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Abstract: The hybrid strain Streptomyces 
glaucescens Tii49 (pGB 7) contains re- 
combined genes of the tetracenomycin C 
(4) and the mithramycin (6) biosynthesis 
cluster. It was designed by the trans- 
formation of plasmid pGB7 into the 
tetracenomycin producer Streptomyces 
glaucescens TU49. Phsmid pGB7 carries 
the minimal polyketide synthase (PKS) 
genes of mithramycin biosynthesis 
(mtmP, mtmK, mtmS) along with its up- 
stream (mtmX, which encodes a gene 
product of unknown function) and down- 
stream flanking genes (the ketoreductase- 
coding mtrnTl and fragments of mtmO I, 
which encodes an oxygenase). It was as- 
sumed that early intermediates of the well- 
known biosynthesis of 4, such as tetra- 

cenomycin F, (3) or very similar mole- 
cules, are likely to also serve as intermedi- 
ates of the biosynthesis of aureolic acid 
antibiotics, such as 6 .  Thus, the enzymes 
of both parent biosynthetic pathways 
should be able to  act on such intermcdi- 
ates, and several hybrid molecules were 
expected. Although the experiment result- 
ed in new products, only the novel hybrid 
natural product tetracenomycin M ( l ) ,  
whose constitution was determined un- 
ambigously by spectroscopic methods, 
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Introduction 

The recently introduced term “combinatorial biosynthesis” 
refers to the design of novel hybrid or  “unnatural” natural 
products by the manipulation of biosynthetic genes, mostly 
those for polyketides.”] It is expected that combinatorial 
biosynthesis can be used as a strategy to produce batteries of 
novel natural products, and thus serve as an alternative method 
of generating molecular diversity. 

[*I Pro[. Dr. J. Kohr, DipLChem. S.-E. Wohlert, 
DipLChem. C. Beninga, E. Kuiizel 
lnstitut fur Organische Chemie der Universitit Gottingen 
Tammannstr. 2, D-37077 Gottingen (Germany) 
Fax: Int codc +(551)39-9660 
e-mail: jrohr@gwdg.de 
Dr. H. Decker, Dip].-Biol. S. Hadg 
lnstitut fur Biologie I1 der Universitit Tubingen (Germany) 
Prof. Dr. C. R. Hutchinson 
College of Pharmacy, University of Wisconsin 
Madison, WI (USA) 
Prof. Dr. J. A. Salas, Dr. C. Blanco, Dr. C. Mendez 
Departamento de Biologia Funcionil, Universidad de Oviedo 
E-33006 Oviedo (Spain) 

was obtained in larger amounts. The for- 
mation of 1 can be explained, if a combi- 
nation of enzymes of both parent biosyn- 
thetic pathways is taken into consider- 
ation. When plasmid pGB7 is trans- 
formed into Streptomyces 1ividm.s TK 21, 
that is, a strain which does not produce 
any secondary metabolites under our lab- 
oratory conditions, the production of 
SEK 15 (2) is observed. The latter is well 
known as the product of the minimal PKS 
of decaketides, and its exclusive produc- 
tion indicates that the aureolic acid antibi- 
otics are constructed via a single decake- 
tide chain and that the enzyme products 
of the flanking genes mtmX, mtmT1, and 
mtmO1 cannot contribute in this second 
experiment. 

In our studies of combinatorial biosynthesis and the design of 
novel polyketide antibiotics,[” we have combined larger. multi- 
functional biosynthetic gene fragments[’] from a foreign polyke- 
tide producer with the biosynthetic genes of a host strain, prefer- 
ably one of our well-studied wild-type strains. Other strategies 
are defined gene disruption and recombination experiments.[31 
We have already reported that the combination of tetraceno- 
mycin or elloramycin genes with those of the urdamycin produc- 
er Streptomyces,fiudiae (the host strain) resulted in the produc- 
tion of two novel tetracenomycin-type antibiotics.[’”] Hcre we 
describe another novel genetically engineered tetracenomycin, 
tetracenoniycin M ( I ) ,  which resulted from the combination of 
selected genes from the mithramycin producer S. argi//aceus 
with those of the tetracenoniycin C producer S .  glauccwcm 
Tu49. 

Results and Discussion 

The hybrid strain S. glaucescens Tii 49 (pGB 7) was gencrated 
by heterologous expression of a 5.5 kb XhoI fragment from 
the cluster of mithramycin-production genes, cloned from 
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S. t~rgi l luceus,~~"~ in the tetracenomycin producer S. glaucescens 
Tu49. This fragment was subcloned into the SulI site of pUC 19 
and then transferrcd as a Hind111 - Eco RI fragment into the 
same restriction sites of the bifunctional (Streptomyces- Es- 
chcrichiu coli) plasmid pWHM 3.[4h1 The resulting construction 
(pGB7) was introduced into S. 1ividan.s TK21 and S. g1auce.s- 
cens Tii49 by protoplast transformation. The Xlio I fragment of 
S. ~rgillacrus~~"~ contains mainly the minimal polyketide syn- 
thase (PKS) genes, which comprise the ketosynthase/acyltrans- 
ferase (KS/A?; nifmP), the chain-length factor (CLF, mtmK), 
and the acyl carrier protein (ACP, mtmS).  Upstream of this 
minimal PKS is another gene (mtmX) that encodes an enzyme 
of unknown f u n d o n ,  and downstream of the ACP are mtmT1 
and an incomplcte gene (mtmO I ) ,  which encode a ketoreduc- 
tase and an oxygenase, respectively (Scheme 1 )  When pGB 7 
was introduced into S. liisiduns TK21 , I 5 ]  the decaketide 
SEK 15[61 (2) was produced in high yields (ca. 50 mg L- I ) .  This 
result confirms['] our earlier hypothesisL8] that aureolic acid 
antibiotics such as mithramycin (6) or chromomycin are biosyn- 
thesized via a single decaketide chain, and not via two or more 
ketide chains.['] Therefore, we assume that production of 
SEK 15 (2) in S. lividuns TK21 (pGB7) resulted only from the 
expression of the rntm PKS genes, and that mtmX', mtrnTl, and 
mirnOi did not contribute to this result. An additional experi- 
ment in which S. lividans TK21 was transformed with the the 
same nitin gene set as in pGB 7, but with the omission of mtmX, 
also resulted in the production of SEK 15 (2). 

Abstract in German: Der Hybridstamm Streptomyces gluuces- 
cens Tii49 (pGB7) enthult rekomhinunte Gene uus dem Tetruce- 
nonzycin-C(4)- und d(>m Mithramycin (6) -Biosynthesegencluster. 
Er w r d e  dwch Punsformation von PlasmidpGB 7 in den Tefra- 
cenomycinproduzentt~n Streptomyces gluucesrens Tii 49 herge- 
.sfellt. Plusmid pCB 7 enthalt die Minimal-Polyketidsyntlzu- 
se(PKS)-Gene der Mifhrumycin-Bios~nthese (mtniP, nitmK, 
nitmS) , die stromuufwarts durch mtmX, dus ein Enzym unhe- 
kunnter Funktion codiert, und .stromubwuris duurch mtm T i  sowie 
einen Grojlteil von mtmOl ,flunkiert sind. Die letztgenunnten Gene 
coriieren eine KtJtorcduktuse hzw. eine Oxygenuse. Es wurde ver- 
niutei, duJ friihe Intermediate der gut untersuchten Biosynthese 
von 4 ,  z .  B. Tetracmotnycin F, (3j oder iihnliclze Verbindungen, 
such u1,~ Intermodiute der Biosjntlzese lion Aureolsuure- Antihioti- 
rri wie 6 tine Rolle .spielen. Duher sollten die Enzyme heider El- 
tprnhios),ntlir.rpwegt. .solehe Infermediate umsetzen konnen und zu 
etliclien Hyhridprodukten fiihren. Tutsiichlich lieerte das Experi- 
nzen f n ~ u r  Prou'uh-re, uher nur eines in groberer Ausheute: den 
neuen Hybridnuturstof Ti~tracenomycin M ( I ) ,  dessen Konstitu- 
tion .vpektro.skopisclz zwe(felsjrei uu/gekkirf wurde. Die Bildurig 
voti I kunn mit der Kombination von Enzymen hcider Elternbio- 
sjmtliesen erklurt werrlen. Wenn Plusmid pGB 7 in Streptonijw?.v 
lii*irluris T K 2 l  trans#brmiert wird, d. h. in einen Stanini, der unter 
Laborhedingungcn geuiilvdich keine Sekun~lurmrtuholite prorlu- 
sicw, entsteht SEK 1.5 2 ,  ein hekanntes Produkt der Minimal-PKS 
von Decuketidtw . Duruus l@t sirh schlieben, duJ Aureolsuure- 
A ri t ibio ticu nur ii her cine Decaket idket te biosynthet isiert werrfen 
itnd dub in diesem zweiien Experiment die Enzyme derJlankieren- 
d m  Gene mtmX,  intmT I und mtmO/ keinen Beitrug leisten. 

minimal PKS - 
@I I I N ! f l i B  1 tcm 

Xho I Xho I 

Streptomyces glaucescens TU 49 Streptomyces Nvidans TK21 

II 
= Streptomyces glaucescens TU 49 (pGB7) = Streptomyces llvldans TK21 (pGB7) 

Ketosynthase (KS) AcylCoA Synthase (AS) Methyltransferase (MT) 

0 Acyltransferase (AT) Cyclase (CYC) - 
1 kB 

Ketoreductase (KR) 
;h;$ Length Factor 

ACYI Carrier Protein (ACP) Wgenase (OX) 

Scheme 1 .  Parts of the  iiiithramycin (mtin) biosyntheticgenecluster. Plasinid pBG7 
containtng the nztmXPKSTIOf genes from the mithramycin producer S. ur,yi/lucrus 
was transformed into S. lividans and S.  glaucescmr. The former experiment caused 
the production of S E K I S  (2), and the lalter the production of the new hybrid 
antibiotic tetracenomycin M (1). The complete biosynthetic gene cluster of tetra- 
cenomycin C ( 4 )  biosynthesis (tcm) is shown for comparison and for the sake of 
clarity (see text). 

Since we have proposed that the biosynthesis of the aureolic 
acid antibiotics involves the same or similar intermediates as 
found for the biosynthesis of tetracenomycin C (4),[", ''1 one 
might expect to observe an effect of the mtmX, nztmTi ,  or 
nitmO / genes on the intermediates of tetracenomycin C biosyn- 
thesis upon introduction of pGB7 into S. gluucescens Tu49. 
Furthermore, the TcmJ and TcmN cyclases" la]  could prevent 
the formation of SEK 15 (2). 

Indeed, fermentation of the hybrid strain S. gluucescens Tu49 
(pGB 7) yielded a new orange compound in large amounts. This 
compound is not produced by either of the parent bacterial 
strains S. urgilluceus and S. glaucescens Tii 49, as was shown by 
careful TLC and HPLC analysis. Additional minor new prod- 
ucts were not further analyzed, owing to their low yields. The 
molecular formula C,,H,,O, of the new orange compound was 
confirmed by FAB ( [M ' ]  peak)and EI ([M' - H] peak) mass 
spectra. The N M R  spectra (Table 1) showed all the expccted 
signals, for example, three aromatic signals (a singlet at 
6 =7.35; two doublets a t  6 = 6.57 and 7.08, with the typical 
nietu coupling constant of 2.5 Hz), the CH,-CH-CH, fragment 
of ring D (H,H COSY experiment), and all five O H  signals. Two 
of the latter appear in the offset region, an indication of hydro- 
gen bonding to an adjacent carbonyl group. The I3C NMR 
spectrum shows signals for all 19 carbon atoms: one CH,, two 
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Table 1. ' H  and I3C NMR data (B, =7.05 T) of tetracenomycin M 
(1) (6 in ppm relative to  internal TMS, multiplicities of the I3C NMR 
spectra from the APT (attached proton test) experiment, [DJDMSO). 

~ ~ ~~~ ~ 

Position I3C signal [a] 'H signal [b] ( J  in Hz) 

1 
2 
3 
4 
4 a  
5 
5a 
6 
6a  
7 
8 
9 

10 
10-CHI 
10a 
11 
1 la  
12 
1 2 a  

164.4, s - 

108.0, d 
165.9, s - 

10X.8, d 
135.0. s - 

181 1 ,s  
130.8, s -- 
120.4, d 
145.0. s 
40.7, t 
62.1, d 
49.4, t 
70.5, s 
29.2, q 

6.57, d (2.5), 1 H 

7.08, d (2 .5 ) .  1 H 

7.35, s, 1 H 

2.63, dd (16, 9) .  1H;  3.02, dd (16, 4), 1 H 
3.97 m, 1 H 
1.71,d (13). 1H [c]; 2.06, d (13), 1H 

1.72, s, 3 H 
136.3, s ~ 

161.6, s - 

113.3, s 
1X9.8, s - 
108.9, s - 

[a] The carbons were further assigned from the long-range C,H cou- 
plings (HMBC spectrum, see Figure 1). [b] OH signals: 4.10,4.85 ( 2 ) ,  
12.00, 13.10; all broad singlets, exchangeable by D,O. [c] Partially 
obscured. 

CH,, one aliphatic CH, three aromatic CH, and 
twelve quarternary, including the typical quinone car- 
bonyls (6 = 181.1 and 189.8, the latter chelated) of the 
anthraquinone chroniophore, the presence of which is 
also indicated by the UV/Vis spectrum.["' These 
structural elements were combined unambigously to  
give formula 1 by means of the observed long-range 
C-H couplings in the HMBC spectrum (Figure 1). 

10 Acetate 

Gene Products of 

S. gkucescens H3co%0cH3 Tii49 HO 

0, 
4 

COOCH, COOH - HO 
0 0 HO CH, 

3 4 

Gene Product of D fm S. glaucescens Tu49 (pGB7) 

1 

HO HO HOHO CH, 

and 

\ , S. argillaceus 

1 ,B,B-Anthraquinone Chromophore 
from the UVNlS and 13C NMR Data 

n Correlations obsetved in the H,H-COSY spectrum 
Correlations obsetved in the HMBC spectrum 

Figure 1 Structure elucidation of tetracenomycin M (1): observed direct H-H 
couplings (H,H COSY) and "Jc,ii long-range couplings (HMBC) in the N M R  spec- 
tra. The 1.3.8-trihydroxyanthraquinone chromophore (rings A-C) fallows from 
the "C NMR data and the UV/Vis spectrum. 

The formation of tetracenomycin M (1) can be explained as 
the result of mixing of the two parent biosynthetic pathways by 
heterologous expression of pCB 7 into the tetracenoinycin C 
producer S. glmcescens Tu49 (Scheme 2). Tetracenomycin F, 
(3),['Oa1 the product of the tern PKS, may also be a n  intermediate 
in the biosynthesis of mithramycin (6) and, therefore, a sub- 
strate of the enzymes produced by the mtinX and/or nitrnTl 
genes. The two biosynthetic pathways may branch at  the point 

OH 6 
Scheme 2 .  Possible hiosynthetic sequence leading to mithramycin (6) via the intermediates tetra- 
cenomycin F, (3) and 5. Thus, the formation of the hybrid antibiotic tetr;icenomyon M ( I ) .  
produced only by thc recombinant strain S.  glaucescens TU49 (pGB7). may result from thc 
combination oT genes of the tetracenomycin (tcni) and those from the mithramycin (mrrw) biosyn- 
thesis. The structure of tetracenomycin M (1) gives evidence for intermediate 5 in mithramycin 
biosyntheris as well as Tor the function of the mtmXgene product. 

of closure of the fourth ring: in the biosynthesis of tetraceno- 
mycin C (4), this step is calalyzed by TcmI cyclase[""' to give 
the aromatic product tetracenornycin F, which then is 
oxidized to the quinone tetracenomycin D, by TcmH oxyge- 
nase.['O*"] In  this case the fourth ring is closed by an in- 
tramolecular aldol condensation, but in the biosynthesis of 
mithramycin (6), this fourth ring can be closed by the in- 
tramolecular aldol addition reaction that generates the tertiary 
alcohol functionality in 1 and the putative intermediate 5. This 
step is most likely catalyzed by the product of rntrnX. which 
therefore should be a cyclase (Scheme 2).L131 It is likely that 
other enzymes of the tetracenomycin C pathway in the hybrid 
strain S. gluucescens Tu49 (pGB 7) act on intermediate 5, and 
oxidize (through TcmH) and decarboxylate it to give l.['4a1 Re- 
duction of the C 8  carbonyl group to the secondary alcohol must 
be catalyzed either by the ketoreductase MtmT 1 or  a n  unknown 
reductase from S. glaucescens (Scheme 2) ."4b1 

Tetracenomycin M (I) is a linear tetracyclic molecule that is 
not only a novel hybrid antibiotic but, in the context of the 
biosynthesis of mithramycin (6), is also a shunt product branch- 
ing off from a n  early intermediate. Together with premithramy- 
cino~ie , [ '~]  another recently discovered tetracyclic precursor or 
shunt product of the biosynthesis of 6, tetracenomycin M ( I )  
supports the hypothesis of such a tetracyclic intermediate in the 
biosynthesis of aureolic acid antibiotics.['] In addition, the re- 
sults described here also provide information about the function 
of MtmX. 
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Tetracenomycin M (1) is also another example supporting the 
belief that there is a high chance of creating new molecules by 
combining selected biosynthetic genes. In the present case, a 
major contribution came again"'] from an oxygenase, since it is 
likely that the TcmH oxygenase was able to act on an unnatural 
intermediate, probably compound 5 ,  which is very similar to the 
corresponding natural product, Tetracenomycin F, . The use of 
large gene fragments for the construction of hybrid molecules[21 
has again proved to be a fruitful approach in combinatorial 
biosynthesis. 

Experimental Section 

Bacterial strains, growth conditions, and DNA manipulation: The mithramycin 
producer -7. orgilluwus ATCC 12956 was uscd as DNA donor. The tctraceno- 
rnycin producer S. &uce,ccens Tii49 and S .  lividnus TK 21 were used as hosts. 
Fdicrichiu co/i TG 1 rec0 was uscd as host for subcloning. The recombinant 
\train S. glaurmwn.s (pGR7) was grown on agar plates at 2X 'C (medium: 
2 2 g L - I  agar. 1 0 g L - I  malt extract, 4 g L - l  glucose, 4 g L - I  yeast extract, 
I g L -  I CaCO,, 50 pgmL thiostreptone), S .  lividuns TK 21 was grown on 
K 5  agar plates.'i7J Plasmids pWHM3'4h' and pUC19 were used for suh- 
cloning. Conditions for DNA manipulation, protoplast generation and trans- 
formation were in accordance with standard procedures." '' For the produc- 
tion of 1, S. g/uucesc'iw.s (pGB7) was grown in  triply baffled 250mL 
Erlenmeyer flasks (each containing 100 mL culture liquid) in a rotary shaker 
(type G F L  3033) with a liquid medium (R2YENG)'IR1 in the presence of 
25 pginL- thiostrcptonc for 120 h at  30'C and 220 rpm. 

lsolatinn of tetracenomycin M ( I ) :  The culture WAS precipitatcd by addition of 
Celite, extracted twice with ethyl acetate at pH 7, and evaporated to dryness. 
The ethyl acetate residue was dissolved in CH,Cl, and further purified on 
silica gel (silica gel SI 60, Merck, Germany). The silica gel column was washed 
with CH2C12, and the compounds were eluted with CH,CI,/MeOH (9/1). 
Thc fractions containing tetraccnomycin M were pooled, evaporated to dry- 
ness. and further purified on Scphadcx LH-20 ( 1 .  acetone: 2. MeOH). 

Characterization of tetracenornycin M (1): For instruments and N M R  meth- 
ods, see ref. [?a]. a& -32 (c = 0.001 In MeOH); R, = 0.23 (CH,CI,/MeOH, 
1X 1): UV (MeOH and MeOH/HCI): i,,, (c) = 440 (5900), 291 (IOSOO), 270 

(4400). 311 (10300); 253 (9000), 234 (11 200), 219 (13300)nm; I R  (KBr): 
? = 3426,2920,2343, 1618 cm- ' ;  MS (PAB): J W / Z  = 356 [iM+]; MS (EI): ~ I z  

HRMS for CIqH,,O,: calcd 338.0790. found 338.0790; HRMS for 
C i ,H i20 , :  calcd 320.0684, found 320.0686; NMR data:  see Table 1. 
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