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Abstract

Natural products (secondary metabolites) are a rich source of compounds with important 

biological activities. Eliciting pathway expression is always challenging but extremely important 

in natural product discovery because individual pathway is tightly controlled through unique 

regulation mechanism and hence often remains silent in the routine culturing conditions. To 

overcome the drawback of the traditional approaches that lack general applicability, we developed 

a simple synthetic biology approach that decouples pathway expression from complex native 

regulations. Briefly, the entire silent biosynthetic pathway is refactored using a plug-and-play 

scaffold and a set of heterologous promoters that are functional in a heterologous host under the 

target culturing condition. Using this strategy, we successfully awakened the silent spectinabilin 

pathway from Streptomyces orinoci. This strategy bypasses the traditional laborious processes to 

elicit pathway expression and represents a new platform for discovering novel natural products.
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Introduction

Microorganisms have evolved to produce a myriad array of complex molecules known as 

natural products or secondary metabolites, many of which possess important biological 

activities such as antibacterial, antiviral and anticancer properties (1, 2). The rapidly 

increasing number of sequenced genomes and metagenomes provide a tremendously rich 

source for discovery of gene clusters involved in biosynthesis of new compounds. However, 
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the discovery and economical production of natural products are hampered by our limited 

knowledge in manipulating most organisms, determining suitable conditions to elicit 

pathway expression, and producing sufficient compounds for structure identification.

The biosynthesis of natural products is highly regulated and gene clusters often remain silent 

until suitable conditions are met. The regulation is conducted through dozens of pleiotropic 

regulatory genes and pathway-specific regulators (3–6). They interact with each other to 

form an extremely complex network in response to a variety of physiological and 

environmental signals. Existing approaches to study natural product biosynthetic clusters 

mainly include: (i) manipulating cell culture parameters, such as medium composition, to 

ensure expression of pathway-specific activator(s), presence of physiological and 

environmental co-inducers, or derepression of the genes repressed by repressor(s) (4, 6); (ii) 

engineering the regulation by expressing the pathway-specific regulator under a well-

characterized promoter (7, 8); (iii) testing a variety of heterologous hosts to express the 

target cluster (9); (iv) silencing major secondary metabolite biosynthetic pathways in order 

to simplify product identification and relieve competition for key precursors (10); (v) 

utilizing industrial strains which have been set up for high-level production of specific 

compounds (11). All these strategies can only be applied on a case-by-case basis. Each gene 

cluster has its own unique regulatory mechanism that has to be examined individually in 

order to identify the suitable context for the cluster to be activated. Our current 

understanding of regulation hierarchy is insufficient to accurately predict the functions of all 

the regulatory elements. Thus, it is highly desirable to develop generally applicable 

approaches that reduce regulation complexity without any requirement of specific tailoring 

to the cryptic biosynthetic pathway of interest.

Here we describe a synthetic biology-based strategy to decouple pathway expression from 

native sophisticated regulation cascades. Based on the key engineering principle of modular 

design in synthetic biology, the scaffold consists of three types of modules (Scheme 1): 

promoter modules, gene modules, and helper modules. For promoter modules, strong 

promoters are confirmed in the target expression host under the selected culture condition to 

ensure the transcription of downstream genes. They can be cloned from the potential 

promoter regions of the endogenous housekeeping genes in the target expression host. In 

addition, other organisms closely related to the target expression host can also be used to 

identify strong promoters that can be recognized by the target expression host. For helper 

modules, genetic elements (mainly including an origin of replication and a selection marker) 

needed for DNA maintenance and replication in individual hosts are amplified from the 

corresponding vectors. Typically, hosts include the cluster assembly host Saccharomyces 

cerevisiae, the DNA enrichment host Escherichia coli and the target expression host. After 

promoter modules and helper modules are set up, genes plus their downstream intergenic 

sequences in the target cluster can be individually amplified from the isolated genomic DNA 

if the native host is cultivable or obtained directly via chemical synthesis, and subsequently 

plugged into each gene module. The downstream intergenic sequences are included because 

some of them might contain terminator function (see more discussion below). In some cases, 

if an inducible promoter is available for the target expression host, it can be placed upstream 

of the gene encoding the enzyme catalyzing the first step in the biosynthesis. The necessity 
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for including such a promoter whose activity is controlled by exogenously added inducer 

depends on whether the toxicity of the final product or the biosynthetic intermediates to the 

expression host is a concern. The assembly of such an artificial gene cluster is based on the 

DNA assembler approach that relies on yeast homologous recombination to splice multiple 

overlapping DNA fragments (12, 13). Using such a plug-and-play scaffold, the sophisticated 

regulation embedded in individual clusters is removed and replaced by a set of regulation 

that is predictable, easy to manipulate, and not specifically linked to any gene cluster. Such a 

strategy offers a new platform for de novo cluster assembly and genome mining for 

discovering new natural products.

Results and Discussion

Because a full set of constitutive or inducible promoters needed for the above-mentioned 

plug-and-play strategy are typically not available for most expression hosts except E. coli 

and S. cerevisiae, it is important to quickly discover as many strong promoters as possible 

for a target expression host. We chose to work on gene clusters from Streptomycetes 

because they are prolific sources of bioactive natural products, many of which exhibit 

important medical properties (14, 15). Streptomyces lividans, a laboratory strain that has 

been used extensively for studying gene clusters from Streptomycetes was chosen as a target 

heterologous host owing to its high conjugative DNA transfer efficiency and the availability 

of several genetic manipulation tools (9, 16–20).

We first selected promoter candidates upstream of 23 housekeeping genes originated from 

Streptomyces griseus, whose genome sequence is available. These genes include RNA 

polymerase subunits, elongation factors, ribosomal proteins, glycolytic enzymes and various 

amino-acyl tRNA synthetases (Supporting Information Table S1). Using real-time PCR, two 

genes encoding glyceraldehyde-3-phosphate dehydrogenase (gapdh) and 30S ribosomal 

protein S12 (rpsL), stood out with much higher transcription levels than all the other genes 

in our fixed culturing condition (Figure 1a), indicating that their corresponding promoters 

could be very strong. The gapdh promoter, named as gapdhp (SG), is located upstream of the 

gapdh operon consisting of Gapdh, phosphoglycerate kinase (pgk) and triosephosphate 

isomerase (tpiA), the enzymes catalyzing the 6th, 7th and 5th steps, respectively, in the 

glycolysis pathway; and the rpsL promoter, named as rpsLp (SG), resides upstream of 

another operon consisting of 30s ribosomal proteins S12 and S7, and elongation factor G 

and Tu (Supporting Information Figure S1). To ensure that these promoters can be used to 

drive the transcription of heterologous genes and also compare their activities with the ones 

reported in literature, the intergenic region between the gene located upstream and the gapdh 

operon (or the rpsL operon) were subsequently fused with the Streptomycete reporter gene, 

catechol 2, 3-dioxygenase (xylE), which catalyzes the conversion of colorless catechol to 

yellow-color 2-hydroxymuconic semialdehyde. The xylE activity assay (20) confirmed their 

much stronger activities than the control promoter, ermE*p, (Figure 1b), which is the 

mutated variant of the promoter of the erythromycin resistance gene from 

Saccharopolyspora erythraea, and is believed to be one of the strongest constitutive 

promoters in Streptomycetes (21, 22). The strong activities of gapdhp and the promoters of 

various translation elongation factors have also been observed in many other 

microorganisms, such as fungi, bacteria, micro-algae, and protozoa (23–29). Encouraged by 
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the strong activities of gapdhp and rpsLp, we decided to examine their equivalents from 

other species. The promoters from different Streptomyces species share extremely high 

homologies with each other (Supporting Information Figure S2a), which is undesired 

because such high sequence similarities would cause severe deletions during DNA assembly 

in S. cerevisiae. Since Streptomycetes belong to the actinobacteria family, the promoters 

from other genera of actinobacteria could be possibly recognized by the transcription 

machinery in Streptomycetes as well. The gapdh and the rpsL operon were found to be 

highly conserved in the actinobacteria family, but the corresponding promoters are highly 

diversified (Supporting Information Figure S2b). Next, the potential gapdhp and rpsLp from 

18 distinct actinobacteria (Supporting Information Figure S3) were cloned upstream of xylE 

for more quantitative comparison. As a result, 13 out of the 36 promoter candidates were 

shown to be very active in S. lividans, many of them having more than 10-fold higher 

activities than ermE*p (Figure 1b and Supporting Information Table S2).

As proof of concept, the spectinabilin gene cluster from Streptomyces orinoci (30) was 

chosen as a model pathway. Spectinabilin, isolated from Streptomyces spectabilis and 

Streptomyces orinoci, is a nitro-phenyl substituted polyketide exhibiting antimalarial and 

antiviral activities (31, 32). Interestingly, although the catalytic proteins from the two 

spectinabilin clusters share very high homologies with each other, these two clusters 

undergo different regulations. The cluster from S. spectabilis (named as spn cluster) contains 

SpnD as an activator and the cluster from S. orinoci (named as nor cluster) contains NorD as 

a repressor (Figure 2a and Supporting Information Figure S4) (33). When the two clusters 

were cloned into S. lividans, only the spn cluster could heterologously produce spectinabilin 

under the laboratory conditions (33, 34). We first reconstructed the nor cluster excluding 

norD in S. lividans. However, no production of spectinabilin was observed either (data not 

shown), indicating that more sophisticated regulation is embedded in the actual biosynthetic 

process. Subsequently, real-time PCR was used to analyze the transcription level of each nor 

gene in both S. orinoci and S. lividans. It was shown that most of the enzymes involved in 

spectinabilin biosynthesis were expressed at extremely low levels in S. lividans even in the 

absence of NorD repression. When referenced to the expression of hrdB, norJ, norG, and 

norH have more than 40-fold higher transcription in S. orinoci than in S. lividans (Figure 

2b). Such repressed transcription of multiple genes could explain the silencing of 

spectinabilin biosynthesis in the heterologous host.

Because understanding the regulation hierarchy remains an overwhelming challenge, the 

silent nor pathway in the heterologous host serves as a perfect test bed for our scaffold 

design in refactoring gene clusters. Therefore, nine strong constitutive promoters from our 

collection were used to drive the expression of the nor genes except for norD and norG 

(Figure 3a). NorG is the first enzyme in the pathway, converting chorismate from the 

shikimate pathway to p-aminobenzoic acid. For norG, the hyper-inducible promoter nitAp 

induced by the cheap ε-caprolactam (35) was used. Although spectinabilin is not toxic to S. 

lividans, we included an inducible promoter to demonstrate a more generally applicable 

design due to the consideration that many natural products have biological activities and 

might be toxic to the heterologous host. From another point of view, in nature, secondary 

metabolites are mostly synthesized in the stationary phase, when native producers do not 
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need a lot of resources to support their primary metabolism. Therefore, the competition 

between primary metabolite biosynthesis and the target secondary metabolite biosynthesis 

for the precursors is at least partially relieved by the inclusion of an inducible promoter. The 

preparation of the three helper modules was previously reported (12). The refactored 

spectinabilin gene cluster was built by PCR-amplifying each nor gene (except for norD) 

plus its downstream intergenetic sequence and plugging them into the scaffold (Supporting 

Information Figure S5 and S6). As a result, the refactored pathway was successfully 

activated and produced spectinabilin in S. lividans (Figure 3b and Supporting Information 

Figure S7), with a titer of 105±21 μg/L. We further investigated the transcription of the nor 

genes in the refactored cluster and confirmed that all the genes driven by the strong 

promoters were turned on at high levels (Figure 3c), in contrast to the low levels of most 

genes in the intact cluster (Figure 2b). Among them, only norG, whose express was driven 

by the inducible promoter nitAp, had a relative low transcription level.

In contrast to the traditional strategies that require investigators to individually examine the 

transcriptional regulation specific to the cluster and the host, here we described a generic 

design to replace the sophisticated regulatory elements with a set of characterized ones. The 

key steps include:

(i) Determine an ideal expression host, which in general should be closely related 

to the native producer in order to provide both necessary precursors and a 

similar environment for protein translation and folding. The choice of the 

expression host should also be made based on the availability of genetic tools to 

manipulate the organism. For example, S. lividans was used as a host to express 

clusters from other Streptomyces species (16–20) and S. cerevisiae was used to 

express clusters from fungi (36, 37).

(ii) Identify a set of strong constitutive promoters. Except for E. coli and S. 

cerevisiae, most organisms do not have such a set of promoters reported in 

literature for ready usage. Thanks to the development of real-time PCR and 

RNA-seq, strong constitutive promoters can be rapidly identified from the 

upstream regions of the housekeeping genes in the selected expression host. The 

culturing condition for promoter identification will be subsequently used to 

produce the target compound such that the transcription of each pathway gene is 

forced to be on. As we demonstrated here, promoters from closely-related 

organisms have a very high chance to be recognized by the transcription 

machinery in the selected host. These promoters could undergo unknown 

regulations in the target host, thus might not be completely constitutive. But at 

least transcription of the downstream genes should be consistently observed. 

Note that we first used real-time PCR analysis to identify two strong promoters 

from the heterologous host and then relied on XylE activity assay to confirm the 

activities of all the candidate promoters. We did this mainly because of the 

following considerations: (1) The promoters we identified were from various 

sources, therefore they need to be cloned upstream of a single reporter gene in 

order to have a fair comparison of their activities. (2) The time course of the 

mRNA level varies from promoter to promoter. As shown in Supporting 
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Information Figure S8a, the mRNA levels of gapdh and rpsL genes in S. griseus 

were very high in the samples collected at 12 hours, but the mRNA level of rpsL 

decreased significantly afterwards while the mRNA level of gapdh continued to 

climb up until 24 hours. If the strengths were evaluated based on the samples 

collected at the time points after 12 hours, we probably would miss rpsLp(SG) 

although its high transcription efficiency at an early stage already led to 

sufficient protein expression (Figure 1b). For the same reason, the order of the 

promoter strength measured based on mRNA level will probably not be 

consistent with that based on protein assay (Figure 1b and Supporting 

Information Figure S8b). In addition, note that we attempt to provide a basic 

guideline to awaken a pathway without knowing its co-transcribed groups of 

genes. It is also reasonable to consider inserting one or two promoters, in front 

of co-transcribed groups of genes to turn on the expression if such knowledge is 

available.

(iii) PCR-amplify each pathway gene plus its downstream intergenic region from the 

target gene cluster using primers that will generate overlaps between adjacent 

fragments and then refactor the gene cluster using DNA assembler in S. 

cerevisiae. The resulting refactored gene cluster will maintain its native 

termination elements if they exist, but its transcription is fully controlled by the 

inserted heterologous promoters. Compared to promoter identification, it is more 

challenging to identify a set of terminators and we also tested a few on-line 

bioinformatics tools, but did not obtain reliable predictions. Certainly, an entire 

intergenic region can possibly contain another potential promoter or a potential 

terminator for the downstream gene depending on the direction of that gene. 

However, in the refactored gene cluster, a strong promoter is placed directly 

upstream of each pathway gene, which will control the transcription such that 

whether another independent regulatory element existing upstream of this strong 

promoter becomes trivial.

In addition, several other DNA assembly methods such as Gibson cloning (38), 

RecET mediated direct cloning (39, 40), and reiterative recombination (41), all 

based on in vivo or in vitro homologous recombination, were reported recently. 

Based on our experience with all these methods, DNA assembler shows higher 

assembly accuracy with an easy protocol for pathways larger than 20 kb, 

especially when the number of the fragments to be assembled is more than 10. 

This is likely because S. cerevisiae has a full set of machinery responsible for 

high-fidelity homology recombination. Pathways up to 50 kb can be assembled 

routinely within 1–2 week with an efficiency of 30–100% (12). Such an in vivo 

homologous recombination-based assembly has also been used to assemble 

molecules as large as a genome (42). Combined with the rapid promoter 

identification mentioned above, the method we propose here enables pathway 

design and manipulation in any desired organism as easy as in E. coli and S. 

cerevisiae. Codons can be optimized in this step if needed.

(iv) Express the cluster in the selected host and identify the product. The expression 

of the pathway genes can be confirmed via real-time PCR, SDS-PAGE and 
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Western blot (if a gene is tagged). Metabolites extracted from the expression 

host carrying the refactored cluster are usually analyzed by LC and compared 

with those extracted from the host lacking the exogenous pathway or carrying a 

non-functional pathway (e.g. a pathway with an essential gene deleted or 

mutated). Compounds appearing as new peaks are purified and subjected to 

mass spectrometry or NMR analysis for structure clarification.

This plug-and-play design sheds light on studying cryptic pathways for which the 

corresponding products have not been identified (43–45). Over the last two decades, the 

complete genome sequences of more than 2000 organisms have been determined, with more 

than 10,000 organisms being sequenced. Genome mining has revealed that the natural 

products which have been characterized are merely “the tip of the iceberg”, whilst plenty of 

metabolites await discovery. For example, genome mining of Streptomyces (46, 47), 

myxobacteria (48), cyanobacteria (49, 50) and fungi (51) revealed the presence of many 

cryptic pathways involved in secondary metabolite production while these strains were 

previously known to produce only a few compounds before their genomes were sequenced. 

The complex regulation embedded in natural product biosynthesis always hampers the 

discovery of novel natural products. The traditional methods to elicit pathway expression 

suffer from the laborious process, lack general applicability, and repeatedly identify 

compounds that are already known. The strategy we present here offers an alternative for 

activating cryptic pathways identified through genome mining.

Like other existing approaches in the natural product research field, the plug-and-play 

scaffold does not solve all the problems and need to be further improved in a few aspects. 

For example, in some cases, the precursors are not abundant or even missing from the 

expression host, while in other cases, pathway expression could be far from the balancing 

point so the production titer is low. Incorporation of the genes encoding for precursor 

synthesis into the refactored pathway could be a viable approach if those genes can be 

identified. It has been widely accepted that high-level transcription does not always 

guarantee a high titer. As shown in this study, the titer of spectinabilin in the native producer 

is actually much higher (>1 mg/L, see Supporting Information Figure S7b). Note that the 

decision for making promoter and gene pairs was arbitrary and we did not follow the 

strength order of the native promoters to pair the heterologous promoters with the nor genes. 

This was mainly because the dynamics of the native promoters was not similar to that of the 

heterologous promoters. Even for the same heterologous promoter, switching the 

downstream gene from xylE to a nor gene also resulted in very different mRNA levels 

partially due to the stability of mRNA (Figure 3c and Supporting Information Figure S8b). 

Moreover, even if we could match the strength order of the heterologous promoters with that 

of the native promoters at a certain time point, the order would not be maintained for other 

time points. That is the exact reason why we decided not to decipher the sophisticated 

regulation specific to each gene cluster. Instead, our strategy is to first use strong promoters 

to activate a target gene cluster and determine the chemical structure of the product and then 

rely on other pathway engineering strategies to balance the flux to improve the titer and 

yield of the product. If a high throughput screening method is available, the expression of 

each pathway gene can be fine-tuned by setting up a promoter library with varying strengths 

to control gene transcription, or alternatively creating a RBS library or an intergenic 
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sequence library to post-transcriptionally control the expression, and the desired pathway 

variants carrying a balanced flux can be identified from the pool. Similar strategies to 

coordinate transcriptional or post-transcriptional processes have been successfully used in 

pathway optimization in S. cerevisiae and E. coli (52–54). Now that a natural product gene 

cluster can be easily built de novo in many other expression hosts, a similar idea can be 

applied. Moreover, modular design can be further applied to generate a series of distinct 

inducible promoters controlled by a single inducer, e.g. fusing the DNA binding sequence of 

the repressor, NitR (Supporting Information Figure S4) (35) with other constitutive 

promoters used in refactoring the spectinabilin gene cluster, such that pathway genes are 

turned on at the same time. Lastly, our long-term goal is to build a high-throughput platform 

for natural product discovery. With the cost of chemical synthesis of DNA being 

continuously reduced, refactored gene clusters can be completely designed in silico and 

directly synthesized. Transformation of thousands of such gene clusters and screening the 

resulting library in a high-throughput manner should lead to discovery of many interesting 

compounds. Regardless of subsequent improvements, our plug-and-play scaffold design is 

well suited for de novo gene cluster assembly, rapid heterologous expression of biosynthetic 

gene clusters in tractable hosts, and mining the vast amount of genome sequence data for 

applications in secondary metabolite discovery.

Methods

Materials and Reagents

S. lividans 66 and S. orinoci were obtained from the Agricultural Research Service Culture 

Collection (Peoria, IL). Plasmids pAE4 and E. coli strain WM6026 were a gift from William 

Metcalf (University of Illinois, Urbana). Complete sequences of plasmids and details of 

strain and plasmid construction can be obtained by request from the authors. The plasmid 

pRS416 was purchased from New England Biolabs (Beverly, MA). Failsafe™ 2x premix 

buffer G was purchased from EPICENTRE Biotechnologies (Madison, WI), which was used 

as the reagent to amplify pathway fragments. Synthetic complete drop-out medium lacking 

uracil (SC-Ura) was used to select transformants containing the assembled pathways and S. 

cerevisiae HZ848 (MATα, ade2-1, Δura3, his3-11, 15, trp1-1, leu2-3, 112 and can1-100) 

was used as the host for DNA assembly.

Streptomycetes cultivation, RNA extraction and real-time PCR analysis

A seed culture was grown in MYG medium (4 g/L yeast extract, 10 g/L malt extract, and 4 

g/L glucose) at 30 °C with constant shaking (250 rpm) until saturation, and inoculated into 

fresh MYG with a ratio of 1:100. For promoter screening and XylE assay, cultures were 

collected at appropriate times and the total RNA was extracted using the RNeasy Mini Kit 

(QIAGEN, Valencia, CA). Reverse transcription was carried out using the First-strand 

cDNA Synthesis Kit (Roche Applied Science, Indianapolis, IN). Real-time PCR was 

performed with SYBR® Green PCR Master Mix on the 7900HT Fast Real-Time PCR 

System (Applied Biosystems, Carlsbad, CA). For investigation of nor gene expression in the 

refactored pathway, ε-caprolactam was added to the cultures at a concentration of 1 g/L after 

12 hrs, and samples were collected after additional 24 hrs. For analysis of nor gene 

expression in the intact cluster in either S. orinoci or S. lividans, samples were collected 
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after 36 hrs. The endogenous gene, hrdB, encoding RNA polymerase sigma factor, was used 

as the internal control for promoter screening. The expression of other candidate genes was 

normalized by the expression of the control. Data was analyzed by the software SDS2.4 

(Applied Biosystems).

Promoter cloning: For gapdhp (SG) and rpsLp (SG), the genomic DNA of S. griseus was 

isolated using the Wizard® Genomic DNA Purification Kit (Promega, Madison, WI) and the 

two target promoters were PCR-amplified from the isolated genome. Promoters from other 

hosts were obtained through primer splicing, in which 6–10 overlapping oligonucleotides 

designed based on the sequence of each promoter are jointed through overlap extension 

PCR. The resulting promoters were further spliced with the amplified xylE, and cloned into 

pAE4 vector, which is a Streptomyces-E. coli shuttle vector and also a Streptomyces 

integration vector (Supporting Information Figure S3). XylE assay was performed according 

to the protocol described elsewhere (20).

Pathway refactoring and yeast transformation

Pathway fragments were amplified from the genomic DNA of S. orinoci. The primer 

sequences are listed in Supporting Information Table S3. The S. cerevisiae helper fragment 

was amplified from the plasmid pRS416, whereas the E. coli helper fragment and the S. 

lividans helper fragment were amplified from pAE4. The PCR products were individually 

gel-purified from 0.7% agarose. 200–300 ng of each individual fragment was mixed and 

precipitated with ethanol. The resulting DNA pellet was air-dried and resuspended in 4 μL 

Milli-Q double deionized water. The previously reported two-step assembly strategy (12) 

was used to refactor the 42.6 kb spectinabilin gene cluster. To construct the three 

intermediate plasmids carrying the partial spectinabilin biosynthetic pathway (Supporting 

information Figure S5 and S6), the concentrated mixture of DNA was electroporated into S. 

cerevisiae using the protocol reported previously (13). To construct the full-length 

spectinabilin pathway, the three intermediate plasmids were subjected to AvrII and SspI 

digestion and the released intermediate pathway fragments were combined with the master 

helper fragment (Supporting information Figure S5 and S6). After being concentrated, the 

mixture was transformed to S. cerevisiae using the lithium acetate/single stranded carrier 

DNA/polyethylene glycol (PEG) method (55).

Restriction digestion analysis

Colonies were randomly picked to SC-Ura liquid media and grown for 1 day, after which 

the plasmids from yeast were isolated using Zymoprep II Yeast Plasmid Miniprep kit (Zymo 

Research, CA). Yeast plasmids were transformed to E. coli strain BW25141 and selected on 

Luria Broth (LB) agar plates supplemented with 50 μg/mL apramycin. Colonies were 

inoculated into 5 mL of LB media supplemented with 50 μg/mL apramycin, and plasmids 

were isolated from the liquid culture. Plasmids isolated from E. coli were then subjected to 

restriction digestion. Usually, one or two enzymes cutting the target molecule at multiple 

sites were chosen. The reaction mixtures were loaded to 0.7% agarose gels to check for the 

correct restriction digestion pattern by DNA electrophoresis.
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Heterologous expression in S. lividans

The verified clones were transformed to E. coli WM6026 (16) and selected on LB 

supplemented with 19 μg/mL 2,6-diaminopimelic acid and 50 μg/mL apramycin agar plates. 

These transformants were then used as the donors for conjugal transfer of the assembled 

plasmids to S. lividans 66 following the protocol described previously (16). S. lividans 

exconjugants were picked and restreaked on ISP2 plates supplemented with 50 μg/mL 

apramycin and allowed to grow for 2 days. A single colony was inoculated into 10 mL 

MYG medium supplemented with 50 μg/mL apramycin and grown at 30 °C for 2 days as a 

seed culture, of which 2.5 mL was subsequently inoculated to 250 mL fresh MYG medium 

and grown for appropriate times. For expressing the refactored pathway, ε-caprolactam was 

added at a concentration of 1 g/L after 12 hrs, and samples were collected at appropriate 

times afterward.

LC-MS analysis

Cultures were cleared of cells by centrifugation. The supernatants were extracted with an 

equal volume of ethyl acetate and concentrated 1000-fold before high performance liquid 

chromatography (HPLC) analysis. HPLC was performed on an Agilent 1100 series 

LC/MSD XCT plus ion trap mass spectrometer (Agilent, Palo Alto, CA) with an Agilent 

SB-C18 reverse-phase column. HPLC parameters for detection of spectinabilin were as 

follows: solvent A, 1% acetic acid in water; solvent B, acetonitrile; gradient, 10% B for 5 

min, to 100% B in 10 min, maintain at 100% B for 5 min, return to 10% B in 10 min and 

finally maintain at 10% B for 7 min; flow rate 0.3 mL/min; detection by UV spectroscopy at 

367 nm. Under such conditions, spectinabilin is eluted at 20.2 min. Mass spectra were 

acquired in ultra scan mode using electrospray ionization (ESI) with positive polarity. The 

MS system was operated using a drying temperature of 350 °C, a nebulizer pressure of 35 

psi, a drying gas flow of 8.5 L min−1, and a capillary voltage of 4500 V.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Promoter screening for pathway refactoring in Streptomycetes. a) Identification of strong 

constitutive promoters by real-time PCR analysis of the transcription of 23 housekeeping 

genes in S. griseus. Samples were taken at different time points. The y-axis scale represents 

the expression value relative to that of HrdB, a commonly used housekeeping sigma factor 

(56–58), which was set to 1. The expressions of gapdh and rpsL were higher than the other 

genes at all the sampling points, with the 12-hour samples showing the highest level of 

significance (46- and 27-fold higher than that of hrdB, respectively). b) Evaluation of the 

activities of the heterologous promoters using xylE as a reporter. The entire intergenic region 

between the target gene and its upstream gene was cloned upstream of xylE. Here we did not 

experimentally determine the ribosomal binding site (RBS) for each promoter and assumed 

it is located 6–10 bp upstream of each start codon. However, we did find these intergenic 

regions are AG-rich for most promoters. Promoters actIp and ermE*p are the two commonly 

used promoters reported in literature (21, 22, 59). The two letters in parentheses represent 

the names of individual actinomycetes (Supporting Information Table S2).
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Figure 2. 
(a) The spectinabilin gene cluster from S. orinoci. (b) Real-time PCR analysis of the nor 

gene transcription in S. lividans and S. orinoci.
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Figure 3. 
a) The refactored spectinabilin pathway. b) LC-MS analysis of the extract from the S. 

lividans strain carrying the refactored nor pathway. The peak labeled by a star indicated the 

target product peak. c) Real-time PCR analysis of the nor gene transcription in the 

refactored pathway in S. lividans (For the purpose of direct comparison, the real-time PCR 

analysis of the nor gene transcription in S. orinoci illustrated in Figure 2b was incorporated).
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Scheme 1. 
Design of a plug-and-play scaffold for refactoring cryptic natural product biosynthetic 

pathways. The scaffold consists of promoter modules, gene modules and helper modules. 

The refactoring strategy is to select a single heterologous host, identify a set of strong 

promoters under a target culture condition, assemble individual biosynthetic genes with 

these promoters into a new gene cluster, and express the refactored gene cluster in the 

heterologous host under the target culture condition.
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