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Abstract Paremcium tetraurelia contains high concentrations 
of six ethanolamine sphingolipids in the cell surface mem- 
brane surrounding somatic cilia. Three have phosphoryl 
groups and the other three have phosphonyl groups, and 
each contains either dihydrosphingosine, sphingosine, or 
phytosphingosine. In the present study, free, phosphorylated, 
and three major glycosylated ceramides were identified in the 
neutral sphingolipid fraction of this organism when it was 
grown on a crude medium. Individual lipids were character- 
ized by specific staining on thin-layer chromatographic plates 
and the fatty acids derived from them were identified by gas- 
liquid chromatography and mass spectrometry. Unlike the es- 
terified fatty acid composition of the ciliate's phospholipids, 
which have only small amounts of fatty acids greater than 20 
carbons in length, the neutral sphingolipids mainly contain 
fatty acids greater than 22 carbons in length as well as high 
concentrations of long chain hydroxy fatty acids. The sugars, 
glucose, galactose, and fructose, were identified in total neu- 
tral sphingolipid fraction. The long chain bases in the neutral 
sphingolipid fraction were mainly CIS compounds and were 
identified as CIS dihydrosphingosine, C20 sphingosine, and 
isomers of C18 sphingosine. Phytosphingosine was not de- 
tected in the neutral sphingolipid fraction obtained from 
whole cells. Because most of the cell's phytosphingosine- 
containing ethanolamine sphingolipids are in cilia, the inabil- 
ity to detect phytosphingosine as part of putative precursor 
ceramide compounds suggests that conversions of the long 
chain base moiety of ethanolamine phospho- and phospho- 
nosphingolipids occur in situ in the ciliary membrane.- 
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Sphingolipids have been found in nearly all eukary- 
otes examined (1-6) and have also been detected in 
bacteria (7) .  Sphingolipids are important components 

of biomembrane lipid bilayers, and some are known to 
be potently bioactive because they play a role in trans- 
membrane signaling, ion translocation functions, or 
serve as receptors (1-6). Long chain bases (LCB) are 
formed by the initial condensation reaction involving a 
fatty-coenzyme A (CoA) , commonly palmitoyl-CoA, and 
serine. The addition of a fatty acid to a LCB via an 
amide bond forms ceramides, which can serve as pre- 
cursors for the formation of complex sphingolipids 
such as phosphosphingolipids and glycosphingolipids 
(1, 2).  The LCB sphingenine (sphingosine) is formed 
from sphinganine (dihydrosphingosine) by the intro- 
duction of a double bond, which occurs at the cera- 
mide (8) or the complex sphingolipid stage in mammals 
(9). Thus, in mammalian systems, free dihydrosphin- 
gosine is apparently not directly converted to free sphin- 
gosine, but is desaturated as part of a larger molecule, 
and is subsequently released upon catabolism (4, 5 ,  8, 
9). Free sphingosine can then be reacylated. Although 
hydroxysphinganine (phytosphingosine) has been 
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identified as the major LCB in many fungi, protozoans, 
and plants examined (10-14) and this LCB is present 
and de novo synthesized in mammals (15-18), its bio- 
synthesis remains poorly understood ( 1  1, 15-18). 

The ciliated protozoa Tetrahymena and Paramecium 
can be grown axenically, and sphingolipids have been 
examined in these cells (19-31). Telrahymmn has etha- 
nolamine sphingophosphonolipids with either hy- 
droxy- or nonhydroxy-fatty acid species (20, 28, 29) and 
straight- or branch-chained LCB (19). Ceramide-N- 
monomethylaminoethylphosphonate has also been ideri- 
tified (31). In contrast, six ethanolamine sphingolipids 
have been identified in I? tetraurelin; all have similar fatty 
acid compositions and contain only straight chain LCB 
(24). Three were characterized by a stable direct P-C 
bond (phosphonyl, Pn) whereas the other three had 
P-0-C (phosphoryl, Ps) bonds. The presence of three 
different long chain bases further determined their dif- 
ferential migrations on two-dimensional thin-layer chro- 
matographic (TLC) plates. The six were identified as 1) 
N-acyl-sphinganine-1-phosphonoethanolamine (N-acyldi- 
hydrosphingosine-1-phosphonoethanolamine, DPnE) , 2) 
N-acyl-sphinganine-1-phosphoethanolamine (N-acyl-di- 
hydrosphingosine-1-phosphoethanolamine, DPsE) , 3) 
N-acyl-tran~sphingenine-1-phosphorioethanolamine (N- 
acyl-sphingosine-1-phosphonoethanolaniine, SPnE) , 4)  
N-acyl-trans-4sphingenine-1-pliosphoethanolamine (N- 
acyl-sphingosine-1-phosphoethanolamine, SPsE) , 5)  
N-acyl-I)-4-hydroxysphinganine-1 -phosphonoe thano- 
lam in e ( N-acyl-p h ytosp hingosine-1-p hosp honoethan o- 
lamine, PPnE) , and 6) N-acyl-n-4hydroxysphinganine- 
1-phosphoethanolamine (N-acyl-phytosphingosine-l- 
phosphoethanolamine, PPsE) (24). 

t'nrumeriurn has been extensively studied to under- 
stand the role of the ciliary membrane in controlling 
swimming behavior. Hundreds of locomotory mutants, 
some with defective ion channels, have been isolated 
and characterized by electrophysiologic and other ap- 
proaches (26, 27). The barium-sensitivc locomotory 
mutant of P tetrtlurelia, baA, has altered sphingolipid 
and phosphonolipid compositions, suggesting a role of 
sphingolipids in the control of ion channels (26). As 
the ciliary membrane of Parametium is highly enriched 
in ethanolamine sphingolipids (22-27), these lipids 
may be required for proper ciliary membrane function. 

The neutral sphingolipid fraction of P tetrtlu,rrlin 
comprises less than 10% of the total whole cell lipids 
(23). Glycosphingolipids and important cerainide pre- 
cursors of complex phosphosphingolipids are found in 
this fraction. Thus, in the present study we analyzed the 
neutral sphingolipids to further elucidate the sphin- 
golipid composition in this ciliate. As almost all lipids 
have been demonstrated to quantitatively change with 
culture age in axenically grown I? trtrtiurelici (22-25, 32, 

33), analyses were also performed on cells at t1ifferc:nt 
times after inoculation into fresh culture media. This 
report represents the first study that identifies thc ticii- 

tral sphingolipids synthesized by this important expcri- 
mental organism. 

MATERIALS AND METHODS 

Cells 

Mass cultures of Paramecium tetmurelirc 51s were 
grown axenically in 500 ml of medium in Fernbach 
flasks. Cultures were grown for various periods at 2.5"(:, 
and the cells were harvested by continuous-flow centri- 
fugation as previously described (32). Unless otherwise 
indicated, ciliates were grown i n  a crude medium con- 
taining stigmasterol, free fatty acids, and animal cepha- 
lin (32, 34, 35). In some experiments, cells wet-e grown 
in a chemically defined synthetic medium (32,  34) 
which contained the same lipid supplements. 

Cilia were isolated from cells by a calcium-shock pro- 
cedure previously described (32). Briefly, cells were 
concentrated and washed with distilled water, then sus- 
peuded in a cold buffered salt solution with sucrose at 
neutral pH. The cells were then treated with a cold al- 
kaline solution containing glycerol, ethylenediamine- 
tetraacetate, and sucrose, then CaCl, was added. The 
deciliated cells were separated from the detached cilia 
by differential centrifugation. The cilia in the super- 
nate were further purified by passage through sintered 
glass filters, then the filtrate containing the cilia was 
washed. Each step in the isolation and purification pro- 
cedure was monitored by phase microscopy. The purity 
of the cilia preparation obtained by this protocol has 
been documented by a number of different micro- 
scopic and biochemical criteria (32). 

Analyses of culture media 

The enriched crude medium, which was used in all 
of the studies described here, includes proteose pep- 
tone, trypticase peptone, Type 11-s phosphatidylethano- 
lamine (PsE) from ovine brain, yeast nucleic acids, and 
other components such as vitamins, salts, and trace 
metals (32). P ~ m m r " m  tetraureliu will grow in several 
chemically defined media, but with lowered cell yields. 
The chemically defined monoolein medium (with re- 
agent grade amino acids, vitamins, and other com- 
pounds for which structures arc known) contains only 
stigmasterol and svnthetic monoolein as lipid supplc- 
tnents (monoolein defined medium) (32, 34). When 
cells were grown in the monoolein defined medium, 
PPnE, PPsE, SPnE, and SPsE, but not DPnE and DPsE, 
were detected (24). 
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In the present study, we analyzed both the chemically 
defined monoolein medium and the enriched crude 
medium to determine whether sphingolipids were 
present, and thus could be scavenged from the me- 
dium by the organism. Samples (100 ml) were ex- 
tracted for lipids by biphasic partitioning of com- 
pounded media. 

After alkaline hydrolysis, LCB and alkali-stable prod- 
ucts in the media were recovered by Unisil column 
chromatography by elution with methanol (MeOH) af- 
ter the CHC13-eluting material had been removed. The 
alkali-stable MeOH fraction was analyzed by TLC and 
anthrone staining to determine whether glycosphin- 
golipids were detectable. The MeOH fraction was also 
hydrolyzed under acidic conditions (see below), and 
the total medium LCB fraction was recovered from Un- 
isil columns. This LCB fraction was analyzed by TLC 
separation and ninhydrin staining, as described below. 
The level of LCB detection was at least 0.1 pg, as deter- 
mined by TLC analyses of authentic LCB standards. 

No LCB was detected in the monoolein defined me- 
dium. However, dihydrosphingosine and sphingosine, 
but not phytosphingosine, were detected in the en- 
riched crude medium. Furthermore, we estimated that 
cells from a 100-ml culture after 5 days of growth in the 
crude medium contain approximately 0.04 mg of 
phytosphingosine in PPnE and PPsE alone (22-24, 32). 
We then added 0.04 mg of authentic phytosphingosine 
to a 100-ml sample of the crude medium. Phytosphin- 
gosine was readily detectable by TLC analysis of the 
processed enriched crude medium which had been 
spiked with 0.04 mg of authentic phytosphingosine. 

Hence, when I? tetraurelia is grown on the chemically 
defined monoolein medium, it must synthesize all of its 
LCB. Some dihydrosphingosine and sphingosine could 
be scavenged from the crude medium by f? tetraurelia 
under that growth condition, but most (if not all) 
phytosphingosine must be produced by the organism 
when grown on this medium (10, 11, 14, 15, 18). The 
ability off? tptraurelia to de novo synthesize LCB is con- 
sistent with the demonstration that the LCB moiety of 
the ethanolamine sphingophospholipids and ethanola- 
mine sphingophosphonolipids was metabolically la- 
beled with radioactive palmitate or serine (25) (D. F. 
Matesic and E. S. Kaneshiro, unpublished results). 

Isolation of neutral sphingolipids 

Lipids from whole cells and cilia were extracted with 
chloroform (CHC1,)-MeOH 2:l (v/v) or by previously 
described procedures (22-25, 32, 36). Total lipids were 
purified by biphasic partitioning (37) and then the sol- 
vent volume was reduced and dried under a stream of 
N,. The recovered lipids were fractioned by adsorption 
column chromatography (>go% recovery) using silicic 

acid (Unisil, Clarkson Chemical Co., Williamsport, PA). 
After elution of the neutral lipids from the silicic acid 
columns with CHCl,, the neutral sphingolipids were 
eluted with CHC13-MeOH 95:5 (v/v) . This neutral sphin- 
golipid fraction was hydrolyzed under mild alkaline 
conditions using 0.5 N NaOH in CHC13-MeOH 1:2 (v/v) 
for 2 h at room temperature, then the products were sub  
jected to Unisil column chromatography. After elution of 
lipids from the column with CHCl,, the mild alkali-stable 
fraction was eluted with either CHC13-MeOH 95:5 (v/v) 
or MeOH, and designated the neutral sphingolipid frac- 
tion. The recovery of alkali-stable lipids was estimated at 
90% of the total neutral sphingolipid fraction. 

Chromatographic analysis of the neutral 
sphingolipid fraction 

The neutral sphingolipids were characterized by 
their migrations on aluminum-backed Silica Gel 60 
thin-layer chromatographic (TLC) plates (Merck, Darm- 
stadt, Germany) that had been activated by heating at 
110°C for 30 min. The plates were developed in either 
CHC13-MeOH 9:l (v/v), solvent system #1 (SS #1)  or 
in CHC13-MeOH-H20 65:25:4 (v/v/v) (SS #2). Lipids 
were routinely visualized with I2 vapor, and after subli- 
mation of the 12, the plates were stained for sugars with 
either anthrone or orcinol. Individual neutral sphin- 
golipids were purified by preparative TLC. Lipid bands 
were scraped into funnels lined with Whatman #1 filter 
paper, and then the individually purified neutral sphin- 
golipids were eluted from the silicic acid with CHC13- 
MeOH 1:2 (v/v) followed by MeOH. In some analyses, 
glycosphingolipids (GSL) were eluted from the TLC si- 
licic acid with CHCI3-MeOH-H2O 1:l:O.l (v/v/v). The 
developed TLC plates were not permitted to com- 
pletely dry prior to the recovery of the lipids. 

Samples of the lipids recovered from the TLC plates 
were placed in sealed ampoules in MeOH-H20-12 N 
HC1 11:2.6:1 (v/v/v) and heated for 18-24 h at 80°C 
(24, 36). Fatty acid methyl esters (FAME) were ex- 
tracted with hexane and the remaining material was 
evaporated to dryness under N,. This residue was ei- 
ther directly analyzed or further processed. For further 
extraction, the residue was redissolved in distilled wa- 
ter, the pH was adjusted to 11.0 with NaOH, and the 
LCB were extracted with CHCl,. The material remaining 
after CHC13 extraction was designated the fraction con- 
taining water-soluble polar groups (WSPG) . After neu- 
tralization of the WSPG fraction, both the LCB and the 
WSPG fractions were evaporated to dryness under N,. 

Structural identification of LCB in individual LCB 
fractions or in the combined LCB plus WSPG fractions 
was done by TLC, gas-liquid chromatography (GLC) , 
and GLC-high resolution mass spectrometry (MS) . Sil- 
ica gel G TLC plates impregnated with 0.1 M Na,COJ 
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were developed in CHC13-MeOH-NH40H 120:30:3 
(v/v/v) (SS # 3 ) .  After development, ammonia was 
thoroughly evaporated by placing the plates in a fume 
hood overnight. The LCB on TLC plates were visual- 
ized with 0.2% ninhydrin in butanol (38). Alternatively, 
LCB released by hydrolysis of sphingolipids were acety- 
lated with acetic anhydride, converted to their trimeth- 
ylsilyl (TMS) derivatives, and analyzed by GLC on 6-ft 
glass columns packed with 3% OV-17 (24, 25, 36). 

The FAME obtained from the acid hydrolysates were 
also analyzed by GLC using 10% EGSS-X columns as 
previously described (24, 36). Individual fatty acids 
were identified by elution times, cochromatography 
with authentic standards (methyl esters of a-hydroxy 
stearate, Mix LA 203 and Mix LA 207 from Applied Sci- 
ences, State College, PA, and Mix HEM9 from Supelco, 
Inc., Bellefonte, PA). Furthermore, the structural iden- 
tities of individual FAME were verified by MS (see 
below). 

Sugars in the WSPG fractions were analyzed by 
TLC on aluminum-backed Silica Gel 60 plates devel- 
oped with acetone-n-butanol-H20 50:35: 15 (v/v/v; 
SS #4). Sugars were visualized with orcinol or aniline- 
diphenylamine-phosphoric acid reagent (38). Sugars 
were also analyzed by GLC (39). The fractions contain- 
ing the LCB and WSPG were evaporated to dryness 
under N2, and 0.2 ml of N-trimethylsilylimidazole (TM- 
S1M)-N, O-&s-( trimethylsilyl) acetamide (BSA)-tri- 
methylchlorosilane (TMCS) 3:3:2 (v/v/v) (Alltech Inc., 
Deerfield, IL) was added and fractions were allowed to 
stand for 5 min (39, 40). Aliquots of the resultant tri- 
methylsilyl (TMS) sugar derivatives were analyzed using 
3% silicone OV-101 at a column temperature of 190°C. 
The injection temperature was 250"C, detector temper- 
ature was 300"C, and the N2 carrier gas was set at 20 psi. 

Mass spectral analyses 
Fatty acid methyl esters were analyzed by GLC-high 

resolution mass spectrometry (GLC-MS) using a capil- 
lary GLC column coated with SE-54. The GLC was in- 
terfaced with a mass spectrometer (Kratos MS-80, Kra- 
tos, Manchester, U.K.) as previously described (24, 36). 
Electron impact mass spectral data were processed on 
a Data General NOVA/4 computer with a DS-55 data 
system (DS) and individual FAME were identified by 
their fragmentation patterns, ion masses, and elemental 
compositions. 

Acetylated LCB were converted to their 0-TMS deriv- 
atives with bis( trimethylsilyl) trifluoroacetamide (BSTFA, 
Applied Sciences). The TMSderivitized samples were 
analyzed by GLC-MS-DS using a 30 m, 0.32 mm i.d. 
SPB-5 capillary column to separate the individual LCB 
derivatives (24, 36). The identifications of individual 
LCB were further confirmed by fast atom bombard- 

12 

8 -  

4 -  

ment MS (FAB-MS) of the underivatized free cera- 
mides as previously described (24, 36). 

Chemicals 
N-stearoylsphingosine monoglucoside, dihydrosphin- 

gosine, sphingosine, phytosphingosine, N-palmitoyl- 
sphingosine, and monosaccharide reference com- 
pounds were obtained from Sigma Chemical Co. (St. 
Louis, MO) . 

- 

RESULTS 

Effects of culture age 
The neutral sphingolipid content of Fi tetraurelia cells 

increased with culture age (Fig. 1 ) .  Stationary phase 
cells (day-7) were inoculated into 10 times the volume 
of fresh enriched crude medium. Lag phase lasted for 
1-2 days; log phase occurred over days 3-5, then the 
cultures entered stationary phase. Death phase was not 
evident until after day 8 (32). The concentration of the 
total neutral sphingolipid fraction relative to total cel- 
lular lipids was lowest in day-l cells (4.3%) and highest 
in day-7 cells (9.7%). In contrast to the quantitative 
changes observed, there were no qualitative differences 
in the relative amounts of individual neutral sphin- 

t 

T 
0 
1 

1 3 5 1 

Culture Age (days) 

Fig. 1. Change with culture age in the relative concentration of 
the total neutral sphingolipid fraction of P t e h m " n  lipids ob- 
tained from whole cells grown on the enriched crude medium. 
Values represent means t SEM of5 determinations. 
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golipids extracted from cells of different culture ages. 
Analysis by TLC of the neutral sphingolipids of day-1, 
day-3, and day-7 cells showed the presence of the same 
lipid bands at all 3 days of culture growth. Also, TLC 
analysis of the neutral sphingolipids obtained from 
cells grown in the enriched crude medium revealed no 
qualitative differences between these lipids and those 
obtained from cells grown in the chemically defined 
synthetic medium. 

Long chain base composition of the total neutral 
sphingolipid fraction 

The ethanolamine sphingophospholipids and sphin- 
gophosphonolipids of Paramecium contain three LCB: 
C18 dihydrosphingosine, C18 sphingosine, and CI8 
phytosphingosine (24). The relative proportions of lip- 
ids with these three bases found in whole cells grown 
on the enriched crude medium changed with culture 
age, but PPnE and PPsE remained the major compo- 
nents throughout. Interestingly, phytosphingosine was 
not detected by TLC or GLC analyses of the hydroly- 
sates of the neutral sphingolipids. No phytosphin- 
gosine was detected in the total neutral sphingolipid 
fraction from cells of varying culture age grown on the 
crude medium, and no phytosphingosine was detected 
in the neutral sphingolipid fraction obtained from sim- 
ulated day-1 cells (day-7 cultures diluted 1:l with fresh 
medium) grown in either the crude or a chemically de- 
fined medium (32). Furthermore, phytosphingosine 
was not detected in hydrolysates obtained from any of 
the individual lipids of the neutral sphingolipid frac- 
tion. These observations suggest that phytosphingosine 
was synthesized as part of polar complex sphingolipids, 
and not via ceramide intermediates. 

Analysis by GLC of LCB obtained from hydrolysates 
of the total neutral sphingolipid fraction off? tetraurelia 
grown on the crude medium indicated the presence of 
five major and at least two minor components (Fig. 2) .  
Mass spectral analysis of the major GLC peaks demon- 
strated that one peak contained C,, dihydrosphingo- 
sine (Fig. 2D), another contained C20 sphingosine (Fig. 
2F), and three peaks represented isomers of Cl, sphin- 
gosine (Fig. 2 B, C, and E).  The molecular ion m/z 485 
of acetyl ditrimethylsilyl sphingosine was not observed. 
A peak at m/z 470 (Mf*-CH3), characteristic of TMS 
derivatives was observed in spectra of the CIS sphin- 
gosines. Similarly, an ion at m/z 472 (M+.-CHs) was ob- 
served in the spectrum for C18 dihydrosphingosine. 
The characteristic base peaks m/z 311, m/z 313, and 
m/z 339 were present in spectra of the CIS sphin- 
gosines, C18 dihydrosphingosine, and C,, sphingosine 
derivatives, respectively. Although future studies should 
include detailed characterizations of the C18 sphin- 
gosine isomers, these analyses were not performed in 

the present study due to the small amount of LCB 
present in this fraction. 

Relative to the elution time of CIS dihydrosphin- 
gosine, these C1, sphingosines had relative retention 
times (RRT) of 0.84, 0.93, and 1.23. The LCB that had 
the longest elution time was identified as Cz0 sphin- 
gosine (RRT, 1.50). In addition to these major LCB, 
two minor peaks observed by GLC were identified by 
MS as another isomer of C18 sphingosine (RRT, 1.23), 
and another isomer of C18 dihydrosphingosine (RRT, 
1.30). The LCB isomers with longer elution times may 
represent those with branched-chains. Branched-chain 
sphingosines, exhibiting longer GLC elution times 
than those of straight-chained sphingosines, have been 
characterized in Tetrahymena (19), but these Paramecium 
CIS sphingosine isomers were not further characterized 
in the present study. Although the neutral sphingolipid 
concentrations in Z? tetraurelia cells increased, the com- 
positional profile of the LCB in the total neutral sphin- 
golipid fraction did not change with culture age (Table 
1 ) .  The constant LCB composition of this major lipid 
fraction was unexpected and unusual for this cell sys- 
tem. Most other lipid and lipid components have been 
shown to change as this ciliate progresses through 
axenic culture growth in the enriched crude, or chemi- 
cally defined, media (22-24, 32, 33). 

The MS analysis indicated no detectable phytosphin- 
gosine was present in the samples of LCB in the total 
neutral sphingolipid fraction. In these GLC-MS analy- 
ses, the five LCB identified were present at mmol lev- 
els. If phytosphingosine were present at a level of 1 
nmole, it would have been detected by these GLC- 
MS analyses. 

Monosaccharide composition of the total 
neutral sphingolipid fraction. 

Analysis by TLC of the sugars obtained from hydroly- 
sates of the total sphingolipids obtained from whole 
cells grown on the enriched crude medium revealed 
the presence of at least three components tentatively 
identified as fructose, glucose, and galactose. Analysis 
by GLC indicated the Paramecium total neutral sphin- 
golipid fraction sugars cochromatographed with au- 
thentic standards of D-fructose, D-galactose, and the 01 

and /3 anomers of D-glucose. Fructose accounted for 
15% of the total, while galactose and glucose were 
present in approximately equal amounts (Table 2). A 
fifth component was present in the pentose region of 
the gas chromatogram, and accounted for 12% of the 
total monosaccharides in that fraction. This compo- 
nent did not chromatograph with authentic standards 
of arabinose, ribose, or xylose and remains unidenti- 
fied. Additional structural analyses of the GSL sugars 
were not performed in the present study. 
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Fig. 2. Mass spectra of LCB in hydrolysates of the neutral sphingolipid fraction obtained from P tutruurulin whole cells grown on the rn- 
riched crude medium. A: A typical GLC tracing showing the five major LCB in the total neutral sphingolipid fraction. B: Mass spectruin 
of a CI8 sphingosine, corresponding to peak #1 in the GLC tracing. C: Mass spectrum of a CL8 sphingosine corresponding to GLC prak 
#2. D: Mass spectrum of a C18 dihydrosphingosine corresponding to GLC peak #3. E Mass spectrum of a C,, sphingosine corresponding 
to GLC peak #4. F: Mass spectrum of a Cy,, sphingosine Corresponding to GLC peak #5. 
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TABLE 1. Long chain base composition of the total neutral sphingolipid fraction of 
Paramecium tetraurplia cells at different culture ages 

Culture Age (days) 
~ -.____. ___ CLC 

Long Chain Base Peak # 1 3 5 5 

CIH sphingosine 1 20.2 t 0.8 20.1 ? 0.4 20.4 t- 2.5 20.4 t- 1.1 
C,, sphingosine 2 38.6 2 1.4 38.5 2 0.6 39.2 t- 1.0 38.8 t- 1.2 
C , ,  dihydrosphingosine 3 13.9 ? 0.8 14.1 ? 0.2 13.9 % 0.6 13.8 t 0.6 

C,,, sphingosine 5 9.4 t 2.3 11.6 2 0.3 11.0% 1.5 10.9 t 0.5 
CIH sphingosine 4 18.0 t 2.2 15.7 t 0.8 15.5 t- 0.6 16.2 ? 0.4 

The total neutral sphingolipid fraction was isolated from whole cells grown in the enriched crude me- 
dium. After acid hydrolysis, the long chain bases of the fraction were acetylated and silylated then quantified by 
GLC. Weight percent values are means 2 SEM of 3-4 determinations. Peaks are numbered according to the or- 
der in which they eluted from the GLC column (see Fig. 3) .  

Fatty acid composition of the total neutral 
sphingolipid fraction 

The FAME extracted from hydrolysates of the total 
neutral sphingolipid fraction contained some species 
characteristically found in other lipid fractions, particu- 
larly 16:0, 18:0, and 18:l. However, substantial amounts 
of long chain saturated and monounsaturated fatty ac- 
ids of C22 to CZ6, as well as a-hydroxy acids, not previ- 
ously described from Paramecium, were detected in this 
fraction (Table 3) .  The two largest components ob- 
served in all gas chromatograms were consistently the 
peaks that contained 24:1, and 24:O plus OH-20:0. 
Branched chain fatty acids were not detected in these l ip  
ids, nor have they been found in any other lipids of II tet- 
raurelia (22, 24,32). The relative amounts of unsaturated 
fatty acid in the total neutral lipid fraction decreased with 
culture age. The greatest change in the relative amounts 
of a single fatty acid was observed in 24:1, which signifi- 
cantly decreased from day-1 to day-7 ( P  < 0.05). 

Glycosphingolipids 

The neutral sphingolipid fraction (from day-5 cells) 
contained several TLC components that were detect- 
able by Ip, and stained with anthrone and orcinol, indi- 
cating that they were glycosylated. These lipids ac- 
counted for the bulk of the neutral sphingolipid 
fraction (Fig. 3B; bands 4,5, and 7). When the material 
from the three anthrone- and orcinol-positive bands 
were recovered from the TLC plates (which had been 
developed in SS #l), pooled, and the pooled material 
rechromatographed using SS #2, more than three 
bands were resolved (Fig. 3B). The three major groups of 
GSL were designated (from the most mobile in SS #2) as 
GSL I11 = band 3 ( R ,  0.78); GSL I1 = band 2 (a single 
band in SS #1 that resolved into two broad bands in SS #2 
with Rf 0.63 and Rf 0.52) ; and GSL I = band I ( Rf 0.23). 

For further analysis of the GSL, the neutral sphin- 
golipid fractions from several batches of I? tetraurelia 
whole cells grown on the enriched cruded medium for 

3-5 days were pooled, and individual GSL were isolated 
by TLC using SS #l. A mixture of GSL was recovered, 
then GSL I, GSL 11, and GSL I11 were purified by pre- 
parative TLC using SS #2. Glycosphingolipid I1 consti- 
tuted about 90% by weight of the total GSL obtained by 
preparative TLC. On the TLC plates developed in SS 
#2, the Rf value of the more mobile component of GSL 
I1 was the same as that of authentic N-stearolysphin- 
gosine monoglucoside (Fig. 3C). When the LCB frac- 
tion obtained from hydrolysates of GSL I1 was sub- 
jected to TLC (using SS #3 for development), only two 
ninhydrin-positive components were detected. They 
had an Rf value identical to those of authentic dihy- 
drosphingosine and sphingosine, respectively (Table 
4). Mass spectral analysis of the LCB fraction obtained 
from GSL I1 confirmed the identification of both dihy- 
drosphingosine and sphingosine (Fig. 2B-2F). Trace 
amounts of a third LCB were detected, but no phyto- 
sphingosine was detected. 

Analysis by TLC of the WSPG fraction of the TLC 
purified major GSL, GSL 11, indicated the presence of 
three components that reacted with anilinediphenyl 

TABLE 2. Monosaccharide composition of the total neutral 
sphingolipid fraction of Paramecium tetraurelia whole cells 

grown on the enriched crude medium 

Monosacc haride RRT 
Relative 

Concentration 

1)-fruc tose" 
D-galactose<' 
wglucose 

01 Anomer 
p Anomer 

Unidentified 

0.78 
0.88 

1 .OO 
1.20 
0.52 

% of total 
15.61 t- 0.11 
34.63 % 1.88 
37.63 ? 1.06 

11.95 ? 0.94 

Values are means of (2) replicate analyses, t S D .  Relative reten- 
tion times (RRT) were calculated by the GLC elution times compared 
to that of the a-o-glucose derivative. 

"The RRT is of the major anomer peak. The concentration in- 
rlndrs the sum of the major and minor anomer peaks. 
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TABLE 3. Fatty acid composition of the total neutral sphingolipid fraction of Paramecium tetraurelia whole 
cells grown on the enriched crude medium and harvested at different culture ages 

Fatty Acid RRT 1 3 5 7 

140 
160 
170 
18:O 
18:l 
20:o 
22:O + OH-18:O 
221 
23:O 
23: 1 
24:O + OH-200 
2 4  1 
25:O 
25: 1 

26: 1 

OH-24:O 

Others" 
Sat/ Unsa t" 

260 + OH-220 

OH-23:O 

OH-24 1 

0.21 
0.48 
0.69 
1 .oo 
1.11 
1.57 
2.06 
2.15 
2.27 
2.35 
2.51 
2.58 
2.67 
2.74 
2.88 
2.94 
3.06 
3.28 
3.42 

1.1 t 0.6 
1.6 t 0.4 
0.4 t 0.1 
4.1 t 0.3 
1.0 t 0.3 
0.7 t 0.1 
7 . 6 t  1.5 
2.7 t 0.9 
2.4 5 0.2 
1.3 2 0.2 

10.2 t 1.1 
31.9 t 3.0 

1.5 2 0.1 
3.8 t 0.4 
4.0 t 1.2 
8.0 t 1.3 
2.2 t 0.3 
5.9 2 0.7 
9.6 t 1.6 

0.0 
0.72 

1.1 t 0.6 
1.5 t 0.3 
0.4 t 0.2 
3.6 t 0.3 
0.9 t 0.5 
0.5 t 0.1 
8.5 t 1.3 
2.8 t 1.1 
2.7 2 0.2 
1.1 t 0.2 

1 l . O t  1.4 
26.9 t 2.2 

1.6 t 0.1 
3.9 t 0.2 
4.6 t 1.6 
9.2 t 1.1 
3.3 t 0.9 
6.3 t 0.6 
7.4 t 0.4 

2.7 
0.86 

1.5 t 0.7 
2.3 t 0.8 
0.6 t 0.3 
4.1 t 0.4 
1.4 2 0.7 
0.4 t 0.1 
8.4 t 1.0 
2.5 2 1.0 
2.5 2 0.1 
0.9 2 0.1 

12.0 lr 1.8 
26.2 t 2.0 

1.0 t 0.2 
3.0 2 0.4 
4.2 t 1.4 
8.5 2 1.4 
2.3 t 0.5 
6.7 t 1.0 
7.8 t 1.1 

3.7 
0.91 

2.4 t 1.4 
1.4 t 0.3 
0.4 t 0.2 
4.1 t 0.6 
1.2 t 0.7 
0.5 t 0.1 
7.4 t 1.7 
4.7 t 1.4 
2.5 t 0.2 
1 . 4 t  0.4 

13.7 t 2.8 
23.4 t 2.1 
1.6 t 0.1 
4.5 t 0.5 
5.0 t 1.3 
8.3 t 0.7 
1.9 t 0.3 
5.0 t 0.8 
5.9 t 1.1 

4.7 
0.93 

The neutral sphingolipid fraction was obtained by silicic acid column chromatography after mild alkaline 
hydrolysis. The neutral sphingolipid fraction was subjected to acid hydrolysis and methanolysis, and the result- 
ing FAME were extracted and quantified by GLC. Values are means ? SEM of 4-6 determinations. RRt, reten- 
tion time relative to 18:O. 

"Sum of individual fatty acid components present in concentrations 40.5 wt %. 
"Sum of saturated fatty acids/sum of unsaturated fatty acids. 

Fig. 3. Thin-layer chromatogr s of the neutral sphingolipids of I! letruuvhu obtained from 
whole cells grown on the enriched crude medium. A: Total I! lefruurelzu neutral sphingolipid fraction de- 
veloped in solvent 5ystem #l. Lipids were stained with iodine vapor (lane l ) ,  orcinol (lane 2),  and an- 
throne (lane 3) reagents. Band 7 contains GSL I, band 5 corresponds to GSL 11, and band 4 corresponds 
to GSL 111. These three bands stained with all three TLC reagents. B: The glycolipid components of the f! 
tptruurehn neutral sphingolipid fraction recovered from preparative TLC plates developed in solvent sys- 
tem #2 and stained with anthrone. Lane 1, sample of pooled GSL. Lands 2 and 3, authentic N-stearoylsphin- 
gosine monoglucoside; R ,  0.63. Lane 4, GSL I1 (band 5 in Fig. A) isolated by preparative TLC using SS 
#1, and rechromatographed in SS #2. In SS #2, this band resolved into two components with Rrvalues of 
0.63 and 0.53. 

3s I 
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TABLE 4. Identification by TLC analysis of sphingolipids of 
fl tetruuwlia whole cells grown on the enriched crude medium 

R,  Ninhydrin I, Anthrone 

LCB standards" 
C1, sphingosine 0.47 + + ND6 
CIH dihydrosphingosine 0.40 + + ND 
C,, phytosphingosine 0.24 + + ND 

Total neutral sphingolipid 
P. tetraurelia LCB" 

fraction' 
#I  0.47 + + ND 
#2 0.41 + + ND 

#1 0.47 + + ND 
#2 0.41 + + ND 

GSL IIC." 

Authentic N-palmitoylsphingosine< 0.55 ND + - 

P. tetraurelia free ceramide?J 0.55 ND + - 

Unidentified P. trtraurelia free 0.45 ND + - 

ceramide' 
P. tetraurelia phosphoceramide' 0.01 ND + - 

"Developed in SS #3. 
"D, not determined. 
'LCB fraction obtained after acid hydrolysis. Only two compo- 

"GSL I1 was purified by preparative TLC using SS # I ,  then acid- 

'Developed in SS # I .  
[The free ceramide fraction was purified by preparative TLC 

using SS #1, then analyzed on the same plate with authentic N- 
palmitoylsphingosine. 

nents were detected. 

hydrolyzed. 

amine-phosphoric acid. Glucose was tentatively identified 
as one of three sugar components detected; the others 
were not further characterized. 

In the present study, only one set of samples of indi- 
vidually isolated classes was available for fatty acid anal- 
ysis. The data obtained suggest that they contain dis  
tinct fatty acid compositions, which may contribute to 
the ability to separate them by chromatographic proce- 
dures. Analysis by GLC of FAME obtained from the hy- 
drolysate of GSL I1 revealed that saturated fatty acids 
containing 20-26 carbons and their a-hydroxy analogs, 
24:1, and 26:1, accounted for approximately 90% of 
the total fatty acids of this lipid (Table 5) .  The identi- 
ties of these and all other FAME described in this re- 
port were confirmed by high resolution MS. In con- 
trast, 16:0, 18:0, and 18:l accounted for about 75% of 
TLC-purified GSL I, while GSL I11 had a fatty acid com- 
position intermediate between those of GSL I and GSL 
I1 (Table 5). 

Free and phosphorylated ceramides 
Analysis by TLC of the total neutral sphingolipid 

fraction in SS #1 indicated bands 2 and 3 (Fig. 3A) 
were visible with I2 staining, but they did not stain with 
anthrone (band 3 was visible by orcinol staining, but 
did not have the same color exhibited by the GSL on 

TABLE 5. Fatty acid composition of the major neutral sphingolipids isolated from 
Paramecium tetruurelia whole cells grown on the enriched crude medium 

Fatty Acid 

Glycosphingolipids 
Free 

KRT I I1 111 Ceramide" Phosphoceramide 

14:O 
16:O 
16:l 
18:O 
18:l 
18:2 
19:o 
20:o 
22:O + OH-18:O 
22: 1 
23:0 
24:O + OH-20:0 
24: 1 
25:O 
26:O + OH-22:0 
26: 1 
OH-23:O 
OH-24:O 
OH-24: 1 
Others" 
Sat/Unsatr 

0.21 
0.48 
0.56 
1 .00 
1.11 
1.31 
1.34 
1.57 
2.06 
2.15 
2.27 
2.51 
2.58 
2.67 
2.88 
2.94 
3.06 
3.28 
3.42 

0.8 
34.3 
0.6 

20.4 
20.2 
0.0 
5.5 
0.0 
9.2 
5.6 

trace 
0.8 

trace 
trace 
trace 
trace 
0.5 

trace 
0.6 
7.7 
2.65 

trace 
1.8 

trace 
4.3 
0.7 
0.0 

trace 
0.0 

15.0 
trace 
2.5 

10.0 
29.4 
0.6 
6.2 
7.2 
1 .9 
6.9 

11.1 
2.5 
1.02 

trace 
17.0 
1.7 

11.4 
4.7 
0.0 
1.5 
0.0 

17.3 
0.0 
0.5 

10.3 
18.0 
trace 
0.6 
4.0 

trace 
1.1 
1.6 
1.99 

trace 

0.5 
31.0 
trace 
51.5 
trace 

0.0 
0.0 
0.5 
0.0 
3.2 

trace 
2.3 
1.5 
0.0 

trace 
1.3 
0.0 
0.0 
0.0 
8.4 

14.30 

0.8 
16.4 
1.0 
7.6 

46.8 
9.6 
0.0 
3.8 
0.0 
0.7 
1.5 
1.3 

trace 
0.0 
2.0 

trace 
0.0 
0.0 
0.0 
8.5 
0.57 

Individual lipids obtained by preparative TLC of the neutral sphingolipid fraction were subjected to acid 
hydrolysis and methanolysis, and then the FAME were extracted and analyzed by GLC. Values are expressed as 
weight percent, and represent averages of duplicate analyses on single preparations. RRT, retention time rela- 
tive to 18:O. 

"The faster migrating free ceramide band corresponding to band 2 in Fig. 3A. 
hSum of fatty acids present in concentrations less than 0.5%. 
(Sum of saturated fatty acids/sum of unsaturated fatty acids. 
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the plate). One of these lipids (band 2) had an R f  that 
was identical to that of authentic N-palmitoylsphingosine 
(Table 4), and was identified as a free ceramide. The 
second lipid (band 3) had a lower Rr value than the 
free ceramide (Fig. 3A) and was not further character- 
ized. It cannot be ruled out that band 3 represents di- 
hydroceramide, which would be expected to be more 
polar than N-palmitoylsphingosine. Another lipid re- 
mained near the origin in SS #1, and migrated just be- 
low GSL I in SS #2. This anthrone-negative component, 
which was metabolically radiolabeled with J2P (J. A. Er- 
win and E. S. Kaneshiro, unpublished results), was ten- 
tatively identified as a phosphoceramide. 

Unlike the GSL, the free ceramide (band 2 in Fig. 3A) 
and the phosphoceramide fatty acids did not include 
substantial amounts of hydroxy acids. The free cera- 
mides contained high concentrations of saturated fatty 
acids; greater than 80% were either 160 or 18:O. In con- 
trast, the phosphoceramides had high concentrations of 
unsaturated fatty acids, especially 18:l (Table 5). 

could have originated from the medium by simply in- 
serting into the cell surface membrane surrounding 
the organelle, the crude medium was analyzed for 
glycosphingolipids. Two alkali-stable anthrone-positive 
components were detected in lipids extracted from 100 
ml of the enriched crude medium. The R ,  values of 
these medium components in SS #2 were 0.12 and 0.16. 
Thus, the cilia glycosphingolipid was apparently synthe- 
sized by the organism because its TLC migration dif- 
fered from those of the two glycosphingolipids in the 
crude medium. Also, if exogenous glycosphingolipids 
present in the crude medium were simply inserted in to 
the ciliary membrane, two components would be ex- 
pected to be present and detectable in the cilia. 

DISCUSSION 

Composition of the neutral sphingolipid fraction 

Cilia 
Only a single orcinol-positive component was detected 

in TLC analyses of the neutral sphingolipid fraction o b  
tained from I? tetruurelin cilia using either SS #1 or SS 
#2. This band had Rf values similar to that of the faster 
migrating component (0.09 in SS #l; 0.63 in SS #2) of 
GSL I1 and of authentic glucosyl-1,-l-sphingosine (Fig. 4). 

To determine whether the cilia glucosphingolipid 

The ethanolamine sphingophospho- and sphingo- 
phosphonolipids constitute 3.8% and 15.5% of I? 
tdraurelia's extractable cellular and cilia lipids, respec- 
tively (23). It was estimated that the neutral sphingolipid 
fraction constitutes about 7% of the total cellular l i p  
ids, and 4% of ciliary lipids (23). The present report 
represents the first study of the neutral sphingolipid 
fraction of this ciliate; free, phosphorylated, and glyco- 
svlated ceramides were identified. Analyses of the fatty 

A B 
SF ' 

1 1 2 

Fig. 4. The neutral sphingolipid fraction obtained from a puri- 
fied preparation of I? tptrnzirdia cilia isolated from cells grown on 
the enriched crude medium analyzed by TLC and visualized with 
orcinol. A: Development in SS #1 showed that only one orcinol- 
positive component was present. B Development in SS #2 showed 
only one orcinol-positive component. Lane 1, ciliary neutral sphin- 
golipids; lane 2, authentic monoglucosyl-l-sphingosine ceramide. 

acids associated with this fraction also showed that this 
ciliate contains C2&26 fatty acids as well as a-hydroxy 
fatty acids, never before demonstrated in Paramecium 
lipids. Unlike Tetrahymena, which has hydroxy fatty 
acids in its ethanolamine sphingophosphonolipids, hy- 
droxy fatty acids were found associated with the GSL in 
I? tetraurelia. 

The free ceramide and the phosphoceramides may 
represent precursors, or catabolic products, of complex 
ethanolamine sphingophospho- and sphingophospho- 
nolipids. However, only ClX dihydrosphingosine, one 
CI8 sphingosine isomer, and CIS phytosphingosine were 
detected in I? ktraurelia's ethanolamine sphingophospho- 
and sphingophosphonolipids (24). Thus the other Clx 
LCB isomers and the C20 sphingosine identified in the 
neutral sphingolipid fraction are probably not involved 
in the metabolism of complex ethanolamine sphingo- 
phospho- or sphingophosphonolipid in this organism. 

The fatty acid profiles of the free ceramides (highly 
saturated) and the phosphoceramides (highly unsatu- 
rated) suggest that these are not direct products of 
phosphorylation-dephosphorylation reactions of the 
other. However, the similarity between the fatty acid 
compositions of the free ceramide and the ethanola- 
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mine sphingophospho- and sphingophosphonolipids, 
which contained 16:O and 18:O as the two most abun- 
dant species (23, 24), is consistent with the possibility 
that the free ceramides are direct precursors (or prod- 
ucts) of these complex sphingolipids. The  fatty acid 
compositions of the GSL, characterized by high con- 
centrations of CZ2 and hydroxy fatty acids, suggest that 
the free ceramides are not  direct precursors of the gly- 
cosylated ceramides. 

It has been reported that direct hydroxylation of di- 
hydrosphingosine occurs in the rat resulting in the for- 
mation of complex lipids containing phytosphingosine 
(15, 17). In  the rat experiments, radioactivity from di- 
hydrospingosine was apparently incorporated into 
phytosphingosine bound as free ceramides (1 7),  hence 
complex phytosphingosine-containing sphingolipids 
may be synthesized via ceramide intermediates in the 
rat. Unlike the situation in rats (1 7), phytosphingosine 
was not detected in the free ceramides of Paramecium, 
suggesting that LCB moiety of PPsE and PPnE was 
formed after the addition of both the fatty acid moiety 
and the head group. Also, the absence of phytosphin- 
gosine in this fraction indicates that it is highly unlikely 
that catabolism of PPsE or PPnE contributed to the free 
ceramides in this ciliate. 

The  absence of C20 sphingosine in the ethanolamine 
sphingolipids and its presence in the total neutral sphin- 
golipid fraction suggest that LCB metabolism of these 
different sphingolipid classes involves different path- 
ways and/or  cellular compartments. In the present 
study, the neutral sphingolipid class( es) with C2() sphin- 
gosine was not identified. The  incorporation of stearate 
into the LCB of individual components in neutral sphin- 
golipid fraction should be examined to determine 
whether it is incorporated into C20 sphingosine, as 
demonstrated in other cell types (41). 

Cilia 

It is now well established that the ciliary membrane 
of P tetraurelia is highly enriched in ethanolamine sphin- 
gophospho- and sphingophosphonolipids (22-27). In 
the present study, we found that cilia of P tetruurelia 
also contain a GSL. Although PPnE and PPsE are domi- 
nant components among the ethanolamine sphingolip- 
ids, phytosphingosine was not detected in the neutral 
sphingolipid fraction containing the GSL. Thus, the 
putative enzymes responsible for the conversion of 
DPsE and DPnE to their phytosphingosine analogs, 
PPsE and PPnE, may not act o n  glycosylated sphin- 
golipid substrates. Alternatively, the GSL is expected to 
occur on the outer leaflet of the cell surface ciliary 
membrane, and thus this GSL may be physically iso- 
lated from the putative enzymes required for in situ 
metabolism of its LCB m0iety.y 
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Health (RO1 AI29316) to ESK. 

Manusrrip reca’ved 30 May 1997 and in revised form I 9  August 1997. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Kanfer, J. N., and S I .  Hakomori. 1983. Handbook of 
Lipid Research. Vol. 3. Sphingolipid Biochemistry. Ple- 
num Press, New York. 
Sweeley, C. C. 1991. Sphingolipids. Zn Biochemistry of 
Lipids, Lipoproteins and Membranes. D. E. Vance, editor. 
Elsevier, Amsterdam. 327-361. 
Stoffel, W. 1977. Sphingolipids. Annu. Rev. Biochem. 40: 
57-82. 
Bell, R. M., Y A. Hannun, and A. H. Merrill, Jr. editors. 
1993. Advances in Lipid Research: Sphingolipids and 
Their Metabolites. Vol. 25. Academic Press, Orlando, 
Florida. 
Bell, R. M., Y A. Hannun, and A. H. Merrill, Jr. editors. 
1993. Advances in Lipid Research: Sphingolipids and 
Their Metabolites. Vol. 26. Academic Press, Orlando, 
Florida. 
Hannun, Y, and R. Bell. 1989. Functions of sphingolipids 
and sphingolipid breakdown products in cellular regula- 
tion. Science. 243: 500-507. 
LaBach, J. P., and D. C. White. 1969. Identification of 
phosphorylethanolamine and ceramide phosphorylglyc- 
erol in the lipids of an anaerobic bacterium. J. Lipid. Res. 

Rother, J., G. van Echten, G. Schwarzmann, and K. 
Sandhoff. 1992. Biosynthesis of sphingolipids: dihydro- 
ceramide and not sphinganine is desaturated by cultured 
cells. Bzochem. Biophys. Res. Commun. 189: 14-20. 
Smith, E. R., and A. H. Merrill, Jr. 1995. Differential roles 
of de novo sphingolipid biosynthesis and turnover in the 
“burst” of free sphingosine and sphinganine, and their 1- 
phosphates and N-acylderivatives, that occurs upon chang- 
ing the medium of cells in culture. J Biol. Chem. 270: 

Weiss, B., and R. L. Stiller. 1967. Biosynthesis of phytosphin- 
gosine: hydroxylation of dihydrosphingosine. J. Biol. 
Chem. 242: 2903-2908. 
Thorpe, S. R., and C. C. Sweeley. 1967. Chemistry and 
metabolism of sphingolipids. On the biosynthesis of 
phytosphingosine by yeast. Biochemistry. 6: 887-897. 
Conzelmann, A., A. Puoti, R. L. Lester, and C. Desponds. 
1992. Two different types of lipid moieties are present in 
glycophosphoiriositol-anchored membrane proteins of 
Saccharomyces cerevisiae. EMBO J. 11: 457-466. 
Carter, H. E., W. D. Celmer, W. Lands, K. L. Mueller, and 
H. H. Tomizawd. 1954. Biochemistry of sphingolipides. 
VIII. Occurrence of a long chain base in plant phospha- 
tides.J. Bid. Chem. 206: 61.3-623. 
Greene, M. L., T. Kaneshiro, and J. H. Law. 1965. Studies 
on the production of sphingolipid bases by the yeast, 
Hansenula cifpni. Biochim. Biophys. Acta. 98: 582-588. 
Crossman, M. W., and C.  B. Hirschberg. 1977. Biosynthe- 
sis of phytosphingosine by the rat. J. Biol. Chem. 252: 

Motta, S., M. Monti, S. Sesana, R. Caputo, S. Carelli, and 

10: 528-534. 

18749-18758. 

58 15-581 9. 

Kaneshiro et al. Paramecium neutral sphingolipids 2409 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


R. Ghidoni. 1993. Ceramide composition of the psoriatic 
scale. Biochim. Biophys. Acta. 1182: 147-151. 

17. Crossman, M. W., and C. B. Hirschberg. 1984. Biosynthe- 
sis of 4D-hydroxysphinganine by the rat. En bloc incorpo- 
ration of the sphinganine carbon backbone. Biochim. Bio- 
phys. Acta. 795: 41 1-416. 

18. Radin, N. S .  1984. Biosynthesis of the sphingoid bases: a 
provocation. J. Lipid. Res. 25: 1536-1540. 

19. Carter, H. E., and C. Gaver. 1967. Branched-chain sphin- 
gosines from Tetrahymena pyriyomis. Binchem. Biophys. Rps. 
Commun. 29: 886-891. 

20. Ferguson, K. A., R. L. Conner, F. B. Mallory, and C. W. 
Mallory. 1972. a-Hydroxy fatty acids in sphingolipids of 
Tetruhymma. Biochim. Biophys. Acta. 270: 11 1-1 16. 

21. Taketomi, T., and N. Kawamura. 1972. Degradation of 
sphingosine bases during acid hydrolysis of sphingomye- 
lin, cerebroside or psychosine. J Biocha. 72: 189-193. 

22. Rhoads, D. E., and E. S .  Kaneshiro. 1979. Characteriza- 
tions of phospholipids from Paramecium tetraurelia cells 
and cilia. J. Protozool. 26: 329-338. 

23. Kaneshiro, E. S .  1987. Lipids of Paramecium. J. Lipid. Rps. 

24. Kaneshiro, E. S. ,  D. F. Matesic, and IC Jayasimhulu. 1984. 
Characterization of six ethanolamine sphingophospholipids 
from Paramecium cells and ci1ia.J Lipid. Res. 2 5  369-377. 

25. Matesic, D. F., and E. S. Kaneshiro. 1984. Incorporation 
of serine into Paramecium ethanolamine phospholipid 
and phosphonolipid head groups. Bioch.a. J.  222: 229- 
233. 

26. Forte, M., I! Satow, D. Nelson, and C.  Kung. 1981. Mutd- 
tional alteration of membrane phospholipid composition 
and voltage-sensitive ion channel function in Purumerium. 
Proc. Natl. Acad. Sci. USA. 78: 7195-7199. 

27. Preston, R. R., and Y Saimi. 1990. Calcium ions and the 
regulation of motility in Puramerium. In Ciliary and Flagel- 
lar Membranes. R. A. Bloodgood, editor. Plenum Press, 
New York. 173-200. 

28. Kaya, IC, C. S .  Ramesha, and G. A. Thompson, Jr. 1984. 
Temperature-induced changes in the hydroxy and non- 
hydroxy fatty acid-containing sphingolipids abundant in  
the surface membrane of Tetrahymena pynyormi~c NT-1. ,/. 
Lipid. Res. 25: 68-74. 

29. Kaya, K., C. S .  Ramesha, and G. A. Thompson, Jr. 1984. 
On the formation of alpha-hydroxy fatty acids. Evi- 
dence for a direct hydroxylation of nonhydroxy f'dtty 

28: 1241-1258. 

acid-containing sphingolipids. J .  Biol. Chem. 259: 3548- 
3553. 

30. Andrews, D., and D. L. Nelson. 1979. Biochemical studies 
of the excitable membrane of Paramecium tetraurelia. 11. 
Phospholipids of ciliary and other membranes. Biochim. 
Biophys. Acta. 550: 174-187. 

31. Viswanathan, C. V., and H. Rosenberg. 1973. Isolation of 
ceramide-monomethylaminoethylphosphonate from the 
lipids of Tetrahymena prri fmis  fi! J. Lipid. Res. 14: 327- 
330. 

32. Kaneshiro, E. S. ,  L. S .  Beischel, S. J. Merkel, and D. E. 
Rhoads. 1979. The fatty acid composition of Paramecium 
aurelia cells and cilia: changes with culture age. J. I'rnto- 

33. Kaneshiro, E. S . ,  K. B. Meyer, and M. L. Reese. 1983. The 
neutral lipids of Paramecium tetraurelia: changes with cul- 
ture age and detection of steryl esters in ciliary mem- 
branes. J. Protozool. 30: 392-396. 

34. Soldo, A. T., and W. J. Van Wagtendonk. 1969. The nutrition 
of Paramecium aurelia stock 299.J Pmtozool. 1 6  500-506. 

35. Soldo, A. T., G. A. Godoy, and W. J. Van Wagtendonk. 
1966. Growth of particle-bearing and particle-free Parclme 
n'urn aurelin in axenic culture. J. Protozool. 13: 492-49'7. 

36. Kaneshiro, E. S . ,  K. Jayasimhulu, and R. L. Lester. 1986. 
Characterization of inositol lipids from L&shmania dono- 
7jani promastigotes: identification of an inositol sphingo- 
phospholipid. J. Lipid. Res. 27: 1294-1303. 

37. Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A sim- 
ple method for the isolation and purification of total l i p  
ides from animal tissues. J. Biol. Chem. 226: 497-509. 

38. Krebs, K. G., D. Heusser, and H. Wimmer. 1969. Spray r e  
agents. In Thin-Layer Chromatography. A Laboratory 
Handbook. 2nd Edition. E. Stahl, editor. Springer-Verlag, 
New York. 854-91 1. 

39. Sweeley, C. C., R. Bentley, M. Makita, and W. A. Wells. 
1963. Gas-liquid chromatography of trimethylsilyl deriva 
tives of sugars and related substances.J. Am. Chem. Sor.. 85: 
2497-2507. 

40. Morgan, E. D., and C. F. Poole. 1976. The formation of tri- 
methyl silyl ethers of ecdys0ne.J. Chromatop 116: 333-341. 

41. Chigorno, V., M. Valsecchi, and S .  Sonnino. 1994. Biosyn- 
thesis of gangliosides containing C18:, and Cso:I [3-"C] 
sphingosine after administering [ 1-14C] palmitic acid and 
[ l-'4C]stearic acid to rat cerebellar granule cells in cul- 
ture. EILK J.  Niochem. 221: 1095-1 101. 

~ 0 0 1 .  26: 147-158. 

2410 Journal of Lipid Research Volume 38, 1997 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

