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Rasl is a small GTPase in the budding yeast Saccharomyces
cerevisiae that regulates nutrient signaling. It has been shown
that Rasl undergoes phosphorylation, but the functional con-
sequences and regulation of Rasl phosphorylation remain
unknown. Here we identify Ser-226 as an important residue for
Rasl phosphorylation, as mutating this residue to an alanine
drastically diminishes the level of Ras1 phosphorylation. Nota-
bly, phosphorylated Ras1 accumulates as the cells approach the
stationary phase of growth. Likewise, subjecting cells to nitro-
gen starvation also elevates the level of Rasl phosphorylation.
Interestingly, blocking Rasl phosphorylation diminishes the
level of autophagy and also renders the cells more sensitive to
heatshock. Together, these datasuggestarole of Ras1 phosphor-
ylation in modulating nutrient signaling and stress response.

A fundamental property of any living system is its ability to
respond to environmental cues and mount an appropriate
response to adapt to changes in nutrient availability and cellular
stress. This property is especially important for single-cell
organisms such as yeast. Indeed, the budding yeast Saccharo-
myces cerevisiae has been widely used as a model organism to
study the molecular basis of cell signaling in response to envi-
ronmental cues.

Like every living system, yeast requires both carbon and
nitrogen sources for its growth and proliferation. In yeast, glu-
cose is the preferred carbon source, and sophisticated signaling
pathways exist in yeast to detect and respond to the availability
of glucose (1, 2). At the core of these signaling pathways are
Rasl and Ras2, the only two members of the Ras GTPase family
in yeast (3). Through a still not well characterized mechanism,
the presence of glucose leads to activation of Cdc25, the
exchange factor for both Rasl and Ras2. The resulting GTP-
bound Rasl and Ras2 directly bind adenylate cyclase (Cyrl) and
stimulate its production of cAMP, which consequently acti-
vates the cAMP-dependent protein kinase (PKA) (1, 4). The
signaling pathway that senses and responds to nitrogen avail-
ability is mediated by the target of rapamycin (TOR), a highly
conserved serine/threonine kinase that phosphorylates and
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thereby controls the activity of a variety of proteins that are
important for protein translation, ribosome biogenesis, and cell
growth (5). Given that both Ras/PKA and target of rapamycin
regulate nutrient signaling, mechanisms must exist to coordi-
nate these two pathways to allow cells to accurately align the
growth and proliferation with the availability of nutrients (6).

The absence of nutrients triggers a variety of cellular
responses that include switching off anabolic pathways and
turning on catabolic pathways to maintain the cell viability.
Autophagy is one such process that is triggered by nitrogen
starvation (7, 8). In this process, a portion of cytoplasm is
wrapped inside a double-membrane vesicle (autophagosome)
and delivered to the lysosome (yeast vacuole) for degradation,
resulting in building blocks such as amino acids that can be used
in the biosynthetic pathway essential for cell viability. Under
nutrient-replete conditions, autophagy occurs at a basal level,
which is important for the maintenance of cellular homeostasis,
including clearing damaged proteins and organelles (8). Under
nutrient-depleted conditions, especially in the absence of nitro-
gen, autophagy is markedly induced to recycle cellular materi-
als to generate usable nitrogen sources for essential processes.
Interestingly, it appears that the extent of autophagy can be
regulated by the activation level of Ras, a key component of the
glucose signaling pathway in yeast (9). Specifically, it has been
demonstrated that expressing a constitutively activated Ras2
(Ras25'?Y) can substantially impair autophagy. Thus, regulat-
ing the activation level of Ras proteins could be a molecular
mechanism to coordinate the cellular responses to both carbon
and nitrogen availability.

Ras signaling in yeast is turned off mainly via the action of
RasGAPs Iral and Ira2 (10). Disrupting these proteins can lead
to constitutive activation of Ras and PKA (10). Interestingly,
both Ras1 and Ras2 undergo phosphorylation (11, 12), suggest-
ing that the activity of these proteins may also be regulated by
phosphorylation. There are a few studies that characterized
Ras2 phosphorylation, among which one recent work suggests
that phosphorylation of Ras2 on the Ser-214 residue plays a role
in negatively regulating Ras/PKA signaling (12, 13). Notably,
phosphorylation of Ras1 remains largely unexplored other than
the demonstrations that it does undergo phosphorylation and
that phosphorylation primarily occurs on serine residues (11,
12). In this study, we have further characterized Ras1 phosphor-
ylation. We find that phosphorylation of Rasl is regulated by
nutrient status and requires a critical serine residue. Interest-
ingly, blocking phosphorylation of Ras1 diminishes the extent
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FIGURE 1. Nitrogen starvation elevates Ras1 phosphorylation. A, whole cell extracts from wild-type cells and ras 1A cells were resolved by 8% SDS-PAGE and
probed with anti-Ras antibodies (ab79973, Abcam). Equal loading of each lane was confirmed viaimmunoblotting (/B) with anti-Pgk1. p-Ras1, phosphorylated
Ras1; Ras1, unphosphorylated Ras1. B, wild-type cells (BY4741) were grown to mid-log phase in yeast extract peptone dextrose (YPD) medium (time 0) and
continued to grow for the indicated times. Whole cell extracts were resolved by 8% SDS-PAGE and probed with anti-Ras antibodies. Equal loading of each lane
was confirmed viaimmunoblotting with anti-Pgk1. Quantification ofimmunoblots by densitometry from three independent experiments is shown in the right
panel. The difference between each time point and time 0 was statistically analyzed (¥, p < 0.050). Cand D, wild-type cells (BY4741) were grown in YPD medium
to mid-log phase and then switched to medium without glucose (w/o glucose, C) or without nitrogen (w/o nitrogen, D) for the indicated times. Whole cell
extracts were resolved by 8% SDS-PAGE and probed with anti-Ras antibodies. The data shown are representative of three independent experiments. Quanti-
fication of immunoblots by densitometry from three independent experiments is shown in the right panels. The difference between each time point and time

0 was statistically analyzed (**, p < 0.010).

of basal macroautophagy and renders cells more sensitive to
heat shock.

Results

Rasl Phosphorylation Is Regulated by the Nutrient Status—It
has been demonstrated very convincingly that Ras1 undergoes
phosphorylation and that phosphorylation occurs primarily on
serine residues (11, 12). However, the functional consequences
and regulation of Ras1 phosphorylation have not been charac-
terized. Given the role of Ras proteins in regulating nutrient
signaling in yeast, we became interested in whether nutrient
status and/or the growth stages could impact Ras1 phosphory-
lation. Thus, we elected to monitor the phosphorylation status
of Rasl in different growth stages.

To detect Rasl, we used a monoclonal antibody that is
directed against Ras (Abcam, ab79973). The specificity of the
antibody is established by comparing the band patterns of wild-
type versus raslA cells. As shown in Fig. 14, in the cell extract
prepared from wild-type cells, the Ras antibody detected a
series of bands with different mobility, whereas, in the extract
prepared from rasIA cells, only a very faint band was detected,
which presumably corresponds to Ras2. As documented in ear-
lier work on Rasl phosphorylation (11, 12), the bands with
slower mobility represent phosphorylated forms of Rasl
(p-Rasl) because their mobility is sensitive to phosphatase
treatment, whereas the band with the fastest mobility repre-
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sents the non-phosphorylated form. After validation of the
antibody, we monitored the level of phosphorylated Rasl in
cells that were in different growth stages. For this purpose, we
let mid-log phase cells continue to grow in the same medium,
removed an aliquot of cell culture at the indicated times, and
monitored the level of both phosphorylated and non-phosphor-
ylated Rasl. As shown in Fig. 1B, there is a dynamic change in
the level of phosphorylated Ras1. Specifically, after the 4-h time
point, there is a gradual shift of Ras1 from the non-phosphory-
lated form to the phosphorylated form.

Next, we examined whether phosphorylation of Rasl is influ-
enced by a lack of glucose or nitrogen. For this purpose, we
shifted mid-log phase culture to medium either lacking glucose
or lacking nitrogen and examined the level of phosphorylated
Rasl. As shown in Fig. 1C, subjecting cells to glucose starvation
did not lead to any obvious increase in Ras1 phosphorylation.
Interestingly, subjecting cells to nitrogen starvation clearly
causes a shift of Rasl to the phosphorylated form, which is
already apparent at the time point of 2 h. After prolonged nitro-
gen starvation, the majority of Rasl exists as the phosphorylated
form. These data indicate that the level of Ras1 phosphorylation
is regulated by nutrient status. In particular, a lack of nitrogen
triggers a marked elevation of Ras1 phosphorylation, raising the
possibility that this modification may serve a role in regulating
cellular responses to the availability of nitrogen.
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FIGURE 2. Ser-226 is required for both basal and nitrogen starvation-in-
duced Ras1 phosphorylation. A, ras1A cells were transformed with either an
empty vector or the pRS315 plasmids that express various Ras1 alleles under
the control of the RAST promoter. Cells were grown in selective medium to
mid-log phase, and whole cell extracts were resolved by 8% SDS-PAGE and
probed with anti-Ras antibodies. Quantification ofimmunoblots (/B) from two
independent experiments by densitometry is shown in the bottom panel. The
difference between each mutant and wild type was statistically analyzed (¥,
p < 0.050; **, p < 0.01)). B, ras1A cells were transformed with either an empty
vector or the pRS315 plasmids that express either wild-type Ras1 or the
Ras1°22°* mutant under the control of the RAST promoter. Cells were grown
in selective medium to mid-log phase and then switched to medium without
nitrogen (w/o nitrogen) for the indicated times. Whole cell extracts were
resolved by 8% SDS-PAGE and probed with anti-Ras antibodies. The data
shown are representative of three independent experiments. Quantification
of immunoblots by densitometry from three independent experiments is
shown in the bottom panel.

The Residue Ser-226 Is Required for Rasl Phosphorylation—
To understand the potential function of Ras1 phosphorylation,
we sought to identify point mutants that block this modifica-
tion. Previous work indicated that phosphorylation of Rasl
occurs primarily on serine residues (12). A search of a database
generated via global phosphor-proteomics analysis (phospho-
GRID) indicated that a few serine residues on Rasl may
undergo phosphorylation. Specifically, these residues are Ser-
198, Ser-199, Ser-211, Ser-225, Ser-226, Ser-227, Ser-229, and
Ser-268. To examine whether any of these residues might be
critical for Ras1 phosphorylation, we individually mutated each
of them to an alanine and examined whether the mutation
alters the level of Rasl phosphorylation. As shown in Fig. 24,
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substituting the residues Ser-225, Ser-226, Ser-227, and Ser-
229 to an alanine diminished the level of Ras1 phosphorylation
to various extents, suggesting that the region between Ser-225
and Ser-229 is critical for Ras1 phosphorylation. Given that the
largest diminishment of Rasl phosphorylation occurs when
Ser-226 is mutated to an alanine, we asked whether nitrogen
starvation-induced Ras1 phosphorylation also requires this res-
idue. As shown in Fig. 2B, the marked accumulation of Rasl
phosphorylation induced by nitrogen starvation is largely
blocked in the Ras15*2** mutant. We conclude that the residue
Ser-226 is required for both basal and nitrogen starvation-in-
duced phosphorylation of Rasl.

Glycogen Synthase Kinase Is Partially Required for Rasl
Phosphorylation—Next, we sought to identify the kinase that is
required for Rasl phosphorylation. One plausible candidate
kinase is glycogen synthase kinase (GSK);? it is known that this
enzyme is active under the condition of nitrogen starvation
(14). In addition, the region between Ser-225 and Ser-229 fits
fairly well with the consensus sequence for glycogen synthase
kinase (15). There are four isoforms of glycogen synthase kinase
in yeast, and they are Mrkl, Mckl, Rimll, and Ygk3
(YOL128C). To determine whether any of these yeast glycogen
synthase kinases is responsible for Rasl phosphorylation, we
compared the level of Rasl phosphorylation in the wild type
versus mutants that lack each individual glycogen synthase
kinase with or without nitrogen starvation. We found that
deleting any individual glycogen synthase kinase does not sig-
nificantly affect basal or nitrogen starvation-induced Ras1 phos-
phorylation (data not shown). The lack of effect may be due to
the redundancy of GSK isoforms, as demonstrated by other
studies (14, 16). Accordingly, we analyzed Rasl phosphoryla-
tion in a mutant that lacks three GSK isoforms (Mckl, Rim11,
and Ygk3) (16). As shown in Fig. 3A, nitrogen starvation-in-
duced Rasl phosphorylation still occurs in the mutant at the
early time point (2 h after nitrogen starvation), but the further
phosphorylation induced by prolonged nitrogen starvation (24
h after nitrogen starvation) is partially blocked in the mutant.
To provide additional evidence that GSK might be the key
kinase that phosphorylates Ras1 here, we examined the effect of
overexpressing GSK isoforms on the level of Rasl phosphory-
lation. The prediction is that overexpression of GSK would lead
to an increased level of Ras1 phosphorylation. As shown in Fig.
3B, overexpressing MRK1, MCK1, or RIM11 indeed resulted in
an elevated level of Rasl phosphorylation.

Another candidate kinase for Rasl phosphorylation is PKC,
because nitrogen starvation is known to activate this kinase (17,
18) and K-Ras is known to be phosphorylated by PKC in mam-
mals (19). Yeast has only a single protein kinase C (i.e. Pkcl),
which is essential for the viability of yeast because of its impor-
tant function in maintaining yeast cell wall integrity. However,
the pkc1A mutant can be kept viable in medium supplemented
with a high concentration of osmo-stabilizer such as 1 m sorbi-
tol (17). To examine whether Pkcl is required for Rasl phos-
phorylation, we grew both the wild-type and pkcIA mutant in
medium supplemented with 1 M sorbitol and examined the

2 The abbreviations used are: GSK; glycogen synthase kinase; Cvt, cytoplasm-
to-vacuole targeting.
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FIGURE 3. Glycogen synthase kinase is partially required for Ras1 phos-
phorylation. A, the wild type and the mutant (gsk) lacking three yeast glyco-
gen synthase kinases (Mck1, Rim11, and Ygk3) were grown in YPD medium to
mid-log phase and then switched to medium without nitrogen (w/o nitrogen)
forthe indicated time. Whole cell extracts were resolved by 8% SDS-PAGE and
probed with anti-Ras antibodies. Quantification of immunoblots (/B) by den-
sitometry from three independent experiments is shown in the right panel.
The difference between the wild type and gsk mutant was statistically ana-
lyzed (*, p < 0.050). B, wild-type cells were transformed with either plasmids
that express MRK1, MCK1, or RIM11 under the control of the GAL1 promoter
or an empty vector and grown to mid-log phase in galactose-containing
medium. Whole cell extracts were resolved by 8% SDS-PAGE and probed with
anti-Ras antibodies. Quantification of immunoblots by densitometry from
three independent experiments is shown in the right panel. The difference
between the vector and each overexpression construct was statistically ana-
lyzed (*, p < 0.050). C, wild-type and pkc1A cells were grown in YPD medium
supplemented with 1 m sorbitol (to maintain the viability of the pkcTA cells).
Cells were grown to mid-log phase and switched to medium without nitro-
gen forthe indicated time. Whole cell extracts were resolved by 8% SDS-PAGE
and probed with anti-Ras antibodies. Quantification of immunoblots by den-
sitometry from two independent experiments is shown in the right panel.

level of Rasl phosphorylation. As shown in Fig. 3C, neither
basal nor nitrogen starvation-induced phosphorylation of Rasl
are impaired in the pkcIA mutant, indicating that Pkcl is not
required for Ras1 phosphorylation.

Phosphorylation Modulates Rasl Properties—To investigate
whether phosphorylation may impact the properties of Rasl,
we first considered its potential role in regulating the abun-
dance and/or stability of Rasl, as phosphorylation is a common
mechanism that targets protein for ubiquitination and the sub-
sequent degradation in the proteasome (20). In addition, as
shown in Fig. 24, the protein level of Ras1?*** is indeed higher
than that of Rasl, albeit modestly. To investigate whether the
abundance of Rasl is regulated via the proteasome, we exam-
ined whether disrupting proteasome activity has any effect on
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Ras1 protein. For this purpose, we compared Ras1 in the wild-
type versus a mutant (cim3-1) with disrupted proteasomal
activity. As shown in Fig. 44, similar levels of non-phosphory-
lated Rasl are present in the wild-type and the cim3-1 mutant.
Notably, the level of phosphorylated Rasl is clearly higher in the
cim3-1 mutant. There was no obvious accumulation of higher
molecular weight species of Ras1 in the cim3-1 mutant that may
represent poly-ubiquitinated Rasl. To ascertain the result, we
also examined the level of Rasl in a different proteasome-defi-
cient mutant that contains a catalytically inactive Rpn11, a met-
alloprotease subunit of the 19S proteasome (21). Again, we
observed a clear accumulation of phosphorylated Rasl in the
mutant (Fig. 4B). Together, these findings indicate that a func-
tional proteasome has a role in preventing the abnormal accu-
mulation of phosphorylated Ras1.

Next, we considered the possibility that phosphorylation
may regulate the subcellular localization of Rasl. For this pur-
pose, we compared the subcellular localization of the wild type
and the Rasl mutants using a well established sucrose density
gradient fractionation method (22). As demonstrated previ-
ously by others (23), in addition to plasma membrane localiza-
tion, a substantial fraction of Rasl is present in both the cyto-
solic fraction and the intramembrane fraction (Fig. 4C).
Interestingly, compared with wild-type Ras1, more Ras15?%%* is
present in the fractions corresponding to the plasma mem-
brane, suggesting that phosphorylation promotes a relocaliza-
tion of Rasl from the plasma membrane to the cytosol. To
further test this model, we also examined the localization of
Ras15%2°F, a Ras1 variant that potentially mimics phosphorylat-
ed Rasl1 (at the Ser-226 site). As shown in Fig. 4C, the subcellu-
lar localization of Ras1%?*°F is similar to Rasl and is slightly
more cytosolic, which is consistent with the prediction of our
model.

Phosphorylation of Rasl Regulates the Extent of Basal
Macroautophagy—Next, we investigated the physiological
roles of Rasl phosphorylation. In response to nitrogen starva-
tion, cells undergo autophagy, a catabolic process that allows
cells to degrade bulky materials in the lysosome (also called the
vacuole in yeast) to recycle nutrients for the maintenance of
viability. One process that is related to autophagy is the cyto-
plasm-to-vacuole targeting (Cvt) pathway, which is a biosyn-
thetic pathway that serves to deliver vacuolar proteases such as
aminopeptidase 1 (Apel) to the vacuole (24). There are exten-
sive similarities between the Cvt pathway and autophagy. In
fact, these two pathways share a common set of proteins and
machinery to deliver materials to the vacuole (25, 26). It has
been demonstrated previously that activated Ras inhibits both
macroautophagy and the Cvt pathway (9). Given that phosphor-
ylation of Rasl is enhanced by nitrogen starvation, we became
interested in exploring whether phosphorylation of Rasl may
serve any role in regulating the Cvt pathway and/or the extent
of macroautophagy.

The Cvt pathway can be conveniently examined by monitor-
ing the level of mature Apel (mApel) (27). Apel is synthesized
in the cytosol as an inactive precursor form (prApel) that is
delivered to the vacuole via the Cvt pathway. When in the vac-
uole, prApel is converted to its mature form (mApel) after the
removal of its N-terminal segment by a vacuolar protease. As
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15794 and its

isogeneic wild type were grown in YPD medium to mid-log phase. Whole cell extracts were resolved by 8% SDS-PAGE and probed with anti-Ras or anti-Pgk1
antibodies. Quantification of immunoblots by densitometry from three independent experiments is shown in the right panels. C, cells expressing either Ras1,
Ras1°22°A or Ras1522°F under the control of the RAST promoter were grown to mid-log phase. Whole cell extracts were prepared, separated by sucrose gradient
fractionation, resolved by 10% SDS-PAGE, and probed with anti-Ras, anti-Ste4, or anti-Pgk1 antibodies. The asterisks denote the position of Ras1 species with

the same mobility on SDS-PAGE.

shown in Fig. 54, under the nutrient-replete condition, the level
of mApel is less in the Ras15%2°* mutant, indicating that the
basal activation of the Cvt pathway is less in the Ras1%?¢4
mutant. Under the nitrogen starvation condition, a marked
accumulation of mApel occurred in both the wild type and the
Ras1%?2°4 mutant (Fig. 5B). Notably, there is a modest increase
in the level of prApel in the Ras15**** mutant (Fig. 5B), indi-
cating that the delivery and/or processing of prApel induced by
nitrogen starvation is less effective when the phosphorylation
of Ras1 is blocked.

Itis possible that Ras1 phosphorylation might be required for
the expression of Apel, which could account for the lower basal
mApel in the Ras1%?*** mutant. To directly test whether Ras1
phosphorylation is required for optimal delivery and/or pro-
cessing of Apel, we expressed Apel under the control of an
inducible CUPI promoter and compared the relative level of
prApel and mApel in the wild type versus the Ras1%?%¢*
mutant. As shown in Fig. 5C, addition of 100 um Cu®" (final
concentration) rapidly induced the production of prApel.
After switching the cells to the nitrogen starvation condition,
we could easily detect a conversion of prApel to mApel in both
wild-type and the Ras1%2*%* cells (Fig. 5C). However, the extent
of conversion from prApel to mApel is clearly less in the
Ras15*2°* mutant compared with the wild-type at every time
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point, which clearly indicates that optimal delivery and/or pro-
cessing of Apel requires phosphorylation of Ras1.

The extent of macroautophagy can be examined via tracking
the processing of GFP-Atg8, a fusion protein between a GFP
and Atg8 (27, 28). During autophagy, GFP-Atg8 is delivered to
the vacuole and degraded. Because of the higher stability of
GEFP, degradation of GFP-Atg8 leads to an easily detectable
conversion of full-length GFP-Atg8 to free GFP. The ratio
between the level of free GFP and the full-length GFP-Atg8 can
be used to quantify the extent of macroautophagy. As shown in
Fig. 5D, blocking Ras1 phosphorylation decreased the extent of
macroautophagy, especially for both the basal level and the ear-
lier time points of nitrogen starvation. Together, these data
indicate that phosphorylation of Ras1 plays a role in fine-tuning
the extent of basal macroautophagy as well as the early stage of
macroautophagy induction.

Phosphorylation of Ras1 Affects Sensitivity to Heat Shock—It
has been shown previously that expressing a constitutively
active Ras2 leads to hyperactivation of protein kinase A and,
consequently, inhibition of autophagy (9). It is possible that the
diminished autophagy displayed by the Ras15%*** mutant is due
to a higher activation level of protein kinase A. It has been
demonstrated previously that hyperactivation of protein kinase
A often renders cells more sensitive to heat shock at 55 °C (6,
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without nitrogen (SD-N) for the indicated times. Whole cell extracts were resolved by 8% SDS-PAGE and probed with anti-Ape1 or anti-Pgk1 antibodies.
Quantification ofimmunoblots by densitometry from three independent experiments is shown in the right panel. The difference between Ras1 and Ras1-5226A
was statistically analyzed (¥, p < 0.050). D, the same cells as shown in A and B were transformed with a plasmid that expresses GFP-Atg8 under the control of
the ATG8 promoter. Cells were grown in selective medium to mid-log phase and switched to medium without nitrogen for the indicated times. Whole cell
extracts were resolved by 10% SDS-PAGE and probed with anti-GFP or anti-Pgk1 antibodies. GFP-Atg8, full-length protein composed of GFP fused to the
N-terminal of Atg8; GFP, free GFP originated from the degradation of GFP-Atg8 in the vacuole. Quantification of immunoblots by densitometry from two
independent experiments is shown in the right panel. The difference between Ras1 and Ras1-5226A was statistically analyzed (*, p < 0.050).

29). Accordingly, we compared the heat shock sensitivity of the
wild type and Ras15*?°* mutant. As shown in Fig. 6, the
Ras1%%*** mutant indeed is more sensitive to heat shock, which
suggests a role of Ras1 phosphorylation in stress response.
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Discussion

Rasl is a yeast homolog of the human Ras proteins. It has
been demonstrated that Rasl undergoes phosphorylation, but
the functional consequences and regulation of this modifica-
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Ras1

No Heat Shock
55°C for 5 min

55°C for 15 min

FIGURE 6. Blocking Ras1 phosphorylation renders cells more sensitive to
heat shock. Cells expressing either Ras1 or Ras1°22°* under the control of the
RAST promoter were grown to stationary phase and then treated or not
treated by heat shock at 55 °C for the indicated times. About 5 ul of serially
diluted cells were placed on selective medium, grown for 3 days, and
photographed. The data shown are representative of three independent
experiments.

tion remain unclear. Our study demonstrates that phosphory-
lation of Rasl is responsive to nutrient status. In particular,
nitrogen starvation significantly elevates the level of Ras1 phos-
phorylation. We identify Ser-226 as a residue that is required
for proper Ras1 phosphorylation. Consistent with a role of Ras1
phosphorylation in regulating nutrient signaling, we find that
the Ras1%2*** mutant has a reduced level of macroautophagy as
well as a diminished activation of the Cvt pathway. In addition,
we find that the Ras1®**** mutant is more sensitive to heat
shock. Together, the findings reveal a role of phosphorylation
of Rasl in regulating stress response as well as in fine-tuning the
extent of autophagy.

Autophagy has gained enormous interest in recent years, and
it has been implicated in the regulation of numerous biological
processes (30). Autophagy is a double-edged sword, and either
too high or too low of a level can have a devastating effect on
normal cellular physiology (31). Thus, not surprisingly, a mul-
titude of mechanisms exist to fine-tune the level of autophagy.
In some cases, the magnitude of regulation is modest (32),
which may attest to the crucial importance of fine-tuning in
autophagy. Our findings that Rasl phosphorylation is pro-
moted by nitrogen starvation and that blocking Ras1 phosphor-
ylation diminishes the level of autophagy suggest that phos-
phorylation of Ras1 serves as a new mechanism to align nutrient
status and the extent of autophagy. It is important to point out
that the main defects we have observed with the Ras1%***
mutant are decreased basal macroautophagy as well as a delay
in autophagy induction. Given that basal autophagy is impor-
tant in maintaining proteostasis by clearing out damaged pro-
teins, in the future, it would be interesting to examine whether
phosphorylation of Rasl may play a role in the regulation of
proteostasis.

How does phosphorylation of Ras1 inhibit downstream sig-
naling activity such as the extent of macroautophagy? One pos-
sibility is that phosphorylation down-regulates Ras1-mediated
signaling by targeting the protein for degradation. Consistent
with this model, we find that phosphorylated Rasl is accumu-
lated in proteasome-deficient mutants (both cim3-1 and
rpnl1577°%), suggesting that phosphorylation of Ras1 might be
aprecursor for its degradation in the proteasome. It would have
been informative to directly compare the in vivo stability of
phosphorylated versus non-phosphorylated Rasl, but this is
technically challenging, as it is not easy to distinguish the effect
of accelerated degradation from that of enhanced dephosphor-
ylation of phosphorylated Ras1. In this regard, identification of
a specific phosphatase that modulates Rasl phosphorylation
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status might be helpful. It should be pointed out that the accu-
mulation of phosphorylated Rasl in proteasome-deficient
mutants may be due to other indirect effects, especially consid-
ering the observations that the primarily accumulated species
in proteasome-deficient mutants is phosphorylated Rasl and
that there is no evidence of accumulation of poly-ubiquitinated
Rasl. One reasonable possibility is that kinase, such as glycogen
synthase kinase, which is responsible for Ras1 phosphorylation,
has a higher activity in proteasome-deficient mutants.

Interestingly, our sucrose gradient fractionation experi-
ments indicate that phosphorylation could impact Ras1 activity
via altering its subcellular localization. Compared with wild-
type Rasl, the Ras15*?°* mutant displays substantially more
plasma membrane localization, which could potentially explain
the observed enhanced activity of the mutant, as the known
effector for Ras1 (i.e. adenylate cyclase) is primarily found in the
plasma membrane (33, 34). It is worth noting that our localiza-
tion experiments did not rely on either the epitope-tagged or
overexpressed version of Rasl protein, which may have unin-
tended consequences for its subcellular localization. It is
unclear whether the Rasl protein found in the cytosolic frac-
tions is functional and what makes the protein not membrane-
associated. To answer these questions, in the future, it might be
helpful to identify proteins that specifically interact with Rasl
in these fractions.

In summary, our data clearly demonstrate that nitrogen star-
vation induces Ras1 phosphorylation and that Ser-226 is critical
for Rasl phosphorylation. Blocking Rasl phosphorylation
decreases the extent of basal macroautophagy and renders cells
more sensitive to heat shock. Together, these findings suggest a
role of Rasl phosphorylation in nutrient signaling and stress
responses.

Experimental Procedures

Strains and Plasmids—Standard methods for the growth,
maintenance, and transformation of yeast and bacteria and for
the manipulation of DNA were used throughout. The S. cerevi-
siae strains used in this study are BY4741 (MATa leu2A met15A
his3A ura3A); BY4741-derived mutants lacking MCKI1, MRK1,
RIM11, RAS1, or RAS2 (Research Genetics, Huntsville, AL);
YPH499 (MATa ura3-52 lys2-801*™ ade2-101°° trpl-A 63
his3-A 200 leu2-A 1); YPH499-derived mutants lacking PKCI
(pkc1::LEU2, generously provided by Dr. J. Thorner, University
of California, Berkeley, CA) (17); a triple gsk mutant (GSK3-
mckl rimll yoli28¢c, MATa his3 leu2 ura3 tripl ade2
mck1::TRPI riml1:HIS3 yoll128c::LEU2, generously provided
by Dr. Claudina Rodrigues-Pousada, the Instituto de Tecnolo-
gia Quimica e Biologica of the Universidade Nova de Lisboa
(ITQB-UNL), Portugal) (16); MY316 (WT) and MY316-de-
rived rpnll mutant MY320 (rpnl1-S119A) (generously pro-
vided by Dr. Michael Glickman) (21); and MHY753 (WT) and
MHY?753-derived cim3 mutant MHY754 (MHY753, cim3-1)
(35).

The expression plasmids used in this study that have been
described previously are 416-GFP-ATGS (generously provided
by Dr. D. Klionsky, University of Michigan) and BG1805-GAL-
MCK1, BG1805-GAL-MRK1, and BG1805-GAL-RIM11 (pur-
chased from Openbiosystems). The plasmid pRS315-RAS1I,
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which expresses RASI under the control of its own promoter,
was constructed via amplifying the RAS1 gene using PCR prim-
ers that anneal 600 bp upstream (5'-CGC GGA TCC ACT GAA
ACA TCT CGA TAT AAA G-3') or 300 bp downstream
(5'ATA AGA ATG CGG CCG CAA CTC TTT TAC TAG
A-3') of the open reading frame. The PCR product was sub-
cloned by digestion with BamHI and Notl and ligation to
pRS315. Site-directed mutagenesis was used to generate vari-
ous Ser-to-Ala mutations as indicated. The plasmid pRS315-
RAS1 served as the template for the mutagenesis. All constructs
were confirmed by sequencing.

The pYES-APE] plasmid that expresses APEI under the con-
trol of the CUPI promoter was constructed by the following
steps. The CUPI promoter was amplified using a forward PCR
primer (5" CCC AAG CTT CCA GGA CCG ACA TTT GGG
CGC 3’) and a reverse PCR primer (5" CCC AAG CTT AGA
TCGCAGTTTGTTTTT CTT AAT ATC 3’). The PCR prod-
uct was subcloned by digestion with HindIII and ligation to
pYES2.1/V5-His-TOPO, which has been engineered to have a
HindIII site. The APEI fragment was amplified using a forward
PCR primer (5" GGA AGA TCG ATG GAG GAA CAA CGT-
GAA ATA C 3') and a reverse PCR primer (5" T CCC CCC
GGG TCACAACTCGCCGAATTCATC3'). The PCR prod-
uct was subcloned to the above vector, which has been engi-
neered to have an EcoRI site.

Sucrose Gradient Fractionation—Sucrose gradient fraction-
ation was conducted as described previously (22). Spheroplasts
were prepared by incubation with 20 wg/ml of zymoylase in SK
buffer (1.2 m sorbitol and 0.1 m KPO, (pH 7.5)) for 45 min at
30 °C. All subsequent steps were carried out at 4 °C. The result-
ing spheroplasts were washed once with ice-cold SK buffer and
resuspended in lysis buffer C (0.8 m sucrose, 20 mm triethanol-
amine hydrochloride (pH 7.2), 1 mm EDTA, 1 mm dithiothre-
itol, 0.2 mm phenylmethylsulfonyl fluoride, and 1 Roche prote-
ase inhibitor mixture tablet per 50 ml) and disrupted by 15
strokes in a motorized homogenizer. The lysate was cleared of
unbroken cells with 15 min of 500 X g centrifugation. Powdered
sucrose was added to each sample to make 70% total sucrose,
followed by mixing on a stir plate at 4 °C for 1 h. They were then
carefully overlaid with 60%, 50%, 40%, and 30% sucrose solu-
tions and subjected to ultracentrifugation at 190,000 X g for
19 h. Fifteen equal portions (300 ul) were drawn from the top of
each tube, mixed with 2X SDS sample buffer, boiled at 100 °C
for 5 min, cooled, and resolved on 10% SDS-PAGE. Blots were
probed with anti-Ras (Abcam, ab79973) for examining Rasl
localization. Membrane fraction markers were used to establish
which fractions corresponded to which membranes (anti-Ste4
(Duane Jenness, University of Massachusetts) for the plasma
membrane and anti-Pgkl (Jeremy Thorner, University of Cali-
fornia) for cytosolic fractions).

Phosphorylation and Autophagy Bioassays—Phosphoryla-
tion of Ras1 was monitored by immunoblotting of whole cell
extracts using antibodies that recognize both phosphorylated
and non-phosphorylated Rasl. Macroautophagy was moni-
tored by following the processing of GFP-Atg8 with or without
nitrogen starvation, as described previously (27). For all immu-
noblotting analyses, mid-log-phase cells were grown on the
appropriate medium and then treated or not treated with nitro-
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gen starvation as indicated. Proteins were extracted via trichlo-
roacetic precipitation following procedures described previ-
ously (36). Whole cell extracts were resuspended in boiling
SDS-PAGE sample buffer (62.5 mm Tris-HCI (pH 6.8), 10%
glycerol, 2% SDS, 1% 2-mercaptoethanol, and 0.0005% bro-
mphenol blue) for 5 min. Following SDS-polyacrylamide gel
electrophoresis and transfer to nitrocellulose, the membrane
was probed with antibodies to Ras at 1:1000 (Abcam, ab79973),
GFP at 1:5000 (Abcam, ab13970), Apel at 1:5000 (a generous
gift from Dr. Daniel Klionsky, University of Michigan), and
Pgkl at 1:75,000 (a generous gift from Dr. Jeremy Thorner,
University of California). Immunoreactive species were visual-
ized by enhanced chemiluminescence detection (Pierce) of
horseradish peroxidase-conjugated anti-rabbit IgG (Bio-Rad),
anti-Rat IgG (Abcam), or anti-chicken IgY (Abcam). Specificity
of detection was established using rasIA cell extracts as nega-
tive controls. All experiments have been repeated at least three
times.

Data Quantification and Statistical Analysis—Band intensi-
ties of Western blotting analyses were quantified using Image]
software from the National Institutes of Health. Where indi-
cated, the data were statistically analyzed by ¢ test, with p
<C0.050 considered significant.

Author Contributions—X. ]. identified Ser-226 as a critical residue
for Rasl phosphorylation, conducted experiments that compared
the properties of WT and Ras1S226 A mutants, and identified GSK as
responsible for full phosphorylation of Rasl. S. Starke and P.D.
examined the effect of overexpressing GSK on the abundance and
stability of Rasl. Y. L. cloned RAS1 and examined Rasl in the pro-
teasome-deficient strains. S. Sethupathi made the CUP1-APE1 con-
struct. G. K. made the FLAG-tagged GSK constructs. Y. W. designed
the experiments, identified nitrogen starvation as a condition that
induces Rasl phosphorylation, and wrote the manuscript.
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