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The lipopeptidophosphoglycan is the major cell sur-
face glycoconjugate of the epimastigote forms of the
parasitic protozoan Trypanosoma cruzi. A detailed
partial structure for this molecule has been reported
(Previato, J. O., Gorin, P. A. J., Mazurek, M., Xavier,
M. T., Fournet, B., Wieruszesk, J. M., and Mendonca-
Previato, L. (1990) J. Biol. Chem. 265, 2518-2526).
In this study, we complete the primary structure as-
signments and describe the microheterogeneity found
in the lipopeptidophosphoglycan glycan, using a com-
bination of 'H and *'P NMR, fast atom bombardment
mass spectrometry, methylation linkage analysis, and
exoglycosidase sequencing. The lipopeptidophosphog-
lycan is a glycosylated inositol-phosphoceramide with
striking homology to glycosylphosphatidylinositol
membrane anchors found attached to a wide variety of
plasma membrane proteins throughout the eukaryotes.

The parasitic protozoan Trypanosoma cruzi is the causative
agent of Chagas’ disease (South American trypanosomiasis).
The organism undergoes a complex life cycle between a wide
variety of mammalian hosts and biting insect vectors (redu-
viid bugs). In the infected mammal, the parasite exists as
intracellular dividing amastigote forms in tissues such as
smooth and cardiac muscle. These forms give rise to extracel-
lular nondividing bloodstream trypomastigote forms that
spread the infection. The ingestion of trypomastigotes by the
insect vector results in the differentiation of the parasite to
the dividing epimastigote form, which efficiently colonizes the
insect midgut. Migration of parasites to the insect hindgut
results in their differentiation to metacyclic trypomastigote
forms that are adapted for transmission to a mammalian host
via fecal contamination of fresh wounds or mucus membranes.

The lipopeptidophosphoglycan (LPPG)’ is the most abun-
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dant glycoconjugate of the epimastigote form of the parasite;
a typical yield of LPPG is about 100 mg extracted from 2 X
102 cells (Lederkremer et al., 1990). Assuming a molecular
weight of around 1890 (Previato et al. (1990) and this study)
this suggests a minimum copy number of around 1.5 X 10’
LPPG molecules/epimastigote. The function of LPPG is un-
known, but it appears to be restricted to the epimastigote
forms of the parasite (Zingales et al., 1982).

The LPPG fraction contains mannose, galactofuranose, 2-
aminoethylphosphonate (AEP), myo-inositol, phosphate, long
chain bases, and fatty acids, together with traces of glucose
and amino acids (Lederkremer et al., 1978; Ferguson et al.,
1981, 1985; Lederkremer et al., 1985). The lipid component is
an inositol-phosphoceramide containing mainly palmitoyl-
sphinganine, palmitoylsphingosine, and lignoceroylsphingan-
ine. The ceramide can be released by phosphatidylinositol
(PI)-specific phospholipase C and the glycan chain is attached
to the inositol ring via a glycosidic linkage to a non-N-
acetylated glucosamine (GlcN) residue (Lederkremer et al.,
1990). These two latter features indicate that it is closely
related to the glycosylphosphatidylinositol (GPI) membrane
anchors common to many cell surface glycoproteins through-
out the eukaryotes (reviewed recently by Thomas et al. (1990);
Cross, 1990).

A detailed structure of the LPPG glycan was recently
reported by Previato et al. (1990). In this paper, we confirm
these structural features and complete the glycan structure
by supplying (i) the nature of the glycosidic linkage between
glucosamine and myo-inositol, (ii) the precise location of both
galactofuranose residues, and (iii) the degree of heterogeneity
in the glycan structure. The LPPG structure is discussed in
the context of general and parasite-specific GPI metabolism.

DISCUSSION?

The analysis of the LPPG glycan moiety, generated by PI-
specific phospholipase C cleavage of the ceramide lipid, pre-
sented some difficult problems. Attempts to fractionate the
different glycan species by Dionex carbohydrate high pressure
liquid chromatography produced a confusing array of peaks
(data not shown) due to the presence of three major glycan
species and compounded by the heterogeneity of the inositol
phosphorylation state. Deamination and reduction was used
to introduce a labeled 2,5-anhydromannitol terminus and to
remove the inositol phosphate. However, Dionex high pres-

? Portions of this paper (including “Materials and Methods,” “Re-
sults,” Figs. 1-5, and Tables 1 and 2) are presented in miniprint at
the end of this paper. Miniprint is easily read with the aid of a
standard magnifying glass. Full size photocopies are included in the
microfilm edition of the Journal that is available from Waverly Press.
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sure liquid chromatography of this fraction also produced
multiple products (data not shown) due to the simultaneous
deamination of the AEP group to a mixture of ethanolphos-
phonate, phosphate, and other unidentified products. One
useful piece of information that did arise from analysis of the
deaminated material was the detection of the 2,5-anhydro-
mannitol-6-ethanolphosphonate derivative by gas chromato-
grahy-MS, confirming the NMR assignment of GlcNH.,-6-
AEP in the original material. Due to the complications de-
scribed above, the PI-specific phospholipase C-generated head
groups were examined as a mixture for most of the subsequent
analyses.

The structures shown in Fig. 6 are consistent with the
NMR, FAB-MS, linkage composition, and exoglycosidase se-
quencing data and suggest that the LPPG fraction contains
three major glycan structures. The largest of these, Structure
1, contains 4 Man and 2 Galf residues and constitutes about
65% of the molecules. This structure is comparable with the
one described by Previato et al. (1990). However, in this case,
we were able to assign (i) the GlcNH,-myo-inositol linkage as
GlcNH,a1-6myo-inositol from the NMR nuclear Overhauser
effect spectroscopy spectrum of fraction A and methylation
analysis of fraction D, (ii) the location of the terminal Galf
residues exclusively to the nonreducing terminal and subter-
minal mannose residues by FAB-MS analysis of fraction C
and the NMR COSY spectrum of fraction A, and (iii) the
existence of the two smaller species. The existence of the two
smaller species was defined by the FAB-MS spectrum of
fraction B, and their structures were inferred from the meth-
ylation analysis of fraction A and the detection of a Mans- as
well as Man,-containing mannan cores in fraction E. Assum-
ing that all three LPPG species represent members of a
common biosynthetic series, three independent or concomi-
tant pathways to the major product (Structure 1) can be
envisaged (Fig. 7). Pulse-chase experiments will be necessary
to investigate these possibilities.

The nature of the association of the amino acids (3-5% by
weight) that consistently co-purify with LPPG remains ob-
scure. Their absence in fraction B, as judged by FAB-MS,
suggests that if they are covalently associated, then the link-
age(s) is base-labile. The possibility of ester linkage between
the amino acid COOH groups and sugar hydroxyls has been
previously discussed (Lederkremer et al., 1985).

The LPPG molecules can be included as members of the

AEP
strycture 1, (65%)
6
Galfp1-3Mana!-2Manal-2Manal-6Manal -4G1cNH2a 1 -6myo-1no-1-PO4-ceramide
Galfp1-3
AEP
Siructyre 2, (20%)

6
Galfpl-3Manal -2Manal -2Manal -6Manal~4G1cNHza 1 -6myo-Ino-1-PO4a-ceramide
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Steucture 3, (19%)
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Fi1G. 6. Primary structures of the three major LPPG species.
The structure of the simplest known GPI protein anchor (from
Leishmania major promastigote surface protease (Schneider et al.,
1990)) is shown for comparison. EtN, ethanolamine.
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Fic. 7. Possible biosynthetic interrelationships of the ma-
ture LPPG products and their putative intermediates. IPC,
inositol-phosphoceramide.

GPI family since they contain the structural motif Manal-
4GleNH,a1-6myo-inositol-1-PO,-lipid. Indeed, they are very
closely related to GPI protein-anchor structures (see Fig. 6),
although LPPG represents the first example of a defined GPI
core structure linked to a ceramide. The presence of AEP has
not been found in any other fully defined GPI family mem-
bers, but it has been described in the glycosylated inositol-
phosphoceramide of Acanthamoeba castellani (Dearborn et al.,
1976) and the glycolipids of various water animals such as sea
hare (Hayashi, 1990). In the latter example, the AEP is found
linked to the 6-position of Gal residues. Interestingly, the GPI
anchor of the T. cruzi G-strain metacyclic trypomastigote
1G7-antigen glycoprotein is essentially identical with LPPG,
except that it does not contain Galf and utilizes a glycerolipid
rather than a ceramide.’ The function of LPPG is unknown.
However, it is noteworthy that the related kinetoplastid par-
asites of the Leishmania species also express GPI-related
glycophospholipids (lipophosphoglycans and glycoinositol-
phospholipids) in equally high copy number, around 1-2 X
107 molecules/cell, in the insect-dwelling promastigote forms
(McConville et al. (1990a, 1990b) and references therein).
Indeed, it is likely that both T. cruzi epimastigotes and Leish-
mania promastigotes present a particularly carbohydrate-rich
surface to their environment. This might serve a protective
function in the harsh conditions of the digestive tract of their
insect vectors. Whether or not LPPG is involved in the
adhesion of parasites to the insect gut epithelia, as suggested
for Leishmania lipophosphoglycan (Davies et al., 1990), re-
mains to be determined. In any case, the expression of LPPG
by T. cruzi epimastigotes seems to represent another example
of the adaptation of the ubiquitous GPI protein-anchor bio-
synthetic pathway in kinetoplastid parasites.
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Materials and Methods

Parasite culiivation and purification of LPPG.

Epimastigote forms of T. cruzi (Y sirain) were cultivated in LIT medium as described (Castellani et a/

1967). Lyophilised cells were The LPPG was

extracted with waler salurated with 1.butanol and purified on octyl-Sepl asd previously

(Lederkremer et & 1990}

Preparation of fraction A: PLLPLC digestion and isolation of the LPPG glycan.

A sample ol LPPG (13mg) was dissolved in 1.5m! of 50mM buiter Tris-HCI, pH 7.2, containing 0.1%

deoxycholate and incubated with 6 units of phospholipase C from Bacillus thuringiensis for 3 h at 37°%.

The lipid was extracted wilh ether (3 x 1ml} and the aqueous phase was rechromatographed on octyl-
pl . The glycan {fraction A) was recovered from the exclusion volume. After

desalling on BioGel P-2. analysis by the phenol-sulphuric acid methad (Dubefs ef af 1956) of the LPPG

by extraction with chlorofor

glycan gave smg of neulral sugars.

Prepatation of fraction B: N.acetylation and methylation.

in 200ut satu NaHCO3 and N ato%
by the addition of 10, 10 and 20ul of acetic anhydride al {Omin inlervais. After warming 10 room

A sample of fraction A (1 le} was

temperature over 30min the sample was desalled by passage (hrough 0.2ml AGS0X12(H*) ang dried
wice from 50ul of loluene. The N-acelylated material was dissolved in 50ul dimethyl sulphoxide
{DMSO} and treated with 50u) 120mg/ml NaOH suspended in DMSO for 20min with stirring. Methylalion
was performed by adding 10, 10 and 20ul of methyl iodide at 10min infervals with continual stirring,
The reaction was lerminated by the additioa of 0.25ml chlorotorm and 1ml 100mg/ml sodium
thiosulphate. The N.acetylated. methylated glycans (fraciion B) were recovered n the chloroform
phase which was washed three times with 1ml waler. After drying under vacuum, fraction B was
redissolved in methanol and 5% was taken for FAB-MS analysis, which was carried out as previously
described (McConville ef at 1990b}

Preparation of fraction C.

The remainder af traction B was re-methylaled as deseribac above. The N-acelylated. permethylated
glycans wete dried and redissoived in 100ul 20% acetonitrile and chromalographed on a C18 Hypersil-
ODS column (25 x 0.46cm, Hichrom) eluted with a linear gradient of acetonitrile from 20 to 80% over
90min at 1ml/min. Fractions of 1ml were collected and 2u} aliquots were spotted onto an aluminium
backed HPTLC plate. Carbehydrate containing fractions were revealed by a-naphihal, sulphuric acid
staining of the HPTLC plate. The major carbohydrate fraction eluting at 53% acetonitrile (fraction C)
was dried and redissolved 1n methanot and $10% vsed for FAB-MS analysis, which was carsied out as
described previously (McConville et al 1930b)

Preparation of fraction D: aq. HF dephosphorylation and N-acetylation.

A sampfe of fraction A (10nmale) was dephosphorylaled with 50ul 48% ag. HF (BDH aristas) at 0°C tor
60n. The digest was neulralised with 270ul frozen saturated LiOH. The LiF precipitale was removed by
cenlrifugation and washed twice with 50ul water. The combined superaalants were added 10 40mg
NaHCO; and N-acetylaied at 0°C by e adaition of ihree aliquots of acelic anhydride {10ul) at 10min
intervals. The products {lraction D) were desalted by passage through a tandem column of 1ml
AG50X12{H*) over 0.4ml AGIX4(OH ) over 0.2ml QAE-Sephadex A25. Afier drying and evaporation
with toluene, {raction D was taken tor melhylation linkage analysis.

Preparation of traction E: nitrous acid deamination, NlﬂaHafeduClion and aqg. HF
dephosphorylation.

A sample of fraction A {20nmole} was dissolved in 15ul 0.1M sodium acetate buffer pH4.0 and
deaminaled by the addition of 15ul freshly prepared 0.5M sodium nitrite, 2h at room 1emperature. The
deaminated products were reduced by the addition of 15ul 400mM boric acid, 12ul 1M NaOH and 15ul
30mha NaB:’H4 (12Ci/mmele, NEN) in 100mM NaOH; kaal pH 11.2. Atter incubation at room
femperature tor 2h 20ul of 1M NaBD, was added and reduclion was continved for 16h. Excess
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reductan) was destroyed with acelic acid and ihe deaminaled, reduced producls were desalled by
passage through 0.2mi AG50X12(H") and evaporation four times with 0.25ml methanol. The products
were 10 paper chr
water (4:1:1) tor 60h and the r

aphy on Whatman 3MM paper in 1-butanol, ethanol,

glycans were | using a Raytest RITA linear

analyser and recovered from within 2cm of the origin by elution with water.

The deaminaled, reduced glycans were dephosphorylaled with aq. HF as described above except that the
were desalled by passage through 0.2ml AG50X12(H")
over 0.3ml AG3X4(OH"). The products were dried and subjected to high voltage paper electrophoresis

combined after LiF pt
{to remove residual radiochemical contaminanis) at 80V/cm in pyridine, 60min, using acelic acid,
water {3:1:387). The Iabelled neutral glycans (traction E) were recgvered trom the origin by glution
with water, passed through a column of 0.1ml Chelex 100(Na*) over 0.2mi AGSOX12({H*} sver 0.2ml
AG3X4(OH") over 0.1 mi{ QAE-Sephadex A25 and lillered through a 0.2y membrane. Aliquots of fraction

E were 1aken for Dionex ate HPLC and for

NMR spectrascopy

One- and two-dimensional ' H-NMR spectra were obtained as previously described (McConville o1 af
1830b} 31p NMR spectra were acquired ail a spectromeles frequency o 202 MKz and a probe
temperalure of 300K, with a spectral widih of 10,000 Hz. Phosphorus chemical shills are referenced
to external phosphoric acid {0.0 ppm at 300K}, and proten shifts are referenced 1o inlernal acetone
{2.225 ppm at 300K).

Gas chromatography-mass spectrometry and linkage analysis

Samples for methylalion linkage analysis were methylated, as described above, dried and hydrolysed in
100ul 0.25M H,580,, 93% acetic acid {80°C, 2.5h). Following neuirabsation with 70ul 1M NaOH, the
mixiure was dried and residual acetic acid was removed by evaporafion with toluene. The residue was
dissolved in 50ul 1M NH4OH and reduced with 200ul 0.25M NaBD, (3h at room temperature). Excess
reductant was destroyed with acelic acid and the mixiure was dried and evaporated twice with 0.25ml
5% acetic acid in methanol and twice with D.25m1 memanol, 10 remove boric acid. The products were
acetylated with 0.25ml acetic anhydride (100°C, 2.5n). Acetic anhydride was removed under reduced
pressure and the partially methylated aldito) acelate (PMAA) derivatives were partitioned inlo
dichloromethane and washed with water.

Samples of PMAA derivalives were analysed by GC-MS using @ Hewleil-Packard 5890-MSD system
equipped with an on-column injecior using He as carrier gas at 1ml/min. The desivatives were
separated using an SE-54 bonded phase (Econocap SE-54, 30m x 0.25mm, Alltech) and a Supelce
SP2380 bonded phase calumn (30m x 0.25mm, Supelco) with the tollowing temperalure programme:
80°C (1miny. 30°C/min 10 140°C, 5°C/min 10 250°C, hald for 20min. Mass spectra were recarded by
linear scanning fram msz 40 to 350 using electcon impact. Derivatives were ideatified by their
characlerislic relention times and mass spectra. Quaniitation was pertormed by integration of the 1otal
ion current (see legend to Table 2).

Liquid chromatography and exoglycosidase digestions.

Carbohydrate HPLC was performed using a Dionex BiolLC system equipped with a CarboPac PA-1
analytical column (28 x 0.4cm), a pulsed amperometric delector (PAD) and an anion micro-membrane
suppressor linked to a Rayless Ramona radioactivity flow monitor. All data were coliecied and
processed using 1he Raytest Ramona inletface and software. Neutral glycans were resolved using a
linear gradient from 12.5mM to 50mM sodium acetate in 150mM NaOH over 50min followed by a wash
cycle of 250mM sodium acetate in 150 mM NaOH for 10min. The flow rate was maintained at
a.6ml/min and imin fractions were collected. All samples were co-injected with 300ug of a dextran
parlial acid hydrolysate, as a set of glucose oligomer internal standards, which were detected by the
PAD detector. The radiolabelled neutral glycan species were detecied by the Ramona delector and their
elution positions were expressed in "Dionex Units™ (Du) by linear injerpolation of their elution positions
between adjacent glucose oligomer internal standards. These Du values have no significance except as

absolule chromatographic propersies (Ferguson, 1991}.

(1tmU/m), Oxford Glycosystems) and jack bean a-mannosidase
(25U/ml, Boehringer) gigestions were performed on 2nmole aliquots of tiaction E in 20u) sodium
acetate buffer pH 5.0 for 16h at 37°C. Digestions were terminated by heating, 100°C lor 5min, and the
products were desalted by passage through a 1andem column of ¢.1mi AGB50X12(H*) over 0.1ml
AGIX4(OH'} eluted with water.
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Results galactofuranosides (Gerwig et al 1989,1991 and 5} and is consistent with the same assignment made
NMR analysis of fraction A. by Previato ef ai {1990) trom '3C-NMR. The downfield shifted GIcNH, HS (4.27ppm) together with
The analytical stralegy is shown in Fig. 1. heteronucleas splitting of the GIcNH, H6 proton resonances at 4.13ppm (not shown) suggest thal this is

LPPG the site ot AEP substitution. In addition, the large down-field shilt of the M3 residue H2 resonance

(4.35ppm, versus 4.11ppm for free o-Man), in comparison with M1 and M2, suggests thal M3 may be
substituted al the 3-position. A notable teature of the NOESY data (Figure 2b) is the presence of an

PI-PLC
additional inter-residue connectivity 1o Man-3 H2, derived from a resonance at 5.20 ppm (boxed in
Ceramide Figure 2b) and further characterised by other low intensity NOESY conneciivities in Figure 2b. These
are indicative of micraheterogeneity in the chemical environment of the Man-4 residue, ailhough the
A PO3-CH2-CH2-NH2 origins of ihis hetesogeneity are not clear from the NMR data.
g 6
Galfpl-3renal~2Mane1-2Menal-6Mena 1 -4GlcNH2a 1 -6myo-Ine-P04
Galpi-
N-Ac 8q. HF HONC 3
per-Me N-Ac BTa
ag
PO3-CH2-CHz-NAc
B. HF
6
Gal(p(-3Manal —zqanarzmnus -6Mana ) -4G1cNAca -6 myo-ino-P0a(Me)2 l
|
Gelp1-3 il }
per-Me i n
HPLC et R
[ ! L ' .7 T T LT T
Galr[})—3r'lar\u1»2r1|anmlA2Manal—6Manul—4GIcNAcalAﬁmyu%nufPOA(Ne)z
Galp1-3
D. 1] 42 22 16 16
g -0 f
Menal-2Mana!-2Manal-6Menal-4GlcNAcol-6myp-inc 9 o 41 2= 21+ ' 0’9
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Figure 1. y of the chemical and enzymic moditicali of LPPG.
The roules to fractions A to E are indicated using the major component {Structure 1, see Fig. 6). Details
of the modifications and analyses are given in the fext.
Table 1: 1H g for reporter ces of fraction A i
Residue Residue Chemical shifts Coupling constant .
descriptor H1 H n v2(H1)
1.6 N.2
N aGleNH, 572 337 35 Y )
3 N.1-uint
1 aMan 5.31 4.07 ~2
T e e e T e e e e
2 aMan 5.14 4.05 -2 1 . i 1 “ i i M . !
3 aMan 5.29 435 ~2 Figure 2. NMA analyses of LPPG fraction A.
a. 31P NMR spectrum of fraction A.
1 «Man 513 425 -2 b. Reporter region of TH.'H NOESY NMR spectrum of fraction A. The abbreviations labeling each
5.20 4.16 ~2 cross peak correspond to the residue descriptors shown in the text, followed by the proton assignment
which is labelled according 1o its parent carbon. The origin of the boxed resonance is discussed in the
5 BGalf 5.17 4.16 -2 text. The resonances marked ? derive from helerogeneity in the sample, and could not be assigned
unambiguously.
The LPPG molecule was cleaved with 8. PI-PLC as p described (L el
al 1990} to yield the glycophospholipid head groups. fraction A. This material was analysed by one FAB-MS analysis of fraction B.
conal 31 8 i 1.t Tt
dimensional = ' P-NMR (Figure 2a), and by two-dimensionaf "H-"H COSY (not shown) and "H-"H NOESY Analysis of the N-acetylated, permethylated fraction B by FAB-MS produced the spectrum shown in Fig
(Figure 2b). The 2P specirum shows a di at 23.24ppm due 1o the

3a. These data clearly show ihe exisience of three glycan species. The molecular ion region of this

AEP residue together with resonances at 17.58ppm (J=20Hz), and 4.56ppm (J=9.6Hz) which spectrum contains clusters of molecular ions for three species. The major species is

cosrespond 1o the phosphodiester of '"‘;5"°"‘ 2-eyelic anda pl - most likely HexgHexNHy ABP,Inositol, PO, : (M+H*) at m/z 1991 and ions for the mono-undermethylated species a1
of inasitol-1 (esp o A ivity network of the major species (arising from miz 1977 (MsH*) and 1999 (M+Na*), and the di-undermethylated species at mz 1963 (M+H*). Two
structure 1, Figure 6) could be traced in the ‘H~NOESY spectrum (Figure 2b) which, in combination minor were also ob: ed with P HestexNHz.AEPJI\OSi(oI,PO,: (M+H*) at
with the methylation linkage composition data, {Table 2) suggesis the sequence: m/z 1787 and undermethytated species at m/z 1773 and 1759, and Hex4HexNHz,AEP,Inosdol,POA:
Galtp!-3Mana)-2Mana1-2Mana-6Mana1-4GIcNH2a1 -6 myo-Ingsitol

(M+H*) at msz 1583 and an undermethylated component at m/z 1569. The spectrum contains two
5 4 3 2 1 N )

where the residue descriptors are shown below the sequence. Residue types and anomericities were

major series of Iragment ions which give information on the sequence and branching patterns of the
components. The first set ot ions arises by single cleavage at the HexNAc residue to form At-ype
assigned according to characteristic chemical shifis and J“2 coupling constanis, together with data ions {Dell, 1987} at m/z 1239 for Hexd‘AEP,HexNA\:*‘MAs for HeKS‘AEP,HexNAc’ and 1647 lor
derived from the1H-1H COSY spectrum of fraction A (not shown), Table 1. The tentative assignment of Hexg AEP HexNAG*. The second set of ions arises by single b cleavage events (Dell, 1987) to torm the
the Gal resonance as pGall is based on comparison with published values for a variety of « and f

ions at:
B miz 753 for [HO*(AEP)HBXNAC,IHOSHOI‘POA]H‘.
The generation of inositol-1,2-cyclic phosphate is characteristic 957 for (HO-Hex,AEP, HexNAC, Inositol PO, I
of the action of bacterial PI-specific phospholipase C enzymes, and et "|"°S"°"P%’];*H‘J
. ; L 1365 for [HO-Hexy AEP HexNAG Inositol PO, JH”,
Su.bsequenti 0pe.nlng of the cyclic ph(.)Sph.ate can lead to an add}tmnal 1569 for [HO-Hex , AEP.HexNAC,Inositol PO, IH* andfor an undermethylated Hex,-containing MvH*
mixture of: inositol 1-phosphate and inositol 2-phosphate. In this case, molecular ion, and m/z1773 for [HO-Hexg AEP HexNAG.Inositol PO,JH* and/or an undermethylated
only one inositol-monophosphate signal is seen in addition to the Hexg-containing M+H* molecular ion. Consideration of the A*-type ions at m/z 1239
inositol 1,2-cyclic phosphate in the :nP NMR spectrum. Analysis of a (Hexg AEP HexNAG"), 1443 (Hexg AEP HexNAC*), and 1647 (Hexg AEP,HexNAc*), together with
. . . . _ . . the p-cleavage ion at miz 753 (HO-{AEP)HexNAc,Inositol.PO,) allows asssignment of the AEP moiety
mixture of unsubstituted inositol 1-phosphate and inositol 2-phos- o tho HoxNAG fesidue. However. the . by the p in he sample of throa
phate indicated that the two forms give rise to well resolved signals molacular species, each of which is yiated, made it o assign lurther sequence of
at 5.28 and 6.06 ppm, respectively. The results indicate that, under Branching patterns from this spectrum

the conditions used in this paper, B. thuringiensis Pl-specific phos-
pholipase C can generate both the 1,2-cyclic phosphate and the 1-
phosphate from the LPPG substrate. This result is in agreement with
the observations made for B. cereus Pl-specific phospholipase C *J. R. Thomas, J. E. Thomas-Oates, M. J. McConville, S. W.
(Volwerk et al., 1990) that showed that this enzyme has an intrinsic, Homans, M. A. J. Ferguson, P. A. J. Gorin, K. Greis, and S. J. Turco,
regio-specific, cyclic phosphodiesterase activity. manuscript in preparation.
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Figure 3. Fast atom bombardmen! mass specirometric analyses of LPPG Iractions 8
and C.

a. Posilive ion FAB mass spectrum of Iraction B.
b. Positive ion FAB mass spectrum of traction C

IR R

FAB-MS analysis of fraction C.

In order to resolve the ambiguities described above, fraction B was permethylaied a second 1ime to
ensure tull methylation prior 10 tractionation by reverse-phase HPLC. The main carbohydrate-
contaming peak, fraction G, was analysed by FAB-MS and gave the specirum shown in Fig 3b. The re-
methylation siep caused loss of the N-acetylated AEP residue and an M+H* molecular ion corresponding
to fully methylaled HexgHexNAC,Inosilol PO, was observed at m/z 1828 An A*-type ion arising by
single cleavage was observed at m/z 1484 corresponding to HestexNAc‘. as well as a serigs ot
double cleavage ions arising from this ion by p-cleavage events. These double cleavage ions are
observed at m/z 1266 (HO-HexgHoxNAC*). 1062 (HO-Hex HexNAC®), 654 (HO-HexyHexNAC). and
450 (HO-Hex(HexNAG*). The absence of an ion ai m/z 858, together with the presence of the ather
ions in this serigs, is Crucial n assigning the branching pattern shown in Fig 3b.

Lipopeptidophosphoglycan from T. cruzi

Table 2: Methylation linkage compositions of fractions A. € and D

Corrected molar ratio®

PMAA derivative Origin Eraction A Fraction C Eracion

14 dracery) 2,3,5.6 tewra-methyb-gadachnt termunat Galf 152 200 t

12,50 acelyl-3 4,6-i- methyl-mannaiol 2-cubs.-Man 120 100 175
13,5150 ace1y1-2,4 611 meibyl- mannico) 3-5uds.-Man 105 100 wce
1.5.6-ti-acety)-2.3,4-ti-meshyl-mannitol 6-subs.-Man 1.00 1.00 100
1.2.3,5-tetra-acetyl-4,6-di-methy!- naaamiol 2,3-disubs Man 0.65 1.00 vace
L.4.5-cri-acetyl-3,6-di-methyl-2 methylaceamido-glucitot 4-subs-GleRAc wace too 110
Gracetyd1.2.3.4.5-penta-mediy)-myo-frositol 6-subs-myix tnosited 0.00 oo 085

*The total ion current peak arcas were corrected using empirically derived molar response factors calculated from the anlyses of fraction C, s pure
compotind of known composition from FAB-MS analysis (Figare 3). The response factors were 0.75, 0,92, 0.92, 1.00, 0.98 and 0,62 for
termunal Galf, 2-subs.-Man, 3-subs.-Man, 23-disubs.-Man and 4-subs.-GloNAC respeciively

*Nat detected in its phosphorylated state.
All values are the means of a least 2 analyscs

1Galf released by the aq. HF teatment was deiccied as a muciroxation misture of tenminal Galp and terminal Galf,

GC-MS y y and aly

The GC-MS methylatian linkage analysis of the remainder of fraction C which was left after tha FAB-
MS analysis {Table 2) is entirely consistent with the NMR and FAB-MS assignmenis of the major
structure. This material contains two terminal Galf residuas and a 2.3-di-O-substituted-Man branch-
paoint residue. in addition, the removal ot the AEP moiety during the re-methylation siep is witnessed
by the app of the 4-O i GicNAc residue in fraction C (c.1. traction A, where the
GIcNAG residue is cryptic in 1he methylation analysis due Io its phosphonylated state). Evidencs for the
position of the AEP-GICNH,, linkage was obtained trom the analysis of i and
NaBD, reduced fraction A. The deaminaled, reduced products were fractionated by Dionex HPLC and a
complex series of peaks was observed (data not shown). GC-MS linkage analysis of several of the
major peaks revealed the novel derivative shown in Figure 4. The mass spectrum indicates that this
was derived from 4-O-substituted-AHM-6-AEP, which in turn was derived from 4-O-substiluted.
GitNH,-6-AEP prios 1o deamination and reduction.

The linkage analyses of fraction A {Table 2) the h of the sample both
by NMR {fraction A) and FAB-MS (fraction B). The ahsence of lerminal Man rasidues shows that all the
situctures possess non-reducing Gaif termini while the 2,3-di-O-subs-Man figure implies (hat the
major species described abave accounts for about 65 male % of the structures. This tigure is in
reasonable agreement with the amount of terminal Galt cbserved in this fraction. The FAB-MS analysis
of traclion B indicated thal the remainder was composed of Hexg and Hex, containing structures. The
linkage analysis of fraction A (Table 2}, parlicularly the absence of terminal Man and the elavaled level
of 2-O i Man, further
Ga“B!~3Mana|-ZManai~2Mannl-6Manu1-4(AEP~6)GICNH2u1~6myorlnnsnol-PO‘_ However, this
assignment relies on the that the inter-

major species, the linkages of which were determined by NMA.

fhat the Hexg structure is most likely:

linkages are the same as for the
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Figure 4. Electron impact mass spectrum of a novel derivative, 4-O-acelyl-1,3-d}-
O-methyl-1-deutero-2,5-anhydromannitol-6-(melhyl) phosphanyl.ethylmethyl ether.
This compound was derived from the methylation linkage analysis of deaminaled and reduced fraction A.
The ion at m/z 155 probably corresponds to [CH:,(X‘MQ%P(OH)z(X}b]*.
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To investigate the structure(s) of the underlying mannose backbone(s) directly a sample of fraction A 0 I 2 3 4 nu
was dephosphorylated with cold ag. HF, under condilions which cleave p-Gaif glycosidic bonds but not l | l I
a-Manp bonds (Ferguson et al 1968, Turco et al 1989, Mayor ef a/ 1990), to yield traclion D after N-
acetylation. This malerial was subjected 10 methylation linkage analysis (Table 2) which revealed the A
loss ol terminal Gaif, 3-O Man and 2,3-0i-0 i Man and the app ot
terminal-Man and extra 2-O-substituted-Man, as predicted. (n addition the 4-O-substituted-GicNAc
rgsidue and the 6-O-substituled-mya-ositol were observed, supporting the NMR NOESY assignment of
the sequence Mana1-4GIcNH,a1 -6 myo-tnositel. Fraction E, p by ination, NaB3H,

and aq. HF ylation {with loss of the Galt residues}, was resolved into two
species by Dionex HPLC with elulion positions of 2.5Du {15%) and 3.0Du {85%) respectively, Figure 5.
Thess slution pesitions are identical to those of authentic Mana1-2Mana1-6Mana1-4ARM

and Mana(-2Mana1-2Manat-6Mana1-4AHM standards respectively (Ferguson 1991). Fraclion E was
digested with Aspergillus phoenicus Mana1-2Man specific a¢-mannosidase lo yield a single compound
which eluted at 2,20u. This latter elution position is identical to that of authenlic Manx1-6Manal-
4AHM, confirming that the original componenis 1grminated in one and two Mana1-2Man linked a-Man
residues respectively. Finally the Fraction E material was digested wilh jack bean a-mannosidase lo

e e A et ap e

produce a compolnd gluting at 1.0Du, which ¢corresponds 1o free AHM (Farguson 1991). Taken logether
wilh the linkage analysis of fraction A {which shows only terminal Galf residues) and the FAB-MS data
of fraction B (which shows the presence ot Hex, containing glycans} the presence of a small amount
(15%) of Mana1-2Mana1-6Mana 1-4AHM suggesls thal the minar Mex, confaining structure in fraction
B is derived from:

Galfp1-3Mana1-2Mana1-6Manc1-4(AEP-8)GIcNH2a1-6 myo-Inositol-POy.

RADIOACTIVITY

enac
¢ 08

<3. 00 min

Figure 5. Dionex HPLC ysis and aly
Panel A: Fraction E, untreated.

q ing of fraction E.

Panel B: Fraction E digested with Mana1-2Man specilic A.phoenicus a-mannosidase.

Panel C: Fraction E digested with broad icity jack bean

The numbers af the lop indicate the elulion positions ol the glucosse oligomar internal standards (Du
values}.




