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Abstract: Sphaerostilbella toxica is a mycoparasitic fungus that can be found parasitizing wood-decay
basidiomycetes in the southern USA. Organic solvent extracts of fermented strains of S. toxica
exhibited potent antimicrobial activity, including potent growth inhibition of human pathogenic
yeasts Candida albicans and Cryptococcus neoformans, the respiratory pathogenic fungus Aspergillus
fumigatus, and the Gram-positive bacterium Staphylococcus aureus. Bioassay-guided separations led to
the purification and structure elucidation of new peptaibiotics designated as sphaerostilbellins A and
B. Their structures were established mainly by analysis of NMR and HRMS data, verification of amino
acid composition by Marfey’s method, and by comparison with published data of known compounds.
They incorporate intriguing structural features, including an N-terminal 2-methyl-3-oxo-tetradecanoyl
(MOTDA) residue and a C-terminal putrescine residue. The minimal inhibitory concentrations
for sphaerostilbellins A and B were measured as 2 µM each for C. neoformans, 1 µM each for
A. fumigatus, and 4 and 2 µM, respectively, for C. albicans. Murine macrophage cells were unaffected
at these concentrations.

Keywords: antifungals; Hypocreaceae; mycoparasite; nonribosomal peptide; putrescine;
secondary metabolite

1. Introduction

Cryptococcus species are among the most common causes of invasive fungal infections globally.
Cryptococcus neoformans and C. gattii most often cause disease in people with compromised immune
function. An estimated 220,000 cases of cryptococcosis occur annually, with mortality rates for patients
with cryptococcal meningitis ranging from 10 to 70% [1,2]. As many as a third of all HIV/AIDS-associated
deaths are due to cryptococcal disease, surpassing the number due to tuberculosis. Current treatments
are limited to few antifungal agents (amphotericin B, flucytosine, fluconazole), with no new therapies
introduced in recent decades. These therapeutics remain unsatisfactory because of their toxicity, inability
to reliably eradicate the fungal pathogen and the emergence of drug resistance [3,4]. Even when
treated, cryptococcosis is further complicated by high recurrence rates and the need for long-term
suppressive therapy. Furthermore, the few antifungal agents currently in clinical development have
not been chosen based on effectiveness against Cryptococcus [4,5]. As basidiomycetes, Cryptococcus
species potentially offer unique biological perspectives to antifungal drug development compared to
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more broadly investigated ascomycete pathogens such as Candida and Aspergillus species. We have
continued to screen metabolite-enriched fermentation extracts from unstudied ascomycete fungi and
have tested these extracts in a growth-inhibition assay against the clinical strain C. neoformans H99
with the objective of identifying metabolites that inhibit its growth in vitro [6,7].

Recently, we have cultured, fermented, and tested extracts of a new species, Sphaerostilbella
toxica, a fungus we have found parasitizing wood-decay basidiomycetes, e.g., Gloeophyllum striatum,
in Texas (Figure 1) and Phellinus gilvus in North Carolina, USA [8]. Organic solvent extracts of cultures
of this mycoparasite exhibited potent antimicrobial activity, including potent growth inhibition of
C. neoformans. Sphaerostilbella toxica belongs to the Hypocreaceae, a family of ascomycetes that is
dominated by species that are aggressive necrotrophic or biotrophic parasites of other fungi [9].
Besides species of Sphaerostilbella [8], the family Hypocreaceae includes well known mycoparasitic
(also known as fungicolous) genera, e.g., Trichoderma, Hypomyces, and Escovopsis [9–11]. All fungi in
this family studied to date have been shown to have a complex secondary metabolism which in part
contributes to their capacity to invade, kill, and colonize other fungi [12–15]. The most consistently
found class of natural products of these fungi are peptaibiotics, including peptaibols, that mediate
their mycoparasite life style [16–19].
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Herein, we provide details on the fermentation of S. toxica leading to the bioactivity-guided
purification and structure elucidation of new peptaibiotics with an unusual N-terminal fatty acid
and C-terminal putrescine residue. Furthermore, we explored the antifungal spectrum of these
new peptaibiotics.
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2. Materials and Methods

2.1. Fermentation of Strains

Strains TTI-0467 (=NRRL 66953) and DPL-12808 (=NRRL 66954) of S. toxica from Texas, USA have
been described previously [8]. Strain TTI-1079 was isolated from mycelium colonizing the basidioma
of Phellinus gilvus collected in Raleigh, NC, USA.

To make organic extracts for antimicrobial assays, strains TTI-0467, DPL-12808, and TTI-1079
were grown on five media in 12-mL fermentations. For the seed cultures, cryopreserved agar plugs
were grown for 7 days in YM agar plates (10.0 g malt extract, 2.0 g yeast extract, and 20.0 g agar in
1000 mL deionized H2O). Six agar discs from each culture were inoculated into 50 mL of SMY medium
(40.0 g maltose, 10.0 g neopeptone, 10.0 g yeast extract, 3 g agar, 1000 mL deionized H2O) in a 250-mL
baffled flask. Seed cultures were grown at 24 ◦C, 220 rpm for 4 days. One-mL aliquots of the seed
cultures were transferred to 50-mL EPA glass vials containing 12 mL of the following media: for strain
TTI-0467, the media set used Wheat 1 (5.0 g whole wheat seeds, 8.5 mL of base liquid consisting of yeast
extract 2.0 g, sodium tartrate 10.0 g, KH2PO4 1.0 g, MgSO4.7H2O 1.0 g, FeSO4.7H2O 0.050 g, 1000 mL
deionized H2O), CYS80 (sucrose 80.0 g, yellow cornmeal 50.0 g, yeast extract 1.0 g, 1000 mL deionized
H2O), MPP (maltose 25.0 g, glucose 10.0 g, dried baker’s yeast 5.0 g, Pharmamedia (Archer Daniels
Midland, Decatur, IL, USA) 10.0 g, 1000 mL deionized H2O), YES (150.0 g sucrose, 20.0 g yeast extract,
0.5 g MgSO4.7H2O, 0.010 g ZnSO4.7H2O, 0.005 g CuSO4.5H2O, 1000 mL H2O) and MGP (glycerol 50.0 g,
molasses 10.0 g, Pharmamedia, 5.0 g, sodium glutamate 5.0 g, NaCl 1.0 g, KH2PO4 1.0 g, MgSO4.7H2O
0.5 g, ZnSO4.7H2O 0.05 g, 1000 mL deionized H2O). For strain DPL-12808, the media set used Wheat 1,
CYS80, MMK2 (mannitol 40.0 g, yeast extract 5.0 g, Murashige & Skoog Salts (M-5524, Sigma Aldrich,
St. Louis, MO, USA) 4.3 g, 1000 mL deionized H2O), Supermalt (malt extract 50.0 g, yeast extract
10.0 g, FeSO4.7H2O 0.02 g, ZnSO4.7H2O 0.007 g, 1000 mL deionized H2O) and MOF (mannitol 75.0 g,
oat flour 15.0 g, yeast extract 5.0 g, L-glutamic acid 4.0 g, MES (2-(N-morpholino)ethanesulfonic acid)
16.2 g, 1000 mL deionized H2O). For strain TTI-1079, the media set used included Wheat 1, CLA (5.0 g
yeast autolysate, 40.0 g corn meal, 40.0 lactose, 1000 mL deionized H2O), MMK2, YES and GLX (10.0 g
peptone, 21.0 g malt extract, 40.0 g glycerol, 1.0 g carboxymethyl cellulose, 1000 mL deionized H2O).
Cultures in Wheat 1, CYS80 and CLA media were incubated statically with vials slanted at a 45◦ angle;
the other media were agitated at 220 rpm. Fermentations were grown at 24 ◦C for 14 days, after which
17 mL of 2-butanone was added and agitated at 220 rpm for 2 h. Eight mL of the organic phase were
transferred to a clean glass vial and evaporated to dryness. The dried extracts were dissolved in 0.5 mL
of DMSO prior to assay.

2.2. Zone of Inhibition Assays

Overnight cultures of S. aureus ATCC 43300 grown in Luria-Bertani medium (LB), Sigma Aldrich),
and C. albicans ATCC 10231 and C. neoformans H99 grown in YM broth (malt extract 10 g, yeast extract
2 g in deionized 1000 mL H2O) at 37 ◦C were diluted with sterile H2O to an OD600 of 0.4 for S. aureus
and 0.8 for C. albicans and C. neoformans. One-milliliter aliquots of the resulting cell suspensions were
mixed with 35 mL aliquots of YMA (LB agar for S. aureus) at 45 ◦C and dispensed into one-well
Omnitray (Thermofisher Nunc, Grand Island, NY, USA) plates. A 35-well pattern of test wells (4 mm
diam) was formed in the solidified agar by aspiration of wells with a Luer-lock syringe or by molding
wells with a custom 3D-printed pin lid (V & P Scientific, San Diego, CA, USA), and 10 µL of each
extract in DMSO was applied to each well. C. albicans was incubated at 25 ◦C, S. aureus at 37 ◦C
and C. neoformans was incubated at both temperatures. Zones of inhibition were photographed after
72 h. During screening, amphotericin B was the positive control or antifungal assays and a mixture of
chlortetracycline and streptomycin were the positive controls for antibacterial assays.
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2.3. Isolation and Characterization of Active Compounds from Strain TTI-0467

Strain TTI-0467 was selected for scale up and isolation of the active compounds. Bioassay-guided
fractionation was used to identify active compounds in the crude extract of TTI-0467. The strain was
grown in1-L bottles containing YES liquid media infused into vermiculite as a solid matrix to promote
surface growth and mycelial differentiation [20]. To prepare the media, 340 mL of coarse vermiculite
were added to each of eight 1-L glass bottles and autoclaved. When bottles were cooled, 120 mL of
liquid YES media were added to each bottle along with 2 mL of a four-day-old TTI-0467 seed culture
grown on SMYA liquid medium. Bottles were rotated on a cell production roller apparatus (Bellco,
Vineland, NJ, USA,) until the mycelium formed a solid mass in the vermiculite matrix after 3 days,
then bottles continued incubating without rolling. After 14 days, 350 mL of 2-butanone was added
to each 1-L bottle and agitated for 4 h at 220 rpm. The extracted material was coarsely filtered to
remove mycelium and vermiculite, and then filtered a second time to remove additional mycelia.
The organic phase was separated and dried under vacuum, yielding 1.89 g of crude extract. The extract
was adsorbed onto Celite (diatomaceous earth) and loaded into a vacuum liquid chromatography
column (silica gel 60, 10 × 7 cm). Fractions were eluted successively with hexane, ethyl acetate
(EtOAc):methanol (MeOH) (1:1 v/v), and MeOH. The MeOH fraction was dried, applied to a LH-20
column (30 × 3 cm, Sephadex, GE Healthcare, Uppsala, Sweden) and eluted with MeOH:CH2Cl2 (1:1).
Fractions 6–15 containing the bioactive compounds were pooled and dried. The resulting mixture
was purified using semi-preparative HPLC (Zorbax SB-C18 column, Agilent Technologies, Santa Clara,
CA, USA); 5 µm; 9.4 × 250 mm, 40 ◦C; isocratic ternary mixture for 25 min (40.5:19.0:40.5 A:B:C;
(A), 0.1% trifluoroacetic acid (TFA) in acetonitrile, (B), 0.1% TFA in H2O; solvent C, MeOH, 4.0 mL/min),
yielding 70 mg of 1 (sum of the two isomers) and 36 mg of 2 (sum of the two isomers). Peak identity
was confirmed by HPLC (Ace Equivalence C18 column 150 × 4.6 mm, 5-µm, 30 ◦C). Gradient elution,
60% A for 6 min then from 60–70% A in 12 min, 1.0 mL/min. The mobile phase consisted of (A) 0.1%
formic acid in acetonitrile and (B) 0.1% aqueous formic acid.

NMR data were collected on a 500-MHz NMR instrument (Bruker, Billerica, MA, USA) equipped
with a 5-mm triple resonance cryoprobe at 298 K, with DMSO-d6 as solvent. Semipreparative separations
and HPLC-MS analyses were performed on an Agilent HPLC 1260 system equipped with a diode
array detector (DAD) and coupled to an Agilent 6120 single quadrupole mass spectrometer (MS).
HRMS data were acquired on an Orbitrap FusionTM TribridTM mass spectrometer (Thermo ScientificTM,
Grand Island, NY, USA) with direct infusion. The Orbitrap Fusion was operated with measurement
of FTMS1 at a resolution of 120,000 FWHM, scan range of m/z 150–1250, automated gain control
(ACG) target 2e5, and maximum injection time of 100 ms; the FTMS2 spectra were collected with
optimum higher collisional dissociation (HCD) energy, scan range m/z 150–2000, AGC target 5e4, 2 m/z
isolation window.

2.4. Determination of Absolute Configuration of Amino Acids

The determination of the absolute configuration of the amino acid units in 1 and 2 was accomplished
using a modified version of Marfey’s method [21]. The HPLC analysis used the same column used
for analysis of fermentation extracts and was held at 30 ◦C. To achieve resolution between β-Ala and
L-Ala, the same ternary solvent mixture used for semi-preparative separation was applied in a gradient
from 10:80:10 to 20:60:20 A:B:C in 28 min, and then to 50:0:50 during 12 more min, totaling 40 min of
analysis, at 1.0 mL/min. Amino acid derivatives were detected by UV at 340 nm and by positive ion
electrospray ionization mass spectrometry (ESI-MS).

2.5. Minimum Inhibitory Concentration (MIC) Assays

To quantify the inhibitory concentrations of the sphaerostilbellins for select strains of fungal and
bacterial pathogens, MICs were measured using species-specific modifications to standard CLSI testing
methods [22]. Overnight cultures of S. aureus ATCC 43300 in LB media, and C. albicans ATCC 10231



Biomolecules 2020, 10, 1371 5 of 15

and C. neoformans H99 in YM media were diluted with sterile H2O to an OD600 of 0.4 for S. aureus and
0.8 for C. albicans and C. neoformans. For Aspergillus fumigatus FGSC A1240, conidia from a sporulating
agar culture were used. Each suspension of cells or conidia was diluted 1000× in RPMI-1640 buffered
with MOPS (Sigma-Aldrich). Stock solutions of the active compounds were prepared in DMSO at
1.28 mM. The final cell suspension (195 µL) was transferred to a 96-well plate containing 5 µL of
stock solution for each active compound, and subsequently serially diluted to achieve a dose range of
0.06–64 µM. Growth was assessed at 24 h (S. aureus and C. albicans) or 72 h (C. neoformans, A. fumigatus)
by adding 10% alamarBlue (Bio-Rad, Hercules, CA, USA) and incubating in the dark at 37 ◦C until color
developed. Each compound was tested in duplicate. A streptomycin-chlortetracycline mixture was
used as a positive control for S. aureus, and amphotericin B was used for C. albicans and C. neoformans.

2.6. Macrophage-Fungal Co-Incubation and Macrophage Cytotoxicity Assays

The macrophage-C. neoformans co-incubation assay was adapted from [23]. J774A.1 macrophage-
like murine cells grown in DMEM (Dulbecco’s Modified Eagle Medium, Sigma-Aldrich) were harvested,
washed in PBS, transferred to 96-well tissue culture plates at 105 cells/well, and incubated overnight at
37 ◦C and 5% CO2. The C. neoformans strain H99 was incubated in YPD medium (1% yeast extract,
2% peptone, 2% dextrose) overnight with shaking at 37 ◦C, washed with PBS, and resuspended in
DMEM medium at 103 cells/ml. Sphaerostilbellins (1 and 2) were prepared in serial 2-fold dilutions
in DMEM and DMEM containing H99 cells to achieve a dose range of 0.03–32 µM. The macrophage
medium was replaced with the DMEM medium containing compound or fungal cells plus compound
and incubated for 24 to 48 h at 37 ◦C and 5% CO2. Macrophage viability was assessed by the addition
of 10% alamarBlue and incubating for 3 h at 37 ◦C and 5% CO2 prior to fluorescence measurement
(FLUORStar Optima plate reader, BMG Labtech, Cary, NC, USA). Fungal growth was assessed visually
at 48 h. To test for fungal survival, samples from each well were plated onto YPD agar and incubated
at 30 ◦C. Each compound was tested in duplicate biological replicates.

3. Results and Discussion

During screening of extracts from fungal fermentations for antifungal activity using agar
zone of inhibition assays, extracts of S. toxica, TTI-0467, DPL-12808, and TTI-1079, exhibited large,
clear inhibition zones against Staphylococcus aureus, Candida albicans and C. neoformans [8] on most of
the media tested (Figures S1–S3).

The bioactive components were tracked by bioactivity-guided HPLC fractionation of the crude
extract of strain TTI-0467 grown in a solid wheat medium. HPLC analysis indicated the presence of at
least two active compounds. Chromatographic separations afforded an enriched fraction containing
four peaks, from which peaks 1 (minor) and 3 (major) showed m/z = 1701 and peaks 2 (minor) and
4 (major) had m/z = 1786. The high molecular weight and the absence of UV-visible absorption
suggested a peptidic nature for the molecules. Upon separation of all four peaks and subsequent
HPLC analysis, it was observed that upon reinjection of individual peaks, both pairs of peaks with
the same nominal mass interconverted between two forms, with the predominance of peaks 3 and 4
(Figure S4). While NMR analysis of purified compounds in CD3OD showed a complex superposition
of two different sets of signals (Figure S5), spectra obtained for molecules in DMSO-d6 coalesced to a
single set of sharp signals. Therefore, for structure elucidation, peaks 2 and 4, representing the major
compound, were considered as compound 1, while peaks 1 and 3 were defined as compound 2.

Initial HRMS analysis determined the molecular formula of 1 as C86H152N20O20 (m/z 893.5828,
[M + 2H]2+, ∆ = 0.40 ppm), and for compound 2 as C82H145N19O19 (m/z 851.0560, [M + 2H]2+,
∆ = −0.03 ppm). The 85.0528 Da difference between the two molecules corresponded to a C4H7NO
residue indicating that 2 had one less aminoisobutyric acid (Aib) residue. Comparison of HRMS data
with peptide databases [17,24,25] identified two lipopeptaibiotics, SCH 466,457 and SCH 466,456 from
an unidentified fungus characterized at Schering Plough [26] that had the same molecular weights as
1 and 2, respectively. However, 1H- and 13C-NMR analysis for 1 and 2 (Table 1), revealed structural
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differences between the isolated compounds and the SCH peptaibols. The most notable differences
were the absence of a 13C-NMR peak at δ 158, indicating the lack of an arginine residue, and the
presence of several correlated multiplets at δ 2.2–2.4 and δ 3.0–3.3 in the 1H-NMR spectra, indicating
the presence of β-amino acids, whereas in the SCH peptaibols only a glycine peak was observed in this
region at δ 3.05. Moreover, the earlier report made no mention of an interconversion between two
forms. These differences led us to undertake a thorough characterization of the chemical structures of
1 and 2.

Table 1. 1H- and 13C-NMR data for compound 1 in DMSO (500 and 125 MHz for 1H- and
13C-, respectively).

Residue. Position δC δH, mult
(J in Hz) Residue Position δC δH, mult

(J in Hz)

MOTDA 1 169.40 Aib9 NH 8.02, s

2 50.83 3.80, q (6.9) α 55.85

2’ 12.45 1.15, d (6.9) β-1 23.13 1.39, m a

3 206.39 β-2 24.30 1.33, m a

4 40.42 2.47, m C=O 174.08

5 22.84 1.40, m β-Ala10 NH 7.44, t (5.5)

6 22.04 1.22, m α 35.81 a: 3.32, m;
b: 3.14, m

7 28.69 1.16, m β 35.09 2.29, m

8 28.89 1.20, m C=O 171.18

9 28.95 1.21, m L-Ala11 NH 8.12, d (4.8)

10 28.82 1.24, m α 49.19 4.10, q (6.6)

11 28.99 1.25, m β 17.09 1.18, m

12 28.64 1.36, m C=O 172.20

13 31.23 1.23, m Aib12 NH 8.04, s

14 13.91 0.85, m α 56.06

L-Pro1 α 60.13 4.26,
dd (5.8, 7.8) β-1 23.38 1.27, m a

β 28.45 a: 2.16, m;
b: 1.93, m β-2 25.75 1.37, m a

γ 24.57 a: 2.02, m;
b: 1.92, m C=O 174.09

δ 47.57 3.64, t (6.6) β-Ala13 NH 7.50, t (5.6)

C=O 172.43 α 35.83 a: 3.30, m;
b: 3.21, m

Aib2 NH 8.55, s β 35.06 2.31, m

α 55.96 C=O 171.54

β1 23.90 1.34, m a L-Ala14 NH 8.19, d (4.7)

β2 25.50 1.32, m a α 49.94 4.03, m d

C=O 175.38 β 16.63 1.24, m

Aib3 NH 7.95, s C=O 174.01

α 55.84 Aib15 NH 8.40, s

β-1 24.58 1.39, m a α 55.99

β-2 25.74 1.36, m a β-1 24.10 1.37, m a

C=O 175.19 β-2 24.96 1.36, m a
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Table 1. Cont.

Residue. Position δC δH, mult
(J in Hz) Residue Position δC δH, mult

(J in Hz)

Aib4 NH 7.70, s b C=O 175.34

α 55.88 Aib16 NH 7.80, s

β-1 24.92 1.34, m a α 55.69

β-2 26.46 1.30, m a β-1 22.93 1.29, m a

C=O 175.14 β-2 25.80 1.32, m a

L-Ala5 NH 7.71, d b C=O 175.26

α 50.02 3.93, m c Aib17 NH 7.67, s

β 16.47 1.28, m α 55.95

C=O 172.00 β-1 21.99 1.33, m a

Aib6 NH 7.34, s β-2 26.64 1.35, m a

α 56.01 C=O 173.37

β-1 24.67 1.36, m a L-Ala18 NH 7.56, d (7.8)

β-2 24.70 1.36, m a α 48.96 4.04, m d

C=O 174.02 β 17.11 1.31, m

β-Ala7 NH 7.13, t (5.4) C=O 172.05

α 35.60 a: 3.28, m;
b: 3.18, m Put NH 7.39, t (5.6)

β 35.20 2.35, m α 37.90 a: 3.10, m;
b: 3.02, m

C=O 171.04 β 25.88 1.50, m e

L-Val8 NH 8.00, d (7.0) γ 24.26 1.53, m e

α 58.93 3.92, m c δ 38.53 2.78, m

β 29.58 1.93, m NH2 7.69, m b

γ-1 19.08 0.86, m

γ-2 18.68 0.87, m

C=O 170.78
a–f Signals are overlapped. MOTDA - 2-methyl-3-oxo-tetradecanoyl.

For the major compound, 1, 1H-, 13C-, and 2D NMR experiments (COSY, HSQC, HMBC, ROESY)
revealed the presence of nine 2-aminoisobutyric acid (Aib) residues, as well as four alanine (Ala) units,
three β-alanine (β-Ala) units, one valine (Val) unit, and one proline (Pro) unit (Table 1, Figures S6–S11).
Linked to the proline residue at the N-terminus was a 2-methyl-3-oxotetradecanoyl (MOTDA) residue
(Figure 2). Observation of a ROESY correlation between theα-methine hydrogen of the MOTDA residue
with Pro2 δH indicated a s-trans configuration of the Pro residue (Table 1, Figure 2). Furthermore,
COSY correlations also showed a spin system arising from an amide NH proton at δ 7.39 connected to
a 4-aminobutyl side-chain. The terminal H-4 methylene protons at δ 2.78 showed a COSY correlation
with an NH2 proton signal at δ 7.69, characterized by a surprisingly strong deshielding effect, similar
to observations in other peptaibiotics [27]. Extensive analysis of HMBC and ROESY data guided
determination the amino acid sequence and the locations of the other units (Table 2, Figure 2).
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Residue Position δC δH, mult
(J in Hz) Residue Position δC δH, mult

(J in Hz)

MOTDA 1 169.40 Aib9 NH 8.02, s

2 50.83 3.80, q (6.9) α 55.85

2’ 12.45 1.15, d (6.9) β-1 23.13 1.39, m a

3 206.39 β-2 24.30 1.33, m a

4 40.42 2.47, m C=O 174.08

5 22.84 1.40, m a β-Ala10 NH 7.44, m d

6 22.04 1.24, m f α 35.81 a: 3.32, m;
b: 3.14, m

7 28.69 1.16, m f β 35.09 2.29, m

8 28.89 1.20, m f C=O 171.18

9 28.95 1.21, m f L-Ala11 NH 8.10, d (4.8)

10 28.82 1.24, m f α 49.19 4.10, q (6.6)

11 28.99 1.25, m f β 17.15 1.18, m

12 28.64 1.36, m a C=O 172.20

13 31.23 1.23, m f Aib12 NH 8.04, s

14 13.91 0.85, m α 56.06

L-Pro1 α 60.13 4.26,
dd (5.8, 7.8) β-1 23.38 1.27, m a

β 28.45 a: 2.16, m;
b: 1.93, m β-2 25.75 1.37, m a

γ 24.57 a: 2.02, m;
b: 1.92, m C=O 174.03

δ 47.57 3.64, t (6.4) m β-Ala13 NH 7.50, m e

C=O 172.43 α 35.83 a: 3.30, m;
b: 3.21, m

Aib2 NH 8.55, s β 35.06 2.31, m

α 55.96 C=O 171.54

β1 23.90 1.34, m a L-Ala14 NH 8.14, d (4.7)

β2 25.50 1.32, m a α 49.70 4.03, m g

C=O 175.38 β 16.74 1.24, m
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Table 2. Cont.

Residue Position δC δH, mult
(J in Hz) Residue Position δC δH, mult

(J in Hz)

Aib3 NH 7.95, s C=O 173.97

α 55.84 Aib15 NH 8.41, s

β-1 24.58 1.39, m a α 55.99

β-2 25.74 1.36, m a β-1 23.90 1.37, m a

C=O 175.19 β-2 25.27 1.36, m a

Aib4 NH 7.70, s b C=O 175.00

α 55.88 Aib16 NH 7.71, s

β-1 24.92 1.34, m a α 55.86

β-2 26.46 1.30, m a β-1 21.99 1.33, m a

C=O 175.14 β-2 26.47 1.35, m a

L-Ala5 NH 7.71, db C=O 173.49

α 50.02 3.93, m c L-Ala17 NH 7.49, m e

β 16.47 1.28, m α 48.96 4.04, m g

C=O 172.00 β 17.27 1.31, m

Aib6 NH 7.34, s C=O 172.05

α 56.01 Put NH 7.45, m d

β-1 24.67 1.36, m a α 37.9 a: 3.10, m;
b: 3.02, m

β-2 24.70 1.36, m a β 25.88 1.50, m h

C=O 174.02 γ 24.26 1.53, m h

β-Ala7 NH 7.13, t (5.4) δ 38.49 2.78, m

α 35.60 a: 3.28, m; b:
3.18, m NH2 7.69, m b

β 35.20 2.35, m

C=O 171.04

L-Val8 NH 8.00, d (7.0)

α 58.93 3.92, m c

β 29.58 1.93, m

γ-1 19.08 0.86, m

γ-2 18.68 0.87, m

C=O 170.78
a–e Signals are overlapped. MOTDA - 2-methyl-3-oxo-tetradecanoyl.

The assigned sequence of amino acids was supported by HRMS/MS analysis (Figure 3).
Fragmentation of the [M + 2H]2+ ion at m/z 893.5827 resulted in a series of observable b/y fragments,
in accordance with the sequential loss of amino acid residues from the N- and C- termini, respectively.
Interestingly, formation of specific pairs of b/y fragments derived from the α-cleavage of β-Ala
ions were greatly suppressed or absent, a feature common in other peptaibiotics containing β-Ala
residues [28,29], which further supported the existence and positions of the β-Ala units in the proposed
amino acid sequence.
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MS2 analysis of the ion at m/z 851.0560 corresponding to the [M + 2H]2+ ion for 2 showed an
identical b ion pattern and a y ion series containing the incremental mass difference between 1 and 2,
indicating the missing Aib among the last sequence of Aib residues (Figure 4). Analysis of 1H NMR
data showed the absence of an NH amide proton at δ 7.80, attributed to residue Aib16 in 1. The absence
of this peak, and the observation of a ROESY correlation between the amide NH proton of Aib15

(δ 8.41) with δ7.70, attributed to the NH amide proton of residue Aib17 in 1 confirmed the absence of
the residue Aib16 in 2. NMR data (Figure 5, Figures S12–S17) for 2 are provided in Table 2.
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Marfey’s analysis of the amino acids present in the acid hydrolyzates of 1 and 2 confirmed the
absolute configurations of the chiral amino acids as L-Ala, L-Pro, and L-Val (Figure S18). The LC-MS
analysis of the Marfey’s derivative standard amino acid mixture also confirmed the presence of
β-Ala, Aib, and putrescine. L-Arg and Gly, present in the SCH peptaibols, were included among
the derivatized standards for comparison but were absent from the samples, further confirming the
differences among these compounds. It should be noted that relatively low absorbance for Aib and
putrescine derivatives evident in chromatograms (Figure S18) are likely due to slower derivatization
reaction rates required for complete reaction with Marfey’s reagent [30,31].

The sphaerostilbellins exhibit several distinctive features. The presence of a primary amine unit at
the C-terminal end is rare and only found in a few examples of peptaibiotics such as cicadapeptins [27]
and MS-681a-d, isolated from a Myrothecium species [32]. To the best of our knowledge, this is the
first report of a putrescine residue in a fungus-derived peptaibiotic. Substitution at the N-terminus
with the polyketide-derived MOTDA unit has been reported in only a few other peptaibiotics such
as lipohexin [33,34], SCH 466,456 and SCH466457 [26], SCH 643,432 and its unidentified isomer [35],
and texenomycins A and B [36]. In the latter two examples, the pair of isolated peptaibiotics were
characterized as isomers, and in the texenomycins, they differed in the stereochemistry of the methyl
group arranged between the two carbonyl groups of the MOTDA residue.

In order to investigate whether the isomerization of sphaerostilbellins in LC-MS chromatograms
was due to methyl group isomerization through a keto-enol equilibrium at the β-keto amide methine,
a sample of purified sphaerostilbellin A was dissolved in CD3OD and left at room temperature
for an extended period of time. Even after 110 days exposed to the protic solvent, there was no
noticeable change in the 1H-NMR signal attributed to the methine hydrogen (Figure S19), indicating
no appreciable deuterium exchange at the methine hydrogen and thus no racemization at this position
under these conditions. Another possible explanation for the presence of two forms in CD3OD solution
could arise from cis-trans proline conformational isomerization, a slow-exchange phenomenon that is
widely recognized and observed in peptides, especially when proline is located as the penultimate
residue [37–39]. ROESY analysis of 1 in CD3OD was consistent with the major conformer adopting a
s-trans conformation, similar to what was observed in DMSO-d6, however, these data did not provide
positive evidence to unambiguously identify the minor form as the s-cis conformer.

Minimum inhibitory concentration (MIC) assays in liquid media for compounds 1 and 2 indicated
strong potency towards all tested pathogens; S. aureus, A. fumigatus, C. albicans, and C. neoformans,
with A. fumigatus exhibiting the highest sensitivity (Table 3). Antifungal activity was observed at
lower concentrations than for inhibition of S. aureus for both compounds. Compound 1 showed a
consistent two to four times lower MIC when compared to compound 2. Compounds 1 and 2 were
also tested for toxicity against the murine macrophage-like cell line J774A.1 This cell line has been
used extensively to assess in vitro phagocytic and antifungal activity against C. neoformans and other
fungal pathogens [23,40]. Each compound displayed much higher inhibition/toxicity against these
mammalian cells compared to fungal and bacterial cells, potentially arguing against their acting as
non-specific cell toxins (Table 3). Additionally, the antifungal MIC for C. neoformans was identical
whether the compounds were assayed with fungal cells alone or in a macrophage-fungal co-culture.
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Table 3. Minimum inhibitory concentration (MIC) values of peptaibiotics 1 and 2 against selected
pathogens and murine macrophage cell line J774A.1.

Pathogen or Cell Line Compound (µM)

Sphaerostilbellin A (1) Sphaerostilbellin B (2)

C. neoformans H99 37 ◦C 2 2
C. neoformans H99 30 ◦C 2 2
C. albicans ATCC 10231 4 2

A. fumigatus FGSC A1240 1 1
S. aureus ATCC 43300 8 32

Murine macrophage J774A.1 >32 32

4. Conclusions

Strong antibacterial and antifungal activity and cell lysis are typical biological effects of
lipopeptaibiotics [41,42]. In most cases, their biological activities are believed to be due to their
membrane-modifying properties and ability to form transmembrane voltage-dependent channels
or to cause destabilization or leakage of membrane lipid bilayers. Therefore, production of
sphaerostibellins by S. toxica is consistent with the chemical behavior of other mycoparasitic fungi of
the Hypocreaceae. The incorporation of a C-terminal putrescine residue, an intermediate in fungal
polyamine metabolism [43], represents a new variation in the family. Although the sphaerostilbellins
displayed broad biological toxicity, their effect was more pronounced on the fungi tested, which might
be correlated with their ecological role, and warrants further investigation of the precise mechanism of
their antifungal activity. In conclusion, the strategy of screening novel fungal species of mycoparasitic
Hypocreaceae [19], e.g., S. toxica, has led to the discovery of two novel and potent antimicrobial
peptaibiotics with the primary amine putrescine at the C-terminal end.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/10/1371/s1,
Figure S1: Zone of inhibition assay of extracts from strain TTI-0467 cultured in five different media against C.
neoformans at 37 ◦C. See Methods for media formulations; Figure S2. Zone of inhibition assay of extracts from strain
DPL-12808 cultured in five different media against C. neoformans at 37 ◦C. See Methods for media formulations;
Figure S3. Zone of inhibition assay of extracts of strain TTI-1079 cultured in five different media against C.
neoformans at 37 ◦C. See Methods for media formulations; Figure S4. LC-MS of peaks 1-4 after semi-preparative
HPLC isolation, highlighting the interconversion of peaks 1-3 and 2-4; Figure S5. 1H NMR spectrum of peaks 1-4
(500 MHz, CD3OD); Figure S6. 1H NMR spectrum of 1 (500 MHz, DMSO-d6); Figure S7. 13C NMR spectrum of
1 (125 MHz, DMSO-d6); Figure S8. COSY spectrum of 1 (500 MHz, DMSO-d6); Figure S9. HSQC spectrum of
1 (500 MHz, DMSO-d6); Figure S10. HMBC spectrum of 1 (500 MHz, DMSO-d6); Figure S11. ROESY spectrum
of 1 (500 MHz, DMSO-d6); Figure S12. 1H NMR spectrum of 2 (500 MHz, DMSO-d6); Figure S13. 13C NMR
spectrum of 2 (125 MHz, DMSO-d6); Figure S14. COSY spectrum of 2 (500 MHz, DMSO-d6); Figure S15. HSQC
spectrum of 2 (500 MHz, DMSO-d6); Figure S16. HMBC spectrum of 2 (500 MHz, DMSO-d6); Figure S17. ROESY
spectrum of 2 (500 MHz, DMSO-d6); Figure S18. LCMS chromatograms obtained after sample derivatization with
Marfey’s reagent. (a) Putrescine standard; (b) Amino acid standards; (c) Compound 1 hydrolyzate; (d) Compound
2 hydrolyzate. X represents a side-product; Figure S19. 1H NMR (500 MHz, CD3OD) spectra of sphaerostilbellin
A at different times. (a) 0 days; (b) 4 days; (c) 110 days.
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