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Background: In the last decade, the wide spread of the multidrug resistant yeast C. albicans has challenged the development of
new approaches to treatment. Among various options, the use of natural and synthetic terpenes as antifungals or enhancers of
conventional drugs has been offered in many works. Here we show the effect of the recently synthesized compound isobornane
sulfide named KS1 on C. albicans and discuss its potential mechanism of action.

Methods: To characterize the impact of the compound on the yeast minimum inhibitory concentration (MIC) determination on
clinical isolates, quantitative PCR with reverse transcriptase (QRT-PCR) of efflux genes expression, cytotoxicity determination
on eukaryotic cells, bright-field and fluorescent microscopy with KS1 conjugate with BODIPY fluorophore have been used. The
in silico prediction of KS1 properties has been performed using the ADMET server, and molecular docking was used for the
modeling of KS1 interaction with putative targets.

Results: While exhibiting moderate antifungal activity as compared to fluconazole and terbinafine, KS1 has a synergy with both
antifungals on resistant clinical isolates while not stimulating the expression of the CDR1 and MDRI efflux genes. Moreover,
KS1 represses hypha formation by C. albicans, reducing the number of germ tubes more than twice compared to the control. It
readily penetrates the cell, as shown by confocal microscopy using the created KS1-BODIPY fluorophore conjugate, apparently
thereby facilitating the penetration of antifungals into the cell. As judged by the ADMET server, KS1 falls into the category of
drug-like compounds and neither inhibits the isoforms of cytochrome P450 nor manifests mutagenicity or carcinogenicity that
fits with in vitro data. The molecular docking showed that KS1 has a high affinity for the transcription activator transcription
activator (Tecl) protein of C. albicans, responsible for invasion and hypha formation, which fits with the in vitro data.
Conclusions: These findings suggest KS1 as promising both a solely antifungal and an enhancer of conventional antimycotics
blocking fungal virulence.
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Introduction in the mouth cavities, vaginas, and bowels of 20-70% of
the examined persons. Candidiasis represents up to 37% of
all infectious human diseases and up to 86% of all fungal

Over the past few decades, the frequency of factors :
human diseases [1-4].

reducing the overall resistance and immune response of the

human body has continuously elevated, thereby increasing
the risk of diseases caused by opportunistic bacterial and
fungal pathogens. Candidiasis caused by fungal species of
the Candida genus, especially Candida albicans, is found

To date, the efficiency of candidiasis treatment has de-
creased [5—7]. While conventional antimycotics were man-
ifested to exhibit fungicidal activity, there is an alarming
trend in the increasing resistance of Candida to azoles and
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synthetic antifungals, such as fluconazole, that are widely
used clinically [8]. This is explained both by the unrea-
sonably wide use of azoles and by the reduction of respon-
siveness to fluconazole [9]. Therefore, various approaches
affecting the fungus virulence factors instead of killing the
pathogen are proposed today as a new, promising antifun-
gal strategy to ensure the natural elimination of infectious
agents from the macroorganism without the development of
resistance [10]. Among such approaches, the use of essen-
tial oils or crude phytoextracts is widely offered [11-13],
where various terpenes and terpenoids are the active com-
ponents. These compounds have been shown to be both
enhancers of conventional drugs and solely antifungals, al-
though with moderate activity [14-21]. Being of small size,
these compounds and their conjugates with other pharma-
cophores could penetrate cells and affect them. Thus, the
activity of fluconazole has been reported to be significantly
increased by myrtenol [19] and a conjugate of borneol with
2(5H)furanone [18], suggesting these molecules as promis-
ing adjuvants.

C. albicans has various virulence factors that ensure
the ingress of infection into various loci of the macroor-
ganism, like the pseudohyphae formation, the expression
of adhesins and invasins, synthesis of hydrolytic enzymes,
the hypha-associated proteins Hwp1, Hyrl, agglutinin-like
sequence-3 (Als3) and Ecel, as well as the biofilm forma-
tion [1,22]. Revealing the pathogenicity mechanisms of C.
albicans opens the door for the development of new tech-
niques for antifungal treatment. Genetic studies allowed
identifying genes that code secreted proteolytic enzymes,
i.e., the C. albicans secreted aspartic proteases (Saps),
which contribute to performing specialized functions dur-
ing the infection process. Thus, the aspartic proteases Sap4,
Sap$5, and Sap6 ensure C. albicans adhesion and penetration
through mucous membranes into the deep tissues [1,23].

In this paper, we show the effect of the recently syn-
thesized compound isobornane sulfide, named KS1, on C.
albicans and discuss its potential mechanism of action.
While exhibiting moderate fungicidal activity, KS1 en-
hances in vitro the activity of conventional antifungals and
antiseptics as well as represses hyphae formation by the
yeast.

Materials and Methods

Synthesis

The isobornane sulfide named KS1 (Fig. 1) was syn-
thesized according to [24]. Briefly, to a solution of isobor-
nanethiol (221 mg) in ethanol (3 mL, #130523, ROSBIO,
St. Petersburg, Russian Federation), CsoCO3 (424 mg,
#10216654, Alfa Aesar, Lancashire, UK), and tetrabuty-
lammonium iodide (480 mg, #10163887, Alfa Aesar, Lan-
cashire, UK) were added under an argon atmosphere. Af-
ter stirring for 5 min, 2-bromoethanol (71 pL, #124832,
Grankhim, Chelyabinsk, Russian Federation) was added
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dropwise, and the mixture was refluxed for 24 h. The ob-
tained solution was filtered, concentrated and purified by
silica gel column chromatography using petroleum ether—
EtOAc (1:1) as an eluent. All reagents were analytical
grade. The isobornane sulfide KS1 was obtained as a lig-
uid in 90% yield, [a]2) = +248° (¢ 0.3, CHCl3). Synthesis,
physicochemical properties, and spectral data of BODIPY
2 and its fusion with KS1 3 were described previously [25—
27].
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Fig. 1. Structures of the compounds used in the study. KS1
(1), BODIPY (2) and its fusion with KS1 (3).

Molecular Docking
ADMET and Drug-likeness Properties

To evaluate ADMET and drug-likeness properties of
compounds 1 and 2, the online service ADMETIlab 2.0
(https://admetmesh.scbdd.com/) [28] was used. Antifungal
drugs, fluconazole and terbinafine, which are applied in the
treatment and prevention of candidiasis and some other my-
coses were used as reference compounds.

Molecular Docking

Ligand-receptor systems modeling was performed us-
ing Autodock 4.2 software (https://autodock.scripps.edu
/) [29]. The initial ligand structures (KS1, fluconazole,
and terbinafine) were optimized using the CAMB3LYP
functional [30] and auq-cc-pVTZ basis [31]. The struc-
tures of putative target proteins Sapl-3, 5 and Agglutinin-
like sequence-3 (Als-3) were obtained from the pro-
tein database https://www.rcsb.org/ (1EAG, 2H6S, 2QZW,
2QZX, 4LE8, respectively). The structures of phospho-
lipase b1 (Plbl) (ProteinBankID:AAC72296.1) and Tran-
scription activator Tecl (ProteinBankID: KAF6072269.1)
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were modeled by the Swiss-model [20,21]. For each sys-
tem, a grid of force fields (grid) was built, in which further
calculations took place. For leag we chose grid 80 A x 90
A x 126 A with a 0.650 A step, 2h6s 126 A x 126 A x
126 A with a 0.500 A step, 2qzw 126 A x 126 A x 126
A with a2 0.670 A step, 2qzx 81 A x 81 A x 90 A with a
0.670 A step, Als3 100 A x 70 A x 126 A with a 0.650 A
step, PIb1 126 A x 100 A x 100 A with a 0.820 A step, and
Tecl 100 A x 100 A x 126 A with a 0.820 A step. Next,
molecular docking was carried out, in which the structures
of the ligands were accepted to be flexible and the struc-
tures of the receptors were accepted to be rigid, and the cal-
culation was carried out using the Lamarck genetic algo-
rithm [32] with 50 separate runs ending after 25 million en-
ergy evaluations per each calculation. The ligand-receptor
complexes were sorted into groups according to RMSE. For
each ligand-receptor complex, the lowest energy conforma-
tion was considered the most stable.

Biological Assays
Strains and Growth Conditions

The study was carried out on clinical yeast isolates (14
isolates) isolated from the pharyngeal mucosa and obtained
from the collection of the Kazan Institute of Microbiology
and Epidemiology (Kazan, Russia). To obtain a working
suspension, yeasts were grown on Sabouraud agar for 48 h
and washed with a sterile isotonic sodium chloride solution.

Antimycotic Activity

Determination of the minimum inhibitory concentra-
tions (MICs) of compounds in vitro was performed ac-
cording to the CLSI M27-A3 protocol by the microdilu-
tion assay in Roswell Park Memorial Institute (RPMI) 1640
medium with 0.2% glucose without bicarbonate (CC330-
50/12.3.2022, PanEco, Moscow, Russia) [33,34]. A sus-
pension containing 1-5 x 10° yeast cells was prepared in
a sterile isotonic sodium chloride solution by washing the
cells from the agar plates. The tubes were incubated for two
days at 37 °C with visual control of the growth. The mini-
mum inhibitory concentration (MIC) was considered as the
minimum concentration of the compound providing com-
plete suppression of the visible growth of test strains. As
a reference, the conventional antimycotics fluconazole and
terbinafine were used.

Synergy Testing between KS1 and Antifungals

To assess a synergy between KS1 and antifungals
(fluconazole and terbinafine lots 7D013030, SLBR5903V,
Sigma-Aldrich, St. Louis, MO, USA), a checkerboard as-
say was performed using standard procedure [35]. Yeast
was grown in a way similar to MIC testing in 96-well plates
using RPMI 1640 medium with 0.2% glucose without bi-
carbonate (CC330-50/12.3.2022, PanEco, Moscow, Rus-
sia). After a series of two-fold dilutions, the concentrations
of KS1 in wells were 1.5-192 pg/mL. The concentrations
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Table 1. The oligonucleotides used for the qRT-PCR.

Name

Sequence

qGAPDH for 5" GTCTCCTCTGACTTCAACAGCG 3’
qQGAPDH rev 5" ACCACCCTGTTGCTGTAGCCAA 3’
qCDR] for 5" GTACTATCCATCAACCATCAGCACTT 3’
qCDRI rev 5" GCCGTTCTTCCACCTTTTTGTA 3’
qMDRI for 5" TCAGTCCGATGTCAGAAAATGC 3/
qMDRI rev 5" GCAGTGGGAATTTGTAGTATGACAA 3’

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; qRT-
PCR, quantitative PCR with reverse transcriptase.

of fluconazole were 0.375-96 pug/mL; the concentrations
of terbinafine were 0.375-24 pg/mL. The plates were incu-
bated for 48 h at 37 °C under static conditions. Each test was
performed three times and contained the growth control of
bacteria without antifulgals. The fractional inhibitory con-
centration index (FICI) for combinations of KS1 with anti-
fungals was calculated as follows:

MIC [A] in combination
MIC [A]

MIC[B] in combination

FICI =
MIC [B]

M

Interpretation of the FICI values was carried out ac-
cording to [35]: FICI <0.5 indicated as synergy, 0.5 < FICI
< 4 is an additive effect, and FICI >4 indicated antagonism.

Evaluation of Resistance Development in Serial Passage
Experiments

The in vitro resistance development of fungi was stud-
ied in a serial passage protocol as described in [36], with
modifications described by Garipov et al. [34]. Briefly,
yeasts were seeded in RPMI medium with 2-fold serial
dilutions of the test compounds and grown similarly as
in the MIC-determining assay. The cells from the tubes
with the highest concentration of compounds allowing fun-
gal growth were used as inoculum for the next passage.
The procedure was repeated seven times, and MICs were
recorded in each passage. Cells growing at the highest con-
centration of compounds after the 7th passage were har-
vested and subjected to quantitative real-time PCR analysis
of the transcription level of the efflux system genes MDRI1
and CDRI.

RNA Isolation and Real-time One-step qRT-PCR

To determine the transcription level of the efflux sys-
tem genes MDRI and CDRI was evaluated using quan-
titative real-time PCR (Extra Mix for Reverse Transcrip-
tion with SYBR Blue, Cat. RMO03, BioLabMix, Novosi-
birsk, Russia) on a PCR amplifier “BioRad CFX96” (Bio-
Rad, Foster, CA, USA). The oligonucleotides used for the
quantitative PCR with reverse transcriptase (QRT-PCR) are
shown in Table 1 [37-39]. A total RNA was extracted from
C. albicans cells grown on the seventh cycle at the highest
concentration of either fluconazole or KS1 in in vitro resis-
tance development assay. The RT-PCR program included
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Fig. 2. The development of resistance to KS1 and fluconazole in 7 passages in liquid medium. The (A) sensitive (C. albicans 722)

and (B) resistant (C. albicans 4940) isolates were grown for 24 h in Roswell Park Memorial Institute (RPMI) medium in the presence of

different concentrations of compounds. Cells grown at highest concentration of compounds were used as inoculum for the next seeding

cycle. The data are presented as medians from four independent experiments. MIC, minimum inhibitory concentration.

reverse transcription at 45 °C for 30 min, followed by 37
cycles of melting — primer annealing — elongation. Primer
annealing temperatures were calculated using the Tm Cal-
culator service (https://tmcalculator.neb.com). The cycling
thresholds (Ct) of CDRI and MDRI genes were normal-
ized using the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene expression level as a reference; next, the
relative transcription level of the CDRI and MDRI genes
was quantified using the 2~24 method and are shown as
fold increase of the CDR/ and MDRI transcriptions after
exposition to antifungals compared to untreated cells.

Effect of Test Substances on the Formation of Candida
albicans Germ Tubes (Filament Initiation)

The impact of KS1 and conventional antifungals on
the initiation of embryonic tubes formation by C. albi-
cans was investigated by incubating the blastospora of
the sensitive (C. albicans 722) and resistant (C. albicans
4940) isolates in Sabouraud broth supplemented with 10%
hemoglobin powder (lot 3275839, HiMedia Laboratories,
Modautal, Germany) at a temperature of 37 °C during six
hours. A comparative percentage of the inhibition of ger-
minal tube formation was determined by microscopy, fol-
lowed by a semi-automatic count of tubes and spheric cells
by original approach [40,41]. The study was performed
with sublethal quantities of compounds (corresponding to
their respective 0.5 MIC, 0.25 MIC, and 0.125 MIC) [42].

Assessment of Penetration of KS1 into the Microscopic
Fungal Cell and Biofilm

Yeast cells were stained with BODIPY (2 mg/mL) for
20 min. The cell wall of yeasts has been stained with Cal-
cofluor White (CFW), which interacts with chitin and cel-
lulose. The microscopic analysis has been performed on
the Carl Zeiss AxioScope.Al Microscope (Carl Zeiss AG,

Jena, Germany), equipped with an oil immersion objective
with 63 x magnification. BODIPY and CFW were visual-
ized in green (497-524 nm) and blue (358-463 nm) chan-
nels, respectively. Data were analyzed with ZEN 9.0 soft-
ware (Carl Zeiss AG, Jena, Germany). The penetration of
KS1 into the yeast biofilms was assessed with Confocal
laser scanning microscopy. Biofilms were grown for 48
h in RPMI 1640 medium in a 8-wells cell imaging cham-
bered coverslip (lot 211202/6, Ibidi, Gréfelfing, Germany).
Then biofilms were stained with Calcofluor White (25 uM)
and BODIPY 2 (2 mg/mL) or KS1-BODIPY 3 (2 mg/mL)
for 20 min and analyzed by an Olympus IX83 inverted mi-
croscope (Olympus Europa, Hamburg, Germany) supple-
mented with a STEDYCON ultrawide extension platform
(Abberior, Gottingen, SY194701, Germany).

Assessment of Mutagenicity and Cytotoxicity of KS1

The mutagenicity of KS1 was evaluated in the Ames
test on S. typhimurium TA98, TA100, and TA102 strains
as described by McCann and Ames [43], with the spot-test
modification to avoid false-negative results because of the
antibacterial activity of the compounds. The compound was
considered mutagenic if the increased number of revertant
colonies was observed close to the filter paper with the com-
pound.

The cytotoxicity of KS1 was determined by us-
ing the microtetrazolium test (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (lot 010543722,
PanEco, Moscow, Russia) on bovine embryonic lung ep-
ithelial cells (LEK) (from the Russian Collection of Cell
Cultures of Vertebrates (CCCV)) and primary human skin
fibroblasts (HSF) isolated previously [44]. For all cell cul-
tures, the absence of contamination with mycoplasma has
been confirmed by PCR. The cells were cultured in DMEM
— Dulbecco’s Modified Eagle’s Medium (lot C425P74,
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Fig. 3. Relative expression levels of efflux system genes CDRI and MDRI in C. albicans on 7th passage with sub-lethal concentra-
tions of fluconazole (Flc) and KS1. The (A) sensitive (C. albicans 722) and (B) resistant (C. albicans 4940) isolates were subsequently
seeded in RPMI medium in the presence of sub-MIC of compounds, and cells harvested after 7th passage (see Fig. 2) were harvested, and

the expression of MDR1I and CDR1 was assessed by quantitative RT-PCR. Data are presented as averages with SD from four biological

repeats. The data are normalized for the control group (untreated cells). The GAPDH gene was used as a reference. Asterisks denote a

significant difference with untreated cells (Control, C) in a multiple #-test with Holm-Sidak correction (p < 0.05).

PanEco, Moscow, Russia), supplemented with 10% FBS
(lot SOOMY 1000B, Biosera, Kansas, MO, USA), 2 mM L-
glutamine, 100 pg/mL penicillin, and 100 pg/mL strepto-
mycin. Cells were seeded in 96-well plates with a density
of 3000 cells per well and cultured at 37 °C with 5% COx.
After 24 h, compound was added in concentrations ranging
from 1 to 1024 pg/mL, and cultivation was continued for the
next 24 h. The residual metabolic activity was assessed by
the MTT-assay and the concentration of compound leading
to a two-fold reduction of metabolic activity (CCsg value)
was calculated.

Statistical Analysis

All experiments were carried out three independent
replicates or as indicated. The results were analyzed for sta-
tistical significance with either multiple #-test (when com-
paring means) or Kruskal-Wallis test (when comparing me-
dians) with Holm-Sidak correction by GraphPad Prism 6.0
software (GraphPad Software Inc., San Diego, CA, USA).
Differences were considered as significant at p < 0.05. The
CCsq values were calculated by using GraphPad Prism 6.0
software with four-parameters model and agonist concen-
trations in log-scale.

Results
Antifungal Activity and Synergistic Effect with Other
Antifungals

The antimycotic activity was studied on a series
of Candida albicans clinical isolates, fluconazole and
terbinafine served as reference drugs. KS1 exhibited an-

Table 2. Antifungal activity of compounds. MICs, pg/mL.

Strains KS1  Fluconazole  Terbinafine
C. albicans C-2210-19 24 96 6
C. albicans C-6175-19 48 96 6
C. albicans C-6198-19 12 12 3
C. albicans C-6248-19 12 12 3
C. albicans C-6249-19 24 24 6
C. albicans C-6296-19 24 48 12
C. albicans C-6284-19 48 96 6
C. albicans C-6337-19 24 24 12
C. albicans C-6401-19 48 96 12
C. albicans 761 24 12 12
C. albicans 4940 48 96 12
C. albicans 701 48 96 12
C. albicans 762 48 48

C. albicans 722 24 12

MICs, minimum inhibitory concentrations.

tifungal properties, with MIC values being in the range of
12-48 pg/mL (See Table 2). Of note, the activity of KS1
against clinical strains was comparable with fluconazole or
exceeded it 2—4 times. In turn, the MICs of terbinafine were
typically four times lower as compared to KS1.

Since for various terpenes and their derivatives a syn-
ergy with antifungals has been reported previously [18,19],
the ability of KS1 to reduce the MIC of antifungals (flu-
conazole and terbinafine) has been tested on five clinical
isolates of C. albicans. The values of the FICI were de-
termined as described in the materials and methods, and
the median value from several wells was calculated. Ta-
ble 3 shows that KS1 significantly decreases the MIC of
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Table 3. MIC, FIC and FICI values of KS1, Fluconazole and Terbinafine on C. albicans isolates, pg/mL.

-
N
1

o
1

5
1

MIC FIC FICI
Isolates
KS1 Fluc Terb KS1 Flue KS1 Terb FluctKS1 Terb+KS1

C. albicans 761 24 12 12 6 6 6 3 0.75 0.50
C. albicans 4940 48 96 12 12 1.5 12 1.5 0.26 0.375
C. albicans 701 48 96 12 12 2 12 1.5 0.27 0.375
C. albicans 762 48 48 6 12 12 12 1.5 0.50 0.50
C. albicans 722 24 12 6 6 6 6 3 0.75 0.75

FIC, fractional inhibitory concentration; FICI, fractional inhibitory concentration index; Fluc, fluconazole;

Terb, terbinafine.
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Fig. 4. The pseudomycelium formation by C. albicans fluconazole-sensitive (C. albicans 722, A, B, C) and -resistant (C. albicans

4940 D, E, F) isolates in the presence of sub-lethal concentrations of fluconazole (Fluc), terbinafine (Terb) and KS1. The blastospora

of C. albicans isolates were grown in Sabouraud broth supplemented with 10% hemoglobin powder at 37 °C for six hours and analyzed by

microscopy. Data are presented as averages with SD from 10 fields of view. Asterisks (*) denote a significant difference with untreated

cells at respective time point (Control, C) in a multiple z-test with Holm-Sidak correction (p < 0.05 vs Control).

fluconazole against strains with low sensitivity to this an-
tifungal, demonstrating marked synergism with the FICI
of 0.26-0.27. Additionally, marked synergy has been ob-

the yeast cell.

served also for terbinafine, with FICI values of 0.375-0.5.
Interestingly, only an additive effect could be observed for

strains sensitive to antifungals. This fact allows speculation
that KS1 apparently facilitates the penetration of drugs into
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Fig. 5. Penetration of BODIPY 2 and KS1-BODIPY conjugate 3 into C. albicans cells. C. albicans 722 cells were treated for 20 min
with either pure BODIPY 2 or and KS1-BODIPY conjugate 3. Then cells were stained with CalcoFluor white and analyzed by the Carl
Zeiss AxioScope.Al with a magnification of 10 x 40. Scale bar = 8§ pm, 20 pm.

Evaluation of in Vitro Resistance Formation to KS1
and Efflux Genes Activation

Spontaneous resistance development was studied as
described in materials and methods on two isolates, which
were sensitive (C. albicans 722) and resistant (C. albicans
4940) to fluconazole. For the sensitive strain, the MIC of
fluconazole increased significantly (up to 8-fold) on the 3rd
passage day of cultivation (Fig. 2A), while no such effect
has been observed for the resistant strain (Fig. 2B). In turn,
the sensitivity of both C. albicans strains to KS1 did not
change significantly (Fig. 2).

The expression of drug efflux pumps withdrawing var-
ious toxins and drugs from the cell, is one of the mecha-
nisms of elevated tolerance of C. albicans to antifungals
resistance [37]. The CDRI and MDR1 pumps are believed
to be the most frequently observed effluxes responsible for
resistance to azoles and their expression has been reported
to be induced in presence of antifungals [37-39]. To eval-
uate the ability of KS1 to induce the expression of these
efflux pumps thus providing the development of multidrug
resistance phenotype, the expression of efflux system genes
MDRI and CDRI in cells of both isolates was investigated
by qRT-PCR analysis of mRNA after 7th passage. When
growing in presence of fluconazole, the expression level of
both genes increased significantly in both isolates, up to 20-
fold for CDRI in C. albicans 722, which fits with resistance
development (compare Fig. 2A with Fig. 3A, and Fig. 2B
with Fig. 3B). In marked contrast, the presence of KS1 did

not lead to induction of the mentioned genes since the co-
efficients of relative expression of MDRI and CDRI were
less than 2 (Fig. 3).

Repression of the Pseudomycelium Formation

The effect of KS1 and conventional antifungals on
germ-tubes and pseudomycelium formation by C. albicans
was evaluated by calculation of the number of germinating
tubes after 1.5 and 6 h of growth in the presence of KS1 and
conventional antifungals at the concentrations correspond-
ing to their respective 0.5x, 0.25x, and 0.125 x MICs (see
Table 2 for values). Ten fields of view have been analyzed
and averaged. While both antifungals repressed the pseu-
domycellium formation at 0.5 x MIC, up to at least two-fold
increase in the germ tube number of both strains has been
observed at 0.125 x MICs of luconazole as compared to un-
treated cells (Fig. 4). Terbinafine at 0.125x MICs also led
to an increase in germ tube number by factor 1.5-2, sug-
gesting increased invasion ability of yeast in response to
treatment. While in the presence of 0.5x MIC of KS1 a
few germ tubes could be observed after 6 h, the number of
the latter was 2—4 fold less as compared to untreated cells,
suggesting that KS1 represses the ability of C. albicans for
invasion.
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C. albicans 4940

C. albicans 722

BODIPY 2

BODIPY-KS 3

Fig. 6. Penetration of BODIPY 2 and KS1-BODIPY conju-
gate 3 into C. albicans biofilm embedded cells. Microbial 48
h-old biofilms were treated for 20 min with either pure BODIPY
2 or and KS1-BODIPY conjugate 3. Then cells were stained with
CalcoFluor white and analyzed by Olympus IX83 inverted micro-
scope supplemented with a STEDYCON ultrawide extension plat-
form with a magnification of 20 x 100. Scale bar =20 um.

Assessment of KS1 Penetration into the Fungal Cells
and Biofilm

Further, the ability of KS1 to penetrate into the fun-
gal cell has been assessed. For that, KS1 was fused with
BODIPY 2 to obtain the KS1-BODIPY conjugate 3 (see
Fig. 1 for the structures). The C. albicans cells were stained
with either 2 or 3 (in concentrations of 2 pg/mL) and Cal-
cofluor White (CFW) for 20 min and then analyzed with
microscopy (Fig. 5). BODIPY 2 stained the cytoplasmic
cell content without any pronounced edge of cytoplasmic
membranes. Penetration of 3 into C. albicans cells was ob-
served immediately after staining with the pronounced cell
edge fluorescence upon 20 minutes of treatment. Interest-
ingly, the fluorescence intensity was basically observed on
the membrane of organelles, while staining of the cell mem-
brane was not detected. Of note, BODIPY 2 penetrated
poorly the “old” cells of the C. albicans, which have many
bud scars acquired during multiple reproductions (budding)
of fungi, while conjugate 3 was able to penetrate all cells
(Fig. 5).

Then, the penetration of KS1 into biofilms of C. al-
bicans formed by either sensitive (isolate 722) or resistant
(isolate 4940) to fluconazole has been evaluated with confo-
cal laser scanning microscopy. The 48-h old biofilms were
stained similarly to planktonic cells as described above and
analyzed with CLSM (Fig. 6). As can be seen from the
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figure (Fig. 6), pure BODIPY 2 dissociates poorly into the
biofilm matrix of both isolates. By contrast, KS1-BODIPY
conjugate 3 quickly penetrates into cells of sensitive strain
and more slowly into cells of resistant strain.

Cytotoxicity and Mutagenicity

The cytotoxicity of KS1 was evaluated by using
bovine embryonic lung epithelial cells (LEK) and primary
human skin fibroblasts (HSF). The CC5( of KS1 was found
tobe 175 £ 1 pg/mL for LEK and 101 + 4 pg/mL for HSF
(Fig. 7), thus being suitable for the topical application. To
evaluate the genotoxicity of KS1, the Ames test was carried
out using S. typhimurium TA98, TA100, and TA102 strains
in a spot-test. In all strains studied, no increase in the num-
ber of revertants was detected close to the disk, suggesting
no mutagenic potential of KS1.

Molecular Docking

The data above demonstrated that KS1 represses the
pseudomycelium formation by C. albicans, suggesting that
the proteins responsible for invasion and important reg-
ulators of the C. albicans virulence factors, including
Saps, agglutinin-like sequence-3 (Als3), phospholipase bl
(Plbl), and transcription activator (Tecl), which regulate
certain stages of the infectious process [45—47] and pre-
viously identified as putative targets for terpenes [20,21],
could be potential targets for KS1. We carried out molec-
ular docking for KS1 with these proteins, to determine the
binding sites and evaluate the protein-ligand interaction en-
ergy. Fluconazole and terbinafine were used as reference
ligands.

Analysis of the free binding energies (A Gyng) of KS1
and reference drugs with Saps, Als3, PIbl, and Tecl con-
firmed their high affinity for these protein targets (Fig. 8).
The affinity of compounds to active sites of virulence-
associated proteins increases in the sequences Sapl — Sap2
—Sap5 —Plbl — Sap3 — Als-3 — Tec1 for KS1, Sapl —Plb1 —
Sap5 — Tecl — Sap2 — Als3 — Sap3 for fluconazole, and Tec
1 —Als3 —PIbl —Sap5 —Sap1 — Sap3 — Sap2 for terbinafine.
Although the differences in free energies are small, it can be
noted that KS1 has the highest affinity to Tecl, Als-3 and
Sap3. Fluconazole and terbinafine have higher affinity for
Sap3, Sap2, Als3 and Sap2, Sap3, Sapl, respectively.

Next, we consider in more detail the binding sites
structure in the most stable ligand-protein supramolecular
complexes. The amino acid composition of the binding
sites is shown in Fig. 9, Supplementary Fig. 1. In the
Tec1-KS1 complex, the ligand is localized in the protein
pocket near the L1 loop, which is formed by the amino acid
residues ILE198, PRO199, ASN204, LYS205, ILE206,
LYS207, CYS213, GLY214, ARG215, and LEU218. In
the Als3—KS1 complex, the thiotherpenoid is localized in
the pocket of the N-terminal domain of Als3 [48]. The
amino acid composition of this pocket is characterized by
LYS59, PHE60, THR62, SER63, GLN64, THR65, PHES1,
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Fig. 7. Cytotoxicity of KS1 against eukaryotic cells. The bovine embryonic lung epithelial cells (LEK) and primary human skin
fibroblasts (HSF) cells were cultured in DMEM in presence of KS1 for 24 h and the residual metabolic activity was assessed by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-assay (A) and a two-fold reduction of metabolic activity (CCso

value) value was calculated (B).
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Fig. 8. The donut plots of binding free energy (kJ/mol) of compounds to target proteins. KS1 (green), fluconazole (blue), and

terbinafine (orange). Saps, secreted aspartic proteases; Tecl, transcription activator; Als3, agglutinin-like sequence-3; Plb1, phospholi-

pase bl.

GLNS82, ALAS83, GLUSS, PHE87, PRO174, and SER175.
In Sap3, KS1 is located in the pocket near the C-ent
loops. The amino acid composition of binding sites in-
cludes VAL203, ALA204, ALA237, PHE238, ASN239,
ASP255, ASN257, LEU258, SER259, GLY260, SER261,
VAL262, and ALA276. The main contribution to the for-
mation of stable supramolecular complexes of KS1 with
Tecl, Als3, and Sap3 is made by van der Waals interactions
and H-bonding of the reactive groups of amino acid residues
of the target proteins with KS1 (Fig. 9).

Fluconazole is localized on the target protein site be-
tween [-sheets (s14 and s21) when interacting with Sap2
(Supplementary Fig. 1). The amino acid composition
of the binding site is characterized by SER180, GLY 181,
SER182, LEU183, ILE184, ASN269, ALA270, LYS271,
ILE272, LEU327, ALA328, GLN329. Stabilization of flu-
conazole at the protein site occurs due to a large number
of intermolecular interactions of the ligand reactive groups
(triazole and aromatic fragments, hydroxyl group) with the
reactive groups of amino acid residues (SER182, LEU183,
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Fig. 9. Results of molecular docking for Tecl — KS1, Als3 — KS1, and Sap3 — KS1. In the figure from left to right.

ILE184, ALA270, LYS271, SER273). Terbinafine local-
izes to a binding site located in the ‘flap’ region (a 3 hair-
pin loop) of Sap2 (Supplementary Fig. 1). In Sap3, flu-
conazole is localized in the pocket near the C-ent loops
(Supplementary Fig. 1). The amino acid composition
of binding sites includes VAL203, ALA204, ALA237,
PHE238, ASN239, ASP255, LEU258, SER259, GLY260,
SER261, VAL262, ALA276. Terbinafine binds to Sap3 ina
similar way to Sap2 (Supplementary Fig. 1). In the Als3—
terbinafine complex, the ligand is localized in the pocket of
the N-terminal domain of Als3 [48]. The amino acid com-
position of the pocket is characterized by TYR21, ASN22,
TYR23, THR28, SER159, ASN160, VAL161, LEU167,
THR168, ASP169, SER170, TRP224, ASN225, TYR226,
TRP295, ARG299.

Thus, the results of molecular docking suggest that
KS1 has the highest affinity for the transcription activator
(Tecl) compared to all considered target proteins respon-
sible for the regulation of the C. albicans virulence factor.
This may indicate a probable inhibition of Tec1 functions by
KS1. Along with this, it should be noted that fluconazole
and terbinafine show the highest affinity for Saps, which
may indicate a different mechanism of anti-candida activ-
ity compared to KS1.

ADMET and Drug-Likeness Properties

The electronic Supplementary file (see kKADMET»)
provides reports on ADMET and drug-likeness properties
for KS1, fluconazole, and terbinafine. To evaluate the
properties of these compounds for medicinal chemistry, we
have chosen four drug similarity rules: Lipinski’s rule-
of-five [49], Pfizer [50], GSK [51], and Golden Triangle
[52] rules. The analysis of the data obtained shows that
fluconazole complies with all of the listed drug similarity
rules. Terbinafine does not comply with the Pfizer Rule
(LogP >3; TPSA <75) and GSK Rule (MW <400; LogP
<4). According to the Pfizer Rule, compounds with a high
LogP (>3) and low TPSA (Topological Polar Surface Area)
(<75) are likely to be toxic. KS1 is not subject to the Pfizer
rule, and the LogP and TPSA values are 3.269 and 20.23,
respectively.

Based on the value of the descriptor LogS (Log of the
aqueous solubility, the range of optimal values is 0 > LogS
> —4), all the studied compounds, except for terbinafine,
can be classified as highly soluble in water [53]. The value
of the VD descriptor (Volume Distribution, Optimal: 0.04—
20 L/kg) indicates that KS1 should have a good ability to
penetrate the cell membrane.
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Fig. 10. Bioavailability radar depiction of compounds. KS1 (A), fluconazole (B), and terbinafine (C) (MW, molecular weight; nRig,

number of rigid bonds; fChar, formal charge; nHet, number of heteroatoms; MaxRing, number of atoms in the biggest ring; nRing,

number of rings; nRot, number of rotatable bonds; TPSA, topological polar surface area; nHD, number of hydrogen bond donors; nHA,

number of hydrogen bond acceptors; LogP, log of the octanol/water partition coefficient; LogD, log of the octanol/water (at physiological

pH 7.4) partition coefficient; LogS, log of the aqueous solubility).

When discussing the metabolism of the compounds
under consideration, attention should be paid to their ac-
tivity towards an important metabolic enzyme, cytochrome
P450, namely, its main isoforms: CYP1A2, CYP2CI19,
CYP2C9, CYP2D6, and CYP3A4 [54]. It was found
that fluconazole looks like an inhibitor of the human cy-
tochrome P450 system, especially the isoenzymes CYP1A2
and CYP2C19 (to a lesser extent CYP3A4 and CYP2C9).
In turn, terbinafine is able to inhibit isoenzymes CYP2C19,
CYP2D6 (to alesser extent CYP1A2, CYP3A4). Thus, the-
oretically, fluconazole and terbinafine are able to reduce
the metabolism of the cell. Compared to fluconazole and
terbinafine, KS1 has no ability to inhibit these enzymes,
which indicates the safety of their pharmacokinetics. An
evaluation of the total clearance showed that all the stud-
ied compounds have average values of the body cleansing
coefficient (5-15 mL/min per kg). The toxicity evaluation
(AMES Toxicity) of the studied compounds showed that,
compared to terbinafine, KS1 carcinogenicity is uncharac-
teristic. In addition, all of the considered compounds are
not hERG inhibitors.

Fig. 10 presents the bioavailability of drug-likeness
properties for KS1 and reference compounds. The blue
line characterizing the properties of a compound must lie
between the lower limit and the upper limit in order to clas-
sify it as drug-like. It can be seen from the bioavailability
radar that all compounds under consideration are in the op-
timal range of drug-likeness properties, with the exception
of terbinafine, which has a deviation in LogP, LogS, and
LogD.

Thus, the analysis of ADMET and drug-likeness prop-
erties for KS1 showed that it belongs to drug-like com-
pounds. And, unlike reference compounds, they do not in-
hibit isoforms of cytochrome P450 and do not show muta-
genicity and carcinogenicity.

Discussion

To date, the wide spread of multidrug-resistant oppor-
tunistic yeast C. albicans occurs all over the world, and
the efficiency of candidiasis treatment decreases [ 1—4], thus
challenging the development of either new antifungals or
increasing the efficiency of existing ones. Among various
options, the use of natural and synthetic terpenes as antifun-
gals or enhancers of conventional drugs has been offered in
many works [14-21].

In this study, we demonstrated the potential of the
synthetic isobornane sulfide named KS1 as an antifungal
agent and enhancer of conventional antifungals. While
solely KS1 exhibits moderate antifungal activity as com-
pared to fluconazole and terbinafine, it represses the germ
tubes formation up to 2-fold compared to untreated cells,
while sub-inhibitory concentrations of both reference an-
timycotics induce the morphological transition of C. albi-
cans cells to pseudomycelium form, one of the virulence
factors of these yeast [1,22]. This fact characterizes KS1
as a promising tool for decreasing the invasion of yeasts,
consequently facilitating the natural elimination of infec-
tious agents from the host organism without the develop-
ment of resistance [10]. Importantly, KS1 leads neither to
resistance formation nor an increase in the expression of
the CDRI and MDRI efflux genes, making the compound
save from resistance development and its spread. A similar
in vitro repression of C. albicans adhesion properties and
morphological transition were reported for another terpene,
Limonene, via apparent repression of Plbl and Tecl pro-
teins [21]. The molecular docking of KS1 with a number of
proteins responsible for invasion demonstrated high affin-
ity to secreted aspartic proteases Sap3 and Sap$5, as well
as with PIbl and Tecl. These data fit with earlier reported
data for limonene and allow assuming apparently similar-
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ity in the mechanisms of action of various terpenes. Fur-
thermore, Borelli ef al. [46] have demonstrated that Sapl1-
3 and Sap5 share a highly conserved secondary structure
and thus represent an universal target in Candida isolates.
However, the structure of Sap5 differs from Sap1-3 in terms
of its overall electrostatic charge as well as the structural
conformation of the active site. In our opinion, these dif-
ferences between Saps should be considered when devel-
oping drugs with selectivity for inhibiting a specific pro-
tein target. Furthermore, since C. albicans produces many
virulence factors including four hypha-associated proteins
(HWPI, ECE1, HYR1 and ALS3), lipases, phospholipases
and adhesins [22], the KS1 treatment theoretically can lead
to pleotropic effect via either direct interaction with proteins
or repression of genes expression. Thus, a detailed eval-
uation of how compound represses the growth and pseu-
domycelium formation by the yeast is required.

Importantly, KS1 exhibited a synergistic effect with
both fluconazole and terbinafine on resistant clinical iso-
lates, reducing the MIC of antifungals 10-50 times. Inter-
estingly, a clear synergy was observed on resistant strains,
while the MIC on sensitive strains was reduced only 2—4-
fold. The mechanism of how terpenes increase the effi-
ciency of antimicrobials remains discussible, despite var-
ious works demonstrating this effect [16—19,55,56]. Since
terpenes have membranotropic properties, it has been pro-
posed that these compounds, alone or fused with other
pharmacophores, could damage the membrane of the cell
[19,57,58]. Therefore, the conjugate of KS1 with BODIPY
was used to evaluate the penetration of the compound into
the cell as well as into the biofilm-embedded cells. Both
pure BODIPY 2 and conjugate 3 were able to get inside the
cells and stain the nucleus, thus limiting the clear decision
about the ability of KS1 to penetrate the cell. Neverthe-
less, BODIPY 2 penetrated poorly into the “old” cells of
the C. albicans, while conjugate 3 was able to penetrate all
cells. This fact suggests that KS1 penetrates through the
cell membrane and thus apparently facilitating the penetra-
tion of the fluconazole and terbinafine via changes of the
membrane properties. This could also explain the marked
increase the susceptibility of resistant strains, which appar-
ently have low permeability of the membrane for drugs.
Finally, while the MDR1 and CDRI were reported to be
induced in response to oxidative stress [37,59], it could
be speculated that KS1 rather changes the permeability of
membranes of cell and organelles than leads to their dra-
matic damage. By contrast, the CLSM-analysis revealed
lower speed on KS1-BODIPY 3 penetration in the biofilm
of a fluconazole-resistant strain since the intensity of flu-
orescence was considerably lower. This could be because
of different structure of either the cell wall of sensitive and
resistant cells or the biofilm matrix structure. Nevertheless,
the mechanisms by which KS1 affects the yeast remain and
require further investigation.
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Conclusions

Taken together, our data allow for the suggestion of
KS1 as a tool to increase the susceptibility of tolerant C.
albicans isolates to antifungals and block the virulence of
the yeasts. Our data clearly show that KS1 can penetrate
both planktonic and biofilm-embedded cells, and in combi-
nation with conventional antifungals, it represents an anti-
fungal treatment approach. With no mutagenicity and low
toxicity, it appears as a promising therapeutic agent to in-
crease the efficiency of the treatment of candidiasis medi-
ated by resistant strains. Nevertheless, the mechanisms of
how KS1 and other terpenes affect the yeast remain still un-
clear and thus limit their application yet. The unraveling of
molecular targets for terpenes would open the door to the
construction of bi-pharmacophore drugs with high perme-
ability into fungal cells, thus reducing side effects for the
host and decreasing the risk of resistance development.
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