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Aromatic Polyketide GTRI-02 is a Previously Unidentified
Product of the act Gene Cluster in Streptomyces

coelicolor A3(2)

Changsheng Wu,® Koji Ichinose,” Young Hae Choi,” and Gilles P. van Wezel*®

The biosynthesis of aromatic polyketides derived from type Il
polyketide synthases (PKSs) is complex, and it is not uncom-
mon that highly similar gene clusters give rise to diverse struc-
tural architectures. The act biosynthetic gene cluster (BGC) of
the model actinomycete Streptomyces coelicolor A3(2) is an ar-
chetypal type Il PKS. Here we show that the act BGC also speci-
fies the aromatic polyketide GTRI-02 (1) and propose a mecha-
nism for the biogenesis of its 3,4-dihydronaphthalen-1(2H)-one

Introduction

Polyketides are widespread in bacteria, fungi, and plants and
represent a vast chemical diversity of natural products."? The
unparalleled biological significance and commercial value of
polyketides have triggered immense endeavors to uncover
their underlying biosynthetic logic, because total chemical syn-
thesis of the extraordinary architectures of polyketides is chal-
lenging. Despite their tremendous structural diversity, poly-
ketides are universally assembled through successive Claisen
decarboxylative condensation of simple building blocks such
as acetate and propionate, catalyzed by polyketide synthases
(PKSs)."!

Three major types of PKS are known to date; of these,
type Il PKSs are mostly involved in the biosynthesis of aromatic
polyketides. The hallmark for type Il PKS gene clusters is a keto-
synthase heterodimer (KS, and KSg) catalyzing iterative Claisen
decarboxylative condensation between thioesters and malon-
yl-CoA units, together with an acyl carrier protein (ACP) that
serves as an anchor for the nascent polyketide chain. Addition-
al PKS subunits, including ketoreductases, cyclases, and aroma-
tases, define the folding pattern of the poly-f-keto intermedi-
ate to form a specific aromatic backbone that can be further
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backbone. Polyketide 1 was also produced by Streptomyces sp.
MBT76 after activation of the act-like gin gene cluster by over-
expression of the pathway-specific activator. Mining of this
strain also identified dehydroxy-GTRI-02 (2), which most likely
originated from dehydration of 1 during the isolation process.
This work shows that even extensively studied model gene
clusters such as act of S. coelicolor can still produce new
chemistry, offering new perspectives for drug discovery.

tailored by, among other enzymes, oxygenases and glycosyl-
and methyltransferases.”’ The biosynthetic machinery of type I
PKSs is difficult to study,” because 1) production of aromatic
polyketides is carried out by enzyme complexes, 2) the deter-
minants for the extension cycles are puzzling, and so the chain
lengths of poly-B-keto intermediates are difficult to predict,>®
3) poly-p-keto intermediates are highly unstable and prone to
spontaneous cyclization, and 4) the initial backbones of aro-
matic compounds can be changed substantially in post-PKS
tailoring steps. Consequently, it is not uncommon that a single
type Il PKS gene cluster gives rise to diverse chemical skele-
tons.”

Actinomycetes are mycelial Gram-positive bacteria with a
complex multicellular lifestyle that culminates in sporula-
tion.” These bacteria produce a plethora of natural products,
including antibiotic, antifungal, and anticancer com-
pounds."®™ Their biosynthetic potential is far from exhausted,
despite problems with chemical redundancy and the conse-
quent poor return of investment of high-throughput screening
campaigns.l'>'¥

Streptomyces coelicolor A3(2) is a model actinomycete, and
has been investigated for more than five decades to study the
genetic and biochemical basis for the production of bioactive
metabolites."” Prior to the publication of its genome se-
quence, S. coelicolor had been reported to produce a broad
spectrum of secondary metabolites, such as actinorhodin,
hopanoids, prodiginines, and nonribosomal peptides. In 2002,
though, its genome sequence revealed a far greater capacity
to produce natural products than seen from classic bioactivity
screens.” Genome mining of other model organisms again
shed light on many silent gene clusters."””'¥ Bioinformatics al-
gorithms have therefore been developed for the purposes of
mining the vast genome sequence information efficiently and
allowing the prediction of the chemical output,**® whereas
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technologies to activate the expression of silent biosynthetic
gene clusters (BGCs) have been developed.”'**

Actinobacteria live in close association with other bacteria,
as well as with fungi, nematodes, plants, and insects, and har-
nessing such interactions for the activation of BGCs is therefore
an attractive strategy.**® Indeed, microbial co-cultivations ef-
ficiently elicit the biosynthesis of previously unknown secon-
dary metabolites, thus expanding the pre-existing chemical di-
versity.?””~? The availability of genomic information has greatly
accelerated progress in understanding the divergent biosyn-
thetic logic of specific metabolites in S. coelicolor, including
two model type Il PKS gene clusters—whiE and act—for the
production of the spore pigment and actinorhodin, respective-
ly."® The ectopic expression of the minimal whiE in a recombi-
nant Streptomyces strain generated a library of aromatic poly-
ketides of varying chain lengths and cyclization patterns,*”
whereas the expression of subsets of the act genes was report-
ed to synthesize disparate aryl scaffolds, such as pyranonaph-
thoquinone,®'*? anthraquinones,®*3** naphthoquinones,>3¢
and mutactin.

In this study we report that the act BGC specifies the pro-
duction of the aromatic polyketide GTRI-02 (1, Scheme 1), a
molecule that had not previously been characterized in S. coeli-
color. Moreover, the previously undescribed variant dehydroxy-
GTRI-02 (2) was isolated from an ex-conjugant of Streptomyces
sp. MBT76.

371

6 8 \""10"0OH

dehydroxy-GTRI-02 (2)

10°OH
GTRI-02 (1)

Scheme 1. Structures of GTRI-02 (1) and dehydroxy-GTRI-02 (2).

Results and Discussion

An NMR-based metabolomics study performed in our laborato-
ry demonstrated that co-cultivation of the filamentous model
microbes S. coelicolor A3(2) and Aspergillus niger N402 has a
substantial impact on their mutual metabolism.®® In response
to challenge with S. coelicolor, A. niger shut down the produc-
tion of the y-pyrone derivatives carbonarone A and auraspero-
ne B, but instead switched on phenylalanine metabolism, re-
sulting in the production of cyclo(Phe-Phe), hydroxyacetic acid,
and phenylacetic acid.*®

Scrutiny of the 'HNMR spectra (Figure 1) of three experi-
mental groups—namely, A. niger monoculture, S. coelicolor
monoculture, and a co-culture of A. niger with S. coelicolor—re-
sulted in the detection of two low-abundance singlets at 6 =
2.45 and 2.42 ppm that were exclusively present in the spec-
trum of the co-culture, but not in those of the monocultures.
2D NMR examination of co-culture crude extracts confirmed
that these two singlets belong to the same compound. NMR-
guided chromatographic fractionation was carried out to iso-
late the desired components.®¥ Fractions showing the target
signals (0=2.45 and 2.42 ppm) were combined and further
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Figure 1. Comparison of 'H NMR spectra of extracts obtained from S. coeli-
color M145, A. niger N402, and their co-culture. Chemical shifts are shown
for the non-oxygenated aliphatic region 6 =2.0-3.0 ppm. Two singlets at
0=2.45 and 2.42 ppm highlighted by arrows were present in the spectrum
from the co-culture group, but not in those from the two single cultures.
M145: S. coelicolor M145 single culture. N402: A. niger N402 single culture.
M145 +N402: co-culture of S. coelicolor M145 with A. niger N402.

analyzed by 2D NMR, including by COSY, 'J-resolved, HSQC,
and HMBC (Figures S1-S5 in the Supporting Information). This
allowed the identification of the compound GTRI-02 (1,
Scheme 1 and Table 1), which was further verified by a HRMS
ion peak at m/z235.0961 [M+H]" (calcd for Ci3H;50,:
235.0965; Figure S6). This compound had never previously
been characterized in cultures of either strain.

We then wondered which microbe was responsible for the
production of GTRI-02 (1), or whether the molecule was the
result of co-synthesis. The biosynthetic pathway for 1 is
unknown, but its structure strongly suggests a polyketide bio-
assembly line. Actinomycete origin was suggested by the isola-
tion of 1 from the soil actinomycete Micromonospora sp.
SA246,“ and more recently by recharacterization in Streptomy-

Table 1. 'H and '>C NMR data for GTRI-02 and dehydroxy-GTRI-02."

GTRI-02 Dehydroxy-GTRI-02
oC, type OH (J [Hz]) oC, type OH (J [Hz))
1 31.1,CH; 241 (s) 19.0, CH; 2.72 (s)
2 1389, C 1319, C
3 1234,C 118.7, C
4 1978, C 156.4, C
5 48.7,CH, 2.85(dd, J=16.2,3.6 Hz) 107.3,CH 6.58 (d, /=7.8, 1.2 Hz)

(
2.60 (dd, J=16.2, 7.2 Hz)
65.4, CH 4.24 (m) 126.6, CH 7.11 (t, J=7.8 Hz)
(
(

o)}

7 39.1,CH, 3.15(dd, J=16.2,3.6 Hz) 117.7, CH 7.03 (d, J=7.8, 1.2 Hz)
291 (dd, J=16.2, 7.2 Hz)

8 1456, C 137.6, C
9 1132, CH 663 (s) 107.1, CH 6.87 (s)
10 1574, C 150.4, C
1 1308, C 1321, C
12 2069, C 2089, C
13 17.7,CH, 245 (s) 314, CH; 252 (s)

[a] Recorded in CD;OD. All chemical shift assignments were made on the
basis of 1D and 2D NMR. The 'H and *C NMR data for GTRI-02 are con-
sistent with previously reported data.“”
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ces strain GW4184"" and Streptomyces sp. ANK313,"? whereas
no fungal origin has been reported for GTRI-02. To test this,
additional Aspergillus/Streptomyces co-cultivations were per-
formed. S. coelicolor M145 was inoculated into submerged Min-
imal Medium (NMMP) cultures at pH 5.9 After 72 h growth,
spores from A. niger N402 were added, and co-cultivation was
allowed to proceed for 72 h. The control experiments were
M145 and N402 monocultures, corresponding to the cultiva-
tion time of each strain in the co-culture. The cultures were
harvested by centrifugation and extracted with ethyl acetate
(EtOAc). HPLC-diode array detection (DAD) analysis of the re-
sulting extracts indicated the existence of 1 both in the co-cul-
ture and in the S. coelicolor M145 monoculture (Figure 2A). No
product was seen in the A. niger single culture, thus strongly
suggesting that 1 was produced by S. coelicolor. The produc-
tion of 1 by S. coelicolor was further confirmed by UHPLC-DAD-
ToF-MS analysis (Figure 2B). However, it should be noted that
the yield of 1 was significantly lower than in the previous co-
cultivation experiment, as quantified by 'HNMR (data not
shown). The poor reproducibility of the co-culture experiments
might have been caused by major variations in the metabo-
lome of A.niger between the different experiments. For in-
stance, the major metabolite produced in previous A. niger
monoculture was carbonarone A*¥ but here it predominantly
synthesized TAN-1612, a premithramycinone-type polyketide,’!
under the same culture conditions (Figures S7, S8).

The observation that S. coelicolor produces GTRI-02 prompt-
ed further analysis of the genetic basis for its production. Inter-
estingly, all actinomycetes that have been shown to produce
GTRI-02 also produce anthraquinones, naphthoquinones, and/
or pyranonaphthoquinones.*-**#4-*¢l This suggested that in
S. coelicolor, 1 might be a previously unidentified product of
actinorhodin biosynthesis, similar to anthraquinones,®*3¥
naphthoquinones,®**¥ and mutactin,*” which also originate

-
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from the act BGC. To test this hypothesis, we analyzed the me-
tabolome of S. coelicolor M1141, an act-BGC null mutant of
S. coelicolor M145.7 Although GTRI-02 was detected in S. coeli-
color M145, both in monoculture and in co-culture with
A. niger, the production of 1 could not be detected in its act
null mutant M1141, grown either in monoculture or in co-cul-
ture (Figure 2). Further support for the notion that 1 originates
from an act-like type Il PKS was obtained from our investiga-
tions into Streptomyces sp. MBT76.*® The gin BGC of Strepto-
myces sp. MBT76 shows high homology to the act BGC in the
central type Il PKS genes. Overexpression of the gin BGC was
achieved by placing its pathway-specific regulatory gene gin-
ORF11 behind the strong and constitutive ermE promoter. Met-
abolic profiling in tandem with chromatographic isolation con-
firmed the production of 1 in the resultant ex-conjugant
MBT76-1, but not in the parent (wild-type) strain. It is notewor-
thy that the titer of GTRI-02 was higher than that of the glyco-
sylated pyranonaphthoquinones (ginimycins), whereas the
production of nonglycosylated pyranonaphthoquinones and
anthraquinones was below the detection limit of HPLC-DAD
(Figure 3).¥ This suggests that under the given growth condi-
tions, GTRI-02 is a major product of the gin gene cluster.

In this strain, a minor compound co-existed with 1 in a 1:9
ratio, as judged by either 'H NMR (Figure S9) or HPLC-DAD
analysis (Figure 3). 2D NMR (HMBC and HSQC, Figures S10,
S$11) measurements and HRMS in positive mode (Figures S12,
S13) demonstrated that this compound was a dehydration
product of 1 at C-6, giving the previously unknown polyketide
dehydroxy-GTRI-02 (2, Table 1 and Figure S14). Similar dehydra-
tion of the 3,4-dihydronaphthalen-1(2H)-one motif has also
been seen for the conversion of mutactin into dehydromutac-
tin.®” However, compound 2 was most likely an artifact of
1 due to the use of TFA during isolation, because 2 was not
detected by UHPLC-DAD-ToF-MS in crude extracts obtained
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Figure 2. GTRI-02 (1) production by S. coelicolor M145 and its act null mutant M1141. A) HPLC-DAD analysis (detected at 280 nm) showed that 1 was pro-
duced by S. coelicolor M145 alone or in co-culture with A. niger, but not by S. coelicolor M1141 (neither alone nor in co-culture). The peak corresponding to

1 is highlighted by the dashed line. B) Extracted ion chromatography (m/z 235) of UHPLC-DAD-ToF-MS analysis further confirmed GTRI-02 production by

S. coelicolor M145. The dashed line highlights the ion peak at m/z 235.0956 [M+H]" (calcd for C;3H;50,: 235.0965) for 1. N402: A. niger N402. M145: S. coelicol-
or M145. M1141: S. coelicolor M1141 (which lacks the act BGC). Chromatographically purified GTRI-02 from Streptomyces sp. MBT76-1 was used as reference.
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Figure 3. Production of GTRI-02 (1) by Streptomyces sp. MBT76-1. A) Type Il PKS gene cluster (gin) was activated in Streptomyces sp. MBT76 through constitu-
tive expression of the pathway-specific activator gene gin-ORF11.“¥) Where relevant, homologous enzymes encoded by the act cluster are given in brackets.
B) HPLC-DAD (detection at 280 nm) comparison of gin-overexpression ex-conjugant MBT76-1 with the parent strain harboring empty plasmid. The chromato-
graphically isolated mixture containing 1 and 2 from Streptomyces sp. MBT76-1 was used as the reference. C) UV spectrum of compound 1. The peak detect-
ed at 9.23 min in the chromatogram of MBT76-1 has the same UV spectrum as compound 1.

from either the co-culture or the ex-conjugant of MBT76-1. In
a previous study it was demonstrated that GTRI-02 acts as
a lipid peroxidation inhibitor.””! In line with this, neither 1 or 2
showed antimicrobial activity against Bacillus subtilis 168, Es-
cherichia coli K12, Pseudomonas aeruginosa PAO1, A. niger
N402, or S. coelicolor M145, as shown by a disc agar diffusion
assay (Figure S15).

Plausible biosynthetic pathways for 1 are presented in
Scheme 2. The minimal PKS catalyzes the iterative decarboxyla-
tive condensation of seven malonyl-CoA extenders with an
acyl-CoA starter to form a nascent linear octaketide chain. This
highly reactive poly-f-keto intermediate can undergo nonenzy-
matic spontaneous aldol reactions or enzymatic cyclization.
The standard U-shaped folding at C-7/C-8 is known to give rise
to the structural skeleton of anthraquinones (i.e., aloesapona-
rin 1),%**7 naphthoquinones (juglomycin C),*** and mutac-
tin,®” whereby Actlll is responsible for the ketoreduction at C-8
(numbered from the methyl terminus). For GTRI-02 assembly, it
is postulated that an irregular folding pattern at C-5/C-6 occurs
in the octaketide chain and that the C-6 ketone is instead re-
duced by Actlll into the corresponding secondary alcohol. Two
aldol reactions at C-2/C-11 and C-3/C-8 then close the bicyclic
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system to form a 3,4-dihydronaphthalen-1(2H)-one backbone,
whereby the aromatase/cyclase ActVIl might be involved in de-
hydration. The acetyl substituent in 1 could be generated
either by [-oxidation of the C, acetate in tandem with sponta-
neous release of CO,"" or by direct cleavage at C-13/C-14 to
release the C; malonate. An alternative possible biosynthetic
pathway of 1 is to follow the initial reaction steps of mutactin
biosynthesis. The aldol reaction at C-4/C-13 instead of C-2/C-11
(which would give rise to mutactin) produces the 3,4-dihydro-
naphthalen-1(2H)-one intermediate, which then further under-
goes shortening of the C, unit and spontaneous decarboxyla-
tion to generate 1.

Conclusion

The act BGC of S. coelicolor serves as a model for type Il PKSs.
The discovery of the polyketide GTRI-02 (1), with a 3,4-dihydro-
naphthalen-1(2H)-one backbone, in S. coelicolor surprisingly
unveiled additional chemistry based on the act BGC. This pro-
vides new insights into the versatile folding mode and/or
modification of the nascent polyketide chains derived from
type Il PKSs. The divergent biosynthesis in which a single gene

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Proposed biosynthetic pathway for GTRI-02. GTRI-02 is a previously undetected side product of the act and gin*® BGCs. So far, these BGCs have
mainly been known for the production of the pyranonaphthoquinones kalafungin and actinorhodin. Besides GTRI-02, anthraquinones (i.e., aloesaponarin

33,34) 35,361 1371
1),

naphthoquinones (juglomycin C), and mutactin
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cluster orchestrates architecturally disparate skeletons might
be more common than previously thought. In view of the im-
portance of secondary metabolites in nature, such divergent
biosynthesis likely offers an evolutionary advantage to microor-
ganisms, allowing them to modify their biosynthetic arsenal
depending on the environmental challenges they face.

Experimental Section

General experimental procedures: NMR spectra were recorded in
CD,0D with a Bruker 600 MHz instrument calibrated to the residual
CD,0D (3.30 ppm) signal. The UHPLC-DAD-ToF-MS analyses were
performed with an UltiMate 3000 UHPLC system (Thermo Fisher
Scientific) coupled to a micro-ToF-2Q mass spectrometer (Bruker
Daltonics) with an electrospray (ESI) interface.*” HPLC analysis was
performed with an Agilent 1200 series HPLC apparatus (Agilent)
and use of a 150x4.6 mm Luna 5um Cy; (2) 100 A column
equipped with a guard column containing C,3 4x3 mm cartridges
(Phenomenex). Semipreparative HPLC separation was performed
with a reversed-phase column [Phenomenex Luna 5um Ci; (2)
100 A column, 250x 10 mm]. Silica gel 60 F,s, (Merck) was used for

ChemBioChem 2017, 18, 1428 - 1434 www.chembiochem.org
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are known side products of the act BGC. The alternative pathways for GTRI-02 biosynthesis are

TLC analysis, with elution with CHCI;/CH;OH (10:1) and visualiza-
tion with anisaldehyde/sulfuric acid reagent. All organic solvents
and chemicals were of analytical or HPLC grade, depending on the
experiment.

Bacterial strains and culturing conditions: S. coelicolor A3(2)
M145 was obtained from the John Innes Centre (Norwich, UK)
strain collection, and Streptomyces sp. MBT76, B. subtilis 168,
E. coli K12, P. aeruginosa PAO1 and A. niger N402 from the Leiden
University strain collection. A. niger N402 (cspAT) is a derivative of
A. niger ATCC 9029. Co-cultivation of A. niger N402 with S. coelicolor
M145 or its act null mutant M1141%” was carried out by our previ-
ously published method.®® Streptomyces sp. MBT76-1, which over-
expresses the gin biosynthetic gene cluster, was described in
ref. [48]. Streptomyces strains were cultured as described”" without
PEG 6000 but in the presence of glycerol (1%, w/v) and mannitol
(0.5%, w/v) as the carbon sources, further supplemented with
Bacto peptone (0.8 %, w/v).

Metabolic profiling: The metabolites in the culture broths were
extracted with ethyl acetate (EtOAc). Metabolite analysis, including
HPLC-DAD, UHPLC-DAD-ToF-MS, and 'H NMR measurement, were
performed as previously described.?&*®

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Purification of GTRI-02 and dehydroxy-GTRI-02: Streptomyces sp.
MBT76-1 was grown in modified NMMP (50 mL) with glycerol (1%,
w/v) and mannitol (0.5%, w/v) as the carbon sources, further sup-
plemented with bacto peptone (0.8%, w/Vv); 15 replicates of cul-
tures (750 mL in total) were pooled and further subjected to EtOAc
extraction. The resulting crude extract (0.26 g) was partitioned be-
tween methanol and n-hexane to remove the lipids. The resolved
methanol fraction was subsequently separated by semipreparative
reversed-phase HPLC [Phenomenex Luna 5um C,; (2) 100A
column, 250x 10 mm] with an Agilent 1200 series HPLC (Agilent),
eluted with a gradient of MeCN in H,O adjusted with TFA (0.1 %)
from 20 to 60% at a flow rate of 2 mLmin " over 40 min; 16 frac-
tions (Fr1-Fr16), numbered in ascending order of retention time,
were manually collected by peak detection at 254 nm. After rotary
evaporation at 42 °C under vacuum, these 16 factions were further
subjected to 'H NMR profiling and UHPLC-DAD-ToF-MS analysis.
GTRI-02 (1) and dehydroxy-GTRI-02 (2) were contained as a mixture
in Fr8 (2.5 mg) of HPLC-DAD isolation, at retention time 15.51 min.
In UHPLC-DAD-ToF-MS analysis, compounds 1 and 2 were separa-
ble at retention times 5.72 min and 8.43 min, respectively (Fig-
ures S6 and S7).
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