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Npr2, a putative “nitrogen permease regulator” and homolog of the human tumor suppressor NPRL2, was
found to interact with Grrl, the F-box component of the SCF®™" (Skpl-cullin-F-box protein complex con-
taining Grrl) E3 ubiquitin ligase, by mass spectrometry-based multidimensional protein identification tech-
nology. Npr2 has two PEST sequences and has been previously identified among ubiquitinated proteins. Like
other Grrl targets, Npr2 is a phosphoprotein. Phosphorylated Npr2 accumulates in grr/ A mutants, and Npr2
is stabilized in cells with inactivated proteasomes. Phosphorylation and instability depend upon the type I
casein kinases (CK1) Yckl and Yck2. Overexpression of Npr2 is detrimental to cells and is lethal in grr/A
mutants. Npr2 is required for robust growth in defined medium containing ammonium or urea as a nitrogen
source but not for growth on rich medium. npr2A mutants also fail to efficiently complete meiosis. Together,
these data indicate that Npr2 is a phosphorylation-dependent target of the SCFS™' E3 ubiquitin ligase that
plays a role in cell growth on some nitrogen sources.

Nitrogen, as a constituent of many biomolecules, is an es-
sential cellular nutrient. Consequently, cells have developed
sophisticated systems for nitrogen homeostasis. Glutamine is
an optimal nitrogen source for yeast cells (reviewed in refer-
ence 19), whereas other amino acids, urea, and even ammonia
are less efficient sources for many strains. Cells growing on
those compounds as a sole source of nitrogen induce a variety
of responses, including altered transport and metabolic activ-
ity, and they grow more slowly, presumably as a consequence
of the increased metabolic cost.

One aspect of the response to growth on a suboptimal ni-
trogen source is the induction and activation of nitrogen per-
meases. Npr2 was originally identified along with the protein
kinase Nprl, which is involved in the control of nitrogen ca-
tabolite-repressed genes, including amino acid permeases (6,
24). That association and the finding that mutations in the
NPR2 gene result in poor growth when urea and proline are
provided as a sole nitrogen source led to the conclusion that
Npr2 (nitrogen permease regulator 2) is a nitrogen permease
regulator. Although Npr2 was proposed to be a transcriptional
regulator of DUR3 (24), which encodes a urea permease, a
direct role in transcription has not been established. Further-
more, no direct effect of Npr2 on the permeases or their ac-
tivity has been reported.

Inactivation of Npr2 has been associated with resistance to
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two clinically important but structurally and functionally dis-
tinct antitumor drugs, doxorubicin and cisplatin (24). Doxoru-
bicin is a DNA-intercalating agent thought to inhibit topoisom-
erase II, whereas cisplatin damages DNA through the
formation of platinum-DNA adducts (3). The most straight-
forward model based upon the current understanding of Npr2
is that the uptake of these drugs is affected by Npr2 inactiva-
tion. However, there is no evidence for decreased cisplatin or
doxorubicin uptake (26). There does appear to be a modest
mutator phenotype associated with Npr2 inactivation. Never-
theless, the mechanistic basis for resistance to those agents is
not understood.

Despite the absence of a mechanistic understanding, interest
in Npr2 has been stimulated by the finding that it is related to
the amino acid sequence encoded by the human gene NPRL2/
G21, originally identified as a likely candidate for the suppres-
sor of lung cancer residing in the 3p21.3C region of the ge-
nome (16, 26). NPRL2 has since been associated with a variety
of tumors, including non-small-cell lung carcinoma and renal
carcinomas (29, 33). Furthermore, transduction of NPRL?2 into
tumor cells with deficiencies in 3p21.3c can suppress tumor
formation (29). Finally, like yeast deficient in Npr2, tumor cells
with 3p21.3¢ deficiencies exhibit resistance to cisplatin and can
be resensitized by the reintroduction of NPRL2.

The role of NPRL2 in tumorigenesis provides an important
impetus for understanding the function and regulation of the
Nprl2 protein and therefore the yeast Npr2 protein. We have
identified Npr2 among the proteins that interact with the Grrl
F-box protein, the component of the SCFS™! (Skp1—cullin-F-box
protein complex containing Grrl) E3 ubiquitin ligase that confers
specific substrate recognition. This is consistent with the finding
that Npr2 has two PEST sequences and has been previously
identified among ubiquitinated proteins by proteomic analysis
(12, 24). Binding of Grrl to Npr2 is independent of the F box of
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TABLE 1. Yeast strains used in this study

Strain Background Relevant genotype Source
K699 W303 MATa ura3-1 his3-11,15 leu2-3,111 trpl-1 ade2 canl-100 31
NSY228 w303 MATa grrl::KanMX2 pCUPI-FLAG-GRR1 This study
CWY1960 W303 MATa pCUPI-FLAG-GRRI This study
CWY1556 w303 MATa GAL1-3 X HA-NPR2::HIS3 This study
CWY1951 W303 MATa GAL1-3 X HA-NPR2::HIS3 pCUPI-FLAG-GRRI This study
CWY1538 w303 MATa NPR2-3 X HA:HIS3 This study
CWY1553 W303 MATa grrl::KanMX2 NPR2-3 X HA:HIS3 This study
NSY213 w303 MATa grrl::KanMX2 HIS3::GALI1-3 X HA-NPR2 This study
CWY1910 W303 MATa HIS3 LEU2 URA3 This study
CWY1793 w303 MATa HIS3::GALI-3 X HA-NPR2 LEU2 URA3 This study
CWY1913 W303 MATa grrl:KanMX2 LEU2 URA3 HIS3 This study
CWY1795 w303 MATa URA3::GALI1-NPR2::3 X HA::HIS3 grrl::KanMX2 LEU2 This study
NSY199 W303 MATa npr2:KanMX2 This study
NSY195 w303 MATa/a This study
NSY203 W303 MATa/a npr2::KanMX2/npr2::KanMX2 This study
CWY1584 S288C MATa NPR2-3 X HA:HIS3 leu2 ura3-52 This study
CWY1585 S288C MATa HIS3::GAL1-3 X HA-NPR2 leu2 ura3-52 This study
CWY1586 S288C MATa NPR2-3 X HA:HIS3 leu2 ura3-52 yck1-Al yck2-2ts This study
CWY1587 S288C MATa HIS3::GALI1-3 X HA-NPR?2 leu2 ura3-52 yckl1-Al yck2-2ts This study
CWY1999 BY4741 his3AI leu2A0 met15A0 pdr5SA::KanMX4 HIS3::GALI-3 X HA-NPR2 This study

Grr1, the motif involved in interaction with Skp1 to form the E3
ubiquitin ligase SCF™!, Like all known Grr1 targets, Npr2 is a
phosphoprotein that is stabilized and accumulates in its phos-
phorylated form in the absence of Grrl. As a consequence, over-
expression of Npr2 is lethal in a grm/A mutant. Both phosphory-
lation and instability of Npr2 depend upon the type I casein
kinases (CK1) Yck1 and Yck2, like several other SCFS™ targets
involved in the regulation of nutrient permeases (22, 28). Its
instability also depends upon the activity of the proteasome. Fi-
nally, Npr2 is required for robust growth in defined medium
containing either ammonium or urea as a nitrogen source but not
for growth on rich medium. A similar defect has been reported
for npr2A mutants growing in proline as a nitrogen source (24).
Consistent with a defect in nitrogen metabolism or sensing, npr2
mutants exhibit defects in completion of meiosis. Together, these
data indicate that Npr2 is a phosphorylation-dependent target of
the SCF“™" E3 ubiquitin ligase and plays a general role in cell
growth on defined nitrogen sources.

MATERIALS AND METHODS

Yeast strains and techniques. The yeast strains used in this study are described
in Table 1. All of the strains are in the W303a background, except as noted. Cells
were grown in standard culture media (YEPD = yeast extract, peptone, dex-
trose; SD = synthetic defined), and standard yeast genetic methods were used.

The carboxy- and amino-terminal epitope-tagged proteins were generated via
chromosomal integration of PCR-amplified fragments (18). Deletion mutants
were constructed using PCR-based methods (18, 30).

FLAG purification. The purification of FLAG-tagged Grrl was done essen-
tially as described previously (8). Cells were grown in uracil-deficient medium,
and the expression of FLAG-GRRI was induced for 4 h by the addition of 100
mM copper sulfate. The cells were harvested, washed in ice-cold water, and
ground in liquid nitrogen. The proteins were extracted in purification buffer (50
mM Tris-HCI [pH 8.0], 150 mM NaCl, 5 mM EDTA, 10% glycerol, 0.2% NP-40,
1X lambda phosphatase, adjusted to pH 8.0). FLAG-tagged protein was affinity
purified under native conditions. Washes were done with purification buffer
without glycerol, and elution was done by competition with the FLAG peptide
(200-mg/ml final concentration) for 2 h at room temperature. The resulting
proteins were precipitated by trichloroacetic acid to proceed on further analysis.

Multidimensional protein identification technology (MudPIT) analysis was
carried out as described previously (21).

Protein preparation, coimmunoprecipitation, and phosphatase treatments.
Cells were harvested by centrifugation, and the pellets were stored at —80°C.

Protein extracts were prepared in lysis buffer (50 mM Tris-HCI [pH 7.5], 0.1%
NP-40, 250 mM NaCl) containing phosphatase inhibitors (10 mM NaPP;, 5 mM
EGTA, 0.1 mM orthovanadate) and protease inhibitors (100 mM phenylmeth-
ylsulfonyl fluoride, 1 mg of leupeptin/ml, 1 mg of aprotinin/ml). Lysis buffer
extraction was performed by lysing cells at 4°C with glass beads (four times for
40 s) in a FastPrep FP120 apparatus. The protein extracts were collected after 15
min of centrifugation at 10,000 X g at 4°C.

Coimmunoprecipitations and the phosphatase treatments were performed as
described previously (28). Briefly, cells were grown to mid-logarithmic phase in
rich galactose medium containing 100 mM copper sulfate to induce both pro-
moters and the proteins were extracted in lysis buffer as described above for
protein preparation. Npr2-HA was immunoprecipitated with anti-hemagglutinin
(anti-HA) monoclonal antibodies covalently bound to protein A-Sepharose. The
proteins were immunoblotted with mouse 12CAS5 anti-HA monoclonal antibod-
ies or anti-FLAG antibodies (Sigma), respectively. Whole-cell extracts represent
100 pg of protein, whereas 1 mg of whole-cell extract was used for each immu-
noprecipitation.

Real-time RT-PCRs. Real-time reverse transcription (RT)-PCRs were carried
out as described previously (7).

Cell growth assays. Strains were grown overnight in the respective media and
diluted in the morning at the indicated optical density at 600 nm in liquid culture
at 30°C. Measurements were taken every 2 h. The SD media were composed of
2% glucose, 0.17% yeast nitrogen base without amino acids and ammonium
sulfate, and the indicated source of nitrogen (100 mM urea, 0.1 mM urea, or 100
mM ammonium sulfate) along with adenine and uracil.

Sporulation. The strain of interest was grown overnight as a liquid culture in
YEPD and plated for 2 to 3 days at 30°C on potassium acetate. The spore
membranes were digested for 5 min at 30°C in 0.5 mg/ml Zymolyase T-100 on ice
in 2 M sorbitol. The resulting asci were microdissected on YEPD medium.

RESULTS

Npr2 interacts with the Grrl F-box protein. In the interest
of identifying proteins that interact with Grrl as either sub-
strates or regulators, we applied mass spectrometry-based
MudPIT. Initial attempts to tag Grrl with the tandem affinity
purification epitope were judged to be unsuccessful based
upon the similarity of the phenotype of cells expressing the
tagged gene to mutants with compromised Grrl function (data
not shown). Consequently, we constructed GRR! tagged with
the FLAG epitope at the amino terminus and expressed it
from the copper-inducible CUPI promoter on plasmid pRS416
(15). Grrl accumulating from that promoter was expressed at
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FIG. 1. Npr2 interacts with Grrl. (A) Npr2 peptides identified by FLAG-Grrl MudPIT analysis. Grrl was tagged with a single FLAG epitope

at the amino terminus and expressed in a grr/A mutant strain from a

centromeric plasmid under the control of the copper-inducible CUPI

promoter (NSY228). The tryptic peptides derived from Npr2 by mass spectrometry-based MudPIT analysis are underlined in the amino acid
sequence. (B) Npr2 associates stably with Grrl. Cells expressing GAL-HA-NPR2 (CWY1556), CUPI-FLAG-GRRI (CWY1960), or both
(CWY1951) were analyzed by immunoprecipitation (IP) with anti-HA or anti-FLAG antibodies and evaluated by immunoblotting as indicated.
(C) Npr2 is a phosphoprotein. Npr2-HA immune complexes were treated with lambda phosphatase (PP’ase), left untreated (NT), or treated with
phosphatase plus phosphatase inhibitor (I) and visualized by immunoblotting. The slower-migrating form of Npr2 immunodetected was specifically
sensitive to phosphatase. A parallel treatment of the phosphoprotein Cln2-HA immune complexes is presented as a control. WCE, whole-cell

extract.

a level approximately three- to fourfold higher than the wild-
type level (data not shown). The FLAG-Grrl protein was
expressed in a grrlA mutant strain growing in rich glucose-
containing medium with the addition of copper and Grrl-
containing protein complexes purified by adsorption to
anti-FLAG epitope monoclonal antibody, followed by elution
with the FLAG peptide. FLAG-Grrl was highly enriched in
that fraction (data not shown). The resulting protein com-
plexes were analyzed by MudPIT analysis essentially as de-
scribed previously (8, 15).

MudPIT analysis of Grrl complexes led to the identification
of a number of proteins that were specific based upon com-

parison to FLAG antibody precipitation from wild-type cells
expressing only untagged proteins (15) and to a database of
nonspecific proteins purified from yeast cells using anti-FLAG
beads (13). Among the specific peptides identified by MudPIT,
six unique peptides out of a total of seven peptides had se-
quences derived from Npr2, a putative negative regulator of
nitrogen permeases (Fig. 1A). Together, those peptides repre-
sent 18.6% of the 71-kDa protein. Purification of FLAG-Grrl
with mutations in the F box that eliminate Skpl-interacting
residues also yielded Npr2 peptides, suggesting that the inter-
action was directly with Grrl and not other subunits of the SCF
complex (data not shown). In addition, we recovered peptides
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derived by MudPIT analysis of Npr2 from cells growing in rich
medium containing raffinose as a carbon source.

To confirm that the interaction detected by MudPIT could
also be observed by other methods, we expressed FLAG-Grrl
in a strain in which Npr2 was tagged with the HA epitope and
subjected lysates of that strain to coimmunoprecipitation using
anti-HA antibody. We could not detect that interaction by
coimmunoprecipitation when Npr2-HA was expressed from its
own promoter. However, when we constructed an allele of
NPR?2 tagged with a triple HA epitope at its amino terminus
under the control of the yeast GALI promoter at the endog-
enous locus, we could detect a specific interaction with FLAG-
Grrl (Fig. 1B). We conclude that the abundance or avidity of
the Npr2-Grrl complex is low in wild-type cells.

Npr2 is a moderately unstable phosphoprotein. To evaluate
the behavior of the protein, we analyzed the protein in strains
expressing Npr2-HA from the endogenous Npr2 locus. Npr2 in
protein extracts from those strains migrated as a higher-mo-
bility form of about 70 kDa and a lower-mobility species (Fig.
1C). Our ability to resolve these two species was very sensitive
to the ionic conditions in sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. Although some variability in the
ratio of the two species of Npr2 was observed between exper-
iments and in cells grown on a variety of carbon sources,
including glucose and galactose, those changes were relatively
subtle (data not shown). Because lower-mobility species often
represent phosphoproteins, we treated immune complexes
precipitated with anti-HA antibodies with lambda phosphatase
and evaluated the mobility of the treated protein relative to
that of both untreated samples and samples that were treated
with phosphatase in the presence of phosphatase inhibitors.
The phosphatase-treated sample migrated as a single species
comparable to the higher-mobility species in the untreated
sample (Fig. 1C). This indicated that, like other targets of
Grrl, Npr2 is a phosphoprotein and is consistent with the
finding that phosphorylated proteins interact with Grr1 via the
leucine-rich repeat that makes up its protein-protein interac-
tion domain (14; our unpublished data).

The role of Grrl as the F-box component of an SCF E3
ubiquitin ligase immediately suggested that the interaction
might be a consequence of the targeting of phosphorylated
Npr2 for ubiquitin-mediated degradation by SCFS™'. We
therefore predicted that Npr2 should be unstable. To evaluate
that possibility, we expressed HA-Npr2 from the GALI pro-
moter at the endogenous locus under inducing conditions and
then added glucose to repress GALI-directed gene expression
(Fig. 2C). Samples were taken over a 6-hour time course for
analysis of HA-Npr2 abundance by immunoblotting. We no-
ticed that the abundance of both species of Npr2 is increased
in those cells relative to that of Npr2 expressed from its own
promoter and that the bulk of the accumulation is in the
unphosphorylated species. After repression with glucose, the
abundance of Npr2 protein decreased steadily over the time
course (Fig. 2C, top left). These data indicate that Npr2 is a
moderately unstable protein.

Npr2 is stabilized in a grr/A mutant. SC is specifically
involved in the ubiquitylation and degradation of a subset of
phosphorylated proteins. Consequently, we evaluated the ef-
fect of inactivation of Grrl on the abundance and modification
state of Npr2. We expressed HA-tagged Npr2 from its own
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promoter in grrlA mutant cells and analyzed the state of the
Npr2 protein (Fig. 2A). The abundance of the phosphorylated
species of Npr2 accumulated to a substantially higher level
than the unphosphorylated species in the grrl A mutant, and in
comparison to wild-type cells grown under the same condi-
tions, the phosphorylated form was much more abundant. Nev-
ertheless, the overall level of the protein was only slightly
higher in the grr/A mutant than in wild-type cells.

To evaluate the effect of inactivation of Grrl on Npr2 turn-
over, we introduced the GAL-HA-NPR?2 construct into a grrlA
mutant strain and monitored the abundance of HA-Npr2 over
a time course of 6 h following repression of the GALI pro-
moter by glucose (Fig. 2C, top). Unlike Npr2 expressed from
its own promoter, the protein accumulated from the GALI
promoter in the grr/A mutant accumulates primarily in the
higher-mobility species, suggesting that the capacity to phos-
phorylate Npr2 is limiting when the protein is overexpressed.
That becomes more obvious when the protein overexpressed
from the GALI promoter in grr/A mutant cells is directly
compared to protein expressed in the same strain from the
wild-type promoter (Fig. 2B). The abundance of Npr2 protein
in the mutant cells is only slightly lower after 3.5 h following
repression of the GALI promoter and easily detectable after
6 h of repression. That is despite the elimination of NPR2
transcript accumulated from the GALI promoter within 1 h
(Fig. 2C, bottom). In contrast, Npr2 is largely lost from wild-
type cells after 3.5 h. Based upon these results, we conclude
that Grrl is required for the instability of Npr2 protein, con-
sistent with the hypothesis that Npr2 is a target for the SCFE™!
ubiquitin ligase.

To evaluate whether inactivation of Grrl affects turnover of
Npr2 when it is expressed from its own promoter at the en-
dogenous NPR2 locus, we treated wild-type and grr/A mutant
strains expressing NPR2-HA with cycloheximide to inhibit new
protein synthesis and then monitored the abundance and mod-
ification state of Npr2-HA over a time course of 4 h (Fig. 2D).
Both low- and high-mobility forms of Npr2-HA were lost rap-
idly from the wild-type cells. However, the lower-mobility Npr2
protein, which was most abundant at the time of cycloheximide
addition in the grr/ A mutant cells, remained stable throughout
the time course. The higher-mobility species disappeared rap-
idly in both cases, suggesting that it was converted to the
lower-mobility species by phosphorylation.

The dependence upon Grrl for instability suggests that Npr2
is degraded via the ubiquitin proteasome pathway. To test that
hypothesis, the degradation of Npr2 expressed from the GALI
promoter was evaluated following glucose repression in pdr5A
mutant cells that were treated with the proteasome inhibitor
MG132 (Fig. 2E). The pdr5A mutation potentiates the sensi-
tivity of cells to MG132 (17). Treatment of cells with MG132
dramatically decreased the rate of loss of Npr2, which persisted
in the treated cells for more than 4 h following glucose repres-
sion. Because the gel conditions used for this experiment did
not resolve the two species of Npr2 in the pdr5A mutant, we are
uncertain whether the phosphorylation state is affected. Nev-
ertheless, we can conclude that the activity of the proteasome
is required for Npr2 instability.

Overexpression of Npr2 from the GALI promoter is mod-
estly toxic for wild-type cells, causing slow growth and lethality
(Fig. 2F and data not shown). The basis for this toxicity is
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FIG. 2. Npr2 is a phosphoprotein that is stabilized in a grr/ A mutant. (A) Npr2 accumulates in a hyperphosphorylated form in grv/ A mutants.
Wild-type (CWY1538) or grrl A mutant (CWY1553) cells expressing NPR2-HA from the endogenous locus (or an untagged control strain, K699)
were grown in YEPD to mid-logarithmic phase and immunoblotted for Npr2-HA with 12CAS anti-HA monoclonal antibodies. Anti-PSTAIRE
antibodies were used for the loading control. The asterisk denotes phosphorylated Npr2-HA. (B) Npr2 expressed from the GALI promoter in grrl A
mutant cells primarily accumulates the higher-mobility species. NPR2-HA was expressed under the control of its endogenous promoter or from
the GALI promoter in grrlA mutant cells by continuous growth on galactose, followed by immunoblotting for Npr2-HA with 12CAS5 anti-HA
monoclonal antibodies. (C) Npr2 protein expressed from the GALI promoter is stabilized in a grr/ A mutant. (Top) NPR2-HA was expressed under
the control of the repressible GALI promoter by growing cells of either the wild-type background (CWY1556) or the grr/ A mutant background
(NSY213) in 2% galactose to the mid-logarithmic phase. The GALI promoter was repressed by addition of 4% glucose (Glc). Cells were harvested
after glucose addition at the times indicated, and the abundance of Npr2 was monitored by immunoblotting compared to the loading control.
(Bottom) NPR2 gene expression in grr/ A mutant cells. To confirm the transcriptional repression of NPR2 by glucose in the cells analyzed in the
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FIG. 3. Npr2 phosphorylation and stability are dependent upon CK1. (A) Npr2 phosphorylation depends upon CK1. Npr2 was expressed from
its own promoter in either wild-type cells (CWY1584) or yckIA yck2-ts mutant cells (CWY1586) and detected by immunoblotting with anti-HA
antibody. Anti-PSTAIRE antibodies were used to detect the loading control. (B) The instability of Npr2 depends upon CK1. (Top) Npr2 was
expressed under the control of the repressible GAL1 promoter integrated into the wild-type background (CWY1585) and the yckiA yck2-ts mutant
background (CWY1587). The cells were grown in 2% galactose to the mid-logarithmic phase and shifted to 37°C for 2 h to inactivate casein kinase.
The GAL1 promoter was then shut off, and the cells were harvested at the times indicated. The abundance of the Npr2 protein was monitored
by immunoblotting and compared to the PSTAIRE loading control. (Bottom) GALI-NPR2 expression in yckIA yck2-ts mutant cells. The
transcriptional repression of NPR2 by the GALI promoter was confirmed by real-time RT-PCR as described above. As in the grr/A mutant
background, the maximum expression of Npr2 is much lower in the yckA yck2-ts mutant background at time zero than in the equivalent wild-type
background.

unknown. However, that toxicity is dramatically increased in a
grrl A mutant background. Thus, at least under conditions of
overexpression (Fig. 2B), Grrl is required to keep Npr2 below
a lethal level. This is consistent with a role for Grrl in the
inactivation of Npr2 via degradation.

The instability of Npr2 depends upon CK1. Grrl is required
for nutrient signaling by both amino acids and glucose. Mth1 is
an established target of SCFS™! that must be degraded for
extracellular glucose to induce the expression of hexose per-
mease genes (10, 22, 28). Targeting of Mth1 by SCFE™" re-
quires phosphorylation of Mth1 by CK1 encoded by the YCKI
and YCK2 genes. The target of Grrl required for signaling by
amino acids via the SPS pathway leading to induction of amino
acid and peptide permeases is as yet unknown (1, 2). However,
activation of that pathway also requires CK1 (1, 28). Because
Npr2 has been proposed to participate in the control of nutri-

ent permeases, we hypothesized that its turnover might also
require CK1 activity.

To test that hypothesis, we first evaluated the phosphoryla-
tion of Npr2 in cells deficient in CKI1 activity by tagging Npr2
with HA at its endogenous locus in a yckIA yck2-ts strain (Fig.
3A). Whereas Npr2-HA expressed in a wild-type strain was
distributed between the phosphorylated and unphosphorylated
species, the protein was almost entirely in the higher-mobility
unphosphorylated form when expressed in the yck mutant.

Next, to evaluate the effect of inactivating CK1 on the sta-
bility of Npr2, we constructed a yckIA yck2-ts strain containing
GAL-HA-NPR?2 at the endogenous NPR2 locus. CK1 is inac-
tive in that strain at 37°C, the restrictive temperature for the
yck2-ts allele. yck1A yck2-ts mutant and wild-type cultures, both
carrying the GAL-HA-NPR?2 construct, were grown at the per-
missive temperature in the presence of galactose to induce the

top half of panel C, RNA was isolated from the same cells and analyzed by real-time RT-PCR. Note that the relatively low abundance of NPR2
mRNA at 0 min in the grrJA mutant strain was reflected in the relatively low abundance of the Npr2 protein detected in the same sample. (D)
Npr2 protein expressed from the endogenous locus is stabilized in a grr/ A mutant. Strains expressing NPR2-HA from the endogenous locus under
the control of its own promoter in the wild-type and grr/ A mutant backgrounds were treated with cycloheximide (CHX; 100 pg/ml) at 0 min, and
then samples were taken at the times indicated and analyzed by immunoblotting for Npr2-HA protein or an endogenous 50-kDa anti-HA-reactive
protein as a loading control (LC). (E) Npr2 protein is stabilized by inhibition of the proteasome. Cells carrying a pdr5A mutation to promote drug
sensitivity and expressing NPR2-HA from the GALI promoter (CWY1999) were grown on galactose for 1 h. Glucose was added to repress
NPR2-HA expression, 50 .M MG132 was added to one half of the culture, and the other half was left untreated. The abundance of the Npr2-HA
protein was determined by immunoblotting at 2 and 4 h following glucose addition. lc, loading control. (F) The accumulation of Npr2 protein is
toxic for the cells. Wild-type cells (CWY1910 and CWY1753) and grrI A mutant cells (CWY1913 and CWY 1795) either overexpressing Npr2 from
the GALI promoter or expressing a wild-type level of Npr2, respectively, were plated as a series of 1:5 dilutions on rich galactose medium to induce
GALI-NPR2. The extent of colony growth was recorded after 5 days at 30°C.
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FIG. 4. Growth of Npr2 mutant cells in low nitrogen or poor nitrogen sources. (A, B, and C) npr2A mutants are compromised for growth on
urea as a nitrogen source. The CWY701 and NSY199 strains were grown to the mid-log phase in either rich YEPD or SD medium containing either
100 mM urea or 100 mM ammonium sulfate as a nitrogen source and then diluted to the density indicated and grown for 28 h. Cell density was
determined at the times indicated. (D) Npr2 protein abundance and modification in various nitrogen sources. A wild-type strain expressing
NPR2-3 X HA (CWY1538) was grown to the mid-log phase in either YEPD or SD medium containing 10 mM glutamate, 10 mM proline, 100 mM
ammonium sulfate, or 100 mM urea. Cells were harvested, and the abundance of Npr2 in protein extracts was monitored by immunoblotting and

compared to the PSTAIRE loading control.

GALI promoter and then shifted to the restrictive temperature
for 30 min prior to the addition of glucose. Cells were then
monitored for the abundance of HA-Npr2 and NPR2 RNA
over a time course of 8 h following glucose addition (Fig. 3B).
A dramatic stabilization of HA-Npr2 was observed in the
yck1A yck2-ts mutant at the restrictive temperature, whereas,
as in prior experiments, the loss of HA-Npr2 was nearly com-
plete within 2 h in the wild-type cells (Fig. 3B, top). Again, the
abundance of the NPR2 transcript was lower in galactose-
induced mutant cells and repressed by glucose nearly as effi-
ciently as in wild-type cells (Fig. 3B, bottom). Finally, the
abundance of the lower-mobility, hyperphosphorylated form of
Npr2 was dramatically diminished in the mutant cells, suggest-
ing that Npr2, like Mthl, is a target for phosphorylation by
CK1 and that, like that of Mthl, phosphorylation is required
for SCFS™'-dependent degradation.

Npr2 is required for robust growth on some defined nitro-
gen sources. Npr2 has been proposed to play a role in urea
uptake, and inactivation of NPR2 has been reported to in-
crease the expression of DUR3, which encodes a urea per-
mease (24). Although the effect on DUR3 expression is not
observed in our strain background (data not shown), we have
found that npr2A affects the capacity of cells to grow on urea as
a sole nitrogen source (Fig. 4). Whereas the growth of npr2A
mutant cells inoculated into rich medium (YEPD, a complex,
amino acid-containing medium) is unaffected with regard to
growth rate or maximal density (Fig. 4A), the same cells grow

substantially more slowly than wild-type cells on medium con-
taining 100 mM urea as a nitrogen source (Fig. 4B).

The deleterious effect of inactivation of Npr2 on growth on
urea is consistent with the reported role of Npr2 in urea uptake
(24). However, we considered the possibility that it was the
consequence of a more general effect of npr2A on the efficiency
of nitrogen uptake or metabolism. We asked whether the
npr2A mutation resulted in a similar effect on growth rate and
maximal density when cells are grown in 100 mM ammonium
as a nitrogen source (Fig. 4C). Similar to the effect of npr2A
mutants growing on urea, the cells growing on ammonium
grew slower and to a lower density than cells growing on rich
medium (Fig. 4A). This suggests that the utilization of ammo-
nium and urea as a nitrogen source is compromised in the
absence of functional Npr2. Thus, Npr2 is likely to be required
for the utilization of nitrogen derived from diverse sources at
a point downstream of ammonium assimilation (19). Although
these observations are consistent with a defect in the assimi-
lation of these forms of nitrogen, a more likely explanation was
recently advanced by Neklesa and Davis (23), who reported
that Npr2 is required to inactivate TORCI and thereby adapt
to nitrogen sources other than glutamine, a “nonrepressing”
nitrogen source.

Finally, we analyzed the abundance and modification state
of the Npr2 protein in a number of nitrogen sources, including
yeast extract-peptone and glutamate, which are expected not to
be repressing and others thought to be repressing (Fig. 4D).
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TABLE 2. Sporulation of wild-type and npr2A/npr2A diploid cells”

NPR2/NPR2 npr2A/npr2A
Phenotype No. % No. %
of cells of cells of cells of cells
Nonsporulated 557 535 897 86.8
Monads to triads 259 24.8 130 12.6
Tetrads 225 21.6 6 0.6

“ The sporulation assay was carried out using wild-type diploid cells (NSY203)
and npr2A/npr2A diploid cells (NSY203) as described in Materials and Methods.
More than 1,000 sporulation products for each strain were visually examined and
the percentage in each class is reported.

We found no substantial differences in the relative modifica-
tion state of Npr2 between those conditions. However, there
was a significant reduction in the abundance of the Npr2 pro-
tein in cells growing on proline, which also supported the
slowest growth rate of this group of nitrogen sources.

Npr2 is required for meiosis and sporulation. The apparent
defect in nitrogen uptake or metabolism suggested to us that
Npr2 might be important for the proper regulation of commit-
ment to meiosis. To evaluate that possibility, we incubated
diploid wild-type and npr2A/npr2A mutant cells in sporulation
medium, which is deficient in nitrogen and low in carbon, and
determined the number of cells that were competent to com-
plete meiosis and sporulation (Table 2). We found that al-
though nearly 50% of the wild-type cells could enter meiosis
and were at least partially proficient in sporulation, less than
13% of the npr2A/npr2A mutant cells could do so. Further-
more, less than 5% of the cells that entered meiosis went on to
form complete tetrads. This is compared to the ability of nearly
half of the wild-type cells that entered meiosis to form tetrads
in the wild-type culture. We conclude that the Npr2-deficient
cells cannot appropriately respond to nitrogen starvation and
enter or complete meiosis. The extent of this defect may vary
between strains, as a wild-type level of sporulation of npr2A
mutants was observed in the SK1 background (20) whereas a
defect in overall sporulation similar to that observed here was
observed in a separate study (23).

DISCUSSION

One of the well-characterized roles of the SCF®™" E3 ubig-
uitin ligase is to promote nutrient uptake by regulating nutrient
permease gene expression. Here we describe a previously un-
recognized target, Npr2, identified based upon a physical in-
teraction with Grrl observed by mass spectrometry-based
MudPIT analysis. Although Npr2 is a relatively stable protein,
its turnover is dependent upon Grrl. Previous genome-wide
approaches identified Npr2 as a ubiquitinated protein but
failed to reveal its regulation by Grrl, presumably because of
its relatively low abundance (4, 12). As is typical of SCFE™!
substrates, Npr2 is a phosphoprotein. Both its phosphorylation
and instability are dependent upon CK1, a common feature of
Grrl-dependent targets involved in nutrient regulation (1, 22,
28). Accumulation of hyperphosphorylated Npr2 is associated
with inactivation of Grrl.

Npr2 is required for efficient growth on some defined nitro-
gen sources and has been proposed to be a regulator of nitro-
gen permeases (24). Although the precise role of Npr2 is
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unclear, it was originally identified based upon a defect of the
mutant in growth on urea and proline as a nitrogen source, a
property shared with Nprl, a protein kinase involved in the
regulation of nitrogen permeases (5, 9, 27). We have shown the
phenotype of the npr2 mutant to include slow growth and
compromised mass accumulation when it is grown on several
nonoptimal nitrogen sources. These observations are consis-
tent with a recent report from Neklesa and Davis (23) showing
that a complex of Npr2 and Npr3 plays an inhibitory role
upstream of TORCI, an important regulator of protein syn-
thesis and amino acid uptake. Genetic analysis performed in
the context of that study suggests that Npr2 acts to restrict
TORCI1 function in the absence of glutamine, an optimal ni-
trogen source, thereby promoting the expression of nitrogen
metabolite-repressible genes and decreasing the rate of ribo-
some biosynthesis. The metabolism of glutamine is unaffected
by inactivation of Npr2. We hypothesized that the defect in
growth on ammonia might be a consequence of misregulation
of ammonium uptake rather than in its metabolism. In fact,
inhibition of TOR by rapamycin has been reported to induce
expression of the major ammonium permease encoded by
MEP?2 (6). However, we find that regulation of MEP2 expres-
sion is intact in the npr2A mutant (data not shown), suggesting
that any defect must occur either at the level of the permease
itself or in some other aspect of ammonium assimilation.

Npr2 is a relatively stable protein with a half-life of greater than
an entire cell cycle. However, Npr2 turnover is dependent upon
Grrl and, like that of several other targets of SCF™, Npr2
turnover depends upon CKI1. The long half-life of Npr2 is unex-
pected for targets of ubiquitin-mediated degradation but might
reflect our failure to identify conditions that favor degradation.
For example, Mth1 appears to be rather stable in cells growing on
nonglucose carbon sources but is rapidly degraded via phosphor-
ylation-dependent ubiquitination by SCF°™ when glucose is
added to the growth medium, which, in turn, induces glucose
permease gene expression (10, 22, 28). A similar phenomenon
involving Grrl may accelerate Npr2 turnover. Although Npr2
appears to be dispensable in cells growing in rich medium and
therefore might be expected to be degraded under those condi-
tions, neither the phosphorylation state nor accumulation of Npr2
appears to be strongly affected by the nitrogen source. We do
know that hyperaccumulation of Npr2 is detrimental to cells and
that it becomes lethal when Grrl1 is inactivated. However, we do
not know whether similar hyperaccumulation occurs under spe-
cific conditions in wild-type cells. Instead, Grrl may be involved in
a homeostatic mechanism regulating the overall abundance of
Npr2 protein.

The requirement of casein kinase for the phosphorylation
and instability of Npr2 is shared with several other Grrl targets
involved in the regulation of nutrient permease gene expres-
sion. In the case of Mthl, a corepressor of HXT genes that is
inactivated by glucose, phosphorylation by Yck1/2 is a prereq-
uisite for recognition by SCFS™! (22, 28). The target in the
pathway leading to the activation of amino acid permeases is
currently unknown. Both glucose and amino acid permeases
are induced when nutrient uptake is desirable. Although our
data point to Npr2 as a target of Yckl1/2, neither the impor-
tance of turnover nor the stimulus leading to that turnover is
understood.

Loss of Npr2 function has been reported to lead to resis-
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tance to the genotoxic agents doxorubicin, a topoisomerase II
inhibitor, and cisplatin, which induces DNA damage by form-
ing platinum-DNA adducts, two clinically important chemo-
therapeutics (11, 26). That phenotype is shared with mutants
deficient in the Skyl serine-rich protein-specific kinase. Resis-
tance to a broad range of other compounds is not observed,
and there is no evidence that this is related to a defect in
uptake. Although the mechanism by which either of these
genes confers resistance to the drugs is unknown, NPR2 and
SKY2 are members of the same epistasis group, indicating that
they function in the same pathway. This is consistent with the
observation that both npr2A and skylA mutants have a mild
mutator phenotype (25, 26). Skyl activity has been associated
with mismatch repair defects and other aberrations of DNA
metabolism. Although the NPR2 SKY2 epistasis could indicate
a pathway in which Npr2 is phosphorylated by the Sky2 kinase,
it seems unlikely because Npr2 lacks consensus sites for Sky2
(32) and because we have shown that the majority of Npr2
phosphorylation is lost in the absence of CK1 activity, elimi-
nating the need to invoke the involvement of another kinase.
Whether CK1 or Grrl contributes to the role of Npr2 in
modulating sensitivity to genotoxic agents is not known.

The closest human homolog of Npr2 is the tumor suppressor
encoded by NPRL2 (16, 26). Inactivation of that protein, like
that of its yeast counterpart, leads to cisplatin resistance, ren-
dering cells refractory to this common cancer chemotherapeu-
tic agent (29). Also, like its yeast ortholog, Nprl2 has been
shown to form a complex with Nprl3, although its role as a
TOR pathway regulator has not been established (23). Despite
the fact that the physiological roles of Npr2 and Nprl2 are
unknown, the shared phenotype of cisplatin resistance suggests
that those roles at least partially overlap. Similarly, since the
regulation of the Nprl2 protein has yet to be determined, it is
not known whether it is a target for phosphorylation or ubig-
uitin-mediated proteolysis. However, based upon the similarity
between these two proteins and the phenotypes of mutants in
them, we suggest that Nprl2 may be a target for SCF-mediated
ubiquitylation and subsequent turnover. If so, aberrant regu-
lation of Nprl2 abundance could be important in the develop-
ment and treatment of human cancer.
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