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ABSTRACT A dynamic balance between targeted transport and endocytosis is critical for 
polarized cell growth. However, how actin-mediated endocytosis is regulated in different 
growth modes remains unclear. Here we report differential regulation of cortical actin patch 
dynamics between the yeast and hyphal growth in Candida albicans. The mechanism involves 
phosphoregulation of the endocytic protein Sla1 by the cyclin-dependent kinase (CDK) 
Cdc28–Cln3 and the actin-regulating kinase Prk1. Mutational studies of the CDK phosphory-
lation sites of Sla1 revealed that Cdc28–Cln3 phosphorylation of Sla1 enhances its further 
phosphorylation by Prk1, weakening Sla1 association with Pan1, an activator of the actin-
nucleating Arp2/3 complex. Sla1 is rapidly dephosphorylated upon hyphal induction and re-
mains so throughout hyphal growth. Consistently, cells expressing a phosphomimetic version 
of Sla1 exhibited markedly reduced actin patch dynamics, impaired endocytosis, and defec-
tive hyphal development, whereas a nonphosphorylatable Sla1 had the opposite effect. Tak-
en together, our findings establish a molecular link between CDK and a key component of the 
endocytic machinery, revealing a novel mechanism by which endocytosis contributes to cell 
morphogenesis.

INTRODUCTION
Polarity is a fundamental property of cells, critical for the control of 
diverse cellular and developmental processes such as shape devel-
opment in early plant and animal embryogenesis, intracellular 
movement of organelles and proteins, cell migration, and polarized 
growth of fungal cells (Slaughter et al., 2009; Tahirovic and Bradke, 
2009; Dettmer and Friml, 2011; Hertzog and Chavrier, 2011; 

St Johnston and Sanson, 2011). A key feature of cell polarity is the 
asymmetric distribution of proteins and lipids in the plasma mem-
brane (PM), which is mostly achieved through vesicular trafficking 
along cytoskeletal tracks (Orlando and Guo, 2009). Exocytosis 
deposits the content of secretory vesicles in the growth areas of the 
PM (Cai et al., 2007). It has become increasingly clear that endocy-
tosis also plays an important role in establishing and maintaining cell 
polarity (Shivas et al., 2010; Lobert and Stenmark, 2011).

The molecules and pathways that determine cell polarity are 
highly conserved in eukaryotes and best understood in the budding 
yeast Saccharomyces cerevisiae (Slaughter et al., 2009). In G1 cells, 
the CDK Cdc28 in association with G1 cyclins triggers cell polariza-
tion by recruiting a set of polarity proteins, including the small 
GTPase Cdc42 and its regulators, to the presumptive bud site to 
initiate assembly of actin cables and delivery of secretory vesicles 
(Park and Bi, 2007; Slaughter et al., 2009). During the cell cycle, cells 
assume alternative states of polarized growth under the tight con-
trol of Cdc28: Cdc28–G1 cyclins drive apical extension of the bud, 
and later Cdc28–G2 cyclins promote isotropic growth. Near the end 
of mitosis, Cdc28 inactivation triggers repolarization of growth to 
the bud neck for cytokinesis and cell separation (Lew and Reed, 
1993, 1995). In addition to actin cables, cortical actin patches also 
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RESULTS
Sla1 physically interacts with the G1 cyclin Cln3
Depleting Cln3 causes filamentous growth in C. albicans (Bachewich 
and Whiteway, 2005; Chapa et al., 2005). To unravel the underlying 
mechanisms, we tried to first identify Cdc28–Cln3 substrates by 
affinity purification and MS identification of Cln3-binding proteins. 
To this end, we conjugated recombinant glutathione S-transferase 
(GST)–Cln3 to Sepharose beads (Figure 1A) to pull down proteins 
from C. albicans cell lysates. The bound proteins were eluted and 
separated by gel electrophoresis (Figure 1B). Protein bands were 
then excised for MS analysis. The results are given in Supplemental 
Table S3. Owing to the lack of a control experiment with the use of 
GST-bound beads, it was difficult to distinguish Cln3-associated 
proteins from GST-associated proteins. In fact, most of the GST-
Cln3–associated proteins turned out to be chaperones, metabolic 
enzymes, and translation proteins, which were generally considered 
as nonspecific contaminants in affinity purification experiments 
(Archambault et al., 2004). However, the endocytic protein Sla1 
attracted our special attention because S. cerevisiae Sla1 had been 
identified as a potential Cdc28 substrate (Holt et al., 2009). There-
fore we performed coimmunoprecipitation (coIP) to test Cln3-Sla1 
interaction using a strain coexpressing Myc-tagged Cln3 and 
HA-tagged Sla1. Western blot (WB) analysis showed that Myc anti-
body (αMyc) could pull down Sla1-HA together with Cln3-Myc 
(Figure 1C) and hemagglutinin (HA) antibody (αHA) could pull down 
Cln3-Myc together with Sla1-HA (Figure 1D), whereas such coIP was 
not detected in strains expressing only Sla1-HA or Cln3-Myc. The 
results demonstrate that Sla1 physically associates with Cln3 in 
vivo.

Cdc28–Cln3 phosphorylates Sla1
The Cln3 association with Sla1 suggests that Cdc28–Cln3 might 
phosphorylate Sla1. Consistently, Sla1 contains six perfect (S/TPxR/K 
or R/KS/TP) and seven minimal (S/TP) consensus CDK phosphoryla-
tion sites (Figure 2A). In addition, Sla1 also contains three SH3 do-
mains in the N-terminal region and 10 putative recognition motifs of 
the Prk1 kinase in the C-terminal region (Figure 2A). Both N- and 
C-terminal regions of Sla1 are known to mediate interactions with 
actin-binding proteins and other endocytic proteins in S. cerevisiae 
(Tang et al., 2000; Zeng et al., 2001; Warren et al., 2002; Gourlay 
et al., 2003; Rodal et al., 2003; Di Pietro et al., 2010).

To determine whether Sla1 is a phosphoprotein in vivo, we pulled 
down Sla1-HA with αHA and then treated half of the precipitate with 
λ phosphatase (λPP). WB analysis showed that λPP-treated Sla1 mi-
grated significantly faster in gel than the untreated protein (Figure 
2B), indicating that Sla1 is phosphorylated in vivo. We next immu-
nopurified Sla1-HA for phospho-site mapping by MS (Figure 2C). 
With 81% sequence coverage, 12 of the 13 consensus CDK sites 
were found to be phosphorylated on the Ser or Thr residue (Supple-
mental Figure S1).

To obtain evidence that Cln3 mediates Sla1 phosphorylation, we 
generated a cln3-sd mutant with one copy of CLN3 deleted and the 
other controlled by the MET3 promoter. As reported previously 
(Bachewich and Whiteway, 2005; Chapa et al., 2005), the cln3-sd 
cells switched from budding to filamentous growth (unpublished 
data) when CLN3 expression was repressed by methionine and 
cysteine (MC). Next we expressed Sla1-HA in the cln3-sd mutant 
and compared its phosphorylation level in the presence and absence 
of Cln3. As shown in Figure 2D, the level of Sla1 phosphorylation was 
significantly reduced at 2 h after switching off CLN3 expression. In 
fact, the Sla1 dephosphorylation was already detected at 15 min af-
ter the addition of MC (Figure 2E). However, in spite of prolonged 

concentrate around the growth site, which is believed to play a cru-
cial role in polarity maintenance through endocytic recycling of po-
larity proteins (Pruyne and Bretscher, 2000).

Polarized cell growth is a developmental mode in many organ-
isms but is perhaps best exemplified in the hyphal growth of fungi, 
in which new materials are added exclusively and continuously to a 
small cell surface area, generating tubular cells (Momany, 2002). 
Polarization of the actin cytoskeleton is essential for filamentous 
fungi to achieve targeted secretion (Berepiki et al., 2011). Recently 
live-cell imaging experiments revealed that actin patches form in a 
subapical collar during the hyphal development of Aspergillus nidu-
lans (Araujo-Bazan et al., 2008; Taheri-Talesh et al., 2008; Upadhyay 
and Shaw, 2008) and Neurospora crassa (Delgado-Alvarez et al., 
2010; Berepiki et al., 2011). Because actin patches are the sites of 
endocytosis (Kaksonen et al., 2003), these findings led to the hy-
pothesis that the actin collar performs endocytic recycling of polar-
ity proteins to maintain the hyphal morphology (Shaw et al., 2011). 
During hyphal extension, exocytic vesicles carrying polarity proteins 
arrive at the growing apex and merge into the apical PM. As the cell 
growth advances, these proteins diffuse away from the growing tip 
and, if not removed in a timely manner, lead to growth in areas be-
yond the initially established growth zone, leading to loss of polarity 
(Marco et al., 2007).

The opportunistic human fungal pathogen Candida albicans 
is capable of switching growth mode between yeast and hyphae 
(Sudbery et al., 2004), rendering it an excellent model for the study 
of polarity control. Although the hyphal growth of C. albicans is 
regulated independently of cell cycle (Hazan et al., 2002), in recent 
years CDKs have been found to play crucial roles in the growth 
mode transition by directly targeting key components of the polar-
ity machinery (Wang, 2009). C. albicans possesses three G1 cy-
clins—Ccn1, Cln3, and Hgc1—and their association with Cdc28 
regulates different aspects of hyphal development (Loeb et al., 
1999; Zheng et al., 2004; Bachewich and Whiteway, 2005; Chapa 
et al., 2005). The hyphal-specific Cdc28–Hgc1 kinase (Zheng et al., 
2004) phosphorylates and inhibits Rga2, a GTPase-activating pro-
tein of Cdc42, leading to localized Cdc42 activation at the hyphal 
tip (Zheng et al., 2007). Cdc28–Hgc1 also targets the septins Cdc11 
and Sep7 to maintain proper hyphal growth (Sinha et al., 2007; 
Gonzalez-Novo et al., 2008) and the transcriptional factor Efg1 to 
inhibit cell separation (Wang et al., 2009). More recently, Cdc28–
Hgc1 was shown to phosphorylate Sec2, a guanine-nucleotide ex-
change factor of the Rab GTPase Sec4 that has a major role in exo-
cytosis, to facilitate polarized secretion toward the hyphal tip 
(Bishop et al., 2010). Cdc28–Ccn1 also phosphorylates Cdc11 and 
Sec2, priming their further phosphorylation by Cdc28–Hgc1 (Sinha 
et al., 2007; Bishop et al., 2010). Cln3 is the only G1 cyclin essential 
for the viability of C. albicans, and its depletion initially results in 
filamentous growth (Bachewich and Whiteway, 2005; Chapa et al., 
2005). In spite of all these findings, it remains unknown whether 
CDKs might regulate the dynamics of cortical actin patches and 
endocytosis in different growth modes. A previous global search of 
Cdc28 substrates in S. cerevisiae identified the endocytic protein 
Sla1 as a potential CDK target. However, their enzyme–substrate 
relationship has not been confirmed by independent means, and 
the biological significance of the phosphorylation remains 
undetermined.

In this study, by affinity purification and mass spectrometry (MS), 
we discover that Cdc28 in association with Cln3 phosphorylates 
Sla1 in C. albicans. Control of this phosphorylation plays an impor-
tant role in regulating cortical actin patch dynamics and endocytosis 
when C. albicans switches between yeast and hyphal growth.
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mutant from the BWP17 (WT) strain. The 
sla1Δ/Δ mutant appeared to grow normally 
at 30°C in both liquid and solid medium, 
with morphologies indistinguishable from 
WT yeast cells (Figure 3, A and B). However, 
sla1Δ/Δ cells lost viability at 42°C (Figure 3B, 
right). Next we examined the morphology 
of sla1Δ/Δ cells under hyphal-inducing con-
ditions. Compared with WT cells, which pro-
duced colonies with many long filaments on 
serum-containing solid medium at 37°C, 
sla1Δ/Δ cells formed colonies with much 
fewer and shorter filaments (Figure 3C). 
Consistent with a previous study (Reijnst 
et al., 2010), sla1Δ/Δ cells produced short 
filaments with significant swelling in parts 
apical to the first septum in liquid media 
(Figure 3D), in sharp contrast to the long 
and thin WT hyphae. Moreover, the sla1Δ/Δ 
mutant often formed a new bud in the mid-
dle of an elongated subapical cell. These 
data suggest that the sla1Δ/Δ mutant is de-
fective in restricting growth to the hyphal tip 
and in the selection of new growth sites un-
der hyphal growth conditions.

In S. cerevisiae, Sla1 was first character-
ized as an actin cytoskeletal protein essen-
tial for proper formation of cortical actin 
patches (Holtzman et al., 1993) and later 
found to be required for endocytosis 
(Warren et al., 2002). We found that the 
green fluorescent protein (GFP)–tagged 
C. albicans Sla1 localized as cortical spots 
partially overlapping with mCherry-tagged 
actin patches in both yeast and hyphae 
(Supplemental Figure S2), suggesting that 
Sla1 may regulate polarized growth via its 
role in actin cytoskeleton organization and 

endocytosis. To confirm this, we stained sla1Δ/Δ cells with rhod-
amine–phalloidin to visualize actin filaments. As shown in Figure 
3E, sla1Δ/Δ cells had much fewer but slightly larger cortical actin 
patches than WT cells in both yeast and hyphal cells. Moreover, 
the actin patches in sla1Δ/Δ cells were apparently depolarized, un-
like those in WT cells, which localized to regions of polarized 
growth such as small buds, bud necks, and hyphal tips (Figure 3E). 
We also labeled the actin filaments in sla1Δ/Δ cells with GFP-
tagged Lifeact, a short peptide that specifically binds filamentous 
actin in vivo (Riedl et al., 2008), and obtained similar results (Sup-
plemental Figure S3, A and B).

The aberrant actin cytoskeleton suggests that sla1Δ/Δ cells might 
also be defective in endocytosis. We first examined the fluid-phase 
endocytosis by Lucifer yellow (LY) uptake assay. Surprisingly, sla1Δ/Δ 
cells were able to accumulate LY in the vacuoles almost as efficiently 
as WT cells (Supplemental Figure S3C). Next we stained sla1Δ/Δ 
cells with FM4-64, a lipophilic dye commonly used to visualize PM 
uptake by endocytosis (Vida and Emr, 1995), and performed time-
lapse microscopy. As shown in Figure 3F, the majority of WT cells 
(96.2%, n = 26) began to show FM4-64 staining of the vacuolar 
membrane at 25 min, and the vacuoles were clearly stained at 
55 min. In stark contrast, it took ∼2.5 h in most sla1Δ/Δ cells (94.4%, 
n = 36) for the dye to reach the vacuoles, showing a significant retar-
dation in endocytosis.

growth in the presence of MC, the gel mobility of Sla1 from cln3-sd 
cells was still slightly slower than that of λPP-treated Sla1 (Figure 2, D 
and E), indicating possible involvement of other kinase(s) in Sla1 
phosphorylation. We also determined whether Sla1 phosphorylation 
might depend on Ccn1 and Hgc1 and found that Sla1 phosphoryla-
tion was unaffected in ccn1Δ/Δ (Figure 2F) and hgc1Δ/Δ (Figure 2G) 
mutants compared with wild-type (WT) BWP17 cells.

Next we performed kinase assays to test whether Cdc28–Cln3 
can phosphorylate Sla1 in vitro. We tagged Cln3 with Myc in a cd-
c28as mutant and immunopurified the Cdc28as–Cln3-Myc complex. 
Cdc28as is sensitive to the ATP analogue 1NM-PP1 (Bishop et al., 
2000). We incubated the purified kinase complex with immunopuri-
fied HA-Sla1 in a kinase reaction containing γ-32P-ATP. Phosphory-
lated proteins were resolved on SDS–PAGE and visualized by auto-
radiography. Figure 2H shows that the Cdc28as–Cln3 complex 
phosphorylated HA-Sla1. In contrast, the αMyc precipitate from 
cells expressing only Cdc28as failed to do so. Furthermore, the in 
vitro phosphorylation was largely abolished by 1NM-PP1, indicating 
that Cdc28–Cln3 is responsible for Sla1 phosphorylation.

The sla1Δ/Δ mutant exhibits defects in hyphal growth, actin 
cytoskeleton organization, and endocytosis
To start to investigate whether and how Sla1 phosphorylation regu-
lates C. albicans morphogenesis, we first generated a sla1Δ/Δ 

FIGURE 1: Identification of Sla1 as a Cln3-interacting protein. (A) Expression and purification of 
GST-Cln3. E. coli cells expressing GST-Cln3 were induced with IPTG. Cell lysates were separated 
by gel electrophoresis and stained with CBB (left). The GST-Cln3 fusion was purified and bound 
to glutathione–Sepharose beads (right). (B) Affinity purification of GST-Cln3–associated proteins. 
The GST-Cln3–bound beads were incubated with C. albicans cell lysate, and the bound proteins 
were eluted with different concentrations of KCl, separated by gel electrophoresis, and stained 
with CBB. (C, D) CoIP between Sla1-HA and Cln3-Myc. Yeast extracts prepared from YPD 
cultures of GZY559 (CLN3-Myc), GZY584 (SLA1-HA), and GZY585 (CLN3-Myc SLA1-HA) were 
subjected to anti-Myc (αMyc) or αHA IP, followed by WB with αHA (C) or αMyc (D) antibodies.
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Next, to evaluate Sal1’s role in receptor-
mediated endocytosis, we examined the 
uptake of Arn1, a transporter of ferrichrome 
(FC)-type siderophores in C. albicans (Hu 
et al., 2002). Arn1 localizes to the PM and is 
internalized as intracellular spots when cells 
are exposed to FC (Hu et al., 2002). To visu-
alize Arn1, we expressed Arn1-GFP from the 
MET3 promoter. Figure 3G shows that Arn1-
GFP localized to the PM in both WT and 
sla1Δ/Δ cells in GMM without FC. At 1 h af-
ter the addition of FC, intracellular spots of 
Arn1-GFP were seen beneath the PM in 
most WT cells (94.9%, n = 39) and then 
moved away from the PM and appeared in 
vacuoles at later time points. In contrast, 
Arn1-GFP internalization in sla1Δ/Δ cells was 
dramatically delayed, as the intracellular 
spots could be detected in only 76.7% of 
mutant cells (n = 43) after 5 h of incubation 
with FC, indicating that Sla1 is critically re-
quired for receptor-mediated endocytosis. 
Taken together, our data revealed an impor-
tant role for Sla1 in the polarized localization 
of cortical actin patches and endocytosis.

The phosphomimetic sla1-13E mutant 
has similar defects as the sla1Δ/Δ 
mutant
To reveal the physiological role of 
Cdc28−Cln3 phosphorylation of Sla1, 
we mutated the Ser/Thr residues in all 
13 consensus CDK sites on Sla1 to either 
Ala (A) or Glu (E) to generate nonphospho-
rylatable (sla1-13A) and phosphomimetic 
(sla1-13E) versions of Sla1, respectively, 
and integrated the mutated genes with a 
C-terminal HA tag into sla1Δ/Δ cells. As a 
control, the WT SLA1 gene was also inte-
grated into sla1Δ/Δ cells in the same way. 
The yeast cells of both sla1-13A and 
sla1-13E mutants exhibited no apparent 
morphological abnormality. However, ab-
normality was observed in the sla1-13E 
mutant during hyphal morphogenesis, 
which was particularly obvious at weaker 
hyphal-inducing conditions such as in me-
dia containing 5% fetal bovine serum (FBS): 
the filaments were significantly shorter, and 
cells apical to the first septum were wider 
than WT hyphae, reminiscent of the sla1Δ/Δ 
mutant (Figure 4A). In comparison, the 
sla1-13A mutant produced normal hyphae. 
The results suggest that Sla1 dephospho-
rylation has a role in maintaining polarized 
hyphal growth.

To examine the effect of the Sla1 mutants 
on cortical actin patches, we expressed Life-
act-GFP in SLA1-WT, sla1-13A, and sla1-13E 
cells. During yeast and hyphal growth, both 
mutants exhibited no significant defects in 
the number and polarized distribution of 

FIGURE 2: Phosphorylation of Sla1 by Cdc28−Cln3. (A) Schematic diagram of Sla1 showing CDK 
phosphorylation sites (vertical lines). Solid boxes indicate SH3 domains, and hatched boxes 
show putative Prk1 kinase recognition motifs. (B) Detection of phosphorylated Sla1 in vivo. 
Sla1-HA was immunoprecipitated from GZY584 (SLA1-HA) yeast cell lysate and subjected to λPP 
or mock treatment, followed by αHA WB analysis. (C) Purification of Sla1 for phospho-site 
mapping. HA-Sla1 was immunoprecipitated from YPG culture of GZY631 (PGAL1-HA-SLA1) yeast 
cells and electrophoresed on SDS–PAGE. After staining with CBB, the Sla1 band was excised for 
phospho-site mapping by MS. (D) Cln3-dependent phosphorylation of Sla1 in vivo. GMM culture 
of cln3-sd yeast cells expressing Sla1-HA (GZY622) was incubated with 0.5 mM Met and Cys 
(MC) at 30°C for 2 h to switch off CLN3 expression. Sla1-HA was immunoprecipitated from cell 
lysates for WB analysis. A WT strain (BWP17) expressing Sla1-HA (GZY584) was included as a 
control, and half of the immunoprecipitated Sla1-HA was treated with λPP. (E) Sla1 
phosphorylation in Cln3-depleted cells. GZY622 cells were grown in GMM in the presence of 
0.5 mM MC at 30°C, and samples were taken at 15-min intervals for IP and WB analysis of 
Sla1-HA using αHA. Part of Sla1-HA from the 0-min time point was treated with λPP for control. 
(F) Comparison of Sla1 phosphorylation between ccn1Δ/Δ and WT cells. Sla1-HA was 
immunoprecipitated from lysates of WT (GZY584) and ccn1Δ/Δ (GZY744) yeast cells and 
subjected to λPP or mock treatment for WB analysis. (G) Comparison of Sla1 phosphorylation 
between hgc1Δ/Δ and WT cells. WT (GZY584) and hgc1Δ/Δ (GZY624) yeast cells were induced 
with 20% FBS at 37°C for 2 h for hyphal growth. Sla1-HA was then immunoprecipitated and 
subjected to λPP or mock treatment for WB analysis. (H) In vitro phosphorylation of Sla1 by 
Cdc28−Cln3. Cln3-Myc was immunoprecipitated from GZY641 (cdc28as CLN3-Myc) yeast cells 
and incubated with immunopurified HA-Sla1 to perform in vitro kinase assay in the presence or 
absence of 25 μM 1NM-PP1. Immunoprecipitates from IS89 (cdc28as) cell lysates were used as a 
negative control. After electrophoresis, the gel was stained with CBB to visualize HA-Sla1 and 
dried onto a filter paper for autoradiography.
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the actin patches (unpublished data). How-
ever, time-lapse microscopic examination of 
FM4-64 uptake revealed endocytic defects 
in sla1-13E cells (Figure 4B). Slightly earlier 
than SLA1-WT cells, sla1-13A cells began to 
show FM4-64 staining of the vacuolar mem-
brane at 15 min (78.3%, n = 23), and the ma-
jority of the vacuoles (91.3%, n = 23) were 
clearly stained at 30 min. In contrast, most 
sla1-13E cells (92.9%, n = 28) took ∼85 min 
for the dye to reach the vacuoles. We further 
examined Arn1-GFP internalization upon 
the addition of FC (Figure 4C). Similar to 
SLA1-WT cells, sla1-13A cells (91.4%, n = 
35) had Arn1-GFP spots beneath the PM 
at 1 h, which moved close to the cell center 
at 2 h and appeared in vacuoles at 3 h. In 
contrast, sla1-13E cells (92.3%, n = 39) 
began to have faint Arn1-GFP spots only 
at 2 h, which became brighter at 3 h and 
finally entered the vacuole at 4 h. These 
results demonstrated that the sla1-13E, 
but not the sla1-13A, mutant, is defective in 
endocytosis.

Taken together, our results show that the 
phosphomimetic modification of Sla1 at the 
CDK sites impairs hyphal development and 
endocytosis without obvious effects on the 
organization and localization of the actin 
cytoskeleton.

FIGURE 3: Defects of the sla1Δ/Δ mutant. (A) Morphology of sla1Δ/Δ yeast cells. WT (BWP17) 
and sla1Δ/Δ (GZY602) cells were grown in GMM at 30°C. Bar, 5 μm, in this and subsequent 
figures. (B) Temperature sensitivity of sla1Δ/Δ cells. WT and sla1Δ/Δ cells were grown on a GMM 
plate at 30°C and replicated to a new GMM plate for incubation at 42°C for 24 h. (C) Defective 

hyphal growth of sla1Δ/Δ cells on solid 
medium. WT and sla1Δ/Δ cells were streaked 
on either a GMM plate at 30°C or a GMM 
plate containing 20% FBS at 37°C. After 
incubation for 24 h, single colonies were 
photographed. (D) Defective hyphal growth 
of sla1Δ/Δ cells in liquid medium. WT and 
sla1Δ/Δ yeast cells were induced for hyphal 
growth in YPD containing 20% of FBS at 
37°C. Arrowheads and arrows indicate 
swelling hyphae and buds in subapical cells, 
respectively. (E) Actin cytoskeleton 
abnormality in sla1Δ/Δ cells. WT and sla1Δ/Δ 
cells were either grown as yeast in YPD at 
30°C or induced for hyphal formation in YPD 
with 20% of FBS at 37°C for 1–2 h. Cells were 
stained with rhodamine–phalloidin to 
visualize the actin cytoskeleton under a 
fluorescence microscope. (F) Defective 
FM4-64 uptake in sla1Δ/Δ cells. Fresh WT and 
sla1Δ/Δ yeast cells were incubated with 20 
μM of FM4-64 at 30°C for 10 min before 
time-lapse microscopic analysis. 
Representative images taken at the indicated 
time points (h:min) are shown. (G) Delayed 
Arn1-GFP internalization in sla1Δ/Δ cells. 
WT (GZY746) and sla1Δ/Δ cells (GZY747) 
expressing Arn1-GFP were grown in GMM 
at 30°C and then incubated with 200 μM FC 
to initiate Arn1-GFP internalization. Samples 
were taken at 1-h intervals for microscopy.
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existence of a mechanism that rapidly de-
phosphorylates Sla1 during the yeast-to-
hypha transition.

In S. cerevisiae, the Sla1 C-terminal re-
gion contains multiple L/I/V/MQxTG motifs, 
which are the recognition sites for the kinase 
Prk1 (Huang et al., 2003). Sla1 phosphoryla-
tion by Prk1 regulates the formation and 
function of the Pan1/Sla1/End3 complex 
(Zeng et al., 2001). Similarly, 10 L/I/V/
MxxQxTG motifs also exist in the C-terminal 
region of C. albicans Sla1 (Figure 2A), some 
of which were found to be phosphorylated 
on Thr by phospho-site mapping (Supple-
mental Figure S1). Deletion of the C-terminal 
region of Sla1 containing all the Prk1 sites 
caused severe defects in hyphal formation 
(Supplemental Figure S4), suggesting that 
the C-terminal phosphorylation sites are 
present in a functionally important region of 
the protein. To test whether Sla1 undergoes 
Prk1-mediated phosphorylation, we immu-
noprecipitated Sla1-HA from a prk1Δ/Δ mu-
tant and compared its gel mobility with that 
from WT cells. As shown in Figure 5D, there 
was a clear, albeit moderate, decrease in the 
phosphorylation level of Sla1 in the prk1Δ/Δ 
cells, suggesting that Prk1 also contributes 
to Sla1 phosphorylation.

To investigate whether Cdc28–Cln3- or 
Prk1-mediated phosphorylation is rapidly 
reduced during the yeast-to-hypha transi-
tion, we compared the phosphorylation 
level of Sla1-HA in prk1Δ/Δ cells grown 
under yeast and hyphal conditions. Figure 
5E shows that Sla1-HA was still highly 
phosphorylated in prk1Δ/Δ cells during 
yeast growth, and the phosphorylation 
level exhibited a substantial decrease 
when cells were induced for hyphal 
growth, suggesting that the Cdc28–Cln3-
mediated phosphorylation was down-reg-
ulated. We also observed a slight decrease 
in the phosphorylation level of Sla1-13A-
HA and Sla1-13E-HA, in which all consen-
sus CDK sites were mutated, upon the 
yeast-to-hypha transition (Figure 5F), sug-
gesting that Sla1 phosphorylation by Prk1 
and perhaps other kinases is down-regu-
lated as well.

To reveal the biological importance of Sla1 dephosphorylation 
in hyphal development, we generated a sla1-23E mutant in which 
Ser and Thr residues within the 13 CDK sites and 10 Prk1 sites were 
all mutated into Glu to mimic constitutive phosphorylation and 
examined its hyphal morphology. The mutant grew like WT cells 
under yeast growing conditions (Figure 5G). However, when in-
duced for hyphal growth (with 10% FBS), sla1-23E cells exhibited 
morphological defects, with many cells initially forming an elon-
gated bud with a tapered tip that later grew into filaments with swol-
len tips and septal constrictions (Figure 5G). The results demonstrate 
the importance of Sla1 dephosphorylation for normal hyphal 
development.

Sla1 is rapidly dephosphorylated upon hyphal induction
The hyphal defects in sla1-13E cells suggest requirement for Sla1 
dephosphorylation during hyphal growth. To test this idea, we 
compared the gel mobility of Sla1-HA between yeast and hyphal 
cells. As shown in Figure 5A, Sla1 clearly exhibited a lower level of 
phosphorylation in hyphal cells induced for 2 h than in yeast cells. 
Next we examined the kinetics of Sla1 dephosphorylation. After 
initiating the hyphal induction, we collected aliquots of cells at 
20-min intervals for WB analysis and detected Sla1 dephosphoryla-
tion at the first time point (Figure 5B). We then shortened the time 
intervals and found that Sla1 dephosphorylation occurred within 
the first 5 min of hyphal induction (Figure 5C). The data indicate the 

FIGURE 4: Phenotypic characterization of the sla1-13A and sla1-13E mutants. (A) Hyphal 
morphology of the sla1-13A and sla1-13E cells. Elutriated G1 cells of SLA1-WT (GZY652), 
sla1-13A (GZY658), and sla1-13E (GZY670) were recovered in GMM at 30°C for 2 h before 
hyphal induction with 5% of FBS at 37°C. Arrows indicate swollen cells apical to the first septum. 
(B) FM4-64 uptake in sla1-13A and sla1-13E cells. Cells of GZY652 (SLA1-WT), GZY658 
(sla1-13A), and GZY670 (sla1-13E) were grown in YPD overnight and refreshed at 30°C for 2 h, 
followed by incubation with 20 μM of FM4-64 at 30°C for 10 min before time-lapse microscopy. 
(C) Arn1-GFP internalization in sla1-13A and sla1-13E cells. SLA1-WT (GZY761), sla1-13A 
(GZY762), and sla1-13E (GZY763) cells expressing Arn1-GFP were grown in GMM at 30°C and 
then treated with 200 μM FC to initiate Arn1-GFP internalization.
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all the 10 Prk1 recognition motifs were cov-
ered by the mapping, only five were found 
to have phosphorylated Thr. To investigate 
whether the Cdc28–Cln3-mediated phos-
phorylation might affect Prk1 phosphoryla-
tion of Sla1, we immunoprecipitated the 
same amount of Sla1-13A and Sla1-13E pro-
teins and probed them with an antibody 
(αP-Thr) specific for phospho-Thr. Because 
Prk1 only phosphorylates Thr residues 
(Huang et al., 2003), and all Thr residues in 
CDK sites had been mutated in Sla1-13A 
and Sla1-13E, the signal detected by αP-Thr 
would reflect the Prk1-mediated phospho-
rylation. Compared with that on Sla1-WT, 
the Prk1-mediated phosphorylation was de-
creased to 68% on Sla1-13A but increased 
to 166% on Sla1-13E during hyphal growth 
(Figure 6, A and B). Similar changes of Prk1-
mediated phosphorylation on Sla1-13A and 
Sla1-13E were also observed during the 
yeast growth (unpublished data), suggest-
ing that Cdc28–Cln3 phosphorylation of 
Sla1 enhances its phosphorylation by Prk1.

In S. cerevisiae, the C-terminal region of 
Sla1 interacts with Pan1 (Tang et al., 2000), 
an activator of the Arp2/3 complex (Duncan 
et al., 2001), and Prk1 phosphorylation of 
Sla1 negatively regulates their physical as-
sociation (Zeng et al., 2001). To investigate 
whether such physical interaction is also 
regulated by Cdc28–Cln3 phosphorylation 
of Sla1, we performed coIP between Pan1-
Myc and different versions of Sla1-HA. When 
equal amounts of Pan1-Myc were pulled 
down, WB analysis detected coIP of more 
Sla1-13A-HA and less Sla1-13E-HA than 
Sla1-WT-HA (Figure 6, C and D). Consis-
tently, similar results were obtained in the 
reciprocal coIP experiment (Figure 6, E and 
F). Thus the results suggest that Cdc28–
Cln3 phosphorylation of Sla1 negatively 
regulates the physical association between 
Sla1 and Pan1.

Cdc28–Cln3 phosphorylation of Sla1 
regulates cortical actin patch dynamics
In S. cerevisiae, the early endocytic pathway 
requires coordinated spatiotemporal as-
sembly of multiple factors in three phases: a 
nonmotile phase in which coat proteins, in-
cluding Sla1, Sla2, Pan1, and Las17, are as-
sembled into a complex at the PM; a slow-
movement phase, in which Abp1 and Arp2/3 
complex are recruited and actin polymeriza-
tion is initiated to provide forces for mem-
brane invagination and vesicle detachment; 
and a fast-movement phase, in which forces 

from actin polymerization propel the released endocytic vesicle into 
cytoplasm (Kaksonen et al., 2003). Because Sla1 is one of the early 
proteins to be recruited at the beginning of endocytosis to form 
an endocytic coat with other components, including two Arp2/3 

Cdc28–Cln3 phosphorylation of Sla1 regulates Prk1 
phosphorylation of Sla1 and Sla1 association with Pan1
We showed that 12 of 13 consensus CDK sites in Sla1 were phos-
phorylated in vivo (Supplemental Figure S1). In contrast, although 

FIGURE 5: Rapid dephosphorylation of Sla1 upon hyphal induction. (A) Sla1 phosphorylation in 
yeast and hyphae. WT cells expressing Sla1-HA (GZY584) were either grown as yeast in YPD at 
30°C or induced for hyphal growth with 20% FBS at 37°C for 2 h. (B, C) Kinetics of Sla1 
dephosphorylation after hyphal induction. GZY584 cells were grown in YPD at 30°C and then 
incubated with 20% FBS at 37°C. Samples were taken at 20- (B) or 5-min (C) intervals after the 
addition of FBS. (D) Comparison of Sla1 phosphorylation in WT and prk1Δ/Δ cells. Cells of 
GZY584 (SLA1-HA) and GZY750 (prk1Δ/Δ SLA1-HA) were grown as yeast. (E) Comparison of 
Sla1 phosphorylation in the prk1Δ/Δ yeast and hyphal cells. GZY750 cells were either grown as 
yeast or induced for hyphal growth for 20 min. (F) Comparison of Sla1-13A and Sla1-13E 
phosphorylation in yeast and hyphae. Cells of GZY658 (sla1-13A) and GZY670 (sla1-13E) were 
either grown as yeast or switched to hyphal growth for 20 min. In A–F, Sla1-HA was 
immunoprecipitated with αHA and subjected to λPP or mock treatment, followed by αHA WB 
analysis. (G) Defective hyphal growth of sla1-23E cells. Cells of GZY652 (SLA1-WT) and GZY727 
(sla1-23E) were grown in GMM at 30°C and then induced for hyphal growth with 10% FBS at 
37°C.
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We first compared the actin patch dy-
namics between WT and the sla1Δ/Δ mutant. 
Cells expressing Lifeact-GFP were subjected 
to time-lapse fluorescence microscopy. Mov-
ies were taken with a frame interval of 1 s for 
a duration of 2 min, and the time elapsed 
between the appearance and disappear-
ance of individual patches was used to calcu-
late the average lifespan of actin patches 
(Figure 7, A and B). In yeast growth, Lifeact-
GFP patches showed dynamic movement in 
WT cells (Supplemental Movie S1), with a 
patch lifespan of ∼18 s (Figure 7C), whereas 
their movement in sla1Δ/Δ cells was much 
less dynamic (Supplemental Movie S2), with 
a prolonged lifespan of ∼28 s (Figure 7C). 
When induced for hyphal growth, Lifeact-
GFP patches became highly dynamic in both 
WT and sla1Δ/Δ cells (Figure 7D and Supple-
mental Movies S3 and S4) and had much 
shorter lifespans (Figure 7E). Nevertheless, 
the patch lifespan was ∼50% longer in 
sla1Δ/Δ than in WT cells (Figure 7E). The 
data demonstrate that Sla1 is important for 
the proper dynamics of cortical actin patches 
during both yeast and hyphal growth.

We noted that cortical actin patches 
were generally more dynamic, with shorter 
lifespans in hyphal than in yeast cells. The 
patch lifespan of Lifeact-GFP was shortened 
from ∼18 to ∼7 s when WT cells switched 
from yeast to hyphal growth (Figure 7, C and 
E). To exclude the possibility that such 
change was caused solely by the increase of 
temperature, we grew WT cells at 37°C in 
the absence of FBS and found that the in-
crease of temperature alone had a rather 
small effect on the dynamics of cortical actin 
patches, reducing the patch lifespan by only 
∼3 s in comparison with that measured at 
30°C (Figure 7E). The data suggest that hy-
phal growth may require accelerated actin 
patch turnover.

Next we examined the behaviors of Life-
act-GFP patches in SLA1-WT, sla1-13A, and 
sla1-13E cells. As expected, the SLA1-WT 
cells exhibited an almost identical pattern of 
patch dynamics and turnover as WT cells 
during both yeast and hyphal growth 
(Figure 7, F and G). However, there was a 
∼13% decrease in the lifespan of Lifeact-
GFP patches in both yeast and hyphal cells 
in the sla1-13A mutant (Figure 7, F and G). 
In contrast, the patch lifespan of Lifeact-GFP 
increased by ∼35% in sla1-13E yeast cells 
and ∼20% in sla1-13E hyphal cells (Figure 7, 

F and G). These data suggest that Cdc28–Cln3 phosphorylation of 
Sla1 negatively regulates actin patch dynamics.

DISCUSSION
The hyphal development of fungi is an extreme form of polarized 
growth that requires the polarity machinery to be maintained 

complex activators, Pan1 and Las17 (Winter et al., 1999; Duncan 
et al., 2001), the absence or mutation of Sla1 would likely affect the 
coat assembly, disturb subsequent actin polymerization, and impair 
endocytosis. Thus we decided to investigate the dynamics of cortical 
actin patches in sla1 mutants during yeast and hyphal growth in 
C. albicans.

FIGURE 6: Cdc28–Cln3 phosphorylation of Sla1 enhances its phosphorylation by Prk1 and 
reduces its association with Pan1. (A) Detection of Prk1-mediated phosphorylation of Sla1. Yeast 
cells of GZY652 (SLA1-WT), GZY658 (sla1-13A), and GZY670 (sla1-13E) were incubated for 
hyphal growth with 20% FBS at 37°C for 2 h. Sla1 (tagged with HA) was immunoprecipitated 
with αHA and subjected to λPP or mock treatment. For WB analysis, the membrane was first 
probed with αP-Thr and then stripped for reprobing with αHA. (B) Comparison of Prk1-
mediated phosphorylation on Sla1-13A and Sla1-13E in A. The phosphorylation intensity of 
Sla1-WT-HA, Sla1-13A-HA, and Sla1-13E-HA (detected by αP-Thr) was measured by a 
densitometer and normalized against the amount of respective protein (detected by αHA). The 
results were then calculated as percentages against the normalized value of Sla1-WT-HA. 
(C) CoIP of Sla1-WT, Sla-13A, and Sla-13E with Pan1. Yeast cells of GZY718 (SLA1-WT-HA 
PAN1-Myc), GZY719 (sla1-13A-HA PAN1-Myc), and GZY720 (sla1-13E-HA PAN1-Myc) were 
incubated with 20% FBS at 37°C for 2 h. Cell extracts were prepared and subjected to αMyc IP, 
followed by immunoblotting with αMyc and αHA. (D) Comparison of the amounts of Sla1-13A 
and Sla1-13E coimmunoprecipitated by Pan1 in C. The amount of Sla1-WT-HA, Sla1-13A-HA, 
and Sla1-13E-HA was measured by a densitometer and normalized against the amount of 
Pan1-Myc used for coIP, respectively. The results were then calculated as percentages against 
the normalized value of Sla1-WT-HA. (E) CoIP of Pan1 with Sla1-WT, Sla1-13A, and Sla1-13E. 
Cells of GZY718, GZY719, and GZY720 were incubated with 20% FBS at 37°C for 2 h. Cell 
extracts were prepared and subjected to αHA IP, followed by WB with αHA and αMyc. 
(F) Comparison of the amounts of Pan1 coimmunoprecipitated with Sla1-13A-HA and Sla1-13E-
HA in E. The amount of Pan1-Myc was measured by a densitometer and normalized against the 
amount of Sla1-WT-HA, Sla1-13A-HA, and Sla1-13E-HA used for coIP, respectively. The results 
were then calculated as percentages against the value for Sla1-WT-HA.
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FIGURE 7: Regulation of actin patch dynamics by Cdc28–Cln3 phosphorylation of Sla1. (A) 
Live-cell imaging of Lifeact-GFP in yeast cells of WT (GZY730) and sla1Δ/Δ (GZY733). Single 
frames from movies of GZY730 and GZY733 yeast cells were chosen to show the appearance to 
disappearance of an individual cortical actin patch (indicated by arrowheads). See 
Supplementary Movies S1 and S2. (B) Actin patch dynamics in WT and sla1Δ/Δ yeast cells. 
Montages of a representative Lifeact-GFP patch were used to demonstrate the dynamics of 
cortical actin patches in WT and sla1Δ/Δ yeast cells. (C) Lifespan of actin patches in WT and 
sla1Δ/Δ yeast cells. Lifeact-GFP patches (n ≥ 35) in GZY730 and GZY733 yeast cells were visually 
examined for the time elapsed between patch appearance and disappearance, and the lifespan 
was calculated as the average time ± SD. (D, E) Live-cell imaging (D) and patch lifespan (E) of 
Lifeact-GFP in WT and sla1Δ/Δ hyphal cells and in WT yeast cells grown at 37°C. Single frames 
from movies of GZY730 and GZY733 hyphal cells and GZY730 yeast cells grown at 37°C are 
shown in D. (F, G) Lifespan of actin patches in SLA1-WT, sla1-13A, and sla1-13E cells during 
yeast (F) and hyphal (G) growth. SLA1-WT (GZY739), sla1-13A (GZY740), and sla1-13E (GZY741) 
cells expressing Lifeact-GFP were grown as yeast or hyphae for live-cell imaging and patch 
lifespan calculation. The differences in patch lifetimes between each mutant and the wild type 
were statistically significant (p < 0.01).

persistently at the growing tip. The CDK Cdc28 plays a central 
role in regulating C. albicans hyphal growth by phosphorylating 
several key components of the polarity machinery (Zheng et al., 
2007; Bishop et al., 2010). In this study, we identified a new Cdc28 
substrate, Sla1, which is a crucial part of the endocytic machine, 
establishing a new molecular link between Cdc28 and another 

fundamental cellular process critically in-
volved in the maintenance of cell polarity.

Sla1 is a substrate of Cdc28–Cln3
In S. cerevisiae, Sla1 has been identified as a 
potential Cdc28 substrate in vivo (Holt et al., 
2009). Our studies in C. albicans provide 
strong evidence demonstrating that Cdc28 
phosphorylates Sla1. First, Sla1 physically 
associates with Cln3, as shown by in vitro af-
finity binding and coIP experiments. Sec-
ond, Sla1 contains 13 consensus CDK sites, 
and 12 were found to be phosphorylated in 
vivo by MS. Third, Sla1 phosphorylation 
largely depends on Cln3, as Cln3 depletion 
greatly reduced Sla1 phosphorylation. 
Finally, purified Sla1 could be specifically 
phosphorylated by Cln3-associated Cdc28 
in vitro. Taking these data together, we con-
clude that Cdc28–Cln3 phosphorylates Sla1. 
Several endocytic proteins have been re-
ported as CDK substrates in other organ-
isms. Amphiphysin 1 in rat brain participates 
in synaptic vesicle endocytosis and is phos-
phorylated by both Cdk5 and Cdc2 kinases 
(Floyd et al., 2001). The yeast amphiphysin 
homologue Rvs167 binds to the cyclin Pcl2 
and is phosphorylated by the CDK Pho85 
(Lee et al., 1998). Epsin, which has a role in 
clathrin-mediated endocytosis, is phospho-
rylated by the Cdc2 kinase (Chen et al., 
1999). These data indicate that phospho-
regulation of key components of the endo-
cytic machine by CDKs is a common mecha-
nism in the control of endocytosis.

The function of Sla1 in actin 
organization and endocytosis
Similar to its S. cerevisiae homologue, C. albi-
cans Sla1 localizes as cortical spots that par-
tially overlap with actin patches, consistent 
with a role for Sla1 in actin regulation. Abnor-
malities were indeed observed in sla1Δ/Δ 
cells, which contained much fewer and de-
polarized cortical actin patches compared 
with WT cells. Furthermore, the dynamics 
of cortical actin patches was significantly re-
duced and the patch lifespan increased in 
sla1Δ/Δ cells. These data demonstrate that 
Sla1 is crucial for the proper polarization and 
dynamics of cortical actin patches.

Studies in S. cerevisiae have established 
cortical actin patches as the sites of endocy-
tosis (Kaksonen et al., 2003), where Sla1 
plays a key role through direct interaction 
with both actin-binding and other endocytic 

proteins (Tang et al., 2000; Warren et al., 2002; Gourlay et al., 2003; 
Rodal et al., 2003). Consistently, sla1 mutants also exhibit endocyto-
sis defects in C. albicans. We demonstrated that Sla1 is required for 
efficient internalization of the membrane dye FM4-64 and the si-
derophore transporter Arn1. Of interest, the fluid-phase endocytosis 
in sla1Δ/Δ cells appeared normal, as shown by the LY uptake assay. 
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Actin polymerization drives invagination of the PM and release/
movement of endocytic vesicles (Kaksonen et al., 2003). Las17, the 
major activator of the actin-nucleating Arp2/3 complex (Winter 
et al., 1999), is recruited to endocytic sites as early as other coat 
proteins (Kaksonen et al., 2003). It was proposed that Sla1 interacts 
with Las17 (Rodal et al., 2003) and keeps it inactive so that actin as-
sembly will not occur until the coat assembly is complete (Sun et al., 
2006). Our observation of a prolonged lifespan of cortical actin 
patches in the sla1-13E mutant suggests that Cdc28 phosphoryla-
tion of Sla1 may affect actin assembly. It is possible that the associa-
tion between Sla1 and Las17 is inhibited by Cdc28 and Prk1 phos-
phorylation of Sla1, resulting in earlier initiation of actin nucleation 
and thus an extended lifespan of actin patches. It is also possible 
that the Sla1 phosphorylation level affects the nature of the actin 
filaments assembled by the Arp2/3 complex, such as filaments with 
different dynamics or stability, which may determine actin patch dy-
namics and endocytosis rates (Ayscough, 2005).

Differential regulation of endocytosis in different growth 
modes of C. albicans
This study revealed differential regulation of the cortical actin patch 
dynamics between the yeast and hyphal growth in C. albicans. Of 
importance, we found significantly faster actin patch turnover in hy-
phae than in yeast cells, suggesting accelerated endocytosis during 
hyphal growth. Our data are consistent with a critical role for endo-
cytosis in polarized growth proposed in recent reports (Steinberg, 
2007a,b; Upadhyay and Shaw, 2008; Shaw et al., 2011). In polarized 
growth, such as hyphal tip growth and apical bud extension in 
yeasts, polarity molecules localize to a small area on the cell surface 
to direct localized growth. To maintain the polarity, the cell must 
have a mechanism that prevents the polarity molecules from diffus-
ing away and accumulating to high concentrations in areas outside 
the established growth zone (Momany, 2002). Endocytosis is be-
lieved to play this role because actin patches, as the sites of endo-
cytosis, are always found to concentrate around the growth sites in 
fungi and yeasts (Marco et al., 2007; Steinberg, 2007b; Upadhyay 
and Shaw, 2008). Recently high-resolution imaging analyses re-
vealed actin patches forming a collar encircling the region closely 
behind the growing apex during the hyphal development of A. 
nidulans (Araujo-Bazan et al., 2008; Taheri-Talesh et al., 2008; 
Upadhyay and Shaw, 2008) and N. crassa (Delgado-Alvarez et al., 
2010; Berepiki et al., 2011). This actin collar is believed to carry out 
endocytic removal of polarity molecules escaping the growth cap, 
thus restricting growth to the hyphal tip (Shaw et al., 2011). Here we 
propose that maintaining continuous hyphal growth requires not 
only polarizing actin patches to the subapical region but also accel-
erating endocytosis. This hypothesis is consistent with the increase 
in actin patch dynamics when C. albicans switches from yeast to 
hyphal growth and the retardation of actin patch turnover and endo-
cytosis as a result of SLA1 deletion or phosphomimetic mutation of 
CDK sites of Sla1, which causes partial loss of polarized growth.

In summary, we have discovered a concrete molecular link 
between CDK and the endocytic machinery in the polymorphic 
fungus C. albicans and revealed a novel mechanism by which CDK 
regulates actin-mediated endocytosis in different growth modes 
via differential phosphorylation of Sla1.

MATERIALS AND METHODS
Strains, plasmids, and growth conditions
Yeast strains and plasmids used in this study are listed in Supple-
mental Tables S1 and S2, respectively. Recombinant DNA manipula-
tions were performed according to standard methods. Site-directed 

This is in contrast to situations in S. cerevisiae in which defective 
fluid-phase endocytosis is always observed when other types of en-
docytosis are impaired. In line with our findings, it has been reported 
recently that the arp2Δ/Δ and arp2Δ/Δ arp3Δ/Δ mutants of C. albi-
cans are defective in FM4-64 internalization but normal in LY uptake 
(Epp et al., 2010).

The role of Cdc28 phosphorylation of Sla1 
in polarized growth
A key finding of this study is Sla1 hypophosphorylation in hyphal 
growth, suggesting a role for Sla1 phosphorylation in controlling 
polarized growth. Indeed, the sla1-13E mutant that mimics constitu-
tive phosphorylation at the CDK sites in Sla1 exhibited significant 
hyphal defects, whereas the nonphosphorylatable sla1-13A mutant 
grew normal hyphae. Like the sla1Δ/Δ mutant, neither one of the 
CDK-site mutants showed apparent morphological defects during 
the yeast growth. Strikingly, our live-cell imaging analysis revealed 
that actin patches were much more dynamic in hyphae than in yeast 
and that SLA1 deletion markedly reduced the patch dynamics, sug-
gesting that Cdc28 phosphorylation of Sla1 might influence polar-
ized growth by regulating the actin patch turnover. In support of this 
idea, we observed a significant decrease in the patch dynamics in 
sla1-13E cells, with the patch lifespan extended by 35% in hyphae 
and 20% in yeast in comparison with WT cells. In contrast, the patch 
dynamics was accelerated in the sla1-13A mutant, with the patch 
lifespan shortened by ∼13% in both yeast and hyphae. Consistent 
with the reduced patch dynamics, the sla1-13E yeast cells exhibited 
a severe retardation of endocytosis. In comparison, the sla1-13A 
yeast cells were normal in endocytosis. Given the fact that hyphal 
cells of sla1-13E exhibited a similar defect on patch behaviors as 
yeast cells, it is highly possible that the sla1-13E mutant also had 
impaired endocytosis under hyphal growth conditions. Taking these 
results together, we propose that Cdc28 phosphorylation of Sla1 
regulates actin-mediated endocytosis in different growth modes of 
C. albicans in addition to other cellular processes discovered previ-
ously (Sinha et al., 2007; Zheng et al., 2007; Wang et al., 2009; 
Bishop et al., 2010).

How does Cdc28 negatively regulate endocytosis through Sla1 
phosphorylation? The mechanism seems to intimately involve the 
actin-regulatory kinase Prk1 and its regulation of Sla1’s interaction 
with proteins in the actin–endocytic complex (Cope et al., 1999; 
Zeng and Cai, 1999). In S. cerevisiae, Prk1 phosphorylates several 
endocytic coat proteins, including Sla1, Pan1, and Scd5, to facilitate 
disassembly of the coat complex (Zeng et al., 2007). Deletion of Prk1 
causes abnormal assembly of the actin cytoskeleton and failure of 
endocytosis (Cope et al., 1999; Zeng and Cai, 1999). Furthermore, 
the coat proteins are proposed to be dephosphorylated by the type 
1 phosphatase Glc7, and probably other phosphatases, before they 
can be reused for the next round of endocytosis (Zeng et al., 2007). 
Thus, timely and proper phosphorylation and dephosphorylation of 
some endocytic complex proteins is crucial for the efficiency and 
rate of endocytosis. C. albicans Sla1 also exhibits Prk1-dependent 
phosphorylation. We showed that deletion of the Prk1 phosphoryla-
tion region in Sla1 severely affected the hyphal morphology. Fur-
thermore, Cdc28 phosphorylation of Sla1 enhanced Prk1 phospho-
rylation of Sla1 and, of importance, reduced Sla1’s association with 
Pan1. However, it remains unclear how the CDK-enhanced Prk1 
phosphorylation of Sla1 influences the endocytic process. Given that 
we observed correlations of Sla1 hyperphosphorylation with re-
duced actin patch dynamics and slower endocytosis, one possibility 
is that Sla1 phosphorylation might prevent its recruitment into the 
endocytic coat and thus delay the initiation of endocytosis.
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and assesses the quality of data. In-house MASCOT 2.2 from 
Matrix Science (London, United Kingdom) was used to assist in 
the interpretation of tandem mass spectra against other fungus 
subdatabases of the nonredundant databases (http://pubmlst.org/
analysis). Phosphopeptide mapping was searched against targeted 
protein sequences.

Protein extraction, immunoprecipitation, 
and Western blotting 
To prepare cell lysates, cells were harvested into 2-ml screw-cap mi-
crocentrifuge tubes by brief centrifugation to obtain pellets with a 
volume of ≤500 μl and resuspended in 500 μl of ice-cold lysis buffer 
(50 mM Tris-HCI, pH7.4, 150 mM KCI, 1% NP-40) containing pro-
tease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) and phos-
phatase inhibitor cocktail B (Santa Cruz Biotechnology, Santa Cruz, 
CA). After addition of an equal volume of acid-washed glass beads 
(Sigma-Aldrich, St. Louis, MO), cells were broken by six rounds of 
60-s beating at 5000 rpm in a MicroSmash MS-100 beater (TOMY 
Medico, Tokyo, Japan) with 1 min of cooling on ice between rounds. 
The lysed cells were then centrifuged at 16,000 rpm for 15 min at 
4°C, and supernatants were collected.

To perform IP, cell lysate was incubated with a 30-μl slurry of rab-
bit polyclonal HA or Myc beads (Santa Cruz Biotechnology) at 4°C 
for 1 h. After brief centrifugation at 8000 rpm, the beads were 
washed by resuspension in 800 μl of cold lysis buffer and subjected 
to another brief centrifugation. The washed beads were resus-
pended in 10 μl of 1× protein loading buffer and boiled for 6 min. 
For λPP treatment, the washed beads were incubated with 2 μl of 
10× buffer, 2 μl 10 mM MnCI2, and 1 μl λPP (New England BioLabs, 
Hitchin, United Kingdom) at 30°C for 20 min before adding 1× pro-
tein loading buffer. Protein samples were separated by SDS–PAGE 
and subsequently transferred to a polyvinylidene fluoride mem-
brane (Bio-Rad Laboratories, Hercules, CA).

For WB analysis, the membrane was first incubated with blocking 
solution (5% bovine serum albumin) at room temperature for 1 h or at 
4°C overnight. After a brief rinse with PBS containing 0.1% (vol/vol) 
Tween-20 (PBST), the membrane was incubated with PBST contain-
ing a 1:1000 diluted primary antibody (mouse monoclonal HA or 
Myc antibody; Santa Cruz Biotechnology) at room temperature for 
1 h, followed by three rounds of 5-min wash with PBST. The mem-
brane was then incubated with PBST containing a 1:2000 diluted 
secondary antibody (horseradish peroxidase–linked anti–mouse 
immunoglobulin G from sheep; GE Healthcare UK, Chalfont St. 
Giles, United Kingdom). After three rounds of 5-min wash with PBST, 
the membrane was immersed in Pierce ECL WB substrate solution 
(Thermo Scientific, Rockford, IL) and exposed to X-film (Fujifilm, 
Tokyo, Japan).

Purification of HA-Sla1 and in vitro kinase assay
To purify HA-Sla1, 50 ml of cell lysate was prepared from 1 l of YPG 
culture of GZY631 yeast cells (grown at 30°C overnight) and centri-
fuged at 15,000 rpm for 15 min. The supernatant was collected and 
incubated with a 50-μl slurry of EZview red anti-HA affinity gel 
(Sigma-Aldrich) at 4°C overnight. The HA-Sla1–bound gel was 
washed five times with 1 ml of lysis buffer by resuspension in the 
buffer, followed by brief centrifugation at 8000 rpm. For phospho-
site mapping, the washed gel was boiled in 50 μl of 1× protein load-
ing buffer for 6 min. The denatured proteins were separated with 
6% SDS–PAGE. After staining with CBB, the HA-Sla1 band was ex-
cised for MS analysis. For in vitro kinase assay, the washed gel 
was incubated with 200 μl (1 mg/ml in PBS) of freshly prepared HA 
peptide solution (Sigma-Aldrich) for 10 min on ice. After brief 

mutagenesis followed the manual of the QuikChange Multi Site-
Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA). 
Transformation of C. albicans was done following the protocol of the 
Fast Yeast Transformation Kit (Geno Technology, Maryland Heights, 
MO). Yeast cells were routinely grown at 30°C in 2% yeast extract, 
1% peptone, and 2% glucose (YPD) or galactose (YPG) or glucose 
minimal medium (GMM; 6.79 g/l yeast nitrogen base without amino 
acids and 2% glucose) supplemented with appropriate amino acids 
(uridine 80 μg/ml, arginine 40 μg/ml, and histidine 40 μg/ml) for aux-
otrophic mutants. G1 cells were prepared by centrifugal elutriation 
using a J-26 XP elutriator (Beckman, Fullerton, CA). To shut down the 
MET3 promoter, both methionine and cysteine were added to the 
culture at a final concentration of 0.5 mM. For hyphal induction, 
yeast culture was 1:10 diluted into fresh medium containing 5–20% 
of FBS (HyClone Laboratories, Logan, UT) and incubated at 37°C.

Affinity purification of GST-Cln3 bound proteins
To express GST-Cln3 fusion protein, Escherichia coli BL21 was trans-
formed with the plasmid pYGS837 and grown in 800 ml of LB me-
dium containing 100 μg/ml ampicillin to OD600 of 0.5, followed by 
incubation with 1 mM isopropylthio-β-d-galactoside (IPTG) at 37°C 
for 4 h. Cells were collected by centrifugation and resuspended into 
40 ml of cold phosphate-buffered saline (PBS). The suspension was 
sonicated on ice to break the cells, and the lysate was centrifuged 
at 15,000 rpm for 15 min. The supernatant was incubated at 
4°C for 1 h with a 1-ml slurry of glutathione–Sepharose 4B beads 
(Amersham-Pharmacia Biotech, GE Healthcare Bio-Sciences, 
Piscataway, NJ) prewashed with cold PBS three times. The beads 
were then passed through a disposable column. The detained GST-
Cln3–bound beads were washed with 25 ml of cold PBS three times 
and kept in 1 ml of PBS in the column at 4°C for further use. To per-
form affinity purification, 25 ml of cell lysate was prepared from 
500 ml of YPD culture of BWP17 yeast cells grown at 30°C overnight 
and cleared of cell debris by centrifugation. The supernatant was 
precleaned by incubating with a 1-ml slurry of glutathione–Sephar-
ose 4B beads at 4°C for 1 h and passing through a disposable col-
umn. The cleaned extract was collected and transferred to the col-
umn containing GST-Cln3–bound beads for further incubation at 4°C 
for 1 h. After washing with 25 ml of cold lysis buffer (50 mM Tris-HCl, 
pH 7.4, 150 mM KCl, 1% NP-40) five times, the GST-Cln3–bound 
beads were incubated with 1 ml KCl (0.15 M) at room temperature 
for 5 min to elute the bound proteins. The eluted proteins were al-
lowed to flow through the column by gravity and collected. The elu-
tion was repeated with increasing concentrations of KCl (0.3, 0.45, 
0.6, 0.75, 0.9, 1.05, 1.2, 1.35, and 1.5 M). Proteins from each elution 
were precipitated by incubating with 10% trichloroacetic acid for 
10 min on ice, redissolved in 1× protein loading buffer (50 mM Tris-
HCl, pH 6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol, 12.5 mM 
EDTA, 0.02% bromophenol blue), electrophoresed on 12% PAGE 
gel, and visualized by Coomassie brilliant blue (CBB) staining.

Mass spectrometry analysis
MS analysis was performed by Center for Functional Genomics, 
University at Albany, State University of New York. The excised gel 
pieces containing protein bands were washed, reduced, alkylated, 
and in-gel tryptic digested. Proteolytic peptides were extracted 
from the gel. Peptide mixture was concentrated and reconstituted 
in 5% formic acid for liquid chromatography–tandem mass spec-
trometry (LC-MS/MS) analysis. Phosphopeptides were enriched 
using TiO2, and both fractions were analyzed by LC-MS/MS. PKL 
file was created using the MassLynx 3.5 software from Waters 
(Milford, MA) with a processing macro that smoothes, centroids, 
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For live-cell imaging, yeast cells expressing Lifeact-GFP were 
grown in GMM at 30°C overnight. Cells were harvested, resus-
pended in fresh GMM or GMM containing 20% FBS, and adhered 
to glass slides precoated with 2% agarose. Each slide was covered 
with a coverslip and sealed with Vaseline. The slides were either 
kept at 30°C to maintain yeast growth or incubated at 37°C for 2 h 
for hyphal development and subjected to fluorescence imaging us-
ing the Zeiss Axiovert 200M microscope. Images were acquired 
continuously for 2 min at 1 frame/s with an exposure time of 100 ms 
for each frame and made into a movie. To determine the patch life-
time of Lifeact-GFP, we visually analyzed 35 patches from different 
cells of each strain for the time elapsed between patch appearance 
and disappearance and calculated the patch lifetime as the average 
time ± SD.

centrifugation at 8000 rpm, the supernatant was recovered, and the 
concentration of eluted HA-Sla1 was determined by a NanoDrop 
1000 Spectrophotometer (Thermo Scientific).

To perform the in vitro kinase assay, aliquots of cell lysate pre-
pared from YPD culture of GZY641 cells were incubated with rab-
bit polyclonal Myc beads (Santa Cruz Biotechnology) to precipi-
tate the Cln3-Myc−Cdc28as kinase. The cell lysate prepared from 
IS89 cells was also used as a negative control. After washing 
twice with the lysis buffer, the beads were resuspended in 10 μl 
of 3× kinase buffer (150 mM Tris-HCl, pH 7.5, 30 mM MgCl2, 
3 mM dithiothreitol, 3 mM ethylene glycol tetraacetic acid, 0.3% 
Tween-20, and 3 mM glycerophosphate) with or without 25 mM 
1MN-PP1. Subsequently, 2 μl of 1 mM ATP, 2 μl of γ-32P-ATP 
(6000 Ci/mmol; PerkinElmer Life Sciences, Waltham, MA), 5 μg of 
the eluted HA-Sla1, and H2O were added to a final volume of 
30 μl. The reaction was performed at 37°C for 30 min and termi-
nated by adding 6 μl of 6× protein loading buffer and boiling for 
6 min. After electrophoresis, the gel was stained with CBB to 
visualize the protein band of HA-Sla1 and then dried onto a filter 
paper for autoradiography.

Visualization of actin cytoskeleton and endocytosis assays
To stain actin filaments with rhodamine–phalloidin (200 U/ml; Mo-
lecular Probes, Invitrogen, Eugene, OR), yeast and hyphal cells were 
collected, suspended in PK buffer (100 mM KH2PO4 and 100 mM 
K2HPO4, pH 6.4), and fixed with 3.7% formaldehyde at room tem-
perature for 1 h. After one wash with PK buffer, cells were incubated 
in the same buffer containing 0.1% Triton X-100 at room tempera-
ture for 30 min. Cells were then washed twice with PBS and incu-
bated with rhodamine–phalloidin (1:50 dilution in PBS) overnight at 
4°C. Cells were finally washed with PBS five times and resuspended 
in PBS for visualization with a DMRXA2 microscope (Leica, Wetzlar, 
Germany) equipped with a CoolSnap HQ2 digital camera (Roper 
Scientific, Tucson, AZ). All images were acquired using MetaMorph 
7.5 software (MDS Analytical Technologies, Downington, PA). To di-
rectly visualize actin cytoskeleton, we harvested yeast or hyphal cells 
expressing Lifeact-GFP and resuspended them in Stopmix (1 mM 
NaN3, 50 mM NaF, 10 mM EDTA, 0.9% NaCl) for fixation before 
microscopy.

For LY uptake assay, cells grown in GMM at 30°C were harvested, 
resuspended in GMM containing 5 mg/ml LY CH dilithium (Sigma-
Aldrich), and incubated at 30°C for 20, 40, and 60 min, respectively. 
Cells were then washed with PBS five times and resuspended in PBS 
for microscopy. To follow the internalization of Arn1-GFP, we grew 
cells in 1 ml GMM at 30°C to log phase. Then we added 2 μl of 
100 mM ferrichrome (FC; Sigma-Aldrich) to initiate the internaliza-
tion of Arn1-GFP. Samples were taken at 1-h intervals, and cells were 
collected and resuspended in Stopmix for microscopy.

FM4-64 uptake and live-cell imaging
To monitor the uptake of FM4-64 (Molecular Probes), overnight YPD 
cultures of yeast cells were inoculated (1:10) into fresh YPD medium 
and grown at 30°C for 2 h. Cells were harvested, resuspended in 
GMM, and incubated with 20 μM of FM4-64 for 10 min at 30°C. 
Cells were then adhered to the surface of a glass slide precoated 
with 2% agarose, covered with a coverslip, and sealed with Vaseline. 
The slide was kept inside a chamber (temperature constant at 30°C) 
during time-lapse imaging under an Axiovert 200M microscope 
(Zeiss, Jena, German) equipped with a CoolSnap HQ2 digital cam-
era and controlled by MetaMorph 7.0 software. Images were ac-
quired at 1 frame/5 min for 4 h, with an exposure time of 300 ms for 
each frame.
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