Feedback regulation of TORC1 by its
downstream effectors Npr1 and Par32
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ABSTRACT TORC1 (target of rapamycin complex) integrates complex nutrient signals to
generate and fine-tune a growth and metabolic response. Npr1 (nitrogen permease reactiva-
tor) is a downstream effector kinase of TORC1 that regulates the stability, activity, and traf-
ficking of various nutrient permeases including the ammonium permeases Mep1, Mep2, and
Mep3 and the general amino acid permease Gap1. Npr1 exerts its regulatory effects on
Mep1 and Mep3 via Par32 (phosphorylated after rapamycin). Activation of Npr1 leads to
phosphorylation of Par32, resulting in changes in its subcellular localization and function.
Here we demonstrate that Par32 is a positive regulator of TORC1 activity. Loss of Par32 ren-
ders cells unable to recover from exposure to rapamycin and reverses the resistance to ra-
pamycin of Anpr1 cells. The sensitivity to rapamycin of cells lacking Par32 is dependent on
Mep1 and Mep3 and the presence of ammonium, linking ammonium metabolism to TORC1
activity. Par32 function requires its conserved repeated glycine-rich motifs to be intact but,
surprisingly, does not require its localization to the plasma membrane. In all, this work eluci-
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dates a novel mechanism by which Npr1 and Par32 exert regulatory feedback on TORC1.

INTRODUCTION

Optimal growth of the cell depends on rapid adaptation to changes
in nutrient quality and availability. Nitrogen is one of the essential
nutrients because it is required for synthesis of DNA and amino ac-
ids in all living organisms. Saccharomyces cerevisiae is able to utilize
a wide range of nitrogen-containing compounds such as ammonium
ions, urea, and various amino acids. They have a comprehensive
toolkit to discern the quantity and quality of the available nitrogen
sources. Some nitrogen sources, such as ammonium ions, gluta-
mine, and glutamate, are considered “preferred” due to the relative
ease of assimilation and use from an energetic point of view (Godard
et al., 2007; Ljungdahl and Daignan-Fornier, 2012; Conrad et al.,
2014). By contrast, urea, proline, and arginine are not easily assimi-
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lated and are hence considered “nonpreferred.” In the presence of
preferred nitrogen sources, the expression of genes required for
uptake and metabolism of nonpreferred nitrogen sources is re-
pressed, a transcriptional program known as nitrogen catabolite re-
pression (NCR), though the extent is strain specific (Ljungdahl and
Daignan-Fornier, 2012; Fayyad-Kazan et al., 2016). There are ap-
proximately 90 target genes for the NCR pathway, including the
general amino acid permease Gap1; the ammonium permeases
Mep1, Mep2, and Mep3; and the proline permease Put4 (Broach,
2012). In general, these genes are not expressed in the presence of
preferred nitrogen sources but are strongly up-regulated in the
presence of nonpreferred nitrogen sources or low levels of ammo-
nium ions (Marini et al., 1997).

TORC1 (target of rapamycin complex) is the master regulator of
cellular nitrogen metabolism (Cardenas et al., 1999; Loewith et al.,
2002; De Virgilio and Loewith, 2006; Zhang et al., 2018). Nutrient
availability is relayed to TORC1 by a complex and intricate network
of upstream regulators and nutrient sensors (Loewith and Hall,
2011). Amino acid availability is sensed, for example, by the EGO
Complex and Pib2, which are required for TORC1 reactivation after
nitrogen starvation or after exposure to rapamycin, a direct physical
inhibitor of TORC1 (Kim and Cunningham, 2015; Michel et al., 2017;
Tanigawa and Maeda, 2017; Varlakhanova et al., 2017).

Under conditions of nutrient starvation, TORC1 is inactive, which
leads to expression of genes required for scavenging, transporting,
and utilization of poor sources of nitrogen. TORC1 inactivation
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also results in activation of Npr1 (nitrogen permease reactivator) ki-
nase, which stabilizes nutrient permeases at the plasma membrane
(Schmidt et al., 1998; MacGurn et al., 2011). Npr1 regulates the
transport and stability of Gap1, which is a broad-spectrum amino
acid scavenger (De Craene et al., 2001; Merhi and Andre, 2012),
and positively regulates the activity of ammonium permeases Mepf1,
Mep2, and Mep3. It posttranslationally controls Mep2 activity by
phosphorylation of an autoinhibitory C-terminal domain (Boecks-
taens et al., 2014). Npr1 also activates Mep1 and Mep3 permeases
by phosphorylation of the poorly characterized protein Par32
(Boeckstaens et al., 2015). Par32 has previously been reported to
inhibit the activity of Mep1 and Mep3. It was shown to be localized
to the plasma membrane and to interact with Mep1 and Mep3
when Npr1 is inactive. It was proposed that Par32 may be a physical
plug that inhibits flux of ammonium ions through Mep1 and Mep3
(Boeckstaens et al., 2015).

Here we report that Par32 is required for reactivation of TORC1
after exposure to rapamycin. Par32 contains four repetitions of a
conserved glycine-rich motif (GRGGAGNI) distributed throughout
its primary sequence, and these motifs are essential for Par32 func-
tion in modulation of TORC1. Par32-dependent regulation of
TORC1 is ammonium dependent. Npr1 mediates inhibition of Par32
and thus prevents TORC1 reactivation. These findings suggest that
dysregulated ammonium transport can be inhibitory for TORC1
reactivation.

We demonstrate that Par32 subcellular localization is responsive
to both nitrogen and glucose. Absence of Npr1 results in Par32 en-
richment within the nucleus, in addition to its previously observed
plasma membrane association. The latter is independent of Mep1
and Mep3 and depends on regions within the Par32 C-terminus.
Surprisingly, deletion of the C-terminus did not abrogate Par32
function in TORC1 reactivation or its role in Npr1-dependent regula-
tion of the NCR gene Gap1 in response to ammonium. Hence Par32
does not require plasma membrane association for its function and
may regulate ammonium metabolism via a novel mechanism not
involving direct physical blocking of plasma membrane-associated
permeases.

Together, we show that Npr1 and Par32 exert a novel regulatory
feedback on TORC1 via regulation of ammonium transport.

RESULTS

TORC1 activity is controlled by a complex network of upstream
regulatory factors that link environmental cues, such as nutrient
availability, to cell growth and metabolism. A pioneering study
(Dubouloz et al., 2005) identified upstream activators of TORC1 by
screening the yeast gene knockout collection for mutants that
exhibit a defect in recovery from rapamycin-induced inhibition of
TORC1. Eight mutants were obtained, which included activators of
TORCH1, such as components of the EGO Complex and Pib2, all of
which were subsequently validated by several studies (Binda et al.,
2009; Gong et al., 2011; Bonfils et al., 2012; Jeong et al., 2012;
Zhang et al., 2012; Kim and Cunningham, 2015; Powis et al., 2015;
Kira et al., 2016; Varlakhanova et al., 2017). One of the additional
hits that was not characterized further was Ayd!172c, an open read-
ing frame (ORF) of unknown function.

The YDL172C ORF fully overlaps with the C-terminal 155 codons
of the ORF of YDL173W, which encodes Par32 (phosphorylated
after rapamycin). We hypothesized that, since Par32 is regulated by
rapamycin, it is part of the TORC1 signaling network. Deletion of
Par32, indeed, resulted in a severe defect in recovery from rapamy-
cin (Figure 1A). Introduction of a plasmid containing PAR32 and its
regulatory sequences into Apar32 cells fully rescued this defect
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(Figure 1A). To confirm that the deficit in Apar32 cells is TORC1 de-
pendent, we used a previously characterized constitutively active
Tor1 mutant, Tor1 L2134M (Takahara and Maeda, 2012; Kingsbury
et al., 2014). Introduction of TOR1 L2134M into Apar32 cells re-
sulted in partial rescue of the growth defect after exposure to ra-
pamycin (Supplemental Figure S1A), confirming that Par32 is a com-
ponent of the TORC1 signaling pathway. Cells lacking Pib2, a known
upstream activator of TORC1 (Varlakhanova et al., 2017), were res-
cued by TORT L2134M, as expected.

Previous studies demonstrated that phosphorylation of Par32 on
exposure to rapamycin is mediated by the kinase Npr1 (Boeckstaens
et al., 2015). Deletion of Npr1 resulted in increased resistance to
rapamycin (Figure 1B) (Schmidt et al., 1998). Simultaneous deletion
of Par32 and Npr1, however, abolished this resistance. This sug-
gests that Par32 acts downstream of Npr1 in conferring resistance to
rapamycin.

Par32 subcellular localization depends on nutrient
availability

We next evaluated the subcellular distribution of Par32 in cells ex-
posed to rapamycin. In untreated cells, Par32 tagged with EGFP at
its C-terminus was distributed throughout the cell (Figure 1C). Treat-
ment with rapamycin resulted in a shift of Par32 away from the
plasma membrane (Figure 1, C and D). In Anpr1 cells, the shift was
inhibited, suggesting that Npr1 activation is required for the deen-
richment of Par32 from the plasma membrane in response to
rapamycin treatment. Surprisingly, Par32 exhibited a strong enrich-
ment within the nucleus in Anpr1 cells, even when untreated (Figure
1, C-E) (nucleus:cytosol ratio of Par32-EGFP in W303A cells: 1.17 +
0.20; in Anpr1 cells: 1.44 + 0.08; t = 3.09; p = 0.009). The nuclear
enrichment persisted in cells treated with rapamycin (nucleus:cytosol
ratio of Par32-EGFP in rapamycin-treated W303A cells: 0.95 + 0.45;
in Anpr1 cells: 1.66 +0.25; t=3.92; p=0.002).

Because rapamycin partially mimics nitrogen starvation, we next
evaluated the changes in Par32 subcellular localization in response
to a 3 h starvation by depletion of either nitrogen or carbon sources
or combinations of these. Par32 was primarily cytosolic on nitrogen
starvation, similarly to treatment with rapamycin (Figure 1, C and D).
This localization depended on the presence of active Npr1 (Figure
1, C and E). In AnprT cells under conditions of nitrogen starvation,
Par32 significantly enriched at the plasma membrane (W303A mem-
brane to cytosol ratio in synthetic defined (SD)-N: 0.86; Anpr1 mem-
brane to cytosol in SD-N: 1.56; t=5.36; p=0.0005) (Figure 1, D and
E). Strikingly, glucose starvation resulted in Par32 enrichment within
the nucleus but not at the plasma membrane, regardless of the
presence or absence of Npr1 (Figure 1, C-E). Nuclear enrichment of
Par32-EGFP in response to glucose starvation cannot be prevented
or reversed by additional starvation for nitrogen, whereas simultane-
ous glucose starvation and rapamycin treatment fully prevented
nuclear enrichment (Figure 1, C-E).

We next examined the timelines for the observed nutrient-
dependent changes in Par32-EGFP subcellular localization by com-
paring an early (15 min) timepoint to 3 h. Assessing early and later
responses distinguishes between signaling events versus those
requiring alterations in gene expression. Deenrichment of Par32-
EGFP from the plasma membrane in response to nitrogen starvation
was observed after 15 min in W303A but not in Anpr1 cells (Supple-
mental Figure S1B), highlighting the rapid nature of the Npri1-
dependent response. Of note, in Anpr1 cells, enrichment of Par32-
EGFP at the plasma membrane was only observed at the 3-h
timepoint, suggesting a transcriptional response may be required
for the enhanced membrane localization of Par32-EGFP. This may
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reflect synthesis of the plasma membrane-associated nutrient trans-
porters that are synthesized during nitrogen starvation. The changes
in Par32-EGFP nuclear localization in response to glucose starvation
were also apparent only after 3 h, suggesting a transcriptional re-
sponse rather than signaling events (Supplemental Figure S1B).

The observed changes in Par32-EGFP subcellular localization
observed on 3-h glucose starvation could be a response to lack of a
carbon source in general or a specific response to the absence of
glucose. To distinguish these possibilities, we evaluated the subcel-
lular localization of Par32-EGFP in cells grown in media containing
various carbon sources (glucose, ethanol/glycerol, and galactose).
Par32 enriched within the nucleus in cells grown on ethanol/glycerol
and galactose (Supplemental Figure S2). Hence, the nuclear local-
ization is a consequence of the absence of glucose rather than
a generalized response to carbon starvation. Glucose, therefore,
represses nuclear enrichment or accumulation of Par32 or, alterna-
tively, promotes export of Par32 from the nucleus. Taken together,
these observations suggest that the presence of nitrogen or glucose
has different effects on the subcellular localization of Par32.

The Par32 conserved GRGGAGNI motifs are not required
for plasma membrane localization but are indispensable

for nuclear accumulation

To determine which regions of Par32 are responsible for its nutrient-
dependent changes in subcellular localization, we assessed the sub-
cellular localization of a series of Par32 mutants. Saccharomyces
cerevisiae Par32 has four copies of the glycine-rich motif Gly-Arg-
Gly-Gly-Ala-Gly-Asn-lle (GRGGAGN!I), distributed throughout its
primary sequence (Figure 2A). Previous work in the £1278b strain of
S. cerevisiae demonstrated that a 4R-A mutation of Par32, where
the Arg residue in each repetition of the motif is mutated to Ala,
results in cytosolic protein, both in the presence and absence of
Npr1 (Boeckstaens et al., 2015). In W303A cells, mutation of all four
repetitions of GRGGAG to AAAAAA (Par32 4x mut) did not alter its
plasma membrane enrichment in nutrient-rich conditions (Figures 2,
B and C, and 1, C and D) (Par32 membrane to cytosol, 1.22; Par32
4x mut membrane to cytosol, 1.44; p = 0.34). Par32 4x mut, how-
ever, redistributed to the cytosol under conditions of nitrogen star-
vation (Figure 2, B and C). In Anpr1 cells, under conditions of nitro-
gen starvation, Par32 4x mut remained enriched at the plasma
membrane, like Par32 with intact motifs (Par32 membrane to cytosol
1.56 vs. Par32 4x mut membrane to cytosol 1.77; p = 0.28). These
results suggest that the GRGGAG motifs are not necessary for mem-
brane association. Surprisingly, in marked contrast to wild-type
Par32, Par32 4x mut did not accumulate within the nucleus under
any of the conditions tested (Figures 2, Band C, and 1, Cand D, and
Supplemental Figure S3). Under glucose starvation, Par32 4x mut,
instead of nuclear enrichment like wild-type Par32, displayed signifi-
cantly increased plasma membrane enrichment in both wild-type
and Anpr1 cells (p < 0.01 in wild-type cells; p < 0.01 in Anpr1 cells),
suggesting a potential link between nuclear and plasma membrane
fractions. Taken together, the 4x GRGGAGNI repeats are responsi-
ble for the nuclear enrichment of Par32 but are not required for its
plasma membrane localization.

The C-terminus of Par32 has a stretch of eight lysine residues (at
positions 276-283), followed by 12 final resides that contain an ad-
ditional lysine (K291) (Figure 2A). We made two deletion constructs:
Par32 A276-295, which deletes all lysines as well as the final 12
residues, and Par32 A288-295, which leaves the stretch of lysines
from 276 to 283 intact but removes K291. Par32 A288-295 did not
localize to the plasma membrane under any conditions tested
(Figure 2, D and E). For comparison, in Anpr1 cells under nitrogen
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starvation, when Par32 maximally associated with the plasma mem-
brane, Par32 A288-295 minimally associated (Par32 membrane to
cytosol, 1.56, vs. Par32 A288-295 membrane to cytosol, 0.49; p <
1.7 x 107%). However, Par32 A288-295 still enriched in the nucleus
under all conditions (Figure 2, D and E, and Supplemental Figure
S3) (e.g., in synthetic complete (SC) in W303A cells: Par32 nucleus
to cytosol, 1.17, vs. Par32 A288-295 nucleus to cytosol, 1.70; p =
0.008). Par32 A276-295 behaved similarly (unpublished data).

To identify the specific amino acids responsible for membrane
recruitment, we separately mutated either K291 to alanine (K291A),
asparagine 295 to alanine (N295A), as well as several other residues
(unpublished data). Whereas N295A behaved similarly to nonmu-
tated protein under all conditions tested, K291A was required for
plasma membrane localization: this construct lacked any detectable
plasma membrane enrichment under all conditions, even in the ab-
sence of Npr1 (Figure 3, A-D). Hence, K291 is a critical determinant
for the plasma membrane association of Par32. Interestingly, nuclear
enrichment of Par32 K291A (unpublished data) was not different
from Par32 in SC (t=1.63, hence p =0.12), whereas Par32 A288-295
was enriched in the nucleus compared with Par32 (t = 2.97, hence
p = 0.008). As both of these constructs display no plasma mem-
brane enrichment, these data suggest that lack of plasma mem-
brane association does not directly translate into enhanced nuclear
enrichment.

The Par32 GRGGAGNI motifs are required for Npr1-
independent posttranslational modification of Par32
Phosphorylation of Par32 by active Npr1 can be detected by a sig-
nificant shift in electrophoretic mobility (Hughes Hallett et al., 2014;
Boeckstaens et al., 2015; Varlakhanova et al., 2017). We compared
the mobility shifts of Par32, C-terminally tagged with 3xHA, after
nitrogen or glucose starvation, on rapamycin treatment, or on com-
binations of these. Under nutrient-rich conditions, Par32 runs as a
doublet (Figure 4A). Nitrogen starvation or rapamycin treatment re-
sulted in a significant Npr1-dependent shift: no shifts were observed
in extracts prepared from Anpr1 cells (Figure 4A). Glucose starvation
did not alter the mobility of Par32. Notably, while simultaneous
nitrogen and glucose starvation did not result in a mobility shift,
glucose starvation with rapamycin treatment resulted in a shift com-
parable to treatment with rapamycin alone. This shift was Npr1-de-
pendent (Figure 4A). The differences between nitrogen starvation
and rapamycin treatment suggest that nitrogen availability may af-
fect Npr1 activation independently of TORC1.

We assessed the Par32 mobility shifts under conditions of nitro-
gen or glucose starvation at two different timepoints: 15 min and 3 h
(Figure 4, B and C). After 15 min of nitrogen starvation, Par32 was
modified in an Npr1-dependent manner to an extent similar to that
observed after 3 h (Figure 4B), corresponding to the rapid deenrich-
ment of Par32 we observed from the plasma membrane. Glucose
starvation did not result in a change in Par32 mobility after 3 h. In-
terestingly, after 15 min of glucose starvation, however, Par32 ran as
a single band in both W303A and Anpr1 cells, suggesting transient
Npr1-independent loss of a modification changes on glucose star-
vation (Figure 4C). Consistent with the timecourse observed in our
subcellular localization studies, we propose that this modification is
likely to be restored when Par32 enters the nucleus.

We next compared the mobility shifts of the various Par32 con-
structs used earlier to identify the regions required for the mobility
shifts. Par32 4x mut was phosphorylated under conditions of nitro-
gen starvation but, notably, ran as a single band in Anpr1 extracts,
under all conditions (Figure 4D, compare Par32 4x mut-3xHA to
Par32-3xHA). Based on our data, the upper band in the doublet
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Par32 is a positive regulator of TORC1 signaling, and its subcellular localization is regulated by nutrient
availability. (A) Apar32 cells are unable to recover from exposure to rapamycin. Exponentially growing cells (ODgggo
0.6-0.8) were untreated or treated with rapamycin (200 ng/ml in YPD) for 5 h at 30°C. Cells were then washed and
plated on YPD. Cells were imaged after incubation for 2 d at 30°C. The leftmost spot in each case corresponds to 2 pl of
a culture with ODggg 0.5. Spots to the right of this correspond to 2 pl of sequential fivefold dilutions. Where indicated,
PAR32 was expressed from a cen/ars plasmid. (B) Resistance to rapamycin of Anpr1 cells is mediated by Par32. Cells
were treated, washed, and plated as in A. (C) Rapamycin treatment or nutrient availability effects subcellular localization
of Par32-EGFP. W303A or Anpr1 cells expressing Par32-EGFP growing under the indicated conditions for 3 h were
stained with 10 pM FM 4-64 for 30 min on ice prior to visualization. The main images show the green channel (Par32-
EGFP), and the insets show the same field but with the green and red (FM 4-64) channels merged. (D) Quantification of
the changes in plasma membrane association or nuclear enrichment of Par32-EGFP in W303A cells. The ratios of plasma
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depends on nuclear localization of Par32. Consistently, Par32 4x
mut, which lacks nuclear localization, runs as a single band.

The point mutants Par32 K291A and Par32 N295A behaved simi-
larly to Par32. As Par32 and Par32 K291A have different subcellular
distributions, the plasma membrane localization of Par32 is not a
requirement for Npr1-dependent mobility shifts. Both C-terminal
truncations of Par32, A288-295 and A276-295, ran as a single band.
Therefore, the extreme C-terminus of Par32 harbors either the direct
site of modification responsible for the appearance of the doublet or
this region is required for this modification. Interestingly, of all the
mutants tested, Par32 A276-295 did not become phosphorylated on
nitrogen starvation (Figure 4D). Taken together, these observations
suggest that the region from 276 to 288 is required for the action for
Npr1 on Par32 and therefore is likely required for Npr1 recruitment.

The Par32 4x GRGGAGNI motifs, but not plasma membrane
association, are necessary for recovery from rapamycin

We identified sequence at the C-terminus of Par32 to be required
for its association with the plasma membrane, based on subcellular
localization studies (Figures 1-3). We next asked whether plasma
membrane enrichment or localization affects Par32 function in
TORC1 signaling. To this end, we assessed recovery from exposure
to rapamycin using W303A and Apar32 cells carrying various PAR32
constructs on a cen/ars plasmid. All of the mutants that showed a
deficiency in plasma membrane localization by microscopy (Par32
K291A, Par32 A288-295, and Par32 A276-295) were still able to sup-
port recovery from exposure to rapamycin (Figure 5A). Only Par32
4x mut failed to rescue (Figure 5A). These results indicate that
plasma membrane localization is not required for Par32 function
within the TORC1 signaling pathway. However, one or more of the
repeated GRGGAGNI motifs are indispensable for Par32-depen-
dent regulation of TORC1 signaling.

Since the Par32 4x mut exhibited a defect in nuclear accumula-
tion when compared with wild-type Par32, we reasoned that the
inability of the Par32 4x mut to recover from exposure to rapamy-
cin may be due to its inability to accumulate within the nucleus.
We therefore tagged wild-type Par32 and Par32 4x mut with the
nuclear localization sequence (NLS) from the SV40 Large T anti-
gen. These fusion constructs were indeed robustly localized to the
nucleus, with or without rapamycin treatment (Supplemental
Figures S4A and S4B). Apar32 cells expressing NLS-Par32 recov-
ered from exposure to rapamycin as efficiently as those expressing
Par32 (Figure 5B). Apar32 cells expressing NLS-Par32 4x mut still
failed to recover from exposure to rapamycin (Figure 5C). This sug-
gests that the defect of Par32 4x mut is not simply due to defective
transport to the nucleus. The four GRGGAGNI motifs are therefore
likely to be required for the recruitment of an as yet unidentified
partner that translocates to the nucleus. This may be how Par32
exerts its function.

Par32 has previously been reported to be an inhibitor of the am-
monium permeases Mep1 and Mep3 (Boeckstaens et al., 2015). We
therefore asked whether rapamycin sensitivity associated with loss
of Par32 could be attributed to Mep1 and Mep3. Cells lacking both
Mep1 and Mep3 were not altered in their ability to recover from
exposure to rapamycin compared with W303A cells (Figure 5C).
Whereas Apar32 cells did not recover from exposure to rapamycin,
Amep1Amep3Apar32 triple-knockout cells recovered like W303A
(Figure 5C). Surprisingly, simultaneous deletion of Mep1 and Mep3
in a Anpr1 background did not prevent plasma membrane associa-
tion of Par32 (Supplemental Figure S4C). This suggests that Par32
interaction with the plasma membrane is mediated via a different
mechanism.

Expression of the Mep transporters is regulated by two transcrip-
tion factors, GIn3 and Gat1 (Marini et al., 1997). Since the rapamycin
sensitivity of Apar32 cells depended on the presence of Mep1 and
Mep3, we evaluated how deletion of their transcriptional regulators
Gat1 or GIn3 would affect recovery of Apar32 from exposure to ra-
pamycin. Additional deletion of either Gat1 or GIn3 did not rescue
the recovery of Apar32 cells from exposure to rapamycin (Supple-
mental Figure S5, A and B). This suggests that Mep1 and Mep3
expression in the W303 background may depend on both Gat 1 and
GIn3 or that there are additional factors controlling expression of
these Meps in this strain.

Mep1 and Mep3 are both high-capacity, low-affinity ammonium
transporters (Marini et al., 1997). To evaluate whether the sensitivity
of Apar32 cells to rapamycin depends on ammonium transport into
the cell, we determined whether cells could recover from exposure
to rapamycin in SC and SD-ammonium. In SD—ammonium, Apar32
or AnpriApar32 cells recovered to an extent comparable to that
observed with W303A cells, confirming the role of ammonium in the
rapamycin sensitivity of cells lacking Par32 (Figure 5D). This estab-
lishes a likely relationship among Npr1, Par32, and ammonium me-
tabolism in feedback regulation of TORC1. In addition, Anpr1 cells
maintained their increased resistance to rapamycin exposure, even
the absence of ammonium, and this resistance was significantly di-
minished by additional deletion of Par32, suggesting an ammo-
nium-independent component of TORC1 regulation by Npr1 and
Par32 in addition to an ammonium-dependent one.

Par32 regulates expression of the general amino acid
permease Gap1

Previously, hierarchical clustering of genetic interaction profiles as-
sembled from whole genome synthetic genetic array data predicted
that Par32 functions within the Gap1 sorting pathway, based on its
inclusion in a cluster with genes known to be involved in this path-
way, such as MTC5, LST4, and SLM4, among others (Costanzo et al.,
2010). The current version of the Cell Map (https://thecellmap.org)
identifies two temperature-sensitive alleles of the essential gene

membrane to cytosolic Par32-EGFP (left chart) or of nuclear to cytosolic Par32-EGFP (right chart) were determined by
quantification of the background-corrected fluorescence intensities. The boxes within the plotted data show the second
and third quartiles separated by the median of the data. Whiskers show the maximum and minimum, and the mean is
shown with an “x.” Differences in membrane/cytosol ratios among the different growth conditions in W303A cells were
significantly heterogeneous (one-way analysis of variance [ANOVAI: Fs 35 = 6.47, hence p = 0.0002). Differences in
nucleus/cytosol ratios were also significantly heterogeneous (one-way ANOVA: Fs 4, = 18.28, hence p = 1.33 x 107).
Selected significantly different pairs of means, as assessed by the post-hoc Tukey HSD test, are indicated (*p < 0.05;
**p < 0.01). (E) As for D but in Anpr1 cells. Differences in membrane/cytosol ratios among the different growth
conditions in Anpr1 cells were significantly heterogeneous (one-way ANOVA: Fs 39 = 10.09, hence p = 2.96 x 107).
Differences in nucleus/cytosol ratios were also significantly heterogeneous (one-way ANOVA: Fs 30 = 7.33, hence

p =6.35x 107). Selected significantly different means are indicated as in D. Scale bars, 5 pm.
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FIGURE 2: Subcellular localizations of Par32 4x mut and Par32 A288-295 in W303A and Anpr1 cells under various
nutrient conditions. (A) Schematic of the primary structure of Par32 indicating, to scale, the four GRGGAGNI motifs, the
lysine stretch and the position of K291. (B) W303A or Anpr1 cells expressing Par32 4x mut-EGFP were grown, stained
with FM 4-64, and imaged as in Figure 1C. (C) The ratios of plasma membrane to cytosolic Par32 4x mut-EGFP (left
chart) or of nuclear to cytosolic Par32 4x mut-EGFP (right chart) were determined by quantification of the background-
corrected fluorescence intensities as in Figure 1D. Differences in the Par32 4x mut-EGFP membrane/cytosol ratio
among the different growth conditions in W303A were significantly heterogeneous (one-way ANOVA: W303A, F; 17 =
7.25, hence p = 0.005). Significantly different pairs of means, as assessed by the post-hoc Tukey HSD test, are indicated
(*p < 0.05; **p < 0.01). Differences in means of the nucleus/cytosol ratio of W303A cells expressing Par32 4x mut-EGFP
were not significant (one-way ANOVA: W303A, F; 20 = 2.00, hence p = 0.16). Differences in means of the membrane/
cytosol or nucleus/cytosol ratios of Anpr1 cells expressing Par32 4x mut-EGFP were not significant (membrane/cytosol,
F2,15 = 1.28, hence p = 0.31; nucleus/cytosol, F 21 = 0.51, hence p = 0.61). (D) W303A or Anpr1 cells expressing Par32
A288-295-EGFP were treated and imaged as in B. (E) The ratios of plasma membrane to cytosolic (left charts) or nuclear
to cytosolic (right charts) Par32 A288-295-EGFP were determined as in C. Differences in the means of the Par32
A288-295-EGFP membrane/cytosol ratio among the different growth conditions in W303A and Anpr1 cells were not
significant (W303A, F;12 = 0.83, hence p = 0.46; Anpr1, ;14 =0.19, hence p = 0.83). However, differences in the means
of the Par32 A288-295-EGFP nucleus/cytosol ratios among the growth conditions in W303A and Anpr1 cells were
significant (W303A, F; 25 = 5.97, hence p = 0.008; Anpr1, F; 15 = 4.70, hence p = 0.026). Significantly different pairs of
means, as assessed by the post-hoc Tukey HSD test, are indicated (*p < 0.05; **p < 0.01). Scale bars, 5 pm.

2756 | N.V.Varlakhanova et al. Molecular Biology of the Cell



Par32 K291A-EGFP

SC

WB303A

Anpr1

Par32 N295A-EGFP

30
25
20
15
1.0
05| —I N

0.0 -

Membrane / Cytosol

sC SD-N
3.0
25
20
1.5

0.5
0.0 -

Membrane / Cytosol

SC SD-N

O

SC

WB303A

Anpr1

3.0
25
20

15
10 |- #
05

0.0 -

Membrane / Cytosol

sc SD-N
30
25
20
15 EE‘ ==
110 N I e oy
05
00 |

Membrane / Cytosol

SC SD-N

FIGURE 3: Subcellular localizations of Par32 K291A and Par32 N295A in W303A and Anpr1 cells under nutrient-rich and
nitrogen-starvation conditions. (A, C) W303A or Anpr1 cells expressing Par32 K291A-EGFP (A) or Par32 N295A-EGFP
(C) were grown in SC or SD-N, stained with FM 4-64, and imaged as in Figure 1C. (B) The ratio of plasma membrane to
cytosolic Par32 K291A-EGFP was determined as in Figure 1D. Differences in the means of the Par32 K291A-EGFP
membrane to cytosol ratios when grown in SC or SD-N were not significant for W303A and Anpr1 cells (two-tailed t test:
W303A, 11 degrees of freedom, t=0.15, hence p = 0.89; Anpr1, 10 degrees of freedom, t = 2.19, hence p > 0.05).
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bars, 5 ym.

LST8 as having the highest Pearson correlation coefficients with
PAR32 (PCC for Ist8-6, 0.213; PCC for Ist8-15, 0.203) (Usaj et al.,
2017). Lst8 is a component of the Tor signaling pathway and associ-
ates with both Tor1 and Tor2 and is found in both TORC1 and
TORC2 complexes (Aylett et al., 2016; Karuppasamy et al., 2017).
Lst8 functions in sorting of the general amino acid permease Gap1
and is also a negative regulator of the retrograde pathway, which
allows expression of certain enzymes of the TCA cycle even in the
presence of glucose (Chen and Kaiser, 2003). Additional evidence
that PAR32 might indeed be involved in regulation of Gap1 is that
Npr1 is a known regulator of the localization and stability of perme-
ases, including Gap1 (De Craene et al., 2001; MacGurn et al., 2011;
Merhi and Andre, 2012).

We therefore evaluated the sorting and expression levels of Gap!
in cells lacking Par32 in the presence and absence of nitrogen. In
W303A cells grown in nutrient-rich and nitrogen-replete medium
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(@ammonium-replete, SC), Gap1 was expressed at low levels. Any
Gap!1 that was expressed was sorted to the vacuole and none was
detected on the plasma membrane (Figure 6). Apar32 cells behaved
similarly to W303A when grown in SC. Gap1 was derepressed in
Anpr1 cells in ammonium-replete conditions, as expected from pre-
vious reports that demonstrate NCR derepression in Anpr1 cells (Cre-
spo et al., 2004; Feller et al., 2006). However, in Anpr1 cells, Gap1
was still sorted to the vacuole, as in W303A cells. Simultaneous dele-
tion of Npr1 and Par32 resulted in abrogation of the effects on Gap!1
expression observed in cells lacking only Npr1: expression of Gap1
was once again similar to that observed in W303A cells (Figure 6).

In W303A cells, under conditions of nitrogen starvation (SD-N),
Gap1 expression was strongly up-regulated and was trafficked
mostly to the plasma membrane (Figure 6). Nitrogen-starved Apar32
cells had lower levels of Gap1, when compared with W303A cells,
and also exhibited a slight sorting defect: although a significant
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FIGURE 5: Characterization of Par32 and its various mutants in response to rapamycin exposure. (A) Apar32 cells
expressing Par32 4x mut do not recover from exposure to rapamycin. Exponentially growing W303A or Apar32 cells
(ODgqp 0.6-0.8) expressing the indicated PAR32 construct on a cen/ars plasmid were treated with rapamycin (200 ng/ml
in YPD) for 5 h at 30°C. Cells were then washed and plated on YPD. Cells were imaged after incubation for 2 d at 30°C.
The leftmost spot in each case corresponds to 2 pl of a culture with ODggg 0.5. Spots to the right of this correspond to
2 pl of sequential fivefold dilutions. (B) Nuclear targeting of Par32 4x mut does not rescue growth after rapamycin
exposure. W303A or Apar32 cells expressing the indicated constructs (NLS, SV40 Large T Antigen nuclear localization
sequence) were, where indicated, untreated or treated with rapamycin (200 ng/ml in YPD) for 5 h at 30°C prior to
washing and plating on YPD. Plates were imaged after 2 d at 30°C. (C) Deletion of Mep1 and Mep3 rescues the Apar32
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component of the Gap1 pool reached the plasma membrane, some
was detected in punctate structures. Interestingly, any Gap1 that
reached the plasma membrane was unequally distributed with a
marked preference for the membranes of developing buds.

Nitrogen starvation of Anpr1 cells resulted in high expression
levels and sorting defects of Gap1 (Figure 6), as previously reported
(De Craene et al., 2001). Simultaneous loss of Npr1 and Par32, on
nitrogen starvation, resulted in limited expression and severe sort-
ing defects (Figure 6).

Decreased steady-state levels of Gap1 in Apar32 cells could be
due to either decreased expression of Gap1 or increased degrada-
tion. Gap1 is known to be degraded by ubiquitin-dependent traf-
ficking to the vacuole via multivesicular bodies. EGFP is stable in the
vacuolar acidic environment, and hence increased degradation
would be associated with increased vacuolar signal compared with
W303A cells, which is not the case. This suggests that Par32 may
instead regulate Gap1 expression. To evaluate activity of the GAP1
promoter in Apar32 cells, we constructed a reporter based on one
used previously (Chen and Kaiser, 2003). Here, the GAP1 promoter
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region and codons 1-53 of Gap1 were fused to codons 10-1024 of
Escherichia coli lacZ on a cen/ars plasmid. We evaluated B-
galactosidase activity as a readout for expression from the GAP1
promoter in various strains in nitrogen-replete or depleted condi-
tions. The results corresponded to what we observed by micros-
copy. In SC, W303A and Apar32 cells had low levels of Gap1 (Figure
7A). By contrast, Anpr1 cells exhibited significantly higher levels of
Gap1 (W303A, 7.69 A.U.; Apar32, 2.11 AU.; Anpr1, 8420 AU.,; p<
0.01). Anpri1Apar32 cells had Gap1 levels similar to W303A and
Apar32 cells. In SD-N, Gap1 levels were increased to 107.74 A.U. in
W303A, as expected. Apar32 also showed a robust increase in ex-
pression (59.23 A.U., not significant). In Anpr1 cells, Gap1 levels
were further increased (to 237.46 A.U.; p < 0.01). In AnpriApar32
cells, Gap1 levels were significantly lower than in Anpr1 cells (81.90
A.U.; p=<0.05). These results together indicate that Par32 mediates
the Npr1 effect on Gap1 expression.

To determine which regions of Par32 are required for the in-
creased Gap1 expression observed in Anpr1 cells in SC medium,
we assessed Gap1 expression, using our Gapl-lacZ fusion, in
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Anpr1Apar32 cells expressing various PAR32 constructs on cen/ars
plasmids. Expression of PAR32, PAR32 A288-295 and the point
mutants PAR32 N295A and PAR32 K291A in Anpr1 Apar32 cells
rescued expression of Gap1 (PAR32, p < 0.01; PAR32 A288-295,
p < 0.05; PAR32 N295A, p < 0.01; PAR32 K29, p < 0.01) to levels
comparable to that seen in Anpr1 cells alone. Expression of PAR32
4x mut failed to rescue altogether (Figure 7B). This result suggests
that Par32 function in Anpr1 cells does not require its localization to
the plasma membrane, whereas the GRGGAGNI motifs are essen-
tial for Gap1 expression in the Anpr1 background.

Deletion of Mep1 and Mep3 did not increase Gap1 expression
when compared with W303A (W303A, 7.70 A.U.; AmepT1Amep3,
15.09 A.U.; not significant) (Figure 7C). This suggests that the up-
regulation of Gap1 expression in ammonium-replete conditions (SC)
in Anpr1 cells cannot be solely attributed to inhibition of Mep1 and
Mep3.

To determine whether Par32 mediates the effects of ammo-
nium on inhibition of Gap1 expression in Anpr1 cells, we assayed
Gap1 expression in cells grown in SC medium lacking ammonium
sulfate (SD—ammonium). Gap1 expression in Anpr1 cells was in-
creased further in SD—ammonium as compared with SC (SC: 84.2 +
33.1A.U.; SD-ammonium: 200.4 £ 45.9; mean * standard deviation
[s.d.]; t=4.8 hence p=0.007) (Figure 7D). Strikingly, the repression
of Gap1 expression observed in AnpriApar32 cells grown in SC
(Figure 7C) was not observed in SD-ammonium: here, Gap1 expres-
sion was the same in Anpr1 and Anpr1Apar32 cells (Anpr1 cells in
SD-ammonium: 200.4 £ 45.9; Anpr1Apar32 cells in SC-ammonia:
192.8 + 40.4 A.U.; mean % s.d.; not significant) (Figure 7D). Taken
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together, therefore, Par32 inhibits the ammonium-dependent re-
pression of Gap1 expression.

DISCUSSION

TORC1 is the master regulator of cell growth, integrating complex
signals of nutrient availability into appropriate anabolic and growth
responses. TORC1 activity is modulated by the combined effects of
an extensive array of positive and negative regulators. Par32 is a
poorly characterized protein that is heavily phosphorylated in
response to inhibition of TORC1. Here we demonstrate a novel
ammonium-dependent function for Par32 in reactivation of TORC1
after exposure to rapamycin (Figures 1 and 5). We further demon-
strate that the positive regulation of TORC1 by Par32 does not re-
quire its plasma membrane association. Instead, it requires that the
GRGGAGNI motifs distributed through its primary sequence are
intact. Our subcellular localization studies reveal that these same
motifs are necessary for the nuclear localization of Par32.

We show that the effects of Par32 on TORC1 activity are depen-
dent on ammonium as well as the presence of the ammonium per-
meases Mep1 and Mep3 (Figures 5 and 7). Deletion of Mep1 and
Mep3 does not affect recovery from rapamycin but does rescue the
Apar32 rapamycin sensitivity. We also demonstrate that Par32 is an
effector of Npr1 in ammonium-rich conditions. Deletion of Npr1 re-
sults in up-regulation of expression of Gap1 in nitrogen-rich condi-
tions, which would otherwise be repressive for NCR target genes.
Additional deletion of Par32 completely reverses this effect (Figure 7)
and this reversal is ammonium dependent. Therefore, Par32
functions to regulate the cell's ammonium metabolism, which is in
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FIGURE 7: Par32 and Npr1 regulate expression of Gap1 in SC-grown cells. (A) Strains, as indicated, expressing the
Gap1-lacZ reporter construct were grown in SC or under nitrogen starvation (SD-N, 5 h) conditions. Cells were then
lysed, and B-galactosidase activity was determined. For cells grown in SC (filled boxes, mean + s.d., n=9-13 independent
experiments), the mean B-galactosidase activity levels for the indicated strains were significantly heterogeneous (one-way
ANOVA,; F3 34 = 47.96, hence p = 1.17 x 107'2). Significant differences between pairs, as determined using the post-hoc
Tukey HSD test, are indicated above the relevant pairs using full lines. Mean B-galactosidase activity levels for cells grown
in SD-N (open boxes, n = 5-8 independent experiments) were also significantly heterogeneous (one-way ANOVA; F3 21 =

6.74, hence p = 0.0023). Significant differences between relevant pairs are indicated with dotted lines (*p < 0.05; **p <
0.01). (B) The four GRGGAG motifs in Par32 are required for Gap1 expression. Anpr1Apar32 cells expressing the
Gap1-lacZ reporter construct and the indicated Par32 constructs were grown in SC and compared with W303A and
Anpr1 cells expressing the reporter. Cells were lysed, and B-galactosidase activity was determined. The mean -
galactosidase activity levels were significantly different (one-way ANOVA; F; 55 = 12.27, hence p=4.18 x 107; n=3-9
independent experiments). Significant differences between relevant pairs, as determined using the post-hoc Tukey HSD
test, are indicated (*p < 0.05; **p < 0.01). (C) Regulation of Gap1 expression in ammonium-replete conditions (SC) by
Npr1, and Par32 is independent of Mep1 and Mep3. The indicated strains expressing the Gap1-lacZ reporter construct
were grown in SC and lysed prior to determination of B-galactosidase activity. The means of B-galactosidase activity
levels for the various strains were significantly different (one-way ANOVA; Fy 46 = 37.44, hence p = 4.44 x 107%%).
Significant differences between selected pairs, as determined using the post-hoc Tukey HSD test, are indicated

(**p < 0.01). (D) Par32-mediated repression of Gap1 expression is ammonium dependent. The experiment was performed
as in C, but the cells were grown in SD—ammonium. The means of -galactosidase activity levels for the various strains
were significantly different (one-way ANOVA F3 g = 19.36, hence p = 0.0005). Significant differences between selected
pairs, as determined using the post-hoc Tukey HSD test, are indicated (**p < 0.01).

accordance with previous reports (Dubois and Grenson, 1979;
Boeckstaens et al., 2015).

A previous report demonstrated Par32-dependent regulation of
ammonium transport via Mep1 and Mep3 ammonium permeases.
Par32 was shown to be accumulated at the plasma membrane in the
presence of a poor nitrogen source and in the absence of Npr1 ki-
nase. It was therefore proposed that Par32 functions as a physical
inhibitor of Mep1 and Mep3 at the plasma membrane. In our stud-
ies, Par32 also associated with plasma membrane during nitrogen
starvation and in the absence of Npr1. This association was, how-
ever, Mep1 and Mep3 independent, but was dependent on the C-
terminal regions of Par32. Deletion of the C-terminal regions of
Par32 abolished its plasma membrane association but surprisingly
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did not abrogate Par32 function in TORC1 regulation or ammo-
nium-mediated repression of the NCR target gene Gap1.

In addition to plasma membrane localization, we observed a
striking previously unreported nuclear enrichment of Par32 in Anpr1
cells in response to nitrogen starvation (Figure 1, C-E). Glucose star-
vation also resulted in nuclear enrichment of Par32 in both W303A
and Anpr1 cells (Figure 1, C-E). Whereas nuclear localization was
intact for the functional C-terminal truncations of Par32, Par32
4xmut failed to localize to the nucleus under all conditions tested
(Figure 2, B-E). This raises the possibility that the Par32 GRGGAGNI
motifs are required for the recruitment of a yet-to-be identified in-
teractor and mediator of Par32 function in the regulation of ammo-
nium transport or metabolism. The lack of nuclear localization of
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Par32 4x mut further suggests that such an interactor translocates to
or from the nucleus in a nutrient-dependent manner. The nature of
this interactor is to be determined. In bacteria and archaea, the
control of nitrogen transport and metabolism is well understood
and is mediated by the highly conserved family of trimeric P} pro-
teins, which control the activities of a range of transporters, en-
zymes, and transcription factors involved in nitrogen and carbon
metabolism and directly interact with their targets (Forchhammer,
2004; Merrick, 2014). Py proteins, in turn, are regulated by post-
translational modifications that modify their interactions with their
targets. P proteins and their modifiers serve as direct sensors of
cellular nutrient and energy status by binding small molecules that
report on these, such as 2-oxoglutarate and glutamine (Huergo
et al., 2013). For example, the E. coli P protein GInK directly inhib-
its the ammonium permease AmtB by physical interaction, and this
binding is regulated by nutrient-dependent posttranslational modi-
fication (Conroy et al., 2007). Fungi and higher eukaryotes do not
have P} proteins. However, Par32 has been suggested to perform a
Py-like function for Mep1 and Mep3, but our studies demonstrate
that plasma membrane association of Par32 is not a requirement for
its regulation of ammonium metabolism. Furthermore, fungal Par32
proteins consists of a variable number (three to six) of stringently
conserved GRGGAG motifs embedded in an otherwise low com-
plexity sequence. Par32 is therefore unlikely to form a direct physi-
cal plug and may interact or regulate those permeases via a more
indirect route.

Par32 nuclear accumulation was not observed in previous work
(Boeckstaens et al., 2015). This difference may stem from the strain
backgrounds used in our respective studies: while our studies were
performed in W303A, the previous work used £1278b. There
are several known differences between these two model strains,
including differences in ammonium metabolism (Magasanik and
Kaiser, 2002). Another difference between these strains is that
X1278b is known to have a hyperactive ras/cyclic AMP/protein
kinase A (PKA) pathway (Stanhill et al., 1999). The PKA pathway re-
sponds to glucose and regulates the signal transduction required for
cell growth (Zurita-Martinez and Cardenas, 2005; Peeters, 2014).
Under conditions of glucose starvation, the PKA pathway is less ac-
tive (Rodkaer and Faergeman, 2014), due, in part, to activation of
Snf1 (Nicastro et al., 2015). We hypothesize that hyperactive PKA in
%£1278b may be responsible for the absence of nuclear Par32. If
correct, Par32 localization should be sensitive and responsive to
glucose. Indeed, when we starved cells for glucose, we observed a
robust nuclear accumulation of Par32 (Figure 1, C and D). In further
support of this hypothesis, AsnfT cells, which are hyperactive in PKA
signaling, did not exhibit any nuclear Par32, even in the absence of
glucose (unpublished data). We therefore propose that Par32 func-
tions at the interface between nitrogen and carbon metabolism and
that these strains may have different set points in their regulatory
networks. This may include the subcellular localization of putative
mediators of Par32 function.

Given the functions of Npr1 and Par32 in ammonium metabo-
lism, how do they regulate TORC1? If Par32 is indeed a general
negative regulator of ammonium transporters, then one might ex-
pect that deletion of Par32 will result in unregulated high intracellu-
lar ammonium levels, especially after treatment with rapamycin,
which is associated with an increased expression of ammonium
permeases. In our work, deletion of Par32 resulted in ammonium-
dependent inhibition of TORC1, demonstrating that dysregulated
elevated ammonium levels contribute to rapamycin toxicity. Previ-
ous studies demonstrated that S. cerevisiae can display ammonium
toxicity, and, in response, several amino acids, including glutamine

2762 | N.V.Varlakhanova et al.

aa NH,*

lasma membrane
[sPs MEPs P
_ NH,* excess
< NH,’
v
aa GIn/aa

!

[EGoe] /(7]

[TORC1| —i[ Npr1 | —i[ Par32 | ——

[ Ure2 | —i[GIn3/Gat1] [Dalg0/Gzf3 |

NCR target genes
(Meps)

FIGURE 8: Schematic depicting the connection between ammonium
metabolism and TORC1 signaling. Abbreviations: aa, amino acids;
EGOC, EGO Complex; Gln, glutamine; NH4*, ammonium ion; Meps,
Mep1, Mep2, and Mep3, ammonium permeases; NCR, nitrogen
catabolite repression; SPS, SPS amino acid transporters. Arrows
indicate positive relationships or regulation, and blunted lines
represent inhibitory relationships.

and glutamate, are excreted from the cell via the SPS amino acid
transporter system (Hess et al., 2006). These amino acids are re-
quired for reactivation of TORC1 by EGO Complex and Pib2. Hence,
loss of Par32 may be associated with a drop in intracellular amino
acids and a consequent inability to reactivate TORC1 (Figure 8).

Par32 is phosphorylated by the kinase Npr1, which itself is inhib-
ited when TORC1 is active. Loss of Npr1 is associated with resis-
tance to rapamycin, which depends on the presence of Par32.
Active Npr1 thus inhibits TORC1 by negative regulation of Par32. To
date, Npr1 has been considered to be a downstream effector of
TORC1, which regulates the localization and stability of permeases.
Our studies, together with other recent observations (Li et al., 2017),
suggest an exciting mechanism by which Npr1 may exert its nega-
tive feedback on TORC1.

Taken together, our findings highlight an unexpected plasma
membrane-independent role for Par32 in regulation of ammonium
transport. This work illustrates how regulation of ammonium
homeostasis by Npr1 and Par32 impinge on TORC1 activity thus
providing a feedback loop to fine-tune the cell’s growth response to
ammonium and glucose availability.

MATERIALS AND METHODS

Cloning and plasmids

Plasmids used in this work are listed in Supplemental Table S1. S cer.
PAR32, containing the coding sequence and upstream and down-
stream fragments of 311 and 121 base pairs, respectively, was ampli-
fied from genomic DNA prepared from W303A/a. diploids using the
Yeast DNA Extraction Kit (Thermo Fisher Scientific, Pittsburgh, PA)
and was introduced into the target vector by Gibson assembly
(Gibson et al., 2009). To generate S cer. PAR32 4x mut (PAR32 4x
GRGGAG-AAAAAA), a fragment of the PAR32 coding sequence,
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from E18 to R251, containing all four GRGGAG-AAAAAA mutations,
was synthesized and was fused with overlapping separate fragments,
encompassing the PAR32 upstream sequence and codons 1-22 of
the open reading frame and codons 247-295 (end) of the open read-
ing frame and the downstream sequence, respectively, by PCR-
mediated overlap extension (Heckman and Pease, 2007). The full
construct was then introduced into the appropriate vector by Gibson
assembly. N-terminal NLS fusions (using the nuclear localization se-
quence from the SV40 Large T Antigen, PKKKRKV) were made by
PCR-mediated overlap extension and Gibson assembly. To generate
GAP1-lacZ, designed based on a construct used previously (Chen
and Kaiser, 2003), a fragment encompassing a promoter region of
379 base pairs and codons 1-53 of the open reading frame of GAP1
was amplified from W303A/a. genomic DNA. This was fused to co-
dons 10-1024 of the lacZ open reading frame, amplified from E. coli
strain BL21 and a terminator sequence of 300 base pairs taken from
the S cer. VPST gene, by PCR-mediated overlap extension. All other
mutants and fusion constructs were made using appropriate frag-
ments by PCR-mediated overlap extension and Gibson assembly. All
constructs were verified by sequencing. Primer and construct se-
quences are available on request.

Media

YPD (2% peptone, 1% yeast extract, 2% glucose, supplemented
with L-tryptophan and adenine) was used for routine growth. Syn-
thetic complete (SC; yeast nitrogen base, ammonium sulfate, 2%
glucose, amino acids) or synthetic defined (SD; yeast nitrogen base,
ammonium sulfate, 2% glucose, appropriate amino acid dropout)
media were used prior to microscopy or to maintain plasmid selec-
tion as indicated. For sporulation, cells were successively cultured in
YPA (2% potassium acetate, 2% peptone, 1% yeast extract) and SPO
(1% potassium acetate, 0.1% yeast extract, 0.05% glucose). For
nitrogen starvation, cells were grown in SD-N (0.17% yeast nitrogen
base without amino acids and ammonium sulfate, 2% glucose). For
glucose starvation, cells were grown in SD-glucose (yeast nitrogen
base, ammonium sulfate, appropriate amino acid dropout). YPGAL
consisted of 2% peptone, 1% yeast extract, and 2% galactose, sup-
plemented with L-tryptophan and adenine). YPEG contained 2%
peptone, 1% yeast extract, 3% ethanol, and 0.3% glycerol, supple-
mented with L-tryptophan and adenine. SD—ammonium omitted
ammonium sulfate from the SC recipe.

Yeast genetic manipulation and molecular biology

Strains used in this work are listed in Supplemental Table S2. In gen-
eral, gene deletions were generated in W303A/a. diploids by ho-
mologous recombination and complete replacement of the target
open reading frame using cassettes amplified from pFA6a-kanMXé,
pFA6a-His3MX6 (Longtine et al., 1998), or pFA6-natMX4 (Goldstein
and McCusker, 1999) flanked with sequence (40 base pairs) proximal
to the open reading frame of the target gene. Diploids were subse-
quently sporulated by starvation in SPO. Following manual tetrad
dissection, knockout haploids were validated by colony PCR, micros-
copy, and, in some cases, sequencing. Strains harboring more than
one genomic modification were generated by mating and sporula-
tion of appropriate parental strains, followed by extensive revalida-
tion. AgIn3::HIS3 was made in W303A or Apar32::NAT haploids. The
standard PEG 3,350/lithium acetate/single-stranded carrier DNA
protocol was used for yeast transformation (Gietz and Schiestl, 2007).

Analysis of growth by serial dilution

Cells were grown overnight in YPD, SD with the appropriate drop-
out for plasmid maintenance, or SD-ammonium, as relevant. Cells
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were then diluted and regrown to mid-logarithmic phase (ODggg
0.6-0.8) in the appropriate medium at 30°C. Cells were then diluted
to 0.5 ODggo/ml and fivefold serial dilutions were made in water.
Each dilution (2 pl) was spotted onto the indicated plates. Where
relevant, cells were incubated for 5 h in YPD supplemented with 200
ng/ml rapamycin at 30°C. After extensive washing, cells were resus-
pended in fresh YPD and plated on YPD. All plates were incubated
at 30°C for 2 d prior to imaging.

Western blotting

Protein extracts for Western blotting were obtained as described
(Millen et al., 2009). Briefly, cells were lysed on ice by resuspension
in 1 ml water supplemented with 150 pl 1.85 M NaOH and 7.5% B-
mercaptoethanol. Protein was precipitated by addition of 150
50% (wt/vol) trichloracetic acid. Pellets were washed twice with ac-
etone, resuspended in 150 pl 1x SDS-PAGE buffer and were boiled
for 5 min at 95°C. 3xHA was detected with an anti-HA mouse mono-
clonal antibody [HA.C5] (Abcam; ab18181). Pgk1 was detected with
an anti-Pgkl mouse monoclonal antibody [22C5D8] (Abcam;
ab113687). These were detected using the IRDye680RD goat anti-
mouse (Li-Cor; 926-68070) conjugated secondary antibody and the
Odyssey system (Li-Cor).

Preparation of yeast for microscopy

Cells were grown overnight in YPD or SD with the appropriate
dropout to maintain plasmid selection. Cells were then diluted in
SC and grown to mid-logarithmic phase. For the various nutrient
conditions, cells were then washed and transferred to the appro-
priate medium for the indicated times. For plasma membrane co-
localization studies, cells were placed on ice and incubated with
10 uM FM 4-64 (Thermo Fisher Scientific) for 30 min, followed by
immediate imaging. For rapamycin treatment, cells in YPD were
treated for the indicated time with a final concentration of 200 ng/
ml rapamycin (Thermo Fisher Scientific). Cells were plated onto
No. 1.5 glass-bottomed coverdishes (MatTek Corporation, Ash-
land, MA) previously treated with 15 ul 2 mg/ml concanavalin-A
(Sigma-Aldrich, St. Louis, MO).

Confocal microscopy and image analysis

Confocal images were acquired on a Nikon (Melville, NY) A1 con-
focal microscope, with a 100x Plan Apo 100x oil objective. NIS
Elements Imaging software was used to control acquisition. Im-
ages were further processed using the Fiji distribution of ImageJ
(Schindelin et al., 2012) or NIS Elements. The plasma membrane
was defined as the region of maximum fluorescence intensity of
FM 4-64. A custom ImageJ macro was used to fit an ellipse onto
this region. Distribution of Par32-EGFP was quantified by dividing
the background-corrected fluorescence intensity of Par32-EGFP at
the plasma membrane with the averaged value (from a box of
width 1 pm) of the background-corrected fluorescence intensity in
a zone up to 0.2 pm from the plasma membrane. For determina-
tion of nucleus to cytosol ratios of Par32-EGFP, cells expressing an
NLS-BFP marker were used to define the nucleus and the bound-
ary between the nucleus and cytosol. Distribution of Par32-EGFP
between the nucleus and cytosol was then quantified by dividing
the background-corrected fluorescence intensity of Par32-EGFP
signal in the nucleus (an averaged signal from a box of dimensions
0.5 % 0.2-0.25 pm positioned 0.5-0.55 pm from the nucleus-cyto-
sol boundary) with the averaged value (using a box of same di-
mensions positioned in the cytosol 0.5-0.55 pm from the nucleus-
cytosol boundary) of the background-corrected fluorescence in
the cytosol.
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B-Galactosidase assays

Cells expressing the Gap1-lacZ reporter construct and vector con-
trols or the indicated PAR32 constructs were grown overnight in SD
or SD—ammonium with the appropriate amino acid dropouts. The
cells were then rediluted in the appropriate medium. For nitrogen
starvation, cells were incubated in SD-N prior to measurement.
ODygqg values for each culture was measure prior to the assay. The
assay was performed using the Yeast B-galactosidase Assay Kit
(Thermo Fisher Scientific) in accordance with the manufacturer’s rec-
ommendations. Each experiment was done with three technical rep-
licates and multiple (3-13) biological replicates.
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