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SUMMARY Nitrogen is one of the most important essential nutrient sources for
biogenic activities. Regulation of nitrogen metabolism in microorganisms is compli-
cated and elaborate. For this review, the yeast Saccharomyces cerevisiae was chosen
to demonstrate the regulatory mechanism of nitrogen metabolism because of its rel-
ative clear genetic background. Current opinions on the regulation processes of ni-
trogen metabolism in S. cerevisiae, including nitrogen sensing, transport, and catabo-
lism, are systematically reviewed. Two major upstream signaling pathways, the Ssy1-
Ptr3-Ssy5 sensor system and the target of rapamycin pathway, which are responsible
for sensing extracellular and intracellular nitrogen, respectively, are discussed. The
ubiquitination of nitrogen transporters, which is the most general and efficient means
for controlling nitrogen transport, is also summarized. The following metabolic step,
nitrogen catabolism, is demonstrated at two levels: the transcriptional regulation
process related to GATA transcriptional factors and the translational regulation pro-
cess related to the general amino acid control pathway. The interplay between ni-
trogen regulation and carbon regulation is also discussed. As a model system, un-
derstanding the meticulous process by which nitrogen metabolism is regulated
in S. cerevisiae not only could facilitate research on global regulation mecha-
nisms and yeast metabolic engineering but also could provide important insights
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and inspiration for future studies of other common microorganisms and higher
eukaryotic cells.

KEYWORDS Agp1, GAAC pathway, Gap1, NCR, nitrogen regulation, RTG pathway,
Saccharomyces cerevisiae, SPS sensor system, TOR pathway, ubiquitination

INTRODUCTION

o survive under different environmental conditions, microbial cells extensively

regulate DNA duplication, chromatin remodeling, transcription, translation, and
metabolism (1). Carbon metabolism and nitrogen metabolism are fundamental for
producing cellular components and supplying energy metabolism. Previous work has
extensively reported that the budding yeast Saccharomyces cerevisiae can preferentially
use different kinds of carbon sources. Glucose is generally easier to be utilized than
galactose, which is regarded as a nonfermentative carbon source, because it enters into
the glycolytic pathway more easily and generates a higher carbon flux for tricarboxylic
acid (TCA). The central metabolism pathway can then produce energy and metabolic
intermediates for the downstream biosynthetic pathways (2, 3). This process is termed
glucose repression. In the process of culture of S. cerevisiae, researchers also noticed
that the yeast could preferentially utilize different nitrogen sources, such as glutamine
and asparagine. During the process, these preferred sources could further repress the
utilization of nonpreferred ones. This process is termed nitrogen catabolite repression
(NCR) (4, 5). Accordingly, S. cerevisiae has evolved a series of mechanisms for adapting
to different environments, which enables it to use the proper metabolic pathways that
ensure optimal cell survival and proliferation.

Nitrogen sources are essential for life, and their metabolism is regulated precisely. In
industrial biotechnology processes, nitrogen sources play an essential role in the
production of various products, e.g., antibiotics (6-10), amino acids (11), and enzymes
(12). In addition, some hazardous nitrogen compounds that accumulate during the
production of fermented food, such as ethyl carbamate (EC) during alcoholic beverage
production (13-15) and soy sauce production (16-18), are also related to the prefer-
ential utilization of nitrogen sources. Therefore, nitrogen catabolism could also seri-
ously impact the quality of different fermented foods, such as Chinese rice wine (19)
and cheese (20). Since S. cerevisiae is the one of most investigated eukaryotic model
organisms, understanding the mechanisms of nitrogen catabolite repression in S.
cerevisiae could also provide useful clues for the investigation of nitrogen metabolism
in other similar eukaryotic microorganisms and even higher organisms (21).

In S. cerevisiae, nitrogenous materials for amino acid biosynthesis are mainly converted
from glutamate and glutamine. The amino nitrogen from glutamate and the amide group
from glutamine account for 85% and 15%, respectively, of the total cellular nitrogen (4, 22).
Meanwhile, glutamate and glutamine work with a-ketoglutarate to connect the TCA cycle
and nitrogen metabolism via NADPH-dependent glutamate dehydrogenase (GDH1) (23),
glutamine synthetase (GLN1) (24, 25), NADH-dependent glutamate synthase (GLT1) (26, 27),
and NAD*-linked glutamate dehydrogenase (GDH2) (26, 28). Nitrogen metabolism and its
regulation have been proven to be critical in the catabolism and anabolism of proteins,
amino acids, and other nitrogenous compounds; thus, they play a dominant role in general
metabolism.

Nitrogen metabolism regulation involves a set of interconnected processes, such as
the Ssy1-Ptr3-Ssy5 signaling sensor system (SPS sensor system) (29), the target of
rapamycin (TOR) regulatory pathway (30), NCR (31), the general amino acid control
(GAAQ) pathway (32, 33), and other related regulatory mechanisms. All of these
regulatory pathways comprise a complicated and sophisticated system for mediating
nitrogen flow originating from nitrogen sensing, including nitrogen transportation, to
nitrogen catabolism. Based on the sophisticated understanding of nitrogen regulation
in S. cerevisiae, more precise control can be performed during industrial biotechnology
processes to improve the efficiency of utilization of nitrogen sources and avoid the
accumulation of hazardous nitrogenous compounds in fermented foods. Moreover,
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details of nitrogen regulation in S. cerevisiae could also provide important clues and
inspiration for future studies of other common microorganisms and higher eukaryotic
cells (21).

REGULATION OF NITROGEN SENSING

Yeast cells grow with various nitrogen sources in different growth environments.
Therefore, the sensing of nitrogen sources is essential for cells to rewire cellular
metabolism for optimal growth and proliferation (34). Two major regulatory pathways
are responsible for the sensing of nitrogen sources in the environment: the SPS sensor
system and the TOR pathway. The SPS sensor system is responsible for sensing
extracellular amino acids, while the TOR pathway is mainly involved in sensing intra-
cellular amino acids.

External Amino Acid Sensing by the SPS Sensor System

In yeast, there is a series of transporter-like membrane proteins which are respon-
sible for sensing rather than transporting extracellular nutrients. For example, in S.
cerevisiae, Ssy1 shows high sequence similarity with other amino acid permeases
(AAPs), while it has no transport activity for any amino acid. Ssy1 has a long, cytoplas-
mically oriented amino-terminal (N-terminal) extension, which is significantly different
from that of other AAPs. The sensor function of Ssy1 is dependent on its unique
N-terminal region (35, 36). Ssy1 interacts physically with two other membrane proteins,
Ptr3 and Ssy5, through its N-terminal domain and forms the SPS sensor system (29, 30).
In yeast, the SPS sensor system is crucial for regulation of the expression of genes
involved in amino acid catabolism in response to extracellular amino acid conditions
(Fig. 1) (37). Mutations of Ssy1 could change its signaling conformation in the cytomem-
brane, which alters the binding affinity with amino acids, to form hyperresponsive or
hyporesponsive alleles (38, 39). However, details of the interactions between Ssy1 and
different substrates still need further studies, including sensing dynamics and protein
structure analysis.

There are two downstream effectors of SPS sensor system, Stp1 and Stp2 (Fig. 1)
(40). They have redundant and overlapping abilities to activate transcription by binding
to certain promoter regions of SPS sensor-regulated genes with coactivators, such as
the Cyc8/Tup1 and Uga35/Dal81 complexes (41, 42). Originally, there are inhibitory
domains in the N termini of both Stp1 and Stp2, which prevent them from migrating
into the nucleus to function as a transcriptional activator of relevant genes. Therefore,
the cleavage of N-terminal inhibitory domains is required before nuclear translocation
of Stp1 and Stp2 under certain amino acid conditions (40, 43, 44). The endoproteolytic
process induced by the SPS sensor system to remove negative domains of Stp1 and
Stp2, which is termed receptor-activated proteolysis (RAP), is dependent on one
component of the SPS sensor system, Ssy5 (45).

Ssy5 is an activating endoprotease, and it consists of a large N-terminal prodomain
and a carboxyl-terminal (C-terminal) chymotrypsin-like catalytic (Cat) domain. The
activation of Ssy5 is inhibited by its prodomain. The prodomain is spontaneously and
incompletely cleaved from the Cat domain after Ssy5 synthesis. However, these do-
mains remain associated with each other before the degradation of the prodomain. In
response to certain amino acid conditions, the prodomain of Ssy5 is degraded via three
steps. First, a conformational change of a conserved phosphodegron of the prodomain,
which consists of phosphoacceptor sites and ubiquitin (Ub)-accepting lysine residues,
is induced by extracellular amino acids. This conformational signal is transduced by Ptr3
to trigger the interaction of Ssy1 and the casein kinase (Yck1/2), which is constitutively
activated and localized on plasma membrane. This results in the hyperphosphorylation
of both Ptr3 and the prodomain of Ssy5, which is mediated by the phosphorylation of
the phosphodegron. Next, the prodomain is polyubiquitylated by the Skp1/Cullin/Grr1
E3 ubiquitin ligase complex (SCF&™) (46). Lastly, the polyubiquitylated prodomain is
degraded by the 26S proteasome (47). Under amino acid starvation conditions, Rst1, a
regulatory component of protein phosphatase type 2A (PP2A) triggers the dephos-
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FIG 1 Regulation of the SPS sensor system. The SPS sensor system is composed of three membrane proteins: Ssy1, Ptr3, and Ssy5. In
the system, Ssy1 senses and is stimulated by extracellular amino acids. The signal transduces via Ptr3 and promotes the interaction
between Ssy1 and Yck1/2. As a result, Ptr3 and the inhibitory prodomain of Ssy5 are hyperphosphorylated by Yck1/2. Next, the
phosphorylated prodomain of Ssy5 is further ubiquitylated with the help of SCFS', which, consequently, induces its degradation by
the 26S proteasome. The resulting cat domain of Ssy5 activates Stp1 and Stp2 by digesting their negative regulatory domains at their
N termini. Processed Stp1 and Stp2 translocate into the nucleus and activate their target genes by binding their promoters. Another
group of transcriptional activators, Uga35/Dal81, which are also activated by the SPS sensor system, facilitate the binding of Stp1 and
Stp2 to the promoters of related genes. However, the SPS sensor-dependent nuclear translocation of Stp1 and Stp2 is not strict. Low
levels of preprocessed Stp1 and Stp2 can still “leak” into the nucleus (dashed line) and activate SPS-regulated genes with the help of
Dal81. However, this pathway is blocked by the Asi protein.

phorylation of the prodomain to inhibit the activation of Ssy5 (48). PP2A is a major
effector of intracellular amino acid signaling sensed by the TOR pathway. The PP2A-
dependent negative regulation of Ssy5 indicates that intracellular amino acid signaling
is prior to extracellular signaling to regulate the metabolism of amino acids.

The Ssy5-dependent cleavage of the inhibitory N-terminal fragments of Stp1 and
Stp2 is highly dependent on the SPS sensor system, and it generates activated Stp1 and
Stp2. The activated Stp1 and Stp2 consist of only the DNA-binding and transactivation
domains, respectively. Both of them can be translocated into the nucleus (48). In
addition to Stp1 and Stp2, another Uga35/Dal81-dependent transcriptional circuit is
also activated by the SPS sensor system (42). Uga35/Dal81 facilitates the binding of the
processed Stp1 and Stp2 with the promoters of SPS-regulated genes to amplify their
transactivation effects. However, the translocation of Stp1 and Stp2 into the nucleus is
not absolutely dependent on the SPS sensor system. In fact, a small amount of
preprocessed Stp1 and Stp2 can still “leak” into the nucleus. They can also activate
SPS-regulated genes with the help of Dal81, while this function is abolished by Asi
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proteins (Asi1, Asi2, and Asi3), the integral components of the inner nuclear membrane
(49-51). Therefore, based on the identification of other components on the nuclear
membrane involved in the relocation of transcription factors into the nucleus, modifi-
cation of these components on the nuclear membrane could change the nuclear
translocation of transcription factors to being nitrogen insensitive. Stp1 and Stp2 have
different regulation and localization patterns, although they have redundant functions
(46, 52). The E2 ubiquitin-conjugating enzyme Cdc34 is required for the degradation of
both unprocessed and processed Stp1 but not for that of processed Stp2. In addition
to the cytoplasm, the unprocessed Stp1 also localizes to the cell periphery, whereas
unprocessed Stp2 does not (46).

Intracellular Nitrogen Sensing by the TOR Pathway

Tor proteins have been found in all eukaryotes, and they have conserved structures
and functions (53, 54). They have been proven to be essential for cells to rewire
metabolism for optimal growth in response to nutrient availability (53, 54). S. cerevisiae
possesses two TOR genes, which is different from the case for many other eukaryotes,
which usually have only one. The two TOR genes, TORT and TOR2, encode the basic
members of the phosphatidylinositol protein kinase family (also called phosphatidyl-
inositol 3'-kinase-related kinases [PIKKs]) (55). Some essential parts are conserved in all
Tor proteins. The first one is the HEAT (Huntingtin elongation factor 3, regulatory
subunit A of PP2A, TOR1) repeats, which contain approximately 20 HEAT motifs and
function to interact with other proteins (56). The second is the FAT (FRAP, ATM, TTRAP)
and FATC (FAT C-terminal) domains, which are conserved in PIKKs (57). The third is the
FRB (FKBP12-rapamycin-binding) domain, the binding loci of FK506-binding protein
(FKBP)-rapamycin (53). The last part is the kinase domain.

In S. cerevisiae, Tor1 and Tor2 can assemble with distinct subunits to build different
regulatory protein complexes, TOR complex 1 (TORC1) and TOR complex 2 (TORC2). In
detail, TORC1 consists of four components. The major one could be either Tor1 or Tor2,
which associates with the other three subunits, Kog1, Lst8, and Tco89. In contrast,
TORC2 is made up of Tor2, Lst8, Avol to -3, and Bit6. The different components of
TORC1 and TORC2 endow them with distinct characteristics (58-60). First, TORC1 takes
part in many cell processes, including nutrient sensing, uptake, metabolism, translation
initiation and ribosome biogenesis, mitochondrial function, and longevity pathways, as
well as autophagy (61, 62). In contrast, TORC2 is involved mainly in regulating cell wall
synthesis and the actin cytoskeleton to control the spatial bud growth of yeast (62). In
addition, TORC1 is sensitive to rapamycin, while TORC2 is not. Rapamycin can hijack the
cytosolic peptidyl-prolyl cis-trans-isomerase FKBP12, Fpr1 (FK506-binding protein 12),
to bind the FRB domain of TORCI, resulting in the inhibition of TORC1 (63). While in
TORC2, Avol and Avo3 can prevent rapamycin from binding the FRB domain, which
accounts for its insensitivity to rapamycin (56, 58, 64).

EGOC is one of the upstream regulatory modules of the TOR pathway. The TOR
pathway was thought to detect amino acid levels inside rather than outside cells,
particularly those from vacuoles and lysosomes (65-67). In yeast, in vivo localization
studies suggested that TORC1 is activated and functions in the vacuolar membrane
(66), while in mammalian cells, mTORC1 works in the lysosomal membrane in response
to intracellular amino acid levels (68). In both yeast and mammalian cells, signals of
intracellular amino acid changes stimulate the TOR pathway via an upstream regulator,
the EGO complex (EGOCQ) (Fig. 2A).

The regulatory subunits of the EGOC in S. cerevisiae are different from those of
mammals, which are Gtr1/2 and the small GTPases RagA/B/C/D, respectively. However,
they have same structural subunit Rag/Ego complex, which consists of Ego1 and Ego3,
and the novel subunit Ego2 (69-71). In yeast, the EGOC is anchored to the vacuolar
membrane by Ego1 (67, 72-74). Ego3 is recruited to Ego1 via binding with its extreme
C terminus. This interaction is stabilized by Ego2 through its association with the a-helix
of the Ego1 C terminus (75, 76). The regulatory subunit Gtr1 can form a heterodimer
with Gtr2 (77). The Rag heterodimers are completely activated after GTP and GDP
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FIG 2 Regulation of the TOR pathway. (A) Upstream of the TOR pathway. The guanine nucleotide-
binding status of Gtr1 plays an essential role in the sensing of intracellular amino acids by the TOR
pathway. When sufficient levels of amino acids are present in the cytoplasm, this signal transduces
through two factors, Vam6/Vps39 and LRS. They induce Gtr1 to recruit four other proteins, Gtr2, Ego1,
Ego2, and Ego3, which comprise the EGOC, which activates the TORC1 complex. The GTP-bound format
of Gtr1 can physically interact with Tco89 and Kog1, resulting in the inhibition of the TORC1 complex.
However, this inhibition can be prevented by leucine starvation. Additionally, the SEACIT, which consists
of ImlI1, Npr2, and Npr3, inhibits TORC1 activity through an Npr2- and Npr3-dependent transient
interaction between Iml1 and Gtr1. Leucine deprivation can promote this kind of transient interaction.
Furthermore, the SEACAT activates the TORC1 complex by inhibiting the activity of the SEACIT. (B) Sch9,
a downstream effector of the TOR pathway, controls the expression of stress-related genes. The
activation of TORC1 promotes the phosphorylation of Sch9, which results in the subsequent phosphor-
ylation of Rim15. Phosphorylated Rim15 is sequestrated in the cytosol, where it prevents Gis1 from
activating stress-related genes. (C) The Tap42-PPase complex, another downstream effector of the TOR

(Continued on next page)
March 2018 Volume 82 Issue 1 e00040-17

Microbiology and Molecular Biology Reviews

mmbr.asm.org 6


http://mmbr.asm.org

Regulation of Nitrogen Catabolism in Yeast

binding to Gtr1 and Gtr2, respectively (67, 78, 79). However, when both Gtr1 and Gtr2
are loaded with GTP, the heterodimer has only partial activity (80, 81). Both the
completely and partially active forms of the Rag heterodimer are able to bind to TORC1
via Kog1 to stimulate TORC1 activity, although the completely active form does so to
a greater degree (67, 79, 80).

Several kinds of regulators are involved in modulating the nucleotide-binding state
of the Rag heterodimers to regulate the amino acid-dependent activity of TORC1. The
first one is the guanine nucleotide exchange factor (GEF), which facilitates the conver-
sion from GDP to GTP. In yeast, Vam6/Vps39, one of the GEFs of Gtr1, has been
proposed to be sensitive to the perturbation of intracellular amino acid levels (67, 78).
Furthermore, a vamé6 mutant abrogates the interaction between Gtr1 and Egol and
renders TORC1 insensitive to the increase of free intracellular amino acids through
suppressing translation elongation (82). The second one is the GTPase-activating
protein (GAP), which promotes the conversion from GTP to GDP (76). L-Leucyl-tRNA
synthetase (LRS) is a conserved GAP in yeast as well as in mammalian cells. In yeast,
when leucine is abundant, a leucine-binding LRS, Cdc60, favors the GTP-bound state of
Gtr1 and activates TORC1 signaling. In contrast, after leucine is depleted, LRS secedes
from Gtr1 and turns to correct mistakenly charged tRNAteu. As a result, GTP releases
from Gtr1, and the activity of TORC1 is repressed (83, 84). There is another GAP that is
conserved between yeast and mammalian cells, which is known as the Lst4-Lst7
complex in yeast (85) and the FNIP-FLCN complex in mammals (86, 87). In yeast, the
Lst4-Lst7 complex will be recruited to the vacuolar membrane under amino acid
depletion conditions. However, refeeding of amino acids will induce the transient
interaction between the Lst4-Lst7 complex and Gtr2¢™" and the release of the Lst4-Lst7
complex from the vacuolar membrane. As a result, GTP loaded on Gtr2 will be
hydrolyzed into GDP, and the TORC1 signaling pathway will be completely activated
(85). In addition, the Seh1-associated complex (SEAC) proteins Npr2 and Npr3 are
another kind of mediator of TORC1 in response to changes in intracellular amino acid
concentration (88). SEAC is conserved in mammals and yeast, and it consists of eight
proteins that can be divided into two subcomplexes. In yeast, one is SEACIT (for SEAC
inhibiting TORC1), consisting of Iml1/Sea1, Npr2, and Npr3, which negatively regulates
TORCI. Leucine deprivation can promote a transient interaction between Iml1 and Gtr1
supported by Npr1 and Npr2. Consequently, Gtr1¢™ could be converted to Gtr1GPP
under the function of Iml1, as a GAP, resulting in the inhibition of TORC1 function (89).
The other is SEACAT (for SEAC activating TORC1), consisting of Seh1, Sec13, Sea2, Sea3,
and Sea4, which positively regulates TORC1 (89). This complex can inhibit SEACIT-
mediated TORC1 inhibition (90, 91). Both SEACIT and SEACAT have corresponding
mammalian homologs, which are termed GATOR1 and GATOR2, respectively (89).

tRNA is another upstream regulatory module of the TOR pathway. Amino acids
are fundamental nutrients. S. cerevisiae has the ability to remodel cellular metabolism
in response to different kinds of amino acids. This suggests that there should be a
precise sensing mechanism in cells to detect each intracellular amino acid signaling
individually. However, the above-mentioned Rag factor-mediated TORC1 sensor mech-
anism cannot meet a such demand. Moreover, recent studies found that cellular TORC1
activity was not affected by the lack of Rag factors (92, 93). Taking the data together,

FIG 2 Legend (Continued)

pathway, controls the expression of NCR-related genes. The activation of the TORC1 complex mediates
the phosphorylation of Tap42 under nitrogen repletion conditions. Phosphorylated Tap42 binds with
PP2A, along with either one of the regulatory proteins Rrd1 or Rrd2, and localizes on the vacuolar
membrane, which facilitates their interaction with the TORC1 complex. The sequestration of the
Tap42-PP2A complex on the vacuolar membrane prevents them from dephosphorylating the transcrip-
tional activators GIn3 and Gat1, which prevents them from leaving the cytoplasm. In contrast, the
inhibition of the TORC1 complex by nitrogen starvation or rapamycin treatment promotes the dephos-
phorylation of Tap42 and the release of Tap42-PP2A from the vacuolar membrane. Free Tap42-PP2A
leads to the dephosphorylation of GIn3 and Gat1, thereby facilitating their translocation into the nucleus,
where they activate NCR genes.
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there should be some other regulatory modules of the TOR pathway which sense
intracellular amino acids independent of the Rag factor.

A recent study suggested that tRNAs played an important role in intracellular amino
acid sensing by the TOR pathway (92). tRNAs can accurately bind with each of 20
proteogenic amino acids to synthesize aminoacyl-tRNAs (aa-tRNAs), with the help of
aminoacyl-tRNA synthetases. Under conditions of nitrogen supply including amino
acids, TORC1 was inhibited in aminoacyl-tRNA synthetase mutants, which suggested
that amino acid sensing by TORC1 requires the participation of aminoacyl-tRNA syn-
thetases and/or their substrate tRNAs and aa-tRNAs, but not amino acids (61). The
addition of free tRNA or aa-tRNA drastically inhibited the activity of TORC1 in vitro.
Moreover, mutation of RPC34, which is responsible for transcribing tRNA genes, signif-
icantly attenuated TORCT1 inhibition in response to nutrient limitation conditions. These
results indicated that tRNAs serve as a direct inhibitor in intracellular amino acid
sensing by the TOR pathway (92). Hence, a model of a tRNA-mediated TORC1 regula-
tory mechanism was built. Under amino acid-rich conditions, most free tRNAs are
charged with amino acids to synthesize aa-tRNAs. Most aa-tRNAs are further consumed
by protein synthesis, which makes them have less chance to interact with TORC1. As a
result, TORC1 is activated under such conditions. However, under amino acid-limited
conditions, most tRNAs have a low probability of combining with amino acids, which
results in the accumulation of free tRNAs. Thus, free tRNAs are able to interact with
TORC1 to repress its activity (92).

Although these studies supported the hypothesis that tRNA is the direct regulator
of TORC1, there is no direct evidence to explain how the specific tRNAs could regulate
the TORC1 activity according to corresponding intracellular amino acids. Moreover,
how the TOR pathway responses to each kind of amino acid remains unclear. There may
be a potential TORC1-dependent pathway to regulate the consumption and/or trans-
portation of each amino acid in response to its intracellular level.

The Sch9 and Tap42-PPase effectors are downstream of the TOR pathway. The
intracellular amino acid signaling sensed by TORC1 is mostly transduced to its two
important effectors to regulate cellular activities, which are the AGC kinase Sch9 (Fig.
2B) and the Tap42-protein phosphatase (Tap42-PPase) complex (Fig. 2C) (53, 94). Sch9
is homologous to mammalian S6 kinase (S6K) and has four domains: a central kinase
catalytic domain, an activation loop, a turn motif, and a C-terminal regulatory domain.
The regulatory domain contains a hydrophobic motif that has six amino acid residues,
which are latently phosphorylated by activated TORC1 directly (62). Activation of Sch9
is dependent on such TORC1-mediated phosphorylation, and replacing those residues
with Asp/Glu releases the dependence of Sch9 activity on TORC1. Activated Sch9
regulates many genes participating in mitochondrial function (95), sphingolipid ho-
meostasis and signaling (96), autophagy and longevity (97), and entry into the G, phase
of the cell cycle (98). For instance, activated Sch9 phosphorylates Ser'°¢" of Rim15 to
block its nuclear translocation. The cytosolic sequestration of Rim15 prevents Gis1 from
activating the expression of stress response genes (98). Of note, Sch9-dependent
TORCT activity does not regulate the expression of GIn3-dependent genes (65). When
yeast cells are subjected to rapamycin treatment or nutrient starvation, Sch9 is rapidly
dephosphorylated to repress TORC1 (65, 67).

Tap42 is another essential downstream regulatory protein of the TOR pathway.
TORCT activation leads to the phosphorylation of Tap42, which promotes its interaction
with PP2A or PP2A-like complexes, as well as either one of the regulators Rrd1 or Rrd2,
to inhibit PP2A (99-102). The PP2A phosphatase is a heterotrimer that consists of three
subunits: the scaffolding subunit Tpd3, the catalytic subunit (either Pph21, Pph22, or
Pph3), and the regulatory subunit (either Cdc55 or Rts1) (103, 104). The PP2A-like
phosphatase is made up of the catalytic subunit, Sit4 or Ppg1, and the regulatory
subunit, either Sap4, Sap155, Sap185, or Sap190 (105). The Tap42-PP2A and Tap42-
PP2A-like phosphatase complexes are located mainly on vacuolar membranes, which
facilitates their interaction with TORC1 (106, 107). Under rapamycin treatment or
nitrogen starvation conditions, the Tap42-PP2A (and Tap42-PP2A-like) complexes are
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TABLE 1 Permeases of amino acids and ammonium in S. cerevisiae

Permease Substrate(s) Affinity Reference(s)
Agp1 Asparagine, glutamine, other amino acids Low 224
Agp3 Glutamine High 225
Alp1 Arginine —a 157
Bap2 Leucine High 226
Bap3 Cysteine, leucine, isoleucine, valine High 227
Can1 Arginine High 228, 229
Dip5 Dicarboxylic amino acids High 230
Gap1 L-Amino acids High 146
Gnp1 Glutamine High 231

Hip1 Histidine High 232
Lyp1 Lysine High 157, 233
Mep1 Ammonium High 234
Mep2 Ammonium High 234
Mep3 Ammonium Low 234
Mmp1 S-Methylmethionine High 235
Mup1 Methionine High 236, 237
Mup3 Methionine Low 238
Ort1 Ornithine — 239
Put4 Proline High 238
Sam3 S-Adenosylmethionine High 235

Tat1 Valine, leucine, isoleucine, tyrosine, Low 240

tryptophan, histidine

Tat2 Tryptophan, tyrosine High 240
Uga4d y-Aminobutyrate — 241

Yctl Cysteine High 242

a—, not reported.

released from the vacuolar membrane to the cytosol, and Tap42 is dephosphorylated
(108). The cytosolic Tap42-PP2A (and Tap42-PP2A-like) phosphatase complexes activate
the expression of genes related to nitrogen catabolite repression and stress response
by dephosphorylating special regulators, such as GIn3 (109, 110). Tip4 appears to be
part of a feedback loop in the TOR pathway because its binding with Tap42 inhibits
Tap42 to activate Sit4, which in turn dephosphorylates Tip4. Furthermore, the dephos-
phorylation of Tip4 by Sit4 directly or indirectly enhances its association with Tap42
(111).

In addition to downregulating Sch9 and upregulating the Tap42-PP2A phosphatase
complex, inhibition of the TOR pathway also activates the cell wall integrity (CWI)
pathway. When cells grow under stress conditions, Rho1, the major sensor element of
the CWI pathway, will bind to Kog1 to repress TORC1 activity (112). Moreover, the
interaction between Rho1 and Kog1 will release TORC1 from the vacuolar membrane
and activate the Tap42-PP2A phosphatase (113). Remarkably, in addition to nitrogen
repletion, the increase of intracellular S-adenosylmethionine levels could also activate
TORCT (114). S-Adenosylmethionine is the major methyl donor and comes mainly from
methionine. The catalytic subunit of the PP2A complex will be methylated by the
methyltransferase, Ppm1, in response to intracellular S-adenosylmethionine abun-
dance. After that, Npr2 will be dephosphorylated by the methylated PP2A complex,
leading to inhibition of SEACIT and activation of TORC1 (114).

REGULATION OF NITROGEN TRANSPORTATION

The yeast S. cerevisiae contains 24 amino acid transporters according to the current
available literature (Table 1). Each of them presents in a similar conformation, which
consists of 12 transmembrane domains and the cytoplasmically oriented N and C
termini. They work mainly to transport amino acids as well as other amines through the
plasma membrane (115-117). However, some of them, such as the general amino acid
permease (Gap1) (118), also work as a sensor to detect the abundance of substrates to
regulate their activity. Essentially, S. cerevisiae controls transporters at three levels: gene
transcription, intracellular membrane trafficking of the synthesized proteins, and mod-
ulation of their intrinsic activity (119). In the last 10 years, a series of studies have
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FIG 3 Ubiquitylation regulation of AAPs. Under nitrogen starvation conditions (red arrows), genes
encoding amino acid permeases (AAPs) are activated. The AAPs are first translocated into the endoplas-
mic reticulum for further procession and modification. They then are transported to Golgi apparatus,
followed by direction to the plasma membrane, where they fulfill their functions. Under nitrogen
repletion conditions (blue arrows), the Golgi apparatus-located AAPs are ubiquitylated by Rap5, which
results in their vacuolar translocation and degradation. The plasma membrane-located AAPs are also
ubiquitylated by Rap5, which promotes the Bul1/2-mediated endocytosis of AAPs, followed by their
transportation to endosomes. When present on multivesicular endosomes, AAPs are finally targeted to
the vacuole and degraded. However, there is a recycling pathway when nitrogen is depleted or cells are
transferred from nitrogen repletion to starvation conditions. Through the recycling pathway, AAPs that
are located on endosomes can be retargeted to the plasma membrane, which is dependent on Aly1/2.

focused on the regulation of yeast transporters at the level of membrane trafficking, in
which ubiquitin is well established as a central player (Fig. 3) (120, 121). Since the
regulation of these transporters exists at different levels, the regulation of amino acid
transporters by ubiquitination is discussed in the following sections, while the tran-
scriptional regulation process is covered in later sections.

Ubiquitination-Mediated Degradation of Nitrogen Transporters

Ubiquitin (Ub) consists of 76 amino acid residues that can link to target proteins via
binding the glycine carboxyl group in its termini to the e-amino group of a lysine
residue of the target protein (122, 123). Three enzymatic reactions that are responsible
for Ub conjugation, or ubiquitination, are sequentially catalyzed by the Ub-activating
enzyme E1, the Ub-conjugating enzyme E2, and the Ub ligase E3 (124-126). Because
there are seven lysine residues on Ub, ubiquitination could recur to target proteins via
the binding of Ub to either its own lysine residues or the amino group in its N terminus.
This recursive ubiquitination can generate polyubiquitin chains, which can assemble in
different ways and result in distinguishing structures and properties (122, 127). The
conjugated Ub can be cleaved from substrates by deubiquitinating enzymes (128).

In S. cerevisiae, nitrogen permeases need to be trafficked to different organelles for
modification, degradation, or activation (Fig. 3) (21). Generally, mRNAs of genes en-
coding nitrogen permeases are translated in the endoplasmic reticulum. The transla-
tional products are then translocated to the Golgi apparatus (129). There are two
possible fates of those permeases in the Golgi apparatus: to be trafficked to the plasma
membrane to activate their transportation function (130) or to be trafficked to the
vacuole for degradation, either through endosomes (131) or directly (132). Further-
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more, those permeases that locate in the plasma membrane can be internalized via
endocytosis (133). The internalized unit will be either redirected into the plasma
membrane through the Golgi apparatus or finally degraded in the vacuole (134).
Generally, endocytosis is triggered by ubiquitination modification of the target protein.
In S. cerevisiae, Rsp5, one type of Ub ligase, is responsible for such ubiquitination
modification (135, 136). Rsp5 consists of several functional domains, which include one
C2 domain anchored to the membrane, three WW domains responsible for recognition
and binding with PY motifs (XPXY) of the substrate, and one HECT domain responsible
for ligating Ub to the target protein (137).

Gap1 was chosen here as a model to elucidate the Ub-mediated trafficking trajec-
tory of nitrogen transporters in response to nitrogen sources (Fig. 3) (120, 138). Under
nitrogen starvation conditions, Gap1 is recycled from the endosome with the help of
two arrestin-like proteins, Aly1 and Aly2. The recycled Gap1 will be relocated to the
plasma membrane and activated (139). In contrast, after being transferred to nitrogen
repletion conditions, Gap1 is rapidly ubiquitinated by Rsp5. Ubiquitinated Gap1 will be
internalized from the plasma membrane, then sorted into multivesicular endosomes
(MVEs) and vacuoles, and finally degraded (140, 141). Remarkably, because there are no
PY motifs in Gap1, the interaction between Gap1 and Rsp5 is indirect and is dependent
on special PY motifs containing adaptors (142, 143). During the nitrogen repletion-
induced ubiquitination of Gap1, Rsp5 is recruited to Gap1 with the help of two
arrestin-like proteins, Bul1 and Bul2 (Bul1/2), which contain PY motifs (142). Further-
more, ubiquitination of Gap1 is influenced by the phosphorylation status of Bul1/2.
Bul1/2 can be phosphorylated in the Npr1-dependent way, leading to its interaction
with 14-3-3 protein (144). In addition, the Thr357 residue of Rsp5 would be phosphor-
ylated, which prevents Gap1 from Rsp5-mediated ubiquitination under nitrogen star-
vation conditions (145).

Substrate-Regulated Ubiquitination and Trafficking of Gap1

Gap1 is well known as an amino acid transporter with broad substrate range as well
as high substrate affinity (146). It also plays role in transduction of nitrogen signals to
the protein kinase A pathway (147). It is regulated in response to intracellular amino
acid abundance through oligo- and polyubiquitination-guided endocytosis (148). As
discussed above, the intracellular substrate-induced endocytosis of Gap1 is dependent
on the TORC1-mediated dephosphorylation of Bul1/2. However, the ubiquitination and
endocytosis of Gap1 are also regulated by the abundance of extracellular amino acids
independent of the phosphorylation of Bul1/2 (148). This kind of endocytosis of Gap1
is based on its conformation change induced by binding of extracellular substrates.
Such an extracellular substrate-induced conformation change has also been found in
the endocytosis of other yeast amino acid permeases, e.g., Can1 (149), Lyp1 (143), Dip5
(150), and Tat2 (151), as well as the uracil permease Fur4. Previous studies revealed that
a conformational change of Gap1 is essential to its endocytosis in response to extra-
cellular substrate availability before releasing conjoint substrate into the cytosol (148).
In addition, such a conformational state should be stable enough to promote its
interaction with the arrestin-like adaptors (148). Moreover, the binding of substrate to
Gap1 may contribute to disrupt the interaction between its N-terminal tail with internal
loops, which has been proven in other conserved permeases, such as Fur4 (151) and
AdiC (152). The conformational change induced by substrate binding would facilitate
the interaction between the candidate ubiquitination sites on its N-terminal tail with
ubiquitination factors. Furthermore, Gap1 mutants that have totally lost their transpor-
tation capability are not endocytosed in such a substrate-induced way, whether they
are able to bind with these substrates or not (116, 148). This indicated that the binding
of substrates to Gap1 is an essential but not sufficient condition for its substrate-
induced degradation. In other words, only when the orientation of substrate-binding
Gap1 changes to the cytoplasmic state from the exoplasmic state will its N terminus be
released freely and ubiquitination happen.
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FIG 4 Substrate-regulated ubiquitination and trafficking of Gap1. (A) The general transport cycle of the permease-mediated
transportation process. Generally, there are four face states of the permease during the process of its transportation of
substrate from an extracellular to an intracellular location, which are exoplasmically oriented free (EF), exoplasmically oriented
bound (EB), cytoplasmically oriented bound (CB), and cytoplasmically oriented free (CF). Originally, the permeases is in the EF
state. After substrate binding, it changes to the EB state (step 1). It then transforms to the CB state (step 2) and subsequently
to the CF state (step 3) after releasing its substrate into the cytoplasm. Finally, it reverts to the EF state (step 4) to begin another
cycle. (B) In an amino acid-replete environment, many Gap1 molecules are loaded with amino acid substrates. As a result, the
abundance of conformation-changed Gap1 (in the CB state) is increased. The accumulation of conformation-changed Gap1
facilities the ubiquitination adaptor to recognize the lysine residues on free N termini of Gap1. The ubiquitination signal
triggers the endocytosis of cytomembrane Gap1. The endocytosis leads to direct Gap1 to the vacuole through multivesicular
endosomes. Under this condition, the Gap1 in multivesicular endosomes will not be recycled back to the cytomembrane. (C)
When cells are amino acid exhausted or cultured under amino acid-scarce conditions, a low substrate concentration reduces
the abundance of cytoplasmically oriented Gap1. As a result, the substrate is released immediately from Gap1, which prevents
the ubiquitination and endocytosis of Gap1. In addition, the preexisting ubiquitinated Gap1 can be recycled and trafficked
to the cytomembrane, regulated by an unknown mechanism.

The mechanism of extracellular substrate-induced endocytosis of Gap1 could be
explained based on the previously proposed transport model (153) (Fig. 4A). This
transport model suggested that there are four conformational states of permeases on
the plasma membrane during the transport cycle, including exoplasmically oriented
free (EF), exoplasmically oriented bound (EB), cytoplasmically oriented bound (CB), and
cytoplasmically oriented free (CF) (153). This model has been almost proven by the
crystallizing the proteins of the 5+5 superfamily in different conformations, including
the EF, EB, and CB conformations (152). Based on this transport model, a sufficient
amount of amino acids will increase the amount of substrate-binding Gap1, including
that in the changed conformation. The accumulation of conformation-changed Gap1
with free N termini facilitates the recognition of lysine residues by ubiquitination
effectors and promotes the ubiquitination and degradation of Gap1 (Fig. 4B). However,
the exhaustion of extracellular amino acids decreases the efficiency of interaction
between Gap1 and amino acids as well as the abundance of conformation-changed
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Gap1, which hinders the access of ubiquitination effectors to the N-terminal lysine
residues before the dissociation of amino acids from Gap1. As a result, Gap1 escapes
from ubiquitination degradation and changes to its original state at the beginning of
the transport cycle to active the transportation of amino acids (Fig. 4C). Furthermore,
those Gap1 molecules that have been ubiquitinated and sorted into MVEs will be
recycled and redirected to the cytomembrane to activate the uptake of amino acids
under conditions of amino acid scarcity (154). In contrast, such recycling of Gap1 from
MVEs could be blocked by inducing the overproduction of intercellular amino acids.
The phenomenon could be observed in mutants such as mks7 and /st8 mutants (155,
156). It should be noted is that there are no more details about the regulatory
mechanism of recycling Gap1 from MVEs to the cytomembrane.

External Amino Acids Induce Transcriptional Activation of Agp1

AGP1 encodes an amino acid permease with a broad substrate range but low
substrate affinity. There are several 5'-GATA-3' motifs in its upstream region, which are
common binding sites of the GATA family transcription factors. The binding of GATA
factor GIn3 to these motifs could upregulate the transcription of AGPT approximately
10-fold under nitrogen starvation conditions (157). However, the transcriptional acti-
vation of AGP1T strictly depends on external amino acids (such as phenylalanine and
citrulline) (158). In addition to GIn3, one effector of the SPS sensor system, Stp1, also
significantly activates transcription of AGPT under amino acid depletion conditions,
while the other effector, Stp2, could not. This differs from the effects of Stp1 and Stp2
on the transcriptional activation of the high-affinity leucine permease-encoding genes
BAP2 and BAP3, where Stp1 and Stp2 perform redundant activation roles (159, 160).

Stp1 attempts to bind with a cis upstream activating sequence of AGPI, called
UAS A, With help of another regulator, Uga35/Dal80. There are two inversely repetitive
5'-CGGC-3' motifs which are separated by six nucleotides (5'-CGGCN,GCCG-3') in the
UAS, 4 region (44). Such an arrangement of these units has been proven to be optimal
for the amino acid-induced activation of AGP1 (44). The amino acid-induced activation
of AGP1 could be weakened to some extent, though not completely, by mutating its
UAS, region, such as by rearranging the orientation of the repetitive 5'-CGGC-3’
motifs from inverse to direct, mutating the nucleotides of the central six nucleotides, or
changing the length of the central nucleotides (44). Interestingly, the expression level
of a lacZ reporter gene constructed by inserting a UAS,, element of GAPT into its
upstream region is insensitive to nitrogen sources, despite the presence of the GATA
factor GIn3, Ure2, or Gzf3 (44), which suggests that the UAS, , element is necessary but
not sufficient for amino acid-induced activation of GAP1.

In addition to the Gap1 and Agp1 permeases, which have a broad substrate range,
there are many other specific permeases in S. cerevisiae (Table 1). When cells grow with
preferred nitrogen sources, these specific permeases, such as the glutamine transporter
Gnp1, transport the preferred nitrogen sources into the cell, whereas other permeases
that are responsible for transporting nonpreferred nitrogen sources are repressed.
Upon the depletion of preferred nitrogen sources, nonpreferred nitrogen permeases
are induced to ensure the intracellular transport of the corresponding nitrogen source
(160). Importantly, most of these specific permeases are NCR sensitive.

TRANSCRIPTIONAL REGULATION OF NITROGEN CATABOLISM
Transcriptional Regulation via NCR

Genes which regulated by NCR are called NCR genes. There are four transcription
factors involved in regulating the expression of NCR genes, including two activators,
GIn3 and Gat1, and two repressors, Gzf3 and Dal80. The transcriptional regulation of
NCR genes by these transcription factors is achieved via their interactions with GATA
sequences in the promoters of NCR genes. More details about the process are sum-
marized in several earlier reviews (4, 31, 161). In contrast to GIn3, which is constitutively
expressed, the transcription of the other three regulators is controlled by NCR. The
activation of NCR genes, induced by Gat1, requires the GIn3-mediated activation of
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Gatl. In contrast, GIn3 can activate the transcription of NCR genes independently (162).
GIn3 and Gat1 will be translocated into the nucleus under nitrogen starvation condi-
tions, while under nitrogen repletion conditions, they are sequestered in the cytoplasm
by TOR-mediated phosphorylation (14, 163). In addition, the transcriptional regulator
Ure2 works as another anchor to prevent the translocation of GIn3 into the nucleus.
Dephosphorylation of GIn3 and Gat1, which is induced by phosphatase Sit4 or Pph3,
promotes their translocation into the nucleus to activate NCR genes under nitrogen
limitation or rapamycin treatment conditions (164).

In addition to the four global transcription factors, other transcription regulators are
needed in regulation of some genes in a specific metabolism pathway for a particular
nitrogen source. For example, Aro80 and Dal81 are required to activate the transcrip-
tion of genes responsible for metabolism of y-aminobutyric acid, urea, arginine, and
allantoin (165). In many cases, the global regulators GIn3 and Gat1 interact with these
regulators to regulate the transcription of NCR genes (166, 167).

Regulation of GIn3 and Gat1

GIn3 and Gat1 play important roles in transcriptional activation of NCR genes. The
expression of GLN3 is simply constitutive, and its transcription is not affected by NCR
(162), whereas the expression of GATT is much more complicated. The alternative
transcriptional initiation of GAT1, which could begin from either methionine 40, 95, or
102, is insensitive to nitrogen sources, and it results in a low level of transcription (168,
169). In contrast, the premature transcriptional termination of GAT1, which is termi-
nated at the Ser-233 site, is highly controlled by the nitrogen source, and the tran-
scriptional level is higher in proline-containing than in glutamine-containing medium.
Nevertheless, both expression patterns depend on both GIn3 and UAS; .1 elements in
the promoter region, which are generally essential for the transcriptional activation of
NCR genes (168, 169). In the NCR-sensitive pattern, the expression of GATT is repressed
by two negative NCR regulators, Dal80 and Gzf3, which competitively bind to its
promoter and repress its transcription (162).

In addition to transcriptional regulation, posttranscriptional modification of GIn3
and Gat1 is also essential for repressing GIn3- and Gatl1-mediated activation of NCR
genes (170). The intracellular localization of GIn3 and Gat1 is similar in response to
preferred and nonpreferred nitrogen sources during steady-state growth (171). GIn3
and Gat1 are bound by Ure2 and incarcerated in the cytosol with optimal nitrogen
sources, while they are translocated into the nucleus under nitrogen-poor conditions
(172). However, their intracellular localization is quite different during nutritional
transitions. Gat1 responds to such transitions more rapidly than GIn3 (171). Unlike the
sequestration of GIn3 in the cytoplasm, which absolutely requires Ure2 under nitrogen
repletion conditions, intracellular Gat1 localization is largely independent of Ure2 (170).
In addition, the translocation into and out of the nucleus, as well as the dephosphor-
ylation of GIn3 and Gat1, is regulated separately by rapamycin- and nitrogen limitation-
induced inhibition of TORC1, and they have different requirements for glutamine
tRNA . For instance, Gat1 is translocated into the nucleus after rapamycin treatment,
with only a limited requirement for Sit4 and no requirement for glutamine tRNA. ¢,
whereas the effect of rapamycin on the localization of GIn3 absolutely requires both
Sit4 and glutamine tRNA ¢ (170, 173, 174). Furthermore, when cells are grown in
proline-containing medium, the nuclear localization of GIn3 does not depends on PP2A,
whereas that of Gat1 is absolutely dependent on PP2A (175). In addition, GIn3, but not
Gat1, is translocated from the cytosol to the nucleus in a Sit4-independent way under
treatment with methionine sulfoximine (Msx), which serves as an inhibitor of glutamine
synthase, and such translocation of GIn3 depends partially on glutamine tRNA ¢ (173,
174). Previous studies suggested that the association of GIn3 and light membrane could
facilitate TORC1-dependent phosphorylation/dephosphorylation on GIn3, which finally
controls the localization of GIn3 (176). After GIn3 is translocated into the nucleus, two
phenomena regulate its export. When the glutamine level is high, GIn3 exits the
nucleus even when its DNA-binding residues 64 to 73 are altered, while when the
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glutamine level is lowered, the export of GIn3 from the nucleus is dependent on its
DNA-binding residues (177). Although residues 332 to 345 of GIn3 have been proven
to be essential for its export from the nucleus (177), the clear function of glutamine and
its DNA-binding residues in nuclear GIn3 exportation is still unknown.

Although the TOR pathway has a strong influence on the phosphorylation of GIn3,
the phosphorylation status of GIn3 is not only controlled by TORC1. For instance,
rapamycin treatment, which represses TORC1, can reduce the phosphorylation of GIn3
by activating the dephosphorylation function of the Tap42-PP2A and Tap42-Sit4 com-
plexes (178), while the reduction of GIn3 phosphorylation is not detected under
nitrogen limitation conditions. Moreover, many studies suggested that nitrogen star-
vation serves as an independent inducer, while not a part of TORC1, of derepression of
the transcription of NCR genes. Under Tap42 inactivation conditions, rapamycin cannot
activate NCR, while the activation of nitrogen limitation still works (110). The localiza-
tion of a modified GIn3, GIn3454_e66 Which lacks residues 656 to 666 responsible for
TORCT-interacting and cannot associate with TORCT, is not affected by rapamycin, but
it responds to nitrogen limitation (179). Above all, there must be an unknown regula-
tory pathway involved in the GIn3-dependent activation of NCR genes in addition to
the TOR pathway.

In addition to the phosphorylation status of GIn3 and Gat1, phosphorylation mod-
ification of Ure2 also influenced their translocation from the cytosol into the nucleus
(180). Ure2 is active as a homodimer, and each monomer consists of two functional
regions. One is the N terminus (Ure2,_o5), which has rich glutamine-asparagine adjacent
residues and endows Ure2 with a pre-prion-like character. The other is the C terminus
(Ure2,,_5s4) and is required for the cytoplasmic retention of GIn3 and Gat1 in response
to nitrogen repletion (181, 182). In the C-terminal domain, there is a flexible protruding
a-cap (Ure2,4,_50g), Which is important for the distinguishing performance of GIn3 and
Gat1 in response to rapamycin treatment as well as nitrogen starvation. Mutating serine
residue 283 or the serine/threonine 286 to 292 repeats in this a-cap leads to repression
of the rapamycin-mediated nuclear translocation of Gat1, and to a lesser extent of GIn3,
but nitrogen limitation-dependent nuclear translocation remains unaffected (180).
Furthermore, rapamycin treatment has a strong effect on inducing dephosphorylation
of Ure2, while nitrogen starvation has just a slight or even no effect (180). Furthermore,
rapamycin-induced Ure2 dephosphorylation, which can be prevented by mutating the
a-cap, is independent of Sit4 and PP2A, which is in contrast to the dephosphorylation
of GIn3.

Interestingly, carbon starvation is also involved in regulating the translocation of
GIn3 and Gat1 in to the nucleus via Snfl1-mediated hyperphosphorylation of GIn3 and
Gat1 (171). Furthermore, the carbon starvation-induced translocation of GIn3 into the
nucleus is in opposition to TORC1 activity (183). This suggests that GIn3 is the
convergence point of the TOR-nitrogen and Snf1-glucose signaling pathways.

TRANSLATIONAL REGULATION OF NITROGEN CATABOLISM

S. cerevisiae regulates the translation of genes related to nitrogen metabolism to
adapt to various nitrogen sources. The regulation of translation occurs at different
steps, such as translational initiation and posttranslational modification. Posttransla-
tional modifications involve mainly phosphorylation and ubiquitination, as has been
discussed in Regulation of Nitrogen Sensing and in Regulation of Nitrogen Transpor-
tation above. Thus, the following paragraphs focus on regulation of the translational
initiation of nitrogen metabolism-related genes.

The GAAC Pathway Regulates Translational Processes

In S. cerevisiae, the GAAC pathway is activated under amino acid starvation condi-
tions. The activation of the GAAC pathway globally inhibits the translational initiation
of many genes, including the Gen4 gene (Fig. 5A). Gen4 activates 57 genes, which
participate in amino acid biosynthesis, nitrogen utilization, and signaling through
interacting with their promoter regions (184).
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FIG 5 Nitrogen regulation of the GAAC pathway. (A) Translational regulation of nitrogen catabolite genes by the GAAC pathway with
different nitrogen sources. When amino acids are present, the « subunit of the eukaryotic translation initiation factor elF2 binds with GDP,
which then transforms into a GTP-bound state with the help of the GEF elF2B. The GTP-bound form of elF2 recruits a charged methionyl
initiator tRNA to form the TC. The subsequent recruitment of the 40S small ribosomal subunit and other elFs by the TC generates the 43S
PIC. The PIC scans the mRNA to find an AUG start codon. Once the start codon is found, elF2-GTP is hydrolyzed to elF2-GDP and released
from the TC. The modified PIC then recruits the 60S ribosomal unit to form the 80S initiation complex. Because there are four wORFs in
the 5’-UTR of GCN4 mRNA, the 80S initiation complex has difficulty reaching the true start codon of the mRNA. Thus, under this condition,
the translation of GCN4 mRNA is very limited. In the absence of amino acids, the levels of uncharged tRNAs increases, leading to the
activation of the Gen2 protein kinase. The activation of Gen2 mediates the phosphorylation of elF2, which results in it tightly binding with
GDP and elF2B to prevent the exchange of GDP for GTP on elF2. The GDP-bound state of elF2 decreases the TC level, resulting in a
significant reduction in general protein synthesis. However, the activation of the translation of GCN4 under this condition benefits from
the presence of four wORFs in its 5'-UTR. The lack of translational initiation from the TC leads the only existing TC to read through the
KORFs until it reaches the true AUG site of the GCN4 mRNA and initiates its translation, thereby generating Gen4, which finally activates
its target genes. (B) Regulation of the intracellular abundance of Gen4. In addition to nitrogen sources, Gené is also regulated by the TOR
pathway. Rapamycin treatment inhibits the TORC1 complex, which releases PP2A and Sit4 from the complex. Free PP2A and Sit4
dephosphorylate Gen2, which results in the enhanced phosphorylation of elF2a and finally represses the translation of GCN4 mRNA.
Alternatively, abundant amino acid conditions lead to a rapid burst of Pcl5 production, which activates Pho85 to phosphorylate Gen4.
Meanwhile, another regulator, Srb10, is also responsible for the phosphorylation of Gen4. Phosphorylated Gen4 is then ubiquitylated by
Cdc34 and SCFeP<4, which finally leads to the degradation of Gen4.
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Eukaryotic translation initiation factor 2 (elF2) is a heterotrimer made up of three
subunits, i.e, the a subunit (elF2a), B subunit (elF2B), and -y subunit (elF2y). elF2 is
activated after GTP binding to elF2« to initiate the formation of the ternary complex
(TC). The TC is made up of three elements, which are elF2, GTP, and the charged
methionyl initiator tRNA. The association of the TC along with the 40S small ribosomal
subunit, as well as other elFs, generates the 43S preinitiation complex (PIC). The PIC can
bind to mRNA and scan the mRNA to find an AUG start codon. After start codon
recognition, GTP is hydrolyzed to GDP, leading to the release of the elF2-GDP het-
erodimer from the PIC. Following this, the 60S ribosomal subunit is recruited by the
modified PIC to generate the 80S initiation complex, and then translation starts (185).
The free elF2-GDP must be converted into elF2-GTP to reform the TC, which depends
on the GEF elF2B. Normally, amino acid starvation can increase uncharged tRNAs levels
to allosterically activate the phosphorylase Gen2. Gen2 can bind to uncharged tRNAs
via its histidyl-tRNA synthetase-like domain. Aminoacyl-tRNA synthetases catalyze the
reaction of amino acids with cognate uncharged tRNAs. Their proofreading function is
essential for minimizing mistranslation through hydrolysis of misactivated aminoacyl
adenylates (pretransfer editing) and hydrolysis of misaminoacylated aa-tRNA (post-
transfer editing) (186). The absence of editing causes accumulation of misaminoacy-
lated tRNA, but not deacylated tRNA, under amino acid starvation conditions, which
represses the transcription of Gen2 (186). The activation of Gen2 induces the phos-
phorylation of Ser51 of elF2a (187-191) to enhance its affinity for the GEF elF2B, which
inhibits the exchange rate from the GDP- to GTP-bound status of elF2 and finally
reduces the TC formation rate (33, 192).

The decreasing level of the TC reduces the formation of the PIC, which lowers the
efficiency of ribosome scanning that reinitiates the translation of most mRNAs, except
for GCN4, which encodes the general control nonderepressible 4 protein (Gen4). It is a
basic leucine zipper transcription factor, which could bind to the UASGge (GA[C/G]TCA)
motifs of GAAC-responsive genes, leading to their transcriptional activation (33). In the
5" untranslated region (5'-UTR) of GCN4 mRNA, there are four short open reading
frames (wORFs), which typically function as translational barriers. In the translational
process of GCN4 mRNA, each of the four upstream AUGs of these wORFs will be
mistakenly recognized as an initiation site instead of the real start codon of the Gen4
ORF. However, the reinitiation efficiency of such a mistaken translation process is
generally low, but it is under the control of nitrogen sources. With optimal nitrogen
sources, high levels of the TC facilitate the reinitiation of translation after the first wORF,
which dramatically decreases the probability of proper translation of GCN4 mRNA.
However, under amino acid starvation conditions, low levels of the TC strongly reduce
the reinitiation efficiency after the translation of the first wORF, which enables the 40S
ribosomal subunit to keep scanning along the mRNA and finally move to the actual
distant start codon of the Gcn4 ORF prior to its release from the mRNA (Fig. 5A).

Regulation of Gcn4

GCN4 mRNA abundance is modulated according to amino acid availability. Amino
acid starvation rapidly (within 20 min) induces the translational activation of GCN4,
even though a change in the GCN4 mRNA abundance is not detectable within this time
frame. After 3 to 4 h under starvation conditions, an approximately 2-fold increase of
GCN4 mRNA can be detected, which seems to be another (slower) way of accumulating
Gcn4 (193). Moreover, mutating GCN2, GCN3, or GCN4 further promotes the accumu-
lation of steady-state GCN4 mRNA in comparison to wild-type cells under infertile
conditions (194, 195). This indicates that Gen2, Gen3, and Gen4 could be involved in
regulation of stability or synthesis of GCN4 mRNA. However, there is no currently
available report to demonstrate the details of the mechanism.

In addition to translational regulation of GCN4, its cellular concentration is also
regulated and is controlled by the level of protein degradation (196). The Gcn4
degradation rate under nutrient repletion conditions is high, with a short half-life of
approximately 2 to 3 min. However, the Gcn4 degradation rate is four to five times
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lower when an auxotroph grows under severe starvation conditions with no supple-
ment of an essential amino acid. Translation repression caused by cycloheximide
treatment helps to stabilize Gen4 (197, 198), which indicates that the rapid degradation
of Gen4 in a nitrogen-replete is intended to prevent Gcn4-mediated overtranslation to
ensure cost-optimal cell survival. Under nonstarvation conditions, the rapid degrada-
tion of Gen4 is induced by phosphorylation in its transcriptional activation domain. This
phosphorylation is catalyzed by the cyclin-dependent protein kinases Pho85 and Srb10
(199, 200) and promotes the ubiquitination of Gcn4 mediated by Cdc34 and SCF<P<4
(Fig. 5B) (198, 200). In contrast, under amino acid starvation conditions, the disappear-
ance of Pho85 cyclin Pcl5 protects Gen4 from being phosphorylated by Pho85 and
enhances its stability (197, 199).

Nitrogen starvation conditions activate the transcription of PLC5 through Gcn4,
whereas the protein concentration of Plc5 does not increase for two reasons. The first
is because starvation conditions lead to a general reduction in protein synthesis. The
second is because Pcl5 is inherently unstable under starvation or nonstarvation con-
ditions. Under nutrition repletion conditions that result in higher translation ratios, the
transcription of PCL5 is activated, which results in a rapid burst of Pcl5 production. As
a result, Pho85 is activated, which then accelerates the rate of degradation of preex-
isting Gen4 (197). Above all, once the amino acid level is replenished, Gen4 stimulates
the rapid clearance of itself by activating and repressing the translation of PCL5 and
GCN4, respectively.

In addition to the aforementioned Pcl5-dependent manner, Gend could also be
degraded in an Srb10-dependent manner (Fig. 5B). The kinase Srb10, termed the Srb
mediator, is one of the transcriptional coactivators, and it is essential for Gcn4-mediated
transcriptional activation (201, 202). It is hypothesized that Srb10 is first recruited by
Gcn4 and then induces the phosphorylation of Gen4, which triggers the subsequent
ubiquitination and final degradation of Gcn4 (200). Mutating the nuclear localization
sequence of Gecn4 sequesters Gen4 in the cytosol and protects it from degradation,
which suggests that Gen4 is degraded mainly in the nucleus. Considering the cellular
localization of Pho85, which is primarily in the nucleus, the degradation of Gecn4 in both
Srb10- and Ph85-mediated manners seems to be restricted in the nucleus. Moreover, it
has been reported that the translocation of Gen4 in the nucleus is not influenced by
amino acid availability (203). In conclusion, the expression of Gen4 is regulated on two
levels, i.e., the translational regulation of GCN4 mRNA in the cytoplasm and the
posttranslational modification and degradation of Gcn4 in the nucleus. This raises an
interesting question of why the degradation of Gen4 is restricted in the nucleus, where
it exerts its activation function.

Connection between the GAAC and TOR Pathways

The GAAC pathway has a strong connection with the TORC1 pathway (Fig. 5B).
Rapamycin treatment abrogates the TORC1-dependent, Tap42-mediated inhibition of
PP2A and Sit4, leading to the dephosphorylation of Gen2, which results in enhanced
elF2a phosphorylation. In addition to the dephosphorylation induced by TORC1 inhi-
bition, Gen2 is simultaneously activated by the accumulation of uncharged tRNA, while
the activation signaling from TORC1 inhibition occurs faster than that from uncharged
tRNA accumulation (184). However, nitrogen (such as histidine) starvation-induced
activation of TORC1 results only in phosphorylation of elF2« and does not reduce the
phosphorylation of the Gen2 Ser577 residue (204), which suggests that sufficiently high
levels of uncharged tRNAs can overcome the negative effect of Ser577 phosphorylation
on Gen2 (205).

In addition to functioning as a target of the TOR pathway, a recent study found that
Gen2 is also essential for TORC1 signaling. During amino acid starvation, Gcn2 down-
regulated TORC1 activity through directly phosphorylating the N-terminal region of
Kog1 (206) in a Gen1- and Gen20-dependent manner. Structural analysis revealed that
the N-terminal region of Kog1 is responsible for lining up with the kinase domain of
TORCT, which indicates that Kog1 is responsible for targeting the catalytic domain of
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TORCT to its substrates (207). In the absence of Gen2, TORC1 would stay activated even
under amino acid starvation conditions (206). The Gen2-directed phosphorylation site
of Kog1 has not been identified. This raises a possibility that there is an unknown
effector that could mediate the Gen2-dependent phosphorylation of Kogl. Interest-
ingly, while Gen2 is essential for the inhibition of TORCT under amino acid starvation
condition, it is not involved in the downregulation of TORC1 resulting from rapamycin
or nitrogen deprivation.

REGULATION OF NITROGEN METABOLISM IN RESPONSE TO CARBON SOURCES
IN S. CEREVISIAE

Nitrogen regulatory pathways control nitrogen metabolism by sensing the internal
concentrations of ammonia, glutamate, and glutamine, which are the major precursors
of amino acid biosynthesis (208). Glutamate is synthesized mainly by a reaction
between a-ketoglutarate and ammonia, which is catalyzed by Gdh1, and glutamate
could further be used to synthesize glutamine with ammonia, which is catalyzed by
GIn1. Meanwhile, a-ketoglutarate also serves as an important intermediate in the TCA
cycle of carbon metabolism. Thus, a-ketoglutarate is considered a bridge between
nitrogen and carbon metabolism (Fig. 6). The expression of GDH1 and GLNT is under the
control of NCR regulatory pathways, while the expression of genes involved in con-
verting oxaloacetate to a-ketoglutarate in the TCA cycle is instead controlled by the
retrograde (RTG) pathway (209). Four activators, i.e., Rtg1 to -3 and Grr1, along with four
repressors, i.e., Lst8, Mks1, Bmh1, and Bmh2, work together to regulate the expression
of RTG target genes. Similar to the case for the NCR activators GIn3 and Gat1,
translocation of the RTG activators Rtg1 and Rgt3 from the cytosol into the nucleus is
regulated by their phosphorylation status as well as a repressor, Mks1, which induces
the sequestration of Rtg1 and Rtg3 in cytosol, similar to the effect of Ure2 on GIn3 and
Gat1. A complex that consists of hyperphosphorylated Mks1, 14-3-3 proteins, Bmh1,
and Bmh2 is required for Mks1-induced repression of Rtg1 and Rtg3 to translocate into
the nucleus. Mks1 binds and interacts with Rtg2 in such an inhibition process. In
addition, Grr1 mediates the ubiquitination and degradation of Mks1 after it is released
from Bmh1 and Bmh2 (1).

The RTG pathway is generally activated by rapamycin inhibition of TORC1, while its
performance differs under different nutrient conditions. For example, when glutamate
serves as the sole nitrogen source, RTG target genes are strongly repressed after
rapamycin treatment. In contrast, after feeding ammonia, which promotes synthesis of
glutamine via reaction with preexisting glutamate, rapamycin treatment changes to
derepress the RTG pathway (210, 211). The depression of the RTG pathway is also seen
after feeding glutamine or using glutamine as the sole nitrogen source. These differ-
ences may perhaps be caused by different degrees of phosphorylation of Msk1 with
different nitrogen sources (211). In addition to the linkage with the TOR pathway, the
RTG pathway is also connected with the SPS sensor system. When using glutamate or
glutamine as the sole nitrogen source, the inhibitory signal to the RTG pathway is
generated from a combination of Ssy1 and glutamate or glutamine and is transduced
to Rtg2 through Ptr3. The inhibitory effect on the RTG pathway is mediated by one of
the four repressors, Lst8 (53). Mutant /st8 alleles activate the RTG pathway, which
increases intracellular amino acid levels via promoting the synthesis of a-ketoglutarate.
As a result, Gap1 is delivered into the vacuole regardless of the extracellular nitrogen
source in an Ist8 mutant (156, 212). Lst8 achieves its inhibitory effect on the RTG
pathway at different levels. The first occurs upstream of Rtg2, which suggests that Lst8
might function during the targeting, assembly, or signal transduction process of the
SPS sensor system (213). The other occurs downstream of Rtg2, which suggests that
Lst8 negatively regulates the Rtg1 and Rtg3 activators in the RTG pathway (156).

CONCLUSIONS AND PERSPECTIVES
To adapt its growth to various nitrogen sources in the environment, S. cerevisiae has
evolved many regulatory processes that are related to nitrogen metabolism. This review
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FIG 6 Influence of the RTG pathway on nitrogen metabolism. When preferred nitrogen sources, such as glutamate or glutamine, are
present in the environment, the inhibitory signal of the RTG pathway is generated from the interaction between glutamine or
glutamate and Ssy1. The inhibitory signal is transduced to Rtg2 via Ptr3 in an unknown manner, thereby preventing Rtg2 from binding
to Mks1, which allows Mks1 to interact with Rtg1/3 and retain them in the cytoplasm. The cytosolic sequestration of Rtg1/3 represses
the transcription of RTG genes, including genes such as CIT1/2, ACO1, and IDH1,2, which are involved in converting oxaloacetate to
a-ketoglutarate in the TCA cycle. This repression decreases the concentration of intracellular a-ketoglutarate, the precursor of
glutamate and glutamine, and it finally decreases the levels of intracellular amino acids. The presence of glutamate or glutamine
activates the TOR pathway, which interplays with Lst8 to regulate both the RTG and NCR pathways. Lst8 represses the RTG pathway
at two levels. The first is by influencing the targeting or assembly of the SPS sensor system or its signal transduction function. The
second is by inhibiting Rtg1/3 from translocating to the nucleus to activate the transcription of RTG genes. For the NCR pathway, Lst8
prevents GIn3 from translocating into the nucleus to activate the transcription of NCR genes. Mks1 is a multiply phosphorylated
protein. Glutamate promotes the hyperphosphorylation of Mks1, which correlates with strong repression of the RTG pathway. When
ammonia or glutamine is provided, Mks1 shifts to an intermediate state of phosphorylation. In the presence of the former, rapamycin
treatment, which causes only partial dephosphorylation of Mks1, cannot dephosphorylate Mks1 to the point that the dephosphor-
ylation level crosses the threshold required for the derepression of the RTG pathway. Additionally, Mks1 still binds with Bmh1/2 to
repress Rtg1/3. In the presence of glutamine, rapamycin treatment dephosphorylates Mks1, which is sufficient to release it from the
Mks1-Bmh1/2 complex to derepress the RTG pathway and to interact with Grr1, which enables it to enter the degradation pathway.

summarizes these regulatory processes on different levels, including the sensing,
transportation, and catabolism of nitrogen sources, as well as their interaction with
carbon metabolism. Brief outlines including the input and output of each regulatory
process are shown in Fig. 7. First, nitrogen is sensed before it is metabolized. In this
step, the TOR pathway and SPS sensor system play essential roles in detecting intra-
cellular and extracellular nitrogen, respectively. Simultaneously, these two pathways
are also regulated by different nitrogen signals. After receiving nitrogen signals, the
TOR pathway and SPS sensor system regulate the subsequent transportation step by
controlling the expression of genes that encode nitrogen transporters, as well as the
degradation of nitrogen transporters via the autophagy pathway. Furthermore, cells
orchestrate their nitrogen metabolism response to nitrogen signals by regulating the
expression of NCR genes, which is achieved via NCR transcriptional factor-mediated
transcription regulation and GAAC pathway-mediated translation regulation. In addi-
tion to nitrogen sources, carbon sources also affect nitrogen metabolism in S. cerevisiae,
which occurs via the RTG pathway. Knowledge of these regulatory pathways could
guide the modification of strains that are used in industrial fermentation. For example,
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FIG 7 Outline of pathways involved in nitrogen regulation in S. cerevisiae. (A) Pathway of the SPS sensor system mediated by
sensing of external amino acids. Ssy1 is activated by external amino acids. The signal is transduced by Ptr3 and activates Ssy5.
The activated Ssy5 is responsible for activating two transcriptional factors, Stp1 and Stp2. Finally, Stp1 and Stp2 activate the
transcription of relevant genes. (B) Pathway of TOR pathway mediated by sensing of internal amino acids. The accumulation
of internal amino acids promotes the establishment of the EGOC and decreases the internal abundance of tRNAs. As a result,
TORC1 is activated by the EGOC and derepressed by the reduction of internal tRNAs. Next, the downstream effectors Sch9 and
Tap42 are activation by activated TORC1. Finally, the phosphorylation of regulators, such as GIn3, Gat1, and Gcn2, is induced
by Sch9. In addition, activated Tap42 promotes its interaction with PP2A, which represses the PP2A-mediated dephosphor-
ylation of regulators. (C) Transcriptional regulatory pathway mediated by NCR. The major activators of NCR, GIn3 and Gat1, are
phosphorylated in the presence of preferred nitrogen sources. As a result, the transcriptional activation mediated by these two
activators is repressed. (D) Regulation of the GAAC pathway responds to nitrogen sources. Gen2 is activated under nitrogen
repletion conditions, which then represses the transformation of elF2a from a GDP- to a GTP-bound status. The reduction of
elF2a-GTP decreases the TC, which then inhibits the formation of the PIC. As a result, the translation of GCN4 mRNA is
repressed, leading to a decreased intracellular concentration of Gen4. On the other hand, nitrogen repletion conditions also
induce the degradation of the Gen4 through activation of Srb10. In addition, nitrogen repletion also induces the activation of
Pcl5, which then activates Pho85 and finally induces the degradation of Gcn4. The decrease of Gen4 finally represses the
transcriptional activation of relevant genes dependent on Gcn4.

increasing the nuclear localization of GIn3 by mutating potential phosphorylation sites
on its nuclear localization signal, truncating its nuclear localization regulation signal,
and disrupting URE2 significantly activated the expression of genes in the urea metab-
olism pathway (DURT,2 and DUR3), which ultimately reduced the levels of urea and EC
by 63% and 72%, respectively, during rice wine fermentation (14).

Although remarkable progress has been made in the last few decades on investi-
gating the regulatory mechanism of nitrogen metabolism, many details remain unclear.
In the TOR pathway, the mechanism of alteration of TORC1 activity in response to
environmental cues is yet to be revealed. Recently, studies demonstrated that Gtr-Ego-
mediated activation of TORC1 is not required to prevent GIn3 translocating into the
nucleus under nitrogen-rich conditions. This indicates that there is an unidentified
TORC1-independent approach for sequestering GIn3 in the cytosol (214). Furthermore,
the events that occur downstream of the TOR pathway are also not completely
understood. Recent phospho-proteomics studies suggest that there are novel growth-
related effectors that act downstream of the TOR pathway, but the identification of
these effectors still needs further study. In the SPS sensor system, the molecular
mechanism by which this sensor system senses extracellular amino acids, such as
interactions between Ssy1 and some amino acids, remains unclear. Furthermore, as
discussed above, the reason for the different degrees of accumulation of GCN4 mRNA
in response to short- and long-term amino acid starvation remains unknown. Additional
details, such as how NCR transcriptional factors interact with NCR genes as well as with
each other, are far from completely understood. In addition, some recent studies
suggested that regulation of mRNA stability via posttranscriptional modification, may
have a crucial effect on changing the gene expression profile according to environ-
mental nitrogen perturbation, which also has been seen in adaptation of cells to
alteration of environmental carbon (215, 216), while the mechanism is still unclear. In
addition to these details of the specific nitrogen regulatory pathway, many more
questions need to be evaluated with respect to a global view of cellular growth and
proliferation processes. Although links between the regulation of nitrogen and carbon
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catabolism have been revealed as in the tip of an iceberg, there is still a long way to
go to completely interpret the complicated molecular mechanism between these two
major essential nutrients. Furthermore, there is the question of influences from other
macro- or micronutrients, such as phosphorus, sulfur, and metal ions, as well as
vitamins, on cellular responses to nitrogen. In addition, there are different responses to
short- and long-term nitrogen stimulation. There are still many challenges in under-
standing more details about how cells could alter their life activities in response to
nitrogen stimulation to adapt these diverse environments.

As new omics technologies, such as chromatin immunoprecipitation sequencing

(ChIP-seq) (217), chromatin precipitation-exo (218), nucleosome-positioning sequenc-
ing (219, 220), and phospho- and glycol-proteomics (221, 222), are developed, the
regulatory mechanisms involved in nitrogen catabolism will be interpreted in greater
detail. In the foreseeable future, the panorama of how a global transcriptional factor,
such as GIn3, interacts with genes in the whole genome, as well as with other
regulators, will be revealed with the help of ChIP-seq or ChIP-exo assays. ChIP-seq and
nucleosome-positioning sequencing have been used together in a study to investigate
how nucleosome positioning regulates the expression of 200 Gecn4-controlled genes.
The results revealed that nucleosome eviction is crucial for the robust transcription of
highly expressed genes. In contrast, the recruitment of Pol Il has been shown to be
the rate-limiting step during expression of weakly expressed genes (223). In addi-
tion, how the regulation of nucleosome positions responds to different nitrogen
sources has been revealed primarily with the help of nucleosome-positioning
sequencing (220). Using phospho- and glycol-proteomics methods, the complicated
posttranslational modification regulation of nitrogen catabolism will be uncovered
in detail. With the help of systematic biology, global interactions between different
nitrogen regulatory pathways as well as between regulatory pathways for nitrogen
and other nutrients will be explained further. The discovery of more details of the
mechanism of nitrogen metabolism regulation in S. cerevisiae will greatly improve
the production efficiency in the yeast fermentation industry. Furthermore, because
of the similarity between yeast and humans in terms of nutrient metabolism, such
discoveries may help to establish better approaches to cure human diseases, such
as cancer and obesity.
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