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Protein GPI anchors are ubiquitous in eukaryotic cells. More than 50 mammalian proteins
are anchored to the membrane via GPI. GPI anchoring is a posttranslational modification
occurring in the endoplasmic reticulum where preassembled GPI anchor precursors are
transferred to proteins bearing a C-terminal GPI signal sequence. The GPI anchor precur-
sors are synthesized in the endoplasmic reticulum by sequential addition of sugar and other
components to phosphatidylinositol. More than ten genes participate in this biosynthetic
pathway, eleven of the mammalian genes having been cloned by means of complementation
of mutant cells that are defective in this pathway or based on sequence homology to
previously cloned yeast counterparts. A somatic mutation in one of those genes, PIG-A,
involved in the first reaction step, is responsible for the hemolytic disease, paroxysmal
nocturnal hemoglobinuria.
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Many eukaryotic cell surface proteins are anchored to the
membrane via a glycolipid termed glycosylphosphatidyl-
inositol (GPI) which is posttranslationally linked to the
carboxy-terminus via an amide bond (I). A backbone of
GPI consists of ethanolaminephosphate whose amino group
forms the amide bond with protein, three mannoses,
glucosamine, and inositol phospholipid (2, 3). The terminal
inositolphospholipid anchors the whole protein to the
membrane. This backbone is common to all the GPI-an-
chored proteins found in eukaryotes, but is variously
modified by side structures in different organisms and cell
types (4). The structure of the inositol phospholipid also
varies in different organisms (4): mammalian proteins
usually have 1-alkyl, 2-acyl phosphatidylinositol, yeast
Saccharomyces cerevisiae uses inositol phosphoceramide or
diacylphosphatidylinositol, whereas Trypanosoma brucei
uses dimyristoylphosphatidylinositol at the blood stage and
lysophosphatidylinositol at the insect stage.

The GPI-anchored proteins are abundant in eukaryotic
microorganisms. The blood stage T. brucei is coated with
variant surface glycoprotein which is GPI-anchored. Sporo-
zoites of malaria parasites are coated with GPI-anchored
circumsporozoite proteins. It is likely that the GPI-anchor
is essential to these microorganisms because without it, the
coat proteins may not be expressed on the cell surface. In
yeast S. cerevisiae, GPI-anchor is used in a number of
cytoplasmic membrane proteins and required for transpor-
tation of major cell wall proteins to the cell membrane and
their incorporation into the cell wall (5). The GPI-anchor is,
therefore, essential for growth of yeast. Several tempera-
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ture sensitive mutants of GPI-anchor synthesis have been
isolated (6-8). In mammalian cells, more than sixty
proteins of various functions are GPI-anchored (9). At the
cellular level, the GPI-anchor is not essential and many
mutant cell lines are defective in GPI-anchor biosynthesis
(3). This suggests that GPI-anchored proteins play a role in
cell to cell and cell to environment interactions. Indeed,
GPI-anchor biosynthesis is essential in embryogenesis
because GPI-anchor-deficient mice generated by disrupting
one of the GPI synthesis genes were embryonic lethal (10).
An essential role of the GPI-anchor in development and
maintainance of skin was recently demonstrated by knock-
ing out one of the GPI synthesis genes in keratinocytes by
means of tissue-specific gene targeting (11).

The core backbone of the GPI-anchor is assembled in the
endoplasmic reticulum (ER) and is transferred to the
protein. In this article, we review the biosynthesis of the
GPI-anchor in mammalian cells, focusing on the genes and
their products involved.

Biosynthesis of GPI anchor precursors

First step. The first intermediate of GPI synthesis is
N -acetylglucosaminyl phosphatidylinositol (GleNAc-PI),
which is made by a transfer of GleNAc from UDP-GlecNAc
to PI (Fig. 1). A genetic approach revealed that this simple
reaction step is regulated by at least three genes; there
were three complementation groups of mutants in both
mammalian cells (classes A, H,and C) (12, 13) and yeast S.
cerevisiae (gpil, 2, and 3) (6, 7). However, the three
mammalian genes, PIG-A (14), PIG-H (15), and PIG-C
(16), are not all homologous to the three yeast genes, GPI1
(17), GPI2 (7), and GPI3 (18), i.e., PIG-A is homologous
to GPI3 (7, 18, 19) as is PIG-C to GPI2 (16), but PIG-H
is not homologous to GPI1 (TableI). A human homologue of

2102 ‘2 o100 uo A1sieaiun Bunpd e /Bio'seunolpioyxo-qly/:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

252

T. Kinoshita et al.

Cell surface

/

i

secretory pathway

UDP-E-NAC

acetate acyl-CoA

Fig. 1. Schematic representation of synthesis of GPI-anchored
proteins in mammalian cells, The GPI-anchor is synthesized in the
ER and transferred to the newly formed protein bearing a GPI
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attachment signal. The generated precursor of GPI-anchored protein is
transported to the cell surface. Numbering of the reaction steps
corresponds to those in the text and Table I.

TABLE 1. Mammalian genes/proteins involved in GPI anchor synthesis.

Gene Protein® Yeast homologue® Reaction step Function Characteristics Ref.
PIG-A 484 GPI3/SPT14/CWHE6 1 GlcNAc transfer Homology to GlcNAc transferase 14

PIG-H 188 ? 1 GleNAc transfer 15
(GPI-H)

PIG-C 269 GPI2 1 GlcNAc transfer 16
GPI-1 581 GPI1 1 GlcNAc transfer 17
PIG-L 252° YMB8021.07 2 Deacetylation of GleNAc-PI 22
PIG-B 554 YGL142C 7 Third Man transfer Homology to putative Man transferase 31

ALG9

PIG-F 219 YDR302W 8 EtN-P transfer 33
GAA1I 621 GAAL 9 GPI attachment 35
GPI8 411 GPI8 9 GPI attachment Homology to endopeptidase 36
DPM1 260 DPM1 Dol-P-Man synthesis Dol-P-Man synthase 38
SL15 248 ? Dol-P-Man usage/synthesis 40

*Number of amino acids. ®Rat protein. ‘Gene or ORF.

GPI1 has recently been cloned (Watanabe, R., submitted
for publication), therefore, four genes are now known to be
involved in this step. The yeast genome does not seem to
contain a structural PIG-H homologue, suggesting either
that the fourth gene of yeast is different from PIG-H or that
yeast uses only three genes.

PIG-A ¢cDNA was cloned by complementation cloning
using class A mutant cells (14). It encodes a 484 amino acid,

ER transmembrane protein, of which the large amino-ter-
minal portion (400 amino acids) is on the cytoplasmic side
and the small carboxy-terminal portion (60 amino acids) is
in the lumen (20). The amino-terminal portion contains a
region homologous to a bacterial GlcNAc transferase for
lipopolysaccharide synthesis, suggesting that it bears a
catalytic site (19, 2I). The carboxy-terminal portion is
essential for localization of the protein in the ER (20).
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PIG-A is homologous to yeast GPI3, also termed SPT14 or
CWHS, bearing about 50% amino acid identity (18, 19).

PIG-H ¢DNA was cloned by complementation cloning
using class H mutant cells (15). It encodes a 188 amino acid,
ER protein. PIG-H protein has a hydrophobic portion in the
middle of the molecule which may not be a transmembrane
domain and both its amino- and carboxy-termini reside on
the cytoplasmic side of the ER, suggesting that it is oriented
to the cytoplasm (20). There is no protein in data bases that
has homology to PIG-H. So, it is not possible to predict the
function of PIG-H from its primary sequence.

PIG-C was identified as a homologue of yeast GPI2
because a cDNA of the human homologue of GPI2 com-
plemented class C mutant cells (16). The predicted PIG-C
protein consists of 269 amino acids and has six or seven
putative transmembrane domains. It is expressed in the
ER. Amino acid identity between PIG-C and Gpi2p is about
20% (16).

A human homologue of yeast GPI1 was found in a data
base of Expressed Sequence Tags (EST) and its full-length
c¢DNA was recently cloned. It encodes a 581 amino acid
protein having 24% amino acid identity with Gpilp. Human
GPI1 has at least one putative transmembrane domain
(Watanabe, R., submitted for publication).

Biochemical studies with epitope-tagged proteins de-
monstrated that all four gene products form a protein
complex in the ER and that the protein complex affinity-
purified from digitonin extract had GPI GlcNAc transferase
activity in vitro, i.e., it generated GlcNAc-PI from UDP-
GlcNAc and PI (Watanabe, R., submitted for publication).
Therefore, the first step is mediated by the unusually
complex GlcNAc transferase. Among the four proteins,
PIG-A may have a catalytic site because it has homology to
a bacterial GlcNAc transferase as described above. GPI1
may be important in stabilizing the protein complex be-
cause an amount of complex of PIG-A, -H, and -C increased
with an increased expression of human GPI1 and because
human GPI1 directly associates with all three proteins.
This notion is consistent with a report that GPI1- disrupted
yeasts can synthesize the GPI-anchor at 25°C but not 37°C
(17). The functions of PIG-C and PIG-H are unclear but the
complex structure of the GPI GlcNAc transferase may be
relevant to the regulation of the enzyme.

Second step. The second step is deacetylation of
GlcNAc-PI to form glucosaminyl-PI (GIcN-PI) (Fig. 1). The
isolated GPI GlcNAc transferase complex did not support
the second step, suggesting that the deacetylase is not
contained in the complex (Watanabe, R., submitted for
publication). A rat ¢cDNA that complements deacetylase-
deficient mutant CHO cells of class L (22) has recently been
cloned and the gene was termed PIG-L (22). It encodes a
protein of 252 amino acids with no homology to other known
proteins. PIG-L protein is an ER membrane protein, most
of it being on the cytoplasmic side (22). Whether PIG-L is
GlcNAc-PI deacetylase itself is not known, however, since
overexpression of PIG-L in CHO cells caused overexpres-
sion of the deacetylase activity and since it is expressed in
the ER where deacetylation is taking place, PIG-L may be
closely involved in deacetylation (22).

Third step. GlcN-PI is then acylated on inositol to form
GleN-(acyl)PI (Fig. 1) (23, 24). Palmitoylation is a major
form. An enzyme that mediates this acylation has not been
cloned or isolated. Acylation of PI is an obligatory step in

Vol. 122, No. 2, 1997

253

mammalian cells because a synthetic dioctanoyl GlcN-
acylPIl analogue was further processed upon incubation
with microsomes much better than dioctanoyl GleN-PI
(25). Consistent with this, GlcN-(acyl)PI is accumulated in
class E mouse thymoma mutant cells and Lecl5 CHO
mutant cells which do not synthesize dolichol-phosphate-
mannose (Dol-P-Man) (23, 26), and in Lec35 CHO mutant
cells which do not use Dol-P-Man efficiently (27). In
contrast, acylation does not seem necessary in trypano-
somes because GlcNAc-PI was efficiently processed in an in
vitro system (28).

Fourth and fifth steps. Mannose is transferred from
Dol-P-Man to GlcN-acylPI, generating Man-GleN-(acyl)PI
(Fig. 1). A mutant in this step has yet to be established, and
the gene(s) involved has not been cloned. As described
above, the specificities of mammalian and trypanosomal
transferases for this mannose differ.

Ethanolaminephosphate (EtN-P) is added to position 3 of
mannose, generating (EtN-P)Man-GlecN-(acyl)PI (Fig. 1)
(26, 29, 30). It is not known whether this is an obligatory
step. The donor of EtN-P has yet to be elucidated.

Sixth and seventh steps. Two more mannoses are
transferred from Dol-P-Man to generate the seventh inter-
mediate, Man-Man-(EtN-P)Man-GleN-(acyl)PI (Fig. 1). A
mutant that is defective in the second mannose transfer has
yet to be established, and the gene(s) responsible has not
been cloned.

Class B mutant cells accumulate an intermediate bearing
two mannoses, indicating that the third mannosylation is
defective (13, 29). PIG-B gene has been cloned by means of
complementation cloning using class B cells (31). PIG-B
encodes an ER transmembrane protein of 554 amino acid
residues. Although the mannosyltransferase activity of
PIG-B is not shown directly, it is probably the enzyme itself
because it has homology to yeast Alg9p, a putative man-
nosyltransferase for the seventh mannose in the N-glycan
precursor (32). A 30-amino-acid amino-terminal portion of
PIG-B is on the cytoplasmic side of the ER while the large
carboxy-terminal portion is in the lumen (31). The amino-
terminal portion was not necessary for complementation,
indicating that the functional sites are on the lumenal side
(31).

Eighth step. EtN-P is added to position 6 of the third
mannose from phosphatidylethanolamine, generating EtN-
P-Man-Man-(EtN-P)Man-GlcN-(acyl)PI (Fig. 1). Class F
mutant is defective in this step (13, 26). PIG-F which
complements this defect was cloned by expression cloning
(33). PIG-F encodes a very hydrophobic ER protein of 219
amino acids (33). Whether PIG-F is EtN-P transferase has
yet to be established.

Another EtN-P may be added to the second mannose to
generate EtN-P-Man-(EtN-P)Man-(EtN-P)Man-GlcN-
(acyl)PI (Fig. 1). Both of these molecules bearing three
mannoses may be transferred to proteins, i.e., they are
mature GPI anchor precursors.

Transfer of GPI anchor precursor to protein

The mature GPI anchor precursor is added to the car-
boxy-terminus of protein via an amide bond formed
between the carboxy-terminus and EtN. Proteins that are
to be GPI-anchored have two signal sequences. One is an
amino-terminal signal sequence for translocation across the
ER membrane that is common to secreted and cell-surface
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membrane proteins. The other is a carboxy-terminal
sequence that signals its own cleavage and replacement
with the GPI-anchor (I). This replacement reaction is
thought to be a transamidation (1). In a cell-free system in
which a model protein miniPLAP made by in vitro tran-
scription/translation was processed and modified by the
GPI anchor in the presence of microsomes, an addition of
hydrazine (or hydroxylamine) resulted in the linkage of
hydrazine (or hydroxylamine) in place of the GPI-anchor
forming a hydrazide (or a hydroxamate) of miniPLAP (34).

There are two yeast mutants, gaal (35) and gpi8 (8),
that are defective in this step and are synthetic lethal (8),
indicating the involvement of at least two genes. The
transamidation may be mediated by a protein complex
because it is a rather complex reaction involving recogni-
tions of the GPI signal sequence and the GPI anchor
precursor and substitution of the former with the latter.

Yeast GAA1 gene encodes an ER membrane protein of
614 amino acids with a large lumenal domain (35). It is
unclear whether Gaalp recognizes a GPI signal sequence or
a GPI anchor precursor, but the presence of a large lumenal
domain is compatible with the notion that fransamidation
occurs on the lumenal side of the ER. Human and mouse
homologues of GAA 1 have recently been cloned (Ohishi, K.
and Inoue, N., unpublished). They encode proteins of 621
amino acids that have 22% amino acid identity with yeast
Gaalp. Mouse F9 embryonic carcinoma cells in which
GAA1 was disrupted by gene targeting were defective in
the surface expression of GPI-anchored proteins and
accumulated mature GPI-anchor precursors, indicating
that this gene is indeed involved in the transfer of the
GPI-anchor (Ohishi, K., unpublished).

Yeast GPI8 gene encodes a 411-amino-acid membrane
protein residing on the lumenal side of the ER that has
homology to a family of plant endopeptidases one of which
has transamidase activity (36). So, GPI8 may be a catalytic
component of transamidase. Human GPI8 has also been
cloned and shown to complement gpi8 mutant (36).

Class K mutant of human K562 cells synthesizes mature
GPI anchor precursors but is unable to transfer them to
proteins due to a defective transamidation (34). Transfec-
tion of human GPI8 but not GAAI ¢cDNA complemented
class K mutant (Ohishi, K., unpublished), confirming that
two genes are also involved in this step in mammalian cells.

Biosynthesis and usage of a mannose donor, Dol-P-
Man

All three mannoses in the GPI-anchor are donated by
Dol-P-Man. So, its defective synthesis and/or usage would
result in GPI anchor deficiency. Class E and Lec15 mutants
are defective in the synthesis of Dol-P-Man. Somatic cell
hybridization experiments suggested that they represent
different mutant classes (37), hence, two genes are in-
volved in Dol-P-Man synthesis in mammalian cells. This is
in contrast to the synthesis of Dol-P-Man in yeast S.
cerevisiae for which one gene is thought to be sufficient.

A dpmil mutant of S. cerevisiae is defective in Dol-P-Man
synthesis, its gene DPM1 having been cloned (38). DPM1
encodes a protein of 267 amino acids with a carboxy-termi-
nal hydrophobic segment, a putative transmembrane
domain. Dpm1p expressed in E. coli exhibited Dol-P-Man
synthase activity, suggesting that it is the synthase itself
(38). Defective Dol-P-Man synthesis of both class E and
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Lecl5 mutants were complemented by transfection with
DPM1I1 DNA (39).

A human homologue of DPMI has been identified.
Human DPM1 encodes a protein of 260 amino acids that has
30% amino acid identity with yeast Dpmlp (Tomita, S.,
unpublished). However, it lacked a transmembrane do-
main. Human DPM1 cDNA restored synthesis of Dol-P-
Man in class E cells, suggesting that it is a catalytic
component of human Dol-P-Man synthase. In contrast to
yeast DPM1, human DPM]1 did not complement Lecl5,
indicating that the gene mutated in Lecl5 is also essential
for synthesis of Dol-P-Man in mammalian cells (Tomita,
S., unpublished). A major difference between yeast and
human DPM1 proteins is the lack of a transmembrane
domain in the latter. Since both yeast and mammalian
Dol-P-Man synthases are membrane-bound, the gene
mutated in Lec15 may be necessary for membrane associa-
tion of mammalian DPM1.

A hamster cDNA that complemented Lecl5 mutant has
been cloned and termed SL15 for suppressor of Lecl5 (40).
SL15 encodes a protein of 248 amino acids which has two
putative transmembrane domains and a double-lysine
ER-retention signal near the carboxy-terminus, suggesting
that it is an ER membrane protein (40). SL15 has no
homology to human DPM1. Although these characteristics
are consistent with the notion that SL15 is necessary for
membrane association of DPM1, the story is not that
simple. Lec35 mutant cells synthesize Dol-P-Man but are
defective in its usage (27). This does not involve a defect in
the first mannosyltransferase because the cells are also
defective in the usage of Dol-P-Man for N-glycan (27).
Although somatic cell hybridization indicated that Lec35
and Lecl5 are of different complementation classes (27),
SL15 ¢cDNA also complemented Lec35 (40). At present,
whether SL15 is mutated in Lecl5 and/or Lec35 is not
known. It is necessary to determine this to further under-
stand the synthesis and usage of Dol-P-Man in mammalian
cells.

Membrane topology of GPI-anchor synthesis

The first and second intermediates face the cytoplasmic
side of the ER because they were cleaved by PI-PLC when
intact microsomes were incubated with the enzyme (41). A
large domain of PIG-A having homology to a GlcNAc
transferase was located on the cytoplasmic side of the ER,
and PIG-H and PIG-L are oriented to the cytoplasmic side
(20, 22). Taken together, the first two reaction steps would
occur on the cytoplasmic side of the ER. On the other hand,
the transfer of the mature GPI-anchor precursors to
proteins is thought to occur on the lumenal side of the ER.
Therefore, a post-deacetylation intermediate or the mature
GPI-anchor precursors should flip into the lumen.

The step at which this flip occurs is unclear at the moment
because analyses of membrane orientation of biosynthesis
proteins and GPI intermediates gave different results.
PIG-B, which is involved in the transfer of the third
mannose was oriented to the lumenal side, suggesting that
the third mannose is transferred from Dol-P-Man to a GPI
intermediate on the lumenal side (31). In Lec35 mutant
CHO cells, Dol-P-Man is synthesized but not used in the
GPI-anchor or N-glycan precursor (27). Dol-P-Man acts as
a mannosyl donor for the last four mannoses of N-glycan
precursor on the lumenal side of the ER. Since Dol-P-Man

J. Biochem.

2102 ‘2 Jeqo10 uo AiseAalun Buppd e /Bio'seunolpioxoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

GPI-Anchor Synthesis in Mammalian Cells

is synthesized on the cytoplasmic side, it must be trans-
located into the lumen to be competent as a mannosyl donor
for N-glycan. It is, therefore, likely that Lec35 cells are
defective in the translocation of Dol-P-Man into the lumen.
The fact that Lec35 mutation affects usage of Dol-P-Man in
both N-glycan and GPI-anchor suggests that translocation
of Dol-P-Man is also essential for GPI-anchor synthesis.
This together with the lumenal orientation of PIG-B
supports the idea that Dol-P-Man is used for GPI-anchor
synthesis on the lumenal side. If this is correct, GleN-
(acyl)PI would flip into the lumen in mammalian and yeast
systems and GleN-PI would flip in trypanosomes. In con-
trast, analysis of the membrane orientation of mannose-
bearing GPI intermediates in trypanosomes and mam-
malian cells suggests that they are cytoplasmically oriented
(42). If this is correct, the mature GPI-anchor precursors
would flip into the lumen.

Paroxysmal nocturnal hemoglobinuria: a GPI anchor
deficiency

Paroxysmal nocturnal hemoglobinuria (PNH) is an
acquired hematopoietic stem cell disorder. Patients with
PNH have abnormal cell populations in various hemato-
poietic cell lineages that are defective in the surface
expression of GPI-anchored proteins (9). A major clinical
symptom is intravascular hemolysis caused by own comple-
ment. A lack of the GPI-anchored complement regulatory
proteins, CD59 and decay accelerating factor (CD55), on
the surface of abnormal erythrocytes is causally related to
the abnormally high susceptibility to complement, leading
to intravascular hemolysis upon activation of complement
during infections and other events (9).

The first step of GPI-anchor synthesis is defective in
affected hematopoietic cells from patients with PNH (43,
44). This is due to a somatic mutation in the PIG-A gene
(45-47). PIG-A is an X-linked gene mapped at Xp22.1
(45). So, one somatic mutation in male cells is sufficient to
cause a GPI-anchor deficient state. In affected female cells,
normal and mutated PIG-A alleles were found but the allele
bearing a somatic mutation was selectively expressed,
indicating that the somatic mutation occurred in the active
X-chromosome (45). Since affected neutrophils and B-lym-
phocytes in the same patient had the same mutation, it
should have occurred in the multipotential hematopoietic
stem cell (45).

In more than a hundred patients with PNH characterized,
PIG-A abnormalities were found (48). There is no example

TABLE II. Chromosomal location of GPI anchor synthesis
genes.

Human Mouse

Gene Location Gene Location
PIG-A Xp22.1 Piga XF3/4
f’ éf,}_’}'{) 14¢° Pigh 12
PIG-C 1q23-q25
PIG-B 15g21-q22
PIG-F 2pl6-p21 Pigf 17E4/5
GAA1 8q24.3 Gaal 15E
DPM1 20q13
SL15 17

2Predicted from the location of mouse Pigh.
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of PNH caused by mutation in other GPI-synthesis genes.
The most likely explanation for this would be that all other
genes involved in the synthesis of the GPI-anchor or its
transfer to proteins are autosomal and hence two mutations
are needed in the same cell to cause a GPI-anchor deficient
state. Since this condition would be extremely rare, pati-
ents with PNH caused by a somatic mutation in an auto-
somal gene would be difficult to find. In fact, seven other
genes have been mapped to various autosomes (Table II)
(16, 31, 49, 50).

Concluding remarks

As described above, eleven genes necessary for biosyn-
thesis of the mammalian GPI-anchor precursor and its
transfer to proteins have been cloned. Five or more genes
are yet to be cloned, indicating that more than fifteen genes
are involved in this pathway. For cloning other genes,
mutant cell lines defective in those genes should be estab-
lished or yeast counterparts should be cloned first. Elucida-
tion of mammalian and yeast GPI-anchor synthesis genes
would facilitate cloning and characterization of their coun-
terparts in pathogenic protozoas and fungi. This, in turn,
would facilitate better understanding of differences and
similarities between GPI-anchor synthesis enzymes and
regulators in host and parasites.

We thank Drs. Mark A. Lehrman, Peter Orlean, and Howard Riezman
for communicating unpublished results.
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