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ABSTRACT Epsins play a pivotal role in the formation of endocytic vesicles and
potentially provide a linkage between endocytic and other trafficking pathways. We
identified a Candida albicans epsin, ENT2, that bears homology to the Saccharomyces
cerevisiae early endocytosis genes ENT1 and ENT2 and studied its functions by a
reverse genetic approach utilizing CRISPR-Cas9-mediated gene deletion. The C. albi-
cans ent2A/A null mutant displayed cell wall defects and altered antifungal drug
sensitivity. To define the role of C. albicans ENT2 in endocytosis, we performed
assays with the lipophilic dye FM4-64 that revealed greatly reduced uptake in the
ent2A/A mutant. Next, we showed that the C. albicans ent2A/A mutant was unable
to form hyphae and biofilms. Assays for virulence properties in an in vitro keratino-
cyte infection model demonstrated reduced damage of mammalian adhesion zippers
and host cell death from the ent2A/A mutant. We conclude that C. albicans ENT2
has a role in efficient endocytosis, a process that is required for maintaining cell wall
integrity, hyphal formation, and virulence-defining traits.

IMPORTANCE The opportunistic fungal pathogen Candida albicans is an important
cause of invasive infections in hospitalized patients and a source of considerable
morbidity and mortality. Despite its clinical importance, we still need to improve our
ability to diagnose and treat this common pathogen. In order to support these
advancements, a greater understanding of the biology of C. albicans is needed. In
these studies, we are focused on the fundamental biological process of endocytosis,
of which little is directly known in C. albicans. In addition to studying the function
of a key gene in this process, we are examining the role of endocytosis in the viru-
lence-related processes of filamentation, biofilm formation, and tissue invasion. These
studies will provide greater insight into the role of endocytosis in causing invasive fungal
infections.

KEYWORDS Candida albicans, biofilm, endocytosis, flamentation, pathogenesis,
secretion, membrane trafficking

n prior work, we demonstrated that prevacuolar and late-stage secretion are required

for secretion of Saps and lipases and the virulence-related processes of filamentation
and biofilm formation (1, 2). We also demonstrated that prevacuolar secretion is required
for virulence utilizing both in vitro and in vivo models of infection (3). Interestingly, many
of these anterograde secretory pathways also appear to contribute to retrograde or
endocytic pathways. However, the role of endocytic trafficking in Candida albicans fila-
mentation, biofilm formation, and virulence remains understudied, despite its impor-
tance as a fundamental component of the secretory pathway (4, 5).

Endocytosis has been studied in detail in the model yeast Saccharomyces cerevisiae
(6) and begins at the plasma membrane as a highly coordinated and complex process. It
ultimately delivers endocytic membranes and cargo to the yeast vacuole while intersect-
ing with exocytic and other secretory pathways. The best understood endocytic pathway
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in S. cerevisiae occurs via clathrin-mediated endocytosis, a temporally orchestrated pro-
cess involving many proteins that interact in a highly coordinated manner (7-17).

Early endocytosis in S. cerevisiae is mediated by the early coat proteins clathrin, AP-
2p, Edelp, Syp1p, and Pal1p (9). Subsequently, the endocytic vesicle matures with the
recruitment of middle and late coat proteins, including Sla2p, followed by the epsins
Ent1p and Ent2p, which interact with the GTPase Cdc42p (10, 11). The key late coat
proteins Pan1p and End3p bind to Sla2p, Ent1p, and Ent2p, which couples these pro-
teins to the actin endocytic machinery, followed by membrane invagination and endo-
cytosis (12-14).

Epsins are accessory proteins and serve as adaptor molecules that provide a bridge
for cargo selectivity and vesicle formation to facilitate endocytosis (18, 19). Their two
main functions are the induction of membrane bending, which is needed for invagina-
tion, and the binding and loading of cargo into vesicles (18, 19). In S. cerevisiae, ENTT and
ENT2 encode epsin-like proteins that function as key mediators of endocytosis (10). ENT7
and its paralog ENT2 arose from the whole-genome duplication event in S. cerevisiae.
Both genes have an epsin N-terminal homology (ENTH) domain at the N-terminal do-
main and clathrin-binding domain at the C terminus (10). Ent1p and Ent2p are negatively
regulated by Prk1p-mediated phosphorylation (20). Interestingly, whereas Ent1p and
Ent2p share similar functions, there is evidence that they have additional divergent func-
tions and cellular localization (20, 21). Deletion of both ENTT and ENT2 together is syn-
thetically lethal in S. cerevisiae. This phenotype can be rescued by reintroducing an ENTH
domain (10).

The ENTH domain plays a critical role in binding GTPase-activating proteins (GAPs)
involved in regulation of Cdc42p, which is a key mediator of cell polarity (22). Recent
studies have shown that this domain binds the phosphorylated head group of the
lipid phosphatidylinositol-4,5-bisphosphate (PIP2), disturbing the plasma membrane
bilayer's stability, thereby contributing to membrane curvature (23, 24). Entlp and
Ent2p facilitate membrane curvature as the ENTH domain regulates membrane dynam-
ics (25, 26). The epsins Ent1p and Ent2p might have a later role in vesicle formation by
binding to Edelp (also known as Eps15p), a protein found at the rim of budding
coated vesicles (27). Another interesting feature of Ent1p and Ent2p is a ubiquitin-inter-
acting motif (UIM) (27) that interacts with cargo. The plasma membrane PIP2 is also
required for efficient recruitment of these cargo molecules (24). UIM has been demon-
strated to internalize the Enalp pump. It requires phosphorylation of an upstream Ser/
Thr-rich motif and ubiquitylation in the cytoplasmic domain, which binds UIMs of
Ent1p and Ent2p, and Edelp (28). As a consequence of these interactions, Enalp is
endocytosed and transported toward degradative vacuolar/lysosomal compartments
or recycling routes (28).

In a recently published screen for novel inhibitors of filamentation in C. albicans,
several compounds were identified that inhibit fluid-phase endocytosis (29), thus sug-
gesting a biological intersection between filamentation and endocytosis that could be
exploited as antifungal therapy (29, 30). Our studies demonstrate roles for ENT2 in effi-
cient endocytosis that have subsequent effect on cell wall integrity, filamentation, and
virulence.

RESULTS

Identification of C. albicans ENT2 as the ortholog of S. cerevisiae ENT1/2. A
BLASTp search of the Candida Genome Database retrieved only one ortholog of S. cere-
visiae Ent1p. This ortholog was identified as C2_01390W, alias C. albicans ENT2, which
consists of a 1,569-bp intronless open reading frame (orf19.1444), predicted to encode
a 522-amino-acid product. A BLASTp search of S. cerevisiae Ent2p homology retrieved
the same Candida Ent2p protein and identified very weak homologies to C. albicans
Ent3p and to a portion of Ent4p.

Figure 1 shows a protein alignment analysis of five homologous epsin-like products
of S. cerevisiae (ENTT and ENT2), and C. albicans ENT2, ENT3, and ENT4. The comparison
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FIG 1 C albicans Ent2p bears a strong homology to S. cerevisiae Ent1p/Ent2p. Shown is the alignment of S. cerevisiae (S.c) Entlp and Ent2p with C.
albicans (C.a) Ent2p, Ent3p, and Ent4p. Amino acids conserved to greater than 60% are shaded. The green boxes identify the ENTH domain. The highly
conserved sequences of the ENTH domain are marked with an asterisk. The orange block delimits the pair of UIM motifs with # symbols marking the
locations of conserved amino acids. Regions of low complexity and conservation have been omitted, and the extent of the omission is indicated (A amino
acid numbers). Blue boxes indicate the tripeptide, NPF, and the purple block is the yeast clathrin-binding motif. Note that C. albicans Ent3p is presented
starting from amino acid 15.

between paralogous S. cerevisiae Ent1p and Ent2p indicates an overall 56% identity
and 68% similarity of amino acid sequences. The local homology is particularly striking
in the ENTH domain, a region identified as an epsin-like N-terminal homology (31). The
C. albicans Ent2p ortholog likewise shows a strong resemblance to S. cerevisiae Ent1p
(43% identity, 56% similarity) particularly in the ENTH domain, where 61% of the amino
acids are identical and 78% are similar. C. albicans Ent3p has much weaker homology
(23% identity, 37% similarity) and is most pronounced only in the ENTH domain region.
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Ent4p homology is even weaker than Ent3p homology. Of particular note are the resi-
dues marked by asterisks that were found to be highly conserved in the ENTH domains
from disparate organisms (31); these are well conserved in all but Ent4p. The conserva-
tion of the amino acid sequence of C. albicans Ent2p in pathogenic fungi is largely con-
fined to the ENTH domain with the striking exception of the hypothetical protein
CTRG_01231p in Candida tropicalis strain MYA-3404; CTRG_01231p shares 80% amino
acid identity (86% similarity) with C. albicans Ent2p (see Fig. S2 in the supplemental
material).

In addition to the ENTH domains, there are features involved in endosomal traffick-
ing which are conserved between S. cerevisiae Ent1/2 proteins and C. albicans Ent2p
but absent in C. albicans Ent3p and Ent4p. A pair of ubiquitin-interacting motifs (UIMs)
adjacent to the ENTH domain is seen in C. albicans Ent2p as well as in the S. cerevisiae
paralogs Ent1p and Ent2p. UIMs are responsible for the recognition of ubiquitin and
cargo binding, a function important for cargo specificity in endocytosis and other
endosomal trafficking (32-35). In contrast, C. albicans Ent3p and Ent4p lack these
motifs, making it unlikely to function as a paralog for C. albicans Ent2p. The tripeptide
arginine-proline-phenylalanine (NPF) is involved in interactions among endocytic pro-
teins (36); it is found in two places in C. albicans Ent2p and S. cerevisiae Ent1p and
Ent2p but again is not present in Ent3p and Ent4p. Much of the remainder of C. albi-
cans Ent2p is low complexity with little conservation aside from a preponderance of
glutamines (Q). In S. cerevisiae Ent2p, the Q-rich region is believed to form coiled coils
that contribute to protein-protein binding (37). The Q-rich stretches are also a feature
largely absent in C. albicans Ent3p and Ent4p. Finally, at the C-terminal end of the pro-
teins, C. albicans Ent2p and S. cerevisiae Ent1p and Ent2p have clathrin-binding sequen-
ces that conform to the variant consensus identified in yeast by Wendland (10) and
Dell’Angelica (38). There are no identifiable clathrin-binding sequences in C. albicans
Ent3p and Ent4p.

On the basis of these analyses of the predicted protein structure of C. albicans
Ent2p, we propose it is the best candidate for a functional ortholog to S. cerevisiae
Ent1/2p. Compared to C. albicans Ent2p, Ent3p and Ent4p are lacking several functional
domains and have only weak homology in their ENTH domain, making similar func-
tions unlikely.

Construction of a C. albicans ent2A/A mutant. We then sought to determine the
function of C. albicans ENT2 using a reverse genetic approach. We used a PCR-based
CRISPR-Cas9 method to generate a C. albicans ent2A/A null mutant (knockout [KO])
and corresponding complemented, or “knock-in" (KI) strain, where both copies of the
wild-type allele were reintroduced into the ent2A/A null mutant. Correct strain con-
struction was confirmed by Southern blotting. The probe labeled a 5,276-bp BstXI-
digested fragment for the wild type (wt) and Kl as well as a smaller 3,720-bp fragment
lacking the ENT2 for the KO. This result is shown in Fig. S1, confirming the expected ge-
notype of the ent2A/A null mutant strain.

Contribution of ENT2 to growth, viability, and cell morphology. To address
whether the ent2A/A null mutant (KO) has a growth defect, we grew the KO strain and
the control strains, the wild type and knock-in strains, at 30°C in liquid YNB (yeast nitro-
gen base) medium with glucose or on YPD (yeast extract-peptone-dextrose) agar. The
KO had a modestly reduced growth of about 25% average over time compared to the
wt and Kl in liquid media (Fig. 2A). We observed an initial growth delay in the KO that
was carried throughout the recorded time at 2.5 to 5 h of culture growth compared to
the wt and Kl control strains. The doubling time was moderately increased by 0.33 h
during this time from 2.21 h for wt and Kl to 2.54 h for the KO. On YPD plates, this
modest growth defect in the KO was also evident (Fig. 2B). We did not detect tempera-
ture sensitivity when growing the strains at 37°C (Fig. 2C). While the cell size and mor-
phology of the KO appeared to be like those of the wt and Kl strains (Fig. 2D, DIC),
staining with calcofluor white (CW) revealed an increased fluorescent signal associated
with the cell wall in this KO strain compared to wt and Kl controls (Fig. 2D and E). This
finding motivated us to further investigate cell wall integrity and function.
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FIG 2 The ent2A null mutant strain has a modest growth defect. (A to E) The ent2A/A null mutant strain (knockout [KO]), wild type
(wt), and knock-in strain (KI) were depicted in a growth curve (A), on YPD plates incubated for 48 h at 30°C (B) or 37°C (C), visualized
by DIC and fluorescence microscopy stained with calcofluor white (CW) (D), as well as in a CW quantification assay (E). The bar in
panel D is 5 um. The images shown in panels B to D are representative of three different experiments. Error bars in panels A and E
are the standard deviations of three different data sets. Each individual data point was run in triplicate and averaged. Statistical
significance between control strains (wt and KI) and the KO strain was determined with Student’s t test (*, P < 0.05).

The C. albicans ent2A/A strain has a defect in endocytosis. In order to define the
role of ENT2 in C. albicans endocytosis and intracellular membrane trafficking, we used
the lipophilic fluorescent dye FM4-64 as described previously (39). FM4-64 is inserted
into the outer plasma membrane and endocytosed via clathrin-based endocytosis in
an energy-dependent manner, where it binds the inner membranes, including the
vacuolar membrane.

The results of this experiment demonstrated that the ent2A/A mutant strain (KO) did
not accumulate FM4-64 in the vacuolar membrane compared to control strains (Fig. 3A
and B). The images in Fig. 3A revealed that the staining of FM4-64 in the KO strain is het-
erogenous, with some cells exhibiting increased signal intensity. This finding was compa-
rable to the result when ent2A/A cells were incubated on ice, a condition that inhibits
endocytosis (Fig. S5). To exclude the possibility of toxicity, we performed a lactate dehy-
drogenase (LDH) assay to confirm whether viability of the KO is similar to the viability of
control strains and found no significant difference (Fig. S3). Next, the signal of FM4-64
labeling the vacuolar membrane increased over time in the wt and the Kl and is consist-
ent with normal endocytosis (Fig. 3B). These findings strongly suggest that C. albicans
Ent2p is a critical component needed to enable efficient clathrin-based endocytosis.

Contribution of ENT2 to cell wall stressors and salt stress tolerance. To assess
the role of ENT2 in response to cell wall stress, we assayed the ent2A/A mutant (KO),
wild-type, and knock-in strains on YPD plates containing sodium dodecyl sulfate (SDS)
(0.05%), calcofluor white (50 wg/ml), or Congo red (140 wg/ml) at 30°C. Under these
three growth conditions, the KO had a dramatic growth defect compared to wt and KI
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FIG 3 The ent2A/A mutant strain has delayed endocytosis and accumulates dye in the vacuole. (A)
Fluorescent images of ent2A/A null mutant (KO) and control strains, wild type (wt), and knock-in (KI)
strains stained with the lipophilic fluorescent dye FM4-64 are shown after incubation of 5, 15, and
30 min at room temperature (RT). (B) Quantitative analysis of the vacuolar stain in wt, KI, and KO
strains after an incubation of 5, 15, and 30 min at RT. The images shown in panel A are
representative of three different experiments. The bar in panel A is 5 um. Error bars in panel B are
the standard deviations from three different data sets expressed as percentage of the total number
of cells.

when grown at 30°C (Fig. 4A), in contrast to the modest growth defect on YPD agar.
We further tested whether the KO's cell wall defects impacted adhesion to plastic
surfaces (polystyrene) in RPMI 1640 medium. The adhesion capacity of the KO was
increased by approximately 30% compared to control strains (wt and KI) after 2 h of
incubation. Interestingly, when cells grew for 24 h on plastic surfaces, the KO strain
kept a constant adhesion capacity over time, while the control strains increased their
adhesion levels (Fig. 4B). These findings are likely linked to a change in cell morphol-
ogy in the control strains but not in the KO, as the growth conditions (RPMI 1640 me-
dium) and plastic surfaces induce filamentous growth.

We then addressed whether the ent2A/A null mutant is sensitive to salt stress. The
S. cerevisiae homolog ENT1/2 is known to facilitate endocytosis of Enalp, a primary
plasma membrane Na+-ATPase exporter (40-43) that transports Na*, K*, and Li* ions
(44-47). Thus, we challenged the KO strain with 500 mM KCI, NaCl, or 100 mM LiCl in
an agar plate assay. LiCl prevented KO growth, while the control strains were not
affected. The KO demonstrated a mild growth defect on NaCl compared to wt and KI,
while on KCl, there was no growth defect compared to the YPD control plate (Fig. 4Q).
These findings suggest that C. albicans ENT2 contributes to efficient Li* and Na™ ion
export.

C. albicans ent2A/A sensitivity to antifungal agents. To test whether the defects
in cell wall structure, cation transport, and adhesion correlated with altered sensitivity to
antifungal agents, we tested three commonly used antifungal drugs, fluconazole, caspo-
fungin, and amphotericin B. Fluconazole is a fluorine-substituted, bis-triazole antifungal
agent. It functions by interrupting the conversion of lanosterol to ergosterol by binding
to fungal cytochrome P-450 leading to the disruption of fungal membranes. Its function
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FIG 4 The ent2A/A mutant strain has a decreased tolerance to cell wall stressors and salt stress. (A and C) The ent2A/A null mutant (KO), wild-type (wt),
and knock-in (KI) strains were grown on YPD plates for 48 h containing cell wall stressors SDS (0.05%), calcofluor white (50 wg/ml), and Congo red
(140 pg/ml) (A) as well as cationic cell stress conditions, including 500 mM KCl, 500 mM NaCl, or 100 mM LiCl (C). (B) The impact on adhesion to plastic
surfaces (polystyrene) was measured using the XTT reduction assay in the ent2A/A null mutant (KO) and control strains (wt and Kl) after 2 and 24 h of
incubation on plastic surfaces. The images shown in panels A and C are representative of three different experiments. Error bars in panel B are the
standard deviations of three different data sets. Each individual data point was run in triplicate and averaged. Statistical significance in panel B between
control strains (wt and KI) and KO was determined with Student’s t test (*, P < 0.05).
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requires cellular internalization, since cytochrome P-450 is found either in the inner
membrane of mitochondria or in the endoplasmic reticulum of cells. The other two antifun-
gal agents, caspofungin and amphotericin B, function directly on the cell wall and plasma
membrane by blocking the synthesis of B (1, 3)-b-glucan of the fungal cell wall or by binding
to plasma membrane ergosterol and forming rapid leaking pores, respectively.

While the control YPD plate showed only a minor growth defect for the KO, when
grown on YPD plates containing different concentrations of caspofungin and amphotericin
B, the C. albicans ent2A/A (KO) exhibited a substantial growth defect at all concentrations
of caspofungin (0.025 to 0.1 ug/ml) and at the highest concentration of amphotericin B
(1.0 mg/ml) tested, respectively (Fig. 5A and B). Conversely, in the presence of fluconazole,
the KO was less sensitive to the drug compared to the controls (Fig. 5C). While control
strains exhibited a dramatic growth defect at 2 to 4 ug/ml, growth of the KO strain was
not affected. The results support the notion that a compromised cell wall and membrane
will render the KO more vulnerable to caspofungin and amphotericin B. Since fluconazole
has a different mode of action and requires cellular transport and processing, this finding
is consistent with the conclusion that an intracellular trafficking defect in the ent2A/A mu-
tant leads to greater resistance to fluconazole.

C. albicans ENT2 impacts hyphal morphogenesis and biofilm formation. To fur-
ther investigate the implications of the impaired cell wall and intracellular transport
defects, we focused on hyphal growth and the capacity for biofilm formation. Initially,
we grew the ent2A/A strain (KO) at 37°C for 48 h on various plates with media that
induced filamentation, such as M199 and RPMI 1640 media (Fig. 6A). While the wt and
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FIG 5 The ent2A/A mutant strain has increased susceptibility to amphotericin B and caspofungin
and reduced susceptibility to fluconazole. The ent2A/A null mutant (KO), wild-type (wt), and knock-in
(KI) strains were grown on YPD plates for 48 h containing antifungal drugs at various concentrations
as follows: amphotericin B at 0.11 wg/ml, 0.33 wg/ml, and 1.0 wg/ml (A), caspofungin at 0.025 ug/ml,
0.05 pg/ml, and 0.1 ug/ml (B), and fluconazole at 1.0 wg/ml, 2.0 ug/ml, and 4.0 ug/ml (C). The
images shown in panels A to C are representative of three different experiments.

Kl control strains produced robust filaments indicated by an indistinct, flamentous rim
around the cell colonies or in the center, the KO had a smooth rim and center under
these conditions. To assess the morphological phenotype, we grew KO and control
strains in RPMI 1640 medium at 37°C for 48 h and stained with calcofluor white. This
stain revealed that the KO strain was growing as yeast, unlike the controls that formed
hyphae under these strong inducing conditions (Fig. 6B).

To examine the role of ENT2 in biofilm formation, we performed detailed studies of
biofilm formation using the 2,3-bis-(2-methoxy-4-nitro-5-sulfonyl)-2H-tetrazolium-5-
carboxanilide salt (XTT) reduction assay and differential interference contrast (DIC) light
microscopy. The ent2A/A mutant (KO) forms a sparse, patchy, poorly adherent biofilm,
which lifts easily with minimal disturbance, unlike the wt and Ki strains (Fig. 6D). These
observations are consistent with the KO strain’s reduced adhesion capacity after 24 h
(Fig. 3Q). The biofilm’s metabolic activity is reduced by 40% compared to the wt and KI
strains (Fig. 6C). These results suggest that ENT2 is required for normal filamentation
and biofilm formation.

Dissolution of cell-cell adhesions is impaired in the presence of the C. albicans
ent2A/A strain. Filamentation and the ability to form biofilms are key attributes of C.
albicans virulence and a determinant of its pathogenesis. To assess the virulence of the
ent2A/A strain (KO) compared to the controls, we tested the capability of this mutant
to destroy cell-cell adhesion in human vaginal keratinocytes. The destruction of tight
junctions between host cells is a hallmark of C. albicans virulence and is facilitated by
digestion of the adhesion molecule E-cadherin by the proteases Sap4 to Sap6 (48, 49).
We infected a vaginal human keratinocyte cell line VK-2 with the KO and the control
strains (wt and KI) for 6 h and 24 h. We evaluated the cells over time for the presence
of E-cadherin. Coculture with C. albicans KO, wt, or Kl after 6 h of incubation revealed
E-cadherin-labeled puncta at tight junctions between VK-2 cells. After 24 h, no staining
was observed using the anti-E-cadherin antibody in VK-2 cells cocultured with wt and
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FIG 6 The ent2A/A mutant does not form filaments and forms an aberrant biofilm. (A) The ent2A/A null mutant (KO), wild-type (wt), and knock-in (KI)
strains were assayed on agar plates grown for 72 h at 37°C with different media (medium 199 [M199] and RPMI 1640 medium) known to induce hyphal
growth. (B) These strains were grown on liquid RPMI 1640 medium overnight and were visualized by DIC and fluorescence microscopy after staining with
calcofluor white (CW). The bar indicates 5 um. (C) Biofilms were grown on plastic surfaces with RPMI 1640 medium for 48 h and assayed for biofilm
metabolic activity. (D) These biofilms were visualized by light microscopy using a DIC filter. The bar indicates 50 um. The images shown in panels A, B, and
D are representative of three different experiments. Error bars in panel C are the standard deviations of three different data sets. Each individual data point
was run in triplicate and averaged. Statistical significance in panel C between control strains (wt and Kl) and KO was determined with Student’s t test

(*, P < 0.05).

Kl (Fig. 7A). In contrast, in VK-2 ells exposed to KO strains, the E-cadherin-labeled tight
junctions remained intact (Fig. 7A).

The presence of E-cadherin in VK-2 cells during coculture with C. albicans was ana-
lyzed by Western blotting (Fig. 7B). While at 6 h of incubation, E-cadherin levels were
similar between cocultures, by 24 h, E-cadherin was undetectable in cells cocultured
with wt and Kl. In contrast, the E-cadherin level remained stable over time in VK-2 cells
incubated with the KO strain (Fig. 7B). Consistent with this finding, in a bovine serum
albumin (BSA) plate assay, we detected reduced protease activity in the KO compared
to the controls (Fig. 7C).

Taken together, these findings suggest a reduction of protease activity in the
ent2A/A mutant compared to control strains, resulting in reduced virulence as meas-
ured by the ability to disrupt cell-cell adhesion of vaginal keratinocytes.

The C. albicans ent2A/A mutant lacks the ability to kill host cells. To further
define the virulence of the ent2A/A strain, we tested its ability to kill host cells. Using a
microplate Live/Dead assay (Invitrogen, Waltham, MA), we evaluated human VK-2 cell
growth after 6 h and 24 h of infection with the ent2A/A mutant and the Kl and wt con-
trol strains. After 6 h of infection, 95% of VK-2 cells were alive in cultures with KO and
the control strains (Fig. 8A). After 24 h, we found that while the KO was unable to kill
VK-2 cells, the wt and Kl strains killed 80% of host cells (Fig. 8B). This finding supports
the notion of a substantially reduced virulence of the ent2A/A strain.

DISCUSSION

In foundational studies, it was determined that secretory mutants display defects in
endocytosis in the model S. cerevisiae (50). Recently, a clear linkage between clathrin-
mediated endocytosis and the endosomal sorting complex required for transport
(ESCRT)-dependent protein sorting pathway has been identified in S. cerevisiae (51).
There it was found that members of the ESCRT complex are required for the viability of
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FIG 7 The dissolution of cell-cell adhesions in human VK-2 cells is impaired in the presence of C.
albicans ent2A/A. (A and B) Human VK-2 cells infected with the ent2A/A null mutant (KO), wild-type
(wt), and knock-in (KI) strains for 6 and 24 h were visualized by fluorescence microscopy using an
antibody against E-cadherin and DAPI for labeling the nucleus (A) and were tested by Western
blotting for the proteins E-cadherin and tubulin (loading control) (B). (C) These C. albicans strains
were further tested in a protease agar plate assay for their ability to lyse BSA after an overnight
incubation at 30°C. The images shown in panel A to C are representative of three different
experiments. The bar in panel A is 10 um.

cells lacking the epsins Ent1p and Ent2p in which one ENTH domain has been reintro-
duced (51). In the prevacuolar secretory pathway, S. cerevisiae VPS1 contributes to
endocytosis as well (52). As we build upon our past studies of general and prevacuolar
secretion in C. albicans (2, 5, 53, 54), followed more recently by studies of late secretion
(55), we have now turned our attention to analyzing key components of endocytosis,
as these pathways are interconnected and potentially share common elements.

A 120% Olive B 120% *
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FIG 8 The C. albicans ent2A/A mutant lacks the ability to kill human VK-2 cells. VK-2 cells infected
with the ent2A/A null mutant (KO), wild-type (wt), and knock-in (KI) strains for 6 h (A) and 24 h (B)
were tested in a Live/Dead assay. Error bars in panels A and B are the standard deviations of three
different data sets. Each individual data point was run in triplicate and averaged. Statistical significance
between control strains (wt and Kl) and KO was determined with Student's t test (¥, P < 0.05).
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To our knowledge, epsins have not previously been investigated in C. albicans.
Three putative genes, ENT2, ENT3, and ENT4, are annotated in the Candida Genome
Database. In our alignment analysis, only ENT2 demonstrated strong homology to S.
cerevisiae ENT1/2, whereas the putative C. albicans genes ENT3 and ENT4 have only
weak or no homology to the ENTH domain that is characteristic for binding the phos-
phorylated head group of the lipid PIP2 in the nearby leaflet of a membrane bilayer,
which disturbs the bilayer’s stability and contributes to membrane bending (Fig. 1).
Another characteristic domain for some epsins is the ubiquitin-interacting motif (UIM)
which provides a binding site for cargo. Ent2p is the only known epsin in C. albicans
with a UIM site (Fig. 1) suggesting that this protein has an important role in cargo se-
lectivity during clathrin-mediated endocytosis.

Using a reverse genetic approach, our study sought to determine the contribution
of the epsin Ent2p in endocytosis and the role of endocytic trafficking in C. albicans fila-
mentation, biofilm formation, and virulence. While the ent2A/A mutant is viable, we
detected a slight growth defect under regular growth conditions, suggesting nones-
sential functions that support optimal efficiency for endocytosis and intracellular trans-
port (Fig. 2). This finding was in contrast to that of S. cerevisiae, where deletion of ENT1
and ENT2 was synthetically lethal (10, 56, 57). Since ENT3 has much weaker homology
to the ENTH domain and lacks other important endosomal protein domains such as
the clathrin-binding domain and ubiquitin-interacting motifs (Fig. 1), These findings
suggest that ENT3 is unlikely to function as a redundant gene for ENT2.

Here, we have identified several roles for Ent2p in endocytosis, maintenance of cell
wall/membrane integrity and protease function, and facilitating transport of antifungal
drugs, dyes, and cations (Fig. 3, 4, 5, and 7). While in the ent2A/A mutant these trans-
port processes are not completely stopped, the inefficiencies have downstream impli-
cations, such as the inability to form filaments and proper biofilms and greatly reduced
virulence-related attributes (Fig. 6 and 8).

While we detected a defect in the endocytosis of FM4-64 (Fig. 3), we had several
other findings that indicated other cellular transport processes were impaired as well.
The cation sensitivity demonstrated with Na* and Li* (Fig. 4C) suggests that the trans-
port of the cation pump is impaired. Indeed, the cation pump Enalp in S. cerevisiae is
recruited by Ent1/2p as cargo via an interaction with the UIM site (28, 57), although in
C. albicans the cation pump has yet to be characterized.

We observed an impaired cell wall and an enhanced peripheral staining in the
ent2A/A strain using cell wall/membrane dyes such as calcofluor white (CW) (Fig. 2D
and E) and FM4-64 (see Fig. S5B in the supplemental material). Staining with CW, which
binds to chitin, revealed an enhanced CW concentration in the KO strain compared to
the control strains. One explanation could be increased chitin content of the cell wall
of the KO, or possibly a looser packing of the chitin layer because of missing cell wall
components that anchor the chitin to the cell wall. In contrast, FM4-64 is lipophilic and
binds to the plasma membrane. Why we detected an increased level of CW and FM4-
64 on the cell surface of the KO remains to be determined; further investigations are
warranted to address this question. Changes in the cell wall integrity in the ent2A/A
strain were revealed by several different cell wall stressors (Fig. 4A) and antifungal
agents (caspofungin and amphotericin B; Fig. 5A and B) that impact the cell wall
directly. An increased early adhesion capacity of the KO is potentially the result of
changes in the cell wall integrity as well (Fig. 4B). All these findings support the possi-
bility that transport and/or renewal of cell wall components is impaired.

Improperly functioning endocytic transport likely has implications on the secretion of
extracellular components. Our data indicate that some or all aspartyl proteases are not
secreted in the ent2A/A strain by demonstrating the inability of ent2A/A to break down
E-cadherin in a vaginal epithelial cell line (Fig. 7A to C). Several studies have shown that
the C. albicans proteases Sap4 to Sap6 are responsible for degrading E-cadherin in host
cells (58). Taken together, these findings provide indirect evidence for impairments in
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TABLE 1 List of primers

mSphere

Primer Sequence Reference

Hu EcadherintndF GTC TGT AGG AAG GCA CAG CC 72

Hu EcadherintndR TGC AAC GTC GTT ACG AGT CA 72

Hu GAPDHF GGA CCT GACCTG CCGTCT A 73

Hu GAPDHR TGC TGT AGC CAA ATT CGT TG 73

ENT2 inner F CCT CAATCG CAA CAATTC CA This study

ENT2 inner R AGC GTT ACC AAATCC ATA CCCA This study

ENT2 outer F/donor Kl GCT GGT GGA GGA AACTCA TAG CC This study

ENT2 outer R/donor Ki GGG GAT ACCGAAACCGTGT This study

ENT2 probe Southern F GGA ATT CGT GCG AAA CCG GA This study

ENT2 probe Southern R TAA AGT ATG GGC GGGCGT G This study

ENT2 KO donor U.90 CCA AAT AAA AAG GGT TTA TAT CAT TAT ATA CGG ATT TTT GAA ATT AAT This study
AGA TAT TTA AAC AAG TTC CAATCA ACA ATA ATT GCT TTT TAG

ENT2 KO donor L.90 CTA AAA AGC AAT TAT TGT TGA TTG GAA CTT GTT TAA ATATCT ATT AAT This study
TTC AAA AAT CCG TAA ATA ATG ATATAA ACCCTT TTT ATT TGG

ENT2 guide RNA oligo CGT AAACTATTT TTA ATTTGC AAA CGT GGT GGG TCC AGT GGT TTT AGA This study
GCTAGA AAT

AHO1098 CAAATTAAAAATAGTTTACGCAAG 62

AHO1099 GTT TTA GAG CTA GAA ATG CAA GTT 62

intracellular trafficking in the ent2A/A mutant. Future studies are under way to address
this question.

In another body of experiments, we addressed the downstream effects of inefficient
endocytic trafficking in the ent2A/A mutant. Since hyphal formation is crucially linked to
dramatic changes of the cell wall and massive secretion of extracellular components, it
was not surprising that the ent2A/A mutant is unable to form hyphae or to form a
proper biofilm (Fig. 6A to D). This finding was associated with a greatly reduced virulence
in our in vitro assays. The Live/Dead assay shows the inability of the ent2A/A mutant to
kill host cells. The lack of hyphal growth and the limited ability to secrete proteases that
degrade host cell E-cadherin provide a mechanistic explanation for this outcome.

This study represents the first characterization of the C. albicans epsin, Ent2p. We
have identified that this epsin is involved in endocytosis and potentially other intracellu-
lar trafficking pathways. These processes become inefficient when Ent2p is missing, lead-
ing to an inability to form hyphae and loss of virulence-related attributes in vitro. Future
work will address additional components of endocytosis, as we develop a detailed model
of this process in C. albicans. The results of our study suggest that C. albicans Ent2p pro-
vides a link between endocytosis and other intracellular transport pathways, including
exocytosis. It further suggests that unlike in S. cerevisiae, the role of Ent2p is not essential
but supportive to ensure efficient intracellular trafficking.

MATERIALS AND METHODS

Identification of C. albicans ENT2. The DNA and predicted protein sequences for S. cerevisiae ENT1
(YDL161W) and ENT2 (YLR206W) and for C. albicans ENT2 (C2_01390W), ENT3 (C2_02340C), and ENT4
(C3_07280C) were retrieved from http://www.yeastgenome.org and http://www.candidagenome.org,
respectively. A single potential ortholog to S. cerevisiae ENT1 was identified by a BLASTp search of the
Candida Genome Database utilizing the functions on these websites. Alignments of multiple protein
sequences were done by the SnapGene protein align function, MUSCLE (59). The degree of paired
homologies was determined using the Smith-Waterman method (60) for local alignments. For clarity,
large regions of low complexity and divergent sequence are omitted from Fig. 1. The areas of amino
acid residues that were omitted are marked with parentheses. The web resource, Simple Modular
Architecture Research Tool (SMART) (61), available at https://smart.embl.de, was utilized for the identifi-
cation and annotation of protein domains.

Deletion of C. albicans ENT2 and Southern blotting. A list of oligonucleotides and primers used in
this study is shown in Table 1. We generated a C. albicans ent2A/A null mutant using a CRISPR-Cas9
strategy developed by the Hernday laboratory (62). Alleles of ENT2 were then reintegrated via homolo-
gous recombination into the ent2A null mutant to generate a complemented “knock-in” (KI) strain.
Correct strain construction was confirmed by Southern blotting of genomic DNA. Briefly, 5 g genomic
DNA was digested with BstXl overnight and loaded onto a 1% agarose gel. The blot was performed
using a Hbond nylon membrane (Amersham/Sigma, St. Louis, MO) and a standard protocol. A DNA
probe was generated by PCR using digoxigenin (DIG)-labeled deoxynucleoside triphosphate (dNTP)
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TABLE 2 List of strains

Strain Description/genotype Reference
AHY940 SC5314 LEU2 heterozygous knockout a/« leu2A/LEU2 62

CRENT2KO SC5314 ent2 homozygous knockout a/a ent2A/ent2A This study
CRENT2KI SC5314 ENT2 homozygous knock-in a/a ent2A/ent2A ENT2/ENT2 This study

(Roche, Basel, Switzerland) and primers as shown in Table 1. Detection was performed using the DIG
Luminescent Detection kit (Roche, Basel, Switzerland).

Strains, media, and cell culture. The C. albicans strains utilized in this study are listed in Table 2.
YPD (1% yeast extract, 2% peptone, 2% glucose) or YNB (6.7 g yeast nitrogen base and 2% glucose) was
used as a standard growth medium for overnight cultures (16 h). Percentages are weight/volume.
Unless otherwise stated, liquid cell cultures were established by incubation at 30°C with shaking at
250 rpm.

VK-2/E6E7 cells (ATCC CRL-2616, Manassas, VA), a human vaginal keratinocyte cell line, were grown
in keratinocyte SFM (serum free medium) (Invitrogen, Waltham, MA) in a cell culture incubator at 37°C
with 5% CO,. Cells were split once a week and fed every 2 days.

Preparation of plasmids and genomic DNA. Competent Escherichia coli DH5« cells (Invitrogen,
Waltham, MA) were used to maintain plasmids. E. coli cells carrying plasmids of interest were grown in LB
medium (1% tryptone, 0.5% glucose, and 1% NaCl) with 100 wg/ml ampicillin at 37°C. Plasmid DNA was
extracted from overnight cultures using the Qiagen Plasmid Miniprep system (Qiagen, Germantown, MD)
according to the manufacturer's instructions. Plasmids used and generated in this study are listed in
Table 3. Genomic DNA was extracted from yeast cells using the MasterPure Yeast DNA purification kit
(Epicentre Biotechnologies, Madison, WI) according to the manufacturer’s instructions.

Western blotting for E-cadherin. Western blotting was performed from lysed VK-2 cells infected
with the C. albicans ent2A/A mutant or control strains for 6 and 24 h in keratinocyte SFM medium at 37°C
and 5% CO,. The standard protocol is described in reference 63. Primary antibodies to E-cadherin (R&D
Systems, Minneapolis, MN) and tubulin (Invitrogen, Waltham, MA) were incubated overnight and were
used at 1:500 and 1:1,000 dilutions, respectively. Anti-mouse secondary antibody (Invitrogen, Waltham,
MA) was incubated for 1 h in a 1:10,000 dilution. Tubulin was used as a loading control.

Cell growth assay and agar plate assays for response to cell wall stressors, salt stress, and
filamentation. From an overnight culture in YPD at 30°C, cells were counted and diluted in YPD to a cell
concentration of 1 x 10° cells/ml. One hundred microliters of this cell dilution was placed in 96-well plates in
quadruplicate. Cell growth was determined over 15 h at 30°C using a microplate reader (BioTek Synergy H1;
BioTek, Winooski, VT) that recorded the extinction at an optical density at 600 nm (ODg,,) every 30 min.

Growth rates were assessed on agar plate assays after 48 h as described previously (64, 65). Growth
was assayed in response to 30°C and 37°C, cell wall stressors (0.2% SDS in YPD, 140 wg/ml Congo red in
YNB with 2% glucose (YNB/glucose), 50 wg/ml calcofluor white in YNB/glucose [all from Sigma-Aldrich,
St. Louis, MQ]), potassium chloride, lithium chloride, and sodium chloride (all Sigma-Aldrich, St. Louis,
MO) in YPD, BSA with YNB/glucose (66) as well as antifungal drugs (amphotericin B, caspofungin, fluco-
nazole [all Sigma-Aldrich, St. Louis, MO] in YPD). Filamentation was determined after 48 h at 37°C on me-
dium 199 supplemented with L-glutamine (M199; Sigma-Aldrich, St. Louis, MO), and RPMI 1640 medium
(pH 7.0) (Fisher Scientific, Waltham, MA) (67). Five-microliter portions of cells from 1:5 serial dilutions
were spotted onto agar plates.

Analyses of endocytosis. The lipophilic membrane dye FM4-64 [N-(3-triethylammoniumpropyl)-4-(6-
(4-(diethylamino)phenylhexatrienyl) pyridiniumdibromide] (EMD Millipore, Temecula, CA), which is actively
endocytosed, was used to assay membrane-related endocytosis as described previously (39). Briefly, C.
albicans strains were grown in YPD at 30°C to mid-log phase. An aliquot of cells was resuspended in fresh,
ice-cold YPD. FM4-64 at a final concentration of 2 mM was added and incubated on ice for 20 min. The
cells were washed five times in ice-cold phosphate-buffered saline (PBS) and then resuspended in fresh
YPD at room temperature. Next, the cells were incubated at room temperature and harvested at 5, 15, and
30 min. Membrane transport at each time point was stopped with ice-cold 12 mM sodium azide (Sigma-
Aldrich, St. Louis, MO). Staining of the vacuoles was visualized using a Zeiss ImagerM1 fluorescence micro-
scope. Images were taken using standard Texas Red filters for FM4-64. For the statistical analysis, we have
analyzed the stain of the vacuolar membrane in 100 cells per strain and condition. The average of three
experiments was determined and expressed as a percentage of the total number of cells counted.

Analysis of adherence and biofilm formation in C. albicans endocytosis mutants. Biofilms were
visualized via DIC light microscopy on a Nikon Eclipse Ti inverted microscope, and metabolic activity
was measured by XTT reduction, in triplicate, according to published methods (68).

TABLE 3 List of plasmids

Plasmid Description Reference
pPADH137 C. albicans LEUpOUT CAS9 expression plasmid 62
pADH118 C. albicans LEUpOUT “blank” gRNA plasmid 62
PCRENT2 C. albicans LEUpOUT “blank” gRNA plasmid with ENT2 guide RNA This study
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Adhesion to polystyrene was assessed as described previously (69) with minor modifications. Briefly, an
inoculum of 1.0 x 107 cells mI~" in PBS or RPMI 1640 medium was prepared. One hundred fifty microliters
of cell suspension was added to individual wells of a 96-well microtiter plate. An identical set of each strain
was dispensed into individual microcentrifuge tubes for use as the unwashed control, representing the
total number of adherent and nonadherent cells. Following 2 and 24 h of incubation at 37°C, nonadherent
cells were removed by washing the wells of the 96-well plate, while cells incubated in microcentrifuge
tubes were pelleted at 5,000 rpm in a benchtop centrifuge. The XTT reduction assay was then used to
quantify the adhered and total amount of cells in each well and microcentrifuge tube, respectively. After
incubation with the XTT-menadione substrate at 37°C for 3 h, 75 ul of supernatant was transferred to a
fresh 96-well plate, and absorbance was read at 490 nm in a microplate reader (BioTek Synergy H1; BioTek,
Winooski, VT). The adherence capacity of each strain was calculated as the mean XTT value of the washed
cells relative to the mean XTT value of the unwashed cells. Experiments were performed in triplicates, each
with eight replicates per strain. Statistical significance was assessed using a Student t test in Microsoft Excel.

Immunofluorescence microscopy and quantitative plate assay of C. albicans strains with CW
staining. Cell morphology of yeast and hyphal forms was assessed via fluorescence microscopy as
described previously (70). Cells from an overnight culture in YPD at 30°C (yeast growth) or 37°C in RPMI
1640 medium (filamentous growth) were mixed 20:1 with calcofluor white (Sigma-Aldrich, St. Louis,
MO), placed on a slide and visualized with a 63 lens and 4’,6-diamidino-2-phenylindole (DAPI) filter of
a Nikon Eclipse 80i microscope. For the quantitative plate assay, 10° cells from each strain were mixed
20:1 with calcofluor white and incubated for 30 min. Cells were washed six times with ice-cold PBS,
resuspended in 300 wl, and placed in triplicate wells of 100-ul solutions into 96-well plates. The plate
was read in a microplate reader (BioTek Synergy H1; BioTek, Winooski, VT) using excitation and emission
filters for CW (380 nm and 475 nm, respectively). The resulting data were analyzed according to the
manufacturer’s instruction using Excel (Microsoft).

Immunofluorescence microscopy of cocultured VK-2 cells with C. albicans strains. VK-2 cells
growing on coverslips were infected with C. albicans ent2A/A or control strains for 6 and 24 h in kerati-
nocyte SFM medium at 37°C and 5% CO, as described previously (71). Cocultured C. albicans and VK-2
cells were fixed with 4% paraformaldehyde solution and incubated for 20 min. Next, the coverslips were
washed with 1x PBS. The fixed cells were incubated with ammonium chloride for 10 min, followed by
incubation with Triton X-100 for 5 min. Cells were then washed three times with PBS containing 0.2%
gelatin at 5 min each. VK-2 cells were stained for 1 h with a 1:100 dilution of a E-cadherin primary anti-
body (R&D, Minneapolis, MN) in PBS containing 0.2% gelatin, washed, and incubated with an anti-
mouse-green fluorescent protein (GFP) secondary antibody (Invitrogen, Waltham, MA) for another hour.
Cover slides were mounted on slides with an antifade mounting solution containing DAPI. A Nikon
Eclipse 80i microscope was used to visualize the cells using standard GFP and DAPI filters.

Live/Dead viability assay. VK-2 cells were grown in 96-well plates in a serum-free medium (SFM) to
30% confluence. C. albicans strains were grown overnight in YPD and were cocultured with VK-2 cells at
a concentration of 5 x 10° cell/ml for 6 and 24 h. The Live/Dead viability assay from Invitrogen (Waltham, MA)
was performed using the protocol provided by the manufacturer. In brief, controls were uninfected cells and
killed cells using 70% methanol for 30 min. Ethidium bromide (8 M) and calcein-AM (4 M) were mixed, and
100 wl was added to each well, and plates were incubated for 30 min. The plate was read in a microplate reader
(BioTek Synergy H1; BioTek, Winooski, VT) using excitation and emission filters for ethidium bromide (495 nm
and 635 nm, respectively) and calcein-AM (495 nm and 515 nm, respectively). The resulting data were analyzed
according to the manufacturer’s instruction using Excel (Microsoft).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 0.1 MB.
FIG S2, TIF file, 0.8 MB.
FIG S3, TIF file, 0.04 MB.
FIG S4, TIF file, 0.04 MB.
FIG S5, TIF file, 0.4 MB.
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