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Glucose and Sucrose Act as Agonist and Mannose
as Antagonist Ligands of the G Protein-Coupled
Receptor Gpr1 in the Yeast Saccharomyces cerevisiae

evidence for direct interaction of glucose or other nutri-
ents with any member of the Gpr1 GPCR superfamily
has been provided. The more recent discovery of the
sweet taste receptors has provided another example of
GPCRs with a sugar-sensing function. However, also in
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In the yeast Saccharomyces cerevisiae two distinctKasteelpark Arenberg 31
GPCR systems have been documented (Versele et al.,B-3001 Leuven-Heverlee
2001). The first system is responsible for the sensing ofFlanders
the two mating pheromones, a- and �-factor. It makesBelgium
use of the �-factor receptor (Ste2) in a-cells and the
a-factor receptor (Ste3) in �-cells and has been eluci-
dated in great detail (Dohlman et al., 1991). The secondSummary
system, which involves the GPCR Gpr1, has been dis-
covered more recently. Gpr1 was identified in two-Several examples of G protein-coupled receptors have
hybrid screens with the G� protein Gpa2 as bait (Kraak-recently been suggested to respond to common sug-
man et al., 1999; Xue et al., 1998; Yun et al., 1997) andars in millimolar concentrations. This low affinity has
in a screen for mutants deficient in glucose-inducedmade it difficult to demonstrate direct receptor-ligand
loss of heat resistance, a property controlled by theinteraction. In the yeast Saccharomyces cerevisiae,
cAMP-PKA pathway (Kraakman et al., 1999). Gpr1 hasrapid activation of the cAMP pathway by glucose and
seven predicted transmembrane domains (TMD I-VII), asucrose requires the GPCR Gpr1. Our results obtained
very long third intracellular loop, and long N-terminalby cysteine scanning mutagenesis and SCAM (substi-
and C-terminal tails. It displays very limited sequencetuted cysteine accessibility method) of residues in
similarity to other GPCRs, which are largely confined toTMD VI provide strong evidence that glucose and su-
some transmembrane domains (Kraakman et al., 1999).crose directly interact as ligands with Gpr1. The affinity
The Gpr1-related GPCRs apparently define a novel evo-for sucrose is much higher. Structurally similar sugars
lutionary distant superfamily of GPCRs (Graul andsuch as galactose, mannose, and fructose do not act
Sadée, 2001; Karchin et al., 2002). The G� protein Gpa2as agonists, but mannose acts as an antagonist for
is required for glucose activation of the cAMP pathwayboth sucrose and glucose. These results support the
and is thought to act as a stimulatory G protein onidea that Gpr1 directly senses sugars and that sugars
adenylate cyclase (Colombo et al., 1998; Kubler et al.,can effectively bind GPCRs with a low affinity in a
1997; Lorenz and Heitman, 1997). It is controlled by thebinding pocket formed by the transmembrane do-
RGS protein Rgs2 (Versele et al., 1999). A Gpr1 deletionmains. The ligand repertoire of GPCRs can thus be
mutant is largely deficient in glucose-induced cAMPextended to common sugars in millimolar concentra-
synthesis and shows a delay in glucose-induced activa-tions.
tion of targets of the cAMP-PKA pathway during the
initiation of glucose fermentation (Kraakman et al., 1999;Introduction
Yun et al., 1998). Hence, a GPCR system composed of
Gpr1, Gpa2, and Rgs2 has been proposed to act as a

G protein-coupled receptors (GPCRs) transduce a large
glucose-sensing system for control of the cAMP path-

variety of signals from the environment to the cellular
way by glucose availability and Gpr1 is considered to be

machinery controlling metabolism, growth, and devel- the receptor protein responsible for detection of glucose
opment. They include hormones, growth factors, neuro- (Thevelein and de Winde, 1999; Versele et al., 2001). The
transmitters, light, odorants, taste compounds, etc. Ac- same G protein-coupled receptor system has also been
cording to Graul and Sadée (2001), all GPCRs originated implicated in glucose-induced calcium signaling involv-
from a common ancestor from which three distinct su- ing phospholipase C stimulation (Ansari et al., 1999; Tisi
perfamilies arose: the rhodopsin-like superfamily, the et al., 2002). The Gpr1 homolog, Git3, in S. pombe has
mgr (metabotropic glutamate receptors)-like superfam- also been implicated in glucose activation of the cAMP
ily, and a final distinct superfamily that, until now, only pathway (Welton and Hoffman, 2000).
contained the Saccharomyces cerevisiae putative glu- Signaling through the Gpr1 GPCR system shows an
cose receptor Gpr1 and its homologs. Sequence data- unusual complication since phosphorylation of glucose
base searches have revealed many other closely related is essential at least for rapid activation of cAMP synthe-
members of this GPCR superfamily in other fungi like sis by glucose (Beullens et al., 1988). For unknown rea-
Schizosaccharomyces pombe, Candida albicans, Neu- sons the Gpr1 GPCR system is unable to cause rapid
rospora crassa, and other Saccharomyces species activation of adenylate cyclase if its putative ligand,
(Versele et al., 2001; unpublished data). Up to now, no glucose, is not transported into the cell and phosphory-

lated. Further metabolism of the sugar is not required.
Glucose (and fructose) phosphorylation can trigger a*Correspondence: johan.thevelein@bio.kuleuven.ac.be

3 These authors contributed equally to this work. small increase in the cAMP level in the absence of the
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Gpr1 receptor. Hence, for proper investigation of the
substrate specificity and kinetic properties of Gpr1 it is
essential to separate glucose phosphorylation effects
from true Gpr1-dependent effects. This can be done by
pre-addition of a low level of glucose to saturate the
glucose-phosphorylation-dependent system, as pre-
viously shown for Gpa2 (Colombo et al., 1998). Although
the nature of the glucose phosphorylation requirement
is not yet clear, it might be related to the second G
protein system that acts on adenylate cyclase: the Ras1

Figure 1. Gpr1-Dependent cAMP Signaling with Different Sugarsand Ras2 proteins. They are homologs of the mamma-
(A) Wild-type (closed circles, open circles), gpr1� (closed triangles,lian Ras proteins and are strong stimulators of adenylate
open triangles) and suc2� strain (closed squares, open squares).

cyclase activity in yeast (Toda et al., 1985). Recent work 100 mM glucose (closed circles, closed triangles, closed squares),
has shown that glucose addition causes a small increase 100 mM sucrose (open circles, open triangles, open squares).
in the GTP content on the Ras proteins that is dependent (B) Wild-type strain. 50 mM glucose (closed circles), 200 mM fruc-

tose (closed squares), 200 mM galactose (closed diamonds), 200on glucose phosphorylation (Colombo et al., 2004).
mM mannose (closed triangles).Whether long-term activation of Gpr1 by glucose is also

dependent on active glucose phosphorylation is not
known.

crease at all, as opposed to the wild-type strain, indicat-Another unusual property of this glucose-sensing sys-
ing that no glucose is produced from sucrose in a suc2�tem is the apparently very low affinity of Gpr1 for glu-
strain (results not shown). Without pre-addition of a lowcose. The EC50 is about 20–75 mM depending on the
concentration of glucose, sucrose-induced cAMP sig-strain background (Beullens et al., 1988; Rolland et al.,
naling was absent in a suc2� strain indicating that sugar2000). This has been explained on the basis of the glu-
phosphorylation is also essential for sucrose-inducedcose concentration at which yeast cells switch from a
cAMP signaling (results not shown). Other sugars orrespirative mode to a fully fermentative mode and which
sugar analogs tested (L-glucose, maltose, palatinose,is around the same value (Rolland et al., 2000; Thevelein,
turanose, 2-deoxyglucose, 6-deoxyglucose) were unable1991). On the other hand, these complications have
to trigger a Gpr1-dependent cAMP response (results notraised doubt about whether glucose is the true ligand
shown). We also show that D-fructose, D-galactose, andof Gpr1. Until now, it could not be excluded that glucose
D-mannose are unable to trigger any cAMP increasebinds to (and is thus detected by) another plasma mem-
after pre-addition of 2.5 mM glucose, indicating thatbrane protein and that Gpr1 is required for glucose-
they do not act as agonists of the Gpr1 receptor (Figureinduced cAMP signaling for another reason than for
1B). Addition of 5 mM D-glucose together with 5 mM ordirect detection of glucose. In the present paper we have
higher concentrations of D-fructose did not result in aapproached this problem by using cysteine scanning
higher cAMP signal (Figure 4D). Hence, the effect ofmutagenesis and SCAM (substituted cysteine accessi-
5 mM sucrose could not be mimicked by addition of ability method) and by taking advantage of the fact that
mixture of glucose and fructose.glucose as well as sucrose activate cAMP synthesis in

a Gpr1-dependent way. Previously, several other sugars
have also been reported to trigger cAMP signaling to Site-Directed Mutagenesis of Amino Acid Residues
different extents, but in these cases no distinction was in TMD VI of Gpr1 into Cysteine
made between sugar phosphorylation effects and true GPCRs activated by small ligand molecules characteris-
Gpr1-mediated effects (Lorenz et al., 2000; Thevelein tically bind their ligand in a cavity formed by the TMDs
and Beullens, 1985; Yun et al., 1998). Up to now, no and TMD III, IV, V, VI, and VII are thought to contribute
other sugar or sugar analog has been found, besides most to the formation of this ligand binding pocket (re-
glucose and sucrose, that is able to activate Gpr1- viewed by Baldwin, 1993; Bockaert and Pin, 1999; Dohl-
dependent cAMP signaling (Rolland et al., 2000; unpub- man et al., 1991; Gether and Kobilka, 1998). We have
lished data). chosen TMD VI as the target for SCAM analysis because

it is thought to play an important role in binding of the
ligand and in the conformational change that occursResults and Discussion
upon activation of the receptor (Dunham and Farrens,
1999; Ghanouni et al., 2001). We have replaced a seriesGlucose- and Sucrose-Induced cAMP Signaling

Glucose- and sucrose-induced cAMP signaling were of amino acid residues in TMD VI and those in the third
extracellular loop adjacent to TMD VI individually by ameasured after pre-addition of 2.5 mM glucose in order

to fulfill the glucose phosphorylation requirement. The cysteine residue. The mutant alleles were then ex-
pressed in a gpr1� strain. Immunoblot analysis of HA-results in Figure 1A show that with this setup both glu-

cose- and sucrose-induced cAMP signaling were com- tagged versions of the different alleles using total mem-
brane extracts showed that they were all expressed topletely absent in the gpr1� strain. Sucrose-induced

cAMP signaling is truly due to sucrose itself since a about the same level (results not shown).
Site-directed mutagenesis of amino acid residues insuc2 mutant, which is deficient in periplasmic invertase,

still displayed a sucrose-induced cAMP signal (Figure TMD VI of Gpr1 into cysteine affected cAMP signaling
to varying extents (Table 1). Three main types of mutants1A). Determination of glucose-6-phosphate levels after

addition of sucrose to a suc2� strain showed no in- could be recognized. Figure 2A shows the results of an
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Table 1. cAMP Signaling with Glucose and Sucrose in Cysteine Substitution Mutants of TMD VI in Gpr1

Without MTSEA With MTSEA Without MTSEA With MTSEA

Mutant Glucose Sucrose Glucose Sucrose Mutant Glucose Sucrose Glucose Sucrose

WT 2.7 2.73 2.29 2.14 I639C 2 2.52 2.37 2.45
gpr1� 1.2 1.1 nd nd A640C 1.2 2.6 nd 1.27
P627M 1 1 nd nd D641C 1.43 1.24 nd 2.05
Y630C 1 1 nd nd A642C 2.27 2.27 2.9 2.27
I633C 1.85 1.96 2.13 2 L643C 1.83 2.4 1.52 2.17
W634C 1.38 1.1 nd nd Q644C 1.35 2.63 nd 2.32
L635C 2.32 2.72 4.75 2.64 Y645C 1.29 1.79 nd 1.35
F636A 2.17 2.69 nd nd K646C 2.18 2.56 1.77 2.27
P637C 1 1.4 nd nd H647C 1.8 2.2 2.06 2.89
I638C 2.3 2.38 2.57 3.25 E648C 1.68 2.32 nd 0.9

The data represent the fold-induction of the cAMP level over the basal level after addition of 100 mM glucose or 100 mM sucrose, 3 min after
addition of 2.5 mM glucose (to fulfill the glucose phosphorylation requirement in advance of receptor stimulation). MTSEA was added 1 min
before the addition of the 2.5 mM glucose. At least three independent experiments were performed for each allele, which gave similar results.
Representative results are shown. (nd, not determined)

example for each type. The mutants of type 1 were induced cAMP signaling could simply be a result of a
general decreased responsiveness of the mutant allelesdeficient both in glucose- and sucrose-induced cAMP

signaling. They include P627M, Y630C, I633C, W634C, for both sugars rather than a true change in substrate
specificity. Therefore, cAMP signaling was determinedP637C, and D641C. The mutants of type 2 were neither

affected in sucrose- nor in glucose-induced cAMP sig- with different concentrations of glucose and sucrose for
the A640C mutant. Figure 2B shows that the sensitivitynaling. They include L635C, F636A, I638C, I639C, A642C,

L643C, K646C, and H647C. The mutants of type 3 were of the receptor system for low concentrations of sucrose
is maintained in the mutant A640C compared to thedeficient in glucose-induced cAMP signaling but not in

sucrose-induced cAMP signaling. They include A640C, wild-type strain. In contrast, with glucose concentra-
tions between 0.5 mM and 100 mM, as well as with 200,Q644C, Y645C, and E648C. For some of the mutants

there was only a partial effect, e.g., I633C, I639C, Y645C. 300, and 500 mM, no significant cAMP increase was
observed in the A640C mutant (Figure 2C; data notNo mutant alleles were found where sucrose-induced

cAMP signaling was affected and glucose signaling not. shown). This result demonstrates that the differential
effect of the A640C mutation on glucose- and sucrose-Obviously, it cannot be excluded that such alleles could

be found after more extensive site-directed mutagene- induced cAMP signaling is due to a true change in sub-
strate specificity and not to a general decrease in thesis of Gpr1. Since Gpr1 has a higher affinity for sucrose

than for glucose (see further details) the differential ef- responsiveness of the Gpr1 receptor for sugar. Hence,
this result provides a strong argument for direct bindingfect of the type 3 mutants for glucose- and sucrose-

Figure 2. Glucose- and Sucrose-Induced
cAMP Signaling in Cysteine Substitution Mu-
tants

(A) Site-directed mutagenesis of amino acid
residues in TMD VI to cysteine. Representa-
tive example of the cAMP signaling results
for each of the three types of cysteine-substi-
tution mutants obtained. Type 1, deficient in
glucose and sucrose signaling; type 2, neither
deficient in glucose nor in sucrose signaling;
type 3, deficient in glucose signaling, not af-
fected in sucrose signaling. 100 mM glucose
(closed circles), 100 mM sucrose (open
circles).
(B) Sucrose-induced cAMP signaling in the
wild-type strain (closed circles, closed trian-
gles, closed squares) and the A640C mutant
(open circles, open triangles, open squares)
with 2 mM (closed circles, open circles), 5
mM (closed triangles, open triangles), and 10
mM (closed squares, open squares) sucrose.
(C) MTSEA treatment abolishes sucrose-
induced cAMP signaling in two cysteine-sub-
stitution mutants of type 3. The results for
A640C are shown as an example. 100 mM
glucose (closed circles), 100 mM sucrose
(open circles), 10 mM MTSEA � 100 mM su-
crose (open triangles).
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Figure 3. Distribution of the Different Types
of Cysteine-Substitution Mutants in TMD VI
and the Adjacent Extracellular Region

(A) Schematic overview. Type 1, blue color
(deficient both in glucose and sucrose signal-
ing); type 2, green color (neither deficient in
glucose nor in sucrose signaling); type 3, red
color (deficient in glucose signaling, not af-
fected in sucrose signaling).
(B) Helical wheel representation of TMD VI
with one half of the helix displaying the lowest
average hydrophobicity (blue background) as
opposed to the other half. Colors of the type
1, 2, and 3 mutations as in (A).

of the sugars to Gpr1. Moreover, the results suggest second strong argument for direct interaction of sucrose
with Gpr1.that glucose and sucrose most likely bind in a different

way to Gpr1 and in particular that the glucose moiety The distribution of the three types of cysteine substitu-
tion mutants in TMD VI of Gpr1 is shown in Figure 3A.of sucrose does not bind to Gpr1 in the same way as

free glucose. We have also tested whether an excess The amino acid residues affected in the mutants of type
1 and type 3 (deficient in signaling with at least one ofof glucose (250 mM) can inhibit cAMP signaling with 20

mM sucrose in the A640C mutant. This was not the case the two sugars) are clearly segregated from the residues
in the mutants of type 2 (not affected in signaling) in theand therefore the mutation apparently abolishes the

binding of glucose to the receptor without affecting its predicted �-helix. Helical wheel analysis showed that
the residues affected in type 1 and type 3 mutants areactivation mechanism (data not shown).
located in the least hydrophobic half of the �-helix, while
the residues of the type 2 mutants are located in the

SCAM Analysis of Gpr1 Cysteine most hydrophobic half (Figure 3B). Based on the hydro-
Substitution Mutants phobicity of the �-helix, the residues in the mutants
All Gpr1 cysteine substitution mutants that still dis- defective in signaling are thus most likely located adja-
played either both glucose- and sucrose-induced cAMP cent to the putative ligand binding site. This is further
signaling (type 2), or only sucrose-induced cAMP signal- confirmed by the fact that the location of the A640C
ing (type 3) were tested for sugar-induced cAMP sig- mutant allows binding of MTSEA, a reaction that takes
naling following treatment with MTSEA (2-aminoethyl- place with a high preference in a polar, water-accessible
methanethiosulponate), a reagent that covalently binds environment (Roberts et al.,1986).
cysteine residues with high preference in a polar, water-
accessible environment. Treatment of cells expressing
the wild-type Gpr1 allele with MTSEA had no effect on Gpr1 Is a High-Affinity Sucrose,

Low-Affinity Glucose Sensorsugar-induced cAMP signaling or on the basal cAMP
level in the cells (results not shown). This indicates that We have previously shown that the EC50 value of the

Gpr1 receptor system with glucose is very high, aboutneither Gpr1 nor any other protein required for cAMP
signaling contains any MTSEA-accessible cysteine resi- 20–75 mM, depending on the genetic background of

the strain and the setup for measurement of the cAMPdue important for functioning. The same was true for
the cysteine substitution alleles of type 2. On the other signals (Beullens et al., 1988; Rolland et al., 2000). The

Km of glucose transport in derepressed yeast cells ishand, for two alleles of type 3, A640C and E648C, the
remaining sucrose-induced cAMP signaling was com- about 1–2 mM (Boles and Hollenberg, 1997) while the

Km of the glucose kinases is about 0.1 mM (Entian, 1997).pletely abolished by treatment of the cells with MTSEA.
The results for allele A640C are shown in Figure 2C. As a result the glucose-induced increase in cAMP

caused by the glucose-phosphorylation-dependentThe prevention of sucrose-induced cAMP signaling by
MTSEA pretreatment of cells expressing one of these mechanism occurs already at low glucose concentra-

tions causing an underestimation of the EC50 value ofalleles (whereas MTSEA pretreatment has no effect in
cells expressing the wild-type Gpr1 allele) indicates that the Gpr1 receptor for activation by glucose. We have

now prevented the effect of glucose phosphorylationbinding of MTSEA to the specific cysteine residue intro-
duced prevents activation of Gpr1 by sucrose. The most through saturation of this system by pre-addition of a

low level of glucose (2.5 mM) so that only the contribu-plausible explanation of this observation is that the bind-
ing of MTSEA into the ligand binding pocket blocks tion of the Gpr1 receptor to glucose-induced cAMP sig-

naling is monitored. In this way we probed the affinityaccess of sucrose to the receptor. This result provides a



Sugars as GPCR Ligands
297

by glucose and as a result S. cerevisiae first utilizes
glucose when presented with a mixture of glucose and
sucrose (Gancedo, 1998). When the glucose is ex-
hausted invertase is derepressed and as a result the
sucrose is only consumed after the glucose. We have
confirmed the higher sensitivity of Gpr1 for sucrose
compared to glucose with two other targets of the
cAMP-PKA pathway. Trehalose mobilization and treha-
lase activation were efficiently triggered in a Gpr1-
dependent way by a low concentration (5 mM) of su-
crose but not of glucose (unpublished data).

Mannose Is an Antagonist of Glucose-
and Sucrose-Induced cAMP Signaling
The observation that glucose and sucrose acted as true
agonists of Gpr1 led us to investigate whether structur-
ally related sugars could act as Gpr1 antagonists.
Among the sugars tested: mannose, fructose, galac-
tose, trehalose, turanose, and palatinose, only mannose
had a clear antagonistic action. It inhibited cAMP signal-
ing both with 5 mM sucrose and 25 mM glucose (Figure

Figure 4. Glucose- and Sucrose-Induced cAMP Signaling through 4C). Also, the addition of mannose had no inhibitory
Gpr1 with Different Concentrations of Sugar and Action of Mannose, effect on the basal cAMP level, showing that it is not
as Opposed to Fructose, as an Antagonist an inverse agonist (results not shown). Fructose and
(A and B) The cAMP levels at 30 s after stimulation with glucose (A) galactose, on the other hand, had no antagonistic action
or sucrose (B) were plotted against the sugar concentration. EC50 on glucose and sucrose induced cAMP signaling (Figure
for sucrose: � 0.5 mM, for glucose: � 20 mM.

4D; results not shown). The antagonistic action of man-(C and D) Effect of mannose and fructose on cAMP signaling. The
nose is not due to interference with the sugar phosphor-cAMP response was triggered by 5 mM sucrose (closed circles), 25
ylation requirement of Gpr1-mediated cAMP signalingmM of glucose (open squares), 50 mM glucose (open circles), or

5 mM glucose (closed triangles) in the presence of different concen- since mannose phosphorylation supported sucrose-
trations of mannose (C) or fructose (D). induced cAMP signaling in a suc2� mutant (results not

shown). The inhibiting effect of mannose on both glu-
cose and sucrose-induced signaling supports the ideaof Gpr1 for glucose and sucrose in a wild-type strain.
that these sugars interact with Gpr1 within the sameWe observed that the affinity of Gpr1 for sucrose activa-
ligand binding pocket. Mannose still inhibited sucrose-tion is about forty times higher than the affinity for glu-
induced cAMP signaling in the A640C mutant (data notcose. The EC50 for sucrose is only about 0.5 mM, while
shown), indicating that this mutation specifically affectsthe EC50 for glucose is about 20 mM (Figures 4A and
the interaction of glucose with the Gpr1 receptor.4B). We have also investigated the affinity of the Gpr1

Interestingly, glucose, sucrose, mannose, galactose,receptor for sucrose using a suc2� strain in order to
and fructose are structurally very similar compounds.prevent hydrolysis of the sucrose and spurious activa-
Mannose, for example, only differs from glucose at thetion by the hydrolysis products glucose and fructose.
second carbon atom, where the hydroxyl group is in anIn this case too, 2.5 mM glucose was added in advance
axial position relative to the hexose ring, as opposedof the sucrose to sustain the sugar-phosphorylation re-
to glucose, where it is in an equatorial position. Thequirement. We obtained similar EC50 values for cAMP
observation that mannose can bind but not activateactivation by glucose and sucrose in the suc2� strain
Gpr1 reveals a possible role of the hydroxyl group atcompared to the wild-type (data not shown). Yeast cells
the second carbon atom of glucose in the activationmost probably express many more glucose binding pro-
of Gpr1. This is further supported by the inability ofteins and in particular glucose transporters in the plasma
2-deoxyglucose to activate Gpr1. Likewise, since themembrane than sucrose binding proteins and transport-
addition of galactose does not affect activation of cAMPers. In principle this could lead to an artifactual underes-
signaling, the hydroxyl group at the fourth carbon atomtimation of the EC50 for glucose. However, the measure-
of glucose may be essential for binding of the sugarsments of the cAMP signal are performed over a time
to Gpr1. The differential cAMP responses induced byperiod of only 30 s (time point of maximum cAMP level) in
sugars with a very similar structure illustrates the strongwhich the medium sugar concentration barely changes
specificity of Gpr1 for its ligands. In that way it clearlyeven at low concentrations. Also the total amount of
resembles other GPCRs.sugar binding capacity on the cellular plasma mem-

branes is in all likelihood orders of magnitude lower than
the amount of sugar present in the medium. Hence, Gpr1 as a Nutrient-Sensing GPCR

The presence of a high-affinity sucrose sensor mightour results unexpectedly show that S. cerevisiae has a
sensor for sucrose with much higher affinity than for indicate an unexpected importance of sucrose for the

survival of S. cerevisiae in nature. The presence of su-glucose in spite of the fact that for S. cerevisiae glucose
is a much more-preferred carbon source than sucrose crose is very widespread in nature. It is present in very

high levels in plants, in particular in the phloem vessels(at least for high concentrations). Invertase is repressed



Molecular Cell
298

Immunoblotting(Arnold, 1968). Sucrose from plants is continuously
The different Gpr1 alleles were tagged with three HA-tags at themade available to external microorganisms by herbivore
C terminus for visualization. Total membrane extracts were preparedaction and other agents causing plant damage. S. cere-
from early exponential phase cells according to the method de-

visiae is generally thought of as an organism dwelling scribed by Mintzer and Field (1995). Protein concentrations were
on grapes, nectar of flowers, and other environments determined using the Bradford method (Biorad). The same amount

of total membrane extracts was put on a 7.5% polyacrylamide gel.rich in glucose. However, in many climatic regions such
After blotting, Gpr1 was detected using a primary antibody againstniches are usually only available for a short time period
the HA-tag and an alkaline phosphatase-labeled secondary an-during the year. For the remaining time S. cerevisiae
tibody.possibly survives on low concentrations of sucrose re-

leased from plants. Hence, the Gpr1 receptor might
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