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The cell wall integrity (CWI) pathway mediates the response of Saccha-

romyces cerevisiae to cell wall alterations. Stress at the cell surface is

detected by mechanosensors, which transduce the signal to a protein kinase

cascade that involves Pkc1, Bck1, Mkk1/Mkk2, the mitogen-activated pro-

tein kinase (MAPK) Slt2 and the transcription factor Rlm1. We incorpo-

rated a positive feedback loop into this pathway by placing a hyperactive

MKK1 allele under the control of the Rlm1-regulated MLP1 promoter.

This circuit operates as a signal amplifier and leads to a highly increased

Slt2 activation under stimulating conditions. Triggering the CWI pathway

in cells engineered with this circuit, which we have named the Integrity

Pathway Activation Circuit (IPAC), results in strong growth inhibition.

Exploitation of this hypersensitive phenotype allowed the identification of

novel proteins that contribute in signalling to Rlm1 in response to cell sur-

face stressing agents such as Congo red, zymolyase and SDS. Among these

proteins, the MAPK kinase kinase Ssk2 of the osmoregulatory high-osmo-

larity glycerol (HOG) pathway, but not its paralogue Ssk22, proved to be

necessary for the SDS-induced IPAC-mediated growth inhibition. We

found the existence of an Ssk1-independent Ssk2-Pbs2-Hog1-CWI pathway

signalling axis that contributes to Slt2 activation in response to cell surface

stress. We also demonstrated that the MAP kinase kinases Mkk1 and Pbs2

and the MAPKs Slt2 and Hog1 of the HOG and CWI pathways interact

physically, forming a complex. Our results show how a simple synthetic cir-

cuit can be used as a powerful tool for a better understanding of signalling

pathways.

Introduction

Eukaryotic cells rely on mitogen-activated protein

kinase (MAPK) pathways to mediate the response to a

wide array of extracellular stimuli. Therefore, these

routes regulate key cell fate decisions such as growth,

differentiation or survival in response to stress [1].

They are very versatile signalling tools and contain a

three-tiered protein kinase cascade comprising a MAP

kinase kinase kinase (MAPKKK), a MAP kinase

Abbreviations

CWI, cell wall integrity; HOG, high-osmolarity glycerol; IPAC, Integrity Pathway Activation Circuit; MAPK, mitogen-activated protein kinase;
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kinase (MAPKK) and a MAP kinase (MAPK), which

are activated by sequential phosphorylation upon

pathway stimulation. This multilayered structure pro-

vides a great flexibility of system response and allows

signal amplification, multiple points of regulation,

noise tolerance and the generation of switch-like

responses [2].

The model yeast Saccharomyces cerevisiae has five

MAPK pathways involved in mating, filamentous and

invasive growth, spore wall assembly, osmoregulation

and cell wall integrity (CWI) maintenance [2]. The

CWI pathway is essential for cells to survive under cell

wall stress conditions by triggering a salvage mecha-

nism to strengthen this vital structure. This pathway is

stimulated through a family of cell surface

mechanosensors coupled to the Rho1 GTPase, which

activates Pkc1, which in turn activates the CWI

MAPK module, composed of the MAKKK Bck1, the

MAPKKs Mkk1 and Mkk2, and the MAPK Slt2 [3].

Slt2 phosphorylates the MADS-box transcription fac-

tor Rlm1 [4], which induces the expression of cell wall

maintenance proteins including the Slt2 paralogue

Mlp1 [5]. The CWI pathway is also activated by heat

stress, hypo-osmotic shock, oxidative stress, high and

low pH, pheromones or DNA-damaging agents, indi-

cating its involvement in the response to stresses and

cellular processes not directly related to the cell wall

[6].

The high-osmolarity glycerol (HOG) pathway main-

tains osmotic equilibrium under hyperosmotic stress

[7]. This pathway is composed of two branches [8,9].

The first branch includes the transmembrane protein

Sho1, the osmosensors Hkr1 and Msb2, and the mem-

brane anchor protein Opy2, which transmit the signal

to the MAPKKK Ste11 through the GTPase Cdc42,

the adaptor protein Ste50 and the protein kinase Ste20

[9]. The second branch is initiated by the osmosensor

histidine kinase Sln1, which signals through the phos-

photransfer protein Ypd1 to the response regulator

Ssk1, which activates the redundant MAPKKKs Ssk2

and Ssk22. The two branches converge in the phos-

phorylation of MAPKK Pbs2 by the corresponding

MAPKKs. Therefore, the activation of any of these

branches triggers the Pbs2-mediated phosphorylation

of the MAPK Hog1 and its nuclear internalisation by

the karyopherin-beta importin homologue Nmd5 [10].

Nuclear phosphorylated and thereby activated Hog1

phosphorylates several transcription factors to regulate

the expression of genes involved in intracellular glyc-

erol accumulation [11].

The CWI and HOG pathways do not operate in an

isolated manner. The existence of crosstalk between

them has been found in different conditions. The

activation of Slt2 observed in response to hyperos-

motic shock occurs in a HOG-dependent manner [12].

Moreover, Slt2 activation induced by the cell wall-

damaging enzymatic complex zymolyase requires the

participation of the Sho1 branch of the HOG pathway

[13]. The interaction between Ste11 and Mkk1/2

through the protein Nst1 has been also reported [14].

In addition, some components of these pathways,

apart from transmitting the signal to downstream ele-

ments, may play important roles in other processes,

such as actin cytoskeleton organisation and cell polar-

ity. For example, heat stress promotes the transient

and reversible disassembly of the actin cytoskeleton.

Pkc1, but not the downstream CWI MAPK cascade, is

necessary for actin repolarisation [15]. After local cell

wall damage, Pkc1 disperses polarity factors from the

bud to wound sites through the induction of the for-

min Bni1 degradation [16]. Following osmotic stress,

the MAPKKK Ssk2 mediates recovery of the actin

cytoskeleton by forming a complex with actin, which

requires the polarisome proteins Bud6 and Pea2, and

the formin Bni1 [17].

Since the duration, timing and intensity of signalling

through MAPK pathways are essential to produce the

correct physiological output, loss of regulation of

MAPK activity in mammalian cells is implicated in

cancer and many other diseases [18]. In yeast, either

the lack of CWI signalling in the presence of stress or

the hyperactivation of the pathway leads to lethality

[19]. Therefore, multiple fundamental mechanisms

have evolved to achieve a precise modulation of these

routes, including positive and negative feedback loops

[20]. Whereas adaptation and noise resistance are typi-

cally brought by negative feedback mechanisms, posi-

tive feedback loops provide amplification, change the

timing of the response and also trigger a bistable

switch [21].

Their complexity and the importance in assuring cell

survival under stress conditions make MAPK path-

ways very interesting targets for synthetic approaches.

In addition, yeast is a very attractive model organism

for these studies, since it has many valuable traits for

synthetic biology [22]. For these reasons, a significant

number of synthetic biology strategies have been

applied to MAPK pathways in yeast, allowing a dee-

per understanding of signalling design principles [23].

In particular, synthetic feedback loops have been inte-

grated within the mating pathway to provide several

different behaviours, including bistability [24]. Here,

we explore the consequences of introducing a synthetic

positive feedback loop in the CWI pathway. Switching

on this loop through the stimulation of the path-

way leads to cellular lethality. We demonstrate the
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potential of this genetic circuit as a tool for uncovering

novel regulatory components of signalling through the

CWI pathway.

Results

Rewiring the Slt2 MAPK module through a

synthetic positive feedback circuit

To construct a positive feedback circuit that operates

in the CWI pathway, the constitutively active

MKK1S386P allele [25] was placed between the MLP1

(KDX1/YKL161C) promoter, which is strongly

induced following stimulation of this pathway [5], and

the ADH1 transcriptional terminator in a centromeric

plasmid. In wild-type cells transformed with this plas-

mid, under stimulating conditions, the Rlm1-mediated

induction of the MLP1 promoter should give rise to a

high amount of Mkk1S386P, which would further phos-

phorylate and activate Slt2, providing activation of the

feedback mechanism and resulting in continuous signal

amplification (Fig. 1A).

We tested the impact of this circuit on signalling

through the CWI pathway by analysing MLP1 expres-

sion as readout. To this end, we determined b-galactosi-
dase activity from a MLP1-lacZ reporter in cells

carrying the genetic circuit in a centromeric plasmid ver-

sus those transformed with the empty vector, in

response to concentrations ranging from 1 to

180 µg�mL�1 of the cell wall stressing agent Congo red

for 4 h. In the absence of the circuit, successive increases

in Congo red concentration resulted in increases in

b-galactosidase levels of fourfold (1 µg�mL�1), 25-fold

(5 µg�mL�1), 110-fold (30 µg�mL�1) and 95-fold

(180 µg�mL�1; Fig. 1B), indicating a saturated response

from a concentration of 30 µg�mL�1. The presence of

the feedback circuit clearly increased the b-galactosidase
values in relation to cells bearing the empty vector, with

the highest amplification at 5 µg�mL�1 of Congo red

(~ 4-fold). We also determined the impact of this genetic

circuit on the dual phosphorylation, and therefore acti-

vation, kinetics of the MAPK Slt2 in response to the

treatment with low, medium and high Congo red con-

centration for up to 8 h. As observed in Fig. 1C, at the

lowest Congo red concentration the amount of activated

Slt2 peaked at 8 h; at higher concentrations, Slt2 phos-

phorylation reached the maximum level at shorter times,

between 2 and 4 h. In cells without the circuit, maxi-

mum activation ranged from twofold following treat-

ment with 1 µg�mL�1 to eightfold with 180 µg�mL�1. In

all cases, the circuit significantly increased the amount

of phosphorylated Slt2 (Fig. 1C). At 180 µg�mL�1, an

increase of 16-fold over the basal phosphorylation in

cells lacking the circuit at time 0 was observed. These

results indicate that the genetic loop is indeed functional

in promoting a high and sustained signalling flow

through the CWI pathway. Thus, we named this circuit

‘IPAC’ standing for ‘Integrity Pathway Activation Cir-

cuit’.

We next explored the effect of this circuit on sig-

nalling through the pathway in response to hypotonic

shock, which induces a very rapid and transient activa-

tion of the CWI pathway [26]. As observed in Fig. 1D,

IPAC-containing cells displayed similar Slt2 phospho-

rylation kinetics to cells lacking the circuit, peaking at

1 min, but with higher phospho-Slt2 levels at any time

point. This result shows the rapidity of the IPAC in

developing an amplified response and the maintenance

of adaptation mechanisms to hypotonic shock in the

IPAC-rewired CWI pathway. We then analysed the

effect of eliminating the Mid2 sensor, which mediates

most of the Congo red-induced CWI pathway activa-

tion [27]. Deletion of MID2 significantly reduced

MLP1-lacZ transcriptional activation in IPAC-

containing cells after treatment with Congo red

(Fig. 1E). However, whereas the presence of the IPAC

doubled b-galactosidase levels upon Congo red treat-

ment, the increase was sevenfold in mid2Δ mutants.

These results suggest first that the IPAC-rewired CWI

pathway keeps its sensitivity to regulators of the path-

way and second that the capacity of the IPAC for

increasing signalling is higher under conditions pro-

moting low activation.

The positive feedback loop renders cells

hypersensitive to CWI pathway activation

We next wondered whether the activation of the

IPAC affected cell growth. As expected, the presence

of agents that disturb the yeast cell surface, namely

Congo red, SDS or zymolyase, prevented slt2Δ
mutant cells from growing (Fig. 2A). These com-

pounds also led to growth inhibition of IPAC-con-

taining cells, although to a lesser extent as compared

to the SLT2 deletion. This inhibition was observed at

concentrations that did not affect growth of wild-type

cells. This result indicates that the IPAC enhances

the sensitivity of yeast to cell wall stress and is con-

sistent with the reported growth inhibition caused by

GAL1-driven overexpression of the hyperactive allele

MKK1S386P that is part of the circuit [25]. Caffeine

was shown to activate the MAPK Slt2 but not the

transcription factor Rlm1 [28]. As observed in

Fig. 2A, this compound led to growth inhibition of

slt2Δ but not IPAC-containing cells, confirming that

there is no significant Rlm1-dependent MLP1 gene
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induction. The IPAC also strongly affected growth in

liquid media containing cell wall-altering agents, as

reflected by the reduction in the MIC (minimal inhi-

bitory concentration) of zymolyase observed in

IPAC-bearing cells when compared to cells lacking

the circuit (Fig. 2B). Since Congo red-induced MLP1

transcriptional induction is abolished in rlm1Δ cells

[5], we wondered whether IPAC-containing rlm1Δ

cells no longer showed Congo red sensitivity. This

was the case, as observed by using a halo assay

(Fig. 2C), proving that the IPAC-mediated sensitivity

of yeast cells to CWI stimuli such as Congo red is

dependent on the full functionality of this signalling

circuit. These results also indicate that the IPAC is

an excellent tool for analysing CWI pathway sig-

nalling through an easy growth assay.

0  
50025012562.531.250

0.2  

0.4  
Vector  
IPAC  

Zym  (U/mL)

Vector  

IPAC  

WT            rlm1Δ  

Vector  

IPAC  

No stress                Congo red             Zymolyase                  SDS                     Caffeine 

slt2Δ  

A 

B C OD  

Fig. 2. Activation of the IPAC leads to growth inhibition. (A) Ten-fold serial dilutions of the BY4741 strain transformed with the empty vector

YCplac111 or YCplac111-IPAC and the isogenic slt2D strain carrying YCplac111. Yeast cells were spotted onto SD Leu– plates pH 6.5 in the

absence (no stress) or presence of 3 lg�mL�1 of CR, 10 U�mL�1 of zymolyase, 100 lg�mL�1 SDS or 4 mM of caffeine and incubated at

30 �C for 48 h. A representative assay from three different experiments with distinct transformants is shown. (B) Multiwell plate sensitivity

assay of the BY4741 strain transformed with YCplac111 or YCplac111-IPAC to the indicated concentrations of zymolyase. Data represent

the average value of three independent transformants. Error bars indicate standard deviation. (C) Growth inhibition halo assay on SD Leu–

plates of strains BY4741 or the isogenic Y00993 (rlm1D) strains transformed with YCplac111 or YCplac111-IPAC. Six-millimetre-diameter

discs were impregnated with 20 lL of 10 mg�mL�1 CR. A representative assay from three different experiments with distinct transformants

is shown.

Fig. 1. The IPAC promotes hyperactivation of the CWI pathway following cell wall stress. (A) Scheme of the CWI pathway containing the IPAC.

IPAC consists of the MLP1 promoter, the hyperactive allele MKK1S386P and the transcription termination sequence of ADH1 (ADH1t). In the

absence of stimulus, the pathway displays a low basal level of signalling (blue lines). Stimulation of the pathway (red lines) leads to Slt2

activation by dual phosphorylation, resulting in MLP1 transcriptional induction via Rlm1 activation. MLP1-driven MKK1S386P expression provokes

an increase in Slt2 activation, generating a positive feedback loop and the hyperactivation of the CWI pathway. (B) Expression of MLP1-lacZ,

determined as b-galactosidase activity from extracts of the strain BY4741 cotransformed with the plasmid pMLP1-lacZ and either the empty

vector YCplac111 or YCplac111-IPAC. Cells were grown in YPD medium at 24 �C in the absence (�) or presence of the indicated

concentrations of Congo red (CR) for 4 h. Data represent the average of b-galactosidase activity of three independent transformants. Error bars

indicate standard deviation. (C) Western blotting analysis of extracts of the same BY4741 cells as in (B), cultured in YPD at 24 �C and treated

with the indicated concentrations of CR for the indicated times (h). Dually phosphorylated Slt2 and G6PDH (as a loading control) were detected

with anti-phospho-p44/42 and anti-G6PDH antibodies, respectively. A representative blot is included. The graphics show the amount of

phosphorylated Slt2, normalised with respect to the loading control for each sample and expressed as fold increase relative to the wild-type

level (Vector) in the absence of stress. Data represent the average of three independent transformants. Error bars indicate standard deviation.

(D) Western blotting analysis of extracts of BY4741 cells transformed with either the empty vector YCplac111 or YCplac111-IPAC. Aliquots of a

single culture in YPD plus 1 M sorbitol were withdrawn before (0) and after the indicated times following resuspension in YPD. Dually

phosphorylated Slt2 and actin (as a loading control) were detected with anti-phospho-p44/42 and anti-actin antibodies, respectively. A

representative blot from three different experiments is shown. (E) CR signalling in IPAC-containing cells is sensed and modulated similarly to

wild-type cells. b-Galactosidase activity of cell extracts from BY4741 (WT) and the isogenic mid2D strains bearing the pMLP1-lacZ plasmid and

YCplac111 (�) or YCplac111-IPAC. Cells were either left untreated (–) or treated for 4 h with 30 µg�mL�1 of CR. Data represent the average of

b-galactosidase activity of three independent transformants. Error bars indicate standard deviation.
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Fig. 3. Results of the screening of a

subcollection of Saccharomyces cerevisiae

mutants able to suppress the lethality of

IPAC-engineered cells treated with CR,

zymolyase and SDS. (A) Proteins of the

HOG and CWI pathway surrounded by red,

green and purple circles indicate that the

corresponding mutants recovered growth

under CR, zymolyase and SDS stress,

respectively. Discontinuous circles indicate

that the corresponding mutant without the

IPAC was already sensitive to the stress.

Mutants lacking proteins in grey were not

analysed. Novel genes identified in the

screening whose mutation was able to

recover growth are indicated on the right.

The scores for growth recovery under each

stress are indicated, ranging from strong

recovery (++) to no effect (�) according to

spot assays shown in Fig. 4A. (B)

Sensitivity of wild-type BY4741 and the

indicated isogenic mutant strains bearing

the vector pHR70 (�) or the plasmid

pHR70-IPAC (+) to different stresses. Ten-

fold serial dilutions of cell suspensions were

spotted onto SD Ura– pH 6.5 plates in the

absence (no stress) or presence of

5 µg�mL�1 of CR, 10 U�mL�1 (50 µg�mL�1)

of zymolyase or 100 µg�mL�1 of SDS, and

incubated at 30 °C for 48 h. A

representative assay from three different

experiments with distinct transformants is

shown.
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IPAC-based identification of novel proteins that

contribute to signalling through the CWI

pathway

In view of the previous results, we considered IPAC

an excellent tool to identify regulators of the CWI

pathway. We reasoned that any mutation that pro-

motes a significant reduction in signalling would

restore growth of IPAC-containing cells under CWI

stimulation. To evaluate this, a subcollection of 265

mutant strains deleted in genes related to signalling or

apoptosis (Table S1) and transformed with the cen-

tromeric plasmid YCplac111-IPAC was screened for

their ability to grow in the presence of low concentra-

tions of Congo red, zymolyase or SDS (see Materials

and methods). Forty of these mutants were selected on

this basis, and 25 of them reproduced some growth

recovery phenotype after de novo transformation with

a different centromeric plasmid containing the IPAC.

Ten mutants were affected in genes encoding potential

novel CWI pathway regulators under cell wall stress

(Figs 3A and 4A). The effect of these 10 mutations on

CWI pathway signalling was analysed by using the

MLP1-lacZ-based transcriptional reporter assay

(Fig. 4B). The rlm1Δ and hkr1Δ mutants were also

included as controls. Lack of Rlm1 resulted in the

absence of MLP1 induction in response to Congo red,

zymolyase and SDS, whereas the absence of the HOG

pathway osmosensor Hkr1 only blocked zymolyase

induction, as expected according to its role in sensing

this cell wall stressor [13]. It is interesting to note that

four out of these 10 mutants lack metabolic enzymes,

and another four are defective in proteins related to

DNA function.

Among the 25 identified mutants, 15 were affected

in signalling components already known to participate

in MAPK signalling (Fig. 3A,B). A detailed analysis

of the effect of these mutations on IPAC-induced

growth inhibition provided interesting information

about the signalling flow to Slt2 promoted by these

stresses. The most interesting data came from observ-

ing growth of yeast mutants in the presence of SDS.

The lack of the Rho1 GEF Rom2 did not recover

growth of cells carrying the circuit under SDS stress,

supporting the idea that, as with zymolyase, signalling

to Slt2 in response to this stress does not go through

the conventional path followed by other cell wall stres-

ses. Deletion of PBS2 and HOG1 recovered growth of

cells carrying the IPAC on SDS-containing media, also

suggesting the involvement of the HOG pathway in

signal transmission from the cell surface to the CWI

pathway in response to this membrane insult (Fig. 3A,

B). Most interestingly, and in contrast to that

occurring with zymolyase, deletion of SSK2 but not

SHO1, STE20 or STE50 promoted the growth of

IPAC-bearing cells under SDS stress, suggesting the

existence of a novel pathway for signalling to Slt2 that

is mediated by the MAPKKK Ssk2.

Ssk2 is necessary for full Slt2 activation in

response to SDS

In order to analyse the role of Ssk2 in signalling

through the CWI pathway in response to SDS, we first

studied the time course of Slt2 phosphorylation and

MLP1 induction in cells stressed with the detergent.

As observed in Fig. 5A, SDS promoted a very fast

activation of Slt2. This high and rapid Slt2 phosphory-

lation peaked at 1 min, declined after this time and

then slowly increased to reach a maximum at 120 min.

Whereas the first burst of Slt2 phosphorylation was

not affected in ssk2Δ mutants, the long-term activation

significantly diminished in comparison with wild-type

cells. This reduction in the amount of phosphorylated

Slt2 was also observed in cells lacking either Pbs2 or

Hog1 (Fig. 5A). Moreover, SDS-induced MLP1-lacZ

expression was severely reduced in both ssk2Δ and

hog1Δ mutants (Fig. 5B). Interestingly, Hog1 also

seemed to contribute in signalling to Slt2 in response

to Congo red, since signalling was reduced by the half

in mutants lacking this MAPK. In summary, these

results indicate that SDS triggers firstly a very fast and

transient activation of the CWI pathway and, sec-

ondly, a slow and sustained response that is signifi-

cantly mediated by Ssk2, Pbs2 and Hog1.

Phosphorylation of Slt2 under 1 M sorbitol treatment

has also been described to be Pbs2-dependent [12]. In

order to explore whether Ssk2 is involved in this activa-

tion, we performed an analysis of Slt2 phosphorylation

in response to this osmotic stress in WT and ssk2Δ
strains. As shown in Fig 5C, the absence of Ssk2 did

not altered either the amount of phosphorylated Slt2 or

the activation time course, indicating that this stress is

not routed through this MAPKKK to Slt2.

Heat stress activation of the CWI pathway involves

superficial redistribution of some components operat-

ing in the CWI pathway, such as Rho1, likely to repair

cell wall damage [15]. In the absence of stress, Pkc1 is

localised at sites of polarised growth, namely bud

necks at cytokinesis and emerging bud tips [29,30].

Following a cell wall stress, Pkc1 relocalises to specific

regions beneath the cell surface [29]. Then, Rho1-GTP

activates Pkc1, which in turn activates the downstream

MAP kinase cascade. We then studied the effect of

SDS on Pkc1 subcellular localisation. As observed in

Fig. 5D, SDS promoted relocalisation of Pkc1 to the
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bud periphery. However, this effect was independent

of the presence of Ssk2 (see Fig. 5D). Therefore, Ssk2

does not seem to affect the formation of plasma mem-

brane-associated CWI pathway signalling complexes

upon SDS stress.

Ssk2 activation leads to CWI stimulation via

Pbs2/Hog1

To learn more about this novel pathway towards Slt2, we

next analysed the ability of a constitutively activated

Ssk2-mediated branch of the HOG pathway to trigger

Slt2 activation. Overexpression of Ssk2ΔN, a constitu-

tively active Ssk2 version lacking the N-terminal regula-

tory domain [31,32], resulted in a Bck1-dependent

phosphorylation of Slt2 that also required Pbs2 and

Hog1 (Fig. 6A). In contrast, removal of any of the GEF

proteins for Rho1, namely Rom1, Rom2 or Tus1, did

not block Ssk2ΔN-induced Slt2 activation. Moreover,

growth inhibition promoted by overexpression of this

Ssk2 version was abolished in pbs2Δ and hog1Δ mutants,

even in the presence of the IPAC (Fig. 6B). These results

indicate that the activation of Ssk2 results in Slt2

phosphorylation via the Pbs2-Hog1 kinase module.

Ssk2ΔN-triggered Slt2 activation required both the phos-

phorylation and the catalytic activity of Hog1, as evi-

denced by the lack of Slt2 activation observed in cells

expressing the kinase-dead (Hog1K52M) and the nonphos-

phorylatable (Hog1T174A,Y176A) mutant versions

(Fig. 6C). In order to further explore the connection

between the HOG and CWI pathways, we also con-

structed the constitutively active version of Pbs2, Pbs2EE.

This version contains glutamic residues instead of the ser-

ine 514 and threonine 518, whose changes to aspartic

residues were previously described to activate Pbs2 with-

out the involvement of upstream elements by mimicking

phosphorylation events [31]. Galactose-induced expres-

sion of Pbs2EE did not lead to growth inhibition in wild-

type, but promoted lethality in IPAC-engineered cells,

indicating that Pbs2-promoted signalling was transmitted

to the CWI MAPK module. As expected, under these

conditions SSK2 deletion did not affect IPAC activation,

but removal of either Hog1 or Bck1 strongly reduced

IPAC-induced growth inhibition (Fig. 6D), confirming

that the signal flows through Hog1 and Bck1.

The lack of any of the transcription factors operat-

ing downstream of Hog1, including Hot1, Smp1,

Msn2, Msn4, Msn1, the transcription repressor Sko1

and the Hog1-substrate kinase Rck2 [7], did not allevi-

ate the SDS-induced growth inhibition of IPAC-bear-

ing cells (not shown). In fact, the Hog1-dependent

signalling to Slt2 does not rely on any of its nuclear

functions, since deletion of the gene coding for the

Hog1 importin Nmd5 [10] neither affected SDS or

Congo red activation of CWI signalling, as determined

by MLP1p-lacZ transcriptional reporter induction

(Fig. 7A), nor growth inhibition in IPAC-bearing cells

(Fig. 7B) or Slt2 phosphorylation (Fig. 7C). In line

with this, SDS treatment did not lead to Hog1 translo-

cation to the nucleus, in contrast to that observed

under osmotic shock (Fig. 7D).

The MKKs and MAPKs of the HOG and CWI

pathways form a protein complex

The fact that it is not necessary for Hog1 to be

translocated to the nucleus for signalling to Slt2 sug-

gests that the Pbs2-Hog1 module could be directly reg-

ulating components of the CWI pathway. We then

analysed the existence of physical interactions of Pbs2

and Hog1 with Mkk1 and Slt2. We used the GST-

Pbs2EE expressing plasmid to explore whether Mkk1

and Slt2 interact with this MAPKK. As shown in

Fig. 8A,B, GST-Pbs2EE was able to pull down both

Slt2-myc and Mkk1-myc. GST-Pbs2EE also pulled

down endogenous Slt2, as did GST-Slt2 and GST-

Mkk1. Moreover, endogenous Hog1 copurified with

GST-Slt2 and GST-Mkk1, as well as with GST-Pbs2EE

(Fig. 8C). These results suggest physical interaction

between these four proteins in a complex. Interest-

ingly, interaction between GST-Mkk1 and GST-Slt2

with Hog1 was not impaired by the absence of Ssk2,

Bck1, Mkk1/2, Slt2 or Pbs2 (Fig. 9), suggesting a

direct binding of Hog1 to either Mkk1 or Slt2.

Fig. 4. Deletion of different genes reduces the sensitivity and transcriptional response of IPAC-containing cells to CWI pathway-activating

compounds. (A) Sensitivity of BY4741 (WT) and the indicated isogenic mutant strains bearing the empty vector pHR70 (�) or plasmid pHR70-IPAC

(+) to different stresses. Ten-fold serial dilutions of cell suspensions were spotted onto SD Ura– pH 6.5 plates in the absence (no stress) or

presence of 10 µg�mL�1 of CR, 150 µg�mL�1 of zymolyase or 100 µg�mL�1 of SDS, and incubated at 30 °C for 48 h. A representative assay from

three different experiments is shown. Mutant strains used as controls are underlined. (B) Transcriptional response of BY4741 (WT) and the

indicated isogenic mutant strains transformed with the pMLP1-lacZ plasmid. b-Galactosidase activity was determined in the absence (�) or

presence of CR (30 µg�mL�1 for 4 h), zymolyase (8 µg�mL�1 for 4 h) or SDS (100 µg�mL�1 for 4 h). Data represent the average of the activity of

three independent transformants as the percentage relative to the WT strain (100%). Mutant strains used as controls are underlined. Error bars

indicate the standard deviation. One asterisk indicates a P-value of < 0.05 using Student’s t-test.
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Fig. 5. ssk2Δ mutants show reduced signalling through the CWI pathway in response to SDS. (A) Western blotting analysis of extracts of

BY4741 (WT), ssk2D, pbs2D and hog1D cells cultured in YPD at 30 °C and treated with 100 µg�mL�1 of SDS for the indicated times (min).

Dually phosphorylated Slt2 and G6PDH (as a loading control) were detected with anti-phospho-p44/42 and anti-G6PDH antibodies,

respectively. The numbers below show the amount of phosphorylated Slt2, normalised with respect to the loading control for each sample

and expressed as fold increase relative to the level in the absence of stress. M corresponds to the lane loaded with the molecular weight

protein marker. Representative blots from two independent experiments are shown. (B) b-Galactosidase activity of cell extracts from the

wild-type strain BY4741 (WT) and the isogenic ssk2D and hog1D strains bearing the pMLP1-lacZ plasmid. Cells were either left untreated

(�) or treated for 4 h with 100 µg�mL�1 of SDS or 30 µg�mL�1 of CR. Data represent the average of b-galactosidase activity of three

independent transformants. Error bars indicate standard deviation and one asterisk a P-value of < 0.05 by two-tailed Student’s t-test. (C)

Western blotting analysis of extracts of BY4741 (WT) and ssk2D cells cultured in YPD at 30 °C and treated with 1 M sorbitol for the

indicated times (min). Dually phosphorylated Slt2 and G6PDH (as a loading control) were detected as above. The numbers below show the

amount of phosphorylated Slt2, normalised as in A. A representative blot from two independent experiments is shown. (D) Pkc1 localisation

upon SDS treatment. Fluorescence microscopy images of BY4741 (WT) and the isogenic ssk2Δ mutant cells, both expressing Pkc1-GFP

from plasmid pVD67, cultured in YPD in basal conditions or treated with 100 µg�mL�1 of SDS for the indicated times. Representative

photographs from three different experiments are shown. Scale bar = 5 µM.
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Discussion

Here, we demonstrated that engineering yeast cells

with synthetic positive feedback loops constitutes an

excellent approach for gaining insight into different

aspects of MAPK signalling, such as identifying novel

components involved in the response to a specific

stress. Since hyperactivation of the CWI pathway leads

to lethality [25], we reasoned that introduction of a

structural gene coding a hyperactive kinase operating

in this pathway under the control of a pathway-
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Fig. 6. Constitutive activation of the Ssk2

branch of the HOG pathway leads to CWI

pathway activation. (A) Western blotting

analysis of extracts of BY4741 (WT) and the

isogenic rom1D, rom2D, tus1D, bck1D,

pbs2D and hog1D strains expressing the

constitutively active Ssk2DN version (+)

(pRS413-pGAL1-SSK2DN) or not (�)

(pCW194). Cells were cultured in SG His–

at 30 °C for 4 h. Dually phosphorylated Slt2

and G6PDH (as a loading control) were

detected with anti-phospho-p44/42 and anti-

G6PDH antibodies, respectively. (B) Ten-fold

serial dilutions of BY4741 (WT), bck1D,

pbs2D and hog1D expressing Ssk2DN (+)

(pRS413-pGAL1-SSK2DN) or not (�)

(pCW194) spotted onto SG His– pH 6.5

plates without stress and incubated at

30 °C for 72 h (left panel). Ten-fold serial

dilutions of hog1D cells expressing Ssk2DN

(+) (pRS413-pGAL1-SSK2DN) or not (�)

(pCW194) and the IPAC (+) (YCplac111-

IPAC) or not (�) (YCplac111), spotted onto

SG His– Leu– pH 6.5 plates in the absence

(no stress) or presence of 5 µg�mL�1 of CR,

and incubated at 30 °C for 72 h (right

panel). (C) Western blotting analysis of

extracts of hog1D cells bearing HOG1-GFP

(pRS416-HOG1-GFP), a nonphosphorylatable

version (pRS416-HOG1TAYA-GFP) and a

kinase-dead version (pRS416-HOG1KM-GFP)

in combination with SSK2DN (+) (pRS413-

pGAL1-SSK2DN) or vector pCW194 (�).

Cells were cultured in SG Ura– His– at

30 °C for 4 h. Phosphorylated Hog1, GFP-

fused Hog1, dually phosphorylated Slt2 and

G6PDH (as a loading control) were detected

with anti-phospho-p38, anti-GFP, anti-

phospho-p44/42 and anti-G6PDH antibodies,

respectively. (D) Ten-fold serial dilutions of

BY4741 (WT), ssk2D, bck1D and hog1D

cells bearing pEG(KG)-PBS2EE or pEG(KG)

(�) and YCplac111-IPAC (+) or YCplac111

(�). Cell suspensions were spotted onto SG

Ura– Leu– pH 6.5 plates and incubated at

30 °C for 72 h.
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Fig. 8. The MAPKKs and MAPKs of the HOG and CWI pathways physically interact, forming a complex. The strains BY4741 SLT2-6MYC (A)

and BY4741 MKK1-6MYC (B) were transformed with the plasmid pEG(KG)-PBS2EE expressing GST-fused Pbs2EE, or pEG(KG) expressing GST

alone under control of the GAL1 promoter; and the strain BY4741 (C) was transformed with plasmids expressing Slt2 (pEG(KG)-SLT2), Mkk1

(pEG(KG)-MKK1) or Pbs2EE (pEG(KG)-PBS2EE) fused to GST under control of the GAL1 promoter. Transformants were grown in SG Ura– at

30 °C for 6 h, and cell extracts (input) were incubated with glutathione-Sepharose beads to purify GST complexes (pull-down). Slt2-myc (A),

Mkk1-myc (B), endogenous Hog1 and Slt2 (C) and GST or the indicated GST-fused proteins (A–C) were detected with anti-myc, anti-Hog1 anti-

Slt2 and anti-GST antibodies, respectively. Representative blots from two (A, B) and three (C) different experiments are shown.

Fig. 7. Hog1 is not imported to the nucleus in response to SDS. (A) b-Galactosidase activity of cell extracts from the BY4742 (WT) and the

isogenic APY276 (nmd5D) mutant strain, both bearing the pMLP1-lacZ vector. Cells were either left untreated (�) or treated for 4 h with

100 µg�mL�1 of SDS or 30 µg�mL�1 of CR. Data represent the average of b-galactosidase activity of three independent transformants. Error

bars indicate standard deviation. (B) Ten-fold serial dilutions of BY4742 (WT) and the isogenic APY276 (nmd5D) mutant cells bearing the

IPAC (+) (pHR70-IPAC) or not (�) (pHR70). Cell suspensions were spotted onto SD Ura– pH 6.5 plates in the absence (no stress) or

presence of 0.8 M NaCl, 10 µg�mL�1 of CR and 100 µg�mL�1 of SDS, and incubated at 30 °C for 48 h. A representative assay is shown

from two different experiments with distinct transformants. (C) Western blotting analysis of extracts of PW245 (WT) and the isogenic

PW349 (nmd5D) mutant cells cultured in YPD at 30 °C for 2 h and treated with 100 µg�ml�1 of SDS for the indicated times (h) or

30 µg�mL�1 of CR for 4 h. Dually phosphorylated Slt2 and G6PDH (as a loading control) were detected with anti-phospho-p44/42 and anti-

G6PDH antibodies, respectively. The numbers below show the amount of phosphorylated Slt2 normalised with respect to the loading

control for each sample and expressed as fold increase relative to either the WT or nmd5D level in the absence of stress. A representative

blot from two independent experiments is shown. (D) Fluorescence and DIC (differential interference contrast) microscopy of PW245 cells

expressing Hog1-GFP, cultivated in YPD (basal) and treated with 0.9 M NaCl or 100 µg�mL�1 of SDS for the indicated times. Representative

photographs from three independent experiments are shown. Scale bar = 5 µM.
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induced promoter would create a positive feedback cir-

cuit that, when triggered, would ultimately lead to

growth inhibition. This was the case, as exposure of

cells carrying the so-called IPAC to very low concen-

trations of a cell wall-altering agent, such as Congo

red, inhibited yeast growth. This phenotype clearly

relies on the integrity of the loop, since the lack of

Rlm1 abolishes the IPAC-induced growth inhibition.

The effect on growth was concomitant with high Slt2

phosphorylation levels and Mlp1 transcriptional induc-

tion, which indicates that the IPAC strongly increases

the level of signalling and confers cell wall stress

hypersensitivity. Results obtained from both readouts

indicate that a sustained increase of threefold or four-

fold over the wild-type CWI response is enough to

confer lethality. We also found that a very transient

stress, such as that provoked by hypotonic shock,

sparked the positive feedback loop in a very fast man-

ner, but also decayed rapidly in both wild-type and

IPAC-containing cells, suggesting that this circuit does

not promote bistability [33].

It is important to stress the potential power of the

IPAC for drug discovery: on the one hand, as a highly

sensitive testbed for finding novel antifungal molecules

that alter the cell wall; on the other hand, to screen

for MAPK signalling inhibitors based on their ability

to prevent death in IPAC-containing cells subjected to

CWI pathway stimulation. Besides potential applica-

tions as antiproliferative drugs in humans, such

MAPK inhibitors could be used as synergistic antifun-

gal drugs with known cell wall-targeted compounds,

due to their ability to hinder the CWI pathway com-

pensatory mechanism.

The IPAC is also a powerful tool for identifying

subtle modulators of signalling, the deficiency of which

does not promote a sensitivity phenotype and, there-

fore, is difficult to identify in phenotypic screenings.

Exploiting the IPAC, we have found several genes,

such as the two histone deacetylases Hos2 and Snt1 of

the Set3 complex (Set3C) [34] that, when mutated,

allowed IPAC-bearing cells to grow under cell surface

stress. Set3C is important in regulating gene induction

after changes in carbon sources [35], nitrogen starva-

tion [34] and DNA damage [36]. Furthermore, this

complex was found to signal secretory stress through

the CWI pathway, as HOS2 or SNT1 deletion abro-

gated Slt2 phosphorylation in response to tunicamycin

and provoked sensitivity to tunicamycin or 1,4-DTT

[37]. Although hos1 and snt1 mutants do not show

sensitivity to compounds such as SDS, zymolyase and

Congo red, our results suggest the involvement of this

complex in the response of the CWI pathway to

plasma membrane and cell wall stress and suggest that

the role of this complex within the CWI pathway mer-

its further research.

The necessity of Pfk26 for full signalling through

the CWI pathway is another interesting point to stress.

Pfk26 is one of the two isoforms of 6-phosphofructo-

2-kinase, responsible for the synthesis of fructose-2,

6-bisphosphate, a strong allosteric regulator of the

glycolytic enzyme phosphofructokinase. Remarkably,

the main target of phosphorylation among the enzymes

regulating the yeast carbon metabolism is Pfk26, which

can be considered as a phosphorylation hub [38]. In

fact, Pkc1 phosphorylates Pfk26, causing its inactiva-

tion [39]. The consequent reduction of glycolysis has

been proposed to lead to an accumulation of glucose-6-

phosphate for the synthesis of glucan, as part of the

cellular response to stress [38]. Moreover, nonallosteric

phosphofructokinase mutants, that is insensitive to

fructose-2,6-bisphosphate activation, were affected in

sensitivity towards caffeine and Congo red [40]. Our

results reinforce the idea that strong connections

between the central carbon metabolism and cell wall

regulation exist, as indicated by the CWI defects

observed in mutants lacking the SNF1 complex [41].

Other mutants identified in the IPAC-based screen-

ing were the mitochondrial translocator Flx1, which

catalyses the movement of the redox cofactor FAD

across the mitochondrial membrane [42], and Tim18,

an integral component of the translocase of the mito-

chondrial inner membrane complex TIM22 [43,44].

These results suggest the important role of mitochon-

drial function for signalling through this route. Inter-

estingly, Srv2 also appeared as a protein important for

full signalling through the pathway. Recently, Srv2

was shown to modulate yeast mitochondrial morphol-

ogy and respiration by regulating actin assembly [45].

All this evidence suggests the relationship between

mitochondrial activity and the CWI pathway and is

Fig. 9. Bck1, Mkk1/Mkk2, Slt2, Ssk2 and Pbs2 are not necessary for the physical interaction between components of the HOG and CWI

pathways. BY4741 (WT) and the isogenic bck1D, mkk1Dmkk2D, slt2D, ssk2D and pbs2D mutant strains were transformed with plasmids

expressing Mkk1 (pEG(KG)-MKK1), Slt2 (pEG(KG)-SLT2) or Pbs2EE (pEG(KG)-PBS2EE) fused to GST under control of the GAL1 promoter.

Transformants were grown in SG Ura– at 30 °C for 6 h, and cell extracts (input) were incubated with glutathione-Sepharose beads to purify

GST complexes (pull-down). Hog1 and GST-fused proteins were detected with anti-Hog1 and anti-GST antibodies, respectively.

Representative blots from two experiments are shown.
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consistent with the reported regulation of mitochon-

drial fission by this pathway through cyclin C [46].

Among the signalling proteins identified using the

IPAC tool, Ssk2 is of special interest. Although the

ssk2Δ mutant is not SDS-sensitive, the hypersensitivity

of this circuit for monitoring signalling has unveiled

the role of Ssk2 as an input for the CWI MAPK in

response to SDS. Some reports indicate that Hog1

may be activated by an alternative mechanism to the

known sensors of the Sho1 and Sln1 branches, and

that Ssk2 could be activated by an alternative route as

an additional input for Hog1 phosphorylation under

severe hyperosmotic stress [47,48]. However, phospho-

rylation of this MAPK in the absence of the known

sensors of both branches fails to induce a protective

response due to a diminished transcription activity of

hyperosmolarity-responsive genes and defects in cell

cycle regulation [49]. It is therefore tempting to specu-

late that one of the main roles of this alternative path-

way could be to feed the CWI pathway.

Ssk2 binds actin and seems to sense disassembly of

the actin cytoskeleton after osmotic stress [50]. Since

the function of Ssk2 affects actin and MAPK sig-

nalling, Ssk2 makes an excellent candidate for coordi-

nating these two cellular processes. The existence of

proteins acting as actin sensors has been documented:

for example, the mammalian transcription factors SRF

and MRTF, which are maintained in an inactive con-

formation in the cytoplasm at high concentrations of

G-actin [51]. If Ssk2 senses actin disorganisation, it

would signal to Slt2 via Pbs2-Hog1 in response to

other stimuli that promote actin cytoskeleton depolari-

sation, such as Congo red. This is indeed the case, as

ssk2Δ or hog1Δ mutants show a reduced signalling

through the CWI pathway in response to Congo red.

However, the Congo red-induced signalling is able to

trigger IPAC-induced lethality, even in ssk2Δ mutants,

indicating that the putative sensing of actin by Ssk2 is

not the only input for Slt2 activation in such condi-

tions. In contrast, most of the signalling flows through

the Ssk2-Hog1-Slt2 alternative pathway in the case of

SDS. In agreement with this, the response to SDS is

Rom2-independent, whereas Rom2-mediated CWI

canonical pathway mostly conveys the signalling

induced by Congo red.

Our results indicate that the Ssk2-mediated sig-

nalling unveiled herein acts in addition to its role in

repairing the actin cytoskeleton. Amberg’s group

showed that Ssk2 works in the actin recovery pathway

independently of the HOG pathway, but it requires

Bni1, Pea2 or Bud6 [17]. However, the Ssk2-induced

CWI activation pathway is mediated by the Pbs2-

Hog1 module and does not require any of these

proteins (data not shown). An attractive possibility is

that Ssk2 is activated by actin depolarisation and par-

ticipates in actin repolarisation, but also in signalling

to Pbs2-Hog1, which ultimately will lead to CWI acti-

vation. Interestingly, actin binding stimulates the relo-

calisation of Ssk2 from the cytoplasm to the mother

bud neck [50]. Furthermore, inactive Pbs2 localises at

the mother bud neck during osmostress [52], and key

components of the CWI pathway such as Pkc1, Slt2

and the sensors Wsc1 and Wsc2 also display a

polarised localisation at the cytokinetic bud neck

[53,54]. Therefore, it is tempting to speculate that Ssk2

relocalisation to the bud neck following SDS stress

would allow activated Hog1 to impinge on the CWI

pathway. This is supported by our finding of physical

interactions among the components of the CWI and

HOG MAPK modules. Formation of protein com-

plexes composed of these components would also

explain some of the crosstalks observed between these

two pathways [12,13].

In summary, we demonstrate the feasibility of gener-

ating powerful tools for a better understanding of sig-

nalling pathways by expressing synthetic positive

feedback loops that result in growth inhibition.

Materials and methods

Yeast strains and culture conditions

Unless otherwise stated, the yeast strains used in this work

were S. cerevisiae BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0
ura3Δ0) and the isogenic kanMX4 deletion mutants. These

mutants, including those used for the screening (Table S1),

were from Euroscarf. Wild-type BY4742 (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0) and its isogenic nmd5D::HIS3mutant

strain APY276 [55], PW245 strain (HOG1-GFP-TRP1) and

the isogenic PW349 (HOG1-GFP-TRP1 nmd5::URA3) [56],

YMF3 (BY4741 SLT2-6MYC) [57] and YMJ21 (BY4741

MKK1-6MYC) [58] have been previously described.

Yeast cultures were performed in yeast extract–bacto-
peptone–dextrose (YPD, 1% yeast extract, 2% peptone,

2% dextrose), selective synthetic dextrose media (SD,

0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2%

dextrose, supplemented with the required amino acids),

selective synthetic galactose media (SG, the same as SD but

with galactose instead of dextrose) or selective synthetic

raffinose media (SR, the same as SD but with raffinose

instead of dextrose), either broth or agar.

DNA manipulation and plasmids

General DNA methods were performed using standard

techniques.
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To obtain plasmid YCplac111-IPAC, the restriction sites

PspOM1 and BamH1 were first introduced by PCR into the

LEU2-based centromeric plasmid YCplac111 [59] by cloning

the EcoR1-HindIII DNA fragment amplified by PCR with

primers EcoR1-PspOM1 (50-GGGAATTCGGGCCCAT

GCCGTTTACATTTCAGATC-30) and BamH1-HindIII (50-
CGGATCCCTAAAGCTTCCCGTTATTATTATAATTAA

ACATC-30) using the plasmid pGEX-KG-SteC as template

[60]. Then, the IPAC cassette, previously constructed by suc-

cessive cloning of the MLP1 promoter, PCR-amplified from

genomic DNA with oligonucleotides 50-CCCCGGGGCCAC

AACAAGAACGTGGGCGATAC-30 (PspOMI) and 50-CCC
CCTCGAGCATTTAATTGTGAATCTTTCTTCG-30 (XhoI),
the MKK1S386P coding sequence, PCR-amplified with oligonu-

cleotides 50-CCCGTCGACTCGAGATGGCTTCACTGTTCA

GACC-30 (XhoI) and 50-CCCGTCGACTTAATCTTTCCA
GCACTTCC-30 (SalI) using plasmid as pNV7-MKK1P386 [25]

as template, and the ADH1 terminator, PCR-amplified with

oligonucleotides 50-CCCCGGATCCGTCGACCCTGAGTA

ATAAGCG-30 (SalI) and 50-CCCCCGGATCCCGGTGG

TGGTCAATAAG-30 (BamH1) from genomic DNA, was sub-

cloned into PspOMI and BamH1 sites of YCplac111. pHR70-

IPAC was obtained by cloning the EcoR1-BamH1 containing

the genetic circuit from YCplac111-IPAC into the URA3-based

centromeric plasmid PHR70 [19].

pEG(KG)-PBS2EE was constructed by overlapping PCR

amplifying the PBS2 gene with oligonucleotides 50-CCCGT

CGACTCGAGATGGAAGACAAGTTTGC-30 (SalI) and

50-CCC GTCGACCTATAAACCACCCATATG-30 (SalI)

and the mutagenic primers 50-CTGGTAATTTGGTGGCAG

AATTAGCGAAGGAAAATATTGGTTGTCAGTC-30 and

50-GACTGACAACCAATATTTTCCTTCGCTAATTCTGC

CACCAAATTACCAG-30. These primers led to the replace-

ment of amino acids Ser514 and Thr518 of Pbs2 by Glu [31].

Thus, this PBS2EE allele contained substitution mutations that

were similar to the changes to Asp previously described that

mimic the activating phosphorylation events and activate

Pbs2p without the involvement of upstream elements (Ssk2p,

Ssk22p and Sho1p) [31].

Plasmids pRS416-HOG1-GFP, pRS416-HOG1TAYA-GFP

and pRS416-HOG1KM-GFP [10], pEG(KG), pEG(KG)-

SLT2, pEG(KG)-MKK1 [61], pMLP1-lacZ [62], pCW194

and pRS413-pGAL1-ssk2DN [32] and pVD67 [30] have

been described previously.

Halo sensitivity assay

Yeast cells were cultured overnight at 30 °C in SD Leu–
pH 6.5 liquid medium. A volume of 100 µL of this satu-

rated culture was resuspended in 4 mL of SD Leu– pH 6.5

with 0.7% agar and poured onto SD Leu– pH 6.5 plates.

Sterile 6-mm-diameter paper discs were impregnated with

20 lL of the indicated solution and placed over the top-

layer agar. Plates were incubated at 30 °C for 48 h, and

the generated inhibition halos were photographed.

Multiwell plate sensitivity assay

Yeast cells from an overnight culture were diluted to a final

optical density (OD)595 of 0.01 and cultured at 30 �C in

multiwell plates containing YPD with serial dilutions of

zymolyase at the indicated concentrations. Growth was

determined as OD595 after 12.5 h of incubation using

a Bio-Rad 680 microplate reader (Bio-Rad, Hercules, CA,

USA).

Hyperosmotic shock

Yeast cells were cultured overnight at 30 °C in YPD and

then transferred to the same fresh medium for a final

OD595 of 0.3, cultured for an additional 2 h, collected by

centrifugation and then resuspended in YPD containing

1 M sorbitol.

Hypotonic shock

Yeast cells were cultured overnight at 24 °C in YPD con-

taining 1 M sorbitol and then transferred to the same fresh

medium for a final OD595 of 0.3, cultured for an additional

3 h, collected by centrifugation and then resuspended in

YPD.

Yeast drop dilution growth assays

Growth assays on solid media were performed by culturing

cells in YPD or selective SD medium to an OD595 of 0.5

and spotting samples (5 lL) of 10-fold dilutions of the cell

suspensions onto the surface of plates followed by incuba-

tion at 30 °C for 48–72 h.

Genetic screening on a subcollection of mutant

strains of S. cerevisiae

A subcollection of mutants (Table S1) was distributed in

96-well plates and transformed with the plasmid

YCplac111-IPAC. The plates were incubated at 30 °C for

72 h until the appearance of sediment in the well, corre-

sponding to transformed yeasts. Five microlitres of these

cultures was diluted into new multiwell plates containing

200 µL of SD medium lacking leucine to inoculate plates

of solid SD medium lacking leucine and containing Congo

red (10 µg�mL�1), zymolyase 100 T (150 µg�mL�1) or SDS

(0.01%) with a pin replicator. Plates were incubated for

48 h at 30 �C. After incubation, those mutants capable of

suppressing the growth inhibition phenotype caused by the

IPAC were obtained again from the collection stock and

transformed with the plasmid pHR70-IPAC. Their ability

to grow on SD plates without uracil in the absence or pres-

ence of the same compounds and concentrations at 30 �C
for 48 h was confirmed by drop growth assays.
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Preparation of yeast extracts and

immunoblotting analysis

The procedures used for obtaining yeast extracts, fraction-

ation by SDS/PAGE and transfer to nitrocellulose mem-

branes have been described previously [19]. Mouse

monoclonal anti-Slt2 (Santa Cruz Biotechnology; Dallas,

TX, USA), rabbit polyclonal anti-Hog1 (Santa Cruz

Biotechnology), rabbit monoclonal anti-phospho-p44/42

(Thr202/Tyr204) antibody (Cell Signaling, Danvers, MA,

USA), rabbit monoclonal anti-phospho-p38 (Cell Signal-

ing), mouse monoclonal anti-GFP (Clontech, Kyoto;

Japan), mouse monoclonal anti-myc (Millipore, Burling-

ton, MA, USA), rabbit polyclonal anti-GST (Santa Cruz

Biotechnology) and rabbit polyclonal anti-G6PDH (Sigma,

St. Louis, MO, USA) were used to recognise Slt2, Hog1,

dually phosphorylated Slt2, dually phosphorylated Hog1,

GFP, myc, GST and G6PDH as a loading control, respec-

tively. The primary antibodies were detected using a fluo-

rescently conjugated secondary antibody with an Odyssey

Infrared Imaging System (LI-COR Biosciences, Lincoln,

NE, USA).

Copurification experiments

Yeast cells expressing GAL1-driven GST-fused proteins

(Slt2, Mkk1, Pbs2EE and Hog1) were cultured overnight at

30 °C in selective synthetic SR medium lacking uracil,

refreshed in selective synthetic SG medium lacking uracil at

OD595 = 0.3 and cultured at 30 °C for an additional 6 h.

Cells were collected on ice, pelleted and resuspended in

cold lysis buffer [50 mM Tris/HCl (pH 7.5), 5 mM EDTA

(pH 8), 150 mM NaCl, 50 mM NaF, 5 mM sodium

pyrophosphate, 10% glycerol, 0.1% NP-40, 50 mM b-glyc-
erol phosphate, 1 mM sodium orthovanadate] supplemented

with 1 mM phenylmethylsulfonyl fluoride (PMSF) and pro-

tease inhibitor mixture (Thermo Scientific, Waltham, MA,

USA). Cells were glass-bead-lysed and whole extracts clari-

fied and incubated with glutathione-Sepharose beads (GE

Healthcare, Chicago, IL, USA) overnight at 4 �C. Beads

were extensively washed with lysis buffer lacking PMSF

and protease inhibitor mixture. 29 SDS loading buffer was

added; proteins were boiled for 5 min and analysed by

SDS/PAGE and immunoblotting.

b-Galactosidase activity assays

b-Galactosidase activity was determined as described previ-

ously [62]. In brief, extracts were obtained by breaking cells

with glass beads. b-Galactosidase activity was spectropho-

tometrically determined at 415 nm by using o-nitrophenyl-

b-D-galactopyranoside as substrate and expressed as nmoles

of o-nitrophenol�min�1�mg�1 of total protein, as quantified

by Bradford assay.

Microscopy techniques

For GFP in vivo fluorescence microscopy, cells were cultured

in SD or YPD overnight at 24 �C. They were refreshed to an

OD595 = 0.3 with YPD and incubated for 1.5 h in a shaker

at 24 �C. Then, 0.9 M NaCl or SDS 0.01% was added to the

cultures and samples were taken at different time points and

analysed by fluorescence microscopy.

Cells were visualised in an Eclipse TE2000U microscope

(Nikon, Tokyo, Japan) using the appropriate sets of filters.

Digital images were acquired with Orca C4742-95-12ER

charge-coupled device camera (Hamamatsu, Shizuoka, Japan)

and processed with the HCIMAGE software (Hamamatsu).
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