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Abstract

Objective

To identify a novel class of inhibitors of fungal transporters involved in drug resistance.

Methods

A series of structurally-related low molecular mass compounds was synthesized using com-
binatorial chemistry of a cyclobutene-dione (squarile) core. These compounds were
screened for their inhibition of plasma membrane Major Facilitator Superfamily (MFS) and
ATP-binding cassette (ABC) transporters responsible for efflux pump-mediated drug resis-
tance in the fungal pathogen Candida albicans. Strains of Saccharomyces cerevisiae that
specifically overexpress the MFS pump CaMdrip or the ABC transporter CaCdr1p were
used in primary screens and counterscreens, respectively, and to detect inhibition of glu-
cose-dependent Nile Red efflux. Efflux pump inhibition, activity as pump substrates and an-
tifungal activity against yeast and clinical isolates expressing efflux pumps were determined
using agarose diffusion susceptibility assays and checkerboard liquid chemosensitization
assays with fluconazole.

Results

The screen identified five structurally-related compounds which inhibited CaMdr1p. Two
compounds, A and B, specifically chemosensitized AD/CaMDR1 to FLC in a pH-dependent
fashion and acted synergistically with FLC in checkerboard liquid MIC assays but com-
pound B had limited solubility. Compound A chemosensitized to FLC the azole-resistant C.
albicans strain FR2, which over-expresses CaMdr1p, inhibited Nile Red efflux mediated by
CaMdr1p but not CaCdr1p and was not toxic to cultured human cells. A minor growth-inhibi-
tory effect of B on AD/CaMDR1, but not on AD/CaCDR1 and AD/CaCDR2, indicated that
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compound B may be a substrate of these transporters. The related compound F was found
to have antifungal activity against the three pump over-expressing strains used in the study.

Conclusions

Compound A is a first in class’ small molecule inhibitor of MFS efflux pump CaMdr1p.

Introduction

The azole resistance of Candida albicans clinical isolates can be caused by several mechanisms.
These include over-expression of, or mutations in, the drug target lanosterol 14c-demethylase,
other changes in sterol metabolism and energy-dependent drug efflux [1,2]. There are two clas-
ses of efflux pump involved in C. albicans azole resistance: ATP-binding cassette (ABC) trans-
porters, such as CaCdrlp, powered by ATP hydrolysis; and major facilitator superfamily
(MFS) transporters, for example CaMdr1p, that utilise the plasma membrane electrochemical
gradient to translocate substrates [2]. The C. albicans MFS transporter gene MDRI (also
named BEN") was identified by its ability to confer benomyl and methotrexate resistance on
Saccharomyces cerevisiae. Although azole-susceptible C. albicans clinical isolates usually show
low-level constitutive expression of CaCdrlp [3], azole-resistant clinical isolates often overex-
press one or more efflux pumps including CaCdrlp, CaCdr2p and CaMdrlp [4-9]. Inactiva-
tion of CaMDR1 was reported to markedly reduce virulence of C. albicans in an animal model
[10] but subsequently MRRI-dependent activation of CaMDRI1 expression was found not to
increase pathogenicity [11]. High-level azole resistance most often correlates with overexpres-
sion of CaCdrlp, and to a lesser extent CaCdr2p, but in some isolates CaMdr1p is the only
pump overexpressed [3,4,7]. This overexpression of CaMdr1p is usually due to mutations in
the transcriptional regulator Mrrlp [12,13]. Overexpression of CaMdrlp confers intermediate-
level resistance to the triazole drug fluconazole (FLC) [14,15] while overexpression of CaCdrlp
is associated with efflux of a wider range of substrates. This difference in substrate specificity is
not surprising considering the structural and mechanistic differences between ABC and

MES pumps.

It has been proposed that pump inhibitors could be used to chemosensitize resistant C. albi-
cans strains to azoles, thus lowering the dose of antifungal required for therapy, potentially
minimizing side-effects and making the selection of drug resistant strains less likely [2,16-18].
Several studies have investigated inhibitors of ABC efflux pump CaCdrlp [18-22]. There are
very few reports, however, of inhibitors of CaMdrlp [23,24]. We previously used CaMdrl1p as
a counterscreen to identify RC21v3, a chemosensitizer specific for CaCdrlp [18]. In the present
study we were interested in identifying inhibitors of CaMdrlp and we used a S. cerevisiae strain
expressing CaCdrlp as a counterscreen to test the specificity of the CaMdrl1p hits. These hits
were also tested for their ability to inhibit CaCMdr1p-mediated Nile Red efflux [25] specifically
and chemosensitize to FLC C. albicans clinical isolates that express single or multiple classes of
efflux pump. Inhibitors of Mdr1p will be of value in studying pump function and may have
therapeutic potential for infections caused by C. albicans strains expressing this transporter.
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Table 1. Yeast strains used in this study.

Yeast Strain

S. cerevisiae AD/pABC3
AD/CaMDR1A
AD/CaCDR1B
AD/CaCDR2A

C. albicans FHB1 (TL1)
FHB3 (TL3)
SGY-243
FR2

doi:10.1371/journal.pone.0126350.t001

Description Reference
URAS3-containing cassette control [26]

strain overexpressing CaMdr1p [26]

strain overexpressing CaCdrip [26]

strain overexpressing CaCdr2p [26]
FLC-susceptible clinical isolate [27]
FLC-resistant derivative of FHB1 overexpressing CaCdr1p and CaCdr2p [27]
FLC-susceptible clinical isolate derivative (low constitutive CaCdr1p expression) [28,29]
FLC-resistant derivative of SGY-243 overexpressing CaMdrip [29]

Materials and Methods
Strains and media

The S. cerevisiae host strain AD 1-8u” (AD) used for pump overexpression (Table 1) is hyper-
susceptible to xenobiotics because 6 major plasma membrane transporters and one major vac-
uolar ABC transporter are deleted [26]. In addition, this host strain is deleted of the gene
encoding the transcriptional regulator Pdr3p while the pdr1-3 gain-of-function mutation re-
sults in constitutive high-level transcription from the PDR5 promoter. Although the endoge-
nous MEFS transporter ScFlr1p (orthologue of CaMdrlp) is not deleted in AD, the 250-fold
greater susceptibility of AD to FLC than the strain overexpressing CaMdrlp means that the en-
dogenous ScFlrlp activity can be ignored for most purposes. Transformation cassettes contain-
ing the CaCDR1, CaCDR2 and CaMDRI genes and the empty cassette with URA3 marker
(from pABC3) were used to transform S. cerevisiae AD by integration at the PDR5 locus [26].
Synthetic defined medium (SD) which contained 0.74 g/L Complete Supplement Mixture
(CSM; Formedia, Hunstanton, UK), 6.7 g/L Yeast Nitrogen Base without amino-acids (BD,
Sparks, MD, USA) and 20 g/L dextrose, was prepared without pH adjustment (initial pH ~
6.0). ‘SD pH 6.8’ medium was SD medium containing 10 mM MES and 20 mM HEPES buff-
ered to pH 6.8 with Tris. The SD media were used for strain maintenance and growth
susceptibility assays.

The C. albicans strains used in this study are listed in Table 1. FHBI1 (TL1) and FHB3
(TL3) (kindly provided by Prof. T.C.White) are isogenic clinical isolates from the same patient
[27]. FHB3 daughter strain showed a CaCdrlp - CaCdr2p dependent azole drug resistance
(MICpy ¢ = 64pg mL " measured in accordance with CLSI) versus azole sensitive parent FHBI
(MICgrc =0.5ug mL™") [3]. FR2 was prepared from its isogenic clinical isolate derivative SGY-
243 [28] (ade2/ade2 Aura3::ADE2/Aura3::ADE2, (MICg; c = 0.5ug mL™") after culturing in me-
dium containing FLC [29]. The resistance of FR2 to FLC (MICgc = 32pug mL!) has been
shown to be primarily CaMdrlp-dependent [29]. FHB1 and FHB3 were cultured in SD media
while SGY-243 and FR2 were grown in SD medium supplemented with uridine (80 mg/L).

Compound preparation

A combinatorial library of compounds was prepared by MicroCombiChem e.K. (Wiesbaden,
Germany) using click chemistry methods. All compounds were purified by high performance
liquid chromatography to at least 95% purity and validated by mass spectrometry (HPLC-MS).
Samples of 3-5 mg were dissolved in DMSO to 10 mM and stored at -20°C in aliquots until
use. Samples were thawed at room temperature, and briefly heated to 40°C, if required, for
compound dissolution.
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Disk diffusion assays

Yeast strains were grown to late-logarithmic phase in SD or SD pH 6.8 medium. A portion of
the cell culture (0.4 mL) was mixed rapidly with 20 mL SD containing 0.6% agarose at 49°C
and then poured on 20 mL of the same medium already solidified in a rectangular Petri dish
(80 mm x 120 mm). The ODggonm of the yeast cells in the overlay was 0.08 (equivalent to ~8 x
10* CFU/mL, ~870 CFU/cm?). For chemosensitization assays, FLC (Claris Lifesciences, Ahme-
dabad, India) was added to the medium at 1/8 MIC for S. cerevisiae strains or 1/4 MIC for C.
albicans strains. Sterile 6 mm BBL paper disks (Becton, Dickinson and Company Sparks, MD,
USA) preloaded with 5 pl of test compound were placed onto the solidified top agarose. A con-
trol agarose plate without FLC was used to detect antifungal activity of the compounds. Plates
were incubated at 30°C for 48-72 h and photographed using a digital camera. The D-octapep-
tide derivative RC21v3 (2 nmol/disk) was used as a positive control for chemosensitization of
cells expressing CaCdr1p [18]. The D-decapeptide inhibitor of the plasma membrane H-
ATPase BM2 (3 nmol/disk) provided a positive control for fungicidal activity [17]. The effect
of compound A on membrane potential was tested by loading 200nmol of hygromycin B
(Sigma, St Louis, MO, USA) on a paper disk in the centre of a seeded agarose plate. Disks con-
taining compound A were positioned 15mm from the centre.

Checkerboard liquid susceptibility assay

A late-logarithmic phase culture of the yeast strain overexpressing CaMdr1p was diluted in SD
media pH 6.8 to ODggonm = 0.02 (~3.3 x 10° CFU/mL), distributed in a 96-well microtitre plate
containing FLC (0-490 uM) and test compound (0-80 uM or to solubility limit). The plates
were incubated with shaking at 30°C. Optical density readings at 600 nm were obtained after
48 h. To determine whether the drug combination had a fungistatic or fungicidal effect, sam-
ples (5 pL) taken from the wells with no visible growth were applied to SD agar plates either
neat or after 40-fold dilution. The compound was considered to be fungicidal when less than
1% of the input cells gave CFUs.

The synergism of selected compounds with FLC was measured quantitatively using FIC
(fractional inhibitory concentration) values. The FIC for FLC (FICg) was calculated using the
formula FICg = MICg,c/MICg where MICg,¢ is the minimum growth inhibitory concentration
(MIC) of FLC in the presence of the compound C and MICg. is the MIC for FLC alone [30].
FICc (MIC(/p/MICc), where MIC¢,r was the MIC of compound C in the presence of FLC, was
also estimated. FIC values given as <x indicate that the MIC was not detected at the highest
concentration of compound tested. The FIC index (FICI) was defined as FICg + FICc. In accor-
dance with published guidelines [31], an FICI of < 0.5 was considered to indicate synergism.
The FICI was given as a less than a maximum value (<x) for hits where MIC was not detected
due to compound insolubility.

Nile Red pumping assay

The efflux activity of S. cerevisiae cells overexpressing CaMdr1p or CaCdrlp was evaluated
using a previously reported Nile Red pumping assay [25]. Each strain was grown in SD pH 6.8
to ODggonm ~2-3. The cells were washed with sterile PBS, resuspended in PBS at ODgggnm ~2
and starved overnight on ice. The starved cells were washed, resuspended at ODgpgy = 1 in

5 mM 2-Deoxy-D-Glucose (DOG, Sigma, USA) buffered with HEPES-NaOH pH 7.0 and incu-
bated at 30°C for 30 min with gentle agitation. The cells were loaded with Nile Red (Sigma,
USA) by incubating them with the dye (7.5 uM) at 30°C for 30 min. The cells were washed
twice with cold HEPES-NaOH pH 7.0, resuspended at ODggg,m = 10 and kept on ice for up to
2 h. Pumping assays were carried out in triplicate in 96-well microtitre plates. Samples of
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compound A (100 uL) were serially diluted to give final concentrations in the assay from 0.3 to
10 pM. Cell suspensions (50 uL) were added to each well and the plate positioned in a Synergy
2 plate reader (BioTeK, Winooski, VT, USA) to pre-warm at 26°C for 3 min. Pumping was ini-
tiated by adding 50 uL of 80 mM glucose, or 50 puL of 80 mM DOG as a control. Fluorescence
measurements (filter set Ex 485/20, Em 528/29) commenced about 15 sec after glucose addi-
tion (Tp) and then at 30 sec intervals for 11 minutes, with 5 sec of shaking between each mea-
surement. As aqueous phase Nile Red is less fluorescent than the cell-bound dye, its efflux was
detected as a decrease in fluorescence. Compound A has significant fluorescence at the wave-
length used to measure Nile Red. The Nile Red fluorescence was therefore expressed as % of
the fluorescence at T,

Toxicity towards human cells

Toxicity towards cultured human epithelial cells (HEp2, NCTC, Porton Down, UK) was mea-
sured as described previously [32]. In brief, cultured HEp2 cells were incubated for 4 or 24 h in
the presence of drug, washed and stained using the LIVE/DEAD Viability/Cytotoxicity Assay
Kit (Invitrogen, Life Technologies, Auckland, NZ). The images were captured using a Zeiss 510
LSM Axiovert 200M inverted confocal laser scanning microscope. Eight areas of 0.04 mm?
were analysed for live, metabolically active cells (visible with green fluorescein optical filter
only); dead, permeable cells (visible with red rhodamine optical filter only) and; damaged cells
(visible in both channels).

Results
Screening for inhibitors of CaMdr1p

Thirty-eight structurally-related compounds containing a cyclobutene-dione (squarile) group
with substituents at positions 3 and 4 were initially screened for their ability to chemosensitize
S. cerevisiae AD/CaMDRIA to FLC. The structures of the eight compounds with most rele-
vance to the present study, with their MCC library identity (used in this paper) and IUPAC
names are shown in Fig 1 (Fig 1). Their key chemical and biological properties are summarized
in Table 2. Chemosensitization of yeast strains to FLC (pump inhibition) was detected by the
inclusion of a suitable sub-MIC concentration of FLC in the agar used in agarose diffusion sus-
ceptibility assays. A primary screen was used to identify compounds (50 nmol applied per
disk) that chemosensitized S. cerevisiae strain AD/CaMDRI to FLC, with AD/pABC3 acting as
a negative control (no heterologous pump expressed). Strain AD/CaCDR1 or AD/CaCDR2
were used in counterscreens to identify those CaMdr1p-inhibiting compounds that also affect-
ed CaCdrlp or CaCdr2p, respectively. Assays were carried out using both SD and SD pH 6.8
media. Although host environments are likely to be buffered near neutrality, unbuffered medi-
um was also used as high microorganism concentrations because entrapment in biofilms may
significantly lower the environmental pH and hence modify the plasma membrane electro-
chemical gradient important for Mdr1p function. The compounds which increased the sensi-
tivity of the strain overexpressing CaMdr1p to FLC (the zones of inhibition were larger with
FLC in the media) were considered as a putative inhibitors of that pump. Compounds which
caused growth inhibition in the host strain (in the absence of FLC) were considered to be fungi-
static or possibly fungicidal for yeast. Those growth inhibitory compounds that were rendered
less effective against S. cerevisiae by the expression of an efflux pump were considered to be po-
tential pump substrates. Only three compounds either strongly chemosensitized AD/CaMDR1
to FLC (A and B), or had antifungal activity (F) in disk diffusion assays (Fig 2) and these com-
pounds were selected for detailed study.
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3-(phenylamino)-4-{[1,3,3-
trimethyl-2,3-dihydro-1H-
indol-2-
ylidene]methyl}cyclobut-3-
ene-1,2-dione

3-(benzylamino)-4-{[1,3,3-
trimethyl-2,3-dihydro-1H-
indol-2-
ylidene]methyl}cyclobut-3-
ene-1,2-dione

3-(3,5-dimethyl-1H-pyrazol-
1-yl)-4-
(phenylamino)cyclobut-3-
ene-1,2-dione

H,C \\

CH,

3-(benzylamino)-4-(3,5-
dimethyl-1H-pyrazol-1-
yl)cyclobut-3-ene-1,2-dione

3-(phenylsulfanyl)-4-{[1,3,3-
trimethyl-2,3-dihydro-1H-
indol-2-
ylidene]methyl}cyclobut-3-
ene-1,2-dione

3-chloro-4-{[1,3,3-trimethyl-
2,3-dihydro-1H-indol-2-
ylidene]methyl}cyclobut-3-
ene-1,2-dione

3-[(4-chlorophenyl)amino]-4-
{[1,3,3-trimethyl-2,3-dihydro-
1H-indol-2-
ylidene]methyl}cyclobut-3-
ene-1,2-dione

[(4-methylphenyl)amino]-4-
{[1,3,3-trimethyl-2,3-dihydro-
1H-indol-2-
ylidene]methyl}cyclobut-3-

ene-1,2-dione

Fig 1. Compound structures. The compound name (A-H, see Table 2) is shown above each structure and its full IUPAC name in the box underneath.

doi:10.1371/journal.pone.0126350.g001
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Table 2. Summary of compound structures and properties.

MCC Compound
number

MCC1189

MCC1375

MCC1484

MCC1483
MCC1194
MCC2451

MCC1190

MCC1376

Compound
name

A

B

@ Squarile: cyclobutene-dione
® Heterocycle 2: trimethyl-ylidene-dihydroindole-
° Heterocycle 1: 2-4-dimethylpyrazol-yl-

doi:10.1371/journal.pone.0126350.t002

Squarile® ligand
1

Squarile®
ligand 2

Key biological properties

phenylamino- Heterocycle 2°  Strong CaMdr1p chemosensitization activity in SD pH 6.8 (less
chemosensitization in SD). Good solubility, no antifungal activity.

benzylamino- Heterocycle 2°  Strong CaMdr1p chemosensitization activity in SD pH 6.8 (less
chemosensitization in SD). Low solubility, weak antifungal activity. Possible
substrate of CaCdrip and CaCdr2p at pH 6.8.

phenylamino- Heterocycle 1° Moderate CaMdr1p chemosensitization activity in SD pH 6.8 (same
chemosensitization in SD).

benzylamino- Heterocycle 1° Moderate CaMdr1p chemosensitization activity in SD pH 6.8 only.

phenyl-thio- Heterocycle 2°  Low chemosensitization activity, no antifungal activity, unstable.

chlorine Heterocycle 2°  Antifungal activity in SD. Less antifungal activity in SD pH 6.8. Substrate of
CaCdrip.

p-Cl- Heterocycle 2°  Inactive

phenylamino-

p-methyl- Heterocycle 2°  Inactive

phenylamino-

Chemosensitization by A and B

The host strain AD/pABC3 showed background chemosensitization to FLC in the presence of
compounds A and B due to the low level expression of endogenous efflux pumps, including the
CaMdrl1p orthologue ScFIrl1p. Compounds A and B showed enhanced chemosensitization ac-
tivity with strain AD/CaMDRI1 (Fig 2). These chemosensitization activities were pH-dependent
with greater effect at pH 6.8. Compound A gave larger inhibition zones than compound B in
both unbuffered medium and at pH 6.8. Compound A at 50 nmol/disk showed no detectable
antifungal activity against AD/pABC3 and, in the absence of FLC, compound B slightly inhib-
ited growth but only in SD pH 6.8 (Fig 2 and Table 3). This growth inhibitory activity was not
seen with strains overexpressing CaCdrlp or CaCdr2p, indicating that B may be a substrate of
these ABC transporters. As compound A was not toxic under the conditions tested, it was not
possible to evaluate whether it was a transport substrate. Serial dilution experiments in SD
showed that compounds A and B were still active when as little 0.8-1.6 nmol was applied per
disk. Compound B produced significantly smaller growth inhibition zones than compound A,
especially above 12.5 nmol/disk, probably because B has a lower solubility in water than A.

Antifungal activity of F

Compound F showed antifungal activity against all strains in the absence of FLC (Fig 2). The
antifungal activity was greater in SD medium than in SD pH 6.8. The growth inhibitory zones
obtained with AD/pABC3, AD/CaCDRI and AD/CaCDR2 were unaffected by the addition of
FLC. Possible chemosensitization was indicated by the slight increase in the size, or altered na-
ture, of the zone of growth inhibition of AD/CaMDRI1 caused by F when medium contained
FLC (Fig 2). There was less growth inhibition of AD/CaCDRI1 and AD/CaCDR2 by F, com-
pared to inhibition of AD/pABC3 when the medium was adjusted to pH 6.8. This suggests that
F had antifungal activity and was not transported effectively by CaMdr1p. It was not trans-
ported by CaCdr2p in SD, but was a weak substrate of CaCdr1p and possibly CaCdr2p at pH
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Fig 2. Antifungal and chemosensitization properties of compounds A, B and F tested using strains of S. cerevisiae overexpressing membrane
transporters. Each compound was loaded at 50 nmol per disk. The concentration of FLC (uM) in the media (~1/8 MIC for each strain) is shown in the bottom

left corner of the relevant panels.

doi:10.1371/journal.pone.0126350.9002

6.8 (Fig 2, Table 4). The shared squarile group and/or ligand 2 (heterocycle 2) of B and F may
enable their efflux by CaCdrlp and CaCdr2p.

Synergy of compounds with FLC

Checkerboard susceptibility assays were used to investigate any synergy between compounds
and FLC. The FIC and FICI of each compound in SD buffered to pH 6.8 was measured. A and
B gave FIC and FICI values that indicate strong synergy with FLC (Table 3). Compound B gave
paradoxical growth at >5 pM, possibly due to limited solubility in aqueous solution [33,34].
An alternative explanation for the paradoxical growth is a poorly understood strain-specific
metabolic response as has previously been reported for echinocandins [33,34]. The checker-
board assays also showed that A and B were equally effective chemosensitizers at low concen-
trations in liquid media. These results suggest that the chemosensitization shown by B in
solidified medium may have been adversely affected by its modest solubility. The combination
of FLC and compound A was fungicidal. After 48 h exposure to 1.3 uM compound A plus ~1/2
MIC of FLC <1% of AD/CaMDRI cells were viable on non-selective medium.

Susceptibility of C. albicans strains to compound A

The effect of compound A on the fungal pathogen C. albicans was tested using two pairs of ge-
netically related strains. For each pair one was FLC-susceptible and the other a FLC-resistant
daughter strain (Fig 3). The azole resistance of FR2 is primarily CaMdr1p dependent [29]
whereas the azole resistance of FHB3 is CaCdr1p/CaCdr2p dependent [35]. The peptide deriv-
ative RC21v3 [18] was used as a positive control for CaCdr1p-specific chemosensitization.
Compound A showed no detectable antifungal activity in the absence of FLC. Both parental C.
albicans strains, SGY-243 and FHBI1, were chemosensitized to FLC by the CaCdrl1p inhibitor
RC21v3 but not by A due to the low-level constitutive expression of Cdrlp in SGY-243 and
FHBI [29]. Similarly, the Cdr1p-dependent FLC resistance of FHB3 was chemosensitized by
RC21v3 but not by A. In contrast, the Mdr1p-dependent FLC resistance of the FR2 strain was
chemosensitized by A but not by RC21v3. These results show that compound A chemosensi-
tizes C. albicans clinical isolates overexpressing Mdrlp, but not Cdrlp, to FLC.

Table 3. Effects of A, B and F on CaMdr1p overexpressing S. cerevisiae strain AD/CaMDR1A.

Compound Solubility in Antifungal activity® CaMdrip chemo-sensitization® MICg,c (uM) FICE MIC¢c/r (UM) FICc FICI
DMSO (mM) (nmol/disk)

A >20 -/ 3.2/1.6 10 0.03 0.63 <0.02° <0.05°

B ~10 -7 0.8/0.4 10 0.03 1.3 <0.03° <0.06°

F >20 20/14 ND ND ND ND ND ND

@ Antifungal activity expressed as the diameters (mm) of inhibition zones in disk diffusion assays for SD/SD pH 6.8. “” sign: no activity detected as the
inhibition zone diameter was < 6 mm (size of the disk).

® Amount of compound required for detectable chemosensitization in SD/SD pH 6.8 containing 25 uM FLC (1/8"" AD/CaMDR1A MIC of FLC).

¢ Growth inhibition not detected at highest concentration of compound used.

9 Synergistic effect
ND: not determined

doi:10.1371/journal.pone.0126350.t003
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Table 4. Effects of A, B and F on ABC and MFS efflux pumps overexpressed in S. cerevisiae.

Overexpressed pump Compound SD
Substrate Inhibitor® Substrate Inhibitor®
CaMdrip A ND? Yes ND? Yes
B ND? Yes No Yes
F No Weak No No
CaCdrip A ND? No ND? No
B ND?# No Yes No
F Weak No Weak No
CaCdr2p A ND? No ND? No
B ND? No Yes No
F No No Weak No

@ Not determined as the compound at 50 nmol/disk did not inhibit growth in the absence of FLC
® Pump inhibitor (chemosensitizer) i.e. size of inhibition zone is increased in the presence of FLC

doi:10.1371/journal.pone.0126350.t004

Compound A inhibits pumping activity of CaMdr1p

The effect of compound A on the glucose-dependent efflux of Nile Red by either CaMdr1p or
CaCdrlp overexpressed in S. cerevisiae was determined [25]. For both transporters, maximal
Nile Red export was achieved 4-5 minutes after cell energisation at 26°C, and the cells main-
tained this equilibrium for at least a further 5 min (Fig 4). In contrast, the control strain AD/
PABCS3 did not show energy-dependent Nile Red efflux in either the absence or presence of
compound A. These results indicate that endogenous ScFlr1p activity was not detected.
Nile Red efflux by CaCdr1p was not inhibited by compound A at 10 uM (Fig 4A). In con-

trast, energy-dependent pumping of Nile Red by CaMdr1p was completely inhibited

to drug resistance

Strain | SGY-243 (FLCS) | FR2 (FLCR) FHB1 (FLCS) FHB3 (FLCR)
FLC in agar (uM) 0.56 33 0.98 69
Contribution
of pumps Cdr1p>Mdr1p Mdr1p>>Cdrip Cdr1p=Mdrip Cdr1p>>Mdr1p

RC21v3
(4 nmol/disk)

A
(3.2 nmol/disk)

Fig 3. Chemosensitization of C. albicans to FLC. The strains used and conditions for the agarose diffusion assays are described in Materials and
methods. FLCS—susceptible to FLC; FLCR—resistant to FLC.

doi:10.1371/journal.pone.0126350.g003
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Fig 4. Effect of compound A on Nile Red efflux from S. cerevisiae cells expressing CaCdrip or CaMdr1p membrane transporters. A: AD/CaCDR1;
B: AD/CaMDR1. Efflux of Nile Red was initiated by adding glucose (50 pl 80 mM) at time 0 (except for black line which represents cells to which DOG was
added rather than glucose, and no compound A was added). Cell-associated Nile Red fluorescence was measured. Legend: concentration of compound A
in uM. Data are representative of 3 separate experiments.

doi:10.1371/journal.pone.0126350.g004

(fluorescence >90% of the initial value) at >2.5 uM compound A (Fig 4B). At 0.3 uM com-
pound A, Nile Red pumping was initially unaffected, but by 10 min the fluorescence of the dye
returned to near starting values, indicative of dye uptake. The initial kinetics of Nile Red efflux
showed dose-dependent inhibition at compound A concentrations between 0.3 and 2.5 uM.
This response was unaffected when the preincubation with the inhibitor was extended from 3
to 6 min. These results suggest that the inactivation of the CaMdrl1p transporter by compound
A requires the active turnover of the pump.

Inhibition of drug efflux by compound A is independent of plasma
membrane potential

The uptake and toxicity of the cationic inhibitor of protein synthesis hygromycin B depends on
the electrochemical gradient of the plasma membrane [36]. Hygromycin B has greater toxicity
for cells over-expressing the ABC transporter CaCdrlp than the host strain (compare the zone
of growth inhibition on Fig 5A with that on Fig 5C). This is due to the electrogenic nature of
CaCdrlp; the ATP hydrolysis it catalyses generates protons and the substrates it transports are
partially positively charged [37]. The growth inhibitory zone for the AD/CaCDRI strain ex-
posed to 200 nmol hygromycin B was significantly larger than for AD/pABC3 and its size was
not modified by placing adjacent disks containing up to 25 nmol compound A (Fig 5D). This
result shows that compound A does not inhibit CaCdrlp or directly modify the plasma mem-
brane electrochemical gradient. In contrast, CaMdr1p utilises membrane potential and, as ex-
pected, its overexpression caused reduced susceptibility to hygromycin B (compare the zone of
growth inhibition on Fig 5E with that on Fig 5A). Furthermore, the initially circular zone of
hygromycin B-dependent growth inhibition zone was extended, in a dose-dependent manner,
towards disks containing as little 3 nmol of compound A (Fig 5F), indicating synergism. This
result showed that inactivation of CaMdrlp by compound A, as expected, either increased the
electrochemical gradient or reduced CaMdrlp-dependent efflux of hygromycin B. We also
note that the control strain AD/pABC3 (Fig 5B) showed the same pattern of hygromycin sensi-
tivity as AD/CaMDRI (Fig 5F). This result is consistent with compound A inhibiting the en-
dogenous Flrlp expressed by AD/pABC3 in a dose-dependent manner.

Toxicity to cultured human cells

Compounds A and F at 100 uM displayed minor toxicity towards HEp2 cells after 4 h (0.3%
dead for both compounds, 0.1% and 0.3% damaged cells for A and F, respectively). After 24 h
~94% of HEp2 cells treated with compound A and 99% of HEp2 cells treated with compound
F were viable.

Discussion

Our combinatorial library, based on a derivatized squarile (cyclobutene-dione) core, contained
compounds with a variety of antifungal and chemosensitization properties. Compounds A and
B, the best chemosensitizers of strain AD/CaMDRI, contain heterocyclic substituents at atoms
3 and 4 of the squarile core (Fig 1, Table 2). Both compounds were more active in SD buffered
to pH 6.8 than in unbuffered SD (initially pH ~6.0). Compound A appeared to be a true che-
mosensitizer and was without antifungal activity against S. cerevisiae. It was the most potent
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AD/pABC3

AD/CaCDR1B

Fig 5. Effect of compound A on hygromycin B toxicity in agarose diffusion susceptibility assays. A, B:
host strain AD/pABCS3; C, D: AD/CaCDR1; and E, F: AD/CaMDR1 at pH 6.8. A, C, E: paper disks loaded with
hygromycin B (H; 200 nmol/disk); B, D, F: paper disks loaded with hygromycin B (H; 200 nmol/disk) or
compound A: 3, 6, 12 or 25 nmol/disk.

doi:10.1371/journal.pone.0126350.g005
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inhibitor of CaMdr1p and its FICI at pH 6.8 of <0.05 indicates strong synergy with FLC
(Table 3).

Compound A also showed no antifungal activity with clinical isolates of C. albicans (Fig 3).
Although compound B gave comparable chemosensitization of AD/CaMDRI to FLC as A, it
showed slight antifungal activity at higher pH and was a substrate of CaCdrlp and CaCdr2p.
The lower solubility of B resulted in paradoxical growth in checkerboard assays at concentra-
tions >5 puM in the presence of FLC. These properties indicate that compound A is more
promising than B for further development as a chemosensitizer, despite being unable to ex-
clude A as a substrate of the efflux pumps CaCdrlp and CaCdr2p.

C and D were the smallest compounds in our library (Fig 1) that chemosensitized AD/
CaMDR1 to FLC (Table 2). Atom 3 of the squarile core bears phenylamine as ligand 1 in C and
benzylamine in D, with C showing the greater chemosensitization of AD/CaMDR1 to FLC.
The presence of a larger heterocycle on atom 4 on the squarile group in A and B conferred sig-
nificantly greater chemosensitization than the 2-4-dimethylpyrazol-yl heterocycle on C and D.
Substitution of the benzene para-position hydrogen with a methyl group (H) or chlorine atom
(G) rendered A inactive. Replacement of the linking nitrogen in A with sulphur in E conferred
low activity, probably due to instability as the phenyl-thiol derivative gradually changed color
from light pink to red. The chlorine-containing compound F possesses the smallest derivative
of the ligand 1 (Fig 1, Table 2). This compound is not toxic for cultured human cells. It showed
antifungal activity, but lack of synergy with FLC (Fig 2) indicated that it is unlikely to affect the
same target as FLC or inhibit pump-mediated efflux. F was not a substrate of CaMdr1p or
CaCdr2p (at lower pH) but appeared to be a weak substrate of CaCdrl1p (Fig 2, Table 4). The
specificity of compound F as a substrate of CaCdr1p indicates that modification of the squarile
group and/or the ligand 2 heterocyle 2 may help future chemosensitizer design.

The first in class small molecule A appears to be a relatively specific inhibitor of drug efflux
by interacting with the MFS efflux pump CaMdr1p. It inhibits Nile Red efflux by CaMdr1p but
not by CaCdrlp, and does so without directly affecting plasma membrane electrochemical po-
tential. Although this low molecular weight MFS inhibitor is synergistic with FLC, and this
combination was fungicidal, compound A cannot yet be excluded as a substrate of the ABC
transporters CaCdrlp and CaCdr2p. We envisage the use of compound A as a conformation
stabilizer in structural studies of CaMdrlp and to assay, in combination with the CaCdr1p-spe-
cific inhibitor RC21v3 [18,38], the relative contributions of CaCdrlp- and CaMdr1p-mediated
drug efflux in clinical isolates [24]. A related next-generation chemosensitizer that is demon-
strably not a fungal ABC transporter substrate will be needed before this class of compound
can be applied in the clinic. Such compounds could be used to sensitize to FLC the subset of
strains overexpressing CaMdrlp. By inhibiting endogenous CaMdrl1p activity, compound A
might also be used to test the relationship between CaMdr1p function and the pathogenicity of
C. albicans strains in general [10,11].
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