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Background: Candida albicans is associated with high mortality among immunocompro-
mised patients. Resistance to and toxic side effects of antifungal drugs require the develop-
ment of alternative antifungal agents. AMP-17 is a novel antimicrobial peptide derived from
Musca domestica that exerts excellent antifungal effects against the Candida species. In this
article, we discuss the potential mechanism of AMP-17 against C. albicans from the
perspective of affecting the latter’s cell external structure.

Methods: Recombinant AMP-17 was prepared by prokaryotic expression system, and its
anti-C. albicans activity was detected by microdilution method. Microscopy and scanning
electron microscopy were used to examine morphological changes in C. albicans. Cell wall-
specific staining method was used to detect the change of cell wall integrity of C. albicans
after AMP-17 treatment. AMP-17-induced damage to the C. albicans cell membrane was
analyzed by fluorescent probes and glycerol assay kit. The expression of genes related to
fungal cell wall and cell-membrane synthesis was detected by qRT-PCR.

Results: Morphological observations showed that the growth of C. albicans was signifi-
cantly inhibited in AMP-17-treated cells; the cells appeared aggregated and dissolved, with
severe irregularities in shape. Furthermore, AMP-17 damaged the integrity of C. albicans
cell walls. The cell wall integrity rate of AMP-17-treated cells was only 21.7% compared to
untreated cells. Moreover, the change of membrane dynamics and permeability suggested
that the cell membrane was disrupted by AMP-17 treatment. Genetic analysis showed that
after AMP-17 treatment, the cell wall synthesis-related gene FKS2 of C. albicans was up-
regulated 3.46-fold, while the cell membrane ergosterol synthesis-related genes ERGI,
ERGS5, ERG6, and MET6 were down-regulated 5.88-, 17.54-, 13.33-, and 7.14-fold,
respectively.

Conclusion: AMP-17 treatment disrupted the cell wall integrity and membrane structure of
C. albicans and is likely a novel therapeutic option for prevention and control of C. albicans
infections.
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Introduction

In recent times, the incidence of life-threatening fungal infections has become more
widespread owing to the increasing number of critical and immunodeficient patients
such as those with HIV infection or undergoing extensive antibacterial treatment organ
transplantation, or receiving frequent invasive treatments.'” Candida albicans is
a known opportunistic fungal pathogen. When humans are immunocompromised,

C. albicans can invade the skin, mucous membranes, and internal organs to cause
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acute or chronic fungal infections.®* In recent years, drug
resistance has been an increasingly widespread issue that
seriously affects the efficacy of antifungal drugs and
increases the cost of treatment.’ In addition, conventional
antifungal drugs are limited and the side effects are obvious.®
Therefore, there is an urgent need for novel antifungal agents
to treat C. albicans infections.

Antimicrobial peptides (AMPs) are an important part
of the innate immune defense system of insects. When the
body is infected or immunostimulated, insects can produce
AMPs to protect against pathogenic invasion against sev-
eral bacteria, fungi, viruses, and parasites.”* Since the
discovery of the insect AMP—cecropin—by Swedish
in the mid-1970s, insect AMPs have
become a research hotspot in life sciences.

scientist Boman’

The AMP produced by Musca domestica has some
unique characteristics. Houseflies usually gather and
breed in human and animal waste, garbage dumps, and
other decaying substances, thereby carrying a large num-
ber of pathogenic bacteria, which are transmitted to
humans or animals during the contact process. However,
the housefly itself stays uninfected, mainly because of its
powerful congenital immune system.''* Reportedly,
house flies can produce attacin, cecropin, defensin, dipter-
icin, and other AMP molecules to resist the invasion of
pathogens."® These biologically active proteins and pep-
tides are considered potential alternatives to the conven-
tional antibiotics. In recent years, with extensive research
on the AMP-related functions of M. domestica, increas-
ingly new classes of AMP molecules have been
discovered.

AMP-17 (M. domestica antimicrobial peptide-17) is
encoded by a specific high-expression gene selected from
M. domestica transcriptome database constructed 12 hours
after microbial infection. In the previous study, our
research team successfully produced the recombinant pro-
tein AMP-17 in a prokaryotic expression system and pur-
ified it
chromatography. The purified recombinant protein AMP-
14-16

by a nickel ion metal chelator affinity
17 showed excellent antifungal activity in vitro.
However, the mechanism by which AMP-17 exerts anti-
fungal effects is still unclear. To answer this question, we
conducted an in-depth study on the potential anti-Candida
mechanism of AMP-17 from the perspective of its influ-
ence on the cell wall integrity and cell membrane structure
of C. albicans.

The cell wall and cell membrane act as barriers to

fungal cells and are the potential targets of antifungal

drugs and AMPs. Intracellular target organelles such as
the mitochondrial membrane, nucleotides (RNA and
DNA), and protein synthesis can be regulated once the
AMP destroys the cell wall and cell membrane.'”'®
Mannoprotein, B-glucan, and chitin are the main compo-
nents of the fungal cell wall and are potential targets for
AMPs to recognize fungal cells.'”” Human antibacterial
peptide LL-37 is reported to inhibit C. albicans adhesion
to host cells by preferentially binding to mannan, a major

component of the C. albicans cell wall.*

Antifungal activ-
ity of the ethanol extract from Salvia miltiorrhiza against
C. albicans is associated with an increase in the membrane
permeability and the reduction of (1,3)-B-D-glucan
synthase activity.?! Once the drug and AMP destroy the
cell wall barrier, the next potential and highly sensitive
target is the fungal cell membrane. It is well known that
most AMPs have direct membrane activity, which is
essential for effective antimicrobial activities of these nat-
ural peptides.”* Jelleine-I isolated from the royal jelly of
honeybees (Apis mellifera) could potently inhibit the
growth of Candida cells both in vitro and in vivo.
Scanning electron microscopy (SEM) showed that mem-
brane surfaces of C. albicans and C. glabrata cells were
inflated and rough after treatment with Jelleine-1. Further
studies have found that Jelleine-I can increase the produc-
tion of cellular reactive oxygen species (ROS) and bind to
genomic DNA, which may contribute to its antifungal
activity.”?

In this study, the effects of AMP-17 on the morpholo-
gical structure of C. albicans were determined by micro-
scopy and SEM. To further clarify the mode of antifungal
action, changes in cell wall integrity of C. albicans after
AMP-17 treatment were assessed by cell wall staining, and
cell membrane damage caused by AMP-17 was detected
by fluorescent probes and glycerol assay kit. Furthermore,
at the molecular level, we investigated the expression
levels of the cell wall and cell membrane synthesis related-
genes of C. albicans by using real-time PCR.

Materials and Methods

Chemicals

Ni-NTA beads (Novagen, Germany); Yeast RNAiso Kit,
PrimeScript RT reagent Kit with gDNA Eraser, DEPC
(Takara  Bio,
(DPH), and propidium iodide (PI) were purchased from
Sigma Chemicals (St Louis, MO, USA). Sabouraud

Japan);  1.6-diphenyl-1,3,5-hexatriene
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dextrose agar (SDA) and Sabouraud dextrose broth (SDB)
were purchased from Solarbio (Beijing, China).

Strains and Culture Conditions

C. albicans (ATCC10231) was stored in a tube containing
30% glycerol at —80°C and sub-cultured twice on an SDA
plate. Before each experiment, cells were cultured in SDB
for 18 h on a shaker incubator (200 rpm) at 37°C.

Preparation of M. domestica AMP-17

The recombinant expression plasmid pet-28a (+) - (amp-17)
prepared by our research group. A positive single colony of
E. coli BL21 (DE3) harboring the plasmid pET-28a (+) -
(AMP-17) was inoculated in 5 mL of liquid Luria broth (LB)
medium containing kanamycin under shaking at 37°C incuba-
tion for 8 hours. The culture was transferred to 500 mL LB
medium containing kanamycin. The transferred culture was
allowed to grow on a shaker at 37°C until the OD600 reached
0.5. Then, a final concentration of 0.05 mmol/L IPTG was
added and the culture was incubated for another 24 h at 32°C.
Bacterial cells were collected by centrifugation (5000 g for 10
min) at 4°C; re-suspended in lysis buffer (50 mM Tris-HCI [pH
8.0], 1 mM EDTA, 100 mM NaCl); and disrupted by sonica-
tion (160 W, for 1 s and pause for 2 s, 3 min in total). The lysate
was dissolved in urea. Solubilized target protein was purified
by Ni-NTA beads (Novagen, USA) according to the manufac-
turer’s manual.

The Minimum Inhibitory Concentration

(MIC) Value Determination

The turbidity of the C. albicans solution in the logarithmic
growth phase was adjusted to 0.5-2.5x10% colony forming
units (CFU)/mL using a blood cell counting plate. An aliquot
of 100 pL of the final suspension was added into each well on
asterile 96-well plate containing 100 pL of medium containing
AMP-17 at double-diluted concentrations. Blank medium was
used as a negative control. The plate was incubated at 37°C for
48 h. MIC value was determined as the minimal concentration
at which no growth of microbes can be observed by naked eyes
according to the standard criteria from the US Clinical
Laboratory and Standards Institute.

Analysis of Cell Morphology

Upright Microscope

C. albicans cells at an initial density of 1.0-5.0x10® CFU/
mL were treated with 40 pg/mL AMP-17 at 37°C for 8
h and 16 h. Cells without drug treatment served as the

control. Then, cells were collected by centrifugation
(5000 rpm for 10 min) and washed twice in PBS buffer.
The samples were pelleted on a slide and observed under
a microscope (Nikon, Japan).

Scanning Electron Microscopy (SEM)

C. albicans cells at a concentration of 1.0-5.0x10° CFU/mL
were cultured in SDB containing 40 pg/mL AMP-17 at 37°C
for 8 h and 16 h, and then collected by centrifugation
(5000 rpm for 10 min). Cells without drug treatment served
as the control. The samples of each group were washed with
PBS buffer twice and fixed with 1 mL 2.5% glutaraldehyde at
4°C overnight. Then, the fixed samples were washed twice in
PBS and dehydrated in a graded sequence of ethanol (50%,
75%, and 100%). Finally, they were observed under a Hitachi
H-7650 SEM (Tokyo, Japan).

Cell Wall Integrity Test

C. albicans cells at a concentration of 1.0-5.0x10° CFU/mL
were cultured in SDB containing 40 pg/mL AMP-17 at 37°C
for 12 h. Sterile water was used as the negative control, and
caspofungin (CS) at a final concentration of 20 pg/mL was the
positive control. The cells were centrifuged for 10 min at
5000 rpm and washed twice in PBS. The fungal precipitate
was transferred to a slide, and the cells were treated with 10%
citric acid for 10 min and then stained with 5% crystal violet for
1 min. After washing, the cells were observed under
amicroscope (Nikon, Japan); 100 cells were randomly counted
to determine the cell wall integrity.

Plasma Membrane Dynamics Detection
The (DPH) is
a hydrophobic molecule that can be embedded in the lipid

fluorescent dye diphenylhexatriene
bilayer without causing membrane perturbation. The fluor-
escence intensity reflects the fluidity and order of the cell
membrane. C. albicans cells with an initial density of
1.0-5.0x10° CFU/mL were treated with 0 (control), 20, 40,
and 80 pug/mL AMP-17 at 37°C for 12 h. Amphotericin
B (AMB) was used as a positive control. Cells were col-
lected by centrifugation (5000 rpm for 10 min) and fixed in
0.37% formaldehyde for 30 min. After fixation, the samples
were washed twice in PBS, rapidly frozen in liquid nitrogen,
and re-suspended in PBS after thawing. Then, the cells were
stained with DPH dye at a final concentration of 0.6 mM and
incubated at 30°C for 30 min. Stained cells were measured
by spectrophotometry (Berthold Biotechnologies, Bad
Wildbad, Germany) at 350 nm and 425 nm excitation and
emission wavelengths, respectively.
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Cell Membrane Permeability Test

The integrity of the cell membranes of AMP-17 treated
C. albicans was determined by confocal laser scanning
microscopy (CLSM). Freshly collected logarithmic fungal
inoculum at a concentration of approximately 1.0-5.0x10°
CFU/mL was incubated with 0 (control), 20, 40, and 80
pg/mL of AMP-17 at 37°C for 12 h. After incubation, the
fungal suspension was stained with propidium iodide (PI)
at the final concentration of 20 pg/mL for 15 min in the
dark. Then, the stained cells were washed twice in PBS
and re-suspended in PBS. Microscopic analysis was con-
ducted using CLSM (Olympus FV1000, Japan).

Detecting Changes in Intracellular

Osmotic Pressure

C. albicans cells at the logarithmic growth stage were
diluted to 1.0-5.0x10° CFU/mL in SDB medium. AMP-
17 at final concentrations of 20, 40, and 80 pg/mL were
taken as the experimental groups and sterile water was
considered the control group. Each group was placed at
37°C and cultured for 12 h. C. albicans cells were col-
lected from each group. According to the manufacturer’s
protocol, we used the Glycerol Assay Kit (Jiancheng,
Nanjing, China) to measure the glycerin content to deter-
mine the changes in intracellular osmotic pressure. Protein
concentrations were measured using the Bradford reagent
(Beyotime, Shanghai, China) with bovine serum albumin
as the standard. Glycerol concentrations were calculated as
the values of the content of glycerol divided by the content
of protein. Results are expressed as mean+SD. All experi-
ments were conducted in triplicate.

Measurement of Gene Expression

We performed qPCR to quantify the expression of genes,
namely the high-osmolarity glycerol (HOG) pathway genes
(HOGI and RHR2) and genes involved in biosynthesis of
cell membrane and cell wall assembly. C. albicans cells
were diluted to a concentration of 1.0-5.0x10° CFU/mL in
SDB medium. After incubation with AMP-17 at a final
concentration of 40 pug/mL at 37°C for 12 h, the cells were
collected and washed by centrifugation at 5000 rpm for 10
min at 4°C. Sterile water was used as the negative control
and fluconazole (FLC, 20 pg/mL) was used as the positive
control group. The total RNA was extracted by Yeast
RNAiso Kit (TaKaRa, Japan), and cDNA was synthesized
using the PrimeScript RT (PrimeScript™ RT reagent Kit
with gDNA Eraser, Takara Bio, Japan) according to the

Table 1 Gene-Specific Primers Used for Relative Quantification
of Genes Expressions by RT-PCR

Primers | Sequence
18S FORWARD | 5-AATTACCCAATCCCGACAC -3’
REVERSE 5-TGCAACAACTTTAATATACGC-3’
FKS2 FORWARD | 5-GATCACGAGTCTGTGATTG-3’
REVERSE 5"-AATACATGAGACCAGCCTC-3
ERGI FORWARD | 5-GCAACCGGCTGGTATCAAGGC-3
REVERSE 5'-ACACCATCAACGGCATCAGGAAC
3
ERG5 FORWARD | 5-GATACCGTCCACCAGTCTTGA-3’
REVERSE 5'-TTTAGGAGCAGTGTAGGATTCAG
.3
ERG6 FORWARD | 5-TGGTTGGGGTTCTTCATTCC -3
REVERSE 5'-CCAGGACCACCTACACCACA -3
ERGI | FORWARD | 5-CATTTGGTGGTGGTAGACATAGA
.3
REVERSE 5'-AATCAGGGTCAGGCACTTTA-3
METé6 FORWARD | 5-ATGAAGGGTATGTTGACTG-3’
REVERSE 5'-AAGTGGCAACTCTAAATGA-3’
HOGI FORWARD | 5-GTCTGTGGGTTGTATCTTAG-3’
REVERSE 5'-TCACTAAATGGGATAGGGTC-3’
RHR2 FORWARD | 5-GCCGTACATTTGATGTCATT-3
REVERSE 5-AAAGTACCAGAAGTGACAAC-3’

manufacturer’s instructions. The qPCR was performed
using the SYBR Premix (SYBR Premix Ex Taq™ II,
Takara Bio, Japan), and reactions were set up using the real-
time PCR system (ABI PRISM 7300, Applied Biosystems,
USA). Reaction mixtures were incubated for 30 s at 95°C,
followed by 40 cycles of 5 s at 95°C and 34 s at 60°C. The
primer sequences are listed in Table 1. The housekeeping
gene 18S rRNA served as the internal reference gene, and

relative gene expression was calculated based on the formula
2*AACT'

Results
Preparation of AMP-17 Recombinant

Protein with Effective Antifungal Activity
The pet-28a (+) - (AMP-17) recombinant plasmid was
introduced in E. coli for expression and AMP-17 recom-
binant protein was purified by Ni-NTA beads. A clear
protein band was observed between 15 kD and 25 kD
(the sum of the molecular weights of AMP-17 peptide
and His-tag), with respect to the standard molecular
weight marker (Figure 1). Antifungal activity of purified
AMP-17 recombinant protein against C. albicans was
detected by the micro-liquid dilution method. The minimal
inhibitory concentration (MIC) of recombinant AMP-17
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on C. albicans was 20 pg/mL, and the minimal fungicidal
concentration (MFC) was 40 pg/mL.

Effect of AMP-17 on the Morphological

Structure of C. albicans

Optical Microscopy

Untreated C. albicans cells were healthy and showed a round
or ovoid shape, and the cells produced blastospores and
formed a large number of filamentous pseudohyphae. The
internal material distribution was uniform, and the refractive
index was consistent (Figure 2A and B). The budding cells
and filamentous pseudohyphae of C. albicans in AMP-17
treated cells were significantly reduced, and the cells were
aggregated and dissolved (Figure 2C—F).

SEM

Untreated C. albicans cells showed normal and complete
cellular morphology with plump appearance, smooth sur-
face, and clear cell boundaries. Cells were uniform in size
and filamentous pseudohyphae were seen on untreated cells
(Figure 3A and B). After treatment with 40 pg/mL AMP-17
for 8 h and 16 h, C. albicans showed severe irregularities in
shape, and cells adhered tightly to each other so that the cells
had ambiguous cell boundaries. Some diseased cells were
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broken, and thus substances that could be the contents of the
cells were seen around the cells. At two time points, fila-
mentous pseudohyphae could not be observed and some cell
debris appeared in the visual field (Figure 3C-F).

Effect of AMP-17 on the C. albicans Cell
Wall

After staining, the complete cell wall structure of C. albicans
cells was seen as a dark purple cell wall enclosing a light
purple cytoplasm. Treatment with drugs, injury, or other
factors destroys the C. albicans cell wall, and the dye enters
the cell making it appear dark purple. As seen in Figure 4A,
untreated C. albicans cells appeared ovoid with dark purple
cell walls and light purple cytoplasm. After treatment with
40 pg/mL AMP-17 for 12 h, the cell walls and cytoplasm
appeared dark purple (Figure 4B). The cell wall integrity
rate of AMP-17-treated cells and untreated cells was 21.7%
and 93.7%, respectively (P<0.05) (Table 2). Most of the
cells in the caspofungin group displayed irregular morphol-
ogy, with dark purple-stained cells (Figure 4C).

Effect of AMP-17 on Cell Membrane

The cell membrane is an essential barrier for fungal cells,
but its location and functional importance makes them

Figure | Preparation of AMP-17 recombinant protein. SDS-PAGE analysis of AMP-17 recombinant protein from the E. coli expression (lane |, expression plasmid pET-
AMP17 without IPTG; lane 2, expression plasmid pET-AMP|7 with IPTG; lane 3, supernatant after disruption of cells; lane 4, sediment after disruption of cells; lane 5, purified

protein; M: protein marker).
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Figure 2 Observation of the morphological changes of C. albicans by optical microscopy (400x). (A and B) Untreated C. albicans cells are healthy, with the budding cells and
pseudohyphae. (C and D) and (E and F) C. albicans treated with AMP-17 (40 pg/mL) at 8 h and 16 h, respectively, showed significantly reduced budding cells and filamentous

pseudohyphae, and the cells aggregated and lysed. The bars indicate 50 pm.

particularly vulnerable to chemical toxicity. To determine
the effect of AMP-17 on cell membranes, we detected
plasma membrane dynamics, cell membrane permeability,
changes in intracellular osmotic pressure, and expression
of genes involved in cell membrane biosynthesis.

Plasma Membrane Dynamics

The effect of AMP-17 on the membrane dynamics of
C. albicans was detected by using DPH as an indicator. Our
results showed that AMP-17 decreased the relative fluores-
cence intensity of DPH in a dose-dependent manner.
Compared with the relative fluorescence intensity of DPH in
the control cells (100%), that in the 20, 40, and 80 pg/mL
AMP-17 treated cells was 86.6%, 52.0%, and 32.3%, respec-
tivelyy. AMB (8 pg/mL) as a positive control showed
a reduction in the relative fluorescence intensity of DPH of
24.7% (Figure 5).

Cell Membrane Permeability

PI is a cell membrane-selective permeable dye that can only
pass through damaged cell membranes. CLSM revealed that
the red fluorescence seen in 12-h, AMP-17-treated C. albicans
cells showed a gradual increase with the increasing concentra-
tion of AMP-17; the control group showed no fluorescence
(Figure 6). This result showed that PI could penetrate the cell
membrane after AMP-17 treatment and bind with DNA to
show the characteristic red fluorescence.

Intracellular Glycerol Contents

Destruction of the cell membrane may cause changes to
intracellular osmotic pressure, and high-osmotic stress can
activate the intracellular HOG pathway to synthesize more
glycerol to balance the osmotic pressure changes.
Therefore, the contents of intracellular glycerol were
examined, and the results showed an increase from 338.5
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Figure 3 SEM images of the effect of AMP-17 on the morphological structure of C. albicans. (A and B) Untreated C. albicans cells are intact, with plump appearance, smooth
surface, and clear cell boundaries. (C and D) C. albicans treated with AMP-17 (40 pg/mL) at 8 h showed severe irregularities in shape, and cells adhered tightly to each other;
Some diseased cells ruptured and leaked out their contents (red arrowheads). (E and F) C. albicans treated with AMP-17 (40 pug/mL) at 16 h showed lysed cells and some cell
debris (red arrowheads). At two time points, pseudohyphae could not be observed. The bars indicate 20 pm.

Figure 4 The effect of AMP-17 on the cell wall of C. albicans observed by light microscopy after cell wall staining (400x). (A) Untreated C. albicans cells. (B) C. albicans
treated with 40 pug/mL AMP-17 at 37°C for 12 h. (C) C. albicans treated with 20 pg/mL of caspofungin at 37°C for 12 h.

+3.5 nmol/mg in the control group to 768.0+11.3 and concentrations of C. albicans decreased to 630.0+1.4,

909.0£26.9 nmol/mg under 20 pg/mL and 40 pg/mL
AMP-17 treatment. However, when the concentration of

AMP-17 was 80 pg/mL, the intracellular glycerol

which may be attributed to leakage of intracellular sub-
stances (Figure 7A). In addition, the expression of HOG
pathway genes (HOGI! and RHR2) was determined by
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Table 2 Effect of AMP-17 on the Cell Wall Integrity of Candida
albicans

Groups Control AMP-17 Caspofungin

Cell wall integrity (%) | 93.7¢2.1% | 21.7£3.0% | 8.7+2.1*

Notes: *Compared with negative control P<0.05; “Compared with CS control
P<0.05.

gPCR. HOGI plays a general role in regulating stress
response in C. albicans, and RHR?2 is a glycerol 3-phos-
phatase gene involved in glycerol biosynthesis. Compared
with the untreated control group, the expression levels of
HOGI and RHR2? were reduced by 2.6- and 1.5-fold,
after treatment with AMP-17 (P<0.01)
(Figure 7B). The results showed that the osmotic pressure

respectively,

of C. albicans cells was changed after AMP-17 treatment,
suggesting damage to the cell membrane.

Expression of Cell Wall and Cell

Membrane Genes

We detected the expression of genes related to cell wall
and cell membrane of C. albicans by qPCR. The experi-
mental results are shown in Figure 8. When treated with
40 pg/mL AMP-17, the C. albicans cell wall synthesis-
related gene FKS2 was up-regulated by 3.46-fold, com-
pared with the control group. The expression of some
genes (ERGI, ERGS5, ERG6, ERGII, and MET6) is
involved in the biosynthesis of ergosterol, which plays an
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Figure 5 Effect of AMP-17 on the cell membrane structure of C. albicans. Cells
were treated with various concentrations of AMP-17 or 8 ug/mL of AMB (positive
control) for 12 h following with DPH staining for spectrofluorophotometric detec-
tion (*P<0.05, **P<0.01). Bars indicate the standard deviations.

important role in the structure and function of the
C. albicans cell membrane. As shown in Figure 8§,
ERGI, ERGS, ERG6, and MET6 were down-regulated by
5.88-, 17.54-, 13.33-, and 7.14-fold, respectively, while
ERGI1I was up-regulated by 2.69-fold when compared
with the control group.

Discussion

C. albicans is a common opportunistic fungal pathogen in
humans, particularly among the immunodeficiency
population.”*® Owing to increasing challenges caused
by toxicity, high treatment cost, and drug resistance of
traditional antifungal agents in recent times, there is an
urgent need to develop effective antifungal agents and
therapies.”” Antibacterial peptides are a class of biologi-
cally active proteins that are generally considered to have
multiple targets and modes of action. Therefore, AMPs are
considered as potential alternatives to traditional antimi-
crobial agents.”® Many researchers have proven that
genetically engineering the expression of AMPs provides
an effective method for large-scale AMP production.?’ In
the present study, the recombinant protein AMP-17 with
obvious anti-C. albicans activity was successfully pro-
duced by prokaryotic expression method. Further, the anti-
fungal activity of purified AMP-17 recombinant protein
against C. albicans was detected by micro-liquid dilution
method. The MIC of recombinant AMP-17 on C. albicans
was 20 pg/mL, and the MFC was 40 pg/mL.

To better understand how AMP-17 affects C. albicans
cells, we used optical microscopy and SEM to observe
changes to cell morphology after AMP-17 treatment for
different durations. Under light microscopy, the number of
cells, blastospores and filamentous pseudohyphae were
significantly reduced after treatment with AMP-17. The
treated cells showed aggregation and dissolution. The
results of SEM showed that after AMP-17 treatment,
C. albicans showed obvious pathological changes, with
an abnormal and irregular cell structure. The cells were
deformed and the cell boundaries were ambiguous. In
addition, substances that could be cell contents and cell
debris were observed around the cells. These cytopathic
changes suggest that the potential targets of AMP-17 may
be the cell wall and cell membrane.

The fungal cell wall surrounds the cell membrane,
provides cells with rigidity and strength, and maintains
of the

protoplast.>'*® The cell wall are potential targets for

osmotic support via the turgor pressure

AMPs to recognize fungal cells. Upon cell wall staining,
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control

Figure 6 Effect of AMP-17 on permeability of C. albicans cell membrane (600x). C. albicans cells were incubated with 0 (control), 20, 40, and 80 ug/mL AMP-17 at 37°C for
12 h. After staining with 20 ug/mL propidium iodide, the red fluorescence in samples was detected by confocal laser scanning microscopy at 488 nm and 525 nm of excitation

and emission, respectively. The bars indicate 10 um.

the dye penetrates into the cells in the event of cell wall
damage; this makes the cell wall and cytoplasm of
C. albicans in the AMP-17 treatment group appear dark
purple. Real-time PCR showed that expression of FKS2,
a gene related to fungal cell wall synthesis, was up-
regulated after treatment with AMP-17. This is likely
because C. albicans can increase the stability of the cell
wall by up-regulating the expression of this gene involved
in cell wall synthesis to cope with the AMP-17-induced
damage to the fungal cell wall.

The cell membrane is the second barrier of fungal cells,
and most cationic AMPs exert antifungal activity by acting
on cell membranes.' The fluorescent dyes DPH and PI are

indicators of cell membrane kinetics and permeabilization.
DPH can easily associate with the hydrocarbon tail region
of phospholipids in the cytoplasmic membrane without
disrupting the intactness of the cell membrane. This
study showed that AMP-17 treatment decreased the fluor-
escence intensity of DPH in a dose-dependent manner.
Decrease in fluorescence intensity indicates low structural
order or high fluidity of the cell membrane.** Therefore,
the decrease of DPH fluorescence intensity revealed the
perturbation of the cell membrane by AMP-17 treatment.
PI is a nucleic acid dye that cannot penetrate viable cells
with intact cell membranes, rather only damaged or per-
meabilized cell membranes to make stained cells emit
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Figure 7 Effect of AMP-17 on intracellular glycerol concentration of C. albicans. (A) The concentration of intracellular glycerol was measured using the Glycerol Assay Kit
after treatment with various concentrations of AMP-17 for 12 h. (B) The total RNA was extracted with the Yeast RNAiso Kit and the expressions of HOGI| and RHR2 were

measured using qPCR. Bars indicate standard deviations (*P<0.05, **P<0.01).

Relation expression

Control
&= AMP-17
&3 FLC

Figure 8 Expression of AMP-17 on C. albicans cell membrane and cell wall associated genes. After treatment with 40 ug/mL of AMP-17 for |2 h, the total RNA was
extracted with the Yeast RNAiso Kit and the expressions of genes related with cell membrane synthesis and cell wall assembly were assessed using qPCR (*P<0.05,

*P<0.01). Bars indicate standard deviations.

a red fluorescence.® Therefore, the increase in the number
of stained cells revealed that high-dose AMP-17 treatment
induced more cell membrane permeabilization. In our
study, AMP-17-treated C.
a marked increase in the number of Pl-stained cells, imply-

albicans cells showed
ing that AMP-17 treatment could damage the integrity of
the fungal cell membrane. Damage to the cell membrane
causes imbalance in the osmotic pressure of C. albicans
cells. High osmotic pressure is known to activate the
intracellular HOG pathway to synthesize more glycerol
to balance the change in osmotic pressure.***> Our results
showed that the intracellular glycerol concentration of
C. albicans increased in a dose-dependent manner upon
AMP-17 treatment. However, at an AMP-17 concentration
of 80 pg/mL, the intracellular glycerol concentration of

C. albicans decreased, which may be related to leakage of
intracellular substance. In addition, at the genetic level, the
expression levels of genes related to osmotic pressure,
such as HOGI and RHR2, were down-regulated compared
with the control group. These results suggested that AMP-
17 treatment disrupted the cell membrane and induced
changes to the intracellular osmotic pressure of
C. albicans.

Ergosterol is an important component of fungal cell mem-
brane structure and plays an important role in ensuring cell
viability, retaining plasma membrane integrity, and maintain-
ing cellular material transport.>® Biosynthesis of the fungal cell
membrane ergosterol is an extremely complex process cata-
lyzed by various enzymes. Previous studies have shown that at

least 21 gene products are involved in the biosynthesis pathway
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of ergosterol in yeast; thus, ergosterol regulation is a multi-
level process.’” ERG and MET6 are related genes of ergosterol
synthesis. The results showed that most tested genes were
down-regulated except ERG!1. In other words, AMP-17 can
inhibit the biosynthesis of ergosterol by affecting the expres-
sion of these genes, thereby altering the integrity of the
C. albicans cell membrane. ERGII also encodes lanosterol
140-demethylase; therefore, when the ERG 11 gene is mutated,
the spatial configuration of 14a-demethylase changes, which
may reduce the affinity between C. albicans and azole drug
molecules, resulting in drug resistance.®® Changes in gene
expression provide a molecular basis for C. albicans cell wall
and cell membrane damage.

Conclusion

In this study, we confirmed that AMP-17 inhibits the
growth of C. albicans and affects its morphological struc-
ture. Further research shows that AMP-17 can reduce the
cell wall integrity of C. albicans, destroy the cell mem-
brane structure and increase cell membrane permeability.
In addition, AMP-17 also can change the level of cell wall
and membrane-associated synthetic gene expression.
Multiple targets for AMP-17 in the cell membrane and

cell wall of C. albicans illustrate that it could be a novel

therapeutic option for prevention and control of
C. albicans infections.
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