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Chapter 3

Abstract
In streptomycetes, the γ-butyrolactone signalling molecules and biosynthetic
enzymes are essential for the regulation of antibiotic production. In
Streptomyces coelicolor, ScbA is the key enzyme in the biosynthesis of SCBs (S.
coelicolor γ-butyrolactones), catalysing the first step in the biosynthetic
pathway. In this study we provide evidence for the physiological roles of ScbB
(putative ketoreductase) and ScbC (putative oxidoreductase), two proteins
that we show to be essential for the biosynthesis of SCBs. Deletion of their
encoding genes from the S. coelicolor chromosome resulted in mutants unable
to produce the signalling molecules. Our data show that ScbB is a
ketoreductase that catalyses the reduction of the keto-group in 6-dehydro
SCBs to yield SCBs, which is thought to be the last step in the biosynthetic
pathway. Gene expression analyses showed that scbC is organized in an
operon together with scbA. The scbC gene deletion mutant differed from the
wild type strain in the production of the antibiotics actinorhodin,
undecylprodigiosin and coelimycin, and was similar to an scbA mutant in this
respect. This paper provides important new insights into the enzymes and
intermediates involved in biosynthesis of SCBs in S. coelicolor.
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Introduction
The genus Streptomyces is characterised by its remarkable ability to produce a
large variety of secondary metabolites, such as anti-tumour agents,
immunosuppressants, and antibiotics. Streptomycetes are in fact one of the
main sources of antibiotics of natural origin used in medicine (Kieser et al.,
2000).
Antibiotic production in Streptomyces is regulated by signalling molecules
called γ-butyrolactones. These signalling molecules are widely distributed
within the Streptomyces genus (Yamada, 1999, Bibb, 2005, Takano, 2006).
Three types of γ-butyrolactone structures have been described to date, which
share a 2,3 disubstituted γ-butyrolactone skeleton with trans configuration: Afactor (1) type from Streptomyces griseus, with a 3R configuration and
containing a keto group at carbon 6 (also named C 1’ in some publications)
(Khokhlov, 1980, Mori, 1983); IM-2 (2) type from Streptomyces lavendulae,
with a 2R, 3R configuration and a hydroxyl group at C6 with an R configuration
(Sato et al., 1989, Mizuno et al., 1994); and VB type, or Virginiae Butanolides
(3), from Streptomyces virginiae and Streptomyces antibioticus, with a 2R, 3R
configuration and a hydroxyl group at C6 with an S configuration (Yamada et
al., 1987, Kondo et al., 1989) (Figure 1). The structures of all 15 characterised
γ-butyrolactone molecules reported to date can be classified in one of these
three types and differ in the length and branching of the side chain (Khokhlov,
1980, Gräfe et al., 1982, Gräfe et al., 1983, Mori, 1983, Yamada et al., 1987,
Kondo et al., 1989, Sato et al., 1989, Mizuno et al., 1994, Takano et al., 2000,
Hsiao et al., 2009b, Zou et al., 2014).
The first biosynthetic pathway proposed for a γ-butyrolactone was for VBs (3)
in the VBs overproducing S. antibioticus (Sakuda et al., 1992). On the basis of
results of feeding experiments with labelled precursors, Sakuda and colleagues
proposed the condensation of a β-keto acid derivative and a C3 unit derived
from glycerol as key step in the biosynthesis of these VB molecules.
Subsequent steps in the biosynthesis involved removal of the phosphate group
from the β-keto ester, followed by a non-enzymatic intramolecular aldol
condensation to obtain the butanolide. This butanolide is then reduced by a
reductase to give the A-factor-type compound (or 6-dehydro-VBs). Finally, the
keto group is reduced to a hydroxyl group by an alcohol dehydrogenase (Figure
2, Pathway A) (Sakuda et al., 1992, Sakuda et al., 1993). The enzyme catalysing
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Figure 1. Structures of Streptomyces γ-butyrolactones. Representatives of the three
types of γ-butyrolactone structures (1–3) are shown on top. The structures of the
characterised γ-butyrolactones from S. coelicolor (SCBs), that present an IM-2
configuration, are shown at the bottom (4–6).

this last reaction, 6-dehydro-VB-A reductase, has been characterised in S.
antibioticus (Shikura et al., 1999). In fact, at least two different stereospecific
6-dehydro VB-A reductases were found in cell-free extracts of S. antibioticus
that allow this organism to also produce a small amount of IM-2 (2) type
compounds (Shikura et al., 2000). However, the genes encoding for these
enzymes have not been identified. In S. virginiae, the original producer of VBs,
the reduction of 6-dehydro-VB-A to VB-A was reported to be catalysed by the
product of the gene barS1. Characterisation of BarS1 showed that this enzyme
is stereospecific and can only use 6-dehydro butyrolactones in 3R configuration
as a substrate, to yield the optically pure (2R, 3R, 6S)-VBs (Shikura et al., 2002).
The most studied γ-butyrolactone in Streptomyces is A-factor (1) in S. griseus.
The A-factor biosynthetic pathway has been described in detail and some of
the catalysing enzymes have been characterised (Kato et al., 2007). AfsA is the
key enzyme for A-factor synthesis, and was reported to catalyse the
condensation of dihydroxyacetone phosphate (DHAP) (from glycerol
metabolism) with a fatty acid derivative to produce a fatty acid ester that is
non-enzymatically converted to a butenolide phosphate by an intramolecular
aldol condensation. This compound is reduced by the oxidoreductase BprA,
followed by removal of the phosphate group by a phosphatase to give A-factor
(Figure 2, Pathway B). Although this is the major A-factor biosynthetic pathway
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in S. griseus, A-factor can also be synthesised through an alternative route,
which corresponds to the biosynthetic route for VBs described by Sakuda, 1993
(Figure 2, Pathway A) (Kato et al., 2007).
The γ-butyrolactones in S. coelicolor are known as SCBs (S. coelicolor
Butyrolactones). Three of these SCBs have been characterised; SCB1 (4), SCB2
(5), and SCB3 (6) (Figure 1) (Takano et al., 2000, Hsiao et al., 2009b). They all
share an IM-2 (2) configuration and differ in the length and branching of the
side chain (Figure 1). ScbA is a homologue of AfsA that has been reported to be
the key enzyme in the biosynthesis of these compounds (Hsiao et al., 2007).
ScbA shares 66% amino acid identity with AfsA and thus is thought to catalyse
the first condensation step in the biosynthesis of the SCBs (Hsiao et al., 2007).
Two other genes located in the vicinity of scbA encode a short chain alcohol
dehydrogenase (scbB; sco6264) and a reductase (scbC; sco6267) (Figure 3).
ScbB shares 67% amino acid identity with ScgX from S. chattanoogensis and
71% with JadW3 of S. venezuelae. Both proteins were reported to be involved
in the biosynthesis of γ-butyrolactones in their respective strains, since gene
deletion mutants of these strains were unable to produce these signalling
molecules (Du et al., 2011, Zou et al., 2014). Furthermore, ScbB also has 32%
amino acid identity with BarS1 from S. virginiae which was reported to catalyse
the reduction of 6-dehydro-VBs into the VBs (Shikura et al., 2002). It thus
appears likely that ScbB is catalysing the reduction of the 6-keto group of the
6-dehydro-SCBs (1, 8, 9) (Figure 2) in the biosynthesis of the signalling
molecules in S. coelicolor (4, 5, 6) (Figure 1). ScbC shares 76% amino acid
identity with BprA from S. griseus (Kato et al., 2007), thus it is likely to carry
out the reduction of the butenolide phosphate (7) to yield the intermediate
compound that will be subsequently dephosphorylated to yield A-factor (1)
(Figure 2). Homologues of ScbB and ScbC are encoded in the γ-butyrolactone
gene clusters of other Streptomyces species (Figure 3). Genes encoding
proteins involved in γ-butyrolactone synthesis are always clustered together,
although the gene organisation differs depending on the Streptomyces species.
In several cases scbC homologues are located immediately adjacent to genes
encoding the key biosynthetic enzymes, the ScbA homologues (Shikura et al.,
2002, Takano et al., 2005, Kato et al., 2007, Zou et al., 2014, Mingyar et al.,
2015), while location of scbB homologues is more variable (Lee et al., 2005,
Kitani et al., 2008a, Kitani et al., 2008b, Du et al., 2011, Xie et al., 2012).
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ScbR is the SCB receptor protein in S. coelicolor. The scbR gene lies adjacent
and divergent from the scbA gene. In other Streptomyces species, genes
encoding for the γ-butyrolactone receptor proteins are also in most cases
located in the vicinity of the γ-butyrolactone synthesis genes, except for ArpA,
receptor of A-factor in S. griseus, which is located away from AfsA, in a
different region of the chromosome.
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Figure 2. Proposed SCB biosynthesis pathway in S. coelicolor. Based on the γbutyrolactone biosynthetic pathways described in S. griseus and S. antibioticus (Sakuda
et al., 1993, Kato et al., 2007). The proposed steps catalysed by ScbB and ScbC are
indicated.
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Figure 3. Organisation of the γ-butyrolactone gene clusters in different Streptomyces
species. Genes encoding for proteins involved in γ-butyrolactone synthesis or
recognition are generally clustered together, although the gene organisation varies.
Dark blue arrows represent the genes encoding butyrolactone synthesis key enzymes
(scbA homologues); scbC homologues are depicted as light blue arrows; green arrows
correspond to scbB homologues; butyrolactone receptors and regulators are shown as
grey arrows.

The SCB system is tightly regulated at the transcriptional level ((Takano et al.,
2001) and Chapter 2). ScbR, the SCB receptor protein, is an autoregulatory
protein that represses transcription of its own scbR gene by binding to a site in
the DNA upstream of its promoter region. The repression by ScbR of its own
gene’s transcription is prevented by the SCBs. These signalling molecules bind
to ScbR, preventing this protein from occupying its DNA binding site (Takano et
al., 2001). ScbR is also involved in controlling the expression of the scbA gene
in a growth phase-dependent manner. It represses scbA transcription in the
exponential phase of growth by binding to the DNA in the promoter region of
scbA, but it also induces scbA expression in the transition phase aided by an
additional unknown factor (Chapter 2). In fact, several proteins have been
reported to bind to the promoter region of scbA that could be aiding ScbR in
controlling the expression of scbA (Yang et al., 2009, Xu et al., 2010, van Wezel
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et al., 2011, Wang et al., 2011). The scbR gene clusters together with scbA,
scbB and scbC (see Figure 3). While ScbA and ScbR are tightly co-regulated, it is
yet unknown whether one or both of these proteins also affect expression of
scbB and scbC. Furthermore, ScbR affects indirectly the production of the
antibiotics actinorhodin (Act) and undecylprodigiosin (Red) and directly
regulates the synthesis of the antibiotic coelimycin A and the yellow pigments
coelimycin P1 and P2 (Gomez-Escribano et al., 2012, Challis, 2014). It represses
the expression of the cluster activator protein CpkO, by binding to the DNA in
its promoter region. This repression is also prevented by the presence of SCBs
(Takano et al., 2005).
In this work the roles of ScbB and ScbC in the biosynthesis of SCBs have been
investigated. Deletion of their encoding genes revealed that these two
proteins are essential for SCB biosynthesis. Gene expression analyses of scbB
and scbC were performed by quantitative reverse transcription PCR to study
their transcription regulation. The role of ScbB in SCB biosynthesis was further
assessed by enzymatic assays using His-tagged purified protein and chemically
synthesised substrates. LC/MS analyses of the substrates and products in these
assays demonstrated the ability of ScbB to catalyse the reduction of A-factortype compounds (6-dehydro-SCBs, 1 (A-factor), 8) into SCBs, which
corresponds to the last reduction step in the proposed biosynthetic pathway
(Figure 2).
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Materials and methods
Strains and growth conditions
S. coelicolor strains were grown and manipulated as previously described
(Kieser et al., 2000). E. coli strains were handled as described in Sambrook, et
al. (1989). SFM solid medium was used to grow Streptomyces strains to
observe morphological differentiation, to plate out conjugations and to
prepare spore stocks (Kieser et al., 2000).

Time-series experiments
S. coelicolor M145 (wild type), M751 (ΔscbA) and M752 (ΔscbR) were grown in
50 ml of SMM liquid medium (3.45 x 108 spores) and incubated at 30°C and
220 rpm. Optical density at 450 nm (OD450) was measured every hour from 16
to 26 h and at 42 h of incubation. Samples for RNA were collected at OD450
corresponding to different phases of growth. These experiments were
performed in duplicate to ensure reproducibility of the results. The samples
obtained were also used to analyse gene expression in Chapter 2.

Construction of scbB and scbC deletion mutants and complementation
To construct a deletion mutant of scbB, A 3.6 kb SalI-SphI fragment containing
scbB (sco6264) was subcloned into pUC19 to generate pCK1. pCK1 was
digested with HincII and then 1.1 kb of thiostrepton-resistance gene (tsr) was
inserted. The construct was confirmed to have the desired deletion by DNA
sequencing and restriction enzyme digestion. From the resulting plasmid, the
BamHI-HindIII fragment was subcloned into the BamHI-HindIII-digested
conjugative vector pKC1132 to generate pCK2. The plasmid pCK2 was
transferred into S.coelicolor by conjugation via E. coli donor ET12567
(pUZ8002) to generate the scbB mutant strain (ΔscbB). A deletion mutant of
scbC (sco6267) was constructed by replacing part of the scbC coding region
with an apramycin resistance gene. Both the scbB and scbC deletion mutants
have been verified by sequencing.
Complementation of ΔscbB and ΔscbC was achieved by replacing the disrupted
genes with a wild type copy of the genes by double cross over recombination.
With that purpose the plasmid pTE33 was constructed that contains a 7.5 kb
DNA fragment that includes genes sco6263 to sco6269 flanking the scbA/scbR
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region, cloned in the conjugative vector pKC1132 (Bierman et al., 1992). The
7.5 kb fragment in this plasmid was obtained from two other plasmids,
pIJ6111, harbouring a 4.5 kb DNA fragment including genes from sco6263 until
approximately the 5’ end of sco6266 (scbA), and pIJ6114, harbouring the
adjacent 3 kb DNA fragment including the end of scbA and genes sco6267sco6269 (Takano et al., 2001). First, pIJ6114 was digested with BamHI and
XmnI to yield a fragment of 3 kb. This BamHI-XmnI DNA fragment was ligated
to pCR-BluntII-TOPO digested with BamHI and EcoRV, and the resulting vector
was called pTE31. pIJ6111 was then digested with BamHI, and the 4.5 kb DNA
fragment obtained was isolated and ligated to pTE31 digested with BamHI.
Plasmids with the 4.5 kb fragment inserted in the right orientation were
screened by restriction digestion profiling. The resulting plasmid (pTE32)
contains the 7.5 kb fragment containing scbA and scbR. pTE32 was digested
with HindIII and XbaI to isolate the 7.5 kb fragment and it was ligated to
pKC1132, a suicide vector for conjugation between E. coli and Streptomyces, to
yield pTE33. The complete 7.5 kb DNA fragment included in this plasmid was
sequenced to confirm the absence of mutations. Plasmid pTE36 was
constructed by removing the EcoRV-NdeI fragment from the insert containing
the S. coelicolor genomic fragment in pTE33 (HindIII-XbaI 7.5 kb DNA fragment
cloned in pKC1132) thus leaving a DNA fragment that included genes sco6263 to
sco6266. Plasmid pTE38 was constructed by removing the BstBI-HindIII
fragment from pTE33 (thus containing a DNA fragment including genes
sco6266 to sco6269), and harbours the 1.6 kb XmnI fragment including the
kanamycin resistance gene from pTE71. All plasmids used in this work are
listed in Table S2. Both plasmids pTE36 and pTE38 were used to transform E.
coli ET12567/pUZ8002 and transferred to ΔscbB and ΔscbC respectively by
conjugation. Double cross-over recombinants were screened for after two
rounds of growth in non-selective media of a single cross-over exconjugant.
The phenotype of both complementation strains was then analysed.

Phenotype analyses on solid media
R2, SMMS (Kieser et al., 2000) and Modified SMMS (MSMMS) (Gottelt et al.,
2010) were used to observe the production of the antibiotics Act and Red, and
coelimycin P2, respectively, in the different strains. Of each strain, 1∙108 spores
were streaked out on the different solid media, and growth and pigment
production were documented at different phases of growth.
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Kanamycin bioassay
The ability of the strains to produce γ-butyrolactones was assessed with the
kanamycin bioassay (Hsiao et al., 2009b). This assay allows the detection of γbutyrolactones in extracts of cultures of the different strains. The reporter
strain LW146/pTE143 carries a plasmid with a kanamycin resistance gene
under the control of the cpkO promoter. The kanamycin resistance is only
activated when γ-butyrolactones are present and prevent the repression over
the cpkO promoter.
To prepare the extracts, 1.3∙109 spores of the wild type strain M145, ΔscbB,
ΔscbC, ΔscbA (M751) and ΔscbR (M752) were inoculated in 10 SMMS agar
plates (12 x 12 cm) and were incubated at 30°C for 3 days. The extracts were
obtained from the agar with ethyl acetate, dried and resuspended in 100 µl
methanol. Of these extracts, 4 µl were spotted onto DNA agar plates
containing 4.5 μg/ml kanamycin inoculated with confluent lawns of the
reporter strain LW16/pTE134 (2.6 x 106 spores). The plates were incubated at
30°C for 2 days (Hsiao et al., 2009a). This assay was performed in three
biological replicates.

Gene expression analyses by quantitative reverse transcription (qRT)
and reverse transcription (RT) PCR
RNA from the wild type strain M145, the scbA deletion mutant (M751) and the
scbR deletion mutant (M752) was isolated as described in (Kieser et al., 2000)
(see Time-series experiments section). For each sample, 10 µg of RNA were
treated with 10 U of DNAseI (Roche) to remove the remaining DNA. RNA
integrity and lack of DNA was assessed by electrophoresis in an agarose gel
and by PCR, and its concentration measured using a nanodrop
spectrophotometer (Thermo Scientific). To synthesize random-primed cDNA 2
μg of RNA were used as previously described (Gottelt et al., 2010). Gene
expression analyses were performed by qRT-PCR using the BioRad CFX96 Real
Time PCR Detection System in a reaction volume of 12 μl, using IQ-SYBR-Green
Supermix (BioRad), 33.33 ng of cDNA and 5 pmol of each primer. The PCR
reaction conditions were as follows: denaturation at 95°C for 3 min, then 40
cycles of denaturation at 95°C for 10 s and annealing at 60°C for 30 s, followed
by a melt curve that includes a step at 95°C for 10 s and a 0.5°C increasing
temperature gradient from 65° to 95° in intervals of 5 s. The expression data
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were analysed with the BioRad CFX Manager 2.0. Relative quantification of
gene expression levels is shown as fold-change relative to the wild type M145
sample at exponential phase. The hrdB gene, encoding for the RNA polymerase
main sigma factor, was used as reference gene, and the expression data for all
the samples was normalized to its mRNA levels. All samples were run in
triplicate. The same wild type RNA was used to perform RT-PCR. To synthesise
random primed-cDNA, 2 µg of RNA were used and the PCR reaction conditions
were as follows: Initial denaturation step at 95°C for 5 min; 30 cycles of
denaturation at 95°C for 40 s, annealing at 60°C for 40 s and elongation at 72°C
for 40 s; final elongation step at 72°C for 10 min. The hrdB gene was used as
reference, and genomic DNA from the wild type strain M145 was used as
positive control. Primers used are listed in Table S1. This experiment was
performed on two biological replicates.

Chemical synthesis of SCBs and 6-dehydro-SCBs (A-factor compounds)
The procedure followed for the chemical synthesis and the characterization of
the products is described in the Supplementary Material.

Analyses of SCB metabolites by LC/MS
The ethyl acetate extracts used for the kanamycin assays of the wild type
strain M145, and the mutant strains ΔscbA (M751), ΔscbB, and ΔscbC, were
analysed by liquid chromatography (LC) on-line coupled to an Exactive
Orbitrap-MS (Thermo Scientific Corporation). Chemically synthesized SCB1
(SCB1-IM-2) (4a), SCB1 stereoisomer in VB configuration (SCB1-VB, 4b), SCB2
(SCB2-IM-2) (5a), SCB2 stereoisomer in VB configuration (SCB2-VB, 5b), 6dehydro-SCB1 (A-factor) (1) and 6-dehydro-SCB2 (8), (100 ng/μl) were used as
reference standards (Scheme 1), and wild type strain M145 and ΔscbA ethyl
acetate extracts were injected as controls. The system was operated with an
electrospray ionization source in positive mode (to detect the SCBs) and in
negative mode (to detect the 6-dehydro SCBs). LC conditions were as follows:
the column was a Reversed Phase C18 column (Shim-pack XR-ODS, Shimadzu,
3 μm, 75 μm i.d. x 15 cm). For the analysis of the SCBs and the activity assays
mixtures the mobile phases consisted of A (0.1% (v/v) Formic Acid in Water)
and B (0.1% (v/v) Formic Acid in Acetonitrile). The gradient elution (24 min in
total) started with 30% B at 1 min, 50% B at 22 min, 50% B hold for 1 min and
back to initial phase 30% B at 24 min; flow rate 600 μl/min; MS mass detection
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range 80-800 Da. For the search of the pathway intermediates the mobile
phases consisted of A (Water) and B (Acetonitrile). The gradient elution
(18 min in total) started with 2% B at 2 min, 95% B at 10 min, 95% B hold for
2 min and back to initial phase 2% B until 18 min; flow rate 600 μl/min; MS
mass detection range 80–1500 Da. All solvents were LC-MS grade (Biosolve). 1
μl of the reference standards and 5 μl of the ethyl acetate extracts were
injected. 3 technical replicates were run for each sample. Data analysis was
done using the Xcalibur software (Thermo Fisher Scientific).

Heterologous expression and purification of ScbB
scbB (sco6264) was amplified by PCR (High Fidelity polymerase, Thermo
Scientific) from genomic DNA of S. coelicolor A3(2) with the gene specific
primers scbB-NdeI-F and scbB-BamHI-R (Table S1). The gene was cloned into
the EcoRV site of pBluescript-KS(II) (Stratagene) and then subcloned into NdeI
and BamHI sites of pET15b (Novagen). The scbB expression construct was
transformed into E. coli Bl21(DE3) (Invitrogen). Cultures were grown in LuriaBertani (LB) broth at 37C (220 rpm) to an OD600 ~1.0. 0.5 mM isopropyl-β-Dthiogalactopyranoside (IPTG) was added to induce expression of scbB. The
culture was further incubated at 18C, 220 rpm, for ~21 h. Cells were lysed by
sonication in Tris 50 mM pH 6.5 with 500 mM NaCl, 5 mM imidazole, 5%
glycerol and protease inhibitor (Roche) (lysis solution) and centrifuged at
20000xg for 25 min at 4C. Cell free extract (CFE) was loaded on a Ni-NTA
column (Sigma-Aldrich) and washed with lysis solution without protease
inhibitor (wash solution), wash solution with 1 M NaCl and without imidazole,
wash solution with 15 mM imidazole and with 30 mM imidazole. ScbB was
eluted from the column with elution solution containing 150 mM imidazole. 2
mM EDTA was added to the elution fractions. The purified protein was
analysed by 10% (w/v) SDS-polyacrylamide gel electrophoresis (SDS-PAGE). 1
liter of culture yielded ~15-20 mg of purified His-ScbB. Purified enzyme was
stored at –80C.

Enzymatic assays
The ScbB activity assay mixture (500 μl) consisted of Tris 50 mM pH 7.0, 100
μM NADPH, 75-300 μg purified His-ScbB protein, 125 μM 6-dehydro-SCB1 (Afactor, 1) or 6-dehydro-SCB2 (8) (dissolved in 10 μl methanol). NADPH
consumption was followed at 340 nm. Measurements were performed at
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room temperature. Activity assays were left overnight at RT and extracted with
ethyl acetate. After evaporation the samples were resuspended in methanol,
and product formation was analysed by LC-MS (see LC/MS analysis section).
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Results
Chemical synthesis of SCB1 and SCB2

SCB1 and SCB2 were synthesized according to Scheme 1. According to the
work of Zhang and Lu, the palladium-catalyzed cyclization of enyne 10 gave
lactone 11, which was converted to 12 by successive oxidation and reduction
(Zhang et al., 2000, Zhang et al., 2001). A-factor 1 and 6-dehydro SCB2 8 were
prepared by deacetylation of 12 in the presence of DMAP (dimethylamino
pyridine) in methanol. Finally, a stereoselective reduction of 1 and 8 using
(S,S)-Ru(p-cymene)[Ts-DPHEN] as the catalyst and Et3N/HCO2H as the
reductant afforded a mixture of two diastereomers for both 4 and 5 (Elsner et
al., 2008).
The structures of 4a, 5a, 4b, and 5b were thoroughly characterized by 1H-, and
13
C-NMR spectroscopy and mass spectrometry, as well as compared with the
reported NMR spectra of natural SCB1 and SCB2 (Takano et al., 2000, Hsiao et
al., 2009b). The large coupling constant of 9.4 Hz between H-2 and H-3 in 4a
and 5a clearly indicated the IM-2-type stereochemistry (Sato et al., 1989,
Takano et al., 2000), which is identical to that in natural SCB1-IM-2 (J2,3 = 9.5
Hz) (Sato et al., 1989) and SCB2-IM-2 (J2,3 = 9.2 Hz) (Takano et al., 2000). On the
other hand, the relatively small coupling constant (7.3 Hz) between H-2 and H106
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3 in 4b and 5b points to the VB-type stereochemistry (Sakuda et al., 1991,
Elsner et al., 2008).
The group of Jørgensen has shown, in closely related substrates possessing a
CH2NO2 substituent instead of a CH2OH substituent, that the Noyori reduction
is largely catalyst controlled (Elsner et al., 2008). Based on this, we assume that
the stereochemistry of the 6-hydroxyl group in the products is R. This leads to
the stereochemistry of the products as shown in Scheme 1, namely (2R,3R,6R)SCB1-IM-2 (4a), (2R,3R,6R)-SCB2-IM-2 (5a), (2S,3S,6R)-SCB1-VB (4b), and
(2S,3S,6R)-SCB2-VB (5b). The stereochemistry of 4a and 5a corresponds to the
natural configuration, and the stereochemistry of 4b and 5b is enantiomeric
with that of the natural products.

Construction of scbB and scbC deletion mutants and complementation
The scbB and scbC deletion mutants were constructed by replacing the genes
with a thiostrepton resistance gene and an apramycin resistance gene,
respectively. These mutant strains were not affected in growth.
Complementation of these strains was performed by inserting a wild type copy
of the genes to replace the disrupted genes by double cross over
recombination. Complementation restored the phenotype of the mutants to
that of the wild type.

Inability of scbB and scbC deletion mutants to produce γbutyrolactones
The ability of the scbB and scbC deletion mutants to produce SCBs was
assessed, and compared to that of the S. coelicolor strains M145 (wild type)
and the scbA deletion mutant. For this purpose, ethyl acetate extracts from
cultures on SMMS solid media of these strains were tested with the kanamycin
assay (Hsiao et al., 2009b) and analysed by LC/MS.
Extracts of the ΔscbB and ΔscbC (and ΔscbA) cultures failed to activate the
growth of the reporter strain used in the kanamycin assay, which indicates the
absence of SCBs, and suggest that these mutants do not produce SCBs. The
extract from the wild type strain M145 was able to induce growth of the
reporter strain in this assay (Figure 4). Extracts from the complementation
mutant strains also induced the growth of the reporter strain which indicates
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that these extracts contained SCBs and that the complementation strains
recovered the ability to produce the signalling molecules (Figure 4).

Figure 4. Kanamycin bioassay for detection of SCBs in the ΔscbB, ΔscbC and
complementation mutants. Ethyl acetate extracts were obtained from cultures on
SMMS plates of the wild type strain M145, ΔscbA, ΔscbB, ΔscbC, and the
complementation mutants ΔscbB + scbB and ΔscbC + scbC and tested with the
kanamycin bioassay. A halo of growth of the reporter strain indicates the presence of
γ-butyrolactones in the extracts. Methanol was used as a negative control.

To confirm the absence of SCBs in the extracts from the scbB and scbC deletion
mutants, these extracts were also analysed by LC/MS. The chromatograms
obtained for the ΔscbB and ΔscbC extracts were compared with the chemically
synthesised standards for SCB1 (4a) and SCB2 (5a), as well as with extracts
from the wild type strain M145. While chromatographic peaks corresponding
to SCB1 and SCB2 were detected for the wild type extract, no chromatographic
peaks corresponding to these SCBs was detected for the ΔscbB and ΔscbC
mutants (Figure 5). The results thus indicate that these mutant strains are not
producing SCBs, and therefore confirm that both the ScbB and ScbC proteins
are essential for the biosynthesis of these signalling molecules.
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Figure 5. LC-MS detection of SCB1 and SCB2 in the M145 wild type strain and the
deletion mutants ΔscbA, ΔscbB and ΔscbC. Extracted ion chromatograms (mass range
245.1740-245.1760 Da) of the chemically synthesised standards show elution at 4.79
min for SCB1 and 5.19 min for SCB2, respectively. SCB1 and SCB2 are detected at
similar retention time in the wild type M145 extract while no corresponding peaks are
detected in the deletion strains ΔscbA (M751), ΔscbB and ΔscbC. NL, normalized levels,
indicates the intensity of the peaks. Mass spectra are shown in Figure S1.

Phenotype of scbB and scbC deletion mutants on solid media
The ΔscbB and ΔscbC mutant strains were grown on different solid media to
compare their antibiotic production to the wild type strain M145 and to the
scbA deletion mutant M751. All mutant strains grew and sporulated normally
in these media, comparable to the M145 wild type strain. The production of
the coelimycins was detected by appearance of a yellow coloration on MSMMS
agar plates (that contains glutamate), corresponding to coelimycin P2, a yellow
pigmented product of the biosynthetic pathway for coelimycin A (GomezEscribano et al., 2012, Challis, 2014) (Figure 6). Act and Red production was
observed on R2 and SMMS media by the presence of a blue and red coloration
on the plates, respectively.
Both deletion mutants were unable to produce the yellow pigment
corresponding to coelimycin P2. This phenotype was also observed for the
ΔscbA strain (Gottelt et al., 2010). The ΔscbC mutant strain showed an early
Red and Act production compared to the wild type, which is the same
phenotype as observed for ΔscbA (Figure 6).
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Figure 6. Analysis of the antibiotic phenotypes of the ΔscbB and ΔscbC and
complementation mutants grown on solid media at different times, compared to the
S. coelicolor strain M145 (wild type) and ΔscbA deletion mutant (M751). In MSMMS
medium a yellow pigmentation indicates the production of coelimycin P2; in R2
medium production of actinorhodin is shown as a blue colouration; in SMMS medium
the production of undecylprodigiosin appears as a pink/purple colouration.
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The scbA and scbC genes constitute an operon
The scbC gene is located adjacent to the scbA gene (Figure 3). Previous studies
suggested that these genes are organised in an operon and transcribed
together (Nieselt et al., 2010, D'Alia et al., 2011). To analyse whether these
genes are indeed co-transcribed in a single mRNA molecule, RT-PCR analyses
were performed using RNA samples from exponential, transition and
stationary phases of growth in SMM medium of the wild type strain M145.
cDNA was amplified with a pair of primers annealing at the 3’ end of scbA and
at the 5’ end of scbC. Agarose gel electrophoresis showed band sizes indicating
the presence of transcript in the scbA/scbC intergenic region (Figure 7, A). This
confirms that these genes are transcribed together in a single mRNA molecule,
and are therefore organised in an operon.
The sequence upstream from scbC was analysed in silico. A 17-nt inverted
repeat was found downstream of the 3´ end of scbA that is predicted to form a
stem-loop. No sequence similar to the –10,–35 consensus for the binding of
the main sigma factor in Streptomyces was found, indicating the absence of a
promoter upstream of scbC. This region also lacked a sequence that resembled
the ScbR binding consensus sequence, which suggests that ScbR is not directly
controlling the expression of this scbC gene (Figure 7, B).

Figure 7. A, RT-PCR analysis of the intergenic region between scbA and scbC. M,
molecular weight marker, numbers on the left indicate bp; g, genomic DNA; E, T, S,
cDNA from different phases of growth in SMM medium (E, exponential, T, transition, S,
stationary). Arrows indicate the amplification products for hrdB (expected size 550 bp)
and for the scbA-scbC intergenic region (expected size 393 bp). B, Intergenic region
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between scbA and scbC genes. Grey shaded areas indicate the location of the primers
used for the RT-PCR. The dashed line indicates the location of the stem loop and the
arrows show the inverted repeats.

Gene expression analyses of scbB and scbC in the wild type strain, and
the scbA and scbR deletion mutants
The expression profiles of scbA, scbB, and scbC were studied in the M145 wild
type strain, as well as in the scbA and scbR deletion mutants by qRT-PCR
experiments. RNA samples from different phases of growth were used to study
differences in gene expression in time.
In the wild type strain M145, expression levels of scbA showed a fast and
strong increase in transition phase of growth. In contrast, in the scbA and scbR
deletion mutants, levels of scbA transcripts were remarkably reduced in
comparison with the wild type strain. This suggests that the presence of both
ScbA and ScbR are necessary for the induction of expression of the scbA gene.
Levels of scbB expression in the wild type strain M145 were induced in early
transition phase and decreased in late transition phase (Figure 8). No major
differences were observed in scbB expression for the scbR and scbA deletion
mutants (Figure 8). These results indicate that the expression of scbB is not
affected by the absence of ScbA or ScbR.
Expression of scbC in the wild type strain showed a temporal profile similar to
that observed for scbA: a large increase in scbC expression in mid-transition
phase was observed, followed by a quick decrease in late transition phase
(Figure 8). This is in agreement with the finding that the scbA and scbC genes
constitute an operon. The expression profiles of scbC in the scbA and scbR
deletion mutants differ considerably in comparison with the wild type strain. A
strong increase in scbC expression in exponential phase is observed for the
scbA deletion mutant strain, while the expression of scbA was considerably
reduced. Since these two genes are organised in an operon, this suggests that
scbC gene expression is controlled by other factors as well. In the scbR deletion
mutant, an overall reduction in the levels of scbC expression is observed.
Transcription of scbC, as well as transcription of scbA, appears to be dependent
on ScbR, which again agrees with the observation that both genes are
organised in an operon.
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Figure 8. Expression levels
of the scbA, scbB and scbC
genes along growth of S.
coelicolor. Gene expression
was assessed by qRT-PCR
in the wild type strain
M145, ΔscbA (M751) and
ΔscbR (M752). Levels of
expression are shown as
fold-change relative to the
wild type sample at
exponential
phase.
E,
exponential;
TRAN,
transition.

Low amounts of 6-dehydro SCB1 (1) and 6-dehydro SCB2 (8) are
detected in extracts of the wild type strain
To assess the functions of the ScbA, ScbB and ScbC proteins in the SCB
biosynthetic pathway, ethyl acetate extracts of SMMS solid cultures of the
ΔscbA (M751), ΔscbB and ΔscbC mutant strains, and wild type strain M145,
were analysed by LC/MS for accumulation of pathway intermediates.
6-Dehydro SCB1 (1) and 6-dehydro SCB2 (8) were detected in extracts of the
wild type strain by comparing the chromatographic peaks and their mass
spectra with those obtained for the chemically synthesised compounds (Figure
9). These compounds were detected in lower intensity in the wild type extracts
compared to the SCBs (see Figure 5). The 6-dehydro SCBs were not detected in
extracts of the scbA, scbB or scbC deletion mutant strains. In fact, none of the
predicted intermediates of the pathway (Kato et al, 2007, and Figure 2) were
113

Chapter 3
found in extracts of the deletion mutants ΔscbA, ΔscbB, and ΔscbC as
determined by LC/MS: none of the masses corresponding to the pathway
intermediates were found in the mass spectra under the conditions tested
(data not shown).

Figure 9. Detection of 6-dehydro SCB1 and 6-dehydro SCB2 in M145 and deletion
mutants ΔscbA, ΔscbB and ΔscbC. The peaks corresponding to the chemically
synthesised standards 6-dehydro SCB1 and 6-dehydro SCB2 in the selected mass range
241.1430-241.1460 Da elute at 8.23 min and 8.91 min, respectively. 6-dehydro SCB1
and 6-dehydro SCB2 are detected at similar retention time in the wild type M145
extract while no corresponding peaks are detected in the deletion strains ΔscbA
(M751), ΔscbB and ΔscbC. NL, normalized levels, indicates the intensity of the peaks.
Mass spectra are shown in Figure S2.

ScbB is able to catalyse the reduction of 6-dehydro SCBs to provide
SCBs
To assess the function of ScbB in the SCBs biosynthetic route, scbB was
heterologously expressed in E. coli and purified with an N-terminal His-tag
(Figure 10, A). Enzymatic assays were carried out with this purified ScbB to
assess its role in the conversion of 6-dehydro-SCBs compounds to SCBs.
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Chemically synthesized A-factor (6-dehydro SCB1) (1), and 6-dehydro SCB2 (8),
predicted precursors of the SCBs (Figure 2), were used as substrates for these
enzymatic assays. The initial activity of the purified enzyme was assessed by
measuring NAD(P)H consumption (ΔOD340). ScbB can use only NADPH as
electron donor. No activity was detected with NADH as the cofactor. Although
the initial activity of ScbB on 6-dehydro SCB1 was extremely low compared to
the activity on 6-dehydro SCB2, activities on both substrates were found in the
complete assays after 24 h. Elimination of any of the factors added to the assay
resulted in a loss of NADPH consumption, and product formation was no
longer detectable when analysed by LC-MS.
To confirm the enzyme activity on both 6-dehydro SCB1 and 6-dehydro SCB2,
product formation was analysed by LC-MS. For both 6-dehydro SCB1 and 6dehydro SCB2 the reduction of the C6-keto group was confirmed, and SCB1
(4a) and SCB2 (5a) were detected as product of the enzymatic assays (Figure
10, B).
Two chromatographic peaks were detected in the enzymatic assays extracts by
LC/MS, which correspond to the chromatographic peaks detected for the
chemically synthesised IM-2 and VB-type stereoisomers of both SCB1 and SCB2
(Figure S3, supplemental material). However, the substrates used for the
assays (A-factor 1 and 6-dehydro SCB2 8) were racemic mixtures, and
therefore we cannot conclude that ScbB is able to synthesize both
enantiomers (IM-2 and VB). The stereospecificity of the ScbB enzyme remains
unknown.
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Figure 10. LC/MS analysis of ScbB enzymatic assay mixtures after 24 h. A, SDS-PAGE
analysis of purified His-ScbB (~29.5 kD). M, Protein molecular weight marker; E, elution
fraction, purified His-ScbB. B, Detection of SCB1 (IM-2 and VB-type forms) and SCB2
(IM-2 and VB-type forms) in enzymatic assay mixtures using 6-dehydro SCB1 and 6dehydro SCB2 as substrates. With 6-dehydro SCB1 (1) as substrate, the extracted ion
chromatograms show formation of SCB1-IM-2 (4.68 min) and SCB1-VB (4.16 min) and
depletion of the substrate at 8.09 min. With 6-dehydro SCB2 (8) as substrate,
formation of SCB2-IM-2 (5.11 min) and SCB2-VB (4.54 min) and depletion of the
substrate at 8.77 min are observed. SCB1 and SCB2 are detected in positive mode of
ionisation while 6-dehydro SCB1 and 6-dehydro SCB2 are detected in negative mode.
The graphs were combined in the figure to achieve a better visualisation of product
formation and substrate depletion. The mass spectra for the corresponding peaks
matched the mass spectra of the standards, thus confirming the identification of these
compounds in the mixtures (Figure S1 and Figure S2). NL, normalized levels, indicates
the intensity of the peaks. The chromatograms of the chemically synthesised standards
are shown in Figure S3.
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Discussion
The biosynthesis of γ-butyrolactones has been studied in several Streptomyces
strains, but limited information is available on the biosynthetic pathway in
Streptomyces coelicolor. ScbA has been described as the key enzyme in the
biosynthesis of SCBs in S. coelicolor and is thought to catalyse the first
condensation step in the biosynthetic pathway of these signalling molecules.
However, the intermediates of the pathway have not been identified, nor have
the additional enzymes involved been described. Here, we have characterized
two proteins, ScbB and ScbC, that, together with ScbA, are essential for the
biosynthesis of these signalling molecules. We have also demonstrated the
ability of ScbB to catalyse the reduction of the 6-dehydro-SCBs into the SCBs,
which is the predicted last step of the biosynthetic pathway (Figure 2).
In S. griseus, and S. antibioticus, γ-butyrolactones are synthesised by two
different pathways. The major route for VBs biosynthesis in S. antibioticus
involves removal of the phosphate group of the β-keto ester formed after the
first condensation step (route A). An alternative route was proposed in this
species in which the β-keto ester undergoes first intramolecular aldol
condensation (route B). A-factor biosynthesis occurs mainly through route B in
S. griseus, but route A has also been detected and described as a secondary
route (Kato et al., 2007). In S. antibioticus, as well as in S.virginiae, the last step
in the biosynthesis of VBs is the reduction of 6-dehydro-VBs by a 6-dehydro-VB
reductase (Shikura et al., 1999, Shikura et al., 2002). The detection of 6dehydro-SCBs in the extracts of S. coelicolor wild type strain M145 shows that
one or both of the pathways described in S. virginiae, S. antibioticus and S.
griseus are also present in S. coelicolor. Here we report for the first time the
detection of 6-dehydro-SCB as an intermediate compound of the SCB
biosynthesis pathway in S. coelicolor.
The inability of the ΔscbB and ΔscbC mutant strains to produce γbutyrolactones indicates that the corresponding enzymes are essential for the
biosynthesis of the SCB signalling molecules in S. coelicolor. Enzymatic assays
with purified ScbB protein showed its ability to reduce 6-dehydro-SCBs to
produce SCBs. Unexpectedly, no 6-dehydro-SCBs were found in extracts of the
ΔscbB mutant by LC/MS analyses. In fact, none of the predicted intermediates
of the pathway (Kato et al., 2007) (Figure 2) were found in extracts of the scbA,
scbB or scbC deletion mutants. However, 6-dehydro SCB1 and 6-dehydro SCB2
117

Chapter 3
were detected in extracts of wild type cultures, although in lower intensity
compared to the SCBs (see Figure 5 and Figure 9). Accumulation of pathway
intermediates may have an inhibitory effect on the enzymes involved in the
pathway, or these intermediates are redirected and used in other pathways. It
is also possible that the sequence of events taking place in S. coelicolor is
different from the one described for other species. Performing feeding
experiments with chemically synthesised predicted intermediates of the
pathway might give more information regarding the steps taking place in this
biosynthetic pathway.
Previously, microarray experiments performed on the ΔscbA mutant showed a
considerable reduction in the expression of scbC (except for a higher level of
expression of scbC in the exponential phase time point compared to wild type,
similar to what we see here in the qRT PCR experiment described in Figure 8;
see below) (D'Alia et al., 2011). In Nieselt et al. (2010), it was reported that
expression of scbA and scbC showed a similar temporal pattern during a
growth curve experiment. Furthermore, in S. griseus, the analogous genes of
scbA and scbC, namely afsA and bprA, are also located adjacent to each other
(Figure 3), and it was also suggested that they are organised in an operon (Kato
et al., 2007). Our findings indicate that scbA and scbC are part of an operon
and are co-transcribed. This result agrees well with the similar antibiotic
production phenotypes in both scbA and scbC deletion mutants. Surprisingly,
however, expression of scbC in the ΔscbA mutant was unexpectedly increased
while expression of scbA itself in this mutant strain (measured in the 5´UTR of
scbA, still present in the mutant strain) was considerably reduced in
comparison with the levels in the wild type. An additional transcription start
site might be present upstream of scbC from which alternative transcription is
initiating in the ΔscbA mutant strain. In fact, the presence of internal
promoters upstream of the internal genes in operons has been previously
documented for S. coelicolor (Laing et al., 2006, Charaniya et al., 2007).
Interestingly, a nucleotide sequence predicted to form a stem-loop was found
at the 3´end of scbA. This suggests that differential expression is taking place in
this operon and it is possible that a monocistronic scbA transcript is also being
formed. This phenomenon, involving the differential expression of individual
genes in an operon, due to the presence of a stem-loop modulating the
expression of the first gene, has been reported for other operons in S.
coelicolor (Hoogvliet et al., 1999, Paget et al., 1999). In these examples no
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internal promoter was found upstream of the second gene. Additionally, a
stem-loop might also be a signal for mRNA processing. It is possible that this
stem-loop is a recognition site for specific RNAses to cleave this mRNA
molecule post-transcriptionally yielding two scbA and scbC individual
transcripts, as previously reported (Chang et al., 2005, Schuck et al., 2009).
Expression levels of scbC in the ΔscbR mutant were considerably reduced in
comparison with the wild type. Interestingly, the scbC expression profile along
growth in this mutant is the same as that for the scbA gene. This suggests a
similar regulatory effect exerted by ScbR on the expression of scbC, as it does
for scbA, which could be explained by the fact that these genes are cotranscribed. Antibiotic production in scbC deletion mutant strain differed
considerably in comparison to the wild type and was similar to the one
observed for ΔscbA, characterised by an early production of both Red and Act
in comparison with the wild type.
In this study we have provided important insights into the biosynthesis of SCBs
in S. coelicolor. We have identified and (partially) characterised two additional
proteins, ScbB and ScbC, and showed that both enzymes are essential for the
biosynthesis of these signalling molecules. Our data show that ScbB catalyses
the reduction of 6-dehydro SCBs in vitro, suggesting that this protein is
responsible for the last step in the biosynthesis of SCBs in vivo. As members of
a complex regulatory network, the regulation of scbC gene expression was
shown to be dependent on ScbR. This paper provides a strong advance in
knowledge about the SCB biosynthetic pathway in S. coelicolor, and the
regulatory effects of the SCB signalling molecules. Metabolic engineering of
the SCB system may be a useful tool for improvement of antibiotic production
(Biarnes-Carrera et al., 2015).
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Supplementary material
Table S1. List of primers used in this work
Use Name
Sequence
qRT-PCR experiments
scbB_qRT-F
5’ -CCGTGTTCAACCGCATC- 3’
scbB_qRT-R
5’ -TGTGGCATCGACGTACTG- 3’
scbC_qRT-F2
5’ -GCGGACGACTTCATCACG- 3’
scbC_qRT-R2
5’ -GCGTGTTGGACATGAAGGT- 3’
hrdBrtoutfw
5'-CATGCGCTTCGGACTCA-3'
hrdBrtoutrv
5'-ACTCGATCTGGCGGATG-3'
RT-PCR
hrdBrt-1
5’-GAGTCCGTCTCTGTCATGGCG-3’
hrdBrt-2
5’-TCGTCCTCGTCGGACAGCACG-3’
scbAscbC-fw
5'-AGTTCGACAGCCCGTGCTGG-3'
scbAscbC-rv
5'-CCGCGCAGACCTCGACGTTC-3'
Heterologous expression of ScbB
scbB-NdeI-F
5’- CATATGCGTGCACATGGGACGAGGT -3’
scbB-BamHI-R
5’- GGATCCTCAGAGAATCGTTCCGCCTGTG -3’
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Table S2. Plasmids used in this work
Name

Description

Source

pBluescript-KS(II)

Standard cloning vector

Stratagene

pCK1

pUC19 + SalI-SphI 3.6 kb DNA fragment
containing scbB

This work

pCK1+tsr

pCK1 containing a HincII thiostreptone
resistance gene (tsr) cloned in scbB

This work

pCK2

pKC1132 +BamHI-HindIII DNA fragment
from pKC1+tsr

This work

pCR-BluntII-TOPO

Blunt-end PCR products cloning vector
R
(kanamycin )

Invitrogen

pKC1132

E. coli/Streptomyces shuttle vector

(Bierman et al., 1992)

pET15b

Expression vector

Novagen

pIJ6111

4.5 kb fragment from cosmid GB10 cloned
in pIJ2925
3.1 kb BamHI fragment from cosmid GB10
cloned in pIJ2925
pDrive + scbA/R PCR fragment

(Takano et al., 2001)

pIJ6114
pTE71

(Takano et al., 2001)
(Bunet, 2006)

pTE31

BamHI/XmnI 3 kb fragment from pIJ6114
cloned in pCR-BluntII-TOPO

This work

pTE32

pTE31 with the BamHI 4.5 kb DNA
fragment from pIJ6111

This work

pTE33

HindIII-XbaI 7.5 kb DNA fragment from
pTE32 cloned in pKC1132

This work

pTE36

pTE33 lacking the EcoRV-NdeI fragment

This work

pTE38

pTE33 lacking the BstBI-HindIII fragment +
1.6 kb XmnI fragment from pTE71

This work
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Chemical synthesis of SCBs and 6-dehydro-SCBs (A-factor compounds)

Solvents for chemical reactions were dried according to the standard
procedures. Solvents for flash chromatography were used without further
purification. All reagents were obtained from Sigma-Aldrich and were used
without further purification unless noted otherwise. Flash column
chromatography was performed on 230-430 mesh silica gel. 1H-, 13C-, NMR
spectroscopy was performed on Varian AMX400 spectrometers. Chemical
shifts were determined relative to the residual solvent peaks (CHCl3, δ = 7.26
ppm for 1H NMR, δ = 77.16 ppm for 13C NMR). The mass spectra were recorded
on a Thermoscientific LTQ OrbitrapXL spectrometer. Enynes 10a (Zhang et al.,
2001) and 10b (Song et al., 2007) (see Scheme 1) were synthesized according
to the literature procedures.
General procedure for the palladium-catalyzed enyne cyclization
To a solution of Pd(OAc)2 (12 mg, 0.054 mmol) and 2,2-bipyridine (10 mg,
0.064 mmol) in acetic acid (4 mL) was added enyne 10 (281 mg, 1.0 mmol) with
stirring. The reaction mixture was stirred at 60 °C for 18 h. After completion of
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the reaction, diethyl ether (150 mL) was added. The mixture was washed with
saturated NaHCO3 solution (4 × 50 mL) and brine (50 mL). The ether layer was
dried (MgSO4), filtered, and concentrated in vacuo. The residue was submitted
to column chromatography on silica gel (pentane/ethyl acetate 4:1), affording
pure 11a-b as oil.
Compound 11a was isolated in 87% yield (244 mg).

1

H NMR (400 MHz, CDCl3) δ 5.86 (ddd, J = 17.0, 10.1, 7.6 Hz, 1H), 5.27 (dt, J =
17.1, 1.1 Hz, 1H), 5.22 (dt, J = 10.1, 1.0 Hz, 1H), 4.41 (dd, J = 9.0, 8.1 Hz, 1H),
4.04 (dd, J = 9.0, 3.4 Hz, 1H), 3.84 – 3.65 (m, 1H), 2.41 – 2.17 (m, 2H), 2.27 (s,
3H), 1.58 – 1.38 (m, 3H), 1.35 – 1.27 (m, 2H), 1.18 – 1.15 (m, 2H), 0.86 (d, J =
6.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 168.19, 167.45, 160.18, 136.26,
117.33, 114.28, 69.81, 42.10, 38.56, 33.26, 27.80, 27.16, 25.79, 22.55, 22.53,
20.81; HRMS calculated for C16H24O4Na [M+Na]: 303.156, found: 303.156. The
NMR data match with the literature report (Zhang et al., 2001).
Compound 11b was isolated in 84% yield (236 mg).

1

H NMR (400 MHz, CDCl3) δ 5.82 (ddd, J = 17.3, 10.1, 7.5 Hz, 1H), 5.24 (dd, J =
17.1, 3.1 Hz, 1H), 5.17 (dd, J = 10.1, 4.1 Hz, 1H), 4.46 – 4.19 (m, 1H), 3.99 (dd, J
= 9.0, 3.5 Hz, 1H), 3.73 (td, J = 7.8, 3.4 Hz, 1H), 2.49 – 2.03 (m, 2H), 2.22 (s, 3H),
1.51 – 1.43 (m, 2H), 1.28 – 1.21 (m, 8H), 0.86 – 0.82 (m, 3H). 13C NMR (100
MHz, CDCl3) δ 168.10, 167.42, 160.10, 136.24, 117.24, 114.26, 69.79, 42.00,
33.19, 31.58, 29.28, 28.90, 25.50, 22.53, 20.74, 13.99; HRMS calculated for
C16H25O4 [M+H]: 281.174, found: 281.174. The NMR data match with the
literature report (Song et al., 2007).
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General procedure for the synthesis of compounds 12
Compounds 12a and 12b were synthesized according to a literature procedure
(Zhang et al., 2001). N-methylmorpholine N-oxide (125 mg, 1.06 mmol) and
potassium osmate (VI) dihydrate (K2OsO4. 2H2O) (11 mg, 0.03 mmol) were
added to a solution of 11 (200 mg, 0.71 mmol) in acetone-water (7:1, 9 ml).
The mixture was stirred for 15 h at room temperature and, upon completion,
was quenched with sodium bisulfite (100 mg), diluted with water and
extracted with CH2Cl2 (4 X 50 mL). The combined CH2Cl2 portions were dried,
filtered and concentrated in vacuo. The residue was purified through a short
silica gel column (ether/pentane/methanol 6:4:1) to afford the corresponding
diol as colorless oil, which was added to a vigorously stirred suspension of SiO2supported (Zhong et al., 1997) NaIO4 (2.50 g) in CH2Cl2 (23 ml). The reaction
mixture was stirred at room temperature for 1.5 h, then filtered, the silica
washed with CHCl3 (20 ml) and the collected organic phases concentrated in
vacuo to afford the corresponding aldehyde as an oil. The aldehyde was
directly dissolved in MeOH (23 ml) without purification. NaBH4 (14 mg, 0.29
mmol) was added to the reaction mixture in portions at 0 °C. The reaction
mixture was stirred for 1 h at that temperature and, upon completion, diluted
with water and extracted with CH2Cl2 (2 X 60 ml). The combined DCM portions
were dried (Na2SO4), filtered and concentrated in vacuo. The residue was
submitted to column chromatography (ethyl acetate/pentane 1:4) on silica gel
to afford pure 3 as the product.
Compound 12a was obtained as colorless oil in 50% yield (101 mg).

1

H NMR (400 MHz, CDCl3) δ 4.35 – 4.22 (m, 2H), 3.77 – 3.58 (m, 2H), 3.30 (qd, J
= 5.8, 3.0 Hz, 1H), 2.48 – 2.30 (m, 2H), 2.26 (s, 3H), 1.57 – 1.47 (m, 3H), 1.42 –
1.25 (m, 2H), 1.23 – 1.12 (m, 2H), 0.86 (d, J = 6.6 Hz, 6H); 13C NMR (100 MHz,
CDCl3) δ 168.66, 167.66, 159.32, 113.75, 67.58, 63.78, 40.60, 38.59, 33.58,
27.84, 27.17, 26.21, 22.56, 22.53, 20.80; HRMS calculated for C15H25O5 [M+H]:
285.169, found: 285.169. The NMR data match with the literature report
(Zhang et al., 2001).
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Compound 12b was obtained as colorless oil in 60% yield (121 mg).

1

H NMR (400 MHz, CDCl3) δ 4.27 (dd, J = 4.4, 2.1 Hz, 2H), 3.66 (dt, J = 5.7, 3.1
Hz, 2H), 3.27 (dt, J = 6.8, 2.9 Hz, 1H), 2.34 (ddt, J = 20.9, 8.5, 6.2 Hz, 2H), 2.24 (s,
3H), 1.61 – 1.40 (m, 2H), 1.37 – 1.12 (m, 8H), 0.94 – 0.72 (m, 3H); 13C NMR (101
MHz, CDCl3) δ 168.74, 167.82, 159.30, 113.87, 67.67, 63.70, 40.62, 33.51,
31.62, 29.32, 28.98, 25.94, 22.55, 20.79, 14.02; HRMS calculated for C15H25O5
[M+H]: 285.169, found: 285.169.
General procedure for the synthesis of A-factor-type compounds (Zhang et al.,
2001)
To a solution of 12 (100 mg, 0.35 mmol) in MeOH (25 mL) was added 4(dimethyl amino) pyridine (8.5 mg, 0.07 mmol) at 0 °C. The reaction mixture
was stirred for 20 h at 15-20 °C. Subsequently, the solvent was removed in
vacuo. The residue was then submitted to column chromatography on silica gel
(ethyl acetate/pentane 3:1), affording the products 1 and 8 as colorless oil.
The products 1 and 8 were obtained as mixture of keto and enol tautomers.
Compound 1 (A-factor) was obtained in 75% yield (64 mg); the predominant
keto isomer is characterized.

1

H NMR (400 MHz, CDCl3) δ 4.43 (dd, J = 9.0, 8.0 Hz, 1H), 4.14 (dd, J = 9.0, 6.7
Hz, 1H), 3.76 – 3.58 (m, 2H), 3.30 – 3.16 (m, 1H), 2.97 (dt, J = 17.9, 7.5 Hz, 1H),
2.64 (dt, J = 17.9, 7.2 Hz, 1H), 1.65 – 1.44 (m, 3H), 1.37 – 1.23 (m, 2H), 1.22 –
1.12 (m, 2H), 0.85 (d, J = 6.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 202.88,
172.32, 68.98, 61.82, 54.92, 42.49, 39.09, 38.63, 27.78, 26.73, 23.49, 22.55,
22.54; HRMS calculated for C13H23O4 [M+H]: 243.159, found: 243.158.
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Compound 8 (6-dehydro-SCB2) was obtained in 90% yield (76.7 mg); the
predominant keto isomer is characterized.

1

H NMR (400 MHz, CDCl3) δ 4.55 – 4.33 (m, 1H), 4.14 (dd, J = 9.0, 6.7 Hz, 1H),
3.78 – 3.60 (m, 2H), 3.32 – 3.16 (m, 1H), 2.98 (dt, J = 17.9, 7.5 Hz, 1H), 2.64 (dt,
J = 17.9, 7.2 Hz, 1H), 1.69 – 1.50 (m, 2H), 1.29 (h, J = 4.9, 4.0 Hz, 8H), 0.88 (t, J =
6.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 203.03, 172.51, 69.10, 61.76, 54.95,
42.48, 39.18, 31.61, 29.00, 28.90, 23.24, 22.56, 14.03; HRMS calculated for
C13H23O4 [M+H]: 243.159, found: 243.159.
Procedure for the synthesis of SCBs (Elsner et al., 2008)
To a sealed tube fitted with a septum and containing the catalyst (S,S)-RuCl(pcymene)[Ts-DPEN] (13.2 mg, 10 mol%) was added a solution of compound 1
(30.0 mg, 0.12 mmol) in CH2Cl2 (0.5 mL). A premixed solution of HCO2H (25 μl,
5 equiv.) and Et3N (35 μl, 2 equiv.) in CH2Cl2 (0.5 mL) was then added to the
reaction mixture. After stirring at room temperature for 24-36 h (monitored by
TLC), the reaction was quenched by slow addition of NaHCO3 (sat.). The aq.
phase was extracted with EtOAc (3 x 10 mL) and the combined organic layers
were dried, concentrated in vacuo and subjected to flash chromatography
(CH2Cl2/MeOH 20:1) on silica gel yielding a mixture of diastereomers 4 (IM-2
and VB) in 85% yield (25.7 mg) as a colorless oil. The diastereomers 4a-IM-2
(SCB1) and 4b-VB were separated by silica gel column chromatography using
ethyl acetate/pentane 4:1 as eluent.
4a-IM-2 (SCB1)
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1

H NMR (400 MHz, CDCl3) δ 4.42 (dd, J = 9.0, 8.4 Hz, 1H), 4.06 – 3.92 (m, 2H),
3.80 – 3.60 (m, 2H), 2.85 – 2.70 (m, 1H), 2.64 (dd, J = 9.4, 4.7 Hz, 2H), 1.67 –
1.43 (m, 4H), 1.42 – 1.27 (m, 3H), 1.23 – 1.12 (m, 2H), 0.86 (d, J = 6.6 Hz, 6H).
13
C NMR (101 MHz, CDCl3) δ 177.20, 70.87, 68.34, 63.00, 49.05, 40.11, 38.83,
33.99, 27.89, 27.18, 26.07, 22.60, 22.57; HRMS calculated for C13H25O4 [M+H]:
245.174, found: 245.174. The NMR data match with the literature report
(Takano et al., 2000).
4b-VB

1

H NMR (400 MHz, CDCl3) δ 4.42 (t, J = 8.7 Hz, 1H), 4.18 – 4.03 (m, 2H), 3.81 –
3.63 (m, 2H), 2.92 – 2.78 (m, 1H), 2.56 (dd, J = 7.3, 3.7 Hz, 1H), 1.66 – 1.40 (m,
4H), 1.40 – 1.22 (m, 3H), 1.23 – 1.13 (m, 2H), 0.87 (d, J = 6.6 Hz, 6H). 13C NMR
(101 MHz, CDCl3) δ 178.45, 70.81, 69.41, 63.33, 48.10, 38.85, 38.10, 34.86,
27.90, 27.17, 26.07, 22.60, 22.57; HRMS calculated for C13H25O4 [M+H]:
245.174, found: 245.174. The NMR data match with the literature report
(Takano et al., 2000).
A similar procedure was also used to prepare the diastereomers 5a-IM-2
(SCB2) and 5b-VB type in 75% combined yield (22.6 mg).
5a-IM-2 (SCB2)

1

H NMR (400 MHz, CDCl3) δ 4.42 (dd, J = 9.0, 8.3 Hz, 1H), 4.05 – 3.93 (m, 2H),
3.76 (dd, J = 10.7, 5.3 Hz, 1H), 3.69 (dd, J = 10.6, 6.5 Hz, 1H), 2.84 – 2.71 (m,
1H), 2.64 (dd, J = 9.4, 4.8 Hz, 1H), 1.67 – 1.46 (m, 3H), 1.40 – 1.19 (m, 9H), 0.92
– 0.79 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 177.23, 70.86, 68.35, 62.99, 49.08,
40.11, 33.95, 31.76, 29.39, 29.18, 25.82, 22.60, 14.06; HRMS calculated for
C13H25O4 [M+H]: 245.174, found: 245.174.
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5b-VB

1

H NMR (400 MHz, CDCl3) δ 4.42 (t, J = 8.7 Hz, 1H), 4.13 – 4.06 (m, 2H), 3.80 –
3.62 (m, 2H), 2.85 (h, J = 6.6 Hz, 1H), 2.56 (dd, J = 7.3, 3.7 Hz, 1H), 1.63 – 1.41
(m, 2H), 1.31 –1.25 (m, 9H), 0.95 – 0.75 (m, 3H); 13C NMR (101 MHz, CDCl3) δ
178.58, 70.80, 69.47, 63.32, 48.12, 38.10, 34.83, 31.76, 29.37, 29.20, 25.82,
22.61, 14.07; HRMS calculated for C13H25O4 [M+H]: 245.174, found: 245.174.
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Figure S1. Mass spectra of chromatographic peaks corresponding to SCB1 and SCB2 shown in Figure 5. The molecular
+
ions M+H (245.17 Da) and the two major fragments after loss of water (227.16, 209.15 Da) are visible. Predicted chemical
+
formulas for the detected ions match with the expected formula for SCB1 and SCB2: C13H25O4 for M+H C13H23O3 for M+
+
H2O+H and C13H21O2 for M-2H2O+H , respectively.
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Figure S2. Mass spectra of selected peaks for 6-dehydro SCB1 (8.27 min) and 6-dehydro SCB2 (8.85 min) from Figure 9. The
molecular ion M-H (241.14 Da) is visible and its predicted formula C13H19O3 corresponds to the expected formula. The two
major fragments after loss of water (223.13, 207.13 Da) are present but at lower intensity (not shown in all the mass
spectra). NL, normalized levels, indicates the intensity of the peaks.
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Figure S3. Mass chromatograms (A) and mass spectra (B) for γ-butyrolactones
standards used in this study. SCB1 elutes at 4.69 min in the IM-2-form and at 4.12 min
in the VB-form while SCB2 elutes at 5.13 min in the IM-2-form and at 4.55 min in the
+
VB-form. The mass spectra show the expected ions for SCB1 and SCB2: M+H :245.17
Da with correct predicted formula C13H25O4, and the ions after loss of one or two water
+
+
molecules: M-H2O+H : 227.17 Da with formula of C13H23O3 and M-2H2O+H : 209.16 Da
with formula of C13H21O2. 6-dehydro SCB1 (A-factor) and 6-dehydro SCB2 (A-factor
SCB2) elute at 8.18 min and 8.80 min, respectively. The mass chromatograms obtained
in negative ionization mode show the detection of the molecular ion M-H : 241.14 Da
and the correct expected formula C13H21O4. The two major fragments after loss of
water (223.13, 207.13 Da) are present but at lower intensity (not shown in these mass
spectra).
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