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Abstract: The unusual nitro-substituted polyketides aureothin,
neoaureothin (spectinabilin), and luteoreticulin, which are
produced by diverse Streptomyces species, point to a joint
evolution. Through rational genetic recombination and
domain exchanges we have successfully reprogrammed the
modular (type I) aur polyketide synthase (PKS) into a synthase
that generates luteoreticulin. This is the first rational trans-
formation of a modular PKS to produce a complex polyketide
that was initially isolated from a different bacterium. A unique
aspect of this synthetic biology approach is that we exclusively
used genes from a single biosynthesis gene cluster to design the
artificial pathway, an avenue that likely emulates natural
evolutionary processes. Furthermore, an unexpected, context-
dependent switch in the regiospecificity of a pyrone methyl
transferase was observed. We also describe an unprecedented
scenario where an AT domain iteratively loads an extender unit
onto the cognate ACP and the downstream ACP. This aberrant
function is a novel case of non-colinear behavior of PKS
domains.

M any bacterial secondary metabolites that are currently in
clinical use are produced by typel polyketide synthases
(PKS). These giant enzymes are composed of diverse func-
tional domains that govern the stepwise assembly of highly
complex architectures."! To warrant control over the diverse
biosynthetic steps, the growing chains are covalently tethered
to the template, and the functional domains are organized
into a series of modules.””! Minimally, each module consists of
a ketosynthase (KS), which catalyzes the fusion of activated
acyl and malonyl units, and an acyl carrier protein (ACP),
which serves as an anchor for the growing polyketide chain
and binds the extender unit supplied by an acyl transferase
(AT). The products of the condensation reaction may be
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processed by optional ketoreductase (KR), dehydratase
(DH) and enoyl reductase (ER) domains, and eventually
the final products are liberated by a thioesterase (TE)
domain. Owing to their modular architecture and unidirec-
tional chain propagation, in most bacterial type I PKS the size
and functionalization of the polyketide backbone directly
corresponds to the number and architecture of the PKS
modules.”! This principle of colinearity has provided the
ground for predicting structures from PKS genes and for
rationally reprogramming the biosynthetic code for complex
polyketide pathways.! In nature, the various modular PKSs
have evolved from horizontal gene transfer, gene duplica-
tions, recombinations, deletions, and mutations.”! Yet, such
evolutionary processes await emulation in the laboratory.
The structures of nitro-substituted pyrone metabolites
neoaureothin (1; also known as spectinabilin), aureothin (2),
luteoreticulin (3), and orinocin (4), which have been isolated
from diverse Streptomyces spp., are highly suggestive of
a common evolutionary origin (Figure 1).) Metabolites of
this family have been shown to be potent antifungal,
cytotoxic, antiviral, immunosuppressive, and antinematodal
agents. Analyses of the biosynthesis gene clusters for aur-
eothin (aur)!” and its higher homologue neoaureothin (nor)®
indicated that the aur PKS has evolved from the nor PKS by
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Figure 1. Structures of nitro-substituted pyrone metabolites from Strep-
tomyces spp.
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gene deletion.® Interestingly, both assembly lines are excep-
tional owing to the iterative use of the first modules,”! which
break with the rule of colinearity.'”’ The smallest congener
(4), however, is not assembled from a smaller PKS, but results
from photoinduced polyene splicing of neoaureothin.!! Only
the molecular basis for luteoreticulin biosynthesis has
remained elusive, hampered by the lack of availability of
a producing strain. Herein, we report the successful directed
evolution of the aureothin PKS into an assembly line for its
homologue luteoreticulin. Furthermore, we unveil a new case
for non-canonical PKS programming and describe a surprising
substrate-dependent switch of regiospecificity of a methyl
transferase.

With the intention to design a modular PKS for luteor-
eticulin we compared the structures of aureothin and
luteoreticulin. From the deduced biosynthetic code, we
inferred that, in principle, the luteoreticulin core structure
could be generated by an aur PKS variant lacking parts of the
second and third modules (Figure 2). Specifically, the degree
of B-keto processing and the choice of extender units needed
to be changed. In addition, a methyl transferase with
specificity for o-pyrones!”? would be required for the
regiodivergent methylation. For the construction of the
luteoreticulin backbone, we aimed at generating two types
of truncated aur PKS, each lacking one (net) module. The
resulting constructs would only differ in the origin and
substrate specificity of the AT domain in module 2.

To construct the first PKS fusion (lut"), gene fragments
encoding domains between AT2 and KS3 were deleted from
the aur PKS genes aurB and aurC. Plasmid pHJ48, an
Escherichia coli-Streptomyces shuttle cosmid bearing the
entire aur locus, and specific subclones thereof, were
employed for the gene manipulation.

The boundaries between the KS domains and KS-AT
linkers in modules 2 and 3 were chosen for the fusion sites. By
means of PCR targeting, the corresponding gene regions was
substituted with a spectinomycin resistance cassette (addA)
flanked by Hpal restriction sites. After successful replace-
ment of the targeted gene region in E. coli, the cassette was
removed by digestion with Hpal and re-ligated to generate
a seamless fusion (Figure 2; see also the Supporting Informa-
tion).

The recombinant expression plasmid (pYU9) was intro-
duced into the heterologous host S. lividans ZX1, and the
metabolic profile of the transformant (S. lividans ZX1:pYU9)
was monitored by HPLC-MS, which indicated that the strain
produced new pyrone compounds. The main metabolites, §
(011 mgL™), and 6 (0.35mgL™'; Figure 3), were isolated
from mycelium and culture broth of a 20 L-fermentation and
purified by open column chromatography, followed by
preparative HPLC. According to HRESI-MS data and
NMR spectra, both § and 6 bear a hydroxyl group at the
C7a position. NOESY experiments revealed that compound 6
is an E/Z isomer of 5 (see the Supporting Information).

UV spectra and high resolution LC-MS data suggested
that S. lividans:pYU9 produces other luteoreticulin ana-
logues, including non-hydroxylated variants. However, the
extremely low production titers for these compounds pre-
vented their full characterization. As an alternative, we aimed
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Figure 2. Overview of the strategy to generate the lut* (pYU9), lut*
(pYU22) and lut’ (pYU65) PKS mutants. A) Engineered gene clusters.
Deduced gene functions: AurA (PKS module 1), AurB (PKS module 2),
AurC (PKS modules 3 and 4), AurD (transcriptional regulator), AurE
(acyl-CoA ligase), AurF (N-oxygenase), AurG (PABA synthase), AurH
(cytochrome P450 monooxygenase), Aurl (methyltransferase); aadA
(spectinomycin and streptomycin acetyltransferase). H; Hpal, D; Dral.
The gene fragment encoding for the non-functional AT4 (purple) was
exchanged with the gene fragment encoding AT3 (light blue) from the
aur PKS. B) Architectures of the modular aureothin (aur) PKS and
derived assembly lines lut”, lut* and lut' and structures of PKS
intermediates (deduced from isolated products). The color code refers
to the KS involved in the Claisen condensation.
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Figure 3. Monitoring of metabolic profiles for the wild-type producer
and mutants. A) HPLC-MS analysis of extracts from: a) heterologous
aureothin producer (S. lividans ZX1:pHJ48), b) mutant producing lut*
PKS (S. lividans ZX1:pYU9), c) same as for (b), but lacking cytochrome
P450 monooxygenase AurH (S. albus:pYU2), d) mutant producing lut*
PKS (S. albus:pYU22), and e) mutant producing lut’ PKS (S. albu-
s:pYU65.). Peaks marked with an asterisk derive from putative
congeners that were not produced in the up-scaled fermentation and
thus evaded structural elucidation. UV detection at 350 nm. B) Molec-
ular structures of new metabolites isolated from engineered mutants
(for structure elucidation, see the Supporting Information).

at blocking C7a hydroxylation. The most likely candidate for
this reaction is the unusual cytochrome P450 monooxygenase
AurH, which is responsible for the stepwise formation of the
tetrahydrofuran ring from deoxyaureothin in the native
pathway.™¥ Yet, when alternative substrates are employed,
AurH is capable of regiodivergent oxygenations."! To
increase the yield of non-hydroxylated luteoreticulin ana-
logues, the CYP monooxygenase gene (aurH) was deleted by
PCR targeting, and the resulting construct (pYU2) was
introduced into S. albus. To prevent E/Z isomerization, the
cultivation and all downstream steps were performed in the
dark. The main product (7; 0.11 mgL™") and a minor side
product (8; 0.01 mgL™") were isolated from a 20 L culture of
the luf® AaurH mutant (S. albus:;pYU2), and their structures
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were determined by 'H and *C NMR, HMBC, and HMQC.
As desired, 7 and 8 lack the C7a hydroxy group, and show the
correct double-bond configuration. Unexpectedly, the
3C NMR shifts of the compounds revealed that main product
7 features an a-pyrone ring, whereas the minor congener 8
represents the y-isomer. Thus, only the methylation pattern of
the pyrone ring deviated from the target molecule.

To address this issue, we engineered an alternatively fused
PKS (lur*), in which the malonyl-specific aur AT2 was
incorporated into the second module. In analogy to the
recombination strategy utilized for fusion lut*, gene regions
coding for domains between DH2 and AT3 were removed
from the aur PKS genes with concomitant fusion of the aurB
and aurC fragments (Figure 2). The C-terminal regions of
AT2 and AT3, which are composed of homologous amino
acids sequences, were chosen as fusion sites. The resulting
plasmid (pYU?22) was introduced into the heterologous host,
and HPLC-MS profiling of the transformant culture indicated
that a new luteoreticulin derivative (9; 0.12mgL™") was
produced by the lur* PKS. The structure of 9 was fully
elucidated by HR-MS and 1D- and 2D-NMR techniques.
Interestingly, compound 9 proved to be a desmethyl variant of
luteoreticulin, with an O-methylated o-pyrone ring
(Figure 3). We also detected pathway intermediate (10) in
the broths of both the luf* and the lur* PKS mutants, which
points to a premature release from the PKS downstream of
AurA.

Compounds 7 and 9 differ from the target compound 3 in
that they either lack a methyl group or have an extra one. The
uniform methylation pattern on the pyrone rings suggests that
the elongation unit for the final condensation step is governed
by the AT domain in the penultimate module, not by the
terminal AT domain. Indeed, the AT domain is substantially
smaller than regular ATs, and lacks typical conserved motifs.
Thus, we concluded that the terminal AT domain is nonfunc-
tional. This is intriguing, as previous mutagenesis studies
showed that the KS and ACP domains in the terminal module
are necessary for aureothin biosynthesis. The only plausible
explanation for this observation is that the extender unit used
for the final elongation step is selected and loaded onto the
terminal ACP by the penultimate AT (Figure 4, left). Yet,
such iterative use of AT domains incorporated in PKS
modules is without precedent.

To test this hypothesis, and to manufacture the methyl-
ation pattern found in luteoreticulin (3), we aimed at
exchanging the terminal, non-functional AT domain in the

AurC AurB/C'
module 4 module 4
module 3 module 3

canonical:
AT loads extender on cognate ACP

non-canonical:
AT loads extender on two ACPs

Figure 4. Non-canonical, iterative use of AT3, as in the modular aur,
lut* and lut* PKS vs. regular ACP loading by cognate ATs.
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lur* PKS for a functional AT domain, which loads methyl-
malonyl-CoA onto the adjacent ACP (Figure 2, bottom). To
achieve this goal, we selected the AT3 domain of the aur PKS
and introduced it into the terminal module of the /ur* PKS.
For the recombination we used conserved motifs at the C-
terminal regions of AT3 and AT4 of the aur PKS, as well as
a boundary between KS4 and the N-terminus of the KS3-AT3
linker. A unique restriction site, Hpal, was introduced into the
corresponding gene fragment, and the DNA fragment coding
the AT3 was exchanged with the targeted inactive AT gene
fragment by genetic recombination. A spectinomycin resist-
ance cassette was introduced into the Hpal restriction sites
and the cassette was removed by enzymatic digestion with
Hpal (Figure 2; see also the Supporting Information).

Finally, the resulting plasmid (pYU®65) coding for the lur’
PKS was introduced into S. albus. HPLC-MS analysis of the
transformant culture (S. albus:YUG6S) indicated that a new
metabolite with the expected mass was produced. The
compound was isolated from a culture (20 L) and purified
by chromatography. “C NMR, HMBC, and HMQC data
unequivocally proved that the engineered pathway produces
the desired compound, luteoreticulin 3 (0.12mgrL™";
Figure 3). Notably, the engineered compound not only
features the desired a-pyrone ring and polyketide backbone,
but also shows the correct substitution pattern at the hetero-
cycle.

The successful construction of a luteroreticulin assembly
line from the aur PKS and accessory enzymes has various
important implications. First, we describe for the first time
that an AT domain is capable of iteratively loading extender
units onto the cognate ACP and the downstream ACP. This
aberrant domain function is a novel case of non-colinear PKS
codes and a noteworthy addition to the body of knowledge on
diverse PKS functions. Second, we observe a wholly unex-
pected, context-dependent switch in the regiospecificity of
a methyl transferase. Apparently, the site of methylation of
the pyrone tautomers depends on the size and substitution of
the polyketide backbone (Scheme 1). Third, and most sig-

Me/H O Me/H O

Y SAM J
R /) Me/H — R / Me/H R=
le) Aurl le) long substituted
OH OMe side chain
Me/H OH Me/H OMe
SAM
R~ Nmet —= R~ N—MeH R=
e} Aurl o] shorter unsubstituted
(e} (o) side chain

Scheme 1. Switch in regiospecificity of methyl transfer catalyzed by
Aurl.

nificantly, we have successfully reprogrammed the aur PKS
into a synthase that generates luteoreticulin. The stepwise
morphing proceeded through engineered lut, lut'(AaurH),
lur* and [lut’ PKS mutants, which not only provided access to
new luteoreticulin analogues, but also devised an avenue that
likely emulates natural recombination processes.
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In conclusion, the genetic manipulation of biosynthetic
pathways, in the sense of pathway engineering, combinatorial
biosynthesis, or synthetic biology, has proven a valuable
approach to generate structural analogues of known bioactive
compounds. Whereas in several cases mutations of terpene
cyclases have led to terpenes found in other pathways,
examples for altering a polyketide pathway to yield another
known polyketide are scarce. Through gene recombinations
and modification of tailoring steps, auramycinone! and
tetracenomycin D1""” have been obtained in artificial type 1T
PKS systems in bacteria, and domain swapping in a fungal
PKS vyielded bassianin in lieu of tenellin."®! Herein, we
describe the first rational transformation of a modular PKS to
produce a complex polyketide that was initially isolated from
a different bacterium. A unique aspect of this study is that we
exclusively used genes from a single biosynthesis gene cluster
to design the artificial luteoreticulin pathway. Beyond unveil-
ing non-canonical PKS programming in the aur PKS, this
study illustrates that it is indeed possible to morph a given
modular PKS to produce naturally occurring polyketides with
different backbones.

Received: September 17, 2013
Revised: October 30, 2013
Published online: January 8, 2014

Keywords: biosynthesis - evolution - polyketide synthases -
polypropionates - Streptomyces thioluteus

[1] C. Hertweck, Angew. Chem. 2009, 121, 4782-4811; Angew.
Chem. Int. Ed. 2009, 48, 4688 -4716.

[2] a) M. A. Fischbach, C. T. Walsh, Chem. Rev. 2006, 106, 3468 -
3496; b) C. Khosla, S. Kapur, D. E. Cane, Curr. Opin. Chem.
Biol. 2009, 13, 135-143.

[3] C.T. Walsh, Science 2004, 303, 1805-1810.

[4] a) G. L. Challis, J. Med. Chem. 2008, 51, 2618-2628; b) J. M.

Winter, S. Behnken, C. Hertweck, Curr. Opin. Chem. Biol. 2011,

15,22-31; c) K. J. Weissman, P. F. Leadlay, Nat. Rev. Microbiol.

2005, 3, 925-936; d) F. T. Wong, C. Khosla, Curr. Opin. Chem.

Biol. 2012, 16, 117-123; e)S. Kushnir, U. Sundermann, S.

Yahiaoui, A. Brockmeyer, P. Janning, F. Schulz, Angew. Chem.

2012, 124,10820-10825; Angew. Chem. Int. Ed. 2012, 51, 10664 —

10669; f) H. G. Menzella, R. Reid, J. R. Carney, S. S. Chandran,

S. J. Reisinger, K. G. Patel, D. A. Hopwood, D. V. Santi, Nat.

Biotechnol. 2005, 23, 1171 -1176.

a) H. Jenke-Kodama, A. Sandmann, R. Miiller, E. Dittmann,

Mol. Biol. Evol. 2005, 22, 2027-2039; b) C. P. Ridley, H. Y. Lee,

Proc. Natl. Acad. Sci. USA 2008, 105, 4595-4600; c) T. Nguyen,

K. Ishida, H. Jenke-Kodama, E. Dittmann, C. Gurgui, T.

Hochmuth, S. Taudien, M. Platzer, C. Hertweck, J. Piel, Nat.

Biotechnol. 2008, 26, 225-233; d) H. Jenke-Kodama, T. Borner,

E. Dittmann, PLoS Comput. Biol. 2006, 2, e132.

[6] B. Busch, C. Hertweck, Phytochemistry 2009, 70, 1833 —1840.

[7] J. He, C. Hertweck, Chem. Biol. 2003, 10, 1225-1232.

[8] N. Traitcheva, H. Jenke-Kodama, J. He, E. Dittmann, C.
Hertweck, ChemBioChem 2007, 8, 1841 —1849.

[9] a)J. He, C. Hertweck, ChemBioChem 2005, 6, 908—-912; b) B.
Busch, N. Ueberschaar, Y. Sugimoto, C. Hertweck, J. Am. Chem.
Soc. 2012, 134, 12382-12385; c) B. Busch, N. Ueberschaar, S.
Behnken, Y. Sugimoto, M. Werneburg, N. Traitcheva, J. He, C.
Hertweck, Angew. Chem. 2013, 125, 5393 -5397; Angew. Chem.
Int. Ed. 2013, 52, 5285 -5289.

[5

—_

www.angewandte.org

1563


http://dx.doi.org/10.1002/ange.200806121
http://dx.doi.org/10.1002/anie.200806121
http://dx.doi.org/10.1002/anie.200806121
http://dx.doi.org/10.1021/cr0503097
http://dx.doi.org/10.1021/cr0503097
http://dx.doi.org/10.1016/j.cbpa.2008.12.018
http://dx.doi.org/10.1016/j.cbpa.2008.12.018
http://dx.doi.org/10.1126/science.1094318
http://dx.doi.org/10.1021/jm700948z
http://dx.doi.org/10.1016/j.cbpa.2010.10.020
http://dx.doi.org/10.1016/j.cbpa.2010.10.020
http://dx.doi.org/10.1038/nrmicro1287
http://dx.doi.org/10.1038/nrmicro1287
http://dx.doi.org/10.1016/j.cbpa.2012.01.018
http://dx.doi.org/10.1016/j.cbpa.2012.01.018
http://dx.doi.org/10.1002/ange.201202438
http://dx.doi.org/10.1002/ange.201202438
http://dx.doi.org/10.1002/anie.201202438
http://dx.doi.org/10.1002/anie.201202438
http://dx.doi.org/10.1038/nbt1128
http://dx.doi.org/10.1038/nbt1128
http://dx.doi.org/10.1093/molbev/msi193
http://dx.doi.org/10.1073/pnas.0710107105
http://dx.doi.org/10.1038/nbt1379
http://dx.doi.org/10.1038/nbt1379
http://dx.doi.org/10.1371/journal.pcbi.0020132
http://dx.doi.org/10.1016/j.phytochem.2009.05.022
http://dx.doi.org/10.1016/j.chembiol.2003.11.009
http://dx.doi.org/10.1002/cbic.200700309
http://dx.doi.org/10.1002/cbic.200400333
http://dx.doi.org/10.1021/ja304454r
http://dx.doi.org/10.1021/ja304454r
http://dx.doi.org/10.1002/ange.201301322
http://dx.doi.org/10.1002/anie.201301322
http://dx.doi.org/10.1002/anie.201301322
http://www.angewandte.org

Angewandte

Communications

[10] S.J. Moss, C.J. Martin, B. Wilkinson, Nat. Prod. Rep. 2004, 21,
575-593.

[11] M. Miiller, B. Kusebauch, G. Liang, C. M. Beaudry, D. Trauner,
C. Hertweck, Angew. Chem. 2006, 118, 7999-8002; Angew.
Chem. Int. Ed. 2006, 45, 7835-7838.

[12] a) M. Miiller, J. He, C. Hertweck, ChemBioChem 2006, 7, 37—
39; b) M. E. A. Richter, B. Busch, K. Ishida, B.S. Moore, C.
Hertweck, ChemBioChem 2012, 13, 2196-2199.

[13] a) J. He, M. Miiller, C. Hertweck, J. Am. Chem. Soc. 2004, 126,

—_

weck, M. De Paolis, Angew. Chem. 2012, 124, 9725-9729;
Angew. Chem. Int. Ed. 2012, 51, 9587-9591.

a) Y. Yoshikuni, T. E. Ferrin, J. D. Keasling, Nature 2006, 440,
1078-1082; b) S. C. Kampranis, D. Ioannidis, A. Purvis, W.
Mahrez, E. Ninga, N. A. Katerelos, S. Anssour, J. M. Dunwell, J.
Degenhardt, A. M. Makris, P. W. Goodenough, C. B. Johnson,
Plant Cell 2007, 19, 1994-2005; c) D. Morrone, M. Xu, D. B.
Fulton, M. K. Determan, R. J. Peters, J. Am. Chem. Soc. 2008,
130, 5400-5401.

16742-16743;b) M. E. A. Richter, N. Traitcheva, U. Kniipfer, C. [16] J. Kantola, T. Kunnari, A. Hautala, J. Hakala, K. Ylihonko, P.

Hertweck, Angew. Chem. 2008, 120, 9004 —9007; Angew. Chem. Mantséla, Microbiology 2000, 146, 155-163.

Int. Ed. 2008, 47, 8872 —-8875. [17] K. Fritzsche, K. Ishida, C. Hertweck, J. Am. Chem. Soc. 2008,
[14] a) M. Werneburg, B. Busch, J. He, M. E. Richter, L. Xiang, B. S. 130, 8307 -8316.

Moore, M. Roth, H. M. Dahse, C. Hertweck, J. Am. Chem. Soc. [18] K. M. Fisch, W. Bakeer, A. A. Yakasai, Z. Song, J. Pedrick, Z.

2010, 732, 10407-10413; b) G. Zocher, M. E. Richter, U. Wasil, A. M. Bailey, C. M. Lazarus, T. J. Simpson, R. J. Cox, J.

Mueller, C. Hertweck, J. Am. Chem. Soc. 2011, 133, 2292 Am. Chem. Soc. 2011, 133, 16635 -16641.

2302; c) M. Henrot, M. E. A. Richter, J. Maddaluno C. Hert-

1564 www.angewandte.org © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 1560 -1564


http://dx.doi.org/10.1039/b315020h
http://dx.doi.org/10.1039/b315020h
http://dx.doi.org/10.1002/ange.200602840
http://dx.doi.org/10.1002/anie.200602840
http://dx.doi.org/10.1002/anie.200602840
http://dx.doi.org/10.1002/cbic.200500161
http://dx.doi.org/10.1002/cbic.200500161
http://dx.doi.org/10.1002/cbic.201200406
http://dx.doi.org/10.1021/ja046104h
http://dx.doi.org/10.1021/ja046104h
http://dx.doi.org/10.1002/ange.200803714
http://dx.doi.org/10.1002/anie.200803714
http://dx.doi.org/10.1002/anie.200803714
http://dx.doi.org/10.1021/ja102751h
http://dx.doi.org/10.1021/ja102751h
http://dx.doi.org/10.1021/ja110146z
http://dx.doi.org/10.1021/ja110146z
http://dx.doi.org/10.1002/ange.201204259
http://dx.doi.org/10.1002/anie.201204259
http://dx.doi.org/10.1038/nature04607
http://dx.doi.org/10.1038/nature04607
http://dx.doi.org/10.1105/tpc.106.047779
http://dx.doi.org/10.1021/ja710524w
http://dx.doi.org/10.1021/ja710524w
http://dx.doi.org/10.1021/ja800251m
http://dx.doi.org/10.1021/ja800251m
http://dx.doi.org/10.1021/ja206914q
http://dx.doi.org/10.1021/ja206914q
http://www.angewandte.org

