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Abstract: Iron scarcity provokes a cellular response consisting of the strong expression of high-affinity
systems to optimize iron uptake and mobilization. Aftl is a primary transcription factor involved
in iron homeostasis and controls the expression of high-affinity iron uptake genes in Saccharomyces
cerevisiae. Aftl responds to iron deprivation by translocating from the cytoplasm to the nucleus. Here,
we demonstrate that the AGC kinase Ypkl, as well as its upstream regulator TOR Complex 2 (TORC2),
are required for proper Aftl nuclear localization following iron deprivation. We exclude a role for
TOR Complex 1 (TORC1) and its downstream effector Sch9, suggesting this response is specific for the
TORC2 arm of the TOR pathway. Remarkably, we demonstrate that Aftl nuclear localization and a
robust transcriptional response to iron starvation also require biosynthesis of sphingolipids, including
complex sphingolipids such as inositol phosphorylceramide (IPC) and upstream precursors, e.g.,
long-chain bases (LCBs) and ceramides. Furthermore, we observe the deficiency of Aftl nuclear
localization and impaired transcriptional response in the absence of iron when TORC2-Ypk1 is
impaired is partially suppressed by exogenous addition of the LCB dihydrosphingosine (DHS).
This latter result is consistent with prior studies linking sphingolipid biosynthesis to TORC2-Ypk1
signaling. Taken together, these results reveal a novel role for sphingolipids, controlled by TORC2-
Ypk1, for proper localization and activity of Aftl in response to iron scarcity.

Keywords: TORC2; Ypkl; iron deprivation; Aftl; iron homeostasis; sphingolipids; LCBs; CK2;
survival; inositol phosphorylceramide (IPC)

1. Introduction

Iron is indispensable for life in every organism and plays an essential role in cellular
processes such as respiration, DNA synthesis and repair, and diverse metabolic reactions as
an essential cofactor [1,2]. Iron levels must also be tightly regulated as elevated levels have
toxic effects, including contributing to the production of reactive oxygen species (ROS) [3,4].
However, insufficient iron levels also cause detrimental effects within cells [5]. Indeed, iron
deficiency is the most prevalent nutritional disorder in the world with consequences on
human health that are well established [6]. Iron trafficking and metabolism require tight
regulation, and studies in budding yeast, Saccharomyces cerevisiae, have yielded insights
into the metabolism of this metal in humans. In yeast, iron can be captured and internal-
ized within the cytoplasm through the multicopper oxidase Fet3 [7] and transmembrane
permease Ftrl [8,9]. The genes encoding these components, in addition to others involved
in iron metabolism, constitute a regulon under the control of the transcription factor Aftl
(and its paralogue Aft2) [10,11]. The intracellular localization of Aftl is regulated by iron
availability, whereby it is localized within the nucleus when iron is scarce and translocates
into the cytoplasm when iron becomes replenished [12]. The karyopherin/importin Psel
mediates nuclear import of Aftl in response to iron starvation [13]. Remarkably, cellular
components that link iron scarcity to Aftl nuclear localization remain poorly understood.

Int. . Mol. Sci. 2023, 24, 2438. https:/ /doi.org/10.3390/ijms24032438

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms24032438
https://doi.org/10.3390/ijms24032438
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-3924-8818
https://doi.org/10.3390/ijms24032438
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24032438?type=check_update&version=2

Int. ]. Mol. Sci. 2023, 24, 2438

20f17

The TOR (target of rapamycin) is a universal sensor and integrator of nutritional
signals in eukaryotes and exists in two proteins complexes, TORC1 and TORC2, where
TORC is sensitive to the antibiotic rapamycin [14-16]. In yeast, TORC2 is localized at
or adjacent to the plasma membrane where it phosphorylates and activates Ypk1 (or its
paralogue Ypk2) [17] or Pkcl [18]. TORC2 phosphorylates Ypk1 at two sites within a C-
terminal regulatory domain [16]. Ypk1 is also phosphorylated within its kinase domain by
Pkh1/Pkh2, which are homologous of mammalian PDK1 [19]. Ypk1 has a wide variety of
cellular activities, including direct involvement in the biosynthesis of sphingolipids. Upon
sphingolipid depletion, Ypkl phosphorylates and inhibits both Orm1 and Orm2, which are
themselves inhibitors of serine palmitoyltransferase (SPT), the enzyme that catalyzes the
initial step of sphingolipid biosynthesis [20]. Treatment with Myriocin, a small-molecule
inhibitor of SPT, signals to Ypk1 via TORC2 through a complex feedback activation loop [21].
Independently, Ypkl phosphorylates Lacl and Lagl, the two catalytic subunits of the
enzyme ceramide synthase (CerS), thereby stimulating ceramide biosynthesis [22]. CerS
activity also requires casein kinase 2 (CK2), which independently phosphorylates Lacl
and Lagl and contributes to the stability of CerS and its localization within the ER [23].
Ceramides are subsequently converted in the Golgi to complex sphingolipids: inositol
phosphorylceramide (IPC), mannosylinositol phosphorylceramide (MIPC), and mannosyl-
diinositol phosphorylceramide [M(IP)2C] (see review [24]).

In addition to TORC2-Ypkl and CK2, other signaling kinases have been linked to
sphingolipids. For example, Sch9 kinase is a TORC1 target and has been implicated in
the regulation of related of LAG1 and LACI, as well as the ceramidase genes YPCI and
YDC1. Consequently, deletion of SCH9 causes impairment of LCB levels [25]. Decreased
levels of sphingolipids upon impaired TORC2/Ypkl signaling are also associated with
increased levels of reactive oxygen species (ROS) [26], which impacts mitochondrial activity
and, potentially, iron homeostasis. Additional studies have reported connections between
iron and sphingolipids, including a role for sphingolipids in iron toxicity [27], as well as
influencing survival in the stationary phase [28].

We demonstrated previously that TORC2-Ypk1 is required as a positive regulator of
autophagy that is induced when iron is limiting. In this context, the autophagy machinery
is only induced when TOR2/YPK1 is active, suggesting that these proteins are required
for the transmission of a signal for iron scarcity. We also demonstrated this response
contributes to extend the chronological life [29].

In mammals, it has been described that TOR regulates iron homeostasis through the
modulation of iron transporters and cellular iron flux [30].

In this study, we show that TORC2/Ypkl mediates the signal for iron deprivation
to Aftl. This signal is independent of ROS accumulation, mitochondrial function or
changes in Psel localization, the nuclear transporter of Aftl. We also present evidence that
nuclear accumulation of Aftl in response to iron deprivation requires appropriate levels of
sphingolipids and that this is mediated by TORC2-Ypk1.

2. Results
2.1. TORC2 and Ypk1 Are Required for Optimal Aft1 Activity during Iron Starvation

In a previous study, we demonstrated a requirement for TORC2-Ypk1 signaling to
induce autophagy under conditions of iron deficiency. This observation made us explore
the potential connection between TORC2-Ypk1 and Aftl during iron starvation. We first
used a previously characterized temperature sensitive allele of TOR2 (for2ts), an essential
and central component of TORC2 [31]. We studied the role of Aftl, a transcription factor
that regulates iron homeostasis, by examining its cellular localization, the expression of
one of its reporter genes (FET3), and the levels of intracellular iron in response to varying
iron concentrations. We found that when iron was deprived, in the tor2ts strain, Aftl was
barely present in the nuclei, with most of the protein scattered throughout the cytoplasm or
concentrated in vacuoles (Figure 1A,B). This was in contrast to what was observed in the
wild-type (wt) cell culture, where Aftl rapidly translocated to the nucleus in response to low
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iron levels (Figure 1A,B). These findings correlated with the expression of FET3 and iron
accumulation under iron starvation conditions. In the tor2ts strain, both of these parameters
were significantly lower than those observed in wt cells due to impaired induction of the
iron regulon and internalization of iron (Figure 1C,D). We also observed the localization of
Aftl in the mitochondria in the tor2ts mutant under optimal growth conditions, whereas
Aftl is located in the cytoplasm in wt cells (Figure 1A,B). These results suggest that TORC2
plays a role in linking iron deficiency to the function of Aftl.
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Figure 1. TORC2 regulates iron starvation signal. (A) wt and tor2ts cultures transformed with
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PAft1GFP. A preculture of exponentially growing cells at 25 °C was set. Cells from this preculture
were transferred to 38 °C to ODgg: 0.3 for 2 hours. Aliquots were collected for in vivo observation
in the fluorescence microscope. (B) Histogram of Aftl localization quantified in the experiment
described in (A) was calculated upon microscopic observation of 1000 cells. The results shown
are normalized and only the alive cells are taken into account. (C) 8-galactosidase activity content
determination in wt and tor2ts strains. Cells were grown at 30 °C in SD media to ODg(:0.4. Aliquots
were taken, washed and transferred to SD or SD-Fe media at 38 °C for 8 hours. Samples were taken
every two hours to determine the $-galactosidase activity reporter construct. (D) Intracellular iron
content was determined in wt and tor2ts exponential cultures grown in SD or SD-Fe media at 38 °C
as described under Material and Methods. For all the figures: Error bars in the histograms represent
the standard deviation (SD) calculated from three independent experiments. Significance of the data
was determined by p-values from a Student unpaired f-test denoted as follows: * 0.05 > p > 0.01;
**0.01 > p > 0.001; ***0.001 > p > 0.0001.
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TORC2 phosphorylates and activates Ypk1, leading to many downstream signaling
events, including crosstalk to Pkcl and Sch9 kinases [32]. To map the iron starvation signal
from TORC2-Ypk1 to Aftl, we analyzed the potential involvement of Pkcl/SIt2 kinases
with activation that depends on TORC2. None of the mutants lacking these kinases shown
any difference in Aftl behavior as compared to the wt strain in response to iron starvation
(Figure S1A). Therefore, the potential role that Pkcl/SIt2 kinases could play in Aftl nuclear
translocation upon iron starvation was ruled out.

Given that in a recent paper, we described a genetic relationship between Tor2/Ypkl
and Torl, in the context of iron deprivation and induction of autophagy [29]. We decided
to rule out the possible role of Torl and one of its effectors Sch9 [32] also involved in
sphingolipids regulation [25], in Aft] cellular localization when iron is scarce. Our results
indicate that neither Torl nor Sch9 are involved in this signaling process since neither the
absence of Torl nor rapamycin treatment affected Aftl nuclear localization in response to
iron depletion (Figure S1B).

2.2. Neither Oxidative Stress, Mitochondrial Function, Iron Compartmentalization nor Psel
Nuclear Transporter Are Signals to Drive Aft1 Localization in ypk1 Cells Depleted for Iron

In order to check whether the observed aberrant Aftl localization in ypkI mutant was
an indirect consequence of either oxidative stress or mitochondrial dysfunction caused by
iron deprivation [33] we added the antioxidant N-acetylcisteine (NAC) to both ypkI and wt
cultures and observed equivalent results as those obtained in the absence of the antioxidant
(Figure 2A). We also used a rho0 strain, deficient in mitochondrial DNA, and upon iron
deprivation, Aftl localized to the nuclei as described for wild-type cells (Figure 2B). These
results lead us to conclude that Aftl miss-localization in iron-starved ypkl mutant cells was
not a consequence of oxidative stress nor of mitochondrial dysfunction.
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Figure 2. Aftl miss localization in iron-starved ypkl mutant cells was not due to oxidative stress or
mitochondrial dysfunction. (A) wt and ypkI cells expressing pAft1GFP were exponentially grown in
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SD or SD-Fe media with or without NAC overnight. Aliquots were collected for microscopic
observation. The histogram represents percentages of in vivo Aftl localization. (B) Aftl subcellular
localization in wt, ypk1 and rho0 strains grown in the same conditions as Figure 1A. (C) wt and ypk1
mutant expressing pPselGFP were grown to the log phase (ODgg:0.6) in SD or SD-Fe medium at
30 °C. Microscopic images represent Psel intracellular localization. * 0.05 > p > 0.01; ** 0.01 > p > 0.001;
*0.001 > p > 0.0001.

Psel is the only known transporter for Aftl which mediates its translocation from the
cytoplasm to the nucleus upon iron starvation [13]. We wondered whether in the absence
of Ypkl, Psel was precluding Aftl nuclear localization upon iron deprivation. Psel was
localized to the nuclear envelope (Figure 2C), independently on the presence or absence
of Ypkl, both in iron depleted cells or upon iron replenishment. In conclusion, Psel is not
involved in Aftl localization in ypkI mutant cells in response to iron starvation.

We also considered the possibility that the signal to Aftl nuclear localization in re-
sponse to iron starvation could be originated in one of the cellular compartments where
iron is stored. This would imply that one specific iron transporter would be conditioning
the cellular signaling to Aftl. In order to analyze this, we made different mutants in each
of the known iron transporters: Fet3: plasmatic membrane iron importer; Cccl: vacuolar
iron importer; Fet5: iron exporter from the vacuole; Mrs3: mitochondrial iron importer;
Atm1: mitochondrial exporter of iron-sulfur clusters. Aftl localization in all the mutants
tested was equivalent to that determined in wt cells growing in SD-Fe (Figure 3). These
observations lead us to conclude that iron accumulation in specific cellular compartments
is not the main signal that determines Aft] translocation to the nucleus when iron is limited.
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Figure 3. Iron accumulation in organelles do not determine Aftl localization upon iron depletion. wt,
fet3, cccl, fet5, mrs3 and atm1 mutants were transformed with pAft1GFP and grown to the log phase
in SD or SD-Fe media with amino acids at 30 °C. Samples were collected for in vivo observation in
the fluorescence microscope. * 0.05 > p > 0.01.

2.3. Lack of YPK1 Prevents Aft1 Nuclear Translocation in the Absence of Iron

Ypk1 is phosphorylated and regulated by TORC2 in two specific residues (see re-
view [32]). We wondered whether Ypkl was involved in the process of sensing iron
starvation downstream of Tor2. Upon iron depletion, we could observe a similar but less
dramatic phenotype than that shown above for tor2ts mutant (Figure 1A-D). Aftl mostly
remained in the cytoplasm or partly in the vacuole, (Figure 4A). This localization correlated
to the detection of both a very low iron intracellular content and significantly reduced FET3
expression in iron deprived ypkl cultures, as compared to wt cultures (Figure 4B,C).
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Figure 4. TORC2 phosphorylation to Ypkl regulates iron starvation signal. (A) wt, ypkl,
ypk1+pYpk1HA and ypkl+pYpk15644A/T662A transformed with the plasmid pAft1GFP, were log-
arithmically grown in SD medium plus amino acids or in iron-free SD (SD-Fe) to be observed in
fluorescence microscopy. The histogram represents percentages of in vivo nuclear, cytoplasmic,
vacuolar or mitochondprial localization out of 1000 cells. (B) Strains wt, ypkl, ypk1+pYpkl1HA and

ypkl +prk15644A /T662A

were each transformed with plasmid pFET3-LacZ. Cells were grown at 30 °C
in SD media overnight to ODg:0.6. (C) Intracellular iron content was determined in wt, ypkl,
ypk1+pYpk1HA and ypk1+pYpk15644A/T662A exponential cultures grown in SD or SD-Fe media as
described under Material and Methods. (D) wt strain was transformed with pC-terminal3-HA,
PYpKk1HA or pYpk1564A/T662A = Cells were grown in SD to the exponential phase, the cultures
were washed and transferred to SD, SD+Myr, SD-Fe or SD+Fe samples were collected at indicated
times for Western blot analysis, probing with anti-phospho-T662, anti-HA and anti-PGK1 antibodies.
The histogram represents the ratio between Ypkl phospho-T662 and total Ypkl. * 0.05 > p > 0.01;

**0.01 >p > 0.001.

In order to discard any artifact caused by the mechanical process of ypkl construct,
we decided to check the specificity of YPK1 function in the response to iron starvation by
means of a complementation assay. We transformed ypkl mutant cells with a plasmid over-
expressing Ypk1l and observed a clear complementation given that Aftl both localization
and function were equivalent to that observed in wt cells and confirming the hypothesis
that Ypk1 plays a direct role in the cellular response to iron deprivation (Figure 4A-C). In
order to observe the actual localization of the recently synthetized protein, we blocked
protein synthesis in both wt and ypk1 strains with cycloheximide. This assay reinforced
our former hypothesis, since we obtained identical results regarding Aft1 localization in
both wt and ypk1 strains (Figure 4A), and also allowed us to conclude that Ypkl was not
involved in iron replenishment since in this condition Aftl translocated from the nucleus
to the cytoplasm in both wt and ypkI cultures (Figure S2). Given the relevance of our
results, we validated them in a different genetic background (Figure S3). Therefore, our
results suggest that in conditions of iron starvation, the absence of Ypk1 precludes Aftl
translocation to the nucleus and consequently seriously impairs the induction of the iron
regulon in response to the low levels of the metal.

Tor2 activates Ypkl upon phosphorylation in two residues: 5644 and T662 [16,20]. In
order to biochemically characterize this function, we made use of an antibody that specifi-
cally recognizes both phosphorylated residues and analyzed Ypk1 phosphorylation Tor2
specific in wild-type cells starved or not for iron. We did not detect significant differences
(Figure 4D) being Ypk1 constitutively phosphorylated by Tor2 during exponential growth
in both conditions. Our results strongly suggest that cells actually require a constitutively
activated Tor2-Ypkl pathway in order to signal Aftl correct response to iron availability. In
order to gain further insight into this mechanism, we used a complementation approach by
transforming ypkl mutant with a plasmid bearing the wild-type YPKI coding sequence and
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another plasmid mutated in both S644A /T662A YPK1 residues specifically phosphorylated
by TORC2. Upon analyzing the results, we noted that whereas the plasmid bearing wild-
type YPK1 ORF completely complemented ypk1 strain, regarding Aftl function in response
to iron deprivation, the plasmid carrying pYpk15644A/T662A yas not able to complement a
ypkl mutant under the above mentioned nutritional conditions (Figure 4A-C). Our results
strongly suggest that Tor2 signals iron scarcity through Ypkl to Aftl function.

2.4. Complex LCBs Levels Control Aft1 Nuclear Localization and Function When Iron Is Limited

Ypk1 kinase activity controls sphingolipids homeostasis upon TORC2 regulation. We
decided to investigate downstream members of the pathway with the aim to identify at
which level of the sphingolipid pathway the signal diverges to regulate Aft1 localization in
response to iron concentration. Hence, we treated wild-type iron depleted cultures with
Myriocin, which is a very potent inhibitor of serine palmitoyltransferase, that catalyzes the
conversion into 3-ketodihydrosphingosine, the first step in sphingosine biosynthesis. We
observed a high proportion of Aftl in the cytoplasm and vacuole correlated to a significant
descent both in FET3 expression and iron content (Figure 5A-C).
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Figure 5. Levels of sphingolipids modify Aftl localization. (A) wt strain transformed with pAft1GFP
was grown in SD or SD-Fe medium with amino acids and treated or not with Myriocin (Myr) or
Aureobasidin A (Aur) samples were taken at indicated times to analyze Aftl subcellular localization
(B) wt bearing pFET3-LacZ was grown in SD or SD-Fe medium with amino acids and treated or not
with Myriocin or Aureobasidin A. Samples were taken at 8 h. (C) Intracellular iron content in a wt
strain grown in SD or SD-Fe treated or not with Myriocin or Aureobasidin A until the logarithmic
phase. (D-F) Aftl subcellular localization, {3-galactosidase activity and intracellular iron content,
respectively, in wt and ypk1 strains grown exponentially in SD or SD-Fe and treated or not with DHS.
*0.05 > p>0.01; ** 0.01 > p > 0.001.
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Downstream in the sphingolipids pathway, dihydrosphingosine (DHS), is a ceramide
precursor, since it can be converted to ceramide by ceramide synthase (CerS), which
catalyzes the formation of an amide bond between the LCB and a C26 very long-chain fatty
acid [24].

CerS activity is regulated by direct phosphorylation of the catalytic subunits, Lacl
and Lagl, through TORC1, TORC2, and casein kinase 2 [22,23]. We observed that blocking
CerS activity upon deletion of either LACI or LAGI genes, or their regulatory protein CK2,
significantly impaired Aftl function upon iron starvation, since a clear descent in Fet3
expression and in Aftl nuclear localization were detected as compared to wild-type values
(Figure S4). These results were similar to those previously described in cells treated with
Myriocin (Figure 5A-C).

In order to test the importance of ceramide synthesis in the process of iron deficiency
signaling, we added DHS to both wt and ypkI iron depleted cultures and allowed them
grown over night to the exponential phase. Interestingly, we could observe that addition of
the precursor of ceramide to ypkI cultures partly restored Aftl wild-type response to iron
starvation, since 35% of the cells contained Aftl in the nucleus correlated to a significant
increase in both FET3 expression and cellular iron content, as compared to ypkl cultures
not added for DHS (Figure 5D-F).

Aureobasidin A is a cyclic depsipeptide which inhibits the inositolphosphorylceramide
synthase, AUR1, downstream of ceramide synthesis, thus preventing the accumulation
of long-chain complex sphingolipids. Addition of Aureobasidin A to cultures depleted
for iron also precluded Aftl translocation into the nucleus and consequently negatively
affected both FET3 induction and iron intracellular accumulation (Figure 5A-C). Next,
we also added DHS to wild-type cells blocked in sphingolipid synthesis after a previous
treatment with Myriocin. In this case and similarly to that described above in ypk1 cultures,
we observed that DHS was able to partly restore Aftl function in response to iron starvation
(Figure 6A). However, and contrary to the results recently described, DHS addition to iron
deprived wt cultures treated with Aureobasidin A, did not restore Aftl wild-type function
in response to iron starvation (Figure 6B). Taking altogether these results we conclude
that the activity of the sphingolipid pathway leaded by TORC2 and YPK1 to induce the
synthesis of long-chain sphingolipids, is the main signal converging in Aftl and induces its
nuclear translocation to activate the iron regulon in order to maintain iron homeostasis in
response to iron deficiency.

2
© . K
A) ) ) Vw\‘
o @*‘ @ @ &
S o L S S S
00| 1l Il I 1 Il |
901 ; v »
801 T
704 2 hours
g 4 hours
60 4
B 6 hours

Il 8 hours

Aft1 subcellular localization (%
&
S

Figure 6. Cont.



Int. ]. Mol. Sci. 2023, 24, 2438

11 of 17

2
NS
B) o
ey
ot I—
90
< 80
S
3 2 hours
= 4 hours
S B 6 hours
3 Il 8 hours
=
R
Q
Fe]
3
)
2

Q
@
Q P
A W
[¥)

&
Nl
&
Q

Figure 6. Complex sphingolipids signal Aft1 to localize to the nucleus upon iron depletion. wt cells
expressing pAft1GFP were grown to ODgg:0.4 in SD medium at 30 °C. (A) Aliquots were taken,
washed and transferred to either SD, SD+Myr, SD-Fe or SD-Fe+Myr media. After 2 hours, the cultures
with Myriocin (Myr) were divided in two halves and DHS was only added to one of them, the other
half was maintained as a control. Samples were collected for in vivo observation in the fluorescence
microscope, every two hours for eight hours. (B) Aliquots were taken, washed and transferred to SD,
SD+Aur, SD-Fe or SD-Fe+Aur media. After 2 hours the cultures with Aureobasidin A (Aur) were
divided into two halves and DHS was only added to one of them. Samples were collected for in vivo
observation in the fluorescence microscope at the indicated times. * 0.05 > p > 0.01; ** 0.01 > p > 0.001.

3. Discussion

Iron is an essential metal for living organisms [34]. However, its excess can cause
dramatic damage to cells mainly through oxidative reactions [35], whereas its deficiency
is associated with several metabolic disorders [36], consequently, iron homeostasis must
be tightly regulated in all living cells, part to hinder the potential damage that its dys-
regulation can provoke. In Saccharomyces cerevisiae, Aftl is the main responsible for iron
utilization and homeostasis. Its function has been associated with its transcriptional regu-
lation correlated to its nuclear localization in order to maintain the correct equilibrium of
the iron cellular requirements [11,31,37]. Grx3/Grx4 both regulate the translocation of Aftl
from the nucleus to the cytoplasm when iron is replenished [31]. However, when iron is
depleted from the culture medium, Aftl translocation from the cytoplasm to the nucleus
has not been associated with any accompanying protein to date. Recently, we demonstrated
that iron deprivation induces bulk autophagy in a manner completely dependent on Ypk1
and Tor1 [29]. Our next interest was to explore the potential connection between the iron
homeostasis regulator Aftl and Tor2/Ypk1 in the cellular response to iron starvation. Here,
we show evidence demonstrating that Aftl translocation to the nucleus in response to iron
deprivation is dependent on TORC2/Ypkl signaling pathway. Interestingly, preliminary
and unpublished data from J. Thorner [16] support the conclusion that TORC2-Ypk1 sig-
naling could be related to iron metabolism at least mechanistically. It has been widely
demonstrated that TORC2 through Ypk1, positively signals the activation of the sphin-
golipid pathway in conditions unrestricted of nutrients [32]. Here, we demonstrate that
iron deprivation determines Aftl nuclear localization in a manner dependent on the activity
of the sphingolipid synthesis through TORC2/Ypk1 signaling activity.

We also present evidence demonstrating that Aftl miss-localization upon iron star-
vation, in a context of sphingolipid synthesis impairment, is not caused by a deficient
expression of the nuclear import receptor Psel, which remains localized in in the nuclear
membrane regardless iron availability. Apart from Ypk1, Pkcl is another target of TORC2
in the response to certain types of stress [18]. Our results clearly show that Pkcl does not
participate in the regulation of Aftl nuclear translocation and the consequent induction of
the iron regulon upon iron deprivation.
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Sphingolipids are essential components of the cellular membranes that frequently
participate in several signaling processes in all the eukaryotic cellular systems [27]. In
line with this, we explored the possibility that low iron concentration localized in specific
cellular compartments could be the signal to direct Aftl into the nucleus. Our results
made us rule out this hypothesis since all the mutants in the various iron-dependent
membrane transporters checked in this study presented a wild-type Aftl response upon
iron deprivation.

Iron can promote the production of ceramides in humans [38] as previously shown in
Saccharomyces cerevisiae [27]. The connection between sphingolipids and iron has also been
reported [39] upon the demonstration that iron deprivation caused the induction of some
sphingolipids. Other authors have described a relationship between ceramides and the
modulation of iron levels [40]. In our study, we observe that sphingolipids are constitutively
activated in wild-type cells growing exponentially in conditions not limited for nutrients,
independently of iron availability. As long as the sphingolipid pathway is active, iron
depletion signal is correctly transmitted to Aftl, resulting in its translocation to the nucleus
and the consequent induction of the iron regulon. A blockade in long-chain sphingolipids
synthesis interrupts this signal and provokes a cytoplasmic/vacuolar Aftl localization
when iron is not available. This aberrant localization is detrimental for survival since forcing
nuclear localization of Aftl by using the pAft1C291F allele in a ypkl mutant significantly
increased cell survival close to wild-type levels (Figure S5), which clearly remarks the
importance that sphingolipids signaling has in the response to iron deprivation.

In humans, the mTOR pathway can regulate the expression of CD71, which is respon-
sible for cellular iron uptake [41]. Indeed, it has been recently proposed that inhibition of
mTOR could reduce iron accumulation and thus, lessens the neurodegenerative effects in-
duced by this metal [41]. These observations are in accordance with our results in that Tor2
inhibition negatively converges in Aftl reducing the expression of the iron regulon. Fet3
is the responsible for extracellular iron uptake in budding yeast and because is included
in the iron regulon, its expression is drastically diminished upon Tor2 inhibition and the
subsequent blockade of the sphingolipid pathway.

We have analyzed the sphingolipid pathway at various levels: i) upstream by blocking
the kinase Ypk1, or using Myriocin which blocks the activity of the palmitoiltranspherase
and consequently the production of sphingosine, and ii) downstream in the signaling
cascade, by inhibiting both ceramide and complex sphingolipids synthesis. Administration
of DHS which promotes ceramides and consequently complex sphingolipids synthesis
complements the lack of signaling to Aftl in iron-starved cells when Tor2/Ypk1 are mutated
(Figure 5D-F).

In this study, we show evidence demonstrating that long-chain sphingolipids play a
crucial role in the transmission of the iron starvation signal to Aftl, since addition of the
precursor of ceramides (DHS), did not restore Aftl wild-type response to iron depriva-
tion in cells blocked in the production of long-chain sphingolipids, upon Aureobasidin
A treatment.

Several studies have demonstrated that Ypk1 is related to ROS production in a manner
dependent on sphingolipids [26]. Our findings rule out the possibility that sphingolipid
downregulation caused by YPKI deletion in iron deprivation conditions, impinges on Aftl
wild-type response in a manner dependent on ROS production or mitochondrial function.

Recently, Jorda et al. [40] have published that sterol synthesis impairment precludes
Aftl function. Although Ypk1 has been suggested to be an ergosterol sensor [42], subsequent
studies discarded this connection and demonstrated the independence between ergosterol
and Ypkl activity [20].

Our results offer a demonstration of the importance of the sphingolipid pathway
mediated by TORC2/Ypk1 proteins in the cellular response to iron scarcity in the context
of iron homeostasis. In addition, our findings suggest that Aftl not only regulates the
expression of a group of genes needed for iron acquisition, detoxification or storage but
also participates in remodeling the metabolism as previously proposed for different met-
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alosensors in the eukaryotic model Saccharomyces cerevisiae [43]. Further studies will be
required in order to ascertain the molecular mechanism involved in Aftl regulation by
long-chain sphingolipids as well as its potential role in vacuolar function.

4. Material and Methods
4.1. Yeast Strains and Plasmids

Saccharomyces cerevisiae strains used in this study are listed in Table 1. New mutants
described in this work were obtained by one-step disruption method that uses the NatMx4
or KanMx4 cassettes [29]. Strain GSL421 was constructed upon the integration of plasmid
pAft1C291F-HA previously digested with EcoRV. GSL451 strain was constructed upon the
integration of pYpk15644A/T6624 plasmid previously digested by BstEIL Strains GSL454 and
GSL455 were constructed upon the integration of plasmid pYpkl-HA previously digested
with BstEIlL The plasmid pYpkl-HA was obtained upon Ypkl cloning into the Pmel and
NotI sites of the integrative vector pMM351. The plasmid pPselGFP was obtained through
Psel cloning into the BamHI and Sall sites of the pUG35 plasmid.

Table 1. Yeast strains.

Strain Genotype Source
CML128 MATa leu2-3,112, ura3-52, trp1, his4 [44]
GSL034 CML128 background, tor1::KanMx4 [45]
GSL190 CML128 background, slt2::KanMx4 [46]
GSL205 CML128 background, sch9::NatMx4 [46]
GSL280 CML128 background, tetO;AFT1C291F-HA::LEU?2 [47]
GSL308 CML128 background, tetO;Aft1-HA::LEU?2 [47]
GSL384 CML128 background, ypk1::KanMx4 [29]
GSL385 CML128 background, ypk1::KanMx4 tetO;Aft1-HA::LEU2 [47]
GSL410 CML128 background, pkc1::LEU2 [48]
GSL420 CML128 background, ypk1::KanMx4 atg7::NatMx4 This work
GSLA421 CML128 background, ypk1::KanMx4 tetO;AFT1C291F-HA::LEU2 This work
GSL430 CML128 background, lac1::KanMx4 This work
GSL431 CML128 background, lag1::KanMx4 This work
GSLA435 CML128 background, fet3::KanMx4 This work
GSL436 CML128 background, ccc1::KanMx4 This work
GSL437 CML128 background, mrs3::KanMx4 This work
GSL447 CML128 background, fet5::KanMx4 This work
GSL448 CML128 background, atm1::KanMx4 This work
GSLA451 CML128 background, ypk1::KanMx4 YPK15644AT662A-HA::LEU2  This work
GSL454 CML128 background, Ypk1-HA::LEU2 This work
GSL455 CML128 background, ypk1::KanMx4 Ypk1-HA::LEU2 This work

R43 CML128 background, rho0 This work
BY4741 MATa his3-1, leu2, met15, ura3 [49]
GSL404 BY4741 background, ypk1::KanMx4 This work

W303 MATa ade2-1, trpl1-1, leu2-3,2-111, his3-11,75, ura3 [50]
GSL417 W303 background, tor2ts::LEU2 [31]
LHY291 MATa his3, trpl, lys2, ura3, leu2, bar1 [23]
PLY979 LHY291 background, cka2::TRP1 [23]

Plasmid descriptions are listed in Table 2. Each particular ORF was amplified by PCR
from genomic DNA and cloned in the specific plasmid.
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Table 2. Plasmids employed.

Plasmid Marker Promoter Epitope Source

pAftl-GFP URA3 MET25 GFP [51]
ptetO7Aftl-HA LEU2 tetO; HA [51]
pAft1C291F-HA LEU2 tetO; HA [47]
pFet3-LacZ URA3 FET3 [52]
pUG35 URA3 MET25 GFP [53]

pPsel-GFP URA3 MET25 GFP This work
pC-terminal3-HA URA3 MET25 HA [50]
pMM351 LEU2 ADH1 HA [29]

pYpkl-HA LEU2 ADH1 HA This work
pYpk15644A/T662A LEU2 ADH1 HA [50]

4.2. Growth Conditions and Reagents

Yeasts were grown at 30 °C in SD medium (2% glucose, 0.67% yeast nitrogen base that
lacked the corresponding amino acids for plasmid maintenance) plus amino acids [54]. For
iron depletion conditions (SD-Fe), SD medium was used with a yeast nitrogen base that is
free of iron plus the addition of 80 uM of 4,7-diphenyl-1,10-phenanthrolinedisulfonic acid
(BPS) (Sigma, 146617, St. Louis, MO, USA).

We present a list of reagents detailing the final concentration in culture media and from
which company they were purchased: N-acetylcysteine (NAC) 5 mM (Sigma, A9165); rapamycin
(Rapa) 200 ng/mL (Sigma, R0395); cycloheximide (CHX) 150 mg/mL (Sigma, C4859); DAPI
2 mg/mL (Sigma, D9541); (N-(3-triethylammoniumpropyl)-4-(p-diethylaminophenylhexatrienyl))
pyridinium dibromide (FM4-64) 30 pg/uL (Invitrogen, T-3166); Myriocin (Myr) 2 mM (Sigma,
M1177); D-erythro-Dihydrosphingosine (DHS) 20 uM (Sigma, D3314); Aureobasidin A (Aur)
250 ng/mL (MedChem Express, HY-P1975, South Brunswick Township, NJ, USA). Cell cultures
were exponentially grown at 600 nm [ODg] of 0.6 or longer times as indicated. Iron was added
as ammonium iron (III) sulfate hexacahydrate [NH4Fe(SO,), #6H,O] (+Fe) (Sigma, F1543) at a
final concentration of 10 mM.

4.3. Endogenous Iron Measurements

Endogenous iron measurements were performed according to the colorimetric assay
described in [53].

4.4. 3-Galactosidase Activity

3-galactosidase activity was determined according to [55], with some variations. A
volume of 1 mL of cell culture at [O.D.gq0] of 0.6 was centrifuged, and the pellets were sus-
pended in 50 pL buffer Z (NaHPO4 60 mM (Serva, 30200.01, Catoosa, OK, USA); NaH,;POy4
40 mM (Serva, 13472-35-0); KCI 10 mM (Serva, 26868); MgSO4 1 mM (Sigma, M7634-100G);
B-mercaptoethanol 50 mM (BioRad, 161-0710, Hercules, CA, USA)) plus 2.5 uL sarcosyl 10%
(Sigma, T4376) and 0.5 pL toluene (Merck, 244511, Rahway, NJ, USA). After that, 150 puL of
buffer Z and 50 uL o-nitrophenyl--D-galactopyranoside (ONPG) 4 mg/mL (Sigma, N1127)
were added and subsequently incubated at 28 °C for 5 min. Finally, 500 pL Na,CO3; 1 M
(Sigma, 57795-500G) was added to stop the reaction. Absorbance was measured at 420 nm.

4.5. Protein Extraction and Immunoblot Analyses

We follow an identical procedure as described in [29]. Total yeast protein extracts
were prepared as previously described in [29]. The antibodies for Western blotting were
as follows: anti-HA 3F10 (Roche Applied Science, 12158167001, Penzberg, Germany), was
used at a dilution of 1: 2000 in 0.25% non-fat milk and the corresponding secondary was
goat anti-Rat IgG horseradish peroxidase conjugate (Millipore, AP136P, Burlington, MA,
USA). Anti-phospho-glycerate kinase 1 (anti-PGK-1) (Invitrogen, 459250, Waltham, MA,
USA) was used at a dilution 1: 1200, with the secondary antibody anti-Mouse horseradish
peroxidase conjugate (GE Healthcare, LNA931v/AG, Chicago, IL, USA). Anti-phospho-
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Ypk1 (T662) (from Dr. Ted Powers) at a dilution of 1:20,000, with the secondary antibody
anti-Rabbit horseradish peroxidase conjugate (GE Healthcare, LNA934v/AG). They were
used as indicated by the manufacturers.

The protein—antibody complexes were visualized by enhanced chemiluminescence,
using the Supersignal substrate (Pierce, 34577, Appleton, W1, USA) in a Chemidoc (Roche
Applied Science).

For all the figures: We used anti-PGK1 to detect PGK1, selected as loading control in
the Western blots shown in this study. For Western blot in this paper, we have selected
representative samples.

4.6. Fluorescence Microscopy

Cells were visualized under the fluorescence microscope (Olympus BX-51) using 60X
magnification. Cellular localizations were registered at the times indicated in the text under
specific described conditions.

4.7. Statistical Analysis

We followed the same procedure as described in [29]. Error bars in the histograms
represent the standard deviation (SD) calculated from three independent experiments.
Significance of the data was determined by P-values from a Student unpaired ¢-test denoted
as follows; * 0.05 > p > 0.01; ** 0.01 > p > 0.001; *** 0.001 > p > 0.0001; **** p > 0.0001.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1jms24032438 /s1.
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