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A B S T R A C T

Candida albicans is the most common human fungal pathogen and one of the major causes of drug-resistant, life- 
threatening fungal infections. The Neosartorya (Aspergillus) fischeri antifungal protein 2 (NFAP2), exhibits potent 
antifungal activity in both planktonic and biofilm-forming Candida cells in vitro and in vivo. However, the exact 
antifungal mechanism of NFAP2 remains unelucidated, limiting its therapeutic application. Based on our ob
servations, we posit that NFAP2 is internalized in Candida cells and slows the growth over time, in addition to its 
previously characterized rapid plasma membrane disruption effect.

This study aimed to understand the molecular mechanism of the long-term growth-slowing effect of NFAP2 on 
C. albicans. Transcriptomic analyses indicated downregulation of genes involved in metabolism and upregulation 
of genes associated with the cell cycle and filamentous growth. Moreover, in vivo protein–protein interaction 
analysis identified glutamate decarboxylase (Gad1p), ATP synthase subunit alpha (Atp1p), and enolase 1 
(Eno1p) as intracellular protein targets of NFAP2.

Our results support a dual mechanism of action of NFAP2. Specifically, when NFAP2 is applied below the 
minimum inhibitory concentration (<MIC), it enters the cells and reduces the metabolic activity by interacting 
with Gad1p, Atp1p, and Eno1p, resulting in slow growth. Furthermore, NFAP2 induces the yeast− hypha tran
sition. However, when NFAP2 is applied at the MIC, it rapidly disrupts the plasma membrane.

1. Introduction

Over the past decade, several epidemiological surveys have high
lighted the increasing number of fungal infections [1–3]. Based on the 
most recent surveys, >6.5 million people are affected by life-threatening 
fungal infections each year, resulting in approximately 3.8 million 
deaths. This is mainly due to poor diagnoses, the increasing number of 
antifungal drug-resistant strains, and the lack of effective antifungal 
therapy [4–7]. In response, the World Health Organization (WHO) 
published the first-ever Fungal Priority Pathogens List (FPPL) in October 
2022. This initiative was the first global attempt to systematically pri
oritize the most significant fungal pathogens, categorizing them into 
following three priority groups: critical, high, and medium [8]. Candida 

albicans is included in the critical group because it is the most prevalent 
human pathogenic fungus. Furthermore, it has been responsible for a 
growing number of drug-resistant and fatal invasive infections over the 
past two decades [4,9,10].

In light of the global antifungal crisis, the WHO FPPL recommends 
immediate interventions and strategies to control fungal infections and 
mitigate the development of antifungal resistance. One of the objectives 
is to encourage researchers to discover new antifungal drugs [8]. In this 
regard, antifungal proteins (AFPs) secreted by filamentous fungi 
belonging to the class Eurotiomycetes represent promising new com
pounds for controlling fungal infections. Interestingly, the majority of 
these AFPs share common characteristics, i.e., low molecular weight, 
water solubility, and a cationic nature. They also have a compact 
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β-folded tertiary structure, which is stabilized by three to four intra
molecular disulfide bonds between the cysteine residues. Thus, they are 
highly stable in harsh environmental conditions and resistant to prote
olysis [11,12]. Furthermore, AFPs exhibit a broad antifungal spectrum 
[13], making them effective against both molds and yeasts [11,14]. 
According to our previous studies, one of the most effective anti-yeast 
AFPs is Neosartorya (Aspergillus) fischeri antifungal protein 2 (NFAP2). 
It is secreted by the isolate N. (A.) fischeri NRRL 181. NFAP2 effectively 
inhibits the growth of both planktonic and sessile (biofilm-forming) cells 
of C. albicans [15,16]. Furthermore, it exhibits synergy with conven
tional antifungal drugs upon in vitro [17] and in vivo combined appli
cation [16]. Markedly, NFAP2 is non-toxic to human cell lines and mice, 
and effectively inhibits the growth of C. albicans in fluconazole-resistant 
murine vulvovaginitis [16], and three-dimensional skin infection 
models [18]. Microevolutionary studies have demonstrated that resis
tance development to NFAP2 occurs at a significantly lower frequency 
than to fluconazole, underscoring the long-term therapeutic potential of 
NFAP2 [19]. Collectively, these attributes position NFAP2 as a prom
ising alternative antifungal drug, particularly for the management of 
superficial drug-resistant C. albicans infections, and support its further 
development for clinical application.

Therapeutic application of NFAP2 requires understanding its anti
fungal mechanisms in C. albicans, which remain unelucidated thus far. 
Our previous studies show that NFAP2 disrupts the plasma membrane 
integrity of C. albicans cells when treated with a relatively high NFAP2 
concentration [16,17]. This is most likely due to the selective interaction 
with the negatively charged fungal cell membrane [20].

In the present study, we show that the antifungal mechanism of 
NFAP2 is more complex than a ‘simple’ plasma membrane disruption, 
because it can be internalized by C. albicans cells and causes a significant 
reduction in cell growth. Thus, our main objective was to understand 
this antifungal mechanism. Transcriptome data indicated enhanced 
hyphal growth and disturbances in energy and carbon metabolism in 
C. albicans cultures grown in the presence of NFAP2. The plausible 
mechanism underlying this was further evidenced by in vivo protein–
protein interaction analysis. These results were used to identify gluta
mate decarboxylase, ATP synthase subunit alpha, and enolase 1 as 
intracellular protein targets of NAFP2.

2. Materials and methods

2.1. NFAP2 production

Recombinant NFAP2 was produced in a Penicillium chrysogenum- 
based expression system and purified using cation exchange and 
reversed-phase high-performance liquid chromatography to achieve 
near 100 % purity, as described previously [16,17,21].

2.2. Confocal laser scanning microscopy (CLSM)

C. albicans SC5314 cells (2 × 107 cells mL− 1) were treated with 
3.125 μg mL− 1 green fluorophore boron-dipyrromethene-labeled 
(BODIPY) NFAP2 (Bd-NFAP2) for 30, 60, 120, and 240 min in low 
ionic strength medium [LCM: 0.5 % glucose, 0.25 % yeast extract, 
0.0125 % peptone (w/v)] at 30 ◦C with continuous shaking at 160 rpm. 
After incubation, the samples were stained with 5 μg mL− 1 Fluorescent 
Brightener 28 (FB28; VWR International, Radnor, PA, USA) for 10 min 
and 5 μg⋅mL− 1 propidium-iodide (PI; Sigma-Aldrich, St. Louis, MO, 
USA) for 5 min at room temperature in the dark. After washing with 
phosphate-buffered saline (PBS), the samples were mounted onto mi
croscope slides, covered with 2 % (w/v) agar slices, and examined using 
an Olympus Fluoview FV 1000 confocal laser microscope with 60×
magnification (Olympus, Shinjuku, Japan). A 488-nm laser was used for 
excitation. The excitation and emission wavelengths were 380 nm and 
475 nm for FB28, 504 nm and 512 nm for Bd-NFAP2, and 535 nm and 
617 nm for PI, respectively. Sequential scanning was used to avoid 

crosstalk between the fluorescent dyes.

2.3. Fluorescence-activated cell sorting (FACS)

C. albicans SC5314 cells were diluted in LCM (2 × 107 cells⋅mL− 1) 
and treated with 7.5 μg mL− 1 and 15 μg mL− 1 Bd-NFAP2 for 6 h at 30 ◦C 
with continuous shaking at 160 rpm and counterstained with PI as 
described above. Untreated cells served as the negative fluorescence 
control, whereas cells treated with 70 % (v/v) ethanol (10 min at room 
temperature, 160 rpm shaking) were used as the positive control for PI 
staining as well as the calibration control. Cells were treated with 2 μg 
mL− 1 fluorescein diacetate (Thermo Fischer Scientific, Waltham, MA, 
USA) for 20 min at room temperature with continuous shaking at 160 
rpm and used as calibration controls for the Bd-NFAP2-treated samples. 
Subsequently, cells were washed in PBS and collected using centrifu
gation at 9000 ×g for 5 min. Bd-NFAP2- and PI-positive cells were 
counted using a FlowSight imaging flow cytometer (Amins, Merck 
Millipore, Billerica, MA, USA). A minimum of 10,000 cells were counted 
per run. The Image Data Exploration and Analysis software (IDEAS; 
Amins, Millipore) was used for data analysis. The gating was adjusted to 
visualize at least 96 % of the untreated cells, and debris was excluded 
during data acquisition. Experiments were performed in independent 
duplicates. Pearson’s chi-squared test and the Phi coefficient were used 
to calculate statistically significant differences (p ≤ 0.05) among PI+, 
Bd-NFAP2+, Double+, and all Bd-NFAP2+ cells following treatment 
with varying concentrations of NFAP2 (Statistic Kingdom online plat
form, 2025; https://www.statskingdom.com/310GoodnessChi.html).

2.4. Effect of NFAP2 on the growth rate of C. albicans culture

The growth rate of C. albicans in response to NFAP2 treatment was 
evaluated by comparing the cell densities of the cultures treated with 
NFAP2 at the minimum inhibitory concentration (MIC), at 15 μg⋅mL− 1, 
and at 7.5 μg⋅mL− 1, and comparing them to untreated controls cultures. 
Mid-log phase C. albicans SC5314 cells from an overnight culture (10 mL 
LCM, 30 ◦C, 160 rpm) were diluted to 2 × 107 cells mL− 1 in 40 mL LCM, 
supplemented with 7.5 μg mL− 1, 15 μg mL− 1 and 200 μg mL− 1 (MIC) 
NFAP2 and incubated for 6 h at 30 ◦C with continuous shaking at 160 
rpm. Culture without NFAP2 supplementation served as the untreated 
control. Cell densities (OD₆₀₀) of the cultures were measured every 30 
min using a Genesys 150 UV–Visible Spectrophotometer (Thermo Fisher 
Scientific). To test growth ability following the incubation period, a 
fivefold serial dilution was prepared from each culture using the same 
medium. Subsequently, 5 μL of each dilution was spotted onto yeast 
extract-peptone-dextrose medium [YPD: 1 % yeast extract, 2 % peptone, 
2 % D-glucose (w/v)] agar plates, allowed to dry, and incubated at 30 ◦C 
for 24 h.

2.5. RNA isolation

For RNA isolation, mid-log phase C. albicans SC5314 cells, untreated 
or treated with NFAP2 (15 μg mL− 1), were used as described above for 
the growth rate investigation protocol. The NFAP2-treated cultures were 
incubated for 6 h at 30 ◦C under continuous shaking at 160 rpm, whereas 
untreated controls were incubated for 2 h under the same conditions. 
After incubation, the cells were collected using centrifugation (1000 ×g, 
5 min), washed with PBS, frozen in liquid nitrogen, and stored at − 80 ◦C 
until RNA isolation. Three independent biological replicates were used 
for RNA isolation. Total RNA was purified using the Quick-RNA Plant 
Miniprep Kit (Zymo Research, Tustin, CA, USA) according to the man
ufacturer’s instructions. The quantity and quality of the isolated RNA 
were assessed using a NanoDdrop ND-1000 spectrophotometer (Thermo 
Fisher Scientific), agarose gel electrophoresis, and the 2100 BioAnalyzer 
electrophoresis system (Agilent Technologies, Santa Clara, CA, USA).
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2.6. RNA sequencing and transcriptome analysis

Poly(A)-RNA species were first purified from the total RNA samples 
using the NEBNext Poly(A) mRNA Magnetic Isolation Module (New 
England Biolabs, Ipswich, MA, USA); then barcoded, strand-specific 
RNA-sequencing libraries were generated using NEBNext Ultra II 
Directional RNA Library Prep with the Sample Purification Beads kit 
(New England Biolabs) and NEBNext Multiplex Oligos for Illumina (New 
England Biolabs). The fragment length distribution and DNA concen
tration of the RNA-sequencing libraries were determined using capillary 
gel electrophoresis using the 2100 Bioanalyzer with the DNA 1000 kit 
(Agilent Technologies). Sequencing-libraries were pooled in equimolar 
concentrations, denatured in 0.1 M NaOH, and sequenced using two 
replicate sequencing runs with a MiSeq DNA sequencer (Illumina, San 
Diego, CA, USA) using the MiSeq Reagent Kit v3–150 (Illumina). Pri
mary sequence analysis (i.e., image analysis, base-calling, fastq file 
generation, demultiplexing) was performed using the on-board MiSeq 
Control Software v. 2.6.2.1 and the Real-Time Analysis software v. 
1.18.54.

In this study, transcriptome analysis was performed using the CLC 
Genomics Workbench 21.0.3 (https://digitalinsights.qiagen.com/). The 
reads were quality-trimmed and mapped using the C. albicans SC5314 
genome sequence. Differential expression analysis was performed by 
comparing the NFAP2-treated samples with the untreated ones. The 
threshold for the upregulated genes was set to log2 fold-change >1.5, 
whereas that for the downregulated genes was set to log2 fold-change<
− 1.5. Only gene expression changes with a p < 0.05 were considered 
significant. Moreover, gene ontology (GO) and Kyoto encyclopedia of 
genes and genomes (KEGG) pathway enrichment analysis was per
formed with the database for annotation, visualization, and integrated 
discovery (DAVID) web server (https://davidbioinformatics.nih.gov/) 
[22,23]. Figures were generated using R version 4.3.3 in conjunction 
with the ggplot2 package version 3.5.1 [24].

2.7. Identification of intracellular soluble protein interaction partners of 
NFAP2 in C. albicans

C. albicans SC5314 cells from an overnight (10 mL LCM, 30 ◦C, 160 
rpm) culture were diluted to 2 × 109 cells mL− 1 in LCM and treated with 
50 μg mL− 1 NFAP2 for 4 h at 30 ◦C with continuous shaking at 160 rpm. 
Cells were then washed twice with 1 mL ice-cold PBS (1000 ×g, 5 min) 
and resuspended in PBS. The cell suspension was treated with 1.25 mM 
succinimidyl 2-(4,4′-azipentanamido)ethyl-1,3′-dithiopropionate (NHS- 
SS-Diazirine, SDAD) (Thermo Fisher Scientific), and subsequently 
exposed to UV irradiation (365 nm, 5 cm, 12 min) to stabilize the pro
tein–protein interactions. After UV irradiation, the cells were suspended 
in 900 μL PBS and the total soluble protein was extracted.

Glass beads (0.7 g, 1.0 mm diameter) were also added to the cell 
suspension and incubated at − 80 ◦C for 5 min. The cells were then 
disrupted with Tissue Lyzer (Qiagen, Hilden, Germany) at 50 Hz for 3 
min and incubated at − 80 ◦C for 5 min. These steps were repeated 20 
times [25]. After this disruption process, the suspension was centrifuged 
(1000 ×g, 5 min) to separate the soluble proteins from the cell debris and 
beads. Protein concentration was measured with the Qubit Protein Assay 
Kit (Thermo Fisher Scientific), while the NFAP2-interacting proteins 
were enriched using Protein G Plus-Agarose (Santa Cruz Biotechnology, 
Dallas, TX, USA), based on the manufacturer’s instructions.

Briefly, 10 μL NFAP2 antibody solution (1.13 mg mL− 1; produced in 
rabbit; Davids Biotechnologie GmbH, Regensburg, Germany) was mixed 
with 400 μL total protein extract (~140 μg mL− 1) and incubated at 4 ◦C 
for 1 h on a rotating device. Then, 20 μL Protein G Plus-Agarose solution 
was added to the mixture, incubated at 4 ◦C overnight on a rotating 
device, and centrifuged and washed with PBS three times (6000 ×g, 5 
min, 4 ◦C). The pellet was resuspended in 32 μL ddH2O and 8 μL Pierce™ 
Lane Marker Non-Reducing Sample Buffer (Thermo Fisher Scientific) 
and heated at 70 ◦C for 5 min. A 12 % (w/v) SDS-PAGE was used (20 μL 

sample/well) to separate the enriched proteins according to their mo
lecular weights. In this case, protein bands were visualized with Coo
massie Brilliant Blue R-250 staining. Western blotting was applied to 
identify the proteins interacting with NFAP2. After washing the protein 
gel and the membrane in the transfer buffer (48 mM Tris, 39 mM 
glycine, 20 % (v/v) methanol, 1.3 mM SDS pH = 9.20) for 5 min at 45 
rpm, the separated proteins were transferred to a 0.45 μm nitrocellulose 
membrane (Thermo Fisher Scientific) using a semi-dry blotting system 
(TransBlot® SD Semi-Dry Electrophoretic Transfer Cell; Bio-Rad Labo
ratories, Hercules, CA, USA) at 25 V for 45 min. The membrane was then 
blocked in 3 % (w/v) fat-free milk powder in a PBS-T (PBS supplemented 
with 0.1 % (v/v) Tween-20) for 2 h at 45 rpm. The blocked membrane 
was incubated overnight at 4 ◦C in 1 % (w/v) fat-free milk powder in a 
PBS-T containing antigen affinity-purified NFAP2 polyclonal antiserum 
(1.13 mg mL− 1; produced in rabbit; Davids Biotechnologie GmbH) at a 
1:1000 ratio.

Finally, the membrane was washed three times in PBS-T for 10 min at 
45 rpm. The membrane was incubated in 1 % (w/v) fat-free milk powder 
in PBS-T containing Anti-Rabbit IgG (whole molecule)–Peroxidase 
antibody produced in goat (Thermo Fisher Scientific) at a 1:10000 ratio 
for 1 h at 45 rpm. After three washings in PBS-T (10 min, 45 rpm), the 
membrane was washed with ddH2O for 5 min at 45 rpm and then 
incubated in a substrate buffer (1 M Tris HCl pH = 8.3, 5 M NaCl, 1 M 
MgCl2) for 1 min at 45 rpm. Overall, detection was performed with 1- 
Step NBT/BCIP solution (Thermo Fisher Scientific) and stopped with 
ddH2O. The bands corresponding to the detected proteins in the mem
brane were excised and mass spectrometry (MS) analysis was per
formed. The protein extract of C. albicans cells without NFAP2-treatment 
served as a control to exclude non-specific Protein G Plus-Agarose 
interaction and antibody binding.

2.8. Mass spectrometry

The protein band of interest was carefully excised from the gel, cut 
into smaller pieces, and placed into a microcentrifuge tube. Proteins in 
the gel particles were treated using the following in-gel digestion 
method. First, the samples were rinsed with 0.1 M NH4HCO3 solution in 
MeCN (acetonitrile)/water to remove Coomassie blue from the gel 
pieces. Among all the washing and reaction steps, MeCN was added to 
dehydrate the gel pieces, while aqueous NH4HCO3 was added to rehy
drate them, in the reduction, alkylation, and digestion steps. Second, the 
possible disulfide bridges were reduced by incubation at 60 ◦C for 30 
min in 100 mM DTT (dithiothreitol) in 0.1 M NH4HCO3 solution, after 
which a 200 mM iodo-acetamide (IAA) solution was added to alkylate 
the proteins and incubated for an additional 30 min in the dark at room 
temperature. Finally, the rinsed gel pieces were rehydrated by adding 
trypsin solution in aqueous 0.1 M NH4HCO3 to the tube, after which they 
were incubated overnight at 37 ◦C with shaking. Then, the digestion 
mixture was removed and peptides were extracted from the gel using 
water/MeCN with 5 % (v/v) formic acid.

The digested samples were separated using a nanoAcquity Ultra 
Performance Liquid Chromatograph (UPLC, Waters, Milford, MA, USA) 
on a Waters ACQUITY UPLC M-Class Peptide C18 (130 Ǻ, 1.78 μm, 75 
μm × 250 mm) column, with a 45-min gradient. The eluents were water 
(A) and acetonitrile containing 0.1% (v/v) formic acid (B) at a flow rate 
of 0.35 μL min− 1 using an LC gradient (3 %–40 % (v/v) B). The LC was 
coupled to a high-resolution Q Exactive Plus quadrupole-orbitrap hybrid 
mass spectrometer (Thermo Fisher Scientific) using the Data Dependent 
Acquisition method. Overall, the MS data were assessed with MaxQuant 
software (https://maxquant.org/maxquant/) [26] using the UniProt 
C. albicans SC5314 FASTA file (https://www.uniprot.org/pr 
oteomes/UP000000559) [27].

2.9. In silico protein–protein docking and protein sequence alignment

To visualize the interaction between NFAP2 and its interacting 
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partner, virtual protein–protein docking experiments were conducted 
with the HADDOCK2.4 web server using the blind docking function 
[28]. For this analysis, the AlphaFold structures of the identified NFAP2- 
interacting proteins were downloaded from the UniProt database as 
receptors [27]. The experimentally (nuclear magnetic resonance spec
troscopy) determined NFAP2 structure as a ligand was applied [29]. 
Prior to the in silico protein–protein docking, the reliability of the 
AlphaFold protein structures was examined using the Ramachandran 
plot analysis function of MolProbity [30]. The results of the docking 
were visualized with Chimera vers. 1.16 [31]. The amino acid sequences 
of the interacting proteins and their human orthologs (downloaded from 
the UniProt database) [27] were aligned with Clustal Omega [32] and 
visualized with BioEdit [33].

2.10. Data availability

The raw sequencing reads and read counts were uploaded to the 
NCBI Gene Expression Omnibus database under the accession number 
(GSE290357) [34].

3. Results

3.1. Internalization of NFAP2 in C. albicans

In our previous studies, we revealed that when NFAP2 is applied at 

the minimum inhibitory concentration (MIC), it exerts a rapid, cytoci
dal, antifungal effect on C. albicans through plasma membrane disrup
tion [15,20]. However, observations in this study indicate that when 
NFAP2 is applied at concentrations below the MIC (< 6.25 μg mL− 1 to 1 
× 105 cells in LCM), the plasma membrane of C. albicans remains intact 
and NFAP2 is localized within the cells. In order to characterize this 
phenomenon, we followed the Bd-NFAP2 internalization in C. albicans 
over time using CLSM. PI co-staining was performed to reveal the 
consequent cell death. After 30 min of treatment at a concentration of 
3.125 μg mL− 1 Bd-NFAP2, cell surface, internal and vacuolar localiza
tion of Bd-NFAP2 was observed. After 1 and 2 h, NFAP2 localized 
exclusively in the cytoplasm. Significant cell death was not observed 
after 4 h of treatment (Fig. 1).

To quantify the proportion of the NFAP2-internalization consequent 
to cell death, FACS analysis was conducted with two concentrations of 
Bd-NFAP2 (7.5 μg mL− 1 and 15 μg mL− 1 to 2 × 106 cells in LCM). Based 
on the results, 39 % and 56 % of the C. albicans cells bind or take up 
NFAP2, respectively, while only 12 % and 13 % of them were dead at 
respective concentrations, after 6 h of treatment (Table 1). Table S1 
provides a detailed summary of the statistical analysis results. All these 
results indicate that NFAP2 below the MIC can exert a slow antifungal 
effect by inhibiting key cellular functions via interactions with intra
cellular target(s) in C. albicans.

Fig. 1. Confocal laser scanning microscopy analysis of NFAP2 internalization in Candida albicans SC5314. C. albicans cells (2 × 106 cells) were treated with 3.125 μg 
mL− 1 Bd-NFAP2 (green fluorophore boron-dipyrromethene-labeled NFAP2) for 30 min, 1 h, 2 h, and 4 h, followed by staining with a fluorescent brightener (FB28, 5 
μg mL− 1) and propidium-iodide (PI, 5 μg mL− 1). Arrows indicate the vacuolar localization of NFAP2, while asterisks mark its internal (cytoplasmic) localization. A 
representative image from three independent experiments is presented. Scale bar: 10 μm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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3.2. Growth rate of C. albicans in the presence of NFAP2

In order to prove the assumption for a slow antifungal effect of 
NFAP2 when it is applied below the MIC, the cell density of the NFAP2- 
treated cultures (7.5 μg mL− 1, 15 μg mL− 1 and at MIC) was monitored 
over time and compared with that of the untreated culture. Treatment 
with NFAP2 at the MIC (200 μg mL− 1) and 15 μg mL− 1 influenced the 
growth rate of C. albicans. Moreover, the cell density (OD600) in the 
presence of NFAP2 remained constant for 6 h, while a continuous in
crease was observed in the presence of 7.5 μg mL− 1 NFAP2 and in its 
absence (Fig. 2A). To evaluate the fungicidal effect of NFAP2 at its MIC, 
each culture was subjected to a fivefold serial dilution and spotted onto 
YPD agar plates. The culture treated with the MIC concentration showed 
markedly reduced growth compared to cultures treated with lower 
concentrations (15 μg mL− 1 and 7.5 μg mL− 1) and the untreated control, 
indicating a loss of viability at MIC (Fig. 2B). These results suggest 
physiological changes in C. albicans under NFAP2 pressure.

3.3. Impact of NFAP2 treatment on the transcriptome of C. albicans

To gain insights into the potential physiological changes in 
C. albicans in the presence of NFAP2 below the MIC, the transcriptome of 
the NFAP2-treated (15 μg mL− 1) C. albicans cells was compared with 
that of the untreated cells. In order to obtain a representative, high- 

quality, non-degraded transcriptome, RNA sampling of the NFAP2- 
treated culture was performed when the majority of the cells took up 
NFAP2, but the consequent cell death was minimal. FACS analysis 
revealed that this time was after six h of incubation (Table 1). Consid
ering that NFAP2 treatment impacts the growth rate of C. albicans cul
ture (Fig. 2), for a reliable comparison RNA was isolated from an 
untreated culture with an equal cell density to that of the NFAP2-treated 
culture because the transcriptome profile can be altered at different 
growth phases. According to the growth curves, the two-hours-old un
treated C. albicans culture showed an equal cell density to that of the six- 
hours-old NFAP2-treated culture (Fig. 2).

Principal component analysis (PCA) indicated that NFAP2 treatment 
induced transcriptomic changes in C. albicans (Fig. S1A). The NFAP2- 
treated samples exhibited tight clustering, distinctly separating from 
the untreated control samples. This clear segregation underscored the 
substantial impact of NFAP2 on the gene expression profile of 
C. albicans, leading to significant transcriptomic alterations.

Further, a comparison of the global expression profiles between the 
NFAP2-treated and untreated cells revealed 474 differentially expressed 
genes (DEGs). Among them, 191 genes were upregulated, whereas 283 
genes were downregulated, in response to NFAP2 treatment (log2 fold- 
change: > 1.5 or < − 1.5, p < 0.05) (Fig. S1B, Supplementary File 1). 
The transcriptional responses to NFAP2 were further characterized by 
conducting functional enrichment analyses of GO terms [35,36] and 
KEGG pathways [37].

The GO enrichment analysis of upregulated genes (Fig. 3) revealed 
numerous terms in the biological process category, including: hyphal 
growth, G1/S transition of the mitotic cell cycle, regulation of cyclin- 
dependent protein serine/threonine kinase activity, negative regula
tion of filamentous growth, fungal-type cell wall organization, protein 
phosphorylation, the lipid metabolic process, flocculation, filamentous 
growth of a population of unicellular organisms in response to starva
tion, cellular response to starvation, regulation of gene expression, the 
cell wall chitin biosynthetic process, protein glycosylation, nucleosome 
assembly, mitotic cell cycle phase transition, rRNA transcription, fila
mentous growth, and regulation of the cell cycle (Fig. 3, Supplementary 
File 2). In the molecular function category, the upregulated terms 
included: the structural constituent of chromatin, cyclin-dependent 
protein serine/threonine kinase regulator activity, protein kinase ac
tivity, protein heterodimerization activity, DNA binding, and protein 
serine kinase activity (Fig. 3, Supplementary File 2). For the cellular 
component category, the enriched terms for the upregulated genes were 
nucleosome, hyphal cell wall, cyclin-dependent protein kinase holoen
zyme complex, side of membrane, yeast-form cell wall, cell surface, 

Table 1 
FACS analysis of Bd-NFAP2 binding and internalization in C. albicans SC5314.

PI+ % Bd-NFAP2+ % Double + % all Bd-NFAP2 
+ %

Untreated 10.21 ± 3.37 0.12 ± 0.17 0.18 ± 0.21 0.3 ± 0.38
Bd- 

NFAP2- 
treated 
(7.5 μg 
mL− 1)

1.98 ± 2 26.5 ± 16.97 12.38 ± 9.35 38.88 ± 26.32

Bd- 
NFAP2- 
treated 
(15 μg 
mL− 1)

0.58 ± 0.007 42.85 ± 13.08* 13.35 ± 3.74 56.2 ± 16.82*

Bd-NFAP2: BODIPY-labeled NFAP2, PI+: proportion of PI+ cells, Bd-NFAP2+: 
proportion of Bd-NFAP2+ cells, Double+: proportion of PI+ cells in the Bd- 
NFAP2+ population, all Bd-NFAP2 + %: Bd-NFAP2+ and Double+. * indicate 
significance difference between 7.5 μg mL− 1 and 15 μg mL− 1 Bd-NFAP2 treated 
samples, p-value <0.05 and show a medium effect size. Detailed statistical 
analysis is provided in Table S1.

Fig. 2. Effect of NFAP2 on the growth rate of Candida albicans SC5314. The untreated control is shown in green, the MIC-treated (200 μg mL− 1) culture in blue, 15 μg 
mL− 1 NFAP2-treated culture in red, and 7.5 μg mL− 1 NFAP2-treated culture in orange. The dashed line indicates the equal cell density of the NFAP2-treated cultures 
(15 μg mL− 1) to that of the untreated ones (A). Growth ability of the untreated and NFAP2-treated (200 μg mL− 1 [MIC], 15 μg mL− 1, 7.5 μg mL− 1) cultures on YPD 
agar plate (B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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extracellular region, nucleus, centrosome, plasma membrane, nucleo
plasm, extracellular vesicle, cellular bud neck, cell periphery, nucleolus, 
fungal-type cell wall, Golgi apparatus, and pre-ribosome large subunit 
precursor (Fig. 3, Supplementary File 2). The most significantly enriched 
KEGG pathways for upregulated genes were the cell cycle and mitogen- 
activated protein kinase (MAPK) signaling pathways (Fig. 3, Supple
mentary File 2).

The functional enrichment analyses of the downregulated genes 
revealed that significant biological processes, molecular functions, 
cellular components, and KEGG pathways are impacted by NFAP2 
(Fig. 4). In the biological process category, the most significantly 
downregulated terms included the leucine biosynthetic process, organic 
substance transport, transmembrane transport, carbohydrate transport, 
amino acid transmembrane transport, cellular response to heat, the 
valine biosynthetic process, the glycolytic process, glycer
ophosphodiester transport, trehalose metabolism in response to stress, 
the arginine biosynthetic process via ornithine, the arginine biosynthetic 

process, carboxylic acid transport, the trehalose biosynthetic process, 
the branched-chain amino acid biosynthetic process, the glycine cata
bolic process, the galactose catabolic process, tetrahydrofolate inter
conversion, transsulfuration, and the glutamine metabolic process 
(Fig. 4, Supplementary File 2).

For the molecular function category, the most significantly down
regulated GO terms included amino acid transmembrane transporter 
activity, carbohydrate:proton symporter activity, pyridoxal phosphate 
binding, glucose transmembrane transporter activity, acid phosphatase 
activity, trehalose-phosphatase activity, the alpha,alpha-trehalose- 
phosphate synthase (UDP-forming) activity, glycerophosphodiester 
transmembrane transporter activity, metal ion binding, organic anion 
transmembrane transporter activity, carboxylic acid transmembrane 
transporter activity, copper ion binding, NAD binding, and trans
membrane transporter activity (Fig. 4, Supplementary File 2). The 
cellular component category showed downregulation in terms of the 
plasma membrane, cytosol, mitochondrion, fungal biofilm matrix, the 

Fig. 3. Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of upregulated differentially expressed genes 
(DEGs) in NFAP2-treated Candida albicans SC5314 cells. Bubble plots show enriched biological process- (top left), molecular function- (top right), cellular component 
terms (bottom left) and KEGG pathways (bottom right). The x-axis represents the Gene Ratio (the ratio of DEGs associated with a term/pathway relative to the total 
number of DEGs), while the size of each bubble indicates the number of DEGs (Gene Count) involved in that term or pathway. The colour gradient represents the 
statistical significance of enrichment based on the negative log10-transformed false discovery rate (− log10 FDR), with red indicating more significant terms. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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alpha,alpha-trehalose-phosphate synthase complex (UDP-forming), cell 
surface, cell wall-bounded periplasmic space, yeast-form cell wall, and 
fungal-type cell wall (Fig. 4, Supplementary File 2). Enrichment analysis 
of KEGG pathways revealed significant downregulation in terms of the 
biosynthesis of amino acids; the biosynthesis of secondary metabolites; 
metabolic pathways; oxocarboxylic acid metabolism; valine, leucine, 
and isoleucine biosynthesis; carbon metabolism; arginine biosynthesis; 
galactose metabolism; glycolysis/gluconeogenesis; alanine, aspartate, 
and glutamate metabolism; methane metabolism; fructose and mannose 
metabolism; one carbon pool by folate; biosynthesis of cofactors; 
vitamin B6 metabolism; pyruvate metabolism; cysteine and methionine 
metabolism; starch and sucrose metabolism; pantothenate and CoA 
biosynthesis; and glyoxylate and dicarboxylate metabolism (Fig. 4, 
Supplementary File 2).

In sum, the aforementioned transcriptomic changes indicate that 
NFAP2 inhibits the metabolism and influences the cell division and fil
amentation of C. albicans.

3.4. Intracellular protein targets of NFAP2 in C. albicans

In order to identify the direct intracellular protein targets of NFAP2 
behind the observed transcriptomic changes and involvement in the 
antifungal mechanism, an in vivo protein–protein interaction analysis 
was performed. C. albicans cells were treated with NFAP2 at a concen
tration below the MIC (50 μg mL− 1 to 2 × 109 cells mL− 1 in LCM). After 
the cellular internalization of NFAP2, the protein–protein interactions 
were stabilized with the cross-linker SDAD, which stabilizes all types of 
interactions between NFAP2 and its protein interaction partners by 
forming covalent bonds between them. Following the extraction of the 
total soluble proteins and subsequent Protein G enrichment, proteins 
were separated with SDS-PAGE (Fig. 5A). Under the aforementioned 
procedures, the covalently bound interacting proteins remained 
together, which enabled the visualization of NFAP2-interacting protein 
bands on the gel with immunoblotting. Western blotting experiments 
with NFAP2-specific antiserum indicated its high specificity (Fig. 5B). 

Fig. 4. Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of downregulated differentially expressed genes 
(DEGs) in NFAP2-treated Candida albicans SC5314 cells. Bubble plots show enriched biological process- (top left), molecular function- (top right), cellular component 
terms (bottom left) and KEGG pathways (bottom right). The x-axis represents the Gene Ratio (the ratio of DEGs associated with a term/pathway relative to the total 
number of DEGs), while the size of each bubble indicates the number of DEGs (Gene Count) involved in that term or pathway. The colour gradient represents the 
statistical significance of enrichment based on the negative log10-transformed false discovery rate (− log10 FDR), with red indicating more significant terms. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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MS analysis was also performed to identify the protein interaction 
partners of NFAP2 in the NFAP2-specific bands that were enriched, in 
comparison with the total protein extract before Protein G purification, 
and the flow through of the first washing step (Fig. 5B). Finally, three 
protein bands at molecular weight, i.e., ~70 kDa, ~60 kDa, and ~ 55 
kDa, were subjected to MS analysis for identification (Fig. 5A). Hits were 
considered reliable if the molecular weight fell within the range deter
mined by SDS-PAGE, and they demonstrated the highest relative 
enrichment intensity, and they had sufficient sequence coverage. Based 
on these criteria, the glutamate decarboxylase (Gad1p; Mw: 63.884 kDa, 
3.8 × 108 enrichment intensity, 60 % coverage; UniProt ID: 
A0A1D8PF79), the ATP synthase subunit alpha (Atp1p; Mw: 58.984 
kDa, 3.7 × 108 enrichment intensity, 43.4 % coverage; UniProt ID: 
A0A1D8PDC4), and the enolase 1 (Eno1p; Mw: 47.1 kDa, 2.43 × 109 

enrichment intensity, 61.3 % coverage; UniProt ID: P30575) were 
identified from the UniProt database as potential intracellular protein 
targets of NFAP2. The data from the MS analysis are provided in Sup
plementary File 3.

3.5. Characterization of the interactions between NFAP2 and its 
intracellular protein targets

In order to characterize the interactions between NFAP2 and its 
potential intracellular protein partners, in silico dockings were per
formed using the HADDOCK 2.4 server [28]. The experimentally 
determined structure of NFAP2 [29] and the AlphaFold-predicted 
structures of the interacting proteins were utilized. Specifically, the 
HADDOCK 2.4 server organizes the predicted models into clusters and 
assigns each cluster a HADDOCK score. Clusters with a score of 
approximately − 100 are considered acceptable, while another key 
metric, i.e., the Z-score, must be negative for the cluster to be valid. The 
model with the highest fraction of common contacts value and the 
lowest interface root mean square deviation value was chosen from the 
selected cluster to visualize the interactions (Table S2). The selected 
models and the amino acid residues in the interactions are presented in 
Fig. 6A.

Overall, the interaction analyses revealed a distinct NFAP2 binding 
pocket on C. albicans Gad1p, Atp1p, and Eno1p (Fig. 6A), whereas the 
target-interacting amino acid residues of NFAP2 were localized in the 

first part of the highly flexible N-terminus, the last part of the rigid C- 
terminus, and between the first two β-strands (Fig. 6B). Interestingly, the 
SER4, SER30, and ASP31 residues of NFAP2 appear to be involved in the 
interactions with all three protein targets, while THR3, TYR6, HIS26, 
GLY28, PRO29, LYS32, and GLN43 were involved in the interactions 
with two protein targets (Fig. 6B). Although these residues may repre
sent the potential active sites of NFAP2 playing a role in its antifungal 
mechanism, further analysis (e.g., site-directed amino acid mutation) is 
necessary to prove this assumption.

4. Discussion

AFPs from filamentous ascomycetes show significant potential in the 
treatment of Candida infections. To date, several studies have demon
strated that these proteins are highly active against various Candida 
species in vitro and in vivo, without harmful effects on mammalian cells 
[11,16]. Despite these advantages, their exact mode of action is not fully 
understood, hindering their therapeutic application [11,14].

According to the literature, AFPs secreted by P. chrysogenum (viz. 
PAF, PAFB, PAFC) are internalized by Candida cells through an energy- 
dependent mechanism. Once released from the vacuoles, intracellular 
reactive oxygen species are produced, triggering cell death [14]. Addi
tionally, PeAfpA from Penicillium expansum can be internalized by 
Saccharomyces cerevisiae through both energy-dependent and energy- 
independent mechanisms. This internalization activates key signaling 
cascades, including the cell wall integrity pathway and cAMP-PKA 
signaling [38]. Although these mechanisms have been well-elucidated, 
direct molecular targets are not yet to be identified for ascomycetous 
AFPs; only their associated cellular responses have been described. To 
address this gap, in the present study, we characterized the antifungal 
mechanism of NFAP2 at the transcriptome level in C. albicans and 
examined the direct protein targets of NFAP2.

In the presence of NFAP2, significant reductions in the expression of 
genes involved in various transport processes, including glycer
ophosphodiester, organic substance, amino acid, and carbohydrate 
transport, as well as metabolic pathways, such as secondary metabolite 
biosynthesis, amino acid synthesis, and glycolysis, were observed (Fig. 4
and Supplementary File 2). These responses indicate that NFAP2 treat
ment decreases glucose uptake and metabolism in C. albicans. For 

Fig. 5. SDS-PAGE (A) and immunoblot (B) analysis of Candida albicans SC 5314 protein extracts treated with NFAP2 and the cross-linker SDAD (succinimidyl 2-(4,4′- 
azipentanamido)ethyl-1,3′-dithiopropionate), which forms covalent bonds between NFAP2 and its interaction proteins. NFAP2-untreated C. albicans SC 5314 protein 
extract served as a control to exclude non-specific Protein G Plus-Agarose interaction and antibody binding. The red arrows indicate NFAP2-target protein complexes 
submitted to MS analysis for identification. 1: Thermo Scientific™ PageRuler™ Plus Prestained Protein Ladder (10–250 kDa), 2: NFAP2 (2 μg) as a positive control 
for immunoblotting, 3: C. albicans SC5314 intracellular total protein extract, 4: C. albicans SC5314 intracellular total protein extract treated with NFAP2-SDAD, 5: 
Protein G-enriched C. albicans SC5314 intracellular total protein extract treated with NFAP2-SDAD, 6: Flow through of Protein G-enriched C. albicans SC5314 
intracellular total protein extract treated with NFAP2-SDAD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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example, among the impacted genes in these processes, 9 out of the 20 
high-affinity glucose transporters were significantly downregulated, 
along with several key enzymes of glycolysis, such as hexokinase 2 
(HXK2), 6-phosphofructokinase subunit alpha (PFK1), 6-phosphofructo
kinase subunit beta (PFK2), fructose-bisphosphate aldolase (FBA1), 
phosphoglycerate mutase (GPM2), and the key regulator of glycolysis 
(TYE7), which activate the aforementioned enzymes [39,40]. These 
transcriptomic changes can be the consequence of the possible inhibi
tory effect of NFAP2 on Eno1p activity (Fig. 6A). Eno1p is a key enzyme 
of glycolysis, and its dysfunction can block glycolytic flux [41]. An 
antifungal agent baicalein exerts its effect by targeting Eno1p, which 
inhibits glycolysis in C. albicans and growth in a glucose-containing 
medium [42]. Yang et al. demonstrated that the expression of ENO1 is 
critical for cell growth in C. albicans [43]. The diminished efficiency of 
glycolysis can reduce pyruvate production [44], which is a precursor for 
branched-chain amino acid synthesis, and explain the downregulation of 

the enzymes involved in this process (Fig. 4, Supplementary File 2). The 
reduced availability of pyruvate and the downregulation of its meta
bolism may further compromise the citric acid cycle, limiting the pro
duction of intermediates required for amino acid biosynthesis (Fig. 4, 
Supplementary File 2) [45]. In addition, Eno1p is present in C. albicans 
biofilms, playing an important role in the colonization of the mamma
lian intestinal epithelium and aiding in the adhesion of yeast cells to the 
intestinal mucosa [46]. This also explains the downregulation of genes 
involved in the biofilm formation (Fig. 4, Supplementary File 2).

According to the transcriptomic data, the expression of genes asso
ciated with filamentous growth and cell cycle regulation revealed the 
highest upregulation (Fig. 3 and Supplementary File 2). This increased 
gene expression related to filamentous growth could be attributed to the 
interaction between Gad1p and NFAP2. Supporting this result, Reyes- 
García et al. have demonstrated that γ-aminobutyric acid, the product of 
Gad1p, increases germ-tube formation in C. albicans [47]. Our 

Fig. 6. Modeling of the interactions between NFAP2 (red) and its intracellular protein targets in Candida albicans SC5314 (green). Hydrogen bonds are presented in 
blue. The amino acid residues involved in the interactions are shown in the tables below the models (A). Secondary and primary structures of NFAP2. The red letters 
indicate the amino acids involved in the interaction with glutamate decarboxylase (NFAP2-G), the alpha subunit of ATP synthase (NFAP2-A), and enolase 1 (NFAP2- 
E) (B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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internalization experiments with NFAP2 further confirmed this finding, 
demonstrating germ-tube formation as early as 4 h after NFAP2 treat
ment (Fig. 1). The upregulation of genes involved in starvation-induced 
filamentation can be explained by the decreased glucose transport, 
glycolysis, and amino acid biosynthesis and transport (Fig. 3, Fig. 4 and 
Supplementary File 2) [48,49]. Han et al. demonstrated that during the 
yeast-to-hypha transition, the primary metabolic pathway of C. albicans 
is globally downregulated [50].

Previous studies have reported that C. albicans shows slow growth 
under various stress conditions. These conditions include oxidative and 
osmotic stress, as well as exposure to heavy metals or antifungal agents. 
Under such stresses, genes related to cell cycle regulation and cell wall 
remodeling are upregulated, while those involved in transport, tran
scription, and metabolism are downregulated [51–53]. Slow growth and 
similar transcriptomic changes were also observed in the presence of 
NFAP2 (Fig. 2, Fig. 3, Fig. 4 and Supplementary File 2), which could be 
the consequence of the direct antifungal mechanism of NFAP2 via the 
inhibition of Gad1p and Atp1p functions. Additionally, it was found that 
the deletion of ATP1 elevates oxidative stress in C. albicans [54], 
whereas GAD1 is required for normal oxidative stress in S. cerevisiae 
[55,56]. The NFAP2 exposure led to the downregulation of carbohy
drate metabolism-related genes (Fig. 4, Supplementary File 2), whereas 
oxidative stress upregulated these genes [52]. This indicates that NFAP2 
may directly inhibit the function of Eno1p and suppresses glycolysis.

Protein− protein interaction analysis indicated that NFAP2 binds to 
Atp1p, an important component of the mitochondrial ATP synthase 
complex, which is responsible for the majority of cellular ATP produc
tion through oxidative phosphorylation. This process is essential for the 
survival and growth of the fungus [54]. The interaction of NFAP2 with 
Atp1p likely suppresses ATP synthase activity, potentially explaining the 
slower growth observed in the presence of NFAP2 (Fig. 2). This obser
vation, along with the reduced pyruvate production caused by the 
decreased glycolytic flux, suggests that NFAP2 disrupts energy produc
tion in C. albicans at multiple levels. A previous study has shown that 
C. albicans mutants that lack ATP1 tend to exhibit impaired fila
mentation and biofilm formation [54], which could be connected with 
the observed transcriptomic changes in filamentation-related genes 
(Supplementary File 2).

The upregulation of cell cycle- and MAPK pathway-related genes and 
the downregulation of transmembrane transport genes (Fig. 3, Fig. 4 and 
Supplementary File 2) cannot be directly associated with the identified 
protein partners of NFAP2. NFAP2 may have additional protein targets, 
including membrane proteins, that directly regulate these processes. 
Furthermore, the observed upregulation and downregulation might be 
an indirect effect of NFAP2. Notably, it is possible that the upregulation 
of genes linked to the cell cycle and the MAPK pathway are associated 
with the yeast-to-hypha transition induced by NFAP2 treatment [57].

Giner-Llorca et al. investigated the transcriptomic changes in 
S. cerevisiae cells in response to PeAfpA. Upon comparing our tran
scriptomic results with those reported by Giner-Llorca et al., some 
similarities and some differences were observed. Functional enrichment 
analysis showed that, in response to both AFPs, cyclin-dependent serine/ 
threonine kinase activity, cell wall organization, cell cycle, and the 
MAPK pathway were upregulated (Fig. 3) [38]. The most important 
difference in their transcriptomic changes is that the genes involved in 
filamentous growth were upregulated in C. albicans in response to 
NFAP2 (Fig. 3), whereas PeAfpA increased the expression of the genes 
associated with cellular bud formation in S. cerevisiae [38]. GO analyses 
indicated that both proteins negatively regulate transmembrane trans
port, carbon metabolism, and pyruvate metabolism, although these ef
fects are more prominent in the case of NFAP2 (Fig. 4). Specific 
processes, including amino acid transport, glycerophosphodiester 
transport, carbohydrate transport, glycolysis, and amino acid biosyn
thesis/metabolism, formed distinct groups in the GO analysis of NFAP2 
treatment (Fig. 4). In contrast, PeAfpA significantly reduced the 
expression of the genes associated with the tricarboxylic acid cycle and 

aerobic respiration, which was not observed in the case of NFAP2 
treatment. Notably, NFAP2 reduced the expression of the genes involved 
in biofilm matrix formation, which is particularly relevant for its anti
fungal efficacy [38]. Our transcriptome analysis revealed the upregu
lation of the cell wall chitin biosynthetic process (chitin synthases CHS2, 
CHS3, CHS7), in response to NFAP2 (Fig. 3, Supplementary File 2), 
whereas AFP produced by Aspergillus giganteus also increased the 
expression of chitin synthase genes, especially CHS3 in S. cerevisiae [58].

The present study offers further evidence that NFAP2 is a promising 
topical therapeutic candidate for treating Candida infections. However, 
its use for the treatment of invasive candidiasis via intravenous admin
istration is limited by its predicted high binding affinity to human serum 
albumin (ΔG = − 12.16kcal/mol; Kd [dissociation constant] =

1.21e− 09 M) [16]. This high binding affinity can sequester the peptide 
in the bloodstream, reducing its free concentration and bioavailability at 
the site of infection, which likely reduces its systemic efficacy. NFAP2 
binding pockets in the identified interaction partners (Fig. 6A) can be 
employed as target for drug development to discover/design molecules 
that bind them with better pharmacokinetic properties, but with similar 
antifungal effects and fungal-specific modes of action to those of NFAP2. 
Our results indicate that the NFAP2-binding site on Gad1p shows low 
sequence homology to the human ortholog (Fig. S2), suggesting fungal 
specificity and low toxicity to human cells. Gad1p appears to play a role 
in fungal stress response and metabolic regulation, and its disruption 
increases the susceptibility of the cells [47,55,56]. These results indicate 
that Gad1p is a promising and selective antifungal target. Eno1p and 
Atp1p have been recognized as potential antifungal drug targets in the 
treatment of C. albicans infections owing to their essential role in energy 
metabolism and virulence [41,59,60]. However, Atp1p exhibits very 
high homology with its human orthologs, while the NFAP2 binding 
pocket is identical in both (Fig. S3). Although it represents a potentially 
good target due to its essential role in the cells [54], its high homology 
with human orthologs makes it unsuitable as a drug target because of the 
risk of toxic side effects and lack of specificity. However, the lack of 
harmful effects of NFAP2 on mammalian cells contradicts this assump
tion [11,16]. The high homology of Eno1p with its human orthologs 
renders it unsuitable as an antifungal drug target because it presumably 
imposes toxicity on the host [41]. Our molecular modeling results 
indicated that NFAP2 binds to a unique region of C. albicans Eno1p 
(Fig. S4), which is distinct from its human orthologs. This and the 
essential role of Eno1p make it a promising antifungal drug target. This 
is further supported by the antifungal agent baicalein, which also targets 
the Eno1p [42].

Beyond Eno1p and Atp1p, several studies have identified other po
tential drug targets against C. albicans [61–66]. Our findings indicated 
that NFAP2 treatment significantly reduced the expression of many 
these potential targets. For instance, PHO100, which encodes an acid 
phosphatase, was strongly downregulated (log2 fold-change: − 7.11) 
[61]. Similarly, 3-isopropylmalate dehydratase (LEU1, log2 fold-change: 
− 5.01), Na(+)-exporting P-type ATPase (ENA2, log2 fold-change: 
− 4.92) and nitric oxide dioxygenase (YHB1, log2 fold-change: − 4.69) 
were downregulated and recognized as potential therapeutic targets 
(Supplementary File 2) [62–64]. Further, downregulated genes, 
including alpha,alpha-trehalose-phosphate synthase (TPS1), trehalose- 
phosphatase (TPS2), transcription factor (CSR1), rat sarcoma virus 
GTPase-like protein 2 (RAS2), and FBA1, are also considered promising 
antifungal targets [64,65]. The products of these genes either have low 
homology with human orthologs, are involved in an essential pathway 
for C. albicans growth, or their loss-of-function reduces the viability and 
virulence of the fungus [64–66].

Summarizing the findings from our present and previous research 
[15–17], it appears that NFAP2 exerts a unique dual mode of action in 
C. albicans (Fig. 7). First, when NFAP2 is applied at or above MIC, it 
disrupts the fungal plasma membrane by selective binding to phospha
tidylinositol 5-phosphate and phosphatidic acid, resulting in plasma 
membrane disruption and eventually cell death [20]. Second, when 
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NFAP2 is applied below the MIC, membrane damage is not observed. In 
this case, NFAP2 most likely enters the cell, and it binds to Gad1p, 
Atp1p, and Eno1p, reducing the cellular metabolism and impacting the 
cell cycle and filamentation. All of these changes result in a slow growth 
rate.

To the best of our knowledge, this is the first study to identify the 
direct protein targets of an ascomycetous AFP in a yeast in relation to 
transcriptomic changes and provide reliable templates for antifungal 
drug development based on the mode of action. However, a recent study 
by Wang et al. (2025) demonstrated that antifungal proteins (AFPs) 
exhibit strong antifungal activity against the mold, Aspergillus flavus by 
interacting with the fungus-exclusive protein Ntp1. This interaction 
regulates multiple fungal traits and is critical for AFP binding, influ
encing key processes such as growth, sporulation, sclerotium formation, 
toxin synthesis, and pathogenicity [67].

Further experiments are required to prove the suggested antifungal 
mechanism of NFAP2 (e.g., RT-qPCR experiments, investigation of 
NFAP2 target knock-out C. albicans mutants, etc.) and examine the 
applicability of NFAP2 targets in antifungal drug development (e.g., 
virtual screening of drug libraries). Our findings regarding the interac
tion partners of NFAP2 could be validated through the use of C. albicans 
knockout mutants, as each target protein is encoded by a single, non- 
redundant gene. Since the genome of C. albicans SC5314 does not 
contain paralogous duplicates for these loci, gene deletion would pro
vide definitive insights into the functional role of each protein. Given the 
extended time and technical complexity involved in generating such 
mutants, this line of investigation may be more suitable as the focus of a 
future study.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2025.146558.
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Fig. 7. Tentative model for the antifungal mechanism of NFAP2 in Candida albicans. When NFAP2 is applied below the minimum inhibitory concentration (<MIC), it 
is internalized in cells and binds its intracellular protein targets, such as glutamate decarboxylase (GAD), ATP synthase subunit alpha, and enolase 1: (ENO1), in green 
circles. These bindings decrease the expression of glycolytic enzymes (in red circles) and increase the gene expression in the filamentation processes. When NFAP2 is 
applied at the MIC, it binds to the negatively charged fungal cell membrane and disrupts the membrane [19]. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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