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Abstract  Aspergillus nidulans is a well-established nonpatho-
genic laboratory model for the opportunistic mycopatho-
gen, A. fumigatus. Some recent studies have focused on pos-
sible functional roles of glycosphingolipids (GSLs) in these
fungi. It has been demonstrated that biosynthesis of glyco-
sylinositol phosphorylceramides (GIPCs) is required for
normal cell cycle progression and polarized growth in A. nid-
ulans (Cheng, J., T.-S. Park, A. S. Fischl, and X. S. Ye. 2001.
Mol. Cell Biol. 21: 6198-6209); however, the structures of A.
nidulans GIPCs were not addressed in that study, nor were
the functional significance of individual structural variants
and the downstream steps in their biosynthesis. To initiate
such studies, acidic GSL components (designated An-2, -3,
and -5) were isolated from A. nidulans and subjected to struc-
tural characterization by a combination of one-dimensional
(1-D) and 2-D NMR spectroscopy, electrospray ionization-
mass spectrometry (ESI-MS), ESI-MS/ collision-induced de-
composition-MS (MS/CID-MS), ESI—pseudo-[CID—MS]Q, and
gas chromatography-MS methods.fil All three were determined
to be GIPCs, with mannose as the only monosaccharide
present in the headgroup glycans; An-2 and An-3 were identi-
fied as di- and trimannosyl inositol phosphorylceramides
(IPCs) with the structures Manal—3Manal—2Ins1-P-1Cer
and Manal—3(Manal—6)Manal—2Ins1-P-1Cer, respec-
tively (where Ins = myo-inositol, P = phosphodiester, and
Cer = ceramide). An-5 was partially characterized, and is
proposed to be a pentamannosyl IPC, based on the triman-
nosyl core structure of An-3.—Bennion, B., C. Park, M. Fuller,
R. Lindsey, M. Momany, R. Jennemann, and S. B. Levery.
Glycosphingolipids of the model fungus Aspergillus nidulans:
characterization of GIPCs with oligo-a-mannose-type gly-
cans. J. Lipid Res. 2003. 44: 2073-2088.
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A dramatic increase in the frequency of severe mycotic
infections during the past two decades has accompanied
the growth in populations of immunosuppressed or im-
munocompromised individuals, including those with ac-
quired immune deficiency due to human immunodefi-
ciency virus infection, recipients of organ and tissue
transplants, and patients with leukemias or other cancers
(1-5). As with a variety of other microbial infections, re-
ports of resistance to available therapeutic agents have be-
come a major concern for public health clinicians (6-9).
The most commonly occurring mycotic infections are
those with Aspergillus (usually A. fumigatus and A. flavus),
Candida (chiefly C. albicans), and Cryptococcus (chiefly C.
neoformans); a wide variety of other species, including
some that until recently were not thought of as patho-
genic, have also been detected with increasing frequency
in disseminated mycoses (10-12).

These circumstances have created an urgent need for
new antifungal therapeutic and diagnostic agents, and, by
extension, an imperative to identify components that are
not only critical to the fungal life cycle and infectivity but
that also contain structural elements distinct from those
of the host. Investigations of glycosphingolipid (GSL) bio-
synthesis and function in Saccharomyces cerevisiae and other
fungi have established that GSLs are essential components
of the fungal cell membrane (13-15). These studies have
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focused on glycosylinositol phosphorylceramides (GIPCs),
a family of compounds widely distributed among fungi
but not found in mammalian cells or tissues (15) (see
Scheme 1). Fungal components or metabolites that inter-
act strongly with the host immune system are of particular
interest, and there is ample evidence that GIPCs can inter-
act with the mammalian immune system, in particular
where they present oligosaccharide epitopes not shared
with mammalian glycoconjugates (16-21).

Information about GIPC biosynthesis and function has
been emerging at an increasing rate, due to generation
of a variety of Saccharomyces strains mutated with respect
to sphingolipid synthesis, the completion of the yeast ge-
nome sequence, and the availability of inhibitors of vari-
ous steps in the GIPC biosynthetic pathway (13-15, 22).
Synthesis of inositol phosphorylceramide (IPC), an obli-
gate intermediate in GIPC catabolism, appears to be re-
quired for normal growth of S. cerevisiae (23). The IPC
synthases are believed to be coded by orthologous AURI/
IPCI genes discovered in S. cerevisiae, Schizosaccharomyces
pombe, Candida spp., Aspergillus spp., and C. neoformans
(24-29), and a number of inhibitors of this reaction have
been discovered (30-32). These appear to be very useful
tools for studying GIPC biosynthesis and function, as
well as offering promise as antifungal agents, insofar as
they are highly toxic to many fungi but exhibit low toxic-
ity in mammals (33). Disruption of the AURI gene in S.
cerevisiae and S. pombe results in morphological changes,
disappearance of microtubules, abnormal deposition of
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chitin, and cessation of growth (25, 29). More recently,
Luberto et al. (34) observed that downregulation of the
IPCl-encoded IPC synthase in C. neoformans significantly
lowered the expression of certain virulence traits, as well
as impairing intracellular growth in an in vitro murine
macrophage model and pathogenicity in an established
rabbit in vivo model. Using both AURI gene disruption
and IPC synthase inhibition, Cheng et al. (35) demon-
strated convincingly that GIPC biosynthesis is required
for normal cell cycle progression and polarized growth
in Aspergillus nidulans (Emericella nidulans). We have also
investigated GSL biosynthesis and function in A. nidulans
(36), because it is an established nonpathogenic model
for the opportunistic mycopathogen, A. fumigatus (37—
41). However, the structures of the GIPCs in A. nidulans
have not been determined, nor have the possible func-
tional significance of individual GIPC variants and the
downstream steps in their biosynthesis been addressed.
In this work, we characterized the major GIPC com-
ponents of A. nidulans using one-dimensional (1-D) and
2-D NMR spectroscopy, electrospray ionization-mass spec-
trometry (ESI-MS); ESI-MS/collision-induced dissocia-
tion (CID)-MS; and ESI-pseudo-[CID-MS]? in a hybrid
ESI-quadrupole/time-of-flight-MS (ESI-Qq/0a-TOF-MS)
instrument; and gas chromatography-mass spectrometry
(GC-MS). The proposed GIPC structures are all oligo-
a-mannose (“high-mannose”) GIPCs based on the core
Mana3Mana2Ins1P1Cer (Ins = myoc-inositol; P = phos-
phodiester; Cer = ceramide).
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Scheme 1.

Biosynthesis of fungal glycosylinositol phosphorylceramides (GIPCs) starting with the trans-

fer of myoinositol-1-O-phosphate (IP) from the diacylglycerol (DAG) moiety of phosphatidylinositol to cer-
amide, catalyzed by AURI gene-encoded inositol phosphorylceramide (IPC) synthase. Common interme-
diate Manal—2InsPCer (Ma2IPC) is next synthesized by the action of Mana2-T (encoded by either
SUR1/CSGI or CSG2, or both). In S. cerevisae, IPTI-encoded protein transfers a second mole of myo-inositol-
1-O-phosphate from phosphatidylinositol to Ma2IPC (left arrow). In many other fungi, an as yet unknown
Mana3-T (Y) transfers a second a-Man residue to Ma2IPC to make a common intermediate Ma3Ma2IPC

(right arrow).
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EXPERIMENTAL PROCEDURES

Fungal isolate and growth conditions

A. nidulans FGSC strain A28 was used for all preparations. Ap-
proximately 5 X 109 spores were inoculated to 200 ml or 1 1 com-
plete medium (1% glucose, 0.2% peptone, 0.1% yeast extract,
0.1% casamino acids, nitrate salts, trace elements, and 0.01% vi-
tamins, pH 6.5; trace elements, vitamins, nitrate salts, and amino
acid supplements are described in the appendix to Kafer (42),
incubated at 30 or 37°C with shaking (200 rpm) for 24 h, filtered,
and processed as described. Yields were 6-8 g wet weight per 200
ml medium, or 25-35 g wet weight per 1 1 medium.

Solvents for extraction and anion
exchange chromatography

Solvent A, isopropanol-hexane-water (55:25:20; v/v/v, upper
phase discarded); solvent B, chloroform-methanol (1:1; v/v); sol-
vent C, chloroform-methanol-water (30:60:8; v/v/v).

High-performance thin-layer chromatography

Analytical high-performance thin-layer chromatography (HPTLC)
was performed on silica gel 60 plates (E. Merck, Darmstadt, Ger-
many) using chloroform-methanol-water (50:47:14; v/v/v, con-
taining 0.038% w/v CaCly; solvent D) as mobile phase. Lipid sam-
ples were dissolved in solvent A and applied by streaking from
5 wl Micro-caps (Drummond, Broomall, PA). Detection was made
by Bial’s orcinol reagent [orcinol 0.55% (w/v) and HySO4 5.5%
(v/v) in ethanolwater (9:1; v/v)]. The plate was sprayed and
heated briefly to ~200-250°C.

Extraction and purification of GSLs

Extraction and purification of GSLs were carried out as de-
scribed previously (19, 36, 43), but with some modifications and
additional steps introduced for the purpose of reducing earlier
in the protocol the amounts of irrelevant substances to be dealt
with. Briefly, GSLs were extracted by homogenizing mycelia (25—
35 g wet weight) in an Omni-mixer (Sorvall Inc., Wilmington,
DE) three times with 200 ml of solvent A and three times with
200 ml of solvent B. The six extracts were pooled, dried on a ro-
tary evaporator, dialysed against water, and lyophilized. The
dried residue was partitioned between water and 1-butanol pre-
saturated with water (200 ml each) with vigorous shaking in a
separatory funnel. The lower (water) layer was removed and sim-
ilarly extracted three more times with equal volumes of water-sat-
urated 1-butanol. The four 1-butanol extracts were combined in
a round-bottom flask, evaporated to dryness, resuspended in a
minimal volume of solvent C, and applied to a column of DEAE-
Sephadex A-25 (Ac™ form). Neutral GSLs were eluted with 5 vol
of solvent C. Acidic GSLs were eluted with 5 vol of 0.5 M sodium
acetate in MeOH. The acidic fraction was dried, dialyzed exhaus-
tively against deionized water, redried, and treated with 20 ml
methanol-water-1-butanol (4:3:1; v/v/v) containing 25-30% me-
thylamine at 55°C for 4 h (flask tightly stoppered), with occa-
sional agitation. After removal of the reagent solution by rotary
evaporation, the acidic lipids were further fractionated by repeti-
tive preparative-scale HPLC, employing columns of either 60 cm X
4.6 mm latrobeads (6RS-8010; Iatron Chemical Co., Tokyo, Japan)
or 50 cm X 4.6 mm Sphereclone (Phenomenex, Torrance, CA)
10 pm porous spherical silica. The mobile phase was a 2-pro-
panol-hexane-water gradient programmed from 55:40:5 to
55:25:20 (v/v/v) over 120 min, followed by isocratic elution for
40 min; flow rate 0.5 ml/min. Generally, 40 X 2 ml fractions
were collected for first-stage purifications, and 80 X 1 ml frac-
tions were collected for second-stage purifications, where re-

quired. The identity and purity of each fraction were assessed by
analytical HPTLC using solvent D, as above, and by 1-D TH-NMR
spectroscopy before further characterization by the full range of
NMR and MS techniques described below.

1-D 'H and 2-D 'H-'H and 'H-13C nuclear magnetic
resonance spectroscopy

Samples of underivatized GIPC (~0.5—1.0 mg) were deute-
rium exchanged by repeated lyophilization from DO, and then
dissolved in 0.5 ml DMSO-ds/2% D-O (44, 45) for NMR analysis.
1-D '"H-NMR, 2-D 'H-'H-gradientenhanced correlation spectros-
copy (gCOSY), 'H-'H total correlation spectroscopy (TOCSY),
and proton-detected 'H-1®C-gradientenhanced heteronuclear
single quantum coherence (gHSQC) experiments were per-
formed at 35°C on Varian Unity Inova, 500 MHz (Department of
Chemistry, University of New Hampshire), 600 MHz, and 800
MHz (Complex Carbohydrate Research Center, University of
Georgia) spectrometers, using standard acquisition software
available in the Varian VNMR software package. Proton chemical
shifts are referenced to internal tetramethylsilane (& = 0.000
ppm). Carbon chemical shifts are referenced to solvent DMSO
(8 = 40.0 ppm); because these were not obtained from directly
detected 1-D spectra but were measured in F1 of the gHSQC ex-
periment, values are given to single decimal place only.

Positive ion mode ESI-MS

Mass spectrometry was performed in the positive-ion mode on
a Micromass Global (Manchester, UK) hybrid ESI-Qq/oa-TOF-
MS instrument, with GIPC sample introduction via direct infu-
sion in 100% MeOH (~100 ng/wl). The flow rate was usually 0.5
wl/min, but for analysis of An-5, which was available in limited
amounts, a nano-spray capillary tip was employed, from which
the flow rate was estimated to be ~200 nl/min. For generation
of [M(Li) + Li]* adducts of GIPC molecular species, Lil (10
mM) in MeOH was added to the analyte solution until the ob-
served ratio of [M(Li) + Li]* adducts to mixed Na*/Li* adducts
in MS profile mode was >5:1; the necessary Lil concentration
was generally in the range of 3 to 5 mM. In general, spectra rep-
resent summations of 50-350 scans (30 scans/min) for MS
[M(Li) + Li]* profiles and MS/CID-MS experiments. Resolu-
tion was generally 4,000 (5% valley) for MS profile spectra and
3,000 for MS/CID-MS experiments. Extraction cone voltage
(analogous to orifice-to-skimmer potential in Sciex API series in-
struments) was 35 V for MS profile spectra and MS/CID-MS ex-
periments, and 80 V for pseudo-"ESI-(CID-MS)? experiments.
Nominal, monoisotopic m/z values are used in the labeling and
description of "ESI-MS results. Interpretation of spectra derived
from [M(Li) + Li]* adducts of GIPC molecular species was es-
sentially as described previously (46).

Monosaccharide, inositol, fatty acid, and sphingoid
component analysis by GC-MS

Monosaccharides were analyzed as their per-O-trimethylsilyl
methyl glycosides. A re-N-acetylation step was used after metha-
nolytic depolymerization to ensure that hexosamines, if present,
would be detected as their acetamido derivatives. Ceramide-derived
sphingoid bases and 2-hydroxy fatty acids were detected as their
N-acetyl-per-O-trimethylsilyl and 2-O-trimethylsilyl methyl ester
derivatives, respectively. All derivatives were prepared and ana-
lyzed by GC-MS according to protocols described previously
(45). The instrument used was a GCQ (Finnigan MAT, San Jose,
CA) operated in electron ionization (EI) mode. Mye-inositol was
detected in the monosaccharide analysis as its per-O-trimethylsilyl
derivative, although optimal conditions for its release (16) were
not employed.

Bennion et al. Sphingolipids of Aspergillus nidulans 2075



RESULTS

HPTLC profile and fractionation of A. nidulans GIPCs

Reproduced in Fig. 1A is an HPTLC of the crude acidic
lipid fraction from A. nidulans A28 (37°C culture), stained
with orcinol for detection of hexose-containing material
(lane C), compared with a reference standard containing
Mana3Mana2IPC and Gal/B6(Mana3)Mana2IPC (lane S).
In general, such orcinolstained bands in the acidic fraction
of fungal lipids correspond to GIPCs. (IPC itself, having no
carbohydrate content, is not detected by this method; on the
other hand, hexose-containing impurities, including acidic
oligosaccharides, may appear.) A similar profile, showing es-
sentially three major (along with some minor) GIPC bands
was obtained by Cheng et al. (35) from a different wild-type
A. nidulans strain (A773) via [*H]myoinositol or [3H]dihy-
drosphingosine metabolic precursor labeling and autoradi-
ography. Note that the component with the highest R,value
comigrated with an authentic standard of Mana3Mana2IPC
(MoIPC) previously characterized from Paracoccidioides
brasiliensis (45), but the most abundant component (mid-
dle band) had a significantly lower R, than did the other
major GIPC from P. brasiliensis, Galf36(Mana3)Mana2IPC
(GM,IPC). A third, less-abundant component migrated with
a considerably lower Ry, consistent with attachment of one or
two additional monosaccharide units. The crude lipids were
fractionated by preparative-scale HPLC (Fig. 1B), with each
of the three major components obtained in at least one frac-
tion as a single orcinol-stained band (lanes 2, 4, and 6); these
components, designated An-2, -3, and -5, respectively, were
subjected to characterization by IH-NMR, MS, and GC-MS
techniques as described below. An amount of An-3 sufficient
for extensive 2-D NMR analysis was accumulated from three
HPLC fractionations. An additional very minor component
(An-4) could be detected (migrating between An-3 and An-5
in Fig. 1B, lane 5), but could not be purified sufficiently for
individual characterization.

Monosaccharide, inositol, fatty acid, and sphingoid
component analysis of A. nidulans GIPCs

Mannose was essentially the only monosaccharide identi-
fied by GC-MS analysis of the trimethylsilylated methyl gly-

A B
M,IPC_.
GM,IPC— = w s
s C1 2 3 4 5 6 7 8

Fig. 1. High-performance thin-layer chromatography (HPTLC)
analysis (orcinol stain) of glycosylinositol phosphorylceramides
(GIPGs) from A. nidulans. Mobile phase, chloroform-methanol-water
(50:47:14; v/v/v, containing 0.038% w/v CaCly). A: Lane S, GIPC
standard containing Manal—3Manal—2Ins1-P-1Cer (MyIPC) and
Manal—3(Gal $1—6)Manal—2Ins1-P-1Cer (GBM,IPC); Lane C,
crude acidic fraction from A. nidulans. B: Lanes 1-8, consecutive
fractions 18-25 from HPLC of crude A. nidulans acidic lipids (40 X
2 ml fractions collected at 0.5 ml/min).
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cosides produced following methanolysis of An-2, -3, and -5.
Mpyoinositol was also detected in all three fractions. The
only long-chain fatty acid detected in significant amounts
in all fractions was h24:0, identified by its characteristic re-
tention time and fragments observed in its EI mass spec-
trum [as reviewed in ref. (47)]. A trace (<1%) of h25:0
fatty acid was detected in An-3. Traces (<2%) of nonhy-
droxy 16:0, 18:0, and 24:0 fatty acids were also detected in
all fractions. No dihydroxy fatty acids were detected. The
major sphingoid components detected were t18:0 and t20:0
4-hydroxysphinganines (phytosphingosines); the observed
ratios were ~3:2 for An-2, ~2:3 for An-3, and ~3:2 for An-5.
Under conditions of ion trap detection, EI spectra of the
4-hydroxysphinganine-derived N-acetyl-1,3,4-tri-O-trimethyl-
silyl-4-hydroxysphinganines were qualitatively similar in
most respects to those published previously by Thorpe and
Sweeley (48), but with more abundant representation of
high-m/z ions, including some additional molecular mass-
related ions as observed by Levery et al. (45). Thus, [M —
15]%, [M — 15 — 90]%, [M — 59 — 90]*, [M — 174]%, and
[M — 174 — 90] " ions were observed at m/z 560, 470, 426,
401, and 311 for the t18:0 base derivative, and at m/z 588,
498, 454, 429, and 329 for the later-eluting t20:0 base deriv-
ative [data not shown; for detailed interpretations, includ-
ing identifications of lower-m/z ions, see refs (48-50)].

'H-NMR spectroscopic analysis of A. nidulans GIPCs

An-2. Parts of the TH-NMR spectrum of An-2 were ob-
scured by resonances from a major orcinol-negative com-
ponent. However, a pair of proton resonances was clearly
observed in the anomeric region (Fig. 2A) at 4.896 ppm
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Fig. 2. Downfield expansions (5.20-4.50 ppm) of 1-D 'H-NMR
spectra (800 MHz; DMSO-dg/2% DyO; 35°C) of GIPC fractions iso-
lated from A. nidulans; spectra were acquired on fractions corre-
sponding to lanes 2, 4, and 6 shown in Fig. 1B. A: An-2 (lane 2); B,
An-3 (lane 4); C: An-5 (lane 6).



(*he = 1.5 Hz) and 5.059 ppm (3], < 2.0 Hz); these
chemical shift values are essentially identical to those
found previously for H-1 of the Mana3 and Mana2 resi-
dues, respectively, of Mana3Manoa2IPC from P. brasiliensis
(45). This GIPC has been obtained from a variety of fungi
(45) (S. B. Levery, M. S. Toledo, A. H. Straus, and H. K.
Takahashi, unpublished observations) and is easily recog-

nizable by its anomeric proton signature and HPTLC Rf

identical to that of a fully characterized Mana3Mana?2-
IPC. Therefore, this fraction was considered to be identi-
fied by adequate criteria and was not purified or charac-
terized further.

An-3. The 1-D "H-NMR spectrum of fraction An-3 (Fig.
3A) showed it to be a nearly homogeneous GIPC compo-
nent, displaying only a few minor impurity peaks. As
shown in detail in Fig. 2B, three anomeric proton reso-
nances are clearly observed in the spectrum at 4.666 ppm
(®he = 1.4 Hz), 4877 ppm (3o = 1.5 Hz), and 5.013
ppm (3], o = 1.5 Hz). All three of the ®J;  values are consis-
tent with a-Manp, although the resonance at 4.666 ppm
appears rather upfield (under these conditions) com-
pared with the H-1 signals of other GIPC a-Man residues
we have encountered. However, ample precedent for this
large upfield decrement can be found in NMR spectros-
copy (in DyO) of high-mannose glycoprotein N-glycans,

where H-1 of nonreducing terminal Manal—6 residues
are observed at 0.18-0.22 ppm upfield from H-1 of termi-
nal Manal—3 (51, 52). Almost all monosaccharide, inosi-
tol, and ceramide resonances were unambiguously assign-
able from 2-D 'H-'H gCOSY and TOCSY experiments
(Fig. 3B, C and Table 1). Analysis of approximate 3J; j pro-
ton coupling constants around the three monosaccharide
spin systems confirmed their identities as a-Manp resi-
dues. Analysis of approximate 3]i,j coupling constants
around the cyclic Ins spin system confirmed it as myo-ino-
sitol (all hydroxyl groups equatorial except that at C-2),
while the chemical shift pattern, compared with previ-
ously acquired data, was consistent with glycosylation of
Ins at O-2 (45, 53-55). In the nuclear Overhauser effect
(NOE) spectroscopy spectrum (Fig. 3D), a strong NOE
cross-peak is observed between the a-Manp H-1 at 5.013
ppm and Ins H-2 at 3.954 ppm (resolvable despite partial
overlap with the expected intraresidue a-Manp H-1/H-2
cross-peak at 3.939 ppm), thus correlating the partners in
a Manal—2Ins core linkage. The linkage of the other two
o-Manp residues to the first at O-3 and O-6 is supported by
strong NOE cross-peaks correlating the H-1 resonating at
4.877 ppm with H-3 of Mana?2 at 3.620 ppm (in addition
to weaker correlations with H-2 and H-4 of that residue)
and the H-1 resonating at 4.666 ppm with H-6a of Mana2

Fig. 3. Downfield expansions (5.15-2.80 ppm) of one-
dimensional (1-D) and 2-D 'H-NMR spectra (800 MHz;
DMSO-ds/2% D5O; 35°C) of A. nidulans GIPC fraction An-3

(combined yield from 3 HPLC purifications). A: 1-D spec-

trum. B: Upper left section of 2-D 'H-'H g correlation spec-
troscopy spectrum. C: Lower right section of 2-D 'H-'H to-
tal correlation spectroscopy spectrum (200 msec mixing
time). D: 2-D "H-'H nuclear Overhauser effect spectros-
copy spectrum (100 msec mixing time; Fy, 5.1-4.5 ppm). In
D, inter-residue nuclear Overhauser effect correlations
across glycosidic linkages are boxed; weaker nonglycosidic
inter-residue correlations are marked by dashed boxes; in-
traresidue correlations have been left unmarked.
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TABLE 1. 'H and '3C chemical shifts (ppm) for monosaccharide,
inositol, ceramide sphingoid, and fatty-N-acyl (in parentheses) residues
of Mana6(Mana3)Mana2IPC (An-3) from A. nidulansin DMSO-dy/2%

D,O at 35°C
An-3 Manal—6 (Manal—3) Manal—=2 Insl->P—=1 Cer
H-1 4.666 4.877 5.013 3.728 3.640, 4.050
Che) (14 (1.5) (1.5)
H-2 3.659 3.749 3.939 3.954 3.824 (3.848)
H-3 3.520 3.592 3.620 3.228 3.467
H-4 3.383 3.448 3.650 3.360 3.357
H-5 3.410 3.588 4.060 2.942
H-6 3.462 3.540 3.520 3.492
H-6' 3.622 3.608 3.703
C-1 99.9 102.2 101.0 76.0 64.3
G2 70.2 70.5 69.5 77.8 50.3 (71.3)
C-3 70.9 70.9 79.1 70.6 72.8
C4 67.0 67.1 64.6 72.4 70.3
(03] 73.7 73.5 71.5 75.6
C-6 61.3 61.1 65.3 72.6

Ins, myo-inositol; Cer, ceramide. 3]12 (Hz) for monosaccharide resi-
dues are given in parentheses.

at 3.520 ppm (in addition to weaker correlations with H-6b
and H-5 of that residue). Although severe spectral overlap
renders the interglycosidic Mana6 H-1/Mana2 H-6a cor-
relation somewhat ambiguous by itself (other protons res-
onate at or near 3.520 ppm), the additional Mana6 H-1/
Mana2 H-6b and Mana6 H-1/Mana?2 H-5 correlations,
though weak, are observed at nondegenerate monosac-
charide proton frequencies (3.703 ppm and 4.060 ppm,
respectively), and merely incidental appearance of these
without that relating Mana6 H-1 with Mana2 H-6a is
highly unlikely. Interestingly, the extreme downfield shift
of H-5 was observed previously in a GIPC having the
Mana?2 residue substituted at O-3 and O-6, i.e., in the case
of GalfB6(Mana3)Mana2IPC from P. brasiliensis (45).
Finally, 13C resonance assignments (Table 1), made from
a 2-D 'H-detected, ¥C-'H gHSQC spectrum (not shown),
were also consistent with the linkage of two of the a-Manp
residues to the core Mana2 residue at O-3 and O-6; this is
supported by a pattern of substantial downfield shift incre-
ments (a-effects) for Mana2 C-3 and C-6, along with upfield

shift decrements (B-effects) (56) for Mana2 C-2, C4, and
C-5, compared with 13C spectral data for the parent com-
pound, Mana2IPC (54). All other '3C chemical shifts are
consistent with the proposed Mana2IPC core structure, in-
cluding those characteristic of the myoIns residue substi-
tuted at O-2 (54). On the basis of all of these data, the struc-
ture of An-3 was proposed to be Mana:6 (Mana3) Mana2IPC.

Further confirmation of the structure of An-3 was ob-
tained by comparison of its NMR spectrum with that of an
authentic sample of Mana6(Mana3)Mana2IPC (“Cc-2”)
previously found in a Basidiomycete species, Cantharellus
cibarius (Chantarelle) (55). As shown in Fig. 4, the NMR
spectrum of C. cibarius Cc-2 is almost identical to that of
An-3 except for some doubling of the Ins-5 resonance, a
spectral feature that appears to be associated in general
with the presence of a second ceramide type containing
dihydroxy-fatty-N-acylation (S. B. Levery, unpublished ob-
servations), already known to be present in the C. cibarius
GIPC preparation (55). In particular, the three monosac-
charide H-1 signals are observed at identical chemical
shifts, each with the same 3J; y coupling constant as found
for An-3. Because the branched Manoa6(Mana3)Mano
structure was confirmed unambiguously for Cc-2 by meth-
ylation linkage analysis (55), the structure of An-3 is thereby
confirmed as well.

An-5. The third GIPC fraction, An-5, yielded a very com-
plex 'H-NMR spectrum, and too little material was avail-
able for extensive application of 2-D NMR analysis; how-
ever, five signals with similar intensity and line width (3f; o
<2.0 Hz) are clearly observable in the H-1 region of the 1-D
spectrum at 4.994, 4.878, 4.864, 4.821, and 4.657 ppm
(Fig. 2C), and each of their correlated H-2 partners was
assignable (Table 2) from correlations observed in an oth-
erwise poor-quality TOCSY spectrum (not shown). Three
of the H-1 signals occur at chemical shifts near those of
the anomeric protons in An-3, suggesting a structure for
An-b based on elaboration of the Mana6(Mana3) Mana2IPC
core, with two additional a-Man residues. Even provisional
assignment for the linkages of the two additional residues
based on these data is problematic; however, a number of

Mana6
Mana2InsPCer
Manoa3
Mana6 H-2
Mano6 H-1 Mana3H-2
Mana3 H-1
Mana.2 H-1 Mana2 H-2
Ins H-2 Ins H-5

Sph-1b
ManocZH-Sx_
N

et

\ Sph-2

hFA-2

Ins H-3 %

T R B e e T T T T

5.0

4.0

T T T T

Fig. 4. Downfield expansion (5.15-2.80 ppm) of 1-D 'H-NMR spectrum (500 MHz; DMSO-ds/2% D,0;

35°C) of C. cibarius GIPC fraction Cc-2.
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TABLE 2. Proposed structure and 'H chemical shifts (ppm) for H-1
and H-2 of monosaccharide residues of An-5 from A. nidulans in
DMSO-ds/2% D5O at 35°C

An-5 Manal—2 Manal—6 Manal?—6 (Manal—3) Manal—2 InsPCer

H1 48640 48210  4.657 4.878b 4.994
Cha) (<20)  (<20)  (<20)  (<20)  (<20)
H9 87260  3.698°  3.677 37660 3.953

3J1.2 (Hz) for monosaccharide residues are given in parentheses.

“The nonreducing terminal disaccharide is proposed to be linked
to the branching Mana6 rather than the Mana3 residue, but this has
not been unambiguously determined.

» Among these Mana residues, assignments of H-1/H-2 pairs may
be interchanged.

arguments can be made to narrow the field of likely struc-
tures for An-b.

First, assignment of the H-1 resonance at 4.994 ppm to
the core branching Mana?2 residue is supported by obser-
vation of its correlated H-2 signal at 3.953 ppm, close to
the value observed for this proton in An-3 (3.939 ppm).
This is a significant point, inasmuch as this relatively
downfield-shifted value for a-Man H-2 is characteristic for
glycosylation of this residue at O-3, e.g., by a second a-Man
residue, compared with unglycosylated (terminal) a-Man;
by contrast, the effects of glycosylation of a-Man at O-6,
and even O-2, on this resonance are relatively negligible
(51, 52). Analysis of NMR data on GIPCs acquired under
similar conditions (45, 53, 54), including the data for An-3
in this work, shows that H-2 of the penultimate residue in
a Mana3Mana disaccharide can be found in the range
3.88-4.08 ppm (5 cases), compared with 3.66-3.77 ppm
for a terminal a-Man residue (7 cases). Thus, barring un-
expected conformational effects, the lack of significant
downfield shifts for H-2 of the four remaining o-Man resi-
dues of An-5 (all in the range of 3.67-3.77 ppm) (Table 2)
tends to preclude glycosylation at O-3; i.e., neither of the
two Man residues added onto the An-3 core is in an al—3
linkage. Second, we propose that glycosylations at O-4 can
be excluded (at least provisionally), based on the lack of
reports of structures containing a Mana4Man disaccha-
ride, or of a-mannosyltransferases able to make this link-
age. The two additional Man residues are therefore likely
to be linked either a1—2 or a1—6.

The field of possible structures can be further narrowed
by consideration of the cumulative effects of adding Man
residues, in either al—2 or al—6 linkage, on the H-1
subspectrum of An-3, taking into account what is already
known of these effects from “structure reporter group”
analysis of many closely related oligo-a-mannose-type gly-
cans (b1, 52). For example, all structures one could pro-
pose involving addition of both residues in o1—6 linkage
are excluded, because one would then expect to find
three H-1 resonances in the upfield region around 3.66—
4.67 ppm. One possible structure for An-5, consistent
with the available NMR data, would be addition of a
Mana2Mana6 disaccharide to the Manab residue of An-3.
Considering the effects one at a time, addition of the sec-
ond Mana6 residue could be responsible for a slight up-
field shift of H-1 of the first (from 4.666 ppm in An-3 to

4.657 ppm observed in An-5), but would itself be expected
to give rise to a second H-1 resonance in the same region
of the spectrum. However, subsequent addition of a
Mana?2 residue would then be expected to cause a signifi-
cant downfield shift for H-1 of this second Mana6 residue
(observed at 4.821 ppm in An-5). Another possibility, con-
sistent with the same reasoning, is addition of the Mana2
residue to the inner Manab to create a doubly branched
Mana6(Mana2)Manab (Mana3)Mana structure. However,
mass spectrometric analysis (see subsequent section) ap-
pears more consistent with a single linear branch as pro-
posed above, and tended to exclude as well structures
formed by extension of both the Mana6 and Mana3 resi-
dues of An-3 by one additional monosaccharide. Other
“soft” criteria may allow one at least to make some provi-
sional judgments. For example, addition of the same sug-
ars in reverse order (Mana6Mana?2) is not categorically
excluded by the NMR data but seems less likely, based on
analogy to known oligo-a-mannose structures. Finally, the
possibility that the disaccharide extension has been added
to the Mana3 residue of An-3 can be considered less
likely, because the resonance appearing in the spectrum
of An-3 at 4.877 ppm, assigned as H-1 of the Mana3 resi-
due, also appears in the spectrum of An-b virtually un-
shifted at 4.878 ppm. However, it is also possible that this
Mana3 H-1 resonance has indeed been shifted upfield
(e.g., to 4.864 ppm by Mana6 glycosylation), while the H-1
of one of the additional residues coincidentally resonates
at the same chemical shift in An-b; therefore, this alterna-
tive structure is not definitively excluded.

+*ESI-MS and MS/CID-MS analysis of A. nidulans GIPCs

An-3. A molecular profile of GIPC fraction An-3 was ac-
quired via *ESI-Q/0a-TOF-MS (Fig. 5A); a pair of [M(Na) +
Na]™ salt adduct ions observed at m/z 1,456 and 1,484 is
consistent with an M3IPC having ceramides consisting of
t18:0/t20:0 4-hydroxysphinganines with h24:0 fatty-N-acyl-
ation. Less-abundant ions at m/z 1,472 and 1,500 repre-
sent the same molecular species with single substitutions
of K* for Na* (see below). Addition of Lil shifted the pro-
file to predominant [M(Li) + Li]* adducts at m/z 1,424
and 1,452, with residual mixed Na*/Li* adducts present
at lower abundance at m/z 1,440 and 1,468 (Fig. 5B). The
latter ions could in principle represent molecular compo-
nents containing dihydroxy-fatty-N-acylation, because this
modification would also increment by 16 the m/z values of
the predominant components. However, dihydroxy fatty
acids were not detected in the component analysis.

In general, "ESI-MS/CID-MS spectra acquired [via TESI-
Q/q(CID)-0a-TOF-MS] from either disodiated or dilithiated
molecular adducts exhibited abundant pairs of fragment
ions representing the complete glycosylinositol {[B5 + cat-
ion (Cat)]*™ and (Cg + Cat)™} and glycosylinositol phos-
phate {[B3POs(Cat) + Cat]* and [C3PO3(Cat) + Cat]*}
moieties, along with ceramide ([Y, + Cat]* and [Z, +
Cat]™) and ceramide phosphate {[Y,PO3(Cat) + Cat]™*
and [ZyPOg(Cat) + Cat]*} ions (see Scheme 2). Ions in
parallel series, representing glycosidic fragmentations oc-
curring singly or in combination with other cleavages (the
2079
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latter denoted by one or more “/”), were also observed
{[C, + Cat]*, [B, + Cat]*, [Y, + Cat]™, [Z, + Cat]*, [Y,/
C, + Cat]™, [Y,/B, + Cat]*, [Y,,/C,POs(Cat) + Cat]*, and
[Y,,/B,POs(Cat) + Cat]*}). In many cases, [Z,/B,POs

A Y PO,(Li
m"zopcg,()u) J w

Ry
B H c H OH
Z\//\/(cmmz b)v(c"'z)-z&
Jut Jdut
D E ”
H)/\/(Cﬂz)-sz H%/(CH:MR:
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Scheme 2. Characteristic fragmentations of glycosylated IPCs. A:
Nomenclature of Adams and Ann (73) for fragmentation of the cer-
amide moiety, and of Singh, Costello, and Beach (74) for the myo-
inositol phosphoryl group. B: Sphingoid dg;, ion, proposed by Hsu
and Turk (57). C: Hydrated analog of ds;, ion, proposed in this
study as a product of t18:0 or t20:0 phytosphingosine-containing cer-
amides. D: Sphingoid ¢y}, ion, proposed by Hsu and Turk (57). E:
Hydrated analog of ¢;;, ion, proposed in this study as a product of
t18:0 or t20:0 phytosphingosine-containing ceramides.
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(Cat) + Cat]* and [Z,,/B, + Cat]* ions were also observed.
Of these fragments, the [Y,,/C,POs(Cat) + Cat]* and
[Y,,/B,POg(Cat) + Cat]* series were the most useful for
deducing glycosidic sequence, because the presence of the
phosphate moiety clearly labels the inositol-containing re-
ducing end of the glycan. *ESI-MS/CID-MS of [M(Li) +
Li]* adducts yielded better overall S/N than [M(Na) +
Na]* adducts, although the differences were not as pro-
nounced as previously reported with the use of a triple
quadrupole for "ESI-MS/CID-MS analysis of GIPCs (46).
An *ESI-MS/CID-MS spectrum acquired from the di-
lithiated molecular adduct at m/z 1,452 is reproduced in
Fig. 5C, D, showing the predominant [BsPOg(Li) + Li]*/
[CsPOg(Li) + Li]™ pair (m/z741/759) and other abundant
fragments (summarized in Table 3). Consistent with previous
findings (45, 46), a somewhat lower abundance is ob-
served for glycosylinositol phosphate fragment ions re-
quiring at least two glycosidic cleavages for their appear-
ance {[Yoq/Yos/BgPOs(Li) + Li]* and [Yoq/Yop/CsPOg(Li) +
Li]*, at m/z 417 and 435, respectively}, compared with
other ions in the [Y,,/B,POs(Li) + Li]* and [Y,/
C,PO3(Li) + Li]* series, indicating the presence of a
branch point in the glycan (see Scheme 3). In particular,
the ratios of the relative abundances of m/z 435 versus m/z
273 (0.22), and m/z 435 versus m/z 597 (0.16), are attenu-
ated by a factor of 3 in An-3 when compared with the
same ratios in an isomeric unbranched triglycosyl GIPC
structure (0.70 and 0.52, respectively) (B. Bennion, S. B.
Levery, M. S. Toledo, A. H. Straus, and H. K. Takahashi,
unpublished observations). Such differences in abun-
dance ratios appear to be typical under these conditions.



TABLE 3.

Glycosylinositol- and phosphorylglycosylinositol-related product ions formed in low-energy ESI-MS/

CID-TOF-MS spectra of tri- and pentamannosylinositol phosphorylceramides from mycelia of A. nidulans

m/z An-3a,b An-ba,b
1,083 [CsPO4(Li) + Lil*
1,065 [B.POs (Li) + Li]*
1,047 [B-PO4(Li) + Li—HyO]*
997 [Ca + Lil*
979 [B. + Li]*
921 Vi or 25/ CsPO5 (Li) + Lil*
903 [Yia or 2/ BsPO3(Li) + Lil*
835 [Yiaor 28/ Cs + Lil* or [Cy + Li]*
817 [Yiq or 2p/B5 + Li]* or [By + Li]*
759 [CsPO,(Li) + Lil* [Yso/CsPOs (Li) + Li]*
741 [BsPO4(Li) + Lil* [Yao/B:PO4 (Li) + Li]*
793 [B4PO5(Li) + Li—HyO]* [Zso/BsPOs(Li) + Li]*
673 [Cy + Lil* Yao/Co + Lil* or [Yse/Cy + Lil*
655 [Bs + Li]* [Ya/Bs + Lil* or [Zg./Cs + Li]*
637 [Bs + Li—H,0]* [Za/Bs + Lil* or [Z./By + Lil*
597 [You or p/ CsPOs (Li) + Lil* [Yau/CsPOs (Li) + Li]*
579 [You or p/BsPOs (Li) + Lil* [Yo/B5sPO3(Li) + Lil*
561 [Zow or p/BsPO3(Li) + Lil* [Zoo/BPOs(Li) + Li]*
511 Yo or/Cs + Lil* or [Cy + Li]* [Yao/Cs + Lil* or [Cy + Lil*
193 [Yoq or p/Bs + Lil* or [By + Li]* [You/Bs + Lil* or [Zgy/Cs + Lil* or [Bay + Li]**
475 [Zae o p/Bs + Lil* or [By + Li—HyO]* [Zyw/Bs + Lil* or [B, + Li—HyO]*
435 [You/Yap/CsPOs(Li) + Lil* [You/Yop/CsPOs(Li) + Lil*
417 [Yoo/Yop/BsPOs(Li) + Li]* [Yoo/Yos/BsPOs(Li) + Lil*
349 [Yon o /Co + Lil* [Con + Li]*
331 [Yoo or g/Bg + Lil " or [Zog or p/Co + Lil* [Bg, + Lil*
313 (Zae op p/Bs + Lil* [By,, + Li—HyOl*
973 [Y,/CsPOs(Li) + Lil* [Y,/CsPOs(Li) + Lil*
255 [Y,/BsPOs(Li) + Li]* [Y,/B-POs(Li) + Li]*
937 [Z,/BsPOs(Li) + Li]* [Z,/B:PO4(Li) + Lil*
187 [Yl/C% + L1]+ or [Clu or B + L1]+ [Clcx or B + Ll]+
169 [Y1/Bg + Li]* or [Biqerp + Lil* [(Biaorp + Lil™
111 [LiHoPO, + Li]* [LiHo PO, + Li] ™"

ESI-MS/CID-TOF-MS, electrospray ionization-mass spectrometry/collision-induced decomposition-time-of-
flight-mass spectrometry. Base peak is distinguished by bold font. Fragment designations are as in Costello and
Vath (75), as expanded for glycosylinositol phosphorylceramides (GIPCs) in Singh, Costello, and Beach (74), illus-

trated in Schemes 3-5.
“Or [Y4q/B4 + Li]* or [Z4,/Cy + Li] ™.
»Or [Yso/By4 + Lilt or [Zg,/Cy + Li] ™.

In addition to glycosidic fragment series derived from
the glycosylinositol phosphate and glycosylinositol moi-
eties, fragments from sequential loss of monosaccharide
residues from [M(Li) + Li]* {[Y,,(Li) + Li]*}, which were
not observed significantly in previous *ESI-MS/CID-MS of
GIPCs acquired on a triple-quadrupole instrument (45, 46),
appear at lower abundance in the *ESI-Q/q(CID)-0a-TOF-
MS (Fig. 5D, Table 4). In the same region of the spectra
and at similar abundance, ions from loss of the acyl chain
and loss of acyl Co-C,, {[O(Li) + Li]*, [J(Li) + Li]*, and
[J(Li) + Li — HyO]"} are also observed. Within this
group, the latter ion appears to be predominant. Similar
to previous results (46), the ceramide and ceramide phos-
phate ions {[Y, + Lil*, [Z, + Li]*, [YoPO5(Li) + Li]*,
and [ZoPOs(Li) + Li] "} appear at intermediate abundances;
in addition, ions corresponding to [O/Z,POs(Li) + Li]*
and a hydrated ds;, analog (see Scheme 2C) are observed
at lower abundances (m/z 420 and 319, respectively, de-
noted by asterisks in Fig. 5C). An essentially identical spec-
trum, except for those ions containing all or part of the
ceramide moiety, was obtained via "ESI-MS/CID-MS of the
molecular adduct at m/z 1,424 (not shown); in this case all
ions containing the ceramide or sphingoid were decre-

mented by m/z 28 (see Table 4). The [O(Li) + Li]*,
[J(Li) + Li]*, [J(Li) + Li — HoO) 1", and [O/Z(PO3(Li) +
Li]* ions all provide information about the carbon num-
ber of the sphingoid and, by difference, the N-acyl chain,
all or part of which is lost in the process of their forma-
tion. In this case, in agreement with the sphingoid and
fatty acid analysis, they indicate that the m/z 28 increment
between the two predominant molecular species is prima-
rily due to a corresponding CoH, difference in the sphin-
goid rather than the N-acyl chain. Thus the [M(Li) + Li]*
adducts at m/z 1,424 and 1,452 correspond to molecular
species containing t18:0 and t20:0 4-hydroxysphinganines
with h24:0 fatty-N-acylation.

This was further confirmed by pseudo-*ESI-(CID-MS)?
experiments, using a high extraction cone voltage (analo-
gous to high orifice-to-skimmer potential in Sciex API™
series instruments) to generate in-source CID primary
fragments [TESI-(CID)], which are then selected by the
first analyzer (Q) for subsequent generation of /q(CID)-
0a-TOF product ion spectra (altogether, *ESI-[CID]Q/
q[CID]0a-TOF-MS). We and others (46, 53, 57) previously
applied this technique to analysis of underivatized GSLs
on a triple-quadrupole instrument. The most abundant
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Scheme 3. Fragmentation of GIPC An-3 in positive-ion electro-
spray ionization-quadrupole/time-of-flight-mass spectrometry (ESI-
Qq/0a-TOF-MS); ion designations according to Costello and Vath
(75), and Singh, Costello, and Beach (74). The adduct designation
“+Li” and the charge form have been omitted from the labels for
clarity.

fragments in a high extraction cone voltage *ESI-(CID)-
Q/0a-TOF-MS profile of An-3 (not shown) were ceramide
ions [Yy + Li]* (m/z 718 and 690) and the pair of glyco-
sylinositol phosphate ions [BsPOg(Li) + Li]*/[CsPOs(Li) +
Li]* (m/z 759 and 741, respectively). Product ion spectra
generated subsequently via *ESI-(CID)-Q /q(CID)-oa-TOF-
MS from the primary ions at m/z 718 and 690 are repro-
duced in Fig. 6A and Fig. 6B, respectively. These display
abundant fragments corresponding to loss of the acyl
chain ([N + Li]* = [O/Y, + Li]*) and a sphingoid rear-
rangement including additional loss of the amino group
(dgp; see Scheme 2C). The [N + Li]* and dg;, ions are ob-
served at m/z 352 and 319, respectively, in the spectrum of
products from m/z 718, and at m/z 324 and 291, respec-
tively, in the spectrum from m/z 690, confirming that the
m/z 28 differences in the ceramide moieties reside entirely
in the sphingoid chain lengths, while the N-acyl group is
h24:0 in both ceramide species. Minor products included
ions derived from these by dehydration or further frag-
mentation (Table 4). Ions derived from loss of all or most
of the sphingoid alkyl chain, while retaining the fatty-N-acyl
chain (e.g., [S + Li]* = [G/Y, + Li — Ho]™, [T + Li]* =
[G/Zy + Li]*, [U + Li]* = [T + Li — CoHo] ") as well as
an aldehyde ion derived from the fatty-N-acyl Co-C,, ([W +
Li]*), are observed at the same m/z in both spectra (see
Table 4 and Scheme 2). The results are similar to those
previously obtained with a triple-quadrupole spectrome-
ter (46), but these spectra are of much higher quality.
An-5. A molecular adduct profile of GIPC An-5 (Fig.
7A) was consistent with a pentahexosyl-IPC structure as
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TABLE 4. Molecular adduct ions [M(Li) + Li]* observed in
ESI-Q/TOF-MS profile (A), and significant ceramide-containing
(B), sphingoid-containing and sphingoid-derived (C, D), and
fatty-N-acyl-derived (E) product ions (m/z) formed in low-energy
ESI-MS/CID-TOF-MS and ESI-CID-MS/CID-TOF-MS spectra of
tri- and pentamannosylinositol phosphorylceramides from mycelia
of A. nidulans

Fraction An-3a An-3b  An-5a  An-5b

Fatty acid h24:0 h24:0 h24:0 h24:0

Sphingoid t18:0  20:0 t18:0  t20:0

A [M(Li) + Li]* 1,424 1452 1,748 1,776

Products of [M(Li) + Li]*

B. [Y,(Li) + Li ]* and ceramide-

related

[M(Li) — Hex + Li]* 1,262 1,290 1,586 1,614
[M(Li) — 2Hex + Li]* 1,100 1,128 1,424 1,452
[M(Li) — 3Hex + Li]* 938 966 1,262 1,290
[M(Li) — 4Hex + Li]* — — 1,100 1,128
[M(Li) — 5Hex + Li]* — — 938 966
[YoPOs(Li) + Li]™* 776 804 776 804
[Z,POs(Li) + Li]* 758 786 758 786
[ZyPO4(Li) + Li — HyO]* 740Ve 768 740V 768
[Yo + Li]* 690 718 690 718
[Zy + Li]* 672Ve 700 672V 700
[O/ZyPOs(Li) + Li]* 392 420 392 420

C. Loss of part or all of acyl chain
[J(Li) + Li]* 1,086 1,114 1,410 1,438
[JLi) + Li — HyO)1* 1,068 1,096 1,392 1,420
[OLi) + Li]* 1,058 1,086 1,382 1,410

Products of [Y, + Li] ™

D. Sphingoid-related
[J/Yy + Li — HyO]* 334 362 334 362
[N + Li]* = [0/Y, + Li]* 324 352 324 352
[N + Li — HyO]* 306 334 306 334
[N + Li — 2H,0]* 288 316 288 316
[N + Li — HyO — CHy,O]* 276 304 276 304
dgy, 291 319 291 319
e’ 263 291 263 291

E. Fatty-N-acyl-related
[S + Li]* = [G/Y, + Li — Hol* 432 432 432 432

[T+ Li]" = [G/Zy + Li]* 416 416 416 416
[U + Li]* = [T + Li — GoHyo]™ 390 390 390 390
[U + Li — HyO]* 372 372 372 372

[W+ Li]* = [acyl Co — C,, + Li]* 345 345 345 345

Fragment designations as in Costello and Vath (75), as expanded
for GIPGCs in Singh, Costello, and Beach (74), with modifications of Adams
and Ann (73) for ceramide-derived ions; illustrated in Schemes 2—4. Ad-
ditional designations (ds, and ¢;;,) from Hsu and Turk (57) for cer-
amide-derived ions (structures shown in Scheme 2C,E).

*V = overlapped with major glycosylinositol ions.

bIncorrectly designated dg,—HyO in (46).

proposed, i.e., An-3 elaborated with two additional Man
residues. In this case, the *ESI-Q /0a-TOF-MS profile con-
sisted of a pair of [M(K) + K]* adduct ions (m/z 1,812
and 1,840), accompanied by a slightly more abundant
second pair of ions m/z 16 lower (m/z 1,796 and 1,824),
representing the same molecular species with single sub-
stitutions of Na* for K*, and a third pair m/z 32 lower (m/z
1,780 and 1,808), representing [M(Na) + Na]* adducts.
Addition of Lil effectively consolidated the molecular
profile into a pair of [M(Li) + Li]* adducts at m/z 1,748
and 1,776 (Fig. 7B). *ESI-MS/CID-MS spectra acquired
via TESI-Q/q(CID)-0a-TOF-MS on these [M(Li) + Li]*
adducts both exhibited abundant fragment ion pairs at
m/z 1,065 and 1,083 {designated [BsPO5(Li) + Li]*/
[CsPO5(Li) + Li]* or [BgPOg(Li) + Li]*/[CePO5(Li) +
Li]*, depending on whether the structure contains a branch
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Fig. 6. High extraction cone voltage *ESI-Qq/0a-TOF
spectra of An-3. Expansions (m/z 200-500) of tandem ESI-
CID-MS/CID-MS product ion spectra from [Y, + Li]* of

An-3. A: Products of [Y, + Li] " at m/z 718. B: Products of
[Yo + Li]* at m/z 690. The adduct designation “+Li” and
the charge form have been omitted from the fragment la-
bels for clarity.
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point}, consistent with pentahexosylinositolphosphate as
a dilithiated salt adduct. As shown in detail for the m/z
1,748 adduct (Fig. 7C, D), complete series of glycosidic
cleavage ions {[Y,,,/C,POs(Li) + Lil*, [Y,,/B,POs(Li) +
Li]*, [C, + Li]*, [B, + Lil™, [Y,,/C, + Li]*, and [Y,,/
B, + Li]*} were observed, along with [Z,/B,POs(Li) +
Li]* and [Z,,/B, + Li]* ions (see Table 3). Similar to the
observation with An-3, a much lower abundance was ob-
served for fragment ions at m/z 417 and 435, compared
with other ions in the glycosylinositol phosphate series.
In particular, the ratios of the relative abundances of m/z
435 versus m/z 273 (0.27), and m/z 435 versus m/z 597
(0.17), were consistent with the presence of a single branch
point in the glycan at the same monosaccharide residue

500

as An-3 (see Scheme 4, where m/z 417 and 435 represent
ions requiring at least two glycosidic cleavages for their
appearance, [Y2a/Y2[3/B5P03(Li) + Li]*T and [YQ(X/YQB/
Cs;PO3(Li) + Li]*, respectively). The location of this
branch point is consistent with extension of one of the
nonreducing terminal Man residues of An-3 with two ad-
ditional residues in a continuous chain. Different branch-
ing structures (e.g., symmetric extension of each of the
nonreducing terminal Man residues of An-3 with one ad-
ditional residue, or the presence of a second branch
point in the structure), are contraindicated by the obser-
vation of all remaining [Y,,/C,POs(Li) + Li]* and [Y,,/
B, PO4(Li) + Li]* series ions in high abundance.

As observed with An-3, [Y,,(Li) + Li]*, fragments de-
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T Htgepos ?\(()JC PO : [M(Na) + KI* for [M(K) + Na]*} adducts. B: Simplified pro-
[Y./C.PO] [Y./BPO] [BPOJ] file of molecular ions as [M(Li) + Li]* adducts. C: MS/CID-
v/B POQ] [Y:2/CPO:l\ - [g35 1085 MS of [M(Li) + Li]™ at m/z 1,748, low m/z region. D: MS/
511 597 673 | 14e 921 CID-MS of [M(Li) + Li]* at m/z 1,748, high m/z region. The
187 255 579 , / 817 903 o7y . Y-axis expansion in D relative to Cis 9X. Ion designations cor-
169 331 435 637 69!;41 76 538 [Y2/Ya] respond to Scheme 4. The designations “+Li” and “(Li) +
AR lx 1 Ll PR || Li” and the charge form have b itted from the f
G bk v i” and the charge form have been omitted from the frag-
ment labels for clarity.
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Scheme 4. Fragmentation of GIPC An-5 in positive-ion ESI-Qq/0a-TOF-MS; ion designations according to
Costello and Vath (75), and Singh, Costello, and Beach (74). The adduct designation “+Li” and the charge

form have been omitted from the labels for clarity.

rived from sequential loss of monosaccharide residues from
[M(Li) + Li]* appeared at low abundance in the *ESI-Q/
q(CID)-0a-TOF-MS of An-5 (Fig. 7C, D, Table 4). Ceramide
and ceramide phosphate ions {[Y, + Lil*, [Z, + Li]*,
[YoPOs(Li) + Li]*, and [ZyPOs(Li) + Li]*} appeared as
well in the product ion spectra of An-5 at intermediate
abundances. As with An-3, ions lacking all or part of the
acyl chain {[O(Li) + Li]*, [J(Li) + Li]*, and [J(Li) + Li —
H,0)] "} indicated that the m/z 28 increment between the
two predominant molecular species is primarily due to a
corresponding CyHy difference in the sphingoid rather
than the N-acyl chain. This was again confirmed by prod-
uct ion spectra generated via *ESI-(CID)-Q/q(CID)-0a-TOF-
MS from the primary [Y, + Li]* ions at m/z 690 and 718
observed in the high extraction cone voltage profile of
An-5. These pseudo-TESI-(CID-MS)? spectra (not shown)
were essentially identical to those acquired from the same
ions of An-3. Thus, major [N + Li]* and ds;, fragments
are again observed at m/z 324 and 291 in the spectrum of
products from m/z 690, and at m/z 352 and 319 in the
spectrum from m/z 718. All of these results are summa-
rized in Tables 3 and 4.

Quantitation of A. nidulans GIPCs

Having established that the major orcinol-positive
bands, visible in HPTLC of the crude base-stable acidic
lipids (Fig. 1A, lane C), are GIPCs incorporating an in-
creasing number of Man residues, we made a crude esti-
mate of their molar proportions by densitometric analysis
of these bands, whose staining could now be “normalized”
by the relative hexose content of each component (for
this purpose, An-4 was assumed to be a tetrahexosyl IPC).
This analysis yielded approximate molar proportions of
1:5:0.1:0.4 (estimated error +20%) for An-2, An-3, An-4,
and An-b, respectively. Note that the usefulness of these
values should be judged against our observations that the
overall yield and proportion of GIPCs from A. nidulans
and other fungi can vary between strains and depend con-
siderably as well on culture medium, temperature, and
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stage of growth. On the basis of these caveats, as well as
the fact that extractions were performed on fresh, wet
mycelium, no attempt was made to calculate the yield of
GIPCs relative to cellular mass for this study, as such values
could not be considered reproducible.

DISCUSSION

Recent investigations of GSL biosynthesis and function
in fungi have focused on Aspergillus nidulans, a nonpatho-
genic laboratory model for the opportunistic mycopathogen,
A. fumigatus. As has been observed with many other fungi,
GSL biosynthesis in A. nidulans is partitioned into two ma-
jor pathways, one for production of GIPCs, and another
leading to accumulation of cerebrosides [(-galactosylcer-
amide (GalCer) and/or B-glucosylceramide (GlcCer)]. In
a previous study (36), we characterized a GlcCer from A.
nidulans and observed that strong inhibitors of GlcCer
synthase interfered with germination, cell cycle, and hy-
phal growth in both A. nidulans and A. fumigatus, suggest-
ing that GlcCer biosynthesis is essential in these fungi and
that design of inhibitors more specific for the fungal en-
zyme than for the mammalian one might offer a potential
route to a new class of antifungal agents. On the other
hand, it is already well appreciated that disruption of the
GIPC pathway, by either inhibition or deletion of IPC syn-
thase activity, is fatal for fungi (24-27, 29, 30), except for
some yeast strains with compensating mutations (58-60).
Some fungal strains selected for resistance to the IPC syn-
thase inhibitor Aureobasidin A were found to have a mu-
tation in the AURI gene that affects the interaction of the
AURI protein with the drug but not catalytic activity (25—
27, 29). Overexpression of the AURI gene in S. pombe con-
ferred significant resistance to Aureobasidin A (25); in ad-
dition, wild-type strains of some fungal species, such as the
mycopathogen A. fumigatus, are relatively resistant by vir-
tue of highly efficient transporter-mediated drug efflux
(61). Exploitation of IPC synthase inhibitors as antifungal
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with Ma3Ma2IPC. Linkage positions marked by (?) are as yet undetermined.

drugs is already being investigated, but generation of new
therapeutic candidates will doubtless have to address is-
sues of fungal resistance (33).

Recent detailed studies have demonstrated that GIPC
biosynthesis is essential for normal cell cycle progression
and polarized growth in A. nidulans (35). To dissect fur-
ther the possible functional role(s) of fungal GIPC biosyn-
thesis, and perhaps exploit glycosyltransferases specific to
this pathway for the development of other antifungal
agents, we have sought to characterize GIPC expression in
Aspergillus species in more detail, beginning with studies
to establish the structures of GIPCs in the model fungus
A. nidulans. From the current study, the GIPC profile of A.
nidulans appears to be relatively simple, with expression of
only three significant components, all bearing oligo-a-man-
nose-type glycans. These are:

Mano 1l — 3Manol — 2Ins-P-Cer  An-2

Manol — 6

Manol — 2Ins-P-Cer
Manal — 3

An-3

Manoal - 6
Manao.l — 2Ins-P-Cer
Manol — 3

Manol — 2?Manol — 6? An-5

The presence of some minor components could be de-
tected, but sufficient material was not obtained for their
analysis. The possibility exists that these minor compo-
nents could possess very different glycans, perhaps bear-
ing sugar residues other than mannose; moreover, other
components could be expressed by A. nidulans, perhaps
under different conditions or by different strains. How-
ever, a similar profile, showing essentially three major
(along with some minor) GIPC bands, was also obtained
from a different wild-type A. nidulans strain (A773), al-
though no detailed structural characterization was re-
ported in that work (35). The structures proposed herein
for the three major A. nidulans GIPC components suggest
a single biosynthetic pathway connecting them, as depicted
in Scheme 5.

In general, knowledge about structures of fungal GIPCs is
still at an early stage, with only a handful of species having
been examined so far. The present study is the first to report
detailed characterization of GIPCs from an Aspergillus spe-
cies. Among the Aspergilli, early attempts at characterization
of GIPC structure and biosynthesis were initiated with A. ni-
ger (62-64); compositional analysis indicated that the struc-
tures were complex, but characterizations beyond this point
were not published. The first detailed characterizations of
complex GIPCs (containing more than one monosaccharide
residue) from a Euascomycete fungal species were carried
out in the 1980s by Robert Lester and his colleagues (16, 65).
In these key early studies, the major GIPCs from both the
yeast and mycelial forms of the dimorphic mycopathogen
Histoplasma capsulatum were profiled, isolated, and analyzed
by MS, GC-MS, and degradative methods. The primary struc-
tures of three GIPCs were established completely except for
the precise linkage of the first sugar residue to the myo-inosi-
tol ring, which was proposed to be either Manal—2Ins or
Manal—6Ins.! A decade and a half later, the first unam-
biguous determination of this core linkage was published
for GIPCs of a related dimorphic mycopathogen, Paracoccid-
ioides brasiliensis, where it was shown to be Manal—2Ins
(45). Subsequent studies have shown this to be an impor-
tant detail, because GIPC series with both Manal—2Ins or
Manal—6Ins core linkages are now known (54, 66). More
recently, a major component of the yeast form of a third di-
morphic mycopathogen, S. schenckii, was found to possess an
additional core linkage, GlcNHoa1—2Ins (53), so that three
distinct monosaccharide linkages to myoIns have now been
identified for GIPCs of Ascomycete fungal species. In the
present study, only one core structure, Manal—2Ins, was ob-
served for the GIPCs of A. nidulans.

! Although Barr, Laine, and Lester (65) did not specify precisely the
linkage between Man and Ins in their compounds, but characterized it
as Manal—2/6Ins, NMR spectroscopy of H. capsulatum GIPCs shows
that the linkage is Mana1—2Ins1-P-1Cer (S. B. Levery, M. S. Toledo,
A. H. Straus, and H. K. Takahashi, unpublished observations), as re-
ported for GIPCs of the closely related fungus, P. brasiliensis (45).
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Biosynthesis of the M3IPC (An-3) from IPC presumably
requires the action of at least three distinct a-mannosyl-
transferase activities. In S. cerevisiae, two genes, SURI (CSG1/
BCL2I) and CSG2 (CLS2), are apparently required for
production of MIPC (most likely Mana2IPC) (67, 68). Of
these, the latter does not resemble a glycosyltransferase
(“glycosyl-T”) gene (67, 69), and its product has not been
found in the Golgi but in the endoplasmic reticulum (70);
the CSG2 protein is thought to be an integral membrane
protein with a role in regulation of Ca®* levels in the en-
doplasmic reticulum (67, 69), although its true function
has not been verified. The SURI protein, on the other
hand, does incorporate a domain with substantial identity
to a known «al,6-Man-T (Ochlp) (68), and is therefore
considered a likely candidate for a true MIPC synthase.
Nothing is known about the presumed «l,3-Man-T re-
sponsible for synthesis of the common intermediate
M,IPC (An-2) or about glycosyltransferases involved in
any of the subsequent steps in synthesis of more complex
GIPCs (such as the al,6-Man-T required to convert An-2
to An-3 in A. nidulans).

As a number of confirmed or putative genes for al,2-,
al,3-, and al,6-Man-Ts are known, an interesting point to
determine is whether the downstream glycosylation steps
in the biosynthesis of oligo-a-mannosyl IPCs such as An-3
are carried out by a-man-Ts also used in other pathways,
or by enzymes specific to the GIPC pathway, and therefore
among candidates with as yet unconfirmed glycosyltrans-
ferase functions. Examples of both overlapping and non-
overlapping pathway specificities are known from studies
of mammalian glycosyltransferase families such as the
GalBl,3- and GalB1,4-Ts (71). Another key question is
whether biosynthesis of MIPC or more highly elaborated
GIPCs is essential for the survival of fungi. It has been es-
tablished that biosynthesis of IPC is required for vegeta-
tive growth of S. cerevisiae (24) but that conversion to
MIPC is not (68); however, this finding doesn’t exclude es-
sential roles for MIPC, MyIPC, and further GIPC products
in A. nidulans or other higher fungi. If they have essential
roles, then glycosyltransferases downstream of IPC syn-
thase could be targets of inhibitors with potential as anti-
fungal agents, provided they are specific to GIPC biosyn-
thesis.

The identity of the glycosylinositol structure of the A.
nidulans MsIPC with that of C. cibarius is somewhat surpris-
ing, insofar as these fungi are members of evolutionarily
distant phyla (Ascomycota and Basidiomycota, respec-
tively). However, the C. cibarius GIPC profile also appears
to be distinct from those of all seven other Basidiomycete
species examined so far, in that the core structures of the
latter all diverge at the point of adding the second
monosaccharide residue (Gall—6Manal—2Ins) (55, 72).
In any case, GIPCs more polar than M3IPC were not ob-
served in the C. cibarius profile, as found here for A. nidu-
lans. A more critical comparison awaits characterization of
the GIPCs of A. fumigatus. Preliminary evidence indicates
a number of differences between the GIPCs of A. fumiga-
tus and those found in A. nidulans (M. S. Toledo, B. Ben-
nion, C. Park, S. B. Levery, A. H. Straus, and H. K. Takahashi,
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unpublished observations). The current work suggests that
genomic and/or proteomic comparisons should help to
identify candidate glycosyltransferases (or other factors
controlling GIPC expression) that are present in A. fumig-
atus and absent in A. nidulans. Because many genes in the
two species are mutually complementary (37-41), A. nidu-
lans would be an excellent vehicle for testing the effects of
transformation by genes putatively responsible for the dis-
tinct profile of GIPCs expressed in A. fumigatus. B
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