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Aqueous phenol extraction of the lower trypanosomatid Leptomonas samueli released into the
aqueous layer a chloroform/methanol/water-soluble glycophosphosphingolipid fraction. Alka-
line degradation and purification by gel filtration chromatography resulted in a tetrasaccharide
(phosphatidylinositol (PI)-oligosaccharide A), and a pentasaccharide (PI-oligosaccharide B),
each containing 2 mol of 2-aminoethylphosphonate and 1 mol of phosphate. Nuclear magnetic
resonance spectroscopy and fast atom bombardment-mass spectrometry suggested that the
structure of PI-oligosaccharide A is

Man-a(1=3)-Man-o{1—>4)-GlcNH:-a(1—6)-myo-inositol-1-OPO;
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and that of PI-oligosaccharide B is as shown.
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Both compounds contain an inositol unit linked to ceramide via a phosphodiester bridge. The
major aliphatic components of the ceramide portion are stearic acid, lignoceric acid, and Czo-
phytosphingosine,

These novel glycolipids fall within the glycosylated phosphatidylinositol (GPI) family, since
they contain the core structure Mana(l—4)GlcNH.a(1—-6)myo-inositol-1-PQ,, which is also
found in the glycoinositolphospholipids and lipophosphoglycan of Leishmania spp., the L. major
promastigote surface protease, the glycosylphosphatidylinositol anchor of Trypanosoma brucei
variant surface glycoprotein, and the lipopeptidophosphoglycan of Trypanosoma cruzi.

The glycophosphosphingolipids of Leptomonas have features in common with the glycolipids
of both Leishmania and T. cruzi, resembling the former by the a(1—3) linkage of mannose to
the GPI core, while the 2-aminoethylphosphonate substituent on 0-6 of glucosamine and the
presence of ceramide in place of glycerol lipids is more reminiscent of T. cruzi. Thus these data
lend some support to the hypothesis that both 7. cruzi and Leishmania evolved from a Lepto-
monas-like ancestor.

Structural studies of phosphoinositol-containing glycolipids
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have gained new impetus following the discovery that they
function as membrane anchors for many eukaryotic cell sur-
face proteins (reviewed by Ferguson and Williams (1988),
Low (1989), and Thomas et al. (1990)). Well characterized
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examples include rat brain Thy-1 glycoprotein (Homans et
al., 1988) and the variant surface glycoprotein of Trypanosoma
brucei (Ferguson et al., 1988). Other members of the trypa-
nosomatidae family synthesize cell surface glycoinositolgly-
cerolipids which are not covalently linked to protein. These
include the heterogeneous lipophosphoglycan (LPG)' of
Leishmania spp., in which the glycoinositolglycerolipid is
linked to a phosphorylated polysaccharide (Orlandi and
Turco, 1987; Turco et al., 1987; Turco et al., 1989; McConville
et al., 1987, McConville et al., 1990b), and a family of low
molecular weight glycoinositolphospholipids (GIPLs) (Mc-
Conville and Bacic, 1989; McConville et al., 1990a) from
Leishmania major and Leishmania donovani which are not
linked to either protein or polysaccharide. Epimastigote forms
of T. cruzi also synthesize a protein and polysaccharide-free
phosphoinositol-containing glycolipid, the so-called lipopep-
tidophosphoglycan (LPPG). Although this material differs
from the glycophosphoglycerolipids of Leishmania in that it
is a glycophosphosphingolipid (Previato et al., 1990; Leder-
kremer et al., 1990, 1991), the glycan moiety contains the core
sequence Mana(1—4)GleNHoa(1—6) myo-inositol-1-PO,
which is common to all hitherto described members of the
glycosylphosphatidylinositol (GPI) lipid family (Ferguson et
al., 1991).

The presence of different classes of GPI containing lipids
in Trypanosoma and Leishmania species prompted us to in-
vestigate the phosphoinositol-containing glycolipids of the
lower trypanosomatids, in the hope that data from these
monogenetic organisms would clarify the evolutionary rela-
tionships and biological significance of these molecules. In
this paper we report the structure of two phosphoinositol
oligosaccharides isolated from the glycophosphosphingolipids
of Leptomonas samueli, a monogenetic kinetoplastid parasite
found in the insect Zelus leucogrammus Perty, 1834 (Hemip-
tera: Reduviidae) (Wallace, 1979).

EXPERIMENTAL PROCEDURES

Materials—2-Aminoethylphosphonic acid was obtained from Ald-
rich Chemical Co. Deuterium oxide (99.9%) was obtained from Goss
Scientific (Ingatestone, United Kingdom). Sugars, fatty acids, long
chain base standards, glycerol, and thioglycerol were obtained from
Sigma (Poole, United Kingdom), and were used without further
purification.

Isolation of Glycophosphosphingolipids (GPS)—L. samueli promas-
tigotes were cultured as previously described (Palatnik et al., 1987)
and the resulting cells (approximately 5 X 10'?) were extracted with
45% (v/v) aqueous phenol at 80 °C. The aqueous layer was dialyzed,
freeze dried, and applied to a column (2 X 100 ¢m) of Bio-Gel P-60.
The excluded material was lyophilized and the GPS were recovered
by extraction (twice) with chloroform/methanol/water (10:10:3). The
extracts were combined, evaporated to dryness, dissolved in water,
and lyophilized. The yield of GPS was about 100 mg.

Isolation of Phosphoinositol Oligosaccharides—The P1-oligosaccha-
rides were isolated from the intact GPS by alkaline hydrolysis (1 M
KOH, 48 h at 37 °C) (Smith and Lester, 1974). After neutralization
with acetic acid, non-polar material was removed by chloroform
extraction, and the aqueous layer was treated with Dowex 50W-X8
(H?*) resin. The mixture was filtered through glass wool and the PI-
oligosaccharides were eluted from the resin with water. The eluate
was freeze dried, dissolved in water, and fractionated on a column of
Bio-Gel P-4.

Carbohydrate Analysis—Neutral and acidic sugars were determined
after methanolysis (0.5 M methanolic HCI; 80 °C for 18 h with

! The abbreviations used are: LPG, lipophosphoglycan; LPPG,
lipopeptidophosphoglycan; GIPL, glycoinositolphospholipid; GPS,
glycophosphosphingolipid; GPI, glycosylphosphatidylinositol; PI,
phosphatidylinositol; 2-AEP, 2-aminoethylphosphonate; Galf, galac-
tofuranose; GlcNH,, glucosamine; GC, gas chromatography; FAB,
fast atom bombardment; MS, mass spectrometry; NOE, nuclear Ov-
erhauser effect.
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mannitol as internal standard). Fatty acids were removed by hexane
extraction and the methyl glycosides were trimethylsilylated with bis-
(trimethylsilyl)trifluoroacetamide/pyridine (1:1, v/v) for 4 h at room
temperature (Sweeley et al., 1963). The products were analyzed by
gas-liquid chromatography (GC) using a capillary column of OV-101
(25 m X 0.2-mm inner diameter), with helium as the carrier gas at
0.5 kpascal. The column temperature was programmed from 120 to
240 °C at 2 °C min™*.

For analysis of inositol and glucosamine, samples were treated with
3 M methanolic HCI (18 h at 80 °C: arabinitol internal standard). The
dried methanolysates were then hydrolyzed with 6 M HCl (18 h;
105 °C), reduced with sodium borohydride, acetylated (acetic anhy-
dride/pyridine (9:1)), and analyzed by GC as above, except that the
colunlm temperature was programmed from 120 to 240 °C at 3°C
min~.

The absolute configurations of the neutral monosaccharides were
determined by GC of their trimethylsilylated (—)-2-butylglycosides
(Gerwig et al., 1978).

Fatty Acid Analysis—Samples were transesterified with 0.5 M
methanolic HCI for 18 h at 80 °C. The fatty acid methyl esters were
extracted into hexane and analyzed by GC (before and after trime-
thylsilylation) using an OV-101 capillary column, with temperature
programming from 180 to 310 °C at 5 °C min™".

Long Chain Sphingosine Bases—Long chain sphingosine bases
were released from GPS by methanolysis (1 M methanol HC] made
10 M with respect to water) for 18 h at 80 °C (Carter and Gaver,
1967). The pH was adjusted to 11 with aqueous NaOH, and the
methanolysate was extracted three times with 2 volumes of diethyl
ether. The combined extracts were dried with sodium sulfate, evapo-
rated under nitrogen, dissolved in methanol and N-acetylated with
acetic anhydride (Gaver and Sweeley, 1966). The N-acetyl derivatives
were O-trimethylsilylated by treatment with bis-(trimethyl-
silyl)trifluoroacetamide/pyridine (1:1, v/v) for 4 h at room tempera-
ture and analyzed by capillary GC and by GC-MS.

Gas Chromatography Mass Spectrometry (GC-MS)—Capillary GC-
MS was performed with a Riber-Mag R10-10 instrument (Rueil
Malmainson, France) using a DB-1 capillary column (30 m X 0.2
mm, inner diameter). The GC oven temperature was programmed
either from 180 to 310 °C (for fatty acid methyl esters and trimethyl-
silylated N-acetylated sphingosine bases), or from 100 to 240 °C (for
trimethylsilylated methylglycosides) at 5 °C min~" in both cases. Both
electron impact and chemical ionization spectra (using ammonia as
reagent gas) were recorded.

Other Analytical Methods—Total neutral sugars were analyzed by
the phenol/sulfuric acid procedure (Dubois et al., 1956). Total phos-
phorus was determined by the method of Ames (1966) and acid
hydrolyzable phosphorus by the method of Bartlett (1959). The
procedure of Lauter and Trams (1962) was used for the quantitative
analysis of the long chain bases in methanolysates of GPS. Cys-
phytosphingosine was used as standard.

Nuclear Magnetic Resonance Spectroscopy (NMR)—Samples were
exchanged by repeated lyophilization from deuterium oxide before
final dissolution in 0.5 ml of D.0. All spectra were obtained at 30 °C
in 5-mm tubes and probes. *'P spectra were obtained on a Bruker
WM200 spectrometer and were referenced to external 85% H;PO, at
0 p.p.m. One-dimensional ’C spectra were obtained on a Bruker
WP200 spectrometer and were referenced to external dioxane at 67.4
p.p.m. One- and two-dimensional proton NMR spectra were obtained
on Varian Unity 600 and Bruker AM500 spectrometers. Proton
chemical shifts were referenced to internal 3-(trimethylsilyl)propionic
2,2,3,3-d, acid at 0 p.p.m.. All correlation spectra were obtained in
the magnitude mode. Standard microprograms provided with the
current software were used for all pulse sequences except for the 600
MHz ROESY experiment.

'H correlation spectra were run at 500 or 600 MHz, using the
COSY-45 pulse sequence (Aue et. al., 1976). For the spectrum of the
Pl-oligosaccharide A, 512 experiments, each with 4 transients of 2048
data points, were performed with spectral windows of 2304 Hz in
both domains. The relaxation delay between pulse trains was 1.5 s
and the experiment was tuned for a 5-Hz coupling constant. The data
were zero-filled in f; to give digital resolution of 2.25 Hz/point in f;
and f, and the spectrum was processed using unshifted sine bell
window functions in both domains. Similar spectral parameters were
used for the triple relayed COSY of PI-oligosaccharide A, except that
392 transients were collected in each experiment. The experiment was
tuned for coupling constants of 6 and 8 Hz.

The COSY-45 spectrum of Pl-oligosaccharide B was obtained at
600 MHz, with spectral widths of 3610 Hz in both domains; 256
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spectra averaging 16 transients were collected. A 3-s relaxation delay
was allowed between pulse-acquisition sequences, the data zero-filled
in f; to 1024 points and processed with sine bell window functions in
both domains.

A triple-relayed COSY spectrum of Pl-oligosaccharide B was ob-
tained under similar conditions and utilized a 30-ms delay between
relay steps, tuning the experiment for coupling constants of 8 Hz.
The triple quantum filtered COSY spectrum of Pl-oligosaccharide B
was obtained using spectral windows of 3339.2 Hz in both domains
and 600 increments of 6 transients per free induction decay were
collected using the States method to obtain a phase-sensitive spec-
trum. The delay between pulse sequences was 1.5 s.

'H™C correlation spectra were obtained at 125 MHz with the
Bruker AM500 spectrometer in the carbon-detected mode using the
pulse sequence of Bax and Morris (1981). For Pl-oligosaccharide A
the spectral windows were 12,500 Hz in f; and 4,700 Hz in f,. The
data were zero-filled in f; to give final digital resolutions of 6.1 and 8
Hz/point in f, and f), respectively. A relaxation delay of 1.2 s was
allowed before each pulse-acquisition sequence, and the experiment
was tuned for 'J¢.n of 150 Hz. The same conditions were used for the
C-H correlation spectrum of Pl-oligosaccharide B, except that the
spectral width in the proton domain was reduced to 2,380 Hz and the
number of measurements in f; halved to 256.

The ROESY spectrum of PI-oligosaccharide B was obtained at 600
MHz. The experiment was modified to generate the spin-lock field
by continuous low-power irradiation. 400 increments (of 9600 data
points) were acquired over a 4800 Hz sweep width in both domains,
16 transients being collected at each increment. A phase-sensitive
spectrum was generated with the States-Haberkorn method. The
relaxation delay between pulse sequences was 2 s and the residual
water peak was eliminated by presaturation. The spectrum was zero-
filled to 1024 points in f; before transformation.

Fast Atom Bombardment-Mass Spectrometry—FAB mass spectra
were acquired using a Kratos MS80 RFA mass spectrometer, fitted
with an Ion Tech saddle field gun using xenon atoms as the bom-
barding particles. The sample (approximately 10 ug dissolved in 1 ul
of 30% acetic acid) was mixed with a similar volume of matrix on the
stainless steel target. The matrices used were either glycerol or a 1:1
mixture of glycerol and thioglycerol. The instrument was operated at
4 kV accelerating voltage, and the magnet was scanned at 30 s/decade
from a start mass of 3600. Between 10 and 20 scans were acquired
and averaged using the DS90 raw data software. The mass axis was
calibrated with cesium iodide clusters, the reference data being ac-
quired immediately after the sample spectrum. Collision spectra were
recorded in the positive ion mode only. Collision-induced dissociation
was achieved by admitting helium to the first field-free region gas
cell so as to attenuate the ion beam to 30% of its initial value. The
decomposition products were analyzed by means of computer gener-
ated B/E-linked scans. In these experiments the magnet was scanned
at 10 s/decade from a start mass of 2000, and the spectra were
obtained by averaging 50 raw data scans.

RESULTS

Isolation and Chemical Composition of Glycophosphosphin-
golipids of L. samueli—Hot phenol-water extraction of L.
samueli cells released into the aqueous layer a glycolipid
fraction that was soluble in chloroform/methanol/water
(10:10:3, v/v) but not in chloroform or in chloroform/metha-
nol (2:1, v/v). Analysis showed that this fraction contained:
glucuronic acid (not quantified), mannose, xylose, glucosa-
mine, inositol, rhamnose, galactose, glucose, phosphorus; long
chain base and fatty acids in the molar proportions listed in
Tables I and II. The levels of phosphorus measured by the
procedure of Ames (1966) were 3-fold higher than detected by
Bartlett’s method, suggesting the presence of acid stable C-P
linkages (Horiguchi, 1984). The equimolar proportions of acid
labile phosphorus (1 mol), inositol (1 mol), and long chain
base (1 mol) indicated that the preparation contained exclu-
sively glycophosphosphingolipids (GPS). This was confirmed
by treating it with 1 M KOH (48 h at 37 °C), conditions that
hydrolyze inositol phosphoceramide to inositol monophos-
phate and ceramide. GC analysis of the hydrolysate following
partition between chloroform and water showed that long
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TaBLE 1
Chemical compositions of GPS from L. samueli cells

Component Inositol

wnol/mol
Rhamnose® 0.8
Xylose® 35
Mannose® 5.2
Galactose”® 0.8
Glucose® 0.8
Glucosamine” 0.9
Inositol? 1.0
Glucuronic acid® —

Phosphorus?

Ames’ method 3.0
Bartlett’s method 1.0
Long chain bases? 0.9

“Determined by GC as trimethylsilyl derivatives of methylglyco-
sides.

® Determined by GC as alditol acetate derivatives.

“ Present but not quantified.

¢ Determined by the colorimetric methods described in experimen-
tal procedures.

TaBLE II
Fatty acid and sphingosine base compositions of GPS from L. samueli
%

Fatty acid composition

14:0 2.8
16:0 6.6
18:0 21.2
19:0 br® 77
19:0 58
22:0 3.3
23:0 7.4
24:0 26.0
25:0 8.5
26:0 10.7
Sphingosine base composition
Ca-phytosphingosine 79
C.-phytosphingosine 28

¢ Branched fatty acid.

chain bases and fatty acids were present only in the chloro-
form phase.

Identification of the Fatty Acids—The GPS of L. samueli
was methanolyzed and the resulting fatty acid methyl esters
were analyzed by GC and GC-MS. Nine of the 10 peaks were
characterized as unbranched saturated fatty acids ranging in
carbon number from 14 to 26 (Table II). Stearic acid (18:0)
and lignoceric acid (24:0) amounted to 50% of the total. The
remaining peak was identified by GC-MS as the methyl ester
of a branched 19-carbon acid.

Long Chain Base Composition—Tetramethylsilyl deriva-
tives of the N-acetylated long chain bases obtained from GPS
were analyzed by GC and GC-MS. The major component was
identified as a Cy-phytosphingosine derivative. The electron
impact mass spectrum of this compound was similar to that
of N-acetyltrimethylsilyl Cis-phytosphingosine, except that
the fragments (M-174)* and (M-276)"* were shifted up in mass
by 28 units compared to the corresponding ions from the Cis-
phytosphingosine (Thorpe and Sweeley, 1967). Similarly, 2
minor peaks in the chromatogram were characterized by their
electron impact mass spectra as C,-phytosphingosines.
Chemical ionization mass spectrometry using ammonia as
reagent gas resulted in protonated molecules at the expected
masses (m/z 604 and m/z 618 for Cy and C,;-phytosphingo-
sine derivatives, respectively) thus confirming the identifica-
tions.

Isolation and Analysis of PI Oligosaccharides from GPS of
L. samueli—Gel filtration chromatography of the PI-oligosac-
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FiG. 1. Partial 50 MHz '*C NMR spectra of PI-oligosaccha-
ride A obtained at 30 °C. Peaks showing *P™C couplings are
indicated. Peaks marked with an asterisk arise from cross-contami-
nation by PI-oligosaccharide B.

charides obtained by alkaline treatment of GPS with 1 M
KOH produced several carbohydrate containing fractions, of
which the most significant were designated PI-oligosaccha-
rides A, B, and C. FAB-MS and NMR data suggested slight
cross-contamination of PI-oligosaccharide A with Pl-oligo-
saccharide B, and of PlI-oligosaccharide B with fraction C;
which accounts for some of the minor resonances in the NMR
spectra. Fraction C proved to be a mixture of several compo-
nents, the purification and characterization of which will form
the subject of a separate communication.?

Analytical data demonstrated that all three fractions con-
tained glucosamine, inositol, and phosphorus in the molar
ratio of 1:1:3. Only 1 mol of phosphorus was detected by
Bartlett’s method, indicating that the oligosaccharides each
contained 2 mol of phosphonate. Apart from inositol and
glucosamine the main monosaccharides detected were man-
nose (fraction A), mannose and galactose (fraction B), and
mannose, xylose, rhamnose, glucose, and glucuronic acid
(fraction C).

The one-dimensional *'P spectra of the Pl-oligosaccharides
A and B showed four resonances, with two low field signals
of similar intensity at about 25 p.p.m. and two resonances at
about 3 p.p.m. of unequal intensity. These were assigned to
the two 2-aminoethylphosphonic acid substituents and to the
phosphate group on the inositol ring. The heterogeneity of
the inositol phosphorylation was reflected in corresponding
heterogeneity of the GleNH; and myo-inositol spin systems,
and may be due to phosphate migration from C-1 to C-2 of
the inositol ring during alkaline cleavage.

Characterization of PI-oligosaccharide A—FAB-MS of PI-
oligosaccharide A in the positive and negative ion mode
produced protonated and deprotonated molecular ions at m/
z 960.5 and 958.2, respectively. This is compatible with a
composition of 2 hexose, 1 hexosamine, and 1 inositol phos-
phate residues, together with two 2-aminoethylphosphonate
substituents (calculated M, = 959.2). Weak signals at m/z
1122 (in the positive mode) and m/z 1120 (in the negative
mode) provided evidence of cross-contamination with PI-
oligosaccharide B.

The 50 MHz one-dimensional *C NMR spectrum of PI-
oligosaccharide A (Fig. 1) showed a total of 26 intense reso-
nances, with three in the anomeric region, one (54.88 p.p.m)
typical of C-N in amino sugars (Bock and Pedersen, 1983),
and two at high field (25.07 and 36.16 p.p.m.). The highest
field resonance showed a 133 Hz coupling constant ascribable
to 'Jcp in the 2-aminoethylphosphonic acid substituents,

2J. O. Previato, L. Mendonga-Previato, C. Jones, R. Wait, and B.
Fournet, unpublished data.
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TaBLE III
Assignments of the proton and carbon NMR spectra of PI
oligosaccharide A
OPO,CH,CH,NH3* OPO,CH,CHNH3+
L ;
a-Man—(1—3)-a-Man(1—4)-a-GleNHy—(1-+6)-Ino-1-OPO3
) [¢8)
major minor | major minor
H-1 |s.108 5358 5599 5494 | 4201 3785
H-2 | 4085 4235 3404 3391 | 4205 4.540
H-3 | 3900 3.891 4157 4162 | 3544 3.580
H-4 |3.706 3.739 3829 3.825 [ 3689 3711
HS5 |3914 3754 4303 nd |3427 nd
H6 | 4187 3.960 415 nd  |3912 nd
H-6' | 4065 3.770 413 nd
P-CHp | 203 ‘ 203 (lpgu=22Hz)
N-CHp |3.23 323 (lpcen= 13Hz)
Carbon assignments
major  minor

c1 103.49 101.83 9590 9717 | 77.10"
c2 70.81 7066 5488 5542 | 7236
c3 7111 79.47 71.28 7137
c4 67.44 66.78 7531 7313
c-s 73.08 74.69 70.66 73.47
c6 |6445" 6187 63.76* 77.85"
P-CHj | 25.07 2507 (Upg=133Hz)
N-CHp | 36.16 36.16 (3Ipge mot resolved)

* shows coupling to phosphorus (about 5 Hz).

which was verified by comparison with the spectrum of au-
thentic 2-aminoethylphosphonic acid. Four resonances (at
77.85, 77.10, 64.45, and 63.76 p.p.m.) showed small (about 5
Hz) couplings attributable to ?Jp.0.c or *Jp.o.c.c (O’Connor et
al., 1979). A DEPT-135 spectrum showed that the two high
field resonances and the resonances at 61.87, 64.45, and 63.76
p.p.m. arose from methylene groups, and indicated that the
2-aminoethylphosphonate groups were located on O-6s of 2
of the sugar residues and that no (1—6)-linked sugars were
present. The FAB-MS data discussed below suggest that the
AEP substituents are located on the terminal mannose and
the glucosamine, so the resonance at 61.87 p.p.m. was assighed
as C-6 of the central Man residue. The carbon assignments
are summarized in Table III, and were obtained by means of
a C-H correlation experiment using the pulse sequence of Bax
and Morris (1981).

The one-dimensional 'H NMR. spectrum (Fig. 2) showed
four low field resonances assigned to anomeric protons; a
major and minor resonance (°J,, = 3.5 Hz approximately)
due to the aGlcNH, and two resonances (°J,, about 1.4 Hz)
assigned to mannose residues. No N-acetylmethyl resonance
was visible. Two multiplets (each 4H) centered at 3.23 and
2.03 p.p.m. were visible. The spectrum was assigned from
COSY-45 and triple-relayed COSY experiments at 500 MHz
(Fig. 3), and these assignments are listed in Table IV. Some
of the expected cross-peaks were not observed in the triple-
relayed COSY spectrum due to the range of coupling constants
present. The aGleNH, H-4/H-5 cross-peak was weak but was
visible at a low contour level. The tightly overlapping Man(1)
spin system complicated assignment and was finally resolved



Leptomonas Glycophosphosphingolipids

>

T
25

T T
45 a0 as a0

Chemical Shift (p.p.m.)
FiG. 2. Partial 600 MHz 'H NMR spectra of (4) PI-oligo-

saccharide A and (B) Pl-oligosaccharide B, obtained at 30 °C.
The resonance from residual water has been truncated.
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Fic. 3. Partial 500 MHz triple-relayed COSY spectrum of

Pl-oligosaccharide A obtained at 30 °C. Fixed delays were tuned
for inter-proton coupling constants of 6 and 8 Hz.

using data from the carbon-proton correlation spectrum, com-
parison with Pl-oligosaccharide B and literature data. No
cross-peaks were observed for Man H-4/H-5 in either residue
and the 2-AEP groups were located from mass spectrometric
evidence (see below). The anomeric configuration of the Man

TABLE IV
Assignments for the proton and carbon NMR spectra of PI-
oligosaccharide B

Numbers in parentheses indicate **C assignment tentative, based
on chemical shift arguments. ND indicates not determined.
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OPO,CHyCHyNH3* OPO,CHyCHyNH3*
) :
B-Galf—(1—>3)-c-Manp(1—3)-a-Manp-(1—4)-0-GlepNHy—«(1—+6)-Ino-1-OPO3
@ 1)
major minor major  minor

H-1 5.149 5.129 5334 5582 5464 | 418
H-2 4.140 4274 4.224 3380 3334|4179
H-3 406 3989 3888 4130 4149 | 3549
H-4 40552 37892 3.760° 3814 nd 3673
H-5 38199 39450 3.763% 428  nd 3.410
H-6 3.649° 3938° 412 nd 3925 3768
He | 36807 3736° nd
c-1 105.42 103.26 101.81 9580 9718 | 77.05°
c2 8220 67.74 7063 5487 5542 | 7238
c3 (77.89) 76.16 7957 (71.40) 71.33
c4 (83.90) (65.81) 66.77 (15.37) 73.13
cs (71.70) (73.78) 7472 (70.86) 73.51
c6 63.65 64.45" 61.85¢ 63.66 7831

? Proton chemical shifts from C-H correlation spectrum.
b Tentative assignment based on NOE to «-Man(1)H-2.
* shows coupling to phosphorus (about 5 Hz).

residues was established from chemical shift arguments, pri-
marily the low field position of the H-3 and H-5 resonances.
The inositol system lacks an anomeric proton from which
to begin the assignment, and so the starting point was fixed
as follows: the 150-ms ROESY spectrum of PI-oligosaccharide
B (see below) showed an NOE between the «GlcNH; H-1 and
a 10-Hz triplet at 3.91 p.p.m., which was assigned as inositol
H-6 because in all previously reported structures the
aGlcNH,-inositol linkage is (1—6). Two low field **C reso-
nances at 77.85 and 77.10 p.p.m. showed phosphorus couplings
of about 5 Hz, and in the C-H correlation spectra of PI-
oligosaccharide A (see below) these were linked to protons at
3.91 and 4.19 p.p.m., respectively. These two proton reso-
nances were correlated in the COSY spectrum, establishing
assignments for H-1 and H-6, and the other assignments were
made from the correlation experiments. The interproton cou-
pling constants (estimated from the COSY cross-peak fine
structure) around the inositol ring confirmed the myo-config-
uration: thus the H-6, H-5, and H-4 resonances are 10 Hz
triplets. The H-3 resonance appears as a double doublet (10
Hz and small), consistent with an axial H-2, and in agreement
with the low field position of the H-2 resonance. H-4 also
resonates at low field (3.69 p.p.m.) because of a 1,3-diaxial
interaction with O-2 (cf. H-5 which lacks this interaction and
resonates at 3.43 p.p.m.). The H-1/H-6 cross-peak is over-
lapped so its fine structure is difficult to interpret accurately.
The H-1/H-2 cross-peak was likewise not observable.
Fragment ions in the FAB spectra provided evidence for
the location of the AEP substituents, and further confirma-
tion of the sequence of residues. The major cleavages produced
“reducing-terminal” containing ions of the X, Y, and Z series,
and nonreducing-terminal containing ions of the B and C
series. Their tentative assignments in the positive ion case
are indicated in Fig. 4. The labeling system used is that
introduced by Domon and Costello (1988). The fragmentation
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Fic. 4. FAB-MS fragmentation diagram of PI-oligosaccha-
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Fi1G. 5. Positive ion collisional activation FAB mass spec-
trum of oligosaccharide A. The protonated molecule (m/z 960)
was fragmented by collision with helium in the field free region
between the ion source and the electrostatic analyzer, and the product
ions were analyzed by means of a linked scan at constant B/E. The
origins of the fragment ions are indicated in Fig. 44.

processes are similar in both the positive and negative mode,
except that ions Y,, B;, and C; were weaker in the negative
spectra. In collision spectra ion Y. was particularly intense
(Fig. 5). This ion (m/z 529/527 +ve/—ve) indicates that one
AEP substituent is located on either the glucosamine or the
inositol phosphate. An analogous fragment has been observed
in the negative FAB spectrum of an oligosaccharide obtained
from the lipopeptidophosphoglycan of Trypanosoma cruzi, in
which the glucosamine is substituted with AEP (Previato et
al., 1990). In the present case the AEP substituent is clearly
located on glucosamine rather than inositol, since ion B, (m/z
700) is formed by the elimination of a neutral fragment of
mass 260 which is attributable to inositol phosphate, whereas
the mass difference of 268 between ions B; and B, (and C.
and C;) corresponds to the loss of glucosamine plus AEP. The
other AEP substituent is located on the terminal residue,
since ions Xs, Y3, and Z; originate by the elimination of the
mass of the terminal hexose plus 107.

Characterization of the PI-oligosaccharide B—Positive and
negative ion FAB mass spectra of the Pl-oligosaccharide B
contained protonated and deprotonated molecular ions at m/z
1122/1120 (+ve/—ve), consistent with a composition of 3
hexose, 1 hexosamine, 1 inositol phosphate residues, and two
2-aminoethylphosphonate substituents (calculated M, =
1121.3). Sequence related fragment ions belonging to the X,

Leptomonas Glycophosphosphingolipids

Y, Z, and B series were present in both the positive and
negative ion spectra, and their assignments are shown (for
the positive ion case) in Fig. 4. The masses of fragments Y.,
Z;, and B, imply that one AEP group is located on glucosa-
mine, as in PI-oligosaccharide A. However, elimination of the
residue mass of hexose to form fragments X,, Y,, and Z; (m/z
988, 960, and 942, respectively), demonstrates that the ter-
minal sugar does not bear a substituent, the other AEP being
located on the penultimate hexose, as shown by the 269 mass
difference between Y, and Y,. Although the ion m/z 960 is
the same mass as the [M+H]"* ion of Pl-oligosaccharide A
and could be attributed to cross-contamination, it is correctly
assigned as a Y, fragment since it is accompanied by an X,
ion m/z 988, which cannot originate from PI-oligosaccharide
A. Furthermore, m/z 960 is also prominent in the product ion
spectrum resulting from a B/E scan of the collision products
of m/z 1122. The enhanced intensity of Y, and Y, over the
other glycosidic cleavage ions in the spectrum is presumably
the result of the proximity of an AEP substituent in each
case, which can readily accommodate the positive charge.

Compared to that of PI-oligosaccharide A, the 50 MHz one-
dimensional **C spectrum of PI-oligosaccharide B contained
additional anomeric and CH; resonances at 105.42 and 63.65
p.p.m., respectively, and several others (generally at low field)
attributable to ring carbons consistent with the presence of 1
extra residue. The 'H and *C NMR spectra were assigned in
a similar manner to those of oligosaccharide A. The spin
system of the additional residue was heavily overlapped, again
complicating the interpretation, but was assigned as §-galac-
tofuranose on the basis of the low field positions of the *C
ring carbon resonances (Previato et al., 1990) and by compar-
ison with model systems (Bock and Pedersen, 1983; Ritchie
et al., 1975). The assignments are summarized in Table IV.

The sequence and linkages between the sugars were deter-
mined from a 600 MHz ROESY experiment obtained with a
150-ms mixing time (Fig. 6). This was run with high digital
resolution in f2 (0.58 Hz/point) so that coupling patterns of
enhanced peaks could be determined. The important inter-
residue NOEs are identified in Fig. 6. The linkage positions
deduced from these are consistent with the carbon NMR
assignments.

DISCUSSION

The present study has established the covalent structures
of two phosphoinositol oligosaccharides derived from the gly-
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F1G. 6. 600 MHz phase-sensitive ROESY spectrum of PI-
oligosaccharide B obtained with a 150-ms mixing time.
ROESY cross-peaks are negative and are plotted in full, whereas only
one positive contour is plotted. Numbered cross-peaks are inter-
residue NOEs which indicate the sequence and linkage: 1) «GlcNH.
(major) H1/inositol (major) H6; 2) aGlcNH, (minor) H1/inositol
(minor) H6; 3) «Man (1) H1/aGleNH, (major) H4; 4) aMan (2) H1/
«Man (1) H3; 5) 8Galf H1/aMan (2) H3.



Leptomonas Glycophosphosphingolipids

cophosphosphingolipids of L. samueli promastigotes. These
oligosaccharides differ from previously described phosphoi-
nositol containing glycolipids (Laine and Hsich, 1987; Fer-
guson et al., 1991), in that 2 mol of 2-AEP are present per
mol of oligosaccharide. One of these substituents is attached
to 0-6 of the glucosamine unit, as is also observed in the
LPPG of T. cruzi (Previato et al., 1990), while the other is
linked to O-6 of the second mannose unit distal to inositol, a
feature not previously reported, although glucose and galac-
tose residues substituted in position 6 with 2-AEP have been
found in a sphingolipid from sea hare (Araki et al., 1987).

These novel glycolipids from L. samueli fall within the GPI
family, since they contain the core structure Mana(l—
4)GleNH.,«(1—6)myo-inositol-1-PO, which is also found in
the glycosylphosphatidylinositol anchor of T. brucei variant
surface glycoprotein (Ferguson and Williams, 1988; Ferguson
et al., 1988), L. major promastigote surface protease (Schnei-
der et al., 1990), Leishmania spp. LPG and GIPLs (Mc-
Conville, 1991), and T cruzi LPPG (Previato et al., 1990). In
the L. samueli PI-oligosaccharides this conserved core is con-
nected to the adjacent mannose residue via an «(1—3) linkage
rather than by the «(1—6) linkage found in the LPPG of T.
cruzi, and the protein linked GPI structures. The sequence
Mana(1—3)Mana(1—4)GleNH,a(1—6)myo-inositol-1-POy,
indicates that the L. samueli glycolipids are more closely
related to the non-protein linked GPIs (i.e. to the LPGs and
GIPLs of Leishmania species (Turco et al. 1989; McConville
et al., 1990a, 1990b; McConville and Blackwell, 1991). Indeed,
apart from the presence of the 2AEP substituents, the struc-
ture of the Pl-oligosaccharide B of L. samueli (Galfg(l—
3)Mana(1—3)Mana(1-—-4)GlcNH.a(1—6)myo-inositol-1-
PO,) is identical to that of GIPL I of L. major and is contained
in GIPLs II and III (McConville et al 1990b) and in the LPG
anchor of Leishmania spp. (Turco et al., 1989; McConville et
al., 1990a). The PI-oligosaccharide A of L. samueli is identical
to the GIPL of L. donovani promastigote (iso-M2), which
contains the sequence Mana(1—3)Mana(1—4)GlcNH:a(1—
6)myo-inositol-1-PO, (McConville and Blackwell, 1991).

Interestingly, L. samueli and Leishmania species express
glycophospholipids with remarkable structural homology in
their glycan chains, but exhibit considerable divergence in
their lipid moieties. Thus in common with the LPPG of T.
cruzi, the glycophospholipids of L. samueli contain ceramide
instead of the glycerol lipids synthesized by L. donovani
(Orlandi and Turco, (1987) and L. major (McConville, 1991).
This suggests that the family Trypanosomatidae may have a
conserved set of glycosyl transferases which are capable of
catalyzing the initial biosynthetic steps of both glycophos-
phosphingolipids and glycophosphoglycerol lipids.

The presence of glucosamine substituted with 2-AEP in
both L. samueli and T. cruzi is another characteristic feature
which may have been conserved during the evolution of cer-
tain species of trypanosomatids. The glycophosphosphingoli-
pid structures of Leptomonas are therefore intermediate in
evolutionary terms between the glycolipids of T. cruzi and
Leishmania, being ceramides which contain 2-AEP substi-
tuted glucosamine residues like the former but resembling the
latter by the presence of mannose-linked a(1—3) to the GPI
core. The a(1—>3) Man units are likewise encountered in the
GIPLs iso-M2, M3, and M4 of L. donovani promastigotes,
and in the GIPLs 1, 2, and 3 of L. major (McConville and
Blackwell, 1991). Common to the glycolipids of all these
species is the presence of 3(1-—»3)-linked Galf units and the
highly conserved carbohydrate core structure Mana(l—
4)GlcNH,a(1—6)myo-inositol-1-PO,. Although not conclu-
sive, the presence of these glycolipid structures in Leptomonas
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is consistent with the hypothesis of Baker (1963) that T. cruzi
and Leishmania species evolved from a Leptomonas-like
ancestor. It is certainly intriguing that this degree of struc-
tural homology is found between the glycolipids of a mono-
genetic protozoan and such diverse digenetic species as T.
cruzi and Leishmania (Baker, 1963; Wallace, 1966). It has
been suggested that high levels of GPI protein anchor expres-
sion among the ancestors of the kinetoplastid parasites pre-
adapted their descendants for the production of an expanded
range of GPI containing glycoconjugates which provided se-
lective advantages initially in monogenetic, and subsequently
in digenetic parasitism (Ferguson et al., 1991). This hypothesis
needs to take account of the fact that Leptomonas, Endotry-
panum, Herpetomonas, and Crithidia, as well as T. cruzi all
contain ceramides instead of glycerol lipids, and that with the
exception of T. cruzi all have phytosphingosine as the long
chain base.?

Several functions have been ascribed to the GPI-related
glycoconjugates of trypanosomatids. The LPG may be impor-
tant for parasite survival in the digestive tract of the insect
vector as well as in the mammalian host. Thus, L. mgjor LPG
seems to be involved in adhesion of promastigotes to the
insect gut epithelium (Davies et al., 1990), and is probably
also involved in protecting the parasite surface membrane
from complement-mediated lysis (Puentes et al., 1990). GIPLs
have been hypothesized to mediate host-parasite cellular in-
teractions {McConville, 1991). The cell surface of L. samueli
is coated with GPI-related glycophosphosphingolipids, as is
also the case in other lower trypanosomatids such as Crithidia
and Herpetomonas. While it is plausible that these glycocon-
jugates are involved in adhesion and survival in the insect
digestive tract, their precise role remains to be defined.
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