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Abstract: The ocean contains a host of macroscopic life
in a great microbial soup. Unlike the terrestrial environ-
ment, an aqueous environment provides perpetual pro-
pinquity and blurs spatial distinctions. Marine organisms
are under a persistent threat of infection by resident
pathogenic microbes including bacteria, and in response
they have engineered complex organic compounds with
antibacterial activity from a diverse set of biological
precursors. The diluting effect of the ocean drives the
construction of potent molecules that are stable to
harsh salty conditions. Members of each class of metab-
olite—ribosomal and non-ribosomal peptides, alkaloids,
polyketides, and terpenes—have been shown to exhibit
antibacterial activity. The sophistication and diversity of
these metabolites points to the ingenuity and flexibility
of biosynthetic processes in Nature. Compared with
their terrestrial counterparts, antibacterial marine natu-
ral products have received much less attention. Thus, a
concerted effort to discover new antibacterials from
marine sources has the potential to contribute signifi-
cantly to the treatment of the ever increasing drug-re-
sistant infectious diseases.

Keywords: antibiotics - antimicrobials - metabolites -
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Introduction

The term “antibiotic,” defined in 1942 by Selman A. Waks-
man, originally referred to any microbial product antagonis-
tic to the growth of another microorganism.!! In common
usage today, “antibiotic” describes any compound that kills
(bactericidal) or inhibits the growth (bacteriostatic) of bac-
teria.’”) The naturally-occurring compounds discussed in this
Review, which we refer to as “antibacterials,” fit into the
latter definition. Those metabolites that act upon other mi-
croorganisms (fungi and protozoa) will not be considered.
Taken together, the molecules featured herein are best de-
fined as antibacterial marine natural products.

Most antibacterials used clinically are either naturally-
produced or resemble natural products.”! Seventy-four of
the 98 antibacterial small molecules marketed between 1981
and 2005 contained discrete structural motifs that were
taken from Nature.” Of the 12 antibacterial classes, nine
are derived from a natural product template. The molecular
architectures of the B-lactams (penicillins, cephalosporins,
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carbapenems, monobactams), polyketides (tetracycline),
phenylpropanoids  (chloramphenicol),  aminoglycosides
(streptomycin), macrolides (erythromycin), glycopeptides
(vancomycin), streptogramins (pristinamycin), and, most re-
cently, the lipopeptides (daptomycin) and glycylcyclines (te-
gicycline) are borrowed from natural products. The other
three classes—the sulfonamides, quinolones (ciprofloxacin),
and oxazolidinones (linezolid)}—have no precedence in
Nature. Their design is purely synthetic and not influenced
by structural elements of known metabolites.

Following the discovery of most of the antibacterial
classes in the 1940s to 1960s, the so-called “Golden Age” of
antibacterial research, the arsenal of compounds for the
treatment of bacterial infections in humans was deemed suf-
ficient. However, with the immediate development of anti-
bacterial resistance in microbes, this belief was quickly dis-
pelled. Application of antibacterials creates a selective pres-
sure that culminates in certain random mutations, at a chro-
mosomal level, rendering the bacterium more “fit” to sur-
vive in the presence of these antibacterial compounds.*
The genetic material that encodes this fitness is rapidly
propagated and/or dispersed. Improper or excessive use of
antibacterial drugs dramatically accelerates the development
of resistance. As a result, pathogenic strains of methicillin-
resistant Staphylococcus aureus (MRSA), vancomycin-resist-
ant Enterococcus (VRE), and fluoroquinolone-resistant
Pseudomonas having emerged, bacterial infections have
reached epidemic levels in 2010.

Modern pharmaceutical development of antibacterials
has, by in large, relied upon incremental semisynthetic modi-
fications of natural product templates validated more than
half a century ago. In fact, 73% of the antibacterial drugs
approved between 1981 and 2005 encompassed only three
classes, the 3-lactams, macrolides, and quinolones.”” This ap-
proach has produced molecules that narrowly, and tempora-
rily, evade existing mechanisms of resistance. It seems obvi-
ous that only the discovery of new natural scaffolds that, by
virtue of their chemical novelty, inhibit previously unknown
bacterial targets, can satisfy long-term concerns over bacteri-
al resistance.

Compared to the terrestrial environment, which was the
focus of the pharmaceutical industry for more than 50 years,
marine habitats have been virtually unexplored for their
ability to yield antibacterial metabolites. We now know that
species diversity in marine ecosystems dwarfs the biodivers-
ity characteristic of tropical rainforests.”! Life in the ocean
encompasses a wide diversity of taxa, including protozoans,
jellyfish, anemones, flatworms, roundworms, bryozoans,
clams, squid, copepods, annelids, sea stars, sea cucumbers,
corals, sponges, and algae.” In addition, open ocean seawa-
ter harbors 10° bacterial and 10° fungal cells per milliliter,
and most marine organisms host specific populations of mi-
crobes on their surfaces or within the confines of their tis-
sues. The diverse microbial population that exists in ocean
sediments (10° bacterial cells per gram of wet mud),”®! like-
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wise, has been virtually overlooked as a source of novel an-
tibiotic-producing microorganisms. Without a doubt, the
pressing need for new antibacterials must be met via the ex-
ploration of under-explored habitats like the world’s oceans.

The literature concerning antibacterial natural products
from the ocean has been reviewed before. Mayer and
Hamann, in particular, have covered this area for the past
10 years with several concise reviews.” Other reviews of
marine antibacterial natural products have been pub-
lished,™ though they often exclude discussions of an impor-
tant class, a group of ribosomally-derived peptides referred
to as the antimicrobial peptides (AMPs).""! As stated earli-
er, the goal of this Review is to introduce several marine-de-
rived natural products that possess significant antibacterial
properties. A handful of metabolites have been selected that
combine antibacterial potency with novelty and/or complexi-
ty in chemical structure. Some attention has also been paid
to highlighting the vast variety of sources in the marine en-
vironment.

The 26 metabolites discussed herein are grouped into five
classes based on their stuctures and/or biosynthetic origins:
ribosomally-derived AMPs, nonribosomal peptides, poly-
ketides, alkaloids, and terpenes."? Ribosomal peptides are
often viewed as “primary metabolites” due to an apparent
lack of structural complexity, although this distinction is
quickly becoming obsolete.®! Nonribosomal peptides, poly-
ketides, alkaloids, and terpenes are formed from a series of
enzymatic transformations employing a much more diverse
set of precursors and biosynthetic reactions (Scheme 1).
These compounds are classified as “secondary metabolites.”
Despite this disparity in biosynthetic origin, we have includ-
ed AMPs in this Review based on their prevalence in
marine ecosystems and their common ability to exert anti-
bacterial activity.

Testing for Antibacterial A ctivity

The bacterial strains employed in the testing laboratory can
generally be divided into two classes based upon the distinct
composition of their cell walls (Table 1). The cell walls of
“Gram-positive” bacteria, and not those of “Gram-nega-
tive” bacteria, are vividly stained by a crystal violet-iodine
dye. The distinction has broader implications for antibacteri-
al efficacy since cell wall permeability is an essential criteri-
on for the inhibition of an intracellular target. An antibacte-
rial compound that is effectively transported across the
thick peptidyglycan layer of Gram-positive bacteria (e.g.,
Staphylococcus aureus and Enterococcus faecium) lacks, in
many cases, the appropriate chemical properties to cross the
vastly different glycolipid layer and membrane characteristic
of Gram-negative bacteria (e.g., Escherichia coli and Pseu-
domonas aeruginosa). In practice, the discovery of Gram-
positive specific antibacterials has been successful, while the
discovery of Gram-negative antibacterials has posed a great-
er challenge.
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Scheme 1. Building blocks for antibacterial natural product biosynthesis.

Antibacterial activity can only be evaluated in the context
of the bacterial strains that are selected. Traditionally, as-
sessments of antibacterial activity in the marine natural
products literature has focused on biomedically-relevant
strains (see Table 1). Bacterial strains of biomedical impor-
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Table 1. Common human pathogens used for laboratory assays.

Bacterium Gram
stain

Disease Pathology

Staphylococcus aureus®™ 4 staph infections
Streptococcus pneumo-  + Pneumonia
niae

Streptococcus pyogenes  +
Enterococcus faecium® 4
Micrococcus luteus +
Micrococcus nishino-
miyaensis

Listeria monocytogenes — +
Mycobacterium tubercu- +
losis

Escherichia coli -

strep throat

bacteraemia; endocarditis
non-pathogenic
non-pathogenic

listeriosis
tuberculosis

urinary tract infections; neonatal
meningitis

Pseudomonas aerugino- — pulmonary and urinary tract infec-
sa tions

[a] Including methicillin-resistant S. aureus (MRSA) and vancomycin-re-
sistant S. aureus (VRSA).[b] Including vancomycin-resistant E. faecium
(VRE).

tance have been screened in lieu of endogenous marine
pathogens."! However, investigating the microbiological ef-
fects of secondary metabolites in an ecological context is ex-
tremely important if we are to develop a clear understand-
ing of the extent to which microorganisms have influenced
the evolution of secondary metabolites."” In one study, for
example, extracts of several Atlantic and Indo-Pacific
marine plants were shown to be active against Pseudoalter-
monas bacteriolytica, an ecologically-relevant marine patho-
genic bacterium.['*!7

The study of antibacterial natural products is tied to the
development of efficient assays to assess antibacterial activi-
ty. Two techniques are widely used in the laboratory. In the
disc diffusion method,"™ a centralized paper disc is impreg-
nated with the antibacterial compound and placed on a lawn
of test bacteria. Antibiosis is measured by the diameter of
bacterial growth inhibition on the agar plate. The diameter
of the zone of inhibition is considered to correlate directly
with antibacterial activity, although antibacterials will have
inherently different diffusion coefficients in agar. In the mi-
crodilution method,"™ the compound of interest is serially
diluted along each well of a microtiter plate and incubated
with the test bacterium. The minimum inhibitory concentra-
tion (MIC) is determined from the change in optical density
in the well. Notably, both methods offer a measure of anti-
bacterial activity that makes no distinction (for better or for
worse) regarding the exact bacterial protein target(s).

Ribosomal Peptides

Synthesized by the ribosome, antimicrobial peptides
(AMPs) are the molecular agents of a non-specific innate
immunity distinct from the adaptable lymphocyte-based im-
munity characteristic of higher vertebrates.'"'! AMPs made
by bacteria are called bacteriocins. In multicellular organ-
isms, these natural products are found on external surfaces
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(lungs and skin) or in the granules of neutrophils. Inverte-
brate marine organisms, ascidians for example, harbor
AMPs in neutrophile-like cells called hemocytes.

Although generally constructed of a simple set of amino
acid precursors, AMPs adopt complex tertiary structures.
The conformational properties of AMPs can be defined
using circular dichrosim (CD), a technique that measures
the differential absorption of left- and right-handed circular-
ly polarized light.”” In practice, B-sheet tertiary structures
give a positive Cotton effect at 230 nm and a negative one
near 215 nm. An o-helical structure yields a different profile
with two negative Cotton effects at 222 and 208 nm. In com-
bination with nuclear magnetic resonance spectroscopy, CD
spectroscopy is a powerful tool for investigating the tertiary
structure of ribosomal peptides.

Ribosomal peptides are generally translated as “prepro-
peptides” composed of an N-terminal signal sequence, a
“pro” segment, and a C-terminal peptide. Subsequent pro-
teolytic processing and other post-translational modifica-
tions reveal the mature antibacterial peptide, which can be
divided into six classes: 1) linear peptides that fold into o-
helices, 2) cyclic peptides that form p-sheet structures, 3)
peptides rich in one or more amino acid residues, 4) cyclic
peptides with thio-ether bonds, 5) lipopeptides, and 6) mac-
rocyclic knotted peptides.

Unlike secondary metabolites, for which no general struc-
tural features exist, AMPs are cationic, amphipathic mole-
cules between 12 and 45 amino acids in length. At physio-
logical pH, they are largely cationic (between +2 and +9)
due to a high frequency of basic amino acid residues (lysine,
arginine, histidine) and a low number of acidic and neutral
residues. Their amphipathicity stems from an unequal distri-
bution of neutral hydrophobic residues, comprising 30-50 %
of the peptide, and cationic hydrophilic residues.

The cationicity characteristic of AMPs is responsible for
their specificity and selective toxicity against bacterial cells.
Bacterial cell membranes predominantly contain the phos-
pholipids phosphatidylglycerol (PG), phosphatidylserine
(PS), cardiolipin (CL). These anionic phospholipids have
electrostatic affinity for cationic AMPs. The phosphate
groups of the lipopolysaccharide leaflet on the extracellular
surface of all Gram-negative bacteria are also negatively-
charged. Mammalian cell membranes, by contrast, contain
phophatidylcholine (PC), phophatidylethanolamine (PE),
and sphingomyelin (SM), zwitterionic phospholipids with no
net charge. Other factors such as the differential transmem-
brane potential between bacterial cells in logarithmic phase
growth (=130 to —150 mV) and mammalian cells (—90 to
—110 mV) help account for the specificity of AMPs.

The amphipathic nature of AMPs is also linked to anti-
bacterial activity. At some threshold concentration, the pep-
tides aggregate, begin to traverse, and ultimately disrupt the
cell membrane. a-Helical AMPs are often disordered in
aqueous solution, but quickly adopt a rigid amphipathic hel-
ical structure when exposed to a lipid bilayer. $-sheet AMPs
are much more ordered, even in aqueous solution, since
they contain stabilizing intramolecular bonds formed from
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cyclization of the peptidyl backbone or oxidative coupling
of internal cysteine residues.

For an antibacterial ribosomal peptide to find use as a
therapeutic agent in humans depends upon its ability to
function at physiological salt concentrations. The electrostat-
ic attraction between a cationic AMP and the anionic bacte-
rial cell membrane is crucial for antibacterial activity, and
the presence of salt weakens this key interaction. Indeed,
the loss in efficacy of salt-sensitive AMPs in the lungs has
been shown to account for the persistent infections of P. aer-
uginosa in cystic fibrosis patients.?!! Intuitively, AMPs from
the marine environment should be designed to sustain activ-
ity at elevated salt concentrations.””?¥ The frequent occur-
rence of intramolecular cystine bonds and cyclized peptidyl
backbones in marine peptides, which decrease the sensitivity
of AMPs toward the effects of salt, supports this notion.

Arenicin-1 (1),
Ci;H 93N, 055S,, was  purified
from coelomocytes (hemocytes)
of the marine lugworm Areni-
cola marina, collected off the
coast of Sredniy, White Sea,
Russia (Scheme 2).”) The pep-
tide is translated as a 202-resi-
due prepropeptide containing
an N-terminal signal peptide
(25 residues), a “pro” segment
(156 residues), and a C-terminal
arenicin segment (21 residues).
The mature peptide is com-
prised of six basic arginine resi-
dues and several lipophilic resi-
dues. In solution, the peptide
adopts a two-stranded antipar-
allel B-sheet structure as evi-
denced by its CD properties
(positive  cotton effect at
230 nm, negative at
216 nm).>?"1 The hairpin turn
in 1 is stabilized by an internal
disulfide bond, which contrib-
utes to the establishment and
maintenance of its amphipathic-
ity.?”l Supporting the notion
that AMPs interact with the
bacterial membrane, peptide 1 marifrli-gfsfived
was shown to bind strongly to H
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Arenicin-1 (1) showed activity against the Gram-negative
bacteria E. coli and Pseudomonas mirabilis (MIC=0.8 and
2 ugmL~!, respectively),”” as well as Gram-positive bacteria
such as S. aureus (MIC=6 pgmL~").®°! Its antibacterial ac-
tivity against E. coli was not greatly attenuated at elevated
NaCl concentrations (up to 100-150 mm).?" Linear deriva-
tives of 1, in which the cysteine residues that contribute to
the disulfide bond are replaced with serine residues, are two
times less active than the parent molecule.”! An analogue
with two cystine bonds was two-fold more active owing to
the increased rigidity of its tertiary structure.”” Replace-
ment of the arginine residues with lysine produced deriva-
tives that were slightly less active and more susceptible to
changes in salt concentration.”

Halocidin (2), C;ssH,5N4O5S,, was isolated from hemo-
cytes of the tunicate Halocynthia aurantium, purchased at a
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logues.[zx,zg] Scheme 2. Ribosomal (1-4) and NRPS-derived (5-8) antibacterial peptides.
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local seafood market in Sockcho, South Korea.’'! Before
processing, the newly-translated peptide consists of an N-ter-
minal signal peptide, a halocidin segment, a single glycine
residue, and a C-terminal anionic extension.’?) The active
molecule is composed of two peptides, one containing 15
amino acid residues and the other 18 residues, linked by a
disulfide bond. Each mature subunit of 2 has two histidines
and one lysine residue, interspersed with hydrophobic resi-
dues. A homodimer based on the longer 18 residue motif of
halocidin (2) with C-terminal amidation showed little order
in aqueous solution.”! However, in the presence of SDS or
membrane-like solvents (50% trifluoroethanol), the CD
profile indicated a strong degree of a-helical character.
Using the synthetic homodimer, antibacterial activities with
MICs ranging from 24 pgmL™" against clinical isolates of
MRSA, VRE, and multi-drug resistant P. aeruginosa were
measured. Similar to arenicin-1 (1), the activity was main-
tained at salt concentrations as high as 300 mm. One deriva-
tive of 2 showed promising results in a mouse model of L.
monocytogenes infection.®"

Isolated from coelomocytes of the marine annelid Nereis
diversicolor, hedistin (3), C;;,H;¢B1,N3,0,;, is another am-
phipathic antibacterial peptide.’ Again, the prepropeptide
is composed of a signal sequence, a hedistin segment, a gly-
cine residue, and a C-terminal anionic extension. The mole-
cule is composed of a mixture of basic and hydrophobic resi-
dues. Both tryptophan residues are decorated with bromine
atoms, reflecting the common metabolism of bromine ob-
served in marine organisms.”® The incorporation of halogen
into the peptide, however, is not required for antibacterial
activity, as a synthetic hedistin molecule lacking bromine re-
tained activity. The carboxy terminus of 3 is amidated,
which in addition to halogenation, may make the compound
more resistant to endogenous peptidases. Based upon inter-
pretation of CD and NMR data, desbromo 3 was shown to
adopt an amphipathic helix-turn-helix motif, though only
upon introduction of SDS or DPC micelles.’” Against
Gram-positive bacteria, desbromo 3 showed excellent activi-
ty, giving an MIC=1-2 ygmL™"' against M. luteus and M.
nishinomiyaensis. The synthetic peptide showed activity
against S. aureus (MIC=8-15 pgmL™") and other Staphylo-
coccus species as well.”’!

Lastly, clavanin A (4), C,3H;5sN350,, isolated from he-
mocytes of the tunicate Styela clava, freshly-harvested at
Long Beach, CA, is a 23 residue peptide.’** Clavanin A
shows structural and functional homology to magainin-1
from the skin of the frog Xenopus laevis,*! but the tunicate
peptide is unique due to the presence of C-terminal amida-
tion and the replacement of lysines in magainin-1 with histi-
dines in 4. The prepropeptide consists of a signal peptide, a
“pro” region, a clavanin segment, a glycine residue, and an
anionic extension.*!! CD spectra indicated an o-helical
structure in trifluoroethanol. Glycine residues at position 6
and 13 were shown to act as essential hinges in the mole-
cule, facilitating insertion of the hydrophobic N-terminal
end of clavanin into the target membrane.?! Other substitu-
tions are less detrimental. The abundant phenylalanine resi-
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dues can be replaced with residues with similar hydrophobic
and conformational flexibility without a loss in antibacterial
activity.®! The molecules were demonstrated to interact
strongly with PC bilayers.[*!

Clavanin (4) showed antibacterial activity against Gram-
positive and Gram-negative bacteria.™”! Against S. aureus,
including MRSA strains, clavanin (4) exhibited an MIC=
1.4-3.8 ygmL~". MIC values of 0.1-1.1 pgmL~" were mea-
sured against three strains of E. faecium. Strains of E. coli
(MIC=0.4-23 pgmL™") and three strains of P. aeruginosa
(MIC=0.4-0.8 pgmL™") were likewise susceptible to 4.
Unlike magainin-1, but not unlike other marine AMPs, the
peptide retained much of its activity in 100 mm NaCl. Nota-
bly, the histidine residues impart a pH-dependence on anti-
bacterial activity. At pH 5.0-5.5 the molecule displayed sig-
nificant activity against E. coli and L. monocytogenes, but at
neutral pH its activity was greatly diminished.

In summary, ribosomally-produced AMPs are large, cat-
ionic, amphipathic molecules found among all classes of life.
Ideally suited to target prokaryotic cell membranes, these
peptides have broad-spectrum antibacterial properties. Their
unique physical, chemical, and biological characteristics lend
themselves well to academic pursuits, including, but not lim-
ited to, the study of their three-dimensional structure, bio-
synthesis, and mechanism-of-action. Unfortunately, to date,
no AMP has been approved for systemic treatment of bacte-
rial infection.[''¥! Stitched together with amide and weak di-
sulfide linkages, the molecules are susceptible to enzymatic
degradation. Antibacterial secondary metabolites, which are
covalently assembled via strong carbon bonds to nitrogen,
oxygen, sulfur, and other carbon atoms, possess added sta-
bility that makes these molecules more likely effective as
systemic drugs.

Nonribosomal Peptides

Nonribosomal peptides are constructed by large multi-func-
tional protein complexes called nonribosomal peptide syn-
thetases (NRPSs).'?l Adenylation (A), thiolation (T), and
condensation (C) domains of NRPSs catalyze amide bond
formation between amino acid residues. Nonproteinogenic
amino acids, not encoded by DNA, are often incorporated
into these peptides. Subsequent domains that catalyze epi-
merization of L-amino acids to p-amino acids, cyclization of
cysteine and serine residues to thiazolines and oxazolines,
N-methylation of amide functionalities, and a slew of other
transformations may be scattered within the A-T-C arrange-
ment.

A nonribosomal peptide, bogorol A (5), CgH 406Ny,
was isolated from the marine bacterium Bacillus laterospo-
rus PNG-276 collected near Lolata Island, Papau New
Guinea (see Scheme 2).**! The bacterial strain was ob-
tained from the tissues of an unknown tube worm and iden-
tified by analyses of cellular fatty acids and 16S rRNA se-
quences. The natural product has structural features similar
to the ribosomal peptides discussed earlier. Three basic
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lysine residues are interspersed with several hydrophobic
residues. Complex “secondary” modifications—reduction of
the C-terminal valine residue, conversion of the N-terminal
isoleucine residue to 2-hydroxy-3-pentanoic acid, the pres-
ence amino acids in their unnatural p-configuration—distin-
guish peptides of this class from ribosomal peptides. Owing
to its greater complexity and recent structural elucidation,
no synthesis of 5 has yet been reported. Bogorol A (5)
showed activity against MRSA with an MIC=2.5 ugmL"™"
and VRE with an MIC=9 pygmL.¥" Like ribosomal anti-
bacterial peptides, the cationicity of 5 may contribute
toward targeting of the bacterial membrane. Whether §
adopts an amphipathic tertiary structure like AMPs is not
known.

Emericellamide A (6), C;HssNsO, a 19-membered depsi-
peptide, was obtained from the marine-derived fungus
Emericella sp. CNL-878.81 The strain, identified using 18S
rDNA sequence analysis, was collected from the surface of a
green alga Halimeda sp. from Papua New Guinea. Produc-
tion of the compound was greatly enhanced when the fungal
strain was co-cultured with a marine actinomycete (Salinis-
pora arenicola strain CNH-665), since, apparently, the
fungus is then forced to compete for culture nutrients. The
molecule is cyclized through condensation of the carboxy-
terminus to a pendant secondary alcohol. The alcohol itself
is part of a 3-hydroxy-2,4-dimethyldecanoic acid (HDMA)
unit. Though the peptidyl portion of 6 is derived from an
NRPS, the lipophilic HDMA unit originates from a poly-
ketide synthase, the biosynthetic machinery responsible for
the production of polyketides (see below). This mixed PKS-
NRPS metabolite is much more difficult to synthesize than
a typical ribosomal peptide, requiring between 8 and 16 syn-
thetic steps to complete.*>! Furthermore, the biosynthetic
pathway of the emercillamides was identified in Aspergillus
nidulans.’” The gene cluster was found to contain a single-
module iterative type I polyketide synthase for the forma-
tion of the HDMA moiety. The polyketide intermediate is
released as the free carboxylic acid and eventually loaded
onto the free thiolation domain of an NRPS. The NRPS
then adds five amino acids to the HDMA chain. The lack of
a thioesterase (TE) domain at the end of the last module
suggests that cyclization is not catalyzed by an enzyme.
Emericellamide A (6) showed activity against MRSA
(MIC=2.3 ugmL1).8) Exhibiting weak cytotoxicity against
human colon carcinoma cell line HCT-116 (ICs,=
14 pgmL™), this peptide may possess the selectivity against
prokaryotic cells that is desirable of a drug.

Thiocoraline (7), C,HseN;O1,Ss, was isolated from a
marine-derived actinomycete Micromonospora sp. strain L-
13-ACM2-092. This strain, identified by analysis of its fatty
acid components, was found in association with a soft coral
in the Indian Ocean near the coast of Mozambique.F**! The
natural product is a symmetric bicyclic octadepsipeptide.
Reminiscent of halocidin (2), the molecule contains an intra-
molecular disulfide bond. Thiocoraline is related to the qui-
naldic acid metabolite BE-22179"" as well as the quinoxa-
line antibacterials triostin A®® and echinomycin.””! Though
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structural differences betweeen BE-22179 and 7 are subtle
(the exocyclic olefin in BE-22179 is replaced with a methy-
lated cysteine residue in 7), the molecules inhibit disparate
cellular proteins involved in DNA synthesis (BE-22179 in-
hibits topoisomerase I and II, while 7 inhibits DNA poly-
merase ol*®). The total synthesis® and elucidation of the
biosynthetic gene cluster®! of thiocoraline have been re-
ported. In addition to genes involved in the synthesis, load-
ing, and transfer of the starter unit, the gene cluster contains
a 2-gene 4-module NRPS. The function of the putative gene
cluster was verified by heterologous expression in Strepto-
myces albus and S. lividans.!*"

Thiocoraline (7) showed exceptional activity against S.
aureus  (MIC=0.05pugmL™"), B.  subtilis (MIC=
0.05 pgmL™), and M. luteus (MIC=0.03 pgmL).5l How-
ever, the natural product was also highly cytotoxic to eu-
karyotic cells. Against P388 leukemia and A549 lung cancer
cells, an IC5,=0.002 pgmL~"' was determined. Against L1210
mouse lymphocyte cells, moreover, the molecule gave an
IC5,=230 pgmL~".! The mechanism of anticancer action
involves intercalation into the minor grove of double-strand-
ed DNA.° Thus, the molecule is better classified as an anti-
tumor-antibiotic and, because of its inherent cytotoxicity,
may function as a better anticancer agent than as an anti-
bacterial.

Compound YM-266183 (8), C,sH4/N30,Ss was isolated
from the broth of Bacillus cereus, strain QN03323, found in
association with the marine sponge Halichondria japoni-
ca.l2%1 The peptide is closely related to the terrestrial thio-
cillins®! and micrococcins. Cyclization domains in the
NRPS give rise to several thiazole rings, and an intramolec-
ular Diels—Alder reaction forms the pyridine ring. Studies
on thiocillin can be applied to 8. For instance, the YM-
266183 biosynthetic gene cluster is likely analogous to the
thiocillin cluster, a 22-kb cluster encoding 24 genes.["]
Though a synthesis of 8 has not been reported, a recent syn-
thesis of micrococcin P1 could be adapted.®! YM-266183
(8) is highly active against Gram-positive bacteria, including
MRSA  (MIC=0.68pgmL™") and VRE (MIC=
0.025 ugmL™)."") The compound lacked activity toward
Gram-negative bacteria like E. coli. Drawing conclusions
from studies on thiocillin, the molecule may inhibit riboso-
mal protein synthesis.[% "

Polyketides

Polyketide natural products are constructed by polyketide
synthases (PKS) that are functionally and conceptually simi-
lar to nonribosomal peptide synthetases.!'” Instead of amino
acids, however, the building blocks of the PKS machinery
are acetate and propionate. An acyl transferase (AT)
domain catalyzes thioester bond formation between an acyl
carrier protein (ACP) domain and a coenzyme A (CoA)-
bound starter unit. A ketosynthase (KS) domain then cata-
lyzes the union of its cysteine-bound malonyl elongation
unit with the growing ACP-bound polyketide. In effect, ace-
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tate units are loaded onto the cysteine residue of adjacent
KS domains, and the chain is elongated via successive Clais-
en condensations. Ketoreductase (KS), dehydratase (DH),
and enoyl reductase (ER) domains add complexity and di-
versity to the polyketide. PKS and NRPS modules can coop-
erate to form hybrid PKS-NRPS molecules like bogorol A
(5).

Bisanthraquinone BE-43472B (9), C;,H,,0,, was isolated
from Streptomyces sp. N1-78-1. The actinomycete strain was
itself obtained from cultured cells of an unidentified cyano-
bacterium (N36-11-10) that was, in turn, found in association
with the tunicate Ecteinascidia turbinata in Puerto Rico
(Scheme 3).I The species was identified using 16S rRNA

O
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marine-derived

BE-43472B (9) bacterium
marine-derived
bacterium
OMe
HO
OH O Cl
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Scheme 3. Antibacterial polyketides 9-12.

gene sequence analysis, showing 97% similarity with its
nearest neighbor (S. melanosporofaciens). This example il-
lustrates the complexity that is often associated with deter-
mining the true source of a natural product. Here, a bacteri-
al associate and not the tunicate nor cyanobacterium is re-
sponsible for production of the metabolite. Bisanthraqui-
none BE-43472B showed activity against several clinical iso-
lates of methicillin-susceptible S. aureus (MSSA), MRSA,
and tetracycline-resistant S. aureus (TRSA) with an MIC
less than 0.13 uygmL """ Against a number of isolates of
VRE, 9 showed an MIC=0.50 uygmL"'. Since the cytotoxici-
ty of the bisanthraquinone against human colon cancer cells
(HCT-116) was moderate (ICs,=1.8 ygmL™"), an acceptable
therapeutic window for in vivo studies may exist. Analogues
of 9 were generated through semisynthesis'™ and total syn-
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thesis.™" Structure-activity relationships showed that the
substituents on the C-ring have a dramatic effect on antibac-
terial activity.”? The C-1 hydroxy group is also essential for
activity.”!

The marine actinomycete Verrucosispora sp. AB 18-032,
collected in the Japanese Sea, was shown to produce abysso-
micin C (10), C;,H,,0¢." This apparent polyketide is a sali-
ent testament to the complex molecular architecture that is
produced in Nature. Its bioactivity and structural complexity
have elicited several prominent total syntheses.”*” Interest-
ingly, an atropisomer of 10, which was later found in the cul-
ture extract,” is formed upon rotation of the O=C7—C8=C9
bond. An X-ray structure of natural 10 reveals a 145° dihe-
dral angle between the olefin and ketone group. Atropo-
abyssomicin C exhibits a much shorter dihedral angle (26°)
wherein the carbonyl group and double bond are oriented
toward the same plane. Abyssomicin C showed activity
against MRSA (MIC=4 pgmL™), and atropo-10 displayed
even better antibacterial activity. Remarkably, 10 is the first
natural inhibitor of p-aminobenzoate (p ABA) biosynthesis,
a pathway used by microorganisms but not found in
humans. The molecule is thought to act as a substrate mim-
etic to chorismate, binding covalently to 4-amino-4-deoxy-
chorismate (ADC) synthase at a cysteine residue near the
active site of one of the synthase subunits.™

Pestalone (11), C,;H,,Cl,Oq, a chlorinated tetra-ortho-sub-
stituted benzophenone, was produced by the marine fungus
CNL-365, a Pestalotia species.®!! Similar to emericellamide
A (6), the natural product was detected only when the
fungus was co-cultured with a marine bacterium (strain
CNJ-328). The X-ray structure of 11 showed that the two ar-
omatic rings are out of plane, owing to the steric interaction
between substituents ortho to the ketone functionality. A re-
lated C20 desmethyl compound was reported from the
fungus Chrysosporium, but the biological activity of 11 is
distinct.[®” Polyketide 11 has been fashioned through total
synthesis,® in addition to one published approach.®* Pest-
alone is active against MRSA with an MIC=37 ng/mL and
VRE with an MIC=78 ng/mL.’!] Few marine natural prod-
ucts exhibit such potent antibacterial activity. The moderate
cytotoxicity that 11 displayed against various eukaryotic
cancer cell lines is promising in terms of antibacterial treat-
ment.

Ariakemicin A (12), Cy,H;N,O,, was isolated from the
culture of a gliding bacterium of the phylum Bacteriodetes
HC35.59 Unlike the previous bacterial metabolites, 12 is
produced by a Gram-negative bacterium of the genus Rapi-
dithrix.®) The bacterial strain was isolated from muds col-
lected in southwest Japan alongside Ariake Inland. The oxa-
zole ring and the large number of unsaturated carbon-
carbon bonds suggest the presence of ketoreductase and de-
hydratase domains in the ariakemicin polyketide gene clus-
ter. Ariakemicin A showed significant activity against S.
aureus (MIC=0.4 pgmL ™). The metabolite was only
slightly cytotoxic against A549 human lung cancer cells and
BHK baby hamster kidney cells (ICs,=25 and 15 pgmL™},
respectively).
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Alkaloids

Alkaloids are nitrogen-containing natural products that are
related more by common structural characteristics than by
biosynthetic considerations.'”! The nitrogenous character of
these metabolites, often derived from amino acids such as
ornithine, lysine, tryosine, tryptophan, histidine, nicotinic
acid, and anthranilic acid, often render these molecules
basic or “alkaline.”

The dimeric tetra-brominated alkaloid nagelamide G (13),
C,H,,BryN,,O,, and several analogues were isolated from
an Okinawan marine sponge of the genus Agelas
(Scheme 4).81 Agelas sponges have been shown to synthe-

nagelamide G (13)
marine sponge

8-hydroxymanzamine (14)
marine sponge

Pl
pind!

Py N
° W
o] N
marinopyrrole A (15)
marine-derived
bacterium

cribrostatin 6 (16)
marine sponge

Scheme 4. Antibacterial alkaloids 13-16.

size a slew of nagelamide-like compounds, including the
closely related ageliferins.®™®! The complex, highly halogen-
ated, azacyclic structure of negalamide G (13) and other or-
oidin alkaloids has caught the attention of synthetic chem-
ists.***?l  Nagelamide G exhibited antibacterial activity
against M. luteus with an MIC=1.8 pgmL™". The compound
was demonstrated to specifically inhibit the protein phos-
phatase 2A in vitro, a serine/threonine phosphatase required
for cell growth with an ICsy=8.4 pgmL .7
8-Hydroxymanzamine (14), C;sH,N,O,, is a B-carboline
alkaloid isolated from the marine sponge Pachypellina sp.”
The molecule, a derivative of manzamine A from an Okina-
wan sponge of the genus Haliclona ¥ contains 5-, 6-, 8-, and
13-membered heterocyclic rings with a f-carboline moiety.
Alkaloid 14 has been a synthetic challenge due to its com-
plex structure and remarkable activity.”>*! The first total
synthesis required no less than 31 steps. 8-Hydroxymanza-
mine showed an MIC=0.91 uygmL "' against the tuberculo-
sis-causing bacterium Mycobacterium tuberculosis.”** With
the opposite absolute configuration, the alkaloid was much
less active (MIC=3.13 pygmL™").””! Manzamine A itself dis-
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played antibacterial activity against M. tuberculosis with an
MIC=1.53 ygmL"™".

Marinopyrrole A (15), C,,H;;BrCl,N,O, is produced by a
bacterium of the genus Streptomyces, collected from ocean
sediment off the coast of La Jolla, California.'™ Like hedis-
tin (3), pestalone (11), and nagelamide G (13), the natural
product is decorated with multiple halogen substituents. The
characteristic 1,3'-bipyrrole core of 15, formed from an
enzyme-catalyzed union of two molecules of monodeoxy-
pyoluteorin,'® has no precedence among natural products.
Marinopyrrole A showed activity against MRSA with an
MIC=0.61 uygmL """ Against HCT-116 cells the com-
pound showed moderate cytotoxicity (ICs,=8.8 ugmL™).
As mentioned above, only those antibacterial agents which
do not exhibit significant cytotoxicity against eukaryotic
cells have the potential for clinical application.

Cribrostain 6 (16), C;sH,N,O;, was isolated from the
marine sponge Cribrochalina sp. collected in the Republic
of Maldives."™ This alkaloid, the first example of a imidazo-
[5,1-alisoquinoline, was synthesized shortly after its structur-
al elucidation."™ %! Originally pursued for its antineoplastic
activity, cibrostatin 6 (16) was re-examined for its antibacte-
rial properties."”! This tricyclic quinone was active against a
variety of Gram-positive bacteria, especially resistant strains
of S. pneumoniae (MIC=0.5-2 pygmL™"). Expected of an an-
tineoplastic agent, the compound showed cytotoxicity
against MCF-7 breast-adenocarcinoma, SF-268 CNS glio-
blastoma, DU-145 prostate, and P388 mouse leukemia cells
with an ICs=0.21-0.38 pgmL".1'%! Concerns about the
toxic effects of cibrostatin 6 (16), however, may be under-
scored by its high tolerance (maximum tolerated dose=
750-1000 pgkg'd™") in mice.

Terpenes

Terpenes are a diverse class of natural products fashioned
from isoprene units. The biosynthetic terpene building
blocks, are dimethylallyl pyrophophate (DMAPP) and iso-
pentenyl pyrophophate (IPP).' Both five-carbon com-
pounds are derived either from the mevalonate pathway or
the deoxyxylulose phosphate (non-mevalonate) pathway.
The successive addition of one isoprene unit provides mono-
terpenes (Cy), sesquiterpenes (Cs), diterpenes (C,), sester-
terpenes (C,s), and so on. Skeletal rearrangements frequent-
ly occur which distort the regular head-to-tail arrangement
of the isoprene units and add diversity to terpenoid struc-
tures.

From the Bahamian soft coral Pseudopterogorgia elisabe-
thae, the tricylic diterpenoid pseudopterosin P (17),
C,H3,04, was isolated (Scheme 5).'%1°1 Although the pseu-
dopterosins have been known for two decades''*1? their
antibacterial activity against Gram-positive bacteria was
only recently published."™™ The parent compound pseudop-
terosin A has inspired several synthetic studies, though 17
itself has not yet succumbed to total synthesis!"'*!" For
pseudopterosin P (17), MICs of 0.8 pgmL™" against S. pyo-
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Scheme 5. Antibacterial terpenes 17-20.

genes, 2.0 pgmL™" against S. aureus, and 3.5 ygmL ™" against
E. faecalis were measured.'"” The finding that this potent
anti-inflammatory metabolite also displays antibacterial
properties highlights the biological relevance of these mole-
cules.

Axisonitrile 3 (18), C;¢H,sN, was isolated from the marine
sponge Axinella cannabina from the bay of Taranto, Italy,'%]
and again from Acanthella klethra Pulitzer-Finali (Axinelli-
dae) from the Great Barrier Reef, Australia.""”! This sesqui-
terpene features a spirocyclic quaternary center and an iso-
nitrile substituent. Isocyano, isothiocyanato and formamide
groups are a common feature of numerous marine sponge
metabolites.''®! The synthesis of axisonitrile 3 has been com-
pleted."™1? Although discovered in the early 1990s, the ac-
tivity of 18 against M. tuberculosis was only recently ob-
served.! An MIC=2 pgmL~' was measured. The lack of
cytotoxicity of terpene 18 against human carcinoma (KB)
cells is encouraging.

Haliconadin C (19), C,sHysN, is a sesquiterpenoid isolated
from a marine sponge Halichondria sp., which was collected
in Okinawa, Japan.'" The copper complex of haliconadin
C, a Cu'-coordinated trimer of the natural product, was de-
scribed in a later publication.'” The compound’s ability to
tightly complex copper may be linked to its antibacterial ac-
tivity. Like axisonitrile 3 (18), the metabolite features an iso-
nitrile functionality. Derived from the same biosynthetic ter-
penoid pathway, and having an identical atomic constitution,
the structures of 18 and 19 are very different. Haliconadin C
showed considerable activity against several bacteria.
Against M. luteus the compound showed antibacterial activi-
ty with an MIC=0.52 uygmL "'l The isonitrile substituents
of 18 and 19, specifically, may impart antibacterial proper-
ties to these metabolites.

Bromosphaerone (20), C,iH;,Br,O;, is a diterpenoid that
was isolated from the red alga Sphaerococcus coronopifo-
lius, collected along the Atlantic coast of Morocco.'*! The
natural product is related to a metabolite previously isolated
from Sphaerococcus, 12S-hydroxybromosphaerodiol."*! Bro-
mosphaerone showed striking activity against S. aureus with
an MIC=0.048 pgmL"['*1 The molecule potentially pos-
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sesses an amphipathic structure: three polar alcohol func-
tionalities reside on one side whilst hydrophobic aliphatic
carbon and bromine atoms occupy the opposite side. Am-
phipathic structures like ribosomal antimicrobial peptides
and possibly alkaloid 20 interact with bacterial membranes.

Targeting Bacterial Virulence

The use of bacteriocidal and bacteriostatic compounds is not
the only means of combating infection. Targeting the path-
ways by which bacteria exhibit virulence is a promising ap-
proach.!?128l When virulence is related to the production of
a bacterial toxin, methods for thwarting virulence involve in-
hibiting the function or secretion of that toxin. Disrupting
mechanisms of cell-cell adhesion also prevents the onset of
virulence. A fourth method, targeting the regulation of viru-
lence expression, includes interfering with quorum sensing
in a bacterial population.

Quorum sensing is connected to virulence since the ex-
pression of virulence genes if often delayed, for the sake of
reproduction and growth, until a minimum number or
“quorum” is reached. In the case of Gram-negative bacteria,
an accumulation of acyl-homoserine lactones (AHLs) above
a certain threshold concentra-
tion activates a regulatory pro-
tein (LuxR or a LuxR homo-
logue) responsible for transcrip-
tion of virulence genes. Autoin-
ducing peptides (AIPs) play a
similar role in Gram-positive
bacteria. Exogenous small mol-
ecules can mimic AHLs and
bind to the regulatory protein.'” These quorum sensing in-
hibitors (QSIs) prevent the expression of virulence genes by
disrupting the AHL-LuxR interaction. A superb method of
screening for new QSIs has been developed.'™"!

The marine environment is ideally suited to the discovery
of QSIs since a multitude of epi- and endobiotic associations
exist among marine prokaryotes and eukaryotes. The degree
of bacterial epibiosis and endobiosis in the ocean, both in
variety and magnitude, is unparalleled in terrestrial environ-
ments. This is true, in part, because “air rarely plays the role
of nutrient (dissolved or particulate) vector in the same way
that water does, while, for example, evaporation and dessi-
cation, are unknown problems in subtidal depths of the sea.
As substrate-bound nutrient uptake is of secondary impor-
tance to most sessile hard-bottom organisms, all solid surfa-
ces represented possible settlement sites for algae and ses-
sile organisms.”™" In fact, emercillamide (6), thiocoraline
(7), YM-266183 (8), and BE-43472B (9), subjects of this
Review, were isolated from microbial strains in association
with a green alga, soft coral, marine sponge, and tunicate.
Indeed, many of the compounds attributed to marine inver-
tebrates may actually be produced by bacterial symbionts,

though studies of this sort are complex and mostly inconclu-
sive [132-136]

2 H (o]
T
R' e} O

R'=H, OH, or=0
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— 12521

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

W. Fenical and C. C. Hughes

A EUROPEAN JOURNAL

The fimbrolides (21-24) are a family of brominated fura-
nones isolated from the Australian red algae Delisea fim-
briata™" and D. pulchra (Scheme 6).1"¥ In accordance with

1
R o R' R? R®
fimbrolide 21: H Br Br
| o 222 H H Br

23: OAc H Br

A\ 240 OH H Br
R? R red alga
= =
HO™ O "f}zo
o}
manoalide (25): R=H RO

manoalide monoacetate (26): R =Ac
marine sponge

Scheme 6. Marine-derived quorum sensing inhibitors 21-26.

the discussion above, these marine metabolites interfere
with AHL-mediated processes by competitively binding to
the AHL receptor (a LuxR homologue). In this way, the
polyketide blocks AHL-dependent phenotypes like swarm-
ing and bioluminescence without inhibiting the growth of
the bacteria.**'*l In one ecologically relevant study, surface
colonization by marine bacteria was examined. It was deter-
mined that both attachment and swarming—phenotypes
linked to colonization—were inhibited by the presence of
the fimbrolides.!*!

Lastly, manoalides 25 and 26 are sesterterpenoids extract-
ed from the sponge Luffariella variabilis collected in
Palau.* Like the fimbrolides, the natural products are
potent quorum sensing inhibitors that have a key structural
element related to the acyl-homoserine lactones.!'*’]

Summary and Outlook

There are two fundamentally different approaches to natural
product drug discovery. According to the “reverse chemoge-
nomics” approach to drug discovery,* ! metabolically-es-
sential proteins are cloned and screened in vitro with libra-
ries of compounds. This technique has the potential to iden-
tify mechanistically-novel antibacterials, however, it often
yields protein inhibitors that lack whole cell antibacterial ac-
tivity.15 Certain features of the in vitro lead limit its
drug applicability, such as an inability to cross the bacterial
cell membrane. Medicinal chemists can try to optimize the
lead, but this work is itself a tedious art that requires the in-
tegration of many simultaneous structural parameters.*! The
“forward chemogenomics” approach, by contrast, involves
the identification of a lead structure through consideration
of the molecule’s in vivo antibacterial activity.'**'*! Once a
compound with activity is found, target and mechanism-of-
action studies can be immediately undertaken.®"! Molecules
selected in this way have built-in characteristics, such as
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membrane permeability, that make them more suitable as
drugs.

The success of the “forward chemogenomics” approach to
antibacterial discovery is dependent upon the quality of the
chemical library. The track record of naturally-occurring
compounds functioning as antibacterial agents is long,”! and
only a fraction of the Earth’s biota (especially marine biota)
have been examined.!"*! Thus, provided new avenues are de-
veloped to access phylogenetically-novel sources, natural
products will continue to be the principal resource for new
antibacterial agents. The finding of new pharmacophores re-
sulting from collection or cultivation of novel biological
sources enables, following a forward chemogenomics ap-
proach, the discovery of new therapeutic targets.

Developing new techniques in microbiology and molecu-
lar biology is vital to the discovery of new antibacterials
from Nature.>"*% For instance, novel methods for the col-
lection and cultivation of new species, including the bacteri-
al symbionts of invertebrates, must be conceived to realize
the full biosynthetic potential of the oceans. As a testament
to this wasted biodiversity, it is predicted that 5% or less of
marine bacterial species can be cultured under standard con-
ditions. New approaches, which divert from the standard
paradigm of microbial culture, such as the manipulation of
regulatory genes or chromatin remodeling, must be exploit-
ed. With no prior knowledge of metabolite structure, the
products of cryptic gene clusters can be visualized through
gene inactivation (“knockouts”) and heterologous gene ex-
pression followed, in both cases, by comparative metabolic
profiling.

Although no significant efforts have been reported, the
potential to discover new antibacterial natural product drugs
from marine organisms is great. Relative to terrestrial envi-
ronments, the ocean remains an under-explored habitat with
unparalleled biodiversity. Regarding animal life, for in-
stance, 32 of the 36 phyla are represented in the ocean, and
15 of these are exclusively marine.'” In this brief review, a
small subset of antibacterial compounds were presented that
support increasing discovery programs for marine-derived
antibacterial agents. It is without question that life in the sea
represents a logical and under-examined source, which has
the potential to fill the multidecade void in antibacterial
drug discovery.
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