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The human pathogenic fungus Candida albicans can switch between yeast and hyphal
morphologies as a function of environmental conditions and cellular physiology. The
yeast-to-hyphae morphogenetic switch is activated by well-established, kinase-based
signal transduction pathways that are induced by extracellular stimuli. In order to
identify possible inhibitory pathways of the yeast-to-hyphae transition, we interrogated
a collection of C. albicans protein kinases and phosphatases ectopically expressed
under the regulation of the TETon promoter. Proportionately more phosphatases than
kinases were identified that inhibited hyphal morphogenesis, consistent with the known
role of protein phosphorylation in hyphal induction. Among the kinases, we identified
AKLT as a gene that significantly suppressed hyphal morphogenesis in serum. Akl
specifically affected hyphal elongation rather than initiation: overexpression of AKL7
repressed hyphal growth, and deletion of AKL7 resulted in acceleration of the rate
of hyphal elongation. Akl1 suppressed fluid-phase endocytosis, probably via Pan1, a
putative clathrin-mediated endocytosis scaffolding protein. In the absence of Akl1, the
Pan1 patches were delocalized from the sub-apical region, and fluid-phase endocytosis
was intensified. These results underscore the requirement of an active endocytic pathway
for hyphal morphogenesis. Furthermore, these results suggest that under standard
conditions, endocytosis is rate-limiting for hyphal elongation.

Keywords: Candida albicans, hyphae, endocytosis, Pan1, functional genomics

INTRODUCTION

Phosphorylation, the most prevalent post-translational modification of cellular proteins, can
modify protein conformation or protein-protein interactions, and as a consequence can alter
the enzymatic activity of proteins, their localization, or their stability. Protein phosphorylation
is essential to signal transduction, e.g., of extracellular stimuli to cellular proliferation or
differentiation programs. The central role that kinases and phosphatases play in cellular regulation
is reflected in their prevalence: kinases constitute about 2 percent of genes in both the human and
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the budding yeast (S. cerevisiae) genomes (Hunter and Plowman,
1997; Manning et al., 2002).

One of the many developmental processes where protein
phosphorylation was shown to play a key role is the yeast to
hyphae transition in the pathogenic yeast Candida albicans.
C. albicans is the most common systemic fungal pathogen in
developed countries, responsible for several hundred thousand
deaths each year, chiefly among immunocompromised patients
(Brown et al., 2012). Like several other fungal pathogens, C.
albicans is able to assume different morphologies under different
conditions (Sudbery et al.,, 2004). Whereas in normal growth
medium it proliferates as yeast cells, increased temperature
and exposure to stimuli such as serum or N-acetylglucosamine
induces C. albicans to form hyphae. The signal transduction
pathways that mediate hyphal induction have been thoroughly
explored, and found to include transmission of extracellular
signals via Ras to both protein kinase A and the MAP kinase
cascade (Leberer et al, 1996; Feng et al, 1999; Biswas and
Morschhduser, 2005; Maidan et al,, 2005). These signaling
pathways result in the activation of a number of transcription
factors such as Efgl (Stoldt et al., 1997) and Ume6 (Banerjee et al.,
2008; Zeidler et al., 2009) and inactivation of the transcriptional
repressor Nrgl, which needs to be removed from hyphal-
specific gene (HSG) promoters in order to allow induction of
hyphal morphogenesis (Braun et al., 2001; Murad et al., 2001;
Lu et al, 2011). Beyond signaling pathways, effective hyphal
development requires alterations in many cellular functions; for
example, growth of hyphae requires an active endocytic pathway,
possibly in order to counterbalance the loss of membrane
and proteins by exocytosis at the hyphal tip (Shaw et al,
2011).

Alongside pathways for hyphal induction, there are also
mechanisms that suppress hyphal morphogenesis, such
as protein degradation via the ubiquitin ligases Ubrl and
SCFCCPCA of the transcription factors Cup9 and Umeé,
respectively (Atir-Lande et al., 2005; Lu et al., 2014; Mendelsohn
et al., 2017). With regard to protein phosphorylation, while its
activating roles in hyphal morphogenesis have been extensively
investigated, less attention has been given to possible negative
functions of protein phosphorylation in this process. In
order to globally interrogate the potential role of protein
phosphorylation in the suppression of hyphal morphogenesis,
we took advantage of a collection of all identifiable kinase
and phosphatase genes, as well as kinase and phosphatase
regulators, cloned under the inducible TETon promoter.
Using this collection, we identified kinase Akll among several
potential novel regulators of hyphal morphogenesis. Candida
albicans Akll was found, like its S. cerevisiae homolog, to
repress endocytosis via its effect on the epsin homolog Panl,
a scaffolding protein linking the actin cytoskeleton to sites
of clathrin-mediated endocytosis (Wendland and Emr, 1998;
Takahashi et al., 2006; Bradford et al., 2015; Sun et al., 2015).
The results shown here further underscore the relation between
hyphal morphogenesis and the endocytic pathway, and suggest
that hyphal elongation can be regulated via modulation of
endocytosis.

MATERIALS AND METHODS
Media

All experiments were performed in YEP medium (1% Difco
Yeast Extract, 2% Difco Bacto-peptone) supplemented with L-
Tryptophan (0.15 g/l) and uridine (0.05 g/l), and either 2%
glucose (= YPD) or 2% maltose or 2% raffinose, as indicated.
Fetal bovine serum (Biological Industries, Israel) was added to
10% where indicated. For induction of the TETon promoter,
doxycycline was added to 50 jug/ml. Selection for transformation
with plasmids carrying auxotrophic markers was carried out on
YNB plates supplemented with each amino acid and uridine,
adenine at 0.1 g/l except leucine (0.3 g/l), but lacking the
precursor used for selection.

Plasmid and Strain Construction

Plasmids

The kinase and phosphatase library under the regulation of
the TETon promoter is based on a library described previously
(Ramirez-Zavala et al., 2013), to which we added 9 new kinase
clones. In addition, the previously published library did not
contain phosphatases; here we added 49 phosphatase genes, for
a total of 222 genes (Supplementary Table 1). The MKK2 S317A
T321A allele is a predicted dominant-negative allele, based on
the phenotype of the corresponding mutations in human MEK5
(S311A T315A), which abolish the activating phosphorylation
sites of this MEKK (Sun et al., 2001). The PBS2 K233A allele was
modeled after the equivalent allele of its closest human homolog,
MEK1 K97A, which displays a dominant-negative phenotype
(Seger et al., 1994). CLN3AC has a nonsense mutation at codon
332, removing the C-terminal 133 residues of C. albicans Cln3,
and yielding an expected stabilized and hyperactive protein,
similar to the S. cerevisiae CLN3 alleles DAF1-1 and WHI1-
1 (Cross, 1988; Nash et al., 1988). KB2213 contains the open
reading frame (ORF) of AKLI (—1 to + 2418) cloned HindIII-
Apal into KB1817 (Ofir et al., 2012). KB2301 contains AKLI
(from —470 to +2418) cloned NotI-HindIII into pBES116 (Feng
et al., 1999). KB2381 contains the AKLI ORF (—1 to + 2418)
cloned EcoRV-Kpnl under the MAL2 promoter of pBES119
(Feng et al., 1999). KB2391 contains the PANI ORF (—1 to
+4188) cloned Smal-Xhol into KB2083 (Ofir et al., 2012) cut
EcoRV-Sall. KB2434 contains the 3’ end of the PAN1 ORF (4268
to +4188) cloned BamHI-Xhol into KB2430, itself containing the
GFPgamma + URA3 fragment of pFA-GFPy-URA3 (Zhang and
Konopka, 2010) cloned XhoI-KpnlI into pBSII-SK+ (Stratagene).

Strains

The C. albicans strains are listed in Table 1. KC553, KC554
were generated by PCR-mediated deletion of AKLI alleles
(Noble and Johnson, 2005). KC651 contains the MAL2 promoter
of plasmid pFA-URA3-MAL2p (Gola et al, 2003) integrated
upstream of the UME6 open reading frame by PCR-targeted
recombination. KC816, KC817 contain the vector plasmid
KB1817 and KB2213 (HISI MAL2-AKLI) respectively. KC824,
KC825 contain the vector plasmid BES116 and KB2301 (AKLI)
respectively. KC840, KC841 contain the vector plasmid BES116
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TABLE 1 | List of C. albicans strains.

Name Genotype Origin

KC271=SN78 ura3A/ura3A leu2 A/leu2 A Noble and Johnson, 2005
KC274=SN148 ura3A/ura3A his1A/his1A leu2 A/leu2 A arg4 A/arg4 A Noble and Johnson, 2005
KC445 ura3A/ura3A umebA::hisG/umeb A::hisG Mendelsohn et al., 2017
KC553 KC274 AKL1/akl1 A::LEU2 This work

KC554 KC274 aki1A::HIS1/akl1 A::LEU2 This work

KC651 KC271 UME6G/MAL2p::UME6 URA3 Mendelsohn et al., 2017
KC816 KC274 ADE2/ade2:: <HIS1> This work

KC817 KC274 ADE2/ade2:: <HIST MAL2p-AKL1> This work

KC824 KC554 ADE2/ade2:: <URA3> This work

KC825 KC554 ADE2/ade2:: <URA3 AKLT> This work

KC840 KC274 ADE2/ade2:: <URA3> This work

KC841 KC274 ADE2/ade2:: <URA3 MAL2p-AKL1> This work

KC850 KC445 ADE2/ade2:: <URA3> This work

KC851 KC445 ADE2/ade2:: <URA3 MAL2p-AKL1> This work

KC857 KC554 ADE2/ade2:: <URA3 MAL2p-PANT-3xHA> This work

KC862 KC274 ade2:: <HIST MAL2p-AKL1>/<ade2::URA3> This work

KC863 KC274 ade2:: <HIST MAL2p-AKL1>/<ade2::URA3 MAL2p-PANT> This work

KC868 KC274 ADE2/ade2:: <URA3> This work

KC869 KC274 ADE2/ade2:: <URA3 MAL2p-PANT-3xHA> This work

KC908 KC274 PAN1/PANT-GFP::URA3 This work

KC909 KC554 PAN1/PANT-GFP::URA3 This work

KC919 KC651 ADE2/ade2:: <HIST1> This work

KC920 KC651 ADE2/ade2:: <HIST MAL2p-AKL1> This work

KC983 KC274 PAN1/PANT-3xHA::URA3 This work

KC984 KC554 PANT/PANT-3xHA::URA3 This work

KC987 KC445 ADE2/ade2:: <URA3> This work

KC988 KC445 ADE2/ade2:: <URA3 MAL2p-PANT-3xHA> This work

KC1062 KC983 ADE2/ade2:: <HIS1> This work

KC1063 KC983 ADE2/ade2:: <HIST MAL2p-AKLT> This work

and KB2381 (URA3 MAL2-AKLI). KC850, KC851 contain the
vector plasmid pBES119 and KB2381, respectively. KC857 and
KC869 contain plasmid KB2391. KC862 contains plasmids
KB2213 and pBES119, while KB863 contains KB2213 and
KB2391. KC868 contains vector plasmid BES116. KC908 and
KC909 were constructed by integrating GFP of plasmid KB2434
downstream of PANI. KC919, KC920 contain vector plasmid
KB1817 and plasmid KB2213, respectively. KC983 and KC984
were constructed by integrating PANI-3xHA into a PANI allele
using KB2391 digested with HindIII, which cuts in the middle
of the PANI ORF. KC987, KC988 contain vector plasmid
BES119 and KB2391, respectively. KC1062, KC1063 contain
vector plasmid KB1817 and plasmid KB2213, respectively.

Library Screening

WO-1 cells transformed with the TETon kinase library (Ramirez-
Zavala et al., 2013) were grown overnight at 30°C in YPD in
96-well plates, then diluted 1:5 in YPD + 10% fetal bovine
serum, 50 pg/ml doxycycline, in 96-well plates (150 wl/well)
and incubated at 30°C for 5.5h. Cells were then fixed with
4% formaldehyde and observed microscopically for morphology.
Morphology was scored between —4 (no hyphae at all) and +4.

The experiment was repeated 3 times; Supplementary Table 1
indicates the average score for each clone.

Microscopy

DIC micrographs were taken with a Zeiss Axiolmager.M1
equipped with 40X and 100X objectives. For measurements
of hyphal length, cells were fixed with 70% ethanol, then
pelleted and resuspended in 2% H,SOy4 to reduce cell clumping.
Lengths were measured with the Axiovision software measuring
function. The person performing the measurements was blinded
to the identity of the cultures. Statistical analysis of cell size
distributions (t-test, regression analysis) was performed using
Microsoft Excel’s analysis package.

For visualization of Pan1-GFP, cells were fixed by addition
of formaldehyde to 2% and incubating 10 min at 30°C in a
roller. The cells were then washed twice with phosphate-buffered
saline (PBS), separated by repeated aspiration through a 29G
needle and resuspended in Vectashield mounting medium. A
Zeiss LSM700 confocal system was used to gather images.
The micrographs in Figure 6 represent a maximum intensity
projection of a full fluorescence Z-stack overlaid upon a DIC
micrograph. Quantitation of the Pan1-GFP signals as a function
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of the distance from the hyphal tip was achieved using the
Bitplane Imaris 9.0.1 software’s spots detection function. The
threshold was set such that non-tagged control cells displayed 1
or 2 spots at most, whereas tagged cells usually displayed between
30 and 120 spots.

Fluid-Phase Endocytosis Assay

Lucifer Yellow (LY) uptake was used as a measure of fluid-phase
endocytosis (Basrai et al., 1990; Dulic et al., 1991). Overnight
cultures were diluted to the appropriate medium and grown 2-
3h to an ODgyy of 0.1. For each assay, 10ml of the culture
was spun down (3,500g, 5') and resuspended in 0.9ml of
fresh medium. 0.1 ml of Lucifer Yellow CH (LY; Sigma), 40
mg/ml in water, was added and the cultures were incubated
another 1h while shaking. The cells were then spun down,
resuspended in 1ml ice-cold stop buffer (50mM Succinate-
NaOH, pH 7.5, 100 mM NaCl, 10 mM NaN3, 10 mM MgCl,),
and spun down again a total of 6 times. The final pellet was
resuspended in 1 ml lysis buffer (50 mM Tris-Cl Ph 7.5m 10 mM
2-mercaptoethanol, 2,000 U lyticase (Sigma)/ml) and incubated
15" at 37°C. LY fluorescence was quantitated using a Tecan
Infinite M200 PRO spectrofluorimeter with 426 nm excitation
and 550 nm emission. Fluorescence was calibrated with free LY
in the same buffer. To normalize LY uptake to cell amount, the
protein amount was measured by the Bradford method (Bio-Rad
protein assay dye reagent), using 0.2 ml of the same extract used
for LY quantitation. Bovine serum albumin (Sigma) was used
for calibration of the protein assay. Since even the normalized
LY uptake was highly sensitive to incubation conditions and
LY batch, only assays carried out together could be directly
compared.

Pan1 Protein Analysis

For Western blotting, 1.5 ml culture samples (~1.5 O.Dgqy cells)
were spun down, resuspended in 0.5ml 0.25M NaOH, 1% 2-
mercaptoethanol, incubated on ice 10 min, then precipitated on
ice with 7% trichloroacetic acid. The pellets were washed with
ice-cold acetone and resuspended in gel loading buffer, separated
by SDS-PAGE (BioRad 4-20% prepoured gels), transferred to
nitrocellulose, and detected with HA.11 (Covance) and anti-f-
actin (Sigma). 3°S-methionine pulse-chase analysis was carried
out essentially as described (Kornitzer, 2002). Briefly, 10 ml
cultures (O.Dggg ~ 1) were washed twice with 0.4ml YNB
medium + 2% maltose and resuspended in the same medium
+ 1 mCi Express labeling mix (Perkin-Elmer), incubated
7min at 30°C, then spun down and resuspended in 2.5ml
synthetic complete medium + 10 mM methionine, cysteine.
0.6 ml aliquots retrieved at indicated times were treated with
0.25M NaOH, 1% 2-mercaptoethanol, then precipitated on ice
with 7% trichloroacetic acid. The pellets were washed with
acetone, resuspended in 2.5% SDS, 5mM EDTA, and equal
amounts of incorporated radioactivity were immunoprecipitated
by diluting the extract at least 10-fold in i.p. buffer (50 mM Na-
Hepes pH 7.5, 0.15M NaCl, 5mM Na-EDTA, 1% Triton X-100,
1 mM PMSE HA.11 (Covance) 1 pg/m) and adding Protein A
sepharose CL-4B (GE Healthcare).

RNA Analysis

The “hot phenol” method (Collart and Oliviero, 2001) was used
to extract RNA. Growth and mRNA analysis was performed as
described in Ofir et al. (2012).

RESULTS

Identification of Genes that Suppress
Hyphal Morphogenesis

A collection of over 200 protein kinases, phosphatases, and some
ancillary factors (see Methods), expressed in the C. albicans
WO-1 strain under the TETon promoter, was screened for
genes that inhibited hyphal morphogenesis. For each gene, two
independently transformed strains were assayed by diluting an
overnight culture into YPD + 10% fetal calf serum at 30°C, and
monitoring hyphal morphogenesis (Supplementary Table 1).
Table 2 lists 32 genes that consistently reduced hyphal formation
to greater or lesser extent, 16 kinases or kinase-associated
proteins (e.g., cyclins) and 16 phosphatases or phosphatase-
associated proteins. Since the collection contained only 22%
phosphatases (and associated proteins), the phosphatase
representation in the hyphal morphogenesis-suppressing genes
was significantly higher than expected (binomial probability = 3
x 10™%), consistent with the well-studied role of kinases in the
signal transduction pathways leading to hyphal morphogenesis.
Specific phosphatases in this set that were previously shown to
affect hyphal morphogenesis include PSR1 (Elson et al., 2009),
PTC1 (Hanaoka et al., 2008), SHP1 and GLC7 (Hu et al., 2012),
PPGI1 (Albataineh et al., 2014), and PPH3 (Sun et al., 2011).
Among the kinases and associated proteins, a number of genes
previously implicated in hyphal morphogenesis were also found,

TABLE 2 | Genes that suppress filamentation in YPD + 10% serum.

Kinases (or Phosphatases (or

kinase-associated proteins) phosphatase-associated
proteins)

AKL1 MIH1

BUD32 PTC5

KIS1 (Snf1 complex scaffold) TPD3 (PP2A scaffold)

PCL5 (Pho85 cyclin) PSR1

CLN3AC (Cdc28 cyclin) PTC1

PBS2K233A PTC4

HSL1 19.3302 (PP-| targeting subunit)

IKS1 RTS1 (PP2A regulator)

KCS1 RRD2 (PP2A regulator)

RIM15 GLC7 (phosphatase)

SNF4 (Snf1 complex activator) PPG1

SOL1 (Cdc28 inhibitor) PTP3

MKK2S317A T321A SHP1 (possible PP-I regulator)

GCN2 PPH3

VPS15 PPQ1

CCL1 (Kin28 cyclin) PPZ1

Boldface, genes with both clones scoring at least —1 in hyphal formation.
Regular face, genes with one clone scoring at least —1 and the other at least —0.5
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e.g., Snf4 (Uhl et al., 2003) which, together with the upstream
activating kinase Sak1 and the B-subunits Kis1 and Kis2, regulates
Snfl kinase activity (Corvey et al., 2005; Ramirez-Zavala et al.,
2017); the Pho85 cyclin Pcl5, a regulator of the transcription
factor Gen4 (Gildor et al.,, 2005); the Cdc28/Cdkl cyclin Cln3
(Bachewich and Whiteway, 2005; Chapa Y Lazo et al., 2005;
Zeng et al., 2012; Mendelsohn et al., 2017) and the Cdc28/Cdk1
inhibitor Soll (Atir-Lande et al., 2005); the MAPKK Pbs2 (Arana
et al., 2005); and the Nim1 kinase Hsll (Wightman et al., 2004;
Umeyama et al.,, 2005). Other genes have homologs involved
in hyphal morphogenesis in filamentous fungi, e.g., Bud32, a
homolog of Aspergillus nidulans pipA (Kempf et al., 2013); and
Rim15, a homolog of N. crassa stk-12 (Watters et al., 2011).

The Kinase Akl1 Suppresses Hyphal

Morphogenesis

One of the kinases that gave the strongest suppression of hyphae
formation, Akll, had not previously been identified as being
involved in hyphal morphogenesis. We thus first confirmed the
effect of Akll in the standard laboratory strain SC5314. Since
our TETon promoter is less active in SC5314 than in WO-
1 background, we switched to an alternative overexpression
system, by placing the AKL1/19.5357 open reading frame under
the regulation of the maltose-induced MAL2 promoter, which
yielded a 4-5-fold increase in AKLI mRNA (see below, Figure 8),
and expressing it in the CAI4 strain background (Fonzi and
Irwin, 1993). AKLI suppressed hyphal growth in this system as
well (Figure 1A).

Hyphal morphogenesis depends on activation of a number of
signal transduction pathways that culminate with the induction
of the UMEG6 gene (Banerjee et al., 2008; Zeidler et al., 2009).
Ume6 is a transcription factor that activates genes essential
for hyphal morphogenesis, and it is itself both necessary and
sufficient for hyphal morphogenesis (Carlisle et al., 2009).
In order to distinguish whether Akll interferes with hyphal
induction by blocking UMEG6 induction, or by interfering with
cellular functions induced by Ume6, we artificially induced
hyphal morphogenesis by ectopically expressing Ume6 under the
MAL?2 promoter, with or without co-expression of AKLI under
MAL?2 (Figure 1B). Co-overexpression of AKLI significantly
reduced the extent of hyphal elongation induced by Ume6
overexpression, suggesting that Akl1 exerts its effect either post-
transcriptionally on Ume6 itself, or by interfering with cellular
mechanisms required for hyphal morphogenesis.

Since overexpression of AKLI suppressed hyphal growth,
we next tested the phenotype of the deletion of AKLI on
morphogenesis. We deleted both alleles of AKLI, followed
by reintegration of a wild-type allele in the deletion strain.
Compared to the wild-type strain, the deletion strain exhibited
more robust hyphal growth, best detected under sub-optimal
hyphal induction conditions, such as a shift to 37°C in regular
YPD medium, but also visible in optimal hyphal induction
conditions, 37°C + 10% serum (Figure 1C). This difference
in hyphal induction was also visible after overnight growth of
the different strains under hyphal induction conditions: when
comparing the akll~/~ deletion strain with the same strain

containing a reintegrated wild-type AKLI allele, longer hyphae
were visible in the akll™/~ deletion strain. Macroscopically,
this was expressed as a non-sedimenting mycelium that filled
the whole tube. In contrast, the reintegrant strain sedimented
rapidly, as usually observed with hyphal C. albicans cultures
(Figure 1D).

Characterization of the Effect of Akl1 on
Hyphal Morphogenesis

Microscopic observation of cells after a few hours growth
in hypha-inducing conditions showed shorter hyphae in cells
overexpressing AKLI (Figure 1A). Conversely, the akll=/~
mutant displayed longer hyphae, compared to the wild-type
(Figure 1C). In order to quantitate these effects, and to dissociate
potential effects of Akll on hyphal germ tube induction from
effects on hyphal elongation, wild-type cells overexpressing
AKLI under the MAL2 promoter were subjected to hyphal
induction by shift to 37°C, without or with addition of 10%
serum, and germ tube proportion and length were measured
at fixed time intervals after induction (Figure 2). In a parallel
experiment, cultures of the wild-type and mutant AKLI strains
were similarly compared (Figure 3), as well as of the AKLI
mutant vs. reintegrant strain (Supplementary Figure 1). Analysis
of the data indicates that the extent of germ tube induction
was unaffected by Akll activity (Figures 2A, 3A). In contrast,
the rate of germ tube elongation was significantly affected by
AKI1 activity. In cells overexpressing AKLI, hyphal extension
rates between 1 and 4h after shift to 37°C were reduced by
29 and 44% in medium with or without serum, respectively
(Figure 2B). In the absence of AKLI, conversely, an increase
in hyphal extension rate was detected. However, the effect was
biphasic: within the first hour after shift to 37°C, in both the
presence and absence of serum, an increase of 60% in hyphal
length was detected in the akl1 =/~ strain (Figure 3B, 60 min time
point). During the second hour after induction, in the presence of
serum, no additional increase in the difference between akll =/~
and AKLI hyphal lengths was detected, indicating that the hyphal
extension rates had equalized, whereas in the absence of serum,
the akl1=/~ strain still exhibited a 24% faster hyphal elongation
rate (Figure 3, 60-120 min time points). Notably, deletion of
AKLI, or overexpression of AKLI under the MAL2 promoter,
had no detectable impact on growth at 37°C (Supplementary
Figure 2).

Effect of Akl1 on Endocytosis

Based on sequence homology, C. albicans AKkl1 is related to the
Ark/Prk family of kinases (Smythe and Ayscough, 2003), and
is more distantly related to the Polo-like kinases (Cdc5). The S.
cerevisiae genome contains two Ark/Prk homologs and a single
AKI1 homolog, whereas the C. albicans genome contains one
homolog of each (Figure 4A). Akll was shown to reduce fluid-
phase endocytosis when overexpressed from a high-copy plasmid
in S. cerevisiae (Takahashi et al., 2006). We therefore tested
whether overexpression of Akll would likewise reduce fluid-
phase endocytosis in C. albicans. LY uptake was monitored in
cells overexpressing Akll under the MAL2 promoter vs. control
cells, and in wild-type vs. akll =/~ cells. LY uptake was reduced
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FIGURE 1 | Hyphal morphogenesis in cells overexpressing AKL 1 or deleted for AKL1. (A) Micrographs of wild-type cells carrying a vector plasmid (KC840) vs. the
MAL2-AKL1 construct (KC841). Overnight cultures were diluted in YEP + 2% maltose + 10% FCS and incubated 3 h at 37°C. (B) A strain containing a MAL2
promoter upstream of the UMEG ORF was transformed with either a vector plasmid (KC919) or the MAL2-AKL1 construct (KC920). An overnight culture was diluted
in YEP + 2% maltose and incubated for 7 h at 30°C. (C) Comparison of hyphal induction in wild-type (KC274) and ak/1 ~/~ deletion (KC554) under the indicated
conditions. Overnight cultures were diluted in YPD with or without 10% FCS. (D) The indicated ak/1 ~/= deletion and reintegrant strains (KC824 and KC825) were
grown overnight at 37°C in YPD + 10% serum. The tubes were vigorously vortexed, then left to sediment for 30 min.
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FIGURE 2 | AKL1 overexpression suppresses the rate of hyphal elongation. (A) Wild-type cells containing a URAS3 vector plasmid (KC840) or a URA3 MAL2-AKL1
plasmid (KC841) were grown overnight in YEP + 2% raffinose, then diluted in YEP + 2% maltose at 37°C, with or without 10% serum, as indicated. Samples were
retrieved and fixed at the indicated times and the proportion of germ tubes was determined by microscopic observation. Six hundred cells were counted in each
culture. (B) Length of germ tubes was measured in the same cultures as for (A). Hundred cells were measured for each condition. The differences between each
vector and MAL2-AKL1 pair were all highly significant by Student’s t-test (o < 10_4).
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in cells overexpressing Akll (Figure 4B), and it was enhanced
in akll=™/~ cells, compared to the wild-type and reintegrant
strains (Figure 4C; we noticed that reintegration of AKLI at
the ADE2 locus resulted, both here and in Supplementary
Figure 1, in a phenotype consistent with partial overexpression,
which could be due to a gene position effect). We thus
conclude that Akll functions as a repressor of fluid-phase
endocytosis.

However, we noted that the effect of Akll on LY uptake was
reduced at 30°C compared to 37°C (data not shown). Since

hyphal morphogenesis is induced in the control cells at 37°C, and
suppressed by Akl1 activity, it was possible that hyphae are more
active in endocytosis than yeast cells, and that Akll indirectly
suppresses endocytosis by suppressing hyphal morphogenesis.
To rule out this possibility, we overexpressed Akll in the
ume6~/~ mutant, which is unable to form hyphae (Banerjee
et al., 2008; Zeidler et al., 2009). In these cells as well, Akll
overexpression caused a decrease in LY uptake (Supplementary
Figure 3), indicating that AkIl’s effect on endocytosis is not an
indirect consequence of its effect on hyphal morphogenesis.
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FIGURE 4 | CaAKI1 is a repressor of fluid-phase endocytosis. (A) Homology
tree of the Polo and Ark/Prk kinases of S. cerevisiae and C. albicans aligned
using T-COFFEE (Di Tommaso et al., 2011). (B) LY uptake in wild-type cells
overexpressing AKL1 under the MAL2 promoter (KC 817) vs. vector plasmid
(KC816). (C) LY uptake in wild-type (KC274) cells, the AKLT+/— heterozygote
(KC558), the akl1~/~ deletion homozygote (KC554), aki1~/~ with vector
plasmid (KC824) or with AKL1 plasmid (KC825). Overnight cultures were
shifted from YEP + 2% raffinose to YEP + 2% maltose (B) or diluted in YPD
(C) and incubated at 37° for 2.5 h before carrying out the assays. The error
bars indicate the standard deviation between three independent cultures.

Akl1 Induces Post-translational

Modification of C. albicans Pan1
Panl is a yeast clathrin-mediated endocytosis scaffold protein,
homologous to mammalian Intersectin. Its closest C. albicans

homolog was previously suggested to be essential for endocytosis
in this organism as well (Martin et al, 2007). Since there
was evidence that S. cerevisiae Akll phosphorylates Panl in
vivo (Takahashi et al., 2006), we tested whether C. albicans
Panl was differentially post-translationally modified in the
absence of AKLI, or under AKLI overexpression. Migration of
epitope-tagged Panl on SDS-PAGE followed by Western blotting
showed a main band with a slower-migrating “smear” above
it, typical of phosphoryated species (Figure 5A). The slower-
migrating species were not visible in the aklI~/~ strain, and
conversely, they represented a larger fraction of total Panl in
cells overexpressing AKLI (Figure 5A). Furthermore, the steady-
state levels of Panl were elevated in the absence of AKLI
(Supplementary Figure 4). In order to measure the stability of
Panl as well as to follow the dynamics of the appearance of
these slower-migrating species, the cells were subjected to pulse-
and-chase analysis with 35S-methionine (Figure 5B). Whereas
no change in the main Panl band was visible in the akll=/~
strain, a slower-migrating species gradually appeared in the wild-
type strain. This slower-migrating species reached a steady-state
level after about 30 min, where it constituted a majority of Panl.
However, we detected no effect of the AKLI genotype on Panl
stability.

Since these experiments were performed in maltose medium,
we also tested whether the AKLI genotype affected the Panl
protein in glucose medium. As shown in Supplementary Figure 5,
a similar decrease in slower-migrating species of Panl was
detected in the aklI~/~ mutant grown in glucose, but the effect
on Panl steady-state levels was much reduced in this medium.

AklI1 Affects C. albicans Pan1 Localization

S. cerevisiae Panl was shown to localize to dynamic patches
on the cell surface, together with other proteins associated
with clathrin-mediated endocytosis (Wendland and Emr, 1998;
Kaksonen et al., 2003, 2005). In C. albicans hyphal cells, the Pan1
homolog was found to be distributed along the length of the
hyphae, but with higher concentration toward the apex (Martin
etal,,2007). We assayed whether Akl1 influences C. albicans Panl
localization by visualizing a Pan1-GFP fusion protein in wild-
type vs. akll=/~ cells. Consistent with previous observations
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FIGURE 5 | Akl1 induces modification of Pan1. (A) Western blot analysis of
Pan1-3xHA expressed under its endogenous promoter in AKL1+/+ (KC1062)
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were migrated on a 6% SDS-PAGE gel. (B) Pulse-chase analysis of
Pan1-3xHA expressed under the MAL2 promoter in AKL11/+ (KC 869) and
akl1=/~ cells (KC857). Cells were grown overnight in YEP-raffinose, then
shifted to YEP-2% maltose for 3 h before pulse-labeling with 353-methionine,
followed by a chase with cold methionine for the indicated amounts of time. C
= no-tag control.

(Martin et al,, 2007), we also find that Panl-GFP is mostly
localized sub-apically in wild-type cells. In akl1 =/~ cells however,
it is delocalized and is more broadly distributed along the
length of the hyphae (Figure 6). This broader distribution might
explain the more active endocytosis detected in the akl1 =/~ cells
(Figure 4).

PAN1 Overexpression Antagonizes the
Effect of Akl1 Overexpression on Hyphal

Morphogenesis and Endocytosis

If reduction of Panl activity in endocytosis is responsible for the
reduced hyphal morphogenesis in the presence of overexpressed
AKkl1, then it may be possible to suppress the effect of Akll
on hyphal morphogenesis by increasing Panl activity. To test
this, we co-overexpressed Panl and Akll alone and together,
and monitored hyphal elongation upon shift to 37°C. As shown
in Figure 7, the suppression of hyphal morphogenesis by Akll
was canceled by co-overexpression of Panl. This is consistent
with the possibility that Panl is the main target of Akll in the
hyphal morphogenesis suppression mechanism. The effects of the
expression of these genes on the time of germ tube appearance
was minor and could not account for the differences in hyphal
elongation (Supplementary Figure 6).

Interestingly, overexpression of PANI by itself led to faster
hyphal elongation (Figures 7A,B). We therefore tested whether,
similar to the AKLI deletion, PANI overexpression also caused
an increase in LY uptake. Cells that overexpress PANI do
in fact show higher levels of LY uptake (Figure7C). AKLI
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FIGURE 6 | Pan1 patches are delocalized in the absence of Akl1. Pan1-GFP
is expressed under its endogenous promoter in the wild-type (KC908) or
akl1=/~ cells (KC909), or the non-tagged wild type strain. (A) The GFP signal
was visualized by confocal microscopy in cells fixed 2 h after hyphal induction
by a shift to 37°C in YPD + 10% FCS. (B) The graph represents the
percentage of Pan1-GFP spots within 2 um of the hyphal tip, relative to the
total number of spots in that hypha. N = 27 (AKL1), 30 (akl1=/~), p < 1073,

overexpression caused reduction in LY uptake (Figure 7C), as
shown before (Figure 4B), whereas expression of both genes
together restored wild-type levels of LY uptake (Figure 7C).
In order to dissociate the effect of Panl on endocytosis and
on hyphal morphogenesis, we used the ume6~/~ mutant,
which does not form hyphae, as before. We found that PANI
overexpression still increased LY uptake in the ume6~/~ mutant
(Supplementary Figure 7), indicating that the effect of PANI
overexpression on endocytosis is not a consequence of its effect
on hyphal elongation.

PAN1 and AKL1 Affect the Expression of

Hyphal-Specific Genes

We tested the effect of PANI overexpression and of AKLI
overexpression and deletion on hyphal-specific gene (HSG)
expression, using the representative HSGs HWPI1 and ECEIL.
As shown in Figure 8, HWPI and ECEI’s expression was well
correlated with the morphology of the cells (Figuresl1, 7):
cells lacking AKLI or cells overexpressing PAN1, which showed
a stronger hyphal morphogenesis, also exhibited higher HSG
expression, whereas cells overexpressing AKLI, which showed
a reduction in hyphal morphogenesis, exhibited lower HSG
expression. Co-overexpression of PANI and AKLI resulted in
HSG expression similar to that of the control cells, consistent
with the restored hyphal morphology observed in these cells
(Figure 7). We also measured the PANI and AKLI levels in the
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FIGURE 7 | Pan1 is antagonistic to Akl1 for suppression of hyphal morphogenesis and endocytosis. Overnight cultures of wild-type cells containing the MAL2-AKL1
construct (KC817) or the MAL2-PANT construct (KC869) separately, or both plasmids together (KC863), or just the vector plasmid (KC868), were diluted in YEP-2%
maltose at 37°C. (A) Micrographs of the four cultures after 3 h growth. (B) Measurement of 100 germ tubes each of the cultures after 2 and 3h growth at 37°C. The
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t-test) of the difference for each individual culture compared to the vector control. *p < 0.05, **p < 1076, o < 1015, (C) LY uptake in the same transformants. The

bars indicate the average of 3 cultures each, and the error bars indicate the standard deviations.

same cells, to confirm that their expression levels are increased
as expected when expressed under the MAL2 promoter. We
found a 5-fold higher level of AKLI mRNA in cells containing
an additional AKLI copy expressed under the MAL2 promoter,
whereas PANI exhibited only 50% higher mRNA levels in the
added presence of MAL2-PANI in the cells.

DISCUSSION

In order to identify new post-translational repression
mechanisms of fungal morphogenesis, we interrogated a
comprehensive collection of kinases and phosphatases placed
under the regulation of the TETon promoter. While this
collection likely contains the vast majority of the kinase and
phosphatase gene complement of C. albicans, it should be
stressed that ectopic expression of a gene does not necessarily
cause activation. Post-transcriptional control mechanisms, as
well as post-translational mechanisms such as phosphorylation
of MAP kinases, are often essential for full activation of a gene
product. Thus it is likely that our screen only interrogated a
fraction of the genes represented in the collection. Nonetheless,
some general observations can be made. Most striking, a larger
proportion of phosphatases was identified among the genes that
inhibited hyphal morphogenesis. While this is consistent with
the preponderant role that kinase-based signal transduction
pathways play in the induction of hyphal morphogenesis, this
result also highlights the potentially important but little-studied
role that phosphatases may play in restricting hyphal induction

under physiological conditions. Although a few examples are
known of specific phosphatases that affect C. albicans hyphal
morphogenesis, such as Sit4 (Lee et al., 2004) or the Protein
Phosphatase 2A homolog Ppgl (Albataineh et al., 2014), the
relatively lower substrate specificity of phosphatases compared to
kinases has traditionally made the roles of specific phosphatases
harder to assess. It is possible that this lower specificity of
phosphatases results in an overlap of target distribution of
the phosphatases, causing loss-of-function deletion mutations
to have fewer phenotypic effects. The screen presented here
overcomes this problem by being based on ectopic gene
overexpression and thus on gain of function, or more generally
“dominant” effects. The results presented here are a useful
reminder of the potential role of phosphatases in the regulation
of fungal morphogenesis.

Among the kinases, several had previously been characterized
as being involved in hyphal morphogenesis. We chose to focus
on AKll because it was uncharacterized, exhibited one of the
strongest effects on hyphal formation but did not affect yeast
proliferation, and because the deletion of AKLI had the opposite
effect, i.e., it enhanced hyphal morphogenesis. Candida albicans
AKLI was found, like its S. cerevisiae counterpart, to regulate
endocytosis. Another gene identified in our screen, CLN3,
encodes an essential Gl-specific cyclin of the main cell cycle
kinase Cdc28. Interestingly, Cdc28-CIln3 had been previously
linked to regulation of endocytosis and of hyphal development
(Zeng et al., 2012), although it was also found to affect activity of
the hyphal transcription factor Ume6 (Mendelsohn et al., 2017).
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FIGURE 8 | Effect of AkI1 and Pan1 on HSG expression. The strains used
were the aki1~/~ deletion together with a vector plasmid (KC824), or
wild-type with a vector plasmid (KC868), with PANT under the MAL2 promoter
(KC869), with AKL 7 under the MAL2 promoter (KC817), or with both AKL7
and PANT under the MAL2 promoter (KC863). Overnight cultures were diluted
in YEP-2% maltose and grown for 5 h at 37°C. Two independent cultures were
assayed for each strain. The bar graph depicts the average of the two
cultures. The Northern blots are shown in Supplementary Figure 8.

A third gene identified in the screen, VPS15, encodes a regulator
of endosome-to-Golgi retrograde transport (Liu et al., 2014), and
could thus indirectly affect endocytosis as well.

The initial screen did not distinguish between suppression of
germ tube induction vs. suppression of hyphal elongation. The
kinetics were investigated in detail for the AKLI-overexpressing
cells and the akll=/~ cells, and found to specifically involve
hyphal elongation rather than initiation. A role for endocytosis
in C. albicans hyphal growth had previously been suggested
by the observations that several mutants in actin regulatory
complexes affected both fluid phase endocytosis and hyphal
morphogenesis, including notably Panl (Martin et al., 2007),
as well as myosin type I Myo5 (Oberholzer et al., 2002), the
Wiscott-Aldrich Syndrome Protein homolog Wall (Walther and
Wendland, 2004), the verprolin Vrpl (Borth et al., 2010), the
BAR domain proteins Rvs161 and Rvs167 (Douglas et al., 2009),
and the clathrin adaptor protein Sla2 (Gale et al., 2009). ARP2/3
deletions, which disrupt clathrin-mediated endocytosis while not
affecting an alternative endocytic pathway, are also unable to
form hyphae (Epp et al., 2010, 2013). The simplest explanation
for a requirement for endocytosis in hyphal morphogenesis in
general, is that the extensive exocytosis required for the rapid cell
wall and cell membrane deposition at the tip of the extending

hypha, needs to be counterbalanced by endocytosis in order to
recycle the membranes and the proteins used in vesicle exocytosis
(reviewed in Shaw et al, 2011). A higher requirement for
endocytosis in hyphal growth, compared to yeast growth, would
explain why the extent of suppression of endocytosis achieved
by AKLI overexpression is sufficient to significantly depress
hyphal elongation, but not to affect C. albicans yeast growth
and proliferation. In further support of a higher requirement for
endocytosis in hyphal growth, we found that drugs that suppress
endocytosis also suppress hyphal elongation at concentrations at
which yeast proliferation remains unimpeded (Bar-Yosef et al.,
2017).

While our results underscore the previous reports indicating
that inhibition of endocytosis suppresses hyphal growth, we find
in addition that the enhancement of fluid-phase endocytosis
measured in the akll~/~ mutant and in cells overexpressing
PANI, are accompanied in both cases by accelerated hyphal
elongation. This result was unexpected, and suggests that under
standard hyphae induction conditions, endocytosis is limiting
for optimal hyphal extension. We note however that, for the
akll~/~ mutant tested in YPD medium at 37°C, the large initial
increase in germ tube extension vs. wild-type cells (60% longer
hyphae in akl1 =/~ after 1h) is followed, during the second hour,
by a smaller increase in hyphal elongation rates (24% faster
elongation) in the absence of serum, or no difference at all in
the presence of serum (Figure 3B). This observation suggests
that under these conditions, the main contribution of the higher
endocytosis rates of the akll~/~ mutant may lie in “priming”
the cells for hyphal elongation. At later time points, endocytosis
might be physiologically accelerated in the wild-type, nullifying
the initial advantage of the aklI~/~ strain, or alternatively, the
larger hyphal cell bulk might make the relative endocytosis rate
less rate-limiting for growth at the hyphal tip.

The faster germ tube extension in the akll~/~ cells and
in the PANI-overexpressing cells is accompanied by increased
expression of hyphal-specific genes, whereas the decreased
germ tube extension in the AKLI-overexpressing cells is
accompanied by decreased HSG expression. Our model however
suggests that Akll affects morphogenesis via its effect on
endocytosis, rather than on HSG expression. This is further
supported by the observation that ectopic induction of hyphal
morphogenesis by UME6 expression, an inducer of HSGs, is
blocked by AKL1I overexpression, suggesting that Akll functions
downstream of the hyphal induction pathway. However, if Akl1
functions downstream of the transcriptional regulation of hyphal
morphogenesis, why then is HSG expression affected by Akl1?
One possibility is that in addition to its endocytic pathway
substrates such as Panl, Akll also phosphorylates substrates in
the hyphal induction pathway. However, this does not explain
the effect of overexpression of Panl itself on both hyphal
elongation and HSG expression. Therefore, it is more likely that
it is the enhancement of endocytosis per se, and the ensuing
enhancement of hyphal extension, that causes hyperinduction of
HSG expression, and conversely, reduction of hyphal elongation
via reduction in endocytosis causes decreased HSG expression.
This would imply that beyond the transcriptional control of
hyphal morphogenesis, the hyphal morphogenetic apparatus can

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

10

February 2018 | Volume 8 | Article 17


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Bar-Yosef et al.

AkI1 Suppresses Hyphal Elongation

regulate the hyphal gene expression program via a feedback
mechanism. Such a feedback mechanism has been proposed
previously between the GTPase exchange factor Cdc24 involved
in hyphal growth and the hyphal transcription apparatus
(Bassilana et al., 2005). The recent observation that interference
with cellular physiology such as e.g., cell cycle progression, long
known to induce filamentous growth, can also induce the HSG
expression program even in the absence of external stimulation
(Woolford et al., 2016), further supports the existence of such
a feedback system. While the nature of this mechanism in C.
albicans is still unknown, direct effects of cytoskeleton structure
on transcription factor activity have been described in other
systems (Posern et al., 2002; Miralles et al., 2003).
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