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The incubation of amphipathic lactosides with cultured cells was found to prime the
glycosylation of lactosides whose oligosaccharide structures were exactly the same as those
of glycosphingolipids produced by cells: B16 melanoma cells produced a2-3 sialylated
lactosides; and PC12 cells, Galal-4- and Galcl-3Galal-41actosides. Analysis of the cell-
associated glycosylated products indicated that C16 series lactoside primers function 5-6
times more efficiently as acceptors than C12 series primers. The glycosylated lactosides
were also secreted into the culture medium. Lactoside primers with longer hydrophobic
chains hampered the release of glycosylated products from cells. The presence of an iV-acyl
chain in the lipophilic moiety of primers suppressed the secretion of glycosylated products.
Owing to its overall availability, lactosides with the C12 alkyl chain were glycosylated 2-
3 times more than C16 series lactosides and 1.4 times more than lactosides with the C12 acyl
chain. C8-lactosides did not function as primers under the conditions of this study, but they
were found to be the best acceptors for sialic acid transfer with the soluble enzyme fraction.
The incubation of cells with 10 fiM iV-hexadecanoylaminoethyl-£-0-lactoside caused a
30% decrease in endogenous GM3 of B16 cells and a 34% decrease in Gb3Cer synthesis of
PC12 cells. The results of the present study demonstrate that lactoside primers serve as an
efficient means to inhibit endogenous glycosphingolipids in studies to clarify glycosphin-
golipid functions.

Key words: iV-acyl chain, glycoside primer, glycosphingolipid, glycosyltransferase,
lactoside, lactosyl ceramide.

Glycosphingolipids (GSLs) are situated mainly on the outer
leaflet of plasma membranes of higher vertebrates and may
be essential for cell recognition, proliferation, motility, and
cell-substrate interactions in biological processes such as
cell differentiation, embryogenesis, inflammation, and
carcinogenesis (1-3). GSL functions, though studied exten-
sively, are not yet fully understood. To increase our
understanding, attention should be directed to approaches
that include disruption of GSL synthesis through applica-
tion of synthetic glycoside analogs to cells. The synthesis of

sialyla'2-3galactosyl/Sl-4xylo8ide was noted subsequent to
incubating CHO cells with 4MU-/?-xyloside (4). Octyl-/?-
glucoside also produced GSL-Uke molecules (5). The
effects of /5-xyloside were not GSL-specific, and y9-gluco-
side failed to inhibit GSL biosynthesis. GSL synthesis
occurs almost entirely via lactosyl ceramide (LacCer) in
animal cells, and the lactosyl structure is unique to GSLs.
Thus, in this study, lactose was chemically modified (6) to
render it amphipathic, in order to facilitate the incorpora-
tion of amphipathic lactoside primers into cells to promote
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GSL oligosaccharide synthesis. Subsequent to the temper-
ature-dependent incorporation of amphipathic primers into
B16 cells, sialyl(r2-31actosides were obtained, whose oligo-
saccharide structures were exactly the same as that of
GM3, the main ganglioside synthesized by B16 cells (7).
Glycosylation of the primers also caused inhibition of
endogenous GM3 synthesis, and the glycosylated primers
were found to be situated on the cell surface membrane.
The rate of uptake of primers by cells, the capacity for
saccharide elongation, and the extent of accumulation on
the cell surface appeared to depend on the hydrophobic
structure. Amphipathic compound features were thus
studied in detail, with special attention to the priming
activity.

The present paper reports that LacCer analogs, each with
a single lipophilic chain, are incorporated into cells and
function as primers for GSL-specific glycosylation. Glyco-
sylated C16 series lactosides accumulated more within cells
than glycosylated C12 lactosides, while C12 series lacto-
sides were more readily available as glycoside primers
whose glycosylated products could be recovered from the
medium fraction. The presence of amide bonds in hydro-
phobic moieties was noted to promote the association of
glycosylated products with cells.

EXPERIMENTAL PROCEDURES

Materials—B16 and GM95 cells were obtained from
Riken Cell bank (Tsukuba) and PC 12 cells by courtesy of
Dr. T. Amano (Mitsubishi Kasei Institute of Life Sciences,
Tokyo). DMEM was from Dainippon Pharmaceutical. A
mixture of DMEM and Ham F12 (1:1), fetal bovine serum
(FBS), and horse serum were from Gibco BRL; and insulin
and transferrin were from Wako Pure Chemical, Tokyo.
[MC]Galactose (9.25 MBOJ and CMP-[uC]NeuAc (370
kBq) were from Amersham; and tritiated sodium borohy-
dride (1.0 Gbq) was from New England Nuclear-Du Pont.
Neuraminidase from Newcastle disease virus [EC
3.2.1.18] was from Oxford GlycoSystems. Galactose ox-
idase [EC 1.1.3.9], peroxidase [EC 1.11.1.7], and a-ga-
lactosidase from coffee beans [EC 3.2.1.22] were from
Sigma; and /?-iV-acetylhexosaminidase from jack bean [EC
3.2.1.52] was from Seikagaku, Tokyo. SepPak C18 was
from Waters. HPTLC (Silica gel 60) and preparative TLC
plates were from Merck, Darmstadt, Germany. The lacto-
sides (rt-octyl-y3-0-lactoside, n-decyl-/?-0-lactoside, n-
dodecyl-yS-O-lactoside, n-tetradecyl-/?-O-lactoside, n-hexa-
decyl /?-0-lactoside, iV-octanoyl-aminoethyl-/?-0-lacto-
side, iV-dodecanoyl-aminoethyl-y3-0-lactoside, N-tetra-
decanoyl-aminoethyl-/?-0-lactoside, and iV-hexadecanoyl-
aminoethyl-/?- O-lactoside) were prepared as described (6).
All other chemicals were of the highest purity available.

Cell Culture—The B16 and GM95 cells were cultured in
DMEM supplemented with 10% FBS, 100 U/ml penicillin
G, and 100//g/ml streptomycin. Cells were detached
through application of 0.025% trypsin-EDTA and passaged
every 5 days. PC12 cells were grown in DMEM containing
10% FBS, 5% horse serum, 100 U/ml penicillin G, and 100
//g/ml streptomycin. The cells were detached by vigorous
pipetting, passaged every three days, and maintained in
humidified atmosphere of 5% C02 air at 37*C.

Effects of Lactoside on Cell Growth—Inocula of 3.0 X103

B16 cells were seeded into each well of a 96-well culture

plate containing 50 fi\ of serum-free TI/DF and incubated
for 6 h. Then lactosides were added at various concentra-
tions and incubation was continued for a specified period.
During the last 2 h of incubation, a cell counting kit (Dojin-
do, Kumamoto) was added to each well for measurement of
absorbancy at 415 nm, with the reference wavelength at
660 nm.

Preparation of 3H-Labeled Lactosides—Lactosides were
tritiated with galactose oxidase-NaB'FL, as previously
described (8) with slight modification. Each lactoside (10
mg) was dissolved in 2 ml of 50 mM phosphate buffer, pH
7.0, containing 5 mg of taurodeoxycholate and galactose
oxidase (100 units) and incubated at 37°C for 1 day with
gentle shaking. Then an extra portion of galactose oxidase
(50 U) and peroxidase (1 mg) were added, and incubation
was continued for 1 day. Following lyophilization, the
lactosides were extracted with chloroform/methanol ( 2 : 1 ,
by volume), dried under a N2 gas stream, and each was
dissolved in 1 ml tetrahydrofuran. Tritiated sodium boro-
hydride (148 MBq) was added, and the reaction tube was
shaken gently overnight at room temperature. Then 1 mg
cold sodium borohydride was added to terminate 'the
reaction, and the reaction mixture was left in the dark for
1 h. Thereafter, 10 ml water were added and each labeled
lactoside was isolated using a SepPak C18 column
and purified by preparative TLC. Radioactivity was mea-
sured using a liquid scintillation spectrometer (Beckman).
The specific activities of C16alkylLac, C16amideLac,
C12alkylLac, Cl2amideLac, C8alkylLac, and C8amideLac
were determined based on radioactivity and densitometric
quantification of compounds on a HPTLC plate as 487.3,
1,391, 710.2, 2,541, 734.7, and 383.1 Bq/nmol, respective-
ly. Densitometric measurement was then conducted with a
Bio ID image analyzer (Vilber Lourmat, France) after
spraying the HPTLC plates with orcinol-H2SO<.

Incubation of Cells with Radiolabeled Lactosides—
Inocula of 2.0 X 10s cells were seeded into 100-mm culture
dishes containing 5 ml of medium and incubated overnight.
This was followed with washing with TI/DF to remove
serum, and incubation with 5/^M 3H-labeled lactosides in
serum-free TI/DF for a specified time at 37'C. After
incubation, the culture media were collected and cells were
washed with PBS(-) , harvested with 0.25% EDTA in
PBS(-) , and centrifuged at l ,000x# for 10 min. The cell
pellet thus obtained was resuspended in 1.5 ml of PBS( —),
and 50-//1 aliquots were used for protein determination (9)
and radioactivity quantification. The lipids were extracted
from remaining cells with chloroform/methanol (2 : 1, by
volume), then with chloroform/isopropanol/water (7 : 11 :
2, by volume) in a sonicated bath. Lipids from the culture
media were purified using a SepPak C18 column and
analyzed by HPTLC with chloroform/methanol/0.2%
aqueous calcium chloride ( 5 : 4 : 1 , by volume) as the
solvent. A BAS 2000 bioimage analyzer (Fuji Film) was
used to detect and quantify radioactivity on the HPTLC
plate.

Glycosylated Lactoside Identification—All lipid fractions
were developed on the HPTLC plate, and the position of
each tritium-labeled glycosylated lactoside was noted and
quantified with the BAS 2000 bioimage analyzer. All
glycosylated products were scraped from the plate and
extracted with chloroform/methanol (2 : 1) for digestion
with glycosidases. The reaction mixtures, containing 2 mU
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sialidase from Newcastle disease virus or 5 mU a-galacto-
sidase from cofiFee bean in 50 ̂ 1 of 50 mM sodium acetate
buffer, pH 5.5, and 0.1 mg/ml sodium taurodeoxycholate,
or 5 mU yS-JV-acetylhexosaminidase from jack bean in 50
//I of 50 mM sodium acetate buffer, pH 5.0, and 0.1 mg/ml
sodium taurodeoxycholate, were incubated at 37°C for 24 h.
The digestion was terminated by immersing the reaction
tubes in ice-cold water. The glycosides were purified using
a SepPak C18 column, separated by HPTLC, and visualized
with the BAS 2000 bioimage analyzer.

Acceptor Capacity of Amphipathic Lactosides In Vitro—
GM95 cells (2.0x10° cells) cultured as above were sus-
pended in PBS( —), homogenized with a sonicator (Sonics &
Materials, 6 times 10 s each at 10 s intervals), and centri-
fuged at 1,000 X g for 10 min. The supernatant was recen-
trifuged at 11,000 X g for 20 min, and the supernatant was
centrifuged again at 105,000 Xg for 60 min. The Golgi
vesicle fraction thus obtained was resuspended in 100 mM
cacodylate buffer, pH 6.0, containing 5 mM MgCl2 and
0.3% Triton CF-54, and protein concentration was deter-
mined (9). The reaction mixture containing 50/^1 of 100
mM cacodylate buffer, pH 6.0, 5 mM MgCl2, 0.3% Triton
CF-54, 5mM CMP-NeuAc, 0.5 mM lactoside, 3.7 kBq
CMP-[MC]NeuAc, and 50 fig of protein was incubated at
37"C for 3 h, and the reaction was terminated by immersion

Lactosyl ceramide

Cn alkyl lactoside
n=C8, C10, C12, C14 and C16

C8, C10, C12, C U , C16

Cn amide lactoside
n=C8, C12, C14 and C16

C8, C12, C14, C16

Fig. 1. Structures of amphipathic lactoside primers and Lac-
Cer. Lactosides with a simple alkyl chain are abbreviated as Cn
alkylLac, and those with an N-acy\ chain as Cn amideLac. Alkyl or
N-acyl chain carbon number is indicated by the prefix.

control

C8alkylLac

CSamideLac

C12alkylLAc

C12amideLac

C16alkylLac

C16amideLac

20 40 60

Time (h)

Fig. 2. Effects of amphipathic lactoside primers on B16 cell
growth. Inocula of 3.0 X 103 cells B16 cells were seeded in wells of
96-well culture plates and cultured in serum-free TI/DF containing
10 ̂ M lactoside for a specified period. Panel A shows cell growth
with time; B, C, and D show cell growth at different concentrations
of C8, C12, and C16 series lactosides, respectively. The cell number
was determined with a cell counting kit (Dojindo).

B D

Concentration (mM) Concentration j

D Alkyllactoside G Amidelactoside

Concentration (|iM)
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of the reaction tubes in ice-cold water. The reaction
mixture was lyophilized, separated by HPTLC, and ana-
lyzed with the BAS 2000 bioimage analyzer. Product
radioactivity was expressed as PSL.

Effects of Lactoside on the Synthesis of Endogenous
GSLs—B16 cells cultured in a 100-mm-diameter culture
dish were washed with TI/DF and incubated in 5 ml of
serum-free TI/DF containing 10 JJM C16amideLac and
[uC]galactose (18.5 kBq/ml) for 3 h. Likewise, PC12 cells
were incubated in 5 ml of serum-free TI/DF containing 100
//M C12amideLac or 10 //M Cl6amideLac in the presence
of [uC]galactose (18.5 kBq/ml) for 24 h. The cells were
then washed with PBS( —), harvested, resuspended in 1.5
ml PBS( —), and protein was determined. Lipids of the cell
fraction were analyzed as above.

RESULTS

Effects of Amphipathic Lactoside Primers on Cell
Growth—B16 melanoma cells were cultured in the pres-
ence of amphipathic lactoside primers (Fig. 1) at various
concentrations for a specified period as shown in Fig. 2A.
The growth of cells cultured for three days in the presence
of 10 //M primers was the same as that of the control (Fig.
2A). None of the primers appeared to express toxic activity
toward the cells up to the following concentrations:
C8alkylLac, 0.31 mM; C8amideLac, 1.25 mM; Cl2alkyl-
Lac, 50 ^M; Cl2amideLac, 100 //M; C16alkylLac, 20 /^M;
C16amideLac, 20/<M (Fig. 2, B, C, and D). Owing to the
insolubility of the C12 and C16 series primers, their effects
on cell viability at more than 100 and 20 JJM, respectively,.
could not be determined. p-Nitrophenyl-/9-xyloside at 2
mM had no adverse effect on cells (10, 11), but the presence
of octyl-/?-glucoside at a concentration of more than 5 mM
resulted in cell lysis (12, 13).

Amphipathic Lactoside Primers as Acceptors for Sac-
charides in Cells—To determine the fates of amphipathic
lactoside primers taken up by cells, tritium-labeled C16-
amideLac was added to cultured B16 melanoma cells
expressing GM3 at high levels. It was considered that the
incorporated lactoside primers would serve as acceptors of
sialic acid. The B16 cells cultured overnight in the presence
of FBS were washed with culture medium lacking FBS,
then cultured in the absence of FBS but with 5 //M [6'-3H] -
C16amideLac for 24 h. Analysis by HPTLC of the lipid
extracts of the B16 cells indicated a band corresponding to
the position of a putative glycosylated lactoside (XI in Fig.
3A). One sialyl residue appeared attached to the lactoside
primer, judging from its mobility on the HPTLC plate.
Lane 2 in Fig. 3 A is the autoradiograph of the extract of B16
cells labeled with [14C]galactose and shows radioactivity
not to be associated with compound XI. 3H-labeled XI was
extracted from the HPTLC plate, treated with Newcastle
disease virus neuraminidase (specific to a2-3 and or2-8
linked sialic acid), and analyzed by HPTLC. Figure 3A, lane
4, shows the radioactivity of XI to have shifted to the
position corresponding to the parent lactoside primer. The
C16amideLac primer would thus appear to function as an
acceptor for sialic acid, which would in turn produce only
a2-3 sialylated lactoside with exactly the oligosaccharide
structure of GM3. The glycosylated lactoside confirmed in
the previous study (7) using endoglycoceramidase (14-16)
is consistent with the present results.

An experiment similar to the above was conducted using
PC12 cells expressing high Gb3Cer and Galal-3Gb3Cer
(17). The incubation of PC12 cells with 5//M [6'-3H]-
Cl6amideLac for 24 h led to the production of two putative
glycosylated lactosides, X2 and X3, as shown in Fig. 3B,
lane 5. [14C]Galactose-labeled PC12 cells showed C16-
amideLac to move to a position quite close to Gb3Cer, and
X2 to move close to Gal«l-3Gb3Cer. These 3H-labeled
compounds were extracted, purified, and subjected to
enzymatic digestion and HPTLC analysis as shown in Fig.
3B. In brief, following the digestion of X2 with a-galacto-
sidase from green coffee beans, a band at the position of
C16amideLac primer appeared, but no such effect by
/?-iV-acetylhexosaminidase was noted (data not shown),
indicating X2 to possibly be Gala 1 -41actoside. X3 also gave
rise to a lactoside primer when treated with o'-galacto-
sidase, but not with /3-iV-acetylhexosaminidase. The fact
that PC12 cells produce Gb3Cer and Galal-3Gb3Cer (17),
and that the relative positions of these two compounds on
the HPTLC plate were exactly the same as those of X2 and
X3, indicate that X3 is Gal<rl-3Gal«l-41actoside. It is

C16amide-
Lac

X I

-LacCer

-GM3
•m

3 4

1 2

-Gb3Cer
- GtJ-

Gb3Cer

10 11

Fig. 3. Glycosylated lactosides produced by adding amphi-
pathic lactoside primers to cells. B16 or PC12 cells were incubated
for 24 h in TI/DF with 5//M [e'-'HJCieamideLac, washed with
ice-cold PBS( —), and harvested. Lipids were extracted, separated by
HPTLC, and analyzed with a BAS 2000 bioimage analyzer. The
glycosylated products were purified as described in "EXPERIMEN-
TAL PROCEDURES," digested with glycosidase, and analyzed. Panel
A shows glycosylation products of B16 cells, with XI representing the
glycosylation product from the added primer. Panel B shows those of
PC12 cells, with X2 and X3 as glycosylated products. Lane 1, B16
cells cultured with 5^M 'H-labeled C16amideLac; lane 2, B16 cells
cultured with [l4C]galactose (37kBq/ml); lane 3, glycosylated
product, XI; lane 4, Newcastle disease virus sialidase treatment of
XI; lane 5, PC12 cells cultured with 5 ;/M "H-labeled C16amideLac;
lane 6, PC12 cells cultured with ["C]galactose (37 kBq/ml); lane 7,
glycosylated product, X2; lane 8, <r-galactosidase treatment of X2;
lane 9, glycosylated product, X3; lane 10, a-galactosidase treatment
of X3; lane 11, /S-iV-acetylhexosaminidase treatment of X3.
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significant that there were no other bands on the HPTLC
plate moving slower than the parent primer and thus, the
lactoside primers may be used only for cell-specific GSL
synthesis.

As shown in Fig. 3, A and B, radioactivity associated with
the [6'-'H]lactoside primer at the start of the experiment
was expressed on the HPTLC plate as several bands
corresponding not only to the glycosylated lactoside but
LacCer and GM3 as well (in Fig. 3A). Accordingly, some
lactoside primers may, following their incorporation,
undergo degradation in endosome-lysosomes, and radio-
active monosaccharide may be used again for the synthesis
of glycoconjugates including GSLs.

Glycosylated Lactosides in the Cell and Medium Frac-
tions—Lipid fractions were recovered using SepPak C18
from culture media containing amphipathic lactoside
primers and analysis by HPTLC indicated glycosylated
lactosides to have also been present. Based on the specific
radioactivity of each lactoside and the amounts of lactoside
primers added to each cell culture (25 nmol in 5 ml), the
amounts of glycosylated lactosides accumulated within the
cell and culture medium fractions could be determined.

Figure 4A clearly shows that, during a 6 h period, more
C16 series primers than C12 series primers were glyco-
sylated and accumulated within cells: the amount of
glycosylated Cl6amideLac (22 pmol) was 6.3 times that of

Cl2amideLac (3.5 pmol); glycosylated C16alkylLac (18
pmol) was 5.1 times that of Cl2alkylLac (3.5pmol);
and glycosylated C16amideLac was 1.2 times that of
C16alkylLac. In contrast to intracellular accumulation,
glycosylated lactoside accumulation was greatest in the
medium of B16 cells cultured with C12alkylLac (846
pmol), followed by that in the medium with Cl2amideLac
(404 pmol), as shown in Fig. 4B. Glycosylated lactosides
were generated in smaller amounts from C16alkylLac (203
pmol) and C16amideLac (189 pmol) (Fig. 4B). Essentially
the same findings were noted after culture for 24 or 48 h
(Fig. 5, A and B). Glycosylated lactosides associated with
cells increased rapidly up to 24 h and slightly thereafter
(Fig. 5A). In culture media, glycosylated lactosides in-
creased to plateau levels at 24 h and remained steady for
the subsequent 24 h (Fig. 5B). Of 25 nmol lactosides added
to cells, 0.6 nmol (2.5% of the added primer), 0.8 nmol
(3.0%), 1.4 nmol (5.5%), and 1.9 nmol (7.5%) were glyco-
sylated from Cl6amideLac, C16alkylLac, Cl2amideLac,
and Cl2alkylLac, respectively, in 48 h. C12 series lacto-
sides after glycosylation are thus more easily secreted or
eliminated from the cells than C16 series lactosides. The
greater use of C12 series primers for glycosylation may be
due to the preference of sialyltransferase for C12 series
lactosides over C16 series primers or the higher rate of
uptake of C12 series primers into cells compared to C16
series primers. Cl2alkylLac utilization in 48 h was 1.4

nn
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3 3 3 3 3 3
I 1 5 1 " I

8 5 5

B
0.75 •

0J •

0J5 •
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I I f

Fig. 4. Sialylated lactosides in the cell and medium fractions.
B16 cells were incubated in serum-free TI/DF with 5^M [JH]am-
phipathic lactosides for 6 h, and lipids accumulated within cells were
prepared as described. Lipids from the culture medium were purified
by SepPak C18 columns. Radioactivity corresponding to the sialylat-
ed lactoside on the HPTLC plate was quantified using known amounts
of radioactive lactosides developed on the same plate. Panel A shows
the results of the analysis of the cell fractions; and B shows those for
the medium fractions.

CSalkylLac

CSamideLac

C12alkyIL»c

ClZamMtLac

ClfcdkyiLac

CUiamideLac

10 20 30 40

Incubation time (h)

C8aIkjrlLac

CSamideLac

CllalkylLac

C12amidcLac

Cl&UkyiLac

ClfamldeLac

20 30 40 50

Incubation time (h)

Fig. 5. Sialylated lactoside production with time. B16 cells
were incubated in serum-free TI/DF with 5/*M [*H] lactoside
primers for a specified time and sialylated products in the cell and
medium fractions were quantified. Panel A shows sialylated lacto-
sides accumulated within cells; and B shows accumulation in the
media.

J. Biochem.

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


LacCer Analogs Priming Glycosphingolipid Synthesis 153

u

3
1
at

1000 -

500 -

ft .

1 _L

FT-

0

B

3 .5 3 3
i 11!

Fig. 6. In vitro sialylation of amphipathic lactoside primers.
The reaction was conducted in 50 //I of 100 mM cacodylate buffer, pH
6.0, containing 5 mM MgCl,, 0.3% Triton CF-54, 5 mM CMP-NeuAc,
0.5mM lactoside, 3.7 kBq CMP-[uC]NeuAc, and cell homogenate
(50 us protein) for 3 h; and it was terminated by immersing the
reaction tubes in ice-cold water. Reaction mixtures were lyophilized
and analyzed by HPTLC. Radioactivity of the glycosylated products
was expressed as PSL.

times that of C12amideLac, and Cl6alkylLac utilization
1.3 times that of C16amideLac, thus showing that amide
bonds result in lower use of lactoside primers.

In Vitro Amphipathic Lactoside Primer Acceptor Activity
toward a2-3 Sialyltransferase—The above findings demon-
strate that not all lactoside primers are used equally by
cells, and this prompted an individual assessment of
acceptor capacity in vitro. A homogenate of GM95 cells
devoid of GSL expression (18) was prepared as in "EXPERI-
MENTAL PROCEDURES" to serve as the source of sialyl-
transferase. One significant advantage of GM95 cells is that
the cell lysate contains no LacCer, which might compete
with amphipathic primers for sialic acid. Figure 6 clearly
shows radioactive sialic acid to be significantly transferred
onto C8 series lactoside primers, followed by ClOalkylLac
primer. Lower acceptor activity of roughly 40% that of C8
series lactosides was noted for primers with hydrophobic
tails longer than C12 or longer. The lowest acceptor activity
was found for LacCer. The results obtained in vitro appear
at variance with the data for cultured cells, and primer
participation in glycosylation by cells may thus be deter-
mined by their affinity for plasma membranes but not
sialyltransferase. The sialylation of lactoside previously
noted at <r2-3 and a-2-6 (19) was seen in this study only at
a2-3 (Fig. 3, also refer to Ref. 7). a2-6 Sialyltransferase
activity in the enzyme preparation was not measured, but
GM95 cells would probably not have a 2-6 sialyltransferase
activity.

Hindrance of Endogenous GSL Synthesis by Amphipath-
ic Lactoside Primers—The lactoside primers, Cl6amide-
Lac and C16alkylLac, were previously shown to replace by
40 and 10%, respectively, endogenous GM3 on the cell
surface of B16 melanoma cells cultured for 48 h, as deter-
mined by "back exchange" (7). To clarify the effects of
lactoside primers on endogenous GSL synthesis biosyn-
thetically, B16 cells were incubated with MC-labeled
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Fig. 7. Suppression of endogenous GSL synthesis by primers.
Panel A shows radioactivity associated with GM3 of B16 cells, and
Panel B that with Gb3Cer of PC12 cells. B16 and PC12 cells were
incubated for 3 and 24 h, respectively, in serum-free TI/DF in the
absence (control) and presence of 10 /*M Cl6amideLac or 100//M
C12amideLac with 18.5 kBq/ml ["C]galactose. Lipids were extract-
ed from the cells and resolved by HPTLC. Radioactivity associated
with GM3 and Gb3Cer was measured. Each value is the average of
three independent experiments.

galactose in the presence and absence of C16amideLac for
3 h. The radioactivity of GM3 produced in the presence of
the lactoside primer was 70% that generated in its absence
(Fig. 7A), demonstrating its inhibition of endogenous GM3
synthesis. When PC12 cells were incubated with uC-label-
ed galactose for 24 h, the presence of 100 j*M Cl2amideLac
and 10 /*M C16amideLac reduced endogenous Gb3Cer
synthesis to 87 and 66% of the control (Fig. 7B), respective-
ly, indicating that the primer suppresses endogenous
Gb3Cer synthesis.

DISCUSSION

^-Xyloside, first used to study glycosaminoglycan (GAG)
by Suzuki and his associates (20), was shown to function as
an acceptor in GAG elongation and serve effectively to
inhibit proteoglycan synthesis. This primer inhibited en-
dogenous chondroitin sulfate synthesis, but with alteration
in the aglycon constituent, also that of heparan sulfate
proteoglycan (21, 22). Amphipathic a--iV-acetylgalacto-
saminides inhibited O-glycan synthesis (23), and benzyl-/?-
iV-acetylglucosaminide in CHO cells was shown to prime
lactosamine synthesis (24). Acetylated naphthalene meth-
anol disaccharide was recently used to promote the synthe-
sis of sialylLe* and inhibit the cell expression of sialylLe1

(25). The disaccharide head group is hydrophilic and thus
the disaccharide would not be incorporated into cells by
diffusion. Peracetylation of hydroxy groups appeared to
enable the disaccharide to be taken up by cells (26).

/?-Xyloside inhibited not only proteoglycan but also
glycolipid synthesis (4). At 1 mM concentration 4MU-/?-
xyloside was found to yield'sialyla'2-3galactosyly31-4xylo-
syl/9-MU in CHO cells as well as other glycosylated /?-
xylosides whose structures were surmised based on the
linkage structure of GAG with the core protein. Octyl-/S-
glucoside was glycosylated in CHO and melanoma cells to
produce a GM3-like molecule (5). These primers, nonethe-
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less, were not always specifically brought into the GSL
synthetic pathway, and consequently there was no distinc-
tive inhibition of GSL biosynthesis.

LacCer is a key substance in the synthetic route for
nearly all GSLs, and thus a series of artificial glycolipids
consisting of a lactosyl moiety and an alkyl chain of a given
length (named alkylLac) were synthesized for use in a
study to clarify GSL functions after disrupting GSL syn-
thesis. Some compounds possessed an amide group at the
position where this group would normally be situated in
intact GSL (named amideLac) (6). These lactosides were
previously glycosylated in B16 cells following their incor-
poration (7), and in this study the relationship between
lactoside structure and priming activity was examined in
detail. Following their administration to B16 cells highly
expressing GM3, these lactoside primers underwent glyco-
sylation to produce a2-3 sialylated compounds (Fig. 3A). In
rat pheochromocytoma PC12 cells rich in Gb3Cer and
Gala-l-3Gb3Cer (17), the glycosylation of lactoside prim-
ers yielded the same sugar units of Gb3Cer and Galal-
3Gb3Cer, i.e., al-4 galactosylated and 3-O-(ff-Gal)ffl-4
galactosylated compounds (Fig. 3B). These were recovered
as the sole glycosylated products from the cell and medium
fractions, thus indicating that the lactoside primers may be
incorporated into cells, conveyed to the Golgi apparatus,
then taken up into the GSL biosynthetic machinery to serve
as acceptors; but that they are not involved in the synthesis
of other glycoconjugate species. A GlcCer analog having a
sulfur in place of oxygen in the linkage between glucose and
the aglycon, and NBD-GlcCer have been used to assess
their priming activity (27). NBD in the aglycon moiety
reduced the use of NBD-GlcCer in glycosylation compared
to that of the GlcCer analog possessing a native structure
except for the linkage molecule specified above. The
glycosylated NBD-compound was released at more than
50% into the medium, indicating the structure of lipid
moiety to affect the rate of incorporation and glycosylation
of compounds and the fates of glycosylated compounds.

The same was noted in the present study on the relation-
ship between lipid structure and primer glycosylation.
Analysis of cell-associated lactosides indicated that C16
series lactoside primers were glycosylated by cells to 5.1-
6.3 times the extent of C12 series primers (Fig. 4A). No C8
series primers were used for glycosylation at 10 /̂ M in this
study. Examination of the medium confirmed C12 series
lactoside primer use to be 2.1-4.4 times that of C16 series
lactosides for glycosylation by cells (Figs. 5 and 6). The
amounts of overall glycosylated lactosides were deter-
mined and the probability of glycosylation was found to
increase in the order C16amideLac (2.5% in 48 h)<
Cl6alkylLac (3.0%)<Cl2amideLac (5.5%)<C12alkylLac
(7.5%), indicating that C12 series primers have better
priming activity than C16 series primers. On the other
hand, a C16 primer had stronger inhibitory activity than a
cognate C12 primer, as shown in Fig. 7. Glycosylation of
primers causes primer molecules to become hydrophilic,
particularly in the case of C12 series primers; and thus
more glycosylated C12 lactosides may be released from the
cell membrane into the medium compared to C16 series
products, which may reside in the membrane (7), leading to
the inhibition of GSL synthesis.

In previous work, C6-Cer was glycosylated more than
C2-Cer by B16 melanoma cells, and glycosylated ceramides

were quickly liberated from the cells (28). Ceramide is
intrinsically noxious to cells, and thus it may be detoxified
by glycosylation. Whatever the reasons for glycosylation, it
is fascilitated by the hydrophobic nature of acceptors. C6-
NBD-Cer was previously used to synthesize sphigomyelin
and cerebroside by Chinese hamster V79 fibroblasts (29),
but more complex GSLs failed to be produced, possibly
owing to the presence of NBD. C6-NBD-GM1 was incorpo-
rated into cultured hippocampal neuronal cells but was not
glycosylated to higher gangliosides or degraded to GM2 or
GM3 (30), indicating that NBD in the aglycon restricts
metabolism and possibly the sites compounds may occupy.

The amount of cell-associated sialylated C16amideLac
was 1.2 times that of Cl6alkylLac (Fig. 4A). Amide bonds
would thus appear to promote the interactions of glyco-
sylated lactosides with plasma membrane constituents,
thereby rendering primers with amide bonds capable of
closer association with the plasma membrane than primers
with alkyl chains. This possibility is supported by previous
finding by differential calorimetry that 1,2-dimyristoyl-
amide-l,2-deoxyphosphatydylchoUne has a peak corre-
sponding to hydrogen bonds that stabilize the lipid bilayer
through the formation of a hydrogen bond belt (31).
Lafrance et al. demonstrated by transmission and at-
tenuated total reflectance infrared spectroscopy that, in
membranes made from l,2-dihexadecanoylarnide-l,2-de-
oxyphosphatidylethanolamine, ester C=O and amide N-H
groups are linked by intermolecular hydrogen bonds (32).
AmideLacs, particularly those of C16, may settle more
compactly on the plasma membrane than alkylLacs, per-
haps assisted by hydrogen bonds with other cell surface
molecules, in addition to hydrophobic interactions via acyl
chains. This in turn would reduce the turnover of amide-
Lacs.

LacCers having different lipid moiety structures were
used to examine lipid effects on sialylation in vitro (33).
Increase of hydrophobicity decreased glycosylation capac-
ity. Pohlentz et al reported C8-lactoside to be sialylated
the most by the homogenate of rat liver Golgi vesicles (19),
followed by CIO alkyl lactoside and those with longer alkyl
chains. This is consistent with the present study using the
cell homogenate derived from GM95 cells (Fig. 6). Why
octyl lactoside is a better acceptor of sialic acid with
solubilized enzyme is not understood at present, though in
this study using living cells, octyl lactoside was hardly used
by B16 melanoma cells. Triton CF-54 was used as deter-
gent in both in vitro studies, and the most appropriate
lactoside structures serving as acceptors for sialyltransfer-
ase may differ according to the detergent. Sialylation in
vitro appears unaffected not only by size but also the
presence of the amide bond in the lipophilic moiety, and
thus sialyltransferase extruding into the Golgi lumen may
have been designed in such a way as to recognize only the
lactosyl residue also extending into the lumen. The greater
use of C12 series lactoside primers than C16 series primers
for glycosylation may be an indication that the former are
more easily incorporated into cells than the latter.

Lactoside primers inhibited endogenous glycosphingo-
lipid biosynthesis (Fig. 7, also Ref. 7). D-PDMP and its
analogs (34) and ./V-butyldeoxygalactonojirimycin (35)
have been used to inhibit GSL biosynthesis. These com-
pounds inhibit the synthesis of GlcCer, the first glycosyla-
tion step in GSL biosynthesis, which suppresses the syn-
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thesis of all downstream GSLs, and accordingly it becomes
difficult to clarify the functions of individual GSL species.
The inhibition of GlcCer synthesis causes ceramide, pos-
sibly a bioactive molecule (36- 38), to accumulate in the cell
(39). Inhibitors capable of suppressing the synthesis of
different GSL species should thus be established (40).
Gluco-4-epoxyl-4-C-methylene glycosyl ceramide inhib-
ited the synthesis of LacCer, following administration to
chick embryonic neuronal cells, but the galacto-4-epoxyl-4-
C-methylene glycosyl ceramide had no such effect. These
compounds inhibit GSL synthesis by restraining the glyco-
syltransferase reaction, but the lactoside primers in the
present study exert their action by bypassing GSL chain
elongation. y9-Xylosides (4, 24) and octyl-y9-glucoside (5)
caused saccharide chain elongation on added primers, as
also noted for the primers in this study. But still these
primers were not GSL-specific.

Lactoside primers served as acceptors for a2-3 sialic
acid (B16) and ffl-4galactose (PC12), and thus it should be
possible to produce glycosylation inhibitors by modifying
the saccharide acceptor hydroxyl group into a deoxy or
methoxy group (41). Cl6amideLac at 10/xM. inhibited
endogenous Gb3Cer of PC12 cells by 34%, while C12-
amideLac at 100 juM did so by only 13% (Fig. 7B), even
though the two primers have essentially the same acceptor
capability in vitro study as shown in Fig. 6. It follows, then,
that cells in culture should be used to evaluate primer and
inhibitor structures.

LacCer analogs having a single lipophilic chain are clearly
shown by the present study to be incorporated into cells to
prime cell type-specific GSL synthesis in the Golgi appara-
tus, the extent depending on the size and structures of
lipophilic tails of the lactosides. The use of lactoside
primers does not lead to the accumulation of harmful
ceramide in cells, and thus they may be used to disrupt cell
GSL expression, thereby greatly facilitating examination
of the roles of GSLs.
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