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ABSTRACT: The cyclic depsipeptide skyllamycin A is a potent
inhibitor of the platelet-derived growth factor (PDGF) signaling
pathway by inhibiting binding of homodimeric PDGF BB to the
PDGF f3-receptor. Its structure contains a cinnamoyl side chain
and shows a high amount of 3-hydroxylated amino acids as well as
an unusual O-hydroxyglycine moiety as a rare structural mod-
ification. The skyllamycin biosynthetic gene cluster was cloned
and sequenced from Streptomyces sp. Acta 2897. Its analysis
revealed the presence of open reading frames encoding proteins
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for fatty acid precursor biosynthesis, non-ribosomal peptide synthetases, regulators, and transporters along with other modifying
enzymes. Specific in-frame mutagenesis of these tailoring enzymes resulted in the production of novel skyllamycin derivatives
revealing that -hydroxy groups in skyllamycin A are introduced by a promiscuous cytochrome P450 monooxygenase, whereas a
two-component flavin-dependent monooxygenase is involved in 0-hydroxylation.

yclic depsipeptides comprise an important group of second-

ary metabolites produced by bacteria and fungi. Apart from
their structural diversity, these natural products possess diverse
biological activities and are used pharmaceutically as antibacter-
ials, immunosuppressives, cytostatics, and antihelmintics." The
cyclodepsipeptide skyllamycin A (1) was first isolated as the
antibiotic RP-1776 from Streptomyces sp. KY 11784” and reiso-
lated from Streptomyces sp. Acta 2897 together with the derivative
skyllamycin B (2).

The structure of skyllamycins (1, 2, Figure 1), which has been
configurationally assigned by our group,” consists of an 11mer
macrolactone peptide with an N-terminal 2-[1-(Z)-propenyl]-
cinnamoyl moiety attached. This residue is rarely found in
peptides and has only been described for the tachykinin antago-
nist WS9326A* and the farnesyl transferase inhibitor group of
pepticinnamins,® both isolated from Streptomyces species. An-
other remarkable feature of the skyllamycin structures is the high
content of a- and f-hydroxylated amino acids. Whereas [3-
hydroxylated amino acids are found in a number of important
antibiotics like vancomycin® or lysobactin,” a chemically stable ot-
hydroxy modification of a glycine residue was previously de-
scribed only for the immunosuppressive peptides spergualin and
15-deoxyspergualin.® In addition to the unusual number of
hydroxylations, the highly functionalized skyllamycin peptides
A and B contain the non-proteinogenic amino acid O-methyltyr-
osine, though they differ with respect to the -methylaspartate
for skyllamycin A and to the aspartate for skyllamycin B.

Skyllamycin A has been described as a potent inhibitor of the
platelet-derived growth factor (PDGF) signaling pathway.?

v ACS Publications ©2011 american chemical Society

PDGFs belong to a group of small homodimeric and hetero-
dimeric proteins produced by various tissues of mammalian
organisms. They act primarily as mitogens and chemotactic
factors for mesenchymal tissue cells.” The five different forms
of dimeric PDGFs known so far are active in the extracellular
matrix and bind to the extracellular domains of the membrane-
bound o~ or -receptor proteins. This binding results in receptor
protein dimerization and induces the receptor tyrosine kinase
domain that triggers intracellular signal transduction by subse-
quent phosphorylation of signal peptides. Deregulated or ex-
aggerated signaling can result in pathological tissue like fibroses
and arteriosclerosis, and is involved in different kinds of cancers.”

The synthetic drug imatinib is the first marked tyrosine kinase
inhibitor used to treat cancer, e.g, chronic myelogenous
leukemia.”'® Tt can also efficiently block the tyrosine kinase
domain of the PDGF receptors by binding reversibly to the ATP-
binding pocket. Skyllamycin A, on the other hand, selectively
blocks the binding of PDGF BB homodimer to the PDGF S-
receptor with an ICso of 11 uM, therefore representing an
alternative mode of action of PDGF signaling inhibition.”

The structures of skyllamycins clearly indicate their synthesis
by non-ribosomal peptide synthetases (NRPS). These large
multienzymes are modularly organized; that is, each successive
module contains discrete catalytic domains that are responsible
for building block binding and chain elongation.'" Adenylation
(A) domains activate and load the required amino acid building
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Figure 1. Structures of skyllamycins.

blocks to the thiolation (T) domains, bound as thioesters. The
condensation (C) domain performs subsequent peptide bond
formation to accomplish chain elongation. An optional epimer-
ization (E) domain directs the epimerization and incorporation
of p-configured amino acid residues into the growing peptide
chain. The structural diversity of secondary metabolites can be
further increased by tailoring enzymes acting in trans to modify
the building blocks or peptides.*~

In the present study, we describe the sequencing and analysis
of the skyllamycin biosynthetic gene cluster in Streptomyces sp.
Acta 2897. Gene inactivation by in-frame gene deletion allowed
the functional assignment of tailoring enzymes, thereby revealing
new biosynthetic routes to hydroxylated amino acids in non-
ribosomal peptide synthesis.

B MATERIALS AND METHODS

Bacterial Strains and DNA Manipulation. Escherichia coli
DHSa was used as a host for general subcloning and manipulation of
plasmid DNA following standard protocols."® E. coli BW25113/plJ790
and E. coli DHS0/plJ778 were provided by John Innes Centre
(Norwich, UK) as a part of the REDIRECT technology kit.'® E. coli
ET12567/pUZ8002 was used as a host for conjugational transfer of
plasmids into streptomycetes. Streptomyces sp. Acta 2897 was isolated
from a sandy soil collected at a dune slack near Warkworth, UK.

Extraction of plasmids, purification of DNA, and isolation of genomic
DNA were carried out using commercial kits (Fermentas, St. Leon-Rot,
Germany). Restriction enzymes and molecular biological reagents were
purchased from New England Biolabs (Ipswich, MA) and Fermentas
(St. Leon-Rot, Germany). PCR was performed using Taq polymerase
(Qiagen, Hilden, Germany) and Herculase II fusion DNA polymerase
(Agilent Technologies, Waldbronn, Germany), and PCR products were
cloned into vectors pDrive (Qiagen) or pJetl.2/blunt (Fermentas).
DNA sequencing was carried out by AGOWA GmbH (Berlin,
Germany). Generation of the hybridization probes was performed by
PCR using DIG-labeled nucleotides (PCR DIG-labeling kit, Roche
Diagnostics, Mannheim, Germany) and Southern hybridization accord-
ing to the manufacturer’s protocol. All primers used were ordered from
biomers.net (Ulm, Germany); their respective sequences are listed in the
Supporting Information.

Cultivation of Streptomyces sp. Acta 2897 and Production
of Skyllamycins and Derivatives. For the production of sky-
llamycins, 100 mL of KM4 medium (4 g/L glucose, 4 g/L yeast extract,
10 g/L malt extract, 2 g/L CaCOj;) in 500 mL baffled flasks was
inoculated with 4% of a 3-days-old preculture of Streptomyces sp. Acta
2897 wild-type or mutant strains. Cultures were grown for S days at
27 °C and 120 rpm on a rotary shaker (Infors Multitron 2, Einsbach,
Germany). For genomic DNA isolation, the strains were cultured in
tryptic soybroth medium'” at 27 °C and 120 rpm on a rotary shaker. To
restore the production of skyllamycins in the Streptomyces sp. Acta 2897
Aorf37 mutant, 20 mL of KM4 medium supplemented with 1 mg/mL of
O-methyltyrosine (Bachem, Bubendorf, Switzerland) was inoculated
with a spore solution harvested from MS plates,'” and the culture was
incubated at 27 °C and 120 rpm on a rotary shaker. After 5 days, the
supernatant was analyzed for skyllamycin production.

Isolation of Skyllamycins and High-Performance Liquid
Chromatography—Electrospray lonization Mass Spectro-
metry (HPLC-ESI-MS). To isolate skyllamycins, the cultures were
harvested by centrifugation after 5 days of growth. The supernatant was
extracted twice with the same volume of ethyl acetate. After the organic
phase was dried in vacuo, the crude extract was dissolved in CH;CN and
analyzed by HPLC-ESI-MS.

The HPLC-MS measurements were carried out on a capillary-LC
system (1100 series, Agilent Technologies, Waldbronn, Germany)
coupled to a QTrap2000 mass spectrometer (Applied Biosystems,
Darmstadt, Germany). HPLC was performed using a SO mm X 1 mm
Luna 3u C18(2) 100 A column (Phenomenex, Aschaffenburg,
Germany) with a flow rate of 60 yL/min using a gradient from 5% to
100% CH;CN (0.1% HCOOH) in H,O (0.1% HCOOH) in 10 min.
Prior to tandem mass spectrometry (MS/MS) experiments, the crude
extracts dissolved in CH;CN were treated with H,O and concentrated
NH,OH (49:49:2) for up to 4 h at room temperature to linearize the
skyllamycins by hydrolysis. After the mixture was dried in vacuo, it was
redissolved in CH;CN and analyzed with HPLC-ESI-MS/MS under the
aforementioned conditions.

Identification and Sequencing of the Skyllamycin (sky)
Gene Cluster. A cosmid library of Streptomyces sp. Acta 2897 genomic
DNA, comprising 2304 clones, was prepared in pOJ436'® by Combi-
nature Biopharm AG (Berlin, Germany). Homogenized bacterial cul-
tures were immersed in 0.5% low-melting agarose (SeaPlaque GTG,
Biozym, Germany) and incubated with 2 mg/mL lysozyme (Carl Roth,
Karlsruhe, Germany) for 14 h at room temperature and with 1 mg/mL
proteinase K (Merck, Darmstadt, Germany) for 24 h at S0 °C. The
embedded DNA was partially digested with Sau3Al, extracted with
gelase (Epicenter, Madison, WI), and dephosphorylated (antarctic
phosphatase, New England Biolabs). Subsequently, the DNA was ligated
with 750 ng of BamHI-digested vector pOJ436 and then packed using
Gigapack I1I Gold Packaging Extract (Agilent Technologies).

Cosmid clones were screened using DIG-labeled hybridization
probes amplified from Streptomyces sp. Acta 2897 genomic DNA. For
non-ribosomal peptide synthetase probes, the primer pairs oligol/
oligos"® and A3/A7R,*® respectively, were employed. For screening
for the large subunit of a glutamate mutase, primer pair Glm1/Glm2
(Supporting Information) was utilized. In total, the four overlapping
cosmids 1J22, 1P24, 6D08, and 2G03 were fully sequenced by Agowa
GmbH employing a combination of shotgun sequencing and primer
walking. Cosmid 2L01 was partly sequenced by primer walking. Putative
open reading frames (ORFs) were identified using the frame plots
function of the Artemis sequence viewer program (http://www.sanger.
ac.uk/resources/software/artemis). Likewise, the functions of encoded
proteins were assigned by sequence similarity using NCBI protein—
protein BLAST searches (http:/ /www.ncbi.nlm.nih.gov/ ).21 The Pfam
protein family database (http://pfam.sanger.ac.uk/) was used to analyze
encoded proteins for functional domains.”* Prediction of the NRPS A
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Figure 2. Organization of the skyllamycin biosynthetic gene cluster in Streptomyces sp. Acta 2897. Genes are color-coded according to their putative

functions.

domain activation specificity was done using NRPSpredictor software
(http:/ /www-ab.informatik.uni-tuebingen.de/software/
NRPSpredictor).”® The sequence has been deposited in GenBank under
accession number JF430460.

Generation of Gene Inactivation Mutants. In order to in-
activate the putative NRPS gene sky31, an internal fragment Al was
amplified using the primers Al _fwand Al_re (Supporting Information)
and cloned into vector pDrive where it was excised using BamHI and
HindIIl and cloned into the BamHI/HindIIl restriction sites of
pK18mob2, resulting in pKI18 Al. The inactivation construct was
transferred into E. coli ET12567/pUZ8002 and conjugated into Strepto-
myces sp. Acta 2897 spores following literature protocols."” Exconju-
gants were selected on MS plates'” containing apramycin. The correct
chromosomal integration was confirmed by Southern blot experiments
on genomic DNA digested with BlpI using the DIG-labeled hybridiza-
tion probe Al (Supporting Information).

In order to inactivate sky17, which encodes a putative 3-ketosynthase,
an internal fragment of skyl7 was amplified using primers KS_fw and
KS_re and cloned into the Xbal/HindIII restriction sites of pK18mob2,
yielding pK18_KS. Following the transformation into E. coli ET12567/
pUZ8002, pK18_KS was conjugated into the spores of Streptomyces sp.
Acta 2897. The correct chromosomal integration was checked by
Southern hybridization of PstI-digested genomic DNA from the ob-
tained mutant strains using the amplified internal fragment as probe.

Generation of In-Frame Gene Deletions. In-frame gene dele-
tions were performed following the REDIRECT protocol."® The
template plasmid pEP, which harbors the genes of interest, was created
by cloning the 20.8 kb fragment obtained after Nisil and Xbal digestion of
cosmid 1J22 into the Pstl, producing Nsil-compatible overhangs, and
Xbal restriction sites of pK18mob2. The streptomycin resistance gene
aadA from pIJ778 was amplified using primers that contained additional
Spel restriction sites and utilized to replace target genes on vector pEP by
A-Red mediated recombination (all primers used are listed in the
Supporting Information). Restriction of mutant plasmids with Spel
and subsequent religation led to the loss of aadA. The resulting pEP
derivatives were transferred into Streptomyces sp. Acta 2897 by spore
conjugation from E. coli ET12567/pUZ8002. Exconjugants were grown
on solid apramycin containing MS medium to select for the chromoso-
mal integration of the inactivation constructs. To achieve a loss of the
target gene from the chromosome, the exconjugants were replica-plated

three times onto antibiotic-free MS plates before harvesting and
separating the spores of the mutants on MS plates. Single colonies were
again replica-plated onto apramycin-containing MS plates and onto MS
plates without antibiotic. Clones, sensitive to apramycin, were tested for
target gene deletion by colony PCR. Successful in-frame gene deletion
was confirmed by amplification and sequencing of the deleted target
region from genomic DNA.

B RESULTS

Identification and Organization of the Skyllamycin (sky)
Cluster. A cosmid library of the Streptomyces sp. Acta 2897
genome was screened with probes for NRPS generated from
genomic DNA of Streptomyces sp. Acta 2897 with degenerated
primers derived from conserved core motifs of non-ribosomal
peptide synthetases.'"”*° Assuming that the non-proteinogenic
pB-methylaspartate found in the skyllamycin A backbone is
formed by a glutamate mutase, the cosmid library was screened
with an additional specific probe generated with primers derived
from conserved motifs of glutamate mutases.'”**

As a result of the screening for NRPS and glutamate mutase
positive cosmids, the cosmid 1J22 was identified, fully sequenced,
and used as a starting point for subsequent chromosome walking.
In total, a DNA region of over 86 kbp spanning five overlapping
cosmids was sequenced. Bioinformatic analysis revealed 49
ORFs whose putative functions were assigned using BLAST
searches (Figure 2, Table 1)

To prove the involvement of the sequenced region in sky-
llamycin biosynthesis, disruption mutagenesis was performed. A
640 bp fragment of the NRPS gene sky31 was amplified from
1J22 and cloned into plasmid pK18 mob2. After conjugation of
the resulting construct into Streptomyces sp. Acta 2897, an
apramycin-resistant mutant with correct disruption of sky31
was obtained. Analysis of the culture extractions by HPLC-ESI-
MS confirmed that this mutant was unable to synthesize sky-
llamycin peptides (Supporting Information).

The array of genes in the skyllamycin biosynthetic gene cluster
can be subdivided into three distinct regions (Figure 2). The 5’
region mainly contains genes with sequence similarity to genes
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Table 1. Deduced Functions of ORFs in the Skyllamycin Biosynthetic Gene Cluster

ORF

1

33
34
3S
36
37
38
39

40
41

42

43
44

45
46

47

48

49

amino

acids

137

106

159

372

218

208
135
278

78
458
527
347

654
73
84

418

377

320

272

346

367
82

129

162

248
236
5SS
4747
4728
3919
423

257
173
328
262
342
264
356

188
438

156

243
646

225
279

263

83

predicted function in

skyllamycin
biosynthesis

oxidoreductase
isomerase

N-acetyltransferase

carboxyltransferase
ACP-acyltransferase

MbtH-like protein
ACP
f-ketosynthase 11
[-ketosynthase 11
[-ketosynthase 1
hydrolase
thioesterase
[-ketosynthase I
ACP

dehydratase
dehydratase

reductase
isomerase
oxidoreductase
NRPS

NRPS

NRPS
cytochrome

P450 monooxygenase

type II thioesterase
ABC transporter
ABC transporter

O-methyltransferase
ABC transporter
flavin-dependent
monooxygenase
flavin reductase
glutamate mutase
subunit B
glutamate mutase
subunit A
regulation
regulation

regulation

regulation

regulation

DNA polymerase

closest protein similarity

putative SMR-type multidrug efflux transporter
Streptomyces griseus subsp. griseus NBRC 13350
putative SMR-type multidrug efflux transporter
Streptomyces griseus subsp. griseus NBRC 13350
cytosine/adenosine deaminase
Streptosporangium roseum DSM 43021
NADH:flavin oxidoreductase,
Mycobacterium smegmatis str. MC2 155
predicted dithiol—disulfide isomerase
Streptosporangium roseurn DSM 43021
putative acetyltransferase Streptomyces griseus subsp. griseus NBRC 13350
hypothetical protein SGR_3392 Streptomyces griseus subsp. griseus NBRC 13350
DNA-binding protein, Streptomyces sp. Mgl
hypothetical protein SrosN15_18654 Streptomyces roseosporus NRRL 15998
integrin-like protein, Streptomyces roseosporus NRRL 15998
ChlJ, Streptomyces antibioticus
isoprenyl diphosphate synthase Streptomyces pristinaespiralis ATCC 25486
ACP-S-malonyltransferase, Anoxybacillus flavithermus WK1
putative ABCI family protein, Streptomyces sp. AA4
MbtH-like protein Saccharopolyspora erythraea NRRL 2338
acyl carrier protein Streptomyces hygroscopicus ATCC 53653
putative 3-oxoacyl-ACP synthase II Streptomyces ghanaensis ATCC 14672
3-oxoacyl-ACP synthase II Streptomyces hygroscopicus ATCC 53653
3-oxoacyl-ACP synthase I, Streptomyces sp. C
hydrolase, Streptomyces avermitilis MA-4680
hypothetical protein SgriT_25948, Streptomyces griseoflavus Tu4000
3-oxoacyl-ACP synthase I Streptomyces avermitilis MA-4680
acyl carrier protein Streptomyces ghanaensis ATCC 14672
putative dehydratase hotdog fold Streptomyces griseus subsp. griseus NBRC 13350
putative 3-hydroxyacyl-ACP dehydratase
Streptomyces ghanaensis ATCC 14672
SimJ2, Streptomyces antibioticus
putative isomerase, Streptomyces griseoflavus Tu4000
phytoene dehydrogenase or related enzyme Streptomyces sp. C
PstC, Actinoplanes friuliensis
amino acid adenylation Streptomyces ghanaensis ATCC 14672
non-ribosomal peptide synthetase Rhodococcus jostii RHAL
Novl, Streptomyces caeruleus

thioesterase TEII family, Streptomyces bikiniensis

hypothetical protein bmyco0003_44050 Bacillus mycoides Rock3—17

daunorubicin resistance ABC transporter ATP-binding subunit,
Sphaerobacter thermophilus DSM 20745

ABC-type multidrug transport system, permease component,
Cellulomonas flavigena DSM 20109

QbsL, Pseudomonas fluorescens

ABC-2 type transporter Catenulispora acidiphila DSM 44928

MtaG, Stigmatella aurantiaca DW4/3—1

KtzS, Kutzneria sp. 744
glutamate mutase subunit B, Actinoplanes friuliensis

glutamate mutase subunit A, Actinoplanes friuliensis

AreB protein, Streptomyces clavuligerus ATCC 27064
putative AfsR-like transcriptional regulator
Streptomyces ghanaensis ATCC 14672
AreB protein, Streptomyces sp. SPB74
LuxR family transcriptional regulator
Streptomyces griseus subsp. griseus NBRC 13350
LuxR family transcriptional regulator
Streptomyces ghanaensis ATCC 14672
hypothetical protein SrosN15_18619
Streptomyces roseosporus NRRL 15998
DNA polymerase III subunit beta
Streptomyces roseosporus NRRL 15998

identity/
similarity [%]

89/92
96/99
53/70
59/69
58/70

91/95
88/92
59/76
88/94
75/83
88/93
44/61
38/57
52/66
71/84
70/81
72/84
56/70
45/57
46/57
57/73
45/56
61/75
58/66
54/70

59/75
60/72
61/71
43/57
48/59
44/59
48/66

47/61
36/57
59/71
41/67
28/45
31/85
51/68

46/59
59/70

50/67

59/73
46/57

53/67
56/70

48/62
80/83

88/91

reference

YP_001824901.1
YP_001824902.1
ZP_04473622.1
YP_887288.1
ZP_04473623.1

YP_001824903.1
YP_001824904.1
ZP_05002075.1
ZP_04694957.1
ZP_04694954.1
AAZ77684.1
ZP_05012387.1
YP_002316119.1
ZP_035478782.1
YP_001106478.1
ZP_05517490.1
ZP_04685000.1
ZP_05517492.1
ZP_05511356.1
NP_824839.1
ZP_05541594.1
NP_824834.1
ZP_04685010.1
YP_001824760.1
ZP_04685012.1

AAG34189.1
ZP_05541595.1
ZP_05508654.1
CAMS6770
ZP_04685019.1
YP_700135.1
AAF67502.1

AAS79476.1
ZP_04159424.1
ZP_04495100.1 |
ZP_04365397.1
AAL65279.1
YP_003111443.1
AAF19815.1

ABV56599.1
CAD32908.1

CAD32909.1

CAL81530.1
ZP_04685028.1

ZP_04994999.1
YP_001824796.1

ZP_04684995.1
ZP_04694950.1

ZP_04694949.1
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Figure 3. HPLC-ESI-MS analysis of skyllamycin production in culture
extracts of the wild-type and mutant strains of Streptomyces sp. Acta
2897. Extracted ion chromatograms are shown for naturally occurring
skyllamycin A (1, [M + H] " = 1483) and B (2, [M + H] " = 1469) and
derivatives identified in each mutant strain. The peak marked with @
represents an unknown compound, whereas the peak marked with *
indicates interference of the isotopic pattern of 4.

involved in bacterial fatty acid biosynthesis. The center region of
the cluster is made up of three large non-ribosomal peptide
synthetases (sky29—sky31) followed by genes (sky32—sky48)
coding for tailoring enzymes, transporters, and regulators.

The probable downstream boundary of the sky cluster is
marked by 0rf49, whose gene product resembles a DNA poly-
merase IIT that is most likely involved in primary metabolism.
The location of the $'-boundary is not clearly predictable, as the
OREFs in this region have homologies to efflux transporters and
might be involved in self-resistance of the host to skyllamycin
(skyl, sky2).

Hydroxylation Reactions during the Skyllamycin Bio-
synthesis. Skgr amycin A and B contain three -hydroxylated
amino acids (°8-OH-Phe, ’B-OH-0-Me-Tyr, ''3-OH-Leu) and
an unusual o-hydroxylated glycyl residue (°o-OH-Gly). The
putative gene product of sky32 shows 48% sequence identity to
the cytochrome P450 monooxygenase Novl, a tyrosine 3-hydroxy-
lating enzyme involved in the biosynthesis of the coumarin
antibiotic novobiocin.”® In order to investigate the function of
Sky32, a Asky32 mutant strain was constructed using in-frame
gene deletion methods and was tested for skyllamycin produc-
tion by subsequent HPLC-ESI-MS analysis of culture filtrates.
While the wild-type peptides A (1) and B (2) were not produced
in the mutant strain, a peptide 3 with a molecular mass [M +
H]" at m/z of 1435 and increased hydrophobicity (tz = 9.92

AT
- A
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Figure 4. Structural assignment of skyllamycin derivatives. HPLC-ESI-
MS/MS fragmentation of (A) 6 after hydrolysis of 3, (B) 7 after
hydrolysis of 5, and (C) 8 after hydrolysis of 4.

min) compared to skyllamycin A (1, [M + H] " = 1483, t; =9.23
min) was identified (Figure 3). Hydrolysis of 3 for HPLC-ESI-
MS/MS analysis yielded 6, and the fragmentation pattern
(Figure 4) confirmed that the structure of the identified peptide
correlated to skyllamycin A. However, the mass shift of 48 Da
resulted from loss of all three -hydroxy groups, allowing the
functional assignment of Sky32 as a f-hydroxylase. A skyllamycin
B derivative lacking 3-hydroxylated amino acid residues was not
identified in the mutant culture extracts.

The gene product of sky39 belongs to the bacterial luciferase
family of two-component flavin-dependent monooxygenases
and shows 51% sequence identity to the glycine hydroxylating
MonoOX domain of MtaG, an NRPS protein that is involved in
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myxothiazol biosynthesis in Stigmatella aurantiaca DW4/3-1.%°
In-frame deletion of sky39 in Streptomyces sp. Acta 2897 led to the
identification of the peptide derivative 4 ([M + H]" = 1467),
with a 16 Da lower mass compared to skyllamycin A (Figure 3).

The hydrolytic ring-opening reaction performed prior to MS/
MS experiments provided an initial indication that this mass shift
occurs because of the loss of 0-hydroxylation at the glycyl residue.
Under basic conditions, skyllamycins A and B undergo two ring
cleavages at *0-OH-Gly and the lactone bond ('Thr-''3-OH-
Leu), while the peptide 4 produced by the Asky39 mutant could
only be linearized at the lactone bridge (8, Figure 4). HPLC-ESI-
MS/MS experiments clearly showed the presence of Gly instead
of o-hydroxyglycine in 4, thus revealing Sky39 as the o-hydro-
xylase. The reaction mechanism catalyzed by Sky39 and the
configuration of the introduced stereocenter are still under
investigation. Located next to sky39, sky40 encodes a putative
flavin mononucleotide reductase (46% identity with KtzS in
Kutzneria sp. 744)>” that presumably regenerates the FMN
cofactor needed for the a-hydroxylation reaction.

Biosynthesis of f-Methylaspartate. The gene products of
sky41 and sky42 show significant homology to the glutamate
mutase subunits Vinl and VinH, respectively, of Streptomyces
halstedii** and to GImB and GImA, respectively, of Actinoplanes
friuliensis glutamate mutase.'” First described for the glutamate
fermentation pathway in Clostridium spp., these adenosylcobala-
min-dependent enzymes catalyze the reversible conversion of
(2S)-glutamate to (28,35)-3-methylaspartate.*® Sky41 resembles
the large subunit, while Sky42 aligns with the small, cobalamin-
binding subunit of the heteromeric glutamate mutase.

Skyllamycins A and B, which are produced in similar amounts
by Streptomyces sp. Acta 2897, differ structurally solely in that a 5-
methylaspartate is replaced by an aspartate in skyllamycin B. To
study the role of the glutamate mutase in skyllamycin biosynth-
esis, both genes sky41 and sky42 were deleted together in-frame.
Culture extracts of the resulting mutant strains were analyzed by
HPLC-ESI-MS analysis, revealing a loss of skyllamycin A pro-
duction, while the production of skyllamycin B remained nearly
unaffected (Figure 3).

Biosynthesis of O-Methyltyrosine. The C-terminal part of
the sky37 gene product possesses 45% similarity to the S-
adenosyl-methionine (SAM)-dependent O-methyltransferase do-
main of QbsL from Pseudomonas fluorescens ATCC 17400.° This
enzyme catalyzes the O-methylation of xanthurenic acid during
quinolobactin biosynthesis, therefore supporting the proposition
that Sky37 plays a role in O-methyltyrosine formation.

To verify the proposed function of Sky37, the gene was deleted
in-frame, resulting in the mutant Streptomyces sp. Acta 2897
Aorf37. No production of skyllamycins was observed in this
mutant strain. Instead, a molecular mass with an [M + H]" at
m/z 1453 (Am =30 Da to 1) was detected in the mutant culture
extracts, indicating the production of peptide derivative $ lacking
a methoxy group (Figure 3).

Analysis of the fragmentation pattern of 7, obtained by hydro-
lysis of 5, confirmed the absence of ’3-hydroxy-O-methyltyrosine,
suggesting the presence of f3-hydroxyphenylalanine in the sky-
llamycin A derivative peptide 5§ (Figure 4). This finding is
supported by the investigation of the non-ribosomal code of the
binding gocket conferring amino acid specificity of module 7 A
domain.”****" The conserved motif DAWNIAAVCK indicates a
substrate specificity for phenylalanine rather than for tyrosine.

To check whether the production of skyllamycins can
be restored, the Asky37 mutant strain was supplemented with

O-methyltyrosine. Extracts analyzed after 5 days of culture
growth contained both skyllamycin A and B, leading to the
conclusion that tyrosine is O-methylated as the free amino acid
prior to its activation by the A domain of module 7 in Sky30.
Interestingly, the deletion of sky37 seems not to interfere with the
B-hydroxylation catalyzed by Sky32, since -hydroxyphenylala-
nine was found in the hydrolysis product of §, as demonstrated
by MS/MS analysis (7, Figure 4).

Synthesis of the N-Terminal Cinnamoyl Residue. The
cinnamoyl residue attached to Thr of the skyllamycin backbone
is composed of an 1,2-dialkylated aromatic ring that lacks, in
contrast to aromatic polyketides, oxygen moieties at or near the
aromatic ring.32 Hence, the C,,-polyene 17 (Figure S) is the
postulated precursor synthesized by those enzymes of the sky
cluster showing homology to the bacterial type II fatty acid
synthesis pathway.

Malonyl-ACP 11 as a building block is likely to be generated
by carboxylation of acetyl-CoA 9 to malonyl-CoA 10 by the
putative carboxyltransferase Skyl1 and the subsequent transacy-
lation to malonyl-ACP 11 by the ACP-acyltransferase homo-
logue Skyl3 utilizing either acyl carrier protein (ACP)
homologue Sky16 or Sky23.

The first step in fatty acid synthesis leads to formation of
acetoacetyl-ACP 13 by the condensation of malonyl-ACP with
acetyl-CoA by a 3-ketoacyl-ACP synthase I1L. Since this enzyme
is missing in the sequenced sky cluster, it could be acquired from
primary metabolism. Alternatively, it could stem from the initia-
tion reaction that proceeds via decarboxylation of malonyl-ACP
11 to acetyl-ACP 12 with subsequent condensation of 11 and 12
to acetoacetyl-ACP 13 (Figure S). This reaction is catalyzed by 3
ketosynthases encountered in the biosynthesis of most type II
polyketides and as an alternative route in the initiation of fatty
acid biosynthesis.*>**

All ketosynthases present in the sky cluster, Skyl7, Skyl8,
Sky19, and Sky22, show poor sequence homology to -ketoacyl-
ACP synthases from fatty acid metabolism or to type II polyke-
tide synthases. The closest known homologues of Skyl7 and
Skyl9 are AuaC (38% sequence identity) and AuaD (28%
sequence identity), which are type II PKS ketosynthases from
the aurachin producer Stigmatella aurantiaca Sg al5.>® Sequence
analysis revealed that only the N-terminal regions of Sky19 and
Sky22 show homology to 3-ketoacyl-ACP synthases I, suggesting
that they might be inactive. The involvement of the putative f-
ketoacyl-ACP synthase II Sky17 in skyllamycin biosynthesis was
demonstrated by gene inactivation. Streptomyces sp. Acta 2897
mutant strain with disrupted skyl7 was not able to produce
skyllamycin peptides (Supporting Information).

In contrast to most type II PKS systems, the 3-ketoacyl-ACP
intermediates 13 and 16 (Figure S) are likely to be reduced by the
P-ketoacyl-ACP reductase homologue Sky26 to 14 and afterward
by 3-ketoacyl-ACP dehydratase homologues Sky24 and Sky25 to
a putative enoyl-ACP intermediate 15 in skyllamycin biosynth-
esis. Further reduction of enoyl-ACP during fatty acid biosynth-
esis is catalyzed by an enoyl-ACP reductase*®*” that is, however,
not present in the sky cluster. We assume that enoyl-ACP 15
could be used as substrate for the 3-ketoacyl-ACP synthases for
subsequent condensation with malonyl-ACP 11 to build up the
Ci,-polyene intermediate 17.

Aromatic ring formation in such a polyene precursor could
proceed analogously to the biomimetic synthesis of pseudoru-
brenoic acid A by 6-electrocyclization.>® Hence, the ring
closure can only occur if the C,-polyene shows a specific
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Figure 5. Predicted pathway of skyllamycin biosynthesis. (A) The cinnamoyl moiety is putatively formed via the Cj,-polyene 17 as
intermediate that then undergoes an aromatic cyclization reaction. Methylated building blocks are synthesized by (B) the two component
glutamate mutase (Sky41/Sky42) that forms -methylaspartate from Glu and (C) the methyltransferase Sky37 that forms O-methyltyrosine
from Tyr. (D) The skyllamycin peptide chain is built up of the three non-ribosomal peptide synthetases Sky29, Sky30, and Sky31. Further
modification by the 0.- and -hydroxylases Sky39 and Sky32, respectively, are most likely to occur during chain elongation prior to the release of
matured peptide.

(4E,6Z,8E)-configuration, bringing the carbon atoms within the together with the 10Z-configuration, could possibly be intro-
required distance for cyclization. This prerequisite configuration, duced in 17 by the putative gene products of skyS and sky27.
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These gene products show homology to glutathione-dependent
enzymes of the 2-hydroxychromene-2-carboxylate isomerase
protein family encountered in the naphtalene degradation path-
way in Pseudomonas sp. TA-2.>®

Formation of the benzene ring, involving ring closure be-
tween the carbon atoms 4 and 9 in 18 followed by a dehy-
drogenation to obtain the aromatic system, could be catalyzed
by either the putative oxidoreductase Sky4 or phytoene dehy-
drogenase-like Sky28. Alternatively, both enzymes could be
involved.

It remains unclear whether the putative C;,-polyene pre-
cursor 17 is hydrolyzed from the ACP after its synthesis or
processed in an ACP-bound state. Sky20, resembling a putative
hydrolase, or Sky21, a protein not showing homology to known
enzymes but possessing a hot-dog fold structure common
to authentic thioesterases, might play a role in cleavage of the
acyl-ACP.

Synthesis of the Skyllamycin Peptide Backbone. The three
NRPSs Sky29, Sky30, and Sky31 have been assigned to the
synthesis of the peptide core of skyllamycin A and B. Together
they contain 11 modules with each module consisting of at least
the minimal set of NRPS domains, i.e., the condensation (C),
adenylation (A), and thiolation (T) domains. Prediction of
amino acid activation specificity of A domains using the non-
ribosomal code®>**?! revealed that the peptide synthesis starts
with Thr at module 1 of Sky29 and terminates with Leu at
module 11 of Sky31 (Figure S).

The initiation module contains an N-terminal C domain
showing sequence identity to the N-terminal C domains of the
NRPSs ACMSII (43%) of Streptomyces chrysomallus,®® MxcG
(41%) of Stigmatella aurantiaca Sg a15,** and DhbF (40%) of
Bacillus subtilis*' and is suggested to be involved in the coupling
of the cinnamoyl moiety to module 1-bound "Thr.

Additional E domains can be found in all three NRPSs of the sky
cluster, downstream of the C-A-T domain motifs of modules 4,
8, and 10. The E domains of modules 8 and 10 are responsible
for the incorporation of the (R)-configured amino acids Trp
and Leu, respectively. Interestingly, module 4 incorporates the
achiral amino acid Gly into the peptide chain and does not
require an epimerization domain. However, the E domain of
module 4 is ~100 amino acids shorter in length, and its core
motifs E2, E4, ES, and E7** are not well conserved. Most likely,
this E domain is inactive due to a mutation of the catalytically
important His in the second core motif HHXXXDGVSW to
glycine (HGXXXDAESL).**

Structural elucidation and configurational assignment showed
that $-hydroxyleucine, incorporated by module 11, also pos-
sesses an (R)-configuration although the corresponding module
lacks an E domain.” A comparison between the A domains of
modules 10 and 11 revealed that the amino acid residues
responsible for A domain substrate specificity are identical for
both domains (Supporting Information). Other enzymes that
might be involved in amino acid racemization were not detected
in the sequenced region.

Type Il Thioesterase. The gene product of sky33 shows
homologies to type II thioesterases that are commonly found
in NRPS and PKS gene clusters. This class of enzymes was
assumed to have a proofreading function since they are able to
hydrolyze misprimed ACP and T domains, thereby assuring the
correct product formation.** An in-frame gene deletion of sky33
led to a Streptomyces sp. Acta 2897 Asky33 strain with only
slightly decreased levels of skyllamycin A and B production,

leaving the actual role of sky33 in skyllamycin biosynthesis
undefined.

Transporter and Regulators. The two genes skyl and sky2
located at the 5’ end of the sky cluster encode putative multidrug
efflux transporters. Until now, it is still elusive if they are involved
in the skyllamycin biosynthetic machinery. Other genes coding
for the putative ABC transporters Sky35, Sky36, and Sky38 have
been investigated by simultaneous in-frame gene deletion of
sky35 and sky36. Streptomyces sp. Acta 2897 Aorf35/36 mutants
showed only a weak production of skyllamycin peptides proving
their involvement in skyllamycin biosynthesis. To check whether
skyllamycins are accumulated in the cytoplasm, cells of the
Streptomyces sp. Acta 2897 Asky35/36 mutants were extracted
with methanol and screened for both peptides. No accumulation
of skyllamycin A or B could be detected, possibly due to a down-
regulation of production.

A set of various regulators is found in the 3'-region of the sky
cluster. The genes sky43 and sky4S putatively belong to the IcIR
family and sky46 and sky47 to the LuxR family of transcriptional
regulators, whereas the gene product of sky44 shows homology
to the AfsR transcriptional regulator found in Streptomyces
coelicolor A3(2).* To be active, AfsR is phosphorylated by a
serine/threonine kinase, a function that could be carried out by
the putative protein kinase Skyl4. Furthermore, the putative
DNA-binding proteins Sky8 and Sky48 show homologies to
transcriptional regulators. These DNA-binding proteins as well
as the 78 aa hypothetical protein Sky9 might be involved in
skyllamycin biosynthesis. Sky9 belongs to a family of proteins
containing a domain of yet unknown function (PF04149), but
some of its members are suggested to take part in transcriptional
regulation as well.*¢

Genes of Unknown Function. No functions in skyllamycin
biosynthesis could be assigned to the hypothetical proteins
ORF7, ORF9, and ORF34, to ORF3, which resembles a nucleo-
side deaminase, to the integrin-like protein ORF10, and to the
putative prenyltransferase ORF12. The sequence of the skyIS
gene product resembles a MbtH-like protein abundant in many
bacterial NRPS gene clusters.””** Even though they seem to play
a significant role in non-ribosomal peptide synthesis, their exact
function remained unknown for a long time.*”*® New insights
into the mode of action of MbtH-like proteins were recently
given by Felnagl et al. and Zhang et al., who showed that these
proteins interact with the A domains of NRPSs, thereby enabling
amino acid activation.’">*> However, this observation does not
apply to all A domains of an NRPS assembly line.

l DISCUSSION

The biosynthetic pathway leading to skyllamycin A and B was
investigated by cloning and sequencing the sky cluster from
Streptomyces sp. Acta 2897. One precursor required for peptide
synthesis is the N-terminal 2-[1-(Z)-propenyl]-cinnamoyl moi-
ety bearing similarity to gseudorubrenoic acids, isolated from
Pseudomonas fluorescens,> and serpentene, isolated from Strep-
tomyces sp. Tii-3851.>> Although the biosynthetic pathway of
these natural products is unknown, a biosynthesis via fatty acid
or polyketide pathways has been predicted for serpentene
formation, based on feeding experiments with '*C-labeled
acetate.>

Aromatic substructures of precursors in secondary metabolites
are often produced by type II polyketide synthases.*® In these
biosyntheses, malonyl-ACP building blocks are condensed to
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polyketo-ACP intermediates, which may undergo subsequent
cyclization by aldol reactions catalyzed by cyclases and aroma-
tases. This cyclization and aromatization results in phenolic
hydroxyl groups, which would have to be removed in order to
yield the cinnamoyl-like structure 19. Polyketide reduction prior
to cyclization would electronically and stereoelectronically dis-
favor aldol condensation.”” We therefore consider it more likely
that the cinnamoyl residue of skyllamycins is formed via 67-
electrocyclization of a polyene precursor, as shown in the
biomimetic synthesis of pseudorubrenoic acid by Rickards et al.**

The described aromatization pathway would require a C,,-
polyene which, as there are no type I PKS enzymes present in the
sky cluster, could be synthesized following the pattern given in
Figure S. In this model, 3-ketoacyl-ACP building blocks are
formed and reduced to enoyl-ACP intermediates that are subse-
quently elongated to yield the polyene 17 containing a con-
jugated double bond system.

During fatty acid biosynthesis, unsaturation can be introduced
by the 3-ketoacyl-ACP dehydratase FabA that is not only able to
perform the dehydration reaction, but can also isomerize E-2-
decenoyl-ACP to Z-3-decenoyl-ACP. A subsequent condensa-
tion with malonyl-ACP, catalgrzed by the -ketosynthase I FabB,
prevents further reduction.>® This mechanism of desaturation
and isomerization can be almost excluded for the cinnamozl
residue formation since it is most efficient on C,, substrates 6
and would lead to an unconjugated double bond system. There-
fore, the isomerization of double bonds in the cinnamoyl
precursor is suggested to be performed by the putative iso-
merases SkyS or Sky27.

The ketosynthases Sky17, Skyl18, Skyl19, and Sky22 do not
share high sequence similarity to characterized bacterial fatty acid
or to type II polyketide ketosynthases. The nearest known
homologues of Skyl7 and Skyl9 are AuaC and AuaD, respec-
tively, from Stigmatella aurantiaca Sg alS. These homologues
represent type II ketosynthases belonging to a new group of
PKSs suggested to be an evolutionary link between type II PKS
and type III PKS or the fatty acid biosynthesis.’® Sequence
analysis further revealed that both -ketosynthases II Sky17 and
Sky18 possess the conserved catalytic cysteine residue. Skyl9
and Sky22 not only lack the conserved C-terminal part of f-
ketosynthases but also possess a mutation of the conserved
glutamine requisite for the catalytic activity as chain length factor
(CLF) ketosynthase in type II PKS biosynthesis.”* Conse-
quently, Skyl9 and Sky22 might be catalytically inactive but
could contribute to protein/protein interaction as already sug-
gested for AuaD, which also lacks the conserved active site
glutamine residue.>> The mechanisms of polyene formation
and aromatization in the production of the cinnamoyl precursor
in skyllamycin biosynthesis are still under investigation.

After its formation, the cinnamoyl precursor must be coupled
to the N-terminus of the T-domain-bound Thr at module 1 of the
NRPS Sky29. Since there are two ACPs (Sky16, Sky23) present
in the sky cluster as well as a hydrolase-like protein (Sky20), a
putative thioesterase-like protein (Sky21), and a putative acetyl-
transferase (Sky6), it remains unclear whether the cinnamoyl
transfer occurs through an acyl-CoA or an acyl-ACP intermediate
assisted by one of these enzymes.

The N-terminal C domain of module 1 of Sky29 might also be
involved in the attachment of the aromatic fatty acid moiety to
"Thr due to its homology to the N-terminal C domain of NRPSs
ACMSII, MxcG, and DhbE.>*~*! At these peptide synthetases,
the aromatic building blocks 4-methyl-3-hydroxyanthranilic acid

for ACMSII and 3-dihydroxybenzoic acid for MxcG and DhbF,
respectively, are transferred to the amino group of the T-domain-
bound amino acid residues. The involvement of starter C
domains in fatty acid transfer was recently demonstrated for
the biosynthesis of the lipopeptide surfactin from Bacillus
subtilis.""> In a first step, aliphatic 3-hydroxytetradecanoic acid
activated as CoA thioester is transferred to the T-domain-bound
glutamate on the first module of SfrAA, catalyzed by the initial
condensation domain. Similar reactions are hypothesized for the
biosynthesis of other lipopeptides, e.g, the calcium-dependent
antibiotic (CDA) from Streptomyces coelicolor,*® and therefore
might also occur during skyllamycin biosynthesis.

Skyllamycin A and B contain the three (R)-configured amino
acids *Trp, "°Leu, and ' 3-OH-Leu, but only for Trp and Leu the
corresponding modules contain E domains. The identity of the
binding pocket active site residues of the A domains of modules
10 and 11 suggests that (S)-configured Leu is the substrate for
both modules, even though the active site residues are only
poorly conserved among known leucine binding motifs. Epimer-
ization to (R)-Leu at module 10 is carried out by the E domain,
but the required enzymatic mechanism remains unknown for
module 11. The incorporation of (R)-configured Leu by an
NRPS module lacking an E domain was shown to occur in the
biosynthetic pathways of type I glycopeptides like vancomycin
and balhimycin.***” There, the corresponding A domains accept
both (S)- and (R)-configured Leu with a preference for the (S)-
epimer, suggesting that an in-trans working epimerase or race-
mase could be responsible for epimerization of Leu.”” In the
sequenced sky cluster, no genes with homologies to such amino
acid racemases have been found, but it might be possible that
these genes are encoded elsewhere in the genome. Another
possible route for (2R)-f3-OH-Leu incorporation could be the
direct activation of (R)-Leu by the A domain of module 11, as
demonstrated for the activation of (R)-configured alanine in the
first step of leinamycin biosynthesis.”® Balibar et al. described that
(R)-amino acids can also be generated at the NRPS by dual-
functional condensation/epimerization domains in the upstream
module.”® However, as 3-OH-Leu is incorporated at the termi-
nation module 11, an epimerization reaction by such dual-
functional domains is excluded for skyllamycin biosynthesis.

Surprisingly, the glycine-activating module 4 contains an
epimerization domain that is hypothesized to be inactive because
of its mutated catalytic core motifs. A similar E domain can be
found in the NRPS protein LgrA that takes part in linear
gramicidin biosynthesis.”® Studies with the gramicidin S synthe-
tase of Bacillus brevis imply that E domains not only act in the
epimerization of peptidyl residues but also fulfill important
architectural bridging functions between neighboring modules
on different protein chains.'"®' Therefore, even if the module 4 E
domain is catalytically inactive, it might be necessary for correct
peptide assembly.

In skyllamycin biosynthesis, the two methylated non-protei-
nogenic amino acids 3-methylaspartate 21 and O-methyltyrosine
23 are assumed to be synthesized prior to peptide assembly
(Figure S). Interestingly, according to our in vivo results from
gene inactivation mutants, the corresponding A domains of
modules 3 and 7 show relaxed substrate specificity. The ability
of a f-methylaspartate-activating NRPS to also process Asp has
already been described in friulimycin biosynthesis.19 In contrast,
friulimycins lacking 5-methylaspartate were only produced to a
small extent, while module 3 of Sky29 accepts both aspartate and
B-methylaspartate, leading to similar yields of skyllamycin A and
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B when synthesized by Streptomyces sp. Acta 2897. In the culture
extracts of Asky32 and Asky37 mutant strains, skyllamycin
peptide derivatives lacking -methylaspartate were not identi-
fied, presumably due to a decreased turnover rate of peptide
synthesis. This gives the glutamate mutase Sky41/Sky42 enough
time to provide sufficient amounts of the methylated precursor
21. Toki et al. described the purification only of skyllamycin A
from Streptomyces sp. KY11784 as well as its mode of action.”
Further work is needed to establish whether skyllamycin B is also
produced by this strain and to define its role in PDGF signal
inhibition.

Skyllamycin peptides are highly hydroxylated by the action of
two different types of monooxygenases encoded by the biosyn-
thetic gene cluster. One enzyme is the f-hydroxylating cyto-
chrome P450 monooxygenase Sky32, whose homologues Novl
and OxyD are involved in the biosyntheses of novobiocin® and
type I glycopeptides like vancomycin and balhimycin,®* respec-
tively. In these pathways, tyrosine is the target of 3-hydroxylation
after it has been loaded on an A-T-containing didomain NRPS.%
In type I glycopeptide biosynthesis, 5-hydroxytyrosine is cleaved
off by a thioesterase and subsequently loaded on the correspond-
ing module of the peptide-forming NRPS.>*%*% Deletion of any
enzyme participating in [(-hydroxytyrosine biosynthesis
abolishes balhimycin production, which can be bypassed upon
feeding B-hydroxytyrosine.®” In contrast, no stand-alone dido-
main NRPS is present in the sky gene cluster, and inactivation of
P450 monooxygenase Sky32 led to production of skyllamycin
derivative 3 with a complete absence of 3-hydroxylated amino
acid residues. This observation is reminiscent of the biosynthesis
of A40926, a tZPe IV glycopeptide produced by Nonomuraea sp.
ATCC39727.”" In this biosynthetic pathway, tyrosine is activated
by the peptide-forming NRPS and suggested to be [-hydro-
xylated during peptide assembly.*® Deletion of the correspond-
ing monooxygenase ORF28 of the A40926 gene cluster led to the
production of a peptide derivative that contained Tyr instead of
B-hydroxytyrosine, and feeding of (-hydroxytyrosine did not
restore wild-type production.®® Interestingly, the monooxygen-
ase ORF28, involved in A40926 biosynthesis, belongs to the
group of  Fe(II)/o-ketoglutarate-dependent  non-heme
dioxygenases,é5 which are involved in direct 3-hydroxylation of
soluble asparagine in lipopeptide CDA biosynthesis.*®

Because of the absence of dehydroxy-skyllamycin derivatives in
the wild-type cultures of Streptomyces sp. Acta 2897 and the
formation of 3 in the Asky32 mutants, it is most likely that Sky32
catalyzes f-hydroxylation at a T-domain-bound peptidyl chain
directly at the peptide-forming NRPSs (Sky30, Sky31), as sug-
gested for type IV glycopeptide antibiotic biosynthesis.”> The
mechanisms controlling substrate specificity of Sky32 remain
unknown. It is also noteworthy that stereochemical aspects of
skyllamycin hydroxylation differ significantly from previously
described biosyntheses. Whereas Novl and OxyD homologues
catalyze the formation of a (3R)-configuration of the newly
formed B-hydroxy stereocenter,” Sky32 favors formation of the
(3S)-conﬁguration3 similar to Fe(II)/a-ketoglutarate-dependent
non-heme dioxygenases mentioned above 2%°>¢

Finally, the structural feature of a-hydroxylation is highly
unusual and rarely found in natural products since its hemiaminal
character directs reactivity toward a facilitated hydrolysis and
cleavage, releasing the peptides to an amide and a a-keto
carboxylic acid, as seen for the maturation of various neuropep-
tide amides from insects and mammals.®” There, the ascorbate-
and Cu(II)-dependent bimodular monooxygenase PAM,

consisting of the hydroxylating domain PHM and lyase domain
PAL, o-hydroxylates peptides at a terminal glycine residue and
catalyzes its cleavage to form the peptide amide.®” In secondary
metabolite biosyntheses, the myxothiazol precursor undergoes
glycine hydroxylation and subsequent cleavage at the hydroxyla-
tion site to release the mature myxothiazol terminal amide.>® The
0-hydroxylation of an alanyl residue, putatively carried out by a
cytochrome P450 monooxygenase, and a resulting cyclization to
a hemiketal marks the last step in ergotamine biosynthesis.*®%
Whereas linear peptides appear prone to hydrolytic cleavage and
maturation, the o-hydroxylation of a phenylalanyl residue in
thaxtomin biosynthesis,”® catalyzed by the cytochrome P450
monooxygenase TxtC, is supposedly stabilized by ring formation.

Arguing in favor of a stabilizing effect of peptide ring
formation, the ®t-hydroxyl group in skyllamycins is not cleaved
under physiological conditions and remains stable in the
mature peptide. Biosynthetically, it is introduced by Sky39,
a two-component flavin-dependent monooxygenase that be-
longs to the group of bacterial luciferases, which differ
significantly from the eukaryotic PAM enzyme. Similar hydro-
xylation reactions of two-component flavin-dependent mono-
oxygenase have been previously described for the degradation
of the chelating agents nitrilotriacetate and EDTA by different
bacteria.”"”? It remains unknown whether the introduction of
the a-hydroxyl group occurs during peptide assembly or if it is
a post-NRPS process. Because of the chemical instability of a
free 0-hydroxylated glycine, it is probable that the hydroxyla-
tion occurs during chain growth at the non-ribosomal peptide
synthetase or after the cyclization and release of the peptide
from the NRPS.

Hydroxylations during natural product biosynthesis often
account for biological activity or product maturation and can
be used as an attachment point for further modifications, e.g.,
glycosylations. The identification of a promiscuous 3-hydroxy-
lating enzyme as well as a monooxygenase introducing a stable
glycyl-o-hydroxylation in skyllamycin biosynthesis increases our
knowledge of the mechanism of non-ribosomal peptide hydro-
xylation and will give the opportunity to study these important
reactions in more detail.

B CONCLUSIONS

We have identified and sequenced the biosynthetic gene
cluster responsible for the biosynthesis of the non-ribosomal
peptides skyllamycin A and B. Essential enzyme functions
contributing to the assembly of non-proteinogenic amino acid
biosynthesis and the skyllamycin backbone were identified.
Furthermore, a model of the skyllamycin biosynthesis has been
proposed. Synthesis of the unusual N-terminal cinnamoyl moiety
of skyllamycin most likely follows a mechanism similar to fatty
acid biosynthesis, comprising an alternative pathway for aromatic
ring formation. Other remarkable aspects of the skyllamycin
biosynthesis include a high degree of tailoring of the peptide core,
primarily involving hydroxylation reactions. The f-hydroxyla-
tions in skyllamycins are introduced by a single promiscuous
P450 monooxygenase, while the o-hydroxylating monooxygen-
ase catalyzing the stable a-hydroxylation of a glycine residue is
one of the first enzymes of this type to be identified in peptide
secondary metabolism. Various gene deletion mutant strains of
these tailoring enzymes are found to synthesize new skyllamycin
derivatives, opening the way for future mutasynthesis and
combinatorial biosynthesis experiments.

6203 dx.doi.org/10.1021/ja108971p |J. Am. Chem. Soc. 2011, 133, 6194-6205



Journal of the American Chemical Society

B ASSOCIATED CONTENT

© Supporting Information. Primer sequences, additional
experimental procedures, and results. This material is available
free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
suessmuth@chem.tu-berlin.de

B ACKNOWLEDGMENT

This research was supported by grants from the Deutsche
Forschungsgemeinschaft (Grant DFG SU239/8-1) and the
Cluster of Excellence “Unifying Concepts in Catalysis” coordi-
nated by the Technische Universitat Berlin. The authors thank
Prof. Michael Goodfellow, University of Newcastle, UK, for
providing us with Streptomyces sp. Acta 2897 and Katharina
Witting for helpful discussions on the manuscript.

B REFERENCES

(1) Lemmens-Gruber, R;; Kamyar, M. R;; Dornetshuber, R. Curr.
Med. Chem. 2009, 16, 1122-1137.

(2) Toki, S; Agatsuma, T.; Ochiai, K; Saitoh, Y.; Ando, K;
Nakanishi, S.; Lokker, N. A.; Giese, N. A.; Matsuda, Y. J. Antibiot.
2001, 54, 405-414.

(3) Schubert, V.; Saaidi, P.-L.; Denisiuk, A.; Stissmuth, R. D. Un-
published results.

(4) Hayashi, K; Hashimoto, M.; Shigematsu, N.; Nishikawa, M.;
Ezaki, M.; Yamashita, M.; Kiyoto, S.; Okuhara, M.; Kohsaka, M,;
Imanaka, H. J. Antibiot. 1992, 45, 1055-1063.

(5) Shiomi, K.; Yang, H.; Inokoshi, J.; Van der Pyl, D.; Nakagawa, A.;
Takeshima, H.; Omura, S. J. Antibiot. 1993, 46, 229-234.

(6) Wohlleben, W.; Stegmann, E.; Siissmuth, R. D. Methods En-
zymol. 2009, 458, 459-486.

(7) O’Sullivan, J.; McCullough, J. E.; Tymiak, A. A.; Kirsch, D. R;;
Trejo, W. H; Principe, P. A. J. Antibiot. 1988, 41, 1740-1744.

(8) Maeda, K; Umeda, Y.; Saino, T. Ann. N.Y. Acad. Sci. 1993,
685, 123-135.

(9) Andrae, J; Gallini, R; Betsholtz, C. Genes Dev. 2008,
22,1276-1312.

(10) Johnson, L. N. Q. Rev. Biophys. 2009, 42, 1-40.

(11) Sieber, S. A.; Marahiel, M. A. Chem. Rev. 2005, 105, 715-738.

(12) Walsh, C. T.; Chen, H.; Keating, T. A.; Hubbard, B. K; Losey,
H. C,; Luo, L,; Marshall, C. G.; Miller, D. A,; Patel, H. M. Curr. Opin.
Chem. Biol. 2001, S, 525-534.

(13) Bischoff, D.; Pelzer, S.; Bister, B.; Nicholson, G. J.; Stockert, S.;
Schirle, M.; Wohlleben, W.; Jung, G.; Sussmuth, R. D. Angew. Chem., Int.
Ed. 2001, 40, 4688-4691.

(14) Bischoff, D.; Bister, B.; Bertazzo, M.; Pfeifer, V.; Stegmann, E.;
Nicholson, G. J; Keller, S.; Pelzer, S.; Wohlleben, W.; Stissmuth, R. D.
ChemBioChem 2008, 6, 267-272.

(15) Sambrook, J.; Fritsch, E. F.; Maniatis, T. Molecular Cloning: A
Laboratory Manual, 2nd ed.; Cold Spring Harbor Laboratory Press:
Cold Spring Harbor, NY, 1989.

(16) Gust, B.; Challis, G. L.; Fowler, K; Kieser, T.; Chater, K. F. Proc.
Natl. Acad. Sci. U.S.A. 2003, 100, 1541-1546.

(17) Kieser, T.; Bibb, M. J.; Buttner, M. J.; Chater, K. F.; Hopwood,
D. A. Practical Streptomyces Genetics; The John Innes Foundation:
Norwich, U.K., 2000.

(18) Bierman, M,; Logan, R;; O’Brien, K,; Seno, E. T.; Rao, R. N,;
Schoner, B. E. Gene 1992, 116, 43-49.

(19) Heinzelmann, E.; Berger, S.; Puk, O.; Reichenstein, B.; Wohl-
leben, W.; Schwartz, D. Antimicrob. Agents Chemother. 2003,
47, 447-457.

(20) Ayuso-Sacido, A.; Genilloud, O. Microb. Ecol. 2005, 49, 10-24.

(21) Altschul, S. F.; Madden, T. L.; Schaffer, A. A.; Zhang, J.; Zhang,
Z.; Miller, W.; Lipman, D. J. Nucleic Acids Res. 1997, 25, 3389-3402.

(22) Finn, R. D,; Mistry, J; Tate, J; Coggill, P.; Heger, A;
Pollington, J. E.; Gavin, O. L.; Gunasekaran, P.; Ceric, G.; Forslund,
K,; Holm, L.; Sonnhammer, E. L.; Eddy, S. R.; Bateman, A. Nucleic Acids
Res. 2010, 38 (Suppl. 1), D211-222.

(23) Rausch, C.; Weber, T.; Kohlbacher, O.; Wohlleben, W.; Huson,
D. H. Nucleic Acids Res. 2008, 33, 5799-5808.

(24) Ogasawara, Y.; Katayama, K.; Minami, A.; Otsuka, M.; Eguchi,
T.; Kakinuma, K. Chem. Biol. 2004, 11, 79-86.

(25) Chen, H.; Walsh, C. T. Chem. Biol. 2001, 8, 301-312.

(26) Silakowski, B.; Schairer, H. U.; Ehret, H.; Kunze, B.; Weinig, S.;
Nordsiek, G.; Brandt, P.; Blocker, H.; Hofle, G.; Beyer, S.; Miiller, R. J.
Biol. Chem. 1999, 274, 37391-37399.

(27) Fujimori, D. G.; Hrvatin, S.;; Neumann, C. S.; Strieker, M.;
Marahiel, M. A.,; Walsh, C. T. Proc. Natl. Acad. Sci. US.A. 2007,
104, 16498-16503.

(28) Barker, H. A;; Rooze, V.; Suzuki, F.; Iodice, A. A. J. Biol. Chem.
1964, 239, 3260-3266.

(29) Matthijs, S.; Baysse, C.; Koedam, N.; Tehrani, K. A.; Verhey-
den, L.; Budzikiewicz, H.; Schifer, M.; Hoorelbeke, B.; Meyer, J. M.; De
Greve, H.; Cornelis, P. Mol. Microbiol. 2004, 52, 371-384.

(30) Stachelhaus, T.; Mootz, H. D.; Marahiel, M. A. Chem. Biol.
1999, 6, 493-50S.

(31) Challis, G. L.; Ravel, J.; Townsend, C. A. Chem. Biol. 2000,
7,211-224.

(32) Rickards, R. W, Skropeta, D. Tetrahedron 2002,
S8, 3793-3800.

(33) Hertweck, C.; Luzhetskyy, A.; Rebets, Y.; Bechthold, A. Nat.
Prod. Rep. 2007, 24, 162-190.

(34) Cronan, J. E; Thomas, J. Methods Enzymol. 2009,
459, 395-433.

(35) Sandmann, A.; Dickschat, J.; Jenke-Kodama, H.; Kunze, B.;
Dittmann, E.; Miller, R. Angew. Chem., Int. Ed. 2007, 46, 2712-2716.

(36) Chan, D. L; Vogel, H. J. Biochem. J. 2010, 430, 1-19.

(37) White, S. W.; Zheng, J.; Zhang, Y. M.; Rock Annu. Rev. Biochem.
2005, 74, 791-831.

(38) Thompson, L. C.; Ladner, J. E; Codreanu, S. G.; Harp, J;
Gilliland, G. L.; Armstrong, R. N. Biochemistry 2007, 46, 6710-6722.

(39) Keller, U,; Lang, M.; Crnovcic, L; Pfennig, F.; Schauwecker, F. J.
Bacteriol. 2010, 192, 2583-2595.

(40) Silakowski, B.; Kunze, B.; Nordsiek, G.; Blocker, H.; Hofle, G.;
Muller, R. Eur. J. Biochem. 2000, 267, 6476-648S.

(41) May,].]J.; Wendrich, T. M.; Marahiel, M. A. J. Biol. Chem. 2001,
276, 7209-7217.

(42) Marahiel, M. A; Stachelhaus, T.; Mootz, H. D. Chem. Rev.
1997, 97, 2651-2674.

(43) de Crecy-Lagard, V.; Marliere, P.; Saurin, W. C. R. Acad. Sci, Ser.
IIT 1995, 318, 927-936.

(44) Schwarzer, D.; Mootz, H. D.; Linne, U.; Marahiel, M. A. Proc.
Natl. Acad. Sci. U.S.A. 2002, 99, 14083-14088.

(45) Horinouchi, S. J. Ind. Microbiol. Biotechnol. 2003, 30, 462-467.

(46) Fernandez-Moreno, M. A,; Martin-Triana, A. J.; Martinez, E.;
Niemi, J.; Kieser, H. M.; Hopwood, D. A.; Malpartida, F. J. Bacteriol.
1992, 174, 2958-2967.

(47) Quadri, L. E.; Sello, J.; Keating, T. A.; Weinreb, P. H.; Walsh,
C. T. Chem. Biol. 1998, S, 631-645.

(48) Hojati, Z.; Milne, C.; Harvey, B.; Gordon, L.; Borg, M.; Flett, F.;
Wilkinson, B.; Sidebottom, P. J.; Rudd, B. A.; Hayes, M. A.; Smith, C.P,;
Micklefield, J. Chem. Biol. 2002, 9, 1175-1187.

(49) Lautru, S.; Oves-Costales, D.; Pernodet, J. L.; Challis, G. L.
Microbiology 2007, 153, 1405-1412.

(50) Wolpert, M.; Gust, B.; Kammerer, B.; Heide, L. Microbiology
2007, 153, 1413-1423.

(S1) Felnagle, E. A; Barkei, J. J.; Park, H.; Podevels, A. M.; McMa-
hon, M. D, Drott, D. W,; Thomas, M. G. Biochemistry 2010,
49, 8815-8817.

6204 dx.doi.org/10.1021/ja108971p |J. Am. Chem. Soc. 2011, 133, 6194-6205



Journal of the American Chemical Society

(52) Zhang, W.; Heemstra, J. R, Jr.; Walsh, C. T.; Imker, H. J.
Biochemistry 2010, 49, 9946-9947.

(53) Wenzel, S. C,; Bode, H. B. J. Nat. Prod. 2004, 67, 1631-1633.

(54) Bisang, C.; Long, P. F.; Cortes, J.; Westcott, J.; Crosby, J.;
Matharu, A. L; Cox, R. J.; Simpson, T. J.; Staunton, J.; Leadlay, P. F.
Nature 1999, 401, 502-505.

(S5) Kraas, F. I; Helmetag, V.; Wittmann, M.; Strieker, M.; Mar-
ahiel, M. A. Chem. Biol. 2010, 17, 872-880.

(56) Pelzer, S.; Sussmuth, R. D.; Heckmann, D.; Recktenwald, J.;
Huber, P.; Jung, G.; Wohlleben, W. Antimicrob. Agents Chemother. 1999,
43, 1565-1573.

(S7) Trauger, J. W.; Walsh, C. T. Proc. Natl. Acad. Sci. U.S.A. 2000,
97, 3112-3117.

(58) Tang, G. L; Cheng, Y. Q; Shen, B. J. Biol. Chem. 2007,
282,20273-20282.

(59) Balibar, C.]J.; Vaillancourt, F. H.; Walsh, C. T. Cherm. Biol. 2005,
12, 1189-1200.

(60) Kessler, N.; Schuhmann, H.; Morneweg, S.; Linne, U.; Mar-
ahiel, M. A. J. Biol. Chem. 2004, 279, 7413-7419.

(61) Stachelhaus, T. Walsh, C. T. Biochemistry 2000,
39, 5775-5787.

(62) Puk, O,; Bischoff, D,; Kittel, C.; Pelzer, S.; Weist, S.; Stegmann,
E.; Sussmuth, R. D.; Wohlleben, W. . Bacteriol. 2004, 186, 6093-6100.

(63) Puk, O.; Huber, P.; Bischoff, D.; Recktenwald, J.; Jung, G.;
Sussmuth, R. D.; van Pee, K. H.; Wohlleben, W.; Pelzer, S. Chem. Biol.
2002, 9, 225-235.

(64) Sosio, M.; Stinchi, S.; Beltrametti, F.; Lazzarini, A.; Donadio, S.
Chem. Biol. 2003, 10, 541-549.

(65) Stinchi, S.; Carrano, L.; Lazzarini, A.; Feroggio, M.; Grigoletto,
A.; Sosio, M.; Donadio, S. FEMS Microbiol. Lett. 2006, 256, 229-2335.

(66) Strieker, M.; Kopp, F.; Mahlert, C.; Essen, L. O.; Marahiel,
M. A. ACS Chem. Biol. 2007, 2, 187-196.

(67) Prigge, S. T.; Mains, R. E.; Eipper, B. A.; Amzel, L. M. Cell. Mol.
Life Sci. 2000, 57, 1236-1259.

(68) Quigley, F. R; Floss, H. G. J. Org. Chem. 1981, 46, 464-466.

(69) Haarmann, T.; Ortel, L; Tudzynski, P.; Keller, U. ChemBio-
Chem 2006, 7, 645-652

(70) Healy, F. G.; Krasnoff, S. B.; Wach, M.; Gibson, D. M.; Loria, R.
J. Bacteriol. 2002, 184, 2019-2029

(71) Knobel, H. R; Egli, T.; van der Meer, J. R. J. Bacteriol. 1996,
178, 6123-6132.

(72) Bohuslavek, J.; Payne, J. W.; Liu, Y.; Bolton, H., Jr; Xun, L.
Appl. Environ. Microbiol. 2001, 67, 688—695.

6205

dx.doi.org/10.1021/ja108971p |J. Am. Chem. Soc. 2011, 133, 6194-6205



