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Abstract
This work was aimed to study of fungicidal activity and mechanism of action
of the killer toxin of Cryptococcus pinus VKM Y-2958. A killer-toxin preparation was obtained and partly purified from the culture liquid of the yeast
Cryptococcus pinus. Its fungicidal activity against the pathogenic yeast Filobasidiella neoformans was assessed by assay of target cells growth inhibition
and propidium iodide staining. The preparation contained three peptides
with molecular masses of about 11 - 13 kDa, which did not show similarities
in the mass spectrometric analysis. When frozen, the killer-toxin preparation
remained active for several years. The killer toxin of Cr. pinus exhibits the
high fungicidal activity against the known pathogen F. neoformans, is stable
during long-term storage, and its mechanism of action is based on damaging
target cell membranes. The killer toxin was obtained by a simple procedure
and is of interest for the development of novel fungicidal preparations.
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1. Introduction
Many yeast species can produce killer toxins active, inter alia, against pathogenic
yeasts [1] [2] [3]. Yeast killer toxins are proteins or glycoproteins causing cell
death in representatives of the same species or genus, or in other phylogenetically related genera [1] [2] [3]. The molecular masses of killer toxins vary from
10 to 50 kDa. They have different physicochemical properties, in particular,
thermostability, optimal pH value and sensitivity to proteinases, as well as the
mechanisms of action on target cells.
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The fungicidal activities of killer toxins can manifest themselves in damaging
the cytoplasmic membrane and forming ion channels [4] [5] [6]. Such membrane-damaging effect leads to the intracellular pH decrease, the release of potassium ions, ATP, and other low-molecular compounds from target cells, and
the suppression of amino acid transport to cells. In addition, some killer toxins
arrest the cell cycle in different phases [7], being the triggering mechanisms of
apoptosis [7] [8], and cause damage to transport RNA [9] and DNA [10] by exhibiting a specific anticodon nuclease activity and affecting yeast cell wall components, e.g., β-1,6-glucan [11].
Investigation of the killer phenomenon in yeasts is a source of valuable information about some fundamental aspects of biology in eukaryotes and the interaction between different eukaryotic organisms. In addition, killer toxins are of
unquestionable practical interest, because many of them demonstrate a broad
range of activity against microorganisms, including those causing food spoilage
[12], as well as plant, animal and human pathogens [13].
Recently, killer toxin secretion has been found in the yeast Cryptococcus pinus using co-cultivation method [14]. The killer toxin produced by Cr. pinus
VKM Y-2958 has a rather broad spectrum of activity, exhibits fungicidal activity
at low pH values of the medium, is thermolabile (completely inactivated after
5-min heating to 100˚C) and proteinase-resistant. The study of this killer toxin is
highly interesting in the context of its activity against Filobasidiella neoformans
causing mycoses.
This work was aimed at characterizing the killer toxin produced by Cr. Pinus
VKM Y-2958 and investigating its fungicidal activity and the mechanism of action on target cells.

2. Materials and Methods
2.1. Yeast Strains and Cultivation Conditions
The yeast strains were Cryptococcus pinus VKM Y-2958, Cystofilobasidim bis-

poridii VKM Y-2700 and Cryptococcus terreus VKM Y-2253 from the All-Russian
Collection of Microorganisms, as well as the yeast Filobasidiella neoformans
IGC 3957 from the Collection of the Gulbenkian Institute of Science (Portugal).
The yeast Cr. pinus was grown in a medium containing (g/L): glucose, 20;
peptone (enzymatic, Sigma, USA), 10; yeast extract (Fluka, Germany), 5; Na2HPO4
× 12 H2O, 16.3. The pH value was adjusted to 4.5 with citric acid. The cultivation
was performed on a shaker at 25˚С for 2 weeks. The yeast Cys. bisporidii was
grown in a medium containing (g/L): glucose, 5; peptone (enzymatic, Sigma,
USA), 2.5; yeast extract (Fluka, Germany), 2; Na2HPO4 × 12 H2O, 10.9. The pH
value was adjusted to 3.5 with citric acid. The cultivation was performed on a
shaker at 25˚С for 4 days. The yeasts Cr. terreus and F. neoformans were grown
in YPD-P medium containing (g/L): glucose, 10; peptone (enzymatic, Sigma,
USA), 5; yeast extract (Fluka, Germany), 4. The cultivation was performed on a
shaker at 25˚С for 2 days.
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2.2. Killer Toxin Preparation
The culture liquids of Cr. pinus and Cys. bisporidii yeasts were separated from
biomass by 30-min centrifugation at 5000 g and concentrated by ultrafiltration
using YM-10 membrane (Millipore, USA). The concentrates supplemented by
ammonium sulfate to 70% saturation; the precipitates were separated by 60-min
centrifugation at 12,000 g and dissolved in 0.04 M citrate phosphate buffer, pH
4.5. The resultant preparations were desalted by ultrafiltration using YM-10
membrane (Millipore, USA) with of 0.04 M citrate phosphate buffer, pH 4.5, or
in Sephadex G-15.
The desalted killer-toxin preparation of Cr. pinus was exposed to chromatography with the following carriers: Butyl-Toyopearl 650 M (elution with (NH4)2SO4,
45% saturation in 0.04 M citrate buffer, pH 4.5), CM-Toyopearl (elution with
0.05 M citrate buffer, pH 4.5, and then with 0.5 M NaCl in the same buffer),
P23-cellulose (elution with 0.05 M citrate buffer, pH 4.5, and 1 M NaCl in the
same buffer) and heparin agarose (elution with 0.02 M citrate buffer, pH 4.5, and
then with 0.1 M and 1 M KCl in the same buffer).
The protein content in killer-toxin preparations was assayed according to
Bradford [15] using Coomassie Plus (Thermo Fisher, United States) in standard
microplates for immunoassays. The preparation (10 µL) and Coomassie Plus
(300 µL) were introduced into each well. Optical density was measured with a
microplate photometer (Sapphire, Russia) at 594 nm. Bovine serum albumin was
used as a standard.

2.3. Electrophoresis of Killer-Toxin Preparation
The preparation containing the killer toxin of Cr. pinus was analyzed by electrophoresis according to Laemmli [16] in 15% polyacrylamide gel. In addition,
the preparation was analyzed by electrophoresis in 16% polyacrylamide gel according to Schägger [17] for detecting the peptides. In both cases, the gel was
stained with Coomassie R-250 (0.025%). For detecting glycoproteins, the gel was
stained with Schiff reagent [18], with the modifications described on the website:
https://studylib.net/doc/7779551/glycoprotein-staining.

2.4. Mass Spectrometric Analysis
Protein bands were cut out after electrophoresis and staining; peptide molecular
masses were determined after trypsine treatment using MALDI TOF spectrometry with LCODECAXP (Thermo Finnigan, USA). Peptides were identified with
Mascot (http://www/matrixscience.com/).

2.5. Antifungal Activity Assay on Agarized Medium
The antifungal activity of killer-toxin preparations was determined on a glucose
peptone agar (GPA) containing (g/L): glucose, 5.0; peptone, 2.5; yeast extract, 2;
agar, 20; Na2HPO4 × 12 H2O, 8.15. The pH value was adjusted to 4.5 with citric
acid. Sterile GF/A disks with applied aliquots of the tested preparations were
DOI: 10.4236/jbm.2019.74008
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placed on the medium surface inoculated with test cultures. The Petri dishes
were incubated for 2 days at 25˚С. The diameters of growth inhibition zones
were measured.

2.6. Determination of Antifungal Activity in Immunoassay
Microplates
The antifungal activity of killer toxins was tested in immunoassay microplates in
YPD-P medium with 0.04 M citrate phosphate buffer, pH 4.5. The immunoassay
microplate contained 0.03 mL of the medium, 0.01 mL of cell suspension (the
initial optical density in a well was 0.09 - 0.12), and the killer-toxin preparation
(1.5 to 22 µg protein per mL). After 2-day cultivation in a thermoshaker at 25˚С,
optical density of the culture was measured with a microplate photometer (Sapphire, Russia) at 594 nm.
The dependence of test culture growth inhibition on incubation period was
determined as follows: 0.1 ml of the Cr. pinus killer-toxin preparation in 0.04 M
citrate phosphate buffer, pH 4.5, was added to 0.01 mL of the Cr. Terreus VKM
Y-2253 yeast culture grown to stationary phase. The same buffer (0.1 m⋅Ll) was
added to the control samples. The samples were incubated at 25˚С for 1 or 24 h.
Then the cells were separated by centrifugation at 14,000 g for 5 min, washed
with 0.1 M sorbitol solution in 0.04 M citrate phosphate buffer, pH 4.5, and each
sample was suspended in 0.3 mL of the YPD-P medium. The resultant suspensions were placed into the wells of immunoassay microplate and incubated at
25˚С for 48 h, followed by optical density measurement.

2.7. ATP Release from Yeast Cells
For detecting the killer toxin-induced release of ATP from yeast cells, killer-toxin preparations (0.02 mg protein) were added to the samples containing
each: 0.08 mL of 0.04 M citrate buffer, pH 4.5, and 0.04 mL of test culture cell
suspension. The buffer (0.08 mL) was added to the control samples. The samples
were incubated for 10 - 60 min. The level of ATP release was determined by the
luciferin-luciferase method [19] with Luminometer 1250 (LKB, Sweden). The
cuvette contained 2 mL of the buffer (25 mM Tris-HCl, 5 mM MgSO4, 0.5 mM
EDTA, and 0.5 mM dithiotreitol, pH 7.8), 0.03 mL of luciferin-luciferase, and
0.05 mL of the sample. ATP (Sigma, USA) of the known concentration was used
as a standard.

2.8. Propidium Iodide Staining
0.1 mL of the Cr. pinus killer-toxin preparation (0.025 mg protein) was added to
0.01 mL of the Cr. terreus yeast culture grown to stationary phase. The 0.04 M
citrate phosphate buffer, pH 4.5, was used as a control. The samples were incubated at 25˚С for 24 h. Then, 0.1 mL of 0.17 mM propidium iodide in PBS buffer
per 0.01 mL of cell suspension was added to the samples. The staining was performed for 15 min at 28˚С - 30˚С under stirring. Microscopy was performed
DOI: 10.4236/jbm.2019.74008
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with a Zeiss Filter Set 56 HE (at the excitation and emission wavelengths of 538
nm and 617 nm, respectively). The proportion of dead cells was calculated in 3 5 microphotographs.
All measurements were made in three replicates; the results were statistically
processed with Microsoft Excel.

3. Results and Discussion
The killer-toxin preparation obtained from the Cr. pinus VKM Y-2958 culture
liquid by precipitation with ammonium sulfate had a fungicidal activity against

Cr. terreus and F. neoformans (Figure 1). The killer toxin of Cr. pinus inhibited
the growth of Cr. terreus already in the amount of 0.58 µg protein per disk. The
5-fold higher quantitiy of preparation was needed to inhibit the growth of F.
neoformans (2.9 µg protein per disk). The minimum inhibitory concentration of
the Cr. pinus killer toxin for F. neoformans in liquid medium was 8.7 µg protein/mL (Figure 2).
The desalinated killer-toxin preparation was stored at −20˚С in 0.04 mM
phosphate citrate buffer, pH 4.5. The preparation activity was tested once in
several months on agar medium with the above-mentioned test cultures. The
level of fungicidal activity was unchanged during 4 years of observation.
According to Laemmli gel electrophoresis, the killer-toxin preparation contained polypeptides with molecular masses below 14 kDa (data not shown). The
polyacrylamide gel electrophoresis according to Schägger for separating proteins
with low molecular masses and peptides showed the presence of three bands
corresponding to proteins with molecular masses below 12,300 Da (the molecular mass of the protein marker—cytochrome C) (Figure 3).
The bands were well stained with Coomassie R-250 and were not stained with
Schiff reagent, demonstrating that they were not glycoproteins.

Figure 1. The growth inhibition of Filobasidiella neoformans IGC 3957 (A) and Cryptococcus terreus VKM Y-2253 (B) by the killer toxin of Cryptococcus pinus VKM Y-2958
on glucose peptone agar. Numbers indicate the amount of protein applied to the disks,
µg.
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Figure 2. The growth inhibition of Filobasidiella neoformans IGC 3957 by the killer toxin
of Cryptococcus pinus VKM Y-2958 in liquid medium.

Figure 3. The electrophoregram of the killer-toxin preparation of Cryptococcus pinus
VKM Y-2958 according to Schägger. 1—Killer-toxin preparation; 2—protein marker, cytochrome C from equine heart. (A-C)—Peptides analyzed by mass spectrometry.

The attempts were made to further purification of killer toxin. The fungicidal
activities in the purification experiments were tested on agar medium against Cr.

terreus. Killer toxin was not adsorbed on Butyl-Toyopearl, CM-Toyopearl and
P23 cellulose. The killer toxin was adsorbed on heparin agarose; however, the
binding was weak and the killer toxin was eluted with 0.02 M citrate buffer, pH
4.5. The fractions eluted with 0.1 and 1.0 M KCl had no fungicidal activity.
Electrophoresis of the preparation eluted with the buffer showed the presence
of the same polypeptides as in the initial preparation. Since we failed to separate
these polypeptides, the bands from polyacrylamide gel were analyzed by mass
spectrometry. No similarities were observed in peptides composition between
the tree protein bands under study (not shown). The results of searching for
similar proteins in the databases are presented in Table 1. The proteins A, B, C
contained in the killer-toxin preparation demonstrate no significant similarity to
DOI: 10.4236/jbm.2019.74008
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Table 1. Fungal proteins showing sequence similarity to the proteins of the preparation
of the killer toxin of Cr. pinus.
Proteins of

Proteins in databases

Mol.
% of
(Figure 3) mass, kDa overlapping

Function

Organism

Database

12,785

81

Mitochondrial cytochrome
oxidase assembly factor
COX23

Ashbya gossypii

SwissProt

12,051

59

NADH-ubiquinone
oxidoreductase subunit

Sclerotinia borealis

NCBIprot

10,068

82

Mitochondrial import inner
Cryptococcus
neoformans var.
membrane translocase
SwissProt
neoformans serotype D
subunit TIM9

12,620

76

DUF1960
Aspergillus taichungensis NCBIprot
domain-containing protein

13,798

98

Non-annotated protein

Zymoseptoria tritici
iST99CH_1E4

NCBIprot

11,286

47

Mitochondrial import inner
membrane translocase
subunit TIM14

Gibberella zeae

SwissProt

Cr. pinus

A

B

C

each other; however, low-molecular membrane proteins with similar sequences,
including those involved in transport processes, were found for each of them.
This fact suggests that the mechanism of action of this killer toxin is associated
with the effect on target cell membranes.
It is known that many killer toxins causepermeabilization of the cytoplasmic
membrane and release of low-molecular compounds and ions from the cell [4]
[5] [6]. We used the ATP release methods for assessing the membrane damaging
activity of killer toxins [20]. The release of ATP from Cr. terreus cells incubated
with the Cr. pinus and Cys. bisporidii killer toxins was measured. The Cys. bispori-

dii killer toxin preparation was used as a control because its membrane-damaging
effect is known [21]. The killer toxin of Cys. bisporidii caused the rapid release
of ATP, reaching the maximum level already in 30 min of incubation. When the
cells of Cr. terreus were treated with the killer toxin of Cr. pinus, the release of
ATP was insignificant for even 60 min (Figure 4).
These data suggested that the killer toxin of Cr. pinus had no membrane-damaging activity.
An experiment was conducted to investigate the effect of treatment time on
cell growth after toxin removal from the incubation medium. There was no
growth inhibition in the microplates after 1-h treatment of Cr. terreus cells (data
not shown), while 2-fold growth inhibition was observed after 24-h treatment
(Figure 5(A)). The staining of killer toxin-treated cells of Cr. terreus with propidium iodide, the well-known fluorescent dye staining the cells with damaged
plasma membrane, showed a 20-fold increase in the number of stained cells after
24-h incubation with the killer toxin (Figure 5(B)). The results demonstrate that
DOI: 10.4236/jbm.2019.74008
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Figure 4. Time dependence of ATP release from Cryptococcus terreus VKM Y-2253 cells
treated with killer toxins. 1—cells treated with the killer toxin of Cystofilobasidium bisporidii VKM Y-2700; 2—cells treated with the killer toxin of Cryptococcus pinus VKM
Y-2958; 3—control cells.

Figure 5. The effects of the killer toxin of Cryptococcus pinus VKM Y-2958 on Cryptococcus terreus VKM Y-2253 cells after 24-h incubation. (A)—Inhibition of culture
growth in liquid medium; (B)—cell staining with propidium iodide. White columns –
control cells; gray columns—cells treated with the killer toxin.

the killer toxin of Cr. pinus has a membrane-damaging activity; however, manifestation of this activity requires a long-term period of treatment.

4. Conclusion
The killer toxin of Cr. pinus exhibits the high fungicidal activity against the
known pathogen F. neoformans, it is stable during long-term storage, and its
mechanism of action is based on damaging target cell membranes. The killer
toxin was obtained by a simple procedure and is of interest for the development
DOI: 10.4236/jbm.2019.74008
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of novel fungicidal preparations.
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