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This paper focuses on study of second and third ring cyclization in anthracycline
biosynthesis by a heterologous gene expression. Firstly, anthracycline non-producing
Streptomyces peucetius mutant, D2 was heterologously complemented to produce daunomycins
with plasmids pSgs44 and pSYE66, which contain putative cyclase genes of S. galilaeus and
S. nogalater, respectively. A point mutation in the cyclase gene dpsY of D2 has changed glycine
to serine resulting inactivation of the enzyme. Secondly, the putative cyclase gene snoaM from
S. nogalater, was expressed in a gene cassette in S. lividans TK24 and S. coelicolor CH999
to study the influence of the cyclase gene on auramycinone production and the impact of
endogenous genes on production profiles. The results obtained confirms that a cyclase closing
the second and third ring of a polyketide is essential in anthracycline biosynthesis.

Daunomycin" (see Fig. 1 for structure) and especially its
14-hydroxyl derivative, doxorubicin®, are the most widely
used cytotoxic antibiotics in cancer chemotherapy. After
their discovery, the biosynthesis of daunomycins and other
anthracyclines has been studied intensively®~'?. All known
anthracyclines produced by streptomycetes are generated
via a similar polyketide pathway. The enzyme complex
responsible for biosynthesis of anthracycline polyketide
moiety is type Il polyketide synthase (PKS II). The
diversity of these aromatic polyketide antibiotics arises
from structural changes in the aglycone and/or in the sugars
attached to the aglycone. The first stable intermediate
consists of a 21-carbon aglycone skeleton, and is called
aklanonic acid, AA'D. The earlier biosynthesis inter-
mediates before AA are unstable by their chemical nature
or due to the used isolation methods and thus are usually
detected as shunt products.

Although the polyketide steps leading to the aglycone are
well-studied, there has been speculation whether the second
and third ring closures are spontaneous, or whether they
require a specific enzyme or enzymes to occur. As the PKS

genes are similar in different Streptomyces species, it is
possible to study gene functions by heterologous gene
expression. Here, we report the characterization of D2,
a S. peucetius var. caesius mutant, which produces shunt
products derived from unstable biosynthetic intermediates.
Originally, D2 was complemented with plasmids expressing
putative cyclase genes from S. galilaeus and S. nogalater
leading to restoration of daunomycins production. Later, by
introducing a putative cyclase gene isolated from the wild
type in D2, the production was restored. Furthermore,
the putative cyclase gene of S. nogalater, snoaM, was
expressed in S. lividans TK24 and S. coelicolor CH999
along with nine other biosynthesis genes to further clarify
the role of this enzyme in anthracycline biosynthesis and
the impact of endogenous genes on production profiles.

Materials and Methods

Bacterial Strains
Streptomyces peucetius var. caesius ATCC 27952 was
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Fig. 1. Structures of nogalamycin, aclacinomycin A, daunomycin and actinorhodin.
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used for mutagenesis. As host strains, S. lividans TK24'?
and S. coelicolor CH999'® were used. The plasmids to be
introduced into S. peucetius strains were propagated in
TK24 in order to improve the transformation efficiency.
Anthracycline biosynthesis genes were cloned from S.
nogalater ATCC 27451 and S. galilaeus ATCC 31615. The
bacterial strains used are listed in Table 1.

Mutagenesis and Mutant Selection

Cultures grown for NTG mutagenesis were incubated in
250ml Erlenmeyer flasks containing 50ml of Tryptone
Soya Broth (TSB, Oxoid) and a spring to disperse the
mycelium during aeration. All cultivations were performed
in an incubator shaker (30°C, 330rpm), unless otherwise
stated. Mycelia for NTG mutagenesis were inoculated from
2-day parental culture broth (1:50, by volume) and
cultivated for one day. pH of the culture was adjusted to 8.5
with 2% NaOH, and the culture was divided into two parts.
One part was used as a control, whereas the other half was
treated with 800 ug NTG ml~! for 20 minutes at 37°C in a
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shaker. The NTG-treated and control cultures were then
centrifuged to remove supernatant, and the cells were
resuspended in 50 ml of TSB medium. Cells were grown
overnight (30°C, 330rpm), and serial dilutions (107 '~
107% of the culture were made in TSB medium. The
dilutions were plated on ISP4 plates (Difco) to determine
the killing frequency. R2YE plates supplemented with

12 were used to detect mutations

50 pg/ml spectinomycin
occurring in treated mycelia. The mutation frequency was
estimated from the number of spectinomycin resistant
colonies and was 107°~107%%, while the killing fre-
quencies were over 90%. The NTG treated culture was
diluted and plated on ISP4 agar plates to select colonies
differing from the wild type in color or in the ability to
form spores. Finally, the selected colonies were picked up,

cultured and studied for anthracycline production.

General DNA Manipulations

DNA propagated in E. coli was ligated into plJ486
derivatives, and introduced into S. [lividans TK24.
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Table 1. Bacterial strains and plasmids used.

Strains and plasmids Characteristics Reference or source

S. peucetius var. caesius ATCC 27952 Daunomycin producer 2

S. lividans TK24 Cloning host 12

S. coelicolor CH999 Cloning host 13

S. nogalater ATCC 27451 Nogalamycin producer 34

S. galilaeus ATCC 31615 Aclacinomycin A producer 27

D2 Anthracyclines non-producing mutant This work
of S. peucetius

! plJ486 Streptomyces plasmid 35

plJE486 ermE promoter 36
cloned into polylinker of plJ486 8

pSY21 snoal-3, snorA in plJ486 8

pSY15 snoal-3, snorA, snoaB-E in plJ486 14

pSY15b snoal-3, snorA, snoaB-E, aknH, dauE 10
in pIJ486

pSY42 snoalL, gK, gC, gG2, gN, aM, gA, gJin 16
plJ486

pSYE66 snoaM in plJE486 This work

pSgs4 v aknS, T, U, V, W, X2, Y in pIJE486 18

pSgs44 aknW, X2, Y in pIJE486 18

pMC9 : snoal-3, snoaB-E, aknH, dauE in Unpublished
plJE486

pMC10aM snoaM added to pMC9 This work

pDpsY S. peucetius var. caesius ATCC 27952 This work

dpsY in pIJE486

Subsequently, plasmid DNA isolated from TK24 was

introduced into S. peucetius. All Streptomyces strains were

12)

transformed by standard methods'® with minor modifi-

cations'®. DNA isolation and manipulation were carried out
by standard procedures'®').

Three putative polyketide cyclase genes were amplified

by PCR using the following primers: 5'-ATTTCTAGAAG-
CCACTGGTAACCACGC-3' and 5'-ATTAAGCTTCGAC-
GGGACCTGATCTCC-3' for the snoaM gene from S.
nogalater and 5'-GATTCTAGAGTCACTGGAGCGAAG-
GTT-3' and 5'-GATAAGCTTCGGAACGTTCATTCGT-
CG-3’ for the corresponding cyclase genes from wild type
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S. peucetius and from the S. peucetius mutant D2. PCR was
carried out with 25 pmol of each oligonucleotide primer,
1 ng of plasmid template, 0.1 mM of each dNTP, 3% DMSO
and 0.8U of DyNAzyme EXT DNA polymerase
(Finnzymes, Finland). The template was initially denat-
urated by heating at 99°C for 8 minutes followed by 30
cycles of amplification, i.e., denaturation at 96°C for 1
minute, annealing at 59°C for snoaM and at 65°C for the
cyclase genes from S. peucetius wild type and D2 strains
and extension at 73°C for 1.5minutes. The reaction was
completed with additional extension for 8.5 minutes. The
PCR products obtained were cloned in E. coli using a
TOPO TA Cloning kit (Invitrogen), according to the
manufacturer’s instructions and verified by sequencing. The
DNA used for sequencing was purified by a Silica Spin
Disc Plasmid DNA Miniprep kit (Biometra). DNA
sequencing was performed using the automatic ABI DNA
sequencer (Perkin-Elmer), according to the manufacturer’s
instructions. Sequence analysis was carried out using the
GCG sequence analysis software package (Version 8§,
Genetics Computer Group, Madison, Wisconsin, USA).

Expression Constructs

The polyketide cyclase homologue from S. nogalater,
. snoaM, amplified by PCR was cloned into plJE486
downstream of ermE promoter, and into pMC9 (Kantola,
unpublished) to obtain pSYE66 and pMC10aM, respec-
tively. pSYE66 and pMC10aM were introduced into S.
lividans TK24. Plasmids pSY42'®, pSY21¥, pSY15'7, and
pSYE66 isolated from TK24 were further introduced into
D2. Similarly, plasmids pSgs4 and pSgs44 containing the
polyketide cyclase homologue from S. galilaeus'® and a
plasmid pDpsY containing S. peucetius wild type cyclase
amplified by PCR were introduced into D2. In addition,
pMC9 and pMC10aM were introduced into S. coelicolor
CH999. The plasmid constructs used are listed in Table 1.

Cultivations

Liquid cultivations for studying anthracycline production
were performed in 250-ml Erlenmeyer flasks containing
60 ml of E1 medium consisting of glucose 2%, starch 2%,
Pharmamedia 0.5% (Traders protein), yeast extract 0.25%,
CaCO; 0.3%, NaCl 0.3%, MgSO,- 7TH,0 0.1% and K,HPO,
0.1% in 1 liter of tap water (pH 7.5)'®. Fermentation was
carried out for 6 to 7 days in 10 liters of El medium.
Mutagenization and preparation of plasmid DNA were
carried out in TSB medium. The plasmid-carrying strains
were grown in the presence of 5pug/ml thiostrepton in
liquid medium and 50 ug/ml in solid medium (ISP4 or
R2YE). For E. coli and Streptomyces strains, the general
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culture conditions were as descriped in SAMBROOK ef al."

and HopwooD et al.'?.

Detection of Metabolites
A 250-u1 sample of E1 culture was adjusted to pH 7.0 by

250 ul of 1 M potassium phosphate buffer, and subsequently
extracted with 250 ul of MeOH and 500 ul of CHCI,. The
solvent layer was concentrated, and 1~2 ul was spotted on
a precoated Kieselgel 60 F,s, glass plate (E-Merck & Co.),
and developed with CHCI,-MeOH-AcOH, 20:5:1 (in
volume) or toluene - EtOAc - MeOH - HCOOH, 50:50:15:
3 (in volume). The production profile of the D2 mutant and
the purity of the fractionated compounds were determined
by HPLC on a Hewlett Packard 1100 series chromatograph
equipped with a LiCHroCART (55X4mm) RP-18ec
column and a diode array detector. The mobile phase
consisted of a gradient elution with 0.1% formic acid and
MeCN. The flow rate was 1 ml/minute. A mobile phase
used for the separation of anthracycline compounds was
MeCN-KH,PO, buffer (60 mm, pH 3.0 adjusted with citric
acid). The compounds were separated with a gradient from
65% to 25% KH,PO, buffer (60 mm, pH 3.0). The flow rate
was | ml/minute, and detection was done at 254 and
480 nm.

Purification of Metabolites from D2
The fermentation broth (10 liters) was adjusted to pH 3.0
prior to processing. Cells were separated from supernatant

with centrifugation, and extracted with 2.5 liters of
methanol. Supernatant was treated with 250g of XAD-7
resin for 1 hour. The products were eluted from the resin
with 2 liters of methanol. The combined cell and
supernatant extracts were treated with water and
subsequently extracted twice with 2 liters of chloroform.
The organic layer was evaporated to dryness. HPLC
analysis of the residue revealed one major (70% of the
integral at 254 nm) and several minor products. The viscous
residue was loaded into a (7X10cm) silica flash column.
The column was washed with 1% acetic acid in chloroform,
and eluted with a linear methanol gradient up to 30%.
Three pooled fractions were further purified in a semi-
preparative RP-18 ec column (20X2.5cm) eluted with a
descending gradient of 1% acetic acid and MeCN.
Evaporation of MeCN resulted white powdered products,
dried under vacuum, yielding 350 mg of product 1, 22 mg
of product 2 and 15 mg of product 3.

Spectroscopy
NMR spectra were taken on a JEOL JNM-400 spect-
rometer operating at 400 MHz and 100 MHz for proton and
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Fig. 2. Structures of the products obtained from S. peucetius D2 and the complementation of the mutant
with cyclase containing plasmids which restored the production of daunomycins.
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Abbreviations: min PKS=minimal polyketide synthase, KR=polyketide reductase, ARO=aromatase,
CYC=second/third ring cyclase, OXY =mono-oxygenase. Only the key intermediates are shown and the arrows are
representing multiple steps in biosynthesis. Structure in parenthesis is hypothetical.
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carbon respectively, using either a 5-mm normal or an
inverse configuration probe. The samples were measured in
DMSO-d; at 26°C and internally referenced to tetra-
methylsilane. For HSQC and HMBC measurements, pre-
emptive Bird pulse was employed. EIMS spectra were
taken on a VG Analytical Organic mass spectrometry 7070
E. UV spectra were recorded on a Pharmacia biochrom
4060 spectrophotometer in methanol.

Results and Discussion

Characteristics and Products of D2 Mutant

D2 was obtained from the mutagenesis of the wild type
S. peucetius var. caesius. It grows as colorless colonies on
ISP4 agar plates, while the wild type has a light orange
color. In liquid cultures, D2 did not produce any detectable
amounts of anthracyclines, whereas the wild type produces
a mixture of baumycins®*?". Baumycins are daunomycin-
derivatives with additional sugars attached to daunosamine.

The UV spectra of purified products 1, 2 and 3 (Fig. 2)
showed similar chromophores with a substituted aromatic
ring. The 'H NMR spectra indicated two aromatic rings and
a 2-hydroxy-4-pyrane ring. Furthermore, the spectra
showed four hydroxyl groups, confirmed by saturation
transfer upon irradiation of water, which resonated between
9.0 and 14.0ppm. Two of them were sharp and concen-
tration-independent, indicating an intramolecular hydrogen
bonding. In the '"H NMR spectra 1, 2 and 3 differed only in
the substitution of one aromatic ring. The '*C NMR spectra
gave 21, 20 and 22 carbons for 1, 2 and 3, respectively. The
carbons were unambiguously assigned using pHSQC and
HMBC measurements. The measured values were in good
agreement with the known similar structures UWMS for
product 1?2 and SEK43 for product 2'Y. The novel
compound 3 had a structure similar to. SEK43 except for
the extra acetate in the side chain at C-19. The assignments
for product 3, designated as S2617, are given in Table 2.
Furthermore, the EIMS gave the correct molecular masses
and degradation patterns consistent with the structures.

Of the three products D2 strain produces, UWMS (1)
was the main compound, while SEK43 (2) and S2617 (3)
were minor ones. Their structures revealed that a
ketoreductase (KR) had reduced the carbonyl group at C-9
of the polyketide skeleton. KR is the first enzyme to act on
the nascent polyketide chain, and it induces an aldol
condensation between C-7 and C-12%%. In each identified
structure the first ring was also correctly aromatized,
indicating that the first ring cyclase/aromatase had acted
normally. A typical second ring closure for anthracyclines
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Table 2. 1H NMR and 13C NMR spectroscopic
data of S2617.
Site 'H/ppm, mult., J;y/Hz, area BC/ppm
(multiplicity)

1 - 170 (s)
1-OH 11.55, brs, I1H -

2 5.16,4, 2.1, 1H 88.2 (d)
3 - 164.2 (s)
4 5.64,d,2.0, 1H 99.5 (d)
5 - 165.0 (s)
6 4.38, brs, 2H 385
7 - 137.5 (s)
8 6.76,dd, 7.2, 1.3, 1H 128.2 (d)
9 7.19,dd, 8.1,7.3, 1H 134.7 (d)
10 6.73,dd, 8.1, 1.3, 1H 118.2(d)
11 - 156.2 (s)
11-OH 9.78,s, IH -

12 - 120.0 (s)
13 - 199.6 (s)
14 - 113.4 (s)
15 - 158.2 (s)
15-OH 12.67,s, 1H -

16 6.08,d, 1.5, IH 101.3 (d)
17 - 162.0 (s)
17-OH 10.41, brs, 1H -

18 6.14,d, 1.6, IH 118.1(d)
19 - 140.8 (s)
20 4.11,s,2H 49.5 (1)
21 - 204.0 (s)
22 2.17,s,3H 30.2(q)
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was expected between C-5 and C-14 but this reaction had
not proceeded in a normal way. Instead, the remaining
polyketide tails had folded spontaneously, leading to the
shunt products (1, 2, 3) obtained.

The changes in the side chains at C-19 are presumably
due to the flexibility of PKS. UWMS, which is a
condensation product of nine acetates and a propionate, is a
shunt product of daunomycin biosynthesis. SEK43 derived
from ten and S2617 from eleven acetates are also shunt
products formed from intermediates of S. peucetius
products; feudomycin D*? and feudomycin B®), respec-
tively. The amounts of the D2 products correlated with the
amount of the corresponding anthracycline products in the

wild type.

Heterologous Complementation of the D2 Mutant

The plasmids, containing biosynthetic genes for
nogalamycin®® and aclacinomycins?” (see Fig. 1 for
structures), derived from S. nogalater and §. galilaeus
respectively, were introduced into D2 by protoplast
transformation. Plasmid pSY21 carrying minimal PKS
genes for nogalamycin® did not complement the D2
mutant. D2/pSY'15 also remained non-producing. Although
plasmid pSY 15 was previously suggested to contain all the
genetic information from S. nogalater to produce the first
three rings of nogalamycin'”. D2 was further transformed
with pSgs4 which carries genes for aclacinomycin
biosynthesis, and with pSY42 which contains nogalamycin
biosynthetic genes other than pSY21 and pSY15. As a
result, D2 accumulates daunomycins as the wild type and
shunt products were no longer detected. Interestingly,
sequence analysis revealed that both, pSgs4 and pSY42
contained a gene for putative cyclase, aknW and snoaM,
respectively. pSgs4 was further subcloned revealing that
pSgs44 expressing aknW alone was able to complement
D2. Furthermore, D2 was complemented with plasmid
pSYE66 containing snoaM. The complementation results
clearly indicate that D2 is a cyclase deficient mutant.

Influence of Endogenous Enzyme Activities of
TK24 on Studying Gene Functions

Elucidation of the role of specific enzymes can be
problematic due to endogenous activities of the host, which
may cause misinterpretation of the results. S. lividans TK24
strain, which is commonly used as a host for expression
studies, occasionally produces actinorhodin on ISP4 plates,
but the production is suppressed in a liquid medium E1. In
contrast to results that the second ring cyclase, Act TV
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acting on actinorhodin biosynthetic pathway in S.
coelicolor can not act on longer polyketides than octa- and
nonaketides in CH999', our studies suggest that the
corresponding endogenous TK24 cyclase has a role to play
in biosynthesis of such polyketide compounds. For
example, in our previous studies, S. lividans TK24 carrying
pSY15 was able to produce aromatic polyketides with
correctly closed first three rings although the construct
did not contain snoaM or a related cyclase gene!'*!”.
Furthermore, TK24 carrying pMC9 (Kantola, unpublished)
or pSY15b'” was able to produce minor amounts
Construct pMC9
anthracyclinone biosynthesis genes derived from three
different
corresponding to snoaM or aknW, while pSY15b contains

of auramycinone. contains nine

Streptomyces  species but no cyclase
the same genes as pMC9 and an activator, snord4. Similarly
RAJGARHIA and STROHL® were able to produce AA in TK24
transformants and GERLITZ et al®® in S. lividans 1326
carrying genes cloned from S. peucetius without genes
corresponding to second and third ring cyclases. To get
more information whether the cyclizations in TK24 occur
spontaneously or by the action of endogenous TK24
enzymes, we expressed pSY 15 in a number of unidentified
Streptomyces strains that do not produce aromatic
polyketides in nature. As expected, similar products as in
TK24/pSY15 were not obtained (data not shown). If the
cyclization was a spontaneous reaction we should have -
observed related products as were found in TK24/pSY15.
In addition to correctly folded polyketides, TK24/pSY15
and TK24/pSY15b folded
compounds. In these incorrectly folded compounds'” (Fig.

produced  incorrectly
3) the first two rings are closed correctly but the remaining
tails form a tetrahydropyran ring as in actinorhodin, which
is an aromatic polyketide product of S. lividans. This
reaction was most probably catalyzed by a product of the
locus corresponding to actV1, which acts on the formation
of the tetrahydropyran ring found in actinorhodin (Fig. 1)
produced by S. coelicolor’®. This further supports the
expression of endogenous genes in TK24. It seems that
ActlV and ActVI functions are competitive in TK24/pSY15
and TK24/pSY15b after the second ring closure because
both correctly and incorrectly folded products were
detected (Fig. 3).

Expression of snoaM in S. lividans TK24
and S. coelicolor CH999

To test the activity of snoaM on auramycinone
production, we cloned it into pMC9 to obtain pMC10aM.
As expected, the expression of pMC10aM in TK24 resulted
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Fig. 3. Proposed biosynthetic pathways leading to the obtained products in TK24/pSY15'” and

TK24/pSY15b'%.
ten acetates
minPKS
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_ ARO —
COOH
9/ -//\’/YO
o)
\ 12
OH o) o) o}
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B COOH ]
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COOCH,
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12 14
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o) COOCH,

Incorrectly folded
hybrid product S2502
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Abbreviations; min PKS=minimal polyketide synthase, KR*=polyketide reductase, ARO=aromatase,
CY(C*=second/third ring cyclase (ActlV), CYC®=cyclase involved in the formation of tetrahydropyran ring (ActVI),
MET=methyl transferase, OXY =mono-oxygenase, CYC*=fourth ring cyclase, KR®=aklaviketone reductase. All
enzyme activities except those of CYC® and CYC® are derived from plasmids pSY15 and pSY15b. Only the key

intermediates are shown and the arrows are representing multiple steps in biosynthesis. Structures in parenthesis are
hypothetical.
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in a ten-fold increase in auramycinone production
compared with TK24/pMC9. To further clarify the
involvement of the TK24 host strain activities pMC9 and
pMCl0aM were introduced into S. coelicolor CH999,
which is genetically modified strain to lack the genes
needed for actinorhodin biosynthesis and thus should not
possess endogenous activities influencing on formation of
the metabolites. As expected, only CH999/pMC10aM,
carrying all the genes for the aglycone formation, was able
to produce auramycinone. CH999/pMC9 remained non-
producing. These results confirm that the products obtained
from the TK24 strain carrying plasmids without a second
and third ring cyclase were produced due to the action of
TK24 endogenous enzymes.

Sequence Analyses

Comparison of the deduced amino acid sequence
encoded by snoaM with database sequences revealed a high
degree of similarity to other putative polyketide cyclases
found in anthracycline clusters so far. Identities of 73% to
AknW from S. galilaeus', 71% to ORF1 from S. griseus"
and 71% to DpsY from S. peucetius®® were found.
Disruption of dpsY in S. peucetius ATCC29050 has led to
production of UWMS5??, the major product of D2 also
(product 1). BAo et al3? further investigated the role of
dpsY in the aglycone biosynthesis. They studied constructs
with and without dpsY transformed in S. lividans 1326.
Their studies revealed that the products obtained were
either aberrantly cyclized shunt products or AA depending
on whether a construct contained dpsY or not. In addition to
cyclases found in anthracycline biosynthetic clusters,
SnoaM showed a 65% identity to MtmY*? implicated in
mithramycin biosynthesis. On the contrary, SnoaM did not
show any similarity to cyclase ActlV or to those of the
other genes involved in actinorhodin biosynthesis.
However, this does not exclude the possibility that ActlV
has effect on anthracycline biosynthesis.

To further clarify the nature of the mutation in D2 strain
a cyclase designated as dpsY*? was amplified with PCR
from wild type and D2 strains. Sequence studies revealed
that there is one amino acid difference in the sequences
changing glycine at positioh 191 to serine. All cyclases for
the second and third ring closure identified from
anthracycline gene clusters sequenced so far (SnoaM,
AknW'® ORFI1*" and DpsY??), as well as MtmY?>* from
the mithramycin cluster have a glycine at position 191. In
addition, there are two other differences in deduced amino
acid sequences of wild type and D2 compared to the S.
peucetius ATCC 29050 dpsY*® sequence in the gene bank
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(accession number AAC38443): histidine at position 38 is
replaced by leucine and aspartic acid at position 126 is
replaced by glutamic acid. To confirm the results obtained
from heterologous complementation studies we expressed
wild type dpsY gene in D2. As expected D2 mutant was
complemented with the wild type cyclase.

Conclusion

The results from snoaM expression studies in TK24 and
CH999 confirms the necessity of a specific second and third
ring cyclase in anthracycline biosynthesis. Furthermore,
complementation of D2 with a cyclase gene from two other
Streptomyces strains and also with the wild type S.
peucetius cyclase are consistent with the suggested function
of this enzyme. The point mutation changing glycine to
serine at position 191 in D2 dpsY cyclase seems to be
crucial to the activity of the enzyme, since all the sequences
for the second and third ring cyclases in anthracycline
biosynthesis available in the gene bank have a glycine at
this position.

It is most likely that the third ring closure proceeds by
the action of the same enzyme that acts on the second ring
closure, because there are no reports of identified natural
intermediates or shunt products from mutants with the first
two rings closed correctly. In addition, the results obtained
by expressing snoaM in TK24 and CH999 suggest that this
enzyme is involved in closures of both the second and third
rings. Since anthracycline biosynthesis proceeds similarly
in different strains and because the sequence similarities of
the PKS regions are high, it can be suggested that the
identified S. galilaeus and S. nogalater cyclases have
similar functions in their natural context in the biosynthesis
of aclacinomycins and nogalamycin, respectively. Finally,
though the concomitant action of genes for different
antibiotics may cause confusing results as has been
discussed in this paper, it provides a powerful tool to
generate novel chemical structures for drug discovery.

Acknowledgements

We thank LeiLa RoTi for her helpful comments on the
English language of this article. This study was financially
supported by the European Union (BIOTECH program
BIO94-CT96-0068), the National Technology Agency
(TEKES), and the Academy of Finland.



152

Y

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

THE JOURNAL OF ANTIBIOTICS

References

DIMARCO, A.; R. SILVESTRINI, M. GAETANI, M. SOLDATI,
P. Orezzi, T. DASDIA, B. M. SCARPINATO & L. VALENTINI:
‘Daunomycin’, a new antibiotic of the rhodomycin
group. Nature 15: 706~707, 1964

ARCAMONE, F; G. FRANCESCHI & S. PENCO: Adriamycin
(14-hydroxydaunomycin), a novel antitumor antibiotic.
Tetrahedron Lett. 13: 1007~1010, 1969

GrIMM, A.; K. MADDURI, A. ALI & C. R. HUTCHINSON:
Characterization of the Streptomyces peucetius ATCC
29050 genes encoding doxorubicin polyketide synthase.
Gene 151: 1~10, 1994

YE, J.; M. L. DickeNns, R. PLATER, Y. LI, J. LAWRENCE &
W. R. StroH: Isolation and sequence analysis of
polyketide synthase genes from the daunomycin-
producing Streptomyces sp. strain CS5. J. Bacteriol. 176:
6270~6280, 1994

Dickens, M. L,; J. YE & W. R. STROHL: Analysis of
clustered genes encoding both early and late steps in
daunomycin biosynthesis by Streptomyces sp. strain CS.
J. Bacteriol. 177: 536~543, 1995

Mapbpurl, K. & C. R. HurcHINSON: Functional
characterization and transcriptional analysis of a gene
cluster governing early and late steps in daunorubicin
biosynthesis in Streptomyces peucetius. J. Bacteriol. 177:
3879~3884, 1995

Dickens, M. L;; J. YE & W. R. StroHL: Cloning,
sequencing and analysis of aklaviketone reductase from
Streptomyces sp. strain C5. J. Bacteriol. 178: 3384~
3388, 1996

YLIHONKO, K.; J. TUIKKANEN, S. JussiLA, L. ConG & P.
MANTSALA: A gene cluster involved in nogalamycin
biosynthesis from Streptomyces nogalater: sequence
analysis and complementation of early-block mutations
in the anthracycline pathway. Mol. Gen. Genet. 251:
113~120, 1996

RAJGARHIA, V. B. & W. R. STROHL: Minimal
Streptomyces sp. strain C5 daunorubicin polyketide
biosynthesis genes required for aklanonic acid
biosynthesis. J. Bacteriol. 179: 2690~2696, 1997
KaANTOLA, J.; T. KUNNARI, A. HAUTALA, J. HAaKALA, K.
YLiHONKO & P. MANTSALA: Elucidation of anthracy-
clinone biosynthesis by stepwise cloning of genes for
anthracyclines from three different Streptomyces spp.
Microbiol. 146: 155~163, 2000

WAGNER, C.; K. ECKARDT, G. SCHUMANN, W. IHN & D.
TRESSELT: Microbial transformation of aklanonic acid, a
potential early intermediate in the biosynthesis of
anthracyclines. J. Antibiotics 37: 691~692, 1984
Hopwoob, D. A.; M. J. BiBB, K. F. CHATER, T. KIESER, C.
J. BruTOoNn, H. M. KIESER, J. LYDIATE, C. P. SMITH, J. M.
WARD & H. ScHREMPF: Genetic manipulations of
Streptomyces: a laboratory manual. John Innes
Foundation, Norwich, UK, 1985

MCcDANIEL, R.; S. EBERT-KHOsLA, D. A. Hopwoobp & C.
KHnosLA: Rational design of aromatic polyketide natural
products by recombinant assembly of enzymatic
subunits. Nature 375: 549~554, 1995

YLIHONKO, K.; J. HAKALA, T. KUNNARI & P. MANTSALA:
Production of hybrid anthracycline antibiotics by
heterologous expression of Streptomyces nogalater
nogalamycin biosynthesis genes. Microbiol. 142: 1965~

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

FEB. 2003

1972, 1996

SAMBROOK, J.; E. F. FriTscH & T. MANIATIS: Molecular
cloning: a laboratory manual. (2nd edn), Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, New
York, 1989

TorRkKELL, S.; T. KUNNARL, K. PALMU, P. MANTSALA, J.
HaxkaLa & K. YriHONkO: The entire nogalamycin
biosynthetic gene cluster of Streptomyces nogalater;
characterization of a 20-kb DNA region and generation
of hybrid structures. Mol. Genet. Genomics. 266:
276~288, 2001

Kunnarg, T.; J. KanToLA, K. YLIHONKO, K. D. KLIkA, P.
MANTSALA & J. HakaLA: Hybrid compounds derived
from the combination of anthracycline and actinorhodin
biosynthetic pathways. J. Chem. Soc., Perkin Trans 2:
1649~1652, 1999

RATY, K.; T. KUNNARI, J. HAKALA, P. MANTSALA & K.
YriHONKO: Gene cluster involved in glycosylation of
aclarubicin. Mol. Gen. Genet. 264: 164~172, 2000
YLHONKO, K.; J. HakaLA, J. NiEMI, J. LUNDELL & P.
MANTSALA: Isolation and characterization of aclacino-
mycin A non-producing Streptomyces galilaeus (ATCC
31615) mutants. Microbiol 140: 1359~1365, 1994
Komrvama, T.; Y. Marsuzawa, T. Ok1, T. Inui, Y.
TakAHASHI, H. NAGANAWA, T. TAKEUCHI & H. UMEZAWA:
Baumycins, new antitumor antibiotics related to dauno-
mycin. J. Antibiotics 30: 619~621, 1977

TakaHASHL, Y.; H. Nacanawa, T. TAakeucH, H.
UMEzAawA, T. Komiyama, T. Okr & T. Inul: The structure
of baumycins A1, A2, B1, B2, Cl and C2. J. Antibiotics
30: 622~625, 1977

Lomovskaya, N.; Y. Doi-KAtavyama, S. FiLieping, C.
NASTRO, L. FONSTEIN, M. GALLO, A. L. CoLomBo & C.
R. HUTCHINSON: The Streptomyces peucetius dpsY and
dnrX genes govern early and late steps of daunorubicin
and doxorubicin biosynthesis. J. Bacteriol. 180: 2379~
2386, 1998

KunnARI, T.; K. YLIHONKO, A. HAUTALA, K. D. KLikA, P.
MANTSALA & J. HAKALA: Incorrectly folded aromatic
polyketides from polyketide reductase deficient mutants.
Bioorg. Chem. Lett. 9: 2639~2642, 1999

YosHIMOTO, A.; O. Joupo, S. Fum, K. KuBo, H. NISHIDA
& R. Oxkamotro: Anthracycline metabolites from
baumycin-producing Streptomyces sp. D788 1. Isolation
of antibiotic-blocked mutants and their characterization.
J. Antibiotics 45: 1255~1267, 1992

Oki, T.; Y. Marsuzawa, K. KiYosHIMA, A. YOSHIMOTO,
H. NaGanawa, T. TakeucHl & H. UMEzAawa: New
anthracyclines, feudomycins, produced by the mutant
from Streptomyces coeruleorubidus ME130-A4. J.
Antibiotics 34: 783~790, 1981

WILEY, P. E; R. B. KELLy, E. L. CARON, V. H. WILEY, J.
H. JounsoN, F. A. MACKELLAR & S. A. MizsAk:
Structure of nogalamycin. J. Am. Chem. Soc. 99:
542~548, 1977

Oki1, T.; Y. MATSuzAwA, A. YOSHIMOTO, K. NUMATA, I.
KitaMURA, S. Horl, A. Takamarsu, H. UMEZawA, M.
IsHizukA, H. NaGganawa, H. Suba, M. HaMaDA & T.
TAKEUCHI: New antitumor antibiotics, aclacinomycins A
and B. J. Antibiotics 28: 830~834, 1975

McDANIEL, R.; S. EBERT-KHOSLA, D. A. HopwooD & C.
KHosLA: Engineered biosynthesis of novel polyketides:
actVII and actlV genes encode aromatase and cyclase



VOL. 56 NO.2

29)

30)

31)

32)

enzymes, respectively. J. Am. Chem. Soc. 116:
10855~10859, 1994

GERLITZ, M.; G. MEURER, E. WENDT-PIENKOWSKI, K.
Mappurl & C. R. HutcHINsON: The effect of the
daunorubicin dpsH gene on the choice of starter unit and
cyclization pattern reveals that type II polyketide
synthases can be unfaithful yet intriguing. J. Am. Chem.
Soc. 119: 7392~7393, 1997

IcHINOSE, K.; C. SurTl, T. TAGUCHI, F. MALPARTIDA, K. 1.
BOOKER-MILBURN, G. R. STEPHENSON, Y. EBIZUKA & D.
A. HopwooD: Proof that the actVI genetic region of
Streptomyces  coelicolor  A3(2) is involved in
stereospecific pyran ring formation in the biosynthesis of
actinorhodin. Bioorg. Med. Chem. Lett. 9: 395~400,
1999

KRUGEL, H.; G. ScHUMANN, F. HANEL & G. FIEDLER:
Nucleotide sequence analysis of five putative
Streptomyces griseus genes, one of which complements
an early function in daunorubicin biosynthesis that is
linked to a putative gene cluster involved in TDP-
daunosamine formation. Mol. Gen. Genet. 241: 193~
202, 1993

Bao, W.; P. J. SHELDON, E. WENDT-PIENKOWSKI & R. C.

33)

34)

35)

36)

THE JOURNAL OF ANTIBIOTICS 153

HuTcHINSON: The Streptomyces peucetius dpsC gene
determines the choice of starter unit in biosynthesis of
the daunorubicin polyketide. J. Bacteriol. 181: 4690~
4695, 1999

PraDO, L.; F. LoMBO, A. F. BRaNA, C. MENDEZ, J. ROHR
& 1. A. SALAS: Analysis of two chromosomal regions
adjacent to genes for a type II polyketide synthase
involved in the biosynthesis of the antitumor polyketide
mithramycin in Streptomyces argillaceus. Mol. Gen.
Genet. 261: 216~225, 1999

BHuYaN, B. & A. DIETZ: Fermentation, taxonomic and
biological studies of nogalamycin. Antimicrob. Ag.
Chemother.: 836~844, 1965

WaRD, J. M.; G. R. JansseN, T. KieSer, M. J. Biss, M. .
Buttner & M. J. BiBB: Construction and character-
ization of a series of multicopy promoter-probe plasmid
vectors for Streptomyces using the aminoglycoside
phosphotransferase from Tn5 as indicator. Mol. Gen.
Genet. 20: 468~478, 1986

BiBB, M. J.; G. R. JansseN & J. M. WaRD: Cloning and
analysis of the promoter region of the erythromycin
resistance gene (ermE) of Strepfomyces erythraeus. Gene
38:215~226, 1985



