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Abstract

In continuation of our ongoing search for bioactive compounds from microbial extracts, we
performed antiproliferative and/or antimalarial assays on extracts of 806 microbial species isolated
from Madagascan marine organisms, on 1317 species isolated from Madagascan soil samples and
on a Streptomyces species (S4) from a marine sponge collected from the Florida Keys. This work
identified active extracts from four Streptomyces isolates (S1, S22, S3 and S4). The extracts of
Sreptomyces S.1 and S22 showed antiproliferative activity against the A2780 ovarian cancer cell
line, while those of S3 and $4 displayed both antiproliferative and antimalarial activity. Bioassay-
guided fractionation coupled with dereplication of the active extracts led to the identification and
isolation of nonactin (1), monactin (2), dinactin (3), +-nonactic acid (4), toyocamycin (5),
piperafizine A (6) and a new dipeptide named xestostreptin (7). The structures of all isolated
compounds 1-7 were elucidated by analyses of their NMR spectroscopic and mass spectrometric
data, and were confirmed by comparison with the data reported in the literature. Compound 6 was
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crystallized and subjected to X-ray diffraction analysis to confirm its structure as piperafizine A
(6). Compounds 1-3 displayed strong antiproliferative activity against A2780 ovarian cancer cells
(IC5q values of 0.1, 0.13 and 0.2 M, respectively), A2058 melanoma cells (ICsq values of 0.2,
0.02 and 0.02 pM, respectively), and H522-T1 non small-cell cancer lung cells (1Csq values of 0.1,
0.01 and 0.01 pM, respectively), while compounds 4 and 7 exhibited weak antiplasmodial activity
against the Dd2 strain of Plasmodium falciparum, with ICgq values of 6.5 and 50 M,
respectively.
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Cancer and malaria are two of the major health threats to the world’s population. About 500
million malaria cases and 1 million deaths from malaria are reported each year.! The best
current antimalarial therapy is artemisinin combination therapy (ACT), but some cases of
artemisinin resistance have been reported.2 Also, in the United States, cancer is the second
leading cause of death after heart disease. There is thus a continuing need for new anticancer
and antimalarial agents. New chemical entities with new pharmacophores are needed to
tackle these public health problems.

Natural products have been the major contributor of antimalarial and anticancer drugs. Forty
five percent of clinically used anticancer drugs® and many antimalarial drugs are natural
products or are derived from natural products. Among sources of natural products,
Actinomycete bacteria produce a wide range of bioactive compounds with unique
chemotypes and pharmacophores. With the aim of isolating bioactive molecules with new
pharmacophores from Actinomycete species, we screened extracts of 806 microbial species
isolated from Madagascan marine organisms, 1317 species isolated from Madagascan soil
samples, and a Sreptomyces species (S.4) from the sponge Xestospongia muta collected
from the Florida Keys for antiproliferative activity against the A2780 ovarian cancer cell
line and for antimalarial activity. A dereplication method leading to the isolation and
structure determination of the known (1-6) and new (7) bioactive compounds as well as
their biological activities are reported herein.

Although natural products are actively contributing to drug discovery by providing new
pharmacophores and chemical entities, most of the major pharmaceutical companies have
abandoned their natural product extracts screening program due to the high cost, the
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presence of known bioactive compounds that are often responsible for the activity, and the
low yield. The problem of the re-isolation of known compounds can however be minimized
by the use of appropriate dereplication methods. Several dereplication methods have been
reported based on liquid chromatography coupled with mass spectrometry;** the
identification of compounds is often performed by comparison of their mass spectrometric
data with those present in libraries of known bioactive compounds such as Antibase and
Marinlit.

The evaluation of the potential of marine and soil microbial extracts as a source of
antiproliferative and antimalarial compounds was one of several aims of the Madagascar
ICBG program.b In this study, a few milligrams of each microbial extract were received
from the Centre National de Recherches sur I’Environnement (CNRE), Madagascar, and the
Institute of Marine and Environmental Technology, University of Maryland Center for
Environmental Science, Baltimore, for antiproliferative and antimalarial activity screenings.
Among the more than 2,000 samples tested, 17 extracts showed antiproliferative activity
with ICsq values of 20 pg/mL or less. The two most potent antiproliferative Sreptomyces
extracts, designated S1 and S22 with ICgq values of 2 pg/mL and 3.5 pg/mL, respectively,
and two extracts designated S.3 and S4 exhibiting antimalarial activity with ICsg values
between 2.5 and 5 ug/mL, and 10 ug/mL, respectively, were selected for dereplication as
described in Chart 1.

The two extracts S1 and S22 showing strong antiproliferative activity were subjected to
liquid-liquid partition between water and ethyl acetate to remove polar compounds
originating from the culture media. The active fractions ethyl acetate fractions were
subjected to High Performance Liquid Chromatography (HPLC) and/or preparative TLC to
obtain pure or semi-pure compounds for bioassay and NMR evaluation. The 1H NMR
spectra of the most promising fractions were analyzed for the presence of known bioactive
compounds by using the Dictionary of Natural Products (DNP) 1H-NMR and

MarinL itdatabases.’

The IH NMR spectrum of the ethyl acetate fraction of the extract obtained from S.1, which
exhibited antiproliferative activity with an 1C5q value of 2 pg/mL, showed the presence of
mixtures of cyclic ionophores as substantiated by the triplet (6 0.7 ppm) and doublet (&
1~1.30 ppm) methyl signals in the upfield region of the TH-NMR spectrum, and by oxygen-
bearing methine multiplet signals (& 3.70~4.99 ppm). Examination of 100 mg of extract
obtained from scaled-up fermentation of the same strain led to the isolation of the
antiproliferative compounds nonactin (1), dinactin (2), monactin (3) and +-nonactic acid (4)
from the most active fraction. The ethyl acetate fraction from Streptomyces sp. S.2 exhibited
strong antiproliferative activity against A2780 cells (IC5q 0.8 pg/mL). HPLC coupled with
bioassay of this active fraction led to the isolation of a bioactive compound which was not
retained on a Cogent reversed phase bidentate C-18 column (100A, 4um, 50 X 4.6 mm).

Its TH NMR spectrum showed signals for a- and p-glucose and other signals ascribable to
toyacamycin (5) the assignment of which was consistent with its UV and mass spectrometric
data. The identity of 5 was confirmed by purification of a larger sample and by H and 13C
NMR spectroscopy and mass spectrometric data as described in the experimental section.
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Extract S.3 showed both antiproliferative (ICsq 3.4 pg/mL) and antimalarial (ICsg ~4 pg/mL)
activities. Open column chromatography of the ethyl acetate fraction on silica gel led to the
isolation of piperafizine A (6), the structure of which was elucidated by analysis of its NMR
spectroscopic data and x-ray diffraction (Fig. 1). Compound 6 is a condensation product of
two phenylalanines, and has been isolated from Streptoverticillium aspergilloides (Q-576-2)
and reported to be a potentiator of the cytotoxicity of vincristine.8: 2 Compound 6 showed
antimalarial activity against P. falciparum with an ICgq value of 6.5 pM. This is the first
report on the crystal structure and the antimalarial activity of 6.

The Sreptomyces sp. isolated from the sponge X. muta(S.4) exhibited antimalarial activity
with an ICsq value 10 pg/mL. Liquid-liquid partitioning followed by Sephadex LH-20 and
HPLC of the ethyl acetate fraction yielded the new compound 7.
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Structures of compounds 1-7

Compound 7 had the molecular formula CgH14N>03 as determined by the high resolution
ESIMS analysis, which exhibited a protonated-molecular ion peak at m/z 199.1068 (required
for CgH15N»03", m/'z199.1077 [M+H]*).10 Its IR spectrum showed the presence of an
absorption ascribable to an amide carbonyl function (1632 cm™1). The 1H NMR
spectroscopic data recorded in CD30D (Table 1) exhibited signals of: one secondary methyl
(61.26, d, J= 6.5 Hz, 3H), one methoxy (5 3.32, s, 3H), one nitrogen bearing methyl (53.10,
s, 3H), two downfield methines (53.76, qd, J= 6.5, 3.5Hz, H-7, 1H and 4.05, d, J= 3.5Hz,
H-5, 1H) which were coupled to each other, and two proton signals of an exocyclic
methylene (§4.88, s, H-and 5.41, s, each 1H). The HMBC spectroscopic data of 1 displayed
correlations with 9 carbons (Table 1): two amide carbonyls (C-3 and C-6, at §160.2), three
signals corresponding to an oxygenated carbon (&56.2), a nitrogen-bearing carbon (& 35.6)
and a secondary methyl group, two oxygen- and/or nitrogen-bearing methines (567.5, 78.9)
and an exocyclic methylene carbon (6100.4) attached to a quaternary carbon (5134.3). 1D-
TOCSY experiments showed the presence of the spin network: CH3(51. 26, d, J= 6.5 Hz)-
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CH(6 3.76 dg, J= 6.5, 3.5 Hz)-CH(5 4.05 d, J=3.5 Hz)- in the molecule. The assignment of
the methyl groups, including the methoxyl and the N-bearing methyl groups, as well as the
exomethylene and the carbonyl groups was substantiated by interpretation of the 1D-proton
and 2D-NMR spectroscopic data of 7, including COSY, HSQC, HMBC, and NOESY
experiments. The attachment of the methoxy group at C-7 was deduced by observation of
the HMBC long range correlation from the signal at §3.32 to C-7 (J¢ 78.9), while the N-
methyl was assigned by the observation of the long range cross-peak from the signal at &
3.10 to C-5 (& 67.5) and C-3 (¢ 160.2). The above evidence together with the observation
of the 2J and 3J HMBC correlations from the signal of the secondary methyl group (51.26)
to C-7 and C-5, and the cross peak from the signals of H-5 and H-7 to that of the carbonyl
carbon at §160.2 (C-6), indicated that a threonine moiety was present in 7.

Moreover, the long range correlation from the exocyclic methylene protons to the amide
carbonyl (C-3) and the four degrees of unsaturation calculated from the HRESIMS data
showed that 1 was a cyclic compound. It is noteworthy that no signal was collapsed when
the exocyclic methylene protons were irradiated during the 1D-NOESY experiment. The
complete HMBC correlations observed in 7 allowed us to establish its structure as in Fig. 2.
The relative configuration of 7 was deduced from the results obtained from 1D-

NOESY spectrum (Fig. 3).

During our present bioguided isolation coupled with dereplication study of four selected
bioactive Streptomyces strains, we identified known bioactive compounds by using
prefractionation of extracts/bioassay of fractions/'H NMR/mass spectrometry analysis. The
structures proposed by dereplication were confirmed by scale-up isolation. The cytotoxic
compounds nonactin (1), monactin (2), dinactin (3) and toyocamycin (5) were readily
identified to be responsible for the antiproliferative activity of the soil Streptomyces sp.
extracts S1 and S.2 of the present study. Compounds 1-3 isolated from S.1 inhibited the
proliferation of A2780 ovarian cancer cells with 1Cgq values of 0.16, 0.13 and 0.26 uM,
respectively. When assayed against the A2058 melanoma cell line, compounds 1-3
exhibited 1Csq values of 0.26, 0.02 and 0.02 uM, respectively while 1Csq values of 0.19,
0.01 and 0.01 pM, respectively were observed when tested against H522-T1 non small
cancer lung cells. Our results showed that 2 and 3 exhibited some degree of selectivity in
A2058 melanoma and H522-T1 cell lines. Compounds 2 and 3 were 6.5 and 13 times,
respectively more active against the A2058 melanoma cell line than the A2780 cell line.
This paper is an example of the use of dereplication to detect and isolate ionophores (1-4)
and toyocamycin (5) which are well known cytotoxic agents produced by Streptomyces spp.
Their presence in the extract can yield false positive hits during the screening. This study
also demonstrated that ionophores can be easily identified by THNMR coupled with mass
data. In addition, the phenylalanine dimer 6, previously known to be a potentiator of the
cytotoxicity of vincristine, has been shown to exhibit antiplasmodial activity against the Dd2
strain of P. falciparum (ICgq 6.57 uM) for the first time. Ultra-short peptides (3—4 amino
acids) containing one or two phenylalanine residues have exhibited antimalarial activityl!
and plasma phenylalanine has been found to be elevated in severe malaria.12 The presence
of phenylalanine in 6 may contribute to the activity. More data is needed to elucidate the
role of phenylalanine in the inhibition of the growth of the malaria parasite. The new
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compound 7, which is a methylated cyclic dipeptide from the condensation of threonine and
alanine, exhibited weak antimalarial activity with an ICsq value of 50.5 pM.

In summary, this work confirms the value of using the Dictionary of Natural Products with
included 'H NMR spectra and the Marinlit databases to dereplicate bioactive microbial
extracts. During this study the compounds were isolated in order to confirm their structures
and to demonstrate the efficacy of the method.
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Figure 1.
X-ray crystal structure of 6
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Figure 2.

Key HMBC observed in 7
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Figure 3.
Key NOE correlations observed in 7
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Chart 1.
A diagram of the dereplication method used during the present study
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