
ABSTRACT 

NICHOLS, LINDSAY CORLÉ Biosensor-Guided Engineering of Macrolide Biosynthesis. 

(Under the direction of Dr. Gavin J Williams.) 

 

The macrolide family of polyketide natural products are treatments for a variety of ailments 

including bacterial infections, cancer, and transplant organ rejection. These structurally diverse 

privileged scaffolds are biosynthesized by microbes via large enzyme complexes called polyketide 

synthases (PKS). The PKS themselves are made up of a number of enzymes grouped into modules 

which perform functions necessary for polyketide assembly. Total synthesis of these complex 

secondary metabolites would require a Herculean effort on the part of synthetic chemists, so 

diversification of these molecules has largely depended on semi-synthetic molecular library 

generation or PKS engineering. Though many successful PKS engineering efforts have resulted in 

new-to-nature molecules, there is still much to learn about these systems as often the engineered 

PKS are inactive or retain only a portion of the activity of the wild-type PKS. We hypothesized 

that the process of directed evolution could rescue the activity of these engineered systems, but 

this requires a screen that could differentiate potential millions of variants in a short time. State of 

the art methods for analyzing PKS production include high-performance liquid chromatography 

or mass spectrometry, which are relatively low throughput for this application. Instead, the screen 

employed was based on a molecular device called MphR, a transcription factor protein found in 

erythromycin-resistant strains of Escherichia coli coupled with a fluorescent reporter, green 

fluorescent protein. In this document, how MphR was evolved toward detection of 6-dEB, a 

molecule much different in structure than its native ligand, is discussed. Additionally, various 

factors affecting MphR response were explored including the effect of efflux pumps on ligand 

availability. Lastly, MphR biosensors were utilized in cells generating erythromycin to detect the 

final product within the same cell it was produced. The work discussed here aims to serve as a 

platform and a logistical guide for ‘real world’ application of macrolide biosensors for PKS 

engineering.   
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CHAPTER 1 

 

Introduction to Polyketide Engineering and High Throughput Screening Strategies 

 

Adapted with permission from: Malico A, Nichols L, Williams G. Synthetic biology enabling 

access to designer polyketides. Curr Opin Biotechnol. 2020. 58, 45-53. 

 

1.1 Introduction 

Nature has evolved diverse enzymatic machinery for the assembly of highly complex small 

molecule natural products. Biosynthesized by polyketide synthases (PKSs), polyketides 

encapsulate numerous natural products that represent a significant source of new drugs, molecular 

probes, and bioactive small molecules.1,2 Many polyketides are blockbuster drugs such as 

erythromycin (antibiotic), epothilone B (antitumor), and lovastatin (anticholesterol), while others 

are currently in clinical development.3  

 

Within canonical type I PKS assembly lines, each module is responsible for the incorporation of a 

single malonyl-derived extender unit. Minimally, modules are comprised of an acyltransferase 

(AT), acyl carrier protein (ACP), and ketosynthase (KS) catalytic domains, which enable extender 

unit selection and subsequent decarboxylative Claisen condensation between the extender unit and 

the growing chain. Additional in-line tailoring domains, including the ketoreductase (KR), 

dehydratase (DH), enoylreductase (ER), or more rarely, methyltransferase (MT), can also further 

site-selectively modify the alkylation and oxidation patterns within the growing polyketide chain. 

The final elongated chain is then cleaved from the PKS and cyclized by a thioesterase (TE) domain 

to yield its product, which can be further decorated by post-PKS enzymes.4  

 

Despite their broad chemical and structural diversity, naturally occurring polyketides often require 

optimization for a given application.5 For example, the macrolide antibiotic erythromycin (erA) 

was synthetically modified to prevent cyclization in the acidic gastric environment, for increased 

bioavailability, and for additional molecular interactions with the ribosome, spawning multiple 

generations of improved antibiotics. While synthetic methods have successfully modified 

polyketide structures, biosynthetic modifications offer a scalable and potentially facile approach 

for regio- and stereoselective scaffold diversification. In this introduction, the state-of-the-art 
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synthetic biology to enable access to designer polyketides by leveraging the modularity of PKS 

machinery is discussed (Figure 1.1). 

 

 

 

 

Figure 1.1 Accessing designer polyketides leveraging diverse engineering strategies. Native 

pathways are shown in light grey, whereas engineered and non-natural pathways are shown in 

dark grey. Modifications to the PKS and post-PKS tailoring enzymes are highlighted in their 

corresponding colors. PKS, polyketide synthase. 
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1.2 Accessing Polyketides via Host Strain Selection and Engineering  

Exploring and optimizing polyketide biosynthesis can be completed within native production 

strains given that the BGC and necessary precursors are often already functionally expressed and 

produced. Typically, enhancing polyketide production focuses on the redirection and optimization 

of carbon flux via enhanced precursor availability, promoter and ribosome engineering, removal 

or overexpression of regulatory elements, deletion of competing biosynthetic pathways, and 

combinations thereof to significantly enhance titers above that of the wild-type pathway.6-10 

Strategies including cooperative induction, co-culturing, and transcription factor decoys have been 

explored for the activation of cryptic BGCs (cBGCs).11-13 The expression of cBGCs has also been 

enabled through the deletion of “primary” PKS pathways.14,15 While these methods have been 

useful in specific well-studied hosts, the full potential of polyketide cBGCs will not be fully 

realized until there is a global strategy for pathway activation under traditional and industrially 

relevant fermentation conditions. 

 

Heterologous pathway expression in well-characterized chassis has addressed challenges posed by 

native host expression. Usually, the goal of heterologous expression is to decouple secondary and 

primary metabolism to enhance polyketide production. A recent omics-guided study revealed that 

primary metabolism derived triacylglycerols can limit polyketide biosynthesis. Degradation of 

triacylglycerol led to enhanced titers of actinorhodin, jadomycin B, oxytetracycline and avermectin 

B1a in various Streptomyces strains.16 Though there is great utility for heterologous production, it 

presents many obstacles including: significant cellular burden, poor expression, or inefficient 

cellular maintenance of the BGC.17-19 

 

1.3 Altered Sidechains through Precursor-Directed Biosynthesis  

The AT is often a target of engineering because it dictates large portions of the polyketide structure. 

Extender unit specificity of AT domains has been altered through domain and motif swaps while 

targeted mutagenesis strategies have enabled site-selective integration of non-natural building 

blocks (Figure 1.2). AT mutagenesis of the final two modules of the pikromycin PKS revealed 

the unprecedented capability to introduce consecutive non-natural extender units into a 

macrolactone.20 In another recent example, mutation of a conserved tryptophan switched 
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specificity of an AT from ACP- to coenzyme A (CoA)-linked extenders, providing an additional 

potential route to polyketide diversification.21  

 

 

 

 

 

 

While many of these efforts have had limited utility for cis-ATs, opportunities for expanding 

polyketide chemical space also exist via complex free-standing trans-AT pathways as well.22 

Though there are examples of trans-ATs like the orthogonal and promiscuous ZmaF whose 

activities have been probed, paradigms for successful engineering and non-natural utility of trans-

Figure 1.2 The development of malonyl-CoA analogues for introduction into polyketides. 

Top: Biosynthesis of malonyl-CoA and various C2-substituted malonyl-CoA analogues. These 

acyl-CoAs are then used by PKSs to produce naturally occurring polyketides and their 

analogues. Bottom: Panel of previously biosynthesized C2-substituted analogues (See text for 

references). PKS, polyketide synthase; CoA, coenzyme A, PCC, propionyl-CoA carboxylase; 

ECR, enoyl-thioester carboxylase/reductases; ACC, acetyl-CoA carboxylase. 
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ATs in general have not been well characterized.23 Non-canonical modular junctions within these 

systems, often between a KS and DH, make their products difficult to predict through traditional 

genome mining.24 However, programs such as TransATor, which predicts trans-AT containing 

PKS products by comparing a PKS to KS domains in BGCs and their associated downstream 

modular enzymes, are powerful tools for discovery.25 

 

While native and engineered AT promiscuity facilitates the biosynthesis of novel polyketides, the 

modest diversity of extender units beyond malonyl-CoA (mCoA) and methylmalonyl-CoA 

(mmCoA) has restricted in vivo efforts.26 To expand the existing in vivo repertoire of non-natural 

extender units, mCoA synthetases have been used for the activation of diverse C2-substituted 

malonates. A native mCoA synthetase from Streptomyces cinnamonensis was used to synthesize 

allyl-, propargyl-, and propyl-CoAs to produce monensin analogues.27 The native promiscuity of 

enoyl-thioester carboxylase/reductases (ECRs) have also been leveraged to produce non-natural 

extender units in vitro. Moreover, halogenases such as SalL can diversify precursors to produce 

chlorinated and fluorinated mCoA analogues, which can be further leveraged as chemical handles 

for downstream cross-coupling reactions.28-31  

 

1.4 Access to Designer Polyketides via Combinatorial Biosynthesis of PKSs 

The templated biosynthesis of polyketides by type I PKSs implies the modularity of biosynthetic 

machinery. Leveraging this paradigm, novel designer molecules are accessible through 

modifications to the assembly line including the insertion, deletion, and exchange of key domains 

and modules. However, significant changes to protein structure often impair or inactivate the 

chimeric PKS. Emerging bioinformatic and evolutionary analyses have challenged the canonical 

KSn-ATn-ACPn module structure, suggesting that the boundaries be re-defined as ATn-ACPn-

KSn+1.
32 Construction of a hybrid pikromycin-venemycin pathway with these newly defined 

boundaries resulted in higher turnover rates than the traditional boundary swaps and incorporation 

of the non-natural starter unit 3-hydroxybenzoic into a small combinatorial library of molecules 

(Figure 1.3).33 Others have also independently identified the KS-AT linker site as a key target for 

homologous recombination in type I PKSs.34 However, recent studies focusing on the KS as the 

rate-limiting enzyme in catalysis where selected point mutations in the KS increased turnover rates 
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and expanded substrate specificities of a chimeric PKS, suggest that these exchanges might only 

be successful because they maintain native KS-ACP docking domains.35 

 

 

 

 

 

 

 

Recent advances aside, there have been varying levels of success in generating chemical diversity 

in polyketides. Small libraries of compounds with improved antifungal activities have been 

produced through non-natural incorporation of native extender units by removal of enzymes 

responsible for extender unit synthesis, inactivation of reductive domains, and knockouts of 

tailoring enzymes.36 Likewise, the fusion of 6-methylsalicylic acid synthase (6MSAS) with a PKS 

from Pseudallescheria boydii produced a novel compound.37 Lastly, improvements of a chimeric 

PKS by point mutations in the KR and host engineering increased production of short-chain ketone 

fuel additives.38 There have also been increased efforts to understand the structure and engineering 

Figure 1.3 Hybrid synthases of the venemycin PKS (top) These PKS hybrids were constructed 

with traditional domain boundaries between the KS and ACP (middle). Module swaps were 

then constructed using boundaries between the KS and AT (grey box). The new boundary 

definition resulted in a chimera that was several-fold faster than its traditional boundary 

counterpart. A, adenylation domain; KR, Ketoreductase; ACP, acyl carrier protein; KS, 

ketosynthase; AT, acyltransferase; TE, thioesterase; KS
Q
, ketosynthase-like decarboxylase; 

KR
0
, inactive ketoreductase. 
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of specific domains and linkers. This has included reductive loop engineering informed by 

cheminformatics, which led to higher yields of the expected products, 

phosphopantetheinyltransferase swaps, the addition of multiple ACPs on the C-terminus of the 

final ACP in erythromycin biosynthesis, and association of chimeric pathways through docking 

domain engineering.39-45 Finally, the recently confirmed “extended conformation” of a module via 

X-Ray crystallography will better inform future engineering efforts.46 

 

1.5 Diversification of Polyketide Scaffolds via Post-PKS Tailoring 

New-to-nature polyketides can be generated through the introduction of non-natural or non-native 

moieties via post-PKS modifications to the core polyketide scaffolds.  Glycosylation, specifically, 

renders many polyketides their bioactivities and is therefore a target for diversification. Several 

groups have leveraged the native promiscuity of glycosyltransferases (GTs) for the biosynthesis 

of non-native polyketides as demonstrated by a series of erA analogues, some of which have been 

characterized with potent activity against erythromycin A resistant strains.47,48 Although these 

efforts continue to demonstrate the broad capabilities of these enzymes, the ability to diversify 

sugarless “aglycone” structures continues to pose a challenge. 

 

Polyketide alkylation has similarly expanded biological functionality, as evidenced by the 

enhanced bioactivity of the daidzein analogue, 4’-O-methyl daidzein.49 Often catalyzed by S-

adenosylmethionine (SAM) dependent methyltransferases (MTs), post-PKS polyketide alkylation 

has been diversified using rational reprogramming of promiscuous MTs for use in combinatorial 

biosynthesis reactions.50,51 Some natural product MTs have displayed promiscuity for non-native 

SAM analogues for the transfer of ethyl-, propargyl-, allyl-, and benzyl- moieties.52-54 While MTs 

have been highly successful for the diversification of non-ribosomal peptides, they have not yet 

been fully explored with polyketide substrates. 

 

1.6 High-Throughput Approaches to Polyketide Synthetic Biology 

Evaluating large numbers of artificial PKS pathways remains a critical engineering bottleneck due 

to the low throughput of traditional analytical methods. Emerging high-throughput strategies, 

including engineered transcription-factor biosensor platforms and colorimetric assays, offer 

promising tools for engineering polyketide biosynthesis (Figure 1.4).55 Significant enhancements 
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to mass spectroscopy-based screening methods, including laser-assisted rapid evaporative 

ionization mass spectrometry, have enabled the high-throughput direct detection of some natural 

products, including erythromycin A.56 While this technology is useful, a more economical 

approach involves transcriptional regulators such as MphR, which can be leveraged for sensitive 

and specific screening of novel non-natural polyketides.57 

 

 

 

 

 

 

It is anticipated that such biosensors can be used to improve access to pathway intermediates and 

novel products through directed evolution by providing the ability to screen millions of pathway 

variants. Transcriptional regulators are readily available as they are common in polyketide 

biosynthesis and their circuit modularity provides the option for precise tunability. The use of these 

types of screens has been demonstrated many times for small molecule biosynthesis.58-65 However, 

the application of biosensors for engineering larger pathways, specifically type I PKS products, 

has been largely underexplored.  

 

 

 

 

Figure 1.4 The throughput of PKS engineering. Throughput is dependent on the screening 

regimen chosen to separate hits from non-productive variants. Genetically encoded biosensors 

aid in semi- and high-throughput engineering by converting small molecule detection to some 

measurable output that enables efficient separation of populations. 
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1.7 Future Outlook 

The discovery of increasingly diverse polyketide enzymatic machinery offers powerful plug-and-

play potential for the diversification of complex bioactive compounds. Yet, the ability to 

effectively engineer these pathways has been limited. While engineering efforts were previously 

throttled by low-throughput screens, current and future engineering will be enhanced with the 

availability of tailored biosensors that enable high-throughput approaches to solve otherwise 

challenging problems related to polyketide biosynthetic engineering. An exciting future vision for 

designer polyketides includes augmenting traditional medicinal chemistry approaches with the 

application of machine learning to predict activity against several critical targets for potential 

compounds of interest.66,67 The goal for polyketide synthetic biology combines high-throughput 

screening technologies, advances in structural biology, mechanistic studies, and in silico prediction 

of bioactive compounds to develop new-to-nature polyketides. Here, we discuss the development 

of a biosensor for detection of erA and its pathway intermediates and show the utility of these 

engineered biosensor platforms for a variety of applications including culture optimization and 

post-PKS enzyme engineering. 
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CHAPTER 2 

 

Development of a genetically-encoded biosensor for detection of 6-deoxyerythronolide B via 

substrate walking of transcription factor MphR 

 

2.1 Introduction 

Macrolides are on the World Health Organization’s list of essential medicines for their 

antibacterial properties, but their medicinal value continually appreciates due to their impressive 

antitumor (epothilone B), antifungal (FK506), immunosuppressant (rapamycin), and antiviral 

(azithromycin) activities.1–4 Many macrolides and their intermediates serve as drug leads or as 

inspiration for semi-synthetic analogues. Currently, the total syntheses of these stereochemically 

rich molecules are typically cumbersome and low yielding compared to optimized biosynthetic 

production.5–7 In nature, mega-enzyme complexes called type I polyketide synthases (PKSs) 

assemble and offload macrolactones as part of their secondary metabolism (Figure 2.1). The 

modularity of PKSs falsely implies they can be engineered with ease by simply modifying existing 

and well-studied templates such as that of erythromycin A (erA). In practice, many complications 

arise, as McDaniel et al demonstrated when only a small fraction of fifty constructed PKS chimeras 

were active.8,9 Though much has been learned since about the many factors affecting polyketide 

biosynthesis such as protein-protein interactions at various modular interfaces, module structure, 

ideal hosts for PKS expression, cellular metabolism, and the effect of active site mutations on 

substrate selectivity and specificity of each domain, these bottlenecks are still very prevalent and 

difficult to overcome quickly 10–16 
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Directed evolution for improvement of individual enzymes has been successful, so it was 

hypothesized that this approach could be applied to rescuing the activity of larger systems like that 

responsible for biosynthesis of erA, which often serves as a prototype for PKS engineering (Figure 

2.2).17–19  Random mutagenesis methods such as error-prone PCR, DNA shuffling, or homologous 

recombination are effective at generating millions of genetic variants, but it is nearly impossible 

to achieve 95% library coverage, the percent of mutants screened in which it is statistically most 

probable to discover a hit, without a suitable screen that highlights and isolates active PKSs from 

the remainder of the mutant population. Successful engineering initiatives have leveraged 

Figure 2.1 Polyketide biosynthesis. Polyketides are assembled in nature by mega enzyme 

complexes called polyketide synthases (PKS), which are encoded in biosynthetic gene clusters 

in the genome of the producing organism. PKS are composed of modules that are further 

separated into individual enzymes: ketosynthases (KS), acyl carrier proteins (ACP), 

acyltransferases (AT), ketoreductases (KR), dehydratases (DH), and enoyl reductases (ER). The 

polyketide synthase product is cyclized and released by a terminal thioesterase (TE) and is 

further decorated by post-pks tailoring enzymes. The final polyketides are often 

pharmaceutically relevant as their activities are diverse and varied. 
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transcription-factor based “sensing” modules that regulate expression of a “reporter” module such 

as antibiotic resistance or a fluorescent protein to guide evolution of the pathway of interest.20,21 

Though there may be other yet unidentified transcriptional regulators of erA biosynthesis in the 

erA producer Saccharopolyspora erythraea, the best-known transcriptional regulator is found in 

pathogenic Escherichia coli as part of a gene cassette containing the resistance gene for the 

phosphotransferase MphA.22,23 This transcription factor, MphR, is a promiscuous protein that 

recognizes a small panel of assorted macrolides, all of which contain a desosamine sugar, the 

proposed site of MphA-catalyzed modification, during which MphA phosphorylates erA (and 

other macrolides) at the 2’ -OH of the desosamine sugar. A biosensor circuit with the super-folding 

GFP (sfGFP) reporter, MphR as the sensing module, and MphA, was previously established and 

the tunability of MphR for selectivity and sensitivity to several semi synthetic analogs of erA was 

demonstrated.24 

 

 

 

Figure 2.2 PKS engineering strategies. The field of synthetic biology has seen some success 

via rational design approaches that involve module and domain swapping, active site 

mutagenesis, and linker engineering. Typically, the output of engineered pathways is measured 

by LCMS or HPLC, which are highly effective methods of validation. However, because of the 

relative low throughput of these characterization methods (~10
3
mutants per day) the field has 

been unable to establish global PKS engineering rules. We hypothesize that there is much to be 

learned through the process of directed evolution, where several rounds of mutagenesis and 

screening for a tailor-made molecule could afford variants with increased productive potential. 
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While the previously characterized MphR biosensor is a powerful tool for metabolic engineering, 

culture optimization, post-PKS engineering, or active site mutagenesis, it not only responds to the 

final product but also many late-stage intermediates. Additionally, it has never been shown to 

detect any molecule without a desosamine sugar. Subsequently, one particular disadvantage of the 

current state-of-the-art erA biosensor is that it cannot distinguish between PKS and post-PKS 

bottlenecks. This issue could be addressed by developing biosensors for erythromycin pathway 

intermediates. Additionally, the core scaffold of erA, 6-deoxyerythronolide B (6-dEB), shares 

structural characteristics with the scaffolds of other macrolides, many of which have potent 

biological activities. Accordingly, a biosensor with the engineered ability to detect 6-dEB would 

likely provide an engineering platform for PKSs similar to that of erA biosynthesis (DEBS).25 

Therefore, we set out to engineer an MphR variant sensitive to 6-dEB. 

Rational design of enzymes and proteins, while powerful, often limits the sequence space that is 

explored and excludes hard-to-predict synergistic mutations that could have the desired phenotypic 

response. Additionally, any rational design of MphR would have to be based on the known 

interactions between 6-dEB and MphR. The crystal structure of MphR bound to erA indicates that 

the sugars of erA are intimately involved in recognition of the macrolide by MphR. Given that 6-

dEB lacks these sugars, it might be challenging to arrive at an MphR variant capable of being de-

repressed by 6-dEB via traditional directed evolution involving iterative rounds of random 

mutagenesis and screening against the target ligand. Notably, enzyme substrate specificity has 

been dramatically altered through a directed evolution strategy called substrate walking. During 

successive rounds of directed evolution, the native ligand is substituted with ligands that share 

structural homology with the target molecule, in effect “walking” the enzyme toward a fitness 

advantage (Figure 2.3).26,27 The post-PKS tailoring of erA and availability of pathway 

intermediates already affords a built-in substrate walking progression, so this strategy was adopted 

here (Figure 2.3).  Herein we describe substrate walking of MphR towards detection of 6-dEB and 

demonstration of a proof-of-concept application for pathway engineering.  
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2.2 Results and Discussion 

2.2.1 Characterization of MphR detection parameters in E. coli lacking a phosphotransferase 

Previous characterization of MphR with various macrolides, including erA, was carried out with 

MphA provided to the cell as the means for erA resistance, so it was unclear if MphR responded 

to erA when the 2’-OH was not phosphorylated (Figure 2.4A). To begin substrate walking of 

MphR it first had to be established which forms of erA, phosphorylated or not, MphR could detect 

(Figure 2.4B). This would then dictate the starting point and successive screening regimen of 

future MphR libraries. The pSENSE plasmid was synthesized in two pieces and ligated together 

via Gibson Assembly. It contained a pBR322 origin (100-500 copies per cell) and a sfgfp reporter 

gene encoding Superfolder Green Fluorescent Protein (sfGFP).28,29 A biosensor plasmid, which 

contained MphR and is referred to as pSENSE-MphA, was constructed with MphR and MphA 

constitutively expressed. A 24-bp DNA sequence corresponding to the MphR operator was cloned 

upstream of sfgfp. With this plasmid, the biosensor was evaluated by quantifying the sfGFP 

Figure 2.3 The MphR transcription factor-based biosensor. (A) Erythromycin a (erA) binds to 

MphR, resulting in a conformational shift in the protein that prevents MphR from repressing 

transcription of reporter super-folding green fluorescent protein (sfGFP). (B) MphR binds 

several macrolides of varying shapes and sizes (far left), but they share a desosamine-like 

moiety that contains a 2’-OH group, the site of MphA modification. We proposed a substrate 

walking approach to sequentially mutagenize and screen MphR for detection of molecules that 

more closely resembled 6-dEB until detection of 6-dEB was possible. 
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fluorescence signal in response to varied doses of erA in vivo. The biosensor strain demonstrated 

high sensitivity to erA with concentration at half-maximal fluorescence (K1/2) of 1.09 ± 0.04 µM 

(Figure 2.4C) compared to other published transcription factor-ligand pairs, which are often in the 

mM range. 18,30,31 

 

 

 

 

 

 

 

 

 

Figure 2.4 Macrolides inhibit cellular reproduction by throwing a molecular wrench into 

ribosomal translation. (A) MphA prevents macrolides from binding to the ribosome by 

phosphorylating the 2-OH of the desosamine sugar. In contrast, the methyltransferase ErmE 

prevents macrolides from binding adenine 2058 by dimethylating the ribosome at that position. 

(B) When assayed with erA and its intermediates, erythronolide B (EB) and 3-o-α-mycarosyl 

erythronolide B (MEB), in a dose-dependent manner, the K
1/2
 values for pSENSE-ErmE and 

pSENSE-MphA were 62 ± 7 and 1.09 ± 0.04 µM, respectively, indicating that the 

phosphorylated ligand has more favorable interactions with MphR than the non-phosphorylated 

ligand. (C) A ΔMphA biosensor strain was constructed and assayed with erA to ensure that the 

response of the pSENSE-ErmE biosensor strain was not a result of phosphorylation by 

endogenous kinases. Without MphA in the cell, no fluorescence was observed. Error bars, when 

visible, represent the standard error of the mean (n=3). 
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 A study by Cropp et al describing the structure of MphR bound to erA predicted a favorable 

electrostatic interaction between Lys21 of MphR and the negatively charged phosphate group that 

would be attached to the 2’-OH of the erA desosamine sugar moiety (Figure 2.5A).32 However, 

the quantitative impact of the 2-phosphate on de-repression has not been determined. The 

contribution of this phosphate group to de-repression of wild-type MphR was assessed by cloning 

the dimethyltransferase ermE in place of MphA in pSENSE-mphA, yielding plasmid pSENSE-

ErmE. The erm family of genes are found in macrolide producers such as Saccharopolyspora 

erythraea and provide MLS (macrolide, lincosamide, and streptogramin) resistance via ribosome 

methyltransferases and efflux pumps. ErmE dimethylates adenine 2058 in the E. coli 23s rRNA, 

preventing macrolides from binding to the ribosomal exit site (Figure 2.4B).33–36 Evaluation of 

the pSENSE-ErmE biosensor strain in a dose-dependent manner revealed that MphR is 60-fold 

less sensitive to erA in the presence of ErmE vs. MphA (K1/2 = 62 ± 7 µM, Figure 2.4C). In the 

ErmE biosensor strain, MphR likely binds non-phosphorylated erA when the cell first encounters 

the macrolide, so the poor sensitivity was not completely unexpected. The crux of this result is that 

it is consistent with the hypothesis that phosphorylated ErA is a better MphR effector than non-

phosphorylated erA.  

The erA intermediate 6-dEB lacks any sugar that could by phosphorylated by MphA, and if 

phosphorylation of an effector is necessary for MphR sensitivity, then MphR must be engineered 

to respond to molecules independent of this phosphate group. If the sensitivity of MphR to the 

phosphorylated erA was a result of Lys21 stabilizing the phosphate group in the binding pocket, 

then it might be possible to reverse this sensitivity simply by introducing mutations at that position. 

To decrease dependence of the MphR sensitivity to erA under erA-phosphorylation conditions, 

saturation mutagenesis was performed at MphR Lys21, using pSENSE-MphA-MphR as the 

template, generating a library of variants where Lys21 was substituted with all 19 other canonical 

amino acids. Next, 96 randomly selected mutants from the MphR Lys21X library were screened 

in a 96-well microplate at four concentrations of erA and the fluorescence responses were 

compared to that of the MphR wild type. Mutants with fluorescence responses that were at least 

two standard deviations lower than that of the wild-type MphR were selected and dose-response 

curves obtained. As expected, four mutants (Lys21Gly, Lys21His, Lys21Asn, and Lys21Gln) 

showed decreased sensitivity to erA in the presence of MphA (Figure 2.5B). To test whether these 

mutations would also affect MphR sensitivity in the absence of ErA-phosphorylation, they were 
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introduced into the corresponding pSENSE-ErmE-MphR plasmid. An erA dose-response analysis 

of the mutants and comparison to the wild-type pSENSE-MphR-ErmE system showed that 

mutants Lys21Gly and Lys21His were not de-repressed by erA while the mutants Lys21Asn and 

Lys21Gln were significantly less effective erA biosensors than the wild-type system (Figure 

2.5C). These results indicate that mutations at Lys21 do not increase the sensitivity of MphR to 

erA in the absence of phosphorylation by MphA. 

 

 

 

 

 

 

 

 

 

Figure 2.5 Site directed mutagenesis of K21. (A) Lys21 was predicted to stabilize 

phosphorylated erythromycin A through electrostatic interactions. (B) Lys21X library was 

tested with erA at varying concentrations. Hits were subjected to dose response with Hill 

binding equation fit. (C) Promising mutations were transferred to pSENSE-ErmE-MphR and 

were characterized in dose-dependent manner. No mutant was used for further evolution. Lines 

represent fit to Hill equation and error bars, when visible, represent standard error of the mean 

(n=3). 
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To ensure that the wild-type MphR did not already natively respond to erA biosynthetic 

intermediates, the pSENSE-ErmE biosensor strain was assayed with 3-O-ɑ-

mycarosylerythronolide B (MEB) and erythronolide B (EB). MphR did not respond to either 

ligand up to a concentration of 100 µM (Figure 2.4B), confirming that further evolution was 

required to discover MEB and EB-sensitive MphR variants. Neither of these molecules are known 

substrates of MphA, but to minimize any potential phosphorylation affecting MphR recognition, 

the remainder of the biosensor assays were completed using pSENSE-ErmE, unless otherwise 

noted. To provide evidence that erA is not phosphorylated by endogenous kinases, a site-directed 

knockout of the MphA kinase in pSENSE-MphA was constructed by insertion of a stop codon at 

the proposed catalytic residue Asp200 and assayed with various concentrations of erA.34 MphA 

was not entirely deleted to confirm that even when a truncated form of the kinase was present in 

the cell the phosphorylation could not occur and to demonstrate that MphA alone most likely was 

responsible for this phosphorylation. No resistance to erA was observed, suggesting that 

endogenous kinases do not ‘activate’ erA in a manner that would compete with biosensor reporting 

(Figure 2.4D). Collectively, these results indicate that the erA desosamine 2-phosphate contributes 

significantly to the specificity of MphR and that mutagenesis of MphR provided a variant with 

reduced ability to be de-repressed by the phosphorylated erA, thereby completing the first 

‘substrate walk’ from phospho-erA to erA.  

 

2.2.2 Site-directed saturation mutagenesis in the MphR binding site 

Previous work by Kasey et al found that a specific MphR residue change, Ser106Phe, increased 

sensitivity to pikromycin, a macrolide modified with only one sugar moiety (desosamine), in 

contrast with many macrolides like erA that contain multiple sugar moieties. Ser106 reportedly 

interacts with the carbonyl group at C-1 of erA in one monomer of MphR.37 It was hypothesized 

that filling in the binding site with a larger residue allows for more favorable interactions and a 

better “fit” for the smaller monoglycoside. A dose-response analysis of Ser106Phe MphR with E. 

coli pSENSE-ErmE, pSENSE-MphA, and pSENSE (no erA resistance) strains, with MEB, 

revealed K1/2 values of 159 ± 5, 162 ± 9, and 167 ± 5 μM, respectively. A two-tailed t-test of the 

K1/2 values for each biosensor confirmed that they were not significantly different from one another 

(p > 0.05) (Figure 2.6). These K1/2 values demonstrated a decrease in sensitivity of Ser106Phe 

MphR to MEB by roughly 2.5 fold compared to the wild type MphR response with erA in 
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pSENSE-ErmE (62 ± 7 µM) This result suggests that the wild type protein response is highly 

dependent on the presence of the desosamine sugar.  The near equality of the K1/2   values suggested 

that MphA phosphorylation gives no advantage for recognition by MphR for macrolides not 

containing a desosamine sugar. Further, the growth and subsequent response of cells lacking an 

erA resistance gene confirms the decrease in bioactivity of erA intermediates and eliminates the 

need for any resistance gene present for their production and detection.  

 

To further confirm loss of phosphorylation dependence, the MphR Ser106Phe mutant in pSENSE-

MphA and pSENSE-ErmE was assayed with various concentrations of erA, clarithromycin, 

pikromycin, and azithromycin. Compared to the wild-type MphR, the mutation conferred 

sensitivity to all tested macrolides and the pSENSE-MphA biosensor elicited a larger dynamic 

range than the pSENSE-ErmE strain, most likely due to the phosphorylation by MphA. This was 

further corroborated by the loss of response to pikromycin in the presence of ErmE, indicating that 

MphR de-repression by pikromycin is due in large part to phosphorylation of the macrolide by 

MphA (Figure 2.7). Together, these results underscore the role of the phosphate group in 
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Figure 2.6 Site directed mutagenesis of S106 enables MEB detection. The Ser106Phe MphR 

mutant in pSENSE-MphA, pSENSE-ErmE, and pSENSE was assayed with MEB. The 

corresponding K
1/2 
values 159 ± 5, 162 ± 9, and 167 ± 5, respectively, were not statistically 

significantly different (p>0.05), indicating that MphR recognition by this mutant was 

independent of phosphorylation by MphA. Error bars, when visible, represent the standard error 

of the mean (n=3). 
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recognition by MphR, which should be considered when further engineering the protein for 

selectivity and sensitivity to certain molecules.  

 

 

 

 

 

 

 

 

 

 

 

In addition to Ser106, Cropp et al described several residues that interact with phospho-erA and 

could therefore affect ligand binding if mutated. These residues include: Lys21, Arg122, Asn123, 

pSENSE-ErmE-MphR pSENSE-MphA-S106F MphR 

pSENSE-ErmE-S106F MphR 

Erythromycin A Roxithromycin Clarithromycin Pikromycin 

Figure 2.7 S106F confers sensitivity of MphR in pSENSE-MphA and pSENSE-ErmE to 

macrolides. Ser106Phe confers sensitivity of MphR in pSENSE-MphA and pSENSE-ErmE to 

erA, clarithromycin, and roxithromycin. Ser106Phe MphR in pSENSE-MphA confers a high 

degree of sensitivity to pikromycin, unlike the Ser106Phe MphR in  pSENSE-ErmE, which 

does not respond to pikromycin. This is evidence of the importance of phosphorylation of the 

desosamine for sensitivity of the biosensor to macrolides. Error bars represent standard 

deviation of the mean (n=3). 
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His147, Ala151, Tyr103, and Asn94. Arg122, Asn123, and His147 form hydrogen bonds with 

various carbonyls on the erA scaffold. Ala151 and Tyr103 participate in water-mediated 

interactions with the C-12 hydroxyl group and Asn94 interacts with the desosamine sugar of erA.32 

Accordingly, these residues were targeted for mutagenesis in an effort to identify MphR variants 

with improved sensitivity to MEB. Site-directed saturation mutagenesis at these positions followed 

by screening of 96 colonies of each library with 10 µM MEB did not identify variants with 

improved fluorescence response compared to the Ser106Phe biosensor strain (standard deviation 

> 1 from the mean of Ser106Phe).  

To evaluate whether Ser106Phe was the optimal starting point for further substrate walking, a 

saturation library at Ser106 was screened with 10 µM MEB and compared to the response of 

Ser106Phe. Most library members fell within one standard deviation of the mean of Ser106Phe 

(n=3), but one mutant, Ser106Leu, showed a 3-fold improvement in K½ compared to a 1.8-fold 

improvement of Ser106Phe. However, a dose-response analysis revealed that the K1/2 values for 

both biosensors with MEB were not significantly different (Figure 2.8B). 

Based on the beneficial change from serine, a small polar residue, to phenylalanine, a larger non-

polar residue, it was hypothesized that the larger volume and hydrophobicity of the phenylalanine 

residue might provide a more suitable environment for MEB binding. To test this hypothesis, 

Sanger sequencing of the Ser106X saturation library identified several mutations that were further 

assayed in triplicate with MEB. Among the sequenced mutants was Ser106Ile. Isoleucine and 

leucine are hydrophobic constitutional isomers of approximately the same volume, so they 

theoretically would not differ in their response to MEB. However, this was not the case as the 

Ser106Ile mutant did not respond to MEB at all. No clear trend between polarity or residue volume 

and fluorescence was observed, indicating that de-repression of Ser106Phe MphR by MEB could 

result from the increased number of hydrophobic interactions in the binding site or from some 

other interaction or allosteric affect that might not be easy to identify without a crystal structure of 

each mutant bound to MEB (Figure 2.8A).  
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2.2.3 Directed evolution of MphR for increased sensitivity to MEB 

The production of MEB in an engineered Escherichia coli strain was reported at around 40 mg/L 

which corresponds to ~73 µM MEB. However, this is the production of the wild-type pathway and 

any engineered pathway would likely be less active. The biosensor range must then cover from 0 

to at least 73 µM for it to be useful. To further improve detection of MEB by the Ser106Phe MphR, 

an error-prone PCR library was generated using Ser106Phe as the template (mutation rate: average 

0.1 1 10 100
0

50,000

100,000

150,000

[MEB] (mM)

R
e
la

ti
v
e

 s
fG

F
P

 F
lu

o
re

s
c

e
n

c
e
 (

R
F

U
)

S106F

S106L

S
10

6F

S
10

6L

S
10

6I

S
10

6H

S
10

6V

S
10

6C

S
10

6W

S
10

6T

S
10

6P

0

2,000

4,000

6,000

8,000

Fluorescence at 50mM  MEB

R
e
la

ti
v
e

 s
fG

F
P

 F
lu

o
re

s
c

e
n

c
e
 (

R
F

U
)

Figure 2.8 S106L MphR detection of MEB. (A) Ser106X variants were constructed where several 

hydrophobic residues of varying sizes replaced Ser106. (B) Only one other residue, Ser106Leu 

resulted in detection of MEB. It was hypothesized that Ser106Leu and S106Ile would show the 

same response to MEB as they are constitutional isomers, however this was not the case. When 

assayed in a dose-dependent manner, Ser106Leu response was not significantly different from that 

of Ser106FPhe. Error bars represent the standard error of the mean (n=3). 
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of 2 amino acids changes per gene product). Library members that were not responsive to MEB 

were removed from the population via fluorescence activated cell sorting (FACS) and the 

remaining mutants were screened with 10 μM MEB in microtiter plates. One library member 

showed an increase in sensitivity toward MEB compared to Ser106Phe MphR response to MEB 

and was selected for dose-response analysis, which revealed a K1/2, of 5.3 ± 0.4 μM, a 30-fold 

improvement compared to that of Ser106Phe MphR with MEB (Figure 2.9). Sanger sequencing 

of the mutant gene revealed an additional Asn94Asp mutation. Asn94 is a solvent-facing residue 

positioned at the entrance to the binding site and is noted for creating a region of positive charge 

close to the desosamine sugar amine. A mutant MphR with only the Asn94Asp mutation did not 

respond to MEB when assayed in a dose-dependent manner, indicating that the mutations have a 

synergistic effect on de-repression by MEB. When further assayed with EB and 6-dEB, binding of 

MphR Ser106Phe-Asn94Asp to 6-dEB was very weak and the K1/2 could not be calculated for lack 

of fluorescence maximum (Figure 2.9). Additionally, a saturation library of Ser106Phe MphR at 

Asn94 led to rediscovery of the Asn94Asp mutation as a hit, but no other residue changes were 

beneficial for sensitivity to MEB. This MphR double mutant is the only reported transcription 

factor biosensor for detection of a polyketide macrolactone and demonstrates that the substrate 

walking strategy can dramatically alter the effector specificity of MphR. 
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2.2.4 Efflux pump knock-out enables sensitive detection of EB and 6-dEB 

One of the largest challenges in using transcription factor biosensors for in situ detection of a 

natural product is the export of the product to the media.38 Specifically, non-producers may give a 

false positive during fluorescence activated cell sorting (FACS) by detecting the product from 

efficient producers. Additionally, we hypothesized that trapping the macrolactone intermediates 

in the cell may increase the likelihood of MphR encountering them, thus decreasing the K1/2 of the 

biosensor for these molecules.  

Macrolides are exported from E. coli cells through a transmembrane transporter called TolC.39 

This protein complexes with a secondary transporter, AcrB and its accessory proteins AcrA and 

AcrZ. AcrB pumps a wide array of molecules out of the cell through the inner membrane into the 

periplasm and TolC then carries the molecules through the outer membrane into the surrounding 

media. Resistance to many toxins is provided by the AcrAB-TolC complex and although E. coli 

Figure 2.9 Directed evolution of MphR leads to detection of EB and 6-dEB. The double mutant 

Ser106Phe-Asn94Asp MphR had a K
1/2
 of 8.49 ± 0.68 µM, which is 30-fold more sensitive 

than Ser106Phe MphR only with MEB. No response with Asn94Asp indicates that the 

mutations have a synergistic effect on MphR. The double mutant was assayed with 

intermediates EB and 6-dEB (green and purple). The K
1/2 
with EB was 695.80 ± 204.10 µM, 

however a K
1/2 
could not be calculated for 6-dEB due to the absence of a normalized 

fluorescence maximum. Error bars, when visible, represent standard error of the mean (n=3). 
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contains other efflux pumps, knocking out TolC greatly increases sensitivity to inhibitory 

molecules (Figure 2.10).39–41 The non-desosaminylated intermediates of erythromycin have not 

shown biological activity, so it was unlikely that accumulation of these molecules in the cell would 

inhibit translation.42 The ΔtolC strain JW5503 was obtained from Dr. Ashton Cropp and used to 

house all the MphR-biosensors described so far.43 The biosensor strains were then subjected to a 

dose-response assay to determine the effect of efflux on detection of the erA intermediates. 

 

 

 

 

As expected, the wild-type MphR did not respond to any molecule other than erA in the ΔtolC 

strain, though sensitivity of pSENSE-ErmE to erA increased by ~37-fold compared to the wild-

type protein with pSENSE-ErmE in Top10. Among the erA intermediates, MEB was detected with 

the highest sensitivity by Ser106Phe MphR (K1/2= 0.94 ± 0.10 µM), a 177-fold increase in 

sensitivity compared to Ser106Phe in Top10 (Figure 2.11A). Interestingly, this mutant also 

responded to EB and 6-dEB, though not as well (K1/2 = 79.11 ± 12.62 µM and 88.62 ± 15.13 µM, 

respectively), indicating that the sugar moiety might enable additional interactions within the 

Figure 2.10 TolC is a transmembrane transporter of secondary metabolites. TolC complexes 

with transporter AcrAB which is responsible for pumping macrolides from the cell through the 

inner membrane where TolC then transports the macrolide through the outer membrane (image 

from creativecommons.org). 
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binding pocket of Ser106Phe that make binding more favorable (Figure 2.11B). Lastly, EB and 

6-dEB were detected with the highest sensitivity by Ser106Phe-Asn94Asp MphR double mutant 

(K1/2 = 3.22 ± 0.41 and 6.26 ± 0.47 µM, respectively) and the tolC knockout increased sensitivity 

by an astounding 216-fold in the case of EB, compared to Top10 (Figure 2.11C). The fold-increase 

in sensitivity of the double mutant to 6-dEB is likely more than that of EB, but the K1/2 with 6-dEB 

could not be determined in Top10. The dramatic increase in sensitivity of the MphR variants with 

6-dEB, EB, MEB indicates that the tolC knock out likely increases the intracellular concentration 

of macrolide, as designed. Together, these results suggest that sensitivity to these molecules is due, 

in part, to the co-localization of the molecules to MphR inside the cell and that while the substrate 

walking approach enables detection of each intermediate, MphR does not discriminate between 

them. Further, this result indicates that the colocalization of 6-dEB and EB is insufficient on its 

own for improvement of MphR derepression and that the substrate walking mutations are required 

for derepression to occur in the presence of these intermediates. Given that only two mutations in 

MphR were required for detection of the 6-dEB and EB, it was hypothesized that additional 

mutations could improve ligand-protein binding, and thus increase the sensitivity of MphR for 

these macrolactone intermediates. 
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Figure 2.11 Sensitive detection of macrolides in a TolC deficient strain. An E. coli ΔtolC strain 

was transformed with the WT, Ser106Phe, and Ser106Phe-Asn94Asp MphR mutant biosensors. 

(A) Wild-type MphR was unable to detect any intermediates, but 6-dEB detection was enabled 

in the Ser106Phe sensor (C) and detection 6-dEB by Ser106Phe-Asn94Asp (D) was improved 

over 100–fold compared to the same mutants assayed in Top10. Error bars, when visible, 

represent standard error of the mean (n=3). 
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2.2.5 Enhancing sensitivity to macrolactone intermediates through directed evolution 

Given that both Ser106 and Asn94 were predicted to play a role in detection of erA and 

synergistically provided sensitive detection of MEB as well as weak detection of EB and 6-dEB, 

the site-directed saturation libraries from section 2.2.2. were re-created in the MphR Ser106Phe-

Asn94Asp scaffold and screened for sensitivity to the macrolactone intermediates. Site-directed 

mutagenesis of these library members did not yield mutants that were more sensitive at 50 µM 6-

dEB.  

 

Based on the previous success of error prone mutagenesis and screening with MEB, a library was 

constructed (average amino acid mutation rate: 3.2/585 bp gene product) Ser106Phe-Asn94Asp 

MphR. The library was not sorted via fluorescence activated cell sorting so it was directly 

transformed into Top10 and 960 colonies were screened with 25 µM EB. Hits were defined as 

mutants that displayed fluorescence values greater than three standard deviations from the mean 

of MphR Ser106Phe-Asn94Asp at the same concentration EB. Four library members fit these 

criteria, and they were tested in triplicate at several different concentrations of EB. Following this 

analysis, two variants were confirmed, and DNA sequencing revealed the mutations Ser106Phe-

Asn94Asp/Gly137Val and Ser106Phe/Asn94Asp/Gly152Ser/Arg22His. Each variant was then 

transformed into JW5503. This strain, discussed in section 2.2.4, enables sensitive detection of 

macrolactones by trapping them in the cell, resulting in preservation of the ligand. Dose-response 

curves of the mutants in this strain with 6-dEB revealed K1/2 values of 6.35 ± 1.69 µM and 9.32 ± 

2.02 µM for each, respectively (Figure 2.12). The resulting K
1/2
 values of Ser106Phe-Asn94Asp 

MphR and Ser106Phe-Asn94Asp-Gly137Val MphR were not significantly different, though the 

dynamic range of the triple mutant appears to be somewhat larger (141,011>97,960). The 

Ser106Phe-Asn94Asp-Gly152Ser-Arg22His mutant K1/2 was lower than the K1/2 for Ser106Phe-

Asn94Asp, indicating this mutant was less sensitive to 6-dEB than the double mutant. 
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Figure 2.12 Error prone library of Ser106Phe Asn94Asp MphR yields mutants that detect 6-

dEB and EB. (A) Mutant Ser106Phe-Asn94Asp-Gly137Val and Ser106Phe-Asn94Asp-

Gly152Ser-Arg22His were pulled from an error prone library of S106F-N94D screened with 

50 μM MEB. (B) The resulting K
1/2
 values for Ser106Phe-Asn94Asp (4.94 ± 0.51 μM) and 

Ser106Phe-Asn94Asp-Gly137Val (6.35 ± 1.69 μM) were not significantly different. (C) The 

Ser106Phe-Asn94Asp-Gly152Ser-Arg22His mutant K1/2 was 9.32 ± 2.02 where the K1/2 for 

Ser106Phe-Asn94Asp for this dose response was 3.81 ± 0.51.  Error bars, when visible, 

represent standard error of the mean (n=3). 
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2.3 Conclusion  

Streamlined PKS engineering has not been fully realized due to the lack of high throughput screens 

for productive PKS mutants. Focusing on the macrolide family of polyketides, a macrolide 

transcription factor was engineered for the first time via a substrate walking approach to derepress 

in response to the direct product of a PKS, a macrolactone. The mutants discussed are extremely 

sensitive to the ligands they detect compared to several literature examples of TF based biosensors 

(Figure 2.13, Table 2.1). These results significantly increase the potential for expediting PKS 

engineering and open doors for expanding biosensor-guided development of PKSs beyond that of 

erA to include products resembling methymycin to those more like the epothilones. 

 

 

 

 

 

 

Figure 2.13 Summary figure of substrate walking in (A) JW5503 and (B)Top10. As mutations 

are accumulated in MphR, detection of macrolactones is enabled, though the biosensor is not 

selective for one intermediate over others. Error bars represent standard error of the mean (n=3). 

(C) Summary data representing the evolution of K
1/2
 for each ligand over MphR generations. 

A B 

C 
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Table 2.1 Summary of all MphR biosensors and their parameters 

 

entry 9Φ Ŏƻƭƛ strain Resistance mutations effector K1/2 (μM)a,d dynamic 

rangeb 
nc 

1 Top10 ErmE - ErA 61.69 ± 7.29 78,790 1.91 

± 

0.17 

MEB ND ND ND 

EB ND ND ND 

2 Top10 MphA - ErA 1.09 ± 0.04 106,571 3.01 

± 

0.27 

3 Top10 MphA K21G ErA 2.25 ± 0.62 ND 2.01 

± 

0.60 

4 Top10 MphA K21H ErA 1.25 ± 0.04 ND 2.1 ± 

0.1 

5 Top10 MphA K21N ErA 0.67 ± 0.02 ND 2.82 

± 

0.23 

6 Top10 MphA K21Q ErA 0.92 ± 0.02 ND 2.86 

± 

0.21 

7 Top10 ErmE K21G ErA 43.37 ± 1.05 ND 4.19 

± 

0.31 

8 Top10 ErmE K21H ErA ND ND ND 

9 Top10 ErmE K21N ErA 52.22 ± 2.69 ND 2.24 

± 

0.13 

10 Top10 ErmE K21Q ErA ND ND ND 

11 Top10 MphA S106F MEB 158.70 ± 5.23 120,748 2.22 

± 

0.10 

12 Top10 ErmE S106F ErA 0.45 ± 0.07 119,686 3.14 

± 

0.53 

MEB 161.70 ± 9.19 98,040 2.00 

± 

0.14 

13 Top10 none S106F MEB 166.70 ± 4.94 111,788 2.05 

± 

0.07 

14 Top10 none S106L MEB NC NC NC 

15 Top10 none S106F, 

N94D 

ErA 1.96 ± 4.82 221,766 1.01 

± 

0.39 

MEB 8.49 ± 0.68 110,760 1.24 

± 

0.10 

EB 695.80 ± 

204.10 

NC NC 

6-dEB NC NC NC 
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Table 2.1 (continued). 

a Concentration of ligand at half-maximal normalized sfGFP fluorescence 
b With baseline subtracted, this value is Bmax but represents sfGFPmax-sfGFPmin 
c Hill coefficient, which measures cooperativity of MphR ligand binding. Values >1 indicate 

positive cooperativity 
d NC stands for “not calculated” for biosensors that had a response, but did not reach a maximum, 

so could not be fit to the Hill equation. ND stands for “not determined” due to lack of response. 

 

16 Top10  none N94D ErA 8.05 ± 0.47 18,853 4.16 

± 

0.78 

MEB ND ND ND 

17 JW5503 ErmE - ErA 1.65 ± 0.13 91,055 2.64 

± 

0.27 

MEB ND ND ND 

EB ND ND ND 

6-dEB ND ND ND 

18 JW5503 none S106F ErA 0.47 ± 0.09 45,536 2.34 

± 

0.58 

MEB 0.94 ± 0.10 84,464 2.20 

± 

0.39 

EB 79.11 ± 12.62 106,111 1.45 

± 

0.10 

6-dEB 88.62 ± 15.13 116,777 1.65 

± 

0.13 

19 JW5503 none S106F, 

N94D 

ErA 0.31 ± 0.19 63,857 1.09 

± 

0.51 

MEB 0.21 ± 0.03 65,851 1.52 

± 

0.38 

EB 3.22 ± 0.41 70,410 1.25 

± 

0.15 

6-dEB 6.26 ± 0.47 72,281 1.51 

± 

0.22 

20 JW5503 none S106F, 

N94D, 

G137V 

6-dEB 6.35 ± 1.69 141,011 1.30 

± 

0.47 

21 JW5503 none S106F, 

N94D, 

G152S 

6-dEB ND ND ND 

22 JW5503 none S106F, 

N94D, 

G152S, 

R22H 

6-dEB 9.32 ± 2.02 44,000 ± 

4900 

1.48 

± 

0.41 
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2.4 Materials and methods 

Strains and plasmids 

The plasmids containing MphR (pMLGFP) and MphA (pZJ12) and strain JW5503 were obtained 

from Prof. Ashton Cropp. The plasmid pSENSE was obtained from Twist BioSciences in two 

pieces that were cloned together via Gibson Assembly. The PCR amplification of vector and insert 

contained: 5X Phire reaction buffer (4 μL), 150 ng/μL purified plasmid DNA (1.0 μL), DNAse 

free water (11.8 μL), forward primer (1 μL, 10 μM), reverse primer (1 μL, 10 μM), dNTP’s (0.4 

μL, 10 mM), DMSO (0.6 μL), and Phire polymerase (0.2 μL). PCR cycling parameters followed 

polymerase manual instructions. After PCR cycling, 1.0 μL DpnI restriction enzyme was 

transferred into the PCR mixture and incubated at 37 ºC for 1 h. PCR reactions were purified on 

1% agarose gel and were extracted from gel using Monarch gel extraction kit (NEB, Inc.). The 

Gibson assembly mixture for this reaction contained 0.64 µL TS exonuclease (10 U/µL), 320 µL 

5X IsoBuffer, 20 µL Phusion (2 U/µL), 160 µL Taq (40 U/µL), and water to 1.2 mL. This mix 

was aliquoted into 15 µL reactions. Approximately 2.5 μL of vector and 2.5 μL insert were added 

to 15 µL Gibson assembly mixture and mixed via pipetting. The solution was incubated at 50 ºC 

for 1 h. Then, 5 μL of the mixture was immediately transformed into DH5α chemically competent 

cells. The transformation was plated on ampicillin-containing (67 μg/mL) LB agar and incubated 

overnight at 37 ºC. A colony was picked and cultured in 3 mL LB plus ampicillin overnight at 37 

ºC, with shaking at 250 rpm. Then, 500 μL 20% glycerol (v/v%) and 500 μL of culture were placed 

in sterile 1.5 mL cryovial and stored at -80 ºC.  

 

Site-directed mutagenesis  

The PCR reactions set up was as follows: 10 mM dNTP’s (0.4 µL), nuclease free water (14.1 µL), 

Phusion Hot Start Polymerase (0.2 µL), 10X reaction buffer (4.0 µL), purified DNA template 

(~150 ng), and “round-the-horn” primer mix (2.0 µL). The thermocycling parameters were as 

follows: 98 ºC, 30 s; [98 ºC, 30 s; gradient 55 ºC, 1 min; 72 ºC, 6 min] cycle step 2-4 18X; 72 ºC, 

10 min, 12 ºC hold. The PCR product was digested with DpnI at 37 ºC for 1 h. Digested DNA was 

run on a 1% agarose gel, ligated overnight, and transformed into Top10 competent cells. Sequences 

were confirmed via Sanger sequencing.  
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Error-prone mutagenesis of MphR 

An epPCR was run using Mutazyme kit (Agilent Technologies). The PCR reaction consisted of 

the following components: 40 mM dNTP’s (0.4 µL), nuclease free water (30.0 µL), Mutazyme II 

(1.0 µL), 10X mutazyme buffer (4.0 µL), DMSO (0.5 µL), purified DNA template (20 ng), and 

primer mix of (1.0 µL). The thermocycling parameters were as follows: 95 ºC, 2 min; [95 ºC, 30 

s; gradient 72 ºC - 67 ºC, 30 s; 72 ºC, 1 min] cycle step 2-4 30X; 72 ºC, 10 min, 12 ºC hold. The 

PCR product was purified on a 1% agarose gel. Amplified bands were excised and purified with 

Monarch Plasmid Miniprep Kit. The purified DNA was added to 15 µL Gibson Assembly mixture 

with 1 µL of amplified pSENSE vector and DpnI digested at 37 ºC for 4 h. The mixture was 

incubated at 50 ºC for 1 h and cooled on ice. Then, 1.5 µL of the mixture was transformed into E. 

cloni 10G electrocompetent cells using manufacturer’s instructions. Approximately 100 µL of 

sample was plated on LB agar containing ampicillin (67 μg/mL) and incubated at 37 ºC. The 

remainder of the library was grown in a 3 mL overnight liquid culture at 37 ºC, with shaking at 

250 rpm. For the S106F library, the MphR gene was cloned using restriction sites EcoRI and 

HindIII.  

 

Fluorescence activated cell sorting and screening 

The epPCR library was transformed into E. cloni 10G Electrocompetent cells and recovered for 1 

h with no antibiotic and then overnight in LB and ampicillin (67 μg/mL). The cells were negatively 

sorted in the absence of ligand using a Beckman Coulter MoFlo Cell sorter with 100 µm nozzle 

operating at 22 psi with excitation at 488 nm and emission at 525 nm. The collected libraries 

contained approximately 10,000 members with a mutation rate of 4 nucleotides/kb for the first-

generation library and 2 nucleotides/ kb for the second-generation library. Cells recovered in 3 mL 

LB for 5 h without antibiotic. 20 µL of recovery was plated on ampicillin and incubated at 37 ºC 

overnight. Ampicillin was added to recovery culture and cells recovered overnight. Cultures were 

stored in 10% glycerol at -80 ºC. 

 

Colonies were picked from a plated transformation of the MphR library and were used to inoculate 

300 μL of LB and ampicillin (67 μg/mL) in single wells of 96-well plates. The colonies were 

incubated at 37 ºC for 5 h with shaking at 350 rpm. Plates containing 290 μL of LB media, 

ampicillin (67 μg/mL), and DMSO were set up as a negative screen control and an equal number 
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of plates containing 290 μL of LB media, ampicillin (67 μg/mL), and 10 μM MEB were set up as 

the positive screen. After 5 h incubation 10 μL of each well was transferred to the negative control 

plate and positive screen plate so that each mutant was screened twice. The mutants were then 

incubated overnight at 37 ºC with shaking at 350 rpm. Plates were spun down at 1,509 x g for 5 

min and supernatant was discarded. Cells were resuspended in 600 µL 1X PBS and 100 μL of each 

sample was analyzed on a plate reader for fluorescence and absorbance. The fluorescence values 

were relative to OD600 and relative fluorescence of the positive screen was divided by the 

background negative screen (DMSO) to calculated fold-induction of each mutant by MEB. The 

mutant responses were compared to the mutant S106F range of induction. Mutants that were above 

the upper range of fold induction of S106F were further screened via an abbreviated dose-response 

at the following MEB concentrations: [0 μM, 10 μM, 50 μM, 100 μM]. Hits from this preliminary 

screening were tested in a more extensive dose-response assay. 

 

Microtiter plate dose response curve analysis 

Colonies were picked from each LB agar plates and were used to inoculate 3 mL cultures of LB 

plus ampicillin (67 μg/mL). Listed concentration solutions were made from diluting stocks of 

macrolides in LB containing ampicillin and 290 μL of each concentration solution was placed in 

triplicate into the 96-well plate via multichannel pipette so that each row of the plate contained 

increasing concentrations of erythromycin. Each well was inoculated with 10 μL of respective 

culture. The plate incubated overnight at 37 ºC with shaking at 350 rpm. The plate was centrifuged 

at 1,509 x g for 5 min and supernatant was discarded. The cells were resuspended in 600 μL of 1X 

phosphate-buffered saline (PBS), covered, and vortexed until cells were resuspended. Next, 100 

μL of cell suspension were pipetted into a clear Greiner 96-well plate and 100 μL was pipetted 

into a Greiner 96- well black plate. The optical density (600 nm) of the cells were analyzed as well 

as the fluorescence (excitation 485 nm, emission 510 nm). For analysis the fluorescence reading 

was divided by the OD600 values for a relative fluorescence value. The concentrations and relative 

fluorescence were plotted and analyzed via Hill equation using GraphPad Prism 7 software. 

ὌὭὰὰ ὉήόὥὸὭέὲȡ ὋὊὖ ρ
ὋὊὖ Ὅ

ὑȾ Ὅ
 

In this equation GFP0 is the normalized GFP expression when no inducer is present, GFPmax is the 

maximum normalized GFP expression observed, [I] is inducer concentration, n is the Hill 



   

42 

 

coefficient that quantifies cooperativity of the protein, and K1/2 is the inducer concentration half-

maximal normalized fluorescence. 49 
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CHAPTER THREE 

 

Establishing the biosensor as a proof-of-concept via in situ erythromycin A detection in 

Escherichia coli 

 

3.1 Introduction 

The macrolide antibiotic erythromycin A (erA) was discovered in 1952 as a secondary metabolite 

produced by the soil microbe Saccharopolyspora erythraea.1 The total synthesis of erA was first 

reported in 1981, and subsequent syntheses focused on smaller erA intermediates like 6-dEB and 

erB, used erA as starting material for semi synthesis, or employed a convergent assembly method 

of macrolide building blocks.2-4  Though these are potentially powerful approaches for generating 

diversity in macrolides, many of the chemical transformations needed to make erA and other 

macrolides require stereoselectivity and several protection and deprotection steps due to its many 

chiral centers when they can easily be performed by enzymes that evolved for these specific 

reactions. Though synthetic efforts toward erA have improved, large-scale fermentation is the 

method of choice for production of these complex small molecules for market.5 

 

Before the widespread application of heterologous hosts for polyketide production, native 

producers like Saccharopolyspora erythraea were leveraged as specialized microbial factories as 

they already contained the extender units and machinery necessary to biosynthesize their native 

polyketide(s).6 However, genetic manipulation proved difficult within these organisms as the only 

available method was homologous recombination, which was slow and often resulted in off-target 

modifications due to the GC-rich content of microbial genomes. Additionally, slow doubling times 

limited the practicality of using these organisms for PKS engineering. As a result, many labs turned 

to one of the most well-characterized bacteria, Escherichia coli (E. coli) for polyketide production. 

There are several advantages to using E. coli for biosynthesis of small molecules: simple culture 

conditions, quick replication times, ease of genetic engineering, availability of genomic 

information, and the ability to overexpress mega enzyme complexes without competition from any 

native polyketide biosynthetic gene clusters. However, this “clean host” subsequently lacks the 

machinery necessary to assemble starter and extender units as well as the essential gene, sfp, which 

encodes for a phosphopantetheinyltransferase (PTTase) that activates the acyl carrier proteins 

(ACPs) in each PKS. 
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To address these issues, the strain BL-21(DE3), which includes the carrier of T7 RNA polymerase, 

prophage DE3, and lacks the proteases ompT and ion, was used as a starting point for host 

engineering because it enabled overexpression of proteins under control of the T7 promoter and 

limited degradation of those proteins.7 An improved strain, BAP1, followed suit in which genes 

prpRBCD were replaced by sfp and propionyl-CoA ligase, prpE, was placed under T7 control.8 

The next engineered host, TB3, introduced the 6-deoxyerthronolide B (6-dEB) PKS to BAP1 on 

two plasmids. Additional deletion of the propionyl and succinyl-CoA transporter yfgH increased 

6-dEB titers from 65-129 mg/L.9 However, the full biosynthetic pathway for erA in TB3 required 

five plasmids and the strain was unreliable due to plasmid instability.10 Finally, all enzymes 

required for erA production were cloned onto two bacterial artificial chromosomes (BACs) and 

transformed into the TB3 strain.11 Metabolic engineering to increase carbon flux toward erA 

glycosylation resulted in strain LFO1, which showed improved production of erA by 400% (~4.8 

mg/L) compared to BAP1 (Figure 3.1, Table 3.1).  

 

The erA production afforded by the sequential seventeen-year development of the E. coli strains 

with an overall 600% increase in erA titers could benefit from further high throughput engineering. 

For instance, the BACs of LFO1 contain the same origin of replication, which is not ideal for long 

term stability.9 This issue could be attenuated by incorporating the biosynthetic gene cluster into a 

strain such as K207-3, which benefits from incorporation of the enzymes responsible for starter 

and extender unit biosynthesis into the genome in addition to sfp.12,13   
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Further improvements in erA titers could be realized through culture optimization, promoter 

engineering, and metabolic engineering of the E. coli host as well as through rational or directed 

engineering of the PKS and the post-PKS enzymes. This improved host would then potentially be 

suitable for expression of a variety of type I PKSs. The availability of a biosensor for detection of 

erA titers could expedite the optimization of E. coli for polyketide production as it would enable 

high throughput sorting of variant strains from less productive mutants. In this chapter, the 

Figure 3.1 Escherichia coli are an ideal host for polyketide biosynthesis due to short replication 

times and inexpensive growing conditions. Six plasmids containing all genes necessary for erA 

production were transformed into a genome engineered strain of E. coli that could support 

polyketide biosynthesis (BAP1). Iterations and improvements on BAP1 via genome engineering 

and reconstitution of the erA biosynthetic pathway yielded strains TB3 and LFO1, which 

resulted in increased production of erythromycin A. 
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previously developed biosensors (Chapter 2) are evaluated as the basis of a screen for erA 

production. Also, the screening platform developed with erA and discussed in this chapter is a 

representation of how screening can be accomplished for all erA intermediates.  

 

 

Table 3.1 Summary of Escherichia coli strains developed for polyketide and erythromycin A 

production. 

Name Description Titers (µM) Reference 

BL21(DE3) F- ompT hsdSB (rB mB) gal dcm (DE3) - 7 

BAP1 BL21(DE3); ȹprpRBCD::T7 prom-sfp-prpE 0.82 µM ErA 8 

K207-3 
BAP1; panD::panD525A, ygfG:: T7 prom-

accA1-T7 prom-pccB-T7 term 
59.5 µM 6-dEB 11 

TB3 BAP1; ȹygfh 5.45 µM ErA 9 

LFO1 TB3; ȹvioAB ȹwzx ȹwecDE ~5 µM ErA 10 

LB19B 
K207-3; ȹrmlC ȹwecDE ȹvioAB ȹwzx 

ȹacrAB 
170.5 µM EryD 13 

 

3.2 Results and Discussion 

3.2.1 Detection of erA in an agar plate assay 

Biosensor-guided screening for production of small molecules has been successful through co-

culturing, microfluidics, fluorescence activated cell sorting, selection, and blue-white screening.14-

18 Most of the reported engineered pathways biosynthesize molecules within a matter of hours or 

a few days at most.17, 18 However, larger pathways such as erA, often require several days to 

accumulate the secondary metabolites because of the time needed for protein expression, the kcat 

of the PKS is only 0.5 min-1, and the late-stage tailoring enzymes are also relatively slow.19 Thus 

any screen that was intended for in situ detection must function over the culture time. With this 

challenge in mind, we sought to establish an appropriate screen using the MphR biosensors in this 

context.  

 

The simplest MphR-based assay envisioned to validate erA detection in a producing cell involves 

observing the cells on solid media. pSENSE-MphR was transformed into the erA-producing LFO1 

and colonies were plated on agar plates containing IPTG, sodium propionate, and L-arabinose. A 

positive “dose-response” control plate was prepared with various concentrations of erA added for 

comparison. After a six-day incubation period, the culture was observed under blue light, which 

represents the optimal excitation wavelength of sfGFP: 485 nm.20 This allowed visual 
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differentiation of producers from non-producers even within the same plate, indicating that the 

LFO1 population was heterogeneous and likely differed genetically in some way (e.g., panel B, D, 

E left vs right, Figure 3.2). However, it was exceedingly difficult to visually determine the relative 

amount of erA produced by simply comparing the experimental plates to the positive controls, 

which themselves were mostly indistinguishable from one another (Figure 3.2). Analysis of 

several non-producers among the LFO1 pSENSE-MphR colonies by cPCR revealed a section of 

DEBS1 encoding the loading didomain and first two modules of the erA PKS was missing. 

Concurrently, producing cells were also analyzed by colony PCR (cPCR) to confirm they included 

the full-length ErA biosynthetic genes and were isolated and stored so that the population of 

producers was homogenous for future experiments. An alternative explanation for why some 

colonies displayed a fluorescent signal and others did not under the same induction conditions is 

that the non-fluorescent cells were producing but at a level not within the dynamic range of the 

biosensor. Thus, the MphR biosensor successfully distinguished producers from non- or low 

producers and its application revealed an unexpected contamination in the engineered ErA-

producing E. coli strain and its subsequent purification. These results suggested that detection of 

erA within the cell was possible, but that a more quantitative approach for determining the 

concentration of erA in producing cells was necessary. 
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3.2.2 Selection of an erA sensor platform for in situ detection 

Given that both TB3 and LFO1 reportedly produce around the same amount of erA, but the single-

copy LFO1 BACS are much more stable in the cell over time than the five plasmids of TB3, LFO1 

was selected as the heterologous erA production host. Before selecting a biosensor for detection 

of erA production in situ, it was imperative to identify a sensor with a dynamic range that would 

include the maximum reported production of erA in E. coli, ~ 5 µM erA (Table 3.1).10 However, 

that concentration does not fall within the linear range of detection of any tested MphR biosensor, 

though it is equivalent to the concentration at which fluorescence reaches a maximum for the 

Figure 3.2 An agar dose response of LFO1 transformed with pSENSE-MphR with controlled 

concentrations of erA (panels A, C, E). The experimental plates (Panels B, D, F) show visual 

differentiation of fluorescent erA producers from non-producers that were later determined to 

be missing a portion of polypeptide DEBS1 which houses the loading didomain and modules 

1-2. 
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pSENSE-ErmE-Ser106Phe, pSENSE-MphA-wild-type MphR, and pSENSE-Ser106Phe-

Asn94Asp MphR biosensors (Table 3.3, Figure 3.3) The dynamic range (or working range) of 

pSENSE-ErmE- Ser106Phe MphR with erA (K1/2 = 0.45 ± 0.07μM) without enhancement by the 

presence of MphA was much wider than pSENSE-MphA wild-type MphR, so this mutant was 

selected for erA detection in situ. The pSENSE-MphA-wild-type MphR biosensor (K1/2 = 1.1 ± 

0.04 μM) was also tested. However, the combination of potentially toxic accumulation of erA in 

the cell due to the inability of the phosphorylated macrolide to pass through the cell membrane 

resulted in no growth during several rounds of agar plate growth assays (data not shown). 

Additionally, due to high background fluorescence of the Ser106Phe-Asn94Asp biosensor, it was 

impossible to distinguish the positive control plates from the negative in agar plate assays (data 

not shown), so it was not initially selected for in situ detection. 
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Figure 3.3 Dose response assay and subsequent Hill equation fit of wild type, Ser106Phe, 

Asn94Asp, and Ser106Phe-Asn94Asp biosensors revealed that sensitivity to erA was slightly 

enhanced by Ser106Phe mutation in pSENSE-MphA. pSENSE-ErmE- Ser106Phe MphR was 

chosen as the one best candidates for in situ detection due to its sensitivity without the need for 

phosphorylation and its low background fluorescence in addition to pSENSE-Ser106Phe-

Asn94Asp MphR, which was also tested due to its large dynamic range. Error bars represent 

the standard error of the mean (n=3). 
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Table 3.2 Summary of MphR mutant and WT biosensors with erA 

entry biosensor K1/2 (µM)a Working Range (µM) b Nc 

1 Wild typed 1.1 ± 0.04 0.5 - 3.0 3.0 ± 0.3 

2 Wild typee 62 ± 7 
 

10 - 100 1.9 ± 0.2 

3 S106Fd 0.73 ± 0.02 0.1 - 1.0 3.1 ± 0.5 

4 S106Fe 0.45 ± 0.07 0.1 - 3.0 5.4 ± 0.5 

5 N94De 8.0 ± 0.7 5.0 – 10.0  4.2 ± 0.8 

6 S106F-N94Df 1.11 ± 0.37 0.1 - 5.0 1.0 ± 0.4 

a Concentration of ligand at half-maximum normalized GFP fluorescence 

b Range of concentrations that fall within the linear range of detection of the biosensor 

c Hill coefficient, a measure of cooperativity within the MphR biosensor. Values >1 indicate 

positive cooperativity. 

d One plasmid system consisting of pSENSE-MphA 

e One plasmid system consisting of pSENSE-ErmE 

f One plasmid system consisting of pSENSE-MphR-no erA resistance 

 

3.2.3 Biosensor-guided detection of in situ production of erA in shake flask cultures 

Published multi-day cultures of LFO1 suggested that the production of erA was around 5 µM.10 If 

this strain was to act as the wild-type positive control for any engineered erA derivative pathway, 

the repeatable detection of erA in cultures of LFO1 was essential. Two biosensors, Ser106Phe 

MphR and Ser106Phe-Asn94Asp MphR, were able to detect up to 5 µM erA production (Table 

3.2). However, due to the high background fluorescence of the double mutant, the initial in situ 

analysis was completed with pSENSE- Ser106Phe MphR. Shake flask cultures of the LFO1 strain 

containing the biosensor were incubated for six days at 20 ºC. IPTG nor propionate were added to 

the negative and positive control cultures, but erA (1 µM) was added to the positive control. The 

experimental cultures were induced with IPTG and fed sodium propionate for precursor 

biosynthesis. Fluorescence measurements at days three and six were obtained and compared 

(Figure 3.4A). Both the positive control and the experimental cultures averaged significantly 

higher fluorescence than the negative control, though they were not significantly different from 

one another. Each culture was then extracted, dried, resuspended in methanol and analyzed via 
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LCMS (Figure 3.4B). The peak area of erA [M+H]+, 734.33 m/z in each culture was compared to 

a standard curve (Appendix A, Figure B1) and averaged. A small baseline peak was present in 

non-induced cultures, which is to be expected as the T7 promotor exhibits leaky expression over 

extended culturing times and the metabolic pathway for propionate is present in this strain, though 

also under T7 control.21 The average erA concentration measured from the positive control cultures 

was 1.0 ± 0.7 µM erA by LCMS. Though the fluorescence values for the positive control were 

statistically the same as the culture that was induced with IPTG and fed sodium propionate (termed 

“variable culture”) fluorescent values, the variable culture on average produced 5.70 ± 4.52 µM 

erA as determined via MS. This equated to a range of 0.77 to 9.75 µM erA produced between the 

three cultures. This discrepancy in production of the variable cultures could be explained if the 

colonies for seed cultures were selected from a plated stock that was a heterogeneous population 

of LFO1 where a portion lacked a section of DEBS1. The lowest performing variable culture was 

an outlier, though an outlier test did not qualify it as such, so the calculated concentrations of erA 

were plotted in duplicate. (Figure 3.4B) 

 

 

 

 

 

 

 

 

 

Figure 3.4 (A) LFO1 erA production culture fluorescence measurements after three and six 

days showed an increase in fluorescence of the experimental cultures (green) compared to the 

negative non-induced cultures (red) and compared to the same culture at day 3. The 

fluorescence values were on par with the values for the biosensor induced with erA. Error bars 

represent the standard error of the mean (n=3, p < 0.01). (B) The data in A does not correlate 

with the amount of ErA produced by the experimental culture as measured by LCMS. Compared 

to the positive control, fluorescence values of the experimental are the same. In reality, ~7 ÕM 

erA on average was detected by LCMS in the extractions from the experimental culture. 

***  
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3.2.4 In situ detection of erA via multiple MphR binding sites 

It was clear from dose response analysis that using the Ser106Phe MphR pSENSE-ErmE sensor 

left a large range of concentrations of erA indistinguishable from one another by fluorescent output 

as it had previously shown no change in output response from 5 µM to 10 µM erA. Given this 

stability it was hypothesized that if the sigmoidal response curve could be flattened and the slope 

of the linear range decreased then the working range of the biosensor would increase, allowing 

detection of a wider range of concentrations. Drawing inspiration from a report by Xu et al where 

an analog dose response curve was engineered by inserting multiple transcription factor binding 

sites upstream of a reporter gene, four MphR binding sites, termed mphO, were sequentially cloned 

upstream of reporter sfGFP in plasmid pSENSE-MphA (Figure 3.5A).22 Each mutant biosensor 

circuit ranging from one binding site to four was subjected to dose response analysis with erA 

(Figure 3.5B). There was no correlation between number of binding sites and K1/2 values, but the 

dynamic range of each biosensor decreased as binding site number increased (Table 3.3). This 

was an unexpected result but could be explained by the rationale that MphR not bound to erA 

could still bind its operator even when there is erA in the cell and providing more MphR operators 

increases the probability of this occurring, resulting in an overall decreased dynamic range. 

Additionally, the typical sigmoidal digital curve that is so common for allosteric biosensors now 

more closely resembled a linear analog response.  
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Table 3.3 Summary of MphR WT and mutant biosensors preceded by one or more binding sites 

(mphO). 

entry biosensor # mphO K1/2 (µM)a dynamic rangeb nc 

1 

wild-typed 

1 

2 

3 

4 

1.67 ± 0.08 

1.53 ± 0.07 

1.35 ± 0.08 

1.39 ± 0.07 

84,449 ±2,123 

62,764 ± 1,375 

50,752 ± 1,382 

45,825 ± 1,148 

3.5 ± 0.5 

2.8 ± 0.3 

2.4 ± 0.3 

2.6 ± 0.3 

2 

S106Fe 

1 

2 

3 

4 

1.49 ± 0.04 

1.29 ± 0.13 

1.20 ± 0.02 

1.26 ± 0.02 
 

31,600 ± 305 

49,410 ± 1,726 

43,300 ± 295 

46,300 ± 290. 

3.3 ± 0.2 

3.2 ± 0.7 

3.7 ± 0.2 

3.5 ± 0.15 

 

Based on this data, it was hypothesized that inserting an Ser106Phe mutation into each engineered 

plasmid containing multiple binding sites, would extend the linear range of detection to cover a 

portion of the 5-10 µM range that was left undetectable by any other MphR biosensor. It should 

Figure 3.5 (A) Insertion of several binding sites upstream of sfGFP was accomplished via 

restriction cloning. An additional one, two, and three sites were added to the original binding 

site with the purpose of creating a biosensor analog response that would reliably detect 5-10 

µM erA. (B) As more binding sites were inserted upstream of sfgfp, the dose response curve 

became more linear at the cost of dynamic range. However, the (C) Ser106Phe mutant dynamic 

range was increased with the addition of binding sites, but no analog response was observed 

compared to the single binding site mutant.   
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be noted that while the pSENSE-- Ser106Phe-Asn94Asp MphR biosensor reached a maximum at 

5 µM erA, the fluorescence response declined significantly when tested at higher concentrations 

due to the inhibitory effects of erA.23 As expected, when subjected to dose response analysis, the 

K1/2 with one, two, three, and four binding sites did not change significantly because the ligand-

protein affinity was unchanged by the addition of binding sites (Figure 3.5C, Table 3.3). 

However, addition of a single binding site to the original biosensor circuit increased the dynamic 

range, but further binding site additions had no effect on the response. This phenomenon can be 

explained by the interruption of σ70 factor binding sites by addition of multiple binding sites, which 

would then influence transcription of the protein.24 Alternatively, this could also be a combination 

of allosteric protein-ligand binding and its effects on the DNA binding domain of MphR.25 

 

3.2.5 Establishing screen quality through statistical Zô-factor analysis 

The most common parameters used to evaluate biosensor screen efficiency are the signal-to-noise 

ratios or signal-to-background ratios. While useful for gathering a rather generic overview of the 

screen, neither of these parameters account for the variance between individual samples and 

background fluorescence or the dynamic range of the biosensor. In other words, because these 

ratios are based on averages alone, a screen may exhibit an ideal signal-to-noise ratio, but might 

be highly variable between data points, so would then be considered logistically unreliable. 

Therefore, to quantify the quality of the biosensor screen for erA detection in situ, a statistical 

parameter called a “Z’-factor” was created.26 To calculate a Z’-factor the mean of the sample (µs), 

the mean of the negative control (µc-), and the mean of the positive control (µc+) populations must 

be determined as well as their corresponding standard deviations (denoted σs, σc-, and σc+, 

respectively). These values are then are inserted into Equation 3.1 where µc is the mean of the 

positive or negative control and σc is the standard deviation of the positive or negative controls. A 

perfect screen is defined as 1, screens falling just below this number to a value of 0.5 are termed 

“excellent,” and anything below 0.5 is a “yes/no” assay.26 

ȿА Аȿ

ȿА Аȿ
                                                   (1) 

Equation 3.1 Calculation of Z value high throughput screen parameter. 

The quality of the MphR biosensor screen was determined by calculation of the Z’ factor of the 

Ser106Phe MphR biosensor with erA. To do this, sixteen colonies of pSENSE-ErmE -1X, 2X, and 
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3X MphO--Ser106Phe MphR LFO1 were picked into a 96-deep well plate to analyze if the 2X 

and 3X Mpho Z’ factor would improve compared to the 1X biosensor due to the increase in 

dynamic range in the dose response curve. These plates were then incubated overnight and diluted 

in fresh LB. At OD600 0.6, half of the wells were induced with IPTG and fed with propionate while 

the negative control population was “induced” with sterile water. The plates then incubated for six 

days at 22 ºC and fluorescence measurements were obtained after this period. Six positive controls 

of 10 µM erA were added to the media to ensure that the biosensor was operational in these cell 

lines. Z’ factor was calculated based on the fluorescence measurements (Figure 3.6A-C, Table 

3.4).  

 

 

 

 

Table 3.4 Summary of calculated Z’ for S106F MphR biosensor with one or more binding sites. 

Construct Z’ 3 SD Z’ 2 SD Z’ 1 SD Screen qualifier 

1X MphO S106F MphR pSENSE -0.26 -0.11 0.58 Marginal 

2X MphO S106F MphR pSENSE -0.004 0.33 0.67 Excellent 

3X MphO S106F MphR pSENSE 0.41 0.61 0.80 Excellent 

Figure 3.6 Z’ factor analysis scatter plots of 1 mphO, 2 mphO, and 3 mphO pSENSE-

Ser106Phe MphR (green) six-day cultures compared to their non-fed (no propionate, red) 

counter parts. A comparison of all three mutants to each other revealed no difference between 

any responses, indicating that increasing binding site number has little to no effect on Z’. 
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The degree of separation required between the negative control and the sample population is pre-

determined by the screen type. For instance, a “yes or no” screen is less stringent, so one might 

calculate the Z’ factor based on 1 standard deviation (SD) separation between the negative control 

and the experimental population, thereby substituting 1 in for 3 in Equation 3.1. In this case, all 

Z’ factors were calculated based on 1, 2, and 3 SD separation, however, because the desired screen 

in this instance would theoretically be used for detection of a specific concentration of erA, the 

most stringent parameters were compared (3 SD). The best screen was determined to be the 

pSENSE-ErmE-MphR 3X MphO Ser106Phe biosensor with a Z’-factor of 0.41. This screen was 

deemed marginal by this standard, however when used as a yes/no screen (1 SD), all biosensors 

were acceptable. Further, when comparing the biosensor responses amongst themselves, no 

observable difference was detected in fluorescent values (Figure 3.6D).  

To address how these biosensors performed over time in larger scale cultures (3 mL), the three 

biosensor constructs (pSENSE-ErmE-1X,2X,3X MphO Ser106Phe MphR) were plated and 

individual colonies were incubated overnight. The overnight cultures were diluted 10-fold and at 

OD600 0.6 the cells were induced with IPTG and fed propionate. The cultures were then incubated 

for six days at 22 ºC and samples of each culture were analyzed for fluorescence normalized to 

OD600 (Figure 3.7A-C). Negative controls for this assay included an induced and purified LFO1 

strain containing pSENSE 1X MphO wild type MphR, a negative IPTG culture, and a negative 

sodium propionate culture. Positive controls included pSENSE 1X Ser106Phe MphR with 0, 5, 

and 10 µM erA fed into the culture. All biosensors showed steady accumulation of erA over time 

due to the increased fluorescence. However, the only biosensor that showed significant difference 

from the -IPTG, -propionate control was pSENSE-ErmE 3X MphO Ser106Phe MphR which is 

consistent with the Z’-factor analysis results. Additionally, the negative propionate culture showed 

a steady increase in fluorescence over time, a result of endogenous production of propionate 

combined with the expression of CoA ligase prpE and propionyl carboxylase, pCC (Figure 3.8A). 

A negative control lacking IPTG but containing propionate was run previously, but increased 

fluorescence was observed, so it was not considered reliable (discussed in section 3.2.6). The wild-

type MphR biosensor also did not respond to the production of erA, indicating the cultures were 

producing erA at a level below 10 µM. 
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3.2.6 Biosensor-guided optimization of LFO1 culture conditions 

In situ detection of erA assumes two factors: that the LFO1 cell is producing erA and that the 

biosensor can detect the concentration of erA produced by the cell. However, if the cell is not 

producing erA because of suboptimal culture conditions and if the DEBS pathway will ideally be 

used as the positive control for any engineered pathway, then amenable conditions must be 

determined before the biosensor can be used for library screening. The detection of erA by the 

biosensor is less of a factor as the biosensor still gives a signal above 5 µM and a response to LFO1 

Figure 3.7 (A) Scale-up of erA production strain LFO1 culture to 3 mL. There was no 

significant difference in final fluorescence on day six between 1 (white), 2 (bright green), and 

3 (dark green) mphO biosensors. (B) The tightest response over time was the pSENSE- 3X 

MphO Ser106Phe MphR biosensor when compared to its non-fed counterpart. The 

fluorescence measurements on days 2-6 were significantly different from one another (p<0.05).  

(C) The negative control containing pSENSE- 1X MphO S106F MphR without IPTG induction 

showed an increase in fluorescence over time. This is probably a result of leaky expression of 

the T7 promotor combined with the availability of propionate, so methylmalonyl-CoA could 

potentially be produced and utilized in the cell. There was no response with the wild-type MphR 

biosensor (black) indicating that LFO1 did not produce at a level that was detectable by this 

biosensor. Error bars, when visible, represent the standard error of the mean (n=3). 
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production of erA with the biosensor was previously observed (Figure 3.7B). Thus, we 

hypothesized that the biosensor could be used to guide determination of optimal culture conditions. 

Theoretically, any optimized conditions determined with the full erA PKS would most likely also 

be applicable to production of all erA intermediates. Previous work involving multiday expression 

and activity of the erA PKS and post-PKS enzymes utilized a standard shake flask culture of LB 

with 250 µM IPTG and 20 mM propionate.10 In another study, several fed batch bioreactor culture 

conditions were tested for optimized production of 6-deoxyerythronolide B (6-dEB) in the strain 

TB3, resulting in the reported optimized IPTG concentration of 100 μM, temperature 22 ºC, and 

propionate between 0.5 and 20.8 mM.27 With these culture conditions in mind, LFO1 colonies 

containing pSENSE 1X, 2X, 3X MphO Ser106Phe MphR were assayed with various 

concentrations of propionate in rows and various concentrations of IPTG in columns of 96-well 

plates. Positive control wells were doped with 10 μM erA to confirm biosensor response. After 

incubating for six days at 22 ºC, fluorescence values were measured. Compared to the positive 

controls, the error of the culture conditions were relatively small. In general, IPTG concentration 

did not affect pathway production (Figure 3.8B). This is especially interesting when considering 

wells lacking IPTG demonstrated the highest fluorescence, which may be a result of leaky 

expression of the T7 polymerase.19 If this is the case then the enzyme machinery for starter and 

extender units can be expressed and production of erA would then be observed (Figure 3.8A) 

Contrastingly, fluorescence values exhibited a positive correlation with propionate concentration, 

likely because the loading didomain and acyltransferase enzymes had not yet reached their 

saturation limit . The maximum fluorescence for every culture occurred when 50 mM propionate 

was added to the well. This concentration varies from the previously reported “ideal” value of 20.8 

mM propionate because in the published study, sodium propionate was fed to the culture multiple 

times during the 6-dEB production period rather than once at the beginning.25  
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To confirm that 50 mM propionate was ideal for erythromycin production, the assay was repeated 

with 0- 100 μM IPTG and 0-100 mM propionate. The highest measured fluorescence value were 

wells containing 100 mM propionate with the highest fluorescence measured at 100 mM 

propionate and 10 µM IPTG (Figure 3.8B). An interesting and unexpected result of this assay was 

that high fluorescence was observed at 0 mM IPTG induction.  

 

Figure 3.8 (A) Biosynthesis of propionyl-CoA and methylmalonyl-CoA in E. coli. (B) 

Triplicate fluorescence measurements of pSENSE-ErmE-3X MphO Ser106Phe MphR induced 

with increasing concentrations of IPTG (left to right) and increasing concentration of 

propionate (top to bottom). C+ indicates a control that was not induced with IPTG or propionate 

but was fed 100 µM erA. “Stop light” color coding represents fluorescence of that cell relative 

to the other cells where low is red, medium is yellow, and high fluorescence is dark green.  

IPTG did not affect the productivity of the strain, but fluorescence showed a linear relationship 

with the amount of propionate fed to the cell. 

Averages of 96-well plate replicates 
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To confirm very high background fluorescence was not a result of evaporation or plate variation, 

the assay was repeated in 3 mL culture format. Cultures of pSENSE 1X-3X MphO Ser106Phe 

MphR cultures were induced with various concentrations of IPTG. Cultures incubated at 22 ºC for 

six days and when complete, fluorescence measurements were obtained. All biosensor responses 

between 1X, 2X, and 3X MphO were indistinguishable. However, all biosensors showed a trend 

of decreasing fluorescence with increasing IPTG concentration (Figure 3.9). It was unclear why 

this would be the case as all the measured OD600 values were consistent between cultures and 

evaporation would have less of an impact on these larger culture volumes than in 96-deep well 

plate assays. However, this result may be explained by the discovery that the gene for allosteric 

inhibitor lacI is not present on either BAC, so the only two copies are provided in the E. coli 

genome, controlled by their own promoters, not the T7 promoter.26 Compared to a high copy 

number pET expression vector, which contains this gene, control over expression of genes 

controlled by the T7 promoter would be considerably less stringent because there are less copies 

of the inhibitor in the cell. Thus, IPTG concentration would have little to no effect on expression 

of the large enzyme complexes required to make erA.  
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In contrast, erA production was highly dependent on the concentration of propionate fed to the 

cells. This is expected because the DEBS native extender methyl malonyl-CoA is generated from 

Figure 3.9 Feeding experiments were conducted in 3 mL cultures in triplicate by inducing with 

varying IPTG concentration and feeding 20 mM propionate. The results show no benefit to 

IPTG concentration and increasing binding site number on erA detection.  
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propionate through the propionyl-CoA carboxylase (PCC) enzyme, so artificially amplifying the 

number of propionate units would also greatly increase the intracellular concentration of the 

extender (Figure 3.8A). A repeat of the 3 mL culture experiment with 100 mM IPTG induction 

and varying concentrations of propionate revealed this result was consistent even when the culture 

sample was viewed under blue light (Figure 3.10A). To further test the response of the biosensor, 

cultures of pSENSE-MphA wild-type MphR, pSENSE-ErmE wild-type MphR, and pSENSE-

ErmE Ser106Phe MphR were incubated for five hours. The cultures were then fed the media 

supposedly containing erA from the 3 mL multi-day cultures. These biosensor cultures were then 

incubated overnight and when complete the fluorescence and OD600 values of the cultures were 

determined. All biosensors showed the same increase in response to increasing propionate 

concentration. However, this was suspicious as the working range of the pSENSE-ErmE and 

pSENSE-MphA biosensors do not overlap (Figure 3.10B). As a control a dose response analysis 

was performed by doping in various concentrations of erA into PBS and transferring 50 µL of each 

concentration solution to a 450 µL culture of biosensor cells. The resulting fluorescence values 

were plotted with respect to erA concentration and the results showed that the LFO1 culture was 

producing around 1.6 ± 0.4 µM erA.  

 

The increasing fluorescence levels with addition of propionate could be explained as a result of 

MphR binding to and being de-repressed by propionate. To confirm that the biosensor was not 

responding directly to the high level of propionate in the cell, a dose response analysis was 

performed overnight with various concentrations of propionate fed to the 1X Ser106Phe MphR 

pSENSE biosensor in Top10 cells. After sixteen hours, fluorescence measurements normalized to 

OD600 revealed that there was no response above the background with increasing propionate 

concentrations (Figure 3.10C). This indicates that the biosensor output was more likely a genuine 

response to erA production and accumulation in the culture over time.  
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Figure 3.10 (A) pSENSE- Ser106Phe MphR LFO1 was cultured for six days. Fluorescence of 

cultures were measured (right) and cells containing more propionate were more fluorescent 

(left) indicating greater production of erA. (B) pSENSE-ErmE-Ser106Phe MphR Top10 

biosensor culture responses with culture media samples. Cultures fed 100 mM propionate 

resulted in the highest fluorescence. (C) Fluorescence over time assay of pSENSE- Ser106Phe 

MphR biosensor with culture samples. When compared to the standard curve, the concentration 

of erA in each culture was predicted. (D) Based on a calibration curve with R
2
 of 0.99 the 

relative concentrations of erA in each culture were calculated. ErA at 20 and 50 mM propionate 

induction were not detected. 
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Finally, to quantify the level of erA produced by the LFO1 pSENSE-MphR Ser106Phe 1X MphO 

cell cultures, the macrolides were extracted with an average efficiency of 30% (ranging from 8-

75%) from the culture supernatant and analyzed via LCMS. Comparison to an erA calibration 

curve revealed very low levels of erA in the culture supernatants, including the negative controls. 

However, several studies have noted late-stage erythromycin tailoring steps as a bottleneck for erA 

production and previous work with MphR showed that the biosensor cannot distinguish between 

the final product and late-stage intermediates (Figure 3.10D, Figure 3.11).28 Peaks corresponding 

to each erA biosynthetic intermediate (erD, erB, erC) were detected in the culture media, with erA 

production levels at 0.48 ± 0.01 µM. The hydroxylase encoded by eryK and the methyltransferase 

encoded by eryG are known bottlenecks for erA production, so it was expected that erD would be 

most abundant. The preferred pathway for erA biosynthesis is first hydroxylation by EryK 

followed by O-methylation of the mycarose sugar by EryG, which suggests that erC production 

would be higher than erB.29 However, the calculated percentages, though very similar, reflected 

the opposite, indicating that EryK might be the bigger bottleneck in this case. The calculated 

concentrations of all intermediates were totaled to reveal a concentration of ~2.2 µM, which falls 

within the linear range of the biosensor and corresponds to the level of fluorescence observed in 

the cultures after six days.   
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3.2.7. Fluorescence activated cell sorting of erA producers from nonproducers. 

One tenet of directed evolution is “you get what you screen for.”30 Successful application of FACS 

to accurately identify positive variants among a mutant population requires that the product remain 

within the cell for sufficient period of time, at least until the cells are sorted. However, specialized 

efflux pumps often eject small molecules into the surrounding media. Given that these molecules 

could then be taken up by neighboring cells, they can be detected by the biosensor in non-producers 

or “cheaters,” resulting in a false-positive sort.31 To counteract this, a screening regimen that 

toggles between screening the same culture under “low induction” and “high induction” 

conditions, drives the separation of cheaters from true producers of the product after several rounds 

of screening.32 However, since IPTG concentration has little to no effect on erA production, this 

was not a viable option for screening of LFO1 variants, unless extensive promoter engineering of 

the erA gene cluster was carried out. Instead, it was hypothesized that knocking out the efflux 

pump TolC, which specializes in efflux of macrolides and their intermediates, would trap most of 

the produced macrolides in the cell, preventing interfering crosstalk from non-producing cells.13 

Figure 3.11 Late-stage production of erythromycin A. Erythromycin B is generated as an 

offshoot from the main pathway that can then be further processed to produce erythromycin A.  
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However, in a strain that produces the final antibiotic, this knockout might prevent cell replication 

due to accumulation of the product. To show that a heterogeneous population of erA producers 

and non-producers could be separated via FACS, three cultures of LFO1 pSENSE Ser106Phe 

MphR were grown and induced with 0 or 100 mM propionate. The fluorescence measurements 

after six days showed a significant difference between the two populations, which was consistent 

with the above data (Figure 3.13A). Cells were then centrifuged and resuspended in PBS and 

diluted so that all measured OD600 values were equal. Resuspended cultures were mixed in ratios 

of 50:50, 90:10, and 99:1 uninduced to induced and subjected to FACS. Twenty thousand events 

were recorded for each sort and the culture population falling within the negative gate and the 

positive gate are shown (Figure 3.13B). The 50:50 mixture showed roughly equal collection of 

positive and negative populations and the 90:10 showed a significantly higher uninduced 

population as expected (99:1, events not recorded). This result suggested that little erA exchange 

occurs during the time frame of the flow cytometry itself, indicating that the MphR biosensor could 

be viable as a FACS screen for producers of erA. One caveat to this approach is that when cultured 

together the effluxed biosynthetic pathway product can be detected by non-producing cells, which 

would then exhibit a false positive fluorescent response. This could be mitigated by trapping the 

molecules within the cell or by separating library members on agar plates after sorting. 
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Figure 3.12 (A) Samples of cultures with and without sodium propionate addition (top, bottom 

respectively) were subjected to blue light. Cells containing 100 mM propionate addition were 

visibly more fluorescent than those not fed propionate. This was corroborated by the measured 

fluorescence of each culture normalized to cell density. (B) Cells fed with propionate were 

mixed with non-fed cells in different ratios. The cell mixtures were then sorted using FACS. 

The relative ratios of these mixtures were observed in the flow cytometer readout, supporting 

FACS as a viable sorting method for in situ detection of erA. (C) Fluorescence over time assay 

predicted the production of the induced cultures to be 0.3 µM. 
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To further quantify production of each population a fluorescence over time assay (section 3.2.8) 

was conducted on the media of each culture. A culture of pSENSE-MphR-Ser106Phe was fed the 

clarified culture media from the LFO1 pSENSE-Ser106Phe MphR cultures above that were fed 0 

and 100 mM propionate and fluorescence measurements were obtained over time. The 

fluorescence values as a function of time were plotted and compared to an erA standard curve 

tested in the same plate (R2 = 0.84). The reported R2 value was the highest obtainable with this 

data set. However, to predict the concentration of erA more accurately, more points could be added 

to the curve between the concentrations of 0 and 1 µM in the future. Based on this data, the cultures 

induced with 100 mM propionate produced ~0.3 µM product (Figure 3.13C). Interestingly, LCMS 

analysis of culture media extracts failed to detect erythromycin, though the concentration expected 

via the biosensor assay was well below the limit of quantification (LOQ) of the MS instrument (1 

µM erA). This suggests the potential utility of a biosensor if it can reproducibly detect levels of a 

product not detectable by traditional detection platforms. 

 

 

3.2.8 Biosensor-enabled detection of erA secreted to culture media 

Fluorescence activated cells sorting (FACS) is useful for high throughput screening of producers 

from non-producers after a multi-day culture, however as explored above, many screens like 

FACS, and even selections, allow for separation of producers from non-producers, but if a specific 

concentration of the biosynthesized molecule is desired, the screens become less reliable for 

identifying mutants that fit that criterion. Additionally, escape of erA to the media enables 

detection of the metabolite by other cells, resulting in collection of “cheater” cells with the 

producing population. Logistically, the in situ MphR biosensors would be useful for FACS 

separation, but because the biosensor tends to maintain a static response at high concentrations of 

erA, it might be difficult to quantitatively determine relative amounts of erA produced by each 

cell. envisioned the workflow to include plating sorted cultures on agar plates, picking individual 

colonies and incubating them over six days followed by analysis of the culture media for 

production of the analyte of interest. If the biosensor could not distinguish relative amounts of erA 

in situ and if a significant portion of the metabolite is secreted to the media then an additional 

screen would be useful for semi-high throughput separation of high producers from low producers. 

For this to work, the biosensor would have to operate in non-ideal conditions for growth (i.e., spent 
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culture media). In a preliminary assay, the Ser106Phe MphR pSENSE biosensor was grown for 

five hours, then 50 µL of biosensor was added to the clarified media of 500 µL completed six-day 

cultures of LFO1. The biosensor was resistant to both antibiotics used in LFO1 growth, but after 

18 hours, no cell growth was observed. The assay was repeated with additional fresh media added 

to each well, and this time growth was observed, but the fluorescence of induced cultures was not 

above the baseline fluorescence (not pictured). Additionally, co-culturing of the biosensor within 

the same well as the LFO1 production culture was unsuccessful. 

 

To circumvent these challenges, the biosensor strain was grown to an OD600 of 1.0, the cells were 

then harvested and stored in 10% glycerol and PBS solution at -80 ºC. Cell solutions were then 

thawed and various concentrations of erA in buffer were added for fluorescence measurements. 

Different ratios of cell suspension to buffer were tested including 10:90, 20:80, 30:70, 50:50, 

70:30, 80:20, and 90:10 (not pictured). The most successful ratio, 50:50 was then used in future 

assays. Fluorescence measurements were obtained every five minutes over a ten-hour period 

(Figure 3.12A). The fluorescent values at each time point were then plotted as a function of erA 

concentration (µM). The best fit line was obtained at five hours and ten minutes (R2 = 0.991) 

(Figure 3.12B). This assay showed proof of the concept that the biosensor strain could be used to 

detect erA in media from a separate producing culture in a matter of hours. While this screen was 

not fully quantitative, it would be able to distinguish high producers from low producers and enable 

isolation of high producers for further rounds of mutagenesis and screening.  

 



   

73 

 

 

 

 

 

 

 

 

3.3 Conclusion 

In this study, several methods of erA detection were explored to understand the best protocol for 

high throughput screening of a library of PKS. While qualitative agar assays are able to 

differentiate between producing and non-producing populations, we discuss an assay designed to 

detect relative amounts of erA produced in a semi-high throughput manner. All methods using the 

Figure 3.13 (A) pSENSE-ErmE-Ser106Phe MphR biosensor was added to 50 µL of phosphate 

buffer (PBS) with increasing concentrations of erA in a 50:50 ratio PBS to thawed cells. 

Fluorescence readings were obtained every five minutes for ten hours. (B) The fluorescence 

values at time points 5 – 10 hr were plotted as a function of concentration. Linear regression 

analysis was assessed for each curve and the time at which the best R
2 
value was chosen (5 hr 

,10 min). Error bars represent the standard error of the mean (n=3). 
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biosensor for erA detection reported that erA production was much higher than measured via 

LCMS. This might be due to the poor extraction efficiency of erA from the culture media. This 

evidence points to the value of biosensors in detecting erA and its intermediates when 

chromatographic methods might not. Further, the assays involving feeding the producing culture 

media to the biosensor cells or vice versa seem to detect a higher concentration than LCMS or 

direct sampling of LFO1 containing the biosensor. Lastly, detection of erA with the Ser106Phe-

Asn94Asp MphR pSENSE biosensor were unsuccessful with LFO1, so TB3, which reportedly 

produces erA at the same level as LFO1, but with more plasmid instability, might be a more 

suitable heterologous host for erA and intermediate production in the future. In the future, better 

extraction conditions as well as detection of erA from other strains besides LFO1 are necessary 

before selecting the optimal screening strategy for biosynthetic pathway libraries.  

 

 

 

 

 

 

 

 

Figure 3.14 Substrate feeding and culture sampling concentrations were interpolated from 

pSENSE-Ser106Phe MphR dose response curve (Figure 3.5). 10-hour assay concentrations were 

based on the standard curve generated by comparing the response of the biosensor in PBS to 

controlled erA concentration. All cultures compared were from 3 mL cultures of LFO1 cells 

containing pSENSE-Ser106Phe MphR (Figure 3.11). The most accurate detection method for erA 

production appears to be direct culture sampling. 
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3.4 Materials and methods 

Strains and plasmids 

LFO1 strain was obtained as a gift from the lab of Dr. B. Pfeifer. Biosensor plasmids used are 

described in chapter 2. An AvrII cut site was inserted between MphO and sfGFP on pSENSE 

plasmids. Multiple binding site plasmids were created by amplifying the binding site and sfGFP 

gene as an insert with cut sites NheII and HindIII (Appendix A). The respective pSENSE vector 

was amplified with PCR kits and methods described in chapter 2 and digested with AvrIII and 

HindII I, obtained from New England Biolabs. Inserts and vectors were ligated together using T4 

ligase and appropriate buffer from New England Biolabs. This process was repeated using 2X and 

3X MphO pSENSE plasmids as vectors and 1X MphO sfGFP as insert to obtain plasmids 3X and 

4X MphO wild type MphR pSENSE-MphA, 3X and 4X MphO Ser106Phe MphR pSENSE ErmE 

and 4X MphO Ser106Phe-Asn94Asp MphR pSENSE. All biosensor plasmids were transformed 

into Top10 E. coli cells and saved as glycerol stocks in 10% glycerol at -80 ºC.  

 

In situ agar plate erythromycin detection assay 

LFO1 cells containing BACs pDEBS and pTAILORING were transformed with MphR-pSENSE 

(ermE present on pTAILORING). Colonies were streaked in triplicate on agar plates containing 

kanamycin (15 µg/mL), streptomycin (50 µg/mL), and ampicillin (34 µg/mL), 1 mM IPTG, and 

20 mM sodium propionate. Plates were incubated for six days at 22 ºC and were visualized under 

blue light using a VWR Blue Transilluminator. Representative colonies of nonfluorescent and 

fluorescent were re-streaked and grown under producing conditions (20 mM sodium propionate, 

1 mM IPTG). For positive control plates, 0, 5, 25, and 50 µM erythromycin A was added in lieu 

of IPTG. Fluorescent and non-fluorescent colonies were analyzed via colony PCR to confirm 

presence of both BACs in the colony in addition to incubating the colonies in 3 mL LB media with 

all possible combinations of antibiotics (Kan/Amp/Sm, Kan/Amp, Kan/Sm, Amp/Sm) to check for 

maintenance of antibiotic resistance.  

 

Dose Response of MphR variants with erythromycin 

Colonies were picked from LB agar plates containing respective biosensor strains and were used 

to inoculate 3 mL cultures of LB media with ampicillin (67 μg/mL). Solutions of 0, 0.1, 0.5, 0.7, 

1, 1.5, 2.5, 5, 10, 20, 30, 50, 70, and 100 µM were made from diluting stocks of erythromycin A 
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dissolved in DMSO in LB with ampicillin and 290 μL of each solution was transferred in triplicate 

into a 96- deep well plate via multichannel pipette. Each well was inoculated with 10 μL of 

respective culture. The plate incubated overnight at 37 ºC with shaking at 350 rpm. After 16-18 h, 

the plate was centrifuged at 1,509 x g (ThermoFisher Sorvall 40R) for 5 min and supernatant was 

discarded. The cells were washed with 1X phosphate-buffered saline (PBS), resuspended in 600 

μL of 1X PBS, covered, and vortexed until cells were completely resuspended. Next, 100 μL of 

cell suspension was pipetted into a clear Greiner 96-well chimney well plate and 100 μL was 

pipetted into a Greiner 96-well chimney well black plate. The optical density (600 nm) of the cells 

were analyzed as well as the fluorescence (excitation 485 nm, emission 510 nm). For analysis, the 

fluorescence reading was normalized to the OD600 values for a relative fluorescence value (RFU). 

The concentrations and relative fluorescence were plotted and analyzed via Hill equation using 

GraphPad Prism 7 software (see chapter 1 for Hill Equation).  

 

Sodium propionate feeding experiment 

Colonies of 1X, 2X, and 3X MphO Ser106Phe MphR-pSENSE LFO1 were used to inoculate 3 

mL LB media containing kanamycin (15 µg/mL), streptomycin (50 µg/mL), and ampicillin (34 

µg/mL). Cultures incubated 16-18 h at 37 ºC with shaking at 250 rpm. Cultures were then diluted 

in 3 mL fresh LB media with appropriate antibiotics and grown to OD600 ~0.6. Cultures were 

induced with 0, 20, 50, and 100 mM sodium propionate and 0.1 mM IPTG. Negative controls (0 

mM propionate) also excluded IPTG. Cultures were incubated at 20 ºC for 144 h with shaking at 

250 rpm. 500 µL samples of each culture was centrifuged at 1,509 x g for 5 min and resuspended 

in 1 mL 1X PBS. Samples were then analyzed for fluorescence and OD600. Fluorescence was 

normalized to OD600.  

 

Culture optimization in 96-well format 

A single colony of Ser106Phe MphR pSENSE LFO1 was used to inoculate 10 mL LB containing 

kanamycin (15 µg/mL), streptomycin (50 µg/mL), and ampicillin (34 µg/mL). The culture was 

incubated overnight at 37 ºC with shaking at 250 rpm. The culture was diluted in fresh media by 

adding 270 µL of fresh LB and 30 µL overnight culture to wells of a 96-well plate. The plate was 

covered and incubated at 37 ºC and with shaking at 350 rpm, for 2 h. After this time, IPTG was 

added to wells in columns 1-12 from left to right with concentrations 0, 0.01, 1, 10, 50, and 100 
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mM. Propionate was added to wells A-H from top to bottom with concentrations 0, 5, 10, 25, 50, 

75, and 100-mM. This plating procedure was completed in triplicate and plates were incubated at 

20 ºC for 144 h after which they were centrifuged at 1,509 x g for 5 min and colonies resuspended 

in 600 µL 1X PBS. To test OD600 and fluorescence, 100 µL of each well was transferred to the 

corresponding wells in 96-well black and clear plates. Measurements were obtained and 

fluorescence was normalized to OD600. Values were averaged among the three plates and analyzed 

via the “heat map” function in Microsoft Excel.  

 

 

Zô factor determination 

The erythromycin producing strain LFO1 was transformed with the respective biosensors and 

transformants were cultured overnight in a 96 deep well plate containing 300 µL Luria broth (LB) 

doped with Ampicillin (67 µg/mL), Kanamycin (30 µg/mL), and Streptomycin (67 µg/mL). The 

plate was covered with a breathable Aeraseal sticker and incubated at 37 ºC with shaking at 800 

rpm, for 16-18 h. After incubation, 30 µL of the overnight culture was diluted in 270 µL of fresh 

LB containing Ampicillin, Kanamycin, and Streptomycin. The plate was again incubated with 

shaking at 800 rpm, 37 ºC until OD600 measured ~0.6 (~2 h). Upon reaching the appropriate OD600 

the cultures were induced with 250 µM IPTG and 0, 20, or 100 mM sodium propionate. Cultures 

were incubated at 22 ºC with shaking at 800 rpm, for three days, after which all antibiotics were 

again added to the plate to maintain plasmid selection of the high copy biosensor. After antibiotic 

addition, the plate was incubated for another three days. Upon completion of the six-day culture, 

the plate was centrifuged at 1,509 x g rpm, 4 ºC for 5 min in a ThermoFisher Sorvall ST 40R 

centrifuge. Cells were washed with 300 µL PBS and resuspended in 300 µL PBS. 100 µL of each 

cell suspension was analyzed for OD600 and fluorescence (485 ex/510 em). Each individual 

replicate was plotted and eq 1 was used to analyze the Z’ factor at 3 SD away from the mean of 

each population.  

 

Overnight biosensor co-culture assay 

A single colony of Ser106Phe MphR pSENSE-ErmE, wild type MphR pSENSE-MphA, and wild-

type MphR pSENSE-ErmE in Top10 was used to inoculate 30 mL LB containing kanamycin (15 

µg/mL), streptomycin (50 µg/mL), and ampicillin (34 µg/mL). The culture was incubated 
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overnight at 37 ºC with shaking at 250 rpm,. After growth, 30 µL of cell culture was distributed 

into each well of a 96-well plate that had been prepared with 270 µL LB media with ampicillin. 

The plate was covered and incubated for 5 h at 37 ºC with shaking at 800 rpm. Stock solutions of 

erA in 1 mL PBS were prepared with concentrations 0, 0.1, 0.5, 1, 1.5, 2, 3, and 5 µM erA. Then, 

a dose response assay was prepared in triplicate where 50 µL of each solution was added to the 

biosensor culture so that erA concentration increased with every row. Six-day cultures of LFO1 

strain were centrifuged at 6,852 x g 20 min and 50 µL of each clarified media sample was added 

to the 96-well plate biosensor culture. The plate was covered and incubated overnight at 37 ºC and 

with shaking at 800 rpm. After incubation, the plate was centrifuged, and cell pellets resuspended 

in 600 µL 1X PBS. Cultures were then analyzed for fluorescence and OD600.  

 

Time-based fluorescence assay 

Biosensor cell cultures were plated and a single colony was used to inoculate a 10 mL culture of 

in LB containing ampicillin (34 µg/mL). When cells reached OD600 ~1.0 the cultures were 

centrifuged at 3,704 x g for 7 min. Cells were resuspended in 2.5 mL 20% (v/v) glycerol PBS and 

saved at -80 ºC in 100 µL aliquots. Solutions of erA were prepared in 1 mL PBS by addition of 

100, 10, 1, 0.1, and 0.01 mM erA stocks for final concentrations of 0, 0.1, 0.5, 1.0, 1.5, 2.0, 3.0, 

and 5 µM erA. The 1 mL solutions were then distributed into 96-well black plate according to the 

ratios described in the text (50 µL for 50:50 mixture, 30 µL for a 30:70, etc). Thawed aliquots of 

the cell suspension were then added to each well to fill to 100 µL (ex: 50 µL cell, 50 µL PBS for 

50:50 mixture). Upon addition of the cell suspension, the plate was immediately analyzed via 

BioTek plate reader at excitation 485 nm, emission: 510 nm every 5 min for 10 h. After analysis 

was complete, the contents of each well were transferred to a 96-well clear plate and OD600  was 

analyzed to ensure that there were no outliers in cell density. Fluorescence in each well was plotted 

as a function of time. At each time point, fluorescence points for each erA concentration solution 

were plotted as a function of erA concentration. Linear regression analysis was conducted vis 

GraphPad Prism.  

 

Fluorescence activated cell sorting simulation assay 

Ser106Phe MphR pSENSE LFO1 colonies were inoculated into 3 mL cultures of LB containing 

kanamycin (15 µg/mL), streptomycin (50 µg/mL), and ampicillin (34 µg/mL). The cultures were 
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incubated overnight at 37 ºC with shaking at 250 rpm, and diluted after 16-18 h 10-fold in fresh 

LB with appropriate antibiotics. At OD600 ~0.6 the cells were indued with 0.1 mM IPTG and 100 

mM sodium propionate. Negative control populations contained neither IPTG or propionate. 

Cultures incubated for 144 h at 20 ºC, 250 rpm. The cultures were centrifuged at 3,704 x g for 10 

min and resuspended in 3 mL 1X PBS. OD600 measurements were obtained and cultures were 

adjusted so that they had the same OD600 with additional PBS. Then 3 mL mixtures of negative 

control and induced cultures in 50:50, 90:10, and 99:1 ratios, respectively, were made using the 

diluted cultures in PBS. Once mixtures were obtained, serial dilutions of the mixtures were made. 

The 100-fold dilution of each mixture was subjected to fluorescence activated sell sorting using a 

BD FACS Melody sorter. Approximately 20,000 events were recorded and negative and positive 

control populations were collected and saved for future analysis.  
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CHAPTER 4 

 

Application of an engineered 6-dEB biosensor for detection of macrolide intermediates in 

situ 

 

4.1 Introduction 

Bioassay-guided detection of small molecule biosynthesis is not a novel concept, and it has been 

applied to the production of erythromycin. Zone of inhibition screening of a library of E. coli 

containing the erA biosynthetic pathway was successful in identifying a mutant enzyme involved 

in mycarose production that increased carbon flux through this pathway.1 Additionally, the same 

zone of inhibition screening was used to inform precursor-directed biosynthesis of 6-

deoxyerythromycin B, increasing access to this product.2 To our knowledge this is the only study 

related to the erA biosynthetic pathway that used a bioassay to direct evolution of the enzymes 

involved in biosynthesis. Additionally, no published work has used a biosensor to detect the 

biosynthesis of a polyketide intermediate.  

 

 

 

There are several prospects for enzyme evolution in erA biosynthesis including 

glycosyltransferases, hydroxylases, and methyltransferases (Figure 2.1). However, for application 

to PKS engineering alone, the biosensor detecting erA might not be useful for this application as 

bottlenecks introduced in the PKS must first be addressed before the end product could likely be 

detected. Potential areas for engineering in the PKS are reductive enzymes (KR, ER, DH), module 

and domain swaps, extender unit promiscuity (AT), and docking domains (Figure 2.1). In this 

Figure 4.1 Strategies for engineering biosynthesis of erA production including metabolic 

engineering or precursor-directed biosynthesis as well as PKS and post-PKS enzymes.   
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chapter we discuss application of the biosensor developed in chapter two for detection of 6-dEB 

and its possible applications, including metabolic engineering, beyond the PKS. 

 

4.2 Results and Discussion 

4.2.1 Evaluation of a TolC knockout strain using the biosensor. 

The MphR mutant Ser106Phe-Asn94Asp was previously shown to display very high levels of 

background fluorescence (41,540 ± 1157 RFU) compared to the wild-type biosensor (~1,000 

RFU). It was discovered after sequencing the promoter of this mutant that a point mutation had 

occurred in the -35 promoter region. This was due to the error-prone primers for MphR annealing 

just upstream of this mutation. The mutation was reversed and both pSENSE Ser106Phe-

Asn94Asp MphR biosensors, with and without promoter mutation, were assayed in strain JW5503 

(Chapter 3) with increasing concentrations of 6-dEB (Figure 4.2A). The background fluorescence 

from the biosensor without the promoter mutation was 12,700 ± 387 RFU. This level of 

background fluorescence is often observed with MphR variants as mutations are thought to create 

secondary interactions within the protein that decrease the affinity of MphR for its operator. These 

interactions are hard to predict, but as long as the off and on state vary enough, the biosensor 

function would be unaffected. 

 

A recent publication reported that sequestering macrolides in the cell via phosphorylation of the 

desosamine sugar improves the likelihood that MphR will detect molecules before they escape to 

the media via efflux pumps like TolC.3 While useful for macrolide biosynthetic pathway end 

products, this approach requires that the sequestered molecule contain a desosamine moiety for 

phosphorylation by MphA. Since the goal of this project was to improve detection of 

macrolactones in the cell, we hypothesized that to eliminate this requirement, a knockout of TolC 

in a producing strain might be a better strategy for trapping macrolide intermediates within the 

cell. To this end, a knockout of tolC in the strain K207-3 was generated and termed K207-3 

tolC::Kan (chapter 3). This mutant was transformed with Ser106Phe-Asn94Asp MphR pSENSE 

and plated on 0 and 6 µM 6-deoxyerythronolide B (6-dEB) (Figure 4.2B). Negative controls wild 

type MphR pSENSE-ErmE and Ser106Phe-Asn94Asp MphR pSENSE in K207-3 were also plated 

on 6 µM 6-dEB. This concentration of 6-dEB was the observed K1/2 of the double mutant biosensor 

in a previous TolC knockout strain but would not be detected by the same biosensor in a strain 
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containing TolC. The wild type MphR plated colonies were not fluorescent when viewed under 

blue light, but the mutant MphR with the native promotor was visibly fluorescent. However, K207-

3 tolC::Kan was much brighter, indicating that the TolC knockout was successful. Quantification 

of this plate assay by repeating this experiment in liquid culture conditions confirmed the result 

that the double mutant biosensor fed 6 µM 6-dEB was significantly more fluorescent than the 0 

µM 6-dEB (p = 0.0008) and wild type biosensor (p = 0.0001) (Figure 4.2C). Colonies from the 

agar plates containing K207-3 and K207-3 tolC::Kan were spotted on a fresh plate containing 6 

µM 6-dEB to show that colonies without tolC could be visually identified (Figure 4.2D). This 

approach might be useful for increasing access to intermediates of erA by genome engineering of 

genes related to carbon flux through the biosynthetic pathway enzymes as well as accumulation of 

the intermediates in the cell.  
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4.2.2. Detection of 6-dEB by S106F-N94D produced by TB3 

The erA producing strain, LFO1, was originally an improvement on the plasmid instability of the 

5-plasmid strain TB3 via inclusion of all of the biosynthetic genes on two bacterial artificial 

chromosomes (BACs).4 In our hands, several complications with the strain including lack of a high 

Figure 4.2 (A) Baseline fluorescence decreased significantly upon removal of promoter 

mutation upon comparison of Ser106Phe-Asn94Asp MphR pSENSE with and without the 

mutation. (B) (Top left) WT MphR pSENSE in K2073 tolC::kan. (Bottom row) The double 

mutant in the tolC knockout plated on 0 and 6 µM 6-dEB showed noticeably higher 

fluorescence on the 6 µM plate as well as the same biosensor in K207-3 wild type. (C) Repeat 

of the experiment B in liquid media shows significantly higher fluorescence in the tolC 

knockout strain fed 6-dEB than any of the controls. Error bars, when visible, represent the 

standard error of the mean (n=3), asterisks represent p<<0.01.(D) K2073 tolC::kan and K2073 

containing pSENSE Ser106Phe Asn94Asp MphR were plated on 6 µM 6-dE. The tolC-deficient 

colonies were visibly more fluorescent than the wild type. 
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copy plasmid containing the inhibitor lacI, F origins on both artificial chromosomes, and random 

recombination during culturing that yielded variants that were missing parts of the PKS and post-

PKS enzymes made working with it very difficult. Given that the only improvement of LFO1 over 

TB3 was thought to be the stability of the BACs and that the titers of erA were statistically the 

same, we chose to continue with detection of 6-dEB using the plasmids pBP130 and pBP144 from 

TB3 that host DEBS 1, 2, and 3. Additionally, the strain K207-3 contains sfp, prpE, and both PCC 

genes acca/b under T7 control within the genome, providing added stability to these essential 

genes. Thus K207-3 was chosen as the host of the 6-dEB enzymatic machinery encoded plasmids. 

Further, it was hypothesized that the K207-3 tolC::Kan would be useful for detection of 6-dEB by 

the biosensor, so plasmids pBP130 and pBP144 were sequence verified and transformed into 

K207-3 and K207-3 tolC::Kan. Since pBP144 was kanamycin resistant, the resistance gene was 

replaced with apramycin resistant gene. Plasmids pBP130 and pSENSE were both ampicillin 

resistant, so pSENSE resistance was changed to chloramphenicol.  

 

Upon acquiring pBP130 and pBP144 in K207-3, 16 colonies were cultured in production 

conditions for six days in a 96-well plate. After the culturing period the culture media was analyzed 

with the fluorescence-based assay described in section 3.2.9. The biosensor used for this assay was 

pSENSE-Ser106Phe-Asn94Asp MphR resuspended in glycerol and phosphate buffer. As a 

control, standard concentrations of 6-dEB in phosphate buffer were analyzed simultaneously for 

comparison. The cultures that were induced with IPTG, but not fed propionate had a fluorescence 

average of 298,675 ° 13,442 RFU, which was significantly lower than the fluorescent averages 

for the cultures fed 100 mM propionate with and without IPTG (359,624 ° 13,442 and 339,369 ° 

14,764, respectively). This preliminary data indicates that likely 6-dEB production was detected 

in the media though more extensive experimentation is necessary to confirm this. Further, the 

relative concentration of 6-dEB produced could not be predicted when compared to the standards 

in PBS because of the background fluorescence due to the media itself. In the future, further 

experiments will need to be conducted that show 6-dEB can be detected in situ. 
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4.3 Conclusions 

The experiments described above are a starting point for detection and therefore engineering of 6-

dEB production in E. coli. These results demonstrate the potential power of trapping erythromycin 

and other macrolide intermediates within the cell and the subsequent implications for improved 

confidence in populations collected via fluorescence activated cell sorting. A necessary future 

experiment to demonstrate the power of combining the TolC knockout with 6-dEB detection in 

the cell would be fluorescence activated cell sorting of a mixture of K207-3 6-dEB producers with 

and without the efflux pump. This would show proof of principle that this K207-3 based TolC 

knockout producing strain could further serve as the host of choice for engineering of 6-dEB, EB, 

and MEB analog production when using the biosensor as a platform for directed evolution.  
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Figure 4.3 Comparison of fluorescence values of pSENSE Ser106Phe-Asn94Asp MphR with 

6-dEB standards in PBS (0-25 mM). The higher fluorescence values in the culture media 

samples is partially due to the constituents of the media itself, but the two cultures containing 

propionate did not display significantly different fluorescent values from each other, as 

expected from previous data. However, the difference in fluorescence between both cultures 

containing propionate and the control without propionate was significant (p = 0.02, n=3).   
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4.4 Materials and Methods 

Strains and plasmids 

K207-3 strain was obtained as a gift from the lab of Adrian Keatinge-Clay. Lambda red 

recombination plasmid pKD46 was purchased from an E. coli strain database.  

 

TolC knockout via lambda red recombination 

K207-3 cells were transformed with plasmid containing lambda red recombination machinery, 

pKD46. Cells were recovered and plated at 30 ºC to prevent plasmid loss. A colony of pKD46 in 

K207-3 was grown overnight in 3 mL LB (67 µg/mL ampicillin) at 30 ºC with shaking at 250 rpm. 

300 µL of the overnight culture was used to inoculate 30 mL of LB. Cells were cultured at 30 ºC, 

250 rpm. At OD600 ~0.2 culture was induced with L-arabinose (10 mM) and at OD600 ~0.6, 1 mL 

cell culture was harvested and made electrocompetent by three equal volume washes with 10% 

v/v glycerol and resuspended into 50 uL. Primers amplifying kanamycin resistance gene were 

designed with 60 bp overlap of genome regions flanking tolC. Amplification using these primers 

occurred with same conditions as stated in chapter 3 PCR protocol with purified pET28a plasmid 

as template. Amplicon was purified after DpnI digestion by PCR cleanup with NEB Monarch PCR 

and DNA cleanup kit. Electrocompetent pKD46 K207-3 cells were transformed with 1,000 ng 

amplified linear DNA and recovered for 8 h at 30 ºC. Transformation was plated on agar containing 

kanamycin (30 µg/mL) and incubated at 37 ºC. Colony PCR of individual resulting colonies with 

primers flanking tolC knockout site showed shift in amplicon size consistent with kanamycin 

resistant gene swapping tolC (1.1kb and 1.7kb, respectively) (Appendix A).  
 

Time-based fluorescence assay 

Biosensor cell cultures were plated and a single colony was used to inoculate a 20 mL culture of 

in LB containing ampicillin (34 µg/mL). When cells reached OD600 ~1.0 the cultures were 

centrifuged at 3,704 x g for 15 min. Cells were resuspended in 5 mL each of 20% (v/v) glycerol 

and 1X PBS and saved at -80 ºC in 100 µL aliquots. Solutions of 6-dEB were prepared in 1 mL 

PBS by addition of 100, 10, 1, 0.1, and 0.01 mM 6-dEB stocks for final concentrations of 0, 5, and 

25 µM erA. The 1 mL solutions were then distributed into 96-well black plate in a 50:50 mixture. 

Aliquots of the cell suspension were then added to each well to fill to 100 µL. Upon addition of 

the cell suspension, the plate was immediately analyzed via BioTek plate reader at excitation 485 

nm, emission: 510 nm every 5 min for 7 h. Fluorescence values at time 5 h 35 m were plotted. 
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CHAPTER FIVE 

 

Outlook and Future Work 

 

5.1 Mining allosteric transcription factors involved in macrolactone biosynthesis 

One of the many advantages of directed evolution as a platform for biosynthetic pathway 

development is the abundance of transcription factor proteins that are available for engineering 

biosensor circuits. Even in the natural producer of erA, Saccharopolyspora erythraea (S. 

erythraea), several regulatory proteins have been identified that either function as activators or 

repressors of erA biosynthesis.1 A transcriptional regulator, SACE_3986, from the same TetR 

family of transcription factors as MphR, was inactivated in S. erythraea, increasing erA 

production. SACE_3986 controls the transcription of eryAI, ermE, and a 

dehydrogenase/reductase.2 Given that TetR family transcription factors are known to interact with 

small molecules, it is possible that these regulatory proteins are providing a negative feedback loop 

by first binding to an erA intermediate.3 If this is the case, transcription factors such as SACE_3986 

could be utilized or used as inspiration for engineering a biosensor circuit for a variety of 

applications involving erA intermediates.  

 

One excellent example of this idea is the transcriptional regulator TylP, a TetR family protein 

found in Streptomyces fradiae, the producing organism of the macrolide antibiotic tylosin (Figure 

5.1A).4 Historically described as a γ-butyrolactone receptor, TylP also regulates tylosin production 

in response to the product of the PKS, tylactone, as discovered by molecular docking studies.5 

While tylactone is a 16-membered ring, it shares similar structural motifs with 6-dEB, so an 

alternative strategy for detecting PKS products could involve engineering a protein that inherently 

responds to aglycosylated ligands. For this purpose, tylp was cloned into the biosensor plasmid 

pSENSE-ErmE in place of MphR. The proposed TylP operator was inserted upstream of sfgfp and 

the biosensor was tested in a dose-dependent manner with tylactone, tylosin, MEB, and 

erythronolide B (EB). The only ligand that elicited a response was tylactone (K1/2 = 41.4 ± 2.1), 

but the dynamic range was very small compared to that of MphR with erA (Figure 5.1B). The 

high background fluorescence indicated that the operator sequence may not be optimal. However, 

the poor response showed that a biosensor circuit for non-glycosylated compounds could be 

engineered using this protein. Though it may involve extensive engineering of the protein sequence 
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itself, TylP could be a useful tool for future engineering efforts toward detection of mid- and large 

ring macrolactones. 

 

 

5.2 Ligand scope of MphR with various macrolactones 

Part of the rationale for engineering a 6-dEB biosensor was increasing the ligand promiscuity of 

MphR so that MphR could be used as a biosensor platform for engineering many macrolide PKS. 

However, this is only possible if MphR binds PKS products independently of any one feature on 

a scaffold ring. Otherwise, the ligand scope is limited to macrolactones containing specific 

functional groups at specific positions and would greatly inhibit the applicability of the biosensor. 

Given the data shared in previous chapters, detection by the wild-type transcription factor 

depended heavily on the presence of sugar moieties, but with the introduction of mutations 

Figure 5.1 (A) Biosynthesis of tylactone and tylosin. (B) Wild type TylP pSENSE-ErmE was subjected 

to a dose response with tylactone. The background fluorescence of the biosensor was high relative to 

wild type MphR, so operator engineering may be necessary to increase the dynamic range. Error bars, 

when present represent the standard error of the mean (n=2). 
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Ser106Phe and Asn94Asp, that specificity was eliminated while still allowing detection of erA. A 

scope of several ligands with MphR might shed a light on the required functional groups for 

recognition by the double mutant.  

 

To demonstrate that MphR can detect several macrolactones, an informative experiment would 

involve a dose response comparison of macrolactone intermediates from a variety of pathways 

binding to wild type MphR or its engineered variants. To this end, a small panel of macrolactones 

was assembled and Ser106Phe-Asn94Asp MphR pSENSE-ErmE in K2073 tolC::Kan was tested 

in a dose dependent manner with tylactone (tylosin), narbonolide (pikromycin), and 10-DML 

(pikromycin). Tylactone did not elicit a response, but this was expected because it is a 16-

membered ring and might be too large for the binding pocket of MphR. However, the K1/2 values 

for narbonolide and 10-deoxymethynolide (10-dml) were 17.5 ± 2.8 and K1/2 = 25.1± 13.5 µM 

respectively (Figure 5.2). While this result shows great promise for engineering many PKS, many 

macrolide PKS products are not available on the market, so detection of other families of molecules 

could be explored to establish the limits of MphR macrolactone detection.  

 

5.3 Biosensor-guided engineering of a de novo PKS for production of ketolide solithromycin 

The discovery of erA was an important contribution to human health.6 However, issues with 

antibiotic resistance and efficacy revealed the need for more effective macrolide antibiotics. For 

instance, erA unstable in the stomach and cyclizes to create the biologically inactive anhydro-erA.7 

Figure 5.2 Ser106Phe-Asn94Asp pSENSE was subjected to a dose response with pikromycin PKS 

products narbonolide and 10-deoxymethynolide (10-dml). The K1/2 with narbonolide at the tested 

concentrations was 17.5±2.8 whereas the biosensor was less sensitive to 10-dml (K1/2 = 25.1± 13.5). 

Error bars, when present, represent the standard error of the mean (n=3). 
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To prevent formation of anhydro-erA a derivative of erA was constructed in which the C-6 

hydroxyl group is appended to a methyl group that prevents it from reacting with the C-9 ketone 

in the acidic stomach (Figure 5.3).8 This new bioactive analog, clarithromycin, was one of many 

modified erA derivatives that make up the “second generation” of macrolide antibiotics including 

azithromycin and roxithromycin. These were followed by third generation ketolide telithromycin, 

termed ketolide because the cladinose sugar of erA is replaced with a ketone group. Telithromycin 

was eventually removed from the market due to hepatoxicity and a chemical library based on 

telithromycin resulted in discovery of fourth generation solithromycin, a ketolide possessing a 

desosamine sugar, a 1-,2-,3-triazole ring, and a fluorine group which simultaneously increased its 

stability in the body and severely limited any antibiotic resistance mechanism that could interfere 

with its activity. This antibiotic is still in clinical trials to date.  Lastly, and most recently, a 

derivative of solithromycin called nafiithromycin has entered clinical trials as a fifth-generation 

macrolide.9 The marriage of chemistry and synthetic biology that created these molecules inspired 

the hypothesis that many of the chemical transformations used in solithromycin synthesis could be 

achieved through enzyme reactions and careful pathway design. Biosynthesis of a solithromycin 

precursor that eliminates at least a few of the nine synthetic transformations required would save 

valuable time and money in the product pipeline. 

 

 

 

Figure 5.3 The generations of macrolide antibiotics based on erythromycin first generation (blue). Second 

generation macrolides are represented in purple. Yellow, pink, and green show third, fourth, and fifth 

generations, respectively. 
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Given that generation of solithromycin begins with a biosynthesis of erA, we proposed that at least 

a portion of this molecule could be biosynthesized in the cell.8 The original biosynthetic pathway 

for solithromycin proposed replacing DEBS module 2 with rapamycin (RAP) module four to 

install a double bond at C-11 (Figure 5.4).10 Then, a module from hectochlorin (hctD) biosynthesis 

containing a methyltransferase and an inactive ketoreductase would be inserted in place of DEBS 

module 6.11 Feeding a fluoromalonyl extender would theoretically result in the correct 

stereochemical configuration of solithromycin.12  Lastly, a methyl group would be installed on the 

C-6 hydroxy via an engineered methyltransferase in the late-stage tailoring of solithromycin 

precursor. This would eliminate roughly four transformative steps in the synthetic route. 

 

The pathway was constructed on a total of 5 plasmids as described above in the E. coli K207-3 

strain and 25 mL cultures were fed 20 mM propionate. The expected product was not detected in 

the culture media by high resolution mass spectrometry (HRMS), so it was hypothesized that 

perhaps the best solution was to simplify the design of the engineered PKS. Since the original 

proposal of the solithromycin precursor pathway, several discoveries in the field influenced the 

new pathway design. For example, because the KR domains are size-selective for their substrates 

and the RAP module four substrate is much larger than that of DEBS module 2 due to its 

incorporation of 4,5-dihydroxycyclohex-1-ene carboxylic acid, it is very unlikely that this module 

would accept the smaller substrate without any additional engineering (Figure 5.4).13 It was then 

proposed that substituting DEBS module 2 with tylosin (TYL) module two would eliminate this 

issue while still enabling formation of the double bond at the correct position.14 Additionally, 

recent studies regarding docking domains showed that a KS of a module interacts with downstream 

docking domains, so any modular substitutions must maintain that interaction for the pathway to 

function.15  Thus, it was proposed that the DEBS module 3 N-terminal docking domain should be 

replaced with the tylosin module three docking domain to ensure proper assembly of the complex 

after expression. For the end module of the PKS, substitution of the hectochlorin module HctD or 

any of its domains for DEBS module 6 would likely introduce another significant bottleneck. An 

alternate pathway to address the installation of a fluoro-methylmalonyl group at C-1, involves 

generating the extender unit synthetically and engineering either the DEBS module 6 AT to accept 

fluoro-methylmalonyl-CoA or supplementing the endogenous AT with a promiscuous trans-acting 

AT.14 Lastly, installation of the methoxy group at C6 would require an engineered EryG methyl 
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transferase or substitution of a methyltransferase from a separate pathway, like RapM (rapamycin). 

Both options are currently under exploration in the lab. 

 

 

 

 

The solithromycin pathway design and evaluation would also benefit from use of a biosensor 

platform to direct engineering efforts. To develop a biosensor, one must first have the ligand they 

want to detect in hand, which is difficult for the solithromycin precursor as it is the intellectual 

property of a company. However, macrolides like the final product of the engineered PKS are 

available and inferences may be made, based on previous data, about whether the biosensor will 

Figure 5.4 (A) The original biosynthetic pathway of solithromycin precursor involved substitution of 

RAP module 4 (green) for DEBS module 2 and HctD (pink) from hectochlorin biosynthesis would be 

substituted for DEBS module 6. The AT of HctD would have to be engineered to accept fluoromalonyl-

CoA and the KR would have to be inactivated. (B) The updated version of the solithromycin precursor 

pathway where TYL module 2 (blue) would replace DEBS module 2 and  DEBS AT 6 would be 

engineered to select gem fluoro-methylmalonyl-CoA. 
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detect the new molecule. Precursor molecule 1 was obtained from Cempra and was tested in a 

dose-dependent manner with wild type and S106F MphR pMLGFP/pJZ12 biosensor plasmid set 

(Figure 5.5). The resulting K1/2 values, 76.89 ± 4.64 and 1.46 ± 0.16 μM, respectively, showed 

~100-fold improvement in response with the mutant biosensor. Pikromycin, which shares many 

structural features with 1, depends almost entirely on the phosphorylation of the desosamine sugar 

by MphA for recognition, as seen in chapter 2. The O-methoxy is probably inconsequential 

because MphR detects clarithromycin just as well as erythromycin. This information combined 

suggests that the one point of concern in detection is installation of a fluorine at C-2. However, it 

would be possible to test this response by selectively removing the cladinose sugar and fluorinating 

the correct position on the scaffold ring. Once the pathway is configured correctly, the biosensor 

could be used for FACS screening after mutagenizing the pathway whether through mutation of 

the strain or incorporation of mutated segments in the pathway.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 Ser106Phe and wild type MphR in pMLGFP plasmid accompanied by pJZ12 (contains 

MphA) fluorescence response was measured at various concentrations of 1. The mutation conferred 

sensitivity by ~100 fold compared to the wild type. Detection of this molecule suggests detection of 

solithromycin precursor is most likely possible. Error bars, when visible, represent the standard error of 

the mean (n=3). 
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APPENDIX A 

 

Table A1. List of primers used in this study. 

Name Sequence Purpose 

LN_1 agtatccaaaataagaaggagatatacatatgatgagcagttcggacg Amplify ermE 

LN_2 tgttcgtcattcactagtctaccgctgcccgggtcc Amplify ermE 

LN_3 tatctccttcttattttggatactatgttacgc Amplify pSENSE vector 

LN_4 tagactagtgaatgacgaacacgacc Amplify pSENSE vector 

LN_5 ttgcgctctagatggtgc Amplify MphR for epPCR 

LN_6 gctcatcatgaattcttagcc Amplify MphR for epPCR 

LN_7 gcaccatctagagcgcaac Amplify pSENSE vector for 

mutant inserts 

LN_8 ggctaagaattcatgatgagc Amplify pSENSE vctor for 

mutant inserts 

LN_9 tgaactatctcatcmnntggtacgagctcc Introducing S106F into MphR 

LN_10 cctggagctcgtaccagaagatgagatagttca Introducing S106F into MphR 

LN_11 gccaccgtagtgctgNNKcgttgcggtcccata site directed mutagenesis of 

K21 

LN_12 tatgggaccgcaacgMNNcagcactacggtggc site directed mutagnesis of K21 

LN_13 GGGaccgcaacgatgcagcactacggtg site directed mutagenesis of 

K22 

LN_14 cacgctagtgctgcatcgttgcggtccc site directed mutagenesis of 

K23 

LN_15 caccgtagtgctggagcgttgcggtccc site directed mutagenesis of 

K24 

LN_16 gggaccgcaacgctccagcactacggtg site directed mutagenesis of 

K25 

LN_17 GGGaccgcaacgccccagcactacggtg site directed mutagenesis of 

K26 

LN_18 caccgtagtgctggggcgttgcggtccc site directed mutagenesis of 

K27 

LN_19 caccgtagtgctgcagcgttgcggtccc site directed mutagenesis of 

K28 

LN_20 gggaccgcaacgctgcagcactacggtg site directed mutagenesis of 

K29 

LN_21 ggggaccgcaacggttcagcactacggtg site directed mutagenesis of 

K30 

LN_22 caccgtagtgctgaaccgttgcggtccc site directed mutagenesis of 

K31 

LN_23 tagctctacgtgggccatgtgc Introducing stop codon (TAG)  

into MphA 
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Table A1 (continued). 

LN_24 gccatgcaccaccacgg Introducing stop codon (TAG) into MphA 

LN_25 gatgagatagttcaccgagaagtcg SDM of S106W mutant and S106X mutants 

LN_26 tggtggtacgagctccaggtgc SDM of S106W mutant 

LN_27 cctggagctcgtaccannkgatgagatagttc SDM of S106X mutant 

LN_28 gaagactcgactgcg Sequencing of MphA 

LN_29 gtatggcatgatagcgcc Sequencing of MphR 

LN_30 ccaaaacagccaagctgg Sequencing of ErmE or MphA in pSENSE 

LN_31 tcgtcgcgccnnkgatgaccgagt A151X site directed saturation library reverse 

LN_32 actcggtcatcmnnggcgcgacgatgc A151X site directed saturation library 

forward 

LN_33 ccaccaccgcgcgnnkccgctggatcgcaa N123X site directed saturation library reverse 

LN_34 ttgcgatccagcggmnncgcgcggtggtgg N123X site directed saturation library 

forward 

LN_35 gcgactgcccccagttgctcctgcggcagctg G137V forward 

LN_36 cagctgccgcaggagcaactgggggcagtcgc G137V reverse 

LN_37 gcactcggtcatcgcttcggcgacgatgcagtgg G152S forward 

LN_38 ccactgcatcgtcgccgaagcgatgaccgagtg

c 

G152S reverse 

LN_39 cgtagtgctgaagcattgcggtcccatagag R22H forward 

LN_40 ctctatgggaccgcaatgcttcagcactacg R22H reverse 

LN_41 atctggtacgagctccaggtgc S106I sited directed mutagenesis 

LN_42 atgtggtacgagctccaggtgc S106M site directected mutagenesis 

LN_43 MNNcatgctccgaacgag N94X site directed saturation library forward 

LN_44 actcgcaacgacttc N94X site directed saturation library reverse 

LN_45 catgctccgaacgagc N94D round the horn site directed 

mutagnesis reverse 

LN_46 gacactcgcaacgacttctc N94D round the horn site directed 

mutagnesis forward 

LN_47 acatggtacgagctccaggtgc S106T site directed mutagenesis forward 

LN_48 gtggctcctgcggcagctgag G137V site directed mutagenesis forward 

LN_49 tgggggcagtcgcttgc G137V site directed mutagenesis reverse 

LN_50 MNNcgcgcggtggtggag N123X site directed mutagenesis forward 
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Table A1 (continued). 

LN_51 ccgctggatcgcaagc N123X site directed mutagenesis 

reverse 

LN_52 MNNaaccgcgcggtggtgg R122X site directed saturation 

library forward 

LN_53 ctggatcgcaagcgtgc R122 site directed saturation library 

reverse 

LN_54 MNNtcggtcatcgctggc H147 site directed saturation library 

forward 

LN_55 caggagcaactcagc H147 site directed saturation library 

reverse 

LN_56 MNNggcgcgacgatgcagtg A151 site directed saturation library 

forward 

LN_57 gatgaccgagtgcagg A151 site directed saturation library 

reverse 

LN_58 MNNctcatctcctggtacg Y103 site directed saturation library 

forward 

LN_59 gttcaccgagaagtcg Y103 site directed saturation library 

reverse 

LN_60 MNNcggcattacctgaatgcgatacc V66 site directed saturation library 

forward 

LN_61 ctgctcgacgccgcg V66 site directed saturation library 

reverse 

LN_62 gtatggcatgatagcgcc psense MCS1  sequencing primer 

LN_63 ccgtaccggtactaatcgac psense MCS2 sequencing primer 

LN_64 ccaaaacagccaagctgg pSENSE MCS3 sequencing primer 

LN_65 cgaacacgaccgtcg pSENSE sequencing primer 

LN_66 aacatagtatccaaaataagaagg pSENSE sequencing primer 

LN_67 aattctcttactgtcatgcc pSENSE sequencing primer 

LN_68 cagcagattacgcgc pSENSE sequencing primer 

LN_69 tgaactatctcatcMNNtggtacgagctcca

gg 

S106 sited directed saturation library 

LN_70 cctggagctcgtaccNNKagatgagatagtt

ca 

S106 sited directed saturation library 

LN_71 aggaagtcggcgttg ermE sequencing primer 

LN_72 tcaacgccgacttcc ermE sequencing primer 

LN_73 taaagcctggggtgcc K21 sequencing primer 
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Figure A1. Plasmid map of pSENSE-MphR-ErmE. This served as basis for all MphR variant 

sequences. 
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APPENDIX B 

 

Table B1. List of primers used in this study. 

Name Sequence Purpose 

LN_74 

aggattaatcgtcagttaagtaatacagtaatagaaaatggctg

atctgtccaaact cPCR first section of DEBS1 

LN_75 gccgagtgcttctaattcagcaac cPCR first section of DEBS1 

LN_76 aattggtaccatgagtattcaacatttcc 

switching resistance of 

pSENSE to Kan 

LN_77 ttacccatatgttaccaatgcttaatcag 

switching resistance of 

pSENSE to Kan 

LN_78 atatcatatgctgtcagaccaagtttactcatatcc 

switching resistance of 

pSENSE to Kan 

LN_79 aataggtaccactcttcctttttcaatattattgaagc 

switching resistance of 

pSENSE to Kan 

LN_80 cctaggcaggaggaaactagtatgagc 

addition of AvrII cut site to 

pSENSE  

LN_81 ttagcccacctaaatgtaacagtc 

addition of AvrII cut site to 

pSENSE  

LN_82 aattgctagcgattgaatataaccgacgtgact 

amplification of MphR and 

operator 

LN_83 TAAACGGGCCCAAGC 

amplification of MphR and 

operator 

LN_84 TTTTGCACCATCTAGAGC 

sequencing of binding site 

sequence 
 

 

Table B2. Summary of [M-[3-methoxy-mycarose-H]] + peak areas of erA calibration curve 

[ErA] 
(µM) Peak area 1 Peak area 2 Average Standard deviation 

1 2.79E+07 7.97E+07 5.38E+07 36628131.27 

1.2 1.24E+08 1.20E+08 1.22E+08 2828427.125 

2 2.24E+08 2.09E+08 2.17E+08 10606601.72 

2.5 3.44E+08 3.40E+08 3.42E+08 2828427.125 

3 4.01E+08 4.94E+08 4.48E+08 65760930.65 

5 6.83E+08 5.48E+08 6.16E+08 95459415.46 

7 6.97E+08 8.56E+08 7.77E+08 112429978.2 

10 1.13E+09 1.05E+09 1.09E+09 56568542.49 
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Table B3. Summary of peak areas and calculated concentrations of ErA from experimental 

cultures 
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[ErA] (µM)

Name 
Peak 
Area 

[ErA] Detected 
(µM) 

-IPTG 1 4.97E+07 0.35 

-IPTG 2 4.85E+07 0.34 

-IPTG 3 4.91E+07 0.35 

+Control 1 1.04E+07 0.15 

+Control 2 2.77E+08 1.49 

+Control 3 2.33E+08 1.27 

Experimental 
1 1.62E+08 0.91 

Experimental 
2 1.24E+09 6.30 

Experimental 
3 1.97E+09 9.95 

Figure B1. Calibration curve of erA standards detected by LCMS. Peak area based on 

extracted ion of  [M- [3-methoxy-mycarose-H]] peak because it was the largest peak. Error 

bars represent the standard error of the mean (n=2). 
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Figure B2. Representative chromatogram of erA standard at 10 µM. [M+H] peak is 733.8 

and M-mycarose+H] is represented by peak at 575.6.  
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Figure B3. Representative chromatogram of culture extract from cultures fed 20 mM 

propionate. (A) Total ion count (B) Extratcted ion count of mass [M+H] 734.4. (C) Extraction 

ion count at mass [M-mycarose+H] =756.4. (D) Mass spectrum extracted at retention time 

3.36.min.  
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Figure B4. Representative chromatogram of culture extract from cultures fed 0 mM propionate. 

(A) Total ion count (B) Extratcted ion count of mass [M+H] 734.4. (C) Extraction ion count at 

mass [M-mycarose+H] =756.4. (D) Mass spectrum extracted at retention time 3.36.min.  
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Figure B5. Representative chromatogram of culture extract from cultures fed 0 mM propionate. 

(A) Total ion count (B) Extratcted ion count of mass [M+H] 734.4. (C) Extraction ion count at 

mass [M-mycarose+H] =756.4. (D) Mass spectrum extracted at retention time 3.36.min.  
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Figure B6. Fluorescence activated cell sorting of LFO1 cultures fed 100 mM propionate and 0 

mM propionate mixed in a 50:50 ratio. Blue population represents events in the GFP positive 

gate.    
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Figure B7. Fluorescence activated cell sorting of LFO1 cultures fed 100 mM propionate and 0 

mM propionate mixed in a 10:90 ratio, respectively. Blue population represents events in the 

GFP positive gate.    
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APPENDIX C 

 

Table C1. List of primers used in this study. 

Name Sequence Purpose 

LN_85 

tattgaaaaaggaagagtatggagaaaaaaatca

ctggatataccaccgttgatatatcc 

switch resistance on S106F-N94D 

pSENSE to Cm from Amp via gibson 

assembly 

LN_86 

aaagtatccatggatatgagtaaacttggtctgac

agttacgccccgccctgcc 

switch resistance on S106F-N94D 

pSENSE to Cm from Amp via gibson 

assembly 

LN_87 

agtggcagggcggggcgtaactgtcagaccaa

gtttactcatatccatggatac 

switch resistance on S106F-N94D 

pSENSE to Cm from Amp via gibson 

assembly 

LN_88 

atccagtgatttttttctccatactcttcctttttcaata

ttattgaagcatttatcagg 

switch resistance on S106F-N94D 

pSENSE to Cm from Amp via gibson 

assembly 

LN_89 

aattttacagtttgatcgcgctaaatactgcttcacc

acaaggaatgcaagaagatcctttgatcttttc amplification of Kanamycin for tolC swap 

LN_90 

tctttacgttgccttacgttcagacggggccgaag

ccccgtcgtcgtcatttagaaaaactcatcgagc amplification of Kanamycin for tolC swap 

LN_91 

tacagtttgatcgcgctaaatactgcttcaccacaa

ggaatgcaaatgatgagcagttcg amplification of ermE for tolC swap 

LN_92 

acgttgccttacgttcagacggggccgaagcccc

gtcgtcgtcatctagtctaccgctgc amplification of ermE for tolC swap 

LN_93 cattaacgccctatgg cPCR confirmation of tolC swap 

LN_94 tacccatcagaatagagg cPCR confirmation of tolC swap 
 

 
 

 

 

 

Figure C1. Knockout of tolC in E. coli genome by replacing it with kanamycin resistant gene. 

Primers flanking this region were used for colony PCR to confirm swap. 
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Figure C2. Lanes 1and 6 are NEB 1kb extend ladder, lanes 2-5 and 7-9 are Kan tolC::Kan 

colony PCR, and lane 10 is a WT tolC control. 
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APPENDIX D 

 

Table D1. List of primers used in this study 

Name Sequence  Purpose 

LN_95 gaaatatcacgaggggataaatggcacgccaggaacg cloning tylP into pSENSE 

LN_96 gccttattttggatactatgtcaatccccggcggc cloning tylP into pSENSE 

LN_97 

gcgcgttcctggcgtgccatttatcccctcgtgatatttctatttta

gatctgggc cloning tylP into pSENSE 

LN_98 

ttccggccgccggggattgacatagtatccaaaataaggctaa

gaattcatggt cloning tylP into pSENSE 

LN_99 caaaataaggctaagaattcatgatgagcagttcggacgag 

cloning erme into tylp-

pSENSE 

LN_100 gggactctgcacaccttaagtagtctaccgctgcccgggt 

cloning erme into tylp-

pSENSE 

LN_101 

tcgtccgaactgctcatcatgaattcttagccttattttggatactat

gtcaatcc 

cloning erme into tylp-

pSENSE 

LN_102 acccgggcagcggtagactacttaaggtgtgcagagtccctgc 

cloning erme into tylp-

pSENSE 

LN_103 

tgaaaaaccggtctgctggttttatcgctaacaggaggaaacta

gtatgagc 

insert tylP operator into 

pSENSE 

LN_104 ccacacaacatacgagccg 

insert tylP operator into 

pSENSE 
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Construction of MEB-producing Escherichia Coli Strain 

To enable growth selection, the gfp gene in pMLGFP-RBS-E7 was replaced with the 

chloramphenicol resistance gene (Cam). Briefly, Cam was amplified from the vector pACYDuet 

using the primers 28-Cam-for and 29-Cam-rev (Supplemental Table S1). Thermocycling 

conditions were those recommended by the manufacturer. The PCR product was gel purified and 

double digested using SpeI and HindIII following standard protocols. The double digested product 

was ligated at 16 °C for 18 h into similarly treated pMLGFP-RBS-E7, generating pMLCamR. The 

ligation mixture was electroporated into E. cloni 10G electrocompetent cells according to the 

manufacturer instructions, grown overnight, and the DNA sequence of plasmid prepared from a 

single colony was obtained to confirm the sequence identity. Next, pMLCamR was transformed 

into E. coli TOP10/pJZ12 cells and plated onto LB agar plates that were supplemented with various 

combinations of chloramphenicol (12.5 μg/mL), ErA (0.37 μg/mL (i.e. 0.5 μM)), tetracycline (3.4 

μg/mL), and ampicillin (67 μg/mL). 

Figure D1. Plasmid map of pSENSE cloned with tylP transcription factor, its proposed 

operator sequence, and ermE. 


