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Microbial production of value-added chemicals from biomass is a
sustainable alternative to chemical synthesis. To improve product
titer, yield, and selectivity, the pathways engineered into microbes
must be optimized. One strategy for optimization is dynamic
pathway regulation, which modulates expression of pathway-
relevant enzymes over the course of fermentation. Metabolic
engineers have used dynamic regulation to redirect endogenous
flux toward product formation, balance the production and
consumption rates of key intermediates, and suppress production
of toxic intermediates until later in the fermentation. Most cases,
however, have utilized a single strategy for dynamically regulat-
ing pathway fluxes. Here we layer two orthogonal, autonomous,
and tunable dynamic regulation strategies to independently
modulate expression of two different enzymes to improve pro-
duction of D-glucaric acid from a heterologous pathway. The first
strategy uses a previously described pathway-independent quo-
rum sensing system to dynamically knock down glycolytic flux and
redirect carbon into production of glucaric acid, thereby switching
cells from “growth” to “production” mode. The second strategy,
developed in this work, uses a biosensor for myo-inositol (MI), an
intermediate in the glucaric acid production pathway, to induce
expression of a downstream enzyme upon sufficient buildup of
MI. The latter, pathway-dependent strategy leads to a 2.5-fold in-
crease in titer when used in isolation and a fourfold increase when
added to a strain employing the former, pathway-independent
regulatory system. The dual-regulation strain produces nearly
2 g/L glucaric acid, representing the highest glucaric acid titer
reported to date in Escherichia coli K-12 strains.
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Microbes have been engineered as renewable biochemical
reactors to produce a variety of value-added compounds,

such as fuels and fragrances, from low-cost substrates. After a
pathway is constructed in an appropriate microbial host, it must
be optimized for product titer, yield, and selectivity to become an
economically viable process. Static strain engineering techniques
for maximizing pathway productivity include balancing enzyme
expression levels (1) and deleting genes encoding enzymes of
competing reactions (2). Recently, dynamic regulation has emerged
as an optimization technique by implementing “process control” at
the cellular level (3, 4). Inspired by naturally occurring regulatory
processes that allow cells to adapt to environmental changes such
as temperature, osmolarity, and carbon source, dynamic regulation
can be used to repurpose native regulation mechanisms to control
expression of relevant enzymes.
Dynamic control can either be implemented through pathway-

specific or pathway-independent strategies. Pathway-specific reg-
ulation systems control the expression of pathway enzymes in
response to changes in concentration of a relevant intermediate or
byproduct. Implementation of such dynamic control requires a
biosensor that can detect an input change (i.e., substrate or me-
tabolite concentration) and then actuate a response as a result of
detection (5). Thus, identification and characterization of an ap-
propriate sensor is particularly important. For example, Farmer
and Liao diverted carbon flux away from the undesired byproduct

acetate toward the desired product lycopene by up-regulating phos-
phoenolpyruvate synthase and isopentenyl diphosphate isomer-
ase to maintain sufficient glyceraldehyde-3-phosphate (G3P) and
dimethylallyl diphosphate (DMAPP) pools upon sensing acetyl
phosphate (6). Zhang et al. (7) used the acyl-CoA sensor FadR
to repress ethanol biosynthesis genes, adhB and pdc, until sufficient
accumulation of fatty acids had occurred, preventing buildup of the
toxic intermediate to improve fatty acid ethyl ester production by
threefold. Xu et al. (8) increased fatty acids production by twofold
using a malonyl-CoA sensor FapR to balance the production (by
acetyl-CoA carboxylase) and consumption (by fatty acids synthase)
of malonyl-CoA.
Pathway-independent dynamic regulation strategies have also

been used to improve pathway productivity. Media formulation is
one option in which strains are engineered with genetic circuits
that respond to concentrations of critical nutrients in the medium.
By tuning the concentration of these nutrients in the culture
medium, the triggering time of the internal circuit can be con-
trolled (9). These strategies, however, may lead to unknown global
metabolic effects on the cell, as concentrations of critical com-
pounds must be modulated. In addition to media formulation,
quorum sensing (QS) circuitry has also been utilized to institute
pathway-independent dynamic control, as it does not rely on
pathway metabolites or substrates (10–12). The QS device con-
structed in the K.L.J.P. laboratory was used to knock down an
enzyme involved in central carbon metabolism to boost titers of
glucaric acid from a heterologous pathway. Essential pathways
cannot be knocked out of the genome, but they can be dy-
namically down-regulated to arrest growth once a desired cell
density is reached (10–14).
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We sought to develop and apply both pathway-specific and
pathway-independent strategies to explore the synergies that
could be achieved by layering multiple dynamic regulation de-
vices in the same strain, specifically in the context of glucaric acid
production in Escherichia coli. A heterologous pathway for bio-
production of glucaric acid, a precursor to nylons and detergents,
has previously been constructed in E. coli (15). In this pathway,
glucose is imported into the cell and converted to glucose-6-
phosphate (G6P) by the native bacterial phosphotransferase
system. G6P is converted to myo-inositol (MI) by myo-inositol-1-
phosphate synthase (MIPS) from Saccharomyces cerevisiae and
endogenous phosphatases. MI is then converted to glucuronic
acid by myo-inositol oxygenase (MIOX) from Mus musculus.
Finally, glucaric acid is produced by uronate dehydrogenase
(Udh) from Agrobacter tumefaciens. We identified two points in
this pathway where dynamic control may be beneficial: the
branch point at G6P, where MIPS competes with native glyco-
lytic enzymes for flux of G6P; and the key intermediate MI,
which builds up in the culture due to the low stability and activity
of the enzyme MIOX (15).
At the G6P branch point, glucaric acid production competes

with essential glycolytic pathways, which cannot be knocked out.
Previous work has demonstrated that dynamically redirecting
carbon flux from glycolysis to glucaric acid production at in-
termediate points in the fermentation can notably improve
endpoint titers (11, 16). We utilized a previously implemented
QS-based switch to autonomously trigger down-regulation of the
glycolytic enzyme Pfk-1 at different points over the course of the
fermentation (11) and thereby siphon carbon into glucaric acid
production. Briefly, the circuit relies on constitutive production
of a small signaling molecule, 3-oxohexanoylhomoserine lactone
(AHL), which is sensed by a protein activator, EsaRI70V.
EsaRI70V activates its cognate promoter, PesaS, in the absence of
AHL. Upon sensing a certain concentration of AHL, EsaRI70V
is released from PesaS, thereby deactivating gene expression from
PesaS. By instituting differential rates of AHL production, the
switching times of the circuit can be modulated. This strategy is
pathway independent, as the QS circuit does not rely on any
intermediates of the glucaric acid pathway and represents one
route to improving product titers.
In addition to the G6P branch point, the key intermediate, MI,

represents another point where dynamic regulation can improve
production. Previous work has shown that once MIOX is expressed,
its activity declines rapidly during the fermentation (15). Thus,
delaying Miox expression until its substrate, MI, accumulates suffi-
ciently may delay the loss in activity and result in higher MI con-
version (17). A pathway-specific strategy was required to directly
control production of the rate-controlling enzyme MIOX as a

function of its substrate concentration. To implement this, a MI
biosensor was constructed to sense the key intermediate, with Miox
transcription as the output. In this system, the MI-responsive tran-
scriptional regulator, IpsA, from Corynebacterium glutamicum (18)
represses an engineered promoter driving Miox expression until
sufficient production of MI, at which point MI-bound IpsA is re-
leased from the DNA and Miox transcription proceeds. The timing
ofMiox expression is modulated by expressing ipsA at varying levels.
At the optimal Miox expression time, glucaric acid production in-
creased 2.5-fold compared with the unregulatedMiox control. Thus,
this strategy represents a separate route to improving glucaric acid
production that is orthogonal to the pathway-independent QS
strategy described above.
To simultaneously address the challenges at both intermediates

G6P and MI, the pathway-specific MIOX control was layered over
the pathway-independent Pfk-1 control. When both control strate-
gies were implemented, the optimal combination of Pfk-1 down-
regulation andMiox expression timing resulted in the production of
nearly 2 g/L glucaric acid, compared with 0.4 g/L glucaric acid
produced by the strain with only Pfk-1 down-regulation, at both the
250-mL shake flask and 3-L bioreactor scales.

Results and Discussion
Construction and Characterization of the Myo-Inositol Biosensor. To
connect Miox expression to the concentration of MI, we desired
a biosensor to detect MI and regulate transcription of Miox. The
ligand-responsive transcription factor, IpsA, natively regulates
MI and cell wall biosynthesis in C. glutamicum (18). IpsA has
been shown to bind with high specificity to MI, as well as to
multiple promoter regions in the C. glutamicum genome (18). In
the absence of MI, IpsA binds to DNA sites, such as the pro-
moter region of the gene encoding MIPS and recruits RNA
polymerases to activate transcription. In the presence of MI,
however, IpsA binds to MI and dissociates from DNA, pre-
venting polymerase recruitment and deactivating gene expres-
sion (18). IpsA was also found to up-regulate cg0044, a putative
ABC transporter, and down-regulate inositol catabolism genes,
O-succinylbenzoic acid-CoA ligase (menE), and iron homeosta-
sis factors (18). However, initial attempts to directly import these
IpsA-regulated promoters into E. coli yielded no expression.
Thus, we engineered hybrid promoters that contained −35

and −10 regions recognizable by the native E. coli σ70 RNA poly-
merase and an IpsA DNA binding site to permit IpsA-mediated
transcription (Fig. 1A and SI Appendix, Fig. S1). In this system,
IpsA represses transcription from the hybrid promoter, presumably
by blocking access to RNA polymerase. Binding of MI to IpsA
causes the complex to unbind from DNA and transcription to
proceed. This system may be used to exercise MI-inducible control
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Fig. 1. Construction and characterization of the myo-inositol (MI) biosensor. (A) Architecture of the hybrid promoter. See SI Appendix, Fig. S1 for alternate
hybrid promoter configurations. (B) Biosensor circuit, where a constitutive promoter expressing ipsA represses the hybrid promoter driving gfp expression, and
gfp is derepressed in the presence of MI. (C) GFP fluorescence normalized to biomass in MG1655 (DE3) cells harboring the sensor or control plasmids as a response
to MI added to LB medium. Measurements were taken 24 h postinoculation. Individual points with error bars represent the mean ± 1 SD of three replicate
cultures. Data points were fitted to a dose–response transfer function to yield smooth curves. P1–P5 represent the different promoters (corresponding to Pcon in A)
driving ipsA expression (SI Appendix, Table S2). No IpsA, sensor-less plasmid expressing gfp from the hybrid promoter; no GFP, empty vector.
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of expression over any gene placed downstream of the hybrid
promoter.
For initial characterization of the biosensor, we placed gfp un-

der control of the hybrid promoter and measured the GFP fluo-
rescence output at a range of MI concentrations (Fig. 1B).
Fluorescence measurements revealed a dose-dependent response
to MI (Fig. 1C and SI Appendix, Fig. S1), with increasing MI
concentrations leading to increased fluorescence. We investigated
multiple hybrid promoter variants with varying IpsA binding site
sequences and locations (SI Appendix, Fig. S1 and Table S1). The
binding sites cg44 and cgA were obtained from the promoter re-
gions of C. glutamicum genes cg0044 and cg3323, respectively.
These binding sites were placed either between the −35 and −10
regions or downstream of the −10 region, as it has been shown
that these locations lead to tight repression (19, 20). We found the
hybrid promoter variant with binding site cgA placed between −35
and −10 to be very leaky (SI Appendix, Fig. S1). The remaining
variants demonstrated similar dose–response curves (SI Appendix,
Fig. S1), and the hybrid promoter with binding site cg44 placed
between the −35 and −10 regions was selected for further char-
acterization (Fig. 1). For additional tunability, the amount of IpsA
in the circuit was modulated by utilizing promoters of different
strengths to drive ipsA expression (SI Appendix, Fig. S2 and Table
S2). As expected, increased expression of ipsA lowered the max-
imal GFP signal and reduced the leaky expression in the absence
of any MI (Fig. 2 and SI Appendix, Fig. S3). The presence of
multiple knobs for tunability allows flexibility in reaching similar
GFP levels through different circuit architectures.
In addition to evaluating the circuit with exogenously added MI,

we tested whether a response could be triggered from intracellu-
larly produced MI. The enzyme MIPS (encoded by INO1), which
facilitates the conversion of glucose to MI (15), was used to in-
tracellularly produce MI from fed glucose. Compared with the
control strain harboring an empty plasmid, cells expressing INO1
demonstrated a 16- to 55-fold increase in fluorescence, depending
on the expression level of IpsA (Fig. 2A). Consistent with the
trends observed with exogenously added MI in previous trials,
increased ipsA expression decreased the endpoint fluorescence

measurement, even while all strains produced ∼1.5 g/L MI (Fig.
2B). This trend suggests that a circuit with increased IpsA con-
centration requires more MI to achieve the same GFP output as a
circuit with weaker ipsA expression. Furthermore, increased ipsA
expression lengthened the amount of time required for a rise in
fluorescence (Fig. 2C), suggesting that derepression of gfp is
delayed with increasing repressor concentration, and that modu-
lating ipsA expression controls the timing of switching on the re-
porter gene. This collection of genetic circuits (P1–P5) with a
tunable range of production responses provided a variety of
MIOX control circuits to test in the glucaric acid pathway.

Dynamic Regulation of the Glucaric Acid Pathway by Controlling
MIOX Expression. We implemented MI-dependent dynamic con-
trol of MIOX in the glucaric acid pathway by utilizing the circuit
to control Miox expression in response to MI concentration. As
MIOX is an unstable enzyme whose activity drops rapidly within
the first 24 h of fermentation (15), we sought to control the
timing of Miox expression to optimize the window of its maximal
activity. Delaying Miox expression until a larger pool of MI has
accumulated may boost enzyme activity and pathway productivity
(17). In the IpsA-based circuit, the transcription rate of Miox is a
joint function of MI and IpsA concentration, and expression of
Miox is delayed until sufficient MI is produced. Glucaric acid pro-
duction was evaluated in strains in which the genes gudD and uxaC,
encoding for enzymes that metabolize glucaric acid and its inter-
mediates, were deleted (2). These trials showed that delayed Miox
expression improved glucaric acid titers up to 2.5 ± 0.084-fold
compared with the constitutively expressed Miox control (Fig. 3A).
These trends in production were consistent at 24 and 48 h (SI
Appendix, Fig. S4). Strain P4 produced the highest titer, likely be-
cause the P4 circuit resulted in optimal timing of Miox expression.
Strain P1 permitted expression of Miox too early in the fermenta-
tion, leading to MIOX instability and lower conversion, whereas
P5 delayed Miox expression for too long, with insufficient time
for conversion of MI. The trends in MI buildup correspond to
the delays in Miox expression: increased ipsA expression allowed
increased MI buildup before expression of Miox (Fig. 3B).
To confirm that repression of Miox by IpsA is relieved upon

the production of MI, we performed qRT-PCR with two of the
dynamically regulated strains to demonstrate changes in Miox
mRNA levels over time (SI Appendix, Fig. S5). Two control
strains were implemented to demonstrate static expression levels
of MIOX: “No IpsA,” where Miox is constitutively transcribed
from the hybrid promoter, and “no Ino1,” where MI is not pro-
duced, leading to constant repression of Miox by ipsA expressed
from promoter P5. As expected, strains with promoters P2 and
P5 expressing ipsA exhibited up to ∼20- and 50-fold increases in
Miox transcript levels, indicating significant derepression of Miox
over time, while static strains referred to as no IpsA and no Ino1
did not exhibit any changes in Miox transcript levels. The strain
with P5 exhibited a larger fold increase than P2 likely because the
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stronger P5 promoter is less leaky and has greater repression of
Miox at initial times, with a P2 to P5 transcript level ratio of 5.45 ±
1.89 at the initial time point.
Although we found improved growth with IpsA present when

only INO1 was expressed (SI Appendix, Fig. S6), it is unlikely that
the improvement in glucaric acid titer is due to the boost in growth,
as we did not observe significant growth benefits with the full
pathway (SI Appendix, Fig. S7). As a control, we tested glucaric
acid production with a circuit variant in which the promoter driving
Miox did not contain an IpsA binding site (but is otherwise iden-
tical to the hybrid promoter) and observed no benefit in titer or
growth (SI Appendix, Fig. S8). This indicates that the improve-
ments in production from the biosensor circuit are not simply due
to expression of ipsA or other circuit components.

Layered Dynamic Regulation to Substantially Increase Glucaric Acid
Production. While product titers were improved by instituting the
MI biosensor strategy independently, we sought to implement
even more precise regulation of the glucaric acid pathway by
layering the QS-based Pfk-1 control system on top of the IpsA-
basedMI biosensor in the same strain (Fig. 4). The QS-based system
autonomously down-regulates Pfk-1 at intermediate points in the
fermentation to siphon carbon flux from glycolytic pathways to
the glucaric acid pathway, while the IpsA-based MI biosensor
delays transcription of Miox until threshold concentrations of MI
have accumulated. Thus, we combined two tunable, orthogonal
control systems, a pathway-independent and a pathway-dependent
system, to synergistically boost pathway productivity. When acting
independently in different strains, each system improved glucaric
acid titers by two- to threefold (11), suggesting that the combi-
nation of multiple pathway controls could boost titers even higher
than either system alone.
The QS-based Pfk-1 control system was previously developed in

our laboratory to institute autonomous, dynamic control at the
G6P branch point, where carbon flux is split between native
metabolic pathways and the heterologous glucaric acid production
pathway. Upon buildup of the cognate N-acyl homoserine lactone
(AHL), the circuit is triggered and leads to down-regulation of
Pfk-1, thereby limiting flux through glycolysis. The carbon flux is
therefore redirected through MIPS into glucaric acid production.
Expression of Pfk-1 is controlled by the PesaS promoter, which is

active in the absence of AHL. Upon AHL buildup, the promoter
is deactivated, and transcription of its downstream gene is arrested.
The triggering time can be tuned by modulating the AHL pro-
duction rate by varying the expression of the AHL synthase,
EsaI. A variety of expression rates were obtained by instituting a
library of promoter and ribosome binding site (RBS) variants
upstream of esaI. Stronger esaI expression leads to a higher AHL
production rate and a faster down-regulation of Pfk-1 activity
(11). All circuit parts were genomically integrated, leading to a
series of strains, each with a distinct promoter–RBS combination
driving esaI expression (L31GA, L19GA, and L24GA; SI Ap-
pendix, Table S3). Similarly, timing ofMiox expression was tunable
in the MI biosensor circuit through the varied expression levels
of IpsA.
To identify the optimal combination of Pfk-1 knockdown and

Miox expression timing when both devices are present in the
same strain, we tested each EsaI expression level with each IpsA
expression level. Strains contained uxaC, gudD, zwf, and pfkB
knockouts to prevent product consumption and removal of carbon
flux through other pathways (SI Appendix, Table S3). At the 250-mL
shake flask scale, strain “L19GA + P2” produced 1.84 g/L glucaric
acid, the highest titer reported thus far in the E. coli K-12 strains.
This is a 4.3 ± 0.051-fold increase in titer over the best-performing
quorum sensing strain without Miox regulation, “L19GA + no
IpsA,” which produced 0.43 g/L glucaric acid and a 9.1 ± 0.69-fold
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Fig. 4. Schematic of layered dynamic regulation in the glucaric acid pathway.
The initial branch point at glucose-6-phosphate (G6P) is controlled using a
quorum sensing system, where pfkA placed under control of the PesaS promoter
is responsive to the AHL (produced by EsaI) concentration, corresponding to the
cell density. Pfk-1 activity is knocked down at sufficiently high cell densities.
Different levels of esaI expression, achieved by varying the strength of consti-
tutive promoter Pcon, alters the timing of pfkA knockdown.Miox is controlled via
a hybrid promoter (Fig. 1A) regulated by the MI-specific sensor IpsA.
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Fig. 5. Glucaric acid production from strains with layered dynamic regula-
tion at 72 h. (A) Glucaric acid titer as a function of Pfk-1 switching time (QS
module variants) and Miox expression time (MI biosensor circuit variants) at
the 250-mL shake flask scale. Error bars represent ±1 SD from the mean of
three replicate flasks. (B) Glucaric acid production at the 3-L bioreactor scale
for strains L19GA + P2 and L19GA + no IpsA. Error bars represent ±1 SD from
the mean of two replicates. No IpsA, constitutive (unregulated) Miox ex-
pression; IB1379GA, wild-type pfkA expression (no knockdown of pfkA).
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increase over the completely static strain “IB1379GA + no IpsA”
(no pfkA knockdown orMiox delay), which produced only 0.20 g/L
glucaric acid (Fig. 5A and SI Appendix, Table S4). In our previous
work, strain L19GA (without IpsA) produced 0.68 g/L glucaric
acid (11), slightly more than strain L19GA + no IpsA in this work.
However, different expression vectors for the pathway genes were
used due to the need to accommodate and be consistent with the
MIOX regulatory circuit developed in this work. These differ-
ences, perhaps including the additional expression of ipsA, are the
most likely causes of the discrepancy in titers. Generally, we found
that intermediate Pfk-1 knockdown times, along with intermediate
Miox expression times, led to improved titers. To ensure that IpsA
itself did not render growth and production benefits, we also
expressed ipsA with Miox driven by a promoter that was not reg-
ulated by IpsA and observed no boost in titer over the control
strain not expressing ipsA (SI Appendix, Fig. S9). Strain L19GA +
P2 was chosen for scale-up in a 3-L bioreactor with dissolved ox-
ygen (DO) and pH control. This strain produced 1.98 g/L glucaric
acid, corresponding to 20% yield by mass, while strain L19GA +
no IpsA only produced 0.4 g/L glucaric acid (Fig. 5B).
The combination of the two orthogonal regulation strategies

in one pathway demonstrates synergistic effects, as the titer from
the composite strain was greater than when either strategy was
evaluated alone. The Pfk-1 switch shunts flux toward MIPS and
away from glycolysis, improving MI production. Addition of the
second layer expresses Miox at an optimal time, further boosting
titers. The use of orthogonal, tunable controllers allowed the
identification of optimal switching times for each independent
device. While many combinations of MIOX and Pfk-1 regulation
systems showed improved production over the completely static,
unregulated strain “IB1379GA + no IpsA” (Fig. 5A), only two
strains produced over 1.5 g/L glucaric acid, demonstrating that
tuning is required for optimization. For the pfkA down-regula-
tion switch, strain L19GA was the highest-producing strain for
both single dynamic regulation (11) and layered regulation.
However, the optimal Miox expression switch varied by strain
background: promoter P4 for the single regulation system and
P2 for the layered regulation system. As pfkA down-regulation
affects MI production and therefore the timing and dynamics of
Miox expression, the MIOX control switch is more sensitive to
differences in strain background. In the layered control system,
pfkA and Miox are expressed only when necessary, as we move
closer toward the concept of “just-in-time” transcription (21) in
heterologous pathways, a widespread phenomenon that exists in
native pathways such as amino acid biosynthesis (21, 22), arabi-
nose utilization (23), and metal resistance mechanisms (24).

Conclusions
Dynamic regulation is a metabolic engineering strategy for im-
proving production in pathways with toxic intermediates, essen-
tial competing reactions, or flux imbalances. The layered dynamic
control system employed here mimicked natural regulatory systems
by up-regulating a downstream enzyme only upon sufficient pro-
duction of its intermediate, and down-regulating an essential
competing enzyme upon sufficient cell growth. The combinatorial
search through the two systems suggests that the timing of in-
duction and repression must be carefully tuned to identify the optimal
producer. This work demonstrates the potential of using multiple,
independently controlled regulation strategies to implement pro-
cess control at the cellular level.

Materials and Methods
Myo-Inositol Sensor and Glucaric Acid Pathway Plasmid Construction. All pri-
mers used for PCRamplificationofgenes andpromoters are found in SIAppendix,
Table S5. All plasmids used in this study are found in SI Appendix, Table S6.

The hybrid promoter cg44 (TTTACAgtctttattgattcagtTATTATgctagcacgtgc-
aatttttaaaattaaaggcgttacccaac agaggagaaatactag) was constructed by placing
the IpsA binding site (underlined) from C. glutamicum gene cg0044 (18) in
between the −35 and −10 sites (capitalized) of promoter Bba_J23101 from the
Registry of Standard Biological Parts (25). The transcription start site is denoted
in red and the RBS in green. To construct pHH-cg44-GFP, the hybrid promoter

cg44 and gfpwere inserted into a modified form of the plasmid pHHD01K (26,
27), which includes the rrnB terminator (ccaggcatcaaataaaacgaaaggctc agtc-
gaaagactgggcctttcgttttatctgttgtttgtcggtgaacgctctc) downstream of the gene
encoding tetR. Briefly, gfp was amplified from pSB1A2-GFP (17) with primers
pHH-GFP-R and cg44-RBS-GFP-F1. To incorporate the full length of the hybrid
promoter cg44 sequence, overlap extension PCR was employed by adding
primer cg44-RBS-GFP-F2 to the reaction. The backbone of the modified pHHD01K
was amplified with primers cg44-pHH-A and GFP-pHH-B. The backbone and
insert containing gfp were annealed and amplified using circular polymerase
extension cloning (CPEC) (28). All other hybrid promoter variants pHH-cgX-
GFP, where cgX is the name of the hybrid promoter (SI Appendix, Fig. S1 and
Table S1), were constructed by CPEC after PCR amplifying the insert contain-
ing gfp using primers GFP-C-R and cgX-F and backbone using primers GFP-C-F
and cgX-R.

The gene encoding IpsA was obtained by PCR from C. glutamicum ge-
nomic DNA with primers EcoRI-IpsA-F and BamHI-IpsA-R, digested with EcoRI
and BamHI, and ligated into the multiple cloning site of pHH-cgX-GFP to
construct pHH-cg44-GFP-Ptet-ipsA. To create the tunable set of sensor
plasmids, the tet promoter was replaced with promoters P1–P5 (SI Appendix,
Table S2) from the Registry of Standard Biological Parts (25). Promoters P1,
P2, and P5 were inserted via CPEC using primers Px-ipsA-F and Px-pHH-R,
where x = 1, 2, 5. Promoters P3 and P4 were amplified by PCR of oligos Xho1-
Px-F and Kpn1-Px-R (x = 3, 4), digested with XhoI and KpnI, and ligated into
the digested pHH-cg44-GFP-Ptet-ipsA backbone.

For dynamic control of MIOX, the restriction sites SacI and NotI were first
added to replace gfp in pHH-cg44-GFP-P2-ipsA via CPEC. The backbone was
amplified by PCR using primers NotI-pHH-F and SacI-pHH-R. The insert was
amplified by PCR using primers pHH-NotI-Cm-R and pHH-SacI-Cm-F. The
backbone and insert were annealed and amplified by CPEC. Next, Miox was
cloned by restriction digest into the SacI and NotI sites. Miox was PCR am-
plified with SacI-MIOX-F and NotI-MIOX-R from pTrc-MIOX (15), digested,
and ligated in place of GFP to form pHH-cg44-MIOX-P2-ipsA. To construct
the dynamic control plasmids containing the remaining ipsA promoters P1,
P3–P5, the entire promoter plus ipsA sequence was digested out of the pHH-
cg44-GFP-Px-ipsA (x = 1, 3, 4, 5) using enzymes XhoI and SbfI, and ligated
into the backbone of pHH-cg44-MIOX-P2-ipsA.

The plasmid pRSFDCarb-IN-Udh, encoding enzymes MIPS and Udh, was
modified from pRSFDuet-IN-Udh (29), where the kanamycin resistance gene
was swapped for carbenicillin resistance using CPEC. The bla gene encoding
carbenicillin resistance was PCR amplified from pET-Duet with primers Carb-C-
RSFD and Carb-N-RSFD. The pRSFDuet-IN-Udh backbone was PCR amplified
with primers RSFD-Carb-C and RSFD-Carb-N. The insert and backbone were
annealed and amplified via CPEC. All restriction enzymes, ligases, and poly-
merases were purchased from New England Biolabs.

Strain Construction. All strains (SI Appendix, Table S3) were constructed as
described in ref. 11.

Fluorescence Measurements. MG1655 (DE3) cells were transformed with the
sensor plasmids and grown in Luria Bertani (LB) broth with 50 μg/mL kana-
mycin. Overnight cultures were used to inoculate 1:100 vol/vol into 1-mL
wells containing LB with 50 μg/mL kanamycin on a 48-well flower plate and
cultured at 30 °C, shaking 1,200 rpm, and 80% humidity in the BioLector
(m2p Labs). For variants with the tet promoter driving ipsA, 50 ng/μL
anhydrotetracycline (aTc) was added to the medium. GFP fluorescence (ex-
citation, 488 nm; emission, 520 nm) and biomass (excitation, 620 nm) were
monitored continuously using LED optics for 24 h. Experiments were per-
formed in triplicate, during three separate, identical incubation periods.

The promoter strengths of P1–P5 were measured by placing rfp under
their control. MG1655 (DE3) cells were transformed with the plasmid series
and grown in culture tubes containing 5 mL LB with 50 μg/mL kanamycin.
Samples of 200 μL volume were removed 24 h postinoculation and washed
twice with 0.1 M sodium phosphate buffer (30 mM NaH2PO4 and 61 mM
Na2HPO4) and centrifuged 2,000 × g, 4 °C for 5 min. RFP fluorescence (ex-
citation, 580 nm; emission, 610 nm) and optical density (absorbance at
610 nm) were measured using a Tecan Infinite 200 PRO plate reader.

Myo-Inositol Fermentation. MG1655 (DE3) cells were transformed with the
sensor plasmids and plasmid pTrc-Ino1. Cultures were grown in T12 medium
[10 g/L D-glucose, 7.5 g/L yeast extract, 7.5 g/L soy peptone, 7 g/L Na2HPO4,
3 g/L KH2PO4, 0.5 g/L NaCl, 3 g/L (NH4)2SO4, 4 mM MgSO4] plus 50 μg/mL
kanamycin and 100 μg/mL carbenicillin. Fermentation cultures were in-
oculated from overnight cultures at 1:100 vol/vol. Fermentation was carried
out for 48 h in the BioLector (m2p labs, Baesweiler, Germany; 30 °C, 1,200 rpm,
1.1 mL initial working volume). INO1 expression was induced with 50 μM
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isopropyl β-D-1-thiogalactopyranoside (IPTG) at inoculation. Biomass and GFP
were monitored as described above. At 24 and 48 h postinoculation, 100 μL
culture from each well was removed, centrifuged at 3,000 × g, 4 °C, 5 min,
and the supernatant retained for titer measurements. Experiments were
performed in triplicate.

Glucaric Acid Fermentation. StrainsMG1655 (DE3), IB1379GA, L19GA, L24GA, or
L31GA (SI Appendix, Table S3) were transformed with the MIOX regulation
plasmids and pRSFDCarb-IN-Udh. Overnight cultures were used to inoculate
30-mL starter cultures at ∼1:50 vol/vol in T12 medium with 10 g/L glucose.
Starter cultures were incubated for 4–8 h, until midexponential phase, and
used to inoculate fermentation cultures (T12 medium with 10 g/L glucose) at a
target OD600 (optical density measured at 600 nm) of 0.05. The 50-mL fer-
mentation cultures were incubated for 72 h in 250 mL baffled shake flasks at
30 °C, 250 rpm, and 80% humidity. INO1 and udh expression were induced
with 100 μM IPTG upon inoculation of the fermentation cultures. The 1.4-mL
samples were removed every 24 h for OD600 measurements and centrifuged at
10,000 × g, room temperature for 10 min to obtain supernatants for titer
measurements. Experiments were performed in triplicate.

Bioreactor Fermentation. Overnight cultures in T12 medium with 10 g/L
glucose were used to inoculate 50-mL seed cultures in 250-mL baffled shake
flasks and incubated at 30 °C, 250 rpm, 80% humidity for ∼8 h. Seed cultures
were then used to inoculate a 3-L Labfors bioreactor (Infors AG, Bottmingen,
Switzerland; 1 L working volume) at OD600 = 0.05. The pH was controlled at
7 using 4 M NaOH and 4 M HCl solutions. DO was controlled at 35% of
maximum saturation by agitation rate (minimum 250 rpm) and constant air
sparging at 1 L per minute. Batch fermentation was carried out for 72 h,
with 5-mL samples removed every 24 h for optical density and titer mea-
surements as described for shake flasks.

Glucaric Acid and Myo-Inositol Quantification. Supernatants were analyzed by
high performance liquid chromatography (HPLC) on an Agilent 1200 series
instrument with an Aminex HPX-87H column. An isocratic, 25-min method
with 5 mM sulfuric acid mobile phase at a flow rate of 0.6 mL/min was used.
The column temperature was maintained at 65 °C, and the refractive index
detector (RID) at 35 °C. The elution times for relevant species are as follows:
glucaric acid (7.9 min), myo-inositol (9.5 min), glucose (9.1 min).

Quantification of mRNA Levels. Miox transcript levels were quantified using
quantitative RT-PCR of mRNA isolated from culture samples. Samples were
collected at the equivalent of 1 OD600 per 1 mL, centrifuged at 845 × g for
10 min to pellet, resuspended in 600 μL RNA Protect (Qiagen), and stored
at −80 °C until mRNA extraction. To lyse the cells, samples were thawed
at room temperature, centrifuged at 3,000 rpm for 5 min, resuspended in
100 μL 1 mg/mL lysozyme in TE buffer (10 mM Tris·HCl at pH 8.0, 1 mM
EDTA), and vortexed vigorously for 10 min. Total mRNA extraction of the
lysed pellets was performed following the illustra RNAspin Mini Kit protocol
(GE Healthcare Life Sciences). Extracted mRNA was treated with DNaseI
(TURBO DNA-Free Kit; Life Technologies) to remove any genomic DNA. Puri-
fied mRNA concentrations were quantified with the Nanodrop 2000 (Thermo
Fisher Scientific). cDNA synthesis was performed with the QuantiTect Re-
verse Transcription Kit (Qiagen), with 100 ng/μL total mRNA added per cDNA
synthesis reaction. Quantitative PCR reactions (25 μL total) were set up as
follows: 12.5 μL 2× Brilliant II SYBR qPCR High ROX Master Mix (Agilent
Technologies), 0.5 μL each primer, 9.5 μL water, and 2 μL cDNA. Amplification
was performed with the ABI 7300 Real Time PCR System (Applied Biosystems)
at the following cycle conditions: initial incubation at 95 °C for 10 min, fol-
lowed by 40 cycles at 95 °C for 30 s and 60 °C for 1 min. Threshold cycle (Ct)
values were determined automatically by the ABI System software. Fold dif-
ferences inMiox transcript levels were calculated between each sample and its
respective initial time point value.

Statistics. When relevant, paired two-tailed Student t tests were performed
to demonstrate statistically significant differences between data points. Er-
ror propagation was conducted to estimate the uncertainty on the fold
changes in titer.
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