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ABSTRACT: The scaffolds of polyketides are constructed via assembly of extender units based on malonyl-CoA and its
derivatives that are substituted at the C2-position with diverse chemical functionality. Subsequently, a transcription-factor-based
biosensor for malonyl-CoA has proven to be a powerful tool for detecting malonyl-CoA, facilitating the dynamic regulation of
malonyl-CoA biosynthesis and guiding high-throughput engineering of malonyl-CoA-dependent processes. Yet, a biosensor for
the detection of malonyl-CoA derivatives has yet to be reported, severely restricting the application of high-throughput synthetic
biology approaches to engineering extender unit biosynthesis and limiting the ability to dynamically regulate the biosynthesis of
polyketide products that are dependent on such a-carboxyacyl-CoAs. Herein, the FapR biosensor was re-engineered and
optimized for a range of mCoA concentrations across a panel of E. coli strains. The effector specificity of FapR was probed by
cell-free transcription—translation, revealing that a variety of non-native and non-natural acyl-thioesters are FapR effectors. This
FapR promiscuity proved sufficient for the detection of the polyketide extender unit methylmalonyl-CoA in E. coli, providing
the first reported genetically encoded biosensor for this important metabolite. As such, the previously unknown broad effector
promiscuity of FapR provides a platform to develop new tools and approaches that can be leveraged to overcome limitations of
pathways that construct diverse a-carboxyacyl-CoAs and those that are dependent on them, including biofuels, antibiotics,

anticancer drugs, and other value-added products.
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Engineered bacterial transcriptional regulators have con-
tributed immensely to chemical and synthetic biology by
providing highly modular and tunable devices for sensing small
molecules.' ™ By coupling them to fluorescent or chromogenic
readouts, transcription-factor-based biosensors have been
applied as tools that detect key metabolites, regulate
biosynthetic circuits, guide metabolic engineering, and enable
directed evolution of enzymes and pathways."”" Yet,
biosensors for the detection of natural products and their
biosynthetic precursors are not yet widely available, limiting
the ability of high-throughput strategies to be applied to many
important classes of molecules. For instance, malonyl-CoA
(mCoA, Figure 1) plays an integral role in cellular primary and
secondary metabolism as a building block for fatty acids,
phenylpropanoids, polyketides, and hybrid natural products.”
Because of this, mCoA biosynthesis has been a longstanding
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target of metabolic engineering efforts.”™"> Accordingly,
genetically encoded biosensors for the detection of mCoA
have been constructed using FapR, a transcriptional regulator
found in nearly all Gram-positive bacteria that acts as a global
FapR has been
characterized as the only member of its regulator family

regulator for fatty acid biosynthesis.'"

owing to its unique, highly dynamic structure.'' Crystal
structures of FapR indicate a dimer, whereby each monomer is
comprised of a C-terminal ligand-binding domain and an N-
terminal domain that binds to its cognate DNA operator, fapO.

Dependent on the promoter, FapR has been shown to act as
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Figure 1. Biosynthesis and uses of malonyl-CoA analogues. Natural and engineered biosynthetic pathways for mCoA (1) and derivatives involve
acyl-CoA ligases, acetyl-CoA dehydrogenases (AcDH), enoyl-CoA-reductases (ECR), malonyl-CoA synthetases, and various acyl-CoA carboxylases
(propionyl-CoA carboxylase, PCC; acetyl-CoA carboxylase, ACC). Cosubstrates and cofactors are omitted for clarity. Examples of clinically
relevant compounds that utilize malonyl-CoA and its derivatives are shown.

either an activator or a repressor in the presence of its native
ligand, mCoA."”

Given its utility as a transcriptional regulator, FapR has been
developed and utilized as a mCoA biosensor in several hosts,
including Escherichia coli,' 7" yeast,zo’21 and mammalian
cells.”* The first reported FapR biosensor in E. coli utilized
the fapR gene from Bacillus subtilis cloned under T7 and Lacl
control alongside an eGFP reporter gene regulated by T7, LacI,
and FapR (Figure 2A)."® This FapR biosensor, while not
initially optimized for a high signal-to-noise ratio, crucially
established that a FapR biosensor could be used to quantify
mCoA over a linear range suitable for most in vivo applications.
The next iterations of the FapR biosensor in E. coli utilized a
T7 promoter (FapR as a repressor) and a pGAP promoter
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Figure 2. Redesigned malonyl-CoA biosensor. (A) Scheme showing a
previous synthetic gene circuit regulated by IPTG and mCoA."* (B)
Scheme showing a redesigned synthetic gene circuit regulated only by
mCoA. At low levels of mCoA, FapR binds to its cognate operator
and represses transcription. At increased levels, mCoA binds to FapR
and causes a conformational change, allowing transcription of a
fluorescent reporter gene. IPTG, isopropyl f-p-1-thiogalactopyrano-
side; lacl, E. coli lactose repressor; T7, bacteriophage T7 promoter;
lacO, lacl repressor binding site; RBS, ribosome binding site; fapR, B.
subtilis fatty acid biosynthetic pathway repressor; fapO, FapR
repressor binding site; eGFP, enhanced GFP; mCoA, malonyl-CoA;
Prog,rysfGrp constituitive lac promoters; sf GFP, superfolder GFP.

(FapR as an activator) to balance fatty acid biosynthesis
against mCoA biosynthesis.'” These biosensors were sub-
sequently built with varying numbers of fapO sites placed
downstream of the reporter gene promoter with the most
sensitive of these unsurprisingly containing only a single
operator sequence. FapR and Lacl were also leveraged to
create a fatty acid production negative feedback loop to
alleviate the toxicity from acetyl-CoA carboxylase (acc)
overexpression, leading to a one-third improvement in fatty
acid titer in E. coli."” Notably, none of the previously reported
FapR-based mCoA biosensors were utilized for detection of
ligands beyond mCoA. Subsequently, they have been leveraged
only for control of fatty acid products. Indeed, compounds
related to mCoA such as acetyl-CoA, propionyl-CoA, succinyl-
CoA, and butyryl-CoA have been reported to be noneffectors
of FapR."® Furthermore, despite the important role of mCoA
derivatives substituted at the C2 position as extender unit
building blocks for many biologically relevant polyketides
(Figure 1),'##37% genetically encoded biosensors for C2-
derivatives of mCoA have yet to be reported. Biosensors for
such a-carboxyacyl-CoAs could be leveraged to optimize
natural or artificial pathways that synthesize them in
heterologous hosts.”® Such sensors could also be used to
dynamically regulate metabolic pathways that supply or
consume natural or non-natural mCoA derivatives and lead
to improvements in product titers of polyketide-derived
metabolites that are dependent on natural or non-natural
extender units.

Herein, we describe a FapR biosensor that requires no
exogenous effectors (e.g., IPTG) and is optimized for a range
of mCoA concentrations across a panel of E. coli strains. We
also describe the development of a powerful cell-free
transcription—translation (TX—TL) assay to probe the effector
specificity of FapR toward a variety of non-native and non-
natural acyl-thioesters. This enabled, for the first time, the
discovery that the redesigned and optimized FapR-based
biosensor detects several mCoA derivatives modified at the
C2-position, providing a platform for the evaluation and
evolution of the pathways necessary for their biosynthesis.
Finally, we demonstrated the ability of the biosensor to detect
the non-native polyketide extender unit methylmalonyl-CoA
(mmCoA) produced in E. coli. In addition to detection and
monitoring acyl-CoAs for chemical biology applications,
biosensors with broad effector specificities also offer new
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Figure 3. Activation ratios of 93 variants from the FapR RBS library in E. coli 10G. The relative fluorescence (normalized to cell density) of each
variant was determined at 0 and 25 yM cerulenin and divided to determine the fold activation. These values were compared with replicates (1 = 3)

of the prototype biosensor RBS (1A1, red).

Table 1. Biosensor Parameters in Various E. coli Strains

biosensor RBS sequence” TIR (au)”  E. coli strain GFP, ;.
1A1 CAAGGAGGT 7594 DHSa 236 + 2
2H8 TACACAGGC 171 DHSa 1442 + 44
2H8 TACACAGGC 171 10G 2031 + 127
2H8 TACACAGGC 171 TOP10 2203 + 72

GFP, [cerulenin] (uM)© Ky, (uM)"  activation ratio®
18 000 + 900 75 334 + 0.5 77 + 4
50000 + 700 75 335 £ 1.1 34 +1
58 000 + 3000 50 20.3 + 04 29 +2
56 000 + 2500 30 18.6 + 1.0 25+1

“Mutated nucleotides are underlined. “Transcription initiation rate (arbitrary units). “Relative GFP fluorescence at 0 mM cerulenin. dHighest
measured relative GFP fluorescence. “Concentration of cerulenin that produced the highest measured relative GFP fluorescence. FConcentration of
cerulenin at half-maximum relative GFP fluorescence, determined by fitting to the dose—response curve. éGFP,,,./GFP,

opportunities to overcome limitations of pathways that
construct diverse a-carboxyacyl-CoAs and those pathways
that depend on them.

Bl RESULTS AND DISCUSSION

Refactoring the FapR Operon for an Efficient
Prototype Malonyl-CoA Biosensor. Previously published
E. coli malonyl-CoA biosensors were based on FapR as a
repressor (with the addition of a second effector molecule, e.g.
IPTG) or FapR as an activator.'’~'? Thus, these biosensors
have been limited in their ability to be coupled with other
protein expression systems and unnecessarily increase the
metabolic burden on the host strain. To address this
constraint, a biosensor construct was desired that required
no external inputs to function and that was robust enough to
use as a template for directed evolution of FapR or other
proteins of interest. Toward this end, a new plasmid,
pSENSE2FF, was designed based on our previously described
macrolide biosensor.* Two constitutive lac promoters, Proygpp
and Prog,,p (pLacIQ),"*” control the transcription of a
fluorescent reporter gene (superfolder GFP, sfGFP) and a
codon-optimized version of the fapR gene from B. subtilis,
respectively. Downstream of Proycgp, a single copy of the 17
bp fapO operator was introduced to afford FapR control of
reporter transcription (Figure 2B and Supplementary Table
S1). Superfolder GFP (sfGFP) was selected due to its higher
brightness, rapid folding, and low photobleaching compared
with other GEP variants.*®

In Vivo Optimization of the Prototype Malonyl-CoA
Biosensor. Following the construction of the prototype
refactored biosensor system, an in vivo assay utilizing cerulenin

was developed to determine its fold activation. Because mCoA
is not cell-permeable, it is not possible to directly manipulate
its intracellular concentration. Cerulenin acts as an equimolar
inhibitor of the fB-keto-acyl-ACP synthase and causes a buildup
of intracellular mCoA due to its inability to be processed to
fatty acids,”” although other impacts cannot be ruled out on
the basis of its antibiotic activity.”” The linear response of
[mCoA] to [cerulenin] has been previously established for the
concentrations used here.'® The fold activation of the
prototype biosensor strain (RBS 1Al) in response to mCoA
was determined by measuring sfGFP fluorescence in the
presence and absence of cerulenin supplemented to the culture
media, revealing a modest activation ratio (approximately
fivefold, Figure 3). Thus, the prototype biosensor required
further optimization to enhance its sensitivity and fold-
activation. It was hypothesized that lower concentrations of
FapR would result in higher fluorescence output at a fixed
concentration of mCoA, given that this could lead to less FapR
bound to its cognate operator.” ~** Therefore, the RBS of fapR
was targeted for mutagenesis by designing an 18-member RBS
variant library with a maximum calculated transcription
initiation rate (TIR) equal to that of the RBS of 1A1 (7594
au). The fold-activation of ~300 members of the fapR RBS
library was determined by again leveraging cerulenin to
enhance the intracellular concentration of mCoA (Figure 3).
As predicted, most RBS variants resulted in significantly higher
activation than the prototype 1Al construct, with some
reaching >60-fold activation under the assay conditions
(Figure 3).

Several variants were selected from the FapR RBS library,
and their dose—response curves with cerulenin were
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determined in E. coli DHSa (data not shown), a strain that
showed the least toxicity toward the wide range of cerulenin
concentrations used in preliminary screening (data not
shown). One notable variant, 2HS8, predicted to have the
weakest calculated RBS (TIR = 171 au), provided a
fluorescence output higher than that of 1A1 across the entire
range of cerulenin concentrations assayed. The variant 2HS8
also displayed a robust activation ratio (~34, Table 1) and
provided a maximal fluorescent response of 58000 RFU
(relative fluorescence units) that was more than 3-fold higher
than that of 1Al (Figure 4 and Table 1). Notably, this
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Figure 4. Cerulenin dose—response curves of the FapR biosensor in
various E. coli strains. The relative fluorescence (normalized to cell
density) was determined at each indicated cerulenin concentration,
and the curves were fit to the Hill equation. Error bars (where visible)
are the standard deviation of the mean (three biological replicates).

advantage came with the side effect of a leaky OFF state of
~1400 RFU, ~6-fold higher than that of 1Al, such that the
K/, of 2H8 with cerulenin was indistinguishable from that of
1A1 in this strain (Table 1). Nevertheless, this RBS
engineering approach quickly arrived at a variant biosensor
with the desired improvement in detection ability across a
range of cerulenin concentrations.

FapR-Based Detection of Malonyl-CoA across Various
E. coli Strains. The FapR-based biosensor inherently accounts
for basal levels of ligand as mCoA is required for cell growth
and is always present. However, the contribution of back-
ground mCoA to overall biosensor activity under other
conditions cannot be easily subtracted because the levels of
mCoA fluctuate significantly during growth of a culture.'”
Moreover, the effect of the inhibitor cerulenin across various
strains of E. coli might not be consistent. To determine
whether the engineered FapR biosensor response is dependent
on the host strain, the best performing variant 2H8 was also
transformed into E. coli 10G and E. coli TOP10, and the
cerulenin dose—response curves were determined. Notably,
there are differences in how the three E. coli strains respond to
cerulenin, and consequently, the dose—response curves for
each strain are significantly different (Figure 4 and Table 1).
For example, the maximum fluorescence output of the FapR
biosensor in E. coli TOP10, 10G, and DHS« is reached at ~30,
~50, and ~75 uM cerulenin, respectively (Table 1). In
addition, the fluorescence output of the FapR biosensor in E.
coli TOP10 at high concentrations of cerulenin (>S50 uM) is
significantly lower than that in E. coli DHSa or 10G (Figure 4).
Thus, the FapR biosensor performs differently across various E.
coli strains during growth of the culture but crucially always
outperforms the prototype 1Al in E. coli DHSa (Figure 4).
The strain-specific dose—response curves might be a

consequence of several factors, including unique FapR
expression levels, unique sensitivity to cerulenin, or strain-
dependent levels of mCoA in each strain. However, given that
too much mCoA is toxic to the cell,**** a culture with higher
endogenous levels of mCoA is expected to result in both
improved sensitivity to cerulenin and a lower fluorescence at
lower concentrations of cerulenin. Interestingly, the few
genomic differences between these strains are likely insufficient
to directly explain large differences in mCoA production levels
(Supplementary Table S2). Regardless, the overall robust
performance of the FapR 2HS8 biosensor across several strains
of E. coli indicates that the engineered prototype biosensor is a
good starting point for development of a tool for detection of
other malonyl-CoA derivatives.

Probing the Effector Promiscuity of FapR by Cell-
Free Transcription—Translation. Analysis of the crystal
structure of FapR reveals that the terminal carboxylate of
mCoA is a major factor in effector-binding specificity, forming
a salt-bridge with the side chain of Arg106, and is facilitated by
a nearby Phe99 side chain and Glu73’ backbone carbonyl
(Figure SA). In addition, the thioester of mCoA binds to the
side chain of Asn115’."> Notably, while the side chain of Phe99
orients almost directly toward the a-carbon of mCoA (distance
between Phe99-C, and mCoA-C, is ~3.2 A), there is room for
substituents in place of the a-hydrogens of mCoA (especially
in place of the pro-R hydrogen). Moreover, the loops that form
the majority of the ligand binding pocket are disordered in the
ligand-free FapR structure, which indicates this region is highly
dynamic.'® The lack of residues to restrict potential mCoA a-
substituents coupled with the conformational flexibility suggest
that mCoA derivatives might be FapR effectors. Accordingly, a
series of mCoA derivatives with various alkyl and alkynyl
functionalities at the C2-position was designed to probe the
effector promiscuity of FapR and included mmCoA, ethyl-
malonyl-CoA (emCoA), propargylmalonyl-CoA (pgmCoA),
and butylmalonyl-CoA (bmCoA) (Figure SB). Furthermore,
the 3’-phospho-nucleoside moiety of mCoA is solvent exposed
(Figure SA), suggesting that a large portion of CoA is not
required for derepression of FapR. Accordingly, the truncated
analogue mmSNAC was synthesized to test this hypothesis
(Figure SB).

Assessing the effector promiscuity of FapR in vivo with the
panel of mCoA analogues is challenging for several reasons.
First, acyl-CoAs are not cell-permeable and cannot be
introduced exogenously. Second, pathways for assembling
most non-native mCoA derivatives in E. coli have yet to be
developed, limiting the high-level in situ biosynthesis of the
selected acyl-CoAs. To circumvent these issues, a cell-free
transcription—translation (TX—TL) approach was developed
that could accurately control the concentration of mCoA
within the assay.***’

To this end, the reporter module of the FapR 2H8 biosensor
was cloned into pET28a, replacing the typical lacO site
controlling the T7 promoter with a single fapO binding site
upstream of the sfGFP gene, producing pET28a-T7-fapO-
sfGFP (Figure SC). Each a-carboxyacyl-CoA was generated
enzymatically from the corresponding malonic acid and CoA
using the wild-type malonyl-CoA synthetase MatB or the
engineered MatB variant, T207G/M3061.°%°° Next, the
response of the cell-free TX—TL biosensor assay was evaluated
by using various concentrations of MatB-generated native
effector, mCoA, along with a fixed amount of purified FapR
and T7-fapO-sfGFP. The fluorescence output of the cell-free
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Figure 5. Probing the effector promiscuity of FapR with malonyl-CoA derivatives by cell-free transcription—translation. (A) The mCoA-binding
pocket of FapR (PDB: 2F3X) with key residues highlighted (green sticks). Dashed lines are hydrogen bonds (purple). The bound mCoA is shown
(white sticks). The ribbon structure of each subunit of the homodimer is shown in light green and light cyan. (B) Structures of each analogue
tested with FapR. (C) Scheme showing the layout of the cell-free biosensor, pET28a-T7-fapO-sfGFP. (D) Fluorescence output of the cell-free
biosensor pET28a-FapR/T7-fapO-sfGFP in the presence of each thioester at 200 yM. The output in the presence of the native effector mCoA is
set to 100%. The (—) thioester control is boiled MatB. Error bars are the standard deviation of the mean (three biological replicates). *p < 0.05 by
Student’s unpaired two-tailed ¢ test vs (—) thioester control. **p < 0.01 by Student’s unpaired two-tailed ¢ test vs (—) thioester control.

biosensor was approximately linear up to 150 gM mCoA
(Supplementary Figure S1) and is consistent with previously
reported in vitro transcription activities and binding affinities of
FapR and mCoA." In addition, the maximum fluorescence
signal was ~15-fold greater than that in the absence of mCoA.
Furthermore, to account for potential inhibition of the cell-free
biosensor by the MatB reaction mixture, the FapR system was
also assayed using a commercial standard of mCoA. Notably,
there was no significant difference in the fluorescence output of
the cell-free FapR biosensor measured in the presence of the
MatB-generated or commercial mCoA (Supplementary Figure
S1). Together, these data indicate that the cell-free TX—TL
assay is suitable to probe the effector promiscuity of FapR with
MatB-generated xmCoAs.

Next, the cell-free FapR biosensor was assayed with each a-
carboxyacyl-CoA at a fixed concentration (150 yM). Notably,
the fluorescence response with mmCoA was statistically
indistinguishable from that with the native ligand, mCoA
(Figure SD). Furthermore, the ethyl (emCoA), propargyl
(pgmCoA), and butyl (bmCoA) derivatives of mCoA were all
also identified as effectors, as judged by the cell-free

fluorescence data. The ability of pgmCoA to derepress
FapR/T7-fapO-sfGFP was indistinguishable from that of
mCoA and mmCoA under the assay conditions used. The
saturated alkyl derivatives emCoA and bmCoA were the
poorest effectors based on the fluorescence data. This robust
activity of pgmCoA may be due in part to the increased rigidity
of the alkyne side chain or additional interactions of the alkynyl
m-electrons with the FapR ligand-binding site, perhaps with the
z-rich side chain of the nearby Phe99 (Figure SA).
Gratifyingly, as previously reported,'® derepression was not
observed in the presence of propionyl-CoA and was
indistinguishable from the (—) thioester control. To provide
further evidence that FapR is derepressed by derivatives of
mCoA, FapR was tested in vitro for DNA-binding and release
by electrophoretic mobility shift assay (EMSA) in the presence
of mCoA or mmCoA. Using purified wild-type FapR protein,
EMSA was run with a 40 bp DNA fragment containing the
fapO binding site (Supplementary Figure S2). Incubation of
the DNA fragment with a 2-fold excess of FapR resulted in
near-complete binding and a corresponding gel shift. Next, to
determine the concentration of mCoA at which half of the
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DNA would be bound, various concentrations of mCoA were
titrated against FapR, revealing that 200 M was required for
this (data not shown). Incubation with the FapR-fapO complex
with mmCoA achieved a similar level of derepression as that
observed with mCoA (Supplementary Figure S2). Together,
the in vitro data confirm the ability of mmCoA to derepress the
FapR system.

In addition to the full-length a-carboxyacyl-CoAs, the
truncated analogue mmSNAC was determined to be an
effector, although it provided ~50% the derepression activity
of the corresponding CoA thioester based upon the
fluorescence assay (Figure SD). Thus, even though a large
portion of CoA is solvent exposed, some of the amide portion
of CoA is still required for optimal derepression of FapR.
Remarkably, and consistent with our structure-driven hypoth-
esis, these data indicate that the promiscuity of FapR extends
beyond the previously established native effector mCoA and
includes non-native and non-natural malonyl-thioesters.

FapR-Based Detection of Methylmalonyl-CoA in Vivo.
The discovery that FapR is derepressed by several non-native
malonyl-CoA derivatives in vitro prompted us to consider
whether the effector promiscuity of FapR could be leveraged to
detect non-native acyl-CoAs inside living cells. As an initial test
for FapR detection of derivatives of mCoA in vivo, a previously
established and engineered E. coli strain optimized for high-
level production of mmCoA was selected for analysis.”” E. coli
K207-3 includes the propionyl-CoA carboxylase (PCC) genes
peeB and accAl from Steptomyces coelicolor under T7
polymerase/Lacl control, allowing for production of mmCoA
from propionate when induced with IPTG while endogenous
mCoA levels remain unchanged."' Accordingly, the FapR
biosensor 2H8 was introduced into the K207-3 strain, and the
fluorescence output was determined in the presence or absence
of IPTG/sodium propionate supplemented to the growth
media. As expected, in the absence of IPTG, the fluorescence
output was low (~2000 RFU) and similar to the background
fluorescence of 2HS8 in E. coli TOP10, 10G, and DHS« in the
absence of cerulenin (Figure 6). Upon induction of the PCC
genes with IPTG, the fluorescence output increased signifi-
cantly (>15000 RFU), even in the absence of supplemental
propionate (Figure 6). Furthermore, a small and statistically
significant increase in fluorescence signal was observed when
the culture media was supplemented with sodium propionate.
This indicates that in the absence of enzymatic machinery to
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Figure 6. Detection of mmCoA in E. coli K207-3 by FapR 2H8.
Fluorescence output of the 2H8 biosensor was determined in the
absence/presence of 1 mM IPTG/1 mM propionate supplemented to
the growth media. Error bars represent the standard deviation of three
independent biological replicates. *p < 0.05 by Student’s unpaired
two-tailed ¢ test.

otherwise consume mmCoA, and as previously reported,”*
there is sufficient endogenous propionate and/or propionyl-
CoA in K207-3 to drive mmCoA biosynthesis to levels
detectable by the engineered FapR biosensor.

B DISCUSSION

The FapR transcription factor has been used extensively to
monitor its native effector, mCoA,”"** and to regulate artificial
genetic circuits that produce or consume mCoA.' 92
Notably though, applications of FapR-based biosensors have
been strictly limited due to their assumed strict specificity for
mCoA. To address this deficiency, we set out to first optimize
the FapR biosensor by simplifying its circuit architecture and
leveraging RBS mutagenesis to improve its ability to detect
mCoA in E. coli. By testing the engineered biosensor across a
series of E. coli strains, the impact of different cellular
backgrounds was highlighted, revealing that some aspects of
the FapR-based detection of mCoA are host-dependent. Next,
we probed the effector specificity of FapR beyond mCoA and
prepared a panel of various a-carboxylmalonyl-thioesters via
enzymatic or chemical synthesis. Crucially, a cell-free approach
was developed to determine effector promiscuity with ligands
that are otherwise cell impermeable. Moreover, the cell-free
assay allowed the concentrations of each effector to be
precisely controlled in the absence of other processes that
might otherwise lead to fluctuations in their concentration over
time. In this way, four additional CoA-thioesters were
identified as effectors of FapR, including mmCoA, a metabolite
native to B. subtilis. The biosensor was also shown to be
derepressed by an a-carboxylmalonyl-SNAC, indicating that
FapR could be harnessed to monitor intracellular levels of
these chemically synthesized precursors that are frequently
used as non-native and non-natural building blocks for
polyketide biosynthesis. Remarkably, the native effector
promiscuity of FapR was leveraged to detect mmCoA
production in an engineered strain of E. coli, K207-3. It is
notable that even though the abilities of mCoA and mmCoA to
derepress FapR are indistinguishable (Figure SD), the
endogenous mCoA levels in K207-3 are not impacted by
IPTG induction and/or propionate addition so that the
expected increase in mmCoA production upon induction is
easily detected by the FapR biosensor in K207-3. This result
demonstrates the ability of the FapR biosensor to detect
fluctuations in mmCoA in engineered microbial strains and
paves the way to utilize this ability to guide improvements in
mmCoA production and develop strategies for dynamic
metabolic control of mmCoA-dependent pathways. It is
possible that further engineering of the FapR effector binding
pocket would enable the detection of additional ligands or
even specificity toward individual ligands, especially given the
precedent of manipulating the effector specificity of other
transcription-factor-based biosensors.**

This work has identified FapR as a tool for regulating
metabolic pathways that produce or consume mmCoA.
Moreover, the ability of FapR to detect various a-
carboxylmalonyl-CoAs now sets the stage for high-throughput
engineering approaches such as directed evolution to be
applied to enzymatic pathways responsible for the biosynthesis
of natural or non-natural malonyl-CoA derivatives in diverse
microbial hosts.”®**** In this way, we anticipate that FapR will
prove an invaluable device to expand the scope and utility of a
broad range of microbial-based platforms for synthesis of
products constructed from diverse polyketide extender units.

DOI: 10.1021/acssynbio.9b00078
ACS Synth. Biol. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acssynbio.9b00078/suppl_file/sb9b00078_si_001.pdf
http://dx.doi.org/10.1021/acssynbio.9b00078

ACS Synthetic Biology

Research Article

B MATERIALS AND METHODS

General. Materials and reagents were purchased from
Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
Isopropyl f-p-thiogalactoside (IPTG) was purchased from
Calbiochem (Gibbstown, NJ). Primers were purchased from
Integrated DNA Technologies (Coralville, IA). E. cloni 10G
electrocompetent cells were purchased from Lucigen Corpo-
ration (Middleton, WI). Cerulenin was purchased from
Cayman Chemical (Ann Arbor, MI), and stocks were dissolved
in DMSO. Commercial malonyl-CoA and methylmalonyl-CoA
were purchased from CoALA Biosciences (Austin, TX). All
cultures were grown in LB media with 100 pg/mL ampicillin
unless otherwise stated. Absorbance and fluorescence readings
were taken in clear flat-bottom and black flat-bottom 96-well
plates (Greiner Bio-One), respectively, in a BioTek Hybrid
Synergy 4 plate reader unless otherwise stated. All Sanger
sequencing was performed by Genewiz, Inc. (South Plainfield,
NJ).

Construction of Plasmids. The plasmid pSENSE2 was
synthesized by Twist Bioscience (San Francisco, CA) in two
fragments. The two pieces were assembled using standard
restriction digestion and ligation procedures. The fapR_fapO
fragment containing a codon-optimized fapR gene and a fapO
operator was synthesized by Genewiz, Inc. and cloned into
pSENSE2 between the Kpnl and Spel sites to give
pSENSE2FF. FapR was amplified with a 5" Ncol site and a
3’ Xhol site and cloned into pET28a to give fapR_pET28a
(with a C-terminal Hisg tag). T7_fapO_sfGFP was con-
structed using GenScript GenBuilder (GenScript, Piscataway,
NJ) according to the manufacturer’s instructions with pET28a
(amplified with T7forfapO.Gibl and T7forfapO.Gib2, see
entries 1 and 2, Supplementary Table S3) and fapO_sfGFP
(amplified from pSENSE2FF with fapOforT7.Gibl and
fapOforT7.Gib2, see entries 3 and 4, Supplementary Table
S3).

RBS Library Construction and Screening. The original
fapR RBS 1A1 was calculated to have a transcription initiation
rate (TIR) of 7594 au using the Salis online RBS
calculator.”’ ™ The calculator was used to design an 18-
member RBS library with a maximum TIR of 7594 au. Site-
directed mutagenesis was also used to produce the RBS library
(VRGAGGH) using the QuikChange 1I Site-Directed Muta-
genesis protocol with the pSENSE2FF template and primers
FapR_RBSLib2.SDM1 and FapR_RBSLib2.SDM2 (see entries
5 and 6, Supplementary Table S3). The reaction product was
digested with Dpnl for 3 h at 37 °C before electroporation into
E. cloni 10G electrocompetent cells (Lucigen). Transformed
cells were plated on LB agar supplemented with 100 pg/mL
ampicillin and incubated overnight at 37 °C. Individual
colonies from the library were picked from LB agar plates
and used to inoculate 93 wells of a 96-deepwell microplate
with 500 pL of LB media supplemented with 100 pg/mL
ampicillin. The remaining three wells were inoculated with
colonies from pSENSE2FF RBS 1Al that had been trans-
formed into E. coli DHSa. Cultures were grown overnight at 37
°C and 350 rpm, and 10 yL from each well were used to
inoculate 440 yL LB media supplemented with 100 pug/mL
ampicillin. The new plates were grown for 1 h at 37 °C and
350 rpm. Plates were then treated with either 5, 12.5, or 25 uM
cerulenin or the corresponding volume of DMSO. Plates were
then grown an additional 15 h. Plates were centrifuged at 3500
rpm for 7 min, and cell pellets were resuspended in S00 uL of

PBS. One hundred microliters from each well was used for
analyzing optical density at 600 nm and sfGFP fluorescence
(ex 485 nm/em 509 nm). Fluorescence values were divided by
ODy to yield growth-corrected relative fluorescence values.
Two hundred and seventy-nine individual colonies from the
RBS library were screened at the different cerulenin
concentrations.

Expression and Purification of Mutant MatB. The
expression and purification of MatB T207G/M306I has been
previously described.”®*”* Briefly, E. coli BL21(DE3) pLysS
competent cells were transformed with plasmid, and positive
transformants were selected on LB agar supplemented with 30
pug/mL kanamycin. A single colony was transferred to LB (3
mL) supplemented with kanamycin (30 #g/mL) and grown at
37 °C and 250 rpm overnight. The culture was used to
inoculate LB media (1 L) supplemented with kanamycin (30
ug/mL). One liter of culture was incubated at 37 °C and 250
rpm to an ODgy, of 0.6, at which time protein synthesis was
induced by the addition of IPTG to a final concentration of 1
mM. After incubation at 18 °C and 200 rpm for 18 h, cells
were collected by centrifugation at 5000g for 20 min,
resuspended in 100 mM Tris-HCl pH 8.0 (20 mL) containing
NaCl (300 mM), and then lysed by sonication. Following
centrifugation at 10 000g, the soluble extract was loaded onto a
1 mL HisTrap HP column (GE Healthcare, Piscataway, NJ)
and purified by fast protein liquid chromatography using the
following buffers: wash buffer [20 mM sodium phosphate (pH
74) containing 0.5 M NaCl and 20 mM imidazole] and
elution buffer [20 mM sodium phosphate (pH 7.4) containing
0.5 M NaCl and 200 mM imidazole]. The purified protein was
concentrated using an Amicon Ultra 30 kDa MWCO
centrifugal filter (Millipore Corp., Billerica, MA) and stored
as 10% glycerol stocks at —80 °C. Protein purity was verified
by SDS-PAGE. Protein quantification was carried out using the
Bradford Protein Assay Kit from Bio-Rad.

Synthesis of Acyl-CoAs by MatB. The MatB-catalyzed
synthesis of extender units has been previously de-
scribed.”®*”* Briefly, reactions were performed in a 50 uL
reaction mixture containing 100 mM sodium phosphate (pH
7), MgCl, (2 mM), ATP (12 mM), coenzyme A (8 mM),
malonate or corresponding analogue (16 mM), and wild-type
or mutant MatB (10 ug) at 25 °C. Aliquots were removed after
3 h of incubation and quenched with an equal volume of ice-
cold methanol and centrifuged at 10 000g for 10 min, and
cleared supernatants were used for HPLC analysis on a Varian
ProStar HPLC system. A series of linear gradients was
developed from 0.1% TFA (A) in water to methanol (HPLC
grade, B) using the following protocol: 0—32 min, 80% B; 32—
35 min, 100% A. The flow rate was 1 mL/min, and the
absorbance was monitored at 254 nm using Pursuit XRs C18
column (250 X 4.6 mm, Varian Inc.). To ensure complete
conversion, the malonate analogue and the acyl-CoA product
HPLC peak areas were integrated, and the conversion (%) was
calculated as a percent of the total peak area. Product elution
times and LC-MS data (data not shown) were in complete
agreement with those previous described.”®*

Synthesis of mmSNAC. To access the previously reported
mmSNAC, the a-carboxy group of the corresponding
commercial methylmalonic acid was protected via esterification
with ‘Bu, which was then thioesterified with HSNAC, and
deprotected via hydrolysis to afford the acyl-SNAC.**™** Full
synthetic methods and product characterization can be found
in the Supplemental Methods.
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Cell-Free Characterization of FapR Promiscuity. A
commercial kit for cell-free transcription—translation reactions
was purchased from New England Biolabs (PURExpress In
Vitro Protein Synthesis Kit). To a PCR tube on ice were added
(in the order shown): 4 uL Solution A, 3 uL Solution B, 2.5
uM FapR, 250 nM T7-fapO-sfGFP, and 150 uM of MatB-
generated acyl-CoA or mmSNAC in a total volume of 10 uL.
In parallel, control reactions in the absence of thioester were
assembled by using boiled MatB. The reaction was incubated
for 16 h at 37 °C and then diluted with PBS buffer to give a
final total volume of 50 yL. Then, the diluted mixture was used
for determination of the sfGFP fluorescence (ex 485 nm/em
510 nm) using a Tecan infinite F200 microplate spectropho-
tometer.

FapR-Bioassay of Methylmalonyl-CoA Production in
E. coli K207-3. pSENSE2FF-2H8 was transformed into E. coli
K207-3 and grown overnight in 1 mL volumes in a 96-deepwell
microplate at 37 °C and 350 rpm. These cultures (10 uL) were
used to inoculate wells of a fresh 96-deepwell plate containing
440 uL LB and 100 ug mL™' ampicillin which were then
incubated at 37 °C and 350 rpm for 2.5 h. Various
combinations of IPTG (1 mM final concentration) and
sodium propionate (1 mM final concentration) were then
added, and the cultures were incubated for 16 h at 37 °C and
350 rpm. The microplate was centrifuged at 3500 rpm for 7
min, and the supernatant was discarded. Cell pellets were
resuspended in 1 mL PBS, and 100 uL of each cell suspension
was transferred to flat-bottom 96-well plates and used for
determining the optical density at 600 nm (ODgq,) and sfGFP
fluorescence (ex 485 nm/em 509 nm). The fluorescence
intensity was divided by the ODgy, to yield a relative GFP
fluorescence value.

Purification of FapR. E. coli BL21(DE3) competent cells
were transformed with fapR pET28a plasmid, and positive
transformants were selected on LB agar supplemented with 30
ug/mL kanamycin. A single colony was transferred to LB (3
mL) supplemented with kanamycin (30 yg/mL) and grown at
37 °C and 250 rpm overnight. The culture was used to
inoculate LB media (300 mL) supplemented with kanamycin
(30 ug/mL). The culture was incubated at 37 °C and 250 rpm
to an ODgy of 0.6, at which time protein synthesis was
induced by the addition of IPTG to a final concentration of 1
mM. After incubation at 22 °C and 250 rpm for 20 h, cells
were collected by centrifugation at 5000g for 20 min,
resuspended in 100 mM Tris-HCI pH 8.0 (8 mL) containing
NaCl (300 mM), and then lysed by sonication. Following
centrifugation at 10 000g, the soluble extract was loaded onto a
1 mL HisTrap HP column (GE Healthcare, Piscataway, NJ)
and purified by fast protein liquid chromatography using the
following buffers: wash buffer [20 mM sodium phosphate (pH
7.4) containing 0.5 M NaCl and 20 mM imidazole] and
elution buffer [20 mM sodium phosphate (pH 7.4) containing
0.5 M NaCl and 200 mM imidazole]. The purified protein was
concentrated using an Amicon Ultra 10 kDa MWCO
centrifugal filter (Millipore Corp., Billerica, MA) and stored
in storage buffer (50 mM HEPES, pH 7.5, 100 mM NaCl, and
10% glycerol) at —80 °C. Protein purity was verified by SDS-
PAGE. Protein quantification was carried out using the
Bradford Protein Assay Kit from Bio-Rad.
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