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Abstract

Microbial production of natural compounds has attracted extensive attention due to their high
value in pharmaceutical, cosmetic, and food industries. Constructing efficient microbial cell
factories for biosynthesis of natural products requires the fine-tuning of gene expressions to
minimize the accumulation of toxic metabolites, reduce the competition between cell growth and
product generation, as well as achieve the balance of redox or co-factors. In this review, we focus
on recent advances in fine-tuning gene expression at the DNA, RNA, and protein levels to improve
the microbial biosynthesis of natural products. Commonly used regulatory toolsets in each level
are discussed, and perspectives for future direction in this area are provided.
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1. Introduction

Natural products, such as terpenoids, flavonoids, and alkaloids, are wildly used as
nutritionally or pharmaceutically important components in biomedicine applications, dietary
supplements, and cosmetic industries (Chen et al., 2015; Kusumawati and Indrayanto, 2013;
Liu and Nielsen, 2019; Rodrigues et al., 2016; Ververidis et al., 2007). Recent years have
witnessed a rapidly growing demand for natural products (Wang, R. et al., 2020; Yang et

al., 2020). This high demand motivates the exploration into cost-effective manufacturing
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of natural products. In recent years, to improve the production capacity, constructing
microbial cell factories for these value-added compounds has drawn a lot of attention.

The past decades have witnessed rapid development in metabolic engineering of microbial
hosts for the production of natural compounds (Cravens et al., 2019; Zha et al., 2020;
Zhang et al., 2018). With the expanding genetic toolsets, some amenable microbial hosts
with clear genetic backgrounds and strong production capacities were explored for natural
product synthesis, including Escherichia coli, Bacillus subtilis, Saccharomyces cerevisiae,
and Corynebacterium glutamicum (Calero and Nikel, 2019; Fletcher et al., 2016). Fast
dividing microorganisms (0.5-3 h doubling time) can enable shortened production cycles.
The purification workflow can also be potentially simplified since only a limited range

of similar metabolites are endogenously produced in commonly used industrial microbial
hosts (Ehrenworth and Peralta-Yahya, 2017). In addition to the aforementioned benefits, the
ease of cultivation and manipulation, as well as potentially lower production costs, have
attracted more attention in developing efficient microbial cell factories for biosynthesis of
natural products (Ehrenworth and Peralta-Yahya, 2017; Wang et al., 2018). Thus, exciting
achievements have been made in the microbial production of small aromatic compounds
(Chouhan et al., 2017; Liu, Q. etal., 2019; Wang et al., 2018), terpenoids (Ajikumar et al.,
2010; Keasling, 2010), flavonoids (Biggs et al., 2016; Liu, X. et al., 2018; Palmer et al.,
2019), and polyketides (Wang, W. et al., 2020; Weissman, 2016) in the past decades.

Despite the advantages of utilizing microbial hosts to synthesize natural products, there
are many challenges in constructing efficient microbial cell factories for producing these
value-added compounds. First, the production of many natural compounds requires the
consumption of precursors from microbial central metabolism. The synthesis of these
compounds can cause competition between cell growth and production, which may
negatively affect the productivities of microbial chassis (Wu et al., 2016). Additionally, the
biosynthetic pathways for natural products usually involve metabolites that do not naturally
exist in the host, and the accumulation of these chemicals can be toxic to the chassis and
thus hinder the production efficiencies (Jiang et al., 2020). Moreover, some reactions in
the synthesis of natural compounds require the input of co-factors or redox molecules. The
consumption of these biomolecules may cause imbalances of co-factors, which can also
hamper cell growth and production.

To address these problems, a series of metabolic engineering strategies, including adaptive
laboratory evolution (Sandberg et al., 2019), protein/enzyme engineering (Li et al., 2020),
compartmentalization (Abernathy et al., 2017; Hammer and Avalos, 2017), scaffold
engineering (Park et al., 2018), co-factor engineering (Black et al., 2020; Zhao, X. et

al., 2015), dynamic pathway regulations (Chen and Liu, 2018; Jones, J. A. et al., 2015;
Shen et al., 2019), and combinatorial optimizations (Galanie et al., 2015; Jeschek et

al., 2016; Zhao, S. et al., 2015), have been widely applied to improve the biosynthesis

of natural products. Besides these strategies, fine-tuning the gene expression, either

via controlling the biosynthetic pathways of natural products or regulating the central
metabolisms of the microbial chassis, has been proven to be a promising and efficient
way to address these challenges. When the microbial cell factories are reasonably regulated,
the engineered strains can achieve better cell growth and higher titers. Gene expression
can be typically controlled at three levels: the DNA level, (transcriptional level), RNA
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level (post-transcriptional and translational level), protein level (post-translational level),
and multilevel regulation. In this review, we focus on recent advances in fine-tuning gene
expression at these three levels to improve the biosynthesis of natural products. Commonly
used toolsets in each level are reviewed and outlooks for future direction in this area are
provided.

Regulating the biosynthesis of natural products

Due to the stochasticity and complex regulations lying in microbial systems, sometimes it is
challenging to achieve high productivities of natural products in microbial hosts (Kaern et
al., 2005; Rugbjerg et al., 2018). The synthetic pathways for natural products usually involve
multiple steps, and some metabolites may be harmful to microbial hosts (Dahl et al., 2013;
Yang et al., 2020). Therefore, controlling the gene expression to reduce the competition
between cell growth and production, avoid or delay the accumulation of toxic metabolites,
and alleviate the feedback inhibition, is necessary for achieving high titers of value-added
natural compounds. Plenty of efficient regulation toolboxes or novel regulation strategies
have been established and well-characterized in recent years, which greatly promoted the
fine-tuning of gene expression in natural product biosynthesis (Table 1). These strategies
were divided into three levels and discussed in this paper based on which process they
regulate.

2.1 Regulation at DNA level

The first step in protein expression is the transcription of DNA to RNA, where the
promoters, RNA polymerase, sigma factors, and allosteric transcriptional factors (aTF)

are typically involved (Clancy, 2008). Plenty of transcriptional regulation strategies and
toolsets have been developed in the past decades, such as promoter engineering (Jones, J.
Andrew et al., 2015; Lim Chin et al., 2011; Zhou et al., 2019), allosteric transcriptional
factors (Mahr and Frunzke, 2016), CRISPR-Cas based gene regulation (Gilbert et al., 2014),
TALE-mediated (transcriptional activator-like effector) transcriptional control (Crocker and
Stern, 2013), zinc finger-mediated transcriptional control (Laity et al., 2001), and DNA
aptamers (Jang et al., 2017; Wang et al., 2017). Regulation at the DNA level is to control
the transcription of target genes, which is the most common strategy in pathway control due
to the ease of manipulation. As transcription is the start of protein synthesis, inhibition on
transcription would also negatively affect the translation and post-translation modifications.
Hence, when applying DNA level regulation, the whole protein synthesis process can be
regulated with just a simple control.

Promaoters directly affect the transcription rate, and thus are common targets used for
engineering biosynthesis of natural products (Alper et al., 2005; Kang et al., 2016).
Constructing promoter variants with different transcriptional activities and applying them to
fine tune the biosynthetic pathways are becoming increasingly feasible with the development
of biosensors and high-throughput screening techniques (Lee et al., 2013; Xiu et al., 2017;
Zhou et al., 2019) . Naringenin is a valuable natural product with great therapeutic potential
(Salehi et al., 2019). The microbial synthesis of naringenin is achieved via converting the
tyrosine to p-coumaric acid and then p-coumaroyl-CoA by TAL and 4CL, followed by
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condensation with three molecules of malonyl-CoA and isomerization to form naringenin by
CHS and CHI (Miyahisa et al., 2006). These four genes need to be fine-tuned to balance the
carbon flux so that the naringenin production can be enhanced. Therefore, an iterative high-
throughput balancing (IHTB) strategy was established to thoroughly fine-tune the naringenin
biosynthetic pathway (Zhou et al., 2019). Constitutive promoters with gradient strengths
were randomly picked to control the expression of pathway genes, resulting a library with
differed naringenin production capacities. After screening of over 1,200 candidates, the
metabolic flux of the naringenin synthetic pathway was appropriately balanced, with the
final naringenin titer reaching 191.9 mg/L (Zhou et al., 2019). Similar strategy has also

been demonstrated in engineering the naringenin production in S.cerevisiae (Wang, R. et

al., 2019). Promoter engineering is a common strategy to fine-tune the gene expression at
DNA level, but the large library size usually make the characterization processes rely on

the high-throughput screening techniques (Lee et al., 2013). Thus, future engineering and
development of efficient high-throughput detection techniques would benefit and accelerate
the processes of developing high-producers using promoter engineering.

Allosteric transcriptional factor (aTF) is the most commonly used tool in controlling gene
expression at the DNA level (Latchman, 1993). aTF is a regulatory protein that can control,
either by enhancing (transcriptional activator) or inhibiting (transcriptional repressor), the
transcription by binding to a specific DNA sequence in the promoter region (Fig. 1a).

This region often overlaps with the —35 or —10 box that is for RNA polymerase binding
(Karin, 1990; Shen et al., 2019). Due to the ligand-sensing ability of aTFs, they were
usually used to enable dynamic and real-time fine-tuning of the gene expression for natural
product synthesis. The first dynamic control was achieved in lycopene biosynthesis by
Liao’s group (Farmer and Liao, 2000). After that, this strategy was wildly applied in the
synthesis of isoprenoid, fatty acids, glucaric acid, flavonoids, and aromatic compounds
(Dahl et al., 2013; Dinh and Prather, 2019; Doong et al., 2018; Gupta et al., 2017; Liang
etal., 2020; Xu et al., 2014; Yang et al., 2018). The regulatory circuits in these studies

are powered by the inducible aTFs to improve the production of the target compounds

and reduce the competition between cell growth and production. For example, vanillin is

a valuable natural product with a projected market size of USD 734.5 million in 2025
(Global Vanillin Market Size). Despite the high value of this compound, the microbial
synthesis of vanillin can compete with cell growth, and high pathway expression can lead to
growth defects and plummeted productivity as accumulated vanillin displays antimicrobial
activity (Liang et al., 2020). To solve these problems, a dynamic pathway control circuit
powered by the aTF HucR variants was designed and applied to vanillin biosynthesis.

The delayed pathway expression significantly improved the cell growth, which in turn
resulted in an increased vanillin production to a titer of over 1.5 g/L (Liang et al., 2020).
Plant-derived synthetic aTFs were implemented in improving the production of p-ionone
and naringenin in Saccharomyces cerevisiae (Naseri et al., 2019). Through balancing the
pathway expression, a 4.2-fold increase in B-ionone production was achieved. The improved
production of naringenin was also detected by a biosensor (Naseri et al., 2019). While the
aTF is a powerful tool to regulate gene expression, the limited substrate scopes and narrow
dynamic ranges of natural aTFs may constrain their application potentials in dynamic gene
regulations. Mining new aTFs or engineering existing aTFs to respond to new compounds
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and improving the dynamic range of existing aTFs (Jiang et al., 2021) are becoming
increasingly important to expand the applicability of aTF in fine-tuning natural product
biosynthesis (Li et al., 2020).

In addition to the aTFs and promoter engineering, CRISPR (clusters of regularly interspaced
short palindromic repeats) based gene regulation is also a trending tool for improving the
natural product biosynthesis (Fig. 1b). By using the nuclease-deficient CRISPR protein
(dCas9), transcriptional activation (CRISPRa) (Bester et al., 2018; Fontana et al., 2020;
Konermann et al., 2015) and interference (CRISPRI) (Gilbert et al., 2014; Wu et al., 2020;
Zhao et al., 2021) have been demonstrated in various hosts for efficient transcriptional
control (Lian et al., 2019). An important advantage of using CRISPR-based gene expression
control is the ease of achieving simultaneous multiplex regulation. For example, the
biosynthesis of naringenin requires the input of malonyl-CoA and p-coumaric acid derived
from tyrosine. Thus, CRISPRi was applied in fine-tuning multiple target genes involved in
the central metabolism of £. colito rewire the carbon flux to the precursor of naringenin
(Wu et al., 2015). The simultaneous inhibition of 7abF, fumC, fabB, sucC, and adhE resulted
in a 7.6-fold increase in naringenin titer to 421.6 mg/L without significantly altering the
final biomass accumulation (Wu et al., 2015). In another study, the simultaneous down-
regulation of multiple competing pathways using CRISPRi combined with fermentation
optimization enhanced the production of B-amyrin in S. cerevisiaeto 156.7 mg/L, a 44.3%
increase in the titer compared with the unregulated strain (Ni et al., 2019). CRISPRIi based
control was also employed to alleviate the feedback inhibition lying in the biosynthetic
pathway (Sander et al., 2019). Amino acid biosynthesis is known to be tightly regulated

in microbial cells. Sander and colleagues applied CRISPRI in downregulating the feedback
inhibition mediated by ArgR in E. coli and improved the cell growth and production of

the arginine-overproducing strain (Sander et al., 2019). As for CRISPRa, this system has
been well-established in engineering the biosynthesis of natural products such as violacein
(Liu, Y. et al., 2019) and epothilone (Fontana et al., 2020; Peng, R. et al., 2018). In 2021,
CRISPRa was ported and engineered to function in Pseudomonas putida (Kiattisewee et al.,
2021). With systematic analysis and optimizations, CRISPRa was applied to regulate the
biosynthesis of biopterin and mevalonate, resulting in over 5-fold and 40-fold increase in
titers, respectively (Kiattisewee et al., 2021). Besides the application of simple inhibition

or activation, CRISPR-based multiplex regulation for the production of B-carotene has

also been demonstrated in yeast (Lian et al., 2017). By up-regulating the rate-limiting

step catalyzed by HMG1, inhibiting the ERG9that competes the B-carotene biosynthesis
for endogenous sterol generation, and deleting a stress responsive transcriptional regulator
ROX1, the titer of p-carotene increased by up to 2.8-fold compared to the control strain
(Lian et al., 2017). As a trending regulation method, CRISPR-based gene expression control
demonstrated great potentials in improving the biosynthesis of natural products. Future
optimization of the CRISPR system such as minimizing the off-target effect and engineering
relaxed PAM specificity may continue to drive the application of this regulation method in
metabolic engineering (Chatterjee et al., 2020; Collias and Beisel, 2021).

DNA aptamers that can bind to specific ligands are also used to construct genetic circuits
which control the gene expression at the transcriptional level (Fig. 1¢) (Pfeiffer and Mayer,
2016; Ruscito and DeRosa, 2016). The binding of ligand would cause unwinding of double
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stranded DNA, which would allow easier recognition and binding by RNA polymerases
if the aptamer is placed near the promoter region, leading to the enhanced expression

of downstream genes at the transcriptional level (Wang et al., 2017) (Fig. 1c). The well-
characterized thrombin-bound aptamer was engineered and applied into 2”-fucosyllactose
synthesis in B. subilits (Deng et al., 2019). The introduction of DNA aptamer-mediated
control enabled a titer of 511 mg/L, a 22.3-fold increase over the parental strain (Deng
etal., 2019). While the regulation mediated by DNA aptamers is easy to achieve, the
limited set of available DNA aptamers significantly hindered the further applications of
this regulatory component. Therefore, larger libraries of signal molecules and responsive
components are required in the future for multiplex, fine-tuning natural product biosynthesis
via DNA aptamers.

While not as common as other regulation tools at DNA level, the TALE-mediated regulation
was also applied in engineering biosynthesis of natural product. In 2016, TALE-fused
enzymes were gathered around the TALE DNA scaffolds and enriched the local enzyme
concentrations, which led to a 9.6-fold increase in inole-3-acetic acid production (Zhu et al.,
2016).

Applying transcriptional regulation strategies for tunable gene expression at DNA level,
which is the start of protein expression, can control the synthesis of target proteins

with minimal effort. Thus, it is widely used in metabolic pathway control, especially for
natural products. While this type of regulation is efficient and easy to achieve, the stop of
transcription did not necessarily represent a decreased availability of proteins, because the
previously transcribed mRNA can still be translated to proteins by the ribosomes, and there
are also residual enzymes/proteins in the cells that can still function as normal (Sekar et

al., 2016; Yuan and Ching, 2015). Therefore, if only the transcriptional control is applied,
there will often be a time lag for the cells to exhibit the regulation effects due to the above
reasons, and this type of control sometimes can be less effective in some microorganisms if
the vast majority of intracellular proteins are long-lived, such as S. cerevisiae and S. pombe
(Christiano et al., 2014; Yuan and Ching, 2015).

2.2 Regulation at RNA level

Messenger RNA (mRNA) is the bridge connecting DNA and proteins. RNA-level
regulations are usually achieved by blocking the access of ribosome to the ribozyme
binding site (RBS) in mRNA or decreasing the mRNA availabilities to hinder the translation
and thus decrease the protein expression level. The commonly used tools include small
regulatory RNAs, antisense RNAs, and riboswitches (Wang and Cirino, 2016).

Small regulatory RNA (sRNA) is a type of short non-coding RNA that natively exists
in many microorganisms (Fig. 2a). It was first discovered in £. co/iin 1984 (Mizuno et
al., 1984; Svensson and Sharma, 2016; Vogel and Wagner, 2007). SRNA consists of two
major components: one is the scaffold that is used to stabilize the RNA structure, the
other is a short binding sequence (usually 20-200 bp) that can bind with target MRNA
by complementary pairing. When the target region includes the RBS, the binding of
SRNA can both block the access of RBS and also accelerate the degradation of mMRNA
to decrease the mRNA concentration. When the RBS is not in the SRNA target region,
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the binding of SRNA would only cause a decreased availability of mMRNA (Aiba, 2007,
Culver, 2001). Notably, the degradation of the RNA complex upon binding with target
mMRNA requires the recruitment of hfg protein, an abundant bacterial RNA binding protein
that is physiologically important in interacting with SRNAs and facilitating their antisense
interactions with their targets (Holmgqvist et al., 2016; Tsui et al., 1994). In 2013, Sang

Yup Lee and coworkers established a standard workflow to engineer the small regulatory
RNA (sRNA) for regulating biosynthesis pathways (Na et al., 2013; Yoo et al., 2013). By
screening over 100 candidate SRNAs, they select the micC as the optimal scaffold to design
and engineer synthetic SRNAs. The designed sSRNAs were applied to inhibit the competing
pathways of lysine biosynthesis and rewire the carbon flux from central metabolism to
cadaverine production. They screened a library containing 130 synthetic SRNAs, and a 55%
increase in cadaverine titer was achieved when repressing murE (Na et al., 2013). In 2019,
the same group developed an expanded synthetic SRNA expression platform to enable rapid,
multiplexed, and genome-scale target gene knockdown by improving its compatibility for
commonly used antibiotic markers and origin of replications (ORI, e.g. p15A, ColE1, and
pSC101) (Yang et al., 2019). Using this strategy, they demonstrated increased productions
of L-threonine (22.9 g/L), L-proline (54.1 g/L), crude violacein (5.19 g/L), and indigo (135
mg/L) with corresponding engineered strains that were developed from other studies (Yang
etal., 2019).

Antisense RNA (asRNA) is also a common tool used for RNA-level regulation (Fig. 2b).
The function of asRNA is very similar to SRNA: the RNA-level regulation mediated by
asRNA is also achieved by complementary pairing with target mRNA, but unlike SRNA,
the degradation of the asRNA-mRNA complex does not require the recruitment of hfq
protein (Pelechano and Steinmetz, 2013). Instead, it is usually achieved by the native RNA
degradation enzymes, such as RNAse 111 in Gram-positive bacteria (Lasa et al., 2011).
Most notable applications of asRNAs are in improving the biosynthesis of flavonoids. In
2015, the antisense RNA was engineered to rewire carbon flux from central metabolisms
to flavonoids biosynthesis (Wu et al., 2014; Yang et al., 2015). The asRNA was equipped
with a 100 bp artificial stem loop in these two studies to improve its stability. The fatty
acid synthesis pathway was inhibited by the engineered asRNA to enhance the availability
of malonyl-CoA, an important precursor for the synthesis of a series of flavonoids. In
Yang’s paper, the asRNA-mediated down-regulation was applied towards fabD, which
converts the malonyl-CoA to fatty acids. This regulation resulted in a 4.5-fold increase

of the malonyl-CoA availability, which in turn enabled a 1.53-fold, 1.70-fold, and 2.53-fold
increase in the production of naringenin, resveratrol, and 4-hydroxycoumarin, respectively
(YYang et al., 2015). In Wu'’s paper, the inhibition of fabB/fabF using asRNA improved

the production titer of naringenin by 4.31-fold (391 mg/liter) (Wu et al., 2014). These
examples demonstrated that asRNA is a powerful tool for fine-tuning the central metabolism
of bacteria to improve the biosynthesis of natural products.

Unlike the SRNA and asRNA, regulation mediated by riboswitch does not affect the
intracellular mRNA availability. Riboswitch is a type of regulator that controls the gene
expression via conformational change of RNA secondary structures (Fig. 2c) (Mandal et al.,
2003). There are two major components in a typical riboswitch, one is the ligand binding
domain, where the binding of target compounds can cause a conformational change to
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the secondary structure. The other is the regulation domain, where the RNA secondary
structure can block the access of ribozyme to RBS and thus hinder the translation. While
this type of regulator is wildly distributed in microorganisms, they were often used as
biosensors to screen high-producers (Lee and Oh, 2015; Wang et al., 2015; Yang et al.,
2013), and only a handful of examples have achieved gene regulation via riboswitches.

Deng and co-workers achieved simultaneous up-regulation and down-regulation of /in vivo
gene expression by engineering the ligand thrombin-bound aptamer (Deng et al., 2019).
Using this, they enhanced the expression of 2’ -fucosyllactose pathway genes but reduced
the unnecessary induce of biofilm formation in Bacillus subtilis. The final strain reached

a titer of 674 mg/L when the bi-functional regulation was applied, which was 27.3-fold

that of the un-controlled original strain (Deng et al., 2019). This type of dual-control has
also been demonstrated in another study. The lysine-responsive riboswitches were applied in
Corynebacterium glutamicum for metabolic control (Zhou and Zeng, 2015). The screened
lysine-ON riboswitches were used to control the expression of /ysE gene (encoding a lysine
transport protein), achieving dynamic up-regulation of lysine transport in the C. glutamicum.
On the other hand, a lysine-OFF riboswitch was applied to dynamically down-regulate the
expression of citrate synthase. The combined dual-control enabled an 89% increase in lysine
yield, and also demonstrated the synergetic effect of lysine-ON and -OFF riboswitches for
improving lysine production (Zhou and Zeng, 2015).

Instead of using regulatory proteins compared with transcriptional regulation, the RNA-level
regulations are usually achieved via non-coding RNAs. Introducing such non-coding RNAs
can often bring less cell burden to the host than using regulatory proteins. First, non-coding
RNAs (usually less than 200 nt) are often shorter than normal mRNA (usually over 200

nt). Moreover, compared with proteins that need to be synthesized from amino acids, RNAs
do not consume amino acids for synthesis, which can effectively save some resources

for cell growth or production. However, similar to DNA-level control, even though the
RNA-level regulation can decrease the availability of mMRNA or hinder the translation, this
cannot quickly transition to a decreased protein level, because the residual proteins in cells
usually would not be quickly degraded so they can still function as normal (Sekar et al.,
2016; Yuan and Ching, 2015). Also, when applying RNA-level regulation, the synthesis of
mMRNA (transcription) is not controlled, which means the mRNA can still be synthesized
continuously, which can cause a waste of cell resources for unnecessary synthesis of
MRNAs.

2.3 Regulation at protein level

One of the essential goals for gene regulation is to adjust the intracellular protein
concentrations. Therefore, regulation at the protein level provides a more direct way

to achieve fast and accurate control of the protein availabilities and thus has attracted
increasing attention in recent years (Cameron and Collins, 2014; Chung et al., 2015). Unlike
the regulations at DNA or RNA level that can achieve both up- and down-regulation (Lian et
al., 2017; Zhou and Zeng, 2015), most studies with protein level control usually focused on
controllable degradation (down-regulation). Down-regulation by tunable protein degradation
reduces the intracellular protein availabilities to a low level, which would be helpful in
shutting down competing pathways or rewiring carbon fluxes. The major ways to achieve
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tunable protein degradation are through engineering protein degradation tags or degrons, as
well as controllable expression of proteases (Fig. 3) (Cameron and Collins, 2014; Gao et al.,
2019; Lu et al., 2021).

Regulated protein depletion via degradation tags or degrons was commonly used in
terpenoids biosynthesis (Lu et al., 2021; Peng, B. et al., 2018; Peng et al., 2017). Terpenoids
biosynthesis requires the consumption of building blocks like isopentenyl pyrophosphate
(IPP), geranyl pyrophosphate (GPP), and farnesyl pyrophosphate (FPP), but these precursors
are also essential for biomass generation and cell growth. Therefore, the carbon flux needs
to be appropriately controlled to minimize the competition of these precursors between

cell growth and production. To this end, an autonomous controllable degradation was
established in S. cerevisiae via a PEST (rich in Pro, Glu/Asp, Ser, and Thr) sequence-
dependent endoplasmic reticulum-associated protein degradation (ERAD) mechanism (Peng
et al., 2017). The existence of Erg9p would direct excessive FPP to sterol synthesis and
decrease the production of the target product nerolidol, but transcriptional inhibition of
Erg9p was insufficient to regulate its availability due to the high stability of the enzyme
(Christiano et al., 2014; Yuan and Ching, 2015). As a result, the protein-level regulation

via the degradation tags was carried out to control the intracellular Erg9p availability.

The Erg9p protein can be normally expressed and function during the growth phase, but

it will be degraded during the production phase. Through this strategy, they successfully
minimized the competition between cell growth and nerolidol production and enabled

an 86% increase in the final titer (Peng et al., 2017). Inspired by this achievement, the

same group further applied a similar strategy towards controlling the endogenous farnesyl
pyrophosphate synthase (FPPS, Erg20p) to minimize the competition between biomass
generation and linalool production, with a 27-fold increase in the final titer (Peng, B.

et al., 2018). Recently, an engineered auxin-inducible protein degradation strategy for
several terpenoids biosynthesis was developed (Lu et al., 2021). The natural auxin-inducible
protein degradation system suffers from auxin-independent basal degradation, making it
troublesome for controlling specific responses (Li et al., 2019; Nishimura et al., 2009).
Hence, in the referred study, the auxin-inducible degradation system was optimized and
improved with reduced non-auxin-dependent degradation. The engineered system was
applied to improve the production of limonene and nerolidol. The titer of the monoterpene
limonene and sesquiterpene (C15) nerolidol was increased to 76 mg/L and 3.5 g/L in flask
cultivation, respectively (Lu et al., 2021).

While most studies focus on the employment of degradation tags and degrons, Cong

and colleagues established a dynamic protein degradation genetic circuit via biosensor-
controlled protease expression (Gao et al., 2019). Three orthogonal proteases, tobacco etch
virus protease (TEVp), tobacco vein mottling virus protease (TVMVp), and sunflower mild
mosaic virus protease (SUMMVp) (Fernandez-Rodriguez and Voigt, 2016), were placed
under the control of inducible promoters. The expression of these proteases will activate
the degradation of target proteins harboring the corresponding tags. By manipulating these
components and adjusting the control logic, they built several classic genetic circuits,
including inverter and oscillator, and demonstrated the desired dynamic performance.

The proteases-mediated dynamic protein degradation was then applied in shikimate and
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D-xylonate biosynthesis, with titers reaching 12.63 g/L and 199.44 g/L, respectively (Gao et
al., 2019).

Regulation at the protein level is a direct control of protein availability, which is usually
faster than regulations at DNA and RNA levels. This type of control is especially efficient
for proteins with very long half-lives in cells (Peng et al., 2017). However, control at the
protein level does not affect transcription and translation, which means the continued protein
synthesis is also a waste of cell resources for unnecessary protein expression, and this
may also bring extra burden for the degradation and decrease the regulation efficiencies.
Additionally, the limited tunability, relaxed orthogonality, and the lack of protein-protein
interaction regulators, may restrain the application of tag-based protein degradation in
engineering the biosynthesis of natural product. Therefore, future engineering effort may
be taken towards engineering toolsets with expanded tunability and mining new protein
degradation mechanisms with improved orthogonality.

2.4 Multilevel regulation

Despite the encouraging advances in using single level regulation for the synthesis of natural
compounds, there are some potential pitfalls in each type of regulation as discussed in the
previous sections. Therefore, combination of multi-level regulations becomes a growing
trend to improve the regulation efficiencies in engineering biosynthesis of natural products,
as this can possibly make up for deficiencies in single-level regulation (Calles et al., 2019;
Greco et al., 2021; Martinez et al., 2017; Westbrook and Lucks, 2017).

For example, the DNA level regulations can be combined with protein degradation to
minimize the regulation time lag by quickly degrading the proteins, and meanwhile, reduce
the waste of cell resources for unnecessary protein synthesis by stopping the transcription
of target genes. A notable example was seen in the engineering of glucaric acid and myo-
inositol production in £. coliby combining quorum sensing system and protein degradation
to control the transcription and protein availability of selected targets (Gupta et al., 2017).
The quorum sensing was used to dynamically down-regulate the transcription of pfkA and
reduce the glycolytic flux with the cell growth. Meanwhile, a standard ssrA degradation
tag was fused to the enzyme Pfk-1 (protein encoded by pfkA) to accelerate the depletion
of its intracellular availability and quickly shutdown the carbon flux towards glycolysis.
This dynamic multilevel regulation enabled a 5.5-fold increase in titers of myo-inositol
and pushed the titer of glucaric acid from undetectable to over 0.8 g/L (Gupta et al.,

2017). Similar strategy has been applied in the biosynthesis of a-farnesene in S. cerevisiae
(YYang et al., 2021). In the referred study, the quorum sensing regulators were combined
with the auxin-mediated protein degradation system in S. cerevisiae to dynamically control
the transcription and stability of Erg9, resulting in an 80% increase in the a-farnesene

titer (Yang et al., 2021). Multilevel regulation can efficiently make up the deficiencies in
single-level regulation, and thus has seen growing applications in engineering biosynthesis
of natural products.

While most reported applications of multilevel regulation are combining regulations at
DNA- and protein-level, combining DNA level and RNA level regulations, or RNA level
and protein level regulations, though were not applied in improving biosynthesis of natural
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products, have also been reported. RNA level regulation was combined with protein
degradation to modify the protein synthesis rate and stability (Martinez et al., 2017).

For multilevel regulations combining DNA and RNA level control, a double feedback
circuit with bi-functional control of gene expression was engineered. The engineered circuit
involves a translation-inhibitory SRNA with the translational coupling of the target gene to
a repressor, and the target gene was under the control of the repressor-regulated promoter
(Calles et al., 2019). In another study, Westbrook and co-workers configured and optimized
the naturally-derived antisense RNA-mediated transcriptional regulators to control both
transcription and translation in £. coli (Westbrook and Lucks, 2017). These approaches
provide valuable insights for applying the multilevel regulations to achieve tunable gene
expression. Thus, we will see more applications of multilevel regulations in the near future
with the continuous development and optimizations of these toolsets.

3. Concluding remarks and future perspectives

The biosynthesis of natural products remains a hot topic in metabolic engineering and
synthetic biology due to their high value in food, cosmetic, and pharmaceutical industries.
As summarized in this review, tuning the gene expression at DNA, RNA, and protein levels
via versatile regulation tools has been carried out to effectively improve the synthesis of
many natural products. Each level of regulation has its advantages and disadvantages. Thus,
multilevel regulation, as a trending regulatory strategy, has seen more and more applications
in improving the biosynthesis of natural products, because multilevel regulations can
potentially avoid the problems and challenges in using single-level regulation (Calles et

al., 2019; Greco et al., 2021; Martinez et al., 2017; Westbrook and Lucks, 2017). Besides the
application of improving natural products biosynthesis, the advanced regulatory tools and
strategies discussed in this paper can also be employed in engineering production of large
protein complexes or non-natural chemicals (Fletcher et al., 2016; Nielsen, 2013), as well as
for studying gene regulatory networks (Soma et al., 2017; Wang, T. et al., 2019).

With the expanding availability of biosensors and improvement on gene regulatory toolsets,
a rapid increase in applications of dynamic pathway regulation has been observed in
engineering biosynthesis of natural products for the last decade. Conventionally, static
regulations were carried out to engineer the biosynthesis of natural products due to the
ease of manipulation. However, static regulations are one-time, irreversible, and sometimes
are manually carried out regardless of the cell status, which would cause undesired
performance of microbial cell factories and reduce the productivities (Liu, D. et al.,

2018). Dynamic pathway control mediated by genetically encoded biosensors can tune

the gene expression and rewire carbon fluxes based on intracellular chemical concentration
or environmental signals and thus it can be more efficient when encountering fluctuated
chemical concentrations or complex environmental conditions. Thus, it may offer a more
flexible and intelligent way to control the biosynthesis of natural products.

While fine-tuning the gene expression sees encouraging progress in engineering natural
products, there are some challenges that cannot be fully addressed by these regulatory
toolsets and strategies, such as low enzymatic activities or vulnerability to toxic end-
products. Therefore, metabolic engineers will see combinatory optimizations that combining
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other engineering strategies, such as protein engineering and adaptive laboratory evolution,
with the gene expression fine-tuning to improve the biosynthesis of natural products to
achieve better titers, yields and productivities in future engineering efforts.
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Highlights:
. Constructing efficient microbial cell factories for synthesizing natural

products requires fine-tuning the gene expression.

. Three typical regulation levels (DNA, RNA, and protein) were included, and
the commonly used toolsets in these levels were discussed in detail.

. Combining multi-level regulations, transition from static control to dynamic
regulation, and expanding current regulation toolset repertoire, present future
opportunities to improve the efficiencies of gene regulation.

Biotechnol Adv. Author manuscript; available in PMC 2023 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal. Page 20

(@) - “ © Promoter
Transcriptional A
repressor promoter ﬁﬂ A A Wodkcly ; promoter
i L . DNA Aptamer
+ inducer
-35 -10 GOl -35 -10 &6 GOl
DNA Aptamer +ligand

promoter +i£:lu§er polymerase promoter g
=35 -10 unwinding‘
GOl

GOl
Allosteric transcriptional factors U

CRISPRi / CRISPRa

(b)

-

[

Figure 1.
Schemes of DNA-level regulation toolsets. (a) Regulations mediated by transcriptional

repressors (up) and transcriptional activators (down). Transcriptional repressors will occupy
the —35 and —10 regions, thus blocking the access of RNA polymerase. When the inducer

is present, the repressor can bind to the inducer. This process will result in a conformational
change of the repressor, making it unable to bind the DNA sequence and thus release the
transcriptional inhibition. For the transcriptional activator, the regulatory protein can bind

to the DNA and force the DNA to bend. When the inducer is present, the binding of the
inducer can cause a conformational change of the activator, which consequently leads to
interaction with the RNA polymerase, and this will activate the expression of the target gene.
GOl, gene of interest. (b) CRISPR based gene interference (CRISPRI, left) and activation
(CRISPRa, right). For CRISPRI, the sgRNA (single guide RNA) will guide the dCas9 to

the promoter region, blocking the access of RNA polymerase to the promoter, and thus
inhibiting the transcription. For CRISPRa, an activation domain (e.g., VP64, derived from
the herpes simplex virus) is fused to dCas9 protein, and the SJRNA can guide the dCas9

to the appropriate location and bring the activator into contact with RNA polymerase.

Upon the interaction, the promoter can be activated. PAM, protospacer adjacent motif, is

a short DNA sequence that follows the DNA region targeted for cleavage by the CRISPR
system. (c) Regulations mediated by DNA aptamers. The binding of ligand would cause
unwinding of double stranded DNA. This would allow easier recognition and binding by
RNA polymerases if the aptamer is placed near the promoter region, leading to the enhanced
expression of downstream genes at the transcriptional level.
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Figure 2.
Schemes of RNA-level regulation toolsets. (a) Regulations mediated by small regulatory

RNAs. A scaffold is used to enhance the stability of SRNA. A short binding sequence
(target region) that can bind with target mMRNA by complementary pairing and hinder the
translation. Two small regulatory RNAs indicate that the target region is programmable/
designable based on different regulation sequence but the scaffold can be similar. The
scaffolds presented here for the two SRNAS (in black) are identical. Hfg, an abundant
bacterial RNA binding protein that is physiologically important in interacting with SRNA.
(b) Regulations mediated by antisense RNAs. Similar to SRNA, the asRNA achieves the
regulation via complementary pairing with target mMRNA. A 100 bp pair termini (PT)
structure (in black) is used to stabilize the asRNA. The different colors in the asRNA
represent varied target regions that can bind with different sequences. (c) Regulations
mediated by riboswitches. The RNA secondary structure of riboswitch can block the access
of ribozyme to the ribozyme binding site (RBS) and thus hinder the translation. This
inhibition will be released upon ligand binding, and the ribozyme can then recognize the
exposed RBS and start the translation.
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Figure 3.
Schemes of protein-level regulation. Regulations at protein level are usually achieved

by introducing the degradation tags into target proteins. The blue rectangle in the GOI
represents the DNA sequence of degron, and the brown rectangle near the GOI represents
the coding sequence of the degradation tag. The tagged protein will be recognized by
corresponding protease and then degraded. The protease usually contains two functional
domains, one for tag recognition (in blue) and one for degrading the tagged protein (in
brown). For dynamic protein degradation, the protease can also be controlled by an inducible
promoter (in pink) to enable inducible protein degradation. GOI, gene of interest.
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Summary of notable examples in fine-tuning gene expression to improve the biosynthesis of natural products.

Compounds Tool/strategy used . b c
a (regulation level) Achievements Reference
(hosts )
Naringenin (S.c) promoter engineering Increased the final titer to 52.0 mg/L (Leeetal., 2013)
(DNA)
Naringenin (£.¢) promoter engineering A 2.1-fold increase in the final titer (191 mg/L) (Zhou et al., 2019)
(DNA)
Lycopene (£.¢) aTFs (DNA) Increased the final titer to over 150 mg/L (Farmer and Liao, 2000)
Amorphadiene (E.c) aTFs (DNA) A 2-fold increase in the final titer (1.6 g/L) (Dahl et al., 2013)
Fatty acids (£.c) aTFs (DNA) A 15.7-fold increase in the final titer (3.86 g/L) (Xu et al., 2014)
compared to wild-type strain
B-lonone (S.c) aTFs (DNA) A 4.2-fold increase in the final titer compared to wild- (Naseri et al., 2019)
type strain
Salicylic acid (£.¢) aTFs (DNA) A 1.8-fold improvement in the final titer (520 mg/L) (Dinh and Prather, 2019)
Vanillin (£.¢) aTFs (DNA) Increased the final titer to 1.5 g/L (Liang et al., 2020)

Naringenin (£.c)

CRISPRI (DNA)

A 7.6-fold increase in the final titer (421.6 mg/L)

(Wu et al., 2015)

B-Amyrin (S.c)

CRISPRi (DNA)

A 44.3% increase in the final titer (156.7 mg/L)

(Nietal., 2019)

Arginine (£.¢)

CRISPRI (DNA)

A 2-fold increase in growth rate with similar arginine
production

(Sander et al., 2019)

Epothilone (M.x)

CRISPRa (DNA)

Increased the final titer of to over 25 mg/L

(Peng, R. et al., 2018)

Biopterin (Pp)

CRISPRa (DNA)

A more than 5-fold increase in the final titer

Mevalonate (Pp)

CRISPRa (DNA)

A 40-fold increases in the final titer (402 mg/L)

(Kiattisewee et al., 2021)

B-Carotene (S.c)

Multiplex-CRISPR (DNA)

A 2.8-fold increase in the final titer

(Lian et al., 2017)

2’-Fucosyllactose (B.5)

DNA aptamer (DNA)

A 22.3-fold increase in the final titer (511 mg/L)

(Deng et al., 2019)

Inole-3-acetic acid (E.c)

TALE (DNA)

A 9.6-fold increase in the final titer

(Zhu et al., 2016)

Cadaverine (£.c)

Small regulatory RNA
(RNA)

A 55% increase in the final titer

(Naetal., 2013)

L-Threonine (£.c)

Small regulatory RNA
(RNA)

Increased the final titer to 22.9 g/L

L-Proline (E.c)

Small regulatory RNA
(RNA)

Increased the final titer to 54.1 g/L

Crude violacein (E.c)

Small regulatory RNA
(RNA)

Increased the final titer to 5.19 g/L

Indigo (£.¢)

Small regulatory RNA
(RNA)

Increased the final titer to 135 mg/L

(Yang et al., 2019)

Naringenin (£.c)

Antisense RNA (RNA)

A 4.31-fold increase in the final titer (391 mg/L)

(Wu et al., 2014)

Naringenin (£.c)

Antisense RNA (RNA)

A 1.53-fold increase in the final titer (91.31 mg/L)

4-Hydroxycoumarin (£.¢)

Antisense RNA (RNA)

A 2.53-fold increase in the final titer (270.85 mg/L)

Resveratrol (£.¢)

Antisense RNA (RNA)

A 1.70-fold increase in the final titer (268.20 mg/L)

(Yang et al., 2015)

L-Lysine (£.0)

Riboswitch (RNA)

An 89% increase in the final yield

(Zhou and Zeng, 2015)

2’ -Fucosyllactose (B.5)

Riboswitch (RNA)

A 27.3-fold increase in the final titer (674 mg/L)

(Deng et al., 2019)

Nerolidol (S.c)

PEST Degron (Protein)

An 86% increase in the final titer

(Peng et al., 2017)

Linalool (S.c)

Degron (Protein)

A 27-fold increase in the final titer (11 mg/L)

(Peng, B. et al., 2018)
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Compounds
(hosts a)

Tool/strategy used
(regulation level)

Achievements b

c
Reference

Shikimate (£.¢)

Dynamic heterologous
proteases expression
(Protein)

Increased the titer to 12.63 g/L

D-Xylonate (£.c)

Dynamic heterologous
proteases expression
(Protein)

Increased the titer to 199.44 g/L

(Gao et al., 2019)

Limonene (S.c)

Auxin-inducible
degradation (Protein)

Increased the final titer to 76 mg/L

Nerolidol (S.c)

Auxin-inducible
degradation (Protein)

Increased the final titer to 3.5 g/L

(Luetal., 2021)

Glucaric acid (£.¢)

Multilevel regulations:
quorum sensing (DNA)
with protein degradation

(Protein)

Increased the final titer from undetectable to over 0.8
g/L

Myo-Inositol (£.¢)

Multilevel regulations:
quorum sensing (DNA)
with protein degradation

(Protein)

A 5.5-fold increase in the final titer

(Gupta et al., 2017)

a-Farnesene (S.c)

Multilevel regulations:
quorum sensing (DNA)
with protein degradation

(Protein)

An 80% increase in the final titer

(Yang et al., 2021)

a - ) . o . . . ”
The abbreviations for hosts listed in the table: E.c, Escherichia coli; S.c, Saccharomyces cerevisiae; B.s, Bacillus subtilis, P.p, Pseudomonas
putida, M.x, Myxococcus xanthus.

b

All fold-change were calculated based on the titer of the unregulated control unless specified in the table. The unregulated control means the strain
with the same genotype and pathway but was not regulated by the toolset/strategy.

c . . - .
When there were multiple examples demonstrated in one reference, the reference cells were merged to indicate that these examples/chemicals

were using the same reference.
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