








indicate that Gpd1 is phosphorylated at Ser24 in a glucose-sensi-
tive manner.

Importantly, Gpd2 displayed the reciprocal behavior. In high-
glucose medium, Gpd2 migrated as a single fast-mobility species
but a substantial fraction was converted to two lower-mobility
species in low-glucose medium that were removed by in vitro
phosphatase treatment (Fig. 1C, right). Thus, under high-glucose
conditions, the population of Gpd2 molecules was quantitatively
in a dephosphorylated state. A Gpd2-S72A mutant exhibited a
mobility equivalent to that of dephosphorylated WT Gpd2 in
high- or low-glucose medium, indicating that the observed mo-
bility shift required phosphorylation at the expected site.

Gpd2 is a Snf1 substrate in vitro and in vivo. Snf1 is the cata-
lytic subunit of a heterotrimeric complex required for yeast cells to
reprogram their metabolism in response to carbon source limita-
tion (33). The complex is activated under conditions of energy
stress as a consequence of rising ADP and falling ATP levels (17,
48, 74). Our observation that Gpd2 was phosphorylated upon
glucose limitation at a site matching the Snf1 consensus suggested
that it is likely to be a direct substrate of this kinase. Purified
recombinant Gpd2 was phosphorylated by the Snf1 catalytic do-
main, as judged by radiolabel incorporation from [	-33P]ATP,
which was completely abolished by the S72A mutation (Fig. 2A).
Mobility shift on Phos-tag PAGE demonstrated that Snf1 could
phosphorylate Gpd2 to nearly complete stoichiometry in vitro
(Fig. 2B). In yeast lacking either Snf1 itself or all of its three up-
stream activating kinases (Elm1, Sak1, and Tos3 [63]), the Gpd2
mobility shift induced by glucose limitation did not occur
(Fig. 2C). Furthermore, we could rescue the Gpd2 mobility shift
defect of a snf1� mutant strain by the expression of Snf1 from a
low-copy-number plasmid (Fig. 2D). The same behavior was ob-
served in the same cells for a well-characterized Snf1 substrate,
Mig1, which also undergoes a phosphorylation-dependent mobil-
ity shift under energy stress conditions (67). Collectively, these
results strongly suggest that Gpd2 is a direct substrate of Snf1 in
vivo.

We noted in some experiments that the slower-migrating
Gpd2 species observed in low-glucose medium resolved into a
doublet (Fig. 1C and 2F). Since mutation of Ser72 completely
prevented Gpd2 phosphorylation in vivo and in vitro, a likely ex-
planation is that subsequent to phosphorylation at Ser72 by Snf1,
Gpd2 is further phosphorylated by another protein kinase. MS
studies indicate that Ser75 is an additional phosphorylation site on
Gpd2 in vivo (4, 19, 28, 45, 61). Members of the casein kinase I
(CKI) family strongly prefer substrates that have been “primed”
by prior phosphorylation at the P �3 position (29, 50), making
Ser75 a likely CKI target after Ser72 phosphorylation by Snf1 (Fig.
2E). To test this hypothesis, we incubated recombinant Gpd2 with
Yck1, a yeast CKI homolog (55), either alone or in combination
with Snf1, and analyzed the reaction products by Phos-tag PAGE.
Yck1 alone could not phosphorylate Gpd2. However, as antici-
pated, the combination of Snf1 and Yck1 retarded mobility even
further than Snf1 alone did (Fig. 2E). In vivo, a Gpd2-S75A mutant
exhibited the expected Snf1-dependent mobility shift in response
to glucose limitation, but the slowest-migrating species was elim-
inated (Fig. 2F). We conclude that Snf1 phosphorylation at Ser72
primes Gpd2 for subsequent phosphorylation by Yck1 (or a re-
lated kinase) at Ser75.

Gpd1 is a substrate of Ypk1 and Ypk2 in vivo and in vitro. The
observation that Gpd1 phosphorylation was promoted by glucose

suggested that it may be downstream of the target of rapamycin
(TOR) complexes, which are active under conditions of nutrient
sufficiency (46). In yeast and multicellular eukaryotes, TOR ki-
nases are found in two distinct complexes, TORC1 and TORC2,
which differ in their regulation and downstream effectors (46, 77).
Our initial assumption was that Gpd1 phosphorylation was de-
pendent on the TORC1 complex, because it is essential for many
cellular responses to glucose in yeast. Furthermore, TORC1 phos-
phorylates and is necessary for full activation of the protein kinase
Sch9 (68), whose preferred phosphorylation site motif includes

FIG 2 Phosphorylation of Gpd2 by Snf1. (A) Snf1 phosphorylates Gpd2 in a
radiolabel kinase assay. TAP-tagged Gpd2 (WT or S72A mutant) purified from
yeast was incubated with the bacterially expressed Snf1 catalytic domain and
radiolabeled ATP, resolved by SDS-PAGE, and analyzed by autoradiography.
(B) Mobility shift analysis indicates that Snf1 phosphorylates Gpd2 to high
stoichiometry. TAP-tagged Gpd2 (WT or S72A mutant) was incubated alone,
with � protein phosphatase (�PP), or with the Snf1 catalytic domain in the
presence of unlabeled ATP, resolved by Phos-tag PAGE, and analyzed by im-
munoblotting. (C) Gpd2 phosphorylation depends on Snf1 in vivo. Cultures of
WT and snf1� and elm1� tos3� sak1� mutant yeast cells expressing Gpd2-
His6-GFP from its own promoter on a low-copy-number vector were grown to
mid-exponential phase in SC-Leu medium containing 2% glucose (H). The
cultures were then split and either left untreated or transferred into SC-Leu
containing 0.05% glucose (L). After 90 min, cells were harvested and lysed and
Gpd2 was partially purified and analyzed as described in the legend to Fig. 1C.
(D) Reexpression of Snf1 rescues the Gpd2 phosphorylation defect of a snf1�
mutant strain. The WT and snf1� mutant strains, as indicated, were trans-
formed with an empty vector (�) or the same plasmid expressing SNF1 and
then cotransformed with a plasmid expressing either Gpd2-His6-GFP (top) or
HA-tagged Mig1 (bottom). Cells were grown, treated, and lysed as described
for panel C. Partially purified Gpd2 was subjected to Phos-tag PAGE (top), and
total cell lysates containing Mig1 were subjected to standard SDS-PAGE (bot-
tom) before immunoblotting with the indicated antibodies. (E) Phosphoryla-
tion of Gpd2 at Ser72 by Snf1 primes for phosphorylation at Ser75 by Yck1.
Purified, HA-tagged Gpd2 was incubated with ATP and the indicated kinases,
resolved by Phos-tag SDS-PAGE, and analyzed by immunoblotting. For the far
right lane, after phosphorylation, the sample was treated with �PP. The
arrow indicates the slowest-migrating dually phosphorylated species. (F)
Priming-dependent phosphorylation of Ser75 in vivo. Cultures of either a
gpd2� single mutant (top) or a snf1� mutant (bottom) expressing WT
Gpd2-(His)6-GFP or its S72A or S75A mutant form were treated and ana-
lyzed as described for panel C.
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Arg at the P �5 and P �3 positions, as found upstream of Ser24 in
Gpd1 (50). However, purified Sch9 was unable to phosphorylate
Gpd1 in vitro (Fig. 3A), and Gpd1 phosphorylation in high-
glucose medium was not decreased by deletion of SCH9, dele-
tion of TOR1 or by treatment with the TORC1-specific inhib-
itor rapamycin (data not shown). Because they share a
phosphorylation motif (R-X-R-X-X-S) with Sch9 (16, 50), we
also tested the TORC2-dependent kinases Ypk1 and Ypk2. In
vitro, Ypk1 (but not Sch9 or Ypk2) phosphorylated Gpd1
(which was overexpressed and purified from yeast) well above
the background, as judged by reactivity with the anti-R-X-R-
X-X-phospho-S phospho-specific antibody (Fig. 3A and B), by
incorporation of radioactivity from [	-33P]ATP (Fig. 3B), or
by mobility shift on Phos-tag gels (Fig. 3C). Phosphorylation
by Ypk1, as well as phosphospecific antibody reactivity, was

completely abolished in the Gpd1-S24A mutant, indicating
that this site is the sole in vitro Ypk1 phosphorylation site in
Gpd1 (Fig. 3B and C).

Although Ypk1 was the only robust Gpd1 kinase in vitro, we
found that the ypk1� single mutation did not prevent Gpd1 phos-
phorylation in vivo (data not shown). Because Ypk1 and Ypk2 are
closely related and have partially redundant functions (16, 18, 58),
it seemed likely that they both contribute to Gpd1 phosphoryla-
tion in vivo. Because a ypk1� ypk2� double mutant is inviable, we
first examined Gpd1 phosphorylation in a ypk2� mutant strain
carrying a temperature-sensitive YPK1 allele (16). After a shift to
the restrictive temperature, Gpd1 phosphorylation decreased in
the ypk1ts ypk2� mutant strain but not in the otherwise isogenic
WT strain (Fig. 3D), suggesting that Gpd1 is indeed phosphory-
lated at Ser24 by the combined action of the two kinases. Second,

FIG 3 Phosphorylation of Gpd1 by Ypk1 and Ypk2 is sensitive to osmotic conditions. (A) TAP-tagged Gpd1 purified from yeast was incubated with ATP alone;
in the presence Ypk1, Ypk2, or Sch9; or in the presence of �PP, as indicated. After incubation, samples were resolved by SDS-PAGE and analyzed by immuno-
blotting with anti-phospho-RXRXXS antibody to detect Gpd1 phosphorylation and with anti-HA antibody to detect total Gpd1. (B) Purified WT Gpd1 or
Gpd1-S24A was incubated with [	-33P]ATP in the absence (�) or presence (�) of purified Ypk1. After incubation, samples were resolved by SDS-PAGE and
analyzed by autoradiography (top), by staining with Coomassie blue to confirm the presence of the substrate (middle), and with anti-phospho-RXRXXS
antibody as an independent confirmation of phosphorylation (bottom). (C) Purified WT Gpd1 and Gpd1-S24A were incubated with either Ypk1 or �PP in the
presence of ATP and resolved by Phos-tag PAGE and analyzed by immunoblotting with anti-HA antibody. (D) Cultures of otherwise isogenic WT and ypk1ts

ypk2� mutant strains expressing Gpd1-His6-GFP from its own promoter on a low-copy-number vector were grown to mid-exponential phase at 30°C and then
shifted to 37°C. At the indicated times, samples were withdrawn and the harvested cells were lysed and analyzed as described in the legend to Fig. 1C. (E) Cultures
of ypk1� ypk2� mutant cells expressing Gpd1-His6-GFP and either WT Ypk1 (ypk2�, left) or Ypk1-as (ypk2� ypk1-as, right) were grown to mid-exponential
phase and then treated with 1NM-PP1 or a vehicle control. After 30 min, cultures were analyzed for Gpd1 phosphorylation as described in the legend to Fig. 1D.
(F) A culture of gpd1� mutant cells expressing Gpd1-His6-GFP was grown to mid-exponential phase, and then samples were treated for 30 min with 1 M NaCl
with or without 1.25 �M myriocin, as indicated. The cells were then analyzed as described for panel D. (G) Cells transformed with either an empty vector or the
same vector expressing TAP-tagged Ypk1 from the GAL1 promoter were grown to mid-exponential phase and either not induced or induced with galactose.
Cultures were then left untreated or treated with 1 M NaCl for 15 min prior to harvesting, cell lysis, and immunoprecipitation of Ypk1. Immobilized Ypk1 was
incubated with ATP and purified, bacterially expressed GST-Gpd1. After incubation, samples were resolved by SDS-PAGE and immunoblotted with anti-
phospho-RXRXXS to detect GST-Gpd1 phosphorylation, with anti-HA antibodies to determine the level of Ypk1, and with anti-GST antibodies to confirm that
equivalent amounts of GST-Gpd1 were present. (H) Hyperosmotic shock blocks TORC2-dependent phosphorylation of Ypk1. Cultures of WT cells (strain
BY4741) and an otherwise isogenic hog1� mutant, each expressing Ypk111A-myc as a reporter for TORC2-dependent phosphorylation at Thr622, as described
in detail elsewhere (57), were grown to mid-exponential phase and split, and then one-half of each culture was exposed to 1 M sorbitol for 10 min. Cells were
harvested and lysed, and the resulting extracts were resolved by Phos-tag PAGE and analyzed by immunoblotting with anti-c-myc MAb 9E10 to detect all Ypk1
species and with anti-phospho-p38 antibodies to detect activated, dually phosphorylated Hog1, as described in detail elsewhere (73). (I) Cultures of WT and
hog1� mutant cells expressing tagged Gpd1-His6-GFP (WT or S24A mutant) were grown to mid-exponential phase and then either left untreated or treated with
1 M NaCl for 30 min. Samples were then processed as described in the legend to Fig. 1C.
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we used a ypk1� ypk2� mutant strain expressing analog-sensitive
mutant protein Ypk1 (Ypk1-L424G, designated Ypk1-as) that is
susceptible to specific inhibition by the compound 1NM-PP1
(11). Treatment of this strain with 1NM-PP1 induced dephos-
phorylation of Gpd1, as judged by elimination of phospho-spe-
cific antibody reactivity (Fig. 3E), confirming that Gpd1 phos-
phorylation requires Ypk1 and Ypk2 in vivo. The sequence
surrounding Ser24 has multiple additional Ser residues that have
been identified by MS to be sites of phosphorylation in vivo, in-
cluding the P �3 residue Ser27 (4, 10, 28, 45, 61). As seen for
Gpd2, Ser24 phosphorylation of Gpd1 may serve to prime Gpd1
for further phosphorylation at nearby sites.

Because Gpd1 has an important role in resistance to hyperos-
motic stress, we examined whether its phosphorylation state was
osmosensitive. Indeed, we found that addition of a high concen-
tration of NaCl (Fig. 3F) caused Gpd1 to become rapidly and
stoichiometrically dephosphorylated (an effect that was also in-
duced by sorbitol [see Fig. 7A]). Gpd1 dephosphorylation was
partially reversed by treatment with the drug myriocin, an inhib-
itor of sphingolipid biosynthesis that stimulates Ypk1 activation
(11, 57). These results suggested that Ypk1 activity might be
downregulated upon hyperosmotic stress. To test this possibility
directly, we overexpressed epitope-tagged Ypk1 in yeast cells,
immunoprecipitated the enzyme from control cells and cells
subjected to a brief shift to high salinity, and then performed an
immune complex kinase assay with recombinant Gpd1 as the
substrate (Fig. 3G). We found that hyperosmotic treatment re-
duced the ability of Ypk1 to phosphorylate Gpd1 to an undetect-
able level. Indeed, we found that TORC2-dependent phosphory-
lation of Ypk1 at Thr662, a modification required for maximal
activation of Ypk1 (57), is abrogated when cells are subjected to
hyperosmotic shock (Fig. 3H). Taken together, our data indicate
that Ypk1 (and/or Ypk2) are sufficiently active under normal
growth conditions to support a high level of Gpd1 phosphoryla-
tion, but hyperosmotic shock markedly reduces the activity of
these enzymes, permitting rapid Gpd1 dephosphorylation.

Many cellular responses to high osmolarity are mediated by the
MAPK Hog1, which is activated by hyperosmotic conditions (34).
However, both inactivation of Ypk1 (Fig. 3H) and Gpd1 dephos-

phorylation (Fig. 3I) occurred in hog1� mutant cells, indicating
that downregulation of TORC2-dependent phosphorylation of
Ypk1 does not require Hog1 action.

Phosphorylation negatively regulates GPDs. The phosphor-
ylation sites on Gpd1 and Gpd2 described here are located very
close to their respective catalytic domains (Fig. 1B). To examine
whether phosphorylation affects catalytic activity, purified Gpd1
and Gpd2 were phosphorylated to full stoichiometry by the ap-
propriate kinases and then assayed spectrophotometrically by fol-
lowing the conversion of DHAP and NADH to glycerol-3-P and
NAD�. For both isozymes, we found that phosphorylation caused
a roughly 2-fold decrease in activity (Fig. 4). The activity of Gpd2
was further reduced when it was prephosphorylated by both Snf1
and Yck1 (Fig. 4C), indicating that multisite phosphorylation has
an additive inhibitory effect. Demonstrating that the observed ef-
fects are due to phosphorylation at the physiologically relevant
sites, neither Gpd1-S24A nor Gpd2-S72A exhibited any decrease
in activity after incubation with the cognate kinase (Fig. 4). In fact,
Gpd2-S72A, but not Gpd1-S24A, displayed somewhat higher ac-
tivity than the corresponding WT enzyme. Mimicking phosphor-
ylation by replacement of two Ser residues (the initial phosphoac-
ceptor and the P �3 residue) with Glu reduced the activity of both
enzymes to the level observed after treatment with the appropriate
protein kinase (Fig. 4A and B).

We also examined the effect of phosphorylation site substitu-
tions on glycerol production in vivo. In agreement with the prior
findings of others (6), we found that gpd2� mutant cells displayed
glycerol production substantially lower than that of WT cells un-
der standard growth conditions (Fig. 5). Although a gpd1� muta-
tion alone had no effect on glycerol production in the absence of
hyperosmotic stress, a gpd1� gpd2� mutant strain produced no
detectable glycerol, demonstrating that Gpd1 does contribute to
glycerol formation. Reexpression of WT Gpd2 in either gpd2� or
gpd1� gpd2� mutant cells restored glycerol production to the
level seen in the WT strain. In exponential-phase cultures, we
found that cells expressing the phosphomimetic mutant protein
Gpd2-S72E,S75E produced significantly less glycerol than WT
cells, while the Gpd2-S72A mutant supported levels of glycerol
production equivalent to WT (Fig. 5A and B), consistent with

FIG 4 Phosphorylation decreases the catalytic activity of Gpd1 and Gpd2 and curtails glycerol production in vivo. (A) Gpd1 activity following phosphorylation
by Ypk1. Gpd1-TAP (WT or S24A or S24E,S27E [SSEE] mutant form) purified from yeast was preincubated with ATP in the presence or absence of Ypk1 and
then catalytic activity with DHAP as the substrate was measured by monitoring NADH consumption spectrophotometrically (top). In parallel, mobility on
Phos-tag PAGE was used to assess the extent of phosphorylation (bottom). (B) Gpd2 activity following phosphorylation by Snf1. The catalytic activities and
electrophoretic mobilities of Gpd2, Gpd2-S72A, and Gpd2-S72E,S75E were assessed as described for panel A following phosphorylation by Snf1. (C) Multisite
phosphorylation has an additive inhibitory effect on Gpd2 activity. Purified Gpd2 was incubated with ATP in the absence (�) or presence of Snf1 alone, Yck1
alone, or both enzymes, and then enzymatic activity was assessed as described for panel B. In all of the panels, bars show average initial reaction rates (n 
 3) and
error bars show standard deviations.
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Gpd2 being largely dephosphorylated under these conditions. In
cultures grown to stationary phase (a condition in which Snf1 is
activated after glucose depletion, Fig. 5C and 5D), we also ob-
served that cells expressing Gpd2-S72E,S75E produced less glyc-
erol, but under these circumstances cells expressing phosphoryla-
tion-resistant Gpd2-S72A consistently overproduced glycerol in
comparison to the WT strain. Lastly, cells subjected to acute glu-
cose limitation (Fig. 5E and F) overproduced glycerol when ex-
pressing Gpd2-S72A, but the phosphomimetic S72E,S75E mutant
had no significant effect. The lack of effect of phosphomimetic
mutation under these conditions is likely due in part to increased
abundance of Gpd2 protein observed upon acute glucose limita-
tion (evident in Fig. 2D for example), which may be related to
transcriptional upregulation of GPD2 reported to occur upon glu-
cose depletion (72). We note that because Gpd2-S72A has higher
activity than WT Gpd2 in vitro (Fig. 4B), the increased glycerol
production supported by this mutant could not be unequivocally
attributed to lack of inhibitory phosphorylation. Nonetheless, the
decreased glycerol production observed in cells expressing Gpd2-
S72E,S75E under multiple conditions is consistent with the im-
portance of phosphorylation in negatively regulating Gpd2 activ-
ity. Thus, Snf1-mediated phosphorylation of Gpd2 presumably
serves to curtail glycerol production. In keeping with the predom-
inant role of Gpd2 in the absence of hyperosmotic stress, we found
that reexpressing either Gpd1-S24A or Gpd1-S24E,S27E had no
detectable effect on glycerol production in either gpd1� or gpd1�
gpd2� mutant cells during stationary phase (Fig. 5G and 5H).

Transcriptional upregulation and dephosphorylation both
promote Gpd1 function to support growth at high osmolarity.
Because phosphorylation inhibits Gpd1 catalytic activity, we hy-

pothesized that its dephosphorylation facilitates growth under
high osmolarity conditions. Although the effects were very mod-
est, we consistently found that Gpd1-S24A supported somewhat
better growth at high salinity than did Gpd1-S24E,S27E, especially
in gpd1� gpd2� mutant cells, in long term agar plate assays (Fig. 6,
top and middle panels). We considered the possibility that the
elevated expression of Gpd1 that occurs under hyperosmotic con-
ditions masks the effects of Gpd1 phosphorylation. To test this
possibility, we constructed low-copy-number plasmids in which
GPD1 was placed under the control of the GPD2 promoter, which
is not activated by hyperosmotic stress (6). We found that WT
Gpd1 expressed from the GPD2 promoter was incapable of rescu-
ing growth of a gpd1� gpd2� mutant strain at high salinity, and
provided slower growth in the presence of high sorbitol (Fig. 6,
bottom panel). Strikingly, however, Gpd1-S24A expressed from
the GPD2 promoter did support growth of the gpd1� gpd2� mu-
tant cells at high salinity (albeit not as robust growth as a GPD1�

GPD2� strain). In addition Gpd1-S24A supported faster growth
on sorbitol than WT Gpd1 expressed from the GPD2 promoter.
These results suggest that dephosphorylation and transcriptional
upregulation both contribute to the control of Gpd1 activity dur-
ing hyperosmotic stress.

Gpd1 dephosphorylation is required for rapid adaptation to
osmotic stress. Based on our observations, it seemed likely that
dephosphorylation of Gpd1 in response to hyperosmotic stress
may facilitate short-term adaptation through increased glycerol
production. Therefore, we performed a time course in which both
Gpd1 protein level and phosphorylation state were monitored af-
ter NaCl or sorbitol addition (Fig. 7A). Gpd1 was almost com-
pletely dephosphorylated within 15 min, well before higher levels

FIG 5 Effect of Gpd2 mutation on glycerol production in vivo. Cultures of WT and gpd1�, gpd2�, or gpd1� gpd2� mutant yeast cells were transformed with either an
empty low-copy-number vector (�) or the same plasmid expressing Gpd2, Gpd2-S72A, or Gpd2-S72E,S75E, Gpd1, Gpd1-S24A, or Gpd1-S24E,S27E (SSEE) as
indicated. Cells were grown to exponential phase (A and B) or early stationary phase (C, D, G, and H), and the total glycerol concentration was determined as described
in Materials and Methods. (E and F) Exponential-phase cultures (in medium containing 2% glucose) were transferred to fresh medium containing 0.05% glucose, and
glycerol production was assayed 1 h later. Bars show the average glycerol concentrations across three separate cultures grown in parallel; error bars show standard
deviations. *, P � 0.03 (compared to the identical strain expressing the WT Gpd isozyme, by unpaired one-tailed t test).
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of Gpd1 accumulated. Over time, Gpd1 levels increased, com-
mensurate with the known transcriptional induction of GPD1,
reaching a new steady-state level by 1 h. By this point, approxi-
mately 50% of the Gpd1 was rephosphorylated. To correlate its
phosphorylation state with its activity, we measured glycerol pro-
duced in the first 15 min following NaCl or sorbitol treatment in a
gpd1� mutant strain expressing WT Gpd1, Gpd1-S24A or Gpd1-
S24E,S27E (Fig. 7B). Consistent with the importance of Gpd1 in
cells coping with hyperosmotic stress, gpd1� mutant cells pro-
duced substantially less glycerol than the WT strain in response to
NaCl or sorbitol, with the residual glycerol being produced by
Gpd2. Consistent with the observed Gpd1 dephosphorylation in
response to hyperosmolarity contributing to optimal short-term
glycerol production, gpd1� mutant cells expressing Gpd1-S24A
produced somewhat more glycerol after challenge with NaCl or
sorbitol, whereas gpd1� mutant cells expressing Gpd1-S24E,S27E
produced substantially less glycerol (Fig. 7B). Furthermore, we
found that in the absence of osmotic stress, treatment of ypk1�
ypk2� mutant cells expressing Ypk1-as with 1NM-PP1 led to glyc-
erol production greater than that of an untreated or a control
strain (Fig. 7C), confirming that the TORC2-Ypk1/Ypk2 pathway
restrains glycerol production, presumably acting through Gpd1
phosphorylation.

To test whether Gpd1 dephosphorylation facilitates growth af-
ter a hyperosmotic challenge, we exposed cells to high salinity and
monitored culture growth over time. As observed before (34),
cells expressing WT Gpd1 exposed to high salinity underwent a
temporary growth arrest but resumed growth within 90 min,
whereas the gpd1� mutant strain carrying the empty vector un-
derwent a significantly longer delay (3 h) (Fig. 7D, left panel).
Most significantly, gpd1� mutant cells expressing Gpd1-S24A re-
sumed growth slightly faster than gpd1� mutant cells expressing

FIG 7 Gpd1 dephosphorylation is essential for rapid adaptation to hyperos-
motic stress. (A) Gpd1 is rapidly dephosphorylated in response to hyperosmo-
larity. Cultures of gpd1� mutant cells expressing Gpd1-His6-GFP from a low-
copy-number plasmid were grown to mid-exponential phase and then
transferred into medium containing 1 M NaCl (left panel). At the indicated
times, samples were withdrawn and lysates were prepared. Gpd1-His6-GFP
was recovered on immobilized metal affinity resin and either resolved by stan-
dard SDS-PAGE and analyzed by immunoblotting with anti-phospho-
RXRXXS (top) or resolved by Phos-tag PAGE and analyzed by immunoblot-
ting with anti-GFP (bottom). In a separate experiment, identical cultures were
processed in the same manner except that they were treated with 1 M sorbitol
rather than NaCl (right panel). (B) Gpd1 dephosphorylation promotes glyc-
erol production following hyperosmotic shock. Cultures of WT and gpd1�
mutant cells transformed with either an empty plasmid (�) or the same vector
expressing WT Gpd1, Gpd1-S24A, or Gpd1-S24E,S27E (SSEE) were harvested
15 min after treatment with 1 M NaCl or 1 M sorbitol. The total glycerol
concentration was determined as described in the legend to Fig. 4C. Bars show
average glycerol concentrations (n 
 3 for separate cultures incubated in par-
allel); error bars show standard deviations. *, P � 0.005 (compared to gpd1�
mutant cells expressing WT Gpd1 by unpaired one-tailed t test). (C) Acute
inhibition of Ypk1 leads to enhanced glycerol production. A ypk1� ypk2�
mutant strain harboring a plasmid expressing either WT Ypk1 (ypk2�) or
Ypk1-as (ypk2� ypk1-as) was grown to exponential phase and transferred to
fresh medium in the presence or absence of 1NM-PP1. After 30 min, the
glycerol concentration was determined. (D and E) Gpd1 dephosphorylation
accelerates adaptation to hyperosmolarity. The transformed strains used in
panel B or similarly transformed gpd1� gpd2� mutant strains were grown to
mid-exponential phase and transferred to into medium containing 1 M NaCl
(D) or 1 M sorbitol (E) to an OD600 of 1.0. Cell density (OD600) was deter-
mined at 15-min intervals.

FIG 6 Both Gpd1 dephosphorylation and transcriptional induction are
essential mechanisms for survival and long-term growth at high osmolar-
ity. Ten-fold serial dilutions of WT or gpd1� or gpd1� gpd2� mutant cells,
as indicated, expressing WT Gpd1, Gpd1-S24A (GPD1 SA), or Gpd1-
S24E,S27E (GPD1 EE) from either the native GPD1 promoter (top and
middle panels) or the GPD2 promoter (bottom panel) were spotted onto
agar plates containing SC-Leu with or without 1 M NaCl or 1 M sorbitol
and incubated at 30°C for 3 days.
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WT Gpd1 and, conversely, gpd1� mutant cells expressing Gpd1-
S24E,S27E exhibited a somewhat longer growth delay than gpd1�
mutant cells carrying the empty vector. These effects were even
more pronounced when gpd1� gpd2� double mutant cells were
used (Fig. 7D, right panel). In response to sorbitol treatment, re-
sumption of growth was not delayed in cells expressing Gpd1-
S24E,S27E but did occur at a lower rate (Fig. 7E). On the basis of
these results, we conclude that lack of Gpd1 phosphorylation un-
der hypertonic stress is important for optimal glycerol production
and that glycerol synthesis is the primary adaptation process re-
quired for the resumption of cell growth.

DISCUSSION
Regulation of Gpd1 and the kinases Ypk1 and Ypk2 by hyperos-
motic stress. Control of Gpd1 activity has been ascribed primarily
to transcriptional regulation of the GPD1 gene. Like many re-
sponses to hyperosmotic stress, transcriptional induction of
GPD1 is dependent on the MAPK Hog1 (2). Transcription of such
genes involves recruitment of Hog1 to promoter regions, where it
phosphorylates transcription factors, chromatin remodeling en-
zymes, and the basal transcriptional machinery (24). In addition
to long-term transcriptional responses, adaptation to stress also
involves rapid responses that occur prior to new protein syn-
thesis. For example, following exposure to a high salt concen-
tration, Hog1 phosphorylates the potassium channel Tok1 and
the Na�/H� antiporter Nha1 at the plasma membrane to promote
restoration of proper ion balance (54). Also, accumulation of in-
tracellular glycerol prior to transcriptional induction of Gpd1 has
been attributed to increased flux through glycolysis (25), as well as
rapid closing of the plasma membrane glycerol channel Fps1 (47,
65). While direct phosphorylation of Fps1 by Hog1 has been dem-
onstrated under certain conditions (51), in response to hyperto-
nicity, Hog1 appears to regulate Fps1 indirectly through phos-
phorylation and inhibition of the Fps1-activating proteins Rgc1
and Rgc2 (9). System level modeling of the hyperosmotic stress
response has suggested that these early events are more critical for
initial adaptation to stress, whereas new gene transcription assists
cells in coping with repeated stress (49). Furthermore, it was re-
cently shown that a Hog1 mutant incapable of nuclear entry does
not support transcriptional upregulation of Hog1-induced genes
yet allows growth at high osmolarity (73). Importantly, growth of
cells expressing nonnuclear Hog1 under hyperosmotic stress
conditions still required GPD1, suggesting that Gpd1 may be
regulated by mechanisms other than transcription. Indeed, the
findings presented here demonstrate that hyperosmotic stress
prevents Ypk1-dependent inhibitory phosphorylation of Gpd1,
causing its dephosphorylation and activation to enhance glycerol
production, which is required for the rapid pretranscriptional ad-
aptation to hyperosmolarity.

Our data indicate that Ypk1 and Ypk2, two TORC2-dependent
kinases, contribute to Gpd1 phosphorylation in vivo and that hy-
perosmotic stress downregulates their activity by preventing their
TORC2-mediated activation. The TORC2-Ypk1/Ypk2 pathway is
involved in multiple cellular functions, including cytoskeletal or-
ganization, endocytosis, and cell wall integrity (46). Substantial
evidence suggests a critical role for this pathway in sphingolipid
homeostasis (7, 11, 57, 62, 64). Ypk1 promotes sphingolipid
biosynthesis through phosphorylation of the L-serine:palmitoyl
coenzyme A transferase inhibitors Orm1 and Orm2 (57) and in-
fluences other aspects of plasma membrane lipid homeostasis

through phosphorylation of the aminophospholipid flippase-ac-
tivating kinase Fpk1 (56). Our results show that TORC2-depen-
dent phosphorylation of Ypk1 and presumably Ypk2 is impaired
under hyperosmotic conditions. Ypk1/Ypk2 activity absolutely
requires activation loop phosphorylation at Thr504 (in Ypk1) by
the eisosome-associated protein kinases Pkh1 and Pkh2, which is
sufficient for Ypk1 (and Ypk2) function under normal growth
conditions (56, 58, 59, 71). In addition, Ypk1/Ypk2 activity
requires subsequent TORC2-dependent phosphorylation at
the so-called turn motif (Ser644 in Ypk1), and full activation also
requires TORC2-dependent phosphorylation at the so-called hy-
drophobic motif (Thr662 in Ypk1), the latter of which is necessary
to support growth when sphingolipid biosynthesis is compro-
mised (38, 57, 59). Recruitment and activation of Ypk1 (and
Ypk2) to TORC2 apparently involve the adaptor proteins Slm1
and Slm2 (11, 22, 53, 64). Blockade of sphingolipid biosynthesis
reportedly releases Slm1 and Slm2 from eisosomes, permitting
their translocation to TORC2 complexes (11). Slm protein relo-
calization and enhancement of TORC2-dependent Ypk1/2 phos-
phorylation can also be induced by decreasing external osmolarity
(11). Thus, one mechanism consistent with our observation that
hyperosmotic stress prevents TORC2-mediated phosphorylation
of Ypk1 is that under this condition, Slm proteins remain eiso-
some associated. Another potential mechanism for Ypk1/Ypk2
inactivation under hyperosmotic conditions could involve de-
phosphorylation by another Slm1- and Slm2-interacting protein,
the stress-activated Ca2�-calmodulin-dependent phosphoprotein
phosphatase calcineurin, which can negatively regulate TORC2
and Slm1/2 (14, 22, 52). However, activation of Ypk1 by sphingo-
lipid depletion appears to be calcineurin independent (11). Inter-
estingly, the effector kinase Pkc1 of the cell wall integrity pathway,
which is also controlled by TORC2, is also activated by hypotonic
shock and inhibited by hyperosmolarity (23, 39). Collectively, our
results and the findings recounted above show that TORC2,
Slm1/2, and Ypk1/2 constitute a novel osmosensing pathway, in-
dependent of the Hog1 MAPK, to coordinate cell growth with
adaptation to changing environmental conditions.

Regulation of Gpd2 by Snf1. While dephosphorylation of Gpd1
is important for adaptation to high osmolarity, it seems most
likely that Gpd2 phosphorylation by Snf1 provides a mechanism
for fine-tuning of cellular carbon flow. Like mammalian cells (70),
rapidly dividing yeast cells produce energy primarily from glycol-
ysis when glucose is abundant, even under aerobic conditions
(30). In yeast, production of ethanol consumes most of the NADH
produced through glycolysis. However, to maintain redox bal-
ance, yeast cells also reoxidize a portion of the NADH generated
during glycolysis via reduction of DHAP to glycerol-3-P. Glycer-
ol-3-P can be either dephosphorylated to glycerol or fatty acid
esterified to form phosphatidic acid (30). Upon glucose depletion,
however, continued growth requires that yeast cell metabolism
change from primarily fermentative to oxidative, a process known
as the diauxic shift. This adaptation involves significant repro-
gramming of cellular transcription, largely to facilitate utilization
of the acetate, ethanol, lactate, and glycerol generated during fer-
mentation and reoxidation of the NADH generated by mitochon-
drial respiration. Snf1 phosphorylation and inhibition of Gpd2
presumably serve to impede wasteful glycerol production during
the diauxic shift. Gpd2 phosphorylation could also contribute to a
recently reported function of Snf1 in decreasing metabolic flux
from free fatty acids to phospholipids (20). Although our results
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show that Snf1 negatively regulates Gpd2 activity in vivo, we found
no detectable effect on cell growth in either liquid medium or on
agar plates upon the expression of either mutant protein Gpd2-
S72E,S75E or Gpd2-S72A (unpublished observations). The levels
of both Gpd1 and Gpd2 are highly elevated in stationary-phase
cells, when they are thought to have a role in life span extension by
participating in a mitochondrial NADH shuttle (26) or via in-
creased glycerol production (72). Thus, the impact of Gpd2 phos-
phorylation on cell growth may be evident only during the diauxic
transition when Snf1 is activated.

Functional differentiation of GPD isozymes. In addition to
having differential transcriptional regulation, Gpd1 and Gpd2
also have distinct patterns of subcellular localization. Although
both are mainly cytoplasmic, Gpd2 is partly mitochondrial and
Gpd1 is partly peroxisomal (36, 41, 60, 69). Like yeast cells, mam-
malian cells also have a peroxisomal pool of GPD thought to pro-
vide NAD� necessary for fatty acid oxidation (66). However,
Gpd1 is not required for the growth of yeast cells when oleic acid is
the sole carbon source, suggesting that other sources of NAD� are
sufficient for this process (36). The regulatory phosphorylation
sites we have identified are located adjacent to the peroxisomal
localization sequence of Gpd1. A previous study using phospho-
mimetic and unphosphorylatable mutants indicated that phos-
phorylation was required for localization to peroxisomes (36) and
reported that hypertonic stress caused Gpd1 to relocalize to the
nucleus, consistent with our observation that Gpd1 becomes de-
phosphorylated under these conditions. Theoretically, sequestra-
tion in peroxisomes could contribute to the negative regulation of
Gpd1 by phosphorylation. However, neither deletion of the per-
oxisomal localization signal nor constitutive anchoring of Gpd1 to
peroxisomes affects cell growth under conditions of high osmo-
larity (36), suggesting that the primary effect of phosphorylation
with respect to hyperosmotic stress is to decrease Gpd1 catalytic
activity.

Gpd2 compartmentalization to mitochondria has been pro-
posed to underlie its specific requirement in anaerobic growth. In
this location, Gpd2 can contribute to mitochondrial redox bal-
ance in the absence of respiration (69). In contrast to the localiza-
tion sequence of Gpd1, that of Gpd2 is situated much further away
from its phosphorylation site(s) (Fig. 1B). Indeed, we observed no
obvious perturbation of the localization of Gpd2-GFP upon the
manipulation of its phosphorylation state (unpublished observa-
tions), suggesting that, as for Gpd1, Gpd2 phosphorylation affects
primarily its catalytic activity.

Gpd2 is the primary GPD isozyme responsible for glycerol pro-
duction during exponential growth (6) (Fig. 5C). Under condi-
tions of hyperosmotic stress, Gpd1 becomes the predominant
isozyme, even prior to the onset of its transcriptional induction
(Fig. 7B). Our data suggest that reciprocal phosphorylation of the
two GPDs contributes to such “isozyme switching” in response to
a changing environment. GPD1 and GPD2 likely arose from gene
duplication and divergence (76), a process that allows genes to
acquire new or more specialized functions through subsequent
mutation. Introduction, modification, or loss of phosphorylation
sites can occur rapidly in evolution and provide a simple mecha-
nism for functional specialization or divergence (5, 8, 10, 35, 37,
43). Computational analysis of the budding yeast phosphopro-
teome has predicted that pairs of phosphorylation sites position-
ally conserved between paralogs tend to be phosphorylated by
distinct protein kinases (31), and the present study provides ex-

perimental evidence in support of such predictions. Differential
phosphorylation of yeast GPDs is thus likely to be an example of a
general mechanism by which duplicated genes acquire distinct
functions.
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