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tructure Elucidation of Sphingolipids from the
ycopathogen Sporothrix schenckii: Identification

f Novel Glycosylinositol Phosphorylceramides
ith Core Mana136Ins Linkage1
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The synthesis of glycosylinositol phosphorylcer-
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Acidic glycosphingolipid components were extracted
rom the mycelium form of the thermally dimorphic my-
opathogen Sporothrix schenckii. Two fractions from
he mycelium form (Ss-M1 and Ss-M2), having the high-
st Rf values on HPTLC analysis, were isolated and their
tructures elucidated by 1- and 2-D 13C- and 1H-nuclear
agnetic resonance spectroscopy, and electrospray ion-

zation mass spectrometry with lithium adduction of
olecular ions. The structures of Ss-M1 and Ss-M2 were

etermined to be Mana13Ins1-P-1Cer and Mana13
Mana13Ins1-P-1Cer, respectively (where Ins 5 myo-
nositol, P 5 phosphodiester). The Mana136Ins motif is
ound normally in diacylglycerol-based glycophosphati-
ylinositols of Mycobacteria, but this is the first unam-
iguous identification of the same linkage making up
he core structure of fungal glycosylinositol phosphoryl-
eramides (GIPCs). These results are discussed in rela-
ion to the structures of GIPCs of other mycopatho-
ens, including Histoplasma capsulatum and Para-
occidioides brasiliensis. © 2001 Academic Press

Abbreviations used: Ins, myo-inositol; GIPC, glycosylinositol phos-
horylceramide; NMR, nuclear magnetic resonance spectroscopy;
OCSY, total correlation spectroscopy; HMQC, heteronuclear mul-
iple quantum correlation; HSQC, heteronuclear single quantum
orrelation; HMBC, heteronuclear multiple bond correlation;
OESY, nuclear Overhauser effect spectroscopy; HPLC, high per-

ormance liquid chromatography; HPTLC, high performance thin
ayer chromatography; ESI, electrospray ionization; MS, mass spec-
rometry; CID, collision-induced decomposition.
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2 Address correspondence to either H.K.T. or S.B.L. E-mail:
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mides (GIPCs), a class of glycosphingolipids (GSLs)
ot found in mammalian cells, appears to be an essen-
ial requirement for the survival of fungi (4–6). Inhib-
tors of inositol phosphorylceramide (IPC) synthase,
hich catalyzes the obligatory first step in the biosyn-

hetic pathway forming GIPCs from free ceramide, are
ighly toxic to many fungi but exhibit low toxicity in
ammals (7–10). Thus, unlike inhibitors of enzymes

esponsible for ceramide biosynthesis, which affect
ammals as well as fungi, IPC synthase inhibitors

ould potentially be useful as agents against dissemi-
ated mycosis in humans, an increasing threat paral-

eling the steady growth in populations of immunosup-
ressed or -compromised individuals (11). Inhibitors of
ater steps in the biosynthesis of GIPCs could also be
seful, but the development of such agents will be
ccelerated by establishing an integrated model that
ncludes detailed knowledge of the glycan structures
xpressed; the expression, regulation, and interactions
f the glycosyltransferases responsible for their syn-
hesis; and the possible functional significance of spe-
ific GIPC glycan structural features in the fungal rep-
rtoire. The development of immunodiagnostic agents
irected against fungal GIPC glycans should also ben-
fit from more detailed knowledge of the structures
xpressed and their distributions among various spe-
ies with pathogenic potential.
With respect to mycopathogens, characterization of
IPCs from the Hemiascomycete Candida albicans
ave been carried out, although unambiguous confir-
ation of some structural details have not yet been

ublished. More detailed structural characterization of
IPC antigens, linked to their specific immunological

ecognition in humans, have been published only for
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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apsulatum (1, 12) and Paracoccidioides brasiliensis
13), which are closely related to each other. So far,
IPCs from these fungi have been characterized by a

ommon core structure, Mana132Ins1-P-1Cer.3 We
ave undertaken structure elucidation of GIPCs from
he mycopathogen Sporothrix schenckii, which is also a
hermally dimorphic Euascomycete, but is taxonomically
ore distant. In studying acidic components from the
ycelium form of S. schenckii, we encountered GIPCs
ith a core linkage, Mana136Ins, not previously de-

cribed in any sphingolipid structures. Characterization
f these novel components is described herein.4

XPERIMENTAL

Fungal isolate and growth conditions. The culture of Sporothrix
chenckii, strain 65 (originally obtained from cutaneous footpad le-
ion of an otherwise healthy individual), was provided by Dr. Olga
ompertz, Department of Cellular Biology, Universidade Federal de
ão Paulo/Escola Paulista de Medicina, São Paulo, SP, Brasil. The
ame strain was used in a study of S. schenckii cerebrosides (14).
ycelium forms of S. schenckii strain 65 were grown in brain-heart

nfusion (BHI; 37 grams/L water), incubated at 25°C, using 2.5 L
ernbach flasks in a shaker at 150 rpm. Mycelia were inactivated
ith 0.1% of thimerosal, and after 48 h were collected by filtration on
hatman no. 1 filter paper.

Solvents for extraction and anion exchange chromatography. Sol-
ent A, isopropanol/hexane/water (55:20:25, v/v/v, upper phase dis-
arded); solvent B, chloroform/methanol (2:1, v/v); solvent C,
hloroform/methanol/water (30:60:8, v/v/v).

High performance thin layer chromatography. Analytical HPTLC
as performed on silica gel 60 plates (E. Merck, Darmstadt, Ger-
any) using chloroform/methanol/water (60:40:9 v/v/v, containing

.002% w/v CaCl2; solvent D) as mobile phase. Lipid samples were
issolved in solvent B and applied by streaking from 5 mL Micro-caps
Drummond, Broomall, PA). For analytical HPTLC, detection was
ade by Bial’s orcinol reagent (orcinol 0.55% [w/v] and H2SO4 5.5%

v/v] in ethanol/water 9:1 [v/v]; the plate is sprayed and heated
riefly to ;200-250°C).

Extraction and purification of glycosphingolipids. Extraction and
urification of glycosphingolipids were carried out as described pre-
iously (15–17). Briefly, glycosphingolipids were extracted by homog-
nizing yeast or mycelium forms (25–35 g wet weight) in an Omni-
ixer (Sorvall Inc., Wilmington, DE), three times with 200 mL of

olvent A, and twice with 200 mL of solvent B. The five extracts were
ooled, dried on a rotary evaporator, dialyzed against water, lyoph-
lized, resuspended in solvent C, and applied to a column of DEAE-
ephadex A-25 (Ac2 form). Neutral glycosphingolipids were eluted
ith five volumes of solvent C. Acidic glycosphingolipids were eluted
ith five volumes of 0.5 M sodium acetate in MeOH. The acidic

raction was dried, dialyzed exhaustively against deionized water,
edried and further purified by repetitive preparative-scale HPLC (50
m 3 4.6 mm Sphereclone [Phenomenex, Torrance, CA] 10 mm porous
pherical silica; elution with 2-propanol-hexane-water gradient from

3 Although the studies of Barr et al. (1) did not specify precisely the
inkage between Man and Ins, but characterized it as Mana13
/6Ins, we have accumulated strong evidence that the core linkage
or the H. capsulatum GIPCs which they reported is Mana132Ins
Toledo, Levery, Straus, Takahashi, unpublished data).

4 A preliminary description of these results has been presented in
oster form (2).
20
L/min; 80 3 1 mL fractions collected). The identity and purity of each
raction was assessed by analytical HPTLC as above.

1H-Nuclear magnetic resonance spectroscopy. Samples of unde-
ivatized GIPC (;0.5–1.0 mg) were deuterium exchanged by repeated
yophilization from D2O, and then dissolved in 0.5 mL DMSO-d6/2%

2O (18–20) for NMR analysis. 1-D 1H-NMR; 2-D 1H-1H-TOCSY (21,
2), 1H-detected, 13C-decoupled, phase sensitive, gradient (23) 13C-
H-HSQC (24) and -HMBC (25, 26) experiments were performed at
5°C on a Varian Unity Inova 600 MHz spectrometer using standard
cquisition software available in the Varian VNMR software pack-
ge. One-bond C-1/H-1 coupling constants were measured using a
-D variant of a standard 1H-detected, gradient 13C-1H-HMQC ex-
eriment performed without 13C decoupling. Proton-decoupled 1-D

3C-NMR spectra were acquired by direct detection on a Varian
nity Inova 500 MHz spectrometer under identical conditions. Pro-

on chemical shifts are referenced to internal tetramethylsilane (d 5
.000 ppm), carbon chemical shifts to the center line of residual
MSO (set at d 5 39.82 ppm).

Electrospray ionization mass spectrometry. ESI-MS and tandem
SI-MS/CID-MS were performed in the positive ion mode with Li1

dduction (27–29) on a PE-Sciex (Concord, Ontario, Canada) API-III
pectrometer, using a standard IonSpray source (orifice-to-skimmer
oltage [OR], 100–130 V or 180 V [“high OR”]; Ionspray voltage, 5
V; interface temperature, 45°C) and sample introduction by direct
nfusion (3–5 mL/min) of GIPC samples dissolved (;20 ng/mL) in
00% MeOH. For generation of Li2

1 adducts of GIPC molecular spe-
ies, a solution of LiI (10 mM) in MeOH was added (29) until the
bserved ratio of M z Li2

1 to M z LiNa1 in 1ESI-MS profile mode was
95:5 (the final concentration of LiI was generally 3–6 mM). For
recursor ion tandem 1ESI-MS/CID-MS experiments, appropriate
roduct ions from collision induced dissociation in Q2 (with argon as
ollision gas) were selected in Q3, while the useful precursor mass
ange (starting from ;m/z 50 below the product m/z) was scanned in
1 (m/z 0.2 steps). OR was set to 100–120 V, the collision gas

emperature [CGT] 5 380–400 [3 1012 molecules/cm2], and collision
nergy was 80 eV. Other parameters were set to achieve a peak
idth at 1⁄2 height deemed sufficient to assign nominal masses to all
eaks in the mass range of interest. In general, spectra represent
ummations of 10–30 scans for single analyzer profiles, and 30–100
cans for CID experiments. Nominal monoisotopic m/z values are
sed in the description of ESI-MS results.

ESULTS

HPTLC profile of S. schenckii mycelium form GIPCs.
n HPTLC profile of GIPCs from the mycelium form of
. schenckii is shown in Fig. 1. Five bands were visible
ith orcinol staining, designated Ss-M1 through Ss-
5. Of these, the first three appeared to be major

omponents, with decreasing amounts of Ss-M4 and
s-M5. The five components were isolated by repetitive
PLC and subjected to preliminary analysis by 1-D

1H-NMR. Of these, Ss-M1, -M2, and -M3 appeared to
e sufficiently homogeneous with respect to glycan
tructure to carry out further detailed characteriza-
ion, while Ss-M4 and -M5 were very complex, with
nsufficient material available to warrant further frac-
ionation and analysis.

NMR spectroscopic analysis of Ss-M1, -M2, and -M3.
s-M1. In Fig. 2A are reproduced relevant downfield
ections of 1-D 1H-NMR spectra of S. schenckii myce-
ium form acidic fraction Ss-M1. A spectrum of an
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uthentic Mana2IPC isolated from the mushroom
garicus blazei was acquired under identical condi-

ions for comparison (not shown). Differences were ob-
ious in the chemical shifts of the anomeric proton
ignals (4.954 versus 5.041 ppm, respectively), as well
s in observable resonances corresponding to myo-Ins
-5 and H-3, which in Mana2IPC were assigned at
.956 and 3.222 ppm, respectively. Signals with the
ame splitting pattern are visible in the spectrum of
s-M1 at 3.013 and 3.107 ppm, respectively. Chemical
hift/connectivity assignments of all 1H and 13C sig-
als, as well as approximate measurements of 3Ji, j

oupling constants, in the monosaccharide, inositol,
nd proximal part of the ceramide was performed by
equential application of 2-D 1H-1H COSY, 1H-1H
OCSY, and 1H-13C gHSQC NMR experiments (not
hown). The chemical shift assignments for both com-
ounds are listed in Table 1. All three residues in each
ompound were recognizable by their connectivity/
oupling patterns. In particular, myo-Ins presents as a
yclic 1H spin system in which all 3Ji, j are large except
or 3J1,2 and 3J2,3, as H-2 is the only equatorial proton in
he 1,2,3,4,5,6-hexahydroxy-cyclohexane ring. The
an residue is also recognizable by its signature small

alues for 3J1,2 and 3J2,3; because 3J1,2 is small for both
he a- and b-anomeric configurations, it is difficult to
istinguish between them under the conditions of this
nalysis. However, measurement of the one-bond H-1/

FIG. 1. HPTLC analysis comparing crude S. schenckii mycelium
orm GIPCs (lane Ss) with HPLC-purified fractions (lanes M1–M5).
elative concentration of components applied in lanes M4 and M5
as ;4–53 that in lanes M1–M3.
21
ange of 175–176 Hz in both cases; this is clearly too
arge for the b-configuration, for which the values are
ound in the range 160–165 Hz (30) (and references
ited therein). With respect to linkage, particularly
ignificant differences in the chemical shifts of signals
orresponding to Ins C-2 and C-6 are diagnostic for the
inkage 32Ins in the A. blazei Mana2IPC and 36Ins
n Ss-M1; that is, a 6.6 ppm relative downfield shift of
ns C-2 in the Mana2IPC and a 6.1 ppm relative down-
eld shift of Ins C-6 in Ss-M1. The linkage assignments
ere confirmed by application of 2-D 1H-1H NOESY
xperiments, in which, at short mixing times (100
sec), interresidue correlations could only be observed

etween Man H-1 and Ins H-2 in Mana2IPC, and be-
ween Man H-1 and Ins H-6 in Ss-M1; and finally by
pplication of 2-D 1H-13C gHMBC experiments, which
stablished inter-residue connectivities unambigu-
usly via observation of long-range (3-bond) trans-
lycosidic correlations, Man H-1/Ins C-2 and Man C-1/
ns H-2 in Mana2IPC, and Man H-1/Ins C-6 and Man
-1/Ins H-6 in Ss-M1. The structure of Ss-M1 is thus
learly established as Mana6IPC.

FIG. 2. Downfield sections of 1-D 1H NMR spectra of GIPC
ractions Ss-M1 (A) and Ss-M2 (B). Key reporter signals are marked.
mp., broad resonances from unidentified impurities.
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Ss-M2. In a completely analogous way, the struc-
ure of Ss-M2 was established as Mana3Mana6IPC
rom analysis of its 1-D 1H NMR spectrum (Fig. 2B),
rom complete assignments of relevant 1H and 13C res-
nances via 2-D spectroscopy (Table 2), and from
OESY and gHMBC through-space and through-bond

orrelation data. Thus in addition to the same set of
an/Ins correlations as given above for Ss-M1, inter-

esidue correlations were observed connecting the sec-

Comparison of 1H and 13C Chemical Shifts (ppm) for Mon
arentheses) Residues of Mana6IPC from Sporothrix schenck
08°K (35°C)

Mana136Ins14P31Cer

-1 4.954a 3.806 3.643, 4.04
-2 3.772 3.984 3.838 (3.83
-3 3.544 3.107 3.435
-4 3.099 3.395 3.365
-5 3.785 3.013
-6 3.445 3.626
-69 3.588
-1 101.25c 76.13 63.95 (173.
-2 70.14 71.18 50.38 (71.2
-3 71.05 71.16 73.12
-4 67.50 72.69 70.44
-5 73.32 73.79
-6 61.21 78.51

a 3J1,2 5 1.8 Hz.
b 3J1,2 5 1.8 Hz.
c One-bond 1JH-1,C-1 5 176 6 1 Hz.
d One-bond 1JH-1,C-1 5 175 6 1 Hz.

TABLE 2
1H and 13C Chemical Shifts (ppm) for Monosaccharide,

nositol, Ceramide Sphingoid, and Fatty Acyl (in Parenthe-
es) Residues of Mana3Mana6IPC from Sporothrix schenckii
n DMSO-d6/2% D2O at 308°K (35°C)

Mana133Mana136Ins14P31Cer

-1 4.898a 4.918b 3.814 3.644, 4.041
-2 3.702 4.079 3.944 3.835 (3.848)
-3 3.568 3.710 3.104 3.453
-4 3.318 3.563 3.400 3.363
-5 3.635 3.810 3.034
-6 3.382 3.467 3.607
-69 3.673 3.585
-1 101.4c 101.8d 76.1 63.9
-2 70.3 69.4 71.1 50.3 (71.26)
-3 70.9 77.5 71.2 73.0
-4 68.2 66.1 72.7 70.4
-5 73.6 73.7 73.6
-6 61.7 61.2 79.3

a 3J1,2 , 2 Hz.
b 3J1,2 , 2 Hz.
c One-bond 1JH-1,C-1 5 171 6 1 Hz.
d One-bond 1JH-1,C-1 5 176 6 1 Hz.
22
nd Man residue to the first, i.e., Man H-1/Man H-3 in
he NOESY, Man C-1/Man H-3 and Man H-1/Man C-3
n gHMBC. Note the similarity in chemical shift of all

1H and 13C signals from the myo-Ins spin system,
hich are relatively unaffected by the glycosylation of

he Man residue linked to it, especially the downfield
hift of Ins C-6; in addition, C-3 of this Man residue is
hifted downfield 6.3 ppm relative to its position in
s-M1, the parent compound Mana6IPC.

Ss-M3. From inspection of the 1-D 1H NMR spec-
rum of Ss-M3 its structure was deduced as a
riglycosyl-IPC with at least one b-linked sugar res-
due (3J1,2 5 7–9 Hz). Complete glycan structure
lucidation by NMR spectroscopy, as was performed
or Ss-M1 and -M2, established its structure as

ana3(Galb4)Mana2IPC (data not shown). The
omplete analysis of this compound, the presence of
hich has also been observed in both morphological

orms of Histoplasma capsulatum (12),2 will be dis-
ussed in detail elsewhere (Toledo, Levery, Straus,
nd Takahashi, manuscript in preparation).

1ESI-MS analysis of Ss-M1 and Ss-M2. Ss-M1.
he major molecular ion species for Ss-M1 was ob-
erved in 1ESI-MS at m/z 1100 (not shown), consistent
ith a composition of Hex z Ins z P linked to Cer com-
osed of t18:0 4-hydroxysphinganine (phytosphin-
osine) and h24:0 fatty acid. A number of other ions
bserved in this region were determined by tandem
uadrupole 1ESI-MS/CID-MS experiments not to cor-
espond to GIPC molecular species. At high OR, abun-
ant fragments at m/z 417 and 690 were observed in
he spectrum, corresponding to [Hex z Ins z P z Li2]

1

ccharide, Inositol, Ceramide Sphingoid, and Fatty Acyl (in
nd Mana2IPC from Agaricus blazei, in DMSO-d6/2% D2O at

Mana132Ins14P31Cer

5.041b 3.742 3.656, 4.048
3.696 3.965 3.839 (3.845)
3.510 3.222 3.470
3.468 3.341 3.360
3.851 2.956
3.487 3.487
3.572
100.60d 75.71 64.05 (173.35)
70.35 77.84 50.35 (71.13)
70.71 70.44 72.82
66.70 72.11 70.35
72.82 75.49
60.93 72.41
osa
ii a

0
8)

42)
9)
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2 3 2 0

canning for precursors of the ion m/z 417 showed that
he only major molecular species in fraction Ss-M1
iving rise to that product was the one observed at m/z
100. Related precursor molecular ions (5–10% of the
bundance of m/z 1100) were also observed at m/z
072, 1086, 1114, and 1128, corresponding to homologs
f the major species differing by 1 or 2 CH2 units more
r less in either sphingosine or fatty acid; another ion
n the cluster, at m/z 1084, would correspond to a minor

olecular species missing one hydroxy group from the
eramide. Interestingly, a second cluster of precursor
ons, in which the masses of all species differed from
hose in the first by 1134 Th, was also observed; thus,
he major species was found at m/z 1234, appearing at
5–20% of the abundance of m/z 1100. This implies
hat some additional moiety is attached to approxi-
ately 10% of Ss-M1.

Ss-M2. One major molecular ion species for Ss-M2
as observed in 1ESI-MS at m/z 1262, consistent with
composition of Hex2 z Ins z P linked to a Cer with the

ame composition as Ss-M1. At high OR, abundant
ragments at m/z 417, 579 and 690 were observed in
he spectrum, corresponding to [Hex z Ins z P z Li2]

1

[Y2/B3PO3 z Li2]
1), [Hex2 z Ins z P z Li2]

1 ([B3PO3 z Li2]
1),

nd [Cer z Li]1 ([Y0 z Li]1), respectively. Scanning for
recursors of the ions m/z 579 and 417 showed that the
nly major molecular species in fraction Ss-M2 giving
ise to these products was the one observed at m/z
262. As with Ss-M1, a set of homologous related pre-
ursor ions (2–5% of the abundance of m/z 1396, again
orresponding to some additional moiety 134 Th in
ass, which appeared at 5–10% of the abundance of
/z 1262. The nature of this modification is currently
nder investigation.

ISCUSSION

In this work, preliminary characterization of GIPC
tructures in the mycopathogen S. schenckii revealed
he unexpected expression of at least two varieties of
lycan core structures, one of which has not been pre-
iously reported in fungi. These two variations contain
ither a Mana132Ins linkage, as previously reported,
or example, in GIPCs of P. brasiliensis (13); or an
someric Mana136Ins linkage, not previously re-
orted in these components nor in any other sphingo-
ipid reported so far.5 Both linkages have been reported
n glycosylinositol phosphorydiacylglycerols (phospha-
idylinositol mannosides, or PIMs) of Mycobacteria
31). Previously, GIPCs of Basidiomycete fungi (Agar-
cus spp.) were reported to express GIPCs containing

Manb132Ins core linkage (32); recently, however,

5 During preparation of the manuscript, an abstract appeared (3),
n which structures of several GIPCs from the yeast form of S.
chenckii were proposed to contain the Mana136Ins linkage.
23
asidiomycete GIPCs is instead also Mana132Ins
33), as shown, for example, by measurement of 1JH-1,C-1

or the A. blazei MIPC used as a standard in this work.
t is worth pointing out that reliance solely on the
ass spectral evidence would have been insufficient in

his case to differentiate between MIPCs containing
ana132Ins or Mana136Ins linkages. We hope that
MR data presented in this paper will be of use in

dentification and/or elucidation of structures of GIPCs
rom other fungi. In addition, precursor ion 1ESI-MS/
ID-MS for obtaining clean molecular ion profiles for
IPC fractions, as demonstrated earlier by Jenne-
ann et al. (33) in negative ion mode with selection of

hosphate (m/z 79) in Q3, was found to be effective also
n positive ion mode with selection of appropriate

etalated fragment ions.
Clearly, the results in this study are only a prelimi-

ary step in determining any possible functional sig-
ificance of such structures in S. schenckii or other

ungi. While experiments with S. cerevisiae have begun
o delineate some general functional roles for GIPCs (4,
, 34, 35), which may be extrapolatable to other spe-
ies, a picture of GIPC glycan structural diversity in
he fungal kingdom is presently emerging which sug-
ests the possibility of differing functions in some spe-
ies. Recently, a putative gene (SUR1) for the UDP-
an:IPC Mana132 transferase has been identified in
. cerevisiae (36); inevitably either this or another gene
ill be verified to code for the active transferase, and

he result will be extrapolated to other fungi, including
ycopathogens. In attempts to correlate such putative

enes with specific glycosyltransferase activities and
heir possible cellular functions, or to study potential
nteraction of fungal GSLs with the host immune sys-
em, we feel that awareness of the existence of alter-
ate core linkages in fungal GIPCs will be an impor-
ant experimental consideration.
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