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The fission yeast small GTPase Rho2 regulates morphogenesis and is an upstream activator of the cell integrity pathway, whose
key element, mitogen-activated protein kinase (MAPK) Pmk1, becomes activated by multiple environmental stimuli and con-
trols several cellular functions. Here we demonstrate that farnesylated Rho2 becomes palmitoylated in vivo at cysteine-196
within its carboxyl end and that this modification allows its specific targeting to the plasma membrane. Unlike that of other
palmitoylated and prenylated GTPases, the Rho2 control of morphogenesis and Pmk1 activity is strictly dependent upon plasma
membrane localization and is not found in other cellular membranes. Indeed, artificial plasma membrane targeting bypassed the
Rho2 need for palmitoylation in order to signal. Detailed functional analysis of Rho2 chimeras fused to the carboxyl end from
the essential GTPase Rho1 showed that GTPase palmitoylation is partially dependent on the prenylation context and confirmed
that Rho2 signaling is independent of Rho GTP dissociation inhibitor (GDI) function. We further demonstrate that Rho2 is an in
vivo substrate for DHHC family acyltransferase Erf2 palmitoyltransferase. Remarkably, Rho3, another Erf2 target, negatively
regulates Pmk1 activity in a Rho2-independent fashion, thus revealing the existence of cross talk whereby both GTPases antago-
nistically modulate the activity of this MAPK cascade.

Protein S-acylation, also named protein palmitoylation, is a
specific protein lipidation involving the thioesterification of

selected cysteine residues within the target protein to the 16-car-
bon fatty acid palmitate (1). A number of proteins are palmitoy-
lated in vivo in eukaryotes, from simple organisms like the yeast
Saccharomyces cerevisiae to animal and human cell lines (2). Re-
search on protein palmitoylation has drawn interest because of its
regulatory and dynamic function and because some palmitoylated
proteins are key players in the signaling mechanisms controlling
cell proliferation, differentiation, and/or response to external
stimuli (3). Prime examples of this control are members of the Ras
and Rho family of small GTPases (4–7), which bind guanine nu-
cleotides (GDP or GTP) and harbor intrinsic GTPase activity to
hydrolyze the bound GTP (8). Guanine nucleotide exchange fac-
tors (GEFs) promote GTPase activation through dissociation and
replacement of GDP by GTP (9). In addition, GTPase downregu-
lation is exerted by GTPase-activating proteins (GAPs), which ac-
tivate intrinsic GTPase activity by enhancing hydrolysis of GTP to
GDP, and by GDP dissociation inhibitors (GDIs), which favor
GTPase seizure to the cytosol in an inactive state (9).

Most Ras and Rho family GTPases undergo sequential lipid
modifications for proper targeting to cellular membranes, which
are essential for their biological activity (6, 10, 11). The first event
of this sequence involves the covalent linkage of either farnesylpy-
rophosphate or geranylgeranylpyrophosphate to a cysteine resi-
due located at a conserved C-terminal tetrapeptide motif known
as the CAAX box (where A indicates an aliphatic residue and X is
usually Ser, Met, Cys, Gln, Leu, or Ile) (2, 3). Then the AAX trip-
eptide is removed from the CAAX box by proteolytic cleavage, and
the free carboxyl group of the isoprenylated cysteine is methylated
by a specific isoprenylcysteine-O-carboxyl methyltransferase (12).
However, in most cases additional motifs are needed to enhance

and stabilize the membrane association of prenylated Ras and Rho
GTPases. One is a cluster of polybasic amino acids located at a
hypervariable region upstream of the CAAX box that favors elec-
trostatic interaction with acidic membrane lipids (2). A second
feature is the presence of one or two cysteine residues that become
palmitoylated in vivo by a group of enzymes known as palmitoyl-
transferases (PTs), which locate to the endoplasmic reticulum and
the Golgi region (3). Protein palmitoylation is a dynamic and
reversible process, thus providing an attractive biological mecha-
nism to compartmentalize both membrane targeting and signal-
ing. Examples of the effects of palmitoylation dynamics on
GTPase membrane sorting and function are the H- and N-Ras
isoforms (6, 10) and Rho family small GTPases RhoB, TC10/
RhoQ, and Rac1 (4, 5, 7).

The fission yeast Schizosaccharomyces pombe, a simple eu-
karyote whose signaling pathways show significant functional ho-
mology with those of higher cells (13), has a single Ras ortholog
(Ras1), which is palmitoylated in vivo by Erf2 palmitoyltransferase
(14, 15, 16). Notably, Ras1 signaling is spatially segregated so that
cellular morphogenesis is regulated by an unpalmitoylated GT-

Received 19 November 2013 Returned for modification 6 December 2013
Accepted 7 May 2014

Published ahead of print 12 May 2014

Address correspondence to José Cansado, jcansado@um.es.

L.S.-M. and A.F. contributed equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/MCB.01515-13.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/MCB.01515-13

July 2014 Volume 34 Number 14 Molecular and Cellular Biology p. 2745–2759 mcb.asm.org 2745

http://dx.doi.org/10.1128/MCB.01515-13
http://dx.doi.org/10.1128/MCB.01515-13
http://dx.doi.org/10.1128/MCB.01515-13
http://mcb.asm.org


of nuclear localization of mitogen-activated protein kinase Pmk1 in fis-
sion yeast. J. Biol. Chem. 287:26038 –26051. http://dx.doi.org/10.1074/jbc
.M112.345611.

43. Arellano M, Coll PM, Yang W, Durán A, Tamanoi F, Pérez P. 1998.
Characterization of the geranylgeranyl transferase type I from Schizosac-
charomyces pombe. Mol. Microbiol. 29:1357–1367. http://dx.doi.org/10
.1046/j.1365-2958.1998.01009.x.

44. Arellano M, Duran A, Perez P. 1997. Localisation of the Schizosaccha-
romyces pombe rho1p GTPase and its involvement in the organisation of
the actin cytoskeleton. J. Cell Sci. 110:2547–2555.

45. Hoffman GR, Nassar N, Cerione RA. 2000. Structure of the Rho family
GTP-binding protein Cdc42 in complex with the multifunctional regula-
tor RhoGDI. Cell 100:345–356. http://dx.doi.org/10.1016/S0092-8674
(00)80670-4.

46. Michaelson D, Silletti J, Murphy G, D’Eustachio P, Rush M, Philips
MR. 2001. Differential localization of Rho GTPases in live cells: regulation
by hypervariable regions and RhoGDI binding. J. Cell Biol. 152:111–126.
http://dx.doi.org/10.1083/jcb.152.1.111.

47. Nakano K, Mutoh T, Arai R, Mabuchi I. 2003. The small GTPase Rho4 is
involved in controlling cell morphology and septation in fission yeast. Genes
Cells 8:357–370. http://dx.doi.org/10.1046/j.1365-2443.2003.00639.x.

48. Mitchell DA, Hamel LD, Ishizuka K, Mitchell G, Schaefer LM, De-
schenes RJ. 2012. The Erf4 subunit of the yeast Ras palmitoyl acyltrans-
ferase is required for stability of the acyl-Erf2 intermediate and palmitoyl
transfer to a Ras2 substrate. J. Biol. Chem. 287:34337–34348. http://dx.doi
.org/10.1074/jbc.M112.379297.

49. Zhang MM, Wu PY, Kelly FD, Nurse P, Hang HC. 2013. Quantitative
control of protein S-palmitoylation regulates meiotic entry in fission
yeast. PLoS Biol. 11:e1001597. http://dx.doi.org/10.1371/journal.pbio
.1001597.

50. Arellano M, Valdivieso MH, Calonge TM, Coll PM, Durán A, Pérez P.
1999. Schizosaccharomyces pombe protein kinase C homologues, Pck1p
and Pck2p, are targets of Rho1p and Rho2p and differentially regulate cell
integrity. J. Cell Sci. 112:3569 –3578.

51. Tatebe H, Nakano K, Maximo R, Shiozaki K. 2008. Pom1 DYRK regu-

lates localization of the Rga4 GAP to ensure bipolar activation of Cdc42 in
fission yeast. Curr. Biol. 18:322–330. http://dx.doi.org/10.1016/j.cub.2008
.02.005.

52. Cansado J, Soto T, Gacto M, Pérez P. 2010. Rga4, a Rho-GAP from
fission yeast: finding specificity within promiscuity. Commun. Integr.
Biol. 3:436 – 439. http://dx.doi.org/10.4161/cib.3.5.12284.

53. del Pozo MA, Alderson NB, Kiosses WB, Chiang HH, Anderson RG,
Schwartz MA. 2004. Integrins regulate Rac targeting by internalization of
membrane domains. Science 303:839 – 842. http://dx.doi.org/10.1126
/science.1092571.

54. Tiedje C, Sakwa I, Just U, Höfken T. 2008. The Rho GDI Rdi1 regulates
Rho GTPases by distinct mechanisms. Mol. Biol. Cell 19:2885–2896. http:
//dx.doi.org/10.1091/mbc.E07-11-1152.

55. Greaves J, Chamberlain LH. 2011. DHHC palmitoyl transferases: sub-
strate interactions and (patho)physiology. Trends Biochem. Sci. 36:245–
253. http://dx.doi.org/10.1016/j.tibs.2011.01.003.

56. Ohno Y, Kashio A, Ogata R, Ishitomi A, Yamazaki Y, Kihara A. 2012.
Analysis of substrate specificity of human DHHC protein acyltransferases
using a yeast expression system. Mol. Biol. Cell 23:4543– 4551. http://dx
.doi.org/10.1091/mbc.E12-05-0336.

57. Roth AF, Wan J, Bailey AO, Sun B, Kuchar JA, Green WN, Phinney BS,
Yates JR, III, Davis NG. 2006. Global analysis of protein palmitoylation
in yeast. Cell 125:1003–1013. http://dx.doi.org/10.1016/j.cell.2006.03.042.

58. Nakano K, Imai J, Arai R, Toh-E A, Matsui Y, Mabuchi I. 2002. The
small GTPase Rho3 and the diaphanous/formin For3 function in polar-
ized cell growth in fission yeast. J. Cell Sci. 115:4629 – 4639. http://dx.doi
.org/10.1242/jcs.00150.

59. Wang H, Tang X, Balasubramanian MK. 2003. Rho3p regulates cell
separation by modulating exocyst function in Schizosaccharomyces pombe.
Genetics 164:1323–1331.

60. Kita A, Li C, Yu Y, Umeda N, Doi A, Yasuda M, Ishiwata S, Taga A,
Horiuchi Y, Sugiura R. 2011. Role of the small GTPase Rho3 in Golgi/
endosome trafficking through functional interaction with adaptin in fis-
sion yeast. PLoS One 6(2):e16842. http://dx.doi.org/10.1371/journal.pone
.0016842.

Role of Palmitoylation in Rho2 Signaling

July 2014 Volume 34 Number 14 mcb.asm.org 2759

http://dx.doi.org/10.1074/jbc.M112.345611
http://dx.doi.org/10.1074/jbc.M112.345611
http://dx.doi.org/10.1046/j.1365-2958.1998.01009.x
http://dx.doi.org/10.1046/j.1365-2958.1998.01009.x
http://dx.doi.org/10.1016/S0092-8674(00)80670-4
http://dx.doi.org/10.1016/S0092-8674(00)80670-4
http://dx.doi.org/10.1083/jcb.152.1.111
http://dx.doi.org/10.1046/j.1365-2443.2003.00639.x
http://dx.doi.org/10.1074/jbc.M112.379297
http://dx.doi.org/10.1074/jbc.M112.379297
http://dx.doi.org/10.1371/journal.pbio.1001597
http://dx.doi.org/10.1371/journal.pbio.1001597
http://dx.doi.org/10.1016/j.cub.2008.02.005
http://dx.doi.org/10.1016/j.cub.2008.02.005
http://dx.doi.org/10.4161/cib.3.5.12284
http://dx.doi.org/10.1126/science.1092571
http://dx.doi.org/10.1126/science.1092571
http://dx.doi.org/10.1091/mbc.E07-11-1152
http://dx.doi.org/10.1091/mbc.E07-11-1152
http://dx.doi.org/10.1016/j.tibs.2011.01.003
http://dx.doi.org/10.1091/mbc.E12-05-0336
http://dx.doi.org/10.1091/mbc.E12-05-0336
http://dx.doi.org/10.1016/j.cell.2006.03.042
http://dx.doi.org/10.1242/jcs.00150
http://dx.doi.org/10.1242/jcs.00150
http://dx.doi.org/10.1371/journal.pone.0016842
http://dx.doi.org/10.1371/journal.pone.0016842
http://mcb.asm.org



