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The Biosynthetic Gene Cluster for Sestermobaraenes—Discovery of
a Geranylfarnesyl Diphosphate Synthase and a Multiproduct
Sesterterpene Synthase from Streptomyces mobaraensis

Anwei Hou and Jeroen S. Dickschat*

Abstract: A biosynthetic gene cluster from Streptomyces
mobaraensis encoding the first cases of a bacterial geranylfar-
nesyl diphosphate synthase and a type I sesterterpene synthase
was identified. The structures of seven sesterterpenes produced
by these enzymes were elucidated, including their absolute
configurations. The enzyme mechanism of the sesterterpene
synthase was investigated by extensive isotope labeling experi-
ments.

Terpenoids exhibit important physiological functions,!! are
widely used in chemical and fragrance industry, and are an
important resource for drug discovery and development
attracting the interest of synthetic chemists.>*! Their often
highly complex skeletons are biosynthesized from two simple
universal Cs precursors, dimethylallyl diphosphate (DMAPP)
and isopentenyl diphosphate (IPP), that are assembled by
prenyltransferases (PTs) into oligoprenyl diphosphates, fol-
lowed by terpene synthase (TS) mediated cyclizations
through cationic cascade reactions into terpene hydrocarbons
or alcohols.** Tailoring enzymes such as oxidases are often
required to introduce bioactivity, and the extended knowl-
edge about whole pathways allows for biotechnological
approaches for compound production.*”

The bacterial farnesyl diphosphate (FPP) synthases
(FPPS) from Escherichia coli and Bacillus stearothermophilus
were already discovered three decades ago.™” More recently,
bacterial geranylgeranyl diphosphate (GGPP) synthases
(GGPPS) have been described whose genes are clustered
with TS genes for the biosynthesis of secondary metabolites
such as the labdanmycins from Streptomyces sp. KIB 015 and
the venezuelaenes from Streptomyces venezuelae'™'"! No
bacterial geranylfarnesyl diphosphate (GFPP) synthase
(GFPPS) has been reported so far, and also the knowledge
about bacterial sesterterpene synthases (StTSs) is scarce. The
few known examples include the non-canonical enzyme Bcl-
TS from Bacillus clausii that converts GFPP and hexaprenyl
diphosphate into p-geranylfarnesene (1) and P-hexaprene,
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respectively,' and StsC from Streptomyces somaliensis,
a membrane protein belonging to the UbiA superfamily,
that converts GFPP into somaliensenes A (2) and B (3)
(Figure 1).1°! The only type I TS from bacteria with StTS side
activity that catalyzes the conversion of GFPP into prenyl-
spata-13,17-diene (4) is spata-13,17-diene synthase (SpS)
from Streptomyces xinghaiensis, but this enzyme functions
naturally as a diterpene synthase.'¥ Starting from the
ophiobolin F (5) synthase from Aspergillus clavatus, a few
StTSs from fungi®®?! and plants®?! were discovered
recently. In fungi sesterterpene biosynthesis is always pro-
moted by bifunctional enzymes with a GFPPS and a StTS
domain, %! while in plants clustered genes for two discrete
enzymes are found. Here we report on a two-gene cluster
from Streptomyces mobaraensis NBRC 13819 and character-
ization of the encoded enzymes as unprecedented bacterial
representatives of a GFPPS and a type I StTS (SmTS1). The
structures of seven products made by SmTS1 and the
experimentally verified cyclization mechanism to these com-
pounds are presented.

Volatiles can efficiently be analyzed by trapping on
charcoal filters using a closed-loop stripping apparatus,
followed by extraction of the filters and GC/MS analysis of
the obtained extracts.” By application of this technique to
bacterial cultures volatile mono- and sesquiterpenes are
frequently observed,” while reports about diterpenes are
rare,”! likely because they are less volatile, but also because
they occur less often in bacteria. During our continuous work
on the analysis of volatiles from bacteria we made the
remarkable observation that agar plate cultures of S. mobar-
aensis released several sesterterpenes (Figures S1 and S2). A
BLAST search revealed that this bacterium encodes at least
10 type I TSs (SmTS1-SmTS10, Table S1, Figures S3 and S4),

Figure 1. Bacterial sesterterpenes and the fungal compound ophiobolin
F (5).
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two of which showed close homology to the characterized 2-
methylisoborneol synthase and geosmin synthase from Strep-
tomyces coelicolor.**3¥ The other eight TS genes were cloned
into the expression plasmid pYE-Express by homologous
recombination in yeast, gene expression in E. coli and protein
purification that was successful for SmTS1 (Figure S5) and
SmTS6-SmTS10 (SmTS4 and SmTSS were insoluble pro-
teins). All soluble proteins were tested with GFPP as
substrate that was only converted by SmTS1, but not by the
other enzymes, into a mixture of sesterterpene hydrocarbons
and one sesterterpene alcohol (Figures S1 and S2), while
geranyl diphosphate (GPP), FPP and GGPP were not
accepted by SmTS1. Notably, the in vitro reaction with
GFPP yielded all sesterterpenes observed in the headspace
extracts, in addition to a few more compounds that were only
obtained from the enzymatic reaction; they represent the less
volatile compounds with higher retention times and one trace
compound. A genome analysis through antiSMASHP
revealed that the gene of SmTS1 was clustered with a gene
for an enzyme from the PT family and flanked by genes for
a polyketide synthase (upstream) and a glycosyltransferase
(downstream, Figure 2). The PT gene was suspected to
encode a GFPPS; gene cloning and expression in E. coli,
followed by incubation of the purified enzymes (Figure S5)
with DMAPP, GPP, FPP and GGPP together with IPP
confirmed this hypothesis by the observation of sesterter-
penes in all cases (Figure S6).

A large scale incubation, followed by extensive compound
purification by HPLC, standard and AgNO; impregnated
silica gel chromatography and structure elucidation by one-
and two-dimensional NMR spectroscopy (Tables S3-S9, Fig-
ures S7-S62) resulted in the structures of compounds 6-12
shown in the boxes of Scheme 1, for which we suggest the
names sestermobaraenes A-F (6-11) and sestermobaraol
(12). Their common biosynthesis can be explained from
GFPP by 1,15-14,18-cyclization to cation A, followed by a 1,5-
hydride shift to B. These steps are also proposed for the
cyclizations by some fungal and plant StTSs, but in most cases
different stereoisomers of A and B are relevant.['%2*222¢l Only
for Penicillium brasilianum sesterbrasiliatriene synthase
(PbSS) the cyclization cascade proceeds through the same
intermediates A and B.*? Sestermobaraene E (10) with its
unusual C3=C25 double bond localization can arise from B by
a 1,5-proton shift to C and deprotonation. Alternatively, B
may undergo a 6,10-cyclization to D, which is the direct
precursor to sesterbrasiliatriene (13) in P. brasilianum (in
brackets),”” but 13 was not observed as a product of the
sestermobaraene synthase SmTS1. A 1,2-hydride shift to E,
6,11-2,12-cyclization to F and deprotonation results in sester-
mobaraene F (11). From D in a folded conformation a 7,12-
cyclization to G and a 3,11-cyclization to H are possible. In
this secondary cation that may not be thermodynamically
favored the hydrogen H12 is located directly underneath the
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Figure 2. Clustered genes for a GFPPS (turquoise) and SmTS1 (pink)
in S. mobaraensis.
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cationic center which can thus undergo a possibly concerted
1,4-hydride shift to J. Deprotonation then leads to the main
product sestermobaraene A (6). From H an alternative
(concerted) 1,2-methyl migration to K and attack of water
yields sestermobaraol (12). A 1,2-hydride transfer from G to
L, skeletal rearrangement to M, 2,7-cyclization to N and
deprotonation leads to sestermobaraene D (9). Cation L can
also react by 2,12-cyclization to O that yields sestermobar-
aene C (8) by deprotonation, or sestermobaraene B (7) by 1,4-
hydride shift to P and loss of a proton. This biosynthetic
hypothesis was deeply investigated by enzymatic conversion
of various isotopically labeled terpene precursors (Table S10).
Specifically, all 25 isotopomers of ("*C)GFPP, enzymatically
prepared with GFPPS from the corresponding labeled GPP,
FPP, GGPP or IPP isotopomers that were synthesized as
shown in Scheme S6 or as reported previously,['**% resulted
in the incorporation of the *C-label in the expected positions
of compounds 6-12 in all cases (Figures S63-S87). These
experiments supported the overall model, especially the
proposed skeletal rearrangements from H to K and from L
to M. The products obtained from (20-"*C) and (21-"*C)GFPP
revealed a strict stereochemical course regarding the fate of
the geminal methyl groups, without any distribution of
labeling between these carbons, i. e. the 1,5-hydride shift
from A to B proceeds with high face selectivity at C19.

To follow the hydrogen migrations in the biosynthesis of
6-12, experiments with stereoselectively deuterated and “C-
labeled compounds were performed. The interpretation of
the results made use of the known stereochemical course of
the prenyltransferase reaction with inversion of configuration
at C1 of the elongated oligoprenyl diphosphate and attack at
C4 of IPP from the Si face.’” The 1,5-hydride shift from A to
B was investigated by conversion of (7-°C)GPP and (E)- or
(Z)-(4-C 4-H)IPPP® with GFPPS and SmTS1 (Scheme S1).
For the main compounds 6-8 the specific migration of
deuterium from (E)-(4-"C4-*H)IPP to C19 was evident
from an upfield shifted triplet by *C->H spin coupling in the
BC-NMR spectrum (Figures S88-S90). For the minor com-
pounds 9-12 no such triplet signals were observable (Figur-
es $91-S94), because for “C connected to deuterium the
transversal relaxation time for spin-spin relaxation is
increased, resulting in strongly reduced signal intensities in
comparison to the intensities for carbons connected to
protium. Furthermore, the nuclear quadrupole moment of
deuterium causes line broadening. Indirect evidence for 9-12
was obtained by the clearly observable singlet for C19 in the
experiment with (Z)-(4-°C,4->H)IPP that was not detected
with (E)-(4-*C,4-*H)IPP as a result of deuterium binding,
suggesting that the 1,5-hydride shift is also relevant for these
compounds.

The 1,5-proton shift from B to C towards compound 10
was investigated using (R)- and (S)-(1-"*C,1->H)GPPP with
(2-C)IPP' GFPPS and SmTS1 (Scheme S2). While for (S)-
(1-*C,1-2H)GPP a singlet was observed for C2 in the *C-
NMR spectrum, no signal was detected with (R)-(1-"*C,1-
*H)GPP (Figure S95). Analysis of the enzyme products by
GC/MS revealed a strongly diminished production of 10 from
(R)-(1-"C,1*H)GPP caused by a deuterium kinetic isotope
effect. Product analysis by the more sensitive HSQC spec-
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Scheme 1. Biosynthesis of sestermobaraenes and sestermobaraol by SmTS1 in S. mobaraensis.

troscopy in comparison to *C NMR demonstrated that with
(S)-(1-°C,1-*H)GPP the crosspeak for H13 was vanished,
while with (R)-(1-2C,1°H)GPP no crosspeak for H2§ was
detected. Taken together, these data support the 1,5-proton
shift from B to C with specific migration of the 1-pro-R proton
of GPP into the H2 position of 10. The same experiment also
demonstrated the specific loss of the 1-pro-S proton of GPP in
the deprotonation step to 6, as was concluded based on GC/
MS and “C-NMR data (Figure S96).

Angew. Chem. Int. Ed. 2020, 59, 19961-19965
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The 1,2-hydride shift from D to E was shown by
conversion of (3-*C2-’H)GGPP™! and IPP with GFPPS
and SmTS1 (Scheme S3), resulting in an upfield triplet for C7
of 11 in the C-NMR (Figure S97). Along similar lines, the
1,4-hydride transfer from H to J towards 6 was shown by
a two-step enzymatic transformation first of GPP and (Z)-(4-
*H)IPP™)! with Streptomyces coelicolor FPPS,*! followed by
the addition of (2-*C)IPPI" GFPPS and SmTS1 (Sche-
me S4a), resulting in a triplet for C2 of 6 (Figure S98). The
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formation of other isotopomers, for example, from unreacted Hs Hr
GPP after the first step (Scheme S4b), could not completely GPP + )\/'I\OPP HE%\/\OPP +GPP
be suppressed and gave rise to additional *C-NMR signals for

H
z GFPPS

C2 of 6.

The 1,2-hydride migration from G to L in the biosynthesis
of 8 and 9 (Scheme S5) was followed by incubation of GPP
and (3-°C4,4->’H,)IPP, synthesized as in Scheme S7, with
GFPPS and SmTS1. For C11 of compound 8 an upfield shifted
triplet was observed, while the signals for the other labeled
carbons were clearly visible and appeared as doublets because
of *C-"*C spin coupling (Figure $99). The upfield shift of i 08 [Fw NOESY [ o i g,
these signals is a result of two deuterium atoms bound to . Pz
neighboring carbons. For the minor product 9 it was
impossible to detect a triplet for C11. For compound 7, the
same hydrogen is passed on in the 1,4-hydride shift from O to
P, as was shown by the triplet for C3 obtained from the same
incubation experiment (Figure S100). Here the unusually
large upfield shift is caused by the simultaneous effect of one
directly bound deuterium atom and two deuterium atoms in
the neighboring position.

The absolute configurations of 6-12 were determined by
an enantioselective labeling strategy with enzymatic conver-
sion of GPP and (R)- or (S)-(1-*C,1*H)IPP¥!! (Scheme 2).
As a consequence of the “C-labels (black dots), the intro-
duced stereoselective deuterations at C1, C5 and C9 can
efficiently be monitored by HSQC spectroscopy (Figur-
es S101-S107). The relative orientation of the natural stereo-
genic centers in 6-12 to the stereogenic anchors at the
deuterated carbons can be deduced by NOESY and gives rise
to the absolute configurations of all seven sesterterpenes (red
and blue arrows show key NOESY correlations). Similar
experiments with GPP and (E)- or (Z)-(4-°C4-*H)IPPP®
gave additional stereochemical labels at C4 and C8 (the
information at C12 is lost), allowing for the same conclusions
on the absolute configurations of 6-12.

In summary, we have identified a biosynthetic gene cluster
in S. mobaraensis encoding the showcase representatives of
a bacterial GFPPS and a type I StTS. The remarkable
structures of seven new sesterterpenes were elucidated,
including the absolute configurations by an enantioselective
deuteration approach. The complex cyclization mechanism
from GFPP to all seven identified products was investigated
in a series of labeling experiments that allowed to follow
every elementary step including skeletal rearrangements,
hydride and proton migrations, and a stereospecific deproto-
nation. Whether the polyketide synthase encoded by a gene
adjacent to the StTS and GFPPS genes is functionally related
and for example, involved in the biosynthesis of a bacterial
meroterpenoid, an important natural product class in Strep-
tomyces,m] is currently unknown. However, no candidate
compound for such a hypothetical biosynthetic pathway has
been described, and the detection of the same sesterterpenes
in the headspace of S. mobaraensis cultures as in the in vitro
incubations performed in this study disfavors this hypothesis.

133 2227 154

Scheme 2. The absolute configurations of 6-12, by enantioselective
deuteration (Hg="H or Hs=2H; H,=2H or H,=2H). Numbers at C
and H atoms indicate chemical shifts for unlabeled 6-12.

19964 www.angewandte.org © 2020 The Authors. Published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2020, 59, 19961-19965


http://www.angewandte.org

GDCh
~~—

Acknowledgements

This work was funded by the DFG (DI1536/7-2). We thank
Jan Rinkel and Patrick Rabe for their participation in gene
cloning and Andreas Schneider for HPLC purifications. Open
access funding enabled and organized by Projekt DEAL.

Conflict of interest
The authors declare no conflict of interest.
Keywords: biosynthetic gene cluster -

configuration determination - enzyme catalysis -
Streptomyces mobaraensis - terpenes

[1] J. Gershenzon, N. Dudareva, Nat. Chem. Biol. 2007, 3, 408.

[2] Y. Kuroda, K. J. Nicacio, I. A. da Silva, P. R. Leger, S. Chang,
J.R. Gubiani, V.M. Deflon, N. Nagashima, A. Rode, K.
Blackford, et al., Nat. Chem. 2018, 10, 938.

[3] F. Schneider, K. Samarin, S. Zanella, T. Gaich, Science 2020, 367,
676.

[4] D. W. Christianson, Chem. Rev. 2017, 117, 11570.

[5] J. S. Dickschat, Angew. Chem. Int. Ed. 2019, 58, 15964 ; Angew.
Chem. 2019, 131, 16110.

[6] C.J. Paddon, P.J. Westfall, D. J. Pitera, K. Benjamin, K. Fisher,
D. McPhee, M. Leavell, A. Tai, A. Main, D. Eng, et al., Nature
2013, 496, 528.

[7] T. Siemon, Z. Wang, G. Bian, T. Seitz, Z. Ye, Y. Lu, S. Cheng, Y.
Ding, Y. Huang, Z. Deng, T. Liu, M. Christmann, J. Am. Chem.
Soc. 2020, 142, 2760.

[8] S. Fujisaki, H. Hara, Y. Nishimura, K. Horiuchi, T. Nishino, J.
Biochem. 1990, 108, 995.

[9] T. Koyama, S. Obata, M. Osabe, A. Takeshita, K. Yokoyama, M.
Uchida, T. Nishino, K. Ogura, J. Biochem. 1993, 113, 355.

[10] Z.-J. Xiong, J. Huang, Y. Yan, L. Wang, Z. Wang, J. Yang, J. Luo,
J. Li, S.-X. Huang, Org. Chem. Front. 2018, 5, 1272.

[11] Z.Li, Y. Jiang, X. Zhang, Y. Chang, S. Li, X. Zhang, S. Zheng, C.
Geng, P. Men, L. Ma, Y. Yang, Z. Gao, Y.-J. Tang, S. Li, ACS
Catal. 2020, 10, 5846.

[12] T. Sato, H. Yamaga, S. Kashima, Y. Murata, T. Shinada, C.
Nakano, T. Hoshino, ChemBioChem 2013, 14, 822.

[13] Y. Yang, Y. Zhang, S. Zhang, Q. Chen, K. Ma, L. Bao, Y. Tao, W.
Yin, G. Wang, H. Liu, J. Nat. Prod. 2018, 81, 1089.

[14] J. Rinkel, L. Lauterbach, J. S. Dickschat, Angew. Chem. Int. Ed.
2017, 56, 16385; Angew. Chem. 2017, 129, 16603.

[15] R. Chiba, A. Minami, K. Gomi, H. Oikawa, Org. Lett. 2013, 15,
594.

[16] Y. Ye, A. Minami, A. Mandi, C. Liu, T. Taniguchi, T. Kuzuyama,
K. Monde, K. Gomi, H. Oikawa, J. Am. Chem. Soc. 2015, 137,
11846.

[17] Y. Matsuda, T. Mitsuhashi, Z. Quan, I. Abe, Org. Lett. 2015, 17,
4644.

Communications

[18] B. Qin, Y. Matsuda, T. Mori, M. Okada, Z. Quan, T. Mitsuhashi,
T. Wakimoto, 1. Abe, Angew. Chem. Int. Ed. 2016, 55, 1658;
Angew. Chem. 2016, 128, 1690.

[19] Y. Matsuda, T. Mitsuhashi, S. Lee, M. Hoshino, T. Mori, M.
Okada, H. Zhang, F. Hayashi, M. Fujita, 1. Abe, Angew. Chem.
Int. Ed. 2016, 55, 5785; Angew. Chem. 2016, 128, 5879.

[20] M. Okada, Y. Matsuda, T. Mitsuhashi, S. Hoshino, T. Mori, K.
Nakagawa, Z. Quan, B. Qin, H. Zhang, F. Hayashi, H. Kawaide,
1. Abe, J. Am. Chem. Soc. 2016, 138, 10011.

[21] G. Bian, Y. Han, A. Hou, Y. Yuan, X. Liu, Z. Deng, T. Liu,
Metab. Eng. 2017, 42, 1.

[22] T. Mitsuhashi, J. Rinkel, M. Okada, 1. Abe, J. S. Dickschat,
Chem. Eur. J. 2017, 23, 10053.

[23] K. Narita, H. Sato, A. Minami, K. Kudo, L. Gao, C. Liu, T.
Ozaki, M. Kodama, X. Lei, T. Taniguchi, K. Monde, M.
Yamazaki, M. Uchiyama, H. Oikawa, Org. Lett. 2017, 19, 6696.

[24] J. Shao, Q.-W. Chen, H.-J. Lv, J. He, Z.-F. Liu, Y.-N. Lu, H.-L.
Liu, G.-D. Wang, Y. Wang, Org. Lett. 2017, 19, 1816.

[25] A.C. Huang, S. A. Kautsar, Y. J. Hong, M. H. Medema, A. D.
Bond, D. J. Tantillo, A. Osbourn, Proc. Natl. Acad. Sci. USA
2017, 114, E6005.

[26] A.C.Huang, Y.J. Hong, A. D. Bond, D. J. Tantillo, A. Osbourn,
Angew. Chem. Int. Ed. 2018, 57, 1291; Angew. Chem. 2018, 130,
1305.

[27] A.Minami, T. Ozaki, H. Oikawa, Nat. Prod. Rep. 2018, 35, 1330.

[28] T. Mitsuhashi, I. Abe, ChemBioChem 2018, 19, 1106.

[29] K. Grob, F. Ziircher, J. Chromatogr. 1976, 117, 285.

[30] S. Schulz, J. S. Dickschat, Nat. Prod. Rep. 2007, 24, 814.

[31] C. A. Citron, J. Gleitzmann, G. Laurenzano, R. Pukall, J. S.

Dickschat, ChemBioChem 2012, 13, 202.

[32] C.-M. Wang, D. E. Cane, J. Am. Chem. Soc. 2008, 130, 8908.

[33] J. Jiang, X. He, D. E. Cane, Nat. Chem. Biol. 2007, 3, 711.

[34] K. Blin, T. Wolf, M. G. Chevrette, X. Lu, C.J. Schwalen, S. A.
Kautsar, H. G. Suarez Duran, E. L. C. de los Santos, H. U. Kim,
M. Nave, et al., Nucl. Acids Res. 2017, 45, W36.

[35] P. Rabe, L. Barra, J. Rinkel, R. Riclea, C. A. Citron, T. A.
Klapschinski, A. Janusko, J. S. Dickschat, Angew. Chem. Int. Ed.
2015, 54, 13448; Angew. Chem. 2015, 127, 13649.

[36] P. Rabe, J. Rinkel, E. Dolja, T. Schmitz, B. Nubbemeyer, T. H.
Luu, J. S. Dickschat, Angew. Chem. Int. Ed. 2017, 56, 2776;
Angew. Chem. 2017, 129, 2820.

[37] J. W. Cornforth, R. H. Cornforth, G. Popjdk, L. Yengoyan, J.
Biol. Chem. 1966, 241, 3970.

[38] L. Lauterbach, J. Rinkel, J. S. Dickschat, Angew. Chem. Int. Ed.
2018, 57, 8280; Angew. Chem. 2018, 130, 8412.

[39] J. Rinkel, L. Lauterbach, P. Rabe, J. S. Dickschat, Angew. Chem.
Int. Ed. 2018, 57, 3238; Angew. Chem. 2018, 130, 3292.

[40] P. Rabe, J. Rinkel, B. Nubbemeyer, T. G. Kollner, F. Chen, J. S.
Dickschat, Angew. Chem. Int. Ed. 2016, 55, 15420; Angew.
Chem. 2016, 128, 15646.

[41] J. Rinkel, J. S. Dickschat, Org. Lett. 2019, 21, 2426.

[42] L. A. M. Murray, S. M. K. McKinnie, B. S. Moore, J. H. George,
Nat. Prod. Rep. 2020, https://doi.org/10.1039/DONP00018C.

Manuscript received: July 22, 2020
Accepted manuscript online: August 4, 2020
Version of record online: August 31, 2020

Angew. Chem. Int. Ed. 2020, 59, 19961-19965

© 2020 The Authors. Published by Wiley-VCH GmbH

www.angewandte.org

Angewandte

intemationalEdition’y Chemie

19965


https://doi.org/10.1038/nchembio.2007.5
https://doi.org/10.1038/s41557-018-0084-x
https://doi.org/10.1126/science.aay9173
https://doi.org/10.1126/science.aay9173
https://doi.org/10.1021/acs.chemrev.7b00287
https://doi.org/10.1002/anie.201905312
https://doi.org/10.1002/ange.201905312
https://doi.org/10.1002/ange.201905312
https://doi.org/10.1038/nature12051
https://doi.org/10.1038/nature12051
https://doi.org/10.1021/jacs.9b12940
https://doi.org/10.1021/jacs.9b12940
https://doi.org/10.1093/oxfordjournals.jbchem.a123327
https://doi.org/10.1093/oxfordjournals.jbchem.a123327
https://doi.org/10.1093/oxfordjournals.jbchem.a124051
https://doi.org/10.1039/C8QO00085A
https://doi.org/10.1021/acscatal.0c01575
https://doi.org/10.1021/acscatal.0c01575
https://doi.org/10.1002/cbic.201300035
https://doi.org/10.1021/acs.jnatprod.7b01033
https://doi.org/10.1002/anie.201711142
https://doi.org/10.1002/anie.201711142
https://doi.org/10.1002/ange.201711142
https://doi.org/10.1021/ol303408a
https://doi.org/10.1021/ol303408a
https://doi.org/10.1021/jacs.5b08319
https://doi.org/10.1021/jacs.5b08319
https://doi.org/10.1021/acs.orglett.5b02404
https://doi.org/10.1021/acs.orglett.5b02404
https://doi.org/10.1002/anie.201509263
https://doi.org/10.1002/ange.201509263
https://doi.org/10.1002/anie.201601448
https://doi.org/10.1002/anie.201601448
https://doi.org/10.1002/ange.201601448
https://doi.org/10.1021/jacs.6b05799
https://doi.org/10.1016/j.ymben.2017.04.006
https://doi.org/10.1002/chem.201702766
https://doi.org/10.1021/acs.orglett.7b03418
https://doi.org/10.1021/acs.orglett.7b00586
https://doi.org/10.1073/pnas.1705567114
https://doi.org/10.1073/pnas.1705567114
https://doi.org/10.1002/anie.201711444
https://doi.org/10.1002/ange.201711444
https://doi.org/10.1002/ange.201711444
https://doi.org/10.1039/C8NP00026C
https://doi.org/10.1002/cbic.201800120
https://doi.org/10.1016/0021-9673(76)80005-2
https://doi.org/10.1039/b507392h
https://doi.org/10.1002/cbic.201100641
https://doi.org/10.1021/ja803639g
https://doi.org/10.1038/nchembio.2007.29
https://doi.org/10.1093/nar/gkx319
https://doi.org/10.1002/anie.201507615
https://doi.org/10.1002/anie.201507615
https://doi.org/10.1002/ange.201507615
https://doi.org/10.1002/anie.201612439
https://doi.org/10.1002/ange.201612439
https://doi.org/10.1002/anie.201803800
https://doi.org/10.1002/anie.201803800
https://doi.org/10.1002/ange.201803800
https://doi.org/10.1002/anie.201800385
https://doi.org/10.1002/anie.201800385
https://doi.org/10.1002/ange.201800385
https://doi.org/10.1002/anie.201608971
https://doi.org/10.1002/ange.201608971
https://doi.org/10.1002/ange.201608971
https://doi.org/10.1021/acs.orglett.9b00725
https://doi.org/10.1039/D0NP00018C
http://www.angewandte.org

