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Abstract: The title of this essay is as much a question as it is a statement. The discovery of the
-lactam antibiotics—including penicillins, cephalosporins, and carbapenems—as largely (if not
exclusively) secondary metabolites of terrestrial fungi and bacteria, transformed modern medicine.
The antibiotic f-lactams inactivate essential enzymes of bacterial cell-wall biosynthesis. Moreover,
the ability of the p-lactams to function as enzyme inhibitors is of such great medical value, that
inhibitors of the enzymes which degrade hydrolytically the 3-lactams, the 3-lactamases, have equal
value. Given this privileged status for the 3-lactam ring, it is therefore a disappointment that the
exemplification of this ring in marine secondary metabolites is sparse. It may be that biologically
active marine 3-lactams are there, and simply have yet to be encountered. In this report, we posit a
second explanation: that the value of the 3-lactam to secure an ecological advantage in the marine
environment might be compromised by its close structural similarity to the 3-lactones of quorum
sensing. The steric and reactivity similarities between the 3-lactams and the 3-lactones represent
an outside-of-the-box opportunity for correlating new structures and new enzyme targets for the
discovery of compelling biological activities.

Keywords: enzyme inhibitors; PBP, penicillin-binding protein; 3-lactonase; salinosporamide; AHL,
N-acylhomoserine lactone; quorum quenching

1. Introduction

The discovery of antibacterial antibiotics revolutionized the practice of medicine [1,2].
Among the seminal structures isolated during the golden age of antibacterial discovery—the
two decades following the realization in 1943 of the clinical efficacy of the penicillins—were
bacitracin, polymyxins, vancomycin, and cephalosporins. These structures (including the
penicillins) share three attributes: they are still used in modern medicine, their mecha-
nism is the inhibition of the proper assembly of the bacterial cell envelope [3,4], and they
originate as secondary metabolites of terrestrial organisms. This latter attribute has en-
gendered (on multiple occasions) the question: might marine organisms also offer unique
and transformative antibacterial structures? The potential value of marine organisms as
a source of compelling, biologically active structures is no longer a premise, but a fact.
Indeed, the impressive list of antitumor-antibiotic structures isolated from marine sources
(didemnin, gephromycin, gliotoxin, grincamyecin, ilimaquinone, lamellarin, largazole, lur-
binectedin, meridianin, peloruside, phorbazole, plinabulin, staurosporine, trodusquemine,
withanolide ... ) exemplifies both unique chemical structure and exceptional biological
activity [5-7]. While the experience with another marine antitumor antibiotic (bryostatin)
has underscored the extraordinary difficulty of translating exceptional in vitro activity to
clinical relevance [8-10], it has also proven that marine-derived structures are “privileged”
in that their structural diversification can uncover new clinical utilities [11,12]. Given
that the future for antibacterial discovery is structured to counter infections caused by
multi-drug-resistant bacteria, chemical entities that have privilege are prized. Recognition
that the biosynthetic source of these marine structures is in many cases marine bacteria is
complemented by a growing understanding of what bacteria to culture and how to geneti-
cally manipulate the bacteria. These questions regarding marine bacteria, as in the case of
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marine Streptomyces [13-16], may address the difficulty of understanding the ecological role
of “antibiotic” secondary metabolites [17,18], so as to enable activation of their biosynthetic
gene clusters. Practical solutions to this challenge were discussed recently with reference to
lasonolide A, another as yet promising marine antitumor antibiotic [19,20].

The structural focus is the -lactam ring—the four-membered cyclic amide sub-
structure—of penicillin (Figure 1). The 3-lactam ring confers the antibacterial biological
activity, not just to the penicillins but to the other clinically important structural sub-classes
which together comprise the diverse 3-lactam antibiotic family. These sub-classes include
cephalosporins, cephamycins, clavulanic acid, nocardicins, monobactams, and carbapen-
ems [21]. All of these (3-lactams are enzyme inhibitors. Most pathogenic bacteria contain
a cell wall that is made biosynthetically from glycan strands, which have peptide stems
on their alternate saccharides [22]. In the final stage of cell-wall biosynthesis, these stems
are cross-linked so as to conjoin adjacent glycan strands. Cross-linking is the result of acyl
transfer from one stem to the nucleophilic serine of the transpeptidase enzyme catalyst,
followed by the transfer of the acyl moiety to an amine functional group of the adjacent
glycan strand. Linkage of adjacent glycan strands across the surface of the bacterium
creates an encasing cell-wall polymer, called the peptidoglycan. 3-Lactams inactivate the
transpeptidase enzymes of peptidoglycan biosynthesis [23]. Their 3-lactam ring is recog-
nized as structural mimetics of the endogenous stem peptide and acylates the active-site
serine with the concomitant opening of the (3-lactam ring. As the resulting acyl-enzyme is
sterically incompetent for acyl-transfer [24], the catalytic activity of these transpeptidase
enzymes—termed historically as “penicillin-binding proteins” (PBPs)—is lost. This loss of
activity is bactericidal when bacteria are growing actively.
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Figure 1. Structures of the terrestrial-derived -lactam antibacterial antibiotic penicillin N and the
marine-derived -lactone antitumor antibiotic salinosporamide A.

The marine antitumor antibiotic salinosporamide A (Figure 1) offers a structural
counterpoint to the B-lactam sub-structure. Salinosporamide A (Marizomib®) is currently
in late-stage clinical evaluation for brain cancer [25,26]. Its structural core is a 3-lactone ring.
In a mechanism similar to the $-lactams, its 3-lactone is opened by the active-site threonine
of the human 20S proteasome to give an acyl-enzyme species [27,28]. An ensuing second
intramolecular ring-closing reaction displaces the chlorine as a chloride-leaving group and
renders the acylation irreversible [29]. The biosynthetic complexity of the penicillins and
the salinosporamides is comparable. Given that marine organisms biosynthesize the latter,
do they also synthesize the former?

In this essay, we address the following questions. Do marine organisms biosynthesize
notable inhibitors of bacterial cell-wall biosynthesis? Do marine organisms biosynthesize
classical antibacterial 3-lactams? Do marine organisms biosynthesize (other) (3-lactams?
Is there a relationship between the (3-lactam functional group and the (-lactone func-
tional group, and the observation from the marine environment that marine bacteria have
numerous (3-lactam-hydrolyzing enzymes?

2. Do Marine Organisms Biosynthesize Exceptional Inhibitors of Bacterial
Cell-Wall Biosynthesis?

At present, no marine structure having both the efficacy and safety to justify its clinical
use has been identified. None of the structures shown in Figures 2 and 3 meet this standard.
All of the exploratory antibacterial antibiotics in current clinical trials have terrestrial ori-
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gin [30-32]. However, the distinction between the marine and terrestrial origins of natural
products must be done cautiously. While there are numerous examples of structurally
and biologically unprecedented marine secondary metabolites (for example, the list of
marine-derived antitumor antibiotics presented above), the two realms have substantial
structural overlap [33]. Moreover, as is seen with respect to the antimicrobial evaluation of
terrestrial secondary metabolites, the antimicrobial evaluation of marine secondary metabo-
lites likewise identifies innumerable structures possessing modest to good antibacterial
activity [34]. Inventories of these structures are published regularly [15,35-48]. Within
these inventories are found structures that are truly distinctive, often in the multiple aspects
of their biosynthesis, ring construction, and biological activity.
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Figure 2. Distinctive marine-derived antibiotic structures with mechanisms other than interference
with the enzymes of bacterial cell-wall biosynthesis.
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Figure 3. Distinctive marine-derived antibiotic structures with mechanisms involving inhibition
of bacterial proteins. Dibromoageliferin, chrysophaentin A, taromycin B, lipoxazolidinone A, and
cyslabdan inhibit key proteins involved in the synthesis of the bacterial cell envelope. Kalafungin and
halisulfate-5 are inhibitors of the 3-lactam antibiotic-resistance enzymes of bacteria, the 3-lactamases.

The structures in Figure 2 exemplify distinctive marine-derived antibacterials. The
abyssomicin family of macrolactones (more than thirty spirotetronate structures, exem-
plified here by abyssomicin C) is encountered as secondary metabolites of marine Strep-
tomyces [49-54]. The abyssomicins have attracted extensive synthetic (notably, evalua-
tion of the property of many members of this family, including abyssomicin C, to show
room-temperature atropisomers) and biosynthetic studies. Abyssomicin C has potent
Gram-positive (Staphylococcus aureus) antibacterial and antimycobacterial (Mycobacterium
tuberculosis) activities (both, MIC 5 mg-L’l). In addition, the abyssomicins show human
cell-line cytotoxicity. The enzyme target of the abyssomicins is 4-amino-4-deoxychorismate
synthase (PabB), the enzyme catalyst for the synthesis of 4-aminobenzoic acid from cho-
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rismite [55]. Loss of PabB activity blocks folate coenzyme biosynthesis [50,53]. PabB
inactivation by abyssomicin is initiated by the conjugate addition of the thiol of its catalytic
cysteine to the enone of abyssomycin to give the enolate [55]. Intramolecular trapping of
this enolate by the butenolide sub-structure of abyssomycin gives the stable, final covalent
structure of inactivated PabB [56]. This mechanistic sequence is conceptually similar to the
salinosporamides against their different enzyme target.

Anthracimycin is a macrolide isolated from marine Streptomyces (but now also a
terrestrial secondary metabolite) [57,58]. Anthracimycin also has engendered chemical
interest. Its biosynthesis (and that of a cognate secondary metabolite, chlorotonil) is
visualized as involving a spontaneous (while during PKS assembly) intramolecular [4 + 2]
cycloaddition [59-62]. Anthracimycin shows in vitro MIC values of <0.25 mg-L’l against
all strains of S. aureus [63]. Notwithstanding a fundamental difference with respect to
stereochemistry (Figure 3, compare the ring stereochemistry of anthramycin to that 2b-
Epo), comparable antibacterial as well as antimalarial activities are found for chlorotonil
derivatives. Culture of the chlorotonil-producing myxobacterium Sorangium cellulosum
on a >150 L scale secured multi-gram quantities of chlorotonil. Its chemical stabilization
(by reductive mono-dechlorination) followed by bis-epoxidation (to improve the water
solubility to 16 uM) gave structure 2b-Epo, retaining essentially the full breadth of biological
activities [64]. Structure 2b-Epo has in vitro MIC values of <0.05 mg-L~! against several
Gram-positive bacteria (including an MICgq of 0.1 mg-L~! against methicillin-resistant
S. aureus), oral safety in mice at 50 mg-kg ! attaining serum concentrations above the MIC
for the activity for 24 h, and efficacy in the S. aureus mouse neutropenic thigh infection assay
ativ. 2 x 5 mg-kg~! dosing [64]. Its mechanism is not yet known. Equisetin exemplifies a
structure with a breadth of biological activities, among which is the inhibition of bacterial
acetyl-CoA carboxylase resulting in failed fatty acid biosynthesis [65]. Its own biosynthesis
involves an enzyme-catalyzed ring-forming Diels—Alder cycloaddition [66,67]. Equisitin
has potent Gram-positive antibacterial activity [68,69] and shows pronounced synergy
with polymyxins against pathogenic Gram-negative bacteria [68,70]. Marine bacteria
have significant potential as producing organisms of the tripyrrole prodiginines [71]. The
prodiginines (represented by prodigiosin) demonstrate a breadth of biological activities,
also including pronounced synergy with polymyxins against pathogenic Gram-negative
bacteria [72-75].

The structures in Figure 3 exemplify a second set of distinctive marine-sponge-derived
antibiotics. This figure shows structures that act to inhibit different targets within bacte-
rial cell-wall biosynthesis. Dibromoageliferin represents one structure within the large
and diverse class of bromopyrrole-imidazolamine structures (including also the sceptrins,
the oroidins, and the nagelamides) [34]. As a class, these structures show potent Gram-
positive and Gram-negative antibacterial activity [76-78]. They interfere with multiple
stages of cell-envelope biosynthesis, including membrane integrity, assembly of the cy-
toskeleton, and peptidoglycan integrity [79,80]. The alga-derived chrysophaetins target
the FtsZ protein of the Gram-positive cytoskeleton [81-83]. Taromycin A is recognized
immediately as a marine-derived cognate structure of the Gram-positive antibiotic, dapto-
myecin [84,85]. Daptomycin interferes with bacterial peptidoglycan biosynthesis by com-
plexation with its biosynthetic intermediates [86,87]. Daptomycin is used increasingly in
the clinic against serious Gram-positive bacterial infections. The marine origin of dibro-
moageliferin, chrysophaetin A, and taromycin A is attested to by their halo substituents.

Labdanes are secondary metabolites of both terrestrial and marine Streptomyces [88-90].
Although weakly antibacterial against methicillin-resistant S. aureus (MRSA, MIC
32-64 mg-L~1!), as an inhibitor of the FEM enzymes unique to S. aureus [91], cyslabdan
synergy reduces the in vitro MIC of carbapenems against MRSA by up to 1,000-fold (in
the presence of 10 mg-L~! cyslabdan, the MIC of imipenem is reduced from 16 mg-L~!
to 0.015 mg-L~1). The potentiation of the MICs of B-lactams was much less (32-fold for
penicillins, 4-32-fold for cephalosporins) [92], implicating a high correlation between the
specific PBP inactivated by the $-lactam and synergistic inhibition of the FEM enzymes
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by cyslabdan. 3-Lactam synergy was observed with a marine-derived cyslabdan (isolated
from a different marine Streptomyces) across a panel of Gram-positive and Gram-negative
bacteria. The basis for the synergy was attributed (in part) to the inhibition of the (3-lactam-
hydrolyzing (-lactamase) activity of the panel [93]. Remarkably, this interpretation has not
received subsequent verification, possibly as a result of the separation between laboratories
having access to the marine-derived structure, and laboratories with the ability to carry
out a rigorous mechanistic study using enzymes from notable bacterial pathogens. Syn-
thetic access to cyslabdan structures is, however, established [94]. Lipoxazolidinones are a
class of marine-derived Gram-positive antibiotics [95,96]. They have several outstanding
attributes: potent Gram-positive antibacterial activity (MRSA strains, MIC <2 mg-L. 1),
dual mechanisms of action (inhibition of both peptidoglycan and protein biosynthesis)
with low frequency of resistance mutation, and accessibility to synthetic modification, with
the possibility of expansion of their antibacterial activity to Gram-negative bacteria [97].
The relationship between their structure to their molecular mechanism is not known. Their
oxazolidinone ring suggests the possibility of target acylation, as seen for the 3-lactams
and the salinosporamides (but not a mechanistic aspect of the better-known oxazolidinone
Gram-positive antibiotics, exemplified by linezolid).

The two final structures in Figure 3 are marine-derived inhibitors of 3-lactam antibi-
otic resistance enzymes of bacteria, the 3-lactamases. Kalafungin (isolated from marine
Streptomyces) is a weak (ICsg = 225 pM) inhibitor of Gram-positive p-lactamases [98].
Halisulfate-5 is a more potent inhibitor (Kj = 6 uM) of the clinically much more relevant
AmpC f3-lactamases of Gram-negative bacteria [99]. The crystal structure of the halisulfate-
5-AmpC complex opens the opportunity for structure-based design. Recognition that
marine sources produce inhibitors of these 3-lactamases (as assessed in an in vitro assay)
suggests two conclusions: that marine organisms might biosynthesize (3-lactams, and that
these 3-lactamases are present as a resistance mechanism to these (3-lactams. As we discuss,
neither conclusion has decisive experimental support.

3. Do Marine Organisms Biosynthesize The Classical Antibacterial 3-Lactams?

It is uncertain whether marine organisms biosynthesize classic 3-lactam antibiotics.
A momentous event in the history of the 3-lactams was the isolation by Brotzu in 1945—
from the Mediterranean Sea, near a sewage outfall located at Cagliari, Sardinia—of the
Cephalosporium acremonium fungus, which biosynthesizes cephalosporin C. Notwithstand-
ing the singular importance of his discovery, no antibacterial 3-lactam has been isolated
since from a marine source. The subsequent 3-lactam sub-families—nocardicins, clavulanic
acid, monobactams, and carbapenems—discovered over the course of ensuing decades are
secondary metabolites of terrestrial bacteria. While numerous biologically active secondary
metabolites are isolated from marine Penicillium fungi, none is a 3-lactam [45,100]. A 2003
analysis of the genomic DNA of the marine fungus Kallichroma tethys identified two genes
(pcbAB and pcbC) encoding proteins homologous to the penicillin biosynthetic enzymes of
Acremonium chrysogenum [101]. While circumstantial evidence suggested that these genes
were regulated and expressed, no antibiotic was identified in its culture. This observation
has not been pursued. This absence of interest may reflect the remarkable accomplishment
of the industrial-scale production of penicillins and cephalosporins from the antecedents
of their original producing fungi. It would appear that there is no commercial need for a
marine-derived producing organism of these antibiotics. If this explanation is correct, the
result is unfortunate. Contrary to the surmise that the 3-lactam represents a challenging
functional group for biosynthesis, the biosynthetic pathways leading to the individual
-lactam sub-families are astonishingly diverse [102-104]. Nature has devised multiple
pathways for the biosynthesis of 3-lactam. Moreover, with the exception of nocardicins,
each f-lactam sub-family has achieved a dramatic impact in the chemotherapy of bac-
terial infections. If a marine producer of a new sub-family of the antibiotic 3-lactams is
discovered, this discovery could be equally transformative.
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4. Do Marine Organisms Biosynthesize (3-lactams?

Marine organisms biosynthesize other 3-lactams. However, the structural exemplifica-
tion is sparse (Figure 4). Antibiotic X372A was isolated in 1975 from a marine Streptomyces
bacterium [105]. Its Gram-positive and Gram-negative antibacterial activity is the re-
sult of an ATP-dependent inhibition of glutamine synthetase, and not from inhibition
of bacterial cell-wall synthesis. The mechanism of this inhibition, as studied with the
related (3-lactam structure tabtoxinine-f-lactam (“tobacco wildfire toxin”) biosynthesized
by terrestrial Pseudomonas bacteria [106,107], does not involve the opening of its 3-lactam
ring [108,109]. Chartelline B was isolated in 1987 (as one of several related structures) from
the marine bryozoan Chartella papyracea. It is not described as yet as having a biological
activity [110]. Monamphilectine A was isolated (as one of several related structures) in
2010 from a Caribbean Hymeniacidon sp. sponge [111]. The isocyanide-containing monam-
philectines have potent in vitro activity against the malaria-causing Plasmodium falciparum
parasite [112]. The molecular target is not known.

Br.
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CAS 54922-56-4 CAS 110271-21-1 CAS 1256166-32-1

Figure 4. Structures of the marine-derived (3-lactams.

5. Does the Marine Environment Contain (3-lactam-degrading Enzymes?

A prominent role for marine-biosynthesized, 3-lactam-containing enzyme inhibitors
is not yet supported. To this date, three 3-lactam-containing natural products are identified
as biosynthesized by marine organisms. None is an inhibitor of bacterial cell-wall biosyn-
thesis. To date, marine organisms biosynthesize several compounds that are adjuvants
of the antibiotic activity of the terrestrial 3-lactams (and possibly, other antibiotics), and
several structures that inhibit in vitro the resistance enzymes, which hydrolytically degrade
terrestrial-derived (3-lactam antibiotics. These few examples could be interpreted to signify
that the p3-lactam functional group lacks significance within marine biology. Such an inter-
pretation might follow the expectation that within the marine environment, the enzyme
catalysts capable of the hydrolytic degradation of the terrestrial 3-lactam antibiotics are
not necessary and thus are uncommon. The evidence that this conclusion is incorrect is
overwhelming. The oceans teem with such enzymes.

Two reasons support the prevalence of 3-lactam-degrading enzymes in marine envi-
ronments. The first reason is the copious and undisciplined use of antibiotics in human
and animal medicine. The result is a profound “anthropogenic pollution” of the ma-
rine environment [113]. Antibiotic-resistance genes in the marine environment are now
pervasive [114-119]. While the enzymes of antibiotic resistance—both terrestrial and ma-
rine [120,121]—are ancient, anthropogenic pollution has catalyzed their distribution. In
anthropogenic-polluted marine environments, antibiotic-resistance enzymes are necessary
for the survival of indigenous bacteria.

The basis for a second reason begins with the reminder that a principal basis for
the resistance of bacteria to 3-lactam antibiotics is the production of hydrolytic enzymes.
These enzymes divide between those using an active-site serine nucleophile (Class A,
C, and D) and those using zinc-ion catalysis (Class B, the metallo-f-lactamases). The
serine (3-lactamases are related evolutionarily to the penicillin-binding proteins of cell-
wall biosynthesis, again with an ancient evolutionary separation of the 3-lactamases from
the penicillin-binding proteins [122,123]. The penicillin-binding protein motif is found
additionally in esterase enzymes [124,125] and in biosynthetic transpeptidases [126,127].
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Moreover, some of these esterases hydrolyze (3-lactam antibiotics [128,129]. This mechanis-
tic promiscuity underscores a fundamental difficulty in using in vitro enzymatic activity
as a basis for enzyme nomenclature or presupposing a catalytic purpose for the enzyme.
The magnitude of this difficulty is further emphasized by yet another aspect of bacterial
ecology, that of quorum sensing [130]. Indeed, the recognition of quorum sensing as a
phenomenon was made first with respect to the initiation of bioluminescence by marine
Vibrio bacteria [131,132]. Quorum sensing offers a possible second reason for the extensive
presence of 3-lactam-hydrolyzing enzymes in the marine environment.

The context to understand this possible relationship begins with the chemical struc-
tures of the two ring systems introduced already: the (3-lactams and the (3-lactones. These
rings have commonalities beyond ring size. (3-Lactone structures are successful affin-
ity probes of the penicillin-binding proteins (PBPs) [133-135]. The product of Class D
-lactamase hydrolysis of carbapenems is a 3-lactone [136,137]. To these two rings may
be added the isoxazolidin-3-one ring. This ring is encountered in lactivicin, which is
also an inhibitor of the penicillin-binding proteins and the serine 3-lactamases [138,139].
Each of these three rings (Panel A in Figure 5) is imbued with particular reactivity for
the acylation of a nucleophile [139-142], and this reactivity is used to inhibit an array of
enzymes [143]. The fourth ring of Panel A in Figure 5—dihydrofuran-2(3H)-one—while
having lower intrinsic reactivity due to the absence of ring strain—is the ring system of
the N-acylhomoserine lactone (AHL) class of quorum-sensing elicitors [130-132,144]. AHL
quorum sensing does not use enzyme acylation. As quorum sensing correlates frequently
with virulence, the identification of inhibitors of quorum sensing is an important objec-
tive [145,146]. While the favored N-acyl moiety is bacterial species-dependent (the AHL
depicted in Panel B in Figure 5 is the AHL used to initiate marine Vibrio bioluminescence),
the homoserine lactone ring is common to the AHL class of structures. One common
transformation to abolish AHL signaling (a process termed quorum quenching) is the
hydrolysis of the AHL amide with the release of the fatty acid. A second common trans-
formation to achieve quorum quenching is hydrolytic ring-opening of the lactone. This
reaction is catalyzed by the AHL lactonases (as further shown in Panel B in Figure 5). AHL
lactonases are ubiquitous in marine bacteria [147]. The similarity between the hydrolytic
reaction catalyzed by the AHL lactonases, and the hydrolytic reaction catalyzed by the
[-lactamases, is evident (Panel B in Figure 5). This similarity challenges the classification of
the serine-dependent enzymes and the metal-dependent enzymes found in marine bacteria.
When such enzymes are purified and annotated as (3-lactamases (and often as having an
ancient heritage) [148-152], is the basis for their heritage that of (3-lactam resistance or
that of quorum quenching [153]? Selleck et al. suggest credibly that lactonase/lactamase
promiscuity may offer an evolutionary advantage [153].

O

B Lactonase-catalyzed hydrolytic
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O O (0] OH
(@) S (@)
Me Me

p-Lactamase-catalyzed hydrolytic H
inactivation of a penicillin

H S
"'COZH
HOQCY\/\H/ N S Me [-lactam antibiotic HOZCY\/\H’ N N
NH, 0 N NH, 0 H
O [e) OH

/ Me

CO,H
Figure 5. Panel (A), small rings activated for acyl-transfer. Panel (B), a comparison of the hydrolytic re-
actions catalyzed by the AHL quorum-quenching 3-lactonases (upper reaction) and the (3-lactamases
(lower reaction).
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One example merits further comment. A class A 3-lactamase produced by a bacterium
at 1050 m below the surface of the Pacific Ocean turns over penicillins at or near the
diffusion limit. This level of catalytic competence cannot be adventitious, implying a
directed evolution for the purpose [149]. In light of the fact that the gene sequence for this
enzyme shares the same GC content as the other genes within the genome of this bacterium,
the anthropogenic origin in this case was ruled out. This enzyme was argued as the first
bona fide 3-lactam-resistance enzyme from a marine source. The antibiotic-resistance
enzyme could be perceived as a countermeasure against organisms that produce 3-lactam
antibiotics within the niche in the depths of the ocean.

The intrinsic reactivity of (3-lactones has been exploited to identify other antibacterial
enzyme targets [141,154]. Several synthetic 3-lactones were examined for their quorum-
sensing activity. One 3-lactone cognate structure (Figure 6, 1421598-00-6) lacked activity
as an autoinducer of Pseudomonas aeruginosa quorum sensing [155]. A second (3-lactone
(Figure 6, 2021255-49-0) inhibits Vibrio quorum sensing, but also as a result of enzyme inac-
tivation within the fatty-acid biosynthetic pathway and not within quorum pathways [156].
Antibacterial 3-lactones act by inactivation of the ClpP protease of Gram-positive bacte-
ria [157-159], and have been used to interrogate the biological mechanism of AHL-structure
type eukaryotic human immune modulation [155,160,161]. Lastly, sub-structure searching
of the AHL f-lactone structure returns as close structures salinosporamide (Figure 1) and
obafluorin (Figure 6, a secondary metabolite of Pseudomonas fluorescens) [162]. The Gram-
positive and Gram-negative antibacterial activity of obafluorin was identified recently as
the result of the inhibition of bacterial threonyl-tRNA synthetase [163,164]. The structural
similarity among obafluorin, salinosporamide, the AHL autoinducers, and obafluorin was
noted previously [165]. To our knowledge, neither salinosporamide nor obafluorin has been
examined for enzyme inhibition within the quorum or cell-wall biosynthesizing pathways.

0

N
N3/\/\/\/\/\n/\n/ —
i ?

(¢}

CAS 1421598-00-6 CAS 2021255-49-0 O

Obafluorin
CAS 92121-68-1
Figure 6. 3-Lactone inhibitors of (top) bacterial fatty-acid biosynthesis and bottom (obafluorin) of
threonyl-tRNA synthetase.

In this essay, we discuss evidence to support the possibility that promiscuity with
respect to the substrate—f3-lactone or (3-lactam—for marine {3-lactonases/3-lactamases
may explain (in part) a diminished advantage for a marine fungus or bacterium to produce
a f-lactam antibiotic. A similarity in the chemical reactivity for the 3-lactone and 3-lactam
may suggest value to examining marine 3-lactones as new inhibitors of cell-wall biosynthe-
sis. Both suggestions fit within “outside-the-box” approaches [166] to ensure a future for
antibacterial discovery [167]. Further evidence is needed to support this possibility. Such
support could inaugurate a new research field in the area of marine antimicrobial drugs.

Author Contributions: ].EF. and S.M.: writing. All authors have read and agreed to the published
version of the manuscript.

Funding: Financial support of the authors is provided by the National Institutes of Health grants
GM131685, AI148217, and AI104987.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Mar. Drugs 2023, 21, 86 9 of 15

References

1.  Kardos, N.; Demain, A.L. Penicillin: The medicine with the greatest impact on therapeutic outcomes. Appl. Microbiol. Biotechnol.
2011, 92, 677-687. [CrossRef]

2. Ramirez-Rendon, D.; Passari, A.K.; Ruiz-Villafan, B.; Rodriguez-Sanoja, R.; Sanchez, S.; Demain, A.L. Impact of novel microbial
secondary metabolites on the pharma industry. Appl. Microbiol. Biotechnol. 2022, 106, 1855-1878. [CrossRef]

3. Walsh, C.T.; Wencewicz, T.A. Prospects for new antibiotics: A molecule-centered perspective. J. Antibiot. 2014, 67, 7-22. [CrossRef]

4. Page, ].E.; Walker, S. Natural products that target the cell envelope. Curr. Opin. Microbiol. 2021, 61, 16-24. [CrossRef]

5. Gerwick, W.H.; Moore, B.S. Lessons from the past and charting the future of marine natural products drug discovery and chemical
biology. Chem. Biol. 2012, 19, 85-98. [CrossRef] [PubMed]

6. Jiménez, C. Marine natural products in medicinal chemistry. ACS Med. Chem. Lett. 2018, 9, 959-961. [CrossRef] [PubMed]

7. Ren, X.; Xie, X.; Chen, B.; Liu, L.; Jiang, C.; Qian, Q. Marine natural products: A potential source of anti-hepatocellular carcinoma
drugs. J. Med. Chem. 2021, 64, 7879-7899. [CrossRef]

8. Wender, P.A.; Quiroz, R.V,; Stevens, M.C. Function through synthesis-informed design. Acc. Chem. Res. 2015, 48, 752-760.
[CrossRef] [PubMed]

9.  Figuerola, B.; Avila, C. The phylum Bryozoa as a promising source of anticancer drugs. Mar. Drugs 2019, 17, 477. [CrossRef]
[PubMed]

10. Wu, R; Chen, H.,; Chang, N.; Xu, Y,; Jiao, J.; Zhang, H. Unlocking the drug potential of the bryostatin family: Recent advances in
product synthesis and biomedical applications. Chem. Eur. ]. 2020, 26, 1166-1195. [CrossRef]

11.  Wender, P.A; Sloane, ].L.; Luu-Nguyen, Q.H.; Ogawa, Y.; Shimizu, A.].; Ryckbosch, S.M.; Tyler, ] H.; Hardman, C. Function-
oriented synthesis: Design, synthesis, and evaluation of highly simplified bryostatin analogues. J. Org. Chem. 2020, 85,
15116-15128. [CrossRef]

12. Abramson, E.; Hardman, C.; Shimizu, A.J.; Hwang, S.; Hester, L.D.; Snyder, S.H.; Wender, P.A.; Kim, PM.; Kornberg, M.D.
Designed PKC-targeting bryostatin analogs modulate innate immunity and neuroinflammation. Cell Chem. Biol. 2021, 28, 537-545.
[CrossRef]

13. Jackson, S.A.; Crossman, L.; Almeida, E.L.; Margassery, L.M.; Kennedy, J.; Dobson, A.D.W. Diverse and abundant secondary
metabolism biosynthetic gene clusters in the genomes of marine sponge derived Streptomyces spp. isolates. Mar. Drugs 2018, 16,
67. [CrossRef] [PubMed]

14. Tischler, D. A perspective on enzyme inhibitors from marine organisms. Mar. Drugs 2020, 18, 431. [CrossRef] [PubMed]

15. Duan, Z; Liao, L.; Chen, B. Complete genome analysis reveals secondary metabolite biosynthetic capabilities of Streptomyces sp.
R527F isolated from the Arctic Ocean. Mar. Genomics 2022, 63, 100949. [CrossRef]

16. Shi, S.; Cui, L.; Zhang, K.; Zeng, Q.; Li, Q.; Ma, L.; Long, L.; Tian, X. Streptomyces marincola sp. nov., a novel marine actinomycete,
and its biosynthetic potential of bioactive natural products. Front. Microbiol. 2022, 13, 860308. [CrossRef] [PubMed]

17. Mlot, C. Microbiology. Antibiotics in nature: Beyond biological warfare. Science 2009, 324, 1637-1639. [CrossRef]

18. Davies, ].; Davies, D. Origins and evolution of antibiotic resistance. Microbiol. Mol. Biol. Rev. 2010, 74, 417-433. [CrossRef]

19. Uppal, S.; Metz, ].L.; Xavier, RK.M.; Nepal, KK.; Xu, D.; Wang, G.; Kwan, J.C. Uncovering lasonolide A biosynthesis using
genome-resolved metagenomics. mBio 2022, 13, e0152422. [CrossRef]

20. Schmidt, EZW,; Lin, Z. Translating marine symbioses toward drug development. mBio 2022, 13, €0249922. [CrossRef]

21. Testero, S.A.; Llarrull, L.; Fisher, ].F.; Mobashery, S. 3-Lactam antibiotics. Burg. Med. Chem. Drug Discov. Dev. 2021, 7, 1-188.
[CrossRef]

22. De Benedetti, S.; Fisher, ].F.; Mobashery, S. Bacterial cell wall: Morphology and biochemistry: Chapter 18. In Practical Handbook of
Microbiology, 4th ed.; Taylor and Francis: New York, NY, USA, 2021; pp. 167-204. [CrossRef]

23. Sauvage, E.; Kerff, F; Terrak, M.; Ayala, J.A.; Charlier, P. The penicillin-binding proteins: Structure and role in peptidoglycan
biosynthesis. FEMS Microbiol. Rev. 2008, 32, 234-258. [CrossRef]

24. Pratt, RF -Lactamases: Why and how. J. Med. Chem. 2016, 59, 8207-8220. [CrossRef]

25. McCauley, E.P; Pifia, I.C.; Thompson, A.D.; Bashir, K.; Weinberg, M.; Kurz, S.L.; Crews, P. Highlights of marine natural products
having parallel scaffolds found from marine-derived bacteria, sponges, and tunicates. J. Antibiot. 2020, 73, 504-525. [CrossRef]

26. Bauman, K.D.; Shende, V.V,; Chen, PY,; Trivella, D.B.B.; Gulder, T.A.M.; Vellalath, S.; Romo, D.; Moore, B.S. Enzymatic assembly
of the salinosporamide y-lactam--lactone anticancer warhead. Nat Chem. Biol. 2022, 18, 538-546. [CrossRef]

27. Gulder, T.A.; Moore, B.S. Salinosporamide natural products: Potent 20S proteasome inhibitors as promising cancer chemothera-
peutics. Angew. Chem. Int. Ed. 2010, 49, 9346-9367. [CrossRef] [PubMed]

28. Della Sala, G.; Agriesti, F.; Mazzoccoli, C.; Tataranni, T.; Costantino, V.; Piccoli, C. Clogging the ubiquitin-proteasome machinery
with marine natural products: Last decade update. Mar. Drugs 2018, 16, 467. [CrossRef] [PubMed]

29. Serrano-Aparicio, N.; Moliner, V.; Swiderek, K. On the origin of the different reversible characters of salinosporamide A and
homosalinosporamide A in the covalent inhibition of the human 20S proteasome. ACS Catal. 2021, 11, 11806-11819. [CrossRef]

30. Theuretzbacher, U.; Gottwalt, S.; Beyer, P.; Butler, M.; Czaplewski, L.; Lienhardt, C.; Moja, L.; Paul, M.; Paulin, S.; Rex, ].H.; et al.
Analysis of the clinical antibacterial and antituberculosis pipeline. Lancet Infect. Dis. 2019, 19, e40—e50. [CrossRef] [PubMed]

31. Chahine, E.B.; Dougherty, J.A.; Thornby, K.A.; Guirguis, E.H. Antibiotic approvals in the last decade: Are we keeping up with

resistance? Ann. Pharmacother. 2022, 56, 441-462. [CrossRef]


http://doi.org/10.1007/s00253-011-3587-6
http://doi.org/10.1007/s00253-022-11821-5
http://doi.org/10.1038/ja.2013.49
http://doi.org/10.1016/j.mib.2021.02.001
http://doi.org/10.1016/j.chembiol.2011.12.014
http://www.ncbi.nlm.nih.gov/pubmed/22284357
http://doi.org/10.1021/acsmedchemlett.8b00368
http://www.ncbi.nlm.nih.gov/pubmed/30344898
http://doi.org/10.1021/acs.jmedchem.0c02026
http://doi.org/10.1021/acs.accounts.5b00004
http://www.ncbi.nlm.nih.gov/pubmed/25742599
http://doi.org/10.3390/md17080477
http://www.ncbi.nlm.nih.gov/pubmed/31426556
http://doi.org/10.1002/chem.201903128
http://doi.org/10.1021/acs.joc.0c01988
http://doi.org/10.1016/j.chembiol.2020.12.015
http://doi.org/10.3390/md16020067
http://www.ncbi.nlm.nih.gov/pubmed/29461500
http://doi.org/10.3390/md18090431
http://www.ncbi.nlm.nih.gov/pubmed/32824888
http://doi.org/10.1016/j.margen.2022.100949
http://doi.org/10.3389/fmicb.2022.860308
http://www.ncbi.nlm.nih.gov/pubmed/35572650
http://doi.org/10.1126/science.324_1637
http://doi.org/10.1128/MMBR.00016-10
http://doi.org/10.1128/mbio.01524-22
http://doi.org/10.1128/mbio.02499-22
http://doi.org/10.1002/0471266949.bmc226.pub2
http://doi.org/10.1201/9781003099277-19
http://doi.org/10.1111/j.1574-6976.2008.00105.x
http://doi.org/10.1021/acs.jmedchem.6b00448
http://doi.org/10.1038/s41429-020-0330-5
http://doi.org/10.1038/s41589-022-00993-w
http://doi.org/10.1002/anie.201000728
http://www.ncbi.nlm.nih.gov/pubmed/20927786
http://doi.org/10.3390/md16120467
http://www.ncbi.nlm.nih.gov/pubmed/30486251
http://doi.org/10.1021/acscatal.1c02614
http://doi.org/10.1016/S1473-3099(18)30513-9
http://www.ncbi.nlm.nih.gov/pubmed/30337260
http://doi.org/10.1177/10600280211031390

Mar. Drugs 2023, 21, 86 10 of 15

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

Prasad, N.K.; Seiple, L.B.; Cirz, R.T.; Rosenberg, O.S. Leaks in the pipeline: A failure analysis of Gram-negative antibiotic
development from 2010 to 2020. Antimicrob. Agents Chemother. 2022, 66, €0005422. [CrossRef]

Voser, T.M.; Campbell, M.D.; Carroll, A.R. How different are marine microbial natural products compared to their terrestrial
counterparts? Nat. Prod. Rep. 2022, 39, 7-19. [CrossRef]

Melander, R.J.; Basak, A K.; Melander, C. Natural products as inspiration for the development of bacterial antibiofilm agents. Nat.
Prod. Rep. 2020, 37, 1454-1477. [CrossRef] [PubMed]

Tortorella, E.; Tedesco, P.; Palma Esposito, F.; January, G.G.; Fani, R.; Jaspars, M.; de Pascale, D. Antibiotics from deep-sea
microorganisms: Current discoveries and perspectives. Mar. Drugs 2018, 16, 355. [CrossRef] [PubMed]

Liu, M.; El-Hossary, E.M.; Oelschlaeger, T.A.; Donia, M.S.; Quinn, R.J.; Abdelmohsen, U.R. Potential of marine natural products
against drug-resistant bacterial infections. Lancet Infect. Dis. 2019, 19, e237-e245. [CrossRef]

Wiese, ].; Imhoff, ].E. Marine bacteria and fungi as promising source for new antibiotics. Drug Dev. Res. 2019, 80, 24-27. [CrossRef]
Avila, C.; Angulo-Preckler, C. Bioactive compounds from marine heterobranchs. Mar. Drugs 2020, 18, 657. [CrossRef]

Barbosa, E; Pinto, E.; Kijjoa, A.; Pinto, M.; Sousa, E. Targeting antimicrobial drug resistance with marine natural products. Int. J.
Antimicrob. Agents 2020, 56, 106005. [CrossRef]

Bech, PK.; Lysdal, K.L.; Gram, L.; Bentzon-Tilia, M.; Strube, M.L. Marine sediments hold an untapped potential for novel
taxonomic and bioactive bacterial diversity. mSystems 2020, 5, €00782-20. [CrossRef] [PubMed]

Duraes, F.; Szemerédi, N.; Kumla, D.; Pinto, M.; Kijjoa, A.; Spengler, G.; Sousa, E. Metabolites from marine-derived fungi as
potential antimicrobial adjuvants. Mar. Drugs 2021, 19, 475. [CrossRef]

Nweze, J.A.; Mbaoji, EN.; Huang, G.; Li, Y.; Yang, L.; Zhang, Y.; Huang, S.; Pan, L.; Yang, D. Antibiotics development and the
potentials of marine-derived compounds to stem the tide of multidrug-resistant pathogenic bacteria, fungi, and protozoa. Mar.
Drugs 2020, 18, 145. [CrossRef]

Willems, T.; De Mol, M.L.; De Bruycker, A.; De Maeseneire, S.L.; Soetaert, WK. Alkaloids from marine fungi: Promising
antimicrobials. Antibiotics 2020, 9, 340. [CrossRef]

Stincone, P.; Brandelli, A. Marine bacteria as source of antimicrobial compounds. Crit. Rev. Biotechnol. 2020, 40, 306-319.
[CrossRef] [PubMed]

Gomes, N.G.M.; Madureira-Carvalho, A.; Dias-da-Silva, D.; Valentao, P.; Andrade, P.B. Biosynthetic versatility of marine-derived
fungi on the delivery of novel antibacterial agents against priority pathogens. Biomed. Pharmacother. 2021, 140, 111756. [CrossRef]
Srinivasan, R.; Kannappan, A.; Shi, C.; Lin, X. Marine bacterial secondary metabolites: A treasure house for structurally unique
and effective antimicrobial compounds. Mar. Drugs 2021, 19, 530. [CrossRef] [PubMed]

Li, H.; Maimaitiming, M.; Zhou, Y.; Li, H.; Wang, P; Liu, Y.; Schaberle, T.F; Liu, Z.; Wang, C.Y. Discovery of marine natural
products as promising antibiotics against Pseudomonas aeruginosa. Mar. Drugs 2022, 20, 192. [CrossRef]

Krishna MS, A.; Mohan, S.; Ashitha, K.T.; Chandramouli, M.; Kumaran, A.; Ningaiah, S.; Babu, K.S.; Somappa, S.B. Marine based
natural products: Exploring the recent developments in the identification of antimicrobial agents. Chem. Biodivers. 2022, 19,
€202200513. [CrossRef]

Huang, H.; Song, Y,; Li, X.; Wang, X.; Ling, C.; Qin, X.; Zhou, Z.; Li, Q.; Wei, X,; Ju, ]. Abyssomicin monomers and dimers from the
marine-derived Streptomyces koyangensis SCSIO 5802. J. Nat. Prod. 2018, 81, 1892-1898. [CrossRef] [PubMed]

Sadaka, C.; Ellsworth, E.; Hansen, PR.; Ewin, R.; Damborg, P.; Watts, ].L. Review on abyssomicins: Inhibitors of the chorismate
pathway and folate biosynthesis. Molecules 2018, 23, 1371. [CrossRef]

Braddock, A.A.; Theodorakis, E.A. Marine spirotetronates: Biosynthetic edifices that inspire drug discovery. Mar. Drugs 2019, 17,
232. [CrossRef]

Monjas, L.; Fodran, P,; Kollback, J.; Cassani, C.; Olsson, T.; Genheden, M.; Larsson, D.G.]J.; Wallentin, C.J. Synthesis and biological
evaluation of truncated derivatives of abyssomicin C as antibacterial agents. Beilstein . Org. Chem. 2019, 15, 1468-1474. [CrossRef]
Fiedler, H.P. Abyssomicins—A 20-year retrospective view. Mar. Drugs 2021, 19, 299. [CrossRef] [PubMed]

Devine, A.].; Parnell, A.E.; Back, C.R.; Lees, N.R;; Johns, S.T.; Zulkepli, A.Z.; Barringer, R.; Zorn, K,; Stach, ]. E.M.; Crump, M.P;
et al. The role of cytochrome P450 AbyV in the final stages of abyssomicin C biosynthesis. Angew. Chem. Int. Ed. 2023, 62,
€202213053. [CrossRef] [PubMed]

Keller, S.; Schadt, H.S.; Ortel, I; Stissmuth, R.D. Action of atrop-abyssomicin C as an inhibitor of 4-amino-4-deoxychorismate
synthase PabB. Angew. Chem. Int. Ed. 2007, 46, 8284-8286. [CrossRef]

Bihelovic, F.; Karadzic, I.; Matovic, R.; Saicic, R.N. Total synthesis and biological evaluation of (-)-atrop-abyssomicin C. Org.
Biomol. Chem. 2013, 11, 5413-5424. [CrossRef] [PubMed]

Jang, K.H.; Nam, S.J.; Locke, ].B.; Kauffman, C.A.; Beatty, D.S.; Paul, L.A.; Fenical, W. Anthracimycin, a potent anthrax antibiotic
from a marine-derived actinomycete. Angew. Chem. Int. Ed. 2013, 52, 7822-7824. [CrossRef]

Rodriguez, V.; Martin, J.; Sarmiento-Vizcaino, A.; de la Cruz, M.; Garcia, L.A.; Blanco, G.; Reyes, F. Anthracimycin B, a potent
antibiotic against Gram-positive bacteria isolated from cultures of the deep-sea actinomycete Streptomyces cyaneofuscatus M-169.
Mar. Drugs 2018, 16, 406. [CrossRef]

Alt, S.; Wilkinson, B. Biosynthesis of the novel macrolide antibiotic anthracimycin. ACS Chem. Biol. 2015, 10, 2468-2479. [CrossRef]
Jungmann, K,; Jansen, R.; Gerth, K.; Huch, V.; Krug, D.; Fenical, W.; Miiller, R. Two of a kind-the biosynthetic pathways of
chlorotonil and anthracimycin. ACS Chem. Biol. 2015, 10, 2480-2490. [CrossRef]


http://doi.org/10.1128/aac.00054-22
http://doi.org/10.1039/D1NP00051A
http://doi.org/10.1039/D0NP00022A
http://www.ncbi.nlm.nih.gov/pubmed/32608431
http://doi.org/10.3390/md16100355
http://www.ncbi.nlm.nih.gov/pubmed/30274274
http://doi.org/10.1016/S1473-3099(18)30711-4
http://doi.org/10.1002/ddr.21482
http://doi.org/10.3390/md18120657
http://doi.org/10.1016/j.ijantimicag.2020.106005
http://doi.org/10.1128/mSystems.00782-20
http://www.ncbi.nlm.nih.gov/pubmed/32934119
http://doi.org/10.3390/md19090475
http://doi.org/10.3390/md18030145
http://doi.org/10.3390/antibiotics9060340
http://doi.org/10.1080/07388551.2019.1710457
http://www.ncbi.nlm.nih.gov/pubmed/31992085
http://doi.org/10.1016/j.biopha.2021.111756
http://doi.org/10.3390/md19100530
http://www.ncbi.nlm.nih.gov/pubmed/34677431
http://doi.org/10.3390/md20030192
http://doi.org/10.1002/cbdv.202200513
http://doi.org/10.1021/acs.jnatprod.8b00448
http://www.ncbi.nlm.nih.gov/pubmed/30070834
http://doi.org/10.3390/molecules23061371
http://doi.org/10.3390/md17040232
http://doi.org/10.3762/bjoc.15.147
http://doi.org/10.3390/md19060299
http://www.ncbi.nlm.nih.gov/pubmed/34073764
http://doi.org/10.1002/anie.202213053
http://www.ncbi.nlm.nih.gov/pubmed/36314667
http://doi.org/10.1002/anie.200701836
http://doi.org/10.1039/c3ob40692j
http://www.ncbi.nlm.nih.gov/pubmed/23839049
http://doi.org/10.1002/anie.201302749
http://doi.org/10.3390/md16110406
http://doi.org/10.1021/acschembio.5b00525
http://doi.org/10.1021/acschembio.5b00523

Mar. Drugs 2023, 21, 86 11 of 15

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Harunari, E.; Komaki, H.; Igarashi, Y. Biosynthetic origin of anthracimycin: A tricyclic macrolide from Streptomyces sp. |. Antibiot.
2016, 69, 403—405. [CrossRef] [PubMed]

Liu, T; Ren, Z.; Chunyu, W.X;; Li, G.D.; Chen, X.; Zhang, Z.T.; Sun, H.B.; Wang, M.; Xie, T.P.; Wang, M. Exploration of diverse
secondary metabolites from Streptomyces sp. YINMO00001, using genome mining and one strain many compounds approach.
Front. Microbiol. 2022, 13, 831174. [CrossRef]

Hensler, M.E,; Jang, K.H.; Thienphrapa, W.; Vuong, L.; Tran, D.N.; Soubih, E.; Lin, L.; Haste, N.M.; Cunningham, M.L.; Kwan,
B.P; et al. Anthracimycin activity against contemporary methicillin-resistant Staphylococcus aureus. J. Antibiot. 2014, 67, 549-553.
[CrossRef]

Hofer, W.; Oueis, E.; Fayad, A.A.; Deschner, F; Andreas, A.; de Carvalho, L.P; Hiittel, S.; Bernecker, S.; Patzold, L.; Morgenstern,
B.; et al. Regio- and stereoselective epoxidation and acidic epoxide opening of antibacterial and antiplasmodial chlorotonils yield
highly potent derivatives. Angew. Chem. Int. Ed. 2022, 61, €202202816. [CrossRef] [PubMed]

Larson, E.C.; Lim, A.L.; Pond, C.D.; Craft, M.; Cavuzi¢, M.; Waldrop, G.L.; Schmidt, EW.; Barrows, L.R. Pyrrolocin C and
equisetin inhibit bacterial acetyl-CoA carboxylase. PLoS ONE 2020, 15, 0233485. [CrossRef]

Fujiyama, K.; Kato, N.; Re, S.; Kinugasa, K.; Watanabe, K.; Takita, R.; Nogawa, T.; Hino, T.; Osada, H.; Sugita, Y.; et al. Molecular
basis for two stereoselective Diels-Alderases that produce decalin skeletons. Angew. Chem. Int Ed. 2021, 60, 22401-22410.
[CrossRef]

Chi, C.; Wang, Z; Liu, T.; Zhang, Z.; Zhou, H.; Li, A;; Jin, H.; Jia, H.; Yin, E; Yang, D. Crystal structures of Fsa2 and Phm?7
catalyzing [4 + 2] cycloaddition reactions with reverse stereoselectivities in equisetin and phomasetin biosynthesis. ACS Omega
2021, 6, 12913-12922. [CrossRef] [PubMed]

Chen, S.; Liu, D.; Zhang, Q.; Guo, P; Ding, S.; Shen, ].; Zhu, K.; Lin, W. A marine antibiotic kills multidrug-resistant bacteria
without detectable high-level resistance. ACS Infect. Dis. 2021, 7, 884-893. [CrossRef]

Tian, J.; Chen, S.; Liu, F; Zhu, Q.; Shen, J.; Lin, W.; Zhu, K. Equisetin targets intracellular Staphylococcus aureus through a host
acting strategy. Mar. Drugs 2022, 20, 656. [CrossRef] [PubMed]

Zhang, Q.; Chen, S.; Liu, X,; Lin, W.; Zhu, K. Equisetin restores colistin sensitivity against multi-drug resistant Gram-negative
bacteria. Antibiotics 2021, 10, 1263. [CrossRef] [PubMed]

Jeong, Y,; Kim, H.J.; Kim, S.; Park, S.Y,; Kim, H.; Jeong, S.; Lee, S.J.; Lee, M.S. Enhanced large-scale production of Hahella
chejuensis-derived prodigiosin and evaluation of Its bioactivity. |. Microbiol. Biotechnol. 2021, 31, 1624-1631. [CrossRef]
Sakai-Kawada, F.E.; Ip, C.G.; Hagiwara, K.A.; Awaya, ].D. Biosynthesis and bioactivity of prodiginine analogs in marine bacteria,
Pseudoalteromonas: A mini review. Front. Microbiol. 2019, 10, 1715. [CrossRef] [PubMed]

Mattingly, A.E.; Cox, K.E.; Smith, R.; Melander, R.J.; Ernst, R K.; Melander, C. Screening an established natural product library
identifies secondary metabolites that potentiate conventional antibiotics. ACS Infect. Dis. 2020, 6, 2629-2640. [CrossRef]

He, S.; Li, P; Wang, J.; Zhang, Y.; Lu, H.; Shi, L.; Huang, T.; Zhang, W.; Ding, L.; He, S. Discovery of new secondary metabolites
from marine bacteria Hahella based on an omics strategy. Mar. Drugs 2022, 20, 269. [CrossRef] [PubMed]

Siwawannapong, K.; Nemeth, A.M.; Melander, R.J.; Rong, J.; Davis, J.R.; Taniguchi, M.; Carpenter, M.E.; Lindsey, ].S.; Melander, C.
Simple dipyrrin analogues of prodigiosin for use as colistin adjuvants. ChemMedChem 2022, 17, €202200286. [CrossRef] [PubMed]
Wang, B.; Waters, A.L.; Sims, ].W.; Fullmer, A.; Ellison, S.; Hamann, M.T. Complex marine natural products as potential epigenetic
and production regulators of antibiotics from a marine Pseudomonas aeruginosa. Microb. Ecol. 2013, 65, 1068-1075. [CrossRef]
Pech-Puch, D.; Pérez-Povedano, M.; Martinez-Guitian, M.; Lasarte-Monterrubio, C.; Vazquez-Ucha, J.C.; Bou, G.; Rodriguez, J.;
Beceiro, A.; Jimenez, C. In vitro and in vivo assessment of the efficacy of bromoageliferin, an alkaloid isolated from the sponge
Agelas dilatata, against Pseudomonas aeruginosa. Mar. Drugs 2020, 18, 326. [CrossRef]

Freire, V.F,; Gubiani, ].R.; Spencer, TM.; Hajdu, E.; Ferreira, A.G.; Ferreira, D.A.S.; de Castro Levatti, E.V.; Burdette, ].E.; Camargo,
C.H.; Tempone, A.G.; et al. Feature-based molecular networking discovery of bromopyrrole alkaloids from the marine sponge
Agelas dispar. ]. Nat. Prod. 2022, 85, 1340-1350. [CrossRef]

Bernan, V.S.; Roll, D.M,; Ireland, C.M.; Greenstein, M.; Maiese, W.M.; Steinberg, D.A. A study on the mechanism of action of
sceptrin, an antimicrobial agent isolated from the South Pacific sponge Agelas mauritiana. |. Antimicrob. Chemother. 1993, 32,
539-550. [CrossRef] [PubMed]

Rodriguez, A.D.; Lear, M.].; La Clair, ].J. Identification of the binding of sceptrin to MreB via a bidirectional affinity protocol. J.
Am. Chem. Soc. 2008, 130, 7256-7258. [CrossRef]

Keffer, ].L.; Huecas, S.; Hammill, ].T.; Wipf, P.; Andreu, ].M.; Bewley, C.A. Chrysophaentins are competitive inhibitors of FtsZ and
inhibit Z-ring formation in live bacteria. Bioorg. Med. Chem. 2013, 21, 5673-5678. [CrossRef] [PubMed]

Davison, J.R.; Bewley, C.A. Antimicrobial chrysophaentin analogs identified from laboratory cultures of the marine microalga
Chrysophaeum taylorii. ]. Nat. Prod. 2019, 82, 148-153. [CrossRef]

Fullenkamp, C.R.; Hsu, Y.P.; Quardokus, E.M.; Zhao, G.; Bewley, C.A.; VanNieuwenhze, M.; Sulikowski, G.A. Synthesis of
9-dechlorochrysophaentin A enables studies revealing bacterial cell wall biosynthesis inhibition phenotype in B. subtilis. ]. Am.
Chem. Soc. 2020, 142, 16161-16166. [CrossRef]

Yamanaka, K.; Reynolds, K.A.; Kersten, R.D.; Ryan, K.S.; Gonzalez, D.J.; Nizet, V.; Dorrestein, P.C.; Moore, B.S. Direct cloning and
refactoring of a silent lipopeptide biosynthetic gene cluster yields the antibiotic taromycin A. Proc. Natl. Acad. Sci. USA 2014, 111,
1957-1962. [CrossRef] [PubMed]


http://doi.org/10.1038/ja.2015.118
http://www.ncbi.nlm.nih.gov/pubmed/26626875
http://doi.org/10.3389/fmicb.2022.831174
http://doi.org/10.1038/ja.2014.36
http://doi.org/10.1002/anie.202202816
http://www.ncbi.nlm.nih.gov/pubmed/35485800
http://doi.org/10.1371/journal.pone.0233485
http://doi.org/10.1002/anie.202106186
http://doi.org/10.1021/acsomega.1c01593
http://www.ncbi.nlm.nih.gov/pubmed/34056443
http://doi.org/10.1021/acsinfecdis.0c00913
http://doi.org/10.3390/md20110656
http://www.ncbi.nlm.nih.gov/pubmed/36354979
http://doi.org/10.3390/antibiotics10101263
http://www.ncbi.nlm.nih.gov/pubmed/34680843
http://doi.org/10.4014/jmb.2109.09039
http://doi.org/10.3389/fmicb.2019.01715
http://www.ncbi.nlm.nih.gov/pubmed/31396200
http://doi.org/10.1021/acsinfecdis.0c00259
http://doi.org/10.3390/md20040269
http://www.ncbi.nlm.nih.gov/pubmed/35447942
http://doi.org/10.1002/cmdc.202200286
http://www.ncbi.nlm.nih.gov/pubmed/35704751
http://doi.org/10.1007/s00248-013-0213-4
http://doi.org/10.3390/md18060326
http://doi.org/10.1021/acs.jnatprod.2c00094
http://doi.org/10.1093/jac/32.4.539
http://www.ncbi.nlm.nih.gov/pubmed/8288495
http://doi.org/10.1021/ja7114019
http://doi.org/10.1016/j.bmc.2013.07.033
http://www.ncbi.nlm.nih.gov/pubmed/23932448
http://doi.org/10.1021/acs.jnatprod.8b00858
http://doi.org/10.1021/jacs.0c04917
http://doi.org/10.1073/pnas.1319584111
http://www.ncbi.nlm.nih.gov/pubmed/24449899

Mar. Drugs 2023, 21, 86 12 of 15

85.

86.

87.
88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Baltz, R.H. Genome mining for drug discovery: Cyclic lipopeptides related to daptomycin. J. Ind. Microbiol. Biotechnol. 2021, 48,
kuab020. [CrossRef]

Wood, TM.; Zeronian, M.R.; Buijs, N.; Bertheussen, K.; Abedian, HK,; Johnson, A.V; Pearce, N.M.; Lutz, M.; Kemmink, J.;
Seirsma, T.; et al. Mechanistic insights into the C55-P targeting lipopeptide antibiotics revealed by structure-activity studies and
high-resolution crystal structures. Chem. Sci. 2022, 13, 2985-2991. [CrossRef]

Taylor, S.D. A decade of research on daptomyecin. Synlett 2022, 33, 1695-1706. [CrossRef]

Tomoda, H. New approaches to drug discovery for combating MRSA. Chem. Pharm. Bull. 2016, 64, 104-111. [CrossRef]

Ikeda, H.; Shin-Ya, K.; Nagamitsu, T.; Tomoda, H. Biosynthesis of mercapturic acid derivative of the labdane-type diterpene,
cyslabdan that potentiates imipenem activity against methicillin-resistant Staphylococcus aureus: Cyslabdan is generated by
mycothiol-mediated xenobiotic detoxification. J. Ind. Microbiol. Biotechnol. 2016, 43, 325-342. [CrossRef] [PubMed]
Guzman-Trampe, S.M.; Ikeda, H.; Vinuesa, P.; Macias-Rubalcava, M.L.; Esquivel, B.; Centeno-Leija, S.; Tapia-Cabrera, S.M.;
Mora-Herrera, S.I.; Ruiz-Villafan, B.; Rodriguez-Sanoja, R. Production of distinct labdane-type diterpenoids using a novel cryptic
labdane-like cluster from Streptomyces thermocarboxydus K155. Appl. Microbiol. Biotechnol. 2020, 104, 741-750. [CrossRef] [PubMed]
Koyama, N.; Tokura, Y.; Miinch, D.; Sahl, H.G.; Schneider, T.; Shibagaki, Y.; Ikeda, H.; Tomoda, H. The nonantibiotic small
molecule cyslabdan enhances the potency of 3-lactams against MRSA by inhibiting pentaglycine interpeptide bridge synthesis.
PLoS ONE 2012, 7, e48981. [CrossRef]

Fukumoto, A.; Kim, Y.P; Hanaki, H.; Shiomi, K.; Tomoda, H.; Omura, S. Cyslabdan, a new potentiator of imipenem activity
against methicillin-resistant Staphylococcus aureus, produced by Streptomyces sp. K04-0144. II. Biological activities. ]. Antibiot. 2008,
61, 7-10. [CrossRef]

Shanthi, J.; Senthil, A.; Gopikrishnan, V.; Balagurunathan, R. Characterization of a potential 3-lactamase inhibitory metabolite
from a marine Streptomyces sp. PM49 active against multidrug-resistant pathogens. Appl. Biochem. Biotechnol. 2015, 175,
3696-3708. [CrossRef] [PubMed]

Ohtawa, M.; Hishinuma, Y.; Takagi, E.; Yamada, T; Ito, E; Arima, S.; Uchida, R.; Kim, Y.P; Omura, S.; Tomoda, H.; et al. Synthesis
and structural revision of cyslabdan. Chem. Pharm. Bull. 2016, 64, 1370-1377. [CrossRef]

Mills, J.J.; Robinson, K.R.; Zehnder, T.E.; Pierce, ].G. Synthesis and biological evaluation of the antimicrobial natural product
lipoxazolidinone A. Angew. Chem. Int. Ed. 2018, 57, 8682-8686. [CrossRef] [PubMed]

Valdes-Pena, M.A.; Massaro, N.P; Lin, Y.C.; Pierce, ].G. Leveraging marine natural products as a platform to tackle bacterial
resistance and persistence. Acc. Chem. Res. 2021, 54, 1866-1877. [CrossRef] [PubMed]

Robinson, K.R.; Mills, ].J.; Pierce, ].G. Expanded structure-activity studies of lipoxazolidinone antibiotics. ACS Med. Chem. Lett.
2019, 10, 374-377. [CrossRef] [PubMed]

Mary, T.R].; Kannan, R.R.; Iniyan, A.M.; Ranjith, W.A.C.; Nandhagopal, S.; Vishwakarma, V.; Vincent, S.G.P. 3-Lactamase
inhibitory potential of kalafungin from marine Streptomyces in Staphylococcus aureus infected zebrafish. Microbiol. Res. 2021, 244,
126666. [CrossRef]

Jeong, B.G.; Na, ].H.; Bae, D.W,; Park, S.B.; Lee, H.S.; Cha, S.S. Crystal structure of AmpC BER and molecular docking lead to
the discovery of broad inhibition activities of halisulfates against 3-lactamases. Comput. Struct. Biotechnol. ]. 2021, 19, 145-152.
[CrossRef]

Liu, S.; Su, M.; Song, S.J.; Jung, ] H. Marine-derived Penicillium species as producers of cytotoxic metabolites. Mar. Drugs 2017, 15,
329. [CrossRef]

Kim, C.E; Lee, S.K,; Price, J.; Jack, RW,; Turner, G.; Kong, R.Y. Cloning and expression analysis of the pcbAB-pcbC 3-lactam genes
in the marine fungus Kallichroma tethys. Appl. Environ. Microbiol. 2003, 69, 1308-1314. [CrossRef]

Hamed, R.B.; Gomez-Castellanos, J.R.; Henry, L.; Ducho, C.; McDonough, M.A.; Schofield, C.J. The enzymes of 3-lactam
biosynthesis. Nat. Prod. Rep. 2013, 30, 21-107. [CrossRef]

Townsend, C.A. Convergent biosynthetic pathways to 3-lactam antibiotics. Curr. Opin. Chem. Biol. 2016, 35, 97-108. [CrossRef]
[PubMed]

Rabe, P; Kamps, ].J.A.G.; Schofield, C.J.; Lohans, C.T. Roles of 2-oxoglutarate oxygenases and isopenicillin N synthase in 3-lactam
biosynthesis. Nat. Prod. Rep. 2018, 35, 735-756. [CrossRef] [PubMed]

Scannell, ].P; Pruess, D.L.; Blount, ].E; Ax, H.A_; Kellett, M.; Weiss, E; Demny, T.C.; Williams, T.H.; Stempel, A. Antimetabolites
produced by microorganisms. XII. (S)-Alanyl-3-[«(S)-chloro-3-(S)-hydroxy-2-oxo-3-azetidinylmethyl]-(S)-alanine, a new (-lactam
containing natural product. J. Antibiot. 1975, 28, 1-6. [CrossRef]

Manning, M.E.; Danson, E.J.; Calderone, C.T. Functional chararacterization of the enzymes TabB and TabD involved in tabtoxin
biosynthesis by Pseudomonas syringae. Biochem. Biophys. Res. Commun. 2018, 496, 212-217. [CrossRef]

Lyu, J.; Ushimaru, R.; Abe, I. Characterization of enzymes catalyzing the initial steps of the 3-lactam tabtoxin biosynthesis. Org.
Lett. 2022, 24, 3337-3341. [CrossRef] [PubMed]

Hart, KM.; Reck, M.; Bowman, G.R.; Wencewicz, T.A. Tabtoxinine-3-lactam is a “stealth” -lactam antibiotic that evades
[3-lactamase-mediated antibiotic resistance. Med. Chem. Commun. 2016, 7, 118-127. [CrossRef]

Patrick, G.J.; Fang, L.; Schaefer, J.; Singh, S.; Bowman, G.R.; Wencewicz, T.A. Mechanistic basis for ATP-dependent inhibition of
glutamine synthetase by tabtoxinine-3-lactam. Biochemistry 2018, 57, 117-135. [CrossRef]


http://doi.org/10.1093/jimb/kuab020
http://doi.org/10.1039/D1SC07190D
http://doi.org/10.1055/a-1885-4934
http://doi.org/10.1248/cpb.c15-00743
http://doi.org/10.1007/s10295-015-1694-6
http://www.ncbi.nlm.nih.gov/pubmed/26507838
http://doi.org/10.1007/s00253-019-10240-3
http://www.ncbi.nlm.nih.gov/pubmed/31807886
http://doi.org/10.1371/journal.pone.0048981
http://doi.org/10.1038/ja.2008.102
http://doi.org/10.1007/s12010-015-1538-x
http://www.ncbi.nlm.nih.gov/pubmed/25737024
http://doi.org/10.1248/cpb.c16-00382
http://doi.org/10.1002/anie.201805078
http://www.ncbi.nlm.nih.gov/pubmed/29845720
http://doi.org/10.1021/acs.accounts.1c00007
http://www.ncbi.nlm.nih.gov/pubmed/33733746
http://doi.org/10.1021/acsmedchemlett.9b00015
http://www.ncbi.nlm.nih.gov/pubmed/30891143
http://doi.org/10.1016/j.micres.2020.126666
http://doi.org/10.1016/j.csbj.2020.12.015
http://doi.org/10.3390/md15100329
http://doi.org/10.1128/AEM.69.2.1308-1314.2003
http://doi.org/10.1039/C2NP20065A
http://doi.org/10.1016/j.cbpa.2016.09.013
http://www.ncbi.nlm.nih.gov/pubmed/27693891
http://doi.org/10.1039/C8NP00002F
http://www.ncbi.nlm.nih.gov/pubmed/29808887
http://doi.org/10.7164/antibiotics.28.1
http://doi.org/10.1016/j.bbrc.2018.01.028
http://doi.org/10.1021/acs.orglett.2c00878
http://www.ncbi.nlm.nih.gov/pubmed/35510837
http://doi.org/10.1039/C5MD00325C
http://doi.org/10.1021/acs.biochem.7b00838

Mar. Drugs 2023, 21, 86 13 of 15

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

135.

Anthoni, U.; Bock, K.; Chevolot, L.; Larsen, C.; Nielsen, P.H.; Christophersen, C. Marine alkaloids. 13. Chartellamide A and
B, halogenated f3-lactam indole-imidazole alkaloids from the marine bryozoan Chartella papyracea. J. Org. Chem. 1987, 52,
5638-5639. [CrossRef]

Avilés, E.; Rodriguez, A.D. Monamphilectine A, a potent antimalarial 3-lactam from marine sponge Hymeniacidon sp: Isolation,
structure, semisynthesis, and bioactivity. Org. Lett. 2010, 12, 5290-5293. [CrossRef]

Avilés, E.; Prudhomme, J.; Le Roch, K.G.; Rodriguez, A.D. Structures, semisyntheses, and absolute configurations of the
antiplasmodial a-substituted 3-lactam monamphilectines B and C from the sponge Svenzea flava. Tetrahedron 2015, 71, 487-494.
[CrossRef] [PubMed]

Duff, J.P.; AbuOun, M.; Bexton, S.; Rogers, J.; Turton, J.; Woodford, N.; Irvine, R.; Anjum, M.; Teale, C. Resistance to carbapenems
and other antibiotics in Klebsiella pneumoniae found in seals indicates anthropogenic pollution. Vet. Rec. 2020, 187, 154. [CrossRef]
[PubMed]

Hatosy, S.M.; Martiny, A.C. The ocean as a global reservoir of antibiotic resistance genes. Appl. Environ. Microbiol. 2015, 81,
7593-7599. [CrossRef]

Elbehery, A.H.; Leak, D.J.; Siam, R. Novel thermostable antibiotic resistance enzymes from the Atlantis II Deep Red Sea brine
pool. Microb. Biotechnol. 2017, 10, 189-202. [CrossRef]

Tan, L.; Li, L.; Ashbolt, N.; Wang, X.; Cui, Y.; Zhu, X,; Xu, Y,; Yang, Y.; Mao, D.; Luo, Y. Arctic antibiotic resistance gene
contamination, a result of anthropogenic activities and natural origin. Sci. Total Environ. 2018, 621, 1176-1184. [CrossRef]
Blanco-Picazo, P.; Roscales, G.; Toribio-Avedillo, D.; Gomez-Gdémez, C.; Avila, C.; Ballesté, E.; Muniesa, M.; Rodriguez-Rubio, L.
Antibiotic resistance genes in phage particles from antarctic and mediterranean seawater ecosystems. Microorganisms 2020, 8,
1293. [CrossRef]

Cuadrat, RR.C.; Sorokina, M.; Andrade, B.G.; Goris, T.; Ddvila, A M.R. Global ocean resistome revealed: Exploring antibiotic
resistance gene abundance and distribution in TARA Oceans samples. Gigascience 2020, 9, giaa046. [CrossRef] [PubMed]

He, L.; Huang, X.; Zhang, G.; Yuan, L.; Shen, E.; Zhang, L.; Zhang, X.H.; Zhang, T.; Tao, L.; Ju, E Distinctive signatures of
pathogenic and antibiotic resistant potentials in the hadal microbiome. Environ. Microbiome 2022, 17, 19. [CrossRef]

Perry, J.; Waglechner, N.; Wright, G. The prehistory of antibiotic resistance. Cold Spring Harb. Perspect. Med. 2016, 6, a025197.
[CrossRef]

Wright, G.D. Environmental and clinical antibiotic resistomes, same only different. Curr. Opin. Microbiol. 2019, 51, 57-63.
[CrossRef]

Massova, I.; Mobashery, S. Kinship and diversification of bacterial penicillin-binding proteins and 3-lactamases. Antimicrob.
Agents Chemother. 1998, 42, 1-17. [CrossRef]

Modi, T.; Risso, V.A.; Martinez-Rodriguez, S.; Gavira, J.A.; Mebrat, M.D.; Van Horn, W.D.; Sanchez-Ruiz, ].M.; Ozkan, S.B.
Hinge-shift mechanism as a protein design principle for the evolution of 3-lactamases from substrate promiscuity to specificity.
Nat. Commun. 2021, 12, 1852. [CrossRef] [PubMed]

Kwon, S.; Yoo, W.; Kim, Y.O.; Kim, K.K.; Kim, T.D. Molecular characterization of a novel family VIII esterase with 3-lactamase
activity (PsEstA) from Paenibacillus sp. Biomolecules 2019, 9, 786. [CrossRef]

Ryu, B.H.; Ngo, T.D.; Yoo, W.; Lee, S.; Kim, B.Y,; Lee, E.; Kim, K.K.; Kim, T.D. Biochemical and structural analysis of a novel
esterase from Caulobacter crescentus related to penicillin-rinding protein (PBP). Sci. Rep. 2016, 6, 37978. [CrossRef] [PubMed]
Zhou, Y,; Lin, X,; Xu, C.; Shen, Y.; Wang, S.-P; Liao, H.; Li, L.; Deng, H.; Lin, H.-W. Investigation of penicillin binding protein
(PBP)-like peptide cyclase and hydrolase in surugamide non-ribosomal peptide biosynthesis. Cell Chem. Biol. 2019, 26, 737-744.
[CrossRef] [PubMed]

Matsuda, K.; Kobayashi, M.; Kuranaga, T.; Takada, K.; Ikeda, H.; Matsunaga, S.; Wakimoto, T. SurE is a trans-acting thioesterase
cyclizing two distinct non-ribosomal peptides. Org. Biomol. Chem. 2019, 17, 1058-1061. [CrossRef]

Cea-Rama, I.; Coscolin, C.; Gonzalez-Alfonso, J.L.; Raj, ].; Vasiljevi¢, M.; Plou, EJ.; Ferrer, M.; Sanz-Aparicio, J. Crystal structure
of a family VIII 3-lactamase fold hydrolase reveals the molecular mechanism for its broad substrate scope. FEBS ]. 2022, 289,
6714-6730. [CrossRef]

Jeon, J.H.; Lee, H.S,; Lee, ].H.; Koo, B.S.; Lee, C.M.; Lee, S.H.; Kang, S.G.; Lee, ]. H. A novel family VIII carboxylesterase hydrolysing
third- and fourth-generation cephalosporins. Springerplus 2016, 5, 525. [CrossRef]

Schuster, M.; Sexton, D.J.; Diggle, S.P.; Greenberg, E.P. Acyl-homoserine lactone quorum sensing: From evolution to application.
Annu. Rev. Microbiol. 2013, 67, 43-63. [CrossRef]

Xavier, K.B.; Bassler, B.L. LuxS quorum sensing: More than just a numbers game. Curr. Opin. Microbiol. 2003, 6, 191-197.
[CrossRef]

Ng, W.L.; Bassler, B.L. Bacterial quorum-sensing network architectures. Annu. Rev. Genet. 2009, 43, 197-222. [CrossRef]
Sharifzadeh, S.; Brown, N.W,; Shirley, ].D.; Bruce, K.E.; Winkler, M.E.; Carlson, E.E. Chemical tools for selective activity profiling
of bacterial penicillin-binding proteins. Methods Enzymol. 2020, 638, 27-55. [CrossRef]

Brown, N.W.; Shirley, J.; Marshall, A.; Carlson, E. Comparison of bioorthogonal (3-lactone activity-based probes for selective
labeling of penicillin-binding proteins. ChemBioChem 2021, 22, 193-202. [CrossRef] [PubMed]

Flanders, P.L.; Contreras-Martel, C.; Brown, N.W.; Shirley, ].D.; Martins, A.; Nauta, K.N.; Dessen, A.; Carlson, E.E.; Ambrose, E.A.
Combined structural analysis and molecular dynamics reveal penicillin-binding protein inhibition mode with (3-lactones. ACS
Chem. Biol. 2022, 17, 3110-3120. [CrossRef] [PubMed]


http://doi.org/10.1021/jo00234a028
http://doi.org/10.1021/ol102351z
http://doi.org/10.1016/j.tet.2014.11.060
http://www.ncbi.nlm.nih.gov/pubmed/26494928
http://doi.org/10.1136/vr.105440
http://www.ncbi.nlm.nih.gov/pubmed/32327551
http://doi.org/10.1128/AEM.00736-15
http://doi.org/10.1111/1751-7915.12468
http://doi.org/10.1016/j.scitotenv.2017.10.110
http://doi.org/10.3390/microorganisms8091293
http://doi.org/10.1093/gigascience/giaa046
http://www.ncbi.nlm.nih.gov/pubmed/32391909
http://doi.org/10.1186/s40793-022-00413-5
http://doi.org/10.1101/cshperspect.a025197
http://doi.org/10.1016/j.mib.2019.06.005
http://doi.org/10.1128/AAC.42.1.1
http://doi.org/10.1038/s41467-021-22089-0
http://www.ncbi.nlm.nih.gov/pubmed/33767175
http://doi.org/10.3390/biom9120786
http://doi.org/10.1038/srep37978
http://www.ncbi.nlm.nih.gov/pubmed/27905486
http://doi.org/10.1016/j.chembiol.2019.02.010
http://www.ncbi.nlm.nih.gov/pubmed/30905680
http://doi.org/10.1039/C8OB02867B
http://doi.org/10.1111/febs.16554
http://doi.org/10.1186/s40064-016-2172-y
http://doi.org/10.1146/annurev-micro-092412-155635
http://doi.org/10.1016/S1369-5274(03)00028-6
http://doi.org/10.1146/annurev-genet-102108-134304
http://doi.org/10.1016/bs.mie.2020.02.015
http://doi.org/10.1002/cbic.202000556
http://www.ncbi.nlm.nih.gov/pubmed/32964667
http://doi.org/10.1021/acschembio.2c00503
http://www.ncbi.nlm.nih.gov/pubmed/36173746

Mar. Drugs 2023, 21, 86 14 of 15

136.

137.

138.

139.

140.

141.

142.

143.
144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Aertker, KM.].; Chan, HT.H.; Lohans, C.T.; Schofield, C.J. Analysis of 3-lactone formation by clinically observed carbapenemases
informs on a novel antibiotic resistance mechanism. J. Biol. Chem. 2020, 295, 16604-16613. [CrossRef] [PubMed]

Lohans, C.T.; van Groesen, E.; Kumar, K.; Tooke, C.L.; Spencer, J.; Paton, R.S.; Brem, J.; Schofield, C. A new mechanism for
-lactamases: Class D enzymes degrade 1(3-methyl carbapenems via lactone formation. Angew. Chem. Int. Ed. 2018, 57, 1282-1285.
[CrossRef]

Macheboeuf, P,; Fischer, D.S.; Brown Jr., T.; Zervosen, A.; Luxen, A.; Joris, B.; Dessen, A.; Schofield, C.J. Structural and mechanistic
basis of penicillin-binding protein inhibition by lactivicins. Nat. Chem. Biol. 2007, 3, 565-569. [CrossRef]

Brown Jr., T.; Charlier, P.; Herman, R.; Schofield, C.J.; Sauvage, E. Structural basis for the interaction of lactivicins with serine
B-lactamases. . Med. Chem. 2010, 53, 5890-5894. [CrossRef] [PubMed]

Kluge, A.F,; Petter, R.C. Acylating drugs: Redesigning natural covalent inhibitors. Curr. Opin. Chem. Biol. 2010, 14, 421-427.
[CrossRef]

Bottcher, T.; Sieber, S.A. 3-Lactams and [3-lactones as activity-based probes in chemical biology. Med. Chem. Commun. 2012, 3,
408-417. [CrossRef]

Wiedemann, E.N.; Mandl, F.A.; Blank, I.D.; Ochsenfeld, C.; Ofial, A.R.; Sieber, S.A. Kinetic and theoretical studies of 3-lactone
reactivity—A quantitative scale for biological application. ChemPlusChem 2015, 80, 1673-1679. [CrossRef] [PubMed]

Mazur, M.; Maslowiec, D. Antimicrobial activity of lactones. Antibiotics 2022, 11, 1327. [CrossRef]

Liu, J.; Fu, K; Wu, C,; Qin, K,; Li, E; Zhou, L. “In-Group” communication in marine Vibrio: A review of N-acyl homoserine
lactones-driven quorum sensing. Front. Cell. Infect. Microbiol. 2018, 8, 139. [CrossRef]

Majik, M.S.; Gawas, U.B.; Mandrekar, V.K. Next generation quorum sensing inhibitors: Accounts on structure activity relationship
studies and biological activities. Bioorg. Med. Chem. 2020, 28, 115728. [CrossRef]

Polaske, T.J.; Gahan, C.G.; Nyffeler, K.E.; Lynn, D.M.; Blackwell, H.E. Identification of small molecules that strongly inhibit
bacterial quorum sensing using a high-throughput lipid vesicle lysis assay. Cell Chem. Biol. 2022, 29, 605-614. [CrossRef]
[PubMed]

Borges, A.; Simoes, M. Quorum sensing inhibition by marine bacteria. Mar. Drugs 2019, 17, 427. [CrossRef] [PubMed]

Weng, S.-F; Chao, Y.-F,; Lin, J.-W. Identification and characteristic analysis of the ampC gene encoding [3-lactamase from Vibrio
fischeri. Biochem. Biophys. Res. Commun. 2004, 314, 838-843. [CrossRef] [PubMed]

Toth, M.; Smith, C.; Frase, H.; Mobashery, S.; Vakulenko, S. An antibiotic-resistance enzyme from a deep-sea bacterium. J. Am.
Chem. Soc. 2010, 132, 816-823. [CrossRef]

Pietra, F. On 3LEZ, a deep-sea halophilic protein with in vitro class-A (-lactamase activity: Molecular-dynamics, docking, and
reactivity simulations. Chem. Biodivers. 2012, 9, 2659-2684. [CrossRef] [PubMed]

Jiang, X.W.; Cheng, H.; Huo, Y.Y.; Xu, L.; Wu, YH.; Liu, WH.; Tao, EF,; Cui, X.J.; Zheng, B.W. Biochemical and genetic
characterization of a novel metallo-3-lactamase from marine bacterium Erythrobacter litoralis HTCC 2594. Sci. Rep. 2018, 8, 803.
[CrossRef]

Kieffer, N.; Guzman-Puche, |.; Poirel, L.; Kang, H.J.; Jeon, C.O.; Nordmann, P. ZHO-1, an intrinsic MBL from the environmental
Gram-negative species Zhongshania aliphaticivorans. |. Antimicrob. Chemother. 2019, 74, 1568-1571. [CrossRef] [PubMed]

Selleck, C.; Pedroso, M.M.; Wilson, L.; Krco, S.; Knaven, E.G.; Miraula, M.; Miti¢, N.; Larrabee, J.A.; Briick, T.; Clark, A. Structure
and mechanism of potent bifunctional 3-lactam- and homoserine lactone-degrading enzymes from marine microorganisms. Sci.
Rep. 2020, 10, 12882. [CrossRef]

Gersch, M.; Kreuzer, J.; Sieber, S.A. Electrophilic natural products and their biological targets. Nat. Prod. Rep. 2012, 29, 659-682.
[CrossRef] [PubMed]

Garner, A.L,; Yu, J.; Struss, A K.; Kaufmann, G.E; Kravchenko, V.V,; Janda, K.D. Imnmunomodulation and the quorum sensing
molecule 3-ox0-C12-homoserine lactone: The importance of chemical scaffolding for probe development. Chem. Commun. 2013,
49,1515-1517. [CrossRef]

Zhao, W.; Lorenz, N.; Jung, K.; Sieber, S.A. Mechanistic analysis of aliphatic 3-lactones in Vibrio harveyi reveals a quorum sensing
independent mode of action. Chem. Commun. 2016, 52, 11971-11974. [CrossRef] [PubMed]

Bottcher, T.; Sieber, S.A. 3-Lactones as specific inhibitors of ClpP attenuate the production of extracellular virulence factors of
Staphylococcus aureus. J. Am. Chem. Soc. 2008, 130, 14400-14401. [CrossRef]

Gersch, M.; Gut, F,; Korotkov, V.S.; Lehmann, J.; Bottcher, T.; Rusch, M.; Hedberg, C.; Waldmann, H.; Klebe, G.; Sieber, S.A. The
mechanism of caseinolytic protease (ClpP) inhibition. Angew. Chem. Int. Ed. 2013, 52, 3009-3014. [CrossRef]

Krysiak, J.; Stahl, M.; Vomacka, ].; Fetzer, C.; Lakemeyer, M.; Fux, A.; Sieber, S.A. Quantitative map of $-lactone-induced virulence
regulation. J. Proteome Res. 2017, 16, 1180-1192. [CrossRef]

Delago, A.; Gregor, R.; Dubinsky, L.; Dandela, R.; Hendler, A.; Krief, P; Rayo, J.; Aharoni, A.; Meijler, M.M. A bacterial quorum
sensing molecule elicits a general stress response in Saccharomyces cerevisiae. Front. Microbiol. 2021, 12, 632658. [CrossRef]

Rayo, J.; Gregor, R.; Jacob, N.T.; Dandela, R.; Dubinsky, L.; Yashkin, A.; Aranovich, A.; Thangaraj, M.; Ernst, O.; Barash, E.; et al.
Immunoediting role for major vault protein in apoptotic signaling induced by bacterial N-acyl homoserine lactones. Proc. Natl.
Acad. Sci. USA 2021, 118, €2012529118. [CrossRef]

Kreitler, D.F.; Gemmell, E.M.; Schaffer, J.E.; Wencewicz, T.A.; Gulick, A.M. The structural basis of N-acyl-a-amino-3-lactone
formation catalyzed by a nonribosomal peptide synthetase. Nat. Commun. 2019, 10, 3432. [CrossRef] [PubMed]


http://doi.org/10.1074/jbc.RA120.014607
http://www.ncbi.nlm.nih.gov/pubmed/32963107
http://doi.org/10.1002/anie.201711308
http://doi.org/10.1038/nchembio.2007.21
http://doi.org/10.1021/jm100437u
http://www.ncbi.nlm.nih.gov/pubmed/20593835
http://doi.org/10.1016/j.cbpa.2010.03.035
http://doi.org/10.1039/c2md00275b
http://doi.org/10.1002/cplu.201500246
http://www.ncbi.nlm.nih.gov/pubmed/31973367
http://doi.org/10.3390/antibiotics11101327
http://doi.org/10.3389/fcimb.2018.00139
http://doi.org/10.1016/j.bmc.2020.115728
http://doi.org/10.1016/j.chembiol.2021.12.005
http://www.ncbi.nlm.nih.gov/pubmed/34932995
http://doi.org/10.3390/md17070427
http://www.ncbi.nlm.nih.gov/pubmed/31340463
http://doi.org/10.1016/j.bbrc.2003.12.171
http://www.ncbi.nlm.nih.gov/pubmed/14741712
http://doi.org/10.1021/ja908850p
http://doi.org/10.1002/cbdv.201200331
http://www.ncbi.nlm.nih.gov/pubmed/23255440
http://doi.org/10.1038/s41598-018-19279-0
http://doi.org/10.1093/jac/dkz057
http://www.ncbi.nlm.nih.gov/pubmed/30778547
http://doi.org/10.1038/s41598-020-68612-z
http://doi.org/10.1039/c2np20012k
http://www.ncbi.nlm.nih.gov/pubmed/22504336
http://doi.org/10.1039/c3cc38851d
http://doi.org/10.1039/C6CC05807H
http://www.ncbi.nlm.nih.gov/pubmed/27709214
http://doi.org/10.1021/ja8051365
http://doi.org/10.1002/anie.201204690
http://doi.org/10.1021/acs.jproteome.6b00705
http://doi.org/10.3389/fmicb.2021.632658
http://doi.org/10.1073/pnas.2012529118
http://doi.org/10.1038/s41467-019-11383-7
http://www.ncbi.nlm.nih.gov/pubmed/31366889

Mar. Drugs 2023, 21, 86 15 of 15

163.

164.

165.

166.

167.

Scott, T.A.; Batey, S.ED.; Wiencek, P.; Chandra, G.; Alt, S.; Francklyn, C.S.; Wilkinson, B. Immunity-guided identification of
threonyl-tRNA synthetase as the molecular target of obafluorin, a 3-lactone antibiotic. ACS Chem. Biol. 2019, 14, 2663-2671.
[CrossRef] [PubMed]

Travin, D.Y.; Severinov, K.; Dubiley, S. Natural Trojan horse inhibitors of aminoacyl-tRNA synthetases. RSC Chem. Biol. 2021, 2,
468-485. [CrossRef]

Schaffer, J.E.; Reck, M.R.; Prasad, N.K.; Wencewicz, T.A. $-Lactone formation during product release from a nonribosomal
peptide synthetase. Nat. Chem. Biol. 2017, 13, 737-744. [CrossRef] [PubMed]

Lakemeyer, M.; Zhao, W.; Mand]l, F.A.; Hammann, P; Sieber, S.A. Thinking outside the box-novel antibacterials to tackle the
resistance crisis. Angew. Chem. Int. Ed. 2018, 57, 14440-14475. [CrossRef]

Cook, M.A.; Wright, G.D. The past, present, and future of antibiotics. Sci. Transl. Med. 2022, 14, eabo7793. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/acschembio.9b00590
http://www.ncbi.nlm.nih.gov/pubmed/31675206
http://doi.org/10.1039/D0CB00208A
http://doi.org/10.1038/nchembio.2374
http://www.ncbi.nlm.nih.gov/pubmed/28504677
http://doi.org/10.1002/anie.201804971
http://doi.org/10.1126/scitranslmed.abo7793

	Introduction 
	Do Marine Organisms Biosynthesize Exceptional Inhibitors of Bacterial Cell-Wall Biosynthesis? 
	Do Marine Organisms Biosynthesize The Classical Antibacterial -Lactams? 
	Do Marine Organisms Biosynthesize -lactams? 
	Does the Marine Environment Contain -lactam-degrading Enzymes? 
	References

