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Abstract: We performed DNA microarray analysis on two
BALB/3T3 transformants (A5 and A6} induced by polyure-
thane (PU) flm, two (L11 and L21) induced by biodegradable
poly(t-lactic acid) (PLLA) film, and the parental cells. The
transforming ability of the cells was in the order A5 < A6 <
L2 < L11. Inall, 1176 cancer-related genes were up- or down-
regulated in at least one transformant. Those that were mark-
edly up-regulated were c-fos protooncogene, FBJ osteosarcoma
oncogene B, and Jun oncogene; those markedly down-regu-
lated were pleiotrophin, histidine triad nucleotide-binding pro-
tein, protein kinase C iota, and large multifunctional protease 7.
A common function of proteins encoded by genes that under-
went marked expression changes was bone formation. The

genes were c-fos, FB] osteosarcoma, Jun, plefotrophin, 2 disin-
tegrin-like and metalloprotease with TS-1 motif protein 1, This
finding was consistent with the tumor formation in the 2-year
PLLA or PU subcutaneous implantation into rats. The number
of genes that underwent marked expression change in each
transformant was consistent with its malignancy. PLLA in-
duced more malignant transformants than PU, espedally in
relation to osteosarcoma-like gene expression. © 2003 Wiley
Periodicals, Inc. ] Biomed Mater Res 68A: 376382, 2004

Key words: BALB/3T3; transformation; PU; PLLA; DNA
microarray aralysis

INTRODUCTION

Pelyurethanes (PUs) are widely used in medical
devices because of their elasticity, high tensile
strength, biocompatibility, and ease of handling.
Poly(i-lactic acid) (PLLA} is used for bone screws and
bone fixing plates because of its biodegradability.
Some PUs, however, are unsteble in vivo and induce
tumors in rats.! Although there have been a number of
in vifro studies on chemically induced transformation,
few have analyzed the transformant DNA.

In the present study, we used DNA microarrays to
analyze gene expression in transformants induced on
high-molecular-weight polymer materials and related
altered expression to the malignancy of the transfor-
mants, focusing on the consequences of transforma-
tion rather than on the process.

MATERIALS AND METHODS
Cells

Mouse Balb/3T3 clone A31-1-1 cells provided by Dr. T.
Kuroki? (University of Tokyo) were maintained in mirimum

Correspondence to: A. Matsuoka; e-mail: matsuoka@nihs.go.jp

© 2003 Wiley Periodicals, Inc.

essential medium supplemented with 10% heat-inactivated
fetal calf serum in 5% CO, in air at 37°C.

Materials

PU [MDI/PTMCO 1000/BD, weight-averaged molecular
weight (M,,) 220,000} was obtained from Sanyo-kasei Co.
Ltd. and PLLA (M,, 200,000) films (thickness 0.3 min) were
obtained from Shimadzu Corporation.

Coating of materials on the glass dishes

PU was dissclved in tetrahydrofuran. Half the surface
area of glass dishes (diameter 6 cm) was coated with 320 mg
of PU. After the dishes dried, they were sterilized by auto-
claving at 121°C for 15 min. In the case of PLLA, the film was
cut to fit the bottom of plastic dishes (diameter 6 em) and
attached with a small amount of acetone. The acetone was
evaporated completely and the dishes were sterilized under

UV-irradiation for 2 h.

The transformation assay

Cells were seeded at a density of 1 x 10* / plate (diameter
6 an} on a coating and cultured in medium that was
changed twice per week. After 6 weeks, transformants were
isolated and stored at —80°C.
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TABLE |
Transformation Assay of PU- and PLLA-Induced
Transformants and Parental Controls

Cloning Efficiency

Cell Line {% of Cantral) No. of Foci 2
A31-1-1 100 0.3 £ 0.48
A5 106.3 23123
A6 110.8 470 + 6.28
L11 1448 1141+ 13.32
121 126.2 B45 % 510
A31-1-1 + MCP 22 30.0x5.15

*Average with standard deviation of 15 plates.
®0.5 ug/mL (positive control).

Two transformants induced by PU (A5 and A6) and two
induced by PLLA (L11 and £21) were thawed and cultured
for confirmation of transformation and for DNA microarray
analysis, which were conducted in parallel. For the positive
control assay, cells were treated with 3-methylcholanthrene
{MC, 0.5 pg/mL) 24 h after seeding, washed with fresh
medium 72 h later, and incubated in normal medium up to
6 weeks. The number of transformed foci per plate served as
malignancy of transformants.

DNA microarray analysis

At least 107 cells were harvested and frozen in liquid
nitrogen. Tota] RNA was extracted, purified, assessed for

Controi
A3111
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28 foci:

2 foci
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yield and purity, and ¢cDNA probes were synthesized with
the Atlas™ Pure Total RNA Labeling System (Clontech;
according to the manufacturer’s instructions. Hybridization
of the **P-labeled probes to the Atlas Array of Mouse Cancer

7 an-
cer-related genes were spotted, were performed with At-
las™ cDNA Expression Arrays according to the manufac.
turer’s instructions. The phosphor images of hybridized
arrays were analyzed with Atlaslmage™ (Clontech). Genes
that were up- or down-regulated more than fivefold relative
to the negative controls are discussed.

RESULTS

The number of foci per dish produced by the se
lected transformants increased in the order AS < Ab <
L21 < L11 (Table I). The transformants isolated from
PLLA were more malignant than those isolated from
PU. A31-1-1 cells treated with MC induced 30 foci per
plate, as expected. Figure 1 shows the actual focj fea.
fures. The A5 and A6 foci resembled those on the
MC-treated dishes. The extracellular matrix appeared
lyzed in transformants L11 and 121

Fourteen genes increased expression more than
fivefold in at least one transformant (Fig. 2, Table IJ).
The three most markedly up-regulated genes were
c-fos protooncogene, FB} osteosarcoma oncogene B,
and Jun oncogene; all increased most in L11. The only

Transformant

A5 L11
112 foci
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Figure 2. Expression profile of transformant genes whose expression increased more than fivefold in ai least one transfor

mant (see Table IT for name key).

transformant that did not show any appreciable
change in gene expression was A6.

Twenty-five genes decreased expression more than
fivefold in at least one transformant (Fig. 3, Table ).
The four most markedly down-regulated genes were
pleiotrophin (PTN), histidine triad nucleotide-binding
protein, protein kinase C iota, and large multifunc-
tional protease 7; all except for large multifunctional
protease 7. decreased most in L11. Transformant A6
showed a 20-fold decrease in the expression of large
multifunctional protease 7.

Figure 4 shows the expression profiles of 20 onco-
genes and tumor suppressor genes. c-fos Protoorico-
gene, FBJ osteogarcoma oncogene B, and Jun oncogene
were up-regulated markedly in transformants AB5,
L11, and L2]1 The expression levels of ras, src, raf,

mitogen-activated protein kinases, MEK, and P53
were similar in parental cells and transformants
within an approximate twofold increase or decrease
Among the extracellular matrix-related genes,
HS5P60, HSP65, HSPD1, mitochondrial matrix proteis;
P1 precursor, 60-kDa chaperonin, GroEL protein, and
matrix metalloproteinase 9 were markedly down-reg:
alated, especially in transformant L11 (Fig. 5).
Expression of transforming growth factor (TGF) )
and 2 and 8 connexin-related genes did not change
significantly in any transformants (data not shown).
Table IV lists the genes that were up- or down
regulated more than fivefold relative to parental con:
trols. Large multifunctional protease 7 was down-reg.
ulated more than fivefold, in all transformants. The
gene expression profile of A6 was unique among the
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Figure 3. Expression profile of transformant genes whose expression decreased more than fivefold in at Jeast one transfor-

mant (see Table IIT for name key).
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TABLE II
Transformant Genes Whose Expression Increased
More Than Fivefold
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mants except A6. c-fos, a protooncogene, is the cellular
homolog of v-fos, which was originally isolated from a
murine osteosarcoma. Fos protein is a major compo-
nent of the AP-1 transcription factor complex, which

— includ

Code Gene

AQBe Integrin § 7

Al4l Insulin-like growth factor binding protein 13

B(2a cfes protooncogene

B02b FB] osteosarcoma oncogene B

Bg21 Jun oncogene

B02m junB protooncogene

Bdég HSP27, HSP25, HSPBL, growth-related 25-kDa
protein

BO7e N-oxide forming dimethylaniline
monooxygenase 1, hepatic flavin-containing
monooxygenase 1, dimethylaniline oxidase 1

Co1k Retinoic adid receptor B, nuclear receptor
subfamily 1 group B member 2

Cl3m Caspase-activated DNase, DNase inhibited by
DNA fragmentation factor

DOsb Insulin-like growth factor If precursor,
multiplication-stimulating polypeptide

DQ5e Leukemia inhibitory factor, cholinergic
differentiation factor

Dosd Proliferin

E07k Nonreceptor type 16 protein tyrosine
phosphatase

four transformants in that proliferin was up-regulated
more than 10-fold, thrombospondin 1 (TS-1) was
down-regulated more than 10-fold, and large multi-
functional protease 7 was down-regulated more than
20-fold. L11 showed the most appreciable changes in
expression intensity and in the number of genes
down-regulated. In that transformant, c-fos protoon-
cogene and fun oncogene were markedly up-regu-
lated whereas PTN, histidine triad nucleotide-binding
protein, and protein kinase C iota were markedly
down-regulated. L21 showed marked up-regulation in
the expression of cfos protooncogene and Jun onco-
gene and marked down-regulation in the expression
of PTN, histidine triad nucleotid.e—bf.nding protein,
protein kinase C iota, and large multifunctional pro-
tease 7,

The only significant association we observed be-
tween changes in gene expression and malignancy
were for cellular tumor antigen p53, procollagen VI
alpha 3 subunit, and connexid 43. The relationship
was inverse and was observed when the decrease in
expression was less than fivefold (data not shown).

DISCUSSION

DNA microarray analysis of two transformants (A5
and A6) induced on PU film and two (L1l and L21)
induced on PLLA film showed LI11 to be the most
malignant and the one that underwent the most ap-
preciable changes in gene expression levels.

Both ¢-fos and Jun were up-regulated in all transfor-

involved in bone formation, namely c+os, FBJ osteo-
sarcoma oncogene B, Jun, PTN, ADAM-TS, and
MMP9, were among those that changed expression
levels (Table IV). They were up- or down-regulated
markedly in L21 and even more so in L11. Wang et al ®
demonstrated in transgenic and chimeric mice that
overexpression of c-fos affects bone, cartilage, and he-
matopoietic cell development. Wang et al* also
showed that mice lacking c-fos are growth retarded,
develop osteopetrosis with deficiencies in bone re-
modeling and tooth eruption, and have altered hema-
topoiesis. Onyia et al.,” investigating gene expression
In rat osteoblast-like osteosarcoma cells (ROS 17/ 2.8)
cultured in vivo, demonstrated that at 56 days, c-fos
expression increased up to fivefold, cjun expression
increased 2.1-fold, and MMP-9 expression decreased
to undetectable levels. Those findings are consistent
with the present finding in L11, that is, that jun, fos,

TABLE i1
Transformant Genes Whose Expression Decreased
More Than Fivefold

Code Gene

AQ6f  Cdk 6 inhibitor, Cdk 4 inhibitor C, Cdk inhibitor 2C
AOBc  Fat tumor suppressor homelog (Drosophila)

Aldn  Thrombospondin 1

Alle  VCAM-1 precursor

Al2a  Cysteine-rich intestinal protein

Al2e Delta-like homolog 1, preadipocyte facto 1, SCP |,

FAl, ZOG
B0l EB1 APC-binding protein

Bl4d FSP60, HSP65, HSPD1, mitochondrial matrix proteur
P1 precursor, 60-kDa chaperonin, GroEL protein
C0lc  Apoptosis inhibitor 1

C03j Clusterin precursor, clustrin, apolipoprotein J,
- sulfated glycoprotein 2

C07m  Flatelet-derived growth factor receptor a precursor

Ci2n  Hek2 murine homolog, Mdk5 mouse developmental
kinase, Eph-related tyrosine-protein kinase
receptor

Dosb  PTIN

D061 Small inducible cytokine A9

Dl4g  Avian sarcoma virus CT10 (v-crk) oncogene homolog

E02n  Norreceptor type 11 protein tyrosine phosphatase,
phosphotyrosine phosphatase

EQ4f Cdk?, CDC2-related kinase 4, Cdk-activating kinase,
39-kDa protein kinase, MO15, MPK7

E08{ Serum-inducible kinase

El13k  Histidine triad nucelotide-binding protein, protein
kinase C iota
El3n  Menage a trois 1

FO1i A disintegrin-like and metalloprotease with
thrombospondin type 1 motif protein 1

F02g  Matrix metalloproteinase 9

F03a  Large multifunctional protease 7

FOSh  Developmentally d neural precursor cell expressed

F10j Tubulin cofacter a
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Expreesion of selected oncegenes and tumor suppressor genes
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Figure 4. Expression profile of transformant Oncogenes and tumor suppressor genes. Thirty-nine spots of oncogene and
tumor suppressor gene-related genes were on the DNA tip and 30 of them were analyzable, but not in all transformants, Only
those genes whose expression level changed at least fivefold are named.

and ostecsarcoma genes were up-regulated whereas
MMP9 was down-regulated, suggesting that PLLA
stimulated BALB/3T3 cells to express genes related to
osteogenesis.

Nakamura et al.® observed bone formation m 6 of 22
tumors induced in rats by a 2-year PLLA subcutane-
ous implantation. Tumeor incidence was 44% (22/50)
with PLLA® and 38% (11/29) with PU," which corre-
lates well with the in vitro malignancy incidence data
In the present study. Isama and Tsuchiya,” and
Ikarashi et al® reported that low-mofecular-weighf
PLLA increases alkaline phosphatase activity and
stimulates calcification of mouse osteoblast-like
MC3T3-E1 cells.

PTN, a heparin-binding protein that can function as

a neurite-promoting factor® or a mitogenic factor for
fibroblasts,® contains two B-sheet domains that corre
spond to TS-] repeats.”” The expression of PTN i
increased in various human tumors, suggesting it as »
tumor marker and a target for tumor therapy. PTN
was shown to regulate bone morphogenetic protein
induced ectopic osteogenesis in rats.!?

A disintegrin-like and metalloprotease with TS-
motif protein T (ADAM-TS) is a family of zinc-depen-
dent proteases that has an mportant role in a variety
of normal and pathological conditions such as arthritis
and cancer. They consist of a signal sequence,
propeptide, a metalloproteinase domain, a disinte-
grin-like domain, a cysteine-rich region, and a variable
number of TS-1 repeats. High levels of their tran-

_ E_xprg§§_i9_q of_selecteq_ extraceflular matrix related genes
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[
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-
=]

Fold of control

down-regulated

Fo2g: MMP9

B14d: HSP80, HSPGS, HSPD1, mitochondrial matrix protein
P{ precursor, 80-kDa chaperonin, GroEL proteln

Figure 5. Gene expression profile of extracellular matrix-related genes, Thirty-two extraceliular matrix-related gEnes were
analyzable but data were not available in some transformants even in them. The code and name of genes whose expression
changed fivefold or less are not shown. L11 showed clear down-regulation in expression of genes of codes Bl4d and Fozg.



BALB/3T3 TRANSFORMANTS

381

TABLE 1V
Transformant Genes Whose Expression Increased or Decreased More Than Fivefold of Controls*
Transformant Up-Regulated Down-Regulated
A5 c-fos protooncogene (33.0) Large multifunctional protease 7
FBJ osteosarcoma ancogene B
Jun oncogene

JunB protooncogene

H5P27, HSP25, HSPB1, growth-related 25-kDa
protein

N-oxide forming dimethylaniline MOnooXygenase
1, hepatic favin-confaining monooxygenase 1,
dimethylaniline oxidase 1

Insulin-like growth factor I precursor,
multplication-stimulating polypeptide

A6 Integrin § 7

Retinoic acid receptor §, nuclear receptor
subfamily 1 group B member 2

Proliferin (10.7}

LN Insulin-like growth factor binding protein 10

c-fos protooncogene (79.8)

FBJ osteosarcoma oncogene B (10.9)

Jun oncogene (26.3)

Caspase-activated DNase, DNase inhibited by
DNA fragmentation factar

Leukemia inhibitory factor, cholinergic
differentiation factor

L21 ¢fos protooncogene (30.3)
Jun oncogene (11.1)
Proliferin
Nonreceptor type 16 protein tyrosine phosphatase

Fat tumor suppressor homolog (Drosophila,

Thrombospondin 1 {15.8)

Delta-like homolog 1, preadipocyte factor 3, SCP 1, FA1,
ZOG (12.7)

Clusterin precursor, clustrin, apolipoprotein J, sulfated
glycoprotein 2

Matrix metalloproteinase §

Large multifunctional protease 7 (20.7)

Cdk 6 inhibitor, Cdk 4 inhibitor C, Cdk inhibitor 2C {11.5)

Fat tumor suppressor hornolog {Drosophila)

Thrombospondin 1

VCAM-1 precursor (17.0)

Delta-like homolog 1, preadipocyte factor 1, SCP 1, FA3,
Z0G (11.2)

EB1 APC-binding protein

HSP&0, MSP65, HSPD1, mitochondrial matrix protein £
precursor, 60-kDa chaperonin, GreEL protein

Apoptosis inkdbiter

Clusterin precursor, clustrin, apolipoprotein ], sulfated
glycoprotein 2 (10.0)

Platelet-derived growth factor receptor « precursor

Hek2 murine homolog, MdkS mouse developmental kuase,
Eph-related tyrosine-protein kinase receptor

PTN (25.2)

Small inducible cytokine A9

Avian sarcoma virus CT10 (v-crk) oncogene homolug
(11.0

Nenreceptor type 11 protein tyrosing phosphatase,
phosphotyrosine phosphatase

Cdk7, CDC2-related kinase 4, Cdk-activating kinase, 39-kDe
protein kinase, MO15, MPK7

Serum-inducible kinase

Histidine trad nucelotide-binding protein, protein kinase
Ciota {34.4)

Menage a trois 1

A disintegrin-like and metalloprotease with
thrombospondin type 1 motif protein 1 (11.8)

Matrix metalloproteinase 9

Large multifunctional protease 7 (10.4)

Developmentaily 4 neural precutsor cell expressed (15.0)

Tubulin cofactor a (11.8}

Cdk 6 inhibitor, Cdk 4 inhibitor C, Cdk inhibitor 2C

Fat tumor suppressor homolog (Drosophila)

Cysteine-rich intestinal protein

Delta-like homolog 1, preadipocyte factor 1, SCP 1, FAl,
20G

Clusterin precursor, clustrin, apolipoprotein J, sulfated
glycoprotein 2 (10.0)

PTN (25.2)

Histidine triad nucleotide-binding protein, protein kinase
Ciota (17.2)

Large multifunctional protease 7 (16.6)

*Genes in regular and bold text were up- or down-regulated between 5- and 10-fold, and more than 10-fold, respectively.

Figures in parentheses indicate fold-increase or -decrease in gene expression compared with parental

ells,
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scripts are observed in some tumor biopsies and cell
lines, including osteosarcomas, melanoma, and colon
carcinoma cells.’**4

Vascular cell adhesion molecule 1 (VCAM-1) is in-
ducible by inflammatory cytokines and lipopolysac-
charides such as interleukin 1, tumor necrosis factor o,
interferon v, and interleukin 4. It functions by binding
with integrin «,8,. Kawaguchi and Uedal® reported
that VCAM-1 was not expressed in the seven osteo-
sarcoma specimens tested in a study on the distribu-
tion of integrins and their matrix ligands in osteogenic
sarcomas. Those results agree with the finding in the
present study that osteosarcoma-like gene expression
was down-regulated in L11.

BALB/3T3 cells are sensitive to transformation and
must be handled carefully. Repeated subculture and
overgrowth are not advised. We cultured the isolated
foci under constant conditions to investigate the dif-
ference in gene expression, Because DNA microarray
analysis was done only once, we discussed only genes
that showed clear differences in expression from the
controls. Based on these preliminary data, further
studies are needed to confirm bone formation by PU

and PLLA.

CONCLUSIONS

The gene that showed the greatest change in expres-
sion after cell cuiture on PU was ¢-fos protooncogene.
Osteogenesis was a common function of proteins en-
coded by genes that underwent a marked change in
expression. Although the changes in geTe expression
induced by PU and PLLA differed in intensity, the
results were consistent with previously reported find-
ings of in vivo tumor formation. PLLA had a greater
effect than PU on the expression levels of genes related
to bone formation. In the transformants, both up-reg-
ulation of oncogenes and down-regulation of other
kinds of genes were induced, and the latter appeared
to be more related to the malignancy of transformants

than the former.
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Abstract

We have studied rapid and simple sugar mapping using liquid chromatography/electrospray ionization mass spectrometry (LC/
MS) equipped with a graphitized carbon column. The oligosaccharide mixture was separated on the basis of the sequence, branching
structure, and linkage, and each oligosaccharide was characterized based on its molecular mass, In this study we demonstrated the
usefulness of capillary LC/MS (CapLC/MS) and capillary liquid chromatography/tandem mass spectrometry (CapLC/MS/MS) as
sensitive means for accomplishing the structural analysis of oligosaccharides in a low-abundance glycoprotein. The carbohydrate
heterogeneity and molecular mass information of each oligosaccharide can be readily obtained from CapLC/MS of a small amount
of glycoprotein. CapLC/MS/MS provided b-ion series, which is informative with regard to monosaccharide sequence. Exoglycos-
idase digestion followed by CapLC/MS elucidated a carbohydrate residue linkage. Using this method, we characterized N-linked
oligosaccharides in hepatocyte growth factor produced in mouse myeloma NSO cells as the complex-type bi-, tri-, and tetraan-
tennary terminated with N-glycolylneuraminic acids and o-linked galactose residues. Sugar mapping with CapLC/MS and CapLC/
MS/MS is useful for monitoring glycosylation patterns and for structural analysis of carbohydrates in a low-abundance glycoprotein

and thus will become a powerful tool in biclogical, pharmaceutical, and clinical studies.

© 2003 Elsevier Science {USA). All rights reserved.

Keywords: Capillary LC/MS; Capillary LC/MS/MS; Glycoprotein; Oligosaccharide; Hepatocyte growth factor

A large number of cellular proteins have been ana-
lyzed in recent years in an attempt to understand their
structures, functions, and networks. It has been sug-
gested that most common proteins are glycosylated and
exist in different forms due to the heterogeneity of gly-
cosylation. Glycosylation is known to play an important
role in biological function, dynamics, and physico-
chemical properties such as folding, solubility, aggre-
gation, and stability [I]. There are many examples in
which alteration in glycosylation may be linked to dis-
eases [2]. The characterization of glycosylation in pro-
teins is clearly important.

Sugar mapping using HPLC has proven to be useful
for extensive separation of diverse oligosaccharide
mixtures [3-5]. Oligosaccharides released from a glyco-

* Correspending author. Fax: +81-3-3707-6950.
E-mail address; nana@nihs.go.jp (N. Kawasaki).

protein are visualized by derivation and are character-
ized based on their elution times. We previously
reported that mass spectrometric sugar mapping using
liquid chromatography/electrospray ionization mass
spectrometry (LC/MS)' equipped with a graphitized
carbon column (GCC) can be a powerful tool for the
structural analysis of oligosaccharides [6-9]. Oligosac-
charides in mixture can be separated, and each oligo-
saccharide can be characterized based on its retention

! Abbreviations used: Ac, acetyl; Bi, biantennary; Cap, capiilary;
CID, collision induced disseciation; EPO, erythropoietin; ESI, elec-
trospray ionization; GCC, graphitized carben column; GlcNAc, N-
acetylglucosamine; Hex, hexose; HGF, hepatocyte growth factor; Fuc,
fucose; Lac, N-acetyllactosamine; LC/MS, liquid chromatography/
mass spectrometry; LC/MS/MS, liquid chromatography/tandem mass
spectrometry; NeuAc, N-acetylneuraminic acid; NeuGe, N-glycolyl-
neuraminic acid; PNGase F, N-glycosidase F; Tetra, tetraantennary;
Tri, triantennary.

0003-2697/03/% - see front matter ©® 2003 Elsevier Science {(USA). All rights reserved.

doi:10.1016/30003-2697(03)00031-%
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time and molecular mass without it being a time-con-
suming process. The utility of this method has recently
been demonstrated by the simultaneous analysis of high-
mannose-type, hybrid-type, and sialylated and nonsial-
ylated complex-type N-linked oligosaccharides [10]. The
usefulness of LC/MS for the structural analysis of O-
linked oligosaccharides and derived oligosaccharides
has also been reported by other groups [11-14].

Two-dimensional polyacrylamide gel electrophoresis
is the most widely used method for the separation of
complex cellular protein mixtures. Protein identification
is achieved by MS of proteolytic peptides extracted from
the gel. Carbohydrate structures are deduced from the
mass spectra of the glycopeptides; however, carbohy-
drate heterogencity and structural details, including
monosaccharide sequence, branching structure, and
linkages, cannot be elucidated by the MS of glycopep-
tides. Sugar mapping of gel-separated glycoproteins is
useful for analyzing the structure and function of gly-
cosylation. The amount of proteins separated by elec-
trophoresis has been in the range 1 to 50pug, which
requires a sensitive means for the sugar mapping. Here
we have extended the mass spectrometric sugar mapping
for a small amount of glycoprotein by using a capillary
LC/MS with a nanoelectrospray ion source (CapLC/
MS) and CapLC/MS/MS. We have also demonstrated
the application of the method to the structural analysis
of N-linked oligosaccharides from hepatocyte growth
factor (HGF).

Materials and methods
Materials

Recombinant human HGF expressed in a mouse
myeloma cell line, NSO, was purchased from Genzyme
(Cambridge, MA, USA). N-Glycosidase F (PNGase F)
and a-galactosidase (green coffee beans) were obtained
from Roche Diagnostics GmbH (Mannheim, Germany)
and Glyko, Inc. (Novato, CA, USA), respectively. All
other chemicals used were of the highest purity avail-
able.

Preparation of borohydrade-reduced oligosaccharides

HGF (25pug) was dissolved in 50ul of phosphate-
buffered saline and incubated with 1% Triton X-100 and
4 units of PNGase F at 37°C for 6 days. Protein was
precipitated with 224 ul of cold ethanol. The superna-
tant was dried, and the oligosaccharides were dissolved
in 50l of HyO. To the oligosaccharide solution was
added 0.5M NaBH4 (50 ul), and the mixture was incu-
bated at 25°C for 2h. Diluted acetic acid (10ul) was
added to the mixture to decompose excess NaBH,. The
reaction mixture was applied to Supelclean Envi-Carb

(Supelco, Bellefonte, PA, USA), and the tube was
washed with H,O to remove salts. Borohydride-reduced
oligosaccharides were eluted with 30% acetonitrile con-
taining 5 mM ammonium acetate. Oligosaccharides
from erythropoietin were prepared by the method
described in our previous report [7].

Exoglycosidase digestion of borohydrade-reduced oligo-
saccharides from HGF

Borohydride-reduced oligosaccharides prepared from
12.5ug of HGF were incubated with 0.5 units of a-ga-
lactosidase in 100mM sodium citrate/phosphate, pH
6.0, at 37°C for 18 h. The reaction mixture was applied
to Supelclean Envi-Carb, and the tube was washed with
H,;O to remove salts. Borohydride-reduced oligosac-
charides were eluted with 30% acetonitrile containing
SmM ammonium acetate.

CapLCIMS

Capillary LC/MS, in positive-ionization, full-scan
operation (m/z 800-2000), was carried out on a Magic
2002 system (Michrom BioResources, Inc., Auburn,
CA, USA) connected to a TSQ 7000 triple-stage-qua-
druple mass spectrometer (ThermoFinnigan, San Jose,
CA, USA) equipped with a nanoelectrospray ion source
(AMR, Inc., Tokyo, Japan). The GCC used was a Hy-
percarb 5p (0.2 x 150 mm; ThermoFinnigan). The elu-
ents were 5mM ammonium acetate, pH 9.6, containing
2% acetonitrile (pump A), and SmM ammonium ace-
tate, pH 9.6, containirg 80% acetonitrile (pump B). The
borohydride-reduced oligosaccharides were eluted at a
flow rate of 2pl/min with a gradient of 18-38% for
pump B in 40 min. The ESI voltage was set at 2000V
using a metal needle, and the capillary temperature was
175°C. The electron multiplier was set at 1200V. Col-
lision-induced dissociation (CID) MS/MS spectra were
obtained using argon as the collision gas at a pressure of
2.0mTorr. The collision energy was adjusted to =25eV.
The scan rate was 3 s/scan.

Results
Sugar mapping of a glycoprotein by CapLCIMS

We tested the abilities of LC/MS with a capillary
column (0.2mm i.d.) and a nanoelectrospray ion source
to separate and detect oligosaccharides using EPO. N-
linked oligosaccharides in EPO are reported to be
sialylated fucosyl bi-, tri, and tetraantennary complex-
type [15-19]. Oligosaccharides were released from EPO
by PNGase F and reduced to alditols with NaBH, to
avoid the separation of anomers. The borohydride-re-
duced oligosaccharides were subjected to CapLC/MS
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using ammonium acetate containing acetonitrile as a
mobile phase. As shown in Fig. 1A, LC/MS with the
capillary column successfully provided information on
the glycosylation of a subnanogram quantity of EPO.
Previously EPO at 20 and 2 pg was needed for the mass
spectrometric sugar mapping using LC/MS with a
semimicro column (2.1 mm i.d.) and a microbore col-
umn (1.0 mm i.d.), respectively (Fig. 1B). N-linked oli-
gosaccharides from 50ng of EPO were present in
sufficient quantity to provide the sugar map using
CapLC/MS. Most of the oligosaccharides detected in
EPO by our previous method could be analyzed using
a nanogram level of EPO by the present method
(Figs. 1C-1N).
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Fig. 1. Full-scan mass chromatography of borohydride-reduced oli-
gosaccharides from EPQ (50 ng} using LC/MS with a capiliary column
(0.2mm 1.d.) (A) and those from EPO (20ug) using LC/MS with a
semimicro column (2.1 mm i.d.) (B). Extracted mass chromatogram of
borohydride-reduced oligosaccharides from EPO (50ng) using
CapLC/MS. (C) FucBi-NeuAck* (m/z 1187), (D) FucBl-LaclNeuA&;f
Fuc’l’n-l*it:uAc%+ {miz 1370), (E} FucTri-NeuAc; 2 (mfz 1515) ()
FucBl—LaczNeuAc§+fFucTn-LaclNeuAcf‘[FucTetra -NeuAclt  (mfz
1553), (G} FucTri-Lac;NeuAcl*/FucTetra-NeuAct* (m/z 1698), (H)
FucTetra—NeuAcﬁ* (miz 1844), (I) FucTetra-NeuAcsAcl* (m/z 1863),
)] FucTn—Lac;NeuAc,*fFucTetra -Lae;NeuAct* (miz IBSI) (K)
FucTetra-LaclNeuAc + (mfz 1351), (L) FucTetra- Lac;'i\leu.;ﬁu:3 (m/
z1376), (M) FucTctra-LaczNeuAci“’ {miz 1473), (N} FucTetra-
LacyNeuAc)* (miz 1595).

Sugar mapping of HGF by CapLCIMS

We examined the utility of the sugar mapping by
CapLC/MS in the structural analysis of a low-abun-
dance glycoprotein by using of HGF produced in NSO
cells, whose carbohydrate structures have not been re-
ported. Fig. 2A shows the mass spectrometric sugar map
of borohydride-reduced oligosaccharides from 200 ng of
HGF. Two abundant peaks (peaks 5 and 9) were de-
tected together with some low-abundance peaks. The m/
z value at 1467 (peak 5) corresponds to the [M + 2H]2+
ion of [dHex], [Hex],[HexNAc|;[NeuGcf,, suggesting a
fucosyl triantennary complex-type bearing an additional
Hex and two N-glycolylneuraminic acids (NeuGe)
(FucTri — Hex | NeuGe;) (Fig. 3A, Table 1). The
observed m/z value of peak 9 (m/z 1394**) was consis-
tent with the theoretical mfz value of [dHex| [Hex];
[HexNAc][NeuGc],, fucosyl triantennary complex-type
with two additional Hex and one NeuGe
(FucTri — Hex;NeuGe,) (Fig. 3B, Table 1). Likewise,
peaks 1-4, 6-8, and 10 and 11 could be deduced as fu-
cosyl bi-, tri-, and tetraantennary bearing 0-3 Hex and
0-3 NeuGe (Table 1}). There were no peaks suggesting
the attachments of high-mannose-type, hybrid-type, or
complex-type containing NeuAc. The sugar map sug-
gests that the majority of N-linked oligosaccharides in
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Fig. 2. Full-scan mass chromatography of borohydride-reduced oli-
gosaccharides from HGF (200ng) using CapLC/MS (A). Full-scan
mass chromatography of a-galactosidase-treated borohydride-reduced
oligosaccharides from HGF (200 ng) (B).
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Table 1
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Carbohydrate compositions and theoretical and calculated masses of peaks in Fig. 2A

1400 mvz 1300

Peak Carbohydrate composition Deduced carbohydrate Theoretical Calculated Charge Observed m/z
structure mass* mass state

1 {dHex], [Hex|;[HexNAc], [NeuGe), FucBi-NeuGe," 2402.8 2403.6 2+ 1202.8
2 (dHex}, [Hex];[HexNAc), [NeuGe|, FucBi-Gal; NeuGc, 22578 22589 2+ 1130.4
3 (dHex]; [Hex];[HexNAc][NeuGe], FucTri-NeuGe,® 2768.0 2765.8 2+ 1385.9
[dHex], [Hex] {HexNAc);[NeuGc], FucTri-NeuGe, 3075.1 3077.8 2+ 1539.9
4 [dHex], [Hex];[HexNAg); [NeuGc, FucTri-NeuGe, 2460.9 2461.6 2+ 1231.8
[dHex], {Hex],[HexNAc]; [NeuGel, FucTri-NeuGe;, 3075.1 3077.2 2+ 1539.6
5 (dHex], [Hex],[HexNAc);[NeuGe|, FucTri-Gal, NeuGe, 2930.0 29324 2+ 1467.2
6 [dHex|, [Hex]; [HexNAc|, FucBi-Gal; 21128 21146 2+ 1058.3
[dHex], [Hex],{HexNAc];[NeuGc, FucTri-Gal, NeuGe; 2930.0 2932.0 2+ 1467.0
7 [dHex], [Hex],[HexNAc]; [NeuGc], FucTri-Gal NeuGe, 26229 2624.4 2+ 1313.2
(dHex], [Hex],[HexNAc];[NeuGe], FucTri-Gal;NeuGe; 2930.0 29316 2+ 1466.8
8 [dHex], [Hex], [HexNAc);[NeuGe, FucTri-Galy NeuGe, 2930.0 29316 2+ 1466.8
9 (dHex], [Hex}y[HexNAc), [NeuGd], FucTri-Gal,NeuGe, 2785.0 2786.6 2+ 13943
10 [dHex}, {Hex], [HexNAc|[NeuGc], FucTetra-NeuGe,¢ 2826.0 2827.8 2+ 1414.9
11 [dHex|, {Hex],{HexNAc], FucTri-Gal; 2640.0 2641.0 2+ 1321.5
{dHex], [Hex];[HexNAg][NeuGe), FucTri-Gal;NeuGc, 2785.0 2787.4 2+ 1394.7

* Monoisotopic mass value,

b Gal,,
FucBi-GalNeuGe,, NeuGe,
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NSO cell-derived HGF are triantennary complex-type
containing NeuGe and additional Hex.

Sugar mapping of exoglycosidase-digested oligosaccha-
rides

Exoglycosidase digestion followed by mass spectro-
metric sugar mapping was performed to determine the
Hex and its linkage. Treatment with «-galactosidase,
which cleaves Galal-3,4,6Gal/Glc, resulted in new
peaks, such as peaks ¢ and d, in place of some peaks
that disappeared (typically peaks 5 and 9) (Fig. 2).
The dominant ion at m/z 1386** in peak c can be
deduced as fucosyl triantennary bearing two NeuGe,
which is possibly produced from FucTri-Gal;NeuGe;

Table 2

(peak 5) by losing one Gal (Fig. 3C, Table 2). The in-
tense ion in peak d (m/z 1232%+) was suggested to be
triantennary bearing one NeuGec, which is formed from
FucTri-Gal,NeuGe; (peak 9) by losing two Gal (Fig.
3D, Table 2). Likewise, other ions at m/z 1050%*,
1079%*, and 1203%* can be assigned to bi- and trian-
tennary without additional Hex (Table 2). These results
clearly indicate o-linked galactosylation on nonreducing
ends of oligosaccharides in HGF.

CapLCIMS/IMS
CapLC/MS/MS was performed for the analysis of

structural detail of FucTri-Gal;NeuGce, (peak 3) and
FucTri-GalyNeuGe; (peak 9). Fig. 4 shows the product

Carbohydrate compositions and theoretical and calculated masses of peaks in Fig. 2B

Peak Carbohydrate composition Deduced carbohydrate Theoretical — Calculated Charge state  Observed m/z
structure mass® mass
a [dHex|, [Hex];[HexNAc], [NeuGc], FucBi-NeuGe, 2402.8 2405.4 2+ 1203.7
b [dHex], [Hex];[HexNAc), [NeuGce), FucBi-NeuGe, 2095.8 2098.2 2+ 1050.1
c [dHex], [Hex|;[HexNAc|;[NeuGc}, FucTri-NeuGc; 2768.0 2769.8 2+ 13859
[dHex], [Hex];[HexNAc| [NeuGc}, FucTri-NeuGe; 3075.1 3076.6 2+ 1539.3
d {dHex), [Hex| [HexNAc|, FucBi 1788.7 1789.8 1+ 1790.8
{dHex), [Hex]; [HexNAc] FucTri 2153.8 2155.6 2+ 1078.8
[dHex], [Hex], [HexNAc], [NeuGe|, FucTri-NeuGe, 2460.9 2462.6 2+ 12323
[dHex], [Hex], [HexNAc|;[NeuGel, FucTri-NeuGe; 2768.0 2770.8 2+ 1386.4
[dHex], [Hex], [HexNAc];[NeuGcl, FucTri-NeuGe; 30751 3079.2 2+ 1540.6
e [dHex], [Hex] (HexNAc][NeuGel, FucTri-NeuGe; 3075.1 3077.6 2+ 1539.8
f [dHex], [Hex], HexNAc]; [NeuGc], FucTetra-NeuGce; 2826.0 28252 2+ 1413.6
* Monoisotopic mass value.
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Fig. 4. MS/MS spectrum of the FucTri-GaIzNeuGc%"’ at m/z 1395,
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ion mass spectrum of FucTri-Gal,NeuGe; at miz 13952+
(peak 9). We can find the set of b-ion series [20], m/z 528
[Hex],(HexNAc]*, 673 [NeuGc][Hex][HexNAc]*, 690
[Hex];[HexNAc]", 836 [NeuGc][Hex],[HexNAc]*, 1362
[NeuGe][Hex],[HexNAc];, and 1209 [NeuGe][Hex],
[HexNAc)3*. These fragment ions suggest the mono-
saccharide sequence of FucTri-Gal;NeuGe; shown in
Fig. 4.

Four isomers, peaks A-D, were detected by CID-MS/
MS of FucTri-Gal|NeuGe, at miz 14672+ (Fig. 5A).
Fragment ion at m/z 1362 [NeuGc][Hex],[HexNAc];
was detected together with other b-type fragment ions in
Figs. 5B (peak A) and 5C (peak C), while the ion at
miz1507 [NeuGec|,(Hex];[HexNAc]; is shown in Figs.
5D (peak B) and 5E (peak D). The fragment ion at m/z
1362 (peaks A and C) suggests the linkages of one
NeuGe to both nonreducing ends of Manal-3 and
Manal-6 branches, and that at m/z 1507+ (peaks B and
D) suggests the linkage of two NeuGe to either the
Manai-3 or the Manxl-6 branch. CapLC/MS/MS
proved to be useful for the sequential analysis of N-
linked oligosaccharides and the distinction between
isomers,

Discussion

We have studied rapid and simple mass spectrometric
sugar mapping [6,7] and applied it to the structural
analysis [8], quality control, and comparability assess-
ment of therapeutic biotechnological/biological prod-
ucts [9]. There is also a need to analyze glycosylation in
various aspects, including proteomics study, diagnosis,
and clinical stages, for which the amount of sample
available is limited. In this study we successfully ex-
tended the mass spectrometric sugar mapping of a small
amount of glycoprotein by the employment of CapLC/
MS. Oligosaccharides, including isomers, could be sep-
arated by capillary GCC, and their structures were de-
duced on the basis of molecular masses and their
retention times.

Electrophoresis, especially two-dimensional electro-
phoresis, has been widely used for the separation of
protein mixtures. Protein spots are excised and digested
in situ with trypsin. Protein identification at the femto-
mole level is achieved by mass spectrometry of pro-
teolytic peptides and databases (peptide mapping or
peptide mass fingerprinting) [21,22]. Glycopeptides are
usually identified by precursor ion scanning, by which
ions at m/z 163 [Hex|* and 204 [HexNAc]* produced by
CID from glycopeptides are monitored [23], and car-
bohydrate structures are deduced from molecular mass
of glycopeptides [24,25]. However, large glycopeptides
and highly heterogeneous glycopeptides are hardly de-
tected by MS analysis, due to their poor ionization.

Moreover, mass spectrometric peptide mapping cannot
distinguish the monosaccharide composition, sequence,
branching, and linkage. Recently, analyses of derived
oligosaccharides from in-gel glycoproteins by matrix-
assisted laser desorption/ionization mass spectrometry
were reported [26-28]. Sugar mapping of enzymatically
released N-linked oligosaccharides from a gel is more
useful for the understanding of carbohydrate structure
and function. The success of the sugar mapping with
CapLC/MS allows for the detailed characterization of
gel-separated glycoprotein rapidly and automatically.
We have actually succeeded in applying this method to
the structural analysis of oligosaccharides from a gel-
separated glycoprotein.

We also demonstrated the utility of CapLC/MS/MS
and exoglycosidase digestion followed by CapLC/MS in
the structural analyses of oligosaccharides. HGF is a
multifunctional cytokine that is expected to be a new
therapeutic glycoprotein, including in cell therapy and
gene therapy approaches. Although the characterization
of HGF is important, carbohydrate structures of HGF
were studied only in Chinese hamster ovary cell deriv-
atives due to its limited availability [29]. They were de-
duced to be fucosylated bi-, tri-, and tetraantennary
bearing NeuAc by two-dimensional sugar mapping.
NSO cells are currently the favored host cell type for the
production of therapeutic recombinant proteins. In this
study, N-linked oligosaccharides in NSO cell-derived
HGF were easily characterized as the complex-type bi-,
tri-, and tetraantennary with NeuGec and additional Hex
by CapLC/MS. CapLC/MS/MS provides b-ion series,
which are informative with regard to the monosaccha-
ride sequence. Exoglycosidase digestion followed by
CapLC/MS elucidated the linkage of the additional Hex.
Using CapLC/MS/MS and exoglycosidase digestion, the
majority of N-linked oligosaccharides in HGF were
deduced to be triantennary terminated with «-linked
galactose residues and NeuGec residues. There are some
reports on ol,3-linked galactosylation in NSO-derived
glycoproteins [30,31). Nonreducing ends of HGF may
be also terminated with Gal by al,3-linkage. CapLC/
MS/MS and exoglycosidase followed by CapLC/MS
were able to elucidate the detailed carbohydrate struc-
ture of HGF through yielding the information of
monosaccharide sequence, and linkages.

Some sugar residues are recognized as antigens by
natural human antibodies. Anti-x-galactosyl antibodies
are known in human serum [32]. Rapid rejection due to
the terminal «-Gal residue is reported after transplan-
tation of foreign species. NeuGe is also known to be
an antigenic molecule [33,34}. For clinical prevention,
potentially immunogenic glycoforms should be mini-
mized in therapeutic biotechnological/biological prod-
ucts, CapLC/MS proved to be useful for the monitoring
of glycosylation pattern, including immunogenic car-
bohydrate units, and thus could become a powerful tool
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in the pharmaceutical manufacturing process. In addi-
tion, alterations in carbohydrate structure are known to
be linked to many diseases, such as rheumatoid arthritis
[35]. Monitoring of glycosylation is beneficial in the di-
agnosis of disease. Our method can be also applicable
for the diagnosis of disease.
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