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Abstract: Although essential for life, copper is also potentially toxic in concentrations that surpass
physiological thresholds. The high-osmolarity glycerol pathway of yeast is the main regulator of
adaptive responses and is known to play crucial roles in the responses to various stressors. The
objective of this research is to determine whether the HOG pathway could be activated and to
investigate the possible interplay of the HOG pathway and oxidative stress due to copper exposure.
In this research, we demonstrate that copper could induce oxidative stress, including the elevated
concentrations of reactive oxygen species (ROS) and malondialdehyde (MDA). Increased combination
with GSH, increased intracellular SOD activity, and the up-regulation of relevant genes can help cells
defend themselves against oxidative toxicity. The results show that copper treatment triggers marked
and prolonged Hog1 phosphorylation. Significantly, oxidative stress generated by copper toxicity is
essential for the activation of Hog1. Activated Hog1 is translocated to the nucleus to regulate the
expressions of genes such as CTT1, GPD1, and HSP12, among others. Furthermore, copper exposure
induced significant G1-phase cell cycle arrest, while Hog1 partially participated in the regulation
of cell cycle progression. These novel findings reveal another role for Hog1 in the regulation of
copper-induced cellular stress.

Keywords: Saccharomyces cerevisiae; copper exposure; oxidative stress; high-osmolarity glycerol
pathway; cell cycle

1. Introduction

As an essential micronutrient that is required for cell growth and normal metabolism,
copper serves as an essential enzyme cofactor for many cellular enzymes and plays critical
roles in multiple cellular processes, such as respiration, iron transport, and antioxidant de-
fense, including the universal Cu/Zn superoxide dismutase and cytochrome c oxidase [1].
Although essential for life, copper is potentially toxic in concentrations that surpass physio-
logical thresholds. Copper ions occupy multiple valence states in cells. The toxic effects of
copper are mainly attributed to its redox properties, which can participate in Fenton-like
reactions and can generate toxic reactive oxygen species (ROS). These, in turn, cause cellular
damage, including the oxidation of proteins, cleavage of DNA and RNA molecules, and
membrane damage due to lipid peroxidation [2–4].

Saccharomyces cerevisiae cells are constantly exposed to a series of environmental chal-
lenges [5–7]. In response to these environmental stressors, the cells have evolved specific
mechanisms to complete cellular damage repair and adaptation responses, including the
cell wall integrity (CWI) pathway and the high-osmolarity glycerol (HOG) pathway [8–10].
Hog1 is an evolutionarily conserved, stress-activated protein kinase in S. cerevisiae that plays
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a key role not only in the osmotic stress response but also in response to many other condi-
tions, such as ROS, heat shock, arsenic, and low pH [5,11]. The HOG pathway contains
two signaling branches, the Sho1 branch and the Sln1 branch, which appear to function
independently [12,13]. In response to osmotic stress, both of these upstream branches are
activated, and the active mitogen-activated protein kinase (MAPK) kinase (Ssk2, Ssk22,
and Ste11) phosphorylates and activates the unique MAPK kinase Pbs2, which in turn
phosphorylates and activates the MAPK Hog1. The activation of Hog1 leads to a series
of adaptive responses involving the regulation of several physiological processes, such as
protein translation, cell metabolism, gene transcription, and cell cycle progression [14,15].

Numerous studies have shown that the Hog1 is robustly phosphorylated in a Pbs2-
dependent way and concentrates in the nucleus during oxidative stress [16,17]. It is known
that metal ions can induce oxidative stress through several mechanisms. Transition metal
ions Cu2+ could catalyze the formation of hydroxyl radicals through the Fenton reaction.
Bilsland’s research revealed that sensitivity of Hog1 mutants is observed for Cu2+ [17].
However, little is known about how Hog1 contributes to resistance to copper toxicity.
To our knowledge, there has been no detailed investigation of the role and the possible
interplay of the HOG pathway and oxidative stress in copper exposure. The objective of
this research is to determine whether the HOG pathway can be activated under copper
exposure and to investigate the related mechanism. Our results indicate that Hog1 can be
rapidly phosphorylated for several hours, and that activated Hog1 may contribute to the
regulation of gene expression and the cell cycle to protect cells from copper toxicity. It is
worth noting that copper indeed induces distinct oxidative stress, which is essential for the
activation of Hog1.

2. Materials and Methods
2.1. Yeast Strains, Media, and Cultures

The S. cerevisiae strains used in this study are listed in Table S1. Yeast cells were
grown aerobically at 28 ◦C in an orbital shaker (160 rpm), with a 5:1 flask/culture volume
ratio. The growth media used were yeast extract peptone dextrose medium (1% (w/v) yeast
extract (Aobox), 2% (w/v) peptone (Aobox), 2% (w/v) glucose (Aobox)) and 2% agar for the
solid medium.

2.2. Cell Growth Analysis and Spot Susceptibility Assay

To analyze the growth of S. cerevisiae strains in CuSO4, cells cultured overnight were
diluted into fresh YPD medium with 4 mM CuSO4 at an initial optical density wavelength
of 600 nm (OD600) of 0.05. The absorbance of the culture at 600 nm was measured for 16 h.

A spot susceptibility assay was performed by culturing exponential-phase cells in YPD
to an OD600 of 0.1. An amount of 5 µL of serial dilutions (at the 1:5 ration, the final OD600
were 0.1. 0.02, 0.004, 0.0008, and 0.00016) was spotted onto YPD agar plates supplemented
with CuSO4, whereafter the plates were incubated at 28 ◦C for 1 to 2 days.

2.3. Analysis of Oxidative Damage and Antioxidant Enzyme Activity

Intracellular ROS concentrations were determined in the cells collected after 1 h of
exposure to copper (3000× g, 8 min, 25 ◦C). Relative ROS levels were determined using a
cell-permeable H2DCFDA fluorescent probe (Beyotime, Shanghai, China). The probe was
used at 10 µM/L for BD FACSCalibur (Becton Dickinson, San José, CA, USA). A minimum
of 50,000 cellular events were analyzed in each determination point.

Yeast cells were collected, washed with sterile water, and lysed with glass beads by
vortexing them in a cell lysis buffer (Beyotime, Shanghai, China). The protein contents
were measured by BCA protein assay (P0012, Beyotime, Shanghai, China) using bovine
serum albumin as a standard. The amount of MDA, the activities of SOD, and the GSH
level were determined using commercial kits (Nanjing Jiancheng., Nanjing, China). MDA
was determined based on the spectrophotometer measurement of the red complex pro-
duced during the reaction of thiobarbituric acid (TBA) with the MDA [18]. The cellular
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MDA was expressed as nmol/mg of cellular protein. SOD activity was assayed using the
xanthine/xanthine oxidase method based on the production of O2− anions. SOD activity
was expressed as units per milligram of protein, while the level of GSH was expressed as
mmol/mg of cellular protein.

2.4. Gene Expression Confirmation by Quantitative Real-Time PCR

Total RNA was extracted using a Yeast RNA kit R6870 (Omega, Norcross, GA, USA),
while first-strand cDNA was synthesized by transcribing 1 mg of total RNA with a cDNA
synthesis kit (TransGen, Beijing, China), according to the manufacturer’s instructions.
Quantitative real-time reverse transcription-PCR (RT-PCR) was conducted with a CFX
Connect Real-Time system (Bio-Rad, Hercules, CA, USA) using 2 × M5 HiPer SYBR Premix
Es Taq (Mei5bio, Beijing, China) and 200 nM specific primer pairs (Table S2, Supplemental
Material), according to the manufacturers’ instructions. The reaction conditions were as
follows: 95 ◦C for 30 s, followed by 35 cycles of 95 ◦C for 5 s, 60 ◦C for 30 s, and melt
curve. The relative gene expression levels were calculated using the 2−∆∆Ct method and
normalized to ACT1 mRNA levels.

2.5. Subcellular Localization Analysis

Yeast cells expressing green fluorescent protein (GFP)-tagged Hog1 were grown to
the exponential phase and treated with 4 mM CuSO4. The cells were then fixed with 37%
formaldehyde for 1 h and stained with 0.5 µg/mL 4,6-diamidino-2-phenylindole (DAPI)
for 15 min at room temperature while they were protected from light [19]. The cells were
washed with phosphate buffered saline (PBS) prior to observation using a Nikon laser
scanning confocal microscope. Images were taken and processed using Nikon NIS Viewer
(version 5.21) software.

2.6. Western Blotting

Samples of total proteins were extracted according to the TCA method, as previ-
ously described [20]. Each protein sample was separated via sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose filter.
The following antibodies were used in this study: anti-Pgk1 (ab113687, Abcam, Cambridge,
UK), anti-Hog1 (#sc-165978, Santa Cruz Biotechnology, Dallas, TX, USA), anti–phospho-
p38 MAPK(Thr180/Tyr182) (#4511, cell signaling technology, Danfoss, MA, USA), HRP-
conjugated goat anti-rabbit IgG (D110058, BBI, Shanghai, China), and HRP-conjugated goat
anti-mouse IgG (D110087, BBI, Shanghai, China).

2.7. Cell Cycle Analysis

After 15, 30, 60, 90, and 120 min, cells were harvested by centrifugation of 1 mL culture
at 4000× g for 5 min. The cells were washed twice with ice-cold deionized and distilled
water, and the cell concentration was adjusted to 1 × 107 yeast cells/mL and then fixed via
resuspension in 1 mL 70% ethanol overnight at 4 ◦C. The cells were subsequently washed
with 50 mM sodium citrate buffer (pH 7.5), centrifuged again at room temperature, then
incubated in 1 mL PBS containing 250 µg/mL RNase A for 1 h at 50 ◦C, and incubated
in 1 mg/mL proteinase K solution for 1 h at 50 ◦C. Finally, 20 µL SYBR Green I working
solution was added to the cells, and they were stained overnight at 6 ◦C. The cell cycle was
analyzed via flow cytometer. A minimum of 50,000 cellular events were analyzed at each
determination point.

2.8. Statistical Analysis

Statistical analysis was performed using the GraphPad Prism 6.0 software. The results
are expressed as the mean ± the standard error of the mean (SEM). Statistical differences
were analyzed by one-way ANOVA using SPSS 18 (IBMSPSS, Chicago, IL, USA). Differences
were considered significant when p < 0.05.
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3. Results
3.1. Copper Distinctly Induced Oxidative Stress

Previously, a number of similar reports have shown that exposure of S. cerevisiae
to sublethal levels of copper induces oxidative stress. Under our laboratory conditions,
we verified whether oxidative stress was generated under the selected yeast and copper
concentrations [21,22]. ROS are commonly accumulated as a consequence of cell exposure
to different stressors. Excess ROS cause oxidative cellular injury to DNA, RNA, proteins,
and lipids [23,24]. In this study, intracellular ROS accumulation was measured in WT cells
following 1 h of copper exposure, in which it was found that the percentage of DCF-positive
cells increased from less than 10% in the control to 78.83% (Figure 1A), indicating that
copper treatment caused significant ROS accumulation. To confirm whether ROS induced
by copper treatment exert oxidative stress in the yeast cells, the amount of MDA content,
the product generated by lipid peroxidation, was determined. As shown in Figure 1B,
MDA was almost undetectable in the untreated cells; however, it was specifically triggered
by copper exposure, reaching an elevated level after 12 h.
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levels of genes involved in the oxidative stress response. ** p < 0.01.

The deleterious effects of ROS have led cells to develop a complicated antioxidative
system by which ROS are continuously processed and removed [25], including mecha-
nisms that involve superoxide dismutases, catalases, thioredoxin, and glutathione, among
others [23,26]. A prime defense for oxidative stress, SOD, is the major cytosolic superoxide
dismutase responsible for dismutating superoxide [27]. The level of SOD activity indirectly
reflects the ability of the organism to eliminate oxygen free radicals. As shown in Figure 1C,
a significant increase in SOD activity was observed after exposure to 4 mM Cu2+, with SOD
activity elevated to 3039.47 U/mg protein compared with the control group. GSH is widely
believed to play a key role in cellular defense against heavy metal stress and oxidative
damage [28], and previous studies have shown that the addition of GSH in copper-rich
musts can reduce negative effects on fermentation efficiency [28]. Our findings similarly
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indicated that the level of GSH significantly decreased (Figure 1D) after copper exposure.
This reduction may be due to the fact that GSH could directly chelate metal and suppress
copper toxicity [29,30].

Subsequently, in this study, the transcription levels of genes involved in the oxidative
stress response were investigated, including SOD1, SOD2, TPS1, TSA2, and GPX2 in the
WT strain (Figure 1E). Under copper exposure, it was obvious that the mRNA expression
of all genes was significantly up-regulated. Specifically, SOD1 and SOD2 encode cytosolic
copper–zinc superoxide dismutase and mitochondrial manganese superoxide dismutase,
respectively. The up-regulation of SOD1 and SOD2 is consistent with the result of increased
SOD enzyme activity. Acting as the first line of defense against ROS, SODs play key
roles in the response to oxidative stress [23]. TPS1, which encodes the synthase subunit
of the trehalose-6-P synthase/phosphatase complex, participates in the biosynthesis of
trehalose and cellular responses to oxidative stress, heat, and desiccation. After 5 min of
treatment with CuSO4, the mRNA level of TPS1 was found to be significantly (2.79-fold)
increased. These results concur with previous reports that copper exposure could induce
the accumulation of trehalose in S. cerevisiae, consequently protecting yeast from dam-
age [31]. Thiol peroxidases, including peroxiredoxins (Prx) and glutathione peroxidases
(GPx), are regarded as important parts of the cellular antioxidant repertoire [32]. TSA2 and
GPX2, which encode cytoplasmic thioredoxin peroxidase and phospholipid hydroperoxide
glutathione peroxidase, respectively, presented as significantly increased under copper
exposure. Together, these results suggest that copper exposure can distinctly induce oxida-
tive stress. These results provide support for subsequent research about the relationship
between copper exposure, oxidative stress, and the HOG pathway.

3.2. HOG Pathway Activation under Copper Exposure

Numerous studies have shown that the HOG pathway plays a role in oxidative stress
resistance [16,17]. Considering that copper can distinctly induce oxidative stress, we further
assessed whether the HOG pathway could be activated under copper exposure. First, we
studied the growth patterns of WT, Pbs2∆, and Hog1∆ strains (both with and without copper
exposure) by spotting cells in YPD media. As shown in Figure 2A, the Pbs2∆ and Hog1∆
strains were found to be more sensitive than the WT cells upon copper exposure, with
significant growth reductions. Similar results were obtained when the growth experiment
was performed using a liquid medium (Figure 2B).
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Figure 2. The HOG pathway is important for protecting yeast cells against copper-induced stress:
(A) Spot assay of Wild-type (WT) strains, Pbs2∆, and Hog1∆.WT, Pbs2∆, and Hog1∆ strains were
spotted on YPD plates under normal and 4 mM CuSO4 treatment conditions. Each strain was grown
to the log phase in YPD broth and serially diluted 5-fold from an initial OD600 of 0.1. Aliquots (5 µL)
were spotted onto a YPD agar plate lacking or containing 4 mM CuSO4 and incubated at 28 ◦C for
1–2 days. (B) Growth kinetics of WT strains, Pbs2∆, and Hog1∆. Yeast cultures grown on liquid
YPD medium (WT) or YPD containing 4 mM CuSO4 (WT + Cu, Pbs2∆ + Cu, and Hog1∆ + Cu) were
incubated at 28 ◦C for 16 h with slow shaking.

The Hog1 phosphorylation level was further examined by western blotting analysis,
with 0.4 M NaCl treated cells used as a positive control for the detection of the P-Hog1 band.
As expected, exposure of the WT cell to NaCl stress induced strong Hog1 phosphorylation
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(Figure 3A, lane 7). Additionally, 4 mM CuSO4-treated Pbs2∆ and Hog1∆ cells were used as
negative controls. Unsurprisingly, Hog1 phosphorylation was almost not presented in the
Pbs2∆ and Hog1∆ mutant strains after 5 min. As Figure 3A shows, a weak phosphorylation
band of P-Hog1 was detected in the WT strain at 0 mM CuSO4, whereas at 4 mM CuSO4,
the phosphorylation level of Hog1 was obviously detected as early as 2 min (lane 2) and
reached a fairly high level. A time-course assay was subsequently performed, in which
the level of phosphorylated Hog1 was still detected after 240 min of exposure to CuSO4
(Figure 3B). Overall, the results presented in Figure 3 indicate that Hog1 can be rapidly
phosphorylated and can last for several hours, unlike the transient phosphorylation under
osmotic stress, in which P-Hog1 has been previously shown to reach a maximal level at
5 min and then to gradually decrease to near basal levels within 30 min [33]. The long-
lasting phosphorylation observed in this study is consistent with previous findings in which
an elevated level of Hog1 phosphorylation (P-Hog1) was detected even at 60 min after
exposure to 3 mM H2O2 [16]. Furthermore, while it has been previously reported that Hog1
can be phosphorylated under other metal stresses, including iron and cadmium [19,20],
this is, to our knowledge, the first report of Hog1p activated under copper exposure.

Antioxidants 2022, 11, x FOR PEER REVIEW  6  of  12 
 

μL) were spotted onto a YPD agar plate lacking or containing 4 mM CuSO4 and incubated at 28 °C 

for 1–2 days. (B) Growth kinetics of WT strains, Pbs2∆, and Hog1∆.Yeast cultures grown on liquid 

YPD medium (WT) or YPD containing 4 mM CuSO4 (WT + Cu, Pbs2∆ + Cu, and Hog1∆ + Cu) were 

incubated at 28 °C for 16 h with slow shaking.   

The Hog1 phosphorylation level was further examined by western blotting analysis, 

with 0.4 M NaCl treated cells used as a positive control for the detection of the P‐Hog1 

band. As expected, exposure of the WT cell to NaCl stress induced strong Hog1 phosphor‐

ylation (Figure 3A, lane 7). Additionally, 4 mM CuSO4‐treated Pbs2∆ and Hog1∆ cells were 

used as negative  controls. Unsurprisingly, Hog1 phosphorylation was almost not pre‐

sented in the Pbs2∆ and Hog1∆ mutant strains after 5 min. As Figure 3A shows, a weak 

phosphorylation band of P‐Hog1 was detected in the WT strain at 0 mM CuSO4, whereas 

at 4 mM CuSO4, the phosphorylation level of Hog1 was obviously detected as early as 2 

min (lane 2) and reached a fairly high level. A time‐course assay was subsequently per‐

formed,  in which  the  level of phosphorylated Hog1 was still detected after 240 min of 

exposure  to CuSO4  (Figure 3B). Overall,  the results presented  in Figure 3  indicate  that 

Hog1 can be rapidly phosphorylated and can last for several hours, unlike the transient 

phosphorylation under osmotic stress,  in which P‐Hog1 has been previously shown  to 

reach a maximal level at 5 min and then to gradually decrease to near basal levels within 

30 min [33]. The  long‐lasting phosphorylation observed  in this study  is consistent with 

previous findings in which an elevated level of Hog1 phosphorylation (P‐Hog1) was de‐

tected even at 60 min after exposure to 3 mM H2O2 [16]. Furthermore, while it has been 

previously reported that Hog1 can be phosphorylated under other metal stresses, includ‐

ing iron and cadmium [19,20], this is, to our knowledge, the first report of Hog1p activated 

under copper exposure. 

 

Figure 3. The Activation of Hog 1 induced by copper treatment: (A) copper significantly triggered 

Hog1 phosphorylation; the exponential growing cultures (OD600 = 0.8) were untreated (lane 1) or 

treated with 4 mM CuSO4 for a short time (lanes 2, 3, and 4). Western blotting analysis was per‐

formed with protein extracts. Following electrophoresis on a 10% polyacrylamide denaturing gel 

(30 μg per lane) with subsequent electrotransfer, the blot was probed with anti‐Hog1 antibody and 

anti‐phospho‐p38 antibody. The wild type cell was treated with 0.4 M NaCl for 5 min, and extracts 

were analyzed as a positive control (lane 7). Pbs2∆ and Hog1∆ mutant strains were also treated with 

4 mM CuSO4 for 5 min and extracts were analyzed as negative controls (lane 5 and lane 6) (P‐Hog1, 

phosphorylated Hog1). (B) Hog1 exhibited long‐lasting phosphorylation under copper exposure. 

Exponential cells were treated with 4 mM CuSO4 for different times (5–240 min). Letters a, b, c, d, 

and e represent significant difference (p < 0.05) between the treatments. 

Figure 3. The Activation of Hog 1 induced by copper treatment: (A) copper significantly triggered
Hog1 phosphorylation; the exponential growing cultures (OD600 = 0.8) were untreated (lane 1)
or treated with 4 mM CuSO4 for a short time (lanes 2, 3, and 4). Western blotting analysis was
performed with protein extracts. Following electrophoresis on a 10% polyacrylamide denaturing gel
(30 µg per lane) with subsequent electrotransfer, the blot was probed with anti-Hog1 antibody and
anti-phospho-p38 antibody. The wild type cell was treated with 0.4 M NaCl for 5 min, and extracts
were analyzed as a positive control (lane 7). Pbs2∆ and Hog1∆ mutant strains were also treated with
4 mM CuSO4 for 5 min and extracts were analyzed as negative controls (lane 5 and lane 6) (P-Hog1,
phosphorylated Hog1). (B) Hog1 exhibited long-lasting phosphorylation under copper exposure.
Exponential cells were treated with 4 mM CuSO4 for different times (5–240 min). Letters a, b, c, d,
and e represent significant difference (p < 0.05) between the treatments.

3.3. Oxidative Stress Is Necessary for Hog1 Activation by Copper

To ascertain the association of oxidative stress with HOG signaling following copper
stimulation, the ROS scavenger N-acetylcysteine (NAC) was employed in this study [34].
After adding NAC, copper’s inhibitory effect on yeast is significantly weakened (Figure 4A).
Furthermore, the sensitivity of Pbs2∆ and Hog1∆ strains to copper were suppressed by
NAC addition to the medium, suggesting that oxidative stress may be responsible for HOG
pathway activation by copper (Figure 4B,C). As shown in Figure 4D, the phosphorylated
band decreased dramatically with the simultaneous addition of CuSO4 and NAC to the
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yeast culture, even reaching a state similar to that of the control. The NAC was found to
significantly reduce hog1 phosphorylation in response to copper, indicating that oxidative
stress can cause phosphorylation of HOG pathway kinases. The previous results have
shown that oxidative stress can phosphorylate the HOG pathway [17,35], whereas little is
known about the role and the possible interplay of the HOG pathway and oxidative stress
in copper exposure. Our results suggest that the oxidative damage generated by copper
toxicity can trigger this characteristic MAPK signaling response.
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3.4. Hog1 Is Partially Translocated to the Nucleus under Copper Exposure

It has been suggested that most of the activated Hog1 is rapidly translocated from the
cytoplasm to the nucleus to stimulate the activity of several transcription factors and to reg-
ulate gene expression [36]. Therefore, in this study, the localization of Hog1 was measured
using GFP-tagged Hog1–GFP fusion protein in WT strains after treatment with CuSO4.
As shown in Figure 5, the ratio of nuclear Hog1–GFP (%) under the control conditions
was 10.30%, indicating that Hog1 was mainly in the cytoplasm under control conditions.
However, following treatment with 4 mM CuSO4, this percentage increased to 53.20%,
suggesting that the Hog1–GFP fusion protein displayed a significant nuclear localization
under copper exposure. Nuclear localization is necessary for Hog1 to phosphorylate its
nuclear substrates, including transcription factors and cell-cycle regulators [36,37]. Taken
together, these findings (shown in Figures 3 and 5) suggest that the HOG pathway is
activated in response to copper toxicity in S. cerevisiae.

3.5. Target Genes Expression of the HOG Pathway after Copper Exposure

It has been ascertained that, upon activation, Hog1 rapidly translocates into the
nucleus, where it exerts some of its main functions essential for cellular survival, such as
the control of gene expression and the regulation of cell cycle progression [15,38]. In this
study’s investigation on whether copper exposure can induce the expression of target genes
in the HOG pathway, the expression levels of the GPD1, CTT1, HSP82, RTC3, HSP12, ALD3,
and GRE3 genes in the WT strain treated with 4 mM CuSO4 for 30 min were determined. In
general, as shown in Figure 6, the levels of these seven genes were up-regulated after copper
exposure. GPD1 encodes NAD-dependent glycerol-3-phosphate dehydrogenase and CTT1
encodes a cytosolic catalase T. The GPD1 and CTT1 mRNA levels rapidly and transiently
increased up to 11.03-fold and 2.73-fold, respectively, after 5 min of copper exposure and
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returned to their initial levels after 15 min (Figure 6A,B). The expressions of other target
genes reached peak levels at 15 min after treatment and then gradually declined. Among
them, the HSP12 gene encoding the small membrane-associated heat shock protein HSP12
was remarkably induced (approximately 16-fold) at 15 min of copper treatment (Figure 6C).
Other genes that were very strongly induced in response to copper were RTC3 (~8-fold) and
ALD3 (6-fold), which encode protein with the currently unknown function involved in RNA
metabolism and cytoplasmic aldehyde dehydrogenase, respectively [39]. Furthermore, the
expressions of HSP82 and GRE3 were found to be slightly increased after copper treatment.
Taken together, the target genes of the HOG pathway were generally induced under copper
exposure in S. cerevisiae. Based on the functions of the target genes, S. cerevisiae is able
to survive hyperosmotic stress in two important ways: increased intracellular glycerol
concentration and enhanced repair of stress-induced damage [36,40]. Similarly, the genes
induced by copper toxicity include the glycerol synthesis-related gene GPD1 and general
stress-responsive damage repair genes such as CTT1 and HSP12.
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Figure 5. The subcellular localization of Hog1 activated by copper. (A) Laser scanning confocal
microscopy showing GFP-tagged Hog1 in WT cells after treatment with CuSO4 (4 mM for 5 min).
(B) Quantification of Hog1-GFP nuclear localization, as in (A). Cells were visualized under a Nikon
A1 HD25 confocal microscope. ** p < 0.01.
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Figure 6. The expression profiles of HOG genes in response to copper: relative expression levels are
shown for (A) GPD1, (B) CTT1, (C) HSP12, (D) RTC3, (E) ALD3, (F) HSP82, and (G) GRE3 genes of the
WT strains after treatment with 4 mM CuSO4. The mRNA levels of these genes were normalized to
that of the ACT1 gene in the same sample. Mean ± SD values are from three independent experiments.
Asterisks indicate * p < 0.05 and ** p < 0.01.

3.6. Hog1 Is Partially Involved in Mediation of Cell-Cycle Delay upon Copper Exposure

It is known that environmental stressors lead to transient cell cycle arrest, which is
essential for cell survival [38]. In this study, a WT strain was subjected to Cu2+ toxicity
and cell-cycle progression analysis was followed by FACS. As shown in Figure 7B,C, the
percentage of WT cells in the G1 phase increased significantly from 21.83% to 45.44%
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(around 2-fold) between 30 min and 60 min after copper treatment. Transient G1 arrest
was obviously presented in the WT cells under copper exposure. Different stress responses
show remarkable diversity in their sensing regulation; however, a common feature of any
stress response is cell-cycle slowdown or arrest, resulting in a decrease in growth rate [41].
Copper exposure was found to be no exception, presenting cell-cycle arrest in this study.
This cell cycle arrest may provide the cell with time to overcome primary problems and
may prevent premature entry into the S phase without proper cell adaptation [42,43].
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Figure 7. The proportion of log-phase cells (WT and Hog1∆) in the G1, S, or G2/M phases of the
cell cycle based on flow cytometric analysis grown in YPD with 4 mM CuSO4. DNA content was
measured at the indicated time points (A) 15 min, (B) 30 min, (C) 60 min, (D) 90 min, and (E) 120 min.
The error bars represent standard deviations, and 50,000 events were acquired in each analysis.

For full adaption to extracellular stimuli, Hog1 exerts several adaptive responses
in the cell, including the regulation of cell cycle progression [44,45]. Consequently, we
analyzed whether Hog1 was important in the mediation of cell-cycle delay upon copper
exposure. With regard to the Hog1 knockout strain, the cells in the G1 phase increased
progressively from 26.12% to 35.16% between 30 min and 60 min after copper treatment.
However, the extent of the increase was significantly smaller when Hog1 was knocked
down, indicating that Hog1 could regulate cell cycle progression and controls the G1/S
transition. Several studies have revealed that Hog1 could regulate multiple stages of the
cell cycle, including G1/S and G2/M transitions, in response to stress [15]. Moreover,
Hog1-dependent transient G1 arrest is essential for ensuring maximal cell survival and
adapting responses to stress [46]. Previous research found that osmotic stress-activated
Hog1 leads to G1 arrest via a dual mechanism that involves the downregulation of cyclin
expressions (Cln1, Cln2, and Clb5) and controls Sic1 degradation [38,41,47]. However,
the molecular mechanisms involved in Hog1’s regulation of the cell cycle under copper
exposure remain to be elucidated and need further research.

4. Conclusions

The main objectives of this research were to determine whether the HOG pathway
could be activated under copper exposure and, if so, the related mechanism therein. Our
results demonstrate that copper can distinctly induce oxidative damage. The enhanced
activities of SOD; interaction with glutathione; and the induction of the genes involved in
repairing oxidative damage such as SOD1, SOD2, and TAS2, among others, contribute to
the repair of oxidative damage. Oxidative stress generated by copper further induces a
marked and prolonged Hog1 activation. Activated Hog1 is translocated to the nucleus and
regulates the expression of genes such as CTT1, GPD1, HSP12, etc. Under copper exposure,
the cells showed significant G1 arrest and Hog1 was found to have partially participated
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in regulating this cell cycle progression. These results provide new insights into the role
of the HOG pathway under copper exposure. This study may provide fundamental basis
for the microbial response to copper toxicity and provide guidance for microbial screening
or modification.
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