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Abstract 

A novel GM30-acety la ted  at C-4 and at C-9 of N-glycolylneuraminic acid (4,9-di-O-Ac 
GM3), together with a second GM30-acety la ted  at 0-4 of the neuraminic acid and 0-6 of 
D-galactose (4,6'-di-O-Ac GM3) were isolated from equine erythrocytes as a mixture in 
approximate 1:1 ratio. These two major species were chromatographically inseparable. Their 
structures, especially the positions of the acetoxy group(s), were determined by means of 1D- 
and 2D-~H NMR and fast atom bombardment-MS as well as by gas chromatography-MS of 
partially O-methylated O-trimethylsilylated monosaccharides derived from the di-O-Ac GM3s. 
In addition, 4-O-Ac GM3 was chemically mono-O-acetylated with trimethyl orthoacetate 
under acidic conditions, giving exclusively 4,9-di-O-Ac GM3, the NMR and mass spectra of 
which were used as references to confirm the 4,9-di-O-acetylated structure of the naturally- 
occurring GM3. © 1997 Elsevier Science Ltd. All rights reserved. 
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1. Introduction 

Of the many species of gangliosides, O-acetylated 
derivatives are most markedly expressed with tissue 
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specificity, with developmental regulation in neuroec- 
todermal tissues, and as oncofetal antigens in some 
malignancies [1-17]. The major glycolipids in equine 
erythrocyte membranes have previously been investi- 
gated, revealing the existence of GM3 (II3NeuGc a- 
LacCer) containing N-glycolylneuraminic acid 
(NeuGc) and its 4-O-Ac derivative, and lactosylce- 
ramide [ 1,18,19]. Although the O-acetylation sites on 
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ganglioside molecules were determined to be exclu- 
sively the 4-, 7-, 8-, and 9-O-positions of the sialic 
acid moiety in earlier reports, GM3 containing 6-0- 
acetylated Gal was found in equine erythrocytes in 
our recent study [20]. Analysis of the position of the 
labile O-Ac residue present in intact glycolipids has 
been effectively performed by ~H NMR and fast-atom 
bombardment-mass spectrometry (FABMS). The 
downfield shift of the ~H attached to the carbon 
bearing an acetoxy group in the NMR spectrum 
enabled us to assign the position of the O-Ac residue 
in the intact glycolipid in comparison to the spectrum 
of mother glycolipids such as 4-O-Ac GM3 [18], 
9-O-Ac GD3 [8,10,12], and 7-O-Ac GD3 [11,14,15], 
as well as the position of the sulfate ester of sulfatide 
[21]. 

Chemical O-acetylation of N-acylNeu was investi- 
gated earlier at the monosaccharide level, revealing 
the production of 9-O-Ac and 4,9-di-O-Ac deriva- 
tives under basic conditions using N-acetylimidazole 
[22], and of 9-O-Ac and 4-O-Ac derivatives under 
acidic conditions with trimethyl orthoacetate [23]. 
With respect to the O-acetylation of sialoglycoconju- 
gates, ganglioside GD3 was examined following 
treatment under basic conditions, revealing several 
products containing O-Ac groups in the sugar moi- 
eties [12], although the O-Ac positions were not 
determined. In the present paper, we have character- 
ized two novel di-O-Ac GM3s, isolated from equine 
erythrocytes, one having 4,9-di-O-Ac NeuGc, the 
structure of which was compared with that of chemi- 
cally synthesized 4,9-di-O-Ac GM3, and another hav- 
ing 4-O-Ac NeuGc and 6-O-Ac Gal. 

2. Experimental 

C h e m i c a l s . - - G M 3  and 4-O-Ac GM3 (II3(4-O-Ac 
NeuGc) o~-LacCer) were isolated from equine erythro- 
cytes as reported in a previous paper [18]. Other 
standard glycolipids were prepared in this laboratory. 
All other reagents were of analytical grade. 

Isolation o f  g l yco l ip id . - -The  ganglioside fraction 
was isolated without alkaline treatment from equine 
erythrocyte membranes as reported previously [20]. 
Briefly, acetone powder (450 g) obtained from whole 
blood (20 L) was extracted three times with 4:8:3 
(v:v:v) CHC13-MeOH-water (CMW) (g powder/5  
mL). The combined extract was concentrated and 
applied to a column (3 X 40 cm) of DEAE-Sephadex, 
A-25 (acetate form; LKB-Pharmacia) which was pre- 
viously equilibrated with CMW = 3:6:1. After the 

column had been thoroughly washed with the equili- 
bration CMW until unbound glycolipids were re- 
moved, the acidic glycolipids were eluted with CM-  
aq 1 M NH4OAc = 3:6:1 (v:v:v). The eluted fraction 
was concentrated, dialyzed against water, evaporated 
to dryness, and applied to a column (2.5 X 80 cm), of 
latrobeads (latron Laboratories) in CMW = 90:10:0.5 
(v:v:v). The ratio of the CMW mixture for elution 
was changed stepwise from 90:10:0.5, 80:20:2, 
70:30:3, to 60:40:4 (1 L each). The crude fraction 
(including new glycolipid abbreviated GL-1) less po- 
lar than mono-O-Ac GM3 such as 4-O-Ac GM3 and 
9/6 ' -O-Ac GM3 (a mixture of GM3s containing 
9-O-Ac NeuGc and 6-O-Ac Gal in a ratio of l:l [20]) 
was eluted with CMW = 80:20:2 (v:v:v). The crude 
fraction was evaporated to dryness and chromato- 
graphed further by repeated silica gel column chro- 
matography with the CMW solvent system as before 
except for the column scale and elution volume, to 
give 1.2 mg as a homogeneous band on a pre-coated 
TLC plate (Silica Gel 60, Merck) developed with 
CMW = 60:35:8 (v:v:v) and visualized on staining 
with orcinol-sulfuric acid reagent. 

0 - Acetylation o f  4 - 0 - Ac G M3 . - -Ch em ica l  O- 
acetylation was performed under acidic conditions 
according to the method of Ogura et al. [23], with 
slight modification. The O-acetylation mixture con- 
taining 20 mg of well-dried 4-O-Ac GM3 in Me2SO 
(10 mg glycolipid/1 mL), trimethyl orthoacetate (1 
mg glycolipid/1 /zL, Wako Pure Chemicals), and a 
catalytic amount of p-toluenesulfonic acid (1 rag/3.3 
mg of glycolipid) was incubated for 1 h at 50 °C. 
After the reaction had been stopped by adding MeOH, 
the mixture was concentrated and applied to a col- 
umn (1 X 40 cm) of LH-20 (LKB-Pharmacia) in 
C M W =  60:35:4.5 (v:v:v) as described already, to 
remove salt and Me2SO. The sugar-positive fractions 
(1 mL per tube) were collected and combined. The 
O-acetylated product was further purified by column 
(1 X 30 cm) chromatography on latrobeads as already 
described. The position of the O-Ac groups in the 
products was analyzed by NMR, FABMS, and GC-  
MS as described later. 

Alkaline treatment o f  glycol ipid.--Puri f ied GL-I 
and synthesized 4,9-di-O-Ac GM3 ( ~  0.1 mg each) 
were separately treated with 1% NaOMe in l mL of 
MeOH for 2 h at room temperature. After neutraliza- 
tion with acetic acid, the mixture was concentrated 
and applied to an LH-20 column (0.5 X 10 cm) with 
CMW = 60:30:4.5 (v:v:v) for desalting. The treated 
glycolipid was analyzed on a TLC plate as has 
already been described. 
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GC-MS. - -The  O-Ac positions of GL-1 and syn- 
thesized di-O-Ac GM3 were determined by GC-MS 
as reported previously [1,18]. The free hydroxyl 
groups in di-O-Ac GM3 (1 mg) were first ketalized 
with methyl vinyl ether (1.0 mL) in 1 mL of Me2SO 
solution containing p-toluenesulfonic acid (1.0 mg) 
for 6 h at 0 °C. The mixture was concentrated and 
applied to a column (1 × 30 cm) of LH-20 in CHC13 
for removal of acid and reaction solvents. The sugar- 
positive fractions excluded from the column were 
collected, evaporated to dryness, and methylated with 
0.2 mL of MeI and MeSOCH 7 in Me2SO (1 mL) 
[24] for 16 h at room temperature. The mixture was 
applied again to the same LH-20 column, and the 
sugar-positive fractions were pooled and evaporated 
to dryness. The ketalized and methylated glycolipid 
was then methanolyzed with methanolic 0.3 N HC1 (1 
mL) at 80 °C for 1 h for the sialic acid derivative. 
After removal of fatty acids from the methanolyzates 
by extraction with n-hexane, the solvent in the resid- 
ual mixture was evaporated to dryness. The 
methanolyzed monosaccharide was further deriva- 
tized with a mixture of Me3Si-C1 and N,O-bis Me3Si 
acetamide (1:9, v:v) at 60 °C for 30 min. The Me3Si 
derivatives of the methyl glycosides were analyzed 
by GC-MS using a JMS-HX100 mass spectrometer 
(MS and NMR Laboratory of the Faculty of Agricul- 
ture, Hokkaido University) equipped with a 25-m 
capillary column (i.e., 0.25 mm) coated with 2% 
OV-1 with temperatures programmed from 150 to 
280 °C at 5 °C per min. 

Analysis of lipid moiety.--The fatty acid and long 
chain base components were analyzed from the 
methanolyzates of GL- 1 by GLC as their Me esters in 
the former case and as its Me3Si derivative in the 
latter case, using a GC-14A gas chromatograph 
(Shimadzu) equipped with a 25-m capillary column 
(i.e., 0.25 mm) coated with 2% DB-5 with tempera- 
ture programmed from 160 to 280 °C at 5 °C per min 
as described previously [25]. 

FAB-mass and NMR spectroscopies.--The nega- 
tive FAB-mass spectrum of the glycolipids was ob- 
tained using a Jeol JMS-HX100 mass spectrometer 
equipped with a JMA-DA500 Datalizer. The sample 
in a matrix of N(CH2CH2OH) 3 was bombarded by 
Xe gas at 6 kV (20 mA), and the ions were acceler- 
ated at 5 kV, as described previously [25-27]. 

The 500-MHz I H NMR spectra of glycolipids 
(0.5-1 mg) in 0.4 mL of [2H6]Me2SO containing 2% 
2H20 were obtained in the Fourier-transform mode 
on a Varian Jeol-Alpha 500 spectrometer at the same 
laboratory as before, as described previously [26,27]. 

Chemical shifts are indicated by the distance (ppm) 
from Me4Si as an internal standard. 2D-]H COSY 
spectra were obtained as already described, and shown 
by absolute value representation as contour plots. 

3. Results 

Isolation of glycolipid.--The ganglioside fraction 
from equine erythrocytes is known to be composed of 
GM3 containing NeuGc and its 4-O-Ac derivative as 
the major components [1,18,19] and of GM3 contain- 
ing 9-O-Ac NeuGc and 6-O-Ac Gal (9/6 '-O-Ac 
GM3) as minor ones [20]. Another minor component, 
a less polar ganglioside, GL-1, was obtained as one 
band on TLC that migrated faster than 4-O-Ac GM3 
and 9/6'-0-Ac GM3 (Fig. 1). Purified GL-I was, 
however, found to be a mixture of two different 
acetylated species of GM3 from the presence of a 
heterogeneous Ac group in the FABMS and NMR 
spectra as well as from the heterogeneity of deriva- 
tized sugar compositions in the GC-MS analysis (see 
below). Some other developing solvents for the TLC 
of GL-1 such as CMW containing either NH 3, or 
containing CaC12 and 1-propanol-water, were exam- 
ined in an attempt to obtain homogeneous glycol- 
ipids, but the attempts were unsuccessful. Similarly, 
other separation methods, including HPLC using a 
spherical silica bead column, a reversed-phase col- 
umn, amine-column (Pharmacia-LKB) and borate 

m m  
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Fig. 1. Thin-layer chromatography of GL- 1 and the related 
reference GM3. Lane l, GL-1; 2, chemically O-acetylated 
glycolipid generated from 4-O-Ac GM3; 3, 4-O-Ac GM3; 
4, 9/6'-O-Ac GM3 (GM3 containing 9-O-Ac NeuGc and 
6-O-Ac Gal in a ratio of 1:1 [20]); 5, saponified GL-I; 6, 
authentic GM3 containing NeuGc. The glycolipids were 
developed with CMW= 60:35:8 and stained with 
orcinol-sulfuric acid reagent. 
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column (Pharmacia-LKB), and the droplet counter 
current technique were unsuccessful. The chemical 
structures of the different components in GL-1 were, 
therefore, determined for the mixture as described 
below. 

O-Acetylation of 4-O-Ac GM3.--The technique for 
chemical mono-O-acetylation for free neuraminic acid 
reported by Ogura et al. [23] was applied to 4-O-Ac 
GM3 with the modification of raising the reaction 
temperature to 50 °C from room temperature in the 
original report, to yield a di-O-acetylated GM3 in 
high yield, without generation of byproducts. Using 
this method, 6.0 mg of 4,9-di-O-Ac GM3 was ob- 
tained from 20 mg of 4-O-Ac GM3. The purified, 
chemically O-acetylated 4-O-Ac GM3 had an R r 
value identical to that of GL-1 on TLC, as shown in 
Fig. 1. The position of the newly inserted single 
O-Ac group was determined by NMR, FABMS, and 
GC-MS (see below), revealing O-acetylation occur- 
ring exclusively at C-9-O of 4-O-Ac NeuGc, indicat- 
ing that the reaction proceeded selectively at one 
position. Elevation of the temperature and /o r  exten- 
sion of the reaction time produced several di-O-acety- 
lation byproducts (data not shown). 

Alkaline treatment of glycolipid.--GL-1 and the 
chemically O-acetylated 4-O-Ac GM3 were saponi- 
fled by mild alkali to remove the alkali-labile 
group(s), followed by TLC analysis. As shown in 
Fig. 1, saponified GL-1 or the chemically O- 
acetylated 4-O-Ac GM3 showed an Ry value identi- 
cal to that of authentic GM3. In addition, 1D-NMR 
analysis of the saponified GL-1 yielded a spectrum 
similar to that of GM3 (data not shown), confirming 
the attachment of alkali-labile groups, such as O-acyl 
esters, to GM3. 

GC-MS study.-- The positions of the alkali-labile 
group(s) bound to the di-O-Ac GM3 found in GL-1 
and synthetic 4,9-di-O-Ac GM3 were determined by 
GC-MS of the trimethylsilylated methanolyzates of 
the glycolipid after ketalization of the free hydroxyl 
groups and methylation under basic conditions, when 
alkali-labile groups are replaced with Me groups. 
GL-1 yielded five peaks, corresponding to monosac- 
charide derivatives, the retention times and the ap- 
proximate molar ratio of which are summarized in 
Table 1 together with those of reference substances. 
Of the five peaks, two components correspond to the 
per-Me3Si derivatives of Me glucoside and Me galac- 
toside, in the approximate molar ratio of 2:1, deter- 
mined by comparison with the retention times of 
peaks in the gas chromatogram of the methanolyzates 
of lactosylceramide (data not shown). The assign- 

Table l 
Relative retention times and molar ratios of partially meth- 
ylated trimethylsilyl derivative of methyl glycoside from 
GL-1 and synthetic 4,9-di-O-Ac GM3 in gas-liquid chro- 
matography " 

Methyl glycoside 
(M%Si derivative) 

Relative Approximate 
retention molar ratio 
time b GL- 1 Synthesized 

Hexosides 
Glc 1.00 c 2 1 
Gal 0.92 1 l 
6-O-Me Gal 0.83 l 

N-Me Neuraminoside Me ester 
NeuGc 1.00 
4-O-Me NeuGc 0.99 1 
4,9-di-O-Me NeuGc 0.96 1 1 

a Chromatographed on capillary column (25 m) coated 
with 2% DB-5 from 160 to 280 °C in a rate of 5 °C per 
rain. 
b The time of methyl glucoside in hexoside and N-Me 
methyl neuraminoside in neuraminoside was normalized to 
1.00. 

ments for the fragment ions in the mass spectra of the 
other three components are summarized in Table 2. 
From the assignments, these monosaccharides were 
identified as Me 4-O-Me 7, 8, 9-tri-O-Me3Si (N-Me 
O-Me3Si Gc) neuraminoside Me ester, the mass spec- 
trum of which has been published in a previous paper 
[18], Me 6-O-Me 2,3,4-tri-O-Me3Si galactoside (Fig. 
2A for the spectrum) and Me 4,9-di-O-Me 7,8-di-O- 
Me3Si (N-Me O-Me3Si Gc) neuraminoside Me ester 
(Fig. 2B) present in an approximate molar ratio of 
1: 1 : 1, respectively. The detection of these derivatives 
reveals the heterogeneity of GL-1 as well as the 
presence in GL-1 of NeuGc substituted at C-4-O or 
at C-4,9-di-O and of Gal substituted at C-6-O with 
alkali-labile groups. The molar ratio of monosaccha- 
rides found in GL-1 was concluded to be approxi- 
mately 1:1:1:1:2 for 4-O-Me NeuGc, 4,9-di-O- 
MeNeuGc, 6-O-Me Gal, unsubstituted Gal, and un- 
subsitituted Glc, respectively, from the GC-MS anal- 
ysis. On the other hand, the chemically O-acetylated 
glycolipid from 4-O-Ac GM3 yielded three major 
monosaccharide derivatives, 4,9-di-O-Me NeuGc, Me 
galactoside, and Me glucoside in the approximate 
ratio of 1:1 : 1, from the methanolyzates in the GC-MS 
analysis (see Table 1). The 6-O-Me Gal was negligi- 
ble (less than 5% of the 4,9-di-O-Me NeuGc), indi- 
cating that the chemical O-acetylation of 4-O-Ac 
GM3 does not occur at the 0-6 of the Gal moiety. 

Analysis of lipid moie~.--The main fatty acids 
were identified as 24:0 and 24:1 (total 57.7%), and 
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Table 2 
Assignment of MS ions of partially O-methylated monosaccharide derivatives from GL-1 

205 

Assignment 

6-O-Me Gal b 
m/z Assignment 

NeuGc a 

4 - O - M e  c 4 , 9 - d i - O - M e  

m/z m/z 
M + (424) d 
M + - Me 409 
M ~ - MeO 393 
M + -  MeOH - Me 377 
393 - MeOH 361 
M ÷ -  TMSO t 335 
409-TMSOH 319 
409-(OHC l OMe) - MeOH 317 
[TMSOC 2 H(TMSO)C 3C 4 HOTMS] + 305 
393-TMSOH 303 
335-(C 6 H , OMe) 290 
M + - (OHC ~ OMe) - TMSO 275 
M t - ( O H C S C 6 H 2 O M e ) -  TMSOH 260 
319-Me 2 S i=CH 2 247 
305-Me~Si=CH~ 233 
[TMSOC 2 H C  3 H-C 4 HOTMS] + 217 
[TMSOCHCHOTMS] + 204 
[TMSOSiM% ] ~ 147 
[TMSOCHOMe] + 133 

M + (669) 611 
M + - Me 654 596 
M + -  MeO (638) 580 
M + _ (C9H2OR e) 566 566 
M + -  Me - MeOH 622 564 
M + -  CIOzMe 610 552 
M + -  MeO - MeOH (606) 548 
566-MeOH 534 534 
M + -  MeO - TMSOH (548) 490 
M + - ( T M S O C H , C O ( M e ) N H ) -  MeOH 476 418 
M + - (TMSOCSI~C9H2OR) 464 464 
534-TMSOH 444 444 
464-MeOH 432 432 
M + - (TMSOCH 2CO(Me)NH) - TMSOH 418 360 
566-TMSOH - Me - C ~ 02 Me 402 402 
M + - C 102 Me - Me - MeOH 
- (TMSOCH 2 CO(Me)NH) 402 344 
464-2xMeOH 400 400 
464-TMSOH 374 374 
M + - (TMSOC7 H(TMSO)C ~ HC9H 2OR) 362 362 
566-(TMSOCH 2CO(Me)NH) - TMSOH 

and/or  362-Me - MeOH 
and/or  464-C 102 Me - TMSOH 315 315 

362-Me - C ~ O 2 Me 288 288 
362-TMSOH 272 272 
432-(TMSOCH 2CO(Me)NH) 271 271 
TMSOCH 2 CO(Me)NC 5 HC 4 HOMe 217 217 
362-(TMSOCH 2CO(Me)NH) 201 201 

a N-Me per Me3Si derivative, b Per_Me3S i derivative, c [18]. d Value in parentheses was hardly detected. 
Me3Si in 4-O-Me NeuGc and R = Me in 4,9-di-O-Me NeuGc. f TMSO denotes M%SiO. 

e R =  

the major  long-chain base was identified as Cls-  
sphingenine, f rom their GLC analysis (Table 3). These 

lipid components  are similar to those identified in 

9 / 6 ' - O - A c  GM3 [20]. The major  lipid components  
are reflected in the FAB-mass  spectrum of  GL-1,  as 

described next. 

FABMS study.--GL-1 and chemical ly  acetylated 
4-O-Ac GM3 were analyzed using negative ion 
FABMS to determine the location of  the alkali-labile 
groups in the former  and O-Ac residue in the latter. 

As shown in Fig. 3A, GL-1 yields a major  quasi- 
molecular  ion at m/z 1363, [M - H ] - ,  corresponding 

to a componen t  having a fully saturated C24-fatty 
acyl chain and a C18:~-long chain base (sphingenine) 
as the major  lipid components ,  consistent with the 

data f rom the GLC analysis. Further minor  molecular  
ions were observed at m/z 1391, 1361, 1335, and 

1305 consistent with species with different fatty acid 

components  of  C26:o, C24:1, C22:o  , and C20:1 , respec- 

tively. These molecular  ions informed us of  the pres- 

ence of  two additional Ac residues (2 × m/z 42) on 

the GM3 molecule  (Mr, 1280). The 14 ainu differ- 
ence in the molecular- ion area, m/z 1377, 1347, and 

1321, might  be a result of  mass overlapping of di-Ac 

GM3 molecular  species and loss of  ketene (42 amu) 

versus 28 amu (C2H4)  due to the amide-l inked fatty 
acids in their lipids moiety.  Moreover ,  f ragment  ions 

with m/z 972 and 970 due to [ h e x o s e -  h e x o s e -  

Cer(C24:0) - H ] -  and [hexose - hexose - C e r ( C 2 4 : l )  

- H] - ,  respectively,  which differ f rom [M - H ] -  by 

391 amu (di-O-Ac NeuGc),  were observed,  indicating 
that the two Ac groups are present on the non-reduc- 
ing NeuGc moiety.  A less intense f ragment  ion is 
also observed at m/z 1014 corresponding to [ A c -  

hexose - hexose - Cer(C24:0) - H ] - ,  whereas m/z 
852 for [Ac - hexose - Cer - H ] -  is not, suggesting 

that GL-1 contains a species bearing mono-O- 
acetylated Gal as a minor  glycolipid component ,  
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Fig. 2. Mass spectra of partially O-methylated monosac- 
charides derived from GL-1. (A) Methyl 6-O-methyl 2,3,4- 
tri-O-Me3Si galactoside from GL-1; (B) methyl 4,9-di-O- 
methyl 7,8-di-O-Me3Si (N-methyl O-Me3Si Gc) neu- 
raminoside methyl ester from GL-1 or synthetic 4,9-di-O- 
Ac GM3. 

since the data from saponification already described, 
indicate that GL-1 has a GM3 skeleton. The presence 
of O-Ac Gal is also observed in the G C - M S  analysis 
of the methanolyzates of ketalized and methylated 
GL-1 (above). Additional fragment ions at m/z 810, 

808, 648, and 646 for [ hexose -  C e r ( C 2 4 : 0 ) -  H]-,  
[hexose - C e r ( C 2 4 : l )  - H]-,  [ C e r ( C 2 4 : 0 )  - H]-,  and 
[Cer(C24:l)- H]-, respectively, are also observed. 
These ions demonstrate the absence of Ac moieties 
on the Glc and the Cer in GL-1. Furthermore, ions at 
m/z 366 for [ A c N e u G c -  H]- ,  408 [ A c 2 N e u G c -  
H]-  and 570 [Ac2NeuGc - hexose - H]-  and/or  
[AcNeuGc - Ac - hexose - H]-  also appear in the 
spectrum, although at low intensity. From these 
FABMS data, GL-1 is assigned as being composed of 
two different di-O-acetylated GM3s, one containing 
di-O-Ac NeuGc and the other containing mono-O-Ac 
NeuGc and mono-O-Ac Gal. Furthermore, combining 
these data with those from the G C - M S  analysis, 
GL-1 appears to be a mixture of 4,9-di-O-Ac GM3 
and 4,6'-di-O-Ac GM3 (undashed and dashed num- 
bers are employed for NeuGc and galactose, respec- 
tively) in equimolar ratio. 

The negative-ion FAB-mass spectrum of chemi- 
cally O-acetylated 4-O-Ac GM3 (Fig. 3B) contains 
[M - H]-  quasimolecular ions at m/z 1363 and 1361 
and fragment ions at m/z 972, 970, 810, 808, 648, 
646, as in the spectrum of GL-1. The ions at 366 and 
1014 are, however, of negligible intensity in compari- 
son to those in the spectrum of GL-1 (Fig. 3A), 
whereas the relative intensity of the ion at m/z 408 is 
stronger than that in the spectrum of GL-I. The 
variation of these intensities suggests that two Ac 
residues are localized exclusively on the NeuGc moi- 
ety in chemically O-acetylated 4-O-Ac GM3. The 
data from the G C - M S  analyses identify this residue 
as 4,9-di-O-Ac GM3. 

NMR study.--The chemical shifts of sugar ring 
~Hs and Ac groups in GL-1 and chemically acety- 
lated 4-O-Ac GM3 are summarized in Table 4, to- 
gether with those of reference 4-O-Ac GM3 and 
unacetylated GM3. The 1D-NMR spectrum of the 

Table 3 
Compositions of fatty acid and long chain base of GL-1 

Long chain base a (%) 

d18:l b d18:0 c Unknown 

98.7 tr a 

Fatty acid e (%) 

1.2 

16 r 18 20 22 24 26 Unknown 

:0 g :1 h :0 :l :0 :1 :0 :l :0 :l :0 :1 

6.0 4.3 4.7 3.1 tr tr 8.0 tr 44.3 13.4 8.6 2.1 5.5 

a Determined as trimethylsilyl derivative, b Sphingenine. c Sphinganine. d Trace (1% > ). e Determined as methyl 
ester, f Carbon number, g Saturated. h Mono-unsaturated. 
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Fig. 3. Negative FAB-mass spectra of GL-1 and synthesized 4,9-di-O-Ac GM3. (A) GL-1 (Mr. 1364 with C24:0); (B) 
4,9-di-O-Ac GM3 synthesized from 4-O-Ac GM3. In the spectra, the numbers in parentheses indicate fatty acid components 
and degrees of unsaturation. Asterisked signal indicates ion arising from matrix. 

chemically acetylated 4-O-Ac GM3 (Fig. 4A) reveals 
an O-Ac methyl signal at 6 1.987 in addition to that 
at 1.953, observed in the spectrum of 4-O-Ac GM3 
[18]. Of the two Ac Me signals, the peak at 1.987 
could be assigned to a newly inserted Ac residue and 
the peak at 1.953 to 4-O-Ac methyl, since a chemical 

shift almost identical to the latter is observed in the 
spectrum of 4-O-Ac GM3 (Table 3). The t Hs at C-3 
(two H-3, S 3ax and S 3eq in the figure), H-4 ($4), H-5 
(S 5) and amide IH (S 5N) on NeuGc were assigned 
from the cross peaks, S 3ax-3eq, S 3ax-4, S 3eq-4, S 4-5 

and S 5-5y, respectively in the 2D-COSY spectrum 
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(Fig. 4B). The downfield shift of H-4 (6 5.076) 
compared to that (6 3.693) in the spectrum of GM3 
indicates the presence of one Ac residue at C-4-O on 
NeuGc, as reported previously [18,21]. H-6, -7 and -8 
of NeuGc were sequentially identified from H-5, 
assigned as above, with their cross peaks, S 5-6, S 6-7, 

and S 7-8 in the partial 2D-spectrum (Fig. 4C). Based 
on the downfield shift of H-9a and -9b, the chemical 
shifts of which were determined from the cross peaks 
S 9a-9b, S 8-9a, and S 8-9b, and after reference to the 
spectrum of 9/6 ' -O-Ac GM3 [20], another Ac group 
was identified at C-9-O on the NeuGc. The ring ~Hs, 
H-1 to H-6 on glucose (I) and galactose (II) as well 
as ~Hs of the ceramide (data not shown) were also 
assigned from the respective cross peaks, as demon- 
strated in Fig. 4C. Combining the data from the NMR 
analysis with those from the FABMS and GC-MS 
analyses, the species produced on chemical acetyla- 

tion of 4-O-Ac GM3 was concluded to be 4,9-di-O-Ac 
GM3. 

Additionally, the 1D-spectrum of GL-1 revealed a 
new O-Ac moiety at 6 2.008, an anomeric ~H at 
4.300 (II ~', this dashed proton number was used for 
4,6'-di-O-Ac GM3 composed of GL-1 only in the 
NMR analysis for convenience, and differs from that 
of the 4, '6"-di-O-Ac GM3), probably H-1 of a /3- 
galactoside, and two quartet signals at 4.06 and 4.16 
as shown in Fig. 5A, as compared to the spectrum of 
synthetic 4,9-di-O-Ac GM3. The two Ac residues 
giving resonances at 2.008 and 1.989 and two 
anomeric ~Hs at 4.239 and 4.300 were observed with 
approximately equal intensities, suggesting that GL-1 
was composed of two different di-O-Ac GM3s. One 
of them was identified as 4,9-di-O-Ac GM3, since 
the downfield shifts of H-4 (S 4) at 5.077 and H-9a 
(S 9~) at 3.95 and H-9b (S 9b) at 4.22 on NeuGc, which 

~ I s~ i s6 
7,s 7.- o s I/ s ,  

m I s, If" IL i ,11 

5.0 4.0 3.0 2.0 ~ m  1.0 

B [i Ss 

111 l= Slax 

'¢ 6 .... .... . .... 3' "2 .... , pbin 

¢~L. S4-s S3,,4 $3~-4O " a 

I "5.0 '  " 4.~5 4.'0 3,~5 3.~0 
0 

B S 9a-gb S 8 9b 

,=g v . , , , . .  ¢ 7 

4-5 6 ? 

QII2-S uf ~ ~ -- 

11 2 | 2 3 0  
Fig. 4. ID- and 2D-NMR spectra of synthetic 4,9-di-O-Ac GM3. (A) 1D spectrum of the 4,9-di-O-Ac GM3; (B) whole 
2D-COSY spectrum; (C) partial enlarged spectrum of panel B. L, S, I, II and FA, 1Hs on a long-chain base (sphingenine), 
sialic acid, /3-glucoside, /3-galactoside and fatty acid, respectively. 
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were assigned from the 2D-spectra cross peaks S 3eq-4 
and S 3ax-4 (Fig. 5B), and S s-9a, S 8-9b and S 9a-9b 

(Fig. 5C), indicates the positions of the Ac groups at 
0-4  and, 0-9, similar to those in synthetic 4,9-di-O- 
Ac GM3 already described. The ~Hs at 4.06 and 4.16 
were assigned to H-6a (II 6a') and H-6b (II 6b') on 
galactoside with the cross peak, II 6a'-6b' and the 
connectivities with H-5 (1I 5') assigned from II 5'-6a' 
and II 5'-6a' in the partial 2D-spectrum (Fig. 5C), as 
well as by reference to the chemical shifts of 9 /6 ' -0 -  
Ac GM3 in an earlier report [20]. The two H-6s of 
another galactoside resonating at 63.29 (II 6a) and 
3.32 (II 6b) were  assigned with II 5-6a, I15-6b, and 
II 6a-6b, being chemical shifts identical to those of 

galactoside of 4,9-di-O-Ac GM3. In comparison be- 
tween II 6' and II 6, the downfield shift of II 6' also 
indicates the location of an Ac group at 0-6 of one 
galactoside. The slight downfield shift of the anomeric 
lH (II r) on the galactoside could be ascribed to a 
steric effect of the newly inserted 6-O-Ac group. 

Combining the data from GC-MS, FABMS, and 
NMR analyses, from migration as a band identical to 
GM3 on TLC after saponification, and further from 
comparison of the structure of chemically synthesized 
4,9-di-O-Ac GM3, GL-1 was concluded to be a 
mixture of GM3 containing 4,9-di-O-Ac NeuGc (4,9- 
di-O-Ac GM3) and 4-O-Ac NeuGc and 6-O-Ac Gal 
(4,6'-di-O-Ac GM3) in a ratio of approximately 1:1. 

, 71  I.II II ii II NI 

5 4 ppm 3 2 l 

I ::i .." T I i _  

- -  '" n ":-L'_ _utl l l l / ! ! l l -  n ' "  

/ - ,,?lilil]l Ik. _ 
N ~ II" ~ . . / .  ~9a'-lb'~ I 
/ _,It s 6-'  u l i i ,  
| I l o 12-3 " . ~ "  

P,P" 

Fig. 5. 1D- and 2D-NMR spectra of GL-1. (A) 1D spectrum of GL-1; (B and C) whole 2D-COSY and the partial 2D-COSY 
spectra of GL-1, respectively. L, S, I, II, FA and cross peak are as in the legend to Fig. 4. Asterisked peak indicates 
contaminant. 
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4. Discussion 

A wide variety of O-acetylated sialic acid 
monosaccharides has been isolated from equine ery- 
throcyte membranes by mild acidic hydrolysis, and 
the structures have been fully characterized as volatile 
derivatives by GC-MS [28]. Hence, the presence of 
equine gangliosides containing O-acetylated sialic 
acid such as 9-O-Ac GM3 [20] and 4,9-di-O-Ac GM3 
in the present report was expected; however, the 
latter is the first report which demonstrates that the 
sialic acids are bound to the ganglioside. The posi- 
tions of the Ac residues in gangliosides have been 
effectively identified from ~H NMR spectra as just 
described. For a similar purpose, chemical derivatiza- 
tion employing ketalization, methylation under basic 
conditions, methanolysis and trimethylsilylation has 
also been employed, followed by GC-MS analysis as 
reported previously [18]. On degradation, GL-1 
yielded three species of partially methylated 
monosaccharides, 4,9-di-O-methyl NeuGc, 4-0- 
methyl NeuGc, and 6-O-methyl galactose, the detec- 
tion of which indicates the presence of O-acetylated 
sugar components in intact GL-1. The possibility that 
GL-1 is composed of 4,9-di-O-Ac NeuGc-(6-O- 
Ac)Gal-Glc-Cer (tri-O-Ac GM3) and 4-O-Ac NeuGc- 
Gal-GIc-Cer (4-O-Ac GM3) cannot be excluded on 
the basis of the chemical degradation method or of 
2D-NMR analysis. Even homonuclear Overhauser ef- 
fect spectroscopy using the 2D-NMR technique, 
which detects the proximity between monosaccha- 
rides arising from steric effects between anomeric 
protons and ring ~Hs, would not be appropriate for 
characterizing a GM3 mixture such as that described 
here, since sialic acid has no anomeric protons. How- 
ever, the possibility of the existence of species bear- 
ing more than the Ac groups can be excluded, since 
(i) the FAB-mass spectra demonstrate the presence of 
di-O-Ac GM3 in GL-1, and (ii) the mobility of the 
GL-1 on TLC was not identical to that of 4-O-Ac 
GM3, and further that the tri-O-Ac GM3 would 
migrate faster than di-O-Ac GM3s, such as synthetic 
4,9-di-O-Ac GM3 (see Fig. 1), because of the much 
lower polarity of the tri-O-Ac derivative compared to 
di-O-Ac GM3. 

Interestingly, a novel di-O-acetylated GM3 con- 
taining 6-O-Ac Gal, 4,6'-di-O-Ac GM3, was isolated 
from the erythrocytes in admixture with 4,9-di-O-Ac 
GM3 in the present experiment. Moreover, a mono- 
O-acetylated GM3 having the 6-O-Ac Gal, 6'-O-Ac 
GM3, has previously been obtained from equine ery- 
throcytes [20]. Though several O-acylated galactosyl- 

and glucosyl-Cers in which the acyl group is found 
on the sugar moieties have been isolated from mam- 
malian brains [29-34], the reports of an O-acetylated 
galactose on a ganglioside could indicate a similarity 
with equine erythrocytes. Although the enzymatic 
O-acetylation of GM3 in equine tissue or fluids was 
not investigated in detail, and intramolecular migra- 
tion of the O-Ac group can occur in free sialic acid 
molecules [35], a small amount of lactosylceramide 
having the 6-O-Ac Gal, which could be a biosyn- 
thetic precursor of 4,6'-di-O-Ac GM3, has been de- 
tected in a neutral glycolipid fraction from equine 
erythrocytes (Yachida, unpublished results). This 
phenomenon suggests that biosynthesis of Ac GM3 
from O-Ac lactosylceramide could take place. 

With respect to interactions with protein, GL-I 
was not desialylated by several neuraminidases em- 
ployed, confirming the substrate specificity of these 
enzymes, which have been shown to be inactive to 
4-O-substituted sialic acid on sialoglycoconjugates 
[36]. Similarly, GL-1 was not recognized by a mono- 
clonal antibody raised against 9-O-Ac GD3, and rec- 
ognizing 9-O-Ac NeuAc. 
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