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Introduction

Addition of a glycosylphosphatidylinositol (GPI) mem-
brane anchor to a protein represents both a novel means for
holding proteins to lipid bilayers and for attaching carbohydrate
to a polypeptide (Cross 1990). For these reasons there has been
considerable interest in this recently characterized post-transla-
tional modification. Since the first description of the structure of
the GPI-anchor from Trypanosoma brucei variant surface
glycoprotein (VSG) (Ferguson et al. 1988), detailed structural
data for several other protein anchors and related molecules
have been reported from species ranging from protozoan para-
sites to mammals (reviewed most recently by Thomas et al.
1990). The wide range of species shown to make GPI-anchored
proteins demonstrates that this post translational modification
probably appeared early in eukaryote evolution. Using the Afri-
can trypanosome as an experimental model system, a pathway
for the biosynthesis of the VSG GPI-anchor has been proposed.
In this review we shall briefly discuss the simplest model con-
sistent with the data available and highlight some alternative
models and undocumented aspects of the biosynthesis of the
GPI-anchor in trypanosomes. Also we shall describe some re-
cent data on the developmental regulation of GPI-anchor bio-
synthesis in different life stages of T. brucei.

The Simplest Model

The common core of all GPI-anchors sequenced to date
has the structure EthN-P-Man,GlcN-Inositol. The presence of
additional substituents, e.g., a-galactose in some VSG variants
(Ferguson et al. 1988), GalNAc and extra mannose and
phosphoethanolamine in rat brain Thy-1 (Homans et al. 1988),
has been reported but the function of these moieties remains
unclear. Anchors with the minimal core structure have been
identified in VSG from T. brucei (Ferguson et al. 1988) and
gp63 from Leishmania (Schneider et al. 1990). Kinetic evi-
dence suggests that the GPI-anchor is acquired in an early post-
translational event involving replacement of a short carboxyl-
terminal sequence in the target protein with a preformed glycol-
ipid (Bangs et al. 1985, Ferguson et al. 1986). Preformed gly-
colipid precursors containing GPI-anchor components (e.g.
mannose, ethanolamine) have bgen detected in bloodstream
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Fig. 1. Schematic structure of the major GPI-anchor pre-
cursors in T. brucei. P2 and P3 are seen in the mammalian blood-
stream form, and PP1 in the procyclic (insect) form. P2; R = R' =
myristate, P3; R = R' = myristate, R" = palmitate, PP1; R=H, R' =
stearate, R" = palmitate. Fatty acid assignments for R" and R' (PP1
only) made on the basis of metabolic labelling experiments only.

trypanosomes (Lipids A and C, Krakow et al. 1986, Lipids P2
and P3, Menon et al. 1988) and characterized in detail (Mayor
etal. 1990 a, b, Fig. 1). P2 and P3 have a structure equivalent to
a free GPI-anchor, with the amine of the ethanolamine underi-
vatised. P3 differs from P2 solely by the presence of one or
more fatty acid substituents on the inositol ring (Mayor et al.
1990b, see below). From these structural data the most obvious
mechanism for the construction of the precursors would be by
sequential glycosylation of phosphatidylinositol (PI), i.e. the
addition of one glucosamine and three mannose residues fol-
lowed by the addition of ethanolamine phosphate to the termi-
nal mannose residue (Fig. 2). Glycolipids with the expected
structures of intermediates on the pathway to construction of P2
and P3 were found in radiolabelling studies using crude lysates
of T. brucei (Masterson et al. 1989, Menon et al. 1990a). These
glycolipids contain glucosamine and zero to three mannose
residues, apparently in the same linkages as seen in the VSG
GPI-anchor and in P2 and P3 (Menon et al. 1990a). The glu-
cosamine is derived from UDP-GlcNAc, and the first potential
GPI-precursor is GIcNAc-PI, which is de-N-acetylated to
GIcN-PI (Doering et al. 1989). All three of the mannose resi-
dues are derived from dolichol-P-mannose (dol-P-man, Menon
et al. 1990b). The addition of ethanolamine phosphate to the
Man, GPI-lipid appears to involve another lipid-linked donor,
phosphatidyl-ethanolamine (AKM, S. Mayor, R.T. Schwarz,
submitted). In addition to the glycosylation of the inositol, the
fatty acids on the glycerol are altered (see below).

Other Aspects; Alternative Pathways and Topology of Gly-
cosylation

The information outlined above provides evidence for a
simple model for anchor biosynthesis. Except in the case of
addition of GPI (P2 and P3) to polypeptide (S. Mayor, AKM,
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Fig. 2. Scheme for the biosynthesis of P2 and P3 GPIs in

bloodstream trypanosomes. In this model the GP1 is translocated
from the cytoplasmic face of the RER to the lumen as GIcN-PL It is
possible that the GPI in fact crosses the membrane at any point follow-
ing synthesis of PI. The phospholipid is glycosylated and ethanolam-
ine phosphate is added. Remodelling of the diglyceride and inositol
acylation occur late in the sequence. PP1, the GPI in procyclics, is
probably made by a similar pathway, with some alteration in the final
phases.

Key; l; GlcNAc, O; Mannose, [ ; GIcN, 4 ; Ethanolamine phos-
phate, #; Inositol, @ ; Fatty acyl inositol, 71+ Diacylglycerol.
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G.A M. Cross, submitted, and see below) and the conversion of
GlcNAc-PI to GlcN-PI (Doering et al. 1989), it has not been
formally demonstrated that there is a true precursor-product
relationship between the various structures identified, and we
are left with an essentially static picture of steady-state levels of
GPI-lipids in T. brucei membranes. With only this information,
it is not possible to be confident that the suggested route for
addition of monosaccharides to PI is correct or that it is the sole
route by which P2 and P3 are built up. For example, it is a for-
mal possibility that the species containing two mannose resi-
dues could be trimmed by an a-mannosidase, with the subse-
quent addition of a dimannose saccharide. Whilst this is un-
likely (most glycosylation reactions proceed by the addition of
monosaccharide residues), such dol-P homopolymers have
been detected in other systems (Spiro and Spiro, 1985). If man-
nosylation was to proceed exclusively by addition of single
mannoses, it would be predicted that, under conditions of non-
steady state labelling, the specific activity of the second man-
nose should be intermediate between that of the other two, as
label would be diluted by pools of partially construcied GPI
within the ER. However, methylation analyses show that the
specific activity of the second (middle) mannose from etha-
nolamine-containing GPIs is lower than that of the first (linked
to GIcN) (Menon et al. 1990b, MCF, AKM, G.AM. Cross,
submitted), consistent with a trimming and addition pathway
rather than sequential addition. The trimming and addition
model is not incompatible with the observations that dol-P-
[*H]man labels all the mannose residues in P2 and P3, and
therefore cannot be discounted. It has recently been shown that
there exists more than one pathway for processing of glucosyl-
ated oligomannosidic glycans in mammalian cells (Moore and
Spiro 1990), so the presence of more than one route for GPI-
biosynthesis operating in the same cell remains a possibility.
Investigation of the biosynthesis of the Man GlcNAc,-
PP-dol donor for N-linked glycans has shown that UDP-
GIcNAc can cross the ER membrane but GDP-Man cannot
(Hirschberg and Snider 1987). In this case the GIcNAc residues
are added to dol-P on the cytoplasmic face of the ER (Abeijon
and Hirschberg 1990). The first five mannose residues are
added from GDP-Man (Hirschberg and Snider 1987), and the
lipid then crosses the ER membrane to the lumenal leaflet
where the last four mannose residues are added from dol-P-
Man. Although dol-P-Man is formed from dol-P and GDP-Man
in the cytoplasmic leaflet of the ER, it has been shown to parti-
tion into the lumenal side (Hirschberg and Snider 1987).
There have been no studies of the topology of the glyco-
sylation reactions leading to the formation of GPI. PI is syn-
thesised from inositol and CDP-diglyceride on the cytoplasmic
face of the RER (Bell et al., 1981), and clearly the completed
precursor must end up on the lumenal face for addition to newly
translocated polypeptide to occur. As UDP-GIcNAc, dol-P-
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Man and PE have access to both faces, addition of all the gly-
colipid headgroup substituents could occur on either side of the
ER membrane. However, assuming that the enzymology of
glycosylation is similar for both PI and dol-P, a single translo-
cation for the growing GPI represents the most simple mecha-
nism. It is possible that synthesis begins on the cytoplasmic
face, by glycosylation of PI by UDP-GIcNAc and is followed
by translocation to the ER lumenal face, where three o-man-
nose residues from dol-P-Man are then added. Uniil the rele-
vant intermediates are localised to one or other face of the ER
membrane, the step at which translocation takes place remains
open to speculation.

Only a small fraction of the PI within the trypanosome
cell is converted to GPI. The selection of specific PI for GPI as-
sembly may be based on a structural feature (i.e., fatty acid
composition), a membrane localisation effect (which could
correlate with a structural subpopulation of PI) or stochastic
selection. The observations that GPIs in T. brucei cannot be
labelled with *H-inositol in either the bloodstream or procyclic
stage, whilst PI is efficiently labelled (our unpublished obser-
vations), suggests that a specific subpopulation of PI is utilized
for GPI biosynthesis. In the case of the GPI-anchor from Tor-
pedo marmorata the lipid composition is completely different
to that of cellular PI, suggesting that a subpopulation is selected
for GPI biosynthesis (Butikofer et al. 1990).

The mannosyltransferase activities within the ER lumen
which are involved in construction of Glc,Man,GlcNAc,-PP-
dol, are capable of synthesis of Mana1-2,3,6 linkages, whilst
the cytoplasmic transferases synthesise Manal-2,3,6 and
Manp1-4 linkages. In the GPI-lipid glycan, the GIcN linkage to
inositol and the Mana1-4 linkage have not been seen in other
lipid- or protein-linked glycans, whilst the Mana1-2,6 linkages
are common to the N-linked glycan pathway. It is not known if
the same enzymes catalyze addition to GPI as well as dol-P
linked species, but at least some of the ER glycosyltransferase
activities involved in GPI synthesis must belong exclusively to
this pathway. The influence of aglycons such as GIcN-PI and
GIcNAc,-PP-dol on the specificity of ER mannosyltransferases
is uncharted at this time. In this regard, it should be borne in
mind that the trypanosomatids have unique differences in their
synthesis of N-linked glycans and subsequent processing of the
glycans after they have become attached to protein (see Bosch
et al. 1988 and references therein), so that an extrapolation
from mammalian and avian systems (where most of the data on
N-glycosylation have been obtained) to these organisms may
not be warranted. However the core glycans of the GPI-anchors
so far characterized are conserved between the protozoan para-
sites and mammals (e.g. VSG and Thy-1, Homans et al. 1988)
so that at least some comparisons are valid, and the major fea-
tures of the GPI biosynthetic pathway are probably conserved.

Further elaboration of the protein-linked GPI probably
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occurs as a late event (Bangs ef al. 1988), and may take place
within the Golgi cisternae. This location is consistent with the
types of modifications seen, e.g. addition of galactose (VSG)
and GalNAc (Thy-1), as it is known that galactosyltransferases
and GalNAc transferases are present within the Golgi
(Kornfeld and Kornfeld 1985). In the case of VSG, a variable
number of o-galactose residues are added to the core glycan at
this stage. Similar to processing of N or O-linked glycans
(Komfeld and Komfeld 1985), this results in microheterogene-
ity at a specific site, e.g. the major VSG 117 GPI-anchor spe-
cies contains two to four a-galactose residues (Ferguson ef al.
1988). In addition, different VSG variants have a different
overall number of c-galactose residues, consistent with the
view that the degree of processing is influenced by the polypep-
tide (Ferguson and Williams 1988). GPI-anchors from other
proteins contain modifications other than o-galactose, so that
the cell type is also important in determining the final spectrum
of structures present on the mature glycoprotein. However, as
the data base of full GPI-anchor glycan structures is currently
small it is not possible to draw detailed conclusions with regard
to the control or importance of structural microheterogeneity.

In bloodstream form trypanosomes, a minor population
of GPIs also contain a-galactose substituents (S. Mayor, AKM,
G.A.M. Cross, manuscript in preparation). Whilst the signifi-
cance of this is unclear, one possibility is that the elaboration of
these glycolipids is due to the escape of GPI, that have not been
transferred to protein, from the ER to the Golgi, where they
may then act as acceptors for glycosyltransferases. GPI
headgroups larger than the core glycan have also been seen in
procyclic form T. brucei (Field et al. submitted). In this regard
itis interesting to note that ceramide-based glycolipids are syn-
thesized in the Golgi, and are transported unidirectionally to the
plasma membrane, and not back to the ER (van Meer 1989). A
similar vectorial transport may affect GPIs that migrate into the
Golgi, i.e. a retrieval pathway such as that seen for ER proteins
(Pelham 1989) may not be present for glycolipids.

Fatty Acid Substituents; Remodelling and Inositol Acyla-
tion

The VSG anchor contains exclusively dimyristylglyc-
erol (Ferguson et al. 1985), even though myristic acid is a rare
fatty acid component of phospholipids in eukaryotic mem-
branes. P2 and P3 (glycolipids A and C in Masterson et al.
1989) are the only GPIs to be labelled with *H-myristate in a
trypanosome in vitro system (Menon et al. 1990b), suggesting
that the PI that is initially glycosylated is not dimyristylPL. It
has subsequently been reported that the fatty acid at C1 of the
glycerol is initially stearic acid (C18:0), but is remodelled to
myristate in the mature GPI precursor P2 (Masterson ef al.
1990). The original fatty acid at C2 of the glycerol has not been
identified. ‘
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The mechanism for remodelling of the precursor in-
volves the removal of the fatty acid at C2, followed by the addi-
tion of myristic acid in its place. The second fatty acid at Cl1,
stearic acid, is similarly removed and replaced by myristate
(Masterson et al. 1990). Therefore two lyso intermediates and a
1-stearyl, 2-myristyl species are produced during this process.
A complication of this model involves the presence of the sec-
ond GPI-lipid, P3 (Fig. 1). Like P2, P3 also contains only
myristate in the glyceride portion (Mayor et al. 1990b) and
therefore is also remodelled. However, the inositol residue in
P3 may be labelled with palmitate.

P3, although present at levels comparable to P2 (Mayor
et al. 1990a), is not found linked to VSG in the bloodstream try-
panosome, despite being capable of transfer to VSG in vitro (8.
Mayor, AKM, G.A M. Cross, submitted). P3-type GPI-anchors
do occur, e.g. in human erythrocyte acetylcholine esterase
(Roberts et al. 1988) and the procyclic acidic repetitive protein
(PARP) (Clayton and Mowatt 1989, our unpublished observa-
tions). It has been proposed that P3 functions during the remod-
elling process: the monomyristyl-P2 that must be generated
during the exchange of the fatty acid at C1 would be quite polar
and might not remain tightly associated with the ER membrane
(Masterson et al. 1990). The inositol may then be acylated fol-
lowing the remodelling of the first fatty acid, and deacylated
after completion of the second. Only a static picture of this
process is available at present, and in the absence of kinetic data
any proposal must remain hypothetical. Enzyme activities nec-
essary for the remodelling (acyl-CoA transferase and
phospholipase A1) have been described in T. brucei (Samad et
al. 1988), although these enzymes have not been biochemically
characterized in detail.

The acylation of the inositol could also be important in
the selection of PI molecules for subsequent glycosylation (see
above). The presence of the fatty acid could alter the conforma-
tion of the PI headgroup considerably, and therefore may pro-
vide a basis for the specificity of the UDP-GlcNAc: PI trans-
ferase reaction. Alternatively the acylation may facilitate the
(probably) protein-mediated flip-flop of PI species so that the
headgroup then faces the ER lumen. This latter possibility
would also provide selectivity for the elaboration of the GPI
headgroup, especially if the glycosylation reactions are all lo-
calized in the lumen.

The function of VSG GPI-glycan elaboration and the
remodelling of the fatty acid substituents of the precursor P2 is
as yet unclear. In other GPl-anchors analysed to date, (Thy-1
(Homans et al. 1988), human and bovine erythrocyte ace-
tylcholine esterase (Roberts et al. 1988), and gp63 from Leish-
mania (Schneider et al. 1990)) there is no specifc requirement
for either a single or a highly restricted glyceride moiety in
terms of alkyl or acyl substituents, and therefore the specificity
seen in VSG cannot be a requirement of GPI-anchors per se. In
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fact, such a restriction cannot even be extended to other GPI-
anchored proteins in T. brucei as different fatty acids are pres-
ent on PARP (MCF and M.A.J. Ferguson, unpublished obser-
vation, see below), and therefore this peculiarity is restricted to
VSG and its precursors and suggests functional importance.
The picture is made more complex in the bloodstream
trypanosome by the presence of other GPI-species with acyl-
inositol, at comparatively low levels, that are equivalent to the
di- and trimannosylated species probably involved in the syn-
thesis of P2 (Masterson et al. 1989, Menon et al. 1990, Fig. 2).
The presence of these species may indicate that the synthesis of
P2 and P3 is separate, perhaps diverging at the monomannosyl
species or even earlier. Alternatively the acyl group on the
inositol may be capable of being added and removed so that P2
and P3, and their respective precursors, are in equilibriven. It is
also plausible that the presence of the smaller P3-type GPIs (see
also a recent report of GlcN-acyl PI in Saccharomyces cerevis-
iae (Orlean 1990)) represents the promiscuity of the inositol
acylase, and is not physiologically relevant. The control of the
level of the P2 and P3 type of GPI precursors may be under
developmental regulation, and is discussed in the next section.

Developmental Regulation

During the spread of infection T. brucei are taken from
the blood of an infected mammal by Tsetse flies (Glossina
spp.). The parasite undergoes significant biochemical and mor-
phological alterations in the insect host. PARP and VSG are de-
velopmentally restricted in their expression, the former only
seen on procyclic cells, and the latter only on bloodstream form
(Roditi et al. 1989). It is important to realise that the environ-
ment that the trypanosome encounters in the insect host is
vastly different from that in the mammalian bloodstream, not
least of which is a 10 °C drop in temperature.

The GPI-anchor of PARP is PI-PLC resistant, suggest-
ing a P3-type anchor structure (Clayton and Mowatt 1989). It is
possible that an alteration in GPI biosynthesis accompanies the
bloodstream to procyclic form transformation, but the presence
of both P2 and P3 in bloodstream form trypanosomes is consis-
tent with the alternative hypothesis that the specificity of the
transferase responsible for adding the GPI to protein may be al-
tered, so that P3 anchors are transfered in procyclic cells.

A GPI-lipid, PP1, with a structure similar to P3, has
been identified in cultured procyclic (insect stage) cells (Field
et al. submitted). PP1 contains an ethanolamine-phosphogly-
can and a palmitic acid substituent on the inositol ring identical
to P3. However, the glyceride structure is very different to P3.
PP1 lacks a fatty acid at the C2 of the glycerol, and has stearic
acid at C1 (Fig. 1). Also procyclic cells are devoid of PI-PL.C
sensitive GPI species, so that a P2-type of GPI is not made by
these cells (Field ef al. submitted).

The phospholipid moiety in the GPI-anchor of PARP is
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structurally similar to the phospholipid in PP1. Identical lipid
fragments are released from PARP and PP1 by GPI-PLD and
nitrous acid treatment, and the fatty acid composition at the two
sites of fatty acylation are also the same (Field et al. submitted,
and our unpublished observations). This evidence strongly sug-
gests that PP1 is the precursor of the PARP anchor and that this
anchor is very different from that on VSG.

Thus in contrast to the bloodstream form trypanosome,
the procyclic cell produces GPI-lipids that are exclusively of
the acyl-inositol (P3) type. The absence of myristic acid in the
glyceride of PP1 shows that the remodelling process seen for
P2 and P3 does not occur in the procyclic, and therefore is de-
velopmentally regulated. In this regard it is interesting to note
that the fatty acid identified at the C1 of the glycerol in both
PP1 and unremodelled P2/P3 is the same, i.e. stearate. PP1 re-
sembles an aborted remodelling intermediate, in that the fatty
acid at C2 is not present. There is currently no information
about biosynthesis of PP1, and it is not known if PP1 is syn-
thesised from a diacyl-PI or if the lyso structure is produced
early or late in the pathway. The enzyme responsible for the
putative deacylation of PP1 may or may not be the same as that
acting on P2 and P3 during remodelling.

~ A further complication, with respect to the presence of
both P2 and P3 in bloodstream trypanosomes, is the observa-
tion that P2, P3 and PP1 can be transfered to VSG in an in vitro
system (S. Mayor, AKM, G.A M. Cross, submitted). Whilst
PP1 is not strictly relevant in this context as it is not present in
bloodstream ER membranes, its transfer competence demon-
strates that there is no requirement for dimyristoylglycerol-
containing GPIs for addition to VSG. The ability of P3 to be
transferred, despite the observation that no such GPI-anchor is
seen on VSG in vivo is an enigma. Explanations for this could
include either the loss of a cofactor in the in vitro system, which
restricts transfer to P2, the sequestration of P3 in vivo in a
compartment that is separate to that where transfer occurs, or
the rapid inositol deacylation of a P3-type GPI-anchor follow-
ing addition to protein. At present, it remains to be shown
whether P2 and P3 are in equilibrium in vivo. In conclusion we
suggest that the control of inositol deacylation is under devel-
opmental regulation.

Concluding Remarks

The African trypanosome has provided an excellent sys-
tem for the study of GPI-anchor biosynthesis. Investigations
using the bloodstream form have detailed the structures of a
mature GPI-anchor and its biosynthetic precursors, and in the
procyclic form evidence for developmental regulation of GPI
biosynthesis has emerged. At least two reactions in the pathway
of GPI assembly involve lipid donors of GPI components, with
implications for the membrane topology of the assembly proc-
ess. However, descriptions of the subcellularm membrane
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localization of individual biosynthetic steps and the distribution
of lipid intermediates still need to be obtained, and questions
concerning the role of inositol acylation and the enzymology
and control of GPI biosynthesis remain to be explored.
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