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Results and Discussion

1. Analysis of the promoter region of PHOS89

Pho89 was characterized for the first time more than 15 years ago (Martinez and
Persson, 1998). In that work, the authors identified Pho89 as the protein responsible for the
previously described sodium-phosphate cotransport (Roomans et al, 1977) and found that
the PHOS89 promoter contained putative Pho4-binding sites. Later, PHO89 was described to
be upregulated in the presence of CaCl; in a calcineurin-dependent manner (Yoshimoto et al,
2002), and Serrano and coworkers reported that this gene was strongly induced by alkaline
pH stress by the calcineurin pathway through the Crzl transcription factor (Serrano et al,
2002). In order to further characterize the alkali-regulation of PHO89 we decided to analyze
its promoter region to search for the putative Pho4- and Crz1-binding sites. In addition, we
decided to include in the search possible regulatory sites recognized by other elements related
to the alkaline stress response. Since £/NA was shown to exhibit induction kinetics similar to
PHOS&9 in alkaline stress (Serrano er al, 2002), we thought interesting to include in the
analysis sequences associated with repressors Nrg1/Nrg2 and Migl/Mig2, previously found
to regulate the transcription of ENAI in high pH conditions (Platara et al, 2006). Moreover,
we also decided to search for STREs, recognized by the general stress response transcription
factors Msn2/Msn4, which are major regulators of the short-time response to alkaline stress

(Casado et al, 2011).

As shown in table 3, the PHOS89 promoter contains several putative Pho4-binding
sites, one of them with a high probability (situated at position -324 to -317 nt from the
initiating Met codon). As expected, we also found possible CDREs (recognized by Crz1), two
of them (denoted in bold) with a high probability. Interestingly, our search also produced
putative sites known to be recognized by repressors Nrg1/Nrg2 and Migl/Mig2, suggesting
that PHO89 may be under the control of additional factors apart from Pho4 and Crzl. It is
worth mentioning that no Msn2/Msn4-binding sites were identified on this promoter,

probably indicating that this gene would not be affected by the general stress response.
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Tllille 3, /2 silico analysis of the PHO89 promoter.

Factor start end sequence weight P value

Crz1

Mig1/2 -584  -578 CACCCGC 45 8.3e-04

Crz1

Crz1 -513  -505 CACAGCCAC 8.6 2.0e-05

Mig1/2

Pho4 -464  -457 CAACGTGG 73 16e-04

Nrg1/2

-324  -317 CCACGTGC 10.3 1.3e-05

Crz1

Nrg1/2 -265  -254 AGAAGGATCCAA 0.4 9.4e-04

Crz1

Nucleotides from positions -800 to -1 (from the initiating Met codon) of PHOS89 were analyzed with the
matrix-scan algorithm available at the RSAT website (Thomas-Chollier et al, 2011) using a P value
threshold of 0.001. Matrices for transcription factor binding sequences were obtained from the JASPAR
database (Portales-Casamar et al,, 2010).
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2. Expression profiles of Pho89 and Pho84: a
comparative analysis

Pho84 and Pho89 constitute the high-affinity phosphate transport system in &.
cerevisiae and they have been described as members of the PHO regulon, i.e. inducible under
phosphate starvation conditions in a Pho4-dependent manner (Bun-Ya et al, 1991; Martinez
and Persson, 1998). However, as mentioned in section 4.2 of Introduction, there are some
differences in their regulation, being perhaps the most striking the fact that PHOS89 displays
an early alkaline induction, whereas PHO&84 expression after high pH stress occurs later

(Serrano et al, 2002).

Taking this into account, our purpose was to determine quantitatively the
contribution of Pho4 to the alkaline induction of PHO&Y. In addition, since high pH stress
provokes a response that mimics a phosphate starvation situation, we thought it would be
interesting to compare the kinetics between Pho84 and Pho89 expression when cells are

subjected to both types of stress.

2.1. Pho89 is rapidly induced by high pH stress and
upregulated by Pho4

To assess the contribution of Pho4 to PHO89 mRNA levels after high pH stress we
performed a RT-PCR experiment over a time course with wild type and pho4 mutant strains.
As shown in figure 7a, the wild type strain growing at standard conditions (YPD at pH 5.5)
displays no detectable signal for PHO&9. In contrast, 5 minutes after alkaline stress at pH 8.0,
PHOS89 mRNA levels markedly increase and, from this point, the levels decrease until 40
minutes, when the signal is barely visible. Thus, the alkaline induction of PHO&9 is fast but
transient, with its peak around 5 minutes after the stress. This is in accordance with what was
previously reported in Serrano et al. 2002, where the authors detected by northern blot the
presence of PHO89 mRNA also 5 minutes after high pH stress. In that time course, however,
PHOB&9 expression declined faster, probably due to the milder alkaline stress employed (pH
7.6 vs. pH 8). In our case, RT-PCR analysis performed in a pho4 mutant strain showed an
impaired expression of PHOS89: the signal is only visible at time points 5 and 20 minutes and

with much lower intensity.
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a) min after shift to pH 8.0
0 5 20 30 40 60
| S PHO89
WT |,
pho4
b) min after shift to pH 8.0
kba 0 15 30 60 90 120 180
70»
WT = . S — — <« Pho89-HA
>
— A — w I Actin
70»
- < Pho89-HA
pho4 55»
e ——————| <] Actin

w%‘ Wild type DBY746 and RSC4 (pho4) cells were collected at the indicated times after switching the
medium to pH 8.0 and total RNA prepared. Semi-quantitative RT-PCR was carried out using oligonucleotides
specific for PHO89 and ACT1 (as control) and the products were resolved in agarose gels and stained with
GelRed™ (Biotium Inc.). b) Strains ASCO7 (PHO4 PHO89:3xHA) and ASCI10 (pho4:LEU2 PHO89:3xHA)
were grown on YPD until ODgg 0.6. Cultures were then shifted to pH 8.0 and growth was resumed. Samples
were taken at the indicated times and processed for protein extract preparation as indicated in Experimental
Procedures. Equivalent amounts (30 pg of total protein) were subjected to SDS-PAGE (10% polyacrylamide gels)
followed by immunoblot using anti-HA antibodies to reveal HA-tagged Pho89 (dark triangles). Membranes

were stripped and reprobed with anti-actin antibodies (open triangles) for loading and transfer reference.

In order to detect Pho89 protein accumulation under similar conditions, a C-
terminally HA-tagged version of Pho89 was introduced into its own chromosomal locus in
wild type and pho4 strains. In the wild type strain, Pho89 is already visible 15 minutes after
alkaline stress, with maximum accumulation at 30 minutes (figure 7b). From there, Pho89
levels decrease until 180 minutes, when it is hardly detectable. Equivalent to the RT-PCR
experiment, the pho4 strain shows overall reduced levels of Pho89, only detectable at 30 and
60 minutes after alkaline stress. This confirms that, even though Pho4 plays an important role

in PHOS8Y alkaline induction, there are still other factors contributing to its expression.
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2.2. Pho84 and Pho89 display remarkable differences in their
xpression under low P; or alkaline condition

After assessing Pho89 expression over time under high pH stress we wondered what
would be the differences in its accumulation between subjecting cells to alkaline stress or
phosphate scarcity. Under phosphate starvation conditions, Pho89 accumulated slowly, and
was detectable only 4 and 8 hours after the shift to low P; medium (figure 8a). As expected,
this response was largely abolished in a pAo4 mutant. In contrast, high pH stress in the high P;
medium yielded an early but transient expression of Pho89, with its peak at 30 and 60
minutes after the alkaline induction. Interestingly, when cells were exposed to both
phosphate scarcity and alkaline pH, Pho89 showed an accumulation pattern that was the
combination of that observed for each individual stress: a fast and transient response followed

by a late accumulation.

In order to compare the Pho89 and Pho84 expression kinetics in low Pi or high pH
conditions, we performed the same experiment but detecting Pho84, the other high-affinity
phosphate transporter. As shown in figure 8b, Pho84 accumulation after the shift to alkaline
pH occurs later than that observed for Pho89, appearing 60 minutes after the stress and
reaching its maximum at 180 minutes. Curiously, Pho84 expression in response to phosphate
starvation is essentially identical to the response to high pH stress, although slightly stronger.
It is worth noting that, in contrast to that observed for Pho89, in both cases Pho84 induction

is fully dependent on Pho4, as deduced by the total absence of signal in the pho4 strain.
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Fgme 8. al Strains ASC07 (PHO4 PHO89:3xHA) and ASCI10 (pho4:LEU2 PHOS&9:3xHA) were grown on
synthetic high P; medium until ODgg 0.6. Cells were collected and resuspended in synthetic medium lacking
phosphate, supplemented with 10 mM P; (high P;) or 100 uM P; (low P;) at pH 5.5 or/and pH 8.0, adjusted with
KOH. Growth was resumed and samples were taken at the indicated times and processed for immunoblot as
described in the legend of figure 7b~B) Wild type strain DBY746 and its pho4 derivative (RSC4) were
transformed with the centromeric plasmid pMM15-PHO84, which expresses the C-terminally HA-tagged
version of Pho84. Cells were subjected to high pH or low phosphate stress, collected after the indicated periods
and the amount of Pho84 assessed using anti-HA antibodies. Correct loading and transfer was monitored with
anti-actin antibodies in the stripped membranes.

84




Results and Discussion
e

These results demonstrate the differences between Pho89 and Pho84 regulation. As
previously reported, both transporters are induced under phosphate starvation conditions in
a Pho4-dependent fashion (Ogawa et al, 2000); however, we show that Pho84 displays a
greater and faster accumulation than Pho89 when phosphate is scarce. This correlates with
the transcriptional profile described in Zvyagilskaya et al, 2008, where the authors showed
that PHOS89 was poorly induced in a low phosphate medium. On the other hand, Pho89
expression after alkaline stress occurs earlier, in accordance with the results described by
Serrano et al,, 2002. Differences in the kinetics of expression of PHO84 and PHO89 have been
described for other stresses. For example, in the presence of the cell-wall damaging agent
Congo red, PHO&9 response is faster than that of PHO84 (Garcia et al, 2004), and cells
exposed to Mg2+ deprivation induce PHO89 but not PHO84 (Wiesenberger et al., 2007). In
contrast, a recent work stated that potassium deprivation upregulates PHOS84 but not PHOS89
(Barreto et al,, 2012). Therefore, even though both transporters belong to the PHO regulon,
the differences in their regulation are evident and probably caused by factors impinging on
their promoters. For instance, Pho84 upregulation is very complex, involving antisense RNAs
and chromatin remodeling (see section 3.2 of Introduction), but Pho4 seems to be the only
transcription factor directly upregulating its expression. On the other hand, Pho89 appears to
be regulated by additional elements, which would account for its faster response under certain

conditions.
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3. The role of the calcineurin pathway in PHOS89
alkaline induction

DNA microarray data from studies focused in the transcriptomic changes in response
to alkaline pH or calcium identified PHOS8Y as a possible target for the calcineurin pathway
(Serrano et al.,, 2002; Viladevall er al, 2004; Yoshimoto et al, 2002). Both situations trigger a
fast burst of cytosolic calcium, which binds to calmodulin and, in turn, activates calcineurin
(see section 2.2 of Introduction). Although Crzl is the major factor involved in the
calcineurin-mediated response, the phosphatase has other substrates that also participate in

this response.

To further investigate the mechanism by which calcineurin upregulates PHOS89, we
thought it would be interesting to measure Pho89 mRNA and protein levels in a strain
lacking calcineurin activity. We also wanted to assess the role of Crz1 in this induction and to

characterize its possible binding to the promoter of PHOS9.

3.1. The alkaline induction of Pho89 is strongly dependent

on calcineurin
To evaluate the effect of calcineurin on the alkaline induction of PHOS89 we followed
by RT-PCR its mRNA accumulation over time in a strain lacking CNBI, encoding the

regulatory subunit of calcineurin.

As shown in figure 9a, PHO89 mRNA accumulation is barely noticeable in the cnb/
strain: only slight amplification bands can be seen at 5 and 20 minutes after stress, coinciding
with maximum accumulation in the wild strain. To evaluate if this effect could be
extrapolated to Pho89 protein expression, we carried out immunoblot analysis with the
Pho89 HA-tagged wild type and cnbI strains. As shown in figure 9b, the cnb7 strain exhibits
a severe impairment in Pho89 expression, in accordance to what we observed by RT-PCR. It
is worth noting that even though pho4 and cnb7 mutations have a negative effect on Pho89
mRNA and protein levels, the lack of calcineurin activity seems to have a stronger impact on

the upregulation of the transporter.
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w. a) Wild type DBY746 and MAR15 (cnb1) cells were collected at the indicated times after switching the
medium to pH 8.0 and total RNA prepared. Semi-quantitative RT-PCR was performed as described in the
legend of Figure 7a. b) Cultures of strains ASC07 (PHO89:3xHA: HIS3) and ASCO8 (cnb1 PHO89: 3xHA: HIS3)
were shifted to pH 8.0 and protein extracts were prepared. Samples (30 pg of protein) were resolved by SDS-
PAGE and processed for immunoblot as described in the legend of Figure 7b.

3.2. The calcineurin pathway upregulates PHOS89 through
Crzl binding to its promoter

The alkaline expression of PHOS89 was reported to be reliant on the Crzl
transcription factor (Serrano et al, 2002). Since calcineurin dephosphorylates multiple targets
apart from Crzl1, affecting several cellular processes, we wanted to investigate if its effect on
PHOS89 alkaline induction depended exclusively on Crzl. For that, we monitored the
activation after high pH stress of the PHOS89 promoter fused to a /acZ reporter gene
(pPHO89-LacZ) in wild type, cnbl, crzl, and cnbl crzl strains. As shown in figure 10a, lack

of the phosphatase, its downstream transcription factor, or both components resulted in a
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strong decrease in the induction of the promoter, practically identical in all cases. This
suggests that the calcineurin-mediated alkaline induction of PHO89 depends solely on Crzl,

and not on other targets of the phosphatase.
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“ 1@ a) The indicated strains were transformed with the reporter pPHO89-LacZ and exponentially
growing cultures were exposed to pH 8.0 (closed bars) or maintained at pH 5.5 (empty bars) for 90 min. Cells
were then collected and (3-galactosidase activity measured as indicated in Experimental Procedures. Data are
mean + SEM from 12 determinations. b) Wild type strain DBY746 was transformed with plasmid pPHOS89-
LacZ, pPHO89“P**'-LacZ or pPHO89 PR
pH 5.5 (empty bars). Data are mean + SEM from 12 determinations.

-LacZ and cultures subjected to pH 8.0 (closed bars) or maintained at

The dephosphorylation of Crz1 by calcineurin prompts its nuclear accumulation and
thereby its binding to specific sequences known as CDREs. As depicted in table 3, the
promoter of PHOS9 contains two putative CDRE binding sites: the upstream sequence,
termed CDRE1 (GTGGCTG) and located at positions -513 to -507 upstream of the initiating
Met codon, and the downstream sequence, termed CDRE2 (CAGCCAC) and located at
positions -273 to -267. In order to determine the functionality of both elements we modified
their GCC core characteristic of the CDREs, thus changing CDRE1 to GTGTATG and
CDRE2 to CAGTAAC (modified nucleotides are shown in italics). We then fused these
altered promoters to a /acZ reporter and monitored their activation upon alkaline stress. As
shown in figure 10b, mutation of CDREI1 resulted in a relatively slight decrease in (-
galactosidase activity when compared to the wild type. In contrast, modification of CDRE2
causes a much stronger decrease, with a reduction of activity comparable to the absence of
calcineurin or Crzl (figure 10a). This result suggests that CDRE2 is the major Crzl binding

site of PHOSY.
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To test whether Crzl1 actually binds to PHOS89 promoter, we used a strain carrying a
C-terminally HA-tagged version of Crzl to perform chromatin immunoprecipitation. As
shown in figure 11, after alkaline pH stress Crz1 is recruited very quickly to the region of the
promoter that contains the CDRE2 sequence. This recruitment is also transitory: 20 minutes
after stress Crzl is no longer bound to this promoter region. This fast response is in
agreement with the fast increase in cytosolic calcium after exposure to alkaline conditions,
which peaks at 15-20 seconds after stress (Viladevall et al,, 2004). Additionally, a Crz1 version
fused with GFP also displays a fast nuclear localization after high pH stress, as previously
reported by Ruiz et al, 2008. In summary, the sequential steps needed for the calcineurin-
dependent induction of PHO&9 in alkaline conditions (increase in cytosolic calcium from the
external medium, activation of the calcineurin, dephosphorylation of Crz1, and entry of Crz1

into the nucleus to bind CDREs) occur in 2 minutes or less after stress.

min after shift to pH 8.0
0 1 2 5 10 20 NI WCE
: o

hl‘l. Immunoprecipitated chromatin from SP020 cells (CRZI:3xHA) exposed to pH 8.0 for the
indicated times was subjected to PCR amplification for the 143 nt region encompassing the CDRE2

consensus. NI, sample lacking anti-HA antibodies; WCE, whole cell extract.

Crzl activation during high pH stress would be reinforced by the inhibition of the
PKA and Pho80-Pho85 in alkaline conditions (see section 2.4 and 3.3 of Introduction). Both
kinases have been described to phosphorylate Crzl (Kafadar and Cyert, 2004; Sopko et al,
2006), thus their inactivation would promote Crz1 nuclear localization. The strong effect that
the calcineurin pathway exerts on PHO89 would explain why the basal expression of this gene
is higher than normal in cells deficient for the protein phosphatase Ppz1, since this mutation

results in a constitutively activated calcineurin (Ruiz et al, 2003).

89



Results and Discussion

4. The effect of the Rim101 and Snfl pathways on
PHOB89 alkaline induction

Exposure to alkaline conditions triggers the activation of several signaling pathways
in S. cerevisiae. Apart from the calcineurin and PHO pathways, other factors contribute to the
adaptive response to this stress by remodeling gene expression and could be possible
regulators of PHOS9 alkaline induction. Of those, we were especially interested in Rim101
and Snf1 for two reasons. First, as mentioned in section 1, the promoter of PHOS89 contains
putative target sequences for the repressors Nrgl/Nrg2 and Migl/Mig2, known to be
regulated by Rim101 and Snf1 (table 3). Second, the alkaline expression of the Na'-ATPase
ENA1, which shares some common traits with PHOS9 (e.g. early response and dependence
on calcineurin) is also upregulated by these two pathways (Platara et al, 2006). Moreover,
mutant strains lacking Rim101 or Snfl are sensitive to high pH, suggesting that the response
driven by these factors is essential to cope with this stress (Lamb et al, 2001; Platara et al,

2006).

Rim101 is proteolytically activated by high pH stress and was described to govern the
expression of several genes under this circumstance (see section 2.1 of Introduction) (Futai et
al., 1999; Lamb et al, 2001). Under alkaline conditions, Snfl becomes activated by Elm1, and
also drives the response to this stress by impinging on gene expression (see section 2.3 of

Introduction) (Casamayor et al,, 2012; Hong and Carlson, 2007).

4.1. Rim101 and Snfl induce the expression of PHOS89 under
alkaline conditions

To explore if the Rim101 and Snf1 pathways have any influence on the induction of

PHOB&Y after alkaline stress we carried out a 3-galactosidase activity assay with strains lacking
Rim101 or Snfl using the plasmid pPHO89-LacZ. As shown in figure 12, the activation of the
PHOS89 promoter was reduced nearly at half in a snf7 strain. Also, the absence of Rim101
caused a similar decrease in the alkaline induction of PHOS9. Lack of Pho4 had a somewhat
stronger impact and the cnb7 strain displayed the lowest expression. This suggests that, apart
from calcineurin and Pho4, both Rim101 and Snf1 have a positive effect on the upregulation

of PHOS9 during alkaline pH conditions. It is worth noting that, while this report was in
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progress, Pérez-Sampietro and coworkers reported a relationship between Snfl and PHOS89
expression in the presence of the prooxidant selenite. During stress by selenite, PHOS89 levels

increase and this induction depends mainly on Snf1 (Pérez-Sampietro et al., 2013).
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_’11 The indicated strains, transformed with reporter pPHO89-LacZ, were exposed to pH 8.0 (closed bars)
or maintained at pH 5.5 (empty bars) and -galactosidase activity determined. Data are mean + SEM from 10-15

experiments.

In order to determine if any of these pathways shared a common element to induce
the expression of PHOS89 we performed the same assay in strains combining some of the
mutations already tested (figure 12). It can be observed that deletion of SNFI in a strain
lacking rim10I or pho4 results in a further reduction of promoter induction. Similarly,
combining r7m101 and cnbI mutations leads to a promoter activity even lower than any of
the single mutations, whereas the rim701 pho4 strain only displays a marginal reduction
when compared to the single mutant strains. Although these results suggest that these four
proteins control independent signaling pathways acting on the PHOS89 promoter, we cannot
discard the possibility that the crosstalk between them could influence the induction of this
gene. For example, calcineurin inactivates Elm1, the main Snfl-activating kinase under
alkaline conditions, which could negatively affect PHO89 upregulation (Casamayor et al,

2012; Goldman et al,, 2014).
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4.2. The absence of Rim101 or Snfl results in different Pho89
expression kinetics

Next we wanted to confirm the influence of Rim101 and Snfl on the regulation of

PHOG89. To that end, we decided to investigate the effect of rim7/01 and snf7 mutations in the
accumulation of PHO89 mRNA after alkaline stress. As shown in figure 13a, both strains
exhibit reduced levels of PHO89 when compared to the wild type strain. Interestingly,
though, their pattern over time differs considerably. For instance, the 7im 701 strain showed a
reduced expression mainly at a long-term (30 and 40 minutes), whereas the snf/ mutation

decreased the expression especially at the short-term (5 minutes).

These differences became more evident when checking Pho89 protein accumulation
in these strains with a C-terminally HA-tagged version of Pho89. As shown in figure 13b, the
short-term response after the alkaline induction (15 and 30 minutes) of the rim/0I strain is
essentially identical than that observed in the wild type strain. In contrast, the accumulation
of Pho89 at times longer than 30 minutes is drastically diminished. On the other hand, snf7
mutation caused an overall reduction of Pho89 expression, particularly strong at a short-term,

coincident with the peak in Pho89 accumulation observed in the wild type strain.

The differences in the expression of Pho89 over time in these strains may reflect the
distinct mechanisms by which Rim101 and Snfl impinge on its promoter. Thus, we found
interesting to explore each of these pathways and their impact on Pho89 alkaline induction in

more detail.
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hl‘ a’ Wild type DBY476, RSC21 (rim101), and RSC10 (snf7) cells were collected at the indicated times
after switching the medium to pH 8.0 and total RNA prepared. Semi-quantitative RT-PCR was performed as
described in the legend of Figure 7a. Signals were integrated and bars at the bottom of each experiment denote
the ratio between the PHO89 and ACTI! mRNAs for each time-point and strain. b) Strains ASCO7
(PHOS89:3xHA: HIS3), ASC11 (rim101 PHOS89:3xHA:HIS3), and ASC09 (snfl PHOS89:3xHA:HIS3) were
subjected to pH 8.0 for the indicated times, processed as in Figure 7b, and the amount of Pho89 revealed by

immunoblot.
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5. The role of the Rim101 pathway in PHOS89
alkaline induction

Activation of the Rim101 pathway by alkalinization of the medium leads to the
activation of Rim101 by proteolysis, enabling its accumulation into the nucleus (Li and
Mitchell, 1997). Rim101 acts as a transcriptional repressor: it inhibits the expression of
NRGI, encoding another repressor (Lamb and Mitchell, 2003); therefore, Rim101

upregulates gene transcription indirectly (see section 2.1 of Introduction).
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from 20 experiments.

The observation that the absence of Rim101 impaired PHOS9 alkaline induction
(figure 13) and the presence of putative Nrgl/Nrg2 binding sites on the transporter gene
promoter (table 3) prompted us to investigate if Rim101 was controlling PHOS89 expression
through these repressors. To this end, we evaluated the induction of the reporter plasmid
pPHO89-LacZ after high pH stress in strains carrying the rim /01, nrgl, or nrg2 mutation and
their combinations. As shown in figure 14, nrg/ and nrg2 strains display increased levels of f3-
galactosidase activity compared to the wild type strain, suggesting that both repressors exert a
negative effect on the promoter of PHOS&Y. In fact, the absence of both Nrgl and Nrg2 gives

rise to a higher induction than any of the single mutations does. However, the response in a
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rim101 nrgl background was similar to that of the wild type strain, whereas the expression
level in a rim 101 nrg2 strain was only slightly higher than that of the rim 701 strain. This may
reflect that, in response to alkaline pH, Rim101 impinges on PHOS9 preferentially through
the repression of Nrgl. It seems that, apart from the Nrg repressors, Rim101 is upregulating
the PHOS89 promoter through another mechanism, since deleting Rim101 in an nrgl nrg2

background causes a decrease in the activation of pPHO89-LacZ.

Nrgl and Nrg2 possess highly similar DNA-binding domains and regulate a similar
set of genes in response to carbon stress or several environmental stresses, such as osmotic,
salt, or alkaline pH stresses (Vyas er al, 2001, 2005). However, their own regulation differs
considerably. While VRG/ is induced under acidic conditions and repressed under high pH
by Rim101 (Causton et al, 2001; Lamb and Mitchell, 2003), NRGZ is slightly upregulated by
alkaline stress (Lamb er al, 2001). Moreover, during carbon stress, Nrgl protein levels
increase but Nrg2 levels decrease due to a posttranscriptional effect (Berkey et al, 2004). In
summary, even though Nrgl and Nrg2 share some common targets, they might be repressing
gene transcription under different circumstances or at different periods during the adaptation
to specific stress. In the case of PHOS8Y, our results suggest that its induction under alkaline
conditions by the Rim101 pathway relies mainly on /NRGI repression. Nrg2 also seems to

repress PHO89but its regulation by Rim101 is less clear.

These results are important to understand the kinetics of Pho89 accumulation
observed in the im0 strain in figure 13. Activating PHOS9 expression by inhibiting the
transcription of its repressor would take a longer time than, for example, binding of Crz1 to
PHOS89 promoter. Even if Rim101 could repress VRG/ transcription rapidly after alkaline pH
stress, the actual Nrgl protein already present would need to be degraded for the derepression
to take effect. Thus, it is conceivable that rim701 cells exhibit wild type levels of Pho89 at a
short-term after the stress, but show a decreased accumulation of this transporter at longer

time points, when the inability to alleviate Nrg1-mediated repression becomes patent.
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6. The role of the Snfl pathway in PHOS9 alkaline
induction

The SNF1 kinase complex regulates several cellular processes in response to carbon
stress i.e. glucose scarcity or growth on non-fermentable carbon sources. Under this situation,
Snfl has been described to govern gene transcription, protein stability, and enzyme activity.
This kinase contributes to the remodeling of gene expression by controlling the activity of
several transcription factors, such as Cat8, Sip4, or the repressors Migl/Mig2 and
Nrg1/Nrg2. In general, this leads to the upregulation of genes related to gluconeogenesis and
the utilization of carbon sources other than glucose (see section 2.3 of Introduction).
Alkalinization of the medium also results in the phosphorylation of Snfl by the upstream
kinase Elm1 and its translocation into the nucleus (Casamayor et al., 2012; Hong and Carlson,
2007). Snf1 upregulates 38% of the short-term induced genes in alkaline conditions, most of
them related to the response to low glucose conditions (Casamayor et al, 2012). Our
observation that snf/ mutation leads to a decreased expression of PHO89 (figure 13)

encouraged us to investigate the mechanism by which this regulation takes place.

6.1. Impact of the Snfl pathway on PHOS89 through Nrgl
and Nrg2

In conditions of glucose scarcity, the repressor function of Nrgl and Nrg2 was found
to be inhibited by Snfl, thus relieving glucose-driven repression (Kuchin et al, 2002). It was
reported that Snfl interacts with both repressors in vitro, although their phosphorylation
could not be detected (Vyas et al, 2001). Having observed that Nrg1 and Nrg2 act negatively
on PHOS89 expression, we decided to test if Snfl was involved in the derepression of PHOS89

under alkaline conditions by regulating Nrg1 and/or Nrg2.
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from 12-15 experiments.

To that end, we monitored the expression of 3-galactosidase under the control of the
PHOS89 promoter in wild type, snfl, nrgl, and nrg2 strains, and their combinations. As
shown in figure 15, combining the snf7 mutation with either nrg/ or nrg2 mutations results
in a response that is intermediate between the observed for snf7 and wild type strains.
Furthermore, the strain snf7 nrgl nrg2 exhibits the same promoter activity than the wild type
strain, and lower than the nrg/ nrg2 strain. These results, without discarding a possible
inhibition of Nrgl/Nrg2 by Snfl, suggest the existence of additional regulatory elements

under the control of Snf1 impinging on PHOS&9 alkaline induction.

6.2. Snfl upregulates PHOS89 through Mig2

The fact that Snf1 has a positive effect on the induction of PHOS89 after high pH stress
and the presence of a putative Mig1/Mig2 binding site on the PHO89 promoter prompted us
to speculate if the Snfl kinase would inhibit Migl or Mig2 under alkaline conditions, thus
derepressing PHOS9. To confirm this hypothesis we performed a (-galactosidase reporter
assay with the plasmid pPHO89-LacZ employing the strains snf7, migl, mig2, and all their
possible combinations (figure 16). Curiously, some interesting results can be observed even in
non-stressed cells (pH 5.5). For instance, the absence of Migl leads to similar levels of f3-

galactosidase activity than that observed in the wild type (1.73 + 0.23 and 1.41 + 0.21 units,
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respectively); in contrast, the migZ strain consistently shows higher levels (4.51 + 0.29 units).
The prominent role Mig2 in repression of the PHO89 promoter can also be observed in
alkaline induced cells: while the mig7 mutation does not affect the expression of the reporter,
lack of Mig2 results in higher levels of activity than the wild type. Furthermore, the snf7 migi
strain displays the same reduced levels of induction than the single snf/ mutant strain,
indicating that deleting Mig1 in a strain without Snfl activity does not restore normal PHO89
induction. On the other hand, the mutation of Mig2 in the snf7 strain resulted in an
induction higher than that of the wild type strain and comparable to the mig2 strain. These
results suggest that Mig2, but not Migl, represses the PHOS89 promoter and that an alkaline

pH-activated Snfl might relieve this repression.
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*1‘ The indicated strains were transformed with plasmid pPHO89-LacZ. Exponential cultures were
switched to pH 8.0 (closed bars) and B-galactosidase activity determined after 90 min. Data are mean + SEM
from 9-12 experiments.

Interestingly, the absence of both Migl and Mig2 showed slightly augmented
promoter activity when compared to the mig2 strain, suggesting that, in cells lacking Mig2,
Migl might exert some repression on PHOS89. These results were compatible with the

possibility that, under alkaline conditions, Migl and Mig2 could be differently regulated by
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Snf1; thereby, it could be that only one of them would mediate the Snfl input on PHO89

during this stress.

The observation that, in the absence of MIGI and MIG2, further deletion of NRGI
an NRGZ2 results in an even higher promoter activity suggests that these two groups of
repressors act independently on PHOS89. Remarkably, we observed an unexpectedly higher
induction in the snf7 migl mig2 strain when compared to the mig/ mig2 double mutant. This
might be due to additional regulation mechanisms controlled by Snfl, since this kinase have

been described to affect gene transcription at multiple levels (see section 2.3 of Introduction).

6.3. Migl and Mig2 are transiently phosphorylated by

alkaline stress in a Snfl-dependent manner

Under glucose starvation conditions, Snfl negatively regulates Migl repression
function by phosphorylation (Ostling and Ronne, 1998; Treitel et al, 1998). In view of the
lesser role that Migl seems to play in PHOS89 alkaline induction, we wondered if this
repressor is actually regulated by phosphorylation after high pH stress. To that end, we
generated a C-terminally HA-tagged version of the repressor in order to determine its
phosphorylation state, taking advantage of the fact that a phosphorylated Migl displays a
mobility shift in a SDS-PAGE.

As shown in figure 17a, exposure to alkaline pH results in the appearance of slower
migrating bands shortly after (2 min) the onset of stress. This effect is transient since 10 min
after the induction the Migl signal returned to its initial mobility. To determine if the
mobility shift was due to phosphorylation, prior to the SDS-PAGE all samples were treated
with alkaline phosphatase with or without EDTA, which blocks the phosphatase activity. As
it can be observed, the samples without EDTA show no mobility shift at all after alkaline
stress, indicating that the slower migration corresponds to phosphorylated versions of Migl.
To assess the role of Snf1 in this phosphorylation, we then performed the same experiment
using a snf7 strain. In the absence of Snfl, Mig1 does not display any mobility shift, indicating

that its phosphorylation after high pH stress is dependent on Snfl.
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“ 17 a) A chromosomal copy of Migl including a C-terminal 3xHA epitope tag was introduced in wild
type BY4741 cells and in its snf7 derivative. After exposing cells to pH 8.0 for the indicated times, extracts were
prepared and subjected to SDS-PAGE (10% polyacrylamide gels), prior treatment with alkaline phosphatase in
the absence (-) or the presence (+, to prevent the action of the phosphatase) of 50 mM EDTA. Immunoblots
were performed using anti-HA antibodies. Empty triangles denote slower (more phosphorylated) speciew A
chromosomal copy of Mig2 including a C-terminal 3xHA epitope tag was introduced in wild type BY4741 cells

and in its snf7 derivative. Cells and extracts were treated as described above.

Interestingly, Snfl has been reported to accumulate into the nucleus during carbon
stress but not during salt stress, even though it becomes activated in both situations (Hong

and Carlson, 2007; Vincent et al, 2001). This correlates well with Snf1-dependent Migl
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phosphorylation: glucose scarcity causes phosphorylation of Migl whereas salt stress does not
(McCartney and Schmidt, 2001; Treitel et al, 1998). Because the exposure to alkaline pH
translocates Snfl into the nucleus, as it happens for carbon stress, it was not surprising to find

that Migl becomes phosphorylated in a Snfl-dependent manner in alkaline conditions.

As shown in figure 16, Mig2 plays a major role in PHO89 repression when compared
to Migl. Therefore, we wanted to determine if this repressor was also regulated by
phosphorylation in alkaline conditions. The output of this experiment was not easy to predict
because it has been accepted for many years that Snfl regulates by phosphorylation Migl but
not Mig2 (Lutfiyya et al, 1998). As it can be observed in figure 17b, Mig2 shows a mobility
profile very similar to that of Migl: it migrates slowly 2 min after high pH stress and returns
to its initial mobility 10 min after the induction. This shift was abolished in samples treated
with alkaline phosphatase without EDTA, indicating that it was caused by phosphorylation of
Mig2. Alike the case of Migl, this phosphorylation was dependent on Snfl, since in a snf7

strain Mig2 does not show slower migrating bands in response to high pH stress.

In spite of the failure to associate Snfl with the phosphorylation of Mig2, a recent
report described that shifting cells from a glucose- to a galactose-containing medium induced
a fast degradation of Mig2 by a mechanism that involves Snfl-dependent Mig2
phosphorylation (Lim et al, 2011). Curiously, the authors reported an almost complete
depletion of Mig2 after only 20 min upon shifting cells to galactose, whereas in our
experiment the amount of Mig2 did not drastically change after 30 min of alkaline stress. This
suggests that the fate of Mig2 after being phosphorylated may differ between both stresses. In
any case, the evidence supporting Mig2 phosphorylation in response to stress is worth to
highlight since, in contrast to Migl, this post-translational modification has not been

captured by the diverse phospho-proteomics approaches reported so far.

6.4. Migl and Mig2 exit the nucleus during high pH stress

After carbon stress, Snfl derepresses gene transcription by phosphorylating Migl,
which causes the dissociation of this repressor with the co-repressor complex Ssn6-Tup1 and

promotes its interaction with the exportin Msn5, resulting in its nuclear exclusion (DeVit and
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Johnston, 1999; Papamichos-Chronakis et al, 2004). Having observed that both Migl and
Mig2 become phosphorylated upon alkaline stress in a Snf1-dependent fashion, we wondered
if this posttranslational modification corresponded with a change in their subcellular
localization. To that end, we monitored Migl and Mig2 localization using chromosomally
integrated constructs expressing a GFP-fused version of these repressors. In the case of Mig2-
GFP, the strain BY4741 carrying the chromosomal integration provided an insufficient
fluorescent signal. Thus, we constructed the same fusion in the DBY746 background, which

yielded a better signal.

As shown in figure 18a, in non-stressed cells Migl was localized mostly in the
nucleus. In contrast, exposure to alkaline pH stress triggered a fast (3 min) cytosolic
distribution of the repressor. This shift was transient, since only after 10 min of stress Migl
was again concentrated in the nucleus. The same experiment using a GFP-tagged Mig2
showed very similar results: Mig2 displays a nuclear localization at acidic pH and translocates
from the nucleus to the cytoplasm in 3 min after high pH stress, relocating into the nucleus in
10-15 min (figure 18b). Although Mig2 was believed to remain nuclear after carbon stress
(Lutfiyya et al, 1998), a recent report, using a chromosomally GFP-tagged version of the
repressor instead of expressing it from a plasmid, described changes in the localization of this
protein (Ferndndez-Cid et al, 2012). The authors showed that, upon shift to low-glucose
conditions or after oxidative stress, Mig2 translocates from the nucleus to the mitochondria,
where it is involved in mitochondria fusion. Whereas in this work Ferndndez-Cid and
coworkers did not explore the dependence on Snf1 for Mig2 translocation, in our case, we did

not observe any mitochondrial localization of Mig2.
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w 1@, Strains SP018 (a) and SP048 (b), containing chromosomally encoded C-terminal fusions of GFP with
Migl and Mig2 respectively, were shifted to pH 8.0 and the localization of the repressor followed by fluorescence
confocal microscopy. Nuclei were stained with DAPI to illustrate nuclear co-localization of the GFP and DAPI
signals (merged).

In summary, alkaline pH stress promotes a fast but brief Snfl-mediated
phosphorylation of Migl and Mig2, which correlates with their shift from the nucleus to the
cytoplasm. This suggests that the preeminent role of Mig2 over Migl in PHOS89 repression is
not due to a differential regulation of these repressors in response to alkaline conditions but
most likely to a distinct affinity for the target sequence found on the promoter of PHOSY.

This would explain why the repressor activity of Migl on PHOS9 only takes place in the
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absence of Mig2 (figure 16). The opposite case has been described for the glucose-repressed
genes SUCZ and DOG2: they are clearly repressed by Migl and repression by Mig2 only
becomes apparent in the absence of Migl (Lutfiyya et al, 1998). The authors speculated that
although Migl and Mig2 have the same DNA-binding site, thus recognizing the same DNA
sequence, their affinities for binding to it differ, hence explaining why in some promoters
Mig1 and Mig2 contribute differently to its repression (Lutfiyya and Johnston, 1996; Lutfiyya
et al, 1998). It is worth mentioning that PHO89 was reported to be coregulated by Migl and
Mig2 in Westholm et a/, 2008. The authors showed transcriptomic data, based on microarray
experiments at standard growth conditions, in which PHOS89 expression did not show a
significant increase in a mig/ strain when compared to the wild type (1.3-fold) but the mig?
mig2 strain displayed a 56-fold increase. In our opinion, these results point more toward a
predominant role of Mig2 rather than a strict coregulation, in agreement with our own

results.

6.5. Snfl is rapidly but transiently phosphorylated after
alkaline pH stress

Snfl catalytic activity requires the phosphorylation of its Thr210; thus, the

phosphorylation state of this residue is often used as an indicator of Snfl activity. It was
previously reported that alkalinization of the medium results in Snf1 Thr210 phosphorylation
within 5 min and that 1 hour after the stress it was no longer phosphorylated (Hong and
Carlson, 2007). Our previous results show that Migl and Mig2 are phosphorylated 2 min
after high pH stress and that this modification depends on the presence of Snf1 (figure 17). If
the catalytic activity of Snfl is also required for the phosphorylation of these repressors in
alkaline conditions, Snfl must be phosphorylated prior to Migl and Mig2. To determine this,
we monitored Snfl Thr210 phosphorylation in a time course after alkaline pH stress (figure
19). It can be observed that Snfl phosphorylation is almost immediate (30 sec) after high pH
stress, but also very transient, since at 10-15 min after the induction it has returned to basal

levels.
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WI’. Strain DBY746 was subjected to alkaline shift for the indicated periods and samples (10 ul)
processed for SDS-PAGE (10% gels) and immunoblot was performed using anti-phospho-Thr172-AMPK
(phosphorylated Snf1, pThr210) or anti-His antibodies (Snf1 protein, Snf1).

This kinetics correlate perfectly with those observed after alkaline stress in figures 17
and 18: Migl and Mig2 phosphorylation and translocation occur very fast (2-3 min) and
return back to their initial state shortly after (10-15 min), suggesting that the Snf1 catalytic
activity governs this processes. This would mean that the alkaline upregulation of PHO89 by
the Snf1 pathway, through Mig2-mediated derepression, occurs shortly after stress and lasts
only for a short time. In fact, as reported in figure 13b, the snf7 strain shows a strong decrease

of Pho89 protein levels already at the short-term.

6.6. The absence of Regl causes a drastic upregulation of
Pho89

The Glc7-Regl protein phosphatase is the main element that dephosphorylates Snf1,

thus inactivating the kinase (see section 2.3 of Introduction). Therefore, a strain lacking Reg1
possesses constitutively active Snfl (Hong et al, 2005). To further understand the impact of
the Snf1l pathway in PHOS9 alkaline induction, we decided to investigate the effects of a reg?

mutation in the expression of this transporter.
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Md Strain RSC89 (regi) was subjected to alkaline shift for the indicated periods and samples were
subjected to immunobloting for phosphorylated Snfl as indicated in figure 19. b! The localization of Mig2
was followed in strain ASC34 (reg! MIG2-GFP). Nuclei were stained with DAPI to illustrate nuclear co-
localization of the GFP and DAPI signals (merged).

First, we performed an immunoblot to determine the phosphorylation state of Snfl in
a reg/ strain following the same conditions as in figure 19. As shown in figure 20a, the
absence of Regl causes phosphorylation of Snfl even in non-stressing conditions (pH 5.5).
Moreover, phosphorylation was further increased by high pH stress. Interestingly, these basal
levels of phosphorylated Snfl are in agreement with the localization of Mig2, which is

excluded from the nucleus at pH 5.8 (figure 20b).

We then speculated that, if reg/ cells show a constitutive Mig2 nuclear exclusion,
PHO89 would become permanently derepressed by this transcription factor. To examine if
this could have an impact on the PHOS89 promoter, we carried out a 3-galactosidase activity
assay in strains wild type, regi, and reg/ snfl. As shown in figure 21a, the absence of Regl
resulted in a drastic upregulation of the PHO89 promoter activity when compared to the wild
type, in both non-induced and stressed cells. Interestingly, further deletion of S/NVF7 in the
regl strain not only abolished the dramatic induction found in the reg/ mutant, but brought
down the activity of the promoter to levels comparable to those found for the single mutant
strain snf7 (figures 12, 15 and 16), confirming that the effects observed in a regf strain are

due to a hyperactive Snfl.
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wﬂ. a) Wild type strain DBY746 and its reg/ and reg! snfl derivatives were transformed with pPHO89-
LacZ and subjected to high pH stress (pH 8.0, closed bars) prior determination of -galactosidase activity. b’
Wild type DBY746 and RSC89 (reg1) cells were collected at the indicated times after switching the medium to
pH 8.0 and total RNA prepared. Semi-quantitative RT-PCR was performed as described in the legend of Figure
7a.

To determine the PHO89 mRNA levels in this situation, we performed a RT-PCR
experiment comparing the wild type and reg/ strains in a time course after high pH stress
(figure 21b). In contrast to what we observed in the (-galactosidase activity assay, in this
experiment reg/ cells did not display significantly increased levels of PHOS&9 in basal
conditions. In fact, the main difference between both strains occurs at a long-term, when the
regl strain shows a higher persistence of PHO89 mRNA. At 40 or 60 min after stress, the
wild type strain exhibits already reduced levels of PHO89 whereas the reg/ mutant strain still
displays a significant expression. The results obtained so far provide a possible explanation to
this observation. According to what we observed for the kinetics of Crzl and Mig2, the
positive signals impinging on PHOS9 right after alkaline stress (induction by Crzl and
derepression by Mig2) would only last for 15 min approximately, which would be the reason
why PHOS89 mRNA levels start decreasing at 20 minutes after the induction (figure 7a). In
contrast, a strain lacking Regl would not repress back PHOS89 through Mig2, resulting in a

longer induction of PHOS89 after high pH stress.
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Next, we wanted to investigate the effects of the reg/ mutation on Pho89 protein
levels. To that end, we introduced a chromosomally HA-tagged version of Pho89 into the
mutant strains of interest and performed immunoblot experiments. As shown in figure 22,
the wild type and regf strains display a similar Pho89 accumulation at a short-term (15 and 30
min). In contrast, while in the wild type strain Pho89 levels decrease from 30 min onward,

the regi strain shows a much stronger persistence of this protein after high pH stress.
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” 28, Cultures of strains ASCO7 (PHO89:3xHA:HIS3), ASC24 (regl PHOS89: 3xHA: HIS3), ASC25 (regl
snfl PHOS8Y: 3xHA: HIS3), and ASC45 (snf1 migl mig2 PHOS89: 3xHA: HIS3) were shifted to pH 8.0 and protein
extracts were prepared. Samples (30 pg of protein) were resolved by SDS-PAGE and processed for immunoblot
as described in the legend of Figure 7b.

The addition of the snf7 mutation to the reg/ strain resulted in a reduction of the
Pho89 protein levels comparable to those observed in the snf7 single mutant (figure 13b).
This indicates that the Pho89 upregulation caused by the lack of Reg1 is fully due to its effect
on Snfl and not to other mechanisms, in agreement with the results shown in figure 21.

Additionally, the Pho89 expression profile in a snfl migl/ mig2 strain resembles that of the
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regl mutant strain. This would indicate that most of the positive effect that the Snfl pathway

exerts on Pho89 alkaline induction is mediated through the inhibition of Migl and Mig2.

In summary, our results demonstrate that alkaline stress triggers a rapid
phosphorylation of Snfl, which probably phosphorylates the repressors Migl and Mig2
leading to their nuclear exclusion. However, this activity only lasts for 15 min approximately;
after that, Snfl is dephosphorylated, probably as a preamble of the dephosphorylation of
Migl and Mig2, which translocate back to the nucleus. In terms of PHOS89 induction, this
would mean that the relief of Mig2 repression would only last for 15 min, since this repressor
is back into the nucleus at that time. Therefore, a strain with a constitutively inactive Mig2
(i.e. a regl strain) might not display high levels of PHO89 at basal conditions, since in this
circumstance it lacks the positive input of Crzl and Pho4. On the other hand, after high pH
stress, this strain would be unable to repress PHO89 back to its basal levels, accounting for a
longer expression of this transporter. Surprisingly, in the experiment using a (3-galactosidase
reporter the basal activity of the PHOS89 promoter in a reg/ strain was nearly as high as the
wild type under alkaline conditions (figure 21a). In contrast, the reg/ strain does not show
any significant increase in the levels of PHO89 mRNA and protein at acidic pH (figures 21b
and 22). It must be noted that /acZis expressed under the control of the PHO89 promoter but
it does not share the elements of PHO89 that might determine the stability of its mRNA, such
as the 3’ UTR. Similarly, -galactosidase is a very stable protein, which apparently is not the
case for Pho89. Therefore, these differences could be attributed to a higher stability of the
lacZ mRNA or protein: in a reg/ strain at basal conditions, the derepression by Mig2 of the
PHOS9 promoter could be enough to accumulate significant levels of -galactosidase but not

of PHO89 mRNA or protein.

Nevertheless, the increased amounts of Pho89 at 120 or 180 minutes in the reg? strain
may not be only due to Mig2 inability to repress PHOS9. It was recently reported that the
lactate transporter Jenl is regulated by Glc7-Regl and Snfl at both the mRNA and protein
levels. In cells growing with lactate as carbon source, /ENT is induced in a Snfl-dependent
manner (Bojunga and Entian, 1999). In addition, Snfl phosphorylates and inhibits the
arrestin-like protein Rod1, responsible for Jenl degradation, thus increasing Jen1 stability
(Becuwe et al, 2012). When cells are shifted to a glucose-containing medium, Glc7-Regl

dephosphorylates Rod1, promoting Jenl ubiquitination and degradation. Moreover, the
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endocytosis of the low-affinity glucose transporters Hxt1 and Hxt3 is also downregulated by
Snfl through Rod1 and its paralog Rog3 (O’Donnell et al, 2014). Therefore, it is possible
that, in part, the Pho89 increased levels observed in reg/ cells would be the result of an
inhibition of Pho89 degradation mediated by an hyperactive Snfl, thus extending the
transporter half-life. On the other hand, the snf7 strain would lack a mechanism to prevent
Pho89 degradation, leading to a decreased accumulation of this protein. This would account
for some of the differences observed between the wild type and the snf7 strain. For instance,
as shown in figure 13a, snf7 cells display wild type levels of PHO89 mRNA at a long-term (40
minutes); however, the protein levels in this same strain at 90 or 120 minutes after the
alkaline stress are considerably lower than the wild type’s. It is worth mentioning that the
internalization of the pheromone receptor Ste2 requires dephosphorylation of Rod1 mediated
by calcineurin (Alvaro et al, 2014). Taking all this into account, some of the pathways
described in this work to drive PHOS9 induction under alkaline conditions may also exert

another layer of regulation at the posttranslational level.

In summary, we report that the induction under alkaline conditions of PHOS89
depends on the activation of four different pathways: the PHO pathway, the calcineurin
pathway, the Rim101 pathway, and the Snfl pathway. This complex regulatory network
would be responsible for the differences between PHO84 and PHOS9 expression after high
pH stress not only in the kinetics of the response, but also in the sensitivity to changes in pH.
In this regard, the PHO84 promoter was described to respond to slight increases in the pH of
the medium and to display a near maximal response at pH 7, while the PHO89 promoter was
practically non-induced at pH 7 and its maximal response corresponded to pH 8.2 (Serrano et
al., 2002). It must be noted that at neutral pH no calcium burst is produced (Viladevall et al,
2004), so calcineurin, which plays a major role in PHO&9 alkaline induction, won't be
induced. Additionally, Snf1 activity is also pH-dependent, being 3 times more active at pH 8
that at pH 7 (Hong and Carlson, 2007). These additional pathways governing PHOS89
transcription would ensure its expression on strictly alkaline conditions, near the optimal pH
of the transporter, and coinciding with a decrease in the transport rate of phosphate by

Pho84.
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2‘ Schematic depiction of regulatory inputs acting on PHO89 promoter upon high pH stress described

in this work. Elements upstream of Rim101, Pho80-Pho85, or calcineurin are described in Introduction.
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7. Coordinated expression of Pho89 and Enal
allows functional coupling of both transporters

The previously documented resemblances between the Na’-ATPase-encoding gene
ENAT and PHOS&9 induction under alkaline conditions (Serrano et al, 2002) prompted us to
look for DNA binding sites for transcription factors known to regulate ENAI (table 3). This
led to the unravelling of the regulatory network described above, involving calcineurin,
Rim101, Snf1, Mig2, and Nrgl1/Nrg2, which is essentially identical to that reported several
years ago for ENAI (Platara et al, 2006). This high degree of similarity suggested the
possibility of synchronous expression after alkaline pH stress and maybe some kind of

functional relationship.

7.1. The PHOS89 promoter is not salt responsive

Exposure to high concentrations of salt triggers the activation of the calcineurin and
Snf1l pathways (Hong and Carlson, 2007; Nakamura et al, 1993). In addition, a severe salt
stress induces ENAI through Skol inactivation and calcineurin activation (Marquez and
Serrano, 1996; Mendoza er al, 1994). Taking into account our previous observations that
calcineurin and Snfl induce PHOS89 expression during alkaline pH stress and the similarities
between PHOS89 and ENAI regulation under this condition we wondered if the PHOS89
promoter was also responsive to salt stress. To verify this point, we performed a [-
galactosidase activity assay to monitor PHOS&9 promoter activity under salt stress conditions.
We also employed the ENAI promoter (plasmid pKC201) and a synthetic tandem
arrangement of CDREs (plasmid pAMS366) as positive controls.

As shown in figure 24, the wild type strain harboring the pPHO89-LacZ plasmid did
not display any significant increase in (3-galactosidase activity when exposed to mild or severe
salt stress (0.4 M and 0.8 M NaCl, respectively), especially when compared to alkaline stress.
In contrast, the ENA1 promoter responded to both salt stresses, although not as strongly as to

high pH conditions.
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w* Wild type strain DBY746 was transformed with pPHO89-LacZ, pKC201 (carrying the entire
ENAI promoter fused to /acZ) or pAMS366 (in which /acZ is driven by a 4x-CDRE tandem). Cells were
subjected to high pH stress for 90 min (pH 8.0, black bars), 0.4 M NaCl for 60 min (blue bars) or 0.8 M NaCl
for 90 min (green bars), prior determination of 3-galactosidase activity. Data correspond to the mean + SEM

for 6 determinations.

The lack of PHOS89 induction under salt stress may be attributable to the few
differences between its regulation and that of ENA1. For instance, it has never been described
any direct involvement of the PHO pathway in the response to salt stress. This suggests that
PHOGSY9 is not upregulated by Pho4 in this circumstance, thus lacking an important positive
input. Additionally, even though exposure to high concentrations of salt activates Snf1, this
kinase is not translocated into the nucleus, explaining why Migl does not become
phosphorylated by salt stress (Hong and Carlson, 2007; McCartney and Schmidt, 2001). Since
it is Mig2, and not Migl, the factor repressing the PHOS89 promoter, we wanted to verify if
this repressor was regulated by phosphorylation in cells exposed to salt stress. As shown in
figure 25, a salt stress does not trigger the mobility shift characteristic of the phosphorylated
forms of Mig2 observed after alkaline pH stress. Thus, this suggests that under conditions of

stress by sodium cations PHOS89is not upregulated by Snf1.

In summary, even though severe salt stress activates calcineurin (Denis and Cyert,
2002; Matsumoto et al, 2002), either the potency of the signal is not sufficient to activate
PHOS89 and/or the absence of additional regulatory inputs (e.g. activation of Pho4 and
inhibition of Mig2) impedes its induction. Because, as far as we know, salt stress does not

imply any impairment in phosphate acquisition, from a functional point of view the

113



Results and Discussion

expression of a high-affinity phosphate transporter does not seem necessary in these
conditions. In fact, as Pho89 cotransports phosphate with sodium, its activity could be even

detrimental in conditions of high extracellular sodium concentrations.

min after shift to pH 8.0
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“2& After exposing SPO11 cells (MIG2-3xHA) to pH 8.0 or 0.8 M NaCl for the indicated times, extracts
were prepared and subjected to 10% SDS-PAGE. Immunoblots were performed using anti-HA antibodies. The

empty triangle denotes slow migrating (phosphorylated) species.

7.2. Pho89 and Enal show similar expression profiles under

alkaline pH stress

In order to compare the kinetics of expression between PHO89 and ENAI we

performed a qRT-PCR to quantify PHO89 mRNA, whereas for ENA1 we used data from a
Genomic Run-On (GRO) experiment performed in the same experimental conditions in
collaboration with J. E. Perez-Ortin laboratory (Canadell er al, 2015b). As shown in figure
26a, in both cases the mRNA levels increased rapidly after the induction, with a peak around

10-15 min, and then decreased nearly in parallel.

Next, we wanted to compare the kinetics of their protein accumulation. To that end,
we introduced a C-terminally HA-tagged version of Enal to its own chromosomal locus and
monitored its expression after alkaline stress. The immunoblot signals of this experiment and
those of the previous experiments with the tagged version of Pho89 in YPD were integrated
to calculate their relative protein levels (figure 26b). Similarly to what we observed for the
mRNA levels, Pho89 and Enal display an early peak of accumulation (30-60 min). However,
the subsequent decrease is more pronounced in Pho89, since 180 min after the alkaline
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induction there is still a significant amount of Enal but Pho89 has returned already to its
baseline level. These results indicate that both genes are coordinately expressed upon alkaline

stress conditions and that their products appear in the cell at the same time.

a) b)
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min after shift to pH 8.0 min after shift to pH 8.0
24, Time-course for ENAI (closed circles) and PHOS9 (open circles) mRNAs (a) or protein accumulation (b)
after shifting cells from pH 5.5 to 8.0. Relative PHO89levels were calculated from a qRT-PCR performed following
the same conditions as in figure 7a and ENA1 levels are a representation of data published in Canadell et al, 2015b.
Relative Pho89 levels were calculated from 3 immunoblot experiments and Enal levels from a representative

experiment using GelAnalyzer software after background subtraction.

7.3. The absence of Enal strongly impairs growth under
alkaline conditions of a pho84 mutant strain

Our previous observations that PHO89 and ENA 1 share multiple regulatory pathways
and that their coordinated expression occurs at high pH (when Pho89 is active), but not under
salt stress conditions, prompted us to consider the existence of a functional link between both
activities. To test this possibility, we decided to compare growth rates between mutant strains
lacking Pho89, Pho84, Enal, and their combinations at different pH and phosphate
concentrations. In order to create an environment where Pho89 activity was indispensable,
we were forced to include the pho&4 mutation, since this alternative high-affinity phosphate
transporter was described to mediate phosphate transport, up to some extent, even at alkaline
pH (Martinez and Persson, 1998; Zvyagilskaya et al, 2008). Thus, due to the downregulation
of the low-affinity phosphate transport system caused by the activation of the PHO pathway
(see section 3.3 of Introduction), a pho84 strain would rely only on Pho89 for phosphate

import under alkaline or low phosphate conditions.
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As shown in figure 27, the absence of Pho89 did not impair growth at low phosphate
or mild alkaline pH conditions when compared to the wild type strain, probably due to Pho84
activity over this range of pH. In contrast, the pAo84 mutant strain displayed a severe growth
deficiency in the presence of limiting amounts of phosphate at standard (acidic) pH, but its
growth improved at higher pH. Since this strain only possesses Pho89 as a phosphate
transporter in low phosphate or alkaline pH conditions, it is not surprising that it proliferates
better at higher pH, corresponding with higher Pho89 expression and activity. As expected,
further deletion of PHO&9 in this strain blocked proliferation on either phosphate starvation
or alkaline pH conditions. Remarkably, elimination of the ENA cluster in a pho84
background mimics the effect of mutating PHOS89. Therefore, in a situation where Pho89 is
the only phosphate transporter, abolishing the ability to extrude Na® cations blocks
proliferation, thus phenocopying the situation of full deficiency of high-affinity phosphate

transporters.

5.5 7.2

DBY476
pho89
pho84
enal-4
ot .| | | | |

pho84 pho89
m. The indicated strains at ODg4o of 0.05, plus a 10-fold dilution, were spotted on YNB-based medium
(lacking phosphate and sodium) agar plates, supplemented with 5 mM NaCl and the indicated amounts of

potassium phosphate, and adjusted to the different pHs. Growth was monitored after 3 days.
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7.4. Unrestricted Pho89 activity could lead to toxic sodium

accumulation

Shortly after the discovery of PHOS89, Persson and coworkers postulated that the Na"-
ATPase activity of Enal could be providing the motive force for Na'-P; cotransport through
Pho89 (Persson et al, 1999). This would mean that, without this Na" extrusion activity,
Pho89 would be unable to transport phosphate properly. However, our plates in figure 27
contained 5 mM Na®, an external concentration described to drive a Pho89-mediated
phosphate transport near to maximal (Martinez and Persson, 1998), thus making unlikely that
external Na" could be the limiting factor for Pho89-mediated Pi uptake. Even so, we decided
to test the effect of a lower external sodium concentration on the proliferation of the same
mutant strains. To this end, we performed liquid growth assays at pH 7.2 in the presence of 5
mM and 0.2 mM NaCl with either 5 mM or 0.2 mM P;, and calculated the 5/0.2 mM Na"*
growth ratio. In these conditions, the growth rates of the enal, pho84, and enal pho89 strains
were not substantially different comparing 5 and 0.2mM external Na" at either high or low
phosphate concentrations (figure 28). In contrast, the enal pho84 strain grew much worse at

5 mM Na’ than at 0.2 mM, regardless of phosphate availability. This result raised the

o
o o o

o
i

5/0.2 mM NaCl
growth ratio

o
h

0,0

S 0.2 P; (mM)

WZ.. Strains ONA1 (pho84, white bars), RH16.6 (enal, black bars), ASC17 (enal pho84, orange bars),
and ASC30 (enal pho89, red bars) were grown in liquid media (adjusted to pH 7.2) containing the indicated
concentrations of P; and either 0.2 or 5 mM NaCl. The ODgs, was determined after 47 h and the 5 mM / 0.2
mM NaCl absorbance ratio calculated. Data are mean + SEM from 5 to 9 experiments.
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possibility that the growth defect of the enal pho84 strain at alkaline pH is not caused by the
inability of Pho89 to uptake phosphate as a result of the absence of a Na™ gradient across the
plasma membrane, but instead because of an intracellular accumulation of toxic Na* cations
accompanying the P; influx, which cannot be eliminated without Enal activity. If this would
be the case, the intracellular sodium concentration of the enal pho84 strain should increase
over time in parallel with the uptake of phosphate by Pho89. To test this possibility, we
conducted intracellular Na" measurements in strains growing at pH 7.8 in a medium
containing 0.2 mM P; and 5 mM Na". Cultures were pre-incubated for 1 hour in the same
medium at pH 5.5 in order to downregulate the low-affinity phosphate transport system, with
the intention that when cells were shifted to alkaline conditions only the high-affinity

transporters would mediate phosphate uptake.

80 -
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—O—pho84

60 1 —&—enal

50 A —fx—enal pho84
——enal pho89

Intracellular Na* (mM)

40
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10
0 4 r T . .
0 2 4 6 8
hours after shift to pH 8.0

“2’. The indicated strains were shifted for 1 h to low P; (0.2 mM) medium at pH 5.5 and then shifted
to pH 7.8, always in the presence of 5 mM NaCl. Samples were taken at the indicated periods and processed

for intracellular Na* content. Data are mean + SEM from 4 to 8 independent experiments.

As shown in figure 29, all the strains tested exhibited an initial intracellular Na*
concentration between 5 and 10 mM. The wild type and pho&4 strains (the ones possessing
ENA]) did not accumulate any significant amount of sodium (< 5 mM) even 8 hours after the
shift to alkaline conditions. Mutation of ENAI caused a moderate increase in sodium
accumulation (31 mM) over time. Remarkably, the enal pho84 mutant strain shows the
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highest Na* accumulation (65 mM), twice as much as the enal strain at 8 hours after the
alkaline induction. On the other hand, the enal/ pho89 strain accumulated much less
intracellular sodium (14 mM), clearly below the levels measured for the enaf strain. The
differences observed between the intracellular Na* accumulated by strains enal/ pho84 and
enal pho89 point to the fact that Pho89 activity is indeed responsible for this accumulation.
Interestingly, it was reported that a wild type strain continuously growing in the presence of
500 mM NaCl accumulated as much as 90 mM of Na® (Ros et a/, 1998). An external
concentration of 500 mM Na® (a 100-fold higher than the one used in our experiment)
already impairs growth of a wild type strain; thus, it is conceivable that the sensitive
phenotype displayed by the enal pho84 strain is caused by the continued accumulation of this

toxic cation.

In summary, these results indicate that, in a situation where phosphate uptake is
dependent exclusively on Pho89 (i.e. the pho84 strain under alkaline conditions), the absence
of the Na'-ATPase Enal provokes a severe growth defect that correlates with the
accumulation of high concentrations of intracellular Na*. This accumulation might entail
severe effects on cell physiology, not only because sodium is a recognized toxic cation, but
also because an increase in its intracellular levels could reverse the external/internal cation
gradient necessary for phosphate cotransport via Pho89, thus blocking further phosphate
uptake. Therefore, we postulate that the sodium efflux activity of Enal may serve as a
detoxifying mechanism to counteract the sodium uptake through Pho89, which may
otherwise become detrimental. This would provide a physiological meaning for the
parallelisms observed between the mechanisms regulating both Enal and Pho89 induction
under high pH stress, ensuring a coordinated expression to allow the functional coupling of

both transporters.

The Enal-Pho89 functional coupling described in this work might not be restricted to
S. cerevisiae. ENA genes have been found on 56 of the 65 sequenced genomes of fungi, as well
as in several protozoa and bryophytes (Rodriguez-Navarro and Benito, 2010). Studies
performed in several of these species, such as C. albicans, N. crassa or A. nidulans, revealed
that their ENA ATPases were weakly expressed in normal growth conditions but upregulated
by salt and/or alkaline stresses (Benito et al,, 2000; Bensen et al., 2004; Spielvogel et al., 2008).
In fact, it is known that CaENA2 and CaENAZ21 are regulated by CaRim101 and
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CaCrz1/ CaCrz2 upon alkaline stress (Kullas et al, 2007). Additionally, deletion of the ENA
gen in Ustilago maydis or Cryptococcus neoformans confers an alkali-sensitive phenotype
(Benito et al,, 2009; Idnurm et al, 2009). On the other hand, Pho89-like transporters (i.e.
type-III Na'-P; cotransporters) are widely spread among eukaryotes (Werner and Kinne,
2001). Most studies regarding Pho89 homologues have focused on phosphate and sodium
homeostasis, so there is not much information about the role of this transporter in other
situations. However, a relationship of Pho89 with the response to alkaline stress has been
described in Candida albicans. Remarkably, CaPHOS89 is strongly induced in alkaline
conditions and part of this induction is dependent on CaRim101 (Bensen et al,, 2004). While
this work was in progress, further studies in C. albicans revealed that CaPHOS&9 alkaline
upregulation was also dependent on calcineurin-CaCrz1, activated by a rapid burst of
cytosolic calcium from the external medium (Wang et al, 2011). It is worth noting that both
CaRim101 and calcineurin are involved in the transcriptional response required for C.
albicans virulence in alkaline niches (Bader et al, 2006; Ramon et al, 1999). Taking all this
into account, it is not farfetched to postulate that the functional and regulatory coupling

between Enal and Pho89 reported in this work may not be exclusive of S. cerevisiae.

7.5. Gene coregulation analysis as a tool to study protein

function

The response to alkaline stress encompasses the activation of a multitude of different
pathways, in some cases apparently unrelated (see section 2 of Introduction). These signaling
pathways lead to remodeling of gene expression in order to cope with high pH stress;
therefore, it is not surprising that the transcription of a given gene may be regulated by more
than one pathway. In this work we have observed that the complex regulation of Pho89
under alkaline conditions is nearly identical to that previously described for Enal (Platara et
al, 2006), and that this synchronic expression could allow their functional coupling.
Therefore, it is possible that the analysis of coregulation on a transcriptomic level could, in

some cases, unravel other functional pairs.

In a recent work carried out in our laboratory we examined different sets of

transcriptomic data obtained from comparisons between the wild type strain and msnZ2 msn4,
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snfl, cnbl/crzl, rim101, or slt2 (Serra-Cardona et al 2015). Up to 349 genes were
upregulated by at least one of the mentioned pathways, being Msn2/Msn4 the transcription
factor with a wider impact, followed by Snfl. Around 17% of these genes are controlled by
more than one factor, and 7 genes related to carbohydrate metabolism are coregulated by
Snfl, Msn2/Msn4, and calcineurin. In contrast, the subsets of genes under the influence of
Rim101 or Slt2 are less interconnected with other pathways (Serra-Cardona et al 2015).
Further study of these networks and the subset of genes they regulate could reveal new roles
for the proteins expressed after high pH conditions and give insight into the mechanisms by

which the budding yeast copes with alkaline stress.
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Conclusions

Pho89 is rapidly but transiently induced by alkaline conditions, with a maximum
accumulation at 30 minutes after the stress. This response is driven by a complex

regulatory network comprised of Pho4, calcineurin, Rim101, and Snf1.

Pho89 expression under conditions of phosphate scarcity is weaker and occurs later
when compared to high pH stress. On the other hand, the expression profile of Pho84

is nearly identical between both situations and solely dependent on Pho4.

The calcineurin pathway strongly upregulates PHOS89 after alkaline stress through the
Crz1 transcription factor. This effect occurs mainly at the CDRE2, at positions -273 to
-267, and Crzl1 is bound to this regulatory element shortly and transiently (2-10 min)

after the stress.

The absence of Rim101 causes a downregulation of Pho89 alkaline induction
especially evident at a long-term. Although both Nrgl and Nrg2 exert some degree of
repression on PHOS8Y, only Nrgl seems to be regulated in a Rim101-dependent

manner.

The Snfl pathway mediates a positive effect on PHOS89 expression under alkaline
conditions via relieving the repression by Mig2. In contrast, Migl plays a secondary

role in the repression of this gene.

The Snf1 kinase is quickly but briefly phosphorylated after high pH stress. Migl and
Mig2 also present a phosphorylated state for a short time in these same conditions,
and this process is dependent on Snfl. The phosphorylated forms of these repressors

are coincident with their cytosolic localization after high pH stress.

The regl mutation results in the phosphorylation of Snfl even at acidic pH and in
constitutive nuclear exclusion of Mig2. This same strain exhibits increased levels of

PHOS89 under alkaline conditions, particularly at a long-term.

When compared to the wild type, the reg/ strain displays a drastic upregulation of
Pho89 long after the alkaline stress, probably caused by the constitutive inhibition of
the Mig repressors. We also speculate that Snfl and Regl might be controlling Pho89
stability through the regulation of arrestins, as described for other plasma membrane

transporters.
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9) The regulatory network responsible for the alkaline induction of Pho89 reported in
this work is nearly identical to the one described for Enal. These similarities lead to a

synchronous expression of both proteins after high pH stress.

10) In a situation where phosphate uptake depends exclusively on Pho89 (i.e. a pho84
strain under alkaline conditions) the absence of ENAI strongly impairs growth. In
addition, this same strain shows a marked sensitive phenotype to low amounts of

external Na™.

11) When growing under low phosphate and alkaline conditions, ena/-4 pho84 cells
rapidly accumulate high amounts of intracellular sodium as a result of Pho89 activity.
We postulate that in this situation the coregulation of Pho89 and Enal allows their
functional coupling: the Na" extrusion capacity of Enal could serve as a detoxifying

mechanism to allow persistent Pho89-mediated Na*/P; cotransport.
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(@B 1o Saccharomyces cerevisiae strains used in this study.

Il

DBY746 cnb1:kanMX4 Serrano et al. 2002

DBY746 cnb1::TRPI crzl::kanMX4 Casado et al, 2010

DBY746 snfl::LEU2 Ruiz et al. 2006

DBY746 regl::kanMX4 snfl::LEU2 This work

DBY746 migl:=:LEU2 Platara et al. 2006

DBY746 migl::LEU2 mig2::TRPI Platara et al. 2006

DBY746 snfl:LEU2 mig2:: TRPI Platara et al. 2006

DBY746 nrgl:natl This work

E

. DBY746 nrgl:natl nrg2:TRPI This work

|ﬁ

DBY746 rim101::kanMX4 nrg2::TRPI Platara et al. 2006

|E

DBY746 snf1:LEU2 nrgl:kanMX4 Platara et al. 2006

DBY746 snf1::LEU2 nrgl:kanMX4 nrg2::TRPI Platara et al. 2006

| .

DBY746 mig2::TRPI nrg2::kanMX4 nrgl:natl This work

Ipi
| Q

DBY746 PHO89-3xHA-HIS3MX6 This work

DBY746 PHO89-3xHA-HIS3MX6 snfl::LEU2 This work
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DBY746 PHO89-3xHA-HIS3MX6 rim101.::kanMX4 This work

-

DBY746 snf1::LEU2 pho4::kanMX4 This work

i

DBY746 enal-ena4:LEU2 pho84::kanMX4 This work

iﬁ

DBY746 enal-ena4:LEU2 Haro et al, 1991

I!

DBY746 enal-ena4::LEU2 pho89:kanMX4 This work

I I

DBY746 MIG2-GFP-HIS3MX6 This work

DBY746 regl:kanMX4 PHO89-3xHA-HIS3MX6 This work

Iﬁ

DBY746 snf1::LEU2 migl::LEU2 mig2:TRPI PHO89-3xHA-HIS3MX6 This work

y
=|ﬁ

MATa his3A1 leu2A0 met15A0 ura3A0 Brachmann eral 1998

BY4741 CRZ1-3xHA-kanMX6 This work

BY4741 MIG1-3xHA-kanMX6 This work

BY4741 MIG1-GFP-HIS3MX6 snf1::LEU2 This work
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Annexes

26 Oligonucleotides used in this study.

ATGGTATCATTTTGAATGCTCCTCGCTTTGGTGTGGAATACCAAATGACACGGATCCCCGGG
TTAATTAA

AGTTCTACCTAATGTTGTAAAACTGTATTCATAACCGAAACACATTATGAGAATTCGAGCTCG
TTTAAAC

GATGTCACAGTAACTTTGGATCCTTCTATT

ATCCAAAGTTACTGTGACATCTAGTATTGGAC

GGGTGTGTGTATGTGCGATAGACCTTTTT

ATCGCACATACACACACCCTTGTGGTGAAGC

TCTGGAAGGGTTCTCCAAAC

GAAGCAATTGCACCTGTGAG

TGCTGTCTTCCCATCTATCG

ATTGAGCTTCATCACCAAC

AAACATTACCACCCATAAGAAGTTTACCGTTGCCCTTCCCACACATGGACCGGATCCCCGGGT
TAATTAA

TTGTCTATTGTCTTTTGATTTATCTGCACCGCCAAAAACTTGTCAGCGTAGAATTCGAGCTCG
TTTAAAC

TACGTAACCTACTGAAACAAATTGATGTTTTCAACGGTCCCAAAAGAGTTCGGATCCCCGGG
TTAATTAA

ATGACAGTTCGTTAGAGGAAAAATGGTGAGATAAAAAGGGGCCGTAAAGGGAATTCGAGCTC
GTTTAAAC

TCACTCCCTTGTACGAAGAAGCCAGACAGGAGAAATCGGGACAAGAGAGTCGGATCCCCGGG
TTAATTAA

TTATATAGAAAAAAAAAATTCCTATTCAAAGCTTAAAAAAACAAAAATAAGAATTCGAGCTC
GTTTAAAC

AGATGGTGCCATTGGAAGATCTGCTTAATAAAGAAAATGGCACTGCGTACGCTGCAGGTCGA
C

TTGGGATACTTGGTCAAGATGCGAACTGAGTTAGTTCCCATTTGGATCGATGAATTCGAGCT
CG

CAGCACGTGGGAGACAAATA

AGATGTCCACCCAGTAGACA

TAGCAGTTGAGCTCCAGC
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GCTCTAGAACAGTGGCTCGTACC

il

i

CGAGTTGTGCCTAAAACAAGCC

i

CGGGATCCTGCTTCATGTTGAAGTTGAG

iﬁ

CCGAGCTCTGTCATTTGGTATTCCACACC

iﬁ

ATACACATAGCCATGCCAGG

iﬁ

TGTCATTTGGTATTCCACAC

TGAATAAGGAAAAAGATAGGGAGCACTTAATAGGCCCTGCGAATTCGAGCTCGTTTAAAC

|

”
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Coregulated Expression of the Na*/Phosphate Pho89 Transporter and
Enal Na*-ATPase Allows Their Functional Coupling under High-pH

Stress

Albert Serra-Cardona,? Silvia Petrezsélyova,® David Canadell,® José Ramos,” Joaquin Arifio®

Institut de Biotecnologia i Biomedicina and Departament de Bioguimica i Biologia Molecular, Universitat Autonoma de Barcelona, Cerdanyola del Valles, Spain?;
Departamento de Microbiologfa, Edificio Severo Ochoa, Universidad de Cérdoba, Cérdoba, Spain®

The yeast Saccharomyces cerevisiae has two main high-affinity inorganic phosphate (P;) transporters, Pho84 and Pho89, that are
functionally relevant at acidic/neutral pH and alkaline pH, respectively. Upon P, starvation, PHO84 and PHO89 are induced by
the activation of the PHO regulon by the binding of the Pho4 transcription factor to specific promoter sequences. We show that
PHO89 and PHOS84 are induced by alkalinization of the medium with different kinetics and that the network controlling Pho89
expression in response to alkaline pH differs from that of other members of the PHO regulon. In addition to Pho4, the PHO89
promoter is regulated by the transcriptional activator Crz1 through the calcium-activated phosphatase calcineurin, and it is un-
der the control of several repressors (Mig2, Nrgl, and Nrg2) coordinately regulated by the Snfl protein kinase and the Rim101
transcription factor. This network mimics the one regulating expression of the Na*-ATPase gene ENAI, encoding a major deter-
minant for Na™ detoxification. Our data highlight a scenario in which the activities of Pho89 and Enal are functionally coordi-

nated to sustain growth in an alkaline environment.

norganic phosphate (P;) is indispensable for the biosynthesis of

key cellular components such as nucleic acids, nucleoproteins,
and phospholipids and is involved in many metabolic and signal-
ing pathways. Transport across the plasma membrane is the first
step in the utilization of this essential nutrient. In the yeast Sac-
charomyces cerevisiae, the transport of P; is mediated by several
transporters that differ in their affinities for P;. The low-affinity
transport system (K,,,, ~1 mM) is composed of the Pho87 and
Pho90 H/P; symporters, and it is sufficient for growth at normal
external P; concentrations (1-3). High-affinity P; uptake (K,
~10 pM) is mediated by the plasma membrane Pho84 and Pho89
transporters (4-6). Pho84 cotransports phosphate with H™, is
mostly active at acidic pH, and is responsible for most of the high-
affinity P; uptake under normal growth conditions (7). Pho89 is a
phosphate/cation symporter and works most efficiently under al-
kaline conditions, with an optimum pH of 9.5. Effective transport
through Pho89 requires the existence of an alkali-metal cation
gradient, with Na™ being preferred over K or Li* (5, 8).

In the presence of sufficient P; in the external medium, the
expression levels of both the PHO84 and PHOS89 transporter-en-
coding genes are low. The expression levels of these genes are
greatly increased in response to P; starvation, which occurs
through the activation of the PHO signaling pathway (9-11). This
response involves the activation of the cyclin-dependent kinase
inhibitor Pho81, which leads to the inhibition of the Pho85-Pho80
cyclin-dependent kinase complex. As a result, unphosphorylated
Pho4 (a basic helix-loop-helix transcription factor) accumulates
in the nucleus and binds to diverse phosphate-responsive gene
promoters, including PHO84 and PHOS89, driving their transcrip-
tional response. When extracellular P; is not limiting, Pho81 is
inactivated. As a consequence, the Pho85-Pho80 kinase complex
becomes active and phosphorylates Pho4, resulting in its exclu-
sion from the nucleus and thus triggering repression of the PHO-
regulated genes (12—14).

In spite of the common regulatory traits mentioned above,
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evidence suggesting that PHO84 and PHO89 might respond dif-
ferently to diverse external inputs or cellular conditions has been
raised in the last few years. For instance, alkalinization of the me-
dium results in the transcriptional activation of genes induced by
phosphate starvation, including PHO89 and PHOS84. However,
accumulation of PHO89 mRNA occurs much faster than that of
PHOS84 (15, 16). It is worth noting that in some cases, such as
under alkaline stress, the involvement of signaling mechanisms
other than the PHO pathway has been suggested (15, 16), pointing
to the possible regulation of PHO89 by the calcium-responsive
calcineurin protein phosphatase pathway, which controls the ac-
tivity of the Crz1/Tcnl transcription factor (see reference 17 for a
review).

Pho89 is a widely conserved protein with close homologs from
bacteria to humans (18). On the basis of these precedents, we
considered it necessary to explore in a systematic way the possible
regulatory inputs governing the expression of the PHO89 gene.
Alkaline stress was employed as a transcriptional trigger because
(i) it is a condition that results in powerful induction of PHO89
expression and (ii) it has been shown to involve the modulation of
awide variety of signaling pathways in S. cerevisiae (15, 16, 19-23).
Here we show that the expression patterns of Pho84 and Pho89
under high-pH stress are different. Contrary to Pho84, accumu-
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lation of Pho89 is also regulated, aside from the Pho4 contribu-
tion, by the Crzl transcription factor in response to calcineurin
activation, mainly through a calcineurin-dependent response ele-
ment (CDRE) located in the PHO89 promoter at positions —273
to —267. In addition, we demonstrate that PHO89 expression is
also under the control of the Mig2 and Nrgl repressors, in a way
that implicates the Rim101 and Snfl signaling pathways, and that
this complex regulatory network is identical to the one described
previously for alkaline induction of the Na™-ATPase-encoding
gene ENAI (24,25). Enal is a major determinant of salt tolerance,
and its mutation renders cells highly sensitive to sodium and lith-
ium cations (26-28). Interestingly, enal cells are also sensitive to
alkaline pH even in the absence of high levels of external sodium
(24, 29). Our work strongly suggests that the common signaling
network that regulates Pho89 and Enal expression provides the
molecular basis for a physiological interaction between the phos-
phate transporter and the sodium ATPase.

MATERIALS AND METHODS

Yeast strains and growth conditions. S. cerevisiae cells were grown at
28°C in YPD medium (10 g/liter yeast extract, 20 g/liter peptone, and 20
g/liter dextrose) or, when carrying plasmids, in synthetic minimal me-
dium lacking the appropriate selection requirements (30). Low-phos-
phate (low-P;) medium was prepared from yeast nitrogen base (YNB)-
based medium without amino acids and phosphate (catalog number
CYNO0803 [requested to also lack potassium salts]; Formedium Ltd.,
United Kingdom), which was made with 30 mM KCl and 100 .M potas-
sium phosphate (except where otherwise stated). The equivalent high-
phosphate (high-P;) medium was made by adding 20 mM KCland 10 mM
potassium phosphate. In some experiments, YNB-based medium lacking
phosphate and sodium was employed (catalog number CYN0810; Forme-
dium Ltd.). For preparation of low-phosphate agar plates, purified agar
(catalog number 1806.05; Conda) was employed.

Yeast strains used in the present study are described in Table 1. Strains
RSC82, ONA1, and ASC13 were constructed by transformation of wild-
type strain DBY746 with a disruption cassette amplified from the crzl:
kanMX4 (3.0-kbp), pho84::kanMX4 (2.3-kbp), and pho89::kanMX4 (2.1-
kbp) mutants from the systematic disruption library in the BY4741
background (31). Strain RSC38 was made by transforming strain ONA1
with a pho89:TRPI deletion cassette obtained by amplification of the
corresponding locus of strain PAM1 (7) with oligonucleotides
pho89_orf 5" and pho89_orf 3'. Strains ASC17 and ASC30 were con-
structed by disruption of the PHO84 and PHO89 genes with the cassettes
described above in the RH16.6 (all four repeats at the ENA locus deleted)
background. Strain RSC22, which carries the rim101::HIS3 deletion in the
DBY746 background, was made by short-flanking replacement with a
1.3-kbp cassette amplified from plasmid pFA6a-hisMx6 (32). Strain
RSC89 was constructed by transforming wild-type strain DBY746 with a
regl::kanMX4 cassette obtained by amplification from the BY4741 regl
deletion mutant with oligonucleotides 5'-regl_disr and 3'-regl_disr.
Strain RSC90 was prepared by disruption of SNFI with a 3.9-kbp snfl:
LEU2 cassette from BamHI- and HindIII-digested plasmid pCC107 (33)
in the RSC89 background. Strain ASC15 was made by deletion of the
PHO4 gene in strain RSC22 (see above) with a deletion cassette (1.6 kbp)
obtained from the pho4::kanMX4 BY4741 deletion mutant. Strain ASC14
was made similarly but by transforming strain RSC10 (34) with the pho4::
kanMX4 cassette.

Strain MAR193 was made by transforming mig2 strain MP010 (24)
with the nrg2::kanMX4 cassette described previously in that same report.
Strains MAR197, MAR205, and MAR204 were obtained by transforma-
tion of wild-type strain DBY746, strain MP018 (nrg2), and MAR193
(mig2 nrg2), respectively, with the 2.1-kbp nrgl::natl cassette previously
described (24). Strains ASC07, ASC08, ASC09, ASC10, and ASC11, car-
rying a version of PHO89 encoding a C-terminally 3X hemagglutinin
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TABLE 1 Strains used in this work

Source or
Strain Genotype reference
DBY746 MATo his3-1 leu2-3,112 ura3-52 trp1-289 D. Botstein
MARI15 DBY746 cnbl:kanMX4 15
RSC82 DBY746 crzl::kanMX4 This work
MARS89 DBY746 cnb1::TRPI crzl:kanMX4 86
RSC4 DBY746 pho4::LEU2 15
RSC10 DBY746 snfl::LEU2 34
RSC89 DBY746 regl::kanMX4 This work
RSC90 DBY746 regl::kanMX4 snfl::LEU2 This work
RSC21 DBY746 rim101::kanMX4 15
RSC13 DBY746 migl::LEU2 24
MPO010 DBY746 mig2:TRP1 24
MPO12 DBY746 migl::LEU2 mig2::TRP1 24
MPO014 DBY746 snfl::LEU2 migl::kanMX4 24
MPO15 DBY746 snfl:LEU2 mig2::TRP1 24
MPO16 DBY746 snfl::LEU2 migl::kanMX4 mig2::TRP1 24
MAR197  DBY746 nrgl:natl This work
MPO018 DBY746 nrg2::TRP1 24
MAR205  DBY746 nrgl:natl nrg2::TRPI This work
MAR206  DBY746 rim101::kanMX4 nrgl::natl 24
MAR195 DBY746 rim101::kanMX4 nrg2::TRP1 24
MAR200 DBY746 rim101::kanMX4 nrgl::natl 24

nrg2:TRPI1
MP020 DBY746 snfl:LEU2 nrgl:kanMX4 24
MP021 DBY746 snfl::LEU2 nrg2:kanMX4 24
MP022 DBY746 snfl::LEU2 nrgl::kanMX4 nrg2::TRP1 24
MAR193  DBY746 mig2::TRPI nrg2:kanMX4 This work
MAR204  DBY746 mig2::TRP1 nrg2::kanMX4 nrgl::natl This work
MAR199  DBY746 migl::LEU2 mig2::TRPI nrg2:kanMX4 24
nrgl:natl

ASCO07 DBY746 PHO89-3 XHA-HIS3 This work
ASCO08 DBY746 PHO89-3XHA-HIS3 cnbl:kanMX4 This work
ASC09 DBY746 PHO89-3 XHA-HIS3 snfl::LEU2 This work
ASC10 DBY746 PHO89-3XHA-HIS3 pho4::LEU2 This work
ASC11 DBY746 PHO89-3XHA-HIS3 rim101::kanMX4  This work
ASC13 DBY746 pho89::kanMX4 This work
ASC14 DBY746 snfl::LEU2 pho4::kanMX4 This work
ASC15 DBY746 rim101::His3Mx pho4::kanMX4 This work
ASC17 DBY746 enal—ena4::LEU pho84::kanMX4 This work
ONAl DBY746 pho84::kanMX4 This work
RH16.6 DBY746 enal—ena4::LEU2 29
ASC28 DBY746 ENA1-3XHA-HIS3 This work
ASC30 DBY746 enal—ena4::LEU2 pho89::kanMX4 This work
RSC38 DBY746 pho84::kanMX4 pho89::TRP1 This work
SP048 DBY746 MIG2-GFP-HIS3 This work
ASC34 DBY746 regl::kanMX4 MIG2-GFP-HIS3 This work
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 87
SP002 BY4741 MIG2-GFP-HIS3 This work
SP020 BY4741 CRZ1-3XHA-kanMX6 This work
SPO11 BY4741 MIG2-3XHA-kanMX6 This work
SP014 BY4741 MIG1-3XHA-kanMX6 This work
SP018 BY4741 MIGI1-GFP-kanMX6 This work
ASCO03 BY4741 MIG1-3XHA-kanMX6 snfl::LEU2 This work
ASC04 BY4741 MIG2-3XHA-kanMX6 snfl::LEU2 This work

(3XHA)-tagged protein, were created by transformation of strains
DBY476, MARI5 (cnbl), RSC10 (snfl), RSC4 (pho4), and RSC21
(rim101), respectively, with a cassette amplified with primers PHO89-C-
pFA6-rev and PHO89-C-pFA6-dir from plasmid pFA6-3HA-His3MX6
(32). Strain SP011 contains a version of MIG2 encoding a C-terminally
3XHA-tagged protein integrated into the same chromosomal locus and was
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constructed by transforming wild-type BY4741 cells with a cassette made
by amplification of plasmid pFA6-3HA-kanMX6 (32) using oligonucleo-
tides MIG2-C-pFA6-dir and MIG2-C-pFA6-rev. The same template was
employed to amplify cassettes to generate a chromosomally encoded C-
terminally 3XHA-tagged version of the MIGI or CRZI protein in the
BY4741 background (strains SP014 and SP020). The oligonucleotide pairs
used were MIG1-C-pFA6-dir/MIG1-C-pFA6-rev (for SP014) and CRZ1-
C-pFA6-dir/CRZ1-C-pFA6-rev (for SP020). Strain ASC28 was con-
structed by transformation of DBY746 cells with an ENA1-3XHA-His3
cassette generated by PCR with primers ENA1-C-pFA6-dir and ENA1-c-
pFA6-rev and plasmid pFA6-3HA-His3MX6 (32) as the template. Be-
cause of the highly conserved sequence of the members of the ENA cluster,
particular care was taken to ensure the selection of transformants carrying
the tag specifically at the C terminus of the ENAI protein. To this end,
positive clones were verified with two pairs of primers: ENA1-pFA6-
comp-Cter and pFA6a_3HA_rev, which amplify a 0.2-kbp region irre-
spective of the member of the cluster receiving the tag, and ENA1-pFA6-
comp-Nter and pFA6a_3HA_rev, which yield a 3.8-kb amplification
fragment specific for ENAT integration. Strains ASC03 and ASC04 were
obtained from strains SP014 and SPO11, respectively, by transformation
with the previously described snfI::LEU2 cassette (34). Strains expressing
Migl-green fluorescent protein (GFP) (SP018) or Mig2-GFP (SP002,
SP048, and ASC34) fusions were prepared by transforming either wild-
type strain BY4741, DBY746, or RSC89 (regl) with amplification frag-
ments obtained by using plasmid pFA6-GFP(S65T)-kanMX6 (for Migl)
or pFA6-GFP(S65T)-HIS3MXG6 (for Mig2) (32) and oligonucleotide pairs
MIGI1-C-pFA6-dir/MIG1-C-pFA6-rev and MIG2-C-pFA6-dir/MIG2-C-
pFAG6-rev, respectively. Transformants were verified by yeast colony PCR
as well as by fluorescence microscopy. Oligonucleotides used in this work
are described in Table S2 in the supplemental material.

Plasmids and recombinant DNA techniques. Escherichia coli DH5«
cells were used as a plasmid DNA host and were grown at 37°C in LB
(Luria-Bertani) broth supplemented, if necessary, with 100 pwg/ml ampi-
cillin. Recombinant DNA techniques and bacterial and yeast cell transfor-
mations were performed by using standard methods. Plasmid pPHO89-
LacZ is a YEp357-based reported plasmid in which the region from
positions —671 to +33 (relative to the initiating ATG codon) is transla-
tionally fused to the lacZ gene (15). Mutation of the upstream CDRE
(CDRE1) in pPHO89-LacZ to generate PHO89“PRE!_LacZ was accom-
plished by two-step PCR mutagenesis with specific oligonucleotides
PHO89_5_CDRE1 and PHO89_3_CDRE], so the native sequence GTG
GCTG was changed to GTGTATG (modified nucleotides are shown in
italics). Similarly, PHOB89CPRE2_ 1 5¢7 contained a mutated version of
the downstream CDRE (CDRE2) and required oligonucleotides
pho89_5'_CDRE2_m and pho89_3'_CDRE2_m, which promoted the
change from CAGCCAC to CAGTAAC. Plasmid pMM15-PHO84, which
expresses the PHO84 protein from its native promoter with a 3XHA C-
terminal tag, was made by PCR amplification of the relevant PHO84 locus
(nucleotides [nt] —598 to +1760 from the Met initiation codon) with
oligonucleotides PHO84_prom_5' and Clon_PHO84_3" (carrying
EcoRI- and BamHI-added sites, respectively) and cloning into these same
sites of the centromeric plasmid (URA3 marker). Similarly, plasmid
pMM17-PHO89, expressing the PHO89 protein C-terminally fused to the
3XHA epitope, was made by amplification of the PHO89 locus (nt —671
to +1722) with oligonucleotides Pho89_prom_5" and Pho89_3'_Sacl
and cloned into the EcoRI and SacI sites of plasmid pMM17 (centromeric,
LEU2 marker). Plasmids pMM15 and pMM17 were generous gifts from E.
Herrero (Universitat de Lleida, Spain). Plasmid pKC201, containing
ENAI sequences from nt —1385 to +35 (relative to the initiating Met)
fused to lacZ, was described previously (35, 36). Plasmid pAMS366 drives
the expression of the lacZ reporter gene from four copies in tandem with
the CDRE present in the FKS2 promoter (37).

Preparation of yeast extracts and immunoblot analysis. Yeast cells
were subjected to high-pH, high-salt, and/or low-phosphate conditions as
follows. For low-phosphate stress, 50 ml of cells was grown until the op-
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tical density at 660 nm (ODyg) reached 0.6 in high-P; medium, and cells
were collected by centrifugation (3 min at 1,228 X g), rinsed with low-P;
medium, and resuspended in 50 ml of low-P; medium. For alkaline-stress
experiments, 50 ml of cultures grown on YPD or YNB-based (low- or
high-P;) medium (pH 5.8) (ODgg, = 0.6) was shifted to pH 8.0 by the
addition of the appropriate volume of a I M KOH stock solution. For salt
stress, the appropriate amount of solid NaCl was added to the cultures.
For Pho89, Pho84, and Enal detection, 5 ml of cells was collected at the
indicated times by rapid vacuum filtration through 0.45-pwm Metricel
GN-6 filters (Pall Corp.). Cells were quickly frozen in dry ice and stored at
—80°C until use. Extracts were prepared for 10% SDS-PAGE (7% gels for
Enal) as previously described (8, 38). To detect phosphorylated Snfl and
the Snfl protein, as well as the mobility shift of Migl and Mig2 upon
alkaline-pH stress, cultures (5 to 10 ml) were made with 5.5% trichloro-
acetic acid and stored on ice for 15 min, and the pellet was collected by
centrifugation (2 min at 4°C at 1,200 X g), washed twice with acetone, air
dried, and stored at —80°C. For Migl and Mig2 mobility shifts, samples
were processed as previously described (39, 40), except that when break-
ing the cells, EDTA was omitted from the urea buffer and each cell break-
age round was extended to 45 s. Extracts were centrifuged for 10 min at
4°C in a microcentrifuge, the supernatant was recovered, and the concen-
tration of proteins was determined by the Bradford method (Sigma
Chemical Co.). For Snfl detection, samples were resuspended in 150 .l of
10 mM Tris (pH 7.5)-1 mM EDTA buffer and then processed as described
previously (41). Extracts were subjected to SDS-PAGE (8 or 10% poly-
acrylamide gels). Samples containing tagged Migl or Mig2 were treated
with 10 units of calf alkaline phosphatase (Roche) for 90 min at 37°C, in
the presence or in the absence of 50 mM EDTA.

In all cases, proteins were transferred onto polyvinylidene difluoride
(PVDF) membranes (Immobilon-P; Millipore). HA-tagged Pho89, Enal,
and Mig2 were detected by means of mouse monoclonal anti-HA anti-
body 12CA4 ata 1:1,000 dilution (Roche), whereas the HA.11 clone 16B12
monoclonal antibody (Covance) was employed for detection of HA-
tagged Pho84 and Migl. A 1:20,000 dilution of secondary anti-mouse
IgG-horseradish peroxidase (GE Healthcare) was used. Phosphorylated
Snfl and Snfl protein were monitored with anti-phospho-Thr172-AMPK
(Cell Signaling Technology) and anti-His (GE Healthcare) antibodies,
respectively. Actin was detected with the (I-19)-R rabbit polyclonal anti-
body (catalog number sc-1616-R; Santa Cruz Biotechnology) followed by
ECL anti-rabbit IgG—horseradish peroxidase secondary antibodies (GE
Healthcare). Immunoreactive proteins were visualized with the ECL Se-
lect or Prime (for Pho84-HA detection) kit (GE Healthcare).

Chromatin immunoprecipitation experiments. For chromatin im-
munoprecipitation (ChIP) experiments, strain SP020, encoding a CRZI-
3XHA version, was grown on YPD to an ODy,, 0f 0.6 to 0.8 (~50 ml/time
point). At time zero (t,), the pH of the culture was increased to 8.0 by the
addition of 1 M KOH, and growth resumed. Forty milliliters of cultures
was taken at the appropriate times, and formaldehyde was added to a final
concentration of 1% to cross-link proteins and DNA. From this point, the
procedure was performed as described previously (40), with the following
modifications. (i) Chromosomal DNA was fragmented by using Biorup-
tor Plus UCD-300 equipment (Diagenode) provided with a cooling sys-
tem (4°C) for 45 cycles (high intensity; 30 s of sonication followed by a
60-s pause) to generate fragments =300 bp in length. (ii) The cleared
lysate was precleared by the addition of ~20 wl of ChIP-grade protein
G-Sepharose beads (catalog number 16-201; Millipore) to each sample,
followed by incubation for 1 h with gentle rotation at 4°C. Samples were
centrifuged at 220 X g for 1 min at 4°C, and the supernatant was trans-
ferred into screw-cap tubes. One microliter of anti-HA antibodies (cata-
log number ab9110; Abcam) was added to each precleared sample (except
for the no-IP controls), and incubation continued overnight at 4°C. Fifty
microliters to 100 .l of ChIP-grade protein G-Sepharose beads was added
to each sample (including controls), and incubation continued for 1 h at
4°C until samples were centrifuged at 220 X g for 1 min at 4°C. (iii)
Treatment with proteinase K was extended for 2 h at 37°C. Finally, the
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eluted DNA was purified as described previously (40). For PCR assays, 40
ng of immunoprecipitated DNA was used together with oligonucleotides
18Right and 23Left. The procedures for ChIP-sequencing (ChIP-Seq) us-
ing these samples will be described elsewhere (not shown). Reads (FastQ
files, 150-nt paired ends) were mapped with Bowtie 2 software (42).
Mapped reads (1.9 million to 3.7 million/time point) were processed with
IGV Tools (v 2.3) and quantified and represented with SeqMonk software
(v 0.26.0).

Determination of intracellular sodium accumulation. Cells were
grown on synthetic medium containing 30 mM HEPES (pH 5.5) in the
presence of 5mM Na ™, 10 mM K™, and 10 mM P, until the OD, reached
0.3. Cultures were centrifuged at 1,200 X g for 5 min; washed with the
same medium, in which the concentration of P; was reduced to 0.2 mM;
and resuspended in this low-P; medium containing 15 mM K™ Cells were
grown for 60 min to induce the high-affinity phosphate transport system
and then centrifuged and resuspended in the same medium, which was
adjusted to pH 7.8 with KOH (which increases the concentration of K™ to
18 mM). Five-milliliter aliquots were taken immediately after resuspen-
sion (t,), and subsequent samples were taken at the desired times. Samples
were rapidly filtered through 25-mm-diameter, 0.45-pm Metricel GN-6
filters (Pall Corp.) previously washed with 2.5 ml of a cold 20 mM MgCl,
solution, and cells were washed with 10 ml of the MgCl, solution. Cells
were recovered with 2 ml of this solution, filtered through a fresh filter,
and subjected to a final wash. Filters were immersed in 10 ml of 10 mM
MgCl,—0.2 M HCI and gently shaken to resuspend the cells, and the in-
tracellular sodium concentration was determined by atomic absorption
spectrometry. Membranes used to filter medium without cells were pro-
cessed in the same way and used for blank values. The number of cells in
each aliquot was determined by measuring the OD,, at the moment of
sampling, assuming that 1 OD unit equals 8 X 107 cells. A cellular volume
of 49 pl was used for calculations, according to data described previously
(43) and our own determinations for strain BY4741.

Confocal microscopy. Log-phase yeast cultures expressing GFP fu-
sions growing in a low-fluorescence minimal medium lacking riboflavin
and folic acid (44) were stained with 1 pg/ml of 4’,6"-diamidino-2-phe-
nylindole (DAPI) to visualize nuclei. Cell suspensions were placed onto
glass-bottom dishes and allowed to settle for a couple of minutes. Alkaline
stress was initiated by gentle removal of the medium by using a pipette,
placing the tip on the corner of the well, and the medium was then quickly
replaced by low-fluorescence medium adjusted with 1 M KOH to pH 8.0.
Images of living cells were taken before and after initiation of stress at
different times with a confocal laser scanning microscope (Leica TCS
SP2), using a 63X oil immersion objective. Images were analyzed by using
LAS AF Lite (Leica Microsystems) and Wasabi (Hamamatsu Photonics
Germany GmbH) imaging software.

Other techniques. A growth test in liquid cultures was performed as
described previously (24). Growth on agar plates (dot tests) was carried
out as described previously (28). lacZ reporter assays were performed
essentially as described previously (15). For alkaline-pH stress, cells were
collected after 90 min of shifting cells to pH 8.0. For NaCl stress, cells were
exposed to 0.4 M (for 60 min) or to 0.8 M (for 90 min) NaClL

PHO89 mRNA levels were determined by semiquantitative reverse
transcription-PCR (RT-PCR) and quantitative RT-PCR (qRT-PCR) with
15 ng of total RNA and oligonucleotides RT-PHO89-upl and RT-
PHO89-dol. For semiquantitative RT-PCR, the Illustra Ready-to-Go RT-
PCR bead kit (GE Healthcare) was used. Reverse transcription was per-
formed at 42°C for 30 min, and subsequent amplification was carried out
for 23 cycles (1 min at 50°C and 72°C for annealing and extension condi-
tions, respectively). qRT-PCR was performed with a CFX96 real-time
system (Bio-Rad), using the QuantiTect SYBR green RT-PCR kit (Qia-
gen). Actin amplification was performed similarly but with oligonucleo-
tides RT-ACT1-up2 and RT-ACT1-do2. Changes in ENAI mRNA levels
were determined by DNA microarray experiments.

Relative Pho89 and Enal protein levels were calculated by the integra-
tion of immunoblot signals from YPD-grown cultures using GelAnalyzer

December 2014 Volume 34 Number 24

Coregulation of Pho89 and Enal under High-pH Stress

software after background subtraction. Data for Pho89 were obtained
from the integration of data from 3 experiments per time point, whereas
data for Enal were obtained from a representative experiment.

In silico analysis of the PHO89 promoter was carried out on the nucle-
otide sequence of the region comprising nucleotides —800 to —1 (from
the initiating ATG) of PHO89, which was previously shown to contain
high-pH response elements (15) and was analyzed with the matrix-scan
algorithm available at the RSAT website (45), setting a P value threshold of
0.001. Matrices for transcription factor binding sequences were obtained
from the JASPAR database (46).

RESULTS

Kinetics for Pho89 and Pho84 accumulation in response to low-
phosphate and high-pH stress are different. Since high-pH stress
triggers a response that mimics the situation of phosphate starva-
tion, we considered it essential to compare the kinetics of Pho89
accumulation in cells subjected to these types of stress. To this end,
a C-terminally HA-tagged version of Pho89 was engineered and
introduced into its own chromosomal locus, and the resulting
strain was grown in synthetic medium at standard pH (5.5) and
then transferred to medium either adjusted to pH 8.0, containing
low phosphate (100 wM), or with a combination of both circum-
stances. As shown in Fig. 1A, high pH resulted in a fast and tran-
sient accumulation of Pho89 (30 to 60 min), whereas the kinetic
for Pho89 accumulation after transfer to low-phosphate medium
was much slower, with detectable amounts of the transporter be-
ing found only 4 to 8 h after phosphate removal. As expected, the
response to phosphate starvation was largely abolished in a pho4
mutant. Exposure of cells to high pH and phosphate scarcity si-
multaneously yielded a profile of Pho89 expression that was a
combination of that observed for each independent stress, that is,
an early and transient peak followed by a late accumulation of the
transporter (Fig. 1A).

In contrast, as shown in Fig. 1B, the temporal profile of Pho84
expression in response to high pH or phosphate starvation was
essentially identical, peaking at ~180 min after initiation of the
stress. In this case, the response was stronger under phosphate
starvation conditions, but in both circumstances, it was fully abol-
ished in the absence of the Pho4 transcription factor. Therefore,
our results point out substantial differences in the expressions of
Pho89 and Pho84 in response to high-pH stress: Pho89 expression
occurs faster and does not mimic the kinetics observed upon
phosphate starvation.

We also investigated whether the absence of one of the trans-
porters could influence the expression of the other under P; star-
vation or high-pH-stress conditions. We observed that while the
pho89 mutant displayed a Pho84 expression pattern identical to
that of the wild-type strain (not shown), in pho84 cells subjected to
high-pH stress, expression of Pho89 was induced slightly earlier,
and a second induction peak, similar to that observed upon P;
depletion, was found (see Fig. S1 in the supplemental material).
This could be due to a higher-than-normal activation of Pho4 in
Pho84-deficient cells, which would fit with the previously ob-
served derepression of PHOS in this mutant (3).

Regulation of PHO89 expression by the calcineurin/Crz1
pathway. Information retrieved from DNA microarray transcrip-
tomic databases (15, 47, 48) and previous results from our labo-
ratory (15, 16) suggested that PHOS89 expression may be influ-
enced by the calcineurin pathway. To further investigate this
process, we subjected wild-type DBY746 cells and their isogenic
cnbl derivatives, lacking the regulatory subunit of the calcineurin
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FIG 1 Comparative accumulations of Pho89 and Pho84 in response to phos-
phate starvation and high-pH stress. (A) Strains ASC07 (PHO4 PHO89-
3XHA) and ASC10 (pho4:LEU2 PHO89-3XHA) were grown on synthetic
high-P; medium until the ODy, reached 0.6. Cells were collected and resus-
pended in synthetic medium lacking phosphate supplemented with 10 mM P;
(high P;) or 100 wM P; (low Pi) at pH 5.5 and/or pH 8.0 and adjusted with
KOH. Growth was resumed, and samples were taken at the indicated times and
processed for protein extract preparation as indicated in Materials and Meth-
ods. Equivalent amounts (30 pg of total protein) were subjected to SDS-PAGE
(10% polyacrylamide gels) followed by immunoblotting using anti-HA anti-
bodies to reveal HA-tagged Pho89 (dark triangles). Membranes were stripped
and reprobed with antiactin antibodies (open triangles) for loading and trans-
fer reference. (B) Wild-type strain DBY746 and its pho4 derivative (RSC4)
were transformed with centromeric plasmid pMM15-PHO84, which ex-
presses the C-terminally HA-tagged version of Pho84. Cells were subjected to
high-pH or low-phosphate stress and collected after the indicated periods, and
the amount of Pho84 was assessed by using anti-HA antibodies. Correct load-
ing and transfer were monitored with antiactin antibodies in the stripped
membranes.

phosphatase, to alkaline stress (pH 8.0) and prepared total RNA
from cultures collected at different times. As shown in Fig. 2A,
PHO89 mRNA accumulated rapidly (5 min) in response to stress,
and the mRNA levels declined only after 60 min, in agreement
with the kinetics of accumulation of the Pho89 protein described
above. This response was largely blocked in cells lacking calcineu-
rin, thus confirming the participation of this pathway in the con-
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FIG 2 Expression of Pho89 in response to high-pH stress is controlled by the
calcineurin/Crz1 pathway. (A) Wild-type (WT) DBY746 and MARI15 (cnbl)
cells were collected at the indicated times after switching the medium to pH
8.0, and total RNA was prepared. Semiquantitative RT-PCR was carried out by
using oligonucleotides specific for PHO89 and ACT1I (as a control), and the
products were resolved in agarose gels and stained with GelRed (Biotium Inc.).
(B) The indicated strains were transformed with the pPHO89-LacZ reporter,
and exponentially growing cultures were exposed to pH 8.0 or maintained at
pH 5.5 for 90 min. Cells were then collected, and B-galactosidase activity was
measured as reported previously (15). Data are mean = standard errors of the
means from 12 determinations. (C) Cultures of strains ASC07 (PHO89-
3XHA) and ASCO08 (cnbl PHO89-3 X HA) were shifted to pH 8.0, and protein
extracts were prepared. Samples (30 pg of protein) were resolved by SDS-
PAGE and processed for immunoblotting as described in the legend to Fig. 1A.

trol of PHOS89 expression. Calcineurin activation results in de-
phosphorylation of the Crz1 transcription factor, its entry into the
nucleus, and binding to specific sequences known as CDREs (cal-
cineurin-dependent response elements). Therefore, a lacZ re-
porter gene fused to the PHO89 promoter was introduced into
wild-type, cnbl, crzl, and cnbl crzl strains. As shown in Fig. 2B,
the lack of the phosphatase, its downstream transcription factor,
or both components resulted in a strong decrease, virtually iden-
tical in all cases, in the response of the promoter. As shown in Fig.
2C, when the production of the Pho89 protein was monitored in
cells grown in rich medium (YPD), substantial accumulation was
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FIG 3 Functional characterization of two potential CDREs in the PHO89 promoter. (A) Cartoon depicting the predicted regulatory sites in the PHO89 upstream
region (see the text for details). The bold discontinuous line spans the region amplified from ChIP samples shown in panel C. (B) Wild-type strain DBY746 was
transformed with plasmid pPHO89-LacZ, pPHO89“P**!-LacZ, or pPHO89PR*2LacZ, and cultures were subjected to pH 8.0 or maintained at pH 5.5.
B-Galactosidase activity was determined as described in the legend to Fig. 2B. Data are means * standard errors of the means from 12 determinations. (C, top)
Chromatin-immunoprecipitated material from cells exposed to pH 8.0 for the indicated times was subjected to PCR amplification for the 143-nt region
encompassing the CDRE2 consensus (discontinuous line in panel A). NI, sample lacking anti-HA antibodies; WCE, whole-cell extract. (Bottom) ChIP samples
were subjected to massive sequencing. Mapped reads were quantified, normalized, and represented by using SeqMonk software. The thick arrow represents the
PHO89 open reading frame, and the thin line represents the 0.5-kbp upstream region (note that PHO89 is on the Crick strand).

already observed after 15 min of exposure of the culture to high
pH. This accumulation was strongly decreased in cells deficient in
calcineurin activity. Therefore, our results indicate that calcineu-
rin is involved in a major signaling pathway controlling the ex-
pression of the Pho89 transporter in response to high-pH stress.
In contrast, deletion of cnb1 did not alter the expression pattern of
Pho84 under low-P; or high-pH conditions (not shown), thus
confirming the absence of calcineurin-mediated regulation of the
PHO84 promoter (15).

We then searched in the PHO89 promoter for possible Crzl
binding regions as well as for sites for the Pho4 activator and other
possible regulatory sites, including Nrgl/Nrg2 and Migl/Mig2
(see Table SI in the supplemental material). These two pairs of
repressors were included in the search because they regulate the
high-pH-responsive ENAI promoter (24). As shown in Fig. 3A,
two possible consensus sites each for Crz1, Pho4, and Nrgl/2 plus
a single putative Migl1/2 binding site were located in the region
spanning nt —520 to —250 upstream of the initiating Met codon.
No Msn2/Msn4 binding sites were identified in the analyzed re-
gion, suggesting that this promoter is not under general stress
response regulation.

We first concentrated on the two putative CDRE binding sites,
which are in fact identical sequences encoded in opposite DNA
strands. The upstream sequence (CDRE1 [GTGGCTG]) was lo-
cated at positions —513 to —507, whereas the second, with the
sequence CAGCCAC, was found at positions —273 to —267
(CDRE2). We modified two nucleotides in each consensus se-
quence by site-directed mutagenesis to eliminate the conserved
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GCC core characteristic of the CDREs, thus changing CDREL1 to
GTGTATG and converting CDRE2 to CAGTAAC (modified nu-
cleotides are shown in italics). We then tested the ability of these
modified promoters to drive transcription of a lacZ reporter. As
shown in Fig. 3B, mutation of CDREI resulted in a relatively mi-
nor decrease in 3-galactosidase activity. In contrast, modification
of CDRE2 strongly interfered with the function of the promoter,
since the decrease in the response was almost as strong as the effect
observed upon deletion of calcineurin or Crzl (compare Fig. 3B
with 2B). This suggests that CDRE2 is a major calcineurin-depen-
dent regulatory site for PHOS89. To further confirm the participa-
tion of this regulatory element in the control of PHO89, we per-
formed chromatin immunoprecipitation experiments using
strain SP020, which carries a C-terminally HA-tagged version of
Crzl. As shown in Fig. 3C (top), the transcription factor is re-
cruited very quickly to a region of the promoter that encompasses
the CDRE2 sequence, showing a peak between 2 and 5 min after
exposure to alkaline pH. This very fast response is in agreement
with the rapid nuclear localization, upon a shift to alkaline pH, of
a version of Crz1 fused to GFP (49; our unpublished data). In an
independent experiment, ChIP samples were subjected to massive
sequencing to obtain a genome-wide perspective of the binding of
Crzl to alkaline-pH-responsive promoters. Among the >100
promoters recognized by Crzl upon high-pH stress (data not
shown), time-dependent recruitment of Crz1 to the PHO89 pro-
moter was clearly detected (Fig. 3C, bottom).

Both Snfl and Rim101 contribute to the induction of PHO89
upon alkaline stress. Previous studies, including the characteriza-
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FIG 4 PHO89 expression under conditions of high-pH stress is regulated by Snfl and Rim101. (A) The indicated strains, transformed with the pPHO89-LacZ
reporter, were exposed to pH 8.0 or maintained at pH 5.5, and 3-galactosidase activity was determined. Data are means = standard errors of the means from 10
to 15 experiments. (B) Wild-type DBY476, RSC10 (snf1), and RSC21 (rim101) cells were collected at the indicated times after switching the medium to pH 8.0,
and total RNA was prepared. Semiquantitative RT-PCR was performed as described in the legend to Fig. 2A. Signals were integrated, and bars at the bottom of
each panel denote the ratios between the PHO89 and ACT1 mRNAs for each time point and strain. (C) The above-mentioned strains plus strain RSC4 (pho4) were
subjected to pH 8.0 for the indicated times and processed as described in the legend to Fig. 1A, and the amount of Pho89 was revealed by immunoblotting.

tion of the response of the ENA 1 promoter, showed that both Snfl
and Rim101 pathways could be activated by high pH (22, 24, 50).
To investigate the possible impact of these signaling pathways on
PHOB89 expression, we monitored the response of the PHO89-lacZ
reporter in cells lacking Snfl and Rim101 as well as in pho4 mu-
tants. As shown in Fig. 4A, the absence of Snfl decreased the
response of the reporter by ~40% compared to the wild type. This
effect was similar in potency to the decrease observed upon dele-
tion of RIM101, whereas a lack of Pho4 had a somewhat stronger
impact. However, in all cases, the effect was less prominent than
that observed in calcineurin-deficient cells. Deletion of SNFI in a
riml01 or a pho4 background resulted in a further reduction of
promoter activity. Whereas deletion of RIM101 in the pho4 back-
ground decreased the promoter response only marginally, the lack
of Rim101 in a calcineurin-deficient strain further blocked the
response of the PHO89 promoter upon shifting the cells to pH 8.0.
These results indicate that, in most cases, concurrent elimination
of the above-mentioned components is additive, thus suggesting
that they control independent signaling pathways acting on the
PHOB89 promoter. The loss of response in snfl and rim101 mu-
tants was confirmed by monitoring PHO89 mRNA levels by RT-
PCR (Fig. 4B). Similarly, the amount of the Pho89 protein was
determined by immunoblot analysis of snfl, rim101, and pho4
mutants. As shown in Fig. 4C, the different mutations decreased
the amount of the transporter, although the pattern was not iden-
tical. For instance, mutation of RIM101 barely affected the early
peak of Pho89 accumulation, although it resulted in a faster-than-
normal decrease at longer times. In parallel experiments, we also
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observed that deletion of SNFI or REGI did not alter the expres-
sion of the Pho84 transporter in response to low P;, confirming the
absence of Snfl-mediated regulation in response to P; starvation
(51, 52). No major changes in the accumulation pattern of Pho84
in the snfl mutant were observed, although a slight decrease in the
overall levels of the transporter was detected in reg! cells subjected
to alkaline-pH stress (not shown).

Mig?2 is phosphorylated in response to high-pH stress and
contributes to PHO89 regulation. We next concentrated on the
role of Snfl in PHO89 regulation. To corroborate the involvement
of the kinase in the control of this promoter, we tested the PHO89
reporter in a regl strain, lacking the regulatory subunit of the Glc7
phosphatase, in which Snfl cannot be dephosphorylated and,
therefore, is hyperactive. The results (Fig. 5A) showed a substan-
tial constitutive induction of the reporter in the reg! strain, which
was further increased (4-fold) upon high-pH stress. The exacer-
bated response of the regl strain was completely abolished by de-
letion of SNFI, suggesting that it was caused by hyperactivation of
the kinase.

Snfl can regulate Migl activity by phosphorylating the repres-
sor and promoting exit from the nucleus under conditions of glu-
cose scarcity (see reference 53 for a review). To test the possible
contribution of Mig1 and its structurally and functionally related
repressor Mig2, we measured the response of the pPHO89-LacZ
reporter to high pH in cells lacking these repressors in the presence
or absence of Snfl (Fig. 5B). The absence of Mig2 was already
detectable in nonstressed cells (1.41 = 0.17 units for the wild type
and 1.73 = 0.18, 4.51 = 0.23, and 4.90 = 0.26 units for the migI,
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FIG 5 Regulation of PHO89 expression by Snfl may be mediated by Mig2. (A) Wild-type strain DBY746 and its regl and regl snfl derivatives were transformed
with pPHO89-LacZ and subjected to high-pH stress (pH 8.0) (black bars) prior determination of B-galactosidase activity. (B) pPHO89-LacZ activity was
measured in wild-type strain DBY746 and in strains containing different combinations of the snfl, migl, and mig2 mutations. Data are means * standard errors

of the means from 9 to 12 experiments.

mig2, and migl mig2 mutants, respectively). These results were
indicative of a more prominent role for Mig2 in repression of the
PHOB89 promoter. As shown in Fig. 5B, deletion of MIGI did not
affect the response to alkaline stress, whereas a lack of Mig2 re-
sulted in augmented promoter activity. Deletion of both repres-
sors increased the response observed for the mig2 mutant only
slightly. The response of the snfl migl mutant was identical to that
observed in snfl cells, whereas cells lacking both snfl and mig2
showed an induction equivalent to that displayed by the mig2
strain. These results indicate that Mig2, but not Migl, represses
the PHO89 promoter and that high-pH-induced activation of
Snfl might relieve the repression caused by Mig2. Remarkably, we
observed an unexpected higher induction in the snfl migl mig2
strain than in the migl mig2 double mutant. It should also be
noted that mutation of regl generates a stronger derepression of
the PHO89 promoter than that achieved by deletion of both the
MIGI and MIG2 repressors.

It has been reported that activation of Snfl in response to glu-
cose starvation results in Migl phosphorylation (54-57). In view
of the apparent absence of a role for Migl in the regulation of
PHOB89 upon high-pH stress, we resorted to the use of a HA-
tagged version of the repressor and immunoblot techniques to test
whether alkalinization of the medium would result in Migl phos-
phorylation. As shown in Fig. S2A in the supplemental material,
exposure to alkaline pH resulted in the rapid appearance of slow-
er-migrating forms, indicative of hyperphosphorylated versions
of the protein. This was a transient effect, since after 10 min of
stress, Migl returned to its initial mobility. The shift was com-
pletely abolished when samples were treated prior to SDS-PAGE
with alkaline phosphatase in the absence of EDTA (which blocks
the phosphatase activity). The Migl band shift was not detected in
cells lacking the Snfl kinase, indicating a requirement for Snfl
function for alkali-induced phosphorylation of the repressor.
Similarly, we investigated whether alkaline-pH stress could affect
Migl subcellular localization by using a chromosomally inte-
grated construct expressing a GFP-fused version of this repressor.
We observed that Migl was mostly nuclear in nonstressed cells
and that only 3 min after switching to pH 8.0, most of the fluores-
cence was distributed in the cytosol (see Fig. S2B in the supple-
mental material). This shift was transient, since after 10 min of
stress, Migl was again concentrated in the nucleus. Therefore,
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alkaline-pH stress promotes transient Snfl-mediated phosphory-
lation and a nuclear-cytoplasmic shift of Mig1, although this does
not translate into regulation of the PHO89 promoter.

We then repeated these experiments using an HA-tagged ver-
sion of Mig2. As shown in Fig. 6A, the tagged protein appeared as
a doublet at ~55 kDa that very rapidly (2 min) suffered a marked
shift to slower migration forms upon high-pH stress. After 10 to
15 min of stress, the pattern reversed to the original profile. Treat-
ment of the samples with alkaline phosphatase prior to electro-
phoresis abolished the observed shift. When the experiment was
repeated in cells lacking the Snfl kinase, the initial mobility shift
was essentially absent. For evaluation of the eventual nuclear-cy-
toplasmic shift of Mig2 in response to high-pH stress, we inte-
grated a gene encoding a GFP—C-terminal fusion into the MIG2
locus of strain BY4741. However, the fluorescent signal was too
low. For unequivocal localization, we constructed this fusion in
the DBY746 background, which yielded a better signal. The exper-
iments showed that the transient phosphorylation of Mig2 corre-
lated well with the transfer of the GFP-tagged protein from the
nucleus to the cytosol and the subsequent return (10 to 15 min) to
its original nuclear localization (Fig. 6B). Remarkably, localization
of Mig2 was essentially cytosolic in a regl mutant, even at pH 5.8
(Fig. 6B), and it was not altered by the shift to high pH (not
shown). We then monitored the kinetics of phosphorylation of
Snfl in the wild-type strain exposed to pH 8.0. As shown in Fig.
6C, Snfl is almost immediately phosphorylated in response to
high-pH stress in a transient fashion, returning to baseline levels
15 to 20 min after the stress. Remarkably, in regl cells, phosphor-
ylated Snfl was already detected in the absence of stress. Phos-
phorylation was further increased by high-pH stress, and the
phosphorylation levels remained high during the entire experi-
ment. Phosphorylation of Snfl was not induced by shifting cells to
low-P; (100 wM) medium (not shown). Altogether, our results
indicate that both Migl and Mig2 can be rapidly and transiently
phosphorylated in response to alkaline stress in an Snfl-depen-
dent manner, although only Mig2 contributes to PHOS89 regula-
tion.

Combined regulation of PHO89 by Snfl and Rim101
through Nrgl and Nrg2. The potential presence of Nrgl/Nrg2
consensus sites in the PHO89 promoter prompted us to investi-
gate, with the aid of the pPPHO89-LacZ reporter, the possible role
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FIG 6 High-pH stress induces transient phosphorylation and nuclear-cytoplasmic shift of Mig2. (A) A chromosomally encoded copy of Mig2 including a
C-terminal 3XHA epitope tag was introduced into cells of wild-type strain BY4741 and its snfl derivative. After cells were exposed to pH 8.0 for the indicated
times, extracts were prepared and subjected to SDS-PAGE (8% polyacrylamide gels) prior to treatment with alkaline phosphatase in the absence (—) or in the
presence (+) (to prevent the action of the phosphatase) of 50 mM EDTA. Immunoblot assays were performed by using anti-HA antibodies. The open triangle
denotes slower (more-phosphorylated) species. (B) Strains SP048 (wild type) and ASC34 (regl) containing chromosomally encoded C-terminal fusions of GFP
with Mig2 were shifted to pH 8.0, and the localization of the repressor was monitored by fluorescence confocal microscopy (only pH 5.8 is shown for ASC34).
Nuclei were stained with DAPI to illustrate the nuclear colocalization of the GFP and DAPI signals (merged). (C) Strains DBY746 (wild type) and RSC89 (regl)
were subjected to an alkaline shift for the indicated periods, and samples (10 pl) were processed for SDS-PAGE (10% gels) and immunoblotting using
anti-phospho-Thr172-AMPK (phosphorylated Snfl [P-Snfl]) or anti-His (Snfl protein) antibodies. An extract from strain RSC10 (snfIA) is included as a

negative control.

of these regulatory proteins in high-pH stress. As presented in Fig.
7A, cells lacking both Nrgl and Nrg2 showed a detectable increase
in PHO89 promoter activity (5.5- = 1.5-fold) under noninduced
conditions, suggesting that these repressors could control PHO89
expression. Upon high-pH stress, the absence of Nrgl or Nrg2
resulted in a roughly similar increase in reporter activity com-
pared with the wild-type strain, and deletion of both genes yielded
a further increase in the response, indicating that both compo-
nents could have a physiological role. The response of the pro-
moter in snfl nrgl and snfl nrg2 cells was intermediate between
that observed for snfl cells and that observed for wild-type cells,
whereas the activation level for the snfl nrgl nrg2 triple mutant
was identical to that of the wild-type strain and therefore was not
as high as that for the nrgI nrg2 mutant. This could be explained by
assuming that even if Snfl can control Nrgl/2 function, in the
absence of Snfl, the PHO89 promoter still suffers Mig2-mediated
repression. In agreement with this notion, in an nrgl nrg2 migl
mig2 quadruple mutant strain, we observed a stronger response
than in the nrgl nrg2 strain (Fig. 7A).

We next investigated the mechanism by which Rim101 might
regulate PHOS89 induction in response to high-pH stress. Since
Rim101 is known to control Nrgl and Nrg2, we combined the
rim101 mutation with mutation of NRGI and/or NRG2 and com-
pared the induction of the pPHO89-LacZ reporter. We observed
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that alack of Nrgl or Nrg2 causes a similarly moderate increase in
the response of the reporter to high pH, which is further enhanced
by removal of both repressors (Fig. 7B). However, we observed
that the response in a rim101 nrgl background was similar to that
of the wild-type strain, whereas the induction level of the rim101
nrg2 mutant was only slightly higher than that of the rim101 strain.
This suggests that the input on the PHO89 promoter mediated by
Rim101 in response to high-pH stress would involve preferentially
Nrgl over Nrg2. We also investigated the subcellular localization
of Nrgl in response to alkalinization of the medium using an
Nrgl-GFP fusion (not shown) and found that the repressor does
not leave the nucleus in response to the stress. This is reminiscent
of the previously reported observation that the nuclear localiza-
tion of Nrgl is not regulated by the carbon source (58).

The PHO89 promoter is high-pH but not salt responsive. Ex-
posure of yeast cells to high concentrations of salt triggers the
activation of the calcineurin and Snfl pathways (59-61). How-
ever, we could not find evidence in the literature for induction of
PHOB89 upon salt stress. To verify this point, we exposed wild-type
cells carrying the pPHO89-LacZ reporter to mild (0.4 M) or
strong (0.8 M) NaCl stress and compared the activities of the
promoter in cells challenged by pH 8.0. As shown in Fig. S3 in the
supplemental material, salt stress barely affected expression from
the PHO89 promoter. In contrast, reporters containing the entire
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FIG 7 Snfl and Rim101 control PHO89 expression through Mig2 and Nrgl.
The indicated strains were transformed with plasmid pPHO89-LacZ. Expo-
nential cultures were switched to pH 8.0, and 3-galactosidase activity was
determined after 90 min. Data are means * standard errors of the means from
12 to 15 experiments (A) or 20 experiments (B).

ENAI promoter or a synthetic tandem arrangement of CDREs,
which were introduced into the experiment as positive controls,
were induced by both high-pH and salt stress conditions. We then
examined if salt stress could affect the phosphorylation of Mig2. In
Fig. S4 in the supplemental material, we show that the electropho-
retic mobility of HA-tagged Mig2 was unchanged upon exposure
to 0.8 M NaCl, indicating that salt stress does not trigger the phos-
phorylation of the repressor.

Evidence for functional coupling between Pho89 and Enal.
The regulatory network described above, involving calcineurin,
Snfl, Rim101, Mig2, and Nrg1/Nrg2, was essentially identical to
that reported several years ago by our laboratory regarding the
regulation of the monovalent cation ATPase gene ENA1 (24), thus
suggesting the possibility of synchronic regulation. To test this, we
determined the levels of mRNA of PHO89 and ENAI and plotted
the values against time after the shift to high pH (8.0). As shown in
Fig. 8A, in both cases, the amounts of mRNA increased rapidly,
with a peak ~10 to 15 min after alkaline stress, and then decreased
nearly in parallel. Similarly, a peak of Pho89 protein accumulation
was produced 15 to 20 min after the mRNA peak, roughly at the
same time that Enal accumulation reached its maximum. It is
worth noting that whereas Pho89 levels declined quite sharply, the
decrease of Enal accumulation was slower, allowing detection of
significant levels of the transporter even 3 h after the onset of
stress. These results indicated that Enal and Pho89 are produced
at nearly the same time upon exposure to high-pH stress. Since
Enal actively extrudes Na™ cations and Pho89 requires monova-
lent cations (preferably Na ™) for effective phosphate cotransport,
we considered the possibility that this coordinated regulation is at
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the basis of a functional link between both activities. To test this
possibility, we compared the growth rates of strains lacking the
high-affinity phosphate transporters and/or the cation ATPase
gene under different pH and phosphate availability conditions. As
shown in Fig. 8B, at standard (acidic) pH and in the presence of
limiting amounts of phosphate (0.2 mM), the pho84, enal pho84,
and pho84 pho89 strains could not proliferate. Under the same
conditions, but at pH 7.6, the pho84 mutant grew reasonably well,
likely due to the activity of Pho89, which would be induced by the
lack of phosphate and the alkaline environment and, as shown
here (see Fig. S1 in the supplemental material), enhanced by the
absence of Pho84. As expected, further deletion of PHO89 blocked
proliferation. Remarkably, virtually the same effect was achieved
by deleting the ENAI to -4 cluster, thus blocking the ability to
extrude Na™ cations at alkaline pH (it should be noted that ENAI
represents the main extrusion system in the cluster and the only
one induced by high pH). Therefore, the lack of ENA1 mimics the
effect of mutating PHOS89 in a pho84 background, thus pheno-
copying the situation of full deficiency of high-affinity phosphate
transporters.

Shortly after the discovery of PHOS89, it was proposed that the
activity of ENAT might serve as a Na™ motive force for phosphate
transport through Pho89 (6). However, our plates shown in Fig.
8B contained 5 mM Na*, an external concentration sufficient to
drive substantial phosphate influx through Pho89 (5, 8). Never-
theless, we designed an experiment to test this possibility. To this
end, pho84, enal, enal pho84, and enal pho89 cells were grown at
pH 7.2 in the presence of 5 mM or 0.2 mM NaCl with either 5 mM
or 0.2 mM P; in the medium, and the 5/0.2 mM Na™ growth ratio
was calculated and plotted. As shown in Fig. S5 in the supplemen-
tal material, enal pho84 cells grew worse at 5 mM than at 0.2 mM
NaCl, and this effect was independent of the amount of P; present
in the medium, while the other mutants grew equally well under
both NaCl conditions. This result raised the possibility that the
growth defect of the enal pho84 mutant at alkaline pH is derived
not from the lack of enough Na™ to sustain Pho89-mediated P,
uptake but from the intracellular accumulation of toxic Na™ cat-
ions accompanying P; influx, which could not be eliminated in the
absence of Enal. To assess this possibility, the relevant strains were
grown for 60 min in low-P; medium (0.2 mM) in the presence of 5
mM NaCl and then shifted to pH 7.8, and samples were taken
periodically and processed for determination of intracellular Na™
content. As shown in Fig. 8C, wild-type or pho84 cells did not
significantly accumulate Na ™ even after 8 h of growth. Mutation
of ENAI provoked a moderate, time-dependent intracellular ac-
cumulation of the cation that was distinctly augmented upon de-
letion of PHOS84. This effect was interpreted as the result of in-
creased Pho89 activity due to the absence of Pho84-mediated
transport. This hypothesis was reinforced by the observation that
an enal pho89 mutant accumulated very little intracellular Na™,
clearly below the levels measured for the enal strain. Collec-
tively, our results indicate that the accumulation of intracellu-
lar Na™ as a result of Pho89 activity can be detrimental in the
absence of Enal and suggest that, under these conditions, the
activity of the ATPase may be instrumental as a detoxification
mechanism (Fig. 8D).

DISCUSSION

The capacity of yeast cells to survive and grow under changing
environmental conditions is of widespread importance in the fun-

mcb.asm.org 4429



Serra-Cardona et al.

o
N 5.5 7.2 7.6
-
2
<
F DBY476
. pho89
phosd
" E 100 enat-4
® E 80 enat-4 pho84
@
cse 60 pho84 pho8d
E @
sz 40
°E 20
g

] 30 60 90 120 150 180
Time after pH shift (min)

80 A
= 70 - ——WT
E —O—pho84
w 01 —aena
= 50 4 —t—enal pho8d
= ——enal pho83d
2 40 1
]
§ 30 4
=
£ 20 4
10
04 v v - T
4] 2 4 6 8
Time after pH shift (h)

FIG 8 Coregulation of Pho89 and Enal expression allows functional coupling between both proteins under conditions of high-pH stress. (A) Concerted
coregulation of Pho89 (open circles) and Enal (closed circles) expression. Shown are time courses for ENAI and PHO89 mRNA accumulation (top) or protein
accumulation expressed as a percentage over the maximum signal (bottom) after shifting cells from pH 5.5 to 8.0 (see Materials and Methods for details). (B) The
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(D) Ilustration of the proposed functional link between Enal and Pho89 under high-pH stress (see the text for explanations).

gal pathogenicity of animals and plants and also from a biotech-
nological view (fungal production of antibiotics, secreted en-
zymes, and toxic compounds). Budding yeast has been shown to
be an excellent model to study cellular strategies used to maintain
appropriate intracellular ion concentrations and intracellular pH,
among other important cellular parameters, when exposed to det-
rimental external conditions. However, little is known about the
functional interactions between different ion transporters and
how these possible interactions are sustained by common signal-
ing pathways. Our work shows that Enal and Pho89 transporters
are subjected to the same regulatory network, thus allowing coor-
dinated expression and functional coupling upon high-pH stress.

PHO84 and PHOS89 encode proteins that constitute the high-
affinity phosphate transport system in budding yeast, and they are
considered members of the PHO regulon, under the control of the
Pho4/Pho2 transcriptional activators. We show here that under
phosphate starvation, Pho84 accumulates much faster than
Pho89, whereas under high-pH stress, a condition previously
known to induce PHO84 and PHOS89 expression (15, 16, 22), in-
duction of PHO89 occurs earlier. Differential expression kinetics
for PHO84 and PHO89 were also observed in yeast cells exposed to
the cell wall-damaging agent Congo red, with the PHO89 response
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being faster than that of PHO84 (62), and it is known that muta-
tion of the Ptcl phosphatase gene or Mg®>™ deprivation results in
the induction of PHO89 but not of PHO84 (63, 64). In contrast,
we recently observed that deprivation of potassium induces
PHO84 but not PHO89 expression (65). Therefore, it seems evi-
dent that in spite of being cataloged as members of the PHO regu-
lon, PHO84 and PHO89 exhibit distinct regulatory properties.
The network regulating PHOS89 expression described in our work
allows explanation of these differences.

We demonstrate that in cells exposed to alkaline-pH stress,
PHO89 is under the control of a complex signaling network in-
volving (in addition to Pho4) calcineurin, Snfl, and Rim101 (see
Fig. 9 for a schematic depiction of the proposed network). Previ-
ous evidence suggested that high-pH induction of PHO89, but not
that of PHO84, was influenced by the presence of calcineurin. We
confirm here that the Ca**-activated phosphatase calcineurin is a
major regulator of PHOS89 upon alkaline-pH stress. This is ex-
plained by the previously reported observation that exposure to
high pH triggers a very fast entry of calcium cations into the cell
from the extracellular medium (16). Activation of calcineurin by
high pH results in dephosphorylation of Crz1 and very fast entry
(2 to 5 min) of the transcription factor into the nucleus (49; our
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unpublished results). In agreement with this kinetic, we observed
recruitment of Crzl to the PHO89 promoter in the first few min-
utes after shifting cells to alkaline pH. We also identify, by muta-
tional analysis, a CDRE responsible for most of the regulatory
properties of calcineurin. The evidence that PHO89 expression is
potently controlled by calcineurin allows an explanation for why
the basal expression level of PHO89 is higher than normal (and
sensitive to the calcineurin inhibitor FK506) in cells deficient in
the protein phosphatase Ppzl, since these mutants have a consti-
tutively activated calcineurin pathway (66). Moreover, the cal-
cineurin-mediated activation of Crz1 would be reinforced by both
the inhibition of the protein kinase A (PKA) pathway (21) and the
activation of the PHO pathway under high-pH stress, since pro-
tein kinase A and Pho85 are known to phosphorylate Crz1 (67,
68), thus contributing to its inactivation (Fig. 9). Interestingly, the
regulation of PHOS89 by calcium/calcineurin may be a common
trait in fungi, since a recent report showed an important role of
calcium influx in the alkaline stress response, which was also Crz1
dependent, in Candida albicans (69). This control mechanism is
reminiscent of the induced expression of the sodium-dependent
phosphate cotransporter Pit-1, the human homolog of Pho89, by
long-term calcium treatment in smooth muscle cells (70).
Exposure of yeast cells to high-salt stress also increases intra-
cellular calcium concentrations (71, 72) and activates calcineurin.
Activation of calcineurin is responsible for part of the transcrip-
tional response of salt-induced genes, such as the Na*-ATPase
ENAI. However, our results indicate that saline stress does not
induce PHOS89 expression. This suggests that either the potency of
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the calcium signal generated by salt stress is insufficient to activate
PHO89 or efficient induction of this gene also requires the con-
comitant derepression of its promoter, not triggered by salt stress.
In this regard, it is interesting that we did not observe phosphor-
ylation of Mig2 upon exposure to high salt (see Fig. S4 in the
supplemental material), suggesting that this repressor may remain
bound to the PHO89 promoter under this kind of stress.

It has been reported that Snfl, which is cytosolic in unstressed
cells, becomes enriched in the nucleus when cells are subjected to
alkaline pH (59). Under glucose-limiting conditions, Snfl phos-
phorylates Migl and promotes its export from the nucleus, thus
relieving transcriptional repression of a set of glucose-repressed
genes. We observed that Mig1 can be rapidly and transiently phos-
phorylated in response to alkaline stress in an Snfl-dependent
manner and that Migl is rapidly released from the nucleus upon
shifting cells to high pH. This is in contrast to what was reported
previously for high-salt stress, in which Snfl activation is not fol-
lowed by Migl phosphorylation (73, 74). However, our data indi-
cate that Migl is barely relevant in repressing PHO89 under nor-
mal growth conditions and plays a small role in the expression
change of the transporter gene upon high-pH induction. There-
fore, it can be assumed that either Migl is not bound to the PHO89
promoter under standard growth conditions or it is unable to
repress PHO89 expression. Here we present evidence that Mig2, a
homolog of Migl, is also rapidly phosphorylated in an Snfl-de-
pendent way in response to high-pH stress. This is remarkable
because for many years, it has been generally accepted that, in
contrast to Migl, Mig2 is not a substrate for the Snfl kinase (75,
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76). Recent work proposed that galactose induces fast degradation
of Mig2 by a mechanism that involves Snfl-dependent Mig2
phosphorylation (77), although it is worth noting that those au-
thors observed an almost complete depletion of Mig2 after only 20
min upon shifting of cells to galactose, whereas in our hands, the
amount of Mig2 did not significantly change after 30 min of alka-
line stress. In any case, our data support a role for Mig2 in repres-
sion of PHO89 expression, and it is reasonable to assume that
activation of Snfl results in a relief of such repression. In this
regard, previously reported transcriptomic data based on DNA
microarray studies pointed to a strong derepression of PHO89 in a
migl mig2 mutant (78), whereas the expression of PHOS89 in the
migl mutant was similar to that of the wild type. Although those
authors postulated a redundant role for migl and mig2 in the
regulation of PHO8Y, their results also seem consistent with a
preeminent role for Mig2 in the control of PHO89 expression. In
conclusion, we postulate that Mig2, but not Migl, seems to be
relevant for mediating Snfl-controlled induction of PHO89 upon
high-pH stress.

It has been shown that Snfl interacts with the repressor Nrgl
and its closely related homolog Nrg2 (58), and both repressors
have been reported to mediate Snfl-dependent responses (79, 80).
NRGI expression is downregulated by high-pH stress, and dele-
tion of this gene results in increased ENAI expression levels under
these conditions (23, 24). In addition, Nrg1 is also under the con-
trol of Rim101 in response to salt and alkaline-pH stresses (22—
24). We show here that Nrgl is likely repressing PHOS89 expres-
sion and that high-pH stress leads to derepression of the promoter
in a way that involves combined control by both Snfl and Rim101.
It must be noted that in contrast to other organisms such as Asper-
gillus, where Rim101 directly controls the expression of alkali-
inducible genes (see reference 81 for a review), in budding yeast,
the effect seems to be indirect: the activation of Rim101 represses
the expression of Nrg1, thus relieving the repression of Nrg1 target
genes such as ENAI (23) or PHO89 (this work). This indirect
control, which would involve a 2-step mechanism, would explain
why deletion of RIM101 affects the late response of PHO89 but not
the early peak of accumulation of Pho89 mRNA or protein (Fig.
4B and C).

The involvement of Snfl in the regulation of PHO89 is further
reinforced by the observation that deletion of REGI resulted in a
dramatic increase of PHO89 promoter activity under both basal
and high-pH stress conditions that is fully Snfl dependent. Mu-
tation of REGI causes hyperactivation of Snfl (41), and we ob-
served constitutive and sustained phosphorylation of Snfl and a
cytosolic localization of Mig2 in the regl mutant (Fig. 6B and C).
Remarkably, the potent derepression of PHO89 in regl cells was
substantially greater than that achieved in the migl mig2 nrgl nrg2
quadruple mutant. Therefore, the phenomenon cannot be ex-
plained only by Snfl-mediated inhibition of the repressor’s func-
tion. Although we do not have a definite explanation, this obser-
vation is not totally surprising, since existing evidence indicates
that Snfl affects multiple steps in gene regulation, including tran-
scription factor binding, RNA polymerase II activity, and cyto-
plasmic mRNA stability (82).

Alkaline-pH stress results in the transcriptional induction of
the Enal Na*-ATPase, which actively extrudes Na™ cations (15,
26, 35, 61), whereas Pho89 is a Na™ -driven phosphate transporter
active at alkaline pH (5). Previous results from our laboratory (24)
demonstrated that alkaline stress induction of ENAI is mediated
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by three different pathways, involving the activation of calcineu-
rin, Rim101 (through Nrgl), and Snfl (through Nrgl and Mig2).
Here we provide experimental evidence that ENAI and PHOS89
are under the control of the same regulatory network (Fig. 9), thus
allowing the coordinate expression of both proteins in response to
high-pH stress (Fig. 8A). In addition, we demonstrate that under
alkaline-pH conditions, mutation of ENAI in a pho84 background
results in the inability to grow in phosphate-depleted medium.
This strongly suggests that the functions of Enal and Pho89 are
linked. It should be noted that simply deleting ENAI and growing
cells in low-phosphate medium does not allow testing of this hy-
pothesis, since Pho84 has a higher transport capacity than Pho89,
and although it is optimally active at acidic pH, it retains a signif-
icant activity at neutral or even mild alkaline pH (8).

Shortly after the discovery of PHO89, it was proposed that
Enal could provide a motive force for Pho89-mediated phosphate
transport (6). While this notion might still hold in some circum-
stances, alternative scenarios can be devised. Our observation that
increasing the amount of Na™ in the medium (which should di-
minish the role of Enal as a provider of driving force) did not
improve growth when ENA 1 was deleted in the pho84 background
suggests that the main role of Enal would be to avoid the accu-
mulation of Na™ cations entering through Pho89, instead of sup-
plying Na* cations for Pho89-mediated P; entry. This scenario is
supported by the observation that the enal pho84 strain accumu-
lated high levels of Na* but that the enal pho89 strain did not,
pointing to the fact that the observed accumulation of Na™ is the
result of the Pho89 activity. This increase in Na* content could be
detrimental to the cell for at least two reasons: (i) because of the
recognized toxicity of Na™ cations and (ii) because the increase in
intracellular Na™ levels would abolish or even reverse the extra-
cellular/intracellular cation gradient that is necessary to support
effective P; entry through Pho89 (Fig. 8D). In any case, the exis-
tence of an identical high-pH-responsive signaling network con-
trolling both genes would serve to ensure the well-timed expres-
sion of these transporters, which would be clearly advantageous
for the cell to thrive in such adverse environments. Pho89-like
transporters are widely spread among eukaryotes, whereas Enal-
like ATPases are found in all fungi and are extensively present in
bryophyte and parasitic protozoa (83). The requirement for Enal
to grow at alkaline pH (even in the absence of salt stress) has been
proven for very diverse fungi, such as Ustilago maydis and Cryp-
tococcus neoformans (see reference 83 and references therein), and
the induction of ENAI genes in response to a shift to high pH not
only is a fungal characteristic but also is observed in bryophytes
(84). Therefore, the functional and regulatory coupling between
Pho89 and Enal transporters reported here for budding yeast
might be conserved through evolution.
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Supplemental Figure 1. Effect of the pho84 mutation on Pho89 expression under low Pi or high pH stress. DBY476
wild type strain (WT) the pho84 were transformed with pMM17-PHO89 plasmid carrying the PHO89 gene fused with the 3x-
HA epitope. Cells were grown in synthetic high P, medium (10 mM potassium phosphate) to exponential phase (OD 0.6) and
subjected to high pH or low phosphate stresses for the indicated times. Proteins (30 ug) were resolved by SDS-PAGE (10%
gels) and electroblotted on PVDF filters (Immobilon-P, Millipore). Pho89-HA was detected by the use of anti-HA antibody as
described in Materials and Methods.
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Supplemental Figure 2. High pH stress induces transient phosphorylation and nuclear-cytoplasmic shift and Mig1. A)
A chromosomal copy of Mig1 including a C-terminal 3xHA epitope tag was introduced in wild type BY4741 cells and in its
snf1 derivative. After exposing cells to pH 8.0 for the indicated times, extracts were prepared and subjected to SDS-PAGE
(8% polyacrylamide gels), prior treatment with alkaline phosphatase in the absence (-) or the presence (+, to prevent the
action of the phosphatase) of 50 mM EDTA. Immunoblots were performed using anti-HA antibodies. Empty triangles denote
slower (more phosphorylated) species. B) Strain SP048, containing chromosomally encoded C-terminal fusions of GFP with
Mig1, were shifted to pH 8.0 and the localization of the repressor followed by fluorescence confocal microscopy. Nuclei were
stained with DAPI to illustrate nuclear co-localization of the GFP and DAPI signals (merged).
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Supplemental Figure 3. Wild type strain DBY746 was transformed with pPHO89-LacZ, pKC201
(carrying the entire ENA1 promoter fused to LacZ) or pAMS366 (in which LacZ is driven by a 4x-
CDRE tandem). Cells were subjected to high pH stress for 90 min (pH 8.0, closed bars), 0.4 M
NaCl for 60 min (stripped bars) or 0.8 M NaCl for 90 min (dotted bars), prior determination of -
galactosidase activity. Data correspond to the mean + SEM for 6 determinations.
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Supplemental Figure 4. A chromosomal copy of Mig2 including a C-terminal 3x-HA epitope
tag was introduced in wild type BY4741 cells. After exposing cells to pH 8.0 or 0.8 M NaCl
for the indicated times, extracts were prepared and subjected to 8% SDS-PAGE.
Immunoblots were performed using anti-HA antibodies. The empty triangle denotes slow
migrating (phosphorylated) species
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Supplemental Figure 5. Strains ONA1 (pho84, empty bars), RH16.6 (ena, closed bars),
ASC17 (ena1 pho84, stripped bars), and ASC30 (enat pho89, crossed bars) were grown
in liquid media (adjusted to pH 7.2) containing the indicated concentrations of P; and either
0.2 or 5 mM NaCl. The ODgs5, was determined after 47 h (due to the slow growth of the
strains) and the 5 mM / 0.2 mM NaCl absorbance ratio calculated. Data are mean + SEM
from 5 to 9 experiments.








