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Abstract The biological significance of the action of glyco-
sylphosphatidylinositol (GPI)-anchored proteins in cell physiol-
ogy and pathology when stimulated with their natural agonists is
not known. Here we provide evidence that GPI-anchored proteins
play a crucial role in the recently defined heavy metal (HgCl,)-
triggered signal delivery to T lymphocytes. Thiol-reactive HgCl,,
a multi-potent crosslinker of cell membrane proteins, induced
heavy aggregation of Thy-1, a representative GPI-anchored pro-
tein, on murine thymocytes, and delivered a signal to induce heavy
tyrosine phosphorylation of cellular proteins. This rather unusual
signal delivery by HgCl, is diminished by the pre-treatment of
cells with phosphatidylinositol-specific phospholipase C, which
partially cleaved GPI-anchored proteins from the cell surface.
Direct evidence for the involvement of GPI or GPI-anchored
proteins in the HgCl,-mediated signaling is provided by the loss
of signaling in a mutant thymoma cell line defective in the
phosphatidylinositol glycan-class A gene (PIG-A), and its resto-
ration in a transfectant with PIG-A.
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{. Introduction

It is known that a number of cell surface antigens, including
Thy-1, Qa-2, and TAP, are anchored to cell membranes with
glycosylphosphatidylinositol (GPI) [1-3]. These GPI-anchored
proteins have been shown to associate with non-receptor
tyrosine kinases such as p56** and p60”” across the plasma
membrane [4—6], and to transduce or modulate signals for pro-
motion of protein tyrosine phosphorylation, increase the intra-
cellular Ca’* level, and accelerate cell growth or cell death when
crosslinked with specific antibodies [7-12]. However, natural
ligands of these GPl-anchored proteins for crosslinking largely
remain unknown, and this has made it difficult to elucidate the
biological significance of the signal delivery through these GPI-
anchored proteins in the physiology and pathology of T lym-
phocytes.

Injection of heavy metal salts such as HgCl, and HAuCl, into

*Correspo-nding author. Fax: (81) (52) 741 2295.

Abbreviations: GPI, glycosylphosphatidylinositol; PIPLC, phosphati-
dylinositol-specific phospholipase C; PIG-A, phosphatidylinositol gly-
can-class A gene; PTYR, phosphotyrosine.

rodents induces immunological disorders with autoantibody
production [13-15]. Therapeutic use of HAuCl, [15] and expo-
sure to HgCl, from the polluted environment [16] in man also
causes related disorders. Namely, these chemicals could in-
cidently affect cells in man and animals for their dysfunctions.
Correspondingly, HgCl, has recently been found to work as a
multi-potent crosslinker of cell membrane proteins on T lym-
phocytes through reaction with cysteine thiol groups on the
proteins [17], and to deliver a signal for inducing heavy tyrosine
phosphorylation of cellular proteins [17-19], which was linked
to activation of non-receptor tyrosine kinase p56'* [17]. This
signal was most remarkably provoked by relatively high con-
centrations (0.5 mM or more) of HgCl,, which caused quick
(within 5 min) cell death, IL-2 production and cell proliferation
[17], however, were accelerated by the signal triggered by lower
concentrations (0.001-0.01 mM) of HgCl,, which only slightly
promoted protein tyrosine phosphorylation. The present study
aimed to determine the potential role of GPI-anchored proteins
in the mechanism of the HgCl,-mediated intracellular signal
transduction. The high concentration of HgCl,-mediated signal
has been monitered in this study by measuring the level of
protein tyrosine phosphorylation as its initial event. The results
provide direct evidence for the first time of a crucial role for
GPI-anchored proteins in intracellular signal delivery by a
multi-potent receptor crosslinker from a natural source.

2. Materials and methods

2.1. Cells, cell lines and reagents

Single cell suspensions of thymocytes in MEM were prepared from
CS57BL/6 mice as described previously [20]. Murine thymoma cell line
BW5147 of AKR mouse origin and its Thy-1~ mutant class A (Thy-17a)
defective in PIG-A [21,22], were donated by Dr. R. Hyman, Salk Insti-
tute, through Dr. T. Kinoshita, Osaka Univesrsity. PIG-A-transfected
BW5147 Thy-17a was a kind gift of Drs. T. Kinoshita and N. Inoue,
Osaka University. This transfectant was prepared by transfecting
BW5147 Thy-17a with PIG-A ¢cDNA plasmid into which a neomycin
resistance gene had been introduced, followed by selection in medium
with G418 [23]. PIPLC was obtained from the culture supernatant of
Buacillus thuringiensis, and was purified to give a single band on SDS-
PAGE [24]. This PIPLC was protease-free and was not toxic to cells
by the dye exclusion test at the concentration (500 mU/ml) used. HgCl,
was from Sigma (St. Louis, MO).

2.2. Confocal laser microscopy

Thymocytes (107/100 gl), which had been treated or untreated with
0.5 mM HgCl, at 37°C for 2 min, were fixed with 4% paraformaldehyde
at room temparature for 30 min, and then stained with FITC-labelled
anti-Thy-1.2 mAb (Becton Dickinson, Mountain View, CA). They were
mounted on a glass slide in the presence of p-phenylenediamine
(1 mg/ml), and were observed under a confocal laser microscope as
serial 0.6 um sections.
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2.3. Laser flow cytometry

Thymocytes from C57BL/6 mice (Thy-1.2) and thymoma cell lines
of AKR mouse origin (Thy-1.1) (5x 10%100 ul) were stained with
FITC-labelled anti-Thy-1.2 mAb and a two step combination of anti-
Thy-1.1 mAb (OX7; donated by Dr. A. Williams, University of Oxford)
and FITC-labelled anti-mouse IgG (Tago, Burlingame, CA), respec-
tively. They were analyzed on a laser flow cytometer (EPICS Profile;
Coulter, Hialeah, FL). Measurement of the level of fluorescence (log)
was done on 5000 cells per sample.

2.4. Immunoblot analysis

Immunoblot assays were carried out as described [17,18,25). Briefly,
thymocytes (107100 ul) and thymoma cell lines (2 x 105100 ul) were
lysed in an equal volume of 2 x sample buffer and boiled for 3 min. The
cell lysates were passed through by syringe with a 26G needle before
being applied on 10% SDS-PAGE gels. The protein-transferred mem-
brane was incubated with anti-phosphotyrosine (PTYR) rabbit anti-
body [25] followed by '*I-labeled protein A (ICN, Irvine, CA). The
autoradiograph on X-ray film was analyzed by comparing with protein
molecular weight (MW) standards (Gibco, Gaithersberg, MD).

3. Results and discussion

Fig. 1 compares localization of Thy-1, as a representative of
GPI-anchored proteins, on a normal murine thymocyte and
thymocytes treated with 0.5 mM HgCl, for 2min, in sections of
single cells by confocus microscopy. Whereas Thy-1 was dis-
tributed diffusely on the surface of the normal control cell, it
was aggregated to form a cap on the cell previously exposed to
HgCl,. Heavy aggregation of Thy-1 on one pole of the latter
cell was noted in the serial sections. This action of HgCl,
however, was neutralized by thiol-donating dithiothreitol (data
not shown, see also [17]), suggesting that the event was redox-
linked. Moreover, bivalent HgCl, but not monovalent Hg,Cl,
was active in inducing aggregation of Thy-1 (not shown, see
also [17]). These results basically confirm our earlier conclusion
that the thiol-reactive bivalent HgCl, works as a multi-potent
crosslinker of cell membrane molecules, including GPI-
anchored proteins [17].

Previously, we showed that treatment of murine thymocytes
with 30-500 mU/ml of PIPLC from B. thuringiensis for 30 min
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Fig. 1. HgCl, induces aggregation of GPI-anchored Thy-1 on thy-
mocytes. Thymocytes were stained with FITC-labeled anti-Thy-1 mAb
and observed under confocus laser microscope. Compare the HgCl,-
treated cell (lower panel, B) with the untreated normal cell (upper panel,
A). Photograph was taken for every 0.6 um thick (a-c) of a single cell
from the center (a) to one edge (c) as a representative of over 100 cells
observed.
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Fig. 2. Partial elimination of GPI-anchored proteins with PIPLC dimin-
ishes the cellular response to HgCl, for protein tyrosine phosphoryla-
tion. (A) Flow cytometric analysis. Thymocytes were treated (b) or
untreated (a) with 500 mU/m! PIPLC at 37°C for 30 min and then
stained with FITC-labelled anti-Thy-1.2 mAb. Broken line, unstained
control. (B) Immunoblot analysis. Thymocytes were treated with
500 mU/ml PIPLC at 37°C for 30 min. They were then stimulated with
0.5 mM HgCl, for 2 min and lysed for immunoblotting against PTYR.
Lane 1, untreated control; lane 2, PIPLC-treated only; lane 3, HgCl,-
stimulated; lane 4, PIPLC-treated and HgCl,-stimulated. Positions of
MW marker proteins (kDa) are indicated. Shown is a representative of
three experiments.

cleaves large percentages of Thy-1 from their surface, although
the remaining was resistant to any higher concentration of
PIPLC because of minor structural heterogeneity of the GPI
anchors with different susceptibilities to PIPLC [26]. Corre-
spondingly, treatment of thymocytes from C57BL/6 mice with
500 mU/ml of PIPLC for 30 min partially but extensively
cleaved Thy-1 as a representative of GPI-anchored proteins on
the cells (Fig. 2A). Expression of transmembrane proteins such
as CD4, however, was not affected by the same treatment (not
shown). We then tested whether the partial elimination of Thy-
1, and potentially other GPl-anchored proteins from the sur-
face of the cells, would affect the signaling triggered by HgCl,
for heavy protein tyrosine phosphorylation. Stimulation of nor-
mal thymocytes with 0.5 mM HgCl, for 30 s induced extensive
heavy tyrosine phosphorylation of multiple cellular proteins
(Fig. 2B, compare lane 3 with lane 1 as unstimulated control).
This HgCl,-mediated induction of protein tyrosine phosphoryl-
ation was partially but definitely inhibited by pre-treatment of
the cells with PIPLC before HgCl, (lane 4), which barely mod-
ulated the background phosphorylation level of control (lane
2). This suggested that GPI-anchored proteins played a definite
role in the HgCl,-mediated signal transduction.

Next, we asked whether a mutant of murine thymoma defec-
tive in PIG-A, that codes for the enzyme catalysing the early
step of GPI anchor biosynthesis and is functionally defective
in the blood of paroxysmal nocturnal hemoglobinuria patients
[23,27,28], would respond to HgCl, for protein tyrosine phos-
phorylation. As shown in Fig. 3A, wild-type BW5147, but not
the PIG-A-defective mutant, Thy-1"a expressed Thy-1 as a
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Fig. 3. PIG-A controls the HgCl,-mediated signal transduction. (A) Flow cytometric analysis of Thy-1 expression on wild-type BW5147 (a);
PIG-A-defective Thy-17a (b); and PIG-A-transfected Thy-17a (c). Broken line, unstained control. (B) Western blot analysis. Wild-type BW5147 (lane
2), PIG-A-defective Thy-17a (lane 4) and PIG-A-transfected Thy-1"a (lane 6) were stimulated with 0.5 mM HgCl, for 2 min and then lysed for
immunoblotting against ant-PTYR. Lanes 1, 3 and 5 are untreated controls of BW5147, Thy-1"a and PIG-A-transfected Thy-1"a, respectively.
Positions of MW marker proteins (kDa) are indicated. Shown is a representative of three experiments.

representative of GPI-anchored proteins on the surface of the
cell. The poor Thy-1 expression on Thy-17a, however, was
recovered on the surface of PIG-A-transfected Thy-1"a. Wild-
type BW5147 cells showed high response to HgCl, for tyrosine
phosphorylation of multiple proteins (Fig. 3B, lane 2). In con-
trast, PIG-A-defective Thy-17a failed to respond definitely to
HgCl, for protein tyrosine phosphorylation (lane 4), the level
of which was only slightly more than that in unstimulated
Thy-17a (lane 3). This poor response of Thy-1"a to HgCl,,
however, was restored in PIG-A-transfected Thy-17a (lane 6).
These results proved that PIG-A-controlled GPI-anchors are
indispensable for HgCl,-mediated signal delivery.

Our results, however, do not necessarily indicate that GPI
anchored proteins alone worked for all the HgCl,-mediated
signaling. This is because HgCl,, a multi-potent receptor
crosslinker, was previously shown to aggregate a number of
transmembrane receptor proteins such as CD3, CD4 and
CD45, together with GPI-anchored Thy-1 on T lymphocytes
[17], and GPI-anchored proteins and transmembrane receptors
could cooperate to generate extensive signals when crosslinked
together [11,12]. Physiologically, cooperation between two dif-
ferent types of receptors might occur through simultaneous
binding of each receptor with its corresponding ligand. Our
current study has demonstrated an alternative mechanism of
co-operation among different types of receptors, which is

through redox-linked binding between sulfhydryl groups on
receptors and sulfhydryl-reactive chemicals [17,18]. The present
study has for the first time provided evidence that GPI-an-
chored proteins are indispensable for generating signals into T
lymphocytes through the redox-linked crosslinkage with a nat-
ural chemical from the environment. However, we should eval-
uate this conclusion with some reservation since it was based
entirely on results for a rather unusual signal provoked by high
coneentrations of HgCl,.
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