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Abstract

Simpotentin, a new potentiator of amphotericin B activity against Candida albicans and Cryptococcus neoformans, was
isolated from the culture broth of Simplicillium minatense FKI-4981 by Diaion HP-20 column chromatography, centrifugal
partition chromatography, and preparative HPLC. The structure of simpotentin was elucidated by spectroscopic analyses
including NMR and MS. The compound has a mannose core to which two medium-chain fatty acids are linked. Simpotentin
was found to potentiate amphotericin B activity against C. albicans by the microdilution method.

Introduction

The number of patients with mycoses has continued to
increase over the past 30 years, and this has primarily been
attributed to the application of organ transplantation,
immunosuppressive drugs, radiotherapy, and antitumoral
chemotherapy as highly advanced medical treatments.
Candida albicans, Aspergillus fumigatus, Cryptococcus
neoformans, and Rhizopus oryzae are pathogenic fungi that
cause invasive infections [1]. C. albicans has been impli-
cated in ~50% of candidiasis cases [2]. Several antifungal
antibiotics are currently available for the treatment of
mycoses. Amphotericin B (AmB), a polyene macrolide
antifungal antibiotic produced by Streptomyces nodosus [3],
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has been the ‘gold standard’ since its introduction into
clinical practice in the 1950s. Furthermore, liposomal AmB
was developed in the 1990s to improve the tolerability
profile of AmB deoxycholate. However, AmB is associated
with severe side effects, such as nephrotoxicity, hypokale-
mia, fever, chills, and vomiting, which result in the with-
drawal of drug therapy. The development of potentiators of
AmB activity may result in reductions in the dose of AmB
administered, which may prevent these side effects. We
established a convenient screening system using a micro-
dilution method to search for microbial potentiators of AmB
activity against C. albicans. During our continuous
screening program, a culture broth of the fungal strain S.
minatense FKI-4981, also known as a producer of the
antifungal compound simplifungin [4], was found to exhibit
AmB-potentiating activity. Activity-guided purification led
to the discovery of a novel compound designated simpo-
tentin (1, Fig. 1). We herein describe the fermentation,
isolation, physicochemical properties, structural elucidation,
and AmB-potentiating activity of 1.

Fig. 1 Structure of 1
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Results
Isolation

A 6-day-old culture broth (40 1) was centrifuged to separate
mycelia and the supernatant. After mycelia had been
extracted with acetone (9 1), acetone extracts were filtered
and concentrated to remove acetone. The aqueous solution
was mixed with the supernatant, applied to a Diaion HP-20
column (2 1), and eluted stepwise with 0, 30, 60, and 100%
acetone (4 1 for each solvent). The 60% acetone fraction
exhibiting activity was concentrated to give a dark brown
material (2.38 g). Crude materials (0.59 g) were subjected to
preparative centrifugal partition chromatography (CPC)
under the following conditions: a solvent system, with
upper and lower layers of chloroform—MeOH-H,0 (2:2:1)
as stationary and mobile phases, respectively; flow rate, 3.0
ml min~!; rotation speed, 700 rpm; fraction, 18 ml per test
tube. CPC-derived fractions (fr. 8-15) were concentrated to
give a brown material (161.8 mg). This material was pur-
ified by preparative HPLC (column, PEGASIL ODS (Sen-
shu Scientific Co., Tokyo, Japan, i.d. 20 x 250 mm); mobile
phase, a 30-min linear gradient from 30 to 70% CH;3CN (aq)
containing 0.05% TFA; detection, evaporative light scat-
tering detector (ELSD); flow rate, 8.0 ml min’l). Under
these conditions, 1 was eluted as a peak with a retention
time of 22 min (Fig. 2). The fraction was concentrated in
vacuo and lyophilized to dryness to yield pure 1 (19.9 mg)
as a white powder.

Structural elucidation of 1

The physicochemical properties of 1 are summarized in
Table 1. IR absorption at 3392, 2929-2863, and 1722 cm™!
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Fig. 2 HPLC profile of extract containing 1 detected using an eva-
porative light scattering detector (ELSD)

suggested the presence of an alcohol O-H stretch, alkyl
C—H stretch, and carboxylic acid C=O stretch, respectively,
in the structure. The molecular formula was elucidated as
C,4H,40;; based on HR-ESI-MS measurements. The *C-
NMR spectrum (in pyridine-ds) showed 24 signals, which
were classified into two methyl carbons, 12 sp® methylene
carbons, eight oxygenated sp® methine carbons, and two
carbonyl carbons by an analysis of DEPT spectra. Of these,
one anomeric carbon (6 102.3), four oxygenated methine
carbons (6 69.5, 73.1, 76.2, and 79.2), and one oxygenated
methylene carbon (6 63.5) were observed, indicating the
presence of a sugar moiety. The 'H-NMR spectrum (in
pyridine-ds) showed 38 proton signals. The connectivity of
proton and carbon atoms was established by the HSQC
spectrum (Table 2). As shown by the bold lines in Fig. 3,
three partial structures I to III including that of the sugar
moiety were elucidated from 'H-'"H COSY spectra. The 'H-
3C long-range couplings of %/ and °J observed in the
HMBC spectrum are also shown in Fig. 3, leading to the
following results. The cross peaks from the sp® methylene
protons Hy-2 (5 2.99, 3.34) and sp® oxymethine proton H-3
(6 4.88) to the carboxyl carbon C-1 (6 174.9) indicated the
presence of a P,d-dihydroxydecanoic acid moiety contain-
ing partial structure I. Furthermore, cross peaks from the sp*
methylene protons H,-12 (6 2.78 and 2.82) to the ester
carbonyl carbon C-11 (6 172.7) indicated the presence of a
B-hydroxyoctanoic acid moiety containing partial structure
II. This fatty acid was connected to the & position of f3,5-
dihydroxydecanoic acid via an ester bond by observations
of the cross peak from the sp> oxymethine proton H-5 (&
5.56) to C-11 in the HMBC experiment, elucidating the
aglycone of 1. In the sugar unit, the cross peaks from
anomeric proton H-1" (6 5.21) to C-5’ (6 79.2) and from H-
5" (6 3.90) to anomeric carbon C-1’ (6 102.3) indicated the

Table 1 Physicochemical property of 1

1

Appearance
Molecular weight 508
C24H44O1

White powder

Molecular formula
HR-ESI-MS (m/z)

Calcd.

Found
UV (MeOH), A,,,x nm (¢)
IR (KBI), Upax (cm™ )

531.2781 [M+Na]"

531.2769 [M+Na]*

No absorption

3392, 2929, 2863, 1722, 1646
1392, 1241, 1173, 1076

[ —24.0 (¢ 0.1, CH;0H)
Solubility
Soluble CHCl;, DMSO
Slightly soluble MeOH
Insoluble H,O
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Table 2 'H- and 3*C-NMR

chemical shifts in 1 Position dc

Oy (mult, J, Hz)

Position é¢

Oy (mult, J, Hz)

174.9 13 68.8  4.48 (1H, m)
2 423 299 (1H, dd, J=6.0, 15.9) 14 385  1.64 (1H, m)
3.34 (1H, dd, J= 6.0, 15.9) 1.71 (1H, m)
3 75.1  4.88 (1H, dddd, J=5.7, 6.0, 6.0, 15 262 1.47 (1H, m)
7.0)
4 40.1 222 (1H, ddd, J=54, 5.7, 14.8) 1.61 (1H, m)
2.32 (1H, ddd, J=17.0, 7.5, 14.8) 16 322 1.24 2H, m)
5 721 5.56 (1H, ddt, J=5.4, 7.5, 7.9) 17 233 121 2H, m)
351 175 (2H, dt, J=7.0, 7.9) 18 14.51* 0.80° 3H, t, J = 6.4)
255 141 (1H, m) I 1023 521 (1H, br.s)
1.47 (1H, m) 2 73.1 459 (1H, br.d, J=3.0)
325 1.20 (2H, m) 3 762 4.15 (1H, dd, J=3.0, 9.5)
232 1.20 2H, m) 4 69.5  4.54 (1H, dd, J=9.5, 9.5)
10 14.57* 0.82° BH, 1, J=6.4) 5 792 3.90 (1H, ddd, J=2.6, 6.0,
9.5)
11 172.7 6’ 63.5 4.29 (1H, dd, J=6.0, 11.8)
12 443 278 (1H, dd, J=4.5, 14.3) 4.52 (1H, dd, J=2.6, 11.9)

2.82 (1H, dd, J=8.3, 14.4)

13C (150 MHz) and 'H (600 MHz) spectra were taken on the Inova 600 system (Agilent) in pyridine-ds, and
the solvent peaks were used as internal standards at 7.22, 7.58, and 8.74 ppm for 'H-NMR and at 123.9,

135.9, and 150.4 ppm for 3C-NMR

Coupling constants (Hz) were determined by the "H-'H decoupling experiments.

*PSignals are interchangeable within the same letter

Ig.1g cosy

¥~ \ HMBC

Fig. 3 'H-'H COSY and HMBC experiments of 1

presence of an aldohexose containing partial structure III.
This sugar unit was connected to the  position of ,0-
dihydroxydecanoic acid via a glucosidic bond by the cross
peaks from H-3 to C-1" and from H-1’ to C-3 in the HMBC
experiment. Based on these results, the planar structure of 1
was elucidated as shown in Fig. 3.

The relative stereochemistry for the aldohexose was
evaluated by the ROESY experiment and coupling con-
stants (Fig. 4). NOEs were observed between H-1" and H-3’
(6 4.15), between H-3’ and H-5', and between H-1’ and H-
5’ in addition to the coupling constants between H-3’ and
H-4" (6 4.54, Jy3_na = 9.5 Hz) and between H-4’ and H-5'
(Jaa—gs' = 9.5 Hz), indicating that they were axially orien-
ted. The anomeric configuration for the aldohexose was
elucidated as the PB-form from the one-bond coupling

SPRINGER NATURE
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Fig. 4 Stereochemistry of the sugar moiety of 1
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constant between C-1’ and H-1’ (IJC,H = 156.6 Hz observed
for 1; literature values for the a-anomer, ~170Hz; (-
anomer, ~160 Hz) [5]. Based on these results, the sugar
moiety in 1 was identified as f-mannose (Fig. 4). The planar
structure of 1 was elucidated as shown in Fig. 1.

Antifungal drug-potentiating activity
Compound 1 showed no antifungal activity against C.

albicans, A. fumigatus, C. neoformans, or R. oryzae, even at
512ug ml™', in the liquid microdilution method. On the
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Table 3 MIC values of AmB against C. albicans and C. neoformans in
the presence or absence of 1

Combination C. albicans C. neoformans
MIC (ugml~!) Ratioc® MIC (ugml~!) Ratio®

AmB alone 0.500 1 1.000 1
+1Q0pugmlH 0250 2 0.500 2
+1@0pgml™H 0.250 2 0.250 4
+1@0pgml™H) 0.250 2 0.250 4
+1d6pgml™hH  0.250 2 0.125 8
+1@32ugml™)  0.125 4 0.125 8
+ 1 (64pgml~Y)  0.0625 8 0.125 8

Ratio (MICAmB/MICAmB+])

other hand, the MIC values of AmB, miconazole (MCZ),
and micafungin (MCFG) alone against C. albicans were
0.500, 0.00390, and 0.0625 pg ml~!, respectively, which
were within the permissible range [6]. Compound 1
(2.00-64.0ug ml~') enhanced AmB activity against C.
albicans and C. neoformans in a concentration-dependent
manner (Table 3), but not against A. fumigatus or R. oryzae.
The MICyy values of AmB against C. albicans and C.
neoformans in combination with 1 (64.0 and 16 ug ml™*,
respectively) decreased from 0.50 and 1.00ug ml™! to
0.0625 and 0.125ug ml~!, respectively, both yielding 8-
fold potentiations of AmB activity. On the other hand, the
MIC values of MCZ and MCFG against C. albicans, A.
fumigatus, C. neoformans, and R. oryzae remained
unchanged in combination with 1 (2.0-64.0pug ml™"),
indicating that 1 did not potentiate MCZ or MCFG activity
against these fungi.

Antimicrobial and cytotoxic activities

In the paper disk method, 1 showed no antimicrobial activity
at 10 pug per 6-mm disk against the following 9 test micro-
organisms: Bacillus subtilis, Staphylococcus aureus, Micro-
coccus luteus, Mycobacterium smegmatis, Escherichia coli,
Pseudomonas aeruginosa, Xanthomonas campestris pv.
oryzae, Bacteroides fragilis, and Acholeplasma laidlawii.

The cytotoxic activity of AmB in combination with 1
against HEK293 cells (human embryonic kidney-derived
cell line) was measured. The respective ICs, values of AmB
and 1 were 15 and >128 ug ml~!. The ICs, values of AmB
were similar (15 ug ml™") in combination with 1 (0—128 ug
ml_l), indicating that the combination did not enhance
AmB cytotoxicity.

Discussion

In the present study, we screened for microbial potentiators
of AmB activity against C. albicans and isolated the new

compound, simpotentin (1), from the culture broth of S.
minatense FKI-4981. The genus Simplicillium was segre-
gated from the former Verticillium section, Prostrata
besides Lecanicillium, Haptocillium, and Rotiferophthora
[7]. Of these, V. lamellicola has been reported as a fungus
that produces two secondary metabolites, lamellicolic
anhydride [8] and verlamelin [9]. We also recently isolated
simplifungin, an antifungal antibiotic, from the simpotentin-
producing fungus [4] and aogacillins A and B, arbekacin
potentiators, from Simplicillium sp. FKI-5985 [10].

Based on its structure, 1 belongs to a class of glycolipids
composed of a mannosyl group with two medium-chain
fatty acids, p,9-dihydroxydecanoic acid and -
hydroxyoctanoic acid. The configuration at the anomeric
center of mannose was found to be the P position by
ROESY experiments and 'H-'H and '"H-'>C coupling
constants, whereas the stereochemistries of the chiral center
carbons at C-3, C-5, and C-13 in the aglycone were not
elucidated by ROESY experiments or 'H-'H coupling
constants. To clarify absolute stereochemistries, the total
synthesis of 1 is ongoing.

As structurally related compounds to 1, rhamnolipids
(RLs) consisting of one or two rhamnose units linked to
one or two fatty acids with a saturated or unsaturated 3-
hydroxyalkyl chain between Cg and C,, were isolated
from P. aeruginosa [11, 12]. The structural difference
between 1 and RLs is that the second fatty acid and a
sugar are linked to the 5- and 3-OH groups of the first
fatty acid in 1, while a mono/disaccharide is linked to the
3-OH group of the second fatty acid in RLs, which is
linked to the 3-OH group of the first fatty acid. RLs are
expected to be a promising class of biosurfactants [13].
RLs were previously reported to exhibit antimicrobial
activity against zoosporic plant pathogens, mycoplasmas,
some non-zoosporic fungi, except for yeast, and certain
bacteria [12, 14] as well as cytotoxic activity [15].
Takemoto et al. reported that the antifungal activity of the
cyclolipodepsipeptide syringomycin E (SR-E) produced
by a plant bacterium (P. syringae pv. syringae) [16] was
enhanced when mixed with RLs [17]. Furthermore, SR-E
acted on the fungal membrane by forming voltage-
dependent and non-selective ion channels [18] and the
authors speculated that RLs may perturb membrane
function in fungi. Structurally, 1 may exhibit a surfactant
characteristic, but not antimicrobial activity.

Dang et al. [19] isolated three new mannosyl lipids from
Simplicillium lamellicola BCP as antimicrobial compounds
against phytopathogenic bacteria. Among them, (3R,5R)-3-
O-B-D-mannosyl-3,5-dihydroxydecanoic acid is a partial
structure of 1 (deshydroxyoctanoyl 1). It is intriguing that
analogous mannosyl lipids are produced by the same genus
Simplicillium [19] and also to test whether it exhibits AmB-
potentiating activity. This compound has not been isolated

SPRINGER NATURE
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as an AmB potentiator in the culture broth of S. minatence
FKI-4981.

Compound 1 potentiated AmB activity against C. albi-
cans, but not MCZ or MCFG activity. These clinical anti-
fungal antibiotics have different mechanisms of action;
AmB selectively and irreversibly binds to fungal cell
membrane ergosterols, MCZ inhibits cytochrome P450-
dependent 14a-lanosterol demethylation in the ergosterol
biosynthetic pathway, and MCFG inhibits 1,3-pB-glucan
synthase in many fungi. Based on experimental data, 1 only
potentiated AmB activity. Based on previous findings on
RLs, 1 appears to directly interact with fungal cell mem-
branes in order to increase the permeability of AmB.
Moreover, the potentiation activity of 1 may be limited to
Candida species. Fungal cell walls are commonly com-
posed of glycoproteins, polysaccharides, glucan, and chitin
to protect cells from environmental stresses. Furthermore,
the structural components of A. fumigatus and R. oryzae are
more complex than those of yeast including C. albicans and
C. neoformans. Therefore, 1 may not have the ability to
permeate the cell surfaces of these fungi. Further studies on
the potentiation mechanisms of 1 are required to clarify
these points.

Materials and methods
Microorganisms

The simpotentin-producing fungus S. mitatense FKI-4981
was isolated from soil collected at Minato-ku, Tokyo,
Japan. The taxonomy of this fungus was extensively studied
to establish a new genus designated Simplicillium [20].
Strain FKI-4981 was used for the production of 1.

The following fungi were used in antifungal tests: C.
albicans ATCC90029, C. neoformans ATCC90113, A.
fumigatus NBRC33022, and R. oryzae NBRC4705. The
following microorganisms were used for antimicrobial tests:
B. subtilis ATCC 6633, S. aureus ATCC 6538P (MSSA),
M. luteus ATCC 9341, M. smegmatis ATCC 607, E. coli
NIHJ, E. coli NIHJ JC-2 IFO 12734, P. aeruginosa IFO
3080, X. campestris pv. oryzae, B. fragilis ATCC 23745,
and A. laidlawii PG 8.

General experimental procedures

Daiaion HP-20 (Mitsubishi Chemical Co., Tokyo, Japan)
was used for HP-20 column chromatography. Preparative
centrifugal partition chromatography (CPC) was performed
using a LLB-M high performance centrifugal partition
chromatograph (System Instruments Co., Ltd., Tokyo,
Japan). Preparative HPLC was performed using an eva-
porative light scattering detector (Alltech ELSD 2000, MD,
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USA). UV spectra were recorded on a spectrophotometer
(U-2800 UV-Visible Double Beam spectrophotometer;
Hitachi High-Technologies, Tokyo, Japan). IR spectra were
recorded on a Fourier transform infrared spectrometer (FT/
IR-460; JASCO Co., Tokyo, Japan). Optical rotations were
measured with a digital polarimeter (DIP-370; JASCO Co.).
HR-ESI-MS spectra were recorded on a mass spectrometer
(JMS-T100 LP, JEOL, Tokyo, Japan). Various NMR
spectra were measured with a spectrometer (Inova 600;
Agilent Technologies, Santa Clara, CA, USA).

Materials

AmB and MCZ were purchased from Sigma-Aldrich (St.
Louis, MO, USA). MCFG was purchased from Wako Pure
Chemical Industries (Osaka, Japan). RPMI1640 medium
was purchased from Thermo Fisher Scientific (Waltham,
MA, USA). 3-Morpholinopropanesulphonic acid (MOPS)
was purchased from DOJINDO (Kumamoto, Japan). Yeast
extract was purchased from Oriental Yeast (Tokyo, Japan).
Polypeptone was purchased from Nihon Pharmaceutical
(Tokyo, Japan). Meat extract was purchased from Kyokuto
Pharmaceutical Industrial (Tokyo, Japan). Corn steep
powder was purchased from Marcor Development Cor-
poration (Carlstadt, NJ, USA). Yeast extract, polypeptone,
meat extract, corn steep powder, and agar were used in the
culture broth. Other materials used were special grade
chemicals.

Fermentation

A slant culture of the strain FKI-4981 grown on slant
medium (glycerol 0.10%, KH,PO, 0.080%, K,HPO,
0.020%, MgSO4*7TH,O0 0.020%, KCl 0.020%, NaNO;
0.20%, yeast extract 0.020%, and agar 1.5%, pH 6.0) was
used to inoculate four 500-ml Erlenmeyer flasks each con-
taining 100 ml of the seed medium (glucose 2.0%, yeast
extract 0.20%, MgSO,+7H,0 0.050%, polypeptone 0.50%,
KH,PO4 0.10%, and agar 0.10%, pH 6.0). The flasks were
shaken on a rotary shaker at 27 °C for 3 days. The seed
culture (200 ml) was transferred into two 30-1 jar fermenters
containing production medium (20 1; saccharose 2.0%,
glucose 1.0%, corn steep powder 0.50%, meat extract
0.50%, KH,PO,4 0.10%, CaCO3 0.30%, and agar 0.10%, pH
6.0). Fermentation was performed at 27 °C for 6 days with
aeration of 10 Imin~' and agitation of 250 rpm.

Assay for antifungal activity with or without
antifungal drugs

Two yeasts (C. albicans and C. neoformans), one fila-
mentous fungus (A. fumigatus), and one zygomycetous
fungus (R. oryzae) were used in antifungal activity assays
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[4]. The broth microdilution method using 96-well micro-
plates (Corning, New York, USA) was performed according
to the guidelines of the CLSI documents M27-A3 [6] and
M38-A2 [21]. Regarding yeast, five colonies with diameters
of 1 mm were suspended in sterile 0.85% saline to adjust to
a 0.5 McFarland standard by spectrophotometric measure-
ments. The seed of yeast was diluted 2000-fold with
RPMI1640 medium (165mM MOPS buffer, pH 7.0).
Regarding filamentous fungi and zygomycetous fungi,
spores were suspended in sterile 0.85% saline. After
allowing heavy particles to settle for five minutes, the
supernatant was transferred to a sterile tube and adjusted to
an optical density at 550 nm (ODssg) of 0.0621 for fila-
mentous fungi or 0.0765 for zygomycetous fungi. This seed
was diluted 50-fold with RPMI1640 medium. The diluted
seed (100 pl) and RPMI1640 medium (100 pl) were added
to each well of a 96-well microplate with or without serial
concentrations of test compounds (1 ul DMSO solution).
These 96-well plates were incubated at 35°C for 24
(Candida spp. and zygomycetous), 48 (filamentous fungi),
or 72h (C. neoformans). After the incubation, ODss5y, was
measured with a microplate reader (EIx808, Bio-Tek
Instruments, VT, USA) to obtain the minimum inhibitory
concentration (MIC). The antifungal activities of 1 and the
antifungal drugs, AmB, MCZ, and MCFG, were tested at
concentrations ranging between 0.125 and 512 pug ml~! for
1 with or without 0.0313 to 2.00ug ml~' for AmB,
0.000250 to 0.0156pug ml~' for MCZ, and 0.00390 to
0.250 pg ml~! for MCFG. MICy, was defined as the lowest
concentration of an antifungal agent at which growth was
inhibited by 90% from that of growth in drug-free control
wells.

Other biological assays

The antimicrobial activity of a sample against 10 species of
microorganisms was measured by the paper disk method
[22]. Media for microorganisms were as follows: GAM agar
(Nissui Seiyaku Ltd., Tokyo, Japan) for B. fragilis; Bacto
PPLO agar (Becton, Dickinson and Co., NJ, USA) sup-
plemented with horse serum 15%, glucose 0.10%, phenol
red 0.25%, and agar 1.5% for A. laidlawii; nutrient agar
(Becton, Dickinson and Co.) for the other bacteria. Bacteria,
except for X. oryzae, were incubated at 37 °C for 24 h. X.
oryzae was incubated at 27 °C for 24h. A paper disk
(diameter of 6 mm) containing a sample (10 ug) was placed
on an agar plate. Antimicrobial activity was expressed as
the diameter (mm) of the inhibitory zone.

The cytotoxicity of a sample to HEK293 cells was
assessed by the MTT (Sigma-Aldrich, MO, USA) assay
[23]. HEK293 cells (5.0 x 10* cells in 100 ul) in each well
of a 96-well microplate were treated with a sample (1.0 pl in
DMSO to make a final concentration of 0—128 ug ml~") at

37°C for 24 h. After being incubated, cells were treated
with 10ul MTT solution (5.5mg ml~' in phosphate-
buffered saline) at 37 °C for 4 h. Ninety microliters of cell
lysis solution (40% N,N’-dimethylformamide, 2.0%
CH;COOH, 20% SDS, and 0.03 M HCI) was added to each
well, and the plate was incubated for 2 h. The absorbance at
550 nm of each well was read using a microtiter plate reader
(Elx 808, Bio-Tek Instruments, VT, USA).
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