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ABSTRACT:One major challenge in synthetic biology is the Switchable Feedback Promoter (SFP)
deleterious impacts of cellular stress caused by expression of Inducers
heterologous pathways, sensors, and circuits. Feedback controPand®"s"9
dynamic regulation are broadly proposed strategies to mitigate this
cellular stress by optimizing gene expression levels temporally and
in response to biological cues. While a variety of approac
feedback implementation exist, they are often complex and €annot
be easily manipulated. Here, we report a strategy that uses RNA Time

transcriptional regulators to integrate additional layers of control

over the output of natural and engineered feedback responsive circuits. Called riboregulated switchable feedback promoters (rS
these gene expression cassettes can be modularly activated using multiple mechanisms, from manual induction to autonc
quorum sensing, allowing control over the timing, magnitude, and autonomy of expression. We devEkgheSERs icli

regulate multiple feedback networks and apply them to control the output of two metabolic pathways. We envision that rSFPs
become a valuable tool faexible and dynamic control of gene expression in metabolic engineering, biological therapeuti
production, and many other applications.
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The ne-tuning of gene expression to improve systemellular cues like membrane, oxidative, pH extremes, and
performance is a long-standing goal of synthetic biologyitrient deprivation stressé¥hese have been incorporated
for applications ranging from chemical synthasigetabolic to regulate heterologous genetic systems, leading to notable
engineering to advanced therapeutiesd diagnostié¢sA improvements to productivity and yield for protein expres-
nearly universal challenge within synthetic biology is thgion®and engineered metabolic pathways for the production
burden and toxicity engineered genetic systems place on hekthe artemisinin precursor amorphadieared n-butan6t
cells due to high levels of heterologous gene expression &sdexamples. Alternatively, synthetic circuits can be built using
possible accumulation of toxic biochemical intermééiates.ligand-inducible transcription factors’ or ribozymes that
This burden creates a selective pressure for mutations that &gRse and respond to metabolic pathway intermediates so that
break the introduced genetic system and lead to loss BKPression can adapt dynamically to maintain optimal enzyme
productivity, eectiveness, or entire functiooreating a  concentration over tires Synthetic feedback circuits
continuous need for strategies that alleviate or avoid theB@Ve also been constructed to enable additional useful features,
pitfalls. This is a nontrivial challenge, because each applicaff§h s engineered stabilized promoters that maintain constant
presents unigue sources of stresses that can change over B expression regardless of changestoation in DNA
making it di cult to nd generalizable solutions. copy numbef’ .

Current approaches to solve expression-related challenge h'le. eaph of the above strategies hqs m(_)vgdlqihef
range from static tuning of gene expression to utilizingy”thet'c biology forward, there are still gignt limitations.

dynamic gene expression control systéthssor static tor exar?hpltta-, harg—cipded s;[jatm squt||ons cgnnott_ada:pt to
control, promoter strength, ribosomal binding site (RBS? resses that vary in ime, and may no longer be optimal upon

strength, plasmid copy number, or the location or number &£
genetic integrations are varied and screenad tn optimal ~ Received: January 12, 2021
solution** *® Dynamic control systems can be implemented in

multiple ways. For example, endogenous feedback networks

can be harnessed by utilizing regulatory elements, such as

stress-response promoters, that integrate signals from natural

genetic networks to modulate mRNA synthesis in response to
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Figure 1.Synthetic regulation of feedback responsive promoters enables combined control of gene expression timing and tuning with feed
regulation. (A) Commonly used constitutive promoters can be manually tuned to alter gene expression levels but are not designed to respol
sources of toxicity, stress, and other biological signals. (B) Natural stress-response promoter and engineered feedback promoter syster
regulatory networks to enable responsiveness to sources of toxicity, stress, and other biological signals, but gene expression timing and tt
di cult to manipulate. (C) A switchable feedback promoter (SFP) integrates external control with feedback-responsive promoters, allow
induction timing and tuning with inducible regulators and autonomous quorum sensing systems. (D) A riboregulated SFP (rSFP) is composed
feedback-responsive promoter and an RNA transcriptional switch. (E) Schematic of the small transcription activating RNA (STAR) mechanisi
target sequence (switch symbol) is placed downstream of a feedback-responsive promoter. The transcribed target RNA is designed to fold ir
intrinsic transcription terminator hairpin that causes RNA polymerase to terminate transcription upstream of the gene to be regulated (gene O
A separately transcribed STAR RNA (colored red) can bind to the target RNA, preventing hairpin formation and allowing transcription elongat
(gene ON).

inclusion of additional genetic components or within a newdditional external points of control that can tune either the
environmertt. Natural dynamic feedback-responsive circuitiming or overall magnitude of their transcriptional outputs
such as stress-response promoters could resolve this but haiekey parameters for optimizing system perforfffance.

not been widely adopted, as their unknown architecture andTo address this limitation, we created a new regulatory motif
interconnectedness to native regulatory systems makescatled a switchable feedback promoter (SFP) that combines
di cult to ne-tune their behavior for specapplications. the properties of natural and synthetic feedback-responsive
Synthetic feedback circuits that sense pathway intermedigbgemoter systems, with integrated regulators that o
are useful in speci contexts, but often do not respond to additional control of the timing and overall magnitude of
general aspects of the cellular environment such as growthnscriptional outputs-igure A D). The SFP concept is
phase, fermentation conditions, and cellular stresses that gemeral, relying ortransacting synthetic regulator to gate the
important sources of variation thatc system performance transcription of the feedback promoter system. Here, we focus
across many applications. A unifying limitation for both naturah utilizing small transcription activating RNAs (STARs)

and synthetic feedback systems is theulty in integrating  make riboregulated SFPs (rSFPdgsoherichia ¢as their
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well-dened composition rules enables them to be insertedene regulated by the stress-response prometeiiT his

into a gene expression construct without maitdn or sequence was followed by an mRNA region containing an RBS
disruption of the desired promoter sequence. This enables taied mCherry. We found that induction @f.B;-STAR

rSFP output to be controlled with any strategy that camesulted in activation 40x) from the B,qeStress-response

regulate the expression of tfamsacting RNA. promoter Figure A). Additionally, we found that timing
control of B,qe expression could be achieved by delaying
RESULTS induction, albeit with lower end point expression |&iglsd

We report the creation and characterization of STAR-mediaté)- We characterized the transfer curve of therBFP by
feedback responsive promoters.ircoliusing both natural  titrating inducer levels and found that it exhibited a
stress-responsive promoters as well as engineered stabilfgegotonically increasing induction o (Figure B),
promoters. First, we created a set of 18 stress-responsiVié ecting the properties of therf, promoter system and
rSFPs by interfacing STARs with naftirablistress-response  Providing evidence that other transfer curveesrenight be
promoters and placirgansacting STAR production under achieved by se_lectmged'ent inducible promoter systems for
control of an inducible promoter. We then characterized selé2T AR expression. .

rSFPs for their response to sources of cellular stress, includingext we characterized downregulation ofgher$FP by
membrane protein expression and toxic metabolite accunftPP accumulation. In addition to the#SFP and Reior-

lation. Second, we create stabilized rSFPs and show themStBAR plasmid, we coexpressed either pMevT-MBIS that
maintain constant gene expression overredit plasmid copy ~ results in accumulation of FPP or pMevT-MBI®D that is
numbers while simultaneously introducing inducible controflefective in pyrophosphate decarboxylase activity involved in
To demonstrate the applicability of rSFPs, we next apply theganversion of mevalonate to FPP. We found jther&FP

to regulate two important metabolic pathways, one fogxpression was repressed over time in the presence of pMevT-
amorphadiene, a precursor to the antimalarial artemisiniMBIS in comparison with pMevT-MBISIPD (Figure £),

and the other for an oxygenated taxane precursor to thghile similar repression was not observed with a constitutive
anticancer drug Taxol. Finally, to demonstrate the use of othiomoter replacing,Re(Figure SjL

control points for rSFPs, we engineer quorum sensing rSFP¥Ve expanded the rSFP designs to include a library of 17
that o er autonomous pathway expression regulation withutative membrane stress-responsive proffiatbssen as
titers similar to manual induction but without costly externaseveral had been previously idedtito regulate a biofuel
inducers. Overall, rSFPs represent a novel and general stratédjysporter protein i. cofi’ and could therefore be valuable

to add additional points of control to feedback-responsive gef@§ dynamic regulation of membrane proteins in metabolic
regulation systems to enhance their use and optimizations fthways. We found that induction gfB,-STAR resulted
broad synthetic biology applications. The rSFP methodolodfy activation from all members of the stress-response promoter
works in multiple contexts and should be readily applied torary Figure 2,B), exemplifying the modularity of the rSFP
many other engineered bacterial organisms. concept. Eight library members were activated byfolas

rSFPs Enable Inducible Control of Feedback Respon-  upon induction, with a maximum activation of nearty 150
sive Promoters in E. coli We used STARs to construct fold (Figure SR We characterized a subset of high-performing
rSFPs because they exhibit low leak and high dynamic rai§&Ps for stress-responsiveness to a model stress from the
comparable to exemplary protein-based regulators and canoigosaccharyltransferase membrane protein PgiBdnom
computationally designed to not interfere with other RNApylobacter jejdhiand for other features of their expression.
elements required for downstream gene exprésSibARs  The expression of each wascted by PgIB, with,f and
activate transcription by disrupting the folding pathway of Bompr Showing the largest repressidigre A,B). We
terminator hairpin sequence, called a target, that is placedamined the transfer curves of select r&Rse( S3A)B
upstream of the gene to be regulafédufe E). In the and found that they were monotonically increasing. Character-
absence of a STAR, the target region folds into an intrinsigation of the expression geoover time showed that all were
terminator hairpin which stops transcription before reachingctivated at the earliest measured time point (4 h) and
the downstream gene. When present, a STAR RNA can biadhieved maximal activation @0 h (Figure S3E Finally,
to the 5 portion of the terminator hairpin, preventing its comparison of select rSFPs with corresponding unregulated
formation, and allowing transcription. rSFPs are then creatstiess-response promoters revealetepmith lower overall
by inserting a target sequence downstream of a candida&ted point expression levels for rSFRgi(e S3)) due to the
feedback-responsive promoter. In this way, the introduction isicorporation of the STAR target sequence that likely exhibits
the STAR/target adds an additional layer of control, gating i&n inherent level of termination even upon STAR expression.
transcriptional output through the regulation of STAR RNAPrevious worR suggests that the overall rSFP expression
expression, which can be controlled using a variety obuld be further tuned by changing plasmid copy number or
mechanisms. RBS strength as needed.

We began rSFP development with the previously charac-To demonstrate that rSFPs can be gared to control
terized B,qe acid stress-response promoter that has beeother feedback architectures, including engineered feedback
shown to improve amorphadiene pathway production bgromoter systems, we created rSFPs utilizing the recently
responding to accumulation of the toxic metabolite farnesgleveloped stabilized promoter system thaerdugene
pyrophosphate (FPPJ.Our initial rSFP design utilized a expression from changes angtuations in DNA copy
previously developed STARinder the well-characterized number using an incoherent feedforward loop (ﬁ'—JI):L).
inducible system TetR/Ro,°- promoter to control its  Stabilized promoters work by aguring promoter expression
expression. This STAR was interfaced with,thg@moter to be responsive to a coexpressed transcription-activator-like
by cloning a target sequence immediately after the promoterector (TALE) repressor. In this way, increased DNA copy
and 5 UTR, and directly before the start codon of the naturahumber results in increased repressor expression, which
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Figure2. continued

observed for R,erSFP with pMevT-MBIS. Lines in @ represent

mean values in units of arbitramprescence/optical density (FL/

OD) and shaded areas represent mean yatuésof at least= 16
biological replicates. Colored points represent individual data points
for each condition. FPP, farnesyl pyrophosphate. MPD, mevalonate
pyrophosphate decarboxylase.

interacts with the stabilized promoter to counter changes in
gene expression. Stabilized promoters are of interest because
they enable more precise control of gene expression by
bu ering against changes in DNA copy number that occur over
time and between celfsin di erent host strairi§,and in

di erent growth conditions such as medfit temper-
ature®® and growth rat&. Furthermore, stabilized promoter
systems are useful to bugenetic constructs from changes in
copy number that are caused throughout the engineering/
optimization process, such as adding new pathway en-
zymes? ** accumulating mutations that uence plasmid
maintenance during a bioproééss, integrating genes into

the host genonté.

Much like natural stress-response promoters, stabilized
promoters lack the ability to control gene expression timing,
which is critical for creating a separation of growth and
production phase in biomanufacturing proce3sesefore,
we applied the rSFP promoter gating concept to create
stabilized promoter rSFPs. Similar to stress-response promoter
rSFPs, a STAR target sequence was cloned immediately
downstream of a stabilized promoter to regulate expression of
an sfGFP reporter with the cognate.f-STAR construct
(Figure B, blue shaded region). For comparison, a STAR-
regulated constitutive promoter lacking the TALE repressor
protein was also cloned to regulate expression of an sfGFP
reporter with the same{Bo,-STAR constructF{gure 3,
red shaded region). We found that inductionQfd2STAR
resulted in activation of the stabilized promoteB®&f-fold
(Figure B, S4A blue bars) and the STAR-regulated
constitutive promoter lacking the TALE repressor protein of

95x-fold (Figure B, S4A red bars). It is notable that the
stabilized rSFP has lower overall expression levels than the
constitutive STAR-regulated promoter system. This is an
inherent feature of the previously developed ikfilized
here and could likely be compensated through tuning of RBS
strengtht® promoter strengtt,or use of a STAR/TARGET
pair with dierent expression level feattites.

To demonstrate the ect of plasmid copy number on both
a STAR-regulated constitutive promoter and the stabilized
rSFP, we cloned mutants of the commonly used pSC101
plasmid backbone that exhibit a range dérefit copy

Figure 2.Creation of the R4rSFP. (A) Time-course character- numbers, between2 to _30-27’33 We observed that the
ization of the R4r'SFP. Fluorescence characterization was performeédTAR-regulated constitutive promoter system increased sfGFP
on E. coliDH1 transformed with plasmids encoding thgSFP expression as the pSC101 plasmid backbone increased in copy
controlling mCherry expression in the absence (gray) and presenceneimber, as expected. Importantly, there was negligible change
100 ng/mL aTc added at 0 h (orange) or 4 h (yellow). (B) The P in sfGFP expression when the stabilized rSFP was expressed
rSFP under derent {iTc induction levels measured after 6 h offrom the various pSC101 mutant backboResie B).

growth. (C) Responsiveness of theedPSFP to FPP accumulation. |nterestingly, analysis of cell-to-cell variability observed across
Fluorescence characterization was performefl. ovoli DH1 distributions of individualow cytometry samples revealed

transformed with a 0, inducible STAR plasmid and a plasmid S - )
encoding the B rISFP controlling mCherry expression in the lower variability for stabilized rSFPs compared with STAR-

absence (gray) and presence (colored) of 100 ng/mL aTc added E9ulated constitutive promoters at high copy nunfbgusg
inoculation. Plasmids were coexpressed with pMevT-MBIS (FEP4B, an anticipated feature of iFFLs.

production, red) or pMevT-MBISVIPD (no FPP production, blue) Overall, these results demonstrate our ability to leverage
induced with IPTG at 2.5 h. Reduced end point expression wa&TARs to generate novel switchable feedback promoter
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Figure 3.Creation of an rSFP library with unique envelope stress-responsive promoters. (A) Characterization of rSFP variants containing un
envelope stress-response promotgesAnducible STAR expression is used to activate rSFPs containing a natural stress-response promote
upstream of a STAR target sequence, a ribosome binding site, anabeesednt protein (mCherry) coding sequence. (B) Fluorescence
characterization was performeé ocoliTax1 transformed with plasmids encoding each rSFP controlling mCherry expression in the absence an
presence of 100 ng/mL aTc added at inoculation. Data in B represent mean values in units abagbitesrge/optical density (FL/OD) and

error bars represent s.dncf 9 biological replicateésindicate a statistically sigr@int di erence in FL/OD by a Weleh test (two-tailed,

unequal variances) € P< 0.05* = P < 0.005) between no aTc and 100 ng/mL aTc condifforaues for each condition are reported in

Table S19Gray points represent individual data points for each condition.

circuits with dierent underlying feedback mechanisms. Ougeneity in production between biological replicates, but with
library provides tunable control of gene expression level byeater average amorphadiene titégsie S5A)BWhile this
selecting derent stress-response promoters or engineeresystem would require further optimization for eventual
promoter systems and manipulating inducer concentration. &pplication, these results aamthe ability of rSFPs to enable
addition, these rSFPs exhibit responsiveness to various souicgscible control of multigene metabolic pathway operons
of feedback (FPP and PgIB str&sSstranscription factor —expressed from a stress-response promoter. We also found that
repressior), suggesting that the additional layer of regulatiorihe stabilized promoter rSFP can control the amorphadiene
does not interfere with the feedback-responsiveness of thps¢hway with similar fermentation experimehtguie
promoters. S5C,D, however delivering relatively weak induction.

rSFPs Enable Switchable Control of Metabolic Path- To demonstrate the modularity of rSFPs and their ability to
way Genes with Stress-Response PromotersWe next improve pathway expression over a previous gold-standard, we
tested the ability of stress-response promoter rSFPs to regulaat used them to regulate a portion of the anticancer drug
expression of metabolic pathway genes. First, we soughtpticlitaxéd biosynthesis pathway that has been previously
regulate a pathway for amorphadiene biosynthesis that involvesonstituted irE. colf®> We focused on therst P450-
the toxic intermediate metabolite farnesyl pyrophosphateediated step where taxadiene is oxygenated by the membrane
(FPP). In this pathway, FPP production is encoded by thanchored cytochrome P450 CYP723Adu(e A) and can
previously engineered MevT-MBIS operon witil con- be converted to Taxol through additional enzymatic or
version by an amorphadiene synthase Arbemisia annua  synthetic route. Previous work has shown that expression
(ADS)*? (Figure ). Previous work showed that thg,®  level of CYP725A4 and its reductase partner is critical to
stress-response promoter is downregulated by FPP stress aciiieving high titers of oxygenated taxan&s @oli® A
that amorphadiene production is improved whgg iB previously optimized low-copy expression vector (p5Trc-
con gured to control expression of the MevT-MBIS pathwafYP725A4/tcCPR)Rigure A) transformed into thE. coli
for FPP synthesiWe constructed a variant of the MevT- Tax1 strain containing genomic meations to maximize the
MBIS pathway undegBrSFP control and performed small- synthesis of the taxadiene precursor, prodddemg/L of
scale amorphadiene fermentations to compare these variamggenated taxanes in our experimeigsré T). However,
with MevT-MBIS under an unregulatgg,gpromoter. Upon  as found before, increasing expression of the enzyme using a
analysis, we found that thg,PrSFP produced 238 136 medium copy expression vector (p10Trc) does not increase
mg/L of amorphadiene, which was comparable with théter, but causes a complete loss of pathway productivity
amorphadiene titer of the unregulatggi-Pariant (26G: 178 (Figure ), presumably due to the enzigmeembrane stress
mg/L) (Figure 8), but with the additional ability to regulate crossing a critical threshold and triggering a global response.
induction that can be essential in industrial scalérup. We hypothesized we could achieve greater pathway
comparison, cultivations with MevT-MBIS under control of groductivity over the p5Trc benchmark strain by identifying
STAR-regulated constitutive promoter showed more hetercelevant rSFPs for control of CYP725A4/tcCPR. To test this,
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Figure 5.Creation of stabilized rSFPs. (A) Architecture of a STAR-
regulated constitutive promoter (shaded red) and the stabilized rSFP
(shaded blue). Expression activation is mediated by the inducible
system R.i01-STAR vector in both cases. The stabilized rSFP uses a
previously developed coexpressed TALE repfebsorcounters
changes in gene expression from higher plasmid DNA copy number
resulting in outputs that are uniform acroserefit plasmids.
Constructs were cloned into SC101 plasmid variants with a range of
copy numbers. (B) Fluorescence characterization of the stabilized
Figure 4.Analysis of feedback-responsiveness of selected strés¥=P system. Experiments were performiedonttransformed with
response promoters@o jejunPglB-induced stress. (A) Schematic of plasmids encoding the stabilized rSFP controlling sSfGFP expression in
plasmids used foruorescence characterization of rSFP stresshe absence (gray) and presence of 100 ng/mL aTc for the STAR-
response.;R,15STARS was used to constitutively activate expressioi¢gulated constitutive promoter (red) and stabilized rSFP (blue) for
from select rSFP plasmids,PglB was used to induce PglB stress.€ach SC101 plasmid. Bars in B represent mean values in units of
Monitoring rSFP controlled expression of mCherry then allows th@olecules of equivalentiorescein (MEFL) determined bpw
response to PglB stress to be characterized. (B) Fluorescerfddometry and error bars represent sri=dfl biological replicates.
characterization of cells containing selggt,;§STAR activated  Color lled points represent individual data points of MEFL.
rSFPs controlling mCherry expression, ggFgIB induced with
either 0 g/mL or 200 g/mL L-arabinose..Rsiutive= Pi2311s Overall ) o ) )
expression levels eied signicantly from Figure 3in media of E. colicells containing plasmids for rSFP expression of an
conditions used for PgIB expression l¢gebod3. Bars represent mCherry reporter and the pl0Trc plasmid separately
mean values in units of arbitramprescence/optical density (FL/ expressing CYP725A4/tcCPR, in order to monitor changes
OD) and error bars represent s.dnoef 16 biological replicates. in rSFP expression caused by membrane Figs® (S7A
Individual colored data pOintS represent FL/OD data. We observed reduced expression fBQIgﬁmen plOTrC was
present in place of an empty veckdgire S7B suggesting
the CYP725A4/tcCPR coding sequence was introduced intbat it is indeed responsive to CYP725A4/tcCPR induced
each of the 17 rSFP construétigre B). E. coliTaxl was  stress. A constitutive promoter control had no response as
transformed with each rSFP construct and, Qe FPSTAR expectedKigure S7B Interestingly, the RnrSFP did not
plasmid and tested in the context of taxadiene oxygenatierhibit responsiveness to CYP725A4/tcCPR expression,
cultivations, with the STAR induced from inoculation. Usinglespite our earlier observation that it did respond to PgIB
this approach, we found that several performed well against theressionH{gure 4. This nding indicates that not all rSFPs
p5Trc benchmark straifrigure Sp In particular, 7 of the  respond to stresses in the same way and that CYP725A4/
rSFPs had greater titers of oxygenated taxanes than the p5€€PR presents a unique stress compared to PgIB, highlighting
strain Eigure T), with all also improving overall taxane the need to pair dérent stresses to appropriate stress-

production. Furthermore, thg,B-rSFP resulted in 2.2« response promoters.
fold greater oxygenated taxane®3(6+ 4.0 mg/L) and Controls with varied strahg constitutive promoters

2.8 fold greater overall taxanes (2998 mg/L) than the regulated by STARs were also run and one combination was
p5Trc strain. found to achieve similar titers to thg,ASFP Figure S8A

To con rm that rSFPs can indeed be feedback regulated ). This suggests that in this pathway the introduction of a
CYP725A4/tcCPR stress, we performemtescence analysis STAR to control promoter output may help contribute to

F https://doi.org/10.1021/acssynbio.1c00015
ACS Synth. BioKXXX, XXX, XX¥XXX


http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00015?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00015?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00015?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00015?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00015?fig=fig5&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00015?rel=cite-as&ref=PDF&jav=VoR

ACS Synthetic Biology pubs.acs.org/synthbio

Figure 6.Switchable control of an amorphadiene pathway with & PP. (A) Amorphadiene biosynthesis schematic depicting control of the
MevT-MBIS pathway with thg,RRrSFP. The MevT module produces mevalonate from Acetyl-CoA and the MBIS module produces FPP from
mevalonate. Amorphadiene synthase (ADS) converts FPP to amorphadiene. (B) Fermentatid. titeliSkiticontaining pTrc-ADS and
MevT-MBIS under control of the unregulatggeBromoter or B,.erSFP in the absence or presence of 100 ng/mL aTc added at inoculation.
Fermentations were performed in supplemented M9 minimal media with 0.5 mM IPTG added at inoculation to induce ADS expression. Bars
represent mean values of amorphadiene titers measured with GC-MS after 72 h of fermentation and error bars meprédeiot cyiabf
replicates. Colored points represent individual data points of amorphadiene.

Figure 7.Control of a taxadiene oxygenation pathway with rSFPs. (A) Taxol biosynthesis schematic depicting an abbreviated overview of the T
precursor pathway involving the toxic cytochrome P450 (CYP) 725A4 enzynke.dalitrain Tax1, the methylerythritol phosphate (MEP)
pathway and taxadiene synthase/geryanlgeranyl diphosphate (GGPP) synthase (TS) module convert glyceraldehyde-3-phosphate (G3P
pyruvate (PYR) into the 20-carbon backbone taxa-4(5),11(12)-diene (taxadiene). Taxadiene is oxygenated by the CYP725A4/tcCPR fus
enzyme to form taxadiened. CYP725A4/tcCPR was initially expressed from a standard IPTG-ingypitdeéter in either a low copy

(p5Trc) or medium copy (p10Trc) plasmid. IPP = isopentenyl diphosphate, DMAPP = dimethylallyl diphosphate. (B) rSFPs are applied to contr
CYP725A4/tcCPR utilizing therRBo1-STAR vector. (C) Fermentation titers \iidtitolTax1 containing an empty vectoy, (p5Trc, p10Trc, or

an rSFP plasmid for expression of CYP725A4/tcCPR with 100 ng/mL aTc added at inoculation. Dashed line represents production of oxygen
taxanes from p5Trc. Bars in C represent mean values of taxane titers measured with GC-MS after 96 h of fermentation and error bars represe
of at least = 4 biological replicates. Grdlgd points represent individual data points of overall taxanes, andlledhpgints represent

individual data points of oxygenated taxanes.

improved pathway performance but requires the highesases with regards to total taxane production and, in the case of
strength promoter (Brags}. TO further explore the impact the R, rSFP, oxygenated taxane produckayu(e S8Js

of introducing STAR regulation, we performed fermentations We next explored how the external contrerieal by rSFPs

with unregulated ;R and Ry, promoters replacing the can be used to further optimize induction level and timing of
corresponding rSFPBidure S8F We observed that rSFPs stress-response promoter activity. To test this, we selected the
outperformed unregulated stress-response promoters in boto best rSFP systems and performed a matrix of aTc
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induction at four levels (0, 16, 32, and 100 ng/mL aTc), which
were added at six drent induction times (0, 3, 6, 12, 24, 48

h) post inoculationKigure ). We found that oxygenated
taxane production with both rSFPs was sensitive to induction
level and timingHigure 8,C, S9A,B and that optimizing
induction of Bewand By,erSFPs could improveal titers of
oxygenated taxanes further to 29048 and 25.1 1.3 mg/L,
respectively, and overall taxanes tot34.8 and 31.@¢ 2.9

mg/L (Figure ®,E), representing an overallx2ahd 2.3

fold improvement over the previous gold standard benchmark
in terms of oxygenated taxanes, and &gl 2.8 fold
improvements in terms of overall taxanes, demonstrating
potential performance advantages of inducible control in
rSFPs.

Overall, we demonstrate that the rSFP regulation concept is
modular, eectively enabling inducible control and optimiza-
tion of metabolic pathway production usingrdint stress-
response promoters and atient metabolic pathways.
Importantly, rSFPs enable tuning of expression timing and
overall magnitude of stress-response promoter output to
further enhance fermentation titers.

Quorum-Sensing Activated rSFPs Allow Autonomous
Regulation of Pathway Expression. Though inducible
systems @r exibility for screening of optimal induction
timing, the cost of inducers can be prohibitive at an industrial
scalé>*® and several erts have been carried out to design
autonomous means of induction. Quorum-sensing (QS)
systems that are activated in a cell-density dependent manner
o er one such route to this beha¥id@S systems have been
used with great utility in metabolic engineering to create a
separation of cell growth and pathway production phases
without the need for a chemical inducer and provide a natural
means for balancing carbon utilization with biomass
productiorf’® °° We therefore utilized this strategy within
our model pathways by leveraging the modularity of rSFPs to
be easily comured to utilize derent input systems.
Specically, we chose the Ppromoter that is activated by
the LuxR transcriptional activator uponcéent production
of the C6-homoserine lactone (HSL) signaling mofécule,
since we had previously usegg/IRuxRto control STAR
productior’’ In addition, we chose the Esal HSL synthase
because it had previously been used successfully in metabolic
engineering applicatididVe cloned a STAR under control
of B« and integrated an operon with the Esal and LuxR into
the genome of tHe. colDH1 or Tax1 to create DH1-QS and Figure 8.Induction optimization of the best performing taxadiene
Tax1-QS strains=igure @). When plasmids encoding the Oxygenation rSFP strains. (A) Conditions of aTc induction level and
expression of [R-STAR and the e ISFP controlling timing used for rSFP CYP725A4/tcCPR expression optimization.

mCherrv expression were transformed BntooliDH1 or (B,C) Induction Ie_vgl and timing optimization of fermentatio_ns with
DHl—Qg wg found that activation only occurred in theE' colirax1 containing the (B)ngiy Or (C) PompeTSFP controlling

. - . - CYP725A4/tcCPR. Heatmaps show mean values of oxygenated
engineered DH1-QS strain containing Esal and EixiR¢ taxane titers measured with GC-MS fardnt combinations of aTc

9B). Similarly, transformation of @ STAR vector and the  concentration and induction time after 96 h of fermentation. (D,E)
Pompel SFP intcE. coliTax1 or Tax1-QS resulted in mCherry Fermentation titers wifh. coliTax1 containing the (D),Bnor (E)
uorescence activation only in Tax1-B8ufe €). These Pompr FSFP without aTc induction, with aTc induction before
QS-activated rSFPs produced mCherry autonomously owtimization (100 ng/mL aTc at 0 h), and with aTc induction after
time with comparable fold activation to manual induction witleptimization. Dashed line represents production of oxygenated
PLtetor- taxanes from p5Trc. iRigure T. Bars in D, E represent mean
To demonstrate that QS-activated rSFPs could be used Yglues of taxane ftiters measured with GC-MS after 96 h of
autonomously control the expression of metabolic pathwé?mentatlon and error bars represent s.d. of at kedsbiological

. . plicates. Grayled points represent individual data points of overall
enzymes, we applied ti‘gngQS-actlvated rSFP to control taxanes, and orandted points represent individual data points of

expression of MevT-M'BIS within the amorphadiene patth%M(ygenated taxaneBvalues indicate a statistically segmit
and the BmpFQS'aCUVated rSFP tO C0ntl’O| CYP725A4/ d| erence |n Oxygenated taxane production by a’y\ﬁemt
tcCPR expression within the taxadiene oxygenation pathwgyo-tailed, unequal variacdsetween the unoptimized and
Cultivations were performed by inoculating cell cultures intoptimized conditions.
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DISCUSSION

Here we report the development, characterization, and
application of switchable feedback promoters that enable an
additional synthetic layer of control over natural stress-
response promoters and engineered feedback promoter
systems. Stress-response promoters are a promising route to
achieving dynamic control of heterologous metabolic pathways
by acting as sensor-actuators to stresses caused by pathway
expression, intermediate metabolites, and other fermentation
conditions®*° While stress-response promoters have pre-
viously been shown to improve production of desired
chemicals by regulating expression in response to toxic
pathway intermediates and enzymes, their use is constrained
by their complexity in terms of their spesignaling pathways

and regulatory architecture, which may not be fully under-
stood. This has led to a lack of control over the timing and
overall magnitude of their transcriptional output, which is
essential to achieving a separation of growth phase and
production phase in large-scale fermentatidiihis same
limitation is also true of many engineered promoter systems,
including stabilized promoters thatdsigene expression from
changes in copy numbér.

By design, the rSFP concept enables switchable control by
introducing an additional regulatory layer within the natural or
engineered feedback pathway by gating stress-response
promoter outputs wittransacting RNA regulators. The use
of an exogenous small molecule-inducible system to control
RNA regulator synthesis allows neation of the timing and
overall magnitude of the feedback promoter outputs.
Furthermore, the use of QS systems allows the autonomous
activation of rSFPs in a cell-density dependent manner. In this
way, rSFPs are a composable element and have modularity at
the level of their activation inputs, gene expression outputs,
and the types of stresses they can respond to through changing
of the regulated feedback promoter. By utilizing transcriptional

Figure 9.Characterization of autonomous quorum-sensing rsFPRNA regulators, rSFPseo the exible implementation of

(A) Schematic showing the PrSFP activation system in the controllable feedback networks in a single compact locus that
presence of Esal and LuxR to allow autonomous control of pathwigyconvenient for expression of operons. However, translational
expression. LuxR is activated by C6-HSL produced by the Esal HRINA regulators such as toehold switthes antisense
synthase upon sgient accumulation due to an increase in cell RNAsS>® con gured to appropriately regulate the individual
density. LuxR activation results in STAR production from he P genes within an operon, could be used with similar results.
promoter, thereby activating rSFP expression. (B,C) Fluorescenggnoygh transcriptional activation is expected to be optimal in

over time with (B) the R4erSFP transformed ih colDH1 orE. coli tmh%n)é)igg ';%tillic;ni’oasr\],vgdd;tlonal _bti_obthle rSt.FPt.SyStef”é_'rsAR
DH1-QS and (C) the R,,#rSFP transformed i coliTax1 orE. coli . olfity ‘ap transcriptional activation o S
Tax1-0S. Lines in B, G represent mean values in units of arbitraf§fth alternative modalities for transcriptional repré8sfon.
uorescence/optical density (FL/OD) and shaded areas represefdternative technologies, such as CRISPR interférence,
mean values s.d. of at least = 9 biological replicates. Colored would be dicult to implement to control stress-response
points represent individual data points for each condition. promoter outputs in metabolic pathways due to the need for
expressing additional burdensome comporeegtsiCas9)

media without addition of exogenous inducer. Uporand the reliance on repression, rather than activatioied
cultivation and analysis, we found that QS-based activatibt STARs. Along these lines, technologies such as the burden-
in both systems resulted in comparable titers of amorphadie@iéven feedback controller that leverages stress-response
or oxygenated taxanes to those obtained from manugiomoters to dynamically regulate CRISPR gRnasld
induction Figure 10 Importantly, this was achieved with a be enhanced by our rSFP approach by enabling inducible
completely autonomous genetic feedback network without tigentrol of gRNA expression while maintaining burden-driven
need for costly inducers and, for the oxygenated taxafeedback.

pathway, this represented >af@d improvement over the We demonstrate that rSFPs are both modular and tunable
previous gold standard. These results demonstrate thge rSFP concept can be applied to many unique stress-
composability of rSFPs, showing that QS systems can t@sponse promoters as well as the engineered stabilized
con gured to autonomously activate expression of rSFPs poomoter system in a plug-and-play fashion, activator inputs
regulate metabolic pathways with favorable performance wham be easily interchanged, and activated output levels can be
compared to manually induced rSFP gunations. modulated by titrating inducer concentrations. To demonstrate
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Figure 10 Autonomous control of metabolic pathways with quorum-sensing rSFPs. (A) Schematic shewBgRteef/ation system in the
presence of Esal and LuxR to allow autonomous control of pathway expression. (B) Amorphadiene fermentation tijgysr8/mR the P
controlling MevT-MBIS expression and pTrc-ADS.HE.efblDH1 (without QS insert) containing gr&o,-STAR plasmid induced by aTc;
middle: E. coliDH1 containing a PLux-STAR plasmid; rightcoliDH1-QS containing a -STAR plasmid. (C) Oxygenated taxadiene
fermentation titers with thgBrSFP controlling CYP725A4/tcCPR expression. Left, middle, and right bars contain same conditions as A, but fo
oxygenated taxadiene fermentatioBs doliTax1. Dashed line represents production of oxygenated taxanes fronfghifec@ Bars in A

represent mean values amorphadiene titers measured with GC-MS after 72 h of fermentation and error bars repreSdnolsgicalf

replicates. Colodled points represent individual data points. Bars in B represent mean values taxane titers measured with GC-MS after 96 |
fermentation and error bars represent sid= df biological replicates. Grélgd points represent individual data points of overall taxanes, and
orange lled points represent individual data points of oxygenated taxanes.

their utility in the context of optimizing metabolic pathwayhosts such a®seudomonas putidacillus subtilisor
production, we applied rSFPs to regulate expression ofAgzinetobacter bayhlibwever, future development of RNA
multigene operon in amorphadiene biosynthesis and a toxianscriptional regulators or implementing rSFPs with other
cytochrome P450 enzyme in a synthetic Taxol precurstypes of genetic control could be used to adapt the concept for
pathway irE. colf*>° enabling inducible control of pathway yeast or other organisms.

expression and improvements in production of the desiredNotably, we found that all 18 of the stress-response
oxygenated taxane. We also showed that optimizing rSpRPmoters, and the stalgliz promoter, were activated
induction timing and magnitude in the oxygenated taxargignicantly, strongly suggesting that the concept can be
fermentation enabled additional improvements, highlighting aised with new feedback promoters as they are discovered in
advantage of the rSFP system to enable the control of pathweature or engineered. In the case where an individual promoter
expression timing. We next showed that rSFPs can blees not perform well in rSFPs, which can be caused by extra
controlled by QS systems that do not require addition of aB UTR sequence downstream of the stress-response promoter,
exogenous inducer, enabling fully autonomous control afternative STAR/target pairsnay be screened or the extra
pathway expression. We developed rSHPscoliand the 5 UTR may be trimmed for improved fold activation.
system is likely adaptable to bacterial metabolic engineeri@faracterization of selected promoters under stress caused
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by buildup of a toxic intermediate metabolite or expression ¢frst round) or growth on sucrose and colony PCR (second
toxic proteins showed that rSFPs remain responsive to stressoamd). Insertion of the complete Esal-LuxR operon was
expected based on the behavior of unregulated stress-respaosermed by Sanger sequencing.
promoters. These features allow rapid screening of rSFPStrains, Growth Media, in Vivo Bulk Fluorescence
libraries within combinatorial strain engineering proc€duresMeasurements. Fluorescence characterization experiments
that could be used by industry to identifyective for all envelope stress-response g)romﬁigweé B,4B,9C)
implementations of dynamic control by capturing the uniquevere performed . colstrain Tax?’ containing the synthetic
temporal prdes and feedback responsiveness efedt pathway for taxadiene biosynthesis or eddirax1-QS
stress-response promoters. In addition, the ability of rSFPsdontaining the QS operon. Experiments involvingthe P
naturally adapt to an optimal expression level may allow fpromoter Figure 2 C, 9B) were performed i&. colstrain
rapid prototyping of potentially toxic enzymes and pathway3H1 (F endAl recAl relAl gyrA96 thi-1 yia4
without the requisite need tost balance expression levels hsdR17(rK mK )) or modi ed DH1-QS containing the QS
with constitutive static regulatospeeding the pace of operon. Experiments were performed for at least 7 biological
pathway construction for new chemical products, especiallyablicates collected over two separate days. For each day of
rSFPs become well characterized for use withcdypeis of uorescence measurements, plasmid combinations were trans-
stress. formed into chemically competéntcolicells and plated on
Dynamic pathway regulation is a promising approach in theB+Agar (Difco) plates containing combinations of 00
construction of genetic systems but can beuli to mL carbenicillin, 34g/mL chloramphenicol and/or 5@/
implement. The rSFP strategy enables modular and tunalpi. spectinomycin depending on plasmids useda(skeS13
control of natural and engered feedback-responsive for plasmids used in each experiment), and incubated
promoters that have sophisticated transcriptional responsgsproximately 17 h (h) overnight at 32. Plates were
to a range of cellular stresses and cues. Due to their simplicigken out of the incubator and left at room temperature for
we envision that the rSFP concept will enable streamlinegbproximately 7 h. Three colonies were used to inoculate three
implementation of dynamic regulation into metabolic patheultures of 300 L of LB containing antibiotics at the
ways. Furthermore, given their modularity, we imagine rSFBsncentrations described above in a 2 mL 96-well block
will be useful for dynamic control in other applications, such & ostar), and grown for approximately 17 h overnighf@t 37
high-level expression of dilt or toxic proteins, living at 1,000 rpm in a VorTemp 56 (Labnet) benchtop shaker.
therapeutics,and cellular diagnosficahere endogenous Figure B, 3B: 4 L of each overnight culture were added to
and engineered promoters could be used as sensor-actual@s L (1:50 dilution) of supplemented M9 minimal media (1

for numerous environments. x M9 minimal salts, 1 mM thiamine hydrochloride, 0.4%
glycerol, 0.2% casamino acids, 2 mM M@sDmM CaG)
METHODS containing the selective antibiotics and grown for 6 h at the

Plasmid Assembly.All plasmids used in this study can be same conditions as the ovght culture. Appropriate
found inTable S13vith key sequences provide@iables S13  concentrations of anhydrotetracycline (Sigma) were added to
and S14Gibson assembly and inverse PCR (iPCR) was usétilture media as indicatéigure A, 2C, 9B, 9C: 20 L of
for construction of all plasmids. All assembled plasmids weg@ch overnight culture were added to @86f M9 minimal
veri ed using DNA sequencing. rSFPs for the 17 envelopg®edia containing selective antibiotics and grown for 24 h at 37
stress-response promoters and the stabilized promoter all uéed Periodic samples of D0 L of culture were collected
STAR/target variant 8 and thg,RrSFP used STAR/target for characterization by bulkorescence measuremefitgire
variant 3. The downstream end of each stress-respor#& 4 L of each overnight culture were added to 196 LB
promoter was deed as the 5adjacent nucleotide to the media containing selective antibiotics and grown for 2.5 h at 37
start codon of its endogenously regulated gene. Cogndt€. 200 g/mL L-arabinose was added to appropriate
STARs were cloned in a secopg&; or B« plasmid. conditions at 2.5 h. After another 4 h of growth &#tC37

Integration of QS Operon into the E. coli Genome. 100 L were sampled for characterization by maiescence
Strains containing genomic insertions of the Esal-LuxR opergreasurements. For all bullorescence measurements: 10
were created using the clonetegrdtiatform for creation of 200 L of sampled culture were transferred to a 96-well plate
E. coliTax1-QS or Red recombineeritigfor E. colDH1-QS (Costar) containing 0190 L of phosphate bered saline
as summarized fable S15For clonetegration, the HK022 (PBS). Fluorescence (FL) and optical density (OD) at 600 nm
plasmid was used to integrate constructs intttBsite of were then measured using a Synergy H1 plate reader (Biotek).
the E. coligenome. Successful integrations were &ty The following settings were used: mCheroyescence (560
antibiotic selection and colony PCR according to the publisheun excitation, 630 nm emission).
protocol. For recombineering, double-stranded DNA frag- Bulk Fluorescence Data AnalysisOn each 96-well block
ments anked upstream and downstream by 40 bp ofhere were two sets of controls; a media blank.awdl ax1
homology to theattB site were generated for both ta- cells transformed with commdition of control plasmids
sacRassette and the Esal-LuxR operon. HomologyatiBhe JBL002 and JBL644 (blank cells) and thus not expressing
site was included in oligos and appended to eachviasert mCherry Table S1R The block contained three replicates of
PCR. Thecat-sacBassette was ampli from a puriedE. coli each control. OD and FL values for each colony watre
TUCO01 genomeE. colDH1 carrying the pSIM6 plasmid was corrected by subtracting the corresponding mean values of the
subjected to two rounds of recombineering according to theedia blank. The ratio of FL to OD (FL/OD) was then
published protoc8f. The rst round inserted theat-sacB  calculated for each well (grown from a single colony) and the
cassette at thegtB locus, and the second round replaced themean FL/OD of blank cells was subtracted from each’solony
cat-sacBcassette with the Esal-LuxR operon. SuccessfBL/OD value. Three biological replicates were collected from
integrations were idergd by resistance to chloramphenicol independent transformations, with three colonies characterized
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per transformation (9 colonies total). Occasional wells were Small-Scale “Hungate” Fermentation. Small-scale
discarded due to poor growth (OD < 0.1 at measurementfermentation assays were used to quantify oxygenated taxanes
however, all samples contained at least 7 replicates over #mel taxadiene production B coliTaxl or Tax1-QS.
three experiments. Means of FL/OD were calculated ovérxperiments were performed with six biological replicates
replicates and error bars represent standard deviations (s.dollected over three independent experimEigsré T) or
Fold activation was calculated as FL/OD for each colonfpur biological replicates collected over two independent
grown with 100 ng/mL aTc over the same colony with 0 ng/experiments Rigure 8, 8C, 8D, 8E, 10C). For each
mL aTc. Means of fold activation were calculated ovegxperiment, plasmid combinationsble S1pwere trans-
replicates and error bars represent standard deviations (s.dgrmed into chemically competéntcolicells and plated on
Flow Cytometry Data Collection and Analysis for ~ LB+Agar (Difco) plates containing appropriate antibiotics
SfGFP Fluorescence Analysis of Stabilized rSFP Var- (100 g/mL carbenicillin, 34g/mL chloramphenicol and/or
iants. All ow cytometry experiments were performed ind0 9/mL spectinomycin). Plates were incubated approx-
E. colstrain TG1 (RraD36 laclq Delta(lacz) M15 pro A+B imately 17 h overnight at 3C. Individual colonies were
+/SupE Delta(hsdM-mcrB)5 (tkmk McrB ) thi Delta(lac- inoculated into culture tubes containing LB and appropriate
proAB)). Plasmid combinations were transformed into chemintibiotics and incubated at“&for roughly 16 h overnight
cally competert. colicells, plated on Difco LB+Agar plates [0 achieve an approximate OD600 of 3. For 2 mL batch
containing 100 g/mL carbenicilin and 34g/mL chlor- fermentations, 50 of overnight cells were added to 1.95 mL

amphenicol (se@able S12for plasmids used in each ©f complete R-medialgbles S1651§ and appropriate
exp%riment) (and grown overn?ght at °& Following antibiotics in glass hungate tubes (ChemGlass). 0.1 mM IPTG

overnight incubation, plate ere left at room temperatutias added forinductio_n of the upstream pathway enzymes and
vernignt Incubat plates w : P uI";':)(g"",Trc/plOTrc expression. 1800 ng/mL aTc was added, as
for approximately 7 h. Individual colonies were growr dicated. to ind STAR activated rSEPs. A 10% v/
overnight in LB, then diluted 1:50 into M9 minimal media./Nd/cated, toIn uce Rior activated r S o VIV

After 6 h, cells were diluted 1:100 snPhosphate Bered dodecane layer (200L) was added in all fermentations.

: - : te tubes were sealed with a rubber septum and plastic
Saline (PBS) containing 2 mg/mL kanamycin. A BD Accu#i_"mga . ) .
C6 Plus ow cytometertted with a high-throughput sampler screwcap (ChemGlass). PrecisionGlide 18G hypodermic

was then used to measure sfGk#?escence. Measurements needles (BD) were inserted into the rubber septa to allow
; . . ' for gas exchange. Hungate tubes were incubatetCaar?
were taken for 11 biological replicates collected over t

¢ . i dont d Who rpm for 96 h. After the fermentations were completed, the
Separale experiments orecent aays. é‘ulture was centrifuged to collect the dodecane overlay. This

Flow cytometry data analysis was performed using Flow Oerl v dil : h f Ivtical
(v10.4.1). Cells were gated by FSC-A and SSC-A, and t ?ggjguxisdggfﬁggé‘%gwé' uted into hexane for analytica
same gate was used for all samples prior to calculating the;c_\s AnalysisDodecane samples collected from batch
geometric mearuorescence for each sample.utifescence  formentations were diluted at a ratio of 1:20 (for taxadiene
measurements were converted to Molecules of Equivalggimentations) or 1:200 (for amorphadiene fermentations) in
Fluorescein (MEFL) using CS&T RUO Beads (BD ppexane containing 5 mg/tcaryophyllene. The 5 mg/k
cat661414). The averageorescence (MEFL) over repli- caryophyllene was utilized as a standard to calculate titer of
cates of cells expressing empty plasmids (pJBLOO1 a@@adiene and oxygenated taxanes. GC-MS analysis was
pJBLO02) was then subtracted from each measuwed performed with an Agilent 7890 GC and Agilent HP-5 ms-
rescence value. Robust CV was calculated for each measyiesglumn (Ultra Inert, 30 m, 0.25 mm, 028, 7 in cage).

ment using FlowJo (v10.7.1). Helium was utilized as a carrier gas awarate of 1 mL/min
Amorphadlene Fermentation. Small-scale batch fermen- and the Samp]e injection volume wasL1 The Sp|it|ess
tations were used to evaluate amorphadiene productiomethod begins at S€ hold for 1 min followed by a 10/
Experiments were performed with at least 5 biologicghin ramp to 200C and a nal 5°C/min ramp to 270°C
replicates over two independent experimEntsoliDH1 ( nal ramp excluded for amorphadiene analysis). Mass
cells were transformed with /ADS (subcloned into the spectroscopy data was collected for 22.5 min with an 11 min
pCDF vector), the appropriate MevT-MBIS plasmid, and thgolvent delayw z values ranging from 40 to 500 were scanned
P retor-STAR or B,STAR plasmid as appropriate. An with a scan time of 528 ms. MassHunter Workstation
inadvertent T303N mutation was present in the MK gene dualitative Analysis software (vB.06.00) was utilized to
all MevT-MBIS plasmid variants used in this study. Individuéhtegrate peaks on the chromatograms and determine their
colonies were inoculated into culture tubes containing LB andspective mass speckare S10 The ratio of peak area of
appropriate antibiotics and incubated &C3or roughly 16 h  taxadienen{ z 272) and amorphadienev@z 204) to the
overnight to achieve an approximate OD600 of 3.L18b standard -caryophyllenar{ z 204) was used to calculate titer
overnight cells were inoculated into tubes of 4.875 mbf taxadiene and amorphadiene, while the ratio of the sum of
supplemented M9 minimal mediax(IM9 minimal salts, 1  all peaks of oxygenated taxamés £88) to -caryophyllene
mM thiamine hydrochloride, 0.2% casamino acids, 2 mWas used to calculate titer of the oxygenated taxanes. Overall
MgSQ, 0.1 mM CaG) with 1% glucose and a 10% dodecanetaxanes were calculated by summing taxadiene and oxygenated
overlay to capture amorphadiene. Cultures were induced wigixane titers for each sample. Means of titers were calculated
0.5 mM IPTG and 100 ng/mL aTc as appropriate. Tubes wereVver replicates and error bars represent s.d.
incubated at 37C and 250 rpm for 72 h. After the
fermentations were complete, the cultures were centrifuged to ASSOCIATED CONTENT
collect the dodecane overlay. These overlays were suli&e-Supporting Information
guently diluted into hexane for analytical procedures describ€de Supporting Information is available free of charge at
below. https://pubs.acs.org/doi/10.1021/acssynbio.1c00015

L https://doi.org/10.1021/acssynbio.1c00015
ACS Synth. BigKXXX, XXX, XXXXX


http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00015?goto=supporting-info
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00015?rel=cite-as&ref=PDF&jav=VoR

ACS Synthetic Biology pubs.acs.org/synthbio

Supplemental Figures and TabRi3H manuscript. All authors contributed to review of iz
Source DataX(.S» manuscript.
Notes
The authors declare the following competingncial
AUTHOR INFORMATION interest(s): A non-provisional patent application has been

Corresponding Authors led by C.J.G., BW.B.,, D.T.-E., K.E.J.T., and J.B.L. for the
Danielle Tullman-Ercek Center for Synthetic Biology andinvention and application of riboregulated switchable feedback
Department of Chemical and Biological Engineering, promoters (PCT/US2019/051133).
Northwestern University, Evanston, lllinois 60208, Unitedll data presented in this manuscript are available as
Statesj» orcid.org/0000-0001-6734-43@xail:lercek@  supporting datales. TheE. coliTaxl strain and P450/
northwestern.edu tcCPR fusion were obtained under an MTA with Manus Bio
Keith E. J. Tyo Center for Synthetic Biology and and cannot be distributed by the authors. Requests for those
Department of Chemical and Biological Engineering, materials must be made to Manus Bio directly. All other
Northwestern University, Evanston, lllinois 60208, Unitaslological materials will be made available upon request or
Statesj orcid.org/0000-0002-2342-06Bmailk-tyo@  through Addgene at publication and may require a material
northwestern.edu transfer agreement (Addgene Liitikas://www.addgene.org/
Julius B. Lucks Center for Synthetic Biology and browse/article/2820763p/
Department of Chemical and Biological Engineering,
Northwestern University, Evanston, lllinois 60208, United ACKNOWLEDGMENTS
Statesp orcid.org/0000-0002-0619-6505 The authors gratefully acknowledge Dr. Ryan Philippe for
Email:jblucks@northwestern.edu careful reading of the manuscript, the gkt abliTax1 and
plasmids p5Trc and pl10Trc from Manus Bio, and Taylor
A?lichols for helpful discussions. The pOSIP plasmid kit used
r clonetegration was a gift from Drew Endy and Keith
rwin (Addgene Kit1000000035)E. coliDH1, pRage
-MBIS, and pTrc-ADS were gifts from Jay Keasling.
THSSe 59 was a gift from Christopher Voigt (Addgene
plasmid# 109253; http://n2t.net/addgene:10925RRID:
Addgene 109253). This work was supported by an NSF
CAREER award (1452441 to J.B.L.), an NSF CBET award
803747 to J.B.L., K.E.J.T. and D.T.-E.), an NSF Graduate
esearch Fellowship (DGE-1144153 to C.J.G.), an NIH
%K%echnology Training Grant (T32-GM008449-23 to

of Chemical and Biological Engineering, Northwestern -B.) and an NSF Synthetic Biology REU (DBI-1757973

University, Evanston, lllinois 60208, United States 0 AV.).
Jack H. Arnold Center for Synthetic Biology and
Department of Chemical and Biological Engineering, ABB_REVIATIONS )

Northwestern University, Evanston, lllinois 60208, Unité§FP, riboregulated switchable feedback promoter; RBS,
States ribosomal binding site; STAR, small transcription activating
Lisa A. Burdette Center for Synthetic Biology and RNA; FPP, farnesyl pyrophosphate; aTc, anhydrotetracycline;
Department of Chemical and Biological Engineering, HSL, homoserine lactone; IPP, isopentenyl diphosphate,
Northwestern University, Evanston, lllinois 60208, UnitddMAPP, dimethylallyl diphosphate; MEP, methylerythritol

States; Department of Chemical and Biomolecular ~ Phosphate; GGPP, geryanlgeranyl diphosphate G3P, glycer-
Engineering, University of California, Berkeley, Berkelegldehyde-3-phosphate; PYR, pyruvate.
California 94720, United Stat2srcid.org/0000-0002-
6479-9128 REFERENCES

Aliki Valdes Center for Synthetic Biology and Department ¢f) Keasling, J. D. (2010) Manufacturing molecules through
Chemical and Biological Engineering, Northwestern ~ metabolic engineerirfcience 330355 1358. o
University, Evanston, lllinois 60208, United States (2) Nielsen, J., and Keasling, J. D. (2016) Engineering Cellular

Min-Kvouna Kan nter for Svnthetic Biol n MetabolismCell 1641185 1197.
young Kang Center for Synthetic Biology and (3) Isabella, V. M., Ha, B. N., Castillo, M. J., Lubkowicz, D. J., Rowe,

Department of Chemical and Biological Engineering, <" "viite 'y, A..'Anderson, C. L., Li, N., Fisher, A. B., West, K. A.,
Northwestern University, Evanston, lllinois 60208, UnitgsL.ier p. 3. Momin. M. M Bergeron, C. G., Guilmain. S. E., Miller

Authors

Cameron J. GlasscockRobert F. Smith School of Chemic
and Biomolecular Engineering, Cornell University, Ithac
New York 14853, United States; Center for Synthetic Bi
and Department of Chemical and Biological Engineerin
Northwestern University, Evanston, lllinois 60208, Unit
Statesj» orcid.org/0000-0001-5223-6339

Bradley W. Biggs Center for Synthetic Biology and
Department of Chemical and Biological Engineering,
Northwestern University, Evanston, lllinois 60208, Unit
States

John T. Lazar Center for Synthetic Biology and Departm

States P. F., Kurtz, C. B., and Falb, D. (2018) Development of a synthetic
Complete contact information is available at: live baqterial th_erapeutic for the human metabolic disease phenyl-
https://pubs.acs.org/10.1021/acssynbio.1c00015 ketonuriaNat. Biotechnol., 3857 864.

(4) Watstein, D. M., McNerney, M. P., and Styczynski, M. P. (2015)
Precise metabolic engineering of carotenoid biosynthesis in

Author Contributions Eééherichia coli towards a low-cost bioseMstab. Eng. 3171

C.J.G, B.WB., MKK, D.T.E.,, KE.J.T., and J.B.L. desig
the study. C.J.G., B.W.B., J.T.L.,, JH.A.,, L.A.B., and A. ) Biggs, B. W., De Paepe, B., Santos, C. N. S., De Mey, M., and
performed experiments. C.J.G., BW.B., J.T.L., J.H.A., D.TAgikumar, P. K. (2014) Multivariate modular metabolic engineering
K.E.J.T., and J.B.L. contributed to data analysis. C.J.G., B.WoBpathway and strain optimizati@nrr. Opin. Biotechnol, 256

D.T.E., K.E.J.T., and J.B.L. contributed to preparation of th&2.

M https://doi.org/10.1021/acssynbio.1c00015
ACS Synth. BioKXXX, XXX, XX¥XXX


http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssynbio.1c00015/suppl_file/sb1c00015_si_002.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danielle+Tullman-Ercek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6734-480X
mailto:ercek@northwestern.edu
mailto:ercek@northwestern.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keith+E.+J.+Tyo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2342-0687
mailto:k-tyo@northwestern.edu
mailto:k-tyo@northwestern.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julius+B.+Lucks"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0619-6505
mailto:jblucks@northwestern.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cameron+J.+Glasscock"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5223-6339
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bradley+W.+Biggs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+T.+Lazar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jack+H.+Arnold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lisa+A.+Burdette"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6479-9128
http://orcid.org/0000-0002-6479-9128
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aliki+Valdes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min-Kyoung+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.1c00015?ref=pdf
https://www.addgene.org/browse/article/28207639/
https://www.addgene.org/browse/article/28207639/
http://n2t.net/addgene:109253
https://doi.org/10.1126/science.1193990
https://doi.org/10.1126/science.1193990
https://doi.org/10.1016/j.cell.2016.02.004
https://doi.org/10.1016/j.cell.2016.02.004
https://doi.org/10.1038/nbt.4222
https://doi.org/10.1038/nbt.4222
https://doi.org/10.1038/nbt.4222
https://doi.org/10.1016/j.ymben.2015.06.007
https://doi.org/10.1016/j.ymben.2015.06.007
https://doi.org/10.1016/j.copbio.2014.05.005
https://doi.org/10.1016/j.copbio.2014.05.005
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00015?rel=cite-as&ref=PDF&jav=VoR

ACS Synthetic Biology pubs.acs.org/synthbio

(6) Sun, J., Jeffryes, J. G., Henry, C. S., Bruner, S. D., and Hanson(26) Venayak, N., Anesiadis, N., Cluett, W. R., and Mahadevan, R.
D. (2017) Metabolite damage and repair in metabolic engineerin@015) Engineering metabolism through dynamic c@rol.Opin.

designMetab. Eng. 4450 159. Biotechnol. 3442 152.

(7) Rugbjerg, P., and Sommer, M. O. A. (2019) Overcoming geneti¢27) Segall-Shapiro, T. H., Sontag, E. D., and Voigt, C. A. (2018)
heterogeneity in industrial fermentatidtzd. Biotechnol. 3369 Engineered promoters enable constant gene expression at any copy
876. number in bacteridlat. Biotechnol., 382 358.

(8) Holtz, W. J., and Keasling, J. D. (2010) Engineering Static ang¢28) Jones, J. A., Vernacchio, V. R., Lachance, D. M., Leboish, M.,
Dynamic Control of Synthetic Pathw&edl 14019 23. Fu, Li, Shirke, A. N., Schultz, V. L., Cress, B., Linhardt, R. J., and

(9) Brockman, I. M., and Prather, K. L. J. (2015) Dynamic metaboligoffas, M. A. G. (2015) EPathOptimize: A combinatorial approach
engineering: New strategies for developing responsive cell factofgtranscriptional balancing of metabolic path@ely&ep, £1301.

Biotechnol. J.,1(B60 1369. (29) Chappell, J., Takahashi, M. K., and Lucks, J. B. (2015) Creating
(10) Tan, S. Z., and Prather, K. L. (2017) Dynamic pathwaysmall transcription activating RNNat. Chem. Biol. 1414 220.
regulation: recent advances and methods of consti@atiorOpin. (30) Chappell, J., Westbrook, A., Verosloff, M., and Lucks, J. B.
Chem. Biol. 428 35. 2017) Computational design of small transcription activating RNAs
(11) Alper, H., Fischer, C., Nevoigt, E., and Stephanopoulos, &y versatile and dynamic gene regulatian.Commun, 8051.

(2005) Tuning genetic control through promoter engine@riag. (31) Lutz, R., and Bujard, H. (1997) Independent and tight
Natl. Acad. Sci. U. S. A., 112678 12683. regulation of transcriptional units in escherichisiatiie LacR/O,

(12) Jensen, P. R., and Hammer, K. (1998) The sequence of Spacgfs TetR/0 and AraC/I1-12regulatory elemeNtgleic Acids Res. 25
between the consensus sequences modulates the strengthq8f3 1210.

prokaryotic promoterAppl. Environ. Microbiol, 82 87. _ 32) Feldman, M. F., Wacker, M., Hernandez, M., Hitchen, P. G.,
(13) Pfleger, B. F., Pitera, D. J., Smolke, C. D., and Keasling, J.\rolda, C. L., Kowarik, M., Morris, H. R., Dell, A., Valvano, M. A.,
(2006) Combinatorial engineering of intergenic regions in operong,4 Aebi, M. (2005) Engineering N-linked protein glycosylation with

tunes expression of multiple geNes. Biotechnol., 24027 1032. iverse O anti : ; : o .
. . . . ; gen lipopolysaccharide structures in Escherichia coli.
(14) Barrick, D., Villanueba, K., Childs, J., Kalil, R., Schneider, T. toc. Natl. Acad. Sci. U. S. A. 3B 3021.

Lawrence, C. E., Gold, L., and Stormo, G. D. (1994) Quantitative(33) Wong Ng, J., Chatenay, D., Robert, J., and Poirier, M. G.

igggslizg(g flbosome binding sites in E.Nodleic Acids Res, 22 (2010) Plasmid copy number noise in monoclonal populations of
" . bacteriaPhys. Rev. E. Stat. Nonlin. Soft. Matter Phys.ef111909.
(15) Mutalik, V. K., Guimaraes, J. C., Cambray, G., Lam, C. 34) Lopilato, J., Bortner, S., and Beckwith, J. (1986) Mutations in a

Christoffersen, M. J., Mai, Q. A., Tran, A. B., Paul, M., Keasling, J. e ;

. ’ ; ’ : : o '~ 1ew chromosomal gene of Escherichia coli K-12, pcnB, reduce
Arkin, A. P., and Endy, D. (2013) Precise and reliable gene expressb?gsmid copy numbe? of pBR322 and its derivaﬂubﬁenp Genet
via standard transcription and translation initiation eleniatts. 205 285 290 ' '
Methods 1®B54. : : :

. . . (35) Lin-Chao, S., and Bremer, H. (1986) Effect of the bacterial

(16) Salis, H. M., Mirsky, E. A., and Voigt, C. A. (2009) Automated L X . S
design of synthetic ribosome binding sites to control proteirgrowth rate on replication control of plasmid pBR322 in Escherichia

: : coli. Mol. Gen. Genet. 2033 149.
expressioNat. Biotechnol.,2¥46 950. S . . .
(1p7) Gottesman, S. (2019) Trouble is coming: Signaling pathwayé%) Wegrzyn, G. (1999) Replication of plasmids during bacterial

- - response to amino acid starvafdasmid 411 16.
tlhlagsrse%ull%% general stress responses in bdctiw. Chem. 294 (37) Lin-Chao, S., Chen, W. -T, and Wong, T.-T. (1992) High copy

(18) Ceroni, F., Boo, A., Furini, S., Gorochowski, T. E., Borkowslﬁ,umber of the pUC plasmid results from a Rom/Rop-suppressible

0., Ladak, Y. N., Awan, A. R., Gilbert, C., Stan, G. B., and Ellis, 2Nt mutation in RNA liMol. Microbiol., 8385 3393.
(2018) Burden-driven feedback control of gene exprdsaion. (38) Cheah’ U. E., V\(elg_and, W. A, and Stark, B. .C' (1987). Effects_
Methods 15387 393. of recombinant plasmid size on cellular processes in Escherichia coli.

Ot ; asmid 18127 134.
T(.lg).’D;l:(lj,dli:\;{gﬁjbrzlgr?sngﬁf&Al\lllo.fwspoethglt:je,rrgz,Jt],.,Nli?llﬂggégﬁygit. 39) Corchero, J. L., and Villaverde, A. (1998) Plasmid maintenance
Lee, T. S., Adams, P. D., and Keasling, J. D. (2013) Engineerif\ Eggherlchla coli recombinant cultures is dramatlcallly., steadily, and
dynamic pathway regulation using stress-response prdaaters. SPecifically influenced by features of the encoded piiteiashnol.
Biotechnol. 31039 1046. Bioeng. 5625 632. _ - N

(20) Boyarskiy, S., Davis Lopez, S., Kong, N., and Tullman-Ercek, 0) Stueber, D., and Bujard, H. (1982) Transcription from efficient
(2016) Transcriptional feedback regulation of efflux protejrfPromoters can interfere with plasmid replication and diminish
expression for increased tolerance to and production of n-butangKPression of plasmid specified g&ng8O J. 11399 1404. o
Metab. Eng. 3330 137. (41) Peterson, J., and Phillips, G. J. (2008) New pSC101-derivative

(21) Zhang, F., Carothers, J. M., and Keasling, J. D. (2012) Desi§lning vectors with elevated copy numBésmid 59193 201.
of a dynamic sensor-regulator system for production of chemicals afi2) Martin, V. J. J., Pitera, D. J., Withers, S. T., Newman, J. D., and
fuels derived from fatty acibst. Biotechnol., 3864 359. Keasling, J. D. (2003) Engineering a mevalonate pathway in

(22) Xu, P., Li, L., Zhang, F., Stephanopoulos, G., and Koffas, fscherichia coli for production of terpendii. Biotechnol. 21
(2014) Improving fatty acids production by engineering dynami¢96 802. _ o
pathway regulation and metabolic corroc. Natl. Acad. Sci. U. S. (43) Biggs, B. W., Lim, C. G., Sagliani, K., Shankar, S.,
A. 11111299 11304. Stephanopoulos, G., De Mey, M., and Ajikumar, P. K. (2016)

(23) Moser, F., Borujeni, A. E., Ghodasara, A. N., Cameron, E., pdayercoming heterologous protein interdependency to optimize P450-
Y., and Voigt, C. A. (2018) Dynamic control of endogenougnediated Taxol precursor synthesi&soherichia cdiroc. Natl.
metabolism with combinatorial logic circiitel. Syst. Biol. 14  Acad. Sci. U. S. A. 13309 3214.

No. e8605. (44) Kanda, Y., Nakamura, H., Umemiya, S., Puthukanoori, R. K.,

(24) Carothers, J. M., Goler, J. A., Juminaga, D., and Keasling, JAppala, V. R. M., Gaddamaniugu, G. K., Paraselli, B. R., and Baran, P.
(2011) Model-driven engineering of RNA devices to quantitativel. (2020) Two-Phase Synthesis of Taxohm. Chem. Soc.,142
program gene expressidoience 33#716 1719. 10526 10533.

(25) Farmer, W. R., and Liao, J. C. (2000) Improving lycopene(45) Van Dien, S. (2013) From the first drop to the first truckload:
production in Escherichia coli by engineering metabolic ddatrol. ~Commercialization of microbial processes for renewable chemicals.
Biotechnol. 1833 537. Curr. Opin. Biotechnol, 2d61 1068.

N https://doi.org/10.1021/acssynbio.1c00015
ACS Synth. BigKXXX, XXX, XXXXX


https://doi.org/10.1016/j.ymben.2017.10.006
https://doi.org/10.1016/j.ymben.2017.10.006
https://doi.org/10.1038/s41587-019-0171-6
https://doi.org/10.1038/s41587-019-0171-6
https://doi.org/10.1016/j.cell.2009.12.029
https://doi.org/10.1016/j.cell.2009.12.029
https://doi.org/10.1002/biot.201400422
https://doi.org/10.1002/biot.201400422
https://doi.org/10.1016/j.cbpa.2017.10.004
https://doi.org/10.1016/j.cbpa.2017.10.004
https://doi.org/10.1073/pnas.0504604102
https://doi.org/10.1128/AEM.64.1.82-87.1998
https://doi.org/10.1128/AEM.64.1.82-87.1998
https://doi.org/10.1128/AEM.64.1.82-87.1998
https://doi.org/10.1038/nbt1226
https://doi.org/10.1038/nbt1226
https://doi.org/10.1093/nar/22.7.1287
https://doi.org/10.1093/nar/22.7.1287
https://doi.org/10.1038/nmeth.2404
https://doi.org/10.1038/nmeth.2404
https://doi.org/10.1038/nbt.1568
https://doi.org/10.1038/nbt.1568
https://doi.org/10.1038/nbt.1568
https://doi.org/10.1074/jbc.REV119.005593
https://doi.org/10.1074/jbc.REV119.005593
https://doi.org/10.1038/nmeth.4635
https://doi.org/10.1038/nbt.2689
https://doi.org/10.1038/nbt.2689
https://doi.org/10.1016/j.ymben.2015.11.005
https://doi.org/10.1016/j.ymben.2015.11.005
https://doi.org/10.1038/nbt.2149
https://doi.org/10.1038/nbt.2149
https://doi.org/10.1038/nbt.2149
https://doi.org/10.1073/pnas.1406401111
https://doi.org/10.1073/pnas.1406401111
https://doi.org/10.15252/msb.20188605
https://doi.org/10.15252/msb.20188605
https://doi.org/10.1126/science.1212209
https://doi.org/10.1126/science.1212209
https://doi.org/10.1038/75398
https://doi.org/10.1038/75398
https://doi.org/10.1016/j.copbio.2014.12.022
https://doi.org/10.1038/nbt.4111
https://doi.org/10.1038/nbt.4111
https://doi.org/10.1038/srep11301
https://doi.org/10.1038/srep11301
https://doi.org/10.1038/nchembio.1737
https://doi.org/10.1038/nchembio.1737
https://doi.org/10.1038/s41467-017-01082-6
https://doi.org/10.1038/s41467-017-01082-6
https://doi.org/10.1093/nar/25.6.1203
https://doi.org/10.1093/nar/25.6.1203
https://doi.org/10.1093/nar/25.6.1203
https://doi.org/10.1073/pnas.0500044102
https://doi.org/10.1073/pnas.0500044102
https://doi.org/10.1103/PhysRevE.81.011909
https://doi.org/10.1103/PhysRevE.81.011909
https://doi.org/10.1007/BF00430440
https://doi.org/10.1007/BF00430440
https://doi.org/10.1007/BF00430440
https://doi.org/10.1007/BF00330395
https://doi.org/10.1007/BF00330395
https://doi.org/10.1007/BF00330395
https://doi.org/10.1006/plas.1998.1377
https://doi.org/10.1006/plas.1998.1377
https://doi.org/10.1111/j.1365-2958.1992.tb02206.x
https://doi.org/10.1111/j.1365-2958.1992.tb02206.x
https://doi.org/10.1111/j.1365-2958.1992.tb02206.x
https://doi.org/10.1016/0147-619X(87)90040-0
https://doi.org/10.1016/0147-619X(87)90040-0
https://doi.org/10.1002/(SICI)1097-0290(19980620)58:6<625::AID-BIT8>3.0.CO;2-K
https://doi.org/10.1002/(SICI)1097-0290(19980620)58:6<625::AID-BIT8>3.0.CO;2-K
https://doi.org/10.1002/(SICI)1097-0290(19980620)58:6<625::AID-BIT8>3.0.CO;2-K
https://doi.org/10.1002/j.1460-2075.1982.tb01329.x
https://doi.org/10.1002/j.1460-2075.1982.tb01329.x
https://doi.org/10.1002/j.1460-2075.1982.tb01329.x
https://doi.org/10.1016/j.plasmid.2008.01.004
https://doi.org/10.1016/j.plasmid.2008.01.004
https://doi.org/10.1038/nbt833
https://doi.org/10.1038/nbt833
https://doi.org/10.1073/pnas.1515826113
https://doi.org/10.1073/pnas.1515826113
https://doi.org/10.1021/jacs.0c03592
https://doi.org/10.1016/j.copbio.2013.03.002
https://doi.org/10.1016/j.copbio.2013.03.002
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00015?rel=cite-as&ref=PDF&jav=VoR

ACS Synthetic Biology pubs.acs.org/synthbio

Research Article

(46) Weber, W., and Fussenegger, M. (2007) Inducible product
gene expression technology tailored to bioprocess engiGeering.
Opin. Biotechnol., B99 410.

(47) Papenfort, K., and Bassler, B. L. (2016) Quorum sensing signal-
response systems in Gram-negative bakt@&ri&Rev. Microbiol., 14
576 588.

(48) Tsao, C. Y., Hooshangi, S., Wu, H. C., Valdes, J. J., and Bentley,
W. E. (2010) Autonomous induction of recombinant proteins by
minimally rewiring native quorum sensing regulon of BVetalb.

Eng. 12291 297.

(49) Gupta, A., Reizman, I. M. B., Reisch, C. R., and Prather, K. L. J.
(2017) Dynamic regulation of metabolic flux in engineered bacteria
using a pathway-independent quorum-sensing biatuBiotechnol.

35, 273 279.

(50) Kim, E. M., Woo, H. M., Tian, T., Yilmaz, S., Javidpour, P.,
Keasling, J. D., and Lee, T. S. (2017) Autonomous control of
metabolic state by a quorum sensing (QS)-mediated regulator for
bisabolene production in engineered EMetab. Eng. 4325 336.

(51) Engebrecht, J., and Silverman, M. (1984) Identification of
genes and gene products necessary for bacterial bioluminescence.
Proc. Natl. Acad. Sci. U. S. A4B34 4158.

(52) Minogue, T. D., Wehland-Von Trebra, M., Bernhard, F., and
Von Bodman, S. B. (2002) The autoregulatory role of EsaR, a
quorum-sensing regulator in Pantoea stewartii ssp. stewartii: Evidence
for a repressor functidvol. Microbiol. 44625 1635.

(53) Malinowski, J. J. (2001) Two-phase partitioning bioreactors in
fermentation technolodgiotechnol. Adv., B25 538.

(54) Green, A. A., Silver, P. A,, Collins, J. J., and Yin, P. (2014)
Toehold switches: De-novo-designed regulators of gene expression.
Cell 159925 939.

(55) Na, D., Yoo, S. M., Chung, H., Park, H., Park, J. H., and Lee, S.
Y. (2013) Metabolic engineering of Escherichia coli using synthetic
small regulatory RNAsat. Biotechnol., 3170 174.

(56) Takahashi, M. K., and Lucks, J. B. (2013) A modular strategy
for engineering orthogonal chimeric RNA transcription regulators.
Nucleic Acids Res. 7877 7588.

(57) Westbrook, A. M., and Lucks, J. B. (2017) Achieving large
dynamic range control of gene expression with a compact RNA
transcription-translation regulaiucleic Acids Res. 3614 5624.

(58) Qi, L. S., Larson, M. H., Gilbert, L. A., Doudna, J. A,
Weissman, J. S., Arkin, A. P., and Lim, W. A. (2013) Repurposing
CRISPR as an RNA-guided platform for sequence-specific control of
gene expressidbell 1521173 1183.

(59) Ajikumar, P. K., Xiao, W. H., Tyo, K. E. J., Wang, Y., Simeon,
F., Leonard, E., Much, O., Phon, T. H., Pfeifer, B., and
Stephanopoulos, G. (2010) Isoprenoid pathway optimization for
Taxol precursor overproduction in EscherichiéScance 3300
74.

(60) Smanski, M. J., Bhatia, S., Zhao, D., Park, Y. J., Woodruff, L. B.
A., Giannoukos, G., Ciulla, D., Busby, M., Calderon, J., Nicol, R.,
Gordon, D. B., Densmore, D., and Voigt, C. A. (2014) Functional
optimization of gene clusters by combinatorial design and assembly.
Nat. Biotechnol.,32241 1249.

(61) St-Pierre, F., Cui, L., Priest, D. G., Endy, D., Dodd, I. B., and
Shearwin, K. E. (2013) One-step cloning and chromosomal
integration of DNAACS Synth. Biol. 237 541.

(62) Thomason, L. C., Sawitzke, J. A,, Li, X., Costantino, N., and
Court, D. L. (2014) Recombineering: Genetic engineering in bacteria
using homologous recombinatioarr. Protoc. Mol. Biol. 10639.

https://doi.org/10.1021/acssynbio.1c00015
ACS Synth. BigKXXX, XXX, XXXXX


https://doi.org/10.1016/j.copbio.2007.09.002
https://doi.org/10.1016/j.copbio.2007.09.002
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.1016/j.ymben.2010.01.002
https://doi.org/10.1016/j.ymben.2010.01.002
https://doi.org/10.1038/nbt.3796
https://doi.org/10.1038/nbt.3796
https://doi.org/10.1016/j.ymben.2017.11.004
https://doi.org/10.1016/j.ymben.2017.11.004
https://doi.org/10.1016/j.ymben.2017.11.004
https://doi.org/10.1073/pnas.81.13.4154
https://doi.org/10.1073/pnas.81.13.4154
https://doi.org/10.1046/j.1365-2958.2002.02987.x
https://doi.org/10.1046/j.1365-2958.2002.02987.x
https://doi.org/10.1046/j.1365-2958.2002.02987.x
https://doi.org/10.1016/S0734-9750(01)00080-5
https://doi.org/10.1016/S0734-9750(01)00080-5
https://doi.org/10.1016/j.cell.2014.10.002
https://doi.org/10.1038/nbt.2461
https://doi.org/10.1038/nbt.2461
https://doi.org/10.1093/nar/gkt452
https://doi.org/10.1093/nar/gkt452
https://doi.org/10.1093/nar/gkx215
https://doi.org/10.1093/nar/gkx215
https://doi.org/10.1093/nar/gkx215
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1126/science.1191652
https://doi.org/10.1126/science.1191652
https://doi.org/10.1038/nbt.3063
https://doi.org/10.1038/nbt.3063
https://doi.org/10.1021/sb400021j
https://doi.org/10.1021/sb400021j
https://doi.org/10.1002/0471142727.mb0116s106
https://doi.org/10.1002/0471142727.mb0116s106
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.1c00015?rel=cite-as&ref=PDF&jav=VoR

