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Abstract Glycosyl-phosphatidylinositol (GPI)-anchored plas-
ma membrane proteins have been found to be widespread in 
eukaryotes and protozoa but have not been reported in higher 
terrestrial plants. A sensitive biotin-based assay has been used to 
detect the presence of GPI-anchored proteins on the outer 
surface of cultured Nicotiana tabacum cells. Six proteins with 
molecular weights of 92, 84, 60.5, 54.5, 39.5 and 37 kDa were 
found to move from a Triton X-114 detergent-rich phase to an 
aqueous phase following incubation with phosphatidylinositol-
specific phospholipase C (Ptdlns-PLC). The behaviour of these 
proteins is consistent with the presence of a GPI-anchor. Seven 
GPI-anchored proteins were also detected on the surface of 
tobacco leaf protoplasts with molecular weights of 67.5, 62, 39, 
33.5, 27, 23 and 15.6 kDa. These data demonstrate the presence 
of multiple GPI-anchored proteins on the plasma membrane of 
higher plant cells. 

© 1997 Federation of European Biochemical Societies. 
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1. Introduction 

Cell surface proteins carry out a number of important func-
tions including cell-cell recognition, cell adhesion, ion trans-
port and signal transduction. While many of these proteins 
are attached via one or multiple hydrophobic t ransmembrane 
domains, it has become recognised more recently that a sig-
nificant number of cell surface proteins are anchored to the 
membrane by a lipid anchor [1]. The most common lipid 
anchor is glycosyl-phosphatidylinositol (GPI) which consists 
of a glycan linkage containing ethanolamine linked to the C-
terminal of the protein, three mannose residues and glucos-
amine linked to the inositol group of phosphatidylinositol 
which is embedded in the plasma membrane (Fig. 1). The 
hydrophobic component of this structure has been shown to 
be susceptible to cleavage from the protein by phosphatidyl-
inositol-specific phospholipase C (Ptdlns-PLC) [3]. A diverse 
array of membrane proteins has been identified as GPI-an-
chored including hydrolytic enzymes, mammalian and proto-
zoal antigens and cell adhesion molecules [4]. It is not clear as 
to what function or property a GPI-anchor may confer upon 
membrane proteins although several possibilities include pro-
longing the cell surface half life, increased mobility in the 
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plane of the lipid bilayer, regulated release from the cell sur-
face by endogenous phospholipases, transduction of extracel-
lular signals, dominant targeting to a specific membrane do-
main and improved ability for intercepting extracellular 
substrates [5,6]. 

Since the elucidation of the GPI-anchor structure 10 years 
ago, this class of proteins has been found to be present in a 
wide range of mammalian cell types, yeast and protozoa, but 
had not been reported in plants. Recently Stöhr et al. [7] 
reported the presence of a GPI-anchored nitrate reducíase 
in the green algae Chlorella saccharophila. Plasma mem-
brane-bound nitrate reducíase was found to be labelled with 
[3H]ethanolamine, a component of the anchor structure (Fig. 
1) and could be released from the cell surface by Ptd lns-PLC 
treatment, providing conclusive evidence for GPI-anchored 
proteins in algae. More recently, Mori ta et al. [8] have sug-
gested that alkaline phosphatase from the aquatic monocot 
Spirodela oligorrhiza may be GPI-anchored. However, while 
it could be shown that alkaline phosphatase was labelled with 
[3H]ethanolamine, this form of alkaline phosphatase was not 
sensitive to Ptd lns-PLC cleavage. Also a large proport ion of 
the enzyme was hydrophilic in nature and not associated with 
a lipid anchor structure. The aim of our study, therefore, has 
been to confirm the presence of GPI-anchored proteins in 
higher plant cells. Using a sensitive biotin-based assay, we 
have found evidence of multiple GPI-anchored proteins on 
the plasma membrane of Nicotiana tabacum cells. 

2. Materials and methods 

2.1. Materials 
All biochemicals including Murashige and Skoog (MS) basal salt 

mix, Bacillus cereus Ptdlns-PLC, Streptavidin-horse radish peroxidase 
(POD) conjugate and protease inhibitors were purchased from Sigma 
(St. Louis, MO) or Boehringer Mannheim Australia (Castle Hill, 
NSW). Cellulase (Onozuka) RS was obtained from Yakult Pharma-
ceutical (Tokyo, Japan) and Pectolyase Y-23 from Seishin Corp. (To-
kyo, Japan). Immunopure sulfosuccinimidyl-6-(biotinamido) hexa-
noate (NHS-LC-biotin) and chemiluminescent horse radish 
peroxidase substrate system were obtained from Pierce (Rockford, 
IL). 

2.2. Plant cell culture 
Tobacco plants were grown under natural light in a glasshouse at 

25°C. N. tabacum (NT-1) cells were maintained in suspension culture 
by subculturing 1:25 every 7 days in cell culture medium (CCM) 
described in [9] and incubated at 25°C on an orbital shaker at 100 
rpm in continuous light. For protoplast isolation, cells were subcul-
tured 1:10 in 50 ml of CCM and grown for 3-5 days. 

2.3. Protoplast isolation 
NT-1 cells were pelleted in a swing-out rotor for 5 min at lOOXg. 

The supernatant was discarded and the pellet washed twice in 50 ml of 
washing solution (0.4 M mannitol, 20 mM Mes, pH 5.8). Cells were 
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incubated in protoplast enzyme solution (1.0%, w/v) Cellulase RS, 
0.1% (w/v) pectolyase Y-23, 0.4 M mannitol, 20 mM Mes, pH 5.8) 
at 1-1.5 ml g - 1 wet weight of cells, at 25°C on an orbital shaker at 40-
50 rpm for 1-2 h. Alternatively protoplasts were isolated from 8-10 cm 
leaves harvested from 6-8-week-old plants as described [10]. 

2.4. Cell surface biotin labelling 
Protoplasts (isolated from 50 ml of cell suspension culture or 30 g 

of leaves) were resuspended in 50 ml of washing solution and pelleted 
in a swing-out rotor for 5 min at lOOXg. The pellet was washed twice 
in 50 ml of biotin labelling solution (10 mM triethanolamine, 137 mM 
NaCl, 3 mM KCl, 0.4 M mannitol, pH 9.0) and then left resuspended 
in the same solution to a volume of 5 ml. NHS-LC-biotin was added 
(0.5 mg ml - 1 final) and the protoplasts incubated for 30 min with 
gentle agitation. Protoplasts were then washed again in biotin label-
ling solution and the incubation repeated with fresh NHS-LC-biotin. 
Biotin blocking solution (50 mM glycine, 0.4 M mannitol, in phos-
phate-buffered saline (PBS, pH 7.5) was added to a final volume of 50 
ml, cells pelleted as above and left resuspended in 10 ml of biotin 
blocking solution for 10 min with gentle agitation. Washing and in-
cubation in biotin blocking solution was repeated twice. All solutions 
used were ice cold and all centrifugations and incubations carried out 
at 4°C. 

2.5. Cell lysis, phase separation and Ptdlns-PLC treatment 
Biotin-labelled protoplasts (suspended in ~ 4 ml of biotin blocking 

solution) at a concentration ranging from 6-20 X 106 cells ml - 1 , were 
decanted into microfuge tubes and spun at 100 Xg at 4°C for 5 min. 
The supernatants were discarded and each pellet resuspended in 1.5 
ml of TX-114 lysis buffer (1%, v/v) TX-114 in Tris-buifered saline 
(TBS, pH 7.5), incubated on ice for 30 min and then lysed by vigorous 
vortexing. The lysate was clarified by centrifugation twice at maxi-
mum speed in a microfuge at 4°C for 10 min. Phase separation and B. 
thuringiensis Ptdlns-PLC treatment was carried out essentially as de-
scribed in [11]. In some experiments Ptdlns-PLC from B. cereus was 
used at 1.2 U ml - 1 in an incubation buffer containing 70 mM tri-
ethanolamine, 0.16% (w/v) sodium deoxycholate, 0.25 M methyl-a-D-
mannopyranoside, pH 7.5. For both sources of Ptdlns-PLC, treat-
ment was for 4 h at 37°C with frequent mixing. Final aqueous phases 
were treated with 300 |xl of a 75% (w/v) slurry of phenyl-Sepharose in 
TBS for 16-20 h on a rotating wheel at 4°C. Phenyl-Sepharose was 
removed by three sequential centrifugations at maximum speed in a 
microfuge for 1 min at 4°C. Solutions used for protoplasts isolation, 
cell lysis, phase separation and Ptdlns-PLC treatment contained pro-
tease inhibitors leupeptin (20 u.g ml - 1), pepstatin A (10 (ig ml - 1) , 
antipain (10 ug ml - 1) and PMSF (0.1 mM). 

2.6. Detection of biotinylated proteins 
Proteins in final aqueous and detergent phases were precipitated 

with 6% (w/v) trichloroacetic acid and 132 ug ml - 1 sodium deoxycho-
late [12]. After addition of equal volumes of Laemmli sample buffer 
[13], excess acid was neutralised with NH4OH vapours and samples 
boiled at 95°C for 5 min. Samples were then subjected to SDS-PAGE 
under reducing conditions on 4-20% gradient slab Tris-glycine gels. 
Proteins were transferred to an Immobilon PVDF membrane by dry 
blot. Blots were blocked overnight at 4°C with 3% (w/v) BSA, 1% (w/ 
v) non-fat dry milk in PBS containing 0.5% (v/v) Tween 20, 10% (v/ 
v) glycerol, 1 M glucose (PBS-TGG) [14]. After rinsing, the membrane 
in PBS containing 0.5% Tween 20 (PBST), the membrane was 
probed with a Streptavidin-POD conjugate (500 U conjugate ml - 1) 
diluted 1:5000 in PBS-TGG containing 0.3% (w/v) BSA for 2 h at 
room temperature on a rocking platform. Proteins were then detected 
by chemiluminesence on X-ray film. Densitometry analysis and mo-
lecular weight calculation was performed on computer-scanned im-
ages of blots using ImageQuant and Fragment Analysis for Windows 
NT software from Molecular Dynamics (Sunnyvale, CA). 

3. Results 

PLC and (iii) Ptdlns-PLC-induced transition of the protein 
from a hydrophobic to a hydrophilic form due to the loss 
of diacylglycerol from the anchor structure [15]. The phase 
partition assay utilises biotin, a membrane impermeable 
marker to selectively label cell surface proteins, followed by 
separation of hydrophobic and hydrophilic proteins by tem-
perature-induced phase separation of the detergent Triton X-
114 [16]. Treatment of the resultant detergent phase (contain-
ing integral and GPI-anchored proteins) with Ptdlns-PLC and 
a subsequent second phase separation results in the identifica-
tion of GPI-anchored proteins which move from the detergent 
to the aqueous phase [11,17]. 

The results of a phase partition assay conducted on proto-
plasts isolated from NT-1 suspension cells are shown in Fig. 2. 
Similar results were obtained over five separate experiments. 
Six proteins were found to move from the hydrophobic deter-
gent phase to the aqueous phase following Ptdlns-PLC treat-
ment and phase separation (Fig. 2, lane 2). The approximate 
molecular weights of these proteins, based on molecular 
weight standards (Fig. 2, lanes 3 and 4), were 92, 84, 60.5, 
54.5, 39.5 and 37 kDa. No proteins were detected in the 
aqueous phase when the detergent phase was incubated in 
the absence of Ptdlns-PLC (Fig. 2, lane 5). This conclusively 
demonstrates that the appearance of proteins in the Ptdlns-
PLC-treated lane is the result of phospholipase-mediated 
cleavage of GPI-anchored hydrophilic membrane proteins 

Lisanti et al. [15] previously developed a method to detect 
GPI-anchored proteins in polarized epithelial cells which ex-
ploits three conserved features of this class of proteins: (i) 
presence solely on the ectoplasmic leaflet of the lipid bilayer, 
(ii) susceptibility of the GPI-anchor to cleavage by Ptdlns-

Fig. 1. Structure of a typical GPI-anchored protein. I, inositol; 
GlcN, glucosamine; Man, mannose; Etn, ethanolamine ; P, phos-
phate. An arrow indicates the bond cleavable by Ptdlns-PLC. The 
figure was adapted from [2]. 
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and not the result of proteolytic activity or the solubilisation 
of hydrophobic proteins in the presence of traces of detergent. 
It is also noticeable that two bands at 39.5 and 37 kDa (ar-
rows) are less intense in the detergent phase resulting from 
Ptdlns-PLC treatment (Fig. 2, lane 1) than in the detergent 
phase incubated in the absence of Ptdlns-PLC (Fig. 2, lane 6). 
This indicates the shift of these proteins to the aqueous phase 
upon Ptdlns-PLC treatment and retention in the detergent 
phase in the absence of Ptdlns-PLC. 

It has recently been shown that exogenous GPI-anchored 
proteins may be able to spontaneously incorporate into the 
lipid bilayer [18]. In order to eliminate the possibility that the 
protoplasting enzymes that were used in these experiments 
were a source of contaminating GPI-anchored proteins, the 
assay was repeated with undigested NT-1 cells. In densitom-
etry scans of the aqueous phases resulting from Ptdlns-PLC 
treatment that the six peaks corresponding to GPI-anchored 
proteins in NT-1 protoplasts (Fig. 3A) are also found in un-
digested cells (Fig. 3B) at similar molecular weights. Thus, 
contamination of protoplasts with exogenous GPI-anchored 
proteins from the protoplasting solution can be dismissed. An 
additional minor seventh peak at 30 kDa is also evident in 
undigested cells and may represent a GPI-anchored protein 
that is somehow cleaved during protoplast isolation as it 
was not observed in any of the NT-1 protoplast experiments. 
In general, the yield of biotin-labelled GPI-anchored proteins 
appear smaller with undigested cells than with protoplasts. 
This may be due to a lower efficiency of biotin labelling in 
the presence of the cell wall. 

Having successfully detected GPI-anchored proteins in sus-

(A) 

Fig. 3. Densitometry scans of Western blots of aqueous phases re-
sulting from incubation with Ptdlns-PLC. A: NT-1 protoplasts 
(scan of Fig. 2, lane 2). B: Undigested NT-1 cells. 

pension cells, the phase partition assay was used on proto-
plasts isolated from tobacco leaf tissue (Fig. 4). At least seven 
proteins were detected which moved from the detergent phase 
to the aqueous phase after incubation with Ptdlns-PLC (Fig. 
4, lane 2). The approximate molecular weights of these pro-
teins, based on molecular weight standards (Fig. 4, lane 3), 
were 67.5, 62, 39, 33.5, 27, 23 and 15.6 kDa. The four largest 
molecular weight proteins are of similar size to proteins de-
tected in NT-1 cultured cells (Fig. 2, lane 2) and could possi-
bly be the analogous proteins in leaf tissue. There is a small 
degree of background in the absence of Ptdlns-PLC treatment 
(Fig. 4, lane 4) at approximately 38 kDa and this could be the 
result of low level of an endogenous Ptdlns-PLC or protease 
activity. However, it is clear that the majority of proteins 
detected in the aqueous phase (Fig. 4, lane 2) are the specific 
result of Ptdlns-PLC digestion as the degree of background is 
small in comparison (Fig. 4, lane 4). 

4. Discussion 

Fig. 2. Detection of GPI-anchored proteins on the surface of NT-1 
protoplasts by phase partition assay. Protoplasts derived from NT-1 
cells were labelled with biotin and hydrophobic proteins concen-
trated in a TX-114 detergent phase by phase partioning. This deter-
gent phase was incubated in the presence or absence of Ptdlns-PLC 
and proteins separated into detergent and aqueous phases by a sec-
ond round of phase partioning. Biotinylated proteins were detected 
by Western analysis. Lane 1 (detergent phase) and lane 2 (aqueous 
phase) show protein partioning after Ptdlns-PLC treatment; lane 5 
(aqueous phase) and lane 6 (detergent phase) show protein partion-
ing without Ptdlns-PLC treatment. Lanes 3 and 4 show molecular 
weight standards: 200000, 116250, 97400, 66200, 45000, 31000, 
21500, 14400 and 6500 Da. 

In comparison to the membrane proteins of chloroplast and 
mitochondria, sophisticated molecular biology techniques 
have been applied less frequently to the study of plasma mem-
brane proteins in plant cells [19]. The phase transfer assay we 
have employed in this study specifically detects GPI-anchored 
proteins by the action of Ptdlns-PLC, which cleaves the hy-
drophobic anchor domain, thus converting only GPI-an-
chored proteins to a hydrophilic form. In combination with 
the biotin-Streptavidin detection system, this is an extremely 
sensitive method of detection of GPI-anchored proteins [11]. 
Using this method six proteins have been detected on the 
plasma membrane surface of N. tabacum suspension cells 
which display properties consistent with the presence of a 
GPI-anchor. A seventh protein identified with whole cells 
(Fig. 3B) may be lost during protoplast isolation. Seven pro-
teins, some of similar molecular weight to those in suspension 
cells, were also detected on the surface of N. tabacum leaf 
tissue (Fig. 4). We believe this represents the first evidence 
for GPI-anchored proteins associated with the ectoplasmic 
face of the plasma membrane of higher plant cells. 

Recent studies have provided evidence for GPI-anchored 
alkaline phosphatase in the aquatic monocot S. oligorrhiza 
[8] and nitrate reducíase in the algae C. saccharophila [7]. In 
both cases, [3H]ethanolamine labelling did not reveal any oth-
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sible to carry out anchor structure analysis to determine if the 
core structure (ethanolamine-(mannose)3-glucosamine-phos-
phatidylinositol) is conserved in plants as appears to be the 
case for all eukaryotes [24]. 

The presence of GPI-anchored proteins in plants also re-
quires that the machinery for their biosynthesis, within the 
endoplasmic reticulum, must also be present. The GPI-anchor 
biosynthetic pathway is thought to involve up to 10 separate 
steps and genes encoding proteins involved in this process 
have been cloned from mammals and yeast [25]. One area 
of future research will involve the cloning and characterisation 
of homologs to these genes from plant cells. 
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