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Arrestin-related trafficking (ART) proteins regulate endocytosis and turnover of nutrient transporters in fungi, yet
their functional roles in Candida albicans remain largely unexplored. In this study, we identified and characterized
ORF19.4887, annotated as CaECM2] in the Candida genome database, as a novel ART adaptor protein homologous
to Saccharomyces cerevisiae Rodl. Sequence analysis revealed conserved PPxY motifs predicted to mediate
interaction with the ubiquitin ligase RspJ, suggesting a role in transporter endocytosis. In this study, we characterized
CaECM?2] by generating wild-type, mutant, and complemented strains and assessing growth under glucose,
N-acetylglucosamine (GlcNAc), and amino acid starvation conditions. Transporter localization was examined
through GFP fusions and fluorescence microscopy, with quantitative analyses validated by analysis of variance and
post hoc testing, and amphotericin B (Amp B) sensitivity was evaluated using spot assays. Deletion of CaECM21
did not result in severe growth defects on glucose and only a moderate reduction in GlcNAc, indicating a condition-
specific and modest contribution to nutrient adaptation. Our findings suggest that CaECM21 modulates nutrient
transporter dynamics in response to starvation cues, potentially through ART-like PPxY motifs. Confocal imaging
of GFP-tagged transporters demonstrated defective internalization of CaGAPI in the A/ACaecm?2] strain under
starvation, confirming a trafficking role for CaECM?21 in transporter internalization. The mutant exhibited increased
sensitivity to Amp B, linking ART-mediated trafficking to membrane stress adaptation. This study reveals CaECM21
as a novel ART adaptor that contributes to nutrient-sensing and antifungal stress tolerance in C. albicans. While
direct biochemical evidence for CaECM21-RSP5 remains to be established, this study provides a foundation for
future mechanistic and therapeutic investigations into ART-mediated regulation of fungal physiology.

1. INTRODUCTION

The pathogenic success of C. albicans is linked to its ability to
undergo morphological transitions and to metabolize diverse host

Candida albicans is a leading human fungal pathogen, responsible
for nearly 70% of hospital-acquired fungal infections and ranked as
the fourth most common cause of central line-associated bloodstream
infections [1,2]. While C. albicans is the most frequently isolated
species, other non-albicans Candida spp. (Candida parapsilosis,
Candida tropicalis, Candida krusei, Candida glabrata, Candida
dubliniensis, Candida lusitaniae, and the emerging Candida auris)
also contribute to clinical infections, with varying antifungal resistance
profiles [3]. The clinical impact of C. albicans is particularly severe
in immunocompromised individuals, including patients undergoing
chemotherapy, transplantation, and those suffering from acquired
immunodeficiency syndrome [4].

*Corresponding Author:

Kongara Hanumantha Rao,

Center of Multidisciplinary Unit of Research on Translational Initiatives
(MURTI), GITAM (Deemed to be University), Visakhapatnam, India.
E-mail: hanul06 @ yahoo.co.in

nutrients. The yeast-to-hypha switch promotes tissue invasion,
dissemination, and biofilm formation [5,6], while metabolic plasticity
enables survival across distinct host niches [7]. Among host nutrients,
N-acetylglucosamine (GIcNAc) is crucial as it serves both as a carbon
source and as a potent inducer of hyphal growth [8-10]. Further,
amino acids provide nitrogen, modulate morphogenesis, and influence
antifungal susceptibility [11-13].

Nutrientuptake in fungi is tightly regulated not only at the transcriptional
level but also through post-translational mechanisms controlling
transporter abundance at the plasma membrane. In Saccharomyces
cerevisiae, this regulation is mediated by arrestin-related trafficking
(ART) adaptor proteins, which recruit the ubiquitin ligase Rsp5 to
target transporters for ubiquitination and endocytosis [14,15]. Similar
mechanisms are emerging in C. albicans. For instance, the GIcNAc
transporter Ngtl undergoes ubiquitin-dependent endocytosis in
response to sugar availability [16,17], while the broad-specificity
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amino acid permease CaGAPI plays a dual role in nitrogen acquisition
and virulence [12,13].

Despite the importance of carbon and nitrogen uptake, the ART
proteins coordinating transporter turnover in C. albicans remain
poorly characterized. In silico analysis of ORF19.4887, designated
as CaECM?21, revealed a conserved arrestin domain and PPxY motifs
predicted to interact with Rsp5, suggesting a role in endocytosis.
Recent studies in Cryptococcus neoformans and Aspergillus fumigatus
have demonstrated that ART-domain proteins contribute to transporter
regulation and antifungal tolerance [18,19]. These findings imply a
conserved role of arrestin-like proteins in fungal adaptability and drug
response.

Comparative sequence analyses further indicate that CaECM21
shares structural features with its orthologs Rodl in S. cerevisiae,
Artd in A. fumigatus, and arrestin-like proteins in C. neoformans, all
containing characteristic arrestin-C domains and PPxY motifs. This
evolutionary conservation suggests that ART-mediated trafficking
is an ancient and fundamental mechanism for maintaining plasma
membrane homeostasis across fungal species.

Based on these insights, we hypothesized that CaECM21 regulates
the endocytosis of nutrient transporters such as CaGAPI, thereby
integrating carbon and nitrogen sensing in C. albicans. To
investigate the endocytic process, we employed a combination of
in silico, molecular, and cell biological approaches. These included
generating homozygous CaECM?21 gene deletion, C-terminal GFP-
tagging, fluorescence microscopy under defined nutrient conditions,
and antifungal susceptibility assays. This study provides the first
experimental evidence establishing CaECM?21 as a functional ART
adaptor protein in C. albicans, linking nutrient transporter trafficking
to stress adaptation and antifungal response.

2. MATERIALS AND METHODS

2.1. Strains and Culture Conditions

All experiments were performed using the C. albicans laboratory
strain BWP17, which is auxotrophic for uridine, histidine, and arginine
[Table 1]. Strains were maintained as glycerol stocks at —80°C and
freshly streaked onto YPD agar plates (1% yeast extract, 2% peptone,
2% dextrose, 2% agar; HiMedia) before experimentation. Plates
were incubated at 30°C for 48 h, and single colonies were used to
initiate cultures. For routine propagation, cells were grown in YPD
broth (1% yeast extract, 2% peptone, 2% glucose, w/v) at 30°C with
shaking (200 rpm). Auxotrophic requirements were supplemented
with uridine and histidine (20 ug/mL each) and arginine (30 pg/mL;
Sigma-Aldrich) [20].

For experimental assays, overnight cultures were diluted into synthetic
defined medium and allowed to reach mid-logarithmic phase (optical
density [OD] ,, = 0.6). Cells were washed twice with YNB basal
medium and resuspended in YNB complete and YNB lacking amino
acids (W/O aa; Difco), supplemented with glucose or GlcNAc as the
sole carbon source [21,22]. Stock solutions of GIcNAc and amino acids
were filter-sterilized (0.45 wm) and added aseptically after autoclaving.
Growth was routinely monitored by OD,  readings, and all experiments
were performed in three independent biological replicates, each with
three technical replicates. Wild-type, A/4Caecm21, and complemented
strains (A/4Caecm21+CaECM?21) were analyzed in parallel to confirm
that observed phenotypes were attributable to CaECM?21 deletion.

Table 1: List of strains and plasmids used to prepare A/ACaECM21.

Strain Genotype of constructed strains Source/
reference
Candida
albicans
strain
BWP17 ura3A::limm434/ura3A::limm434 hisl::hisG/  Alistair J.P.
hisl::hisG arg4::hisG/arg4::hisG Brown
HHRI1 ACaecm21::HISI/CaECM21 ura3A:: A This study
imm434/ura3A:: A imm434 hisl::hisG/
hisl::hisG arg4::hisG/arg4::his
HHR2 ACaecm21::HIS1/ecmA:: ARG4 ura3A:: This study
A imm434/ura3A:: A imm434 his1::hisG/
his1::hisG arg4::hisG/arg4::hisG
HHR3 NGTI-GFPy:: URA3/CaECM21 This study
ura3A::limm434/ura3A::limm434 hisl::hisG/
hisl::hisG arg4::hisG/arg4::hisG
HHR4 PpFA-GFPy-CaGapl::HIS1/CaGapl This study
ura3A::limm434/ura3A::limm434 hisl::hisG/
hisl::hisG arg4::hisG/arg4::hisG
HHRS PFA-GFPy-CaGapl-ecm21A::HIS1/ This study
Caecm21Aura3A::limm434/ura3A::limm434
hisl::hisG/his1::hisG arg4::hisG/arg4::hisG
Escherichia
coli strains
pSNS52 C.d HIS1, KanR (pCR-Blunt II-TOPO vector ~ Rao et al.,
(Invitrogen) carrying HIS! gene of Candida 2020
dubliniensis)
pSN69 pCR-Blunt II-TOPO vector (Invitrogen) Rao et al.,
carrying the ARG4 gene of Candida 2020
dubliniensis
pFa-GFPy-  plasmid harboring a codon optimized GFPy,a  Rao et al.,
ARG4 photostable GFP variant along with the UR43 2020

marker

PCR: Polymerase chain reaction.

2.2. DNA Sequence Analysis

The C. albicans genome (~14.7 Mbp) encodes approximately 6,000
genes [23]. The ART-domain containing gene CaECM?21 was selected
for functional analysis and targeted for deletion in the BWP17
background. Homology searches using the basic local alignment
search tool (BLAST) [24] revealed ~42% identity and ~58% similarity
with S. cerevisiae Rod1, an ART adaptor protein [Figure 4]. Multiple
sequence alignment with CLUSTALW [25] confirmed conservation of
the ART domain and identified two PY motifs (PPxY) at residues 215—
218 and 459462, which may serve as binding sites for the ubiquitin
ligase Rsp5. Further analysis of the CaECM21 open reading frame
using Restriction Mapper 2.0 identified unique restriction sites suitable
for cloning and mutant construction. Conserved domain analysis using
the National Center for Biotechnology Information conserved domain
database [26] predicted an N-terminal arrestin domain and several
low-complexity regions, consistent with a role in adaptor-mediated
protein trafficking [27]. All annotations were cross-checked against the
Candida genome database (CGD) (http://www.candidagenome.org).
These analyses guided the selection of CaECM?21 as a candidate ART
adaptor potentially involved in the endosomal transport of CaGap1.

2.3. Preparation of CaECM?21 Deletion Mutants in C. albicans

In this study, deletion of CaECMZ2I in the BWP17 strain (gift
from Dr. Swagata Ghosh, University of Kalyani) was performed
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using polymerase chain reaction (PCR)-mediated homologous
recombination [20,28]. The two alleles were sequentially replaced
using HIS1 and ARG4 markers, amplified from plasmids pSN52 and
PSN69, respectively. Disruption cassettes were generated with primers
containing 81 bp homology to the upstream and downstream flanking
regions of CaECM?21 [Table 2]. Purified cassettes were introduced into
electrocompetent BWP17 cells through electroporation. Transformants
were recovered in YPD medium containing 1 M sorbitol at 30°C for
2 h and selected on SD agar lacking histidine, producing heterozygous
mutants (ACaecm21:HISI, designated HHR1). A second round
of transformation with the ARG4 cassette, followed by selection
on SD agar lacking arginine, generated homozygous knockouts
(A/ACaecm21:HISI/ARG4, designated HHR2). Allele replacement
was confirmed by diagnostic PCR using primers flanking the targeted
locus and internal primers spanning the deleted region. Screening of
~40 transformants yielded ~65% correct replacement for the first allele
and ~50% for the second. Two independent A/ACaECM?2] mutants
(HHR2-1 and HHR2-2) were retained for downstream phenotypic
analyses.

For complementation, a wild-type CaECM21 fragment, including
~500 bp upstream promoter and ~300 bp downstream terminator,
was cloned into a URA3-marked integration vector. The construct
was linearized and introduced into A/ACaECMZ2] strains by
electroporation. Uracil prototrophs were selected on SD-URA lacking

plates, and correct integration was verified by PCR. Complemented
strains (A/ACaECM21+CaECM?21) were analyzed alongside wild-
type and knockout strains to confirm that observed phenotypes were
attributable to CaECM21 deletion. A schematic representation of the
deletion and complementation strategy is depicted with a schematic
diagram [Figure 1].

2.4. Spot-Dilution Assay of GlcNAc-Induced A/ACaecm21 Cells

To assess the nutrient-specific growth, wild-type (BWP17), double
mutant (A/ACaecm?21), and complemented strains (ACaeccm21) were
grown overnight in YPD, washed with YNB basal medium, and
adjusted to OD_,, = 1. Serial dilutions (107" to 10™*) were spotted
(10 puL) onto YNB-glucose and YNB-GIcNAc plates and incubated
at 30°C for 24 h. Growth patterns were documented, and colony area
was quantified using ImagelJ [Figure 2]. All data represent mean+SD
of triplicate biological repeats. Statistical significance was determined
using one-way analysis of variance (ANOVA) followed by Tukey’s

post hoc test (P <0.05) [21].

2.5. Microscopic Study of GlcNAc-Induced A/ACaecm21 Cells

C. albicans strains were freshly revived on YPD agar, and a single
colony was inoculated into 5 mL YPD broth. Cultures were incubated
overnight at 30°C. The following day, 1% of the overnight culture was

Table 2: Primers used for CaECM21 deletion, confirmation, and GFP tagging in Candida albicans.

Primer Name Sequence (5°-3’) Number of Use of Primer Genotype/construct

base pairs

Caecm?21-Del-F GAACCATCAATCTTGGAA 81 Amplification of the upstream flank ACaecm?2] (single knockout
ATCGCAGCCACCAATTCTCAAA for Caecm21 deletion mutant)
ATAAATCGAGAAGGCTA
AGTAGCTCGGATCCACTAGTAACG

Caecm21-Del-R ATTACCACAAAATTTCATTA 81 Amplification of the downstream ACaecm?2] (single mutant)
AAAATACAAAATTAAATATA flank for Caecm21 deletion
AATTACAAGATAAATTAATAG
CCAGTGTGATGGATATCTGC

Caecm21-check-F TTATTTCCTTGTGGATGTCC 20 Confirmation of Caecm21 deletion ACaecm?2] single mutant

(forward) (confirmation)

Caecm2l-check -R TATCGTGACTATTCTGATGG 20 Confirmation of Caecm21 deletion ACaecm?]1 single mutant

(reverse) (confirmation)

His-check.R ATCAGATGGGTTATCTCGTC 20 Confirmation of HIS7 marker ACaecm?21::HISI mutant

insertion

ARG4-check-R TGGTTCAGGTAGATATTCCT 20 Confirmation of ARG4 marker ANACaecm21::HISI/ARG4

insertion double mutant

Ngtl-GFP-F ACCCCCATCGTTTTACTT 80 C-terminal tagging of Ngtl using Ngtl- GFPy (BWP17) and
AGTTCAAAATGTCAAGAAG plasmid pFA-GFPy-URA in both Ngtl- GFPy (A/ACaecm?21)
ATTCTCCTCCTTATAGTTCT BWP17 and A/ACaecm?21 (forward tagged strain
GTAGGTGCTGGCGCAGGTGCTTC primer)

Ngtl-GFP-R AAAATTACCACAAAATTT 86 C-terminal tagging of Ngtl using Ngtl- GFPy (BWP17) and
CATTAAAAATACAAATTAAAT plasmid pFA-GFPy-URA in both Ngtl- GFPy (A/ACaecm21)
ATAAATTACAAGATAAATTA BWP17 and A/ACaecm21 (reverse tagged strain
ATATCTGATATCATCGATGAATTCGAG primer)

CaGap1-GFP-F AGATTTGTTACAACAAGAAA 83 C-terminal tagging of CaGap1 using CaGap1-GFPy (BWP17) and
TAGCTGAAGAAAAAGCTC plasmid pFA-GFPy-URA in both CaGapl- GFPy (A/ACaecm21)
AATTAGCTGAAAAACCATTC BWPI17 A/ACaecm21 (forward tagged strain
TATATGGTGCTGGCGCAGGTGCTTC primer)

CaGapl-GFP-R ACTATATATATTAAGTATCA 87 C-terminal tagging CaGap! using CaGap1-GFPy (BWP17) and

AAATTTGTCTATCTATTATTTTTAGCAC
CAAAATCTATAAATTTCTGATAT
CATCGATGAATTCGAG

plasmid pFA-GFPy-URA in both
BWP17 A/ACaecm21 (reverse primer)

CaGapl- GFPy (A/ACaecm21)
tagged strain
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Figure 1: Schematic representation of CaECM21 (ORF19.4887) gene deletion and generation of the homozygous knockout strain in Candida albicans. (a)

The first allele of CaECM?21 was disrupted using a deletion cassette derived from plasmid pSN52 carrying the HIS/ marker. Homologous recombination in the

BWP17 strain replaced one copy of the CaECM?21 locus with HIS!, and transformants were selected on SD medium lacking histidine and verified by diagnostic

polymerase chain reaction (PCR). (b) The second allele was deleted using a cassette from plasmid pSN69 containing the ARG4 marker, transformed into the

heterozygous strain. Transformants were selected on SD medium lacking arginine, and successful homozygous deletion mutants were confirmed by PCR analysis.

To assess the effect of A/ACaecm21 on growth in
glucose and GlcNAc

¥

Wild-type (BWP17), double mutant (A/ACaecm21)
and complemented strains (ACaecm21) were grown
overnight in YPD

¥

Washed with YNB basal medium, and adjusted to
ODswo=1

¥

Serial dilutions (107! to 10-%) were prepared

¥

10 pl of each dilution was spotted onto YNB-glucose
and YNB-GIcNAc plates

¥

Plates were incubated at 30°C for 24 h, and growth
patterns were documented

Figure 2: Experimental workflow to assess the effect of glucose and GIcNAc
on growth in Candida albicans strains. Spot assay of C. albicans strains on
glucose and GIcNAc. Serial dilutions of wild-type, mutant, and complemented
strains were spotted on YNB plates with glucose or GIcNAc and incubated at
30 °C for 24 h.

transferred into fresh YPD broth and grown to mid-logarithmic phase
(OD,,, = 0.4). Cells were harvested by centrifugation, washed twice
with YNB basal medium, and resuspended in YNB supplemented

with glucose and GlcNAc. Cultures were incubated at 30°C for 2 h to
induce morphological changes [Figure Sb] [29].

2.6. Epitope Tagging

C-terminal GFPy tagging of Ngt/ and CaGAPI proteins using a
PCR-based strategy was performed in both BWP17 and A/ACaecm?21
backgrounds using plasmid pFA-GFPy-URA [30,31]. PCR cassettes
with ~80 bp homology were electroporated into competent cells.
Transformants were selected on SD-URA lacking plates, and integration
was verified by PCR [Figure 3]. For bright-field microscopy, 5 uL
of each cell suspension was mounted on a glass slide, covered with
a coverslip, and observed using a Nikon 80i inverted microscope
equipped with a Nikon DXM1200C digital camera [Figure 6a]. For
fluorescence microscopy of Ngt1-GFPy and CaGap1-GFPy expressing
cells, imaging was performed using an Olympus confocal microscope
with a C-Apochromat x60/1.2 numerical aperture objective. GFP was
excited at 488 nm (range 440—475 nm) and emission was detected at
509 nm (range 500-540 nm) using the appropriate GFP/FITC filter
set. The focal plane was positioned at the midsection of the cells to
ensure accurate intracellular localization. Untagged controls were used
as negative controls for autofluorescence and background signal. GFP-
tagged strains in a wild-type background served as positive controls
to ensure that fluorescence reflected specific transporter localization
rather than artifacts of tagging [Figure 6b].

2.7. Impact of Glucose and GlcNAc on CaGapl and Functional
Assessment of CaECM21

To investigate the effect of nutrient conditions on CaGap1 localization
and to assess the role of CaECM21, wild-type (BWP17) and A/
ACaecm?2] strains carrying CaGapl-GFPy were cultured overnight
in YPD at 30°C. Cells were washed twice with YNB basal medium
and resuspended in YNB supplemented with both 2% glucose and 2%
GlcNAc, with or W/O aa [32]. Untagged strains were used as negative
controls to exclude autofluorescence, and images were processed
using ImagelJ [Figure 7].
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Figure 3: Schematic overview of C-terminal GFPy tagging of CaGAP! in Candida albicans wild-type and A/ACaecm?21 strains. A tagging cassette containing
GFPy, a stop codon, and the URA3 marker was amplified from plasmid pFA-GFPy-URA and integrated at the 3’ end of the CaGAPI ORF by homologous
recombination. Transformants were selected on URA-lacking medium and confirmed by diagnostic polymerase chain reaction. The resulting CaGap1-GFPy strains

were used for fluorescence microscopy to study protein localization under different carbon source conditions.
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Figure 5: Growth and morphological responses of wild-type, A/ACaecm?21,
and complemented strains under glucose and GlcNAc conditions. (a) Spot
assay of BWP17, double mutant (A/ACaecm21) and complementary strains
(ACaecm21) on YNB-glucose and YNB-GIcNAc. (a i) Quantitative growth

analysis using integrated density measurements from four biological replicates
(n = biological replicates [4], analysis of variance, P < 0.0001), Image J tool.
(b) Microscopic examination of yeast-to-hyphal transition under glucose and
GlcNAc after 2 h of induction. Scale bar: 10 um.

2.8. Localization of CaGapl under Nutrient Conditions

CaGapl is a broad-spectrum aa transporter in C. albicans, essential for
nitrogen acquisition and nutrient sensing [32]. To assess its expression
and trafficking, wild-type and A/ACaecm2] strains expressing
CaGap1-GFPy were grown overnight in YPD. Cells were washed
twice and induced under four conditions: YNB + glucose, YNB
+ GlcNAc, YNB W/O aa + glucose, and YNB W/O aa + GIcNAc.
Samples were collected at 60 min and 120 min for fluorescence
microscopy. Localization patterns (membrane, cytoplasmic, vacuolar)
were quantified using Image J [Figure 8] [33].

2.9. Amphotericin B Sensitivity Assay

As CaEcm?21 is observed to be involved in endosomal trafficking of
membrane proteins like CaGap1, we wanted to check the sensitivity of
mutant cells against the Amp B. Amp B is reported to bind to ergosterol
moieties of the cell membrane, affecting the endocytic pathway [33].
Amphotericin B (Amp B) is widely recognized as a highly effective
antifungal agent used to treat severe fungal infections [34]. Numerous

investigations have highlighted the remarkable potency of Amp B in
combating fungal pathogens [35,36]. We further investigated whether
CaECM2]1 contributes to antifungal stress tolerance by testing
sensitivity to Amp B. In particular, we assessed sensitivity to Amp
B, a clinically relevant polyene that disrupts ergosterol-containing
membranes. The susceptibility of C. albicans strains to amphotericin
B (Amp B) was assessed by spot assay under four conditions: YNB +
dimethyl sulfoxide (DMSO) (WC), YNB culture, 0.7 pug/mL Amp B,
and 12 pg/mL Amp B. On control plates (YNB + DMSO, WC) and on
YNB culture plates, wild-type, A/ACaecm21 and the complemented
strain displayed comparable growth, indicating that neither the vehicle
(DMSO) nor the culture filtrate affected basal viability [37]. Wild-type,
A/ACaecm21, and complemented strains were grown overnight in
YPD at 30°C, washed twice with Milli-Q water. Cell suspensions were
adjusted to OD,, = 0.4 in sterile water, and ten-fold serial dilutions
were prepared. 5 UL of each dilution was spotted onto YNB-GIcNAc
agar plates supplemented with either 0.7 ug/mL or 12 ug/mL Amp B.
YNB medium without drug was used to monitor basal growth, while
YNB + DMSO was included as a vehicle control. Plates were incubated
at 30°C for 48-72 h, and growth differences were documented. Spot
intensity and colony size were quantified using ImagelJ. Data represent
averages from three independent biological replicates, and statistical
analysis was performed by one-way ANOVA (Tukey’s post hoc, P <
0.05).

2.10. Fluorescence Quantification and Statistical Analysis

Quantitative analysis was performed using ImageJ (version 1.53; NIH,
USA). Individual cells were segmented automatically using threshold-
based region of interest selection, and mean fluorescence intensity
(MFI) [Table 3] was calculated after subtracting background from cell-
free regions. Each field contained >30 cells, and at least 3 fields were
analyzed per replicate. Fluorescence data were represented as averages
from three independent biological replicates as mean + standard
deviation (SD). For each comparison, 95% confidence intervals (CIs)
and exact P-values were calculated to ensure statistical transparency.
Brightness and contrast adjustments were applied uniformly to
representative images using Adobe Photoshop version 5.5 (Adobe
Systems, San Jose, CA). Statistical analyses were performed using
GraphPad Prism 10, which was used for one-way or two-way ANOVA
with Tukey’s post hoc tests. Results were considered significant
thresholds as P < 0.05 [Figure 6 bi].

3. RESULTS AND DISCUSSION

3.1. Insilico Identification of ART Domain-Containing Proteins
in C. albicans

To identify ART domain-containing proteins potentially involved in
ubiquitin-mediated endocytosis, a BLASTp search was performed
in CGD using the a-arrestin Rodl (C2_01970C_A) as the query.
Rodl mediates internalization of plasma membrane transporters
through interaction with the ubiquitin ligase Rsp5. Sequence
analysis of C. albicans SC5314 Assembly 22 revealed a previously
uncharacterized paralog, CaECM21 (C1_10180C_A), sharing 24.63%
sequence identity with Rod! across the conserved arrestin domain
(E-value = 2e-10) [Figure 4]. Conserved domain analysis revealed two
PPxY motifs (residues 213-218 and 459-462) predicted to interact
with the WW domain of the ubiquitin ligase Rsp5. Such motifs are
essential for ubiquitin-mediated endocytosis in S. cerevisiae and other
fungi [38]. In silico predictions suggest that CaECM?21 could function
as a putative ART adaptor facilitating the internalization of nutrient
transporters such as Ngt/ and CaGAPI.
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Figure 6: GlcNAc-induced localization dynamics of Ngt1-GFPy in A/ACaecm?21 cells. (a) Fluorescence microscopy of Ngt1-GFPy in AACaecm21 cells under

GlcNAc induction. BF = bright field. (b) Time-course panels showing subcellular localization at 0, 30, 60, 90, and 120 min, Scale bar: 10 um. (b i) Bar graph

showing mean fluorescence intensity (MFI) of Ngt1-GFPy under two nutrient conditions: YNB complete (blue) and YNB W/O-aa (orange). Fluorescence was

undetectable at 0 min in both conditions (ns). From 30 min onward, MFI increased progressively in both media, with consistently higher values observed in YNB

W/O-aa. Error bars represent standard deviation (SD) from three biological replicates (n = 3). Statistical significance was determined using Tukey’s post hoc test

following two-way analysis of variance (P < 0.001, ns = not significant).

3.2. Characterization of the A/ACaecm21 Deletion Mutant

The mutant was characterized for growth on different carbon
sources, including glucose and GIcNAc, in the presence and
absence of aa using spot assays. Additionally, cell morphology
was assessed under glucose and GIlcNAc-inducing conditions.
Localization studies of CaGapl were performed to investigate the
role of CaEcm21 in endosomal trafficking. The A/ACaecm2 ] mutant

was also tested for sensitivity to the antifungal agent amphotericin
B. These analyses provide the first evidence that CaECM21, an
ART-family protein, contributes to the endosomal trafficking of
CaGapl. Notably, CaGap1-GFPy expression is sensitive to YNB-
GlcNAc and displays membrane localization in the presence of aa,
supporting the role of CaEcm21 in regulating nutrient transporter
trafficking.
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Figure 7: Nutrient-dependent localization of CaGap1-GFPy in Candida albicans. Fluorescence microscopy of wild-type (BWP17) and A/ACaecm?21 strains

grown in YNB with glucose or GIcNAc, with or without amino acids. Amino acid starvation enhanced CaGap! internalization with a strong vacuolar signal in

GlcNAc-grown wild-type cells, whereas the mutant retained membrane-associated fluorescence. Scale bar = 10 um.
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Figure 8: Time-dependent localization of CaGapl-GFP in Candida albicans

under GlcNAc conditions. (a) Fluorescence microscopy images of wild-type
(BWP17) and A/ACaecm21 strains expressing CaGap1-GFPy were cultured
in YNB medium supplemented with GIcNAc and examined after 60 and
120 min. Both strains showed peripheral GFP fluorescence at both time
points. (b) Cells grown in YNB W/O aa plus GIcNAc were analyzed at 60 and
120 min. Under amino acid starvation, GFP signal increased over time, with
pronounced vacuolar accumulation in BWP17 cells at 120 min (arrow), while
the A/ACaecm21 strain displayed altered localization.

3.3. Growth and Morphogenesis of CaECM21 Mutant Strains

To assess the role of CaEcm?21 in C. albicans growth on glucose and
GlcNAc media, spot assays were performed using the wild-type strain
BWP17, double mutant (A/ACaecm21), and complemented strains
(ACaecm21) [Figure 5a]. All strains were able to grow under both
conditions, while A/ACaecm?2] strains showed reduced growth both

Table 3: Data are mean+SD of three independent replicates, significance
determined by two-way analysis of variance with Tukey’s post hoc test.

Time (min) YNB complete YNB W/0O-aa Significance
(mean%SD) (mean%SD) (Tukey HSD)

0 0.0+0.0 0.0+0.0 NS

30 132.7+0.7 144.5+0.8 ok

60 138.2+0.4 159.5+0.6 o

90 141.0£0.7 166.2+0.9 ok

120 145.24+0.3 173.4+0.8 ok

SD: Standard deviation, NS: Non-significance. ***P < 0.001 (highly statistically
significant)
on glucose and GlcNAc plates, as shown in the bar diagram [Figure Sa
i] and the statistical analysis [Table 4, P < 0.0001]. This indicates a
condition-specific contribution of CaECM2] to nutrient adaptation.

To further investigate the role of Ca ECM?2 1 in morphogenetic transition,
cells were induced in YNB-glucose and YNB-GIcNAc media for 2 h,
and morphological changes were examined microscopically. Cells
grown in glucose predominantly retained a yeast-like morphology,
whereas GlcNAc-induced cells formed mycelia in both wild-type and
mutant strains, with no notable differences in morphological changes
[Figure 5b]. These findings suggest that CaECM?21 contributes to
efficient growth and GIcNAc-induced morphogenesis, although its
absence reduces the overall response.

3.4. Plasma Membrane Localization of GlcNAc-Induced
NACaecm21

To determine whether membrane transporters’ localization correlates
with CaECM?2] predicted role in endosomal trafficking of nutrient
transporters, the fusion protein was examined under GlcNAc-
inducing conditions (YNB-GIcNAc) using fluorescence microscopy.
Under these conditions, Ngtl-GFPy localized predominantly to the
plasma membrane [Figure 6a]. These observations provide the first
experimental evidence for GlcNAc-dependent plasma membrane
localization of Ngt! in C. albicans and are consistent with previous
studies employing similar GFP-tagging approaches [34].

3.5. Ngt1-GFPy Localization under Amino Acid Limitation

To investigate the time-dependent relocalization of Ngtz/ in
A/ACaecm?21 cells, cultures were grown overnight and incubated with
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Figure 9: Antifungal spot assay of amphotericin B (Amp B) against Candida albicans strains. (a) Wild-type, A/ACaecm?21, and complemented strains were
spotted in ten-fold serial dilutions (10" to 10~°) onto YNB-GlcNAc agar plates under four conditions: YNB + DMSO (without-drug control, WC), YNB culture,
0.7 ng/mL Amp B, and 12 pg/mL Amp B. Plates were incubated at 30°C for 48—72 h, and growth patterns were documented. Representative images are shown

(upper panel). (a i) Quantitative analysis of colony size and spot intensity (integrated density) was performed using ImageJ from three independent biological

replicates (lower panel). Data are presented as mean+standard deviation (SD), and statistical significance was assessed using one-way analysis of variance with
Tukey’s post hoc test (P < 0.05).

Table 4: Mean colony area of Candida albicans strains grown on YNB-glucose and YNB-GIcNAc media.

Strain YNB-glucose (mean+SD) 95% CI Pversus WI  YNB-GIcNAc (mean+SD) 95% CI P versus WT
BWP17 320.4+8.1 (307.5,333.3) Reference 300.3+6.0 (290.7, 309.9) Reference
A/ACaecm21 234.2+5.5 (225.5,242.9) 0.0007 213354 (204.7,221.9) 0.0011
ACaecm?21 296.3+5.9 (286.9, 305.7) 0.039 275.1£6.2 (265.2,285.0) 0.041

SD: Standard deviation, CI: Confidence interval.

YNB-GIcNAc and YNB W/O aa-GlcNAc conditions. All fluorescence
pictures were observed under the epifluorescence microscope at
different time intervals. Importantly, no detectable fluorescence was
observed in untagged strains, confirming that signals originated
specifically from GFP-tagged transporters. Tagged mutant strains at
0 min served as negative controls and showed no signal. Interestingly,
between 30 and 60 min, fluorescence appeared at the plasma
membrane, indicating transporter activation. At 90 min, internal
puncta were visible, and at 120 min, fluorescence was predominantly
vacuolar, suggesting endocytic trafficking [Figure 6b].

Quantitative analysis of MFI confirmed these localization dynamics
across three biological replicates [39]. Cells grown in YNB W/O-aa
consistently exhibited higher MFI than those in YNB complete medium
at all time points beyond 0 min. The observation was compared across
conditions using two-way ANOVA followed by Tukey’s post hoc
test [P < 0.001, n = 3, Table 3]. The statistical analysis validated the
observed differences in transporter localization, confirming that trends
were not due to random variation. These results support the hypothesis
that CaECM?21 acts as an ART adaptor promoting nutrient-dependent
transporter internalization [Figure 6b i].
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Figure 10: Model Figure representing CaECM?21 in the regulation of CaGAPI endocytosis under nutrient-rich and nutrient-limited conditions in Candida

albicans. (a) Under nutrient-rich conditions, CaGAP1 remains stable at the plasma membrane and mediates amino acid uptake, with minimal ubiquitination and
limited endocytosis. (b) During nutrient limitation, CaECM21 contains two conserved PPxY motifs (213-218 and 459-462) that recruit the E3 ubiquitin ligase

Rsp5, leading to ubiquitination of CaGAPI and its endocytosis and triggering its internalization. (¢) Integrated schematic showing nutrient-signaling pathways
(TORC1, Ras/PKA, and Snf1) that modulate CaECM?21 activity. Activated CaECM21 facilitates RspS-dependent ubiquitination of CaGAPI, leading to transporter
internalization and vacuolar degradation. Rsp5-CaECM?21 complex ubiquitinates CaGAP1, promoting endocytosis and transcription of ART genes, highlighting

CaECM?21 as a central checkpoint integrating nutrient signaling, endocytic regulation, and antifungal stress adaptation.

3.6. Impact of Glucose and GlcNAc on CaGapl and Functional
Assessment of CaECM21

Under YNB + glucose or GlcNAc, both strains exhibited weak
CaGapl-GFP signals, indicating low CaGapl expression. In
contrast, amino acid starvation (YNB W/O aa) enhanced CaGapl
internalization, with pronounced vacuolar accumulation under
GlcNAc, while glucose induced weaker internalization [Figure 7].
These observations indicate that CaGap! trafficking is strongly
nutrient-dependent, with GIcNAc under amino acid starvation robustly
promoting internalization, independent of CaECM?21. Although the
present study did not assess protein-protein interactions, future co-
immunoprecipitation and ubiquitination assays will be instrumental
in confirming the direct role of CaEcm21 as an adaptor for Rsp5-
mediated transporter endocytosis.

3.7. Effect of GleNAc-Induced Expression of CaGapl

In YNB-GIcNAc medium, in both wild-type and mutant strains,
CaGapl is mainly localized in the cell membrane, as in YNB W/O aa
GlcNAc medium, pFA-GFPy (BWP17) majorly shows its localization
signal at the vacuole. These results indicate that CaGapl localizes

to the plasma membrane in the presence of amino acids (YNB-
GlcNAc medium), consistent with its role in aa uptake. To observe
the internalization expression of CaGAP1, both wild-type and mutant
strains were induced in YNB complete and YNB W/O aa. Fluorescence
images were captured at 60 min and 120 min, respectively. Both wild
type and mutant induced with YNB-GIcNAc, indicating low signal.
Impressively, YNB W/O aa-GlcNAc induced wild-type cells show
more internalization signal at the vacuole compared to the mutant
[Figure 8].

3.8. Sensitivity to Amp B

In contrast, exposure to Amp B produced a clear, concentration-
dependent growth inhibition pattern [Figure 9]. While wild-type
and complemented strains exhibited normal tolerance, A/ACaecm?21
displayed hypersensitivity at both 0.7 pg/mL and 12 ug/mL
[P < 0.05, Table 5]. This increased sensitivity likely results from
altered membrane composition or trafficking defects affecting stress
adaptation. The observation links CaECM?21-mediated endocytosis to
the maintenance of plasma membrane integrity under antifungal stress,
although the direct molecular mechanism remains to be established.
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Table 5: Colony intensity of Candida albicans strains under different media conditions.

Strain+media YNB+DMSO (WC) YNB+culture 0.7 pg/mL mean+SD 12 pg/mL
mean+SD (95% CI) mean+SD (95% CI) 95% CI) mean£SD (95% CI)
BWP17-Glucose 0+0 (0, 0) 270.8+54.7 (232.1, 309.5) 224.0+38.9 (199.3, 248.7) 00 (0, 0)
BWP17-GlcNAc 0.75+1.5 (-1.7,3.2) 290.8+59.0 (249.6, 332.0) 235.3+38.6 (210.7, 259.9) 0+0 (0, 0)
A/ACaecm?21-Glucose 0+0 (0, 0) 209.8+79.0 (153.6, 266.0) 167.5+60.0 (125.9, 209.1) 0+0 (0, 0)
A/ACaecm21-GleNAc 0.75£1.5 (-1.7,3.2) 240.3£72.0 (190.4, 290.2) 189.3+£73.0 (138.4, 240.2) 0+0 (0, 0)
ACaecm?21-Glucose 0+0 (0, 0) 252.8+49.0 (218.7, 286.9) 191.5+49.0 (157.4, 225.6) 0+0 (0, 0)
ACaecm21-GlcNAc 0.75+1.5 (-1.7,3.2) 264.3+49.0 (230.2, 298.4) 207.5+45.0 (176.7, 238.3) 0+0 (0, 0)

SD: Standard deviation, CI: Confidence interval, DMSO: Dimethyl sulfoxide.

4. CONCLUSION

This study focused on nutrient adaptation and revealed that CaECM21
(ORF19.4887) functions as a novel ART adaptor protein in Candida
albicans. Integrated in silico, and molecular analysis show that
CaECM?2] regulates the endocytic turnover of nutrient transporter,
CaGAPI. The A/ACaECM21 mutant exhibited reproducible growth
defects under nutrient-limited conditions and increased sensitivity
to amphotericin B, linking ART-mediated endocytosis to stress
adaptation.

Functional characterization revealed that CaECM?21 is required for
proper localization of transporter, CaGAPI and internalization under
YNB-GIcNAc and W/O-aa conditions, whereas no major defect was
observed in YNB—glucose. These findings provide the first experimental
evidence connecting CaGAP] internalization with CaECM?21 function
in C. albicans, thereby expanding the understanding of ART-mediated
endosomal trafficking in this pathogen. Notably, CaECM21 deletion
did not affect hyphal morphogenesis under the tested conditions,
indicating a specific role in transporter trafficking and stress tolerance
rather than global morphogenetic regulation.

The A/ACaECM?21 displayed enhanced susceptibility to Amp B
in a concentration-dependent manner, supporting a functional
link between endocytic trafficking and membrane stress response.
Although the molecular mechanism remains to be elucidated, future
studies involving co-immunoprecipitation and ubiquitination assays
will probably clarify the interaction network underlying CaECM?21-
mediated regulation.

Collectively, these results establish CaECM21 as a regulatory
component of the fungal endocytic network that coordinates adaptive
trafficking under nutrient limitation. By modulating the turnover of
CaGAPI, CaECM2] provides mechanistic insight into the integration
of carbon and nitrogen metabolism, a process critical for survival and
potential virulence in fluctuating host environments. The presence
of conserved PPxY motifs further supports its function as an ART-
like adaptor. The relatively modest phenotypes observed may reflect
functional redundancy among paralogous ART adaptors that partially
compensate for CaECM?21 deletion. This study mainly focused on
CaECM?2] as a regulatory component of the endocytic network that
integrates nutrient sensing with transporter turnover and antifungal
stress adaptation in C. albicans, as illustrated in Figure 10.

4.1. Future Perspective

Future investigations should aim to define the molecular basis of
CaECM2]-Rsp5 interactions and identify the specific cargo proteins
regulated through this pathway. Expanding this analysis to additional
ART-domain proteins may uncover a broader regulatory network

governing plasma membrane transporter composition and nutrient
adaptation in Candida albicans. Although, this study primarily
characterized CaECM2I-mediated regulation of CaGAPI, it opens
avenues for testing whether other nutrient transporters are similarly
controlled by this adaptor, providing a framework for understanding
transporter specificity versus generality within the ART family.

Further studies using infection models are necessary to evaluate the
contribution of CaECM21 to virulence and host—pathogen interactions.
Comprehensive genetic analyses will be required to dissect redundancy
within the ART network. From a therapeutic perspective, ART adaptors
such as CaECM?2] represent potential antifungal targets. Interfering
with ART-mediated endocytosis may impair nutrient acquisition and
stress adaptation, thereby enhancing antifungal susceptibility. Detailed
biochemical and structural characterization will be essential to define
CaECM?2] interaction interfaces and assess its suitability as a selective
antifungal target.
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