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In eukaryotic cells, various proteins are anchored to the plasma membrane through glycosylphos-
phatidylinositol (GPI). To study the biosynthetic pathways and modifications of GPI, various mutant
cells have been isolated from the cells of Chinese hamster ovaries (CHO) supplemented with several
exogenous genes involved in GPI biosynthesis using aerolysin, a toxin secreted from gram-negative bac-
terium Aeromonas hydrophila. Alpha toxin from Gram-positive bacterium Clostridium septicum is
homologous to large lobes (LL) of aerolysin, binds GPI-anchored proteins and possesses a cell-destroy-
ing mechanism similar to aerolysin. Here, to determine whether alpha toxins can be used as an isolation
tool of GPI-mutants, like aerolysin, CHO cells stably transfected with several exogenous genes involved
in GPI biosynthesis were chemically mutagenized and cultured in a medium containing alpha toxins.
We isolated six mutants highly resistant to alpha toxins and deficient in GPI biosynthesis. By genetic
complementation, we determined that one mutant cell was defective of the second subunit of dolichol
phosphate mannose synthase (DPM?2) and other five cells were of a putative catalytic subunit of inositol
acyltransferase (PIG-W). Therefore, C. septicum alpha toxins are a useful screening probe for the iso-
lation of various GPI-mutant cells.
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Glycosylphosphatidylinositol (GPI) is a complex glyco-
phospholipid that acts as a signal for protein sorting in
epithelial cells, for signal transduction, for immune
responses and for pathology of infectious diseases
(Ikezawa, 2002). Biosynthetic pathways of GPI are medi-
ated by the sequential additions of sugars and other com-
ponents to phosphatidylinositol (PI). Finally, GPI pre-
assembled in the ER is transferred en bloc to proteins
bearing the GPI attachment signals at the C-terminus
(Ferguson, 1999; Gowda and Davidson, 1999; Eisenhaber
et al., 2003). '

In yeast and other unicellular parasites, e.g. Trypano-
soma and Leishmania, GPI is essential for the integrity
and growth of the outer cell membrane (Nagamune et al.,
2000). However, in mammals, GPI is not essential at the
cell level, although its deficiency causes the embryonic
lethality and improper development of the skin in mice
(Tarutani ef al., 1997). In humans, a lack of GPI biosyn-
thesis causes an acquired hematopoietic stem cell disor-
der, paroxysmal nocturnal hemoglobinuria (PNH), in
blood cell subpopulations (Takeda et al., 1993).

The Gram-positive bacterium Clostridium septicum
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secretes the hemolysin alpha toxins, forming a channel on
the host cell membrane (Ballard et al., 1992). The recep-
tors for alpha toxins binding are identified to be GPI-
anchored proteins (Diep et al., 1998; Gordon et al., 1999).
The amino acid sequence and functional mechanism of
alpha toxins are homologous to those of aerolysin and
enterolobin of the Gram-negative bacterium Aeromonas
hydrophila and the plant Enterolobium contortisiliquum,
respectively (Sousa et al., 1994; Ballard er al., 1995;
Fivaz et al., 2001). Consequently, these three toxins con-
stitute the aerolysin channel-forming toxin family. Upon
binding to GPI-anchored proteins, the C-terminal peptide
of these toxins is cleaved by furin-like proteases on the
outer cell membrane (van der Goot ef al., 1994; Sellman
and Tweten, 1997; Abrami et al., 2000). This C-terminal
cleavage activates the toxins because the cleavage of the
C-terminal peptide exposes their hydrophobic domains,
which are necessary for subsequently inducing their oli-
gomerization. The aggregated oligomeric toxins then are
inserted into the cell membrane and form pores. Those
pores permit the free passage of low weight ions and sug-
ars, and, eventually, destroy the cell (Fivaz ef al., 2001).
Therefore, amino acid residues of alpha toxins conserved
to aerolysin are functionally important. We recently
reported mutants of alpha toxins that were able to bind
GPI but lost cytotoxicity (Shin et al., 2004).
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GPI is synthesized step-by-step by sequential addition
and modification of sugars and some molecules, which
are derived by enzymes consisting of at least one com-
ponent (Eisenhaber et al., 2003). However, it is difficult to
directly characterize such enzymes because most of them
are membrane proteins in endoplasmic reticulum (ER).
Therefore, the characterization of genes or their products
has usually been done in mutant cells. Over twenty
mutant cells defective of genes related to GPI biosynthe-
sis and their responsible genes have been cloned and char-
acterized (Kinoshita and Inoue, 2000). At first, the
method to isolate GPI-deficient cells by complement lysis
or cell sorting after staining the cells with antibodies
against specific GPI-anchored proteins have been used
(Nakamura et al., 1997). However, this method required
expensive instruments, such as cell sorter and reagents
such as complements or antibodies. In this point, toxins
recognizing GPI-anchored proteins are valuable for GPI-
mutant screening. Using aerolysin and C. septicum alpha
toxins to the cells of Chinese hamster ovaries (CHO), class
L GPI-mutant cells were isolated, which were defective of
PIG-L deacetylase (Gordon et al., 1999). When CHO cells
stably transfected with PIG-L and several cDNA related to
GPI biosynthesis were used in aerolysin screening, novel
mutant cells were able to be isolated. However, the mutant
cells defective of N-glycosylation modification were also
isolated in aerolysin screening, (Hong et al., 2002) The
reason is that aerolysin consists of two discrete globular
structures, namely, the N-terminal small lobe (SL) and the
C-terminal large lobe (LL) (Parker ef al., 1994). The SL
and LI domains recognize the N-glycan and GPI moiety
of GPI-anchored proteins, respectively (Hong er al., 2002).
Unlike aerolysin, C. septicum alpha toxins only possess the
LL structure (Ballard ef al., 1995). Thus, it appears that
alpha toxins do not require the N-glycan moiety to bind to
its receptor on the outer cell membrane of the host (Hong
et al., 2002; Shin et al., 2004).

In this paper, we report that C. septicum alpha toxins as
well as aerolysin could be used as a selecting agent to iso-
late various GPI-mutant cells from a colony of CHO cells.

Materials and Methods

Cell culture and Plasmids
D9(wt) (Murakami er al., 2003; Kang et al., 2005) and
mutant CHO cells were cultured in the F-12 medium
(Invitrogen, USA) supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin, and 100 pg/ml
streptomycin in 5% CO, at 37°C.

All ¢cDNA used in this work were constructed in a
mammalian expression vector, pME (gifts from Dr. Taroh
Kinoshita, Osaka University, Japan).

Isolation of mutant cells resistant to C. septicum alpha toxins
D9(wt) cells were CHO cells stably transfected with
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CD59, DAF, PIG-L, DPM2, SL15, PIG-A, PIG-F, PIG-O,
PIG-U, and GnT! (Murakami et al., 2003; Kang ef al.,
2005). In these cells, CD59 and DAF were GPI-anchored
proteins used as markers. Chemical mutagenesis was
done by ethyl-methanesuifonate (EMS) as described
(Hong et al., 2003) and mutangenized cells were treated
with 1 nM GST-tagged alpha toxins (GST-AT) for 9 h
(Shin er al., 2004). After GST-AT treatment, the plates
were cultured in a fresh medium to allow for the forma-
tion of colonies of surviving cells and subjected to further
treatment of GST-AT. The cells were then cloned by the
limiting dilution and analyzed by FACS analysis after
staining with anti-CD59 and anti-DAF antibodies.

Cell viability assay

The viability of cells treated with alpha toxins was deter-
mined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) as described previously (Quinn et
al., 1991). The cells (2 x 10*well) were cultured at 37°C
for 1 day in 96-well microtiter plates for attachment. The
next day, the cells were incubated with 100 pl of GST-AT
diluted in culture medium at 37°C for 3 h, and then MTT
was added to provide a final concentration of 0.5 mg/ml.
After an additional incubation for 1 h and removal of
media, accumulated blue tetrazolium crystal was dissolved
in 100 ul SDS in acidic isopropanol. Absorption at 570 and
630 nm was measured by microplate reader (Molecular
Devices, USA) to determine the amount of blue tetrazolium
salt. The percentage of viability was calculated as:

100x[toxin-treated (A4, - 4g;,) - background (4, - 4;,)]
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Fig. 1. Resistance of D9m121 and D9m271 cell against C. septicum
alpha toxins. CHO, D9m121, and D9m271 cells were treated with
various concentrations of GST-AT. After 3 h at 37°C cell viability was
measured by MTT.
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Transfection

Transfection of GPI-deficient mutant cells was performed
by the Lipofectamine 2000 (Invitrogen, USA). The cells
(5 x 10°) were cultured on a 12-well plate for 1 day and
washed with Opti-MEM 1 (Invitrogen, USA), and incu-
bated in the same media with 3% FBS. Plasmid DNAs (2
ng) and Lipofectamine 2000 (4 ul) were mixed in 100 ul
Opti-MEM 1, respectively, and stored at room temperature
for 5 min. Then, DNA and Lipofectamine 2000 were
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mixed and incubated for 20 min at room temperature, and
added to the cells. After culturing for 3 h at 37°C, the
media were changed with fresh F-12 media containing
only 10% FBS and incubated for 24 h at 37°C.

Fluorescent activated cell sorting (FACS) analysis

To see the expression levels of CD59 and DAF, the cells
were stained with anti-CD59 antibody (SHS) plus FITC-
conjugated anti-mouse IgG antibody and biotinylated
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Fig. 2. D9mI121 and D9m271 cells did not express GPI-anchored protein on the outer cell membrane.

A. Binding of C. septicum alpha toxins and aerolysin to D9m121 and D9m271 cells. To see alpha toxins binding, mutant cells were treated with
50 nM of GST-AT (upper panels). After washing, the cells were sequentially stained with mouse anti-GST antibody and FITC-conjugated anti-mouse
IgG antibody and analyzed by FACS. As a control, D9(wt) CHO cells were treated with GST or GAT-AT. To see aerolysin binding, mutant cells
were stained with 50 nM of FLAER (lower panels). As a control, D9(wt) CHO cells were stained with buffer or FLAER. Numbers at y-axis represent

cell counts.

B. Expression profile of GPI-anchored proteins on D9(wt) CHO, DImi21, and DIm271 cells. The cells were dually stained with anti-CD59 and
anti-DAF antibodies and analyzed by FACS. a, D9(wt) CHO cells stained with isotype non-relevant antibodies; b, D9(wty CHO cells stained with
anti-CD59 and anti-DAF antibodies; ¢, D9m121 cells stained with anti-CD59 and anti-DAF antibodies; d, D9m271 cells stained with anti-CD59

and anti-DAF antibodies.
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anti-DAF antibody (IA10) plus PE-conjugated streptavi-
din (Biomeda, USA). The cells were also stained with 50
nM Alexa488-conjugated proaerolysin (FLAER) (Protox,
Canada) or GST-AT for 15 min on ice followed by further
staining with mouse monoclonal anti-GST antibody
(Sigma, USA) and FITC-conjugated anti-mouse IgG anti-
body (Biomeda, USA) The stained cells were analyzed by
FACScalibur (Becton Dickinson, USA).

Results and Discussion

Isolation of CHO mutant cells resistant to C. septicum
alpha toxins

The D9(wt) cell was used for the isolation of class V and
class W mutant cells in GPI biosynthesis using aerolysin
(Murakami et al., 2003; Kang et al., 2005). These cells
were stably transfected with the ¢cDNA of ten genes
involved in GPl-anchored marker proteins, GPI biosyn-
thetic pathway and N-glycosylation; CD59, DAF, PIG-L,
DPM2, SL15, PIG-A, PIG-O, PIG-U, PIG-F, and GnTI.
After EMS mutagenesis, cells were treated with alpha
toxins for 9 h. Finally, we selected 6 cells that were highly
resistant to alpha toxins and further characterized them.

At first, we examined cell viability of the six mutants
using MTT assay after alpha toxin treatment for 3 h. 10”
M alpha toxins killed 80% wild-type D9(wt) cells but not
affect cell viability of all mutant cells. Toxin concentra-
tion above 10 M was required to kill mutant cells to the
similar level of wild type cells (Fig. 1). It indicated that
mutant cells were at least 10-fold highly resistant to alpha
toxin. Next, we tested whether mutant cells possessed the
receptors for alpha toxins on the outer cell membrane. To
do this, we treated the cells with GST-tagged alpha toxins
(GST-AT) and analyzed in FACS. Compared to wild-type
D9(wt) cells, D9m121 and D9m271 mutants showed
almost no binding against alpha toxins (Fig. 2A, upper
panels). It indicated that the resistance of mutant cells
against alpha toxins was caused by the low number of
receptors on the outer cell membrane, that is, GPI-
anchored proteins.

If mutant cells were deficient of GPl-anchored proteins,
the binding against aerolysin also would be decreased
because aerolysin uses the same GPI-anchored proteins as
a receptor. Therefore, we stained the mutant cells with flu-
orescent-tagged aerolysin (FLAER) (Fig. 2A, lower pan-
els). The mutant cells showed decreased binding of
aerolysin compared to D9(wt) cells. Nevertheless, aerol-
ysin still bound the mutant cells significantly, compared to
non-stained cells. It indicates that mutant cells would be
mutated only in GPI biosynthesis but not in N-glycosy-
lation since SL domain of aerolysin recognized N-glycan
on the outer cell membrane (Hong er al., 2002; Shin et al.,
2004).

Finally, to investigate the expression of GPI-anchored
proteins on the outer cell membrane of mutants, we
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stained cells with antibodies against GPI-anchored pro-
teins; DAF and CD59 (Fig. 2B). Wild-type D9(wt) cells
showed high expression of GPI-anchored proteins.
DO9m121 cells showed over 100-fold expression decrease
of CD59 and the 10-fold decrease of DAF. Independent
clones, D9m122, D9m311, D9m422 and DO9m433
showed the same phenotypes with D9m121 cells in bind-
ing with alpha toxins, aerolysin and the staining with anti-
bodies against CD59 and DAF (data not shown). The
expression of CD59 and DAF was mostly deficient in
D9m271 cells like D9m121 cells, but D9m271 cells
showed small population of CD359 and DAF expression, It
means that these cells possess a little remained activity of
GPI biosynthesis.

Taken together, it indicated that all mutant cells resistant
to alpha toxins were deficient of GPI-anchored proteins
on the outer cell membrane.

CHO mutant cells resistant to Clostridium alpha toxins
were defective in GPI biosynthesis

To know at which step mutant cells were defective, we
transiently transfected all known cDNA involved in GPI
biosynthesis into the cells. In D9m121 cell, the recovery of
GPI-anchored proteins was detected on the outer cell
membrane, when the cells were transfected with only PIG-
W ¢cDNA encoding a catalytic subunit of inositol acyltrans-
ferase(Murakami e al, 2003) (Fig. 3). Also, D9m122,
D9m311, D9m422 and D9m433 cells transfected with
PIG-W ¢cDNA showed the recovery of GPI-anchored pro-
teins (data not shown). It indicated that these five cells
belonged in the class W mutants, defective of PIG-W
gene.

The expression of GPI-anchored proteins in DIm271
cells was recovered by the transfection with DPM (doli-
chol phosphate mannose) synthase genes. In mammalian
and Schizosaccharomyces pombe but not Saccharomyces
cerevisiae, this enzyme is consist of three components: 1)
DPM1 with a catalytic domain; 2) DPM2 with an enzyme
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Fig. 3. Defect of PIG-W gene in D9m121 cells. D9mI121 cells were
transiently transfected with mock and PIG-W cDNAs. After 2 days,
the cells were detached by trypsin and stained with anti CD39 anti-
body. Dotted lines, non-stained D9m121 cells; thin lines, D9mI121
cells stained with anti-CD59 antibody; thick lines, transfected D9m121
cells stained with anti-CD59 antibody. Numbers at y-axis represent
cell counts.
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Fig. 4. Genetic complementation of D9m271 cells with dolichol-phosphate mannose (DPM) synthase genes. D9m271 cells were transiently trans-
fected with human (A) and Schizosaccharomyces pombe (B) DPMI, DPM2, DPM3, or their combinations. After 2-day culture, the cells were stained
with anti-CD359 antibody and subjected to FACS analysis. Dotted lines, non-stained D9m271 cells; thin lines, D9Im271 cells stained with anti-CD59
antibody; thick lines, transfected D9m271 cells stained with anti-CD59 antibody.

stablizer and ER localizing function; and 3) DPM3 with
an unknown function (Maeda et al., 1998; Maeda et al,,
2000). In our experiment, DPM] partially recovered the
GPl-anchored protein (Fig. 4A). It indicated that this
mutant was defective of DPM2 or DPM3. Cells with
DPM?2 or DPMS3 expressed the GPI-anchored proteins to
wild-type level. This phenotype is similar to Lecl5 cells,
which is defective of DPM2 (Ware and Lehrman, 1998;
Maeda et al, 2000). To clarify whether D9m271 pos-
sessed the same phenotype as Lecl5 cells, we transiently
transfected S. pombe homologues of DPM1, DPM2 and
DPM3 genes into D9m271 cells (Fig. 4B). Single trans-
fection with SpDPM3 but not SpDPM]I or SpDPM?2 into
D9m271 cells showed a partial recovery of GPI-anchored
protein. However, the cells transfected with both SpDPM]
and SpDPM3 showed much more expression of GPI-
anchored proteins than one transfected with only
SpDPM3. This phenotype in transfection by S. pombe
DPM synthase genes was the same as Lecl5 cells. It is
not possible that D9Im271 cells are defective of DPM3,
because the DPM3 mutant cells could recover the GPI-
anchored expression by DPM3 but not DPM?2 genes (per-
sonal communication with T. Kinoshita). Therefore,
D9m271 cells should be DPM2 mutants.

In this paper, we reported that C. sepricum alpha toxins
were a useful selecting agent to isolate various mutant
cells defective in GPI biosynthesis. Previously, mutant
cells of PIG-O, PIG-U, Gaal, PIG-N, PIG-W and PIG-V
involved in GPI biosynthesis were easily isolated from
CHO cells by aerolysin (Hong et al., 2002; Hong et al.,
2003; Murakami et al., 2003; Kang et al., 2005). C. sep-
ticum alpha toxins binds and destroys the cells with a sim-
ilar mechanism of aerolysin (Hong er al., 2002; Hong et

al., 2003; Murakami et al., 2003). Also, there was a report
that P/G-L mutant cells were isolated by alpha toxins
(Gordon et al., 1999). To isolate different type of GPI-
mutant except PIG-L one, we examined whether C. sep-
ticum alpha toxins can be used as a screening agent and
isolated PIG-W and DPM?2 mutants cells by alpha toxins.
Although we did not find novel mutant, this work indi-
cated that alpha toxins can be used for isolation of various
GPI-mutant cells to unravel the function of enzymes
responsible for GPI biosynthesis.
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