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The antibiotic bacillaene! (1; Scheme 1) is the prototype of a
growing class of polyketides synthesized by a family of
polyketide synthases (PKSs) termed trans-acyltransferase
(AT) PKSs.>¥) These poorly studied enzymes are giant
multimodular proteins that have evolved independently
from the textbook (cis-AT) PKSs involved in, for example,
erythromycin biosynthesis.”! Since they are rare in actino-
mycetes, the first model organisms used for studies on
polyketide biosynthesis, frans-AT PKSs have long been
overlooked. However, they are now known to be widespread
among many other rich natural product sources and respon-
sible for the production of several pharmacologically relevant
polyketides, including antibiotics of the mupirocin®®! and
streptogramin'®! groups and the antitumor drug candidate
bryostatin 1. trans-AT PKSs have also attracted consider-
able ecological interest, since they occur in bacteria with
unusual lifestyles, such as symbionts, pathogens, and anae-
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robes.>*° Another peculiarity that sets them apart from cis-
AT enzymes and raises fundamental questions about how
polyketides are assembled by these proteins is the high
frequency of biosynthetic features that do not conform with
classical PKS rules.?*7!

During functional studies with 1 as a model, we discovered
that deletion of the thioesterase (TE) domain, which releases
the assembled polyketide chain from the PKS,! results in the
production of virtually all intermediates”! This unusual
phenomenon enabled us to unravel a large part of bacillaene
biosynthesis and, in combination with phylogenetic analyses,
to establish a set of colinearity rules that can be applied to the
prediction and discovery of natural products from trans-AT
PKS sequences.!

Several questions, however, remained unanswered after
the studies on 1. The triene system in the C3-C8 region
exhibits rare f,y-type unsaturation instead of the standard
o,f pattern; the resulting enamide moiety is known in few
other polyketides."”! Since 1 and its advanced precursors are
highly unstable, our previous structural investigations to
characterize the bacillaene assembly had relied on HPLC
coupled to high-resolution MS (HRMS).®! This technique,
however, does not distinguish between constitutional isomers
and thus leaves unclear when and how trans-AT PKSs
catalyze olefinic shifts (Scheme 1). We also noticed that in
late cultures of the bacillaene producer Bacillus amylolique-
faciens FZB42, 1 was almost entirely replaced by a new
compound of unknown structure (see Figure S1 in the
Supporting Information). This result raised the question of
whether 1 is really the true biosynthetic end product. Finally,
the bacillaene (bae) PKS terminates with two noncanonical
modules (modules 16 and 17, Scheme 1), the ketosynthase
(KS) domains of which were predicted by bioinformatic
analysis to be unable to catalyze chain-elongation reactions.”!
The role of such seemingly superfluous terminal modules,
which are ubiquitous in trans-AT PKSs, is presently unknown.
Another architectural oddity is a dehydratase (DH) domain
in module 16 which could not be attributed to any dehydra-
tion reaction.

To examine the function of modules 16 and 17, we
genetically engineered the PKS mutants JM54-2, with a
deletion of module 17+ TE, and JM122, in which module 17
plus the TE domain are fused directly onto module 15.
HPLC-HRMS analysis showed that both strains produced a
series of prematurely released intermediates, the two most
advanced of which had the molecular formulae C;;HN,Oq

Chemie

1465


http://dx.doi.org/10.1002/anie.200905468

Communications

1466

Module 12 13 14 15

Scheme 1. Two alternative scenarios for the biosynthesis of products with shifted double bonds by the
bae PKS: A) the double-bond shift occurs after construction of the polyketide chain, or B) the double-
bond shift occurs during elongation. The C14'=C15’ bond is olefinic in bacillaene (1) and saturated in
the precursor dihydrobacillaene (6). Abbreviations not defined in the text: C, condensation domain; A,
adenylation domain; KR, ketoreductase domain; MT, methyltransferase domain; KS°, nonfunctional KS

domain.

and C;3,H5)N,Oq, according to their exact masses. Since these
formulae are identical to those of 1 and 6, the experiment
confirmed that modules 16 and 17 are not involved in polyketide
elongation. However, in contrast to the previously constructed
TE-deletion strain, in which 6 is one of the main polyketides
formed,” titers of polyketides more advanced than 4a or 4b
dropped dramatically in JM54-2 and JM122 (see Figure S2 in the
Supporting Information). This difference shows that nonelon-
gating modules of trans-AT PKSs play a crucial role in
maximizing the yields of fully elongated polyketides. These
data also revealed that further processing of the trienoic
intermediate 5 at module 15 was compromised in the TE-
carrying mutant JM122, either because 15 is not a substrate for
module 17 (e.g., if scenario A in Scheme 1 applies) or because
we had fused an incompatible ACP-KS pair.

We next addressed the question of whether IM122, which
lacks module 16, is able to form enamides. Since the
polyketides were too unstable for isolation, we carried out
NMR spectroscopic analysis of crude polyketide mixtures. To
detect the hybridization state of C8 in 5 or 6 by *C NMR
spectroscopy, we fed [2,3-C,]alanine to cultures of the wild-
type producer FZB42 and JM122. When FZB42 extracts were
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16 17 analyzed, two strongly enhanced
doublets at 6 =133.8 and 21.6 ppm
BaeR were observed for the enamide C8

carbon atom and the C9 methyl
carbon atom of 1 (see Figure S3 A
in the Supporting Information).!?
This result established alanine as a
building block of the pathway.
| However, in the deletion mutant
= | JM122, late bacillaene intermedi-
X ates were produced at such low
levels that signal overlap caused
by other metabolites did not
permit an unequivocal interpreta-
tion of the NMR spectrum (see
Figure S3B in the Supporting
Information). We therefore ana-
lyzed extracts by liquid chroma-
tography (LC) coupled to NMR
spectroscopy in the hope that pure
spectra could be recorded before
decomposition.

After extensive HPLC optimi-
zation, we were able to separate
late intermediates of JM122 (see
Figure S4 in the Supporting Infor-
mation). The more prominent
compounds were assigned by
HRMS as progressively elongated
intermediates released from mod-
ules 12, 13, and 14.”) The success-
ful recording of 1D and 2D NMR
spectra of 3a/b and 4a/b illus-
trated the potential of the LC-
NMR technique for the character-
ization of highly unstable metabo-
lites (see Figures S5-S15, Data S1
and S2, and Tables S1 and S2 in the Supporting Information).
The obtained spectra evidenced a dihydrobacillaene-like!'
“western” portion (C2' to C6”). Importantly, however, the
compounds were found to contain 9 and 11 olefinic hydrogen
atoms, respectively, in agreement with the presence of
methyl-branched enamine moieties in the “eastern” part of
the molecules. Such moieties are only present in the
compounds derived from the postulated scenario B
(Scheme 1). Moreover, the spectra revealed three vinylic
methyl groups for each of the two intermediates and one
methylene group (which is not present in 6) directly
connected to an olefinic carbon atom. For intermediate 4b,
an HMBC interaction between the 2-H methylene hydrogen
atoms and the terminal carboxyl group was also observed. For
neither compound were the characteristic deshielded 3 and
0 hydrogen atoms of carbonyl-conjugated  olefins
detected.'™? This result proves that at least up to
module 14, pathway B (and not A) applies. Thus, the biosyn-
thesis of 1 proceeds via 3b and 4b: that is, with the double
bonds already shifted into the enamine position (Scheme 1B).

Thus, deletion experiments in combination with in-depth
LC-NMR investigations enabled us to directly observe the
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Scheme 2. Structure of bacillaene B (7).

installation of two [3,y-olefinic moieties on the same modules
that perform the elongation, presumably by the action of a
dedicated DH domain (Scheme 1B). Shifted double bonds
are also known for some cis-AT PKSs,!™™ and a similar
biosynthetic scenario was proposed earlier for the ansamito-
cin PKS on the basis of indirect evidence derived from feeding
studies.™ The presence of B,y-dehydrating modules there-
fore seems to be a general phenomenon that occurs across
boundaries of PKS families. The small amounts of fully
elongated bacillaenes were not sufficient for us to determine
whether the third shifted double bond in 1 is introduced in a
similar way. An alternative to f3,y desaturation could be the
isomerization of an o,3 double bond by module 16 in analogy
to rhizoxin biosynthesis.!]

For the first time, we were also able to detect pure 1D
and 2D spectra of the suspected unstable end product
of the bacillaene pathway by LC-NMR spectroscopy (see
Figures S16-S23 in the Supporting Information). In agree-
ment with the molecular formula C,)Hs3N,O,; (determined by
HRMS; see Figure S24 in the Supporting Information), NMR
spectroscopic analysis clearly revealed a bacillaene-like
structure; additional signals in the carbohydrate region were
attributed to a (-hexose unit. On the basis of the NMR
spectroscopic data we propose the sugar portion to be a f3-
glucoside (see Data S3 and Table S3 in the Supporting
Information). The position of the sugar moiety was assigned
as shown for 7 in Scheme 2 on the basis of the upfield shift of
the 2”-H signal in comparison with that observed for 1, 3b, 4b,
and 6!" and the occurrence of two distinct signals at 6 =0.86
and 0.84 ppm for the methyl hydrogen atoms of the isopropyl
group. Most significantly, a weak HMBC interaction between
1""-H and C2" was also observed. Thus, 7 is a novel polyketide
designated as bacillaene B." The glucosylated structure was
unexpected, since no homologue of known glycosyltransfer-
ase genes is present in the bae gene cluster.

In conclusion, we have presented direct evidence for the
introduction of 8,y double bonds by PKS modules (Scheme 1,
path B). In the case of 1, this noncanonical biochemistry
results in the formation of a rare enamide moiety, in yet
another example of the remarkable catalytic versatility of
trans-AT PKSs. Furthermore, advanced NMR spectroscopic
techniques identified 7 as the unexpected biosynthetic end
product of the bae pathway.

Received: September 29, 2009
Published online: January 19, 2010

Keywords: antibiotics - biosynthesis - metabolic engineering -
NMR spectroscopy - polyketides

Angew. Chem. Int. Ed. 2010, 49, 14651467

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

0O [1] a) P.S. Patel, S. Huang, S. Fisher, D. Pirnik, C.

2 1 Aklonis, L. Dean, E. Meyers, P. Fernandes, F.

Mayerl, J. Antibiot. 1995, 48, 997—-1003; b) X. H.

Chen, J. Vater, J. Piel, P. Franke, R. Scholz, K.

Schneider, A. Koumoutsi, G. Hitzeroth, N. Gram-

mel, A.W. Strittmatter, G. Gottschalk, R.D.

Siissmuth, R. Borriss, J. Bacteriol. 2006, 188,

4024-4036; c) R. A. Butcher, F. C. Schroeder,

M. A. Fischbach, P. D. Straight, R. Kolter, C. T.

Walsh, J. Clardy, Proc. Natl. Acad. Sci. USA 2007, 104, 1506 —

1509.

a)J. Piel, Proc. Natl. Acad. Sci. USA 2002, 99, 14002-14007,

b) Y. Q. Cheng, G. L. Tang, B. Shen, Proc. Natl. Acad. Sci. USA

2003, 700, 3149-3154; c) A. K. El-Sayed, J. Hothersall, S. M.

Cooper, E. Stephens, T. J. Simpson, C. M. Thomas, Chem. Biol.

2003, 710, 419-430; d) S. Mochizuki, K. Hiratsu, M. Suwa, T. Ishii,

F. Sugino, K. Yamada, H. Kinashi, Mol. Microbiol. 2003, 48, 1501 -

1510; e) J. Piel, G. P. Wen, M. Platzer, D. Q. Hui, ChemBioChem

2004, 5, 93-98; f) V. Simunovic, J. Zapp, S. Rachid, D. Krug, P.

Meiser, R. Miiller, ChemBioChem 2006, 7, 1206—1220; g) N.

Pulsawat, S. Kitani, T. Nihira, Gene 2007, 393, 31 -42.

[3] 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.

[4] J. Piel, D. Q. Hui, N. Fusetani, S. Matsunaga, Environ. Microbiol.
2004, 6, 921-927.

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

[6] a)J. Piel, D. Q. Hui, G.P. Wen, D. Butzke, M. Platzer, N.
Fusetani, S. Matsunaga, Proc. Natl. Acad. Sci. USA 2004, 101,
16222 -16227; b) S. Sudek, N. B. Lopanik, L. E. Waggoner, M.
Hildebrand, C. Anderson, H. B. Liu, A. Patel, D. H. Sherman,
M. G. Haygood, J. Nat. Prod. 2007, 70, 67-74; c) L. P. Partida-
Martinez, C. Hertweck, ChemBioChem 2007, 8, 41-45;d) K. M.
Fisch, C. Gurgui, N. Heycke, S. A. van der Sar, S. A. Anderson,
V. L. Webb, S. Taudien, M. Platzer, B. K. Rubio, S. J. Robinson,
P. Crews, J. Piel, Nat. Chem. Biol. 2009, 5, 494 -591.

[7] S. C. Wenzel, R. Miiller, Nat. Prod. Rep. 2007, 24, 1211 -1224.

[8] E. Kopp, M. A. Marahiel, Nat. Prod. Rep. 2007, 24, 735-749.

[9] J. Moldenhauer, X. Chen, R. Borriss, J. Piel, Angew. Chem. 2007,
119, 8343-8345; Angew. Chem. Int. Ed. 2007, 46, 8195-8197.

[10] a) H. Irschik, K. Gerth, H. Reichenbach, R. Jansen, W. Kohl, G.
Hofle, Syst. Appl. Microbiol. 1984, 5, 263; b) M. Ishibashi, R. E.
Moore, G. M. L. Patterson, C. F. Xu, J. Butcher, J. Org. Chem.
1986, 51, 5300-5306; c)S. Carmeli, R.E. Moore, G. M. L.
Patterson, J. Nat. Prod. 1990, 53, 1533-1542; d) R. Jansen, P.
Washausen, B. Kunze, H. Reichenbach, G. Hofle, Eur. J. Org.
Chem. 1999, 1085-1089; ¢) L. Yet, Chem. Rev. 2003, 103, 4283 —
4306; f) T. Diyabalanage, C. D. Amsler, J. B. McClintock, B. J.
Baker, J. Am. Chem. Soc. 2006, 128, 5630-5631.

[11] a) A. Matsumoto, S. Nagahama, T. Odani, J. Am. Chem. Soc.
2000, 722, 9109-9119; b) G. Antonopoulou, E. Barbayianni, V.
Magrioti, N. Cotton, D. Stephens, V. Constantinou-Kokotou,
E. A. Dennis, G. Kokotos, Bioorg. Med. Chem. 2008, 16, 10257 —
10269.

[12] See the Supporting Information for details of the structure
elucidation.

[13] a) B. Silakowski, H. U. Schairer, H. Ehret, B. Kunze, S. Weinig,

G. Nordsiek, P. Brandt, H. Blocker, G. Hofle, S. Beyer, R.

Miiller, J. Biol. Chem. 1999, 274, 37391-37399; b) F. Taft, M.

Brunjes, T. Knobloch, H. G. Floss, A. Kirschning, J. Am. Chem.

Soc. 2009, 131, 3812-3813.

See the preceding Communication: B. Kusebauch, B. Busch, K.

Scherlach, M. Roth, C. Hertweck, Angew. Chem.2009, DOI:

10.1002/ange.200905467; Angew. Chem. Int. Ed. 2009, DOI:

10.1002/anie.200905467.

2

—

[14

—_—

www.angewandte.org

Chemie

1467


http://dx.doi.org/10.1128/JB.00052-06
http://dx.doi.org/10.1128/JB.00052-06
http://dx.doi.org/10.1073/pnas.0610503104
http://dx.doi.org/10.1073/pnas.0610503104
http://dx.doi.org/10.1073/pnas.222481399
http://dx.doi.org/10.1073/pnas.0537286100
http://dx.doi.org/10.1073/pnas.0537286100
http://dx.doi.org/10.1016/S1074-5521(03)00091-7
http://dx.doi.org/10.1016/S1074-5521(03)00091-7
http://dx.doi.org/10.1046/j.1365-2958.2003.03523.x
http://dx.doi.org/10.1046/j.1365-2958.2003.03523.x
http://dx.doi.org/10.1002/cbic.200300782
http://dx.doi.org/10.1002/cbic.200300782
http://dx.doi.org/10.1002/cbic.200600075
http://dx.doi.org/10.1016/j.gene.2006.12.035
http://dx.doi.org/10.1038/nbt1379
http://dx.doi.org/10.1111/j.1462-2920.2004.00531.x
http://dx.doi.org/10.1111/j.1462-2920.2004.00531.x
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/10.1073/pnas.0405976101
http://dx.doi.org/10.1073/pnas.0405976101
http://dx.doi.org/10.1021/np060361d
http://dx.doi.org/10.1002/cbic.200600393
http://dx.doi.org/10.1038/nchembio.176
http://dx.doi.org/10.1039/b706416k
http://dx.doi.org/10.1039/b613652b
http://dx.doi.org/10.1002/ange.200703386
http://dx.doi.org/10.1002/ange.200703386
http://dx.doi.org/10.1002/anie.200703386
http://dx.doi.org/10.1021/jo00376a047
http://dx.doi.org/10.1021/jo00376a047
http://dx.doi.org/10.1021/np50072a021
http://dx.doi.org/10.1002/(SICI)1099-0690(199905)1999:5%3C1085::AID-EJOC1085%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1099-0690(199905)1999:5%3C1085::AID-EJOC1085%3E3.0.CO;2-G
http://dx.doi.org/10.1021/cr030035s
http://dx.doi.org/10.1021/cr030035s
http://dx.doi.org/10.1021/ja0588508
http://dx.doi.org/10.1021/ja001093n
http://dx.doi.org/10.1021/ja001093n
http://dx.doi.org/10.1016/j.bmc.2008.10.046
http://dx.doi.org/10.1016/j.bmc.2008.10.046
http://dx.doi.org/10.1074/jbc.274.52.37391
http://dx.doi.org/10.1021/ja8088923
http://dx.doi.org/10.1021/ja8088923
http://www.angewandte.org

