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Many eukaryotic cell surface proteins are anchored to
the plasma membrane via glycosylphosphatidylinositol
(GPI). The GPI transamidase mediates GPI anchoring
in the endoplasmic reticulum, by replacing a protein's
C-terminal GPI attachment signal peptide with a pre-
assembled GPI. During this transamidation reaction,
the GPI transamidase forms a carbonyl intermediate
with a substrate protein. It was known that the GPI
transamidase is a complex containing GAA1 and
GPI8. Here, we report two new components of this
enzyme: PIG-S and PIG-T. To determine roles for
PIG-S and PIG-T, we disrupted these genes in mouse
F9 cells by homologous recombination. PIG-S and
PIG-T knockout cells were defective in transfer of
GPI to proteins, particularly in formation of the
carbonyl intermediates. We also demonstrate that
PIG-S and PIG-T form a protein complex with GAA1
and GPI8, and that PIG-T maintains the complex
by stabilizing the expression of GAA1 and GPI8.
Saccharomyces cerevisiae Gpi16p (YHR188C) and
Gpi17p (YDR434W) are orthologues of PIG-T and
PIG-S, respectively.
Keywords: endoplasmic reticulum/glycosylphosphatidyl-
inositol/post-translational modi®cation/transamidase

Introduction

Many eukaryotic cell surface proteins are anchored to
the plasma membrane via a glycosylphosphatidylinositol
(GPI) moiety. GPI anchoring is essential for the expression
of those proteins on the cell surface. GPI is widely utilized
in unicellular and higher eukaryotes (McConville and
Ferguson, 1993; Kinoshita et al., 1995).

GPI is synthesized by sequential additions of sugars and
ethanolamine phosphates to phosphatidylinositol in the
endoplasmic reticulum (ER) (Udenfriend and Kodukula,
1995; Kinoshita and Inoue, 2000). The backbone structure
of GPI is common among different species. Pre-formed
GPI is attached to proteins in the ER. Precursor proteins to
be modi®ed with a GPI have two signals. One, at the
N-terminus, is a signal required for translocation across the
ER membrane. The other, at the C-terminus, is a GPI
attachment signal. The GPI attachment signal peptide is
recognized by the GPI transamidase, which cleaves the
signal peptide and replaces it with GPI. During this

reaction, the GPI transamidase attacks the peptide bond at
the N-terminus of the signal peptide, generating a carbonyl
enzyme±substrate protein intermediate. An amino group
of the terminal ethanolamine of GPI then attacks the
carbonyl intermediate, completing attachment of GPI to
the newly formed C-terminus (Udenfriend and Kodukula,
1995; Sharma et al., 1999).

The GPI attachment signal consists of three portions: a
stretch of three amino acids including the amino acid to
which GPI attaches (w site), a terminal hydrophobic
segment of 12±20 amino acids and a hydrophilic spacer
segment of usually <10 amino acids between them
(Udenfriend and Kodukula, 1995; Furukawa et al.,
1997). The length of the spacer region (Furukawa et al.,
1997; Bucht et al., 1999) and the extent of hydrophobicity
in the hydrophobic region (Waneck et al., 1988) affect GPI
anchoring ef®ciency but there is no consensus sequence in
the signals. Well known characteristics of the signal are
the restrictions at w and w+2 sites. The w site is restricted
to six amino acids with small side chains (Micanovic et al.,
1990; Moran et al., 1991; Nuoffer et al., 1993). The w+2
site, the second residue C-terminal to the w site, is also
limited to relatively small amino acids, whereas the w+1
site tolerates any amino acid except proline and tryptophan
(Gerber et al., 1992).

Requirements for GPI attachment signals are different
between mammalian cells and parasitic protozoa. GPI
attachment signals of trypanosome variant surface glyco-
proteins did not function in mammalian cells (Moran and
Caras, 1994). This difference is proposed to be due mainly
to the size of amino acids at the w to w+2 sites. These
amino acids of parasitic protozoa are larger than those
used in human proteins. Therefore, parasite GPI trans-
amidase is assumed to accommodate and tolerate larger
amino acids in its catalytic site (Moran and Caras, 1994). It
would, therefore, be possible to generate inhibitors that
inhibit parasite GPI transamidase but not mammalian
transamidase. Such selective inhibitors of GPI synthesis
would be potent therapeutic drugs for parasitic diseases
(Ferguson, 2000).

However, the GPI transamidase has not been charac-
terized fully. Two components, GAA1 and GPI8, are
required in both mammalian and Saccharomyes cerevisiae
GPI transamidases (Hamburger et al., 1995; Benghezal
et al., 1996; Yu et al., 1997; Hiroi et al., 1998; Ohishi et al.,
2000). We previously demonstrated that GAA1 and GPI8
form a protein complex (Ohishi et al., 2000). GPI8 is most
probably a catalytic component because it is associated
with substrate proteins (Spurway et al., 2001; Vidugiriene
et al., 2001) and because it has homology to members
of a family of cysteine proteases including a jack bean
asparaginyl endopeptidase that has transamidase activity
(Benghezal et al., 1996; Eisenhaber et al., 2001). Human
and yeast GPI8s with a mutation at putative active cysteine
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and histidine residues were non-functional (Meyer et al.,
2000; Ohishi et al., 2000). Treatments of trypanosome
microsomal membranes and recombinant GPI8 with some
alkylating reagents inactivated transamidase activity
(Sharma et al., 1999, 2000). On the other hand, the
function of GAA1 is still unclear due to a lack of
homology to other proteins.

In the present study, we cloned PIG-S and PIG-T, two
new components of the GPI transamidase, and demon-
strate that these components are essential for transfer of
GPI to proteins, particularly for formation of the carbonyl
intermediates. PIG-S and PIG-T form a protein complex
with GAA1 and GPI8, and PIG-T has a critical role in
maintaining the complex.

Results

Identi®cation of two new components of
GPI transamidase
To characterize better the GPI transamidase complex, we
stably expressed FLAG-glutathione S-transferase (GST)-
tagged human GPI8 in class K cells, GPI8-de®cient human
K562 cells (Yu et al., 1997), and isolated the complex by
two-step af®nity puri®cation (Figure 1). An analysis of the
complex by SDS±PAGE demonstrated four bands with
comparable intensities at positions 60±70 kDa (lane 2).
We sequenced their N-termini. The sequence of band 1
coincided with amino acids 28±47 predicted from GPI8
cDNA (when X is assumed to be tryptophan). Amino acids
1±27 of GPI8 conform to a signal sequence for trans-
location across the ER membrane. The fact that residue 28
is the N-terminus of the expressed protein con®rms that
the N-terminal 27 residues encode a signal sequence.
Consistent with our previous report that GPI8 and GAA1
form an NP-40-resistant complex, the sequence of band 4
coincided with amino acids 2±21 of GAA1. A lack of the
®rst methionine in the expressed protein is consistent with
the cytoplasmic orientation of the N-terminus of GAA1
because it is frequently observed in cytoplasmically
located N-termini of proteins (Ar®n and Bradshaw,
1988). The molecular size of GAA1 estimated from the
mobility was ~60 kDa, which was lower than the predicted
molecular size of 70 kDa. The reason for this difference is
not clear. Bands 2 and 3 were new proteins that we termed
PIG-S and PIG-T, respectively.

We found several mouse and human expressed
sequence tags (ESTs). Using these EST sequences, we
obtained mouse and human genomic sequences of the
PIG-S gene. Based on these sequences, we designed PCR
primers and ampli®ed a human cDNA containing a full
coding region. Human PIG-S consists of 555 amino acids
and its residues 2±21 coincided with the N-terminal
sequence of band 2 protein (Figure 2A). PIG-S has two
transmembrane domains near the N- and C-termini
(Figure 2B). If a lack of N-terminal methionine in the
expressed PIG-S protein indicates a cytoplasmic orienta-
tion for the N-terminus, the large hydrophilic region in the
middle of the molecule would be luminally oriented.
PIG-S homologues are found in S.cerevisiae and
Schizosaccharomyces pombe (Figure 2A), and in Droso-
phila melanogaster (AAF56365) and Caenorhabditis
elegans (CAA93093) (not shown). The S.cerevisiae
PIG-S consists of 534 amino acids and has 23% amino

acid identity with human PIG-S. The S.pombe PIG-S
consists of 554 amino acids and has 27 and 19% amino
acid identity with human and S.cerevisiae PIG-S, respect-
ively. Both S.cerevisiae and S.pombe PIG-S have similar
hydrophobicity pro®les to human PIG-S (not shown).

We found a hypothetical human protein of 578 amino
acids in the database whose predicted amino acids 22±41
coincided with the N-terminal 20 residues of PIG-T
(Figure 3A). The ®rst 21 amino acids that form a hydro-
phobic region (Figure 3B), therefore, encode a signal
peptide. PIG-T homologues are found in S.cerevisiae and
S.pombe (Figure 3A), and in D.melanogaster (AAF46367)
and C.elegans (CAA96629) (not shown). The S.cerevisiae
PIG-T consists of 602 amino acids having 26% identity
with human PIG-T. The S.pombe homologue has 545
amino acids with 27% identity with human PIG-T. A
hydrophobicity plot of human PIG-T demonstrated, in
addition to the N-terminal signal peptide, a putative
transmembrane domain near the C-terminus (Figure 3B).
Two yeast homologues have di-lysine ER retention signals
at the C-terminus (Figure 3A). Therefore, PIG-T is a type-I
transmembrane protein with a large luminal domain and a
short cytoplasmic tail.

Since PIG-S and PIG-T do not have signi®cant
homology to proteins with known functions, it is not
possible to predict their functions; however, their structure
and membrane topology are consistent with the idea that
GPI is transferred to proteins on the luminal side of the ER
(Udenfriend and Kodukula, 1995).

PIG-S and PIG-T are essential components of GPI
transamidase
To study functions of PIG-S and PIG-T, we disrupted these
genes in F9 embryonal carcinoma cells by homologous
recombination (Figure 4A). In both cases, we replaced a
region that includes an exon containing the initiation
codon with a drug resistance gene. After the second round

Fig. 1. Identi®cation of two new components of GPI transamidase. The
transamidase complex was puri®ed from the NP-40 extract of class K
cells stably expressing FLAG-GST-tagged GPI8 by two-step af®nity
puri®cation. A sample of protein complex (equivalent to 2 3 108 cells)
was separated on a 10% SDS±polyacrylamide gel under reducing
conditions and silver stained (lane 2). Bands were numbered 1±4
from top to bottom. The N-terminal amino acid sequences (X is an
unidenti®ed amino acid) and protein identities are indicated on the
right. Lane 1, molecular size markers.
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of recombinations, wild-type alleles disappeared and
mutant alleles of predicted sizes appeared, as shown by
Southern blot analysis (Figure 4B), indicating successful
disruptions.

We ®rst examined the surface expression of GPI-
anchored proteins. PIG-S and PIG-T knockout cells did
not expreess Thy-1, whereas parental F9 cells did. The
surface expression of Thy-1 was restored by transfection

Fig. 2. (A) Alignment of protein sequences of PIG-S homologues. Human PIG-S (accession No. AB057723) and its S.cerevisiae (S69714) and
S.pombe (T38067) homologues are aligned using the Multiple Alignment Program software (Huang, 1994). The human PIG-S sequence determined by
N-terminal sequencing is overlined. Black and grey boxes are identical and similar amino acids, respectively. (B) Hydrophobicity pro®le of human
PIG-S protein according to the Kyte and Doolittle method (Kyte and Doolittle, 1982). Putative transmembrane domains near the N- and C-termini are
indicated by thick bars.
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of the corresponding cDNA (Figure 5A). We next tested
whether GPI synthesis was affected. We metabolically
labelled GPIs with [3H]mannose and analysed them by
thin-layer chromatography (TLC) (Figure 5B). PIG-S and
PIG-T knockout cells (lanes 3 and 4), like GAA1 knockout
cells (lane 2), synthesized and accumulated large amounts
of mature forms of GPI, H7 and H8, and their precursors
H5 and H6. In contrast, only H8 was accumulated to some

extent in wild-type F9 cells, as reported (lane 1) (Ohishi
et al., 2000). Therefore, PIG-S and PIG-T are not required
for GPI synthesis. Thus, they are essential for attachment
of GPI to proteins.

During the GPI anchoring process, GPI transamidase
forms a carbonyl intermediate with the precursor protein.
The carbonyl intermediate is then attacked by GPI. This
process was reconstituted in an in vitro transcription/

Fig. 3. (A) Alignment of protein sequences of PIG-T homologues. Human PIG-T (AB057724) and its S.cerevisiae (S46687) and S.pombe (T39499)
homologues are aligned using the Clustal W software. The human PIG-T sequence determined by N-terminal sequencing is overlined. Di-lysine ER
retention signals in S.cerevisiae (KXKXX) and S.pombe (KKXX) are marked by open and closed triangles, respectively. (B) Kyte and Doolittle
hydrophobicity plot of human PIG-T protein. The N-terminal signal peptide and a putative transmembrane domain near the C-terminus are indicated
by thick bars.
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translation system developed by Udenfriend's group
(Kodukula et al., 1991). In this system, a radiolabelled
model precursor protein, mini-placental alkaline phos-
phatase (miniPLAP), is translated in vitro and processed
further by the microsomal membranes containing GPI
transamidase (Figure 5C). We tested the microsomal
membranes of PIG-S and PIG-T knockout cells in this

system. In the absence of the microsomal membranes,
prepro-miniPLAP, which still has the N-terminal signal
peptide, was generated (lane 1). The microsomal mem-
branes of wild-type CHO and F9 cells converted prepro-
miniPLAP to pro-miniPLAP by removing the N-terminal
signal peptide, and further to the GPI-anchored form
(lanes 2 and 14). Small amounts of free forms resulting

Fig. 4. Generation of PIG-S and PIG-T knockout mouse F9 cells. (A) Disruption of mouse PIG-S (upper) and PIG-T (lower) genes. Structures of the
mouse PIG-S and PIG-T genes (top), targeting constructs (middle) and expected mutant alleles (bottom) are shown. Exons are indicated as boxes
(closed boxes, coding regions; open boxes, untranslated regions). Exon 1 of the PIG-S gene is located 1.6 kb downstream to exon 8 of the aldolase C
gene. First and second round disruptions of both PIG-S and PIG-T were performed with targeting constructs bearing puromycin and neomycin
resistance genes, respectively. Thin arrows represent PCR primers for screening the recombinants. Probes for Southern analysis are indicated by thick
bars. The predicted sizes of fragments hybridized with 5¢ and 3¢ probes are indicated above each genomic structure. A, ApaI; H, HindIII; N, NotI;
K, KpnI; RI, EcoRI; RV, EcoRV; S, SpeI; Xb, XbaI; Xh, XhoI (italicized sites in the ®gure are not unique). (B) Southern analysis of PIG-S and PIG-T
knockout F9 cells. Digested genomic DNA from wild-type cells (F9), heterozygous (Hetero) and homozygous (Homo) knockout cells for PIG-S (left
panels) and PIG-T (right panels) genes were hybridized with the 5¢ probe (top) and 3¢ probe (bottom) shown in (A). Hybridized fragments of wild-type
(W) and mutant (M) alleles, and size markers are indicated on the right and left, respectively. Enzymes used for digestion are shown below each panel.
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from hydrolysis of the carbonyl intermediates were also
generated (lanes 2 and 14). In the presence of a potent
nucleophile, hydrazine, the wild-type microsomes gener-
ated the hydrazide form but not the GPI-anchored form
due to competition between GPI and excess hydrazine
(lanes 3 and 15). Generation of hydrazide is an index of
hydrazine-sensitive carbonyl intermediates of GPI trans-
amidase and precursor proteins. Formation of the hydra-
zide form did not require the mature form of GPI because

microsomes of class F cells that are defective in synthesis
of mature GPI generated the hydrazide form but not the
GPI-anchored form (lanes 4 and 5). As previously reported
(Yu et al., 1997; Ohishi et al., 2000), microsomes of GAA1
knockout and GPI8 mutant class K cells did not generate
hydrazide or GPI-anchored forms (lanes 6±9). Like these
mutant cells, microsomes of PIG-S and PIG-T knockout
cells did not generate hydrazide or GPI-anchored forms
(lanes 10±13). Therefore, PIG-S and PIG-T are essential

Fig. 5. PIG-S and PIG-T are essential components of GPI transamidase. (A) Parent F9 cells, and PIG-S and PIG-T knockout cells transfected with an
empty vector or corresponding human cDNA were analysed for the surface expression of Thy-1 by ¯ow cytometry 2 days after transfection. Solid and
dotted lines indicate staining with anti-Thy-1 antibody and with secondary reagent alone, respectively. (B) Biosynthesis of GPI anchor intermediates.
Cells were metabolically labelled with [3H]mannose for 60 min in the presence of tunicamycin. Mannolipids were extracted and analysed by TLC.
Identities of spots according to Hirose et al. (1992) and origin are indicated on the right. H5 and H6, GPI bearing two and three mannoses,
respectively; H7 and H8, mature forms of GPI. (C) In vitro assay for GPI transamidase. MiniPLAP mRNA was translated in vitro using rabbit
reticulocyte lysates and the microsomal membranes prepared from the indicated cells in the absence (±) or presence (+) of hydrazine. The class F cell
is defective in biosythesis of GPI. The class K cell is a mutant of GPI8. The translation product in the absence of the microsomal membranes is
prepro-miniPLAP (lane 1). Identities of other bands according to Kodukula et al. (1991) are shown on the right. Schematic representations of the
products are shown below.
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components of GPI transamidase and, in the absence
of PIG-S or PIG-T, the carbonyl intermediate was not
generated.

Saccharomyces cerevisiae GPI16 and GPI17 are
orthologues of human PIG-T and PIG-S,
respectively
We termed S.cerevisiae homologues of PIG-T and PIG-S
genes GPI16 and GPI17, respectively, according to a GPI#
root of S.cerevisiae genes involved in GPI synthesis
(Leidich et al., 1995). Consistent with a report that GPI
synthesis is essential for growth of S.cerevisiae (Leidich
et al., 1995), deletants of these genes are inviable
(Winzeler et al., 1999). To test whether these genes are
indeed involved in transfer of GPI to proteins, we made
haploid strains of gpi16, gpi17, gaa1 and gpi8 deletants
bearing galactose-regulatable expression plasmids of the
corresponding deleted genes. The deletants grew at rates
similar to the wild type in a galactose-containing medium.
When they were transferred to a glucose-containing
medium in order to deplete these proteins, growth of
gaa1, gpi8 and gpi16 deletants began to decline at 12, 6
and 6 h, respectively, after transfer and ceased at 24, 12
and 12 h. In contrast, the gpi17 deletant continued to grow
for >30 h at the same rate as the wild-type cells (data not
shown). Since this seemed to be due to a long half-life of
Gpi17p, we pre-cultured the gpi17 deletant in a raf®nose-
containing medium to decrease the level of Gpi17p.
Growth of the gpi17 deletant began to decline at 6 h after
transfer to a glucose-containing medium, but growth
continued slowly for 33 h. We labelled gaa1, gpi8 and
gpi16 deletants in the stationary state and the slowly
growing gpi17 deletant with [3H]inositol, and analysed
mannolipids by TLC (Figure 6). None of the wild-type
cells bearing the same plasmids accumulated the complete
precursor (CP) of GPI (lanes 1, 2, 5, 6, 9, 10, 13 and 14).
As previously reported, gaa1 and gpi8 deletants accu-
mulated CP and its precursors (lanes 3, 4, 7 and 8)
(Hamburger et al., 1995; Benghezal et al., 1996). The
gpi16 deletant accumulated comparable amounts of CP
(lanes 11 and 12). The gpi17 deletant also accumulated
CP, although at lower levels, perhaps due to continuous
growth (lanes 15 and 16). These results indicate that yeast
Gpi16p and Gpi17p are involved in transfer of GPI to
proteins.

PIG-T is critical for formation of GPI transamidase
complex
In the absence of any one of the four components, no
transamidase activity was detected. Moreover, generation
of the carbonyl intermediate was not seen (Figure 5). This
could be due either to a lack of one functional component
or to a lack of complex formation. We examined the
formation of GPI transamidase complex under these
conditions. We used CHO cells because expression levels
of the components were very low in F9 cells. The four
differentially tagged components and aldehyde dehydro-
genase (ALDH), an ER resident protein used as a control,
were transfected into CHO cells in various combinations.
We used a very strong promoter, SRa, to overexpress
transfected components relative to endogenous hamster
proteins. Components co-precipitated with an immuno-
precipitated component were analysed by western blotting.

In cells transfected with all components, FLAG-GAA1 co-
precipitated Myc-PIG-T, haemagglutinin (HA)-PIG-S and
GST±GPI8, but not vesicular stomatitis virus glycoprotein
(VSVG)±ALDH (Figure 7A, lane 1). HA-PIG-S (lane 2),
Myc-PIG-T (lane 3) and GST±GPI8 (lane 4) also co-
precipitated the other three components at levels compar-
able with FLAG-GAA1. None of the GPI transamidase
components was precipitated with VSVG±ALDH (lane 5),
showing the speci®city of co-precipitation. In the absence
of transfection of GAA1, three other components were
expressed well and one component co-precipitated with
the other two components (lanes 6±10). The levels of co-
precipitation were comparable with those from transfect-
ants with all four components (compare lanes 2, 3 and 4
with 7, 8 and 9). Similarly, in the absence of PIG-S
(lanes 11±15) or GPI8 (lanes 21±25) transfection, the other
three components formed complexes. In contrast, in the
absence of PIG-T transfection, expression of FLAG-
GAA1 and GST±GPI8 was markedly decreased, and only
trace amounts of these two components were co-precipi-
tated (lanes 16 and 19). HA-PIG-S was expressed well
(lane 17). Therefore, expression of GAA1 and GPI8 was
dependent upon PIG-T. PIG-S is stable by itself and is
associated with a complex of three other components.

To analyse further the association between components,
we tested pairwise combinations. We transfected FLAG-
GAA1 and VSVG±ALDH with or without Myc-PIG-T
(Figure 7B, left panel). The expression of GAA1 was
inef®cient in the absence of PIG-T (lane 1) and was
enhanced 8-fold by co-transfection of PIG-T (lane 3).
About half of GAA1 was co-precipitated with Myc-PIG-T
(lanes 3 versus 4), whereas none was co-precipitated with
VSVG±ALDH (lane 5). FLAG-GAA1 that was not co-
precipitated with Myc-PIG-T may, at least in part, have
been associated with endogenous hamster PIG-T. Another
possibility is that association of GAA1 with PIG-T is less
stable in the absence of GPI8 and PIG-S than within the

Fig. 6. Saccharomyces cerevisiae GPI16 and GPI17 are orthologues
of PIG-T and PIG-S, respectively. Wild-type, and gaa1, gpi8, gpi16
and gpi17 deletant haploid yeast cells bearing a GAL1-regulatable
expression plasmid for the respective ORF were pre-cultured in 2%
galactose (for gaa1, gpi8 and gpi16 deletants) or 2% raf®nose (for the
gpi17 deletant) and transferred to 5% glucose-containing medium.
gaa1, gpi8, gpi16 and gpi17 deletants were metabolically labelled
with [3H]inositol at 24, 12, 12 and 24 h, respectively, after transfer.
Mannolipids were extracted and analysed by TLC. The identities of
spots (Hamburger et al., 1995; Benghezal et al., 1996) are indicated on
the left. Four lines analysed in groups were derived from the same
ascus. W, wild type; M, mutant.
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complete four-protein complexes, releasing a fraction of
GAA1 during the immunoprecipitation and washes.
Similar results were obtained with the combination of
GPI8 and PIG-T. GPI8 was well expressed only in the
presence of PIG-T (lane 6 versus 8) and was co-
precipitated with PIG-T but not with VSVG±ALDH
(lanes 9 and 10). Therefore, it appears that PIG-T stablizes
GAA1 and GPI8 through binding to them. As shown in
Figure 7C, HA-PIG-S co-precipitated Myc-PIG-T (lane 1)
and vice versa (lane 2), suggesting that PIG-S and PIG-T
were associated with each other. These results indicate that
PIG-T plays a critical role in the maintenance of a complex
of GPI transamidase by stabilizing the expression of
GAA1 and GPI8 and linking them to PIG-S.

Discussion

GPI transamidase consists of at least four
essential components
The af®nity-puri®ed protein complexes containing tan-
dem-tagged GPI8 contained three other proteins, GAA1,
PIG-S and PIG-T, at levels comparable with GPI8
(Figure 1). We demonstrated by disrupting PIG-S and
PIG-T genes in mouse F9 cells that both PIG-S and PIG-T
are essential for GPI transamidase (Figures 4 and 5).
Taken together with the reports that GAA1 and GPI8 are
essential GPI transamidase components (Yu et al., 1997;
Ohishi et al., 2000), all four components are essential for
the GPI transamidase.

We found through a database search that S.cerevisiae,
S.pombe, C.elegans and D.melanogaster have structural
homologues of PIG-S and PIG-T (Figures 2 and 3). We
demonstrated that S.cerevisiae genes bearing the open
reading frames (ORFs) YHR188C and YDR434W, termed

GPI16 and GPI17, respectively, encode functional homo-
logues of PIG-T and PIG-S, respectively (Figure 6). It
seems, therefore, that GPI transamidases of these organ-
isms also consist of at least four components.

The complex structure of the GPI transamidase is in
common with another ER-resident enzyme involved in a
similar post-translational modi®cation, the oligosaccharyl-
transferase (OST). OST transfers oligosaccharide from
lipid-linked oligosaccharide to asparagine residues within
Asn-X-Ser/Thr sequences. OSTs of S.cerevisiae and very
probably of humans as well consist of nine components.
Five of them are essential components, whereas others,
such as OST3, OST4, OST5 and OST6, are non-essential
(Kelleher et al., 1992; te Heesen et al., 1993; Knauer and
Lehle, 1999).

It is unclear whether GAA1, GPI8, PIG-S and PIG-T are
the only components of the GPI transamidase. The isolated
complex probably represents at least a core of the enzyme
because it was stable in 1% NP-40 and did not contain any
other protein at a signi®cant level. It is possible that some
components might have been lost during isolation if
association is unstable. Establishment of a reconstituted
enzyme assay for the GPI transamidase is required in order
to determine whether the complex analysed in this study
contains all the essential components.

A central role for PIG-T in formation of the
GPI transamidase complex
It is predicted that PIG-S has two transmembrane domains
near the N- and C-termini with a large luminal domain
(Figure 8A). PIG-T is a type-I membrane protein with a
large luminal domain and a transmembrane domain near
the C-terminus (Figure 8A). The luminal orientation of the
major portions of PIG-S and PIG-T is consistent with

Fig. 7. PIG-T is critical for formation of the GPI transamidase complex. The four differentially tagged transamidase components and ALDH were
transfected into CHO cells in various combinations (combination of transfection shown above panels). Cells were lysed in a buffer containing
1% NP-40 2 days after transfection. Aliquots of the lysates were immunoprecipitated (IP) individually with one of the ®ve antibodies as indicated and
western blotted against a mixture of ®ve antibodies. Identities of bands are on the left. Size markers in kDa are on the right. (A) Combinations of all
four (lanes 1±5) and three out of four (lanes 6±25) components. In lanes 21±23, bands between HA-PIG-S and FLAG-GAA1 are not GST±GPI8; they
are derived from HA-PIG-S and migrate slightly more slowly than GST±GPI8. (B) Pairwise combinations of PIG-T and GAA1 (lanes 1±5) or GPI8
(lanes 6±10). (C) A combination of PIG-S and PIG-T.
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the idea that the attachment of GPI to proteins occurs in the
ER lumen (Udenfriend and Kodukula, 1995; Kinoshita
and Inoue, 2000).

We showed that stable expression of GPI8 and GAA1 is
dependent on their associations with PIG-T (Figure 7B).
PIG-S is stable by itself but it also associates with PIG-T
(Figure 7A and C). In the absence of PIG-S, a complex of
GAA1, PIG-T and GPI8 is stably formed. These results
suggest that PIG-T is located at the centre of the complex
and critical in maintenance of the GPI transamidase.
Figure 8B shows a model of the GPI transamidase drawn
based on these results.

It was reported that GPI anchoring ability was lost when
the microsomal membranes of Trypanosoma brucei were
washed at high pH (Sharma et al., 2000), whereas similar
treatment of the mammalian microsomal membranes had
no effect (Vidugiriene and Menon, 1995). Moreover, the
GPI anchoring was restored by adding the high pH extract
of trypanosomal membranes or recombinant GPI8 protein
of the related protozoa, Leishmania mexicana, to the
washed membranes (Sharma et al., 2000). These results
suggest that trypanosomal GPI8 is a soluble protein.
Consistent with this, GPI8s of T.brucei (K.Nagamune,
Y.Fujinaga and T.Kinoshita, unpublished data) and

L.mexicana (Hilley et al., 2000) lack a transmembrane
domain, whereas human and S.cerevisiae GPI8s are type-I
membrane proteins. It is suggested, therefore, that GPI8
and PIG-T associate with each other via their luminal
domains.

Functional roles of four components of the
GPI transamidase
Several lines of evidence indicate that GPI8 is a catalytic
component that generates a carbonyl intermediate with a
substrate protein: (i) GPI8 has homology with cysteine
proteases; (ii) GPI8 has cysteine and histidine that are
conserved in cysteine proteases and are essential for the
GPI transamidase activity; (iii) Spurway et al. (2001)
demonstrated physical association of GPI8 with a substrate
protein using chemical cross-linkers; and (iv) Vidugiriene
et al. (2001) showed physical interaction of GPI8 with the
GPI attachment signal peptide of the substrate protein,
particularly a hydrophilic portion of the signal peptide.

The GPI attachment signal peptide must be recognized
before generation of the carbonyl intermediate. Because
the GPI attachment signal peptide consists of hydrophilic
and hydrophobic segments, and because GPI8 from
trypanosome and leishmania lack a transmembrane
domain, it is unlikely that the GPI attachment signal is
recognized only by GPI8. Three other components have at
least one transmembrane domain. In the absence of any
one of the other three components, the carbonyl inter-
mediate was not generated (Figure 5C). As discussed
above, the protein complex was not formed well without
PIG-T, so it is not possible to speculate whether PIG-T is
required for the recognition of the GPI attachment signal.
Without GAA1 or PIG-S, the protein complexes were
formed well. Therefore, it is possible that GAA1 and/or
PIG-S are required for the signal recognition. It is also
possible, however, that a lack of GAA1 or PIG-S indirectly
affected the signal recognition by causing a conforma-
tional change of the protein complex. Vidugiriene et al.
(2001) reported that the GPI attachment signal peptide was
photo-cross-linked to a 60 kDa protein. This can be GAA1
or PIG-S. They also demonstrated photo-cross-linking
between the substrate protein and a 120 kDa protein. Since
none of the four components is of that molecular size,
there may be yet another component of the GPI
transamidase. We have no information at the moment
about the recognition of the other substrate, GPI.

Materials and methods

Cells
Mouse class F cells defective in PIG-F (Inoue et al., 1993) and human
class K cells defective in GPI8 (Yu et al., 1997) were gifts from
Dr R.Hyman (Salk Institute, CA) and Dr M.E.Medof (Case Western
Reserve University, OH), respectively. They were cultured in high
glucose Dulbecco's modi®ed Eagle's medium supplemented with 10%
fetal calf serum (FCS). CHO-K1 cells were cultured in Ham's F-12
medium containing 10% FCS.

Isolation and amino acid sequencing of GPI transamidase
components
To allow two-step af®nity puri®cation of the GPI transamidase complex,
we tagged the C-terminus of human GPI8 with FLAG and GST (Maeda
et al., 2001) and subcloned it into a pME vector bearing a PGK
(phosphoglycerokinase)-driven puromycin resistance gene cassette

Fig. 8. (A) Membrane topology of GPI transamidase components.
N- and C-termini are shown. GAA1 has a large luminal domain and
multiple transmembrane regions. Both N- and C-termini of GAA1 are
predicted to be on the cytoplasmic side (Hamburger et al., 1995).
PIG-S has two transmembrane regions near the N- and C-termini. GPI8
(Benghezal et al., 1996) and PIG-T are type-I transmembrane proteins.
(B) A model of GPI transamidase. The GPI transamidase is a complex
consisting of at least four components. PIG-T is a central component
interacting with GAA1, GPI8 and PIG-S. The catalytic component,
GPI8, recognizes substrate proproteins and attacks a peptide bond
between w and w+1 sites with a sulfhydryl group of its active site
cysteine to form a carbonyl intermediate. It is unclear how GPI is
presented to the carbonyl intermediate to complete transamidation.
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(Ohishi et al., 2000). We transfected it into class K cells and selected
stable transfectants with puromycin at 2 mg/ml.

For puri®cation of the GPI transamidase, 1010 cells were lysed in 500 ml
of an IP buffer [50 mM Tris±HCl pH 7.5, 150 mM NaCl, 1% NP-40 and
complete protease inhibitor cocktail (Roche Diagnostics)]. Cell debris
was removed by centrifugation at 10 000 g for 20 min and the
supernatants were clari®ed by centrifugation at 100 000 g for 1 h. We
incubated the resulting lysate with 2 ml of a slurry of anti-FLAG M2
antibody resin (Sigma) for 6 h at 4°C, washed it ®ve times in IP buffer and
eluted bound proteins ®ve times with 5 ml of FLAG peptide in IP buffer
at 500 mg/ml. Eluates were combined and mixed with 100 ml of
glutathione±Sepharose slurry (Amersham Pharmacia Biotech). After ®ve
washes in IP buffer, the transamidase complex was eluted with 100 ml of
an SDS±PAGE sample buffer containing 2-mercaptoethanol (2-ME). A
sample equivalent to 2 3 109 cells was electrophoresed on a 10% gel and
transferred to a PVDF membarne. Coomassie Blue-stained bands were
excised and their N-terminal sequences were determined with a G1005A
Hewlett-Packard Protein Sequencing System.

Cloning human PIG-S and PIG-T cDNAs
Searching the EST database in the National Center for Biotechnology
Information (NCBI) with the N-terminal sequence of band 2 protein and
the TBLASTN program, we found several mouse and human ESTs. Using
these and a human genomic sequence (AC005726) containing the PIG-S
gene, we determined the ORF of human PIG-S in silico. For PIG-T, we
searched the non-redundant protein database in the NCBI with the
N-terminal sequence of band 3 protein using the BLASTP program, and
found a hypothetical protein and its cDNA sequence (AL121742) and a
human genomic sequence (AL021578). A sequence for the ®rst four
amino acids (Met-Ala-Ala-Ala) was lacking. We identi®ed the most
likely initiation codon by comparing the sequences of 5¢-RACE products
from mouse brain Marathon-Ready cDNA (Clontech) and the human
genomic sequence. Based on these sequences, we designed PCR primers
and ampli®ed the entire coding regions of PIG-S and PIG-T cDNA from
human placental Marathon-Ready cDNA (Clontech).

Establishment and characterization of mouse PIG-S and
PIG-T knockout cells
Bacterial arti®cial chromosome (BAC) clones 176-d23 and 206-o17
containing mouse PIG-S and PIG-T genes, respectively, were obtained by
screening Down-to-the-Well Mouse ES (Release I) BAC DNA Pools
(Incyto Genomics). Construction of targeting vectors assembled from
PGK-driven drug resistance gene cassettes, short (1.3±1.7 kb) and long
(5.9±7.2 kb) genomic fragments (see Figure 4A) cloned in pBluescript II
(pBS) (Stratagene) and a vector backbone of pPNT vector containing a
PGK-driven human herpes simplex thymidine kinase gene, and disruption
of genes in F9 cells were according to a previous report (Ohishi et al.,
2000). Southern blot analysis and in vitro translation assay for GPI
transamidase activity (Kodukula et al., 1991) were performed as
described (Ohishi et al., 2000).

Yeast mutants and analysis of their GPI intermediates
The S.cerevisiae deletants for ORFs YHR188C, YDR434W, YLR088W
and YDR331W, which encode Gpi16p, Gpi17p, Gaa1p and Gpi8p,
respectively, were generated by the Saccharomyces Genome Deletion
Project (Winzeler et al., 1999) and purchased from Research Genetics.
GAL1-regulatable expession plasmids were constructed by insertion of
ORFs ampli®ed from genomic DNA of wild-type strain W303-1A to the
centromeric plasmid p415 GAL1. We introduced each plasmid into
deletion mutants defective in the corresponding genes and selected
transfectants in SC-Leu (2% glucose) medium. To establish haploid wild-
type and deletion mutants bearing the expression plasmid, spores were
dissected on SC-Leu (2% galactose) medium. Cells from four spores
derived from one ascus were pre-cultured in SC-Leu (2% galactose) (for
gpi16, gaa1 and gpi8 deletants) or SC-Leu (2% raf®nose) (for the gpi17
deletant) medium and then inoculated into SC-Leu (5% glucose) medium.

Cells (8 3 107) were washed, resuspended in 0.5 ml of SC-Leu (2%
glucose) without inositol and pre-incubated at 30°C for 30 min. A sample
of 15 mCi of [3H]inositol (Amersham Pharmacia Biotech) was added,
followed by incubation at 30°C for 90 min. The labelling reaction was
stopped by addition of 10 ml of 0.5 M NaN3 and 0.5 M NaF on ice and
washing twice in 10 mM NaN3 and 10 mM NaF. The cells were extracted
by vortexing in 500 ml of CMW (chloroform:methanol:water 10:10:3)
with 0.5 g of glass beads followed by shaking for 30 min. The extract was
taken and the cells were re-extracted in 400 ml of CMW in a similar way.
Pooled extracts were dried. Partitioning of GPI intermediates with

n-butanol and TLC analysis were as previously reported (Horvath et al.,
1994; Hamburger et al., 1995).

Mammalian expression plasmids
All expression plasmids were constructed on a pME18Sf vector, a gift
from Dr K.Maruyama (Tokyo Medical and Dental University, Japan).
Fragments encoding 33 HA, 33 VSVG and 63 Myc tags made by PCR
with two partially complementary primers as previously reported
(Nakajima and Yaoita, 1997) were inserted after the initiation codon or
before the stop codon to construct expression plasmids for Myc-PIG-S,
HA-PIG-S and VSVG±ALDH similarly to previous reports (Maeda et al.,
1998; Watanabe et al., 1998). FLAG-GAA1 and GST±GPI8 were used in
our previous report (Ohishi et al., 2000). Sequences of all primers used in
this study are available upon request.

Flow cytometric analysis
Cells were stained with biotinylated anti-Thy-1 G7 followed by
phycoerythrin-conjugated streptavidin (Biomeda) and analysed in a
FACScan (Becton Dickinson).

Analysis of protein complexes
CHO cells (4 3 106) suspended in 0.4 ml of culture medium were
electroporated with 4 mg each of ®ve plasmids at 960 mF and 250 V. When
a plasmid was omitted, an empty vector was added instead. Cells were
cultured for 2 days and solubilized in 5 ml of IP buffer. The lysates were
immunoprecipitated with 1 mg of anti-FLAG M2, anti-GST (Clontech),
anti-Myc (Oncogene), anti-HA or anti-VSVG (Roche) plus protein G
beads (Amersham Pharmacia Biotech). The precipitates were washed in
IP buffer and treated in an SDS±PAGE sample buffer with 2-ME.
Western blotting was performed with a mixture of ®ve antibodies used
for immunoprecipitation and horseradish peroxidase (HRP)-conjugated
protein G (Bio-Rad Laboratories).
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