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Abstract

Compounds from macro marine organisms are presumed to owe their biosynthetic origins to
associated microbial symbionts, although few definitive examples exist. An upsurge in the recent
literature from 2012 to 2013 has shown that four compounds previously reported from macro
marine organisms are in fact biosynthesized by non-photosynthetic Gram-negative bacteria
(NPGNB). Structural parallels between compounds isolated from macro marine organisms and
NPGNB producers form the basis of this review. Although less attention has been given to
investigating the chemistry of NPGNB sources, there exists a significant list of structural parallels
between NPGNB and macro marine organism-derived compounds. Alternatively, of the thousands
of compounds isolated from Gram-positive actinomycetes, few structural parallels with macro
marine organisms are known. A summary of small molecules isolated from marine NPGNB
sources is presented, including compounds isolated from marine myxobacteria. From this
assemblage of structural parallels and diverse chemical structures, it is hypothesized that the
potential for the discovery of inspirational molecules from NPGNB sources is vast and that the
recent spike in the literature of macro marine compounds owing their biosynthetic origin to
NPGNB producers represents a turning point in the field.
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INTRODUCTION

Marine invertebrates, especially sponges and tunicates, are recognized as being prolific
sources of structurally diverse biosynthetics. For decades, it has been suggested that
important macro marine organism-derived natural products are biosynthesized by
microorganisms. For example, in 1993, a comprehensive survey described 35 natural
products in a section entitled “Marine Natural Products Assumed to Be of Microbial
Origins”.1 In subsequent years, numerous remarks have been made in both research articles
and reviews pointing out that the bacteria associated with sponges and tunicates seem to be
the likely sources of many types of compound classes isolated from these organisms.2-10

After many decades, it appears that a new experimental-based understanding on the role of
invertebrate-associated microorganisms in marine natural product biosynthesis is at hand. As
an important point, it is well known that sponge-associated microorganisms may constitute
over 50% of a sponge’s mass.11 Some symbionts seem to be highly sponge-specific. In fact,
the novel phylum Poribacteria occurs exclusively in sponges and has the ability to produce
unique polyketides.12 The potential of sponge-associated microoganisms as a source of new
natural products is demonstrated by findings involving Theonella, a genus of marine
sponges. An unculturable Theonella-associated microorganism, Candidatus Entotheonella
palauensi, putatively produces complex cyclic polypeptides.13:14 Additionally, onnamide A,
isolated from the sponge Theonella swinhoei, is considered to be produced from a sponge-
associated Gram-positive bacterium.15 Similarly, a molecular genetics study of psymberin, a
compound structurally related to onnamide A and isolated from the sponge Psammocinia
bulbosa, led to the provisional conclusion that this compound is produced by a sponge-
associated bacterium.1> Adding to this theme are reports arguing that microbes associated
with sponges possess the ability to be responsible for the synthesis of structurally diverse
products previously isolated from sponges.* The most common examples include
polyketides and peptides.16:17 However, even in these promising reports, long-term attempts
to engage in laboratory culture to reproduce a hypothesis based on circumstantial evidence
have been elusive.18-20

There are some reports involving the manzamine family of compounds that represent a
possible paradigm shift. The first member of this complex group of alkaloids was isolated
originally from an Okinawan Haliclona sp., and over 80 analogues have been described
from more than 16 species of sponges.?1=28 The ability to isolate the same biosynthetic class
from numerous taxa illustrates the classic situation for presuming the biosynthetic action of
a sponge-associated bacterium. Between 2004 and 2006, two reports appeared describing a
Petrosiidae sp. sponge-derived actinomycete strain, Micromonospora sp. M42, which
produces manzamine A.2%:30 These discoveries were in a patent document and a Ph.D.
dissertation, respectively, but to date there has been no follow up in the peer-reviewed
literature. In 2010, however, a partial explanation was noted by a team involved with this
work and consisted of a brief passage describing continuing difficulties in producing
manzamines during the laboratory culture of Micromonospora sp. M42. Surprisingly, this
comment was buried in the middle of a review article.”
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It is well established that scanning natural products produced by the myxobacteria class of
Gram-negative bacteria provides especially fertile ground for side-by-side comparison to
structures reported from sponges. That there are a number of parallels in the products of
sponges with those of terrestrial-derived myxobacteria is surprising, considering only 100
core structures have been isolated from this group versus the thousands of compounds
isolated from Gram-positive actino-mycetes.3132 Some additional new comparisons, based
on sponge versus myxobacterial products, will also be discussed later in this report.

The contents of Figure 1 provide the context of both the framework and developments to be
discussed in the present account. Herein, important insights will be emphasized relevant to
sponge biosynthetics based on the recent literature and through a focus exclusive of the
metabolites of terrestrial myxobacteria. First, an overview of compounds referred to here as
non-photosynthetic Gram-negative bacteria (NPGNB) will be provided. The authors are
fully aware that structural parallels between macro marine sources and Gram-negative
cyanobacterial sources abound;33 however, the intention is to sharpen the scope of this
review by emphasizing the emerging contribution of NPGNB-derived compounds.

The three case examples summarized in Figure 1 provide a glimpse of the trajectory of the
discussion to be provided. An important theme represented in this small collection is that
significant scaffolds can be isolated through the culturing of Gram-negative microorganism
strains from all possible sources: (a) the terrestrial environment, (b) the oceanic water
column, and (c) in association with macro marine organisms. The key point to be made here
is that each example shows a distinctive structural scaffold when the source organism was
grown under laboratory conditions. The example of epothilone B is included to underscore
the continued inspiration to be derived through the study of bioactive leads from terrestrial-
derived myxobacteria. By contrast, the culturing of marine-derived myxobacteria has been
exceedingly difficult.18:20.34.35 Nevertheless, the short list of compounds included from this
source have great structural diversity,34-37 and the example of haliangicin (Figure 1)
exemplifies the new outcomes now being obtained. Another ground-breaking discovery is
represented by didemnin B, a clinically relevant anticancer compound first isolated from
tunicates and currently obtained through culture of a marine-derived NPGNB.38-40

Finally, later in this review there will be a brief glimpse of selected, bioactive compounds
from different marine-derived macroorganisms. This will be accompanied by a
consideration of the emerging potential offered by NPGNB-sourced metabolites as sources
of new structural complexity and clinical utility. The overall intention in mentioning the
therapeutic success of compounds from marine taxa is to highlight the presently missing but
promising contribution NPGNB will make.

IDENTICAL STRUCTURES FROM MACRO AND MICRO MARINE
ORGANISMS

Similar natural products isolated from macro- and micro-organisms suggest a more complex
origin than previously thought. Metabolites previously attributed to a macro marine
organism may, in reality, be produced by microbial members of macroorganism-associated
microbiomes.3~® Increasingly, non-photosynthetic Gram-negative bacteria are being
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identified as the actual source of macro marine compounds.*? Figure 2 illustrates a timeline
of identical carbon skeletons isolated from macro marine and microorganisms, from 1969 to
2013. There were two notable trends that emerged from the collection and organization of
this information. The first is that between 2012 and 2013 there are four examples of
identical carbon skeletons that have emerged from NPGNB. This upswing in discovery
followed a 14-year gap (from 1999 to 2013), where to the best of the knowledge of the
authors no reports, with the exception of the manzamines, of macro marine compounds
having identical carbon skeletons to microorganisms occurred. The second trend of note is
that while there are thousands of compounds isolated from Gram-positive microorganisms
during this same time period of between 1999 and 2013, none of these compounds have
been linked to a marine macroorganism. It is worth noting that, in contrast, there are
approximately 100 core scaffolds isolated from Gram-negative bacteria and even less core
structures from non-myxobacteria NPGNB.3! That the marine macro-microorganism
connection does not involve Gram-positive bacteria has not escaped our notice and should
guide further exploration in these areas.

Comparative Timeline

The first Marine Natural Products Gordon Research Conference in 1975 occurred against
the backdrop of pioneering work initiated in the 1950s by Bergmann, Scheuer, Pettit,
Rinehart, and Moore. By the time of the conference, compounds from Gram-positive
actinomycetes had already begun to be isolated in earnest. Tetrenolin (1), isolated from
cultures of the actinomycete Micropolyspora venezuelensis in 1969, is the first example of a
natural product with an identical structure later found in a macro marine organism.41
Compound 1 was reisolated, and its stereochemistry defined by Davidson and Ireland from a
Lissoclinum sp. tunicate; it was renamed lissoclinolide.#? In 1976, enterocin (3) was isolated
from two actinomycete strains, Streptomyces candidus var. enterostaticus WS-8096 and
Streptomyces viridochromogenes M-127.43 Two decades later, the Fenical group also
isolated enterocin from an ascidian from a Western Australian Didemnum sp.#4 Adding to
the list of actinomycete macro marine identical carbon skeletons is staurosporine (4), an
indolo[2,3-a]carbazole first isolated from Streptomyces staurosporeus by Masuma and co-
workers in Japan.#® The identical carbon skeleton was isolated subsequently from a
tunicate,*® mollusk,4’ and flatworm.*8 Up to the turn of the 21st century, Gram-positive
actinomycetes were shown to produce many macro marine natural products, in light of the
identical structural matches mentioned above. Since the year 2000, there has been only one
report of identical structure matches between Gram-positive actinomycetes, the
manzamines, and a macro marine organism. Instead, there is accumulating evidence that
macro marine compounds increasingly owe their origins to Gram-negative bacteria.

An early example of macro marine compounds found to be biosynthesized by NPGNB is the
polybrominated diphenyl ethers (PBDE) (2) (Figure 2). Compounds of this type were first
reported from Dysidea sp. sponges collected from the Western Caroline Islands in the early
1970s.49 Utkina and coworkers then reported an isolation of a PDBE from Dysidea fragilis
and a Gram-negative Vibrio sp. associated with the sponge.5%-51 However, in these reports,
the authors did not specify if the PBDE was from the same sponge as the Vibrio-isolated
PBDE.>! Soon afterward, the Faulkner group used flow-cytometric separation of symbionts
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from sponge cells and chemical analysis to demonstrate that cyanobacteria are the producers
of PBDE.1952

A flagship case of macro marine compounds having identical structures to compounds from
Gram-negative organisms is the didemnins. The cyclic depsipeptide didemnin A (5) was
originally isolated from a Caribbean Trididemnum sp. tunicate by Rinehart and co-workers
in 1981.53 From the extract of the culture broth of Tistrella mobilis strain YT 12409,
didemnin B and nordidemnin B were isolated by Tsukimoto and coworkers.38 Following
this isolation report, complete genome sequencing and analysis by Moore and co-workers
determined that the Gram-negative a-proteobacteria Tistrella mobilis and Tistrella
bauzanensis are the sources of the didemnins.%? The development of didemnin B, the first
marine drug candidate to be clinically tested in humans, has been perturbed by supply
issues. The discovery of the gene clusters responsible for the production of the didemnins in
a Gram-negative a-proteobacterium provides a potential solution to the limited supply of
these compounds.

As shown in Figure 2, many compounds from myxobacteria show identical carbon skeleton
matches to those of macro marine organisms. The bengamides are considered to be potential
antitumor agents and immunomodulators.>* A 2005 report in the patent literature indicated
that the sponge-derived compound bengamide E is also produced by Gram-negative
bacterium Myxococcus sp.2° Our laboratory has shown that bengamide E (6), initially
isolated from a Jaspidae sp. sponge collected near the Fiji Islands, can also be isolated from
Myxococcus virescens (Figure 2).54:5657 Manzamine A (7) was discussed in the introductory
paragraphs as having been isolated from both a sponge and culture broths of the
actinomycete Micromonospora sp. M42.21-29

The pyrrolidinedione antibiotic andramid (8) has been isolated from a Hyatella sp. sponge
and many NPGNB genera.®8:59.61 The first isolation report of 8 was from an Enterobacter
sp. planthopper symbiont, by Komura and coworkers.>8 After the initial isolation, andrimid
was isolated from a Vibrio sp. associated with a Hyatella sp. sponge.>? In this report, Oclarit
and colleagues demonstrate that 8 was present in both the Vibrio sp. bacterial culture and the
extract of the host sponge.>® In a separate report, the Andersen group isolated 8 from the
marine bacterium Pseudomonas flurescens, adding to the indiscriminate NPGNB producers
of andrimid.®% More recently, 8 was isolated from Vibrio coralliilyticus strain 2052 by Gram
and co-workers, as part of a global research expedition that collected over 500 bacterial
strains with antibiotic activity against pathogenic bacteria.b!

The Kdénig group isolated salimyxin B () from an obligate marine myxobacterium,
Enhygromyxa salina, obtained from a coastal sediment sample obtained in Santa Barbara,
California.34 The carbon skeleton of salimyxin B is nearly identical to demethylincisterol Az
(9), with the only difference being an additional hydroxy group. Demethylincisterol Az had
originally been isolated from the marine sponge Dictyonella incisa in 1990.52

The microsclerodermins are a family of cyclic hexapeptides originally isolated from
Microscleroderma sp. sponges by Faulkner and co-workers in 1994.53 In a recent report by
Muiller and associates, myxaobacteria in the genera Jahnella and Chondromyces were shown
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to produce microsclerodermin D (10).54 This compound and analogues presented are of
identical structure to those isolated from Theonella sponges reported by Schmidt and
Faulkner (Figure 2).6

SIMILAR STRUCTURES FROM MACRO- AND MICROORGANISMS

There are a number of marine-derived compounds that serve as examples of structural
parallels that are not identical in carbon skeleton. Rather, these compounds have closely
related chemical features. The parallelisms shown in Figure 3 imply the possibility of
congruent biosynthetic machinery operating in different biota. In each of these parallelisms,
an NPGNB is in some fashion implicated in the production of the compound.

Parallel Carbon Scaffolds

The cyclodepsipeptide jasplakinolide (11) (aka jaspamide) was isolated in 1986 from a soft-
bodied Jaspis sp. sponge collected in Tonga and Fiji.86:67 Initial biological screening of 11
revealed antifungal and antihelminthic activity, with an MIC value of 25 pug/mL against
Candida albicans. A separate in vivo assessment against Candida vaginal infection in mice
using a 2% solution of 11 was comparable in efficacy to miconazole nitrate.52 Since its
initial isolation, jasplakinolide has been the impetus for thousands of biomedicinal
publications due to its F-actin effects.68.69 Structurally similar, the chondramides (12) were
isolated from the myxobacterium Chondromyces crocatus by Reichenbach and colleagues
and differ from jasplakinolide in the carbon count of the macrocyclic ring; the former
features an 18-membered ring, while the latter possesses a 19-membered ring and different
substituents around the macrocycle. Like jasplakinolide, the chondramides exert cytotoxic
effects by targeting the actin cytoskeleton.”%71 In recent biological testing, members of a
series of synthetic chondramide analogues were shown to block Toxoplasma gondii parasite
growth on host cell monolayers with ECsg values ranging from 0.3 to 1.3 pM.72 Similar also
are the miuraenamides (13), discussed under compounds from marine myxobacteria that
also target the actin cytoskeleton.

Salicyclihalamide A (14) is a cytotoxic macrolide isolated from a sponge in the genus
Haliclona by Boyd and co-workers in 1997.73 Structurally similar is apicularin A (15), from
the myxobacterium Chondromyces robustus, isolated by the Reichenbach group in 1998.74
The principal structural difference between the salicylihalamides and apicularins is the
presence of a cyclized pyran ring in the apicularins. The apicularins, like the
salicylichalamides, are V-ATPase inhibitors, although they inhibit at different binding
sites.”® Aplicularin has been shown to have cytotoxic effects against human cancer cell lines
and causes apoptosis.’6

Rhizopodin (16) is a cytostatic, antifungal macrolide, originally isolated by Reichenbach and
associates from the culture broth of the myxobacterium Myxococcus stipitatus.’” The
initially reported structure was corrected nearly two decades later by the Miiller group
through use of comprehensive NMR spectroscopy, resulting in the revision of 16 from a
monomeric lactone to a symmetrical dilactone.’® The mechanism of action of 16 is through
inhibition of actin polymerization.”® The structure of rhizopodin, and in particular the
enamide side chain, is well adapted to the molecular surface of actin, allowing binding of the
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molecule to the actin and providing a significant obstacle to polymerization.”® Also sharing
actin depolymerization bioactivity with rhizopodin is the macrolactone sphinoxolide (17),
which was isolated shortly after rhizopodin in 1993 by D’Auria and co-workers from the
New Caledonian sponge Neosiphonia superstes. Sphinoxolide shares a similar side chain to
rhizopodin; however, the macrocycles are quite different.80

The tetrahydroisoquinoline compounds renieramycin A (18), saframycin Mx1 (19),
saframycin A (20), and ecteinascidin (ET-743) (21) represent an interesting group of closely
related structures from disparate organisms. Isolated first were the saframycins, in 1977 by
Avrai and co-workers, from the Gram-positive actinomycete Streptomyces lavendulae.8! The
saframycins display antitumor and antimicrobial activity through DNA alkylation.82
Following the saframycins was the isolation of the dimeric quinone-bearing renieramycins
in 1982, by the Faulkner group from a Mexican Reniera sp. sponge.83 In contrast to the
Gram-positive origin of the saframycins, the Gram-negative myxobacterium Myxococcus
xanthus is the source of saframycin Mx1 (19). Compound 19 was isolated by Reichenbach
and co-workers in 1987 and differs from the saframycins in the side chain, featuring a
terminal alanine instead of pyruvic acid.8* Completing this group of closely similar
tetrahydroisoquinolines are the macro marine-derived ecteinascidins first isolated by
Rinehart and co-workers from the Caribbean tunicate Ecteinascidia turbinata.8> Of the
tetrahydroisoquinolines mentioned, the ecteinascidins have the most promising biological
activity. ET-743 is by far the most prolific, with activity orders of magnitude more potent
than saframycin A (20) against B16 melanoma.82 Incidentally, ET-743 is a U.S. Food and
Drug Administration (FDA)-approved drug, sold under the trade name Yondelis. It has been
granted orphan drug status in the U.S. for the treatment of soft tissue and ovarian cancers.86

Latrunculin A (22), a member of a group of thioimidazole bearing toxins originally isolated
by Kashman in 1980 from the Red Sea sponge Negombata magnifica, and also from the
Indo-Pacific sponge Cacospongia mycofijiensis, disrupts microfilament organization and has
a strong anti tumor effect.87-89 Latrunculin A shares a distant structural similarity with
epothilone B (23) isolated from the terrestrial myxobacterium Sorangium cellulosum by the
Haéfle group in 1996.90 The epothilones are microtubule stabilizers, showing nanomolar
inhibition of cancer cell growth.%1 The synthetic epothilone derivative Ixempra was
approved by the U.S. FDA in 2007 for the treatment of taxane-resistant metastatic breast
cancer and represents a “home-run” hit for terrestrial myxobacterial compounds.92

COMPOUNDS FROM NON-PHOTOSYNTHETIC, GRAM-NEGATIVE
BACTERIA

Non-photosynthetic Gram-negative bacteria are a taxonomically diverse group of organisms
with the potential to contribute a broad range of molecular structures (Figure 4). However,
the difficulty in culturing NPGNB under laboratory conditions, particularly marine-derived
strains, has resulted in low compound titers even using relatively large-scale cultivations in
the 100 L range.34:35 As a result, there are only a handful of chemically productive NPGNB
genera known thus far, despite their enormous taxonomic diversity. Still, there have been
focused reviews on chemically productive NPGNB genera such as Vibrio and
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Pseudomonas.?394 Figure 4 groups compounds from chemically productive non-
myxobacterial NPGNB genera into less complex and more complex structures from both
terrestrial and marine environments.

Less Complex Frameworks

Seawater-derived Gram-negative bacterial compounds were summarized by Fenical in 1993.
He foreshadowed that Gram-negative bacteria are not prolific in their production of
secondary metabolites and are relatively slow growing, but have the potential to produce
novel chemistry.%5 A brief summation of Fenical’s findings is discussed here, and many of
these fall under the less complex structures category (Figure 4). Pentabromopseudiline (24),
isolated from what was later classified as an Altermonas sp. by Burkholder in 1966,
exhibited antibiotic activity when tested against a panel of Gram-positive bacteria and in
particular Mycobacterium tuberculosis.?:97 In 1977, the Faulkner group also isolated
pentabromopseudeline from a purple-pigmented bacteria (later determined to be an
Altermonas sp.) purified from a seawater sample obtained in the North Pacific Gyre.98 The
group also isolated the other brominated pyrroles 25 and 26.98 Compound 25 exhibited
moderate antibacterial activity in a disk-diffusion assay against Staphyloccocus aureus,
Escherichia coli, Pseudomonas aeruginosa, and Candida albicans. Interestingly, this
compound class exhibited antibacterial activity against a panel of marine bacteria
(Photobacterium fisheri, P. mandapamensis, and P. phosphoreum) as well as a degree of
autotoxicity.%8 In 1977, the Faulkner group continued their investigation into these
compounds after obtaining the same brominated pyrroles from a yellow pseudomonad
isolated from a tide pool in La Jolla, California.9® The 1977 publication describes the
isolation of the then previously discussed compounds (24-26), 6-
bromoindolecarboxaldehyde (27) and its debrominated analogue, the new 2-n-pentyl-4-
quinolinol, and the known antibiotic 2-n-heptyl-4-quinolinol. Disk diffusion assays were
used to identify particularly strong antibiotic activity from 2-n-pentyl-4-quinolinol. The
publication makes a specific note of the pyrrole autotoxicity.

Wells and co-workers at Roche Research Institute in Australia isolated three aromatic acids
from the common marine bacterium Alteromonas rubra.19% Crude chloroform extracts from
this bacterium exhibited in vitro bronchodilator activity as well as muscle-relaxant effects.
Chromatographic purification through bioassay-guided fractionation resulted in three
aromatic acids, rubrenoic acids A-C (28). Although the biological properties of the
compounds described in this work did not suggest any potential clinical application, the
authors concluded from their work that marine bacteria warrant further attention in
biological screening programs.

An unidentified bacterial isolate (strain #157) obtained from a surface seawater sample
taken at a salmon (Oncorhynus tshanytscha) net-pen farm was found to be a source of
oncorhycolide. The initial publication reported no bioactiv-ities.101 However, the Andersen
group, like Fenical, used this compound as a “proof of concept” structure. They concluded
that by isolating this compound, it was shown that bacteria isolated from the marine
environment have the potential to be the source of many novel natural products and hence
are worthy of more extensive study.101
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Also falling within less complex structures are derivatives of prodigiosin (29), pyrrole ring-
containing pigments with many reported bioactivities including antimicrobial, cytotoxic, and
antimalarial effects.192 Additionally, there is clinical promise for these compounds in the
area of immunomodulation.192 Undecylprodigiosin exhibited inhibition of T-cell
proliferation at nontoxic doses.193 The synthetic prodigiosin derivative PNU-15684, upon
oral administration, suppressed heart allograft rejection in a rat in vivo model. Co-
administration of 40 mg kg1 with cyclosporin A caused a dramatic increase in the survival
period of heart-transplanted rats.104105 As degradation products of the prodigiosins, the
magnesidins (30) are a mixture of homologous compounds bearing Cs and C7 alkyl groups
present in a 1:1 ratio.196 The bacterial source of these compounds, Pseudomonas
magniorubra, was obtained through washings of the marine alga Caulerpa peltata collected
near Mumbai, India.107 Interestingly, prodigiosin (29), produced most notably by Serratia
marcescens, has the additional distinction of being the suspected cause of a medieval-era
“miracle”, since bacterial contamination and the subsequent appearance of this deep-red
pigment on bread resulted in the initiation of the Feast of Corpus Christi.108

Additional less complex scaffolds from NPGNB include compounds from the marine Gram-
negative bacterium Vibrio fischeri (Aliivibrio fischeri), which self-produces the chemical
signal N-(3-oxohexanoyl)-3-aminodihydro-2(3H)-funanone (31), in a process known as
“quorum sensing”.199 First isolated in 1981 by Eberhard and co-workers from
Photobacterium fischeri, it was observed that luciferase self-expression can be turned on or
off by excretion of an N-acyl homoserine lactone, 31.110 Structurally, acyl-homoserine
lactones (AHL) feature a fatty acid chain and a lactone homoserine moiety, joined by an
amide bond. Variations in acyl chain length are possible along with different AHLs
featuring varying oxidation states at the C-3 position (i.e., carbonyl, hydroxy group).10° One
example of a structural modification from 31 is 7,8-cis-N-(tetradecanoyl)-homoserine
lactone (32) from Rhodobacter sphaeroides, isolated by Puskus and co-workers.111
Compound 32 features a longer acyl chain length than present in 31. Production of AHLs in
Vibrio fisheri occurs through expression of lux genes that control luminescence.112:113
Euprymna scolopes and E. morsei squid species are luminescent due to colonization of the
light-producing organs by V. fischeri.}14:115 vibrio fisheri from E. morsei grown in
laboratory culture outside of the squid were found to produce the autoinducer 31 at levels
10-fold less than those produced by E. morsei squid isolates. The same group concluded that
luminescence is a consequence of colonization of host tissues and not simply a cell-density-
promoted occurrence.114.115

Kobayashi and co-workers isolated a novel indole trimer, trisindoline (33), a less complex
scaffold from a Vibrio sp. that was separated from the Okinawan sponge Hyrtios altum.26
Compound 33 was shown to have antibiotic activity using disk diffusion asaays, inhibiting
the growth of E. coli, B. subtilis, and S. aureus at 10 pg/disk.28 Trisindole was isolated along
with known diketopiperazines. From the marine bacterium Rubritalea squalenifaciencs,
Shindo and co-workers isolated the new acyl glycol-carotenoic acids diapolycopenedioic
acid xylosyl esters A, B, and C.116 The source bacterium has been isolated from the sponge
Halichondria okadai.11® Interestingly, the 10, quenching activity of diapolycopenedioic
acid xylosyl esters A (34) in an 10, suppression model was investigated and found to have
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an ICgq value of 5.1 uM. The activity was more potent than those of astaxanthin or #
carotene, and the authors will further examine the role of structural features in the
activity.116

A Pseudomonas sp. collected at the surface of the sponge Homophymia sp. collected in New
Caledonia was found to contain a series of quinolone (35) analogues similar to the
compounds reported by Faulkner and co-workers in 1977.299 Baker’s group, in an
investigation into microorganisms associated with macro marine organisms, isolated the
known phenazine alkaloid (36) from Pseudomonas aeruginosa, as well as several
diketopiperazines.11” Bioactivity-guided fractionation was employed to isolate these
compounds, with the phenazine alkaloids showing activity against Bacillus cereus with an
MIC value of <0.5 pg/mL in disk diffusion assays.117 The sponge Isodictya setifera was also
investigated for the production of phenazines; however, none were detected. The authors
attributed this to the bacterium not producing the metabolite while in association with the
sponge or due to insufficient amount of bacterium in the sponge for compound detection.117

Investigations of the sponge Hymeniacidon perleve collected in the East China Sea led to the
isolation of 29 bacterial strains.11® Using growth inhibition against terrestrial micro-
organisms, an extract from Pseudomonas piscida strain NJ6-3-1 was identified as having the
broadest antimicrobial activity against a panel of microorganisms. This strain was then
subjected to bioactivity-guided fractionation, using disk diffusion assays, resulting in the
isolation of norharman (37). Norharman is a known antimicrobial agent first found in
terrestrial plants.119

Marine Alteromonas sp. bacteria associated with the sponge Halichondria okadai are the
source of alteramide A (38), isolated by Kobayashi and co-workers.120 Cytotoxic effects of
38 against murine leukemia P388, murine L1210 lymphoma, and human epidermoid
carcinoma cells were determined. In this cytotoxicity screening, compound 38 exhibited
ICsq values in the low micromolar range.120

A marine fish pathogen, Vibrio anguillarum strain pJM1, is the source of anguibactin (39).
Structural analysis by Crosa and colleagues was supported with single-crystal X-ray
diffraction of an anhydro derivative of 39.121 Anguibactin is structurally unique, having N-
hydroxyhistamine, cysteine, and dihydroxybenzoic acid components. The pathogenic nature
toward fish is due to the pJM1 plasmid within V. anguillarum, of which the compound is a
virulence factor.121

Pelagiomicin A (40) was isolated by Imamura and coworkers from the marine halophilic
Gram-negative bacterium Pelagiobacter variabilis.122 The bacterium was obtained from the
macro alga Pocockiella variegata collected in Palau. Phenazine alkaloids like 40 are well
known from various Streptomyces species, with the first reports dating back to the isolation
of griseolutein from Streptomyces griseolutus.123.124 The cytotoxic activity of pelagiomicin
was investigated against a panel of solid tumor, leukemia, and endothelial cancer cell lines,
with 1Cs values in the low micromolar range reported.125
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Previous discussion in this review introduced the structure of andrimid (8). Of additional
significance is during dereplication studies on Vibrio coralliilyticus strain 2052, it was
discovered that 8 has antibiotic activity against a broad range of bacteria, due to inhibition of
bacterial acetyl-CoA carboxylase.61:126 The Gram group in Denmark, along with concurrent
studies by Adachi and co-workers in Japan, have spearheaded isolation work in NPGNB
genera, in particular, Vibrio, Photobacterium, and Pseudoalteromonas.>”:127.128 The reader
is directed to a representative review entitled “Production of Bioactive Secondary
Metabolites by Marine Vibrionaceae” by Mansson, which highlights the potential of Vibrio
spp. as a source of bioactive small molecules.93

Interestingly, the pyrrothine antibioitic holomycin (41) was isolated from the culture of
Photobacterium halotolerans strain S2753.57 Previously, compound 41 had been reported
from Gram-positive Streptomyces. The authors surmise horizontal gene transfer as a reason
for discovery of 41 in these disparate organisms, which represents an interesting subject for
future inquiry.57:129.130

More Complex Frameworks

Under the more complex structural category, cyclic peptides are typically encountered.12
One example is the bromoalterochromides, isolated by Laatsch and co-workers from the
marine bacterium Pseudoalteromonas maricaloris KMM 636, collected in La Jolla,
California.131 The antibacterial activity was also investigated and reconfirmed the results of
Faulkner and colleagues with inhibition of the growth of S. aureus.®® Additionally,
cytotoxicity against KB cells was observed with an ICsq value of less than 2 ug/mL.2
Bromoalterochromine A (42) is a yellow-pigmented chromo-peptide, isolated as an
inseparable mixture designated A and A”.131 The amino group of the threonine residue is
acylated with differing side chains, which the authors named alterochromides. The cytotoxic
effects of these chromopeptides on sea urchin (Strongylocentrotus intermedius) eggs were
investigated, and an MIC value of 40 pg/mL was determined; however, no antibiotic activity
was observed.131

Terrestrial-derived gliding Gram-negative bacteria in the genus Lysobacter are well known
and produce cyclodepsipeptides, cyclic lipodepsipeptides, cepham-type flactams, and
polycyclic tetramate macrolactams.132133 Most Lysobacter genera described to date occur
in the terrestrial environment, but a report by Romanenko and co-workers outlined
Lysobacter strain KMM 3297 from a Pachastrella sp. deep-sea sponge, obtained from the
Philippine Sea.134 Although no small molecules were reported by Romanenko and co-
workers, this discovery of a marine-derived Lysobacter genus has the potential to provide
improved knowledge of the chemistry from both terrestrial and marine-derived Lysobacter
species.

As was stated earlier in this review, didemnins and thallospiramides from marine a-
proteobacterial NPGNBs have been reported.39:40:135 Didemnins, a family of cyclic
depsipeptides, were originally isolated from the Caribbean tunicate Trididemnum solidum.>3
A dehydrodidemnin analogue, aplidine, isolated from the ascidian Aplidium albicans, is
currently in phase 111 clinical trials initiated by PharmaMar for refractory myeloma.136 In
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2003, the European Commission granted approval for use of aplidine in the treatment of
acute lymphoblastic leukemia.13” Didemnin B (43) was recently isolated from the
cultureable Gram-negative bacterium Tistrella mobillis, the biosynthesis of which was
recently described by the Moore group.38:40

The novel cyclic peptides, thalassospiramides A (44) and B (not shown here), were isolated
in 2007 by the Fenical group from the marine a-proteobacterium Thalassospira lucentensis
(strain CNJ-328).135 Using an in vitro assay, the thalassospiramides showed
immunosuppressive activity by inhibiting IL-5 production. Recently, the mechanisms of
thallaspiramide biosynthesis have been investigated by the Moore group.138

The Butler group isolated lystabacins A—C (lystabacin A (45) shown), from the marine
bacterium Pseudoalteromonas sp. strain S2B.139 As a unique observation, the strain was
obtained from the Gulf of Mexico following the Deepwater Horizon oil spill that occurred in
April 2010. The Pseudoalteromonas sp. strain was grown in seawater medium with crude oil
added, suggesting that the bacterium could indeed degrade hydrocarbons in oil. The ability
to biodegrade oil by bacteria may be facilitated by the actions of siderophores like lystabacin
A (45) that sequester iron, an essential nutrient for bacterial growth 140141

The bryostatins are well-known anticancer agents isolated initially by Pettit and co-workers
from the bryozoan Bugula neritina.142143 The cytotoxicity of the bryostatins is due to
effects on protein kinase C, and numerous clinical trials have been undertaken.144-146 A
Gram-negative unculturable bacterial symbiont, Candidatus Endobugula sertula, inhabiting
the pallial sinus of the bryozoan B. neritina, has been implicated in the production of
bryostatins.147:148 |n fact, without the bacterial symbiont, the bryozoan does not produce the
bryostatins.147-149 Haygood and co-workers have identified a bryostatin polyketide synthase
gene cluster from E. sertula.150:151 This discovery holds enormous promise, since
expression of the gene cluster could produce the bryostatins in sufficient amounts for
marketing as a drug.

COMPOUNDS FROM MARINE-DERIVED MYXOBACTERIA

Myxobacteria are bacteriolytic, Gram-negative 5-proteobacteria found throughout the world.
They inhabit terrestrial environments such as the soil and decaying organic matter, as well as
freshwater and marine saltwater environments.152-154 The term “micropredator” has been
used to describe myxobacteria, due to their physical gliding movements and lytic action on
other bacteria.12-154 Two main characteristics have been ascribed to myxobacteria:
formation of fruiting bodies containing propagative spores under nutrient-poor conditions,
and cellular gliding over surfaces.152-154 Myxobacteria are the source of a wide array of
bioactive natural products, with a relatively recent estimate in 2009 by the Miiller group of
100 core structures and 500 of their derivatives having been reported in the
literature.31.155-158 The majority of these compounds are from terrestrial genera such as
Sorangium, Myxococcus, and Chondromyces, which is a consequence of the amenability of
these species to laboratory culture conditions. For comprehensive reviews on terrestrial
myxobacterial secondary metabolites, the reader is referred to excellent reviews by
Reichenbach and Miiller.31:155-158 perhaps the most heralded of the terrestrial
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myxobacterial taxa is the genus Sorangium, the source of the epothilones. These cytotoxic
macrolides were first isolated by Hofle and Reichenbach from Sorangium cellulosum strain
Soce90.%0 The epothilones are a distinct class of microtubule-interacting anticancer
compounds from the taxanes and vinca alkaloids and often used to treat taxane-resistant
tumors.%2 Metabolic instability of epothilone derivatives from esterase cleavage at position
16 of the lactone was ameliorated by synthesis of the lactam-containing derivative Ixempra,
approved by the U.S. FDA for treatment of refractory metastatic breast cancer in 2007.92:159

There are far fewer isolated compounds from seawater-derived myxobacterial species. The
difficulty in culturing myxobacteria obtained from seawater samples has gained this
taxonomically elusive group a reputation for being presently uncultureable.34:35 The number
of chemical compounds from halophilic and slightly halophic, marine-derived myxobacteria
can be counted on one hand. However, the compounds that have been identified illustrate
the remarkable potential of marine myxobacterial taxa to produce unprecedented chemistry.
In an effort to highlight this promise, the following is an update on the present literature
featuring all marine-derived myxobacterial compounds shown in Figure 5.

Products from Marine-Derived Myxobacteria

Starting the short list of marine-derived myxobacterial compounds is haliangicin (46),
isolated by Yamanaka and co-workers in 2001 from cultures of the salt-obligate
myxobacterium Haliangium luteum strain AJ-13395.36:37 This myxobacterial strain was
obtained from a beach seaweed sample in Japan. Bioactivity-guided fractionation gauged by
an antifungal assay was employed to isolate compound 46. The potent antifungal activity of
haliangicin results from the inhibition of fungal electron transport within complex 11, with
an ICsg of 2.5 nM, and is comparable to the standard control amphotericin B.36:37
Structurally, haliangicin features a f~-methoxyacrylate moiety with trans stereochemistry
about the epoxide moiety. A cis isomer, along with geometric isomers of the polyene
moiety, has also been reported, with structural disruptions in the conjugated tetraene moiety
lowering antifungal activity.160

Miuraenamides A and B (13) were isolated by the Yamada group shortly following the
initial report of haliangicin (46) from the slightly halophic near-shore soil myxobacterial
strain SMH-27-4.161 Bioactivity-guided isolation of the miuraenamides employed a paper
disk diffusion assay against phytopathogenic oomycetes, Phytophthora capsici. Given the
prior knowledge of f~methoxyacrylate-containing myxobacterial compounds having activity
as fungal electron transport chain inhibitors, the miuraenamides were also tested for this
same activity. They were found to inhibit NADH oxidase activity at 100 pM and were
compared to the positive control myxobacterial compound cystothiaxol (10 pMm),161.162
Although not isolated from a truly salt-tolerant myxobacterium, the miuraenamides were
obtained from a near-shore soil sample that was slightly halophilic and are therefore worthy
of note. As noted earlier in Figure 3, there is a close similarity in the structure of 13 to that
of jasplakinolide (11) and chondramide A (12).

Following a seven-year period with no reports of compounds from halophilic, marine-
derived myxobacteria, several publications have entered the literature more recently,
spearheaded by those of the Kénig group. The compounds salimyxins A (47a) and B (47b)
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and enhydrolides A (48a) and B (48b) have been isolated very recently from the obligate
marine myxobacterium Enhygromyxa salina. The Enhygromyxa strain was obtained from
marine sediments collected from coastal Germany and California. The salimyxins and
enhydrolides are tricyclic, degraded sterols and are one of the first myxobacterial
compounds reported from the marine-derived taxonomic group.34 Attesting to the difficulty
in culturing marine-derived myxobacteria, the isolation yield of salimyxin A (47a) was
astonishing low at 0.4 mg/64 L culture.

Salimabromide (49) is another recent marine-derived compound isolated by the Kénig group
from Pleosiocystis/Enhydromyxa spp. marine myxobacteria, obtained from coastal marine
sediments in Germany. Structurally, 49 is polyketide derived and represents a new carbon
skeleton featuring substitution with bromine, a rare occurrence among myxobacterial
secondary metabolites. Compound 49 was obtained in an equally low yield to the salimyxins
and enhygrolides, with only 0.5 mg from 64 L of culture, and was the first to be isolated
from the genus Enhygromyxa.3®

CONCLUSIONS AND FUTURE PROSPECTS

The total number of core scaffolds discussed in this review discovered from marine-derived
NPGNB is quite small in comparison with those from Gram-positive actinomycetes. Clearly,
exploration of natural products from NPGNB should be intensified. As noted earlier in this
review, the information base on these compounds at this point in time is sparse. In the near
future, there will undoubtedly be new discoveries to add to the current knowledge of
structural parallels between macro marine and Gram-negative microorganism-derived
compounds.

It is clear that much enthusiasm exists for the discovery and development of marine natural
products as potential human therapeutic agents. Decades have been required to demonstrate
the therapeutic success of compounds from marine taxa, and there are now a growing
number of drugs of marine origin that have achieved U.S. FDA approval. Figure 6 shows the
FDA-approved drugs that have been inspired by, or pursued in parallel with, marine
invertebrate-derived natural products.163-175 Clearly missing from this collection are
compounds from NPGNB. However, the potential of NPGNB compounds to gain U.S. FDA
approval is great. This is highlighted by discoveries linking the didemnins and bryostatins to
NPGNB producers.38:1%0.151 Continued attention to compound structural parallels between
macro marine organisms and NPGNB organisms holds promise for the production of
medically important drugs in previously unattainable yields. In this regard, NPGNB
organisms have indeed entered center stage of marine natural products research.
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Figure 1.
Prismatic view of the several dimensions of natural products derived from cultured non-

photosynthetic Gram-negative bacteria as a function of their sourced environment, including
terrestrial-derived sediments, oceanic water column, and macro marine organisms.
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Comparative timeline, by publication date, of all structures discovered to date for which
these identical carbon skeletons were derived from macro marine organisms (sponges,
tunicates, mollusks, and flatworms) and also obtained through culturing of microorganisms.
(Legend: Gram-positive bacteria l; Gram-negative bacteria OJ; cited literature provided in

the text.)
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Selective view, from 1966 to 2013, of the biosynthetic products published from marine- and
terrestrial-derived strains of cultured Gram-negative bacteria. Omitted from this list are
marine-derived myxobacteria (shown in Figure 5) and the hundreds of metabolites (the
subjects of many previous reviews) isolated from (a) terrestrial myxobacteria (gamma-
proteobacteria), (b) the terrestrial genus Lysobacter (also a gamma-proteobacteria), and (c)
both marine and terrestrial cyanobacteria. [Codes for the organism sources are terrestrial (T),

marine (M).]
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Summary, from 1966 to 2013, of all biosynthetic products published from the culturing of

marine-derived Gram-negative myxobacteria.
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