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ABSTRACT  Nuclear Dbf2-related (NDR) protein kinases are essential components of regula-
tory pathways involved in cell morphogenesis, cell cycle control, and viability in eukaryotic 
cells. For their activity and function, these kinases require interaction with Mob proteins. 
However, little is known about how the Mob proteins are regulated. In Candida albicans, the 
cyclin-dependent kinase (CDK) Cdc28 and the NDR kinase Cbk1 are required for hyphal 
growth. Here we demonstrate that Mob2, the Cbk1 activator, undergoes a Cdc28-dependent 
differential phosphorylation on hyphal induction. Mutations in the four CDK consensus sites 
in Mob2 to Ala significantly impaired hyphal development. The mutant cells produced short 
hyphae with enlarged tips that displayed an illicit activation of cell separation. We also show 
that Cdc28 phosphorylation of Mob2 is essential for the maintenance of polarisome compo-
nents at hyphal tips but not at bud tips during yeast growth. Thus we have found a novel 
signaling pathway by which Cdc28 controls Cbk1 through the regulatory phosphorylation of 
Mob2, which is crucial for normal hyphal development.

INTRODUCTION
The ability to modify cell morphology in response to external cues 
is a fundamental property of cell development. The dynamic mod-
ification of cell architecture is the result of signal transduction 
mechanisms that reorganize the cell polarity machinery in response 
to such cues. Members of the evolutionarily conserved nuclear 
Dbf2-related (NDR) kinase family are essential components of sig-
naling pathways involved in cell morphogenesis from yeast to hu-
mans (Hergovich et al., 2006). These kinases require interaction 
with regulatory Mob proteins for their activity and function 

(Komarnitsky et al., 1998; Hou et al., 2000, 2003; Colman-Lerner 
et al., 2001; Weiss et al., 2002; Hergovich et al., 2005). A well-
conserved trait of these signaling pathways is the existence of a 
group of proteins that interact physically and functionally and to-
gether constitute the kinase core of the pathway (Sudol and 
Harvey, 2010). This group of proteins is formed by a scaffolding 
protein, a Ste20-like kinase, an NDR kinase, and its Mob coactiva-
tor. In metazoans, the Wts/LATS NDR kinase and its coactivator 
Mats/MOB are members of the Hippo pathway, a tumor suppres-
sor pathway that restricts cell growth and proliferation and pro-
motes apoptosis (Tapon et al., 2002; Harvey and Tapon, 2007). In 
Drosophila melanogaster, the tricornered NDR kinase is essential 
for neuronal morphogenesis and wing-hair development (Geng 
et al., 2000; Emoto et al., 2004; He et al., 2005). The tricornered 
homologue in Caenorhabditis elegans, designated SAX-1, is also 
important in dendritic outgrowth (Gallegos and Bargmann, 2004). 
In fungi, the most closely related NDR kinases to the Drosophila 
Tricornered kinase involved in the control of polarized growth are 
Cbk1 from Saccharomyces cerevisiae, COT1 from Neurospora 
crassa, and Orb6 from Schizosaccharomyces pombe (Yarden et al., 
1992; Verde et al., 1998; Racki et al., 2000).
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RESULTS
Cbk1 and Mob2 localize to sites of polarized growth
To investigate the localization of Cbk1 and Mob2 during C. albicans 
yeast and hyphal growth, strains expressing functional Cbk1–yellow 
fluorescent protein (YFP) and Mob2-YFP alleles under the control of 
their native promoters were constructed. In C. albicans yeast cells 
Cbk1-YFP and Mob2-YFP localized to the cell cortex of small- and 
medium-budded cells and to the bud neck in large-budded cells 
(Figure 1A), as observed previously in S. cerevisiae (Bidlingmaier 
et al., 2001; Weiss et al., 2002). During hyphal growth, Cbk1-YFP 
and Mob2-YFP were present at the tip of hyphae and in the region 
of the septum (Figure 1B). Therefore Cbk1 and Mob2 localize to 
sites of polarized growth in both yeast and hyphal cells. As expected, 
Mob2 was essential for Cbk1 localization to regions of polarized 
growth (Figure 1C).

Mob2 undergoes growth mode–dependent phosphorylation
To determine whether Cbk1 and Mob2 were regulated in a growth-
dependent manner, a strain expressing functional Cbk1- and Mob2-
tagged alleles (CBK1-myc MOB2-HA) was constructed to analyze 
the proteins by Western blotting. Whereas Cbk1 migrated as a sin-
gle band with no evident modifications in either the yeast or hyphal 
extracts, a fraction of Mob2 exhibited reduced electrophoretic mo-
bility (Figure 2A). The treatment of the extracts with λ-phosphatase 
eliminated the slow-migrating forms (Figure 2B), indicating that they 
were different phosphorylated isoforms. To analyze these phospho-
rylation patterns in greater detail, we used two-dimensional (2D) gel 
electrophoresis followed by Western blotting (2D-WB). On the basis 
of this approach, different Mob2 isoforms were clearly distinguished. 
In yeast cells, six Mob2 spots were detected (Figure 2C, 1–6, from 
the basic to the acidic end). In hyphal extracts, the most basic spot 
disappeared and a new spot was observed (spot 7) at the acidic 
end. In addition, the relative abundance of the different isoforms 
also varied from yeast to hyphae, isoform 4 being the most abun-
dant in hyphae. Spots 4–7 correspond to different phospho-isoforms, 
since treatment with λ-phosphatase abolished them (Figure 2C). 
Therefore Mob2 undergoes a growth mode–dependent phospho-
rylation.

To investigate whether Mob2 phosphorylation was cell cycle 
regulated, yeast cells carrying Cbk1-myc and Mob2-HA were syn-
chronized in G1 by elutriation (Figure 3). In unbudded G1 cells (time 
0), Mob2 was seen as a single band in SDS–PAGE. The phosphory-
lated forms started to appear during bud emergence, and this pat-
tern was maintained until the G2/M transition. A decrease in the 
slower-migrating forms was correlated with the appearance of bi-
nucleate cells (120 min), suggesting that Mob2 is dephosphorylated 
at the end of mitosis. In hyphae, the accumulation of Mob2 phos-
phorylated forms was delayed in comparison to yeast cells, but once 
the phosphorylated forms were present they persisted until the first 
mitosis took place within the germ tube (135 min), suggesting that 
dephosphorylation also occurs at the end of mitosis, as in yeast 
cells. In contrast to these results, no evident modifications were ob-
served for Cbk1 during the cell cycle of either yeast or hyphal cells. 
Taken together, these results show that Mob2 is phosphorylated in 
a cell cycle–dependent manner in both types of growth.

Mob2 phosphorylation is dependent on cyclin-dependent 
kinase activity
The Mob2 protein contains four putative cyclin-dependent kinase 
(CDK) consensus phosphorylation sites (Figure 4A; S/T-P-X-K/R), 
suggesting that Mob2 could be a CDK1 substrate. To explore this 
possibility, Mob2 was tagged with hemagglutinin (HA) in a strain 

In S. cerevisiae, the regulation of Ace2 and morphogenesis 
(RAM) network is a signaling pathway that controls cell separation 
and polarized growth. The kinase core of the RAM pathway is con-
stituted by the scaffolding protein Tao3, the Ste20-like kinase Kic1, 
and the complex formed by the NDR kinase Cbk1 and its coactiva-
tor Mob2 (Nelson et al., 2003). All of these proteins localize to the 
cortical sites of growth during budding and mating (Racki et al., 
2000; Bidlingmaier et al., 2001; Colman-Lerner et al., 2001; Weiss 
et al., 2002; Nelson et al., 2003). In addition to cell cortex localiza-
tion, the Cbk1/Mob2 complex also localizes to the daughter cell 
nucleus at the M/G1 transition (Colman-Lerner et al., 2001; Weiss 
et al., 2002). Cells lacking any of these proteins exhibit two indepen-
dent phenotypes: a cell separation defect and poor maintenance of 
polarized growth. The failure in cell separation is due to the loss of 
Ace2-dependent transcription (Bidlingmaier et al., 2001; Colman-
Lerner et al., 2001). The Ace2 transcription factor specifically local-
izes to the daughter nucleus in late M and G1, where it directs the 
expression of daughter-specific genes, such as ENG1, CTS1, and 
SCW11, all of them involved in the separation of daughter and 
mother cells after cytokinesis (Colman-Lerner et al., 2001; Baladrón 
et al., 2002; Weiss et al., 2002). Recently, it has been shown that 
Cbk1 directs the daughter-specific nuclear accumulation of Ace2 by 
blocking its export from the daughter cell nucleus (Mazanka et al., 
2008). The role of the RAM pathway in the regulation of polarized 
growth is poorly understood. Recent evidence suggests that Cbk1 
regulates polarized growth by controlling Golgi- and Sec2/Sec4-
dependent processes (Kurischko et al., 2008). In fission yeast, Orb6 
controls polarized cell growth by spatial regulation of the small GT-
Pase Cdc42 (Das et al., 2009).

The nuclear localization and activity of the Cbk1/Mob2 complex 
are dependent on all known RAM proteins, suggesting that it func-
tions downstream from the other network components (Nelson 
et al., 2003). Like other NDR kinases, Cbk1 kinase activity is regu-
lated by phosphorylation at multiple conserved residues. The phos-
phorylation of a highly conserved C-terminal hydrophobic motif 
(known as HM site or CT motif) is essential for Cbk1 function and 
requires all of the RAM proteins (Jansen et al., 2006). Recent work 
has identified Cbk1 as a basophilic kinase with a strong preference 
for histidine at position −5 and the putative recognition site H-X-
[K/R]-[K/R]-X-[S/T] (Mazanka et al., 2008). This substrate specificity is 
very well conserved in other NDR/LATS kinases. Drosophila Warts/
Lats and human LATS1 kinases phosphorylate the transcriptional co-
activator Yorkie/YAP at sequences that match the Cbk1 consensus 
motif (Dong et al., 2007; Zhao et al., 2007; Hao et al., 2008).

Candida albicans is able to switch from unicellular yeast to multi-
cellular filamentous growth forms in response to environmental sig-
nals (Biswas et al., 2007), providing a framework for understanding 
how cell morphology is modified in response to external stimuli. 
Hyphal growth is characterized by robust polarized growth at cell 
tips and by inhibition of cell separation after cytokinesis. In C. albi-
cans, cell separation is probably regulated by a mechanism similar 
to that present in S. cerevisiae. Deletion of ACE2 or any of the RAM 
genes results in the impairment of cell separation (Kelly et al., 2004; 
Clemente-Blanco et al., 2006; Song et al., 2008). In addition, in both 
yeasts Ace2 localization to the daughter cell nucleus depends on 
the protein phosphatase Cdc14 (Weiss et al., 2002; Clemente-
Blanco et al., 2006).

Because polarized growth and cell separation, the two major 
outputs of the RAM pathway, are differentially regulated in yeast 
and hyphae, we wanted to investigate whether the developmental 
signals that induce hyphal growth modulate the function of Cbk1/
Mob2, the major downstream component of the RAM network.
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Mob2 N-terminal fragment expressed as a GST fusion in Escherichia 
coli with or without the 4 CDK consensus sites (GST-Mob21-115-4S 
and GST-Mob21-115-4A, respectively). Figure 4E shows that immuno-
precipitated Cdc28 was able to phosphorylate GST-Mob21-115-4S, 
whereas no detectable phosphorylation was observed for GST-
Mob21-115-4A. Thus Mob2 is an in vitro substrate for Cdc28.

To obtain further evidence that Mob2 was a Cdc28 substrate in 
vivo, we performed coimmunoprecipitation experiments to test 
whether a physical interaction between Mob2 and Cdc28 occurred. 
Cell extracts from yeast and hyphal cultures of Mob2-myc or control 
untagged Mob2 strains were immunoprecipitated using anti-myc 
antibody, and then anti-PSTAIRE antibody was used to detect the 
presence of Cdc28 in the precipitates. Cdc28 was indeed enriched 
in the Mob2-myc immunoprecipitates (Figure 4F). Thus the forego-
ing results strongly suggest that Cdc28 regulates Mob2 in vivo.

The Mob2 CDK phosphorylation sites are required for apical 
hyphal growth
To determine the biological significance of these CDK phosphoryla-
tion sites, the phenotype of the mob2-4A mutants was analyzed 
during yeast and hyphal growth. We also constructed a phosphomi-
metic version of Mob2 by replacing the four Ser residues with Glu 
(the mob2S44E/S51E/S67E/S97E allele, designated mob2-4E). Similar 
to the mob2-4A strain, the mob2-4E allele was integrated in a 

containing the cdc28-as allele, a mutated form of Cdc28 that is sen-
sitive to the ATP analogue 1NM-PP1 (Bishop et al., 2000; Sinha 
et al., 2007). In contrast to untreated cells, the addition of 1NM-PP1 
resulted in a dramatic decrease of the slower-migrating forms in 
both yeast and hyphae (Figure 4B), suggesting that Mob2 phospho-
rylation is Cdc28 dependent, although we cannot rule out the pos-
sibility that this could have been an indirect effect due to a cell cycle 
arrest imposed by the inactivation of Cdc28.

To further investigate the role of Cdc28 in Mob2 phosphoryla-
tion, the four putative phosphoacceptor Ser residues were changed 
to Ala, creating the quadruple mutant mob2S44A/S51A/S67A/S97A allele 
(hereafter referred to as mob2-4A) tagged with HA. The mutant al-
lele was used to replace the wild-type (WT) copy of a heterozygous 
MOB2/mob2Δ strain, resulting in a strain containing mob2-4A-HA 
under the control of its own promoter as the sole source of Mob2 in 
the cell. Mob2 protein levels were similar in the MOB2-4S (WT) and 
mob2-4A strains (Figure 4C). When cell extracts from the mob2-4A 
strain were analyzed by 2D-WB, only spots 1–3 were present in the 
yeast and hyphal extracts (Figure 4D), indicating that isoforms 4–7 
depend on the CDK phosphorylation sites. Together the data sug-
gest that the Mob2 CDK sites are phosphorylated in vivo in yeast 
and hyphal cells.

To determine whether Cdc28 was able to phosphorylate Mob2 
directly, we performed an in vitro kinase assay using as substrate a 

Figure 1:  Cbk1 and Mob2 localize to sites of polarized growth. The JC369 (CBK1-YFP/CBK1) and JC871 (MOB2-YFP/
MOB2) strains were grown as yeast (A) or hyphae (B) for 2 h and visualized using a Deltavision microscope. (C) mob2Δ 
cells expressing Cbk1-YFP (JC524) were grown to midlogarithmic phase and analyzed on a Nikon microscope. 
Differential interference contrast (DIC) and YFP images are shown. Throughout the figures the scale bars represent 
5 μm, unless indicated otherwise.
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nificantly shorter and wider than those of the wild-type and mob2
-4E cells (Figure 5B). The replacement of the mob2-4A allele by the 
wild-type MOB2 (mob2-4A/S-HA) rescued the phenotype, indicat-
ing that the loss of polarity was specifically due to a modification of 
the Mob2 CDK sites (Supplemental Figure S1).

Phosphorylation of Mob2 CDK sites is required for the 
maintenance of polarisome components in hyphae
In C. albicans, Spa2 is a component of the polarisome complex that 
localizes to the hyphal tip in a cell cycle–independent manner 
(Zheng et al., 2003; Crampin et al., 2005). Deletion of SPA2 results 
in wider and shorter germ tubes than those of the wild-type strain 
(Zheng et al., 2003), a phenotype similar to that of mob2-4A. Thus 
we analyzed whether Mob2 played any role in regulating Spa2 local-
ization in hyphae. In wild-type germ tubes, Spa2 concentrated as a 
bright spot at the center of the growing tip 45 min after hyphal in-
duction (Figure 6A). In contrast, in mob2-4A cells Spa2 had an ab-
normal localization in more than 50% of the hyphae (Figure 6C). This 
abnormal distribution included hyphae in which the Spa2 spot was 
off center and localized to the sides of the tip (Figure 6A, rectangle) 
or was not concentrated at the tip (Figure 6A, arrowhead). In addi-
tion, there were some hyphae in which Spa2 fluorescence could not 
be detected. three-dimensional (3D) models of Spa2 localization in 
wild-type and mutant hyphae are shown in Figure 6A. It can be seen 
that in wild-type hyphae, Spa2 was organized as a single spot at the 
middle of the apex, whereas in the mob2-4A hyphae the main spot 
was wider and was localized laterally. By 100 min, the apical and 

MOB2/mob2Δ background, resulting in a strain in which it was the 
sole source of Mob2. It has been reported that mob2Δ S. cerevisiae 
cells have two independent phenotypes (Bidlingmaier et al., 2001; 
Colman-Lerner et al., 2001; Weiss et al., 2002). The cells are round 
as a consequence of the loss of polarity, and they also have cell 
separation defects, producing clumps of cells. In contrast to the 
Camob2Δ strain, yeast cells expressing Mob2-4A or Mob2-4E were 
able to separate after cytokinesis, indicating that the four CDK phos-
phorylation sites were not essential for cell separation (Figure 5A). 
However, cells from the mob2-4A strain were slightly rounder than 
those of the wild-type and mob2-4E strains. To quantify this pheno-
type, the length/width ratio (axial ratio) was determined by measur-
ing 150 cells from each strain in three independent experiments. 
This ratio is a measure of the roundness of a cell. Wild-type and 
mob2-4E cells were oval shaped, with an average mean of 1.32 ± 
0.17 and 1.33 ± 0.2, respectively, whereas cells from the mob2Δ 
strain were round, and hence their axial ratio was close to 1 (1.03 ± 
0.03). In mob2-4A cells, the average axial ratio was 1.15 ± 0.12, that 
is, an intermediate phenotype between the null mutant and the 
wild-type strain. Thus phosphorylation of Mob2 CDK sites produces 
mild effects on polarized growth in yeast cells.

We next examined the morphology of the mob2 mutants during 
hyphal growth. As expected, mob2Δ cells were unable to polarize 
their growth in response to hypha-inducing conditions (Song et al., 
2008), whereas the mob2-4A and mob2-4E strains produced germ 
tubes at the same rate as the wild-type cells. Of interest, with pro-
longed incubation, the germ tubes of the Mob2-4A cells were sig-

Figure 2:  Mob2 undergoes growth mode–dependent phosphorylation. (A) Asynchronous cultures of a CBK1/CBK1-
myc MOB2/MOB2-HA strain (JC413) were grown under yeast-inducing (YF) or hypha-inducing conditions (HF) for 2 h. 
Protein extracts were analyzed by Western blot using anti-myc or anti-HA antibodies. (B) A fraction from the same 
lysates was pretreated with λ-phosphatase (λPP). (C) Cell lysates from strain JC413 obtained in yeast- and hypha-
inducing conditions were subjected to 2D-WB and probed with anti-HA. Half of each lysate was pretreated with 
λ-phosphatase. Histograms obtained using ImageJ show the quantification of the relative intensity of each spot of the 
blot.
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Spa2 localization in hyphal forms but not in yeast cells. Anti-HA im-
munoprecipitates from MOB2-4S and mob2-4A strains, but not 
mock immunoprecipitates, were able to phosphorylate GST-
3xSpa2138-163 (Figure S3B). Substitution of putative Cbk1 phospho-
acceptor residues to Ala abolished the 32P labeling of GST-3xSpa2. 
Thus, Spa2 is an in vitro target of Mob2-associated kinase activity.

To study whether this phenotype was specific for Spa2, the local-
ization of another putative cell end marker was analyzed in mob2
-4A hyphae. In Aspergillus nidulans, TeaA is a Kelch-domain protein 
that concentrates as a single dot at the center of the hyphal tip and 
whose deletion results in a zigzag growing phenotype (Takeshita 
et al., 2008). TeaA is an orthologue of S. cerevisiae Kel1 (Philips and 
Herskowitz, 1998), and in C. albicans, the Candida Genome Data-
base (http://www.candidagenome.org/) identifies orf19.6092 as the 
putative CaKEL1 gene. To analyze Kel1 localization, a strain express-
ing a functional Kel1-YFP was constructed. Similar to what has been 
described in S. cerevisiae (Philips and Herskowitz, 1998), Kel1 local-
ized to the cell cortex of small- and medium-budded cells and at the 
bud neck in large-budded cells (Supplemental Figure S2B). In hy-
phae, Kel1 localized as a single dot at the tip of the hypha in a pat-
tern similar to that of Spa2 (Supplemental Figure S2C). Therefore 
the Kelch-domain protein Kel1 accumulates at sites of polarized 
growth in C. albicans yeast and hyphal cells. Examination of cells 

centered localization of the Spa2–green fluorescent protein (GFP) 
signal was perfectly maintained in the wild-type filaments (Figure 6B), 
whereas in the mob2-4A hyphae the same defects were observed: 
hyphae with Spa2 fluorescence off center or diffuse over the tip and 
hyphae without the Spa2 signal (Figure 6C). Again, 3D model recon-
structions showed that in wild-type hyphae Spa2 remained perfectly 
organized as a single spot at the middle of the apex, whereas it was 
spread laterally in many small dots in Mob2-4A hyphae. Because no 
differences in Spa2 localization were observed in yeast cells (Sup-
plemental Figure S2A), these results indicate that CDK1 phosphory-
lation sites in Mob2 are required for the proper maintenance of the 
spatial organization of Spa2 in hyphae.

To investigate whether Cbk1/Mob2 phosphorylated Spa2 di-
rectly, we performed in vitro kinase assays. The C. albicans Spa2 is 
1416 amino acids in length and contains a cluster of four potential 
Cbk1 phosphorylation sites (S121, S143, S153, and S163) in the 
proximity of the Spa2 direct-repeat elements (Roemer et al., 1998; 
Zheng et al., 2003) (Supplemental Figure S3A). As a substrate for 
Cbk1 kinase assays, we constructed a tandem of three copies of the 
25–amino acid peptide corresponding to amino acids 138–163 of 
Spa2, which was expressed as a GST fusion in E. coli (GST-
3xSpa2138–163). We performed the in vitro kinase reactions from hy-
phal cells because CDK phosphorylation of Mob2 is essential for 

Figure 3:  Mob2 phosphorylation is cell cycle regulated. Small G1 cells carrying Cbk1-myc and Mob2-HA (JC413) were 
isolated by elutriation and released into YPD at 30°C (yeast growth) or YPD plus 10% serum at 37°C (hyphal growth). 
Samples were collected at 15-min intervals after release and assayed by Western blot with anti-myc or anti-HA 
antibodies. Anti-PSTAIRE antibodies were used as loading control. DAPI staining was used as a marker of cell cycle 
progression.
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ments of cells expressing Mob2–4A after 120 min of incubation in 
hypha-inducing conditions (Supplemental Figure S2D). Thus these 
results indicate that phosphorylation of Mob2 CDK sites is required 
for the maintenance of the distinctive organization of some compo-
nents of the polarisome during hyphal growth.

expressing Kel1-YFP and Spa2-CFP revealed that both proteins co-
localized in yeast cells and filaments, suggesting that Kel1 might be 
a new component of the polarisome. As described earlier for Spa2, 
the maintenance of Kel1 at the hyphal tip was dependent on Mob2 
CDK phosphorylation sites, since Kel1 was disorganized in the fila-

Figure 4:  Mob2 phosphorylation depends on CDK activity. (A) Schematic representation of CDK consensus 
phosphorylation sites in Mob2. (B) JC877 (MOB2/MOB2-HA cdc28-as/cdc28Δ) cells were grown as yeast or hyphae in 
the presence of 25 μM 1NM-PP1 or DMSO for 30 min. Protein extracts were probed with anti-HA antibodies. (C) Cells 
from the MOB2-HA/mob2Δ (wt, JC413) and mob2-4A-HA/mob2Δ (JC964) strains expressing Cbk1-myc were grown 
under yeast- and hypha-inducing conditions. Protein extracts were probed with anti-myc or anti-HA antibodies. 
(D) Lysates of JC785 (mob2-4A-HA/mob2Δ) were subjected to 2D-WB and probed with anti-HA antibodies. (E) In vitro 
kinase assays of purified Cdc28 complex using GST-Mob21-115-4S or GST-Mob21-115-4A as substrate. (F) Protein extracts 
from yeast and hyphal cultures of a MOB2/MOB2-myc strain (JC482) were immunoprecipitated using anti-myc 
antibodies. Samples separated by SDS–PAGE were analyzed with anti-HA or anti-PSTAIRE antibodies. An untagged 
BWP17 strain was used as a negative control of immunoprecipitation.
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5 h of hyphal growth, wild-type cells flocculated very easily, whereas 
the mob2-4A cells remained in suspension (Figure 7A), with a mix-
ture of short hyphae and elongated individual cells. The aspect of 
such cells suggested that cell separation had been activated. To 
examine this possibility, we determined the percentage of hyphae in 
which the separation of cell compartments at the first septum was 
observed. In contrast to the wild-type hyphae, where no cell separa-
tion was observed, 20% of the mob2-4A hyphae showed cell sepa-
ration at the first septum (n = 200) at 3 h after induction (Figure 7B). 
These results thus suggest that the CDK phosphorylation sites in 
Mob2 are important for inhibiting cell separation during hyphal 
growth.

Cell separation depends on the Ace2 transcription factor (Kelly 
et al., 2004; Clemente-Blanco et al., 2006). During hyphal growth, 
cell chain formation is achieved by the down-regulation of Ace2-
target genes through CDK phosphorylation of the developmental 
regulator Efg1 (Wang et al., 2009). To assess the effect of Mob2 
CDK sites on the expression of Ace2 target genes, the levels of 
CHT3 and SCW11 transcripts were measured by RT-qPCR in the 
wild-type, mob2-4E, and mob2-4A strains. Whereas high levels of 
CHT3 and SCW11 transcripts were observed in the mob2-4A mu-
tant in both yeast and hyphae in comparison to the control MOB2
-4S (Figure 7B), the levels in the mob2-4E strain, especially those of 
SCW11 transcripts, were lower. Because repression of CHT3 and 
SCW11 transcripts was detected in mob2-4A and mob2-4E hyphae, 

Characterization of the mob2-4A mutant
The actin cytoskeleton is important for polarized growth (Pruyne 
et al., 2004). The fact that mob2-4A cells produced shorter hyphae 
could be an indication that they were not able to properly organize 
cortical actin patches at the hyphal tip. To explore this possibility, 
wild-type and mob2-4A hyphae were stained with Alexa-phalloidin 
to visualize the actin cytoskeleton. Both strains showed a similar pat-
tern, in which cortical actin patches were highly polarized at the hy-
phal tips (Supplemental Figure S4B). These results therefore sug-
gest that CDK phosphorylation sites are not essential for actin 
cytoskeleton polarization during hyphal growth. Next we wondered 
whether Mob2-4A could localize to sites of polarized growth. Fluo-
rescence microscopy of yeast and hyphae showed that the Ser-to-
Ala substitutions did not alter Mob2 localization (Supplemental 
Figure S4A). Accordingly, we studied whether the Cbk1/Mob2 inter-
action was affected by the presence of the Mob2-4A allele by coim-
munoprecipitation experiments, but no defects in the interaction 
were found (Supplemental Figure S4C). Thus elimination of the 
Mob2 CDK sites does not affect actin cytoskeleton organization, the 
localization of Mob2, or the interaction between Cbk1 and Mob2.

Phosphorylation of Mob2 CDK sites is required 
for inhibition of cell separation in hyphae
An essential feature of hyphal growth is the inhibition of cell separa-
tion, which allows the formation of chains of elongated cells. After 

Figure 5:  Mob2 CDK consensus phosphorylation sites are required for hyphal growth. DIC images of wild-type 
(MOB2-4S-HA/mob2Δ, JC613), mob2-4E-HA/mob2Δ (JC620), mob2Δ (JC502), and mob2-4A-HA/mob2Δ (JC785) strains 
grown under yeast-inducing (A) or hypha-inducing conditions (B). (A) The graph represents the axial ratio (length/width) 
of yeast cells of the indicated strains. Error bars are SD (n = 150 cells). (B) The graph represents the average hyphal 
length of the indicated strains, and the error bars indicate SD (n = 30). The pairwise t test is shown above the bracket 
(*p < 0.0001).
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mechanism(s). However, we did find that 
CaMob2 is a phosphoprotein whose phos-
phorylation responds to external and inter-
nal inputs. Our data provide strong evidence 
that the CDK Cdc28 regulates Mob2 func-
tion by direct phosphorylation of a cluster of 
four CDK consensus sites at its N-terminus 
(S44, S51, S67, and S97). Of interest, S44, 
S51 and S67 were identified as phosphoser-
ines in a large-scale study of the C. albicans 
phosphoproteome (Beltrao et al., 2009). In 
S. cerevisiae, CDK phosphorylation of Mob1 
regulates the activity of the Dbf2/Mob1 
complex in mitosis (Konig et al., 2010). In 
metazoans, the phosphorylation of MOB/
Mats proteins increases their binding to the 
NDR/LATS1 kinases (Wei et al., 2007; Prask-
ova et al., 2008). In C. albicans, we observed 
that the Mob2 phosphorylation status did 
not affect its binding capacity to Cbk1, its 
localization to sites of polarized growth, or 
its in vitro kinase activity. One interesting 
possibility is that the differential phosphory-
lation of Mob2 could modify the interaction 
of the complex with its substrates. In S. cer-
evisiae, the transcription factor Ace2 is a tar-
get of Cbk1, and phosphorylation of Cbk1 
at its CT motif is necessary for the formation 
of a productive complex between the kinase 
and its substrate (Jansen et al., 2006; 
Mazanka et al., 2008).

CDK phosphorylation of Mob2 is 
required for maintenance of apical 
hyphal growth
During the yeast-to-hyphal transition, differ-
ent components of the polarization machin-
ery undergo a dramatic spatial reorganiza-
tion in order to sustain the extreme polarized 
growth of the hyphae (Jones and Sudbery, 
2010). In this study, we have shown that CDK 
phosphorylation of Mob2 is essential for the 
maintenance of the polarisome architecture 
at the hyphal tip but not in yeast cells.

Our results suggest that the onset and maintenance of hyphal 
growth require different Cbk1/Mob2 complexes that could be regu-
lated by differential phosphorylation of the Mob2 subunit. This is 
consistent with the observation that Mob2 undergoes a growth 
mode–dependent phosphorylation. It is therefore possible that 
temporally controlled Mob2 phosphorylation might regulate the in-
teraction of Cbk1/Mob2 with different targets.

In agreement with previous reports (McNemar and Fonzi, 2002; 
Song et al., 2008), our results suggest that Cbk1/Mob2 could be 
involved in cell surface remodeling during polarized growth in C. 
albicans. In good correlation with this function, Cbk1 and Mob2 lo-
calized to sites of active growth. However, the relevant targets in the 
cell cortex are unknown. In this report, we demonstrate that Spa2 
and Kel1 were disorganized in mob2-4A hyphae, suggesting that 
unphosphorylated Mob2 could impair the interaction between 
Cbk1/Mob2 with Spa2 and/or Kel1. The search for putative Cbk1 
phosphorylation sites in these proteins revealed that Kel1 (1018 
amino acids) has no sites, whereas Spa2 (1416 amino acids) contains 

CDK phosphorylation of Mob2 might play a role in the Cbk1/Mob2-
dependent activation of Ace2-target genes but not in the hypha-
specific repression. Therefore mob2-4A hyphae activated an illicit 
cell separation but did not display a severe increase in the expres-
sion level of CHT3 and SCW11.

DISCUSSION
Our results demonstrate that CDK-dependent phosphorylation of 
Mob2 is required to maintain two essential traits of hyphal develop-
ment in C. albicans: continuous polarized apical growth and cell 
chain formation.

Mob2 is phosphorylated by the CDK Cdc28
In S. cerevisiae, the Cbk1/Mob2 complex is regulated by the phos-
phorylation of two highly conserved residues present in Cbk1 
(Jansen et al., 2006). In C. albicans, we did not observe evidence of 
Cbk1 phosphorylation, although the presence of these highly con-
served residues suggests that it is probably regulated by a similar 

Figure 6:  Localization of the polarisome component Spa2 is defective in the mob2-4A mutant. 
Localization of Spa2-GFP in wild-type (JC961) and mob2-4A (JC921) cells 45 min (A) and 100 min 
(B) after hypha induction. Spa2-GFP is shown in green, whereas calcofluor is shown in red. To the 
right of the images, 3D models generated using softWoRx from the regions indicated by 
rectangles are shown. The fluorescent signal is shown in green, and calcofluor is represented as 
a red wire frame. The second frame of each 3D model was generated by rotating the first image 
90º on the indicated axis. (C) Quantification of the localization of Spa2-GFP at the cell tip from 
the experiment shown in A and B (n ≥ 80).
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absence of phenotype of mob2-4E could be explained if the nega-
tive regulation by CDK were executed by the phosphorylation of 
both Cbk1 and Mob2. This is consistent with recent work carried out 
in S. cerevisiae indicating that CDK phosphorylation of Cbk1 inhibits 
cell separation (Brace et al., 2011). However, those authors did 
not analyze the physiological relevance of the CDK sites present 
in Mob2. Taken together, we believe that the CDK-driven control 
of both components of the Cbk1/Mob2 complex could represent 
a general mechanism to regulate the NDR kinase in these two 
diverged yeasts.

During hyphal growth, cell chain formation is achieved by the 
down-regulation of Ace2-target genes through CDK phosphoryla-
tion of the developmental regulator Efg1 (Wang et al., 2009). We 
show that mob2-4A cells, like the wild type, are able to down-regu-
late Ace2-target genes in response to hypha-inducing conditions, 
which indicates that the Efg1 regulation of Ace2-target genes might 
not be affected in mob2-4A cells. However, although cell separation 
was inhibited in wild-type hyphae, it was activated in mob2-4A cells. 
For the mother–daughter separation to occur, polarized exocytosis 
of cell wall hydrolases to the septum region is required. Septins con-
stitute a group of GTP-binding proteins involved in cytokinesis and 
other essential cellular functions (Weirich et al., 2008; González-
Novo et al., 2009; Gladfelter, 2010). As in S. cerevisiae, septins play 
a role in guiding exocytosis in C. albicans (Gladfelter et al., 2005; Li 
et al., 2007). It has been shown that hyphal development has a 
Sec3-dependent mechanism that restricts exocytosis to the tip after 
the first septin ring has formed within the germ tube, and it has 
been suggested that whereas septin rings located at the bud neck 
of yeast cells are able to target secretion to the bud base, those lo-
cated at the division plate in hyphae fail to attract exocytosis through 

a cluster of four sites (S121, S143, S153, and S163) that can be phos-
phorylated in vitro by Cbk1/Mob2. These sites are located in a dis-
ordered region, absent in S. cerevisiae, immediately after the Spa2 
direct repeat elements, which in S. cerevisiae interact with compo-
nents of the MAPK pathways that are important for polarized growth 
(Roemer et al., 1998; Sheu et al., 1998; Zheng et al., 2003). In addi-
tion, S163 is phosphorylated in C. albicans (Beltrao et al., 2009). 
Together these data suggest that Spa2 could be a direct target of 
the Cbk1/Mob2 complex. The abnormal Kel1 localization in mob2
-4A hyphae could be an indirect effect of the impaired Spa2 func-
tion. Although we have not shown that Kel1 localization depends on 
Spa2, both proteins colocalized to sites of polarized growth. Be-
cause the gain or loss of phosphorylation sites in rapidly evolving 
regions could facilitate the evolution of kinase signaling circuits (Holt 
et al., 2009), it is possible that the appearance of these Cbk1 phos-
phorylation sites in the scaffolding protein CaSpa2 has been an ad-
aptation to modify polarisome function in response to the develop-
mental signals that promote hyperpolarized growth.

CDK phosphorylation of Mob2 prevents cell separation 
during hyphal growth
We show that Mob2-4A increases the expression of Ace2-target 
genes in yeast cells, suggesting that CDK phosphorylation of Mob2 
inhibits the Cbk1-dependent activation of Ace2. If the inhibitory ef-
fect of the CDK on the Cbk1/Mob2 complex were solely dependent 
on the phosphorylation of Mob2, then the mob2-4E allele should 
show a defect in cell separation. However, the transcript levels of 
CHT3 and SCW11 were slightly reduced and cell separation was not 
impaired in mob2-4E cells, suggesting an additional level of regula-
tion. CaCbk1 also contains six potential CDK sites. Therefore the 

Figure 7:  mob24A hyphae activate cell separation. (A) Flocculation of JC613 and JC785 hyphal cultures after 5 h of 
serum induction. Cells from these cultures were recovered 3 h after induction and stained with calcofluor white (A, B). 
Arrowheads, separated hyphal compartments. (B) The graph on the right shows the expression of Ace2-target genes 
CHT3 and SCW11 measured by quantitative RT-PCR in the wild-type, mob24E, and mob24A strains normalized using 
ADE2. The data are means of two independent experiments, and the error bars indicate standard deviations. The 
results of pairwise t tests are shown above the brackets: ***p < 0.0001, **p = 0.0005, *p = 0.0054.
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ing EDTA-free protease inhibitor mix and Phosphatase Inhibitor 
Cocktail (Roche, Indianapolis, IN), and 300 μl of glass beads 
(0.4 mm; Sigma-Aldrich, St. Louis, MO) was added. Cells were bro-
ken for 40 s in a RiboLyser (Hybaid, Teddington, United Kingdom), 
and the extract was recovered by washing twice with 400 μl of lysis 
buffer. Soluble proteins were obtained by centrifugation of the ex-
tracts at 13,200 × g for 10 min at 4°C. For immunoprecipitation, 
protein extracts were immunoprecipitated using anti-HA or anti-myc 
μMACS Epitope Tag Protein Isolation kits (Miltenyi Biotec, Bergisch 
Gladbach, Germany) according to the manufacturer’s instructions. 
For Western blot, 30-μg protein extracts were separated by 8% 
SDS–PAGE, transferred to Hybond-P (Amersham Bioscience, Buck-
inghamshire, United Kingdom) membranes, and probed with anti-
myc (9E10, 1/5000), anti-HA (3F10 Roche, 1:20,000), or anti-PSTAIRE 
(Sigma-Aldrich, 1:5000) antibodies. Secondary antibodies conju-
gated to horseradish peroxidase (immunoglobulin G–HRP; Santa 
Cruz Biotechnology, Santa Cruz, CA) were diluted 1:20,000. Immu-
noblots were developed using the Supersignal West Femto Kit 
(Pierce Biotechnology, Thermo Fisher Scientific, Rockford, IL). Phos-
phatase treatment of cell extracts was performed using λ-PPTase 
(New England Biolabs, Ipswich, MA). To inhibit the cdc28-as 
allele, cdc28-as yeast cells were grown as yeast or hyphae in MM 
supplemented with histidine in the presence of 25 μM 1NM-PP1 
(Calbiochem, San Diego, CA) or dimethyl sulfoxide (DMSO).

2D Western blot
Cells extracts prepared as described were precipitated using 
methanol-chloroform and resuspended in hydration buffer (8 mM 
urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate, 1 mM dithiothreitol, 0.5% IPG buffer, pH 6–11, 
and 1.2% DeStreak Reagent [GE Healthcare Bio-Sciences, 
Piscataway, NJ] at a 2 μg/μl final concentration. Approximately 
75 μg of protein was resolved on 2D gels using 7-cm Immobiline 
Drystrip pH 6–11 and the Ettan IPGphor 3 Isoelectric Focusing 
System (GE Healthcare).

In vitro kinase assays
CDK in vitro kinase assays were performed as previously described 
(Sinha et al., 2007). Briefly, to affinity purify cyclin/Cdc28 kinases, 1 l 
of log-phase cells expressing Myc-tagged Cdc28 (Cdc28–-6Myc) 
were lysed and extracted in 5 ml of high-salt lysis buffer containing 
50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.5 M KCl, and EDTA-free pro-
tease inhibitor mix (Roche). The lysate was mixed and incubated 
with 200 μl of appropriate antibody-coupled beads at 4°C for 2 h. 
Then, the beads were washed four times with the same buffer to 
remove nonspecific bound proteins. Kinase reactions were per-
formed by mixing the beads with 5 μg of GST-4S or GST-4A in a final 
volume of 100 μl of standard kinase reaction buffer containing γ-32P-
ATP and incubating them at 30°C for 30 min. The reaction was 
stopped by washing twice with 300 μl of kinase buffer, adding 5× 
gel loading buffer, and boiling for 5 min. Labeled proteins were vi-
sualized by SDS–PAGE and autoradiography. Mob2-associated ki-
nase activity was determined as described (Jansen et al., 2006). 
Briefly, 500 OD600 equivalents of Mob2-HA–expressing cells were 
resuspended in 1 ml of ice-cold lysis buffer and broken as described 
earlier. Lysates were cleared by centrifugation, and the supernatant 
was normalized to 8 mg/ml. To immunoprecipitate Mob2, 1 ml of 
normalized lysates was incubated with 1 μg of anti-HA antibodies 
(3F10; Roche) and processed as described (Jansen et al., 2006). For 
kinase reactions, the immunoprecipitates were incubated with 3 μg 
of purified GST-3xSpa2138-163 as substrate in 30 μl of kinase reaction 
buffer (20 mM Tris, pH 8.0, 150 mM NaCl. and 5 mM MnCl2) 

an unknown mechanism (Li et al., 2007; Sudbery, 2007). Further-
more, septins are required to prevent the activation of cell separa-
tion in hyphae (González-Novo et al., 2008). Therefore two possible 
scenarios could explain the cell separation phenotype of mob2-4A 
hyphae. First, the aberrant polarisome architecture of mob2-4A hy-
phae could impair the Sec3-dependent mechanism that eliminates 
the intrinsic ability of septin rings to attract exocytosis, allowing the 
delivery of the hydrolases to the septum. However, deletion of 
CaSPA2 does not activate cell separation in hyphae (Zheng et al., 
2003). Alternatively, the pool of Cbk1/Mob2 located at the septum 
could be required to modify the septin ring, changing its ability to 
attract polarized secretion. Indeed, Cdc12 contains a putative Cbk1 
site (S64) close to the threonine (T68) that is essential for GTP bind-
ing and hydrolysis in mammalian Sept2 (Sirajuddin et al., 2007, 
2009). In S. cerevisiae, this residue is conserved in septins Cdc10 
(T74) and Cdc12 (T75), and its change to alanine causes a tempera-
ture-sensitive growth defect (Sirajuddin et al., 2009), demonstrating 
its importance in septin function. Because the GTP binding region 
plays a structural role in septin function, future experiments will ad-
dress whether Cbk1/Mob2 regulates Cdc12 function through the 
phosphorylation of S64.

MATERIALS AND METHODS
Strains and culture conditions
The strains used in this study are listed in Supplemental Table 1. C. 
albicans was grown at 30ºC in YPD medium (2% Bacto Peptone, 2% 
dextrose, 1% yeast extract) or in MM (2% dextrose, 0.67% YNB) 
supplemented with amino acids if required. For hyphal growth, 10% 
serum was added to liquid medium, and cells were incubated at 
37ºC. G1 cells were synchronized by elutriation as described (Clem-
ente-Blanco et al., 2006).

Strain construction
Disruption and epitope-tagged strains were made according to the 
PCR-mediated system using pFA plasmids (Gola et al., 2003; Schaub 
et al., 2006). Strains were confirmed by PCR. Oligonucleotides were 
obtained from biomers.net (Ulm, Germany) and are listed in Supple-
mental Table 2. The functionality of the tagged alleles was tested in a 
heterozygous (+/D) background. Mob2 point mutants were gener-
ated by PCR and cloned into pFA-URA3 with the 3′UTR-MOB2 region 
(+441 to +973 from the stop codon) to direct the integration of the 
plasmid in the MOB2 locus. The construction was transformed into a 
MOB2 heterozygous strain and analyzed by PCR and sequencing.

Microscopy
Actin staining was performed using Alexa Fluor 488 phalloidin (Invit-
rogen, Carlsbad, CA) using standard procedures (Marks and Hyams, 
1985). Fluorescence microscopy was performed with a Nikon Eclipse 
i90 microscope controlled with MetaMorph (Molecular Devices, 
Downingtown, PA) or with a Personal Deltavision microscope running 
softWoRx (Applied Precision Instruments, Seattle, WA). Z-stack im-
ages were collected with step sizes of 0.3 μm and deconvoluted us-
ing softWoRx. Except where stated otherwise, images are projections 
of the deconvoluted Z-stacks. Three-dimensional model building was 
done using the softWoRx modeling module. To facilitate GFP visual-
ization, calcofluor fluorescence is represented as a wire frame.

Protein extracts, immunoprecipitation, and Western blot
Protein extracts were prepared from 1.6 × 108 cells resuspended in 
50 μl of lysis buffer (150 mM NaCl, 50 mM, Tris pH 7.4, 15 mM eth-
ylene glycol tetraacetic acid, 1% Triton 100-X, 10% glycerol, 1 mM 
phenylmethylsulfonyl fluoride, 60 mM β-glycerophosphate) contain-
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containing 20 mM cold ATP and 0.33 μCi/μl γ-32P-ATP. Kinase reac-
tions were incubated for 60 min at room temperature and stopped 
by the addition of 7 μl of 5× SDS–PAGE. Proteins were separated by 
SDS–PAGE, and kinase activity was quantified using a Molecular Im-
ager FX (Bio-Rad, Hercules, CA).

Protein purification
Wild-type and mutant Mob2-4A N-terminal fragment (1–115) were 
cloned into the pGEX-5x-3 (GE Healthcare) and expressed as GST 
fusions in BL21(DE) cells. To express the fragment of Spa2, a DNA 
sequence encoding a tandem of three copies of the 25–amino acid 
peptide corresponding to the amino acids 138–163 of Spa2 was 
synthesized (Eurofins MWG Operon, Ebersberg, Germany). As a 
control for the kinase assays, the same fragment with substitutions 
of phosphoacceptor residues S143, S153, and S163 to Ala was 
synthesized. These DNA fragments were cloned into the pGEX-
5x-3 (GE Healthcare) and expressed as GST fusions in BL21(DE) 
cells. All of the GST-fusion proteins were induced in 2xYT medium 
with 0.5 mM IPTG for 4 h at 37ºC and purified with glutathione-
Sepharose beads (GE Healthcare), following the manufacturer’s 
instructions.

RT quantitative PCR
Mid-log cultures grown in MM were harvested, frozen in liquid nitro-
gen, and stored at –80ºC. For RNA extraction, 50 mg of cells was 
lysed in a FastPrep cell disruptor in the presence of 50 μl of TRIzol 
reagent (Invitrogen). Total RNA was isolated according to the manu-
facturer’s instructions. The quantity, quality, and integrity of the RNA 
were analyzed in an Agilent 2100 Bioanalyzer system (Agilent Tech-
nologies, Santa Clara, CA). cDNA synthesis was performed with the 
SuperScript II First-Strand Synthesis System (Invitrogen) using 
oligo(dT), from 3 μg of total RNA previously treated with DNase I 
(Invitrogen). qPCR assays were done using SYBR Premix Ex Taq 
(Takara Bio, Shiga, Japan). For each reaction, 1 μl of cDNA was used. 
Controls without template or without reverse transcriptase were in-
cluded. The assays were carried out in duplicate under generic cycle 
conditions (95°C for 45 s, 40 cycles of 95°C for 5 s, and 60°C for 
31 s, followed by a dissociation step at 95°C for 15 s, 60°C for 1 min, 
and 95°C for 15 s) in an Applied Biosystems 7300 Real-Time PCR 
System (Applied Biosystems, Foster City, CA). Relative gene expres-
sion was quantified using the standard curve method.
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