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ABSTRACT Palmarumycin P3 (PP3) reduces fluconazole-induced MDRT transcription
to reverse azole resistance in clinical Candida strains. Here, we demonstrated that PP3
restores the susceptibility to several antifungal drugs for Candida albicans strains with
gain-of-function mutations in the transcription factor Mrr1. In addition, PP3 inhibits the
efflux of Mdr1 substrates by C. albicans strains harboring hyperactive MRR1 alleles.
Molecular docking revealed that PP3 is a potential Mdr1 blocker that binds to the substrate
binding pocket of Mdr1.
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andida albicans is one of the most common causes of both superficial and sys-

temic infections, with a mortality rate of ~40% for the latter (1, 2). The limited suc-
cess of current therapies in reducing the high mortality rate of invasive fungal infec-
tions is due in part to azole resistance (3). An important mechanism of azole resistance
is upregulation of drug efflux pumps, including members of the ATP binding cassette
(ABC) superfamily and major facilitator superfamily (MFS), which are involved in rapid
drug extrusion (4). MFS transporters use the proton gradient across the cytoplasmic
membrane to supply energy for transport. The MFS transporter Mdrip, which is
encoded by MDR1, exports an array of structurally diverse compounds, such as flucona-
zole (FLC), cerulenin, and brefeldin A (5, 6). In C. albicans, MDR1 overexpression is
mainly the result of gain-of-function mutations in the transcription factor Mrr1 (7).

We previously demonstrated that the quinone derivative palmarumycin P3 (PP3)
reduces the FLC-induced transcriptional expression of MDRT in clinical C. albicans
strains to reverse azole resistance (8). However, those strains did not harbor mutations
in Mrr1 that constitutively induce the expression of MDRT (9). In the present study, we
found that PP3 also reverses azole resistance in C. albicans strains with gain-of-function
mutations in Mrr1. In addition, PP3 inhibits the efflux of rhodamine-123 (Rh123) and
increases intracellular accumulation of Nile red and a FLC analogue in C. albicans strain G5.
Molecular docking indicated that PP3 acts as an Mdr1 blocker to prevent the expulsion of
substrates, suggesting that PP3 directly inhibits the efflux pump Mdr1 in addition to regu-
lating MDR1 expression induced by FLC.

PP3 and FLC have synergistic effects against C. albicans strains with gain-of-function
mutations in Mrr1. PP3 was previously shown to reverse azole resistance in C. albicans
strains by reducing the transcription of FLC-induced MDR1 (8). Here, we used another
group of C. albicans strains with gain-of-function mutations in Mrr1 and Tac1 to further
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TABLE 1 Susceptibility testing of PP3 alone and in combination with FLC against C. albicans strains by the checkerboard microdilution assay
and drug interaction analysis according to the FICI model

MIC,, (g/ml)

In

Alone combination
Strain Characteristics FLC PP3 FLC PP3  FICI Interpretation?
G5 FLC-resistant clinical isolate with MRR1°7V/MRR15°°7Y mutation =~ >256 >128 16 16 0.1875 SYN
SCMPG2A Control strain for SCMRRTR34MPG2A 1 >128 0.5 16 0.625 ADD
SCMRR1R34MPG2A  Engineered strain with MRR1P%835/MRR 17835 mutation 16 >128 1 16 0.1875 SYN
Gu5 FLC-resistant clinical isolate with TAC7G%8%E/TAC15%8%E mutation >256 >128 128 64 1 ADD
DSY296 FLC-resistant clinical isolate with TACTN®775/TACIN®77P mutation 256 >128 128 64 1 ADD

aADD, additive; SYN, synergistic.

explore the ability of PP3 to reverse azole drug resistance, namely, G5, an FLC-resistant
clinical isolate from AIDS patient G with a gain-of-function G997V/G997V mutation in Mrr1
(10), SCMRR1R34MPG2A, an engineered C. albicans strain with a gain-of-function P6835/P683S
mutation in Mrr1 (11), and Gu5 and DSY296, FLC-resistant clinical isolates with gain-of-function
mutations in Tac1 (12, 13) (see the supplemental material). Analysis using the broth microdilu-
tion checkerboard method revealed synergistic activity of the combination of PP3 and FLC
against the C albicans strains with either type of gain-of-function mutation in Mrr1 but not in
the strains with gain-of-function mutations in Tac1 (Table 1). The agar plate assay further con-
firmed that PP3 enhanced the antifungal action of FLC against both Mrr1 gain-of-function mu-
tant strains (Fig. 1A). The alamarBlue assay showed that combined treatment with PP3 and
FLC inhibited the growth of C. albicans strains SCMRR1R34MPG2A and G5 by more than 90%,
whereas single treatment had minimal effects on C. albicans growth (Fig. 1B). Strain G5, with
hyperactive Mrr1, was further treated with combinations of PP3 and other Mdr1 substrates,
including cerulenin and brefeldin A, or other azole antifungal agents, including voriconazole
(VRC) and posaconazole (PCZ). Synergistic effects of these combination treatments were also
observed according to the fractional inhibitory concentration index (FICI) model (Table 2).
These results suggest that PP3 is a specific azole resistance reversal agent for a variety of clini-
cally derived strains with Mdr1-mediated resistance.

PP3 inhibits the activity of the efflux pump Mdr1. To confirm that the reversal of
azole resistance by PP3 was mediated by inhibition of the efflux pump Mdr1, we meas-
ured the efflux activity of Mdr1. Flow cytometry revealed that 16 or 32 ug/ml PP3
inhibited the efflux of Rh123 by the hyperactive Mrr1 strain G5 (Fig. 2A). In contrast,
PP3 treatment even at 32 ug/ml had only a minor effect on the efflux of Rh123 by the
Tacl mutant strain DSY296 (Fig. 2B). Efflux assays using Nile red, another commonly
used efflux pump substrate with red fluorescence, showed that C. albicans G5 cells
treated with PP3 accumulated more Nile red than untreated cells (Fig. 2C), suggesting
that PP3 promotes the accumulation of Nile red by inhibiting the efflux activity of
Mdr1. PP3 also induced the accumulation of Nile red in G5 cells, compared with cells
treated with vehicle (Fig. 2D). Moreover, we synthesized fluorescein-labeled FLC (FLC-
Bodipy) by attaching a Bodipy fluorescent group to the FLC skeleton according to a
previously reported method (14). As expected, PP3 promoted the intracellular accumula-
tion of FLC-Bodipy in C. albicans strain G5, as detected by flow cytometry (Fig. 2E), indicating
that the activity of the efflux pump Mdr1 was inhibited by PP3.

PP3 reduces the expression of MDR1 in Mrr1 mutant strains. To distinguish whether
PP3 inhibits the efflux activity of Mdr1 by reducing MDRT expression, we performed
quantitative real-time PCR (gPCR) to determine the expression level of MDRT in C. albicans
strains with hyperactive Mrr1 under PP3 treatment. Treatment with 16 or 32 wg/ml PP3 for
3 or 6 h decreased the mRNA level of MDR1 only slightly, compared with the untreated con-
trol (Fig. 3). An obvious reduction of MDRT expression was observed after 12 h of treatment
with PP3 (Fig. 3). However, PP3 inhibited Mdr1-mediated efflux after 30 min of treatment
(Fig. 2A), implying that PP3 directly interacts with Mdr1.
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FIG 1 Synergistic effect of PP3 and FLC against Mrr1 mutant strains. (A) Growth inhibition evaluated using the disk diffusion assay. The
indicated C. albicans strains (2 x 10° CFU) were plated on yeast extract-peptone-dextrose (YPD) agar plates, and cellulose disks impregnated
with FLC and/or PP3 were placed on the plates. The following drug doses were used for each strain: 8 ug FLC and/or 16 ug PP3 for
SCMRR1R34MPG2A, 32 g FLC and/or 32 ug PP3 for G5, 32 ng FLC and/or 32 g PP3 for DSY296, and 32 ug FLC and/or 32 ng PP3 for Gus.
Each plate was incubated at 30°C for 48 h for observation. (B) alamarBlue assay of the growth inhibitory effects of the indicated treatments
against C. albicans. C. albicans cells (1 x 10® CFU/ml) were treated for 24 h with the indicated drugs at the following doses: 1 wg/ml FLC and/or
16 ng/ml PP3 for SCMRR1R34MPG2A, 16 wg/ml FLC and/or 16 wg/ml PP3 for G5, 32 wg/ml FLC and/or 16 wg/ml PP3 for DSY296, and 32 g/
ml FLC and/or 16 ug/ml PP3 for Gus5. Drug treatment was followed by staining with alamarBlue for 2 h in the dark, and the growth percentage
was measured using a BioTek Synergy H1 microplate reader (excitation wavelength, 530 nm; emission wavelength, 590 nm).

Molecular docking analysis of the mode of binding of PP3 to Mdr1. To characterize
the direct interaction between Mdr1 and PP3 and the mode of binding, we first
generated a homology model of C. albicans Mdr1 using the SWISS-MODEL server
with the Alignment Mode algorithm (15). Based on the calculated global model

TABLE 2 Susceptibility testing of PP3 combined with Mdr1 substrates against C. albicans strain G5 by the checkerboard microdilution assay

and drug interaction analysis according to the FICI model

MICg, (ng/ml)
Alone In combination
Substrate Substrate PP3 Substrate PP3 FICI Interpretation?
Cerulenin 32 >128 8 16 0.375 SYN
Brefeldin A 128 >128 32 16 0.375 SYN
VRC 0.25 >128 0.0625 16 0.375 SYN
PCzZ 0.25 >128 0.0625 16 0.375 SYN

aSYN, synergistic.

March 2022 Volume 66 Issue3 e02126-21

aacasm.org 3


https://aac.asm.org

Song et al.

(A) . B) -
300+ G5 Strain DSY296 Strain
—— Unlabled = Unlabled )
i —— Rh123 efflux 0 min 200 — Rh123 efflux 0 min
= 200 —— 0 ug/ml of PP3 - ~— 0 pg/ml of PP3
g ] , —— 16 ug/ml of PP3 2 — 16 ug/ml of PP3
o ]  —— 32 ug/ml of PP3 S — 32 ug/ml of PP3
00 100
0 0
10° 10! 102 103 104 100 10! 10? 102 10¢
FL1-H FL1-H
C D
© G5 Strain (D) 1 G5 Strain
300 —— Unlabled Sy —— Unlabled
—— Nile red efflux 0 min 1 —— 0 pg/ml of PP3
— 0 pg/ml of PP3 ] ~—— 16 pg/ml of PP3
200 )~ 16 ug/ml of PP3 . 200 —— 32 ug/ml of PP3
E B 32 Hg/ml of PP3 g —— 64 ug/ml of PP3
{ g
S S |
100 100
0+ 0 \
10° 104 10° 102 103 104
FL2-H
E
() —— 0 pg/ml of PP3 O A\
—_— — 16 ug/ml of PP3 SO
32 pg/ml of PP3 ) i
64 ug/ml of PP3 254 "
200
g 20 "FLC-Bodipy
150
3 : § 15-
100 & 101
50 51
0-
0 N} o oV >
10° 10t 102 108 1ot Concentrations of PP3 (ug/mL)
FL1-H

FIG 2 Effects of PP3 on efflux pump activity. (A and B) Rh123 efflux by the C. albicans strain G5
with hyperactive Mrr1 (A) and strain DSY296 with hyperactive Tac1 (B), assessed by flow cytometry.
Energy-depleted cells were loaded with Rh123 (5 uM) for 30 min. After washing with PBS, the cells
were treated with PP3 (0, 16, or 32 wg/ml) for 30 min. Efflux was initiated by adding glucose
(40 mM) in all treatment groups. The fluorescence intensity of Rh123 was then monitored by flow
cytometry. (C) Efflux of Nile red by C. albicans strain G5. Energy-depleted cells were loaded with
Nile red (5 uM) for 30 min. After washing with PBS, the cells were treated with PP3 (0, 16, or
32 ng/ml) in PBS for 30 min, followed by the addition of glucose. The fluorescence intensity of Nile
red was then monitored by flow cytometry. (D) Intracellular accumulation of Nile red by C. albicans
strain G5. Cells cultured overnight were incubated with Nile red (5 uM) for 60 min in the presence
of PP3 (0, 16, 32, or 64 ug/ml). The fluorescence intensity of Nile red was then monitored by flow
cytometry. (E) Efflux activity assessed by measuring the accumulation of a fluorescent FLC
analogue. Cells cultured overnight were treated with FLC-Bodipy (8 wg/ml) and PP3 (0, 16, 32, or
64 ng/ml) for 8 h. The fluorescence intensity of FLC-Bodipy was then monitored by flow cytometry
(left). The flow cytometry data were analyzed using FlowJo, and the geometric mean value was
obtained (right).
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FIG 3 Transcript levels of MDR1T in response to PP3 treatment. C. albicans G5 or SCMRR1R34MPG2A cells
were treated with PP3 for 3, 6, or 12 h at 30°C. The relative expression of the MDRT genes was determined
by gPCR and normalized to that of 185 RNA. The bars represent the means * standard deviations. ns,
nonsignificance; **, P < 0.01; ***, P < 0.001, significance in comparison with the control group.

quality estimate values, the known structure of monocarboxylate transporter 1
(PDB code 7CKR) was used as the template structure, and molecular docking was
performed using AutoDock Vina (16, 17). PP3 bound in the previously reported
binding pocket for Mdr1 substrates such as FLC, Nile red, cycloheximide, and anisomycin
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FIG 4 Binding mode of PP3 with Mdr1. (A) Predicted binding mode of PP3 with C. albicans Mdr1. The ligand binding
pocket is illustrated as the yellow surface. (B) Interactions between PP3 and key residues in Mdr1.
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FIG 5 In vivo efficacy of the PP3-FLC combination in the C. albicans-infected G. mellonella model. (A)
Survival curves for C. albicans-infected G. mellonella larvae. Larvae were infected with C. albicans G5
(5 x 10° CFU/larva) and then received one of the following treatments: sterile PBS, PP3 (800 ng/
larva), FLC (800 ng/larva), or their combination. The survival of infected larvae was monitored for
4 days (n = 20 per group). **, P < 0.01, compared with the control group. (B) Larval fungal burden
after 4 days of infection (n = 3 per group). *, P < 0.05; **, P < 0.01, significant difference between
the compared groups. (C) C. albicans colonization in infected larvae. Larvae were sacrificed 2 days
after infection, fixed in paraformaldehyde, embedded in paraffin wax, sectioned longitudinally, and
stained with PAS. The histopathology of infected G. mellonella larvae subjected to the different
indicated treatments was examined by microscopy.

(Fig. 4), consistent with blocking of efflux function (18). The docking score for the interaction
between PP3 and Mdr1 was —10.0 kcal/mol, suggesting a high confidence of docking.
Antifungal activity of FLC combined with PP3 in a Galleria mellonella infection
model. To assess the efficacy of the combination of FLC and PP3 in vivo, we used a G.
mellonella infection model. The larvae were injected with ~5 x 10> CFU of C. albicans G5
cells per larva via the last right proleg and were treated with drug after 2 h of infection.
Treatment with PP3 (800 ng per larva) alone had a minimal effect on the survival of C.
albicans-infected larvae, and individual treatment with FLC (800 ng per larva) only slightly
improved the survival rate. In contrast, the combination treatment significantly increased
the survival rate (Fig. 5A). In vivo efficacy was further confirmed by the results of fungal bur-
den analysis. The combination of FLC and PP3 decreased the fungal burden by ~100-fold in
comparison with the control or treatment with PP3 alone and ~62-fold in comparison with
treatment with FLC alone (Fig. 5B). Histological examinations using periodic acid-Schiff (PAS)
staining revealed a large number of fungal cells in the larvae treated with phosphate-buffered
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saline (PBS) or a single treatment, while fungal cells were rarely observed in the larvae treated
with the combination of FLC and PP3 (Fig. 5C). The data presented above support the poten-
tial application of the combination of FLC and PP3 in the treatment of candidiasis caused by
Candida strains with Mdr1-mediated azole resistance.
In conclusion, PP3 directly inhibits the efflux pump Mdr1 and regulates MDR1 expression
to inhibit the efflux of Mdr1 substrates and reverse azole resistance. The mechanism by which
PP3 reduces MDR1 expression remains unknown, and further investigations are warranted to
determine how PP3 interferes with Mrr1-mediated activation of MDR1 expression.
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