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Abstract

The 1I gene is expressed in the prespore cells of culminating Dictyostelium discoideum. The open reading frame of 1I cDNA
encodes a protein of 155 amino acids with hydrophobic segments at both its NH2- and COOH-termini that are indicative of a
glycosyl-phosphatidylinositol (GPI)-anchored protein. A hexaHis-tagged form of 1I expressed in D. discoideum cells
appeared on Western blot analysis as a doublet of 27 and 24 kDa, with a minor polypeptide of 22 kDa. None of the
polypeptides were released from the cell surface with bacterial phosphatidylinositol-specific phospholipase C, although all
three were released upon nitrous acid treatment, indicating the presence of a phospholipase-resistant GPI anchor. Further
evidence for the C-terminal sequence of 1I acting as a GPI attachment signal was obtained by replacing the GPI anchor
signal sequence of porcine membrane dipeptidase with that from 1I. Two constructs of dipeptidase with the 1I GPI signal
sequence were constructed, one of which included an additional six amino acids in the hydrophilic spacer. Both of the
resultant constructs were targeted to the surface of COS cells and were GPI-anchored as shown by digestion with
phospholipase C, indicating that the Dictyostelium GPI signal sequence is functional in mammalian cells. Site-specific
antibodies recognising epitopes either side of the expected GPI anchor attachment site were used to determine the site of GPI
anchor attachment in the constructs. These parallel approaches show that the C-terminal signal sequence of 1I can direct the
addition of a GPI anchor. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Many intercellular communication processes rely
on proteins of the plasma membrane for signal trans-
duction. Although many integral membrane proteins
are anchored by hydrophobic transmembrane do-
mains, others are modi¢ed by the posttranslational
addition of a glycosyl-phosphatidylinositol (GPI) an-
chor. These complex glycan structures containing the
core sequence ethanolamine-PO4-6ManK1-2ManK1-
6ManK1-4GlcNH2K1-6-myo-inositol-1-PO4-lipid are
attached to the C-terminus of proteins, anchoring
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them to the outer lea£et of the lipid bilayer, and have
been described in protozoa, yeast, invertebrates, ver-
tebrates and cellular slime molds [1]. In cellular slime
molds the presence of a GPI anchor has been dem-
onstrated experimentally for the Dictyostelium discoi-
deum contact site A (csA) and prespore-speci¢c
antigen (PsA) glycoproteins [2,3] and the Poly-
sphondylium pallidum gp64 [4], and is predicted for
the D. discoideum gp138 [5].

A protein destined to be GPI anchored is trans-
lated with an N-terminal signal peptide that directs
the growing polypeptide to the endoplasmic reticu-
lum (ER) for co-translational insertion into the mem-
brane, and which is then removed in the ER lumen
by signal peptidase. At the C-terminus of such pro-
teins is another signal sequence which directs addi-
tion of the preformed GPI anchor within the lumen
of the ER [6,7]. This C-terminal signal sequence con-
sists of a predominantly hydrophobic region of 8^20
amino acids, preceded by a hydrophilic spacer region
of 8^12 amino acids in mammalian proteins [8]. At
the N-terminus of the spacer region is the site of
cleavage of the polypeptide chain and attachment
of the GPI anchor. Cleavage of the polypeptide
chain occurs on the C-terminal side of an internal
amino acid residue (termed g) lying in a particular
consensus sequence g, g+1, g+2, with the concom-
itant addition of the GPI anchor to the newly ex-
posed COOH group of the g residue. Analysis of
native GPI-anchored protein sequences and extensive
site-directed mutagenesis of these residues in alkaline
phosphatase [9,10], decay accelerating factor [11] and
yeast Gas1 protein [12] has shown that g is restricted
to amino acids with small side chains (Ala, Asn, Asp,
Cys, Gly or Ser), whereas g+1 can be any residue
except for Pro, and g+2 is usually Gly or Ala in
mammalian cells, or Ser in pathogenic protozoa.
Rules for predicting the site of GPI anchor addition
in proteins have been devised based on these exper-
imental observations [8,13].

We report here that D. discoideum protein 1I,
which has been shown previously to be expressed
in a cell type-speci¢c manner during asexual develop-
ment [14], contains a C-terminal signal sequence in-
dicative of a GPI-anchored protein, and present two
parallel approaches to demonstrate that this signal
sequence is functional. First, nitrous acid treatment,
which cleaves the glucosamine-inositol bond in GPI

anchors, released a hexaHis-tagged form of the 1I
protein from D. discoideum membranes. Second, re-
placement of the GPI signal sequence of porcine
membrane dipeptidase (MDP; EC 3.4.13.19) [15,16]
with that of the putative C-terminal GPI signal se-
quence of 1I resulted in a protein that was expressed
at the surface of COS cells in a GPI-anchored form.
The data show that the 1I GPI anchor sequence is
functional and, in addition, that a D. discoideum GPI
anchor signal sequence can function in mammalian
cells.

2. Materials and methods

2.1. Sequence analysis of the 1I family of cDNA
clones

Escherichia coli cells containing the 1I cDNA clone
in pAT153 were grown in Luria-Bertani medium
containing 15 Wg/ml tetracycline, and plasmids were
recovered from the cells using the Qiagen Midi kit
following the manufacturer's recommended proto-
cols. Sequencing data were obtained using an ABI-
PRISM automated sequencer with the primers pAT-
For (5P-CGC CAG TTA ATA GTT TGC-3P) and
pAT-Rev (5P-GAA GCC ATA CCA AAC GAC-
3P) which £ank the PstI site of pAT153. Sequencing
data obtained were used to design two internal prim-
ers, 1I-Ups (5P-TGT CCA GCT TTG GTA AAT A-
3P) and 1I-Downs (5P-AAA TAT ACA GTG GTG
GTT CC-3P) which were then used in combination
with the pAT153 sequencing primers to detect other
1I family clones containing extensions of cDNA se-
quence and subsequently for the sequencing of these
clones. General sequence manipulations were per-
formed using the Wisconsin package, Version 8.1
(Genetics Computer Group, August 1995). DNA
and protein searches of the major databases were
carried out using BLAST, PSI-BLAST and FASTA
programmes.

2.2. Cloning of the 1I/HexaHis construct

The 1I/HexaHis construct was generated using the
megaprimer PCR strategy [17]. A megaprimer was
synthesised using HexaHis (5P-CAA TAT GCT
CAA GTA ACT CAT CAC CAT CAC CAT CAC
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GAA ACT CCA GCT GGT AAC-3P) and Pdicty
(5P-GCG CGC TCT AGA TGG ACC AGC TGG
TGG CTC-3P) primers, and DNA prepared from
clone 7B as a template. The reverse strand of this
PCR product was then utilised as the megaprimer
in a second PCR reaction against HisStart (5P-
GCG CGC TCT AGA AGA TTC ATT TCA ATT
TTT-3P) using DNA prepared from clone 7I as a
template. This PCR product was digested with
XbaI and cloned into PVEII vector (a generous gift
of Prof. W. Nellen, Universita«t Gesamthochschule,
Kassel) that had been linearised with the same en-
zyme before alkaline phosphatase treatment.

2.3. Generation of membrane dipeptidase constructs
and expression in COS cells

The MDP/1I fusion constructs MDP-GPI23 and
MDP-GPI29 were also generated using the mega-
primer PCR strategy [17]. MDP-GPI23 megaprimer
was synthesised using PFuse (5P-CGG ACG AAT
TAC GGC TAC AAC TCT GCT GAT AAA
GTA GCC GTT GGT-3P) and PEnd (5P-GCG
CGC TCT AGA TTA AAG TGC TAA GAG
TGA-3P) primers, and DNA prepared from clone
7B as a template. The reverse strand of this PCR
product was then utilised as the megaprimer in a
second PCR reaction against pStart (5P-GCG CGC
TCT AGA CAG ACG TGA GGA GCG GCT-3P)
using DNA prepared from MDP in pEF-BOS as a
template [18]. This PCR product was digested with
XbaI and cloned into pEF-BOS vector also cut with
this enzyme before treatment with alkaline phospha-
tase to generate the MDP-GPI23 construct. The
MDP-GPI29 construct was synthesised by the same
method, but using PFuselink primer (5P-CGG ACG
AAT TAC GGC TAC AAC TCT GCT CCC AGC
CTC CAC CTC CCG GAT AAA GTA GCC GTT
GGT-3P) in place of PFuse in the ¢rst PCR reaction.
The resulting constructs were transiently expressed in
COS cells as described previously [19].

2.4. Expression in Dictyostelium

Vegetative Dictyostelium cells were transformed es-
sentially as described by Nellen et al. [20] but with
the modi¢cations of Early and Williams [21] for both
the 1I/HexaHis construct and empty PVEII vector.

Transformed cells were selected in the presence of 20
Wg/ml G418, and 1 mM folate was included to re-
press recombinant protein expression. Pooled popu-
lations of stable transformants were then grown axe-
nically in HL-5 medium containing both G418 and
folate. Cells were washed in folate-free medium and
grown for 24 h in fresh folate-free medium before
harvesting to derepress expression from PVEII. De-
velopment was induced on nitrocellulose ¢lters as
described previously [22]. Cells were lysed by three
cycles of freeze/thaw, and total protein extracts made
by boiling the lysate in electrophoresis sample bu¡er.
A total cell membrane fraction was prepared by cen-
trifugation of the cell lysate at 100 000Ug for 1 h
before resuspension in 50 mM HEPES/NaOH (pH
7.5).

2.5. Enzymic deglycosylation

Cell extracts were treated with peptide N-glycosi-
dase F (Oxford Glycosciences) at 37³C overnight in
accordance with the manufacturer's recommended
protocol. Porcine MDP was included as a positive
control. Cell extracts were treated with neuramini-
dase (Sigma) and O-glycanase (Oxford Glycoscien-
ces) at 25³C overnight in accordance with the manu-
facturer's recommended protocol. Human testicular
angiotensin-converting enzyme was included as a
positive control.

2.6. Phospholipase C treatment

Derepressed Ax2 cells were washed in 10 mM Tris-
HCl (pH 7.4) containing 150 mM NaCl before resus-
pension of aliquots of 107 cells in 0.5 ml of the same
bu¡er. Cells were shaken at 200 rpm at 22³C for 2 h
with or without the addition of 1 unit of Bacillus
thuringiensis phosphatidylinositol-speci¢c phospholi-
pase C (PI-PLC) (a kind gift of Dr. M.G. Low, Co-
lumbia University, New York), before the cells were
pelleted by centrifugation and cell pellets and super-
natants frozen separately on dry ice. Aliquots (10 Wl)
of total cell membrane preparations in 50 mM
HEPES/NaOH (pH 7.5) were incubated at 22³C for
12 h with or without the addition of 0.1 units B.
thuringiensis PI-PLC before the membranes were pel-
leted by centrifugation at 100 000Ug for 1 h.

For release of proteins from the surface of COS
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cells with PI-PLC, cells in 24-well plates were washed
twice with phosphate-bu¡ered saline (PBS) 48 h post
transfection and assayed for MDP activity by the
addition of 0.2 ml of 3 mM Gly-D-Phe in 0.1 M
Tris-HCl (pH 8.0). Cells were again washed with
PBS and then incubated with 1 unit B. thuringiensis
PI-PLC for 1 h at 37³C. Cells were washed twice
with PBS before reassaying for cell surface MDP
activity. The released D-Phe was separated from the
substrate and quantitated by reverse phase HPLC
[23].

2.7. Nitrous acid treatment

Cell membranes were resuspended in 0.25 M so-
dium acetate (pH 4.0) containing 0.25 M freshly dis-
solved NaNO2 and incubated for 4 h at 22³C. Con-
trol samples were treated similarly but with the
inclusion of 0.25 M NaCl in place of the NaNO2.
After centrifugation at 100 000Ug for 1 h, the pel-
leted membranes were resuspended in 1 vol. of 0.25
M sodium acetate (pH 4.0), and 1.5 vols. of 1 M
Tris-HCl (pH 7.6) were added to both the pellet
and supernatant fractions to neutralise the samples.

2.8. SDS-PAGE and Western blot analysis

Samples were mixed with an equal volume of ei-
ther reducing or non-reducing electrophoresis sample
bu¡er (0.14 M Tris-HCl, pH 6.8, 1% SDS, 10% glyc-
erol, þ 0.1% dithiothreitol) and boiled for 3 min.
Proteins were resolved by SDS-polyacrylamide gel
electrophoresis (PAGE) using either a 7^17% polyac-
rylamide gradient gel or a 15% polyacrylamide gel,
and transferred to Immobilon P poly(vinylidene di-
£uoride) (PVDF) membranes as described previously
[24]. HexaHis-tagged protein was detected using Qia-
gen anti-TetraHis and anti-PentaHis primary anti-
bodies and following the manufacturer's recom-
mended protocols. For the detection of 1I/MDP
fusion proteins, membranes were ¢rst blocked by in-
cubation in PBS containing 0.1% (v/v) Tween 20, 5%
(w/v) dried milk powder, and 2% (w/v) bovine serum
albumin overnight at 4³C. Primary and secondary
antibody incubations were performed in the same
bu¡er as that used for blocking. The polyclonal anti-
body raised against puri¢ed porcine kidney MDP
was prepared as described previously [25]. The anti-

bodies raised against the synthetic peptides
CRTNYGYS-amide and CAAPSLH-amide were
prepared and characterised as described previously
[19]. Bound antibody was detected using peroxi-
dase-conjugated secondary antibodies in conjunction
with the enhanced chemiluminescence detection
method (Amersham Life Sciences, Little Chalfont,
Buckinghamshire, UK). Protein was quanti¢ed using
bicinchoninic acid [26] in a microtitre plate assay
with bovine serum albumin as standard.

3. Results

3.1. The coding sequence of the D. discoideum 1I
protein predicts a GPI-anchored protein

The cloning of the prespore-speci¢c 1I cDNA fam-
ily has been described previously [14]. A composite
of sequence data spanning 634 nucleotides was gen-
erated from the overlapping clones 7I, 1I and 7B
(Fig. 1a). The protein encoded by the longest open
reading frame is 155 amino acids in length and pos-
sesses two signal sequences indicative of a GPI-an-
chored protein. A hydrophobic signal sequence lies
at the N-terminus of the protein and a hydrophobic
peptide of some 18 amino acids lies at the very
C-terminus of the nascent chain (Fig. 1b). When the
N-terminal signal sequence was analysed using the
weight-matrix method of von Heijne [27], a probable
cleavage site (score of 10.7) was generated at position
20, which would place Phe at the N-terminus of the
mature protein. Putative sites of GPI anchor attach-
ment at the C-terminus were analysed by calculating
the products of experimentally derived probabilities
of anchor attachment for various amino acid sub-
stituents at the g and g+2 positions [8]. The data
(not shown) indicate that Asn133, Ser134 and Ala135
are likely to be at the g, g+1 and g+2 sites, respec-
tively. The potential for GPI anchoring of the 1I
protein was also assessed using the `big-2' prediction
tool available at http://mendel.imp.univie.ac.at/gpi/
gpi_server.html [13]. Both the metazoan and proto-
zoan parameterised algorithms predicted that the 1I
protein would be GPI-anchored, and both algo-
rithms calculated that Asn133 would constitute the
g site (false positive probabilities calculated as 5.9e-3
and 7.5e-3, respectively).
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3.2. Evidence for a GPI anchor on the hexaHis-tagged
1I protein in D. discoideum

To investigate the predicted GPI anchoring of the

1I protein in vivo, a hexaHis-tagged form of the
protein comprising the entire open reading frame of
1I was constructed in the vector PVEII and ex-
pressed in D. discoideum. As both N- and C-termini

Fig. 1. Composite of sequence data from the 7I, 1I and 7B clones; translation and hydrophilicity of the longest open reading frame.
(a) The predicted polypeptide sequence of the longest open reading frame is shown above the nucleotide sequence with amino acids
being numbered on the right and nucleotides on the left. The translation stop codon is marked by an asterisk. The N-terminal signal
sequence is underscored with a dashed line and the four consensus sites for N-linked glycosylation are double underlined. The pre-
dicted g residue at the cleavage/attachment site is overlined. The hydrophilic spacer region, including the g+1 and g+2 residues, is
underlined, and the C-terminal hydrophobic domain is italicised. The point at which the hexahistidine tag was incorporated is marked
by the symbol c. (b) Hydrophobicity of the 1I open reading frame, calculated by the Kyte-Doolittle algorithm within the Wisconsin
(GCG) package.
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are lost during the processing of GPI-anchored pro-
teins, the hexaHis tag was incorporated internally
between residues Thr127 and Glu128, just upstream
from the putative GPI anchor attachment site,
Asn133 (Fig. 1a). Two extra residues (Ser and Arg)
were incorporated into the N-terminal signal se-
quence after the initiating Met as a result of the se-
quence of the multiple cloning site in PVEII. How-
ever, analysis of this protein sequence [27] predicted
that this signal sequence would be cleaved at the
same site as that of the endogenous protein. Western
blotting showed that the 1I/HexaHis protein was ex-
pressed by vegetative Ax2 cells as a strong doublet at
24 and 27 kDa and a third, weaker band at 22 kDa,
and was not secreted (Fig. 2). Cells expressing the 1I/
HexaHis protein developed with normal timing and
normal morphology (data not shown).

Although cleavage by bacterial PI-PLC is a com-
mon diagnostic test for a GPI anchor on a protein, it
is notable that neither of the D. discoideum proteins
PsA or csA are cleaved by exogenous bacterial PI-
PLC from either the surface of intact cells or isolated

membranes [28,29]. In agreement with this, treatment
of intact Ax2 cells with B. thuringiensis PI-PLC for
up to 2 h, or the treatment of D. discoideum cell
membranes in the absence or presence of 1% Triton
X-114 for 12 h, did not result in release of the 1I/
HexaHis protein into the medium (data not shown).
Treatment with nitrous acid (which deaminates the
glucosamine residue of the GPI anchor and thus re-
leases the protein from the lipids) has been used as
an alternative diagnostic test for GPI anchors
[29,30]. Treatment of D. discoideum cell membranes
with nitrous acid caused partial release of 1I/Hexa-
His protein (Fig. 3, lane 8), indicating the presence of
a GPI anchor. This e¡ect was speci¢c for the nitrous
acid, as the control treatment at pH 4 but with NaCl
replacing the NaNO2 did not cause release of the 1I
protein into the soluble fraction (Fig. 3, lane 6).

Fig. 3. E¡ect of nitrous acid treatment on membrane anchoring
of 1I/HexaHis protein. Cell membranes were prepared from un-
transformed Ax2 cells and cells stably transformed with the 1I/
HexaHis construct, as described in Section 2. Membranes were
treated with either nitrous acid or sodium chloride (as a nega-
tive control) for 4 h, before centrifugation to separate mem-
brane bound and released fractions. Membrane bound fractions
were resuspended in a volume of sodium acetate equal to that
of the supernatant fraction. Protein samples were then prepared
as described in Section 2, and equal sample volumes loaded
onto a 15% polyacrylamide gel and subjected to electrophoresis
under reducing conditions. Following transfer to PVDF mem-
branes and incubation with anti-His-tag antibodies, bound anti-
body was detected with a peroxidase conjugated rabbit anti-
mouse secondary antibody in conjunction with the enhanced-
chemiluminescent detection system. The ¢gure shows mem-
branes from (lanes 1^4) untransformed cells, and (lanes 5^8)
cells stably transformed with the 1I/HexaHis construct. Lanes:
1 and 5, control treated membrane bound fractions; 2 and 6,
control treated released fractions; 3 and 7, nitrous acid treated
membrane bound fractions; 4 and 8, nitrous acid treated re-
leased fractions.

Fig. 2. Expression of 1I/HexaHis protein by Ax2 cells. Ax2 cells
were stably transformed with either empty vector (PVEII) or
vector containing the 1I/HexaHis construct. Protein expression
was derepressed, and cells were harvested as described in Sec-
tion 2. Samples (approx. 10^20 Wg protein) were loaded onto a
15% polyacrylamide gel and subjected to electrophoresis under
reducing conditions. Following transfer to PVDF membranes
and incubation with anti-His-tag antibodies, bound antibody
was detected with a peroxidase conjugated rabbit anti-mouse
secondary antibody in conjunction with the enhanced-chemilu-
minescent detection system. The ¢gure shows protein from
(lane 1) untransformed cells, (lane 2) cells transformed with
empty vector, (lane 3) cells transformed with 1I/HexaHis con-
struct, (lane 4) supernatant from untransformed cells, (lane 5)
supernatant from cells transformed with empty vector, (lane 6)
supernatant from cells transformed with 1I/HexaHis construct.
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3.3. MDP/1I fusion proteins are GPI-anchored in
COS cells

Porcine MDP is a 47 kDa GPI-anchored ectoen-
zyme [23] in which the GPI anchor is attached to
Ser368 (Fig. 4) [16]. The C-terminal signal sequence
in porcine MDP was replaced with that from the 1I
protein, generating MDP-GPI23, and another con-
struct MDP-GPI29 was generated which incorpo-
rates an additional six amino acids (identical to those
in porcine MDP) after the g+2 residue of the 1I
protein sequence (Fig. 4). Wild type MDP and the
two constructs MDP-GPI23 and MDP-GPI29 were
transfected into COS-1 cells. The total cellular activ-
ities of MDP-GPI23 and MDP-GPI29 were identical,
and corresponded to 83% of that of the wild type
MDP (Fig. 5a), indicating that the D. discoideum
GPI addition sequence does not alter signi¢cantly
the level of expression in mammalian cells of MDP.
Although incorrect processing of a GPI signal se-
quence leads to intracellular retention and degrada-
tion of the protein [31], the amount of MDP activity

Fig. 5. MDP activity of transfected COS-1 cells. COS cells in
24-well plates were transfected with 0.2 Wg plasmid DNA of ei-
ther empty vector (pEF-BOS), or vector containing wild type
MDP or the indicated constructs. Cells were washed twice with
PBS 48 h post transfection, and assayed for (a) total cellular
MDP activity by the addition of 0.2 ml 3 mM Gly-D-Phe in 0.1
M Tris-HCl (pH 8.0) containing 1% Triton X-100, (b) cell sur-
face MDP activity by the addition of 0.2 ml 3 mM Gly-D-Phe
in 0.1 M Tris-HCl (pH 8.0), (c) cell surface activity following
incubation of the cells with 1 unit B. thuringiensis PI-PLC for
1 h at 37³C. Results shown are the mean ( þ S.E.M.) of three
separate experiments.

Fig. 4. The C-terminal sequences of P. pallidum gp64, D. discoi-
deum PsA, csA and 1I, the 1I/MDP fusion proteins and porcine
MDP. The sequences of the C-termini of P. pallidum gp64, D.
discoideum PsA, csA and 1I, the 1I/MDP fusion proteins and
wild type porcine MDP are shown. The known g residues at
the cleavage/attachment sites of gp64 [4], PsA [28] and MDP
[16] are overlined, as are the predicted g residues of csA [49],
1I, MDP-GPI23 and MDP-GPI29. The hydrophilic spacer re-
gions, including the g+1 and g+2 residues, are underlined, and
the C-terminal hydrophobic domains are italicised. The sequen-
ces of the C-termini of MDP, MDP-GPI23 and MDP-GPI29
are shown starting with amino acid 361, which is the only Cys
involved in disulphide linking of the homodimer [32].
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at the surface of the COS-1 cells transfected with
MDP-GPI23 and MDP-GPI29 were virtually identi-
cal, and corresponded to 67% of that of wild type
MDP (Fig. 5b). The proportion of the total cellular
activity at the surface of the cells transfected with
wild type MDP, MDP-GPI23 and MDP-GPI29
were similar (75%, 65% and 61%, respectively). To
con¢rm that the D. discoideum sequences were able
to act as GPI anchor addition signals in COS-1 cells,
the ability of bacterial PI-PLC to cleave the added
GPI anchor was assessed. Upon incubation of cells
expressing wild type MDP, MDP-GPI23 or MDP-
GPI29 with PI-PLC, virtually all (s 89%) of the
cell surface MDP activity was released into the me-
dium, with very little remaining attached to the plas-
ma membrane (Fig. 5c). Thus, it would appear that
the D. discoideum GPI anchor signal, with or without
the extra length in the hydrophilic spacer region,
can direct addition of a GPI anchor in mammalian
cells.

3.4. Determination of the site of GPI attachment in
the MDP/1I constructs

On SDS-PAGE under reducing conditions MDP-
GPI23 and MDP-GPI29 migrated with the same ap-
parent molecular mass as wild type MDP of 47 kDa
(Fig. 6a). On these gel systems a di¡erence of 2 kDa
is clearly visible [25], indicating that the constructs
are not signi¢cantly di¡erent in size from wild type
MDP and that an alternative GPI attachment site
distant from the expected one had not been used.
Further evidence for the use of the expected GPI
anchor attachment site was obtained by analysis of
the proteins on SDS-PAGE under non-reducing con-
ditions. MDP is a disulphide-linked dimer with
Cys361 the only residue involved in the interchain
dimerisation (Fig. 4) [32]. Under non-reducing con-
ditions both MDP-GPI23 and MDP-GPI29 migrated
as disulphide-linked dimers (Fig. 6b), indicating that
neither construct had the GPI anchor added N-ter-
minal to Cys361.

Fig. 7. Analysis of the GPI cleavage/attachment site in the
MDP constructs. COS cells were transfected with either empty
vector, or vector containing wild type MDP, MDP-GPI23 or
MDP-GPI29. Cells were harvested and membranes prepared as
described in Section 2. Samples (25 Wg protein) were loaded
onto 7^17% polyacrylamide gels and subjected to electrophore-
sis under non-reducing conditions. Following transfer to PVDF
membranes and incubation with (a) anti-CRTNYGYS antise-
rum or (b) anti-CAAPSLH antiserum, bound antibody was de-
tected with a peroxidase conjugated goat anti-rabbit secondary
antibody in conjunction with the enhanced-chemiluminescent
detection system. The ¢gure shows analysed membranes from
cells transfected with (lane 1) empty vector, (lane 2) wild type
MDP, (lane 3) MDP-GPI23, and (lane 4) MDP-GPI29. Lane 5,
concentrated medium from cells transfected with a secreted
form of MDP that retains the CAAPSLH epitope [19].

Fig. 6. Expression of MDP constructs in COS-1 cells. COS cells
were transfected with either empty vector, or vector containing
wild type MDP, MDP-GPI23 or MDP-GPI29. Cells were har-
vested and membranes prepared as described in Section 2. Sam-
ples (25 Wg protein) were loaded onto 7^17% polyacrylamide
gels and subjected to electrophoresis under (a) reducing or (b)
non-reducing conditions. Following transfer to PVDF mem-
branes and incubation with anti-MDP antiserum, bound anti-
body was detected with a peroxidase conjugated goat anti-rab-
bit secondary antibody in conjunction with the enhanced-
chemiluminescent detection system. The ¢gure shows analysed
membranes from cells transfected with (lane 1) empty vector,
(lane 2) wild type MDP, (lane 3) MDP-GPI23, and (lane 4)
MDP-GPI29.
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Additional evidence for attachment of the GPI
anchor at the expected site came from the use of
site-speci¢c antibodies that recognise the sequences
either side of the native g residue, Ser368, in porcine
MDP. The anti-CRTNYGYS peptide antibody rec-
ognises the region N-terminal to Ser368 (Fig. 4). The
two Tyr residues in this peptide appear to be critical
for recognition by this antibody as modi¢cation with
125I abolishes recognition (Heywood and Hooper,
unpublished). On Western blot analysis of mem-
branes from COS-1 cells expressing wild type MDP
or one of the MDP constructs, the anti-CRTNYGYS
antibody recognised a polypeptide of 94 kDa in all
cases (Fig. 7a), indicating that the GPI anchor was
not added N-terminal to the expected g site. The
anti-CAAPSLH peptide antibody recognises the res-
idues g+1 to g+6 immediately C-terminal to the
native g site in porcine MDP (Fig. 4). As expected,
this antibody failed to recognise any protein on
Western blot analysis of membranes from cells ex-
pressing either wild type MDP in which this epitope
is removed on addition of the GPI anchor or MDP-
GPI23 which does not contain this epitope (Fig. 7b).
However, the anti-CAAPSLH antibody did recognise
a secreted form of MDP which has a disrupted GPI
anchor addition signal and retains this sequence (Fig.
7b) [19]. The anti-CAAPSLH antibody failed to rec-
ognise MDP-GPI29 (Fig. 7b), indicating that it had
not been anchored C-terminal to the expected g site,
and that there was not a signi¢cant intracellular pool
of unprocessed protein retaining this sequence.

4. Discussion

The open reading frame of Dictyostelium 1I en-
codes a protein which has a predicted cleavable N-
terminal signal sequence for targeting into the ER
and a C-terminal signal sequence for directing addi-
tion of a GPI anchor. Analysis of the sequence up-
stream from the C-terminal hydrophobic region us-
ing the algorithm of Udenfriend and Kodukula [8]
and the big-2 predictor [13] indicated that the most
probable site for cleavage of the polypeptide chain
and attachment of the GPI anchor, the g residue,
was Asn133, which places Ser134 at the g+1 position
and Ala135 at the g+2 position. This is consistent
with analysis of known GPI-anchored proteins and

site-directed mutagenesis of others. Asn has been ex-
perimentally determined as the g residue in several
GPI-anchored proteins, including Leishmania major
promastigote surface protease [33], yeast Gas1 [12]
and human CD59 [34]. Mutagenesis of the g residue
in alkaline phosphatase [35] and decay accelerating
factor [11] has shown that Asn can act as the cleav-
age/attachment site residue. In the slime mold pro-
teins PsA and gp64 the g, g+1 and g+2 residues
have been experimentally determined as Gly-Ser-
Ala [3] and Ser-Ser-Ala [4], while in csA they are
predicted to be Ser-Ser-Ala. Comparison of the
C-terminal sequence of the 1I protein with those of
PsA, gp64 and csA reveals that they all have a short
hydrophilic spacer region of only four residues be-
tween the g site and the start of the hydrophobic
region (see Fig. 4).

It is well documented that the intact, membrane-
bound forms of both csA and PsA are resistant to
cleavage by bacterial PI-PLC [2,28,29], a criterion
commonly used to demonstrate the presence of a
GPI anchor on a protein. The reason for this appar-
ent lack of cleavage of the GPI anchor on the Dic-
tyostelium proteins is at present unclear. Similarly we
could obtain no evidence for the cleavage by bacte-
rial PI-PLC of the GPI anchor on the hexaHis-
tagged form of the 1I protein expressed in D. discoi-
deum. We therefore utilised the fact that the glucos-
amine-inositol bond in the GPI anchor is uniquely
susceptible to cleavage by nitrous acid, which deam-
inates the glucosamine residue [36], to demonstrate
the presence of a GPI anchor on the 1I protein.
Nitrous acid treatment has been shown to cause
the partial release of a PI-PLC resistant form of
the folate receptor from mammalian cell membranes
[30]. Nitrous acid treatment of membranes from D.
discoideum cells expressing the HexaHis-tagged 1I
protein caused partial release of the protein, indicat-
ing the presence of a GPI anchor.

In order to con¢rm that the C-terminal sequence
of the 1I protein acted as a GPI anchor addition
signal, we replaced the C-terminal signal sequence
of the mammalian GPI-anchored protein MDP,
which we have extensively characterised [15,16,32],
with that from 1I, generating construct MDP-
GPI23. The length of the hydrophilic spacer region
between the g site and the hydrophobic C-terminal
sequence in most mammalian proteins is between
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eight and 12 residues [37]. As noted above, the spacer
region in the 1I protein and the other GPI-anchored
proteins of cellular slime molds is only four residues.
To overcome any potential problem that the spacer
region in MDP-GPI23 may be too short to allow
GPI anchoring in the mammalian cells, we inserted
an extra six residues into the spacer in the MDP-
GPI29 construct (see Fig. 4).

When expressed in COS cells, both MDP-GPI23
and MDP-GPI29 fusion proteins were found to be
GPI anchored, as shown by digestion with bacterial
PI-PLC, and targeted to the plasma membrane in an
enzymically active form. To our knowledge this is the
¢rst time that a Dictyostelium GPI signal sequence
has been shown to be functional in mammalian cells.
From their size and migration on reducing and non-
reducing SDS-PAGE, and using site-speci¢c antibod-
ies recognising epitopes either side of the expected
cleavage/attachment site, we could obtain no evi-
dence for use of an alternative GPI cleavage/attach-
ment site in either MDP-GPI23 or MDP-GPI29.
Although we had expected that the short hydrophilic
spacer present in construct MDP-GPI23 might have
perturbed GPI anchor addition, our analysis of
steady state dipeptidase activities revealed no signi¢-
cant di¡erences in the expression levels of MDP-
GPI23 and MDP-GPI29, suggesting that the di¡er-
ence in length of the spacer region did not have an
adverse e¡ect on GPI anchoring of MDP. The
amount of PI-PLC releasable protein at the surface
of the COS cells was slightly less for MDP-GPI23
and MDP-GPI29 than for wild type MDP. This is
clearly not due to the di¡ering length of the hydro-
philic spacer, but may be due to the di¡erent g and
g+1 residues in the constructs as compared with wild
type MDP. Asn and Ser, the g and g+1 residues in
the constructs, have been shown experimentally to
lower the e¤ciency of GPI anchoring in mammalian
cells as compared with Ser and Ala, the g and g +1
residues in wild type MDP [10,35]. Alternatively, or
in addition, the length (18 residues in the 1I protein
compared with 14 residues in MDP) and sequence of
the hydrophobic domain may a¡ect GPI anchoring
in COS cells [7]. However, the totality of all the tech-
niques applied support the major conclusion that
Asn133 is the GPI anchor addition site in the 1I
protein, even in the absence of mass spectrometry
after proteolytic disintegration of the protein.

The calculated size of the mature hexaHis-tagged
1I polypeptide, following removal of the N- and C-
terminal signal sequences, is 12.8 kDa. Addition of
the GPI anchor would be expected to add approx.
2 kDa to the mature protein, depending on the num-
ber and nature of the side chain modi¢cations to the
core anchor structure [16]. However, on SDS-PAGE
the hexaHis-tagged protein migrated as a strongly
expressed doublet at 24 and 27 kDa and a third
band at 22kDa. The most likely explanation for
this increase in size and the appearance of multiple
bands is extensive and variable glycosylation of the
1I protein. Sugar chains account for 40.4% of the
mass of PsA [38], 41.3% of that of gp138 [5], and
35.7% of the mass of csA, where O-linked oligosac-
charides contribute approx. 10^12 kDa to the appar-
ent molecular mass of the protein [39]. Also 56% of
the apparent mass of gp64 has been attributed to
glycosylation and the non-speci¢c association of lip-
ids [4]. The mature polypeptide of the 1I protein
contains four potential N-linked glycosylation sites,
and 28 Ser and Thr residues, representing 25% of the
amino acid composition, which may be O-glycosylat-
ed. Both PsA and csA contain tandem repeats of the
tetrapeptide sequence Pro-Thr-Xaa-Thr in which
both Thr residues are O-glycosylated [28,40] and
PsA also contains a Xaa-Pro-Xaa-Xaa motif where
at least one Xaa corresponds to a glycosylated Thr
[41]. The 1I protein contains a Pro-Thr-Phe-Thr se-
quence at residues 106^109 and a Thr-Pro-Ala-Gly
sequence at residues 129^132 which may be sites for
glycosylation. However, digestion with either peptide
N-glycosidase F or O-glycanase in conjunction with
neuraminidase did not alter the size of the 22, 24 or
27 kDa polypeptides (data not shown). We have
found no reports of successful enzymic deglycosyla-
tion of other cellular slime mold glycoproteins, sug-
gesting that carbohydrate modi¢cations resistant to
such treatment may well be present on these proteins.

The reasons why speci¢c proteins are GPI-an-
chored are often unclear. GPI anchors are involved
in intracellular sorting, in transmembrane signalling,
and in the endocytic process of potocytosis. The
presence of a GPI anchor also enables a protein to
associate with cholesterol and glycosphingolipid-rich
membrane domains, to be more laterally mobile in
the plane of the bilayer, and to be selectively released
from the membrane by endogenous phospholipases
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[42^45]. Northern blots of endogenous mRNA had
previously shown that 1I is ¢rst expressed between 13
and 15 h of development [14]. However, the function
of the 1I protein is currently unknown. Both csA and
PsA are expressed during the asexual developmental
cycle of D. discoideum. Transcription of the csA gene
is induced in the preaggregation phase and the pro-
tein, which mediates an EDTA-stable form of cell
adhesion, is sensitive to release by an endogenous
anchor degrading enzyme [46]. The gp64 protein of
P. pallidum has also been shown to mediate EDTA-
stable cell adhesion during development [47]. Dictyo-
stelium PsA is ¢rst detected on the surface of pre-
spore cells at the multicellular slug stage of develop-
ment and disappears prior to culmination [48]. The
glycoprotein gp138 has been implicated in the sexual
development of D. discoideum and is speci¢cally ex-
pressed on the surface of cells when they acquire
competence for sexual cell fusion [5]. It is likely
that the addition of GPI anchors to these proteins
is crucial for their correct function, and the identi¢-
cation of 1I as a GPI-anchored protein may aid in
de¢ning its cellular role.
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