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ABSTRACT Haa1 is a transcription factor that adapts Saccharomyces cerevisiae cells
to weak organic acid stresses by activating the expression of various genes. Many of
these genes encode membrane proteins, such as TPO2 and YRO2. How Haa1 is acti-
vated by weak acids is not clear. Here, we show that casein kinase I isoform Hrr25 is
an important negative regulator of Haa1. Haa1 is known to be multiply phosphory-
lated. We found that mutations in HRR25 lead to reduced Haa1 phosphorylation and
increased expression of Haa1 target genes and that Hrr25 interacts with Haa1. The
other three casein kinase I isoforms, Yck1, Yck2, and Yck3, do not seem to play criti-
cal roles in Haa1 regulation. Hrr25 has a 200-residue C-terminal region, including a
proline- and glutamine-rich domain. Our data suggest that the C-terminal region of
Hrr25 is required for normal inhibition of expression of Haa1 target genes TPO2 and
YRO2 and is important for cell growth but is not required for cell morphogenesis.
We propose that Hrr25 is an important regulator of cellular adaptation to weak acid
stress by inhibiting Haa1 through phosphorylation.

IMPORTANCE Our study has revealed the casein kinase I protein Hrr25 to be a neg-
ative regulator of Haa1, a transcription factor mediating the cellular response to
stresses caused by weak acids. Many studies have focused on the target genes of
Haa1 and their roles in weak acid stress responses, but little has been reported on
the regulatory mechanism of Haa1. Weak acids, such as acetic acid, have long been
used for food preservation by slowing down the growth of fungal species, including
S. cerevisiae. In the biofuel industry, acetic acid in the lignocellulosic hydrolysates
limits the production of ethanol, which is undesirable. By understanding how Haa1
is regulated, we can make advances in the field of food sciences to better preserve
food and engineer acetic acid-resistant strains that will increase productivity in the
biofuel industry.
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Cells employ signaling pathways to adapt to rapid changes in their environment.
One of these pathways, the weak organic acid stress pathway in Saccharomyces

cerevisiae, is mediated by Haa1, a homolog of copper-regulated transcription factor
Ace1 (1–5). The protective effect exerted by Haa1 is particularly beneficial against less
lipophilic weak acids, such as acetic acid, propionic acid, and lactic acid, while yeast
cells receive little to no protection from Haa1 against more lipophilic weak acids, such
as octanoic acid (1, 3). Weak acids, such as acetic acid and lactic acid, in growth medium
at low pH are able to diffuse through the membrane in their undissociated forms and
dissociate once inside the cytoplasm, which has near-neutral pH, leading to an intra-
cellular buildup of protons that lower the intracellular pH. This drop in pH, along with
perturbations of the lipid organization and membrane permeability and other changes
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in cells, is the likely cause of an extended lag phase in yeast growth in response to weak
acid stress (reviewed in references 6 and 7). Genome-wide transcriptional analyses have
revealed many genes whose expression is affected by weak acid treatment (2–4, 8–11).
Different organic acids affect the expression of different sets of genes, involving a
number of transcription factors, including Rim101, Msn2, Msn4, Haa1, and War1 (re-
viewed in reference 7). Induced expression of a number of these genes in response to
acetic acid treatment is under the control of transcription factor Haa1. Haa1 target
genes such as TPO2 and TPO3, encoding two polyamine transporters (12), and YGP1,
encoding a highly glycosylated secreted protein (13), can confer resistance to stresses
caused by weak acids (1, 2, 4). It has been reported that over half of the genes that show
Haa1-dependent expression in response to acetic acid treatment have the Haa1-
responsive element GNN(G/C)(A/C)(A/G)G(A/G/C)G in their promoters (14).

Ethanol production from lignocellulosic hydrolysates by yeast cells is limited by high
concentrations of acetic acid and other weak acids (15–17). Yeast strains with increased
resistance to acetic acid could be of importance to the biofuel industry. It has been
shown that overexpression of Haa1 leads to increased acetic acid resistance, increased
expression of Haa1 target genes, and increased yield of bioethanol (18–20). Therefore,
it is important to understand how Haa1 activity is regulated in response to acetic acid
treatment. Yak1, a serine/threonine protein kinase in the glucose-sensing system, has
been reported to regulate acetic acid stress resistance via Haa1 (21), but the underlying
mechanism is still unknown. A recent report suggested that Haa1 phosphorylation may
play a role in Haa1 regulation (22). Haa1 is found throughout the cell in a multiply
phosphorylated state. However, under lactic acid stress, Haa1 translocates into the
nucleus and displays a decrease in phosphorylation (22). In the same study, it was also
reported that Msn5, a karyopherin important for nuclear export and import of various
cargo proteins (23), mediates nuclear export of Haa1. Thus, a working model of the
regulation of Haa1 suggests that Haa1 phosphorylation has a negative effect on its
activity, possibly by promoting cytoplasmic localization of Haa1. However, the kinase or
kinases responsible for Haa1 phosphorylation are unknown. Multiple phosphorylation
sites of Haa1 have been revealed through high-throughput studies on protein phos-
phorylation (24, 25). Some of the phosphorylation sites are the consensus sites of
protein kinase A and casein kinase I (PhosphoGRID; https://phosphogrid.org). In this
report, we tested the effect of mutations in the genes encoding the four casein kinase
I proteins in yeast on the expression of Haa1 target genes and identified the casein
kinase I isoform Hrr25 as an important negative regulator of Haa1 function. In hrr25
mutant cells, the activity of Haa1 is increased, which correlates with reduced phos-
phorylation of Haa1. Our study provides important insights into the regulation of Haa1
and the cellular responses of yeast to acetic acid.

RESULTS
Casein kinase I proteins Yck1, Yck2, and Yck3 do not play significant roles in

Haa1 regulation. Global phosphorylation analysis of yeast proteins has revealed that
Haa1 is phosphorylated at 15 sites, including three sites of the casein kinase I motif (24,
25). It has been proposed that Haa1 dephosphorylation correlates with its activation
(22). To determine whether casein kinase I regulates the activity of Haa1 through
phosphorylation, we set out to examine the expression of Haa1 target genes in
wild-type (WT) and casein kinase I mutant cells. To facilitate the analysis of Haa1 target
gene expression, we established a reporter gene system by fusing lacZ downstream of
the promoter of two well-documented Haa1 targets, TPO2 and YRO2 (1, 5), on a
low-copy centromeric plasmid. The resultant plasmids carrying TPO2-lacZ and YRO2-
lacZ reporter genes were introduced into a wild-type strain and an haa1Δ mutant, and
�-galactosidase activity assays on the transformants showed that they were induced by
acetic acid treatment in a largely Haa1-dependent manner (Fig. 1A). Although Haa1 is
the major activator of the TPO2-lacZ and YRO2-lacZ reporter genes in response to the
acetic acid stress, it is important to note that other transcription factors are also
involved in the expression of these two reporter genes since in haa1Δ mutant cells,

Collins et al. Applied and Environmental Microbiology

July 2017 Volume 83 Issue 13 e00672-17 aem.asm.org 2

https://phosphogrid.org
http://aem.asm.org


acetic acid treatment still led to 10.6- and 22.8-fold increases in the expression of the
TPO2-lacZ and YRO2-lacZ reporter genes, respectively (Fig. 1A).

We then examined the expression of TPO2-lacZ and YRO2-lacZ reporter genes in
casein kinase I mutants. Saccharomyces cerevisiae has four casein kinase I isoforms, Yck1,
Yck2, Yck3, and Hrr25, which are involved in multiple cellular pathways, including DNA
repair, ribosome biogenesis, cell morphogenesis, glucose sensing, amino acid sensing,
vesicular trafficking, and autophagy (26–33). Yck1 and Yck2 perform redundant
functions and are essential for cell growth. Because �-galactosidase activity assays
require cells to grow for several generations before being collected in the loga-
rithmic phase, we used a temperature-sensitive yck1Δ yck2ts double mutant strain
to determine whether Yck1 and Yck2 play a role in the regulation of Haa1. At the
nonpermissive temperature (37°C), the yck1Δ yck2ts double mutant fails to grow
(27). At the permissive temperature (26°C), the double mutant has been shown to
display defects in the phosphorylation of a known Yck1/Yck2 substrate (34). Thus,
we chose to grow the double mutant cells carrying a TPO2-lacZ or YRO2-lacZ
reporter gene at 30°C, the standard temperature to grow yeast cells. At this temper-
ature in minimal medium at pH 4 (MM4), wild-type cells divided approximately every
200 min, while the isogenic yck1Δ yck2ts mutant doubled approximately every 340 min
(data not shown), indicating that the activity of the temperature-sensitive yck2ts allele
was indeed compromised. �-Galactosidase activity assays show that TPO2-lacZ expres-
sion is slightly increased in yck1Δ yck2ts mutant cells compared to the wild type in the
absence of acetic acid treatment (Fig. 1B). In contrast, YRO2-lacZ expression is increased
by 4-fold in the double mutant compared to the wild type under the same condition.
In the presence of the acetic acid stress, expression of the TPO2-lacZ and YRO2-lacZ
reporter genes is reduced by 59% and 56%, respectively, in the yck1Δ yck2ts mutant
cells compared to the wild type (Fig. 1B). Because the yck1Δ yck2ts mutant effects on the
expression of two Haa1 target genes yielded inconsistent results, we suggest that Yck1

FIG 1 �-Galactosidase activity assays of TPO2-lacZ and YRO2-lacZ reporter genes in wild-type (BY4741)
and isogenic haa1Δ mutant (ZLY4043) cells (A), wild-type (LRB341) and isogenic yck1Δ yck2ts double
mutant (LRB362) cells (B), and wild-type (BY4741) and yck3Δ mutant (ZLY4260) cells (C). Cells were grown
in MM4 without and with 60 mM acetic acid, and �-galactosidase activity assays were carried out as
described in Materials and Methods. The error bars indicate the standard deviations of results from
independent cultures. Means of the results were compared by t test, and an asterisk indicates significant
difference in the means of two groups of data (P � 0.05).
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and Yck2 may only play a small role, if any, in the regulation of Haa1. Consistent with
this notion, we found that the expression of YGP1, another target gene of Haa1, was
actually reduced by �2-fold in yck1Δ yck2ts double mutant cells grown in MM4 without
acetic acid compared to the wild type, using �-galactosidase activity assays (data not
shown). As mentioned above, expression of TPO2-lacZ and YRO2-lacZ reporter genes is
mediated not only by Haa1 but also by other transcription factors. The effect of a
double yck1 yck2 mutation observed in Fig. 1B could be due to the regulation of these
unknown transcriptional regulators by Yck1/Yck2.

We next analyzed the expression of these two reporter genes in a yck3Δ mutant,
which unlike the yck1Δ yck2ts mutant does not have a growth defect. Figure 1C shows
that yck3Δ has no effect on the expression of TPO2-lacZ and YRO2-lacZ reporter genes
in cells grown in MM4 without acetic acid. In cells grown in MM4 with 60 mM acetic
acid, yck3Δ has no effect on TPO2-lacZ expression and reduces YRO2-lacZ expression by
18%. These results suggest that Yck3 does not play a critical a role in Haa1 regulation.

Hrr25 negatively regulates the expression of Haa1 target genes. Hrr25, the

fourth isoform of casein kinase I in the budding yeast, has been reported to be an
essential protein in the BY4741 background, and the essential function is linked to
maturation of the pre-40S ribosomal subunit (33, 35). To examine a potential role of
Hrr25 in the regulation of Haa1, we set out to construct a missense mutant allele of
HRR25 to determine lacZ reporter gene expression. It has been reported that
an hrr25(E52D) mutation (from glutamate 52 to aspartate) leads to viable mutant cells
despite the fact that the mutation results in loss of Hrr25 kinase activity toward casein
in vitro and reduced phosphorylation of Elp1 in vivo (36). We generated this mutant
allele via site-directed mutagenesis by overlap extension using PCR. The recombinant
plasmid containing hrr25(E52D) was then introduced into a heterozygous HRR25/
hrr25Δ::kanMX4 diploid strain. Transformants were sporulated and tetrad analysis was
conducted to generate hrr25Δ mutant cells carrying the plasmid containing the
hrr25(E52D) mutant allele. After 3 days of growth on YPD medium (see Materials and
Methods), hrr25(E52D) mutant cells exhibited a mild growth defect (Fig. 2A). Surpris-
ingly, after 5 days of growth, hrr25Δ mutant spores without the plasmid containing
hrr25(E52D) grew into small colonies (data not shown). We then sporulated HRR25/
hrr25Δ::kanMX4 heterozygous mutant cells without the plasmid carrying hrr25(E52D).
Tetrad analysis revealed that among the 17 tetrads dissected, 12 showed 2:2 segrega-
tions of big and small colonies (Fig. 2B) (data not shown). The remaining five incom-
plete tetrads yielded no more than two big or two small colonies. All big colonies were
Geneticin sensitive (wild type), while the small ones were Geneticin resistant (hrr25Δ::
kanMX4). In a different strain background, hrr25Δ leads to an extreme slow-growth
phenotype (26). Our data indicate that Hrr25 is important for growth rate but not
essential for cell viability in the BY4741 background.

TPO2-lacZ and YRO2-lacZ reporter genes were then transformed into both the
hrr25(E52D) and hrr25Δ mutants, and �-galactosidase activity assays were performed on
the transformants. Figure 2C shows that hrr25 mutations lead to increased expression
of both reporter genes. Interestingly, hrr25Δ, which causes a more severe growth defect
than the hrr25(E52D) mutant allele, also leads to a stronger induction of the two lacZ
reporter genes. A higher induction of Haa1 target gene expression by the stronger
hrr25Δ mutant allele indicates that Hrr25 negatively regulates Haa1 function. We also
examined the effect of hrr25Δ and hrr25(E52D) mutations on TPO2-lacZ and YRO2-lacZ
reporter gene expression in cells grown in the presence of 60 mM acetic acid, which
activates Haa1. Figure 2D shows that, like cells grown in minimal medium without
acetic acid, hrr25 mutations also increase TPO2-lacZ and YRO2-lacZ reporter gene
expression in cells stimulated with acetic acid, with the more severe hrr25Δ mutant
allele having a stronger effect. Together, these data suggest that Hrr25 negatively
regulates Haa1 function under both basal and induced conditions.

Haa1 is required for increased expression of TPO2-lacZ and YRO2-lacZ in
hrr25(E52D) mutant cells. Since Hrr25 is implicated in multiple cellular processes, it is
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conceivable that hrr25 mutations could activate Haa1 target gene expression in a
pathway independent of Haa1. To test this possibility, we introduced an haa1Δ
mutation into an hrr25(E52D) mutant to generate an hrr25(E52D) haa1Δ double mutant,
which was then transformed with plasmids carrying the TPO2-lacZ and YRO2-lacZ
reporter genes. The resulting transformants, along with those of the wild type, an
haa1Δ single mutant, and an hrr25(E52D) single mutant, were grown in MM4 with and
without supplementation with 60 mM acetic acid, and �-galactosidase activity assays
were carried out. Figure 3A and B show that increased expression of TPO2-lacZ and
YRO2-lacZ in hrr25(E52D) single mutant cells is largely abolished by haa1Δ, consistent
with Hrr25 negatively regulating Haa1 activity.

To verify that the role of Haa1 in the increased expression of TPO2-lacZ and
YRO2-lacZ in hrr25(E52D) mutant cells is growth phase independent, we generated
growth curves for wild-type and haa1Δ, hrr25(E52D), and hrr25(E52D) haa1Δ mutant
cells grown in MM4 supplemented with and without 60 mM acetic acid (see Fig. S1 in
the supplemental material). �-Galactosidase activity assays were conducted on culture
samples at four different growth points. Figure S2 from the supplemental material
shows that the expression of TPO2-lacZ and YRO2-lacZ reporter genes is induced in
hrr25(E52D) mutant cells, which requires Haa1. Together, these data are consistent with
the notion that Hrr25 negatively regulates Haa1.

Lactic acid treatment increases the expression of Haa1 target genes, which corre-
lates with nuclear translocation of Haa1 (22). We asked whether increased expression
of TPO2-lacZ and YRO2-lacZ reporter genes in hrr25(E52D) mutant cells is also associated
with increased nuclear localization of Haa1. Therefore, we generated an HAA1-green
fluorescent protein gene (GFP) fusion on a centromeric plasmid and expressed it in
haa1Δ and hrr25(E52D) haa1Δ mutant cells grown in MM4 without and with 60 mM

FIG 2 Mutations in HRR25 increase the expression of the TPO2-lacZ and YRO2-lacZ reporter genes. (A)
Generation of hrr25(E52D) missense mutant strains via tetrad analysis. BY4743 hrr25Δ::kanMX4/HRR25
diploid cells containing a centromeric plasmid carrying an hrr25(E52D) mutant allele (pZD359) were
sporulated, and tetrads were dissected on a YPD plate. The picture was taken after 3 days. M, hrr25(E52D)
mutants; W, wild type. (B) Generation of hrr25Δ mutant strains via tetrad analysis of BY4743 hrr25Δ::
kanMX4/HRR25 cells. Small colonies were hrr25Δ mutants. The picture was taken after 6 days. (C and D)
The effect of hrr25(E52D) and hrr25Δ mutations on TPO2-lacZ and YRO2-lacZ reporter genes. Wild-type
(BY4741) and isogenic hrr25(E52D) (ZLY4467) and hrr25Δ (ZLY4501) mutant cells were grown in MM4
without acetic acid (C) and with 60 mM acetic acid (D). �-Galactosidase activity assays were carried out
as described in Materials and Methods.

Negative Regulation of Haa1 by Hrr25 Applied and Environmental Microbiology

July 2017 Volume 83 Issue 13 e00672-17 aem.asm.org 5

http://aem.asm.org


acetic acid. The HAA1-GFP fusion construct was confirmed to be functional based on its
ability to rescue the acetic acid sensitivity phenotype of haa1Δ mutant cells and to
restore YRO2-lacZ expression in haa1Δ mutant cells to the wild-type level (data not
shown). Figure 3C shows that Haa1-GFP is cytoplasmic in wild-type HRR25 cells grown
in MM4 without acetic acid treatment. Consistent with the findings of Sugiyama et al.
(22), acetic acid treatment leads to nuclear localization of Haa1-GFP (Fig. 3C). In
hrr25(E52D) mutant cells, nuclear localization of Haa1-GFP was easily observed, even in
the absence of acetic acid treatment (Fig. 3D). These data suggest that increased
nuclear translocation of Haa1 is responsible for higher levels of expression of Haa1
target genes in hrr25(E52D) mutant cells.

Reduced Haa1 phosphorylation in hrr25E52D mutant cells. Haa1 has been re-
ported to be a phosphoprotein, and its reduced phosphorylation correlates with its
activation (22). Our data on a negative regulatory role of Hrr25 on Haa1 prompted us
to determine whether a mutation in HRR25 affects the phosphorylation state of Haa1.
Therefore, we generated a plasmid encoding a three-hemagglutinin (3�HA) tag at the
C terminus of Haa1 to facilitate immunodetection of Haa1-HA using anti-HA antibodies.
We confirmed that the Haa1-HA fusion under the control of the endogenous promoter
was functional based on its ability to rescue the acetic acid sensitivity phenotype of
haa1Δ mutant cells (data not shown). We then introduced the plasmid containing
HAA1-HA into haa1Δ single and hrr25(E52D) haa1Δ double mutant cells, and transfor-
mants were grown in minimal medium with and without 60 mM acetic acid. Total
cellular proteins were isolated, separated by SDS-PAGE, and transferred to a nitrocel-
lulose membrane for Western blotting. Figure 4A shows that Haa1 migrates as diffuse
mobility forms in wild-type cells, consistent with published results (22). The diffuse
migration pattern of Haa1 on Western blots has been attributed to phosphorylation. In
hrr25(E52D) mutant cells in comparison to the wild type, the level of slower-mobility
forms of Haa1-HA is reduced, suggesting that Haa1 is less phosphorylated in
hrr25(E52D) mutant cells. Lactic acid treatment has been reported to lead to reduced

FIG 3 Increased expression of TPO2-lacZ and YRO2-lacZ reporter genes due to an hrr25(E52D) mutation requires
Haa1. Wild-type (BY4741) and isogenic haa1Δ (ZLY4043), hrr25(E52D) (ZLY4467), and hrr25(E52D) haa1Δ double
mutant (ZLY4637) strains carrying centromeric plasmids encoding a TPO2-lacZ or YRO2-lacZ reporter gene were
grown in MM4 without (A) and with (B) 60 mM acetic acid to the mid-logarithmic phase. �-Galactosidase activity
assays were conducted as described in Materials and Methods. (C and D) An hrr25(E52D) mutation leads to
increased nuclear localization of Haa1 in cells without acetic acid treatment. haa1Δ and hrr25(E52D) haa1Δ mutant
strains expressing a functional Haa1-GFP fusion from a centromeric plasmid were grown in MM4 without and with
60 mM acetic acid. GFP fluorescence and differential interference contrast (DIC) images were captured as described
in Materials and Methods.
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Haa1 phosphorylation (22). However, we failed to detect Haa1 dephosphorylation in
cells treated with acetic acid in both wild-type and hrr25(E52D) mutant cells (Fig. 4A).
Rather, we detected a slight increase in the overall Haa1-HA protein level after acetic
acid treatment. To confirm that a mobility shift of Haa1-HA in hrr25(E52D) mutant cells
is due to changes in Haa1-HA phosphorylation, total cellular proteins were prepared
and treated with � protein phosphatase (PPase). Figure 4B shows that phosphatase
treatment leads to the appearance of the same-size bands of Haa1-HA from wild-type
and hrr25(E52D) mutant cell extracts. Phosphatase inhibitors reduce the effect of �

PPase, indicating that mobility shifts of Haa1-HA on SDS-PAGE are due to changes in
phosphorylation.

We next examined whether mutations in YCK1/YCK2 and YCK3 affect phosphoryla-
tion of Haa1-HA despite the apparent lack of critical roles of these three casein kinase
I isoforms in Haa1 regulation (Fig. 1). We generated a yck1Δ yck2ts haa1Δ triple mutant
and a yck3Δ haa1Δ double mutant and transformed them with a plasmid carrying
HAA1-HA. Transformants were grown in MM4 with and without 60 mM acetic acid, and
Haa1-HA was analyzed by immunoblotting. Figure 4C and D show that mutations in
YCK1/YCK2 and YCK3 have no obvious effect on Haa1-HA phosphorylation. As in Fig. 4A,
acetic acid treatment results in a slight increase in the Haa1-HA protein level (Fig. 4C
and D). Together, these data suggest that Hrr25 is the primary casein kinase I isoform
that mediates Haa1 phosphorylation.

The C-terminal region of Hrr25 is differentially required for different cellular
processes. Hrr25 has an N-terminal kinase domain (residues 1 to 295) and a C-terminal
200-residue region, including a proline/glutamine-rich domain (residues 395 to 494)
(Fig. 5A). Protein kinases often use regions outside the kinase domain for interaction

FIG 4 A mutation in HRR25, but not in YCK1/YCK2 or in YCK3, leads to reduced phosphorylation of Haa1. (A) An
hrr25(E52D) mutation increases Haa1-HA mobility on SDS-PAGE. haa1Δ single (ZLY4043) and hrr25(E52D) haa1Δ
double mutant (ZLY4637) strains with a centromeric plasmid carrying HA epitope-tagged HAA1 were grown in
MM4 without and with 60 mM acetic acid. Total cellular proteins were prepared and separated by SDS-PAGE, and
Haa1-HA was detected by Western blotting. Ilv5 (acetohydroxyacid reductoisomerase) was included as a loading
control. (B) Phosphatase treatment of Haa1-HA from wild-type HRR25 and hrr25(E52D) mutant cells results in bands
of the same size on Western blots. The strains used in panel A were grown in MM4 without and with 60 mM acetic
acid, and TCA-precipitated total cellular proteins were treated with � protein phosphatase (PPase) as indicated.
When required, phosphatase inhibitors were added to the reaction mixtures to inhibit � PPase. After treatment,
proteins were separated by SDS-PAGE and Haa1-HA was detected by Western blotting. The arrowhead indicates
a nonspecific band that is detected by anti-HA antibody. (C and D) Haa1-HA mobility is not affected by mutations
in YCK1/YCK2 (C) and in YCK3 (D). Haa1-HA mobility in the indicated strains was analyzed as described for panel
A. 3-Phosphoglycerate kinase (Pgk1) was included as a loading control.
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with their substrates and/or cellular localization. Previously, it has been shown that the
fission yeast Schizosaccharomyces pombe has two Hrr25 homologs: one has a C-terminal
proline- and glutamine-rich domain, and the other does not (37). The former can
restore normal cell growth to S. cerevisiae hrr25Δ mutant cells, which are extremely slow
growing, while the latter does not (37). To determine whether the C-terminal region of
Hrr25 is required for its function in the Haa1 pathway, we generated a plasmid
encoding myc-tagged Hrr25 kinase domain [Hrr25(KD), comprising residues 1 to 302] to

FIG 5 Differential requirement of the C-terminal region of Hrr25 for Haa1 target gene expression, cell
growth, and cell morphology. (A) Schematic representation of Hrr25. (B) Western blot analysis of
myc-tagged Hrr25 and Hrr25(KD). hrr25Δ mutant cells (ZLY4479) carrying control vector (pRS415) or
centromeric plasmids carrying HRR25-myc (pZL3338) and HRR25(KD)-myc (pZL3361) were grown in MM4,
and total cellular proteins were prepared. Hrr25-myc and Hrr25(KD)-myc were detected by Western
blotting. 3-Phosphoglycerate kinase (Pgk1) was included as a loading control. (C) The Hrr25 kinase
domain alone is partially functional in mediating Haa1 target gene expression. Strains described in panel
B were transformed with centromeric plasmids carrying TPO2-lacZ or YRO2-lacZ. Transformants were
grown in MM4 without and with 60 mM acetic acid as indicated, and �-galactosidase activity assays were
carried out as described in Materials and Methods. (D) Expression of the Hrr25 kinase domain in hrr25Δ
mutant cells largely restores Haa1-HA phosphorylation. haa1Δ hrr25Δ double mutant cells (ZLY5046)
expressing Haa1-HA and myc-tagged full-length Hrr25 (F) or the kinase domain of Hrr25(KD) were grown
in MM4 without and with 60 mM acetic acid. Haa1-HA was detected by Western blotting. (E) The Hrr25
kinase domain alone is not sufficient to support cell growth. Strains described for panel B were streaked
on the SD plate, and the picture was taken after 3 days of growth at 30°C. (F) The Hrr25 kinase domain
is fully functional in supporting normal cell morphology in hrr25Δ mutant cells. The strains described for
panel B were grown in MM4 liquid medium to the mid-logarithmic phase. Cells were imaged using
differential interference contrast microscopy.

Collins et al. Applied and Environmental Microbiology

July 2017 Volume 83 Issue 13 e00672-17 aem.asm.org 8

http://aem.asm.org


determine whether expression of HRR25(KD) under the control of the endogenous
promoter in hrr25Δ mutant cells can lower TPO2-lacZ and YRO2-lacZ expression to
wild-type levels. Accordingly, plasmids encoding myc-tagged full-length Hrr25 or
Hrr25(KD) were transformed into hrr25Δ mutant cells carrying a TPO2-lacZ or YRO2-lacZ
reporter gene. We confirmed that myc-tagged Hrr25 and Hrr25(KD) were expressed by
immunoblotting, using antibody against the myc tag (Fig. 5B). The kinase domain of
Hrr25 was expressed at a reduced level compared with full-length Hrr25. Figure 5C
shows that, as expected, expression of full-length Hrr25 from a centromeric plasmid in
hrr25Δ mutant cells reduced the expression of the TPO2-lacZ and YRO2-lacZ reporter
genes to wild-type levels. Interestingly, expression of the Hrr25 kinase domain in hrr25Δ
mutant cells significantly reduced the expression of both reporter genes, indicating that
the kinase domain of Hrr25 alone is partially functional in inhibiting Haa1. Consistently,
we found that the kinase domain alone of Hrr25 largely restores Haa1 phosphorylation
to hrr25Δ mutant cells (Fig. 5D). Similar to an hrr25(E52D) mutation, hrr25Δ also leads
to reduced Haa1 phosphorylation. However, unlike in hrr25(E52D) cells, the steady-state
level of Haa1-HA seems to be significantly reduced in hrr25Δ mutant cells (compare Fig.
4A and 5D). While growing cultures for �-galactosidase activity assays, we noticed that
the kinase domain of Hrr25 only marginally improved cell growth for the hrr25Δ mutant
cells. A plate assay on the growth of hrr25Δ mutant cells with a plasmid carrying HRR25
or HRR25(KD) or an empty vector yielded similar results (Fig. 5E). It has been reported
that cell morphology was abnormal in hrr25Δ cells (26). Therefore, we examined
whether Hrr25’s C-terminal region is required for the role of Hrr25 in cell morphogen-
esis. As reported, we easily detected elongated and multibudded cells among hrr25Δ
mutant cells (Fig. 5F). Expression of the kinase domain of Hrr25 in hrr25Δ mutant cells
fully restored normal cell morphology, suggesting that the C-terminal region of Hrr25
is dispensable for this process. Together, these results suggest that the C-terminal
region of Hrr25 is differentially required for three different cellular processes: it is
dispensable for cell morphogenesis, important for cell growth, and partially required for
Haa1 regulation.

Hrr25 interacts with Haa1. Our data suggest that Hrr25 mediates Haa1 phosphor-
ylation. This phosphorylation could be conducted either directly by Hrr25 or indirectly
through another kinase. We first attempted immunoprecipitation assays to examine
whether Hrr25 and Haa1 directly interact. However, we failed to detect an interaction
between Hrr25-myc and Haa1-HA. As an alternative approach, we then used the yeast
two-hybrid assay to examine their interaction. We generated plasmids encoding fusion
proteins of the Gal4 DNA binding domain (GBD) and Hrr25 and of the Gal4 transcrip-
tional activation domain (GAD) and Haa1 and introduced them into the yeast two-
hybrid strain AH109, which carries ADE2 and HIS3 reporter genes under the control of
Gal4-dependent promoters. Figure 6 shows that AH109 cells coexpressing GBD-HRR25
and GAD-HAA1 on synthetic dextrose (SD) medium supplemented with histidine and
adenine are white, while cells expressing GBD and GAD, GBD and GAD-HAA1, or
GBD-HRR25 and GAD are red, indicating that there is an interaction between Hrr25 and
Haa1. On complete supplement mixture (CSM) medium without histidine, AH109 cells
expressing GBD-HRR25 and GAD-HAA1 are able to grow, while cells coexpressing GBD
and GAD or GAD-HAA1 are not (Fig. 6). AH109 cells coexpressing GBD-HRR25 and GAD
are also able to grow, albeit worse than cells coexpressing GBD-HRR25 and GAD-HAA1,
suggesting that GBD-Hrr25 can weakly activate reporter expression on its own. Addi-
tion of 3 mM 3-amino-1,2,4-triazole (3-AT) to CSM medium to inhibit His3 effectively
eliminates the growth of AH109 cells coexpressing GBD-HRR25 and GAD but not
GBD-HRR25 and GAD-HAA1. The kinase domain of Hrr25 is partially functional in
inhibiting the expression of Haa1 target genes (Fig. 5C), raising the possibility that
Hrr25(KD) is sufficient for an interaction with Haa1. Accordingly, we constructed a
plasmid encoding a fusion protein of GBD and Hrr25(KD) and transformed it into AH109
cells expressing GAD or GAD-HAA1. On CSM medium without histidine, cells coexpress-
ing GBD-Hrr25(KD) with GAD-HAA1, but not with GAD, are able to grow, indicating that
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Hrr25(KD) interacts with Haa1. Together, these data provide support for an interaction
between Hrr25 and Haa1.

DISCUSSION

Haa1 is an important transcriptional regulator that mediates adaptation to weak
organic acids in yeast. How Haa1 is regulated is largely unknown. In this report, we
identified the casein kinase I isoform Hrr25 as a negative regulator of Haa1. Our
conclusion was based on the observation that the expression of Haa1 target genes is
increased in hrr25 mutant cells, which requires Haa1. There are four isoforms of casein
kinase I proteins in yeast, and our data suggest that Hrr25 may be the primary casein
kinase I protein that regulates the activity of Haa1.

Mutations in HRR25 lead to activation of Haa1 target gene expression, reduced
phosphorylation of Haa1, and increased Haa1 localization to the nucleus, providing a
potential mechanism for the negative regulation of Haa1. It has been reported that
reduced phosphorylation of Haa1 due to lactic acid treatment correlates with increased
activity of Haa1 (22). Our result is consistent with this notion. However, there is an
important difference between our study and the study by Sugiyama et al. (22). In cells
stimulated with acetic acid, which activates Haa1, we failed to detect reduced phos-
phorylation of Haa1. Instead, we detected a slight increase in the Haa1 protein level in
cells treated with acetic acid. This discrepancy could be due to the difference in the
stress conditions used in these two studies: acetic acid in this study and lactic acid in
the study by Sugiyama et al. (22). Overexpression of Haa1 leads to increased expression
of its target genes (18). When Haa1 is mildly overexpressed from a centromeric plasmid
under the control of endogenous promoter in wild-type cells, the expression of Haa1
target genes is only partially induced (our unpublished result). We propose that both
the Haa1 protein level and changes in the phosphorylation state of Haa1 under certain
conditions might contribute to the activation of the pathway.

A yeast two-hybrid analysis revealed an interaction between Hrr25 and Haa1. We
hypothesize that Hrr25 directly binds to and phosphorylates Haa1 to regulate Haa1
activity. We generated mutations at the three casein kinase I consensus sites uncovered
in global protein phosphorylation studies (24, 25), but we failed to see any change in
the activity of Haa1 (our unpublished results). It is possible that other sites may be
targeted by Hrr25 or that combinations of phosphorylation sites are required for the
regulation of Haa1. One possible role of phosphorylation in Haa1 regulation could be
linked to its export out of the nucleus. Msn5 has been reported to be required for Haa1
nuclear export, and for many nuclear cargo proteins, including Pho4, Aft1, HO endo-
nuclease, Mig1, and Crz1 (23, 38–43), their phosphorylation is required for both an
interaction with Msn5 and nuclear export. Therefore, Haa1 phosphorylation may play a

FIG 6 Yeast two-hybrid analysis of an interaction between Hrr25 and Haa1. AH109 cells expressing GBD,
GAD, GBD-HRR25, GBD-HRR25(KD), or GAD-HAA1 as indicated were streaked on SD medium with histidine
and adenine and CSM dropout medium without histidine and with or without 3 mM 3-AT. Pictures were
taken after 4 days at 30°C.
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similar role in its nuclear export. Indeed, reduced phosphorylation of Haa1 in hrr25
mutant cells correlates with its increased nuclear localization (Fig. 3D and 4A). In
wild-type cells treated with acetic acid, Haa1 is localized in the nucleus, but its
phosphorylation state does not seem to change based on its mobility on SDS-PAGE
(Fig. 4). This discrepancy could be explained by the possibility that dephosphorylation
at one or a small number of residues that mediate Haa1 nuclear translocation may be
masked by the bulk phosphorylation state of Haa1. It is also possible that different
mechanisms are implicated in the nuclear translocation of Haa1 in hrr25 mutant cells
without acetic acid stress and in wild-type cells treated with acetic acid.

Hrr25 has a 200-residue C-terminal region, including a proline- and glutamine rich
domain. Our data suggest that the Hrr25 sequence outside the kinase domain is
differentially required for three different cellular processes. Despite high similarity in
their kinase domains, the four casein kinase I proteins have no significant sequence
homology in their C-terminal regions. Both Yck1 and Yck2 have a glutamine-rich
domain at their C-terminal regions, while the C-terminal region of Yck3 is enriched in
serine and asparagine residues. Yck1, Yck2, and Yck3 all have a Cys-Cys dipeptide at
their C termini, which is required for palmitoylation and their subsequent membrane
targeting (44–48). The involvement of Hrr25 in multiple cellular processes is also
reflected in its cellular localization. It has been reported that it localizes in the nucleus,
spindle pole bodies, the bud neck, the septin ring, the Golgi complex, and the P-bodies
(49–51). Different sequence elements of the C-terminal region of Hrr25 are likely to be
required for interaction with different partners in various cellular processes or different
cellular localization. We hypothesize that the C-terminal region of Hrr25 may mediate
an interaction with a target protein or proteins important for growth based on data
presented in Fig. 5E. It remains possible that the poor growth is associated with the
observation that the tailless Hrr25 is not expressed as well as full-length Hrr25 (Fig. 5B).
However, the C-terminal region is completely dispensable for cell morphogenesis (Fig.
5F), which could be related to its function and localization to the bud neck and/or
septin rings. The role of the C-terminal region in the regulation of Haa1 is complicated
by the fact that the kinase domain alone is expressed at a lower level than the
full-length protein (Fig. 5B). The kinase domain itself, even at a reduced level, can
partially complement hrr25Δ in mediating the expression of Haa1 target genes, sug-
gesting that the C-terminal region of Hrr25 is partially required, if not dispensable, for
Haa1 regulation (Fig. 5C). Consistent with this result, the kinase domain alone maintains
an interaction with Haa1 (Fig. 6). The mechanism behind the reduced expression level
of the kinase domain itself is still unclear. Construction and characterization of fine,
nested truncation alleles in the C-terminal region of Hrr25 will provide valuable insights
into the role of its C-terminal domain in multiple cellular processes.

MATERIALS AND METHODS
Strains, plasmids, growth media, and growth conditions. The yeast strains and plasmids used in

this study are listed in Tables 1 and 2, respectively. To generate the TPO2-lacZ reporter gene, two primers
(5=-gtcaGGATCCACCAGTTCCTGAAACCT-3= and 5=-gtcaAAGCTTCAACAGATTCTTGATCACTCAT-3=) (lower-
case letters indicate nucleotides that are added to facilitate the digestion of PCR products by restriction
endonucleases, and underlining indicates the introduced restriction sites) were used to amplify the DNA
sequence from positions �1926 to �22 in the promoter region of TPO2 using BY4741 genomic DNA as
the template. The resulting PCR product was cleaved with BamHI and HindIII and fused in frame to the
Escherichia coli lacZ gene in the centromeric plasmid pWEJ (52) to form plasmid pZL3158. To generate
t h e Y R O 2 - l a c Z r e p o r t e r g e n e , t w o p r i m e r s ( 5 = - g t c a G A A T T C C C G A T A T A A C T A C
CAC-3= and 5=-gtcaGTCGACCAACATAATCAGACATTTTGATGC-3=) were used to amplify the DNA sequence
from positions �1929 to �16 in the promoter region of YRO2. The PCR product was cleaved with EcoRI
and SalI and cloned into pWEJ to form plasmid pZL3164. Yeast strains were grown at 30°C in YPD
medium (1% Bacto yeast extract, 2% Bacto peptone, 2% glucose), YNBcasD medium (0.67% yeast
nitrogen base, 1% Casamino Acids, 2% dextrose), synthetic dextrose minimal medium (SD) (0.67% yeast
nitrogen base without amino acids, 2% glucose), complete supplement mixture (CSM) medium (0.67%
yeast nitrogen base without amino acids, 2% glucose, 0.6 g/liter CSM minus histidine, leucine, and
tryptophan), or MM4 (0.17% yeast nitrogen base without amino acids and ammonium sulfate, 0.265%
ammonium sulfate, 2% glucose, adjusted to pH 4) with or without 60 mM acetic acid. SD medium was
supplemented with leucine, histidine, methionine, lysine, and uracil at standard concentrations to cover
auxotrophic requirements if required (53). For yeast two-hybrid analysis involving the HIS3 reporter gene
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under the control of Gal4, 3-amino-1,2,4-triazole was added to the CSM medium. Agar was added at a
final concentration of 2% for plate medium.

Yeast transformation and �-galactosidase assays. For transformation, yeast cells were grown in
YPD medium and transformed using a high-efficiency method (54). YNBcasD plates or SD plates with
appropriate amino acids were used to select for yeast transformants. For �-galactosidase assays, yeast
strains were grown in MM4 with or without 60 mM acetic acid at 30°C for at least 6 generations to reach
an optical density at 600 nm (OD600) of 0.5 to 0.8 before collection. Cells were collected by centrifugation,
and �-galactosidase activity assays were conducted as described previously (53). Two to four indepen-
dent cultures were grown, and assays were carried out in duplicate for each sample. Means of
�-galactosidase assay results from independent cultures of strain-plasmid combinations were compared

TABLE 1 S. cerevisiae strains used in this study

Strain Genotype Source or reference

LRB341 MATa ura3-52 leu2 his3 58
LRB362 MATa ura3-52 leu2 his3 yck1-1::ura3 yck2-2ts 58
BY4741 MATa ura3Δ0 leu2Δ0 his3Δ1 met15Δ0 Saccharomyces Genome Deletion Project
ZLY4260 BY4741 yck3Δ::kanMX4 Saccharomyces Genome Deletion Project
ZLY962 BY4743 hrr25Δ::kanMX4/HRR25 Saccharomyces Genome Deletion Project
ZLY4467 BY4741 hrr25Δ::kanMX4 [pRS415-HRR25(E52D)] This study
ZLY4501 BY4741 hrr25Δ::kanMX4 This study
ZLY4043 BY4741 haa1Δ::kanMX4 Saccharomyces Genome Deletion Project
ZLY4637 BY4741 hrr25Δ::kanMX4 haa1::HIS3

[pRS415-HRR25(E52D)]
This study

ZLY5057 LRB341 haa1::HIS3 This study
ZLY5058 LRB362 haa1::HIS3 This study
ZLY5173 BY4741 yck3Δ::kanMX4 haa1::HIS3 This study
ZLY5046 MAT� ura3 leu2 his3 met15 lys2 hrr25Δ::kanMX4

haa1::HIS3
This study

ZLY4479 MAT� ura3 leu2 his3 met15 lys2 hrr25Δ::kanMX4 This study
AH109 MATa ura3-52 his3-200 trp1-901 leu2-3,112 gal4Δ gal80Δ

URA3::MEL1UAS-MEL1TATA-lacZ GAL2UAS-GAL2TATA-ADE2
LYS2::GAL1UAS-GAL1TATA-HIS3

Clontech Laboratories, Inc.

TABLE 2 Plasmids used in this study

Plasmid Descriptiona Source

pZL3158 pRS416-TPO2-lacZ, expressing TPO2-lacZ reporter gene with 1,926-bp TPO2 promoter
sequence fused to lacZ coding sequence

This study

pZL3164 pRS416-YRO2-lacZ, expressing YRO2-lacZ reporter gene with 1,929-bp YRO2 promoter
sequence fused to lacZ coding sequence

This study

pZD359 pRS415-HRR25(E52D), expressing missense HRR25 mutant allele substituting for
glutamate residue 52 with aspartate

This study

pST428 pRS416-HAA1-GFP, expressing HAA1-GFP from endogenous promoter, with GFP fused
at C-terminal end of Haa1

This study

pZL3210 pRS416-HAA1-HA, expressing HAA1 from endogenous promoter with 3�HA epitope
tag at C terminus

This study

pZL3338 pRS415-HRR25-myc, expressing HRR25 from endogenous promoter with 3�myc
epitope tag at C terminus

This study

pZL3361 pRS415-HRR25(KD)-myc, expressing N-terminal kinase domain of Hrr25 (residues 1–302)
from endogenous promoter with 3�myc epitope tag at C terminus

This study

pACTII Yeast 2-hybrid vector encoding GAD Clontech
Laboratories, Inc.

pZL3539 pRS415-TEF-GAD, with coding sequence of GAD from pACT-II cloned into XbaI site of
pRS415-TEF

This study

pZL3554 pRS415-TEF-GAD-HAA1, with HAA1 open reading frame cloned into BamHI and XhoI
sites of pZL3539

This study

pGBKT7 Yeast 2-hybrid vector encoding GBD Clontech
Laboratories, Inc.

pZL3542 pRS424-ADH1-GBD, with coding sequence of GBD from pGBKT7 cloned into XbaI site
of pRS424-ADH1

This study

pZL3557 pRS424-ADH1-GBD-HRR25, with HRR25 open reading frame cloned into BamHI and SalI
sites of pZL3542

This study

pZL3736 pRS424-ADH1-GBD-HRR25(KD), with DNA sequence encoding N-terminal kinase domain
of Hrr25 (residues 1–302) cloned into BamHI and SalI sites of pZL3542

aGAD, Gal4 transcriptional activation domain; GBD, Gal4 DNA-binding domain.
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by t test using the GraphPad Prism 5 software. An asterisk in a figure indicates a significant difference in
the means of two groups of data (P � 0.05).

Cell extract preparation, phosphatase treatment, and Western blotting. Total cellular proteins
were prepared from yeast cells treated with 7.5% �-mercaptoethanol and 1.85 N NaOH solution and
precipitated with trichloroacetic acid (TCA) as described previously (55). For phosphatase treatment,
neutralized TCA-precipitated total cellular proteins were incubated with 400 U of � protein phosphatase
(PPase) (New England BioLabs, Inc.) in a final volume of 20 �l at 30°C for 90 min. When indicated,
phosphatase inhibitors (1 �M sodium orthovanadate, 10 mM �-glycerol phosphate, 10 mM sodium
pyrophosphate, 10 mM NaF) were added to inhibit � PPase activity. Pellets from TCA precipitation were
resuspended in 1� SDS-PAGE loading buffer with 100 mM dithiothreitol (DTT). Protein samples were
boiled for 3 min before being separated by SDS-PAGE. Proteins were then transferred to nitrocellulose
membrane for immunoblotting. Haa1 with a C-terminal 3�HA epitope tag was probed with rat
monoclonal high-affinity anti-HA antibody (3F10 [Roche]) followed by goat anti-rat horseradish
peroxidase-conjugated polyclonal secondary antibody (Jackson ImmunoResearch Laboratories, Inc.). Ilv5
was probed with rabbit anti-Ilv5 polyclonal antibodies. Chemiluminescence images of Western blots
were captured using Bio-Rad Chemi-Doc photo documentation system and processed using the Bio-Rad
Quantity One software.

Generation of an hrr25(E52D) mutant allele. A glutamate-to-aspartate mutation at residue 52 was
introduced via site-directed mutagenesis by overlap-extension PCR as described previously (56). Briefly,
a primer pair (5=-gtcaTCTAGACCAGTGTCTGAGTCATG-3= and 5=-TTAAGTATCTGTAGACGCGGGAGTCATAG
TCCAATTGAGGATGTCT-3=) was used to amplify an 841-bp HRR25 promoter and the coding sequence to
Leu 59, including the E52D mutation, using high-fidelity Pfu DNA polymerase. Another primer pair
(5=-AGACATCCTCAATTGGACTATGACTCCCGCGTCTACAGATACTTAA-3= and 5=-gtcaGTCGACGTCTTCTCAG
AGGCCCTCCT-3=) was used to amplify the coding sequence from Arg 45 and a 332-bp sequence
downstream of the open reading frame. These two PCR products were purified and subjected to overlap
extension in the presence of the primers (5=-gtcaTCTAGACCAGTGTCTGAGTCATG-3= and 5=-gtcaGTCGA
CGTCTTCTCAGAGGCCCTCCT-3=). The final PCR product carrying the E52D mutation was digested with
XbaI and SalI restriction endonucleases and cloned into XbaI and XhoI sites of the vector pRS415.

Yeast two-hybrid analysis. The HAA1 open reading frame was amplified by PCR and cloned into the
BamHI and XhoI sites of pZL3539 (pRS415-TEF-GAD), a Gal4 transcriptional activation domain (GAD)
vector to generate pRS415-TEF-GAD-HAA1. pZL3539 was constructed by cloning the coding sequence of
Gal4 transcriptional activation domain from pACT2 (Clontech Laboratories, Inc.) into the XbaI site of
pRS415-TEF (57). The HRR25 open reading frame was cloned into the BamHI and SalI sites of pZL3542
(pRS424-ADH1-GBD), a Gal4 DNA binding domain (GBD) vector, to generate pRS424-ADH1-GBD-HRR25.
pZL3542 was constructed by cloning the coding sequence of the GBD from pGBKT7 (Clontech Labora-
tories, Inc.) into the XbaI site of pRS424-ADH1 (57). The yeast two-hybrid strain AH109 (Clontech
Laboratories, Inc.) was transformed with two plasmids expressing GBD and GAD, GBD and GAD-Haa1,
GBD-Hrr25 and GAD, or GBD-Hrr25 and GAD-Haa1, and transformants were selected on SD medium
without leucine and tryptophan. Transformants were streaked on SD plate supplemented with adenine
and histidine for the analysis of an ADE2 reporter gene under the control of the GAL2 promoter. CSM
medium without leucine, tryptophan, and histidine was used for the analysis of a HIS3 reporter gene
under the control of the GAL1 promoter. 3-Amino-1,2,4-triazole (3-AT), an inhibitor of His3, was added to
CSM medium when required.

Fluorescence microscopy analysis of GFP-tagged proteins. Cells expressing Haa1-GFP were
grown in MM4 without and with 60 mM acetic acid overnight to an OD600 of 0.6 to 0.8. Cells were
“concentrated” by applying 3-�l cell cultures onto the slide and letting cells settle down for 3 min before
coverslips were applied. GFP fluorescence and differential interference contrast (DIC) images of live cells
were immediately captured using a Nikon Eclipse E800 microscope equipped with an HBO 100 W/2
mercury arc lamp, a Nikon Plan Fluor 100� objective lens, and a Nikon B-2E/C medium band excitation
bandpass filter set (excitation light, 465 to 495 nm; emission light, 515 to 555 nm). Images were acquired
with a Photometrics Coolsnap fx charge-coupled device (CCD) camera and Metamorph imaging software
(Molecular Devices, Sunnyvale, CA) and processed using ImageJ (National Institutes of Health) and Adobe
Photoshop (Mountain View, CA) software.
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