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Abstract

Eight different angucyclinones have been produced in Streptomyces albus by combining three
oxygenase genes together with the polyketide synthase and cyclases genes from the oviedomycin
biosynthetic gene cluster from Streptomyces antibioticus ATCC 11891. Four of these compounds
were fully characterized for the first time. Three of these angucyclinones—prejadomycin-2-
carboxylate (2), 4a,12b-dehydro-UWMBG (5), and prejadomycin (3)—show a significant increase in
their in vitro antitumor activity relative to oviedomycin (1). A hypothesis for the sequence of tailoring
events catalyzed by these three oxygenases during oviedomycin biosynthesis is proposed. In this
hypothesis OvmOll acts as a bifunctional oxygenase/dehydratase.
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Introduction

Oviedomycin (1) is an angucyclinone[1-4] polyketide produced by Streptomyces
antibioticus ATCC 11891, which shows in vitro antitumor activity and induces apoptosis in
cancer cell lines.
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The structure elucidation and characterization of oviedomycin (ovm) and of its biosynthetic
gene cluster has been reported previously.[5,6] Oviedomycin possesses an unusually rich
oxygen pattern, with seven oxygen atoms altogether. Particularly conspicuous is ring A, with
its second quinone system generated by a specific oxygenase.[5,6]

A biosynthetic pathway for oviedomycin has been proposed[6] that starts with the generation
of a linear C-9 reduced polyketide of 20 C atoms through the action of a polyketide synthase
(PKS) and ketoreductase (OvmPKST enzymes; Figure 1). This linear polyketide would
undergo a series of cyclizations and aromatizations catalyzed by the corresponding aromatase
(OvmA) and cyclase (OvmC).[6] Oviedomycin contains two keto groups (C-4 and C-12) and
a hydroxy group (C-2) that should result from the actions of specific oxygenases. The ovm
gene cluster contains three FAD-dependent oxygenase genes (ovmOl, ovmOll, and ovmOlll),
which encode the enzymes that would be responsible for the introduction of those oxygens.
OvmOl shows a high similarity to UrdE[7] (76% similarity, 67% identity), SImA7[8] (77 %,
67%), and LanE[9] (73 %, 61 %). Based on these sequence similarities, the expected function
for OvmOIl could be the introduction of a keto group at C-12 of the initial angucycline
backbone, because these other proteins are thought to have similar functions. OvmOIl shows
a strong similarity to several other angucycline oxygenases involved in oxygenations at
different positions in aglycons, such as LndM2[10] (75 %, 67%), responsible for C-6
hydroxylation in landomycin E, or Sim7[11] (71 %, 63%) and SimA8[8] (67 %, 60 %), thought
to hydroxylate position C-12b in simocyclinone. These sequence data therefore do not allow
a clear function to be ascribed to OvmOll. Finally, OvmOIIl matches in databases correspond
not to hydroxylation enzymes related to angucycline biosynthesis, but to compounds such as
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saframycin hydroxylase SfmO2[12] (50 %, 39%; saframycin is a tetrahydroisoquinoline
resulting from the action of a PKS-NRPS system) and chromomycin A3 CmmOIV[13] (46 %,
38%; an aureolic acid polyketide). Since there is only one hydroxy group present in
oviedomycin, OvmOlll could be involved in C-2 hydroxylation. Elucidation of the specific
roles of each of these oxygenases could contribute to their use for combinatorial biosynthetic
approaches. Additional oxygen functions often contribute to, and/or increase significantly, the
biological activity of a compound.[ 4]

Here we report the heterologous expression of the minimum set of genes for oviedomycin
biosynthesis in Streptomyces albus, as a starting point for the construction of different plasmids
harboring different combinations of these FAD-dependent oxygenases together with the PKS,
cyclase, aromatase, and reductase genes. These experiments led to the production of eight
different compounds (four of them not previously described), which shed some light on the
specific roles of these three oxygenases. Interestingly, three of these compounds showed
significantly increased in vitro antitumor activity against human cancer cell lines relative to
the parent oviedomycin.

Results and Discussion

Two cosmid clones from an S. antibioticus gene library have been sequenced. Both include
the oviedomycin gene cluster and are able to direct the biosynthesis of this angucyclinone in
S. albus. These cosmids also contain several putative primary metabolism genes at their 5'-
and 3'-ends (Figure 1).[6] Furthermore, for two genes of the oviedomycin gene cluster (ovmX,
ovmZ) no specific function could be assigned.[6]

With the aim of establishing the minimum set of genes necessary for oviedomycin biosynthesis,
we cloned several fragments from the cosmid cosAB4 into the bifunctional E. coli/
Streptomyces shuttle vector pEM4A. In this vector, the cloned genes were placed under the
control of the constitutive promoter of the erythromycin resistance gene ermg, which allows
efficient expression of genes under its control in Streptomyces. The construct containing the
minimum set of genes able to produce oviedomycin in S. albus (Figure 2B) was pFL1028
(Figure 1). This plasmid contains, under the control of the ermE promoter, the genes ovmOl,
ovmC, ovmP, ovmK, ovmS, ovmT, ovmA, ovmOll, ovmOlll, and ovmF. Gene ovmF codes for
a 4'-phosphopantetheinyl transferase, and is present in this construction only for DNA cloning
reasons; ovmF is not essential for oviedomycin production since other constructs lacking this
gene (see below) still direct the biosynthesis of the corresponding polyketides. According to
this result, all other genes present in the cluster were unnecessary for oviedomycin biosynthesis
in S. albus.

Consequently, the minimum set of genes required for oviedomycin biosynthesis was that
encoding the PKS, a ketoreductase, an aromatase, a cyclase, and three oxygenases. To establish
the specific contribution of each of the three oxygenases to the tailoring modifications in
oviedomycin at C-12 (ring C quinone), C-4 (ring A quinone), and C-2 (ring A hydroxy group),
we generated several constructs in pEM4A, containing the oviedomycin ovmCPKSTA (cyclase,
PKS, ketoreductase, and aromatase) genes alone (pFL1031; see the Experimental Section) or
with various oxygenase gene combinations: pFL1033 (plus ovmOl), pFL1030 (plus
ovmOIOll), pFL1146 (plus ovmOIOlll), and pFL1223 (plus ovmlIOlll; Figure 1).

When S. albus was transformed with pFL1031, the simplest set of oviedomycin genes, which
is a construct lacking all three oxygenase genes, five peaks that had been absent in the control
strain S. albus (pEMA4A,; Figure 2A) were detected in HPLC chromatograms of ethyl acetate

extracts of the corresponding cultures (Figure 2C). These five compounds were isolated, and
their structures were elucidated and found to correspond to the angucyclinones
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prejadomycin-2-carboxylate (2; 18.1 min), prejadomycin (3; 20.5 min), UWMG6 (4; 20.7 min),
4a,12b-dehydro-UWMBG (5; 21.2 min), and rabelomycin (6; 20.4 min), this last being a minor
compound.

Compounds 3, 4, and 6 (Scheme 1) were easily identified as the known angucyclinones
prejadomycin, UWMBS, and rabelomycin respectively, by comparison of their NMR data with
those of authentic samples and the reported data in the literature.[7,14,15]

Rabelomycin (6) had been isolated as an early shunt product from several other biosynthetic
routes, such as those for jadomycin and urdamycin and a silent angucycline gene cluster.[16—
20] Rabelomycin (6) and UWM®6[16,21,22] have previously been identified by Hutchinson et
al. in several mutants from the jadomycin producer S. venezuelae or in a strain of S. lividans
that expresses a group of jadomycin genes. Cultures of a S. lividans strain containing the
minimal PKS, ketoreductase, aromatase, and cyclase (JadABCEDI) from the jadomycin
pathway accumulated UWMG6 (4) and rabelomycin (6).[16] UWMBGE (4) is an unstable
compound, which is spontaneously converted into rabelomycin (6) through dehydration and
oxidation steps.[16] Prejadomycin (3; also known as 2,3-dehydro-UWMG6),[16-20,23] along
with its homologue, was first isolated from a mutant of the gilvocarcin pathway in which
oxygenase GilOl was inactivated,[20] and then from the jadomycin producer lacking the
jadomycin oxygenase JadH.[17-20,23] In both cases 3 was shown to be a real intermediate of
gilvocarcin M and jadomycin B biosyntheses, respectively, and not a shunt product.[18,20] It
was also shown that rabelomycin (6) is a shunt product,[17-20,23] while UWM6 (4) is a
biosynthetic intermediate of jadomycin biosynthesis, because it is converted, although in low
yield, into jadomycins.[18] Recently, prejadomycin (3) was also found to be an intermediate
of the landomycin biosynthetic pathway.[19]

Compound 2 showed UV absorption maxima at 266 and 407 nm. The APCI mass spectrum of
2 displayed signals at m/z 369 [M+H]* in the positive ion mode and m/z 367 [M—H]~ in the
negative ion mode, thus suggesting a molecular weight of 368. The molecular formula of 2
was confirmed as CoqH1607 by HREI-MS (m/z 368.0834, 10%; calcd. 368.0896). The IH NMR
spectrum of 2 showed characteristic signals at = 15.54 and 9.42 for the 8- and 7-OH groups,
respectively,[16] as well as a broad singlet at 6=9.85. Three aromatic protons were coupled
together inan ABC system at 6=7.56 (8.2 Hz), 7.25 (8.2 Hz), and 6.88 (8.2 Hz), and one singlet
at & = 6.85 was found as well. Similar signals had previously been described for prejadomycin
(3).[17] In the aliphatic region, two pairs of methylene protons and one methyl group showing
an HSQC correlation to 6=43.8, 40.6, and 21.6, respectively, were observed. A major difference
from the spectra of 3 was the lack of the olefinic proton at C-2 of 3 in ring A at 6 = 5.95, and
the appearance of a carboxylic acid carbonyl at § = 175.2. The molecular weight of 2 in the
(—)-APCI-MS was 44 mass units greater than that of 3, suggesting the presence of an extra
COOH group at C-2 in compound 2, which would also be expected from the biosynthetic
pathway. The structure of compound 2 was confirmed by its 1D and 2D NMR spectra (see the
Supporting Information) and by comparison of its spectral data with those of the known
prejadomycin (3). Compound 2 was concluded to be an analogue of 3 in which ring A has a
COOH group and was therefore named prejadomycin-2-carboxylate. Prejadomycin-2-
carboxylate (2) exists as a tautomeric mixture as shown in Scheme 2, with 2A being the major
tautomer, as has been shown by NMR.

The other new compound of this experiment—compound 5—gave a quasimolecular ion at m/
z 325 [M+H]* by (+)-APCI-MS, confirmed by EIMS ([M]*, m/z 324), thereby identifying 5 as
possessing a molecular weight of 324. High-resolution measurements (HREI-MS) of 5 showed
a molecular ion at m/z 324.0909 (calcd 324.0998), consistent with the molecular formula

Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/cbic.200800425.
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C19H160s. The molecular weight of 5 is 18 units lower than that of UWMBG6 (4). The implication
that compound 5 differs from 4 in the loss of H,O was supported by the NMR data (Table S1
in the Supporting Information). The UV spectrum of 5 recorded in MeOH exhibited UV
absorption bands at 241 and 403 nm, which closely resemble those reported for UWM6 (4).
[16] The 1H and 13C NMR spectra of 5 showed that compound 5 differs from UWM6 (4) only
at the C-4a and C-12b positions. A methine signal at 5 = 3.84 in the IH NMR spectrum of 4
had disappeared in that of 5. In addition, the 13C NMR spectrum of 5 showed the appearance
of two quaternary carbon atoms at § = 127.6 and 142.8 at the C-12b and C-4a positions in place
of one CH carbon at & = 58.9 and one quaternary carbon at 6 = 74.0 in 4. Direct comparison
of the spectroscopic data for 5 with those for UWMG6 (4)[16] and interpretation of the 2D NMR
data thus allowed 5 to be assigned as 4a,12b-dehydro-UWM®. This compound might
correspond to an angucycline found by Hutchinson et al.,[16] which was not characterized
because of its instability. This compound was also recently found to exist in equilibrium with
prejadomycin (3) through an intramolecular Michael rearrangement reaction.[19]

The new compound prejadomycin-2-carboxylate (2) is the only compound out of the five
isolated that still contains the COOH group originating from the incorporation of the last
malonyl-CoA extender unit. This COOH group at C-2 was previously believed to be highly
unstable and to undergo a nonenzymatic decarboxylation early during the biosynthesis of this
class of decaketides once ring A had been formed.[1-4] Prejadomycin-2-carboxylate (2) is
accumulated along with the previously known compounds 3 and 4. These three compounds
are most likely biosynthetic intermediates of the oviedomycin pathway. Rearrangement would
generate 4a,12b-dehydro- UWMS6 (5), and its (spontaneous) 12-oxidation would lead to
rabelomycin (6; Scheme 1). Alternatively, the sequence of events could be 12-oxidation of 4,
followed by 4a,12b-dehydration to provide 6. A less likely pathway would be the spontaneous
4a,12b-dehydration of 4 followed by 12-oxidation (Scheme 1).

Transformation of S. albus with pFL1033 (Figure 1), a construct containing the same genes as
pFL1031 but also including the ovmOI oxygenase gene, led to the production of two
compounds (Figure 2D): rabelomycin (6), now as the major product, and its derivative 5-
hydroxyrabelomycin (7, HPLC retention time 17.7 min) as the minor product.[24] The
presence of the oxygenase OvmOlI had thus induced a drastic change in the type and amount
of accumulated products in relation to the previous experiment, with S. albus (pFL1031), in
which rabelomycin (6) was only a minor product. The two compounds generated in this
experiment each contain a quinone system in ring C, so OvmoOl is the enzyme that introduces
the oxygen into C-12, and likely the first acting oxygenase during oviedomycin biosynthesis.
This assignment is in agreement with the fact that, at the amino acid sequence level, OvmOlI
is highly similar to UrdE, the oxygenase believed to carry out this 12-oxygenation during
urdamycin biosynthesis.[7] Since compounds 6 and 7 are both dehydrated at the 4a,12b-bond,
in contrast to compounds 2, 3, and 4, OvmOlI could also possess a dehydratase activity, as has
been described for various oxygenases acting on early angucyclinone intermediates, such as
the oxygenases GilOl, GilOIV, JadH, and JadF.[17-20,23] This possibility has been reinforced
by the fact that the presence of OvmOl in other constructs (see below) always results in
compounds containing that double bond. Compound 7 contains an extra hydroxy group, not
found in oviedomycin (1), at C-5, so compound 7 is a shunt product, the generation of which
is caused either by an oxygenase from the host strain S. albus or by a second, normally
suppressed, reaction of OvmOl. In this context, a recent analysis of the oxygenases involved
in the gilvocarcin and jadomycin biosyntheses[7,19,23] showed that these were multienzyme
complexes, disruption of which can cause the introduction of an O atom at a position not
normally affected. It is noticeable that the simultaneous presence of OvmOI and OvmOlll
abolishes the formation of C-5 hydroxylated derivatives (see below). This supports the
existence of a possible interaction between OvmOI and OvmOlll, as has also been suggested
for some oxygenases in other systems. Most probably, the correct formation of oviedomycin
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requires the presence of all three oxygenases for their right function and for the correct
channeling of intermediates from one oxygenase to the following one.

The three structural differences between rabelomycin (6) and oviedomycin (1) are located in
ring A: absence of the 2-hydroxy group and the keto group at C-4, and the lack of a 2,3-enoyl
bond. The two other oviedomycin oxygenases (OvmOlIl and OvmOlll) should thus be
responsible for these modifications. In order to clarify these aspects, we decided to study the
effect of the simultaneous presence of OvmOI with OvmOIl or OvmOlll. When S. albus was
transformed with plasmid pFL1030 (Figure 1), which contains all the necessary genes for
oviedomycin biosynthesis except ovmOIlll, this strain produced one single compound with a
retention time of 31.1 min (Figure 2E). Structure elucidation of this compound revealed that
it corresponded to the new compound 5-hydroxy-dehydrorabelomycin (8). As in the case of
5-hydroxy-rabelomycin (7), this hydroxylation at C-5 could be caused by a chromosomally
encoded S. albus oxygenase or by OvmOl. Thus, the main effect caused by the introduction
of oxygenase OvmOll is the conversion of the rabelomycin scaffolds 6 and 7 (the only products
generated in the presence of OvmOl alone) into the dehydrorabelomycin derivative 8.

We anticipated that the addition of OvmOll in S. albus (pFL1030) should add to the
oxygenation pattern in ring A, but the 4-oxo and 2-hydroxy groups were still absent in 8
(Scheme 1). OvmOl| therefore does not carry out the second oxygenation event that takes place
after the introduction of the 12-oxygen by OvmOI during oviedomycin biosynthesis, possibly
because OvmOll cannot act in the absence of OvmGOIlIl. However, the presence of OvmOll
in a system that already contains the first tailoring oxygenase OvmOlI apparently causes the
formation of a 2,3-enoyl bond. This suggests that OvmOl| has a 2,3-dehydratase activity, like
those found for GilOIV and JadF,[23] leading to the formation of 8 from 7.

Another experiment consisted of the generation of a system containing the oxygenase OvmOlI
together with OvmOlll. S. albus was transformed with pFL1146 (Figure 1), which contains
all the necessary genes for oviedomycin biosynthesis except ovmOIl. This recombinant strain
accumulated two products in the culture broths. These compounds turned out to be rabelomycin
(6) and the new 9-hydroxyrabelomycin (9, 16.8 min; Figure 2 F). The result clearly reasserted
the role of oxygenase OvmOll as a 2,3-dehydratase (2-CH, and 3-OH are still present in 6,
7, and 9). Moreover, the presence of oxygenase OvmoOlll also causes the introduction of a
hydroxy group at C-9, an aromatic C atom ortho to a phenolic hydroxy group. This might
indicate that OvmOlll could be involved in the generation of the 2-hydroxy group found in
ring A of oviedomycin (1), which is also consistent with its sequence comparison, in which
hydroxylases are its closest homologues. Since ring A is not (yet) aromatic in the absence of
OvmOll, OvmoOlll is probably unable to carry out a hydroxylation at the saturated C-2.

As a final experiment, S. albus was transformed with a system containing ovmOIl and
ovmOlll, but lacking ovmOI (pFL1223, Figure 1). Analysis of the cultures from this
recombinant strain showed the production of a main compound with an absorption spectrum
completely different from those of oviedomycin and its intermediates or shunt products (Figure
2 G). Mass analysis of this compound revealed a molecular weight 82 units greater than
oviedomycin. From these data, we concluded that this compound would be an aberrant cycled
shunt product and so it was not further characterized. This result was further confirmation that
OvmoOl is the oxygenase that acts first during oviedomycin biosynthesis.

In summary, several important conclusions relating to the biosynthesis of oviedomycin can be
deduced from all these experiments (Scheme 1). Firstly, oxygenation at C-12 is an early event
(like in landomycin and urdamycin biosynthesis, but unlike in jadomycin and gilvocarcin
biosyntheses), which in the oviedomycin pathway is catalyzed by OvmOlI. In addition, OvmOl
appears to have a dehydratase activity, which would initially generate a 2,3-double bond in
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ring A and eventually (after rearrangement) the 4a,12b-double bond, because all the
compounds formed in the presence of OvmOI contain this 4a,12b-enoyl bond. The next events
of oviedomycin biosynthesis are probably the C-2 decarboxylation followed by the (re)-
generation of the 2,3-double bond in ring A, which requires the 2,3-dehydratase activity of
OvmOll, because this 2,3-elimination of water occurs only in the presence of OvmOIl.
However, the expression of OvmOl |1 does not produce any additional oxygenation event. There
are two possible explanations for this. The oxygenase activity of OvmOIl (most likely
introduction of the oxygen at C-4 and generation of the quinone system in ring A of 1) requires
the simultaneous presence of the oxygenase OvmOlll. Alternatively, and more probably, the
order of reactions is 2,3-dehydration by OvmOll, then introduction of the oxygen at C-2
through OvmOlll, and, finally, introduction of the oxygen at C-4 by OvmOll, followed by
dehydrogenation to the p-quinone system found in ring A of oviedomycin (1). In absence of
an aromatic ring A, OvmOlll is unable to introduce an oxygen atom at C-2 and hydroxylates
the C-9 instead.

Antitumor activity has been described in the literature for several angucycline and
angucyclinone polyketides: the landomycins,[ 24] urdamycins,[25] and 6-hydroxytetrangulol,
[26] for example. The last of these compounds induced apoptosis in U937 leukemia cells by
activating the protease caspase-3,[26] though the related compound tetrangulol was inactive.
Oviedomycin shares the presence of this 6-hydroxy group, and we therefore tested its antitumor
activity against three human cancer cell lines: MDA-MB-231 (breast cancer), A549 (non-
small- cell lung cancer), and HT29 (colon cancer). The same in vitro antitumor activity tests
were also carried out with the eight compounds isolated from these experiments. Surprisingly,
although most of the compounds showed antitumor activity similar to that of oviedomycin,
three of the compounds—prejadomycin-2-carboxylate (2), prejadomycin (3), and 4a,12b-
dehydro-UWMBG6 (5)—showed activities ten times greater than that of oviedomycin (Table 1).
This result implies that C-12 oxygenation is not necessarily a key biosynthetic step with respect
to the generation of compounds with antitumor activity, and that incompletely tailored
intermediates or shunt products can be even more active than the final compound. These three
active derivatives share the presence of an extra hydroxy group (at C-4ain 2 and 3, or at C-3
in5). However, the simultaneous presence of both hydroxy groups (C-4aand C-3), asin UWM6
(4), abolishes the increase in activity. The presence of the C-2 carboxy group in 2 does not
seem to be important for target binding, because the activity of this compound is about the
same as that of its decarboxylated counterpart 3. Therefore, elimination of all oxygenases has
contributed to the generation of three more active compounds (2, 3, and 5), which could serve
as scaffolds for further tailoring.

Cloning of ovm PKS genes together with several combinations of ovm oxygenases genes has
allowed the characterization of four new angucyclines and the generation of three compounds
ten times more active than oviedomycin. These results shed light on the enzymatic activity of
each oviedomycin oxygenase, establishing a scheme for the biosynthesis of this polyketide
antitumor agent.

Experimental Section

Microorganisms, culture conditions, and plasmids

Streptomyces albus J1074 (ilv-1, sal-2)[27] was used as host for expression of ovie-domycin
genes. E. coli DH10B (Invitrogen) was used as host for subcloning. Cultures of E. coli were
grown in TSB medium (Merck). R5A medium[28] was used for oviedomycin production. R5
medium was used for protoplast regeneration after plasmid transformation.[ 29] Benett medium
was used for sporulation of S. albus.[29] When plasmid-containing clones were grown, the
medium was supplemented with the appropriate antibiotics: ampicillin (100 pgmL™1),
kanamycin (25 pgmL~1), apramycin (25 pgmL™1), and thiostrepton (50 ugmL™1). pUC18,
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[30] pUK21,[31] pCRBIunt (Invitrogen), plAGO,[28] and pEM4A[32] were used for
subcloning.

DNA manipulation techniques

Plasmid DNA preparations, restriction endonuclease digestions, alkaline phosphatase
treatments, DNA ligations, and other DNA manipulations were performed by standard
techniques for Escherichia coli[33] and Streptomyces.[29] Preparation of S. albus protoplasts,
transformation, and selection of transformants were carried out as described.[29]

Plasmid constructions

pFL1028—A 10906 bp DNA fragment from cosmid cosAB4[5,6] was obtained by digestion
with restriction enzymes Bful (position 7826 in the accession number AJ632203) and Sgfl
(position 18732), and blunt ended. This DNA band was subcloned in the blunt-ended EcoRI
site of pEM4A, generating pFL1028. In this construct, genes ovmOl, ovmC, ovmP, ovmK,
ovms, ovmT, ovmA, ovmOIl, ovmOIll, and ovmF are placed under the control of ermE*
promoter.

pFL1030—A 8966 bp DNA fragment from cosAB4 was obtained by digestion with restriction
enzymes Bful (position 7826) and Kpnl (position 16 792). This DNA band was blunt ended

and cloned in the blunt-ended EcoRl site of pPEM4A. In this construction, genes ovmOI, ovmC,
ovmP, ovmK, ovmS, ovmT, ovmA, and ovmOl|l are placed under the control of ermE* promoter.

pFL1031—A 5487 bp DNA fragment from pFL1028 was obtained by digestion with
restriction enzymes Sphl (position 9143) and Xhol (position 14 630). This DNA band was
blunt ended and cloned in the blunt-ended EcoRl site of pEMA4A. In this construction, genes
ovmC, ovmP, ovmK, ovmS, ovmT, and ovmA are placed under the control of ermE* promoter.

pFL1033—A 6804 bp DNA fragment from cosAB4 was obtained by digestion with restriction
enzymes Bful (position 7826) and Xhol (position 14 630). This DNA band was blunt ended
and cloned in the blunt-ended EcoRlI site of pEM4A. In this construction, genes ovmOI, ovmC,
ovmP, ovmK, ovmS, ovmT, and ovmA are placed under the control of ermE* promoter.

pFL1146—A 2541 bp DNA fragment from pFL1028 was obtained by digestion with
restriction enzyme Sall (positions 15633 and 18174). This DNA band containing the gene
ovmOlll was cloned in the Sall site of pUC18, generating plasmid pFL1142. From this plasmid,
ovmOlll gene was obtained as an Xbal and blunt-ended Hind111 fragment, which was subcloned
in the Xbal and bluntended Pstl restriction sites of vector plAGO, generating pFL1144, in
which ovmOlll gene is placed under the control of ermE promoter. Finally, a blunt-ended
EcoRI/Hindlll fragment from pFL1144 containing ermE promoter and ovmOI 1l was subcloned
into the Hindl 11 restriction site (previously blunt ended) of pFL1029 (a thiostrepton version of
pFL1033) polylinker, which is located just upstream of ermE* promoter, generating pFL1146.
This plasmid contains the genes ovmOlI, ovmC, ovmP, ovmK, ovmS, ovmT, and ovmA placed
under the control of ermE* promoter and gene ovmOIlll placed under the control of ermE
promoter.

pFL1223—A 5232 bp Avrll/Sgfl DNA fragment containing the genes ovmOIl and ovmOlllI
was obtained from pFL1028 and subcloned in pWHM3, generating pFL1222, where these two
genes are under the control of ermE promoter. These two genes and this promoter were rescued
from pFL1222 as a HindlIl/EcoRI fragment and blunt ended prior to subcloning in the blunt-
ended HindlIl site of pFL1031, giving rise to pFL1223. This construction contains all the genes
for oviedomycin biosynthesis (except ovmOl) under the control of two divergent ermE
promoters.
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DNA sequencing

Sequencing of the different constructs was performed on double-stranded templates derived
from pUC18 clones by use of the dideoxynucleotide chain termination method[34] and the
Cy5 AutoCycle Sequencing Kit (Amersham Pharmacia Biotech). DNA was sequenced with
primers supplied in the kits (18-mer) with the aid of an ALF-express automatic DNA sequencer
(Amersham Pharmacia Biotech).

HPLC analyses for oviedomycin and derivatives

HPLC-MS analyses were carried out with chromatographic equipment coupled to a ZQ4000
mass spectrometer (Waters-Micromass), with acetonitrile and trifluoroacetic acid (TFA; 0.1%)
in water as HPLC solvents and on a reversed-phase column (Symmetry C18, 2.1 x 150 mm,
Waters). Samples were eluted with acetonitrile (10%) over the first 4 min, followed by a linear
gradient from 10 to 88% acetonitrile over 26 min, at a flow rate of 0.25 mLmin~1. When
required, an additional 5 min elution with 100% acetonitrile was performed at the end of the
gradient. Detection and spectral characterization of peaks were carried out with a photodiode
array detector and Empower software (Waters). MS analyses were carried out by electrospray
ionization in the positive mode, with a capillary voltage of 3 kV and cone voltages of 20 and
100 V. The same conditions were used for HPLC analysis, except for the column size (4.6x250
mm) and flow rate (1 mLmin™1).

For purification purposes, all strains were grown by a two-step culture method, as previously
described.[28] In the production step, eight 2-liter Erlenmeyer flasks, each containing medium
(400 mL), were incubated for 5 days. The cultures were centrifuged and filtered, and the broth
was solid-phase extracted.[35] In the case of strain S. albus (pFL1031), the broth was acidified
to pH 4.0 with formic acid before extraction. The fractions obtained were analyzed by HPLC,
and those containing the desired compounds were dried in vacuo. The extracts were redissolved
and chromatographed by use of a pBondapak C18 radial compression cartridge (PrepPak
Cartridge, 25 x 100 mm, Waters) or a preparative column (SunFire Prep C18, 10 x 250 mm,
Waters). Isocratic elutions with mixtures of acetonitrile or methanol and trifluoroacetic acid
in water (0.1%) were optimized for every compound to be purified. In all cases, after every
purification step, the collected compounds were diluted fourfold with water and were desalted
and concentrated by solidphase extraction, followed by lyophilization. The following yields
were obtained: S. albus (pFL1030) 5-hydroxy-dehydrorabelomycin (8, 2.0 mg, 0.625 mg
L1); S. albus (pFL1031) prejadomycin-2-carboxylate (2, 5.7 mg, 1.78 mg L™1), rabelomycin
(6, 4.2 mg, 1.31 mg L™1), prejadomycin (3, 17.8 mg, 5.56 mg L™1), UWMS (4, 21.5 mg, 6.71
mg L™1), 4a,12b-dehydro-UWMS6 (5, 3.7 mg, 1.15 mg L™1); S. albus (pFL1033) 5-
hydroxyrabelomycin (7, 7.3 mg, 2.28 mg L 1), rabelomycin (6, 37.3 mg, 11.65 mg L™1); S.
albus (pFL1146) 9-hydroxyrabelomycin (9, 13.8 mg, 4.31 mg L™1), rabelomycin (6, 33.0 mg,
10.31 mg L ™).

Structure elucidation and characterization

The structures of the isolated compounds were elucidated by nuclear magnetic resonance
(NMR) spectroscopy and mass spectrometry. The ESI mass spectra (ESI-MS) were acquired
with a Finnigan LCQ mass spectrometer. The electron impact (El) ionization mass spectra
were measured with a Finnigan PolarisQ mass spectrometer. The high-resolution El ionization
mass spectra were recorded at 25 eV on a JEOL JMS-700T M station (magnetic-sector
instrument) at a resolution greater than 10 000. All NMR data were recorded in [Dg]DMSO
with either a Varian Mercury 300 or a Varian Inova 400 MHz spectrometer. All NMR
assignments were confirmed by heteronuclear single quantum correlation and heteronuclear
multiple bond correlation spectra, allowing unambiguous assignment of all signals.
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Physicochemical properties of new compounds 2,5, 8, and 9

Prejadomycin-2-carboxylate (2)—Yellowsolid; 1.8 mg L; 1 Ry¢ = 18.1 min; UV maxima
(from HPLC-diode array): A = 266 (69 %), 280 (100), 407 nm (29%); (-)-APCI-MS: m/z 367
[M—H]" (100); (+)-APCI-MS: m/z (%): 369 [M+H]* (100); HREI-MS: m/z 368.0834; calcd
for CogH1607: 368.0896; for 1H and 13C NMR data see the Supporting Information.

4a,12b-Dehydro-UWM6 (5)—Yellow solid; 1.2 mg L™1; Ry¢ = 21.2 min; UV maxima (from
HPLC-diode array): A=241 (45 %), 259 (89 %), 403 nm (16%); (-)-APCI-MS: m/z (%): 323
[M—H]" (100); (+)-APCIMS: m/z (%): 325 [M+H]* (100); HREI-MS: m/z 324.0909: calcd for
C19H1605 : 324.0998; 1H and 13C NMR data: see the Supporting Information.

5-Hydroxy-dehydrorabelomycin (8)—Green solid; 0.6 mg L™1; Ry¢ = 31.1 min; UV
maxima (from HPLC-diode array): A = 224 (44 %), 345 (67 %), 456 nm (15%); (—)-APCI-MS:
m/z (%): 335 [M—H]~ (100); (+)-APCI-MS: m/z (%): 337 [M+H]* (100); HREI-MS: m/z
336.0642; calcd for C1gH120g : 336.0634; 1H and 13C NMR data: see the Supporting
Information.

9-Hydroxyrabelomycin (9)—Yellow solid; 4.3 mg L; ™1 R = 16.8 min; UV maxima (from
HPLC-diode array): A=271 (75 %), 286 (100 %), 437 nm (20%); (-)-APCI-MS: m/z (%): 353
[M—H]~ (100); (+)-APCI-MS: m/z (%): 355 [M+H]* (100); HREI-MS: m/z 354.0714; calcd
for C1gH1407: 354.0739; 1H and 13C NMR data: see the Supporting Information.

Antitumor activity tests

Different concentrations of the corresponding compounds were used for testing of their
antitumor activities against three human cancer cell lines (MDA-MB-231, A549, and HT29).
Quantitative measurement of cell growth and viability was carried out by colorimetric
sulforhodamine B assay.[36]
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Genetic organization of the oviedomycin (ovm) biosynthetic gene cluster; ovm genes are shown
in gray. Functions for the corresponding enzymes are oxygenases (OvmOlI, OvmOll, and
OvmOlll), cyclase (OvmC), keto-acyl synthase a (OvmP), keto-acyl synthase 3 (OvmK), acyl

carrier protein (OvmS), C9-ketoreductase (OvmT), aromatase (OvmA), and 4'-

phosphopantetheinyl transferase (OvmF). Below: plasmids used in this work, showing the

different gene compositions.
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HPLC chromatograms from cell culture extracts of Streptomyces albus strains containing
plasmids A) pEM4A, B) pFL1028, C) pFL1031, D) pFL1033, E) pFL1030, F) pFL1146, and
G) pFL1223.
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Scheme 1.
Proposed biosynthetic pathway for oviedomycin; all numbered compounds were isolated and
characterized. It is proposed that compounds 7, 8, and 9 are shunt products.
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Scheme 2.
Prejadomycin-2-carboxylate (2) exists as a tautomeric mixture (data for the minor tautomer
2b are not listed in Table S1 in the Supporting Information).
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