21G-e2.
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4Manc1-3) Manf1-4GIcNAcf1-4 (Fucal-6) GIcNAc-2AB
and that from 18G-1-g corresponded to GlcNAcf1-6
(GleNAcf1-2) Manal-6 (Manol-3) Manf1-4GlcNAcf1-4
(Fuca1-6) GlcNAc-2AB. Therefore the structures of 18G-1
and 18G-2 should be Galfi1-4GlcNAcfl1-6 (Galfl-
4GIcNAcf1-2) Manal-6  (Galp1-4GlcNAcf1-2Mana1-3)
Manf1-4GlcNAcf1-4 (Fucal-6) GIcNAc-2AB and Galfl-
4GlcNAcp1-2Mana1-6 [Galp1-4GlcNAcf1-4 (Galp1-
4GIcNAcf1-2) Manal-3] Manfi1-4GlcNAcf1-4 (Fucal-6)
GIcNAc-2AB, respectively.

The 2-AB-labeled oligosaccharides collected in the 21 G
fraction appeared as a single peak on the Bio-Gel P-4 column.
However, after endo-f-galactosidase digestion, an additional
peak was observed beside the insensitive peak on the Bio-Gel
P-4 column (Fig. 2B). The endo-f-galactosidase insensitive
peak and additional peak were designated as 21G-1 and
21G-e, respectively. The MALDI/MS signal of 21G-1 was
m/z 2661 corresponding to 2-AB-labeled GalsGlcNAcg
Man;sFuc. Sequential digestion of 21G-1 with f-galactosidase
from DP and f-N-acetylhexosaminidase from JB shifted the
MALDI/MS signal to m/z 2012, which corresponded to 2-
AB-labeled GlcNAcgManszFuc, and then to 1199, which
corresponded to 2-AB-labeled GlcNAc,ManjzFuc, respec-
tively. Therefore, 21G-1 should be Galf1-4GIcNAcf1-6
(Galp1-4GlcNAcf1-2)  Manal-6  [Galf1-4GlcNAcf1-4
(Galf1-4GlcNAcf1-2)  Manal-3]  Manf1-4GlcNAcf1-4
(Fuca1-6) GIcNAc-2AB. 21G-e was separated into two peaks
on reverse phase chromatography, designated as 21G-el and
21G-e2 with a molecular ratio of 54:46, respectively (Fig.
3D). 21G-el and 21G-e2 gave the same MALDI/MS signal at
m/z 2133 corresponding to 2-AB-labeled Gal,Glc-
GlcNAcsMansFuc (Fig. 4, 21G-e). 21G-e-g produced by f-
galactosidase digestion of 21G-e eluted at exactly the same
retention time as 18G-1-g [GIcNAcf1-6 (GlcNAcf1-2)
Manoxl-6  (GlcNAcf1-2Mana1-3)  Manf1-4GlcNAcf1-4
(Fuca1-6) GIcNAc-2AB] on the reverse phase column (Fig.
3C). Furthermore, JB f3-N-acetylhexosaminidase digestion of
21G-el and 21G-e2 gave 21G-elh and 21G-e2h, respectively,
which gave the same MALDI/MS signal at m/z 1930
corresponding to 2-AB-labeled Gal,GIcNAcsMansFuc. The
structural candidates of 21G-elh and 21G-e2h were 21G-eh-
A, 21G-eh-B and 21G-eh-C as shown in Figure 4. After
sequential digestion with f-galactosidase from DP and f-N-
acetylglucosaminidase from DP, the MALDI/MS signals of
products from 21G-elh and 21G-e2h were m/z 1403 and
1199, respectively. The MALDI/MS signal at m/z 1403
corresponded to 2-AB-labeled GIcNAc;MansFuc derived
from 21G-eh-B and the MALDI/MS signals at m/z 1199
corresponded to 2-AB-labeled GIcNAc,MansFuc derived
from 21G-eh-A (Fig. 4). f-N-Acetylglucosaminidase from DP
hydrolyzed the GIcNAcf1-2Man but not that of GleNAcf1-6
(GIcNAcf1-2) Man. These results indicated that 21G-elh and
21G-e2h were 21G-eh-B and 21G-eh-A, respectively (Fig. 4).
Therefore 21G-el and 21G-e2 should have been derived from
triantennary oligosaccharides with an N-acetyllactosamine
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Figure 4. Glycosidase digestion pattern of 21G fraction. 21G-e was derived from the indicated sugar chain structure by endo-g-
galactosidase digestion. A portion of 21G-e was digested with f-galactosidase and designated as 21G-e-g, while the remainder was
digested with -N-acetylglucosaminidase. The predicted MALDI/MS signals and structures from 21G-e are shown as 21G-eh-A, 21G-eh-B

and 21G-eh-C.

repeat that were Galf1-4GIcNAcf1-6 (Galf1-4GIcNAcf1-
3Galf1-4GlcNAcf1-2) Mana1-6 (GalB1-4GIcNAcf1-
2Manu1-3) Manfi1-4GlcNAcf1-4 (Fucol-6) GIlcNAc-2AB
(21G-21) and Galp1-4GlcNAcf1-3Galf1-4GIlcNAcf1-6
(Galp1-4GlcNAcf1-2) Mano1-6 (Galp1-4GIcNAcf1-
2Manc1-3) Manf1-4GlcNAcf1-4 (Fucxl-6) GlcNAc-2AB
(21G-22), respectively. The 2-AB-labeled oligosaccharides
collected in the 24 G fraction appeared as a single peak on
Bio-Gel P-4 column chromatography. However, after endo-f-
galactosidase digestion, it was separated into two peaks on the
Bio-Gel P-4 column designated as 24G-el and 24G-e2 (Fig.
2C). 24G-el was subjected to reverse phase chromatography
and separated into two peaks designated as 24G-el1 and 24G-
el2 with a molecular ratio of 48:52. Both peaks gave the
same MALDI/MS signal at m/z 2499 corresponding to 2-AB-
labeled Gal; GlIcNAcgMansFuc. This molecular mass indicated

that the original structure of 24G-el was a tetraantennary
sugar chain containing one N-acetyllactosamine repeat (Figure
5). After the JB f5-N-acetylhexosaminidase digestion of 24G-
ell and 24G-el2, the digested products of 24G-e11 and 24G-
el2 were designated as 24G-el 1h and 24G-e12h, respectively.
Structural candidates are shown as 24G-elh-A, B, C and D
in Figure 5. Reverse phase chromatography of 24G-ellh
showed a peak identical to 18G-2 that was shown to be Galf1-
4GlcNAcf1-2Mana1-6 [GalB1-4GlcNAcf1-4(Galf1-
4GIcNAcf1-2) Manal-3] Manf1-4GIlcNAcf1-4 (Fucal-6)
GlcNAc-2AB. Additional sequential digestion with f-galacto-
sidase from DP and f-N-acetylhexosaminidase from DP
shifted the MALDI/MS signal of 24G-el1h to m/z 1403,
which corresponded to 2-AB-labeled GlcNAc;MansFuc. The
signal shift pattern of 24G-el1h was the same as that of 18G-
2. Therefore, the structure of 24G-el1h should be 24G-el1h-A
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24G-el
2296
Galg1-4 GlcNAcp 1- 114 GlcNAc g 1 Fuca |
’ ’ Sga; 1-4 GIcNA Bl\ Mana 6
ap I-AGleNACR § Man § 14 GIcNAc B 1-4 GIcNAc - 2-AB
Galp 1-4 GleNAcp 1 f o/
Gal[_’, 1-4 GlcNAcB 1
1403
2296 N Fuc o1,
6 \
Galg 144 GleNAc g 12 MA@ A 6
24G-elh-A B B 8 Man B 1-4 GlcNAc B 14 GIeNAc - 2-AB
Gal g 1[4 GIcNAC B 1~ /
5 Man ¢,
Gal g 1-4 GleNAc g 1’
2296 1606
Gal g 14 GleNAc g 1\ Fuc ¢ I
-2 Mana N 6
24G-eh-B © Man B 14 GIcNAc B 1-4 G -2
Gal B 1[4 GIcNAc B 1~4 3 Man B 1-4 GleNAc B 1-4 GleNAc - 2-AB
an o
Gal B 1-4 GlcNAc B 1
Fuc 0(1\
p 6
24G-e1h-C 3 Man ( 1-4 GlcNAc 3 1-4 GlcNAc - 2-AB
2296 1809
Gal g 114 GleNAc g 1N Fue o1
24G-elh-D —oMana N 6

Gal g 144 GlcNAc g 1
Gal B 144 GIcNAc i 1~
/2

g Man § 1-4 GIcNAc 3 1-4 GIcNAc - 2-AB

4 Man o |

Figure 5. Glycosidase digestion pattern of 24G-e1 fraction. 24G-e1 was derived from the indicated sugar chain structure by endo-f-
galactosidase digestion. The predicted MALDI/MS signals and structures from 24G-e11h and 24G-e12h are shown as 24G-e1h-A, 24G-

e1h-B, 24G-e1h-C and 24G-e1h-D.

(Fig. 5). Additional sequential digestion of 24G-e12h with f-
galactosidase from DP and f-N-acetylhexosaminidase from
DP shifted the MALDI/MS signal to m/z 1606, which
corresponded to 2-AB-labeled GlcNAcsMansFuc (24G-e1h-B
or 24G-e1h-C). 24G-e12h eluted at a different retention time
from 18G-1 that was shown to be Galf1-4GIcNAcf1-6
(Galf1-4GlcNAcf1-2) Mana1-6 (Galp1-4GIcNAcf1-
2Manc1-3) Manf1-4GlcNAcf1-4 (Fucal-6) GlcNAc-2AB
on reverse phase chromatography. Therefore, the structure of

24G-e12h must not be 24G-e1h-C but should be 24G-e1h-B in
Figure 5. 24G-ell and 24G-el2 should have been derived
from tetraantennary sugar chains with an N-acetyllactosamine
repeating that were Galf1-4GIlcNAcf1-3Galf1-4GIcNAcf1-6
(Galp1-4GIcNAcf1-2)  Manal-6  [Galf1-4GlcNAcf1-4
(Galp1-4GIcNAcf1-2)  Manal-3]  Manf1-4GlcNAcf1-4
(Fuca1-6) GlcNAc-2AB (24G-11) and Galf1-4GIcNAcf1-6
(Galp1-4GlcNAcf1-3Galf1-4GlcNAcf1-2) Manal-6 [Galf1-
4GIcNAcf1-4  (Galp1-4GIcNAcf1-2) Manal-3] Manfl-
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4GlcNAcf1-4 (Fuca1-6) GleNAc-2AB (24G-12), respectively.
The MALDI/MS signal of 24G-e2 was m/z 1971 correspond-
ing to 2-AB-labeled GalGlcNAcsMansFuc. This molecular
mass indicated that the original structure of 24G-e2 was a
triantennary sugar chain containing two N-acetyllactosamine
repeats, as shown in Figure 6. 24G-e2 digestion with DP
p-Galactosidase produced 24G-e2-g in Figure 6. On reverse
phase chromatography, 24G-e2-g showed a peak identical to
18G-1-g that was shown to be GIcNAcf1-6 (GlcNAcf1-2)
Manal-6  (GIcNAcf1-2Mano1-3)  Manf1-4GlcNAcf1-4
(Fuca1-6) GIcNAc-2AB. Sequential digestion of 24G-e2 with
p-N-acetylhexosaminidase from JB and o-mannosidase from
JB shifted the MALDI/MS signal from m/z 1971 to m/z 1565
and then to m/z 1402 corresponding to 2-AB-labeled
GalGlcNAcsMan,Fuc. These results indicated that two N-
acetyllactosamine repeats linked at the same «l-6 side
mannose of the core sugar chain structure, because o-
mannosidase would digest the exposed mannose unit after
endo-fi-galactosidase digestion followed by p-N-acetylhex-
osaminidase digestion (24G-e2-m in Fig. 6). Therefore,
24G-2 should be a triantennary oligosaccharide with two

Inoue et al.

4GIcNAcf1-6  (Galp1-4GlcNAcf1-3Galf1-4GlecNAcf1-2)
Manu1-6 (Galp1-4GIcNAcf1-2Mana1-3) Manp1-
4GlcNAcf1-4 (Fucal-6) GlcNAc-2AB.

The 2-AB-labeled oligosaccharides collected in the 27 G
fraction were digested with endo-f-galactosidase, which was
designated as 27G-e. The MALDI/MS signal of 27G-e
was m/z 2336 corresponding to 2-AB-labeled Gal,Glc-
GlIcNAcgMansFuc. Therefore, the 27G-e fraction was derived
from a tetraantennary sugar chain with two N-acetyllactos-
amine repeats. The sequential digestion of 27G-e with N-
acetylhexsaminidase from JB and «-mannosidase from JB
shifted the MALDI/MS signal from m/z 2336 to m/z 1606
and then to m/z 1443 corresponding to 2-AB-labeled
Gal,GlcNAcsMan,Fuc. These results indicated that two N-
acetyllactosamine repeats linked at the same «l1-6 side
mannose of the core sugar chain structure, because o-
mannosidase digestion would result in mannose exposure
after endo-f-galactosidase digestion followed by f-N-acetyl-
hexosaminidase digestion. Therefore, the 27G fraction
obtained by Bio-Gel P-4 column chromatography should be
a tetraantennary sugar chain with two N-acetyllactosamine

N-acetyllactosamine  repeats:  Galf1-4GIcNAcf1-3Galffi1-  repeats: Galfi1-4GIcNAcf1-3Galf1-4GlcNAcf1-6 (Galfl-
endo-B-galactosidase
24G-e2
1971
Fuc o
Gal B 1-4 GlcNAcB 1-3 Gal § 1}4 GlcNAc B 1 \ Mano K 6

Galp 1-4 GleNAcp 1

Galp1-4 GlcNACR 1-3 Gal p 14 GleNAc g 1 j 3 Man §1-4 GlcNAc B 1-4 GlcNAc - 2-AB
Man o I

B-galactosidase

1971y 1809
24G-e2-g GleNAc g I\ Fuca
GleNAc p 1—2 Mana A 6
3 Man § 1-4 GlcNAc § 1-4 GlcNAc - 2-AB
Gal g 114 GlcNAc g 1-2 Mang, 1
B-N-acetylgulucosaminidase
o-mannosidase
1971
A 1565 /
24G-e2-m GlcNAc g 1 1402 Fuc o }
GleNAc g 12 Ma““)/s 6

Gal g 1-4 GleNAc g 1-2 Mang, 1

3

Man f 1-4 GlcNAc B 1-4 GlcNAc - 2-AB

Figure 6. Glycosidase digestion pattern of 24G-e2 fraction. 24G-e2 was derived from the indicated sugar chain structure by endo-$-
galactosidase digestion. A portion of 24G-e2 was digested with -galactosidase and designated as 24G-e2-g. The remainder was digested

to 24G-e2-m by p-N-acetylglucosaminidase and «-mannosidase.
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Size

Structures

Molar Ratio (%)

15G

18G-1

18G-2

21G-1

21G-21

21G-22

24G-11

24G-12

24G2

27G

+Fucoly
Gal B 1-4 GlcNAcB 1-2 Mang 1\ 6
3 Man B 1-4 GleNAc B 1-4 GlcNAc - Asn

Gal B 1-4 GleNAc B 1-2 Man 1

Gal g 1-4 GleNAcp 1

+Fuc ol
Galp 1-4 GlcNAcp 1-2 Mana I\

6
§ ManP 14 GlcNACB 14 GleNAc - Asn
Gal B 14 GlcNAcB 1-2 Mang 1

+Fucal y
Gal 1-4 GIcNAcB 1-2 Mang 1 « 6
g Man B 1-4 GlcNAc B 1-4 GlcNAc - Asn
Galpg 1-4 GlcNAcp 1 ~4 /
Mana 1

GalB 1-4 GIcNAcp 1

Gal B 1-4 GIcNACB 1N\g4 +Fucal y
—n Mana K
Galp 1-4 GlcNAcp 172

Gal B 1-4 GlcNAcp 1;; Mana [

6
g Manp 1-4 GlcNAcP 14 GlcNAc - Asn

Gal g 1-4 GlcNAcp 1

Gal § 1-4 GleNAc B 1-3 Gal B 14 GIeNAcB 1 *Fuc o,

6
Gal§ 1-4 GlcNAcp 1-2 Mana N 6
§ Man 14 GlcNACB 1-4 GleNAc - Asn

GalB 1-4 GlcNAcf 1-2 Mang 1 7

Gal B 1-4 GIeNACB 1\ sFucal,

Mano N\ 6
- - -2
Gal 1-4 GlcNAc B 1-3 Gal g 1-4 GlcNAcR 1 g ManB 1-4 GlcNAc B 1-4 GleNAc - Asn

Gal 1-4 GIcNAcB 1-2 Mang 1 7

Gal B 1-4 GlcNAc B 1-3 Gal B 1-4 GIcNACB 1 ¢ +Fuca ]

Galp 14 GleNAcp 1-2 MAE N 6
3 Man B 1-4 GlcNAc 8 1-4 GlcNAc - Asn
Galp 1-4 GIeNAC 1~4,

GalB 1-4 GIcNAcg 172

Gal § 1-4 GIcNAcB 1 +Fuc o)y

Gal B 14 GleNAc B 1-3 Gal B 1-4 GleNAcp 1-2 M N 6
S ManB 1-4 GIcNAcP 1-4 GlcNAc - Asn
Gal § 1-4 GlcNACp 1~

4 Mana 1
Gal § 144 GkNAcB 1

Galp 1-4 GlcNAc 1-3 Gal g 1-4 GleNAcf 14 +Fucq, 1‘

Gal B 1-4 GIcNAc B 1-3 Gal § 1-4 GIcNAcp 1-2 MA & N 6
3 Man f§ 1-4 GlcNAc B 1-4 GIlcNAc - Asn

Galg 1-4 GlcNAcB 1-2 Mang 1/

Gal § 1-4 GIcNAc B 1-3 Gal B 1-4 GIcNAC 1N ¢ *Fuco 1

-2 Mana N
Gal B 1-4 GlcNAc B 1-3 Gal § 1-4 GlcNAc 1
Galp 1-4GIeNACB I1~g4,, /

Gal B 1-4 GlcNAcp 17

6
§ Man 1-4 GIcNACP 1-4 GleNAc - Asn

27.9

16.2

5.9

22.6

3.4

4.0

5.2

5.7

2.7

5.2
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4GIcNAcf1-3Galf1-4GlcNAcf1-2) Mano1-6 (Galp1-
4GIcNAcf1-4  (Galp1-4GlcNAcf1-2) Manal-3] Manfl-

4GIcNAcf1-4 (Fucal-6) GlcNAc-2AB.

The 2-AB-labeled oligosaccharides from recombinant EPO
were used as standard to determine the sugar chain structure of
15G, 18G-1, 18G-2 and 21G-1.

The structures of asialo Asn-linked oligosaccharides of
recombinant human TPO produced in CHO cells are
summarized in Table 1.

Discussion

By quantitative hydrazinolysis, 13.5 nmol of Asn-linked sugar
chains were released from 2.5 nmol of TPO, suggesting that
most of the 6 potential N-glycosylation sites were glycosyl-
ated. These N-glycosylation sites are located in the C-terminal
domain. It is of particular interest to compare sugar chain
structures between recombinant EPO [9] and recombinant
TPO produced in CHO cells, because EPO and the cytokine
domain of TPO were reported to show structural homology
[4]. Ninety-eight percent of Asn-linked sugar chains released
from recombinant TPO were acidic, and 95% of these negative
charges came exclusively from 22,3 linked sialic acids. Most
of the sialic acids were in the N-acetyl form, but there was a
trace amount of N-glycolyl form. Ninety-nine percent of sugar
chains had «1,6-linked fucose at GIcNAc of the reducing
terminal. With regard to branching structures, bi-, tri- and
tetraantennary complex-type sugar chains with N-acetyllact-
osamine repeats were detected. Hoffman et al. reported that
recombinant TPO produced in BHK cells also had bi-, tri- and
tetraantennary sugar chains with fucose as the major structure
[7]. The populations of sugar chain structures were different
between recombinant EPO [8] and TPO both produced in
BHK cells, but the types of sugar chain structures were the
same. These observations suggested that the cellular glycosyl-
ation systems are mainly responsible for the types of sugar
chain structures.

There were several features specific to recombinant TPO
produced in CHO cells: the major branching structure was the
bi-antennary type (27.9% of the total sugar chains), which was
a minor structure and acted as a factor to reduce in vivo
biological activity in the case of EPO [6,27]. This result
strongly suggested that the protein structure should determine
the branching structure of sugar chains.

Recombinant EPO and TPO had tetraantennary sugar
chains with N-acetyllactosamine repeats. The recombinant
TPO also had several minor structures that recombinant EPO
did not; triantennary sugar chains with one and two N-
acetyllactosamine repeats (10.1% of total sugar chains), new
isomers of triantennary sugar chains with one N-acetyllact-
osamine repeat (3.4% and 4.0%), and a trace amount of
triantennary sugar chains with three N-acetyllactosamine
repeats. N-Acetyllactosamine repeatings structures appeared
on only Galf1-4GIcNAcf1-6 (Galf1-4GlcNAcf1-2) Manal-
6 (Galp1-4GlcNAcf1-2Mano1-3) Manf1-4GIlcNAcf1-4 (Fuco

Inoue et al.

1-6) GlcNAc and not on Galf1-4GlcNAcf1-2Mana1-6
[Galf1-4GlcNAcf1-4 (Galp1-4GIcNAcf1-2)Mana1-3]
Manf1-4GlcNAcf1-4 (Fucal-6) GlcNAc. It appears that the
i antigen-forming GlcNAc transferase of CHO cells, which
acts at the first step of N-acetyllactosamine repeating
biosynthesis [28], prefers Galf1-4GlcNAcf1-6Mano1-6Man
and Galf1-4GIcNAcf1-2Mano1-6Man of tri- and tetraantenn-
ary sugar chains.

One of our goals was to elucidate the precise sugar chain
structures of human native TPO in blood and to understand
their functional roles as in the case of EPO [29]. However, it is
almost impossible to purify human TPO in sufficient amounts
from blood, because blood TPO content was estimated to be
below 0.7amol/L [30]. Human transferrin and «l-acid
glycoprotein, known to be secreted from the liver, might
provide clues to the sugar chain structure of native TPO,
because the liver should be the major organ producing TPO
[31]. Human transferrin, 80 kDa with 2 N-glycans, exclusively
has bi-antennary complex-type sugar chains with «2,6-linked
sialic acids [32]. It has also been reported that the liver
damaged by cancer or alcohol produced human transferrin
possessing the triantennary structure of GnT-IV product type
and/or o1,6Fuc to GIcNAc at the reducing terminal [19,33].
al-Acid glycoprotein, 44 kDa with 6 N-glycans, has tri- and
tetraantennary complex-type sugar chains with mainly «2,6-
linked sialic acids [34] and has sialyl Lewis X structures [35].
It has also been reported that amount of sialyl Lewis X
structures were increased in patients with inflammation [36].
According to our previous study, the non-reducing terminal
structure of N-glycans should be largely dependent on the
glycosylation system of the host cells. It appears that o2,6-
linked sialic acids and a lack of «1,6Fuc are characteristic
features of normal human hepatocytes. If this is the case in
native human TPO, there should be qualitative differences in
sugar moieties between native TPO and recombinant TPO
produced in CHO cells that always yield o2,3-linked sialic
acids and ol,6Fuc. Such differences in glycoforms may
significantly alter the their distribution in the human body and
the biochemical features of human TPO. Therefore, it is very
important to elucidate the precise sugar chain structures of
natural human TPO in future studies, although it is almost
impossible to purify it in sufficient amounts. This work will be
helpful to elucidate the sugar chain structures of natural human
TPO.
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