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ABSTRACT The heterotrimeric kinase AMPK acts as an energy sensor to coordinate cell me-
tabolism with environmental status in species from yeast through humans. Low intracellular
ATP leads to AMPK activation through phosphorylation of the activation loop within the
catalytic subunit. Other environmental stresses also activate AMPK, but it is unclear whether
cellular energy status affects AMPK activation under these conditions. Fission yeast AMPK
catalytic subunit Ssp2 is phosphorylated at Thr-189 by the upstream kinase Ssp1 in low-glu-
cose conditions, similar to other systems. Here we find that hyperosmotic stress induces
strong phosphorylation of Ssp2-T189 by Ssp1. Ssp2-pT189 during osmotic stress is transient
and leads to transient regulation of AMPK targets, unlike sustained activation by low glucose.
Cells lacking this activation mechanism fail to proliferate after hyperosmotic stress. Activation
during osmotic stress requires energy sensing by AMPK heterotrimer, and osmotic stress
leads to decreased intracellular ATP levels. We observed mitochondrial fission during os-
motic stress, but blocking fission did not affect AMPK activation. Stress-activated kinases
Sty1 and Pmk1 did not promote AMPK activation but contributed to subsequent inactivation.
Our results show that osmotic stress induces transient energy stress, and AMPK activation
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allows cells to manage this energy stress for proliferation in new osmotic states.

INTRODUCTION

Cells require dynamic mechanisms to couple their metabolism to
changes in the environment, but how different stress conditions
signal to core metabolic regulators is not well understood. In eu-
karyotic cells, the serine/threonine AMP-activated protein kinase
(AMPK) acts as a major sensor and regulator of intracellular energy.
AMPK is a heterotrimeric protein kinase complex composed of a,
B, and v subunits. The catalytic o subunit contains the kinase do-
main; the y subunit contains CBS domains that bind to adenosine
nucleotides; and the B subunit is a scaffold that connects the o and
v subunits (Schmidt and McCartney, 2000; Scott et al., 2004, Iseli
etal., 2005; Elbing et al., 2006). Competitive binding of ATP versus
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ADP/AMP by the y subunit controls allosteric rearrangements
within the complex. When cellular ATP levels are high, the y sub-
unit binds to ATP, resulting in an inactive state for the heterotrimer.
On a drop in cellular ATP levels, the v subunit binds to AMP, and
changes in the heterotrimer structure facilitate phosphorylation of
the catalytic o subunit within its activation loop (Davies et al.,
1995; Jiang and Carlson, 1996; Wilson et al., 1996; Rubenstein
et al., 2008). Specifically, this structural rearrangement is believed
to inhibit the dephosphorylation rate of the activation loop by in-
hibitory phosphatases, thereby leading to higher levels of the
phosphorylated, activated complex (Davies et al., 1995; Jiang and
Carlson, 1996; Suter et al., 2006, Sanders et al., 2007, Rubenstein
et al., 2008, Mayer et al., 2011). Through this mechanism, AMPK
senses the energy status of a cell based on the ratio of ATP versus
AMP/ADP. Activated AMPK complex then switches cells to a cata-
bolic state to promote cell survival. Several upstream kinases have
been shown to phosphorylate human AMPK, most notably the tu-
mor suppressor LKB1 (Hawley et al., 2003; Woods et al., 2003;
Lizcano et al., 2004). The critical role of AMPK in maintaining cel-
lular metabolism has made it a prominent therapeutic target for
cancer and other diseases such as type Il diabetes (Shackelford
and Shaw, 2009).
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Beyond its canonical role in response to cellular energy changes,
AMPK has been studied for its role in adaptation to a variety of other
stresses, including heat stress (Corton et al., 1994), hypoxia (Emer-
ling et al., 2009, Evans et al., 2005), and osmotic stress (Barnes
etal., 2002; Fryer et al., 2002; Hawley et al., 2010; Jiang et al., 2015;
Luo et al., 2015). For osmotic stress, it has been unclear whether
AMPK activation follows the canonical mechanism or a distinct path-
way. Some studies proposed that osmotic stress activates AMPK
independently of a change in nucleotide levels (Fryer et al., 2002;
Emerling et al., 2009; Luo et al., 2015), suggesting a noncanonical
activation mechanism. Alternatively, it has been reported that os-
motic stress might cause an increase in the cellular AMP/ATP ratio,
leading to AMPK activation through the canonical activation path-
way (Davies et al., 1995; Suter et al., 2006; Sanders et al., 2007,
Hawley et al., 2010). Differentiating between these models in hu-
man cells can be complicated because different cell types might
invoke different mechanisms. Humans also express multiple iso-
forms of each AMPK subunit, adding to this complexity. Finally, hu-
man AMPK can be activated by multiple upstream kinases that act
redundantly but are regulated differently. Distinguishing between
these models is important for understanding why cells activate
AMPK during osmotic stress.

Yeast cells present a complementary model to study AMPK acti-
vation under different environmental stresses. Similar to mammalian
cells, budding yeast AMPK can be activated in response to low glu-
cose, sodium ion stress, alkaline pH, and oxidative stress (Celenza
and Carlson, 1986; Hong and Carlson, 2007). These cells require the
catalytic AMPK a subunit to remain viable under these conditions,
particularly sodium ion stress by NaCl (Hong and Carlson, 2007; Ye
et al., 2008), but it is unknown whether energy sensing by the het-
erotrimer is involved. Further, as in humans, budding yeast express
multiple redundant activating kinases (Hong et al., 2003; Nath et al.,
2003; Sutherland et al., 2003). As an alternative to budding yeast,
the fission yeast Schizosaccharomyces pombe represents a simpli-
fied organism to study regulation of AMPK. Unlike the complicated
upstream regulatory network of human cells or even budding yeast,
fission yeast cells express a single activating kinase (Ssp1), which
phosphorylates the fission yeast AMPK o subunit (Ssp2) in glucose
depletion (Hanyu et al., 2009; Valbuena and Moreno, 2012; Deng
et al., 2017) or in nitrogen stress (Davie et al., 2015). Of interest, ni-
trogen limitation has been proposed to activate fission yeast AMPK
independently of cellular ATP and energy sensing by the heterotri-
mer (Davie et al., 2015). These observations suggest that the ca-
nonical activation mechanism might be restricted to depletion of
environmental energy sources such as glucose, with alternative
mechanisms operating under different environmental stresses.

In this study, we screened environmental conditions and found
that osmotic stress activated fission yeast AMPK as potently as glu-
cose deprivation. AMPK activation by osmotic stress was transient,
required for cell proliferation, and dependent on the intact hetero-
trimer. In addition, we found that cellular ATP levels decreased in
response to osmotic stress, strongly suggesting that the underlying
mechanism and downstream function follow canonical energy-sens-
ing models.

RESULTS

AMPK (Ssp2) is transiently activated in response

to osmotic stress

To identify conditions that activate AMPK in fission yeast, we ex-
posed cells to a range of environmental stresses and then monitored
the activating phosphorylation Ssp2-pT189 with a phosphospecific
antibody. 1 M KCI, which generates both salt and osmotic stress,

Volume 28 July 1, 2017

led to strong activation of Ssp2 (Figure 1A). Ssp2-pT189 was also
induced by sorbitol (Figure 1A), which generates an osmotic stress
but not a salt stress, indicating that osmotic stress leads to AMPK
activation in fission yeast. This response differs from budding yeast
AMPK, which was activated by salt stress but not by osmotic stress
(Hong and Carlson, 2007). During hyperosmotic stress, the level of
AMPK activation was similar to the strong activation by low-energy
conditions (Figure 1A). Further, combining hyperosmotic stress with
low glucose did not increase Ssp2-pT189 phosphorylation as com-
pared with either stress alone (Figure 1A).

We tested the dynamics of Ssp2-pT189 during hyperosmotic
stress. Unlike the cellular response to medium containing low glu-
cose, which induces sustained activation of AMPK (Deng et al.,
2017), Ssp2-pT189 under hyperosmotic stress was transient. We ob-
served a strong response at 5 min, followed by a decrease by 30 min
and a return to basal levels by 60 min (Figure 1B). We confirmed this
dynamic activation of AMPK results from osmotic stress by monitor-
ing Ssp2-pT189 during sorbitol treatment or NaCl treatment and
again observed an initial strong response followed by a decrease at
later time points (Figure 1, C and D). These results contrast with the
situation in budding yeast, in which AMPK phosphorylation was in-
duced by salt stress but not by sorbitol, and phosphorylation was
sustained (Hong and Carlson, 2007; Ye et al., 2008).

To determine whether these Ssp2-pT189 dynamics indeed re-
flect transient activation of AMPK, we monitored localization of the
transcription factor Scr1, which is a downstream target of active
Ssp2 and the S. pombe orthologue of budding yeast Mig1 (DeVit
et al.,, 1997; Treitel et al., 1998; Matsuzawa et al., 2012). Scr1 local-
izes to the nucleus and negatively regulates the expression of a glu-
cose transporter, Ght5, under high-glucose conditions (Saitoh et al.,
2015). Activation of Ssp2 leads to phosphorylation of Scr1 and its
export from the nucleus, relieving transcriptional repression of Ght5
(Matsuzawa et al., 2012, Saitoh et al., 2015). We grew cells in a mi-
crofluidic chamber that enabled control of media with simultaneous
imaging of cells. On shift to 1 M KCI, Scr1-GFP was exported out of
the nucleus (Figure 1E). Some cells began to recover nuclear Scr1-
GFP signal 30 min after the shift, and by 60 min, Scr1-GFP had re-
turned to the nucleus (Figure 1F). These kinetics mirrored the dy-
namics of Ssp2-pT189 regulation. To control for effects from
switching the input lines of the microfluidic device, we also per-
formed experiments switching from one input line containing me-
dium lacking KCl to a different input line containing the same me-
dium. No changes in Scr1-GFP localization were observed in these
“control” medium switches (Figure 1, E and F). We conclude that
osmotic stress induces transient phosphorylation and activation of
fission yeast AMPK, leading to transient regulation of downstream
targets.

We next tested whether the degree of osmotic stress controls
the level of AMPK activation. Indeed, the level of Ssp2-pT189
correlated with the concentration of KCI (Figure 2A), such that a
low degree of osmotic stress led to low levels of AMPK activa-
tion. In all cases, AMPK activation was transient and completed
by 60 min (Figure 2, B and C). Thus salt stress induces a dose-
dependent response in AMPK activation through phosphoryla-
tion of Ssp2-T189.

Ssp1 is the upstream activating kinase under osmotic stress
Only one upstream activating kinase has been identified for fission
yeast AMPK, in contrast to the multiple activating kinases observed in
other organisms, such as human and budding yeast cells (Hong et al.,
2003; Nath et al., 2003; Sutherland et al., 2003; Hanyu et al., 2009;
Valbuena and Moreno, 2012; Davie et al., 2015; Deng et al., 2017).

Osmotic stress activates S. pombe AMPK | 1805



G
N~z
S
— [J]
+ £ o
1] v 9 ©° O
A R § § o a S B g
22 _ 323 s S
v o O oo =
2 xsosk mininimMkc
a4 =2 9 NS S o
5© = 9 = ¥ 0 5 15 30 60 o
O e ———— ¥ *
a-pT189| B EmEees < pTI89 | <
amyc | aneEbebebeeERened crmyc | ———— o
ssp2-13myc ssp2-13myc
b
o
= D
o - (@}
C min in 1.2M Sorbitol & minin 1M NaCl 2
05153060; 05153OGO§
R — [T .
G-pTISO [ M i e o | O-PTISO| e b '

a—myc|—-—- T ——— ——

o-myc | S S by e

ssp2-13myc
P Y ssp2-13myc
& 100
scr1-mEGFP 2
Pre-Switch 5 min 15 min 30 min 60 min E 804
— 5]
§ - e - 9 - . - . w C g 60+
S e gy L .. » ™ %
o 5
;" - -~ Control
Sl \ 7'! r'! r'— _; 40
p4 =
= 0’ ,\ !’\ ’\ 2 204 2 1Mkl
L2l ]
o
X

o
L

L] L] L] L] L L T L] L] L] 1
0 5 10 15 20 25 30 35 40 45 50 55 60
min in 1M KCI

FIGURE 1: Transient activation of Ssp2 by hyperosmotic stress. (A) Western blot showing levels of Ssp2-pT189 in
response to the indicated environmental stresses. Treatments were for 15 min. We used a-myc as a loading control

for total Ssp2. For a-Ssp2-pT189, asterisks denote background bands, and arrowheads mark the Ssp2-pT189 band.

(B) Western blot showing activation kinetics of Ssp2-pT189 in response to 1 M KCl. We used 0.1% glucose treatment as
a control for Ssp2-pT189 induction and o-myc as a loading control for total Ssp2. (C) Western blot showing activation
kinetics of Ssp2-pT189 in response to 1.2 M sorbitol. We used 0.1% glucose treatment as a control for Ssp2-pT189
induction and o-myc as a loading control for total Ssp2. (D) Western blot showing activation kinetics of Ssp2-pT189 in

response to 1 M NaCl. We used 1 M KCl treatment as a control for Ssp2-pT189 induction and o-myc as a loading control
for total Ssp2. (E) Localization of Scr1-mEGFP with control EMMA4S treatment or EMMA4S plus 1 M KCl treatment using a
microfluidics device. Images are single focal planes. Preswitch indicates image taken before switch to control or 1 M KCI
medium. Scale bar, 8 pm. (F) Quantification of Scr1-mEGFP nuclear localization from microfluidics-based movies as in E.

More than 50 cells/condition. Mean + SD based on three individual biological replicates.

We tested whether Ssp1, the kinase that phosphorylates Ssp2-T189
under low-energy and nitrogen stress, was responsible for AMPK ac-
tivation during osmotic stress. Ssp2-pT189 was not detected in sspTA
mutant cells exposed to osmotic stress by 1 M KCI (Figure 3A). We
conclude that Ssp1 is the upstream kinase for AMPK activation during
osmotic stress and low glucose conditions, although the dynamics of
activation are different for these two conditions.

1806 | K. L. SchuttandJ. B. Moseley

We considered that the dynamics of Ssp2-T189 phosphoryla-
tion and dephosphorylation might reflect changes in Ssp1 activity.
We tested this possibility by comparing Ssp2-pT189 dynamics
with those of a different substrate of Ssp1. Previous work showed
that Ssp1 phosphorylates the cell cycle kinase Cdr2 at residue
T166 (Deng et al., 2014). If Ssp2-T189 phosphorylation dynamics
are caused by activation and inactivation of Ssp1 during osmotic

Molecular Biology of the Cell
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FIGURE 2: Osmotic stress activation of Ssp2 is dose dependent.

(A) Western blot showing activation of Ssp2-pT189 in response to the
indicated concentrations of KCl for 15 min. We used a-myc as a
loading control for total Ssp2. For 0-Ssp2-pT189, asterisks denote
background bands, and arrowheads mark Ssp2-pT189 bands.

(B) Western blot showing activation kinetics of Ssp2-pT189 in
response to 1, 0.8, and 0.6 M KC| osmotic stress. We used a-myc as a
loading control for total Ssp2. (C) Quantification of Ssp2-pT189
dynamics for the indicated concentrations of KCl. Mean + SD based
on three individual biological replicates.

stress, then similar dynamics should be observed for Cdr2-T166.
In contrast to this prediction, we found that Cdr2-pT166 phos-
phorylation was unaffected by osmotic stress (Figure 3, B and C).
Thus Ssp1 activates AMPK during osmotic stress, but changes in
Ssp1 kinase activity are unlikely to explain the dynamics of this
response.

To investigate the functional importance of Ssp1-AMPK signaling
during osmotic stress, we monitored cell growth in mutant strains
(Figure 3D). We observed strong growth defects for sspT1A cells on
plates containing 0.8 M KCI, consistent with previous results (Rupe$
et al., 1999, Freitag et al., 2014). Of interest, we observed identical
growth defects for ssp2A and ssp2(T189A), which contains a single
point mutation that prevents phosphorylation of AMPK by Ssp1.
These results show that Ssp1-AMPK signaling functions to maintain
cell growth and survival during osmotic stress. We also tested
whether Cdr2 contributes to cell growth during osmotic stress, but
neither cdr2A nor cdr2(T166A) mutants exhibited growth defects,
and these mutations did not exacerbate the defects of ssp2 mu-
tants. We conclude that AMPK is a critical target of Ssp1 for cell
growth during osmotic stress.
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As a final test for Ssp2 function in cell proliferation under osmotic
stress, we used microfluidics to image wild type and ssp2A mutants
during this stress. Wild-type and ssp2A mutant cells were mixed and
loaded together in the same microfluidics chamber for simultaneous
imaging under identical conditions. The wild-type cells (but not the
ssp2A cells) expressed a mitochondrial matrix targeted—fluorescent
mCherry (mtmCherry) protein so that we could distinguish the two
strains in the same imaging field. On switch to medium containing
1 M KCl, both strains exhibited mechanical shrinkage typical of hy-
perosmotic stress. However, only wild-type cells adapted and re-
sumed proliferation after this initial response (Figure 4A). After shift
to medium with 1 M KCl, the number of wild-type cells increased
from 10 to 44, and the number of ssp2A mutant cells increased from
7 to 8 (Figure 4B). Thus AMPK is required for cells to resume
growth and proliferation when exposed to osmotic stress.

AMPK heterotrimer is essential for Ssp2 activation and cell
survival under osmotic stress

The canonical role of the AMPK heterotrimer as a sensor of cellular
energy status requires the nucleotide-binding y subunit, which is
physically connected to the catalytic o. subunit by the scaffolding B
subunit (Iseli et al., 2005). Consistent with this model, in fission yeast,
the intact heterotrimer is essential for adaptation to low-glucose me-
dium (Matsuzawa et al., 2012; Saitoh et al., 2015; Deng et al., 2017).
A different mechanism has been proposed for nitrogen stress, in
which Ssp1 activates Ssp2 in a heterotrimer-independent manner
(Davie et al., 2015). This heterotrimer-independent activation regu-
lated mitotic entry during nitrogen stress and revealed a form of Ssp2
activation independent of the ATP/AMP ratio (Davie et al., 2015). We
sought to determine whether the intact heterotrimer was required for
Ssp2 activation under osmotic stress by monitoring Ssp2-pT189 in
cbs2A and amk2A mutants (y- and B-subunit deletions, respectively).
We did not detect Ssp2-pT189 in these mutants during osmotic
stress or low glucose (Figure 5A). This result indicates that the intact
heterotrimer is essential for activation under osmotic stress. The re-
quirement for both regulatory subunits, Cbs2 and Amk2, for Ssp2
phosphorylation supports a mechanism in which canonical, heterotri-
mer-dependent sensing of cellular energy status is involved in Ssp2
activation during both osmotic stress and low-glucose conditions.

Phosphorylation of Ssp2-T189 during osmotic stress required the
intact AMPK heterotrimer, and this activation step was required for
cell growth during osmotic stress. These combined results predict
that the intact AMPK heterotrimer should be required for cell growth
during osmotic stress. We used serial dilution growth assays to mon-
itor cbs2A and amk2A mutants during osmotic stress and found that
these mutants exhibited growth defects in the presence of 0.8 M
KCI, similar to ssp2A (Figure 5B). These data indicate that both Ssp2
activity and the intact heterotrimer are essential for cell proliferation
under hyperosmotic stress.

The requirement for the AMPK regulatory subunits Cbs2 and
Amk2 raised the possibility that osmotic stress decreases the energy
status of cells, resulting in activation of Ssp2 through canonical en-
ergy-sensing mechanisms. To test this possibility, we measured in-
tracellular ATP levels after 5-min exposure to osmotic stress, or low
glucose, or in unstressed conditions (Figure 5C). Depletion of glu-
cose from the medium led to a strong loss of cellular ATP levels, as
expected. Of interest, we also detected a strong and significant re-
duction in cellular ATP levels during osmotic stress. We conclude
that osmotic stress depletes cellular ATP levels, leading to AMPK
activation through canonical energy sensing by the intact heterotri-
mer. This activation is required for cells to resume growth in their
new osmotic environment.
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to osmotic stress. These pathways include the osmolarity response
and cell integrity pathways that activate SAP kinases Sty1 and Pmk1,
respectively (Degols et al., 1996, Toda et al., 1996, Madrid et al.,
2006, 2007). We hypothesized that SAPK pathways might affect ei-
ther the activation or the deactivation kinetics of AMPK. We tested
this possibility by monitoring Ssp2-pT189 in sty 1A and pmk1A cells.
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The timing of initial Ssp2-T189 phosphorylation was unaffected in
these mutants, but Ssp2 activation persisted for a longer duration in
cells lacking either of these SAPKs (Figures 7, A and B). The double
mutant styTA pmk1A did not show additive defects in the duration
of Ssp2-pT189 (Figure 7C), suggesting the involvement of a shared
downstream target. One common target between these SAPK path-
ways is the transcription factor Atf1 (Wilkinson et al., 1996, Takada
etal., 2007). In atf1A cells, Ssp2-pT189 phosphorylation was present
for a longer duration than in wild-type cells (Figure 7D) and was simi-
lar to that in styTA and pmkTA mutants. This result suggests that
Atf1-dependent transcription promotes inactivation of AMPK. The
underlying mechanism could involve transcription of a specific factor
that acts to promote Ssp2-T189 dephosphorylation. Alternatively,
transcription could affect cellular processes that indirectly lead to
AMPK inactivation as cells adapt to their new osmotic state. The
extended duration of Ssp2-pT189 in atf1A cells was not as severe as
in sty1A or pmk1A cells, suggesting that additional targets of the
SAPK pathways are likely to contribute as well.

An important adaptive response for yeast cells under osmotic
stress is the production of glycerol to restore turgor pressure (Aiba
et al., 1995; Minc et al., 2009; Matsuzawa et al., 2010). S. pombe
does not have an active glycerol transport system (Lages et al.,
1999; Ferreira et al., 2005; Minc et al., 2009), and must generate
glycerol de novo in two enzymatic steps: first, conversion of the gly-
colytic intermediate dihydroxyacetone phosphate (DHAP) to glyc-
erol-3-phosphate (G3P) by Gpd1 and Gpd2 (Albertyn et al., 1994,
Eriksson et al., 1995), and second, conversion of G3P to glycerol by
glycerol-3-phosphatases Gpp1 and Gpp2 (Norbeck et al., 1996).
We hypothesized that Gpd1/2-dependent shifting of DHAP toward
glycerol production may reduce ATP production, leading to AMPK
activation. We tested a gpdT1A gpd2A double mutant, which is pre-
dicted to prevent shuttling of glycolytic intermediates toward glyc-
erol production and thereby might maintain high ATP levels. How-
ever, phosphorylation of Ssp2-T189 was not reduced in this mutant.
Instead, Ssp2-pT189 levels persisted longer in the gpd1A gpd2A
double mutant (Figure 8), suggesting that glycerol production
through Gpd1/2 is not inhibiting ATP production during the osmotic
stress response. Instead, glycerol production appears to contribute
to AMPK inactivation during adaptation to osmotic stress.

DISCUSSION
We identified a dynamic regulatory system that transiently activates
AMPK during osmotic stress in fission yeast cells. Our results pro-
vide a mechanistic model for both the initial activation step and the
subsequent inactivation. When cells encounter osmotic stress, intra-
cellular ATP levels drop, leading to increased phosphorylation levels
of the activation loop of AMPK o subunit. This Ssp1-dependent ac-
tivating modification appears within minutes and requires both the
nucleotide-binding y subunit and the scaffolding B subunit of AMPK.
Thus AMPK activation during osmotic stress follows the canonical
mechanism in which AMP-bound y subunit generates a conforma-
tion that inhibits the rate of dephosphorylation of the o subunit by
inactivating phosphatases (Davies et al., 1995; Jiang and Carlson,
1996; Suter et al., 2006, Sanders et al., 2007, Rubenstein et al.,
2008, Mayer et al., 2011). This suggests that the rate of Ssp2-T189
dephosphorylation represents the critical control point for the AMPK
response during osmotic stress. A key and related implication of our
results is that that osmotic stress induces energy stress in fission
yeast cells.

Activation through this pathway is required for cells to resume
growth in the new osmotic environment. At later time points, when
cells have adapted to their new osmotic environment, AMPK is
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questions for future study. For example,
what causes ATP levels to decrease during
osmotic stress? This change could result
from decreased production or from in-

creased consumption of ATP. Following this
logic, we tested the possibility that osmotic
stress alters mitochondria, the major source
of cellular ATP production. We observed
dramatic fragmentation of mitochondria

during osmotic stress, consistent with past

work in budding yeast (Morris et al., 1986).
However, blocking mitochondrial fission
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on the kinetics of AMPK activation. Addi-
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FIGURE 6: Fission of mitochondria during osmotic stress. (A) Representative images of
mitochondria in wild-type cells before and after osmotic stress. (B) Quantification of cells
expressing fragmented (beads-on-a-string) mitochondrial morphology, shown as a percentage of
the total population. Three individual biological replicates were performed and >100 cells
counted for each replicate. Mean + SD. An unpaired t test was performed for statistical analysis
with p values shown (*p < 0.05, **p < 0.01) as determined based on a two-tailed distribution.
(C) Representative images of mitochondria in ssp2A cells before and after osmotic stress.

(D) Representative images of mitochondria in dnm1A vps1A cells before and after osmotic
stress. For A, C, and D, images on the left are DIC, and images in middle are corresponding
inverted maximum projections for 0.2-pm-spaced z-sections through the entire cell (25 steps for
5 pm total). The red boxes are zoomed in on the right. Arrows denote “beaded” morphology.
Scale bars, 5 pm. (E) Western blot showing activation kinetics of Ssp2-pT189 in dnm1A vps1A
cells vs. wild-type cells in response to 1 M KCl osmotic stress. We used a-myc as a loading
control for total Ssp2. (F) Tenfold serial dilutions of the indicated strains were spotted onto
control (YE4S) plates or YE4S plates containing 0.8 M KCI. Cells were grown at 32°C.

inactivated. We found that SAPK pathways, which trigger transcrip-
tional responses for osmotic adaptation, are required for efficient
AMPK inactivation. This transient activation mechanism is distinct
from the mechanism in budding yeast, in which sustained activation
of AMPK is triggered by salt stress but not by general osmotic stress
(Hong and Carlson, 2007; Ye et al., 2008). The role of energy sens-
ing in this budding yeast response has not been examined. It is
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tional damage and/or changes to mitochon-
dria beyond fragmentation may still contrib-
ute to regulation of intracellular ATP during
osmotic stress. Note that increased tran-
scription of mitochondrial enzymes, such as
COXé, under hyperosmotic stress in bud-
ding yeast depends on AMPK and is essen-
tial for cell survival (Pastor et al., 2009). This
raises the possibility of bidirectional signal-
ing between mitochondria and AMPK dur-
ing the osmotic stress response.

It will also be interesting to compare the
downstream effects of AMPK signaling dur-
ing osmotic stress versus glucose depletion.
Osmotic stress activates AMPK  transiently,
whereas glucose depletion leads to sus-
tained AMPK activation. Further, the level
of AMPK activation in both conditions de-
pends on the degree of stress. Altering both
the magnitude and the kinetics of activation
can have dramatic effects on different down-
stream AMPK substrates. We observed reg-
ulation of the fission yeast AMPK target Scr1
during osmotic stress, and this regulation
followed the timing of AMPK activation and
inactivation. Scr1 is a transcription factor
that negatively regulates expression of the
glucose transporter Ght5 (Matsuzawa et al.,
2012, Saitoh et al., 2015). Although nor-
mally in the nucleus, Scr1 is retained in the
cytoplasm when phosphorylated by AMPK,
leading to Ght5 expression. This connection
to glucose transporter expression may relate to our findings be-
cause osmotic stress has been shown to stimulate both glucose
transport and translocation of glucose transporters in mammalian
cells (Forsayeth and Gould, 1981; Chen et al., 1997). In these other
systems, AMPK activation positively regulates glucose transport by
increasing GLUT4 transcription, GLUT4 translocation to the plasma
membrane, and stimulation of GLUT1 activity (Hayashi et al., 1998,

YE4S +0.8M KCI
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findings raise the possibility of a delayed
negative feedback loop by which AMPK acti-
vates SAPK, which contributes to AMPK in-
activation through transcription factors such
as Atf1. In addition, Gpd1 transcription is
regulated by Sty1-Atf1 signaling, and Gpd1
may be an important target contributing to
AMPK inactivation, supported by the in-
creased duration of Ssp2-pT189 in gpdi1A
gpd2A mutants (Figure 8; Chen et al. 2003;
Reiter et al. 2008). Such a mechanism could
facilitate cellular adaptation during condi-
tions such as osmotic stress. Because both
the AMPK and SAPK signaling pathways are
differentially activated by a range of environ-
mental stresses, it will be interesting to test
how their connection changes with growth
conditions.
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MATERIALS AND METHODS
Yeast strains and growth
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min in IMKcl were used (Moreno et al., 1991). Strains
used in this study are listed in Supplemental
Table S1; plasmids are listed in Supplemen-
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tal Table S2. Gene tagging and deletion
were performed using PCR and homolo-
gous recombination (Bahler et al., 1998),
and integrations were verified by colony
PCR, microscopy, and/or Western blot. The
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FIGURE 7: SAPK cascades contribute to deactivation of Ssp2. (A) Activation kinetics of
Ssp2-pT189 in wild-type and sty 1A cells in response to 1 M KCl osmotic stress. Left, Western
blot. Right, quantification of three biological replicates. (B) Activation kinetics of Ssp2-pT189 in
wild-type and pmk1A cells in response to 1 M KCl osmotic stress. Left, Western blot. Right,
quantification of three biological replicates. (C) Activation kinetics of Ssp2-pT189 in wild-type and
pmk1A sty1A cells in response to 1 M KCl osmotic stress. Left, Western blot. Right, quantification
of three biological replicates. (D) Activation kinetics of Ssp2-pT189 in wild-type and atf1A cells in
response to 1 M KCl osmotic stress. Left, Western blot. Right, quantification of three biological
replicates. For all results, a-myc was used as a loading control for total Ssp2. Values displayed
are the mean * SD based on three biological replicates. An unpaired t test was performed for
statistical analyses, and p values were based on two-tailed distributions (*p < 0.05, **p < 0.01).

2000; Kurth-Kraczek et al., 1999; Barnes et al., 2002; McGee et al.,
2008; Liemburg-Apers et al., 2016). Therefore AMPK activation may
up-regulate glucose transport to counteract decreasing levels of
ATP during osmotic stress. This possibility may be coordinated with
other AMPK activities, such as increasing autophagy for adaptation
to osmotic stress (Jiang et al., 2015). This AMPK signaling during
osmotic stress is likely to intersect with other SAPK pathways acti-
vated at the same time.

We identified at least one source of cross-talk between AMPK and
SAPK pathways under osmotic stress. Deletion of Sty1, Pmk1, and
their common target—the transcription factor Atfl—led to pro-
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nonphosphorylatable ssp2-T189A and cdr2-
T166A mutants were generated using Qui-
kChange Il mutagenesis (Stratagene) and
integrated at the endogenous locus using
5-fluoroorotic acid counterselection (Deng
et al., 2017). To cross the mutant sspA, a
pJK148 plasmid with 6His2HA-ssp1+ was
integrated at the leuT+ locus of JM1220
(ssp1A::kanR leu1-32 h+), and leu1-32 kanR
progeny were selected from subsequent
crosses. To cross the mutant sty1A, JM1168
(sty1A::natR ura4-D18 leu1-32 adeé6-M21X
h+ [pREP4X-sty1+::ura4+]) was provided by
Francisco Navarro (The Rockefeller Univer-
sity). The strain expressing mCherry targeted to the mitochondrial
matrix (mtmCherry) was provided by Johan Paulsson (Harvard Medi-
cal School; Jajoo et al., 2016). For the growth assays in Figures 3D,
5B, and 6F, cells were spotted by 10-fold serial dilution onto either
YEAS (yeast extract with four supplements) plus 3% glucose or YE4S
plus 3% glucose plus 0.8 M KCl plates and incubated at 32°C.

T 1
100 120

T
80
min in 1M KCI

40 60

Western blots and quantification

For Western blots, logarithmic-phase cells at ODsgs = 2 were rapidly
harvested and snap-frozen from unstressed growth or indicated
treatment. Whole-cell extracts were prepared by resuspending cells
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trations for each sample were calculated
from an ATP standard curve (Sigma-Aldrich).
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FIGURE 8: Glycerol biosynthesis contributes to deactivation of Ssp2. Western blot and
quantification showing activation kinetics of Ssp2-pT189 in wild-type and gpd1A gpd2A cells in
response to 1 M KCl osmotic stress. We used o-myc as loading control for total Ssp2. Values
displayed are the mean + SD based on three individual biological replicates. An unpaired t test
was performed for statistical analyses, and p values were based on two-tailed distributions

(**p < 0.01).

in sample buffer (65 mM Tris, pH 6.8, 3% SDS, 10% glycerol, 10%
2-mercaptoethanol, 50 mM NaF, 50 mM B-glycerophosphate, 1 mM
sodium orthovanadate, and protease inhibitor cocktail) and lysing
with acid-washed glass beads (Sigma-Aldrich) in a Mini-bead-
beater-16 (BioSpec, Bartlesville, OK; two cycles of 2 min at maximum
speed in a cold room). Lysates were briefly centrifuged to pellet in-
soluble material, and supernatant was isolated as whole-cell extract.
All samples shown are whole-cell extracts unless otherwise indicated.
Western blots were probed with anti-myc (SC-40; Santa Cruz Bio-
technology), anti-Ssp2-pT189, and anti-Cdr2-pT166. Rabbit anti-
Ssp2-pT189 antibody was generated against the phosphopeptide
GNFLK[pTISCGSPNY (21st Century Biochemicals; Deng et al., 2017).
Rabbit anti-Cdr2-pT166 antibody was generated against the phos-
phopeptide GKLLQ[pTISCGSPHY (21st Century Biochemicals; Deng
et al., 2014). For Figures 1D, 2B, 3B, 6E, 7, A-D, and 8, Western blots
were probed with goat anti-rabbit and goat anti-mouse secondary
antibodies (LI-COR) and developed on an Odyssey ClLx Imaging
System (LI-COR) and quantified using Image Studio Lite (LI-COR). To
quantify normalized pT189 phosphorylation, a rectangle was drawn
around each band, and intensity of the bands was measured after
background subtraction for both pT189 and myc. Ratio of Ssp2-
pT189 (pT189 signal) to total Ssp2 (myc signal) was calculated. Ssp2-
pT189/Total Ssp2 ratios for each time point were normalized to
wild-type preswitch levels to show relative changes in phosphoryla-
tion. The same method was used to quantify normalized pT166
phosphorylation for Cdr2-pT166 in Figure 3, B and C. For quantifica-
tion, three individual biological replicates were performed, and the
mean * SD is displayed. For statistical analyses, unpaired t tests
assuming unequal variances were performed, and p values were de-
termined by two-tailed distribution (*p < 0.05 and **p < 0.01). For all
statistical analyses, StatPlus:Mac (Analyst Soft) was used.

Determination of ATP levels

For Figure 5C, logarithmic-phase cells at ODsg5 = 2 were collected
during unstressed growth in YE4S (Pre-Switch) or in stressed growth
after resuspension in YE4S containing 1 M KCl or 0.1% glucose. As a
control, cells were resuspended in unstressed YE4S (Control). Cell
pellets were resuspended in 200 pl ATP assay buffer (50 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 8.0, 100 mM
KCI, 1 mM EDTA, 1 mM dithiothreitol, and 1 mM phenylmethylsulfo-
ny! fluoride) with 400 pl of acid-washed glass beads (Sigma-Aldrich)
and then lysed in a Mini-beadbeater-16 (two cycles of 2 min at maxi-
mum speed). Cell extracts were pelleted by centrifugation at 4°C
into a fresh Eppendorftube. Next 1:1 volumes of cell extract:luciferase
reagent (ATP Bioluminescence Assay Kit; Sigma-Aldrich) were mixed
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ized to protein concentrations, which were
measured using a DC protein assay kit (Bio-
Rad) with standard curve obtained from
bovine serum albumin. ATP levels were nor-
malized to Pre-Switch. For each biological
replicate, three technical replicates were
performed and then averaged. Three indi-
vidual biological replicates were performed
to generate the displayed mean + SD. For
statistical analyses, unpaired t tests assum-
ing unequal variances were performed, and p values were deter-
mined by two-tailed distribution (*p < 0.05 and **p < 0.01). For all
statistical analyses, StatPlus:Mac (Analyst Soft) was used.

T T 1
20 40 60

min in 1M KCI

Microscopy

Images were obtained at room temperature using a DeltaVision Im-
aging System (Applied Precision/GE Healthcare) with a customized
Olympus IX-71 inverted wide-field microscope, a Photometrics Cool-
SNAP HQ2 camera, and Insight solid-state illumination unit. Images
obtained as a series of z-stacks were processed by iterative deconvo-
lution in SoftWoRx Software (Applied Precision/GE Healthcare). All
further image analysis was performed on ImageJ (National Institutes
of Health). Unless otherwise indicated, a single focal plane from the
cell middle was imaged in liquid medium under a coverslip. For
Figures 1E and 4A, cells were imaged using a CellASIC ONIX Y04C
Microfluidics Plate in conjunction with the ONIX microfluidic perfu-
sion platform (CellASIC). Before loading of cells, the imaging cham-
bers were prewashed with fresh EMM4S medium (Figure 1E) or YE4S
medium (Figure 4A). Cells were loaded for 5-15 s at 8 psi. Before
imaging, cells were acclimated in the imaging chamber for at least
1 h with fresh unstressed medium flowing at 1 psi. As a control for
any influence from changing the input source, medium switches from
unstressed medium to unstressed medium (in different input wells)
were used. For osmotic stress, medium switches from unstressed
medium to medium containing 1 M KCI were used. For Figure 1F,
>50 cells were counted to determine the percentage of cells with
Scr1 nuclear localization for three independent biological replicates.
For Figure 4B, only cells present in the imaging chamber for the en-
tire duration were counted. Cells flowing in or out of the imaging
chamber were not included in the quantification. For images in
Figure 6 A, C, and D, maximum intensity projections were generated
using 0.2-um focal planes throughout the entire cell (25 steps, 5 pm
total). Cells were grown in unstressed medium, and the culture was
splitin half: one half of the cells were imaged unstressed (Pre-Switch),
and the other half was resuspended in 1 M KCI for 10 min before
imaging ("1 M KCI"). For quantification in Figure 6B, cells containing
“tubular” mitochondria were considered unfragmented (zoomed
region in Figure 6A, Pre-Switch). Cells without tubular mitochondria
that appeared as beaded were considered fragmented (zoomed re-
gion on Figure 6A; “1 M KCI” and red arrows). For quantification,
three individual biological replicates were performed, and the mean
+ SD is displayed. For statistical analyses, unpaired t tests assuming
unequal variances were performed, and p values were determined
by two-tailed distribution (*p < 0.05 and **p < 0.01). For all statistical
analyses, StatPlus:Mac (Analyst Soft) was used.
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