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Abstract  

Indigoidine is a blue pigment that is produced by diverse bacteria and is 
thought to have anti-oxidative and antimicrobial properties. Indigoidine 
is known to be synthesized by a single-module nonribosomal peptide 
synthetase (IndC). This indigoidine synthetase is part of a larger gene 
cluster that usually also includes a gene encoding a 4-oxalocrotonate 
tautomerase-like protein (IndD), with unknown function. The end-
product of this extended pathway is unknown.  
We have identified a putative indigoidine gene cluster in the 
Streptomyces clavuligerus genome sequence, but it is cryptic and no 
indigoidine is produced under laboratory growth conditions. In S. 
clavuligerus, the putative indC and indD genes are fused. Heterologous 
expression of this S. clavuligerus indC(D) plus flanking genes in several 
Streptomyces strains did not result in blue pigment production. Only 
expression of indC(D) alone, controlled by a strong promoter, resulted in 
production of indigoidine in Streptomyces coelicolor, Rhodococcus jostii, 
and Escherichia coli. Interestingly, separate expression of the S. 
clavuligerus IndC protein yielded more indigoidine than IndC(D) 
expression. Also, a truncated S. clavuligerus gene, encoding only the IndD 
domain, was successfully expressed in E. coli and purified as an active 
enzyme, catalyzing a promiscuous Michael-type addition reaction. IndD 
was inactive, however, with a range of known tautomerase substrates. 
The data also shows that R. jostii RHA1 and other members of the genus 
Rhodococcus may provide interesting alternative expression hosts for 
Streptomyces secondary metabolism gene clusters and individual genes. 
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Introduction 

The blue pigment indigoidine was first described more than 100 years 
ago 1, and isolated for the first time in 1939 2. It took three decades until 
the structure of the pigment was elucidated, showing that it belongs to 
the group of 3,3’-bipyridyl pigments 3 (Figure 1). The capacity to produce 
indigoidine is widespread among bacteria belonging to distant systematic 
groups, e.g. Alpha, Beta- and Gamma-proteobacteria and Actinobacteria 
3-7. Indigoidine is believed to protect the producing bacteria against 
oxidative stress and to be involved in pathogenicity of plant pathogens 4. 
It is also thought to have antimicrobial activity and to facilitate surface 
colonization 8. Cude et al. 9 showed that the indigoidine-synthesizing 
bacterium Phaeobacter sp. strain Y4I inhibits surface colonization by 
Vibrio fischeri; strain Y41 wild-type itself colonizes surfaces better than a 
derived mutant strain deficient in indigoidine production. In view of its 
extracellular localization and extremely low solubility, the role of 
indigoidine in scavenging free radicals needs additional experimental 
proof. It has been hypothesized that the blue pigment indigoidine is not 
the end-product of the biosynthetic pathway, but that the compound is 
reduced to the soluble and colourless leucoindigoidine (Figure 1a). 
However, bioactivity of leucoindigoidine has not been proven due to the 
strong acidic conditions needed to chemically reduce indigoidine 9. Thapa 
et al. 10 have suggested a completely different pathway, hypothesising 
that the final product is the blue soluble pigment indochrome B1 (Figure 
1b).  

Indigoidine was produced successfully by expressing the single module 
NRPS IndC from Streptomyces lavandulae ATCC 11924 in E. coli, together 
with a phosphopantetheinyl transferase (PPTase) from Streptomyces 
verticillus (Svp)7. PPTase catalyzes the post-translational attachment of 
the 4΄-PP (4΄-phosphopantetheine) moiety to the peptide carrier domain, 
thereby activating the NRPS 11. As shown in Figure 1c, IndC is in most cases 
part of a gene cluster also encoding a pseudouridine-5’-phosphate 
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glycosidase (IndA), a phosphatase (IndB), a transport protein and a 4-
oxalocrotonate tautomerase-like protein (IndD). In many cases, also a 
hypothetical protein (DUF4243) 12 and a phosphoribosyl transferase-
type I domain protein are present. The role of these enzymes in 
indigoidine biosynthesis, or modification, yielding the final product(s) of 
the pathway, is as yet unknown. Also, the regulation of indigoidine 
synthesis is poorly understood and varies between strains. Involvement 
of γ-butyrolactone signalling molecules, SARP activator proteins or other 
regulators such as pecS, has been reported in some cases 4, 13, 14. 

IndC has five domains; three of these are commonly found in NRPS 
modules, for adenylation, thiolation or peptide carrier protein and a 
thioesterase. The NRPS condensation domain is absent in these IndC 
enzymes. IndC also contains an oxidation and a second adenylation 
domain 7. Interestingly, S. clavuligerus is one of the few strains reported 
in which IndC has an additional C-terminal domain with highest sequence 
identity to 4-oxalocrotonate tautomerase (4-OT) 15, 16. The indigoidine 
synthetase from S. clavuligerus will be referred to as IndC(D) in this study. 
In most bacteria, this putative tautomerase is encoded by an independent 
indD tautomerase gene in the ind gene cluster. IndA is a predicted 
pseudouridine-5’-phosphate glycosidase and where tested, lacks activity 
on indigoidine. It has been suggested that IndA acts on the monomer of 
indigoidine before it dimerizes and adds a D-ribose-5-phosphate residue 
on carbon 4 (Figure 1b). IndB is then hypothesized to eliminate the 
phosphate from the ribose, after which the molecule dimerizes to form 
the water-soluble blue pigment indochrome B1 as final product 10. 
DUF4243 is suggested to have a regulatory role, although its mode of 
action is unknown. The family of 4-OTs includes enzymes with different 
activities, including tautomerase, dehalogenase, isomerase and 
promiscuous C–C bond-forming aldol and Michael-type addition 
activities 17, 18. In general, 4-OT enzymes possess a β-α-β structure that 
ends in a β-hairpin and are active as hexamers 17. First, they form dimers 
by the interaction of β-sheets and α-helices of one monomer with 
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another in antiparallel direction. Hexamers are formed by association of 
3 dimers through their C-terminal hairpins 17, 19. These enzymes retain a 
large structural similarity, but may have a low amino acid identity (as low 
as 10%) 20. After the cleavage of the initial methionine, 4-OTs contain an 
N-terminal proline (Pro-1) that is known to be essential for enzyme 
activity, acting as catalytic base 21. Failure to eliminate the initial 
methionine results in a significant decrease in enzyme activity 22. Three 
other essential residues have been described in these enzymes but they 
are not as conserved. Depending on the amino acid identity of these 
essential residues, these enzymes have similar activity or improved 
tautomerase, dehalogenase, isomerase or Michaelase activities 17, 23. The 
role of the IndD enzyme in synthesis or modification of indigoidine is 
unknown. Cude et al. 9 hypothesise that IndD may convert the blue 
pigment indigoidine to its reduced state, leucoindigoidine, which is 
colourless and water-soluble (Figure 1a). Heterologous expression of the 
complete gene cluster of Photorhabdus luminescens in E. coli did not 
result in indigoidine production. Deletion of IndD from the gene cluster 
of P. luminescens in E. coli resulted in awakening of the gene cluster and 
a weak production of indigoidine 12. This suggested that IndD may have a 
repressing and/or inhibitory effect on indigoidine production. A 
transporter is usually present in indigoidine gene clusters, but the type of 
transporter varies between bacterial species 4, 8, 24.  

Previously we have shown that the Streptomyces clavuligerus genome 
encodes many secondary metabolite gene clusters 25. Also, a putative 
indigoidine gene cluster has been identified in its genome sequence, but 
no indigoidine is produced by S. clavuligerus under laboratory growth 
conditions. In this study, we have analyzed the cryptic putative 
indigoidine gene cluster of S. clavuligerus in more detail.  
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Figure 1. a) Predicted functions of IndC and IndD in indigoidine biosynthesis, adapted from Cude 
et al. 9. b) Biosynthesis pathways predicted by Thapa et al. 10. c) Representation of examples of 
indigoidine gene clusters, from Dickeya dadantii, S. clavuligerus, Streptomyces albus, 
Streptomyces lavandulae, Streptomyces chromofuscus and P. luminescens based on Reverchon et 
al. 4, Takahashi et al. 7, Medema et al. 25, Olano et al. 16, Yu et al. 26 and Thapa et al. 10. IndA, IndB, 
IndC, a phosphoribosyl transferase-type I domain protein and the 4-OT-like protein (IndD) are the 
most conserved enzymes encoded in these clusters; only IndC is always present. DUF4243 is 
present in S. clavuligerus, S. chromofuscus (as a domain of IndB) and in P. luminescens. 



INDIGOIDINE 
 

 
 

41 

Materials and methods 

Strains, media and culture conditions 
Escherichia coli DH5α was used for DNA cloning. The methylation-
deficient strain E. coli ET12567 carrying the plasmid pUZ8002 was used to 
introduce plasmid DNA into Streptomyces cells by inter-generic 
conjugation. Streptomyces coelicolor M1146 27, S. coelicolor M1152 27, 
Streptomyces lividans WT and Streptomyces avermitilis WT, all lacking an 
indigoidine gene cluster, were used for the heterologous expression of 
the S. clavuligerus indigoidine gene cluster and indigoidine synthetase. S. 
coelicolor M1146, R. jostii RHA1 and E. coli BL21 (DE3) were used as hosts 
for heterologous expression of IndC(D) and IndC. 

 E. coli cells were grown in Luria-Bertani (LB) medium 28 supplemented 
when necessary with the following antibiotics: apramycin (Apra) (50 
μg/ml), ampicillin (Amp) (50 μg/ml), kanamycin (Km) (50 μg/ml), 
chloramphenicol (Cm) (25 μg/ml). S. clavuligerus ATCC27064 was grown 
at 28oC in TSB-YEME medium 29 for genomic DNA isolation. Soya flour 
mannitol agar (SFM), supplemented minimum media solid (SMMS), yeast 
extract-malt extract agar supplemented with 100 mM glutamate (YEME + 
100 mM glutamate), R5 and trypton soya agar (TSA) were used to test the 
production of indigoidine by Streptomyces strains containing IndC(D), 
IndC or the cosmid harbouring the complete indigoidine gene cluster 
(Table 1). The compositions of these media were taken from Kieser et al. 
29. R. jostii RHA1 strains were grown at 30⁰C on LB media. 
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Table 1. Strains used in this work. 
Strain Description Reference 

Escherichia coli DH5α  30 
E. coli BL21(DE3) Heterologous expression host 31 
Streptomyces clavuligerus 
ATCC27064 

Wild-type and parent strain  

Streptomyces coelicolor 
M1146 

Heterologous expression host 27 

S. coelicolor M1152 Heterologous expression host 27 

 Streptomyces avermitilis  
Wild-type S. avermitilis strain; 
Heterologous expression host 

 

Streptomyces lividans WT 
Wild-type S. lividans strain; Heterologous 
expression host 

 

Rhodococcus jostii RHA1 
Wild-type R. jostii RHA1 strain; 
Heterologous expression host 

32 

DNA manipulations 
Extraction of genomic DNA from Streptomyces strains was performed 
with the GenElute Bacterial Genomic DNA Kit (Sigma-Aldrich). 
Amplification of DNA fragments by PCR was done using Phire Hot Start II 
PCR MasterMix (Thermo Fisher Scientific) and following the manufacturer 
instructions used with a longer initial denaturation of 1 min 30 s and a 
longer denaturation step in each cycle of 15 s. DNA fragments were 
purified from agarose gel or after PCR reaction with either illustra GFX 
PCR DNA and Gel Band Purification Kit (GE Healthcare) or Qiaex II Gel 
extraction kit (Qiagen). Restriction endonucleases and other DNA 
modifying enzymes were purchased from Thermo Fisher Scientific. DNA 
isolation and cloning procedures were performed according to 28. DNA 
sequencing service was provided by GATC Biotech. 

Expression of S. clavuligerus indigoidine synthetase and IndD in E. coli 
For the heterologous expression in E. coli, IndC(D) and IndC versions of 
the gene SCLAV_p1474 were amplified by PCR from genomic DNA of S. 
clavuligerus ATCC27064 with primer pairs ind-EcoRI-forw/ind-XhoI-rev 
and ind-EcoRI-forw/ind-trunc-XhoI-rev (Table 2), respectively. Both 
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products were cloned into the EcoRI and XhoI sites of pET-28b (+), 
resulting in plasmids pTE491 and pTE492, respectively.  

The S. clavuligerus phosphopantetheinyl transferase (PPTase)-encoding 
gene SCLAV_0102 was expressed together with IndC(D) and IndC to 
induce post-translational attachment of the 4΄-PP (4΄-
phosphopantetheine) moiety to the carrier domain of the NRPS enzyme 
which is essential for its activity. SCLAV_0102 has 56% identity with the 
known PPTase from S. verticillus (Svp) which is known to be able to 
activate the indigoidine synthetase from S. lavandulae 7, 11. The S. 
clavuligerus PPTase encoding gene was amplified using primers Scl0102-
NdeI-forw/Scl0102-HindIII-rev and cloned in the NdeI and HindIII sites of 
pET-20b (+) resulting in plasmid pTE495. For co-expression with IndC(D) 
and IndC, Scl0102 was sub-cloned from pTE495 using BglII and PdiI into 
the BamHI and EcoRV sites from pACYC184 which has a compatible 
replication origin with pET vectors. 

The tautomerase domain of SCLAV_p1474 (IndD) was amplified with 
primer pairs Tau-NdeI-forw/Tau-HindIII-rev and cloned in the NdeI and 
HindIII sites of pET-20b (+) resulting in plasmid pTE493.  
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Table 2. Primers used for DNA amplifications. 
Primer Sequence 

ind-f CAGCGAATTCCATGCTGATCTCCACAGAAG 
ind-r2 GACTTCTAGACTCTCCCTCATGGATCATTG 
ind-trunc-f GTTCTCCTGCTCAGGTGTCTCCCCCGTTGC 
ind-trunc-r GGGAGACACCTGAGCAGGAGAACGAGAAACAATG 
ind-EcoRI-forw CAGTGAATTCGCACGCCACAGTGCTCAATCAATC 
ind-XhoI-rev GATCCTCGAGCTCTCCCTCATGGATCATTG 
ind-trunc-XhoI-rev GTATCTCGAGTCAGGTGTCTCCCCCGTTG 
Tau-NdeI-forw CAGTCATATGCCGCACATCAACATCAAG 
Tau-HindIII-rev CTAGAAGCTTGTAGTTCGGTGACTTGTGCAG 
Scl0102-NdeI-forw CTGACATATGATCGAGTCCCTGCTGC 
Sc0102-HindIII-rev CATGAAGCTTGGCTAAGCGGGGGACGGTC 

Apra-Int Fw 2 
TATATATGAGTAAACTTGGTCTGACAGTCAGGCGCCGGGGGTTC
ATGTGCAGCTCCATCAG 

Apra-Int Rv 2 
AATAATATTGAAAAAGGAAGAGTAAGTTCCCGCCAGCCTGAGAT
TCTTCGCCCTGCGAGAG 

 
Expression of S. clavuligerus indigoidine synthetase in S. coelicolor 
M1146 and R. jostii RHA1 
For the heterologous expression of the S. clavuligerus indigoidine 
synthetase IndC(D), the gene SCLAV_p1474 was amplified from genomic 
DNA of S. clavuligerus ATCC27064 by PCR with the primers ind-f and ind-
r2 (Table 2). The product was cloned into the XbaI and EcoRI sites of 
pSET152-ermE* 33  resulting in plasmid pTE474. Plasmid pTE475, carrying 
only the indC part of the gene SCLAV_p1474 (truncated at base position 
3849), was created by PCR amplification from the pTE474 template with 
the primers ind-trunc-f and ind-trunc-r. The full pTE474 thus was 
amplified, except the tautomerase region from IndC(D). Primers were 
designed with 23 base pairs complementary to each other to be able to 
circularize the PCR product resulting in pTE475, which was then cloned in 
E. coli DH5α. Plasmids pTE474 and pTE475 were introduced into S. 
coelicolor M1146 via conjugation with E. coli ET12567/pUZ8002 as 
described in Gust et al. 34 and in R. jostii RHA1 by electroporation 
following the protocol described in Arenskotter et al. 35. Streptomyces ex-
conjugants were selected and maintained on SFM plates supplemented 
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with apramycin (50 μg/ml). For the preparative production of blue 
pigment, S. coelicolor transformants were grown at 28oC in 450 ml of 
liquid YEME medium supplemented with 100 mM sodium glutamate in 1 
L flasks for 4 days. Next, the culture was incubated for 3 more days at 
25oC to obtain a higher yield of blue pigment. Purification of blue pigment 
was performed as described in Takahashi et al. 7. NMR spectra of the 
purified compound from S. coelicolor M1146/IndC(D) were recorded on a 
Bruker Avance DRX 600 instrument. Spectra were referenced to the 
residual solvent signals. R. jostii strains were grown in LB at 30 ⁰C for 2-4 
days at 220 rpm or on LBA at 25 ⁰C or 30 ⁰C for 2-4 days.  

Protein purification 
Cells (0.5-L culture; 4.1 g) producing His-tagged IndD were suspended in 
8 mL of buffer A (10 mM NaH2PO4 buffer, pH 7.3) and disrupted by 
sonication, after which unbroken cells and debris were removed by 
centrifugation (10,000 g, 45 min). The IndD protein was purified using the 
standard Ni-NTA chromatography protocol involving 3 wash steps with 
25, 50 and 100 mM imidazole in buffer A. Retained IndD protein was 
eluted with 250 mM imidazole in buffer A. Fractions (1.5 mL) were 
analyzed by SDS-PAGE, and those that contained purified IndD protein 
were combined, concentrated using a vivaspin column, and the buffer 
was exchanged against buffer A using a pre-packed PD10 Sephadex G-25 
gel filtration column. The Waddell method was used for estimating 
protein concentrations 36. The purified protein was flash-frozen in liquid 
nitrogen and stored at -20°C until further use. 

Expression of IndD in R. jostii RHA1 
The IndD gene was subcloned from pTE493 and introduced in the NdeI 
and HindIII sites of pTip-QC1 37 resulting in construct pTip-Tau. 
Electrotransformation was performed to introduce pTip-Tau into R. jostii 
IndC.  
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Expression of the complete indigoidine gene cluster from S. clavuligerus 
in S. coelicolor M1146, S. coelicolor M1152, S. lividans and S. avermitilis 
One of the cosmids from a S. clavuligerus library 25 has a DNA fragment of 
37286 nucleotides (position 1670506 to 1707791 in S. clavuligerus plasmid 
pSCL4, genes SCLAV_p1456-SCLAV_p1488) IndC(D), a downstream 
transporter and DUF4243) gene cluster predicted in Medema et al. 25 
(SCLAV_p1474, SCLAV_p1475 and SCLAV_p1478). The hygromycin 
resistance gene from the cosmid was replaced by the Cϕ31 attachment site 
and apramycin resistance gene from pSET152 using E. coli 
BW25113/pIJ790 as described in the ReDirect protocol 34. The primers used 
for this strategy were Apra-Int Fw2 and Apra-Int Rv2 (Table 2). The DNA 
fragment was amplified using Phire Hot Start II PCR MasterMix from 
Thermo Fisher Scientific, using 60⁰C as annealing temperature. The 
modified cosmid was introduced in the different Streptomyces strains 
mentioned in Table 1 through conjugation using the ReDirect protocol 34.  
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   Table 3. Constructs used in this work. 
Plasmid Description 

pTE474 pSET152-ermE* vector carrying full-length S. clavuligerus indC(D) gene 

pTE475 
pSET152-ermE* vector carrying S. clavuligerus indC(D) gene truncated 
at position 3850 

pTE491 pET-28b (+) vector carrying full-length S. clavuligerus indC(D) gene 
pTE492 pET-28b (+) vector carrying S. clavuligerus indC 

pTE493 
pET-20b (+) vector carrying the fragment of the S. clavuligerus indC(D) 
gene (positions 3850 - 4074) encoding IndD 

pTE495 
pET-20b (+) vector carrying the S. clavuligerus PPTase SCLAV_0102 
gene 

pTE496 pACYC184 vector carrying the BglII-PdiI fragment of plasmid pTE495 
pTip-IndD pTip-QC1 vector carrying the fragment of the S. clavuligerus IndD 

Cosmid 4H02 
Cosmid containing a 37286 nt fragment from S. clavuligerus plasmid 
pSCL4 (from 1670506-1707791) (DSM cosmid collection) 

Cosmid 4H02A 
Cosmid 4H02 after the exchange of the hygromycin resistance gene by 
integrase for Cϕ31 attachment site and apramycin resistance gene 

IndD structure prediction 
IndD protein secondary structure prediction was performed with Phyre 
2.0 using standard parameters 38. 

Activity assays 
Activity assays with IndD were performed as previously described 39, 40. 

ESI-MS performed on the tautomerase domain 
The mass of the IndD protein was determined using an LCQ electrospray 
mass spectrometer (Applied Biosystems, Foster City, CA), housed in the 
Mass Spectrometry Facility Core in the Groningen Research Institute of 
Pharmacy at the University of Groningen. Protein samples (25 µM) were 
prepared in 5 mM NH4HCO2 buffer, pH 7.5.  
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Results  

Analysis of the indigoidine gene cluster of S. clavuligerus 
Indigoidine gene clusters contain an indigoidine synthetase encoded by 
indC surrounded by genes that vary between species (Figure 1). Genome 
analysis of S. clavuligerus revealed the presence of the SCLAV_p1474 
gene on plasmid pSCL4 25 encoding a homologue of IndC(D) showing 57% 
amino acid identity with IndC from D. dantii and 59% with indC of S. 
lavandulae. In close proximity to indC(D) the SCLAV_p1478 gene encodes 
a protein with homology to DUF4243. A gene encoding a predicted 
protein from the drug/metabolite transporter family is located 
downstream of indC(D) (SCLAV_p1475) (Figure 1c). This transporter is 
from the same family as pecM, which together with pecS is involved in 
the regulation of the production of pectinase, cellulase and indigoidine in 
D. dadantii 41. Also, an IndA domain encoding gene is present in S. 
clavuligerus. The indA gene however is not situated in close proximity to 
indC(D) but is located in the chromosome of S. clavuligerus (gene 
SCLAV_1172). No close homologue to the phosphatase IndB commonly 
present in these clusters was found in S. clavuligerus. The tautomerase 
part of the indigoidine gene cluster in S. clavuligerus is not present as a 
separate gene but instead this indD is a C-terminal domain of indC (Figure 
1c) 15. The amino acid sequence identity of 4-OTs is low but the structure 
is conserved 20. The protein identity of the S. clavuligerus IndD is more 
similar to that of YdcE from E. coli (37% identity, 100% coverage) 42 than 
to the Pseudomonas putida 4-OT (29% identity, 72% coverage) 43. 
Prediction of the secondary structure suggests that IndD of S. clavuligerus 
has a similar structure as YdcE from E. coli (Figure 2). This YdcE enzyme 
has been structurally characterized and is known to contain a C-terminal 
helical structure instead of the β-sheet hairpin more commonly found in 
4-OT enzymes 44. YdcE is also known to be active as a dimer instead of a 
hexamer, as described for most of the 4-OT enzymes. The essential 
catalytic residues in YdcE are Pro-1, Leu-11 (in some other IndD 
homologues substituted by Ile), Ser-39 and Trp-51; these residues are 
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also conserved in the S. clavuligerus IndD. The catalytic Pro-1 residue 
needs to be N-terminal to provide enzyme activity. In S. clavuligerus IndD 
this Pro-1 residue is fused to the IndC NRPS, however. To date, only 2 indC 
genes, including indC(D) of S. clavuligerus, are reported to encode a C-
terminal tautomerase domain 15, 26. BLAST analysis, however, revealed 
that at least 30 different strains belonging to Actinobacteria and 
Proteobacteria contain a homologue of the indC(D) gene of S. 
clavuligerus. These IndD 4-OT domains also possess all essential catalytic 
residues, and have a similar predicted C-terminal α-helix; in some cases, 
the last 2-3 amino acids are predicted to form a β-sheet (Figure 2).  

 

Figure 2. Multiple sequence alignment of the C-terminal IndD 4-OT domains of homologues of the 
indigoidine synthetase of S. clavuligerus IndC(D). The tautomerase domains were also aligned with 
5 well-characterized members of the 4-OT family of tautomerases: P. putida mt-2 4-OT 43, its close 
homologue from Pseudomonas sp. CF600 19, YwhB from B. subtilis 42, YdcE from E. coli 44 and TomN 
from Streptomyces achromogenes 15. The catalytic and substrate binding residues from 4-OT are 
marked by black stars above the sequences. All YdcE essential residues are conserved in the 
different IndD 4-OT domains. Leu-11 sometimes is substituted by Ile. Secondary structure 
elements predicted to form a β-sheet are shown in green. Secondary structure elements predicted 
to form an α-helix are shown in blue. The red box highlights the residues involved in the formation 
of C-terminal β-sheets or α-helices, which differentiate 4-OT domains that form hexamers or 
dimers, respectively 44.  
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Heterologous expression of the indigoidine gene cluster of S. 
clavuligerus 
The indigoidine gene cluster of S. clavuligerus is cryptic under laboratory 
growth conditions. Indigoidine has never been reported to be produced 
by S. clavuligerus. Heterologous expression of the indigoidine gene 
cluster was attempted by introducing a cosmid with a 37 Kb fragment of 
the S. clavuligerus genome including indC(D) and flanking genes into S. 
coelicolor M1146, S. coelicolor M1152, S. avermitilis, and S. lividans. All 4 
strains became resistant to apramycin, confirming the presence of the 
cosmid. Production of blue pigment was tested by following growth on a 
range of solid media at 30°C and 25°C, but no production was observed.  
 
Heterologous expression of S. clavuligerus indC(D) in S. coelicolor 
M1146, R. jostii RHA1 and E. coli Bl21(DE3) 
To analyse the activity of IndC(D) of S. clavuligerus, its gene was 
heterologously expressed in S. coelicolor M1146, R. jostii RHA1 and E. coli 
BL21(DE3), resulting in blue pigment synthesis in all 3 strains. As 
expected, only in case of E. coli co-expression of the SCLAV_0102 
phosphatase from S. clavuligerus with indC(D) was needed to activate the 
NRPS. Commonly used E. coli strains are not able to activate heterologous 
NRPSs 45. S. coelicolor M1146 produced blue pigment in the absence of 
SCLAV_0102 (see also Takahashi et al.) 7. In our experiments, R. jostii 
RHA1 also did not require addition of the SCLAV_0102 PPTase to produce 
blue pigment, which suggests that IndC(D) is activated by endogenous 
phosphatases; this may reflect the high content of NRPS clusters in the R. 
jostii RHA1 genome 46. Blue pigment was successfully produced in all 
three strains. Only co-expression of the S. clavuligerus IndC(D) and 
PPTase in E. coli resulted in blue pigment production; no production of 
coloured substances was observed when either indigoidine synthetase or 
PPTase were expressed separately. Ex-conjugants from S. coelicolor 
M1146 carrying the S. clavuligerus indC(D) gene were able to produce the 
blue product on all solid media tested at 25°C. Addition of 100 mM 
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glutamate to the medium greatly enhanced the synthesis of the blue 
compound by S. coelicolor M1146 on all tested media. Glutamine 
synthase uses L-glutamate as substrate to form glutamine 47. Glutamine 
is the substrate for IndC(D) indigoidine synthesis (see Figure 1). Addition 
of glutamate to the media did not stimulate production of blue pigment 
in R. jostii RHA1. The production of the pigment in S. coelicolor M1146 
cells appeared to be temperature-dependent, as hardly any blue 
pigmentation was observed at 30°C (results not shown), whereas it is 
clearly visible when cells were grown at 25°C. R. jostii RHA1 cells grown 
at 30°C clearly produced the blue compound, although also here lower 
temperatures favoured its synthesis. The overall production in E. coli was 
significantly lower compared to S. coelicolor M1146 or R. jostii RHA1. The 
latter two expression hosts produced similar intensity of blue colour.  
 

To analyse the role of IndD in the synthesis of indigoidine, indC was cloned 
separately and expressed in S. coelicolor M1146, R. jostii RHA1 and E. coli 
BL21(DE3). In the case of E. coli, the indC gene was co-expressed with the 
S. clavuligerus PPTase. With all three expression hosts this experiment 
resulted again in synthesis of blue pigment. Interestingly, in all cases the 
colour intensity of the pigment produced by IndC was higher compared 
to that of the strains carrying IndC(D) (Figure 3).  
 

 
 Figure 3. Blue pigment production by S. coelicolor M1146 transformants on solid DNA medium 
supplemented with 325 nM of glutamate incubated at RT for 10 days. a) IndC; b) IndC(D); c) S. 
coelicolor M1146 containing the cosmid 4H02A. Blue pigment production was highest in the strain 
expressing IndC. In c) the S. coelicolor M1146 strain carrying the complete gene cluster with 
indC(D) did not produce any blue pigment. 
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The blue pigment was purified from S. coelicolor M1146/IndC(D) and S. 
coelicolor M1146/IndC. The purified compound was insoluble in water 
and methanol but soluble in DMSO. The mass and structure of the 
compound from S. coelicolor M1146/IndC(D) was elucidated by a 
combination of MS and 1D and 2D NMR analyses.  
The 1H NMR spectrum of this compound displayed three signals 
corresponding to the protons of an amino- and an amide function as well 
as an olefinic substructure (11.30 (broad singlet; NH), 8.18 (singlet; CH), 
6.46 (singlet; NH2) ppm). The 13C NMR spectrum showed only five carbon 
signals further indicating the presence of a symmetrical structure (165.5 
(C-2), 160.3 (C-6), 137.0 (C-3), 124.3 (C-5), 107.8 (C-4) ppm.). HMBC 
couplings of the amino protons with C-4, C-5 and C-6 as well as coupling 
of the olefinic proton H-4 with C-2, C-3, C-5 and C-6 established the 
structure of the bipyridyl pigment. This NMR data is in full accordance 
with published data about the structure of indigoidine (Figure 4) 7. 
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Figure 4. Key HMBC couplings detected in the NMR analysis of the blue pigment.  

Coexpression of S. clavuligerus IndC and IndD in R. jostii RHA1 
To further investigate the role of the IndD in the production or 
modification of indigoidine, a strain was constructed independently 
expressing the S. clavuligerus IndC and the IndD 4-OT-like domain. For 
this purpose, indD was expressed under a thiostrepton-inducible 
promoter, in the R. jostii RHA1/IndC strain. The blue colour of the medium 
used to grow R. jostii RHA1 strains expressing IndC(D), R. jostii/IndC and 
R. jostii/IndC + pTip-IndD was evaluated by eye and by 
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spectrophotometer at 595 nm. R. jostii/IndC + pTip-IndD produced blue 
pigment in amounts comparable to R. jostii/IndC, and clearly much higher 
than R. jostii/IndC(D). Separate expression of IndD thus did not restore 
the phenotype observed for the expression of the IndC(D).  

In vitro analysis of the S. clavuligerus IndD  
With the aim of studying the activity of IndD when separated from 
IndC(D) and therefore containing an N-terminal free Pro-1 residue, IndD 
protein (Figures 1, 2) was successfully overexpressed in E. coli BL21(DE3) 
and partially purified in a high yield (Figure 5).  

 

Figure 5. SDS-PAGE analysis of IndD after its expression and His-tag purification using E. coli 
BL21(DE3) as host. The protein is about 11 kDa in size. M: Molecular weight marker proteins. FT: 
Flow through. W1: Wash 1 (25 mM imidazole in buffer). W2: Wash 2 (50 mM imidazole in buffer). 
W3: Wash 3 (100 mM imidazole in buffer). E: Elution (250 mM imidazole in buffer).  

Analysis by ESI-MS showed that the His-tagged IndD protein has a mass 
of 9805 ± 2 Da, consistent with the correct processing of the initial 
methionine, resulting in a protein with N-terminal proline residue, which 
is necessary for the proper activity of 4-OT enzymes 21. Next, in vitro 
activity assays were performed. Indigoidine purified from S. coelicolor 
M1146 could not be used as a substrate, as the pigment precipitated in 
aqueous buffers. The common 4-OT substrates 2-hydroxymuconate and 
phenylenolpyruvate were tested, but no tautomerase activity was 
detected for IndD 39, 40. IndD was active, however, with trans-β-
nitrostyrene and acetaldehyde as substrates, in a promiscuous C–C bond-
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forming Michael-type addition reaction, catalyzed by some of these 
tautomerase enzymes 40. We also attempted to purify His-tagged IndC(D) 
and IndC proteins from E. coli BL21 (DE3) by Ni-NTA column 
chromatography, but the expression level was relatively low and both 
proteins were lost during the purification procedure. 
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Discussion  
 

Indigoidine is a dark blue, insoluble pigment that can be synthesized by 
the single-module NRPS IndC. In the studied genome sequences, the indC 
gene is often found clustered with 5 additional genes suggesting a role 
for these genes in further modification of indigoidine 12. S. clavuligerus, 
an industrially relevant bacterium with a high potential for the 
biosynthesis of diverse secondary metabolites, was reported to contain 
an indigoidine biosynthetic gene cluster 25 but production of indigoidine 
by this strain has never been observed, implying that this cluster is cryptic 
or silent. Interestingly, the S. clavuligerus indC gene is fused to an indD 
gene encoding a 4-OT domain. In most other strains containing an 
indigoidine gene cluster, IndD is encoded by a separate gene. First, we 
attempted the heterologous expression of a genomic fragment of S. 
clavuligerus containing indC(D) and its flanking genes in different 
Streptomyces hosts, but no blue pigment production or phenotypic 
difference was observed compared to the unmodified strain. One of the 
flanking genes of indC in S. clavuligerus is DUF4243. The homologous 
DUF4243 of P. luminescens has been suggested to act as a repressor in 
indigoidine biosynthesis 12. Experimental data on the indigoidine cluster 
from P. luminescens heterologously expressed in E. coli showed that 
expression of indC alone was sufficient to produce indigoidine. When the 
complete cluster except for the indA gene was expressed in E. coli, no 
indigoidine production was observed. Indigoidine was produced again in 
this E. coli host strain after the further deletion of the DUF4243 or IndD 
encoding genes from this gene cluster. However, with both constructs a 
much lower intensity of blue pigment was observed, compared to the 
expression of IndC alone. Deletion of DUF4243 gene in the parent strain 
did not induce the production of indigoidine, implying that there is 
further regulation occurring 12. Deletion of DUF4243 in the indigoidine 
biosynthesis cluster of S. clavuligerus in future work may provide us with 
more insights about the regulation of this cluster. Another explanation 
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for the lack of indigoidine synthesis in Streptomyces hosts strains is that 
the cluster is active but that indigoidine is not the end-product of the 
biosynthetic pathway. When we expressed the atypical indC(D) gene 
separately, under the control of the strong constitutive promoter ermE*, 
the blue pigment was synthesized in all tested Streptomyces, 
Rhodococcus and E. coli hosts, for the first time showing that the fused 
IndC(D) protein from S. clavuligerus is functional and can synthesize 
indigoidine. With the E. coli host, the pigment was only produced when 
the S. clavuligerus PPTase was expressed together with IndC(D). These 
results concur with the data from Takahashi et al. 7, using IndC from 
Streptomyces lavendulae ATCC11924 and the PPTase svp from 
Streptomyces verticillus. It was previously shown by Yu et al. 26 that IndC 
from S. chromofuscus alone can produce indigoidine. This indC gene was 
afterwards reported to also contain a fused indD 16. All IndC enzymes 
containing an IndD fusion thus may be capable of catalyzing the 
production of indigoidine.  

To further analyse indC(D) of S. clavuligerus and the role of IndD in the 
synthesis of the blue product, indD was removed from the indC gene and 
this truncated indC(D) was expressed in the same strains mentioned 
above. Here it is important to note that IndD cannot be functional while 
fused to IndC: only after deletion of the IndD N-terminal methionine the 
resulting Pro-1 residue is free (i.e., N-terminal) for correct activity of IndD 
21. A post-translational modification may be needed to separate both 
enzymes and to allow a proper functioning of both. Compared to IndC(D), 
blue pigment synthesis from IndC was higher in all three strains. This may 
be due to better expression or activity levels of IndC than full length 
IndC(D). But the IndD domain consists of only 74 amino acids out of the 
1357 in IndC(D), and it is situated at the C-terminus of this NRPS. It is 
therefore unlikely that IndD interferes with IndC expression. Perhaps 
IndD is interfering with the IndC enzyme activity, e.g. by producing an 
allosteric interference or by obstructing the correct folding of this NRPS, 
but such a mechanism would seem wasteful and biologically implausible. 
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Having the tautomerase fused to the NRPS would ensure that the level of 
expression of both enzymes is largely the same, which could explain why 
at least 30 bacterial strains have these two enzymes fused. It may also 
indicate that the tautomerase acts immediately after the formation of the 
product by IndC or even during its synthesis. In this case, the molecule 
might be modified before the condensation of the indigoidine monomers, 
thus preventing the formation of indigoidine. Having both genes fused 
would ensure the proximity of both enzymes for a faster reaction before 
the condensation of the molecule. The fusion of these genes might have 
also been the result of selection for inactivation of IndD by blocking the 
Pro-1 residue.  

Our data shows that the separate S. clavuligerus IndD expressed in E. coli 
has a promiscuous enzymatic activity indicating correct folding of this 
domain (see below). Co-expression of IndC and IndD in R. jostii RHA1 was 
expected to revert the phenotype to that of expression of the complete 
indC(D) gene (synthesis of a reduced amount of blue pigment), but no 
difference was observed. The lack of activity could be due to a failed 
removal of the first methionine, thus lowering the activity of IndD. 
Another possibility is that any downregulatory effect of IndD on IndC 
activity is exerted via its direct fusion to each other by affecting the 
expression levels of the fused genes or the correct folding of the NRPS, 
and/or in vivo IndD activity reducing the amount of blue pigment. 
Unfortunately, no such activity of IndD with the blue pigment could be 
detected in vitro. Further studies of IndD should provide more insights in 
its regulatory and/or catalytic roles.  

To analyse the enzymatic activity of the S. clavuligerus IndC(D) and IndC 
proteins, the enzymes were expressed in E. coli BL21 (DE3) but their 
purification was unsuccessful. IndC(D) and IndC expression levels were 
poor and these proteins were lost during the different His-Tag 
purification steps. However, expression and purification of the IndD 
domain alone was successful. Indigoidine could not be tested as a 
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substrate for IndD because of the insoluble nature of this compound. 
However, enzymatic activity was detected in a Michael-type addition 
reaction using trans-β-nitrostyrene and acetaldehyde as the substrates, 
presumably forming the corresponding γ-nitroaldehyde. This Michael-
type addition reaction involves the formation of a nucleophilic enamine 
intermediate between Pro-1 and acetaldehyde, which reacts with the 
electrophilic nitroalkene. This reaction has been discovered as a 
promiscuous activity of 4-OT 40. This result shows that the fused 4-OT 
domain of S. clavuligerus could have enzymatic activity as well, but 
further work is needed to identify the natural activity of IndD of S. 
clavuligerus. 

The putative indigoidine biosynthesis gene cluster is cryptic in wild type 
S. clavuligerus, and heterologous expression of the gene cluster did not 
result in production of the blue pigment. Separate expression of the 
atypical indigoidine synthetase of S. clavuligerus, containing an extra C-
terminal 4-OT domain, under the control of the ermE* promoter was 
successful, and we confirmed indigoidine production. The data also 
shows that R. jostii RHA1 can be used to express Streptomyces genes 
resulting in synthesis of secondary metabolites. Rhodococcus strains grow 
relatively fast and are more easily to manipulate genetically 48 than 
Streptomyces, making them very interesting expression host strains that 
already find increasing use as industrial production strains 49. The role of 
the extra 4-OT domain found in S. clavuligerus IndC(D) was also studied. 
Deletion of this domain resulted in a higher production of indigoidine. In 
vitro enzyme activity assays with IndD showed that the domain has 
enzymatic activity when separated from this NRPS. However, no activity 
was observed on typical tautomerase substrates. The biosynthesis 
pathway and the product(s) synthesized by this gene cluster thus remain 
to be determined. The study of the synthesis and regulation of easily 
detectable compounds like indigoidine will help us recognize the essential 
genes in the different clusters that may need to be activated in order to 
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trigger the expression of cryptic secondary metabolite gene clusters, 
leading ultimately to the discovery of new compounds.  
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