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A novel concept in eukaryotic signal transduction is the use of nu-
trient transporters and closely related proteins as nutrient sensors.
The action mechanism of these “transceptors” is unclear. The Pho84
phosphate transceptor in yeast transports phosphate and mediates
rapid phosphate activation of the protein kinase A (PKA) pathway
during growth induction. We have now identified several phos-
phate-containing compounds that act as nontransported signaling
agonists of Pho84. This indicates that signaling does not require
complete transport of the substrate. For the nontransported ago-
nist glycerol-3-phosphate (Gly3P), we show that it is transported by
two other carriers, Git1 and Pho91, without triggering signaling.
Gly3P is a competitive inhibitor of transport through Pho84, indi-
cating direct interaction with its phosphate-binding site. We also
identified phosphonoacetic acid as a competitive inhibitor of
transport without agonist function for signaling. This indicates that
binding of a compound into the phosphate-binding site of Pho84 is
not enough to trigger signaling. Apparently, signaling requires a
specific conformational change that may be part of, but does
not require, the complete transport cycle. Using Substituted Cys-
teine Accessibility Method (SCAM) we identified Phe'®® in TMD
IV and Val**2 in TMD VIII as residues exposed with their side chain
into the phosphate-binding site of Pho84. Inhibition of both trans-
port and signaling by covalent modification of Pho84F15°C or
Pho84V392C showed that the same binding site is used for transport
of phosphate and for signaling with both phosphate and Gly3P.
Our results provide to the best of our knowledge the first insight
into the molecular mechanism of a phosphate transceptor.

nutrient sensing | protein kinase A | growth induction |
Saccharomyces cerevisiae

In yeast and subsequently in other eukaryotic species, several
nutrient-transporter-related nutrient receptors or “transcep-
tors” have been discovered (1). They can be nontransporting
homologues of nutrient transporters as in the case of the yeast
glucose sensors Snf3 and Rgt2 (2) and amino acid sensor Ssyl
(3-5), the glucose-6-phosphate sensor UhpC in E. coli (6), or
the SGLT3 glucose sensor in mammalian cells (7). Alternatively,
several actively transporting nutrient carriers have also been
found to act as nutrient sensors, as in the case of the yeast
Mep2 ammonium carrier (8-10), Gapl amino acid carrier (11)
and Pho84 phosphate carrier (12), the Arabidopsis nitrate trans-
porter NRT1.1 (13), and the Drosophila PATH (14) and mamma-
lian SNAT?2 amino acid transporters (15). The precise functioning
of both the transporting and nontransporting transceptors is not
well understood.

Phosphate transport in S. cerevisiae is carried out by five phos-
phate transporters, Pho84, Pho87, Pho89, Pho90, and Pho91 (16).
A quintuple deletion strain lacking all carriers is deficient in phos-
phate transport and inviable. Pho84 provides a major contribu-
tion to phosphate transport and is strongly induced under
phosphate starvation conditions (16). Whereas a specific role
of Pho84 in transcriptional repression of PHO pathway target
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genes by phosphate has been contradicted (16), Pho84 was shown
to mediate rapid activation of PKA pathway targets during
growth induction by phosphate in phosphate-deprived ferment-
ing yeast cells (12). Addition of phosphate also triggers phosphor-
ylation and ubiquitination of Pho84 followed by endocytic
internalization and degradation in the vacuole. This process
may be triggered by Pho84-mediated activation of the PKA
pathway (17).

The plasma membrane bound Gitl carrier imports glyceropho-
sphoinositol (GlyPIno) and upon overexpression also phosphate
into yeast cells (16, 18). GlyPIno is generated in phosphatidylino-
sitol catabolism by surface phospholipases and released into the
medium. Extracellular hydrolysis of GlyPIno is insignificant (19).

In the present paper we show that phosphate-containing com-
pounds that are not transported by Pho84 can trigger phosphate
signaling. Transport by another carrier, like Git1, does not trigger
signaling. We have identified amino acid residues that are ex-
posed with their side chain into the phosphate-binding site of
Pho84 and show that the same site is used for transport and sig-
naling. We also provide evidence that binding of the phosphate
substrate into the phosphate-binding site of Pho84 is not enough
to trigger signaling, indicating that agonist action requires induc-
tion of a specific conformational change. It may be part of, but
clearly does not require the complete transport cycle. To the best
of our knowledge, these results provide previously undescribed
insight into the action mechanism of a phosphate transceptor.

Results

Screening for Organic Phosphate Compounds That Can Activate PKA
Signaling Through the Pho84 Transceptor. Addition of phosphate in
the presence of glucose to phosphate-starved yeast cells triggers
rapid activation of the protein kinase A pathway, which can be
measured conveniently by activation of trehalase, a well-estab-
lished protein kinase A target (12). We have screened phos-
phate-containing compounds unlikely to be transported by
Pho84 for possible agonist action on the signaling function of
Pho84. We identified multiple organic phosphate compounds
that could trigger PKA signaling and were unlikely to be trans-
ported into yeast cells (Table 1). Phosphate esters were the most
effective compounds. Other phosphorus-containing compounds,
like phosphonoacetic acid (PAA), did not produce a significant
activation (Table 1). Unexpectedly, we found that glycerol-3-
phosphate (Gly3P) was rapidly taken up by yeast cells, and we
have explored its uptake and signaling mechanism further in
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Table 1. Maximal increase in trehalase activity after addition of inorganic phosphate or different organic phosphate
esters and phosphorus compounds to phosphate-starved cells.

Strain
Compound Wild type pho3A pho5A pho84A pho3A pho5A
Agonists
Phosphate 110.8 = 27.2 110.7 = 19.8 15.4 = 10.5
Fru1,6P 80.4 + 16.3 725 +6.0 7.0+ 25
Fru6P 819+ 175 71.0 £ 17.6 53+ 1.6
Gly3P 78.8 £ 11.7 77.5 £ 10.5 51+45
Glu6P 76.6 + 16.5 68.5 + 15.4 12.2 + 3.7
Glu1P 75.6 + 15.0 724 + 18.0 6.1 + 3.7
ATP 56.4 + 11.5 542 + 11.2 <1.0
GlyPIno 46.1 £ 12.5 45.8 + 10.2 <1.0
Methylphosphonate 334+ 115 345+ 11.6 <1.0
Non- or very poor agonists
Dimethylphosphonate 156 £ 7.6 16.8 £ 7.3 <1.0
Diethylphosphate 14.1 £ 11.5 14.5 £ 10.7 <1.0
Phosphonoformic acid 12.3 + 10.7 13.4 + 11.8 <1.0
Phosphonoacetic acid (PAA) 17.2 £ 13.3 16.5 =+ 11.0 <1.0
Phosphonopropionic acid 13.7 £ 11.9 13.8 £ 11.2 <1.0
Trimethylphosphate 8.9 =143 8.5 =% 11.1 <1.0
Phosphocholine 49 +10.3 45 + 10.5 <1.0
Trimethyl phosphonoacetate <1.0 <1.0 <1.0
Trimethyl phosphonoformate <1.0 <1.0 <1.0

Basal trehalase activity before addition of phosphate or phosphate analogue was 59.5 + 5.4 for the wild type strain, 56.1 + 4.5 for the
pho3A pho5A strain, and 23.5 + 4.7 for the pho84A pho3A pho5A. This basal level of activity has been subtracted from the peak value
after addition of the compound to reveal specifically its agonist signaling capacity. Standard deviations are indicated.

detail. We tested the other compounds of Table 1 also for possible
use as a source of phosphate in the phoAnull strain, which com-
pletely lacks phosphate transport. Only Gly3P and GlyPIno were
able to support growth indicating that the other compounds can
either not be transported or cannot be metabolized intracellularly
to serve as a source of phosphate. These results are provided in
ST Text.

Addition of 10 mM Gly3P to phosphate-starved wild type cells
triggered rapid PKA signaling (Fig. 14) similar to the effect of
phosphate addition (12). The yeast Saccharomyces cerevisiae ex-
presses the secreted phosphatases Pho3 and PhoS5, but a pho3A
phoSA strain showed only a slight reduction in activation of PKA
signaling by Gly3P (Fig. 14) or by the other organic phosphate
esters (Table 1). This shows that the activation is not due to phos-
phate released extracellularly by the secreted phosphatases from
the organic phosphate esters. We have performed extensive con-
trol experiments to rule out that the activation observed with the
organic phosphate compounds is due to contaminating phosphate
in the commercial preparations or to residual, secreted phospha-
tase activity. These experiments are described in SI 7ext. The ob-
servation that glycerophosphoinositol (GlyPIno) can trigger PKA
signaling is consistent with the conclusion that external hydrolysis
is not involved because GlyPIno is unable to serve as a source of
phosphate or inositol in a strain deficient in GlyPIno uptake (19).

Activation of PKA Signaling by Gly3P Requires Pho84 and is Only Sup-
ported by Pho84. Deletion of PHO84 completely abolished PKA
signaling by Gly3P (Fig. 14). This was also observed for the other
organic phosphate esters tested (Fig. 1B and Table 1). The resi-
dual activation observed with phosphate (Table 1) is due to Pho87
that also acts to some extent as phosphate transceptor (12). Also
the basal level of trehalase activity was substantially reduced by
deletion of PHOS4. These results indicate that Pho84 is required
for activation of PKA signaling by Gly3P and other organic phos-
phate esters, and in particular that apparently neither Gitl nor
Pho91 (which transport Gly3P, see further) can trigger activation
of PKA signaling. To gain further evidence for the capacity of
Pho84 to support Gly3P-induced PKA signaling, we overex-
pressed PHOS84, PHOS7, PHOS89, PHO90, PHO91, or GITI in
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a pho84A pho87A pho89A pho90A pho91A (phoAnull) git1A
strain. (Inviability of the control sextuple deletion strain was res-
cued with a plasmid expressing GAL-PHOS84). Assessment of
Gly3P-induced PKA signaling in these strains showed that 1) only
overexpression of PHO84 and not that of any of the other carriers
supported signaling and 2) that overexpression of PHO84 appar-
ently caused a strong increase in the basal level of PKA activity,
resulting in an upshift of the whole trehalase activation profile
compared to that in the wild type strain (Fig. 1C). These results
support a specific role of Pho84 as sensor for Gly3P in PKA
signaling. Consistent results were obtained for trehalose mobili-
zation in the same strains. They are provided in SI Text.

As for Phosphate, Activation of PKA Signaling by Gly3P Depends on
the Catalytic But Not the Regulatory Subunits of PKA. In S. cerevisiae,
the catalytic subunits of PKA are encoded by the genes TPKI,
TPK2, and TPK3, while the regulatory subunits are encoded by
the BCY1 gene (20, 21). Strains expressing only 7PK3 or only
one, partially weakened allele of a TPK gene (¢pk*') display
strongly reduced activity of the PKA pathway (22). When Gly3P
was added to phosphate-starved cells of a (pk2*! strain (Fig. 1D)
or a strain expressing only 7PK3 (Fig. 1D) trehalase activation
was strongly reduced. Addition of Gly3P to phosphate-starved
cells of the tpk2”! beylA strain resulted in a similar activation
of PKA signaling compared with the (pk2*! BCY] strain (Fig. 1D).
These results are strikingly similar to those previously obtained
with the same strains for phosphate activation (12), supporting
that Gly3P and phosphate activate PKA signaling through the
same signaling pathway. We have also measured another target
of the PKA pathway, SS43 expression, by Q-PCR, and we show
that it is affected by phosphate and Gly3P in a similar, PKA-
dependent manner as trehalase activity. We also performed
micro-array analysis of genome-wide gene expression in phos-
phate-starved cells after addition of phosphate or Gly3P, which
confirmed that the two compounds trigger a very similar re-
sponse, which is dependent on PKA activity. These results are
provided in SI Text.
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Fig. 1. The PKA target trehalase is activated after addition of Gly3P or other
organic phosphate esters to phosphate-starved cells. (A) Activation of the
PKA target trehalase after addition of 10 mM Gly3P to phosphate-starved
cells of a wild type and a pho3A pho5A strain with or without deletion of
PHOB84. Strains: wild type (¢), pho3A pho5A (O), pho84A pho3A phoSA
(A). (B) Activation after addition of 10 mM of other organic phosphate esters
to phosphate-starved cells of a wild type (closed symbols) and a pho84A
pho3A pho5A (open symbols) strain. Compounds: Gly3P (¢,0), Glu6P (A,
4), Methylphosphonate (w,[]), ATP (4,{)), Phosphonoacetic acid (PAA) (v,
v). (C) Activation after addition of 10 mM Gly3P to phosphate-starved cells
of a wild type strain and strains expressing either none or only a single
phosphate carrier from the ADH1 promoter. GAL-PHO84 is repressed in
the glucose-containing phosphate starvation medium. Strains: wild type
(*), phoAnull git1A +pGAL-PHO84 (O), phoAnull git1A +pPHO84 (A),
+pPHO87 (A), +pPHO90 (m), +pPHO91 ([]) or +pGIT1 (0). (D) Activation
of PKA signaling with 10 mM Gly3P in mutants with reduced PKA activity.
Wild type (TPK1-3 BCY1) (o), tpk1A tpk2A TPK3 (Q), tpk1A tpk2"!
tpk3A (A), tpk1A tpk2"' tpk3A bcy1A (A).

Gly3P is Transported by the Git1 and Pho91 Carriers but Not by Pho84.
A yeast strain deficient in the five phosphate carriers, Pho84,
Pho87, Pho89, Pho90, and Pho91, is unable to grow in a medium
with phosphate because the phosphate cannot be transported
into the cells. Such a strain can be rescued by inducible expression
of the Pho84 carrier from the GAL promoter (16). We found that
this phosphate carrier null strain can also be rescued by addition
of Gly3P in the medium (Fig. 24).

Direct measurement of Gly3P transport using radioactive
Gly3P in short-term uptake experiments (5 min) confirmed that
phosphate-starved cells of a wild type yeast strain take up Gly3P
(Fig. 2B). It was shown previously that transport of GlyPIno by
Gitl is competitively inhibited by Gly3P (18), suggesting that this
carrier might be responsible for Gly3P transport. We have deleted
the GITI gene in the pho3A pho5A strain to avoid interference
with possible hydrolysis of Gly3P by the secreted phosphatases.
Deletion of PHO3 and PHOS had no effect on Gly3P short-term
uptake in a wild type strain (Fig. 2B). Additional deletion of Gitl
caused a drop in Gly3P uptake (Fig. 2B) suggesting that Gitl is
responsible for part of the Gly3P uptake. Subsequently, we have
constructed strains with deletions of the five phosphate carrier
genes PHOS84, PHOS7, PHOS89, PHO90, and PHO91, as well
as GITI, and expressing either PHO84, PHOS87, PHO90,
PHO91, or GITI from the ADHI promoter on a plasmid. Deter-
mination of Gly3P uptake showed that only Gitl and Pho91 sup-
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Fig. 2. Uptake of Gly3P occurs through Git1 and Pho91 and is not required
for activation of the PKA target trehalase. (A) Gly3P can serve as source of
phosphate for a strain lacking all phosphate carriers. Growth of the wild type
strain and the phoAnull strain on SD medium (contains 7 mM phosphate)
supplemented with different concentrations of Gly3P. (B) Uptake rate of
14C-Gly3P in phosphate-starved cells of the wild type, pho3A pho5A,
git1A pho3A pho5A and git1A pho91A pho3A pho5A strains and of the
phoAnull strain overexpressing a single phosphate carrier. (C) Activation
of the PKA target trehalase after addition of Gly3P to phosphate-starved cells
does not require the Gly3P transporters Git1 and Pho91. Strains: wild type (e),
git1A pho3A pho5A (O), pho91A pho3A pho5A (A), git1A pho91A pho3A
pho5A (A).

ported strong Gly3P uptake (Fig. 2B). Although the other carriers
apparently have some residual Gly3P uptake activity when over-
expressed, their contribution to Gly3P uptake in a wild type strain
appears to be very low. This was confirmed by deletion of PHO91
in the git1 A pho3A phoSA strain, which resulted in near-complete
elimination of Gly3P transport activity (Fig. 2B). Consistent re-
sults were obtained for growth recovery of phosphate-starved
cells with Gly3P as only source of phosphate and for the increase
in intracellular phosphate in phosphate-starved cells after supply
of Gly3P (see SI Text).

Gly3P-Induced PKA Signaling Does Not Depend on Gly3P Uptake. Ex-
amination of Gly3P-induced PKA signaling in the git1A pho3A
phoSA, pho91A pho3A phoSA, and gitlA pho91A pho3A
phoSA strains revealed a very similar increase compared with
a wild type strain (Fig. 2C). This indicates that neither Gitl
and Pho91 nor Gly3P transport into the cell is required for
Gly3P-induced activation of PKA signaling. Consistent results
were obtained with GlyPIno, which is transported by Gitl
(18). They are provided in SI Text.

The Agonist Gly3P and the Nonagonist Phosphonoacetic Acid (PAA) are
Both Competitive Inhibitors of Phosphate Transport by Pho84. We
have determined whether the signaling agonist Gly3P is able
to inhibit phosphate transport in a strain only expressing
Pho84. The results show that increasing concentrations of Gly3P
inhibit transport of a fixed concentration of phosphate (0.1 mM)
with increasing efficiency (Fig. 34) and that increasing phosphate
concentrations counteract inhibition by several, fixed Gly3P con-
centrations (Fig 3B). This shows that Gly3P acts as a competitive
inhibitor of phosphate transport by Pho84. Therefore, both com-
pounds must directly interact with the phosphate-binding site of
Pho84. We performed the same experiments with the nonagonist
PAA that showed that this compound also acts as competitive in-
hibitor of phosphate transport by Pho84 and thus must also bind
into the phosphate-binding site of Pho84 in a similar way as phos-
phate (Fig 3C and D). Since PAA is unable to trigger PKA signal-
ing, the mere binding of a compound into the phosphate-binding
site of Pho84 is apparently not enough to trigger signaling.

Popova et al.


http://www.pnas.org/cgi/data/0906546107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0906546107/DCSupplemental/Supplemental_PDF#nameddest=STXT

[

Z

1\

BN AS DN AS D

A 25 B a5
= . g 30
204 -
2% v s
& '.“ & o 25
2o \ 2g
5 E . ]
&= 15 \ B o
27 =0
o E . o £
5 E 5 E
&£ 10 ag s ~
25 s 25 | )
o @ e o 2 10 | o
2 T 2 #
& 5| - 3 |
3 B b -
E g ° o e
E = 0 02 D4 0B 08 1
0 ol & i
] 0.5 1 15 2 2.5 012345678910
mM G3P mM Phosphate
25 D
E .-, "E“ _--ﬁ;_____‘—:h._g
D @ -
g g rf/
N S 25/ J
2o 2o
S E s E |
a = 15 :
ST = il 20
o = o £
s E hat g E o
w @ 10 v
o £ o £ 06|
£ & £g |
& g o 10| ¢ Zos i
£ 2 ' £
= 5 g I o 02 o
E g 51 | o et
= = | 0 0z 04 08 08 1
8 | 8 s

0|
012345678910
mM Phosphate

o 2 4 6 & 10
mM PAA

Fig. 3. Gly3P and PAA are competitive inhibitors of phosphate transport by
Pho84. Strain: phoAnull git1A +pPHO84. (A) Uptake rate of 32Pi (0.1 mM) in
the presence of different Gly3P concentrations. (B) Uptake rate of 32Pi as a
function of the initial phosphate concentration in the absence (¢) and pre-
sence of 0.5 mM (O), 1 mM (4), and 2 mM (&) Gly3P. These values have also
been summarized in a Lineweaver-Burk plot (inset); no inhibitor (), 0.5 mM
(O), 1 mM (A) and 2 mM (a) Gly3P. The K, value of Pho84 was 14.8 uM. The
correlation coefficients for the linear regression plots in the absence and
presence of 0.5 mM, 1 mM and 2 mM Gly3P were 0.996, 0.999, 0.999 and
0.999, respectively. (C) Uptake rate of 32Pi in the presence of different
PAA concentrations. (D) Uptake rate of 32Pi as a function of the initial
phosphate concentration in the absence (¢) and presence (O) of 5 mM
PAA. These values have also been summarized in a Lineweaver-Burk plot
(inset); no inhibitor (¢), 5 mM PAA (O). The correlation coefficients for
the linear regression plots in the absence and presence of PAA were 0.996
and 0.998, respectively.

Substituted Cysteine Accessibility Method (SCAM) Identifies Phe'®?
(TMD 1V) and Val?*®2 (TMD VIII) as Residues Exposed into the Phos-
phate-Binding Site. SCAM analysis is a well-established methodol-
ogy to identify amino acid residues of which the side chain is
exposed into the ligand-binding site of receptors or the sub-
strate-binding site of transporters (23, 24). We have replaced dif-
ferent residues of TMD IV and TMD VIII in Pho84 individually
by cysteine using site-directed mutagenesis. We first selected
TMD IV because of several reasons as explained in SI Text.
We tested transport and signaling with the different cysteine-sub-
stituted mutant proteins. An overview of the results for the whole
TMD 1V is shown in Fig. 44 and in helical wheel representation
in Fig. 4B. Mutagenesis to cysteine of conserved residues in the
glycine-rich sequence (Gly'”2, Gly'™, and Gly'”®) and of the
conserved R168 residue resulted in inactive proteins. Pho84 also
shows significant sequence similarity with the Snf3 and Rgt2
glucose sensors and with Hxt glucose transporters. An alignment
of TMD 1V, with the conserved domains indicated and the results
of the mutagenesis, is shown in SI Text.

For the cysteine-substituted proteins where transport and sig-
naling were not or only partially affected, we tested transport and
signaling with preaddition of MTSEA. This is a sulfhydryl-binding
compound that only reacts efficiently with ionized thiolates in an
aqueous environment, such as the binding site for water-soluble
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Fig.4. SCAM analysis of TMD IV reveals Phe'® as being exposed with its side
chain into the phosphate-binding site of Pho84. (A) Location of the cysteine
substitution mutations in TMD IV of Pho84. (B) Representation in helical
wheel analysis. Amino acid residues that were mutagenized to cysteine
are indicated in color according to the transport and signaling capacity of
the mutant protein with 1 mM phosphate. Normal transport and signaling
with or without preaddition of 10 mM MTSEA (Blue), strongly reduced or
completely abolished transport and signaling (Yellow), and partially reduced
transport and signaling in the cysteine substitution protein and deficient
transport and signaling after preaddition of 10 mM MTSEA (Blue and
Red). (C) Activity of trehalase after addition of 1 mM phosphate to phos-
phate-starved cells of the wild type strain (»,Q) and the Phe'®® cysteine sub-
stitution mutant (A,A) without (O,2) and with (e,A) preaddition of 10 mM
MTSEA. (D) Transport of 1 mM phosphate in phosphate-starved cells of the
wild type and Phe'®? cysteine substitution mutant with (Gray) and without
(White) preaddition of 10 mM MTSEA. (E) Activity of trehalase after addition
of 1 mM phosphate to phosphate-starved cells of the Phe'® cysteine substi-
tution mutant without (O) and with preaddition of 10 mM MTSEA in the
absence () or presence of 50 mM phosphate (A). (F) Transport of 1 mM phos-
phate in phosphate-starved cells of the Phe'® cysteine substitution mutant
without (White) and with preaddition of 10 mM MTSEA in the presence
(Gray), or absence (Black) of 50 mM phosphate.

ligands or substrates, and not with unionized thiolates, such as
those residing within the hydrophobic bilayer of the membrane.
Only for Pho84F1%°C preaddition of MTSEA blocked the partial
subsequent activation of trehalase with phosphate (Fig. 4C) as
well as the partial transport of phosphate observed with this mu-
tant protein (Fig. 4D). Phe!® is located at the outside border of
the TMD. This result is consistent with the side chain of Phe'®
being exposed into the phosphate-binding site of Pho84 and
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binding of MTSEA to the cysteine substitution protein responsi-
ble for blocking its phosphate-binding site. We also performed
the classical control protection experiment (23) in which we
added increasing concentrations of phosphate together with
MTSEA to cells expressing only Pho84F!¢0C, After washing of
the cells, we measured signaling and transport with phosphate.
Addition of phosphate effectively counteracted the binding of
MTSEA, resulting in recovery of both signaling (Fig. 4E) and
transport (Fig. 4F). This confirms that phosphate and MTSEA
compete for the same binding site, into which Phe!® is exposed
with its side chain. Since the Pho84F'%°C protein showed a partial
reduction of trehalase activation and phosphate transport, we
performed additional experiments to exclude that the mutation
affected a binding site elsewhere in the protein through distortion
of the general conformation of the protein. We mutagenized
Phe'® to other residues similar in size as cysteine, i.e., alanine,
serine, and methionine, but this did not result in an MTSEA-
sensitive allele of Pho84 (see SI Text).

Because recent work has identified Ser*®® and Val*®® in TMD
VIII of the Gapl amino acid transceptor as residues of which the
side chain is exposed into the substrate-binding site (25), we also
tested selected amino acid residues in TMD VIII of Pho84
(Fig. 54 and B). We identified Pho84V3?C as MTSEA-sensitive,
both for PKA signaling (Fig. 5B) and for transport (Fig. 5C).
These results indicate that also in Pho84 TMD VIII is apparently
located adjacent to the substrate-binding site, as in Gapl. Since
both transport and signaling are abolished in the Pho84F1%0C and
Pho84V32C mutant proteins after addition of MTSEA, Pho84
appears to use the same phosphate-binding site for transport
and signaling. Interestingly, we also identified a mutant protein,
Pho84V4%5C for which PKA signaling with phosphate was reduced
(Fig. 5B), whereas phosphate transport was enhanced (Fig. 5C).
Hence, the mutagenesis results also indicate that the functions of
transport and signaling in the Pho84 transceptor can be separated.

Discussion

Signaling by Pho84 Does Not Require the Complete Transport Cycle.
We have shown that organic phosphate esters like Gly3P can ac-
tivate the signaling function of Pho84 without being transported
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Fig.5. SCAM analysis of selected residues in TMD VIl reveals Val3%? as being
exposed with its side chain into the phosphate-binding site of Pho84. (A) Lo-
cation of the cysteine substitution mutations in TMD VIII of Pho84. Color-cod-
ing as in Fig. 4A and B. (B) Activity of trehalase after addition of 1 mM
phosphate to phosphate-starved cells of the wild type strain (¢,0) and the
Val3%2¢ (a,4), Val*%sC (4,()), and Ser“®°C (m) mutants without (¢, A,m) and with
(O,4) preaddition of 10 mM MTSEA. (C) Transport of 1 mM phosphate in
phosphate-starved cells of the wild type and the Val?®%¢, Val*%¢, and
Ser®C mutants without (Black) and with (White) preaddition of 10 mM
MTSEA.
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by Pho84. To the best of our knowledge, no previous plasma
membrane sensor has been discovered in eukaryotic cells that re-
sponds to organic phosphate agonists. Unsubstituted phosphate
esters were the best activators. Presence of another bond than
P-O or substitution of the phosphate hydroxyl groups greatly re-
duced or abolished activation. We demonstrated experimentally
that Gly3P is not transported by Pho84, and the same seems to be
true also for the other phosphate esters, because they could not
be used as source of phosphate in a strain lacking secreted phos-
phatases. The presence of signaling without transport is a strong
further argument for the receptor function of Pho84. Actually, in
this case Pho84 functions in the same way as the nontransporting
transceptors Snf3, Rgt2 and Ssyl. It clearly shows that complete
transport of the substrate is not required for signaling by the
Pho84 transceptor. Gly3P acts as a competitive inhibitor of phos-
phate transport by Pho84 and must therefore bind into the same
binding site as the regular substrate phosphate. Recent work also
identified nontransported agonists for PKA signaling by the ami-
no acid transceptor Gap1 (25). Hence, it appears that the nutrient
transceptors controlling the PKA pathway in yeast function in a
similar way. We also identified the Gitl and Pho91 carriers as
responsible for Gly3P uptake, but in spite of their capacity to
transport Gly3P into the cells they are unable to support rapid
PKA signaling. This not only shows that these carriers are unable
to function as transceptors for PKA signaling but also shows that
intracellular Gly3P and phosphate derived from its intracellular
hydrolysis are unable to trigger rapid PKA signaling. These re-
sults therefore further reinforce the unique role of Pho84 in
the sensing of phosphate at the level of the plasma membrane
during recovery from phosphate starvation.

Signaling by Pho84 Requires a Specific Conformational Change. We
have identified PAA as a competitive inhibitor of phosphate
transport by Pho84 implying that it binds into the same sub-
strate-binding site as phosphate. However, PAA did not act as
an agonist for PKA signaling. This indicates that mere binding
of a compound into the substrate-binding site of Pho84 is not en-
ough to trigger its signaling function. Apparently, the substrate
ligand has to induce a specific conformation to trigger the signal-
ing pathway just like in regular receptors. The signaling confor-
mation may be part of the regular transport cycle, but the agonist
action of Gly3P indicates that the complete transport cycle is
clearly not required for signaling. A similar conclusion was drawn
for the amino acid transceptor Gapl1 for which a competitive in-
hibitor of transport also was identified without agonist function
for signaling (25). This conclusion does not agree with the model
proposed by Wu et al. (26) for the action mechanism of the non-
transporting amino acid sensor Ssyl. These authors proposed
that the outward-facing conformation, not the inward-facing con-
formation, was the signaling conformation and that binding of a
nutrient ligand to the outward-facing conformation stabilized this
conformation and therefore enhanced signaling. It remains to be
investigated, however, whether the nontransporting transceptors
like Ssyl act in the same way as the transporting transceptors
Pho84 and Gapl.

Pho84 Uses the Same Phosphate-Binding Site for Transport and Signal-
ing. It is unclear how transporter-related receptors bind their li-
gands in order to trigger signaling. They can use the same
substrate-binding site as the one used for transport in regular nu-
trient transporters or they could have developed a new ligand-
binding site. The transporting transceptors, like Pho84 and
Gapl, offer the possibility to directly test whether the same bind-
ing site is used for transport and signaling. With SCAM analysis
we have now identified residues in Pho84 and previously in Gapl
(25) of which the side chain is exposed into the substrate-binding
site of the transceptor. This allows permanent modification of
these residues by covalent linkage of the cysteine thiol group with
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MTSEA. Both in Pho84 and in Gapl this abolished the transport
and the signaling by the transceptor, strongly suggesting that both
transceptors use the same binding site for transport and signaling.
Multiple control experiments, including the classical MTSEA/
ligand competition experiment (23), support this interpretation
of the results.

We can conclude that the Pho84 phosphate transceptor func-
tions like a regular receptor for its signaling function. The agonist
triggers a specific conformational change that may be part of the
conformational changes occurring during transport but clearly
does not require the complete transport cycle. The same phos-
phate-binding site appears to be involved in the initiation of
transport and signaling, but specific phosphate analogues and
mutations in the protein allow separation of the two functions.

Materials and Methods

Strains and Plasmids, Strain and Plasmid Constructions, Growth and Phosphate
Starvation Conditions. These are provided in S/ Text.

Transport Assays and Biochemical Determinations. Gly3P uptake was assayed
by means of radioactively labeled '*C-glycerol-3-phosphate (PerkinElmer).
Details on the transport assays and biochemical determinations are provided
in S/ Text.
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SCAM Analysis. The plasmid EB1368 with PHO84 was used as a template for
site-directed mutagenesis. Residues in TMD IV of Pho84 were mutagenized
individually to cysteine using the Quick Change site-directed mutagenesis kit
(Stratagene). For SCAM analysis, 10 mM (final concentration) 2-aminoethyl
methanethiosulfonate, hydrobromide (MTSEA) (Toronto Research Chemicals)
was added to the cells 3 min before the addition of phosphate for both trans-
port and trehalase assay.

Reproducibility of the Results. All experiments were repeated at least twice.
Standard deviations are shown for comparisons between independent data
points (transport measurements). Representative results are shown for com-
parisons between collections of interdependent data points (time course
measurements). The extent of trehalase activation is variable between differ-
ent experiments, but the differences observed between specific conditions or
between strains are highly reproducible.
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