ABSTRACT

NICHOLS, LINDSAY CORLE BiosensotGuidedEngineering oMacrolideBiosynthesis.

(Under the directiof Dr. Gavin J Williams)

The macrolide family of polyketide natural produet® treatments for sariety of ailments
including bacterial infections, cancer, and transplant organ rejection. These structurally diverse
privileged scaffoldsre biosynthesizdoy microbes vidarge emyme complexes called polyketide
synthases (PKS). The PKS themselves are made up of a nunebeywofes grouped into modules
which perform functions necessary for polyketide assembbtal synthess of these complex
secondary metabolitesould require a ldrculean effort on the part of synthetic chemists
diversification of these molecules has largely depended on-seniietic molecular library
generation or PKS engineerinthoughmany successful PKS engineering efforts have resulted in
new-to-nature nolecules, 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 ayifte PKS.We hypothesized

that the process dfirected evolutiorcould rescue the activity of these engineered systems, but
this requires a screen that could differentgitentialmillions of variants in a short time. State of

the art nethodsfor analyzingPKS productiorinclude high-performance liquid chromatography

or mass spectrometryyhich are relatively low throughput for this applicationsteadthescreen
employed wadpased on a molecular device cald@ghR, a transcription factor protein found in
erythromycinresistant strains oEscherichia colicoupled with a lfiorescent reporter, green
fluorescent proteinin this documenthow MphR was evolved toward detection ofd&B, a
molecule much different in structure than its native ligasddiscussedAdditionally, various

factors affectingVIphR response were expled including the effect of efflux pumps on ligand
availability. Lastly, MphR biosensors were utilized in cgémeratingerythromycin to detect the

final productwithin the same cell it was produced. The work discussed here aims to serve as a
platform anda | ogi st i cal guide for ‘“real wor |l d’ ap,|

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 polyketid€sirr Opin Biotecol. 2020.58, 4553.

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 signifigcarg sbnew drugs, molecular
probes, and bioactive small molecutésMany polyketides are blockbuster drugs such as
erythromycin (antibiotic), epothilone B (antitumor), and lovastatin (anticholesterol), while others

are currently in clinical developmeht.

Within canonical type | PKS assembly lines, each module is responsible for the incorporation of a
single malonyderived extender unit. Minimally, modules are comprised of an acyltransferase
(AT), acyl carrier protein (ACP), and ketosynthase (KS) gatatiomains, which enable extender

unit selection and subsequent decarboxylative Claisen condensation between the extender unit and
the growing chain. Additional #ine tailoring domains, including the ketoreductase (KR),
dehydratase (DH), enoylreductd&dR), 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 thioesterasen@ig) do

to yield its product, which can be further decorated by-p&S enzyme$.

Despite their broad chemical and structural diversity, naturally occurring polyketides often require
optimization for a given applicationFor example, the macrolide antibmerythromycin(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. & 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-ctdle-art



syntheic biology to enable access to designer polyketides by leveraging the modularity of PKS

machinery is discussd&igure 1.1).
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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 protion 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 thereofo significantly enhance titers above that of the wyide pathway:°
Strategies including cooperative induction,atgturing, and transcription factor decoys have been
explored for the activation of cryptic BGCs (cBGCESY The expression of cBGCss also been
enabled through the del ef!'PWhie these méthodsihava begn” P K
useful in specific welstudied hosts, the full potential of polyketide cBGCs will not be fully
realized until there is a global strategy for pathwetyvation under traditional and industrially

relevant fermentation conditions.

Heterologous pathway expression in welbracterized chassis has addressed challenges posed by
native host expression. Usually, the goal of heterologous expression is tpldessmondary and
primary metabolism to enhance polyketide production. A recent egnicked study revealed that
primary metabolism derived triacylglycerols can limit polyketide biosynthesis. Degradation of
triacylglycerol led to enhanced titers of actinodin, jadomycin B, oxytetracycline and avermectin
Bla in variousStreptomycestrains® Though there is great utility for heterologous production, it
presents many obstacles including: significant cellular burden, poor expression, or inefficient

cellularmaintenance of the BGE1°

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 altéheough domain and motif swaps while
targeted mutagenesis strategies have enablededdetive integration of nenatural building

blocks (Figure 1.2). AT mutagenesis of the final two modules of the pikromycin PKS revealed
the unprecedented capability toatroduce consecutive nematural extender units into a

macrolactoné’® In another recent example, mutation of a conserved tryptophan switched



specificity of an AT from ACPto coenzyme A (CoAlinked extenders, providing an additional

potentialroute to polyketide diversificatioft.
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While many of these efforts have had limited utility fos-ATs, opportunities for expanding
polyketide chemical space also exist via complex-ftaadingtrans-AT pathways as wef?
Though there @ examples otransATs like the orthogonal and promiscuous ZmaF whose

activities have been probed, paradigms for successful engineering andtooad utility of trans

4



ATs in general have not been well characterZdédon-canonical modular junctions thin these
systems, often between a KS and DH, make their products difficult to predict through traditional
genome mining* However, programs such as TransATor, which predietssAT containing

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

modular enzymes, are powerful tools for discgvér

While native and engineered AT promiscuity facilitates the biosynthesis of novel polyketides, the
modest diversity of extender units beyond maledglA (mCoA) and methylmalomyCoA
(mmCoA) has restricteith vivo efforts?® To expand the existinig vivo repertoire of nomatural
extender units, mCoA synthetases have been used for the activation of divessksted
malonates. A native mCoA synthetase frBtreptomyces ciramonensisvas used to synthesize
allyl-, propargyd, and propyiCoAs to produce monensin analogéehe native promiscuity of
enoytthioester carboxylase/reductases (ECRs) have also been leveraged to proehateinabn
extender unit$n vitro. Moreover, halogenases such as SalL can diversify precursors to produce
chlorinated and fluorinated mCoA analmg, which can be further leveraged as chemical handles

for downstream crossoupling reactiong®3!

1.4 Access to Designer Polyketides via Combinatorial Biosynthesis of PKSs

The templated biosynthesis of polyketides by type | PKSs implies the moglalabiiosynthetic
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 proteirctstre often impair or inactivate the
chimeric PKS. Emerging bioinformatic and evolutionary analyses have challenged the canonical
KSn-ATr-ACP, module structure, suggesting that the boundaries {oefreed as AF-ACP--

KSn+1.32 Construction of a hybrid Riomycinvenemycin pathway with these newly defined
boundaries resulted in higher turnover rates than the traditional boundary swaps and incorporation
of the nonnatural starter unit-Bydroxybenzoic into a small combinatorial library of molecules
(Figure 1.3).23 Others have also independently identified theAdSlinker site as a key target for
homologous recombination in type | PK8sdowever, recent studies focusing on the KS as the

ratelimiting enzyme in catalysis where selected point mutations iK$hiecreased turnover rates



and expanded substrate specificities of a chimeric PKS, suggest that these exchanges might only

be successful because they maintain nativeAK® docking domain®
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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 nenatural incorporation of native extender units by removal of enzymes
responsible for extender unit synthesis, inactivation of reductive domains, and knockouts of
tailoring enzymes® Likewise, the fusion of #nethylsalicylic acid synthase (6MSAS) with a PKS

from Pseudallescheria boydfiroduced a novel compour@Lastly, improvements of a chimeric

PKS by point mutations in the KR and host engineering increased production aftsdiarketone

fuel additives’® There have also been increased efforts to understarsdrticture and engineering



of specific domains and linkers. This has included reductive loop engineering informed by
cheminformatics, which led to higher vyields of the expected products,
phosphopantetheinyltransferase swaps, the addition of multiple ACHse Cterminus of the

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

113

domain engineering*®Fi nal |y, the recently confirmed e x|

X-Ray crystallography will better inforfuture engineering efforts.

1.5 Diversification of Polyketide Scaffolds via Post-PKS Tailoring

New-to-nature polyketides can be generated through the introduction ofatoral or nomative
moieties via posPKS modifications to the core polyketideaffolds. 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 nonnative polykéides as demonstrated by a seriesrdfanalogues, some of which have been
characterized with potent activity against erythromycin A resistant sfrafifilthough these

efforts continue to demonstrate the broad capabilities of these enzymes, tyet@liivtersify

sugarl ess aglycone” structures continues to
Polyketide alkylation has similarly expanded biological functionality, as evidenced by the
enhanced bioactivity -@rhethyl Hawzeid®aOfteth zatalyzed Bn al 0 g u ¢
adenosylmethionine (SAM) dependent methyltransferases (MTs)Pp&polyketide alkylation

has been diversified using rational reprogramming of promiscuous MTs for use in combinatorial
biosynthesis reactior?§>! Some natural produ®Ts have displayed promiscuity for noative

SAM analogues for the transfer of ethyropargy, allyl-, and benzylmoieties??>* While MTs

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

been fully eplored 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 methodmeEging highthroughput strategies,
including engineered transcriptidactor biosensor platforms and colorimetric assays, offer

promising tools for engineering polyketide biosynth¢Bigure 1.4).%° Significant enhancements



to mass spectroscofpased s@ening methods, including lasassisted rapid evaporative
ionization mass spectrometry, have enabled the-thiglughput direct detection of some natural
products, including erythromycin &. While this technology is useful, a more economical
approach inglves transcriptional regulators such as MphR, which can be leveraged for sensitive

and specific screening of novel noatural polyketides’

growth no growth growth
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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 @éneycommon in polyketide
biosynthesis and their circuit modularity provides the option for precise tunabiigyuse of these
types of screens has been demonstrated many times for small molecule bios3frfthdsisever,
the application of biosensorsrfengineering larger pathways, specifically ty@KIS products,

has been largely underexplored.



1.7 Future Outlook

The discovery of increasingly diverse polyketide enzymatic machinery offers powerftdndug

play potential for thediversification of complex bioactive compounds. Yet, the ability to
effectively engineer these pathways has been limited. While engineering efforts were previously
throttled by lowthroughput screens, current and future engineering will be enhanced ®ith th
availability of tailored biosensors that enable Higloughput approaches to solve otherwise
challenging problems related to polyketide biosynthetic engineering. An exciting future vision for
designer polyketides includes augmenting traditional medicin@mistry approaches with the
application of machine learning to predict activity against several critical targets for potential
compounds of intere§#’ The goal for polyketide synthetic biology combines hitiiroughput
screening technologies, advasan structural biology, mechanistic studies, iargilico prediction

of bioactive compounds to develop newnature polyketideddere,we discuss the development

of a biosensor for detection of erA and its pathway intermediates and show the utitigsef
engineered biosensor platforms for a variety of applications including culture optimization and

postPKS 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 areon t he Worl d Heal th Organization’s
antibacteriaproperties but their medicinal value continually appreéemdue to their impressive
antitumor (epothilone B), antifungal (FK506), immunosuppressant (rapamycin), and antiviral
(azithromycin) activities™* Many macrolides and their intermediates serve as drug leads or as
inspiration for semsynthetic analogues. Currently, the total syntheses of these stereochemically
rich molecules are typically cumbersome and low yielding compared to optimized biosyntheti
production>™ In nature, meg&nzyme complexes called type | polyketide synthases (PKSs)
assemble and offloathacrdactonesas partof their secondary metabolisnrigure 2.1). The
modularity of PKSs falsely implies they can be engineered with ease by simply modifying existing
and weltstudied templates such as that of erythromycin A (erA). In practice, many complications
arise, adcDanielet aldemonstrated when onlysanall fraction ofifty constructedPKS chimera
were activé®® Though much habeen learned sinagbout the many factors affecting polyketide
biosynthesis such gwoteinprotein interactions at various modular interfacesdule structure,
ideal hosts for PK®xpressiongcellular metabolismandthe effect of active sitenutationson
substrate selectivity and specificity of each domtase bottlenecks are still very prevalent and

difficult to overcome quickly®6
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Directed evolutionfor improvement ofindividual enzymeshas been successful, sat was
hypothesized that this approagtuld beapplied torescuing the activityfdarger systems like that
responsible for biosynthesis@fA, which often serves apeototypefor PKS engineerinfigure
2.2).11® Random mutagenesis methods such as-prame PCR, DNA shuffling, or homologous
recombination are effective at generating millions of genetic variants, isutearly impossible

to achieve 95% library coveragine percent of mutants screened in which it is statistically most
probable to discover a higjithout a suitable screen that highlights and isolates active PKSs from

the remainder of the mutant poptibn. Successful engineeringitiatives have leverage
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transcriptionf act or based
as antibiotic resistance or a fluorescent protein to guide evolution of the pathway of fitérest.
Though there may be othget unidentified transcriptional regulators of erA biosynthesithe

erA producerSaccharopolyspora erythragthe besknown transcriptional regulator is found in
pathogenicEscherichia colias part of a gene cassette containing the resistancef@ettee
phosphotransferase MpttA22 This transcription factor, MphR, is a promiscuous protein that
recognizes a small panel of assorted macrolides, all of which contain a desosagainethe
proposed site of Mph#&atalyzedmodification during which MphA phosphoryladeerA (ard

ot her macr o-OH af thesd@sosanine sugéebiofehsor circuit witthesuperfolding

GFP (sfGFPYeporter MphR as the sensing module, and Mpkwvas previously established and

the tunability of MphR for selectivity and sensitivity to several semi synthetic analogs of erA was
demonstrated*
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While the previously characterized MphR biosensor is a powerful tool for metabolic engineering,
culture optimization, podPKS engineering, or active site mutagenasisotonly responds to the
final product but alsomany late-stageintermediates Additionally, it has never been shown to
detect any molecule without a desosamine siBjdvsequently, one particular disadvantage of the
current statef-the-art erA biosensor is that it cannot distinguish between PKS anePp&st
bottlenecks.This issue could baddressedby developing biosensors for erythromycin pathway
intermediates. Addnally, the core scaffold of erA,-@eoxyerythronolide B (GIEB), shares
structural characteristics with the scaffolds aher macrolides,many of which have potent
biological activities Accordingly,a biosensor witlthe engineered ability to deteg&dEB would
likely provide an engineering platform for PKS#nilar to that of erAbiosynthesigDEBS).?®
Therefore, we set out to enginearMphR variantsensitiveto 6-dEB.

Rational design of enzymes and proteins, while powerful, often limits the sequence space that is
explored and excludes hatatpredict synergist mutations that could have the desired phenotypic
response. Additionally, any rational design of MphR would have to be based on the known
interactions between®EB and MphRThe crystal structure of MphR bound to endlicates that

the sugars of erA are intimately involved in recognition of the macrolide by Mpiven that6-

dEB lacks theesugarsit might be challenging to arrive at an MphR variant capable of being de
repressed by -6EB via traditional directed eudion involving iterative rounds of random
mutagenesis and screening against the target liddotdbly, enzyme substrate specificibas
beendramaticallyaltered through directed evolution strategsalled substrate walking. During
successive rounds dlirected evolution, the native ligans substituted with ligands that share
structur al homol ogy with the target mol ecul e,
advantage Rigure 2.3).2627 The postPKS taloring of erA and availability of pathway
intermediats already affords a bu#in substrate walking progression, so this strategyadopted
here(Figure 2.3). Herein we describe substrate walkofdMphR towardsdetecton of 6-dEB and

demonstraon of a proofof-concept application for pathway engineering.

19



s | | O ey

Y MphR Variant2 \
I 1
: *Qg :
| IS I
' %aaa\é@ i
| e AL
¢ [ |
: e i
i 0 . [+} 1
iKY o do
I - o |~"‘ 0 " "OH I
I l o "OH
1 !
1 " | 6-dEB :
|
1
| ]
\ /

Figure2.3The MphR t r anbsacsre dthiams BEmagcothotro my ci r

Mp h R, resulting in a conformational esBhi
transcriptionf wlfdirnegp ogrteen sfulpireaB)e skphR
sever al macrolides of wvarying shapesial
moi ety t hatOHc agrtoauipns tahe2'’'si t eNeofpridploA er
wal king approach to sequentially mutage
more cl oseldEB ewnretmbll edlEBewas opos§i Bl e.

2.2 Results and Discussion

2.2.1Characterization of MphR detectigmrameters 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 wasmindfgsR responded

t o er A w-Did was hoh ghosghorylatedifure 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 stadi point and successive screening regimen of
future MphR libraries. fie pSENSE plasmid was synthesized in two pieces and ligated together
via Gibson Assembly. It contaada pBR322 origin (10&00 copies per cell) araisfgfp reporter
geneencoding Superfder Green Fluorescent ProtgsfGFP).22° A biosensomplasmid,which
contaned MphR and igeferred to as pSENSHphA, was constructed with MphR and MphA
constitutively expressed. A Zzp DNA sequenceorresponding to thielphR operatowas cloned
upstream ofsfgfp With this plasmid, the biosenswras evaluated by quantifying éhsfGFP

20



fluorescence signal in response to varied doses oinevAio. The biosensostraindemonstrated
high sensitivity to erA with concentration at hatbiximal fluorescencek(2) of 1.09 + 0.04 uM
(Figure 2.4C) compared to other published transcoptfactorligand pairs, which are often in the

mM range 183031
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A study byCropp et al describing the structure dfiphR bound to erApredicteda favorable
electrostatic interaction between Lys21 of MphR and the negatively charged phosphatbagroup
would bea t t a ¢ h e dOHtofdhe erA @eso8amine sugaoiety (Figure 2.5A).32 However,

the quantitative impact of the-ghosphate on deepression has not been determinétde
contribution ofthis phosphate group to gepression of wildype MphRwas assessed by cloning
the dimethyltransferase ermia place of MphAin pSENSEmMphA, yielding plasmid pSENSE
ErmE. Theerm family of genesarefound in macrolide producers such $accharopolyspora
erythraeaandprovide MLS (macrolide, lincosamide, and streptogramin) resistance via ribosome
methyltransferases and efflux pumps. ErdilBethylates adenine 2058 in tBe coli 23s rRNA,
preventing macrolides from binding to the ribosomal exit siigure 2.4B).3*26 Evaluation of
the pPSENSEErmE biosensor straim a dosedependent manner realed that MphR is 6&old

less sensitive to erA in th@esencef ErmEvs MphA (Ky2= 62 + 7 uM,Figure 2.4C). In the
ErmE biosensor straifphR likely binds non-phosphorylated erA when the cell first encounters
themacrolide sothe poorsensitivitywas not completely unexpectéthe crux of this result is that

it is consistent witlthe hypothesis that phosphorylatedA is abetter MphReffectorthan non
phosphorylated erA.

The erA intermediate -8EB lacks any sugathat could by phosphglated 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 .gifoilge sensitivity of MphR to the
phosphorylated erA was a result of Lys2dbdlizing the phosphate group 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 toueidererA-phosphorylation conditions,
saturation mutagenesis was performedviithR Lys21, using pPSENSEMphA-MphR as the
template generating a library of variants where Lys21 was substituted with all 19 other canonical
amino acids. Next, 96 randomly selected mutéots the MphR Lys21X library were screened

in a 96well microplate at four concentrations of erA and the fluorescence responses were
compared to that of the MphWild type. Mutants with fluorescence responses that were at least
two standard deviations lex than that of the wiltype MphR were selected and dassponse
curves obtained. As expected, four mutants (Lys21Gly, Lys21His, Lys21Asn, and Lys21GIn)
showed decreased sensitivity to erA in the presence of Niplgdre 2.5B). To test whether these

mutaions would alsaffect MphRsensitivity in the absence &rA-phosphorylation, they were
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introducednto the correspondingSENSEErmE-MphR plasmid An erA doseresponse analysis
of the mutantsand comparson to the wildtype pSENSEVMphR-ErmE system showe that
mutantsLys21Gy andLys21His were not daepressed by erA while the mutabigs21Asn and
Lys21GIn were significantly less effective erA biosensors than the-type system Kigure
2.5C). These results indicate that midas atLys21 do noincreae the sensitivity oMphR to
erA in the absence of phosphorylation by MphA.
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To ensure that the wilthpe MphR did not already natively respond to dodsynthetic
intermediates, the pSENSEErmE biosensor strain was assayed with -Q-0-
mycarosylerythronolide B (MEB) and erythronolide B (EB). MphR did not respond to either
ligand up to a concentration of 100 puMidure 2.4B), confirming that further evolution was
required to discoveavlEB andEB-sensitive MphR variastNeither of these molecules are known
substrates of MphA, but tminimize any potentialphosphorylation affecting MphR recognition,
the remainder of theiosensorassays were completed using pSENSEE, unless otherwise
noted.To provideevidencehat erA is not phosphorylated by endogenous kinasste-directed
knockout ofthe MphA kinasein pSENSEMphA was constructelly insertionof a stop codon at

the proposedcatalytic residugdsp200 and assayed wittiarious concetrations oferA.2* MphA

was not entirely deleted to confirm that even when a truncated fotine éinasevas present in

the cell the phosphorylation could not ocand to demonstratbatMphA alone most likely was
responsible for this phosphorylatiolNo resistance to erA was observesijggestingthat
endogenous kinasdso n ot érAitatmanner tha would compete with biosensor reporting
(Figure 2.4D). Collectively, these results inchte that the erA desosamingl2osphate contributes
significantly to the specificity of MphR and that mutagenesis of MphR provided a variant with
reduced ability to be deepressed by the phosphorylated erA, thereby completing the first
‘s ubst r eomphosphadrAkto erAf

2.22 Sitedirected saturation mutagenesmsthe MphR binding site

Previous work byKaseyet alfound that a specifiMphR residue change, Ser106Phe, increased
sensitivity to pikromycin, a macrolidemodified with only one sugamoiety (desosaming in
contrast with many macrolidé&e erA that contain multiple sugar moietieSer106 reportedly
interacts with the carbonyl group atlCof erA in one monomer of MphR®’ It was hypothesized

that filling in the binding site with a larger residue allows for more favorable interactions and a
better “f i trmondglpcosideAliaserespoas@nalgsisof Serl06Phé&phR with E.

coli pPSENE-EmmE, pSENE-MphA, and pSENSE (no erA resistancgyains with MEB,
revealedKyvaluesof 159 + 5, 162 + re8pectivelpAdiwoliadled ttesst obthey M,
Kuizvalues for each biosensor confirmed that they were not signifidiffdyentfrom one another

(p > 0.05) (Figure 2.6). TheseKy values demonstrated a decrease in sensitivity of Ser106Phe

MphR to MEB byroughly 2.5 fold compared to the wild type MphR response with erA in
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pPpSENSEErmE 62 + 7 pM This result suggests that the wild type protein response is highly
dependent on the presence of the desosamine stiganear equality dheKi» valuessuggested

that MphA phosphorylation gives no advantage for recognition by MphR for macrolides no
containing a desosamine sugaurther, thegrowth and subsequergsponsef cellslacking an

erA resistance gene confirms tbecrease imioactivity of erA intermediates and eliminates the

need for any resistance gene present for their productiodesection.

150,000
-~ pSENSE-MphA S106F MphR

- pSENSE-ErmE S106F MphR
100,000{ =+ PSENSE S106F MPhR

50,000+

Relative sfGFP Fluorescence (RFU)

0
1 10 100 1000
[MEB] (M)

Figure2.6Si t e directed mutagenesis of S106
mut ant I Mpp SENPEBEEMEE and pSENSE was ¢
correspovwali mgs K159 + 5, 162 + 9, amdi 3
significantly di fferent (p>0.05) , i ndi
i ndependent of phosphorylation by MphA.
of the mean (n=3).

To further confirm loss gbhosphorylation dependentee MphR Serl06Phe mutant in pSENSE
MphA and pSENSErmE was assayed withvarious concentrations darA, clarithromycin,
pikromycin, and azithromycin. Compared to the wige MphR, the mutation conferred
sensitivity to all teed macrolides and the pSEN®phA biosensor elicited &rgerdynamic
rangethan thepSENSEErmE strain most likely due to the phosphorylation by MphA. This was
furthercorroboratedy the loss ofesponse¢o pikromycin in thegpresence of ErmE, indicagrthat
MphR derepression 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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recognition by MphR, which should be considered when further esmgngethe protein for

selectivity and sensitivity to certain molecules.
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In addition to Ser1068Cropp et al describedseveral residues that interact with phosph& and

couldtherefore affect ligand binding if mutated. These residues include: Lys21, Argl22, Asn123,
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His147, Alal51, Tyrl03, and Asn94. Argl22, Asnl123, and His147 form hydrogen bonds with
various carbonyls on the erAcaffold. Alal51 and Tyrl03 participate in wataeediated
interactions witthe C-12 hydroxyl group and Asn94 interacts with the desosamine sugar 6f erA.
Accordingly, these residues were targeted for mutagenesis in an effort to identify MphR variants
with improvedsensitivity to MEB Site-directed saturatiomutagenesiat these positiorfsllowed

by screening of 9&olonies of each library with 10 uM MEHBid not identify variants with
improvel fluorescence response compareth® Serl06Phe biosenssirain(standard deviation

> 1 from the mean of Ser106Phe

To evaluate whether Serl06Phe was the optimal startimg foo further substrate walking, a
saturation library aSerl06was screened with 10 uM MEB and compared to the response of
Ser106Phe. Modibrary memberdell within one standard deviation of the mean of Ser106Phe
(n=3), but one mutant, Ser106Leu, stealva 3fold improvement inKy, compared to a 1-&ld
improvementof Serl06PheHowever, a doseesponseanalysisrevealed thathe Ky/2 values for

both biosensors with MEB were not significantly differ@rigure 2.8B).

Based on the beneficial change from serine, a small pedahe, to phenylalanine, a larger non
polarresidie, it was hypothesized that the larger volume and hydrophobicity phiaylalanine
residuemight provide a more suitable environment for MEBding. To test this hypothesis,
Sanger sequencing of the Ser106X saturation library idensiedraimutations that were further
assayed in triplicate with MEBAmMong the sequenced mutanias Serl06lle.sbleucine and
leucine are hydrophobic constitutional isomers of approximately the same vdonteey
theoreticallywould not differ in their response to MEBlowever, this was not the case as the
Ser106lle mutant did not respond to MEB atMdt).clear tend between polarity or residue volume
and fluorescencevas observedndicating thatle-repressiorof Ser106Ph&1phR by MEB could
result from the increased number of hydrophobic interactions in the binding site or from some
other interactioror allosterc affectthat might not be easy to identify without a crystal structure of
each mutant bound tdEB (Figure 2.8A).
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2.23 Directed evolution of MphR foncreasedsensitivity to MEB

The production of MEB in an engineerEdcherichia colstrain was reportedt around 40 mg/L
which corresponds to ~73 uM MEB. However, this is the production of thetyplkelpathway and
any engineered pathway would likédeless activeThe biosensor range must then cover from 0O
to at leas73 uM for it to be usefulTo further improve detection of MEB ltlje Ser106Ph¥IphR,

an errofpronePCRIibrary was generated using Serl06Phe as the template (mutati@veasge
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of 2 amino acids changes peayene product)Library members that were not responsive to MEB
were removedfrom the populationvia fluorescence activated cell sorting (FACS) ahd
remaining mutants werscreened witik 0  MEB in microtiter platesOne library member
showed an increase in sensitivity toward M&Bnpared to Serl06PiphR response to MEB
and was selected for desesponse analysisvhich reveaéd a K1, of 5.3 £0 . 4 , au3®old
improvement compared tbatof Ser106Phé&/IphR with MEB (Figure 2.9). Sanger squencing

of themutantgene revealed an additional Asn94Asptation Asn94 isa solventfacing residue
positionedat the entrance to the binding sited is noted for creating a region of positive charge
close to the desosamine sugar amine. A mgttR with only the Asn94Asp mutation did not
respond to MEB when assayed in a ddependent manner, indicating thia¢ mutations have a
synergistic effeconderepressiorby MEB. Whenfurtherassayeavith EB and 6dEB, binding of
MphR Ser106PhéAsn94Aspto 6-dEB was very wealkand theKi2could not be calculated for lack
of fluorescence maximutirigure 2.9). Additionally, a saturation librargf Serl06Phe MphRt
Asn94 led to rediscovery of the Asi®&p mutation as a hit, but no other residue changes were
beneficial for sensitivity to MEBThis MphR double mutants the only reported transcription
factor biosasor for detection of a polyketide macrolactone and demonsthatethe substrate
walking strategycandramaticallyalterthe effector specificityof MphR.
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2.2.4 Efflux pump knoettut enables sensitive detection of EB ardtE®B

One of the largest challengas usingtranscription factor biosensofor in situ detection of a
natural product is the export of the product to the m&mecifically, norsproducers may give a
false positive during fluorescence activated cell sor(PQCS) by detecting the product from
efficient producersAdditionally, we hypothesized that trapping the macrolactone intermediates
in the cell may increagée likelihood of MphR encountering them, thus decreasingthef the

biosensor for thesmolecules.

Macrolides are exported frofd. coli cells through a transmembrane transporter called JIC.
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 menih@iiee
periplasmand TolCthen carries thenoleculeghrough the outer membrane into the surrounding

media. Resistance to matgxins is provided byhe AcrAB-TolC complexandalthoughE. coli
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contairs other efflux pumps, knodkg out TolC greatly increases sensitivity to inhibigo
molecules(Figure 2.10).3%*! The nondesosaminylatethtermediates of erythromycin have not
shown biological activity, so it was unlikely that accumulation of these molecules in the cell would
inhibit translation”? The A t osdtran JW5503vas obainedfrom Dr. Ashton Crop@ndused to
houseall the MphR-biosensorslescribed so f&f® The biosensostrainswere then subjected to a

doseresponse assay to determine the effect of efflux on detection efAhetermediates

Figure 210 Tol C i s a tr ans membr amest a broalnistpeosr.t
with transporter Acr AB which is respons
i nner membrane where Tol C then transpor
from creativecommons. org) .

As expectedthe wildtype MphR did not respond to any molecule other thanietheAt ol C
strain,though sensitivity of pPSENSErmE to erA increased by ~3@ld compared to the wild
type protein with pPENSE-ErmE in Top10AmongtheerA intermediates, MEBvas detectedith

the highest sensitivity byerl06PheviphR (Ky2= 0.94 £ 0.10 pM), a 17old increase in
sensitivity compared to Serl06Phe in TodEdgure 2.11A). Interestingly, this mutant also
responded to EB anddEB, though not as welK12=79.11 + 12.631M and 88.62 + 15.13 uM,

respectively) indicating that the sugar moiety might enable additional interactions within the
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binding pocket of Ser106Phe that make binding more favo(&ijere 2.11B). Lastly, EB and

6-dEB were detected with theghest sensitivity byserl06PhéAsn94AspMphR doublemutant
(K12=3.22 + 0.41 and 6.26 + 0.47 pyivespectively and theolC knockout increased sensitivity

by an astounding 21®Id in the case of EREompared to Top1igure 2.11C). The foldincrease

in sensitivityof the double mutarib 6-dEB is likely more than that of EB, but tKe» with 6-dEB

could not badeterminedn Topl10.Thedramatic increase in sensitivity of the MphR variants with
6-dEB, EB, MEB indicates that thielC knock outlikely increases the intracellular concentration

of macrolide, as designetiogether, these results suggest that sensitivity to these molecules is due,
in part, to theco-localizationof the molecules to MphRiside the celand thatwvhile the substrate
walking approach enables detection of each intermedispdR does not discriminate between
them Further, this result indicates that the colocalization-dE® and EB is insufficient on its

own for improvement of MphR derepression and that the substriiegvenutations are required

for derepression to occur in the presence of these intermediates. Given that only two mutations in
MphR were required for detection of thed&B and EB, it was hypothesized that additional
mutations could improve ligangrotein binding, and thus increase the sensitivity of MphR for

these macrolactone intermediates.
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2.25 Enhancingsensitivity to macrolactone intermediatbsough directed evolution

Given that both Serl06 and Asn94 were predicted to play a role in detectienf cind
synergistically provided sensitive detection of MEB as well as weak detection of EBci8l, 6
the sitedirected saturation libraries from section 2.22re recreatedn the MphR Ser106Phe
Asn94Aspscaffoldand screeed for sensitivity to the macrolactone intermediatege-directed
mutagenesis of thedibrary memberslid not yield mutants that were more sensiav60 UM 6
dEB.

Based on the previous success obeprone mutagenesad screening with MEBa library was
constructedaverage amino acichutation rate: 3.%85 bpgene product) Ser106P#esn94Asp
MphR. The library was not sorted via fluorescence activated cell sostng was directly
transformednto Topl0 and960 colonies were screeneadth 25 uM EB. Hits were defined as
mutants that displayed fluorescence values greater than three standard deviations from the mean
of MphR Serl06Ph&\sn94Aspat the same concentration EBour library memberdit these
criterig. andthey were tested in triplicate s¢veral differentoncentrations of EB-ollowing this
analysis, wo variants wereonfirmed,and DNA sequencing revealed the mutatiSes106Phe
Asn94AspGly137Val and Serl06Phesn94AspGly152SefArg22His. Each variantwas then
transformed into JW5503his strain, discussed in section 2.2.4, enables sensitive detection of
macrolactones by trapping them in the a&bulting in preservation of the ligaridloseresponse
curvesof the mutants in this gtin with 6-dEB revealedKi, values 06.35 + 1.6uM and9 . 32 +
2 . (N2 for each, respectivelfFigure 2.12). Th e r ek§ wlatl iarfegs Se r-ADePhrs p

MphR and ®3emD@@&IByYywE3 7 VawerMp hrRot significantly ¢
dynamic range of the triple mutant appears
Ser 10K PME4GAsypl 52rSe22 Hi s 1/mwatsa we rtKnkehfaemr Se+ 106 Ph
Asn94Asp, indicating t h-dBEB muhdamtbtl kea snulteasng .s en

34



15,000
S106F-N94D

-
= S106F-N94D-C23R-L54M
10,000+ B S106F-N94D-G137V

|

S106F-N94D-R22H-G152S

5,000+

Relative sfGFP Fluorescence (RFU)
o
L

50.0 75.0
[EB] (uM)

Cc

=) =)
(I [V
& 200,000~ & 200,000
g -s- S106F-N94D 8 | = S106F-N94D
§ 150,000 = S106F-N94D-G137V § 150,000 “* S106F-N94D-G1528
o o ] - S106F-N94D-G152S-R22H
5 100,000 3 100,000 -
o ’ o
& &
O 50,000 © 50,000
® o
Q @
2 0- e 2 0-
1] 1 1 o
E 0.1 1 10 100 E 0.1 1 10 100
[6-dEB] (uM) [6-dEB] (uM)
e |ibrary of Serl06Phe-

Figure 212 Er r or pr on

dEB andA) EBMut ant -ASenr914CG\siph 8 7 Va l aprAds nSéi
Gl y15RrSe22Hi s were pulled fr onmN%4nD esrcrroer
5M MEB) The regsgaltuiesg fi-Asi5e4A9p PhHiEM)I 4a

Ser 1 0APME4AIsPHT Va l ( 6 U8)5 werle. 6ot si g@)i T
Ser 1 0APME4AIsypl 52rSe2x2 Hi s 1/matsandt. 3R £ 2.,0a
Ser 10APME4Asp for this dose response w
representretantiattdeemean (n=3).

35



2.3 Conclusion

StreamlinedPKS engineering has not been fully realized due to the lack of high throughput screens
for productive PKS mutants. Focusing on the macrolide familpalyketides a macrolide
transcription factor was engineered for the first time via a substrate waliomgach to derepress

in response to the direct product of a PKS, a macrolactdremutants discussed are extremely
sensitive to the ligands they detect compared to several literature examples of TF based biosensors
(Figure 2.13, Table 2.1). Theseresuls significantlyincreasethe potential for expediting PKS
engineering and open doors Expandingiiosensoguideddevelopment oPKSs beyond that of

erAto include products resembling methymytinthose more like the epothilones.
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Table 2.1 Summary of all MphRviosensors and their parameters

entry 9 ® s@#inf | Resistance mutations effector Ki/@M)?: 9| dynamic
range®
1 ToplO Er mE - Er A 61.69 78,7
ME B N D N D
EB N D N D
2 ToplO Mp h A - Er A 1.09 x| 106,

3 ToplO Mp h A K21G Er A 2.25 # ND
4 ToplO Mp h A K21H Er A 1.25 + N D
5 ToplO Mp h A K21N Er A 0.67 = N D
6 Top1lO Mp h A K21Q Er A 0.92 =+ N D
7 ToplO Er mE K21G Er A 43.37 ND
8 ToplO Er mE K21H Er A N D N D
9 ToplO Er mE K21N Er A 52.22 ND
10 ToplO Er mE K21Q Er A N D N D
11 ToplO Mp h A S106F ME B 158.70 120,

I+

12 Top1lO Er mE S106F Er A 0. 45 119,

ME B 161. 70 98, 0

13 Top1lO none S106HF ME B 166. 70 111,
14 ToplO none S106L ME B NC NC
15 Top1lO none S106F Er A 1.96 x| 221,
N9 4D
ME B 8.49 +| 110,
EB 695. 8¢ NC
204 .1

6-d EB NC NC




Table 2.1 (continued).

16 Top10 none N94D ErA 8.05 +0.47 18,853 4.16
+
0.78
ME B N D N D N D
17 JW550 Er mE - Er A 1.65 = 91,01 2.6
+
0. 2
ME B N D N D N D
EB N D N D N D
6-d EB N D N D N D
18 JW550 none S106H Er A 0.40. &) 45, 5] 2. 3
+
0. 5
ME B 0.94 + 84,4 2.2
+
0. 3
EB 79. 11 4 106, 11. 4
+
0.1
6-d EB 88.62 4 116, 717 1.6
+
0.1
19 JW550 none S106H Er A 0.31 | 63,8:1.0
N9 4D +
0. 5
ME B 0.21 + 65,81 1.5
+
0. 3
EB 3.22 + 70, 4] 1.2
+
0.1
6-d EB 6. 26 = 72,2{1.5
+
0. 2
20 JW550 none S106H 6-d EB 6.35 | 141,(¢1. 3
N9 4D, +
G137V 0. 4
21 JW550 none S106H 6-d EB N D N D ND
N9 4D,
G1528S
22 JW550 none S106H 6-d EB 9. 382. 0] 44, 80 1. 4
N9 4D, 4900 =
G1l152S 0. 4
R22H

& Concentration of ligand at hatfiaximal normalized sfGFP fluorescence

PWith baseline subtracted, this value isJut represents sfGRR-SfGFRnin

¢ Hill coefficient, which measures cooperativity of MphR ligand binding. Values >1 indicate
positive cooperativity

INC stands for “not calculated” for biosensors
so could not be fit to the Hill equation. NDt ands f or “not deter mined”
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2.4 Materials and methods

Strains and plasmids

The plasmids containing MphR (pMLGFP) and MphA (pZJra) strain JW550®ere obtained

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

pieces that were cloned together via Gibson Assembly. The PCR amplification of vector and insert
contai ned: 5X Phire reaction buffer (4 pL), 1
free water (11.8 pL),) , forrewaerrds eprpirmemer( 1( 1p Ly L ,1
ML, 10 mMm) , DMSO (0.6 uyL), and Phire pol ymer a
polymerase manual instructions. After PG@Rcling, 1 . O DpnL restriction enzyme was
transferred intdhe PCR mixture ad incubatd at 37°C 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 puL TS exonuclease (10 U/uL), 320 pL

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

was aliquoted into 15 puL reactions. Approxi ma
to 15 pL Gibson assembly mixture and mixed via pipetting. The solution wasatecliat 50C

forlh. Thewf 5 hgL mi xture was i mmediately transf
cells. The transformation was plated on ampicdio nt ai ni ng (67 wnpng/ mL) LB
overnight at 3PC. A colony was picked and cultured in 3 mL LB plus ampicillin owgrhat 37
°C,withshakinga 50 r pm. Then, 500 pL 20% glycerol (v/
in sterile 1.5 mL cryovial and stored-80°C.

Sitedirected mutagenesis

The PCR reactionsetupwas asfollows 10 mM dNTP’' s fileOwatér (4.LpL), nuc |
Phusion Hot Start Polymerase (0.2 uL), 10X reaction buffer (4.0 pL), purified DNA template
(~150 ng) ,thehadn™ rpunocher mix (2.0 pL). The th
follows: 98°C, 30 s; [98C, 30s; gradient 58C, 1 min; 72°C, 6 min] cycle step-2 18X; 72°C,

10 min, 12°C hold. The PCR product was digested viafinl at 37°C for1 h. Digested DNA was

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

were confirmed d 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 foll owing components: 40 mM dNTP’ s (0.4 u
(2.0 pL), 10X muazyme buffer (4.0 pL), DMSO (0.5 pL), purified DNA template (20 ng), and

primer mix of (1.0 pL). The thermocycling parameters were as follow8C92 min; [95°C, 30

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

PCR product wapurified on a 1% agarose gel. Amplified bands were excised and purified with
Monarch Plasmid Miniprep Kit. The purified DNA was added to 15 pL Gibson Assembly mixture

with 1 pL of amplified pSENSE vector aridpnl digested at 3PC for 4 h. The mixture was

incubated at 50C for1 h and cooled on ice. Then, 1.5 L of the mixture was transformed into E.
cloni1l0Gel ectrocompetent <cells wusing manufactur e
sample was plated on LB agar contagnin ampi ci | I in (67 pg°C.nThe) and
remainder of the library was grown in a 3 mL overnight liquid culture &C3With shaking at

250 rpm. Forthe S106F library, the MphR gene was cloned using restriction BiteRI and

Hindlll.

Fluorescence activated cell sortiragnd screening

The epPCR library was transformed intactbni 10G Electrocompetent cells and recoveredLfor

h with no antibiotic and then overnight in LB
sorted in the absee of ligand using a Beckman Coulter MoFlo Cell sorter with [ idOnozzle

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 ficstthe
generation library and 2 nucleotides/ kb for the seagertkration library. Cells recowestin 3 mL

LB for 5 h without antibiotic20 pL of recovery was plated on ampicillin and incubated &C37
overnight. Ampicillin was addedo recovery culturand cells recovered overnight. Cultures were
storedin 10% glycerolat-80°C.

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

300 pL of LB and ampicil | i-wel glede3. Thegldniedwerei n s i
incubated at 37 °C fdbs h with shakinga t 350 rpm. Pl ates containi.
ampicillin (67 pyg/ mL), and DMSO were set up a
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of plates containing 290 L, odandBlMmegdMaMER mpe
the positive screen. Aftéth i ncubati on 10 pL of each well wa:
plate and positive screen plate so that each mutant was screened twice. The mutants were then
incubated overnight at 37 4@th shaking aB50 rpm. Plates were spun dowrilgg09x g for 5

min and supernatant was discarded. Cefebach wer e
sample was analyzed on a plate reader for fluorescence and absorbance. The fluorescence values
were relative to OBy and relative fluorescence of the positive screen was divided by the
background negative screen (DMSO) to calculated-ifadadiction 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 abbreviatezsgosse

at the following MEB concentratian: [ O uM, 10 pM, 50 uM, 100 pM]

screening were tested im#ore extensiveloseresponsassay

Microtiter plate doseesponseurve analysis
Colonies were picked from each LB agar plates and were used to inoculate 3 mL cfililBes
plus ampicillin (67 pg/ mL). Listed concentrat
macrolides in LBcontainingpa mpi ci I I'in and 290 pL of each con
triplicate into the 986well plate via multichannel pipette sloat each row of the plate contained
increasing concentrations of erythromycin. E a
culture. The plate incubated overnight at 3Tth shaking aB50 rpm. The plate was centrifuged
at1,50x gforbminands uper nat ant was discarded. The cell
phosphatéuffered saline (PBS), covered, and vortexed until cells were resuspended. Next, 100
ML of <cell suspension weswelpi petatt ed aintedad 0 qll
into a Greiner 96well 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 Ofgovalues for a relative fluoresnce value. The concentrations and relative
fluorescence were plotted and analyzed via Hill equation using GraphPad Prism 7 software.

0QOY 6 & LOE p —L.?SU ..g
In this equation GRHs the normalized GFP expression when no inducer is presenta3$-the

maximum normalized GFP expression observed, [I] is inducer concentratisnthe Hill
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coefficient that quantifies cooperativity of the protein, &ad is the inducer concentiah half

maximal normalized fluorescendé@.
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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 (erAvas discovered in 1952 as a secondary metabolite
produced by the soil micro®accharopolyspora erythragalhe total synthesis of erA was first
reported in 1981and subsequent syntheses focuseshmalererA intermediates liké-dEB and
erB, used erAas starting material for semi synthesisemployed a convergent assembly method
of macrolide building block$* Though these are potentially powerful approaches for generating
diversity in macrolides, any of the chemical transformat®meededo make erAand other
macrolidesrequite stereoselectivityand several protection and deprotection steesto its many
chiral centers when they caasily beperformedby enzymedhat evolved for these specific
reactions Though synthetic efforts towamlA have improved, largecale fermentations the

method of choice for production of these complex small molecules for niarket.

Before the widespread application of heterologous hosts for polyketide production, native
producers likéSaccharopolyspora etlyraeawere leveraged as specialized microbial factories as
they already contained the extender units and machinery necessary to biosynthesize their native
polyketide(sf However, genetic manipulation proved difficult within these organisms as the only
available method was homologous recombination, which was slow andegigted iroff-target
modifications due to the G@ch content of microbial genomes. Additionally, slow doubling times
limited the practicality of using these organisms for PKS engimgpeéks a result, many labs turned

to one of the most wettharacterizetbacteriaEscherichia col{(E. coli) for polyketide production.

There are several advantages to ugingoli for biosynthesis of smatholecules: simple culture
conditions, quick refcation 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 clthest er s.
machinery necessary to assemble starter and extender units as well as the essesf@vganb,
encodes for a phosphopantetheinyltransfer®3er &s¢ that activates the acyl carrier proteins
(ACPs) in each PKS.
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To address these issues, the stBir21(DE3), which includes the carrier of T7 RNA polymerase,
prophage DE3, and lacks the protease¥pT andion, 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 proteihén improved strain, BAP1, followed suit in which genes
prpRBCDwere replaced bgfp and propionyCoA ligase,prpE, was placed under T7 contfol.

The next engineered host, TB3, introduced tlieéxyerthronolide B (IEB) PKS to BAP1 on

two plasmids. Additional deletion of the propionyl and sucel@ghA transporteyfgH increased
6-dEB titers from 65129 mg/L? However, the full biosynthetic pathway for erA in TB3 required
five plasmids and the strain was unreliablee do plasmid instability? Finally, all enzymes
required for erA production were cloned onto two bacterial artificial chromosomes (BACs) and
transformed into the TB3 strath.Metabolic engineering to increase carbon flux toward erA
glycosylation resuli@ in strain LFO1, which showed improved production of erA by 400% (~4.8
mg/L) compared to BAPIHjgure 3.1, Table 3.1).

The erA production afforded by the sequergieVenteetyeardevelopment othe E. coli strairs
with an overall 600% increase in efifetscould benefit from furthemigh throughpuéngineering.
For instance, the BACs of LFO1 contain the same origin of replication, vt ideafor long
term stability? Thisissuecould be attenuated by incorporating the biosynthetic gene cluister
strain such as K203, whichbenefits from incorporation of the enzymes responsible for starter

and extender unit biosynthesis into the genome in additisfpi4®3
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Further improvements in erA titers could be realized ughoculture optimization, promoter
engineeringandmetabolic engineering of tHe. coli hostas well as through rational or directed
engineering of the PKS and the p&&S enzymesThis improved host would then potentially be
suitable for expression ofvariety of type | PKSs. The availability of a biosensordetection of

erA titers could expedite the optimization &t colifor polyketide production as it would enable

high throughput sorting ofariant strainsfrom less productive mutants. In thisaghter the
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previously developed biosensohapter 2)are evaluateds the basis of ascreen for erA
production Also, the screeimg platformdeveloped with erA and discussed in this chajstex

representationf how screening can be accomplished for all erA intermediates.

Table 3.1 Summary ofEscherichia colstrains developed for polyketide and erythromycin A
roduction.

Name Description Titers (UM) Reference
BL21(DE?3) F ompT hsdSB grme) gal dcm(DE3) - 7
BAP1 BL21(DE3);qppr p RBCD: -sfippE | 0.82 uM ErA 8

5 BAP1; panD::panD525A, ygfG:: T7 prom
K207-3 accALT7 prompccBT7 term 59.5 UM 6dEB 1
TB3 BAPL;py g f h 5.45 uM ErA 9
LFO1 TB3;qpvi 0 AB @wz X ] ~5 UM ErA 10
LB19B K207-3; ggmIC qwecDEqvioAB qwzx 170.5uM EryD 13
gqacrAB

3.2 Results and Discussion

3.21 Detection of eA in an agar plate assay

Biosensorguided screening for production of small molecules has beecessful througho-
culturing, microfluidics, fluorescence activated cell sortsgjection, and bluahite screening®

18 Most of the reported engineered pathways biosynthesizecolesewithin a matter of hours or
a few days at most: 2 However, larger pathways such as eofen requireseveral days to
accumulate the secondary metabolttesause of the time needed fwoteinexpressionthe kcat

of the PKS inly 0.5 min?, andthe latestage tailoring enzymese alsaelatively slow.*® Thus
any screen that was intended forsitu detection must function over the culture time. With this
challenge in mindywe sought to establish an appropriate screen usingpgh® biosensasin this

context.

The simplesMphR-basedassayenvisioned tovalidak erA detectionin a producing celinvolves
observing the cells on solid medeSENSEMphR was transformed intbeerA-producingLFO1
andcolonies wereplated onagar plates contaimg IPTG, sodium propionate, aridarabinoseA
positive“ d orsees po n s e” waspregarcdwitivapidusaiconeentrations efA addedfor
comparison. After a siday incubation period, theulturewasobserved under blue light, which

representsthe optimal excitation wavelength of sfGFP: 485 nffi. This allowed visual
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differentiation of producers from neproducerseven within the same plate, indicating that the
LFOL1 population was heterogeneous andyikiffered genetically in some wdg.g., paneB, D,

E left vsright, Figure 3.2). However it was exceedingly difficult teoisuallydetermine the relative
amount of erAprodued by simply comparing the experimental plates to the posaorerols

which themselves were mostly indistinguishablem one anothe(Figure 3.2). Analysis of
severalnonproducersamong the LFQ pSENSEMphR coloniesby cPCR revealed a section of
DEBS1 encodng the loading didomairand firsttwo modulesof the erAPKS was missing
Concurrentlyproducing cellsvere also analyzday colony PCR ¢PCR ) to confirm they included

the full-length ErA biosynthetic genes amkere isolated and storedo that the population of
producers was homogenous for future experimeftsalternative explanation for why some
colonies displayed a fluorescent signal and others did not under the same induction conditions is
that the norfluorescent cells were produg but at a level not within the dynamic range of the
biosensor.Thus, the MphR biosensor successfully distinguished producers fromondow
producers and its application revealed an unexpected contamination in the engineered ErA
producingE. colistran and its subsequent purificatiorhese results suggested that detection of
erA within the cell was possihléut that a more quantitative approach for determining the

concentration of erA in producing cells was necessary.
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Figure 3.2 An adgoasre response of LFOXMp hrR nesof hotrr
concentrations of erA (panels A, C, E) .
di fferentiation of flupredceants erthatpr we
beni ssing a portion of polypeptide DEBS
1-2 .

3.22 Selection ofn erAsensomplatformfor in situ detection

Giventhat both TB3 and LFO1 reportedly produce around the same amount of erA, but the single

copyLFO1 BACSare much more stabie the cellover timethanthefive plasmids of TB3, LFO1

was selected as the heterologous erA production Bestre selecting aibsensor for detection

of erA productionin sity, it was imperative to identify a sensor with a dynamic range that would

include the maximum reported production of erAEincoli, ~ 5 pM erA (Table 3.1).° However,

that concentrationaksnot fall within the linear range of detection of any testgghR biosensor

though it is equivalent to the concentration at which fluorescence reaches a maximum for the
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PSENSEErmESerl06Phe pSENSEMphA-wild-type MphR, and pSENSESerl06Phe
Asn94AspMphR biosensorgTable 3.3, Figure 3.3) The dynamic range (or working range) of
PSENSEErmE Serl06Ph&/phR with erA(K12=0 . 4 5 = withoGt énhdavigement by the
presence oMphA was much wider than pSENS¥phA wild-type MphR, so this mutantvas
selected for erA detectioim situ. The pSENSEMphA-wild-type MphRbiosensor K12-=1.1 +
0 . 0 4) was MlsaestedHowever,the combination of potentially toxic accumulation of erA in
the cell due to the inabilitgf the phosphorylad macroliddo pass through the cell membrane
resulted inno growthduring several rounds of agar plageowth assays data not shown
Additionally, due tohigh background fluorescence of the Ser106Rsa94Aspbiosensorit was
impossible to distinguisthe positive control plates from theegative in agar plate assayata

not show, so it was noinitially selectedor in situdetection

-~ MphR-MphA
% MphR-S106F-ErmE
150,000 -+ MphR-S106F-N94D
-*+ MphR-N94D
100’000_‘ - MphR-ErmE

MphR-S106F-MphA

50,0004

0.01 0.1 1 10 100
[ErA] (EM)

Figure 33 Dose response assay and subsequen
Asn94AsSer la0WedPhm*E4 Asp bi osensors reveal e
enhanced by Ser 106PRPMphAut@=EEMBE:r IN0 goPShEeN ¢
chosen as the one best candidates for i
phosphorylation and its | ow backgSenuh@ct
Asn94Asp MphR, which was also tested d
the standard error of the mean (n=3).

Relative sfGFP Fluorescence (RFU)
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Table 3.2 Summary of MphR mutant and WT biosensors with erA

entry biosensor K1z (UM)2 | Working Range (UM) P Ne

1 Wi ltydpfe 11+ 0. 0.-3.0 3.+x03
2 Wi Itydp°e 62+ 7 10100 1.+D2
3 S10% F 0.3% 002 0.-1.0 3.2 . 5
4 S10° F 0.4G. 0 0.-B.0 5.8 . 5
5 N9 4D 8 .10 70 . 5.40.0 4 .+0D8
6 S10-8¢64D | 1. %1307 0.-5. 0 1.#0. 4

2Concentration of ligand at hafiaximum normalized GFP fluorescence

bRange of concentrations that fall within the linear ranggetéction of the biosensor

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

d0One plasmid system consisting of pPSEN®EhA

€One plasmid system consisting of pSENSEE

"One plasmid system consisting of pPSEN®EhR-no erA resistance

3.2.3 Biosensoeguided detection of in siforoductionof erA in shake flask cultures

Published multday cultures of LFO1 suggested that thedpiaion of erA was around 5 puiIf

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

the repeatable detection of erA in cultures of LFO1 was essential. Two biosensors, Serl06Phe
MphR and Ser106Pkh&sn94A$ MphR, were able to detect up to 5 uM erA product(@iable

3.2). However, due to the high background fluorescence of the double mutant, thenirsiial
analysis was completed wWilBENSE Ser106Ph&lphR. Shake flask cultures of the LFOL1 strain
containing the biosensor were incubated for six days at 2@TG. nor propionate were added to
thenegative and positive control cultures, but €iA1M) was added to the positive control. The
experimental cultures were induced with IPTG ded sodium popionate 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 contraugfh 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]734.33m/zin each culture was compared to

a standard curveAppendix 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 expogssion
extended culturing timesnd the metabolic pathway for propionate is present in thig stn@ugh

also under T7 contrél The average erA concentratioreasuredrom the positive control cultures
was1.0+ 0.7 uM erAby LCMS. Though the fluorescence values for the positive control were
statistically the same &seculture that was induced with IPTG and fed sodium propionate (termed
“variabl e c ulvalues, thdgriabledulture oneasecagemptoduced 5.70 + 4.52 uM
erA as determined via MS his equated to a range of 0.77 to 9.75 UM erA produced betiveen t
three cultures. Thidiscrepancy in production of the variable cultucesld be explained if the
colonies for seed cultures were seledtedh a platedstockthatwas a heterogeneous population
of LFO1 wherea portionlacked a section of DEBSThe lowest performing variable culture was
an outlierthough an outlier test did not qualify it as sust the calculated concentrations of erA

were plotted in duplicatéFigure 3.4B)
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3.2.4In situ detection of er®ia multiple MphR binding sites

It was clear from dose response analysis that using the Serl06Phe MphR pSENSEensor

left a large range of concentrations of erA indistinguadh&om one another by fluorescent output

as it had previously showmo changen output response from 5 uM to 10 uM erA. Given this
stability it washypothesized that if the sigmoidal response curve could be flattened and the slope
of the linear range d@eeased then the working range of the biosensor would increase, allowing
detection of a wider range of concentratiddbsawing inspiration from a report by Xat alwhere

an analog dose response curve was engineered by inserting multiple transcriptiobitfatg

sites upstream of a reportgne four MphR binding sites, termaaphQ were sequentially cloned
upstream of reportesfGFPin plasmid pSENSBphA (Figure 3.5A).%? 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 site&Kanhlues, but the
dynamic range of each biosensor decreasetinding site number increaséchlle 3.3). This

was an unexpected resbitit could be explained e rationale that MphR not bound to erA
could still bind its operator even when there is erA in theazellproviding more MphR operators
increases therobability of this occuring, resulting in an overall decreased dynamic range.
Additionally, the typical sigmoidal digitaturvethat is so common fallosterichiosensorsiow

more closelyresembld 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 Kz (UM)?2 dynamic rangeP® n¢
1 1 1.67 = 84, 4423+ 3.5 £
_ 2 1.53 = 62, 764 + 2.8 =
Wi 4 ¢% ¢
3 1.35 = 50, 752 =« 2.4 =
4 1.39 = 45,825 = 2.6 =
2 1 14%* a. 365,00305 3.3 2.
2 12 & 103 4901 @1, 726 32+ 70.
S10% F
3 12& Q. 43Q0@295 3.7 20 .
4 12& Q. 4 8,0029.0 35+ 105

Based on this dat& 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 510 uM range that was left undetectable by any other MphR itsosdt should
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be noted that while theSENSE- Serl06PhéAsn94AspMphR biosensor reached a maximum at

5 UM erA, the fluorescence response declined significantly when tested at higher concentrations
due to the inhibitory effects of erR As expectedwhen subjected to dose response analisés,

K2 with one, two, three, and four binding sites did not change significhatiause the ligand
protein affinity was unchanged by the addition of binding s{tagure 3.5C, Table 3.3).
However,addition of a singldinding siteto the original biosensor circuitcreased the dynamic
range, bufurther binding site additions had no effect on the respadrtge.phenomenonan be
explained by t'%aetor bimdingesites hy pdditicad multiplef binding sites, which
would then influence transcription of the prot&mlternatively, this could also be a combination

of allosteric proteidigand binding and its effects on the DNA binding domain of MpghR.

3.25 Establishing screen quality through statistic@factor analysis

The most common parameters used to evaluate biosensor screen efficiency are tte rsiggel

ratios or signato-background ratios. While useful for gathering a rather generic oveofitve

screen, neither of these parameters account for the variance between individual samples and
background fluorescenam the dynamic range of the biosensor. In other words, because these
ratios are based on averagdsne a screen may exhibit an idessgnatto-noise ratio, but might

be highly variable between data poinss, would then be considered logisticalipreliable.
Therefore, to quantify the quality of the biosensor screen for erA detectsitu, a statistical

par amet er’-facta |’ | eveated® TS cAlculateaZ’ -factor the mean of the sample)(u

the mean of the negative controtjpand the mean of theositivecontrol (t+) populations must

be determinedas well as their correspondimgt andard deviat.@ads,c(deno
respectively). These values are then are insertecEgt@ation 3.1 where |¢is the mean of the
positive or n eigthe standard dedatian of the positivedor n@gative controls. A

perfect screen is defined as 1, screfaligg just below this number to a value of 0.5 are termed

1] ”

excellent, and anythi®hg below 0.5 is a

yes

A A
e 1)

Equation 3.1 Calculation of Z value higthroughput screen parameter.

The quality of the MphR biosensor scregas determined bgalculaton of the Z factor of the
Ser106Ph&1phR biosensor with erATo do thissixteencolonies opSENSEErmE-1X, 2X, and
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3X MphO--Serl06PhéviphR LFO1 were pickednto a 96-deep well platéo analyze if the 2X

and 3X Mpho Z° factor would i mprove compared
dynamic range in the dose response cufhese plates were then incubated overraghtiluted

in fresh LB. AtODe000.6, half of the wells were induced witRTG andfed with propionatewvhile

the negative control popul ation was “induced?”
days at 22C and fluorescence measurements were obtained after this @g&xipdsitive controls

of 10 uM erAwere added to the media to ensure that the biosensor was operational in these cell
lines.Z’ factor was <calcul ated ba¢&igude3.6A3C, Talblee f | uo
3.4).

1X MphO S106F MphR pSENSE 2X MphO $106F MphR pSENSE
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Figure 3.6 Z°’ factoratdareal ypsliost ss cof 1 mphO, -2
Serl106Phe MphRy( grudegmn)r esi xcofmpadr édot pr ¢
counter parts. A comparison of al/l t hr e
any respondgesa,t iimcirecatsimg binding site

Table3.4Summary of calcul ated 2Z° for S106F MphR D

Construct 7’3 SD 7’2 SD 7’ 1SD | Screen qualifier
1X MphO S106F MphR pSENS| -0.26 -0.11 0.58 Marginal
2X MphO S106F MphR pSENS| -0.004 0.33 0.67 Excellent
3X MphO S106F MphR pSENS| 0.41 0.61 0.80 Excellent
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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,
calcul ate the Z' factor Dbasatoa detweemthdnegativacordralr d d
and the experimental population, thereby substituting 1 in forlEjuation 3.1. In this case, all

Z' factors were calculated based on 1, 2, and
in this instance wdd 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
PpSENSEErmEMphR3 X Mp h O Ser 106 P h e-fattar of 6.41nThis screemivdsh a  Z
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 vatigsrg 3.6D).

To address how these biosensors performed over time in larger scale cultures (3 mL), the three
biosensor constructs (pSENEEME-1X,2X,3X MphO Serl06Phe MphRwere plated and
individual colonies were incubated overnight. The overnight culturesdileted 16fold and at

ODe00 0.6 the cells were induced with IPTG ded propionate. The culturaserethen incubated

for six days at 22C and samples of each culture were analyzed for fluorescence normalized to
ODsoo (Figure 3.7A-C). Negative controlsdr this assay included an inducaed purifiedLFO1

strain containing pSENSEX MphO wild type MphR a negative IPTG culture, and a negative
sodium propionate culture. Positive controls incClugSENSE1X Ser1l06Phe MphR with 0, 5,

and 10 pM erA fed into # 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 pSENSEME 3X MphO Serl06Phe MphRhich is

cons st ent Afactdr &nalysib resul®.’Additionally, thegativepropionate culture showed

a steady increase in fluorescence over time, a result of endogenous production of propionate
combined with the expression of CoA ligggpE and propionyl cartixylase 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 notpesd to the production of erA, indicating the cultures were

producing erA at a level below 10 uM.
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3.2.6Biosensorguided optimization dfFO1 culture conditions

In situ detection of erA assumes two factors: that the LFO1 cell is producing erA and that the
biosensorcandetect the concentration of erA produced by the détiwever, 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 comdiiginke
determinedbefore 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 uM and a response to LFO1
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production of erA with the biosensor was previouslyserved 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 éKS would most likely also

be applicable to production of all erA intermediates. Previous work involving multiday expression
and activity of the erA PKS and peBKS enzymes utilized a standard shéésk culture of LB

with 250 uMIPTG and 20 mM propiorta.*° In another study, severtad batchbioreactor culture
conditions were tested for optimized production @fe®xyerythronolide B (GEB) in the strain

TB3, resulting in the reported optized IPTG concentratiom f 100 p M, ©fGanper at u
propionatebetween 0.5 and 20.8 mM.With these culture conditions in mind, LF@mlonies
containing pSENSE 1X, 2X, 3X MphO Serl06Phe MphRwere assayedwith various
concentrations gpropionate in rowsnd various concentrations BTG in columns of 96well

plates. Positive contrave | | s wer e d o p d@odconfirin bibsendof respokiskfterr A
incubating for six dayat 22°C, fluorescence values were measut@dmpared to the positive
controls the error of the culture conditions were relatively smalgeneral, IPTGoncentration

did not affect pathway productidfigure 3.8B). This is especially interesting when considering
wells lacking IPTG demonstratedhe highest fluorescence, which may be a result of leaky
expressiorof the T7 polymeras®. If this is the case then the enzyme machinery for starter and
extender units can be expressed and production of erA would then be ob&egued §.8A)
Contrastimgly, fluorescenc@alues exhibite@ positivecorrelationwith propionate concentration,
likely because the loading didomaand acyltransferasenzyme had not yet reached their
saturatiorlimit. Themaximumfluorescence for every cultugecurred when 5&hM propionate

was added to the wellThisconcentration varies frothepreviouslyreported' i d gatué df 20.8

mM propionatebecausen the published studysodium propionate was fed to the culture multiple
times duringhe 6-dEB production periodather than once at the beginnifry
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To confirm thatt0 mM propionate was ideal for erythromycin productibie assay was repeated

with0-1 00

g Mant @LU0E&nM propionate. Théighestmeasured fluorescence value were

wells containing100 mM propionate with the highedtuorescence measured at 100 mM

propionate and 10 uM IPTG-(gure 3.8B). An interesting and unexpected result of this assay was

that high fluorescence was observed at 0 mM IPTG induction.
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To confirm very high backgrounitlorescencevas not a result of evaporation or plate variation,

the assay was repeated in 3 mL culture format. Cultur@SBNSE1X-3X MphO Serl06Phe
MphR cultures were induced witharious concentrations t®TG. Cultures incubated at 2€ for

six days and when awplete, 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 increasiRgG concentratiorfFigure 3.9). It was unclear Wwy

this would be the case as all the measuredo®lues were consistent between cultures and
evaporation would have less of an impact on these larger cuttiimesthan in 96deep well

plate assays. Howevenhis result may be explained by the disagvinat the gene for allosteric
inhibitor lacl is not present on either BAC, so the only two copies are provided iB.theli
genome, controlled by their own promoters, not the T7 proridt@éompared to a high copy
number pET expression vector, whichntains 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. ThusPTG concentrationvould have little to no effect on expression

of the arge enzyme complexes required to make erA.

25,000
mE 1X MphO S106F MphR

20,000 B 2X MphO S106F MphR

15,000 I 3X MphO S106F MphR

5,000

0.00 0.01 0.10 1.00
[IPTG] (mM)

Relative sfGFP Fluorescence (RFU)

Figure3.9Feedi ng experiments were conducted
varying | PTG concentration and f eedi ntgc
| PTG concentration and increasing bindi

In contrast, erA production was highly dependentlenconcentration of propionated to the

cells. This is expected because the DEBS native extender methyl ri@lmihy$ generated from
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propionate through the propiorloA carboxylase (PCC) enzymso artificially amplifying the
number of propionate units would also greatly incre&seimtracellular concentration of the
extender(Figure 3.8A). A repeat of the 3 mL culture experiment with 100 mM IPTG induction
andvarying concentrations @ropionateevealed this result was consistemén when the culture
sample was viewed under bllight (Figure 3.10A). To further test the response of the biosensor,
cultures of pSENS#phA wild-type MphR pSENSEErmE wild-type MphR and pSENSE
ErmE Serl106Phe MphRvere incubated for five hours. The cultures were then fed the media
supposedly containg erA from the 3 mL mukday cultures. These biosensor cultures were then
incubated overnight and when complete the fluorescence aggh @lues of the cultures eve
determined. All biosensors showed the same increase in response to incpgapingde
concentrationHowever, this was suspicious as the working range of the pSEMSE and
PSENSEMphA biosensors do not overlapigure 3.10B). As a control a dose response analysis
was performed by doping irarious concentrations efA into PBS and trasferring 50 yL of each
concentration solution to a 450 pL culture of biosensor célie.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 uM erA.

The increasing fluorescence levels with addition of propionate could be explained as a result of
MphR binding toand being deepressed byropionate. To confirm that the biosensor was not
respondingdirectly to the high level of propionate in the cell,dase response analysis was
performed overnight witlvarious concentrations giropionate fed tdhe 1X Ser1l06Phe MphR
pPSENSE biosensor in Top10 cells. After sixteen hours, fluorescence measurements normalized to
ODeoo revealedthat there was no responseoab the background with increasing propionate
concentrationsKigure 3.10C). This indicates that the biosensor output was more likggnaine

responséo erA production and accumulation in the culture over time.
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Finally, toquantify the level of erfroduced byhe LFO1 pSENSEMphR Serl106Phe 1X MphO

cell culturesthe macrolides were extractedth an average efficiency of 30% (ranging from 8
75%) from theculture supernatant and analyzed via LCMS. Comparisomtera calibration

curve revealed very low levels of erAtime culturesupernatantincluding the negative controls
However, several studies have noted-ktege erythromycin tailoringtepsas a bottleneck for erA
production and previous work with MphR showed tit&t biosensor cannot distinguish between
the final product and latstage intermediate&igure 3.10D, Figure 3.11).28 Peaks corresponding

to each erAiosynthetiantermediatgerD, erB, erCWwere detected in the culture media, with erA
production levelsait 0.48 £ 0.Q uM. The hydroxylase encoded byyK and the methyltransferase
encoded beryGare known bottlenecks for erA production, so it was expected that erD would be
most abundant. The preferred pathway for erA biosynthesis is first xydtion by EryK
followed by Omethylation of the mycarose sugar gy G, which suggests that@production

would be higher than er.However, the calculated percentages, though very similar, reflected
the opposite, indicating th&ryK might be the bigger bottleck in this caseThe calculated
concentrations of all intermediates were totaled to reveal a concentration of ~2.2 uM, which falls
within the linear range of the biosensor and corresponds to the level of fluorescence observed in

the cultures after six day
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3.2.7. Fluorescence activated cell sorting of erA producers fronproducers.

One tenet of directed evolXSudcessiulapdicatioycddRACS et wt
to accurately identify positive variants among a mutant population requatebétproduct 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 neighing cells, they can be detected by the biosensor ispnotucers

or “cheater s, ”-positves soif'tTo cognterach thisa a dcradniageregimen that
toggl es bet ween screening the same <culture
condtions, drives the separation of cheaters from true producers of the product after several rounds
of screening? However, since IPTG concentration has little to no effect on erA production, this
was not a viable option for screening of LFO1 variants, srégtensive 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 the cell, preventing interfering crosstalk from sanoducing cellg?
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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 populationppb@users

and nonrproducers could be separated via FACS, three cultures of LFO1 pSE&I3B6Phe

MphR were grown and induced with O or 100 npkbpionate. The fluorescence measurements
after six days showed a significant difference between the two populations, which was consistent
with the above dataF{gure 3.13A). Cells were then centrifuged and resuspended in PBS and
diluted so that all meased ODyo0 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 gdhe and
positive gate are showifrigure 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 fetestlittle 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 ©me caveat to this approach is that when cultured
together the effluxed biosymétic pathway product can be detected by-paducing cellswhich

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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To further quantify production of each population a fluorescemee time assay (section 3.2.8)

was conducted on the media of each culture. A culture of pSENSIR-Serl06Phe was fed the
clarified culture media from the LFO1 pSENSEr106Phd&/1phR cultures above that were fed O

and 100 mM propionate and fluorescence mesasents 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?(R0.84. The reportedR? value was the highest obtainable with this
data setHowever to predit the concentration of erA more accurately, more points could be added
to the curve between the concentrations of 0 and 1 uM in the future. Based on thiedatiuites
induced with 100 mM propionate produced ~0.3 uM prodeigf(re 3.13C). Interestingy, LCMS

analysis of culture media extracts failed to detect erythromycin, though the concentration expected
via the biosensor assay was well belowlitm of quantification LOQ) of the MS instrument (1

MM erA). This suggests the potential utility obmsensor if it can reproducibly detect levels of a

product not detectable by traditional detection platforms.

3.28 Biosensotenabled detection of erA secreted to culture media

Fluorescence activated cells sorting (FA@S)seful for high throughput screening of producers
from nonproducers after a multiay culture howeveras explored above, many scredike

FACS and even selections, allow for separation of producers frorpraaiucers, but if a specific
concentratio of the biosynthesized molecule is desired, the screens become less reliable for
identifying mutants that fit that criteriorAdditionally, escape of erA to the media enables
detection of the metabolite by otcdllewththel | s,
producing populationLogistically, thein situ MphR biosensas would be useful for FACS
separation, butecause the biosensor tends to maintain a static response at high concentrations of
erA, it might be difficult to quantitatively deteine 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 angle of interestlf the biosensocould notdistinguish relative amounts of erA

in situ and if a significant portion of the metabolite is secreted to the ntleelraan additional

screen would be useful for selmgh throughput separation of high produdeosn low producers.

For this to work, the biosensor would have to operate irichead conditions for growth.g.,spent
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culture media). In a preliminary assay, the Serl06Phe MphR pSENSE biosensor was grown for
five hours, then 50 pL of biosensor was atitiethe clarified media of 500 puL completed-gixy

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 wh, and this time growth was observed, but the fluorescence of induced cultures was not
above the baseline fluorescence (not pictured). Additionallgutaring of the biosensor within

the same well as the LFO1 production culture was unsuccessful.

To circumventthese challenges, the biosenswainwas grown to an Ofoof 1.0, the cells were

then harvested and stored in 10% glycerol and PBS soluti@® &C. Cell solutions were then
thawed andrarious concentrations @A in buffer were addeébr 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 measuremeavere obtained every five minutes over a-ltenr period
(Figure 3.12A). The fluorescent values at each time point were then plotted as a functigh of
concentration(uM). The best fit line was obtained at five hours and ten minutés: (®991)
(Figure 3.12B). This assay showed proof of the concept that the biosstmaorcould beused to
detect erA irmedia from aseparat@roducingculturein a matter of hours. While this screen was
not fully quantitative, it would be able to distinguish high pits from low producers and enable
isolation of high producers for further rounds of mutagenesis and screening.
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3.3 Conclusion

In this study, several methods of edatection 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 Aamoducing populations, we discuss an assay designed to

detect relave amounts of erA produced in a seligh throughput mannefll methods using the
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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 euihedia. 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 deteghar concentration than LCMS or
direct sampling of LFO1 containing the biosensor. Laslttection of erA with the Serl06Rhe
Asn94AspMphR pSENSE biosensaevere unsuccessful with LFO%p TB3, which reportedly
produces erA at the same level as LFOL1, witth more plasmid instabilitymight be a more
suitable heterologous host for erA and intermediate production in the fintdhe future, better
extraction conditions as well as detection of erA from other strains besides LFO1 are necessary

befare selecting the optimal screening strategy for biosynthetic pathway libraries.
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3.4 Materials and methods

Strairns and plasmids

LFO1 strain was obtained as a gift from the lab of Dr. B. Pfeifer. Biosensor plasmids used are
described in chapter ZAn Avrll cut site was inserted betwedfphO and sfGFP on pSENSE
plasmids Multiple binding site plasmids were created by amplifying timgling site andsfGFP

gene as an insert with cut sitdldl and Hindlll (Appendix A). The respective pSENSE vector

was amplified with PCR kits and methods described in chapter 2 and digesteavriittand

Hindll1, obtained from New England Biolabs. Inseand 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 MgfR@FPas insert to obtain plasmids 3X and

4X MphO wild type MphR pENSEMphA, 3X and 4X MphO Ser106Phe MphR pSENSE ErmE
and 4X MphO Ser106Pkesn94Asp MphR pSENSE. All biosensor plasmids were transformed
into Top1OE. colicells and saved as glycerol stocks in 10% glyceré8@eC.

In situ agar plate erythromycin defion assay

LFO1 cells containing BACs pDEBS and pTAILORING were transformed MphR-pSENSE
(ermEpresent on pTAILORING). Colonies were streaked in triplicate on agar plates containing
kanamycin (15 pg/mL), streptomycin (50 pg/mL), aadpicillin (34 pg/mL), 1 mM IPTG, and

20 mM sodium propionate. Plates were incubated for six days®& a@d were visualized under
blue light using a VWR Blue Transilluminator. Representative colonies of nonfluorescent and
fluorescent were retreaked ath grown under producing conditions (20 mM sodium propionate,

1 mM IPTG). For positive control plates, 0, 5, 25, and 50 uM erythromycin A was added in lieu
of IPTG. Fluorescent and ndluorescent colonies were analyzed via colony PCR to confirm
presence dboth 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 withtleromycin

Colonies were picked from LB agar plat@mntaining respective biosensor straamsl were used
to inoculate 3 mL cultures of LBiedia witha mp i c i | | i nSolfti@hgof Q) @1/, Grbl.0.7,
1, 1.5, 2.5, 5, 10, 20, 30, 50, 70, and 100 wbtemade from diluting stocks arythromycin A
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dissolved inDMSOn LBwitha mpi ci I I i n and 2 9 Qrangférredn friplieaec h s o |
into a 96- deepwell plate via multichannel pipett& ac h wel | was inocul ate
respective culture. Ehplate incubated overnight at 37\W@h shaking aB50 rpm.After 16-18h,

theplate was centrifuged 4t509x g (ThermoFisher Sorvall 40Ryr 5 min and supernatant was
discarded. The cells wereashed with 1X phosphatauffered saline (PBSyesuspened in 600

M L o PBSlkovered, and vortexed until cells werempletelyr e sus pended. Next,
cell suspension as pipetted into a clear Greiner 26e | | chi mney welwhs pl at e
pipetted into a Greiner 9&ell 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, #malysis
fluorescence reading wasrmalized tahe ODyoo values for a relative fluorescence valirFU).

The concentrations and relative fluorescence were plotted and analyzed via Hill equation using
GraphPad Prism 7 softwafgee chapter 1 for Hill Equation).

Sodium propionate feeding experiment

Colonies of 1X, X, and 3X MphO Serl106Phe MpRFSENSE LFO1 were used to inoculate 3
mL LB media containing kanamycin (15 pg/mL), streptomycin (50 pg/mL), and ampicillin (34
pg/mL). Cultures incubated 183 h at 37 °Qvith shaking aR50 rpm. Cultures were then diluted

in 3 mL fresh LB media with appropriate antibiotics and grown tos§@B0.6. 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 °C forviitld $hakingat

250 rpm. 500 pL samples of each culture was centrifug&cb@® xg for 5 min and resuspended

in 1 mL 1X PBS. Samples were then analyzed for fluorescence awngh. ©lDorescence was

normalized to Olgyo.

Culture optimization in 94vell format

A single colony of Serl06Phe MphR pSENSE LFO1 was used to inoculate 10 mL LB containing
kanamycin (15 pg/mL), streptomycin (50 pg/mL), and ampicillin (34 pug/mL). The culture was
incubated overnight at 37 8@th shaking at 250 rpnThe culture wasitlited in fresh media by
adding 270 pL of fresh LB and 30 pL overnight culture to wells of-av@8b plate. The plate was
covered and incubated at 37 &6d with shaking at 350 rprfgr 2 h. After this time, IPTG was
added to wells in columns 12 from let to right with concentration, 0.01, 1,10,50, and100
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mM. Propionate was added to wellsHifrom top to bottom with concentrations 0, 5, 10, 25, 50,
75, and 10amM. This plating procedure was completed in triplicate and plates were incubated at
20°C for 144h after which they were centrifugedlB609x g for 5min and colonies resuspended

in 600 pL 1X PBS. To test Oday and fluorescence, 100 pL of each well was transferred to the
corresponding wells in 9%ell black and clear plates. Measurements were obtained and
fluorescence was normalized to b Values vere averaged among the three plates and analyzed

via the “heat map” function in Microsoft Exce

Z6 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 pL Luria broth (LB)
doped with Ampicillin (67 pg/mL), Kanamycin (30 pg/mL), aBtdreptomgin (67 ug/mL). The

plate was covered with a breathable Aeraseal sticker and incubate@GavRi shaking at 800

rpm, for 16-18 h. After incubation, 30 pL of the overnight culture was diluted in 270 pL of fresh

LB containing Ampicillin Kanamycin, and Beptomycin. The plate was again incubateth
shakingat 800 rpm, 3?PC until ODsoo measured ~0.6-@ h). Upon reaching the appropriate 6b

the cultures were induced with 250 uM IPTG and 0, 20, or 100sodium propionate. Cultures

were incubate@t 22 °C with shaking at 800 rpnior 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 incated for another three days. Upon completion of the&laxculture,

the plate was centrifuged 4f509x g rpm, 4°C for 5 min in a ThermoFisher Sorvall ST 40R
centrifuge. Cells were washed with 300 uL PBS and resuspended in 300 uL PBS. 100 pL of each
cel suspension was analyzed for €@band fluorescence (485 ex/510 em). Each individual
replicate was plotted and eg 1 was used to an

each population.

Overnight biosensor eoulture assay

A single colony ofSer106Phe MphR pSENSEmME, wild type MphR pSENSEIphA, and wild

type MphR pSENSHErmE in Top10 was used to inoculate 30 mL LB containing kanamycin (15
pg/mL), streptomycin (50 pg/mL), and ampicillin (34 pug/mL). The culture was incubated
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overnight at 37 °Quith shaking at 250 rpmAfter growth, 30 pL of cell culture was distributed

into each well of a 98vell plate that had been prepared with 270 pL LB media with ampicillin.

The plate was covered and incubated farad37 °Cwith shaking at 800 rpntod solutions of

erAin 1 mL PBS were prepared with concentrations 0, 0.1, 0.5, 1, 1.5, 2, 3, and 5 uM erA. Then,

a dose response assay was prepared in triplicate where 50 pL of each solution was added to the
biosensor culture so that erA concentration iaseel with every row. Sigay cultures of LFO1

strain were centrifuged &t852 xg 20 min and 50 pL of each clarified media sample was added

to the 96well plate biosensor culture. The plate was covered and incubated overnight at 37 °C and
with shaking aB00 rpm. After incubation, the plate was centrifuged, and cell pellets resuspended

in 600 pL 1X PBS. Cultures were then analyzed for fluorescence asg OD

Timebased fluorescence assay

Biosensor cell cultures were plated and a single colonyuaed to inoculate a 10 mL culture of

in LB containing ampicillin (34 pg/mL). When cells reached ¢aD~1.0 the cultures were
centrifuged aB,704x g for 7 min. Cells were resuspended in 2.5 mL 20#) glycerol PBS and
saved at80 °C in 100 pL aliquotsSolutions 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 uM erA. The 1 mL solutions were then distributed intav@b black plate according to the
ratios described in the text (50 uL for 50:50 mixture, 30 uL for a 30:70, etc). Thawed aliquots of
the cell suspension were then added to each well to fill to 100 pL (ex: 50 pL cell, 50 pL PBS for
50:50 mixture). Upon addition of the cell suspension,dlage was immediately analyzed via
BioTek plate reader at excitation 485 nm, emission: 510 nm evain for 10 h. After analysis

was complete, the contents of each well were transferred tanel96lear plate and Odgo was
analyzed to ensure thatette 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 analysisomdiscted vis

GraphPad Prism.

Fluorescence activated cell sorting simulation assay
Serl06Phe MphR pSENSE LFO1 colonies were inoculated into 3 mL cultures of LB containing
kanamycin (15 pg/mL), streptomycin (50 pg/mL), and ampicillin (34 pg/mL). The adtwere
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incubated overnighait 37 °Cwith shaking at 250 rpnand diluted after 148 h 10fold in fresh

LB with appropriate antibiotics. At Odgv~0.6 the cells were indued with 0.1 mM IPTG and 100

mM sodium propionate. Negative control populations caethineither IPTG or propionate.
Cultures incubated for 144 h at 20 °C, 250 rpm. The cultures were centrifugj@d4t g for 10

min and resuspended in 3 mL 1X PBS. dafineasurements were obtained and cultures were
adjusted so that they had the sames@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 100fold 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 biosensqr for detection of macrolide intermediates in
situ

4.1 Introduction
Bioassayguided detection of small molecule biosynthesis is not a novel concept, and it has been
applied to the production of erythromycin. Zoof inhibition screening of a library &. coli
containing the erA biosynthetic pathway was successful in identifying a mutant enzyme involved
in mycarose production that increased carbon flux through this pathdditionally, the same
zone of inhibiton screening was used to inform precwdmected biosynthesis of -6
deoxyerythromycin B, increasing access to this protilictour knowledge this is the only study
related to the erA biosynthetic pathway that used a bioassay to direct evolution oiythes
involved in biosynthesis. Additionally, no published work has used a biosensor to detect the
biosynthesis of a polyketide intermediate.
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There are several prospects for enzyme evolution in erA biosynthesis including
glycosyltransferases, hydroxylases, and methyltransfefaggs€ 2.1). However, for aplication

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 th8 R reductive enzymes (KR, ER, DH), module

and domain swaps, extender unit promiscuity (AT), and docking donfaigsré 2.1). In this
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chapter we discuss application of the biosensor developed in chapter two for detectaiBof 6

and its possible apphtions, 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 Ser106P#esn94Asp was previously shown to display very high levels of
background fluoreseee (41,540 £ 1157 RFU) compared to thidd-type biosensof~1,000

RFU). It was discovered after sequencing the promoter of this mutant that a point mutation had
occurred in the35 promoter region. Thiwas due tdhe errorprone primers for MphR annéad)

just upstream of this mutatioriThe mutation was reversed and both pSENS#106Phe
Asn94Asp MphRbiosensors, with and without promoter mutation, were assayed in strain JW5503
(Chapterd) with increasing concentrations ofi&B (Figure 4.2A). The backgsund fluorescence

from the biosensor without the promoter mutation was 12,700 + 387 RRid. level of
background fluorescence is often observed with MphR variants as mutations are thought to create
secondary interactions within the protein that decrdesaftinity of MphR for its operator. These
interactions are hard to predict, but as long as the off and on statenargh, the biosensor

function would be unaffected.

A recent publication reported that sequestering macrolides in the cell via phdapborgf the
desosamine sugar improves the likelihood that MphR will detect molecules before they escape to
the media via efflux pumps like ToREWhile 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 ¢glve hypothesized that to eliminate this requirement, a knockoital6f

in a producing strain might be a better strategy for trapping macrolide intermediates within the
cell. To this end, a knockout ®IC in the strain K203 was generated and termE@07-3
tolC::Kan (chapter 3). This mutant was transformed with Ser106R@&m94Asp MphR pSENSE

and plated on 0 andiBM 6-deoxyerythronolide B (@EB) (Figure 4.2B). Negative controls wild

type MphR pSENSErmE and Ser106Ph&sn94Asp MphR pSENSE in K263 were also plated

on 6uM 6-dEB. This concentration of8EB was the observéd» of the double mutant biosensor

in a previousTolC knockout strain but would not be detected by the same biosensor in a strain
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containingTolC. The wild type MphR plated colorsevere not fluorescent when viewed under

blue light, but the mutant MphR with the native promotor was visibly fluorescent. HowWe@#,

3 tolC::Kanwas much brighter, indicating that tfielC knockout was successful. Quantification

of this plate assay byepeating this experiment in liquid culture conditions confirmed the result
that the double mutant biosensor fedM 6-dEB was significantly more fluorescent than the 0

UM 6-dEB (p = 0.0008) and wild type biosensqr£ 0.0001) Figure 4.2C). Colonies fron the

agar plates containing K26 andK207-3 tolC::Kan were spotted on a fresh plate containing 6

MM 6-dEB to show that colonies withotdlIC could be visually identifiedHigure 4.2D). This
approach might be useful for increasing access to intermediate& 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 08-dEB by S106#N94D produced by TB3

The erA producing strair,FO1, wasoriginally an improvement othe plasmid instability of the
5-plasmid strain TB3via inclusion of all of the biosynthetic genes on two bacterial artificial

chromosome@BACSs)*In our handsseveral complications with the strain including lack of a high
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copy plasmid containing the inhibittacl, F origins on both artificial chromosomes, and random
recombination during culturing that yielded variants that were missing parts of the PKS and post
PKS enzymemade working with it very difficultGiven that the only improvement of LFO1 over
TB3 was thought to be the stability of the BACs and that the tifeesA were statistically the
same, we chose to continue with detection-dE® using the plasmids pBP130 and pBP144 from
TB3 that host DEBS 1, 2, andA&dditionally, the strain K20-B containssfp, prpE.and both PCC
genesacca/bunder T7 control witm the genome, providing added stability to these essential
genes. Thus K203 was chosen as the host of théEB enzymatic machinery encoded plasmids.
Further, it was hypothesized that #207-3 tolC::Kanwould be useful for detection ofdEB by

the bisensor, so plasmids pBP130 and pBP144 were sequence verified and transformed into
K207-3 andK207-3 tolC::Kan. Since pBP144 was kanamycin resistant, the resistance gene was
replaced withapramycinresistant gene. Plasmids pBP130 and pSENSE were both Bimpici

resistant, so pSENSE resistance was changed to chloramphenicol.

Upon acquiringpBP130 and pBP144 in K263 16 colonieswere cultured in production
conditions for six daym a 96well plate. After the culturing period the culture media was analyzed
with the fluorescenebased assay described in section 3.2.9. The biosensor used for this assay was
PSENSESer106PhéAsn94Asp MphR resuspended in glycerol and phosphate buiera

control, standard concentrations eflEB in phosphate buffer were anadgizsimultaneously for
comparisonThe cultures that were induced with IPTG, but not fed propidredea fluorescence
average 0R98,675° 13,442RFU, which was significantly lower than the fluorescent averages
for the cultures fed 100 mM propionate withdawithout IPTG 859,624° 13,442and339,369°

14,764 respectively)This preliminary data indicates that likelyd&B production was detected

in the mediathough more extensive experimentation is necessary to confirmtiiher, the
relative concenstion of 6dEB 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 shedEB can be detectad situ.
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4.3 Conclusions

The experimentdescribedabove are a starting point for detectaond therefore engineerirg 6-

dEB productionin E. coli. These results demonstrate the potential power of trapping erythromycin
and other macrolide intermediates within the cell and the subsequaitations forimproved
confidence in populations collected \fiaorescence activated cell sortindy.necessanfuture
experiment to demonstrate the power of combining the TolC knockout vdEB6detection in

the cell would be fluorescence activated cell sorting of a mixture of 8ZBAEB producers with

and without the efflux pumprhis would show proof of prinpie that this K2073 based TolC
knockout producing strain could further serve as the host of choice for engineeridgBf &B,

and MEB analog production when using the biosensor as a platform for directed evolution.
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4.4 Materials and Methods

Strairns and plasmids

K207-3 strain was obtaineds a giftfrom the lab of Adrian Keating€lay. Lambda red
recombination plasmid pKD46 wasirchasedrom anE. 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 °C to prevent plasmid loss. A colony of pKD46 in
K207-3 was grown overnight in 3loLB (67 pg/mL ampicillin) at 30 °Qvith shaking aR50 rpm.

300 pL of the overnight culture was used to inoculate 30 mL of LB. Cells were cultured at 30 °C,
250 rpm. At ORoo~0.2 culture wagsduced with Larabinose (1M) and at Olgoo~0.6, 1 mL

cell culture was harvested and made electrocompetent by three equal volume washes with 10%
v/lv glycerol and resuspended into 50 &rimers amplifying kanamycin resistance gene were
designed with 60 bp overlap of genome regions flantoi@. Amplification using these primers
occurred with same conditions as stated in chapter 3 PCR protocol with purified pET28a plasmid
as templateAmplicon was purified aftebpnl digestion by PCR cleanup with NEB Monarch PCR

and DNA cleanup kit. ElectrocompetegpkD46 K207%3 cells were transformed with 1,000 ng
amplified linear DNA and recovered for 8 h at 30 °C. Transformation was plated on agar containing
kanamycin (30 pg/mL) and incubated at 37 °C. Colony PCR of individual resulting colonies with
primers flanking tolC knockout site showed shift in amplicon size consistetit kanamycin
resistant gene swapping tolC (1.1kb and 1, 7&bpectivelyYAppendix A).

Timebased fluorescence assay

Biosensor cell cultures were plated and a single colony was useakctdate €20 mL culture of

in LB containing ampicillin (34 ug/mL). When cells reached ¢aD~1.0 the cultures were
centrifuged at 3,704 g for 15 min. Cells were resuspendedimL each 0f20% (v/v) glycerol

and 1XPBS and saved a80 °C in 100 pL aliquots. Solutions 6fdEB were prepared in 1 mL

PBS by addition of 100, 10, 1, 0.1, and 0.01 BMEB stocks for final concentrations of®,and

25 uM erA. The 1 mL solutions were then distributed inten@8l black patein a50:50 mixture
Aliguots of the cell suspension were then added to each well to fill to 100pdn addition of

the cell suspension, the plate was immediately analyzed via BioTek plate reader at excitation 485

nm, emission: 510 nm every 5 min fbh. Fluorescencealues 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 éaccharopolyspra erythraea(S.
erythraeg, several regulatory proteins have been identified that either function as activators or
repressors of erA biosynthesi# transcriptional regulator, SACE_3986, from the same TetR
family of transcription factors as MphR, wasaativated inS. erythraea increasing erA
production. SACE_3986 controls the transcription oéryAl, ermE and a
dehydrogenase/reductaBiven that TetR family transcription factors are known to interact with
small molecules, it is possible that theggutatory proteins are providing a negative feedback loop
by first binding to an erA intermediatéf 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 inStreptomyces fradia¢he producing organism of the macrolide antibiotic tyloBigyre
5.1A).%Historicallyd e s ¢ r i bbatgrolaatsne @ceptor, TylP also regulates tylosin production

in response to the product of the PKS, tylactone, as discovered by molecular docking’ studies.
While tylactone is a X&nembered ring, it shares similar structural motifs V#dEB, so an
alternative strategy for detecting PKS products could involve engineering a protein that inherently
responds to aglycosylated ligands. For this purpiy§ewas cloned into the biosensor plasmid
pSENSEErmE in place of MphR. The proposed Typerator was inserted upstreansfugffpand

the biosensor was tested in a ddspendent manner with tylactone, tylosin, MEB, and
erythronolide B (EB). The only ligand that elicited a response was tyladtane 41.4 = 2.1),

but the dynamic range wagrny small compared to that of MphR with erRiqure 5.1B). The

high background fluorescence indicated that the operator sequence may not be optimal. However,
the poor response showed that a biosensor circuitnionglycosylatedcompounds could be

engineeed 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 e&nddarge

ring macrolactones.
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Figure 5.1 (A) Biosynthesis ofylactone and tylosinB) Wild type TylP pPSENSHErmE was subjectec
to a dose response with tylactone. The background fluorescence of the biosensor was high re
wild type MphR, so operator engineering may be necessary to increase the dynamiErrandpars,
when present represent the standard error of the mean (n=2).

5.2 Ligand scope of MphR with various macrolactones

Part of herationale for engineering adEB biosensor wasicreasinghe ligand promiscuity of
MphR so that MphR could be ud@s 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 thetypwédtranscription factor

depended heavily on the presence of sugar moieties, but with tbduiction of mutations
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Ser106Phe and Asn94Asp, that specificity was eliminated while still allowing detection &f erA.
scopeof 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 salveracrolactones, 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
wasassemble@nd Ser106Ph&sn94Asp MphR pSENSErmEin K2073 tolC::Kanwas tested

in a dose dependent manner wijtectone (tylosin),narbonolide (pikromycin)and 16DML
(pikromycin). Tylactone did not elicit a response, but this was expected because it is a 16
membeed ring and might be too large for the binding pocket of MphR. HowtheK /> values

for narbonolideand 10deoxymethynolide (3@ml) were17.5+ 2.8 and Ky, = 25.1+ 13.5uM
respectively(Figure 5.2). While this result shows great promise émgineering many PKS,any
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.

80,000
-o- 10-dml

60,000 -+ Narbonolide

40,000+

10-deoxymethynolide

Narbonolide

T T T T 1
0.01 0.1 1 10 100 1000
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Relative sfGFP Fluorescence (RFU)

Figure 5.2 Serl06PhéAsn94Asp pSENSE was subjected to a dose response with pikromycin
products narbonolide and -t@oxymethynolide (2@ml). The Kk, with narbonolide at the teste
concentrations was 17.5+2.8 whereas the biosensor was less sensitivéntb (K@, = 25.1+ 13.5).
Error bars, when present, represent the standard error of the mean (n=3).

5.3 Biosensor-guided engineering of a de novoPKS for production of ketolide solithromycin
The discovery of erA was an important contribution to human hadibwever, issues with
antibiotic resistance and efficacy revealed the need for more effective macrolide antibiotics. For

instance, erA unstable in ts®mach and cyclizes to create the biologically inactive ankhgkd
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To prevent formation of anhydwerA a derivative of erA was constructed in which thé& C
hydroxyl group is appended to a methyl group that preventnit feacting with the © ketone

in the acidic stomach={gure 5.3).2 This new bioactive analog, clarithromycin, was one of many
modi fied erA derivatives that make up the “se
azithromycin and roxithromycin. These were followed by thedeagation 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 discowe of fourth generation solithromycin, a ketolide possessing a
desosamine sugar, a&,3-triazole ring, and a fluorine group which simultaneously increased its
stability in the body and severely limited any antibiotic resistance mechanism that cadéuente

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 agiftieration
macrolide? The marriage of chemistry and syrtihéiology 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 thaeliminates at least a few of the nine synthetic transformations required would save

valuable time and money in the product pipeline.

Erythromycin

Telithromycin Solithromycin Nafithromycin
Figure 5.3 The generations of macrolide antibiotics based on erythromycin first generation (blue). ¢

generation racrolides are represented in purple. Yellow, pink, and green show third, fourth, an
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 iéosynthesized in the cThe original biosynthetic pathway

for solithromycin proposed replacing DEBS module 2 with rapamycin (RAP) module four to
install a double bond at-C1 (Figure 5.4).1° Then, a module from hectochlorin (hctD) biosynthesis
contahing a methyltransferase and an inactive ketoreductase would be inserted in place of DEBS
module 6! Feeding a fluoromalonyl extender would theoretically result in the correct
stereochemical configuration of solithromyéfnLastly, a methyl group would be installed on the

C-6 hydroxy via an engineered methyltransferase in thestagge tailoring of solithromycin

precursor. This would eliminate roughly four transformative steps in the synthetic route.

The pathway was constted on a total of 5 plasmids as described above ig&.tlseli 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 tha
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 domainzaselsictive for their substrates

and the RAP module four substrate is much larger than that of DEBS module 2 due to its
incorporation o#,5-dihydroxycyclohexl-ene carboxylic acidt is very unlikely that this module

would accept the smaller substratighaut any additional engineeringigure 5.4).23 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 po¥itidaditionally,

recer 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!® Thus, it was proposed that the DEBS module-t&ihinaldocking 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 wad likely introduce another significant bottleneck. An
alternate pathway to address the installation of a flneethylmalonyl group at @, involves
generating the extender unit synthetically and engineering either the DEBS module 6 AT to accept
fluoro-methylmalonylCoA or supplementing the endogenous AT with a promiscinans-acting

AT.* 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 patkevBgdM (rapamycin).

Both options are currently under exploration in the lab.

Y Y v (ﬁ/@ N *\ . ‘
kS Ks AT ‘ @ ‘ ‘

Figure 5.4 (A) The original biosynthetic pathway of solithromycin precursor involved substitutic
RAP module 4 (green) for DEBS module 2 and HctD (pink) fl@atochlorin biosynthesis would b
substituted for DEBS module 6. The AT of HctD would have to be engineered to accept fluorom
CoA and the KR would have to be inactivatdg). The updated version of the solithromycin precur
pathway where TYL model 2 (blue) would replace DEBS module 2 and DEBS AT 6 woulc
engineered to select gem fluemethylmalonylCoA.

The solithromycin pathway design and evaluation would also benefit from use of a biosensor
platform to direct engineering efforts. To deyek 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 ad inferences may be made, based on previous data, about whether the biosensor will
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detect the new molecule. Precursor moledulgas obtained from Cempiand was tested in a
dosedependent manner with wild type and S106F MphR pMLGFP/pJZ12 biosensor plasmid set
(Figure 5.5). The resulting Kov al ue s, 76. 89 = 4.64 and 1.46 £
~100fold improvement in response with the mutantseiesor. Pikromycin, which shares many
structural features with, depends almost entirely on the phosphorylation of the desosamine sugar
by MphA for recognition, as seen in chapter 2. Thenethoxy is probably inconsequential
because MphR detects clarithmgcin just as well as erythromycin. This information combined
suggests that the one point of concern in detection is installation of a fluorir2 &tdvever, it

would be possible to test this response by selectively removing the cladinose sugarimadifigo

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 dtlevay.
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Figure 5.5 Serl06Phe and wild type MphR in pMLGFP plasmid accompanied by pJZ12 (co
MphA) fluorescence response was measured at various concentratibn§hef mutation conferrec
sensitivity by ~100 fold compared to the wild type. Datec of this molecule suggests detection
solithromycin precursor is most likely possible. Error bars, when visible, represent the standard
the mean (n=3).
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APPENDIX A

Table Al. List of primers used in this study.

Name Sequence Purpose

LN_1 | agtatccaaaataagaaggagatatacatatgatgagcagttq Amplify ermg

LN_2 [ tgttcgtcattcactagtctaccgctgcccgggtce Amplify ermE

LN_3 [ tatctccttcttattttggatactatgttacgc Amplify pPSENSE vector

LN_4 | tagactagtgaatgacgaacacgacc Amplify pPSENSE vector

LN_5 [ ttgcgctctagatggtge Amplify MphR for epPCR

LN_6 [ gctcatcatgaattcttagcc Amplify MphR for epPCR

LN_7 [ gcaccatctagagcgcaac Amplify pPSENSE vector for
mutant inserts

LN_8 | ggctaagaattcatgatgagc Amplify pPSENSE 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 K2

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 Al (continued).

LN_24 | gccatgcaccaccacgg Introducing stop codon (TAG) into MphA

LN_25 | gatgagatagttcaccgagaagtcg SDM of S106W mutant and S106X mutant

LN_26 | tggtggtacgagctccaggtgc SDM of S106W mutant

LN_27 | cctggagctcgtaccannkgatgagatagtt¢ 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 | tcgtcgcgeennkgatgaccgagt A151X site directed saturation library rever

LN_32 | actcggtcatcmnnggcgcgacgatgc A151X site directed saturatidibbrary
forward

LN_33 | ccaccaccgcgcgnnkccgcetggatcgcag N123X site directed saturation library rever

LN_34 | ttgcgatccagcggmnncgcgeggtggtggl N123X site directed saturation library
forward

LN_35 | gcgactgcccccagttgetcctgeggceagetg G137V forward

LN_36 | cagctgccgcaggagcaactgggggcagtq G137V reverse

LN_37 | gcactcggtcatcgcttcggcgacgatgcagt G152S forward

LN_38 | ccactgcatcgtcgccgaagcgatgaccgagd G152S reverse

C

LN_39 | cgtagtgctgaagcattgcggtcccatagag | R22H forward

LN_40 | ctctatgggaccgcaatgcttcagcactacg | R22H reverse

LN_41 | atctggtacgagctccaggtgc S106l sited directed mutagenesis

LN_42 | atgtggtacgagctccaggtgc S106M site directected mutagenesis

LN_43 | MNNcatgctccgaacgag N94X site directed saturation library forwar

LN_44 | actcgcaacgacttc N94X site directed saturation library revers

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 sitedirected mutagenesis reverse

LN_50 | MNNcgcgcggtggtggag N123X site directed mutagenesis forward
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Table Al (continued).

LN_51 ccgctggatcgcaagce N123X site directed mutagenesis
reverse

LN_52 MNNaaccgcgcggtggtgg R122X site directed saturation
library forward

LN_53 ctggatcgcaagcgtgc R122 site directed saturation librar
reverse

LN_54 MNNtcggtcatcgctggce H147 site directed saturation librar
forward

LN_55 caggagcaactcagc H147 site directed saturation librar
reverse

LN_56 MNNggcgcgacgatgcagtg A151 site directed saturation libran
forward

LN_57 gatgaccgagtgcagg A151 site directed saturation libran
reverse

LN_58 MNNCctcatctcctggtacg Y103 site directed saturation librar
forward

LN_59 gttcaccgagaagtcg Y103 sitedirected saturation library
reverse

LN_60 MNNcggcattacctgaatgcgatacc | V66 site directed saturation library
forward

LN_61 ctgctcgacgcecgceg V66 site directed saturation library
reverse

LN_62 gtatggcatgatagcgcc psense MCS1 sequencing primer

LN_63 ccgtaccggtactaatcgac psense MCS2 sequencing primer

LN_64 Ccaaaacagccaagctgg pPSENSE MCS3 sequencing prime

LN_65 cgaacacgaccgtcg PSENSE sequencing primer

LN_66 aacatagtatccaaaataagaagg pPSENSE sequencing primer

LN_67 aattctcttactgtcatgcc PSENSE sequencing primer

LN_68 cagcagattacgcgc pPpSENSE sequencing primer

LN_69 tgaactatctcatcMNNtggtacgagctcg S106 sited directed saturation libra

g9
LN_70 cctggagctcgtaccNNKagatgagata¢ S106 sited directed saturatibiorary
ca

LN_71 aggaagtcggcgttg ermE sequencing primer

LN_72 tcaacgccgacttcc ermE sequencing primer

LN_73 taaagcctggggtgcc K21 sequencing primer
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APPENDIX B

Table B1. List of primers used in this study.

Name Sequence Purpose
aggattaatcgtcagttaagtaatacagtaatagaaaatg

LN_74 atctgtccaaact cPCR first section of DEBS1
LN 75 gccgagtgcttctaattcagcaac cPCR first section of DEBS1

switching resistance of
LN_76 aattggtaccatgagtattcaacatttcc PSENSE to Kan

switching resistance of
LN_77 ttacccatatgttaccaatgcttaatcag PpSENSE to Kan

switching resistance of
LN_78 atatcatatgctgtcagaccaagtttactcatatcc PpSENSE to Kan

switching resistance of
LN_79 aataggtaccactcttcctttttcaatattattgaagc PSENSE to Kan

addition of Avrll cut site to
LN_80 cctaggcaggaggaaactagtatgagc pPpSENSE

addition of Avrll cut site to
LN 81 ttagcccacctaaatgtaacagtc pPpSENSE

amplification of MphR and
LN_82 aattgctagcgattgaatataaccgacgtgact operator

amplification of MphR and
LN 83 TAAACGGGCCCAAGC operator

sequencing of binding site
LN 84 TTTTGCACCATCTAGAGC sequence

Table B2. Summary of [M[3-methoxymycaroseH]] * peak areas of erA calibration curve

ErA
[(uM)] 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

Peak [ErA] Detected
Name Area (UM)
-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
2.00E+09
‘@ 1.80E+09 | — T
R y = 2E+08x + 2E+07
= 1.60E+09 | R2=0.9758 l
5 140e+09 }
® 1.20E+00 } T It
< 1
x LOOE+09 | l
S 8.00E+08 |
6.00E+08 | —
4.00E+08 | Lt
2.00E+08 s
0.00E+00 . . . .
0 2 4  [ErAB(UM) 8 10

12

Figure B1. Calibration curve of erA standards detected by LCMS. Peak area based on
extracted ion of [M[3-methoxymycaroseH]] peak because it was the largest peak. Errc
bars represent the standard error of the mean (n=2).
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APPENDIX C

Table C1. List of primers used in this study.

Name Sequence Purpose
switch resistance on S106#4D
tattgaaaaaggaagagtatggagaaaaag pSENSE to Cm from Amp via gibson
LN 85 ctggatataccaccgttgatatatcc assembly
switch resistance on S106#94D
aaagtatccatggatatgagtaaacttggtct¢ pSENSE to Cm from Amp via gibson
LN_86 agttacgccccgccctgcec assembly
switch resistance on S106#4D
agtggcagggcggggcgtaactgtcagacq pSENSE to Cm from Amp via gibson
LN_87 gtttactcatatccatggatac assembly
switch resistance on S106¥4D
atccagtgatttttttctccatactcttcctttttcag pSENSE to Cm from Amp via gibson
LN 88 ttattgaagcatttatcagg assembly
aattttacagtttgatcgcgctaaatactgcttcq
LN 89 acaaggaatgcaagaagatcctttgatcttttq amplification of Kanamycin for tolC swap
tctttacgttgccttacgttcagacggggcecga
LN 90 ccccgtegtegtcatttagaaaaactcatcgal amplification of Kanamycin for tolC swap
tacagtttgatcgcgctaaatactgcttcacca
LN 91 ggaatgcaaatgatgagcagttcg amplification of ermE for tolC swap
acgttgccttacgttcagacggggccgaagc
LN 92 gtcgtcgtcatctagtctaccgcetgce amplification of ermE for tolC swap
LN 93 cattaacgccctatgg cPCR confirmation of tolC swap
LN 94 tacccatcagaatagagg cPCR confirmation of tolC swap
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Figure C2.Lanes land 6 are NEB 1kb extend ladder, lanBsafd 79 are Kan tolC::Kan
colony PCR, and lane 10 iS/T 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 pPSENSE
LN 96 gccttattttggatactatgtcaatccccggceggce cloning tylP into pSENSE
gcgcgttcctggegtgccatttatccectegtgatatttctatt
LN 97 gatctgggc cloning tylP into pSENSE
ttccggccgcecggggattgacatagtatccaaaataagg
LN 98 gaattcatggt cloning tylP into pSENSE
cloning erme into tylp
LN 99 caaaataaggctaagaattcatgatgagcagticggacg pSENSE
cloning erme into tylp
LN 100 gggactctgcacaccttaagtagtctaccgctgcccgggt| pPSENSE
tcgtccgaactgctcatcatgaattcttagcecttattttggata cloning erme into tylp
LN 101 gtcaatcc pPSENSE
cloning erme into tylp
LN_ 102 acccgggcagcggtagactacttaaggtgtgcagagtcq pSENSE
tgaaaaaccggtctgctggttttatcgctaacaggaggaal insert tylP operator into
LN 103 gtatgagc pPSENSE
insert tylP operator into
LN_104 ccacacaacatacgagccg pPpSENSE
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Figure D1. Plasmid map of pSENSE cloned with tylP transcription factor, its prop
operatorsequence, and ermE.

Construction of MEB-producing Escherichia ColiStrain

To enable growth selection, thgfp gene in pMLGFFRBSE7 was replaced with the
chloramphenicol resistance ger@a(). Briefly, Camwas amplified from the vector pACYDuet

using tke primers 28amfor and 29Camrev (Supplemental Table S1). Thermocycling
conditions were those recommended by the manufacturer. The PCR product was gel purified and
double digested usirfgpe andHindlll following standard protocols. The double digespedduct

was ligated at 16 °C for 18 h into similarly treated pMLEGR®BS-E7, generating pMLCamR. The
ligation mixture was electroporated inkb cloni 10G electrocompetent cells according to the
manufacturer instructions, grown overnight, and the DNA sexpiehplasmid prepared from a
single colony was obtained to confirm the sequence identity. Next, pMLCamR was transformed
into E. coliTOP10/pJZ12 cells and plated onto LB agar plates that were supplemented with various
combinations of chloramphenicol (12459 / mL ) , ErA (0.37 pg/ mL (1. e.
pg/ mL), and ampicillin (67 pg/ mL).
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