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Previously, we reported that Rck1 regulates Hog1 and SIt2 activities and affects MAP kinase activity in
Saccharomyces cerevisiae. Recently, we found that Rck1 up-regulates phospho-Kss1 and phospho-Fus3.
Kss1 has been known as a component in the pseudohyphal growth pathway, and we attempted to iden-
tify the function of Rck1 in pseudohyphal growth. Rck1 up-regulated Ras2 at the protein level, not the

KeyWOTC_ij transcriptional level. Additionally, FLO11 transcription was up-regulated by RCK1 over-expression.
S. cerevisiae RCK1 expression was up-regulated during growth on SLAD + 1% butanol medium. On nitrogen starvation
ll\g:g kinase agar plates, RCK1 over-expression induced pseudohyphal growth of colonies, and cells over-expressing
Reki RCK1 showed a filamentous morphology when grown in SLAD medium. Furthermore, 1-butanol greatly
Kssi induced filamentous growth when RCK1 was over-expressed. Moreover, invasive growth was activated

in haploid cells when RCK1 was over-expressed. The growth defect of cells observed on 1-butanol med-
ium was recovered when RCK1 was over-expressed. Interestingly, Ras2 and phospho-Kss1 were up-reg-
ulated by Rck1 independently. Together, these results suggest that Rck1 promotes pseudohyphal growth

by activating Ras2 and Kss1 via independent pathways in S. cerevisiae.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Microorganisms adapt to nutritional conditions, and dimorphic
growth of yeast cell is an adaptation pattern of growth against glu-
cose and nitrogen starvation [1-4]. Candida albicans, a human
pathogen, exhibits dimorphic growth as single cells and filaments
and shows strong pathogenicity when in the filamentous form
[5-8]. Saccharomyces cerevisiae also exhibits dimorphic growth
during glucose and nitrogen starvation [1,9,10]. In S. cerevisiae,
pseudohyphal growth is activated when nitrogen is depleted, and
its nutritional signal is regulated by a well-understood cellular sig-
naling pathway [11].

In S. cerevisiae, pseudohyphal growth is regulated by two signal-
ing pathways, the MAP kinase (mitogen-activated protein kinase)
and cAMP-dependent PKA (protein kinase A) pathways. These
two pathways converge at Flo11, which is localized at a down-
stream region [9,11-16]. The MAP kinase pathway is activated by
Ras2, which is an upstream element of the pathway. Ras2 activates
Cdc24 and then Cdc42 [17-20]. Activated Cdc42 activates a core
MAP kinase, which is composed of Ste20, Stel1, Ste7, Kss1, and
Ste12. Ste12 forms a complex with Tec1, binds to the filamentous
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growth response elements (FREs) of FLO11, and then activates fila-
mentous growth [21-24]. Deletion of Kss1 results in the failure of
invasive or filamentous growth [9,12,25].

Another pathway is the cAMP-PKA pathway. This adenylate cy-
clase receives signals from the upstream activators Ras2 and Gpa2
[11,15,16,26-28]. Mep2, which is a high-affinity ammonium per-
mease, acts as an ammonium sensor and regulator of Gpa2 and
regulates pseudohyphal growth [29,30]. Activated adenylate cy-
clase synthesize cAMP, and cAMP activates the PKA complex
[18]. The PKA complex is composed of two regulatory subunits
(Bcy1) and two catalytic subunits (Tpks) [18,31,32]. The binding
of cAMP to the regulatory subunits of the PKA complex induces
the release of the catalytic subunits from the PKA complex, and
activated Tpk2 up-regulates Flo8 expression, which is a transcrip-
tional activator of filamentous target genes [11,24,33]. Further-
more, Tpk1 also activates filamentous growth by activating Phd1
and up-regulates Flo11 [34,35].

Rck1 and Rck2 are identified as radiation sensitivity comple-
mentation kinases from S. cerevisiae [36]. Rck1 has been reported
to be involved in the cell wall stress response pathway by zymol-
yase stress and is regulated by the transcriptional activator RIm1
[37]. Furthermore, Kdx1, a pseudokinase with high homology to
SIt2, is involved in pseudohyphal growth in S. cerevisiae [38,39].
Previously, we reported that Kdx1 up-regulates Rck1, implying
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that Rck1 may activate pseudohyphal growth. We found that over-
expression of Rck1 up-regulated the phosphorylated form of Kss1,
a MAP kinase involved in pseudohyphal growth. Furthermore, we
found that over-expression of Rck1l up-regulated Ras2 at the pro-
tein level, and here, we report the role of Rck1 in pseudohyphal
growth in S. cerevisiae.

2. Materials and methods
2.1. Strains, media, and growth conditions

The yeast strains used were the S. cerevisiae X1278b back-
ground and its derivatives. The Arck1::G418 mutant strain was cre-
ated by the PCR-mediated gene disruption metho using the G418
resistance cassette from the plasmid pFA6a-kanMX6. Indepen-
dently derived haploid strains (created in strains MLY40o and
MLY41a) were mated to produce the homozygous diploid strain.
Yeast strains were grown in 1% yeast extract, 2% peptone, 2% glu-
cose (YPD), or synthetic defined (SD) medium (6.7 g/L yeast nitro-
gen base) supplemented with the required auxotrophic
supplements. Limiting nitrogen medium contains 0.17% yeast
nitrogen base (YNB) without amino acids or ammonium sulfate,
2% glucose, and 50 uM ammonium sulfate (SLAD). Haploid fila-
mentous growth was induced in standard growth medium supple-
mented with 1% butanol or SLAD medium plus 1% butanol. Diploid
filamentous growth was induced in low-nitrogen medium. Inva-
sive growth was assayed on synthetic complete (SC)-Ura.

2.2. Plasmids

The plasmid pRS426-RCK1 was constructed as follows. A 4.1-kb
(Xhol/BamHI) DNA fragment containing RCK1 was prepared by PCR
using 5-CTCGAGGAACTATAGCTAAATAACCCA-3' and 5-GGATCCC
GAGCCACAATATGCGGCAACG-3' as the forward and reverse prim-
ers, respectively. The nucleotide sequences were confirmed by
DNA sequencing. The amplified fragments were subcloned into
pPRS426.

2.3. Photomicroscopy

Whole colony photographs were taken directly on agar plates
with a microscope (AXIO Imager A1/M1, Carl Zeiss, Germany).
Whole colonies were photographed at 10x magnification.

2.4. Live cell microscopy

Cells were grown overnight, diluted to an optical density at
600 nm (ODggp) of 0.2, and grown at 30 °C for 3 h 30 min. The cells
were grown in standard medium or under inducing conditions. Fil-
amentous growth was induced as follows: overnight cultured cells
were centrifuged, washed, and inoculated at an ODggg of 0.2 into
low-nitrogen medium or growth mediums plus 1% butanol at
30 °C for 18 h before observation.

2.5. Haploid invasion assays

Strains were patched to synthetic complete (SC)-Ura and incu-
bated for 5 days at 30 °C. Surface cells were gently washed off,
and the remaining invaded cells were imaged.

2.6. Cell viability assays

The yeast cells were grown overnight at 30 °C in SD-Ura med-
ium. The cells were pelleted and washed with distilled water. Then,
the cells (1 x 10° cells/ml) were plated on a fresh SD-Ura, SLAD-

Ura, and SLAD-Ura plus 1% butanol plates and incubated overnight
at 30 °C for 7 days.

2.7. Northern blot analysis

Yeast cells were incubated in SD-Ura liquid medium overnight,
transferred to fresh SD-Ura medium, and incubated to an ODggq of
1.0. Cells were washed with water, transferred to SLAD liquid med-
ium, and incubated for 3 h at 30 °C. The cells were then collected
and washed with ice-cold water. Total RNA was extracted using
the TRIzol reagent (Life Technologies). Equal amounts (6 pg) of to-
tal RNA were separated by 1% formaldehyde agarose gel electro-
phoresis, transferred to nylon membranes, and hybridized with a
32p_labeled probe at 65 °C in rapid-hybridization buffer (Amer-
sham). Hybridized membranes were washed twice with 2x SSC
and 0.1% SDS at RT and twice with 0.2x SSC and 0.1% SDS at
65 °C and exposed to X-ray film. The total RNA and expression of
specific genes were probed using radiolabeled PCR fragments
containing the ORFs of FLO11, RCK1, RAS2, and ACT1. The following
forward and reverse primers, respectively, were used: FLO11,
5- ATGCAAAGACCATTTCTACT-3' and 5-TGGTATGTGTTGTCTTG
AAC -3'; RCK1, 5'- GTGAACAGAGCTGCTTGGAAA-3' and 5'-TACCT
GATAATGACATGACG-3'"; RAS2, 5'- ATGCCTTTGAACAAGTCGAAC-3'
and 5'-AGTCGGTATCTTTGAGTCTC-3"; ACT1, 5'-ACACGGTATTGTCA
CCAACTGGG-3'" and 5-AGGACAAAACGGCTTGGAGG-3'.

2.8. Immunoblot analysis

The cells were grown in SD medium until an ODggq of approxi-
mately 0.5 was attained. Haploid filamentous growth was induced
in standard growth medium supplemented with 1% butanol. Cells
were harvested by centrifugation. The cell pellet was broken by
vortexing with glass beads in 250 pl of cold lysis buffer (50 mM
Tris-HCl (pH 7.5), 10% glycerol, 1% Triton X-100, 0.1% SDS,
150 mM NacCl, 50 mM NaF, 1 mM sodium orthovanadate, 50 mM
B-glycerol phosphate, 5 mM sodium pyrophosphate, 5 mM EDTA,
1 mM phenylmethylsulfonylfluoride, and protease inhibitors)
[40]. Fifty micrograms of protein was separated on SDS-polyacryl-
amide gels and transferred to nitrocellulose membranes. Immuno-
blotting was performed with the anti-phospho-p44/42 MAPK
(Thr?°2/Tyr?°4) antibody at 1:2000, the anti-phospho-p38 antibody
at 1:2000 (Cell Signaling), the anti-Ras2 at 1:3000 (y-130 Santa
Cruz Biotechnology), and the anti-Pgk1 at 1:50,000 (Invitrogen).

3. Results
3.1. Rck1 up-regulated the phosphorylated form of Kss1

Previously, we reported that Rck1l up-regulates MAP kinase in
response to cell wall stress [37]. Interestingly, we found that
over-expression of RCK1 up-regulated phospho-Kss1, and it was
detected simultaneously with Slt2. Kss1 functions in the pseud-
ohyphal growth pathway in S. cerevisiae. To investigate the func-
tion of Rck1 in pseudohyphal growth, we investigated the effect
of Rck1 on MAP kinase activity in pseudohyphal growth. As shown
in Fig. 1A, we tested the effect of Rck1 on Kss1 phosphorylation and
found that phospho-Kss1 was up-regulated by Rck1l. Wild type
cells and a RCK1 deletion strain showed similar levels of
phospho-Kss1, and 1% 1-butanol up-regulated phospho-Kssl1.
However, when RCK1 was over-expressed by a multi-copy plasmid,
phospho-Kss1 increased severalfold, suggesting the involvement of
Rck1 on pseudohyphal growth in S. cerevisiae. To further investi-
gate the function of Rck1 in pseudohyphal growth, we performed
Northern blot analysis with FLO11, a key protein where the signals
for pseudohyphal growth converge and affect FLO11 expression. As
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Fig. 1. Rck1 up-regulated phospho-Kss1. (A) The indicated strains were cultured on
SLAD or SLAD + 1% butanol media, and total proteins were extracted. Western
blotting was performed and probed with an anti-phospho-Kss1 or phosphor-Fus3
antibody. Pgkl was used as a loading control. Akss1 and Afus3 were used as
negative controls. (B) Gene expression of FLO11 was investigated. The cells were
cultured in the indicated media until mid-log phase, and total RNA was then
extracted. Northern blots were performed to investigate the expression of FLO11
and RCK1. (C) ACT1 was used as a loading control.

shown in Fig. 1B, the indicated strains were cultured in SD or SLAD
plus 1% 1-butanol media, and total RNAs were extracted. The wild
type and RCK1 deletion strains showed the same level of FLO11
expression. However, over-expression of RCK1 caused FLO11
expression to be up-regulated. Moreover, the up-regulation of
FLO11 by Rck1 was detected in the absence of 1-butanol treatment.
Furthermore, as shown in Fig. 1C, the expression of RCK1 itself was
up-regulated by SLAD + 1% butane medium. These results indicate
that RCK1 is involved in pseudohyphal growth by up-regulating
FLO11 expression via the MAP kinase pathway.

3.2. Rck1 up-regulated Ras2 at the protein level

Ras2 is a protein localized in an upstream region of the S. cere-
visiae pseudohyphal growth signaling pathway [41,42]. Nitrogen
starvation is recognized on the plasma membrane by Mep2, and
the signal is transferred to Cdc25 and Ras2, which in turn affect
FLO11 gene expression [10,29,43]. Ras2 activates Kss1, which is
localized in the MAP kinase pathway, and Ras2 and MAP kinase
communicate to activate pseudohyphal growth. Conversely, acti-
vated Kss1 up-regulates Ras2 again by feedback regulation
[44,45]. We investigated the effect of Rckl on Ras2 expression.
As shown in Fig. 2A, we performed a Northern blot analysis of
RAS2 with cells grown in the pseudohyphal growth-inducing med-
ium. Cells were cultured in SD medium or nitrogen starvation SLAD
medium, and total RNA was extracted. From the Northern blot
analysis, no difference in the transcription of RAS2 was observed
in different media. Neither the RCK1 wild type, deletion, or
over-expression strains exhibited activated transcription of RAS2.
No effect was observed with 1-butanol treatment. Additionally,
we performed Western blot analysis to identify the translational
levels of Ras2. As shown in Fig. 2B, the protein level of Ras2 was
up-regulated by RCK1 over-expression. Up-regulation of Ras2 by
Rck1 did not depend on 1-butanol. The RCK1 wild type and dele-
tion strains did not show any difference in Ras2 protein levels.
These results indicate that Rck1 up-regulates Ras2 protein level
and FLO11 expression.
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Fig. 2. Rck1 up-regulated the Ras2 protein level. (A) The indicated strains were
cultured in SD, SLAD, and SLAD + 1% butanol media. Total RNA was extracted, and
Northern blotting was performed to investigate the expression of RAS2. ACT1 was
used as a loading control. (B) The Ras2 protein level was measured. Total cell lysates
were prepared from the cells cultured in SLAD or SLAD + 1% butanol media, and
Western blotting was performed. Pgk1l was used as a loading control.
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3.3. Rck1 promoted pseudohyphal growth

To investigate pseudohyphal growth further, we constructed
diploid cells that originated from the X1278b strain, and RCK1
was then deleted from these diploid cells. Then, the cells were
inoculated on SD or SLAD plates. After 14 days, we investigated
the colony morphologies and found that RCK1 over-expression pro-
moted filamentous colony growth on SLAD plates. As shown in
Fig. 3A, colonies of wild type cells showed filamentous growth,
and the RCK1 deletion strain failed to grow as filaments. Further-
more, RCK1 over-expression accelerated pseudohyphal growth
compared with the wild type cells. On SD plates, no pseudohyphal
growth was found from any of the three strains. Next, we investi-
gated pseudohyphal growth from individual cells. As shown in
Fig. 3B, no pseudohyphal growth was observed on SD medium,
even when RCK1 was over-expressed. However, a higher level of
pseudohyphal growth was found when RCK1 was over-expressed.
These results indicate that Rck1l is involved in pseudohyphal
growth in S. cerevisiae. Furthermore, we tested whether Rck1 is in-
volved in invasive growth in haploid cells. As shown in Fig. 3C, the
cells were grown on SD or SLAD plates for 5 days, washed thor-
oughly with tap water, and then imaged. Colonies of cells contain-
ing the RCK1 deletion washed out when washed with tap water.
However, most cells remained when RCK1 was over-expressed.
This result indicates that Rck1 is involved in the invasive growth
of haploid cells. Generally, cells undergoing invasive growth are
resistant to 1-butanol. We investigated the resistance of RCK1
over-expressing cells to 1-butanol. As shown in Fig. 3D, the cells
were inoculated on SD, SLAD, and SLAD plus 1% 1-butanol plates
and incubated for 7 days. The wild type cells and RCK1 deletion
strains were sensitive to 1-butanol. However, the RCK1 over-
expression cells grew better than the other strains. This result indi-
cates that Rck1 is involved in pseudohyphal and invasive growth
via the MAP kinase pathway.

3.4. Rck1 up-regulated Ras2 and Kss1 independently

As shown in Figs. 1 and 2, Rck1 up-regulated Kss1 and Ras2 pro-
tein levels, and in turn, Kss1 and Ras2 both up-regulated the gene
expression of FLO11. Previous studies have shown that Ras2 and
Kss1 are components of different pseudohyphal growth pathways
[16,44]. However, Ras2 has also been suggested to affect activity
upstream of Kss1 [44]. To investigate whether Rck1l regulates
Ras2 and Kss1 independently, we performed western blot analysis
against Kss1 with the RAS2 deletion mutant. As shown in Fig. 4A,
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Fig. 3. Rck1 promoted pseudohyphal growth. (A) The effect of Rck1 on pseudohyphal growth was investigated. Indicated strains were inoculated on SD or SLAD plate and
incubated for 14 days and then imaged. (B) Filamentous growth of the indicated cells was investigated. The indicated strains were cultured in SD, SLAD or SLAD plus 1-
butanol broth for 18 h and then imaged. (C) The effect of Rck1 on the invasive growth of haploid cells was investigated. The indicated haploid strains were incubated on SD or
SLAD plate for 7 days, washed with tap water, and then imaged. Relative amounts are normalized to WT. (D) The effect of Rck1 on 1-butanol resistance was investigated. The
indicated strains were inoculated on SLAD or SLAD + 1% 1-butanol plates for 5 days and then imaged.

RAS2 deletion had no effect on Kss1 expression. Phospho-Kss1 lev-
els increased, even when RAS2 was deleted. Phospho-Fus3 levels
also increased when Rck1l was over-expressed. Furthermore, we
constructed a KSS1 deletion strain and assayed the Ras2 levels
using a western blot. As shown in Fig. 4B, no effect was found on
Ras2 expression by Rck1 in the KSS1 deletion mutant. Based on
these results, we suggest that Rck1 regulates Ras2 and Kss1 inde-
pendently and that the detailed mechanism should be identified.

4. Discussion

In S. cerevisiae, pseudohyphal growth is regulated by two signal-
ing pathways, the MAP kinase and cAMP-dependent PKA (protein
kinase A) pathways, and these two pathways function indepen-
dently [9,11-16]. However, these pathways converge downstream
at FLO11 [11,16,33]. Furthermore, previous studies have shown
that Ras2 regulates Kss1 activity and that the Ras2 and Kss1-
dependent pathways are linked closely to activate pseudohyphal
growth [17,44].

Rck1 has been identified as a component of the MAP kinase
pathway that responds to cell wall stress [37,46]. Previously, we
reported that Rck1 inhibits the SIt2 MAP kinase pathway activity
and then Ptp2, which subsequently activates Hog1. Based on these
results, we investigated the detailed involvement of Rck1 in the
MAP kinase pathway and then pseudohyphal growth, which is reg-

ulated by the MAP kinase pathway in response to nutrient depriva-
tion. Kss1 and Fus3 were detected simultaneously when phospho-
SIt2 was detected. When we tried to detect phospho-SIt2, we found
that the expression of Kss1 and Fus3 was up-regulated by RCK1
over-expression. It has been reported that Kss1 is involved in
pseudohyphal growth, and the phosphorylated form of Kss1 acti-
vates pseudohyphal growth [21-24]. From these results, we at-
tempted to identify the role of Rck1 on pseudohyphal growth.

As shown in Fig. 1, we found that RCK1 over-expression up-reg-
ulated phosphorylated Kss1 and FLO11. RCK1 over-expression also
resulted in colonies that exhibited filamentous and invasive
growth. When RCK1 was over-expressed, cells showed a more fila-
mentous morphology than the wild type. These results indicate
that Rck1 is involved in pseudohyphal growth. Next, we investi-
gated how Rck1 activates pseudohyphal growth. As shown in
Fig. 1, Rckl up-regulated Kss1 and FLO11. Interestingly, RCK1
over-expression also up-regulated Ras2 protein levels, which acti-
vates pseudohyphal growth in response to nutrient signals. The
Ras2 and MAP kinase pathways are two independent pathways
shown to regulate pseudohyphal growth [9,11-16]. However,
Ras2 also regulates and communicates with the MAP kinase path-
way [17-20].

The Hog1 MAPK pathway is essential for survival in high osmo-
larity environments. Furthermore, the Hogl MAPK pathway is
known to inhibit pseudohyphal growth under conditions of
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Fig. 4. Rck1 up-regulated Ras2 and Kss1 independently. (A) The effect of Ras2 on
the expression of phospho-Kss1 was investigated. The indicated cells were cultured
in SD media. The total cell lysates were extracted, and then, Western blotting was
performed. Akss1 and Afus3 were used as negative controls. (B) The indicated cells
were cultured in SD medium. Total cell lysates were extracted, and then, Western
blotting was performed. (C) Rck1 up-regulates yeast pseudohyphal differentiation
via Ras2 and MAP kinase pathway independently. In this model, Rck1 stimulates
phosphorylation of the Kss1 and expression of Ras2. The up-regulation of these
genes activate FLO11 gene expression, which is required for pseudohyphal
differentiation.

nitrogen sufficiency. Notably, PTP2 involved in the nuclear export
of Hogl was stimulated pseudohyphal growth upon overexpres-
sion, and our data show the similar patterns of expression by Wes-
tern blotting (data not shown). Under conditions of nitrogen
sufficiency, deletion of Rck1 strain showed slightly up-regulated
phosphorylated Hog1 and over-expressed Ptp2 [39]. As shown in
Fig. 1B, deletion of Rckl1 strain resulted in increased expression
of the Ptp2 and thus may enable expression of FLO11. We do not
understand the exact molecular mechanism by which deletion of
Rck1 is transduced into signals affecting filamentous growth. As
shown in Fig. 4, we tested whether Rck1 regulates both pathways
independently. A RAS2 deletion mutant did not up-regulate Kss1 by
Rck1 and vice-versa. These results indicate that Rck1 up-regulates
pseudohyphal growth via the Ras2 and MAP kinase pathways inde-
pendently and suggest the possibility of other factors in the up-
stream region of the Ras2 and MAP kinase pathways; efforts
should be made to uncover these factors (Fig. 4C).
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