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We isolated a cyclic lipodepsipeptide, phomafungin, from a Phoma sp. The distinct antifungal activity of
phomafungin in the crude extract was initially discovered by mechanistic profiling in the Candida albicans
fitness test. The purified compound contains a 28 member ring consisting of eight amino acids and a
B-hydroxy-y-methyl-hexadecanoic acid, and displays a broad spectrum of antifungal activity against

Candida spp., Aspergillus fumigatus and Trichophyton mentagrophytes with MIC of 2-8 ng/ml, and toxicity
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to mice at 25 mg/kg. The linear peptide derived from opening of the lactone ring was devoid of antifungal
activity as well as toxicity. Phomafungin has been identified in a number of Phoma spp. collected from
Africa and the Indian and Pacific Ocean islands.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Candida albicans (and other species) and filamentous pathogens
(Aspergillus fumigatus, in particular) pose a serious threat to immu-
nocompromised patients in the hospital setting.! Current treat-
ments of fungal infections are limited to amphotericin B, azoles®
and echinocandins,* with acceptable results. However, the chang-
ing epidemiology and emergence of resistant strains call for new
antifungal drugs with broad spectra and distinct mechanisms of
action. We maintain that natural products remain the most prolific
repertoire of compounds with diverse structures, and likely diverse
bioactivities. But the traditional ‘grind-and-find’ approach, includ-
ing bioassay-guided isolation based on conventional whole-cell
screening approaches, has been seriously challenged by the fre-
quent rediscovery of known compounds. To circumvent this prob-
lem, we have implemented new approaches that enhance the
biodiversity of natural products,®> and dereplicate and cluster the
natural products according to their bioactivities.’® In this way,

* Corresponding authors. Tel.: +1 732 594 3222; fax: +1 732 594 6880 (S.B. Singh).
E-mail addresses: xu_deming@hotmail.com (D. Xu), sheo_singh@merck.com
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0968-0896/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2008.12.009

only extracts with distinct bioactivities, likely new chemical struc-
tures, are selected for fractionation.

The C. albicans fitness test (CaFT) takes advantage of the dip-
loidy of the pathogen that changes growth of heterozygous dele-
tion strains in the presence of antiproliferative agents. As
demonstrated, most target- or mechanism-specific antifungal
compounds induce hyper- and hypo-sensitivity only in heterozy-
gous deletion strains that are indicative of the targets and as-
pects of mechanisms of action® Conversely, an informative
CaFT profile of a synthetic compound or a natural product may
shed mechanistic light on the biological activity. Applied directly
to crude extracts (e.g., microbial fermentation broth), mechanis-
tic profiling using the fitness test provides a biological solution
to dereplication of natural products. Extracts with distinct CaFT
profiles are likely to contain distinct biological activities, which
are likely attributable to distinct chemical entities. Since the het-
erozygous deletion strains employed in the CaFT cover approxi-
mately 45% of the pathogen genome, mechanistic dereplication
is an inclusive approach that overcomes the limitation of tar-
get-based screening. Our strategy has been validated by the dis-
covery of parnafungins from a fungal source that are novel and
potent inhibitors of RNA poly(A) polymerase with a broad
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Figure 1. Chemical structure of phomafungin isolated from Phoma spp.

antifungal spectrum and in vivo efficacy against a murine model
of candidiasis,>!°

Here we report the identification, isolation and characteriza-
tion of a cyclic lipodepsipeptide, phomafungin (1, Fig. 1), pro-
duced by a widespread tropical Phoma spp. The original extract
produced a complex profile in the CaFT indicative for genes in-
volved in the sphingolipid biosynthesis. However, the profile
was distinct from those of known sphingolipid inhibitors previ-
ously tested in CaFT. Analytical HRLCMS indicated that the ex-
tract did not contain known inhibitors of fungal sphingolipid
pathway. Bioassay-guided isolation led to phomafungin (1),
which reproduced the original profile in the CaFT, and displays
a broad antifungal activity against Candida spp. and other human
fungal pathogens.

2. Results and discussion

2.1. Identification of phomafungin-containing extracts in the
CaFT

To enhance the diversity of secondary metabolites, terrestrial
fungal isolates were grown in eight-nutrient medium micro fer-
mentation arrays. Once whole-cell antifungal activity was de-
tected for a particular strain, fermentation was scaled up to
one liter under the optimal conditions. The mycelium and fer-
mentation broth were extracted with acetone and tested in the
CaFT. The extract of strain F-224,939 produced a complex profile
characterized by four hypersensitive heterozygotes correspond-
ing to genes involved in the sphingolipid biosynthesis (LCB2,
RTA2/RSB1, MIT1/SUR1/CSH1, and AUR1), and those involved in
the control of Ca®*, CMD1 (calmodulin), orf19.4726/FRQ1 (Ca®*
binding) and PMC1 (Ca®*-ATPase), with the last two being hypo-
sensitive. Additional hyper- and hypo-sensitive strains did not
indicate any particular cellular process(es) being specifically af-
fected by this extract (Fig. 2). However, compared with known

inhibitors of sphingolipid (myriocin,!' aureobasidin A'>'*> and
rustimicin'#'®), the largely non-overlapping profile of F-224,939
(Fig. 2) indicated the presence of a distinct biological activity.
Analytical HRLCMS failed to identify myriocin,'" rustimicin,'*!>
minimoidin,'® aureobasidins,'>!” australifungin,'®> and syring-
omycins'® in this extract (data not shown). The producing fun-
gus was identified as a Phoma sp. based on microscopic
morphology and ITS and 28S rDNA sequences (see below).

2.2. Isolation and structural elucidation of phomafungin

Extract of F-224,939 was chromatographed on Amberchrome
reversed-phase column eluted with a 5-100% aqueous methanol
linear gradient. Liquid-liquid partition of the fractions with anti-
fungal activity followed by reversed-phase HPLC led to purified
phomafungin (156 mg/L) as an amorphous powder. The purified
phomafungin (1, Fig. 1) produced a CaFT profile consistent with
the original (Fig. 2), suggesting that the biological activity detected
in the CaFT could be attributed solely to phomafungin.

Mass spectral analysis of 1 provided a molecular weight of 1029
and a formula of C46H79NgO¢7. The UV spectrum showed an end
absorption, and the IR spectrum displayed the presence of hydroxy
and carbonyl groups. The '*C NMR spectrum in DMSO-dg showed
the presence of 40 distinct resonances and six degenerate reso-
nances. The spectral data revealed the presence of 11 carboxyl car-
bonyls along with a large number of signals resonating in the
methylene region of the spectrum, indicating that the compound
was a lipopeptide. This data along with DEPT spectrum suggested
the presence of 7 a-methines, 2 oxymethines, an aliphatic methine,
3 oxymethylenes, 18 methylenes, and 4 methyls (Table 1). The 'H
NMR together with COSY, TOCSY and HSQC spectral data provided
evidence for the presence of an alanine, a glycine, a serine, 2
homoserines, a threonine, a glutamic acid (or glutamine), and an
asparagine (or aspartic acid). It was clear from the NMR spectrum
that the remaining moiety contained a B-hydroxy-y-methyl fatty
acid (Table 1) which was elucidated as B-hydroxy-y-methyl-hexa-
decanoic acid (HMHDA) by subtraction of the amino acid units
from the formula. The sequencing of the peptide was performed
first by HMBC correlations of the amide NH’s and o-protons to cor-
responding amide carbonyls of the cyclic depsipeptide and was
corroborated by ESI MS-MS analysis of the hydrolyzed product.

Basic hydrolysis of compound 1 produced the linear peptide 2
which showed a protonated molecular ion at m/z 1048. The frag-
mentation pattern of the linear peptide is shown in Figure 3. The
fragmentation produced both b and y” type fragment ions m/z
929, 828, 714, 627, 570, 441, and 340 due to sequential losses of
Homoser, Thr, Asn, Ser, Gly, Glu and Homoser thus suggesting a se-
quence as Homoser-Thr-Asn-Ser-Gly-Glu-Homoser-Ala-HMHDA.
Clearly, the mass spectral data did not distinguish between Thr
and homoserines. The complete sequence was confirmed by HMBC
correlations of o-proton and o-NH protons to the corresponding
carboxyl carbonyls and o-carbons of the cyclic peptide in DMSO-
de (Fig. 4). For example, a-proton (H-2) of homoser-1 showed
HMBC correlations to the homoser-1 carbonyl and its o-NH

>

Figure 2. CaFT profiles of myriocin, aureobasidin A (AbA), rustimicin, phomafungin and the fermentation extracts of Phoma spp. Three independent CaFT experiments, with
different inhibitory concentrations (ICs), were selected for each reference compounds. The relative behavior of each heterozygous deletion strain elicited by antiproliferative
agents in each experiment is expressed statistically by two normalized z-scores, corresponding to two DNA barcodes introduced at the deleted allele, with positive value
indicating hypersensitivity, and negative resistance. For each strain in a particular experiment, the z-score of higher absolute value was selected.® To compare the CaFT
profiles, strains with absolute value of z-scores no less than 3 in at least three experiments were selected. They (93 in total from the experiments chosen) were grouped by
hierarchical clustering using centroid linkage method,® the result of which is displayed in TreeView with z-scores between +1.5 and —1.5 masked, with scale of the heat map
shown in the top-right corner, and, the hierarchical linkage on the top, together with the identities of antifungal actives and experimental conditions. The heterozygous
deletion strains are indicated by the orf19 designations of the corresponding genes, with C. albicans genes and S. cerevisiae orthologs/homologs (if any) indicated on the right
of the heat map. The C. albicans genome annotation is adapted from the Candida Genome Database (www.candidagenome.org). Highlighted in red are those involved in

sphingolipid biosynthesis, in blue Ca?* regulation (see text for detail).
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Table 1
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'H, 3C and >N NMR assignments of phomafungin (38.9 uM) in DMSO-ds

AA Position Mult d¢c (On) Sy, mult, J in Hz HMBC (H—C,N) Key NOESY*
L/D Homoser1 (HS1) 1 Cco 171.2
2 CH 49.9 4.27,ddd, 84, 7.2,4.8 C-1, 3, 4, a-N, Thr (C-1)
3 CH, 34.0 1.76, m 1.82, m C-1, 0-N
4 CH, 57.0 341, m 3.38, m C-2
o-NH (122.0) 8.2,d,7.0 C-2, Thr (C-1) H-3, 4, AT (H-2, 3, 4, NH)
OH 458, 1,48 C-3,4
p-Allo-Thr (AT) 1 co 169.9
2 CH 58.1 4.20, m C-2,3
3 CH 67.1 3.88, m C-1,2,4
4 CHs 19.4 1.05, d, 6.6 C-2,3
NH (114.5) 7.42,d,7.8 C-2, Asn (C-1) H-3, 4, Asn (H-2, 3, NH)
OH 4.90,d, 4.8 C-2,3,4
p-Asn 1 co 1704
2 CH 50.0 447,brq,7.2 C-1,2,3
3 CH, 243, dd, 15.6, 6.6 2.63, dd, 15.6, 6.6 C-1,2, 4, a-N
4 co
NH (120.5) 8.16,d, 7.8 C-2, 3, Ser (C-1) H-3, Ser (H-2, 3), AT (H-3 w, NH)
NH, (112.5) 6.88, brs 7.36, brs C-3,4C-3,4
L-Ser 1 Cco 170.0
2 CH 55.7 421, m C-3, a-N
3 CH, 61.3 3.54, m C-1,2, 0-N
NH (117) 8.05,d,5 C-2, Gly (C-1) H-3, Gly (H-2)
Gly 1 co 169.3
2 CH, 42.3 3.92, dd, 16.6, 6.6 3.51, dd, 16.6, 5.4 C-1, Glu (C-1), a-N
NH 7.98, brt, 5.4 C-2, Glu (C-1) Glu (H-2, 3, 4)
1-Glu 1 Cco 171.6
2 CH 51.9 4.20, m C-1,3,4
3 CH, 26.4 1.97, m 1.73, m C-1,2,4,5
4 CH, 29.8 217, m C-2,3,5
5 co 173.8
NH (116.5) 7.86,d,7.2 C-2, HS2 (C-1) H-3, 4, HS2 (H-2, 3, 4)
1/p-Homoser2 (HS2) 1 co 172.2
2 CH 51.4 4.15, dt, 8.0, 6.0 C-1,3,4
3 CH, 34.0 1.76, m 1.81, m C-1, a-N
4 CH, 57.5 3.46, m 3.41, m C-2
NH (118.5) 7.92,d, 6.0 C-2, 3, Ala (C-1) H-3, 4, Ala (H-2, 3), HA (H-3 w)
OH 4.55, brs C-3,4
L-Ala 1 co 172.9
2 CH 48.8 4.20, m C-1, 3, o-N
3 CHs 17.4 1.21,d, 6.6 C-1,2, o-N
NH (128) 7.82,d, 6.6 C-2, HA (C-1) H-3, HA (H-2, H-3, 5)
HMHDA (HA) 1 co 169.8
2 CH, 37.1 2.21,dd, 144, 1.8 2.31, dd, 144, 10.2 C-1,3,4
3 CH 75.1 5.01, ddd, 9.6, 4.8, 1.8 C-1, 17, 4, 5, HS2 (C-1) H-5,17
4 CH 36.1 1.61, m C-3,5,6,17
5 CH, 31.6 1.04, m 1.27, m C-3,4,6,7
6 CH, 26.4 121, m
7 CH, 29.0 121, m
8-13 CH, 29.2-28.7 121, m
14 CH, 313 121, m
15 CH, 221 121, m
16 CHs; 13.9 0.83,t, 6.6 C-14, 15
17 CHs 14.5 0.79, d, 6.6 C-3,4,5
¢ Mixing time 300 ms, vicinal and geminal correlations are not listed.
N terminal b, b, by b, bs bg b, C terminal
m/z340 m/z441 m/z570 m/z627 m/z714 m/z 828 m/z 929 _|+
NH, oH M
OH 0
O
Hof Ho§ Ho 9 N OH
N . N N ’ N
7)1 N N/\n/ N Ho §
OH O H o H o H o
o) OH OH|
OH
y'7 V's y's y'3 y'2 v
m/z709 m/z608 m/z479 m/z422 m/z 335

Figure 3. MS/MS fragmentation of linear peptide (2) derived from basic hydrolysis of (1).
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Figure 4. Key HMBC correlations establishing cyclodepsipeptide sequence.

showed HMBC correlations to the carboxyl carbonyl of the adjacent
Thr moiety thus confirming the amide bond between the two ami-
no acids. Similar correlations of the a-proton and o-NH confirmed
the amide bonds between the remaining amino acids. The HMBC
correlations of the B-proton (H-3) of HMHDA showed HMBC corre-
lations to the C-1 of homoser-1 and the C-1 of the HMHDA. The lat-
ter carboxyl carbonyl also showed HMBC correlation to Ala o-NH
thus confirming the amide bond between Ala and HMHDA and
the lactone ring between homoser-1 and HMHDA. The NH assign-
ment was made by 'H, 1>N-HSQC experiment which showed 9 well
resolved cross peaks for 8 NH and an NH, groups. The 'H, °N-
HMBC correlations further corroborated the peptide sequence (Ta-
ble 1).

The presence of individual amino acids and their absolute con-
figuration was determined by preparation of Marfey’s derivatives
of the acid hydrolyzed product and HPLC comparison with the
derivatives of the corresponding amino acid standards. This meth-
od confirmed the presence of one unit each of p-allo-Thr, p-Asn,
-Ser, 1-Glu, 1-Ala, .-Homoser and p-Homoser. The presence of
one unit each of the p- and L-homoser did not allow the confirma-
tion of the specific location of the p- or t.-homoser. This could be
elucidated by partial hydrolysis and similar analysis of the frag-
ments. However attempts to the partial hydrolysis were unsuc-
cessful due to the lack of specific hydrolytic cleavages providing
distinct fragments that could allow this differentiation. The abso-
lute configuration of HMHDA was not determined at this point.
Based on the combination of the data a cyclo-{HMHDA-L-Ala-

Table 2
Effect of 70 °C (25-105 °C) temperature gradient on differential 'H NMR chemical
shifts and temperature coefficient of phomafungin 38.9 mM in DMSO-ds

Protons A0 (5105—025) ppm Temperature coefficient®
HS1-NH -0.39 -4.9
Asn-NH -0.29 -3.6
Asn-NH, —-0.20 -4.0
Asn-NH, -0.21 —4.2
Ser-NH —0.40 -5.0
Gly-NH -0.22 -2.8
HS2-NH -0.17 -2.1
Glu-NH -0.15 -19
Ala-NH —-0.28 -35
AT-NH —-0.01 -0.1
HOD -0.37 -4.6
AT-CH; 0.05 0.6

¢ Temperature coefficient (AS/AT x 1000) ppb/°C.

Homoser-1-Glu-Gly-L-Ser-p-Asn-p-allo-Thr-Homoser} depsipeptide
structure 1 was established for phomafungin.

NOESY correlations (Table 1) confirmed the sequence and the
assignment of structure but did not provide insight for the config-
urational assignments of unassigned centers due to significant
molecular flexibility which was corroborated by the measurement
of chemical shifts of amide protons at temperature gradient. The
TH NMR spectra of 38.9 mM phomafungin in DMSO-ds was re-
corded at 10°C intervals starting with 25°C and ending at

—- Homoser-1-NH
8 —- Asn-NH
—#- Ser-NH
7 -#- Gly-NH
T —& Homoser-2-NH
6 —4— Glu-NH
A —&— Ala-NH
S 5 —4— Allo-Thr-NH
e —e— Asn-NH2
“© 4 —o- Asn-NH2
—e-HDO
3l Tt o o o o . || * AloThr-CH3

1 ° Py Py Py °

25 35 45 55 65 75

Temperature (°C)

85 95 105

Figure 5. '"H NMR chemical shifts of amide protons of phomafungin (38.9 mM) recorded at 10 °C intervals from 25 °C to 105 °C (AS/AT = 80 °C) in DMSO-d.
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105 °C. The chemical shifts of all amide protons are plotted against
temperature (Fig. 5). The slope of the curve (Ad) and temperature
coefficient (AS/AT in ppb/°C)'°~2! of these and a number of other
selected protons are tabulated in Table 2. For internal comparison
the chemical shift differences of residual water (HDO) and threo-
nine methyl group is included in Table 2 and in Fig. 5. The chemical
shift of the HDO is expected to show largest effect caused by tem-
perature gradient resulting in largest temperature coefficient va-
lue. Similarly amide protons that show temperature coefficient
values similar to HDO would not be expected to show intra-molec-
ular H-bonding.?> Comparison of the temperature coefficients of
the amide protons indicate that most of the temperature coeffi-
cient values are similar to those of HDO suggesting the lack of in-
tra-molecular H-bonding. The only exception was the chemical
shift of threonine amide NH which exhibited temperature coeffi-
cient of —0.1 ppb/°C similar to the chemical shift of threonine
methyl group (0.6 ppb/°C). The threonine amide NH likely makes
a strong seven center H-bond with the C-4 carboxy amide carbonyl
of Asn and is likely responsible for the rigidity of the structure
allowing this exchangeable NH to behave like a non-exchangeable
proton. This could also explain the unique NOESY correlation of
Thr-NH with the NH'’s of the both adjacent amino acids. Gly, Glu
and HS2-NH’s showed intermediate temperature coefficient values
as a result of temperature gradient suggesting a weak intra-molec-
ular H-bonding.

2.3. Phomafungin-producing fungi

The antifungal activity of F-224,939 was detected in fermen-
tation broths from seven of eight media tested, with a sucrose-
yeast extract medium yielding the highest potency (data not
shown). It was selected for scale-up fermentation. The producing
fungus was determined to be Phoma sp. After the chemical struc-
ture was determined, five additional strains were identified as
phomafungin producing fungi, based on chemical profile match-
ing where the DAD, retention time, POS and NEG mass spectra of
extracts in question were compared to the UV-LC-MS data of
the authentic standard (data not shown). These extracts were
tested independently in the CaFT, with profiles indistinguishable
from those of the original and phomafungin (Fig. 2). These
strains were collected from S3o Tomé and Principe, Union of Co-
mores, Republic of South Africa, Equatorial Guinea, and New Cal-
edonia (Supplementary data, Fig. S1). DNA barcoding with the
28S rDNA indicated that they were highly related and possibly
conspecific. All were associated with soils or decaying plant
material (Supplementary data, Fig. S1). The relative placement
in the 28S rDNA barcode tree indicated that these fungi were
members of the Pleosporales and possibly related to some spe-
cies of Massarina.

Table 3
Spectrum of antifungal activity MIC-100 (MIC-80) pig/mL of phomafungin

K. Herath et al./Bioorg. Med. Chem. 17 (2009) 1361-1369

2.4. Biological activity of phomafungin

Our results confirmed that phomafungin is the bioactive com-
ponent in the original extract detected in CaFT profiling (Fig. 2).
It was tested in the liquid medium for activity against a panel of
fungal pathogens (Table 3). Phomafungin is active against all but
one Candida spp. tested, at MIC 4-8 pug/ml. No activity against
C. tropicalis was observed at 32 pg/ml. Both the filamentous
A. fumigatus and the dermatophytic Trichophyton mentagrophytes
are susceptible to phomafungin, at MIC of 4 and 2 pg/ml, respec-
tively. However, in the presence of mouse/human serum, the activ-
ities against C. albicans and A. fumigatus were annihilated. It had no
activity against Staphylococcus aureus, suggesting fungal specific
growth inhibition.

Since the free acid form of phomafungin was not readily soluble
in any vehicle other than DMSO, the sodium salt of phomafungin
(with similar in vitro antifungal activity, data not shown) dissolved
in water at 2 mg/ml was used for in vivo studies. In a mouse (DBA/
2) model of disseminated Candidiasis (with C. albicans strain
MY1055), intraperitoneal (IP) administration of phomafungin so-
dium salt at 50, 25, and 12.5 mg/kg (twice daily for 2 days) resulted
in lethality. At lower doses (<5 mg/kg) or with PO dosing, no effi-
cacy or lethality was observed (data not shown). Pharmacokinetic
measurements indicated lack of significant exposure of phomafun-
gin in vivo, with a normalized AUC of 2.64 uM h (in IV PK), and a
clearance rate of 6.15 ml/min/kg with t;, of 1.8h (data not
shown). Contrary to its strong in vivo toxicity, toxicities of phoma-
fungin against mammalian cell lines such as, HCT116 (ICsq 20 M),
PC-3 (IC5019 uM), GTL16 (ICsp 26 uM), and HEL (ICsg 15.5 M), was
modest. In addition, the hydrolytic linear peptide 2 displayed no
antifungal activity at 32 pg/ml or in vivo efficacy against C. albicans
MY1055. Nor was it toxic to mice at 12.5 mg/kg when adminis-
tered IP, twice daily for 2 days, suggest that antifungal activity of
phomafungin may be linked to its toxicity.

Phomafungin is structurally related to a group of cyclic lipodep-
sipeptides, including syringomycin E,'® syringostatin,?® syringo-
toxin, 2> pseudomycin A%* and cormycin A?> all of which are
produced by plant associated Pseudomonas spp. They contain a
closed ring of nine (instead of eight, as in the case of phomafungin)
amino-acids linked to a fatty acid hydrocarbon tail of variable
length, and are important virulent factors for the phytopathogenic
bacteria that may play a role in biological control of phytopatho-
genic fungi. Although the peptide rings are polar, cyclic lipo(dep-
si)peptides produced by Pseudomonas spp., syringomycin E,
syringopeptin®® and others, form ion channels in the host plasma
membrane leading to cytolysis.2” It was demonstrated that the ef-
fect exerted on plasma membrane by syringomycin E is Ca®*-
dependent.?® Interestingly, its antifungal activity was genetically
linked to sphingolipid biosynthesis in S. cerevisiae,'®° which is

Organism Strain Time of incubation (h) Phomafungin Caspofungin
Candida albicans MY1055 24 4 0.125 (<0.03)
C. albicans + 50% mouse serum MY1055 24 >32 0.25 (0.125)
C. glabrata MY1381 24 8 (4) 0.125 (<0.03)
C. parapsilosis ATCC22019 24 4 0.5

C. lusitaniae MY1396 24 4 0.125 (<0.03)
C. krusei ATCC6258 24 4 1(0.25)

C. tropicalis MY1012 24 >32 0.125 (<0.03)
Aspergillus fumigatus MF5668 48 4 >32 (<0.03)
A. fumigatus + 50% human serum MF5668 48 >32 >32 (0.06)
Trichophyton mentagrophytes MF7004 96 2 (1) 32 (0.03)
Staphylococcus aureus MB2865 24 >32 32

The number in parenthesis is either MIC-80 = prominent inhibition of growth for yeasts or MEC = morphological change in growth-narly hyphae microscopically for

filamentous fungi Aspergillus fumigatus and Trichophyton mentagrophytes.
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intrinsically susceptible to fluctuation in Ca?*3° CaFT profiling
indicates phomafungin is mechanistically distinguished from
inhibitors of the sphingolipid biosynthesis (Fig. 2) and ionophores
such as monensin, narasin, nystatin and salinomycin (data not
shown). Since syringomycin E has not been tested in the CaFT,
we have no direct knowledge if phomafungin is mechanistically re-
lated to it. However there are indications in the CaFT profile that
the latter is genetically connected to the sphingolipid and Ca®*.
Four heterozygotes hypersensitive to phomafungin correspond to
genes involved in sphingolipid biosynthesis: LCB2, RTA2/RSBI,
MIT1/SUR1/CSH1, and AUR1 (Fig. 2). In S. cerevisiae, deletion of
ScSUR2 and ScIPT1 confers resistance to syringomycin E.'®%° In C.
albicans, however, heterozygous deletion of SUR2 (orf19.5818)
showed no preferential response to phomafungin, while that of
IPT1 (0rf19.4969) was hypersensitive (data not shown). Further-
more, the heterozygous deletion strain for calmodulin gene
(CMD1) displayed hypersensitivity to phomafungin. Those for a
Ca?*-binding protein (FRQ1) and a vacuolar Ca**-ATPase involved
in regulating the ions (PMC1) were hyposensitive (Fig. 2).

It is unlikely that phomafungin and syringomycin E are mecha-
nistically identical. The CaFT profiles of the former and the extracts
of Phoma spp. are complex and peculiar. Although complex profiles
are seen in the fitness test occasionally, biological coherence is evi-
dent in the CaFT profiles of parnafungin (an inhibitor of RNA
poly(A) polymerase,®) and 5-fluorocytosine (affecting primarily
ribosome biogenesis®). The lack of such biological coherence in
the case of phomafungin is reminiscent of amphotericin B and
toxic analogs of ergosterol.® CaFT profiling alone does not provide
sufficient evidence for the mechanism of action for the cyclic lipod-
epsipeptide that we isolated. However, we speculate that phoma-
fungin exerts its primary effect on the plasma membrane and
that this activity is affected by changes in sphingolipid content
and Ca?* concentration.

2.5. Summary and conclusion

Cyclic lipodepsipeptides are diverse secondary metabolites pro-
duced by various organisms in terms of chemical structures and
biological activities, as afforded by the variable peptide ring sizes
and lipid tails. Their antiproliferative properties have been success-
fully exploited in antimicrobial therapeutics, for example, echino-
candins (caspofungin, micafungin, and anidulafungin, inhibitors
of cell wall synthesis),>! daptomycin (targeting bacterial plasma
membrane).3? Plant/soil-associated microbes provide a rich source
of secondary metabolites, whose biological activities are involved
in microbe-microbe and microbe-plant interactions.>> Based on
the unique C. albicans fitness test profile, we isolated a cyclic lipod-
epsipeptide, phomafungin (1, Fig. 1), from a widespread tropical
soil fungus, Phoma sp. It is structurally related to a group of bacte-
rial cyclic lipodepsipeptides represented by syringomycin E, and is
active against Candida spp. (with the exception of C. tropicalis),
T. mentagrophytes and A. fumigatus. The premise of our strategy
of biological dereplication using the CaFT is the association of bio-
logical activities with chemical structures. Phomafungin provides
another example that substantiated such a strategy. While the
compound is toxic to mice, its application in treatment of topical
fungal infection has not been tested. Its precise mechanism of ac-
tion remains to be determined, so does its role as virulence factor,
if the producing Phoma sp. is phytopathogenic.

3. Experimental

All reagents were obtained from Sigma-Aldrich and were used
without further purification. The NMR spectra were obtained on a
Varian Inova 500 or 600 MHz spectrometers operating at 500 or
600 MHz for 'H and 125 or 150 MHz for '3C nuclei. The chemical

shifts were referenced to DMSO-dg (éy 2.49 ppm) and (dc
39.5 ppm). >N chemical shifts were referenced to the lock fre-
quency using the '°N frequency ratio for NH; (VnmrJ2.2¢c).3* Data
were collected uniformly at 25 °C in 3 mm NMR tubes. A Nalorac
3 mm H{CN} indirect Z-gradient probe was used for all samples.
Varian standard pulse sequences were used for all data collection.
The 2D TOCSY data were collected with a 4900 Hz spin-lock field
held for 80 ms, using the flopsy16 mixing scheme. Proton homonu-
clear correlation data were obtained with the Varian COSY or
gDQF-COSY, or NOESY (mixing time 300 and 600 ms) pulse se-
quences. ROESY data were collected using a 4500 Hz spin-lock field
applied for 200 ms. Single and multiple bond heteronuclear con-
nectivity data were observed using the gHSQC and gHMBC pulse
sequences, respectively. The gHMBC data were collected using a
mixing time optimized for a 7 Hz heteronuclear coupling constant.
Optical rotations were obtained on a Perkin-Elmer 241 Polarime-
ter; IR spectral data were obtained on a Perkin-Elmer Spectrum
One spectrometer. UV spectrum was recorded on a Perkin Elmer
Lambda 35 UV-vis spectrometer. High-resolution mass spectra
were obtained on a Thermo Finnigan LTQ-FT using electrospray
ionization using a Finnigan lon Max source with source fragmenta-
tion on and equal to 18 V.

3.1. Fungal material

The fungal strain, F-224,939, was isolated from phenol-pasteur-
ized soil collected in Séréhini, Grand Comore, Union of the Como-
ros (Supplementary data, Fig. S1). Additional strains that
produced cyclic lipodepsipeptide phomafungin are listed in
Fig. S1 (Supplementary data). Strains were maintained as frozen
mycelium in 10% glycerol at —80 °C.

3.2. DNA sequencing and and characterization of fungal strains

Total genomic DNA was extracted from mycelia grown on YM
agar. The rDNA region containing the partial sequence of 28S rDNA
including the D1D2 variable domains was amplified with primers
NL1 and NL4 or LROR and LR6. Sequences of 28S rDNA were used
to generate a neighbor-joining tree (Supplementary data, Fig. S1)
that demonstrated the close relationships among the phomafungin
producing strains. To achieve further phylogenetic resolution, the
same genomic DNA samples were used to generate sequences of
the intertranscribed spacer regions and 5.8S gene of the rDNA
(ITS) which also indicated that Massarina was the most closely re-
lated genus.

PCR reactions were performed following the standard proce-
dures (5 min at 93° followed by 40 cycles of 30s at 93°C, 30s
at 53 °C and 2 min at 72 °C) with Taq DNA polymerase (Q-bio-
Gene) as recommended by the manufacturer. The amplification
products (0.10 pg/ml) were sequenced using the Bigdye Termina-
tors version 1.1 (Perkin Elmer, Norwalk, Connecticut, USA) fol-
lowing the manufacturer’s recommendations. For all the
amplification products, each strand was sequenced with the
same primers used for the initial amplification. Partial sequences
were assembled using Genestudio software (Genestudio, Inc.),
and consensus sequences were aligned by the same software.
Neighbor-joining analyses were used to approximate phyloge-
netic relationships among strains.

3.3. Fermentations in nutritional arrays and scale up for
isolation

Our screening strategy relied on high throughput generation of
1 ml-scale extracts of organisms grown under varied fermentation
parameters followed by assay for antibiosis caused by cell-penetra-
ble molecules against C. albicans and S. aureus. Organism-and-med-
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ium combinations yielding extracts with a minimum potency and
activity spectrum were scaled up to provide larger fermentations
suitable for profiling in the CaFT, further processing for an extract
library, and for chemical fractionation, if needed. The strategy and
protocols for fermentation of fungi on nutritional microarrays has
been described previously.” Each week, 160-240 fungal strains
were selected for fermentations. These fungi were grown 2-3
weeks in 60-mm Petri dishes containing YM agar (Fluka or Difco
malt extract 10 g, Difco yeast extract 2 g, agar 20 g, distilled H,O
1000 mL). Three to four mycelial discs were cut from each
60-mm plate. Mycelia discs were crushed in the bottom of tubes
(25 x 150 mm) containing 8 mL of SMYA medium (Difco neopep-
tone 10 g, maltose 40 g, Difco yeast extract 10 g, agar 4 g, distilled
H,0 1000 mL) and two cover glasses (22 mm?). Tubes were agi-
tated on an orbital shaker (200 rev min !, 5 cm throw), and rota-
tion of the cover glasses continually sheared hyphae and mycelial
disc fragments to produce homogenous hyphal suspensions. Tubes
were agitated 4-6 d at 22 °C. Hyphal suspensions from these tubes
were transferred to master inoculum plates. Master plates of fun-
gal inoculum were used to inoculate 8-media nutritional arrays
in a ten-column x eight-row pattern.” Nutritional arrays were
grown statically 21 d at 22 °C.

The detection of antifungal activity from strain F-224,939 orig-
inated from an 1 ml fermentation in the medium YES (sucrose
150 g; yeast extract (Becton Dickinson) 20 g; MgS0,4-7H,0 0.5 g;
ZnS047H,0 0.01 mg; CuSO045H,0 0.005mg, distilled H,0
10,000 mL). It was scaled up to 1L by growing F-224,939 in
500 ml flasks with 150 mL of liquid YES agitated at 220 rpm,
22 °C for 22 d. The liquid fermentations were extracted with an
equal volume of acetone and pooled. A 4 ml aliquot was frozen
and tested for CaFT and remaining extract was used for isolation
of active metabolites.

3.4. Extraction and Isolation of phomafungin (1)

A 0.5 L fermentation broth (pH 7) was extracted with 0.5 L of
acetone and chromatographed on a 50 mL medium grade Amber-
chrome reversed-phase column and eluted with a 100 min 5-
100% aqueous MeOH gradient. Activity eluted in the 90-100%
MeOH was concentrated and lyophilized to yield 200 mg solid
material. An aliquot of 130 mg from the Amberchrome active
fraction was subjected to successive liquid-liquid partitioning
using water and hexane, dichloromethane, ethyl acetate, and
methyl ethyl ketone (MEK). The active compound was concen-
trated in the MEK extract. The latter extract was concentrated
and lyophilized to yield 79 mg pale yellow solid material. Finally,
a 25 mg aliquot of the solid material was chromatographed on a
Zorbax RX Cg (21.2 x 250 mm) column eluting at a flow rate of
12 ml/min with a 37 min gradient of 10 to 95% aqueous CH5CN
containing 0.1% TFA. Fractions eluting at 26-27 min were con-
centrated, lyophilized to yield 15 mg (156 mg/l) of phomafungin
(1) as an amorphous powder. [ot]zD3 =+57.1 (c, 0.42, sodium salt in
water); UV (CH3CN) Anhax end absorption; IR (ZnSe) vimax 3310,
2926, 1624, 1536 cm™'; HRESTFTMS (m/z)1029.5606 (calcd for
C46H79Ng017, 1029.5594), 'H and '*C NMR data, see Table 1.

3.5. Hydrolysis of phomafungin

To a suspension of phomafungin (20 mg) in 7 ml water was
added 5 ml of 0.01 M NaOH at room temperature and the solution
was stirred for 1 h. The reaction mixture was charged on a small
column of Amberchrome and washed with water and the sodium
salt of the acyclic peptide was eluted with MeOH which was con-
centrated and lyophilized to yield 18 mg of open form of the pep-
tide 2, as an amorphous powder. HRESTFTMS (m/z) 1048.5768
(calcd for C4eHgiNgO1g+H, 1047.5778), 'H NMR (600 MHz)

DMSO-dg 6 8.58 (1H, br s), 8.49 (1H, br s), 8.26 (3H, br s), 8.17
(1H, d, J=7.2 Hz), 7.88 (1H, br s), 7.64 (1H, br d, J=7.2 Hz), 7.43
(1H, br s), 6.80 (1H, br s), 4.42 (1H, br q, J=7 Hz), 4.25 (2H, m),
4.19 (2H, m), 3.97 (1H, t, J=6.6 Hz), 3.85 (1H, q, J=6.6 Hz), 3.80
(1H, dd, J=17.4, 6.6 Hz), 3.76 (1H, t, J=6.6 Hz), 3.67 (1H, m),
3.64 (2H, m), 3.55 (1H, dd, J=11.4, 4.2 Hz), 3.52 (1H, m), 3.40
(1H, m), 3.36 (1H, m), 2.26 (1H, m), 2.08-2.14 (4H, m), 1.77-1.91
(4H, m), 1.59-1.70 (2H, m), 1.27-1.42 (2H, m), 1.22 (23H, m),
1.18 (3H, d, J=6.6Hz), 0.98 (3H, d, J=6.0Hz), 0.83 (3H, t,
J=7.2Hz),0.77 (3H, d, ] = 6.6 Hz).

3.6. The C. albicans fitness test

The C. albicans fitness test was performed as described.® Briefly,
5-ml cultures of the pool (at the initial ODggg of 0.025) were treated
with antifungal actives (compounds and extracts) at multiple con-
centrations together with the mock treatment. The active inhibi-
tory concentration of each culture was determined after 15 h at
30°C. Those with desirable ICs were retained, and diluted to
ODggo 0.05 with medium containing the antifungal active at the
original concentrations. After another 23 h of growth, cell pellets
were collected, and total genomic DNA prepared. DNA samples of
the treated and the mock cultures were PCR amplified using com-
mon primers that flank the strain-specific barcodes, and labeled.
Mixtures of labeled barcodes were hybridized against DNA micro-
arrays. The relative responses (hyper- and hypo-sensitivities) of
each strain in the treated culture was appraised using an error-
modeling statistic framework that involves a set of ~50 reference
compounds, and expressed by normalized z-scores of both up-
and down-stream barcodes (see Ref. 8 for details). For each strain,
the z-score with higher absolute value is selected to compile the fi-
nal list. Cluster 3.0 was used to analyze multiple fitness test exper-
iments, the result of which was displayed with TreeView. Both are
available at http://bonsai.ims.u-tokyo.ac.jp/~mdehoon/software/
cluster/software.htm.

3.7. Antifungal assay

The MIC (minimum inhibitory concentration) against each of
the strains was determined as previously described.3” Briefly, cells
were inoculated at 10° colony-forming units/ml followed by incu-
bation at 37 °C with a 2-fold serial dilution of compound in the
growth medium for 20 h. MIC is defined as the lowest concentra-
tion of an antibiotic inhibiting visible growth.

3.8. In vivo assay

Mice were infected i.v. (lateral tail veins) with C. albicans
MY1055 at 2.51 x 10* CFU/mouse. Five DBA/2 mice in each group
were treated with sodium salt of phomafungin was formulated in
water and treated at 50, 25, 12.5, 5, 2.5 mg/kg twice daily by IP
administration. Mice were observed for mortality and general
health for 4 days after challenge, after which they were euthanized,
with both kidneys aseptically removed, placed in sterile Whirl-Pak
bags, weighed and then homogenized in 5 ml of sterile saline. Kid-
ney homogenates were then serially 10-fold diluted in sterile sal-
ine and plated on SDA. Plates were incubated at 35°C and
counted after 30-48 h. Colony forming units (CFU) per gram of kid-
ney were determined and counts from treatment groups compared
to counts from sham-treated controls using a paired two tailed
t-Test (Excel).
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