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PURIFICATION AND STRUCTURE ELUCIDATION
OF THE BY-PRODUCT OF NEW REGULATOR OF ANTIBIOTIC
PRODUCTION AND DIFFERENTIATION OF STREPTOMYCES

Streptomyces globisporus 1912, a producer of the antitumor antibiotic landomycin E, forms the new low-
molecular signaling molecule N-methylphenylalanyl-dehydrobutyrine diketopiperazine (BDD) and its complex
and unstable by-product which restore, like the A-factor in Streptomyces griseus 773, landomycin E and
streptomycin biosynthesis, and sporulation of the defective mutants S. globisporus 1912-B2 and S. griseus 1439,
respectively. Here, we report the purification and structure elucidation of two compounds with R 0.8 by HPLC,
LC/MS and 'HMR analysis. These compounds have m/z 338 and 384, accordingly, and each of them is presented
by two stereoisomers containing BDD in their structure. A hypothesis explaining the composition and regulatory
properties of these unstable compounds is presented.

Key words: Streptomyces, new diketopiperazine, signaling molecules, antibiotic biosynthesis,
morphogenesis
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Soil mycelial bacteria of genus Streptomyces produced more than 70 % of known antibiotics
widely used in medicine, veterinary and agriculture, and therefore streptomycetes belong to the
important group of industrial microorganisms [24]. The genomes of streptomycetes contain many
regulatory genes in comparison with simpler procaryotic bacteria coding 965 regulatory proteins
[2]. The regulatory proteins belong to the families SARP and LAL, bld- andA-factor-depending
regulatory cascades, and two-component systems of signals transfer AfsK-AfsR, AbsA1-AbsA2,
AfsQ1-AfsQ2, DraR-K, and CutRS. Regulation of antibiotic production and complex multicellular
development is of the cascade character including the basic and global levels [3, 4, 18, 22].

The biosynthesis of antibiotics is under control of small extracellular signaling molecules
(bacterial hormones) presented by y-butyrolactones (A-factor, SCB1, SCB2, SCB3, virginia
butanolides), y-butenolides (avenolide, SRB1, SRB2) and others [1, 5, 6, 10, 11, 22, 23]. The A-
factor binds to the receptor protein ArpA, repressor of adpA gene, causing its dissociation and loss
of bond with adpA promoter. AdpA then activates a number of genes of AdpA regulon controlling
sporulation and biosynthesis of the secondary metabolites. The protein AdpA binds to 37 regions of
DNA, activating 72 genes of streptomycetes [7].

Streptomyces globisporus 1912 is a producer of red-orange antitumor antibiotic landomycin E
from the angucycline family. The molecular mechanism of landomycin E activity is based itself
on the induction of apoptosis in cancer cells [12]. Very important property of antitumor activity
of landomycin E is overcoming of the resistance of cancer cells to doxorubicin and the blockade
of cells in G1 phase of cell cycle by the mediation of the reactive oxygen [20]. The biosynthesis
of landomycin E is controlled by 32 genes of /nd-cluster. Only three regulatory genes are known
at present to control landomyin E biosynthesis. Gene /ndl from SARP family encodes regulatory
protein Lndl, gene prx specifies putative proteinase Prx, and gene /ndYR determines a GntR-like
regulator of the YtrA subfamily, controlling the transcription of transport system genes [19].

Wild type strain Streptomyces globisporus 1912 and many its derivatives produced low-molecular
signaling molecule, restoring biosynthesis of landomycin E and sporulation by antibiotic inactive
and asporogenic mutant 1912-B2 in nanomolar concentration [17]. The molecular structure of this
new regulator with R 0.4 was elucidated as N-methulphenylalanyl-dehydrobutyrine diketopiperazine
(BDD) [16]. The paper object is investigation of the structure of a complex compound with R, 8.0
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possessing regulatory property like above mentioned regulator and synthesizing by active culture
1912-2 during first 3 days of growth as BDD by-product.

Materials and Methods. Strains and media. The object of investigation were the sporulating
strains S. globisporus 1912 and S. griseus 773, the producers of landomycin E and streptomycin,
respectively, and their positive regulators, and derived from their asporogenic and antibiotically
inactive mutants S. globisporus 1912-B2 and S. griseus 1439 defective in biosynthesis of the
mentioned regulators [10, 17].

For antibiotic biosyntesis and sporulation, the streptomycetes were grown on corn-soy
medium (g/L): corn meal 20.0, soy meal 10.0, NaCl 5.0, agar 15.0, distilled water 1.0 L, pH 7.0;
sterilization at 1.0 bar overpressure for 30 min. Cultures of the strains 773 and 1912-2 were grown
on minimal solid medium during 5-6 days at 28 °C (g/L): asparagine 1.0, glycine 1.0, K,HPO,
0.5, MgSO, 0.2, NaCl 4.0, glycerol 15.0, agar 10.0, trace elements (FeSO,, CuCl,, MnSO,, CaCl,)
10.0 mg each, pH 7.2, sterilization at 0.75 bar overpressure for 30 min. The agar cultures were
extracted with chloroform-acetone (2:1) to obtain the A-factor [(2S)-isocapryloyl-(3R)-oxymethyl-
y-butyrolacton] from strain 773 and the so far unknown regulator of landomycin E biosynthesis,
respectively, from strain 1912-2.

Purification of the regulators. The crude extracts were evaporated to dryness at a vacuum rotary
evaporator and the residues dissolved in ethanol. The metabolites were separated by means of thin
layer chromatography on Sorbfil sheets (Kuban', Russia) and Silica gel 60 F254 (Merck) with
benzene-ethyl acetate-acetone-ethanol (4:2:1:0.5). The UV absorbing zones were triturated with
ethanol, and the silica gel was centrifuged off at 10,000 rpm. The regulator was further purified by
HPLC.

Biological activity. The biological activity of the purified metabolites was examined using
mutant strains 1439 and 1912-B2. The strain 1439 was inoculated on Petri dishes with solid corn-soy
medium as a central line or cross, and small paper discs with the regulators (10 pl) were put near the
end of the lines. Alternatively, holes cut into the medium and filled with a solution of 10 pl regulator
in ethanol, were used instead of paper discs. The strain 1912-B2 was inoculated evenly on a solid
medium by glass spatula, and discs with the regulators were placed on the surface. The results of
the influence of regulators on the antibiotic biosynthesis and morphogenesis were registered on the
second and fifth day of incubation of the strains 1912-B2 and 1439, respectively.

Absorption, MS, and NMR spectra. The absorption spectra of ethanol solutions of the regulator
were registered by means of the Beckman DU-8 spectrophotometer. Liquid chromatography/mass
spectrometry (LC/MS) of unknown regulators was performed by means of Waters Micromass
ZQ 2000 LC/MS system and liquid chromatograph Agilent Technologies 1200 with a single
quadrupole detector. The conditions of separation were: Zorbax Hypersyl ODS reversed phase
column with hexane:ethanol (98:2) as solvent at a flow rate of 0.17 ml min™!, and with detection at
210 to 400 nm. The chromatograms have been developed with Chemstation software. ESI-HRMS
spectra were acquired on a Fourier-transform ion cyclotron resonance mass spectrometer APEX
IV(Bruker Daltonik), and argon was used as collision gas for CID-MS/MS under high-resolution
conditions. Samples were introduced via a syringe pump. The NMR spectra of regulator were
measured at 125.7 MHz (*C NMR) and 300 MHz ("H NMR) on Varian INOVA 500 and Mercury
300 spectrometers, respectively.

Results and Discussion. Discovery of the regulator of landomycin E biosynthesis. A number of
highly active and landomycin E defective mutants were obtained by means of mutagenesis induced
in initial wild type strain S. globisporus 1912 by UV and nitrosoguanidine. Examination of antibiotic
inactive mutants by phenotypic complementation test revealed the ability of some donor strains to
restore landomycin E biosynthesis by recipient 1912-B2 mutant during the growth in close proximity
on corn-soy medium. It can be concluded that the recipient strain produced landomycin E under the
influence of external metabolites from the donor. Metabolites of both strains were extracted from
agar cultures and separated by thin layer chromatography.

Chromatographic mobility and absorption spectra of regulator. Two UV absorbing zones were
produced by donor strain, which were missing in the recipient (Fig. 1). Both fractions purified by TLC
displayed biological activity similar to that of A-factor. They restored sporulation and streptomycin
production by S. griseus strain 1439 (Fig. 2a, 2b). The A-factor extracted and purified by TLC
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from a sporulating and streptomycin producing culture of S. griseus 773 restored landomycin E
biosynthesis by the strain S. globisporus 1912-B2 in a similar way (Fig. 2c). Despite of the similarity
of biological activity, A-factor and regulator of landomycin E biosynthesis distinctly differed in
the chromatographic mobility and absorption spectra, indicating their different chemical structures.
Fractions 1 and 2 have the R ’ values of 0.4 and 0.8, correspondingly, and their different absorption
spectra in ethanol are presented in Fig. 1 (c1, c2).
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Fig.1. Thin layer chromatogram in UV light of the cell-free extracts of the agar cultures of

landomycin E producing strain S. globisporus 1912-2 (a, 1) and its inactive mutant 1912-B2

(a, 2); b) TLC of the purified fractions of regulator, indicated by arrows (a, 1); ¢) The absorption
spectra in UV light of the regulators having R y 0.8 (1) and R » 0.4 (2).
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Fig.2. Restoration of sporulation (a), streptomycin (b) and landomycin E (c¢) biosynthesis by

the strains S. griseus 1439 (a, b) and S. globisporus 1912-B2 (c) under influence of exogenous

A-factor (1), and regulator with Rf 0.4 (2), and Rf 0.8 (3); b) blocks from sporulating (left) and

non sporulating (right) area of agar culture 1439 (a) on the lawn of streptomycin sensitive
test-culture.

Structure elucidation of regulator with R0.8. Chemical structure of the regulator with R 0.4 was
elucidated as N-methylphenylalanyl-dehydrobutyrine diketopiperazine (BDD) (Fig. 3) [16]. HPLC
of the purified regulator with R0.8 showed 4 nearly distributed peaks with R 15.617 (1), 15.898 (2),
16.246 (3) and 16.695 min (4) (Fig. 4, Table). Absorption maxima of the peaks 1 and 2 are the same,
294 nm, and A of the peaks 3 and 4 is equal 270 nm. LC/MS showed that peaks 1 and 2 produced
the same fragments with m/z 244 and 338, and peaks 3 and 4 in turn gave similar fragments with
m/z 244, 338 and 384. These results indicated the presence of two compounds with m/z 338 and
384, each of which was supposedly present as two stereoisomers. The same molecular mass of both
compounds were identified by Waters Micromass ZQ 2000 LC/MS system (Fig. 5). Each isomer of
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these compounds contained in their structure the same fragment with m/z 244 typical for the regula-
tor BDD. This assumption was confirmed by the 'H NMR spectrum, where the compound with R 0.8
had some common signals with BDD (Fig. 6). To these signals belong 2CH groups at 7.0-7.2, guar-
tet at 5.6-5.8 and CH, groups at 3.1. Study of the dynamics of the production of these compounds
showed its complete transformation into BDD during 4-6 days of culture growth (Fig. 7, track 4).
The process of transformation can be reduced to 3 days in the presence of phenylalanine (20.0 mg/L)
in the minimal medium (Fig. 7, track 5). Threonine increased the production of the regulator to a
lower degree than phenylalanine (Fig. 7, tracks 6, 7). The effect of both amino acids is summarized in
Fig. 7, track 8. So, phenylalanine as part of the molecular structure of BDD is the main limiting factor
of its production. Deficiency of this amino acid during the first three days of growth of the culture in
the minimal medium resulted in formation of two compounds with stereoisomeric structures, which
are transformed to stable regulator BDD after addition to the medium of phenylalanine or biosynthe-
sis this amino acid during culture growth.

Table
LC/MS analysis of the regulator (R 0.80)
Rt peak (min) A, (nm) Frag.70, ESI_Pos (m/z) Frag.70, APCI_Pos (m/z)
15.617 294 244,338 244,338
15.898 294 244,338 244,338
16.246 270 207, 244, 338, 384 244,338, 384
16.695 270 207,244, 338, 384 244, 338. 384

6-Benzyl-3-eth-(Z)-ylidene-1-methyl-piperazine-2,5-dione
Fig.3. Chemical structure of L-6-benzyl-3-eth-(Z)-ylidene-1-methyl-piperazine-2,5-dione
[(L)-N-methylphenylalanyl-dehydrobutyrine-diketopiperazine, BDD).
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Fig.4. LC/MS spectrum of the regulator with R, 0.8 and Rt 16.042.
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Fig.6. '"H NMR spectra of the regulators with R ’ 0.4 (a) and Rf 0.8 (b).

One can propose the following speculation of obtained results. The compound with m/z 338
consists of the regulator BDD (m/z 244) and -Phe-OH group (m/z 93) at C4" benzene ring after join-
ing HO-Phe-OH. Water solution of phenol and its anion form have A = 270 nm and 290 nm, cor-
respondingly, that agreed with absorption maxima of four peaks of isomers (Table). The compound
with m/z 338 can connect (CH,),-CH- (m/z 43) resulting in formation of compound with m/z 384.
Fragmentation of this compound gives intermediate with m/z 207 (Table). Speculation about its
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formation may be the following. Regulator BDD (m/z 244) loses phenyl cycle (244 — 65 = 179) and
then connects C,H, (179 + 28 = 207).

1 2 3 4 5 6 7 8

Fig.7. Thin layer chromatogram in UV light of the cell free extracts of the test-culture 1912-B2

grown during three (1, 2, 3, 5), four (6, 7, 8) and six (4) days on the solid minimal medium (1, 4,

control) after addition 20 mg/L tyrosine (2), tryptophan (3), phenylalanine (5, 7), threonine (6)

and threonine + phenylalanine (8). The arrows indicate the strips of regulator with R ’ 0.4 (low)
and R 9 0.8 (high).

So, both unstable compounds with m/z 338 and 384 are the by-products with higher mass
transforming to stable regulator BDD (m/z 244) after 6 days of culture growth or after 3 days after
addition phenylalanine to the minimal medium.

On the basis of obtained results one can suppose that regulatory properties of the mentioned
complex compounds belong to BDD component, the new diketopiperazine derivative, as an
essential part of their molecular structure. The hypothesis explaining the regulatory activity of BDD
includes the inactivation of the corresponding sensor kinase as a part of two-component global
regulatory system by this new diketopiperazine. The cognate response regulatory protein without
phosphorylation cannot interact with regulatory region of DNA and repress the corresponding genes
of the specific pathway of antibiotic biosynthesis.

The regulators AfsR and AfsQ1 from the two-component regulatory systems of S. coelicolor
A3(2) and S. lividans are known to restore the A-factor biosynthesis and antibiotics production
in corresponding defective mutants [8, 9, 21]. It is also known that some diketopiperazines are the
potential inhibitors of tyrosine kinase that also supported our hypothesis 13, 14, 15].
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HOBOT'O PET'YJIITOPA BIOCUHTE3Y AHTUBIOTHUKIB I
TAGEPEHIIALIT STREPTOMYCES

Peszwmwme
Streptomyces globisporus 1912, mpoayLeHT TPOTUITYXIUHHOTO aHTHOIOTHKA TaHgoMinuHy E, cuHTe3ye
HH3bKOMOJICKYJISIPHY CHTHAIBHY MOJeKyny N-meTmwidenininanin-aeriapo0ytupin aikerominepasia (BDD) i ii
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KOMIUICKCHHUI 1 HecTaOlIbHUN MOOIYHUI MPOMYKT, SIKi BiAHOBIIOKOTE, MOMIOHO 10 A-(akropa Streptomyces
griseus 773, 6iocunres mangoMinuuy E i cTrpentoMinuHy Ta copyisiiro y qedeKTHUX MyTaHTiB S. globisporus
1912-B2i S. griseus 1439 BignoBinHo. TyT MU OBIIOMHJIH IIPO OYUCTKY 1 3'ICYBaHHS CTPYKTYPH JIBOX CIIOIYK 3
R /;0.8 3a gornomororo BEPX, PX/MC i 'H SIMP anamnizis. Lli cionyku marots m/z 338 i 383 BiamoBiaHo i KoxkHa i3
HHX MPECTaBICHa ABOMa CTepeoi3oMepamH, siki Bkrouarot BDD y cBoI0 CTpyKTYpY. 3alpOrOHOBAHO rioTe3y
JULS IOSICHEHHSI CKJIaJTy 1 PeryJIATOPHUX BIACTHBOCTEIl JaHNX HECTaOUIbHUX CIIONYK.

KirouoBi ciioBa: Streptomyces, HOBI OXi/IHI JiKeTOIIIIEpa3nHiB, 010CHHTE3 aHTHO10THKIB, MOp(OreHes.
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Pesome

Streptomyces globisporus 1912, NpofyleHT MPOTHBOOIYXOJIEBOr0 aHTHOMOTHKA JangoMulHa E, o6pa-
3yeT HU3KOMOJIEKY/IAPHYIO CUTHAIbHYIO MOJIeKy.Ty N-MeTun(eHIIanaHuI-eruApoOy THPUH UKETONUIIEPa3uH
(BDD) u ee KOMIUIEKCHBIM U HECTaOMJIbHBIN MOOOYHBIM MPOAYKT, BOCCTaHABIMBAIOLINE, MOX00HO A-(dakTo-
py Streptomyces griseus 773, 6uocunre3 nangoMuIMHa E M CTpenTOMHINHA H CIOPYIALUIO Yy Ae()EKTHBIX
myTtaHToB S. globisporus 1912-b2 n S. griseus 1439 cooTBeTCTBEHHO. 31€Ch MbI COOOIIMIN 00 OYUCTKE U
HCCIIC/0BAHMH CTPYKTYPBI AByX coefuHenuii ¢ R, 0.8 ¢ nomompio BOXX, XKX/MC n 'H SIMP ananuzos. Ot
coeMHEeHUst UMEIOT M/z 338 1 383 COOTBETCTBEHHO M KKA0€ U3 HUX TPEICTABICHO JABYMS CTEPEOU30MEPAMHU,
Brutoyatomumu BDD B cBoto crpykrypy. [IpeuioxkeHo rumnoresy ajist 0ObSCHEHHs COCTaBa M PEryJIsTOPHBIX
CBOMCTB 3TUX HECTAOMIBHBIX COCIUHEHMIA.

KnrwoueBbie cnoBa: Streptomyces, HOBbIe TIPOU3BOIHbBIC AUKETOIUIIEPA3HHOB, OMOCHHTE3 aHTUOUOTH-
KOB, MOp(oreHes.
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