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Background: Transceptors are transporters with an additional receptor function.
Results: Sul1 and Sul2 signal to PKA in the absence of sulfate transport.
Conclusion: Yeast Sul1 and Sul2 are sulfate transceptors.
Significance: Transceptors could be a universal class of nutrient sensors.

Sulfate is an essential nutrient with pronounced regulatory
effects on cellular metabolism and proliferation. Little is known,
however, about how sulfate is sensed by cells. Sul1 and Sul2 are
sulfate transporters in the yeast Saccharomyces cerevisiae,
strongly induced upon sulfur starvation and endocytosed upon
the addition of sulfate. We reveal Sul1,2-dependent activation
of PKA targets upon sulfate-induced exit from growth arrest
after sulfur starvation. We provide two major arguments in
favor of Sul1 and Sul2 acting as transceptors for signaling to
PKA. First, the sulfate analogue, D-glucosamine 2-sulfate, acted
as a non-transported agonist of signaling by Sul1 and Sul2. Sec-
ond, mutagenesis to Gln of putative H�-binding residues, Glu-
427 in Sul1 or Glu-443 in Sul2, abolished transport without
affecting signaling. Hence, Sul1,2 can function as pure sulfate
sensors. Sul1E427Q and Sul2E443Q are also deficient in sulfate-
induced endocytosis, which can therefore be uncoupled from
signaling. Overall, our data suggest that transceptors can
undergo independent conformational changes, each responsi-
ble for triggering different downstream processes. The Sul1 and
Sul2 transceptors are the first identified plasma membrane sen-
sors for extracellular sulfate. High affinity transporters induced
upon starvation for their substrate may generally act as trans-
ceptors during exit from starvation.

To address the constant challenge of fluctuating nutrient
availability, microorganisms have developed many nutrient-
sensing systems, including nutrient sensors located at the
plasma membrane (1). Specific transporters with an additional
receptor function, designated as transceptors (2), have been
identified for extracellular sensing of nutrients (3). So far the

Gap1 transceptor has been identified for amino acids (4, 5),
Pho84 for phosphate (6, 7), and Mep2 for ammonium (8). They
all share the property of being strongly induced by starvation
for their substrate. Readdition of the lacking substrate causes
transcriptional repression as well as rapid down-regulation of
the transceptors by endocytosis (9 –13). In addition, upon exit
of the cells from the growth arrest, the transceptor mediates
nutrient activation of the protein kinase A (PKA) pathway to
regulate a range of cellular properties (14). Also in higher
eukaryotes, evidence for transporters with an additional nutri-
ent-sensing function has been reported (15–18). However, no
plasma membrane sensors for extracellular sulfate have been
described in eukaryotic cells, although genetic evidence for a
possible regulatory role of the Arabidopsis SULTR1;2 sulfate
transporter has been obtained (19).

In yeast, sulfur in the form of sulfate is taken up by two high
affinity H�-symporters, Sul1 and Sul2 (20, 21). They are homol-
ogous to each other and orthologous to the fungal SUL, plant
SULTR, and animal SLC26 transporter family (22). The sulfate
taken up into the cell is reduced to sulfide and homocysteine
through the sulfate assimilation pathway and subsequently
incorporated into sulfur-containing compounds, like methio-
nine, cysteine, glutathione, and S-adenosylmethionine (23).
Both Sul1 and Sul2 are strongly induced upon sulfur starvation
(24) and endocytosed upon the readdition of sulfate (25), result-
ing in a rapid drop in sulfate uptake activity (20).

Starvation of yeast cells for an essential nutrient on a glucose
medium results in G1 arrest, entry into stationary phase, and
down-regulation of the PKA pathway (14). This causes accu-
mulation of the reserve and stress protection carbohydrates,
glycogen and trehalose (26); acquirement of high stress toler-
ance; up-regulation of stress response gene expression; and
down-regulation of ribosomal protein gene expression (14).
Readdition of the nutrient for which the cells were starved in
the presence of glucose causes rapid activation of targets of the
PKA pathway, like the enzyme trehalase, which increases 5–10-
fold in activity upon phosphorylation by PKA and causes mobi-
lization of trehalose. Trehalase activation is a very convenient
read-out for rapid nutrient-induced activation of PKA in vivo
(27–29). Unlike PKA activation by glucose addition to glucose-
deprived cells, activation by nitrogen, phosphate, and sulfate in
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glucose-repressed cells is not associated with an increase in the
cAMP level (27, 29). The sulfate sensors responsible for rapid
sulfate activation of the PKA pathway in sulfur-starved cells
have remained unknown.

We now show that sulfate activation of PKA targets in sulfur-
starved cells is dependent on Sul1 and Sul2. We demonstrate
that Sul1 and Sul2 act as transceptors by uncoupling their trans-
port and receptor function in two different ways. We also show
that sulfate signaling by Sul1 or Sul2 is not required for sulfate-
induced endocytosis. Our results identify Sul1 and Sul2 as the
first plasma membrane sensors for extracellular sulfate in
eukaryotes.

EXPERIMENTAL PROCEDURES

Yeast Strains and Culture Conditions, Plasmids, and Site-
directed Mutagenesis—All Saccharomyces cerevisiae strains
used in this work have the BY background and are listed in
Table 1. Yeast cells were cultured at 30 °C into exponential
phase to an A600 of 1.5–2 in either rich medium (1% (w/v) yeast
extract, 2% (w/v) bacterial peptone, 2% glucose) or minimal
medium (0.17% (w/v) yeast nitrogen base without amino acids
and ammonium sulfate, 0.5% (w/v) ammonium sulfate, auxo-
trophic supplements as required, and 2% glucose, pH 5.5).

For sulfur starvation, exponentially grown cells were shifted
to sulfur starvation medium (30) containing 4% (w/v) glucose,
15 mM ammonium chloride, 6.6 mM KH2PO4, 0.5 mM K2HPO4,
1.7 mM NaCl, 0.7 mM CaCl2, 2 mM MgCl2, 0.2 mg/liter biotin, 2
mg/liter each of thiamine hydrochloride, pyridoxamine hydro-
chloride, and calcium pantothenate, 0.5 mg/liter H3BO4, 0.04
mg/liter CuCl2, 0.1 mg/liter KI, 0.05 mg/liter FeCl3, 0.2 mg/liter
ZnCl2, and supplements of amino acids and/or nucleotides,
depending on the auxotrophic requirements of the strain. To
obtain complete sulfur starvation, the cells were incubated in
starvation medium for 2 days under continuous shaking with
refreshment of the medium every day. For that purpose, the
cells were harvested, washed, and resuspended in fresh sulfur
starvation medium. This is done to make sure that the cells are
maintained in the glucose-repressed state so that resuspension
in new glucose-containing sulfur starvation medium does not
stimulate the PKA pathway through the glucose-sensing net-
work that activates cAMP synthesis.

Plasmids and Site-directed Mutagenesis—Yeast expression
vector pRS316 (URA3) (31) and cloning vector pUC18 (32)
were used in this work. The C-terminally tagged Sul1 and Sul2
expression constructs were cloned into the pUC18 vector
behind their own promoter using the restriction sites XbaI/SalI.
These vectors were also used for site-directed mutagenesis,
which was performed using Q5 High Fidelity DNA polymerase.
The oligonucleotides used are shown in Table 2. Both mutated

and wild type Sul1-HA and Sul2-HA expression constructs
were cloned into yeast expression vector pRS316 (URA3) using
the restriction sites KpnI/SalI. All of the plasmids were
expressed in a sul1� sul2� strain unless otherwise indicated.

Origin and Purity of Compounds—D-Glucosamine 2-sulfate
was purchased from Carbosynth Ltd. (Compton, UK). Other
sulfur-containing compounds were purchased from Sigma-Al-
drich. The 35S-labeled sodium sulfate and 3H-labeled D-gluco-
samine 2-sulfate were purchased from American Radiolabeled
Chemicals. All of the compounds were of �98% purity.

Biochemical Determinations—For determination of tre-
halase activity, the cells were first grown up to an A600 of 1.5 in
rich medium or in synthetic medium (supplemented for
auxotrophies) and then starved for sulfur in sulfur starvation
medium for 2 days. The sulfur-starved cells were harvested
after cooling on ice for at least 30 min. The harvested cells were
then resuspended in fresh sulfur starvation medium at a con-
centration of 25 mg of cells/ml. Trehalase activity was mea-
sured as described previously (4). Trehalase activity is
expressed as nmol of glucose liberated min�1 (mg of pro-
tein)�1. The amount of proteins was measured by the standard
Lowry method (33). The amount of glycogen and trehalose was
measured as described previously (4). Independent data repre-
sent a mean value � S.D. Representative results are shown for
comparisons between collections of interdependent data points
(time course measurements). Intracellular cAMP levels were
determined as described previously using an Amersham Biosci-
ences [3H]cAMP assay kit. The cAMP concentrations are
expressed as nmol of cAMP/g wet weight (34).

Transport Measurement—Sulfur-starved cells were prepared
as described for trehalase activity experiments. Cells were har-
vested and resuspended at a cell density of 60 mg (wet weight)/
ml. Sulfate uptake was measured in 40 �l of cells, preincubated
for 10 min at 30 °C, after the addition of 10 �l of 0.5 mM [35S]so-
dium sulfate (specific activity of 2000 cpm/nmol or 0.9 Ci/mol

TABLE 1
Yeast strains used in this study

Yeast strain Relevant genotype Source/Reference

BY4742 MAT� his3� leu2� lys2� ura3� ResGen/Invitrogen
HK 13 BY4742 sul1::KanMX This study
BY4742 (sul2�) BY4742 sul2::KanMX ResGen/Invitrogen
HK 14 MATa sul1::KanMX sul2::KanMX his3� leu2� lys2� ura3� This study
HK 115 BY4742 bds1::LEU2 This study
HK 219 BY4742 sul1::KanMX sul2::KanMX pep4::KanMX This study

TABLE 2
Primers used for site-directed mutagenesis of Sul1,2

Mutated residue Primers

Sul1 D124N GGGCTATGCTaATTTAGTGGC
GCCACTAAATtAGCATAGCCC

Sul1 E427Q TGTCCCTGACCAAcAACTTATTGCGAT
ATCGCAATAAGTTgTTGGTCAGGGACAA

Sul1 D483N CTTTATTGTTTAACTaACGCCTTCTTTTTC
GAAAAAGAAGGCGTtAGTTAAACAATAAAG

Sul1 E538Q CATCCATTcAAAATGGTATATATTTTG
CAAAATATATACCATTTTgAATGGATG

Sul2 D305N CCAAACTGaACGCAGTTTTTG
CAAAAACTGCGTgCAGTTTGG

Sul2 E443Q CCCGACCAAcAATTGATTGC
GCAATCAATTgTTGGTCGGG

Sul2 D519N CGCTGTATCTaATCTTTTGGCC
GGCCAAAAGATtAGATACAGCG
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of sodium sulfate) to a final concentration of 0.1 mM, unless
stated otherwise. The uptake was stopped after 1 min by adding
5 ml of ice-cold 10 mM sodium sulfate solution, after which the
cells were recovered on a glass microfiber filter and washed
twice with 5 ml of ice-cold 10 mM sodium sulfate solution. For
the blanks, ice-cold sodium sulfate solution was added prior to
the addition of [35S]sodium sulfate, and the cells were immedi-
ately filtered and washed. The filtered cells were counted for 35S
uptake with a liquid scintillation counter (Beckman Coulter
LS6500). Every sample and blank was taken in triplicate, and the
average was taken for the final calculation. 10 �l of 0.5 mM

[35S]sodium sulfate was used to determine the specific activity,
and 500 �l of culture was used to determine the dry weight of
the cells, which were later used for the final calculation of the
sulfate uptake rate. The sulfate uptake rate is expressed as
nmol�min�1�(mg dry weight)�1. For measurement of 3H-la-
beled D-glucosamine 2-sulfate uptake, 40 �l of cell suspension
was incubated with 10 �l of 15 mM 3H-labeled D-glucosamine
2-sulfate (specific activity of 2000 cpm/nmol or 0.9 Ci/mol of
D-glucosamine 2-sulfate; custom synthesized by American
Radiolabeled Chemicals).

Real-time PCR Analysis—The sulfur-starved cells were har-
vested at specific time intervals before and after the addition of
sulfate. Total RNA was isolated using the phenol-chloroform
method and real-time PCR analysis of SUL1, SUL2, HSP12, and
RPL25 expression, and normalization against ACT1 expression
was carried out as described previously (8, 35).

Determination of Heat Shock Tolerance—Sulfur-starved cells
were harvested and resuspended in fresh sulfur starvation
medium containing 4% glucose, and heat shock tolerance was
determined as a function of time after the addition of sulfate as
described previously (4).

Protein Extraction and Western Blot Analysis—For isolation
of P13 membrane-enriched fractions, the yeast cells were
grown to midexponential phase at 30 °C in appropriate medium
and transferred to sulfur starvation medium for 2 days, after
which an amount of yeast cells equivalent to 120 A600 units was
harvested at specified time intervals after the addition of sulfate
for further processing. P13 membrane-enriched fractions were
prepared using first the initial steps of a protocol described
previously (36). Instead of further treatment with urea/TCA to
precipitate the proteins, the pellets from the first centrifugation
step at 13,000 relative centrifugal force (P13 fraction) were
resuspended in 400 �l of immunoprecipitation buffer (1% Tri-
ton, 150 mM NaCl, 50 mM Na-HEPES, pH 7.5, 5 mM EDTA, 5
mM N-ethylmaleimide, and Roche Complete Protease inhibitor
tablet), after which immunoprecipitation was performed as
described previously (37). The immunoprecipitates were
treated with a slurry of 50 �l (1:5) of GE Healthcare (catalog no.
17061801) Protein G-Sepharose beads (pre-equilibrated with
immunoprecipitation buffer and anti HA antibody) overnight
in a roller drum at 4 °C. The bead-bound immunocomplexes
were recovered by centrifugation at 2000 rpm for 1 min. The
beads were then washed three times with 1% PBS-T and boiled
with 2� sample buffer for 5 min at 95 °C before protein size
separation in 4 –12% gradient SDS-PAGE (Invitrogen) and sub-
sequent immunoblotting with HRP-coupled 3F10 rat anti HA
antibody (Roche Applied Science, catalog no. 12456100).

Immunofluorescence Microscopy—For immunodetection of
Sul1-HA, Sul2-HA, and their HA-tagged mutant variants, a
previously described protocol was used (38). The cell cul-
tures, starved 48 h for sulfur, were fixed for 1 h in 3.7% (v/v)
formaldehyde with moderate agitation at 30 °C. The cells
were subsequently washed twice with PBS and converted
into spheroplasts by incubation for 20 min under mild agi-
tation at 30 °C in PBS with lyticase (Fluka, 92807) (400 units/
ml) and 2 �l/ml �-mercaptoethanol. 30 �l of spheroplast
suspension was pipetted in separate wells of polylysine-
coated slides, dried, and subsequently immersed in �20 °C
acetone for 5 min to flatten the cells. The cells were then
immediately rehydrated with PBS and blocked with 30 �l of
PBS � 3% BSA by incubation in a humid chamber for 30 min.
Next, primary antibody was added in PBS with 3% BSA at
1:50 dilution, and the slides were incubated overnight in a
humid chamber at 4 °C. The primary antibody (anti-HA rat
3F10; Roche Applied Science) was washed away by five con-
secutive washes in PBS with 3% BSA, and then secondary
antibody (Alexa Fluor 488-coupled goat anti-rat IgG, 2
mg/ml; Molecular Probes, Invitrogen) in a 1:500 dilution was
added in the same medium. Slides were incubated with sec-
ondary antibody for 4 h at room temperature, after which the
secondary antibody was washed off by 5 volumes of PBS. PBS
was removed by aspiration, and 5 �l of anti-fading Fluo-
romont medium (Sigma) was added to each well. The slides
were sealed with a coverslip and visualized by confocal
microscopy. Imaging was carried out using an Olympus
FV1000 confocal laser scanning biological microscope, and
images were processed with the accompanying software,
FV10-ASW version 2.0.

Reproducibility of the Results—All experiments were repeated
independently three to four times and always included at least
two technical replicates. S.D. values for biological replicates are
shown as error bars for comparisons between independent data
points (determination of transport rate). Representative results
are shown for comparisons between collections of interdepen-
dent data points (time course measurements). The rate and
maximal extent of sulfate-induced responses were variable
between different experiments, but the differences reported
between controls and samples were consistently reproducible.

RESULTS

Sul1 and Sul2 Are Required for Activation of PKA Targets
upon Addition of Sulfate to Sulfur-starved Cells—Previous work
has shown that sulfate addition to sulfur-starved cells on a glu-
cose-containing medium triggers activation of trehalase, a clas-
sical read-out for rapid PKA activation in vivo in yeast (27). We
now show that this sulfate-induced activation of PKA requires
one of the two sulfate transporters, either Sul1 or Sul2 (Fig. 1A).
Using site- and phospho-specific antibodies, we show that acti-
vation of trehalase is correlated with phosphorylation on the
PKA consensus site, Ser-21 (Fig. 1B), similar to trehalase acti-
vation by glucose and nitrogen sources in appropriately starved
cells (28). We next confirmed the requirement of Sul1 or Sul2
for sulfate-induced activation of PKA using several other in vivo
read-outs for activation of the PKA pathway. After the addition
of sulfate to sulfur-starved cells, the carbohydrates trehalose
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(Fig. 1C) and glycogen (Fig. 1D) were mobilized, heat stress
tolerance dropped (Fig. 1E), expression of the heat shock gene
HSP12 was down-regulated (Fig. 1F), and expression of the
ribosomal gene RPL25 was up-regulated (Fig. 1G). All of these
sulfate-induced processes required the presence of either Sul1
or Sul2 (Fig. 1, A–G). Consistent with previous results (27),
sulfate activation of the PKA targets in sulfur-starved cells with
BY genetic background was not associated with an increase in
the cAMP level (Fig. 1H). In the sul1� sul2� strain, there was a

residual phosphorylation signal for trehalase (Fig. 1B) that cor-
related with a residual increase in its activity (Fig. 1A). Also for
the other PKA targets, trehalose mobilization (Fig. 1C), glyco-
gen mobilization (Fig. 1D), loss of heat stress tolerance (Fig. 1E),
reduced expression of HSP12 (Fig. 1F), and enhanced expres-
sion of RPL25 (Fig. 1G), there was a residual effect in the sul1�
sul2� strain. This residual effect is probably due to uptake of
sulfate through a third sulfate carrier with much lower affinity
for sulfate than Sul1 and Sul2 because the sul1� sul2� strain

FIGURE 1. The addition of sulfate to sulfate-starved cells activates PKA targets through Sul1 and Sul2. A, activation of trehalase. B, phosphorylation of
Nth1-HA detected by Western blot with phospho-specific antibodies in wild type cells and mutant sul1� sul2� cells. The phospho-specific antibody raised
against phosphorylated Ser-21 of Nth1 was used to monitor the phosphorylation status of Nth1-HA. Anti-HA antibody was used to monitor the level of
Nth1-HA. C, mobilization of trehalose. D, mobilization of glycogen. E, loss of heat stress tolerance. Cells were subjected to a heat shock at 52 °C for 20 min before
or 6 h after the addition of sulfate, and serial dilutions of the cultures were then spotted on plates with rich medium and allowed to grow at 30 °C. Untreated
cells were analyzed in parallel as a control. Shown are expression levels relative to the expression at time 0 of heat shock protein gene HSP12 (F) and ribosomal
protein gene RPL25 (G), upon the addition of 3 mM sulfate to sulfur-starved cells. Strains are shown as follows: wild type (●), sul1� (E), sul2� (Œ), and sul1� sul2�
(‚). H, intracellular level of cAMP in wild type (●) and sul1� sul2� (E) cells at the indicated times before and after the addition of 3 mM sulfate to sulfur-starved
cells.
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can grow with a very high sulfate concentration (�20 mM) as
the sole source of sulfur in the medium.2

Screening of a Collection of Sulfur-containing Compounds for
Non-transported Signaling Agonists—Although the previous
results clearly establish a requirement of either Sul1 or Sul2 for
sulfate-induced activation of PKA targets, they do not allow us
to distinguish between a mere requirement for sulfate entering
the cells or for the functioning of Sul1 and Sul2 as sulfate recep-
tors, triggering activation of the PKA pathway. Hence, we
decided to perform a screen for non-transported sulfur-con-
taining compounds able to activate the PKA pathway in a Sul1-
or Sul2-dependent way, similar to previous work in which
L-Leu-Gly (5) and glycerol 3-phosphate (7) were identified as
non-transported signaling agonists of the Gap1 and Pho84
transceptors, respectively. For that purpose, we tested trehalase
activation in the wild type and sul1� sul2� strains upon the
addition of various sulfur-containing compounds and sulfate
analogues to sulfur-starved cells (Table 3).

We found three compounds able to activate trehalase in a
Sul1- or Sul2-dependent manner: methyl sulfate, 2-aminoethyl
hydrogen sulfate (Table 3), and D-glucosamine 2-sulfate (Fig.
2A). To confirm the Sul1/Sul2-dependent signaling nature of
D-glucosamine 2-sulfate, we measured the gene expression
level of HSP12 and show that it drops upon the addition of 3 mM

sulfate or 3 mM D-glucosamine 2-sulfate in cells only expressing
Sul1-HA or Sul2-HA (Fig. 2B).

To investigate whether D-glucosamine 2-sulfate was taken up
into the yeast cells, we made use of custom-ordered 3H-labeled
D-glucosamine 2-sulfate and found that this compound lacks any
detectable uptake by wild type or sul1� sul2� cells (Fig. 2C).
Hence, the apparent absence of uptake prevents any possible use as
a sole source of sulfur. Furthermore, concentrations as high as 5,
10, 25, and 50 mM D-glucosamine 2-sulfate did not cause inhibition
of uptake by Sul1 or Sul2 of 0.005 mM sulfate (results not shown).
Only with sulfate concentrations below the Km of sulfate transport
(4.5 �M for Sul1 and 10 �M for Sul2) (21), we could detect signifi-
cant inhibition with 10 mM D-glucosamine 2-sulfate (Fig. 2D). This

appears to indicate that D-glucosamine 2-sulfate does not interact
with the canonical sulfate-binding site of Sul1 or Sul2 or that it has
an extremely low affinity for it (�50 mM). From these results, we
can conclude that D-glucosamine 2-sulfate is a non-transported
signaling agonist of Sul1 and Sul2 and that the latter therefore
function as both transporters and receptors, or transceptors. Sul1
and Sul2 are the first plasma membrane sensors for extracellular
sulfate identified to date.

The activation of trehalase by D-glucosamine 2-sulfate (Fig.
2A) was more transient than with sulfate (Fig. 1A). Similarly,
reduced expression of HSP12 was shorter lived with D-glucosa-
mine 2-sulfate than with sulfate (Fig. 2B). This may indicate
that the initial burst in activation of the PKA pathway is caused
solely by transceptor signaling, whereas maintenance of high
activity over a longer time is dependent on sulfate metabolism.

We also investigated whether the sulfate analogues could be
used as a sole source of sulfur by yeast cells. We found that wild
type (and also sul1� and sul2� single deletion) strains, but not the
sul1� sul2� strain, were able to grow using methyl sulfate and
2-aminoethyl hydrogen sulfate as the sole source of sulfur. This
indicated that methyl sulfate and 2-aminoethyl hydrogen sulfate
were apparently transported into the cells by Sul1 and Sul2 and
also further metabolized to support growth. On the other hand,
D-glucosamine 2-sulfate did not support growth of any of the
strains tested (Table 3 and Fig. 3). This is consistent with the obser-
vation that D-glucosamine 2-sulfate was not taken up by yeast cells.
In order to rule out that growth in methyl sulfate and 2-aminoethyl
hydrogen sulfate was due to release of sulfate from these com-
pounds in the medium by secreted sulfatases, we deleted the only
known sulfatase gene, BDS1, present in S. cerevisiae (39). The
bds1� strain showed similar growth in methyl sulfate and 2-ami-
noethyl hydrogen sulfate as sole sources of sulfur as the wild type
strain (Fig. 4), indicating that growth was not due to extracellular
release of sulfate from these compounds but rather to uptake and
intracellular assimilation.

Mutagenesis of Putative H�-binding Amino Acid Residues in
Sul1 and Sul2 Identifies a Residue Required for Transport but
Not for Signaling—Sul1 and Sul2 are H�-symporters, which
were reported to use three H� per sulfate ion transported (40).
We next investigated whether we could abolish sulfate trans-

2 H. N. Kankipati, M. Rubio-Texeira, D. Castermans, G. Diallinas, and J. M. Thev-
elein, unpublished results.

TABLE 3
Overview of trehalase activation, support of growth as sole source of sulfur, and uptake for different sulfur-containing compounds and sulfate
analogues

Compounds
Trehalase activation Support of growth Uptake

Wild type cells sul1� sul2� Wild type cells sul1� sul2� Wild type cells sul1� sul2�

2-Aminoethyl hydrogen sulfate � � � � Not tested Not tested
D-Glucosamine 2 sulfate � � � � � �
Glutathione � � � � Not tested Not tested
Methionine � � � � Not tested Not tested
Methionine sulfoxide � � � � Not tested Not tested
Methyl methionine sulfonium � � � � Not tested Not tested
Methyl sulfate sodium salt � � � � Not tested Not tested
S-methyl methionine � � � � Not tested Not tested
Sodium bisulfite � � � � Not tested Not tested
Sodium molybdate � � � � Not tested Not tested
Sodium selenate � � � � Not tested Not tested
Sodium sulfate � � � � � �

(at concentration � 3 mM) (at concentration � 3 mM)
� �
(at concentration � 3 mM) (at concentration � 3 mM)

Sodium sulfite � � � � Not tested Not tested
Sodium thiosulfate � � � � Not tested Not tested
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port without affecting sulfate signaling by mutagenizing puta-
tive H�-binding residues. The rare charged amino acid residues
within transmembrane domains of membrane symporters are
thought to bind the co-transported ions during their passage
through the transporter. Because the symport mechanism is
essential for transport, such residues are usually conserved in
the transporter family (41– 44).

The hidden Markov model-based topology prediction algo-
rithm, PHOBIUS (45), predicted 12 and 11 transmembrane
domains for Sul1 and Sul2, respectively. However, homology
modeling (threading) using the HHpred algorithm showed that
Sul1,2 are structurally most similar to the Escherichia coli uracil
UraA transporter, the crystal structure of which showed 14
TMDs3 (46) (also see “Discussion”). Based on topology predic-

tions and the similarity with UraA, we screened the 14 puta-
tive transmembrane domains of the Sul1,2 transporters for
charged residues, in particular Glu and Asp residues, which
are the best candidates for H� binding and symport. We
found six residues in Sul1 and five residues in Sul2, located
within or very close to predicted transmembrane domains
(Table 4). Alignment of sulfate transporters from different
organisms revealed that Glu-406 and Glu-427 in Sul1 and
Glu-422 and Glu-443 in Sul2, located in TMD8 and TMD9,
respectively, were absolutely conserved in other sulfate
transporters from different organisms (Fig. 5A) (47). Fur-
thermore, residues Glu-406 and Glu-422 in Sul1 and Sul2,
respectively, correspond to the His-245 residue proposed to
interact with H� in the UraA structure (46). We therefore
selected to mutate these residues from Sul1 and two from
Sul2 for site-directed mutagenesis (Table 4).3 The abbreviation used is: TMD, transmembrane domain.

FIGURE 2. D-Glucosamine 2-sulfate activates the PKA target trehalase, whereas its uptake is below the detection level. A, activation of trehalase in
sulfur-starved wild type (●), sul1� (E), sul2� (Œ), and sul1� sul2� (‚) cells after the addition of 3 mM D-glucosamine 2-sulfate. B, relative expression of HSP12 in
sulfur-starved sul1� sul2� cells expressing Sul1-HA (circles) and Sul2-HA (triangles) upon the addition of 3 mM sulfate (closed symbols) or 3 mM D-glucosamine
2-sulfate (open symbols). C, uptake rate of 3H-labeled D-glucosamine 2-sulfate and 35S-labeled sodium sulfate in wild type (black bars) and sul1� sul2� (white
bars). D, uptake rate of different concentrations of 35S-labeled sodium sulfate in the presence (black bars) and absence (white bars) of 10 mM D-glucosamine
2-sulfate (G2S). Error bars, S.D.

Signaling by Yeast Sulfate Transceptors

APRIL 17, 2015 • VOLUME 290 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 10435



Glu and Asp residues were individually mutagenized to
uncharged Gln and Asn residues, respectively. Plasmids encod-
ing C-terminally HA-tagged versions of Sul1 and Sul2 contain-
ing the respective mutation (Sul1mut-HA or Sul2mut-HA) were
constructed, transformed in the sul1� sul2� strain, and tested
for proper expression of the mutant proteins by Western blot
analysis of membrane-enriched (P13) protein extracts (Fig. 5B).
Strains expressing these proteins were then investigated for
their sulfate transport and signaling activities in sulfur-starved
cells and compared with a strain expressing the wild type con-

struct. The sulfate uptake rate with different mutant forms of
Sul1 and Sul2 was significantly reduced (Figs. 5 (C and D) and
6A). Sul1E427Q-HA, Sul1D124N-HA, and Sul2E443Q-HA showed
negligible uptake activity (Figs. 5 (C and D) and 6A) despite
being properly expressed as assessed by Western blot analysis
of the HA-tagged versions present in membrane-enriched frac-
tions of sulfur-starved cells (Fig. 5B).

We next investigated sulfate-induced signaling to the PKA
pathway in sulfur-starved cells of strains expressing the mutant
Sul1 or Sul2 proteins. This showed that the non-transporting

FIGURE 3. Cell growth with different sulfate-containing compounds as sole source of sulfur. Wild type (●), sul1� (E), sul2� (f), and sul1� sul2� (�) cells
were starved for sulfur and then transferred to medium containing a 3 mM concentration of the indicated sulfate-containing compounds (A–D).
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mutant forms Sul1E427Q-HA and Sul2E443Q-HA had completely
retained their capacity to mediate activation of the PKA target
trehalase (Figs. 5E and 6B). In contrast, the only other trans-
port-deficient mutant identified, Sul1D124N-HA, failed to acti-
vate trehalase to the wild type level (Fig. 6B). We confirmed the
ability of Sul1E427Q-HA and Sul2E443Q-HA to activate the PKA
pathway by measuring the reduced expression of HSP12 upon
the addition of sulfate (Fig. 5F). The reduced expression of
HSP12 took place in a similar way as observed previously for the
addition of D-glucosamine 2-sulfate to sulfur-starved cells (Fig.

FIGURE 4. The BDS1 gene does not influence growth on various sulfate-containing compounds. Wild type (●) and bds1� (E) cells were starved for sulfur
and then transferred to medium containing a 3 mM concentration of the indicated sulfate-containing compounds (A–D).

TABLE 4
Putative proton binding sites in Sul1 and Sul2
Corresponding amino acid residues in Sul1 and Sul2 are indicated in the same row.

Sul1 Sul2

TMD
Predicted

site
Mutant allele

analyzed
Predicted

site
Mutant allele

analyzed

Asp-124 D124N Asp-140 1
Asp-305 D305N 7

Glu-406 Glu-422 9
Glu-427 E427Q Glu-443 E443Q 10
Asp-483 D483N 12
Asp-503 Asp-519 D519N 13
Glu-538 E538Q 14
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FIGURE 5. Mutagenesis of the putative proton binding sites, Glu-427 in Sul1 and Glu-443 in Sul2, blocks the uptake of sulfate but does not affect the
signaling function. A, ClustalX sequence alignment of sulfate transporters from different organisms showing the conserved glutamic acid residue (Glu-427 in
Sul1 and Glu-443 in Sul2) (in green) and other conserved residues (in lavender). Bottom, the position of all mutagenized residues, including Glu-427 in Sul1 and
Glu-443 in Sul2, is indicated on the predicted topology of Sul1 and Sul2. B, Sul1,2-HA expression level as detected by Western blot of immunoprecipitated
Sul1-HA, Sul2-HA, and their mutant forms in membrane-enriched P13 fractions isolated from cell cultures before and after the addition of 3 mM sulfate. C,
uptake rate of 0.1 mM [35S]sulfate in Sul1-HA-expressing (black bar) and Sul1E427Q-HA-expressing (gray bar) sulfur-starved cells. D, uptake rate of 0.1 mM

[35S]sulfate in Sul2-HA-expressing (black bar) and Sul2E443Q-HA-expressing (gray bar) sulfur-starved cells. E, activation of trehalase in Sul1-HA (●), Sul1E427Q-HA
(E), Sul2-HA (Œ), and Sul2E443Q-HA (‚) upon the addition of 3 mM sulfate. F, relative expression of HSP12 in sulfur-starved sul1� sul2� cells expressing Sul1-HA
(●), Sul1E427Q-HA (E), Sul2-HA (Œ), and Sul2E443Q-HA (‚) upon the addition of 3 mM sulfate. Error bars, S.D.
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2B). The rapid initial effect was present, but the long term effect
was reduced. As previously mentioned, reduction of the long
term effect may be due to the absence of sulfate assimilation.
Hence, both Sul1E427Q-HA and Sul2E443Q-HA had retained sig-
naling activity despite the loss of transport activity and can thus
function as pure sulfate sensors. This further underscored that
both Sul1 and Sul2 are true transceptors, in which the transport
function can be uncoupled from the signaling function.

Sulfate-mediated Transcriptional and Post-translational
Down-regulation of Sul1 and Sul2—Starvation of yeast cells for
sulfur causes strong induction of SUL1 and SUL2 and higher
levels of the Sul1 and Sul2 high affinity sulfate transporters at
the plasma membrane, whereas the addition of sulfate causes
rapid down-regulation of sulfate uptake (20, 25). We confirmed
that a strong drop in the mRNA level for both SUL1 and SUL2
takes place shortly after the addition of 3 mM sulfate to cells
starved for sulfur, indicating a tight negative regulation of the
sulfate transporters at the transcriptional level and/or sudden
stimulation of mRNA breakdown upon substrate availability
(Fig. 7A). Moreover, upon the readdition of sulfate to sulfur-
starved cells, the sulfate uptake rate also decreased rapidly and
dramatically over time. In particular, the uptake rate of a sul1�
sul2� strain expressing only Sul1-HA dropped to 60% in only 5
min and then slowly but progressively declined further, sug-
gesting the involvement of two different inactivation processes.
The uptake rate of the sul1� sul2� strain expressing only
Sul2-HA dropped much more sharply. It declined to below 20%
within 5 min and then remained constant at this low level (Fig.

7B). These observations indicate a tight regulation of sulfate
transporting capacity, possibly both by allosteric regulation and
intracellular sorting, as well as a differential regulation of Sul1
and Sul2 upon the readdition of the substrate.

Because the sharpest decrease in sulfate transport by Sul1 or
Sul2 is observed within 5 min after the readdition of sulfate, it is
unlikely that this decrease is solely due to transcriptional
repression or stimulation of mRNA breakdown; rather, it sug-
gests a post-translational mode of regulation, such as initiation
of substrate-induced endocytosis. To verify this, we next stud-
ied the stability of Sul1 and Sul2 at the plasma membrane upon
the addition of 3 mM sulfate to sulfur-starved cells in two ways
(Fig. 7, C and D). Because Sul1 and Sul2 N- or C-terminal GFP
fusion proteins were constitutively sorted to the vacuole, we
used Western blot analysis to detect Sul1-HA or Sul2-HA in
immunoprecipitates from membrane-enriched protein (P13)
fractions of sul1� sul2� cells expressing each version. A pro-
gressive disappearance of each of the transceptors from the
membrane fractions was observed in this way, which was
detectable already 10 min after the addition of sulfate (Fig. 7C).
This suggests that both Sul1 and Sul2 are endocytosed. The
faster disappearance of Sul2-HA, in comparison with Sul1-HA,
is in agreement with the faster decrease in transport activity
also observed for Sul2-HA (Fig. 7B). The rate of disappearance
of the Sul-HA signals was somewhat variable, but the relative
difference was consistent. For instance, Sul2-HA always disap-
peared faster than Sul1-HA. Detection of Sul1-HA and
Sul2-HA by immunofluorescence microscopy confirmed that

FIGURE 6. Sulfate transport and sulfate-induced PKA signaling in cells expressing Sul1 and Sul2 versions mutated in different putative proton-
binding residues. A, uptake rate of 0.1 mM [35S]sulfate in sulfur-starved cells expressing wild type Sul1-HA, Sul2-HA, or a mutant form. B, trehalase activation
upon the addition of 3 mM sulfate to sulfur-starved cells expressing the following: Sul1-HA (●), Sul1D124N-HA (E), Sul1D483N-HA (Œ), Sul1E538Q-HA (‚), and
Sul1E427Q-HA (f) (left) and Sul2-HA (●), Sul2D305N-HA (E), Sul2D519N-HA (Œ), and Sul2E443Q-HA (‚) (right). Error bars, S.D.
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both transceptors are initially localized at the cell surface and
that already within 10 min after the addition of 3 mM sulfate,
they are progressively internalized, resulting in their transient

accumulation in cytosolic punctate structures, consistent with
endosomes (Fig. 7D). Taken together, our data indicate that the
Sul1 and Sul2 transceptors are present in a high concentration

FIGURE 7. Sulfate transceptors Sul1 and Sul2 are regulated at the transcriptional and post-transcriptional level. A, relative mRNA levels of SUL1 (●) and SUL2 (E)
before and after the addition of 3 mM sulfate to sulfur-starved cells. B, uptake rate of [35S]sulfate in Sul1-HA-expressing (●) and Sul2-HA-expressing (E) cells before and
after the addition of sulfate to sulfur-starved cells. The cells were harvested at the indicated time points, and the short term uptake rate was then measured with a 1-min
uptake assay using radioactive sulfate. C, immunoprecipitation of Sul1-HA and Sul2-HA from membrane-enriched (P13) fractions, isolated before and at different time
intervals after the addition of 3 mM sulfate. The immunoprecipitated samples were blotted and immunodetected with anti-HA antibody. The predicted size of the
Sul1-HA and Sul2-HA proteins is indicated with an arrow. D, localization of Sul1-HA or Sul2-HA was monitored in the absence of sulfate (�) and after the addition of 3
mM sulfate (�) by immunofluorescence and confocal microscopy imaging. HA-tagged Sul1 and Sul2 proteins were detected by treatment with anti-HA rat primary
antibody followed by treatment with Alexa Fluor 488-conjugated anti-rat secondary antibody. DIC, differential interference contrast.
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at the plasma membrane in sulfur-starved cells and are sub-
jected to sulfate-triggered reduction of transcript levels as well
as post-translational down-regulation by endocytosis.

Uncoupling of Signaling from Endocytosis in the Sulfate
Transceptors—We next investigated whether signaling and
transport could be uncoupled from endocytosis using the non-
transported signaling agonist, D-glucosamine 2-sulfate. The
addition of D-glucosamine 2-sulfate did not cause any disap-

pearance of Sul1-HA or Sul2-HA in immunoprecipitates of
membrane enriched P13 fractions (Fig. 8A). This was con-
firmed with immunofluorescence microscopy, which showed
no detectable change in the intracellular localization of
Sul1-HA and Sul2-HA up to 240 min after the addition of D-glu-
cosamine 2-sulfate (Fig. 8B). These results show that signaling
is either not a trigger or at least not sufficient to trigger
endocytosis.

FIGURE 8. Uncoupling signaling from endocytosis in sulfate transceptors. A, Western blot detection of immunoprecipitated HA-tagged Sul proteins.
Shown are Sul1-HA or Sul2-HA in membrane-enriched P13 fractions isolated from cells before and after the addition of 3 mM sulfate or 3 mM D-glucosamine
2-sulfate. Shown are Sul1E427Q-HA and Sul2E443Q-HA before and after the addition of 3 mM sulfate. B and C, localization of HA-tagged Sul proteins as detected
by immunofluorescence and confocal microscopy imaging. B, Sul1-HA or Sul2-HA before and after the addition of 3 mM D-glucosamine 2-sulfate. C,
Sul1E427Q-HA or Sul2E443Q-HA before and after the addition of 3 mM sulfate. In all immunofluorescence experiments, HA-tagged Sul proteins were detected with
anti-HA rat primary antibody and Alexa Fluor 488-conjugated anti-rat secondary antibody. DIC, differential interference contrast.
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Next, we tested whether the two transport-defective but sig-
naling variants, Sul1E427Q-HA and Sul2E443Q-HA, still dis-
played sulfate-induced endocytosis. Arguing against endocyto-
sis is that their presence in P13 fractions from sul1� sul2� cells
expressing either mutant was unchanged upon sulfate addition
(Fig. 8A). The absence of endocytosis was also confirmed by
immunofluorescence microscopy. The localization of these
mutant proteins was more irregular and dotted but always near
the periphery of cells and did not change even 240 min after the
addition of sulfate (Fig. 8C). For this reason, and also because of
maintenance of their signaling activity, we believe that these
mutant forms are located at the plasma membrane and are
insensitive to sulfate-induced endocytosis. Their particular dis-
tribution pattern may be related to association with specific
areas in the plasma membrane, which is not commonly seen for
wild type Sul1 and Sul2. Hence, mutagenesis of the putative
H�-binding residues does not abolish signaling activity,
although it apparently causes additional effects on the structure
of the transceptors, which prevents not only sulfate transport
but also their sulfate-induced internalization.

DISCUSSION

Is Exit from Nutrient Starvation Arrest Always Associated
with Transceptor Activation?—The high affinity transporters
that are expressed by yeast and other microorganisms upon
limitation or deprivation of their nutrient substrate have gen-
erally been considered to function as scavenger transporters,
taking up minute amounts of substrate from the medium.
When ample substrate again becomes available to the cells and
they are thus relieved from their growth limitation or arrest,
such transporters are usually rapidly down-regulated both at
the transcriptional and post-translational level. The latter often
involves endocytic internalization and sorting to the vacuole for
breakdown (48 –53). Our previous work has already revealed
that certain high affinity transporters, induced upon limitation
or starvation for their own substrate, play an active role as nutri-
ent sensors for activation of PKA during exit from nutrient
deprivation-induced arrest of cell proliferation. Because of
their dual transporter/receptor function, these plasma mem-
brane proteins have been called “transceptors” (2). In S. cerevi-
siae, Gap1 (4, 5), Mep2 (8), and Pho84 (6, 7) have been shown to
play a role in rapid activation of the PKA pathway during exit
from growth arrest caused by nitrogen (Gap1 and Mep2) or
phosphate (Pho84) deprivation in fermenting cells. This also
makes physiological sense because PKA is known to stimulate
fermentation and growth. It has remained unclear, however,
how general the concept of transceptor activation of the PKA
pathway is. Starvation for any essential nutrient is well known
to cause growth arrest in the G1 phase of the cell cycle and
entrance into the G0 stationary phase. This raises the question
of whether exit from nutrient starvation-induced cell cycle
arrest is always associated with signaling by one or more tran-
sceptors. In the present paper, we show that sulfate-induced
exit from stationary phase is also associated with signaling by
the Sul1 and Sul2 transceptors. The situation for sulfate is
somewhat different from that of the previously described tran-
sceptors because Sul1 and Sul2 are the only sulfate transporters
known in yeast. This indicates that the main transporters for a

given nutrient may all function as transceptors. The demon-
stration of transceptor signaling with sulfate seems to support
the concept that nutrient transceptor signaling during exit
from starvation arrest is a general phenomenon occurring with
all (essential) nutrients.

The Yeast Sul1 and Sul2 Sulfate Transporters Are the First
Sulfate Transceptors—The main challenge in demonstrating
that a nutrient transporter acts as a transceptor is to distinguish
between the transporter itself and the internalized nutrient
triggering the signaling. It is not easy to find mutations in a
transceptor that abolish only one of the two functions. Usually,
mutant alleles display both reduced transport and reduced sig-
naling, preventing any clear conclusion to be drawn. In this
paper, we have made a conceptual advance in this respect by
exploring systematically amino acid residues that are good can-
didates for binding a symported cation. This resulted in identi-
fication of a specific allele both for Sul1 and Sul2 unable to
transport but maintaining the capacity for signaling. Hence, we
may have discovered a rational approach for separating trans-
port and signaling in a transceptor by site-directed mutagene-
sis. It is also not easy to identify substrate analogs that are trans-
ported without triggering signaling or triggering signaling
without being transported. Of all compounds tested, only
D-glucosamine 2-sulfate was able to fulfill one of the two; it
triggered signaling without being transported. Unexpectedly,
high concentrations of D-glucosamine 2-sulfate only caused sig-
nificant inhibition of sulfate uptake below its Km. This indicates
that the main interaction site of D-glucosamine 2-sulfate with
Sul1 or Sul2 is probably not through the canonical sulfate-bind-
ing site. The simplest explanation would be that D-glucosamine
2-sulfate binds with low affinity to an unknown site, possibly at
an outward facing domain and thus induces the conformational
change required for signaling, in a way distinct from sulfate.
This apparent paradox may reflect that the conformation of
transporters is much more flexible than suggested by the out-
ward open/occluded/inward open models. This is consistent
with recent findings where specific transporters have been
shown to possess distinct binding sites and translocation tra-
jectories for some of their substrates or ligands (54, 55). In par-
ticular, the UapA xanthine-uric acid transporter of Aspergillus
nidulans has been shown to be able to bind with high affinity
and transport the purine analogue allopurinol, but allopurinol
binding neither inhibits binding and transport of the physiolog-
ical substrates nor induces UapA transport-dependent endocy-
tosis, in contrast to uric acid or xanthine (54). Although allo-
purinol is transported and D-glucosamine 2-sulfate is not, both
compounds provide an example where competitive inhibition
is not observed under conditions where it was expected.

In the second approach, we mutagenized putative H�-bind-
ing residues in transmembrane domains with the aim of abol-
ishing transport and maintaining signaling in a mutant Sul1,2
transceptor. We identified Glu-427 in Sul1 and the correspond-
ing Glu-443 in Sul2 as being required for transport but not for
signaling. Another residue, Asp-124 in Sul1, also conserved in
Sul2 at the position Asp-140, was necessary for both transport
and signaling. The strong conservation of these residues is con-
sistent with a crucial role in the transport mechanism (47). The
non-transporting signaling forms of the transceptors Sul1 and
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Sul2 can be compared with the well established non-transport-
ing amino acid sensor, Ssy1 (56 –58), and glucose sensors, Snf3
and Rgt2 (59). These proteins show strong sequence similarity
with transporters but have lost the capacity to transport and
function instead as pure sensors. Interestingly, a recent report
shows that mutations in the residue Glu-357 in another mem-
ber of the sulfate transporter family, the human epithelial anion
transporter Scl26a6, corresponding to Glu-427 in Sul1 and Glu-
443 in Sul2, abolished its ability to perform coupled transport of
Cl�/HCO3

� without eliminating its ability to conduct uncou-
pled anionic current (47). This underscores not only the impor-
tance of this conserved residue in transport but also that proper
mutagenesis can uncouple the transport function from other
functions that a transporter may have.

In this work, we have identified Glu-427 in Sul1 and Glu-443
in Sul2 as only required for transport and not for signaling. We
have previously obtained a similar result upon mutagenesis of
Asp-358 in the Pho84 transceptor, which also abolished trans-
port with little effect on signaling (43). Hence, transceptor sig-
naling now provides a new useful read-out to identify residues
likely to be involved in the binding of the co-transported ion
during its passage through a transporter (60). Although there is
only indirect evidence at present that such residues are impor-
tant because they are part of the H�-translocation pathway,
their strong conservation suggests that Sul1 and Sul2 transport
sulfate by a mechanism similar, if not equivalent, to the mech-
anism proposed for the fungal phosphate transporter, PiPT,
and for the human POT peptide transporter (61, 62). In accor-
dance with the transport models proposed in these papers, we
suggest that the H�-binding site Asp-124 in Sul1 and Asp-140
in Sul2 faces the extracellular side of the plasma membrane and
that in the outward open conformation, protonation of this
residue is required to abolish repulsion of the negatively
charged sulfate molecule so that it can bind to the transporter.
This would explain why the residue is essential both for sulfate
transport and signaling. Sulfate binding would then trigger a
subsequent series of conformational changes, which is associ-
ated with its translocation through the passageway of the trans-
porter, one of which may trigger signaling to the PKA pathway.
After the latter event has taken place, the H� might be trans-
ferred to the next H�-binding site, Glu-427 in Sul1 and Glu-443
in Sul2. This second putative H�-binding site is located more
toward the intracellular face of the transmembrane domain,
and its protonation could take place when the transporter
adopts the inward open conformation. Such a sequence of
events would explain why mutagenesis of Asp-124/Asp-140
abolishes both transport and signaling, whereas the mutagene-
sis of Glu-427/Glu-443 abolishes only transport and not signal-
ing. In other words, whereas transport requires a complete
alternation of outward- and inward-facing conformers of
Sul1/2, for signaling, the completion of the transport cycle is
not essential. What seems to be necessary for signaling is a
specific intermediate transporter conformation, the acquisition
of which is not hindered by mutations in Glu-427/Glu-443,
which, however, are essential for subsequent steps necessary for
completing the transport cycle.

Homology threading (see the Bioinformatics Toolkit Web
site) with known H� co-transporters reveals that Sul1,2 show

structural similarity with UraA, the major uracil transporter of
E. coli, which is believed to function as a H�-symporter (46).
UraA is a member of the so-called nucleobase ascorbate trans-
porter family, also known as NCS2, some bacterial and fungal
members of which have been extensively studied in respect to
structure-function relationships (63, 64). Such studies have
identified residues critical for substrate or H� binding and sym-
port (64, 65). Mutational studies in UraA and homologous
transporters, such as the XanQ xanthine transporter of E. coli
(66) and the UapA uric acid-xanthine transporter of A. nidu-
lans (65), have suggested that His-245 is involved in proton
binding. His-245 in UraA corresponds to Glu-406 in Sul1 or
Glu-422 in Sul2, which are fully conserved in Sul-like transport-
ers and may thus function as major H�-binding sites.

Endocytosis of Sul1 and Sul2 Is Independent of Signaling—
The absence of Sul1 and Sul2 endocytosis after the addition of
D-glucosamine 2-sulfate (non-transported signaling agonist) or
upon readdition of sulfate to the signaling, non-transporting
mutants Sul1E427Q and Sul2E443Q has demonstrated that signal-
ing is not necessarily associated with transceptor endocytosis.
The apparent requirement of transport for endocytosis can be
explained in different ways. First, an intracellular effect caused
by the accumulation of sulfate and/or any of its derived metab-
olites might be the trigger for endocytosis. This mechanism is
not supported by the observation that methionine, a preferred
sulfur source for cells, can induce rapid down-regulation of
SUL1,2 transcript levels but does not trigger endocytosis of Sul
proteins already present in the plasma membrane (25).
Although not contradicting a role for intracellular sulfate itself,
it dismisses a role for increased sulfur content in triggering
endocytosis of sulfate transporters. Second, the ability of the
substrate to elicit in the wild type transporter a specific tran-
sient conformation between the signaling conformation and
the conformation, which releases sulfate into the cell, may act as
initial trigger. Such a conformational change induced by sub-
strate binding may be transmitted to a conformation-sensing
domain (loop interaction domain or LID) that regulates site-
specific ubiquitination, as recently shown in the case of the Fur4
uracil permease (67). Several examples have been reported of
mutant transporters that were deficient in transport and in
endocytosis, strongly suggesting a link between the two phe-
nomena. The Gap1A297V mutant lacked the ability to transport
citrulline and arginine and failed to become internalized in the
presence of citrulline and arginine, despite its ability to bind
these substrates (48). This shows the importance of the trans-
porter being able to complete the substrate transport cycle for
endocytosis to be triggered. Similar evidence has also been
found in other nutrient transporters, such as Smf1, Ftr1, and
UapA (49, 50, 52). This is consistent with our observation that
Sul1E427Q and Sul2E443Q are defective both in transport and
endocytosis, although not in signaling. Hence, a conformation
occurring after the signaling event, either before or concomi-
tantly with the intracellular release of sulfate, may act as trigger.

Our work with the Sul1E427Q and Sul2E443Q alleles indicates
that the conformational changes involved in signaling are inde-
pendent of those involved in triggering endocytosis. These
results are consistent with our previous results obtained for the
Gap1 amino acid transceptor, in which transport, signaling,

Signaling by Yeast Sulfate Transceptors

APRIL 17, 2015 • VOLUME 290 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 10443



endocytosis, and even oligoubiquitination could be uncoupled
from each other to a large extent, suggesting that different
downstream processes are triggered by different conformations
of the protein, for instance those occurring sequentially during
the transport cycle (68).

The Sulfate Transceptors Sul1 and Sul2 Are Tightly Regulated
at Multiple Levels upon Sulfate Sensing—Similar to classical
receptors and transporters, also transceptors are tightly regu-
lated according to environmental cues. Expression of both
SUL1 and SUL2 is up-regulated such that Sul1 and Sul2
increase their level at the plasma membrane upon sulfate scar-
city (21). We have also shown here that their transport capacity
and expression level drop rapidly upon the readdition of sulfate,
a process that occurs concomitantly with substrate-induced
endocytosis and vacuolar degradation. It has to be noted that
the down-regulation of transport capacity occurred much
faster than the rate of endocytosis, suggesting that an additional
level of regulation might inhibit transport even before Sul1 and
Sul2 are removed from the plasma membrane through endocy-
tosis. Such an additional inhibition of transport activity in the
absence of endocytosis has been reported for the Gap1 amino
acid transceptor (69) and has also been suggested in the case of
Sul2 (25). This rapid regulation could, for example, consist of an
allosteric inhibition that changes the conformation of the trans-
porter, reducing the transport capacity upon extracellular
increase in sulfate.

Such a mechanism for rapid down-regulation of the Sul1 and
Sul2 transceptors could be important not only to lower sulfate
uptake activity but also to limit transceptor signaling to the
PKA pathway, so as to prevent its overactivation, similar to
what is well known for classical receptors (70). In this respect, it
is interesting to note that the long term regulatory response of
the HSP12 PKA target in cases where signaling took place with-
out transport (use of D-glucosamine 2-sulfate or of the Glu to
Gln mutant transporters in putative proton binding sites) is
attenuated compared with that with sulfate in wild type cells.
This suggests that transceptor signaling is especially important
for the rapid response and that a second mechanism based on
intracellular sulfate sensing may be responsible for long term
maintenance of the effect on the PKA targets.
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12. Springael, J. Y., and André, B. (1998) Nitrogen-regulated ubiquitination of
the Gap1 permease of Saccharomyces cerevisiae. Mol. Biol. Cell 9,
1253–1263

13. Stanbrough, M., and Magasanik, B. (1995) Transcriptional and posttrans-
lational regulation of the general amino acid permease of Saccharomyces
cerevisiae. J. Bacteriol. 177, 94 –102

14. Thevelein, J. M., and de Winde, J. H. (1999) Novel sensing mechanisms
and targets for the cAMP-protein kinase A pathway in the yeast Saccha-
romyces cerevisiae. Mol. Microbiol. 33, 904 –918

15. Hundal, H. S., and Taylor, P. M. (2009) Amino acid transceptors: gate
keepers of nutrient exchange and regulators of nutrient signaling. Am. J.
Physiol. Endocrinol. Metab. 296, E603–E613
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