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The basidiolipids of six mushroom species, i.e. the

basidiomycetes Amanita virosa (engl., death cup), Calvatia

exipuliformis (engl., puffball), Cantharellus cibarius (engl.,

chanterelle), Leccinum scabrum (engl., red birch boletus),

Lentinus edodes (jap., Shiitake), and Pleurotus ostreatus

(engl., oystermushroom), were isolated, and their chemical

structures investigated. All glycolipids are structurally

related to those of the Agaricales (engl., field mushroom).

They are glycoinositolphosphosphingolipids, their ceramide

moiety consisting of t18:0-trihydroxysphinganine and an

a-hydroxy long-chain fatty acid. In contrast to a previous

study [Jennemann, R., Bauer, B.L., Bertalanffy, H.,

Geyer, R., Gschwind, R.M., Selmer, T. & Wiegandt, H.

(1999) Eur. J. Biochem. 259, 331±338], the glycoside

anomery of the hexose (mannose) connected to the inositol

of all investigated basidiomycete glycolipids, including the

basidiolipids of Agaricus bisporus, was determined unequi-

vocally to be alpha. Therefore, the root structure of all

basidiolipids consists of a-d-Manp-2Ins1-[PO4]-Cer. In

addition, for some mushroom species, the occurrence of an

inositol substitution position variant, a-Manp-4Ins1-[PO4]-

Cer, is shown. The carbohydrate of chanterelle basidiolipids

consists solely of mannose, i.e. Cc1, Mana-3 or -6Mana;

Cc2, Mana-3(Mana-6)Mana-. All other species investi-

gated show extension of the a-mannoside in the 6-position

by b-galactoside, which, in some instances, is a-fucosy-

lated in 2-position (Fuca-2)Galb-6Mana-. Further sugar

chain elongation at the b-galactoside may be in 3- and/

or 6-position by a-galactoside, e.g. Ce4, Po2, Gala-3-

(Gala-6)(Fuca-2)Galb-6Mana-, whereas A. virosa, Av-3,

has a more complex, highly a-fucosylated terminus, Gala-3

(Fuca-2)(Fuca-6)Gala-2(Gala-3)Galb-6Mana-. L. edodes

basidiolipids show further elongation by a-mannoside, e.g.

Le3, Mana-2Mana-6Gala-3(Fuca-2)Galb-6Mana-, C. exi-

puliformis glycolipid by a-glucoside, i.e. Ce3, Glca-

6Galb-6Mana-. Basidiolipid Ls1 from L. scabrum, notably,

has a 3-a-mannosylated a-fucose, i.e. Gala-6(Mana-3Fuca-

2)Gala-6Galb-6Mana-. In conclusion, basidiolipids, though

identical in their ceramide constitution, display wide and

systematic mushroom species dependent variabilities of their

chemical structures.
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In recent years, renewed attention has been paid to con-
stituents of higher, often edible mushrooms, Basidiomycetes,

because of their possible medicinal usage (reviewed in [1]).
Anti-viral, -biotic, -inflammatory, -hypoglycemic, -hypo-
cholesterinemic and -hypotensive properties were ascribed
to ingredients of such filamentous fungi (reviewed in [2]). It
was assumed that, at least in part, observed therapeutic
effects were due to a stimulation of the immune system
[3±7]. On a chemical basis, the medicinal effects of
basidiomycetes were attributed to glycoproteins and proteo-
glycans. Such glycoconjugates, however, with the exception
of a(1±6)-Glc-branched (1±3)a-d-glucans, remained as
structurally not well characterized [8±10]. Glycolipids of
higher mushrooms have, apparently, not yet been studied,
except for an early, less detailed report [11] and structural
studies on the basidiolipids, i.e. glycosyl-inositol-phospho-
ceramides (G-InsPCer), of the field mushroom Agaricus
bisporus [12,13]. Basidiolipids of this mushroom species
are derived from a common root structure of a d-Manp-
2Ins1-[PO4]-Cer by extension of the carbohydrate moiety,
whereby the ceramide consists of trihydroxysphinganine
and a long chain a-hydroxy-fatty acid. As revealed in the
present report, the anomeric linkage between mannose and
inositol was found to be alpha. In contrast to higher
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mushrooms, glycolipids of lower fungi, e.g. Aspergillus,
Saccharomyces, Schizosaccharomyces, Candida, Histo-
plasma, have been well investigated (reviewed in [14±16]).
The latter glycolipids also are G-InsPCer, and are based on
the same root structure of an a-d-Manp-2Ins1-[PO4]-Cer,
and a ceramide constituent composition similar to that of
the basidiolipids. Still, in some cases reported, the anomery
and the position of the glycosidic and phosphoric acid
linkages to inositol remain uncertain.

To probe their structural distribution amongst basidio-
mycetes species, and in continuation of the previous studies
on the basidiolipids of the Agaricales [12,13], the present
investigation was devoted to the characterization of
G-InsPCer of other higher mushrooms, Amanita virosa
(engl., death cup), Cantharellus cibarius (chanterelle),
Lentinus edodes (Shiitake), Pleurotus ostreatus (oyster-
mushroom), Calvatia exipuliformis (engl., puffball), and
Leccinum scabrum (engl., red birch boletus).

M A T E R I A L S A N D M E T H O D S

The mushrooms C. cibarius, L. edodes and P. ostreatus
were purchased from a local market, C. exipuliformis,
A. virosa and L. scabrum were collected in regional
meadows or forests. Isolation and purification of the
glycolipids from freeze-dried mushrooms was according
to a previously described method using chloroform/
methanol/water [12].

Quantitation of the basidiolipids

An aliquot of each extract was spotted on TLC (HPTLC-
Plate, Merck, Darmstadt, Germany). After development in
chloroform/methanol/0.3% aqueous CaCl2 (50 : 40 : 10,
v/v) carbohydrate containing bands were detected with
orcinol-sulfuric acid spray-reagent at 110 8C for 10 min.
The amount of the acidic glycolipid compounds from the
different mushroom extracts was determined by scanning at
440 nm (Shimadzu CS-9301 TLC-scanner).

Mass spectrometric analyses

All analyses were performed with a triple quadrupole
instrument [VG micromass (Cheshire, UK) model Quattro
II] equipped with a nanoelectrospray source operating at an
estimated flow rate of 20±50 nL´min21. Gold-sputtered
borosilicate glass capillaries Type D were purchased from
Teer Coatings Ltd (Worcestershire, UK). Samples were
dissolved in methanol. Ammonium acetate (5 mm) was
added for measurements in the positive-ion modes. The
electrospray capillary was filled with 5±10 mL sample and
positioned at a distance of 1±3 mm in front of the cone.
The source temperature was set to 30 8C and the spray was
started by applying 800±1200 V to the capillary. For each
spectrum 10±30 repetitive scans of 10±30 s duration were
averaged. All tandem MS experiments were performed
with argon as collision gas at a nominal pressure of
2 � 1023 mbar. The parameters for the cone voltage and
the collision energy for the different scan modes are listed
in Table 1.T
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Phosphorus determination

Phosphorus was determined by colorimetry as described
elsewere [12], or by ESI-MS/MS in the precursor ion scan
mode of 79 (m/z), specific for phosphate.

Ceramide isolation and characterization by ESI-MS/MS

The ceramide and fatty acid composition of the isolated
basidiolipids was determined by ESI-MS/MS spectrometry.
About 100 mg of the respective glycolipid were treated with
100 mL HF, 48% in H2O for 20 h at room temperature.
Under this condition, the ceramide-phosphoric acid ester
linkage is cleaved. HF was removed under a stream of
nitrogen and the ceramides were separated from the
carbohydrate derivatives by silica gel reversed-phase
chromatography (C-18 bulk material, 55±105 mm, Waters,
Milford, MA), using small (200 mL volume) glass columns.
Carbohydrates were eluted with distilled water, 2 mL, the
ceramides using 2 mL each of methanol and chloroform/
methanol 1 : 1, (v/v). Each ceramide fraction was dissolved
in 1 mL chloroform/methanol 1 : 1, (v/v). A sample aliquot
was further diluted 1 : 20 with methanol, containing 5 mm
ammonium acetate, to enhance the signal in the mass
spectrometer. The masses of the ceramides were deter-
mined by ESI-MS/MS in the precursor ion mode (parent
scan) of 264 (m/z), which is a typical mass subunit for
ceramides, according to a method of Liebisch et al. [17].
Fatty acid composition was determined in the negative- and
sphingoid base composition was specified in the positive
product ion mode [18].

Determination of the sphingoid base by TLC

The sphingoid composition was further specified chromato-
graphically, after hydrolysis of the original glycolipid
compound. Approximately 100 mg of the respective
basidiolipid fraction was dried under nitrogen, and,
subsequently, redissolved in 1 mL of aqueous HCl (37%)/
H2O/methanol 8.6 : 9.4 : 82.0, (v/v). The reaction mixtures
were incubated for 20 h at 80 8C. After addition of 1 mL
propan-1-ol, the solvent was removed by rotary evapora-
tion. All samples were once more treated with 200 mL 1 m
aqueous HCl for 1 h at 100 8C, and the mineral acid
evaporated with the help of 1 mL propan-1-ol. The
lipophilic constituents remaining after total hydrolysis
were separated by the use of small reversed-phase columns
of 200 mL volume, as described before. The sphingoid
bases were identified on HPTLC by their chromatographi-
cal migration properties as compared to standard sphingoid
bases using the solvent system of chloroform/methanol/2%
aqueous sodium tetraborate 45 : 45 : 12, (v/v). A well
saturated atmosphere in the TLC chamber was achieved by
using a small propeller attached to the lid, inside of the
TLC tank, for approximately 5 min before lowering the
TLC plate into the running solvent.

Carbohydrate constituent analysis

Carbohydrate constituents were released by acid hydrolysis
after HF treatment (see above), converted into their corre-
sponding alditol acetates and analyzed by capillary GC/MS
as detailed elsewhere [19].

Carbohydrate permethylation analysis

For determination of linkage positions of monosaccharide
constituents, glycolipids were permethylated and hydro-
lyzed [20]. Partially methylated alditol acetates obtained
after sodium borohydride reduction and peracetylation
were analyzed by GC/MS using the instrumentation and
microtechniques described previously [21,22].

Exoglycosidase cleavage

The anomeric configuration and sequence of monosac-
charides were determined by applying different amounts of
single basidiolipid compounds according to their estimated
carbohydrate chain lengths. The basidiolipids were dis-
solved in 200 mL citrate/citric acid buffer and after addition
of the appropriate exoglycosidase, the reaction mixtures
were incubated for 16 h to 72 h at 37 8C (for details, see
[12]).

For each sample, a small silica gel reversed-phase C-18
column (0.2 mL volume, C-18 bulk material, 55±105 mm,
Waters, Milford, MA, USA) was prepared. Each sample
was applied to the column after adding 1 mL 0.1 m aqueous
potassium chloride solution. Under these conditions, the
glycolipids and the detergent taurodeoxycholate bound to
the column material. Distilled water was used to remove the
cleaved carbohydrate, buffer salt and enzyme. This eluate
was kept for the determination of the sugar constituent
released by the enzyme. With methanol, the glycolipids and
the detergent were eluted. Subsequently, each sample was
dried. After redissolution in water, the mixture of glycolipid
and detergent was applied to a second reversed-phase
column. Without addition of a salt-containing aqueous
solution, only the detergent bound to the column material.
The glycolipid already eluted with the water fraction could,
in this way, be separated from taurodeoxycholate.

In order to confirm the specificity of the respective
exoglycosidase, after removal of buffer salts by consecu-
tively passing the sample over small Dowex-H(1)- and
Dowex-OH(±)-columns (Roth, Karlsruhe, Germany), the
released sugar was identified by TLC in a well saturated
chromatography chamber, running solvent pyridine/
ethylacetate/glacial acetic acid/water 5 : 5 : 1 : 2, v/v.
Carbohydrate was visualized with orcinol spray reagent.

Total hydrolysis of the enzyme-treated basidiolipid `end
products'

The determination of the inositol-bound, glycosidase
resistant sugar, was carried out after hydrolysis of the
enzyme products with mineral acid, as described above.
The released sugar was analyzed by comparison to
standards by TLC, running solvent pyridine/ethylacetate/
glacial acetic acid/water 5 : 5 : 1 : 2, v/v.

Periodate oxidation analysis

Determinations of inositol substitution positions were
performed according to a method described previously
[12,23,24].

Release of glycosyl-inositols by ammonolysis

The alkaline cleavage of basidiolipid Bl-1 was performed
as described previously [25,26].
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NMR spectroscopy

All NMR experiments were performed at a concentration
of 5±8 mg per mL on a Bruker AMX500 spectrometer
equipped with a pulsed field gradient (PFG) accessory and
a triple resonance probe, under the conditions described
previously [12]. The chemical shifts of the basidiolipids
Ce-1, Le-1, Po-1, and Cc-1/±Man were identified by
HMQC experiments. The assignment was performed by
comparison of the very similar chemical shift pattern of
the basidiolipids investigated here with that from B1-1 of
A. bisporus.

The assignment of the released mannosyl-inositol
(5 mg´mL21) after ammonolysis in D2O at 298 K was
performed according to the procedure described [12]. The
proton chemical shift was referenced to internal D2O
(4.65 p.p.m.) and the carbon chemical shift in terms of the
frequency ratios J [27]. The 1H-13C coupling constants
were determined from a coupled HMQC spectrum.

Additionally a 1D-HMQC spectrum for the determina-
tion of the 1H-13C coupling constant of mannosyl-InsPCer
(Bl-1 from A. bisporus) was performed in d6-dimethylsulf-
oxide/D2O 98 : 2 v/v at 308 K.

R E S U LT S

Freeze dried mushrooms, collected from regional meadows
and forests, or purchased on the market, were extracted
with chloroform/methanol/water. The basidiolipids, present
in the extracts, were separated by ion-exchange chromato-
graphy. The chromatographic properties of the newly
isolated basidiolipids were comparable to those of the
acidic basidiolipids previously isolated from the field
mushroom, A. bisporus [12]. Separation into single com-
pounds was achieved by purification and isolation using
silica gel column chromatography. On TLC, the newly
isolated basidiolipids of each of the mushroom species
investigated, migrated with rates, grossly similar to the
A. bisporus glycolipids (Fig. 1). Whereas, the TLC of
G-InsPCer from A. bisporus showed four main components
(designated Bl-1, Bl-2, Bl-3, Bl-4), the major glycolipid
TLC bands of the mushrooms newly investigated num-
bered: A. virosa three bands, Av-1, Av-2, and Av-3,
C. exipuliformis four bands, Ce-1, Ce-2, Ce-3, Ce-4,
C. cibarius two double bands, Cc-1 and Cc-2, L. edodes
three bands, Le-1, Le-2, Le-3, L. testacio scabrum one

band, Ls-1, and P. ostreatus two bands, Po-1 and Po-2
(Fig. 1).

Based on their complete chemical constitution as shown
below, not including the simplest mushroom glycolipid
compound observed, i.e. Man-Ins-PO4-Cer, the highest
concentrations of basidiolipids were found in A. virosa,
followed by C. cibarius. High levels, similar to those
previously determined in A. bisporus, were observed in
C. exipuliformis, L. edodes, L. scabrum and P. ostreatus
(see later).

All mushroom glycolipids analyzed contained ceramide
phosphate with t18:0-trihydroxysphinganine as the sole
sphingoid base and a long chain a-hydroxy-fatty acid as
lipophilic constituents.

Trihydroxysphinganine presence was determined by
ESI-MS/MS in the respective isolated ceramide fractions,
using the positive product ion mode. Fragments, which are
typical for t18:0 trihydroxysphinganine with the masses of
318, 300, 282 and 264 (m/z) were detected, whereby, in
contrast, a sphingenine containing ceramide standard led to
the formation of the mass fragments of solely 264 and 282
(m/z) under the conditions choosen. Furthermore, in the
sphingoid fraction of the total hydrolysate of any selected
newly isolated basidiolipids, the mass of 318 (m/z), specific
for trihydroxysphinganine could be detected by ESI-MS/MS
in the positive ion mode, as well as in the positive precursor
ion mode of 264 (m/z), characteristic for sphingolipids.
Trihydroxysphinganine could also be analyzed chromato-
graphically in a borate containing running solvent,
whereby no other sphingoid base was detected (data not
shown).

Fatty acids were determined by ESI-MS/MS in the
negative product ion mode from the basidiolipid derived
ceramides. In all newly isolated basidiolipids, only masses,
which could be correlated with hydroxy-fatty acids were
detected (Table 2). The majority of the fatty acids were
C22-OH:0, C24-OH:0 and C24-OH:1, whilst C24-OH:0 was
present in all basidiolipids investigated (Table 2). In
addition, the basidiolipid ceramides of C. cibarius
showed, besides the monohydroxy-fatty acids, the mass of
a di-hydroxy fatty acid [C24-(OH)2:0].

With the phosphate specific product ion m/z 79[PO3
2] all

G-InsPCer could be detected in the negative precursor ion
mode of the ESI-MS/MS, demonstrating phosphate as a
component of the G-InsPCer (Table 2). In confirmation of
the mass spectrometry data, phosphorus was detected by

Fig. 1. TLC of purified and isolated

glycoinositolphosphosphingolipids

(basidiolipids) from different mushrooms.

Bl, Agaricus bisporus; Av, Amanita virosa;

Ce, Calvatia exipuliformis; Cc, Cantharellus

cibarius; Le, Lentinus edodes; Ls, Leccinum

scabrum; Po, Pleurotus ostreatus. The whole

acidic extract of each mushroom is indicated

by `mix' and the isolated fractions in serial

Arabic numerals. Running solvent was

chloroform/methanol/0.3% aqueous CaCl2,

45 : 45 : 10, (v/v). Visualization was

performed at 110 8C for 15 min, using

orcinol/H2SO4 spray reagent.

q FEBS 2001 Mushroom basidiolipids (Eur. J. Biochem. 268) 1193



Table 2. Mass determination of ceramides and ceramide-fragments from basidiomycetes after HF cleavage [m/z] using ESI-MS/MS (top; Av-

2a, Av-2b, Ce-1, Ce-2, Cc-1, Le-1, Le-3, Po-1, not determined) and mass determination of glyco-inositol-phospho-ceramides and their

carbohydrate-fragments, isolated from basidiomycetes [m/z] using ESI-MS/MS (bottom).

Basidiomycetes

components

Mass (a.m.u.) of the

main ceramidesa

[M 1 H1]1

Mass (a.m.u.) of the fatty

acid partb (R-CO2
2)

[M ±H1]2

Mass correlation

to fatty acids

Characteristic sphingosine

fragments (% of basepeak)

264/282/300/318 (a.m.u.)c

Amanita virosa:

AV-1 684 383 C24OH:0 92/100/55/7

Av-3 684 383 C24OH:0 61/100/39/4

Calvatia exipuliformis

Ce-3 600/656/682/684 299/355/381/383 C18/22/24OH:0, C24OH:1 40/100/49/3

Ce-4 600/656/682/684 299/355/381/383 C18/22/24OH:0, C24OH:1 52/100/66/5

Cantharellus cibarius

Cc-2 684/700 383/399 C24OH:0, C24(OH)2:0 55/100/32/4

Lentinus edodes

Le-2 684 383 C24OH:0 50/100/49/,4

Leccinum scabrum

Ls-1 656/682/684 355/381/383 C22/24OH:0, C24OH:1 68/100/42/4

Pleurotus ostreatus

Po-2 656/682/684 355/381/383 C22/24OH:0, C24OH:1 52/100/57/3

Basidiomycetes

components

Mass (a.m.u.) of the

main G-InsPCer

[M 2 H1]2

Mass (a.m.u.) of the corresponding

glyco-inositol phosphate

fragmentd [M 2 H1]2

Precurson ion mode

of 79 m/z for

phosphate

Carbohydrate

compositione

Amanita virosa

AV-1 1556 891 1556 3H/D/I-P

Av-2a 1718 1053 1718 4H/D/I-P

Av-2b 1866 1199 1866 4H/2D/I-P

Av-3 2026 1361 2026 5H/2D/I-P

Calvatia exipuliformis

Ce-1 1002/1058/1084/1086 421 1002/1058/1084/1086 H/I-P

Ce-2 1164/1220/1246/1248 583 1164/1220/1246/1248 2H/I-P

Ce-3 1326/1382/1408/1410 745 1326/1382/1408/1410 3H/I-P

Ce-4 1634/1690/1716/1718 1053 1634/1690/1716/1718 4H/D/I-P

Cantharellus cibarius

Cc-1 1248/1264 583 1248/1264 2H/I-P

Cc-2 1410/1426 745 1410/1426 3H/I-P

Lentinus edodes

Le-1 1086 421 1086 H/I-P

Le-2 1718 1053 1718 4H/D/I-P

Le-3 1880 1215 1880 5H/D/I-P

Leccinum scabrum

Ls-1 1852/1878/1880 1215 1852/1878/1880 5H/D/I-P

Pleurotus ostreatus

Po-1 1058/1084/1086 421 1058/1084/1086 H/I-P

Po-2 1690/1716/1718 1053 1690/1716/1718 4H/D/I-P

a Detection in the positive ion mode, as well as in the precursor ion mode of 264 (m/z), specific for sphingolipids (sphingoid-fragment).
b Determination by negative product ion mode. c In contrast to the measured trihydroxysphinganines above, mass determination of characteristic

sphingosine fragments (264/282/300/318) from a ceramide standard, containing sphingenine resulted in an intensity distribution of 100/6±13/0/0%,

respectively. d Determination by collision-induced-dissociation (daughter scan) ESI-MS/MS, inositol and phosphate included. e H, Hexose; D,

Deoxyhexose; I, Inositol; P, Phosphate.
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Fig. 2. Fragmentation scheme of sodium periodate treated G-InsPCer and mass determination of the isolated fractions. I, fragmentation

scheme of oligosaccharide-2Ins1-P-Cer linked components; II, fragmentation scheme of oligosaccharide-4Ins1-P-Cer linked components. (A) mass

determination of the inositol-phosphate fragments from component Po-2 after IO4
2 treatment, exemplary for a low amount glycerolphosphate (m/z

171) containing G-InsPCer. (B) mass determination of the inositol-phosphate fragments of component Ce-4 after IO4
2 treatment, exemplary for a

moderate amount glycerolphosphate (m/z 171) containing G-InsPCer. (A and B were measured in precursor ion mode of 79, specific for phosphate);

m/z 171 glycerolphosphate; m/z 201, erythritolphosphate; m/z 261, 259, 242, 231, peaks of non or incompletely periodate-cleaved inositolphosphate

residues, i.e. m/z 259 noncleaved-, m/z 261 one time cleaved-, m/z 242, noncleaved [-H2O]-, and m/z 231, twice cleaved (C3-C4-C5- or C4-C5-C6-

cleaved) residues of inositolphosphate. For IO4
2 cleavage conditions, see [12].
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colorimetry in all glycolipids investigated after cleavage of
the phosphodiester using HF (data not shown).

As has been shown previously in the case of the
Agaricales basidiolipids by NMR spectroscopy and period-
ate oxidation, linkage of phosphate and of the oligo-
saccharide reducing end b-mannoside to myo-inositol was
in its 1- and 2-position, respectively [12]. After oxidation
with periodate and reduction of the products with
borohydride, the masses of the resulting inositol-phosphate
fragments of compounds Av-1, Av-3, Ce-1, Ce-4, Cc-2,
Le-1, Le-2, Ls-1, Po-1 and Po-2 were characterized by
ESI-MS/MS in the precursor ion mode of 79 (m/z), specific
for phosphate. In each sample the ion 201 (m/z) was
detected as base peak. This ion was expected for a 4-carbon
inositol fragment. In addition, a small peak at 171 (m/z),
reflecting the presence of a 3-carbon inositol fragment
linked to phosphorus, was obtained (Table 3). An example
for a low-(Po-2) and moderate (Ce-4) content of fragment
171 (m/z), specific for a R-4Ins1-P-Cer linkage, as well as
the periodate fragmentation schemes for R-2Ins1-P-Cer and
R-4Ins1-P-Cer are shown in Fig. 2.

This result could be confirmed chromatographically,
after hydrolysis of the phospho-inositol fragment by HF
treatment. All samples investigated in this way, showed
erythritol as the remaining inositol periodate-oxidation/
borohydride reduction fragment. This is indicative for a
divalent substitution of the inositol in 1,2-positions.
However, in some of the newly isolated glycolipids,
periodate oxidation/borohydride reduction of the substi-
tuted inositol yielded, in addition to a major portion of
erythritol, substantial amounts of glycerol in agreement
with the ESI-MS/MS fragment of 2171 (m/z) (data not

shown). This result shows the additional occurrence of
inositol substitution in 1- and 4-position. Occurrence of this
type of inositol substitution, besides compounds with
linkage in 1- and 2-position, was observed for glycolipids
of A. virosa, C. exipuliformis, C. cibarius, L. edodes,
L. scabrum and P. ostreatus (data not shown). A tendency
was also recognized that the proportion of 1-,4-substituted
inositol as compared to the 1-,2-linkage in G-InsPCer of
different mushrooms increased with the size of its
carbohydrate portion (data not shown).

Determination of the anomeric configuration between
mannose and inositol by NMR -

The proton and carbon chemical shifts of Ce-1, Cc-1/
±Mana, Le-1 and Po-1 correlate well with that of Bl-1
(from Agaricus bisporus) (Table 4), respectively. This
indicates the close structural relation among each other.

The previous investigation of the anomeric configuration
of mannosyl-InsPCer was performed in dimethylsulfoxide-
d6 /2% D2O at 353 K [12]. In order to establish independent
criteria for this assignment, the mannosyl-inositol fragment
of Bl-1 released by ammonolysis was reinvestigated by
NMR spectroscopy in D2O at 298 K (Table 4).

The anomeric resonance of mannose was observed at
4.97 p.p.m. which is in the region expected for a-Manp
residues under the conditions used. Furthermore, the 3J1,2

coupling constant was found to be in the range of
1.7±2.1 Hz, which is clearly within the limits observed
for the a-configuration of mannosyl residues. For b-Manp
the 3J1,2 coupling constants and the chemical shift values
are typically in the range of 0.9 Hz and 4.7±4.8 p.p.m.,
respectively.

The magnitude of the 1JH1,C1 coupling constant, 173 Hz,
provided further evidence for the a-anomeric configuration
(empirical results for b-hexopyranose < 160±165 Hz, for
a-hexopyranose 170±175 Hz [28]. A very similar value of
175 Hz was found for Man-InsPCer in dimethylsulfoxide/
D2O at 308 K.

The NOESY spectrum of the released mannosyl-inositol
fragment in D2O at 298K, only the dipolar correlations
between mannose H-1/H-2 and mannose H-1 and inositol
H-2 could be observed (Fig. 3). This result is consistent
with a configurational assignment of a-, rather than b-, for
the mannose residue, in agreement with the a-anomeric
configuration obtained from the chemical shift values and
coupling constants.

Determination of the carbohydrate constitution

The mushroom glycolipids revealed novel oligosaccharide
structures that reflected specific species dependent vari-
ations (carbohydrate constituent analysis, methylation
analysis (Table 5), proposed chemical structures (Table 6).

Basidiolipids of Amanita virosa

Compound Av-1, with a mass spectrometrically determined
molecular mass of 1556 (Table 2) contains inositol,
mannose, galactose and fucose in a molar ratio of
1 : 1 : 2 : 1, as obtained from carbohydrate constituent
analysis.

Table 3. ESI-MS/MS determination of the phosphoinositol frag-

ment of basidiolipids after sodium periodate cleavage, reduction

and hydrolysis [12] (see also, Fig. 2). Detection in the precursor ion

mode with m/z 279, specific for phosphatea´ 1, detectable amounts, no

percentage could be given due to the relatively high background.

Percentage of base peak

Component

Erythritol-phosphateb

corresponding to

R-2Ins1-P (m/z 201)

Glycerol-phosphateb

corresponding to

R-4Ins1-P (m/z 171)

Av-1 100 1�

Av-3 100 7�

Ce-1 100 11�

Ce-4 100 13�

Cc-2 100 11�

Le-1 100 7�

Le-2 100 20�

Ls-1 100 6�

Po-1 100 , 4�

Po-2 100 , 4�

a The specific precursor ion mode for phosphate was chosen because it

is more selective than the normal MS spectrum. The detection of

nonspecific background noise, which usually appear in this low mass

range thus can be avoided. b In addition, the appearance of erythritol

and glycerol was confirmed chromatographically after HF-cleavage of

the respective inositol-phosphate fragment as described in Materials

and methods and Results.
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Av-1 was sensitive to the sequential treatment with
exoglycosidases in the order of a-galactosidase, a-fucosi-
dase and b-galactosidase (data not shown). The final
product of the enzymatic degradation contained mannose
linked to inositol as determined after total hydrolysis with
mineral acid (data not shown). These results establish the
monosaccharide sequence in the oligosaccharide chain of
Av-1 as Gala-(Fuca-)Galb-Man-Ins.

Methylation analysis of the product of the Av-1
degradation by a-galactosidase, as compared to the original
compound, showed the appearance of galactose, mono-
substituted in position 2, whereby, the di-substituted
galactose, observed in methylation analysis of intact
Av-1, had disappeared (Table 5). The fucose residue of
Av-1 must therefore be linked in position 2, and the
terminal galactose in position 3 of the subterminal

galactose. In addition, the subterminal b-galactosidase-
sensitive galactose residue must be linked to the inositol-
bound mannose in position 6 (Table 5). This suggests
for Av-1 the structure of a Galpa-3(Fucpa-2)Galpb-
6Manp(a)-2/(4)Ins1-phospho-ceramide (Table 6).

Compound Av-3, with a mass spectrometrically deter-
mined molecular mass of 2026 (Table 2), contains inositol,
mannose, galactose and fucose in a mol proportion of
1 : 1 : 4 : 2, as shown by carbohydrate constituent analy-
sis. Av-3 was cleaved by a-galactosidase with the
concomitant loss of two galactose residues. This was
assumed from the similarly fast migration rate of the Av-3/
a-galactosidase product (data not shown). Treatment of this
product with a-fucosidase resulted in the appearance of a
TLC double band with a migration rate that was for both
bands slightly faster as compared to that of the precursor

Table 4. Chemical shifts of basidiolipids Ce-1, Le-1, Po-1 and Cc-1(after a-mannosidase treatment), compared to Bl-1 from Agaricus

bisporus in Me2SO-d6 at 353 K (top) and 1H, 13C, chemical shifts of mannosyl-inositol of basidiolipid (bottom).

Mushroom component

Reference to

Bl-1 Ce-1 Le-1 Po-1 Cc-1/±Manaa

carbon atoms 13C 1H 13C 1H 13C 1H 13C 1H 13C 1H

Ins 1 75��.53 3��.83 75�.31 3�.76 75�.27 3�.74 75�.32 3�.76

Ins 2 77��.95 4��.03 78�.01 3�.97 78�.10 3�.97 77�.98 3�.97 78�.10 3�.97

Ins 3 70��.44 3��.26 70�.49 3�.21 70�.46 3�.22 70�.60 3�.22

Ins 4 72��.16 3��.38 72�.09 3�.37 72�.11 3�.37 72�.08 3�.37 72�.14 3�.37

Ins 5 75��.32 3��.00 75�.58 2�.98 75�.44 2�.97 75�.75 2�.97 75�.89 2�.97

Ins 6 72��.11 3��.53 72�.25 3�.52 72�.37 3�.51 72�.33 3�.52

Man 1 100��.40 5��.04 100�.41 5�.04 100�.53 5�.04 100�.50 5�.04 100�.40 5�.04

Man 2 70��.50 3��.73 70�.10 3�.73 70�.21 3�.73 70�.24 3�.73 70�.23 3�.73

Man 3 70��.61 3��.56 70�.57 3�.56 70�.54 3�.55 70�.69 3�.56 70�.65 3�.55

Man 4 66��.83 3��.48 66�.88 3�.48 67�.02 3�.48 66�.85 3�.48

Man 5 72��.54 3��.86 72�.48 3�.85 72�.53 3�.83 72�.46 3�.84 72�.50 3�.83

Man 6 61��.06 3��.50/3.63 61�.09 3�.49/3.63 61�.11 3�.49/3.61 61�.13 3�.49/3.63

Sphingosine 1 64��.06 4��.06/3.81 63�.69 4�.08/3.69 63�.60 4�.08/3.67 63�.72 4�.08/3.69

Sphingosine 2 50��.42 3��.97 50�.55 3�.88 50�.42 3�.88 50�.55 3�.88

Sphingosine 3 73��.27 3��.45 73�.88 3�.46 73�.03 3�.43 72�.88 3�.45

Sphingosine 4 70.61 3.40 70.57 3.40 70.54 3.39 70.60 3.41 70.65 3.40

Reference to

carbon atoms 1H 13C

Mannose

1 4��.97 102��.1

2 3��.94 70��.8

3 3��.70 70��.97

4 3��.53 67��.2

5 3��.86 73��.3

6 3��.69/3.62 61��.4

Inositol

1 3��.96 80��.6

2/6 3��.41/3.47 70��.9/72.3

3/5 3��.46/3.50 73��.2/73.2

4 3��.11 75��.43

a Chemical shifts of the mannosidase cleaved CC-1 product could only be partly determined, because of the limited amount of less than 1 mg.
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molecule (data not shown). After further treatment with a-
galactosidase, only the upper band of the TLC double band
disappeared. The product of the enymatic cleavage,
migrating as the remaining lower band, when treated
again, first with a larger amount of a-fucosidase followed
by a-galactosidase, resulted in the formation of the same
product, as that obtained from the upper band described
before. This observation is taken as evidence that Av-3
contains of two fucose residues, a fact that is consistent
with the carbohydrate constituent analysis, and the fact
that a third a-linked galactose of Av-3 can only
enzymatically be cleaved from the core molecule after the
previous removal of both fucose residues. The Av-3/-
2Gala/-2Fuca/-Gala product was further hydrolyzed with
b-galactosidase, and, after total hydrolysis of the ensuing
product, the remaining inositol-linked sugar, determined as
mannose.

The linkage positions of the sugar chain monosacchar-
ides and the ramified fucoses could be specified by
methylation analysis of intact Av-3, as well as, the Av-3/-
2Gala product (Table 5). In this analysis, a mono-
methylated galactitol derivative was regognized amongst
the permethylation products. After methylation of the

Table 5. Methylation analysis of basidiolipids (top) and Methylation analysis of exoglycosidase treated basidiolipids. Results are mean values

of capillary gas chromatography and capillary gas chromatography/chemical ionization (ammonia)/mass fragmentography.

Peak ratiosb of component

Alditol acetatea Av-1 Av-3 Ce-2 Ce-3 Ce-4 Cc-1 Cc-2 Le-2 Le-3 Ls-1 Po-2 Linkage

2,3,4,6-ManOH ± ± ± ± ± 1��.00c 1��.14 0��.86 0�.94 0�.89 ± Man(1-

2,3,4-ManOH 1��.00c 1��.00c 1��.00c 1��.00c 1��.00c 0��.59 ± 1��.00c 1�.00c 1�.00c 1�.00c 26)Man(1-

2,4,6-ManOH ± ± ± ± ± 0��.76 ± ± ± ± ± 23)Man(1-

3,4,6-ManOH ± ± ± ± ± ± ± ± 1�.02 ± ± 22)Man(1-

2,4-ManOH ± ± ± ± ± ± 1��.00c ± ± ± ± 23,-6)Man(1-

2,3,4,6-GalOH 0��.88 1��.71 0��.84 (0��.32)d 2��.30 ± ± ± ± 1�.04 1�.42 Gal(1-

2,3,4-GalOH ± ± ± 1��.01 (1��.12)d ± ± 1��.15 1�.06 0�.83 ± 26)Gal(1-

3,4-GalOH ± ± ± ± ± ± ± ± ± 1�.32 ± 22,-6)Gal(1-

4,6-GalOH 0��.97 0��.94 ± ± ± ± ± 1��.00 0�.91 ± ± 22,-3-)Gal(1-

4-GalOH ± 1��.07 ± ± 0��.66 ± ± ± ± ± 0�.92 22,-3,-6)Gal(1-

2,3,4,6-Glc ± ± ± 0��.74 ± ± ± ± ± ± ± Glc(1-

2,3,4-FucOH 0��.63 1��.59 ± ± 0��.91 ± ± 0��.56 0�.83 (, 0�.06) 0�.69 Fuc(1-

2,4-FucOH ± ± ± ± ± ± ± ± ± 0.49 ± 23)Fuc(1-

Peak ratiosb of component

Alditol acetatea

Av-1

(-Gala)

Av-3

(-2Gala)

Ce-4

(-2Gala)

Le-2

(±Mana)

Le-2

(±Mana/-Gala)

Ls-1

(-Gala)

Ls-1

(±Mana)

Po-2

(-2Gala) Linkage

2,3,4-ManOH 1��.00c 1��.00c 1��.00c 1��.00c 1��.00c 1��.00c 1��.00c 1��.00c 26)Man(1±

2,3,4,6-ManOH ± ± ± ± ± 0��.54 ± ± Man(1±

2,3,4,6-GalOH ± ± ± 0��.37 ± ± 0��.65 ± Gal(1±

2,3,4-GalOH ± ± ± ± ± 1��.02 0��.90 ± 26)Gal(1±

3,4,6-GalOH 0��.83 1��.04 0��.99 ± 0��.95 0��.93 ± 0��.80 22)Gal(1±

4,6-GalOH ± ± ± 0��.92 ± ± ± ± 22,-3)Gal(1±

3,4-GalOH ± 1��.31 ± ± ± ± 1��.39 ± 26,-2)Gal(1±

2,3,4-FucOH 1��.39 1��.82 1 0��.15 0��.77 , 0��.02 0��.54 0��.42 Fuc(1±

2,4-FucOH ± ± ± ± ± 0��.81 ± ± 23)Fuc(1±

a 2,3,4-FucOH, etc. � 2,3,4-tri-O-methyl-l-fucitol, etc. b Values obtained by combined GC/MS. c set to 1.0. d Contaminant.

Fig. 3. Part of a 2D 500-MHz NOESY spectrum of the released

mannosyl-inositol of basidiolipid Bl-1 after ammonolysis in D2O at

298 K. Shown are all detectable NOE cross-peaks of the anomeric

proton. The two cross-peaks between H-2Man /H-1Man and H-1In /

H-1Man are in agreement with an a-anomeric configuration of the

mannosyl residue. Cross-peaks between H-3Man /H-1Man and H-5Man /

H-1Man could not be observed.
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original compound, hydrolysis and reduction using NaBD4,
the triple-substituted galactose residue was substantiated by
mass spectrometry, to represent a 2,3,6-substituted galac-
tose. From these results, the chemical constitution of Av-3
is deduced as Galpa-3(Fucpa-2)(Fucpa-6)Galpa-2(Galpa-
3)Galpb-6Manp(a)-2/(4)Ins1-phospho-ceramide (Table 6).

Compound Av-2comp. consists of two different mol-
ecular species, designated Av-2a and Av-2b, that were not
separated during the isolation procedure. The correspond-
ing masses were for Av-2a and Av-2b, 1718 and 1866,
respectively (Table 2). The mass difference of 146 (m/z)
between these two compounds must originate from
differences in the carbohydrate moiety, and may correspond
to one deoxyhexose. After a-galactosidase treatment, both
glycolipids were degraded (data not shown). One of the two
resulting products, designated Av-2b/-Gala, migrated on
TLC comparable to Av-3/-2Gala, i.e. Fuca-2(Fuca-
6)Gala-2Galb-6Mana- (see above). The other a-galactosi-
dase cleavage product, designated Av-2a/-2Gala, with a
probable loss of two a-galactose residues from the native
compound, migrated on TLC, faster than Av-2b/-Gala, and
at a migration rate similar to the a-galactosidase product
from Av-1, i.e. Fuca-2Galb-6Mana-.

For further characterization, each of the two Av-2a/b
a-galactosidase cleavage products was isolated by silica gel
column chromatography, and the isolated compounds were
treated further with exoglycosidases.

Component Av-2a/-2Gala could be degraded using the
same enzymes as for the cleavage of Av-1/-Gala, i.e.
consecutively by a-fucosidase followed by b-galactosidase.
Based on these enzymatic cleavage results, the structure of

Av-2a, most likely corresponds to Av-1 plus one additional
a-galactose residue.

Compound Av-2b/-Gala could be degraded with exo-
glycosidases in an analogous way to Av-3/-2Gala. The
structure of component Av-2b therefore is assumed to
correspond to an Av-3/-Gala. Carbohydrate constituent and
permethylation analyses were not performed with the
Av-2a/b compound mixture, because of their inseparability
with the methods available.

Basidiolipids of Calvatia exipuliformis

Compound Ce-1 showed a migration rate on TLC
comparable to Bl-1 (Fig. 1). ESI-MS/MS daughter scan
resulted in a mass fragment of 421 (m/z), which is typical
for Man-Ins-PO4 in the negative ion mode (Table 2). After
hydrolysis with mineral acid, only mannose was analyzed
as inositol bound sugar (data not shown). For Ce-1, Mana-
Ins-Phos-Cer, the linkage of mannose to the 2-position of
inositol was verified by NMR, showing similar chemical
shifts for their 1H and 13C atoms as those of compound Bl-1
from A. bisporus (Table 4). Glycerol formation, besides
erythritol, after periodate oxidation of Ce-1, suggests the
presence of mannose-inositol-phosphate linkages as Man-
2Ins1-Phos, and, to a minor extent, Man-4Ins1-Phos. The
structure of Ce-1, therefore is that of a Manpa-2(4)Ins1-
phospho-ceramide (Table 6).

Compound Ce-2, with a mass spectrometrically deter-
mined molecular mass of its glyco-inositol-phosphate
fragment of 583 (Table 2), contains inositol, mannose,
and galactose in a molecular ratio of 1 : 1 : 1, as shown by

Table 6. Structures of glycoinositolphosphosphingolipids, basidiolipids, from different mushrooms. For ceramide constitution, see Table 2.

Mushroom

Component

Dried mushroom

(mg´g21) Structure

Amanita virosa

Av-1 1�.67 Galpa-3(Fucpa-2)Galpb-6Manp(a)-2/(4)Ins1-PO4-Cer

Av-2a/b Mix:

Av-2a Av-1/1Gala

Av-2b 1�.31 Av-3/-Gala

Av-3 1�.10 Galpa-3(Fucpa-2)(Fucpa-6)Galpa-2(Galpa-3)Galpb-6Manp(a)-2/(4)Ins1-PO4-Cer

Calvatia exipuliformis

Ce-1 1�.21 Manpa-2/(4)Ins1-PO4-Cer

Ce-2 0�.27 Galpb-6Manpa-2/(4)Ins1-PO4-Cer

Ce-3 0�.44 Glcpa-6Galpb-6Manpa-2/(4)Ins1-PO4-Cer

Ce-4, main component 0�.32 Galpa-3(Galpa-6)(Fucpa-2)Galpb-6Manpa-2/(4)Ins1-PO4-Cer

Cantharellus cibarius

Cc-1 1�.03 Manpa-3 or 2 6Manpa-2/(4)Ins1-PO4-Cer

Cc-2 1�.97 Manpa-3(Manpa-6)Manpa-2/(4)Ins1-PO4-Cer

Lentinus edodes

Le-1 1�.35 Manpa-2/(4)Ins1-PO4-Cer

Le-2 0�.37 Manpa-6Galpa-3(Fucpa-2)Galpb-6Manpa-2/(4)Ins1-PO4-Cer

Le-3 0�.22 Manpa-2Manpa-6Galpa-3(Fucpa-2)Galpb-6Manpa-2/(4)Ins1-PO4-Cer

Leccinum scabrum

Ls-1 1�.41 Manpa-3Fucpa-2(Galpa-6)Galpa-6Galpb-6Manp(a)-2/(4)Ins1-PO4-Cer

Pleurotus ostreatus

Po-1 3�.33 Manpa-2/(4)Ins1-PO4-Cer

Po-2 1�.41 Galpa-3(Galpa-6)(Fucpa-2)Galpb-6Manpa-2/(4)Ins1-PO4-Cer
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carbohydrate constituent analysis. Ce-2 therefore is dis-
tinguished from Ce-1 by one additional hexose residue, i.e.
galactose. The linkage of this galactose in 6-position of a
subterminal mannose could be deduced from methylation
analysis (Table 5). The anomery of the linkage between
galactose and mannose was specified as b, by using the
appropriate enzyme. In the total hydrolysate of the resulting
enzyme-product, mannose could be analyzed as the sole
sugar after total hydrolysis (data not shown). The structure
of Ce-2 therefore is given as Galpb-6Manpa-2(4)Ins1-
phospho-ceramide (Table 6)

Compound Ce-3, with a mass spectrometrically deter-
mined molecular mass of its glyco-inositol-phosphate
fragment of 745 (Table 2), contains inositol, mannose,
galactose, and glucose, in a molecular ratio of 1 : 1 : 1 : 1,
as shown by carbohydrate constituent analysis. Ce-3
therefore is distinguished from Ce-2 by one additional
hexose residue, i.e. glucose. The latter hexose was deter-
mined as a-anomerically linked in 6-position to the
mannose-bound galactose of Ce-2 (data not shown). There-
fore, the Ce-3 oligosaccharide has the structure Glcpa-
6Galpb-6Manpa-2(4)Ins1-phospho-ceramide (Table 6).

Compound Ce-4, by using ESI-MS/MS in the negative-
ion collision-induced-dissociation mode, showed a unique
mass of 1053 (m/z) for its glyco-inositol-phosphate
fragment (Table 2). This value exceeds the corresponding
mass of Ce-3 by the equivalent of one hexose and
deoxyhexose (Table 2). Carbohydrate constituent analysis
revealed the presence of inositol, mannose, galactose, and
fucose, in the mol ratio of 1 : 1 : 3 : 1.

The TLC-fraction Ce-4 could not be completely cleaved
by a-galactosidase treatment, thereby showing its compo-
site nature as a mixture of compounds. However, one major
a-galactosidase hydrolysis product was obtained. This
product had a TLC migration rate, as compared to the
parent compound, that corresponded to a loss of two
galactose residues. This fragment could be cleaved further
by sequential treatment with a-fucosidase and b-galacto-
sidase. The remaining inositol-bound carbohydrate was
identified as mannose (data not shown). The sequence and
anomeric glycosides are thus described to be (Gala-)2-
(Fuca-)Galb-Man-.

The sugar linkages of Ce-4 compound could not
unequivocally be established by methylation analysis,
because of the presence of glycolipid with a second
different carbohydrate headgroup. Nevertheless, the linkage
of the branched-chain fucose of the main a-galactosidase
product, Ce-4/-2Gala, was shown by methylation analysis,
to be in the 2-position of the terminal galactose, Fuca-
2Galb- (Table 5). The methylation analysis data for Ce-4
are in agreement with a proposed structure of the major
compound as Galpa3(Galpa6)(Fucpa-2)Galpb-6Manpa-
2(4)Ins1-phospho-ceramide (Table 6). The unexplained
additional occurrence of 2,3,4-Me3-galactitol amongst
the permethylation products from Ce-4 may suggest
an admixture of a Fuca-6Gala-6Gala-6Galb-6Mana-
2(4)Ins1-phospho-ceramide in this G-InsPCer fraction.

Basidiolipids of Cantharellus cibarius

Compound Cc-1 with a TLC migration rate much slower
than A. bisporus Bl-1 [Man-Ins-Phos-Cer], revealed solely
the presence of mannose as its carbohydrate constituent.

Whereas after acid hydrolysis of Cc-1, a ratio of 1 : 3 for
inositol and mannose was obtained by GC-analysis, the
determination of the glyco-inositol-phosphate-residue by
ESI-MS/MS resulted in a mass fragment 583 (m/z),
characteristic for only two hexoses (Table 2). After enzyme
treatment of Cc-1 with a-mannosidase, the product
migrated on TLC in a comparable position to Bl-1, again
showing mannose as its sole sugar (data not shown).
Methylation analysis was suggestive of the existence of two
different linkages for the terminal mannose, i.e. Mana1±
3Man-, as well as, Mana1±6Man- (Table 5). NMR-analysis
of the a-mannosidase cleavage product, Cc-1/±Mana,
showed the same chemical shifts of decisive 1H and 13C
atoms of mannose and inositol, as component Bl-1 from
A. bisporus (Table 4). Accordingly, the mannose of Cc-1/±
Mana will be linked to the inositol by a a-glycoside. The
carbohydrate structures of the two G-InsPCer in Cc-1
therefore may be identified with Manpa-3/6Manpa-
2(4)Ins1-phospho-ceramide (Table 6).

Compound Cc-2, as compared to Cc-1, consists of one
additional mannose residue. Methylation analysis showed
the presence only of terminal mannose and 3-,6-disubsti-
tuted mannose in Cc-2 glycolipid (Table 5). However,
differently from Cc-1, we may assume, the inositol-linked
mannose to be substituted by two mannose residues, one in
3-, the other in 6-position. Thus, the resulting structure of
Cc-2 is (Manpa-3)(Manpa-6)Manpa-2(4)Ins1-phospho-
ceramide (Table 6). Glycerol formation, besides erythritol,
after periodate oxidation of Cc-2, in conjunction with the
NMR data, similar to Ce-1, suggests the presence of
mannose-inositol-phosphate linkages as Man-2Ins1-Phos,
and, to a minor extent, Man-4Ins1-Phos.

Basidiolipids of Lentinus edodes

Compound Le-1, as shown by TLC (Fig. 1) ESI-MS/MS
(Table 2), acid hydrolysis, NMR (Table 4), as well as,
periodate cleavage is identical to Ce-1 (Table 3), i.e.
Manpa-2(4)Ins1-phospho-ceramide (Table 6).

Compound Le-2 oligosaccharide constists of inositol,
mannose, galactose, and fucose in the ratio of 1 : 2 : 2 : 1.
By ESI-MS/MS, using the negative collision-induced-
dissociation mode, for the glyco-inositol-phosphate-
fragment, a mass of 1053 (m/z) was measured. This value
corresponds to a mass of four hexoses, one deoxyhexose,
inositol and phosphate (Table 2). A mass spectrum of
component Le-2, as well as, its fragment ion- and precursor
ion spectra, exemplary for all other investigated G-InsPCers
are shown in Fig. 4. Le-2 could be sequentially cleaved
with a-mannosidase, a-galactosidase, a-fucosidase and b-
galactosidase. The enzyme resistant, inositol-bound carbo-
hydrate was identified as mannose after total hydrolysis of
the enzyme resistant glycolipid end product with mineral
acid and TLC (data not shown). The linkages of the
carbohydrate constituents, including the ramified fucose
were determined by methylation analysis of Le-2, as well
as, of its a-mannosidase and a-mannosidase/a-galactosi-
dase products (Table 5). The structure of Le-2 oligosac-
charide may thus be suggested as Manpa-6Galpa-3(Fucpa-
2)Galpb-6Manpa-2(4)Ins1-phospho-ceramide (Table 6).

Compound Le-3 is distinguished from Le-2 by the
presence of one additional a-mannose residue linked in the
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2-position to the terminal mannose of the parent compound
for comparison, (see Table 5). All the other steps of
carbohydrate analysis, including mass determinations
(Table 2), carbohydrate constituent analysis, exoglyco-
sidase cleavage, and identification of the inositol-bound
carbohydrate as mannose, confirmed the structural relation
of Le-2 and Le-3. The latter compound therefore has the
structure of Manpa-2Manpa-6Galpa-3(Fucpa-2)Galpb-
6Manpa-2(4)Ins1-phospho-ceramide (Table 6).

Basidiolipids of Leccinum scabrum

Compound Ls-1 carbohydrate constituent analysis revealed
a molar ratio for inositol, mannose, galactose, and fucose of
1 : 2 : 3 : 1. These values are consistent with the measured
mass of the glycosyl-inositol-phosphate fragment of 1215
(Table 2). A first hexose residue of Ls-1 could be released
either by a-mannosidase or a-galactosidase, an indication
of their terminal positions (data not shown). The methyl-
ation analysis of the a-galactosidase-treated compound,
Ls-1/-Gala, revealed, that the 2-,6-double-substituted
galactose residue of the original component Ls-1, had
disappeared (Table 5). Instead, a new, in 2-position single-
substituted galactose could be found (Table 5). This
observation indicates, that the terminal a-galactose of
Ls-1 must be linked to the 6-position, and the fucose
residue in position 2 of subterminal galactose. In addition,
methylation analysis of Ls-1 yielded a product with
pseudomolecular masses ([M 1 H]1, [M 1 NH4]1) of
321/338 (m/z), further characterized by electron impact
mass spectrometry as fucose substituted in 3-position.
Furthermore, the methylation analysis of the glycolipid
product of Ls-1 treated with a-mannosidase, Ls-1/±Mana,
indicated the existence of fucose now in terminal position,
whereas the previously terminal mannose of Ls-1 had
disappeared (Table 5). It is therefore suggested that the
terminal mannose residue of Ls-1 is linked in 3-position to
subterminal fucose, which itself is linked in 2-position of
the di-substituted galactose. The glycolipid obtained after
a-galactosidase and a-mannosidase treatment of Ls-1, i.e.
Ls-1/-Gala/±Mana, could only further enzymatically be
hydrolyzed by a-fucosidase (data not shown). The resulting
component was cleaved sequentially using a-galactosidase
and b-galactosidase (data not shown). The inositol linked
sugar was determined chromatographically after hydrolysis
of the final glycolipid product of the glycosidase treatment
by mineral acid as mannose (data not shown).

The results, taken together, are suggestive of a structure
of Ls-1 as Manpa-3Fucpa-2(Galpa-6)Galpa-6Galpb-
6Manp(a)-2(4)Ins1-phospho-ceramide (Table 6).

Basidiolipids of Pleurotus ostreatus

Compound Po-1, similar to Le-1 from Lentinus edodes,
Po-1 was characterized by TLC (Fig. 1), ESI-MS/MS,
hydrolysis under acidic conditions, NMR, and the products
of its periodate degradation to be identical to Ce-1, i.e.
Manpa-2(4)Ins1-phospho-ceramide (Table 6).

Compound Po-2 inositol-oligosaccharide consisted of
inositol, mannose, galactose, and fucose in the mol ratio of
1 : 1 : 3 : 1. By ESI-MS/MS, using the negative collision-
induced-dissociation mode, for the glyco-inositol-phosphate-
fragment of Po-2, a mass of 1053 (m/z) was measured. This

value corresponds to a mass of four hexoses, one
deoxyhexose, inositol and phosphate (Table 2). Po-2 was
cleaved by a-galactosidase with the appearance of a
glycolipid product. As compared to the parent Po-2, the
newly formed glycolipid migrated on TLC with a rate
corresponding to the loss of two hexose residues. The
enzyme degradation of Po-2/-2Gala could be continued
with a-fucosidase and, furthermore, b-galactosidase.
Finally, the inositol bound carbohydrate was determined
as mannose (all data not shown). Methylation analysis of
Po-2 revealed one mono-methylated hexose unit, which was
attributed to a triple-substituted hexose residue, and, in
addition, three terminal monosaccharides, two galactoses
and one fucose (Table 5). After a-galactosidase treatment
of the parent Po-2, methylation analysis of the product
showed merely a mono-substituted galactose, indicating,
that the two terminal galactose residues must have been
linked to the former triple-substituted mono-saccharide.
The latter must have consisted of galactose, as result of the
carbohydrate constituent analysis. The linkage of the fucose
was determined by methylation analysis of the product to
be in 2-position of the triple-substituted galactose residue
(Table 5). Furthermore, the existence of the 2,3,6-triple-
substituted galactose residue was further substantiated by
characterization of the peracetylated 4-mono-O-Me-galac-
titol, obtained from Po-2/-2Gala after permethylation,
hydrolysis and reductamination with NaBD4, by electron
impact mass spectrometry. The data, taken together, suggest
for Po-2 an oligosaccharide structure that corresponds to the
main component of Ce-4, i.e. Galpa-3(Galpa-6)(Fucpa-
2)Galpb-6Manpa-2(4)Ins1-phospho-ceramide (Table 6).

D I S C U S S I O N

Several recent studies have described mushrooms as a
source of biological response modifiers. Polysaccharide
preparations, obtained from higher mushrooms, effectively
augmented alloreactive T-lymphocytes and stimulated
cytokine gene expression accompanied by proliferation of
human T-lymphocytes [7,29]. In addition, fungal glyco-
lipids also may effect immune responses. It was demon-
strated for lower fungi G-InsPCer that they could stimulate
the thymus-dependent formation of IgG antibodies, a result
of their CD1-dependent presentation by antigen-presenting
cells [30] (reviewed in [31,32]). Basidiolipids, i.e.
G-InsPCer components of a filamentous fungus, the
basidiomycete A. bisporus, were shown to display immune
adjuvant properties in mice [13]. In order to elucidate the
prerequisites of chemical structures with regard to the
capacity to stimulate immune mechanisms, as well as, to
observe taxonomical variabilities, the G-InsPCer of six
randomly chosen mushroom species were investigated.

As verified by the above described analysis techniques,
all basidiolipids are based on a common mannose-inositol-
phospho-ceramide root structure. With regard to their
ceramide constitution, the sole occurrence of trihydroxy-
sphinganine as sphingoid base, and the preponderance of
hydroxylated fatty acids may reflect a requirement for
basiolipid-containing membrane stabilization under physico-
chemical stress situations. The notable presence of a
dihydroxy-fatty acid in ceramides of chanterelle basidio-
lipids probably explains the pronounced TLC double band
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Fig. 4. ESI-MS/MS-spectra of Le-2. (A) Negative total ions; (B) negative precursor-ions of m/z 79, a fragment specific for phosphate-containing

substances; m/z 1719 [Le-2(h18:0,h24:0)-H1]2, m/z 859 [Le-2(h18:0,h24:0)-2H1]2±. (C) Negative product-ions of m/z 1719: m/z 79 [PO3]2,

m/z 97 �H2PO4�2, m/z 179 �Hex or I±H1�2, m/z 241�259 2 H2O1�2, m/z 259 �IP 2 H1�2, m/z 403�421 2 H2O�2, m/z 421 �HexIP 2 H1�2, m/z

711�729 2 H2O�2, m/z 729 �Fuc�Hex�2IP 2 H1�2, m/z 744�762 2 H2O�2, m/z 745 ��Hex�3IP 2 H 1 �2, m/z 762 �InsPCer 2 H 1 �2, m/z

907 ��Hex�4IP 2 H1�2, m/z 1035 �Fuc�Hex�4IP 2 H2O�2, m/z 1053 �Fuc�Hex�4IP 2 H1�2, m/z 1395 �Fuc�Hex�2InsPCer 2 H1�2, m/z 1573

��Hex�4InsPCer 2 H1�2; I : Inositol; P : Phosphate, C: Ceramide (h18:0,h24:0). (D) Fragmentation scheme.
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formation, typical for glycolipids of this mushroom species
(Fig. 1, Table 2). In contrast, TLC double band formation
of those mushroom fractions containing only mono-hydroxy-
or unsaturated fatty acids was much less pronounced.

In the case of the major portion of the basidiolipids,
substitution of inositol by phosphate and by mannose was in
1- and 2-position, respectively. The same sequence of
constituents was described previously for G-InsPCer from
lower fungi (reviewed in [14±16,25]).

In contrast to the previous assumption that the anomeric
configuration of the mannopyranosyl residue in Man-
InsPCer was b, new data obtained for this study indicated
instead an a configuration. The basis for the former
assumption was a NOESY spectrum of native Bl-1 in
dimethylsulfoxide, in which cross peaks were observed
correlating Man H-1 not only with H-2 of the same residue,
but with H-3 and H-5 as well. This was interpreted as
consistent with an axial orientation for Man H-1 (as found
in the b-configuration), which would allow sufficient
proximity to the axial H-3 and H-5 for a substantial NOE
to be detected [12]. A similar conclusion was drawn
previously with respect to the configuration of the Man
residue linked to inositol in G-InsPCers of the myco-
pathogen Paracoccidioides brasiliensis [33]. However, in a
NOESY spectrum acquired in the present study on the
released Man-Ins fragment in D2O, the only intraresidue
correlation observed was that between H-1 and H-2, while
neither H-1/H-3 nor H-1/H-5 correlations were detected at a
mixing time of 300 ms; this result is consistent with an
equatorial orientation for H-1, and therefore indicates an
a-anomeric configuration for the Man residue. The 3J1,2

coupling constant and the chemical shift value of Man H-1
in the released mannosyl-inositol fragment are also
consistent with an a-anomeric configuration, in agreement
with results of a similar analysis of glycosyl-inositol
fragments released from G-InsPCers of P. brasiliensis
[25]. The a-anomery was confirmed by measurement of
the 1JH1,C1 coupling constant for the Man residue in
both the released Man-Ins fragment and in the native
Man-InsPCer; the values obtained (173 and 175 Hz,
respectively), are typical for a-hexopyranoses and their
derivatives, < 10 Hz larger than values typical for the
corresponding b-hexopyranoses [28,34]. Essentially iden-
tical values of 1JH1,C1 were obtained with a Man-InsPCer
extracted from the mushroom Agaricus blazei, as well with
the mannosyl-inositol released from it by ammonolysis
(S. B. Levery, M. S. Toledo, A. H. Straus, & H. K.
Takahashi, unpublished results).

The new conclusion regarding the anomeric configura-
tion of the inner Man residue in basidiolipids is consistent
with the revised structures proposed for G-InsPCers of
P. brasiliensis [25] in which the inositol is also substituted
at O-2 by an a-mannopyronosyl residue. In that paper, it
was suggested that the Man H-1/H-3 and H-1/H-5 corre-
lations observed in NOESY spectra of G-InsPCers are a
result of `spin diffusion', that is, propogation of NOE by a
three spin effect correlating two distant nuclei (H-1 and
H-3) via a mutual cross-relaxation partner proximate to
both (H-2). Further correlation could then proceed from
H-3 to H-5. Although it was suggested that this effect
might be promoted by an increase in the local correlation
time of the Man residue from the attachment of additional
glycosyl residues, it is apparent already in the results for

Man-InsPCer. Note that although Man-InsPCer is not a
very large molecule, it is in the regime producing negative
NOEs at 500±600 MHz; furthermore, it must behave
approximately as a bent rod in solution, and reorient
(tumble) anisotropically. In such a case, the local correla-
tion time experienced by a pair of interacting spins is
expected to be dependent on both location within the
molecule and the orientation of the internuclear vector with
respect to the long axis [35]. Superimposed on this will be
the effects of local conformational dynamics, determined
by the relative flexibility and conformational space allowed
for the Man-Ins and Ins-P-Cer linkages. It is thus
conceivable that the propogation of NOEs from H-1 to
H-3, and thence to H-5, could be anomalously enhanced by
a unique geometrical arrangement of H-1, H-2, and H-3 in
this a-Man residue relative to the long axis comprising the
lipid part of the molecule. In contrast, the released
mannosyl-inositol should behave as a disaccharide, a
small molecule decidedly in the positive NOE regime, for
which spin-diffusion is generally not detected under these
conditions. The higher viscosity of dimethylsulfoxide
relative to D2O may be an additional factor increasing the
correlation time for the native Man-InsPCer.

A spin diffusion model for development of the
anomalous correlations is supported by a preliminary
study of the time-dependence of growth of NOE cross
peaks arizing from H-1 of Man in NOESY spectra of
Man-InsPCer with increasing mixing times in the range
of 50±750 ms (S. B. Levery, unpublished results). These
show that the NOEs with both Man H-2 and Ins H-2
increase sharply in magnitude at very short mixing times
(50±100 ms), while the magnitudes of those with Man H-3
and H-5 are only a small fraction in comparison. In the
range from 250 to 750 ms, when the growth of NOEs with
Man H-2 and Ins H-2 is beginning to flatten, the buildup
rate of the NOE with Man H-3 begins to increase relative to
that with Man H-2. These results are consistent with an
indirect transfer of magnetism to Man H-3 via H-2. The
significance of an alpha-glycosidic linkage positioned at the
reducing end monosaccharide of glycosphingolipids, in
contrast to the b glycoside, may be of immunological
consequence. Thus, the CD1d-restricted, TCR-mediated
activation of Va14 NKT-cells by a but not b glycosylcer-
amides has been shown [31,32,36,37].

Further was shown in the present paper that a minor
portion of basidiolipids displayed corresponding linkages of
phosphate and a-mannoside in 1- and 4-position, respec-
tively. The observation that the proportion of 1-,4-
disubstituted inositol, as compared to the 1-,2-linked
hexitol increases with basidiolipids of higher carbohydrate
chain length may perhaps reflect a more favourable
accessibility for elongating glycosyl-transferases.

The common Manpa-2(4)Ins1-phospho-ceramide root
structure was observed to be more or less extended by
additional monosaccharides. Thereby, certain structural
systematics of constitution are apparent. The mushroom
species dependency of the carbohydrate structures is
typically demonstrated by the absence of hexose types
other than mannose in the basidiolipids of the chanterelle.
All the other species investigated show extension of the
a-mannoside in 6-position by b-galactoside, which in some
instances is a-fucosylated in 2-position (Fuca-2)Galb-
6Mana-. This ramification, in this case by fucose, may
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reflect a structural phenomenon more frequently observed
with complex conjugated oligosaccharide chains in show-
ing a `second sugar substitution' at their reducing end (for
examples, see [38]). Further basidiolipid sugar chain
elongation at the b-galactoside root structure may be in
3- and/or 6-position by a-galactoside, e.g. Ce-4, Po-2,
Gala-3(Gala-6)(Fuca-2)Galb-6Mana-, whereas A. virosa,
Av-3, with similar extension, reaches a more complex,
highly a-fucosylated terminus, Gala-3(Fuca-2)(Fuca-
6)Gala-2(Gala-3)Galb-6Man(a)-. L. edodes basidiolipids
show further elongation of the tetrahexosyl-core by an
a-mannoside, e.g. Le-3, Mana-2Mana-6Gala-3(Fuca-2)
Galb-6Mana-. In contrast, C. exipuliformis glycolipid is
derived from the nonfucosylated dihexosyl-core structure
Galb-6Mana- by extension with an a-glucoside, i.e. Ce-3,
Glca-6Galb-6Mana-. However, basidiolipid Ls-1 from
L. scabrum, also related to the same nonfucosylated
dihexosyl-core structure, notably, has a 3-a-mannosylated
a-fucose, i.e. Mana-3Fuca-2(Gala-6)Gala-6Galb-6Man(a)-.

The root structure, Man-Ins-P-Cer, of the basidiolipids is
well known from previous investigations including Sac-
charomyces cerevisiae [39±42], Candida albicans [43],
Cryptococcus neoformans [44] and Candida utilis [40±42].
However, in the latter cases, the anomery of the mannose
glycoside, as well as, it's linkage position to the inositol
residue have not been specified. The structural character-
istics of compound Ce-2 (Gal-Man-Ins-P-Cer) and Ce-3
(Glc-Gal-Man-Ins-P-Cer) were similarly described from
Aspergillus niger [15,23,45]. But again, the anomery of the
mannose glycoside and the inositol substitution positions
had not been shown. In contrast, the chemical constitution
of Cc-1 (Mana-3Mana-2(4)Ins1-P-Cer) has been reported
from Histoplasma capsulatum [26,46] and Paracoccioides
brasiliensis [25]. Apart from these afore mentioned glyco-
inositolphosphoceramides, all other structures presented
from the present investigation show structurally novel
oligosaccharide residues. In general, the higher oligosac-
charides of the mushroom glycolipids, appear as quite alien
when compared to those known from mammalian tissues. It
is therefore of little surprise that in normal sera of humans
and animals (e.g. cattle, rabbits), antibodies are present that
recognize certain basidiolipids. These findings, including
interactions of basidiolipids with the vertebrate immune
system, are presently studied in greater detail.

A C K N O W L E D G E M E N T S

The expert assistence of Werner Mink in carbohydrate constituent and

permethylation analyses, Peter KaÈse in GC/MS determinations, as well

as Gerd HaÈde for NMR-measurements is gratefully acknowledged. We

thank also Prof. F. T. Wieland (BZH/University of Heidelberg) for

providing the ESI-MS/MS.

R E F E R E N C E S

1. Wasser, S.P. & Weis, A.L. (1999) Therapeutic effects of substances

occurring in higher Basidiomycetes mushrooms: a modern

perspective. Crit. Rev. Immunol. 19, 65±96.

2. Borchers, A.T., Stern, J.S., Hackman, R.M., Keen, C.L. &

Gershwin, M.E. (1999) Mushrooms, tumors, and immunity.

Proc. Soc. Exp. Biol. Med. 221, 281±293.

3. Wang, H.X., Ng, T.B., Ooi, V.E., Liu, W.K. & Chang, S.T. (1996)

A polysaccharide-peptide complex from cultured mycelia of the

mushroom Tricholoma mongolicum with immunoenhancing and

antitumor activities. Biochem. Cell. Biol. 74, 95±100.

4. Ito, H., Shimura, K., Itoh, H. & Kawade, M. (1997) Antitumor

effects of a new polysaccharide-protein complex (ATOM)

prepared from Agaricus blazei (Iwade strain 101) `Himematsu-

take' and its mechanisms in tumor-bearing mice. Anticancer Res.

17, 277±284.

5. Yohe, H.C. & Ryan, J.L. (1986) Ganglioside expression in

macrophages from endotoxin responder and nonresponder mice.

J. Immunol. 137, 3921±3927.

6. Muthing, J., Egge, H., Kniep, B. & Muhlradt, P.F. (1987)

Structural characterization of gangliosides from murine T

lymphocytes. Eur. J. Biochem. 163, 407±416.

7. Mao, T., Van de Water, J., Keen, C.L., Stern, J.S., Hackman, R. &

Gershwin, M.E. (1999) Two mushrooms, Grifola frondosa and

Ganoderma lucidum, can stimulate cytokine gene expression and

proliferation in human T lymphocytes. Int. J. Immunotherapy 15,

13±23.

8. Sasaki, T. & Takasuka, N. (1976) Further study of the structure of

lentinan, an anti-tumor polysaccharide from Lentinus edodes.

Carbohydr. Res. 49, 99±104.

9. Bluhm, T.L. & Sarco, A. (1977) The triple helical structure of

lentinan, a linear-(1±3)-d-glucan. Can. J. Chem. 55, 293±299.

10. Mizuno, M., Shiomi, Y., Minato, K., Kawakami, S., Ashida, H. &

Tsuchida, H. (2000) Fucogalactan isolated from Sarcodon

aspratus elicits release of tumor necrosis factor-alpha and nitric

oxide from murine macrophages. Immunopharmacology 46,

113±121.

11. Byrne, P.F. & Brennan, P.J. (1975) The lipids of Agaricus bisporus.

J. Gen. Microbiol. 89, 245±255.

12. Jennemann, R., Bauer, B.L., Bertalanffy, H., Geyer, R., Gschwind,

R.M., Selmer, T. & Wiegandt, H. (1999) Novel glycoinositolphos-

phosphingolipids, basidiolipids, from Agaricus. Eur. J. Biochem.

259, 331±338.

13. Jennemann, R., Bauer, B.L., Bertalanffy, H., Selmer, T. &

Wiegandt, H. (1999) Basidiolipids from Agaricus are novel

immune adjuvants. Immunobiology 200, 277±289.

14. Dickson, R.C. & Lester, R.L. (1999) Yeast sphingolipids. Biochim.

Biophys. Acta 1426, 347±357.

15. Brennan, P.J. & Losel, D.M. (1978) Physiology of fungal lipids:

selected topics. Adv. Microb. Physiol. 17, 47±179.

16. Laine, R.A. & Hsieh, T.C. (1987) Inositol-containing sphingo-

lipids. Methods Enzymol. 138, 186±195.

17. Liebisch, G., Drobnik, W., Reil, M., Trumbach, B., Arnecke, R.,

Olgemoller, B., Roscher, A. & Schmitz, G. (1999) Quantitative

measurement of different ceramide species from crude cellular

extracts by electrospray ionization tandem mass spectrometry

(ESI-MS/MS). J. Lipid. Res. 40, 1539±1546.

18. Raith, K. & Neubert, R.H.H. (2000) Liquid chromatography-

electrospray mass spectrometry and tandem mass spectrometry of

ceramides. Anal. Chimica Acta 403, 295±303.

19. Geyer, R., Geyer, H., Kuhnhardt, S., Mink, W. & Stirm, S. (1982)

Capillary gas chromatography of methylhexitol acetates obtained

upon methylation of N-glycosidically linked glycoprotein oligo-

saccharides. Anal. Biochem. 121, 263±274.

20. Parente, J.P., Cardon, P., Leroy, Y., Montreuil, J., Fournet, B. &

Ricart, G. (1985) A convenient method for methylation of

glycoprotein glycans in small amounts by using lithium methyl-

sulfinyl carbanion. Carbohydr. Res. 141, 41±47.

21. Geyer, R., Geyer, H., Kuhnhardt, S., Mink, W. & Stirm, S. (1983)

Methylation analysis of complex carbohydrates in small amounts:

capillary gas chromatography-mass fragmentography of methy-

lalditol acetates obtained from N-glycosidically linked glyco-

protein oligosaccharides. Anal. Biochem. 133, 197±207.

22. Geyer, R. & Geyer, H. (1994) Saccharide linkage analysis using

methylation and other techniques. Methods Enzymol. 230, 86±108.

1204 R. Jennemann et al. (Eur. J. Biochem. 268) q FEBS 2001



23. Sugita, M., Mizunoma, T., Aoki, K., Dulaney, J.T., Inagaki, F.,

Suzuki, M., Suzuki, A., Ichikawa, S., Kushida, K., Ohta, S. &

Kurimoto, A. (1996) Structural characterization of a novel

glycoinositolphospholipid from the parasitic nematode, Ascaris

suum. Biochim. Biophys. Acta 1302, 185±192.

24. Hsieh, T.C., Kaul, K., Laine, R.A. & Lester, R.L. (1978) Structure

of a major glycophosphoceramide from tobacco leaves, PSL-I:

2-deoxy-2-acetamido-d-glucopyranosyl(a1!4)-d-glucuronopyra-

nosyl(a1!2)myoinositol-1-O-phosphoceramide. Biochemistry 17,

3575±3581.

25. Levery, S.B., Toledo, M.S., Straus, A.H. & Takahashi, H.K. (1998)

Structure elucidation of sphingolipids from the mycopathogen

Paracoccidioides brasiliensis: an immunodominant beta-galacto-

furanose residue is carried by a novel glycosylinositol phos-

phorylceramide antigen. Biochemistry 37, 8764±8775.

26. Barr, K. & Lester, R.L. (1984) Occurrence of novel antigenic

phosphoinositol-containing sphingolipids in the pathogenic yeast

Histoplasma capsulatum. Biochemistry 23, 5581±5588.

27. Wishart, D.S., Bigam, C.G., Yao, J., Abildgaard, F., Dyson, H.J.,

Oldfield, E., Markley, J.L. & Sykes, B.D. (1995) 1H, 13C and 15N

chemical shift referencing in biomolecular NMR. J. Biomol. NMR

6, 135±140.

28. Gorin, P.A.J. (1981) Carbon-13 nuclear magnetic resonance

spectroscopy of polysaccharides. Adv. Carbohydr. Chem. Biochem.

38, 13±104.

29. Suzuki, M., Higuchi, S., Taki, Y., Taki, S., Miwa, K. & Hamuro, J.

(1990) Induction of endogenous lymphokine-activated killer

activity by combined administration of lentinan and interleukin

2. Int. J. Immunopharmacol. 12, 613±623.

30. Schofield, L., McConville, M.J., Hansen, D., Campbell, A.S.,

Fraser-Reid, B., Grusby, M.J. & Tachado, S.D. (1999) CD1d-

restricted immunoglobulin G formation to GPI-anchored antigens

mediated by NKT cells. Science 283, 225±229.

31. Porcelli, S.A. & Modlin, R.L. (1999) The CD1 system: antigen-

presenting molecules for T cell recognition of lipids and

glycolipids. Annu. Rev. Immunol. 17, 297±329.

32. Burdin, N. & Kronenberg, M. (1999) CD1-mediated immune

responses to glycolipids. Curr. Opin. Immunol. 11, 326±331.

33. Levery, S.B., Toledo, M.S., Suzuki, E., Salyan, M.E., Hakomori,

S., Straus, A.H. & Takahashi, H.K. (1996) Structural characteriz-

ation of a new galactofuranose-containing glycolipid antigen of

Paracoccidioides brasiliensis. Biochem. Biophys. Res. Commun.

222, 639±645.

34. Bock, K. & Pederson, C. (1983) 13C-NMR spectroscopy of

monosaccharides. Adv. Carbohydr. Chem. Biochem. 41, 27±66.

35. Neuhaus, D. & Williamson, M. (1989) The Nuclear Overhauser

Effect in Structural and Conformational Analysis. VCH

Publishers. New York, USA.

36. Kawano, T., Cui, J., Koezuka, Y., Toura, I., Kaneko, Y., Motoki,

K., Ueno, H., Nakagawa, R., Sato, H., Kondo, E., Koseki, H. &

Taniguchi, M. (1997) CD1d-restricted and TCR-mediated activa-

tion of Valpha14 NKT cells by glycosylceramides. Science 278,

1626±1629.

37. Kawano, T., Cui, J., Koezuka, Y., Toura, I., Kaneko, Y., Sato, H.,

Kondo, E., Harada, M., Koseki, H., Nakayama, T., Tanaka, Y. &

Taniguchi, M. (1998) Natural killer-like nonspecific tumor cell

lysis mediated by specific ligand-activated Valpha14 NKT cells.

Proc. Natl Acad. Sci. USA 95, 5690±5693.

38. Wiegandt, H. (1994) Principles of glycosphingolipid-oligosac-

charide constitution. Prog. Brain. Res. 101, 63±73.

39. Smith, S.W. & Lester, R.L. (1974) Inositol phosphorylceramide, a

novel substance and the chief member of a major group of yeast

sphingolipids containing a single inositol phosphate. J. Biol.

Chem. 249, 3395±3405.

40. Wagner, H. & Zofcsik, W. (1966) On new sphingolipids of yeast.

Biochem. Z. 344, 314±316.

41. Wagner, H. & Zofcsik, W. (1966) On new sphingolipids from

yeast. Biochem. Z. 344, 343±350.

42. Wagner, H. & Zofcsik, W. (1966) Sphingolipide und Glykolipide

von Pilzen und hoÈheren Pflanzen. I. Isolierung eines Cerebrosids

aus Candida utilis. Biochem. Z. 346, 333±342.

43. Wells, G.B., Dickson, R.C. & Lester, R.L. (1996) Isolation and

composition of inositolphosphorylceramide-type sphingolipids of

hyphal forms of Candida albicans. J. Bacteriol. 178, 6223±6226.

44. Vincent, V.L. & Klig, L.S. (1995) Unusual effect of myo-inositol

on phospholipid biosynthesis in Cryptococcus neoformans.

Microbiology 141, 1829±1837.

45. Brennan, P.J. & Roe, J. (1975) The occurrence of a phosphorylated

glycosphingolipid in Aspergillus niger. Biochem. J. 147, 179±180.

46. Barr, K., Laine, R.A. & Lester, R.L. (1984) Carbohydrate

structures of three novel phosphoinositol-containing sphingolipids

from the yeast Histoplasma capsulatum. Biochemistry 23,

5589±5596.

q FEBS 2001 Mushroom basidiolipids (Eur. J. Biochem. 268) 1205


