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Abstract

Background: Biomass formation and product synthesis decoupling have been proven to be promising to increase
the titer of desired value add products. Optogenetics provides a potential strategy to develop light-induced circuits
that conditionally control metabolic flux redistribution for enhanced microbial production. However, the limited num-
ber of light-sensitive proteins available to date hinders the progress of light-controlled tools.

Results: To address these issues, two optogenetic systems (TPRS and TPAS) were constructed by reprogramming the
widely used repressor TetR and protease TEVp to expand the current optogenetic toolkit. By merging the two systems,
a bifunctional optogenetic switch was constructed to enable orthogonally regulated gene transcription and protein

add chemicals.

accumulation. Application of this bifunctional switch to decouple biomass formation and shikimic acid biosynthe-
sis allowed 35 g/L of shikimic acid production in a minimal medium from glucose, representing the highest titer
reported to date by . coli without the addition of any chemical inducers and expensive aromatic amino acids. This
titer was further boosted to 76 g/L when using rich medium fermentation.

Conclusion: The cost effective and light-controlled switch reported here provides important insights into environ-
mentally friendly tools for metabolic pathway regulation and should be applicable to the production of other value-
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Background

Precise metabolic flux regulation is a critical strategy to
reprogram microbial cell factories to obtain high titer,
yield, and productivity of various valuable compounds
[1, 2]. To achieve metabolic regulation, both static regu-
lation and dynamic system strategies are used to date.
While some popular static regulation strategies, such as
gene knockout [3], promoter engineering [4], RBS shuf-
fling [5], etc., have been successfully used to redirect the
carbon flux towards desired metabolites, they also cause
cell growth defects by either blocking the synthesis of
essential metabolites or accumulating toxic metabolites.
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To this end, dynamic regulation tools are needed to fine-
tune cellular carbon flux without sacrificing cell growth
[6].

Dynamic regulation tools represent a new frontier
that enables controlling two or various competing
pathways and subsequently channeling cell resources
onto a targeted pathway [7]. So far, synthetic biology
has contributed to the development of several regula-
tory strategies, including the TetR/Lacl inverter-based
toggle switch [8], temperature-induced dynamic sys-
tem [9], RNAi based dynamic gene repressors [10],
quorum sensing [11], and metabolite responsive cir-
cuits [12]. Optogenetics presents an attractive strategy
and offers several advantages in dynamic control. First,
optogenetics provides a low-cost approach compared
to chemical inducers during scale-up fermentation
[13]. Second, light is non-toxic to cellular metabolism
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and is compatible with any medium composition [14].
Third, light input can be turned on or off instantane-
ously, as it can be easily controlled with an electronic
system to confer the desired signal intensity or fre-
quency when needed [15]. Recently, an increasing
number of optogenetic tools, such as OptoEXP [13],
OptoINVRT7 [16], Opto-CRISPRi [14], eLightOn [17]
and OptoLAC [18], have been constructed for various
value-add chemical production processes. Yet, a lim-
ited number of photo-switchable proteins hinder the
achievement of multifunctional and reversible light-
inducible switches.

Regulatory switches are signal transduction sys-
tems capable of reversibly shifting between two states,
allowing cells to sense and respond to specific signals
for appropriate mechanism change [19]. Based on their
regulation target, two types of regulatory switches,
including transcription regulatory switches and post-
transcriptional regulatory switches, were developed.
Transcriptional switches are mainly designed by DNA
binding proteins such as transcription factors, gene
repressors (Lacl, TetR, ACI), and transcription effec-
tors (temperature, pH, and chemical inducers) [20].
Though the transcriptional level regulations are easy
to control, they always cause delayed response time
and leaky expression due to the already-translated tar-
get proteins. In contrast, post-transcriptional switches,
including those based on protein and RNA interac-
tions, allow quick and precise control. For example, the
protein level regulation can interact directly with path-
way enzymes abundance to manipulate cell function
even at slow growth rates and low dilution [21]. These
microbial protein switches can be designed in two
approaches. On one hand, protein degradation could
be achieved by adopting the native protein degradation
system or the heterogenous proteasome by fusing dif-
ferent C-terminal degradation tags [22]. On the other
hand, conditional protein degradation could be realized
using various effectors (potyvirus protease, tempera-
ture, light, etc.) to trigger target protein degradation by
adopting N-terminal degrons [23].

In the present study, we first report a strategy to
expand optogenetic toolkits by reprograming the pre-
existing chemically induced repressor TetR and the
tobacco etch virus protease (TEVp). Then, we engi-
neered, optimized, and combined the dynamic units
into a bifunctional optogenetic switch to simulta-
neously control gene expression and protein accu-
mulation. Furthermore, this switch was used to
decouple E. coli cell growth from the production path-
way to improve shikimic acid titer up to 76 g/L, pro-
viding a promising way to construct economically
attractive microbial cell factories.
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Results

Design and characterization of the light-inducible
transcription regulation unit

To assemble a bifunctional metabolic flux control tool,
two units, the transcription activation unit and the tran-
scription repression unit were constructed by mining
the TetR repressor (Fig. 1). Moreover, to achieve light-
induced recombination and splitting, blue light-sensitive
VVD dimers[24] were fused to eleven TetR splits (26, 36,
46, 68, 99, 104, 124, 166, 167,169, and 179), which were
designed using computer-based simulations and protein
homology modeling according to the TetR crystal struc-
ture (PDB: 4V2Q) (Fig. 1a, Additional file 1: Fig. S1). Spe-
cifically, the transcription repression unit was designed
as a single layer circuit with a Ptet promoter controlled by
its cognate light-activated TetR repressor and an output
green fluorescent reporter protein. In contrast, the tran-
scription activation unit was designed as a double layered
circuit in which an additional Ptrc¢ promoter and Lacl
repressor were introduced on the transcription repres-
sion unit (Fig. 1d).

To test if the light-controlled TetR splits can induce
the repression of the reporter gene, the fluorescence
intensity of engineered strains containing the TetR-split
plasmids was measured in the dark or illuminated states.
The transcription repression unit results highlighted
eight split pairs (526, S46, S68, S124, S166, S167, S169,
and S179) exhibiting functional recombination, repress-
ing the fluorescence intensity ranging from 1.2 to 12.4-
fold, respectively. The splits that exhibited the activation
fold below one unit were classified inactive. Among
them, the TetRN166/TetRC167 split pair showed the
highest recombination efficiency and was thus selected
for further studies (Fig. 1b). In contrast, the transcrip-
tion activation unit performance was tested using each
of the above eight functional split pairs, which was co-
expressed with the transcription activation-containing
plasmid. Compared to the control strain harboring a
complete TetR, all the split pairs exhibited functional
recombination with activation fluorescence ranging from
1.7-fold to 5.38-fold, respectively (Fig. 1e). To solve the
crosstalk effect that may arise from genomic Lacl, the
optimal TetRN166/TetRC167 split pair was tested in a
Lacl knockout E. coli MG1655 strain, leading to a further
increase in fluorescence activation range from 5.3-fold to
10.5-fold (Additional file 1: Fig. S2). These results dem-
onstrated that the functional splits could be used in vari-
ous functions depending on the tightness of the system
required.

To characterize the performance of the transcription
regulatory units, the tunability, system homogeneity, and
cytotoxicity effects on the cells equipped with different
units were examined. For the tunability, flow cytometry
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Fig. 1 Design and assessment of the transcription regulation unit. a Design of the transcription repression unit. b Evaluation of the ability of
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green: 166 split-site under the light condition and dark green: represent the 166 split-site under dark state. d Design of the transcription activation
unit. e Evaluation of the transcription activation unit. f Flow cytometry for 166 split-site under the transcription activation unit. (Grey: control no GFP;
green: 166 split-site under the light condition and dark green: represent the 166 split-site under dark state). The numbers above the bars indicate
the fold change, calculated from the fluorescence ratio between the dark and the light phases

results revealed that tunable gene transcription activa-
tion or repression could be achieved by controlling cell
exposure times to blue light (Fig. 1c, f). Next, the cell
growth curve results showed that both units were nonin-
vasive with negligible cytotoxicity on cell growth (Addi-
tional file 1: Fig. S3). Moreover, we characterized the
light-inducible units. The results of single-cell fluores-
cence microscopy images demonstrated good population
homogeneity (Additional file 1: Fig. S4).

Design and optimization of the light-inducible protein
accumulation unit

Protein level regulation could provide more precise con-
trol of the target gene than transcriptional regulation. To
rationally control protein accumulation, two light-induc-
ible units (protein accumulation repression unit and
protein accumulation activation unit) were designed. A
pair of VVD-fused TEVp split was used to achieve light-
induced protein degradation (Additional file 1: Fig. S5).
Specifically, a cryptic N-terminal degron was fused to the
GFP reporter protein in the protein accumulation repres-
sion unit. Consequently, upon the blue light-ON state,
the activated TEVp could expose the N-degron of GFP

and drive its degradation (Fig. 2a). In contrast, a C-termi-
nal degron was tagged to the GFP reporter protein in the
protein accumulation activation unit. As a result, upon
the blue light-ON state, the reconstituted TEVp could
precisely remove the C-terminal degron of GFP and pro-
tect it from degradation (Fig. 2d).

Having provided the VVD fusing position on the TEVp
split fragment, we investigated if the VVD position could
affect the recombination efficiency. Hence, two types of
designs termed PRU-118-NW and PRU-118 were built
by fusing the VVD to the C/C-ends and N/C-ends of the
TEVp fragments, respectively (Fig. 2b). The efficiency of
recombination was determined by comparing the fluo-
rescence intensity of samples in the dark and light states.
Results showed that the PRU-118-N'W strain exhibited a
mild leaky expression with 11.6-fold repression compared
to the PRU-118 strain with 2.3-fold repression (Fig. 2b).
Similarly, to provide the protein activation module, two
types of protein accumulation activation units, terming
PAU-118-NW and PAU-118, were built by fusing the
VVD to the C/C-ends and N/C-ends TEVp fragments,
respectively (Fig. 2d). Compared to the control strain
with a complete TEVp (Fig. 2f), both strains harboring
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PAU-118 and PAU-118-NW could activate the accumula-
tion of degron-tagged GFP through cleavage. The PAU-
118-NW design displayed a 4.2-fold activation, making it
1.5-fold higher than the PAU-118 design (Fig. 2e).

To characterize the protein regulation tools, cells con-
taining the tools were used to analyze the protein level
tool tunability, homogeneity, and cytotoxicity. First, dif-
ferent activation or repression folds could be detected
with various blue light intensities indicated that both
units were tunable (Additional file 1: Fig. S6). In addition,
the metabolic burden that the protein regulation tools
impose on cellular metabolism and growth was investi-
gated. Cell growth curves reveal that both units do not
weaken cell growth (Additional file 1: Fig. S7). Further-
more, single-cell fluorescence images in PAU-118-NW
and PRU-118-NW showed that the protein accumulation
repression unit had better homogeneity than the protein
accumulation activation (Additional file 1: Fig. S8).

Design and characterization of the bidirectional switch

Considering the potential to tune gene expression
through transcriptional level regulation and control
translated protein abundance by protein level regulation,

the above two regulatory units were combined to estab-
lish a bilayered switch. The first layer consists of the tran-
scription and protein repression system (TPRS) design, in
which light-inducible TetR and TEVp were co-expressed
with an N-terminal degron fused GFP (Fig. 3a). There-
fore, when system input was switched from dark to light,
the transcription activity of Ptet promoter was repressed
by the reconstituted TetR, and the translated GFP could
be degraded by the reconstituted TEVp, leading to an
output from GFP accumulation to repression (Fig. 3a).
The second layer is the transcription and protein repres-
sion system (TPAS) design; an N-terminal degron fused
LacI repressor was introduced into a Ptrc¢ controlled
C-terminal degron fused GFP. As a result, when system
input was switched from dark to light, the abundance of
LacI could be decreased at both transcriptional and pro-
tein levels to de-repress the expression and accumula-
tion of GFP, leading to an output from GFP accumulation
repression (Fig. 3d).

The performance of each system was evaluated by
recording cell fluorescence intensity either in the dark
or light-exposed states. In addition, two strains with
complete TEVp and TetR expression were designed as
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controls (Fig. 3c, f). TPRS-118/166-NW and TPAS-
118/166-NW showed 4.6-fold repression and seven-
fold activation, respectively (Fig. 3b, e). The TPAS cells
revealed a minimal GFP expression under the dark con-
dition, representing 0.5-fold lower than the protein accu-
mulation repression unit (Fig. 2e). This result indicated
that tight control could be realized by integrating the
double Layer regulatory systems (Fig. 3e).

To assess systems performance, the cytotoxicity, com-
posability, homogeneity, and responsiveness of the two
layers TPRS and TPAS, were evaluated. As shown in
Fig. 3g, similar cell growth curves could be observed
under the dark state and light state (OD =2.8 for TPRS,
OD=2.75 vs. OD=2.60 for TPAS, under dark and light
conditions), indicating that both systems procure mini-
mal to negligible cell growth. To assess the benefits of the
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bifunctional switch and its composability efficiency, we
prepared four strains for each of the two systems, each
harboring different functional components and a control
strain carrying the output module deprived of any of the
control switches. The assembly of units improved the tool
performance; for example, TPRS provides 4.5-fold and
threefold quicker control of gene and protein repression
than transcription repression unit and protein repression
unit. TPAS, on the other hand, controls gene and protein
repression 5 to 1.6 times quicker than the transcription
activation unit and protein activation unit, respectively
(Fig. 3h, i). In addition, switch kinetic experiments were
determined through a time lapse comparison of the sys-
tems to control the reporter gene accumulation or deple-
tion. Results revealed that the equipment of both the
transcriptional regulation system and the protein level
regulation could endow strains with a twofold quicker
response time (less than 30 min) and a 2.5-fold degrada-
tion rate (1800 fluorescent units per hour) than that of a
single transcriptional level regulation (Additional file 1:
Fig. S9). Furthermore, single-cell fluorescent microscopy
images of both TPAS and TPRS showed good homogene-
ity with a less wide dynamic range (Additional file 1: Fig.
S10).

Light-inducible regulation of shikimic acid bioproduction
Shikimic acid is an essential precursor for synthesizing
oseltamivir, an antiviral agent used against H5N1 influ-
enza [25]. Unless expensive AAA were supplemented
into the minimal medium, a simple inactivation of shi-
kimic acid depletion would cause cell growth defects [26,
27] (Fig. 4a). To solve this issue, the established bidirec-
tional regulation switch was implemented to improve
shikimic acid production without any chemical inducers
or AAA supplementation in the growth medium. Thus,
TPRS was designed to control cell growth, whereas TPAS
was designed to direct the carbon flux towards the shi-
kimic acid production when switched from dark to illu-
minated states (Fig. 4b).

To obtain a suitable strain for shikimic acid produc-
tion, a previously engineered E. coli S4 was used as a
chassis. This strain exhibited growth defects in the NBS
minimal medium; it was first evaluated in minimal
medium supplemented with 5 g/L tryptone for shikimic
acid production. A total of 0.5 g/L of shikimic acid was
produced after 72 h of fermentation, with 14.2 g/L of
quinic acid detected. To decrease the accumulation of
byproducts as well as improve shikimic acid production,
an engineered strain of E. coli S5 with deletion of ydiB
(encoding quinate/shikimic acid dehydrogenase) and
overexpression of rpE (encoding Ru-5P 3-epimerase) was
constructed and exhibited a shikimic acid titer increase
of 5.4-fold (2.7 g/L) and a fourfold titer decrease of quinic

Page 6 of 14

acid (3.5 g/L) (Fig. 4b). Thus, E. coli S5 was selected for
optogenetic systems verification in the NBS minimal
medium.

To show the relationship between bidirectional regu-
lation systems and titer improvement, three engineered
strains were constructed, in which E. coli S6 harbors only
TPAS, E. coli S7 harbors only TPRS, and E. coli S8 har-
bors both TPAS and TPRS (Fig. 4c). Fermentation results
showed that E. coli S8 produced 4.20 g/L shikimic acid
from 20 g/L glucose, while E. coli S6 and S7 could pro-
duce 0.46 g/L and 0.81 g/L shikimic acid (Fig. 4d). To
further reveal the effects of fermentation conditions on
shikimic acid production, fermentation temperature
(Additional file 1: Fig. S11), glucose concentrations (Addi-
tional file 1: Fig. S12), and light switch times (Additional
file 1: Fig. S13) were investigated. Results showed that the
optimum conditions for temperature, glucose concen-
tration, and light switch time were at 37 °C, 40 g/L, and
24 h, producing the highest shikimic acid titer of 4.6 g/L
in shaker flasks with a yield of 0.07 g/g glucose and a pro-
ductivity of 0.12 g/h-L (Additional file 1: Fig. S13).

Under the optimized conditions, strain S8 was cultured
for 72 h in the NBS minimal medium using a 5 L fer-
menter (Fig. 4e). It produced 35 g/L, providing a yield of
0.43 g/g glucose and a productivity of 0.48 g/h-L, respec-
tively. To the best of our knowledge, this is the highest
titer ever reported using the NBS minimal medium.
Moreover, to check the robustness of the bidirectional
switch, the strain S8 was evaluated using the enriched
medium under the same optimized conditions. After
72 h of fed-batch fermentation, a final OD, of 45 could
be detected in the enriched medium, which was 2.4-fold
compared to minimal medium (ODy, of 19). Meanwhile,
a final shikimic acid titer of 76 g/L and 1.05 g/h-L overall
productivity could be obtained with strain S8 using the
enriched medium (Fig. 4f). Notably, the average shikimic
acid productivity (1.49 g/h-L) after 24 h was 6.8 times
higher than the average productivity (0.19 g/h-L) before
24 h, indicating that the optogenetic switch could effec-
tively control the carbon flux distribution based on light
signal input.

Discussion

Described herein, two optogenetic systems, TPAS and
TPRS, were created by reconstructing the native TetR
and TEVp using protein split technology. Besides, a
light-controlled switch was merged from both systems to
exhibit bifunctional regulation at the gene transcription
and protein levels. Ultimately, the bifunctional switch
successfully decoupled growth and production phases,
raising shikimic acid titer to the highest ever recorded in
E. coli in a minimal medium without adding costly aro-
matic amino acids.
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Quinic acid; DHQ, 3-dehydroquinic acid; DHS, 3-dehydroshikimic acid; SA, shikimate; S3P, shikimate-3-phosphate; AAA, aromatic amino acids. Gene
knockouts were presented in grey color. b Screening the suitable chassis strain for shikimic acid production in a rich medium. ¢ Design of TPAS and
TPRS for shikimic acid production. d Evaluation of bifunctional optogenetic switch (S8) and individual components, TPRS (S6) and TPAS (S7) systems,
for shikimic acid production. e Fed-batch fermentation using NBS minimal medium in a 5 L bioreactor. f Fed-batch fermentation using an enriched

mediumin a 5 L bioreactor. Values are shown as the mean+s.d. (n=3)
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The TPRS and TPAS systems enabled quick control of
gene expression and protein degradation, respectively.
To date, reported regulatory tools mainly use the gene
transcription regulation, which is less ATP-driven while
exhibiting easy controllability. However, transcription-
based regulation tools are currently replaced by the pro-
tein control level [28] due to their quick control over
cellular functions [29]. The present tools present inte-
grated transcription and protein regulation tools, hereby
exhibiting two main advantages: (i) Expensive inducers
were avoided to decrease cytotoxicity and system cross-
talk. Recent research highlighted the circuits manipulat-
ing protein expression [30, 31] and the tRNA mediated
biosensor circuits [32] with efficient activation; however,
they are highly inducer-dependent [33]. Oppositely, the
use of light as the input signal moderates the cost of the
fermentation process along with the system controllabil-
ity [34, 35]; (ii) With the help of computer-based model-
ling and split energy analysis tools, a tunable platform of
eight activatable TetR split pairs was constructed. Com-
pared to other systems that provide a single tool alterna-
tive [36], different split pairs were designed to exhibit a
wide dynamic range from 1.75- to 12.4-fold. This strategy
could help to reprogram other proteins towards desired
functions and controllability.

The bifunctional optogenetic switch, which also exhib-
ited good composability, enabled a two levels control
regulating gene transcription and protein accumulation.
Currently, developing switches that combine both levels
of regulations require good composability and orthogo-
nality to ensure a predictable outcome [37]. Here, we
present a strategy to circumvent the humps in mining
new regulatory elements; specifically, two orthogonal
proteins, TetR and TEVp, were designed and optimized
to control the transcriptional and protein level, respec-
tively. To date, the regulatory switches available have
been exploited for upregulation [38], downregulation,
or bifunctional regulation [39]. However, most switched
designs operate on one regulatory level, such as tran-
scriptional level [33, 40, 41] or protein level [42]. The
transcription regulation switch demonstrated successful
control, because it imposes little burden on cells, but its
system control is slow [43]. Herein, protein regulation
switches are regulated through protein degradation, giv-
ing a faster response and quick cellular function change.
Moreover, this switch achieved bidirectional regulation
by integrating resource-efficient transcriptional level reg-
ulation [44] with fast-responding protein level regulation
[39].

Application of the bifunctional optogenetic switch to
decouple cell growth and shikimic acid pathway resulted
in the highest titer of shikimic acid reported while using
the NBS minimal medium. Product yields in microbial
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cell factories are currently limited by metabolic flux
competition between biomass production and biosyn-
thesis. Therefore, several strategies to decouple growth
and production phases have been created, including the
application of substrate-dependent promoters [45], pro-
tein degradation based cell growth [46], CRISPRi gov-
erned intermittent gene expression [41], light controlled
production phase [47], aptamer-based regulatory bio-
sensor [48], etc. Herein, the potential of optogenetics in
decoupling cell growth and shikimic acid production was
demonstrated for the first time in shikimic acid produc-
tion, and a more than twofold higher shikimic acid titer
than previous reports was obtained under mineral salt
medium. For the biosynthesis of shikimic acid, several
static strategies were used to improve the titer of shi-
kimic. For instance, two-stage fermentation [49], gene
knockout [50], and key pathway gene optimization [51]
were used to increase shikimic acid titer, producing 7.98,
13.1, and 101 g/L, respectively. Recently, dynamic regu-
lation was used to rescue the use of expensive aromatic
amino acids. For example, a CRISPRi based gene expres-
sion achieved 23 g/L shikimic acid, a 115% increase than
the wild-type strain [52]. Moreover, several autonomous
circuits, using the protease-based dynamic regulation
circuit, growth phase-based dynamic regulation circuit,
and QS-based dynamic regulation circuit, were con-
structed to boost the shikimic acid titer up to 12.63 g/L
[53], 14.33 g/L [39], and 16.85 g/L [54], respectively. In
the present study, we demonstrated the potential of the
optogenetic switch to improve the shikimic acid titer
up to 76 g/L under an enriched medium. Those results
indicated that the present switch was robust and might
provide valuable capabilities in metabolic engineering
for valuable product biosynthesis. In fine, the present
research and other previously published articles using
optogenetic tools have been demonstrated to be effec-
tively applied in 5 L fermenters to produce value-added
chemicals [13, 55, 56]. The development of the adapted
bioreactors and their respective light systems is crucial
for deploying the light-controlled systems to the indus-
trial level.

Despite the benefit of the TPRS and TPAS systems for
regulating metabolic pathways, as discussed in the pre-
sent work, these systems depend on multiple proteins
built from cellular resources and may cause a metabolic
burden to cells. As a result, novel and adaptive strategies
can be applied to creating robust and much simpler sys-
tems that may reduce cellular burdens [57, 58]. Among
those strategies, orthogonal DNA binding systems such
as bZip, RNAI, or other synthetic DNA binding strategies
to avoid non-specific recombination or protein aggrega-
tion before activation. In addition, a combination of dif-
ferent throughput strategies, such as omics analysis and
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high throughput screening, can help select the cells har-
boring the best tools with less metabolic burden. In terms
of system high sensitivity, the present tool sensitivity can
be expanded using different strategies such as computa-
tional and mathematical simulations to achieve a quick
approach to select and predict new synthetic regulatory
tools.

In summary, we demonstrated that chemically induced
repressor protein and protease could be reprogrammed
to develop robust regulatory circuits. Moreover, a bifunc-
tional optogenetic switch with both regulatory func-
tions achieved by multilevel controls was constructed
to improve the shikimic acid to the highest titer ever
reported in the minimal medium by E. coli.

Methods

Protein structure analysis and DNA assembly

Protein split sites for TetR were analyzed using the Pymol
software and the computer-based protein split simulation
SPELL [59]. A series of sub-cloning plasmids, including
protein split fragments, vivid photodimers (VVD), and
the dimerization control domain, were constructed using
conventional cloning methods or Gibson isothermal
assembly. Each protein split fragment was fused to a VVD
fragment used as the dimerization control domain. Two
sub-cloning modules were constructed and expressed
in one plasmid. In addition, a glycine—serine-rich linker
was used to connect the fragments to the dimerizing
domain. The TEVp and TetR complete sequence proto-
type was used as the starting fragments for PCR ampli-
fication of fragments that included a 5 sequence to
code for an EcoRI restriction site and a Kozak consensus
sequence, as well as a 3’ sequence to code for a HindIIl
restriction site, for the VVD fused N-terminal protein
split fragments. The same method was used to amplify
fragments that included a 5’ sequence to code for a Hin-
dlll restriction site, a Kozak consensus sequence, and a 3’
sequence to code for an Xhol restriction site with VVD
fused C-terminal protein split fragments. PCR fragments
were extracted and purified using agarose gel extraction
(Epoch Life Science). The recombinant plasmids con-
taining all fragments were transformed into chemically
competent E. coli cells and selected on LB-agar plates
with ampicillin and chloramphenicol under 37 °C static
conditions.

Plasmids and strains

The plasmids and strains used in this study are given in
Table 1. The fundamental plasmids were pJ01 (GenBank
ID: MK234843) and pTet-1 (GenBank ID: MK234848),
from which the TetR was excised to make the expres-
sion plasmid pTet-2 of the reporter module. The reporter
protein GFP was PCR amplified and cloned into a pTet-2
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plasmid using a one-step cloning protocol (TAKARA,
exanasel kit) to create a reporter module. Rapid PCR
site-directed mutagenesis was used to generate the gene
aroG"" (encoding DAHP synthase) with a feedback-
resistant D146N mutation. The gene aroB’”* (encoding
DHQ synthase), a codon-optimized version, was pro-
duced by optimizing the first eight codons. The success-
ful cloning was confirmed by colony PCR, restriction
mapping, and direct nucleotide sequencing [53].

To create chassis strains for shikimic acid synthe-
sis, chromosomal genes, such as ydiB (encoding qui-
nate/shikimate dehydrogenase) and aroK (encoding
shikimate kinase I) were knocked out in E. coli MG1655
using the CRISPR/Cas9 technique [53]. The aroL gene
was replaced in the genome with a tkzA expression cas-
sette controlled by the J23119 promoter and the B0034
RBS. The PTS system (ptsH, ptsl, and crr, which encode
HPr, El, and EIIAGIc, respectively) was replaced in the
genome with a glucose facilitator protein gene, Zmglf,
from Zymomonas mobilis.

Culture conditions

For genetic experiments, strains were cultured in LB
broth containing 10 g/L tryptone, 5 g/L yeast extract, and
10 g/L NaCl. Ampicillin (100 mg/L) and chloramphenicol
(30 mg/L) were added for plasmid maintenance. Shake
flask fermentation for shikimic acid production was car-
ried out in NBS medium.

NBS inorganic salt medium contains: glucose 20 g/L,
KH,PO, 35 g/L, K,HPO, 5.0 g/L, (NH,),HPO, 3.5 g/L,
CaCl,-2H,0 15 mg/L, trace element solution 0.67 mL/L.
After the medium is sterilized, added with MgSO,-7H,0
0.25 g/L, V; 0.5 mg/L, and betaine hydrochloride 1 mM.
Trace element in liquid composition: FeCl;-6H,0 2.4 g/L,
CoCl,-6H,0 0.3 g/L, CuCl, 0.15 g/L, ZnCl,-4H,0 0.3 g/L,
NaMnO, 0.3 g/L, H;BO; 0.075 g/L, MnCl,-4H,0 0.5 g/L,
dissolved in 0.1 M HCL

The enriched fermentation medium contained: glucose
10 g/L, yeast extract 18 g/L, KH,PO, 4.0 g/L, Na,HPO,
1.0 g/L, (NH,),SO, 2.0 g/L, citric acid 2.0 g/L, MgSO,
0.4 g/L, NaOH 3.0 g/L, and a trace element solution of
1 mL/L. Trace element liquid composition: FeSO,-7H,0O
2.8 g/L, CoCl,-6H,0 2.5 g/L, CuSO,-5H,0 0.3 g/L,
ZnSO,-7H,0 0.3 g/L, NaMoO,-2H,0 2.0 g/L, H;BO,
1.0 g/L, MnSO,-H,0O 1.7 g/L, CaCl,-2H,0 1.13 g/L, dis-
solved in 0.1 M HClL.

Measurement of fluorescence intensity

The performance of different systems and bifunctional
switch were evaluated. Cells of E. coli J]M109, containing
the respective plasmids, grew overnight at 200 rpm in
20 mL of LB with an appropriate concentration of anti-
biotics at 37 °C. Using the overnight culture, a new flask
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Table 1 Strains used in this study

Strains/Plasmids Relevant characteristics Source

Strains
K1 E. coliMG1655 carrying pJO1-TetR This study
TRUzs/c27) E. coli MG1655 carrying pJO1-TetR-26, P,,~GFP This study
TRU3s/c37) E. coli MG1655 carrying pJO1-TetR-36, P,.~GFP This study
TRU Nag/caz) E. coli MG1655 carrying pJO1-TetR-46, P,-GFP This study
TRU (nes/ce9) E. coli MG1655 carrying pJO1-TetR-68, P,.-GFP This study
TRU (go/ci100) E. coliMG1655 carrying pJ01-TetR-99, P.-GFP This study
TRU104/c105) E. coli MG1655 carrying pJO1-TetR-104, P,.~GFP This study
TRU124/c125) E. coli MG1655 carrying pJO1-TetR-124, P,.~GFP This study
TRUn166/c167) E. coliMG1655 carrying pJO1-TetR-166, P,-GFP This study
TRU167/c168) E. coli MG1655 carrying pJO1-TetR-167, P, ~GFP This study
TRUi160/c170) E. coliMG1655 carrying pJO1-TetR-169, P,-GFP This study
TRU179/c180) E. coli MG1655 carrying pJO1-TetR-179, Po~GFP This study
XN E. coli MG1655, ALacl This study
TAU124/c125) XN carrying pJO1-TetR-124, P, Lacl-GFP This study
TAU s /car) XN carrying pJO1-TetR-46, P, Lacl-GFP This study
TAU n169/c170) XN carrying pJO1-TetR-169, P, Lacl-GFP This study
TAUw179/c180) XN carrying pJO1-TetR-179, P, Lacl-GFP This study
TAU nos/c27) XN carrying pJO1-TetR-26, Py Lacl-GFP This study
TAU N16s/cr67) XN carrying pJO1-TetR-166, P, Lacl-GFP This study
TAUwi67/c168) XN carrying pJO1-TetR-167, P, Lacl-GFP This study
TAU es/co0) XN carrying pJO1-TetR-68, Py, Lacl-GFP This study
PRU-118 E. coli MG1655 carrying TEVp-118, P.~(TeF)GFP This study
PRU-118-NW E. coliMG1655 carrying TEVp-118-NW, P, ~(TeF)GFP This study
PAU-118 E. coli MG1655 carrying TEVp-118, P,.-GFP(LAA) This study
PAU-118-NW E. coli MG1655 carrying TEVp-118-NW, P, -GFP(LAA) This study
TPRS E. coli MG1655 carrying pJOT1-TetR 46 -TEVP j1g), Prer-(TEF)GFP This study
TPAS XN carrying pJO1-TetR;¢¢-TEVD 1), Prer(TeF)Lacl-GFP(DAS) This study
S4 E. coli MG1655, AptsHicrr:2Zmglf, AaroL:tktA, AaroK, P y3114-GB Lab stock
S5 S4, AaroK:rpE, LyidB This study
S6 S5 carrying pJOT1-TetR ;¢ TEVD ;1) NX1 This study
S7 S5 carrying pJO1-TetR ;46 TEVP 11, NX2 This study
S8 S5 carrying pJOT-TetR 46 TEVD 19, NX3 This study

Plasmids
pJo1 P 53110 Promoter, pMB1 ori, Amp"t Lab stock
pJO1-TetR-26 pJO1-containing BOO34RBS, TetR y,¢-VVD, VWD-TetR ¢, This study
pJO1-TetR-36 pJO1-containing BOO34RBS, TetR y3¢-VVD, VWD-TetR 37 This study
pJO1-TetR-46 pJ01-containing BOO34RBS, TetR y,¢-VVD, VWD-TetR ¢4 This study
pJO1-TetR-68 pJ01-containing BOO34RBS, TetR y4g-VVD, VVD-TetR ¢4, This study
pJO1-TetR-99 pJ01-containing BOO34RBS, TetR ygq-VVD, VVD-TetR ¢ o) This study
pJO1-TetR-102 pJO1-containing BOO34RBS, TetR y04-VVD, VVD-TetR¢1 g5 This study
pJO1-TetR-124 pJ01-containing BOO34RBS, TetR y;,4-VVD, VVD-TetR ¢ 5 This study
pJO1-TetR-166 pJ01-containing BOO34RBS, TetR y;¢¢-VVD, VWD-TetR ¢ This study
pJO1-TetR-167 pJ01-containing BOO34RBS, TetR y;47-VVD, VVD-TetR ¢ g, This study
pJO1-TetR-169 pJ01-containing BOO34RBS, TetR y;¢0-VVD, VWD-TetR ¢ 70, This study
pJO1-TetR-179 pJ01-containing BOO34RBS, TetR y;7¢-VVD, VWD-TetR ¢ g0 This study
pJO1-TetR pJO1-containing BOO34RBS, TetR ey iength) This study
PTet-1 P, P15A ori, Cm*, TetR Lab stock
PTet-2 Py, P15A ori, Cm* This study
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Strains/Plasmids Relevant characteristics Source
Por-GFP PTet-2 containing BOO34RBS, GFP This study
Piet Lacl-GFP PTet-2 containing P, BO034RBS, Lacl, P, BO034RBS, GFP This study
TEVp-118 pJO1 containing Pjy3;1, BOO34RBS, TEVPy;15)-VVD, VWD-TEVP 1 gq) This study
TEVp-118-NW pJO1 containing P16, BOO34RBS, VWD-TEVD(y: 1, VWD-TEVP (g0, This study
P (TeF)GFP PTet-2 containing P, BO034RBS, (TeF)GFP This study
P GFP(LAA) PTet-2 containing P, BO034RBS, GFP(LAA) This study
pJO1-TetR 66 TEVP (115 pJO1 containing BOO34RBS, TetR 166-VVD, VWD-TetR ¢147), Pjo31167VVD-TEVD1 18, VWD-TEVD g0 This study
Per(TeF)Lacl-GFP(DAS) PTet-2 containing P, BO034RBS, (TeF)Lacl, GFP fused with DAS tag This study
pJO1-TEVp pJO1 containing Pj3;1e BOO34RBS, TEVP gy jength) This study
PJOT-GB pJO1 containing Pjy3;1, BOO34RBS, AroG, AroB This study
NX-1 PTet-2 containing Py, BOO34RBS, (TeF)AroK This study
NX-2 PTet-2 containing P, BOO34RBS, (TeF)Lacl, P, BOO34RBS, AroG(DAS), AroB(DAS) This study
NX-3 PTet-2 containing P, BO034RBS, (TeF)AroK, (TeF)Lacl, P,,., BOO34RBS, AroG(DAS), AroB(DAS) This study

of 50 mL LB medium was inoculated to a diluted cell cul-
ture of 1:100 supplemented with antibiotics and grown
for 2 h before analysis. The control samples were treated
in similar conditions, and each sample fluorescence was
analyzed and recorded. The assessment was carried out
using a spectramax M3 microplate reader (Molecular
Devices, USA). The excitation and emission wavelengths
for GFP were at 488+10 nm and 510+ 10 nm, respec-
tively. The experiment was taken in triplicates.

Flow cytometry measurements

During time-course studies, samples were collected from
cell cultures, washed twice with PBS (pH=7.2), and re-
suspended to an ODg,, of 0.2. A BD Biosciences LSR
Fortessa instrument was utilized during the studies, out-
fitted with fluorescein isothiocyanate (FITC) (GFP) chan-
nels. To compensate, cells that exclusively transmit GFP
were employed. At a flow rate of 0.5 mL/s, each sample
received at least 10, 000 counts. All data exported in
FCS3 format were processed using the Flow Jo software
(FlowJo, LLC).

Kinetic parameter assay

To further validate the advantages of utilizing the com-
bined regulatory tools, kinetic parameters were evaluated
using time Lapse fluorescence measurements across cells
carrying the same regulatory tool under light conditions,
which were subsequently fitted to prism pad statistical
analysis.

Cells containing TPRS and its modular components
(TRU and PRU) were grown overnight for the protein
depletion regulation tools. On day 2, they were moved to
a fresh 50 mL shake flask with a 500 uL inoculation vol-
ume and incubated for 2 h before turning on the light,
and every 30 min for 3 h, a sample of 1 mL of culture was

collected for fluorescence measurement. The control was
grown in identical conditions but under a light-deprived
environment (dark).

Cells carrying TPAS and its modular components
(TAU and PAU) were grown overnight for the protein
accumulation regulatory tools. On day 2, they were
moved to a fresh 50 mL shake flask with a 500 pL inocu-
lation volume, and then the light was turned on to pro-
mote protein accumulation. =0 was then recorded, and
samples were collected every 30 min for 3 h for fluores-
cence examination.

Fluorescence microscopy assay

Bacterial cells were collected by centrifugation at
1500 rpm for 10 min, followed by two washes with PBS
(pH 7.2). Microscopy images were taken using a Nikon
ECLIPSE 80i microscope equipped with a Nikon DS-Ril
camera.

Shikimic acid fermentation

The seeds were grown in LB medium overnight at 37 °C
and 200 rpm. Then, with the starting bacterial concentra-
tion controlled at OD600=0.05, transfer to NBS minimal
medium or enriched medium containing 20 g/L glucose,
100 mg/L ampicillin, and 30 mg/L chloramphenicol.
A 250 mL shake flask with a working capacity of 50 mL
serves as the fermentation system. The culture tem-
perature was kept at 37 °C, and the rotation speed was
200 rpm. Experiments on batch and fed-batch shikimic
acid fermentation lasted for 72 h.

LED blue panels (450 nm, 22 W, 24V, 1.7 A; MODEL:
HF-FX160, square light source), purchased from
KOMA Vision Technology and LEMONS Co., Ltd
(China), were used to illustrate optogenetics. The light-
ing equipment was powered by an AC/DC ADAPTER
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(MODEL: SPF-1210) (AC 100-240 V 50/60 Hz; OUT-
PUT: DC 12V, 10 A). To improve the applicability and
stability of scale, four blue light sources were used to
surround a 5 L fermenter, respectively. These light
panels were set 5 cm away from the vessel sides. The
culture pH, airflow, and temperature were maintained
at 6.0, 1 vvm, and 37 °C in a 5 L fermenter (INFORS,
Switzerland). Every 6 h, samples were collected to test
ODg,, and DCW.

Analytical methods

Shikimic acid concentrations in the fermentation
medium were determined using a high-performance
liquid chromatography system (Dionex UltiMate 3000
series; Thermo Scientific, MA, USA) equipped with
an Atlantis® C,g column (5 m, 4.6 x 250 mm), eluted
with 0.5 mM H,SO, at a constant flow rate of 0.6 mL/
min (55 °C), and detected by monitoring absorbance at
210 nm. A spectrophotometer was used to monitor cell
growth through the ODg,. All the experiments done
were conducted in triplicates for statistical analysis.
Differences between the two groups were determined
by two-tailed student’s ¢ test and paired sample analysis
through SPSS statistics software (SPSS V13.0).
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