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Abstract: The bengamides, sponge-derived natural products
that have been characterized as inhibitors of methionine
aminopeptidases (MetAPs), have been intensively investigated
as anticancer compounds. We embarked on a multidisciplinary
project to supply bengamides by fermentation of the terrestrial
myxobacterium M. virescens, decipher their biosynthesis, and
optimize their properties as drug leads. The characterization of
the biosynthetic pathway revealed that bacterial resistance to
bengamides is conferred by Leu154 of the myxobacterial
MetAP protein, and enabled transfer of the entire gene cluster
into the more suitable production host M. xanthus DK1622. A
combination of semisynthesis of microbially derived benga-
mides and total synthesis resulted in an optimized derivative
that combined high cellular potency in the nanomolar range
with high metabolic stability, which translated to an improved
half-life in mice and antitumor efficacy in a melanoma mouse
model.

Natural products isolated from microorganisms, plants, and
animals traditionally play an important role in biomedical
research, as the majority of antibacterial and cytotoxic
anticancer drugs in clinical use are either such secondary
metabolites or derivatives thereof.[1] Although the marine
environment represents an enormous additional reservoir for
novel secondary metabolites,[2] the development of marine
natural products as drugs is hampered by difficulties in
establishing a sustainable and scalable compound supply. The
supply problem can be either overcome through chemical
synthesis, as exemplified by eribulin[3] and trabectedin,[4] or

through the identification of a cultivable microorganism as
a production source, as based on a growing body of evidence
that the “true” producer of many natural products discovered
from marine sources is a symbiotic microorganism.[5]

A prominent class of marine natural products is formed by
the bengamides, first isolated in 1986 from the marine sponge
Jaspis cf. coraciae.[6] As a consequence of their nanomolar
potency in the NCI-60 human tumor cell lines screen,
bengamide B (1) and other analogues were intensively
investigated as anticancer lead compounds (Figure 1). An
efficient synthetic route[7] enabled the optimization of the
lead compound 1 to yield LAF389 (2),[8] which was studied in
an anticancer phase I clinical trial, but not further developed
as a result of cardiovascular side effects.[9] As the molecular
targets of bengamides, the human methionine aminopepti-
dases (MetAPs)[10] are attractive anticancer targets,[11] and an
additional use as compounds to treat tuberculosis has been
proposed,[12] the search for improved analogues is intensively
pursued.[6c,13]

Herein, we report the outcome of a multidisciplinary
project on bengamides that was triggered by our serendip-
itous discovery of the terrestrial myxobacterium Myxococcus
virescens ST200611 (DSM 15898) as a producer of benga-
mides.[14] The gram-scale fermentative access to this class of
“marine” natural products allowed studies to be conducted on
the biosynthesis of bengamides, their heterologous expres-
sion, and the self-resistance mechanism of their producer. We
also optimized their properties as drug leads by semi- and
total synthesis.[15] Johnston et al. recently also reported the
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production of bengamides by the same strain of M. virescens
and characterized the potent anti-inflammatory properties of
the compound class.[16]

To exploit myxobacteria as a source of original bioactive
chemical matter,[17] M. virescens ST200611 was isolated from
a soil sample and cultivated (see Figure S1 in the Supporting
Information). Compounds 3–6 were isolated on a preparative
scale in > 95% purity in amounts of 145 mg, 35 mg, 86 mg,
and < 1 mg, respectively, from the extract of a 30 L fermen-
tation.[14] Multidimensional NMR and mass spectrometry
experiments revealed that 3–6 belong to the bengamide class
of (hitherto marine) natural products (Figure 1, see also
Figures S2 and S3, and Table S1). Although 5 and 6 were also
isolated from marine sources, 3 or 4 carried an additional
methyl group at C17. An analysis of the antiproliferative
activities of 3–5 in 8 cell lines showed that most IC50 values
were in the low micromolar range (Table S2), 2–3 orders of

magnitudes higher than that of the marine product 1 or the
optimized analogue 2 ; this clearly implied that improvements
through structural alterations were necessary.

We next aimed to decipher the genetic blueprint for
bengamide biosynthesis to exploit this information to
improve the structure and yield. A polyketide synthase
(PKS)[18]/nonribosomal peptide synthetase (NRPS)[19] hybrid
system was identified and shown to be involved in bengamide
production by targeted mutagenesis (see the Supporting
Information). Gene cluster borders were deduced by com-
parison with Myxococcus xanthus genome data, which
indicated that the biosynthetic pathway spans about 25 kbp
and consists of nine genes, benA–I (Figure 2, see also
Figure S4 and Table S3).

Bengamide assembly is catalyzed by a modular mega-
synthetase (BenA–D), which is supplied with glycerol-
derived hydroxymalonyl carrier protein (CP) extender
units[20] by BenE–H. Results of a feeding experiment with
[2-13C]glycerol corroborate the incorporation of two such
units by modules 2 and 3 (Figure S5). Based on this finding,
the following biosynthesis is proposed: Isobutyryl-CoA or
2-methylbutyryl-CoA starter units are extended with
malonyl-CoA, two “glycolate units”, and finally l-lysine.
Additional reductive polyketide chemistry, O-methylation,
and the ultimate release of the PK/NRP chain from the
enzyme complex by lactamization results in the formation of 3
and 5. The generated caprolactam moiety is optionally further
modified by N-methylation to yield 4 and 6. As no putative
N-methyl transferase gene was identified in the cluster region,
the required enzyme activity is assumed to be encoded
elsewhere in the genome.

In addition to the BenA–H biosynthesis machinery,
a putative methionine aminopeptidase (BenI) is encoded
within the bengamide gene cluster (Table S3). Myxobacterial
genomes usually encode two copies of MetAPs (MetAP1a
and MetAP1b; Figure S9). BenI in M. virescens ST20011
represents an additional replica of MetAP1b; this indicates
a possible resistance-conferring function, since bengamides
are MetAP inhibitors.[10] Sequence analysis revealed a leucine
residue in position 154, where other prokaryotic and eukary-
otic MetAPs usually harbor a conserved cysteine or alanine
residue (Figure S9). A homology model indicated a steric
clash between the more bulky leucine residue and the
bengamide methoxy group, thus rationalizing resistance
(Figure 3). To verify this hypothesis, growth inhibition studies
with bengamide-sensitive Escherichia coli strains expressing
BenI and a Leu154Cys-mutated version were performed
(Figure S9). The obtained data strongly suggest that BenI
mediates resistance against bengamides, and that Leu154
plays a major role in preventing inhibition.

To further exploit the identified biosynthetic pathway, we
next aimed to establish a heterologous production system, as
genetic tools for the native bengamide producer were limited.
After initial attempts to express the pathway in streptomy-
cetes failed, the genetic construct was modified for transfer
into the myxobacterial model strain M. xanthus DK1622
(pBen32; Figure S6). Expression under control of the native
promoters resulted in the production of all four bengamide
derivatives known from M. virescens ST200611 in a total yield

Figure 1. Chemical structure of bengamides. 1 and 3–6 have been
isolated from natural sources, while 2, 7a, 8a, and 8d have been
obtained by synthesis. The structures of 7b–e, derivatives with
substituted N-benzyl residues, can be found in the Supporting
Information.
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of 5–10 mgl¢1 (Figure S8). The achieved production titer was
comparable to the native producer and represents a very
promising result for such initial heterologous expression
studies, thus setting the stage for flexible modification of the
pathway. Although a first genetic engineering
approach (deletion of the benE–H operon; see the
Supporting Information) has not yet resulted in the
production of novel bengamide derivatives, the
established heterologous expression system repre-
sents a highly valuable platform for future improve-
ment of the structure and yield. The system will, for
example, enable modifications within the 731 kDa
bengamide megasynthetase that are not feasible in
the native producer.

To enhance the antiproliferative potency of
bengamides, 3 was produced in gram quantities

by fermentation and modified by semisynthesis
at the caprolactam moiety, guided by previous
studies[8b,21] that reported a significant increase in
potency by adding lipophilic residues on the
heterocycle. The introduction of N-benzylic resi-
dues with different ring substitutions to yield
7a–e (Figure 1, Scheme S1) in fact led to
IC50 values that were 50—230-fold lower than
that of 3 (Table S5). However, the utility of
7a–e as drugs was limited by their high lability
when incubated with liver microsomes, as exempli-
fied by 7a (Table 1). Not surprisingly, the high
metabolic lability in vitro (e.g. 88–99% for 7 a)
translated to poor pharmacokinetic properties
in vivo: 7a showed an extensive clearance
(7.1 Lh¢1 kg¢1), a limited volume of distribution
(0.9 Lkg¢1), and a short terminal half-life of 0.1 h
(Table 1).

We intended to enhance the stability of sub-
stituted bengamides through a migration of the
aromatic residue from its benzylic position to the
caprolactam ring, thereby resulting in benzo-fused
caprolactams. A semisynthetic access to such
analogues is conceivable by combining a micro-
bially produced polyketide side chain with syn-
thetic caprolactams. However, to gain fast access to
the analogues 8a–f (Figure 1, Scheme S2) at this
exploratory stage, an efficient total synthesis
route[7] was followed (Scheme S2). From this
small series, 8a and 8d were selected because of
their superior potency and were further profiled
against a spectrum of 14 cancer cell lines and
nonproliferating peripheral blood lymphocytes
(PBLs; Table 2 and Table S6) in comparison to 2.
All three compounds inhibited cell proliferation in
the nanomolar range, with 2 being most potent.
Although 8a and 8d were particularly active
(IC50 values � 59 nm) towards HCT116, B16-F10,
H460, and A549 cell lines, the reduced potency
against MDA-A1 and HCT15 indicated that 2, 8a,
and to a lesser extent 8d were recognized by the
P-glycoprotein (PgP) efflux pump. The fact that the
viability of quiescent PBLs was almost unaffected

by bengamides illustrates their potential to selectively target
dividing tumor cells.

Analogues 8a and 8d were stable in plasma and had low
metabolic labilities of 5%/0 %/0% and 0%/5%/15 %, respec-

Figure 2. Bengamide biosynthesis in M. virescens ST200611. A) Bengamide biosyn-
thetic gene cluster (benA–I) with flanking regions. B) Model for bengamide
assembly by a hybrid polyketide/nonribosomal peptide megasynthetase (PKS parts
blue, NRPS parts green). See also Table S3.

Figure 3. In silico analysis of BenI compared to crystal structures of other methio-
nine aminopeptidases (MetAPs) with the superposition of five bengamide inhib-
itors (green) from MetAP co-structures available in the PDB. i) Mycobacterium
tuberculosis MetAP (PDB: 3PKA).[12] ii) Human MetAP (PDB: 1QZY).[10] iii) Homology
model of BenI. The most probable rotamer for L154 is shown in a stick and surface
representation and is in the equivalent position to A230 in human MetAP and to
C113 in the M. tuberculosis protein. Steric clashes between the L154 side chain and
the methoxy group of the bengamide inhibitors are symbolized by disks and seem
to occur for all possible rotamers. For details see Figure S10.

Table 1: Metabolic labilities in liver microsomes and pharmacokinetic parameters in
C57BL mice of 7a, 8a, and 8d.

Cmpd Pharmacokinetics in vivo[a] Microsomal lability in vitro
AUC Cl Vdss t1/2 lability in%

[h ngmL¢1] [Lh¢1 kg¢1] [Lkg¢1] [h] mouse rat human

7a[b] 140 7.1 0.9 0.1 88 99 94
8a[c] 26254 1.1 1.6 3.4 5 5 0
8d[c] 25600 1.2 0.5 3.5 0 5 15

[a] AUC =area under the concentration/time curve, Cl =clearance,
Vdss = distribution volume, t1/2 = terminal half-life. [b] 1 mgkg¢1 single dose, intra-
venous administration. [c] 30 mgkg¢1 single dose, intravenous administration.
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tively, when subjected to mouse, rat, or human liver micro-
somes (Table 1). This translated to improved pharmacoki-
netic properties in vivo: 8a showed moderate clearance
(1.1 L h¢1 kg¢1), a moderate volume of distribution
(1.6 L kg¢1), and a terminal half-life of 3.4 h. For comparison,
plasma levels of 2—the “gold standard” among bengamides—
could not be detected after the first time point (ca. 6 min), as 2
is a rapidly cleaved ester prodrug.

In an enzymatic assay using manganese as a cofactor, the
molecular target MetAP2 was inhibited by 8a with an
IC50 value of 42 nm. The equilibrated solubility of 8a at
pH 7.4 was 370 mm. At a concentration of 10 mm, inhibition of
hErg, Cyp isoforms, or an AMES signal were not observed.

We finally evaluated the efficacy of 8a in female C57BL/6
mice bearing early stage B16 melanoma. The highest nontoxic
dose (60 mgkg¢1 per injection, total dose 480 mgkg¢1) had an
antitumor activity with a tumor/control (T/C) value of 31%
(Table S7, Figure S12), thereby providing a proof-of-concept
for the antitumor activity of caprolactam-modified benga-
mides in vivo. However, the activity was moderate compared
to the reference drug docetaxel (T/C of 1%), and the
therapeutic window between toxicity and antitumor efficacy
was limited.

Most studies on pharmaceutical applications of benga-
mides explored their anticancer and antimycobacterial poten-
tial. As recent preclinical and clinical studies with a covalently
binding fumagillin analogue linked MetAP2 inhibition to
increased fat catabolism and a strong reduction of body
weight,[22] an intriguing future direction may be the explora-
tion of MetAP2-selective bengamides[23] as noncovalently
binding anti-obesity agents.

In summary, we conducted detailed studies on the
biosynthetic gene cluster encoding for bengamide biosynthe-
sis, thereby enabling its heterologous expression in a more
suitable host and also disclosing the bacterial self-resistance
mechanism of the producer. The drug properties of the
compounds were optimized by semi- and total synthesis,
which yielded bengamides with an improved pharmacokinetic
profile and efficacy in an antitumor model without the need
for a prodrug (as in 2). With the genetic and chemical tools in
hand, genetic engineering and synthetic approaches for the
cost-effective production of optimized bengamides could be
merged, for example, through coupling a biotechnologically
generated polyketide chain with a synthetically modified
caprolactam.
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