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Glycosylphosphatidylinositols (GPIs) are attached to the C termini of some glycosylated secretory proteins,
serving as membrane anchors for many of those on the cell surface. Biosynthesis of GPIs is initiated by the
transfer of N-acetylglucosamine (GlcNAc) from UDP-GIcNAc to phosphatidylinositol. This reaction is carried
out at the endoplasmic reticulum (ER) by an enzyme complex called GPI-N-acetylglucosaminyltransferase
(GPI-GIcNAc transferase). The human enzyme has six known subunits, at least four of which, GPI1, PIG-A,
PIG-C, and PIG-H, have functional homologs in the budding yeast Saccharomyces cerevisiae. The uncharac-
terized yeast gene YDR437w encodes a protein with some sequence similarity to human PIG-P, a fifth subunit
of the GPI-GIcNAc transferase. Here we show that Ydr437w is a small but essential subunit of the yeast
GPI-GlcNAc transferase, and we designate its gene GPI19. Similar to other mutants in the yeast enzyme,
temperature-sensitive gpil9 mutants display cell wall defects and hyperactive Ras phenotypes. The Gpil9
protein associates with the yeast GPI-GlcNAc transferase in vivo, as judged by coimmuneprecipitation with the
Gpi2 subunit. Moreover, conditional gpil9 mutants are defective for GPI-GlcNAc transferase activity in vitro.
Finally, we present evidence for the topology of Gpil9 within the ER membrane.

Glycosylphosphatidylinositols (GPIs) are complex glycolip-
ids that anchor a variety of glycoproteins to the external sur-
face of the plasma membrane (8, 24, 25, 44). GPI-anchored
surface proteins of Leishmania, Plasmodium falciparum, and
various trypanosome species protect the cell surface of these
parasitic protozoa from the host’s immune system (8). In hu-
mans, a GPI-anchoring deficiency resulting from somatic mu-
tation of the PIG-A gene causes the acquired hematopoietic
stem cell disorder paroxysmal nocturnal hemoglobinuria (2).
Many of the clinical features of paroxysmal nocturnal hemo-
globinuria (e.g., intracellular hemolysis, peripheral blood cyto-
penias, and thrombosis) can be explained by the absence of
GPI-anchored proteins on the surface of blood cells. In Sac-
charomyces cerevisiae, the GPI initially present on some surface
glycoproteins has been proposed to participate in a transgly-
cosylation reaction in which the glycoprotein becomes cross-
linked to cell wall B-glucan (7).

GPIs, which have the conserved core structure protein-
CO-NH-CH,-CH,-PO,-6-mannose (Man)-a1,2-Man-a1,6-Man-
al,4-GlcN-al,6-inositol-PO ,-lipid, are preassembled at the en-
doplasmic reticulum (ER) in a multistep pathway prior to their
transfer to target proteins (reviewed in references 8, 20, 25, 28,
and 39). Many genes involved in the GPI anchoring pathway
have been identified, and in most cases yeast and mammalian

* Corresponding author. Mailing address: Department of Biochem-
istry & Molecular Biology, Bloomberg School of Public Health, The
Johns Hopkins University, Baltimore, MD 21205-2179. Phone: (410)
955-9825. Fax: (410) 955-2926. E-mail: levin@jhmi.edu.

T Present address: Laboratory of Pathology, National Cancer Insti-
tute, National Institutes of Health, Bethesda, MD 20892.

1801

GPI assembly proteins display amino acid sequence similarity.
Mutations blocking GPI assembly or transfer to proteins are
lethal in yeast.

The first step in GPI assembly, the transfer of N-acetylglu-
cosamine (GlcNAc) from UDP-GIcNAc to an acceptor phos-
phatidylinositol (PI) is catalyzed by a multiprotein complex
that resides in the ER membrane. The human GPI-GIcNAc
transferase complex is an unusually elaborate glycosyltrans-
ferase, possessing at least six subunits (44). Four of these,
GPI1, PIG-A, PIG-C, and PIG-H, have structural and func-
tional counterparts in the S. cerevisiae Gpil, Gpi3, Gpi2, and
Gpil5 proteins, respectively (15, 22, 23, 27, 31, 40, 42, 43, 46).
Among these proteins, PIG-A/Gpi3 is the UDP-GIcNAc-bind-
ing and likely catalytic subunit, based both on its sequence
similarity to members of a large family of glycosyltransferases
(10, 18, 42) and on cross-linking studies using a photoactivat-
able analogue of UDP-GIcNAc (21). A potential fifth subunit
of the mammalian complex has been identified only as a co-
purifying 5-kDa protein, which may be the homologue of the
recently discovered Eril subunit of the S. cerevisiae complex,
which is similar in size (37). Loss of function mutations in most
subunits of the GPI-GlcNAc transferase completely blocks
GPI synthesis. The only known exceptions to this are yeast Eril
and human and yeast Gpil; loss of either subunit in yeast
results in a temperature-sensitive growth defect (23, 37).

The sixth identified subunit of the human GPI-GIcNAc
transferase, PIG-P, shares 20% sequence identity to the prod-
uct of an uncharacterized S. cerevisiae open reading frame of
140 codons, YDR437w (44). Interestingly, the human PIG-P
gene, which resides on chromosome 21, is also known as
DSCRS, for Down Syndrome critical region 5 (44). Down



1802 NEWMAN ET AL.

EUKARYOT. CELL

TABLE 1. S. cerevisiae strains used”

Strain Relevant genotype Source
1783 MATa leu2-3, 112 trpI-1 ura3-52 his4 canl” I. Herskowitz
1784 MATa I. Herskowitz
1788 MATala I. Herskowitz
DL2987 MATa/o gpil9A::LEU2/GPII9 This study
DL3050 MATa gpil 9A::LEU2 pRS316[GPI19] This study
DL3087 MATa gpil9A::LEU2 pRS314[gpil9-2] This study
DL3089 MATa gpil9A::LEU2 pRS314[gpil9-5] This study
DL3091 MATa gpil9A::LEU2 pRS314[gpil9-4] This study
DL3093 MATa gpil9A::LEU2 pRS314[gpil9-1] This study
DL3095 MATa gpil9A::LEU2 pRS314[gpil9-6] This study
DL3097 MATa gpil9A::LEU2 pRS314[gpil9-3] This study
DL3099 MATa gpil9A::LEU2 pRS314[GPI19] This study
DL3102 MATalo gpil9A::LEU2/gpil 9A::LEU2 pRS314[gpil9-4] This study
DL3103 MATa/o gpil9A::LEU2/gpil 9A::LEU2 pRS314[gpil9-5] This study
DL3104 MATalo gpil9A::LEU2/gpil9A::LEU2 pRS314[gpil9-3] This study
DL3105 MATa/o gpil9A::LEU2/gpil 9A::LEU2 pRS314[gpil9-6] This study
DL3106 MATalo gpil9A::LEU2/gpil9A::LEU2 pRS314[gpil9-2] This study
DL3107 MATa/o gpil9A::LEU2/gpil 9A::LEU2 pRS314[gpil9-1] This study
DL3149 MATa gpil9A::LEU2 pRS314[gpil9-7] This study
DL3151 MATa/o gpil9A::LEU2/gpil 9A::LEU2 pRS314[gpil9-7] This study

“ All strains are derived from the EG123 background (33).

Syndrome (DS; trisomy 21) is the most common genetic cause
of mental retardation. The PIG-P protein is overexpressed
twofold in fetal DS brain tissue, leading to the suggestion that
aberrant GPI anchoring interferes with brain development (9).
Moreover, PIG-P is evidently the only DSCR gene that is
expressed in tongue tissue, prompting the suggestion that its
overexpression plays a role in the pathophysiology of tongue
malformation in DS patients (4). We demonstrate here that
YDR437w encodes an essential subunit of the yeast GPI-Glc-
NAc transferase, and we henceforth refer to this gene as
GPI19 (for glycosylphosphatidylinositol anchor 19) in accor-
dance with the nomenclature of other yeast genes involved in
GPI anchor production.

MATERIALS AND METHODS

Strains, growth conditions, and transformations. The S. cerevisiae strains used
in this study are listed in Table 1. Yeast cultures were grown in YEPD (1% Bacto
yeast extract, 2% Bacto peptone, 2% glucose). Synthetic minimal (SD) medium
(30) supplemented with the appropriate nutrients was used to select for plasmid
maintenance and gene replacement. Yeast transformations were carried out by
the lithium acetate method (16). Escherichia coli DH5a was used to propagate all
plasmids. Escherichia coli cells were cultured in Luria broth medium (1% Bacto
tryptone, 0.5% Bacto yeast extract, 1% NaCl) and transformed to carbenicillin
resistance by standard methods.

Materials. UDP[U-'“C]GIcNAc (specific activity, 300 mCi/mmol), GDP[1-
4C]mannitosol (specific activity, 55 mCi/mmol), and dolichol phosphate (Dol-P)
were from American Radiolabeled Chemicals, St. Louis, MO. Zymolyase 20T
was obtained from ICN and Endo-H from New England Biolabs.

Genomic deletion of GPI19, cloning, and plasmid construction. To delete the
genomic copy of GPI19 in the EG123 strain background, a DNA fragment
spanning from 436 bp 5" of the GPI19 start codon to 16 bp 3’ of the start codon
was amplified by PCR from genomic DNA isolated from yeast strain 1783. A
second fragment was amplified from 18 bp 5’ of the GPI19 stop codon to 541 bp
3’ of the stop codon. The 5’ fragment was amplified with primers that placed an
Xbal site at the end within the coding sequence and a BamHI site at the opposite
end. The 3’ fragment was amplified with primers that placed an Apal site
adjacent to the stop codon and a BamHI site at the opposite end. These frag-
ments were ligated in a three-molecule reaction to the Apal and Xbal sites of the
integrative plasmid pRS305 (32) to create a unique BamHI site between the
fragments. The resulting plasmid, pRS305[gpil9A::LEU2] (p1955), was linear-
ized with BamHI and used to transform yeast strain 1788 to leucine prototrophy.
The replacement of GPI19 sequences was confirmed by PCR. The heterozygous

gpil9A::LEU2/GPII9 strain (DL2987) was induced to sporulate for tetrad dis-
section. Viable spores, which segregated 2:2 with inviable spores, were all leucine
auxotrophs, confirming the lethality of the deletion.

To construct a genomic clone of GPI19, its coding and regulatory sequences
were amplified by PCR from strain 1783 genomic DNA. A 1.1-kb genomic Sspl
fragment was cloned into the Smal site of centromeric plasmid pRS316 (32) to
yield pRS316[GPI19] (p1995). GPI19 was subcloned into centromeric plasmid
pRS314 (32) using the Kpnl and Sacl sites within the polylinkers of both plas-
mids to yield pRS314[GPI19] (p1996).

A functional C-terminally hemagglutinin (HA)-tagged form of Gpil9 was
constructed as described below. The GPI19 open reading frame was amplified
from p1995 and subcloned into pYeF2 (6) using BamHI and Notl sites engi-
neered into the primers. This construction (pYeF2[GPI19]; p2032) fuses Gpil9
in frame at its C terminus with a single copy of the HA epitope and places it
under the inducible control of the GALI promoter. This plasmid was used to
create HA-tagged Gpil9 fusions to invertase (Suc2) for topology studies. Full-
length Gpil9-HA was fused to Suc2 by amplification of GPI19-HA with the
GALI promoter from p2032 using primers that included a Sacl site 5’ to the
GALI promoter and a Sall site immediately 3’ of the HA coding sequence. This
fragment was subcloned into the SacI/Xhol sites of pR90 (p2019) (19) to fuse the
HA sequence in frame with SUC2. The resulting plasmid, pGALI::GPI19-HA-
SUC2 (p2040), was used to create a related fusion lacking the C-terminal 90
amino acid residues of Gpil9. The GAL1I promoter and the first 150 nucleotides
of GPI19 coding sequence was amplified using the 5" GALI primer described
above and a primer internal to the GPI19 coding sequence designed with a NotI
site. This fragment was subcloned into the Sacl/NotI sites of p2040 so as to fuse
in frame the N-terminal 50 amino acid residues of Gpil9 with HA-Suc2
(pGALI::GPI19CA-HA-SUC2; p2077).

Isolation of temperature-sensitive gpi19 mutants. Error-prone PCR was used
to generate random mutations within the GPI19 coding sequence. The GPI19
sequence was amplified from p1995 using Taq polymerase and the T7 and T3
primers to include the polylinker sequences on either side of GPI19. Errors were
generated during amplification by two modifications to decrease fidelity of the
Taq polymerase. First, 0.5 mM MnCl, was included in each of four separate
reactions. Second, a different deoxynucleotide in each of the four reactions was
reduced in concentration from 1 mM to 0.1 mM. The products of the four
reactions were combined and subcloned into the Kpnl/Sacl sites of pRS314 (32).
Approximately 1,000 independent plasmid clones were isolated and transformed
into yeast strain DL3050 (gpil9A::LEU2 pRS316[GPI19]) by selection for tryp-
tophan prototrophy. Approximately 3,000 yeast transformants were double rep-
lica plated to 5-fluorootic acid (5-FOA)-containing medium (1) at 23°C and 37°C
to evict the URA3-based plasmid bearing wild-type GPI19. Replicate colonies
that grew in the presence of 5-FOA at low temperature but not at high temper-
ature were isolated for further characterization. A total of eight such colonies
were identified. Plasmids were isolated from these temperature-sensitive strains
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and retransformed into diploid strain DL2987 (gpil9A::LEU2/GPI19) for sporu-
lation. DNA sequence analysis of these plasmids revealed that six different gpi79
alleles had been isolated. Mutation sites are available upon request.

The frameshift at codon 25 found among the mutations in both gpi/9-5 and
gpil9-6 was created in wild-type GPI19 by PCR-mediated site-directed mutagen-
esis (12) to generate gpil9-7 and was cloned into pRS314 (p2075). Tyr75 was
converted to a stop codon (TAA) in gpil9-7 by the same method, creating
gpil19-8, which was cloned into pRS314 (p2076). Mutations were confirmed by
DNA sequence analysis of the entire GPI19 gene. All primer sequences are
available upon request.

In vitro assays of GPI-GIcNAc transferase and Dol-P-mannose synthase. For
GPI-GIcNAc transferase activity, membranes were prepared and assayed for in
vitro synthesis of ["*C]GIcNAc-PI using a slight modification of the method of
Costello and Orlean (5) as described in Sobering et al. (37). The Dol-P-mannose
synthase assay was carried out as described by Orlean et al. (29). Lipids were
separated by thin-layer chromatography (TLC) on Kieselgel 60 (Merck) using
chloroform:methanol:H,O (65:25:4 by volume), and radiolabeled lipids were
visualized by fluorography.

Immunodetection of Gpil9 and Gpi2 in complex. For detection of the Gpil9-
Gpi2 association, yeast strain 1788 was cotransformed to uracil and leucine dual
prototrophy with pYeF2[GPI19] (which expresses Gpil9-HA under the control
of the GALI promoter; p2032) and either pRS425SMET25[FLAG-GPI2] (p1874)
or pRS425[GPI2] (p1860). Transformants were precultured at 30°C in yeast
extract peptone (YEP)-2% raffinose and induced for 4 h in YEP-4% galactose,
and extracts were prepared as described previously (36). For immunoprecipita-
tion of FLAG-Gpi2, extract (500 pg) was incubated with anti-FLAG M2 agarose
beads (20 wl) or protein A-Sepharose (no antibody control) beads (in a 1:1
slurry; both from Sigma) in a buffer containing 50 mM Tris-HCI (pH 7.5), 150
mM NaCl, 5 mM EDTA (pH 8.0), 5 mM EGTA (pH 8.0), 50 mM KF, 30 mM
Na,PP; [pH 7.5], 1 mM Na;VO,, and 0.1% NP-40 at 4°C for 1 h with gentle
agitation. Immune complexes were washed three times with the same buffer and
solubilized in sodium dodecyl sulfate (SDS) sample buffer (final volume of 100
wl). Samples were loaded without heating (heating caused FLAG-Gpi2 to form
aggregates), separated on SDS-polyacrylamide gels (8 to 16% gradient; Bio-
Rad), and transferred to polyvinylidene difluoride membranes for immunoblot
detection of FLAG-Gpi2 with anti-Flag M2 antibodies (Sigma) and of Gpil9-HA
with anti-HA antibodies (12CAS; BabCo).

Other assays. For endoglycosidase H (Endo H) assays, transformants were
grown in YEP plus 2% raffinose, followed by induction of Gpil9 fusions by
addition of 2% galactose and further incubation at 30°C for 4 h. Cell lysates were
prepared as described previously (17) but were supplemented with a final con-
centration of 80 mM potassium acetate, pH 5.6. Extracts (30 ug protein) were
treated with 1.5 pl Endo H (1 U/200 wl) for 1 h at 37°C prior to separation on
an SDS-polyacrylamide gel (7%; Bio-Rad) and transferred to PVDF membranes
for immunoblot detection of Gpil9-HA-Suc2. Zymolyase sensitivity was mea-
sured as described previously (35).

RESULTS

Conditional mutants in GPI19 behave like mutants in GPI
anchor biosynthesis. The GPI19 gene is reported in the Sac-
charomyces genome database (SGD) to be essential for viabil-
ity. We constructed a gpil9 deletion allele that lacks nearly the
entire coding sequence in the EG123 strain background and
confirmed the lethality of this mutation (data not shown). As a
first step to characterizing the function of GPI19, we created a
set of temperature-sensitive gpi/9 alleles using error-prone
PCR (see Materials and Methods). DNA sequence analysis
revealed that we had isolated six independent mutant alleles,
each with multiple mutations. Among these, gpi79-1 and
gpil19-2 displayed a restrictive temperature of 37°C. By con-
trast, gpil9-3 through gpil9-6 failed to grow at 34°C. We
showed previously that null mutants in the nonessential sub-
units of the GPI-GIcNAc transferase (Eril and Gpil) display
several cell wall related defects (37). First, the growth defects
of null mutants in ERI] and GPI1, which are temperature-
sensitive for growth, are suppressed by addition of osmotic
support to the medium (e.g., 10% sorbitol). Consistent with
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FIG. 1. Temperature-sensitive gpi/9 mutants are hypersensitive to
lysis by treatment with the cell wall digestive enzyme zymolyase. The
wild type (1788) and three gpil9 mutants, gpil9-1 (DL3107), gpil9-2
(DL3106), and gpi19-5 (DL3103), were grown in YEPD to mid-log
phase at 23°C, washed, and resuspended in water to an initial density
of Agy, of ~0.7 prior to treatment with zymolyase 20T (150 pg/ml).
Cell lysis was assessed by A, measurements at the indicated times.

this result, we found that all of the gpil9 alleles, with the
exception of gpil9-4, were osmotically remedial (data not
shown). Second, eri/ A and gpil A mutants are hypersensitive to
cell lysis by treatment with the cell wall lytic enzyme zymolyase
(37). Similarly, we found that the gpi/9 mutants were hyper-
sensitive to zymolyase treatment (Fig. 1). Finally, the growth
defects of eril A and gpil A mutants are suppressed by increased
intracellular concentration of UDP-GIcNAc, a substrate for
the GPI-GIcNAc transferase (37). This can be accomplished
either by overexpression of GFA1, whose product catalyzes the
production of glucosamine-6-phosphate, the first committed
and rate-limiting step in the production of UDP-GIcNAc (28),
or with exogenous glucosamine, which is converted to glu-

GFA1 Vector

37°C

GPI19

FIG. 2. Growth defects of conditional gpi/9 mutants are sup-
pressed by overexpression of GFAI. The gpi19-2 mutant (DL3106) was
transformed with 2 plasmid pRS202[GFAI] (37), centromeric plas-
mid pRS316[GPI19] (p1995), or pRS316 (vector). Transformants were
streaked onto YEPD and incubated for 3 days at 37°C.
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FIG. 3. Conditional gpi/9 mutants display filamentation and agar invasion at semipermissive temperatures. A. A conditional gpi/9 mutant
displays weak filamentous growth at semipermissive temperature. Single colonies of diploid yeast strains were photographed after growth for 24 h
on YEPD plus 10% sorbitol at the indicated temperatures. Strains are the wild type (1788) and gpi/9-2 (DL3106). B. A conditional gpi7/9 mutant
displays agar invasive growth. The same strains as in panel A were streaked onto a YEPD plus 10% sorbitol plate and allowed to grow at 35°C
for 2 days (total growth). Nonadherent cells were washed from the plate with distilled water, and the plate was incubated for an additional day

at 23°C to reveal invasive growth. WT, wild type.

cosamine-6-phosphate (3, 45). We found that the least severely
impaired alleles of gpi19 (gpil9-1 and gpil9-2) were suppressed
for their growth defects at restrictive temperature by either
GFAI overexpression or exogenous glucosamine (Fig. 2 and
data not shown).

Mutants in GPI anchor biosynthesis also display phenotypes
similar to those of hyperactive Ras mutants (36, 37). This is
because Ras negatively regulates the activity of the GPI-Glec-
NAc complex. GPI anchor mutants have been proposed to
mimic phenotypically the inhibitory effect of hyperactive Ras
on anchor biosynthesis. These phenotypes include filamentous
growth and agar invasion at semipermissive temperatures. The
gpi19 mutants displayed both weak filamentation phenotypes
and invasive growth, which was enhanced by the inclusion of
sorbitol in the medium to suppress their growth defects (Fig.
3). These phenotypes collectively support the hypothesis that
Gpil9 is important for GPI anchor biosynthesis.

Gpil9 is an essential subunit of the GPI-GIcNAc trans-
ferase. Because Gpil9 is related to mammalian PIG-P (44),
and because a large-scale protein localization study revealed
that it resides in the endoplasmic reticulum (14), we asked if
Gpil9 could be found in association with the GPI-GIcNAc
transferase. For this purpose, Gpil9 was fused at its C termi-
nus to an HA epitope (Gpil9-HA) and overexpressed from the

GALI promoter in yeast cells also overexpressing FLAG-Gpi2
(22, 37), an established GPI-GIcNAc transferase subunit. Im-
munoprecipitation of FLAG-Gpi2 from extracts made in the
presence of nonionic detergent (0.5% NP-40) to disrupt mem-
branes coprecipitated a large fraction of the Gpil9-HA (Fig. 4,
lane 4). The observed coprecipitation reflects a true associa-
tion of Gpil9-HA with FLAG-Gpi2, because Gpil9-HA was
not detected in control precipitations either with untagged
Gpi2 or in the absence of anti-FLAG antibodies (lanes 3 and
5, respectively). This supports the notion that Gpil9 is a sub-
unit of the GPI-GIcNAc transferase, as revealed previously for
mammalian PIG-P (44).

Because Gpil9-HA associates with the GPI-GlcNAc trans-
ferase, we asked if its function was required for activity of this
enzyme. We examined GPI-GIcNAc transferase activity and
the subsequent step (deacetylation of GlcNAc-PI) by thin-
layer chromatographic separation of products labeled in vitro
upon incubation of mixed membranes from wild-type and gpil9
cells with UDP-["*C]GIcNAc (5). Production of both interme-
diates (GIcNAc-PI and GlcN-PI) was defective in microsomes
derived from the gpi7/9-5 mutant grown at 25°C (Fig. 5, com-
pare lanes 1 and 2 to lanes 3 and 4), indicating a deficiency in
the first step of anchor production, transfer of GIcNAc to an
acceptor PI, yielding GIcNAc-PI. Similar results were obtained
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FIG. 4. Gpil9 associates in vivo with Gpi2. Extracts from a wild-
type yeast strain (1788), cotransformed with pYeF2[GPI19] (p2032;
expresses Gpil9"'* under the inducible control of the GALI promoter)
and either pRS425SMET25 [FLAG-GPI2] (p1874; constitutively ex-
presses FLAG-Gpi2) or pRS425 [GPI2] (p1860; expresses untagged
Gpi2), were processed for immunoprecipitation (IP) with a-Flag an-
tibodies. Input protein (30 pg) and a fraction of the IP corresponding
to 30 pg of input protein were separated by SDS-polyacrylamide gel
electrophoresis and subjected to immunoblot detection of FLAG-Gpi2
(a-FLAG; top panel) or Gpil9-HA (a-HA; lower panel). The asterisk
indicates an a-FLAG immunoglobulin G band in the IP lanes. The
positions of molecular mass markers (MW) are indicated on the left.

with microsomes from gpil9-2 and gpil9-3 (data not shown).
Microsomes from the conditional gpil, gpi2, gpi3, and eriA
mutants are likewise defective in in vitro GPI-GlcNAc trans-
ferase activity (22, 23, 37). The activity of a control ER enzyme,
Dol-P-Man synthase, was normal in the same microsome prep-
arations (Fig. 5, compare lanes 5 to 7 to lanes 8 to 10). There-
fore, we conclude that Gpil9 is essential for GPI-GIcNAc
transferase activity.

Membrane topology of Gpil9. The sequences of Gpil9 and
mammalian PIG-P are not especially informative, except for
the suggestion that they possess two transmembrane domains
(reference 44 and Fig. 6). A membrane topology prediction
program (34) suggests that both polypeptide termini of these
proteins reside on the cytoplasmic side of the ER membrane.
To determine the membrane topology of Gpil9 experimen-
tally, we constructed a pair of GPI19 fusions to SUC2, which
encodes the glycoprotein invertase (19). Because invertase is
glycosylated only when in the lumen of the ER, its glycosyla-
tion state in the context of a fusion to an ER membrane
protein indicates the orientation of the transmembrane do-
main immediately N terminal to it (38). Fusion of HA-Suc2 to
the C terminus of full-length Gpil9 did not lead to glycosyla-
tion of Suc2 (Fig. 7A, lanes 1 and 2), indicating that the Gpil9
C terminus is cytoplasmic, as predicted. By contrast, fusion of
HA-Suc2 to the N-terminal 50 amino acid residues of Gpil9,
which includes the first putative transmembrane domain and a
short hydrophilic loop (Fig. 6 and 7A, lanes 3 and 4), resulted
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FIG. 5. In vitro assay for GPI-GIcNAc transferase activity. Micro-
somal fractions (100 pg protein) from extracts of a gpi/9-5 mutant
(DL3089) and its isogenic wild-type strain (DL3099) were incubated
with UDP-['*C]GIcNAc at 30°C for the indicated times to measure
GPI-GlcNAc transferase activity. The same microsomal fractions (5
pg) were incubated with GDP-[**C]-Man and Dol-P to assay Dol-P-
mannose synthase as a control ER enzyme activity (20s, 20-s incuba-
tion). The lipids were extracted, separated by TLC, and detected by
fluorography. WT, wild type.

in glycosylation of Suc2. This indicates that the Gpil9 N ter-
minus is also cytoplasmic and that both transmembrane do-
mains pass through the ER membrane, as predicted.

The N-terminal transmembrane domain of Gpil9 is dis-
pensable. Sequence analysis of gpil9-5 and gpil9-6 revealed
that they possess identical frameshift mutations after codon 24
(Fig. 6) in addition to other alterations that indicated these
were independently derived alleles. It seemed unlikely that
expression of the N-terminal 24 amino acid residues would be
sufficient to complement the lethality of a gpi/9A mutant.

1 MYTKEYYWFSQYMITTSTLVLTIIWSILPSSLGEAAPKQFINTLLDIFPQ
T™L Y

51 RRWIITLESIMIMCMLCTYIGLLMYNEDTLTPPLDSLSTVIDAGGQLVIE
TM2 X

101 DDPDVEFVKKWAFKETSGIYDLSLMDACQLLYLYDNDHTST

FIG. 6. Amino acid sequence of Gpil9. The putative transmem-
brane domains are underlined. The arrowhead indicates the position
of the frameshift mutation in gpi19-5, gpil9-6, and gpil9-7. Potential
sites for translational reinitiation are in boldface. The “X” indicates
the position of the nonsense codon introduced into gpi79-7 to generate
gpil9-8.
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FIG. 7. Membrane topology determination for Gpil9. A. Extracts
from wild-type strain 1783, transformed with p2040 (expresses Gpil9-
HA-Suc2), p2077 (expresses Gpil9CA-HA-Suc2), or pRS314 (vector),
were treated with endoglycosidase H to assess the N-glycosylation
state. Samples (30 g protein) were separated by SDS-polyacrylamide
gel electrophoresis monitored by immunoblot detection of the HA
epitope. B. Cartoon of Gpil9 topology within the ER membrane. The
Gpil9CA-HA-Suc? fusion junction is indicated with an arrow.

Therefore, we tested the possibility that translation of this
mutant was being reinitiated at an internal methionine codon.
Reinitiation would occur within a cluster of four methionine
residues situated in the second transmembrane domain be-
tween Met61 and Met74. We first created the same frameshift
mutation after codon 24 in an otherwise wild-type allele by
site-directed mutagenesis and confirmed that this allele
(gpi19-7) confers temperature-sensitive growth to the gpi/9A
mutant (restrictive temperature of 34°C; data not shown). We
further mutated the gpi79-7 allele by converting Tyr75 to a
nonsense mutation (Fig. 6). The new allele (gpi19-8) failed to
complement the gpi/9A mutant, confirming that sequences 3’
to the frameshift mutation were important for function of
gpi19-7. This result indicates that translation of gpi79-7 is reini-
tiated between Met61 and Met74 and reveals that the N-ter-
minal half (at least 60 residues) of Gpil9 is dispensable for
function at low temperatures.

DISCUSSION

Gpil9 is an essential subunit of the yeast GPI-GlcNAc
transferase. We show in this study that the yeast Gpil9 protein
associates with and is required for function of the GPI-GIcNAc
transferase, which catalyzes the first step in GPI anchor bio-
synthesis at the ER. We isolated a set of temperature-sensitive
mutants in GPI19, which displayed phenotypic defects charac-
teristic of mutants with GPI deficiencies. These include cell
wall weakness, as judged by hypersensitivity to the wall lytic
enzyme zymolyase, and filamentation and agar invasion at
semipermissive temperatures (36, 37). Additionally, the growth

EUKARYOT. CELL

defects of conditional gpi/9 mutants at elevated temperature
were suppressed by GFAI overexpression and by exogenous
glucosamine, both of which increase the intracellular pool of
the GPI-GIcNACc transferase substrate UDP-GlcNAc (3).

The modest sequence similarity of Gpil9 with the human
PIG-P subunit of the GPI-GIcNAc transferase suggested that it
might be associated with the analogous yeast enzyme complex.
We demonstrated by coimmunoprecipitation that Gpil9 asso-
ciates in vivo with the Gpi2 GPI-GIcNAc transferase subunit.
Moreover, temperature-sensitive gpi/9 mutants were defective
for in vitro GPI-GIcNAc transferase activity, confirming that
Gpil9 is essential for this enzymatic step.

We present evidence that Gpil9 passes through the ER
membrane twice such that both the N and C termini of Gpil9
are cytoplasmically oriented, consistent with previous predic-
tions (8, 44). However, two of the temperature-sensitive mu-
tants we isolated resulted from frameshift mutations that led to
translational reinitiation at a methionine codon in the middle
of the GPI19 coding sequence. These results revealed that the
N-terminal half of this protein, including the first transmem-
brane domain and the lumenal loop, is dispensable for func-
tion. We interpret this to mean that the second transmembrane
domain is sufficient for proper localization and function of
Gpil9.

Complexity of the GPI-GIcNAc transferase. Both the yeast
and mammalian GPI-GIcNAc transferases are unusually elab-
orate enzyme complexes compared to other glycosyltrans-
ferases. Although PIG-A/Gpi3 appears to be the catalytic sub-
unit, the roles of other subunits have not been firmly
established. PIG-C/Gpi2 may function as a scaffold to anchor
the complex to the ER membrane and facilitate interaction
among other subunits (8). The nonessential Gpil subunit has
been speculated to provide a stabilizing role for the GPI-
GlcNAc transferase (13). The additional subunits may also
provide sites for binding of regulatory proteins. For example,
DPM2, a regulator of Dol-P-Man synthase, which is also re-
quired for GPI synthesis, associates with and stimulates the
mammalian GPI-GIcNAc transferase through interactions
with PIG-A, PIG-C, and GPI1 (44). Additionally, the small
G-protein Ras2 associates with and inhibits the yeast GPI-
GlcNAc transferase (37), although the subunit with which
Ras2 associates has not yet been established.

The yeast genome database (www.yeastgenome.org) offers
some intriguing connections between subunits of the GPI-
GlcNACc transferase and later steps in GPI anchor biosynthesis
and attachment. For example, large-scale two-hybrid analysis
revealed that Gpil9 associates with an uncharacterized ER-
localized protein, YjrO15w (11, 14). Two-hybrid screening also
indicates that Yjr015w associates by two hybrid with the Gpil4
GPI-mannosyltransferase (11) and the Gpil6 subunit of the
GPI-transamidase complex (41). Similarly, a recent large-scale
two-hybrid study of yeast integral membrane proteins revealed
interactions between Gpi2 and Gpil6, Gpi7, and Gwtl (26).
Gpi7 is a subunit of the phosphoethanolamine transferase
complex proposed to catalyze a late step in GPI synthesis, and
Gwtl is required for the third step in GPI synthesis, inositol
acylation. These interactions suggest that various enzymes
along the pathway of GPI anchor biosynthesis and attachment
are physically connected to the GPI-GlcNAc transferase. Thus,
one role of this unusually elaborate complex may be to regu-
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late the activities of enzymes that catalyze subsequent steps in
the GPI synthesis pathway.
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