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Summary

In yeast target of rapamycin complex 1 (TORC1) and Tap42-associated phosphatases regulate 

expression of genes involved in nitrogen limitation response and the nitrogen discrimination 

pathway. However, it remains unclear whether TORC1 and the phosphatases are required for 

sensing nitrogen conditions. Utilizing temperature sensitive mutants of tor2 and tap42, we 

examined the role of TORC1 and Tap42 in nuclear entry of Gln3, a key transcription factor in 

yeast nitrogen metabolism, in response to changes in nitrogen conditions. Our data show that 

TORC1 is essential for Gln3 nuclear entry upon nitrogen limitation and downshift in nitrogen 

quality. However, Tap42-associated phosphatases are required only under nitrogen limitation 

condition. In cells grown in poor nitrogen medium, the nitrogen permease reactivator kinase 

(Npr1) inhibits TORC1 activity and alters its association with Tap42, rendering Tap42-associated 

phosphatases unresponsive to nitrogen limitation. These findings demonstrate a direct role for 

TORC1 and Tap42-associated phosphatases in sensing nitrogen conditions and unveil an Npr1-

dependent mechanism that controls TORC1 and the phosphatases in response to changes in 

nitrogen quality.

Graphical abstract

†To whom correspondence should be addressed: Yu Jiang, Tel: 412-648-3390; yuj5@pitt.edu, and Yong Jiang, Tel: 86-020-6164-8231, 
jiang48321@163.com. 

The authors have no conflict of interest to declare for publishing the present study.

HHS Public Access
Author manuscript
Mol Microbiol. Author manuscript; available in PMC 2018 December 01.

Published in final edited form as:
Mol Microbiol. 2017 December ; 106(6): 938–948. doi:10.1111/mmi.13858.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This study shows that target of rapamycin complex 1 (TORC1) and Tap42 are directly involved in 

sensing changes in nitrogen conditions and their activities are inhibited by the Npr1 kinase in 

response to downshift in nitrogen quality.
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Introduction

The yeast Saccharomyces cerevisiae, like many other microorganisms, is able to utilize 

various nitrogen-containing compounds as nitrogen sources for growth and survival. The 

cells possess the ability to assess quantity as well quality of nitrogen sources and make 

appropriate adjustments in their transcriptional and metabolic profiles for optimal fitness 

(Magasanik & Kaiser, 2002, Zaman et al., 2008). For commonly used laboratory yeast 

strains, glutamine and ammonium are preferred nitrogen sources, whereas proline and urea 

are non-preferred, hence poor nitrogen sources. When grown in the presence of preferred 

nitrogen sources, yeast cells repress the expression of genes involved in uptake and 

metabolism of poor nitrogen-containing compounds. Upon nitrogen limitation or when poor 

nitrogen-containing compounds become the only nitrogen source, yeast cells derepress the 

genes required for the alternative nitrogen metabolism (Magasanik & Kaiser, 2002).

The ability for the yeast cells to adjust transcriptional profiles in response to different 

sources of nitrogen depends on the nitrogen discrimination pathway (NDP), which controls 
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the expression of more than 90 NDP genes (Magasanik & Kaiser, 2002). A key 

transcriptional activator involved in the process is Gln3, a GATA family zinc-finger 

transcription factor. In cells grown in the presence of glutamine or ammonium, Gln3 is 

sequestered in the cytoplasm through association with Ure2. When cells encounter nitrogen 

limitation or being downshifted to poor nitrogen medium, Gln3 dissociates from Ure2 and 

translocates into the nucleus, where it activates the expression of NDP genes. Previous 

studies have shown that phosphorylation of Gln3 plays an important role in its association 

with Ure2 and nuclear translocation (Cooper, 2002). Shifting cells from good nitrogen 

sources to nitrogen-free condition triggers rapid dephosphorylation of Gln3 (Bertram et al., 
2002, Yan et al., 2012a), which accompanies its dissociation from Ure2 and nuclear entry 

(Bertram et al., 2000, Cardenas et al., 1999). However, the dephosphorylation is not 

observed when cells are switched from preferred nitrogen to poor nitrogen medium, despite 

the fact that the downshift in nitrogen quality induces nuclear entry of Gln3 (Cox et al., 
2004a).

A key factor involved in controlling Gln3 activity is target of rapamycin complex 1 

(TORC1). TORC1 is a multi-protein complex that contains the Tor1 or Tor2 kinase as 

alternative catalytic subunit and three other proteins, including Kog1, Lst8 and Tco89. Kog1 

serves as the regulatory subunit that defines the substrate specificity of the Tor kinases. 

Rapamycin, in complex with FKBP12, binds specifically to the Tor kinases within TORC1 

and blocks its signaling activity (Wei & Zheng, 2011, Wullschleger et al., 2006). Treating 

yeast cells grown in good nitrogen with rapamycin causes Gln3 dephosphorylation and 

consequently its nuclear translocation and activation (Beck & Hall, 1999, Bertram et al., 
2000, Cardenas et al., 1999). The drug-induced Gln3 dephosphorylation requires the Sit4 

phosphatase, a unique form of type 2A protein phosphatase. Sit4 and other type 2A-like 

phosphatases exist in complex with Tap42, which serves as a regulatory subunit to control 

their activity and localization. The Tap42-phosphatase complexes are associated with 

TORC1 in an inactive state under normal growth condition but are released and activated in 

response to adverse conditions, including cell wall damage, heat, nitrogen starvation, and 

rapamycin treatment (Duvel & Broach, 2004, Yan et al., 2006, Yan et al., 2012a). In Tap42 

deficient cells, the drug or nitrogen starvation-induced depression of NDP genes is 

compromised, which has led to the suggestion that signals for nitrogen conditions are 

transmitted through TORC1 and Tap42-associated phosphatases to regulate Gln3 and GDP 

gene expression (Duvel et al., 2003, Shamji et al., 2000). However, the roles of TORC1 and 

the phosphatases in nitrogen signaling remain unclear. Evidence exists indicating that 

nitrogen conditions can affect Gln3 localization independent of TORC1 and Tap42-

associated phosphatases (Cox et al., 2004a, Cox et al., 2004b).

In this study, using temperature sensitive mutants of TOR2 and TAP42, we examined the 

roles of TORC1 and Tap42 in controlling Gln3 activation in response to changes in nitrogen 

conditions. Our findings show that TORC1 and Tap42 are directly involved in sensing 

nitrogen conditions.
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Results

Tap42 is dispensable for nuclear entry of Gln3 in response to nitrogen downshift

To determine the role of Tap42-associated phosphatases in nitrogen signaling, we examined 

Gln3 nuclear translocation in response to changes in nitrogen conditions in Tap42 deficient 

cells. We selected a temperature sensitive mutant of tap42 (tap42-119) for the analysis. We 

have previously shown that elevated temperature is able to trigger release and activation of 

Tap42-associated phosphatases from TORC1 in wild type cells. When nitrogen is available, 

the release and activation are transient. Tap42 and the phosphatases re-associate with 

TORC1 in less than 2 hr and the cells regain responsiveness to other adverse conditions, 

including rapamycin treatment and nitrogen limitation (Yan et al., 2012a). Utilizing this 

feature, we examined the nuclear translocation of Gln3 in response to changes in nitrogen 

conditions after inactivating Tap42 by shifting the tap42 mutant cells to the nonpermissive 

temperature (37°C) for 2 hr. In wild type cells grown at 23°C in glutamine medium, Gln3 

was mainly cytosolic and only a small fraction of cells contained nuclear localized Gln3 

(Fig. 1A, left panel). A similar distribution of Gln3 was observed after the cells were shifted 

to 37°C for 2 hr (Fig. 1A and Supplemental Fig. 1A). When the cells were shifted to 

nitrogen-free medium, a large portion of cells had Gln3 accumulated in the nucleus and the 

growth temperature had no obvious effects on the distribution (Fig. 1A, left panel). The 

distribution patterns of Gln3 in tap42 mutant cells grown at the permissive temperature 

(23°C) were similar to those of wild type cells in either glutamine or after being shifted to 

nitrogen-free medium. However, after incubation of the mutant cells at 37°C for 2 hr, the 

nitrogen limitation-induced nuclear entry of Gln3 was largely blocked (Fig. 1A, right panel 

and Supplemental Fig. 1A). Consistent with the lack of nuclear accumulation of Gln3, the 

nitrogen limitation-induced expression of GLN1, a transcriptional target of Gln3, was 

impaired in the mutant cells grown at the nonpermissive temperature (Supplemental Fig. 

2A).

It has been previously shown that downshift in nitrogen quality causes nuclear entry of Gln3 

(Cox et al., 2002). Consistent with the finding, we found that when wild type cells grown at 

either 23 or 37°C were shifted from glutamine medium to proline medium, Gln3 was 

concentrated in the nuclei of the majority of the cells (Fig. 1B, left panel and Supplemental 

Fig. 1A). The downshift in nitrogen quality also induced nuclear entry of Gln3 in tap42 
mutant cells grown at 23°C as well as at 37°C (Fig. 1B, right panel and Supplemental Fig. 

1A). In line with the finding, we found that the nitrogen downshift was able to induce 

expression of GLN1 in the tap42 mutant cells grown at the nonpermissive temperature 

(Supplemental Fig. 2B). These observations show that inactivation of Tap42 does not block 

the effect of nitrogen downshift on Gln3, indicating that Tap42 is not involved in sensing 

changes in nitrogen quality.

When wild type and tap42 mutant cells were grown in proline medium, a large portion of the 

cells contained nuclear Gln3. Shifting the cells to nitrogen-free condition did not 

significantly affect the nuclear distribution of Gln3 (Fig. 1C).
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TORC1 is required for nuclear entry of Gln3 in response to changes in nitrogen conditions

To determine the role of TORC1 in sensing changes in nitrogen conditions, we utilized a 

temperature sensitive mutant allele of TOR2, tor2-219. This mutant allele is temperature 

sensitive for growth in the both TOR1 wild type (TOR1 tor2-219) and tor1 deletion (tor1 
tor2-219) backgrounds, indicating that the allele is defective for both TORC1 and TORC2 

function. In the tor2-219 single mutant cells, because of the presence of wild type TOR1, 

TORC1 is expected to remain functional after the cells are shifted to the nonpermissive 

temperature. This mutant thus serves as a positive control for TORC1 activity. In addition, 

since the single and double mutants are both temperature sensitive for growth, the single 

mutant serves as an appropriate control for the double mutant, allowing us to rule out 

potential complications that may result from growth cessation-induced by the elevated 

temperature. When the tor2-219 single mutant cells were grown at 23 or 37°C in glutamine 

medium, only a small fraction of cells contained nuclear Gln3. Shifting the cells to nitrogen-

free medium caused nuclear accumulation of Gln3 (Fig. 2A, left panel and Supplemental 

Fig. 1B). The distribution of Gln3 in tor1 tor2-219 double mutant cells grown in glutamine 

medium was similar to that of the tor2-219 single mutant cells at both 23 and 37°C (Fig. 2A, 

right panel). At the permissive temperature (23°C), shifting the double mutant cells from 

glutamine medium to nitrogen-free medium caused nuclear entry of Gln3. However, after 

the cells were pre-incubated at 37°C for 2 hr, which inactivated the Tor2 mutant protein, the 

same change in nitrogen condition failed to induce Gln3 nuclear entry (Fig. 2A, right panel 

and Supplemental Fig. 1B). Inactivation of the Tor2 mutant protein also blocked the nitrogen 

limitation-induced expression of GLN1 (Supplemental Fig. 3A). Because the tor2-219 single 

but not the tor1 tor2-219 double mutant contains wild type TOR1, it is expected that TORC1 

remained functional in the single but not in double mutant cells when the Tor2 mutant 

protein was inactivated at 37°C. These findings thus indicate that a functional TORC1 is 

required for nitrogen limitation-induced Gln3 response.

Shifting tor2-219 single mutant cells (TOR1 tor2-219) grown at 23 or 37°C from glutamine 

medium to proline medium induced nuclear entry of Gln3 (Fig. 2B, left panel). The 

downshift caused similar effect on Gln3 in tor1 tor2-119 double mutant cells grown at 23°C. 

However, pre-incubating the double mutant cells at 37°C for 2 hr abolished the effect of the 

downshift on Gln3 (Fig. 2B, right panel and Supplemental Fig. 1B), suggesting that TORC1 

is required for nitrogen downshift-induced nuclear entry of Gln3. Consistent with the 

finding, the elevated temperature also blocked nitrogen downshift-induced GLN1 expression 

(Supplemental Fig. 3B).

When the tor2-219 single and tor1 tor2-219 double mutant cells were grown in proline 

medium, a large fraction of cells contained nuclear Gln3 and shifting the cells to nitrogen-

free medium did not cause significant changes in the portion of cells containing nuclear 

Gln3 (Fig. 2C).

Both TORC1 and Tap42 are required for rapamycin-induced nuclear localization of Gln3

When wild type cells were grown in glutamine medium at either 23 or 37°C, rapamycin 

treatment induced nuclear entry of Gln3 (Fig. 3A). The drug also caused nuclear entry of 

Gln3 when tap42 mutant cells were grown at 23°C. However, it failed to do so after the 
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mutant cells were pre-incubated at 37°C for 2 hr (Fig. 3B and Supplemental Fig. 1C). 

Similarly, when tor2-219 mutant cells were grown in glutamine medium at either 23 or 

37°C, rapamycin caused Gln3 to concentrate in the nucleus (Fig. 3C). When tor1 tor2-219 
double mutant cells were grown at 23°C, the drug was able to trigger nuclear entry of Gln3. 

Pre-incubating the cells at 37°C for 2 hr abolished the effect of the drug on Gln3 (Fig. 3D 

and Supplemental Fig. 1C). Consistent with the effect of the drug on Gln3, the drug-induced 

expression of GLN1 was blocked in tap42 and tor1 tor2-219 double mutant cells grown at 

the nonpermissive temperature (Supplemental Fig. 4). These observations demonstrate that 

inactivation of Tap42 or TORC1 blocks rapamycin-induced nuclear entry of Gln3, which 

correlated with the impaired expression of GLN1, indicating that when cells are grown in 

good nitrogen medium, both Tap42 and TORC1 are required for the drug-induced effect on 

Gln3.

Collectively, the above findings demonstrate that TORC1 and Tap42 have differentiated 

roles in nitrogen signaling. While the former is involved in response to both nitrogen 

limitation and downshift, the latter is only required for nitrogen limitation-induced response.

Proline prevents rapamycin-induced the release of Tap42 from TORC1

Tap42-associated phosphatases are in complex with TORC1 under normal growth condition 

but are released and activated when cells are exposed to adverse conditions (Yan et al., 
2012a). Previous studies have shown that Tap42-associated Sit4 phosphatase mediates Gln3 

dephosphorylation in response to rapamycin treatment (Beck & Hall, 1999, Jacinto et al., 
2001). Consistent with the observation, we found that when cells were shifted from 

glutamine to nitrogen-free medium, Tap42 was released from TORC1, as indicated by the 

dissociation of Tap42 from Kog1, the unique component of TORC1, in co-

immunoprecipitation assays. The release was accompanied by Gln3 dephosphorylation (Fig. 

4A). In contrast, the release was not observed when cells were shifted from glutamine to 

proline medium. Correlatively, Gln3 was not dephosphorylated (Fig. 4B). This observation 

is consistent with the nonessential role of Tap42 for Gln3 nuclear entry in the process (Fig.

1B). When cells were shifted from proline medium to nitrogen-free medium, Tap42 

remained associated with TORC1 and Gln3 dephosphorylation did not take place (Fig. 4C). 

Surprisingly, the presence of proline also prevented the dissociation of Tap42 from TORC1 

and Gln3 dephosphorylation caused by rapamycin treatment (Fig. 4C). The effect of proline 

took place rapidly. After shifting cells to proline medium for 10 min, Tap42 as well as Gln3 

phosphorylation became unresponsive to the drug treatment (Fig. 4D). Consistent with the 

response of Tap42 to proline, we found that cells were more resistant to rapamycin when 

grown in proline medium than in glutamine medium (Fig. 4E). These observations suggest 

that growing in poor nitrogen medium changes the response of cells to rapamycin treatment.

Proline does not affect stress-induced Rho1 activation

We have previously shown that release of Tap42 and its associated phosphatases from 

TORC1 is controlled by Rho1 GTPase, which upon activation, binds to TORC1 and causes 

the release (Yan et al., 2012a, Yan et al., 2012b). The lack of the Tap42 response to 

rapamycin can be thus explained if Rho1 fails to be activated in cells grown in proline 

medium. We thus examined stress-induced Rho1 activation in cells grown in proline medium 
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using Rho1-dependent phosphorylation of Mpk1, a mitogen-activated protein kinase 

(MAPK) in yeast cells (Levin, 2005), as a surrogate marker. We found that in cells grown in 

proline medium Rho1 was activated normally in response to rapamycin treatment (Fig. 5A) 

and to nitrogen limitation (Fig. 5B). These findings suggest that proline does not control 

TORC1 through stress-induced Rho1 activation.

Npr1 prevents release of Tap42 from TORC1 in proline medium

The quick effect of proline on rapamycin-induced Tap42 release suggests that proline 

controls TORC1/Tap42 directly through activating a signaling event rather than indirectly 

through altering intracellular nitrogen conditions. To determine the underlying mechanism, 

we used deletion mutants and examined the role of several nutrient-related kinases, 

including Vps34, Gcn2, Yck1/2, and Npr1, in rapamycin-induced Tap42 release in cells 

grown in proline medium. This analysis identified Npr1 that prevented the release in proline 

medium (Fig. 6). Npr1, a serine/threonine kinase, is a key factor involved in controlling 

cell’s response to changes in nitrogen conditions (Crespo et al., 2004, De Craene et al., 
2001, Tate et al., 2006, Vandenbol et al., 1990). We found that when cells were grown in 

glutamine medium, rapamycin caused dissociation of Tap42 from TORC1 in both wild type 

and npr1 deletion cells (Fig. 6A). However, when cells were grown in proline medium, the 

drug failed to dissociate Tap42 from TORC1 in wild type cells, but was still capable of 

doing so in npr1 deletion cells (Fig. 6B). This observation demonstrates that Npr1 prevents 

the rapamycin-induced release of Tap42 from TORC1 in proline medium. To further 

determine the role of Npr1 in regulation of TORC1/Tap42, we examined the release of 

Tap42 in npr1 deletion cells in response to changes in nitrogen conditions. When wild type 

and npr1 deletion cells grown in glutamine medium were shifted to nitrogen-free medium, 

Tap42 was released from TORC1 (Fig. 6C). However, when cells grown in proline medium 

were shifted to nitrogen-free medium, Tap42 released was blocked in wild type cells but not 

in npr1 deletion cells. This observation demonstrates that Npr1 prevents the release of Tap42 

from TORC1 in proline medium, implying that Npr1 is able to modify TORC1 or Tap42 in 

response to proline.

Npr1 inhibits TORC1 in response to nitrogen downshift

Npr1 kinase has been known as a downstream effector of TORC1 in nutrient signaling 

(MacGurn et al., 2011). However, the above findings suggest a role for the kinase upstream 

of TORC1 in response to changes in nitrogen conditions. To determine how Npr1 affects 

TORC1 activity, we assayed TORC1 signaling activity in npr1 deletion cells using TORC1-

dependent phosphorylation of Sch9, a common surrogate marker for TORC1 activity in 

yeast cells (Urban et al., 2007). We found that when grown in glutamine medium, the npr1 
deletion cells exhibited a higher TORC1 signaling activity than their wild type counterparts 

as indicated by the increased TORC1-dependent phosphorylation of Sch9 (Fig. 7A). Upon 

shifting to proline medium, the TORC1-dependent phosphorylation in wild type cells 

decreased over time to a level similar to that induced by rapamycin treatment (Fig. 7B). 

However, in npr1 deletion cells, TORC1-dependent phosphorylation of Sch9 remained 

unchanged after the cells were shifted to proline medium. These observations suggest that 

Npr1 is responsible for downregulating TORC1 activity when cells are shifted from good 

nitrogen to poor nitrogen sources.
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Discussion

Inactivation of Tap42 has been shown to block the effect of rapamycin on expression of 

genes involved in stress response as well as the nitrogen discrimination pathway (Duvel et 
al., 2003, Shamji et al., 2000). The role of Tap42 in the drug-induced gene expression has 

led to the notion that Tap42 and its associated phosphatases relay the activity of TORC1 for 

controlling stress response and nitrogen discrimination (Duvel & Broach, 2004). Consistent 

with the view, rapamycin treatment has been shown to cause release of Tap42-associated 

phosphatases from TORC1 and consequently, their activation (Yan et al., 2006, Yan et al., 
2012a). However, our present study reveals that while Tap42 is required for the nuclear entry 

of Gln3 in response to nitrogen limitation, it is dispensable for the process in response to 

nitrogen downshift (Fig. 1 and Supplemental Fig. 1A), and hence does not play a role in the 

nitrogen discrimination pathway. In support of this notion, we find that Tap42 remains 

associated with TORC1 and that Gln3 is not dephosphorylated when yeast cells are 

downshifted from good nitrogen to poor nitrogen condition (Fig. 4). Our findings thus 

demonstrate that TORC1 and the Tap42-associated phosphatases have differentiated roles in 

cell’s response to changes in nitrogen conditions. While TORC1 is required for both 

nitrogen limitation and discrimination, the phosphatases are essential only for limitation 

response.

TORC1 signaling activity has been known to control expression of genes involved in stress 

response and the nitrogen discrimination pathway (Cardenas et al., 1999, Hardwick et al., 
1999). However, its role in nitrogen signaling remains unclear. It has been suggested that 

TORC1 does not play a direct role in nitrogen sensing but acts in parallel to nitrogen signals 

to control nuclear entry of Gln3 (Zaman et al., 2008). It was found that while both 

rapamycin treatment and nitrogen downshift trigger Gln3 nuclear entry, the former but not 

the latter condition was accompanied by Gln3 dephosphorylation (Cox et al., 2004a, Tate & 

Cooper, 2007). The absence of Gln3 dephosphorylation indicates that Tap42-associated 

phosphatases are not activated during nitrogen downshift, which has led to the suggestion 

that TORC1 does not play a role in the process (Zaman et al., 2008). This notion is largely 

based on the assumption that activation of Tap42-associated phosphatases is an inevitable 

consequence of TORC1 inactivation, a concept deduced from analysis of the effects of 

rapamycin, which inhibits TORC1 and causes activation of the Tap42-associated 

phosphatases concurrently (Duvel et al., 2003, Shamji et al., 2000). However, in a previous 

study we found that activation of Tap42-associated phosphatases is indirectly regulated by 

TORC1 and can be uncoupled from TORC1 inactivation (Yan et al., 2012a, Yan et al., 
2012b), which raises the possibility that alterations in TORC1 activity may not be always 

accompanied by activation of the phosphatases. Consistent with the view, the present study 

shows that TORC1 is required for the nuclear entry of Gln3 in response to nitrogen 

downshift, whereas, Tap42 is not.

How does TORC1 sense changes in nitrogen condition? Our findings indicate that Npr1 

kinase is a key mediator in the process. The kinase is known for its role in controlling 

turnover of amino acid permeases in response to changes in nitrogen and amino acid 

conditions (De Craene et al., 2001, Schmidt et al., 1998, Vandenbol et al., 1990). While 

previous studies have shown that the kinase acts as a downstream effector of TORC1 
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(MacGurn et al., 2011, Schmidt et al., 1998), our findings unveil a role for the kinase 

upstream of TORC1 in sensing changes in nitrogen conditions. Because TORC1 exhibits a 

higher signaling activity in Npr1 deficient cells, it is expected that Npr1 acts as a negative 

regulator of TORC1. The observation that TORC1 signaling activity decreases in wild type 

but not npr1 deletion cells when the cells are shifted from glutamine to proline medium 

further suggests that the kinase is responsible for reducing TORC1 activity in response to 

downshift in nitrogen quality. The Npr1-mediated reduction in TORC1 is thus likely an 

important mechanism for the cells to accommodate poor quality of nitrogen source.

It remains unclear how Npr1 is able to regulate TORC1 activity and prevents the release of 

Tap42-associated phosphatases from TORC1. One possibility is that Npr1 directly 

phosphorylates a component of TORC1, leading to inhibition of TORC1 activity. 

Alternatively, Npr1, as a key regulator endocytosis of permeases, may regulate TORC1 

indirectly through altering the endocytic pathway, which in turn changes TORC1 

localization and/or activity. Further studies are needed to determine the molecular details 

underlying the Npr1-dependent regulation of TORC1. In addition, analysis of gene 

expression and metabolic profiles in Npr1 deficient cells will allow us to address the 

biological significance for preventing Tap42-associated phosphatases from activation during 

nitrogen downshift.

In summary, the present study identifies Npr1 as an upstream regulator of TORC1 and 

uncovers a novel mechanism that controls TORC1 activity in response to changes in 

nitrogen quality. This study paves a way for further elucidating the mechanism whereby 

eukaryotic cells sense and respond to changes in nitrogen conditions.

Experimental procedures

Strains, plasmids and culture media

Yeast strains used in this study are listed in Table 1 and plasmids in Table 2. Standard YP 

(1% yeast extract and 2% peptone) and synthetic complete (SC) dropout media were used 

for normal yeast cell propagation. All media contain 2% glucose as the carbon source. 

Plasmid pTS130 (Ycplac33-SCH9-HA3) was a gift from Michael Hall (Urban et al., 2007). 

Plasmid p718 contains a 13× myc epitope tagged at 3′ end of GLN3 that was generated in a 

previous study (Zheng & Jiang, 2005). Plasmid p948 contains a 5′ end truncated KOG1 
tagged with triple HA epitope sequences at the end of the gene that has been described 

before (Yan et al., 2012a). The plasmid was linearized by digestion with BglII for integration 

of the HA-tagged KOG1 gene into yeast cells at the KOG1 locus.

Antibodies and reagents

Rabbit polyclonal Tap42 antibody was described before (Jiang & Broach, 1999). Anti-Myc 

(9E10) (#M4439) and HA (12CA5) (#11666606001) epitope antibodies were purchased 

from Sigma. Anti-phospho-MAPK antibody (#9101) was obtained from Cell Signaling 

Technology. Rapamycin was acquired from LC laboratories (Woburn, MA) and used at a 

concentration of 100 ng / ml.
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Nitrogen limitation and downshift treatments

Nitrogen-free medium contains 0.17% yeast nitrogen base, 2% glucose and appropriate 

amino acids for required auxotrophic supplements. Glutamine or proline was added to the 

medium at final concentration of 0.1% to make glutamine or proline medium. For nitrogen 

limitation and downshift treatments, yeast cells were grown in glutamine medium to early-

log phase (~0.5×107cell/ml), collected by filtration, and immediately transferred to nitrogen-

free or proline medium at the same density as the original culture.

Immunofluorescent microscopy

Yeast cells expressing GLN3-myc13 were grown in glutamine or proline medium at 23 or 

37°C to early log phase. Cells were shifted to media with different nitrogen conditions. 

Aliquots of cultures were collected at various time points after the shift and fixed directly in 

culture medium with 3.7% formaldehyde. After incubation at room temperature for 30 min, 

cells were transferred to phosphate saline buffer (pH 7.4) containing 3.7% formaldehyde and 

incubated for additional 30 min. Fixed cells were then prepared for immunofluorescence 

staining as previously described (Pringle et al., 1991). Anti-myc (9E10) antibody and Alexa 

488-conjugated goat anti‐mouse antibody (Molecular Probes) were used, respectively, as 

primary and secondary antibodies. Nuclei were stained with DAPI (4′,6‐diamidino‐2‐
phenylindole dihydrochloride) prior to mounting. Fluorescent samples were visualized using 

Olympus FluoView™ FV1000 confocal microscope. For each condition, ~300 cells from 

three independent experiments were counted and analyzed for Gln3 localization. Cells were 

randomly selected from at least five different fields for the analysis. Data shown are 

percentages of cells with nuclear staining of Gln3-myc and expressed as mean ± SD. 

Comparison analyses between different time-points were done using Student’s t-test. A P-

value < 0.05 is considered statistically significant.

Co-immunoprecipitation assay

Yeast cells expressing HA-tagged KOG1 were grown overnight at 30°C in glutamine 

medium to mid-log phase and transferred to either nitrogen-free or proline medium. At the 

indicated time points after the transfer, an aliquot of cells (5×108) was transferred to a 

centrifuge tube filled with ice and collected by centrifugation at 500 g for 5 min. Cells were 

resuspended in lysis buffer containing 50 mM Tris-Cl, pH7.4, 150 mM NaCl, 1 mM EDTA, 

1mM PMSF, 1.5 × protease inhibitor cocktail (Roche Diagnostics) and lysed by vortexing 

with glass beads. Triton X-100 was then added to cell extracts to a final concentration of 1 % 

followed by incubation on ice for 15 min. Cell lysates were centrifuged at 10,000 g for 10 

min to remove insoluble cell debris. Clarified cell lysates were then used for 

immunoprecipitation with anti-Tap42 antibody as described before (Yan et al., 2012a). The 

presence of Tap42 and HA-tagged Kog1 in the precipitates was examined by western 

blotting using anti-HA antibody.

Assay for C-terminal phosphorylation of Sch9

TORC1-dependent Sch9 phosphorylation was analyzed as described previously (Urban et 
al., 2007). Briefly, an aliquot of cell culture containing 2× 107 cells was directly mixed with 

trichloroacetic acid (final concentration 6%) followed by incubation on ice for 5 min. Cells 
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were collected by centrifugation, washed twice with cold acetone, and dried. Cells were 

lysed with glass beads in 100 μl of lysis buffer containing 50 mM Tris-HCl, pH 7.5, 5 mM 

EDTA, 6 M urea, 1% SDS, 1 mM PMSF, and 0.5× phosphatase inhibitor cocktail followed 

by incubation at 65°C for 10 min. After adjusting pH to 9.0 with 30 μl of 0.5 M CHES (pH 

10.5), lysates were treated with 2.5 mM of 2-nitro-5-thiocyanatobenzoic acid overnight at 

room temperature. The treated lysates were boiled for 5 min after addition of 1 vol of 2 × 

SDS sample buffer. Sch9-HA in the lysates was detected by western blotting using anti-HA 

antibody.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tap42 is not required for nuclear entry of Gln3 in response to nitrogen downshift
Wild type (Y339) and tap42-119 mutant (Y351) expressing GLN3-myc were grown at 23°C 

to early log phase in glutamine (Gln) or proline (Pro) medium. The cultures were divided 

and incubated for two additional hours with one half at 37°C and the other half at 23°C. A. 

Cells were transferred from glutamine (Gln) to nitrogen-free (NF) medium. B. Cells were 

transferred from glutamine (Gln) to proline (Pro) medium. C. Cells were transferred from 

proline to nitrogen-free medium. Cells were collected before (time 0), 30 and 60 min after 

the transfer. Localization of Gln3-myc in the cells was examined by confocal microscopy. 
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The experiment was repeated three times. Percentages of cells with nuclear staining of Gln3-

myc are expressed as mean ± SD.
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Figure 2. TORC1 is required for nuclear entry of Gln3 in response to nitrogen limitation and 
downshift
The tor2-219 (Y511) and tor1 tor2-102 mutant (Y442) cells expressing GLN3-myc were 

grown at 23°C to early log phase in glutamine (Gln) or proline (Pro) medium. The cultures 

were divided and incubated for two additional hours with one half at 37°C and the other half 

at 23°C. A. Cells were transferred from glutamine (Gln) to nitrogen-free (NF) medium. B. 

Cells were transferred from glutamine (Gln) to proline (Pro) medium. C. Cells were 

transferred from proline to nitrogen-free medium. Cells were collected before (time 0), 30 

and 60 min after the shift. Localization of Gln3-myc in the cells was examined by confocal 
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microscopy. The experiment was repeated three times. Percentages of cells with nuclear 

staining of Gln3-myc expressed as mean ± SD are shown.
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Figure 3. Both Tap42 and TORC1 are required for nuclear entry of Gln3 in response to 
rapamycin treatment
Cells expressing GLN3-myc were grown at 23°C to early log phase in glutamine (Gln) or 

proline (Pro) medium. The cultures were divided, with one half shifted to 37°C and the other 

half remained at 23°C. Upon incubation for additional 2 hr, cells were treated with 

rapamycin and collected before (time 0), 30 and 60 min after addition of the drug. 

Localization of Gln3-myc in the cells was examined by confocal microscopy. The 

experiment was repeated three times. Percentages of cells with nuclear staining of Gln3-myc 

expressed as mean ± SD are shown. A. Wild type (Y339), B. tap42-119 mutant (Y351), C. 

TOR1 tor2-219 (Y511), and D. tor1 tor2-219 mutant (Y442).
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Figure 4. Proline prevents rapamycin-induced release of Tap42 from TORC1
Cells expressing KOG1-HA (Y1032) and GLN3-myc grown in glutamine medium (Gln) 

were treated with rapamycin for 30 min (Rap +), transferred to nitrogen-free (NF) (A) or 

proline (Pro) medium (B) for indicated times. C. Cells grown in proline medium were 

treated with rapamycin for 30 min (Rap +) or transferred to nitrogen-free (NF) medium. 

Cells treated with rapamycin in glutamine medium were included as a control (Gln Rap+). 

D. Cells grown in glutamine medium were treated with rapamycin (+) or drug vehicle 

control (−) for 30 min or shifted to proline medium for 10 min before being treated with 

rapamycin or vehicle control for 30 min. Gln3-myc phosphorylation states in the cells were 

assayed by western blotting and the association of Tap42 with Kog1-HA by 

immunoprecipitation with anti-Tap42 antibody. The expression levels of Tap42 and Kog1-

HA in the cells were examined by western blotting and shown in Supplemental Figure 5. E. 

Cultures of mid-log phase wild type (Y661) and rapamycin resistant TOR2S1975R mutant 

(Y032) cells were subjected to a series of 10 × fold dilution and spotted on plates containing 

glutamine (Gln) or proline (Pro) medium with 100 ng / ml of rapamycin (Rap) or drug 
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vehicle control (ctrl). The plates were imaged after incubation at 30°C for 48 hr. The 

experiments were repeated three times and representative data are shown. * marks IgG heave 

chain of the Tap42 antibody used in the immunoprecipitation.
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Figure 5. Rapamycin induces normal Mpk1 phosphorylation in proline medium
Wild type cells (Y1032) grown in glutamine (Gln) or proline (Pro) medium were treated 

with rapamycin (A) or transferred to nitrogen-free (NF) medium (B) for indicated times. The 

phosphorylation states of Mpk1 in the treated cells were examined using anti-phospho-

MAPK antibody. The levels of Tpd3 were used as loading controls. The experiments were 

repeated three times and representative data are shown.
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Figure 6. Npr1 prevents the release of Tap42 from TORC1 in cells grown in proline medium
Wild type (Y1032) and npr1 deletion (Y1709) cells expressing KOG1-HA grown in 

glutamine (A) or proline medium (B) were treated with rapamycin (Rap +) or drug vehicle 

control (Rap −) for 30 min. The same pair of cells grown in glutamine (C) or proline 

medium (D) were transferred to nitrogen–free (NF) medium for 30 min. The association of 

Tap42 with Kog1-HA in the cells was examined by immunoprecipitation with anti-Tap42 

antibody. The expression levels of Tap42 and Kog1-HA in the cells were examined by 

western blotting and shown in Supplemental Figure 6. The experiments were repeated three 

times and representative data are shown.
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Figure 7. Npr1 inhibits TORC1 activity
A. Wild type (Y661) and npr1 deletion (Y238) cells expressing SCH9-HA were grown in 

glutamine medium and TORC1-dependent phosphorylation of Sch9-HA was assayed by 

western blotting. B. Cells were shifted from glutamine to proline medium and aliquots of 

cells were collected before (time 0) and at indicated times after the shift. At the end of 2 hr 

incubation, the remaining cells were treated with rapamycin for 30 min (Rap). 

Phosphorylation of Sch9-HA in the cells was assayed by western blotting. The experiments 

were repeated three times and representative data are shown.
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Table I

Yeast strains used in this study.

Strains Genotype* Reference Figures

Y032 MATa ura3 leu2 his3 ade2 trp1 can1 tor2::HIS [pYcp50 (CEN URA3)-
TOR2S1975R]

Lab stock 4E

Y238 MATa ura3 leu2 his3 ade2 trp1 can1 npr1::HIS3 Lab stock 7A, 7B

Y339 MATa ura3 leu2 his3 ade2 trp1 can1 tap42::HIS3 [pRS314(CEN TRP1)-
TAP42]

Lab stock Fig. 1A, 1B, 1C, 3A

Y351 MATa ura3 leu2 his3 ade2 trp1 can1 tap42::HIS3 [pRS314(CEN TRP1)-
tap42-119]

(Yan et al., 2012a) 1D, 1E, 1F, 3B

Y452 MATa ura3 leu2 his3 ade2 trp1 can1 tor1::HIS3 tor2::LEU2 [pRS314(CEN 
TRP1)-tor2-219]

Lab stock 2D, 2E, 2F, 3D

Y511 MATα ura3 leu2 his3 ade2 trp1 can1 tor2::LEU2 [pRS314(CEN TRP1)-
tor2-219]

Lab stock 2A, 2B, 2C, 3C

Y661 MATa ura3 leu2 his3 ade2 trp1 can1 Lab stock 4E, 7A, 7B

Y1032 MATα ura3 leu2 his3 ade2 trp1 can1 kog1::KOG1-HA3 (Yan et al., 2012a) 4A, 4B, 4C, 4D, 5A, 5B, 6A, 
6B, 6C, 6D

Y1709 MATa ura3 leu2 his3 ade2 trp1 can1 npr1::HIS3 kog1::KOG1-HA3:URA3 This study 6A, 6B, 6C, 6D,

*
All strains are derivatives of W303 background.
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Table II

Plasmids used in this study

Plasmids Descriptions Reference

p718 GLN3-myc13 in pRS416 (CEN URA3) (Zheng & Jiang, 2005)

p948 kog1-HA3 in pRS406 (URA3) (Yan et al., 2012a)

pTS130 SCH9-HA3 in Ycplac33 (CEN URA3) (Urban et al., 2007)
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