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(99%). mp 246°C, [a]p =7.6 (c 02, DMSO). 'H
NMR(DMSO-dg): 6 7.74 (d, IH, NH), 4.28 (d, 1H,
Jy2 78 Hz, H-1'), 4.19 (d, 1H, J; > 8.1 Hz, H-1), 1.7 (s,
3H, Ac), 1.42-1.41 (m, 2H, OCH,CH-(CH;)sCHj),
1.17-1.29 (m, 18H, OCH,CH(CH,)osCHs), 0.85 (t, 3H,
OCH;CH3(CH;)yCHs). MALDI-TOFMS: caled for
CaeHaoNOy;: (M+Na)*, 5743, found: (M+Na)™,
574.6. Anal. Caled for CyHyoNOy;-1.5H-O (578.35):
C, 53.96; H, 9.06; N, 2.42. Found: C, 54.24; H, 8.77;
N, 2.30,

4.3, Cell culture

HL-60 cells (Riken Cell Bank) were grown in RPMI
1640 medium (Nissui Pharm. Co., Ltd) supplemented
with 10% heat-inactivated fetal bovine serum (JRH Bio-
sciences Inc.) at 37 °C in humidified 5% CO;. B16 cells
{Riken Cell Bank) were grown in DMEM (Gibco
BRL) supplemented with streptomycin 0.1 g/L., penicil-
lin G potassium 50,000 unit/L, and 10% heat-inacti-
vated fetal bovine serum (JRH Biosciences Inc.) at
37 °C in humidified 5% CO,.

4.4. Glycosylation of saccharide primers in cells

Stock solutions of 20 mM saccharide primers in DMSO
were diluted to 50 pM with serum-free and phenol red-
free culture medium consisting of RPMI 1640 medium
(Gibco BRL) containing 5 mg/L of transferrin, 5 mg/L
of insulin, and 30 nM selenium dioxide,

Glycosylation by cells was carried out as follows:
HL60 cells (2 x 10°) were incubated with RPMI 1640
medium containing 50 pM saccharide primer for 48 h.
The glycosylated products secreted in the culture med-
ium were collected with a Sep-Pak Cyg column (Waters
Co.). The water-soluble compounds were removed with
water and 3:7 MeOH-H;0. The glycosylated products
were eluted with MeOH. The eluate containing the
glycosylated products was evaporated under reduced
pressure. The obtained products were dissolved in
100 uL. of 2:1 CHCl;-MeOH, and an aliguot was sepa-
rated on an HPTLC plate (Silica Gel 60, E. Merck)
using CHC1:-MeOH-0.2% CaCl;. Acidic and neutral
products on the HPTLC plate were stained with resor-
cinol-HCI reagent and orcinol-H2SOs reagent, respec-
tively. BI6 cells (2 x 10°) were similarly incubated with
saccharide primers in serum-free DMEM/F-12 medium
(Gibco BRL) containing 5 mg/L of transferrin, 5 mg/L
of insulin, and 30 nM selenium dioxide.

4.5. TLC blotting

TLC blotting was carried out as follows: Glycosylated
products separated on an HPTLC plate were sprayed
with primuline reagent, and the spots were marked with
a red pencil under UV light. Then, the HPTLC plate was

dipped in a blotting solvent of 40:7:20 2-PrOH-MeOH-
0.2% CaCl; for 20s and placed on a glass fiber filter
(ATTO Co.). The plate was covered with @ PVDF mem-
brane (ATTO Co.), a PTFE membrane (ATTO Co.),
and another glass fiber filter. These layers were subjected
to pressure at 180°C for 30s using a TLC thermal
blotter (ATTO Co.). The PYDF membrane was washed
with pure water, and glycolipid fractions were extracted
with MeOH and 2:1 CHCls-MeOH.

4.6. High-performance liquid chromatography (HPLC)

Neutral products and acidic products separated using
a Sep-Pak Cy column were purified by HPLC. The
crude products dissolved in 70:28:2 CHCl;-MeOH-
H,0 were injected into an HPLC system equipped with
an Tatrobead column (6RSP-8005, 4.6 x 250 mm. [atron
Laboratories Inc.) and a light scattering detector (SE-
DEXT75, Sedere). Neutral products were separated with
70:28:2 CHCl:-MeOH-H20. Acidic products were
separated with 70:28:2 CHCl;-MeOH-H,0 and 60:35:5
CHCl3-MeOH-H;0. The flow rate was 2mL/min.
The fractions were collected at 30-s intervals for 40 min.

4.7. Mass spectrometry

The structural analyses of glycosylated products were
carried out by a MALDI-TOF mass spectrometer
(Autoflex, Bruker Daltonics) and an ESI mass spec-
trometer (Esquire 3000, Bruker Daltonics). 2,5-Di-
hydroxybenzoic acid (DHB, Aldrich) was employed as
a matrix.

4.8, Digestion of glycosylated products by enzymes

Enzymatic digestion of glycosylated products was car-
ried out in 50 mM NaOAc buffer (pH 4.8) containing
S50mU of neuraminidase from 4. wreafaciens
(EC.3.2.1.18, Sigma), or in 50mM sodium acetate
butter (pH 5.5) containing 10 mU of neuraminidase
from M. decora (EC. 3.2.1.18, Calbiochem). The reac-
tions were carried out in the presence of 0.6 mg/mL
sodium taurodeoxycholic acid. The products were
collected using a Sep-Pak C;x column, separated on an
HPTLC plate with 60:35:8 CHCl;-MeOH-0.2% CaCly,
and were stained with orcinol-H,SO,.

4.9. MTT assay

Cells (2 x 10*) in a 96-well microplate were incubated
with 50 yM GlcNAc-Cl12 or LacNAc-Cl2 for 48 h.
Ten pL of WST-1 dye solution (10 mM WST-1 and
0.2mM I-methoxy PMS, Dojindo Laboratories) per
well was added to each well. After 2 h, absorbance at
450 nm with a reference wavelength of 690 nm was mea-
sured using a microplate reader (Multiskan, Labsystem).
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Abstract

The authors developed a method of synthesis of
oligosaccharides using cell function. By administering the
saccharide primer that is amphiphilic alkylglycoside into cell
culture medium, glycosylated products were collected from
the medium after 1-2 days. The sequences of the products
were dependent on the biosynthetic pathway of sugars in the
cells. By combining the saccharide primer and cell lines, it
was possible to synthesize many kinds of oligosaccharides.
The introduction of a functional group in an alkyl chain
of saccharide primer made it possible to polymerize and
immobilize to solid support. The saccharide primer method is
expected to become a new methodology for glycomics.
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A. Introduction

The application of glycans to biomaterials and
medicines has been anticipated. However, these applications
have not been developed to the degree expected. The
researches into genes and proteins are supported by the
technology of sequencer, automatic synthesizer, amplification
with E. Coli, and library. Remarkable improvements in
research on them were achieved by these instruments and
techniques. If there is an idea for research, it is possible to
perform experiments by purchasing the required materials.
Thus, for the research and development of glycans, it is
necessary to develop the technology for improving them
drastically. In the development of such technology, the
supply of glycans would be required to perform the potential
carbohydrate research.

Glycans available as materials arc mainly
polysaccharide that is abundantly included in natural resources.
Polysaccharide such as cellulose, chitin, chitosan, pullulan,
and mannan arc commercially available and inexpensive.
However, for oligosaccharides which are not abundant in
nature, the supply and variety is limited because the resources

F B

W E MR ERR~ OGRS hTwS, L
Liz2ts, oA sh2BCRERL TRV,
BEFP I AIROMRLEXAZOR, =7 v¥— H
BARE. KBETONE. X534 72 —olT
55, BEFLF A 2ROMROERE L viRIE, th
S OEESFEOHBC L VARINTER, IROTAT
THbHIE, HEERALTHEETI LM TER, 22
<, S OMRLMRECBLTL, FhefEmERse
o oERioMREYLETHE, TOREEEMBOST
G, TIEMEE L TOMSO MG F = TR L G T
ZRHLBETH I,

MELLTHEI cLoTE 2. TRERE L T8EL
SWTHD, LAO=X, FFv, FFH¥, TV, 2
yrror)RERRTRI A TEVE@ETHS, LI LE
M6, HARTOFEROD A ) THMOERIILS (
OBEBHPORBTHI I Lh S, @FTHRIERIEBONT

©2007 FCCA (Forum: Carbohydrates Coming of Age



Cer Carumids

'

GleCer  Glyrowyicammide

Gal-GleCer Lasctosylcaramide

{LacCer)

” a LY
!
S |

“\
7 AERN7 SR

Lacto- o B

\

Trends in Glycoscience and Glycotechnology
Vol.19 No.105 (January 2007) pp.1-17

Structures of saccharide primers
ﬁjﬁmﬁs' R
OH
1) Alkyl f-Inctoside

OH

\ 1) Alkyl f-lacronde having azido group

Globo-

senes Neplacto- Ganglio- series

series series

Fig. 1. Biosynthetic pathway of glycolipids and the typical structures of saccharide primers.

Saccharide Primer Method

11 The sovihande primers addod in coliore medinam an

attvrahised it oelhs

20 iy are irmmdonmd o ,-ul-.lu pporudias, el g
ﬂu-- bl by gl gkl g
3) The ghoesy Lited pronducts s -nmn! [ mllm:
i

‘>'_~. m}-ﬁ-’v
Saccharide Primers  Glycosylated Products

e )
| (2@ |
= Not necessary Lo isclate enzymes

4 Nt neenssary to prepacs glyrnsyl donor
= Convenient to solate the products

Biocombinatorial Synthesis

s ustmibiiiring thar s anbts sl wace bbb s
ol eetl lines, o bs powsibile 10 syibcsise varines
wlignain harides

G-‘-/-—

& By
& g &
//l\\ //l x/k‘\

Various Oligosaccharides

G

Fig. 2. The principle of saccharide primer method and biocombinatorial synthesis.

are organs of animal in many cases. Then, organic synthesis
and enzymatic synthesis have been developing as a method
which does not depend on natural resources. The authors
have been developing a novel method for production of
oligosaccharide as the fourth method. The cell synthesizes
glycans in follicle and Golgi. That is to say, the cell is the
small factory which synthesizes glycans. Therefore, we aim to
establish the synthetic method of the oligosaccharide utilizing
such a cell function for sugar biosynthesis

B. The Principle of Saccharide Primer Method

To synthesize oligosaccharides utilizing glycan
biosynthesis system in cells, molecules as substrate for
glycosyltransferase in cells are required. We named such a
molecule “sacchande primer.” Glycolipids are synthesized
by connecting sugar molecules one by one to ceramide. This
lactosylceramide (LacCer) is a common precursor of many
series of glycolipids, including the ganglio series (NeuAca2-
3Lac), globo series (Galal-4Lac), lacto series (GlcNAcpl1-
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3Lac), and neo lacto series (GIcNAcfl-3Lac)(Fig.1).
Therefore, it is possible to define the sequence of lactose as a
primer for sugar chain elongation reaction.

Dodecyl B-lactoside (Lac-C12) that mimics LacCer
is one of the useful saccharide primers (1-3). Lac-C12 is
an amphiphilic pseudo-glycolipid, and was a substrate for
glycosyltransferase. Because of its amphiphilic property, the
saccharide primer supplemented in culture medium could
internalize into cells. The products glycosylated in the cells
were secreted in the culture medium. Since the glycosylated
products existed in the culture medium, the isolation of them
was very convenient. This is the most important advantage
of the method of synthesizing oligosaccharides using cells.
Besides this, the features of the saccharide primer method
are as follows: Saccharide primers have monosaccharide or
disaccharide structure that can be conveniently synthesized.
Cells are treasuries of glycosyltransferases, and also synthesize
glycosyl donor, By utilizing the intact cells, it is not necessary
to prepare the glycosyltransferase and glycosyl donor (Fig. 2).

The cells were cultured in the serum-free medium
supplemeted with the saccharide primer for 1-2 days. The
unreacted primer and the glycosylated producis in the
culture medium were collected with reversed phase column
chromatography. The glycosylated products were scparated
on a2 HPTLC, and their molecular masses and sequences were
analyzed by MALDI-TOF-MS/MS and ESI-MS/MS. The
products could be isolated by a HPLC.

The primers as substrates for glycosyltransferase in
cells have been already reported. In ongoing research, it
has been found that B-D-Xyloside was an initiator (primer)
for the biosynthesis of glycosaminoglycan (4,5). After this,
Esko er al. investigated that GalNAca-0-benzyl , Xylfl-
6Gal-0-2-naphthol. peracetylated Galfi1-4GlcNAcp-0-
naphthalenemethanol(6), peracetylated Galpl-4GlcNAcf-
O-naphthalenemethanol (7) were substrates for the
glycosyltransferase in cells, and they determined the structures
of the glycosylated products. Furthermore, those primers were
also found to be inhibitors for endogenous glycan biosynthesis
(6-10). The primers having bezyl and naphtyl group as
aglycon tend to stay in cells because of their hydrophobicity.
Therefore, the activity as inhibitor for biosynthesis would be
induced. On the contrary, as the ability of dodecylglycoside
to remain in the cells is poor, the glycosylated products are
secreted into culture medium. As the glycosylated products
could be isolated without the lysis of the cells, the saccharide
primers employed in our study have an advantage from the
viewpoint of carbohydrate synthesis.

C. Idea of Biocombinatorial Synthesis of Saccharides
Using Cells Is Born
In the early 1990 s we were struggling to create new

Trends in Glycoscience and
Vol.19 No.105 (January 2007) pp.1-17

8 ZEOMBA~LHELTVE(E ). ko
<. 32 Fy FORNZBMBRREEELBT2724=2—T
HELEBRTIZLMTE23,

32 Ae I S FEMBLASFCHEIFTFILI2
FF( ) BT 74 v — O URNEHATHS .

RENEORMUMEE TS ). WEBERXOXN
s, MERETHEICLdS, BEBICERLTE L,
fBPEYAE . ERATHNMEL 2RSS E
g Eng, ERHVBEPLFETSOTREOR
fERMETHE, O Lz, BAZAVCTHHEARTS
LOBLREZHATSS, chbG, BT 247
EOWMBME LTRRO LI ZADSTENE, W7 74 2—
REROMMRZHSES 2 R -HMEEHL T3, Bl
WEBREOSTMTH). HFFr—baRLTw3, #lE
A EIfATLIILT. HEBEEETHMEF T — AT
sy ().

T 7 A2 —%TR, M7 v — 2R L ER
ETHIlEE | —2HMSRL 2oL, BRELIEHLY 7 A
ML TEEBOMMNT 54 - — L AR EERY LB L %,
BELL RS E LETEML. 256K

BIU X DA FROMES X UHHER
WEfTok, MR RERE KXhgTER,

flEATOMMEARBEORRE 237747 -2
hETRLEEThTLE, RLUIMOPRICEVWT, B

BV AVOEERDL =2 —F—

(734==) ThactlizhTnd | . 208,
5ix @ 5 B 3

B B 5

B B L

P T OB REEOEMIc 2D, R L AEsmEo
WEET-oTVw3E, 26, ThETI47—RAEEOR
Mot AROBHBRc LI LbRMEhTVE - . T
FNavic x> XEHLETIAv—THR
AL n BRI L EE 3D, EORDI,
SARERNE LToBErERIh30TES S, ThR
HLTEFoAZvar FERARAKLEZBANZL
v T, MlMEERDRERACSBENSII LTS,
2oC. MBMBERSROMEIRTI LR (OMTE
tMHEIOT. BAFATHIHNT 74 7 — I35
SREGIEARECTHNYS 3.

EFVLSOZ MY RIRAT AT —THZEORER
bR YBMEROMEL M2 o icle R kTS

£2007 FCCA (Forum: Carbohydrates Coming o Age



approaches for elucidation of glycosphingolipid functions.
If we synthesize glycosphingolipid mimicking precursor
molecules with which cells are to be incubated, there may
exist a possibility that cells incorporate the molecules for the
synthesis of their own glycosphingolipid. The glycolipid thus
synthesized and transported to the outer leaflet of the plasma
membrane must be distinct from the natural ones in terms of
stability and functions and cell physiology will be affected and
thereby functions of glycosphingolipids may be understood.
An extensive search for the presence of this idea in the list of
publications led us to think that this was a new idea and that
artificial glycolipid precursor would become a powerful ool in
the study on the elucidation of glycolipid.

A chart of glycosphingolipids with special reference to
biosynthesis tells us that lactosylceramide is a key molecule in
the glycosphingolipid family; except for galactosylceramide
all species of glycosphingolipids in mammals are synthesized
through lactosylceramide. Therefore we aimed at the synthesis
of lactosylceramide analogues whose structure is simplified
for the chemical synthesis and that can be incorporated by
cells in culture and used in parallel with, or better than,
lactosylceramide for the synthesis of complex glycolipid
for the cells. Ceramide consists of two long hydrophobic
chains. It would be easy to synthesize a lactoside with a single
hydrophobic chain. If the length of the chain were not long
enough to give hydrophobicity to the lactoside, it would not be
incorporated. If the chain length were too long to be soluble
in the medium, the lactoside would fail in utilization. By that
time, synthesis of alkyllactoside of different chain length was
reported, but we ourselves wanted to synthesize them for our
own use, Conjugation of lactose with alkyl chain resulted
in alpha and beta isomers which were separated by column
chromatography. Synthesis of alkyllactoside according to
the published method did not bring us the joy of performing
an experiment and thus we synthesized a chromogenic
amphiphilic lactoside, 2-(N-hexadecanoylamino)-4-nitrophenyl
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f-lactoside that can be used as a substrate for endo-type
glucosylceramidase such as endo-type glycosylceramidases
such as EGCase. We further synthesized novel lipophilic
alkylamidelactosides whose N-acyl structures were introduced
via ethanolamine. These lactosides, N-acylaminoethyl
f-lactosides partially mimicked the ceramide structure and it
was expected these lactosides should prove to be more suitable
precursor in the glycolipid synthesis following incorporation
into cells (2) (Fig. 3).

We wondered if these lactosides were utilized
by cultured animal cells. To begin with we used mouse
melanoma B16 cells synthesizing the simplest ganglioside
GM3, and administered lactosides in the medium at the
25 uM concentration. In order to facilitate the trace of
lactosides, these molecules were titrated with galactoside
oxidase followed by reduction with "H-NaBH, at the C-6 of
Gal residue. Following the incubation of B16 cells with the
radiolabeled lactoside, cells were washed and incorporated
radioactivity was determined. The uptake of Cl6-series
lactosides was dependent on incubation time and proceeded
to saturation. When cells were fed with 25 M lactosides,
the Cl6-alkylamidelactoside amount was much larger than
that of C16-alkyllactoside. In 20 h incubation, 20% of
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Fig. 6. HPTLC analysis of oligosaccharide released from Lac-C12 and Lac-amido-C12 (see reference 2).

A) Products in cells

0
Incubatjon time (be )

Fig. 7. The amount of the products derived from the several saccharide primers (see reference 3).

radioactivity was incorporated into the cell with incubation
with either lactosides (2) (Fig.4). Lactosides subsequent to
incubation were far fewer in number at 4 “C compared to 37
"C, suggesting that accumulation of lactosides was due to
incorporation but not the diffusion of lactosides. Glycosylated
lactosides were found present in the ganglioside fraction of
cell extracts as confirmed by HPTLC, and it was shown that
the glycosylated lactoside had the same sugar sequence as
GM3 by EGCase treatment (2) (Fig. 5).

Saccharide moiety of the glycosylated lactoside was
found to be the same as that of GM3, except that they were
different from the native GM3 in terms of hydrophobic moiety.
23% of the molecular surface of bovine serum albumin (BSA)
is hydrophobic and thus it attracts the hydrophobic moiety
to the surface and serves as a lipid carrier in serum. Lipid-
removed BSA can in turn be used as an extractor from the
membrane of hydrophobic molecules with weak interactions
with other molecules in the plasma membrane. The process
is called back exchange. B16 cells were incubated with C16-
alkyllactoside or Cl16-alkylamidelactoside for 18 h and
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surface expression of GM3 was examined before and after
the back exchange. About 10% and 40% of the cell surface
GM3 was decreased from Cl6-alkyllactoside and C16-
alkylamidelactoside treated cells, respectively. The results
indicated that 10% and 40% of the cell surface GM3 was
replaced with glycosylated lactosides in Cl6-alkyllactoside
and Cl6-alkylamidelactoside treated cells, respectively. C16-
alkylamidelactoside was incorporated into the cells faster than
Cl6-alkyllactoside and it tended to remain within the cells
better than C16-alkyllactoside (Fig. 6).

Lactosides having different lipid moiety structures
affected the incorporation and glycosylation efficiency,
though each of these was not segregated. The amounts of
glycosylated lactosides accumulated within the cell and
culture medium fractions were determined (3) (Fig. 6 and
7). C8 lactosides (C8amideLac and C8alkylLac) were not
glycosylated, indicating that there were not incorporated
into cells. C16 series lactosides were glycosylated 5 times as
much compared to C12 series lactosides. Alkylamidelactoside
showed better glycosylation than alkyllactoside in the cell,
becanse the former could stably be present in the membrane
due to possible formation of hydrogen bonding with other
molecules. Glycosylation within the cell reached a plateau,
while accumulation of significant amounts of glycosylated
lactosides in the culture medium was found. C12 series
lactosides were found to be more effectively glycosylated than
C16 series lactosides. Since C16 lactosides can be packed
more tightly than C12 lactosides in the plasma membrane
due to their enhanced hydrophobic interactions, they tended
to remain in the membrane, while C12 lactosides, following
glycosylation in the Golgi apparatus and transportation to
the membrane, faced a shorter life span in the membrane due
to their weak hydrophobicity. This was also the case within
alkylamidelactoside and alkyllactoside; amidelactosides had
stronger interactions than alkyllactosides with other molecules
and the former tended to remain in the membrane.

The ratio of glycosylated lactosides between the
medium and the cell fractions was 1.5-2 and 5-6 in the case of
C16 lactosides and C12 lactosides, respectively. Cells used in
the experiment were mouse melanoma B16 expressing GM3
as a sole ganglioside. B16 cells were sialylating C12 lactosides
as a precursor for the synthesis of GM3, but sialylated C12
lactosides were easily shed from the membrane and thus
ganglioside-synthesizing machinery worked perpetually when
C12 lactosides were fed and thus glycosylated C12 lactosides
were accumulated in the medium far faster than the cells fed
with C16 lactosides.

Africa green monkey kidney cell COS7 is known
to express ganglio a series ganglioside. By supplementing
Lac-C12 in the culture medium, oligosaccharides of ganglio a
series are synthesized by the cells.  Analysis of the products
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secreted into the culture medium by a mass spectrometer
indicated that the saccharide primer was connected with
N-acetylneuraminic acid, N-acetylhexosamine, hoxose, and
second N-acetylneuraminic acid in this order. These results
suggested that the products were GM3, GM2, GM1, and GD1a
of ganglio a series. When we started this research project, the
sequence of the glycosylated products has been determined in
combination with the substrate specificity by sugar hydrolase
and the binding specificity for sugar-binding protein such as
cholera toxin. Recently, many oligosaccharide structures can
be determined by mass spectrometry using MALDI-TOF-MS/
MS and ESI-MS/MS,

D. Biocombinatorial Synthesis

Looking at the above mentioned experimental
results, the idea of constructing a saccharide library by
biocombinatorial synthesis of saccharides using cells in culture
emerged. Artificial lactosides were first developed to modify
the glycolipid synthesis of cells and thereby expected to obtain
a clue to the glycolipid functions. But with a different point of
view, lactosides can be used as a primer to synthesize artificial
glycolipids using cells. Purification of glycolipids from
tissues and cells is rather easier than that of glycoproteins,
but still the purification procedure contains a collection of
cells from which glycopids are extracted using lipophilic
reagents. Administration of the artificial lactosides results
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in glycosylation and the release of glycosylated lactosides
in the medium and purification of these products must be
simpler than the purification of glycolipids from the cell.
The lactosides served as primers for the synthesis of artificial
glycolipids. Provided with the suitable primer structures, they
can be used for the synthesis of proteoglycan saccharides and
glycoprotein saccharides.

The principle of combinatorial chemistry has been
utilized for producing chemical libraries such as medicines.
Through the improvement of such research techniques, the
time to know the correlation between structure and function of
the medicine article was rapidly shortened. The technique of
combinatorial chemistry has been adopted for the preparation
of a glycan library by organic synthesis. We utilize the
priciple of combinatorial chemistry for the preparation of
an oligosaccharide library using the living animal cells and
saccharide primer method (Fig. 2).

Each established cell line has specific glycan
biosynthesis pathways (Table 1). By administering Lac-C12
to those cells, it was found that Lac-C12 was elongated
with oligosaccharides equal to the endogenous glycolipids.
Besides Lac-C12, saccharide primers having monosaccharides
and other disaccharides also received the glycosylation in
cells. Besides the cells described above, there are enormous
kinds of cell lines that can be subcultured. In addition to
Lac-C12, several saccharide primers having monosaccharide
and disaccharides were synthesized, and were found to be
glycosylated in the cells. By combining the culture cells and
the saccharide primers, it is possible to produce many kinds of
oligosaccharides that are synthesized by the cells. This is the
principle of “biocombinatorial chemistry.”

E. Various Saccharide Primers

In order to produce many carbohydrate chains by the
method proposed by this project, the development of various
types of saccharide primers is required. On designing the
novel primers, we were interested in the following two, a basic
and a challenging subject: what are the suitable structures for
the transfer of the primer from the medium to the carbohydrate
chain-synthesizing machinery in Golgi apparatus? how do the
carbohydrate chain-synthesizing enzymes recognize the primer
structure? For the former subject, we planed to examine the
effect of the aglycon structure on the behavior of various
novel lactosides, because some lactosides have been proved
by our college to work as an effective saccharide primer as
described below. For the latter and rather challenging subject,
if we consider the unique biosynthetic pathway of N-glycan,
several novel types of primer candidates having disaccharide
or two monosaccharide units were synthesized and tested as
primer.

The elongation of carbohydrate chain on the lactoside
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Fig. 8. The structures of saccharide primers used in section E.

primers was examined by Nakajima er al. (3) using those
with long chain alkyl residue as aglycon from C8 to C16
(Fig. 7). The best result as a primer, was obtained in the
case of C12. On the other hand, the chain elongation on
N-acetylglucosamine-containing disaccharide was reported
using its peracetylated a-naphtylmethyl glycoside (6).
Therefore, several lactosides having an aromatic ring in their
aglycon moiety (Fig. 8, lactoside 1-7), having also an alkyl
chain and so on (Fig. 8, lactoside 8-10) were synthesized and
the chain elongation was examined in B16 cell. The results
indicate that the lactoside having the aglycon whose calculated
logP (partition coefficient) value by the fragmentation
method (ChemDraw, CambridgeSoft Corporation) as the
corresponding alcohol is around 5-7 seems to be able 10
behave as the primer. Although it might be criticized as a
hasty decision based on the result of a single cell, it is very
interesting that the behavior of a glycoside as a primer could
be predicted by the logP value calculated by the empirical
data.

It emerged very recently that the less complicated
but mysterious mechanism of the N-glycan biosynthesis is a
part of the quality control of protein. While the carbohydrate
chain of glycolipid elongates simply on the proper primers,
that of the N-linked one does so via a unique two-step
construction, the so-called tetradecasaccharide glycosylation
followed by processing, to form a variety of branched chain
structures. Thus it seems to be challenging to develop a novel
primer for the N-glycan, and we designed a new type of two
monosaccharide units-primer. At first, based on the assumption
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that glycosyltransferase may recognize the disaccharide unit,
the alkyl glycosides of N-acetylglucosamine and mannose
with f-1,2 (Fig. 8, 11-14) and f-1,6 linkage (Fig. 8, 15) were
synthesized. While the carbon numbers of the alkyl residue
were B, 10, 12 and 16 for the former, for the latter, based on
the finding that the glycoside 13 has proved to be a good
primer, the carbon number 12 was selected.

On the other hand, considering the glycosyltransferases
which may recognize two monosaccharides on the different
chains, the glycosides having an alkylated benzene as aglycon
as well as two typical monosaccharides in the N-linked
chain, that is, mannose (Fig. 8, 16) and N-acetylglucosamine
(Fig. 8, 17) were synthesized. Cultivation of the above
described glycosides in B16 cell revealed that the additional
carbohydrate chains elongated on the disaccharide glycosides
13 and 15. Further, in the case of 16, the tetrasaccharide
structure 18 with the additional sialic acid and galactose was
confirmed by NMR and high mass data and so on. Further,
the clongation of the same two monosaccharides on 15 was
also confirmed by high mass. The finding would be very
exciting, if the result indicates not only the novel primer but
also the elongation by a novel, that is, N-glycan-synthesizing
machinery. To our regret, the observed chain elongation on
13 may be constructed by the biosynthetic machinery of
O-glycan. No elongation was observed for the paralle] two
units-type primers 16 and 17 in three kinds of cells (B16,
CHO, and HL60). Because the validity of the novel aglycon
has not yet been proved, the parallel recognition could not
be completely excluded. In order to develop the N-type
saccharide primer a breakthrough in the approach would be
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Fig. 9. Saccharide elongation on azido primer and conversion to the functional compounds.
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required.

F. Design of Aglycon of Saccharide Primers

It is one of the advantages of the saccharide primer
method that the functional group can be introduced to the
saccharide primer which is used for the subsequent chemical
reaction after the saccharide elongation. Azido (11,12),
vinyl (13), and fluoro alkyl (14,15) groups are usable for
the saccharide primer method. The azido group is used as
a precursor of the amino group. It is well known that the
azido group is used instead of the acetamide group in the
aminosugar which is often unstable in the cell (or chemically).
The position of the azido group in the aglycon of dodecyl
lactoside is the farthest (12-azidododecyl) or the nearest
(2-azidododecyl) place (Fig. 9). 12-Azidododecyl lactoside
(12-azido primer) can be reacted with the other compound
after the saccharide elongation, and the dodecyl chain is used
as a spacer (16). On the other hand, 2-Azidododecyl lactoside
(2-azido primer) is expected to be converted to an amino
compound after the saccharide elongation and reacted with
fatty acid to give a glycolipid analog.

Both 12-azido and 2-azido primers were investigated
to produce similar amounts of oligosaccharides as the non-
substituted primer (dodecyl lactoside). It is worth nothing that
the azido group remains intact. Both 12-azido and 2-azido
primers are taken up to the B16 cells to provide the sialylated
product which is the saccharide moiety of GM3, and provide
the trisaccharide, tetrasaccharide, and pentasaccharide of
ganglioside (saccharide moieties of GM3, GM2, and GM1).
The differences among these three primers are the amount
of uptake to the cell and the cytotoxicity. 2-Aazido primer
is easier to be taken up to the cell than 12-azido and non-
substituted primers. Critical micelle concentrations were
almost the same among these primers, while the difference of
surface activity (2-azido primer is most active) may affect the
amount of uptake to the cell (12).

The optimum primer concentration for oligosaccharide
production depends on the kind of aglycon, for example, the
optimum concentration of 12-azido primer which is added
to the culture medium of B16 is 200 M and the optimum
concentration of 2-azido primer is 100 xM. When the optimum
concentrations of these two kinds of primers are added to the
culture medium, the concentrations in the cell are similar and
the amounts of sialyl lactose derivatives produced are almost
the same. Therefore, it is indicated that the structure of the
aglycon affects the amount of uptake but not the release of the
elongated primer. Since the above optimum concentration of
the primer shows cytotoxicity and the amount of production
of oligosaccharide decreases, it is estimated that the primer
concentration in the cell is related to the cytotoxicity (12).

The saccharide-elongated product can be isolated from
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Fig. 10, Saccharide elongation on fluorous primer.

the culture medium by using 10-undecenyl lactoside which
has a vinyl group instead of an azido group. The 10-undecenyl
lactoside is taken up to B16 cells to afford the same sialylated
product as other primers (13).

It is noteworthy that the long alkyl chain which is
substituted by several fluorine atoms can be used for the
primer to produce the oligosaccharides. Since the fluorous
compound which contains many fluorine atoms has an affinity
for other fluorous compounds, it is usable for the separation
process organic synthesis, Therefore, the isolation of the
product becomes easy by using the fluoroalkyl lactoside as a
saccharide primer (Fig. 10).

The dodecyl (C12) group is most effective for
oligosaccharide production with saccharide primer method.
It is estimated that the fluoroalkyl chain whose length is C12
is suitable for carbohydrate production. Partially fluorinated
dodecyl lactosides which are C.F,;C¢H,,-1actoside and
C,yFs,C;H,-lactoside are synthesized and added to the culture
medium, showing the same behavior as non-fluorinated
primers (14), However, a high concentration of highly
fluorinated lactoside primer (C;oF,C;H,-lactoside) shows the
cytotoxicity. On the other hand, C,oFy,C;H,-glucoside has low
toxicity while dodecyl glucoside shows strong cytotoxicity.
Such strong cytotoxicity may depend on the surface
activity which is caused by the balance of hydrophilic and
hydrophobic parts.

It is expected that the C¢F;;C¢H,;-sialyl lactoside
which is produced by incubating B16 with C¢F,CH ;-
lactoside is selectively extracted with fluorous solvent.
However, C.F,;C¢H,;-sialyl lactoside is insoluble in fluorous
solvents such as perfluorohexane and perfluorotoluene, while
it is soluble in the polar solvents such as methanol which
does not contain the fluorine atoms. It is caused by the high
polarity of hydroxyl and carboxyl groups in the saccharide
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portion. Fluorous solvents having hydroxyl group such as
pentafluoro penthanol and nonafiuoro hexanol are used for the
selective extraction of CgF,sCsH,;-sialyl lactoside. Pentafluoro
penthanol and nonafluoro hexanol do not dissolve the dodecyl
lactoside and its sialylated compound. Therefore, both
hydrophilic interaction and fluorous interaction occur (15),
and it can be called “Fluoro-amphiphilic.”

As well as the kind of aglycon, the configuration of
the glycoside linkage in the saccharide primer is effective
on the saccharide elongation by the cell. Both dodecyla-
and B-lactosides can be used as primers for oligosaccharide
production, while only fi-isomers of dodecyl galactoside is
usable for saccharide elongation (17).

G. Glycan Array

Though the research on the function of oligosaccharides
in cells and tissues has developed, the elucidation of the
whole picture of the function of glycan is not yet sufficient. To
achieve high-throughput analysis of carbohydrate recognition,
it is necessary to construct the screening system using the
glycan library. Fundamental research for the development
of glycan array has been increasing recently (18-21). For
the development of glycan array, the preparation of glycan
library and the method of immobilization to solid support and
detection are required. In many papers, the adsorption and
chemical immobilization of glycans to solid supports have
been described. As we established the methodologies to obtain
saccharide library using cell function, in the next step we
are developing the immobilization method for glycan library
produced by cells. For example, we investigated the utilization

Method 1
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Fig. 11. Immobilization method of azido glycoside and amino glycoside
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of saccharide primer having reaction active groups such as the
azido group. 12-Azidododecyl glycosides were successfully
immobilized onto a sensor chip by either the Staudinger
reaction (22, 23) or reduction of the azido group followed by
condensation reaction (Fig. 11). Specific bindings of lectin or
antibody to the immobilized glycan were achieved by the both
methods (16). Since the saccharide primers having a functional
group such as the azido group were also glycosylated in cells,
it is expected that the saccharide primer method will be useful
for the development of glycan array,

A consortium for functional glycomics of United States
of America urged the research and development on glycan
array (24, 25), and we can freely browse the analysis for
carbohydrate recognition of lectins, antibodies, and influenza
virus on the website (26). It is very worthwhile to share
such research results for the researchers of glycobiology
and glycoengineering. Henceforth, the improvement of
glycan library will be carried out by the development of new
techniques for the immobilization method, detection method
and production of glycan library. Here, There is knowledge
to be considered in the development of glycan array. The
quantitative analysis on the carbohydrate recognition using
glycolipid monolayer by Sato et al. indicated that the optimum
glycolipid density for carbohydrate recognition was dependent
on the variety of sugar-binding molecules and lipid matrices
(27-30). This fact suggested the problem such as missing the
molecules that could recognize the glycan becauset the sugar
density on the glycan array was not optimum, Furthermore,
in the development of glycan array, improvement of the
immobilization method as well as the quality of the glycan
library will become important. By utilizing the merit of
saccharide primer method that synthesizes the oligosaccharide
by cells, we have planed the development of the glycan array
that covers the oligosaccharides appearing in specific cells and
organs,

H. Conclusion

The several methods to obtain glycans have been
established as described in the introduction. However, in
practice it is difficult to obtain all glycans by one method.
By utilizing the individual features, it is possible to construct
a comprehensive glycan library. The cells produce various
glycoconjugates using complex biosynthetic pathways.
Though the glycans expressed in cells should have important
functions individually, our understanding about them is
insufficient. Thus, the construction of a library of glycans
expressed on cells will certainly be behind the glyco-research.

The libraries of genes, peptides and proteins have
already become important tools for many researchers. The
research for selection of functional molecules from those
libraries has been frequently carried out. Therefore, the
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construction of a glycan library is desired for accelerating the
research in glycoscience. The glycan library is indispensable
for the preparation of glycan array. In the development of a
glycan library, it is necessary to make various glycans even
in 2 small quantity. From this viewpoint, the authors are sure
that the production of oligosaccharides using animal cells has
advantages for the analysis of carbohydrate recognition.

To utilize calls as afa for o!tgasamhandes it is
necessary 10 reveal the potential of cells to symifesize glycans.
Research on the synthesis of oligosaccharides by cells using
the saccharide primer method has just begun. In the future,
the development of a practical glycan synthesis process using
cells will be achieved by the development of cells having
excellent productivity and improvement of the culture method.
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Abstract

Glycoconjugate-binding molecules can contribute a
great deal to carbohydrate research and carbohydrate-related
diseases. However, it is difficult to obtain carbohydrate-
specific antibodies due 1o low immunogenicity of
glycoconjugates. Recent phage-display technology serves
a new methodology to identify glycoconjugate-specific
molecules effectively from large repertory of candidates.
Many libraries such as peptide library, antibody library, and
mutation lectin library have been applied for this purpose.
By using this system, we will be able to design carbohydrate-
binding molecules having the afTinity and specificity we need.
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A. Introduction

Plant lectin, toxin, anti-carbohydrate antibody are
available for labeling and purification of glycoconjugates.
and regulation of bioactivities (1-3). However, repertories
of carbohydrate structure recognized by these proteins are
limited. In general, immunogenicity of glycoconjugates is
weak, carbohydrate-specific antibodies are not easily obtained
due to low susceptibility of immune animals (4,5). This
is because there are similar carbohydrate structures in our
body, if the anti-carbohydrate antibodies are generated, these
antibodies attack ourselves. These conditions are autoimmune
diseases; for example, caused by anti-ganglioside antibodies,
Guillain-Barre syndrome (6), Miller-Fisher syndrome (7),
chronic inflammatory demyelinating polyradiculoneuropathy
(8), and multifocal motor neurvpathy (Lewis-Sumner-Parry
syndrome) (9) are well-known,

Carbohydrate recognition is achieved by the
combination of hydrogen bonding(s) and hydrophobic
interaction(s) (3,10). Especially, hydrogen bonding is involved
in the binding specificity. Most of the carbohydrate-binding
proteins such as lectins, enzymes, and antibodies have
multiple carbohydrate recognition domains (CRDs) (or sugar
binding domains, SBDs). The CRDs form multimers, which
increase their affinity for carbohydrales. Association constants
(K.,s) of lectin-mono- and lectin—oligosaccharide interaction
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