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Abstract: K. alvarezii is a red macroalgae cultivated on a large scale in Asian countries.
In Brazil, it is cultivated in states such as Piaui, Rio de Janeiro, and Sao Paulo due to the
high economic value for the food industry given the high concentrations of carrageenan,
a hydrocolloid formed mainly by carbohydrates, used as a gelling agent and emulsifier.
Therefore, to aggregate value to its protein content, the goal was to identify the proteins from
K. alvarezii and biotechnological potentials against human pathogens. The protein extract
produced Na*-acetate buffer was the most efficient in inhibiting the growth of C. parapsilosis
and C. krusei. The analysis of the mechanism of action revealed that proteins from K. alvarezii
cause severe damage to cellular morphology, including the effect on the cell wall and
membrane, as indicated by scanning electron microscopy (SEM). Fluorescence microscopy
agreed with the SEM results, revealing an increase in membrane permeabilization and
pore formation, in addition to high levels of ROS, followed by apoptosis triggered by
caspase 3/7. Regarding the characterization of proteins, biochemical analysis revealed
the presence of proteolytic enzymes and those involved in ROS metabolism. Proteomic
analysis by LC-ESI-MS/MS identified 336 proteins involved in processes such as energetic
and nucleotide metabolism, defense against (a)biotic stress, and protein folding. Our results
revealed that K. alvarezii proteins presented potential against C. parapsilosis and C. krusei.

Keywords: algae proteins; antifungal potential; proteomics; mechanisms of action

1. Introduction

The resistance to drugs has increased over the years, posing a severe threat to all
public systems worldwide. The development of resistance is a natural process that occurs

Processes 2025, 13, 1569

https://doi.org/10.3390/pr13051569


https://doi.org/10.3390/pr13051569
https://doi.org/10.3390/pr13051569
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-2524-4434
https://orcid.org/0009-0004-3989-1573
https://orcid.org/0009-0007-5205-1730
https://orcid.org/0000-0002-5761-8413
https://orcid.org/0000-0002-6045-2354
https://doi.org/10.3390/pr13051569
https://www.mdpi.com/article/10.3390/pr13051569?type=check_update&version=2

Processes 2025, 13, 1569

20f 16

during cellular evolution [1,2]. In this context, fungi present a problem given the rapid
development of resistance to drugs commercially available in the last few years [3-0].
Among fungi, the human-pathogenic yeasts, especially from the Candida genus, pose a
critical position as resistant pathogens. Pathogens from the Candida genus are opportunistic
and cause hospital-acquired infections, mainly in immuno-deficient patients (HIV*) with
high mortality rates [7-9].

One of the most important species in the Candida genus is C. albicans. However,
diseases caused by non-C. albicans such as C. krusei, C. glabrata, and C. parapsilosis have
increased dramatically in the last few years [10-12]. A recent study posed C. parapsilosis as
the second common agent causative of candidiasis [13]. Infections caused by C. parapsilosis
are gaining attention due to its resistance to high-resistance to azole acquired in the last few
years and the higher number of outbreaks in hospital environments caused by fluconazole-
resistant C. parapsilosis [14,15]. Based on these data, seeking new molecules to overcome
resistance is imperative.

Recently, the algae have gained attention as a repository of natural molecules (e.g.,
proteins) that could be used in the fight against resistant pathogens [16-19]. Therefore,
the goal was to assess the biotechnological potential of proteins from the red macroalgae
Kappaphycus alvarezii. K. alvarezii belongs to the phylum Rhodophyta, which is being
cultivated on a large scale in many Asian and American countries [2,4]. This extensive
cultivation is given a high economic value for the food industry based on producing
carrageenan, a hydrocolloid formed mainly by carbohydrates, used as a gelling agent and
emulsifier [4-6]. Here is the first time proteomic analysis is employed to identify and
characterize the proteins from K. alvarezii and evaluate the biotechnological potential of
those proteins.

2. Materials and Methods
2.1. Biological Materials and Chemicals

This work was possible because of a partnership between the Laboratory of Bioin-
formatics Applied to Human Health, LABIS, and the Instituto Pr6 Alga (Parnaiba, Piaui,
Brazil), which kindly offered the algae K. alvarezii. The chemicals were purchased by
Sigma-Aldrich (Sao Paulo, SP, Brazil). The microorganisms used in the research (C. krusei,
C. albicans, C. parapsilosis, and C. albicans) were from LABIS at the Center for Drug Research
and Development (NPDM) at the Federal University of Ceara, Fortaleza, Brazil.

2.2. Protein Extraction

For the extraction of proteins and production of protein extract from K. alvarezii, dif-
ferent buffers were used, such as distilled water, 0.15 M NaCl solution, and the buffers
glycine-HCl (pH 2.3), sodium acetate (pH 5.2), sodium phosphate (pH 6.0), sodium phos-
phate (pH 7.0), Tris-HCI (pH 7.5), Tris-HCI (pH 8.5), and glycine-NaOH (pH 10), all at
concentration of 0.05 M as described by [20]. First, the K. alvarezii was processed with a
mortar and pestle to a fine powder. The buffers were added separately to produce each
extract. Then, the liquid formed was filtered and centrifuged (12,000x g 10 min, and
4 °C). The supernatant was collected for dialysis, carried out in a 12 kDa cut-off cellulose
membrane, under agitation, with water, with four changes in 24 h. After dialysis, another
centrifugation with the same standards was conducted to collect the supernatant. The
soluble proteins were measured following the Bradford assay [21].

2.3. Antifungal Assays

Anticandidal tests were carried out according to Lopes et al. [22]. For the Candida
planktonic growth inhibition assay, 100 pL of each species (2.3 x 10° CFU) in twice-
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concentrated Sabouraud broth and 100 pL of protein extracts (50 pg mL~!) were used.
The negative control was each buffer used in the protein extractions. The positive con-
trol was NYS (Nystatin, 1000 ug mL~!) and ITR (Itraconazole, 1000 ug mL~1). The ab-
sorbance was read at 600 nm in an automated multi-mode reader, Cytation 3 Cell (BioTek®,
Los Angeles, CA, USA). Finally, the assay was performed in triplicate, representing the
mean =+ standard deviation.

2.4. Mechanism of Action
2.4.1. Membrane Integrity Assay

After the inhibition test, samples were incubated with 5 uL of 10~2 M PI (propidium
iodide) for 30 min in the dark [23]. Then, cells were centrifugated (12,000 x g, 10 min, 4 °C),
and pellets were washed with 0.15 M NaCl three times. Finally, cells were placed on the
coverslip and visualized in fluorescence microscopy coupled to Cytation 3 Cell (BioTek®)
equipment with excitation and emission wavelengths of 535 and 617 nm, respectively.

Therefore, the pore size experiment was conducted with 10 puL of 6 kDa FITC-Dextran
at1072 M, placed in treatment tubes in the dark for 30 min. After this time, the pellets were
centrifuged and washed as above. The cells were placed on the coverslip and visualized
in fluorescence microscopy coupled to Cytation 3 Cell (BioTek®, Los Angeles, CA, USA)
equipment with an excitation wavelength of 494 nm and an emission wavelength of 518 nm.

2.4.2. Detection of Reactive Oxygen Species (ROS) Assay

ROS accumulation was inferred as described [24]. After incubation of the treatments
with the extracts, 10 L of 1072 M DCFH-DA (2/,7’ of dichlorofluorescein diacetate) was
placed for 30 min in the dark. The cells were placed on the coverslip and visualized in
fluorescence microscopy coupled to Cytation 3 Cell (BioTek®, Los Angeles, CA, USA) with
excitation and emission wavelengths of 488 and 525 nm, respectively.

2.4.3. Morphological Assessments by Scanning Electron Microscopy (SEM)

The methodology for SEM analysis was performed following Staniszewska et al. [25].
The images were obtained using the equipment model of the low-energy FEI Inspect TM50
microscope (Everhart-Thornley, Hanover, Germany).

2.5. Enzymatic Activities
2.5.1. Total Protease Activity

The total protease activity was measured using the colorimetric substrate azocasein
as [26]. First, 200 pL of the extracts were added, together with 2 mM DTT (dithiothreitol),
300 puL of 25 mM Na*-phosphate buffer (pH 6.0), and 200 pL of azocasein 1% w/v, and
incubated in the water bath (37 °C, 1 h). Then, 300 puL. of TCA (trichloroacetic acid) at 20%
(v/v) was used to stop the reaction. After the interruption, the samples were centrifuged
(for 10 min, 5000x g at 25 °C). Then, mixing 500 uL of NaOH with 500 pL of sample
supernatants was necessary to read the absorbance. Absorbances were measured at a
wavelength of 420 nm using an automated multi-mode microplate reader, Cytation 3 Cell
(BioTek®). Protease activity was calculated following the standard of 1 AU equal to an
increase of 0.01 at 420 nm, thus expressing the activity in activity units per milligram per
minute (AU mgP_1 min~1).

2.5.2. Guaiacol Peroxidase (GPOX) Activity

In this assay, guaiacol was used as the substrate to determine the action of GPOX [27].
Thus, three main components were mixed, 900 pL of each buffer, 500 uL of 60 mM hydrogen
peroxide (HyO,), and 500 pL of 20 mM guaiacol, followed by incubation at 30 °C for
10 min. One hundred microlitres of the extracts were placed in the mixture to start the
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reaction. Finally, the absorbances were read by Epoch Biotek (BioTek®, Los Angeles,
CA, USA) (microplate reader) for 3 min, being visualized every 10 s at a wavelength of
480 nm. Considering that POX uses 4 mol of Hy,O; to synthesize 1 mol of tetraguaiacol,
the calculation and expression were made in uMol of HyO, per milligram of protein per
minute (LMol H,O»).

2.5.3. $-1,3-glucanase (3-1,3-GLU) Activity

The activity of 3-1,3-GLU laminarin was used as a substrate, thus releasing D-
glucose [28]. Next, three central components were mixed, each extract (50 uL), 900 uL of
laminarin (2 mg mL™1), and 50 uL of 50 mM sodium acetate buffer pH 5.2, with incubation
for 30 min at 50 °C. After making the mixture, it was boiled for 30 min and cooled in an ice
bath for 5 min. Absorbance reads were performed at 520 nm. Finally, D-glucose released
was evaluated based on a curve (4.1 to 13 x 10%* nM of glucose). The unit of activity was
nkat mgP, where 1 nanokatal (nkat) is considered 1.0 nM of D-glucose released by the
(3-1,3-glucanase activity per second.

2.5.4. Chitinase Activity (CHI)

Colloidal chitin (10 g/L) was used as a substrate to detect the presence of chitinase
in the samples. Initially, 250 pL of colloidal chitin was mixed with 250 uL of the extracts
and then incubated with gentle shaking at 37 °C for 1 h [28]. After incubation, to stop the
reaction, the samples went through a cycle of boiling for 5 min and cooling for 5 min. The
control group received 250 uL of colloidal chitin after the interrupted reaction. Subsequently,
centrifugation (10 min, 10,000 x g, at 10 °C), and the supernatants (300 pL) were collected.
Then, 10 puL B-glucuronidase (198,455 units/mL) was added and incubated again at 37 °C
for 1h. The samples were boiled and cooled to stop the reaction, and 1 mL of 10% DMAB
[4-(dimethylamine) benzaldehyde] was added and incubated for 20 min at 37 °C. The
chitinolytic activity was expressed as nanokatal per milligram of protein (nkat mg/P), and
absorbance was measured at 585 nm.

2.5.5. Serine Protease Inhibitory Activity

In this assay, 680 pL of Tris-HCI buffer (50 mM, pH 7.5) containing 20 mM CaCl,
was mixed with 100 pL of each extract and with 20 uL of trypsin and incubated for
10 min at 37 °C. Subsequently, 500 uL of 1.25 mM N«-benzoyl-DL-arginine-p-nitroanilide
(BApNA) was added, undergoing another 15 min incubation at 37 °C. Then, the reaction
was interrupted using 250 pL of 30% acetic acid. Trypsin inhibitory activity (IA) was
expressed as IA per milligram of protein (IA mg/P), and finally, absorbance was read at
410 nm [26].

2.5.6. Cysteine Protease Inhibitory Activity

The cysteine protease inhibitory activity was assayed using papain as a model enzyme.
The protein extract (100 pL) was incubated with 20 pL of papain solution (0.1 mg/mL in
25 mM of sodium phosphate buffer pH 6.0, 40 uL of 10> M EDTA, 10° M DTT, and 340 uL
of 25 mM of sodium phosphate buffer pH 6.0 for 10 min at 37 °C. Subsequently, 100 pL of
1 mM BANA (N-a-benzoyl-DL-arginine-p-naphthylamide) was added and incubated for
20 min at 37 °C. One milliliter of 2% HCI in ethanol was added to stop the reaction, and
250 pLL of DMACA (0.06% m /v in ethanol) was used for colorimetric assay. After incubation
for 30 min, the absorbance was read at a wavelength of 540 nm. The inhibitory activity of
papain (IA) was revealed as the Al per milligram of protein (Al mg/P) [26].
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2.6. Protein Identification by Mass Spectrometry (MS/MS)

The proteins from the extract with the best antimicrobial activity were reduced with
10 mM of DTT (dithiothreitol) for 1 h at 37 °C in the dark and alkylated with 15 mM of
IAA (iodoacetamide) for 30 min at 37 °C in the dark. Then, the proteins were digested
with trypsin (Promega, Madison, WI, USA) at 1:20 (w/w enzyme: protein) [29]. The
resulting peptides were chromatographed, and mass spectrometry analysis was performed
according to pre-established methods [29] using an ESI Quad TOF LC mass spectrometer.
The tool MS/MS Ion Search from the Mascot Server (https://www.matrixscience.com/)
was employed to identify the proteins.

The PKL files from tandem MS spectra were used to identify the proteins by searching
against UP2311_C_reinhardtii (AA) and SwissProt databases. The criteria for the search
variable modifications to oxidation (O), carbamidomethyl (C), and 1% FDR were set in the
search. The MS/MS tolerance was 0.6 DA; the peptide charge was set to 2+, 3+, and 4+, and
finally, the instrument was set to ESI-QUAD-TOF. The gene ontology (GO) was performed
using the blast2go program (https://www.blast2go.com/, accessed on 30 September 2024)
according to biological activity, molecular function, and subcellular location.

2.7. Statistical Analysis

All assays were performed in independent triplicates, with statistics expressed as
mean =+ standard error. The Tukey test with p < 0.05 and ANOVA analysis were required
using the GraphPad Prism 5.01 tool.

3. Results
3.1. Protein Extraction and Antimicrobial Activity

Seeking the best way to extract proteins from K. alvarezii with biological properties,
eight solutions were tested, covering a pH range of 2.3 to 10 (Table 1). Based on the results,
the highest protein content, 2.55 mg P~!, was obtained with the alkaline buffer glycine-
NaOH pH 10. The lowest content of protein, 0.53 mgP~!, was obtained with the acidic
buffer glycine-HCl pH 2.3 (Table 1). The other buffers extracted the content of proteins
ranging from 1.35 to 2.15 mg P~! (Table 1).

Table 1. The amount of proteins extracted from algae K. alvarezii using different buffers.

Protein Extracts mgP

Water 1.35 + 0.070
0.15M NaCl 1.87 + 0.009
Sodium acetate pH 5.2 1.21 £ 0.002
Sodium phosphate pH 6.5 1.67 £ 0.018
Tris-HCl pH 7.5 1.76 + 0.057
Tris-HCI pH 8.5 2.15 £ 0.005
Glycine-HCl pH 2.3 0.53 £ 0.007
Glycine-HCI pH 10.0 2.55 £0.025

Values are the means =+ standard deviation (SD) of biological triplicates.

Regarding the antimicrobial activity, although there were differences in protein con-
tent, all extracts were tested for antimicrobial activity. All the extracts were tested at a
concentration of 50 pug mL~1. At the concentration tested, none of the extracts presented
antibacterial activity. In contrast, they were active against Candida spp. (Figure 1). Against
C. albicans, Tris-HCI pH 8.5 was the best by inhibiting 40% of its growth (Figure 1A). In the
case of C. krusei, the best extracts were those made with 0.15 M NaCl and 0.05 M of sodium
acetate pH 5.2 by inhibiting, respectively, 75% and 60% the growth (Figure 1B). Regarding
C. parapsilosis, the best activity was found in the extract produced with 0.05 M of sodium
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acetate pH 5.2, achieving inhibition of 85% (Figure 1C). Based on these results, the proteins
extract with 0.05 M of sodium acetate pH 5.2 was chosen to move forward in the studies
of mechanisms of action against C. krusei and C. parapsilosis and protein characterization

and identification.

C. albicans C. krusei
1004 100+
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NaCl 0.15
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Tris-HCI pH 7.5
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Sodium Acetate pH 5.2
Sodium Phosphate pH 6.5
Tris-HCl pH 7.5

N Tris-HCI pH 8.5
Glycine-HCI pH 2.3
Glycine-HCI pH 10

80

7R
Iy 8

60

% of inhibition
% of inhibition

YEEZN
TEZN

(@]

C. parapsilosis
1004
EH Water
NaCl0.15
E= Sodium Acetate pH 5.2
111 Sodium Phosphate pH 6.5
@2 Tris-HClIpH 7.5
SN Tris-HCI pH 8.5
### Glycine-HCI pH 2.3
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Figure 1. The anticandidal activity of proteins extracted from K. alvarezzi against Candida ssp. C.
albicans (A), C. krusei (B), and C. parapsilosis (C). The regression calculation is used to find the MIC50 of
the best molecule against C. albicans (insert). The data are shown as the mean and standard deviation
of three independent experiments. Different letters indicate statistical significance (p < 0.05) between

the treatment and control groups.

3.2. Mechanisms of Action
3.2.1. Membrane Permeability and Pore Formation

Aiming to understand the mechanism behind the anticandidal activity of proteins
from K. alvarezii, the PI assay was performed (Figure 2). As expected, the control cells
treated with only 50 mM of sodium acetate buffer pH 5.2 presented no fluorescence of
PI, indicating the membrane is healthy because PI cannot pass through the membrane.
In contrast, the red fluorescence in cells treated with sodium acetate proteins revealed
increased membrane permeability, indicating damage in the cell membrane (Figure 2).

The data produced by PI are not enough to indicate pore formation on the membrane
based on the size of PI. Based on that, cells were treated again with proteins extracted with
acetate buffer and incubated with a 6 kDa dextran coupled with FITC. Only C. krusei cells
presented fluorescence, showing the dextran-FITC within the cell, suggesting movement
through the membrane, indicating a pore with a size of at least 6 kDa. In contrast, in C.
parapsilosis cells, the absence of green fluorescence indicates the presence of a pore higher
than PI but lower than dextran-FITC (Figure 2).

3.2.2. ROS Overaccumulation and Apoptosis

After analyzing the mechanisms of action, it was evaluated whether the proteins
from K. alvarezii, the ROS overaccumulation, and apoptosis mediated by caspase 3/7
were assessed. First, the proteins from K. alvarezii induced ROS accumulation only in C.
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A

C. krusei

C. parapsilosis |

parapsilosis cells and not in C. krusei (Figure 3). In contrast, the proteins from K. alvarezii
induced apoptosis mediated by 3/7 caspase in C. parapsilosis and C. krusei (Figure 4).

Control Treated

B Pl Fluorescence

2500 i
T : [ C. parapsilosis
:>. 2000 C. krusei
r
& 1500
E
2 600
c
S 400
o
_§ 200
w

0

Figure 2. The proteins from K. alvarezzi increased membrane permeability by PI uptake assay.
(A) Images of the fluorescence intensity of C. parapsilosis and C. krusei with the control (DMSO) and
proteins from K. alvarezzi, and (B) relative fluorescence intensity values of the comparison between
the DMSO group and the group treated. The data are shown as the mean and standard deviation of
three independent experiments. Different letters indicate statistical significance (p < 0.05) between
the treatment and control groups. White bars: 100 pm.

3.2.3. Evaluation of Change in Cell Morphology by Scanning Electron Microscopy (SEM)

The following steps evaluated whether the proteins from K. alvarezzi could induce
damage in the morphology of Candida cells. As expected, the control cells from C. kru-
sei (Figure 5A) and C. parapsilosis (Figure 6E) presented no damage or cracks on the
cell structure. In the case of C. krusei treated with proteins from K. alvarezzi cells, scars
(Figure 6B,C—white arrows), cracks, and damage on the cell wall were observed (Figure 6D).
In some cases, it is evident that there is a loss of internal content (Figure 6B,C—white arrow),
suggesting damage to the membrane. Regarding cells of C. parapsilosis treated with proteins
from K. alvarezzi, it was observed that cells presented a scaly, rough surface and damaged
morphology (Figure 6F). Additionally, cracks, damage on the cell wall, and loss of internal
content were observed (Figure 6G,H).

3.3. Identification and Characterization of Proteins in the K. alvarezzi Extract

The antimicrobial assays revealed the biotechnological potential of proteins extracted
from K. alvarezzi. Based on that, our further experiments focused on identifying the proteins
in the extract. The LC-MS/MS analysis identified 336 proteins in the extract of K. alvarezzi
extracted with sodium acetate buffer (Supplementary Table S1). The proteins identified
cover all cellular compartments and develop several molecular functions in K. alvarezzi’s
cells (Figure 7A,B). The biological processes displayed by those proteins are carbohydrate
metabolism (3%), cell cycle, morphology, and growth (16%), cell signaling (5%), DNA
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metabolism (4%), energetic metabolism (7%), nucleotide metabolism (4%), photosynthesis
(5%), protein metabolism (27%), stress response (6%), and unknown (27%) (Figure 7C).

In addition to the LC-MS/MS analysis, biochemical analysis revealed the presence
of proteins such as proteinases, glucanases, chitinase, and serine and cysteine proteinase
inhibitors, and proteins involved in redox metabolism, such as superoxide dismutase,
catalase, ascorbate peroxidase, and phenol peroxidase (Table 2).

Table 2. Activities of proteins present in the extract from algae K. alvarezzi.

Protein Activity Units ?
Proteolytic (UA mg~! of protein min 1) 581.70 & 2.405
(3-1,3-glucanase (nkatal mg’1 of protein) 0.35 £+ 0.007
Chitinase (nkatal mg~! of protein) 0.52 £ 0.012
Serine protease inhibitor activity (Ul mg~! of protein) ~ 250.30 + 2.314
Cysteine protease inhibitor activity (Ul mg~! of protein) 171.70 £ 0.723
Superoxide Dismutase (Ul mg ! of protein) 50.12 £ 0.101
Catalase (Ul mg~! of protein) 25.45 4 0.001
Ascorbate Peroxidase (Ul mg ! of protein) 38.15 4= 0.005
Guaiacol Peroxidase (UA mg’1 of protein) 10.14 £ 0.002
2 Values are the means =+ standard deviation (SD) of biological triplicates.
Control Treated
A
C. krusei
. parapsilo

B FITC Fluorescence
1000~ s
T O C. parapsilosis
,_; 800 i C. krusei
2
@
z 600+
L)
g 4001
Q
Q
H
§ 2004 a
E 0.
0 I T l T

\.‘6\ '@b '\$°\ \.""6

& & & &
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Figure 3. The proteins from K. alvarezzi induced the pore formation on the membrane of Candida Cells.
(A) Images of the fluorescence intensity of C. parapsilosis and C. krusei with the control (DMSO) and
proteins from K. alvarezzi, and (B) relative fluorescence intensity values of the comparison between
the DMSO group and the group treated. The data are shown as the mean and standard deviation of
three independent experiments. Different letters indicate statistical significance (p < 0.05) between
the treatment and control groups. White bars: 100 pm.
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Control Treated

Al

C. krusei

C. parapsilosis |

B ROS Fluorescence
T 3 C. parapsilosis
= C. krusei
=
i3
s
E
@
2
g
@
8
E}
[
N N 5
& &
& &S [CE

Figure 4. ROS overaccumulation in Candida cells induced by proteins from K. alvarezzi. (A) Images of
the fluorescence intensity of C. parapsilosis and C. krusei with the control (DMSO) and proteins from.
K. alvarezzi, and (B) relative fluorescence intensity values of the comparison between the DMSO group
and the group treated. The data are shown as the mean and standard deviation of three independent
experiments. Different letters indicate statistical significance (p < 0.05) between the treatment and
control groups. White bars: 100 pm.

Control Treated

A

C. krusei

C. parapsilosis

o

Sy

B Caspase 3/7 Fluorescence

3 C. parapsilosis
C. krusei

Fluorescence intensity (IP)

Figure 5. Protein from K. alvarezzi induced apoptosis in Candida cells mediated by caspase 3/7.
(A) Images of the fluorescence intensity of C. parapsilosis and C. krusei with the control (DMSO) and
proteins from K. alvarezzi, and (B) relative fluorescence intensity values of the comparison between
the DMSO group and the group treated. The data are shown as the mean and standard deviation of
three independent experiments. Different letters indicate statistical significance (p < 0.05) between
the treatment and control groups. White bars: 100 pm.
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Figure 6. Scanning electron microscopy (SEM) images revealed alterations in the Candida cells
morphology induced by protein from K. alvarezzi. (A) the surface of the control cells of C. parapsilosis
was covered by well-defined and organized structures. (B-D) C. parapsilosis cells exposed to proteins
from K. alvarezzi showed surface alterations, multiple buds, scars, cell wall damage, and internal
content loss. (E) the surface of the control cells of C. krusei was covered by well-defined and organized
structures. (F-H) C. krusei cells exposed to proteins from K. alvarezzi showed surface alterations,
multiple buds, scars, cell wall damage, and internal content loss. Arrows show the damage.
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Figure 7. Proteins from K. alvarezzi cells were identified by LC-ESI-MS/MS analysis. Gene ontology
analysis of proteins from K. alvarezzi extracted with 50 mM sodium acetate pH 5.2. (A) classification
based on the cellular component, (B) molecular function, and (C) based on biological process.
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4. Discussion

Over the years, the red marine seaweed K. alvarezzi has mainly been employed to build
sustainable and environmentally friendly agriculture and soil fertilization [30]. The content
of nutrients in K. alvarezzi is the reason for this seaweed’s attention. Analysis of K. alvarezzi
revealed the content of carbohydrates (26 g), protein (18 g), fats (2 g), and fibers (6 g) per
100 g of dry wet tissue [31]. Regarding micronutrients necessary for plant nutrition, K.
alvarezzi has 15 mg of phosphorus, 10 mg of potassium, 5 mg of calcium, and 2 mg of
magnesium per 100 mg of dry tissue [31]. Altogether, this content of nutrients made K.
alvarezzi a good source of nutrients that are valuable in agriculture.

Despite its application in agriculture, K. alvarezzi has many applications in human
health by presenting antibacterial, anticancer, antiviral, antifungal, and antiglycemic ef-
fects [31-36]. Most studies with K. alvarezzi focused on secondary compounds such as
phenolic, terpenoids, flavonoids, and alkaloids, all extracted with organic solvents, which
cannot extract proteins [31-36]. For example, Sit et al. [36] evaluated the antidermatophytic
activity of K. alvarezzi with organic and aqueous extracts—the extract produced with water
presented no activity against dermatophytes. In contrast, the extract prepared with hexane
inhibited 50% of dermatophyte growth at a concentration 25-fold (1.25 mg mL~!) higher
than that of proteins from K. alvarezzi.

However, a study by Xu et al. [32] showed the potential of proteins from K. alvarezzi
differently. Based on in silico analysis, authors sought in the genome of K. alvarezzi a lectin
with high potential to present anticancer activity. Based on the results, the authors produced
the lectin by heterologous expression. They tested it in vitro against various types of cancer.
Those results highlight the importance and pioneering nature of our study in identifying
the proteins from K. alvarezzi by MS analysis and biochemical analysis associated with
antifungal activity.

In the search for proteins with biological applications, screening employing different
buffers is a common method [20,37,38]. Here, different aqueous buffers were tested to find
the best extracting solution in terms of protein (Table 1). All buffers extracted proteins
and presented some antifungal activity against C. parapsilosis and C. krusei. However, the
best antifungal activity was found with proteins extracted with 50 mM Na*-acetate pH 5.2
(Figure 1). As in other works [27,35], the acidic buffer extracted the lowest protein. This is
a common problem with acidic buffers due to their effect on protein structure and, thus,
solubility. Silva et al. [20] showed that the same buffer extracted proteins similar to those in
our study. The best antifungal activity was found here with proteins extracted with sodium
acetate buffer, like those in Silva et al. [20]. In our case, the proteins extracted were more
active against C. parapsilosis and C. krusei than those in Silva et al. [20], where proteins were
more effective against C. krusei and C. albicans.

Based on the antifungal activity found, further analysis employed fluorescence and
scanning electron microscopes to study the antifungal action of proteins from K. alvarezzi
(Figures 2-6). The proteins extracted with sodium-acetate buffer induced an increase in
membrane permeabilization (Figure 2) but only induced a 6 kDa pore in C. krusei (Figure 3).
An increase in membrane permeability is a usual mechanism of action caused by antifungal
proteins. However, it is not enough to suggest the formation of pores in the cell membrane.
Etxaniz et al. [39] revealed that the pores in the membrane that allow the movement of PI
are too small (0.1 nm), and a cell can easily recover. But bigger pores, such as 6 kDa ones,
cause considerable damage that cells cannot heal [39].

By attacking the cell membrane, the proteins from K. alvarezzi employed a mechanism
of action different from commercial drugs with specific targets [40-42]. For example, the
azoles inhibit proteins involved in ergosterol biosynthesis, and polyenes interact with
the ergosterol in the membrane [3,9,19,43—45]. The common resistance mechanisms are
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changing the proteins involved in ergosterol and reducing the levels in the membranes,
respectively [9]. By attacking the membranes, the proteins from K. alvarezzi make the
acquisition of resistance by Candida cells hard.

On top of that, the hypothesis that proteins from K. alvarezzi attack the membrane,
causing damage, was corroborated by the SEM analysis (Figure 6). As revealed (Figure 6),
both C. parapsilosis and C. krusei cells are damaged, exhibiting abnormal morphology and a
broken cell wall. Silva et al. [20] and Sousa et al. [37] found similar results using protein
extracts. The mechanisms on the membrane and cell wall presented by proteins from K.
alverezzi raise the question about the proteins in the extract. The answer comes from the
LC-MS analysis (Figure 7 and Supplementary Table S1) and biochemical analysis (Table 2).

Mass spectrometry analysis of proteins from K. alvarezzi revealed the presence of
proteins such as chitinases, Exo-beta-D-glucosaminidase, cysteine and serine proteinase
inhibitors, and metallo (Supplementary Table S1) that could be involved in the antifungal
activity of the extract from K. alvarezzi. Corroborating with the MS analysis, the biochemical
analysis found the activity of chitinase, cysteine and serine proteinase inhibitors, and total
proteinase activity (Table 2).

The presence of chitinase could be related to the damage associated with the cell wall
in C. parapsilosis and C. krusei (Figure 6D,G—white arrows). Chitinases degrade chitin to
N-acetyl-glucosamine [46,47]. It turns out that chitin is a significant component in yeast
cell walls. The cell wall develops several functions in yeasts, including protection from
physical damage, shape and rigidity, selective barrier, and adhesion [48]. Additionally, two
identified enzymes could work coordinated with chitinase: (1) Exo-beta-D-glucosaminidase
identified by LC-MS analysis (Supplementary Table S1) and (2) 3-1,3 glucanase (Table 2)
determined by biochemical assay. Together, these three proteins may be responsible for
damaging the fungal cell wall, leading to cell death.

The cell wall and membrane are composed of proteins and carbohydrates. As such, pro-
teases are proteins that could attack and damage the cell wall and membrane [20,38,49-51]. For
example, Torres-Ossandén et al. [52] showed that a protease-rich fraction displayed antifungal ac-
tivity against the fungus Botrytis cinerea. Freita et al. [49] reported that cysteine protease increases
the membrane permeabilization in the membrane of Fusarium oxysporum and induces loss of
internal content, as revealed by atomic force microscopy. Total protease activity was shown using
azocasein as a substrate (Table 2). In addition, many types of proteases were found by LC-MS
analysis, such as metallo, cysteine, and serine proteinases (Supplementary Table S1). Proteases
are involved in protein metabolism by activating other proteins or degrading proteins to recycle
the amino acids. They are also critical components of proteasome complexes involved in many
cell functions. The gene ontology analysis revealed that 23% of the proteins identified were
involved in the protein metabolism of K. alvarezzi cells (Figure 7C).

Together with proteases, MS analysis detected the presence of protease inhibitors of
both classes, which regulate protease function [53,54]. Accordingly, biochemical analysis
revealed the activity of both proteins (Table 2). Protease inhibitors have already been
reported to display antimicrobial activity against C. albicans. A Kunitz trypsin inhibitor
purified from Cassia leiandra induced membrane pore formation and the loss of cytoplasmic
content in C. albicans cells. Those results are similar to the results presented by proteins
from K. alvarezzi [55]. Melo et al. [56] reported that CICPI, a cysteine protease inhibitor from
C. leiandra, attacks C. tropicalis cells, leading to morphological alterations and cell death.

5. Conclusions

The protein profile and biotechnological potential of the proteins in K. alvarezzi are
reported for the first time here. Our data provide insights about the mechanisms of action
of proteins from K. alvarezzi, which are mediated by destabilizing the cell membrane and
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cell wall of C. parapsilosis and C. krusei by inducing pore formation, high levels of ROS,
followed by apoptosis, and cell death. The results suggest that the protein obtained from K.
alvarezzi could be a new alternative to control C. parapsilosis and C. krusei infections.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr13051569/s1, Table S1: Proteins from K. alvarezzi identified by
LC-ESI-MS/MS analysis.
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