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Abstract For preparation of an affinity ligand, an N-fatty acyl 
moiety of galactosylceramide (GalCer) was chemically replaced 
with w-amino-fatty acid including amino-n-hexanoic acid or 
amino-n-dodecanoic acid to obtain w-aminoGalCer. For the syn- 
thesis of the compound, galactosylsphingosine (GalSph) was 
coupled with N-trifluoroacetyl w-amino-fatty acid which was 
prepared by a reaction with S-ethyltrifluorothioacetate. After 
removal of the N-trifluoroacetyl group in a mild alkaline solu- 
tion, in which an N-fatty acyl group was retained, aminoGalCer 
composed of an N-hexanoyl or an N-dodecanoyl group was ob- 
tained with an overall yield of 90%. Their chemical structures 
were confirmed by proton nuclear magnetic resonance and fast 
atom bombardment-mass spectrometries. These aminoGalCers 
and GalSph as well as immobilized aminoGalCer were sulfated 
by a glycolipid sulfotransferase from rat kidney. Furthermore, 
immobilized aminoGalCer on gel matrix was used for affinity 
chromatography of the sulfotransferase, resulting in an excellent 
increase in the purification (14,000-fold) with a recovery rate of 
40%.-Kamio, K., S. Gasa, and A. Makita. Galactosylcera- 
mide containing w-amino-fatty acids: preparation, characteriza- 
tion, and sulfotransferase acceptor. J.  LipidRes. 1992. 33: 1227- 
1232. 
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Galactosylceramide (GalCer) is the simplest glyco- 
sphingolipid, and is widely distributed in mammalian 
tissues such as brain, intestine, and kidney. GalCer is 
metabolitically converted into sulfatide (SO4-3GalCer), 
ganglioside GM4 (sialyl a2-3GalCer), and galabiosylcera- 
mide (Gal a1-4Gal pl-lCer) (for a review, see ref. 1). 
GalCer at the cell surface was recently demonstrated to 
specifically bind human immunodeficiency virus type 1 
and to internalize the virus, suggesting that this lipid is an 
essential component in the receptor for the virus in 
CD4-negative cells (2, 3). 

For immobilization of glycolipids for affinity chroma- 
tography, the glycolipid acid was first used as a ligand, 
which was obtainable by oxidative cleavage at the double 
bond on sphingosine (4-6). Using the acid, three neutral 

glycolipid synthases were effectively purified (7-9). Fur- 
thermore, the glycolipid aldehyde, also an oxidized de- 
rivative at the sphingosine moiety, worked as an affinity 
ligand for purification of sialyltransferase (10) after im- 
mobilization. As an alternate glycolipid derivative for im- 
mobilization at the lipid moiety, a deacylated glycolipid 
(lysoglycolipid) was usable, because it possessed an amino 
residue in the molecule. The immobilized lysolipid, how- 
ever, was not effective for purification of glycolipid syn- 
thase (11). On the other hand, with regard to chemical 
modification of the lipid moiety in glycolipids, a fatty acyl 
residue at the ceramide moiety was replaced by the ap- 
propriate acid through the coupling reaction of lyso- 
glycolipid with the acid chloride (12) or with the acid by 
carbodiimide (13). In fact, Erickson and Radin (14) syn- 
thesized several N-alkyl glucosylsphingosines having alkyl 
carbon chains with different lengths, and demonstrated 
an inhibitory effect of the N-hexyl derivative on p- 
glucosidase. Furthermore, the o position at the fatty acyl 
moiety in gangliosides has been labeled by pyrene to in- 
vestigate the formation of the labeled ganglioside micelles 
and their diffusion and distribution in phospholipid mem- 
branes (15). Hence, the glycolipid for immobilization was 
derived as naturally as possible, by application of the 
above fatty acyl replacement after introduction of a 
blocked amino residue. In addition, we aimed to improve 
the effect of lysolipid-affinity chromatography in the 
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magnetic resonance spectrometry; FAB-MS, fast atom bombardment- 
mass spectrometry; SE'ITA, S-ethyltrifluorothioacetate; TLC, thin- 
layer chromatography; TFAc, trifluoroacetyl; DMSO, dimethyl sulfox- 
ide; EDTA, ethylene diamine tetraacetate; HFA, a-hydroxy fatty acid; 
NFA, nonhydroxy fatty acid. 
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purification of glycolipid synthase described above by 
using immobilized aminoglycolipid, which has a longer 
spacer toward the gel matrix. Introduction of the amino 
residue at the fatty acyl w position in the glycolipid has not 
been investigated. 

In the present report, we describe the synthesis of w -  
aminoGalCer having a fatty acyl moiety with a different 
carbon chain length for immobilization of the lipid. The 
synthesized compounds were further capable of being ac- 
ceptor substrates for glycolipid sulfotransferase, and use- 
ful for affinity chromatography as a ligand in the purifica- 
tion of the transferase. 

MATERIALS AND METHODS 

Chemicals 

S-Ethyltrifluorothioacetate (SETTA) and anhydrous 
hydrazine were the products of Aldrich Chemical (Mil- 
waukee, WI); [35S]3'-phosphoadenosine 5'-phosphosulfate 
(PAPS) and unlabeled PAPS were from New England 
Nuclear (Boston, MA) and Sigma Chemical (St. Louis, 
MO), respectively; CNBr-activated Sepharose 4B was 
from Pharmacia-LKB (Uppsala, Sweden) and 6-amino-n- 
hexanoic and 12-amino-n-dodecanoic acids were from 
Wako Pure Chemicals (Tokyo). GalCer was purified from 
porcine brain, and GalCer containing a-hydroxy fatty 
acid (HFA) and nonhydroxy fatty acid (NFA) were sepa- 
rated by silica gel column chromatography. The fatty 
acids of the former were composed of 98% HFA and the 
latter of 96% NFA. Other reagents were of analytical 
grade. 

N-Trifluoruacetylation of w-amino-n-hexanoic acid 
and w-amino-n-dodecanoic acid 

The ratio of solvent mixture is expressed by volume. 
N-Trifluoroacetylation of the a-amino-fatty acids was car- 
ried out according to the method of Barker et d .  (16), with 
slight modifications, where the different solvents were 
used to solubilize the amino-fatty acids. Briefly, 10 mmol 
of the aminohexanoic acid in 10 ml of water or 5 mmol 
of aminododecanoic acid in 50 ml of CHC13-CH30H- 
H 2 0  30:60:8 (solvent A) was vigorously stirred at OOC. 
After the mixture was adjusted to pH 9.5 with 5 N KOH, 
1 ml of SETTA was added, and the mixture was stirred 
in an ice bath for 1 h. Further addition of SETTA and ad- 
justment of pH were required to increase the yield of the 
product. After three or four additions of SETT4, the mix- 
ture was adjusted to pH 5.0 with trifluoroacetic acid and 
the solvents were evaporated in vacuo below 4OOC. Evapo- 
ration was repeated 3 times by the addition of 10 ml of 
water. The residue was dissolved in 25 ml of water or sol- 
vent A for the starting aminohexanoic acid or aminodo- 
decanoic acid, respectively, and adjusted to pH 1.5 with 
trifluoroacetic acid. The acidified solution was applied on 

a column with a 10-ml bed of Dowex 50 (H+form) that had 
been equilibrated with water or solvent A. The column 
was washed with water or solvent A, and acidic washings 
were collected. The washings were evaporated to dryness. 
The powder obtained was recrystallized with water and 
methanol to give N-trifluoroacetyl (TFAc) w-amino-fatty 
acid as needles. 

Coupling of GalSph with N'-TFAc w-aminofatty acids 

GalSph was prepared from GalCer by hydrazinolysis as 
described previously (17). N'-TFAc amino-fatty acid, 1.4 
equivalent to GalSph (10-50 pmol), was refluxed in 1 ml 
of thionyl chloride for 30 min under anhydrous condi- 
tions. After evaporation of thionyl chloride, the residue 
was dried over sodium hydroxide in a desiccator. The 
N'-TFAc amino-fatty acyl chloride was dissolved in 3 ml 
of ether and supplemented with 3 ml of a solution con- 
taining GalSph in 0.2 M aqueous sodium hydrogen car- 
bonate. The coupling reaction was performed at room 
temperature for 20 h with stirring. The mixture was neu- 
tralized with acetic acid followed by evaporation of the 
ether. The residual aqueous solution was put in a C1a car- 
tridge (Waters, MA) to remove salt by washing with water 
(18), eluted with solvent A, and the solvent was evapo- 
rated to dryness. The coupled product, N-(N'-TFAc w -  
aminohexanoyl) GalSph or N-(N'-TFAc w-aminodo- 
decanoyl) GalSph (N'-TFAc aminoGalCers) was purified 
by silica geI column chromatography in a CHC13- 
C H 3 0 H - H 2 0  solvent system by raising the polarity. 
Both the N'-TFAc aminoGalCers were eluted from the 
column by the solvent mixture with a ration of 80:20:2. 

Removal of the TFAc group from N'-TFAc 
aminoGalCer 

To the coupled product dissolved in 2-4 ml of solvent 
A was added sodium methoxide (28%) in methanol 
to a final concentration of 1% followed by stirring at room 
temperature. The reaction was monitored by thin-layer 
chromatography (TLC) with CHCI,-CH30H-H20 
60:35:8 as developing solvent and by visualizing the prod- 
uct with an orcinol-sulfuric acid reagent. After comple- 
tion of the reaction, the mixture was neutralized with 
acetic acid followed by evaporation of the solvent. The 
residue dissolved in methanol-water 1:l was desalted with 
a CIS cartridge, concentrated, and chromatographed on a 
silica gel column as described above to purify the product. 
The N'-deTFAc product was eluted with a ratio of 60:40:4 
in the above solvent mixture. N-AminohexanoylGalSph 
or N-aminododecanoylGalSph was quantitatively obtained 
from its N'-TFAc derivative. 

Immobilization of aminododecanoylGalSph to 
Sepharose 

CNBr-activated Sepharose was washed with 20 vol of 
1 mM HCl per ml of the gel, and then with 10 vol of 10% 
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aqueous dimethyl sulfoxide (DMSO). To the gel suspen- 
sion, two equivalents of aminododecanoylGalSph dis- 
solved in a minimum volume of DMSO was added, and 
the mixture was gently shaken on a rotator for 48 h at 
room temperature. The gel was further treated with 1 M 
ethanolamine to block unbound residues. The resultant 
gel was collected, washed with 20% DMSO in water, and 
stored in phosphate-buffered saline containing 0.02% so- 
dium azide until use. The ligands bound to the gel were 
estimated to be 2 pmol per ml of the gel. 

Glycolipid sulfotransferase assay 
A light membrane fraction was prepared from rat kid- 

ney, solubilized, and used as an enzyme preparation (19). 
The sulfotransferase reaction was performed similarly 

to the previously reported method except for the added 
acceptor glycolipid (20). Briefly, the mixture contained 
0.1 mM [3sSs]PAPS (2 x lo5 cpm), 0.3 mM aminoGalCer, 
5 mM MnC12, 5 mM MgC12, 10 mM ATP, 1.25 mM 
dithiothreitol, 5 mM sodium fluoride, and enzyme in a 
final volume of 50 pl. The mixture w a s  incubated at 37OC 
for 1 h, and supplemented with 0.45 ml of 5 mM EDTA, 
pH 7.5, to stop the reaction. The whole mixture was 
poured onto a reversed-phase column (RF18, Merck, 
Darmstadt), and the column was washed with 20 ml of 
water using a washing apparatus (Adsorbex, Merck, 
Darmstadt) under reduced pressure (21). The radio- 
labeled product was eluted by a combination of 1 ml of 
ethanol and then by 4 ml of CHCls-CHSOH-H20 
60:30:4.5. After evaporation of the solvent, the radioac- 
tivity of the product was measured in 10 ml of liquid scin- 
tillant using a liquid scintillation counter. Through this 
method, the sulfatide was recovered with a yield of 90% 
(n = 5). Specific enzyme activity was calculated by sub- 
traction of the blank value, which was obtained without 
the added lipid or in the presence of EDTA. Protein con- 
centration was determined with a BCA-Protein kit (Kanto 
Chemicals, Tokyo) using bovine serum albumin as the 
standard. 

Affinity chromatography of glycolipid sulfotransferase 

The affinity chromatography was performed at 4OC. 
Membrane (5 mg/ml) from rat kidney solubilized by 1% 
Lubrol PX containing 10 mM Tris-HC1, pH 7.4, 5 mM 
MgC12 (buffer A) and 20% glycerol, 20 ml, was diluted 
5 times by buffer A, and applied on an w-amino- 
dodecanoylGalSph-Sepharose column (1 x 5 cm) previ- 
ously equilibrated in buffer A containing 0.2% of the de- 
tergent and 5% glycerol (buffer B) with a flow rate of 
5 ml/h. The flow-through was fractionated to 4.5 ml per 
tube. After the column was washed thoroughly with buffer 
B, elutions were carried out stepwise with buffer B con- 
taining 1 M and 3 M NaCl. Twenty-eight pl of each frac- 
tion was assayed for sulfotransferase activity as described 
above. 

Proton NMR measurement 

The proton NMR spectra of synthetic intermediates 
and aminoGalCer were obtained in DMSO-d6 containing 
2% deuterium oxide at 90°C on a Varian JNM GX-500 
spectrometer in a Fourier-transform mode, at the High 
Resolution NMR Laboratory of Hokkaido University, as 
described previously (22). The frequency and the sweep 
width were 500 MHz and 5 kHz, respectively. Chemical 
shifts were indicated by distance (ppm) from tetramethyl- 
silane as an internal standard. 

Fast atom bombardment-mass spectrometry 
(FAB-MS) 

The negative FAB-MS of synthetic intermediates and 
aminoGalCer was measured in a glycerol matrix on a 
JEOL JMS-DX-300 mass spectrometer equipped with a 
JMA-DA-5000 Mass Data System at the GC-MS and 
NMR Laboratory of the Faculty of Agriculture of Hok- 
kaido University. The sample was bombarded by Xe g a s  
at 6 kV (20 mA), and the fragments were accelerated at 
2 kV. 

RESULTS AND DISCUSSION 

Synthesis of aminoGalCer 
The yields were 95% for N-TFAc aminohexanoic acid 

and 40% for N-TFAc aminododecanoic acid through the 
above reactions. The poor yield of the latter compound 
may be ascribed to weak solubility in the solvent; this re- 
quires further improvement. Through the present proce- 
dures, the overall yield starting from GalSph and N-TFAc 

Fig. 1. TLC pattern of synthetic intermediates for aminoGalCer. 
Lane 1 s h m  GalCer containing NFA; lane 2, GalSph; lane 3. 
N-(N'-TFAc w-aminohacanoyl)GalSph; lane 4, N-(w-aminohutanoyl) 
GalSph; lane 5, N-(N'-TFAc w-aminododecanoy1)GalSph; lane 6, N-(w- 
aminododecanoy1)GalSph. The plate was developed in chloruform- 
methanol-water 60:35:8, and stained by an orcinol-sulfuric acid reagent. 
GalSph and aminoGalCer were ninhydrin-positive. 
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Fig. 2. Proton NMR spectra of aminoGalCers. Panel A shows the spectrum of N-(w-aminohexanoyl) GalSph; 
panel B, N-(w-aminododecanoyl) GalSph. In the spectra, Sph indicates olefinic H-4 and H-5 on sphingosine; GalHl 
and GalH4, anomeric proton and C-4 proton on 0-galactoside; F2HZ, cr-methylene on the o-amino-fatty acid; L2 
and L3, C-2 and C-3 protons on sphingosine; -CHzNDz, amino methylene. All the spectra were measured at 90°C 
and 500 MHz in DMSO-d6-DZ0 98:2. The asterisk indicates the peak of DMSO. 

acids was more than 90% for synthesis of two GalCers con- 
taining w-amino-fatty acids. If amino-fatty acids with differ- 
ent carbon chain lengths were available, aminoGalCers 
including these acids could be synthesized by the present 
procedures using suitable solvents. 

The results of TLC of the synthetic intermediates and 
aminoGalCer are presented in Fig. 1. The coupling re- 
action of N-TFAc fatty acyl chloride and GalSph was per- 
formed in a biphasic system composed of ether and water 
containing a weak base giving a good yield of the coupling 

product, whereas the reaction in a single-phase afforded 
a poor yield. Alternatively, direct condensation of N-TFAc 
amino-fatty acid to GalSph using carbodiimide gave the 
same product but with a lower yield than that in the acid 
chloride-mediated reaction. When the carbodiimide- 
condensation of the amino-fatty acid was performed 
without blocking the amino group, the yield was much 
lower. It was also possible to use (9-fluorenylmethy1)- 
chloroformate (Fmoc) instead of TFAc residue as a block- 
ing group of the amino residue. These blocking groups 

TABLE 1. Chemical shift (ppm) of synthetic N-(w-amino-fatty acyl) GalSphs and the intermediates" 

Derivative H- 1 

GalCer HFA 
NFA 

GalSph 
GalSph-COC SHloNHTFAc 
GalSph-COCsHloNHZ 
GalSph-COC IIHZ~NHTFAC 
GalSph-COC IIHZ~NHZ 

4.107 
4.072 
4.176 
4.082 
4.095 
4.092 
4.091 

Sphingosine Fatty Acid 

H-3 H-4 H-5 H-2 Amide 

4.025 5.406 5.588 2.261 7.188 
4.025 5.406 5.588 2.049 7.163 
4.294 5.482 5.753 
3.982 5.410 5.585 2.096 7.208 
4.016 5.440 5.612 2.122 
3.989 5.424 5.599 2.076 7.156 
3.996 5.425 5.601 2.081 7.178 

6 

"Measured at 90°C in DMSO-d6-D20 98:2. 
bShould be detected, but not observed. 
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bound to the primary amino residue were rapidly re- 
moved by mild saponification, while the N-acyl group re- 
mained unchanged, giving a good yield of aminoGalCer. 
The present procedures could be applied to synthesis of 
other glycolipids containing a-amino-fatty acids starting 
1 ysoglycolipids. 

Proton NMR and FAB-MS of a-aminoGalCer 
The chemical structures of synthetic intermediates and 

aminoGalCer were confirmed by proton NMR and 
FAB-MS. The partial NMR spectra of these final lipids 
are shown in Fig. 2, together with that of GalCer for com- 
parison, and the chemical shifts are summarized in 
Table 1. Comparing the spectra of GalCer and GalSph, 
ctsoid olefinic protons at 5.321 ppm and a-methylenic pro- 
tons at 2.261 ppm on fatty acid in GalCer disappeared in 
GalSph. In the spectrum of GalSph, H-3 at 4.294 ppm as 
well as transoid olefinic protons H-4 at 5.482 ppm and H-5 
at 5.753 ppm on sphingosine were characteristically shifted 
downfield as compared to those of GalCer or aminoGalCer 
or the NTFAc derivatives (Table 1). a-Methylenic protons 
on fatty acid appeared in the spectra of N'-TFAc deriva- 
tives of N-aminohexanoylGalSph and N-aminododecan- 
OylGalSph, indicating insertion of the N'-TFAc amino- 
fatty acid into the amino residue on sphingosine in the 
coupling reaction. The methylenic protons were retained 
after removal of the N'-TFAc group. Molecular masses of 
the intermediates and the aminoGalCers were confirmed 
by means of negative FAB-MS analysis (data not 
shown). A pseudomolecular ion, d z  460, was observed 
in GalSph (Mr = 461) though its intensity was very low. 
This low intensity may be ascribed to an unsuitable 
matrix (glycerol). M/z 298 due to [M-Gall- was not de- 
tected in the spectrum. However, d z  669 and 507 due to 
[M-HI- and [M-Gall-, respectively, were clearly observed 
in N-(N'-TFAc aminohexanoyl) GalCer (M, = 670). Simi- 
larly, d z  753 and 591 due to [M-HI- and [M-Gall- frag- 
ment ions were detected in N-(N'-TFAc aminododecanoy1)- 
GalCer (M, = 754). Removal of the N'TFAc group from 
the aminoGalCers gave d z  573 and 411 due to [M-HI- 
and [ M-Gall- for the N-aminohexanoyl derivative (Mr = 

574), and d. 657 and 495 due to the fragments for 

TABLE 2. Glycolipid sulfotransferase activity toward aminoGalCer 

Substrate' Activity 

pmoUmg ptoteidh % 

GalCer containing 
HFA 313 100 
NFA 248 79 

GalSph 196 63 
GalSph-CO(CHz)sNHZ 275 a2 
GalSph-CO(CHz)I INHZ 246 79 

"Substrate concentration was 0.3 mM of the lipids. 

2.5 , 2000 - 

0 5 10 15 20 25 30 
Fraction No. 

Fig. 3. Affinity chromatography of glycolipid sulfotransferase. The 
solubilized membrane from rat kidney was chromatographed on 
aminododecanoylGalSph-Sepharose. The fractions were assayed for 
sulfotransferase as described under Methods. Arrows A and B indicate 
elution buffer containing 1 M and 3 M of NaCI, respectively. 

N-aminododecanoyl derivative (MI = 658). Interestingly, 
d z  609 and 693 due to [M-H + 2H20]- were both ob- 
served in the aminoGalCer with high intensities. 

Glycolipid sulfotransferase activity toward 
aminoGalCer 

The sulfotransferase activity was assayed using solubi- 
lized rat kidney enzyme and synthesized aminoGalCer. 
The sulfotransferase from rat kidney (23) and human 
serum (20) utilized GalCer containing HFA better than 
GalCer containing NFA. This was true with the synthetic 
acceptor substrates as demonstrated in Table 2. Two 
aminoGalCers exhibited the same extent of acceptor ca- 
pacity as GalCer containing NFA, whose chemical struc- 
ture was similar to that of aminoGalCer. As for the solid 
acceptor substrate, the immobilized N-aminododecanoyl 
derivative was also sulfated (342 pmol of sulfate incorpo- 
rated 50 p1-gel/mg-protein per h). 

Affinity chromatography of glycolipid sulfotransferase 

The similarity between GalCer (NFA) and aminoGalCer 
enables us to use the aminoGalCers as ligands for affinity 
chromatography for the sulfotransferase. In fact, affinity 
chromatography of the enzyme from rat kidney was very 
effective for the purification using immobilized amino- 
dodecanoylGalSph as demonstrated in Fig, 3. The 
purification of the bound fraction was elevated 14,000-fold 
by only the column procedure from the starting solubi- 
lized fraction, with 40% recovery. The unbound activity 
was slightly retarded on the column, indicating that the 
enzyme had affinity to the ligand and that the column had 
a low capacity for binding. Specific elution such as with 
GalCer or with GalSph was tried; however, lower recovery 
(10%) and lower purification (5,000-fold) than with NaCl 
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were obtained, because of insufficient solubility of these 
lipids in the low concentration (2%) of detergent used for 
the elution. AminoGalCer may be applicable as a probe 
to detect other metabolic proteins of GalCer after ade- 
quate modifications. These new lipids whose synthesized 
is described should contribute to methodological develop- 
ment in the glycolipid field. With respect to the assay 
method of sulfotransferase with GalCer, we previously 
reported chromatographic separation of the enzymatic 
product using an anion-exchange column (24). However, 
the method was unsuitable for separation of the sulfated 
aminoGalCer, since the sulfated product was partially 
bound to the ion-exchanger in spite of the neutral charge. 
Thus, reversed phase chromatography was used for the 
separation of the sulfated aminoGalCer produced by the 
enzymatic reaction. I 
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