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Abstract 
 

Microbial Lactam Biosynthesis and Biosensing 

by 

Jingwei Zhang 

Joint Doctor of Philosophy 

with University of California, San Francisco 

in Bioengineering 

University of California, Berkeley 

Professor Jay D. Keasling, Chair 

 

Lactam is an important class of commodity chemicals used in the manufacture of nylons, with 

millions of tons of production every year.  

 

2-Pyrrolidone is a valuable bulk chemical with myriad applications as a solvent, polymer 

precursor and active pharmaceutical intermediate. A novel 2-pyrrolidone synthase, ORF27, from 

Streptomyces aizunensis was identified to catalyze the ring closing dehydration of γ-

aminobutyrate. ORF27’s tendency to aggregate was resolved by expression at low temperature 

and fusion to the maltose binding protein (MBP). Recombinant Escherichia coli was 

metabolically engineered for the production of 2-pyrrolidone from glutamate by expressing both 

the genes encoding GadB, a glutamate decarboxylase, and ORF27. Incorporation of a GadB 

mutant lacking H465 and T466, GadB_ΔHT, improved the efficiency of one-pot 2-pyrrolidone 

biosynthesis in vivo. When the recombinant E. coli strain expressing the E. coli GadB_ΔHT 

mutant and the ORF27-MBP fusion was cultured in ZYM-5052 medium containing 9 g/L of L-

glutamate, 7.7 g/L of L-glutamate was converted to 1.1 g/L of 2-pyrrolidone within 31 h, 

achieving 25% molar yield from the consumed substrate. 

 

-caprolactam and -valerolactam are important commodity chemicals used in the manufacture 

of nylons, with millions of tons produced every year. Biological production of these high valued 

chemicals has not been possible due to a lack of enzymes that will cyclize the ω-amino fatty acid 

precursors to the corresponding lactams under ambient conditions.  In this study, we 

demonstrated proof of these bioconversions by in vitro enzyme assays.  We found that ORF27, 

an enzyme involved in the biosynthesis of ECO-02301 in Streptomyces aizunensis, has a broad 

substrate spectrum and can not only cyclize γ-aminobutyric acid into butyrolactam, but also 5-

aminovaleric acid (5-AVA) into -valerolactam and 6-aminohexanoic acid (6-AHA) into -

caprolactam. The ORF27 lactam formation reaction was characterized by product analysis, and 

ORF27’s activity on the three ω-amino fatty acids were compared. Recombinant E. coli 

expressing ORF27 produced valerolactam and caprolactam when 5-AVA and 5-AHA, 

respectively, were added to the culture medium. Upon co-expressing ORF27 with a metabolic 

pathway that produced 5-aminovaleric acid from lysine, we were able to demonstrate production 

of -valerolactam from lysine or directly from glucose.  

 

Biological production of -caprolactam, -valerolactam and butyrolactam were enabled by the 

recent discovery of lactam synthases that cyclize their ω-amino fatty acid precursors to the 

corresponding lactams. To facilitate strain optimization with regard to product yields, 

productivities, and titers, it is desirable to develop a high throughput screening system for 
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specific small-molecule detection and response. We took the chemical informatics concepts used 

in small molecule drug discovery, and adapted them into a metabolic engineering strategy for 

targeted scouting of protein sensor candidates, named “Analog Generation towards Catabolizable 

Chemicals”. We discovered a lactam biosensor based on the ChnR/Pb transcription factor-

promoter pair. The microbial biosensor was engineered to be a single plasmid system, 

demonstrating dose dependent response for -caprolactam, -valerolactam and butyrolactam with 

great dynamic range (1.8-3.5) and wide linear range of 1-2 orders of magnitude. The biosensor 

also showed specificity against intermediates of lactam biosynthetic pathways and therefore 

could potentially be applied for high throughput metabolic engineering for industrially important 

lactam biosynthesis. 
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Chapter 1 Metabolic Engineering of Escherichia coli for the 

Biosynthesis of 2-Pyrrolidone * 
 

1.1. Background 

 

2-Pyrrolidone was identified by the US Department of Energy as an important C4 “Top Value-

Added Chemical from Biomass” that can potentially be derived from glutamate (1). 2-

Pyrrolidone is currently used as precursor for the production of N-vinylpyrrolidone, a solvent for 

animal injection, a building block for active pharmaceutical ingredients, optical co-solvent for 

water-based ink formulation, process solvent for membrane filters and a copolymer for floor 

polish (2). 2-Pyrrolidone can also be used in ring-opening polymerization to produce nylon-4, a 

fiber material with better thermal stability and the highest hydrophilicity in the nylon family of 

materials (3). With a variety of applications, 2-pyrrolidone continues to be a product of huge 

commercial interest. 

 

Current industrial production of 2-pyrrolidone involves the dehydrogenation of 1,4-butanediol to 

form γ–butyrolactone, followed by reacting aqueous γ-butyrolactone with ammonia (Fig. 1.1A) 

(4). By using low cost glutamate as starting material, as well as avoiding harsh reaction 

conditions, biological production of 2-pyrrolidone offers the potential for a cheaper and more 

environmentally friendly synthesis route. Therefore, we propose a two-step enzymatic process 

for 2-pyrrolidone biosynthesis from glutamate: 1) decarboxylation of glutamate to form γ-

aminobutyrate (GABA), 2) enzymatic ring closing of GABA into 2-pyrrolidone (Fig. 1.1B).  

 

Figure 1.1.  Routes for production of 2-pyrrolidone.  (A) BASF petrochemical route for 2-

pyrrolidone production.  (B) Microbial 2-pyrrolidone biosynthetic route. 

 
* Reproduced with permission from Jingwei Zhang, Emily Kao, George Wang, Edward E.K. Baidoob, Matthew 

Chen, Jay. D. Keasling. “Metabolic Engineering of Escherichia coli for the Biosynthesis of 2-Pyrrolidone” 

(Metabolic Engineering Communications 3 (2016) 1–7, Accepted) 
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While the first enzymatic step is known (3, 5-8), the second step has not been demonstrated 

under any fermentation conditions (9). We employed a targeted strategy to identify appropriate 

enzyme candidates for the GABA activation step by conducting retro-biosynthetic analysis of 

polyketides. Here we report the discovery in Streptomyces aizunensis of ORF27, an auxiliary 

enzyme in the linearmycin A biosynthetic cluster that performs the GABA activation step to 

form 2-pyrrolidone under mild fermentation conditions. Coupling this 2-pyrrolidone synthase 

with glutamate decarboxylase, which forms GABA from glutamate, we achieved the first 

demonstration of the full 2-pyrrolidone biosynthetic pathway in E. coli.  

 

1.2. Materials and Methods 

 

1.2.1. Enzyme scouting by retro-biosynthetic analysis of PKS natural products 

 

It was hypothesized that an enzyme employing a GABA activation mechanism on GABA’s acid 

group followed by spontaneous irreversible intramolecular cyclization could be utilized as a 2-

pyrrolidone synthase. However, there has been no documentation of AMP-activating enzymes 

using GABA as a substrate. Type I polyketide synthases (PKSs) are mega-synthases whose 

enzymatic domain organization predictably correlate with their natural product’s chemical 

structure – usually referred to as the colinearity rule (10-19). PKSs are responsible for 

biosynthesis of the characteristic polyketide aglycone backbone, and auxiliary enzymes are 

involved in starter unit activation and/or post aglycone modification (20-26). The close 

positioning of PKS genes with auxiliary enzymes in the same gene cluster makes it relatively 

easy to identify the substrates upon which these auxiliary enzymes act. PKS databases were 

explored to identify polyketides with positively charged, amine-containing starter units and 

auxiliary enzymes clustered near the PKS (see Table S1.1 for lists of PKS databases). 

Desertomycin A/B, Eco-0501, linearmycin A were selected for further retrobiosynthetic analysis 

(Fig. S1.1A). From the arrangement of the polyketide synthase genes, 4-aminobutyrate-like 

starter unit to be loaded onto the ACP0 domain (Fig. S1.1B). Since polyketide starter unit 

loading requires the substrate to be activated by an ATP dependent mechanism, the linearmycin 

A biosynthetic gene cluster was further analyzed for auxiliary enzymes with this function. Two 

ORFs in the gene cluster, ORF27 and ORF36, were predicted to be AMP-dependent synthetases 

(Fig. S1.1B). The hypothesized candidates were reverse transcribed according to the optimized E. 

coli codon usage using DNA 2.0’s algorithm and synthesized. 

 

1.2.2. Bacterial strains and chemicals 
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E. coli strain DH10B [F− mcrA Δ(mrr-hsdRMS-mcrBC) φ80dlacZΔM15 ΔlacX74 recA1 endA1 

araD139 Δ(ara, leu)7697 galU galK λ− rpsL (Strr) nupG] was used for all molecular biology 

manipulations. DH10B or BL21 Star (DE3) [F− ompT hsdSB (rB− mB−) gal dcm rne131 (DE3)] 

were used as hosts for production of 2-pyrrolidone. All the strains and plasmids utilized in this 

study are listed in Table 1.1. For high-density shake flask cultures, Studier’s autoinduction 

ZYM-5052 medium was prepared according to the published protocol (27). Chloramphenicol (25 

μg/mL), kanamycin (20 μg/ml) and ampicillin (100 μg/ml) were added where desired to provide 

selective pressure for plasmid maintenance. During 2-pyrrolidone production, the following 

antibiotic concentration was used: chloramphenicol (6.25 μg/mL), kanamycin (5 μg/ml) and 

ampicillin (25 μg/ml). 2-Pyrrolidone, glutamic acid, GABA, and ATP were purchased from 

Sigma-Aldrich (St. Louis, Missouri). 

 

Table 1.1. E. coli strains, plasmids and oligonucleotides used. 
Name Relevant genotype Reference 

Strains   

DH10B F− mcrA crmrr-hsdRMS-mcrBC) r-hsdRMS-mcrBC)  and 

oligonucleotide139 Δ(ara, leu)7697 galU galK alrpsL nupG 

Life Technologies (Carlsbad, CA) 

BL21 Star (DE3) F− ompT hsdSB (rB− mB−) gal dcm rne131 (DE3) Life Technologies (Carlsbad, CA) 

JW2637-4 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔgabT743::kan, 

rph-1, Δ(rhaD-rhaB)568, hsdR514 

CGSC #11775 

JW0036-1 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔCaiC750::kan, 

rph-1, Δ(rhaD-rhaB)568, hsdR514 

CGSC #8352 

 

Plasmids   

pDNA2.0-ORF27 pUC ori , KanR
, ORF27 with Biobrick overhang DNA 2.0 (Menlo Park, 

CA) 

pBbE2C- RFP  ColE ori, CmR, tetR, RFP TS. Lee (2011)(28) 

pBbE2C-ORF27 ColE ori, CmR, tetR, ORF27 This study 

pBbE2C-CaiC ColE ori, CmR, tetR, CaiC This study 

pBbS2C-ORF27 SC101 ori, CmR, tetR, ORF27 This study 

pET28b pBR322 ori, KanR , lacI, MCS after PT7 EMD Millipore 

(Billerica, MA) 

pET28a-MBP pBR322 ori, KanR , lacI, MCS after MBP fusion driven by 

PT7 

EMD Millipore 

(Billerica, MA) 

pET28a-MBP-ORF27 pET28a-MBP with ORF27 inserted into NdeI and XhoI This study 

pBbE2C-MBP-ORF27 ColE ori, CmR, tetR, MBP-ORF27 This study 

pBbA5a-GadB p15A ori, AmpR ,Placuv5, GadB This study 

pBbA5a-GadB_ΔHT p15A ori, AmpR , Placuv5, GadB_ΔHT This study 

pBbA5a-GadB_Δ1-14 p15A ori, AmpR , Placuv5, GadB_ Δ1-14 This study 

pBbA5a-GadB_Δ1-14, 

ΔHT 

p15A ori, AmpR , Placuv5, GadB_ Δ1-14, ΔHT This study 

pBbA7a-RFP p15A ori, AmpR ,PT7, RFP TS. Lee (2011) 

pBbA7a-GadB p15A ori, AmpR ,PT7, GadB This study 

pBbA7a-GadB_ΔHT p15A ori, AmpR ,PT7, GadB_ΔHT This study 

pBbA7a-GadB_Δ1-14 p15A ori, AmpR ,PT7, GadB_ Δ1-14 This study 

pBbA7a-GadB_Δ1-

14_ΔHT 

p15A ori, AmpR ,PT7, GadB_ Δ1-14_ΔHT This study 

Oligonucleotides 5’ 3’ Sequence, restriction site underlied, synthesized by Integrated DNA 

Technologies, Inc (Coralville, IA) 

Target Gene 



4 
 

JZ_MBP-ORF27_f GCGCGgaattcaaaagatcttttaagaaggagatatacatatgggcagcagccatcatca MBP-ORF27 

JZ_MBP-ORF27_r GCGCGctcgagtttggatccTCATTCTGCCGCCATACGGG MBP-ORF27 

JZ_GadB_f gcgcgCATATGgataagaagcaagtaacg GadB, GadB_ΔHT,  

JZ_GadB_r gcgcgGGATCCTTAtcaggtatgtttaaagctgtt GadB, GadB_Δ1-14 

JZ_GadBΔ1-14_f gcgcgCATATGGGTTCACGTTTTGGTGCGA GadB_Δ1-14, 

GadB_Δ1-14_ΔHT 

JZ_GadBΔHT_r gcgcgGGATCCTTAtcatttaaagctgttctgttggg GadB_Δ1-14_ΔHT 

GadB_ΔHT 

JZ_CaiC_f GCGCgaattcaaaagatcttttaagaaggagatatacatATGGATAGAGGTGCAATGGAT CaiC 

JZ_CaiC_r GCGCG ctcgagtttggatccTTATTTCAGATTCTTTCTAATTATTTTCCCC CaiC 

 

Strains plasmids Host 

JZ-171 pBbE2C-ORF27 JW2637-4 

JZ-172 pBbE2C-RFP JW2637-4 

JZ-298 pBbS2C-ORF27 JW2637-4 

JZ-299 pBbE2C-MBP-ORF27 JW2637-4 

JZ-336 pBbE2C-MBP-ORF27+pBbA5a-GadB WT BL21 Star (DE3) 

JZ-338 pBbE2C-MBP-ORF27 + pBbA5a-GadB_ΔHT BL21 Star (DE3) 

JZ-339   pBbE2C-MBP-ORF27 + pBbA5a-GadB_Δ1-14 BL21 Star (DE3) 

JZ-340  pBbE2C-MBP-ORF27 + pBbA5a-GadB_Δ1-14, ΔHT BL21 Star (DE3) 

JZ-342 pET28a-MBP-ORF27 + pBbA7a-GadB WT BL21 Star (DE3) 

JZ-344 pET28a-MBP-ORF27 + pBbA7a-GadB_ΔHT BL21 Star (DE3) 

JZ-345   pET28a-MBP-ORF27 + pBbA7a-GadB_Δ1-14 BL21 Star (DE3) 

JZ-346   pET28a-MBP-ORF27 + pBbA7a-GadB_Δ1-14, ΔHT BL21 Star (DE3) 

JZ-348 pBbE2C-MBP-ORF27+pBbA7a-GadB WT BL21 Star (DE3) 

JZ-350 pBbE2C-MBP-ORF27 + pBbA7a-GadB_ΔHT BL21 Star (DE3) 

JZ-351   pBbE2C-MBP-ORF27 + pBbA7a-GadB_Δ1-14 BL21 Star (DE3) 

JZ-352  pBbE2C-MBP-ORF27 + pBbA7a-GadB_Δ1-14, ΔHT BL21 Star (DE3) 

JZ-370 pBbE2C-CaiC JW2637-4 

JZ-386 pET28b-N-CaiC + pBbA7a-GadB_ΔHT BL21 Star (DE3) 

JZ-393 pBbE2C-RFP JW0036-1 

 

 

1.2.3. Plasmid construction 

 

Genes encoding ORF27 (GenBank: AAX98201.1) and ORF36 (GenBank: AAX98210.1) were 

recoded using E. coli codon usage with biobrick overhangs 5’-

gaattcaaaAGATCTAGGAGGCAT-3’ on the 5’ end and 5’-TAAGGATCCAAACTCGAG-3’ on 

the 3’ end. DNA 2.0 (Menlo Park, CA) cloned the genes into plasmid vectors creating pDNA2.0-

ORF27 and pDNA2.0-ORF36, respectively. The genes encoding wild-type GadB and the variant 

GadB_ΔHT, were amplified from E. coli MG1655 genomic DNA using the primers specified. 

GadB_ΔHT lacks histidine 465 and threonine 466 of E. coli GadB. The construction of each 

plasmid is described in Table 1.2 and Table S1.2.  

 

Table 1.2. Plasmid construction. 
Constructed Plasmid  Backbone Source 

(restriction site) 

Gene Source (direct digestion or 

PCR) 

PCR primers 

pBbE2C-ORF27 pBbE2C-RFP (BglII, XhoI) pDNA2.0-ORF27 (BglII, XhoI) N/A 
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pBbS2C-ORF27 pBbS2C-RFP (BglII, XhoI) pDNA2.0-ORF27 (BglII, XhoI) N/A 

pET28b-N-CaiC pET28b (NdeI, XhoI) pBbE2C-CaiC (NdeI, XhoI) N/A 

pBbE2C-ORF27 pBbE2C-RFP (BglII, XhoI) pDNA2.0-ORF27 (BglII, XhoI) N/A 

pBbE2C-CaiC pBbE2C-RFP (EcoRI, 

XhoI) 

E. coli MG1655 gDNA PCR JZ_CaiC_f, JZ_CaiC_r 

pET28a-MBP-ORF27 pET28a-MBP (NdeI, XhoI) pDNA2.0-ORF27 (NdeI, XhoI) N/A 

pBbE2C-MBP-ORF27 pBbE2C-RFP (BglII, XhoI) pET28a-MBP-ORF27 PCR JZ_MBP-ORF27_f, 

JZ_MBP-ORF27_r 

pBbA5a-GadB pBbA5a-RFP (NdeI, 

BamHI)  

E. coli MG1655 gDNA PCR JZ_GadB_f, JZ_GadB_r 

pBbA5a-GadB_ΔHT pBbA5a-RFP (NdeI, 

BamHI)  

E. coli MG1655 gDNA PCR JZ_GadB_f, 

JZ_GadB_ΔHT _r 

pBbA5a-GadB_Δ1-14 pBbA5a-RFP (NdeI, 

BamHI)  

E. coli MG1655 gDNA PCR JZ_GadBΔ1-14_f, 

JZ_GadB_r 

pBbA5a-GadB_Δ1-14, 

ΔHT 

pBbA5a-RFP (NdeI, 

BamHI)  

E. coli MG1655 gDNA PCR JZ_GadBΔ1-14_f, 

JZ_GadB_ΔHT _r 

pBbA7a-GadB pBbA7a-RFP (NdeI, 

BamHI) 

pBbA5a-GadB (NdeI, BamHI) N/A 

pBbA7a-GadB_ΔHT pBbA7a-RFP (NdeI, 

BamHI) 

pBbA5a-GadB_ΔHT(NdeI, BamHI) N/A 

pBbA7a-GadB_Δ1-14 pBbA7a-RFP (NdeI, 

BamHI) 

pBbA5a-GadB_Δ1-14(NdeI, BamHI) N/A 

pBbA7a-GadB_Δ1-

14_ΔHT 

pBbA7a-RFP (NdeI, 

BamHI) 

pBbA5a-GadB_Δ1-14, ΔHT(NdeI, 

BamHI) 

N/A 

 

1.2.4. 2-Pyrrolidone, GABA and Glutamate Product Assays 

 

1. 2.4.1 Liquid chromatography method for 2-pyrrolidone, GABA and glutamate separation 

 

Liquid chromatography (LC) separation of 2-pyrrolidone was conducted at 55°C with an Inertsil 

ODS-3 reverse-phase C18 column (250 mm length, 2.1 mm internal diameter, 3 μM particle size; 

GL Sciences) using a 1100 series high-performance LC system (Agilent Technologies).  The 

mobile phase was composed of 0.1% formic acid in H2O (solvent A) and 0.1% formic acid in 

MeOH (solvent B). Butyrolactam was separated with the following gradient: 40% to 60% B for 

4.5 min, 60% to 100% B for 0.5 min, 100% to 40% B for 0.5 min, held at 10% B for 8.5 min. A 

flow rate of 0.18 mL/min was used throughout. 

 

1.2.4.2 Mass Spectrometry Analysis of 2-pyrrolidone, GABA and Glutamate 

 

The LC system was coupled to an Agilent Technologies LC-MSD SL electrospray ionization 

mass spectrometer (ESI MS). Nitrogen gas was used as both the nebulizing and drying gas to 

facilitate the production of gas-phase ions. The drying and nebulizing gases were set to 10 L/min 

and 20 psig, respectively, and a drying gas temperature of 300°C was used throughout. ESI was 

conducted in the positive-ion mode with a capillary voltage of 4 kV. Mass measurements were 

carried out in the selected ion monitoring (SIM) mode (2-pyrrolidone, m/z 86; GABA, m/z 104; 

glutamate, m/z 148) for the detection of [M + H]+ ions. Data acquisition and processing were 

performed using ChemStation (Agilent technologies). 

 

1.2.5. 2-Pyrrolidone production titer determination 
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600L of culture was cooled on ice and centrifuged at 18,000g for 5 min at 4°C. 250 μL of the 

supernatant was mixed with 250 μL methanol to a final concentration of 50% (v/v), and the 

mixed solution filtered through 10 K Amicon Ultra-0.5 mL Centrifugal Filters (Millipore) by 

centrifuging at 20,000g for 15 min. The filtered solution was diluted into the respective linear 

range of detection for 2-pyrrolidone and analyzed by LC-MS in the SIM mode described above. 

 

1.2.6. Culture conditions  

 

1.2.6.1 Inducible 2-pyrrolidone production from GABA 

 

E. coli strains (JZ-298, JZ-171, JZ-299, JZ-370, JZ-393) harboring plasmids containing genes 

encoding the proposed GABA activating enzyme (ORF27, MBP-ORF27 or CaiC) were 

inoculated into 25 mL LB medium with chloramphenicol (25 μg/mL) and grown at 37°C. E. coli 

expressing RFP was utilized as a negative control (JZ-172). When the OD600 reached around 0.5, 

the culture was cooled to various temperatures (18°C - 37°C). 50 ng/mL of anhydrotetracycline 

(aTc) was added for protein production and GABA was supplied to a final concentration of 0-10 

mM. The 2-pyrrolidone titer was analyzed 24 h after induction. 

 

1.2.6.2 Inducible 2-pyrrolidone production from glutamate 

 

E. coli strains (JZ-336, JZ-338~JZ-340, JZ-342, JZ-344~JZ-346, JZ-348, JZ-350~ JZ-352, JZ-

386) harboring plasmids containing genes encoding both glutamate decarboxylase and a GABA-

activating enzyme were inoculated into 25 mL LB medium containing various concentrations of 

glutamate (0 to 9 g/L) with appropriate antibiotics and grown at 37°C. When the OD600 reached 

around 0.6, the culture was cooled to 25°C. IPTG and aTet were added to a final concentration of 

500 μM and 50 ng/mL, respectively to induce protein expression. The pH was titrated by adding 

0.6 N HCl solution, and the culture was placed in a 25°C incubator. 2-Pyrrolidone titer was 

analyzed at 24 h after induction. 

 

1.2.6.3 Autoinducible 2-pyrrolidone production from glutamate 

 

E. coli strains (JZ-344, JZ-386) harboring plasmids containing genes encoding both glutamate 

decarboxylase and a GABA-activating enzyme were inoculated into 10 mL of LB or LB plus 5 

g/L glutamate overnight. On day 2, the overnight culture was inoculated 1:100 (v/v) into 25 mL 

Studier’s autoinduction ZYM-5052 medium with various concentrations of glutamate (0 g/L to 9 

g/L) and appropriate antibiotics (27). The culture was incubated at 37°C. When the OD600 

reached around 0.6, the culture was cooled to 25°C. The pH was titrated to 5.25 by adding 0.6N 

HCl solution. The culture was then placed at 25°C, and 2-pyrrolidone titer was analyzed at 24h 

later. 

 

1.3. Results 

 

1.3.1. ORF27 and E. coli’s native CaiC catalyze 2-pyrrolidone formation in vivo 

 

E. coli JW2637-4 from the KEIO knockout library contains a knockout of gabT, which encodes a 

GABA transaminase involved in GABA catabolism (29). This host was initially used to confirm 
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production of 2-pyrrolidone in vivo. ORF36 overexpression did not result in 2-pyrrolidone 

production (data not shown). E. coli JZ-171 (ORF27) and JZ-172 (RFP negative control) were 

grown in LB medium containing 0, 1, and 10 mM GABA. At 1 mM GABA, 2-pyrrolidone was 

observed only in the presence of ORF27 (Fig. 1.2A). Surprisingly, at 10 mM GABA, slight 2-

pyrrolidone production was observed in the RFP control strain, indicating that nonspecific 

activation of GABA by a native E. coli enzyme also contributes to 2-pyrrolidone formation. To 

determine which native E. coli enzymes were responsible for the activity, genes encoding 

various AMP activating enzymes, such as acs, prpE and caiC, were cloned and overexpressed. 

Overexpression of one of these enzymes, CaiC (strain JZ-370), a previously described betaine-

CoA ligase (AMP activating enzyme family), led to 2-pyrrolidone formation (30). E. coli 

JW0036-1, the KEIO collection caiC deletion mutant, was transformed with pBbE2C-RFP, 

creating strain E. coli JZ-393, which overexpresses RFP; this strain was no longer able to 

produce 2-pyrrolidone when fed 10 mM GABA (Fig. 1.2B). 

 

Figure 1.2. 2-Pyrrolidone production in vivo. (A) At 1mM GABA, 2-pyrrolidone was observed 

in the strain where the ORF27 gene (JZ-171) is expressed. RFP expression strain (JZ-172) serves 

as negative control. (B) At 10mM GABA concentration, 2-pyrrolidone production is still 

observed in JZ-172 due to background CaiC expression, when caiC was knocked out (JZ-393), 

2-pyrrolidone is no long produced. 
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1.3.2. Increased ORF27 functional expression improves GABA to 2-pyrrolidone conversion in 

vivo 

 

ORF27 had the tendency to aggregate and become insoluble one day after induction depending 

on the temperature (Fig. S1.2). By balancing reaction rate and enzyme functional expression, the 

optimal temperature was determined to be 25°C for ORF27 to maximize 2-pyrrolidone titer from 

GABA. An MBP-ORF27 fusion increased solubility of ORF27 and resulted in a 1.5X -2X 

improvement in overall titer. ORF27 was expressed from a low copy number plasmid harboring 

the SC101 origin of replication (pBbS2C-ORF27). However, use of this plasmid decreased the 

titer, presumably due to lower expression of the enzyme (Fig. S1.3). Chaperone coexpression 

was tested as another strategy to improve solubility (related strains listed in Table S1.2). This 

strategy, however, also resulted in decreased titer (Fig. S1.4).  

 

1.3.3. Inducible 2-pyrrolidone production from glutamate  

 

1.3.3.1. pH profile experiment  

 

A two-step 2-pyrrolidone biosynthetic route from glutamate consists of the E. coli glutamate 

decarboxylase GadB and MBP-ORF27 as the 2-pyrrolidone synthase. E. coli’s GadB has a pH 

optimum of 3.8 and its catalytic activity significantly decreases when the pH rises above 5.0 (31). 

In GadB, H465 plays an important role in blocking the enzyme active site at pHs near neutral by 

forming aldamine between its distal nitrogen on the imidazole ring with GadB’s PLP-L276 schiff 

base; GadB mutants, such as H465A or GadB_ΔHT (lacking H465 and T466), are able to 

maintain relatively high activity at more alkaline pH (31). As shown in the extracellular pH 

profile for 2-pyrrolidone biosynthesis strains carrying either wild type or one of two GadB 

mutants (JZ-336, JZ-338, JZ-339), pH ~5.5 resulted in the highest 2-pyrrolidone titer for both 

GadB wild type and variants (Fig. 1.3A). Sensitivity analysis showed that strains carrying GadB 

ΔHT robustly gave optimum yield within the pH range of 5.0 – 5.5, and declined when the 

exogenous pH drifted above 6.0 (Fig. S1.5). 
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1.3.3.2. Promoter engineering 

 

To increase the flux through the pathway, various inducible promoters (lacUV5, Tet, T7) were 

tested (JZ-336, JZ-338~JZ-340, JZ-342, JZ-344~JZ-346, JZ-348, JZ-350~ JZ-352). Production 

of 2-pyrrolidone was highest when strong promoters were used, so the T7 promoter was chosen 

to drive expression of GadB ΔHT and MBP-ORF27 for optimal 2-pyrrolidone production (Fig. 

1.3B).  

 

Figure 1.3. (A) GadB mutants and the effect of extracellular pH on 2-pyrrolidone titer when 

feeding 10 mM glutamic acid. (B) The effect of promoter strength on 2-pyrrolidone titer when 

feeding 10mM glutamic acid at an extracellular pH of 7.0. 

 

 
 

1.3.4. Autoinducible 2-pyrrolidone production from glutamate 

 

Studier’s ZYM-5052 is a high density culture medium that enables autoinduction of protein 

expression in E. coli (27). Strain JZ-344, grown overnight in LB medium, was tested through 2-

stage autoinducible 2-pyrrolidone production from glutamate: stage I, cell growth to OD600 ~ 0.6 

at 37°C; stage II, pH titration to 5.25 and incubation at 25°C for 2-pyrrolidone production. 

Production in medium with 9 g/L and 0 g/L of glutamate showed that over 98% of 2-pyrrolidone 

was converted from glutamate supplied in the medium (Fig. S1.6). Overall, 1.1 g/L of 2-

pyrrolidone was produced by converting 7.7 g/L of L-glutamate within 31 h, achieving 25% 

molar yield from consumed substrate (Fig. 1.4). The formation of GABA from glutamate likely 

occurred during 12-40 h, since during this time, the pH increased from 5.36 to 8.07 (Fig. S1.7). 
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There was an approximate 12-hour time delay between extracellular GABA accumulation and 

glutamate consumption, presumably due to delayed autoinduction of enzyme expression. GABA 

accumulated around 12-30 h, yet was consumed quickly. This could result from transcriptional 

activation of GABA catabolic pathway in E. coli. GABA was rapidly transformed into 2-

pyrrolidone when MBP-ORF27 was solubly expressed in day 1. 2-Pyrrolidone formation slowed 

down, presumably due to inactivation at approximately 48 h (Fig. 1.4). The OD600 of the culture 

decreased from 12 to 8, presumably due to either cell clumping or lysis.  

 

Figure 1.4. E. coli strain #344 Production 2-pyrrolidone from glutamic acid (closed triangle) and 

OD600 of E. coli growth (closed circle).  Glutamic acid feed consumption (open circle), GABA 

intermediate accumulation (closed diamond). 

 
 

1.3.5. E. coli CaiC  

 

E. coli CaiC was also tested (30).  Although CaiC has better thermostability and outperformed 

ORF27 in 2-pyrrolidone biosynthesis during GABA feeding, expression of E. coli CaiC under 

glutamate feeding conditions resulted in only 18.7% of the 2-pyrrolidone titer of that achieved 

when engineered ORF27 fused with MBP was used (data not shown).  

 

1.4. Discussion 

 

Through years of engineering, the petrochemical industry created over 4,000 bulk chemicals 

(from ICIS). Currently, around 200 products are made via microbial fermentation (excluding 

food and beverages), including amino acids, bioactive compounds, etc. With advances in 

synthetic biology, it is now possible to engineer microbes to produce chemicals traditionally 

made via petrochemical processes at lower cost.  

 

An important step towards building molecules of increasing complexity is to discover enzymes 

for substrate activation, such as C-C bond and C-N bond formation (32). Here we successfully 

demonstrated an efficient methodology to scout for enzymes from the secondary metabolite 

linearmycin A biosynthetic gene cluster that activate γ-aminobutyrate. The huge diversity of 

secondary metabolites and the functional groups embedded in these molecules made them a rich 

source of gene candidates (15, 33).  Because polyketide biosynthesis follows the co-linearity rule 
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and is highly predictable in terms of its biosynthetic pathway, polyketide biosynthetic clusters 

are convenient sources of substrate activating enzymes.  

 

Although the dehydration of γ-aminobutyrate to form 2-pyrrolidone is thermodynamically 

favorable, due to its high activation barrier, a significant temperature (>200°C) is required for the 

reaction to proceed even in the presence of Al2O3 catalyst. This reaction requires several days to 

complete, and the harsh conditions also lead to off pathway reactions, producing oligomers or 

cyclic GABA dimer or trimer (9). The discovery of S. aizunensis ORF27 enables the first 

demonstration of 2-pyrrolidone production from γ-aminobutyrate at mild fermentation conditions.  

 

S. aizunensis ORF27 was prone to aggregation when heterologously overexpressed in E. coli. 

Utilizing the MBP fusion alleviated ORF27 aggregation and maintained enzymatic activity for 

prolonged 2-pyrrolidone production, thus leading to an increased final titer.  However ORF27 

still suffers from a tendency to aggregate. For prolonged 2-pyrrolidone biosynthesis to be 

sustained during a production process, it would be desirable to evolve ORF27 to be more soluble 

and stable.  In addition, use of a glutamate or GABA overproduction host, such as 

Corynebacterium glutamicum, would be desirable for production of 2-pyrrolidone from glucose 

or another carbon source (34, 35). 

 

ORF27 and CaiC exhibited different comparative 2-pyrrolidone formation behavior. During 

10mM GABA feeding, CaiC had better performance, while during direct production from 

glutamate, ORF27 performed better. ORF27 might have a low Km for GABA, therefore high 

intracellular GABA production during glutamate feeding experiment result in much higher 2-

pyrrolidone formation for ORF27, although more enzymology work needs to be conducted. 

 

1.5. Conclusion 

 

In this study, we utilized retro-biosynthetic analysis of polyketide natural products as a targeted 

method to prospect for novel γ-aminobutyrate activating enzymes for performing unprecedented 

reactions such as GABA conversion to 2-pyrrolidone. E. coli’s native CaiC, a betaine-CoA ligase, 

was also discovered to be able to catalyze 2-pyrrolidone formation. Protein modification, such as 

MBP fusion, increased the activity of expressed ORF27. Metabolic engineering and process 

optimization collectively improved 2-pyrrolidone titer from glutamate. 1.1 g/L of 2-pyrrolidone 

was produced from 7.7 g/L of glutamate, representing a 25% yield from consumed substrate. 
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Supplemental Material 

 

Supplementary Figures 

 

Figure S1.1. Linearmycin A structure and genomic arrangement coding for linearmycin A 

biosynthesis. A) The structure of natural products that contain 4-aminobutyrate like starter unit, 

Desertomycin A/B, Eco-0501, linearmycin A. The red box refers to starter units loaded onto 

polyketide synthases. B) genomic arrangement of the locus coding for linearmycin A PKS 

aglycone biosynthesis. Open reading frame (ORFs) 10 through 18 encode the type I polyketide 

synthase, the predicted domains of these ORFs are shown. Based on the structure of Linearmycin 

A, 4-aminobutyryl-CoA was predicted to be loaded as a starter unit. (Adapated from McAlpine, 

2005) 
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Figure S1.2. Time dependent expression solubility of C-6xHis-ORF27. A) Day 1, solubility of 

C-6xHis-ORF27 expression at 18°C, 22°C, 25°C and 30°C. B) Day 2 - 3, aggregation of C-

6xHis-ORF27 in 18°C and °C. “s” stands for soluble fraction, “in” stands for insoluble fraction. 

C) Day 2 - 3, aggregation of C-6xHis-ORF27 in 25°C and 30°C. 
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Figure S1.3. Optimization of copy number, temperature and ORF27 solubility for 2-pyrrolidone 

production from 100 mM GABA. Expression of ORF27 from a low-copy plasmid (pBbS2C-

ORF27; strain JZ-298) resulted in lower 2-pyrrolidone production than from a high-copy plasmid 

(pBbE2C-ORF27; strain JZ-171).  Expression of the MBP-ORF27 fusion from a high-copy 

plasmid (pBbE2C-MBP-ORF27; strain JZ-299) at 25C gave the optimal 2-pyrrolidone titer. JZ-

172 harbors a high-copy plasmid expressing RFP (pBbE2C-RFP). 

 
 

 

 

 

 

 

Figure S1.4. Effect of chaperone coexpression on titer when feeding 10 g/L glutamic acid 

(~68mM) in LB medium. The full set of Takara chaperones were tested (JZ-376 to 380) to 

determine if chaperone proteins would increase the titer by alleviating MBP-ORF27 aggregation, 

and in all cases, the titer decreased between 20% to 85% (36, 37). 

 
 

Utilization of a slow translation ribosome host CH184 

 

CH184 is an E. coli strain with slow ribosome translation rate (38). Previous studies showed that 

it is a good host for expression of multidomain proteins with poor solubilities, presumably a 

result of co-translational folding of multidomain proteins (38-41). However, its slow growth rate 

and its inability to improve MBP-ORF27 solubility indicated that CH184 would not be a useful 

host for 2-pyrrolidone production. 

 



15 
 

Figure S1.5. pH sensitivity analysis for 2-pyrrolidone production from pH = 5.0 to 6.0.  

 
 

 

Cofactor supplementation  

 

PLP is a cofactor for glutamate decarboxylase activity (6, 31, 42); 1 mM, 0.1 mM and 0 mM of 

PLP supplementation were compared for 2-pyrrolidone production in vivo. PLP supplementation 

had little impact on 2-pyrrolidone yield; either the first decarboxylation step was not limited by 

cofactor or glutamate decarboxylation was not the rate limiting step. 

 

 

 

 

Figure S1.6. High density culture 2-pyrrolidone production derived mostly from glutamic acid 

feeding rather than carbon and nitrogen source in Studier’s ZYM-5052 media. 
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Figure S1.7. pH change (open triangle) during the fermentation process, glutamate consumption 

(open circle) and GABA intermediate accumulation (closed diamond) . 

 
 

 

 

Supplementary Table 1.1: Some common PKS database websites. 

PKS Databases website 

NRPS-PKS http://www.nii.res.in/nrps-pks.html 

MAPSI http://gate.smallsoft.co.kr:8008/pks/mapsidb/ 

NORINE http://bioinfo.lifl.fr/norine/ 

DoBISCUIT http://www.bio.nite.go.jp/pks/ 

PKMiner http://pks.kaist.ac.kr/pkminer/ 

ClusterMine360 http://www.clustermine360.ca/ 

 

Twenty four polyketides with amine starter units were screened using retrobiosynthetic analysis: 

Vecinistatin, 13-Desmethyl Spirolide C, chejuenolides A and B, oxazolomycins, bacillaene, 

myxovirescin A, onnamides, virginiamycin M, kirromycin, pederin, etnangien, stellattamide-A, 

Myxalamids, tolytoxin, salinilactam, MLL-449, hitachimycin, leinamycin, lankacidin, 

indanomycin, BE-14106, desertomycin A and B, Eco-0501, linearmycin A and Eco-02301 

Among them, desertomycin A, linearmycin A and Eco-02301 have a GABA-containing C4 

amine starter unit, and linearmycin A has the PKS gene cluster sequence information available 

(43-46) . Two ORFs in the gene cluster, ORF27 and ORF36, were predicted to be AMP-

dependent synthetases (47). ORF36 was highly homologous to a previously identified 5-

aminolevulinyl-CoA synthase responsible for 2-amino-3-hydroxycyclopent-2-enone five 

membered ring formation during Eco-02301 biosynthesis (46). As such, we hypothesized that 

ORF27 was likely to be involved in activation of the GABA starter unit loading, which made it 

the best candidate for 2-pyrrolidone synthase. 

 

 

 

 

http://www.clustermine360.ca/
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Supplementary Table 1.2: Other strains, plasmids and oligonucleotides used in the study. 
Strains plasmids Host 

W3110 F- lambda- IN(rrnD-rrnE)1 rph-1 CGSC #4474 

CH184 F- lambda- IN(rrnD-rrnE)1 rph-1, rpsL_C256A_C272A T. Ruusala et al. (1984) 

JZ-297 pBbE2C-ORF36 JW2637-4 

JZ-316 pBbE2C-MBP-ORF27 W3110 

JZ-317 pBbE2C-MBP-ORF27 CH184 

JZ-376 takara KJE7(Cm)+ pET28a-MBP-ORF27+ pBbA7a-GadB_ΔHT BL21 Star (DE3) 

JZ-377 takara Tf16(Cm)+ pET28a-MBP-ORF27+ pBbA7a-GadB_ΔHT BL21 Star (DE3) 

JZ-378   takara pGro7 (Cm) + pET28a-MBP-ORF27+ pBbA7a-GadB_ΔHT BL21 Star (DE3) 

JZ-379  takara Tf2 (Cm)+ pET28a-MBP-ORF27+ pBbA7a-GadB_ΔHT BL21 Star (DE3) 

JZ-380 takara KJE8 (Cm) + pET28a-MBP-ORF27+ pBbA7a-GadB_ΔHT BL21 Star (DE3) 

 

Plasmids   

pDNA2.0-ORF36 pUC ori , KanR ORF36 with Biobrick overhang DNA 2.0 (Menlo Park, CA) 

pG-Tf2  PPzt1, groES-groEL-tig, CmR Clontech Laboratories, Inc.  

(Mountain View, CA) 

pKJE7  ParaB, dnaK-dnaJ-grpE, CmR Clontech Laboratories, Inc.  

(Mountain View, CA) 

pTf16  PPzt1, tig, CmR Clontech Laboratories, Inc.  

(Mountain View, CA) 

pGro7  ParaB, groES-groEL, CmR Clontech Laboratories, Inc.  

(Mountain View, CA) 

pKJE8 ParaB, dnaK-dnaJ-grpE; PPzt1, groES-groEL, CmR Clontech Laboratories, Inc.  

(Mountain View, CA) 
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Chapter 2 Application of an Acyl-CoA Synthetase from 

Streptomyces aizunensis for Lactam Biosynthesis 
#
 

 
2.1 Introduction 

Lactams are important compounds used in the manufacture of commercial polymers.  -

Caprolactam (caprolactam) is used in the production of nylon 6 found in fabrics, coatings, 

plastics of many compositions, lubricants, etc. The worldwide use of nylons requires the 

production of approximately four million metric tons of caprolactam annually (48). -

Valerolactam (valerolactam) has been proposed as a monomer for nylon 5 and nylon 6,5 

synthesis, addition of which tunes the properties of the resulting polymers (49-51).  

 

Currently, both caprolactam and valerolactam are synthesized from starting materials extracted 

from petroleum.  Caprolactam production starts from cyclohexanone, which is first converted to 

its oxime. Treatment of this oxime with acid induces the Beckmann rearrangement to give 

caprolactam (52). Such production involves energy intensive processes and harsh acidic reaction 

conditions and produces large amount of waste salts. On the other hand, due to the lack of raw 

five-carbon petrochemical feedstocks, valerolactam is still too costly to achieve wide adoption 

for nylon synthesis.  

 

Unlike chemical dehydration, enzymatic or whole-cell-catalyzed reactions can be performed at 

lower temperature and pressure. Although several ω-amino fatty acids have been biosynthesized 

(50, 53, 54), full biosynthetic pathways to produce lactams are largely unknown. This is due to a 

lack of enzymes capable of performing the last ring closing step. In terms of polymer chemistry, 

ring open polymerization of these lactam monomers is preferred over condensation of their 

corresponding ω-amino fatty acids, because condensation chemistry generates water during each 

monomer addition, and adversely impacts polymer properties such as molecular weight and 

polydispersity, and leads to undesirable thermal and mechanical properties. To date, only one 

enzyme, Candida antarctica lipase B (CALB, commercially available asN435), was reported to 

conduct a reversible aminolysis reaction that can be utilized for valerolactam and caprolactam 

synthesis (55). However, the reported enzymatic reaction occurs under vacuum over P2O5, and 

requires high temperature and long reaction times to overcome the energy barrier of lactam 

formation (70% conversion at 90°C and 20% conversion at 55°C over a three-day period). Also, 

the intermolecular aminolysis reaction results in multiple side products, including macrocyclic 

dimer and trimer lactams, which are hard to eliminate during product purification. As such, there 

is no suitable enzyme capable of synthesizing industrially important lactams under microbial 

fermentation conditions. 

 

Previously, ORF27 from Streptomyces aizunensis, was hypothesized to be either a 4-

aminobutyryl-CoA synthetase or a 4-guanidinobutyryl-CoA synthase (43, 45, 46, 56), although 

we demonstrated that expression of ORF27 in vivo resulted in the formation of -butyrolactam 

from 4-aminobutyric acid(57).  In this study, we overexpressed ORF27 in Escherichia coli and 

purified it by affinity chromatography. This enabled us to explore the catalytic properties of this 

enzyme. ORF27 was confirmed to possess 4-guanidinylbutyryl-CoA ligase (4GBL) activity. 
#
 Reproduced with permission from Jingwei Zhang, Mehmet Burdu, George Wang, Edward E.K. Baidoob, Jay. D. 

Keasling. “Application of an Acyl-CoA Synthetase from Streptomyces aizunensis for Lactam Biosynthesis” 

(manuscript in preparation) 
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ORF27 had broad substrate specificity: it could act on linear or branched acid substrates with 

positively charged or neutral functional groups on the ω-terminal end, yet the enzyme was 

selective against negatively charged groups on the substrate’s ω-terminal end. Intriguingly, 

ORF27’s activity for ω-amino fatty acids activation led to its application as a general lactam 

synthase, enabling biosynthesis of caprolactam, valerolactam and butyrolactam. Comparative 

study of ORF27’s reaction products for different ω-amino fatty acid precursors was performed to 

better understand this enzyme’s activity as a lactam synthase. 

 

To apply ORF27 for renewable chemical production, ORF27 was overexpressed in E. coli, and 

both valerlactam and caprolactam were formed in vivo by feeding their respective precursors, 5-

aminovaleric acid (5-AVA) and 6-aminohexanoic acid (6-AHA). To achieve renewable 

production of valerolactam from sugar, we introduced a two-gene pathway into E. coli that 

converts lysine to 5-AVA. The pathway contains an L-lysine monoxygenase (davB from 

Pseudomonas putida KT2440) and a 5-aminovaleramide amidohydrolase (davA from 

Pseudomonas putida KT2440. Introducing the genes encoding the 5-AVA biosynthetic pathway 

and a gene encoding a fusion of ORF27 with maltose binding protein, MBP-ORF27, enabled E. 

coli to produce valerolactam from lysine or directly from glucose.  

 

2.2 Materials and Methods 

2.2.1 Strains and plasmids 

 

All the strains and plasmids utilized in this study are listed in Table 2.1. The sequences for the 

plasmids are listed in Supplementary Material S10. 

 

Table 2.1. E. coli strains, plasmids and oligonucleotides used. 
Name Relevant genotype Reference 

Host Strains   

DH10B F− mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 

endA1 araD139 Δ(ara, leu)7697 galU galK λ-rpsL nupG 

Life Technologies (Carlsbad, CA) 

BL21 Star (DE3) F− ompT hsdSB (rB− mB−) gal dcm rne131 (DE3) Life Technologies (Carlsbad, CA) 

JW2637-4 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔgabT743::kan, 

rph-1, Δ(rhaD-rhaB)568, hsdR514 

CGSC #11775 

 

Engineered Strains plasmids Host 

JZ-171 pBbE2C-ORF27 JW2637-4 

JZ-172 pBbE2C-RFP JW2637-4 

JZ-440 pBbA7a-DavB-DavA BL21(DE3) star 

JZ-441 pBbA7a-DavB-DavA + pET28a-MBP-ORF27 BL21(DE3) star 

 
Constructed Plasmid  Backbone Source (restriction 

site) 

Gene Source (direct digestion or 

PCR) 

PCR primers 

pBbE2C-ORF27 pBbE2C-RFP (BglII, XhoI) pDNA2.0-ORF27 (BglII, XhoI) N/A 

pET28b-N-ORF27 pET28b (NdeI, XhoI) pDNA2.0-ORF27 (NdeI, XhoI) N/A 

pET28b-C-ORF27 pET28b (NcoI, XhoI) pDNA2.0-ORF27 PCR JZ_27_C6xHis_f, 

JZ_27_C6xHis_r 

pET28a-MBP-ORF27 pET28a-MBP (NdeI, XhoI) pDNA2.0-ORF27 (NdeI, XhoI) N/A 

pBbA7a-DavB-DavA pBbA7a-RFP (BglII, XhoI) DavB, DavA gBlock N/A 
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Oligonucleotides 5’ 3’ Sequence, restriction site underlied, synthesized by Integrated DNA 

Technologies, Inc (Coralville, IA) 

Target Gene 

JZ_27_C6xHis_f GCGCGccatgg gc ATGCGCCCAATGACCGCTAAAATCTTCG C-6xHis-ORF27 

JZ_27_C6xHis_r GCGCGctcgagTTCTGCCGCCATACGGGTCAGC C-6xHis-ORF27 

 

 

 

2.2.2 ORF27 Protein Expression and Purification 

 

The gene encoding ORF27 (GenBank: AAX98201.1) was purchased from DNA 2.0 (Menlo Park, 

CA). The synthetic gene was optimized with E. coli codon usage and delivered in pDNA2.0-

ORF27. For expression and purification of ORF27, the pDNA2.0-ORF27 plasmid was digested 

with NdeI and XhoI and cloned into pET28b in order to produce ORF27 with an N-terminal 

6xHis tag. The resulting plasmid, pET28b-N-ORF27, was transformed into E. coli BL21 Star 

(DE3) for ORF27 overexpression. To place a C-terminal His-tag on ORF27, primers 

JZ_27_C6xHis_f and JZ_27_C6xHis_r were used to amplify ORF27 from pDNA2.0-ORF27. 

The resulting PCR product was digested with NcoI and XhoI and cloned into pET28b.  

For N-terminal 6xHis ORF27 expression, the overnight culture was inoculated (1:100 v/v) into 1 

L LB medium containing 5 μg/ml kanamycin. The culture was grown at 37°C until the O.D. 

reached 0.6 and cooled on ice for 20 min. 0.5 mM IPTG was added to induce N-6xHis 

ORF27overexpression for 16 h at 18°C. The cells were harvested by centrifugation (8000 × g, 6 

min, 4°C), resuspended in 30 mL of lysis buffer (50 mM HEPES, pH 8.0, 0.5 M NaCl, and 10 

mM imidazole), and lysed by sonication on ice. Cellular debris was removed by centrifugation 

(20,000 × g, 30 min, 4°C). Ni-NTA agarose resin was added to the supernatant (1 mL/L of 

culture), and the solution was rocked at 4°C for 1 h. The protein resin mixture was loaded onto a 

gravity flow column, and proteins were washed with washing buffer (50 mM HEPES, pH 8.0, 

0.5 M NaCl, and 20 mM imidazole) and eluted with elution buffer (50 mM HEPES, pH 8.0, 0.5 

M NaCl, and 250 mM imidazole). Purified proteins (60 mg from 1 L culture) were concentrated 

to 280 mg/mL and buffer exchanged into storage buffer (50 mM HEPES, pH 8.0, 8% glycerol). 

The final proteins were aliquoted and flash frozen in liquid nitrogen and stored at -80°C. C-

terminal 6xHis ORF27 (65 mg/L LB culture) was produced using BL21 Star (DE3) transformed 

with pET28b-C-ORF27, purified by Ni-NTA agarose resin and stocked at 220 mg/mL in storage 

buffer (50 mM HEPES, pH 8.0, 8% glycerol).  

 

Nickel nitrilotriacetic acid agarose (Ni-NTA) resin and SDS-PAGE gels were purchased from 

Qiagen and Biorad, respectively. Protein samples were concentrated using 10 KDa MMCO 

Amicon Ultra filters (Millipore). DNA and protein concentrations were determined using a 

Nanodrop 1000 spectrophotometer (Thermo Scientific). The purified ORF27 was checked on 

SDS-PAGE gel for purity (Fig. S2.1). 

 

2.2.3. ATP-PPi release Assays for ORF27 

 

The substrate range of ORF27 was determined by ATP-PPi release assays as previously 

described (46). Without prior knowledge about the reaction pathways, the ATP-PPi assay served 

a semi-quantitive method to compare substrate induced acceleration of ATP consumption.  For 

kinetic investigation of ORF27 activity with different substrates, the inorganic pyrophosphate 
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released by enzymatic reaction was measured continuously using the EnzChek Pyrophosphate 

Assay Kit (Invitrogen). A typical assay contained in a total volume of 150 L: 5 μM of ORF27, 

0-20 mM substrates, 1 mM ATP, 1 mM CoASH and 1 mM Mg(Cl)2 in 100 mM HEPES, pH 7.5. 

2-amino-6-mercapto-7-methylpurine ribonucleoside (MESG) substrate, purine nucleoside 

phosphorylase and inorganic pyrophosphatase were added according to the protocol. Reactions 

were initiated by the addition of ATP and monitored at 360 nm with SpectraMax M2 (Molecular 

Devices, Sunnyvale, CA). Initial velocities were calculated using the standard curve for 

inorganic pyrophosphate.  For each concentration, control reactions were carried out without 

enzyme or without ATP. The rates of PPi release were converted to observed rates, and the 

Michaelis-Menten kinetic parameters were obtained. 

 

The acids assayed were glutamic acid, γ-aminobutyrate (GABA), 4-guanidinobutyric acid, (S)-3-

hydroxyl-butyric acid, valeric acid, 4-methyl-hexanoic acid, 3-aminobutyric acid, 6-

aminocaproic acid, 6-guanidinohexanoic acid, glutaric acid, adipic acid, 2-aminobutyric acid and 

(Sigma-Aldrich, St. Louis, Missouri). During preparation of substrate stock solution, 6-

guanidinohexanoic acid has low solubility under neutral pH, and HCl was added to obtain 100 

mM stock solution in pH ~2.0. 

 

2.2.4. 4-Guanidinobutyryl CoA product identification 

 

To confirm ORF27’s native activity as a 4-guanidinobutyryl CoA synthetase, the quenched 

reaction with 4-guanidinobutyric acid was analyzed for CoA products as described previously 

(58). The mass measurements were carried out in the TOF-Scan monitoring mode for the 

detection of [M - H]
-
 ions (4-guanidinobutyrl-CoA, m/z =  893.1825). Negative controls were 

carried out using no enzyme, no ATP, no substrate or no CoASH.  

 

2.2.5. Product analysis of in vitro ORF27 lactam formation 

 

To compare formation of various lactams by ORF27, a reaction mixture containing 57 μM of 

ORF27, 5 mM ω-amino fatty acids substrates, 1 mM ATP or ADP, 0.5mM CoASH and 1 mM 

Mg(Cl)2 in 100 mM HEPES (pH=8) was incubated at 25C. The reactions were quenched by 

addition of methanol to a final concentration of 50% (v/v) at multiple time points (0 min, 15 min, 

1 h, 2 h, 4 h and 19 h).  The resulting quenched reactions were kept at 4°C and filtered through 

10 K Amicon Ultra-0.5 mL Centrifugal Filters (Millipore) at 8000 x g for 30min. The filtered 

solutions were analyzed for lactams and nucleotides using HPLC-MS (see Supplementary 

Material S2, S3).  Control reactions were carried out without enzyme, without substrate, without 

ATP, without CoASH or without MgCl2 (supplying additional 0.2 mM EDTA to chelate Mg
2+

 

ions from purified protein stock). Caprolactam, valerolactam and butyrolactam, AMP, ADP and 

ATP were purchased as standards from Sigma-Aldrich.  The pH dependence of ORF27-

catalyzed butrylactam formation was determined using an end-point assay, and the amount of 

butyrolactam was determined using the HPLC-MS method described above. 

 

2.2.6. Lactam Production in Vivo 

 

E. coli JW2637-4 contains a knockout of gabT, which encodes a GABA transaminase (29). This 

host was initially used to confirm production of valerolactam and caprolactam in vivo. E. coli 
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JZ-171 (ORF27) and JZ-172 (RFP negative control) were grown in LB medium containing 1 

mM 5-AVA and 6-AHA. Cultures were propagated in Luria-Bertani (LB) medium, which was 

prepared from dehydrated powder according to the manufacturer's instructions (BD Biosciences, 

San Jose, CA). Tl analyze caprolactam production, the culture was pelleted and supernatant was 

filtered before mixing with 1 volume of MeOH.  

 

2.2.7. In vivo valerolactam biosynthesis 

 

The davA and davB genes were ordered as gBlocks (Integrated Dna Technologies, Coralville, IA) 

and cloned into the BglII and XhoI sites on pBbA7, a biobrick vector, to generate plasmid 

pBbA7a-DavB-DavA(28). To circumvent ORF27’s limited solubility during incubation, MBP-

ORF27 was utilized(57). For high-density shake flask cultures, Studier’s autoinduction ZYM-

5052 medium was prepared according to the published protocol (27). Lysine at various 

concentrations (0 g/L, 1 g/L, 5 g/L and 10 g/L) was included in the ZYM-5052 medium. 

Kanamycin (20 μg/ml) and ampicillin (100 μg/ml) were added where desired to provide selective 

pressure for plasmid maintenance.  

 

E. coli strains (JZ-441) harboring plasmids containing genes encoding davA, davB and MBP-

ORF27 were inoculated into 10 mL of LB overnight. On day 2, the overnight culture was 

inoculated 1:100 (v/v) into 25 mL Studier’s autoinduction ZYM-5052 medium with various 

concentrations of lysine (0 g/L to 10 g/L) and appropriate antibiotics (27). The culture was 

incubated at 37°C. When the O.D. reached around 0.6, the culture was cooled to 25°C. The 

culture was then placed at 25°C incubator and the valerolactam titer was analyzed at 24 h, 48 h 

and 72 h. JZ-440, which contains only davA and davB, served as a negative control. 

 

2.3. Results 

2.3.1. ORF27 Biochemistry 

 

The sensitivity of the ATP-PPi release assay (5μM Pi) allowed the initial velocity to be 

determined within the first 2min of reaction incubation. During this time period, ATP hydrolysis 

activity by ORF27 was not observed according to the ATP-PPi assay (ATP hydrolysis was 

observed over longer period of time though, see discussion below). The ATP-PPi release assay 

revealed that ORF27 has a broad substrate specificity. The Km and kcat values of various 

substrates activation are shown in Table 2.2.  
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a The kinetic parameters of ORF27 were determined in a 100 mM HEPES, pH 7.5 at 25°C using 

the ATP-PPi release Assays 

b Other non-product forming pathways could occur such as ATP hydrolysis or acyl-OAMP 

intermediate hydrolysis. 

c ND not determined. 

 

HPLC-MS confirmed that ORF27 catalyzes 4-guanidinobutyryl-CoA formation (Fig. S2.4). The 

ability of ORF27 to accept a broad range of substrates, especially ω-amino fatty acids, implies an 

interesting biotechnology application. Once the acid group of ω-amino fatty acids has been 

activated, amide bond formation through intramolecular cyclization is theoretically 

thermodynamically favored, suggesting that ORF27 might be utilized as a lactam synthase to 

Table 2.2. Steady State Parameters of ORF27
a
 

Substrate Structure Product
 b

  Km 

(mM) 

kcat 

(min
-1

) 

kcat/Km  

(M
-1

min
-1

) 

γ-Aminobutyrate 
  

17.2 0.35 20.26 

4-Guanidinobutyric 

acid   
0.013 0.12 9434 

Glutamate 
c
 

 
ND ND ND ND 

(S)-3-hydroxyl-butyric 

acid  
ND ND ND ND 

Valeric acid 
  

52.2 1.70 32.6 

4-Methyl-hexanoic 

acid   
12.1 1.3 107.8 

3-Aminobutyric acid 
 

ND ND ND ND 

6-Aminocaproic acid 
  

0.056 0.17 2962.6 

6-Guanidinohexanoic 

acid 
  

0.11 0.33 2939.7 

Glutaric acid 
 

ND ND ND ND 

Adipic acid 
 

ND ND ND ND 

2-Aminobutyric acid 

  
1.63 0.036 22.2 
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produce industrially important chemicals, such as caprolactam, valerolactam and butyrolactam 

(Fig. 2.1).  

 

Figure 2.1. Proposed butyrolactam, valerolactam and caprolactam formation from their 

respective linear substrates catalyzed by ORF27. 

 
 

The ORF27-catalyzed lactam formation reaction in vitro was monitored for both nucleotide and 

lactam products, using either ATP or ADP as the energy source. LC-MS analysis of nucleotides 

(ATP, ADP, AMP) showed that ORF27 catalyzed a series of reactions (Fig. 2.2). In the absence 

of ORF27, ATP remained stable throughout the reaction (Fig. S2.5A). In the absence of ω-amino 

fatty acids, ORF27 predominantly hydrolyzed ATP over long term incubation, forming mainly 

ADP plus Pi and slightly AMP and PPi (Fig. S2.5B). This seeming contradiction with previous 

negative control ATP-PPi assay result was because: due to the slow kinetics of the in vitro 

reaction, ATP-PPi assay was not sensitive enough to detect Pi released caused by enzymatic 

ATP hydrolysis into ADP and Pi during the first 2 minutes(Fig. S2.5B). When ω-amino fatty 

acids were added into the reaction mixture, they facilitate ATP hydrolysis, as well as routing 

hydrolysis pathway towards forming AMP and PPi rather than ADP plus Pi. Therefore, the 

obsevered signal increase in the presence of substrate for the ATP-PPi assay was due to both 

increased ATP consumption, and having more PPi release instead of Pi release without ω-amino 

fatty acid substrates.  

 

 

Figure 2.2. ORF27 catalyzes multiple reaction pathways. 
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Although ORF27 was predicted to be an acyl-CoA synthetase, CoASH was not required for 

lactam formation (Fig. S2.5C-S2.5H). The minimal lactam formation system constituted ω-

amino fatty acids, ORF27, ATP and Mg
2+ 

(Fig. S2.6). Lactam formation is most rapid for 

valerolactam, followed by butyrolactam and caprolactam. ADP appeared earlier in in reactions 

containing ω-amino fatty acids but not in control reactions without the substrates , suggesting ω-

amino fatty acids dependent ATP hydrolysis into ADP and Pi also occurred during the reaction. 

When CoASH was added to the corresponding reactions, no 4-aminobutyryl-CoA or 5-

aminovaleryl-CoA was detected and barely distinguishable 6-aminohexanoyl-CoA mass ions, 

corresponding to 0.6% of CoASH signal abundance, were detected (data not shown). Mass ions 

corresponding to other off-pathway products, such as the ω-amino fatty acids dimers or trimers, 

were not observed.  

 

In additional to using ATP, ORF27 could also utilize ADP to activate ω-amino fatty acids and 

catalyze lactam formation, although the reaction occurred at only 20-50% of the rate of the 

similar reaction when ATP was the substrate (Fig. S2.5I-S2.5K).  

 

The pH profile of ORF27 activity was determined for butyrolactam, and the enzyme had a pH 

optimum of 8.0. The enzyme precipitated and became inactive when the pH dropped below 6.0 

(Fig. S2.7).  

2.3.2. Valerolactam and caprolactam production in vivo 

 

To demonstrate that valerolactam or caprolactam can be produced using whole-cell catalysts, we 

fed the respective precursors, 5-AVA or 6-AHA, to E. coli JZ-171, which overexpressed ORF27. 

Valerolactam (5-AVA fed) or caprolactam (6-AHA fed) was observed in the medium upon 

ORF27 expression (Fig. S2.8).  

 

To demonstrate that valerolactam could be produced directly from glucose with no ω-amino fatty 

acid feeding, we introduced a pathway for 5-AVA biosynthesis into E. coli BL21(DE3)star, 

resulting in strain JZ-441(49-51).  Valerolactam was produced directly from lysine when davA 

and davB were introduced into E. coli (Fig. 2.3A). Cells growing in medium supplemented with 

5 g/L of lysine produced a maximum of 195 mg/L (~2 mM) valerolactam. Increasing lysine 

supplementation to 10 g/L caused a reduction in bacterial growth and caused a delayed and 

decreased production of valerolactam. At 0 g/L lysine feeding, JZ-441 produced 89 mg/L of 

valerolactam (Fig. 2.3B). JZ-440, which lacks MBP-ORF27, produced no measurable 

valerolactam. 
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Figure 2.3. Valerolactam production in recombinant E. coli. A) Valerolactam biosynthesis 

pathway. B) Production of valerolactam via fermentation. Titer gain by day 1-3 after induction in 

strains JZ-440 (ORF27 negative control) and JZ-441 from 0g/L, 1g/L, 5g/L and 10g/L lysine 

feeding.  

 

 
 

 

2.4. Discussion 

Natural product biosynthesis continues to be a rich source of enzyme candidates with novel 

activities. ORF27, an enzyme in the Streptomyces aizunensis ECO-02301 biosynthetic cluster, 

was identified to be a 4-guanidinobutyryl-CoA synthetase, which has interesting implications for 

the ECO-02301 loading mechanism (Supplementary material S9) (46, 59, 60).  

ORF27 accepted a wide range of short chain fatty acid substrates and their functionalized 

analogs. Both linear and branched fatty acid substrates were accepted as substrates. However, the 

enzyme seems to have little tolerance of polar groups at C3 position. Positively charged 

substrates, such as the ω-amino fatty acids or the ω-guanidino fatty acids are well tolerated, 

despite the fact that some substrates such as 6-guanidinohexanoic acid have two more carbons in 

their backbone than the native substrate. However, enzyme activity on substrates that have a 
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negatively charged group on the ω-terminal end, such as a carboxylic acid group, was not 

observed, even though glutaric acid and adipic acid have similar steric hindrance as 6-

guanidinohexanoic acid. This suggests that ORF27 has strict substrate selection residues around 

it binding pocket and preferentially favors substrates with a positively charged group on the ω-

terminal end. 

 

The ability of ORF27 to accept various ω-amino fatty acids was explored for lactam biosynthesis. 

For lactam formation, ORF27 does not require CoASH as substrate and utilizes multiple reaction 

pathways. The activation of ω-amino fatty acids by ATP facilitates cyclization. This enables 

five-membered, six-membered and even seven-membered ring formation at mild temperatures, 

resulting in the production of important industrial lactams such as valerolactam and caprolactam 

via fermentation. Unlike the reversible aminolysis enzyme CALB that was previously described, 

ORF27 performs the reaction under milder condition in an irreversible fashion. The lactam 

product observed is exclusively cyclized monomers, without dimer or trimer contaminants. 

These novel features make ORF27 an ideal candidate for lactam biosynthesis. However, the 

enzyme catalyzed significant ATP and ADP hydrolysis during the reaction. Directed evolution of 

ORF27 towards less futile ATP and ADP hydrolysis could potentially improve ORF27 as a 

lactam synthase. 

By introducing davB and davA into E. coli, we demonstrated valerolactam biosynthesis from 

lysine. Valerolactam production in autoinduction medium was lysine dependent. At 

concentrations of lysine below  5 g/L, valerolactam production correlated with lysine 

concentration. However, high concentrations of lysine (e.g., 10 g/L) inhibited bacterial growth 

and resulted in decreased valerolactam production. Even without lysine feeding, direct lysine 

production from glucose was sufficient to produce 50% of the valerolactam produced when 5 g/L 

lysine was fed to the culture. Interestingly, in the absence of ORF27, a slight amount of 

valerolactam was observed. Since 5-AVA does not cyclize when incubated in medium at 25°C 

(data not shown), he observed valerolactam could result from catalysis by innate E. coli enzymes. 

Caprolactam was also biosynthesized by feeding its precursor 6-aminohexanoic acid. With the 

recent publication of 6-aminohexanoic acid biosynthetic pathway in E. coli, ORF27 holds the 

promise to enable full caprolactam biosynthesis in a microbial host (54). This opens the door to 

substitute the current petrochemical process with a renewable bioprocess for a bulk chemical 

with four million ton annual production, potentially could make huge positive impact on our 

environment. 

 

2.5. Conclusion 

ORF27 is an enzyme in the ECO-02301 biosynthetic cluster. It was identified to catalyze 4-

guanidinobutyryl-CoA formation, and was able to activate a wide range of substrates. While 

acting on ω-amino fatty acids, ORF27 can catalyze the ring closing reaction to produce lactams. 

Biosynthesis of polymer precursors such as caprolactam, valerolactam and butyrolactam were 

demonstrated from their respective ω-amino fatty acids. For in vivo production of valerolactam 

from lysine or glucose, the lysine to 5-AVA pathway was introduced into an E. coli strain 

harboring the gene encoding ORF27. 
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Supplemental Material 

 

Supplementary Figures 
 

Figure S2.1. SDS-PAGE of ORF27 purified from E. coli. Ready gel for Tris-Glycine Gel (10% precast, 

Bio-Rad) was used. For molecular weight determination, PageRuler™ Prestained Protein Ladder (10 to 

180 kDa, ThermoFisher Scientific) was used as protein ladder. 

 
 

 

 

S2.2. Caprolactam, valerolactam and butyrolactam analytical method  

Liquid chromatography (LC) separation of lactams were conducted at 55°C with an Inertsil ODS-3 

reverse-phase C18 column (250 mm length, 2.1 mm internal diameter, 3 μM particle size; GL Sciences) 

using a 1100 series high-performance LC system (Agilent Technologies).  The mobile phase was 

composed of 0.1% formic acid in H2O (solvent A) and 0.1% formic acid in MeOH (solvent B). 

Butyrolactam was separated with the following gradient: 40% to 60% B for 4.5 min, 60% to 100% B for 

0.5 min, 100% to 40% B for 0.5 min, held at 10% B for 8.5 min. A flow rate of 0.18 mL/min was used 

throughout. 

Time-of-Flight Mass Spectrometry method for lactam accurate mass monitoring 

The LC system was coupled to an Agilent Technologies 6210 electrospray time-of-flight (TOF) mass 

spectrometer. Nitrogen gas was used as both the nebulizing and drying gas to facilitate the production of 

gas-phase ions. The drying and nebulizing gases were set to 11 L/min and 25 psig, respectively, and a 

drying gas temperature of 320°C was used throughout. ESI was conducted in the positive-ion mode with a 

capillary voltage of 3.5 kV. Mass measurements were carried out in the TOF-Scan monitoring mode for 

the detection of [M + H]
+
 ions (2-pyrrolidone, m/z=86.0600; 2-piperidinone, m/z= 100.07569; 

caprolactam, m/z= 114.09134). The instrument was tuned for a range of m/z  70 to 300. Data acquisition 

and processing were performed using MassHunter Workstation (Agilent Technologies). 

S2.3. ATP, ADP, AMP analytical method  

Nucleotide product analysis studies was analyzed using an expedited modification of the HILIC method 

previously described(61). Liquid chromatography (LC) separation of lactams were conducted at 40°C 
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with an SeQuant Zic-pHILIC column (150 mm length, 2.1 mm internal diameter, 5 μM particle size; GL 

Sciences) using a 1100 series high-performance LC system (Agilent Technologies).  The mobile phase 

was composed of 50mM (NH4)2CO3 in H2O (solvent A) and acetonitrile (solvent B). ATP, ADP, AMP 

and CoAs were separated with the following gradient: 73% to 43% B for 6 min (flow rate 0.25mL/min), 

43% to 73% B for 0.2 min(flow rate 0.25mL/min), hold at 73% B for 1 min(flow rate 0.3mL/min), hold at 

73% 0.2 min(flow rate 0.3mL/min), held at 73% B for 5.1 min (flow rate of 0.38mL/min). The HPLC 

system was coupled to TOF MS. ESI was conducted in the negative ion mode, and a capillary voltage of 

3.5 kV was utilized. Fragmentor, skimmer, and OCT1 RF voltages were set to 200 V, 65 V, and 300 V, 

respectively. Mass measurements were carried out in the TOF-Scan monitoring mode for the detection of 

[M - H]
-
 ions (ATP, m/z=505.9885; ADP, m/z= 426.0221; AMP, m/z= 346.0558; CoASH, 

m/z=766.1079). MS experiments were carried out in the full-scan mode (m/z 100 to 1000). 

 

Figure S2.4. LC–MS analysis of 4-guanidinobutyrl-CoA formation catalyzed by ORF27. (A) 4-

guanidinobutyrl-CoA synthetase reaction. (B) LC-MS confirmed that the reaction system requires ORF27, 

4-guanidino butyric acid (4-GBA) and CoASH for 4-guanidinobutyryl-CoA (4GB-CoA) product 

formation.  

 

 
 

 

Figure S2.5. Nucleotide and lactam product analysis of ORF27 catalyzed lactam formation.  A) 

ORF27 minus, ATP for activation, CoASH plus. B) ω-amino fatty acid minus, ATP, CoASH plus. C) 6-

AHA, ATP, CoASH minus. D) 6-AHA, ATP, CoASH plus. E) 5-AVA, ATP, CoASH minus. F) 5-AVA, 

ATP, CoASH plus. G) GABA, ATP, CoASH minus. H) GABA, ATP, CoASH plus. I) 6-AHA, ADP, 

CoASH plus. J) 5-AVA, ADP, CoASH plus. K) GABA, ADP, CoASH plus. 
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Figure S2.6. ORF27 catalyzed lactam formation. A) Butyrolactam formation. B)  Valerolactam 

formation. C) Caprolactam formation. A reaction mixture containing 57 μM of ORF27, 5 mM ω-amino 

fatty acids substrates, 1 mM ATP or ADP, 0.5mM CoASH and 1 mM Mg(Cl)2 in 100 mM HEPES (pH=8) 

was incubated at 25C for 19h and quenched with methanol. The quenched reaction was filtered to get rid 

of protein aggregates before loading onto LC-MS. 
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* It was noticed that various types of filters tested (based on nylon, polypropylene or cellulose) all contain 

trace amount of caprolactam if organic solvents such as urea, MeOH were used to quench the reaction 

before filtering. Heat inactivation or acid, base based quenching compromised caprolactam stability.  

To determining caprolactam in production medium, culture could be filtered across 10kDa membrane 

before mixing with 1 volume of MeOH to prevent leaching of caprolactam from the filter membrane 

when preparing the samples for LC-MS analysis (Fig. S2.8).  
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Figure S2.7. pH profile of ORF27 catalyzed butyrolactam formation. A reaction mixture containing 5 

μM ORF27, 1 mM GABA, 1 mM ATP, 1mM CoASH and 1 mM Mg(Cl)2 in 100 mM HEPES (pH 7.5) 

was incubated at 25C for 30 min. The reaction was quenched by equal volume of methanol, and the 

filtered solution was analyzed by analytical method described above. 

 
 

 

 

Figure S2.8. Production of industrial lactam via biosynthesis. (A) LC-MS analysis of valerolactam 

production from recombinant E. coli expressing ORF27 with 1mM 5-AVA feeding. (B) caprolactam 

production. 
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S2.9. ORF27 Biochemistry and Implications on ECO-02301 Loading Mechanism 

By exploring its substrate specificity, 4-guanidinobutyric acid is confirmed to be its natural substrate. 

This is consistent with previous hypothesis that ECO-02301 biosynthesis uses 4-guanidinobutyric acid as 

a starter unit. The inability to isolate activated 4-aminobutyryl esters in the enzymatic reaction showed the 

transient nature of the intermediate. This suggests that the proposed amidinohydrolase (ORF33) in the 

gene cluster may hydrolyze the ureido group later during ECO-02301 biosynthesis rather than before 

loading onto the first ACP domain.  
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Chapter 3 Develoapment of a Transcription Factor Based Lactam 

Biosensor 
§
 

3.1. Introduction  

3.1.1. Lactam Biosynthesis 

 

Due to environmental concerns of traditional chemical synthesis routes, there is a great interest 

in producing materials from renewable biomass through biorefineries(49, 50, 62-68). Lactams 

are important compounds used in the manufacture of polyamides(69). With an annual production 

of four million metric tons, -Caprolactam (caprolactam) feeds into the production of nylon 6 

found in fabrics, coatings, plastics, lubricants, etc.(48). -Valerolactam (valerolactam) is also a 

monomer for nylon 5 and nylon 6,5 synthesis, addition of which tunes the properties of the 

resulting polymers(49-51). And butyrolactam was identified by the US Department of Energy as 

an important C4 “Top Value-Added Chemical from Biomass” (1). It is currently used as the 

precursor for the production of N-vinylpyrrolidone, etc (2), and is also proposed to be monomer 

for nylon-4, a fiber material with the highest hydrophilicity in the nylon family of materials (3). 

With the recent discovery of lactam synthases, renewable production of such as -caprolactam, 

-valerolactam and butyrolactam in E. coli is no possible(57) (caprolactam and valerolactam 

biosynthesis were unpublished data). To produce lactams via fermentation at industrial scale, 

pathway yields and productivities need to be significantly improved.  

3.1.2. High Throughput Screening 

 

Directed evolution has been applied successfully to evolve enzymes and engineer strains(32, 70-

77). A successful directed evolution procedure involves two steps: first, generating diverse 

genotypic libraries; and second, identifying the desired phenotype from the library(78). Our 

ability to generate genotypic diversity is enabled by a set of technologies, including introducing 

either random or targeted mutations during DNA synthesis, incorporating combinatorial 

promoter and ribosomal binding site (RBS) during multi-gene pathway assembly(79, 80), 

genome engineering techniques, such as multiplex genome engineering (MAGE)(77) and 

CRISPR(81-94), global transcription machinery engineering (gTEM)(95), multiscale analysis of 

library enrichment (SCALEs)(96), and random mutagenesis by chemical mutagens or uv 

radiation.  However, our ability to screen through the resulting library lags behind(72).  Although 

gas and liquid chromatography techniques allow lactam product confirmation and quantification, 

these analytical methods have limited throughput (10
2
-10

3
 variants per machine per day), which 

constrains the number of strains and conditions that can be tested(72). Until now, no lactam-

responsive biosensor has been developed. Therefore, to construct a lactam-responsive biosensor 

we first sought to identify a naturally occurring transcription factor-promoter pair. 

 

 

 

 
§
 Reproduced with permission from Jingwei Zhang, Mehmet Burdu, Bryton Dias, Jay. D. Keasling. “Development 

of a Transcription Factor Based Lactam Biosensor” (submitted) 
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3.1.3. Molecular Shape 

 

Molecular shape is a very important concept in computer-aided drug design, and high throughput 

virtual screening based on molecular shape similarity has been widely used in drug 

discovery(97). However, the molecular shape similarity algorithms for drug discovery have not 

been widely used for metabolic engineering, and the similarity assessment was often too 

stringent for molecules of interest in metabolic engineering. For instance, even at 60% Tanimoto 

similarity cutoff computed with ROCS (Rapid Overlay of Chemical Structures)(98), the current 

gold standard for shape comparison, the output molecule analogs of valerolactam all contain 

amide bonds, which for transcription factor binding may not be necessary, since molecule 

analogs with ester or even α-methylene carbonyl groups can potentially be recognized. Another 

issue in utilizing molecular shape-based drug screening algorithms is that the compound library 

in medicinal chemistry has little relevance to microbial catabolism because most drug candidates 

have not been produced in large quantities and become environmental contaminants such that 

catabolic pathways would have evolved or been explored. Therefore, both the chemical library 

and the similarity search algorithms need to be adapted in order to apply molecular shape 

similarity search to metabolic engineering.  

 

We employed a targeted strategy to identify appropriate small molecule sensor gene candidates, 

named “Analog Generation Towards Catabolizable Chemicals” (AGTC
2
). The approach is based 

on two principles: 1) catabolic gene clusters offer a rich source of transcription factor candidates; 

2) metabolic engineering targets with molecular shapes similar to catabolizable chemicals are 

likely to be recognized by the same transcription factor. 

3.2. Material and Methods 

3.2.1. Chemical Space of Bacteria Biosensor Inducers 
 

Bacteria usually use small-molecule-inducible transcription factors for substrate utilization(99), 

communication(100) and toxicity resistance(101). Molecules for bacterial communication cover 

a very limited chemical space (Table S3.4). Because toxicity resistance mechanisms involve a 

single pump protein(102) or a global network(95), it is difficult to identify genes whose protein 

products will be capable of recognizing a desired chemical. In contrast, bacteria catabolism 

covers a very large chemical space, and the pathways involve several genes usually present in 

operons on plasmids or the bacterial genome under the control of inducible promoters(99, 103). 

Because these pathways are only induced in the presence of the desired chemical, they are 

excellent candidates for transcription factors that recognize the target molecule. 

3.2.2. Analog Generation towards Catabolizable Chemicals 
 

The search begins with the metabolic engineering target molecule. A list of molecules with 

various degrees of chemical similarity to the target is generated (Fig. 3.1A). Some rules of thumb 

are 1) maintain general molecular shape, either open chain or ring structure; 2) maintain charge 

distribution and polarity within a molecule, for example, C-N and C-O bonds are interchangeable, 

as well as nitrile groups with carbonyl groups; 3) maintain hydrophilicity and hydrophobicity 

distribution of molecules; and 4) in terms of similarity ranking, the further the modification is 
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away from the core functional group, the higher such modification ranks. For instance, γ-methyl-

caprolactam is more similar to caprolactam than α-methyl-caprolactam. 

The similarity search generates analogous chemicals known to be catabolized by microbes. The 

catabolism reactions are well curated in several databases, including the “BRENDA substructure 

search” (http://www.brenda-enzymes.org/index.php) (104), and many more are continually being 

discovered through large-scale megagenomics sequencing efforts(43, 45). Once the catabolic 

pathway is identified, the gene cluster encoding the catabolic pathway usually contains regulator 

candidates inducible by either the chemical itself or its downstream catabolic intermediates (Fig. 

3.1B). When choosing from multiple candidates, higher priority is given to organisms that are 

closer in phylogeny to the host into which this transcription factor is planned to be engineered. 

 

Figure 3.1. Analog Generation towards Catabolizable Chemicals (AGTC
2
). A) Chemical 

similarity search towards chemicals catabolizable by microbes; B) Search for transcription factor 

candidates in catabolism pathway; C) Lactam analogs in the catabolizable chemical space 

(excluding [C2mim]
+
Cl

- 
). 
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3.2.3. Biosensing protocol 
 

E. coli JZ-359 and JZ-439 were grown overnight in LB medium at 30°C. The overnight culture 

was inoculated 1:100 into fresh LB medium containing antibiotics (25 μg/mL chloramphenicol, 

20 μg/mL kanamycin and 100 μg/mL ampicillin) to create a culture master stock. Stock 

chemicals were prepared at various concentrations 50 times the final concentration. A master 

culture stock (147 μL) plus 3 μL of chemical stock were transferred into polystyrene 96-well 

Costar Assay Plate (black with clear flat bottom, Corning Inc., New York, NY). Oxygen 

permeable Adhesive Plate Seals (Catalog# AB-0580, Thermo Scientific, Waltham, MA) were 

used to seal the plate to prevent evaporation. Due to the temperature difference between the 

culture after plate preparation and the 30°C incubator, condensation on the inner surface of the 

seal would interfere with optical signal. Therefore, after liquid was transferred, the 96-well 

microplate and the seals were both kept at 30°C room for 5 min before sealing the plate. The 

plate was monitored every 15 min for O.D.600nm absorbance and mCherry fluorescence (λex= 

575nm, λem=620nm) in Infinite F200 multimode reader (TECAN, San Jose, CA ) for 10h at 30°C. 

3.2.4. Biosensor Performance Calculations 

 

The following Hill equation was used to fit the transfer function to derive the biosensor 

performance features: 

mCherry signal = mCherry0 + (mCherry𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 − mCherry0)▪
[𝐿𝑎𝑐𝑡𝑎𝑚]𝑛

𝐾𝑚
𝑛 + [𝐿𝑎𝑐𝑡𝑎𝑚]𝑛

 

where mCherry0 is the fluorescence in the absence of chemical, mCherrychemical is the 

fluorescence in the presence of the chemical, [Lactam] is the ligand concentration, Km is the 

ligand concentration that results in half-maximal signal, and n is a measure of the biosensor 

sensitivity (Hill coefficient) 

Data were fit with the Hill Equation to mathematically describe biosensor transfer functions and 

derive biosensor performance features (Table 3.2). 
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Table 3.2.  Biosensor performance features
a
 

Compound mCherrymax 

(AU) 

Transfer Function Dynamic 

Range 

Km 

(mM) 

Linear 

range 

(mM) 

Butyrolactam 11781 mCherry =
6461 +

15932▪
[𝐵𝑢𝑡]1.17

2161.17+[𝐵𝑢𝑡]1.17  

1.8 216 1 – 120 

Valerolactam 23292 mCherry =

5533 + 30905▪
[𝑉𝑎𝑙]0.85

850.85+[𝑉𝑎𝑙]0.85
  

3.5 85 1 – 120 

Caprolactam 21497 mCherry =
6636 +

23082▪
[𝐶𝑎𝑝]1.28

331.28+[𝐶𝑎𝑝]1.28  

3.1 33 1 – 50 

a 
Dose response curves were fitted to the Hill equation to derive the biosensor transfer functions. 

Dynamic range is the difference in output signal between high and low states. Km, the inducer 

concentration resulting in half-maximal induction. Linear range is the series of chemical 

concentrations for which a change in signal can be detected. 

3.3. Results 

3.3.1. Lactam Analog Search 
 

For lactam, we conducted analog generation towards catabolizable chemicals for butyrolactam, 

valerolactam and caprolactam (Fig. 3.1C). By comparing their molecular shape, cyclohexanone, 

caprolactone and isovaleronitrile stood out. Among them, caprolactone catabolism is likely 

inducible by its downstream products upon metabolism. Isovaleronitrile serves as the inducer for 

NitR/pNitA transcription factor/promoter pair from the R. rhodochrous J1(105-108) 

isovaleronitrile catabolism pathway (Fig. S3.1A). Cyclohexanone serves as the inducer for 

ChnR/Pb transcription factor/promoter pair originating from the Acinetobacter sp. SE19 or 

NCIMB 9871(109-113) cyclohexanol catabolic pathway (Fig. S3.1B).  1-Ethyl-3-

methylimidazolium chloride ([C2mim]
+
Cl

-
) served as a negative example. Although it also has 

five-membered ring structure, the charge distribution is significantly different from butyrolactam.  

A gel shift assay using purified EilR(114), a transcription factor inducible by [C2mim]
+
Cl

-
, did 

not show lactam inducibility (data not shown). 

3.3.2. Isovaleronitrile-inducible NitR/pNitA promoter pair 

 

Although the NitR/pNitA system was previously shown to be inducible by caprolactam when 

heterologously expressed in Gram positive Streptomyces(105, 115) and Mycobacteria 

species(107), attempts to transfer this system into Gram negative E. coli failed due to inability to 

heterologously express NitR solubly in E. coli (Fig. S3.2). 
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3.3.3. Cyclohexanone inducible ChnR/Pb promoter pair 

3.3.3.1. Design and Confirmation of a Bi-plasmid Lactam Biosensor System. 

The bacteria biosensor strains are listed in Tables 3.1 and S3.1-S3.3. The ChnR-Pb transcription 

factor/promoter pair is involved in the catabolism of cyclohexanone. It was first tested as a bi-

plasmid system in E. coli JZ-359.  One plasmid, pBbA8a-ChnR, has chnR under control of the 

arabinose-inducible araBAD promoter (PBAD), and the second plasmid, JZ-BCS-2, harbors the 

mCherry gene encoding for mCherry fluorescent protein (mCherry) under control of the 

Acinetobacter sp. chnB promoter (Pb).  Biosensor constructs were co-transformed into E. coli 

DP10 containing a ΔaraE deletion to enable titratable induction of ChnR, which is important for 

tuning both protein toxicity and transcription factor/small molecule complex formation.  

 

Table 3.1. E. coli strains. 
Name Relevant genotype Reference 

Strains   

DH10B F− mcrA crmrr-hsdRMS-mcrBC) r-hsdRMS-mcrBC)  and 

oligonucleotide139 Δ(ara, leu)7697 galU galK alrpsL nupG 

Life Technologies (Carlsbad, CA) 

DP10 DaraFGH DP-araE & PCP18-araE  

 

Strains plasmids Host 

JZ-359 JZ-BCS-2 (Kan) + pBbA8a-ChnR DP10 

JZ-439 pBbSLactamC-mCherry  DH10B 

 

Biosensor response was observed with either exogenously added butyrolactam or caprolactam 

when cultured at 30°C (Fig. 3.2A-3.2B). Additionally, the biosensor response was shown to be 

slightly negatively correlated with arabinose induction, suggesting some levels of ChnR toxicity 

or competition with mCherry production.  In the absence of L-arabinose, lactam dose dependent 

induction was observed, suggesting that leaky expression of ChnR is sufficient for lactam 

inducible response.  

 

Figure 3.2. Lactam-inducible ChnR/Pb pair. A) Inducible and dose dependent mCherry 

expression by butyrolactam; B) Inducible and dose dependent mCherry expression by 

caprolactam. 
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3.3.3.2. Single Plasmid Lactam Biosensor System for Metabolic Engineering 

 

The initial biosensor system had limited biotechnology usefulness, because the ChnR was 

controlled by external inducer, and the two-plasmid system would have significant burden for the 

production strains. Further improvements were made to create a single plasmid biosensor JZ-439 

for high throughput metabolic engineering with more desirable features: 1) ChnR was placed 

under the control of a constitutive promoter; 2) a low copy number plasmid was used to 

minimize the metabolic burden of plasmid replication; 3) The biosensor’s response against 

pathway intermediates was determined (Fig. S3.4); and 4) the biosensor’s dynamic range was 

matched with the anticipated future lactam titer improvement range. 

 

An optimized biosensor design (pBbSLactamC-mCherry) was constructed by incorporating a 

weak RBS 5’ of ChnR, and the SC101 origin of replication was chosen to minimize biosensor 

footprint (Fig.3.3A).  E. coli DH10B transformed with pBbSLactamC-mCherry was used for 

characterization of biosensor response to exogenously added butyrolactam, valerolactam and 

caprolactam (Fig.3.3B). Butyrolactam and valerolactam did not affect growth (Fig. S3.3A-

S3.3B).  Because caprolactam is toxic beyond 50 mM, which results in a decrease in normalized 

mCherry fluorescence (Fig. S3.3C), caprolactam biosensor data were collected only up to the 

toxicity limit.  

 

Transfer functions for the valerolactam and caprolactam had the largest dynamic range; in the 

case of all lactams, the linear range of detection range was between one to two orders-of-

magnitude (Table 3.2.).  In addition to a broad linear range of detection and large dynamic range 

for lactams, the biosensor was also highly selective against lactam biosynthetic intermediates.  

Even at significantly high concentration, lactam biosynthetic pathway intermediates did not 

trigger mCherry expression above baseline. S-3-hydroxy butyrolactone, another “Top Value-

Added Chemical from Biomass”, was not able to induce mCherry expression(Fig. 3.3C). 

 

Figure 3.3. Single Plasmid Biosensor System. A) The lactam-inducible mCherry detection 

system; B) Inducible and dose dependent mCherry expression by butyrolactam, valerolactam and 

caprolactam; C) ChnR was inducible by 8mM butyrolactam, 7mM valerolactam, 6.25mM 

caprolactam, yet not inducible by lactam biosynthetic pathway intermediates, such as 68mM 

glutamate, 40mM GABA, 68mM Lysine, 40mM 5-AVA, 13.7mM adipate, 40mM 6-

aminocaproic acid or butyrolactam anaolog 3-hydroxy-butyrolactone, demonstrating great 

specificity.  
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Currently, engineered E. coli can produce butyrolactam at >10 mM titer, and valerolactam at 

approximately 2 mM (unpublished data). The the linear range (1-120mM) of the constructed 

biosensor strain JZ-439 falls within a reasonable range to anticipate future improvements in titer. 

In case when titer reaching beyond the linear range of detection, appropriate dilution of medium 

could bring the concentration of lactams back to linear range. 

 

From these results, we concluded the biosensor is well-suited for high-throughput lactam 

screening. 

 

3.4. Discussion 

 

Developing higher throughput screening assays for microbial lactam production is challenging 

due to several features of this class of molecules: 1) they lack differential spectroscopic features 

that would allow them to be monitored using high throughput detection methods; 2) the amide 

bond is relatively inert, and lactams have few activated functional groups to enable specific 

chemical derivatization or enzymatic transformation; 3) it is completely mixable with both water 

and organic solvents, making it hard to extract or enrich; 4) DNA/RNA sensors for lactams are 
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unlikely to be developed due to their small molecular size, relative high hydrophobicity and lack 

of distinct hydrogen bond donors and acceptors; and 5) Chemical or protein sensors based on 

host-guest supramolecular interaction are the only likely sources of candidates. Protein sensors 

have the advantage of low price during implementation since it’s genetically coded. The protein 

residues provide a much larger interaction network, potentially leading to greater specificity.  

 

Nature does not generally develop transcriptional control for butyrolactam, valerolactam and 

caprolactam though. These are artificial petrochemicals, and do not participate in metabolism. 

Their low toxicity for cell growth does not justify the need for evolving an inducible transporter 

system that pumps lactams outside the cell. Even in the cases where lactams is utilized by 

microbes as sole carbon and nitrogen source, inducible catabolism of lactams are usually 

achieved by a constitutive expression of a hydrolase, followed by transcriptional control by the 

downstream open chain ω-amino fatty acids upon hydrolysis. Therefore, we explored chemical 

analogs with similar molecular shape as the lactam, and seek their catabolism pathways. 

 

The “Analog Generation towards Catabolizable Chemicals” (AGTC
2
) strategy is generally 

applicable because: First, it is believed that microbes can utilize virtually any organic compounds 

for growth given long term exposure in the environment. There is a tremendous set of literature 

on microbial substrate utilization with well-characterized catabolic pathways and their regulatory 

mechanisms. Studies on microbial growth in pollutant-contaminated environment greatly 

expanded the chemical space of catabolizable chemicals. Large-scale meganomics studies will 

make more microbial genome information available. In case where analogs are not documented 

in the literature, it is still convenient to look for candidates because pollution or wastewater 

treatment already created enriched bacterial candidates. Second, transcription factor discovery is 

naturally amenable to high throughput screening. Even if the transcription factor candidates were 

discovered to be uninducible by the metabolic engineering target molecule, directed evolution of 

the transcription factor candidate to recognize molecules that are similar to its native ligand has a 

high probability of success.  

 

A number of chemical informatics algorithms have been developed for drug discovery. By 

incorporating features relevant to microbial sensing, curating a chemical space specific for 

catabolizable chemicals, as well as applying filters in the context of metabolic engineering, these 

algorithms can be further tuned to automate and expedite transcription factor discovery for small 

molecule inducibility. Apart from small molecule inducibility, additional filters such as 

phylogenetic distance from host organism, specificity against metabolic pathway intermediates 

and relevant dynamic range are also important factors to achieve protein functional heterologous 

expression and to be utilized for high throughput screening. 

 

The ChnR/Pb transcription promoter pair had Hill coefficient of close to 1. The Hill coefficient 

may suggest the ChnR protein functioned as a monomer. Since multimeric proteins normally 

recognize DNA sequences with C2 or semi-C2 symmetry, during transcription factor screening, 

additional filter such as prioritizing promoter sequences without palindromic sequences may 

further facilitate the discovery of biosensor with great linear range. 
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3.5. Conclusion 
 

The discovered ChnR/Pb transcription factor/promoter pair is a proof of concept demonstration 

of transcription factor scouting using the “Analog Generation towards Catabolizable Chemicals” 

(AGTC
2
) strategy. Plasmid origin of replication, promoter strength and RBS 5’ of either the 

transcription factor or reporter protein are parameters that can fine-tune the properties of the 

biosensors. The ChnR/Pb biosensor system can potentially enable high throughput screening of 

lactam titer improvement over 1-2 orders of magnitude, depending on specific lactam targets. 
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Supplemental Material 

 

Materials and Methods 

 

Vector construction 

 

ChnR was amplified from pMS119 using primers JZ_s8CChnR_f / JZ_s8CChnR_r and cloned 

under PBAD in pBbA8a-RFP at BglII/XhoI to create pBbA8a-ChnR.  

JZ-BCS-2 was constructed by Gibson reaction of 2 DNA parts: 1. the vector backbone of WH32-

5 was digested at SalI/KpnI restriction site; 2. Pb promoter was amplified from pMS119 using 

primers JZ_Pbinsert_F/ JZ_Pbinsert_R.  

 

pBbSLactamC-mCherry was constructed by Gibson reaction of 4 DNA parts: 1. the vector 

backbone of pBbS5C-RFP was amplified using primers JZ_pBbS5C_backbone_f/ 

JZ_pBbS5C_backbone_r; 2. the constitutive expression of ChnR was achieved by amplifying the 

constitutive promoter in front of LacI from pBbS5C-RFP using primers JZ_lacuv5space_f/ 

JZ_lacuv5space_r; 3. The mCherry was amplified from WH32-5 using primers 

JZ_Pb_mcherry_f/JZ_Pb_mcherry_r; 4. The ChnR was amplified from pBbA8a-ChnR using 

primers JZ_ChnR_Gib_f/ JZ_ChnR_Gib_r 

 

NitR was amplified from pNIT-1 using primers JZ_NitR_N6xHis_f/ JZ_NitR_N6xHis_r and 

cloned into pSKB3 vector at NdeI/XhoI to create pSKB3-N-6xHis-NitR. NitR was amplified 

from pNIT-1 using primers JZ_NitR_C6xHis_f/ JZ_NitR_C6xHis_r and cloned into pSKB3 

vector at NcoI/EcoRI to create pSKB3-C-6xHis-NitR.  

 

Strain construction 

 

Standard molecular biology techniques were used to construct the two biosensor strains. 

Electrocompetent DP10 strain was prepared and double transformed with pBbA8a-ChnR+JZ-

BCS-2 to create strain JZ-359. JZ-439 was prepared by transforming pBbSLactamC-mCherry 

into chemically competent DH10B strain. JZ-243 and JZ-244 were prepared by transforming 

pSKB3-N-6xHis-NitR or pSKB3-N-6xHis-NitR into electrocompetent BL21(DE3)star strain. 

 

Solubility Check for NitR Protein Expression 

 

For either N-terminal 6xHis NitR or C-terminal 6xHis NitR expression, the overnight NitR 

overexpression strain culture was inoculated (1:100 v/v) into 10mL LB medium containing 5 

μg/ml kanamycin. The culture was grown at 37°C until the O.D. reached 0.6 and cooled on ice 

for 20 min. 1mM IPTG was added to induce NitR overexpression for 16 h at either 18°C or 13°C. 

1.5mL of the culture was harvested by centrifugation (8000 × g, 2 min, 4°C), resuspended in 

750μL of lysis buffer (50 mM HEPES, pH 8.0, 0.5 M NaCl), and lysed by sonication on ice. The 

solube and insoluble fractions were seperated by centrifugation (20,000 × g, 40 min, 4°C). 

Supernatant containing soluble protein was taken out and the pellet was resuspended in 750 μL 

lysis buffer. 14μL of the soluble supernatant sample or the insoluble pellet suspension was taken, 

mixed with 1μL 2mM DTT plus 5 μL 4X NuPAGE LDS Sample Buffer (ThermoFisher 
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Scientific, Waltham, MA ). The mixture was heated at 70°C for 5min and loaded onto Ready gel 

for Tris-Glycine Gel (10% precast, Bio-Rad). 

 

 

Supplementary Table 3.1. Table of strains  
Strains  Host 

JZ-243 pSKB3-N-6xHis-NitR BL21(DE3)star 

JZ-244 pSKB3-C-6xHis-NitR BL21(DE3)star 

 

Supplementary Table 3.2. Table of plasmids  
Plasmids  Reference 

pBbA8a-RFP p15A ori, AmpR, araC, RFP (28) 

pBbS5C-RFP SC101 ori, CmR, lacI, RFP (28) 

pMS119 ColE ori, AmpR, LacO,ChnR, ChnE, ChnB (113) 

pBbA8a-ChnR SC101 ori, CmR, araC,ChnR This study 

WH32-5 ColE ori, KanR, ZF repressible promoter, mCherry This study  

(courtesy of Dr. Will 

Holtz) 

JZ-BCS-2 ColE ori, KanR, Pb promoter, mCherry This study 

pBbSLactamC-mCherry SC101 ori, CmR, chnR, mCherry This study 

pNIT-1 OriM ori, OriE ori, KanR, pNitA, GFP (107, 109) 

pSKB3-N-6xHis-NitR ColE ori, KanR, LacI, N-6xHis-NitR This study 

pSKB3-C-6xHis-NitR ColE ori, KanR, LacI, N-6xHis-NitR This study 

 

Supplementary Table 3.3. Table of primers 
Oligonucleotides 5’ 3’ Sequence 

Integrated DNA Technologies, Inc (Coralville, IA) 
Target Gene 

JZ_s8CChnR_f GCGCGagatcttttaagaaggagatatacatatgagcacagacaaagcaa

atacgc 

ChnR 

JZ_s8CChnR_r GCGCGctcgagtttggatcctcaaaaaacaatagaggagactgaattttca

gac 

ChnR 

JZ_Pbinsert_F ttcatcccaatccacacgtccaac Pb promoter 

JZ_Pbinsert_R gatagccatgttatcttcttctcctttacgc Pb promoter 

JZ_ChnR_Gib_f gggaaaaagtggaagcggcgatgagcacagacaaagcaaatacgc ChnR 

JZ_ChnR_Gib_r ggaagagagtcaattcagggtggtgaatatgagcacagacaaagcaaatacg

c 

ChnR 

JZ_lacuv5space_f ctagtgatatcccgcggccactcgatcctctacgccggac LacI promoter 

JZ_lacuv5space_r gcgtatttgctttgtctgtgctcatattcaccaccctgaattgactctcttcc LacI promoter 

JZ_Pb_mcherry_f ggagatccttactcgagtttggatccttatttgtatagttcatccatgccaccgg mCherry 

JZ_Pb_mcherry_r gtccggcgtagaggatcgagtggccgcgggatatcactag mCherry 

JZ_pBbS5C_backbone_f 

gtctgaaaattcagtctcctctattgttttttgagcgcaacgcaattaatgtaagtta

gc 

pBbS5C vector 

backbone 

JZ_pBbS5C_backbone_r 

ccggtggcatggatgaactatacaaataaggatccaaactcgagtaaggatct

cc 

pBbS5C vector 

backbone 

JZ_NitR_N6xHis_f  gcgcg CAT atgaacactttcttctcctcagac NitR 

JZ_NitR_N6xHis_r gcgcg GGATCCctacgaaacctccgtcggtg NitR 

JZ_NitR_C6xHis_f GCGCG ccatgggc atgaacactttcttctcctcagac NitR 

JZ_NitR_C6xHis_r gcgcgCGAATTCGGcgaaacctccgtcggtg NitR 
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Supplementary Figure 3.1. Catabolic pathways and inducible transcription factors. A) 

Isovaleronitrile catabolism pathway in R. rhodochrous J1, NitR activated by isovaleronitrile; B) 

Cyclohexanol catabolism pathway in Acinetobacter sp., ChnR activated by cyclohexanone. 

 

 
 

 

 

Supplementary Figure 3.2. Solubility test of NitR in E. coli. SDS-PAGE of NitR expressed at 

various temperature in E. coli. For molecular weight determination, PageRuler™ Prestained 

Protein Ladder (10 to 180 kDa, ThermoFisher Scientific, Waltham, MA) was used as protein 

ladder. L: Protein ladder; Lane 1: N-6xHis-NitR induction at 18°C (soluble); Lane 2: N-6xHis-

NitR induction at 18°C (insoluble); Lane 3: N-6xHis-NitR induction at 13°C (soluble); Lane 4: 

N-6xHis-NitR induction at 13°C (insoluble); Lane 5: C-6xHis-NitR induction at 18°C (soluble); 

Lane 6: C-6xHis-NitR induction at 18°C (insoluble); Lane 7: C-6xHis-NitR induction at 13°C 

(soluble); Lane 8: C-6xHis-NitR induction at 13°C (insoluble). 
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Supplementary Table 3.4. Small molecule inducible transcription factors for cell-cell 

communication.  

Organism Ligand Ligand Structure Sensor Ref. 

L. 

pneumophila 
8-amino-7-oxononanoate 

 

LqsS (116) 

V. cholerae (S)-3-hydroxytridecan-4-one 
 

CqsS (117) 

V. fischeri N-acyl HSL 
 

LuxR (118) 

X. campestris cis-11-methyl-dodecenoic acid 
 

RpfC (119) 

C. albicans 

S. cerevisiae 

tyrosol 
 

unknown (120) 
phenylethanol 

 

tryptophol 
 

P. aeruginosa 
Farnesol 

(inhibitory) 
 

PqsR 

(MvfR) 

(121) 

(122) 

 

V. cholerae AI-2 

 

LuxPQ (117) 

E. coli Indole 
 

SdiA 
(123) 

 

E. coli 

AI-3 Uncharacterized 

QseBC (124) 

Epinephrine 

 

norepinephrine 
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Supplementary Figure 3.3. Lactam induced toxicity. A) E. coli strain JZ-439 growth curve 

under various butyrolactam concentration, the O.D.600nm was monitored every 15min; B) growth 

under various valerolactam concentration; C) growth under various caprolactam concentration. 
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Supplementary Figure 3.4. Intermediates for engineered biosynthetic pathways of various 

lactams. A) Butyrolactam biosynthesis; B) Valerolactam biosynthesis; C) Caprolactam 

biosynthesis. 
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Chapter 4. Future Directions  
 

 

4.1. 2-pyrrolidone biosynthesis in Corynebacterium glutamicum 

 

Glutamic acid is considered as one of the 12 potential platform chemicals that could be derived 

from sugar. It is possible to convert glutamic acid through bio-catalysis process to high value-

added chemicals for functional food, medicine and materials, such as γ-aminobutyric acid, α-

ketoglutaric acid, and 2-pyrrolidone etc. Among these derivatives, 2-pyrrolidone is an important 

solvent and organic chemical intermediate that is widely used in analysis equipment washing, 

biorefining, and production of synthetic resins, chemical, pharmaceutical, pesticides, dyes and 

light industry. It is the important feedstock for synthesizing N-vinyl pyrrolidone, the monomer of 

polyvinyl pyrrolidone, which is a non-ionic polymer compound used widely in medicine, food, 

household chemicals, textile etc. Besides, ring-opening polymerization of 2-pyrrolidone forms 

nylon-4, a translucent or milky white thermoplastic resin. Compared with other nylon materials, 

nylon-4 has better thermal stability and the highest hydrophilicity. The synthetic leather made 

from Nylon-4 is flexible, porous, and anti-static. Nylon-4 has similar hydrophilicity as cotton and 

silk, and is considered as an ideal substitution of cotton fibre.  

 

Nowadays, 2- pyrrolidone is synthesized by chemical process using fossil-based feedstock. The 

price of 2-pyrrolidone ranges from $3000 to $7000 per ton, which is much higher than $1300 per 

ton of glutamic acid. Thus, it is economically attractive to develop biosynthesis process of 

producing 2-pyrrolidone from glutamic acid or even directly from glucose by engineering an 

industrial glutamic acid producer. 

 

The scope of the project is to developing new strains that could be used for converting glucose to 

2-pyrrolidone by fermentation: 

 

(1) Screening and cloning new genes of glutamic acid decarboxylase and pyrrolidone synthase. 

Obtaining new glutamic acid decarboxylase and pyrrolidone synthase genes by using 

bioinformatic tools for gene mining. Optimizing DNA sequences. Overexpressing the genes in 

Escherichia coli or Corynebacterium glutamicum. Purifying and characterizing the enzymes. 

 

(2) Constructing and optimizing 2-pyrrolidone synthesis pathway in C. glutamicum using 

glucose as substrate. Optimizing codon usage of the high activity and stability glutamic acid 

decarboxylase and pyrrolidone synthase candidates for C. glutamicum. Installing these enzymes 

into industrial glutamic acid strain. Determining bottle neck steps and metabolic flux by 

monitoring proteomics and metabolomics during fermentation. Engineering the bottle neck steps 

to increase the reaction rate and reducing intermediates by increasing copy number, changing 

promoter strength, enzyme engineering etc. 

 

Several C. glutamicum gene candidates are likely involved in consumption of glutamate or 

GABA. Knock out of Ncgl0462 (GABA transaminase), Ncgl1221 (glutamate exporter) or double 

knockout of both can potentially direct flux towards 2-pyrrolidone (Fig. 4.1). 
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Figure 4.1. Host engineering candidates for 2-pyrrolidone production in C. glutamicum. 

 

 
 

(3) Optimizing fermentation conditions for 2-pyrrolidone overproduction in C. glutamicum. 

Fermentation conditions will be further tuned to optimize the production of 2-pyrrolidone for the 

engineered C. glutamicum: including growth and fermentation condition, temperature, pH, etc.  

 

(4)  Optimizing fermentation conditions for 2-pyrrolidone overproduction by whole cell catalysis. 

Conditions will be further tuned to optimize the production of 2-pyrrolidone for the engineered 

whole cell (E. coli or C. glutamicum, etc.): including cell growth condition such as media, 

temperature or pH, protein overexpression condition, as well as cell stability, etc. 

 

4.2. Construction of Caprolactam Producer Strains 

 

Caprolactam (caprolactam) is used in the production of nylon 6 found in fabrics, coatings, 

plastics of many compositions, lubricants, etc. The worldwide use of nylons requires the 

production of approximately four million metric tons of caprolactam annually (48). With the 

discovery of ORF27 as a general lactam synthase, it would be possible to integrate ORF27 with 

6-aminohexanoic acid pathway to enable complete biosynthesis of caprolactam (Fig. 4.2). 

 

Figure 4.2. Proposed biosynthetic pathway of caprolactam 
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4.3. High Throughput Screening of Lactam Production Strains 

 

The integration of biosensor with the lactam producers would enable high throughput screening 

of lactam production strains with higher titer. 

 

Droplet microfluidics offers an interesting high throughput system for screening millions of 

strain variants. A double emulsion device was constructed, courtesy of Tuan Tran at Adam Abate 

lab, UCSF (Fig. 4.3). The device can achieve co-localization of production strains and 

biosensing strain in proximity at a frequency of around 10,000/sec, allowing extremely high 

throughput screening of strains. Lactam was shown to be diffusible across the droplet boundary.  

 

Figure 4.3. Droplet Microfluidic System for High Throughput Screening of Lactam Producers. 

A) Droplet system to form triplet emulsion, plugging of one channel could lead to double 

emulsion formation devices; B) Double emulsion formed from microfluidic device; C) 

Schematic representation of encapsulating single production strain variant in droplet and sensing 

strain in the nearby double emulsion droplets. The single cell encapsulation was achieved by cell 

dilution (1/10 droplets have cells) 
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Appendix 
 

Sequence of synthetized DNA and plasmids 

 

gBlock davB sequence 

tataggggaattgtgagcggataacaatttcagaattcaaaagatcttttaagaaggagatatacatatgaacaagaagaaccgccaccccg

ccgacggcaagaagccgatcaccattttcggcccggacttcccttttgctttcgacgactggctggaacacccggcaggcctgggcagcat

tccggctgagcgccatggggaagaggtggccattgtcggtgccggtatcgccggcctggtagcggcctacgagctgatgaagctgggcc

tcaagccggtggtgtacgaggcttccaagctgggcggccggctgcgctcgcaagccttcaatggcactgacgggatcgttgccgagctgg

gtggcatgcgcttcccggtgtcgtccaccgccttctaccactacgtcgacaagctgggcctggagaccaagcccttccccaacccgctgac

cccggcttcgggcagcacggtgatcgacctggaaggccagacctactacgccgagaagcccaccgacctgccgcaactgtttcatgagg

tagccgacgcttgggccgatgctctggagagcggtgcgcagttcgccgatatccagcaggccatccgcgaccgtgatgtaccgcgcctga

aggaactctggaacaagctggtgccactgtgggacgaccgcaccttctacgacttcgtcgccacctcgcgctcttttgccaagctgagcttc

cagcaccgcgaagtgttcggccaggtcggtttcggcaccggcggttgggactcggacttccccaactcgatgctggaaatcttccgcgtgg

tgatgaccaactgcgacgaccaccagcacctggtggtcgggggcgtggaacaagtgccacaaggcatctggcgcgacgtaccggaacg

ctgcgtgcattggccagagggcaccagcctgagcacgctgcatggcggcgcaccgcgtaccggggtcaagcgcattgcccgcgccgcc

gatggccgcctggcggtcaccgacaactggggcgatacccgccactacagcgcagtactcgccacctgccagacctggttgctgaccac

ccagatcgactgcgaggaatcgctgttctcgcaaaagatgtggatggccctggaccgtacccgctacatgcagtcgtcgaaaaccttcgtc

atggtcgaccgcccgttctggaaggacaaggacccggaaaccggccgtgacctgctgagcatgaccctcaccgaccgcctcacccgcg

gcacttacctgttcgacaacggcaacgacaagcccggggtgatctgcctgtcgtactcgtggatgagcgacgcgctgaagatgctgccgc

acccggtggaaaagcgcgtacaactggccctggatgcgctgaagaagatctacccgaagaccgatatcgccgggcacatcatcggcgac

ccgatcacggtttcctgggaggccgacccgtacttcctcggcgccttcaaaggcgcgcttccgggccattaccgctacaaccagcgcatgt

acgcgcacttcatgcagcaggacatgccggcggagcagcgcggtatcttcattgccggtgacgacgtgtcatggacccccgcctgggttg

aaggcgcggtgcagacgtcgctgaatgcggtgtggggtatcatgaaccactttggtggccacacccaccccgacaaccccggcccgggc

gatgtgttcaacgaaatcggcccgatcgccctggcggattgaggatcttttaagaaggagatatacatatgcgcatcgctct 

 

gBlock davA sequence 

cccgatcgccctggcggattgaggatcttttaagaaggagatatacatatgcgcatcgctctgtaccagggcgcacccaagccactggatgt

gcccggcaacctgcaacggctgcgccaccaggcgcagttggcagccgaccgcggcgcacagttgctggtgtgcccggagatgttcctgt

ccggctacaacatcggcctggcccaggtcgagcgcctggccgaggccgccgatggcccggcagccatgacggtggtggagattgccc

aggcgcaccgtatcgccattgtctatggctacccggagcgcggcgatgacggggcgatctacaacagcgtgcagctgatcgatgcgcatg

gccgcagcctgagcaattaccgcaagacccacctgttcggtgaactggaccgctcgatgttcagccctggtgcggaccacttcccggtggt

ggaactggaaggctggaaggttggcctgctgatctgctacgacatcgagttcccggagaacgcccgacgcctggcgctggacggcgcc

gagctgatcctggtgccgacggcgaacatgacgccgtacgactttacctgccaggtgaccgtgagggcacgggcgcaggaaaaccagt

gctacctggtatatgccaactactgcggcgcggaagacgagatcgagtattgcgggcagagcagcatcatcggcccggatggcagcttgc

tggccatggccgggcgggatgagtgccagttgttggcagagctcgagcatgagcgggtggtgcaggggcgcagggcgtttccctacctg

accgatttgcgccaggagctgcacctgcgtaaaggctgaggatccaaactcgagtaaggatctccaggcatcaaataaaacgaaaggctc

agtc 

 

pBbA7a-DavB-DavA 

gacgtcctcactgcccgctttccagtcgggaaacctgtcgtgccagctgcattaatgaatcggccaacgcgcggggagaggcggtttgcgt

attgggcgccagggtggtttttcttttcaccagtgagacgggcaacagctgattgcccttcaccgcctggccctgagagagttgcagcaagc

ggtccacgctggtttgccccagcaggcgaaaatcctgtttgatggtggttaacggcgggatataacatgagctgtcttcggtatcgtcgtatcc

cactaccgagatgtccgcaccaacgcgcagcccggactcggtaatggcgcgcattgcgcccagcgccatctgatcgttggcaaccagcat

cgcagtgggaacgatgccctcattcagcatttgcatggtttgttgaaaaccggacatggcactccagtcgccttcccgttccgctatcggctg

aatttgattgcgagtgagatatttatgccagccagccagacgcagacgcgccgagacagaacttaatgggcccgctaacagcgcgatttgc
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tggtgacccaatgcgaccagatgctccacgcccagtcgcgtaccgtcttcatgggagaaaataatactgttgatgggtgtctggtcagagac

atcaagaaataacgccggaacattagtgcaggcagcttccacagcaatggcatcctggtcatccagcggatagttaatgatcagcccactg

acgcgttgcgcgagaagattgtgcaccgccgctttacaggcttcgacgccgcttcgttctaccatcgacaccaccacgctggcacccagttg

atcggcgcgagatttaatcgccgcgacaatttgcgacggcgcgtgcagggccagactggaggtggcaacgccaatcagcaacgactgttt

gcccgccagttgttgtgccacgcggttgggaatgtaattcagctccgccatcgccgcttccactttttcccgcgttttcgcagaaacgtggctg

gcctggttcaccacgcgggaaacggtctgataagagacaccggcatactctgcgacatcgtataacgttactggtttcacattcaccaccctg

aattgactctcttccgggcgctatcatgccataccgcgaaaggttttgcgccattcgatggtgtccgggatctcgacgctctcccttatgcgact

cctgcattaggaagcagcccagtagtaggttgaggccgttgagcaccgccgccgcaaggaatggtgcatgcaaggagatggcgcccaa

cagtcccccggccacggggcctgccaccatacccacgccgaaacaagcgctcatgagcccgaagtggcgagcccgatcttccccatcg

gtgatgtcggcgatataggcgccagcaaccgcacctgtggcgccggtgatgccggccacgatgcgtccggcgtagaggatcgagatcg

atctcgatcccgcgaaattaatacgactcactataggggaattgtgagcggataacaatttcagaattcaaaagatcttttaagaaggagatat

acatatgaacaagaagaaccgccaccccgccgacggcaagaagccgatcaccattttcggcccggacttcccttttgctttcgacgactgg

ctggaacacccggcaggcctgggcagcattccggctgagcgccatggggaagaggtggccattgtcggtgccggtatcgccggcctggt

agcggcctacgagctgatgaagctgggcctcaagccggtggtgtacgaggcttccaagctgggcggccggctgcgctcgcaagccttca

atggcactgacgggatcgttgccgagctgggtggcatgcgcttcccggtgtcgtccaccgccttctaccactacgtcgacaagctgggcct

ggagaccaagcccttccccaacccgctgaccccggcttcgggcagcacggtgatcgacctggaaggccagacctactacgccgagaag

cccaccgacctgccgcaactgtttcatgaggtagccgacgcttgggccgatgctctggagagcggtgcgcagttcgccgatatccagcag

gccatccgcgaccgtgatgtaccgcgcctgaaggaactctggaacaagctggtgccactgtgggacgaccgcaccttctacgacttcgtc

gccacctcgcgctcttttgccaagctgagcttccagcaccgcgaagtgttcggccaggtcggtttcggcaccggcggttgggactcggactt

ccccaactcgatgctggaaatcttccgcgtggtgatgaccaactgcgacgaccaccagcacctggtggtcgggggcgtggaacaagtgc

cacaaggcatctggcgcgacgtaccggaacgctgcgtgcattggccagagggcaccagcctgagcacgctgcatggcggcgcaccgc

gtaccggggtcaagcgcattgcccgcgccgccgatggccgcctggcggtcaccgacaactggggcgatacccgccactacagcgcagt

actcgccacctgccagacctggttgctgaccacccagatcgactgcgaggaatcgctgttctcgcaaaagatgtggatggccctggaccgt

acccgctacatgcagtcgtcgaaaaccttcgtcatggtcgaccgcccgttctggaaggacaaggacccggaaaccggccgtgacctgctg

agcatgaccctcaccgaccgcctcacccgcggcacttacctgttcgacaacggcaacgacaagcccggggtgatctgcctgtcgtactcgt

ggatgagcgacgcgctgaagatgctgccgcacccggtggaaaagcgcgtacaactggccctggatgcgctgaagaagatctacccgaa

gaccgatatcgccgggcacatcatcggcgacccgatcacggtttcctgggaggccgacccgtacttcctcggcgccttcaaaggcgcgct

tccgggccattaccgctacaaccagcgcatgtacgcgcacttcatgcagcaggacatgccggcggagcagcgcggtatcttcattgccgg

tgacgacgtgtcatggacccccgcctgggttgaaggcgcggtgcagacgtcgctgaatgcggtgtggggtatcatgaaccactttggtggc

cacacccaccccgacaaccccggcccgggcgatgtgttcaacgaaatcggcccgatcgccctggcggattgaggatcttttaagaagga

gatatacatatgcgcatcgctctgtaccagggcgcacccaagccactggatgtgcccggcaacctgcaacggctgcgccaccaggcgca

gttggcagccgaccgcggcgcacagttgctggtgtgcccggagatgttcctgtccggctacaacatcggcctggcccaggtcgagcgcct

ggccgaggccgccgatggcccggcagccatgacggtggtggagattgcccaggcgcaccgtatcgccattgtctatggctacccggagc

gcggcgatgacggggcgatctacaacagcgtgcagctgatcgatgcgcatggccgcagcctgagcaattaccgcaagacccacctgttc

ggtgaactggaccgctcgatgttcagccctggtgcggaccacttcccggtggtggaactggaaggctggaaggttggcctgctgatctgct

acgacatcgagttcccggagaacgcccgacgcctggcgctggacggcgccgagctgatcctggtgccgacggcgaacatgacgccgta

cgactttacctgccaggtgaccgtgagggcacgggcgcaggaaaaccagtgctacctggtatatgccaactactgcggcgcggaagacg

agatcgagtattgcgggcagagcagcatcatcggcccggatggcagcttgctggccatggccgggcgggatgagtgccagttgttggca

gagctcgagcatgagcgggtggtgcaggggcgcagggcgtttccctacctgaccgatttgcgccaggagctgcacctgcgtaaaggctg

aggatccaaactcgagtaaggatctccaggcatcaaataaaacgaaaggctcagtcgaaagactgggcctttcgttttatctgttgtttgtcgg

tgaacgctctctactagagtcacactggctcaccttcgggtgggcctttctgcgtttatacctagggatatattccgcttcctcgctcactgactc

gctacgctcggtcgttcgactgcggcgagcggaaatggcttacgaacggggcggagatttcctggaagatgccaggaagatacttaacag

ggaagtgagagggccgcggcaaagccgtttttccataggctccgcccccctgacaagcatcacgaaatctgacgctcaaatcagtggtgg

cgaaacccgacaggactataaagataccaggcgtttccccctggcggctccctcgtgcgctctcctgttcctgcctttcggtttaccggtgtca

ttccgctgttatggccgcgtttgtctcattccacgcctgacactcagttccgggtaggcagttcgctccaagctggactgtatgcacgaacccc

ccgttcagtccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggaaagacatgcaaaagcaccactggcagcagccac
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tggtaattgatttagaggagttagtcttgaagtcatgcgccggttaaggctaaactgaaaggacaagttttggtgactgcgctcctccaagcca

gttacctcggttcaaagagttggtagctcagagaaccttcgaaaaaccgccctgcaaggcggttttttcgttttcagagcaagagattacgcg

cagaccaaaacgatctcaagaagatcatcttattaatcagataaaatatttctagatttcagtgcaatttatctcttcaaatgtagcacctgaagtc

agccccatacgatataagttgttactagtgcttggattctcaccaataaaaaacgcccggcggcaaccgagcgttctgaacaaatccagatg

gagttctgaggtcattactggatctatcaacaggagtccaagcgagctcgtaaacttggtctgacagttaccaatgcttaatcagtgaggcac

ctatctcagcgatctgtctatttcgttcatccatagttgcctgactccccgtcgtgtagataactacgatacgggagggcttaccatctggcccc

agtgctgcaatgataccgcgagacccacgctcaccggctccagatttatcagcaataaaccagccagccggaagggccgagcgcagaa

gtggtcctgcaactttatccgcctccatccagtctattaattgttgccgggaagctagagtaagtagttcgccagttaatagtttgcgcaacgttg

ttgccattgctacaggcatcgtggtgtcacgctcgtcgtttggtatggcttcattcagctccggttcccaacgatcaaggcgagttacatgatcc

cccatgttgtgcaaaaaagcggttagctccttcggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcactcatggttatggcag

cactgcataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggc

gaccgagttgctcttgcccggcgtcaatacgggataataccgcgccacatagcagaactttaaaagtgctcatcattggaaaacgttcttcgg

ggcgaaaactctcaaggatcttaccgctgttgagatccagttcgatgtaacccactcgtgcacccaactgatcttcagcatcttttactttcacc

agcgtttctgggtgagcaaaaacaggaaggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactcatactcttc

ctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaacaaataggggttccgcg

cacatttccccgaaaagtgccacct 

 

pET28a-MBP-ORF27 

tggcgaatgggacgcgccctgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgccc

tagcgcccgctcctttcgctttcttcccttcctttctcgccacgttcgccggctttccccgtcaagctctaaatcgggggctccctttagggttcc

gatttagtgctttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccc

tttgacgttggagtccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcggtctattcttttgatttataagggat

tttgccgatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttacaatttcaggtggca

cttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgaattaattcttagaaaaactcatcg

agcatcaaatgaaactgcaatttattcatatcaggattatcaataccatatttttgaaaaagccgtttctgtaatgaaggagaaaactcaccgag

gcagttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacatcaatacaacctattaatttcccctcgtcaaaaataa

ggttatcaagtgagaaatcaccatgagtgacgactgaatccggtgagaatggcaaaagtttatgcatttctttccagacttgttcaacaggcca

gccattacgctcgtcatcaaaatcactcgcatcaaccaaaccgttattcattcgtgattgcgcctgagcgagacgaaatacgcgatcgctgtta

aaaggacaattacaaacaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaacaatattttcacctgaatcaggatattcttc

taatacctggaatgctgttttcccggggatcgcagtggtgagtaaccatgcatcatcaggagtacggataaaatgcttgatggtcggaagag

gcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcattggcaacgctacctttgccatgtttcagaaacaactctggcgcat

cgggcttcccatacaatcgatagattgtcgcacctgattgcccgacattatcgcgagcccatttatacccatataaatcagcatccatgttggaa

tttaatcgcggcctagagcaagacgtttcccgttgaatatggctcataacaccccttgtattactgtttatgtaagcagacagttttattgttcatga

ccaaaatcccttaacgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaa

tctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggctt

cagcagagcgcagataccaaatactgtccttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgcctacatacctcgc

tctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgca

gcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctat

gagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcggaacaggagagcgcacgaggga

gcttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcagggggg

cggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcacatgttctttcctgcgttatcccct

gattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgaccgagcgcagcgagtcagtgagcgag

gaagcggaagagcgcctgatgcggtattttctccttacgcatctgtgcggtatttcacaccgcatatatggtgcactctcagtacaatctgctct

gatgccgcatagttaagccagtatacactccgctatcgctacgtgactgggtcatggctgcgccccgacacccgccaacacccgctgacgc

gccctgacgggcttgtctgctcccggcatccgcttacagacaagctgtgaccgtctccgggagctgcatgtgtcagaggttttcaccgtcatc

accgaaacgcgcgaggcagctgcggtaaagctcatcagcgtggtcgtgaagcgattcacagatgtctgcctgttcatccgcgtccagctcg
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ttgagtttctccagaagcgttaatgtctggcttctgataaagcgggccatgttaagggcggttttttcctgtttggtcactgatgcctccgtgtaag

ggggatttctgttcatgggggtaatgataccgatgaaacgagagaggatgctcacgatacgggttactgatgatgaacatgcccggttactg

gaacgttgtgagggtaaacaactggcggtatggatgcggcgggaccagagaaaaatcactcagggtcaatgccagcgcttcgttaataca

gatgtaggtgttccacagggtagccagcagcatcctgcgatgcagatccggaacataatggtgcagggcgctgacttccgcgtttccagac

tttacgaaacacggaaaccgaagaccattcatgttgttgctcaggtcgcagacgttttgcagcagcagtcgcttcacgttcgctcgcgtatcg

gtgattcattctgctaaccagtaaggcaaccccgccagcctagccgggtcctcaacgacaggagcacgatcatgcgcacccgtggggcc

gccatgccggcgataatggcctgcttctcgccgaaacgtttggtggcgggaccagtgacgaaggcttgagcgagggcgtgcaagattccg

aataccgcaagcgacaggccgatcatcgtcgcgctccagcgaaagcggtcctcgccgaaaatgacccagagcgctgccggcacctgtc

ctacgagttgcatgataaagaagacagtcataagtgcggcgacgatagtcatgccccgcgcccaccggaaggagctgactgggttgaag

gctctcaagggcatcggtcgagatcccggtgcctaatgagtgagctaacttacattaattgcgttgcgctcactgcccgctttccagtcggga

aacctgtcgtgccagctgcattaatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgccagggtggtttttcttttcacca

gtgagacgggcaacagctgattgcccttcaccgcctggccctgagagagttgcagcaagcggtccacgctggtttgccccagcaggcga

aaatcctgtttgatggtggttaacggcgggatataacatgagctgtcttcggtatcgtcgtatcccactaccgagatatccgcaccaacgcgc

agcccggactcggtaatggcgcgcattgcgcccagcgccatctgatcgttggcaaccagcatcgcagtgggaacgatgccctcattcagc

atttgcatggtttgttgaaaaccggacatggcactccagtcgccttcccgttccgctatcggctgaatttgattgcgagtgagatatttatgccag

ccagccagacgcagacgcgccgagacagaacttaatgggcccgctaacagcgcgatttgctggtgacccaatgcgaccagatgctccac

gcccagtcgcgtaccgtcttcatgggagaaaataatactgttgatgggtgtctggtcagagacatcaagaaataacgccggaacattagtgc

aggcagcttccacagcaatggcatcctggtcatccagcggatagttaatgatcagcccactgacgcgttgcgcgagaagattgtgcaccgc

cgctttacaggcttcgacgccgcttcgttctaccatcgacaccaccacgctggcacccagttgatcggcgcgagatttaatcgccgcgacaa

tttgcgacggcgcgtgcagggccagactggaggtggcaacgccaatcagcaacgactgtttgcccgccagttgttgtgccacgcggttgg

gaatgtaattcagctccgccatcgccgcttccactttttcccgcgttttcgcagaaacgtggctggcctggttcaccacgcgggaaacggtct

gataagagacaccggcatactctgcgacatcgtataacgttactggtttcacattcaccaccctgaattgactctcttccgggcgctatcatgc

cataccgcgaaaggttttgcgccattcgatggtgtccgggatctcgacgctctcccttatgcgactcctgcattaggaagcagcccagtagta

ggttgaggccgttgagcaccgccgccgcaaggaatggtgcatgcaaggagatggcgcccaacagtcccccggccacggggcctgcca

ccatacccacgccgaaacaagcgctcatgagcccgaagtggcgagcccgatcttccccatcggtgatgtcggcgatataggcgccagca

accgcacctgtggcgccggtgatgccggccacgatgcgtccggcgtagaggatcgagatctcgatcccgcgaaattaatacgactcacta

taggggaattgtgagcggataacaattcccctctagaaataattttgtttaactttaagaaggagatataccatgggcagcagccatcatcatca

tcatcacagcagcggcaaaatcgaagaaggtaaactggtaatctggattaacggcgataaaggctataacggtctcgctgaagtcggtaag

aaattcgagaaagataccggaattaaagtcaccgttgagcatccggataaactggaagagaaattcccacaggttgcggcaactggcgatg

gccctgacattatcttctgggcacacgaccgctttggtggctacgctcaatctggcctgttggctgaaatcaccccggacaaagcgttccagg

acaagctgtatccgtttacctgggatgccgtacgttacaacggcaagctgattgcttacccgatcgctgttgaagcgttatcgctgatttataac

aaagatctgctgccgaacccgccaaaaacctgggaagagatcccggcgctggataaagaactgaaagcgaaaggtaagagcgcgctga

tgttcaacctgcaagaaccgtacttcacctggccgctgattgctgctgacgggggttatgcgttcaagtatgaaaacggcaagtacgacatta

aagacgtgggcgtggataacgctggcgcgaaagcgggtctgaccttcctggttgacctgattaaaaacaaacacatgaatgcagacaccg

attactccatcgcagaagctgcctttaataaaggcgaaacagcgatgaccatcaacggcccgtgggcatggtccaacatcgacaccagca

aagtgaattatggtgtaacggtactgccgaccttcaagggtcaaccatccaaaccgttcgttggcgtgctgagcgcaggtattaacgccgcc

agtccgaacaaagagctggcaaaagagttcctcgaaaactatctgctgactgatgaaggtctggaagcggttaataaagacaaaccgctgg

gtgccgtagcgctgaagtcttacgaggaagagttggcgaaagatccacgtattgccgccactatggaaaacgcccagaaaggtgaaatca

tgccgaacatcccgcagatgtccgctttctggtatgccgtgcgtactgcggtgatcaacgccgccagcggtcgtcagactgtcgatgaagc

cctgaaagacgcgcagactagcagcggcctggtgccgcgcggcagcCATATGCGCCCAATGACCGCTAAAAT

CTTCGCCGTCGACTCCGTCCGTCCGATCGACGAGTTTGAGCAGGACGCACTGCGCGT

TGCGGATGTGATTCGCGAACGTGGCGTGTGTCTGGGTGACCGTGTGATGTTGAAGGC

GGGCAACAGCGCGTCGTACGTTTGCGTTTTGTATGCGCTGATGCACATCGGTGCGAG

CATCGTTTTGGTCGATCAGCAAGAGCATAAAGAGGAAACCCGTCGTATCGCGCTGC

GTACCGGCGTAAAAGTCACGTTTGTGGATGATGAAACCCCGATTGATCAAGATGCG

GACCCGATTCACCTGTACGAGCTGATGGTGGCTACCCAGAACCGTCCTCCGATGGAC
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AGCGCACTGAGCTTCGACGCGTGGGGTGAACTGTCTGACGGTCTGATTATGTGGACG

AGCGGCAGCACCGGTAGCCCGAAGGGTGTCGTGAAGAGCGGTGGTAAATTCCTGGC

GAATCTGCGCCGTAACGCGCATCAAGTGGGTCATCGTCCGGATGACGTGCTGATGCC

GCTGCTGCCGTTCGCGCACCAGTACGGTCTGTCTATGGTGCTGATTGCATGGCTGAC

GCGCTGCTCCCTGGTTATTGCGCCATACCGCCGTCTGGATCGTGCTTTGCGTATGGCC

CGTGACAGCGGCACGACCGTTATCGATGCCACGCCGAGCAGCTATCGCAGCATCCT

GGGCCTGGTCACGCGTAAACCGGCCCTGCGTGCACACCTGGCCGGCACCCGCATGTT

CTGTGTGGGCGCAGCGCCGTTGGATGCGCCGCTGGTCGAAAGCTACGTTCAAGAGTT

TGGTCTGCCGCTGTTGGACAGCTATGGTTCTACCGAGCTGAACAATATCGCTTTCGC

GACCCTGGATAATCCGGTTTCCTGTGGTCGCGCAATGGAAGGTATCGGTCTGCGTAT

TGTTGACGAAGATGGTCGTGAAGTTGCGGCAGGCCAACCGGGCGAAATCGAGGTTG

ACACTCCGGATGCCCTGGAGGGTCAAATCGCCGAGGATGGTAGCATTATTCCGGCA

CCGACCGGCTGGCAGCGTACGGGCGATCTGGGTCACTTGGACGCCGACGGCAACCT

GTATGTCCTGGGTCGTAAGTTTGCGGTCCACCGCATGGGTTATACTTTGTACCCAGA

GCTGATTGAGCGCAAAGTGGCCGCTGAGGGCTGCCCGACCCGCATTGTTCCGCTGCC

GGACGAGCTGCGTGGTAGCCAACTGGTCTTTTTCGTGGAAGATGATGAACAGCGTG

ACGCAGGTTACTGGCGTGAACGTCTGTGCGGTTTGCTGCCGGCGTTCGAGCAGCCGA

ACAAGGTGGTCGTTCTGGAGCAGTTTCCTCTGAATCGCAATGGCAAGCCGGACAAG

AAAGAGCTGACCCGTATGGCGGCAGAATGATAAGGATCCgaattcgagctccgtcgacaagcttgcg

gccgcactcgagcaccaccaccaccaccactgagatccggctgctaacaaagcccgaaaggaagctgagttggctgctgccaccgctga

gcaataactagcataaccccttggggcctctaaacgggtcttgaggggttttttgctgaaaggaggaactatatccggat 

 

 

pBbA8a-ChnR 

gacgtcttatgacaacttgacggctacatcattcactttttcttcacaaccggcacggaactcgctcgggctggccccggtgcattttttaaata

cccgcgagaaatagagttgatcgtcaaaaccaacattgcgaccgacggtggcgataggcatccgggtggtgctcaaaagcagcttcgcct

ggctgatacgttggtcctcgcgccagcttaagacgctaatccctaactgctggcggaaaagatgtgacagacgcgacggcgacaagcaaa

catgctgtgcgacgctggcgatatcaaaattgctgtctgccaggtgatcgctgatgtactgacaagcctcgcgtacccgattatccatcggtg

gatggagcgactcgttaatcgcttccatgcgccgcagtaacaattgctcaagcagatttatcgccagcagctccgaatagcgcccttcccctt

gcccggcgttaatgatttgcccaaacaggtcgctgaaatgcggctggtgcgcttcatccgggcgaaagaaccccgtattggcaaatattgac

ggccagttaagccattcatgccagtaggcgcgcggacgaaagtaaacccactggtgataccattcgcgagcctccggatgacgaccgtag

tgatgaatctctcctggcgggaacagcaaaatatcacccggtcggcaaacaaattctcgtccctgatttttcaccaccccctgaccgcgaatg

gtgagattgagaatataacctttcattcccagcggtcggtcgataaaaaaatcgagataaccgttggcctcaatcggcgttaaacccgccacc

agatgggcattaaacgagtatcccggcagcaggggatcattttgcgcttcagccatacttttcatactcccgccattcagagaagaaaccaat

tgtccatattgcatcagacattgccgtcactgcgtcttttactggctcttctcgctaaccaaaccggtaaccccgcttattaaaagcattctgtaac

aaagcgggaccaaagccatgacaaaaacgcgtaacaaaagtgtctataatcacggcagaaaagtccacattgattatttgcacggcgtcac

actttgctatgccatagcatttttatccataagattagcggattctacctgacgctttttatcgcaactctctactgtttctccatacccgtttttttggg

aattcaaaagatcttttaagaaggagatatacatatgagcacagacaaagcaaatacgctgatcaaacccgaagatgtcgtgttatggattcc

gggtaatgtcacaattgacagcatgaatgccggttgggaaaacattgcaatcagagggtacgaatataccaacctcgatgtgcatattcctgc

catgcgtgactacatgatcgtcaactataaaaaaagtgcggcggaaatgcgtagaaaaggcgatgcctcttgggatacccaagtggttaag

ccgggttatgtctccttgttgacctgtggtgaagattcccgctgggcgtggaatgaccatattgccgtcacccatgtctacatttcgcatgactc

catcacctcaatggcgaataaggtgtttgattatgatatcgcttcgatccgaatcagagacgaagtcggtgtggaagatcatgttttacctgctc

tgacttcacttttagaactagaattaaagcaaggtggtttaggtggaaacctgtatttagagagcattaaaaaccagatcgccctgcatttactc

cgtcagtatgccaaattagattttaaggaaggacagtgccgttctggttttactcccctacaacgcagactgttattagaatttatcaatgaaaac

atgagcattaaaattaccctcgaagatttagcgggattagtcaagatgagcgtgcctcatttaatgagaaaatttaaagtcgattttggtaattcc

cctgctgcctacatcatgaatctcagggtgcaatttgctaaacgtttgctcacttcaaaaaaagaaattccactgaaagtgattgccagtgaag
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ccggtttttgcgatcagagccatatgacccgagtatttcaaaaattttttgggaaaacacccatcgaaatcagacaggaacacaccaatctcgt

gtctgaaaattcagtctcctctattgttttttgaggatccaaactcgagtaaggatctccaggcatcaaataaaacgaaaggctcagtcgaaag

actgggcctttcgttttatctgttgtttgtcggtgaacgctctctactagagtcacactggctcaccttcgggtgggcctttctgcgtttatacctag

ggatatattccgcttcctcgctcactgactcgctacgctcggtcgttcgactgcggcgagcggaaatggcttacgaacggggcggagatttc

ctggaagatgccaggaagatacttaacagggaagtgagagggccgcggcaaagccgtttttccataggctccgcccccctgacaagcatc

acgaaatctgacgctcaaatcagtggtggcgaaacccgacaggactataaagataccaggcgtttccccctggcggctccctcgtgcgctc

tcctgttcctgcctttcggtttaccggtgtcattccgctgttatggccgcgtttgtctcattccacgcctgacactcagttccgggtaggcagttcg

ctccaagctggactgtatgcacgaaccccccgttcagtccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggaaagac

atgcaaaagcaccactggcagcagccactggtaattgatttagaggagttagtcttgaagtcatgcgccggttaaggctaaactgaaaggac

aagttttggtgactgcgctcctccaagccagttacctcggttcaaagagttggtagctcagagaaccttcgaaaaaccgccctgcaaggcgg

ttttttcgttttcagagcaagagattacgcgcagaccaaaacgatctcaagaagatcatcttattaatcagataaaatatttctagatttcagtgca

atttatctcttcaaatgtagcacctgaagtcagccccatacgatataagttgttactagtgcttggattctcaccaataaaaaacgcccggcggc

aaccgagcgttctgaacaaatccagatggagttctgaggtcattactggatctatcaacaggagtccaagcgagctcgtaaacttggtctgac

agttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagttgcctgactccccgtcgtgtagataactacg

atacgggagggcttaccatctggccccagtgctgcaatgataccgcgagacccacgctcaccggctccagatttatcagcaataaaccagc

cagccggaagggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtctattaattgttgccgggaagctagagtaagtagt

tcgccagttaatagtttgcgcaacgttgttgccattgctacaggcatcgtggtgtcacgctcgtcgtttggtatggcttcattcagctccggttcc

caacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaagcggttagctccttcggtcctccgatcgttgtcagaagtaagttggcc

gcagtgttatcactcatggttatggcagcactgcataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaacca

agtcattctgagaatagtgtatgcggcgaccgagttgctcttgcccggcgtcaatacgggataataccgcgccacatagcagaactttaaaa

gtgctcatcattggaaaacgttcttcggggcgaaaactctcaaggatcttaccgctgttgagatccagttcgatgtaacccactcgtgcaccca

actgatcttcagcatcttttactttcaccagcgtttctgggtgagcaaaaacaggaaggcaaaatgccgcaaaaaagggaataagggcgaca

cggaaatgttgaatactcatactcttcctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtatttaga

aaaataaacaaataggggttccgcgcacatttccccgaaaagtgccacct 

 

JZ-BCS-2 

accagagggcgccccagctggcaattccgaattcatgagatcttaagtaagtaagagtatacgtatatcggctaataacgtattaaggcgctt

cggcgcctttttttatgggggtattttcatcccaatccacacgtccaacgcacagcaaacaccacgtcgaccctatcagctgcgtgctttctatg

gaagaggggaagaggagtggccgcgggatatcactagtgcggccggtggtggtggtccaaactatccgaatatgtaagtctaatcacttca

aggaagaggtttcccatttcccttctttctagcagatgaagaagcttgcaactaaaagagattgtttggatcagttacccaaaatcgttgaaaag

attttaactcttcgatttttattttttaggtaatcctagccctctcgggggctaggattaaaaattttaagttattccaacacgaatgacaaattgttca

atgcaaaataaaaacatacaatatataaatatattttttaattaaaacataagattacaataaaataagaatttttatttggagtttgttttttttctacaa

tgatcattatgtacaatttttaggttcaccccatccaagccttgtgattgcattcctgcgattctttattcaatgaataagcaatgctattaatcagca

atgaataaccagcactgcagattttgaataaattcacatgtcgtaatggagggtaccatgcgtaaaggagaagaagataacatggctatcatt

aaagagttcatgcgcttcaaagttcacatggagggttctgttaacggtcacgagttcgagatcgaaggcgaaggcgagggccgtccgtatg

aaggcacccagaccgccaaactgaaagtgactaaaggcggcccgctgccttttgcgtgggacatcctgagcccgcaatttatgtacggttc

taaagcgtatgttaaacacccagcggatatcccggactatctgaagctgtcttttccggaaggtttcaagtgggaacgcgtaatgaattttgaa

gatggtggtgtcgtgaccgtcactcaggactcctccctgcaggatggcgagttcatctataaagttaaactgcgtggtactaattttccatctga

tggcccggtgatgcagaaaaagacgatgggttgggaggcgtctagcgaacgcatgtatccggaagatggtgcgctgaaaggcgaaatta

aacagcgcctgaaactgaaagatggcggccattatgacgctgaagtgaaaaccacgtacaaagccaagaaacctgtgcagctgcctggc

gcgtacaatgtgaatattaaactggacatcacctctcataatgaagattatacgatcgtagagcaatatgagcgcgcggagggtcgtcattcta

ccggtggcatggatgaactatacaaataataaggatctagagaatataaaaagccagattattaatccggcttttttattatttggatcctaactc

gagtaaggatctccaggcatcaaataaaacgaaaggctcagtcgaaagactgggcctttcgttttatctgttgtttgtcggtgaacgctctctac

tagagtcacactggctcaccttcgggtgggcctttctgcgtttatacctagggcgttcggctgcggcgagcggtatcagctcactcaaaggc

ggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaag

gccgcgttgctggcgtttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgaca
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ggactataaagataccaggcgtttccccctggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtccgcctttc

tcccttcgggaagcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacga

accccccgttcagcccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggcagcag

ccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactagaaggac

agtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgctggtagcgg

tggtttttttgtttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtgga

acgaaaactcacgttaagggattttggtcatgactagtgcttggattctcaccaataaaaaacgcccggcggcaaccgagcgttctgaacaa

atccagatggagttctgaggtcattactggatctatcaacaggagtccaagcgagctctcgaaccccagagtcccgctcagaagaactcgtc

aagaaggcgatagaaggcgatgcgctgcgaatcgggagcggcgataccgtaaagcacgaggaagcggtcagcccattcgccgccaag

ctcttcagcaatatcacgggtagccaacgctatgtcctgatagcggtccgccacacccagccggccacagtcgatgaatccagaaaagcg

gccattttccaccatgatattcggcaagcaggcatcgccatgggtcacgacgagatcctcgccgtcgggcatgcgcgccttgagcctggcg

aacagttcggctggcgcgagcccctgatgctcttcgtccagatcatcctgatcgacaagaccggcttccatccgagtacgtgctcgctcgat

gcgatgtttcgcttggtggtcgaatgggcaggtagccggatcaagcgtatgcagccgccgcattgcatcagccatgatggatactttctcgg

caggagcaaggtgagatgacaggagatcctgccccggcacttcgcccaatagcagccagtcccttcccgcttcagtgacaacgtcgagca

cagctgcgcaaggaacgcccgtcgtggccagccacgatagccgcgctgcctcgtcctgcagttcattcagggcaccggacaggtcggtc

ttgacaaaaagaaccgggcgcccctgcgctgacagccggaacacggcggcatcagagcagccgattgtctgttgtgcccagtcatagcc

gaatagcctctccacccaagcggccggagaacctgcgtgcaatccatcttgttcaatcatgcgaaacgatcctcatcctgtctcttgatcagat

catgatcccctgcgccatcagatccttggcggcaagaaagccatccagtttactttgcagggcttcccaacctt 

 

pBbSLactamC-mCherry 

gatatctggcgaaaatgagacgttgatcggcacgtaagaggttccaactttcaccataatgaaataagatcactaccgggcgtattttttgagtt

atcgagattttcaggagctaaggaagctaaaatggagaaaaaaatcactggatataccaccgttgatatatcccaatggcatcgtaaagaac

attttgaggcatttcagtcagttgctcaatgtacctataaccagaccgttcagctggatattacggcctttttaaagaccgtaaagaaaaataagc

acaagttttatccggcctttattcacattcttgcccgcctgatgaatgctcatccggaatttcgtatggcaatgaaagacggtgagctggtgatat

gggatagtgttcacccttgttacaccgttttccatgagcaaactgaaacgttttcatcgctctggagtgaataccacgacgatttccggcagtttc

tacacatatattcgcaagatgtggcgtgttacggtgaaaacctggcctatttccctaaagggtttattgagaatatgtttttcgtctcagccaatcc

ctgggtgagtttcaccagttttgatttaaacgtggccaatatggacaacttcttcgcccccgttttcaccatgggcaaatattatacgcaaggcg

acaaggtgctgatgccgctggcgattcaggttcatcatgccgtttgtgatggcttccatgtcggcagaatgcttaatgaattacaacagtactg

cgatgagtggcagggcggggcgtaatttgatatcgagctcgcttggactcctgttgatagatccagtaatgacctcagaactccatctggattt

gttcagaacgctcggttgccgccgggcgttttttattggtgagaatccaagcactagggacagtaagacgggtaagcctgttgatgataccg

ctgccttactgggtgcattagccagtctgaatgacctgtcacgggataatccgaagtggtcagactggaaaatcagagggcaggaactgct

gaacagcaaaaagtcagatagcaccacatagcagacccgccataaaacgccctgagaagcccgtgacgggcttttcttgtattatgggtag

tttccttgcatgaatccataaaaggcgcctgtagtgccatttacccccattcactgccagagccgtgagcgcagcgaactgaatgtcacgaaa

aagacagcgactcaggtgcctgatggtcggagacaaaaggaatattcagcgatttgcccgagcttgcgagggtgctacttaagcctttagg

gttttaaggtctgttttgtagaggagcaaacagcgtttgcgacatccttttgtaatactgcggaactgactaaagtagtgagttatacacagggc

tgggatctattctttttatctttttttattctttctttattctataaattataaccacttgaatataaacaaaaaaaacacacaaaggtctagcggaattta

cagagggtctagcagaatttacaagttttccagcaaaggtctagcagaatttacagatacccagatcacccgggaaaaggactagtaattatc

attgactagcccatctcaattggtatagtgattaaaatcacctagaccaattgagatgtatgtctgaattagttgttttcaaagcaaatgaactagc

gattagtcgctatgacttaacggagcatgaaaccaagctaattttatgctgtgtggcactactcaaccccacgattgaaaaccctacaaggaa

agaacggacggtatcgttcacttataaccaatacgctcagatgatgaacatcagtagggaaaatgcttatggtgtattagctaaagcaaccag

agagctgatgacgagaactgtggaaatcaggaatcctttggttaaaggctttgagattttccagtggacaaactatgccaagttctcaagcga

aaaattagaattagtttttagtgaagagatattgccttatcttttccagttaaaaaaattcataaaatataatctggaacatgttaagtcttttgaaaac

aaatactctatgaggatttatgagtggttattaaaagaactaacacaaaagaaaactcacaaggcaaatatagagattagccttgatgaatttaa

gttcatgttaatgcttgaaaataactaccatgagtttaaaaggcttaaccaatgggttttgaaaccaataagtaaagatttaaacacttacagcaa

tatgaaattggtggttgataagcgaggccgcccgactgatacgttgattttccaagttgaactagatagacaaatggatctcgtaaccgaactt

gagaacaaccagataaaaatgaatggtgacaaaataccaacaaccattacatcagattcctacctacataacggactaagaaaaacactaca
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cgatgctttaactgcaaaaattcagctcaccagttttgaggcaaaatttttgagtgacatgcaaagtaagtatgatctcaatggttcgttctcatg

gctcacgcaaaaacaacgaaccacactagagaacatactggctaaatacggaaggatctgaggttcttatggctcttgtatctatcagtgaag

catcaagactaacaaacaaaagtagaacaactgttcaccgttacatatcaaagggaaaactgtccatatgcacagatgaaaacggtgtaaaa

aagatagatacatcagagcttttacgagtttttggtgcattcaaagctgttcaccatgaacagatcgacaatgtaacagatgaacagcatgtaa

cacctaatagaacaggtgaaaccagtaaaacaaagcaactagaacatgaaattgaacacctgagacaacttgttacagctcaacagtcaca

catagacagcctgaaacaggcgatgctgcttatcgaatcaaagctgccgacaacacgggagccagtgacgcctcccgtggggaaaaaat

catggcaattctggaagaaatagcgctttcagccggcaaaccggctgaagccggatctgcgattctgataacaaactagcaacaccagaac

agcccgtttgcgggcagcaaaacccgtaccctaggtataaacgcagaaaggcccacccgaaggtgagccagtgtgactctagtagagag

cgttcaccgacaaacaacagataaaacgaaaggcccagtctttcgactgagcctttcgttttatttgatgcctggagatccttactcgagtttgg

atccttatttgtatagttcatccatgccaccggtagaatgacgaccctccgcgcgctcatattgctctacgatcgtataatcttcattatgagaggt

gatgtccagtttaatattcacattgtacgcgccaggcagctgcacaggtttcttggctttgtacgtggttttcacttcagcgtcataatggccgcc

atctttcagtttcaggcgctgtttaatttcgcctttcagcgcaccatcttccggatacatgcgttcgctagacgcctcccaacccatcgtctttttct

gcatcaccgggccatcagatggaaaattagtaccacgcagtttaactttatagatgaactcgccatcctgcagggaggagtcctgagtgacg

gtcacgacaccaccatcttcaaaattcattacgcgttcccacttgaaaccttccggaaaagacagcttcagatagtccgggatatccgctggg

tgtttaacatacgctttagaaccgtacataaattgcgggctcaggatgtcccacgcaaaaggcagcgggccgcctttagtcactttcagtttgg

cggtctgggtgccttcatacggacggccctcgccttcgccttcgatctcgaactcgtgaccgttaacagaaccctccatgtgaactttgaagc

gcatgaactctttaatgatagccatgttatcttcttctcctttacgcatggtaccctccattacgacatgtgaatttattcaaaatctgcagtgctggt

tattcattgctgattaatagcattgcttattcattgaataaagaatcgcaggaatgcaatcacaaggcttggatggggtgaacctaaaaattgtac

ataatgatcattgtagaaaaaaaacaaactccaaataaaaattcttattttattgtaatcttatgttttaattaaaaaatatatttatatattgtatgttttt

attttgcattgaacaatttgtcattcgtgttggaataacttaaaatttttaatcctagcccccgagagggctaggattacctaaaaaataaaaatcg

aagagttaaaatcttttcaacgattttgggtaactgatccaaacaatctcttttagttgcaagcttcttcatctgctagaaagaagggaaatggga

aacctcttccttgaagtgattagacttacatattcggatagtttggaccaccaccaccggccgcactagtgatatcccgcggccactcgatcct

ctacgccggacgcatcgtggccggcatcaccggcgccacaggtgcggttgctggcgcctatatcgccgacatcaccgatggggaagatc

gggctcgccacttcgggctcatgagcgcttgtttcggcgtgggtatggtggcaggccccgtggccgggggactgttgggcgccatctcctt

gcatgcaccattccttgcggcggcggtgctcaacggcctcaacctactactgggctgcttcctaatgcaggagtcgcataagggagagcgt

cgagatcccggacaccatcgaatggcgcaaaacctttcgcggtatggcatgatagcgcccggaagagagtcaattcagggtggtgaatat

gagcacagacaaagcaaatacgctgatcaaacccgaagatgtcgtgttatggattccgggtaatgtcacaattgacagcatgaatgccggtt

gggaaaacattgcaatcagagggtacgaatataccaacctcgatgtgcatattcctgccatgcgtgactacatgatcgtcaactataaaaaaa

gtgcggcggaaatgcgtagaaaaggcgatgcctcttgggatacccaagtggttaagccgggttatgtctccttgttgacctgtggtgaagatt

cccgctgggcgtggaatgaccatattgccgtcacccatgtctacatttcgcatgactccatcacctcaatggcgaataaggtgtttgattatgat

atcgcttcgatccgaatcagagacgaagtcggtgtggaagatcatgttttacctgctctgacttcacttttagaactagaattaaagcaaggtgg

tttaggtggaaacctgtatttagagagcattaaaaaccagatcgccctgcatttactccgtcagtatgccaaattagattttaaggaaggacagt

gccgttctggttttactcccctacaacgcagactgttattagaatttatcaatgaaaacatgagcattaaaattaccctcgaagatttagcgggat

tagtcaagatgagcgtgcctcatttaatgagaaaatttaaagtcgattttggtaattcccctgctgcctacatcatgaatctcagggtgcaatttg

ctaaacgtttgctcacttcaaaaaaagaaattccactgaaagtgattgccagtgaagccggtttttgcgatcagagccatatgacccgagtattt

caaaaattttttgggaaaacacccatcgaaatcagacaggaacacaccaatctcgtgtctgaaaattcagtctcctctattgttttttgagcgcaa

cgcaattaatgtaagttagctcactcattaggcaccgacgtc 

 

 




