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Transfer of spheroplasts from the yeast Saccharomyces cerevisiae to glucose leads to the activation of an
endogenous (glycosyl)-phosphatidylinositol-specific phospholipase C ([G]PI-PLC), which cleaves the anchor
of at least one glycosyl-phosphatidylinositol (GPI)-anchored protein, the cyclic AMP (cAMP)-binding ecto-
protein Geelp (G. Miiller and W. Bandlow, J. Cell Biol. 122:325-336, 1993). Analyses of the turnover of two
constituents of the anchor, myo-inositol and ethanolamine, relative to the protein label as well as separation
of the two differently processed versions of Gcelp by isoelectric focusing in spheroplasts demonstrate the
glucose-induced conversion of amphiphilic Geelp first into a lipolytically cleaved hydrophilic intermediate,
which is then processed into another hydrophilic version lacking both myo-inositol and ethanolamine. When
incubated with unlabeled spheroplasts, the lipolytically cleaved intermediate prepared in vitro is converted into
the version lacking all anchor constituents, whereby the anchor glycan is apparently removed as a whole. The
secondary cleavage ensues independently of the carbon source, attributing the key role in glucose-induced
anchor processing to the endogenous (G)PI-PLC. The secondary processing of the lipolytically cleaved inter-
mediate of Gcelp at the plasma membrane is correlated with the emergence of a covalently linked high-
molecular-weight form of a cAMP-binding protein at the cell wall. This protein lacks anchor components, and
its protein moiety appears to be identical with double-processed Gcelp detectable at the plasma membrane in
spheroplasts. The data suggest that glucose-induced double processing of GPI anchors represents part of a

mechanism of regulated cell wall expression of proteins in yeast cells.

An increasing number of surface proteins are found an-
chored at the plasma membrane of various tissues and cell
types by virtue of a glycosyl-phosphatidylinositol (GPI) struc-
ture instead of a transmembrane protein domain. This kind of
membrane anchor typically contains, in addition to the myo-
inositol-harboring phospholipid, a carbohydrate core consist-
ing of one nonacetylated glucosamine and three mannose res-
idues in characteristic linkage. The latter may be branched and
carry additional mannose, galactose, and/or phosphoethano-
lamine moieties. The preformed anchor structure is linked by
a phosphodiester and an ethanolamine bridge to the carboxy
terminus of the respective protein, thereby replacing a protein-
aceous transmembrane domain present in the newly synthe-
sized protein precursor (for reviews, see references 14, 17,
31, 52, and 56). The physiological significance of membrane
anchorage by a glycolipidic structure has remained greatly ob-
scure. Since GPI-anchored proteins have been detected re-
cently also in lower eucaryotes, including the yeast Saccharo-
myces cerevisiae (9, 35, 43, 54), the evolutionary conservation
from S. cerevisiae to humans of the GPI anchor argues that it
confers properties on the respective proteins that are not
achieved by a proteinaceous transmembrane domain.

It has been proposed that the spatial requirements, cluster-
ing behavior, and diffusion properties of GPI-anchored pro-
teins in the outer leaflet of plasma membranes are the param-
eters critical for the use of either a transmembrane domain or
a GPI moiety for membrane anchorage of a protein (7, 13, 61,
62). In addition, it has been proposed, on the basis that, in situ,
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GPI anchors may be cleaved upon activation of endogenous
(glycosyl)-phosphatidylinositol-specific phospholipases ([G]PI-
PLs), that GPI anchorage plays a role in regulating the con-
centration of certain proteins at the cell surface or in control-
ling protein localization and topology: in HeLa cells and in
cultured bone marrow stromal cells, GPI-anchored decay-ac-
celerating factor and heparan sulfate proteoglycan, respec-
tively, are apparently removed constitutively from the plasma
membrane and released into the culture medium by the action
of an endogenous of type D (G)PI-PL ([G]PI-PLD) (32). In
the yeast S. cerevisiae, expression of a-agglutinin at the cell wall
depends on its synthesis as a GPI-anchored protein and occurs
via an intermediate which lacks the myo-inositol moiety of the
GPI anchor glycan (28, 59). However, other than (G)PI-PLs,
which leave the myo-inositol residue attached to the glycan
structure, processing enzymes of GPI anchors have not been
identified. In addition to these cases of constitutive GPI anchor
processing, in some vertebrate cells certain external signals,
provided by serum factors like insulin and growth factors or by
drugs, have been found to activate phospholipases which are
capable of cleaving GPI anchors (20, 26, 40, 48). In the case of
the insulin- or sulfonylurea-induced lipolytic cleavage of the
GPI anchors of lipoprotein lipase, 5'-nucleotidase, and the
cyclic AMP (cAMP)-binding ectoprotein Geelp (54 kDa) in
cultured or isolated adipocytes, we observed a continuous loss
of the myo-inositol radiolabel from the hydrophilic versions of
these GPI-anchored proteins (39, 40). Taken together, these
observations suggest that in lower as well as in higher eucar-
yotes, complex processing events within or near the glycan
structure of certain GPI anchors occur. The cleavage reactions
involved as well as the resulting truncated forms of the affected
GPI-anchored proteins, however, have in no case been ana-
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lyzed in detail. As a consequence, the physiological importance
of GPI anchor processing is poorly understood.

Recently we found that in the yeast S. cerevisiae, a GPI-
anchored cAMP-binding ectoprotein, named Gceelp, is lipoly-
tically cleaved by a (G)PI-PLC when spheroplasts are trans-
ferred from lactate to glucose medium (37). In this study, the
metabolic stability of the lipolytically cleaved GPI anchor of
Gcelp was studied. We present evidence that establishment of
glucose repression in S. cerevisiae is accompanied by the en
bloc removal of the complete glycan structure from the GPI
anchor. The resulting double-processed Gceelp, detected in
spheroplasts, behaves as a biosynthetic intermediate in the
expression of a cAMP-binding protein at the cell wall, identi-
fied in intact cells.

MATERIALS AND METHODS

Materials. [*H]leucine (25 Ci/mmol), [I-*H]ethan-1-0l-2-amine hydrochloride
(5 to 30 Ci/mmol), myo-[2->H]inositol (10 to 20 Ci/mmol), scintillation cocktail
ACSII, and Amplify were bought from Amersham-Buchler, Braunschweig, Ger-
many; 8-N;-[*?P]cAMP (20 Ci/mmol) was obtained from ICN, Meckenheim,
Germany; myo-[U-'*Clinositol (200 to 250 mCi/mmol), [2-'*Clethan-1-0l-2-
amine hydrochloride (54 mCi/mmol), and En*Hance (spray) were purchased
from DuPont-New England Nuclear, Dreieich, Germany; N°-(2-aminoethyl)-
cAMP-Sepharose, Ficoll, Ampholines, Pharmalyte, and protein A-Sepharose
were obtained from Pharmacia-LKB, Freiburg, Germany; and Bio-Gel P4 was
from Bio-Rad, Munich, Germany. Purified PI-PLC (Bacillus cereus), phospho-
diesterase I from bovine intestinal mucosa, laminarinase (Penicillium sp.), cetyl-
triethylammonium bromide (CTAB), 3-isobutyl-1-methylxanthine, and glass
beads were supplied by Sigma, Deisenhofen, Germany; proteinase K and pro-
tease inhibitors were supplied by Boehringer, Mannheim, Germany; deoxy-
cholate, goat anti-rabbit immunoglobulin G antiserum, and pronase were pro-
vided by Calbiochem, Bad Soden, Germany; polyclonal anti-cross-reacting
determinant (CRD) antibodies, raised in MITat 1.2 New Zealand White rabbits
against purified soluble variant surface glycoprotein from Trypanosoma brucei,
were the kind gift from P. Overath, Tiibingen, Germany; silica gel Si-60 high-
performance thin-layer chromatography (HPTLC) plates, polyethylene glycol
(PEG) 6000, urea, and all buffer reagents (highest purity available) were from
Merck, Darmstadt, Germany; 4’-aminobenzamidotaurocholic acid (BATC), 3H-
labeled glucose oligomers, and the '#C-labeled oligosaccharide standards Mn,; A
to Mn;A (for structures, see the legend to Fig. 7) were synthesized by the Pharma
Synthesis Department of Hoechst AG, Frankfurt, Germany. All other materials
were obtained as described previously (37, 43).

Photolabeling of intact cells. Identical numbers of cells from S. cerevisiae
ABYS-1 (1) grown in lactate or glucose medium were washed four times with 0.1
M morpholineethanesulfonic acid (MES; pH 6.2)-1.1 M sorbitol-140 mM KCl-
100 uM phenylmethylsulfonyl fluoride (PMSF) and then suspended in 25 mM
MES (pH 6.2)-50 mM KCI-10 MgClL,-2 mM MnCl,-1 mM 3-isobutyl-1-meth-
ylxanthine-0.5 mM dithiothreitol (DTT)-1 mM EDTA-200 uM 5'-AMP-100
uM PMSF at 5 x 10° cells per ml. Aliquots of 0.5 ml were transferred to cuvettes
and incubated with 25 p.Ci of 8-N5-[*?P]cAMP (0.5 to 1 uM, final concentration)
in the dark (15 min, 20°C). Irradiation was performed in a Rayonet RPR-100
photochemical reactor (Southern Ultraviolet, Hamden, Conn.) equipped with 16
RPR-2530 A lamps at a distance of 10 cm from the lamps (according to data of
the manufacturer, the RPR-2530 A lamps emit 84% of their radiation at 2,530 A
with an intensity of 12,800 pW/cm? and 1.65 X 10'° photons per s per cm?) for
5 min (20°C). The cross-linking was terminated by the addition of 100 uM cAMP.
The cells were washed three times with 0.1 M Tris-SO, (pH 8.5)-1.1 M sorbitol-
100 wM PMSF. The final pellet was used for preparation of cell wall fragments
and laminarinase treatment.

Metabolic labeling of intact cells. Cells from S. cerevisiae ABYS-1 were grown
in semisynthetic lactate medium as described previously (34) to 5 X 10° cells per
ml at 30°C, washed two times in 0.1 M Tris-SO, (pH 8.5)-1.1 M sorbitol, then
resuspended in amino acid-depleted or inositol-free semisynthetic lactate me-
dium supplemented with 0.05% yeast extract at the same titer, and grown to 107
cells per ml. The cells were centrifuged, resuspended in the above-described
medium lacking yeast extract at 7.5 X 107 cells per ml, and incubated (2 h, 30°C).
After addition of ['*C]leucine (12.5 p.Ci/ml) or myo-[**Clinositol (3.5 wCi/ml) or
[*4CJethanolamine (17.5 wCi/ml) to 5-ml aliquots, the suspensions were incu-
bated for 120 min (leucine labeling), 60 min (inositol labeling), or 30 min
(ethanolamine labeling) at 30°C. The labeling was terminated by addition of a
1,000-fold excess of the corresponding nonradioactive compound and further
incubation (10 min, 30°C) followed by supplementation with NaNj; (5 mM, final
concentration) and PMSF (200 wM, final concentration). The cells were centri-
fuged and washed three times with 0.1 M Tris-SO, (pH 8.0)-1.1 M sorbitol-200
M PMSF. The final pellet was used for preparation of cell wall fragments and
laminarinase treatment.
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Metabolic labeling of yeast spheroplasts. Aliquots (100 ml) of spheroplasts (9
% 10® cells) from strain ABYS-1 cells prepared as described previously (34) were
incubated in semisynthetic lactate medium containing 0.05% yeast extract (60
min, 30°C), collected by centrifugation through a Ficoll cushion (37), and sus-
pended in 10 ml of synthetic lactate medium containing 0.01% yeast extract.
Labeling was initiated by the addition of 25 wCi of myo-['*Clinositol (250 mCi/
mmol; 90 min), 150 wCi of [**CJethanolamine hydrochloride (3.5 mCi/mmol; 45
min), or 75 pCi of [**C]leucine (300 mCi/mmol; 2 h) at 30°C. For metabolic
double labeling 5 X 10® spheroplasts were incubated in 10-ml cultures with 10
uCi of myo-["*Clinositol plus 0.3 mCi of [*H]ethanolamine (25 Ci/mmol) or 0.5
mCi of [*H]inositol (100 Ci/mmol) plus 75 p.Ci of ['*C]ethanolamine for 60 min.
Labeling was terminated by adding a 1,000-fold molar excess of the respective
unlabeled compound(s) and further incubation for 10 min. Washing of the
spheroplasts and subsequent glucose induction were performed as described
elsewhere (37).

Proteinase K treatment of intact cells. Aliquots (1 ml) of 2 X 10® photoaffin-
ity-labeled cells were washed two times in digestion buffer (25 mM Tris-HCI [pH
7.4], 1.1 M sorbitol, 0.5 mM EDTA), suspended in the same buffer, and incu-
bated in the presence of DTT (200 mM, final concentration) and cycloheximide
(25 pg/ml) for 30 min at 25°C. The cells were harvested, washed two times with
digestion buffer lacking DTT, and suspended in the same buffer containing
cycloheximide. After addition of various amounts of proteinase K, incubation
was continued for 30 min. Digestion was terminated by adding PMSF (200 uM,
final concentration) and washing the cells two times with cold 25 mM Tris-HCIl
(pH 7.4)-1.1 M sorbitol-200 .M PMSF. The final cell pellet was used for lysis
and separation of cell wall fragments from cellular material.

Preparation of cell wall fragments. Cell wall fragments were prepared as
described previously (28), with the following modifications. The cell pellets were
suspended in extraction buffer containing 50 mM Tris-HCI (pH 7.4), 140 mM
KCl, 2 mM EDTA, 0.5 mM DTT, 200 pM PMSF, 40 pg each of leupeptin,
pepstatin, antipain, and E-64 per ml, and either 2% sodium dodecyl sulfate
(SDS) (denaturing conditions) or 5% BATC (native conditions) at 2 X 10° cells
per ml and incubated (15 min, 15°C) in order to increase the efficiency of
extraction for material noncovalently associated with the cell wall. After addition
of 2 volumes of cold glass beads (0.25-mm diameter), the cells were broken by
vortexing six times for 30-s intervals interrupted by cooling on ice for 30 s. The
cell lysate was then incubated for 10 min at 95°C (in the case of denaturing
conditions) or at 15°C (in the case of native conditions). The total cellular extract
was centrifuged (15,000 X g, 10 min, 4°C) for collecting cell wall fragments. The
pellet was reextracted two times with extraction buffer by extensive vortexing and
resuspension in the same conditions (denaturing or native). The final pellet of
insoluble cell wall fragments was washed three times under resuspension with 25
mM Tris-HCI (pH 7.4)-1 M NaCl-0.5 mM EDTA-100 uM PMSF-30 ng each of
leupeptin, pepstatin, and antipain per ml and finally two times with 50 mM
sodium acetate (pH 5.5)-1 mM EDTA-200 uM PMSF-protease inhibitors for
treatment with laminarinase.

Laminarinase treatment of cell wall fragments. The procedure was as de-
scribed previously (27, 28), with the following modifications. The cell wall pellet
(from 9 X 10 cells) was suspended in 200 ul of digestion buffer-50 mM sodium
acetate (pH 5.5)-1 mM EDTA-200 uM PMSF-15 pg each of leupeptin, pep-
statin, antipain, and E-64 per ml and incubated with 1.2 U of laminarinase (30°C,
2 h). After addition of a second aliquot of enzyme, incubation was continued for
2 h. The extracted and insoluble materials were separated by centrifugation
(15,000 X g, 10 min, 4°C). The pellet fraction was suspended in an equal volume
of digestion buffer and recentrifuged. The combined supernatants were precip-
itated (58). The washed pellets were either dissolved in sample buffer for SDS-
polyacrylamide gel electrophoresis (PAGE) or used for affinity purification.

The efficiencies of cell wall isolation and laminarinase treatment were con-
trolled by protein determination of the final laminarinase extract and did not
differ significantly between lactate-grown and glucose-induced cells during the
induction period (0 to 30 min) and remained about constant for 0 to 60 min of
incubation.

Preparation of PI-PLC-cleaved Gcelp. Spheroplasts from lactate-grown cells
were metabolically labeled with myo-['*CJinositol. Isolated plasma membranes
(75 to 150 pg of protein) were suspended in 150 wl of 20 mM Tris-HCI (pH
7.2)-1 mM EDTA-120 mM NaCl, incubated (2 h, 30°C) with 0.2 U of PI-PLC (B.
cereus), and then centrifuged (48,000 X g, 30 min). The released protein was
precipitated from the supernatant with PEG 6000, and the pellet was subjected
to Triton X-114 (TX-114) partitioning. The aqueous phase was used for affinity
purification of Geelp. The eluate was precipitated with PEG 6000 and finally
dissolved in 20 mM Tris-HCI (pH 7.2)-10% glycerol-0.5 mM DTT-0.5 mM
EDTA-100 uM PMSEF at 50 to 100 dpm/pl.

Treatment with phosphodiesterase I. A trichloroacetic acid (TCA)-precipi-
tated (5%, 30 min, 4°C, followed by a spin at 15,000 X g for 10 min), washed
(three times with acetone), and dried protein pellet of a Geelp preparation was
dissolved in 100 pl of 50 mM Tris-HCI (pH 9.0)-1 mM MgCl, and incubated (30
min, 37°C) with 0.5 U of phosphodiesterase I from bovine intestinal mucosa.
After addition of a second aliquot of enzyme and further incubation (15 min,
37°C), the reaction was terminated by addition of 10 I of 100 mM Tris-HCI (pH
8.0)-1 M NaCl-10 mM EDTA-5% (wt/vol) SDS and heating (15 min, 65°C).
After centrifugation (10,000 X g, 10 min) the supernatant was diluted 10-fold and
precipitated (58). The pellet was washed extensively and dissolved in isoelectric
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focusing (IEF) sample buffer containing detergent as specified in the figure
legends.

PEG precipitation. The sample was adjusted to a protein concentration of 0.1
mg/ml with y-globulin, supplemented with the same volume of ice-cold 12%
PEG 6000 (in 10 mM Tris-HCI [pH 7.2]-0.5 mM EDTA), and kept on ice for 15
min. After centrifugation (12,000 X g, 10 min, 4°C), the pellet was washed three
times with ice-cold 0.8% PEG.

IEF. IEF was performed with TCA-precipitated radiolabeled protein and 6%
polyacrylamide gels, 15% N,N’-diallyltartardiamide cross-linker, and ampholines
(pH range, 5.5 to 8.5) in the presence of 6 M urea with 0.5% BATC or with the
detergent indicated as described previously (41). pH was monitored with a
semiautomatic contact electrode (WTW, Weilheim, Germany). The precipitated
samples were dissolved in IEF sample buffer containing 0.48 g of urea per ml, 5%
B-mercaptoethanol, 1% ampholines (pH 3 to 10, 40%), 1% Pharmalyte (pH 3.5
to 10, 40%), and 0.5% BATC or, where indicated, 2% TX-100.

Charge shift electrophoresis. Precipitated plasma membrane proteins, pre-
pared as described in the relevant figure legends (500 to 1,000 dpm/pl), were
dissolved in 20 pl of twofold gel buffer containing the respective detergent
(equilibration overnight at 4°C) and applied to slots (1 by 10 mm) in the centers
of 1.2% agarose gels (19, 30), using a horizontal water-cooled (4°C) chamber
(Pharmacia-LKB). Gel and running buffers contained 0.1 M NaCl, 50 mM
succinic acid, and 50 mM MES-NaOH, (pH 6.8), supplemented with detergent as
indicated. Prior to sample application, the gels were electrophoresed for 60 min
at 8.5 V/em. After electrophoresis at 8.5 V/cm for 4.5 to 5 h, gels were dried
under vacuum at 50°C and fluorographed (Kodak X-Omat AR film).

High-resolution TLC. The radiolabeled pronase fragment of the (G)PI-PLC-
cleaved Geelp was deaminated with HNO, and reduced with NaBH, or dephos-
phorylated with aqueous HF (see below), dialyzed (Spectra/Por cellulose ester
membrane; MWCO 500), and extracted with water-butanol. The aqueous-phase
material was dried (SpeedVac vacuum concentrator), suspended in 20 pl of 0.05
M pyridine acetate (pH 5.0), and applied to Silica Gel 60 HPTLC plates (20 by
20 cm). The plates were developed two times with chloroform-methanol-H,O
(10:10:3, by volume) and two times with pyridine-ethyl acetate-acetic acid-H,O
(5:5:1:3.5, by volume) with air drying between two developments, sprayed with
En*Hance, and subjected to fluorography.

Bio-Gel P4 chromatography. The radiolabeled pronase fragment of the GPI-
cleaved Geelp was dialyzed and extracted with water-saturated butanol. The
dried aqueous-phase material was resuspended in 200 pl of water, applied to a
Bio-Gel P4 column (120 cm by 0.4 cm?), and eluted with phosphate-citrate buffer
(20 mM Na,HPO,, 100 mM citrate, 0.5 M KCI [pH 2.6]) at a flow rate of 4 ml/h.
Fractions were collected every 3 min, and aliquots of each fraction were counted
for radioactivity. The column was calibrated with a mixture of *H-labeled glucose
oligomers of various chain lengths.

Pronase digestion. The radiolabeled hydrophilic and affinity-purified Geelp
(38) was precipitated with TCA, and the pellet was dissolved in 100 mM
(NH,),COj; (pH 9.5) and supplemented with 2% (wt/wt) pronase (10 mg/ml in 10
mM calcium acetate). After incubation (16 h, 37°C) under a drop of toluene,
additional 0.2% pronase was added and incubation was continued (8 h). The
reaction was terminated by addition of 0.1 volume of 2 M acetic acid and
subsequent butanol extraction. The aqueous phase was dried in a SpeedVac
vacuum concentrator.

Trifluoroacetic acid hydrolysis. The dry aqueous-phase material of the pro-
nase digestion mixture was dissolved in 200 wl of 4 M trifluoroacetic acid and
incubated (4 h, 100°C). The hydrolysate was neutralized, desalted, dried, and
resuspended in 20 pl of H,O as described previously (11).

Miscellaneous procedures. Published procedures were used for yeast culture
and preparation of spheroplasts (1, 34), photoaffinity labeling with 8-Nj-
[3*P]cAMP (35, 36), centrifugation of spheroplasts through a Ficoll cushion and
preparation of plasma membranes (37), nitrous acid deamination followed by
reduction with NaBH, and dephosphorylation with aqueous HF (16), TX-114
partitioning (37), affinity purification of Geelp by using N°®-(2-aminoethyl)-
cAMP-Sepharose (37, 43), immunoprecipitation with the anti-CRD antibody
(36), HPTLC (40), SDS-PAGE (with 10% separating gels except as otherwise
indicated in the figure legends) in the presence of urea and fluorography using
Amplify and Kodak X-Omat-AR films (45), liquid scintillation counting of sliced
gel bands (23), and protein determination (46).

RESULTS

Different turnover rates of the protein moiety and core gly-
can in the lipolytically cleaved Geel protein. Cleavage of Geelp
as a relatively easy to test model GPI-anchored protein by a
glucose-activated endogenous (G)PI-PLC has been demon-
strated (37). In addition, the previous data indicated metabolic
instability of the anchor glycan still attached to the protein
moiety via the phosphoethanolamine bridge. To characterize
this finding in greater detail, we examined whether all or part
of the anchor glycan is removed by a secondary cleavage event.
As a first approach, the turnover rates of the anchor constitu-
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FIG. 1. Kinetics of the loss of constituents of the GPI anchor from soluble
Gceelp. (a) Aliquots of spheroplasts from lactate-grown cells were either pho-
toaffinity labeled with 8-N5-[>?P]cAMP (upper panel) or metabolically labeled
with [*Clethanolamine (['*C]EtN; middle and lower panels). Subsequently the
spheroplasts were incubated in 5% glucose under chase conditions for the peri-
ods indicated. Plasma membranes were isolated and subjected to TX-114 parti-
tioning. Hydrophilic Geelp (recovered from the aqueous phase) was visualized
either directly (photoaffinity-labeled samples) or after affinity purification on
cAMP-Sepharose (metabolically labeled samples) by SDS-PAGE and autora-
diography-fluorography. Upper and middle panels, analysis of total samples
(corresponding to material isolated from 6 X 107 spheroplasts per lane); lower
panel, analysis of immunoprecipitates with an anti-CRD antiserum obtained
from equivalent sample volumes. The numbers below each lane indicate the
radioactivity in each Gceelp gel band evaluated by two-dimensional scanning of
the lanes of the dried gel with a Berthold scanner (the background radioactivity
above and below each band was subtracted as a medium value in each case; the
linearity between the gel-associated radioactivity within the range of radiolabeled
Gcelp and the response obtained by the scanning procedure was confirmed by
control experiments). (b) The amount of radiolabeled hydrophilic Geelp con-
tained in each gel band was calculated as a percentage of the sum of the
radiolabeled hydrophilic and amphiphilic material. m, total 8-N;-[*?P]cAMP-
labeled Geelp; +, total ['*Clethanolamine-labeled Geelp; @, anti-CRD-immu-
noprecipitated ['*Clethanolamine-labeled Gcelp. The values represent the
means * standard deviations of three independent experiments (only one-half of
the standard deviation values are given for reasons of clarity).

ents relative to the protein moiety were measured after a
nutritional upshift. For this purpose, the protein portion of
Geelp was photoaffinity labeled with 8-N;-[**P]cAMP in one
aliquot of spheroplasts from lactate-grown cells, whereas
[**Clethanolamine served as the anchor-specific metabolic la-
bel in another aliquot (Fig. 1). Metabolic labeling was termi-
nated by a chase, and simultaneously both samples received
5% glucose. (Previous control experiments verified that glu-
cose does not stimulate vesicular transport of Geelp. Further-
more, it has been shown that the Zymolyase used for sphero-
plast formation does not cause any processing of Geelp [3a].)
After the incubation periods indicated, plasma membranes
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were isolated ([G]PI-PLC-cleaved Gcelp remains associated
with the membrane through specific, noncovalent interactions
and is dissociable only in the presence of high salt [37, 44]) and
subjected to TX-114 partitioning. The processed hydrophilic
fraction of Geelp was isolated from the aqueous phase and, in
the case of metabolically labeled samples, partially purified by
affinity chromatography on cAMP-Sepharose. All samples
were analyzed by SDS-PAGE and autoradiography-fluorogra-
phy (Fig. 1a). The radioactivity associated with each Gceelp in
each band in the gel was measured, and the corresponding
value is shown below each lane. In addition, the percentage of
the radiolabeled hydrophilic fraction of the total radiolabeled
amphiphilic plus hydrophilic Geelp for each time point and for
each type of radiolabel is given in Fig. 1b.

The amount of photoaffinity-labeled hydrophilic Geelp in-
creased continuously with time up to 30 min after induction by
glucose (Fig. 1). On the other hand, hydrophilic Geelp con-
taining the ethanolamine radiolabel increased (with velocity
similar to that of the protein label) only initially and reached a
plateau after 10 min (Fig. 1). Analogous results were obtained
when [*C]leucine was used as the protein-specific label and
myo-['*Clinositol was used as the anchor-specific label, which
proved that the kinetics of the processing was independent of
the compound used for the labeling (data not shown).

These data were confirmed by a double-labeling experiment.
For this, Geelp was metabolically labeled in both the glycan
and protein portions by either myo-[**ClJinositol together with
[*H]leucine or [**CJethanolamine together with [*H]leucine
or, as a control, only in the glycan portion by [*H]ethanolamine
together with ['*Clinositol. After activation of the endogenous
(G)PI-PLC by addition of glucose to the spheroplasts, the
hydrophilic forms of Geelp were affinity purified from isolated
plasma membranes, and the turnover rates of the radiolabeled
anchor constituents relative to the protein moiety were deter-
mined. The quantitative evaluations of these experiments con-
firm that the labels residing in the polar head group were lost
significantly faster than the protein label, yielding a sharp de-
cline of the ratio of glycan label to protein label with both pairs
of label. The loss of radioactivity from the polar head group
became prominent after a lag of 10 to 15 min and persisted
through at least the next 50 min of glucose induction. On the
other hand, the losses of radiolabeled ethanolamine and inos-
itol followed very similar kinetics so that the ratio in the re-
spective double labeling experiment remained about constant.
The observation that the myo-inositol- and ethanolamine-con-
taining hydrophilic forms reached this steady state simulta-
neously after about 10 min of incubation in glucose medium,
whereas the leucine-labeled Gceelp accumulated steadily in the
hydrophilic fraction for up to 30 min, is compatible with the
assumption of two cleavage events operating on Geelp.

These data together with those shown in Fig. 1 exclude the
possibility that photoaffinity labeling and metabolic labeling of
Gcelp label different pools of molecules, accounting for the
different labeling kinetics of the protein moiety by the photo-
label and of the anchor moiety by the metabolic label. More-
over, it seems unlikely that the apparent different turnovers of
the phosphoinositolglycan moiety of the anchor and of the
residual protein are due to different chase efficiencies. Since
the leucine label is chased into the protein directly, whereas
inositol and ethanolamine run through different lipid pools
before becoming attached to a GPI-anchored protein, one
would expect labeling and chase with the anchor constituents
to be delayed relative to the protein label. Thus, if pool size
affects the turnover of the GPI-anchored protein in any way,
then the anchor-specific label should persist longer than the
protein label so that the turnover kinetics will be skewed in a
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direction opposite that observed. In addition, both types of
chase are sensitive to brefeldin A (3a). This finding indicates
that the mechanisms by which the protein and anchor labels
are transported to the cell surface are identical or very similar.
In conclusion, the results shown in Fig. 1 and the data from the
double labeling provide a first hint that 20 min after the trans-
fer of spheroplasts to glucose, processed Gceelp molecules
which have lost both the ethanolamine and inositol radiolabels
emerge.

The turnover of the anchor constituents was directly con-
firmed by the use of an anti-CRD antibody. This antiserum is
directed against the CRD of the soluble variant surface glyco-
protein from trypanosomes and exclusively recognizes epitopes
in the glycan portion of GPI anchors provided that they have
been cleaved by a (G)PI-PLC (60). Accordingly, it cross-reacts
with the (G)PI-PLC-cleaved Geelp from S. cerevisiae (35), but
it does not recognize any epitopes in the protein moiety of
Gceelp (43). This antiserum was used to immunoprecipitate the
protein label or the label residing in the phosphoinositolglycan
structure of the hydrophilic version of Gcelp generated as
described above. The immunoprecipitates were analyzed by
SDS-PAGE and evaluated by radioactivity scanning of the gels
as described above (Fig. 1).

The fact that these antibodies precipitated labeled Gceelp
confirms that the anchor had been cleaved by an endogenous
PLC to generate the terminal inositol-1,2-cyclic-phosphate epi-
tope. The kinetics of release of the total and of the immuno-
precipitated ethanolamine-labeled hydrophilic material were
very similar, but they differed from the kinetics of the am-
phiphilic-to-hydrophilic conversion of the protein label. The
maximal amphiphilic-hydrophilic conversion of Geelp labeled
in the protein moiety did not exceed 45% of total amphiphilic
molecules within the time range studied. Therefore, substrate
limitation cannot explain why a steady-state level of the amount
of Geelp labeled in the anchor portion is reached after 10 to 15
min. These findings suggest that a hydrolytic cleavage reaction
removes the anti-CRD epitope together with some anchor
constituents from the lipolytically cleaved Gcelp molecules.
Since the maximal fraction of hydrophilic Geelp approached
45% of total Geelp, glucose-induced processing of Geelp may
be fundamental for the function and biosynthesis of this GPI-
anchored protein.

Anchor processing changes the isoelectric point of the pro-
tein. Irrespective of whether amphiphilic Geelp is processed
by two independent or coupled cleavage events, we expect to
observe a total of at least three different forms of Geelp: (i)
the uncleaved amphiphilic u form, (ii) the lipolytically cleaved
hydrophilic intermediate (1 form), and (iii) a double-processed
hydrophilic mature version (p form). At about neutral pH, the
anchor of the u form will have two negative charges on the two
phosphodiesters and one positive charge on the glucosamine.
The expected hydrophilic 1 form presumably has a 1,2-cyclic
phosphate on the inositol (since it is readily recognized by the
anti-CRD antibody). Therefore, it should have about the same
charge distribution as the u form. The p form has lost all three
anchor-associated charges and gained a partial negative charge
on the newly formed carboxyl terminus. Analysis of the three
forms is therefore hampered by two major problems, the lack
of major charge differences between u, I, and p forms and the
lack of differences in electrophoretic mobility (Fig. 1a). One
possible solution was based on the assumption that the un-
cleaved GPI anchor of the u form will bind ionic detergents,
whereas both hydrophilic versions, the 1 and p forms, will not.

In a charge shift electrophoresis carried out in the presence
or absence of various detergents (adapted from reference 19),
uncleaved Geelp (metabolically labeled with myo-['*Clinosi-
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FIG. 2. Influence of detergent on the pI of Geelp. (a) Charge shift electro-
phoresis. Spheroplasts from lactate-grown yeast cells were metabolically labeled
with myo-[*CJinositol. Plasma membranes were isolated, solubilized with 0.2%
TX-100, and incubated with PI-PLC (B. cereus) or left untreated prior to TX-114
partitioning. From the detergent phase of the untreated sample (after n-butanol
extraction) and from the aqueous phase of the PI-PLC-treated sample, Geelp
was affinity purified, precipitated with PEG 6000, dissolved in twofold gel buffer
(see Materials and Methods) containing 0.01% TX-100, and then analyzed by
charge shift electrophoresis either with no detergent present (lanes 1 and 6) or
in the presence of 0.5% TX-100 (lanes 2 and 7), 0.2% deoxycholate (DOC) plus
0.5% TX-100 (lanes 3 and 8), 0.1% BATC plus 0.5% TX-100 (lanes 4 and 9), or
0.05% CTAB plus 0.5% TX-100 in the agarose gels and the running buffers. Gels
were evaluated by fluorography. Positions of the various cationic (cal to ca3) and
anionic (anl and an2) forms of amphiphilic Geelp and of PI-PLC-cleaved Geelp
are indicated. (b) IEF. Spheroplasts from lactate-grown cells were metabolically
labeled with myo-['*Clinositol. Isolated plasma membranes were solubilized with
0.2% TX-100 or 0.1% BATC. One half was left untreated, while the other was
incubated with bacterial PI-PLC prior to TX-114 partitioning. From the deter-
gent phase of the untreated sample (PI-PLC —) and from the aqueous phase of
the PI-PLC-cleaved sample (PI-PLC +), Geelp was affinity purified as described
above, precipitated with PEG 6000, and dissolved in 0.05% TX-100 or BATC.
The hydrophilic material (PI-PLC +) was dephosphorylated with phosphodies-
terase I-alkaline phosphatase, and all samples were analyzed by IEF (in the
presence of TX-100 or BATC as indicated) and fluorography.

tol) migrated at pH 6.8 to the anode after equilibration with
TX-100 (Fig. 2a, lane 2, band anl). Its negative charge was
significantly increased in the presence of deoxycholate (lane 3,
band an2), whereas it moved to the cathode in the presence of
BATC (which is zwitterionic and weakly positively charged at
pH 6.8; lane 4, band ca2) and cationic CTAB (lane 5, band
ca3). By contrast, the migration behavior of Geelp cleaved by
bacterial PI-PLC was the same in all detergents (lanes 6 to 10,
band cal). Since this form does not bind detergent and in
consequence cannot obtain the partial positive charges of
BATC and CTAB (compare lane 4 with lane 9 and lane 5 with
lane 10) or the negative charge of deoxycholate (compare lane
3 with lane 8) introduced by detergent binding to the uncleaved
anchor. Besides charge, other parameters affected by the
bound detergent seem to determine the migration behavior of
GPI-anchored proteins, since a considerable difference in mi-
gration between uncleaved and PI-PLC-cleaved Gceelp was
observed in the presence of the nonionic detergent TX-100
(compare lanes 2 and 7). Regardless of the detergent present
during the charge shift electrophoresis, a small amount of
[**Clinositol-labeled affinity-purified material did not leave the
site of sample application (lanes 1 to 10, origin). It may rep-
resent aggregates of uncleaved Geelp (present in the PI-PLC-
cleaved samples as a contaminant) which resisted solubiliza-
tion by detergent, a property characteristic of some GPI-
anchored proteins (7).

Since detergent is required to solubilize and purify Geelp
from plasma membranes and since BATC has a high selectivity
toward the solubilization of Gceelp (and other GPI-anchored
proteins) (42), this detergent was chosen to discriminate be-
tween the u and I forms also in IEF. However, even in the
presence of BATC, the pl values of the 1 and p forms were very
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similar; therefore, the terminal cyclic phosphate moiety was
removed from the inositol residue of the glycan structure in all
lipolytically cleaved samples. The analysis was additionally
hampered by the observed spontaneous opening of the cyclic
phosphodiester bond to a minor but variable degree during
preparation of the samples containing the 1 form for IEF and
by the fact that the 1 form with the opened or intact cyclic
monophosphate residue remaining attached to myo-inositol is
not separated from the u form by IEF, since the two forms do
not differ sufficiently in charge (data not shown). Removal of
the phosphate was achieved by incubation with phosphodies-
terase I and alkaline phosphatase. The latter activity is a con-
taminant of the phosphodiesterase preparation from bovine
intestinal mucosa used and is responsible for the release of the
phosphate residue after opening of the inositol-1,2-cyclic phos-
phate ester. The internal phosphodiester bridge is, however,
stable under these conditions. Thus, to separate the three
forms, plasma membranes from yeast spheroplasts metaboli-
cally labeled with ['*C]inositol were prepared, solubilized with
BATC or TX-100, and not treated or treated with bacterial
PI-PLC. After TX-114 partitioning, Gecelp was affinity purified
from the respective phases, incubated with phosphodiesterase,
and analyzed by IEF (in the presence of BATC or TX-100) and
fluorography (Fig. 2b).

The uncleaved u form of Gceelp focused at pH 6.8 in the
presence of TX-100 (lane 1) and at pH 7.4 in the presence of
BATC (lane 3), whereas the PI-PLC-cleaved version was found
at pH 7.5 (after treatment with phosphodiesterase) in both
cases, regardless of the detergent (lanes 2 and 4). The shift of
the dephosphorylated 1 form to a more alkaline pH compared
with the u form in the presence of BATC seems due to the loss
of one phosphate residue and of the partial positive charge on
the detergent. Thus, charge shift electrophoresis and IEF for
the first time allowed the separation and identification of two
distinct versions of Geelp.

Next we tried to identify the hydrophilic version of Geelp
emerging from the additional hydrolytic cleavage event. This p
form should focus at a more acidic pI compared with the
dephosphorylated | form as a result of the additional loss of
one phosphodiester and the glucosamine residue and the gain
of a negative charge on the C-terminal carboxyl group. In
comparison with the u form, the p form should have lost two
phosphates, the glucosamine and the partial charge on the
BATC, and gained a C-terminal carboxyl group so that the p
form should be a little more acidic than the u form as a result
of the net loss of the partially positively charged detergent. To
examine these predictions, spheroplasts were labeled with ei-
ther 8-N;-[*?P]cAMP in the protein or myo-['*Clinositol in the
anchor (Fig. 3a) or with [**CJleucine or ['*C]ethanolamine,
respectively (Fig. 3b) and exposed to glucose for various peri-
ods of time. All of the metabolically labeled forms of Gceelp
present at each given time point were affinity purified together
before separation from one another by TX-114 partitioning,
whereas incubation mixtures containing photoaffinity-labeled
Gecelp were directly subjected to TX-114 partitioning. All sam-
ples were analyzed by IEF and autoradiography-fluorography.

Prior to the glucose pulse, the majority of Geelp was am-
phiphilic, constituting the major form in the detergent phase
after TX-114 partitioning. This form carried both anchor-spe-
cific labels and had a pI of 7.4 (Fig. 3a and b, at the zero time
point, lanes 1 and 2 and lanes 8 and 9, respectively). After the
transfer to glucose, labeled material dramatically decreased
with time in the detergent phase (lanes 4, 6, 11, and 13) and
emerged in the hydrophilic fraction (lanes 5, 7, 12, and 14).
After 10 and 30 min, two hydrophilic forms emerged. At first a
more alkaline form (pI 7.5) which still carried either label
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FIG. 3. IEF of soluble Geelp. (a) Aliquots of spheroplasts from lactate-
grown cells were either photoaffinity labeled with 8-N3-[*?P]cAMP (lanes 1 to 7)
or metabolically labeled with myo-['*Clinositol (lanes 8 to 14) and subsequently
incubated in 5% glucose medium (Glc) under chase conditions for different
periods of time. Plasma membranes were isolated. For each radiolabel and for
each time point, identical amounts of membranes (with respect to radioactivity)
were divided into two halves. One half of each sample was partitioned between
detergent (d) and aqueous (a) phases. The other half was left intact (total [t];
only the zero time point is shown). The ['“Clinositol-labeled samples were then
subjected to affinity purification. All samples were PEG precipitated, treated
with phosphodiesterase-alkaline phosphatase, again PEG precipitated, and an-
alyzed by IEF (presence of BATC) and autoradiography-fluorography. pH val-
ues were determined with a semiautomatic pH measuring apparatus. (b) Ali-
quots of spheroplasts from lactate-grown cells were metabolically labeled with
either [**C]leucine (lanes 1 to 7) or [**Clethanolamine (['**C]EtN; lanes 8 to 14)
and then incubated for the periods indicated in 5% glucose medium under chase
conditions. Samples were processed as described for panel a and analyzed by IEF
(in the presence of BATC) and fluorography. The pI values determined were as
follows: u form, 7.4; 1 form, 7.5; and p form, 7.3.

appeared (lanes 5 and 12). Because of the small alkaline shift
of its pI compared with that of the u form, it should be identical
with the | form identified in Fig. 2a. After 30 min in glucose, we
observed a second hydrophilic form (pI 7.3) which carried only
the protein-specific radiolabels (Fig. 3, lanes 7, cAMP label in
panel a and leucine label in panel b) and evidently had lost all
anchor constituents, as judged from the absence of the respec-
tive signals (lanes 14) after incubation with either myo-inositol
(Fig. 3a) or ethanolamine (Fig. 3b). The kinetics of the am-
phiphilic-to-hydrophilic conversion and of the emergence of
the pI 7.3 form lacking the anchor-specific radiolabel indicate
that the latter form is derived from the hydrophilic intermedi-
ate (pI 7.5) and that the pI 7.3 species presumably is the
double-processed product (p form).

Photoaffinity-labeled and metabolically labeled forms of
Gcelp focus at about the same pH values. The pl values of the
different forms of photoaffinity-labeled Geelp are in each case
only slightly more acidic than those of metabolically labeled
Gceelp (u form, 7.3 versus 7.4; 1 form, 7.4 versus 7.5; p form, 7.2
versus 7.3). This is presumably due an almost complete com-
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pensation of the negative charge on the cyclic phosphodiester
of 8-N;-cAMP by the positive charge on the adenine ring. The
relative migration and the resolution from one another of the
u, 1, and p forms from differently labeled Geelp are not af-
fected by this general shift of the pl. In addition to the three
major bands attributable to the u, 1, and p forms of Geelp,
particularly in Fig. 3b, some additional bands are present. The
band at the u position in the aqueous phase may be due to
some contaminating uncleaved material, the more acidic signal
in the IEF of the aqueous phase (1 position) may be caused by
incomplete removal of the phosphate in this experiment, and
the small band at high pI could be derived from labeled ma-
terial not related to Gceelp contaminating this preparation.
Since the additional bands are well separated from the dephos-
phorylated u, 1, and p forms of Gcelp, they do not interfere
with the interpretation of the results from the IEF.

Precursor-product relationship between 1 and p forms of
Gceelp. To corroborate sequential processing, we tried to con-
vert the hydrophilic 1 form into the hydrophilic p form. For this
purpose, photoaffinity-labeled spheroplasts from lactate-grown
cells were transferred to glucose medium and incubated under
chase conditions for various periods of time. After TX-114
partitioning, only the hydrophilic forms of Gcelp were ana-
lyzed by IEF and autoradiography. The amount of 1 form
increased only initially during the first 10 min after the transfer
to glucose (Fig. 4a, lanes 8 to 11) and then declined (lanes 12
to 14). The amount of the p form increased steadily after
administration of glucose (lanes 12 to 14), suggesting a chase
of the 1 form into the p form. In contrast, incubation of the
spheroplasts in lactate caused the generation of both the 1 and
p forms with time at a basal level (lanes 1 to 7). The amount of
p form at each time point and of 1 form up to 10 min was
significantly higher in glucose-induced cells than in lactate-
grown cells (at least 3.9- and 5.2-fold, respectively). These data
demonstrate a significant (four- to fivefold) stimulation of the
production of 1 and p forms of Geelp in spheroplasts in the
presence of glucose compared with lactate. Figure 4b quanti-
tates the data and demonstrates the transient accumulation of
the lipolytically cleaved intermediate. Figure 4c shows the
close to inverse correlation between the decrease of the un-
cleaved amphiphilic starting material and the increase in the
sum of the hydrophilic cleavage products (I plus p forms). The
glucose-dependent decrease of the amount of u form ap-
proached up to 40% of the uncleaved starting material after 30
min. This processing efficacy of metabolically labeled Geelp
correlates well with the amphiphilic-to-hydrophilic conversion
rate of photoaffinity-labeled Gceelp 30 min after transfer of
spheroplasts from lactate to glucose medium (Fig. 1), demon-
strating that the pool of unlabeled and newly synthesized la-
beled Gceelp molecules is homogeneous. The fact that the sum
of the processed forms accounted for a maximum of only 28%
(at 15 min) of the uncleaved starting material and then de-
clined (30 min) may be due to gradual degradation of a total of
about 15% (difference between u form converted and 1 plus p
forms). Spheroplasts incubated in lactate (Fig. 4a, lanes 1 to 7;
Fig. 4b, lower panel) continuously produced low amounts of
both hydrophilic 1 and p forms. This observation suggests that
the anchor processing is operating under both growth condi-
tions, albeit with vastly different efficiencies.

The amount of affinity-purified material focusing at a lower
pl than the p form of Gceelp increased with the chase time, but
only in the presence of glucose, with a kinetics similar to that
of the appearance of the p form (Fig. 4a, lanes 9 to 14). This
material may contain Gcelp molecules derived from the glu-
cose-induced I form, which is resistant to dephosphorylation at
the inositol moiety. The failure of this Geelp species to be
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FIG. 4. Time course of glucose-induced primary and secondary processing of Geelp. (a) Aliquots of spheroplasts from lactate-grown cells were photoaffinity labeled
with 8-N5-[*’P[cAMP and subsequently incubated in lactate (lanes 1 to 7) or 5% glucose medium (lanes 8 to 14) under chase conditions for the periods indicated.
Aliquots of the total spheroplasts (containing identical amounts of radioactivity) were subjected to TX-114 partitioning. Aqueous phases were PEG precipitated, treated
with phosphodiesterase-alkaline phosphatase, again PEG precipitated, and analyzed by IEF (in the presence of BATC) and autoradiography. Ma, affinity-purified
amphiphilic Geelp (marker). (b) Quantitative evaluation of the two processed forms from panel a by liquid scintillation counting of the radioactivity contained in the
excised individual gel bands. @, 1 form; m, p form; top, lanes 8 to 14, transfer to glucose; bottom, lanes 1 to 7, lactate-grown cells. Each value represents the mean *
standard deviation of four independent experiments. (c) Precursor-product relationship between the various forms of Geelp in glucose-induced cells. Data for the u
form were taken from the analysis of the TX-114 phase from the experiment represented in panel a (not shown); data for the 1 and p forms were taken from panel
a. The total amount (disintegrations per minute) of the u form at time zero was set at 100% and used for calculation of the percentage of u form left and of the sum

of 1 and p forms generated at each time point.

accepted as a substrate for the second processing reaction
would explain the observed accumulation throughout the
chase. This possibility is compatible with the finding that this
low-plI form of Geelp is hydrophilic in nature and is metabol-
ically labeled by both protein- and anchor-specific labels (Fig.
3b, lanes 3, 5, and 7 and lanes 10, 12, and 14, respectively) and
that its emergence depends on the glucose-induced processing
of Geelp (Fig. 4a).

The two steps of GPI-processing can be uncoupled. As fur-
ther evidence of the occurrence of the 1 form as an interme-
diate between amphiphilic u form and hydrophilic p form, we
assayed whether the isolated and radiolabeled 1 form could be
chased into the p form. By the same experimental approach of
uncoupling of the two steps of the processing cascade, we
tested whether the second processing occurs constitutively or is
activated by glucose, i.e., whether glucose stimulates both pro-
cessing steps directly or, alternatively, relieves only the rate-
limiting step. For this, a constant (radioactive) amount of pho-
toaffinity-labeled 1 form (prepared by digestion in vitro of
radiolabeled Gceelp with bacterial PI-PLC and subsequent TX-
114 partitioning) was added to unlabeled spheroplasts from
lactate- or glucose-grown yeast cells.

Figure 5 illustrates that with incubation time, increasing
amounts of the added radiolabeled 1 form were converted into
the p form regardless of the carbon source present (lanes 3 to
12; compare L with G). No significant difference in the kinetics
of the second processing between glucose and lactate medium
was apparent. Uncleaved amphiphilic Geelp, added to glu-

cose-cultured spheroplasts, was not processed (lane 13). These
data confirm the sequential order of the lipolytic and the ad-
ditional hydrolytic processing events and suggest that the en-
zyme involved in the secondary step is not regulated by the
nutritional situation. Apparently the second cleavage reaction
ensues once Gceelp is processed by the endogenous (G)PI-
PLC. Thus, lipolytic cleavage seems to be the glucose-con-
trolled and rate-limiting step in the double processing of the
GPI anchor of Geelp in yeast cells.

Most interesting was the observation that obviously the cy-
clic phosphate ester bond on the myo-inositol moiety was re-
quired for the secondary cleavage to occur. Lane 14 of Fig. 5
demonstrates that after cleavage with GPI-PLD, which re-
moved the terminal phosphate group, isolated photolabeled
Gecelp failed to display the subsequent acidic shift, demon-
strating that the processing of the 1 to the p form did not take
place. (PLD- and PLC-cleaved materials focus at the same pH
as a result of the subsequent enzymatic removal of the phos-
phate from the inositol prior to IEF; the cleavage of Geelp by
a PLD activity of crude rabbit serum was confirmed with
[**CJinositol-labeled amphiphilic Geelp as a substrate. No sig-
nificant loss of radiolabel was observed from the hydrophilic
version of Geelp generated under these conditions of incu-
bation [data not shown].) Complementary to this observation,
the anti-CRD antibody, preincubated with secondary anti-rab-
bit Fc-specific immunoglobulin G and then reacted with the
PI-PLC-cleaved | form of Geelp, likewise prevented the sec-
ondary cleavage event (lane 15). Omission of the secondary
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FIG. 5. Chase of PI-PLC-cleaved 1 form of Gcelp into its p form upon
incubation with spheroplasts. Partially purified Geelp (38) photoaffinity labeled
with 8-N3-[*?P]JcAMP was either left untreated (control) or treated with PI-PLC
(B. cereus), with crude PLD (rabbit serum), or with PI-PLC and then incubated
(4 h, 4°C) with an anti-CRD antiserum (1:200) preincubated (16 h, 4°C) with
secondary goat anti-rabbit immunoglobulin G (1:500). Separately, spheroplasts
were prepared from unlabeled lactate-grown cells and incubated (10 min, 30°C)
in lactate (L) or 5% glucose (G) medium. Then the photoaffinity-labeled Geelp,
pretreated as described above, was added (15 pg of protein, corresponding to
25,000 dpm per 5 X 10° spheroplasts), and samples were withdrawn at the time
points indicated. All samples were PEG precipitated, treated with phosphodies-
terase-alkaline phosphatase, again PEG precipitated, and analyzed by IEF (in
the presence of BATC) and autoradiography. Lanes 1 to 12, PI-PLC-cleaved
Geelp; lane 13, uncleaved Gceelp; lane 14, PLD-cleaved Gceelp; lane 15, PI-
PLC-cleaved Geelp complexed to anti-CRD and secondary antibodies (G*).

antibody in an analogous experiment demonstrated the re-
quirement for preformation of complexes between primary
and secondary antibodies in order to efficiently inhibit second-
ary processing (data not shown). Since the myo-inositol—cyclic
phosphate ester constitutes the major epitope recognized by
these antibodies (60), the results shown in lanes 14 and 15
indicate that the terminal phosphate group is indispensable for
the secondary processing to ensue.

The anchor glycan structure is likely removed en bloc. Since
the secondary processing event removes both the inositol label
and the ethanolamine label but does not affect the electro-
phoretic mobility of lipolytically cleaved Geelp, it is likely to
occur close to the carboxyl terminus of the protein. To dis-
criminate between a possible very rapid, stepwise sequential
degradation of the anchor glycan and a processing at one
unique site, we studied whether, after activation of the endo-
genous (G)PI-PLC by glucose, an anchor fragment comprising
the complete glycan structure together with the phosphate-linked
ethanolamine (phosphoinositolglycan) potentially including one
or a few carboxy-terminal amino acids (phosphoinositolglycan-
peptide) can be prepared from the isolated 1 version of Geelp
by proteolytic removal of the protein moiety in vitro. For this
purpose, spheroplasts were metabolically double labeled with
[**Clethanolamine and myo-[>H]inositol and exposed to glu-
cose under chase conditions. Plasma membranes were isolated
at the time points indicated. Only the hydrophilic versions of
Gcelp were recovered from the aqueous phase after TX-114
partitioning, further purified by affinity chromatography on
cAMP-Sepharose, and then subjected to exhaustive digestion
by pronase. The sizes of the labeled products were evaluated
by Bio-Gel P4 chromatography with a resolving capacity of 12
glucose units to 1 glucose unit. In the absence of multiple
secondary cleavage events within the anchor glycan in vivo, i.e.,
in the case of a defined proteolytic cleavage, a single species of
a pronase-resistant polar glycan structure will be generated. By
contrast, in the case of stepwise degradation beginning from
the inositol-phosphate moiety, a heterogeneous set of glycan-
linked Gceelp molecules will arise following the addition of
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glucose. Upon pronase treatment, they will be converted into
an array of glycan-peptides of variable size that have lost the
inositol radiolabel but retained the ethanolamine label.

It can be seen from Fig. 6a that the double-labeled material
was eluted from the column in a single peak at a volume
equivalent to 8 to 8.5 glucose units. No smaller single- or
double-labeled anchor-derived fragments emerged during 10
to 30 min after the induction of the primary cleavage by glu-
cose, demonstrating that the glycan moiety is not degraded
stepwise. In agreement with the proposed structure of this
material, its elution maximum peaked between the two phos-
phoinositolglycan-peptides consisting of the complete consen-
sus core glycan (glucosamine plus three mannose residues)
with either one or two mannose carbohydrate side chains at-
tached, which is coupled via a phosphodiester-linked ethanol-
amine bridge to a terminal asparagine residue (18a). These
molecules (M,s of 1,253 and 1,415) have been synthesized by
chemical means according to the known structural features of
the GPI anchors of Geelp (43) and Gaslp (15). The amount of
pronase fragment containing both the [**C]inositol and [°H]
ethanolamine radiolabels which can be isolated from equal
numbers of metabolically labeled spheroplasts (chase condi-
tions) decreased with time from 10 to 30 min after the transfer
to glucose medium. Thus, the amount of Gcelp molecules
which had retained the ethanolamine and the complete glycan
portion (as defined by the terminal inositol residue) declined
during this time interval. Furthermore, the ethanolamine ra-
diolabel displayed a turnover similar to that of the myo-inositol
label (Fig. 6b), suggesting that both anchor components are
removed by the same secondary cleavage event. These findings
are consistent with the assumption that in response to glucose,
the glycan structure is removed as a whole from the lipolyti-
cally cleaved GPI anchor of Geelp.

The identity of the pronase fragment generated was con-
firmed by HPTLC analysis after dephosphorylation with aque-
ous HF, which should yield the neutral glycan fragment con-
sisting of a core structure of three mannoses plus possibly a
side chain with one or two mannose residues which is linked via
glucosamine to the radiolabeled inositol (15, 16). High-resolu-
tion TLC of the HF cleavage products (Fig. 7) identified a
[**Clinositol-labeled pronase fragment which comigrated with
the corresponding HF-cleaved authentic pronase fragment
prepared from purified Geelp by treatment with exogenous
PI-PLC in vitro (mal). It migrated markedly more slowly than
the standard, Mn;A (see the legend to Fig. 7), but faster than
marker ma2, the myo-inositol-labeled product obtained after
successive treatment of the pronase fragment with bacterial
PLC and trifluoroacetic acid, which consists of glucosamine 1,6
linked to myo-inositol-phosphate (11). The amount of the HF
cleavage product increased from 2 to 10 min after transfer to
glucose (lanes 1 to 4), in agreement with the activation of an
endogenous (G)PI-PLC by glucose, generating the intermedi-
ary Geelp molecules used as material for cleavage with aque-
ous HF. The amount of HF-cleaved neutral glycan fragment
declined subsequently with time, confirming the loss of the
complete glycan structure from the lipolytically cleaved (inter-
mediary) form of Geelp (lanes 5 to 7). The kinetics resembled
that observed with the Bio-Gel P4 chromatography (Fig. 6).
Again, no other less polar fragments were observed after HF
treatment of Geelp material isolated 2 to 30 min after the
transfer to glucose, strongly suggesting the en bloc removal of
the complete glycan structure from the PLC-cleaved anchor of
Geelp (I form).

Processed versions of Geelp in intact cells. Next we wanted
to exclude the possibility that the glucose-induced processing
of Geelp depends on removal of the cell wall. For identifica-
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FIG. 6. Chromatographic analysis of the pronase fragment prepared from
hydrophilic Geelp. (a) Aliquots of spheroplasts from lactate-grown cells were
metabolically double labeled with myo-[*H]inositol (¥) and ['*C]ethanolamine
(®) and subsequently incubated in 2% glucose medium under chase conditions
for 10, 15, 20, and 30 min. Isolated plasma membranes were subjected to TX-114
partitioning. Hydrophilic Geelp affinity purified from the aqueous phase at each
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tion of hydrophilic versions of Gceelp in intact yeast cells, the
cells were grown in the presence or absence of [**C]leucine for
metabolic labeling of the protein moiety of Geelp and of
[**Clethanolamine or myo-[**C]inositol for labeling of its GPI
anchor. The cells were broken with glass beads in the presence
of the detergent BATC, which preferentially solubilizes GPI-
anchored proteins. The total extracted proteins were subjected
to TX-114 partitioning. From the hydrophilic proteins recov-
ered in the aqueous phase, Geelp was affinity purified (in the
case of metabolically labeled cells) or photoaffinity labeled (in
the case of unlabeled cells). Half of the latter material was
immunoprecipitated with the anti-CRD antiserum, and all
samples were analyzed by SDS-PAGE and fluorography-auto-
radiography.

The amount of affinity-purified hydrophilic Gcelp metabol-
ically labeled in the anchor moiety with [**Clinositol (Fig. 8,
lanes 16 to 20) or ['*C]ethanolamine (lanes 21 to 25) increased
5- to 6-fold with time above the basal level from 0 to 10 min
after induction with glucose and thereafter decreased to 0.8- to
2.5-fold above the basal level at 60 min. The time courses of
the emergence and disappearance of the lipolytically cleaved
Gceelp closely resembled the kinetics of the glucose-induced
generation of the 1 form of Geelp at the plasma membrane of
spheroplasts; thus, the hydrophilic product formed due to the
retention of inositol and ethanolamine may be attributed to the
intermediate 1 form. However, whereas in spheroplasts hydro-
philic Geelp labeled in the protein moiety was continuously
generated with time from 0 to 60 min after glucose induction,
in intact cells the amount of hydrophilic Geelp metabolically
labeled with [**C]leucine (lanes 1 to 5) or photoaffinity labeled
with 8-N;-[>*P]cAMP (lanes 6 to 10) was comparable to that of
Gecelp labeled in the GPI anchor for each time point after
glucose induction (increase of three- to sixfold above the basal
level from 0 to 10 min and decrease to near the basal level to
twofold above the basal level at 60 min). Thus, in intact yeast
cells, all of the hydrophilic Geelp molecules which can be
identified in a detergent-extractable form after glucose induc-
tion harbor the complete glycan structure of the GPI anchor,
including myo-inositol and ethanolamine. They are presumably
derived from amphiphilic Geelp by a single lipolytic cleavage
event mediated by the glucose-inducible (G)PI-PLC. The level
of leucine- or photoaffinity-labeled Gceelp lacking the anchor
glycan is undetectably low. This may be explained by a short
half-life of the double-processed p form as a detergent-extract-
able species in intact yeast cells. To confirm the absence of the
p form, photoaffinity-labeled hydrophilic Geelp from glucose-
induced cells was quantitatively immunoprecipitated with the
anti-CRD antibody. A comparison of the fluorograms of the
SDS-PAGE analysis of the total (lanes 6 to 10) and immuno-
precipitated (lanes 11 to 15) samples demonstrated roughly
identical time courses for appearance and disappearance of
total and anti-CRD-cross-reactive hydrophilic photoaffinity-
labeled Geelp.

Identification of a cAMP-binding protein associated with
the cell wall. The failure to detect the long-lived double-pro-

time point was digested to completion with pronase and chromatographed on
Bio-Gel P4 columns. Fractions were counted for “C and *H radioactivity. G1 to
G10, standards of 1,4-linked [*H]glucose oligomers with chain lengths of 1 to 10
glucose units. (b) Kinetic evaluation of the experiment from panel a. The radio-
labels of myo-[*H]inositol (m) and ['*CJethanolamine (®), retained with Geelp
from peak fractions 63 to 69 (from panel a), were each arbitrarily set at 100% for
the 10-min time point after the addition of glucose. Data for only the 40-min
incubation are given in panel b. Results of one typical experiment is shown. (The
chromatography was repeated three times with comparable results.)
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FIG. 7. HPTLC analysis of the polar glycan structure of lipolytically cleaved
Gceelp. Spheroplasts from lactate-grown cells were metabolically labeled with
myo-["*Clinositol and incubated in 5% glucose under chase conditions for the
periods indicated. Plasma membranes were prepared and subjected to TX-114
partitioning. Hydrophilic Geelp was affinity purified from the aqueous phase,
TCA precipitated, and treated with aqueous HF. The samples were desalted by
dialysis (Spectra/Por cellulose ester membrane; MWCO 500), dried, and ana-
lyzed by HPTLC and fluorography. Chemically synthesized '“C-labeled stan-
dards were as follows: Mn;A (Manal—2Manal—6Manal—4anhydromanni-
tol); Man,A (Mana 1—6Manal—4anhydromannitol), Mn;A (Manal—
4anhydromannitol); and mal, ma2, and ma3 (HF-, trifluoroacetic acid-, and
PLC-treated pronase fragments prepared from myo-['*Clinositol-labeled affini-
ty-purified amphiphilic Geelp). f, front; o, origin.

cessed p form of Geelp after glucose induction in total cell
extracts (which consist of all the detergent-soluble proteins of
spheroplasts along with the proteins of the periplasmic space)
is in apparent conflict with its presence in glucose-induced
spheroplasts. One explanation could be that double-processed
Gceelp, after its release from the outer face of the plasma
membrane into the periplasmic space, rapidly associates with
the cell wall in a manner which resists extraction by detergent.
To test this possibility, we looked for a cAMP-binding protein
covalently bound to the cell wall of the yeast S. cerevisiae. Some
cell wall proteins resist extraction by SDS and can be released
only by digestion of the cell wall with B-glucanase (27, 50). This
class of cell wall proteins has been shown to have glucose
residues attached and to be covalently linked to B-glucan fibers
of the cell wall (33, 55; for a review, see reference 22). For
instance, the cell wall form of a-agglutinin extractable by $1,3-
glucanase is covalently linked to B1,6-glucan (28). To study a
possible covalent linkage of Geelp to the cell wall glucan,
intact yeast cells were incubated with glucose or lactate, then
photoaffinity labeled with 8-N,-[**P]cAMP, mechanically bro-
ken, and subsequently extracted with hot SDS to solubilize
contaminating membrane proteins and to remove nonco-
valently associated cell wall proteins. The insoluble material
collected by centrifugation was digested with laminarinase,
which contains mainly 1,3-glucanase activity. The material
released by the laminarinase treatment was analyzed by SDS-
PAGE and autoradiography (Fig. 9).

Only a single major photolabeled band was observed migrat-
ing as a broad area between 95 to 130 kDa. The specificity of
the photoaffinity labeling of this protein was demonstrated by
inclusion of a 1,000-fold molar excess of cCAMP during the
incubation with 8-N;-[>*P]JcAMP, which led to a complete in-
hibition of its labeling (data not shown). After glucose induc-
tion of intact cells, the amount of this material increased seven-
to eightfold with time from 0 to 30 min (lanes 5 to 8), whereas
it remained about constant in lactate-grown cells (lanes 1 to 4).
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A certain amount of photolabeled material did not migrate
into the resolving gel (arrow). No prominent photoaffinity-
labeled cAMP-binding protein was detectable comigrating
with authentic detergent-solubilized plasma membrane Geelp
from yeast (54 kDa).

Similar observations were obtained with intact cells meta-
bolically labeled with [**C]leucine and subsequently incubated
with lactate or glucose. A cAMP-binding protein was affinity
purified from the laminarinase extract of cell wall fragments
prepared under native conditions. It migrated as a broad smear
with an electrophoretic mobility corresponding to 95 to 130
kDa in SDS-PAGE (data not shown). Again the time-depen-
dent generation of this protein was significantly stimulated by
glucose induction, up to 6.5-fold after 30 min. On the other
hand, incubation with lactate did not cause an increase of the
leucine-labeled high-molecular-weight cAMP-binding protein
from 5 to 30 min. The high-molecular-weight cAMP-binding
protein constituted only a minor species of the total leucine-
labeled cell wall proteins recovered in the laminarinase extract,
which predominantly are larger and hardly migrated into the
separating gel. The amount of total leucine-labeled proteins
which could be extracted by laminarinase digestion from the
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FIG. 8. Identification of processed Geelp in intact cells. Lactate-grown yeast
cells were metabolically labeled with nyo-['*Clinositol or ['*C]ethanolamine or
incubated in the absence of radiolabeled compound for 60 min at 30°C. The
cultures were supplemented with 4% glucose, and then aliquots of the suspen-
sion (5 X 10® cells) were incubated for the periods of time indicated. Subse-
quently washed cells were pelleted and used for extraction under native condi-
tions (see Materials and Methods). The supernatants of the total cellular extract
and of the reextraction were combined, diluted 10-fold with 50 mM Tris-HCI
(pH 7.4)-150 mM NaCl-0.5 mM EDTA-200 pM PMSF, and precipitated (58).
The pellet was washed once with the same buffer and subjected to TX-114
partitioning. The aqueous phases of the metabolically labeled cells were used for
affinity purification of Geelp, and those of the unlabeled samples were used for
photoaffinity labeling of Geelp. The photolabeled samples were divided into two
halves. One half was subjected to quantitative immunoprecipitation with an
anti-CRD antibody, and the other half was untreated. The metabolically labeled
affinity-purified samples and the photoaffinity-labeled total or immunoprecipi-
tated samples were PEG precipitated and analyzed by SDS-PAGE and autora-
diography-fluorography. The molecular mass indicated was derived from pho-
toaffinity-labeled amphiphilic Geelp run in parallel.
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FIG. 9. Photoaffinity labeling of a cAMP-binding protein in the yeast cell
wall. Yeast cells grown in lactate medium at 2 X 107 cells per ml were collected,
suspended in lactate or glucose medium to 2 X 10° cells per ml, and then
incubated for the periods indicated at 30°C. Identical numbers of cells were used
for subsequent photoaffinity labeling with 8-N3-[*?P[cAMP. Cell wall fragments
were prepared from the washed cells under denaturing conditions (see Materials
and Methods) and treated with laminarinase. The total laminarinase extracts
were analyzed by SDS-PAGE (7.5% gel) and autoradiography. Molecular masses
indicated on the right were derived from marker proteins and photoaffinity-
labeled Geelp run in parallel. The amount of protein applied onto each lane was
200 to 250 pg. The experiment was repeated three times with comparable results.
<, borderline between stacking and running gels.

cell wall fragments was 1.5- to 2.1-fold higher for cells incu-
bated with glucose than for cells incubated with lactate. The
general enhancement of the incorporation of proteins into the
cell wall of yeast cells incubated in glucose medium may be
mechanistically linked to increased synthesis of B-glucan struc-
tures for the cell wall under these metabolic conditions.

Topology of the cell wall cAMP-binding protein. The cellular
location of the high-molecular-weight cAMP-binding protein
was confirmed by assaying its accessibility to protease added to
intact cells in concentrations which do not damage the plasma
membrane. For this, lactate-grown yeast cells were transferred
to glucose medium, incubated, then photoaffinity-labeled with
8-N,-[**P]cAMP, pretreated with DTT to enable penetration
of exogenous protease into (and through) the cell wall, and
finally incubated with various concentrations of proteinase K
prior to preparation of total cellular extracts and cell wall
fragments under denaturing conditions. After separation into
amphiphilic and hydrophilic fractions by TX-114 partitioning,
the laminarinase extract of the cell wall fragments and the
BATC-extracted cellular proteins were analyzed by SDS-
PAGE and autoradiography (Fig. 10). Control experiments
demonstrated that high concentrations of DTT are required
for complete proteinase K digestion of the cell wall protein
a-agglutinin (data not shown).

With increasing concentrations of proteinase K, the photo-
labeled high-molecular-weight cAMP-binding protein (molec-
ular mass of 95 to 130 kDa) progressively disappeared from the
laminarinase extract of the cell wall fragments (lanes 1 to 6). At
20 ng of proteinase K per ml, about 95% of the cell wall-
associated cCAMP-binding protein was degraded (lane 3). Un-
cleaved amphiphilic Geelp (lanes 19 to 24) and processed
hydrophilic Geelp (lanes 25 to 30) were also digested in a
concentration-dependent manner but obviously exhibited a
significantly lower sensitivity to limited proteolysis in intact
yeast cells compared with the high-molecular-weight form. At
20 pg of proteinase K per ml, only 20% of SDS-extractable
amphiphilic (lane 21) and less than 5% of hydrophilic Geelp
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(lane 27) were degraded. This difference in protease sensitivity
between the high-molecular-weight cAMP-binding protein and
54-kDa Gecelp is presumably due to partial protection of the
proteins of the periplasmic space and the outer face of the
plasma membrane by the cell wall in intact cells to attack by
exogenous proteinase K, whereas in the presence of DTT,
proteins of the cell wall are fully accessible. The modest dif-
ference in protease sensitivity between the u and I forms of
Gceelp (compare lanes 19 to 24 with 25 to 30) may be caused
by a conformational change in the protein moiety upon anchor
cleavage. PI-PLC-induced refolding of Gcelp has been de-
duced previously from a study of the alteration of the patterns
of photoaffinity-labeled amino acids in which the labeling was
performed before and after lipolytic cleavage of Geelp (38).
However, it cannot be excluded that the relative resistance of
the 1 form of Gceelp to proteolytic degradation is due to its
uptake into the interior of the cell.

Analysis of the photoaffinity-labeled hydrophilic proteins
from the total SDS extract by IEF and autoradiography re-
vealed that the major portion of hydrophilic Geelp repre-
sented the 1 form (lanes 13 to 18), whereas only minute
amounts of the p form could be detected. This finding is in
accordance with the difficulties in visualizing the p form in
intact yeast cells in the previous experiments. The integrity of
the plasma membrane under each condition was demonstrated
by determination of the amount of full-size cytosolic hexoki-
nase in the hydrophilic SDS-extracted proteins. Immunoblot
analysis with polyclonal anti-yeast hexokinase antibodies did
not reveal any significant loss of hexokinase (52 kDa) even with
the highest proteinase K concentration applied (lanes 7 to 12).
This finding indicates that the plasma membrane remained
impermeable for the protease under the conditions used. The
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FIG. 10. Accessibility of cAMP-binding proteins to proteinase K in intact
cells. Lactate-grown yeast cells were transferred to glucose medium, incubated
(30 min, 30°C), and photoaffinity labeled with 8-N5-[*P]cAMP. Washed cells
were treated with DTT and then incubated with the concentrations of proteinase
(Prot.) K indicated (see Materials and Methods). After termination of the di-
gestion, cells were lysed by using glass beads and extracted with SDS. The
insoluble cell wall fragments were treated with laminarinase (lanes 1 to 6). The
total SDS-extracted cellular proteins were subjected to TX-114 partitioning
(lanes 7 to 30). The laminarinase-extracted and SDS-extracted amphiphilic and
hydrophilic proteins were precipitated (58) and analyzed by SDS-PAGE (7.5%
gel) and autoradiography (lanes 1 to 6, 19 to 24, and 25 to 30). In addition,
samples of the hydrophilic proteins were analyzed by IEF and autoradiography
(lanes 13 to 18) or by SDS-PAGE and immunoblotting with anti-yeast hexoki-
nase (Hxk) antibodies, using a chemiluminescence detection system (ECL; Am-
ersham-Buchler) (lanes 7 to 12). Molecular masses indicated were derived from
marker proteins and photoaffinity-labeled Geelp run in parallel. u, 1, and p forms
of photoaffinity-labeled Geelp were run in parallel during IEF as markers (Ma).
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pronounced protease sensitivity of the high-molecular-weight
cAMP-binding protein, particularly in comparison with a cyto-
solic enzyme and with the u and 1 forms of Gceelp, is in agree-
ment with a location external to the outer face of the plasma
membrane, presumably at the cell wall. Vice versa, the relative
protection against protease of the u and | forms compared with
a cell wall protein points to their intracellular and/or plasma
membrane location. Furthermore, the peptide patterns ob-
tained by limited proteinase K digestion of the amphiphilic and
hydrophilic forms of photoaffinity-labeled Geelp under dena-
turing conditions are very similar to that of the high-molecular-
weight cAMP-binding protein (data not shown), arguing that
their protein moieties are identical and that the GPI-anchored
54-kDa plasma membrane Geelp is the precursor of the 95- to
130-kDa cAMP-binding protein at the cell wall.

The following experiments were performed to control the
specificity of the release of the cAMP-binding protein from the
yeast cell wall by laminarinase. (i) Only minor amounts of the
photoaffinity-labeled cAMP-binding protein migrating as a
broad 95- to 130-kDa band in SDS-PAGE were liberated from
cell wall fragments of mechanically lysed and BATC-solubi-
lized cells by multiple extractions with either hot SDS (8 to
13% of the total), 100 mM DTT (3 to 7% of the total), or 10
mM EDTA (2 to 4% of the total) in the absence of laminari-
nase. Extraction of the major portion of the photolabeled
cAMP-binding protein from the cell wall (up to 65 to 80% of
the total) was strictly dependent on the amount of laminari-
nase added and on the digestion time (data not shown). (ii)
The u, 1, and p forms of plasma membrane Geelp from yeast
spheroplasts were incubated in vitro with laminarinase to test
the possibility that despite the presence of a mix of protease
inhibitors during the extractions, the high-molecular-weight
cAMP-binding protein was released from the cell wall by cleav-
age within the carboxy-terminal portion. The criteria used were
the conversion of photoaffinity-labeled detergent-solubilized
Gcelp from the amphiphilic to the hydrophilic form as assayed
by TX-114 partitioning, the release of [**CJinositol from met-
abolically labeled affinity-purified and PI-PLC-cleaved Gcelp,
and the release of [**C]leucine from metabolically labeled af-
finity-purified p form of Geelp from glucose-induced sphero-
plasts as assayed by both IEF and SDS-PAGE. The gels were
scanned for radioactivity.

A 10-fold-higher concentration of laminarinase compared
with that used for routine laminarinase extraction for similar
amounts of radiolabeled substrate during incubation for 2 h at
37°C in the presence of protease inhibitors caused amphiphilic-
hydrophilic conversion of up to 6 to 8% of the detergent-
solubilized u form of Gceelp, released less than 2% of the total
inositol radiolabel from the hydrophilic 1 form of Geelp, and
liberated 11 to 18% of the total leucine radiolabel from the
hydrophilic p form of Geelp. In no case was a reduction of the
apparent molecular mass of Geelp observed (data not shown).
Thus, under our experimental conditions, hydrolytic activities
possibly contaminating the laminarinase preparation do not
seem to cleave within the glycan structure of the GPI anchor or
near the carboxyl terminus of plasma membrane Gceelp regard-
less of whether the anchor is complete or partially degraded.
These data argue that the release of the high-molecular-weight
cAMP-binding protein was due to the B1,3-glucanase activity
of laminarinase and, in analogy to the situation with a-agglu-
tinin, suggest covalent coupling of the cAMP-binding protein
to B1,6-glucan structures of the yeast cell wall. However, def-
inite proof for this specific type of linkage will require the
demonstration of B1,6-glucan moieties covalently bound to the
cAMP-binding protein after digestion by laminarinase, e.g., by
means of cross-reactivity with glucan-specific antibodies or by
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FIG. 11. Metabolic labeling of the cell wall cAMP-binding protein. Lactate-
grown yeast cells were metabolically labeled with myo-['*Clinositol (Ino) or
[*C]ethanolamine (EtN) for 60 or 30 min, respectively, at 30°C and then incu-
bated with 4% glucose for 30 min. From equal numbers of washed cells cell wall
fragments were prepared under native conditions (see Materials and Methods)
and treated with laminarinase. From one half of the laminarinase extracts, the
cAMP-binding protein was affinity purified (purified); the other half was left
intact (total). The total extract and the material eluted from cAMP-Sepharose
were analyzed by SDS-PAGE (7.5% gel) and fluorography, using Amplify and
Kodak X-Omat AR film (exposure for 7 days at —80°C). Molecular masses
indicated are derived from marker proteins and photoaffinity-labeled Geelp run
in parallel. A representative fluorogram of an experiment repeated two times
with similar results is shown. <—, borderline between stacking and running gels.

the use of yeast mutants defective in glucan synthesis as shown
successfully for a-agglutinin (27, 28).

The high-molecular-weight cAMP-binding protein may rep-
resent the cell wall-associated form of double-processed Geelp.
This would explain the apparent lack of the 54-kDa p form of
Geelp in intact cells despite the glucose-induced disappearance
of the 54-kDa 1 form (Fig. 8 and 9). If this is true, then the
cAMP-binding protein located in the cell wall should not contain
constituents of the GPI anchor. To analyze this assumption, cells
were metabolically labeled with [**Clinositol or ['*Clethanol-
amine. Laminarinase extracts were prepared and analyzed either
in total or after affinity purification on cAMP-Sepharose by SDS-
PAGE and fluorography (Fig. 11). Some inositol- and/or ethano-
lamine-labeled proteins were detected in total laminarinase ex-
tracts of glucose-induced cells (lanes 1 and 2) which, in part, may
constitute GPI-anchored proteins associated with the B-glucan via
the complete or a portion of the glycan structure of their lipoly-
tically cleaved GPI anchors. However, significant incorporation of
radiolabeled myo-inositol or ethanolamine into proteins of 95 to
130 kDa was observed neither with the total laminarinase extracts
(lanes 1 and 2) nor after cAMP affinity purification of the proteins
extracted by laminarinase (lanes 3 and 4). Obviously the cell
wall-associated cAMP-binding protein does not contain compo-
nents of a typical GPI anchor and is therefore not linked to the
B-glucan via a residual anchor glycan. The 54-kDa 1 form con-
taining the myo-inositol and ethanolamine moieties of the com-
plete anchor glycan was not detected in the laminarinase extracts
and is obviously not a component of the yeast cell wall. However,
after long-term exposure of the fluorograms as shown in Fig. 11,
some affinity-purified [**CJinositol- and ['*C]ethanolamine-la-
beled high-molecular-weight material was detectable at the bor-
der between the stacking and running gels. It may be composed of
Geceelp molecules which have not been digested by laminarinase
to completion or which resist solubilization in the presence of 5%
BATC (during extraction) and of even 2% SDS (during SDS-
PAGE). Formation of clusters of mammalian GPI-anchored pro-
teins within the plasma membrane which are stable in the pres-
ence of 1% TX-100 has been described previously (7).

DISCUSSION

The evolutionary conservation of GPI anchors indicates that
they fulfill important biological functions which seem to be
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based on two principal properties: (i) the ability of GPI-an-
chored proteins to associate in clusters together with glyco-
sphingolipids and certain transmembrane and long-chain acy-
lated proteins may be involved in the transmission of mitogenic
signals across the membrane in vertebrate cells, most impor-
tantly in T-cell activation via GPI-anchored receptor proteins
(24, 47, 53) as well as in the formation of caveolae thought to
mediate specific endocytotic and transcytotic processes (for
reviews, see reference 2 and 3); and (ii) the accessibility of
GPI-anchored proteins for cleavage of their GPI anchors by
specific phospholipases may provide the basis for controlled
cell surface expression and/or degradation of their protein
moieties. In some instances, GPI anchorage seems to control
the topology of certain amphitropic proteins occurring either
at the outer face of the plasma membrane or soluble in the
extracellular space via release from the membrane after lipo-
lytic processing of the GPI anchor (32, 44, 51). Eventually, the
change in topology of a GPI-anchored protein with enzymatic
function may be accompanied by alterations of its catalytic
properties and by accessibility to novel substrates, as has been
proven in a few cases (4, 5, 6, 34, 38, 57).

In addition, Larner and colleagues previously speculated
that controlled GPI anchor cleavage plays a role in signal
transduction (25, 48). In this context, it appears important that
in yeast cells, the anchor of a GPI-anchored protein, Geelp, is
lipolytically cleaved in response to a nutritional signal, i.e., the
transfer of the cells to glucose (37). Particularly compelling is
the notion that anchor cleavage following nutritional upshift
qualitatively resembles the lipolytic membrane release in re-
sponse to insulin or to sulfonylurea drugs (in the presence of
glucose) reported for some GPI-anchored proteins (e.g., 5'-
nucleotidase, alkaline phosphatase, lipoprotein lipase, and
heparan sulfate proteoglycan) in cultured BC;H1 myocytes,
3T3-L1 adipocytes, rat hepatocytes, and the isolated rat dia-
phragm (8, 20, 21, 26, 37, 48). It has been proven recently that
in yeast cells, Geelp is processed by a GPI-PL of type C. In
mammals, GPI-PLs of types C and D could be identified and
partially purified or isolated (10, 18, 32).

The present study hints at a third property of GPI anchors
which may have implications for the physiological function of
GPI anchorage. Some of the GPI-anchored proteins seem to
serve as substrates for enzymes other than phospholipases
cleaving within the glycan structure of the anchor or at or near
the carboxyl terminus of the protein moiety. In yeast cells,
following the addition of glucose, two distinct cleavage events
occur within the anchor and the immediate carboxy-terminal
context of the Gceel protein. Glucose-induced cleavage by a
(G)PI-PLC constitutes the key event in this reaction cascade.
The secondary cleavage ensues independently of the nutri-
tional situation, presumably by proteolysis (for a possible can-
didate for the protease involved, see reference 29), resulting in
the loss of the entire anchor glycan from the protein moiety.
No evidence for unspecific anchor degradation could be ob-
tained. Rather, the time courses of the two cleavages and the
fact that the isolated lipolytically cleaved intermediate can be
chased into the proteolytically processed version suggest that
the two cleavage events are strictly consecutive. Such a mech-
anism would generate a fragment of the anchor comprising the
complete polar glycan structure presumably linked to a small
peptide (phosphoinositolglycan-peptide).

The secondary processing reaction may take place at the
outer face of the plasma membrane, since Gecelp molecules
located at the cell surface of yeast spheroplasts and labeled
with 8-N; [**P]cAMP function as a substrate for the endoge-
nous (G)PI-PLC, even in the presence of brefeldin A, which in
spheroplasts inhibits vesicular transport including endocytosis
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(3a). However, internalization of plasma membrane Gceelp
into an intracellular processing compartment via a rapid
brefeldin A-insensitive pathway (e.g., caveolae) cannot be ex-
cluded. It is unlikely that the secondary processing is caused by
an enzymatic activity contaminating the Zymolyase used for
preparation of the spheroplasts, since we did not observe any
degradation of the glycan structure of the 1 form of [**CJinosi-
tol-labeled Gceelp after detergent solubilization and incubation
in vitro with high amounts of Zymolyase (data not shown). The
observations that (i) PLD-cleaved Gcelp cannot be chased
into the double-processed version and (ii) anti-CRD antibody
complexes impair the secondary cleavage of Gceelp suggest
that the corresponding processing enzyme mainly recognizes
the PLC-cleaved GPI anchor, i.e., in particular the inositol-
phosphate epitope.

The physiological relevance of the double processing of GPI
anchors as demonstrated here for Geelp in the yeast S. cerevi-
siae remains to be elucidated. The following possibilities de-
serve further attention. (i) The phosphoinositolglycan-peptides
generated in response to glucose may function as soluble mes-
senger molecules mediating nutritional signaling during glu-
cose repression in yeast cells. This situation would parallel the
postulated signaling function of the insulin-induced GPI an-
chor processing in insulin-sensitive mammalian cells for certain
metabolic and growth effects of insulin. At present, we are
trying to identify phosphoinositolglycan-peptides produced in
yeast cells after glucose induction and to study the effects of
synthetic phosphoinositolglycan-peptides on glucose and cAMP
metabolism in yeast cells. (ii) The glucose-induced removal of
the complete GPI anchor glycan presumably including one or
a few carboxy-terminal amino acids of Gcelp may alter its
enzymatic properties. We have previously shown that the mere
lipolytic cleavage dramatically alters the cAMP-binding char-
acteristics of Gceelp independent of the concomitant mem-
brane release (38). (iii) The double processing of GPI anchors
may represent a biosynthetic step in the maturation of certain
GPI-anchored proteins which ultimately will result in a change
of their topology or location, e.g., in yeast cells in incorporation
into the cell wall. Consequently, in yeast cells, double process-
ing of GPI anchors will take place only with those GPI-an-
chored proteins with final destination at the cell wall. In agree-
ment with this assumption are the findings that the resident
plasma membrane protein Gaslp as well as the majority of
[**Clinositol-labeled amphiphilic GPI-anchored proteins in
yeast cells do not undergo glucose-induced lipolytic cleavage
by the endogenous (G)PI-PLC above a basal level.

In this respect, the observed extraction of a cAMP-binding
protein from cell wall fragments by digestion with laminarinase
(but not by SDS treatment) seems to be of relevance. Thus, S.
cerevisiae harbors a cAMP-binding protein covalently attached
to the cell wall which according to the following data may be
derived from the lipolytically cleaved Gceelp of the plasma
membrane via a double-processed intermediate lacking GPI
anchor constituents. (i) The increase of the amount of cAMP-
binding protein at the cell wall from 5 to 30 min after glucose
induction is inversely correlated with the decrease of lipolyti-
cally processed Gceelp containing the terminal inositol(-phos-
phate) moiety. (ii) The p form of Gceelp and the high-molec-
ular-weight form of the cAMP-binding protein lack myo-
inositol and ethanolamine but exhibit similar peptide patterns.
(iii) The similarity in kinetics of the glucose-induced accumu-
lation of the 54-kDa p form of Gceelp in spheroplasts and of
the high-molecular-weight form of a cAMP-binding protein in
intact cells is compatible with a pathway whereby the double-
processed p form represents the immediate (periplasmic) pre-
cursor for mature Geelp at the cell wall. Functional cell wall
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biosynthesis may prevent transient accumulation of the precur-
sor, so that significant amounts of it can be detected only after
partial degradation of the cell wall B-glucan.

According to the recently proposed model for the biosyn-
thesis of a-agglutinin in the yeast S. cerevisiae (12, 27), we
suggest that one physiological function of the glucose-regu-
lated sequential double processing of Geelp relies on the cell
wall expression of a cAMP-binding protein in response to
glucose: release of GPI-anchored Geelp from the outer face of
the plasma membrane via cleavage by the glucose-inducible
(G)PI-PLC generates a lipolytic intermediate. This is appar-
ently cross-linked in a subsequent reaction in the periplasmic
space to certain building blocks of the cell wall, presumably to
B1,6-glucan structures. These protein-containing structures are
then incorporated into the cell wall, possibly via covalent cou-
pling to B1,3-glucan fibers, leading to the final anchorage of
Gcelp in the cell wall. During or immediately after secondary
cleavage, which is obviously accompanied by the release of the
complete anchor glycan containing one or a few amino acids
(phosphoinositolglycan-peptide), the newly generated carboxy-
terminal amino acid is linked to glucose units of the cell wall.
Cleavage and linkage may be coupled intrinsically in whole
cells, possibly during a transesterification reaction, whereas in
spheroplasts, only the hydrolytic reaction can proceed. Re-
markably, a direct covalent linkage between an amino acid and
B-glucose has recently been described for mammalian laminin
(49). The modified amino acid is asparagine and thus identical
with the carboxy-terminal amino acid of Geelp (43).

According to our present working hypothesis for Geelp pro-
cessing and biosynthesis, which has to be tested by further
experimentation, the glucose-induced double processing of
Geelp in the yeast S. cerevisiae seems to represent a novel
mode of the regulated cell wall expression of proteins, one
which does not depend on the control of synthesis and vesic-
ular transport of the protein (3a). As a final consequence, the
glucose-induced double processing of Geelp may coordinate
transmembrane nutritional signaling during glucose repression
with the glucose-induced cell wall expression of Gceelp via
coupling the production of phosphoinositolglycan-derived
messenger molecules to the generation of the precursor for cell
wall-associated Geelp.
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