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Abstract

In the fission yeast Schizosaccharomyces pombe the cell integrity pathway (CIP) orchestrates multiple biological processes
like cell wall maintenance and ionic homeostasis by fine tuning activation of MAPK Pmk1 in response to various
environmental conditions. The small GTPase Rho2 positively regulates the CIP through protein kinase C ortholog Pck2.
However, Pmk1 retains some function in mutants lacking either Rho2 or Pck2, suggesting the existence of additional
upstream regulatory elements to modulate its activity depending on the nature of the environmental stimulus. The
essential GTPase Rho1 is a candidate to control the activity of the CIP by acting upstream of Pck2, whereas Pck1, a second
PKC ortholog, appears to negatively regulate Pmk1 activity. However, the exact regulatory nature of these two proteins
within the CIP has remained elusive. By exhaustive characterization of strains expressing a hypomorphic Rho1 allele (rhoT-
596) in different genetic backgrounds we show that both Rho1 and Pck1 are positive upstream regulatory members of the
CIP in addition to Rho2 and Pck2. In this new model Rho1 and Rho2 control Pmk1 basal activity during vegetative growth
mainly through Pck2. Notably, whereas Rho2-Pck2 elicit Pmk1 activation in response to most environmental stimuli, Rho1
drives Pmk1 activation through either Pck2 or Pck1 exclusively in response to cell wall damage. Our study reveals the
intricate and complex functional architecture of the upstream elements participating in this signaling pathway as compared
to similar routes from other simple eukaryotic organisms.
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Introduction module is required for cell adaptation and survival under such
conditions.

e ! ' Previous work demonstrated that Rho2 GTPase, one of the six
signaling pathways are essential to understand how eukaryotic cells Rho GTPases found in S. pombe proteome (Rhol to Rho3, and
are able to adapt and survive against suboptimal environmental i

conditions. The rod-shaped, fission yeast Schizosaccharomyces pombe is
an excellent model organism to study mechanisms and cellular
events linked to MAPK activation, given the significant functional
homology between their regulatory circuits and those of higher
cells [1,2]. The cell integrity pathway (CIP), one of the three
MAPK pathways present in fission yeast, regulates multiple
processes like cell wall construction and maintenance during
stress, vacuole fusion, cytokinesis, morphogenesis, and 1ionic
homeostasis through its central element, MAPK Pmkl [3-8].
Pmkl is ortholog to human ERK1/2 and associates é vivo with
MAPKKK Mkhland MAPKK Pekl to form a ternary complex
[9-12], becoming activated in response to multiple adverse
conditions such as hyper- and hypo-osmotic stress, glucose
withdrawal, cell wall damage, and oxidative stress induced by
hydroperoxides or pro-oxidants [12]. Importantly, S. pombe
mutants lacking Mkh1, Pekl, or Pmkl display strong sensitivity
to the above stresses [12], indicating that a functional MAPK

Studies on molecular clues involved in the regulation MAPK

Cdc42) which controls cell polarity and cell wall biosynthesis, is a
positive regulator operating upstream of the CIP [13,14]. Rho2-
dependent regulation of Pmkl activity is mediated through Pck2,
one of the two orthologs of protein kinase C (PKC) present in this
organism [13,14]. On the contrary, Pckl, the second PKC
ortholog, appears to negatively regulate the activity of the CIP by
an unknown mechanism, since Pckl-less mutants display a
moderate increase in basal Pmkl phosphorylation [14]. Notably,
simultaneous deletion of Pckl and Pck2 is lethal, suggesting that
both kinases share a functional role that is essential during fission
yeast growth [15]. Importantly, we demonstrated that Pmkl can
still be activated in the absence of either Rho2 or Pck2, supporting
the existence of a complex scenario where several routes involving
various (known and unknown) elements regulate Pmk1 activation
depending on the nature of the activating stimulus [14]. This
model is in striking contrast to the situation in budding yeast
Saccharomyces cerevisiae, where RHO1 GTPase and PKC1 (ortholog

PLOS ONE | www.plosone.org 1 January 2014 | Volume 9 | Issue 1 | 88020



Acknowledgments

We thank F. Garro for technical assistance. L.S.-M. and M.M. are
predoctoral (Formacion de Personal Investigador) and postdoctoral (Juan
de la Cierva Program) researchers, respectively, from Ministerio de
Economia y Competitividad, Spain.

References

1.

2.

Wood V, Gwilliam R, Rajandream MA, Lyne M, Lyne R, et al. (2002) The
genome sequence of Schizosaccharomyces pombe. Nature 415: 871-880.

Gacto M, Soto T, Vicente-Soler J, Villa TG, Cansado J (2003) Learning from
yeasts: intracellular sensing of stress conditions. Int Microbiol 6: 211-219.

. Toda T, Dhut S, Superti-Furga G, Gotoh Y, Nishida E, et al. (1996) The fission

yeast pmkl+ gene encodes a novel mitogen-activated protein kinase homolog
which regulates cell integrity and functions coordinately with the protein kinase
C pathway. Mol Cell Biol 6: 6752-6764.

. Zaitsevskaya-Carter T, Cooper JA (1997) Spml, a stress-activated MAP kinase

that regulates morphogenesis in S. pombe. EMBO J 16: 1318-1331.

. Bone N, Millar JBA, Toda T, Armstrong J (1998) Regulated vacuole fusion and

fission in Schizosaccharomyces pombe: an osmotic response dependent on MAP
kinases. Curr Biol 8: 135-144.

. Madrid M, Nuinez A, Soto T, Vicente-Soler J, Gacto M, et al. (2007) Stress-

activated protein kinase-mediated down-regulation of the cell integrity pathway
mitogen-activated protein kinase Pmklp by protein phosphatases. Mol Biol Cell
18: 4405-4419.

Soto T, Villar-Tajadura MA, Madrid M, Vicente J, Gacto M, et al. (2010) Rga4
modulates the activity of the fission yeast cell integrity MAPK pathway by acting
as a Rho2 GTPase-activating protein. J Biol Chem 285: 11516-11525.

. Pérez P, Cansado J (2010) Cell integrity signaling and response to stress in fission

yeast. Curr Protein Pept Sci 11: 680-692.

Sengar AS, Markley NA, Marini NJ, Young D (1997) Mkhl, a MEK kinase
required for cell wall integrity and proper response to osmotic and temperature
stress in Schizosaccharomyces pombe. Mol Cell Biol 17: 3508-3519.

Sugiura R, Toda T, Dhut S, Shuntoh H, Kuno T (1999) The MAPK kinase
Pekl acts as a phosphorylation-dependent molecular switch. Nature 399: 479—
483.

. Loewith R, Hubberstey A, Young D (2000) Skh1, the MEK component of the

mkhl signaling pathway in Schizosaccharomyces pombe. J Cell Sci 113: 153-160.

. Madrid M, Soto T, Khong HK, Franco A, Vicente J, et al. (2006) Stress-induced

response, localization, and regulation of the Pmkl cell integrity pathway in

Schizosaccharomyces pombe. ] Biol Chem 281: 2033-2043.

. MaY, Kuno T, Kita A, Asayama Y, Sugiura R (2006) Rho2 is a target of the

farnesyltransferase Cppl and acts upstream of Pmk] mitogen-activated protein
kinase signaling in fission yeast. Mol Biol Cell 17: 5028-5037.

. Barba G, Soto T, Madrid M, Nuiiez A, Vicente J, et al. (2008) Activation of the

cell integrity pathway is channelled through diverse signalling elements in fission

yeast. Cell Signal 20: 748-757.

. Arellano M, Valdivieso MH, Calonge TM, Coll PM, Duran A, et al. (1999)

Schizosaccharomyces pombe protein kinase C homologues, pcklp and pck2p, are
targets of rholp and rho2p and differentially regulate cell integrity. J Cell Sci
112: 3569-3578.

. Levin DE (2005) Cell wall integrity signaling in Saccharomyces cerevisiae. Microbiol

Mol Biol Rev 69: 262-291.

PLOS ONE | www.plosone.org

10

Rho1 and Pck1 Activate Pmk1 MAPK in Fission Yeast

Author Contributions

Conceived and designed the experiments: PP JC. Performed the
experiments: LSM TS AF MM RAV JV. Analyzed the data: LSM TS
MG PP JC. Contributed reagents/materials/analysis tools: MG PP JC.
Wrote the paper: JC.

20.

21.

22.

23.

24.

27.

28.

29.

30.

. Hirata D, Nakano K, Fukui M, Takenaka H, Miyakawa T, et al. (1998) Genes

that cause aberrant cell morphology by overexpression in fission yeast: a role of a
small GTP-binding protein Rho2 in cell morphogenesis. J Cell Sci 111: 149
159.

. Arellano M, Duran A, Pérez P (1997) Localisation of the Schizosaccharomyces pombe

rholp GTPase and its involvement in the organisation of the actin cytoskeleton.

J Cell Sci 110: 2547-2555.

. Villar-Tajadura MA, Coll PM, Madrid M, Cansado J, Santos B, et al. (2008)

Rga2 is a Rho2 GAP that regulates morphogenesis and cell integrity in . pombe.
Mol Microbiol 70: 867-881.

Calonge TM, Nakano K, Arellano M, Arai R, Katayama S, et al. (2000)
Schizosaccharomyces  pombe rho2p GTPase regulates cell wall alpha-glucan
biosynthesis through the protein kinase pck2p. Mol Biol Cell 11: 4393-4401.
Garcia P, Tajadura V, Sanchez Y (2009) The Rholp exchange factor Rgflp
signals upstream from the Pmkl mitogen-activated protein kinase pathway in
fission yeast. Mol Biol Cell 20: 721-731.

Viana RA, Pinar M, Soto T, Coll PM, Cansado J, et al. (2013) Negative
functional interaction between cell integrity MAPK pathway and Rhol GTPase
in fission yeast. Genetics 195: 421-32.

Moreno S, Klar A, Nurse P (1991) Molecular genetic analysis of fission yeast
Schizosaccharomyces pombe. Methods Enzymol 194: 795-823.

Soto T, Beltran FF, Paredes V, Madrid M, Millar JB, et al. (2002) Cold induces
stress-activated protein kinase-mediated response in the fission yeast Schizosac-
charomyces pombe. Eur J Biochem 269: 5056-5065.

. Forsburg SL (1993) Comparison of Schizosaccharomyces pombe expression systems.

Nucleic Acids Res 21: 2955-2956.

5. Bahler J, Wu JQ, Longtine MS, Shah NG, McKenzie A 3rd, et al. (1998)

Heterologous modules for efficient and versatile PCR-based gene targeting in
Schizosaccharomyces pombe. Yeast 14: 943-951.

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to Image]: 25
years of image analysis. Nat Methods 9: 671-675.

Sugiura R, Toda T, Shuntoh H, Yanagida M, Kuno T (1998), pmpl+, a
suppressor of calcineurin deficiency, encodes a novel MAP kinase phosphatase in
fission yeast. EMBO J 17: 140-148.

Madrid M, Fernandez-Zapata J, Sanchez-Mir L, Soto T, Franco A, et al. (2013)
Role of the fission yeast cell integrity MAPK pathway in response to glucose
limitation. BMC Microbiol 13: 34.

Cruz S, Muiioz S, Manjén E, Garcia P, Sanchez Y (2013) The fission yeast cell
wall stress sensor-like proteins Mtl2 and Wscl act by turning on the GTPase
Rholp but act independently of the cell wall integrity pathway. Microbiolo-
gyOpen Jul 30. doi: 10.1002/mbo3.113.

. Martin H, Rodriguez-Pachon JM, Ruiz C, Nombela C, Molina M (2000)

Regulatory mechanisms for modulation of signaling through the cell integrity
Slt2-mediated pathway in Saccharomyces cerevisiae. ] Biol Chem 275:1511-1519.

January 2014 | Volume 9 | Issue 1 | e88020





