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Terpenoids are the largest family of natural products. They are made from the building block isoprene
pyrophosphate (IPP), and their bioproduction using engineered cell factories has received a great deal
of attention. To date, the insufficient metabolic supply of IPP remains a great challenge for the efficient
synthesis of terpenoids. In this work, we discover that the imbalanced metabolic flux distribution
between the central metabolism and the IPP supply hinders IPP accumulation in Bacillus subtilis (B. sub-
tilis). Therefore, we remodel the IPP metabolism using a series of genetically encoded two-input-multi-
output (TIMO) circuits that are responsive to pyruvate or/and malonyl-CoA, resulting in an IPP pool that
is significantly increased by up to four-fold. As a proof-of-concept validation, we design an IPP metabo-
lism remodeling strategy to improve the production of three valuable terpenoids, including
menaquinone-7 (MK-7, 4.1-fold), lycopene (9-fold), and B-carotene (0.9-fold). In particular, the titer of
MK-7 in a 50-L bioreactor reached 1549.6 mg-L™!, representing the highest titer reported so far. Thus,
we propose a TIMO genetic circuits-assisted IPP metabolism remodeling framework that can be generally
used for the synergistic fine-tuning of complicated metabolic modules to achieve the efficient bioproduc-
tion of terpenoids.
© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Terpenoids, which are the largest family of natural products,
have a wide range of applications in the fields of pharmaceuticals,
flavors, and food additives [1,2]. However, most natural producer
organisms—mainly plants—are not suitable for the large-scale syn-
thesis of terpenoids, due to their low abundance, lack of genetic
manipulation tools, and long growth cycles. Conversely, the use
of engineered microbial cell factories is a promising and sustain-
able route for the production of terpenoids [3,4]. The metabolic
network related to terpenoids can be divided into three modules:
the central metabolism module, isoprene pyrophosphate (IPP) sup-
ply module, and terpenoids synthesis module. IPP is the basic
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building block for terpenoid biosynthesis. There are two distinct
natural IPP biosynthetic modules: the 2-C-methyl-D-erythritol
4-phosphate (MEP) module (present in bacteria and plants), using
pyruvate and glyceraldehyde-3-phosphate as precursors, and the
mevalonate (MVA) module (present in eukaryote and archaea),
using acetyl-CoA as the precursor [3]. In most microbial cell facto-
ries, insufficient IPP supply limits the overproduction of ter-
penoids; therefore, strategies to improve their production are
required. However, tuning the metabolite flux distribution
between the central metabolism and IPP synthesis remains a chal-
lenge for metabolic engineering [5].

Various strategies have been proposed to enhance IPP supply,
such as central metabolism engineering [6] and rate-limiting
enzyme engineering [7,8]. For example, Lv et al. [9] significantly
improved the synthesis of isoprene by enhancing the supply of
acetyl-CoA and upregulating the expression of rate-limiting
enzymes in the MVA pathway. In addition, the heterologous
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introduction of the MVA pathway in Escherichia coli (E. coli) was
shown to trigger synergism between the MVA and MEP pathways,
thereby increasing the supply of IPP [10]. However, these static
regulatory strategies may lead to the accumulation of toxic inter-
mediates, metabolic imbalance, and the generation of a new meta-
bolic bottleneck—issues that compromise the titer, yield, and
productivity of terpenoids.

Recently, synthetic genetic circuits have been proposed to
mimic natural regulatory mechanisms and perform dynamic con-
trol of metabolic fluxes in response to either intracellular or extra-
cellular signals such as temperature, light, oxygen, and
intermediate metabolites [11-13]. Dynamic regulation is able to
balance and fine-tune intracellular metabolic fluxes in real time
according to the metabolic state of the cell, which prevents the
accumulation of intermediate metabolites and promotes the effi-
cient synthesis of products [12]. Based on the IPP-responsive
genetic circuit, Chou and Keasling [ 14| designed an adaptive evolu-
tionary system that significantly increased the production of ter-
penoids. Moreover, Zhou et al. [15] developed a naringenin-
coumaric acid-malonyl-CoA-balanced (NCOMB) genetic circuit for
dynamic control of the precursor malonyl-CoA. Although these
genetic circuits can improve the synthesis of terpenoids to a cer-
tain degree, they are independent of each other, are single-input,
focus on one target, and do not synergistically regulate the IPP
metabolism, resulting in restricted IPP supply and product titers.

In this work, a genetically encoded two-input-multi-output
(TIMO) circuits-assisted framework is proposed for remodeling
the IPP metabolism (Fig. 1). As a proof of concept, we engineer
Bacillus subtilis (B. subtilis) to produce menaquinone-7 (MK-7),
which is a valuable terpenoid used to prevent osteoporosis, arterial
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calcification, and Parkinson’s disease [16]. First, we introduce an
MVA module into an MK-7-producing strain, BS17 [17], to enhance
IPP accumulation, thereby obtaining the strain BS17-MVA. Subse-
quently, we identify the bottleneck limiting the IPP supply by mea-
suring the content of intracellular metabolites in the strain BS17-
MVA (Fig. 1(a)), and then design a cascade regulatory system for
the synergistic regulation of IPP metabolism (Fig. 1(b)). Next,
according to the designed cascade regulatory system, we build a
series of bifunctional malonyl-CoA-responsive genetic circuits
and a two-input AND gate and OR gate in response to malonyl-
CoA and pyruvate based on the transcriptional factor FapR, PdhR,
and antisense transcription (Figs. 1(c) and (d)). Finally, we intro-
duce these genetically encoded circuits into BS17-MVA to dynam-
ically remodel the central metabolic module and IPP supply
module (Fig. 1(e)). The engineered strain expressing the TIMO
genetic circuits can produce up to 1549.6 mg-L~! MK-7 in a 50-L
bioreactor, which is the highest MK-7 titer reported so far. More-
over, we validate the application of the proposed framework in
the production of two other valuable terpenoids: lycopene and f-
carotene (Fig. 1(f)).

2. Material and methods
2.1. Strains, plasmids, and cultivation conditions

The strains, plasmids, and primers involved in this study are
listed in Tables S1-S3 in Appendix A. E. coli was cultivated in
Luria-Bertani (LB) medium at 37 °C and 100 pg-mL™' ampicillin
was supplemented when required. The fermentation medium of
B. subtilis for MK-7 production was composed of 50 g-L™! glucose,
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Fig. 1. Framework for the TIMO genetic circuit-assisted strategy for remodeling and synergistic regulating IPP metabolism. (a) Liquid chromatography-mass spectrometry
(LC-MS) was used to detect the content of key intracellular metabolites, including MVA, MEP, pyruvate, and acetyl-CoA. Thus, the intracellular metabolic flux distribution was
analyzed. (b) According to the analysis results, the corresponding regulatory system based on the genetic circuit cascade was designed to facilitate the flow of metabolic
fluxes into the IPP supply module. Pyr: pyruvate; Aco: acetyl-CoA; Mco: malonyl-CoA. Pink arrow, pyruvate activated genetic circuit; blue blunt-end arrow: malonyl-CoA-
inhibited genetic circuit; switch, AND/OR gate in response to pyruvate and malonyl-CoA. (c) The genetic circuits involved in the regulatory system were constructed
separately, including one-input genetic circuits and two-input genetic circuits. eGFP: enhanced green fluorescence protein; FapR: malonyl-CoA-responsive transcriptional
factor; PdhR: pyruvate-responsive transcriptional factor. (d) The performance and logic behavior of these genetic circuits were characterized and optimized, including the
dynamic range, responsive threshold, and specificity. r: dynamic range; a: the asymmetry of the gate with respect to its two inducers; I: the logical behavior of the promoter;
asym: asymmetry. (e) The optimized genetic circuits were introduced into the host to build a regulatory system for regulating IPP metabolism. (f) The product yield and
intracellular metabolite content of the recombinant strain in a shake flask and bioreactor were detected.
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50 g-L™! soy peptone, 50 g-L~! yeast extract, and 0.6 g-L™! KH,PO,.
Appropriate antibiotics were added to the culture medium as
required: kanamycin (50 pg-mL™!), spectinomycin (50 pg-mL?),
zeocin (40 pg-mL™"), and chloramphenicol (5 pg-mL™!). Chemical
reagents were purchased from Sigma-Aldrich (USA) or Sinopharm
Chemical Reagent Co., Ltd. (China).

2.2. DNA manipulation

For the construction of the malonyl-CoA-responsive genetic cir-
cuits, the plasmid pHT01-P43-GFP was first linearized using the
primer Zai_fapRF/R. Then, the promoters Papya, Prapus, and P
were cloned from the genome of B. subtilis 168 with the primer
pairs fabHAF/R, fabHBF/R, and fablF/R, respectively, and the frag-
ments were fused using a Gibson Assembly Cloning Kit (NEB, UK)
to obtain the plasmids pHTO1-fabHA-GFP, PHTO1-fabHB-GFP, and
pHTO1-fabI-GFP. To construct the plasmids pHTO1-P43FU-GFP,
pHTO1-P43FD-GFP, and pHTO01-P43F1-GFP, the FapR binding site
(5’-AATTATATACTACTATTAGTACCTAGTCTTAATT-3’) was inserted
into plasmid pHT01-P43-GFP using reverse polymerase chain reac-
tion (PCR) and the primer pairs FapRU-F/R, FapRD-F/R, and FapR1-
F/R, respectively. For the construction of the plasmid pHTO1-Pveg-
fapR-fabI-GFP, the plasmid pHTO01-P43-GFP was linearized using
the primer Zai_VegF/R, and Py, Prp, and fapR were cloned from
the genome of B. subtilis 168 with the primer pairs PvegF/R, Fabl_-
VegF/R, and FapR_vegF/R, respectively. Finally, the fragments were
fused using Gibson Assembly. A FapR binding site mutation library
was constructed by the degenerate primer pairs PA3FDTUF/R, and
pHTO01-P43FD-GFP was used as a template. Then, the PCR product
was digested by Dpnl (NEB) and transformed into E. coli J]M109
Competent Cells (Takara, Japan). The construction procedures of
the plasmids pHT01-PxylA-fapR-fabl-GFP and pHTO1-PxylA-fapR-
P43FD180-GFP were similar to those of pHTO01-Pveg-fapR-fabl-
GFP. Promoter Py,4 was cloned from the plasmid pStop using the
primer pair PIAN_xylAF/R.

For the construction of the antisense malonyl-CoA-responsive
circuits, the following procedure was followed. To construct the
plasmid pHT01-GAP-GFP, PGAP was cloned from the genome of
E. coli K12 using the primer pair P_GAPF/R and was then inserted
into pHT01-P43-GFP using Gibson Assembly. To construct the anti-
sense malonyl-CoA sensor, first, the plasmid pHT01-grac100 was
linearized using the primer Fan_ZaiF/R. Then, the promoter Py,
P43FD, and P43FD180 were cloned from the corresponding plas-
mid using the primer pairs Fan_fabIF/R and Fan_180DF/R, respec-
tively. Finally, these fragments were fused using Gibson
Assembly. Reverse PCR was used to remove the promoter core
region in the plasmids pHTO1-grac100-fabl, pHT01-grac100-
P43FD, and pHTO1-grac100-P43FD180, and Qu_fabIF/R, Qu_DF/R,
and Qu_180DF/R were respectively used as the primer pairs. The
construction procedure of the antisense promoter library was sim-
ilar to that of the FapR binding site mutation library, and Tu_-
fabIGF/R were used as degenerate primer pairs.

The construction of the two-input logic gate was done in the
following way: To construct the plasmids AyteJM-P43FD180 and
AyteJU-P43FD180, a FapR binding site was inserted into the plas-
mids pHTO1-yteJM-GFP and pHTO1-yteJU-GFP using the primer
pairs Yu_yte]MF/R and Yu_yteJUF/R, respectively. To construct
the plasmids Ayte]MG-P43FD180 and AyteJUG-P43FD180, the
plasmids Ayte]JM-P43FD180 and AyteJU-P43FD180 were used as
templates, and Pgrac100MF/R and Pgrac100UF/R were used as pri-
mer pairs. To optimize the distance between the PdhR binding site
and the -35 region of the plasmids Ayte]JU-P43FD180 and AyteJUG-
P43FD180, the primer pairs YteJ_(1/2/3/4/5/6/7/8/9/10) UF/R and
grac100_(1/2/3/4/5/6/7/8/9/10) UF/R were used. To construct the
plasmids Oyte]JU-P43FD180 and OP43FD180-yteJU, the promoter
P43FD180 was inserted into the up or downstream of the promoter
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yteJU in the plasmid pHTO1-yteJU-GFP using the primer pairs
UP_P180F/R and DP_P180F/R, respectively. To optimize the dis-
tance between the promoters P43FD180 and yteJU, different
lengths of yeeZ (GenBank ID: 946538) gene fragments were cloned
from the E. coli K12 genome using the primer pairs 100_F/
(100/200/300/400/500) R and were inserted into OyteJU-
P43FD180 using Gibson Assembly.

2.3. Strain construction

All molecular biology manipulations of B. subtilis were per-
formed as previously described [18]. 168-AFapR was constructed
by deleting the fapR gene in B. subtilis 168. The gene pdhR (GenBank
ID: 944827) used to construct the strains PR and PR-AfapR was
cloned from the genome E. coli K12. In order to replace the P43 pro-
moter of the gene pdhR in the strain PR, the promoters Pggip, Pyeg,
and P43D1 were cloned from B. subtilis and the plasmid pHTO01-
P43-GFP, respectively, and the strains Pveg-PR, PgsiB-PR, and
P43D1-PR were obtained.

The construction of the MVA pathway in BS17 was done accord-
ing to the following procedure. First, the genes mvaE (encoding
acetoacetyl-CoA thiolase; GenBank ID: AF290092) and mvasS (en-
coding MVA synthase; GenBank ID: AF290092) from Enterococcus
faecalis, and the gene mk (encoding MVA Kinase; GenBank ID:
AAM31458) from Methanosarcina mazei were synthesized and
codon optimized in Genewiz (China). Then, the genes pmK (encod-
ing phosphomevalonate kinase; GenBank ID: 855260) and pmD
(encoding diphosphate MVA decarboxylase; GenBank ID:
855779) were cloned from the genome of Saccharomyces cerevisiae
(S. cerevisiae). Finally, these genes were integrated into the genome
of BS17 and expressed using the promoter P43 to obtain the
recombinant strain BS17-MVA.

For dynamic control of the MK-7 metabolic network in BS17-
MVA, the gene pdhR was integrated into the genome of BS17-
MVA, yielding the strain BS17-P. As a control, the fapR gene in
the statically regulated strain was knocked out to obtain the strain
BS17-F. Then, pyruvate-activated promoters (D11 and D6) were
used to replace the native promoter of the gene pdhA in the strain
BS17-P, yielding the strains BS17-P1 and P2. Similarly, a pyruvate-
activated promoter (D11) was used to replace the native promoter
of the gene pdhA in the strain BS17-F, yielding the strain BS17-F1.
Subsequently, malonyl-CoA-inhibited promoters (FablG18-5 and
FablG12-29) were inserted into the 3’ end of the genes accA and
citZ to obtain the corresponding dynamically and statically regu-
lated strain. Similarly, the pyruvate-malonyl-CoA 2-input AND
gates (Ayte]M-P43FD180, AyteJU9-P43FD180, and AyteJUG2-
P43FD180) or OR gates (Oyte]JU-P43FD180, OyteJU300-P43FD180,
and OyteJU500-P43FD180) were used to replace the original pro-
moter P43 of the genes mvaE, dxs, and hepS, yielding the corre-
sponding dynamically and statically regulated strains (Table S3
in Appendix A).

The construction of the B-carotene biosynthesis pathway in
BS17-MVA and BS17-P13 was done as follows. First, the genes crtE
(encoding geranylgeranyl diphosphate synthase; GenBank ID:
69517638), crtB (encoding phytoene synthase; EMBL ID:
GU721093.1), crtl (encoding phytoene desaturase; GenBank ID:
66827556), and crtY (encoding lycopene B-cyclase; EMBL ID:
GU721093) in Erwinia herbicola (E. herbicola) Eno10 were cloned
from the plasmid pAC-BETAipi (purchased from Addgene). Then,
the promoter P,z was cloned from the genome of B. subtilis. Next,
the genes crtE, crtB, crtl, crtY, and P,z were inserted into the plas-
mid pHTO1-P43-GFP using a Gibson Assembly Cloning Kit, yielding
the plasmid pHTO1-Beta. Finally, the plasmid pHTO1-Beta was
transformed into the strains BS17-MVA and BS17-P13, resulting
in the strains MVA-Beta and P13-Beta.
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2.4. Construction of the FapR mutation library and the site-directed
saturation mutation of FapR

The FapR mutation library was constructed using a QuickMuta-
tion Random Mutagenesis Kit (Beyotime, China). Three consecutive
rounds of error-prone PCR (epPCR) were carried out using the pri-
mer pairs FapRF/R. The PCR product of each round of epPCR was
purified and used to replace the wild-type fapR gene in the plasmid
pHTO1-PxylA-fapR-P43FD180-GFP using Gibson Assembly. Then,
the assembly product was digested by Dpnl (NEB) and transformed
into E. coli JM109 Competent Cells (Takara). Next, the plasmid
library was extracted from E. coli and further transformed into
168-AFapR, producing the FapR mutation library. Using the plas-
mid pHTO1-PxylA-fapR-P43F180D-GFP as a template, reverse PCR
was used to carry out site-directed saturation mutation of
Arg106 in FapR; the primers used were FapR106F and FapR106R.

2.5. Fluorescence measurements and flow cytometry

To detect the fluorescence intensity of strains with different
genetic circuits, the strain was first streaked into an LB solid plate
containing 5 pg-mL~' chloramphenicol and cultured at 37 °C for
12 h. Then, a single colony was picked into 2 mL of LB medium con-
taining 5 pg-mL™! chloramphenicol and cultured at 37 °C for 12 h.
Next, 4 pL of culture was incubated in a 96-well fluorescent plate
containing 200 pL of LB medium with 5 pg-mL~! chloramphenicol.
In addition, 5 g-L™' inducer, 50 pmol-L~! IPTG, and 10 pg-mL"’
cerulenin were added to the culture medium as required. The eGFP
(enhanced green fluorescent protein) fluorescence (excitation,
488 nm; emission, 520 nm) and ODggp were detected by means
of a Cytation microplate reader (BioTek, USA).

For all sorting steps, B. subtilis with a different mutation library
were thawed from -80 °C, incubated (1%, v/v) into 10 mL of liquid
LB medium with 5 pg-mL™" chloramphenicol, and cultured at 37 °C
for 12 h. Then, 2% (v/v) cells were incubated in 50 mL of liquid LB
medium containing 5 pg-mL™! chloramphenicol (10 pg-mL™" ceru-
lenin was added to the culture medium as required), and cultured
at 37 °C and 220 r-min~! for 16 h. Next, 1 mL of the cultured cells
was rinsed twice with 1xphosphate-buffered saline (PBS; NaCl
0.8%, KCl 0.02%, Na,HPO,4 0.144%, and KH,PO4 0.024%, pH 7.4),
and then resuspended in 1xPBS to an ODgge of 0.6. Finally, 20
000 variants were sorted using flow cytometry (BD FACSArica III,
USA) according to their fluorescence intensity. The data on fluores-
cence intensity was analyzed using the software FlowJo VX10.

2.6. Mathematical model of logic behavior

The logic behavior of the logic gates was characterized using the
model developed by Cox et al. [19]. Three parameters are defined in
the model: r: the dynamic range of the logic gate; a: the asymmetry
of the logic gate that quantifies the inhibitory effect of each tran-
scription factor on the logic gate, where a greater a value means
that the gate is only regulated by one of the two transcription fac-
tors; and I: the logic behavior of the gate. The values of a and [ vary
between 0 and 1. A pure AND gate is characterizedbya=0and [=1,
while a pure OR gate is characterized by a = [ = 0. The parameters q, I,
and r were calculated by means of the following equations:

_ GFP(IV)
"GP

(1)

2 x log,(IV) — log,, (11 x I1I)

l 2 x logyo(1)

a= log;(IlI) — log;, (1)
log;o(r)
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The relative fluorescence intensity of the gate under different
conditions (i.e., no transcriptional factors, FapR only, PdhR only,
FapR+PdhR) was ordered from highest to lowest and labeled as fol-
lows: IV>1II > 11 > L.

2.7. Reverse-transcriptase PCR analysis

For the quantitative reverse-transcriptase PCR (qQRT-PCR) analy-
sis, 1 mL of cells from the culture medium was first frozen in liquid
nitrogen. Then, the total RNA of the cells was extracted using an
RNeasy Mini Kit (Qiagen, China). Next, complementary DNA
(cDNA) was synthesized using a PrimeScript RT-PCR kit (Takara).
The gRT-PCR was performed using TB Green Premix Ex Taq II
(Takara) and carried out in a LightCycler 480 II real-time PCR
instrument (Roche Applied Science, Germany). The gene 16sRNA
was selected as the internal standard.

2.8. MK-7 and p-carotene production in a shake flask and 50-L
bioreactor

The production of MK-7 and B-carotene in a shake flask was car-
ried out as follows. First, the strain was streaked into an LB solid
plate and cultured at 37 °C for 12 h. Then, a single clone was picked
into 10 mL of LB medium in a 50-mL tube at 37 °C and 220 r-min~".
Next, 1 mL of overnight-cultured cells (12 h) were inoculated with
15 mL of fermentation medium (50 g-L~! glucose, 50 g-L~! soy pep-
tone, 50 g-L~! yeast extract, and 0.6 g-L~! KH,PO,) in 250 mL shake
flasks at 40 °C and 220 r-min~"! for 5 days.

The production of MK-7 in a 50-L bioreactor was carried out as
follows. First, the strain was streaked into an LB solid plate and cul-
tured at 37 °C for 12 h. Then, single clone was picked into 500 mL
LB medium and cultured in 2-L shake flasks at 37 °C and
220 r-min~' for 12 h. Next, 8% (v/v) overnight culture cells were
inoculated with 30 L of fermentation medium (50 g-L~! glucose,
5 g-L~! soy peptone, 50 g-L~! yeast extract, and 0.6 g-L~! KH,PO,)
in a 50-L bioreactor. The concentration of dissolved oxygen (DO)
was controlled in the range of 40%—-60%, and the fermentation
temperature was 40 °C. The glucose concentration was maintained
in the range of 20-30 g-L~.

2.9. MK-7 and intracellular metabolite content detection method

From the fermentation culture, 0.5 mL of cells was added to
2 mL of MK-7 extract buffer (2-propanol:n-hexane = 1:2) to extract
the MK-7. Then, the mixture was shaken on a vortex shaker for 10
min and centrifuged at 6000g for 5 min. The supernatant of the
mixture was used to detect the titer of MK-7. High-performance
liquid chromatography (HPLC) was used to detect the titer of
MK-7. The instrument was an Agilent 1260 series, the column
was a C18 ODS column (5 pm, 250 mm x 4.6 mm; Thermo Fisher
Scientific, USA), and the column temperature was 40 °C. The
mobile phase was methanol:dichloromethane (9:1, v/v), and the
flow rate was 1 mL-min~!. The HPLC data was collected and ana-
lyzed using the Agilent OpenLAB Control Panel.

The concentration of glucose in the fermentation culture was
detected using a glucose-lactate analyzer (M100; Shenzhen Sie-
man Technology Co., Ltd., China). The concentration of intracellular
pyruvate was detected using a Micro Pyruvate Acid (PA) Assay Kit
(Solarbio, China). To measure the concentration of intracellular
acetyl-CoA, malonyl-CoA, MEP, and MVA, 3 mL of cells from the
culture medium was frozen in liquid nitrogen. The cells were then
thawed, rinsed twice with an equal volume of sterile water, and
then resuspend in 3 mL of sterile water. Next, 12 mL of precooled
extraction solution (acetonitrile:methanol:water=4:4:2) was
added, and intracellular metabolites were extracted at 4 °C for
16 h. Subsequently, the cell supernatant was collected by centrifu-
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gation at 9000g for 10 min, and then lyophilized in a freeze dryer
(Labconco, USA). The lyophilized powder was redissolved in
100 pL of ultrapure water, and the supernatant was collected by
centrifugation at 9000g for 10 min. High-performance liquid
chromatography-mass spectrometry (LC-MS) was used to detect
the concentrations of intracellular metabolites.

LC-MS/MS was used to detect the content of MEP and IPP. A
Luna 3 pm NH; column (150 mm x 2 mm, 3 pm) was used as
the column. Mobile phase A was H,0:acetonitrile (95:5, containing
20 mm of NH4HCOs3, pH = 9.5), and the mobile phase B was acetoni-
trile. The flow rate was 0.2 mL-min~'. The HPLC condition was as
follows: 0-1 min, 20% A; 1-30 min, 20%A-100%A; 30-31 min,
100%A; 31-31.1 min, 100%A-20%A; 31.1-40 min, 20%A. The col-
umn temperature was 30 °C. The MS condition was negative mode
and full scan. The LC-MS data were collected and analyzed using
MassLynx V4.1. The detection instrument was a Waters Maldi
Synapt Q-ToF MS (USA). Detection of the acetyl-CoA and
malonyl-CoA content followed the procedure described by Onorato
et al. [20], detection of the MVA content followed the procedure
described by Kindt et al. [21], and detection of the MEP content fol-
lowed the procedure described by Buescher et al. [22]. The LC-MS
data were collected and analyzed by means of MassLynx V4.1.

2.10. Statistical analysis

Three independent replicates were performed for all experi-
ments. A statistical data analysis was performed with t-texts in
SPSS 25.0. P values of <0.05 were considered to be statistically sig-
nificant, and statistical significance is indicated as * for p < 0.05 and
as ** for p < 0.01.

3. Results

3.1. Enhancing the IPP supply via heterologous introduction of an MVA
module

In our previous study, we constructed an MK-7-producing
strain, BS17, by overexpressing the rate-limiting enzymes in B. sub-
tilis to enhance the IPP supply (0.27 nmol-g~! dry cell weight
(DCW)), including 1-deoxy-D-xylulose-5-phosphate synthase
(Dxs) and 1-deoxyxylulose-5-phosphate reductoisomerase (Dxr)
[17]. Gao et al. [23] found that introducing a heterologous MVA
module into E. coli significantly increased the IPP supply and MK-
7 production. To further enhance the supply of IPP, we herein
introduced an MVA module into the strain BS17. In particular,
the genes mvaE (encoding acetoacetyl-CoA thiolase) and mvas (en-
coding mevalonate synthase) from Enterococcus faecalis, the gene
mk (encoding MVA kinase) from Methanosarcina mazei, and the
genes pmK (encoding phosphomevalonate kinase) and pmD (en-
coding diphosphate mevalonate decarboxylase) from S. cerevisiae
were integrated into the BS17 genome, yielding the strain BS17-
MVA (Fig. 2(a)). The RT-PCR results show that the genes mvak,
mvaS, mk, pmK, and pmD were successfully transcribed in the
strain BS17-MVA (Fig. 2(b)). Subsequently, we knocked out the
essential gene ispD (encoding 2-C-methyl-D-erythritol 4-
phosphocytidine transferase) of the MEP module in BS17-MVA to
generate the strain BS17-MVA-AispD (Fig. 2(a)). The growth of
strain BS17-MVA-AispD indicates that the MVA module was suc-
cessfully expressed and is active in BS17-MVA, because the MEP
is the only module responsible for IPP synthesis in B. subtilis
(Fig. 1(a)). In addition, we found that the cell growth rate, glucose
consumption rate, and MK-7 production of BS17-MVA-AispD were
significantly lower than those of BS17 and BS17-MVA (Fig. 2(c);
Figs. S1(a) and (b) in Appendix A), suggesting that only the MVA
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module cannot provide enough IPP for cell growth and MK-7
synthesis.

Compared with the strain BS17, the maximum ODggg of BS17-
MVA decreased by 16%, the specific titer of MK-7 increased by
19%, the intracellular MEP (17.10 nmol-g~! DCW) and IPP (0.30
nmol-g~! DCW) content increased by 85% and 11%, respectively,
and the concentrations of the byproducts lactic acid (0.28 g-L™")
and acetic acid (1.82 g-L~!) decreased by 27% and 17%, respectively
(Figs. 2(d) and (e); Figs. S1(b) and (c) in Appendix A). These results
demonstrate that there is a synergistic effect between the MVA
module and MEP module, which can enhance the supply of IPP.
We also found that the contents of intracellular pyruvate
(1783.65 nmol-g~! DCW) and acetyl-CoA (485.84 nmol-g~! DCW)
in BS17-MVA were significantly higher than those of MEP
(17.10 nmol-g~! DCW) and MVA (2.73 nmol-g~! DCW) (Fig. 2(e)).
In addition, the intracellular MEP content was significantly higher
than that of MVA. These results demonstrate that the metabolic
flux distribution among the central metabolism module, MEP mod-
ule, and MVA module was imbalanced, limiting the overproduction
of terpenoid MK-7.

Pyruvate and acetyl-CoA are the precursors of the MEP and
MVA pathways. In addition, pyruvate and malonyl-CoA are two
key metabolites in the cell; pyruvate is a key node connecting gly-
colysis and the tricarboxylic acid (TCA) cycle, while malonyl-CoA—
derived from acetyl-CoA—is the precursor for lipid synthesis [24].
Therefore, we designed a TIMO genetic circuits-assisted cascade
regulatory system that responds to intracellular pyruvate and
malonyl-CoA for remodeling IPP metabolism (Fig. 2(f)). First,
pyruvate-activated genetic circuits were used to enhance the
expression of the gene pdhA, thereby promoting the conversion
of pyruvate to acetyl-CoA when the intracellular pyruvate content
is high. Then, malonyl-CoA-inhibited genetic circuits were used to
inhibit the expression of the genes accA and citZ. Thus, a high intra-
cellular pyruvate concentration inhibits the acetyl-CoA flow into
the lipid synthesis pathway and TCA cycle. Later, a pyruvate-
malonyl-CoA 2-input AND gate or OR gates were used to enhance
the expression of the genes dxs and mvaE. Therefore, when the
intracellular pyruvate and malonyl-CoA contents are high, the cen-
tral metabolic flux will flow into the IPP supply module rather than
promoting cell growth. Compared with the OR gate, the AND gate
also balances the metabolic fluxes between the MEP module and
MVA module, thereby promoting the synergism between the
MEP and MVA modules. In a previous study, we constructed a ser-
ies of pyruvate-responsive genetic circuits [25]. Here, we designed
and built a series of bifunctional malonyl-CoA-responsive genetic
circuits, a pyruvate-malonyl-CoA 2-input AND gate, and OR gates.

3.2. Design and building of malonyl-CoA-responsive genetic circuits

As a malonyl-CoA-responsive transcription factor in B. subtilis,
FapR mainly regulates the genes involved in the fatty acid synthe-
sis pathway, such as fabHA (encoding 3-oxoacyl-ACP synthase III),
fabHB (also encoding 3-oxoacyl-ACP synthase III), and fabl (encod-
ing enoyl-ACP reductase) [26]. Therefore, we first used the native
promoters of fabHA, fabHB, and fabl to construct the malonyl-
CoA-responsive genetic circuits. In parallel, we also constructed
three synthetic promoters by inserting the FapR binding site into
the core region of the constitutive strong promoter P43 (Fig. 3(a);
Fig. S2(a) in Appendix A). The results show that the strengths of
the promoters Ppnp, Prp, P43FD, and P43F1 were significantly
lower than those in 168-AfapR (with FapR knocked out), which
demonstrates that the activities of the promoters Pgpup, Pranis
P43FD, and P43F1 were inhibited by FapR. In addition, the inhibi-
tory effect of FapR can be relieved by adding cerulenin (a fatty acid
synthesis pathway inhibitor that promotes the accumulation of
malonyl-CoA) in a dose-dependent manner (Figs. 3(b) and (c);
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Fig. 2. Introducing the MVA pathway into B. subtilis. (a) Pathway of terpenoids biosynthesis in B. subtilis. PdhA: pyruvate dehydrogenase; CitZ: citrate synthase; IspE: 4-
diphosphocytidyl-2-C-methylerythritol kinase; IspF: 2-cmethylerythritol-2,4-cyclodiphosphate synthase; IspG: 4-hydroxy-3-methylbut-2-enyldipho-sphate synthase;
IspH: 4-hydroxy-3-methylbut-2-enyldiphosphate reductase; Idl: isopentenyl pyrophosphate isomerase; MvaE: acetoacetyl-CoA thiolase; HepT/S: heptamyl diphosphate
synthase I/II; ispD: 2-C-methyl-D-erythritol 4-phosphocytidine transferase; MvaS: MVA synthase; MK: MVA kinase; PMK: phosphomevalonate kinase; PMD: diphosphate
MVA decarboxylase; G3P: glyceraldehyde-3-phosphate; DXP: 1-deoxy-D-xylulose 5-phosphate; CDP-ME: 4-diphosphocytidyl-2C-methyl-D-erythritol; MEC: 2C-methyl-D-
erythritol-2,4-cyclo-diphosphate; CDP-MEP: 4-diphosphocytidyl-2C-methyl-D-erythritol-2-phosphate; HMBPP: 4-hydroxy-3-methyl-2-(E)-butenyl-4-diphosphate; Ac-CoA:
acetyl-CoA; HMG-COA: 3-hydroxy-3-methylglutaryl-CoA; AA-CoA: acetoacetyl-CoA; MVA-P: MVA-5-phosphate; MVA-PP: MVA-5-diphosphate. (b) Detecting the expression
of the genes pmk, pmd, mK, mvaE, and mvas in strains BS17 and BS17-MVA using RT-PCR. 16sRNA (16s) was selected as the internal standard. (c¢) MK-7 titer of strains BS17,
BS17-MVA, and BS17-MVA-AispD at different fermentation times. (d) Specific production of MK-7 in different strains. (e) Intracellular content of MVA, MEP, IPP, acetyl-CoA,
and pyruvate in strains BS17 and BS17-MVA. (f) Schematic diagram of the construction of the cascade regulatory system for IPP biosynthesis. The pyruvate-activated genetic
circuit enhanced the conversion of pyruvate to acetyl-CoA, thereby balancing the supply of precursors for the MVA and MEP pathways. The malonyl-CoA-inhibitory genetic
circuit inhibited the carbon metabolism flow into the fatty acid synthesis pathway and the TCA cycle. The two-input AND or OR gate in response to pyruvate and malonyl-CoA
controlled the opening of the MVA and MEP pathways. When the content of intracellular pyruvate and malonyl-CoA is high, the carbon source flow to the central metabolism
is inhibited and its flow into the IPP supply module is promoted AccA: acetyl-CoA carboxylase. Data displayed as mean + s.d. (n = 3). The statistical analysis is based on
Student’s t-test. All data were the average of three independent experiments with standard deviations. * and ** indicate p < 0.05 and p < 0.01, respectively.

Figs. S2(b)-(e) in Appendix A). Moreover, when FapR was The results show that the concentration of intracellular malonyl-
expressed on a plasmid, the activity of Pg,; decreased significantly, CoA gradually increased with the increase in the content of ceru-
and cerulenin could no longer completely relieve the inhibitory lenin (Fig. 3(d); Fig. S4(a) in Appendix A). In addition, the relative
effect of FapR (Fig. S3 in Appendix A). This finding indicates that fluorescence intensity of the genetic circuit showed a dose-
the binding ability between FapR and its binding site is relatively dependent response of malonyl-CoA, with a response threshold

weak, which may limit the dynamic range of the genetic circuit. of 50-130 nmol-g~! DCW (Fig. 3(e)). Moreover, we found that add-
Then, we detected the response threshold of the malonyl-CoA- ing glucose—a commonly used carbon source—promoted the accu-
response genetic circuit by adding different contents of cerulenin. mulation of intracellular malonyl-CoA and activated the genetic

171



X. Xu, X. Lv, S. Cui et al.

Engineering 28 (2023) 166-178

P P43FD
1000
[ 168-AFapR I 168-AFapR
800 | I 168 1600 [ 168

------------------------------------------------------- *

| Genome " Plasmid 3 * o

S e .'::a.pR|_ * Malonyl-C Ai ;', 600 EE 31200

5 ; : alonyl-Co. 5 8 8

: : i PR 400 & 800

z P P, i Puf/PA3FD P 5 by

: ' i i 200 400

s A =

5 10 20 5 10 20
Cerulenin (ug-mL™") Cerulenin (ug-mL™")
(a) (b) (c)
<
g 140 [ 2000 1200
>
N 120 1600 1080
[T s -
85 100 | 3 3 800
E,D 80 © 1200 S
g% 3 3 600
£T 60 T 800 =
s E T w400
i 40 (O] O
8 ol 400 200
g
E 0 Il 1 1 1 0 Il 1 Il 1 Il L
2 4 6 8 10 20 40 60 80 100 120 140

Cerulenin (ug-mL™")

(d)

Intracellular malonyl-coenzyme A
(nmol-g-' DCW)
(e)

= @) ON o K Fa (O
¢ v-\-g&*?‘%’bvpvpo@fb*g

Inducer

U]

Fig. 3. Construction and characteristics of FapR-based malonyl-CoA-responsive genetic circuits. (a) Schematic diagram of the construction of malonyl-CoA-responsive genetic
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GFP/OD, relative fluorescent intensity. (d) Addition of cerulenin to the culture medium leads to increased intracellular malonyl-CoA. (e) FapR-inhibited P43FD transcriptional
activity was upregulated by increasing the levels of intracellular malonyl-CoA. (f) Transcriptional activity of the FapR-inhibited promoter P43FD under different inducers. CK:
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acid; Cer: cerulenin. Data displayed as mean * s.d. (n = 3). The statistical analysis is based on Student’s t-test. All data were the average of three independent experiments with

standard deviations. * and ** indicate p < 0.05 and p < 0.01, respectively.

circuits (Fig. S4(b)). Furthermore, we examined the orthogonality
of the genetic circuit and found that it has a high specificity for
malonyl-CoA (Fig. 3(f)).

3.3. Optimization of the dynamic range and response threshold of
malonyl-CoA-responsive genetic circuits

Genetic circuits with different dynamic ranges can be used to
fine-tune the expression level of target genes. Since it was found
that the binding sequence of FapR affects the dynamic range of
the genetic circuits, we expected to obtain genetic circuits with dif-
ferent dynamic ranges by constructing mutation libraries of the
synthetic promoter P43FD (Fig. S5 in Appendix A). First, reverse
PCR was used to introduce mutations into the FapR binding site.
Subsequently, a flow cytometer was used to sort the variants with
higher fluorescence intensity when 10 pg-mL~! cerulenin was
added (Figs. S5(a) and (b)). We then applied negative selection to
sort the variants with lower fluorescence intensity when cerulenin
was absent (Figs. S5(c) and (d)). The purpose of this step was to
remove the escape variants that are no longer regulated by FapR.
Finally, we successfully obtained a series of malonyl-CoA-
responsive genetic circuits with different dynamic ranges, among
which P43FD180 achieved the highest dynamic range of 6.6-fold
(Fig. 4(a)). In addition, we noted that variants with an increased
dynamic range have more symmetrical palindromic structures at
their FapR binding sites (Fig. S5(e)). This may be due to the fact that
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palindromic structures enhance the affinity between the transcrip-
tion factor and the binding site [27].

The response threshold determines the application range of the
genetic circuit. Here, we used two strategies to adjust the response
threshold in our circuit: D changing the expression level of FapR;
and @ constructing FapR mutants. First, we used the xylose indu-
cible promoter Pyy4 to adjust the expression level of FapR and
tested its influence on the activities of the promoters Pry and
P43FD180. We found that the activities of the promoters Py and
P43FD180 were still inhibited by FapR when xylose was absent
(Fig. 4(b); Fig. S7 in Appendix A), indicating that the xylose-
inducible promoter Py, has leaky expression [28]. In addition,
the activities of the promoters P and P43FD180 gradually
decreased with the increase in the amount of xylose, which
showed that increasing the expression of FapR reduced the leaky
expression of the genetic circuit. Meanwhile, as the concentration
of xylose increased, the activation effect of cerulenin gradually
decreased. This finding indicates that, as the expression level of
FapR increased, a higher content of malonyl-CoA was required to
neutralize the inhibitory effect of the overexpressed FapR. These
results demonstrate that increasing the expression of FapR
increased the response threshold of the genetic circuit.

We subsequently constructed a FapR mutant library using
epPCR. Next, the variants were sorted by flow cytometry, and the
cells were divided into four types according to their fluorescence
intensities when cerulenin was present (Fig. S8(a) in Appendix
A). Then, the variants were re-screened, and it was found that
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Fig. 4. Construction of bifunctional malonyl-CoA-responsive genetic circuits. (a) Dynamic range of promoter P43FD mutants, which contain different FapR boxes (CK and
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and Arg161 of FapR are involved in the interaction between FapR and malonyl-CoA. (d) Relative fluorescence intensities of P43FD180 in strains with different FapR variants
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(g) Strength of the FablG variants in the strain with (168) or without (168-AFapR) FapR. Data displayed as mean = s.d. (n = 3). The statistical analysis is based on Student’s
t-test. All data were the average of three independent experiments with standard deviations. * and ** indicate p < 0.05 and p < 0.01, respectively.

the variants with higher fluorescence intensity could no longer
inhibit gene expression when cerulenin was absent. This result
indicates that they had lost their regulatory function. Furthermore,
the sequencing results of these variants showed that the Thr23 or
GIn36 of their DNA binding domain was mutated (Fig. S8(b)), sug-
gesting that Thr23 and GIn36 are key residues that affect the DNA
binding ability of FapR. In addition, we successfully screened a
variant (Arg106-Tyr) whose relative fluorescence intensity was sig-
nificantly lower than that of the original strain in the presence of
cerulenin. This finding demonstrated that its response threshold
has been improved. Interestingly, it has been previously reported
that Arg106 is one of the key residues for the binding of FapR to
malonyl-CoA (Fig. 4(c)) [29]. Therefore, we decided to perform sat-
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uration mutagenesis on Arg106. The results showed that the muta-
tion at Arg106 reduced the change in the fluorescence intensity of
the genetic circuit when cerulenin was absent or present, indicat-
ing that Arg106 affects the response threshold of FapR (Fig. 4(d)).

3.4. Design and building of antisense malonyl-CoA-responsive circuits

The above constructed genetic circuits were all malonyl-CoA-
activated genetic circuits. In order to expand the dynamic control
capabilities, it is necessary to construct a bifunctional genetic cir-
cuit that can activate and inhibit gene expression simultaneously.
So far, the ability of FapR to activate native promoter activity in
B. subtilis has not been described; however, FapR can activate the
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synthetic promoter Pg4p in E. coli [30]. Unfortunately, Pgsp cannot
be activated by FapR in B. subtilis (Fig. S9 in Appendix A). Antisense
transcription is a simple and universal regulatory tool, which can
be used as a “NOT” gate to achieve signal conversion [25]. There-
fore, we used antisense transcription to convert the malonyl-
CoA-activated genetic circuit into a malonyl-CoA inhibitory genetic
circuit. The malonyl-CoA-activated promoters Pgp, P43FD, and
P43F180 were reversed and inserted into the 3’ end of egfp. How-
ever, it was only when Py, was used as an antisense promoter that
the inhibitory effect of antisense transcription was attenuated by
FapR (Fig. 4(e)). In addition, the inhibitory effect of Pgy was
enhanced when cerulenin was present. However, the dynamic
range of the genetic circuit P, is only 1.3-fold. In order to improve
the dynamic range of the genetic circuit, we carried out two strate-
gies: (D The FapR binding site of P43FD180 was substituted by that
of Prap;, thereby generating the hybrid promoter P43FD180G; and
@ the core region of the promoter Py was substituted by the core
region of the strong promoter Pgrac100 to enhance the strength of
Prabi, creating the hybrid promoter FablG. The results showed that,
while P43FD180G cannot generate a malonyl-CoA inhibitory
genetic circuit, the dynamic range of FabIG was increased by 3.0-
fold (Fig. S10(a) in Appendix A).

However, when FabIG was used as an antisense promoter, it still
inhibited egfp expression in the presence of FapR. This may be due
to leaky expression of the FablG. Recent studies have shown that,
even if the antisense promoter is not active, the transcription factor
binding site of the antisense promoter inhibits the expression of
the forward promoter [31]. This is because the transcription factor
binds to the binding site and acts as a repressor to inhibit the
extension of the RNA polymerase (RNAPs) in the forward promoter.
In order to verify whether the leakage inhibition effect of the
genetic circuit is caused by this reason, we removed the promoter
regions of the antisense promoters P43FD180, P43FD, and Py, and
only retained the FapR binding site, thereby generating the pro-
moters P43FD180Q, P43FDQ, and FaBIQ. The results showed that
P43FD180Q, P43FDQ, and FablQ inhibited the expression of egfp
in the presence and absence of the transcription factor FapR, and
the inhibitory effects were similar (Fig. S10(b)). This result indi-
cates that the binding of FapR to the binding site does not inhibit
the transcription of the forward promoter. The inhibitory effect
of P43FD180Q, P43FDQ, and FablQ on egfp expression could be
due to the palindrome structure of the FapR binding site
(Fig. S10(c)). The palindromic structure of the 3’ untranslated
region could affect the expression level of gene [32]. In summary,
the leaky inhibition effect of the genetic circuit was a combination
of the leakage expression of the antisense promoter and the palin-
drome structure of the FapR binding site.

Subsequently, to further improve the dynamic range of the
genetic circuit, we mutated the surrounding sequence of the -35
region of FabIG to construct a promoter library. Five variants—that
is, 7-44, 12-29, 13-34, 18-5, and 18-46 with dynamic ranges of
2.3-, 5.4-, 3.0-, 8.2-, and 1.9-fold, respectively—were successfully
obtained (Fig. 4(f); Fig. S11 in Appendix A). Among them, the
dynamic ranges of 12-29 and 18-5 were higher than that of FabIG.
Finally, we tested the expression characteristics of the promoters
7-44, 12-29, 13-34, 18-5, and 18-46 (Fig. 4(g)). The result showed
that their activity in strain 168-AFapR were higher than those of
Prbi Which indicates that increasing the activity of antisense pro-
moters is an effective strategy for optimizing the dynamic range
of genetic circuits.

3.5. Construction and optimization of an AND gate circuit in response
to pyruvate and malonyl-CoA

PdhR is a pyruvate-responsive transcription factor in E. coli, and
its regulatory mechanism is similar to that of FapR [33]. In order to

174

Engineering 28 (2023) 166-178

construct a two-input AND gate responsive to pyruvate and
malonyl-CoA, we inserted FapR Box180 into the downstream of
the -10 region of the pyruvate-responsive promoters yteJU and
yteJM, which were constructed based on PdhR in our previous
study [25]. In this way, the hybrid promoters Ayte]JU-P43FD180
and AyteJM-P43FD180 were obtained. It is only when malonyl-
CoA and pyruvate are present simultaneously that the inhibitory
effects of the FapR and PdhR are released, and then the promoter
will start transcription (Fig. 5(a)). Next, we detected the relative
fluorescence intensities of the promoters in four strains with dif-
ferent genotypes, including B. subtilis 168 (+fapR, —pdhR), 168-
AFapR (—fapR, —pdhR), PR (+fapR, +pdhR), and PR-AFapR (—fapR,
+pdhR). The results showed that the activities of AyteJU-
P43FD180 and Ayte]M-P43FD180 in strains B. subtilis 168 (+fapR,
—pdhR) and PR-AFapR (—fapR, +pdhR) were significantly lower
than those in 168-AFapR (—fapR, —pdhR). In addition, their activi-
ties in strain PR (+fapR, +pdhR) were the lowest (Fig. S12). These
finding demonstrate that both FapR and PdhR maintain their inhi-
bitory function and, when both are present, they have a synergistic
effect and reduce the leakiness of the promoters [34]. The dynamic
ranges of AyteJU-P43FD180 and Ayte]JM-P43FD180 were 3.0- and
12.9-fold, respectively. In addition, we found that the simultaneous
addition of pyruvate and cerulenin (which promotes the accumu-
lation of malonyl-CoA) significantly restored the activities of
AyteJU-P43FD180 and AyteJM-P43FD180 in the strain PR (+fapR,
+pdhR) (Fig. S12). However, adding only pyruvate or cerulenin also
slightly activated the promoter activity in PR. These results indi-
cate that we successfully constructed two-input AND gates that
can respond to pyruvate and malonyl-CoA. However, a certain level
of leaky expression was observed when only one inducer was
added.

In order to improve the dynamic range and reduce the leaky
expression of the AND gates, the core region of Ayte]JU-P43FD180
and AyteJM-P43FD180 was replaced by the core region of the
strong promoter Pgrac100 to construct AyteJUG-P43FD180 and
Ayte]MG-P43FD180, respectively. Their dynamic ranges reached
9.8- and 8.7-fold, respectively, and the leakiness was reduced
(Fig. S13 in Appendix A). In addition, the logic behaviors of
Ayte]JUG-P43FD180 and Ayte]MG-P43FD180 were more similar to
an AND gate (a = 0, 1 = 1) than those of AyteJU-P43FD180 and
Ayte]M-P43FD180, due to their reduced leakiness (Fig. 5(b)). How-
ever, even when both pyruvate and cerulenin were present, the
activities of AyteJUG-P43FD180 and AyteJMG-P43FD180 in PR
(+fapR, +pdhR) were not fully activated (Fig. 5(c); Fig. S14). This
result indicates that the inhibitory effects of PdhR and FapR were
not completely released. According to the results shown in
Fig. S13, the activities of AyteJUG-P43FD180 and Ayte]MG-
P43FD180 in B. subtilis 168 (+fapR, —pdhR) were completely
induced by cerulenin, whereas their activities in PR-AFapR (—fapR,
+pdhR) were not fully induced by pyruvate. These results indicate
that the issue preventing the full induction of the AND gate was
related to the performance of the transcription factor PdhR.

In order to address this issue, we first adjusted the expression
level of PdhR by altering its promoter. A total of four promoters
with different strengths were selected to express PdhR: namely,
P43, Pgsig, Pyeg, and P43D1. Among them, P43, P, and P, are con-
stitutive promoters, and P43D1 is a pyruvate-activated promoter
[25]. The results showed that, compared with Pgg and Pyg P43
and P43D1 reduced the leaky expression of the AND gate
(Fig. S15 in Appendix A). Subsequently, a flow cytometer was used
to analyze the fluorescence intensity distribution of the genetic cir-
cuit. The results showed that AND gate was more homogeneous
when P43D1 was used to express PdhR (Fig. 5(d)). This finding
indicates that the use of self-inducible promoters to express PdhR
reduces the expression noise of the genetic circuit, which is consis-
tent with previous results [35]. In nature, the expression of most
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Fig. 5. Construction and optimization of the two-input AND or OR gate circuit in response to pyruvate and malonyl-CoA. (a) Schematic diagram the construction of a two-
input AND gate circuit in response to pyruvate and malonyl-CoA. Yellow box: PdhR binding site; orange box: FapR binding site; Mal-CoA: malonyl-CoA. (b) Modeling results
of the AND gate. The triangle plot shows three metrics of gate behavior: r: dynamic range; a: the asymmetry of the gate with respect to its two inducers; and I: the logical
behavior of the promoter (pure AND gate (a =0, =1); pure OR gate (a =0, = 0); pure FapR gate (a = 1,1 = 0.5, indicates gate is only regulated by FapR); greater a values mean
that the gate is only regulated by one of the two transcription factors). AU-D: AyteJU-FapR180D; AM-D: Ayte]M-FapR180D; AUG-D: AyteJUG-FapR180D; AMG-D: Ayte]MG-
FapR180D. (c) Activity of AyteJUG-P43FD180 under different inducers in strain 168-PR. CK: the activity of Ayte]JU-P43FD180 in strain 168-AFapR; Pyr: 10 g-L~! pyruvate; Cer:
10 pg-mL~"! cerulenin. (d) Effect of different promoters expressing PdhR on the fluorescence intensity distribution of strains containing AyteJU-P43FD180. (e) Dynamic range
of two-input AND gate with different distances between the “-~35” region and PdhR binding site. (f) Schematic diagram of the construction of a two-input OR gate circuit in
response to pyruvate and malonyl-CoA. (g) Activity of Oyte]JU-P43FD180 under different inducers in the strain 168-PR. CK: the activity of OyteJU-P43FD180 in strain 168-
AFapR. (h) Activity of the OR gate (Oyte]JU500-P43FD180) in different strains500: OyteJU500-P43FD180 when the distance between tandem promoters reached 500 bp. (i)
Modeling results of the OR gate. Data displayed as mean # s.d. (n = 3). The statistical analysis is based on Student’s t-test. All data were the average of three independent
experiments with standard deviations. ** indicates p < 0.01.

transcription factors is also self-regulated, such as GInR and GItR 3.6. Construction and optimization of an OR gate circuit in response to
[36,37], which suggests that this type of regulation may be benefi- pyruvate and malonyl-CoA

cial to maintaining the stability of the entire cell regulatory net-

work. Finally, we adjusted the distance between the PdhR In order to construct a two-input OR gate responsive to pyru-
binding site and the -35 region in Ayte]JU-P43FD180 and vate and malonyl-CoA, we inserted the pyruvate-activated pro-
AyteJUG-P43FD180. The results showed that AyteJU9-P43FD180 moter yteJU into the downstream or upstream part of the
and AyteJUG2-P43FD180 have the highest dynamic ranges of 9.1- malonyl-CoA-activated promoter P43FD180, thereby generating
and 17.3-fold, respectively. In addition, almost all circuits were the tandem promoters OP43FD180-yteJU and OyteJU-P43FD180.
completely activated by pyruvate and cerulenin (Fig. 5(e); We expected that, when one of the promoters is activated by the
Figs. S16 and S17 in Appendix A). inducer, the expression of downstream genes can be initiated
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(Fig. 5(f)). The results showed that the relative fluorescence inten-
sities of OP43FD180-yteJU and Oyte]U-P43FD180 in strain PR
(+fapR, +pdhR) were significantly lower than those in 168-AFapR
(—fapR, —pdhR), B. subtilis 168 (+fapR, —pdhR), and PR-AFapR
(—fapR, +pdhR) when the inducer was absent (Fig. S18 in Appendix
A). This finding indicates that it is only when both transcription
factors were present that the activity of the promoter was inhib-
ited. In addition, we found that the relative fluorescence intensities
of OP43FD180-yteJU and Oyte]JU-P43FD180 in B. subtilis 168 (+fapR,
—pdhR) and PR-AFapR (—fapR, +pdhR) were significantly lower
than in 168-AFapR (—fapR, —pdhR). Moreover, when one of the
inducers (pyruvate or cerulenin) was present, the relative fluores-
cence intensities of OP43FD180-yte]JU and Oyte]JU-P43FD180 in
strain PR (+fapR, +pdhR) significantly increased, although they were
still lower than when both inducers are present (Fig. 5(g); Fig. S19
in Appendix A). These results demonstrate that we have success-
fully constructed two-input OR gates that can respond to pyruvate
and malonyl-CoA. However, the activity of the OR gate when one
inducer was present was lower than that when two inducers were
present, which may be due to the fact that the two promoters in
tandem can synergistically enhance the transcription of down-
stream genes [38].

In order to reduce the synergistic effect of tandem promoters,
we changed the distance between the two promoters. By inserting
different lengths of yeeZ gene fragments between the promoters
yteJU and P43FD180, the OR gate circuits OyteJU100-P43FD180,
OyteJU200-P43FD180, OyteJU300-P43FD180, OyteJU400-
P43FD180, and OyteJU500-P43FD180 were constructed. The
results showed that the activity of the tandem promoter gradually
decreased with the increase in the distance between the two pro-
moters (Fig. 5(h); Fig. S20 in Appendix A). In addition, according to
the modeling results, better OR behaviors were obtained when the
distance between two promoters increased (Fig. 5(i); Fig. S21 in
Appendix A). The dynamic range of the OR gate was increased by
5.6-fold (OyteJU200-P43FD180).

3.7. Remodeling IPP metabolism using the TIMO genetic circuits

We next used these genetic circuits to build a cascade regula-
tory system for dynamically remodeling the IPP metabolism in
the strain BS17-MVA (Fig. 2(f); Fig. S22 in Appendix A). We divided
the metabolic network into three modules: namely, the central
metabolism module, IPP supply module (MVA+MEP pathway),
and terpenoids synthesis module. First, in the central metabolism
module, two pyruvate-activated promoters (D11, D6) with differ-
ent dynamic ranges were used to dynamically enhance the expres-
sion of pyruvate dehydrogenase PdhA, while two malonyl-CoA-
inhibited promoters (FablG18-5 and FablG12-29) with different
dynamic ranges were used to dynamically inhibit the expression
of AccA and citrate synthase CitZ. Then, for the IPP supply module,
three pyruvate-malonyl-CoA 2-input AND gates (Ayte]M-
P43FD180, AyteJU9-P43FD180, and AyteJUG2-P43FD180) or OR
gates (OyteJU-P43FD180, Oyte]JU300-P43FD180, and OyteJU500-
P43FD180) with different dynamic ranges were used to dynami-
cally enhance the expression of the 1-deoxy-D-xylulose-5-
phosphate synthase Dxs and acetoacetyl-CoA thiolase MvaE. As
the result, the titer of MK-7 in strain BS17-P13 (203.7 mg-L™!)
was increased by 135.8% compared with that of strain BS17-MVA
(Fig. 6(a)). In addition, in the strain BS17-P13, the AND gate
(AyteJUG2-P43FD180) was used to control the expression of the
enzymes Dxs and MvaE. As shown in Fig. S23 in Appendix A, the
glucose consumption rates of strains P12, P17, and P18 were signif-
icantly lower than those of the other strains. Furthermore, the MK-
7 titer of strain P12 was significantly lower than that of P11 and
P13 (the parallel strains regulated by AND gates of different
strengths). The MK-7 titer of strains P17 and P18 was significantly
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lower than that of P19 (the parallel strain regulated by AND gates
of different strengths). These results indicated that the strains P12,
P17, and P18 could not effectively convert glucose into MK-7, so
their glucose consumption was lower. In addition, we found that
the lower MK-7 titer of strains P10 and P12 may be due to their
lower intracellular concentration of acetyl-CoA, MVA, MEP, and
IPP; their high pyruvate:acetyl-CoA ratio; and their imbalance of
central metabolic fluxes (Fig. S24 in Appendix A). This phe-
nomenon demonstrated that the simultaneous control of the meta-
bolic fluxes of the MEP and MVA modules promotes the synthesis
of terpenoids. As the control, if PdhR and FapR were not present in
the strain expressing the genetic circuit, the highest titer of MK-7
(strain BS17-F5) relative to strain BS17-MVA was only increased
by 30% (112.4 mg-L™").

To further increase MK-7 production, the AND gate (Ayte]JUG2-
P43FD180) was introduced into the strain BS17-P13 to dynami-
cally activate the expression of heptamyl diphosphate synthase
(HepTS) in the MK-7 biosynthesis pathway, generating the strain
BS17-P20, which produced up to 467.2 mg-L~! MK-7 in the shake
flask. In addition, we found that the intracellular levels of MVA
(78.18 nmol-g~! DCW), MEP (161.58 nmol-g"! DCW), and IPP
(1.50 nmol-g~! DCW) in strain BS17-P20 increased by 28.6-,
15.3-, and 4-fold at 48 h, respectively, compared with those of
BS17-MVA (Fig. 6(b); Fig. S25 in Appendix A). Meanwhile, the
intracellular levels of acetyl-CoA (364.60 nmol-g~! DCW) and pyru-
vate (1213.20 nmol-g~! DCW) in strain BS17-P20 decreased by
25.0% and 32.0% compared with those in BS17-MVA, respectively
(Fig. 6(c); Fig. S26 in Appendix A). Furthermore, the intracellular
content ratio between MEP and MVA in strain BS17-P20 (3.3:1)
decreased compared with that in BS17-MVA (6.3:1). These results
demonstrate that the constructed cascade regulatory framework
remodeled the IPP metabolism, thereby promoting the overpro-
duction of MK-7. In addition, we found that the increase in MK-7
production was not positively related to the promoter strength
that controls the MVA and the MEP expression, since some of the
promoters used were weaker than the original one. This finding
further suggests that the increase in IPP content is caused by the
cooperative regulation of the circuit. The IPP content in strain
BS17-P20 (368.8 pg-mg~!) was higher than that in many plants,
including the model plants Arabidopsis thaliana (1.1 pg-mg™'), Nico-
tiana attenuate (32.2 pg-mg-!), and Picea abies (303.7 pg-mg~!)
[39].

Subsequently, we constructed a de novo synthetic pathway for
the production of the terpenoid B-carotene in BS17-MVA and
BS17-P13 to further validate the function of the TIMO genetic
circuits-assisted IPP metabolism remodeling framework (Fig. 6
(d)). The enzymes geranylgeranyl diphosphate synthase (CrtE),
phytoene synthase (CrtB), phytoene desaturase (Crtl), and lyco-
pene B-cyclase (CrtY) from E. herbicola Eho10 were expressed in
the low copy number plasmid pHTO1 and transformed into the
strains BS17-MVA and BS17-P13, yielding the strains MVA-Beta
and P13-Beta, respectively (Fig. 6(d)). The titer of B-carotene in
strain P13-Beta (0.53 mg-L™!) was 1.9 times that in strain MVA-
Beta (0.28 mg-L™!). The titer of intermediate lycopene in strain
P13-Beta (4.10 mg-L™') was ten times that in strain MVA-Beta
(0.41 mg-L™!) (Fig. 6(d); Fig. S27 in Appendix A). These results
demonstrate that the cascade regulatory system constructed here
can also enhance the production of other terpenoids.

It is known that the robustness of genetic circuits may be poor
in large-scale fermentation. For example, the introduction of a
quorum-sensing molecular switch into the strain BS17 increased
the titer of MK-7 to 360 mg-L™! in a shake flask, but dropped it
to 200 mg-L~" in a bioreactor [17]. Finally, in order to test the sta-
bility of the TIMO genetic circuits-assisted IPP metabolism remod-
eling framework in large-scale fermentation, the strain BS17-P20
was further used for the production of MK-7 in a 50-L bioreactor.
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MK-7. CK: strain BS17-MVA; P8-P19: dynamically regulated strains; F4-F5: statically regulated strains. 1, 2, 3 indicates that the intensity of the regulation is stepwise
enhanced; pdhA: pyruvate-activated promoters D6 (1) and D11 (2); accA and citZ: malonyl-CoA-inhibited promoters FablG18-5 (1) and FablG12-29 (2); mvaE and dxs:
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P43FD180 (2) and OyteJU-P43FD180 (3). (b) MK-7 titer of the strains BS17-MVA and BS17-P20 at different fermentation times. (c) Intracellular content of MEP, MVA, and
acetyl-CoA, pyruvate, and IPP in the strains BS17-MVA and BS17-P20 at 48 h. Pyr: pyruvate; Aco: acetyl-CoA. (d) Construction of the p-carotene biosynthesis pathway in the
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synthase; CrtB: phytoene synthase; Crtl: phytoene desaturase; CrtY: lycopene B-cyclase; FPP: farnesyl diphosphate; GGPP: geranylgeranyl diphosphate; Data displayed as
mean * s.d. (n = 3). The statistical analysis is based on Student’s t-test. All data were the average of three independent experiments with standard deviations. * and ** indicate

p < 0.05 and p < 0.01, respectively.

The concentration of glucose in the bioreactor was maintained at
20-30 g-L~!, and the maximum ODgqg of the strain reached 83.6
at 56 h. After 132 hours of fermentation, the titer of MK-7 reached
1549.6 mg-L~!, which is the highest production of MK-7 reported
to date (Fig. S28 in Appendix A).

4. Conclusions

Overall, we successfully remodeled and synergistically regu-
lated the IPP metabolism by using TIMO genetic circuits-assisted
cascade regulatory systems that respond to pyruvate and
malonyl-CoA in B. subtilis. We also demonstrated the universality
and robustness of the framework. This regulatory system provides
an alternative strategy for remodeling the IPP metabolism in other
chassis cells. In addition, this study demonstrates the potential of
using multi-signal, coordinated, and cascaded dynamic regulation
strategies to rationally and globally fine-tune complex metabolic
pathways, which may be useful for the production of other
chemicals.
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