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Abstract: Dithiolopyrrolones are a class of antibiotics that possess uhigue
pyrrolinonodithiole (4-[1,2] dithiolo [4,3b] pyrrol-5-one) skeleton linked to two variable
acyl groups.To date, there are approximately 30 naturally occurring dithiolopyrrolone
compounds, including holomycin, thiolutin, and aureothricin, and mi@eently
thiomarinok, a unique class dfiybrid marine bacterial natural prodsiatontaining a
dithiolopyrrolone framework linked by an amide bridge with&lnydroxyoctanoyl chain
linked to a monic acid. Generally, dithiolopyrrolone antibiotics have dsspactrum
antibacterial activity against various microorganisms, including Gpasitive and
Gramnegative bacteria, and even parasitdslomycin appeared to be active against
rifamycinresistant bacteria and also inhibit the growth of the clinical qogh
methicillin-resistantStaphylococcus aure¢$315. Its mode of action is believed to inhibit
RNA synthesis although the exact mechanism has yet to be estaltished. A recent
work demonstrated that the fish pathogéfersinia ruckeri employs an RA
methyltransferase for selésistance during the holomycin productidvioreover, some
dithiolopyrrolone derivatives have demonstrated promising antitumor activiies.
biosynthetic gene clusters of holomycin have recently been identifi& ahavuligerus
and characterized biochemically and geneticallfe biosynthetic gene cluster of
thiomarinolwas also identified from the marine bacteridseudoalteromonasp. SANK
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73390, whichwas uniquely encoded by two independent pathways for pseutdoracid
and pyrrothine in a novel plasmiflhe aim of this revievis to give an overview about the
isolations, characterizations, synthesis, biosynthésimctivitiesand mode of actiomf
this unique family of dithiolopyrrolone natural prodydtscusng on the period from 1940s
until now.

Keywords: dithiolopyrrolone natural produd; chemical s$olation; total g/nthesis;
biosynthesismode of action

1. Introduction

There is an urgent need for new antibiotics with novel cellular targets. Though resistance to existing
antibiotics is increasing at an alarming rate, dolyr new structural classes of antibiotics have been
introduced to the clinic in the last 50 ye@t$3]. Dithiolopyrrolones area group ofpotent antibiotic
natural products that have been found in both Gnagative and Graspositive bacterialhey consist
of a unique pyrrolinonodithiole &[1,2] dithiolo [4,3b] pyrrol-5-one) chromophor§4]. Since tle
isolation of the first member of this famigureothricin(1) from a soil bacteriunstreptomycesp. 26A
over 65 years ag®], this class of molecules has intrigued numerous research groups not only for their
unique chemicastructuras and theirantibacterial/antifungadctivities but also the chemical logic and
regulation of the biosynthesisMany membersof this family have alreadyshowed strong
broadspectrum activities towards Grapositive and Grasmegative bacteria, Yeast, Fungi and even
parasites[6]. Holomycin @) appeared tanhibit the rafamycifresistant bacterialt also actsas
antibacterial agent toward clinical pathogerethicillin-resistantStaphylococcus aureud315. Its
mode of action has been long attributed to inhibit the activity of bacterial RNA polymerase although
the exact mechanism remained to be elucidatedtro. In the last two decades, there has been an
increasing interest in both synthetic and rph&cological investigations of this unique class of
moleculesdue to the emerging significance of acgintaining dithiolopyrrolone as antiproliferative
agentq7].

Despite increasing attention in this rare class of antibiotic natural products, thereemasid
literature to summarize and critically evaluate the scientific conclusions throughout the studies on
dithiolopyrrolones. Tis reviewwill give an overview about thdiscovery and bioactivity, synthesis
and biosynthesis of this family of rare natupmbducts, covering the period since 194@&ble 1
provides asummaryof the structures of naturally occurring dithiolopyrrolerthat were identified
so far
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Table 1.A summary of naturally occurring dithiolopyrrolone antibiotics.
R1\N/R2 ' ' o
R4 = Acyl chains, R, = H, Rz = CHjz; N-methyl-N-acylpyrrothine derivatives
OSN—8  R1= Chi, Ro = Acyds, Rs = 1 Naopyrothine derate
\ 1 3 Ry yde, R3 ; N-acylpyrrothine derivatives
/N X S Ry =Marinolic acids, R, = H; Rz = H; thiomarinols
R3
Structure
NO. Name Source Ref.
R1 R2 R3

1 Aureothricin CH;CH,CO H CH; Streptomycesp. 26A [5]
2 Thiolutin CH;CO H CH; Streptomyces albus [6]
3 Isobutanoylpyrrothine (CHs),CHCO H CH; Saccharothrix algeriensis [8]
4 Butanoylpyrrothine CHs;(CH,),CO H CH; Saccharothrialgeriensis [9,10]
5 Senecioylpyrrothine (CH5),C=CHCO H CH; Saccharothrix algeriensis [9,10]
6 Tigloylpyrrothine (CH3)CH=C(CH)CO H CH; Saccharothrix algeriensis [9,10]
7 Xenorhabdin 4 CH3(CH,),CO H CH; Xenaohabdus nematophilu$Q1 (ATCC 39497) [11]
8 Xenorhabdin 5 (CH5),CH(CH,)sCO H CH; Xenaohabdus nematophilusQ1l (ATCC 39497) [11]

9 Holomycin CHsCO H H Streptomyces grisesIRRL 2764) [12]
10 N-Propanoylholothine CH;CH,CO H H Streptomycesp. P662 [13]
11 vD844 CHO CH; H Actinomycetesp. [14]
12 Xenorhabdin 1 CH3(CH,),CO H H Xenahabdus nematophilu$sQ1 (ATCC 39497) [11]
13 Xenorhabdin 2 (CH3),CH(CH,);CO H H Xenahabdus nematophilusQ1 (ATCC 39497) [11]
14 Xenorhabdin 3 CH;(CH,)¢CO H H Xenahabdus nematophilusQ1 (ATCC 39497) [11]
15 Xenorhabdin 8 decanoyl H H Pseudoalteromonasp. SANK 73390 [15]
16 Xenorhabdin 9 dodecanoyl H H Pseudoalteromonasp. SANK 73390 [15]
17 Xenorhabdin 10 E-dec3-enoyl H H Pseudoalteromonasp. SANK 73390 [15]
18 Xenorhabdin 11 Z-dec4-enoyl H H Pseudoalteromonasp. SANK 73390 [15]
19 Xenorhabdin 12 E-tetradecenoyl H H Pseudoalteromonasp. SANK 73390 [15]
20 Xenorhabdin 13 Z-hexadecenoyl H H Pseudoalteromonasp. SANK 73390 [15]
21 Thiomarinol A Marinolic acids A H H Pseudoalteromonasp.SANK 73390 [16]
22 Thiomarinol B Marinolic acids B H H Pseudoalteromonasp. SANK 73390 [17]
23 Thiomarinol C Marinolic acids C H H Pseudoalteromonasp. SANK 73390 [17]
24 Thiomarinol D Marinolic acids D H H Pseudoalteromonasp. SANK 73390 [18]
25 Thiomarinol E Marinolic acids E H H Pseudoalteromonasp. SANK 73390 [18]
26 Thiomarinol F Marinolic acids F H H Pseudoalteromonasp. SANK 73390 [18]
27 Thiomarinol G Marinolic acids G H H Pseudoalteromonasp. SANK 73390 [18]

2. Isolation and Characterization

The family of dithiolopyrrolonaatural productg€an be divided into three subfamad: N-methyl,
N-acylpyrrothine(thiolutin type) N-acylpyrrothine(holomycin type)and thiomarinol, a distinct group
of PKSNRPS hybrid antibiotics. In this section, the isolation and structural elucidation will
be summarized.
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2.1 N-Methyl,N-Acylpyrrothine(Thiolutin-Type)Derivatives

The first dithiolopyrrolone natural produ@ureothricin(1), was reported in 194g-igure 1) [5].
Umezawa and cworkers isolated a new straBtreptomycesp.26A from a soil sample, collected in
Mitaka Tokyo, Japan. Subsequentlyey found the strain showed a new antibacterial spectrum and a
yellow crystalline antibiotic substance was extracted. Two years later, the antibiotic thi@jutias
isolated by a research team in Pfizer, from a soil bacte8tneptomyces albuand decribed as a
neutral, optically inactive, yellowrange substance which appeared to reserhbét that time
(Figure 1) [6]. Accordingly, the arranged interchange of the substabeséseen the two research
groupsled to a conclusion that both compounds belong to the same family of antibiotics but are
differentiated from their molecular formulas. The empirfcamula of CgHsgN20,S, and GH10N20,S;
for 1 and2, respectively, were proposed in 19%2gurel) [19]. Both substances were of great interest
at that time because of their high activity against a variety of fungi, ameboid parasiteq)dSitwe,
Gramnegative and acid fast bactej2®].

Figure 1. N-methyl,N-acylpyrrothine derivatives

R = CH,CHs; Aureothricin O

R = CHg; Thiolutin )L

R = CH(CH3),; Isobutanoylpyrrothine R NH
R = (CH,),CHs; Butanoylpyrrothine o 7a R = (CH,)4,CHs;; Xenorxide 4
R = CH=C(CH3),; Senecioylpyrrothine o AN g—_—o 8b R = (CH,)3CH(CHj3),; Xenorxide 5
R = C(CH3)=CHCHg; Tigloylpyrrothine \
/

R = (CH,),CH3; Xenorhabdin 4 N—X S
R = (CH2)3CH(CHs),; Xenorhabdin 5

O
(2}
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Further study otJV absorption spctrum and chemical degradati@1i] led to the elucidation dhe
structure of2 to be @ acetamide of @minc4,5dihydro-4-methyt5-oxo-1,2-dithiolo[4,3-b]pyrrole.
Accordingly, 1 was proposed to be thepBopionamido derivative o2, which only differs from the
length of acyl moiety ir2 (Figurel).

Since then,1 and 2 were repeatedly discovered from various actinomycete st{@R23]
IsobutanoylpyrrothingSP) @) (Figurel) was first isolated fronstreptomyces pimprinalong wih 1,

2 and a polyene (heptaen@]. More recentlythe rare actinomycete straf@accharothrix algeriensis
(NRRL B-24137) isolated from a south Algerian soil sample has been found to produce at least five
dithiolopyrrolone antibiotics including@ and four other derivatives &, isobutanoylpyrrothin@SP)

(3), butanoylpyrrothinBUP) @), senecioylpyrrothigSEP) 6) and tigloylpyrrothingdTIP) (6)
(Figurel) [9,10]. 3i 6 contain the same chromophore of pyrrothine but differ from the acyl grobps. T
same research group also found that addition of organic acids into theysehatic media influenced

the yield of these dithiolopyrrolones 1&. algeriensig24]. The production of dithiolopyrrolones
depends upon the nature and concentration of tienar acids in the culture medium.

Gramnegative bacteria such as symbiotic bact&gaghabdug11,25]were also found to produce
thiolutin-type of dithiolopyrrolone natural products. In 199¥clnerney and coeworkers [11]
discovered two nevN-methylateddithiolopyrrolone compoundgFigure 1), xenorhabdind (7) and
xenorhabidin5 (8), from the culture broth aKenorhabdusematophilusxQ1l (ATCC 39497), along
with other three deN-methylated analoguek?, 13 and 14 (see next sectignX. bovieniiis theonly
Xenahabdus species that was found to produce oxidized xenorxide deriyafi@eand 8a
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(Figure 1) [26]. Xenahabdus are symbiotic enterdacteria associated with insect pathogenic,
soil-dwelling nematodes of the familiéteterorhabditidaeandSteinernematidaf27,28]. It is believed

that they are carried monoxenically within the intestine of the infective stage of the nematode. After
invading the host insect, the nematodes release a toxin and an inhibitor of the insect immune system, a
well asreleasingKenahabdusand other symbionts. The bacterial symbionts, in turn, provide nutrients

to the nematodes and produce antibiotics which inhibit the growth of other microbial flora in the insect
cadavers. IntriguinglyXenorhabdusiematophilusas two growth phases when cultured in the lab but
only phase one metabolites, including Xenorhabdins, possess a wide spectrum of antibiotic activity.

2.2 N-Acylpyrrothine(HolomycinType)Derivatives

Holomycin9 (Figure2) is a desN-methylthiolutin and waérst identified in 1961from the culture
broth of a new strain dbtreptomyces griseUllRRL 2764), isolated from a soil sample at Riccino,
Italy [12]. Although 9 is closely related t®, these two compounds differ from the physical and
chemical properties, such as melting points, IR spectrum and behavior under paper chromatographic
examination. Later on, holomycin ahdpropionyl derivative10 (Figure 3 were isolated fronmutant
strainsof Streptomycesp. P66413] andStreptomyces clavuligeryi29]. Interestingly, thevild types
of these twoStreptomycestrains arealso prodwers of cephamycin C, a poteactam antibiotic,
which is biologically synthesized froraminoadipic acidgysteineandvaline [29i 31]. The wild type
Streptomycesp. P6621 was found to produce cephamycif3g] but does not produc@ and 10.
Chemical mutagenesis led to generate the mBaeptomycesp. P66217N49 that only produces
half the amount of cephamin C with the production 09 and 10 [32]. It was proposed that the
production of9 and10 decrease the pool of cysteine available for cephamycin C biosynthesis and thus
diminishes the level of cephamycin C producBtieptomyces clavuligerusTCC27064has capacity
to producetwo clinically important antibioticsthe b-lactam antibiotic cephamycin 33] and the
b-lactamase inhibitor clavulanic adi@4]. Similar to the above case, the productiomoliomycin9 in
the wild typeS. clavuligeruss not detectable. The mutant strain IT1, generated by UV mutagenesis of
the parent strain db. clavuligerusled to overproduction dfiolomycin[29]. It was proposed that the
unstable genetic element affect the productiomabmycin [35]. Holomycin was also found from
marine Streptomycesp. M095which wasisolated from a marine sediment sample of Jiaozhou Bay,
China[36].

Figure 2. N-acylpyrrothine derivatives.

9 R;=CHj R,=H Holomycin
10 R;=CH,CH3;, R, =H N-Propionylholothin
11 R;=H,R,=CH; vD488
12 R;=(CH;)4CH3, R, =H Xenorhabdin 1
13 R;=(CH,)3CH(CHj3),, R, =H Xenorhabdin 2
/Rz 14 R1 = (CH2)6CH3, R2 =H Xenorhabdin 3
Ri N 15 R, =decanoyl, R, =H Xenorhabdin 8
16 R, =dodecanoyl, R, =H Xenorhabdin 9
% N S 17 R4 = E-dec-3-enoyl, R, =H Xenorhabdin 10
HN \S 18 R, = Z-dec-4-enoyl, R, =H Xenorhabdin 11
X 19 R, = E-tetradecenoyl, R, =H Xenorhabdin 12
20 R, = Z-hexadecenoyl, R, =H Xenorhabdin 13
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Gramnegative bacteria were also found to prodhodomycin Recently, the bioassaguided
isolation has led to the rediscovery tblomycin from a marine Grammegative bacterium
PhotobacteriumhalotoleransS2753collecied from the southern Pacific Oce@T]. Furthermorethe
fish pathogenYersinia ruckeriwas also identified to bea holomycin producer evidencedthrough
genomemining, chemical isolation and characterization approa@&js

In 1969, a new dithiolopyrrolone natural product, antibiotic vD84Y (Figure 2) was isolated
from an unidentified agtomycetes species from a soil sample collected near Copenlibtdjen
Interestingly, antibiotic vD844 has an identical molecular formula and molecular weight to holomycin.
Chemical analysis and -Ky finally elaborated that vD844 was0%0-6-(N-methylformamido)
4,5-dihydro-1,2-dithiolo[4,3-b] pyrrole [14].

The symbiotic bacteriurXenahabdusnematophilusxQl ATCC 39497 was also found to produce
three holomycin derivatives Xenorhabdin 12), Xenorhabdin 2 X3) and Xenorhabdin 316)
(Figure 2)[11]. This is the only example among all of the dithiolopyrrolone bacterial producers that
produces both of thiolutitype and holomyciktype natural products, indicating that thenethylation
may not be tightly regulated in this organism.

2.3 Thiomarirols, PKS/NRP $ybrid Antibiotic Natural Products

Thiomarinols(Figure3) are a unique subgroup of dithiolopyrrolone natural products in that they are
hybrid potent antibiotics composed of a dithiolopyrrolone moiety attached via an amid linkage with a
pseudomonic acid analogue, an esterified unusual fatty acid component edmigitithe monic acid,
an important polyketide moiety of aantimethicillin resistant Staphylococcus aureufMRSA)
antibiotic mupirocin39,40]

Figure 3. Thiomarinols, hybrid antibiotic natural products
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27 Thiomarinol G

Pseudoalteromonas a genus of marine Granmegdive bacterium. Th@seudoalteromonaspecies
isolated before 1995 were originally part of the alteromonas g@susloalteromondaare known to
frequently be bioactivg41l] and are often found in association with higher eukaryotes or marine
surfaceg42].
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In 1993, a Japanese group first reported the fermentation and isolation of thiomarigd) A (
(Figure3) from a marine Grarmegative bacteriurRseudoalteromonasp.nov. SANK 73390 isolated
from seawatef16]. Its molecular formula was first establishiedbe GoH44N209S, with typical UV
maxima (300 and 387 nm in methanol) of dithiolopyrrolone chromophore. Further NMR analysis
confirmed that the structure &1 (Figure 3) is a hybrid of two antibiotics, a pseudomonic acid
analogue and holothifd3]. Some pseudomonic acid derivatives walso isolated from a marine
bacteriumAlteromonassp. associated with the marine spomgwinella rosacean 1992[44]. The
structure of pseudomonic acid A was identical with thaRDbexcept for the holothin chneophore
moiety in21. Soon after thissix new analogues, thiomarinolg & (20i 27) (Figure 3), were isolated
from the same straii7,18]

Thiomarinol B20 [17] possesses the same pseudomonic acid compon@itkag differs in the
holothin chromophore. The UV spectra and chemical and other spectral properties-rapd X
confirmed the presence of a sulfone in the difulfide part of holoth®®,imendering tha®6 is the only
sulfonecontaining derivative in the ibmarinol family. The holothin and-hydroxyoctanoicacid
components o2, 23, 24 and 25 are identical with that o1 but differ in the modification in the
monic acid moiety fron21. 27 was determined to b&deoxythiomarinolA [18]. Compound23 was
found to bel4-homothiomarinol A with one extra methyl in the terminal of the monic acid moiety and
25 to be 13ketothiomarinol A.27 is a hybrid of eédeoxypseudomonic acid B and holotHitB].
Compound24 is the only thiomarinol derivative containir@ghydroxynonoic acid moiety but other
components of holothin and monic acid are identicaR1o More recently,six new xenorhabdin
derivatives {5i 20) (Figure3) were also found in the culture brothRgeudoalteromonaSANK73390
with the different chaitength of fatty acid componefi5].

3. Bioactivities and Possible Modeof Action

Dithiolopyrrolone natural products possess broad spectrum of biological activities Z).atvéeone
of the first discovered members, thiolu{®) has beenextensivelystudiedand foundthat2 hasa wide
range of activities against a variety of Graositive and Grarmegative bacteria, protozoa, yeast,
pathogenic fungi, and even several human cancer cell [#&<$50]. The later discoveredthat
9 showedsimilar antibactrial profile to thiolutin[13,29] Although the structural difference between
these two compoundmly lies onthe methyl group oiN4, it is interesting to note th&appearedo
possess no antifungal activiy3,29] Thiomarinols are a special groupdithiopyrrolones, which are
actually hybrid molecules consisting of one pyrrothine and one psedomonic acid moiety varying in
length [16i 18,51] Owing to the unique mupirocilike component in the structure, thiomarinols
display much higher activity againsStaphylococcus aureusspecially the methicillsresistant
S. aureugMRSA), than other dithiolopyrrolond$5].
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Table 2.Biological activities of dithiolopyrrolones

Thiolutin  Holomycin ~ Thiomarinol

Organism MIC ( g/mL)/ICs( € M)

BaciliuscoagulansCIP 6625 <0.2 NC NC

Gt Bacillus subtilisSATCC 6633 2 NC NC

Microcoecus leteuATCC 9314 <0.2 NC NC
Staphylococcus aureus 20 4 <0.01
Klebsiellapneumonia 1 8 0.78

Escherichia coli >100 <2 3.13

Gi Salmonellaenteric >100 NC NC
Pseudomanaseruginosa >100 64 0.39

Proteus mirabilis NC 4 NC

Haemophilusnfluenza NC <0.3 NC

Mucor ramannianu®NRRL 1829 10 NC NC

Penicilliumsp. 20 NC NC

Fungi Alternariasp. 20 NC NC

Fusarium <40 NC NC

Candidaalbicans 20 NC NC

Yeast Saccharamyceserevisiae 10 NA NC

VTN 0.83 NC NC

HUVEC FN 0.16 NC NC

COL 0.48 NC NC

Microbials were tested as MIC andUVEC were tested akCs, values.NC, unclear;NA, no activity;
HUVECSs, human umbilical vein endothelial cell; VTN, vitronectin; FN, fibronectin; COL, collagen type IV

The mode of action for dithiolopyrrolones has been studied to a great exten2A9sasghe model
compoundg29]. It was established that the antibacterial activit@(fagainstE. coliis attributed to
the inhibition of RNA synthesif29,52,53] However, the dispute of wheth2f9 inhibits the initiation
or elongation steps of RNA synthesis has been argued forgatilme [52,54] Khachatourians and
Tipper measured the effects dfo n -gdbactosidase expression i coli, and suggested that this
compound inhibits RNA chain elongati¢s2]. In contrast to this conclusion, the study performed by
Sivasubramanian andayaraman indicated th& inhibits initiation of RNA transcriptiori54]. To
resolve the above discrepancies, the mode of action of dithiolopyrrolones was reinvestigated using
holomycin as the moddb0]. By characterizing the effects & on the knhetics d -ghllactosidase
expression, Olivaet al. confirmed that9 inhibits RNA polymerase at the level of RNA chain
elongation rather than initiatiofb0]. More supportive evidence comes from a study characterizing
activities of various RNA polymerase inhibitoagainstStaphylococcus aureusutantsthat display
resistance to rifampin, a n eil et &l.fobnd thatboth20ahd9 &re a n s «
both active agains®. aureusst r ai ns cont ai ni ng -suhbubitspoB) geRethat p o |
confers resistance to rifampjB5]. This result suggested that the target site(s) of dithiolopyrrolones is
different from that of rifampin, and dithiolopyrrolones only affect mMRNA transcription at the phase of
elongation. Recently, an RNA methyltréamse Hom12, which can methylate the RNA and hence
protect the host from the cytotoxic effect @fwas characterized in tH&producing fish pathogen
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Yersinia ruckeri[38]. This study proposed that RNA methylatiorayninterfere with the activityf

RNA polymerase by9, consistent with the finding that the mutdat coli strain harboringhom12
showed tolerance t8. Future studies on the exact RNA substrate of Hom12 and the relationship
between such RNA species and RNA polymerase will shed light oim thro reconstitution of the
mode of action of holomycin, and therefore tigole dithiolopyrrolone family.

The mechanism underlying the inhibition of RNA polymerase by dithiolopyrrolones still remains to
be revealed. However, the structural characterist€s dithiolopyrrolone core scaffold, the
disulfide-bridged heterocycle, may give some hints to this question. The mycotoxin gliotoxin and the
histone deacetylase inhibitor FK228 are two compouhatpossess a similar disulfide bof&B,56]

It was showrthat the activities of these molecules are due to the reduction of the disulfide bond in the
cell, giving rise to the more active dithiol groups which can react with target proteins' thiol
groups[56,57]. By analog, dithiolopyrrolone compounds méghave in the same way to inhibit RNA
polymerase. In support of this hypothesis.eLial. found that there were a number of intermediates,
with the dithiol groups modified by a combination of meaad diS-methylation, accumulating in a
mutant holomycinproducer, in which the genéil(nl) responsible for the disulfide formation was
deleted[58]. This result suggested that the dithiol intermediates produceg by mmitant may be

very active even toxic, and the host can protect itself by incapacitatingdbgve dithiol groups.
Beside the above "reduction" mechanism concerning dithiolopyrrolone action modep ani d at i o
mechanism was also proposed. Jetrdl. found thatE. colistrains carrying théhdA (sulfone oxidase)
mutation showed hypersensitiyitto thiolutin. Since thes¢hdA mutants possess high oxidation
activities toward a wide variety of substrates containing sulfur, the authors implied that oxidation of
thiolutin may induce its toxicity in the c4B9].

RNA polymerase represents an attirgetarget for the development of higlfficiency antibacterial
drugs because transcription is essential for bacterial growth and sy6®aSo far the class of
rifamycins is the only clinically used natural RNA polymerase inhibitd61]. However, with the
emergence of rifamyctnesistant bacteridhat even possesses crassistance to the other RNA
polymerase inhibitors, the development of new drug candidatesave different target sites from
rifamycins is in deman@60,61] Dithiolopyrrolone class of compounds, suchZaand 9, could be
considered to be the warhead for designing the-gemération of RNA polymerasessociated drugs.
Yakushiji et al. recently developed a series of novel bacterial RNA polymerase inhibitors by
incorpording holomycin into several myxopyronin skeletd®§]. One of the resulting compounds
exhibits good antimicrobial activity against Grgoositive bacteria, implying that using the pyrrothine
as a component to make hybtige drugs is a promising directiéor novel drugs development.

4. Total Synthesisof Dithiolopyrrolones

Total syntheses oflithiolopyrroloneshave been attempted since the early 1960s, and many
synthetic strategies have besgveloped

The first total synthesis ofthiolutin (2) and derivatives was achieved in 1962 starting with
N-methyt1-ethoxycarbony -2-diethoxyethylamine and methoxycarbonylacetyl chlofié2]. In 1964,
Lukas and Buchiproceeded along a different synthetic route with the starting material of
SbenzylL-cydeine ethyl ester but through the same dithiol intermediate as reported in 1962
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(Schemel) [63]. These syntheses &, however, have relied on the oxidation of the common
intermediate, reduced dithiolopyrrolone dithiols, to create the disulfide ring and have not been
adaptable to the preparation whg-substituted derivativefs4]. Later on, Ellis et al. devised the
syrthesis of the preparation of holomycin and itscaBboxylated derivativestarting with
p-methoxyacetophenone and madtkiyioglycolate(Scheme2) [65]. Among these 18tagesynthetic

steps, highlighted were the two key reactions, construction the sudabtipytrolinone ring by
cyclization of the methoxalylamine and contraction of theénbered dithioketal to therBembered
disulfide ring of 3carboxyholomycin adapted from the method developed by Kishi and
co-workers[66]. Holomycin @) was finally obtaied in a single step by cleavage and concomitant
decarboxylation from-8arboxyholomycirfab(Scheme?) [65].

SchemelLukasés synthesis of hol omyci

H--Q H--0
/
g N d N

o) O
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Recently an efficient and convenient synthetic route has been developed for the prepaftion of
xenorhabdin 1(12) and some other analogs therd@cheme 3)[67]. The reaction started with
1,3-dichloroacetone by treatment pfmethoxybenzylthiol (PMBSH) to yield th&2a in a onepot
procedure. The amine functionality was next introduced by rerofid2b with ammonium acetate to
give 12cin 87% vyield. TFApyrrothinel2d was generately refluxing 12cin TFA in the presence of
m-cresol in order to remove the PMP protecting groups and simultaneously form the pyrrothine
skeleton. The benefit of thgg/nthetic route would give fast access to an intermediate pyrrothine with a
free amino, which would ease analog synthesis. Another highlight in this contribution was that this
method usedo-methoxybenzyl (PMB) group instead obutyl group asprotective goup which
requires the use of toxic and environmentally hazardous mercuric acetate for rédobeahe 3)67].
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The downside of the methods presentedsonemes 13 are the relatively low yields and lack of
versatility in providing various derivatives needed for biological studstacheland ceworkers
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demonstrated modified and versatile synthetiates of preparation of rinised dithiinopyrroles,
dithiolopyrroles and pyrroloisothiazol¢68]. A series of phenysubstituted dithiolopyrrolones were
prepared starting from the known lactayrrolinone The key reaction was based on the nucleophilic
displacement of the methoxy and bromine byNaiving a dithiolate; the latter was readily oxidized
by O,in air forming dithiolopyrrolones Furthermore, thé&l-methylated derivatives were obtained by
reacting with MeScheme 4)69].

Scheme 4S't a c $syethesissof dithiolopyrrolones.
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45 R =NHAc 51 R=NHAc
52 R =COCI
53 R =CONj
54 R=Ac

Li et al developed an expedient manner (seven steps) of the total synthesis

55 R = C(CH3)NOH

of dithiolopyrrolones

from commercially available starting materials in a kilogram scale and prepared 17 of dithiolopyrrolone
derivatives with aromatic substituents on the pyrrolone nitrogen atom (Schgrfi®d,71] The key

step for introduction oN-substituted aromit group was theeaction ofketone intermediatevith the
appropriate aromatic primary amines in tetrahydrofuran to affordcyioéc enols in good vyield
(60% 70%), followed by the conversion into the corresponding cyclic enamineseifaningsteps
towards the synthesis of pyrrolaeere considerably similar to the ones previously repd&eép
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Gao andHall et al reported the first total synthesis of a thiomarinol derivative with three
components, pseudomonic ackihydroxyoctonoicacid and anhydroornithing’2]. The total yield
after 13 synthetic steps was 22%. The concise synthetic route of a stereoconverge&oinpaent
strategy was considered to be amendable to the design of other analegti@®marinol A.

5. Biosynthesisof Dithiolopyrrolones
5.1. PrecursorDirectedBiosynthesis (PDB) dbithiolopyrrolones

The generation of natural product analogues is often important for impronagailabilityto fine
tune compoundsactivity [73]. PDB has proven to be a powerful tool for gthesis of structural
analogueq74]. PDB takes advantage of the natural flexibility of biosynthetic pathways toward the
acceptance of unnatural precursor analogues. Analogs of biosynthetic building blocks are designed
synthesized and fed to the orgamiand the biosynthetic enzymes, if in degree of promiscuity, then
incorporate this unnatural building block into the natural product so that analogs of natural product of
interests will be generatgd4].

Saccharothrix algeriensiss a rare actinomycete isolated from the soil of the palm groves of
Southern Algerigd9]. Five thiolutintype dithiolopyrrolones with different branched chains and chain
length of acyl groups were obtained from the fermentation brog aferiensis implying that there
may have some degree of plasticity for the enzymes responsible for bioconversion of organic acid into
acylCoA and installation of acyCoA into the holothin skeleton. Bouras al then explored this
property by introduction of variousganic acids into fermentation media. The addition of only three
acids, benzoic, valeric and cinnamic acids, led to the production of unnatural dithiolopyrrolones
identified in the culture broth o%. algeriensigd24]. Of particular interestvasthe incorpration of
aromatic acids into the scaffolds of dithiolopyrrolones, indicating the enzyme promiscuity in the
biosynthetic pathway of dithiolopyrrolones $ algeriensigFigure 4). Adding valeric acids into the
fermentation medium ofS. algeriensisalso nduced the production of three new antibiotic
dithiolopyrrolones, formylpyrrothine28, valerylpyrrothine 29 and isovalerylpyrrothine 30 [75].
Further exploitation of PDB method led to identification of four new dithiolopyrrolone antibiotics,
crotonylpyrrothine31, sorbylpyrrothine32, 2-hexenylpyrrothine33 and2-methyt3-pentenylpyrrothing4,
in the presence of 5 mM sorbic acid in the production medium, showing the remarkable flexibility of
the dithiolopyrrolone biosynthetic pathway$n aberiensig76].

Recent genome sequencing of the thiomarinol producer bact@saodoalteromonasp. SANK
73390 indicated that thiomarinols are biosynthesized from two independent pathways;less AT
type | PKS one for marinolic acid and a NRPS onéhfothin[77]. Inactivation of one of domains in
PKS genes resulted in the PKS mutant in which the production of thiomarinols was completely
abolished. Feeding pseudomonic acid A (0.1 md jnimmediately after inoculation resulted in
identification and islation of two new derivatives, a pyrrothine derivative of pseudomonic3&cahd
its 4-hydroxylated analogu&6 along with three derivatives of pseudomonic acitFayure 4)[15].
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5.2. Biosynthesis dDithiolopyrrolones

Despite the emerging importance of dithiolopyrrolones, the dearth of the biosynthetic knowledge
was particularly striking until recently. The difficulty to locate constituent gene segments even if they
were clustered may result from the unusual heterolicymd highly oxidative dithiolopyrrolone
skeleton. Early feeding experiment demonstrated theystine appeared to be the precursor of
dithiolopyrrolone biosynthesis and that pyrrothine seemed to be an intermediate in the pathway from
L-cystine to ditholopyrrolone[78,79]

It has been speculated tlzatN-acetyltransferase type of enzyme could be involved in the late stage
of the holomycin biosynthesis. Indeed, the presence of such an enzyme appeared to be necessary f
the amide bond formation betwetire holothin nucleus (deacetylholomycin) and acetylCoA infoed
extracts of the holomycioverproducing mutants dd. clavuligerug80]. A similar result was also
shown that incubation witN-methypyrrothine and acetylCoA or benzoylCoA in the dedle extract
of S algeriensisNRRL-24137 resulted in formation of thiolutin d-methytN-benzoylpyrrothin,
respectively{81].

5.2.1 Identification of theHolomycin Gene Clusten S. clavuligerus

Analysis of Streptomyces clavuligerugenome sequence indicatédat S. clavuligerushas a
relatively small chromosome of 6.8 Mb in length but contains a megaplasmid of 1.8 Mb in[&2]gth
There are 48 putative secondary metabolite gene clusters that have been identified by a homolog
compaison. Among these gene clusters, 23 are in the chromosome and 25 are in the megaplasmid
Taken advantage of the genome mining strategy, the holomycin biosynthetic gene cluster in
S. clavuligerushas recently been identified and characterized, as evidehomagh heterologuous
protein expression, enzyme activity assg@8] and heterologuous expression of the gene
cluster[84,85].

The holomycin gene cluster consists of 12 genes, spanning an approximately 17.6 kb region in the
chromosome ofS. clavuligerus ten of which the functions have been assign@edgure 5,
Table 3) [83,84] The gene cluster only contains a geng3488[83] and homE[84]) encoding a
multidomain norribosomal peptide synthetase (NPRS) with a conical order of cyclization (Cy),
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adenyation (A) and thiolation domains (T). Of particle interest is that the gene cluster also encodes
four flavin-dependent oxidoreductases (OR&343487, 3489, 349[B3] or HomB, D, F, [[86]) and a
putative acetyltransferase (ORF 34@8] or HomA [84]). Additionally, three stanélone NRPS
encoded proteins were found in the gene cluster. These are freestanding C domain (Q&FH#95
HomK [84]), the Te Domains (ORFs 3486 and 3483] and HonC and HomJ84]). Two genes in

the clusterprf 3491 and 3496homH andhonl [84]), respectively, were predicted to be a regulatory
gene andransporter gene, respectively.

Figure 5. Comparison of the genetic organization of the holomycin biosynthetic gene
clusters fronS. clavuligerusY. ruckeriandPseudoalteromonasespectively.
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Table 3. Deduced functions obpen reading framesORF9 that were predicted to be
involved in the biosynthesis of holomycin 5. clavuligerus, Y. ruckeriand
Pseudoalteromonasespectively.

ORFsin Homolog inY. ruckeri Homolog in Pseudoalteromonas

. . . ProposedFunction
S. clavuligerug83] (Identity %) [38] (Identity %) [87]

ORF348gHIMF)
ORF349QHIMG)
ORF3483HImA)
ORF348%HImB)
ORF3486HIMC)
ORF348THIMD)
ORF3484HIME)
ORF349HImH)

Hom1 (61%)
Hom2(65%)
Hom3 (38%)
Hom4 (58%)
Homb5 (36%)
Home6 (47%)
Hom?7 (47%)
Hom8 (61%)

HolG (72%)
HolF (70%)
HolE (45%)
HolD (63%)
HolC (42%)
HolB (59%)
HolA (55%)

PPCDC decarboxylase
Globin
N-acyltransferase
Acyl-CoA dehydrogenase
Thioesterase
FMN-dependent oxdioreductas

NRPS (CyA-T)

MFS efflux protein

Gene disruption oforfs 3488 and 3489 in the holomyeoverproducing mutant completely
abolished holomycin production, indicating that the identified gene cluster is responsible for
holomycin productiori83]. We also demonstrated that mdiuction of the whole gene cluster into a
heterologuous hos&treptomyces albusesulted in the production of holomycin in the mutant
S. albud84].
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5.2.2 Characterizationf Key Enzymegluring the Holomycin Biosynthesig S. clavuligerus

Given that genetic evidence demonstrated the involvement of ORF3488 for the holomycin
production, it was overproduced i coli. The amino acktlependent exchange assay showed that the
adenylation domain of ORF3488 proceeds aminoacylationL-of/steine bti not the other
proteinogenic amino acid withk, value of 1 mM and &, value of 98 mih'[83].

The predicated activity of the encoded ORF3483 wabl-agetylCoA transferase. Incubation of
recombinant ORF3483 (10 nM) with acetylCa&d holothin (20nM) showed the formation of
holomycin with an apparer,, of 6 nM and aKc; of 80 mir?, reassuring the involvement of
ORF3483 during the biosynthesis of holomycin (Schém&urprisingly, recombinant ORF3483 was
also able to utilize longer chain acyl Cefhexanoyl, octanoyl and palmitoylCoA) as substrates with
less efficiency. The appareiit, of 30 nM and apparenk., of 0.07 min! was obtained from
octanoylCoA in the presence of 2M holothin [83]. Longer chained acyl holothins were not observed
in the fermentation broth db. clavuligeruspresumably because the pools of these fatty acids or
acylCoAs could be very low. ldentification of longer acyl chain variants of dithiolopyrrolones,
however, was loserved in other microorganisr$16].

Scheme 6.Biochemical study confirmed that tid-acetylCoA transferase ORF3483 is
responsible for the amid bond formation at the late stage of the holomycin biosynthesis in
Streptomyces clavuligerus
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It is rare fo molecular scaffolds of bacterial natural products to contain disulfide bonds, and the
mechanism of disulfide bond formation in these products is poorly understood until r¢g86htlyhe
first evidence of the disulfide bond formation was reported if® 2L0ing the study of the biosynthesis
of FK228, a disulfidecontaining anticancer despeptide natural product isolated from the soill
bacterium,Chromobacterium violaceu®68. The identified enzyme DepH represents a new subclass
of the thioredoxin proteiguperfamily[86]. In 2010, another homolog enzyme GIiT was found to be
responsible for the disulfideond formation in the biosynthesis of Gliotoxin, a disulabstaining
metabolite isolated from the human pathodepergillus fumigatu$88]. Although bdh DepH and
GIiT belong to a new member of FA@ependent dithiol oxidases, DepH utilizes NAD& the
electron acceptdB6] while GIiT use Qto promote the disulfide formatidB8].

In silica analysis of the holomycin gene cluster $1 clavuligerusshowed that the encoded
flavoenzyme HImI[89] (ORF3492[83] and HomlI[84]) may function analogously to DepH or GIiT to
convert dithiol form of reduced holomyc8bdholothin 9b into holomycin9/holothin 9a (Schemey).
Indeed, incubation of purified recombinadiml (50 nM) with FADH, and reduced holomycifi b 6
(51100 nM) led to the rapid formation of holomycin in presence of oxygen with an app&axeot
4.6+ 1.9nM and an appareti.s of 333+ 28 miri. Although Himl clearly accelerated the disulfide
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bond brmation from reduced holothi@b to holothin9a, the nhonenzymatic oxidation in presence of
oxygen precluded kinetic measuremgd]. It was concluded thatiml is a GliT-like FAD-dependent
dithiol oxidase, using ©as the oxidative agent for the formation of intramolecular disulfide bridges in
the late stage of the holomycin biosynth¢88j.

Scheme 7Biochemical study confirmed that the dithiol oxidase HIml is responsible for
the disulfide bond formation using hecular oxygen as a cofactor.
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5.2.3 Regulation of théiosynthesiof Holomycin inS. clavuligerus

Regulation of the holomycin production Btreptomycesppeared to be very complex. Early
studies indicated that holomycin production appeared to be iaesbownith the production of
cephamycin C. For example, the wild typeeptomycesp. P6621 produces cephamycin C but does
not produced. Chemical mutagenesis 8treptomycesp. P6621 resulted in the production ®&and
the reduced yield of cephamycin[82]. The wild typeS. clavuligeruonly produces trace amount of
holomycin. UV mutagenesis led to generate the mutant IT1 that wasdoaycinoverproducing
strain[29]. In 2001, Liraset al demonstrated that gene knockout in the gene cluster of aawaeid
in S. clavuligerugresulted inoverproduction of holomycin, suggesting that the intriguingly intricate
crossregulation between the biosynthetic pathways of clavulanic acid and holof89tin

A rhodanesdike protein was found to be highly ovepresented in the proteome of the
holomycinoverproducing mutant dtreptomyces clavuligeruBisruption of the rhodanedie gene
resulted in great loss of holomycin production inrthié mutantg90].

Addition of arginine appears to stimulate the prcttbn of holomycin[91,92] The geneargRis a
universally conserved repressor gene in the arginine biosynthesislav&digerusNP1. Disruption of
argR resulted in holomychoverproducing mutant$. clavuligerusCZ [93]. Comparative proteomic
studies demonstrated that the expression levels of proteins involved in-GgAtydnd cysteine
biosynthesis increased in the mutant CZR strain, consistent with the holomycin overproduction
phenotypd93].

The genesfsRandafsSin S. clavuligerusATCC27064 encode proteins resembling the akethwn
antibiotic biosynthetic activators. It was found thatmeoduction ofafsRG, genes into the wildype
S. clavuligerusactivated the normally silent holomycin biosynthetic gene clugitde the production
of clavulanic acid was also increasetbf in resultant mutant compared to the wijghe strainf94].

A competitionbased adaptive laboratory evolution could accelerate the discovery of antibiotics
when an antibiotiproducing microrganism is competed against a dragistant pathogef95]. Of
particular interest is that actinomycetes that are well known producer of secondary metabolites could
adaptively evolved in the laboratory to produce new antibacterial compounds, of whrbdhetion
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is silent in the normal laboratory culture conditi¢®6]. Palssoret al. demonstrated that, after several
rounds of ceculturing S. clavuligerusand the methicillirresistantStaphylococcus aurey8RSA)
N315 a mutant strain 08. clavuligerusemerged that acquired the ability to constitutively produced
holomycin, the antibacterial agentat inhibits the growth of MRSA97]. Genome sequencing
revealed that the mutant strain had lost the megaplasmid, and acquired genetic nihtdtafifescted
secondary metabolite biosyntheg3].

More recently RT-PCR transcription analysis of the holomyowverproducing mutant of
S clavuligerusshowed a higher transcription of some genes in the holomycin gene cluster compared
with the ones in the wildype strain85]. This result was consistent with the proteomic analysis of the
holomycin overproducer mutant that some transcribed proteinsdadtathe holomycin pathway were
overexpresse[B5].

5.2.4. Identification of theHolomycin GeneCluster in theFish PathogeiYersinia ruckeri

Homolog search indicatethat several open reading frames (ORFs) in the genome of the fish
pathogenYersinia ruckri appear to be homologs to the ones in the holomycin pathway of
S. clavuligerus including three oxidoreductases, one thioesterase and, more importantly, one
multidomain NRPS with a conical order of @y T arrangement. However, this gene cluster laaks
key homolog genes, one encoding the dithiol oxidase that promotes the disulfide bridge formation and
the other encoding the freestanding condensation domain. Our chemical isolation and structural
elucidation demonstrated that ruckeriis a producerf holomycin. Gene disruption dion®, a
homolog of homD [84], completely abolished the production of holomycin in the mutant strain,
suggesting that the identified gene cluster directs the biosynthesis of holomycin.

5.2.5.TheProposed Mechanisof the Formationof Holomycin

Despite the differences between two holomycin gene clusters from thepBsitive bacterium
S. clavuligerus and the Granmegative bacteriumy. ruckeri, the underlying chemical logic of
holomycin formation should be similé&chemes).

Biochemical and genetic evidence demonstrated that the formation of holomycin should follow the
same chemical logic as other biosynthetic pathways ofribmsomal peptides in which a tridomain
nonribosomal peptide synthetase (Horf@&] or HImE [83] or Hom7[38]) first selects and activates
L-cysteine. The condensation activity was proposed to follow an unusual paf{®&hyIn
S. clavuligerusit was proposed that the flavitependent acyCoA dehydrogenase (HompB4] or
HImB [83]), the standalone C domain and the Cy domain of the NRPS are responsible for oxidizing,
coupling, and cyclizing two cysteine residues to yield a cyclodi#h@Rdomain tethered intermediate
9f. InY. ruckerj no dedicated C domain can be found withintblemycin gene cluster. Thus the Cy
domain may have dual functions that catalyze both condensation and cyclizatie@ &r@ation,
although it clearly remains speculative until the studies of the detailed mechanism is caf38¢l out
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Scheme 8Propogd biosynthetic pathway of holomycin
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The cyclodithiolPCRdomain tethered intermedia®€ could then be hydrolyzed by the thioesterase
(HomC [84] or HImC [83] or Hom5 [38]) to generate the free acid intermedifie The
glucosemethanoicholineoxidoreductase homolog (Hon{B4] or HImD [83] or Hom6[38]) could be
responsible for the-2lectron oxidation step ddd into 9c. HomF[84] (HImF [83] or Hom1[38]) is an
analog of phosphopantothenoylcystein decarboxylase in coenzyme A biosynithetis. reaction
cycle of PPEDC, the thiol moiety of pantothenoylcysteine is first oxidized and spontaneously
decarboxylatetd generate the pantothenoylaminoethenethiol intermediate, which is finally reduced to
form pantothenoylcysteamine. In analogy, Ho[B8&] (HImF [83] or Hom1[38]) could catalyze the
decarboxylation of the intermedige into 9b. The assignment does not, however, suggest a preferred
sequence for these activitif®3]. In S. clavuligerus HIml appeared to play important roles in the
biosynttesis of holomycinLi et al has confirmed that recombinant HIml mediates the disulfide bond
formation from reduced holomycia to holomycin9 using Q as cofactor, and was proposedhat
Hlml is involved in the late stages of holomycin biosynth§&®. Gene disruption dilml resulted in
decreased production of holomycin and increased sensitivity toward holof@9¢imThe homolog of
Hlml, however, cannot be found in the holomycin gene clust¥: muckeriand a similar absence was
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also observedithe thiomarinol gene cluster froRseudoalteromonasp. SANK73390, indicating the
different underlying chemical logic of disulfide bond formation in Graggative bacterid38].
Biochemical evidence demonstrated that HImA is responsible for the acybétiba amino group in
holothin9b or reduced holothi8a[83].

5.3. Biosynthesis of hiomarinol Natural Products

Thiomarinols belong to a special group of dithiolopyrrolones in that they are hybrid antibacterial
compounds consisting of three components, a pseudomonic acid moiety esterified by a
terminathydroxy fatty acid it = 7 or 9) attached to the holothin moietg an amide linkage.

Recently genome sequence of the thiomasproducer bacterium revealed a novel plasmid,
pTML1 with the length of 97 kbfB7]. Interestingly, the plasmid contains two distinct gene clusters,
one responsible for the biosynthesis oéymomonic acid and the other for the holothin moiety. The
pseudomonic acid gene cluster contains the typical featutrared-AT/AT -less polyketide synthase
(PKS) assembly line in that the encoded multidomain PKSs do not contain dedicated acyltransferase
domain to activate the acyl substrate. The gene cluster for holothin moiety is similar to the one in
Y. ruckeri, consisting of 7 genes encoding a multidomain NRPS HolAAQy homolog to Hom7),
an oxidoreductase HolB (homolog to H6n a thioesterase HolGhomolog to Hord), a
dehydrogenase HolD (homolog to Hén a N-acyltrasferase HolE (homolog to H8m an
flavin-dependent xygenase HolF (homolog to H&nhand a dec#oxylase HolG (homolog to Hohj,
respectively (Figure 5) It appeared that the chemicldgic for holothin scaffold during the
biosynthesis of thiomarinols shaube the same as the onenofomycin. Inactivation oholA resulted
in completely loss of thiomarinol but the only production of marinolic acid in the mutant gtrgjn
confirming that thehol gene cluster is responsible for the holothin biosynthesid marinolic acids
and dithiolopyrrolones are biosynthesized from two independent pathways.

In the late stage of the holomycin biosynthesis from ISthblavuligerusandY. ruckeri, acytCoA
was proposed to be the substrate of the acyl CoA transferase that mediates the amide bond formatio
for the holomycin production. In the thiomarinol biosynthesis, TmlU was assigned as an
ATP-dependent ligase, a homolog of SimL in thematylinone biosynthesig7,99] and NovL in the
novobiocin biosynthesis that catalyze the amide bond forming activity with a variety of carboxylic
acids[100]. Inactivation oftmlU completely abolished the production of thiomarinols but resulted in
the praduction of xenorhabdins and marinolic acids, pseudomonic acid derivatives, thus suggesting its
role of linking the pseudomonic acid and holothin to generate thiomarinols. The production of
xenorhabdins and derivatives, however, indicates that HolE, a bgmblcylCoA transferase, could
be the second copy of amiflermation enzyme responsible for the installation of acylCoA into the
amino group of holothin to generate xenorhabd#i20 (Scheme
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Scheme 9Proposed biosynthetic pathway of thiomarinol A

6. Conclusions

The family of dithiolopyrrolone natural products has attracted attention from the research
communities of natural product chemighipsynthesis synthesisand microbiology on their unique
chemical identityand multiple biological actities. There have been challenging questions tife
biosynthesis, the copfex regulation networland the mode of actioof this novel class of molecules
during the last decadé€kecent efforts on the biosynthetic pathways of holomycin and thiomarinols
havejust started to uncover the intriguing aspects of the underlying chemical logudatren and
resistance of this class of moleculd@$is review article has covered the natural product discovery,
synthesis, bioactivity and biosynthesis of this classatidinal products in the first time over sixty years.
Further progress in this class of molecuM be to understanthe biochemistry of the formation of
the pyrrolone chromophore antthe timing of N-methylation in thiolutintype of moleculesand to
ascetain the exact antibacterial mode of action, which will facilitate a greater understanding of this
promising class of antibacterial and antitumor agents.



