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Many eukaryotic surface glycoproteins, including
the variant surface glycoproteins (VSGs) of Trypano-
soma brucei, are synthesized with a carboxyl-terminal
hydrophobic peptide extension that is cleaved and re-
placed by a complex glycosylphosphatidylinositol
(GPI) membrane anchor within 1--5 min of the comple-
tion of polypeptide synthesis. We have reported the
purification and partial characterization of candidate
precursor glycolipids (P2 and P3) from T. brucei. P2
and P3 contain ethanolamine-phosphate-Manal-
2Manal-6Manal-GleN linked glycosidically to an ino-
sitol residue, as do all the GPI anchors that have been
structurally characterized. The anchors on mature
VSGs contain a heterogenously branched galactose
structure attached a1-3 to the mannose residue adja-
cent to the glucosamine. We report the identification
of free GPIs that appear to be similarly galactosylated.
These glycolipids contain diacylglycerol and «-galac-
tosidase-sensitive glycan structures which are indis-
tinguishable from the glycans derived from galactosy-
lated VSG GPI anchors. We discuss the relevance of
these galactosylated GPIs to the biosynthesis of VSG
GPI anchors.

The covalent linkage of a glycosylinositol phospholipid
(GPI)' to the carboxyl-terminal amino acid of many eukary-
otic cell surface glycoproteins provides the sole means by
which these proteins are attached to cell membranes (Fergu-
son and Williams, 1988; Low, 1989; Cross, 1990). In many
cases some fraction of these proteins can be released from the
membranes by treatment with a phosphatidylinositol-specific
phospholipase C (PI-PLC). Chemical structures of GPI mem-
brane anchors of a trypanosome variant surface glycoprotein
(VSG) (Ferguson et al., 1988a), rat brain Thy-1 (Homans et
al, 1988), human erythrocyte acetylcholinesterase (Eh-
AChE) (Roberts et al., 1988a; Roberts et al., 1988b), and a
Leishmania major surface protease, PSP (Schneider et al.,
1990), are known. These GPI anchors have a common back-
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bone structure of ethanolamine-phosphate-6Manal-
2Manal-6Manal-4GleN linked a1-6 to an inositol phospho-
lipid. The carboxyl terminus of the mature protein is attached
to the glycolipid via an amide linkage to ethanolamine. The
different anchors appear to have both protein and cell-type-
specific modifications branching from the core backbone
structure and variations in the composition and linkage of
fatty acids (reviewed by Thomas et al., 1990). The GPI an-
chors of bloodstream stage Trypanosoma brucei VSGs have a
branched «-galactose structure, containing variable numbers
of residues, attached to the O-3 position of the mannose
residue adjacent to the glucosamine (Ferguson et al., 1988a;
Fig. 1).

Studies on the biosynthesis of VSGs of T. brucei suggest
that the cDNA-predicted carboxyl-terminal hydrophobic se-
quence (absent from the mature protein) is replaced within 1
min of completion of protein synthesis by a GPI anchor
(Bangs et al., 1985; Ferguson et al., 1986), which is then
processed further by the addition of galactose residues (Bangs
et al., 1988). The rapidity of the GPI addition suggested the
existence of a prefabricated precursor glycolipid that could be
transferred en bloc to the newly synthesized protein, probably
in the endoplasmic reticulum (ER). Studies using a yeast
secretory mutant (sec18) support an ER location for the
addition of the GPI anchor (Conzelmann et al., 1988). The
addition of some, if not all, of the galactose residues on the
VSG GPI anchor takes place later in the secretory route of
the VSG, on its way to the cell surface (Bangs et al., 1988).

Two glycolipids, P2 and P3 (Menon et al., 1988a), presum-
ably identical to lipids A and C (Krakow et al., 1986), with
characteristics expected of GPI anchor precursors, have been
identified in bloodstream T. brucei. The structures of P2 and
P3 are shown in Fig. 1. P2 is PI-PLC-sensitive and consists
of a linear sequence identical to the conserved core sequence
found on all GPI anchors (Menon et al., 1988a; Mayor et al.,
1990b). P3 is PI-PLC-resistant due to the acylation of an
inositol hydroxyl by a fatty acid, but is otherwise identical to
P2 (Krakow et al., 1989; Mayor et al., 1990a). The biosynthesis
of these glycolipids has been studied in vivo (Schwarz et al.,
1988) and in vitro (Menon et al., 1988b; Doering et al., 1989;
Masterson et al., 1989; Masterson et al., 1990; Menon et al.,
1990a, 1990b). We have recently demonstrated that these
GPIs can be transferred to VSG polypeptides in vitro, con-
firming that they are indeed authentic precursors of the VSG
GPI anchor (Mayor et al., 1991).

In earlier biosynthetic labeling studies (Mayor et al., 1990b)
we noted that, in addition to P2 and P3, several minor lipids
were also labeled when trypanosomes were incubated with
[*H]GlcN. In this paper we report the partial characterization
of these lipids and show that they are galactose-containing
GPIs. The implications of these results for the biosynthesis
of VSG and other GPI anchors are discussed.
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FiG. 1. Structures of GPIs in bloodstream-form 7. brucei.
The unshaded area is the conserved core sequence common to the
GPI anchor of VSGs from trypanosome clones 117 and 118 and free
GPIs, P2 and P3, The diacylglycerol moiety in all the three GPIs is
dimyristylglycerol. The linkages EtN-P-6Man, Mana1-4GlceN, and
GlcNal-6Inos have not been explicitly described in P2 and P3 but
are likely to be identical to the core sequence. +, heterogeneity in the
VSG 117 galactose branch (Ferguson et al., 1988a). VSG 118 has only
a trace amount of galactose (Holder, 1985) and may be regarded as a
nongalactosylated GPI anchor (Mayor et al., 1990b).

EXPERIMENTAL PROCEDURES AND RESULTS?

The trypanosome GPI-anchor precursors, P2 and P3, can
be biosynthetically labeled by incubating trypanosomes with
[*H]myristic acid, [*H]ethanolamine, [*H]Man, [**P]phos-
phate, or [*H]GlcN. Both these lipids can be recovered by
extracting labeled trypanosomes with a polar solvent [chlo-
roform/methanol/water (10/10/3, v/v)] and can be separated
from labeled water-soluble material by drying the extract and
partitioning the residue between water and n-butanol: the
lipids quantitatively partition into the upper butanol-rich
phase (Mayor et al., 1990b). [*'H]Man and [*H]GIcN labeling
of these lipids is insensitive to the N-glycosylation inhibitor,
tunicamycin (Mayor et al., 1990b) and in all sugar-labeling
experiments described below trypanosomes were preincubated
with tunicamycin prior to the addition of radiclabeled sugar.
Preliminary analyses of glycans derived from tunicamycin-
insensitive [?H)GlcN-labeled glycolipids showed that, in ad-
dition to the P2 and P3-derived glycan, structures that co-
chromatographed with galactosylated core glycan standards,
derived from the GPI-anchor of VSG 117, were also present
(Mayor et al., 1990b). The results presented below confirm
the existence of galactose-containing GPIs in trypanosome
variants expressing both galactosylated and nongalactosy-
lated VSG GPI anchors (117 and 118 VSG, respectively).

Presence of GPIs More Polar than P2—Polar lipids were
extracted from biosynthetically labeled trypanosome variants
117 and 118 and chromatographed on thin layer plates (Fig.
2). In addition to P2 and P3, lipid species more polar than P2
(Fig. 2; regions X and Y) and a lipid species that chromato-
graphs between P2 and P3 (Fig. 2; region Z) could be labeled
with [*H]myristic acid, [*H)ethanolamine, [*'H]Man, or [*H]
GIcN. Attempts to biosynthetically label these lipids with
either [PH]glucose or [*H]galactose were unsuccessful; the

% Portions of this paper (including “Experimental Procedures,” part
of “Results,” Figs. 7 and 8, and Table I). 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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Fi6. 2. TLC analysis of glycolipids purified from trypano-
somes radiolabeled with [*H]myristic acid {(a, ), [*H]ethanol-
amine (¢, d), [*'H]GIceN (e), and [*H]Man (f). Trypanosomes,
variant 117 (g, ¢, and e) and variant 118 (b, d, and f), were biosyn-
thetically labeled in the absence (a, b, ¢, d) or presence (e, f) of
tunicamycin and labeled glycolipids were extracted into the butanol
phase as described in the text. The butanol phases were then chro-
matographed on Kieselgel-60 thin-layer plates using solvent system
a. Radioactivity was detected using a Berthold TLC scanner. P2 and
P3 are previously characterized GPI anchor precursors (see Fig. 1).
X and Y refer to labeled species migrating between P2 and the origin
of the chromatogram. Z refers to the peak of labeled material migrat-
ing in the region of the chromatogram between P2 and P3. Origin, 0
cm; front, 16 cm.

little radioactivity (10>~10° cpm/10® cells) that was incorpo-
rated into organic phase could not be distinguished from free
radio label contamination. Data presented below and in the
miniprint demonstrate that the glycolipids in regions X and
Y are PI-PLC-sensitive GPIs that contain diacylglycerol,
while the region Z glycolipid is PI-PLC-resistant and is prob-
ably monogalactosylated P3.

Analyses of Neutral GPI-glycans Generated from VSG 117
and Region X and Region Y Glycolipids—a-Galactosidase
digestion of deaminated and NaB3H,-reduced GPI anchor
glycans from VSG 117 (Fig. 34, panel a) generated a major
peak (~90%) that co-chromatographed with Man,AHM (Fig.
3A, panel b; 0), consistent with the presence of galactosylated
GPl-glycans in the 117 VSG GPI-anchor (Ferguson et al.,
1988a). A minor peak (~10%) with a retention time of 21 min
was also observed (Fig. 34, panel b; *). This minor species
chromatographs close to the Gal;Man;AHM standard, but is
resistant to further digestion with a-galactosidase and jack
bean a-mannosidase (data not shown). This suggests that it
may be derived from an as yet uncharacterized glycan (15%)
present in VSG 117 (Ferguson et al., 1988a) that may be
modified at the terminal mannose residue.

[*H]Man-labeled region X and Y GPIs from variant 118
trypanosomes were purified by TLC and neutral glycans were
generated by HF dephosphorylation followed by deamination
and reduction. Anion-exchange HPLC analyses of these neu-
tral glycans are shown in Fig. 3B. The chromatogram of the
region Y-derived material contained two peaks, one at 24.2
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FiG. 3. a-Galactosidase digestion of neutral glycans derived from VSG 117 GPI anchor (A) and [*H]
Man-labeled region X and Y lipids (B). Radiolabeled neutral glycans were prepared after HF dephosphorylation
followed by deamination and reduction from VSG 117 (20,000 cpm; A, panels a and b) as described (Mayor et al.,
1990b) and from [*H]Man-labeled region X (5000 cpm; B, panels b and d) and Y (3000 cpm; B, panels a and ¢)
GPIs which were TLC-purified from variant 118 trypanosomes. Each sample was divided into two aliquots and
each aliquot was incubated in 0.2 M NaOAc, pH 5.0, either with a-galactosidase (+a-Gal, A, panel b, B, panels ¢
and d) or without any additions (A, panel a; B, panels a and b), prior to analyses by anion-exchange HPLC. The
standards indicated at the top of each panel were included in each run and correspond to the heterogenously
galactosylated neutral glycans from the membrane anchor of purified VSGs, i.e. Gal,Man;(2,5-anhydromannitol)
generated via deamination and reduction of the HF-dephosphorylated glycans from purified 117 and 118 VSGs,
where n =0, 1, 2, 3, and 4 (indicated as 0, 1, 2, 3, 3’, and 4). 3 and 3’ correspond to the two observed isomers of
the Gal; structures {Ferguson et al., 1988a). The additional symbols (®) indicate the retention times of uncharac-
terized galactosylated glycans derived from VSG 117 GPI-anchor.?

min cochromatographing with Gal;Man;AHM (Fig. 3B, panel
a), and a second peak at 15-min cochromatographing with
Man;s2,5-anhydromannitol (Man;AHM; Fig. 3B, panel a)
(probably derived from contaminating P2 that is present in
the TLC-purified region Y material (data not shown). -
Galactosidase treatment of the region Y-derived glycans
quantitatively (>95%) generated Man;AHM (Fig. 3B, panel
¢), confirming that the region Y-derived glycan is
Gal;Man;AHM.

Many peaks chromatographing in the Gal, ;\Man;AHM re-
gion and were observed in the HPLC analysis of region X-
derived glycans, all of which were susceptible to a-galactosid-
ase treatment (Fig. 3B, compare panels b and d). However,
unlike the region Y-derived glycans, Man,AHM was not the
sole product of the a-galactosidase digestion. About 56% of
the a-galactosidase digestion product, marked by an asterisk
(Fig. 3B, panel d), cochromatographed with the minor «-
galactosidase digestion product (retention time, 21 min) gen-
erated from VSG 117-derived neutral glycans (Fig. 3A, panel
b). Similar data were obtained from [*H]GlcN-labeled, TLC-
purified region X and Y-derived neutral glycans (data not
shown). The extra peak (retention time ~26 min) in Fig. 3B,
panel d, probably represents a partial digestion product since
it disappears upon incubations with a second aliquot of the
enzyme and is not consistently observed (data not shown).

These data show that the region X and Y GPIs contain

galactosylated glycans similar to those derived from the GPI
anchor of VSG 117.

Synthesis of Galactosylated GPIs in Vitro—GPI synthesis
has been demonstrated in cell free systems from T. brucei
(Menon et al., 1988b; Masterson et al., 1989; Menon et al.,
1990b). In these systems, the synthesis of GPI biosynthetic
intermediates as well as the mature GPIs, P2 and P3, is
dependent on the presence of GDP-Man and UDP-GlecNAc
(Masterson et al., 1989; Menon et al., 1990a). In order to
determine whether region X, Y, or Z GPIs could be labeled in
vitro directly via UDP-[*H]Gal, membranes were incubated
with UDP-[?H]Gal under conditions that support GPI biosyn-
thesis. TLC analysis of the glycolipids labeled via UDP-[*H]
Gal in reactions containing membranes prepared from variant
118 trypanosomes (Fig. 4a), or membranes prepared from
variant 117 (Fig. 5) revealed a spectrum of radiolabeled lipids
that chromatographed in regions X, Y, and Z. All the labeled
lipids were susceptible to deamination by nitrous acid; >70%
of the glycolipid-associated radioactivity was released into the
aqueous phase and the radioactivity remaining in the butanol
phase did not comigrate with the starting material, confirming
that the lipids were completely susceptible to deamination
{Mayor et al., 1990a). In addition to UDP-[°*H}Gal-labeled PI-
PLC-sensitive GPIs chromatographing in regions A and B, a
PI-PLC-resistant GPI, chromatographing in region Z, was
also observed in reactions containing membranes prepared
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Fic. 4. TLC analysis of glycolipids synthesized in vitro.
Membranes from variant 118 trypanosomes were incubated in vitro
with UDP-[*H]Gal (a) or GDP-[?H]Man (b, ¢) in the presence of
UDP-GleNAc (1 mM, GDP-Man (1 mM; a) and UDP-Gal (1 mM; b).
The reactions were incubated for 60 min at 37 °C and glycolipids
were extracted and analyzed by TLC as described in Fig. 2. Origin, 0
cm; front, 16 cm.

from variant 117 (Fig. 5), while in reactions containing mem-
branes from variant 118 (Fig. 4a) the level of this species was
considerably lowered. The reason for this difference is not
known. A similar GPI species has been observed in biosyn-
thetically labeled 117 and 118 trypanosome variants in vivo
(Fig. 2; region Z).

UDP-[*H]Gal-labeled GPIs from five in vitro reactions were
pooled and subjected to neutral glycan analyses as described
for the region X and Y GPIs. About 70% of the radioactivity
associated with UDP-[*H]Gal-labeled GPIs was recovered in
the aqueous phase after HF dephosphorylation and butanol
phase partitioning. Anion-exchange HPLC analysis of the
deaminated and reduced material in the aqueous phase
showed a profile (miniprint section; Fig. 8, panels A and B)
similar to the neutral glycans derived from region X and Y
GPIs. a-Galactosidase digestion released most of the radio-
activity as galactose (retention time ~5.8 min); a minor pro-
portion (<20%) was recovered at a retention time of 20.2 min,
similar to the minor a-galactosidase digestion product (reten-
tion time, 21 min) generated from VSG 117-derived neutral
glycans (Fig. 34, panel b). The radioactivity recovered in the
butanol phase of the HF dephosphorylation reaction was also
analysed by anion-exchange HPLC after deamination and
reduction. Most (95%) of the radioactivity chromatographed
at a retention time of 21 min but was resistant to a-galacto-
sidase digestion (Fig. 8, panels C and D).
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Fic. 5. PI-PLC treatment of in vitro synthesized UDP-[*H]
Gal-labeled lipids. Membranes from variant 117 trypanosomes were
incubated in vitro with UDP-[?H]Gal as described in Fig. 4. The
labeled glycolipids (1000 cpm), extracted into butanol, were incubated
in PI-PLC buffer without (top panel) or with PI-PLC (bottom panel).
The reaction mixture was then partitioned between water and butanol
and the butanol phase analyzed as described in Fig. 2. Origin, 0 cm;
front, f.

When GDP-[*H]Man-labeled GPIs from in vitro reactions
were analyzed by TLC, minor GPI species (~5% of the
radioactivity chromatographing as P2) corresponding to re-
gion Y and Z GPIs was observed, only when nonradioactive
UDP-Gal was included in the reaction (compare Figs. 4b and
4c). Essentially no region X GPIs were observed in the
presence or absence of UDP-Gal. Anion-exchange HPLC
analyses of the HF-dephosphorylated GDP-[*H]Man-labeled
GPI glycans that partition into the aqueous phase confirmed
the presence of a neutral glycan that cochromatographed with
a Gal;Man;AHM standard (data not shown), suggesting that
a GPI similar to region Y GPI could be formed in vitro from
de novo synthesized GPIs. Anion-exchange HPLC analyses
of the GDP-[?’H]Man-labeled GPI-derived glycans, that par-
tition into the butanol phase after HF dephosphorylation,
showed the presence of a neutral glycan that cochromato-
graphed with a Gal;Man;AHM standard only in reactions
that were supplemented with UDP-Gal (data not shown).
These data are consistent with the synthesis of mono-galac-
tosylated P2 (region Y) and mono-galactosylated P3 (region
Z) in vitro.

In order to resolve the differences between the synthesis of
region X, Y, and Z GPIs in vitro-labeled via GDP-[*H]Man
in the presence of UDP-Gal (Fig. 4b) and directly by UDP-
[*H]Gal in vitro (Figs. 4a and 5a), membranes were prepared
from trypanosomes biosynthetically labeled with [PH]GlcN.
The membranes were incubated in the in vitro reaction as
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described in Fig. 6. Region X, Y, and Z GPIs were enriched
only when UDP-Gal and Mn?* were included in the reaction
mixture. The identity of these enriched species were con-
firmed by anion-exchange HPLC analyses (before and after
«-galactosidase treatment) of the HF-dephosphorylated,
deaminated, and reduced-neutral glycans generated from
GPIs shown in Fig. 6 (data not shown). These analyses suggest
that the glycans generated from the in vivo-labeled, in vitro-
enriched region X, Y, and Z GPIs are identical to the glycans
generated from GPIs that are labeled directly via UDP-[*H]
Gal in vitro. These results suggest that biosynthetically la-
beled GPIs are transported in vivo to galactosyltransferase-
containing compartments and are able to act as substrates of
this enzyme in vitro, while in vitro-synthesized de novo GPIs
are not accessible to the whole spectrum of galactosyltrans-
ferases. This would account for the difference in the labeling
patterns seen between the two incubation conditions. In sup-
port of this hypothesis is the observation that the labeling of
region X, Y, and Z GPIs via UDP-[*H]Gal was not dependent
on the de novo synthesis of P2 and P3; the presence or absence
of millimolar GDP-Man and or UDP-GlcNAc had no effect
on the incorporation of radioactivity into these GPIs (~300
¢pm/107 cell equivalents of membrane). However, the labeling
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FI1G. 6. In vitro synthesis of region X, Y, and Z GPIs in
membranes prepared from [*H]GlcN-labeled trypanosomes.
Membranes were prepared from 117 trypanosomes biosynthetically
labeled with [*'H]GIlcN (35 uCi/ml; 50 min at 37 °C) and were incu-
bated (4 X 107 cell equivalents/reaction) in vitro in the absence of
Mn?** (a) or in the presence of Mn*" and UDP-Gal (b), or in the
presence of UDP-Gal alone (c). The reactions were incubated for 90
min at 37 °C and glycolipids were extracted and analyzed by TLC as
described in Fig. 2. Origin, 0 cm; front, 16 cm. i, MansGlcNAc,-P-P-
Dol (Low et al., 1991; Mayor et al., 1990b); ii, GlcN-PI; iii, trypano-
some Dol-P-Man (Low et al., 1991).
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was dependent on the presence of Mn?" in the reaction
mixture; 10-fold less radioactivity was incorporated into re-
gion X, Y, and Z GPIs when membranes were incubated with
UDP-[*H]Gal in the absence of Mn?**.

Effect of Galactosylation on Transfer of GPIs to VSG in
Vitro—Membrane preparations similar to those described
above have been used to demonstrate the transfer of GPIs to
protein acceptors in vitro (Mayor et al., 1991). In order to
determine whether the synthesis of galactosylated GPIs influ-
enced the transfer of in vitro-synthesized GPIs to endogenous
VSG acceptors, the protein fraction was analysed. SDS-PAGE
followed by autoradiography was performed on the solubilized
protein pellets obtained from in vitro reactions containing
membranes prepared from VSG 117 expressing trypanosome
variant, as described (Mayor et al., 1991). No difference was
observed in the transfer of radioactivity to protein (~4000
cpm/107 cell equivalents) when the GDP-[?*H]Man-containing
reactions were performed in the presence or absence of UDP-
Gal. Omitting Mn®* from the assay buffer abolished the
synthesis of the galactosylated GPI that is generated in the
presence of UDP-Gal, without any effect on the synthesis of
GDP-[?’H]Man-labeled GPIs or on the transfer of these lipids
to protein. Analysis of the VSG-associated radioactivity by
methods described earlier (Mayor et al., 1991) showed that
the glycan transferred to protein in vitro in the presence of
UDP-Gal was not galactosylated; all (>97%) of the VSG-
associated radioactivity (obtained from in vitro-labeled VSG
that was purified by electroelution from SDS-PAGE and then
HF-dephosphorylated, deaminated, and reduced to generate
a neutral glycan) chromatographed with Man;AHM, the neu-
tral glycan derived from a nongalactosylated VSG membrane
anchor.

DISCUSSION

In this paper we demonstrate the presence of a spectrum of
galactose-containing GPIs in trypanosome variants 117 and
118. These glycolipids have been designated as region X, Y,
and Z GPIs. Region X and Y GPIs are PI-PLC-sensitive,
contain galactosylated glycans similar to those present on the
GPI anchor of VSG 117, and have sn-1,2-diacylglycerol as
their lipid moiety. The glycan moiety of these GPIs appears
to be chromatographically indistinguishable from the heter-
ogenous glycan present on the VSG 117 GPI-anchor. It is
likely that the arrangement of the galactose residues on the
GPlIs is also identical to that of the VSG GPI anchor but
limiting amounts of material (<50 pmol/10" cells) preclude a
complete structural analysis. Region Z GPI is PI-PLC-resist-
ant, and may be monogalactosylated P3, however, the ar-
rangement of the galactose residue on this GPI species was
not determined due to limiting amounts of material. These
galactose-containing GPIs are not degradation products of
the VSG-attached GPI anchor, since their synthesis is unal-
tered when protein synthesis is inhibited by cycloheximide
treatment® and they can be synthesized in vitro from radio-
labeled sugar nucleotides and endogenous lipid.

A number of «-galactose-containing GPIs, such as the
lipophosphoglycan and the glycoinositolphospholipids
(GIPLs) in Leishmania (Rosen et al., 1989; Turco et al., 1989;
McConville et al., 1990a, 1990b), have been characterized in
protozoan parasites. They are mainly cell-surface glyconju-
gates and contain variously galactosylated versions of the core
glycan Galfa1-3Manal-4GlcNal-6Inos, but do not contain
ethanolamine. Another example of a major galactosylated GPI
is the lipopeptidophosphoglycan from Trypanosoma cruzi

3 S. Mayor, unpublished observations.
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which lacks ethanolamine but contains the sequence Manal-
2Manal-6Manal-GlcNal-6Inos, common to the conserved
core glycan present on all characterized GPI anchors (Prev-
iato et al., 1990). In contrast the galactose-containing GPIs
described here are ethanolamine-containing minor GPIsin T.
brucei. The location of the ethanolamine residue on the GPIs
has yet to be determined but it is likely that these lipids also
contain the sequence, EtN-PO,-Manal-2Manal-6Manal-
GlcNal-Inos, common to P2 and P3 (as well as PP1, a GPI
that resembles lyso-P3 present in the insect-stage trypano-
some; Field et al., 1991). This is supported by the observation
that these GPIs have a common biosynthetic route that is
inhibited to the same extent by 2-fluoro-2-deoxyglucose, an
inhibitor of GPI biosynthesis in vivo (Schwarz et al., 1988).

Although the direct precursors of the galactose residues are
not known, our data show that UDP-Gal or a UDP-Gal-
derived donor is involved in the addition of the galactose
residues in vitro. We have been unable to incorporate [*H]
glucose or [*H]galactose into these glycolipids in vivo because
these sugar molecules are not efficiently taken up into the
cell and metabolized into sugar donors or because a large pool
of galactose or UDP-Gal exists inside the cells.

In a previous paper we raised the possibility that galacto-
sylated GPI species were the immediate precursors of the GPI
membrane anchor of VSG (Mayor et al., 1990b). Data pre-
sented here suggest that galactosylation of P2 is not necessary
for efficient transfer of the GPI to protein in vitro. However,
the data do not rule out the possibility that galactosylated
forms of P2 are transferred to VSG and then rapidly degalac-
tosylated following transfer in vivo, similar to transfer of
glucosylated dolichol-linked oligosaccharides to protein in
glycoprotein biosynthesis (Turco et al., 1977).

The biosynthesis of a VSG (ILTat 1.3) containing a galac-
tosylated GPI anchor has been studied (Bangs et al., 1986;
Bangs et al., 1988), and the data presented suggest that some
or all of the galactose residues are added after attachment of
the glycolipid (¢, for galactose addition ~15 min compared to
~1-2 min for glycolipid attachment). The detection of free
galactosylated GPIs is not inconsistent with these observa-
tions. Considering the lack of stimulation of UDP-[*H]Gal-
labeled GPIs synthesized in vitro by the de novo synthesis of
GPIs, it is possible that galactosylation takes place in a
subcellular location (e.g. Golgi membranes) that is not the
site of GPI synthesis. The formation of galactosylated GPIs
may be due to the transport of P2 and P3 from the presumed
site of synthesis, the ER, to the site(s) of galactosylation in
vivo. This would account for the presence of limited amounts
of nongalactosylated GPIs in the vicinity of the galactosyl
transferase in vitro. Two observations support this hypothesis:
i) GPIs synthesized de novo in vitro are inefficiently galacto-
sylated; the only products appear to be monogalactosylated
P2 and P3. ii) When membranes are prepared from [*H]GlcN-
labeled trypanosomes and incubated with Mn?* and UDP-
Gal at 37 °C, the in vivo labeled GPIs are efficiently galacto-
sylated presumably because some free labeled GPIs are trans-
ported from the ER to the site of galactosylation during the
in vivo labeling period. Transport of GPI anchor precursors
from the ER in other systems may generate free GPIs that
have cell-type-specific side-chain GPI-anchor modifications.
In support of this hypothesis is the detection of minor etha-
nolamine-containing, nitrous acid, and GPI-PLD-sensitive
lipids more polar than PP1 in procyclic trypanosomes (Field
et al.,, 1991), where the GPI anchor of the procyclic acidic
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repetitive protein appears to be extensively modified.®

Mn?**-dependent galactosyltransferase activities have been
localized to isolated Golgi fractions in 7. brucei (Grab et al.,
1984). The synthesis of galactosylated GPIs in the crude
membrane preparation used here may reflect the extent of
mixing of different subcellular compartments; however, since
these GPIs are also synthesized in vivo they are authentic
products of the appropriate galactosyltransferases. Further
characterization involving fractionation of the membrane
preparation will be necessary to confirm the intracellular
location of the specific a-galactosyltransferases and the site
of GPI synthesis.

VSGs, classified by the carboxyl-terminal amino acid resi-
due (Asp, Ser, or Asn) of the mature polypeptide and carboxyl-
terminal peptide homology, contain a subclass-dependent
number of galactose residues attached to the GPI anchor
(Holder, 1985). For example, VSG 117 (a class I variant)
contains 0-5 galactose residues, VSG 221 (a class II variant)
contains up to 8 galactoses, while VSG 118 (a class III variant)
contains only trace amounts of galactose (Ferguson et al.,
1988a; Mayor et al., 1990b). In VSG 117 the galactose residues
are arranged in a branched structure attached to the mannose
adjacent to the glucosamine, with >60% of the structures
containing 3 or 4 residues (Ferguson et al., 1988a). VSGs form
a dense coat on the surface of the trypanosome, and this
serves as a macromolecular diffusion barrier for the parasite
(Ferguson and Homans, 1988). The predicted three-dimen-
sional structure of the GPI suggests that it could make a
significant contribution to the integrity of the surface coat as
a diffusion barrier (Ferguson et al., 1988b). Since the level of
galactosylation correlates with subclass it may be that the
galactose residues play a space-filling role to accommodate
the differences in the three-dimensional structures of the
different carboxyl-terminal domains. This may allow more
efficient packaging of the VSG anchor at the cell surface. Our
data show that both class I (117) and class III (118) VSG-
expressing trypanosomes have comparable levels of galacto-
sylated GPIs in vive as well as comparable galactosyl trans-
ferase activities in vitro. This suggests that the extent and
heterogeneity of galactosylation of an individual GPI anchor
reflects the accessibility of the relevant a-galactosyltransfer-
ases. This feature of GPI anchors is unique to trypanosomes
and the interruption of galactosylation could compromise the
integrity of the surface coat, providing a useful target for
drugs based on compounds that selectively inhibit galactosy-
lation of trypanosome GPIs. Investigation of the specific
galactosyltransferases may be facilitated by the observation
that P2 is a substrate for the transferases and this could
provide a convenient functional assay for these enzymes.
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EXPERIMENTAL PROCEDURES

Materials—D-[6-3H]GIcN (35 Ci/mmol), D-{2-3H]glucose (23 Ci/mmol), D-[6-3H]galactose (30
Ci/mmol), D-[6-3H]Man (35 Ci/mmol), [9,10-3H]patmitic acid (55.2 Ci/mmol) and [1-
3H]ethanolamine hydrochloride (29.8 Ci/mmot) were purchased from Amersham Corp.
Uridine dij D-[4,5-3H]g (38.5 Ci/mmol), guanosine diphosphate D-(3,4-
3H]Man {16 Ci/mmol), and [9,10-3H]myristic acid (22.4 Ci/mmol) was purchased from Du
Pont-New England Nuclear. Lipid standards were from Sigma Chemical Co. PI-PLC from
Bacillus thuringiensis was a gift from Dr. M. G. Low (Columbia University) and rabbit serum
(used as a source of GPI-specific phosphohpass D GPI-PLD, (Davtlz et al., 1987; Low and
Prasad, 1988) was a gift from Mr. A. Zy ity). All solvents were
either reagent- or HPLC-grade. lon- exchange rasms were purchased from Bio-Rad or
Pharmacia. All solvents were ytical or high p: liquid aphy (HPLC)
grade

and Furificati i Labelled —Rats were inoculated
with trypanosome variants 01 the Molteno Institute Trypanozoon antigenic type (MITat) 1.4 or
1.5 (clones 117 or 118, respectively) ot 7. brucei strain 427. 'Buffy-coat’ trypanosomes were
purified by centrifugation and used directly, or after passage through a DEAE column as
previously described (Cross, 1975). Trypanosomes were labelled and glycolipids were
extracted into butanol as described previously {Mayor and Menon, 1990).
Solvent Systems for Thin Layer Chromatography —All solvsnt mixtures are given as volume
ratios. a : chioroform/methanol/Hz0, (10: 10: 2.7), b ot
acid {70:30:1), ¢ : chloroform/methanal/30 % formic acid (50 30:7).
Generation of Biosynthetically Labelled Glycans for HPLC analysis —Glycolipids (total
butanol extracts from y labelled try or TLC-purified labelled
glycolipids) were treated with cold aqueous HF and after 48 h the reaction was neutralized as
described (Mayor and Menon, 1990). The solution was j to
pH 4.0, extracted twice with an equal volume of water-saturated n-butano! and the butanol-
rich upper phase and the aqueous-rich lower phase were separated. The aqueous phase
was desalted by passing over 0.4 ml AG3X4A(OH") resin, and the eluate and washings were
pooled and taken for daammaﬂon and reductlon or N-acetylation (Mayor and Menon, 1990).

Befor or N Y the bulanol phase was lrealed wnh
NH;/mathanol (1:1) for 3-12 h at ambient After N
followed by by passing them over a tandem ion-

were

exchange column cunsusung of 0.2 mi Chelex100(Na*), over 0.4 mi AGS50WX12(H*). In each
case the eluate and washings were pooled and dried, and the residue flash evaporated with
3 x 50 u toluene, resuspended and filtered through a 0.2 um filter and stored at -20 °C until
required for analysis.

Anion Exchange HPLC Analysis of Labelied Glycans —Desalted glycans were analysed by
anion exchange chromatography on a Dionex Basic Chromatography System (Dionex
Corporation, Sunnyvale, CA, USA). The separation was accomplished by gradient elution
using a HPIC AS6 column preceeded by a guard column (HPIC AGS) filled with the same
ion-exchange matrix. Gradient elution program ; 100 % Butfer A (0.1 M NaOH), 0 % Buffer B
(0.1 M NaCH, 0.5 M NaOAc) up to 6 min after injection, then an increase of Buffer B to 15 %
at 36 min. The eluant was i by an anion micr (Dionex
Corp.) with 0.1 M Hz2S04 as the counter ﬂow regenerant. Fractluns were uollected diractly
into scintillation vials and the was y liquid

Neutral glycan standards derived from VSG membrane anchors were included in each run
and detected using pulsed amperometric detection (Dionex Corp.).

VSG GPl-anchor Glycan Neutral glycan ding to the glycan
portion of the mambrane anchor of VSGs were prepared from pumlsd soluble form VSG
(sVSG) from T. brucei variants 117 and 118 as described previously {(Mayor et al., 1990b).
The glycan portion of the membrane anchor from sVSG 118 has been shown to be identical
1o the de-galactosylated, deaminated, reduced and dephosphorylated glycan from VSG 117
(Mayor et al, 1990b). The neutral glycans were deaminated and reduoed or N-acetylated as
described above to generate the GalpManzAHM or GalpM

respectively, where n=0 for the glycan generated from sVSG 118 (Mayor et al, 1990b) and
n=2-5 for the neutral glycans generated from sVSG 117 (Ferguson et al., 1988a).
Radiotabelled VSG GPl-anchor glycans were generated in a similar fashion except that the
deaminated glycans were reduced with NaB3H4 and puritied as described previously
(Ferguson et al., 1988a).

Galactosidase Digestion of Neutral Glycans— Neutral glycans were generated as above and
resuspended in 20 pl 0.2 M NaOAgc, pH 5.0 coffes bean 60
U/ml, Boehringer Mannheim) and incubated for 12- 16 hat 37 °C  The galactosidase
dlgasuon was terminated by heating the reaction at 100 °C for 1 min and the digest was
passed over a 0.2 ml column of AGSOWX!Z(H') The column eluate and washings were
pooled fmerad and by anion PLC

i Iabelled purified hpqu were resuspended in
100 w PI-PLC buﬂer (0.1 M Tris-| HCI pH 7.4, 0.1 % Na deoxycholate) containing 2 ug Bacillus
thuringiensis PI-PLC. The reaction was carried out for 2 h at 37 °C and terminated by adding
100 pl 0.1 M HOAc. The veamlon mixtures were either extracted first with toluene and then
with water- I (for istic acid-labelled lipids), or directly extracted with
water-saturated n-butanol {for [SH]ElN and UDP-[3H]Gal-labelled lipids). The toluene
extracts were chromatographed on Kieselgel-60 TLC plates along with lipid standards using
solvent system b. The butanol phases were chromatographed on Kigselgel-60 plates using
solvent system a.
GPI-PLD hydrolysis was carried out on TLC-purified lipids. The lipids were resuspended
in 100 yl PI-PLC butfer containing 2.5 mM CaClz and incubated at 37 °C for 2-4 h with 2 p!
rabbit serum (source of GPI-PLD activity, (Davitz et a/., 1987; Low and Prasad, 1988)). The
incubation was terminated by adding 100 ul 0.1M HOAc and the reaction products were
aextracted twice with 200 pl of water saturated butanol. The butanol phases were combined
and chromatographsd on Kieselgel-60 TLC using solvenl syslern aor solvent system c.
In Vitro GPI were p
described (Mayor et al, 1991). Reactions contained 5 x 107 cell equlvalems of dlspersed
membranes in & total volume of 100 l of assay butfer (25 mM K-HEPES, pH 7.4, 75 mM
KOAc, 5 mM MgOAc, 1 mM CoA, 200 ng/ml tunicamycin, 1 mM ATP, 10 mM creatine
phosphate, 8 U/mi creatine kmase) 5 mM MnOAc was included in all reactions unless
otherwi (1-2 pCi of GDP-[3H]Man or 5-10
|.ICI of UDP| [3H]GE|) were added |o initiate the reaction and samples were incubated witl
mitlimotar of the sugar at 37 °C in a water bath
The in vitro symheslzed GP! species were extracted as describad earlier (Mayor et al, 1991)
n by TLC ol igel-60 plates (Merck) using solvent system a. The
radloacnw\y was de(emed by a Berthold TLC scanner (LB 2842) and quanmated using the
Inc.). Labelled
and the VSG:

by
protein was detecled by SDS-PAGE followed by
radioactivity was analysed as described (Mayor et af, 1991).

RESULTS

Glycolipids in Region X and Y are GPI-lipids Ci sn-1,2

[3H]Ethanolamine-labelled region X and Y lipids were punﬂed by TLC and the Iabellsd

glycollplds {1000 cpm) were incubated in PI-PLC buffer without or with B. thuringiensis Pl-
PLC. The reaction mixture was then partitioned between water and butanol and the butanol

phase analysed as described in Fig. 2. All the radioactivity assoclated (>95%) with
[3H]ethanolamine-labelled lipids in region X and Y could be released into the aqueous
phase after treatment with PI-PLC (data not shown). Identical results were obtained with
[3H]Man-labelled lipids (data not shown).

Table | shows that PI-PLC treatment of [3H])myristic acid-labelled region X and Y fipids
generated lipid species that were soluble in the toluene phase. Thin layer chromatographic
analysis (Kieselgel-60 TLC plates using solvent system b ) of this phase showed that the
tolu lubl with sn-1,2; identical to the lipid
species released from [GH]mynstlc acid-| Iaballsd P2 (dala not shown) These resuits suggest
that the lipid portion of the glycolipids in region X and Y is sn-1,2-diacylglycerol.
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Table—!
PI-PLC Treatment of [3Hjmyristic acid-labelled glycolipids

Giycotipid Pi-PLC Total Radioactivity (%) recovered ¥
Treatment radioactivity in
{epm) Tolugne phase _ Butano! phasg
P2 - 4750 9.3% 90.7%
P2 + 3830 88.0% 12.0%8
Region X - 4800 4.2% 95.8%
Region X + 6600 78.7% 21.3%8
Region Y - 2270 10.6% 89.4%
Region Y + 3320 76.5% 23.5%%
# Aner P PLC treatment the reacnon mlxlure was saquentlally extracted with tolusne and

butanol as , an aliquot of each phass
was takan for liquid scintillation ooun(lng and the remammg was analysed by TLC (see text).
TLC analyses of the butanol phases of the PI-PLC-treated [SH]myristic acid-labelled-region
X and ¥ I|g|ds and P2 showed the presence of contaminating amounts of [3H]myristic acid-
labelled-P3, present in the starting material {data not shown).

Rabbit serum contains a GPl-specific phospholipase D (GPI-PLD (Davitz et a/, 1987; Low
and Prasad. 1988)) that releasas dimyristylphosphatidic acid trom P2 and P3 (Mayor st al,
1950a). In order to show that tegion X and Y glycolipids were susceptible to this enzyme
]3H]Mynsnc acid-labelled region X ang Y lipids (5000 cpm each) were puritied and incubaled
in PLPLC butter containing Cally with rabdit serum or without any additions and after
acidification the products wera extracted into butanol and chromatographed alang with lipid
standards on Kieselgel-60 TLC plales using solvent system a, as described in Fig. 2. The

D d a product (>95 % of the starting material) in @ach case

(hat quanti grap with y p
Analyses of the GPI PLD pi by a sep TLC systsm (Kleselgsl 60,
solvent system c) confirmed that i hatidic acid was Imy
acid-labelled-region X and Y lipids and P2 {data not shown). Taken wgsther ms above data
suggest that the glycolipids in region X and Y are PI-PLC sensitive GPIs that contain lipid
moisties identical to P2.
Galactosidase Sensitive Neutral Glycans Generated from Tupicamycin Resistant Polar
2ipics—Glycolipids were jsolated from [3H]Man-!abelled trypanosomes {variant 117) and
neutral glycans were prepared by p s (Mayar and Menon,
1990; Mayor ef al, 1990b). The butanal pnase extracts wera dephospharylated with
aqueous HF and, following neutralization, the reaction products were partitioned between
butanot and water. The radioactivity that partitioned into the aqueous phase was either N-
acetylated or deaminated and reduced. The butanol-soluble radioactivity was first treated
with mild base (NH3/MeOH; 1:1, viv) before belng elthsr N-acetylated or deaminated and
reduced. The neutral glycans were ch d on a ge HPLC along with
N-acetylated or deaminated and reduced neutral glycan standards prepared from VSG 117
and 118,

Anion-exchange HPLC (Fig. 7) showsd that the aqueous-soluble radioactivity contained a
major biosynthetically labseiled glycan mone!y (80-90%) and mlnor glycan moielies (10-20 %).
The major species h with the ¥l core VSG glycan
{MansGIcNActnositol of MansAHM Figs 3 a and c) while the minor species co-

with id d glycan standards from VS8G 417 {Fig. 7 a and ¢),
suggestmg !hat these minor glycans spec(es were denved trom galamosylated GPls. These
mingr species were to {Fig 7, b and d) but ail the
digested product (Fig. 7, b and d; peaks marked by *) did not co- cnromatagraph with the nan-
galactosylaled core VSG glyean. This has been also observed for a-galactosidase-treated
V8G 117 glycans (see Fig. 3 and Fig. 8).

Anion-gxchange HPLC analysls o' the deaminated and reduced material recovered in the
butansl phase of ylation reaction, showsd thai, in addition 1o the
P3-derived hydrophobic glycan (Mayor ot af, 1990b), small amounts of galactosylated
glycans {< 15% of that present in the aqueogus phase] were also present. Thase species

with a time of ~21 min, close to the GaliMan3aAHM standard
(data not shown) Further analysis of this species was not carried out due to the low
abundance of material. This *hydrophobic’ glycan is probably derived from the glycolipid that
chromatographs beiween P2 and P3 (Fig. 2, region 2). This glycolipid was susceptivte to
GPI-PLD but resistant to PI-PLC and cauld be labslled with [3H]palmmc acid {(data not

shown). These data suggest that a mona-galactosylated P3-like molecule is synthesized in
VIVG

acid (data not shown).

GPls of i were glso obtained in similar yield from
[3H]GI<:N -labselled variant 118 trypanosames, whera tha mature VSG-linked GP| anchor is not
galactosylated (see Fig. 3).

labelled glycalipids punﬁed {rom variant 117 trypanosomes.

[3H]Man-labelled glycolipids were HF-dephosphorylated, neutralizad, phase separated
and tha radioactivity paditioning into the aqueous phase was ¢ither N-acetylated (a, b) or
deaminated and reduced (c. d). An aliquot (1/2-1/3) of each sample was treated with a-
palactosidase (+a-Gal; b, d) prior to y anion HPLC. The
indicated at the top of each pansi were included in each run and correspond to the
haterogenously galactasylated neutral glycans from the membrane anchar of purified VSGs,
ie GalnMang(z 5- -anhy 9 via (in panels a
and b; NAC) vig N; {in panals ¢ and d} of the HF-
dephospho(ylated glycans from puritied 117 and 118 VSGs, where n=0, 1, 2, 3 and 4
(indicated as 0, 1, 2, 3, 3 and 4). 3 and 3' caespond ta the two possible isomers of the Galg
structures (Ferguscn ot al, 19868a). The additional symbols () indicate the retention times of
uncharacterized galactosylated glycans derived from VSG 117 GPl-anchor3. Insets show the
corresponding regions on a ~2.5 times expanded scale.
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Figure 2. Ani HPLC ) of neutral glycans genarated from [3H]Man-
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Figure 8. Anion-exchange HPLC analyses of neutral glycans generated from UDP-[3H]Gal-
labelled glycolipids synthesized in vitro..

Glycolipids wers labeiled via UDP- {SHIGaJ n vitro (5 x 108 cell aquivalents of
trypanosames, variant clone 117) as in Fig.6 ai into dutanci, An
aliquet (1000 cpm) ot me bu(anal phase wzs analysod by TLC and (he remainder (~6000
cpm) was HF-
into the aqueous (A, S) and “outanol (C D] phases was deammﬂled and raduced and an
aliquot (2/3) Y PLC a in Fig. 7. The remainder of
each sample (1/3) was treated with i id: pirior to Py anion
HPLC (+a-Gal; B, D). The standards “indicated at the top of each panel ware included in
each run and correspond to the dsammated and reducted neutral glycans from purified 117
and 118 VSGs as in Fig. 7. i,




