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We describe tandem mass spectrometric approaches, including multiple stage ion-trap and
source collisionally activated dissociation (CAD) tandem mass spectrometry with electrospray
ionization (ESI) to characterize inositol phosphorylceramide (IPC) species seen as [M — H] and
[M - 2H + Li] ions in the negative-ion mode as well as [M + H]", [M + Li]*, and [M - H +
2Li]" ions in the positive-ion mode. Following CAD in an ion-trap or a triple-stage quadrupole
instrument, the [M — HJ ions of IPC yielded fragment ions reflecting only the inositol and the
fatty acyl substituent of the molecule. In contrast, the mass spectra from MS® of [M - H -
Inositol] ions contained abundant ions that are readily applicable for assignment of the fatty
acid and long-chain base (LCB) moieties. Both the product-ion spectra from MS* and MS® of
the [M - 2H + AIK], [M + H]", [M + Alk]*, and [M - H + 2Alk]" ions also contained rich
fragment ions informative for unambiguous assignment of the fatty acyl substituent and the
LCB. However, the sensitivity of the ions observed in the forms of [M - 2H + AIk], [M + H] ",
[M + AIK]*, and [M - H + 2AIk]" (Alk = Li, Na) is nearly 10 times less than that observed
in the [M — H] form. In addition to the major fragmentation pathways leading to elimination
of the inositol or inositol monophosphate moiety, several structurally informative ions
resulting from rearrangement processes were observed. The fragmentation processes are
similar to those previously reported for ceramides. While the tandem mass spectrometric
approach using MS" (n = 2, 3) permits the structures of the Leishmania major IPCs consisting
of two isomeric structures to be unveiled in detail, tandem mass spectra from constant neutral

loss scans may provide a simple method for detecting IPC in mixtures.
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amide moiety, to which an inositol phosphate resi-

due is linked via the 1-OH of the long-chain base
(LCB) (see IPC structure in Schemes). The identification
of IPCs in the membrane of Saccharomyces cerevisiae was
first reported by Smith and Lester [1]. However, the
glycosylated IPC (glycosylinositol phosphorylceram-
ides or GIPCs) was first found in the membrane of
Saccharomyces cerevisine and Candida utilis by Wagner
and Zofcsik, earlier [2]. In plants, GIPCs also constitute
an abundant group of membrane sphingolipids [3, 4].
Different from plants and fungi, the primary sphingo-
lipid species in Leishmania spp. and Trypanosoma spp. is
unglycosylated IPC [5-7], which accounts for 5% to 10%

Inositol phosphorylceramide (IPC) consists of a cer-
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of total cellular lipids in Leishmania [5] and are enriched
in raft-associated membrane fractions [8].

IPC is synthesized through the transfer of inositol
phosphate from phosphatidylinositol to the 1-OH
group of ceramide or phytoceramide [9, 10]. This trans-
fer reaction is catalyzed by the phosphatidylinositol:
ceramide phosphoinositol transferase (IPC synthase), a
membrane-bound enzyme [11, 12]. In S. cerevisiae and C.
albicans, phytoceramide is the preferred receptor for
phosphoinositol. These fungi synthesize a family of
sphingolipids (SLs) composed of unglycosylated IPC,
mannose inositol phosphoceramide (MIPC), and man-
nose di-inositol phosphoceramide (M[IP],C) [11, 13].
Available evidence indicates that AURI, an essential
gene, encodes the IPC synthase or a subunit of the
enzyme in S. cerevisiage [14]. In contrast to fungi and
plants, mammalian cells do not synthesize IPC or
GIPCs; instead, choline phosphate is transferred from
phosphatidylcholine to the 1-OH group of ceramide,
leading to the synthesis of sphingomyelin (SM). This
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difference in SL metabolism between mammalian cells
and fungi represents an attractive target for antifungal
drugs such as khafrefungin [15] and aureobasidin A [14,
16], which specifically inhibit the IPC synthase.

In addition to being membrane component, IPC
species regulate virulence in pathogenic fungi. In Cryp-
tococcus neoformans, IPC-derived diacylglycerol induces
the transcription of virulence factor App1, which inhib-
its phagocytosis by alveolar macrophages [17], as well
as activating protein kinase C1, which promotes cell-
wall stability and melanin production in C. neoformans
[18]. Recent work indicates Leishmania parasites synthe-
size high levels of IPC as both promastigotes (the stage
residing extracellularly in the midgut of sandfly vec-
tors) and amastigotes (the stage residing intracellularly
within phagolysosomes of mammalian macrophages),
suggesting this lipid plays important roles in both
stages [19-21]. Mutants defective in the synthesis of
sphingoid bases (via inactivation of serine palmitoyl-
transferase; spt2”) or degradation of sphingosine-1-
phosphate (via inactivation of sphingosine-1-phosphate
lyase; spl’) exhibited severe defects in vesicular traffick-
ing upon entry into stationary phase and failed to
differentiate to infective metacyclic form, suggesting
sphingolipid metabolism is crucial for the virulence of
Leishmania parasites [19, 21, 22]. Remarkably, both mu-
tants were rescued by ethanolamine, a downstream
metabolite of the de novo SL pathway, a finding with
profound implications to role of SLs in the promastigote
stage [22]. However, despite disruptions in the de novo
synthesis of SLs, spt2” amastigotes retain high levels of
IPC, suggesting that this stage salvages one or more IPC
precursors from the mammalian host for conversion
into the parasite specific IPC [20]. In this regard, the SL
mutant amastigotes resemble WT amastigotes, which
normally down-regulate the de novo SL and SPL
(sphingosine-1-phosphate lyase)-dependent ethanol-
amine synthetic pathways [19, 21, 22]. Genetic analysis
of the role of amastigote IPC thus awaits the develop-
ment of parasite mutants deficient in IPC synthesis
and/or SL salvage from the host.

The structure of IPC is well established. Tandem
sector mass spectrometric approach to characterize
Leishmania Mexicana IPC as the [M + H]" ions desorbed
by FAB was previously described by Singh et al. [23].
Levery et al. also described tandem mass spectrometric
approaches to characterize glycosylinositol phosphoryl-
ceramides (GIPCs), the complex derivatives of IPC,
using the lithiated adduct ions desorbed by ESI in the
positive-ion mode [24-26]. IPC species from Trypano-
somatids (Leishmania spp. and Trypanosoma spp.) have
been previously analyzed by ESI tandem mass spec-
trometry in the negative-ion mode [6, 7, 19]. Here we
report more detailed structural studies towards the
identification of the long-chain base and the fatty acid
substituent of IPC using tandem mass spectrometry.
ESI tandem quadrupole and ion-trap mass spectromet-
ric approaches are used to characterize the IPC species
in the promastigote stage of L. major, a pathogen re-
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sponsible for cutaneous leishmaniasis. These ap-
proaches afford the structures of IPC species in the
forms of [M — H] and [M - 2H + Li] ions in the
negative-ion mode, as well as in the forms of [M + H]",
[M + Li]", and [M -H + 2Li]" ions in the positive-ion
mode to be unveiled in detail. The mechanisms under-
lying the fragmentation processes of IPC revealed by
tandem mass spectrometry will be presented.

Materials

All chemicals used are in spectroscopic grade and were
purchased from Sigma Chemical Co. (St. Louis, MO).
Total lipids were extracted from L. major as previously
described [19].°Briefly,°wild°type°L. major LV39°clones
(Rho/SU/59/P) cells were grown in M199 medium
with supplements and 10% heat inactivated fetal bovine
serum at 26 °C. Cells were harvested, washed and
resuspended in phosphate buffered saline (PBS, 137
mM NaCl, 10 mM Phosphate, 2.7 mM KCl, pH 7.4) at 2
X 10% cells/mL, followed by sonication on ice (15 W,
5 s). Afterwards lysates were extracted with 3.75 vol of
CHCl;/methanol (1:2), followed by 1.25 vol of CHCl,,
and 1.25 vol of water. After centrifugation (1000 g, 10
min), the upper aqueous phase was removed and the
organic phase was washed once with water. The or-
ganic phase was then dried under nitrogen and dis-
solved in CHCl;/methanol (1:2) at the equivalent of 2 X
10” cells/ml and stored at —20 °C.

Methods
Mass spectrometry

Low-energy CAD tandem mass spectrometry experi-
ments were conducted both on a Finnigan (San Jose,
CA) LCQ DECA ion-trap (IT) mass spectrometer (MS)
with the Xcalibur operating system and a Finnigan
TSQ-7000 triple-stage quadrupole (TSQ) mass spec-
trometer with ICIS operating system. Lipid extract was
infused (3 nL/min) to the ESI source, where the skim-
mer was set at ground potential, the electrospray needle
was set at 4.5 kV, and temperature of the heated
capillary was 260 °C. The automatic gain control of the
ion trap was set to 5 X 107, with a maximum injection
time of 400 ms. Helium was used as the buffer and
collision gas at a pressure of 1 X 107> mbar (0.75
mTorr). The MS" experiments were carried out with a
relative collision energy ranging from 30% to 40% and
with an activation q value at 0.25. The activation time
was set at 100 ms. Mass spectra were accumulated in
the profile mode, typically for 3 to 5 min for MS*- and
MS?-spectra. The mass resolution of the instrument was
tuned to 0.6 Da at half peak height.

For product-ion spectra obtained with a triple quad-
rupole instrument, the precursor ions were selected in
the first quadrupole (Q1), collided with Ar (2.3 mTorr)
in the rf-only second quadrupole (Q2) and analyzed in
the third quadrupole (Q3). The collision energies were
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Table 1. Composition of IPC from Leishmania major®
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Relative
[M-2H [M-2H M-H+ [M-H+ abundance
[M-H]- + L]~ +Nal- [M+H]" [M+Li]" [M+ Na]" 2Li1* 2Na]™* Structure (% of base peak)

750.6 *756.6 *772.6 752.6 *758.6 *774.6 *764.6 *796.6 d14:1/18:0-1PC 1

& d16:1/16:0-IPC
764.6 *770.6 *786.6 766.6 *772.6 *788.6 *778.6 *810.6 d16:1/17:0-IPC 1

& d15:1/18:0-IPC
776.6 *782.6 *798.6 778.6 *784.6 *800.6 *790.6 *822.6 d16:1/18:1-IPC 1
778.6 784.6 800.6 780.6 786.6 802.6 792.6 824.6 d16:1/18:0-IPC 100
792.6 798.6 804.6 794.6 *800.6 *816.6 *806.6 *832.6 d17:1/18:0-IPC 2

& d16:1/19:0-IPC
796.6 802.6 818.6 798.6 804.6 820.6 810.6 *842.6  116:0/18:0-IPC 10
804.6 *810.6 *826.6 806.6 *812.6 *828.6 *818.6 *850.6 d18:2/18:0-IPC 1
806.6 812.6 *828.6 808.6 814.6 830.6 *820.6 *852.6 d18:1/18:0-IPC 9
820.6 *826.6 *842.6 822.6 *828.6 *844.6 *834.6 *866.6 d19:1/18:0-IPC 1

& d18:1/19:0-IPC
822.6 *828.6 *844.6 824.6 *830.6 *846.6 *836.6 *868.6 d19:0/18:0-IPC 1

2Data are derived from product-ion analysis with IT and TSQ mass spectrometers.

*Not studied.

set at 32 to 45 eV. Both Q1 and Q3 were tuned to unit
mass resolution and scanned at a rate of 3 s/scan. The
mass spectra were accumulated in the profile mode,
typically for 5 to 10 min for a tandem mass spectrum.
For source collisionally activated dissociation (CAD)
product-ion spectra, the skimmer voltage was set 40 eV
to yield product ions that were selected for further
MS/MS.

Nomenclature

The nomenclature previously described for sphingomy-
elin and ceramide was used [27-29]. Therefore, the
designation of, for example, d18:1/16:0-IPC signifies
the IPC consists of a sphingosine-LCB and a palmitoyl
(16:0-fatty acyl) substituent; while t16:0/18:0-IPC signi-
fies that IPC contains a 16:0-phytosphingosine LCB and
a stearoyl moiety.

Results and Discussion

IPC yielded abundant [M — HJ ions, when subjected to
ESI in the negative-ion mode. In the presence of alkali
metal ion (Alk*, Alk = Li, Na, 1 nm/uL), IPC also
yielded [M - 2H + AIK] ions in the negative-ion mode,
as well as the [M + Alk]" and [M - H + 2Alk]" ions in
the positive ion mode. To obtain the [M + H]" ion,
methanolic solution of NH,OAc was added to a final
concentration of 1 nm/uL. In general, the sensitivity
observed as the [M — HJ ion is at least 10 times higher
than that observed as the [M + Li]*, [M-H + 2Li]*, [M
+ HJ", and [M - 2H + Li] ions. This may be attribut-
able to the fact that IPC possesses a phosphate residue
that is readily ionizable. The structures of the Leishmania
major IPC deduced from the tandem mass spectra of the
various molecular species in this study are listed in
Table 1.

Structural Characterization with the [M — H]™
Ions

The ESI-MS profile of the [M — H] ions of IPC isolated
from Leishmania major is shown in Figure 1la, which
contains major ions at m/z 778, 780, 796, and 806,
consistent with the results previously reported by
Zhang et al. [20]. The MS? spectra of the ion at m/z 778
obtained with an ITMS (Figure 2a) and a TSQ (Figure
2b) instruments are nearly identical. The phosphoinosi-
tol residue of the molecule is seen by the presence of the
prominent ions at m/z 241, corresponding to a inositol-
1,2-cyclic phosphate anion, and at m/z 259 correspond-
ing to a inositol monophosphate anion, along with the
ion at m/z 223 arising from m/z 241 by further loss of
H,O. These ions are characteristic to molecules of
inositol phosphorylceramides [7], and are similar to
those observed for phosphatidylinositol [30]. The spec-
trum also contains the ions at m/z 616 (778 — 162) and
598 (778 — 180), arising from losses of a dehydrated
inositol and a inositol residues, respectively, as well as
the ion at m/z 512 (778 — 266), corresponding to loss of a
18:0-fatty acyl substituent as a ketene (Scheme 1a). The
presence of the ion at m/z 512 suggested that the
molecule is a d16:1/18:0-IPC rather than a d18:1/16:0-
IPC structure as previously reported by Serrano et al.
[7]. The structural assignment is further supported by
the IT MS® spectrum of the ion at m/z 598 (778 — 598,
Figure 2c), which contains ions at m/z 332 (598 — 266)
corresponding to loss of an 18:0-fatty acyl ketene and at
m/z 314 (332 — H,O) from further loss of H,O. The
spectrum also contains the ion at m/z 388, arising from
loss of the d16:1-LCB as an aldehyde and the ion at m/z
386, arising from the simultaneous losses of the alde-
hyde and H, residues (Scheme 1a, Routes a and b) [31].
The 18:0-fatty acyl substituent is recognized by the
presence of the ion at m/z 283, which probably arises
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Figure 1.

(a) The ESI/MS spectrum of the [M — HJ ion of IPC extract from Leishmania major, and the

MS? spectra of the same extract obtained by precursor-ion scans of 241 (b), of 259 (c), by neutral loss
scans of 260 (d), of 266 (e), and of 248 (f) that detect IPCs as the [M - H] (b), [M - H] (¢), [M + H]"
(d), [M + Li]* (e), and the [M — H + 2Li]" (f) species, respectively. The ions labeled with an asterisk

in (d) are the corresponding [M + Na]" ions.

from the pathway involving a rearrangement process
(Scheme 1a, Route c) and represents a 18:0-carboxylate
anion. This unique formation of carboxylate anion was
previously observed for ceramides [31] and provides
information for assignment of the fatty acyl substituent.
Similarly, the IT MS? product-ion spectrum of the ion at
m/z 806 (Figure 2d) contains the common ions at m/z
259, 241, 223, 644 (806 — 162) and 626 (644 — 180) seen for
an IPC, along with the ion at m/z 540, corresponding to
loss of a 18:0-fatty acyl ketene, suggesting the com-
pound is a d18:1/18:0-IPC. This structural assignment is
further confirmed by the IT MS® spectrum of the ion at
m/z 626 (806 — 626, Figure 2e), in which the prominent
ions at m/z 360 (626 — 266) from loss of the 18:0-fatty acyl
ketene and at m/z 342 (360 — H,O) from further loss of
H,O, along with the ion at m/z 283, representing a
18:0-carboxylate anion are present. The spectrum also
contains the analogous ions at m/z 388 and 366 arising
from the similar losses of the d18:1-LCB as described
earlier, consistent with the assigned d18:1/18:0-IPC
structure.

In Figure 2f, the IT MS® spectrum of m/z 796 also
contains the ion at m/z 530, arising from loss of a
18:0-fatty acyl ketene, along with the ions at m/z 259,
241, 223, 634 (796 — 162), and 616 (796 — 180) that are
characteristic to IPC. However, the ion at m/z 616 (M -
H - 180]") is more abundant than the ion at m/z 634 ((M
- H - 162]). By contrast, the abundances of the analo-
gous ions at m/z 598 ([M - H - 180]") and 616 (M - H -
162]") observed in Figure 2a and b and of the ions at m/z
626 (M — H - 180]) and 644 (M — H - 162]") observed
in Figure 2d are nearly of equal abundance. These
differences in the abundances of the [M — H — 162]” and
the [M — H - 180] ions indicate that the m/z 796 ion may
consist of a phytosphingosine LCB rather than a sphin-
gosine LCB. This notion is further revealed by the MS®
spectrum of the ion at m/z 616 (796 — 616, Figure 2g), in
which the ions at m/z 418, arising from elimination of a
tridecaldehyde (198 Da) residue by cleavage of the
3,4-dihydroxy bond (Scheme 1b, Route @) and at 11/z 388
by loss of a 2-hydroxy-tetradecaldehyde (Scheme 1b,
Route b) are present. The spectrum is also dominated by
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Figure 2. The MS® product-ion spectra of the [M - H] ion of d16:1/18:0-IPC at m/z 778 obtained with
an ITMS (a), and a TSQ (b) instruments are similar and contain limited structural information.
However, the IT MS® spectrum of the ion at m/z 598 (778 — 598) (c) contains ions readily applicable
for structural assignment. Similar results were also observed for the IT MS? spectrum of the [M - HJ
ion of d18:1/18:0-IPC at m/z 806 (d) and its IT MS® spectrum of the ion at m/z 626 (806 — 626) (e), for
the IT MS? spectrum of the [M — H]J  ion of t16:0/18:0-IPC m/z 796 (f) and its MS® spectrum of the ion
at m/z 616 (796 — 616) (g), and for the IT MS? spectrum of the ion at m/z 792 (h) and its IT MS?
spectrum of the ion at m/z 612 (792 — 612) (i), from which two isomeric structures were found.

the ions at m/z 350 (616 — 266) arising from loss of a
18:0-fatty acyl ketene and at m/z 332 (350 — H,O) arising
from further loss of H,O. The observation of these ions
along with the ion at m/z 283 reflecting a 18:0-fatty acyl
residue, clearly demonstrated that the molecule is,
indeed, a t16:0/18:0-IPC. The distinction in the product-
ion spectra between, for example, d16:1/18:0-IPC and
t16:0/18:0-IPC that are differed by their LCB moieties
are also seen in the MS” and MS” spectra of the [M - 2H
+ Li], [M + Li]*, [M - H + 2Li]™ and [M + H]" ions
(discuss later).

Several isobaric structures were observed for the
ions at m/z 750, 764, and 792 (Table 1). The IT MS?
spectrum of the ion at m/z 792 (Figure 2h), for example,
contains the ions at m/z 259, 241, 223, 630 (792 - 162),
and 612 (792 — 180) that are characteristic to an IPC. The

spectrum also contains the ions at m/z 526 and 512,
corresponding to losses of 18:0- and 19:0-fatty acyl
substituents, respectively. The structural assignment is
further deduced from the IT MS? spectrum of the ion at
m/z 612 (792 — 612) (Figure 2i), which contains two sets
of the ion-pair at m/z 346 and 328, arising from loss of
18:0-fatty acyl substituent, and at m/z 332 and 314,
arising from the analogous losses of the 19:0-fatty acyl
substituent, along with the ions at m/z 297 and 283,
corresponding to the 19:0- and 18:0-carboxylate anions,
respectively. The spectrum also contains two sets of the
ion-pair at m/z 402 and 400, arising from elimination of
d16:1-LCB, and at m/z 388 and 386, arising from elimi-
nation of d17:1-LCB. The results demonstrated that the
ion at m/z 792 is composed of both a d17:1/18:0-IPC and
a d16:1/19:0-IPC structures.
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Structural Characterization with the [M — 2H +
Li]™ Ions

Both the MS? spectra of the [M —2H + Li] ion at m/z 784
(Table 1) obtained with IT (Figure 3a) and TSQ (not
shown) instruments are dominated by the ion at m/z
622, corresponding to loss of a dehydrated inositol
residue. The presence of the ions at m/z 518 (784 — 266)
arising from loss of the 18:0-fatty acyl ketene and at m/z
500 (518 — H,0) from further loss of H,O indicate that
the molecule contains a 18:0-fatty acyl substituent.
Further dissociation of the ion at m/z 622 (784 — 622)
(Figure 3b), gives rise to ions at m/z 604 (622 — H,0O) and
592 (622 — HCHO) via losses of H,O and HCHO,
respectively [31]. The fragmentation process leading to
formation of the ion at m/z 592 may involve rearrange-
ment of the phosphate residue to C3 from C1 position of
the LCB, followed by loss of a HCHO residue (Scheme
2a, Route a). The MS* product-ion spectrum of the ion at
m/z 592 (784 — 622 — 592) (Figure 3c) is dominated by

the ion at m/z 504, corresponding to loss of a
P(OH),(OLi) (88 Da) residue (Scheme 2a), consistent
with the proposed mechanism that involves rearrange-
ment of the phosphate group. Similar rearrangement of
phosphate group has been previously observed for
phosphatidylinositol phosphate [30], phosphatidylser-
ine [32], and plasmenylethanolamine [33].

In Figure 3b, the ion at m/z 412 probably arises from
elimination of the LCB as an «,S-unsaturated aldehyde
as seen before (Scheme 2a, Route b); the ion at m/z 356
corresponds to loss of the 18:0-fatty acyl substituent.
These results combined with the results from MS?
(Figure 3a) indicate that the compound is a d16:1/18:0-
IPC. Similarly, the IT MS? spectrum of the [M —2H + Li]
ion at m/z 812 contains a major ion at m/z 650 (not
shown) from loss of the inositol residue and the IT MS?
spectrum of m/z 650 (812 — 650) (Figure 3d) also
contains the analogous ions at m/z 412 and 384, arising
from loss of a 18:1-LCB as an «,B-unsaturated aldehyde
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and from loss of a 18:0-fatty acyl substituent, respec-
tively. The observation of these ions, along with the ions
at m/z 632 and 620, arising from further losses of H,O
and HCHO, respectively, suggests that the molecule is
a d18:1/18:0-IPC, which is consistent with the structural
assignment obtained from the [M — H] ion (Table 1).
The IT MS? spectrum of the [M —2H + Li] ion at m/z
802 (not shown) is, again, dominated by the ion at m/z
640 (802 — 162), which gives rise to the prominent ions
at m/z 622 (640 — H,O) and 610 (640 — HCHO) as seen
earlier (Figure 3e, 802 — 640). Nevertheless, the spec-
trum (Figure 3e) also contains the ion at m/z 442,
probably arising from cleavage of the 3,4-dihydroxy
bond of the t16:0-LCB to yield an alcohol by elimination
of a tridecaldehyde (Scheme 2b), and the ion at m/z 412,
arising from loss of a 2-hydroxy-tetradecaldehyde, sim-
ilar to the fragmentation processes as seen for the
corresponding [M — HJ ion of m/z 796 (Scheme 1b). The

18:0-fatty acyl substituent is recognized by the observa-
tion of the prominent ion at m/z 374 (640 —266), arising
from loss of 18:0-fatty acyl ketene. The ion at m/z 369
may represent a stearoylphosphoric anion (a; ion,
Scheme 2b), arising from a lipophosphoryl LCB via a
prior rearrangement process (Scheme 2b, Route a). This
fragmentation process is consistent with the observa-
tion of the ions at m/z 350 (a,) and 356 (a5), arising from
further losses of the 18:0-fatty acid substituent as a
lithium salt and as a free acid, respectively. These
combined information lead to the assignment of a
t16:0/18:0-IPC structure. By contrast, the MS® spectrum
from the sphingosine-containing IPC as shown in Fig-
ure 3b is simple. The striking differences among the
MS? spectra arising from the IPCs with various LCBs
are consistent with the distinction among the product-
ion spectra arising from their [M — HJ ions as seen
earlier.
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Figure 4. The MS? product-ion spectra of the [M + H]" ion at m/z 780 obtained with (a) a TSQ and
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— 548 — 530) from the [M + H]" ion of d18:1/18:0-IPC; (h) is the IT MS® spectrum of the ion at m/z
538 (798 —538) from the [M + H]" ion of t16:0/18:0-IPC; (i) is the IT MS* spectrum of the ion at m/z
516 (794 — 534 — 516) arising from both a d17:1/18:0-IPC and a d16:1/19:0-IPC isomers.

Structural Characterization with the [M + HJ]™,
[M + Alk]*, and [M — H +2 Alk]™ Ions

Among the most useful features in the product-ion
spectra arising from the protonated and the alkali
adduct ions of ceramide and sphingomyelin is that
multiple sets of the fragment ions reflecting the identi-
ties of LCB and of fatty acyl substituent are present,
leading to unequivocal structural determination [27-
29]. The structurally informative ions as described be-
low are similar to those observed for the [M + H]" and
alkali adduct ions of ceramide and of sphingomyelin.

The [M + H]"

The MS? product-ion spectra of the [M + H]* ion at m/z
780 obtained with a TSQ (Figure 4a) and an IT (Figure

4b) instruments are dominated by the ion at m/z 520,
arising from loss of the inositol monophosphate resi-
due. The m/z 520 ion is equivalent to a protonated
[Ceramide — H,O] ion, which gives rise to the ion at m/z
502 by elimination of H,O. This is evidenced by obser-
vation of a prominent ion at m/z 502 in the IT MS?
spectrum of the ion at m/z 520 (Figure 4c, 780 — 520).
The m/z 502 ion can also arise from m/z 762 by elimina-
tion of the inositol monophosphate residue. This frag-
mentation process is supported by the IT MS?® spectrum
of m/z 762 (780 — 762) (Figure 4d), in which the ion at
m/z 502 is prominent. Both the IT MS* spectra of the ion
at m/z 502 originated from m/z 520 (780 — 520 — 502,
Figure 4e) and from m/z 762 (780 — 762 — 502, Figure
4f) contain ions at m/z 308 and 284, identifying the
18:0-fatty acyl substituent, along with the ions at m/z
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236 and 219 reflecting the d16:1-LCB moiety [23, 27, 28].
However, the ion at m/z 308 is the most prominent in
Figure 4e; whereas the ion at m/z 236 is the most
prominent in Figure 4f. The apparent differences be-
tween the two IT MS® spectra from the m/z 502 ions may
be attributable to the fact that the mechanism leading to
dissociation of m/z 502 as seen in Figure 4e involved in
a prior formation of 5-member cyclic ring intermediate
as previously proposed (Scheme 3a) [29], while the
mechanism leading to dissociation of m1/z 502 as seen in
Figure 4f involved a prior formation of an aziridine
intermediate (Scheme 3b). Similar results were also
observed for the [M + H]" ion at m/z 806, which
undergoes consecutive losses of inositol monophos-
phate and H,O to yield ions at m/z 548 and 530,
respectively (data not shown). The IT MS* spectrum of
the ion at m/z 530 (808 — 548 — 530) (Figure 4g)
contains the ions at m/z 308 and 284, reflecting the
18:0-fatty acyl substituent, along with the ions at m/z
264 and 247 that are 28 Da higher than the analogous
ions observed for d16:1/18:0-IPC (i.e., the m/z 236 and
219 ions) and are signifying the presence of d18:1-LCB
residue.

Both the IT and TSQ MS? product-ion spectra of the
[M + H]" ion at m/z 798 are dominated by the ion at m/z
538 (not shown), arising from loss of inositol mono-
phosphate. The IT MS® spectrum of the ion at m/z 538

(798 — 538, Figure 4h) contains the ions at m/z 520 and
272 from further losses of H,O and 18:0-fatty acyl
ketene, respectively. However, the ions at m/z 308 and
284, reflecting the 18:0-fatty acyl residue, along with the
ions at m/z 254 and 237, reflecting the t16:0-LCB, residue
were also seen. Similar ions (i.e., the m/z 308, 282, 254,
and 237 ions) were also observed in the MS*-spectrum
of the ion at m/z 520 (798 — 538 — 520) (data not
shown). The results are consistent with the assignment
of the t16:0/18:0-IPC structure deduced from the [M -
H] ion at m/z 796 as described earlier. The MS’ spec-
trum is readily distinguishable from that arising from
the IPC consisting of sphingosine, such as d16:1/18:0-
IPC (Figure 4c), which would require MS* spectrum for
its structural identification.

The tandem mass spectrometric approach that re-
veals the multiple isobaric structures of IPCs in the [M
+ H]" form is exemplified by the ion at m/z 794, which
gives rise to a prominent ion at m/z 534 (794 — 260) (not
shown), which further dissociated to m/z 516 (534 —
H,O) by a water loss (not shown). The MS* spectrum of
the ion at m/z 516 (794 — 534 — 516) (Figure 4i) contains
two sets of the ion-pair at m/z 322/298 and 308/284,
indicating the presence of 19:0- and 18:0-fatty acyl
substituents, respectively. The spectrum (Figure 4g)
also contains two sets of the ion-pair at m/z 250/233 and
236/219 that signify the presence of 17:1-LCB and
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Figure 5. The MS? product-ion spectra of (a) the [M + Li]* ion at m/z 786, (b) of the [M+ Na]* ion
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at m/z 802 (d) obtained with an IT instrument. The IT MS? spectrum of the [M + Na]* ion of
t16:0/18:0-IPC at m/z 820 (e) and its IT MS3-spectrum of the ion at m/z 538 (820 — 538) (f) are also

shown.

16:1-LCB, respectively. The major set of the m/z 308/284
ion-pair is formed concurrently with the m/z 250/237
ion-pair, arising from the major d17:1/18:0-IPC struc-
ture; while the minor m/z 322/298 ion-pair is formed
together with the set of m/z 236/219 ion-pair, arising
from a minor d16:1/19:0-IPC species. Again, the struc-
tural assignment is consistent with that deduced from
the [M — HJ ion at m/z 792 (Figure 2i) (Table 1).

The [M + Alk]* (Alk = Li, Na) Ions

The major fragmentation process observed for the [M +
Alk]" (Alk = Li, Na) ion of IPC also arises from
cleavage of the inositol monophosphate residue. This is
seen in the tandem quadrupole product-ion spectrum
of the [M+ Li]" ion at m/z 786 (Figure 5a), which
contains prominent ions at m/z 526 (786 — 260) arising
from elimination of inositol monophosphate residue
and at m/z 267 ([C,H,;OsOPO(OH), + Li]*), corre-
sponding to a lithiated adduct ion of inositol mono-

phosphate. The ion at m/z 544 (Figure 5a) is equivalent
to a lithiated ceramide ion and gives rise to ions at m/z
526, 520, 502, and 496, as well as the ions at m/z 308 and
236, reflecting the 18:0-fatty acyl and 16:1-LCB moieties,
respectively [27-29]. Similar results were also observed
for the [M + Na] " ion at m/z 802 (Figure 5b), which is
dominated by the analogous ions at m/z 542 (802 — 260)
and m/z 283 ([CsH;Os0PO(OH), + Na]™"), along with
ions at m/z 308 and 236 that reflect the 18:0-fatty acyl
and 16:1-LCB, respectively. The IT MS? spectra of the
ions at m/z 786 (Figure 5¢) and at m/z 802 (Figure 5d) are
similar to those obtained with TSQ, but the ions reflect-
ing the fatty acyl and LCB moieties are not present.
However, the IT MS* spectra of the ions at m/z 502 (786
— 520 — 502) (not shown) are identical to that shown in
Figure 4e, which gives assignment of the 18:0-fatty acyl
and 16:1-LCB moieties.

The IT MS? spectrum of the [M + Na]* ion at m/z 820
(Figure 5e) is also dominated by the ions at 1/z 560 (820
- 260) and 538 (820 — 282), arising from losses of the
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Figure 6. The MS? product-ion spectra of the [M — H + 2Li]"* ion of d16:1/18:0-IPC at m/z 792
obtained with (a) a TSQ, (b) an IT instruments, and the tandem quadrupole product-ion spectrum of
the corresponding [M - H + 2Na] " ion at m/z 824 (c). The product-ion spectrum of the ion at m/z 544
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spectrum of the ion at m/z 562, generated by skimmer CAD on the [M - H + 2Li]" ion of

t16:0/18:0-IPC at m/z 810.

inositol monophosphate as an acid and as a sodium salt,
respectively, along with the ion at m/z 283
([CcH;,0s0PO(OH), + Na]*). The ions informative to
the identities of the 18:0-fatty acyl and t16:0-LCB resi-
dues are not present in the spectrum, but the IT
MS?>-spectrum of the ion at m/z 538 (820 — 538) (Figure
5f) is identical to that shown in Figure 4h, which
represents the t16:0/18:0-IPC structure. Similar results
were also observed for the [M+ Li] " ion at m/z 804 (data
not shown).

The [M — H + 2 Alk]” (Alk = Li, Na) Ions

The major ions observed for the [M - H + 2 Alk]" ion
of IPC arises from cleavage of the P-OC; bond, similar
to that previously observed for the [M — H + 2AlKk]" of
phosphatidylserine [32]. As seen in Figure 6, the MS?
product-ion spectra of the [M —H + 2 Li]* ion at m/z 792
obtained with an TSQ (Figure 6a) and with an IT

(Figure 6b) instruments are dominated by the ions at
m/z 544 and 255, corresponding to a lithiated ceramide
and a dilithiated inositol-1,2-cyclic phosphate ions, re-
spectively (Scheme 4). In contrast, the product-ion spec-
trum of the corresponding [M - H + 2 Na] " ion at m/z
824 (Figure 6¢) is dominated by a disodiated inositol-
1,2-cyclic phosphate ion at m/z 287, and the ion at m/z
560, corresponding to a sodiated ceramide cation, is of
low abundance. This drastic rise in the abundance of the
alkali phosphate cations upon substitution of Li* with
Na™ was previously seen for the [M - H + 2Alk]" of
phosphatidylserine [32].

The fragment ions informative for the fatty acyl
substituent and LCB are not present in the MS” spectra
(Figure 6a—c). However, the product-ion spectrum of
the ion at m/z 544 (Figure 6d) generated by source CAD
and the IT MS? spectrum of the ion at m/z 544 (792 —
544) (Figure 6e) contains the ions at m/z 236, 260, and
261, signifying the 16:1-LCB moiety, along with the ions
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at m/z 272, 290, and 316, identifying the 18:0-fatty acyl
substituent. These ions are similar to those observed for
the [M + Li]" ion of ceramide with a sphingosine
moiety [27-29], supporting the assignment of the d16:
1/18:0-IPC structure. These results are consistent with
the notion that the ions informative for structural iden-
tification of the [M + Li]" ion of the d16:1/18:0-IPC
arise from further fragmentation of m/z 544, a lithiated
d16:1/18:0-ceramide. Similarly, the product-ion spec-
trum of the ion at m/z 562 (Figure 6f), generated by
source CAD on the [M - H + 2Li]" ion of t16:0/18:0-IPC
at m/z 810, contains analogous ions arising from the [M
+ Li]" ion of t16:0/18:0-ceramide at m/z 562. These ions
(Figure 6f) were seen at m/z 279, 261, 260, and 235 that
identify the t16:0-LCB, as well as the ions at m/z 344,
332, 316, 290, and 272 that identify the 18:0-fatty acyl
moiety [28].

Profiling the IPC Species by Linked-Scanning

As shown earlier, the ions at m/z 259 and 241 are
common ions observed in the MS? spectra of the [M —
HJ ions of IPCs and are among the most prominent
(Figure 2). The MS® spectra obtained by parent-ion
scans of 241 (Figure 1b) and of 259 (Figure 1c) are
similar to the MS spectrum shown in Figure 1la, sug-
gesting that the MS” spectra arising from these scans
may be applicable for profiling the IPCs in mixtures,
similar to that previously described for phosphatidyl-
inositol [30]. The profiles of the MS? spectra acquired by
neutral losses of 260 (loss of C4H;;O,PO[OH],) (Figure
1d), of 266 (loss of CcH;;O,PO[OH][OLi]) (Figure 1le),
and of 248 (loss of C¢H;,OsPO[H][OLi]) (Figure 1f),
from the IPCs observed in the forms of [M + H]", [M +
Li]*, and [M - H + Li]", respectively, are also similar,
indicating the MS? spectra from these neutral loss (NL)
scans may be also useful for detecting IPC molecules.
However, the sensitivities of IPCs detected by ESI as the
M + H]Y, [M + Li]", and [M - H + Li]* forms are at
least 10 times less than the [M - H] form, resulting in

decrease in sensitivities using the corresponding NL
scannings (i.e., NL scannings of 260, 266, and 248),
regardless of the fact that the [M + H - 260]" (NL of
260), [M + Li - 266]" (NL of 266), and [M - H + 2Li -
248]" (NL of 248) ions are among the most prominent in
the product-ion spectra of IPC seen as the [M + H]"
(e.g., Figure 4a), [M + Li]" (e.g., Figure 5a) and as the
[M -H + 2Li]" (e.g., Figure 6a) ions, respectively.

Conclusions

Multiple-stage IT mass spectrometry with subsequent
applications of MS®> and MS* and tandem quadrupole
mass spectrometry with application of source CAD
afford the fragmentation processes of IPC under low-
energy CAD to be unveiled in detail, leading to its
structural characterization. While multiple-stage mass
spectrometry, in particular with IT, provides informa-
tion that is valuable to the understanding of the mech-
anism(s) underlying the fragmentation processes, tan-
dem quadrupole mass spectrometry with application of
precursor-ion or NL scanning is useful for specific
detection of IPC species in mixture from biological
specimens. The observation of the d16:1/18:0-IPC as the
most abundant IPC from this study (Table 1) suggests
that the majority of LCB in Leishmania major is synthe-
sized through the condensation of serine and myristoyl-
CoA (14:0). This unique requirement for myristoyl-CoA
in the IPC synthesis in Leishmania major is similar to the
synthesis of lipid anchor for the variant surface glyco-
protein in a related protozoan parasite, Trypanosoma
brucei [34].
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