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Regulation by signaling molecules of 
pathways involved in determining 

cell size and shape is fundamental to 
understand morphogenesis. In eukary-
otic cells, Rho GTPases modulate cel-
lular events by acting as molecular 
switches. GTPase Activating Proteins 
(GAPs) control the fine-tuning of Rho 
GTPase activity as downregulators that 
promote their inactive state. We use 
Schizosaccharomyces pombe as a model to 
unveil key mechanisms underlying pro-
cesses of general significance. Rga4, one 
of the nine RhoGAPs present in the fis-
sion yeast, is a key factor in the control 
of cell polarity and morphogenesis by 
negatively regulating the activity of the 
essential Rho GTPase Cdc42. We have 
demonstrated that Rga4 is also a GAP 
for Rho2 GTPase, which acts upstream 
of the Pmk1 cell integrity MAP kinase 
pathway and positively regulates cell 
integrity and cell separation. Our find-
ings suggest that Rga4 control of both 
Cdc42 and Rho2 function is rather inde-
pendent, thus providing a good example 
of regulatory specificity. Additionally, 
we describe multiple GAPs that can 
downregulate Pmk1 activity in a Rho2-
dependent and independent fashion. 
These studies corroborate the existence 
of a sophisticated regulatory network by 
which different RhoGAPs modulate dif-
ferentially the activity of Rho GTPases, 
and the existence of different inputs for 
the Pmk1 cell integrity MAP kinase 
pathway.

The Rho (Ras homologous) GTPases 
form a subgroup within the superfamily 
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of small G proteins which is highly con-
served among eukaryotes. These proteins 
play important cellular roles and are 
involved, among other key functions, in 
the regulation of actin and microtubule 
cytoskeleton, cell polarity, vesicle traffick-
ing, cell cycle and gene expression.1 They 
bind guanine nucleotides (GDP or GTP) 
and harbor intrinsic GTPase activity to 
hydrolyze the bound GTP to GDP and 
inorganic phosphate.2 Considering the 
high number of biological processes regu-
lated by Rho GTPases, it appears evident 
that their activity must be precisely regu-
lated in both time and space. Remarkably, 
although Rho proteins show high affin-
ity for binding either GTP or GDP, their 
intrinsic GTPase activity is low, and the 
exchange of GDP for GTP is rather inef-
ficient.3 The regulation of the activity of 
Rho GTPases includes three classes of 
proteins: Guanine Nucleotide Exchange 
Factors (GEFs), GDP Dissociation 
Inhibitors (GDIs), and GTPase Activating 
Proteins (GAPs)4 (Fig. 1A). GEFs interact 
with GDP-bound GTPases to promote 
their activation through dissociation and 
substitution of GDP by GTP (Fig. 1A). 
GDIs bind Rho GTPases and inhibit both 
their binding to the membrane and their 
interaction with GEFs, thus sequestering 
them in the cytosol and favoring their 
maintenance in an inactive state (Fig. 
1A). GAPs activate intrinsic Rho GTPase 
activity by enhancing hydrolysis of GTP to 
GDT and inducing the GTPase to remain 
inactive (Fig. 1A). The specificity of GAPs 
toward Rho is defined by the presence of 
a Rho GAP domain which comprises a 
conserved ∼150 amino acid sequence able 
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with its flexibility to genetic manipulation 
and the availability of its complete genome 
sequence, converts the rod-shaped yeast 
into a model system of general significance 
and quite suitable to investigate different 
cellular processes such as morphogenesis, 
cell cycle progression and stress-mediated 
responses.7,8

The fission yeast proteome contains six 
Rho GTPases, namely, Rho1 to Rho5 and 
Cdc42.9 Cdc42 is an essential GTPase 
which modulates polarized growth and 
morphogenesis in S. pombe cells.10 In this 
organism Cdc42 plays a critical role in 

multiplicity of the mechanisms involved 
in the GAP-dependent negative regulation 
of Rho activity.

Our team works with the model organ-
ism Schizosaccharomyces pombe, which is 
commonly known as fission yeast. This 
simple eukaryote appears phylogeneti-
cally closer to higher eukaryotes than 
to other yeasts.6 In fact, a great body of 
experimental evidence confirms the exis-
tence of significant functional homol-
ogy among the intracellular signaling 
pathways of S. pombe and those present 
in higher cells. Such homology, together 

to interact with Rho to downregulate its 
GTPase activity.5

In all eukaryotic organisms the number 
of Rho GAPs exceeds that of Rho GTPases. 
For example, the human genome encodes 
approximately 70 GAPs which negatively 
regulate about 20 Rho GTPases.4 A con-
sequence of this overabundance of Rho 
GAPs is that they are “promiscuous”, so 
that a given GAP downregulates more 
than one GTPase. However, the contrary 
also applies, and a single Rho GTPase 
can be regulated by several GAPs. This 
situation highlights the complexity and 

Figure 1. (A) Three classes of proteins, Guanine Nucleotide Exchange Factors (GEFs), GDP Dissociation Inhibitors (GDIs), and GTPase Activating Proteins 
(GAPs) are responsible for the cyclic regulation of Rho GTPase activity. (B) A model showing the known GEFs and GAPs involved in the regulation of 
Cdc42 and Rho2 GTPases in fission yeast. No specific GEFs for Rho2 have been identified yet. Rga4 is the only known GAP for Cdc42, whereas Rga2, 
Rga4, Rga7 and probably, Rga8 are Rho2 GAPs. Pom1 kinase might provide a role in determining Rga4 specific signalling through Cdc42. The formin 
For3 is a direct target of Cdc42 in the regulation of cell polarity, whereas Rho2 functions upstream protein kinase C to activate Pmk1 MAPK, which is 
the core element of the cell integrity pathway regulating ion homeostasis, cell integrity and separation. (C) Distinct features were scored (“+++”, very 
strong; “++”, strong; “+”, weak; “-”, not detected) in wild type cells and in fission yeast mutants lacking Rga4 (rga4∆), Pmk1 (pmk1∆) and both Rga4 and 
Pmk1 (rga4∆ pmk1∆) after observation by differential interference contrast (DIC) microscopy and photographed. Cell width, cell wall defects, and a 
defective cell separation were exacerbated by simultaneous deletion of Rga4 and Pmk1 as compared to single mutants, supporting the regulatory 
model proposed in (B). (D) Rga8 GAP is a negative regulator of Pmk1 phosphorylation. Cells from wild type and a mutant strain lacking Rga8 (rga8∆) 
and carrying a HA6H-tagged chromosomal version of the pmk1+ gene were grown to mid-log phase and Pmk1-HA6H was purified by affinity chroma-
tography. Activated Pmk1 was detected by immunoblotting with anti-(phosho-p44/42) antibody and total Pmk1 was detected with anti-HA antibody 
as loading control.
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of different RhoGAPs in eukaryotes.4 In 
this context, Rga4 is a phosphoprotein, 
and its phosphorylation state is affected by 
Pom1, a protein kinase from the DYRK-
family.23 Moreover, Pom1 is essential for 
proper localization of Rga4 to ensure 
bipolar localization of GTP-bound, active 
Cdc42.23 However, we have found that 
Pom1 modulates Pmk1 activity in a Rga4-
independent fashion.22 Hence, an attrac-
tive possibility to explain the specificity of 
action within the apparent promiscuity of 
Rga4 would be that in fission yeast two 
subsets of Rga4 independently regulate 
the activity of Cdc42 (Pom1-dependent) 
and Rho2 (Pom1-independent) GTPases. 
Additionally, differential subcelular local-
ization of Rga4 (plasma membrane, endo-
somes,…) might be important to specify 
its target GTPase.

Our results indicate that the regulation 
of Pmk1 MAPK pathway by Rho GAPs is 
even more complicated since besides Rga2 
and Rga4, another GAP, Rga7, negatively 
regulates this pathway. Interestingly, Rho2 
does not seem to be the only target for 
Rga7, because the absence of Rho2 did not 
fully alleviated Pmk1 hyperactivation in 
Rga7 deleted cells.22 Additionally, we have 
recently discovered that the lack of Rga8, 
which had been previously described to be 
a GAP for Rho1,25 induces a clear increase 
in Pmk1 phosphorylation (Fig. 1D). 
Hence, it is possible that Rga8 could be 
a GAP for both Rho1 and Rho2. Given 
the structural and functional complexity 
of Rho-GAPs in higher eukaryotes, fur-
ther studies employing fission yeast will 
provide a good model to elucidate the 
mechanisms which govern both the spe-
cific regulation of several Rho GTPases by 
a single GAP and how several GAPs dif-
ferentially modulate the activity of a single 
GTPase.
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