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Since the golden age of antibiotics in the 1950s and 1960s actinomycetes have been the most prolific source for
bioactive natural products. However, the number of discoveries of new bioactive compounds decreases since
decades. New procedures (e.g., activating strategies or innovative fermentation techniques) were developed to
enhance the productivity of actinomycetes. Nevertheless, compound identification remains challenging among
others due to high rediscovery rates. Rapid and cheap genome sequencing as well as the advent of bioinformatical
analysis tools for biosynthetic gene cluster identification in combination with mass spectrometry-based molecular
networking facilitated the tedious process of dereplication. In recent years several studies have been dedicated to
accessing the biosynthetic potential of Actinomyces species, especially streptomycetes, by using integrated

genomic and metabolomic screening in order to boost the discovery rate of new antibiotics.

bioactive natural products actinomycetes genome mining biosynthetic gene cluster

dereplication molecular networking

| 1. Discovery of New Analogs

Integrated genomic and metabolomic screening is a powerful tool for the detection of new derivatives of known

compounds.

Liu et al. @ investigated the genome and metabolome of the known daptomycin-producer Streptomyces
roseosporus in search for nonribosomal peptide (NRP) antibiotics. They searched for specific peptidic signatures,
that is masses of amino acid fragments, in the molecular network of the strain’s metabolome. This way, they
discovered subnodes of the daptomycin cluster, which correspond to daptomycin variants missing the N-terminal
lipid chain and tryptophan. Additionally, sodium- and potassium- adducts of arylomycin &I, a lipohexapeptide with
antibiotic activity 2, were discovered. The authors especially emphasized the existence of several arylomycin
intermediates, which lack the typical biaryl linkage and a tryptophan residue at the C-terminus. In an antiSMASH
cluster search for Non-ribosomal perptide synthase (NRPS) BGCs, those coding for the productive pathway of
daptomycin and arylomycin could be assigned to the produced antibiotics. The production of another known natural
product W, the Pseudomonas-active peptidylnucleoside napsamycin (Table 1) B!, was suggested by genome
analysis and confirmed by the molecular network. Higher molecular weight variants seemed to be produced by S.
roseosporus as well. Before it was unknown that S. roseosporus was able to produce napsamycins at all. The
focus of this study lay on stenothricin, a barely characterized antibiotic that was discovered in 1974. So far, four

analogs of stenothricin were known @ and could be detected in the metabolome of S. roseosporus. A
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corresponding BGC, which matches the metabolomic information, could be identified in an antiSMASH analysis.
Additionally, the existence of analogs of stenothricin were indicated by the molecular network (Table 1). These
analogs differ in the length of the lipid side chains and amino acid substitution. Also, hydrolysed and glycosylated
products could be identified. Liu et al. verified activity of the extracted stenothricin variant mixture against Gram-

negative and Gram-positive bacteria [,

Table 1. List of newly discovered compounds from actinomycetes via combined genomic and metabolomic

screening.

Compound Strain Activity Reference
napsam;_/c_m ke Streptomyces roseosporus antibiotic i
stenothricin analogs

spiroindimicins E and F 5]
lagunapyrones D and E Streptomyces sp. MP131-18 none
strecacansamycin A, B, C Streptomyces cacaoi subsp. asoensis antiproliferative 6
valinomycin derivatives Streptomyces sp. CBMAI 2042 antibiotic m
cyclomarin analogs
arenicolide analogs Salinispora sp. suggested antiproliferative 8

retimycin A

This study demonstrates that it is worth investigating old strains with new methods, such as integrated genomic
and metabolomic screening. As shown here, such an approach can result in an extended production profile of the
ﬂoe\*%?téeijlncaesswell as point out bioactivities which have not been observed before.
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theZ@ggf @71@gﬂq@)4(;etes [, For several identified BGCs in the genome of the strains, no corresponding
compound could be associated indicating that these clusters are not expressed under the cultured conditions or
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con'?‘pr(])tlijl:r)]i(?st 'c%glg%a%ﬁ'ﬁ\s @_aSn?joD [11] (Table 1), the existence of a methylated, a demethylated and a hydrated
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e oS HRYA TRESTARS, EFRRTdalp J0B°oRFACG g eryme redured for arenicolde
production. Another BGC could be linked bioinformatically to a compound newly identified in this study, named
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singieBesRoickerpatentBoaigs SellZaliehSBGT al.oNewimygdustedip iodicatsd dentifiedh byddaimziedimilarity to
a BERDarhienoatalpioomysipidkingnagiomedinea Stwbgtorey ceith SparibtiedS 1n1&n Sderyepo2dimaif, drd a
donddin coding for an oxygenase. The MS/MS analysis indicated the presence of an oxidized, methylated
'oppR ersEp AU f, TISPUREIAB Brap e 1O ASSR e EL e NIRRT et SR ™
bio%%{iélg tlgosrt iﬂ?ehﬁfrgg%Psecrg)\ygr@doc%nprg{p Cc'islnn'toiioroliferative polycyclic macrolactam ansamycins from

OneS gg\%r?tg] ecg g%r?c():r%ict):l asrlfI ﬁﬁe‘taabso?c?rg%sébgé in%%%gqr'cllzz{sqsri]ct:é qggéti?/itf/‘- gg&j‘us)(}rgéning is the possibility
6. @igristn&tivie aulalp§s SPafng adina). GJRrve fligalivetieahibsGhthddas p sieataiarh stiryirgMiplERl genomieh was
sanmpiathg as adooNorwegiaver fiodel nedgral ghdgets. J shasedxp hRD26: 2Q20iabp82b. Streptomyces

FBan R LTSS, MYELURRS:, ACLMRar, RYTSS) . Jigplaredy ANy, MO qeffoils
subffs A0 Rsegmonas, puiea. Angivele, i PrISMASH, revealed g6, genie dusters, o, identy the

corresponding metabolites . HR-LC-QTOF MS was performed followed eteplication with the Dictionary of
|m8rovesg Iscovery of blosyn%e IC gene cfugters and their pI’OC?IXCPS Frgmagaﬁnlspora Species. y

Nat rﬁ‘éﬁ{f’%ﬁ? &%lig) ‘}%taﬁ%%f"_ﬁf way, the production of the bisindole pyrrole antibiotics lynamicins A to G

and spiroindimicins B and C 22! could be confirmed. Known biosynthetic genes from the production of bisindole
SrES QR EiBeniMegnR. B:S- sbesicl Wustbecaiing astinamms it 388 roaatitinRa ieBdMefRlounds.
AdRgRAISNARIb§S &P Bttakk RtahQitefisrereiiDai &rred 1yREeRicAP LD s itoid ARl £ and spiroindimicin

10. Febidy, AU bsnidgnijfied. ip e Gl eXlaReR: BEsidesdRRPRoMIR PHYKRidSRHRMNEPNONes i
acopmulaipk SRS EOTBRIRYBE EHRTbhRE L RNKE IR AR KPR BRI BRGESp T Bdisasd
thaty this RSt BalStEFRAANERIR fRb IRGeeRP BaNe Broductienes lagapyegeis 2 Rekkeides Apgor this type I

PKS high flexibility in the choice of the acyl-CoA unit was predicted. In the following, the production of two more
1 PP G GBI 1) G5 R BiY- EWQASASHS AV iR Al AR DeRARYS RN GRACRIIR
extr%%kt,uv(/%g frqg(re%dm (%r%ﬂ?msé%%n?ﬂteshé\ﬁ Q:L‘m%‘é’%%'cw %r(())tbécl)slplé)c/) %%ti%?dr(%glzz;c%%ﬁyz with the exception of
1spingiiltianmisinFBG vyl sh Evel  matsilate, RINityJegriest, BRRIUFenitil W. Prertizthieletpk©f BBactivity, the
analemivenischriipredurelidets ftethbiheasrisin eclivtindrspceter Salingsy ¢iBLATénidslas.J. Org. Chem.
2007, 72, 5025-5034.

k 2-Exploring.the Rraduchive Spectrtme, c.: caigiuri, M.A; Zheng, P; Liu,
Y. echinomycin protects mice against relapsed acute myeloid leukemia without adverse effect on

Int Er}%e& @Sg%ﬂi((:: sa{ré?n rrg:eetﬁg?‘graié: ds&rgfzi,ngzc ’nllieéyfiq_ﬁ%.explore the productive capability of strains and
prioritize those strains, which display the highest amount of uncharacterized genomic and metabolomic entities.

14. McArthur, K.A.; Mitchell, S.S.; Tsueng, G.; Rheingold, A.; White, D.J.; Grodberg, J.; Lam, K.S.;
Ish&zptts,eB. 8. ML yinassitiaed - hechiodnated duisintiale mweb|Staatibioties fieomae nomekmh asirgptomyces
tendatinoMAyeetEhd .clatrePrath 2 a8wéd qldRn-2&dng inhibition (QSI), thus the group aimed to identify the

15ARRG, WRIRIPZ 118 38R " Fhaho 28 ARSI D MRAA LOEHERGN. APRMY. C ZRENG B
B Sy e N B R e T O S A G
in t %ﬁpE'%wé?Jl-iArt’d%;g%ﬁsfs,gg?remaining clusters were suspected to code for the production of so far unknown
chemical entities. The crude extract was examined via LC-HRMS and LC-HRMS/MS. This resulted in a molecular

1@ v ebrkisd R o€ B2 P idddsadtifRich ol Al RARKIPRAR S spe i It AGRIRERINS SRR Rkaktat)
17 clargidrarpeptmey ine: sedimartiactetivioriesianaibiRnsLett E2R8it3hibrAfera®R0-antibiotic and anti-

inflammatory activity 18], The genes coding for the key enzymes for the formation of 2,5-diektopiperazines, CDPS
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108 | shemey links rivifi L ;B thig g ooink; A icolingaisdvl alitthe. 3peSahayi. faetdroR. Henwe\ BS:- Waswiabitambése did
nothrauiviekexact SteicitierThis Gostaaditat \he etaatetsobatimungeas mic zewh tretabeidraicbefore 171,
characterization of Streptomyces Tendae VITAKN with quorum sensing inhibitory activity from

Newwshigiess [ReliecTieroe yihiefrlsaei2y, @uibnot be identified via this combined genome and metabolomic

screening approach. But as no corresponding MS-data for the detected parent ions could be found, an
RSO e e Zsand wih BB ASRy & Ay prodhted by S endke Vi SR S Ad SIRekRred
che?na}(t:lél\\’aelnﬁ'[rigg % é,tg 'p% ggt]lhgset 'ezrggt%bg)'l]érzn’esc?f%]f_tgnl?ég'VITAKN as an object of further investigation 17,
19. Yao, T,; Liu, J.; Liu, Z.; Li, T.; Li, H.; Che, Q.; Zhu, T.; Li, D.; Gu, Q.; Li, W. Genome mining of

A dejRiledipepraESwhtheiSe MRS LMARRITRN Aale peinelinthGiRe Sipistatarigetérpawe of unknown

natpiglspratiedie RYAcHsely. atgidae ia iy POBgNthetic potential of putative producer strains. Streptomyces

clavuligerus, StreEtomyces jumonjinensis, and Streptomyces katsurahamanus 2% are all known to lo(roduce the -

2|0. AbuSare%.Bl. ¥ PIGI’FGHY, B-'-\{J-iil\ﬂo re, I\/].A..; Shaikh, A.A: Nothias, |.E S.rlv%stava, S.K.; Cruz-

actamase inhibitor clavularic aci . The followihg study 'by AbuSara et al. 2% aimed to examin€’ if the three
Morales, P.; Dorrestein, P.C.; Barona-Gomez, F.; YLahI n, K. Comgaratlve anomFﬁ and

species produce other secondar¥ metabolites in common. Therefore, a comparative analysis of the metabolome as

etabolomics analyses of clavulanic acid-producing Streptomyces specijes provides jnsight into

well as O_P%e genome was per?ormed. \?_l'a LC-MS gnd LC-MS/MS nalrys)lls,elt was ot)seleed tlhat a’lnﬂsﬂn%e species
Speci lized. metabolisy. Front. Micrg |ok. 019, 10, 2550. :

produce desferrioxamines 2<l and ectoine 23] which are very common in streptomycetes as these metabolites are
2bgReadingg&era@atell MnGienllahic aticlofch étaldagtamdd exichihiitingn&taalacta o fiosy Seiiannyges.
cla@imeunlig Bl 3n Angimichy hAgedts hanibthentip@herdtle8hiziddiside pentostatin 28 could be reported for
irst_ti in-S. I thouygh t di CG Iready b d in this strain.
25 BB H The BI8 eIty S S8 rABkarRe AR Pt Telafioh T8 Ton Thetaeh<r: Anh [RE yiran
Ho ec\gaé,. @cﬁrig%%i,of 1%, ngg_o;é%e.ntostatin could be detected in S. jumonjinensis or S. katsurahamanus 29,
Naringenin is a flavonoid previously only known from plants 24 but was found here to be produced in all

2Rrdadinsiibriy fes BI8HIES, TheRamhBReFuEHS? tHebRrit-A ¥R IMEEO R iBRIPEhEsRANBII RS RIAGMMIIQ M.
ThBP¥RE Yo aniRP-ARIG @ TbhRlBRMiInRhRIARRBBISRAGes aRf BI85 U R LIEY OB RURSIRIEE the
cor%@ﬁoﬁdﬁ@@@ﬁf@; &9%&%@1@%EH@MASH was performed. This way, 49 BGCs could be detected in the

NENOMFE, B SONBRVREATASI, :MARYIaBRTHIUS. 0F Sy 44 SRHIREr8BrACEH eMIBS AN TdRLeH?:
TerpRid kst BRGSyHIthPRSHRYRSHP M. IRiEnSie 6165 ARt CHENRS . SHE TP AR BG(zp o the above-

mentioned plant-derived metabolites. Besides clavulanic acid, S. clavuligerus is also able to produce its analog 5S
2c avLa%J@,ev(/h%t'ﬁ 5{$ddy§mgsl;[]%%lfl%h %:ﬁmgéta{fﬁ‘a.sgadulg 'f'o%ﬂea pr%bysét!lvl S%kébcph%h;\igr?/,eg&? Xr%thse'r; unknown
parsisy SPYISMRIRD LR e SERAIGCIEE, ISt ks TNE IR AANG SR AR LIPS IRG BRo g
Welﬁtrh]c? I[;)I%%M: |orr1n &tgﬁo&g\%(renacs)re 'eI\LI)%Fa 08 %Q&mati)%'uét%%téd.l?‘n@?? r_e7ﬂ]é€'t'ed in the genomes of the producer
28 rifinvénicRa0k e raesstating (BGSenEd) Ml theeereperien st chabicdf mipthaiyteckniiagrsiarand RBalinghich
is tekeulertia. ExdectiRevoiintiataes Tawd. 2003, 4/Miggus B9, The corresponding BGCs of S.
21T oRhG We: Tin, LI hang, B Zhang, & Liang. . Narngenn ae & ?{&%ﬁ_&j&%‘?R%afﬁé°m%dcbﬁé‘t’é§?%“s’
PR L Pl Lo 1 TFA ’ 2

which indicates that this gene’is not essential for the %roduction of cephalosporin C
therapeutics. Pharmacol. Res. 2018, 135, 122-126.

Zf§aW§l’d&|ﬁHﬁ6ﬁt¥‘Plés Eﬁéyl% Beatty, P.H.; Brumlik, M.J.; Griffin, A.; Hughes, C.;

Griffin, J.; Barton, B.; et al. 5S clavam biosynthetic genes are located in both the clavam and

NotBHIP O5h IRAEBMBIRITIN b R RIGEW GRS SHdMEI §EHE N8 nRiIBb AGAIE. stechtdy; Jd€ also possible to

JgeRiBn AT GasyRthalis SR, Eop acphaBsiaHe et é‘hé’uvbaﬁ%‘?&?f@y&@ﬁtémiﬁ@%bﬁ%%ﬁ@@iﬁﬂ'med
frorﬁmﬂ@%‘cﬂiﬁ@%& I\Péﬁ[ifé‘%Sg,hEﬁSs,t%_ inhibited growth of Bacillus megaterium, Staphylococcus

aureus and Candida albicans and suppressed the proliferation of Citrus pathogens. Whole genome sequencing
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30l e esoad . ahangss RitiViarntiby ASH Dissatza tRensw Ce pdraongcimeanthe |NRASHiListerd dyi dsy athpasisptide
valistregtomyaksolguiullgarpvippintdictehio 2R iateehaldiN A8 aR(rA&a82524 properties. Via UHPLC-
S2TRENS M hedstabolie el snd e qpmopur dduct werg dRjected and ihe identiies veriisd via matching
with the GNE?/ database, Add|t|ona(yymct)r|180ltj)'0|nformat| .tools HEREPLIgATOIt?Zali%, ‘ﬁ"’}r%§§t_7‘“/5'8h are

revealed by genome mining an ar networking. ChemistrySelec
specialized in the detection of peptide natural products, were used. Both, valinomycin and its ammonium adduct,

3o Rettl S RistilRA nBde MRy MbicKiglnduMbik PBEE 48 KaiiRsiatn Dslreplbiniseds B c Malavigu L s
ablPRURBKuE khe SeAMIGEpdMp A inE ARIAS IS RIEN G HRAML KO Y dsalRtaNi oM SHHEE W& iRty 82 Though
moMRATARASIRES HM RnisTFeBLIGAGHO BYFRIRiBIBRGIRRIE MertrGRemelLeRAich. FRR=828ding to its

SHTURrecTeNtRARSIRER. aoAd Stem: framythe SPmREHSIE! BS (alBRY IS U118 A4 thers-RXRMRFSRAEe Rister
for pplipgapy oA 1S CeiromBeit iR LRy SHIRF SRV REHRIRE S S PIFRBAPBY M AMEh ifRanastatin was
deteaipe RaHEl SR P1RIN TR N §O (76 ABPAN YaANOrtsIpanglegsy(Table 1). This demonstrates, that all

mentioned metabolites originate from the same NRPS-cluster.
34. lacobazzi, R.M.; Annese, C.; Azzariti, A.; D’accolti, L.; Franco, M.; Fusco, C.; la Piana, G.;

HeleaAEREMIGMI aREGSRBmIN. ANpHIEERRS RRIRtIRhBheamiLcabla aliRRIEGINS RAFHAY MySFagtisitRin
of IRavkERRStidies ACRMERaddBM. h&ltRak3s 4, 1diB8R1dgbR4: expression for confirmation remained

3BJIRRRBFAHE K.L.; Shield, L.S. Chemistry of the ansamycin antibiotics. Fortschr. Chem. Org. Nat.
1976, 33, 231-307.

Rtriee'drm htps:/nco _i.ub ntr/hisr/sh/503 ) )
to determine the absolute configuration of theé stereochemical centers of the newly isolated strecacansamycins A, B
and C (Table 1), which are produced by Streptomyces cacaoi subsp. asoensis H2S5. Strecacansamycins belong
to the class of aliphatically bridged aromatic ansamycins 2. In activity tests in vivo against PC-3, HepG2, and
U87-MG cells, respectively, the isolated analogs displayed antiproliferative properties (€. LC-HR-ESI-MS data of
the culture extract were evaluated with GNPS. This way, nodes for ansamycin-analogs were detected. MS data,
however, give no information about the absolute stereochemistry of a molecule. So, Liu et al. used the genetic
information to reconstruct the production pipeline and derive which stereochemistry would be provided by the
modules. For this purpose, the whole genome was sequenced and analyzed with antiSMASH. The analysis
revealed 31 BGCs. A type | PKS-NRPS hybrid cluster is probably responsible for the production of
strecacansamycins. PKSs and NRPSs are composed of several biosynthetic units called modules, which contain a
set of catalytically active domains. The type | PKS-NRPS hybrid cluster contains acyltransferase-domains in
module 4, which are stereoselective for S-methylmalonyl-CoA, but stereoinversion occurs in the subsequent
condensation reaction catalyzed by a ketosynthase-domain so the final configuration at C-12 is R. The
configuration of the methoxy or hydroxyl-groups at C-3, C-11 and C-13 could be determined as R, S and R, based
on the direction of the hydride-addition at the ketoreductase-domains. One ketoreductase-domain type is also
responsible for the formation of cis or trans double bonds depending on the direction of the reduced hydroxy-group.
This way, it could be deduced that the double bonds at C-5, C-7, and C-9 exhibit trans- and those at C-15 cis-
configuration €.
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