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The heterologous expression of natural product biosynthetic
pathways is of increasing interest in biotechnology and drug dis-
covery. This approach enables the production of complex metab-
olites in more amenable host organisms and provides the basis
for the generation of novel analogues through genetic engineer-
ing. Here we describe a straightforward strategy for the heterolo-
gous expression of the highly complex phenalinolactone biosyn-
thetic pathway, which was recently cloned from Streptomyces
sp. Tii6071. The biosynthetic gene cluster comprises at least 11
transcriptional units that harbor 35 genes, which together cata-
lyze the assembly of structurally unique tricyclic terpene glyco-

Introduction

Members of the genus Streptomyces are soil-dwelling bacteria,
and are the most prolific producers of antibiotics yet discov-
ered. More than two-thirds of all natural-product anti-infec-
tives and other secondary metabolites in clinical use are pro-
duced by Streptomyces, which underlines their importance in
human medicine.”’? Over the last decade, many of the corre-
sponding biosynthesis gene clusters have been cloned and se-
quenced, which enables a detailed analysis of the molecular
principles that govern the pathways. Manipulation of these
gene sets represents a promising tool both to obtain deeper
insights into the biosynthesis, and to generate novel deriva-
tives of these compounds for evaluation as drug leads.” This
approach can be facilitated significantly by the expression of
entire gene clusters in suitable heterologous hosts, particularly
if the genetic manipulation of the producer strain is difficult.
The strategies that are used for heterologous expression have
recently been reviewed.” To date, heterologous expression of
secondary metabolic pathways from Streptomyces has mainly
been achieved in related actinomycete species. In most cases,
the gene clusters were relatively small (less than 30 kbp™), and
are located on a single cosmid or bacterial artificial chromo-
some (BAC) within a genomic library.®® Expression of larger
and more complex pathways remains more demanding, but
can be facilitated by constructing several plasmids that harbor
subsets of the biosynthetic genes.'*™

The phenalinolactones (PLs) are structurally intriguing tricy-
clic terpene glycosides that are produced by Streptomyces sp.
TU6071, which exhibit promising antibacterial activity. In addi-
tion to a highly oxidized y-butyrolactone ring, which is most
likely derived from pyruvate, the oxidatively functionalized ter-
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sides with antibacterial activity. By using Red/ET recombineering,
the phenalinolactone pathway was reconstituted from two cos-
mids and heterologously expressed in several Streptomyces
strains. The established expression system now provides a con-
venient platform for functional investigations of the biosynthetic
genes and the generation of novel analogues, by genetic engi-
neering of the pathway in Escherichia coli. Deletion of a modify-
ing gene from the expression construct resulted in a novel, un-
glycosylated phenalinolactone derivative; this demonstrates the
promise of this methodology.

penoid backbone is decorated with a 5-methylpyrrole-2-car-
boxylic acid as well as the rare deoxyhexose, 4-O-methyl-L-ami-
cetose. The recent cloning and sequence analysis of the pla
biosynthetic gene cluster from Streptomyces sp. Tu6071, re-
vealed a highly complex genetic architecture that consists of
35 orfs that are organized into 11 putative operons.'? Here,
we have used the Red/ET recombineering technology (A-medi-
ated recombination)™ ™ to reconstitute the pla biosynthetic
gene cluster from two cosmids. The complete gene cluster
was then successfully expressed in three Streptomyces strains.
This advance enables both functional studies of the pathway
as well as attempts to generate novel analogues, by genetic
engineering of the gene cluster in Escherichia coli. As proof-of-
principle, we deleted a modifying gene (the glycosyl transfer-
ase that is encoded from plaA6) from the expression construct
to generate a novel unglycosylated phenalinolactone deriva-
tive.
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Results

Reconstitution of the complete phenalinolactone bio-
synthetic gene cluster

We employed Red/ET recombineering in E. coli"*™ to rebuild
the entire pla biosynthetic pathway on an integrative E. coli-
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Streptomyces shuttle vector (p0J436"?), and to introduce addi-
tional genetic elements for heterologous expression (Figure 1).
Two p0J436-derived cosmids (Cos3-1012 and Cos10-4D08!"?)
that contain overlapping regions of the pla gene cluster were
used as starting points. First, Cos10-4D08 was modified by in-
sertion of a gene cassette upstream of the pla gene cluster to
generate construct CPhI9. In addition to a Scal restriction site
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Figure 1. Description of the cloning strategy. The phenalinolactone biosynthetic gene cluster consists of 35 orfs, and was located on two overlapping cosmids
(Cos3-1012 and Cos10-4D08) that carry the pOJ436 backbone. In the first step, a Scal-oriT-tet-trpE cassette was inserted via Red/ET recombineering into
Cos10-4D08 at the upstream end of the gene cluster to generate the construct CPhI9. In the next step, introduction of the zeocin-resistance gene at the
downstream end of the cluster led to the construct CPhl7. After restriction digest of CPhI9 with Scal, the resulting 15 kb fragment was used to reassemble
the whole cluster by Red/ET recombineering. The final expression construct, which contains the whole cluster was designated CPhI8.
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and a tetracycline (tet)-resistance gene, the introduced cassette
also contained an oriT as well as a portion of the trpE gene
from Pseudomonas putida, which should enable the transfer of
the expression construct into pseudomonads in the future.
This step also resulted in the deletion of orfs 1-3, which are
not involved in PL biosynthesis (Figure 1). In the second re-
combineering step to create construct CPhl7, a zeocin-resist-
ance gene, was inserted into Cos3-1012 at the opposite end
of the gene cluster (downstream of plaZ); this resulted in the
deletion of orf6. Finally, CPhl9 was digested with Scal (a Scal re-
striction site is also present in the overlapping region of the
cosmids) to generate a linear 15 kb fragment, which was then
recombined with CPhl7. The resulting construct, CPhI8, con-
tains the complete pla biosynthetic pathway within the
p0J436 vector backbone. To confirm the individual cloning
steps, each of the constructs that were generated by recombi-
nation was digested with a diagnostic set of restriction en-
zymes.

Heterologous expression of the phenalinolactone bio-
synthetic gene cluster in Streptomyces

Construct CPhlI8, which harbors the complete pla biosynthetic
gene cluster was introduced into the host organisms Strepto-
myces lividans TK24,"" S. coelicolor A3(2)"® and S. coelicolor
M512" by conjugation. Because

Phenalinolactones A and D were detected in the extracts of
the natural producer Streptomyces sp. Ti6071 and in extracts
of the recombinant S. lividans and S. coelicolor strains that
harbor the pla gene cluster, but not in the extracts of the cor-
responding wild-type S. lividans and S. coelicolor strains. This
result clearly demonstrates the successful heterologous pro-
duction of the terpene glycosides (Figure 2). Production under
standard conditions at 28°C was much lower in the heterolo-
gous host strains than in the native host Streptomyces sp.
TU6071 (Table 1). In an attempt to optimize production in the
heterologous hosts, different cultivation conditions (additional
media and temperatures) were tested. Phenalinolactone pro-
duction in S. lividans was successfully increased 100-fold after
cultivation at 37°C (compared to 28°C), although PL produc-
tion in the S. coelicolor mutants was completely abolished at
the higher temperature (37 °C).

We also attempted to improve production by supplementa-
tion with a putative biosynthetic precursor. Because the core
terpenoid backbone in the phenalinolactone biosynthesis is
derived from isoprenoid building blocks, we administered me-
valonolactone to the culture medium. Mevalonolactone is the
lactonized form of mevalonate, a direct precursor in the meval-
onate pathway for the construction of isoprenoid units.””
Most Streptomyces strains employ the non-mevalonate path-
way for the formation of isoprenoids, but some strains addi-

the pOJ436 vector contains the _X10° 7 A BPC 100.1100 -All MS2 X105 1 oL A

. . - Z ] PLA Z ~ PLD
¢C31 integrase gene, integration 3 47 bLp S spTU6O7T1 B 4
was expected to occur at a chro- £ 2 L 2

= 1 [

mosomal attB site. Transconju- 0 BPC 100-1100 AT MS2 - x109‘
gants that harbor the expression 11 B S. lividans TK24 o5 ]
construct were identified by 0.57 , h h k WT '
groth on SM aga.r plates that x1090 s x‘lOQ‘ 3
contained apramycin. The pres- 11 ©) S. lividans TK24/

CPhig 0.5

ence of the cosmid CPhI8 in the 0,5: A \
resulting strains was verified by 0]

PCR from genomic DNA by
using oligonucleotides that are
specific for the amplification of a

BPC 100-1100 -AllMS2
S. coelicolor A3(2) 4 ]
WT

777 bp fragment from the apra-

BPC 100-1100 -All MS2

CPhI8, . coelicolor A3(2)/CPhI8 X108 ]
and S. coelicolor  M512/CPhlg, 2 P
which harbor the phenalinolac- 1

SO N

BPC 100-1100 -AllMSZ

S. coelicolor M512 11
WT 0.5 1

tone pathway were then culti- X1060
vated in production medium to- G)
gether with the corresponding 1

A

x10%

E . 4 A
mycin-resistance gene. The re- i P h S. C"e’(’:";ﬁgm(zﬂ 5 ]
combinant strains S. lividans/ 0"

| N

0

x10% 7

S. coelicolor M512/ 1
CPhI8

BPC 100-1100 -All MS2

0.5 7

wild-type strains, as well as with 0T o
the natural phenalinolactone

producer  Streptomyces sp.
Tu6071. Extracts from these cul-
tures were analyzed by HPLC-
MS and the obtained data were
compared to MS/MS fingerprints
of authentic phenalinolactone
(PL) standards.

ChemBioChem 2008, 9, 447 — 454

T T T T T T
75 10.0 125 150 175 200

t/min

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T T T T T T T
140 16.0 18.0 200

t/min

Figure 2. HPLC-MS analysis (Base peak chromatograms (BPCs) m/z 100-1100 -All MS?) of A) Natural producer
strain Streptomyces sp. Tu6071, B) S. lividans TK24 WT C) S. lividans TK24/CPhl8, D) S. coelicolor A3(2) WT, E) S. coeli-
color A(3)2/CPhl8, F) S. coelicolor M512 WT and G) S. coelicolor M512/CPhl8. The chromatograms show the negative
jons within a mass range of 100-1100 in auto MS? mode. CID fragmentation between retention times of 12—

14 min and 18-20 min was monitored for the masses 714.5 and 698.3, which correspond to the phenalinolacto-
ne A and D standards. The section in each chromatogram between 12-20 min is expanded on the right. PL A
and/or PL D were detected in the extracts of the recombinant strains.
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licolor and S. lividans.

Table 1. Phenalinolactone production by Streptomyces sp. Ti6071, S. coe-

methyl-L-amicetose moiety (Figure 4). This compound could
not be detected in the S. lividans TK24/CPhl18 and S. coelicolor
A3(2)/CPhI18 mutants. High-resolution LC-coupled Fourier
transform-Orbitrap MS was performed to verify the elemental
composition of C;H,OgN;, for PLE (m/z: calcd: 570.27086;

Strain Production of phenalinolactone [ugL™"]
28°C 37°C

Streptomyces sp. Tu6071 500 200

S. lividans TK24/CPhI8 0.13 10

S. coelicolor A3(2)/CPhlI8 0.01 -

S. coelicolor M512/CPhl8 0.5 -

found: 570.26733 [M—H]~; deviation: 3.52166 mDa). Because
the production yield of the new derivative (about 1 ugL)™" was

tionally use the mevalonate pathway to produce ter-
penoid antibiotics.”™ Previous experiments clearly
demonstrated that the isoprene building blocks for
phenalinolactone biosynthesis are derived from the
nonmevalonate pathway.'” This was corroborated by
a feeding experiment that used 1 mm mevalonolac-
tone, which neither increased phenalinolactone pro-
duction in Streptomyces sp. Ti6071 nor in the heter-
ologous host strains.

Genetic modification of the pla biosynthetic gene
cluster

The heterologous expression system described here
provides the basis for engineering the PL biosynthet-
ic pathway to generate novel analogues. Based on
the Red/ET recombineering technique,™ single or
multiple in-frame deletions at any desired position

H1 [I
[ km resistance > H2
Red/ET l FHT
LLL plaAS plaA6 plaA7 Ll
FRT l FRT

FLP recombinase l

37°C
. plaA5 | plaA7 =
34 bp-FRT

Figure 3. Deletion of the glycosyl-transferase-encoding gene plaA6 by using a kanamy-
cin-resistance cassette that was flanked by FRT recognition sites. Red/ET recombineering
was used to replace plaA6 with the kanamycin-resistance cassette. Incubation with FLP
recombinase at 37°C led to a markerless deletion of plaA6 in the pla cluster (construct
CPhl18).

within the expression construct can be performed.
Therefore, we aimed to modify the pla gene cluster by dele-
tion of the glycosyl-transferase-encoding gene plaA6 from the
CPhI8 expression construct, to generate a phenalinolactone de-
rivative that lacks the 4-O-methyl-L-amicetose moiety. For this,
a kanamycin (km)-resistance cassette was amplified by PCR to
incorporate flanking flippase (FLP) recombinase target sites
(FRT sites), as well as 50 bp homology arms to enable double
homologous recombination (Figure 3). After replacement of
the target gene (plaA6) against the selection marker (km) by
Red/ET recombineering, the km gene was excised from the ex-
pression construct by FLP-recombinase-catalyzed site-specific
recombination to create a markerless in-frame deletion. The
modified pla gene cluster was subsequently transformed into
three heterologous host strains by conjugation, and integra-
tion of the construct (CPhl18) into the chromosome was con-
firmed by PCR analysis as described above.

The production profile of the mutant strains was analyzed
by HPLC-MS, and compared to that of the wild-type strains,
and the natural phenalinolactone producer Streptomyces sp.
TU6071. As expected, phenalinolactones A and D (m/z 714.5
[M—H]~ at retention time 13.8 min, and m/z 698.3 [M—H]~ at
18.1 min, respectively) were detected in the extract of the nat-
ural producer, but not in extracts of the heterologous hosts. In-
stead, a new compound (m/z 570.3 [M—H]~ at 13.0 min), which
was designated as PLE, was detected in the mutant S. coeli-
color M512/CPhl18; it differs from PLD by 128 atomic mass
units, which is consistent with the anticipated loss of the 4-O-
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Figure 4. HPLC-MS analysis of A) parental strain S. coelicolor M512 and

B) S. coelicolor M512/CPhl18 (plaA6 deletion). A new compound, designated
PL E, was detected in the extract of S. coelicolor M512/CPhl18 at a retention
time of 13.0 min. C) Fragmentation pattern of PL E (molecular ion, m/z 570.3
[M—H]").
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too low for NMR studies, additional structural information was
obtained by using tandem-MS and subsequent comparison of
the MS? fingerprints with those that were obtained for the gly-
cosylated compound PL D. The principal collision-induced dis-
sociation (CID) fragmentations for the standard substance PL D
and the new derivative PL E, were assigned as summarized in
(Table S2). Fragmentation of the terpenoid backbone as well as
of the sugar and the pyrrole’s carboxylic acid groups was not
observed in the MS? spectra of PL D; this indicates that despite
the loss of the sugar group, the fragmentation pattern of phe-
nalinolactones D and E should be very similar. Indeed, compari-
son of the fragmentation pattern of both molecules showed
that they exhibited the same set of peaks, but were offset by a
constant mass difference that corresponds to 4-O-methyl-L-
amicetose (Table S2 and Figure 5). These peaks were derived
from the parent molecules by expulsion of CO, CO, and H,0,
although the precise locations of these losses remain to be
elucidated. The expulsion of C,H,0,, which occurred from both
compounds can be attributed to the vy-butyrolactone. These
data strongly suggest that PL E is the desired unglycosylated
derivative of PL D.
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Figure 5. Verification of the unglycosylated derivative PL E. Accurate mass determination of A) the standard sub-
stance PL D and B) the unglycosylated compound PL E with high-resolution LC-coupled Orbitrap-MS yielded mo-
, respectively; these are suggestive of the ele-
mental formulas C3gHs,04;N; and C3,H,,04N;, respectively. Additional support for structure assignment was provid-
ed by MS? studies, which showed that PL D and PL E have the same fragmentation patterns, but with the peaks
offset by a constant mass, which corresponds to the 4-O-methyl-L-amicetose moiety that is missing in PL E.

lecular ions of m/z 698.35504 [M—H]~ and m/z 570.26733 [M—H]~

ChemBioChem 2008, 9, 447 — 454

accurate mass measured: 698.35504
elemental formula:
CagHs,044N¢ = 698.35459

accurate mass measured: 570.26733
elemental formula:
Ca1H400N, = 570.27086
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Discussion

Heterologous expression of complex natural product biosyn-
thetic gene clusters in amenable host strains has become an
important tool in natural products research and drug discov-
ery. This strategy provides an alternative to (over)producing
structurally complex substances that would be difficult or im-
possible to access by other means, and can enable the genera-
tion of novel analogues by combinatorial biosynthesis ap-
proaches. The successful heterologous expression of a number
of Streptomyces clusters has been reported, in which the path-
ways have typically been reconstituted in related actinomycete
strains.©*?"?? Because most of these gene clusters were rela-
tively small (<30 kbp), it was often possible to retrieve the
entire gene set from a single cosmid within a genomic library
of the natural producer strain.”! In cases where the libraries
were prepared in E. coli-Streptomyces shuttle vectors (for ex-
ample, the medermycin and griseorhodin A biosynthetic gene
clusters®?), the transfer of the pathways into heterologous
strains was straightforward.

However, many natural product biosynthetic gene clusters
are larger than the average
insert size of common cosmid
vectors. One strategy for over-
coming this size limitation is to
use BAC shuttle vectors for li-
brary construction because they
can accommodate inserts in
excess of 100 kbp. This ap-
proach enabled the successful
expression of the 128 kbp dap-
tomycin biosynthetic gene clus-
ter from Streptomyces roseospo-
rus in a related Streptomyces
strain.?” Another option is the
cloning of subsets of the biosyn-
thetic gene cluster into compati-
ble expression plasmids fol-
lowed by their stepwise intro-
duction and coexpression in
suitable host strains."*™  Be-
cause the cloning procedure
allows the introduction of artifi-
cial promoter regions, heterolo-

PLD

H(I) O\H/@ gous production can be per-
I formed even in non-related host
H

organisms. By using this strat-
egy, natural products from
Streptomyces were produced in
E. coli, and myxobacterial com-
pounds were obtained from
Streptomyces host strains.”>"
An alternative to these classi-
cal, time-consuming cloning and
mutagenesis approaches is the
reassembly of large natural
product pathways on a single

PLE
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transferable vector system, by using Red/ET technology. This
recombination approach was developed by the Stewart group
in 1998," and is ideal for manipulating large pieces of DNA
because it does not depend on the use of restriction enzymes.
Phage-derived protein pairs (RecE/RecT from the Rac prophage
or Reda/Redf from the lambda phage) are employed to pre-
cisely alter target DNA molecules by homologous recombina-
tion within E. coli strains."® For the heterologous expression of
biosynthetic pathways in Streptomyces strains, Red/ET cloning
has been used to modify the backbone of cosmids that con-
tain complete biosynthetic pathways; this enables the heterol-
ogous expression of the aminocoumarin antibiotics novobiocin
and clorobiocin.?® In these examples, all of the genes were ori-
ented in the same direction, which is consistent with the pres-
ence of a single transcriptional unit. In comparison to the ami-
nocoumarin pathways, the phenalinolactone gene cluster of
Streptomyces sp. Tu6071 is more complex; it consists of 35
ORFs which appear to be organized into 11 individual tran-
scriptional units."”? This highly divergent architecture would
seem to present a significant challenge to the regulatory appa-
ratus of heterologous host strains. Thus, in attempting to ach-
ieve heterologous expression of the phenalinolactone pathway,
we developed a Red/ET-based methodology to reconstitute
the entire gene cluster on one construct. Whereas similar ap-
proaches have already been used to engineer myxobacterial
systems,?>3% the ‘stitching together’ of complex actinomycete
pathways via Red/ET recombineering has not yet been de-
scribed.

The Red/ET engineering of the PL pathway enabled the effi-
cient transfer into several Streptomyces strains. The entire gene
cluster was rebuilt from overlapping cosmids that are based
on the integrative E. coli-Streptomyces shuttle vector p0OJ436.
The final 62 kbp construct was then successfully conjugated
with high efficiency into the host strains S. lividans TK24 and
S. coelicolor A3(2), and integration into the chromosomes was
confirmed by PCR. The resulting mutant strains S. lividans
TK24/CPhI8 and S. coelicolor A3(2)/CPhI8 were both shown to
produce phenalinolactones A and D. This result strongly sug-
gests that the inserted cluster contains all of the genes that
are necessary for the biosynthesis of phenalinolactone, al-
though participation of enzymes that are native to the heterol-
ogous hosts cannot be ruled out. Evidently, all of the regulato-
ry elements required for transcription of the pla genes were
recognized in the heterologous hosts, albeit at reduced effi-
ciency relative to the native host strain (Table 1).

One potential complication of using S. lividans and S. coeli-
color as heterologous hosts is their endogenous production of
the antibiotics prodiginin (Red), actinorhodin (Act) and calci-
um-dependent antibiotic (CDA), which might hamper the
simultaneous biosynthesis (and detection) of a desired new
compound. This problem has been circumvented in several
cases by using a mutant strain of S. coelicolor M512, in which
the Act and Red gene clusters have been deleted.”®*" There-
fore, S. coelicolor M512 was also used here as an additional
heterologous host for phenalinolactone biosynthesis. Indeed,
after successful expression of the cluster in this strain, produc-
tion of phenalinolactone was five- to 50-fold higher at 28°C
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relative to that in S. lividans TK24 or S. coelicolor A3(2) (Table 1).
Varying the culture conditions yielded a further enhancement
in productivity (to 100-fold after cultivation of S. lividans at
37°C), whereas no increase in phenalinolactone biosynthesis
was obtained for the S. coelicolor strains. In fact, incubation at
37°C completely abolished PL biosynthesis, which is consistent
with the fact that production by the native host Streptomyces
sp. Tu6071 is also significantly lower at this temperature
(200 pgL)~". Thus, under optimized fermentation conditions, it
is clear that S. lividans is a superior heterologous host for phe-
nalinolactone biosynthesis than S. coelicolor strains, although
the production is still 50-fold lower than from the natural pro-
ducer. An attempt was also made to increase phenalinolactone
production by feeding the putative precursor mevalonolac-
tone, but no increase in the yield of PL was observed. Analysis
of the pla cluster shows that it incorporates genes for produc-
ing isoprenoid building blocks via the mevalonate-independ-
ent pathway, and indeed, this biosynthetic origin has previous-
ly been demonstrated.'? In addition, genes that belong to the
mevalonate pathway have not yet been identified in either
S. lividans or S. coelicolor*3® Thus, it seems that the heterolo-
gous host strains that were used here lack the enzymes to me-
tabolize mevalonate, which accounts for our failure to increase
phenalinolactone yields by supplementation.

The expression system that is described here further enabled
the generation of an unglycosylated phenalinolactone deriva-
tive. Red/ET technology was combined with the FRT/FLP re-
combinase system to construct a markerless deletion of the
glycosyl transferase gene plaA6. Heterologous expression of
the modified construct resulted in the unglycosylated deriva-
tive phenalinolactone E, which demonstrates that the glycosyl
transferase Pla A6 catalyzes the attachment of 4-O-methyl-L-
amicetose to the hydroxylated terpenoid backbone. Surprising-
ly, the biosynthesis of PL E was only observed in S. coelicolor
M512, although yields of the parent glycosylated compound
from S. lividans TK24 were much higher. In this case, the utility
of S. coelicolor mutant strain M512 as a suitable host might
stem from its overall lower background of secondary metabo-
lism.

Although several Streptomyces gene clusters have been relo-
cated to heterologous hosts by using Red/ET cloning, transcrip-
tion in each case was under the control of a single or few pro-
motors.”® Thus, the pla cluster represents the most complicat-
ed gene set yet to be heterologously expressed in any Strepto-
myces sp. In the future, efforts to understand the regulatory
factors that govern phenalinolactone biosynthesis should aid
in efforts to optimize heterologous production, for example by
overexpressing positive regulators. In addition, the results de-
scribed here set the stage for further engineering the biosyn-
thetic machinery in E. coli towards the generation of novel PL
analogues.

Experimental Section

Bacterial strains and culture conditions: The Streptomyces strains
that were used in this work were Streptomyces sp. Ti6071,"% S, liv-
idans TK24," S, coelicolor A3(2)"™® and S. coelicolor M512 (AredD,
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Aactll-ORF4 SCP1-SCP27)." NL111 liquid medium was used for
growth and production.? For phenalinolactone production, the
cultures were cultivated under standard conditions at 28°C and
180 rpm on a rotary shaker and harvested after 6-8 days, as de-
scribed previously."? Studies on the optimization of PL production
were performed under standard cultivation conditions in NL111
medium but at 37°C. For genomic DNA isolation, the Streptomyces
strains were grown in YEME medium.'® Apramycin (60 ugmL™")
was used for selection of recombinant Streptomyces strains. E. coli
ET12567 that carried pUZ8002 was used for conjugation according
to the procedure described by Kieser et al.'® E. coli strains were
cultured in LB medium at 37°C, with the appropriate antibiotic
selection: ampicillin (100 ugmL™"), apramycin (60 pgmL™"), tetra-
cycline (125 pgmL™"), zeocin (25 ugmL™") and chloramphenicol
(34 pgmL™").

Cloning and genetic engineering of the phenalinolactone bio-
synthetic gene cluster: All PCRs were carried out in an Eppendorf
Mastercycler by using Phusion Polymerase (Finnzymes, Espoo, Fin-
land), TripleMaster Polymerase (Eppendorf, Hilden, Germany) or
HotStarTaq Polymerase (Qiagene, Hamburg, Germany) according to
the manufacturers’ protocols. Amplification of the Scal-oriT-tet-trpE
cassette by using Phusion Polymerase was carried out by using
CMch37® as template, and the oligonucleotides PhIET10 and
PhIET11 (Table S1). Conditions on the Eppendorf Mastercycler were
as follows: 30 s at 98°C, denaturation at 98°C (8 s), annealing at
57°C (25 s), and extension at 72°C (45 s); 30 cycles. The ~600 bp
zeocin cassette was amplified by Phusion Polymerase with oligonu-
cleotides PhIET6 and PhIET7 (Table S1), by using CMch37 as tem-
plate. Conditions on the Eppendorf Mastercycler were as follows:
30 s at 98°C, denaturation at 98°C (8 s), annealing at 57°C (25 s),
and extension at 72°C (155s); 30 cycles. The ~1.1 kb kanamycin-
resistance cassette flanked by FRT sites was amplified with Triple
Master Polymerase by using the construct pR6 K-amp-gb2-neo-loxP
(Gene Bridges GmbH; http://www.genebridges.com, technical pro-
tocol) as a template with oligonucleotides PhIET22 and PhIET23
(Table S1). Conditions on the Eppendorf Mastercycler were as fol-
lows: 3 min at 95°C, denaturation at 95°C (1 min), annealing at
57°C (1 min), and extension at 72°C (1 min); 30 cycles. The PCR
product was precipitated with sodium acetate and used for Red/ET
recombination. Cloning of the phenalinolactone gene cluster was
performed by using Red/ET recombination." For Red/ET recombi-
nation, an aliquot (30 uL) of competent E. coli GB2005/pSC101-
BAD-yBaA-amp (Gene Bridges GmbH; http://www.genebridges.
com) cells were electroporated with a mixture of 0.3 ug of a linear
fragment (either a PCR product or a fragment that was obtained
from restriction) and the target cosmid. After electroporation, colo-
nies that grew under selection for the antibiotic-resistance genes
were examined for the intended Red/ET recombination product by
restriction analysis with a set of enzymes. Site-specific recombina-
tion to remove the kanamycin-resistance marker was performed by
using FLP recombinase (New England Biolabs) according to the
manufacturer’s protocol.

Transformation of the expression constructs into Streptomyces
host strains: Transformation of the cosmids CPhI8 and CPhl18 into
S. lividans TK24, S. coelicolor A3(2) and S. coelicolor M512 was per-
formed by conjugation according to a standard protocol."® Trans-
conjugants were transferred to SM agar plates that contained nali-
dixic acid (25 pgmL™") and apramycin (60 pgmL~") and successful
integration of the constructs into the Streptomyces chromosome
was checked by PCR. By using HotStarTag Polymerase and the oli-
gonucleotides apra for and apra rev (Table S1), the apramycin-re-
sistance gene (777 bp) was amplified from genomic DNA of the
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mutant strains. PCR conditions by using an Eppendorf Mastercycler
were as follows: initial denaturation and activation of the poly-
merase at 95°C (15 min), denaturation at 94°C (20 s), annealing at
54°C (20 s) and extension at 72°C (50 s); 30 cycles.

Expression and analysis: The Streptomyces mutants harboring the
pla biosynthetic gene cluster (S. lividans TK24/CPhl8, S. coelicolor
A3(2)/CPhI8 and S. coelicolor M512/CPhI8) were cultivated in 1-L
baffled shake flasks containing NL111 medium (200 mL) that was
supplemented with apramycin (60 ugmL™"). The cultures were ino-
culated with a 3-day-old preculture (1:100) and incubated for 6-8
days at 180 rpm and 28°C or 37°C on a rotary shaker. The cultures
were harvested by centrifugation and the supernatants were ex-
tracted with ethyl acetate. The organic phase was evaporated and
redissolved in DMSO (500 pL, 50%). The extracts (10 pL) were then
analyzed by HPLC-MS. Analysis was carried out by using an Agi-
lent 1100 series solvent delivery system that was equipped with a
photodiode array detector and coupled to a Bruker HCTplus ion
trap mass spectrometer. Chromatographic separation was carried
out on a Nucleodur C18/3 pm RP column (125x2 mm; Macherey &
Nagel) that was equipped with an C18/5 precolumn (8x3 mm) by
using a mobile phase system that consisted of 0.1% formic acid in
H,O (A) and 0.1% formic acid in acetonitrile (B). The following gra-
dient was applied: 0-2 min 25% B, 2-22 min linear from 25% B to
95% B, 22-24 min isocratic at 95% B. Detection was carried out in
negative-ionization mode at a scan range of m/z 100-1100. Phena-
linolactones were identified by comparison to the retention times
(t;) and the MS data of authentic standards (Phenalinolactone A:
ty=13.8 min, m/z 714.5 [M—H]~; phenalinolactone D: t;=18.1 min,
m/z 698.3 [M—H]").

S. lividans TK24/CPhl18, S. coelicolor A3(2)/CPhI18 and S. coelicolor
M512/CPhl18 that contained the modified pla gene cluster (plaA6
deletion) were cultivated in 1-L baffled shake flasks that contained
NL111 medium (200 mL) that was supplemented with apramycin
(60 pgmL™"). The mutants were cultivated, harvested and extracted
as described above. Phenalinolactone E was identified by compari-
son to the retention times and the MS data of phenalinolactone D
(phenalinolactone E: t;=13.0 min, m/z 570.3 [M—H]"). To verify the
identity of the compound, a LC-coupled FT-Orbitrap-MS analysis
was performed. Analysis was carried out with an Accella UPLC
system (Thermo Electron Corporation) that was coupled to a LTQ
Orbitrap Mass Spectrometer (Thermo Fisher Scientific) that was op-
erating in negative-ionization mode at a scan range of m/z 100-
2000. A Hypersil Gold column (2.1x50 mm; Thermo Fisher Scientif-
ic) was used for separation with a solvent system consisting of
0.1% formic acid in H,0 (A) and 0.1% formic acid in acetonitrile
(B). A gradient of 5-95% B was applied over 10 min. Measurements
were carried out in single-ion mode (SIM). lons of the m/z 570.27
(PLE, new derivative) and m/z 698.35 (PL D, standard substance)
were collected and subjected to collision-induced dissociation
(CID).
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