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Editorial on the Research Topic
Synthetic biology for the sustainable production of biochemicals in
engineered microbes

The rapid increase in greenhouse gas (GHG) emission due to the extensive use of fossil
resources has necessitated the production of renewable energies and chemicals to sustain the
current economic activities while realigning the carbon balance. In particular, the microbial
production of biochemicals has provided an attractive route to alleviate the current energy crisis
and global climate change. In the past, engineering strategies such as random mutagenesis and
conventional selection have long been used for strain development, which is time consuming
and at low efficiency. In a fast and efficient manner, synthetic biology approaches are poised to
revolutionize strain development for biochemical production in several aspects, including design
of non-natural biosynthetic pathways, modular pathway assembly, dynamic sensing and
regulation, compartmentalization, pathway balancing and rewiring, cofactor engineering as
well as high-throughput screening of biological analytes. This Research Topic brings a collection
of recent advances in the development of microbial cell factories for biochemical production
using various synthetic biology approaches. Briefly, a general description and summary of the
articles in this topic can be found below.

Escherichia coli and Saccharomyces cerevisiae are now considered the two most attractive
microbial cell factories. Masuo et al. engineered E. coli for the de novo production of raspberry
ketone from a simple carbon source with the strategy of increasing the metabolic precursors
tyrosine and p-coumaric acid. Qin et al. enabled the production of D-penyllactic acid in
engineered E. coli via fusion protein engineering for an artificial redox self-equilibrium system.
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In S. cerevisiae, Jiang et al. reported that three new target genes
AtGRP7, AtMSBPI, and AtCOL4 could improve the functional
expression of two cytochrome P450 enzymes, CYP76AD1 and
CYP736A167. This finding was used to enhance the production
of betaxanthin by 1.36-fold and Z-a-santalol by 1.97-fold. Zou et al.
reported the effects of the unfolded protein response (UPR) and the
metabolic burden in two host strains of yeast. Their results showed
that the host strain S. cerevisize W303-1A had better capacity to
produce secretory protein, -glucosidase, which will greatly facilitate
the fermentation process from cheap cellobiose feedstock.
Raajaraam and Raman proposed an algorithm to optimize co-
production of multiple metabolites. This tool was combined with
the use of genome-scale metabolic models of E. coli and S. cerevisiae
and aided the design of metabolic engineering strategies.

Non-conventional ~— microbes show many unique
physiological and biochemical characteristics and have been
developed as new microbial chassis in the synthetic biology
era. Yang et al. expressed Abies grandis pinene synthase in the
cyanobacterium Synechococcus sp. PCC 7002 and the engineered
cyanobacteria achieved the production of pinene directly from
CO,. Chang et al. explored Corynebacterium glutamicum as a
host for efficient 3-hydroxypropionic acid production from
acetate by regulating the malonyl-CoA pathway. Rong et al.
constructed an engineered Yarrowia lipolytica for itaconic acid
production from waste cooking oil by expressing cis-aconitic acid
decarboxylase. They then investigated the impact of the acetyl-
CoA biosynthesis pathway on itaconic acid production.

In some cases, completion of complex tasks within a single
organism is extremely challenging. Zhu et al. built an artificial
microbial consortium composed of engineered E. coli and
Pseudomonas putida using a strategy named ‘nutrition supply-
detoxification’. This co-culture system maximized the advantages
of both strains, enabling efficient accumulation of medium-chain-
length polyhydroxyalkanoate from glucose-xylose mixtures.

A complex synthetic cell factory is usually composed of many
functional components. Now, identification and characterization
of basic or improved genetic elements plays a key role in
biotechnological and synthetic biology applications. Tong
et al. found a variant of amine dehydrogenase via
combinatorial active-site saturation test/iterative saturation
mutagenesis, and the variant showed a significant improved
activity in E. coli, which facilitated the biosynthesis of
enantiopure amino alcohols. Zou et al. characterized the
activity of a putative UDP-glucose 4-epimerase (UGE) in both
E. coli and S. cerevisine. This work identified its multiple
functions in the production of polysaccharides as well as in
the formation of structures and activity of polysaccharides, which
provided a guide for future biomanufacturing of polysaccharides.
Miyake et al. first constructed and optimized a biosensor for
short branched-chain fatty acids (SBCFAs) in S. cerevisiae,
providing the possibility for high-throughput screening of
improved producers of SBCFAs. In parallel, a rapid assembly
of genetic elements forms the cornerstone in the implementation
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of synthetic biology designs. Li et al. developed an effective DNA
assembly approach that can be applied for NHE]-based
integration in Y. lipolytica. This method was subsequently
used to optimize the mevalonate pathway for (-)-a-bisabolol
production.

Of equal importance, several experts discussed current
challenges and future trends in harnessing synthetic biology
for the sustainable production of biochemicals in engineered
microbes. Feng et al. reviewed how synthetic biology
significantly accelerated the development of microbial cell
factories for resveratrol, and systematically summarized
recent achievements in resveratrol production. Jiang et al.
gave a detailed summary of the 5-aminolevulinic acid
synthesis in microbial cells, and proposed perspectives for
further improvement. Meanwhile, they reviewed the
applications and detection methods of 5-aminolevulinic acid.
Yu et al. provided an overview of advances in the development
and application of CRISPR-Cas systems in C1 metabolizing
microorganisms and envisioned various Cas9 variant proteins
or effectors, which can be implemented for more powerful
genome engineering to promote carbon-negative microbial
manufacturing.

This Research Topic presents fabulous examples for the
sustainable and cost-effective production of biochemicals in
microbial cell factories. As a revolutionary technology,
advancing synthetic biology strategies has greatly assisted the
strain creation process, maximizing the metabolic pathway of
certain microorganisms. However, more advanced tools,
especially for non-conventional microbes are in urgent need
and insufficient for the relative applications. Furthermore, the
discovery or engineering of more functional elements is
expected to play significant roles in design and development
of complex natural or non-natural biosystems for chemical
production.
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Hericium erinaceus is an important medicinal fungus in traditional Chinese medicine
because of its polysaccharides and other natural products. Compared terpenoids and
polyketides, the analysis of synthetic pathway of polysaccharides is more difficult because
of the many genes involved in central metabolism. In previous studies, A6780, encoding a
putative UDP-glucose 4-epimerase (UGE) in an H. erinaceus mutant with high production
of active polysaccharides, was significantly upregulated. Since there is no reliable genetic
manipulation technology for H. erinaceus, we employed Escherichia coli and
Saccharomyces cerevisiae to study the function and activity of A6180. The
recombinant overexpression vector pET22b-A6180 was constructed for heterologous
expression in E. coli. The enzymatic properties of the recombinant protein were
investigated. It showed that the recombinant A6180 could strongly convert UDP-a-D-
glucose into UDP-a-D-galactose under optimal conditions (pH 6.0, 30°C). In addition,
when A6780 was introduced into S. cerevisiae BY4742, xylose was detected in the
polysaccharide composition of the yeast transformant. This suggested that the protein
coded by A6780 might be a multifunctional enzyme. The generated polysaccharides with a
new composition of sugars showed enhanced macrophage activity in vitro. These results
indicate that A6180 plays an important role in the structure and activity of polysaccharides.
It is a promising strategy for producing polysaccharides with higher activity by introducing
A6180 into polysaccharide-producing mushrooms.

Keywords: polysaccharide synthesis, heterologous expression, immune activity, enzymatic properties,
polysaccharide, Hericium erinaceus

INTRODUCTION

Hericium erinaceus, which grows widely in the mountains of eastern Asia, is a valuable fungus for
both medicinal and food use and has a long history in the field of medicine in China. Polysaccharides,
the main active substance of H. erinaceus, have high biological activity, such as immunomodulation
(Wu et al., 2019; Nowak et al., 2020), regulation of glucolipid metabolism (Du et al., 2015; Cai et al.,
2020), hypolipidemia (Liang et al., 2013), anti -tumor properties (Zeng and Zhu, 2018; Zhang et al.,
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2021), anti-fatigue properties (Liu et al., 2015), liver protection,
and stomach protection (Chen et al., 2020). They have also been
widely used in medicine (Li et al., 2018; Jithendra et al., 2020),
materials (Low et al., 2015), cosmetics, and other fields. Due to the
large number of key enzymes involved in the synthesis of
polysaccharides and their unknown characteristics, the
synthesis pathway of H. erinaceus polysaccharides has not
been clearly clarified. In our previous study, two mutant
strains with high polysaccharide production of H. erinaceus
were bred by atmospheric pressure room temperature plasma
(ARTP) mutagenesis, and polysaccharide production was
significantly enhanced, compared with the original strain (Zhu
et al, 2019). Through multi-omics analysis, the increased
carbohydrate metabolism and the production of glucose-6-
phosphate constituted the basis of high polysaccharide yield.
The differentially expressed proteins A6180 involved in the
mushroom polysaccharide biosynthetic pathways occurred in
the mutant strain compared with the original strain, which
belonged to GAL10 (UDP-glucose-4-epimerase) involved in
the synthesis of polysaccharide repeat units, and upregulated
mRNA and protein expression based on transcriptome and
proteomics data (Gong et al, 2021). Upregulation of the
A6180 gene is known to be involved in the biosynthesis of
polysaccharide repeat units, which is associated with the
higher yield of polysaccharides in the mutated strains.
However, the function of this gene still needs to be verified
through genetic engineering technology.

Using the method of gene overexpression is an important
approach to analyze gene function. For example, Jesus et al.
constructed recombinant overexpressed strains and homologous
overexpressed BL23 gene (encoding UGP) in Lactobacillus casei.
In the subsequent enzyme activity detection, it was found that the
enzyme activity of L. casei increased by approximately 70 times,
and the concentration of UDP-Glu increased by 8.5 times.
Therefore, it is inferred that the BL23 gene is a key gene in
the UDP-glucose synthesis pathway (Rodriguez-Diaz and Yebra,
2011).

Since genetic manipulation techniques in most macro fungi
are not sophisticated, it is difficult to investigate the function of a
gene by knockout or overexpression of a nativegene. Therefore,
genetic verification in heterologous or model microorganisms
can more effectively detect the functions of target genes
(Bachmann et al., 2014). Escherichia coli and Saccharomyces
cerevisiae, as typical eukaryotic model organisms and microbial
cell factories, have been widely used in metabolic engineering,
system biology, and synthetic biology. For example, S. cerevisiae
cannot directly use xylan as a carbon source, and strains with
high expression can be obtained by integrating xylanase with
high enzyme activity into the S. cerevisiae genome by means of
molecular biology (Lu et al, 2017; Wang et al, 2017).
Researchers (Biely et al,, 2000) expressed the Xyn2 gene of
Trichoderma reesei in S. cerevisiae using different promoters,
ADH2 and PGKI, and the enzyme activity was 200 and
160 nkat/ml. Besides, the de novo synthesis pathway of
m-cresol was constructed from S. cerevisiae glucose by
introducing the heterologous pathway of 6-MSA (Hitschler
and Boles, 2019). The high yield of emodin reached
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528.4mg/L in S. cerevisiae BJ5464-NPGA by heterologous
reconstruction of the biosynthesis pathway of endorphin and
emodin (Sun et al., 2019).

In this study, E. coli and S. cerevisiae were used as
heterologously expressing chassis organisms to further verify
the biological function of the gene A6180, which is closely
related to high polysaccharide production in H. erinaceus. The
A6180 gene clone and different recombinant overexpression
vector constructs for heterologous expression will be further
studied to find out the functional role of this gene in
polysaccharide synthesis. The enzyme properties of the protein
expressed by the A6180 gene were studied to provide a theoretical
reference for later development and utilization.

MATERIALS AND METHODS

Strain and Plasmids

The experimental strain used in this study was H. erinaceus 321,
preserved at the Institute of Edible Mushrooms, Shanghai
Academy of Agricultural Sciences. Plasmid pET-22b (+) cells
were preserved in our laboratory. E. coli strains TOP10 and BL21
(DE3) competent cells were purchased from Weidi Biotechnology
(Shanghai, China). S. cerevisiae BY4742 was purchased from
Zoman Biotechnology (Beijing, China). The pESC-Leu plasmid
was purchased from TIANDZ Gene Technology (Beijing, China).
To construct the heterologous expression vector, the mycelium of
H. erinaceus was scraped and total RNA was extracted using
TRIzol RNA Isolation Reagents (TAKARA) kit, followed by
Hifair TM 1II 1st Strand cDNA Synthesis Kit (YEASEN,
Shanghai, China). The obtained cDNA was used as a template
for amplification of the A6180 coding sequence. Yeast genomic
DNA was extracted from cultured Saccharomyces cerevisiae
BY4742 using the Plant Genomic DNA Extraction Kit
(TTANGEN, Beijing, China). The extracted gDNA was used as
a template for amplification of the TDH3 promoter. Primers
A6180EC-F and A6180EC-R were designed to amplify the A6180
gene fragment using Primer Premier 5.0 based on the results of
whole genome sequencing of H. erinaceus 321, and all the primer
sequences used in this study are shown in Table 1. The PCR
amplification procedure for the A6180 target gene was as follows:
3 min at 98°C; 30 cycles of 98°C for 10's, 58°C for 20s, 72°C for
80 s; and a final extension at 72°C for 5 min. The pET-22b (+)
vector was amplified with restriction endonucleases (QuickCut
Nde I'and Xho I; TAKARA, Dalian, China). Double digestion was
performed, followed by the construction of the recombinant
vector (pET22b-A6180) using the Hieff Clone” Plus Multi One
Step Cloning Kit (YEASEN) Kkit.

Expressing A6180 in E. coli BL21

The constructed vector harboring A6180 (pET22b-A6180) was
propagated in TOP10. For heterologous expression of
recombinant proteins in E. coli, pET22b-A6180 was
transformed into E. coli BL21 (DE3) competent cells. Positive
colonies were screened using ampicillin and designated as BL21-
A6180. To obtain sufficient recombinant protein, the optimal
induction conditions were tested at different temperatures (15°C
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TABLE 1 | Primer design of the Hericium erinaceus A6180 gene and related functional fragment.

Descriptions

For full-length A6780
For full-length A6780

For full-length TDH3 promoter

Primer Sequence (5'-3')

AG180EC-F AACTTTAAGAAGGAGATATACATATGGCTGTTGCCGATACCTC

AG180EC-R TCAGTGGTGGTGGTGGTGGTGCTCGAGCTTGGACTCGGTATCGTAGCCG

A6180SC-F CACACATAAACAAACAAAGCGGCCGCATGGCTGTCGCTGATACCTCTCT

A6180SC-R CCTTGTAATCCATCGATACTAGTTCAATGATGATGATGATGATGCTTCGACTCGGTATCGTATCCATTC
TDH3-F AACCCTCACTAAAGGCATATGATACTAGCGTTGAATGTTAGCGTC

TDH3-R ATCAGCGACAGCCATGCGGCCGCTTTGTTTGTTTATGTGTGTTTATTC

and 37°C) with various doses of isopropyl-B-D-

thiogalactopyranoside (IPTG) (1.0 and 0.2mmol/L). The
recombinant protein was purified using a His-tagged protein
purification kit (Beyotime, Shanghai, China) for assays of
enzymatic properties.

Determination of Enzymatic Properties of

Recombinant Protein

High performance liquid chromatography (HPLC) was employed to
evaluate the recombinant putative UGE by detecting the conversion
rate of UDP-a-D-glucose (UDP-Glu) into UDP-a-D-galactose
(UDP-Gal) (Goulard et al, 2001). Thereafter, to study the
enzymatic properties of recombinant UGE proteins, such as
optimum pH and temperature. In optimal pH assay, different
buffers including 10 mM citric acid-sodium citrate buffer (pH 3.0,
40, 5.0, and 6.0), 10 mM Tris-HCI buffer (pH 7.0, 8.0 and 9.0),
10 mM sodium carbonate-sodium hydroxide buffer (pH 10.0, and
11.0) were prepared for reaction at 35°C for 1h. In optimal
temperature assay, the enzyme reaction mixture was incubated at
different temperatures (15°C, 20°C, 25°C, 30°C, 35°C, 40°C, 45°C,
50°C, and 55°C) for 1 h at optimal pH. In order to determine the effect
of different ions on UGE activity, 1.0 mM ions were respectively
added into the reaction system, including K*, Ni**, Mg>*, Ba®", Ca’*,
Cu®*, Co™*, and Fe**. The optimal separation conditions were:
Athena NH, (250 mm x 4.6 mm, 5 pm); mobile phase: KH,PO,
buffer (0.125mol/L, pH 3.6): ethanol = 40:60 (v:v); column
temperature: 30°C; flow rate: 1.0 ml/min; detector: UV absorption
detector; detection wavelength: 254 nm; injection volume: 20 puL. One
unit of enzyme activity is defined as the amount of enzyme required
to convert 1 pumol of substrate UDP-Glu in 1 min.

Transforming A6780 Into S. cerevisiae

Saccharomyces cerevisiae competent cells were prepared using the
Super Yeast Transformation Kit (Coolaber). The recombinant vector
PESC-Leu-A6180 was transformed into S. cerevisiae according to the
manufacturer’s instructions. Positive transformants were screened
by PCR and designated as BY4742-A6180. Western blotting was
used to further verify the correct expression of the protein encoded
by A6180 (Supplementary Data S1). Yeast cells were harvested after
24 h incubation in yeast extract peptone dextrose medium (YPD)
(1% yeast extract, 2% peptone, and 2% dextrose) at 28°C and 160 r/
min. The collected cells were frozen in liquid nitrogen and ground in
a mortar with a pestle. The intracellular protein was extracted using
RIPA lysis buffer (Yeasen) for western blotting. In the fermentation
assay, all the S. cerevisiae strains were inoculated in 4 ml YPD for

18 h at 28°C and 160 r/min. One milliliter of culture suspension was
used as a seed to transfer into 100 ml YPD for scale-up fermentation
on different culture days (28°C 160 r/min).

Yeast Polysaccharide Extraction and

in vitro Immune Activity Evaluation

Yeast cells were collected by centrifuging day 1-9 of fermentation.
The precipitates were washed with distilled water and freeze-dried
to obtain dried cell debris. The polysaccharides of yeast cells were
extracted and determined according to a previously reported
method (Zhang et al, 2021). The p-glucan content of
polysaccharides was determined using (-glucan assay Kkits
provided by Megazyme International Ireland Limited (yeast and
mushroom). The polysaccharide samples were hydrolyzed and
analyzed by HPAEC system (Dionex ICS-2500, Dionex, Sunnyvale,
CA, United States) equipped with a CarboPac™ PA20 column
(Dionex, Sunnyvale, CA, United States) for monosaccharide
composition testing according to the reference (Jiang et al,
2016). The generated polysaccharide solution was dialyzed (with
a molecular weight of 3.0 kDa intercepted) by distilled water for
48 h and then freeze-dried. The freeze-dried sample was prepared
into a 5 mg/ml original liquor with PBS (phosphate-buffered saline,
pH 7.4) solution and centrifuged at 12,000 x g for 30 min. The
supernatant was diluted to 0.5, 2.0, and 5.0 mg/ml for cell testing
(final concentrations in cell culture medium were 50, 200, and
500 pug/ml, respectively). The in vitro immune activity of the
dialyzed polysaccharide samples was studied by measuring the
NO production of RAW264.7, according to the previous report
(Wu et al,, 2019), and the in vitro immunoactivity was assessed
based on the amount of NO released.

Statistical Analysis

Statistical analysis was carried out using SPSS 26.0 software (SPSS
Inc., Chicago, United States). A probability level of p < 0.05 was
set as statistical significance. Data of the NO production of
RAW?264.7were presented as mean + standard deviation (SD)
of at least three independent experiments.

RESULTS

A6180 Contains a Typical UGE Domain

To understand the functions of the protein encoded by A6180, a
neighbor-joining phylogenetic tree was established to analyze the
evolutionary relationships of fungi, including Ascomycetes and
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FIGURE 1 | Phylogenetic and structural analysis of UDP-glucose-4-epimerases in fungi. (A) Phylogenetic analysis of UDP-glucose-4-epimerases of fungi including:
Hericium erinaceus (DATA S1), H. alpestre (accession no. TFY78463.1), Dentipellis_fragilis (accession no. TFY62748.1), Punctularia_strigosozonata (accession no.
XP_009540529.1), Xerocomus_badius (accession no. KAF8559888.1), Postia_placenta (accession no. KAF8559888.1), Ganoderma_sinensis_ZZ0214-1 (accession
no. PIL31081.1), Trametes_cinnabarina (accession no. CDO77294.1), Lentinus_tigrinus_(Aga) (accession no. RPD64555.1), Lentinus_tigrinus_(Sec) (accession
no. RPD82942.1), Volvariella_volvacea_(accession no. KAF8665304.1) Pleurotus_eryngii_(accession no. KDQ31371.1), Hypsizygus_marmoreus (accession no.
RDB195086.1), Agaricus_bisporus (accession no. XP_006454268.1), Lentinula_edodes (accession no. GAW00910.1), Saccharomyces_cerevisiae (accession no.
AJQ11874.1:), and Cordyceps_militaris (accession no. XP_006672787.1). A neighbor-joining tree was built using MEGA5.0 and the bootstrap method with 1000
replicates. The superscript numbers represent three types of orthologs shown in B. (B) The structural functional domain analysis of UDP-glucose-4-epimerases. 1)
Typical UGE with unique functional domain. 2) A yeast UGE containing N-terminal epimerase domain and a C-terminal mutarotase domain. 3) An exclusive UGE to
basidiomycetes containing N-terminal THO complex subunit 1 transcription elongation factor domain and C-terminal epimerase domain.

Basidiomycetes. The results showed that H. erinaceus was close to
the fungus H. alpestre (Figure 1A). Intriguingly, the ortholog in
Dentipellis fragilis was also closely related to A6180, although it
was incorporated with an N-terminal THO complex subunit 1
transcription elongation factor domain and a C-terminal
epimrase domain (Figure 1B). In S. cerevisiae, the ortholog
protein GallOP contains a galactose mutarotase domain
(Figure 1B). Thus, the orthologs of UDP-glucose-4-epimerases
in fungi are classified into three forms with distinct protein
structures (Figure 1B). Based on sequence alignment in the
SWISS-MODLE server (https://swissmodel.expasy.org/), the
crystal structure of UDP-glucose-4-epimerases of Burkholderia
pseudomallei (PDB ID: 3enk.1) was chosen as the template, and
the tertiary structure of A6180 was modeled using the

SWISS-MODLE server (Figure 2). Combined with the
prediction of conserved domains on NCBI, A6180 was
predicted to be a homodimeric UDP-glucose-4-epimerases
catalyzing the NAD-dependent interconversion of UDP-
galactose and UDP-glucose (Figure 2A). It has an N-form
catalytic tetrad composed of residues N126, S150, Y174, and
K178 (Figure 2B). Twenty-one residues (G16, A18, G19, Y20,
121, C80, D81, L82, V106, A107, A108, K110, N125, S148, S149,
S150, Y174, K178, Y203, F204, and P206) were predicted as NAD
binding sites (Figure 2C) and eighteen residues were substrate
binding sites (S150, A151, T152, Y174, Y203, F204, N205, G222,
N225, 1226, 1243, K244, V245, F246, C257, R259, Y260, and
V307) (Figure 2D). These regions were so close that some of the
residues overlapped, such as S150, Y174, and Y178. In the
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FIGURE 2 | Three-dimensional structures of UDP-glucose-4-epimerases in H. erinaceus. (A) Homodimer was developed by homology modeling. (B) Active sites
(N126, S150, Y174, K178) were illustrated in colored sticks. (C) NAD binding sites of H. erinaceus UGE were shown in colored sticks (G16, A18, G19, Y20, 121, C80,
D81, L82, V106, A107, A108, K110, N125, S148, S149, S150, Y174, K178, Y203, F204, and P206). (D) Homology modeling of substrate binding sites (S150,
A151,T152, Y174, Y2083, F204, N205, G222, N225, . 226, | 243, K244, V245, F246, C257, R259, Y260, and V307). (E) Monomer interactions caused by peptide
binding sites in homodimer interface (T116, 1118, P119, V120, Y123, H124, V127, S128, 1131, F132, L134, Q135, D138, P173, K176, M180, T183. 1184, D186. D187,

and L188). All models were generated by PyMOL.
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FIGURE 3 | Heterologous expression of A6180 in £. coli. (A) Schematic diagram of the construction of recombinant overexpression vector. (B) SDS-PAGE analysis

of the protein expression of positive transformants under the four inductive expression conditions. M: protein marker; 1: 37°C 1.0 mmol/L IPTG induced precipitation; 2:
37°C 1.0 mmol/L IPTG induced supernatant sample; 3: 37°C 0.2 mmol/L IPTG induced precipitation sample; 4: 37°C 0.2 mmol/L IPTG induced supernatant sample; 5:
15°C 1.0 mmol/L IPTG induced precipitation sample; 6: 15°C 1.0 supernatant sample after induction of mmol/L IPTG; 7: precipitation sample after induction of

0.2 mmol/L IPTG at 15°C; 8: sample of supernatant after induction of 0.2 mmol/L IPTG at 15°C. (C) Purified recombinant protein expressed in E. coli. M: marker; S:
Purified protein.

intermediate region of the homodimer, polypeptide binding  and T183. 1184, D186. D187, and L188) were located in the
motif (constituted by T116, 1118, P119, V120, Y123, H124, a-helix (Figure 2E). This indicated that the monomers interacted

V127, S128, 1131, F132, L134, Q135, D138, P173, K176, M180, to form homodimers.
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FIGURE 4 | Activities of recombinant protein expressed in E. coli. (A) High performance liquid chromatography detection separation UDP-Glu and UDP-Gal. Peak
1: UDP-Glu; Peak 2: UDP-Gal. (B) Double reciprocal graph. (C) Optimal pH for activity. (D) Optimal temperature for activity. (E) The effect of metal ions on enzyme
activity. (F) The effect of chemical reagents on enzyme activity.

A6180 Is Highly Expressed in E. coli

The E. coli heterologous expression system is a reliable tool for
characterizing protein function. Thus, A6180 fragments were
ligated into the pET22b (+) vector for protein expression. A
schematic of the recombinant overexpression vector construction is
shown in Figure 3A. The selected positive clones were cultured under
various culture conditions. Crude extracts of cultured cell debris were
verified by SDS-PAGE. The full-length recombinant putative UGE
had a predicted molecular weight of 41.7 kD with 379 amino acids.
SDS-PAGE analysis indicated that recombinant UGE was expressed
under all the test conditions. Among these, the highest yield of
recombinant protein was observed in precipitates and supernatants
when the clones were induced by 1.0 mmol/L IPTG at 37°C
(Figure 3B). Although most of the recombinant proteins existed as
inclusion bodies in the precipitate under these conditions, the
recombinant proteins in the supernatant were also the highest of
all the tested conditions. Thus, E. coli cells were harvested from 2 L of
culture suspension after 4 h of induction with 1.0 mmol/L IPTG at
37°C. Finally, the SDS-PAGE purified samples of recombinant UGE
protein were analyzed using Quantity One gel analysis software, which
showed that the target protein reached 95% purity (Figure 3C).

Enzyme Activity Characteristics Show
A6180 Is a Real UGE

The optimum chromatographic conditions were selected for the
detection and separation of UDP-Glu and UDP-Gal by screening

the mobile phase ratio and flow rate conditions of HPLC. As
shown in Figure 4A, the absorption peaks of UDP-Glu and UDP-
Gal standards appeared at 18.90 min (UDP-Glu) and 20.10 min
(UDP-Gal). This indicated that the two standards could be
effectively ~ separated  under the tested conditions
(Supplementary Figure S1). The enzymatic reaction rate of
UGE was measured for different concentrations of UDP-Glu
substrate. The double inverse equation (Figure 4B) showed that
the V,, of the target protein to UDP-Glu is 11.86 mmol/min and
K., is 0.34 mM. This suggests that A6180 encodes a real UGE with
the activity of converting UDP-Glu into UDP-Gal.

Under the reaction conditions of T = 35°C, the enzymatic
activity of UGE protein showed an initial increasing trend and
then a decreasing trend with the increase in pH, and had the
highest enzymatic activity at pH 6, while the enzymatic activity
was basically lost when the pH was 10.0 and 11.0, respectively
(Figure 4C) (Supplementary Figure S2). This indicates that the
change in pH affects the rate of enzymatic reaction by affecting
the dissociation of the enzyme active center and the substrate of
UGE protein, while at pH 10.0 and 11.0, the hyperalkaline state
denatures the enzyme protein and thus loses its enzymatic
activity.

Under the optimum pH condition for enzymatic hydrolysis,
the enzyme activity first increased and then decreased with
increasing temperature, and the UGE protein had the highest
enzyme activity at a temperature of 30°C, but the enzyme activity
decreased rapidly in the range of 35-50°C, and reached 0 at 50°C.
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FIGURE 5 | Expression of A6180 in yeast. (A) Schematic diagram of the construction of recombinant overexpression vector pESC-Leu-A6180. (B) Verification for
positive transformants of yeast. M: D2000 Marker; 1-3: blank controls; 4-9: transformants 1-6. (C) Western blot results of positive transformants. M: Prestained protein

However, when the temperature was higher than the optimum
temperature, the protein gradually denatured and inactivated the
enzyme, resulting in a significant decrease in enzyme activity
(Figure 4D) (Supplementary Figure S3).

The general culture conditions for the mycelium of H.
erinaceus were 26°C and natural pH medium (pH 5.8), and
the results of the study also showed that the optimum pH and
optimum temperature of UGE were closer to the culture
conditions.

Effects of Metal lons and Organic Reagents
on UGE Enzyme Activity

The addition of the same concentration of several metal ions at
pH 6 and 30°C produced different effects on enzyme activity.
Among them, K* and Mg** had 2.8 and 4% enhancement effects
on enzyme activity, while Ni**, Cu®*, Co**, and Fe’* showed
different degrees of inhibition of enzyme activity, with Cu®*
having the most inhibitory effect, reducing the enzyme activity
to 58% of the original activity. In contrast, Ba** and Ca®* had no
effect on enzyme activity. This could be attributed to the metal
ions combining with the sparse group, sulfur group, or amino
group in the target enzyme protein molecule, thus affecting the
structure of the active center of the enzyme protein molecule and
leading to a reduction in enzyme activity (Figure 4E)
(Supplementary Figure S4).

The different chemical reagents added to the enzyme reaction
system at pH 6 and 30°C produced different degrees of inhibition
of enzyme activity, with isopropanol, n-butanol, ethyl acetate, and
trichloromethane, which showed the strongest inhibition of
enzyme activity. The reaction enhanced the contact between
organic solvents and water molecules through oscillation,
resulting in the of the hydrophilic residues
surrounding the surface of the enzyme protein molecules,
causing changes in the spatial configuration of the protein
thus reducing the enzyme activity to different degrees. The
strong electrostatic interaction between SDS as an anionic

removal

surfactant and the enzyme molecule caused a change in
enzyme conformation, which led to a significant decrease in
enzyme activity (Guo et al., 2006) (Figure 4F).

A6180 Expressed in S. cerevisiae
Constitutively

A schematic diagram of the recombinant overexpression vector is
shown in Figure 5A. Since the GAL1, GAL10 promoter of the
PESC-Leu overexpression vector was repressed in the presence of
glucose in the culture medium, the TDH3 strong promoter of S.
cerevisiae BY4742, which is not repressed by glucose, was added
between the GAL1 and GAL10 promoters and the A6180 target
gene, thus enabling stable and efficient expression of the A6180
target gene in S. cerevisiae BY4742. Moreover, a 6xHis protein tag
coding sequence was fused to the 3’ terminal of A6180 for
Western blot analysis using the responding monoclonal antibody.

PCR was performed on nine randomly selected single colonies,
and the results are shown in Figure 5B. According to the previous
primer design, it can be seen that the results of lanes 4, 5, and 6 are
consistent with the expected size and brightness, so the single
colonies corresponding to lanes 4, 5, and 6 can be identified as
positive transformant single colonies BY4742-A6180.

The total protein of the positive transformant BY4742-A6180 was
verified by western blotting, and the results are shown in Figure 5C.
A clear band at the size of 42 kDa consisted with the size of the target
protein expressed by the A6180 gene predicted by Expasy (https://
web.expasy.org/protparam/), which can be determined that the target
protein, was normally induced to be expressed in the positive
transformant BY4742-A6180 induction group.

Effect of Gene A67180 Transformation on
Physicochemical Properties of S. cerevisiae

Polysaccharides
The total dextran of yeast polysaccharides in the original and
transformed strains is shown in Figure 6A, with the blue line for
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the original strain (control group) and the black line for the
transformed strain. The dextran content of the control group
showed an increasing trend in the first 4 days, while there was a
decreasing trend on the fifth day, but it slowly increased and
stabilized during the sixth to ninth days. The total dextran
content in the transformed and control groups was similar
after cultivation for 5 days, but there was an obvious decrease
in the transformed strain on the third and fourth days. This
indicated that the A6180 gene became functional on the third and
fourth days, and was consistent with the bioinformatics analysis
of its function as a UDP-glucose-4-epimerase (EC:5.1.3.2). The
A6180 gene was transformed into yeast by converting UDP-Glu
to UDP-Gal, which in turn led to the reduction in the amount of
glucan synthesis precursor substance (UDP-Glu) and
consequently to a reduction in the total amount of glucan on
days three and four in the transformed group compared to the
control group.

Cells were collected to determine the monosaccharide
composition of polysaccharide after 1-9 days of culture. After
comparing the monosaccharide composition of yeast

polysaccharide ~produced on each day, only the

monosaccharide composition of the third day changed to a
larger extent, and the monosaccharide composition of yeast
polysaccharide on the other days remained the same
(Figure 6B). The results of the monosaccharide composition
data of the third day are shown in Table 2, which shows that a
variety of new monosaccharides appeared in the transformation
group compared with the control group. Yeast polysaccharides,
usually, contain only glucose and mannose and a small amount of
fructose, as shown in Table 2, and the monosaccharide
composition of the polysaccharides produced by the yeast
transformed with the A6180 gene contained four new
monosaccharides ~ (thamnose,  galactose, xylose, and
galacturonic acid) which accounted for 0.55, 9.24, 11.83, and
1.54% of the total sugars, respectively. The percentage of
arabinose increased by 3.1% and the percentage of
glucosamine, glucose, mannose, and fructose decreased by
0.29, 7.88, 16.87, and 1.23%, respectively.

Due to the overexpression of the A6180 gene in the
transformed group of S. cerevisiae BY4742-A6180, a new
target protein was produced to participate in the
polysaccharide synthesis pathway in S. cerevisiae cells. In turn,
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TABLE 2 | The proportion of monosaccharide composition in S. cerevisiae and its transformant on day 3.

Monosaccharide type Monosaccharide in control

group group (%)
Rhamnose N.D* 0.55
Arabinose 0.15% 3.25
Glucosamine 0.82% 0.53
Galactose N.D 9.24
Glucose 33.50% 25.62
Xylose N.D. 11.83
Mannose 61.81% 44.94
Fructose 3.72% 2.49
GalA N.D. 1.54

“N.D: not detected.
PN.A: not application.

a new conversion pathway from glucose to galactose emerged,
resulting in the production of galactose products that did not exist
in the transformant strain and accounted for 9.24% of the total
sugars. The increase in galactose content in the transformed
group led to the production of galacturonic acid which also
appeared in the transformed group. However, the target
protein did not have an efficient catalytic function in the
galactose-to-galacturonic acid pathway, resulting in an increase
of galacturonic acid by 1.54%. Protein function prediction of the
A6180 gene by the Protein Family Data Bank (http://pfam.xfam.
org/) Pfam showed that it also functions as a GDP-mannose 4,6
dehydratase (PF16363) (EC: 4.2.1.47), which converts GDP-a-D-
mannose to GDP-4-dehydro-a-D-rhamnose, corroborating the
appearance of rhamnose in the monosaccharide composition of
the transformed yeast polysaccharide. The results also showed a
small amount of rhamnose produced in polysaccharides of the
Brewer’s yeast BY4742-A6180 transformation group, which did
not appear in the Brewer’s yeast BY4742 control group, although
not as significant as the elevation of galactose. Moreover, PF16363
domain is also contained in UDP-xylose synthase which converts
UDP-glucuronic acid into UDP-xylose (Borg et al., 2021).

Compared with the control group, the composition of glucose,
mannose, fructose, and glucosamine was reduced to different
degrees in the transformed group. This could be attributed to the
protein expressed by the A6180 gene promoting the conversion of
glucose to galactose and galacturonic acid, leading to a significant
decrease in the conversion of glucose to mannose, fructose, and
glucosamine. Overexpression of the A6180 gene promoted the
simultaneous conversion of glucose as a reaction substrate to
multiple monosaccharide conversions, leading to an increase in
the consumption of glucose, which in turn led to a 7.88% decrease
in the total sugar percentage of glucose.

In vitro Bioactivity of Polysaccharides From
the S. cerevisiae BY4742-A6180

Enhancing macrophage activity in vitro is one way to evaluate the
immune activity of polysaccharide fractions (Hitschler and Boles,
2019). After the pre-experiment of the in vitro immunoreactivity by
determining the NO production of RAW264.7 cells treated with the
S. cerevisiae polysaccharide on the third day at different
concentrations, the highest activity of the sample was found at

Monosaccharide in transformed

Reduced monosaccharides in
transformed group

Increased monosaccharides in
transformed group

0.55% N.AP
3.10% N.A.
N.A. 0.29%
9.24% N.A.
N.A. 7.88%
11.83% N.A.
N.A. 16.87%
N.A. 1.23%
1.54% N.A.

500 pg/ml concentration. The 500 pg/ml concentration, therefore,
was chosen to continue the immunoreactivity assay of the
polysaccharide obtained from . cerevisiae BY4742-A6180
transformation strain and control strain cultivated on days 2-5.
The results showed that the polysaccharide activity in the
transformed group increased by 71.8% on the third day
compared to the control group, and there was no significant
change after 4days incubation (Figure 6C). This is also
consistent with the previous results for monosaccharide
composition, in which only the third day of the transformation
group showed a significant change in monosaccharide composition.
This indicates that the activity of yeast polysaccharides is closely
related to their structure, and is especially related to the composition
of its monosaccharide. The transformation of A6180 into yeast
changed the structure of the yeast polysaccharides and further
changed the activity of its polysaccharide.

In this study, heterologous expression of A6180 in E. coli and
yeast confirmed that UGE encoded by A6180 is involved in
polysaccharide production by H. erinaceus (Figure 7). In
particular, the expression results in yeast indicated that UGE
derived from H. erinaceus could change the composition of fungal
polysaccharides and increase their activity. In the future, it is
promising to use it to engineer strains for producing
polysaccharides with high activity.

DISCUSSION

Most of the current research on UDP-glucose-4-epimerases is
limited to model species, including E. coli (Zhu et al., 2019),
Aspergillus (Lee et al., 2014; Park et al., 2014), and Arabidopsis
thaliana (Barber et al., 2006), rather than macrofungi. In our
previous study, a predicted UDP-glucose-4-epimerases could be
involved in the high yield of high-bioactivity polysaccharides in
an H. erinaceus mutant. To date, there have been limited reports
on the function of UDP-glucose-4-epimerases in macrofungi. In
the present study, the enzymatic characteristics of the purified
UGE (heterologously expressed in E. coli) showed that the
optimum conditions were consistent with the cultivation
conditions of H. erinaceus. Moreover, the heterologous
expression of UGE in S. cerevisiae also indicates that UGE
participates in the synthesis of polysaccharides.
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The general culture conditions for the mycelium of H.
erinaceus were 26°C and natural pH medium (approximately
5.8), and the results of the study showed that the optimum pH
and optimum temperature of UGE were closer to the culture
conditions. The optimum pH and temperature of UGE from
oyster (Song et al., 2018), E. coli (Guo et al., 2006) were 8.5 and 8,
16°C and 37°C, respectively. This indicates that the reaction
conditions of UGE from H. erinaceus are close to the
optimum conditions for fungal growth, which is more suitable
for practical production applications of UDP-Gal. This suggests
that this UGE encoding gene could be used to engineer other
fungi to produce highly active polysaccharides under optimal
conditions with the highest activity.

The heterologous expression and polysaccharide properties of
the A6180 gene in S. cerevisiae yielded three results. First, the
overall trend of glucan content in the experimental group was
similar to that of the control group, with a significant decrease in
glucan content on days 3 and 4, which tentatively demonstrated
that the A6180 gene functions on days 3 and 4; and was found to
have the ability to convert glucose into other monosaccharides.
UDP-glucose-4-epimerase  (EC:5.1.3.2) converts UDP-a-D-
glucose to UDP-a-D-galactose, corroborating the appearance
of galactose in the monosaccharide composition results. It also
functions as GDP-mannose 4,6 dehydratase (EC: 4.2.1.47), which
converts GDP-a-D-mannose to GDP-4-dehydro-a-D-rhamnose,
corroborating the appearance of rhamnose the
monosaccharide composition results. As shown by the
monosaccharide composition results, it can also promote the
production of xylose, and it accounts for a larger proportion of
monosaccharide conversion (11.83%). The polysaccharide
composition of S. cerevisiae is generally considered to be
mainly composed of glucan and mannan. The analysis of the
results of our control group is consistent with the previous report
(Free, 2013). The A6180 gene is the only difference between the
transformed group and the control group. Therefore, we
speculate that A6180 coded a protein with multi-function
besides the isomerization between different hexoses. This
speculation is similar to that of a previously reported

in

bifunctional UGE. It catalyzes the isomerization between a
variety of UDP-sugars, including UDP-hexose and UDP-
pentose (Schiper et al, 2019). In addition, the possible
activities of the conserved functional domains contained in
A6180 include GDP-mannose 4,6-dehydratase (Li et al., 2021),
UDP-glucuronate 4-epimerase (Gauttam et al., 2021), and UDP-
glucuronate decarboxylase (Woo et al.,, 2019), and so on. This
versatile A6180 that may cause the dramatic change in the
composition and proportions of yeast polysaccharides.

In the budding yeast S. cerevisiae, GallOp contains both
galactose mutarotase (mutarotase) and UDP-galactose-4-
epimerase (referred to as epimerase) (Majumdar et al.,, 2004).
This dual activity appears to be unique to S. cerevisiae and other
yeasts such as Kluyveromyces fragilis, K. lactis, and Pachysolen
tannophilus (Brahma and Bhattacharyya, 2004). It is not usual to
see two non-sequential enzymatic activities encoded in the same
protein, and it is not clear why the two activities are linked this
way in yeasts. Previous reports have indicated that this
biofunctional protein would have the advantage of
sequestering galactose 1-phosphate, which is toxic to both
yeasts and mammals (Tsakiris et al., 2002; Scott and Timson,
2007). However, this study showed that the expression of UGE
with a single function did not cause toxicity in yeast (Scott and
Timson, 2007). Moreover, large amounts of galactose were
detected in the polysaccharides. Therefore, we hypothesize that
the bifunctional GAL10P in yeast is responsible for the absence of
galactose in wild-type yeast polysaccharides (Lozanci¢ et al,
2021). However, it is difficult to explain the special structure
of basidiomycetes. Research is yet to be carried out on the
N-terminal THO complex subunit 1 transcription elongation
factor domain in fungi. In humans, it functions in the
cotranscriptional recruitment of mRNA to export proteins to
the nascent transcript (Luo et al., 2012).

In our previous study, A6180 was speculated to be related to
polysaccharide production. However, we found that heterologous
expression in yeast was not significantly related to polysaccharide
yield. This may be related to the fact that we are only
heterologously expressed instead of replacing the endogenous
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UGE gene in yeast. However, in some plant UGE functional
studies, it is related to the production of polysaccharides. In
Brassica rapa, BrUGE1 was cloned and introduced into the
genome of wild type rice (Gopum) using the Agrobacterium-
mediated transformation method. Agronomic trait evaluation of
the transgenic plants under optimal field conditions revealed
enriched biomass production, particularly in panicle length,
number of productive tillers, number of spikelets per panicle,
filled spikelets, and polysaccharide content (Guevara et al., 2014;
Abdula et al., 2016). In addition, our results reveal that UGE is not
only related to polysaccharide production, but also to the
structure and activity of polysaccharides. It is important to
conduct in-depth research on the functions of UGE.
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Cytochrome P450 enzymes (P450s) are a superfamily of heme-thiolate proteins widely existing
in various organisms and play a key role in the metabolic network and secondary metabolism.
However, the low expression levels and activities have become the biggest challenge for
P450s studies. To improve the functional expression of P450s in Saccharomyces cerevisiae,
an Arabidopsis thaliana cDNA library was expressed in the betaxanthin-producing yeast strain,
which functioned as a biosensor for high throughput screening. Three new target genes
AIGRP7, AtMSBP1, and AtCOL4 were identified to improve the functional expression of
CYP76AD1 in yeast, with accordingly the accumulation of betaxanthin increased for 1.32-,
1.86-, and 1.10-fold, respectively. In addition, these three targets worked synergistically/
additively to improve the production of betaxanthin, representing a total of 2.36-fold
improvement when compared with the parent strain. More importantly, these genes were
also determined to effectively increase the activity of another P450 enzyme (CYP736A167),
catalyzing the hydroxylation of «-santalene to produce Z-a-santalol. Simultaneous
overexpression of AtGRP7, AtMSBP1, and AtCOL4 increased a-santalene to Z-a-santalol
conversion rate for more than 2.97-fold. The present study reported a novel strategy to
improve the functional expression of P450s in S. cerevisiae and promises the construction of
platform yeast strains for the production of natural products.

Keywords: cytochrome P450 enzymes, Arabidopsis thaliana cDNA overexpression library, biosensor, betaxanthin,
Z-a-santalol, Saccharomyces cerevisiae

INTRODUCTION

Cytochrome P450 enzymes (P450s), first discovered in the early 1960s, are a superfamily of heme-thiolate
proteins widely existing in animals, plants, and microorganisms (Elfaki et al., 2018; Guengerich et al.,
2016). P450s play important roles in the metabolic networks, due to various biocatalytic activities such as
oxidation, epoxidation, hydroxylation, and demethylation (Stavropoulou et al., 2018). More importantly,
P450s are involved in the biosynthesis of many natural products, such as opioids (Galanie et al., 2015),
artemisinic acid (Paddon et al., 2013), and glycyrrhetinic acid (Zhu et al., 2018). As a thoroughly studied
model organism, Saccharomyces cerevisiae has advantages of clear genetic background, easy cultivation,
and post-translational processing capability (Schuler and Werck-Reichhart 2003). Most importantly, the
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A CYP76AD1 DOD
L-Tyrosine ) [ -DOPA =) Betalamic acid =) Betaxanthins

o _@
@@ il %

The introduction of A. thaliana cDNA Biosensor-based high Fluorescence intensity measurement Plasmid extraction
library into betaxanthin producing strain throughput screening and verification

FIGURE 1 | Establishment of a high throughput screening method for identifying new target genes of the A. thaliana cDNA library to improve the functional
expression of P450s. (A) The betaxanthin biosynthetic pathway starting from L-tyrosine, including a P450 enzyme (CYP76AD1, shown in red) and an L-DOPA
dioxygenase (DOD). CYP76AD1 has been determined to be rate-limiting for betaxanthin production, indicating that the production of betaxanthin (yellow color or
fluorescence) can function as a biosensor for the expression level of CYP76AD1. (B) Workflow of the genome-scale engineering experiments. The A. thaliana cDNA
overexpression library was introduced into the betaxanthin-producing yeast (yJS1256, biosensor strain) via in vivo homologous recombination. Clones with obvious
color changes were selected and inoculated into SCD-URA medium in 96 deep-well plates and the fluorescence intensities were measured using a microplate reader.
Then the isolated plasmids were re-transformed into the biosensor strain and the corresponding genes were identified by DNA sequencing.

inner membrane systems of S. cerevisiae allow the functional  plant genes were overexpressed to increase the activity of another
anchoring of P450s and cytochrome P450 reductases (CPRs) P450 protein (encoded by CYP736A167) involved in the
(Hausjell et al., 2018). Therefore, S. cerevisiae is often selected as  hydroxylation of a-santalene to Z-a-santalol. The present study
a preferred host for functional expression of P450s and accordingly =~ promises the establishment of a platform yeast strain for functional
biosynthesis of natural products. expression of a wide variety of P450s.

Although a variety of P450s have been successfully expressed in S.
cerevisiae, low expression level and activity have become the biggest
challenge for fundamental and biotechnological application studies MATERIALS AND METHODS
of P450s (Jiang et al,, 2021). Accordingly, different strategies have
been implemented to increase the expression level and/or activity of ~ Strains and Plasmids
P450s in S. cerevisiae, including N-terminal truncation, protein ~ The yeast biosensor strain yJS1256 for high throughput screening
molecular modification of P450s through protein engineering,  was kindly provided by Prof. Dueber from the University of
and co-expression with CPRs (Jiang et al., 2021). Unfortunately, California at Berkeley (DeLoache et al, 2015). The A. thaliana
the effects of these engineering strategies are often varied case by =~ ¢cDNA library under the control of ADHI promoter and ADHI
case. In other words, it is of great demand to develop a generally  terminator in plasmid pGADT7-AD was kindly provided by Prof.
applicable strategy to improve the functional expression of a wide  Zeng Tao from Zhejiang University. To facilitate the construction of
range of P450s in S. cerevisiae. the A. thaliana cDNA overexpression library in S. cerevisiae, a helper

In plants, there are many kinds of P450s, interacting with a  plasmid pRS416-TEF1p was constructed by cloning TEFI promoter,
variety of substrates to participate in the synthesis and  upstream and downstream homology arms of the cDNA library, as
degradation of alkaloids, terpenes, flavonoids, fatty acids, plant ~ well as EcoRl and BamHI restriction sites into pRS416. Then
hormones, and signal molecules (Bolwell et al., 1994). Thus, = pRS416-TEFlp was digested by EcoRl and BamHI and co-
plants have evolved a complex gene regulation system to  transformed with the PCR amplified ¢cDNA library fragments
control the expression and folding of P450s (Yang et al,  with homology arms into yJS1256 for in vivo assembly
2016). It is speculated that the introduction of key genes  (Figure 1B). The identified plasmids from the A. thaliana cDNA
involved in the plant regulatory network may have positive  library were isolated using a ZymoPrep Yeast Plasmid Miniprep Kit
effects on the functional expression of a series of P450s in yeast. ~ (Zymo Research, Irvine, CA) and transformed into Escherichia coli

The present study aims to identify key genes that can improvethe =~ DH5a for plasmid amplification. The Z-a-santalol producing S.
functional expression of P450s in S. cerevisiae through screening a cerevisiae strain was constructed by integrating four copies of the
genome-scale cDNA library from Arabidopsis thaliana, a model — a-santalene synthase (SAS) gene (Dong et al., 2020) and one copy of
plant widely used in plant genetic, cellular, developmental, and CYP736A167 and CPR2 from Santalum album (XII5 locus) into the
molecular biology researches (Hayashi and Nishimura 2006). genome of BY4741 (MATa hisA1 leu2/A\0 met15A0 ura3A0), via
Firstly, an A. thaliana cDNA library was overexpressed in S.  CRISPR-Cas9-mediated genome editing technology (Lian et al,
cerevisiae, which was combined with biosensor-based high- 2017; Lian et al, 2019). In addition, the mevalonate (MVA)
throughput screening (Figure 1A) to identify target genes that  pathway genes were overexpressed to enhance the precursor
can improve the functional expression of a P450 (CYP76ADI) in  supply for Z-a-santalol biosynthesis, with tHMGI-ERG8-ERGI3-
yeast. Then, the synergistic interactions and molecular mechanisms ~ ERG20-ERGI2 overexpression cassettes and EGR10-MVDI-IDII-
of these newly identified targets were further explored. Finally, these =~ tHMGI overexpression cassettes integrated into X4 and XI3 loci,
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respectively. Q5 polymerase, T4 DNA ligase, and all restriction
enzymes used were purchased from New England Biolabs
(Ipswich, MA). All chemicals were bought from Sigma (Sigma
Aldrich, St. Louis, MO) unless otherwise stated.

Growth Conditions

E. coli strain DH5a for cloning and plasmid propagation was
cultured at 37°C in Luria-broth (LB) medium containing 100 pg/
ml ampicillin. Yeast strains were cultivated in standard yeast peptone
dextrose (YPD) medium consisting of 2% glucose, 2% peptone, and
1% yeast extract. Recombinant yeast strains were grown on complete
synthetic (SCD-URA) medium consisting of 0.17% yeast nitrogen
base (YNB, Difco, Boom, Netherlands), 0.5% ammonium sulfate,
and the appropriate amino acid drop-out mix (CSM-URA, MP
Biomedicals, Solon, Ohio) supplemented with 2% glucose at 30°C.

High-Throughput Screening and

Fluorescence Intensity Measurement

The A. thaliana cDNA overexpression library was constructed by the
in vivo DNA assembly method in S. cerevisiae. After transformation,
10° independent clones were observed on SCD-URA agar plates,
indicating at least a 50-fold coverage of the A. thaliana cDNA library.
For biosensor-based high-throughput screening, 76 clones with the
highest yellow color intensities were selected from SCD-URA agar
plates and inoculated into 1 ml SCD-URA medium in a 96 deep-well
plate. The yeast strains were pre-cultured for 2 days and then
inoculated into fresh SCD-URA medium with an initial ODggo of
0.1. Mid-log phase yeast cells were collected and diluted 2-fold in
ddH,O for measuring betaxanthin fluorescence intensity at
498-533 nm using a Tecan microplate reader. The fluorescence
intensity (relative fluorescence units; RFU) was normalized to cell
density that was determined by the same microplate reader.

Z-a-Santalol Production and Quantification
Z-a-Santalol producing strains were pre-cultured in SCD-URA
medium for 2 days, inoculated into 50 ml fresh medium in 250 ml
shaker flasks with an initial ODggq of 0.1, and cultured at 30°C and
250 rpm for 5 days. Then 2 ml yeast cells were collected by centrifuge
at 12,000xg for 2 min and resuspended in 700 pL ethyl acetate to be
disrupted by bead milling. The cell lysate was centrifuged for 10 min
and the supernatant was filtered for GCMS (SHIMADZU, Japan)
analysis on a DB-5MS column. 2 puL of each sample was injected with
a 20:1 split mode at 280°C. The initial column temperature was 40°C
and kept for 3 min. Subsequently, the temperature was increased to
130°C at a rate of 10°C/min, followed by to 180°C at a rate of 2°C/min
and to 300°C at a rate of 50°C/min, and finally kept at 300°C for
10 min. The production of a-santalene and Z-a-santalol was
quantified using the standard curve method. The a-santalene to
Z-a-santalol conversion rate was calculated as [Z-a-santalol]/
([a-santalene]+[Z-a-santalol]).

Transcriptomic Analysis

Yeast cells in biological triplicates were grown at 30°C overnight in
5ml of SCD medium for 2 days and inoculated into 50 ml SCD
medium in 250 ml shaker flasks with an initial ODg of 0.1. Then
cells were harvested in the early stationary phase by centrifugation at

Improving P450 Expression in Yeast

4,000g for 15min at 4°C, with the total RNA extracted and
sequenced (RNA-Seq) by Shanghai Majorbio Bio-pharm
Technology Co., Ltd. RNA-Seq data manipulation and differential
gene expression profiling were performed on the free online
Majorbio Cloud Platform (www.majorbio.com) with default
settings. The RNA-Seq data are available from the NCBI
Sequence Read Archive, with an accession number PRINA760804.

RESULTS

Biosensor-Based High Throughput
Screening of A. thaliana cDNA

Overexpression Library in S. cerevisiae

A major challenge for P450 engineering is the lack of a high throughput
screening method. The betaxanthin-producing yeast strain yJS1256
developed by the Dueber group (DeLoache et al,, 2015) was employed
as a biosensor for high-throughput screening of yeast strains with
improved functional expression of P450s. The biosensor is composed
of a P450 enzyme mutant (CYP76AD1V"*'"%") from Beta vulgaris
and an L-DOPA (dihydroxyphenylalanine) dioxygenase (DOD) from
Mirabilis jalapa, which can catalyze the conversion of L-tyrosine to
produce betaxanthin (Figure 1A). In addition, two transporter genes,
encoding Qdr2p and Yorlp, were deleted to accumulate betaxanthin
intracellularly (Savitskaya et al,, 2019). With the introduction of an
additional copy of CYP76ADIW""™% L the production of
betaxanthin was significantly improved, indicating that betaxanthin
biosynthesis in yeast was limited by CYP76AD1 (Supplementary
Figure S1), which was consistent with the previous report
(DeLoache et al, 2015). Considering the color and fluorescence
characteristics of betaxanthin and rate-limiting of CYP76AD1 in
betaxanthin biosynthesis, a biosensor-based high throughput
screening method was established to isolate yeast mutants with
improved production of betaxanthin (Figure 1B). Then the A.
thaliana cDNA library was cloned into the single-copy
plasmid pRS416 and overexpressed in S. cerevisiae. After
yeast transformation, 20 clones were randomly selected
for diagnostic PCR verification to investigate the diversity
of the A. thaliana cDNA library in S. cerevisiae
(Supplementary Figure S2A). Clones with obvious color
changes were selected and inoculated into SCD-URA
medium to measure the change in fluorescence intensities
(Supplementary Figure S2B). Compared with the control
strain containing empty plasmid, the fluorescence intensities
of 25 clones were increased to varying degrees. The plasmids
from these clones were extracted and sequenced to identify the
candidate genes which could improve the production of
betaxanthin in yeast.

Verification of the Candidate Genes for
Improved Functional Expression of
CYP76AD1

After the extraction of plasmids from the isolated clones, they
were re-transformed into the biosensor strain yJS1256 to verify
the ability of these genes to improve the functional expression of
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triplicates. RFU/OD refers to the fluorescence intensity normalized to cell density.
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FIGURE 2 | The effects of AtGRP7 (A3), AtMSBP1 (A6), and AtCOL4 (E9) on the functional expression of CYP76AD1 and accordingly the production of
betaxanthin. (A) The change of clone color on agar plates after transformation of the target genes. (B) The change of fluorescence intensity after transformation of the
target genes, as well as synergistic/additive interactions between AtGRP7 (A3), AtMSBP1 (A6), and AtCOL4 (E9). Error bars represented the mean + s.d. of biological
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CYP76ADI and accordingly the production of betaxanthin in
yeast. Three plasmids, A3, A6, and E9 harboring the genes of A.
thaliana  glycine-rich RNA-binding protein (AtGRP?),
membrane steroid binding protein 1 (AtMSBPI), and A.
thaliana CO-like four protein (AtCOL4), showed 1.32-, 1.86-,
and 1.10-fold improvement in betaxanthin production,
respectively (Figures 2A,B). AtGRP7 (A3) participates in the
negative feedback loop of circadian rhythm regulation
and pre-mRNA splicing and plays an important role in a
complex network of transcripts in A. thaliana (Koster et al,,
2014; Streitner et al.,, 2010). AtMSBP1 (A6), an ER-located
protein, demonstrates steroid-binding activity in vitro and
is involved in the inhibition of elongation and
brassinosteroid signaling (Shi et al, 2011). More
importantly, MSBP1 and its homologue MSBP2 can form
homomers and heteromers on the ER membrane, which
interact with three monolignin P450 enzymes to form
MSBP-P450 protein complexes, thereby improving the
stability and activity of P450s as well as the production of
lignin (Gou et al., 2018). AtCOL4 (E9), a putative novel
transcription factor, has transcriptional activation activity
and is an important regulator of plant tolerance to abiotic
stress (Min et al., 2015).

Afterwards, the synergistic or additive interactions among
AtGRP7, AtMSBP1, and AtCOL4 were further investigated.
Considering the stability of heterologous genes, these gene
expression cassettes were integrated into XII5, X4, and XI3
loci of the yeast genome for combinatorial optimization
(Figure 2B). When AtGPR7 (A3) or AtCOL4 (E9) was
expressed together with MSBPI (A6), synergistic and/or
additive effects on the production of betaxanthin were
observed, representing 2.21- and 2.18-fold higher than the
control strain, respectively. In contrast, the effect of
simultaneous expression of AtGPR7 (A3) and AtCOL4 (E9)
was not obvious. The highest production of betaxanthin was
achieved in the strain with these three genes (A3-A6-E9) being
expressed simultaneously, representing a 2.36-fold improvement
over the control strain. These results indicated that there might be

synergistic interactions between AtMSBPI and AtGRP?7, as well as
AtMSBPI and AtCOL4, but not AtGRP7 and AtCOL4.

Effects of the A. thaliana Target Gene
Overexpression on the Synthesis of

Z-a-Santalol in S. cerevisiae

To further demonstrate the general applicability of AtGRP7,
AtMSBPI, and AtCOL4 from A. thaliana in improving the
functional expression of P450s, these genes were overexpressed in
a Z-a-santalol producing yeast strain and their effects on the
functional expression of CYP736A167, whose gene product
catalyzes the hydroxylation of a-santalene to produce Z-a-santalol,
was investigated (Figure 3A). Based on the previously constructed
a-santalene producing strain (Dong et al., 2020), CYP736A167 and
CPR2 were further integrated into the yeast genome to produce Z-a-
santalol. To increase the accumulation of a-santalene, the substrate of
CYP736A167 and the precursor of Z-a-santalol biosynthesis, genes
involved in MVA pathway were overexpressed, including tHMGI,
ERGS, ERG10, ERG12, ERG13, ERG20, IDI1, and MVD]I. As shown in
Supplementary Figures S3, $4, a-santalene was accumulated to a
relatively high level, indicating that the production of Z-a-santalol was
limited by the low activity of CYP736A167. The introduction of
AtGRP7 (A3), AtMSBPI (A6), and AtCOL4 (E9) all demonstrated
positive effects on the hydroxylation of a-santalene to Z-a-santalol,
with the conversion rate increased for 1.89-, 1.71-, and 1.73-fold,
respectively. What's more, when these three genes (A3-A6-E9) were
overexpressed simultaneously (integrated into XI2, X112, and XI3 loci
of the yeast genome), the conversion rate was the highest, representing
a 2.97-fold improvement when compared with the control strain
(Figure 3B). Surprisingly, the titer of Z-a-santalol was not increased as
significantly as the a-santalene to Z-a-santalol conversion rate
(Supplementary Figure S5). To figure out the possible reasons,
the expression level of MVA pathway genes were profiled. As
shown in Supplementary Figure S6, all the MVA pathway genes
except for ERGI0 were down-regulated to different degrees. In other
words, the advantage of overexpressing AtGRP7 (A3), AtMSBPI (A6),
and AtCOL4 (E9) in improving the functional expression of
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FIGURE 3 | The effects of AtGRP7 (A3), AtMSBP1 (A6), and AtCOL4 (E9) on the functional expression of CYP736A167 (shown in red) and accordingly the
hydroxylation of a-santalene to produce Z-a-santalol. (A) The Z-a-santalol biosynthetic pathway from acetyl-CoA. (B) The effects of AtIGRP7 (A3), AtMSBP1 (A6), and
AtCOL4 (E9) on the a-santalene to Z-a-santalol conversion rate, either overexpressed alone (A3, A6, and E9) or in combination (A3-A6-E9). Error bars represented the

CYP736A167 should be combined with other metabolic engineering
strategies to enhance the MVA pathway fluxes, which has been well
established in yeast.

Exploration of the Molecular Mechanisms of

Improved P450 Expression in Yeast

Finally, the molecular mechanisms of AtGRP7, AtMSBP1I, and
AtCOL4 in improving P450 expression were explored using
transcriptomic analysis. mRNAs were extracted from yJS1256-
AtMSBP1 (A6), yJS1256-AtGRP7-AtMSBP1 (A3-A6), and
yJS1256-AtGRP7-AtMSBP1-AtCOL4 (A3-A6-E9) and sent for
next-generation sequencing (RNA-Seq). Compared with the
control strain yJS1256, 163 (105 up-regulated and 58 down-
regulated), 405 (317 up-regulated and 88 down-regulated), and
76 (56 up-regulated and 20 down-regulated) genes had
expression level changes by more than 2-fold with a
threshold of <0.05 in yJS1256-AtMSBP1 (A6), yJS1256-
AtGRP7-AtMSBP1 (A3-A6), and yJS1256-AtGRP7-AtMSBP1-
AtCOL4 (A3-A6-E9) (Figure 4A and Supplementary Figure
S7). Gene ontology enrichment analysis revealed that the
expression level of genes associated with cytoplasmic
translation, ribosomal small subunit assembly, peptide
biosynthetic process, amide biosynthetic process, and peptide
metabolic process were significantly changed (Figure 4B and
Supplementary Figure S8). Specifically, some genes involved in
integral component of membrane, such as COX3, COS12, COB,
and NCWI1 were up-regulated. Genes related to response to
stress conditions, including GPX2 and GRX5, were also up-
regulated. HACI, a transcription factor, which was reported to
induce the expression of genes related to the folding capacity of
endoplasmic reticulum (ER) (Schuck et al., 2009), was apparently up-
regulated. Furthermore, MUP3 was found to be significantly up-
regulated in all strains, yJS1256-AtMSBP1 (A6), yJS1256-AtGRP7-
AtMSBPI1 (A3-A6), and yJS1256-AtGRP7-AtMSBP1-AtCOL4 (A3-
A6-E9). MUP3 encodes a methionine permease, whose

overexpression increases methionine availability and is important
to maintain the stability and abundance of membrane proteins (Lee
et al,, 2019). HMXI, an ER-localized heme oxygenase, was down-
regulated in all three strains. The deletion of HMXI has been proved
to increase heme concentration and improve the activity of
CYP76AD1 and CYP102A1 in yeast (Savitskaya et al, 2019). In
short, a variety of genes, including some genes with unknown
functions, demonstrated significant changes at the transcriptional
level, indicating complex regulatory mechanisms of the expression
and folding of P450s.

DISCUSSION

In recent years, there is a growing interest in establishing yeast
as cell factories for the production of plant natural products.
Considering the significance in natural product biosynthesis as
well as the low activity of P450s, various strategies have been
attempted to address the challenges in functional expression of
P450s in yeast. In contrast to previous strategies, such as
N-terminal truncation and protein molecular engineering, the
establishment of platform strains, especially those with ER
expansion, has attracted more attention (Jiang et al., 2021).
As most eukaryotic P450s and CPRs are membrane-bound
proteins and anchored to the ER outer membranes, ER
expansion has been determined to be a generally applicable
strategy to improve the functional expression of P450s
Emmerstorfer et al. found that the overexpression of ICE2 could
increase the stability and activity of P450/CPR (Emmerstorfer et al,
2015). DNA repair and recombination gene RAD52 was also
reported to improve the functional expression level of P450s
(Wriessnegger et al, 2016). The overexpression of IN O 2 and
the deletion of PAHI and OPI1, which had been found to enlarge the
ER, could also improve the functional expression of P450s (Schuck
et al,, 2009; Arendt et al, 2017; Kim et al, 2019). Therefore, the
identification of novel genetic engineering targets is a promising
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FIGURE 4 | RNA-Seq analysis of the engineered strains with improved functional expression of P450s. (A) Venn diagram showing the number of genes with
significantly different expression levels (fold change >2 and p-value < 0.05) of the engineered strains (A6, AB-A3, and AB-A3-E9) when compared with the control strain
(yJS1256). (B) GO function enrichment bubble plot of genes that show different expression levels in yJS1256-AtGRP7-AtMSBP1 (A3-AB).

strategy for the construction of platform strains for functional
expression of s wide variety of P450s.

Considering the complex regulatory machinery in P450
expression and folding, genome-scale engineering has been
proved as an effective strategy to overcome our limited
knowledge and identify new engineering targets (Lian et al,
2018; Lian et al, 2019). Among various genome-scale
engineering strategies, cDNA overexpression library is the
simplest and most commonly employed, with the advantages of
high-level expression and the introduction of heterologous genes to
enable improved and even novel phenotypes of interests. Baumann
et al. successfully screened two new targets that could increase the
titer of octanoic acid by overexpressing the yeast cDNA library in
the octanoic acid-producing S. cerevisiae (Baumann et al., 2021).
Similarly, Shi et al. overexpressed the Yarrowia lipolytica cDNA
library and identified key targets that could improve the production
of fatty acids in S. cerevisiae (Shi et al., 2016). Encouraged by these
successful examples, the present study screened the A. thaliana
cDNA library to identify the key genes that were closely related to
functional expression of P450s. Using the biosensor-based high
throughput screening method, three target genes from A. thaliana
(AtGRP7, AtMSBP1I, and AtCOL4) were identified and proved to be
effective in improving the functional expression of CYP76ADI and
CYP736A167, whose gene products had been determined to be rate-
limiting for the production of betaxanthin and Z-a-santalol,
respectively. The positive role of these genes in improving the
functional expression of P450s with different origins (CYP76AD1
from B. vulgaris and CYP736A167 from S. album) indicated the
potential of general applicability in functional expression of a wide
variety of P450s.

In conclusion, an A. thaliana cDNA library was successfully
expressed in yeast, and three target genes AtGRP7, AtMSBP1, and
AtCOL4 from A. thaliana were identified to be effective in improving
the functional expression of CYP76AD1 and accordingly the
production of betaxanthin. More importantly, these target genes
could also effectively increase the activity of CYP736A167, catalyzing
the hydroxylation of a-santalene to produce Z-a-santalol, whose
conversion rate was increased for 2.97-fold when these three genes
were overexpressed simultaneously. The target genes identified in
the present study promise the construction of a platform yeast strain

for functional expression of P450s and accordingly production of
natural products.
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The biosynthetic production of D-penyllactic acid (D-PLA) is often affected by insufficient
supply and regeneration of cofactors, leading to high production cost, and difficulty in
industrialization. In this study, a D-lactate dehydrogenase (D-LDH) and glycerol
dehydrogenase (GlyDH) co-expression system was constructed to achieve coenzyme
NADH self-sufficiency and sustainable production of D-PLA. Using glycerol and sodium
phenylpyruvate (PPA) as co-substrate, the E. coli BL21 (DES) harboring a plasmid to co-
express LfD-L.DH and BmGlyDH produced 3.95 g/L. D-PLA with a yield of 0.78 g/g PPA,
similar to previous studies. Then, flexible linkers were used to construct fusion proteins
composing of D-LDH and GlyDH. Under the optimal conditions, 5.87 g/L D-PLA was
produced by expressing LfD-LDH-Is-BmGlyDH with a yield of 0.97 g/g PPA, which was
59.3% increased compared to expression of LfD-LDH. In a scaled-up reaction, a
productivity of 5.83g/L/h was reached. In this study, improving the bio-catalytic
efficiency by artificial redox self-equiliorium system with a bifunctional fusion protein
could reduce the bio-production cost of D-PLA, making this bio-production of D-PLA
a more promising industrial technology.

Keywords: coenzyme self-sufficiency,
dehydrogenase, fusion protein

d-Lactate dehydrogenase, phenyllactic acid, D-PLA, glycerol

INTRODUCTION

Phenyllactic acid (PLA) widely exists in honey and fermented food and includes two enantiomers as
D-phenyllactic acid (D-PLA) and L-phenyllactic acid (L-PLA) (Sorrentino et al., 2018; Luo et al., 2020a).
Due to its safety, antimicrobial activity, low odor and good hydrophilicity, PLA has potential applications
in the food, animal feed, pharmaceutical, and cosmetic industries (Valerio et al., 2016; Sun et al., 2019).
Previous researchers found that the bactericidal effect of D-PLA was stronger than that of L-PLA
(Dieuleveux et al, 1998) and D-PLA can be used as biological preservatives, antiviral compounds,
hypoglycemic drugs, and protein inhibitors (Xu et al., 2015; Zhu et al., 2017; Liu et al., 2021). Moreover,
because PLA can be polymerized into the aromatic polymers poly-PLA, it is a promising bio-based

Abbreviations: DCW, cell catalyst; D-LDH, d-lactate dehydrogenase; D-PLA, d-phenyllactic acid; FDH, formate dehydro-
genase; GDH, glucose dehydrogenase; GlyDH, glycerol dehydrogenase; HPLC-MS, high performance liquid chromatogra-
phy-mass spectrometry; IPTG, isopropyl-f-d-thiogalactoside; 11, (GGGGS)1; 12, (GGGGS)2; 13, (GGGGS)3; 16, (GGGGS)6;
PCR, polymerase chain reaction; PLA, phenyllactic acid; PPA, sodium phenylpyruvate.
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material (Wu et al,, 2020). Although chemical methods of PLA
production have been well studied, some limitations such as complex
technology routes, harsh reaction conditions, excessive by-products
and environmental pollution have hampered the chemical synthesis
of PLA. (Wang et al., 2018a; Costa et al,, 2020; Xu et al., 2020).
Compared with chemical methods, biological methods have
advantages of mild action conditions, energy savings, and
environmental compatibility (Zhao et al, 2018). Therefore, the
development of a eco-friendly biosynthesis method for PLA
production is highly desirable.

PLA could be generally produced by a wide range of lactic acid
bacteria or Escherichia coli with PPA, phenylalanine or glucose as
starting materials in previous studies (Sorrentino et al., 2018; Wu
et al,, 2020). L. plantarum IMAU10124, P. pentosaceus, E. coli
GK1, and L. crustorum NWAFU1078 produced 0.229 g/L (Zhang
et al., 2014), 0.136 g/L (Yu et al,, 2015a), 1.429 g/L (Kawaguchi
etal, 2015),and 2.526 g/L (Xu et al., 2020) of PLA grown in MRS
broth. Overall, since these methods produce various by-products
and have relatively low yields, enzymatic/whole-cell cascade
onecatalyst emerged as a green alternative for PLA production
(Hou et al., 2019). Whole-cell catalytic conversion of PPA to PLA
by strain overexpressing of NADH-dependent lactate
dehydrogenase (LDH) is regarded as a more cost-efficient
technology (Li et al., 2008; Mu et al., 2012; Luo et al., 2020b).
D-LDH was overexpressed to produce D-PLA from PPA in
Leuconostoc mesenteroides ATCC 8293, and the results showed
that growing cells produced 35 mM D-PLA with a yield of
75.2-83.3% (Li et al., 2014). A novel NADH-dependent LDH
gene, named [rldh, was cloned from Lactobacillus rossiae and
heterologously expressed in recombinant E. coli/pET28a-Irldh.
20.5 g/L D-PLA was produced with a productivity of 49.2 g/L/d in
a fed-batch biotransformation process (Luo et al., 2020a). Glucose
and Phe need to undergo intermediate metabolism to produce
PLA, which results in the increased fermentation time and
decreased productivity. PPA is considered as a feasible
precursor for the large-scale production of PLA, because it can
biosynthesize PLA in one-step method and improve the catalytic
efficiency (Li et al., 2014; Wang et al., 2018b).

However, the conversion from PPA to PLA by LDH requires the
consumption of expensive coenzyme NADH. So the pathway
involved in NADH regeneration is considered as an auxiliary
pathway for PLA biosynthesis (Wu et al, 2020). Therefore, the
whole-cell cascade catalysis using recombinant E. coli co-expression
of glucose dehydrogenase (GDH)/formate dehydrogenase (FDH)
and LDH has been widely used in the synthesis of PLA (Zhao et al,,
2018; Rajanikar et al.,, 2021). Recombinant E. coli co-expressing LDH
and GDH produced 17.25 g/L PLA from PPA with a productivity of
0.86 g/L/h (Zhu et al, 2017). Recombinant E. coli co-expressing
D-LDH and FDH produced 10.02 g/L D-PLA from phenylalanine
with a productivity of 1.67 g/L/h (Zheng et al., 2018). Unlike FDH or
GDH, glycerol dehydrogenase (GlyDH) catalyzes the reduction of
glycerol to dihydroxyacetone without the formation of toxic formic
acid or gluconic acid (Xu et al., 2016), therefore, among these whole-
cell reaction systems, co-expression of GlyDH and LDH might be a
novel strategy for PLA synthesis. Furthermore, the co-substrate
glucose was replaced with cost-effective glycerol to decrease the
cost and improve the intracellular cofactor concentration.

A Artificial Pathway for D-PLA Production
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FIGURE 1| The program of redox self-balanced coenzyme regeneration
and whole-cell synthesis of D-PLA.

Fusion proteins have been emerged recently as a new
technology in biocatalysts, protein switches and therapeutics,
aiming to channel substrates in sequential reactions, reduce
effective reaction volume, facilitate cofactor regeneration and
improve electron transfer (Yu et al, 2015b; Aalbers and
Fraaije, 2019; Wu et al., 2021). Linkers have a critical role in
the functionality and bioactivity of the destined fusion proteins,
which can increase the stability/folding, expression, improve the
biological activity, target to specific sites (Anami et al., 2018; He
et al., 2019). Fan et al. constructed bifunctional and trifunctional
fusions Mdh-Hps, Hps-Phi, and Mdh-Hps-Phi with flexible
linkers (GGGGS); and (GGGGS)g, and the results showed that
fusing Mdh with Hps or Hps-Phi enhanced methanol conversion
to fructose-6-phosphate by 30% (Fan et al., 2018). Patgiri et al.
engineered a fusion protein composed of lactate oxidase and
catalase, which normalized the intracellular NADH:NAD + ratio
by converting lactate and oxygen to pyruvate and water (Patgiri
et al,, 2020).

In this study, fusion protein engineering of D-LDH and
GlyDH is conducted to aim for effective regeneration of
coenzyme NADH for D-PLA biosynthesis. Firstly, a NADH-
dependent D-LDH was overexpressed in recombinant E. coli
CP101 to produce D-PLA from PPA. Then, plasmids for co-
expression of D-LDH (two different genes) and GlyDH (two
different genes) were transformed in E. coli (CP201, CP202,
CP203, CP204) to achieve coenzyme self-sufficiency. To
further improve the regeneration efficiency of coenzyme and
to increase the yield of D-PLA, artificial fusion protein technology
was used to construct D-LDH and GlyDH bifunctional fusion
proteins as shown in Figure 1.

MATERIALS AND METHODS

Strains, Plasmids, and Chemicals

Enzymes (DNA polymerases, T4 DNA ligase, BamH]I, and Xhol)
and kits (DNA purification kit, plasmid isolation, DNA ligation
kit, and competent cell preparation kit) were supplied by Takara
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(Dalian, China). With the exception of PPA, PLA, and NADH
(Tsingke Biotechnology Co. Ltd., Beiing, China), all chemical
reagents were purchased from China National Medicines Co. Ltd.
(Beijing, China).

The Construction Process of the Plasmids
All bacterial strains and plasmids used in this study are listed in
Supplementary Table S1. The D-LDH genes of Lactobacillus
fermentum, Lactobacillus sp.SK007, and GlyDH genes of Bacillus
megaterium, Exiguobacterium sibiricum were amplified via
polymerase chain reaction (PCR) by using the relevant primer
pairs listed in Supplementary Table S3. The PCR products were
digested with BamHI and Xhol and ligated to pET28a to
construct pET28a-LfD-LDH, pET28a-LsD-LDH, pET28a-
BmGlyDH and pET28a-EsGlyDH, and then introduced into
BL21 (DE3) individually to form the novel corresponding
recombinant strains CP101, CP102, CP103, and CP104. The
LfD-LDH and BmGIlyDH were ligated by fusion PCR, and
then the PCR product was digested with BamHI and Xhol and
ligated to pET28a to construct pET28a-LfD-LDH-BmGlyDH.
Using the same method as above, plasmids pET28a-LfD-LDH-
EsGlyDH, pET28a-LsD-LDH-BmGlyDH, and pET28a-LsD-LDH-
EsGlyDH could be constructed. Subsequently, plasmids above
were introduced into BL21 (DE3) individually to form the novel
corresponding recombinant strains CP201, CP202, CP203, and
CP204. To construct fused D-LDH-GlyDH genes, fragments
encoding flexible linkers were added to the C-terminal of
D-LDH and N-terminal of GlyDH by overlap extension PCR
using the primer pairs listed in Supplementary Table S3. Flexible
linkers (GGGGS); (GGGGS),, (GGGGS)3, and (GGGGS); listed
in Supplementary Table S2 were added to the C-terminal of LfD-
LDH and N-terminal of BmGlyDH and then ligated to pET28a to
construct pET28a-LfD-LDH-I;-BmGlyDH, pET28a-LfD-LDH-I,-
BmGlyDH, pET28a-LfD-LDH-1;-BmGlyDH, and pET28a-LfD-
LDH-ls-BmGlyDH, and then introduced into BL21 (DE3)
individually to construct recombinant strains CP301, CP302,
CP303, and CP304. Successfully constructed recombinant
plasmids verified by DNA sequencing (Tsingke
Biotechnology Co., Ltd., Beijing, China). CP100 carrying the
backbone plasmid pET28a was constructed as the control strain.

were

Preparation of Whole-Cell Biocatalyst
Recombinant E. coli were inoculated into 40 ml LB medium (10 g/
L tryptone, 5g/L vyeast extract, 10g/L NaCl) containing
kanamycin (50 pg/ml) and grown in a rotary shaker (200
RPM) at 37°C overnight. 400 uL seed culture was inoculated
into 40 ml LB medium containing 50 pg/ml kanamycin, and
incubated at 37°C and 200 RPM to ODgy = 0.8. The
recombinant E. coli was induced with 0.2 mM isopropyl-B-D-
thiogalactoside (IPTG) at 25°C for 10 h. The cells were obtained
via centrifugation at 4°C and 6,000 r/min for 10 min and washed
three times with pH 7.0 PBS buffer. Cell catalyst (DCW)
concentration was checked spectrophotometrically (722,
Shanghai Precision Scientific Instrument Co., Ltd., Shanghai,
China) at an optical density of 600 (Yang et al, 2013). The
concentrations of NADH, PPA, and PLA were measured as
reported previously (Hou et al., 2017).

A Artificial Pathway for D-PLA Production

Optimization of D-LDH Induction and

Enzymatic Catalysis Conditions

The recombinant E. coli was inoculated into 40 ml LB medium
containing kanamycin (50 ug/ml) and grown overnight in a
rotary shaker (200 RPM) at 37°C. 400 pL seed culture was
inoculated into 50ml LB medium for expression. The
induction conditions, including temperature (20°C, 25°C, 30°C,
35°C, and 40°C), pH (6.0, 6.5, 7.0, 7.5, and 8.0), and concentration
of IPTG (0.1, 0.2, 0.3, 0.4 and 0.5 mM), were investigated.

The enzymatic catalysis conditions of PPA to D-PLA were
optimized. For D-PLA bioconversion, the catalytic system had
5 ml, which included 5 g/L PPA, 5.61 g/L glycerol, 9 g/L DCW,
and 2% glucose. The bioconversion reactions were performed at
35°C on a 200 RPM shaker for 10 min for D-PLA production. The
effects of temperature (25°C, 30°C, 35°C, 37°C, and 40°C), pH (6.0,
6.5,7.0,7.5,and 8.0), and PPA concentration (5, 6,7, 8, and 9 g/L)
on D-PLA production were determined.

Scale-Up of Bioconversions

Scale-up biotransformation is usually achieved by fed-batch cultures
in a bioreactor (Abadli et al., 2021; Parizotto et al., 2021). The cell
culture was concentrated and suspended (ODggy = 1.6) in 1-L PBS
buffer (pH 7.0) with 60 g/L PPA and 66.5 g/L glycerol. Additional
40g/L PPA and 1678 g/L glycerol were added after 8h
bioconversion. The total concentration of PPA used in the
system was 100 g/L. The scaled-up bioconversion was performed
in a 5-L fermenter at 200 RPM, pH 7.0, 35°C.

Analytical Methods

The successful synthesis of PLA was confirmed by HPLC-MS
(Agilent1260 series, Hewlett-Packard) with a C-18 5 pm column
(4.6*25 mm) and the analysis was performed at 40°C with a
mobile phase comprising 20% acetonitrile in water at a flow
rate of 1 ml/min, wavelength 210 nm, 10 uL injection volume
(Cheng et al,, 2020) (Supplementary Figures S1, S2).

RESULTS AND DISCUSSION

Construction of the D-PLA Biosynthetic

Pathway in E. coli

Firstly, the synthesis pathway of D-PLA was constructed in
single-enzyme expressing strains by overexpressing the D-LDH
or GlyDH, so as to select suitable genes for the construction of co-
expressing strains as shown in Figure 2A. CP101 with LfD-LDH
and CP103 with BmGlyDH showed better productivity than
CP102 with LsD-LDH and CP104 with EsGlyDH, with
maximum conversion rates of 60.7 and 70.4% for PPA and
glycerol, respectively, within 12h. At the same time, their
production capacity to the D-PLA was measured as shown in
Figure 2B. CP101 could achieve the highest yield of D-PLA (5 g/L
PPA to 3.07 g/L D-PLA) without co-expression of a cofactor
regeneration system, while CP100, CP103 and CP104 lacking
D-LDH gene could hardly produce PLA as reported (Jung et al.,
2019). No D-PLA was detected in the control system, indicating
that no enzyme could catalyze PPA to D-PLA in CP100.
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FIGURE 2 | (A) Time course of the consumption of PPA (by CP101, CP102), and glycerol (by CP103, CP104); (B) Time course of the production of PLA by CP100,
CP101, CP102, CP1083, and CP104; (C) The effect of D-LDH and NADH concentration on D-PLA titer; (D) Time course of the production of D-PLA by enzyme catalysis.
Data are means + SD (n = 3).

Therefore, one-step biosynthesis of D-PLA using PPA as raw
material has been successfully realized.

D-LDH is a NADH-dependent enzyme, which has commonly
used in the biosynthesis of D-PLA (Li et al., 2008; Mu et al., 2012).
The effects of D-LDH and NADH concentration on D-PLA titer
were determined. As it could be seen from Figure 2C, with the
increase of enzyme dosage, D-PLA increased up to a maximum of
043 g/L at 0.8 mg/L D-LDH and 0.71 g/L at 1.6 mg/L NADH
within 10 min, respectively. D-PLA cannot be produced without
NADH addition indicating that NADH-dependent D-LDH must
rely on NADH to catalyze the conversion of PPA to D-PLA.
Similar studies have reported that the enzymatic production of
PLA by P. pentosaceus improved by 30-folds on supplementation
with NADH and NADH-regeneration catalyst (Yu et al., 2014).
As it could be seen from Figure 2D, under the optimal conditions
at pH 7 and 35°C, with PPA 7 g/L, 0.8 mg/L D-LDH, and NADH
1.6 mg/L in the fermentation broth, the D-PLA titer reached
6.24 g/L with a yield of 0.881 g/g PPA, respectively, within 2 h.
Although it has been proved that the production of D-PLA by
D-LDH enzyme catalysis can be achieved by adding coenzyme
NADH, the high cost of NADH limits its industrial application.

The Self-Sufficient System of NADH With

Coordinated Enzyme
In order to make up for the shortage of NADH in single-enzyme
expressing strains and further increase yield of D-PLA in

recombinant E. coli, a co-expression system was constructed
for PLA biosynthesis. As it could be seen from Figure 3A, the
co-expressing strains CP201, CP202, CP203, and CP204
catalyzed the synthesis of D-PLA, and obtained 3.95, 3.62,
373, and 350g/L D-PLA from 5g/L PPA in the
biotransformation process for 12h, respectively, while the
control CP101 only obtained 3.07g/L. Therefore, for the
single-enzyme expression of D-LDH, the co-expression of
D-LDH and GlyDH can increase the yield of D-PLA by
about 29.7%.

The above enzymatic catalysis results (Figure 2C) show that
the concentration of NADH is an important limiting factor
affecting the production of PLA by D-LDH catalysis. The cost
of using NADH was expensive, so the intracellular NADH
concentration was increased by using co-substrates (Hou et al.,
2019). Therefore, the NADH concentration can be increased by
using co-substrates (PPA and glycerol) in the co-expression
system. The concentration of NADH in whole-cell E. coli was
measured during the biosynthesis of D-PLA as shown in
Figure 3B. In the control strain CP101 with PPA as the
substrate of D-LDH single-enzyme expression, NADH
decreased by 47.8% at 9 h. However, the intracellular NADH
concentration of co-expressing strains (CP201, CP202, CP203,
and CP204) with PPA and glycerol as co-substrates showed an
increasing trend. This is because GlyDH in co-expressing strains
oxidizes glycerol to dihydroxyacetone and produces coenzyme
NADH, so more abundant NADH can be provided. A similar
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study reported whole-cell biocatalyst of co-expressing GDH and
D-LDH was constructed to produce 262.8 g/L/d D-PLA without
supplement of NADH (Luo et al., 2020b). Therefore, the co-
substrate and co-expression system successfully constructed in
this study can realize the regeneration of NADH to better produce
D-PLA.

Improve the Efficiency of the Self-Sufficient

System by Fusion Enzyme Engineering

In the area of enzyme engineering, early attempts were made to
create two-protein fusions either to increase consecutive enzyme
reaction rates or to generate bifunctional enzymes (Lindbladh
et al., 1992; Beguin, 1999; Xiong et al., 2021). For example, a 77-
fold improvement in the final product titer using a synthetic
scaffold protein by recruiting three heterologous pathway
enzymes in a designable manner (Dueber et al, 2009). For
another  example, a  bifunctional enzyme coupling
dihydroxyacetone  kinase and fructose-1,6-bisphosphate
aldolase was constructed to promote a 20-fold increase in the
initial rate of the overall aldol reaction (Iturrate et al., 2010).
According to previous studies, fusion enzyme engineering is a

intracellular NADH concentration. Data are means + SD (n = 3).
promising method for in situ recovery of co-enzyme NADH
57 CP301 (Prachayasittikul et al., 2006).
| cP302 I Based on the results of the above researchers in the area of
[ |cp3sos3 1 bl I . . . . .
41 B cP304 fusion enzyme engineering, flexible Linkers (GGGGS);,
= (GGGGS),, (GGGGS)3, and (GGGGS)s were used to construct
~ 34 D-LDH and GlyDH bifunctional fusion proteins by over-lap PCR
C . technique. As it could be seen from Figure 4, the four fusion
é ) protein strains CP301 (LfD-LDH-I;-BmGlyDH), CP302 (LfD-
a LDH-1,-BmGlyDH), CP303 (LfD-LDH-l;-BmGlyDH), and
CP304 (LfD-LDH-ls-BmGlyDH) were used to catalyze the
" transformation of 5g/L PPA into D-PLA, and 4.23, 4.35, 4.45,
and 4.12 g/L PLA were obtained, respectively, within 12 h. The
0 T : : - strain CP303 achieved 4.45g/L titer D-PLA with a yield of
Time (h) 0.879 g/g PPA, which is 1.13 times that of the strain CP201.
This benefits from the flexible peptide linker which was likely to
FIGURE 4 | Time course of the production of D-PLA by fusion protein bring enzyme moieties in close proximity for superior cofactor
strains CP301, CP302, CP303, and CP304. Data are means + SD (n = 3). channeling, making D-LDH and GlyDH catalysis more efficient

(Dueber et al., 2009). A similar study reported the application of
peptide linker in the construction of bifunctional FDH and
leucine dehydrogenase enzymatic complex for efficient
cofactor regeneration, showing the production rate of fusion
enzymatic complex with suitable flexible peptide linker was
increased by 1.2 times compared with free enzyme mixture
(Zhang et al., 2017). In addition, this linker might provide the
proper space and flexibility to accommodate the different
subunits of the LDH and GlyDH, as dehydrogenases are
typically multimeric, and the fusion of dehydrogenases has
been found to perturb proper oligomerization (Lerchner et al.,
2016; Aalbers and Fraajie, 2017; Peters et al., 2017). Therefore, we
successfully constructed D-LDH and GlyDH bifunctional fusion
proteins to accelerate the cyclic regeneration of NADH and
improve the efficiency of enzyme catalysis.

Optimization of Induction Conditions and

Co-Substrates

In order to improve the ability and efficiency of the fusion
proteins to catalyze the synthesis of D-PLA, the induction
conditions of E. coli CP303 expressing D-LDH/GlyDH were
optimized. Single factor experiments were used to optimize the
induction conditions of recombinant E. coli in shake flasks,
namely the influence of IPTG concentration, induction
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temperature, and pH on the catalytic synthesis of D-PLA by
recombinant E. coli CP303. In addition, the ratio of substrate
PPA, glycerol and cell catalyst were also optimized. Recombinant
E. coli basic induction and co-substrate conditions: ODggg = 0.8,
0.1 mMIPTG, 5 g/L PPA, 5.61 g/L glycerol and induce expression
at 25°C for 12 h.

As it could be seen from Figure 5A, when the IPTG
concentration increased from 0.1 to 0.5mM, the D-PLA titer
increased first and then decreased. Compared with 0.1 mM IPTG,
the expression of D-LDH/GlyDH fusion increased by induction
with 0.2 mM IPTG and achieved a highest titer (4.53 g/L) D-PLA.
However, when the IPTG concentration increased to 0.3 mM, it
began to inhibit the growth of E. coli CP303, especially when the
IPTG concentration was 0.5 mM. Therefore, the optimal IPTG
concentration was 0.2mM, the cell growth was better and
D-LDH/GlyDH enzyme activity was the highest at this
concentration. pH can affect the spatial structure and activity
of enzymes, so an optimal pH needs to be explored. The effect of
pH on D-PLA production as shown in Figure 5B. When the
reaction system pH was 7.0, the D-PLA titer catalyzed by E. coli
CP303 was higher than other pH, indicating that the neutral
environment can maintain the good catalytic activity of D-LDH
and GlyDH at the same time, so the high yield of D-PLA can be
achieved by maintaining the pH at 7.0. Temperature affects the
growth rate, cell metabolic activity and protein production rate of
E. coli CP303, so induction temperature has also been studied as
shown in Figure 5C. When the induction temperature was 20°C,

the slow metabolism of recombinant E. coli led to the slow
expression rate of D-LDH/GlyDH fusion protein and the low
yield of D-PLA. When the induction temperature was higher than
30°C, the yield of D-PLA began to decrease, mainly because the
fusion proteins at high temperature began to exist in the inclusion
form. Therefore, the optimal induction temperature is 25°C, the
highest titer 4.68 g/L of D-PLA can be obtained, with a yield of
0.925 g/g PPA.

The strategy of increasing intracellular NADH concentration
by co-substrate has been demonstrated (Hou et al., 2019), and
glycerol is also commonly used for dehydrogenation to produce
lactic acid (Bharath et al, 2020). Therefore, in this study,
intracellular NADH concentration was increased by using
glycerol as the co-substrate of PPA. The influence of co-
substrate on the yield of D-PLA was explored by adjusting the
concentration and proportion of PPA and glycerol as shown in
Figure 5D. D-PLA titer increased with the increase of PPA
concentration, but the yield showed a trend of continuous
decline, because the increase of PPA concentration enhanced
the toxic effect on E. coli CP303. When the concentration of PPA
increased to 7-8g/L, the strong inhibitory effect made the
conversion rate of PPA decreased greatly. Therefore, the
optimal PPA concentration was 6g/L. Furthermore, the
addition amount of glycerol was optimized. When the glycerol
concentration increased from equal molar concentration to
3 times molar concentration (relative to PPA), both the yield
of D-PLA and PPA conversion showed a trend of first increasing
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FIGURE 6 | D-PLA production by whole-cell bioconversion using the
CP3083 strain in a 5 L bioreactor. Data are means + SD (n = 3).

and then decreasing at the same PPA concentration. This is
because the low concentration of glycerol oxidizes itself to
dihydroxyacetone through GlyDH and cannot provide
sufficient coenzyme NADH, while the high concentration of
glycerol has a certain inhibitory effect on the growth of E. coli
and enzyme activity. Furthermore, without glycerol as the
control, the maximum vyield of D-PLA was only 4.63 g/L.
Therefore, the optimal glycerol dosage was 2 times of the
molar concentration of PPA. Under optimal conditions (6 g/L
PPA, 6.73 g/L glycerol, 0.2 mM IPTG, pH 7, 25°C) of whole-cell
catalytic production for 12h, the maximum titer 5.87 g/L of
D-PLA can be obtained with a yield of 0.967 g/g PPA.

Scale-Up of D-PLA Production

The whole-cell bioconversion was performed in a 5-L reactor
using E. coli CP303 as biocatalyst as shown in Figure 6. When the
fermentation executed for 8 h, and the concentration of substrate
PPA and glycerol reduced from 60 g/L to 8.45g/L and form
66.5g/L to 37.6 g/L, respectively. Another PPA and glycerol
addition into the bioreactor were conducted to reach a level of
48.45¢/L and 54.36 g/L, respectively. The whole-cell catalysis
lasted for 16h, and the final concentration of D-PLA was
933 g/L (561.53 mM), with a productivity of 5.83 g/L/h, and
yield of 0.922 g/g PPA.

CONCLUSION

In this study, we reported for the first time the one-step synthesis
of D-PLA using PPA as substrate by co-expression of D-LDH and
GlyDH, achieving the regeneration of coenzyme NADH. At the
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Metabolic engineering of cyanobacteria has received much attention as a sustainable strategy
to convert CO, to various longer carbon chain fuels. Pinene has become increasingly
attractive since pinene dimers contain high volumetric energy and have been proposed
to act as potential aircraft fuels. However, cyanobacteria cannot directly convert geranyl
pyrophosphate into pinene due to the lack of endogenous pinene synthase. Herein, we
integrated the gene encoding Abies grandis pinene synthase into the model cyanobacterium
Synechococcus sp. PCC 7002 through homologous recombination. The genetically modified
cyanobacteria achieved a pinene titer of 1.525+0.45mgL™" in the lab-scale tube
photobioreactor with CO, aeration. Specifically, the results showed a mixture of a- and
B-pinene (~33:67 ratio). The ratio of B-pinene in the product was significantly increased
compared with that previously reported in the engineered Escherichia coli. Furthermore, we
investigated the photoautotrophic growth performances of Synechococcus overlaid with
different concentrations of dodecane. The work demonstrates that the engineered
Synechococcus is a suitable potential platform for S-pinene production.

Keywords: terpenoids, pinene, cyanobacteria, pinene synthase, dodecane

INTRODUCTION

Growing concerns about environmental pollution issues and demands for alternative energy have
stimulated photosynthetic organisms emerging as powerful platforms converting CO, to various bio-
based products. As one of the oldest living phyla (Schopf and Packer, 1987), cyanobacteria are
oxygenic photosynthetic autotrophic bacteria widely distributed in aquatic and terrestrial habitats
(Diez and Ininbergs, 2014). They play a crucial role in the biogeochemical cycles of carbon and
nitrogen with the capacity of fixing carbon dioxide and atmospheric nitrogen (Parmar et al., 2011).
Moreover, cyanobacteria possess the dramatic property of photosynthetically converting CO, to
various beneficial organic compounds, including drugs (Simmons et al., 2005; Teruya et al., 2009),
cosmetics (Conde et al., 2000; Rajneesh et al., 2017), food additives (Ma et al., 2019), and biofuels
(Sarma et al., 20165 Singh et al., 2016; Choi et al., 2020), benefiting from high growth rates, ease of
genetic engineering, and large-scale cultivation (Rajneesh et al., 2017). In addition, the increasingly
abounding toolboxes for genetic manipulation impel cyanobacteria to become attractive platforms
for bio-based production (Markley et al., 2015; Carroll et al., 2018; Sun et al., 2018; Xia et al., 2019).

Terpenoids are a large group of high-value compounds and have been successfully produced by
multiple microbial cell factories (Davies et al., 2015; Wang et al., 2018; Moser and Pichler, 2019).
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Cyanobacteria synthesize terpenoid precursors isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP)
with the endogenous methylerythritol phosphate (MEP)
pathway (Lin and Pakrasi, 2019), which has been engineered
to produce various terpenoids (Pattanaik and Lindberg, 2015;
Betterle and Melis, 2019). Pinene is a plant natural monoterpene
(C10) and has shown a wide range of commercial applications in
flavorings (Gomes-Carneiro et al., 2005), fragrances (Kirby and
Keasling, 2009), and pharmaceuticals (Zhao et al, 2018).
Furthermore, pinene dimers’ high energy density is
comparable to tactical fuels JP-10, and this has made pinene
emerge as a potential bio-jet fuel used in aircraft and aircraft-
launched missiles (Harvey et al.,, 2010).

Microbial factories have been employed to produce pinene
with various genetic tools. Currently, the highest pinene
production efficiency was achieved in the engineered
Escherichia coli (E. coli) and yeast, reaching respective titers of
166.5mg L™! (Niu et al, 2018) and 36.1 mg L™" (Wei et al., 2021).
In order to build a photosynthetic microbial platform for pinene
production, several efforts have been successfully carried in the
photosynthetic ~ microorganisms,  including  Rhodobacter
sphaeroides and Synechocystis sp. PCC 6803 (Tashiro et al,
2016; Wu et al, 2021). The highest pinene production titer
was achieved at 0.540 mgL™" in the engineered R. sphaeroides
by optimizing the expression of the critical enzymes in the MEP
pathway (Wu et al, 2021). In contrast, only 0.08 mg L™" pinene
was harvested with the cold trap in the transgenic Synechocystis
sp. PCC 6803 integrated with the mutant pinene synthase (PS)
gene (Tashiro et al,, 2016). Developing a superior cyanobacterial
chassis for synthetic biology and metabolic engineering
applications is supposed to be an effective effort to further
improve the productivities of terpenoids for commercial
production.

In cyanobacteria, the condensation reaction of IPP and
DMAPP catalyzed by geranyl diphosphate synthase (GPPS)
produces geranyl diphosphate (GPP), the substrate of PS. In
the present study, we engineered Synechococcus sp. PCC 7002
(Synechococcus) to produce pinene by introducing a recombinant
plasmid containing the Abies grandis PS (AgPS) gene. The AgPS
gene was integrated into the cyanobacteria genome by
homologous recombination and was overexpressed under the
control of the ¢pcBA (phycocyanin) operon promoter (PcpcBA)
from Synechocystis sp. PCC 6803 (Xu et al., 2011). The successful
pinene production of transgenic Synechococcus was achieved at
the highest rate of 1.525+0.145 mg L™ under the condition of
CO, aeration and continuous light. Furthermore, the ratio of two
pinene isomers, a- and 3-pinene, was also determined in the final
product.

MATERIALS AND METHODS

Strains and Construction of Plasmids

Strains and plasmids used in this study are listed in Table 1. The
AgPS gene was amplified from pAgGPPS-(GSG),-AgPS by PCR
with specific primers AgPS_F: 5'-CAGCATATGCGTCGTG-
GTAAATCTATCAC-3' and AgPS R: 5'-GCGGGATCCTTA-
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CAGCGGAACAGATTCCAG-3'. The PCR product was purified
and ligated into the cloning vector pBZ (TransGen Biotech, China)
to perform sequencing. The AgPS gene with the correct sequence
was inserted into pAQIEX-PcpcBA to generate pAQIEX-AgPS
plasmid via Ndel and BamHI (Thermo Scientific) digestion. The
plasmid pAQI1EX-AgPS was aiming at integrating the functional
genes into the endogenous high-copy plasmid pAQl through
homologous recombination. A modified protocol following that
described previously (Stevens and Porter, 1980; Frigaard et al,
2004) was used to transform pAQIEX-AgPS into Synechococcus.
To select the transformant strain, 100 ugml™" streptomycin was
applied, and the successful transgene incorporation was confirmed
by colony PCR and sequencing using the primers PAQIN_F: 5'-
GGAATTGTGCGTGTGGTTTC-3' and PAQIN_R: 5'-CTAACG
ATCAGCGCGAAAAG-3'.

Growth Experiments

Synechococcus wild-type (WT) and AgPS transformant (7002-PS)
strains were grown in liquid medium A+ containing the
following: 18gL™" NaCl, 5gL™' MgSO, 7H,0, 1gL™
NaNO;, 0.6 gL™" KCl, 0.050 g L™ KH,PO,, 0.270 gL™" CaCl,,
0.020 g L' Na,COs, 0.030 gL' Na,EDTA-2H,0, 3.890 mg L™’
FeCl5-6H,0, 1gL™" Tris HCl (pH 8.2), 2.860 mgL™" H3BO;,
1.810mgL™"  MnClL-4H,0, 0220mgL™"  ZnSO,7H,0,
0.390mgL™" Na,MoO,2H,0, 0.100mgL™" CuSO,-5H,0,
0.050mgL™" Co(NOs),-6H,0, and 4pgL™' vitamin BI2
(Stevens and Porter, 1980; Ludwig and Bryant, 2011). The
7002-PS strain containing Sm® cassette was selected on solid
A+ medium, adding 1.2% (w/v) Bacto Agar (BD) and streptomycin
with the required concentration. Seed cultures were performed in
50-ml Erlenmeyer flasks using an orbital shaker at 100 r min~". The
flasks contained 30 ml of liquid A+ medium in the presence of
antibiotic. All Synechococcus strains were grown at 30°C under
continuous illumination of 100 umol photons m™*s™", and optical
density (OD) was measured to monitor cell growth using a
spectrophotometer (Varian) at 730 nm.

Western Blotting

Synechococcus cultures used for western blotting were
inoculated into 50ml fresh A+ medium with an initial
OD;3,=0.1 and grown for 24 h under continuous aeration
supplement with 1% (v/v) CO,. Cells were harvested by
centrifugation and disrupted with a motor-driven tissue
grinder (Sangon Biotech). Equal amounts of total proteins in
crude cell lysates were subjected to western blotting analysis.
AgPS was identified with anti-His mouse monoclonal antibody
(TransGen Biotech, China) followed by goat anti-mouse IgG
(H + L) (TransGen Biotech, China) and visualized using a DAB
horseradish peroxidase color development kit (Beyotime,
China).

Pulse Amplitude Modulation Fluorometry

The Water-PAM (Walz) was used to measure the variable
chlorophyll fluorescence with a Water-S stirring device
capable of keeping the samples homogenous and preventing
sedimentation of the cells. Light-emitting diodes supplied red
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TABLE 1 | Strains and plasmids used in this study.

Name Description
Strains
Escherichia coli Trelief™ 5« E. coli strain used for cloning and plasmid construction
WT Model marine cyanobacterium Synechococcus sp. PCC 7002 used as the host for transgene integration
7002-PS Synechococcus with streptomycin resistance (Sm™) cassette and AgPS gene
Plasmids
pBzZ PEASY®-Blunt Zero Cloning Vector containing a suicide gene mutated by ligation of PCR fragment
PAQ1EX Synechococcus expression vector containing flanking regions of endogenous plasmid pAQ1 in

Engineering Cyanobacteria for Pinene Production

Source

Tsingke, China
Yang et al. (2013)
This work

TransGen Biotech, China
Xu et al. (2011)

Synechococcus for homologous recombination of Sm™ cassette and the integrated gene driven by PcpcBA

PAgGPPS-(GSG),-AgPS
pBS-AgPS

pAQ1EX-AgPS PAQTEX harboring AgPS gene and Sm” cassette

Plasmid harboring codon-optimized fusion genes of A. grandis GPPS and AgPS with a (GSG), linker
pBZ harboring AgPS gene for cloning and sequencing

Sarria et al. (2014)
This work
This work

P R Y T T Y
.

cesccssccee

pAQ1
80001} Boooz

PcpcBA

B0001
pAQ1EX-AgPS

i-7-|| 3575 H_smm}—{  Boooz |

6xHis-tag

eesccccccsssscccccs

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
-

peroxidase color development kit (Beyotime, China).

FIGURE 1 | Construction of Synechococcus sp. PCC 7002 overexpressing Abies grandis pinene synthase. (A) lllustrations of the integration of endogenous
plasmid pAQ1 in wild-type Synechococcus with the inserted A. grandis pinene synthase (AgPS) cassette in the recombinant plasmid pAQ1EX-AgPS. The AgPS
cassette contained PcpcBA to drive transgene expression, and a spectinomycin resistance (Sm®) selectable marker. The specific primers PAQIN_F and PAQIN_R
shown in black solid half arrows are used for demonstrating the successful integration of AgPS cassette into pAQ1 (between open-reading frames B0007 and
B0002) via double homologous recombination. (B) Confirmation of transgene integration by colony PCR using the above-mentioned primers. The wild-type (WT) strain
and seven independent transformants of the 7002-PS strain (1-7) were verified. Lane M: Trans2K” Plus Il DNA Marker (TransGen Biotech, China). Each number above
the image of the agarose gel correlated with PCR product. (C) Western blotting analysis of the total protein extract isolated from WT and three independent
transformants of the 7002-PS strain (3, 6, and 7). Sample from the WT strain was used as a control. Proteins were detected using anti-His mouse monoclonal antibody
(TransGen Biotech, China) followed by the incubation with anti-mouse secondary antibody conjugated with HRP. Reactions were visualized using a DAB horseradish

measuring light (spectral peak at 650 nm), actinic light, and
saturation pulses (spectral peak at 660 nm). After 20 min of dark
adaption, a 2-ml sample was used to analyze fluorescence
parameters Fv/Fm by measuring Fo and Fm. Light treatment
strategy and stirrer operation in this study were according to the
previous reports (Campbell et al, 1998; Cosgrove and
Borowitzka, 2006).

Pinene Production and Analysis
Synechococcus cultures used for pinene production were
inoculated into 60 ml fresh A+ medium without antibiotic

with an initial OD30=1.0. The cultures were grown for 72 h
under continuous aeration supplement with 1% (v/v) CO,, and a
6-ml dodecane (Aladdin) overlay was applied at the beginning to
trap the pinene excreted from the cells. Samples of 500 pl
dodecane overlay were harvested at the end of the production
period. The procedure of sample pretreatment was following a
modified method as described previously (Sarria et al., 2014),
adding (R)-(+)-limonene (Aladdin) as an internal standard.
These samples were analyzed on a gas chromatography-mass
spectrometer (GC-MS) (Agilent 7890A with Agilent 5975C MS
detector) by a standard curve of (-)-a- and f-pinene (Aladdin).
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FIGURE 2 | Photoautotrophic performance analysis of the WT strain
grown with 1% (v/v) CO, aeration at 0.12, 0.03, and 0.02 vwm for 3 days. The
mediums were overlaid with 0%, 5%, 10%, and 15% (v/v) of dodecane,
respectively. Samples were collected for the analysis at 1-day intervals.

(A) The photoautotrophic growth parameters monitored by OD750. (B)
Photosynthetic efficiency evaluated by chlorophyll fluorescence parameter Fv/
Fm. The works on the WT strain grown with 0%, 5%, 10%, and 15% (v/v) of
dodecane overlay are shown as circles, squares, diamonds, and triangles,
respectively. The works on the WT strain grown with 1% (v/v) CO, aeration at
0.12, 0.03, and 0.02 vwm are shown as teal, tangerine, and salmon colors,
respectively. (C) Image of the WT strain cultivated in A+ medium with 0%, 5%,
10%, and 15% (v/v) of dedocane overlay, respectively. The error bars
represent standard deviations of means (mean + SD, n = 3).

The GC-MS was equipped with a DB-5MS column (30 m
x 0.25 mm X 0.25 um) to separate hydrophobic molecules. The
analysis conditions were as follows: He (1 ml min™') as a carrier
gas, split ratio of 5:1; an injector temperature of 300°C; and an oven
program of 50°C for 5 min, ramp at 10°C min™" to 150°C, ramp at
30°Cmin~" to 280°C and held for 5 min.

RESULTS AND DISCUSSION

Determination of Candidate PS Genes
Synechococcus is capable of utilizing the endogenous MEP pathway
to synthesize GPP. In order to build Synechococcus a platform for
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pinene production, we need to integrate an exogenous pinene
synthase into the genome of Synechococcus to convert GPP into a-
or B-pinene with high fidelity. Although both pinene isomers can
be found in turpentine (Behr and Johnen, 2009), the S-pinene
isomer is considered preferable for higher economic value (Sarria
et al, 2014) and dimerization efficiency (Walls and Rios-Solis,
2020). Thus, the AgPS gene was selected to produce pinene with
more proportion of -pinene (Bohlmann et al., 1997) and had
shown the highest activity for pinene synthesis in E. coli among the
high-fidelity pinene synthases (Sarria et al., 2014).

Construction of Synechococcus Strain
Integrated With AgPS Transgene

The nucleotide sequence of the AgPS gene from Sarria et al.
(2014) had been modified and expressed according to the codon
usage preference of E. coli. A comparison of the modified AgPS
gene sequence with the codon usage of Synechococcus was
predicted with the Graphical Codon Usage Analyser (Fuhrmann
et al, 2004), and the results showed that the relative adaptiveness
values are all higher than 30% (Supplementary Material S1). We
therefore directly amplified the modified AgPS gene from plasmid
pAgGPPS-(GSG),-AgPS and therewith integrated it into the
PAQIEX vector between the Ndel and BamHI sites. The
insertion of AgPS gene into the neutral region of pAQl
between two open-reading frames encoding hypothetical
proteins (Figure 1A) was confirmed by colony PCR and
sequencing in numerous transformants of the 7002-PS strain
(Figure 1B). Interestingly, although the 7002-PS strain was
isolated using the streak plate method three times, as the colony
PCR results showed, the neutral region of pAQl between two
open-reading frames had still not been entirely replaced by the
integrated sequence. We supposed that the region replaced by the
transgenes in pAQIEX-PS was essential for the growth of
Synechococcus (Xu et al,, 2011), and the complete integration of
the exogenous genes in pAQ1EX was hard to realize. The potential
different amount of the transgenic pAQ1 might eventually lead to
the differences in pinene production performance among the
independent transformants of the 7002-PS strain. The expression
of AgPS was confirmed by western blotting (Figure 1C).

The Effect of Dodecane on the
Photoautotrophic Growth of

Synechococcus

Dodecane overlay has been turned out as an effective method for
terpenes harvesting (Davies et al., 2014; Sarria et al,, 2014; Niu et al.,
2018; Dienst et al., 2020). This article utilized 1% (v/v) CO, bubbles
to supply inorganic carbon for pinene production in the 7002-PS
strain. Photoautotrophic cultivation of cyanobacteria with sodium
bicarbonate as an inorganic carbon source and using orbital
shakers or magnetic stirrers seem adequate for terpenes
production (Silva et al, 2016). However, CO, used as the
inorganic carbon source has environmentally friendly
advantages in integrating atmospheric CO, into biomass.
Although filling the upper space of the medium with CO, could
maintain continuous production of terpene (Davies et al., 2014), we
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FIGURE 3 | Growth and pinene production of the 7002-PS strain. (A) Photoautotrophic growth of the WT strain and three independent transformants of the 7002-
PS strain grown with 1% (v/v) CO, aeration at 0.12 vwm for 6 days. Samples were collected for the analysis at 1-day intervals. (B) Pinene production of 7002-PS6 and
7002-PS7 after a 72-h cultivation with 10% (v/v) dodecane overlay and 1% (v/v) CO, aeration at 0.12 vwm. (C) Photoautotrophic growth and pinene production of 7002-
PS7 grown with 10% (v/v) dodecane overlay and 1% (v/v) CO, aeration at 0.03 vwm for 6 days. Samples were collected for the analysis at 1-day intervals. The
growth parameters were monitored by OD-30, and the pinene titers were analyzed on a gas chromatography-mass spectrometer (GC-MS). The error bars represent
standard deviations of means (mean + SD, n = 3).

need to develop deeper insight into the production performance of
engineered strains grown with CO, bubble aeration.

To investigate whether dodecane overlay limits the
photoautotrophic growth of cyanobacteria ventilated with CO,,
we inspected the photoautotrophic growth of the WT strain
overlaid with different dodecane concentrations over a 72-h
time course at various aeration rates. Cell growth rates were
measured by OD;3p, and the photosynthetic performance was
evaluated by the chlorophyll fluorescence parameter Fv/Fm. The
chlorophyll fluorescence parameter Fv/Fm and OD,3, of the
WT cells were compared when growing with 0%, 5%, 10%, and
15% (v/v) dodecane overlay. As the organic phase could not
maintain stability with an aeration rate higher than 0.12 vvm
(volume of gas per volume of liquid per minute) in this work,
the aeration rates were initially set to 0.02, 0.03, and 0.12 vvm.
Apparently, the limited CO, provision caused by the lower aeration
rates (0.02 and 0.03vvm) had an adverse effect on the
photoautotrophic growth of Synechococcus. Meanwhile, the
ODy3 of the WT cells cultivated with aeration rate at 0.12 vvm
exhibited obvious variation (Figure 2A). The chlorophyll
fluorescence parameter Fv/Fm of the cells without dodecane
overlay was higher than the that of the cells overlaid with
dodecane after 2days, and the cells aerating at 0.12vvm
presented the greatest gap, which was supposed to aggravate the
difference of OD;3, (Figure 2B). However, neither the Fv/Fm nor
ODy3 of the WT cells showed apparent difference whenever the
aeration rate was 0.02 or 0.03 vvm. The results indicated that the
dodecane overlay led to a slight restriction to the photosynthetic
growth of Synechococcus cultivated with CO, bubble aeration at a
high rate (0.12 vvm), and the three concentrations (5%, 10%, and
15%) of the dodecane overlay had no significant difference in the
limitation effect. However, the dramatic variance of Fv/Fm
between the WT cells overlaid with and without dodecane
demonstrated that cultivation with dodecane overlay at a high
aeration rate enables to impair the photosystem II efficiency of
Synechococcus, which suggests that dodecane overlay is not the best

choice for long-term product harvest in the condition of high gas
aeration rate for Synechococcus.

The different concentrations of dodecane overlay resulted in the
liquid level differences of the organic phase in the tube
photobioreactor (Figure 2C). Considering the disturbance of the
interface between two phases caused by bubble breakage, the
moderate thickness of the organic phase is supposed to be of
great significance for reducing pinene loss and the inhibition
effect of dodecane overlay on cell growth. Besides, a slight loss of
dodecane volume caused by gas aeration was observed on the tube
wall (data not shown), which demanded an appropriate volume to
reduce the calculation error caused by the volume change. Thus, we
determined that a 10% (v/v) dodecane overlay was suitable for pinene
harvesting from the culture medium in our tube photobioreactor.

Growth and Pinene Production of the
7002-PS Strain

To investigate the influence of genetic modification on the
photoautotrophic growth of Synechococcus, we compared the
photoautotrophic growth rates measured by daily OD;3
between the WT strain and three transformants of the 7002-PS
strain grown in tube photobioreactor for 6 days (Figure 3A). No
significant variation was observed among the examined strains
under culture conditions of 30°C, 100 umol photons m s, and
1% (v/v) CO, aeration. Obviously, metabolic stress caused by the
overexpression of transgene and the engineered flux of GPP
towards pinene production has no adverse effect on the growth
of cyanobacteria grown under the conditions described above.
As the colony PCR results confirmed that the integrated
sequence had not entirely replaced the neutral region of pAQl
between two open-reading frames (Figure 1B), numerous
transformants of the 7002-PS strain were supposed to exhibit
discrepant production performance. In this work, aeration rates
at 0.12 and 0.03 vvm were applied to realize a 72-h and a 6-day
period of pinene production, respectively. Two independent
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transformants of the 7002-PS strain were selected for 72-h pinene
production with 10% (v/v) dodecane and 1% (v/v) CO, aeration at
0.12 vvm, resulting in the pinene titer at 1.362 + 0.148 mg L ™" and
1.525+ 0145 mgL™" (pinene productivity at 0.110 + 0.018 mg L™
OD,35 ' and 0.114 +0.013 mg L' ODy Y, respectively
(Figure 3B). The transformant with higher pinene-producing
performance, named 7002-PS7, showed relatively stable pinene
productivity of 0.246 +0.05mgL ™" day™' for a 6-day period of
pinene production with 10% (v/v) dodecane and 1% (v/v) CO,
aeration at 0.03 vvm (Figure 3C). Besides, the a/f isomer ratios
exhibited by the 7002-PS strain were also investigated (Figure 3B).
Interestingly, AgPS expressed in Synechococcus resulted in a ~33:67
mixture of a- to B-pinene, in which a significant increase in
B-pinene production was realized compared to that produced in
E. coli (Sarria et al, 2014). We hypothesized that the cellular
metabolic environment of Synechococcus is suitable for forming
the S-pinene isomer.

CONCLUSION

Pinene is of particular interest due to the excellent potential for its
dimer to be aircraft fuel. This study described the construction of
pinene-producing strain harboring AgPS-overexpressing cassette
in  Synechococcus and investigated its performance of
photoautotrophic growth and pinene production using CO,
bubble aeration. Moreover, we determined the concentration of
dodecane overlay suitable for collecting volatile pinene under
aeration conditions. As a result, we successfully realized the
photosynthetic production of pinene directly from CO, with a
productivity of up to 1.525 + 0.145 mg ™" (a/p isomer ratios at ~33:
67) after 72 h of cultivation. However, the cultivation condition and
the pinene-producing pathway could be further optimized, and the
gas-trapping system (Kiyota et al., 2014) is more likely suitable for
long-term production. Therefore, there still exists a significant
opportunity for higher productivity of pinene in Synechococcus.
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Chiral amino alcohols are prevalent synthons in pharmaceuticals and synthetic bioactive
compounds. The efficient synthesis of chiral amino alcohols using ammonia as the sole
amino donor under mild conditions is highly desired and challenging in organic chemistry
and biotechnology. Our previous work explored a panel of engineered amine
dehydrogenases (AmDHSs) derived from amino acid dehydrogenase (AADH), enabling
the one-step synthesis of chiral amino alcohols via the asymmetric reductive amination of
a-hydroxy ketones. Although the AmDH-directed asymmetric reduction is in a high
stereoselective manner, the activity is yet fully excavated. Herein, an engineered AmDH
derived from a leucine dehydrogenase from Sporosarcina psychrophila (SpAmDH) was
recruited as the starting enzyme, and the combinatorial active-site saturation test/iterative
saturation mutagenesis (CAST/ISM) strategy was applied to improve the activity. After
three rounds of mutagenesis in an iterative fashion, the best variant wh84 was obtained
and proved to be effective in the asymmetric reductive amination of 1-hydroxy-2-butanone
with 4-fold improvements in k.+/K,,, and total turnover number (TTN) values compared to
those of the starting enzyme, while maintaining high enantioselectivity (ee >99%) and
thermostability (Tso’° >53°C). In preparative-scale reaction, the conversion of 100 and
200 mM 1-hydroxy-2-butanone catalyzed by wh84 was up to 91-99%. Insights into the
source of an enhanced activity were gained by the computational analysis. Our work
expands the catalytic repertoire and toolbox of AmDHs.

Keywords: biosynthesis, protein engineering, directed evolution, amine dehydrogenase, chiral amino alcohol

INTRODUCTION

As essential structural moieties, chiral a-amino alcohols are widely applied to produce synthetic and
natural bioactive molecules (Ager et al, 1996; Erlanson et al, 2011). For instance, many
pharmaceuticals consist of a-amino alcohols that serve as chiral building blocks (Supplementary
Scheme S1). Direct asymmetric reductive amination of ketones with free ammonia to produce chiral
amino alcohols is a highly aspirational transformation (Abrahamson et al., 2013; Pushpanath et al.,
2017). In the traditional chemical synthesis, it mainly relies on stoichiometric amounts of chemical
reducing agents or organometallic catalysts, which are limited by low stereoselectivities, the
formation of the alcohol as side product, and the requirement of extreme reaction conditions
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SpAmDH cell lysates (0.1 g/mL)
GDH crude CFE (2 mg/mL)

NH
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cell-free extract (CFE) for NADH cofactor regeneration.

NH," (1 M, pH 8.5)
NAD* (1 mM), Glucose (100 mM)
30 °C, 1000 rmp, 24 h

SCHEME 1 | SpAmDH-catalyzed asymmetric reductive amination of 1ato (S)-1b by using ammonia as the sole amino donor, and glucose dehydrogenase (GDH)

\/\/OH
(S)-1b

(Larrow et al., 1996; Breuer et al., 2004; Ma et al., 2010; Nugent
and El-Shazly, 2010; Karjalainen and Koskinen, 2012; Xie et al.,
2020; Hollmann et al,, 2021). Alternatively, enzymes as catalysts
are increasingly explored as essential tools in asymmetric
reductive aminations (Reetz, 2011; Abrahamson et al., 2013;
Schrittwieser et al., 2015; Chen and Arnold, 2020; Winkler
et al., 2021). In recent years, a number of enzymes have been
identified that are capable of catalyzing the asymmetric reductive
amination of ketones (Wu et al, 2021), including lipases
(Francalanci et al, 1987), acylases (Wang et al, 2016),
transaminases (Wu et al., 2017), and imine reductases (Matzel
et al, 2017). Moreover, native amine dehydrogenases (AmDHs)
have been identified that they can directly utilize ammonia as a
sole amino source in reductive amination but with insufficient
enantioselectivity (Itoh et al., 2000; Mayol et al., 2019).

Apart from the native AmDHs, the Bommarius group at
Georgia Tech has engineered two natural amino acid
dehydrogenases (AADHs), including a leucine dehydrogenase
from Bacillus stearothermophilus (Abrahamson et al., 2012) and a
phenylalanine dehydrogenase from Bacillus badius (Abrahamson
et al, 2013). After altering two determinant residues of
carboxylate recognition, the natural AADHs were transformed
to AmDHs, thereby eliminating the activity toward ketone acids
while affording new activity toward ketones. Taking this
advantage, more natural AADHs from diverse organisms have
been explored and engineered to AmDHs based on the
introduction of two-point mutations, which were then
harnessed in the asymmetric production of chiral amines (Au
et al., 2014; Chen et al.,, 2015; Ye et al., 2015; Franklin et al., 2020;
Liu et al, 2020). In addition, the engineered AmDHs derived
from AADHs were also utilized in the preparation of chiral amino
alcohols, which are usually with very high enantioselectivity
(>99% ee), making these enzymes of potential value in
biocatalysis (Chen et al, 2019). Our previous work has
characterized and engineered five novel AmDHs from natural
AADHs by genome mining, these newly identified AmDHs
provided reductive amination of a broad range of prochiral a-
and B-hydroxy ketones in a high stereoselective manner (Wang
etal,, 2020). As an example, the engineered AmDH derived from
the leucine dehydrogenase from Sporosarcina psychrophila
(SpAmDH), enabled the reduction of 1-hydroxybutan-2-one
(1a) to (S)-2-aminobutan-1-ol ((S)-1b, Scheme 1) with >99%
selectivity, while the conversion is modest (~60%) at a substrate
concentration of 50 mM (Wang et al., 2020).

In this work, we sought to optimize the activity of SpAmDH in
the biosynthesis of (S)-1b, which is an important intermediate
desired in the preparation of antitubercular drugs ethambutol

(Pablos-Méndez et al., 1998; Supplementary Scheme S1). When
aiming at the improvement of activity and/or selectivity, the
combinatorial active-site saturation test (CAST) combined with
iterative saturation mutagenesis (ISM) has been emerged as a
powerful means in protein engineering (Reetz et al., 2005; Yanai
et al.,, 2013; Qu et al., 2020; Li D. et al., 2021; Li J. et al., 2021; Qu
et al,, 2021; Zheng et al., 2021). Taking the advantage of CAST/
ISM, three robust variants of SpAmDH with improved activity
and high stereoselectivity were obtained, and their potential as
biocatalysts in the preparative scale reactions was explored.
Computational docking simulations were also performed to
rationalize the elevated activity of SpAmDH variants.

MATERIALS AND METHODS

Chemicals and Reagents

Hydroxy ketones, chiral amino alcohols, and other chemical
reagents were purchased from Bidepharm (Shanghai, China),
Energy Chemical (Shanghai, China), Kaiwei Chemical (Shanghai,
China), Acmec (Shanghai, China), Arkpharm (Chicago,
United States), Accela (Shanghai, China), Aladdin (Shanghai,
China), Macklin (Shanghai, China), Heowns (Tianjin, China),
and CINC (Shanghai, China). PrimeSTAR DNA polymerase and
restriction enzyme Dpn I were ordered from TAKARA and NEB,
respectively. The primer synthesis and sequencing were carried
out by GENEWIZ. A plasmid preparation kit was purchased from
TIANGEN Biotech. All other chemical reagents can be obtained
through commercialization, unless otherwise noted.

Site-Directed Mutagenesis

Mutagenesis was constructed by using the overlap PCR and
megaprimer approach (Tyagi et al, 2004) with high-fidelity
master mix polymerase. Reaction mixtures (50 pl) typically
contained ddH,O (22ul), 2x high-fidelity master mix
polymerase (25 ul), template DNA (1ul, 50ng), forward
primer (1pl, 0.2pM), and reverse primer (1 pl, 0.2 puM).
The PCR conditions for short fragment were as follows:
98°C, 2min (98°C, 10s; 55°C, 15s; 72°C, 305s) 30 cycles;
72°C, 3 min. For mega-PCR (Tyagi et al., 2004), Ist PCR
product (2 pl, 800 ng) was used as primer, and the PCR
conditions as below: 98°C, 2min (98°C, 10s; 60°C, 15s;
72°C, 3.5min) 30 cycles, 72°C, 5min. The PCR products
were treated with restriction endonuclease Dpn I for 3 h
and then electroporated into E. coli BL21 (DE3). After
culturing for 12 h, the colonies on the plate were washed
with ddH,0, and the plasmids were extracted and sequenced.
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The primers used for constructing single-site saturation
mutagenesis and combinatory saturation libraries were
listed in Supplementary Tables S1, S2, respectively.

Screening of Saturation Mutagenesis

Libraries

Clones from the plate were transferred to 96-well deep-well
culture plates containing 300 ul of LB medium (50 ug/ml
kanamycin), shaking at 37°C and 800 rpm for 10h. Then
120 pl of the aforementioned culture broth was transferred to
a 96-well glycerol plate, 60 pl of glycerol (60%, v/v) was added,
and stored at —80°C. At the same time, 800 pl of the TB medium
was added to the 96-well deep-well culture plates, IPTG (0.2 mM)
and kanamycin (50 ug/ml) were added, and the culture was
shaken at 30°C, 800 rpm for 12h for protein expression. The
cells were collected by centrifugation at 4,000 rpm, 4°C for
10 min. The cells were washed and resuspended with 400 pul of
potassium phosphate buffer (PBK, 50 mM, pH 7.4). DNase I
(6 U/ml) and lysozyme (1 mg/ml) were added to the culture and
were shaken at 30°C for 1 h to lysis cells. After low-temperature
centrifugation (4°C, 4,000 rpm, for 30 min), the supernatant was
used for enzyme activity determination. The reductive amination
reaction was performed in NH,ClI/NH;-H,O buffer (1 M, pH 8.5)
containing 200 pl supernatant, 10 mM substrate 1a, 1 mM NAD",
100 mM glucose, and 2 mg/ml GDH at 30°C, 800 rpm for 24 h.
After that, 1 ul of 1M para-methoxy-2-amino benzamidoxime
(PMA) was added to 99ul of the reaction solution, and
fluorescence was measured using an excitation wavelength of
380nm and emission wavelength of 520nm for substrate
consumption (Mei et al., 2020).

Active Assay

For single point saturation mutation library rescreening, the best
clones from 96-well glycerol plates were cultivated, expressed in a
shake flask and used for biotransformation. Reductive amination
reactions were performed in a reaction mixture (0.5 ml)
containing 1M NH,CI/NH;-H,O buffer (pH 8.5), 1mM
NAD", 100 mM glucose, 2 mg/ml GDH cell-free extract (CFE),
6 U/ml DNase I, 20 mM 1a, and 20 mg/ml mutant CFE in 2 ml
Eppendorf tubes at 30°C, 1,000 rpm for 24 h in a thermostatic
metal bath. For the combinatorial saturation mutation library
screening, using the same procedure as before, except for that, the
concentration of 1a and the wet cell of mutant were 40 mM and
0.1 g/ml, respectively. After the reaction was over, the
aforementioned reaction solution was boiled for 5min and
then centrifuged at 12,000 rpm for 10 min to remove the
precipitate. The supernatant was measured by HPLC to detect
the conversion of la. The conversions of hydroxy ketones
substrates (1la-8a) to chiral amino alcohol products (1b-8b)
were measured with Marfey’s reagent (1-fluoro-2, 4-
dinitrophenyl-5-L-alanine amide) for pre-column
derivatization. The reaction mixture was mixed with 100 pl
sample, 30 ul of Marfey’s reagent (14 mM), 80 ul NaHCO;
(IM), and 200pul DMSO at 80°C, 1,000 rpm for 10 min.
Finally, 10ul HCI (4 M) was added to stop the reaction.
Detection conditions were given as follows: Zorbax SB-Cl18

Biosynthesis of Chiral Amino Alcohols

column (4.6 x 150 mm, 5pm), detection wavelength: 340 nm,
temperature: 25°C, flow rate: 1 ml/min, loading volume: 10 p,
mobile phase buffer A: ddH,O (0.1% trifluoroacetic acid), buffer
B: methanol (0.1% trifluoroacetic acid), gradient program: 40% B,
hold for 6 min, increase B to 60% in 9 min, hold for 3 min,
decrease B to 40% in 2 min, and hold for 5 min. More details are
listed in Supplementary Table S3.

Protein Expression and Purification

E. coli BL21(DE3) glycerol bacteria containing SpAmDH gene
were cultivated in 5 ml LB liquid medium (50 pg/ml kanamycin)
for 10 h. The previous culture was transferred to the TB medium
(100 ml) (50 ug/ml kanamycin) and was cultured at 37°C,
220 rpm. The culture was induced by the addition of IPTG
(0.1 mM) when ODggyo reached 0.8 and was then allowed to
grow for an additional 12h at 20°C. The cells expressing
AmDHs were harvested, sonicated, and centrifuged (4°C,
12,000 rpm) for 60 min to remove the precipitate. The
supernatant with soluble His-tagged protein was filtered using
a 0.45-um filter membrane and was verified by SDS-PAGE
analysis (Supplementary Figure S1). The column (HisTrap
FF, 5ml) was washed with A buffer (50 mM PBK containing
300 mM NaCl and 20 mM imidazole, pH 8.0) before and after the
supernatant was loaded. The proteins were eluted with B buffer
containing a high concentration of salt (50 mM PBK containing
300 mM NaCl and 500 mM imidazole, pH 8.0). The eluates were
ultrafiltered (4°C, 3,500 rpm) with an ultrafiltration tube
(10,000 Da) to concentrate and replace the buffer (25 mM
PBK, 100mM NaCl, 5% glycerol, pH 8.0). The protein
concentration was confirmed by measuring the absorbance at
280 nm using a Nano-300 micro-spectrophotometer.

Total Turnover Numbers Assay for
Conversion of Substrate 1a to 1b Using
SpAmDH Variants

The asymmetric reductive amination reactions were performed
with 0.32-0.64 mg/ml purified enzyme, 1 M NH,Cl/NH;-H,O
buffer (pH 8.5), 1 mM NAD", 100 mM glucose, 2 mg/ml GDH
CFE, and 40 mM 1la. The reaction mixture was proceeded at 30°C,
1,000 rpm for 24 h. The product was then detected by HPLC.
TTN was defined as the molar number of the product yield
divided by the catalyst concentration (Qu et al., 2019).

Determination of Kinetic Parameters and
Thermostability

The kinetic parameters were obtained by measuring the initial
velocities of NADH consumption (the initial rate of change in
absorbance at 340 nm) in the enzymatic reaction and fitting the
curve according to the Michaelis-Menten equation
(Supplementary Figure S2). The activity assay was performed
in a mixture containing 0.2 mM NADH, 1-30 mM 1-hydroxy-2-
butanone, 1 M NH,CI/NH;-H,O (pH 8.5), and the purified
enzyme (1 mg/ml). The reaction was initiated by the addition
of the enzyme and was monitored for 5 min at 30°C. The activity
was determined by measuring NADH oxidation from a decrease
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TABLE 1 | Key residues selected for engineering SpoAmDH based on published data.

Entry SpAmDH site Data collection

Beneficial position Enzyme Comment
1 L40 L40 BslLeuDH Lining the binding pocket
2 G4a1 G4a1 BslLeuDH Lining the binding pocket
3 G42 G42 BslLeuDH Lining the binding pocket
4 T43 T41 RsPheDH Within 6A from the substrate
5 M65 M65 BslLeuDH Lining the binding pocket
6 K68 K66 RsPheDH Carboxylate recognition
7 K68 K68 LA_euDH Altering the substrate specificity
8 N69 M67 RsPheDH Within 6A from substrate
9 1111 W114 RsPheDH Within 6A from substrate
10 T112 T115 RsPheDH Within 6A from substrate
11 A113 A113 BslLeuDH Altering the substrate specificity
12 A113 A113 LALeuDH Enlarging the active-site
13 E114 E114 BslLeuDH Altering the substrate specificity
14 D115 D115 BslLeuDH Essential to the catalytic mechanism
15 V116 V116 BslLeuDH Altering the substrate specificity
16 T134 T134 LAleuDH Enlarging the active-site
17 P146 S149 RsPheDH Within 6A from substrate
18 T150 T153 RsPheDH Within 6A from substrate
19 A187 A187 BslLeuDH Altering the substrate specificity
20 N261 N261 LALeuDH Responsible for altering the substrate specificity
21 N262 N262 RsPheDH Interact with the carboxyl group of the natural substrate
22 N287 N288 RsPheDH Within 6A from substrate
23 S288 A289 RsPheDH Within 6A from substrate
24 G290 G291 RsPheDH Within 6A from substrate
25 V291 V291 BslLeuDH Lining the binding pocket
26 1292 1292 BslLeuDH Altering the substrate specificity
27 V294 V294 BslLeuDH Lining the binding pocket
28 E297 E297 BslLeuDH Changing the substrate specificity
29 L61 - — Lining the binding pocket
30 L239 — — Lining the binding pocket
31 A295 - — Lining the binding pocket
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in the absorbance at 340 nm (¢ = 6,220 M 'cm™) and then
Origin was used to perform the nonlinear fitting of the
Michaelis-Menten equation. One unit (1U) of activity is
defined as the amount of enzyme required to consume 1uM
NADH in 1 minute. For thermostability, 1 mg/ml pure enzyme
solution was incubated at different temperatures (30-70°C) for
15 min, followed by measuring the residual activity in 1M
NH,CI/NH;-H,O (pH 8.5) containing 0.2 mM NADH, 10 mM
substrate 1a at 50°C for 2 min. All experiments were conducted in
triplicate.

Preparative-Scale Reactions Using

SpAmDH Mutants

The SpAmDH mutants wh18 and wh84 were inoculated in the
5 ml LB medium (50 pg/ml kanamycin) for 10 h (37°C, 220 rpm).
The aforementioned culture was inoculated into the 1,000 ml TB
medium (50 ug/ml kanamycin) and cultured at 37°C, 220 rpm
until the ODgq reached 0.8-0.9. IPTG was then added to a final
concentration of 0.1 mM, and the culture was allowed to grow for
additional 16h at 20°C, 220 rpm. The cells were pelleted by
centrifugation for 20 min (4°C, 4,000 rpm) and washed once
with phosphate buffer (50 mM, pH 7.4). Subsequently, 0.1 g/
ml wet cells, 1 M NH,CI/NH;-H,O buffer (pH 8.5), 1 mM NAD™,
100 mM glucose, 2 mg/ml GDH CFE, 6 U/ml DNase I, 1 mg/ml

lysozyme, and 1la (100, 200 mM) were mixed for 10ml in a
Erlenmeyer flask. The reaction was performed at 30°C, 220 rpm
for 24 h in a shaker with triple replica. Then 200 pl samples were
taken at 0, 1, 2, 3, 4, 8, 12, 18, and 24 h and then prepared and
analyzed by HPLC. The 100 mM scaled-up reaction of la
catalyzed by wh84 was terminated by adding 5% H,SO, to pH
<2 and then centrifuged at an rpm of 4,000 for 20 min at 4°C, to
collect the supernatant. The product ((S)-2a) was purified via an
ion exchange method with Dowex® 50WX8 ion exchange resin
(Chen et al., 2015). The column was prepared by washing with
100 ml ddH,O and 50 ml 5% w/v H,SO,. Then, the acidified
reaction supernatant was loaded into the column at a low flow
rate, washed with ddH,O until pH ~7.0, eluted with 9% w/v
NH,OH (100 ml), and dried via rotary evaporation to harvest the
final product (S)-2a. 'H NMR (400 MHz, D,0O) 8 3.61 (dd, J =
11.8,4.1 Hz, 1H), 3.51-3.33 (m 1H), 3.06-2.82 (m, 1H), 1.57-1.33
(m, 2H), and 0.98-0.81 (m, 3H).

Model Generation and Substrate Docking

The structure of the mutant wh84 (K68S/N261L/1111F/V294C/
E114V) was generated by PyMol program (http://www.pymol.
org) using the crystallographic structure of SpLeuDH (PDB ID:
3VPX, Zhao et al, 2012) as a template. The initial structure of
wh84 was relaxed/repacked before docking using Rosetta relax
program (Conway et al,, 2014). The generated pose with the
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FIGURE 1 | Residues lining the substrate-binding pocket of SpLeuDH (PDB ID: 3VPX). The sites marked in green, cyan, and blue are obtained from the three
studies Abrahamson et al. (2012); Ye et al. (2015); Chen et al. (2019), respectively. The sites marked in magenta are found in this studly.

A1870

lowest Rosetta_total_score was selected as input file for docking.
The cofactor NADH, substrate 1a, and NH," were prepared in
Schrodinger Maestro software (Schrodinger, 2015). Thereafter,
NADH and 1la were stepwise docked into the active site of wh84
by using Rosetta docking program (Combs et al, 2013).
Thereafter, 1la was docked to the protein-NADH complex
using the same procedure as NADH, only by replacing the
input files. After that, NH,” was docked to the
protein-NADH-1a complex by using AutoDock Vina (Trott
and Olson, 2010). For docking NH,", a total of 16 poses were
generated by Vina, and only the pose with proper interactions
with D115 and 1a was kept.

RESULTS AND DISCUSSION

Knowledge-Based and Structural Guided

Engineering of SpLeuDH

Wild-type (WT) leucine dehydrogenase from Sporosarcina
psychrophila (SpLeuDH, Accession No.. WP_067209859) has
been successfully engineered to an amine dehydrogenase
(SpAmDH) by implanting the double mutations K68S/N261L
in our recent work (Wang et al, 2020). Based on the
crystallographic structure of SpLeuDH (PDB ID: 3VPX, Zhao

et al,, 2012), this SpAmDH variant (K68S/N261L, dubbed wh18)
showed excellent stereoselectivity (>99% ee) in the
transformation of la to 1b, while the catalytic efficiency was
modest when it was applied in large-scale production (Wang
etal., 2020). Thus, the CAST/ISM strategy was employed with
the aim of enhancing the activity of SpAmDH. To identify the
hot spot positions that may manipulate the activity, the
beneficial mutations reported in other engineering studies
toward AmDHs were collected (Table 1). We anticipated that
targeting these residues at the equivalent positions in
SpAmDH may give rise to more proficient variants.
Moreover, three additional positions L61, L239, and A295
were also selected as they are situated at the substrate binding
pocket (Table 1; Figure 1).

The 27 positions were then performed site-directed saturation
mutagenesis using wh18 as the template, each site was substituted
by the other 19 amino acids with NNK codon degeneracy (32
codons). To satisfy the 95% library coverage, 96 clones were
screened for each position by using para-methoxy-2-amino
benzamidoxime (PMA) as colorimetric probe (Mei et al,
2020). After the initial assaying, the improved variants (hits)
were then picked up for further evaluation using the reaction
conditions shown in Scheme 1. As a result, several active variants
showing pronounced degrees of conversion for substrate 1a were
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FIGURE 2 | Improved variants obtained by screening the single point saturation mutagenesis libraries on the 27 positions. Reductive amination reactions were
performed in a reaction mixture (0.5 ml) containing 1 M NH4CI/NHz-H,O buffer (pH 8.5), 1 mM NAD*, 100 mM glucose, 2 mg/ml GDH cell-free extract (CFE), 6 U/ml
DNase I, 20 mM 1a, and 20 mg/ml mutant CFE at 30°C, 1,000 rpm for 24 h. The conversion was detected by HPLC at least three times.
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TABLE 2 | Specific activity of SpAmDH mutants toward substrate 1a.

Code Mutants Specific activity (U/mg)?
wh18 KB68S/N261L 0.118 + 0.005
wh27 K68S/N261L/1111F 0.177 + 0.03
wh43 K68S/N261L/T134F 0.07 + 0.005
wh50 KB68S/N261L/L239F 0.15 + 0.017
wh53 KB68S/N261L/NV291C 0.167 + 0.005
wh59 KB68S/N261L/A295T 0.054 + 0.007

4Reaction was performed in 1 M NH,Cl/NH3-H-0 buffer (oH 8.5) containing 0.2 mM
NADH, 1 mg/mi purified enzyme and 10 mM substrate 1a, at 30°C for 5 min.

obtained (Figure 2). Five of them including wh27, wh43, wh50,
wh53, and wh59 showed more than 10% increment on the
formation of (S)-1b compared to the starting enzyme whl8
(Figure 2).

Combinatorial Engineering of SpAmDH
Using Reduced Amino Acid Alphabets

After purification, the five variants were then assayed for the
specific activity, three of which including wh27, wh50, and wh53
displayed a higher specific activity than that of wh18 (Table 2). In
order to investigate the potential epistatic interactions operating
between the individual point mutations shown in Table 2, ten
additional double mutants (wh61-wh70, Supplementary Table
S4) were constructed and tested using the whole-cell lysate

system. As a result, the variant wh43 showed the highest
conversion of 85%, while none of the ten combinatorial
mutants can exceed the conversion of 80%. It suggests that no
additive effects among the five single mutations I111F, T134F,
L239F, V291C, and A295T were in pairs, and the triple to
quintuple mutants were therefore not constructed further.

In parallel, we noted that the three mutants with improved
activity, shown in Table 2, are all composed of the
substitutions of phenylalanine and cysteine (e.g., I111F,
L239F, and V291C), indicating that hydrophobic
interaction and steric hindrance may play key roles in
tailoring the activity. Therefore, phenylalanine and
cysteine were chosen as building blocks for the further
saturation mutagenesis to determine the interactions
among the positions in adjacent to residues 111, 239,
and 291. As such, two focused libraries A and B were
constructed using F and C as reduced amino acid
alphabets based on the double-code saturation
mutagenesis (DCSM) concept (Sun et al., 2016): library
A using wh53 as template with residues M65, S68, N69, and
S$288 involved, while library B applying wh27 as template
with residues L40, A113, T134, and V294 arrested. As a
result, two improved mutants wh76 (K68S/N261L/V291C/
S68C/N69C) and wh81 (K68S/N261L/1111F/V294C) were
obtained from libraries A and B, respectively. The variants
wh76 and wh81 gave a conversion of 87 and 90% in the
transformation of 1a, respectively, with >99% ee.
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FIGURE 3 | Conversion (A) and TTN (B) analysis of the key variants using 40 mM substrate 1a. M1~M3 depicted the three rounds of mutagenesis.

TABLE 3 | Thermostability and kinetic parameters of purified SpoAMDH mutants for substrate 1a.

Code Thermostabiliy Tso'® Mutations Km (MM)° Keat (s7)° Keat/Km ¢ 'mMy*® Specific activity
(c) (U/mg)°
wh18 51 KB68S/N261L 9.45 +1.44 0.83 + 0.05 0.088 0.118 + 0.005
wh27 50 K68S/N261L/1111F 18.52 + 1.42 1.74 + 0.07 0.094 0.177 + 0.030
wh81 51 KB68S/N261L/1111F/\V/294C 21.5 + 3.37 3.14 + 0.27 0.146 0.362 + 0.019
wh84 53 K68S/N261L/1111F/E114V/\V294C 17.53 + 1.11 6.07 + 0.19 0.346 0.884 + 0.044

@For determining thermostability, purified SPAMDH enzymes (1 mg/mi) were incubated at different temperatures (30-70°C) for 15 min, followed by measuring the residual activity toward
substrate T1a.

bFor assaying kinetic parameters, the reaction was performed in 1 M NH,Cl/NH3-H-0 buffer (pH 8.5) containing 0.2 mM NADH and 0.5-30 mM substrate 1a, at optimum temperatures
(50°C) for 2 min. Michaelis-Menten plots are shown in Supplementary Figure S2.
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FIGURE 4 | Preparative-scale of the asymmetric amination reactions of substrate 1a 100 mM (A) and 200 mM (B) catalyzed by wh18 and wh84 (0: wh18, A:
wh84). Reaction system: 0.1 g/mlwet cell, 1 M NH4CI/NHg-H,O buffer (pH 8.5), 1 mM NAD*, 100 mM glucose, 2 mg/ml GDH CFE, 6 U/mL DNase |, 1 mg/ml lysozyme,

and 1a (100 and 200 mM) were mixed in Erlenmeyer flask. The reaction was performed at 30°C, 220 rpm for 24 h. The samples taken at 0, 1, 2, 3, 4, 8,12, 18,and 24 h
were prepared and analyzed by HPLC.

Third Round of Mutagenesis Toward E114V was considered because it has been reported that this
SpAmDH, Characterization, and residue can function on the ammonia activation, and thereby
Preparative_ScaIe Reduction affecting the enzyme activity (Abrahamson et al., 2012; Chen

The variant wh81 was further used as template for the thirdround ¢t al., 2018; Patil et al, 2018; Lee et al., 2021). To our delight, the
of mutagenesis. In this scenario, an important single mutation  resultant quintuple variant wh84 (K68S/N261L/I1111F/V294C/
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FIGURE 5 | Docking analysis of substrate 1a in the catalytic pocket of the SpAmDH variant wh84. Green lines and red spikes represent the hydrogen bonds and the
penitential hydrophobic interactions, respectively. The cyan line indicates the nucleophilic attack. Distances are shown in angstroms.

E114V) showed 99% conversion and >99% ee toward la. Taken  catalytic potential of wh84, the concentration of la was raised
together, after three rounds of mutagenesis, the conversion of la  up to 200 mM. Interestingly, wh84 enabled 91% conversion
directed by the SpAmDH mutants was successfully elevated from  (Figure 4B).
46 to 99% (Supplementary Figure S3; Figure 3A). Thereafter,
the best mutants in each round of mutagenesis were then purified L. . L.
and characterized by total turnover numbers (TTN), Galmng Ins'th on the Improved ACtW'ty of
thermostability, and enzyme kinetics. Likewise, wh27, wh8l, ~SpAmDH
and wh84 increased the TTN stepwise for substrate la  In order to shed light on the improved activity of the SpAmDH
(Figure 3B). In particular, wh84 increased the TTN up to  variant wh84, computational docking analyses were performed
32108, which is 3.2-fold in contrast to that of wh18. to gain insights into the relationship between reshaping of the
To evaluate the enzyme robustness of the engineered variants,  active site and the effect on activity. The homology structure of
thermostability was assessed by measuring Ts,"”, the temperature ~ wh84 was directly constructed based on the X-ray structure of
at which 50% of the enzyme activity is lost following a heat =~ SpLeuDH (PDB ID: 3VPX, Zhao et al., 2012) by introducing the
treatment for 15min. Intriguingly, all of the three variants  corresponding mutations in PyMol program (http://www.
constructed based on wh18 showed comparable Ts,"” values,  pymol.org). After relaxing the initial structure of wh84,
reflecting no trade-off between the thermostability and the  cofactor NADH, substrate la, and ammonium ion (NH,")
improved activity (Table 3). Kinetic studies showed that wh84  were docked into the active site one after another to generate
has the highest catalytic efficiency (kc./Ky) (0.346 s'mM™) the protein-NADH-1a-NH," quaternary complex. It is of
among all the mutants, a more than 3.9-fold increase to the  interest to note that the catalytic sites K80 and D115 form
starting template wh18. hydrogen bond interactions with the substrate carbonyl group
Preparative-scale amination reactions were performed using  and the ammonium ion, while the substitutions I111F, E114V,
whole-cell lysates as catalysts for the selected variants in 10 ml of ~ and V294C contribute to hydrophobic interactions with the
reaction volume, with 100 mM substrate la. The mutant wh84  substrate carbon chain (Figure 5). These strengthened
achieved an excellent conversion (>99%), with the high  interactions may benefit the substrate recognition and
enantioselectivity of >99% ee within 18 h, while wh18 used as  orientation, thereby promoting the activity and maintaining
a control only showed ca. 80% conversion (Figure 4A). (S)-2b the stereoselectivity. Moreover, on the basis of the proposed
was subsequently isolated as pure form (164 mg, 62% yield) inthe ~ mechanism of the engineered AmDHs and their parent AADHs
reaction system catalyzed by wh84. To further examine the  (Sharma et al, 2017), this preferred binding orientation of la
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wh27: 66% c., >99% (S)
wh81: 86% c., >99% (S)
wh84: 97% c., >99% (S)

wh18: 22% c., >99% (R)
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wh81: 23% c., >99% (R)
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wh27: 12% c., >99% (S)
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wh84: 17% c., >99% (S)

wh18: 50% c., >99% (15,25)
wh27: 78% c., >99% (1S,25)
wh81: 99% c., >99% (15,285)
wh84: 99% c., >99% (1S,25)
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wh18: 8% c., >99% (S) wh18: nd.
wh27: 8% c., >99% (S) wh27: nd.
wh81: 8% c., >99% (S) wh81: nd.
wh84: 12% c., >99% (S) wh84: nd.

FIGURE 6 | Asymmetric transformations of hydroxy ketones. Reaction system: 0.1 g/ml wet cell, 1 M NH,CI/NHz-H,0 buffer (pH 8.5), 1 mM NAD*, 100 mM
glucose, 2 mg/ml GDH CFE, 6 U/ml DNase I, 1 mg/ml lysozyme, and 2a-8a (5 mM) were mixed in 2 ml Eppendorf tubes. The reaction was performed at 30°C,
1,000 rpm for 24 h in a thermostatic metal bath. ¢, conversion; nd, not detectable.

with respect to NADH determines the Re face of the C=0 bond
undergoes nucleophilic attack and profits the (S)-configure
product, which is consistent with the experimental results.

Substrate Scope Analysis Toward Other

Prochiral Hydroxy ketones

With the aim to explore the catalytic potential of the engineered
variants toward other prochiral hydroxy ketones, seven
structurally different substrates were assayed using whl8,
wh27, wh81, and wh84 as catalysts (Figure 6). For the four
aliphatic compounds 2a-4a and cyclic ketone 8a, the variants
showed high stereoselectivity (>99%), and interestingly, the
conversions were elevated from wh18 to wh84 in all the four
cases (Supplementary Figures S4-S6, S10). For example, the
conversion of 3a was improved from 43% (wh18) to 97% (wh84).
However, in the scenario of the aromatic substrates, the four
variants displayed relatively lower activity in the asymmetric
reduction of 5a-7a (Figure 6), while the stereoselectivities
were still inherently maintained (>99%, Supplementary
Figures S7-S9).

CONCLUSION

Reductive amination of carbonyl compounds employing AmDHs
is an attractive route for the biosynthesis of chiral amino alcohols.
It provides several advantages, including lower costs (the amino
donor (NH,") is inexpensive, and water is the main byproduct),
elimination of heavy metals, and high stereoselectivity. As
such, AmDHs have been reported in the selective synthesis of
chiral compounds used as pharmaceutical intermediates.
However, the limited catalytic efficiency can be a major
obstacle to its industrial application. This work reports the
engineering of SpAmDH with the aim to improve the activity.
After three rounds of CAST/ISM-guided mutagenesis,
mutant wh84 was obtained with the best performance
toward substrate la, resulting in an excellent TTN (32108)
and a ke,/K,y value of 0.346 s™' mM ™1, amounting to 3.2-fold
and 3.9-fold improvements relative to the starting enzyme,
respectively, while maintaining the high enantioselectivity
(>99% ee). In the 100 mM preparative reaction, the
conversion of la catalyzed by wh84 was up to 99% with a
62% yield, which is comparable with the recent work that

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

51

January 2022 | Volume 9 | Article 778584


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Tong et al.

employed an engineered AmDH from Lysinibacillus
fusiformis as catalyst (Chen et al., 2019).

Overall, this work paves the way toward engineering
AmDHs with increased activity and also expands the
biocatalytic toolbox for asymmetric reductive aminations,
and should prove useful insights for further development
of other AmDHs as catalysts in the biosynthesis of
enantiopure amino alcohols.
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Microbial production of chemicals is a more sustainable alternative to traditional chemical
processes. However, the shift to bioprocess is usually accompanied by a drop in economic
feasibility. Co-production of more than one chemical can improve the economy of
bioprocesses, enhance carbon utilization and also ensure better exploitation of
resources. While a number of tools exist for in silico metabolic engineering, there is a
dearth of computational tools that can co-optimize the production of multiple metabolites.
In this work, we propose co-FSEOF (co-production using Flux Scanning based on
Enforced Objective Flux), an algorithm designed to identify intervention strategies to
co-optimize the production of a set of metabolites. Co-FSEOF can be used to identify
all pairs of products that can be co-optimized with ease using a single intervention. Beyond
this, it can also identify higher-order intervention strategies for a given set of metabolites.
We have employed this tool on the genome-scale metabolic models of Escherichia coliand
Saccharomyces cerevisiae, and identified intervention targets that can co-optimize the
production of pairs of metabolites under both aerobic and anaerobic conditions. Anaerobic
conditions were found to support the co-production of a higher number of metabolites
when compared to aerobic conditions in both organisms. The proposed computational
framework will enhance the ease of study of metabolite co-production and thereby aid the
design of better bioprocesses.

Keywords: metabolic modelling, genome-scale models, bioproduction, concomitant production, co-synthesis,
constraint-based modelling

1 INTRODUCTION

Recent years have seen several advances in the usage of bioprocessing to produce a wide range of
chemicals (Erickson et al., 2012). Microorganisms can produce diverse and complex products from
simple carbon sources. Nevertheless, there are many challenges in designing economically feasible
bioprocesses. The advancements in synthetic biology have enabled the metabolic engineering of
organisms to improve yield and productivity (Yadav et al, 2019). Various computational strain
design algorithms have been developed to identify the genetic manipulations required to over-
produce a single product (Burgard et al., 2003; Rocha et al., 2008; Yang et al., 2011). Despite the
increase in yield achieved through such rational strain design, the bioprocesses are unable to compete

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 54

January 2022 | Volume 9 | Article 779405


http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2021.779405&domain=pdf&date_stamp=2022-01-07
https://www.frontiersin.org/articles/10.3389/fbioe.2021.779405/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.779405/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.779405/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.779405/full
http://creativecommons.org/licenses/by/4.0/
mailto:kraman@iitm.ac.in
https://doi.org/10.3389/fbioe.2021.779405
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2021.779405

Raajaraam and Raman

with the traditional chemical processes in many cases (Cai and
Bennett, 2011). This is due to two main reasons: 1) the cost of raw
materials and 2) the maximum yield achievable for a given
product in a given organism and environment is limited by
the number of genetic manipulations that can be successfully
implemented in a single strain (Silva et al., 2012). The former
issue can be reduced by using agricultural waste as feedstock
instead of a synthetic nutrient medium. The latter can be
overcome by co-producing multiple products in the same
bioprocess (da Silva et al., 2014).

Co-production equips us to exploit the system in a better
fashion and produce more valuable products from the same
raw materials. A high-value, low-volume chemical can be co-
produced with a low-value, high-volume product in order to
increase the economic feasibility, as in the case of riboflavin
and butanol, respectively (Cai and Bennett, 2011). Co-
production is essential when a cocktail of metabolites need
to be produced together, rather than a single metabolite, as in
the case of biofuels and fatty acids (Xin et al., 2018). A mixture
of different alcohols or fatty acids of varying chain length need
to be co-optimized in such cases. It can also balance carbon
metabolism, as in the case of uridine, and acetoin (Fan et al.,
2018). High carbon inflow towards uridine causes excess
production of acetate, which hampers the growth of the
organism. Conversion of acetate to acetoin prevents over-
acidification of the nutrient medium and thereby improves
growth and uridine production. There are many studies that
have successfully achieved co-production of a variety of
products with/without genetic manipulation of the
organisms. Polyhydroxyalkanoates are a common class of
metabolites that are co-produced with other metabolites (Li
etal., 2017; Kumar and Kim, 2018; Yadav et al., 2021). Butanol
and hydrogen have been co-produced in Clostridium
beijerinckii (Zhang et al., 2021), and ethanol and xylitol
have been co-produced in Candida tropicalis (Raj and
Krishnan, 2020; de Souza Queiroz et al., 2021). The carbon
source, nutrient medium, pH etc., are optimized in such cases
to improve the yield of metabolites. Metabolic engineering can
further expand the number of products that are co-produced
and also improve their yield significantly. Multiple metabolites
like ethanol, isopropanol, butanol and 2,3- butanediol have
been co-produced by optimizing the acetone-butanol-ethanol
(ABE) fermentation pathway in Clostridium acetobutylicum
(Collas et al., 2012). Nisin and 3-phenyllactic acid, two
antimicrobial agents, have been co-produced in Lactococcus
lactis through genetic manipulation (Julien-Laferriére et al.,
2016). Non-native metabolites can also be co-produced with
other metabolites, as in the case of butanol and riboflavin, by
engineering the heterologous pathway in C. acetobutylicum
(Cai and Bennett, 2011).

Although many strain design algorithms have been
successfully employed for metabolically engineering organisms
to optimize a single product (Pharkya et al., 2003; Kumelj et al.,
2019), few studies have applied it for co-production. The studies
listed above only use existing literature and readily apparent
deletion targets to achieve co-production. This limits the
robustness of the bioprocesses that are designed. There is a

Co-FSEOQF for Co-Production of Metabolites

lack of algorithms that can be easily applied to study co-
production. In this study, we have extended the Flux
Scanning based on Enforced Objective Flux (FSEOF) (Choi
et al., 2010) algorithm to study co-production. Further, while
deletion targets can be obtained for metabolites independently
using existing algorithms like OptKnock (Burgard et al., 2003),
OptGene (Rocha et al,, 2008), there are very few algorithms
that can identify amplification targets (Ranganathan et al,
2010). In order to identify amplification targets in addition
to knock-out targets for co-optimizing a set of metabolites, we
propose a new methodology, co-FSEOF, adapting the
FSEOF algorithm. Co-FSEOF has a simple computational
framework that can be easily modified, and it also provides
the entire set of potential intervention strategies in a single run
while many algorithms are sequential, returning one
intervention target per run. The utility of the potential
intervention strategies obtained was further assessed using
Flux Variability Analysis (FVA). We applied co-FSEOF to
evaluate all possible pairs of secretory metabolites in
Escherichia coli and Saccharomyces cerevisiae. The different
pairs of metabolites that can be co-produced through a single
reaction deletion or amplification were obtained. This analysis
helps us choose favorable pairs of metabolites for which higher-
order intervention strategies can be obtained. We have
demonstrated this by identifying the amplification targets,
knock-out targets and mixed intervention strategies of size
up to three to co-optimize the production of isobutanol and
succinic acid in S. cerevisigze. Higher-order intervention
strategies were able to achieve better yield with very little
reduction in growth rate. Overall, our analyses provide an
overall picture of the biosynthetic capabilities of an
organism, particularly highlighting key interdependencies in
metabolism.

2 METHODS

2.1 Flux Balance Analysis

FBA is a widely used steady-state constraint-based modelling
approach to predict the metabolic capabilities of a variety of
organisms (Varma and Palsson, 1994; Kauffman et al., 2003;
Orth et al,, 2010). The metabolic network of an organism, which
comprises all reactions known to occur in the organism, is
represented as a stoichiometric matrix S, of size m x n, where m
is the number of metabolites, and # is the number of reactions
(Figure 1A). The entries in the jth column of S represent the
stoichiometric coefficients of the metabolites that participate in
the jth reaction. The minimum and maximum values of flux
that any reaction can assume are constrained by the lower and
upper bounds, respectively. The flux through a reaction under a
given set of conditions, at steady-state, is calculated by solving a
linear programming (LP) problem. The LP problem is
formulated as:

max, cly

subjecttoS.v =0

whilev;; <v; <v,;, Vi € [1, n]
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FIGURE 1| Framework of co-FSEOF. (A) The GSMM is represented as a stoichiometric matrix, which is used for FBA. (B) The flux through the product is increased

in steps, and flux changes through all other reactions are studied. The reactions that have increased flux with an increase in product flux are potential amplification targets.
The reactions that have decreased flux are potential deletion targets, while those with unchanged or oscillatory fluxes are excluded. (C) The targets common to products
A and B are the potential targets for co-optimization. *The union of all potential targets for products A and B is used for higher-order intervention strategies.

where c is a vector of weights denoting the contribution of each of
the n reactions to the objective function, ve R" is the vector of
metabolic fluxes, v; and v,, are vectors representing the lower and
upper bounds for the reaction fluxes, respectively (Orth et al., 2010).

2.2 Flux Variability Analysis

FVA is used to identify the range of fluxes of each reaction that
still satisfy the constraints, where two optimization problems are
solved for each flux v; of interest.
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Identify all the secretory/exchange
metabolites in the organism

Perform FSEOF for all these
exchange metabolites

Identify metabolites with common
intervention targets

Implement the intervention
strategy by deleting or amplifying
the appropriate reactions

Perform FVA to find the mutant
fluxes and score the intervention
strategies

Choose a set of metabolites for
further analysis

Identify higher order intervention
strategies similar to previous steps

Choose the best intervention
strategies based on the scores

FIGURE 2 | Workflow of co-FSEOF. The figure illustrates succinctly, the

key steps of the algorithm.

Co-FSEOF for Co-Production of Metabolites

Vimax!Vimin = Max,/min,-v;
st.Sv=0

whilev;; <v;<v,;, Vi€ [1, n]

where v e R" is the vector of metabolic fluxes, v max and vj,mi, are
the maximum and minimum values of fluxes, respectively for
each reaction flux v; (Gudmundsson and Thiele, 2010).

2.3 Flux Scanning Based on Enforced

Objective Flux

FSEOF (Choi et al,, 2010) is a method used to identify potential
reaction deletion and amplification targets in metabolic networks
by observing the change in the reaction fluxes when the system
moves from the wild-type flux of the target product to the
theoretical maximum flux of the product (Figure 1B). The
maximum biomass Vmaxpio and maximum product Vmay prar
fluxes are obtained by performing FBA with the biomass
reaction and the exchange reaction of the product as the
objective, respectively. The flux of the target reaction, v, is
pinned t0 x% 0 f Viax,prar (x = 0 — 100). The change in the flux
of a reaction, vj, is studied as the product flux, Vpay 18 increased,
and it is classified as a potential deletion or amplification target
based on the decrease or increase in its flux, respectively. The
reactions that undergo no change or oscillations in the fluxes are
discarded from the set of potential intervention strategies. The set
of potential intervention strategies obtained are assessed by
simulating each intervention and performing FVA on the mutant.

2.4 Co-FSEOF: Co-Optimization of

Metabolites

The Genome-Scale Metabolic Models (GSMMs) of E. coli iML1515
and S. cerevisiae iMM904 were obtained from the BiGG models
database (http://bigg.ucsd.edu/) (Raj and Krishnan, 2020). The
simulations were done with the following constraints on uptakes:
—10 mmol/gDW/h  glucose and -2 mmol/gDW/h oxygen for
aerobic conditions and —-10 mmol/gDW/h glucose and zero
oxygen uptake for anaerobic conditions. Exchange and transport
reactions were removed from the search space for FSEOF to increase
the relevance of the results and to reduce the computational time.
The potential intervention strategies for all secretory metabolites
(metabolites that can be secreted into the medium) in the organism
were obtained using FSEOF as described in Section 2.3. All possible
pairs of secretory metabolites were examined for co-production by
identifying their common intervention strategies which were
obtained through FSEOF (Figure 1C). These common deletion
or amplification targets constitute the potential intervention
strategies for a set of metabolites. The implementation steps of
the algorithm are summarized in Figure 2.

The reliability of the potential intervention targets is analyzed
by comparing the flux values of biomass and product in the
mutant with those of the wild-type organism. The mutant model
is obtained by deleting the reaction in case of knock-out targets or
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by fixing the flux bounds of the amplification target to its
theoretical maximum. FVA is performed on this mutant
model with biomass as objective to obtain the range of flux
values for the products and biomass. Any reaction with more
than a 5% increase in the maximum product flux and less than
75% decrease in biomass flux is considered a promising
intervention strategy. FVA was performed using fastFVA to
reduce the computational time (Gudmundsson and Thiele,
2010).

To obtain higher-order intervention strategies, the potential
targets obtained earlier for a given set of metabolites were
combined, and all possible combinations of intervention
strategies of a certain size (up to three) were evaluated using
FVA. The score for each product i (total number of products, )
and the overall score are calculated as

(Vprdt,-,mut - Vprdt,-,wt)
Score; =

(vbiu,wt - Vbia,mut)

Overall Score = Z (Score;)

i=1

where Vprgrmue and Vprar e are the mutant and wild-type
maximum fluxes of the exchange reaction of the product i,
and Vpiomue and vpoyy are the mutant and wild-type fluxes of
the biomass reaction. Score; denotes the score for the individual
product while overall score denotes the cumulative score for the
set of metabolites. All simulations were performed in MATLAB
R2018a (MathWorks Inc., United States) using the COBRA
Toolbox v3.0 (Heirendt et al., 2019) and IBM ILOG CPLEX
12.8 as the linear programming solver.

3 RESULTS

Metabolic engineering strategies for the co-production of all pairs
of secreted metabolites in E. coli and S. cerevisiae were obtained
using co-FSEOF as described in Section 2.4. We identified the
intervention strategies required to optimize the co-production of
metabolites in both aerobic and anaerobic conditions. Anaerobic
conditions favor the co-production of more pairs of metabolites
when compared to aerobic conditions. The intervention strategy
for each pair of metabolites is scored as in Section 2.4. The best
intervention strategy can be chosen using the overall score. In
cases where one metabolite might be favored over the others, the
individual scores, Score; can be used to choose the best
intervention strategies. Some of the intervention strategies
obtained have been successfully verified through experimental
studies in literature. This shows the credibility of the intervention
strategies obtained. We discuss a few of the industrially significant
metabolites and their intervention strategies, along with
supporting literature. We also propose many other
intervention strategies, which form a ready short-list for
experimental validation. We were able to identify other
hitherto unexplored intervention strategies, which may be
better alternatives to those in existing literature, further
demonstrating the utility of the algorithm.

Co-FSEOQF for Co-Production of Metabolites

3.1 Co-Production in Escherichia coli
E. coli is one of the well-studied model organisms and has high-

quality GSMMs available. The latest GSMM, iML1515 (Monk
etal., 2017), was used in this study, and the co-production of 337
secretory metabolites was studied in both aerobic and anaerobic
conditions.

3.1.1 Aerobic Fermentation

Co-production of all pairs of metabolites was studied in E. coli,
using co-FSEOF and FVA as described in Section 2.3, 2.4. Out of
37C, pairs of secretory metabolites, only 237 could be
successfully overproduced through deletion or amplification of
a single reaction. The intervention strategies for a few industrially
significant pairs of metabolites are listed in Table 1. One of the
important pairs of metabolites that can be easily co-produced is
L-lysine, a food additive and drug additive and cadaverine, which
is essential for polyamide production. co-FSEOF was able to
identify several reactions from the diaminopimelate pathway
(DAP), which can be over-expressed to co-produce L-lysine
and cadaverine. An experimental study by Xu et al. (2019)
demonstrates the effect of engineering the DAP pathway in
E. coli for the production of L-lysine. This indicates the
reliability of the results obtained through our computational
approach. Another significant result is the co-production of
succinate and ethanol through the amplification of
glyceraldehyde-3-phosphate dehydrogenase. Other studies have
also successfully co-produced ethanol and succinate by other
genetic manipulations (Liang et al., 2019).

3.1.2 Anaerobic Fermentation

Anaerobic conditions support the co-production of more
metabolites when compared to aerobic conditions. More
than 1,000 pairs of metabolites can be co-produced, out of
which few are listed in Table 2. L-lysine and cadaverine can be
co-produced under anaerobic conditions too. But the
maximum flux achievable is lower when compared to
aerobic conditions. The yield of metabolites like acetate,
formate, and hexanoate can be co-optimized by deleting
acetaldehyde dehydrogenase or alcohol dehydrogenase. We
also found that succinate and lactate can be co-produced by the
knock-out of pyruvate formate lyase. The effect of deletion of
pflB gene encoding pyruvate formate lyase has been
experimentally verified in E. coli for succinate production
(Zhang et al., 2009) and lactate production (Utrilla et al.,
2009) through separate studies. This shows that there are
multiple co-production strategies available in the existing
literature that can be easily utilized to design an efficient
process.

3.2 Co-Production in Saccharomyces

cerevisiae

Another industrially relevant and well-studied model organism is
S. cerevisiae. Though heterologous pathways have not been
analyzed in this study, one can easily modify the GSMM and
apply co-FSEOF to identify co-production strategies for
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TABLE 1 | Intervention strategies for co-production of pairs of metabolites in E. coli under aerobic conditions.

# Product A WT Product B WT Intervention Mutant Mutant Mutant Score Score  Score KO/
flux A flux B product product biomass A B A+B Amp
flux A flux B flux
1 L-lysine * 1,5-Diamino * Diaminopimelate 5.81 5.81 0.22 8.84 8.84 17.68 Amp
pentane decarboxylase
Diaminopimelate epimerase 5.81 5.81 0.22 8.84 8.84 17.68 Amp
Dihydrodipicolinate reductase 5.81 5.81 0.22 8.84 8.84 17.68 Amp
Dihydrodipicolinate synthase 5.81 5.81 0.22 8.84 8.84 17.68 Amp
Succinyl-diaminopimelate 5.81 5.81 0.22 8.84 8.84 17.68 Amp
desuccinylase
Tetrahydrodipicolinate 5.81 5.81 0.22 8.84 8.84 17.68 Amp
succinylase
2 Succinate * Ethanol * Glyceraldehyde-3-phosphate 12.86 15.84 0.22 19.56 2410 43.67 Amp
dehydrogenase
3 Spermidine * 5-Methylthio-D- * Adenosylmethionine 2.01 2.01 0.22 3.06 3.06 6.12 Amp
ribose decarboxylase
Methylthioadenosine 2.01 2.01 0.22 3.06 3.06 6.12 Amp
nucleosidase
Spermidine synthase 2.01 2.01 0.22 3.06 3.06 6.12 Amp
4 Xanthine * D-Lactate * Glyceraldehyde-3-phosphate 8.90 15.84 0.22 13.55 24.10 37.65 Amp
dehydrogenase
5 Glycine * L-Asparagine * Glyceraldehyde-3-phosphate 20.91 11.82 0.22 31.80 17.99 49.79 Amp
dehydrogenase
6 Fe- * Enterobactin * 2,3-Dihydro-2,3- 1.29 1.29 0.22 1.97 1.97 3.93 Amp
enterobactin dihydroxybenzoate
dehydrogenase
Isochorismatase 1.29 1.29 0.22 1.97 1.97 3.93 Amp
7 Pyruvate * L-Asparagine * Glyceraldehyde-3-phosphate 18.01 11.82 0.22 27.39 17.99 45.38 Amp
dehydrogenase

WT, wild type; * less than 10™° mmol/gDW/h.

TABLE 2 | Intervention strategies for co-production of pairs of metabolites in E. coli under anaerobic conditions.

# Product A WT Product B WT flux B Intervention Mutant Mutant Mutant Score  Score Score KO/
flux A product product biomass A B A+B Amp
flux A flux B flux
1 Acetate 8.83 Formate 18.22 Acetaldehyde dehydrogenase 18.18 36.79 0.12 23795 47231 710.26 KO
Alcohol dehydrogenase 18.18 36.79 0.12 237.95 47231 710.26 KO
2 Succinate 0.05 D-Lactate 3.76x10™  Glyceraldehyde-3-phosphate 14.98 19.41 0.04 126.78 164.92 291.71 Amp
dehydrogenase
Acetaldehyde dehydrogenase 9.07 18.12 0.12 22950 461.04 690.55 KO
Alcohol dehydrogenase 9.07 18.12 0.12 229.50 461.04 690.55 KO
Pyruvate formate lyase 0.49 17.76 0.12 10.57 426.65 437.22 KO
3 L-Alanine * Xanthine * Glyceraldehyde-3-phosphate 13.56 0.97 0.04 115.18 8.23 123.41 Amp
dehydrogenase
4 Spermidine * 5-Methylthio- * Adenosyimethionine 0.64 0.64 0.04 5.46 5.46 10.93 Amp
D-ribose decarboxylase
Methylthioadenosine 0.64 0.64 0.04 5.46 5.46 10.93 Amp
nucleosidase
Spermidine synthase 0.64 0.64 0.04 5.46 5.46 10.93 Amp
5 L-Aspartate * L-Glutamate * Glyceraldehyde-3-phosphate 6.03 4.52 0.04 51.19 38.39 89.59 Amp
dehydrogenase
6 L-Lysine * 1,5-Diamino * Diaminopimelate 2.72 2.72 0.04 23.04 23.04 46.07 Amp
pentane decarboxylase
Diaminopimelate epimerase 2.72 2.72 0.04 23.04 23.04 46.07 Amp
Dihydrodipicolinate synthase 2.72 2.72 0.04 23.04 23.04 46.07 Amp
Succinyl-diaminopimelate 2.72 2.72 0.04 23.04 23.04 46.07 Amp
desuccinylase
Tetrahydrodipicolinate 2.72 2.72 0.04 23.04 23.04 46.07 Amp
succinylase
7  Acetate 8.83  Hexanoate * Acetaldehyde dehydrogenase 18.18 4.53 0.12 237.95 11526 353.21 KO
Alcohol dehydrogenase 18.18 4.53 0.12 237.95 11526 353.21 KO

WT, wild type; *, less than 10™° mmol/gDW/h.
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TABLE 3 | Intervention strategies for co-production of pairs of metabolites in S. cerevisiae under aerobic conditions.

#

10

Product A

Ethanol

Acetate

Isobutyl alcohol

2-Methylpropanal

L-Glutamate

Acetate

4-Aminobutanoate

L-Alanine

sn-Glycero-3-
phosphocholine

2-Methylbutyl acetate

WT flux A

15.81

3.55x1078

3.55x107%

1.69x107%

WT, wild type; * less than 107> mmol/gDW/h.

Product B

L-Alanine

2,3-Butanediol

Succinate

Isobutyl alcohol

2-Oxoglutarate

Pyruvate

L-Serine

L-Cysteine

L-Methionine

2-Methyl-1-
butanol

WT flux B

1.69x1074

3.21x107*

3.24x107*

Intervention

Sedoheptulose 1,7-bisphosphate D-glyceraldehyde-3-
phosphate-lyase

Phosphofructokinase (s7p)

Pyruvate dehydrogenase

Enolase

Fructose-bisphosphate aldolase
Glyceraldehyde-3-phosphate dehydrogenase
Triose-phosphate isomerase

Pyruvate decarboxylase

Enolase

Glyceraldehyde-3-phosphate dehydrogenase
Triose-phosphate isomerase
3-Methyl-2-oxobutanoate decarboxylase
Acetolactate synthase mitochondrial
Dihydroxy acid dehydratase 2,3-dihydroxy-3-
methylbutanoate mitochondrial

Enolase

Glyceraldehyde-3-phosphate dehydrogenase
Acetohydroxy acid isomeroreductase mitochondrial
Triose-phosphate isomerase

Citrate synthase

Enolase

Fructose-bisphosphate aldolase
Glyceraldehyde-3-phosphate dehydrogenase
Isocitrate dehydrogenase

Triose-phosphate isomerase

Pyruvate dehydrogenase
Aspartate-semialdehyde dehydrogenase
Enolase

Fructose-bisphosphate aldolase
Glyceraldehyde-3-phosphate dehydrogenase
Triose-phosphate isomerase
Glyceraldehyde-3-phosphate dehydrogenase
Triose-phosphate isomerase
Glucose-6-phosphate dehydrogenase
Phosphogluconate dehydrogenase
6-phosphogluconolactonase
Ribulose-5-phosphate-3-epimerase
Transketolase

Ribose-5-phosphate isomerase

Methionine synthase
5,10-Methylene-tetrahydrofolate reductase
Ribose-5-phosphate isomerase
Ribose-5-phosphate isomerase

60

Mutant
product
flux A

18.45

18.45
1.48
10.71
10.70
10.71
10.70
7.63
9.56
9.56
9.56
6.50
6.50
6.50

8.95

8.95

6.50

8.94

2.93

4.50

4.50

4.50

2.99

4.50

1.48

8.79
10.71
10.70
10.71
10.70
4.77

4.77
10.60
10.60
10.60
10.60
10.60
18.16
0.02

0.02

0.66

3.00

Mutant
product
flux B

0.15

0.15
0.25
10.27
10.27
10.27
10.27
5.45
12.97
12.97
12.97
9.36
9.36
9.36

9.56
9.56
9.36
9.56
1.95
4.04
4.04
4.04
2.00
4.04
0.25
11.85
14.42
14.41
14.42
14.41
6.98
6.97
1.20
1.20
1.20
1.20
1.20
2.21
2.19
2.19
1.71
4.42

Mutant
biomass
flux

0.07

0.07
0.28
0.07
0.07
0.07
0.07
0.19
0.07
0.07
0.07
0.07
0.07
0.07

0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.28
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.08
0.07
0.07
0.08
0.08

Score
A

12.22

12.22
230.94
49.61
49.62
49.61
49.62
79.29
44.30
44.30
44.33
30.14
30.14
30.14

41.47
41.47
30.14
41.49
13.58
20.85
20.86
20.85
13.87
20.86
230.94
41.14
49.61
49.62
49.61
49.62
22.10
22.11
49.11
49.11
49.11
49.11
49.12
85.44
0.11
0.1
3.1
1413

Score

0.71

0.71
38.48
47.61
47.64
47.61
47.64
56.66
60.10
60.13
60.17
43.39
43.40
43.40

44.30
44.30
43.40
44.33
9.05
18.73
18.73
18.73
9.25
18.73
38.48
55.49
66.83
66.85
66.83
66.85
32.34
32.35
5.56
5.56
5.56
5.56
5.56
10.40
10.17
10.17
8.03
20.78

Score
A+B

12.93

12.93
269.42
97.22
97.26
97.22
97.26
135.95
104.40
104.43
104.50
73.54
73.54
73.54

85.77
85.77
73.54
85.82
22.63
39.58
39.60
39.58
23.12
39.60
269.42
96.63
116.44
116.47
116.44
116.47
54.44
54.45
54.67
54.67
54.67
54.67
54.68
95.84
10.27
10.27
11.14
34.92

KO/
Amp

Amp

Amp
KO
Amp
Amp
Amp
Amp
KO
Amp
Amp
Amp
Amp
Amp
Amp

Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
KO
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
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TABLE 4 | Intervention strategies for co-production of pairs of metabolites in S. cerevisiae under anaerobic conditions.

# Product A

1 2-Methyl-1-
butanol

2 Isobutyl
alcohol

3 Formate

4 4-Amino
butanoate

5 2-Methyl-1-
butanol

6 Isobutyl
alcohol
7 L-Glutamate

8 Sorbitol
9 23
Butanediol

WT flux A

6.26x107*

Product B

Isobutyl
alcohol
Pyruvate

Spermidine

Isobutyl
acetate

Glycine

Succinate

Xanthine

L-Methionine
L-Serine

WT, wild type; * less than 10™° mmol/gDW/h.

WT
flux
B

*

0.67

Intervention

Malic enzyme NADP
mitochondrial

Pyruvate decarboxylase
Enolase
Fructose-bisphosphate
aldolase
Glyceraldehyde-3-phosphate
dehydrogenase
Triose-phosphate isomerase
Adenosylmethionine
decarboxylase

Aspartate transaminase
2,3-Diketo-5-methylthio-1-
phosphopentane degradation
5-Methylthio-5-deoxy-D-
ribulose-1-phosphate
dehydratase
5-Methylthioadenosine
phosphorylase
5-Methylthioribose-1-
phosphate isomerase
Spermidine synthase
2-Keto-4-methylthiobutyrate
transamination

Enolase
Fructose-bisphosphate
aldolase
Glyceraldehyde-3-phosphate
dehydrogenase
Triose-phosphate isomerase
Aspartate kinase
Glucose-6-phosphate
dehydrogenase
Phosphogluconate
dehydrogenase

Homoserine dehydrogenase
NADH irreversible
Homoserine kinase
6-phosphogluconolactonase
Ribulose-5-phosphate-3-
epimerase
Ribose-5-phosphate isomerase
Threonine synthase
Transketolase
Transketolase

Pyruvate decarboxylase

Fructose-bisphosphate
aldolase
Glyceraldehyde-3-phosphate
dehydrogenase
Triose-phosphate isomerase
Ribose-5-phosphate isomerase
Fructose-bisphosphate
aldolase
Glyceraldehyde-3-phosphate
dehydrogenase
Triose-phosphate isomerase

Mutant
product
flux A

0.03
8.73
9.68
9.68
9.68

9.68
1.22

1.21
1.22

1.22

1.22

1.22

1.22
1.22

2.84
2.84

2.85
2.84
0.05
0.08
0.08
0.05
0.05
0.08
0.08
3.31
0.05
0.08
0.08
8.73
2.81
2.81
2.81
5.61
9.30
9.30

9.30

Mutant
product
flux B

9.64
5.66
9.97
9.96
9.97

9.96
1.22

1.21
1.22

1.22

1.22

1.22

1.22
1.22

2.91
2.90

291
2.90
4.55
4.15
4.15
4.55
4.55
4.15
4.15
4.01
4.55
4.15
4.15
6.70
0.95
0.95
0.95
1.28
4.74
4.74

4.74

Mutant Score

biomass A

flux

0.05 0.20
0.1 88.74
0.05 61.59
0.05 61.67
0.05 61.60
0.05 61.66
0.05 7.76
0.05 7.75
0.05 7.76
0.05 7.76
0.05 7.76
0.05 7.76
0.05 7.76
0.05 7.76
0.05 18.04
0.05 18.11
0.05 18.11
0.05 18.11
0.05 0.32
0.05 0.52
0.05 0.52
0.05 0.32
0.05 0.32
0.05 0.52
0.05 0.52
0.06 21.562
0.05 0.32
0.05 0.52
0.05 0.52
0.1 88.74
0.05 17.90
0.05 17.90
0.05 17.90
0.06 36.45
0.05 59.21
0.05 59.19
0.05 59.21

Score

61.30
57.57
63.45
63.47
63.45

63.47
7.76

7.76
7.76

7.76

7.76

7.76

7.76
7.76

18.50
18.50

18.50
18.60
28.95
26.39
26.39
28.95
28.91
26.39
26.39
26.04
28.91
26.39
26.39
61.27
6.04
6.04
6.04
8.29
30.19
30.19

30.19

Score
A+B

61.51
146.31
125.03
125.14
125.05

125.13
16.62

15.51
16.52

16.52

15.52

15.52

156.52
16.62

36.53
36.61

36.61
36.61
29.26
26.91
26.91
29.26
29.22
26.91
26.91
47.56
29.22
26.91
26.91
150.02
23.94
23.93
23.94
44.74
89.40
89.37

89.40

KO/
Amp
Amp
KO
Amp
Amp

Amp

Amp
Amp

Amp
Amp

Amp

Amp
Amp

Amp
Amp

Amp
Amp

Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
Amp
KO
Amp
Amp
Amp
Amp
Amp
Amp

Amp
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heterologous metabolites. Since S. cerevisiae is a better candidate
for recombinant protein production, it is essential to study co-
production in yeast (Bill, 2014). It can also produce more
complex metabolites when compared to E. coli and is,
therefore, a favorable candidate for bio-production. The latest
GSMM iMM904 (Mo et al., 2009) was used, and the ability to
optimize the co-production of 164 secretory metabolites was
studied in both aerobic and anaerobic conditions.

3.2.1 Aerobic Fermentation

We found that many industrially important metabolites like
ethanol and L-alanine, and 4-aminobutanoate and L-serine
can be co-produced in S. cerevisigze under aerobic conditions.
We were also able to co-optimize isobutyl alcohol and 2-methyl
propanal, which are long-chain alcohols that are used as biofuels.
The deletion of pyruvate dehydrogenase increases the production
of pyruvate and acetate, as shown in Table 3. Although the
deletion of pyruvate dehydrogenase has not been experimentally
verified as yet, a similar study has been carried out in E. coli
(Moxley and Eiteman, 2021). In this study, it has been shown that
the deletion of the genes encoding pyruvate dehydrogenase
improves pyruvate production (Moxley and Eiteman, 2021). In
addition to pyruvate dehydrogenase, co-FSEOF was able to
identify several other amplification targets, which can also
improve the production of pyruvate and acetate.

3.2.2 Anaerobic Fermentation

As in the case of E. coli, anaerobic fermentation enables the co-
production of more pairs of metabolites in S. cerevisiae when
compared to aerobic fermentation. 2-methyl-1-butanol, which is
an important solvent used in the manufacture of pesticides and
paints and isobutyl alcohol, which is a biofuel, can be co-
produced by the amplification of malic enzyme, as shown in
Table 4. Formate, which is used in dyeing and printing, can be co-
produced with spermidine, a metabolite increasingly studied for
its anti-ageing properties (Minois, 2014), through the
amplification of a number of reactions. These strategies not
only include readily apparent reactions that are involved in
spermidine  synthesis like spermidine synthase and
adenosylmethionine decarboxylase but also provide some non-
intuitive strategies like the amplification of aspartate
transaminase or 2-keto-4-methylthiobutyrate transaminase.
We also found that the deletion of pyruvate decarboxylase
improves the production of succinate, isobutyl alcohol and
pyruvate. The effect of deletion of pyruvate decarboxylase
has been studied in S. cerevisiae, and the improvement in the
production of pyruvate (van Maris et al., 2004) and succinate
(Zahoor et al., 2019) has been verified experimentally in
separate studies in literature.

3.2.3 Higher-Order Intervention

Strategies— Co-Production of Isobutanol and
Succinate

Higher-order intervention strategies can increase the maximum
yield achievable for any product with a little difference in growth
rate when compared to single interventions. But they are more
cumbersome to identify, as the problem becomes time-

Co-FSEOQF for Co-Production of Metabolites

consuming and computationally expensive. Instead of
identifying higher-order targets for all metabolites in an
organism, we have used the previous analysis to explore the
metabolic capabilities of the organism and chose one set of
metabolites to demonstrate the power of higher-order
intervention strategies.

Isobutanol is a long-chain alcohol that is an attractive biofuel
(Nanda et al., 2017). Succinic acid is an important metabolite
essential for the production of various other products like
biodegradable polymers, fatty acids, butyrolactone and
tetrahydrofuran (Akhtar et al, 2014). The co-production of
isobutanol and succinate has been proposed as a sustainable
and economical process by Xu et al. (2018). They have discussed
the development of various strains for the production of
isobutanol and succinate separately. They emphasize how the
co-production of isobutanol and succinate is not only of
economic significance, but the high amount of carbon dioxide
released from long-chain alcohol fermentation can be used for
succinate production, and is hence also of ecological importance.
But the article does not discuss any strategy to co-optimize the
production of isobutanol and succinate.

Here we identified the higher-order intervention strategies
(size up to three) for co-production of isobutanol and succinate in
S. cerevisiae in aerobic conditions. More than 3,700 interventions
can improve the yield of both the metabolites when compared to
the wild-type strain. Table 5 lists a few examples of each type of
intervention strategy obtained, which are also represented in
Figure 3. Though most of the amplification and deletion
targets are integral components of the target product and by-
product synthesis respectively, co-FSEOF is also able to find
intervention targets in distant pathways like those in pentose
phosphate pathway, shikimate pathway, and nucleotide metabolism.
This shows the ability of the algorithm to identify non-intuitive
targets. Also, a number of the targets predicted here are also found in
experimental studies reported in literature. For example, the deletion
of pyruvate decarboxylase has been shown to improve the
production of isobutanol by Kondo et al. (2012). Zahoor et al.
(2019) have shown that both pyruvate decarboxylase deletion and
fumarase deletion can increase the production of succinate. This
shows the dependability of the results obtained using the algorithm.

4 DISCUSSION

Chemical processes based on fossil fuels are cheaper when
compared to bioprocesses, which leads to reluctance in the
adoption of sustainable bioprocesses in industries. To improve
the economic feasibility of a bioprocess, we can optimize the
process variables and/or genetically engineer the microbes
(Dzurendova et al, 2020). Even then, in some cases, the
bioprocess might be less lucrative when compared to their
chemical counterparts (Zhang et al., 2021). In such cases, we
can co-produce multiple metabolites to improve the economic
feasibility and efficiency of a bioprocess. For example, in the case
of biofuels and fatty acids, we need to design processes that can
support the production of multiple metabolites of similar nature
(Xin et al., 2018). Co-production also ensures better utilization of
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TABLE 5 | Higher-order intervention strategies for co-production of isobutanol and succinate in S. cerevisiae under aerobic conditions.

Co-FSEOQF for Co-Production of Metabolites

# Intervention Intervention Intervention A®/KS Mutant Mutant Biomass Score Score  Score
1 2 3 flux flux flux A B A+B
1 2
1 Glyceraldehyde-3- Pyruvate kinase (PYK) NA [Xe) 7.19 8.60 0.20 81.78 97.87 179.59
phosphate
dehydrogenase (GAPD)
2 Enolase (ENO) Pyruvate kinase (PYK) NA X 7.13 8.60 0.20 81.08 97.87  178.95
3 Glutamate-5-kinase Phosphoglycerate Pyruvate [SXSXS] 7.96 5.80 0.19 79.81 58.12 137.93
(GLU5K) dehydrogenase (PGCD) decarboxylase
(PYRDC)
4 Fumarase (FUMm) Phosphoserine Pyruvate [SXSXE] 7.95 5.78 0.19 79.78 58.05 137.84
phosphatase (PSP_L) decarboxylase
(PYRDC)
5 Aldehyde dehydrogenase  Glycerol-3-phosphate NA SXS) 2.99 2.52 0.22 43.76 36.77 80.54
(ALCD23x) dehydrogenase (G3PD1iR)
6 Succinate CoA ligase ADP  Pyruvate decarboxylase NA S2XS) 7.63 5.45 0.19 79.31 56.69 136.00
forming (SUCOASM) (PYRDC)
7 Acetolactate synthase Oxoglutarate Guanylate kinase (GK2) DDO 4.72 6.89 0.15 34.51 50.38 84.89
(ACLSmM) dehydrogenase lipoamide
(AKGDam)
8 Citrate synthase (CSm) Dihydroxy-acid Prephenate [GXGXS) 4.73 6.98 0.14 32.31 47.71 80.02
dehydratase (DHAD1im) dehydrogenase
(PPND)
9 Aldehyde dehydrogenase  Ribonucleoside- Ribulose 5-phosphate [XSXE] 2.99 2.48 0.22 43.84 36.32 80.16
(ALCD23x) diphosphate reductase 3-epimerase (RPE)
(RNDR1)
10  Succinate CoA ligase ADP  Phosphoserine Pyruvate [XSXE] 7.95 5.78 0.19 79.78 58.05 137.84
forming (SUCOASM) phosphatase (PSP_L) decarboxylase
(PYRDC)

®, Amplification of reaction; ©, Knock-out of reaction.

microbial capabilities, and better balance in the carbon
metabolism (Fan et al., 2018). While there are multiple
computational tools and algorithms to identify intervention
strategies for a single product, there is a lack of readily
appliable algorithms for co-production. As a result, almost no
co-production study in existing literature was found to use
computational algorithms to aid rational strain design. All of
the studies rely on previous findings or readily apparent strategies
to achieve co-production. This limits the intervention strategies
designed.

In this study, we present co-FSEOF, by adapting the effective
FSEOF algorithm to study the co-optimization of a set of
metabolites. FSEOF is a well-established constraint-based
modelling algorithm, which has been used to reliably predict
metabolic engineering strategies for a variety of systems (Choi
et al, 2010; Boghigian et al., 2012; Badri et al., 2019; Srinivasan
etal., 2019). It has a simple and efficient framework and can identify
both deletion and amplification targets. Flux Coupling Analysis
(FCA) is yet another interesting algorithm that can identify
which metabolites can be coupled together. But very few
metabolites are innately coupled without interventions. Moreover,
it excludes all the reactions that do not carry flux under a given set of
conditions from the analysis. This affects the applicability of FCA
because these reactions, though not coupled, can have an effect on
target production in the presence of other interventions. co-FSEOF is
able to identify more combinations of products that can be co-
produced and also provides a wider range of intervention strategies
for a given set of metabolites.

Using co-FSEOF, we examined the co-production of multiple
pairs of metabolites, and both deletion and amplification targets were
obtained in E. coli and S. cerevisiae under both aerobic and anaerobic
conditions. Anaerobic fermentation enabled the co-production of a
higher number of metabolites when compared to aerobic
fermentation in both organisms. This could be due to the
incomplete respiration in the absence of oxygen that leads to the
formation of multiple by-products. Also, S. cerevisiae produces more
industrially significant metabolites when compared to E. coli. Some
of these proposed intervention strategies have been verified
experimentally by other studies in literature, as mentioned in
Section 3. This shows the efficacy of the algorithm in furnishing
reliable targets. In addition to readily apparent intervention
strategies, co-FSEOF also provides non-intuitive intervention
strategies that are present in auxiliary biochemical pathways (as
discussed in Section 3.2.2, 3.2.3).

The co-optimization analysis for all possible pairs of metabolites in
the network is intended to be exploratory in order to give a larger
picture of the metabolic capabilities of the organism. This analysis
showed that around 200 pairs could be co-optimized in E. coli under
aerobic conditions, and around 1,000 pairs of metabolites could be
co-optimized in the other cases. An important class of metabolites
observed in the analysis are alcohols such as ethanol, isobutanol, and
2,3-butanediol, which can be co-produced using various
interventions. Co-optimization can thus enable the efficient
production of biofuels (Collas et al., 2012). We can explore the
metabolic capabilities of the organism to identify all possible pairs of
metabolites that can be co-produced. Following this, important and
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FIGURE 3 | Pathway diagram for co-production of isobutanol and succinate. The pathways for production of isobutanol and succinate are represented along with
the intervention strategies listed in Table 5. Auxiliary pathways that are not directly related to the biosynthesis of target products but contain intervention strategies are
shown within dotted rectangles. Co-factors and other small molecules are not depicted for better clarity. Numbers on the arrows point to row numbers in Table 5.

pro_L

l

commercially valuable pairs of metabolites can be further studied to
obtain higher-order intervention strategies, as shown in Section 3.2.3.
Exploring the higher-order strategies can expand the efficiency of the
intervention targets obtained. Since the evaluation of higher-order
intervention strategies is laborious and computationally expensive, we
have limited the size to a maximum of three manipulations at a time.
It not only enhances yield, but also provides alternate routes to
achieve a similar yield. The advantageous strategies can be chosen
based on the ease of manipulation in an experimental setup in
such cases.

The evaluation of the results is carried out using FVA, which
ensures the robustness of the targets obtained. While FBA provides
one optimal solution from the solution space, FVA gives the entire
range of values the flux can take up. This is a significant difference
that sets co-FSEOF apart from other existing algorithms like
OptKnock (Burgard et al, 2003) and OptReg (Pharkya and
Maranas, 2006). Also, the algorithm validates and returns all the
intervention strategies in a single run, contrary to the existing
algorithms, most of which are sequential and require a separate
run for each strategy obtained. The set of intervention strategies
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validated through FVA can be short-listed for experimental
verification using the scores. The overall score can be used to
compare the effectiveness of different intervention strategies. The
score is designed to incorporate both increase in product flux and
decrease in biomass flux, so that both biomass and product
production are favored in the mutant. Moreover, co-FSEOF uses
biomass as the objective throughout the analysis, and the effect of the
intervention strategies on product synthesis is studied when the
organism optimizes growth. Thereby, the intervention strategies
result in the co-optimization of product production and biomass
formation. An intervention strategy with better overall score ensures
better product synthesis along with good biomass formation. If one
product is more favored than the others economically or otherwise,
we can use the individual scores Score; to choose the appropriate
strategy for the process that is formulated. The products can be
chosen based on their economic value, or ease of co-production. One
drawback of co-production is the cost associated with downstream
processing. But this can be overcome by choosing easily separable
products or choosing metabolites such that one is accumulated in the
cell and one is secreted out, as in the case of polyhydroxy butyrate and
succinate, respectively (Kang et al., 2010). However, this problem
does not occur in the case of biofuels where the alcohol mixture is
optimized for and therefore does not require extensive separation of
the products. Co-FSEOF not only identifies intervention strategies for
co-production of a given set of metabolites, but also allows us to
explore the different combinations of products that can be co-
produced in an easy and efficient manner.

5 CONCLUSION

Co-production can open new avenues for the sustainable production
of chemicals. Designing bioprocesses for co-production using
laboratory experiments alone is cumbersome and can result in
sub-optimal strategies. co-FSEOF empowers us to explore and
exploit microbial systems in a better fashion. It can be used to
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Polyhydroxyalkanoates (PHAs) have attracted much attention as a good substitute for
petroleum-based plastics, especially mcl-PHA due to their superior physical and
mechanical properties with broader applications. Artificial microbial consortia can solve
the problems of low metabolic capacity of single engineered strains and low conversion
efficiency of natural consortia while expanding the scope of substrate utilization. Therefore,
the use of artificial microbial consortia is considered a promising method for the production
of mcl-PHA. In this work, we designed and constructed a microbial consortium composed
of engineered Escherichia coli MG1655 and Pseudomonas putida KT2440 based on the
“nutrition supply—detoxification” concept, which improved mcl-PHA production from
glucose-xylose mixtures. An engineered E. coli that preferentially uses xylose was
engineered with an enhanced ability to secrete acetic acid and free fatty acids (FFAs),
producing 6.44 g/L acetic acid and 2.51 g/L FFAs with 20 g/L xylose as substrate. The
mcl-PHA producing strain of P. putida in the microbial consortium has been engineered to
enhance its ability to convert acetic acid and FFAs into mcl-PHA, producing 0.75 g/L mcl-
PHA with mixed substrates consisting of glucose, acetic acid, and octanoate, while also
reducing the growth inhibition of E. coli by acetic acid. The further developed artificial
microbial consortium finally produced 1.32g/L of mcl-PHA from 20g/L of a
glucose—xylose mixture (1:1) after substrate competition control and process
optimization. The substrate utilization and product synthesis functions were
successfully divided into the two strains in the constructed artificial microbial
consortium, and a mutually beneficial symbiosis of “nutrition supply—detoxification” with
a relatively high mcl-PHA titer was achieved, enabling the efficient accumulation of mcl-
PHA. The consortium developed in this study is a potential platform for mcl-PHA
production from lignocellulosic biomass.

Keywords: MCL-PHA, artificial microbial consortium, engineered Escherichia coli, engineered Pseudomonas
putida, xylose
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INTRODUCTION

Due to environmental problems such as energy waste and “white
pollution” caused by petroleum-based plastics, the search for
biodegradable alternatives to petroleum-based plastics has
received increasing attention (Muneer et al, 2020).
Polyhydroxyalkanoates (PHAs) are among the most well-
studied biodegradable materials. Their polymer properties are
similar to petroleum-based plastics, including low crystallinity,
high tensile strength, high elongation at break, and low glass
transition temperature (Chen and Patel, 2012), while also offering
good biodegradability and biocompatibility, which makes them
an excellent substitute for petroleum-based plastics (Raza et al.,
2018). PHA is a polyester produced by microorganisms as energy
storage particles in cells under nutritionally limited conditions
(Lee, 1996), first discovered in Bacillus megaterium in 1926
(Lemoigne, 1926). All types of PHA have similar structures
but offer diversity in the monomer carbon chain length and
side-chain groups, resulting in different material properties of
various PHAs. Based on the repeat unit composition, more than
150 different PHA monomers have been identified so far, derived
from hundreds of microorganisms (Agnew and Pfleger, 2013).
There are many ways to classify PHA. According to the number
of carbon atoms in the constituent monomers, PHA can be
divided into short-chain-length polyhydroxyalkanoate (scl-
PHA) composed of monomers with three to five carbon
atoms, medium-chain-length polyhydroxyalkanoate (mcl-PHA)
composed of monomers with 6-14 carbon atoms, and long-
chain-length polyhydroxyalkanoate (Icl-PHA) composed of
monomers with more than 15 carbon atoms (Singh and
Mallick, 2009; Li et al, 2021). PHAs can also be classified
according to the types of monomers, with homopolymers
contain only one monomer, and copolymers containing more
than one monomer. In terms of the physical properties, most scl-
PHA has high crystallinity, brittleness, and hardness (Koning,
1995), except for individual monomers such as 4HB and 3HV,
and et al. (Cavalheiro et al, 2013); while mcl-PHA is a
thermoplastic, with low crystallinity, T,, values between 40 to
60°C, T, values between —50 and ~25°C, low tensile strength and
high elongation at break (Kessler and Witholt, 1998).
Mcl-PHA has more diverse structures, as well as more flexible
physical and mechanical properties, which can meet the needs of
a broader range of engineering applications and realize material
function customization (Chen and Wang, 2013). Previous studies
found that mcl-PHA has better biocompatibility and
biodegradability (Zhao et al., 2003a; Misra et al., 2006). In
biological tissue engineering, PHA copolymers containing
medium-chain ~ length  monomers  exhibited  higher
biocompatibility than PHB (Liang et al., 2008). In medical
applications, the impact of degradation products produced
from PHA materials in cells is crucial. Several studies have
proven that the biodegradability of PHA is affected by their
physicochemical properties such as functional groups, affinity,
hydrophobicity, structural order, and crystallinity (Zhao et al,,
2002; Zhao et al., 2003b). Generally, the degradation ability of
polymers decreases with the increase of crystallinity. Therefore,

mcl-PHA with lower crystallinity and Tm has good
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biodegradability. In general, mcl-PHA has broader application
prospects due to its better physical and mechanical properties,
together with its environmental friendliness (Lee, 2006).

With the development of metabolic engineering and synthetic
biology, natural (such as Pseudomonas) or non-natural (such as
E. coli) PHA-producing strains can be engineered starting from
the gene regulatory networks by regulating metabolic pathways,
introducing the PHA synthesis pathway (Klinke et al, 1999;
Zhuang et al., 2014), designing and synthesizing artificial cells,
and building a promising metabolic platform for improved mcl-
PHA accumulation (Borrero-de Acuna et al, 2014). Perhaps
there are two main pathways to synthesize mcl-PHA in
microorganisms, including the fatty acid p-oxidation pathway
that metabolizes “related” carbon sources such as fatty acids and
the fatty acid de novo synthesis pathway that uses “unrelated”
carbon sources such as sugars (Tortajada et al., 2013). Huijberts
et al. used the isotope labeling method to prove that when mcl-
PHA was synthesized in P. putida KT2442, the fatty acid de novo
synthesis pathway and fatty acid p-oxidation pathway were active
at the same time but worked independently (Huijberts et al.,
1994). At present, the related research on the production of mcl-
PHA by single strains through the regulation of the above-
mentioned metabolic pathways have been fully demonstrated.
However, the limitation of a single engineered strain’s metabolic
capacity results in a limited range of available substrates, high
production costs, and low accumulation of mcl-PHA, which
further hinders its large-scale production, popularization, and
application. In recent years, microbial consortia that can
complete the arduous task using compartmentalized metabolic
pathways in two or more strains have received more attention.
Using waste-activated sludge (WAS) to combine the PHA
production process with the sewage treatment process can
reduce costs (Liu et al, 2013; Valentino et al, 2015;
Jayakrishnan et al, 2021). However, the natural diverse
microbial consortium has a longer domestication cycle and is
poorly controllable, leading to disadvantages compared with a
single engineered strain (Morgan-Sagastume et al, 2015).
Compared with a single engineered strain and natural mixed
microbial consortia to produce PHA, an artificial microbial
consortium can solve the limitation of the metabolic capacity
of a single engineered strain and the low conversion efficiency of
natural mixed microbial consortia.

In previous research, our laboratory used a modular
construction strategy to develop a co-culture consortium
composed of engineered P. putida KT2440 and E. coli
MG1655 that can synthesize mcl-PHA from “unrelated”
carbon sources (Yang et al, 2019; Liu et al., 2020). To avoid
growth competition, the four genes ptsG, manZ, atpFH, and envR
were knocked out in E. coli (shown as @, @, ®, and @ in
Figure 1) (Liu et al,, 2020), the engineered P. putida KT2440
overexpressed the acs gene to promote the utilization of acetic
acid and increase the accumulation of mcl-PHA (shown as ® in
Figure 1) (Yang et al, 2019). The microbial consortium
composed of E. coli A4 and KT2440-acs efficiently utilized
mixed sugars (glucose and xylose) and corn straw hydrolysate
to produce mcl-PHA titers of 0.541 and 0.434 g/L, respectively
(Liu et al,, 2020). However, the conversion efficiency from the
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FIGURE 1 | Schematic diagram of metabolic engineering for the production of mcl-PHA from a mixture of xylose and glucose by the microbial consortium based on

the concept of “nutrient supply-detoxification” (Acronyms: X5P, Xylulose 5-phosphate; G3P, Glyceraldehyde-3-phosphate; Acetyl-P, Acetyl Phosphate; G6P, Glucose-
6-Phosphate. The red crosses in the biosynthetic pathway indicate the deletion of corresponding genes. The bold green arrows indicate the overexpression of
corresponding genes. The related genetic engineering represented by @, @, ®, and @ was completed by (Liu et al., 2020), and the corresponding genetic
engineering represented by ® was completed by (Yang et al., 2019). The related genetic engineering represented by ®, @, ®, ®, and ® was conducted in this work).

substrate to intermediate metabolites and final product was still
limited, and the microbial consortium required further
optimization.

In this work, we further optimized this previously developed
microbial consortium to improve the production of mcl-PHA
from xylose and glucose, “unrelated” carbon sources, by knocking
out the fadD gene of E. coli while heterologously expressing the
gene encoding the acyl carrier protein thioesterase from the castor
plant (Ricinus communis), and knocking out the fadA and fadB
genes in the p-oxidation pathway of P. putida while
overexpressing the phaJ gene (shown as ®, @, ®, ®, and
in Figure 1). Engineering E. coli, as the xylose-utilizing strain in
our design, was capable of improved xylose utilization to produce
acetic acid and FFAs, which act as intermediate metabolites of the
microbial consortium. In the P. putida, we blocked a part of the p-
oxidation pathway and improved the conversion efficiency of
FFAs into mcl-PHA while relieving the growth inhibitory effects
of acetic acid and FFAs on E. coli. Based on the above design, we
reconstructed the artificial microbial consortium and then
optimized its aerobic cultivation process, resulting in a
significant improvement of the production of mcl-PHA and
the efficiency of substrate conversion with mixed sugars
(xylose and glucose). The successful construction of the
microbial ~ consortium  based on  the  “nutrition
supply-detoxification” concept provides insights for converting
lignocellulose into high value-added compounds.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Reagents

The bacterial strains and plasmids used in this study are listed in
Supplementary Table S1. E. coli MG1655 was donated by Dr.
Tao Chen of Tianjin University, and E. coli A4 was stored in our
laboratory. P. putida KT2440 (ATCC 47054) was obtained from
the American type culture collection (Manassas, VA,

United States). E. coli S17-1 was stored in our laboratory. The
plasmid pBBRIMCS-2 was donated by Dr. Yingjin Yuan of
Tianjin University, China. The plasmids pTKS/CS and
pTKRED were donated by Dr. Tao Chen of Tianjin
University. The plasmids pET28a and pK1l8mobsacB were
stored in our laboratory. Xylose (99% purity) was purchased
from Yuanye (Shanghai, China). Acetate (HPLC grade) was
purchased from Concord Tech (China). Glucose (AR) was
purchased from Yuanli Chemical (Tianjin, China). DNA
manipulating agents, including restriction endonucleases and
T4 DNA ligase, were purchased from Thermo Scientific
(Beijing, China). Phanta Max Super-Fidelity DNA polymerase
and Taq for polymerase chain reaction (PCR) were purchased
from Vazyme (Nanjing, China). PCR primers were synthesized
by GENEWIZ (Suzhou, China) and are listed in Supplementary
Table S2.

Plasmid and Strain Construction

E. coli MG1655 and E. coli A4 derivatives were used to construct
the engineered strain for the biosynthesis of acetic acid and FFAs.
According to the gene knockout method described previously
(Lin et al., 2014), knockout of the fadD gene on the chromosomes
of E. coli MG1655 and E. coli A4 through scarless chromosomal
gene deletion strategy (Supplementary Figure S1). The primers
tet-f and tet-r were used to amplify the tetracycline resistance
gene and the I-Scel gene recognition sites at both ends, using
pTKS/CS as the template. Using the genome of E. coli MG1655 as
the template, the primer pairs fadD up-f/fadD up-r and fadD
down-f/fadD down-r were used to amplify the 200 bp up and
downstream flanking sequences of the fadD gene. The up-tet-
down fragment was fused using overlap extension PCR and
introduced into E. coli MGI1655 and E. coli A4 by
electrotransformation. The knockout strains E. coli AD and
E. coli AAD were obtained after two rounds of resistance
screening. Furthermore, pET28a was used as a vector to
construct a heterologous expression vector using the T3
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promoter and tac promoter to induce the expression of acyl
carrier protein thioesterase. The original ricinoleoyl carrier
protein sequence (GenBank: NM_001323748.1, Supplementary
Appendix SA) was codon-optimized for E. coli (Supplementary
Appendix SB) and synthesized by Genecreate (China). The
primers RBS-ACP-f and ACP-r were used to amplify the
ricinoleoyl carrier protein thioesterase gene fragment and add
the ribosome binding site (RBS) in front of the fragment. The
primers T3-ACP-f1/T3-ACP-f2/T3-ACP-f3 and ACP-r were
then used to insert the T3 promoter and restriction sites on
both sides of the sequence by multiplex PCR. Similarly, the
primers tac-ACP-fl/tac-ACP-f2/tac-ACP-f3/tac-ACP-f4 and
ACP-r were used for multiplex PCR to insert the tac promoter
and restriction sites on both sides of the sequence.
The amplified fragments were cloned into pET28a by
restriction enzyme digestion and ligation to obtain the acyl
carrier protein thioesterase expression vectors pET-T3-ACP
and pET-tac-ACP, which were verified by DNA sequencing.
The expression vectors were introduced into the target strain
by electrotransformation to obtain the corresponding engineered
strains.

P. putida KT2440 was used to construct the engineered strain
for mcl-PHA synthesis, acetic acid, and FFAs utilization.
Homologous recombination was used to knock out the fadA
and fadB genes in the fatty acid B-oxidation pathway. The
pK18mobsacB suicide plasmid was selected as the gene
knockout vector, and the target gene was successfully knocked
out through two rounds of homologous recombination. Using the
genome of P. putida KT2440 as a template, specific primers were
used to amplify 500 bp homology arms at the left and right ends
of the gene to be knocked out. The homology arm fragments were
ligated into the vector pKl8mobsacB by restriction enzyme
digestion and ligation to construct the knockout plasmids
pK18-fadA and pK18-fadB, which were then transferred from
E. coli S17-1 into P. putida KT2440 via intergeneric conjugation,
and the knockout strain P. putida KTAA was obtained through
two homologous rounds of recombination and resistance
screening. The same method was used to additionally knock
out the fadB gene in P. putida KTAA, resulting in the engineered
strain P. putida KTAAB. Furthermore, pPBBRIMCS-2 was used to
construct a vector for the co-expression of acs and phaJ genes
using the T3 promoter and a synthetic RBS. Using P. putida
KT2440 as a template, the primer pairs acs-f/r and phaJ-f/r were
used to amplify the acs and phaJ coding sequences, which were
then cloned into pPBBRIMCS-2 by restriction enzyme digestion
and ligation to obtain p2-acs-phaJ. The expression vector p2-acs-
phaJ was verified by restriction digestion and sequencing, and
introduced into P. putida KT2440 and P. putida KTAAB by
electrotransformation, respectively.

Culture Medium and Growth Conditions

Luria Bertani (LB) medium was used for strain preservation and
seed culture preparation. All fermentation (aerobic fermentation)
processes were carried out in M9 medium (12.8 g/L Na,HPO,
7H,0, 3 g/L KH,PO,, 1 g/L NH,CI, 0.5 g/L NaCl, and 0.24 g/L
MgSO,), which was autoclaved and subsequently supplement
with the required content of filter-sterilized glucose and/or xylose,
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and a trace element solution containing 6.0 mg/L FeSO,-7H,0,
2.7 mg/L CaCOs;, 2.0 mg/L ZnSO,4-H,0, 1.16 mg/L MnSO,-H,0,
0.37 mg/L CoSO47H,0, 0.33 mg/L CuSO,4-5H,0, and 0.08 mg/L
H;BO;. Where appropriate, 50 ug/ml kanamycin, 100 pg/ml
chloramphenicol, and 2 mM Isopropyl B-p-1-thiogalactopyranoside
(IPTG) were added. For the shake flask fermentations, single
colonies of E. coli and P. putida were grown in 5 ml of culture
medium in test tubes overnight at 30 ‘C and 220 rpm. The
overnight cultures were used to inoculate 500 ml shake flasks
containing 50 ml of M9 medium at a seed ratio of 1%, and
fermented at 30°C and 220 rpm. For bioreactor fermentation, the
overnight cultures were transferred at an inoculation ratio of
1%-100 ml of fresh LB medium and cultivated at 30°C and
220rpm for 12h to prepare the seed cultures. The seed
cultures were used to inoculate a 5L bioreactor (Bailun,
Shanghai, China) with 2L of M9 medium at a seed ratio of
0.5%, and the fermentation was carried out at 30 °C. Sterile air was
delivered at a flow rate of two vvm, and the dissolved oxygen level
was kept above 25% of air saturation by controlling the stirring
speed. The pH was kept constant via the automatic addition of
0.5M H,SO, and 1.0 M KOH or 25% aqueous ammonia. Fed-
batch strategies in bioreactor were performed to analyze the
ability of engineered P. putida to produce mcl-PHA using
acetic acid, with P. putida KT2440 as the control. The total
concentration of acetic acid was quantified as 25 g/L through
two feeds. Samples are taken at every interval to detect the
concentration of acetic acid during the cultivation process to
determine the feeding time. The fermentation experiments in the
manuscript were conducted in triplicates, and data were shown as
the mean values + standard deviations (SD).

Extraction and Analysis of Mcl-PHA

The extraction and analysis of PHA were described previously
(Poblete-Castro et al., 2013). Briefly, an appropriate amount of
culture solution was taken and the cells were harvested by
centrifugation at 4°C and 8,000 rpm for 10 min and washed
with distilled water. The washed bacteria were then frozen at
—80°C and lyophilized for 24 h. Then, an appropriate amount of
bacteria was weighed after drying, placed in a reactor containing
2ml of esterification solution and 2ml of chloroform, and
esterified at 100°C for 4 h. The esterification solution was 3%
sulfuric acid in methanol, and benzoic acid was added as an
internal standard. After the esterification reaction was completed,
pure water was added to the reaction mixture at room
temperature, mixed evenly, and left standing for stratification.
The lower organic phase was passed through a filter membrane to
obtain the sample to be tested. The PHA was quantified by gas
chromatography, with an injection volume of 1 puL. The starting
temperature of the chromatographic separation column (Agilent
HP-5) was 80°C and maintained for 1.5min, followed by ramp to
140°C at 30°C/min. Then the temperature was increased to 240°C
at 40°C/min and kept at 240°C for 4 min, and the entire program
lasted 10 min. The PHA monomer was characterized by gas
chromatography-mass spectrometry. The starting temperature
of the chromatographic separation column (Agilent HP-FFAP)
was 50 °C and was maintained for 5 min. The temperature was
then increased to 220°C at 5°C/min and kept for 20 min. The inlet
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temperature was 220°C, the ion source temperature was 230°C,
and the interface temperature was 220°C.

Analytical Methods

Cell optical density was measured at a wavelength of 600 nm
(ODgpp) with UV-1200 spectrophotometer (Mapada, China). The
ODyg value of two bacteria in the microbial consortium culture
process was analyzed using the colony counting method (Liu X.
et al,, 2018; Liu et al., 2020). Based on the characteristics of
kanamycin and chloramphenicol resistance in E. coli A4D (T3)
and P. putida KTAAB (p2-acs-pha]), both E. coli A4D (T3) and P.
putida KTAAB (p2-acs-pha]) are resistant to kanamycin, while P.
putida KTAAB (p2-acs-pha) is also resistant to chloramphenicol.
The first step is to test the quantitative relationship between the
number of colonies of the two bacteria and their ODgg,
respectively. Diluting the bacterial liquids with different ODggq
to the appropriate multiples and spreading them on the
corresponding resistant plates, the quantitative relationships
between ODgqo and the number of colonies of the two bacteria
was obtained as: for E. coli A4D (T3), 10Dy = 0.42 x 10° CFU/
ml; for P. putida KTAAB (p2-acs-pha]), 10Dgy = 0.20 x
107 CFU/ml. Secondly, the co-culture solutions of different
periods were diluted to a certain multiple and then coated on
plates with kanamycin and chloramphenicol resistance,
respectively. The ODggo of the two bacteria in the co-culture
can be calculated then, based on the different characteristics of
resistance in E. coli A4D (T3) and P. putida KTAAB (p2-acs-
phaJ), and the above quantitative relationships.

Acetate, glucose, and xylose were quantified in the culture
supernatant using an Ultimate 3000 HPLC (Dionex, Sunnyvale,
CA, United States) equipped with an Aminex HPX-87H ion-
exchange column (Bio-Rad, United States) operating at 65 °C and
a differential refraction detector, with 5 mM H,SO, as the mobile
phase at a flow rate of 0.6 ml/min. Extraction and detection of
fatty acids were performed as described previously (Eiteman and
Altman, 2006). Briefly, 2ml of fermentation broth was
centrifuged at 12,000 rpm for 5min, and the supernatant was
collected. Then, 200 uL of glacial acetic acid and 150 mg of
internal standard (undecanoic acid) were added to the
supernatant, mixed with 2ml of extractant (n-hexane:
chloroform = 4: 1 v/v), and shaken thoroughly. After standing
still, the above-mentioned mixed solution was placed in the inner
lining of the reactor, and allowed to stand overnight in a fume
hood. After the organic reagents were completely volatilized,
1 ml of esterification solution (chloroform: methanol: sulfuric
acid = 10: 8.5: 1.5, v/v) was added, the reactor was sealed and
placed in an oven at 100 °C for 1 h. After the reaction was
completed, pure water was added to the reaction mixture at
room temperature, mixed evenly, and left standing for
stratification. The lower organic phase was passed through
a filter membrane to obtain the sample to be tested. The fatty
acids were quantified by gas chromatography, with an
injection volume of 1 pL. The starting temperature of the
chromatographic separation column (Agilent HP-5) was 60 “C
and maintained for 3min. Then the temperature was increased
to 250 °C at 10°C/min and kept at 250 °C for 10 min, and the
entire program lasted 30 min.
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RESULTS AND DISCUSSION

The Division of Labor and Collaborative
Design of the Artificial Microbial

Consortium

Previous studies have shown that adding fatty acid as external
substrates will significantly increase the titer of mcl-PHA
synthesis by P. putida and the final yield (Wang and Nomura,
2010). As FFAs are the preferred carbon source for P. putida to
synthesize mcl-PHA, their toxicity to cells and production costs
must be considered as a priority. Therefore, we aimed to start the
synthesis from the main sugars in the cheap substrate cellulosic
hydrolysate, such as xylose and glucose. However, pure cultures
of P. putida cannot co-utilize glucose and xylose to produce mcl-
PHA. To overcome this, we introduced an engineered E. coli in
which the four genes ptsG, manZ, atpFH, and envR were knocked
out, while further strengthened its functions, and co-cultured it
with engineered P. putida to form a microbial consortium to
produce mcl-PHA from glucose and xylose. As shown in
Figure 1, based on the construction principle of division of
labor, when synthetic co-cultures are used to perform complex
tasks, the functions of the two strains in the microbial consortium
are distinguished. The two strains are independent but play
complementary roles in the microbial consortium, which we
call “nutrition supply-detoxification” (Liu et al, 2020). We
further strengthened this interaction by designing an
engineered E. coli with increased secretion of long-chain FFAs.
Then, by weakening the B-oxidation of fatty acids in P. putida
while strengthening its acetic acid utilization capacity, it was able
to efficiently produce mcl-PHA. As for the co-culture design, we
conducted the performance tests on all engineered P. putida and
engineered E. coli after each step of genetic modification, which
indirectly reflects the effect of each genetic operation on the
synthesis of the target product. The optimized microbial
consortium based on the “nutrition supply-detoxification”
concept is expected to enable the industrial production of mcl-
PHA from glucose-xylose mixtures.

The Performance of Engineered E. coli in

the Production of Acetic Acid and FFAs
Engineering E. coli for the Production of Acetic Acid
and FFAs

Unlike most strains that naturally produce fatty acids, E. coli
usually does not accumulate fatty acids in the cell. In the fatty acid
metabolic pathway of E. coli, the fadD gene encodes a long-chain
fatty acid coenzyme A ligase that plays a vital role in the activation
and secretion of fatty acids. Voelker and Davies found that
engineering E. coli MG1655 with a mutation in the fadD gene
was significantly different from other strains in terms of FFA titer
and type, producing up to 2.0 g/L of FFAs in shake-flask culture
(Voelker and Davies, 1994). Therefore, we knocked out the fadD
gene in wild-type E. coli MG1655 and engineering E. coli A4,
resulting in the strains E. coli AD and engineering E. coli A4D
respectively. Li et al. further modified the MG1655 mutant strain
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FIGURE 2 | Comparison of the ability of engineered E. coli to produce
acetic acid and FFAs in shake flasks, and the cultivation time was 60 h. The
error bars indicate the standard deviation of triplicate experiments. *p < 0.05;
**p < 0.01; **p < 0.001; ns, no significance.

by knocking out the fadD gene and simultaneously expressing an
exogenous acyl sulfide lipase gene (Li et al., 2012). The resulting
strain was able to use xylose as the sole carbon source to produce
2.62 g/L of FFAs. The lack of an acyl carrier protein thioesterase
gene in E. coli results in poor secretion of fatty acids. The transfer
of acyl carrier protein thioesterase into E. coli can disrupt the
elongation cycle of fatty acids and promote the extracellular
secretion of fatty acids. Studies have confirmed that acyl
carrier protein thioesterases can be divided into FatA and FatB
thioesterase families according to their substrate specificity. FatA
thioesterase has activity on unsaturated acyl carrier protein, while
FatB thioesterase has stronger activity on saturated acyl carrier
protein (Salas and Ohlrogge, 2002). In addition, acyl carrier
protein thioesterases from different sources have different
activities on acyl carrier proteins with fatty acids of varying
chain lengths (Yuan et al.,, 1995). Zhang et al. confirmed that
heterologous expression of the acyl carrier protein thioesterase
gene from the castor plant (Ricinus communis) in E. coli can
increase the production of extracellular FFAs to 2.0 g/L (Zhang
et al, 2011). We codon-optimized the acyl carrier protein
thioesterase gene sequence from the castor plant and used a
T3 promoter and tac promoter to induce expression, respectively.

Preliminary tests on acetic acid and FFAs production in
engineered E. coli and the parental strain (Figure 2) showed
the strains engineered based on E. coli A4 have a stronger ability
to produce acetic acid than E. coli MG1655. As expected, the
strain with only the fadD gene knocked out showed the same
result. In a comprehensive comparison, the engineered strains
with fadD gene knockout and expression of the exogenous acyl
carrier protein thioesterase gene produced more FFAs. E. coli
A4D (T3) and E. coli A4D (tac) produced about 3.0 g/L acetic acid
and 0.5 g/L FFAs. There is no statistical difference as E. coli
MG1655 as the control, so the degree of enhancement was not
ideal. By comparing the ODggq of E. coli MG1655 and engineered
strains at the end of cultivation, it was found that the ODgq of
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E. coli MG1655 was 2.29, while the ODgq of E. coli A4D (T3) and
E. coli A4D (tac) was only 1.62 and 1.69 respectively
(Supplementary Figure S2). Hence, the growth of the
engineered strains was worse than that of wild-type bacteria.
At the same time, we measured the residual amount of xylose in
the fermentation broth, and found that the five strains E. coli
MG1655, E. coli AD, E. coli AD (T3), E. coli AD (tac), and E. coli
A4 completely consumed xylose, while E. coli A4D, E. coli A4D
(T3), and E. coli A4D (tac) still had approximately 2.8 g/L of
residual xylose (Supplementary Figure S2). The excessive
accumulation of acetic acid may have an inhibitory effect on
the fermentation system of the strain. On the one hand, acetic
acid will cause the pH to drop and thus form an inhibitory effect.
On the other hand, when the pH is close to the pKa of acetate
(approximately 4.76), more of the acetate would be in its
protonated form so that toxic concentrations of acetic acid
itself may cause more potent inhibition. We hypothesized that
the accumulation of acetic acid produced by the strains in the
shake flask cultivation system caused the system’s pH to
decrease, inhibiting the growth of the bacteria and the
utilization of xylose. The pH of the cultivation broth was
tested, and the pH was around 4.65, which partially confirmed
our hypothesis and maybe explained why the engineered
strain was unable to reach its full potential in the shake
flask cultivation system.

Fermentation of Engineered E. coli to Produce Acetic
Acid and FFA

Bioreactors can be used to control the dynamic balance of pH in
the fermentation system, effectively avoiding the negative effects
of excessive acetic acid accumulation in the fermentation
environment, which leads to a decrease in pH and inhibits
bacterial growth. As shown in Figure 3A, during the same
fermentation time, the wild-type bacteria initially consumed
xylose quickly, which may be caused by the excessive growth
of the initial biomass of the wild-type bacteria. By contrast, E. coli
A4D (T3) and E. coli A4D (tac) showed faster xylose consumption
in the middle of the fermentation, and at this time, the production
of acetic acid was also quicker. The output of FFAs and acetic acid
at the end of the fermentation is shown in Figure 3B. The acetic
acid output of E. coli MG1655 was 2.27 g/L, while E. coli A4D (T3)
and E. coli A4D (tac) produced 5.67 and 3.86 g/L of acetic acid,
respectively. It can be seen that the engineered strain E. coli A4D
(T3) has an outstanding ability to produce acetic acid. However,
E. coli A4D (tac) and E. coli A4D (T3) produced 2.87 g/L and
2.42 g/L FFAs, respectively. Compared with E. coli MG1655, the
corresponding titers were increased 4.6 and 4.0 times. Consistent
with previous studies, heterologous expression of the acyl carrier
protein thioesterase gene of the castor plant in E. coli enhanced its
ability to secrete FFAs outside the cell.

The engineered strains E. coli A4D (T3) and E. coli A4D (tac)
were compared with E. coli MG1655 in the bioreactor
fermentation to obtain acetic acid and FFAs, the production
was greatly improved. This confirmed the effect of bacterial
growth on the production of acetic acid and FFAs. From the
perspective of the culture medium, the limitation of nitrogen
source is an essential factor affecting the growth of bacteria. We
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FIGURE 3 | Production of acetic acid and fatty acids by engineered E. coli in a bioreactor (A) Process diagram of £. coli MG1655, E. coli A4D (T3), and E. coli A4D
(tac) using xylose to produce acetic acid in a bioreactor (B) acetic acid and FFAs titer obtained by fermentation of E. coli MG1655 and engineered E. coli, and the
cultivation time was 55 h (C) Process diagram of E. coli A4D (T3) and E. coli A4D (tac) using xylose to produce acetic acid in a bioreactor after optimization of the nitrogen
source (D) Comparison of the titers of acetic acid and FFAs obtained by fermentation of E. coli MG1655 and engineered E. coli, and the cultivation time was 55 h.
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changed the pH-adjusting solution from 1M KOH to 25%
aqueous ammonia to provide sufficient nitrogen. As shown in
Figure 3C, the engineered strain’s xylose consumption phase was
shortened after switching of pH control, while the titer of acetic
acid obtained by fermentation was increased. At the end of
fermentation, the acetic acid output of E. coli A4D (T3) and
E. coli A4D (tac) was raised to 6.44 and 5.20 g/L, respectively,
while the FFAs yields were similar to those obtained before
optimization (Figure 3D). The main extracellular FFAs
included n-hexanoic acid, n-heptanoic acid, n-octanoic acid,
n-decanoic acid, and n-dodecanoic acid. The switching of pH
control improved the growth of engineered strains in the
fermentation process, which accelerated the degradation of
xylose and its conversion into acetic acid. These results show
that both engineered E. coli A4D (T3) and E. coli A4D (tac) can
efficiently use xylose to produce acetic acid and FFAs. After
switching of pH control, the acetic acid production of E. coli A4D
(T3) was 3.0 times higher than that of wild-type bacteria, and the
output of FFAs was about 4.0 times higher than that of wild-type
bacteria. However, E. coli A4D (tac) requires the addition of IPTG
as inducer during the fermentation process, and considering the
limitations of adding IPTG during large-scale fermentation and
its effect on the fermentation costs, the engineered strain E. coli
A4D (T3) was a better option for constructing the microbial
consortium.

Engineering P. putida to Produce Mcl-PHA
Engineered P. putida Uses Acetic Acid to Accumulate
Mcl-PHA

Based on the collaborative design of the microbial consortium for
mutual benefit and symbiosis, the available carbon sources of P.
putida include the initial substrate glucose, as well as the acetic
acid and FFAs provided by the engineered E. coli. As “unrelated”
carbon sources, glucose and acetic acid can be converted into mcl-
PHA through the fatty acid synthesis pathway via acetyl-CoA as
an immediate precursor. Therefore, strengthening the acetic acid
assimilation pathway and promoting its conversion into acetyl-
CoA can encourage the accumulation of mcl-PHA. In the
previous study by (Yang et al, 2019), overexpression of the
acs gene in P. putida KT2440 increased the strain’s ability to
utilize acetate and promoted the conversion of acetate into mcl-
PHA. Therefore, we also overexpressed the acs gene. FFAs are
“related” carbon sources for the synthesis of mcl-PHA through
fatty acid B-oxidation in P. putida. Weakening the fatty acid B-
oxidation pathway can redirect the carbon flux toward PHA
precursors, which is beneficial to increase the production of mcl-
PHA (Salvachua et al., 2020; Zhao et al., 2020). Studies have
confirmed that knocking out the fadA and fadB genes in the fatty
acid p-oxidation pathway of P. putida leads to the conversion of
most fatty acids into 3-hydroxyacyl-CoA for the synthesis of
PHA, rather than them being oxidized into acetyl-CoA, thereby
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significantly improving the conversion rate of the substrates into
mcl-PHA (Wang et al., 2009; Chung et al., 2011; Liu et al., 2011).
Therefore, the two previously identified genes encoding 3-
hydroxyacyl-CoA dehydrogenase (fadB) and 3-ketoacyl-CoA
thiolase (fadA) were knocked out in P. putida KT2440,
resulting in engineered strain KTAAB. On the other hand, the
relationship between fatty acid B-oxidation and PHA synthesis
can still be established through enoyl-coenzyme A hydratase
(PhaJ). In fatty acid P-oxidation, PhaJ can hydrate the
intermediate 2-trans-enoyl-CoA to generate the mcl -PHA
precursor (R)-3-hydroxyacyl-CoA. The overexpression of the
phaJ gene in P. putida leads to an increase in the
accumulation of mcl-PHA, illustrating the critical role of this
enzyme in linking fatty acid p-oxidation with PHA synthesis from
“related” carbon sources.

The mcl-PHA production capacity of the engineered P. putida
was tested with acetic acid as the sole source in shake flasks. As
shown in Figure 4A, the engineered strains P. putida KT2440
(p2-acs-pha]) and P. putida KTAAB (p2-acs-phaJ) showed
efficient utilization of acetic acid and accumulated 0.30 and
0.27 g/L of mcl-PHA. Compared with the production of mcl-
PHA by P. putida KT2440 (0.16g/L), this is a dramatic
improvement. Thus, the overexpression of the acs and phaJ
genes increased the output of mcl-PHA by the engineered
strains, which was consistent with previous studies. The
intracellular content of mcl-PHA in the engineered strains in
which the fadA and fadB genes were knocked out was higher. P.
putida KTAAB (p2-acs-pha]) accumulated mcl-PHA equivalent
to 31.27% of the dry cell mass (CDM), which was significantly
higher than in P. putida KT2440 (Figure 4B). However, the gene
knockout caused a delay in the biomass accumulation of the
strain. The consequent reduction of biomass resulted in a slightly
lower final mcl-PHA titer compared to the engineered strains
without a knock out of the fadA and fadB genes. Similarly, the
metabolic burden stemming from the propagation of plasmid

vectors will slightly reduce the accumulation of mcl-PHA
indicating that the biomass of engineered strains is highly
correlated with the accumulation of mcl-PHA.

A comparative experiment was conducted in a bioreactor to
reduce the environmental impact such as oxygen limitation and
the inhibitory effect of acetic acid on the biomass of the strains. P.
putida KT2440 and P. putida KTAAB (p2-acs-phaJ) were grown
with acetic acid as the sole carbon source for fed-batch
fermentation. By detecting the concentration of acetic acid in
the system, P. putida KT2440 was fed with acetic acid at 15 and
30 h, and P. putida KTAAB (p2-acs-pha]) was fed at 33 and 51 h.
As shown in Figure 5, P. putida KTAAB (p2-acs-pha]) exhibited
a lag in biomass accumulation compared with P. putida KT2440,
so the fermentation time was 5 h longer than in P. putida KT2440.
However, the biomass obtained by the two strains by the end of
the bioreactor fermentation was similar. The intracellular PHA
content of P. putida KTAAB (p2-acs-pha]) (43.48% of CDM) was
twice that of P. putida KT2440 (21.81% of CDM). The final titer
of mcl-PHA was 0.70 g/L, which was twice that of P. putida
KT2440. Therefore, a series of genetic modifications of P. putida
greatly increased its ability to use acetic acid to produce mcl-
PHA. In addition, P. putida KTAAB (p2-acs-pha]) has similar
yields (about 0.03g/g) of mcl-PHA obtained by using the
different concentration of acetic acid in the shake flask
(Figure 4A) and the bioreactor (Figure 5), which may
indicate that the limitation of oxygen in shake flask culture
has less influence on the accumulation of mcl-PHA.

Engineering P. putida to Produce Mcl-PHA by
Fermentation With Mixed Substrates

Previous studies have shown that FFAs are the preferred substrate
of P. putida to achieve large amounts of PHA accumulation in the
cell. The PHA polymer exhibits an even-numbered carbon chain
length unless there are odd-chain length fatty acids in the
substrate (Ma et al., 2009), which illustrates the critical role of
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fatty acid p-oxidation in the synthesis of mcl-PHA by P. putida. P.
putida KT2440 could degrade octanoate into acyl-CoA and use
the B-oxidation pathway to synthesize C6 or C8 R-3-hydroxyacyl-
CoA as the P-oxidation intermediates, which are mcl-PHA
precursors. While knocking out the fadA and fadB genes
weakens the [-oxidation pathway, it promotes C8 R-3-
hydroxyacyl-CoA to become more mcl-PHA precursors.
Therefore, the content of the C8 monomer in mcl-PHA
accumulated by engineered P. putida using octanoate may be
higher than that of P. putida KT2440. In the microbial
consortium, engineered E. coli provides P. putida with the
optimal metabolites for accumulation of mcl-PHA that
medium- and long-chain fatty acids. We observed the
utilization of FFAs by engineered P. putida in a two-step
fermentation with glucose and octanoate are the only carbon
sources in the medium. As shown in Figure 6A, the mcl-PHA
titer of the engineered P. putida with a knockout of the f-
oxidation-related genes was lower than that of P. putida

KT2440, which is suspected to be related to growth inhibition.
Ultimately the mcl-PHA titer of the fully engineered strain P.
putida KTAAB (p2-acs-pha]) reached 1.71 g/L. The synthesized
mcl-PHA monomer is composed of 3-hydroxyhexanoate (C6), 3-
hydroxyoctanoate  (C8), 3-hydroxydecanoate (C10), 3-
hydroxydodecanoate (C12), and 3-hydroxytetradecanoate
(C14) (Supplementary Table S3). Predictably, octanoate
causes the C8 monomer to become the main component of
the polymer composition. Further comparing the C8
monomer content of mcl-PHA, the average C8 monomer in
mcl-PHA of the engineered strains with modified p-oxidation
related genes accounted for 66.95% of the total compared to the
unmodified engineered strains (54.11%). Similarly, the C8
monomer in the mcl-PHA accumulated by P. putida KTAAB
(p2-acs-pha]) accounted for 68.89% of the total. Consistent with
our expectations, modification of the -oxidation pathway can
improve the conversion efficiency of FFAs to synthesize mcl-PHA
precursors and then mcl-PHA. To test the engineered P. putida to
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produce mcl-PHA in the microbial consortium, the substrate
utilization mechanism of the microbial consortium was simulated
at the shake flask level. Acetic acid was added as one of the mixed
substrates based on the above research. As shown in Figure 6B,
the engineered strain P. putida KTAAB (p2-acs-phaJ) was able to
produce 0.75 g/L mcl-PHA, which was twice that of P. putida
KT2440 (0.37 g/L). It can be seen that the engineered P. putida
can effectively use the mixed substrates of the microbial
consortium to produce mcl-PHA, which includes glucose, as
well as the acetic acid and FFAs secreted by E. coli.

Construction of the Microbial Consortium to
Produce Mcl-PHA From a Glucose-Xylose
Mixture

The microbial consortium uses xylose and glucose, the main
components of cellulosic hydrolysate, as substrates to produce
mcl-PHA. Based on our design principle, two engineered strains
were designed and extensively tested to construct a mutually
beneficial symbiosis. Ideally, E. coli A4D (T3) in the microbial
consortium should preferentially metabolize xylose, and P. putida
KTAAB (p2-acs-pha]) metabolizes glucose to avoid substrate

competition, thereby ensuring the stability of the microbial
consortium. However, the artificial microbial consortium for
the production of mcl-PHA is dynamic. Coordinating the
interactions in the microbial consortium and the synergistic
growth of the two strains is essential for optimizing the co-
culture strategy. Therefore, the relative inoculation ratio (the
volume ratio of the seed liquid), inoculation time, and nitrogen
source concentration of the microbial consortium were
optimized. Firstly, the two strains in the microbial consortium
were added at different inoculation ratios (E. coli: P. putida = 1:1,
E. coli: P. putida = 1:2, E. coli: P. putida = 2:1). As shown in
Figure 7A, at an E. coli: P. putida ratio of 1:2, the maximum mcl-
PHA titer produced by the microbial consortium was 0.42 g/L.
However, the mcl-PHA titers were not statistically different
under different inoculation ratios, which may be that the
relatively fast-growing strains quickly reached equilibrium in
the co-culture. According to the plate counting assay, E. coli
was the dominant strain in the microbial consortium at the end of
the fermentation at three different inoculation ratios. Because
mcl-PHA is an intracellular product, the biomass accumulation
of P. putida may affect the production of mcl-PHA in co-culture.
If P. putida becomes the dominant strain in the co-culture system,
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it will increase the output of mcl-PHA. Therefore, the glucose and
xylose consumption was measured in the microbial consortium
with an E. coli: P. putida inoculation ratio of 1:2. As shown in
Supplementary Figure S3, all glucose was consumed after 20 h of
fermentation, with 6.24 g/L residual xylose remaining at this time.
This result indicated that there may still be carbon catabolite
repression and competition between the two strains for glucose in
the co-culture. In the microbial consortium, E. coli A4D (T3)
prefers to metabolize xylose but still consumes glucose, which
causes the glucose to be consumed first, and E. coli becomes the
dominant strain in the microbial consortium by the end of the
fermentation.

The relative inoculation time of the two strains (E. coli was
added to the fermentation medium 12h before P. putida
inoculation, 12 h after P. putida inoculation, and at the same
time with P. putida inoculation) may have a significant impact on
the microbial consortium. As shown in Figure 7B, the co-culture
system that was first inoculated with E. coli produced 0.31 g/L of
mcl-PHA, while the co-culture system in which E. coli was added
to the medium 12 h after P putida inoculated produced 0.99 g/L
of mcl-PHA. The results of plate colony counting showed that the
adjustment of the relative inoculation time of the two strains
reversed the status of the dominant strain in the microbial
consortium. Thus, inoculation with P. putida before adding
E. coli avoids the competition between the two strains for
glucose. It promotes P. putida to become the dominant strain
in the co-culture system while also weakening the inhibitory
effect of acetic acid and FFAs secreted by E. coli into the co-
culture system on its own growth. The two strains grew
cooperatively, and the mcl-PHA output of the system was
increased.

P. putida in the microbial consortium is a functional strain
that produces mcl-PHA. P. putida accumulates mcl-PHA in the
cell under the conditions of limited nitrogen and abundant
carbon sources. However, supplementing with good nitrogen
sources is beneficial to the growth of E. coli and the secretion
of acetic acid and FFAs. Based on the difference in the nitrogen
source requirements of the two strains in the microbial
consortium, the concentration of the nitrogen source in the
medium of the co-culture system was optimized. As shown in
Figure 7C, when the concentration of NH,Cl reached 3.0 g/L, the
co-culture system produced 1.32 g/L of mcl-PHA and a further
increase of the NH,CI concentration did not increase the output
of mcl-PHA. However, when the nitrogen source concentration
was 1.0 g/L, there may be nitrogen limitation, which caused the
mcl-PHA titer to be lower than that at other nitrogen source
concentrations. The monomer composition analysis of mcl-PHA
produced by the microbial consortium is shown in Figure 7D.
The polymer contained C6, C8, C10, C12, and C14 monomers,
whereby the C14 monomers were partially unsaturated, and C10
monomers were the most abundant, accounting for 55.76% of the
total content of mcl-PHA. In addition to mcl-PHA containing
monomers with 6-14 carbon atoms, it also contains small
amounts of C16 and C16:1 unsaturated long-chain monomers.
These lcl-monomers were not observed in the pure culture of P.
putida, which may be caused by the engineered P. putida using
undetected Icl-FFAs secreted by E. coli to form Icl-PHA

Microbial Consortium for Mcl-PHA Production

monomers. The microbial consortium based on the concept of
“nutrient supply-detoxification” can therefore effectively use the
“unrelated” carbon sources glucose and xylose to produce mcl-
PHA by coordinating the metabolic communication and
interaction between the two strains.

PERSPECTIVES

From the perspective of synthetic biology goals and tasks,
artificial microbial consortia are suitable for more complex
tasks and are more robust to environmental changes than
pure cultures. At present, the relevant research on the
synthesis of PHA by microbial consortia is mostly focused on
the screening of unique microorganisms that can cooperate with
each other to accumulate PHA using cheap substrates. However,
most of them produce scl-PHA or copolymers (Table 1).
Rebocho et al. co-cultured Cupriavidus necator DSM 428 and
Pseudomonas citronellolis NRRL B-2504, using apple pulp extract
rich in sugars such as fructose and glucose as the substrate, which
resulted in a PHA blend with a titer of 1.85 g/L, containing about
48 wt% of P (3HB) and 52 wt% of mcl-PHA (Rebocho et al.,
2020). Generally, the synthesis of mcl-PHA is highly dependent
on the substrate. Although a single metabolically engineered
strain can increase the titer, it still must be supplied with
FFAs rich substrates, such as waste oil or simple FFAs. In
addition to its own substrate cost, it is limited by the strain’s
ability to decompose fats and the robustness of production during
large-scale fermentation. Microorganisms in nature often adapt
to complex environments by forming interactive symbiotic
communities and the division of labor between strains
(Agapakis et al, 2012). Targeted design and construction of
microbial consortia can achieve tasks that cannot be
accomplished by purely cultured microorganisms or improve
the metabolic functions of multi-cell systems (Jones and Wang,
2018). Research has shown that P. putida can be introduced into
microbial consortia as an excellent mcl-PHA producing strain
(Huang et al., 2016). At present, artificial microbial consortia are
widely used to overcome the shortcomings of the pure culture
process to synthesize natural products (Jones et al., 2016; Zhang
and Wang, 2016; Liu Y. et al, 2018), and high value-added
chemicals (Zhang et al., 2015; Zhang and Stephanopoulos,
2016; Liu X. et al,, 2018).

The synthesis of PHA by a microbial consortium composed of
two microorganisms has been extensively studied. The
cooperation between the strains allows the possibility to
expand the range of available substrates and improves PHA
production. Different metabolic functions are carried out in
different strains, and they cooperate well with each other to
complete the entire task. The interaction of the two strains in the
microbial consortium will ultimately affect the production
efficiency of the target product. The main challenge facing
artificial microbial consortia is the difficulty of maintaining a
stable ratio of individually engineered strains in the system during
co-culture, and this balance can be disrupted by growth
competition and metabolic pressures. We proposed a strategy
to design and construct a microbial consortium that synthesizes
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TABLE 1 | Research on artificial consortia for PHA synthesis.

Microbial Consortium for Mcl-PHA Production

Strains Substrates Type of Titer Yield* References
PHA (a/L) (9/9)

P. putida KT2440 + E. coli MG1655 Glucose + xylose mcl-PHA 1.32 0.07 This study

P. putida KT2440 + E. coli MG1655 Glucose + xylose mcl-PHA 0.54 0.03 Liu et al. (2020)

P. putida KT2440 + E. coli MG1655 Corn straw hydrolysate  mcl-PHA 0.43 0.02 Liu et al. (2020)

Ralstonia eutropha H16 + Bacillus subtilis 5119 Sucrose scl-PHA 2.30 0.08 Bhatia et al. (2018)

Cupriavidus necator DSM 428 + Pseudomonas citronellolis NRRL ~ Apple pulp wastes P (3HB) and 1.85 0.1 Rebocho et al. (2020)

B-2504 mcl-PHA

Saccharophagus degradans 2-40 + Bacillus cereus Xylan scl-PHA 0.27 N.A. Sawant et al. (2017)

Cupriavidus necator IPT 026 + Xanthomonas campestris IBSBF Palm oil scl-PHA 6.43 0.05 Rodrigues et al. (2019)

1867

Aeromonas hydrophila ATCC7966 + Acinetobacter junii BP25 Acetic acid + butyric scl-PHA 2.64 N.A. Anburajan et al. (2019)
acid

Synechococcus elongatus cscB + Pseudomonas putida cscAB COs, mcl-PHA 0.16 N.A. Loewe et al. (2017)

Synechococcus elongatus PCC 7942+ Escherichia coli CO, scl-PHA N.A. N.A. Hays et al. (2017)

Synechococcus elongatus PCC 7942+ Azotobacter vinelandii AV3 ~ CO» scl-PHA N.A. N.A. Smith and Francis,

(2016)

Values were calculated based on visible data of the original paper with unified to two decimal places; * the yield coefficient is the ratio of the final PHA, titer to the substrate concentration

consumed, N.A., not available.

mcl-PHA from a mixed substrate comprising glucose and xylose
based on the “nutrition supply-detoxification” concept
(Figure 1). The artificial microbial consortium realized the
production of mcl-PHA using “unrelated” carbon sources as
substrates without the need for external FFAs. This microbial
consortium can efficiently produce mcl-PHA with a maximum
titer of 1.32g/L (Figure 7C), and the yield (0.07 g/g) was
increased nearly 2.3 times compared with the previous study
(0.03 g/g) (Table 1). In addition, the properties of mcl-PHA can
be referred the previous study (Liu et al., 2020), because the
monomer compositions of the two are very similar. We further
knocked out the fadD gene and heterologously expressed an acyl
carrier protein thioesterase gene in the E. coli mutant strain,
which improved the engineered E. coli to secrete acetic acid and
FFAs. Enhancing the function of E. coli is critical for the
accumulation of mcl-PHA by P. putida in the microbial
consortium. Acetic acid and FFAs are used as intermediate
metabolic substances between the two strains in the microbial
consortium. The ability of P. putida to utilize acetic acid and FFAs
will directly affect the overall productivity and the conversion
efficiency of the initial substrate. Therefore, we weakened the fatty
acid B-oxidation and enhanced the acetic acid assimilation
pathways of P. putida, which increased the production of mcl-
PHA and relieved the inhibition of bacterial growth caused by the
accumulation of large amounts of acetic acid. However, acetic
acid is less important for the intracellular accumulation of mcl-
PHA by P. putida KT2240 than FFAs, which are the main
substrate for PHA accumulation. Rerouting the carbon flux
from fatty acid synthesis toward the synthesis of mcl-PHA is a
potential strategy to improve the synthesis of mcl-PHA in strains
using “unrelated” carbon sources such as acetic acid. In addition,
P. putida could be further engineered a more ideal PHA
production cell factory through various methods, including
weakening competing pathways (Wang et al, 2011),
strengthening the PHA synthesis pathway (Tobin et al., 2007),
modifying the cell size (Liang et al., 2021), and eliminating PHA
consumption (Cai et al., 2009). All these approaches can improve

the overall production efficiency of mcl-PHA by the microbial
consortium.

Competition between the two strains in the microbial
consortium for glucose is inevitable. Therefore, we introduced
an engineered E. coli that preferentially uses xylose. When the
microbial consortium uses a composite substrate with a 1:1 mass
ratio of glucose and xylose, it can still maintain stable production
of mcl-PHA, which shows that the microbial consortium can
effectively utilize xylose. This brings us further in the
development of microbial consortia to expand the range of
substrate utilization. Lignocellulose is the largest biomass
resource in nature, and its main components include cellulose,
hemicellulose, and lignin (Yang et al, 2007). Following
hydrolysis, lignocellulosic biomass mainly yields glucose and a
small amount of xylose. Lignocellulose has already been used in
the synthesis of PHA (Sandhya et al., 2013; Kucera et al., 2018).
The primary method is to convert lignocellulose into fermentable
sugars through various ways and then use sugar components to
carry out biological fermentation to synthesize PHA (de Souza
et al,, 2020). However, most studies produced the relatively low-
value PHB, and there are few reports on the synthesis of mcl-PHA
from lignocellulosic sugars. Researchers have introduced xylose
utilization genes into P. putida KT2440 to construct an
engineered strain that can use xylose to accumulate biomass,
but it could not produce mcl-PHA (Le Meur et al., 2012). Here,
we were able to use xylose directly through the microbial
consortium, and the yield of mcl-PHA has been dramatically
improved. Therefore, lignocellulose can be used as a potential
substrate for microbial consortia. Using cheap lignocellulosic
sugars as a carbon source reduces the production cost
compared to fatty acids. Therefore, Using the microbial
consortium as a microbial cell factory to produce mcl-PHA
offers clear economic advantages.

The biosynthesis results of the co-cultures with different
inoculation times have significant differences, indicating that
the development of control strategies for fed-batch culture
may boost the utilization of mixed sugars to an even higher
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level, thus maximize the co-culture’s capability of producing mcl-
PHA. The two strains in the microbial consortium developed in
this study have different substrate preferences, and there is a one-
way energy transfer between them. Therefore, when scaling up
the microbial consortium to fed-batch, according to the
inoculation time verified in the previous period, we consider
prioritizing the inoculation of P. putida and promoting the
accumulation of P. putida biomass through the flow of glucose
addition mode. Then, at a specific time, xylose was fed, and E. coli
were inoculated simultaneously to secrete the intermediate
metabolites acetic acid and FFAs. The right proportion and
feed concentration of mixed sugars to maintain energy
metabolism for growth, the secretion of intermediate
metabolites, and product formation enable higher productivity
of mcl-PHA in co-culture. What needs to be ensured is that the
feed concentration should be sufficient to maintain the
accumulation of mcl-PHA and not allow it to be decomposed
by depolymerase. In addition, prolonging a particular phase of
batch culture favors mcl-PHA formation due to the interaction
between the two strains. For example, ensuring enough biomass
of P. putida, optimizing the C/N ratio in the fed-batch stage to
promote the secretion of intermediate metabolites may increase
the synthesis of mcl-PHA. In short, this requires us to find an
equilibrium between maximizing the synthesis of mcl-PHA and
the threshold of mixed sugar ratio, feed concentration, and C/N
ratio in the fed-batch co-culture phase.

CONCLUSION

We optimized a previously developed microbial consortium
composed of engineered E. coli and P. putida to produce mcl-
PHA from a mixed substrate of glucose and xylose. We knocked
out the fadD gene in the genome of E. coli A4 and expressed an
exogenous acyl carrier protein thioesterase gene. The resulting
engineered E. coli A4D (T3) was fermented to produce acetic acid
and FFAs with xylose as the sole carbon source, and it exhibited
3.0 and 4.0 fold higher titers than the wild-type bacteria,
respectively. P. putida KTAAB (p2-acs-phaJ) has an improved
acetic acid assimilation pathway and fatty acid B-oxidation
pathway, which enabled the synthesis of mcl-PHA from
glucose, acetic acid, and FFAs, while solving the growth
inhibition of E. coli caused by the accumulation of acetic acid
in the culture broth. Finally, we conducted competition control
and fermentation optimization for the microbial consortium. The
two strains avoided substrate competition and formed a
mutually beneficial symbiosis based on the concept of
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Acetate is an economical and environmental-friendly alternative carbon source. Herein, the
potential of harnessing Corynebacterium glutamicum as a host to produce 3-
hydroxypropionic acid (3-HP) from acetate was explored. First, the expression level of
malonyl-CoA reductase from Chloroflexus aurantiacus was optimized through several
strategies, strain Cgz2/sod-N-C* showed an MCR enzyme activity of 63 nmol/mg/min and
a 3-HP titer of 0.66 g/L in flasks. Next, the expression of citrate synthase in Cgz2/sod-N-C*
was weakened to reduce the acetyl-CoA consumption in the TCA cycle, and the resulting
strain Cgz12/sod-N-C* produced 2.39 g/L. 3-HP from 9.32 g/L acetate. However, the
subsequent deregulation of the expression of acetyl-CoA carboxylase genes in Cgz12/
sod-N-C* resulted in an increased accumulation of intracellular fatty acids, instead of 3-HP.
Accordingly, cerulenin was used to inhibit fatty acid synthesis in Cgz14/sod-N-C*, and its
3-HP titer was further increased to 4.26 g/L, with a yield of 0.50 g 3-HP/g-acetate. Finally,
the engineered strain accumulated 17.1 g/L 3-HP in a bioreactor without cerulenin
addition, representing the highest titer achieved using acetate as substrate. The results
demonstrated that Corynebacterium glutamicum is a promising host for 3-HP production
from acetate.

Keywords: 3-hydroxypropionic acid, acetate, Corynebacterium glutamicum, metabolomics analysis, fed-batch
fermentation, metabolic engineering, malonyl-CoA pathway

INTRODUCTION

3-Hydroxypropionic acid (3-HP) is an important chemical raw material. It has been broadly used in
agriculture, food, and materials (Schwarz et al., 2004), which could be attributed to its capability to
produce various chemicals like 1,3-propanediol and acrylic acid (Kumar et al, 2013) and its
significant market value. It is worth mentioning that 3-HP has been listed as one of the top high
value-added chemicals for development both in 2004 and 2010 by the U.S. Department of Energy
(Werpy et al., 2004; Bozell and Petersen, 2010). Bioconversion of 3-HP has already been extensively

Abbreviations: MCR, malonyl-CoA reductase; TCA, tricarboxylic, acid; CS, citrate synthase; ACC, acetyl-CoA carboxylase.
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TABLE 1 | 3-HP titers and yields of different substrates.

Enhanced 3-HP Production in Corynebacterium glutamicum

Organism Carbon source Operational Titer (g/L) Yield (g/9) References
technique

Corynebacterium glutamicum? Glucose Fed-batch, 5-L bioreactor 62.6 0.51 Chen et al. (2017)
Klebsiella pneumoniag® Glycerol Fed-batch, 5-L bioreactor 102.6 - Zhao et al. (2019)
Escherichia col® Acetate Whole-cell biocatalysis 15.8 0.71 Lai et al. (2021)
Corynebacterium glutamicum? Acetate Fed-batch, 5-L bioreactor 171 0.10 This study
Halomonas bluephagenesis® 1,3-Propanediol Fed-batch, 7-L bioreactor 154 0.93 Jiang et al. (2021)
Escherichia col® Fatty acids Fed-batch, 5-L bioreactor 52 1.56 Liu et al. (2019)

AEngineered microorganisms.

studied in many organisms, such as Escherichia coli, Klebsiella
pneumoniae, and Saccharomyces cerevisiae (Rathnasingh et al.,
2010; Chen et al., 2014; Zhao et al, 2019), and a variety of
substrates have been exploited to produce 3-HP (Table 1). So far,
the highest 3-HP titer was achieved in Halomonas bluephagenesis,
which accumulated 154 g/L 3-HP in a 7-L bioreactor using 1,3-
propanediol as substrate (Jiang et al., 2021). Corynebacterium
glutamicum is generally recognized as safe (GRAS) with strong
robustness (Richmond, 1999), which is also endowed with a
broad spectrum of substrates such as xylose, glycerol, and
starch (Gopinath et al, 2011). Meanwhile, it has been
successfully exploited to produce various kinds of valuable
chemicals, like L-glutamate, L-lysine, succinate, and acetoin
with high productivities, some of which have been
industrialized (Becker and Wittmann, 2012; Mao et al., 2017;
Mao et al., 2018; Lu et al., 2020).

Acetic acid, a kind of non-food resource, has attracted much
attention until now. It could be produced both from cheap
chemical synthesis and wasted organic raw materials, which
makes it a green and recyclable substrate. Although acetate is
toxic and unfavorable for many microorganisms as substrate, it
has been exploited to produce various kinds of organic acids such
as succinate (Niu et al., 2018), itaconic acid (Noh et al., 2018), and
3-HP (Lee et al., 2018). It is worth mentioning that acetate could
act as the sole carbon source in C. glutamicum ATCC 13032,
when more than 6-fold of acetyl-CoA would be accumulated
compared to glucose (Wendisch et al., 1997; Wendisch et al,
2000), which would be advantageous for 3-HP production
through the malonyl-CoA pathway. Currently, only few
research studies have focused on 3-HP production via acetate,
the majority of which used E. coli as the host. Lee et al. (2018)
modified an E. coli strain for 3-HP production, and it could
produce 3 g/L 3-HP from 8.98 g/L acetate in shake flasks. A
recombinant E. coli strain produced 7.3 g/L 3-HP with a yield of
0.39 g-3-HP/g-acetate in a 2.5-L bioreactor, using a two-stage
strategy whereby glucose was used for cell growth and acetate for
3-HP formation (Lama et al., 2021). Recently, a whole-cell
biocatalysis method was used for 3-HP production from
acetate by using an engineered E. coli strain LNY07(M*DA),
and 15.8 g/L 3-HP was produced with a yield of 0.71 g-3-HP/
g-acetate (Lai et al., 2021). These studies proved the feasibility of
3-HP production from acetate.

In our previous study, it was demonstrated that C. glutamicum
is a promising 3-HP producer which produced 3.77 g/L 3-HP
from a mixture of glucose and acetate via the malonyl-CoA

pathway with cerulenin addition (Chang et al., 2020). In this
study, we aimed to enhance the ability of C. glutamicum to
efficiently produce 3-HP using acetate as the sole substrate
(Figure 1). First, the expression level of malonyl-CoA
reductase (MCR) was optimized to increase its activity and 3-
HP accumulation in strain Cgz2. Second, gradient weakening of
the expression level of citrate synthase (CS) was undertaken to
save more acetyl-CoA for malonyl-CoA formation. Afterward,
deregulation of acetyl-CoA carboxylase (ACC) was performed in
order to increase the synthesis of malonyl-CoA. Meanwhile,
metabolomics analysis was conducted to shed light on the
changes of key intracellular metabolites among the engineered
strains. Based on these strategies, the best strain Cgz14/sod-N-C*
accumulated 4.26 g/L 3-HP with a yield of 0.50 g/g-acetate in flask
cultivation with cerulenin addition. In fed-batch cultivation, the
strain produced 17.1g/L 3-HP in a 5-L bioreactor without
addition of cerulenin. As far as we know, this is the highest 3-
HP titer achieved by fed-batch fermentation using acetate as
substrate.

MATERIALS AND METHODS

Construction of Plasmids and C.

glutamicum Mutant Strains

The original strain was C. glutamicum ATCC 13032. All the
plasmids and strains used in this study are listed in Table 2. All
primers used in this study are listed in Supplementary Table S1.
E. coli DH5a was used as the host for plasmid construction. All
DNA manipulations including restriction enzyme digestion and
vector isolation were carried out using standard protocols. The
mcr gene encoding MCR (NCBI-protein ID: AAS20429.1) was
synthesized by GENEWIZ (Suzhou, China), and three reported
point mutations (N940V, K1106W, S1114R) were introduced to
increase enzyme activity (Liu et al., 2016). To construct plasmid
pEC-mcr, gene mcr was amplified by PCR, followed by digesting
and ligating to corresponding sites of vector pEC-XK99E.
Plasmids pEC-mcr*, pEC-N-C, pEC-N-C*, and pEC-C*-N
were constructed analogously. To construct plasmid pEC-
mbp-mcr*, gene mcr* was amplified with a forward primer
containing mbp sequence, after which the resulting fragment
was digested and ligated to corresponding sites of vector pEC-
XK99E. Plasmid pEC-his-mcr* was constructed analogously. To
construct plasmid pEC-sod-N-C*, the promoter and RBS
sequence of gene sod were amplified from the C. glutamicum
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FIGURE 1 | Schematic diagram of 3-HP biosynthetic route in Corynebacterium glutamicum via acetate assimilation. Black arrows indicate the native pathways of
C. glutamicum, red arrows indicate genes which were overexpressed or introduced, green arrows indicate genes which were weakened, and dotted arrows indicate
genes which were deleted. Acetyl-P, acetyl phosphate; 3-HP, 3-hydroxypropionic acid; IdhA, lactate dehydrogenase; ackA, acetate kinase A; pta, acetyl phosphate
transferase; acc, acetyl-CoA carboxylase; mer-C, C-terminal of malonyl-CoA reductase; mcr-N, N-terminal of malonyl-CoA reductase; fasA, fatty acid synthetase
A, fasB, fatty acid synthetase B; fasR, fatty acid repressor; gitA, citrate synthase.

ATCC 13032 genome and fused with the N-C* sequence which
was amplified from pEC-N-C*. The resulting fragment and the
linear fragment of pEC-XK99E without promoter P, and gene
laclq were digested and ligated to construct the vector. The
plasmid pEC-H36-N-C* was constructed analogously. To
construct plasmid pEC-sod*-mbp-N-C*, N-C* sequence was
amplified with a forward primer containing mbp sequence.
The resulting fragment, along with the linear fragment of
pEC-sod-N-C*, was digested and ligated to construct the
vector.  All  constructs used the RBS  sequence
AAAGGAGGACAACC, except for genes placed right behind
P,oa> Whose RBS sequences were the same as that of gene sod in C.
glutamicum ATCC 13032. Plasmids without promoter
substitution  need  isopropyl-p-D-1-thiogalactopyranoside
(IPTG) to induce expression.

Genome editing of C. glutamicum was achieved via a two-step
homologous recombination using suicide plasmid pD-sacB. For
replacing the native promoter of gltA, the vector pD-sacB-P1-gltA
was constructed as follows: Both the upstream and downstream
sequences of gltA promoter were amplified by PCR and fused
with promoter P1, followed by digesting and ligating to
corresponding sites of vector pD-sacB. The plasmids pD-sacB-
P5-gltA and pD-sacB-P7-gltA were constructed analogously.

To introduce mutations into fasO sites of accBC and accD1, the
vector pD-sacB-fasO(M)-accBC was constructed as follows: the
flanking regions of the fasO site of accBC with relevant
modifications were amplified and fused using PCR, after
which the fused fragment was digested and ligated to
corresponding sites of vector pD-sacB. The plasmid pD-sacB-
fasO(M)-accD1 was constructed analogously.
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TABLE 2 | Bacterial strains and plasmids used in this study.

Enhanced 3-HP Production in Corynebacterium glutamicum

Strains and plasmids Description Source

Strains
Escherichia coli DH5a Host for plasmid construction Invitrogen
ATCC 13032 C. glutamicum wild type, biotin auxotrophic ATCC?
Cgz2 ATCC 13032 AldhA Zhu et al. (2014)
Cgz8 Cgz2 P1-glitA This study
Cgz9 Cgz2 P5 gltA This study
Cgz10 Cgz2 P7-glitA This study
Cgz11 Cgz8 with the replacement of gitA initiation codon ATG by GTG This study
Cgz12 Cgz8 with the replacement of gltA initiation codon ATG by TTG This study
Cgz13 Cgz2 with mutated fasO sequences upstream of accBC and accD1 This study
Cgz14 Cgz12 with mutated fasO sequences upstream of accBC and accD1 This study
Cgz2/mcr Cgz2 harboring plasmid pEC-mcr This study
Cgz2/mcr* Cgz2 harboring plasmid pEC-mcr* This study
Cgz2/mbp-mcr* Cgz2 harboring plasmid pEC-mbp-mcr* This study
Cgz2/his-mcr* Cgz2 harboring plasmid pEC-his-mcr* This study
Cgz2/N-C Cgz2 harboring plasmid pEC-N-C This study
Cgz2/N-C* Cgz2 harboring plasmid pEC-N-C* This study
Cgz2/C*-N Cgz2 harboring plasmid pEC-C*-N This study
Cgz2/H36-N-C* Cgz2 harboring plasmid pEC-H36-N-C* This study
Cgz2/sod-N-C* Cgz2 harboring plasmid pEC-sod-N-C* This study
Cgz2/sod-mbp-N-C* Cgz2 harboring plasmid pEC-sod-mbp-N-C* This study
Cgz8/sod-N-C* Cgz8 harboring plasmid pEC-sod-N-C* This study
Cgz9/sod-N-C* Cgz9 harboring plasmid pEC-sod-N-C* This study
Cgz10/sod-N-C* Cgz10 harboring plasmid pEC-sod-N-C* This study
Cgz11/sod-N-C* Cgz11 harboring plasmid pEC-sod-N-C* This study
Cgz12/sod-N-C* Cgz12 harboring plasmid pEC-sod-N-C* This study
Cgz13/sod-N-C* Cgz13 harboring plasmid pEC-sod-N-C* This study
Cgz14/sod-N-C* Cgz14 harboring plasmid pEC-sod-N-C* This study

Plasmids
PEC-XK99E Kan® ®, E. coli/C. glutamicum shuttle vector Kirchner and Tauch (20083)
pEC-mcr Kan®, pEC-XK99E containing gene mcr from C. aurantiacus (codon optimized) This study
pEC-mcr* Kan®, pEC-XK99E containing mutated gene mcr (N940V K1106W S1114R) This study
pPEC-mbp-mcr* Kan®, pEC-mcr* with mbp tag sequence inserted between promoter and RBS This study
pEC-his-mcr* Kan®, pEC-mcr* with his tag sequence inserted between promoter and RBS This study
pEC-N-C Kan®, pEC-XK99E containing separated mcr gene, mer-N and mer-C This study
pEC-N-C* Kan®, pEC-N-C with mutated mcr-C This study
pEC-C*-N Kan®, pEC-N-C* with the order of mer-C* and mer-N exchanged This study
pEC-H36-N-C* Kan™, pEC-N-C* with Py substituted by Prag This study
pEC-sod-N-C* Kan®, pEC-N-C* with Py, substituted by Pgog This study
pEC-sod-mbp-N-C* Kan®, pEC-sod-N-C* with mbp tag sequence inserted between promoter and RBS This study
pEC-mbp-N-C* Kan®, pEC-N-C* with mbp tag sequence inserted between promoter and RBS This study
pD-sacB Kan®, vector for in-frame deletion Zhu et al. (2013)
pD-sacB-P1-gltA pD-sacB containing Ppy and gltA flanks This study
pD-sacB-P5-gitA pD-sacB containing Pps and gitA flanks This study
pD-sacB-P7-gltA pD-sacB containing Pp7 and gitA flanks This study
pD-sacB-P1-GTG-gltA pD-sacB-P1-gltA with translation initiation codon ATG substituted by GTG This study
pD-sacB-P1-TTG-gltA pD-sacB-P1-gltA with translation initiation codon ATG substituted by TTG This study
pD-sacB-fasO(M)-accBC pD-sacB containing the flanking sequences of fasO site upstream of accBC for mutating fasO This study
pD-sacB-fasO(M)-accD1 pD-sacB containing the flanking sequences of fasO site upstream of accD1 for mutating fasO This study

aAmerican Type Culture Collection.
PKanamycin resistance.

Culture Conditions
For the cultivation of the plasmid host, E. coli DH5a was

incubated at 37°C and 220 rpm in test tubes containing 5 ml
LB medium; 40 pg/ml kanamycin was added to the medium if
needed.

For the shake flask cultivation of various recombinant C.
glutamicum strains, a single colony was used to inoculate 5 ml

BHI broth (74 g/L) in a test tube for overnight pre-cultivation,
after which 1 ml of the seed was used to inoculate 50 ml CGIII
medium (10 g/L yeast extract, 10 g/L tryptone, 21 g/L MOPS,
2.5 g/L NaCl, pH 7.0) with 20 g/L glucose in a 250-ml flask. When
ODgqp reached 15-20, the culture was used to inoculate 50 ml
CGXII-YA medium (10 g/L yeast extract, 14 g/L sodium acetate,
20 g/L (NH,),S0,, 5g/L urea, 1g/L KH,PO,, 1g/L K,HPO,,
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0.25 g/L MgSO,-7H,0, 21 g/L MOPS, 10 mg/L CaCl,, 10 mg/L
FeSO,-7H,0, 0.1 mg/L ZnSO47H,0, 0.2mg/L CuSO,-5H,0,
20 pg/L NiCl,-H,O, 0.2 mg/L biotin, pH 7.0) in a 250-ml flask
to an initial ODgg of 0.5. Then 25 pg/ml kanamycin and 1 mM
isopropyl-p-D-1-thiogalactopyranoside (IPTG) at 0 h were added
to the medium if needed. And 15 pM cerulenin was added to the
medium at 12 h if needed. All fermentations were performed at
30°C and 220 rpm.

The seed used for fed-batch cultivation was prepared in the
same way, and 200 ml seed cultured in CGIII medium was used to
inoculate CGXII-YB medium (20g/L yeast extract, 1.4g/L
sodium acetate, 20 g/L (NH,4),SO,, 5 g/L urea, 1 g/L KH,PO,,
1 g/L K,HPO,, 0.25 g/L MgSO,-7H,0, 10 mg/L CaCl,, 10 mg/L
FeSO,-7H,0, 0.1 mg/L ZnSO47H,0, 0.2mg/L CuSO,4-5H,0,
20 ug/L NiCl,-H,O, 0.2 mg/L biotin, pH 7.0) to a working
volume of 2L in a 5-L bioreactor (Baoxing Bio, Shanghai,
China). Temperature was set at 30°C, and air flow rate was
set at 1 vvm. The initial agitation speed was 300 rpm, which was
set to adjust automatically to maintain dissolved oxygen above
30% of saturation. Pure acetate was added automatically into the
broth to maintain pH at 7.0, and an adequate amount of sodium
acetate was added externally when needed.

Analytical Methods

Cell growth was monitored by measuring the optical density at
600 nm (ODggp). Organic acids were quantified using a high-
performance liquid chromatography (HPLC) system (Agilent
Technologies, CA, United States) equipped with a cation-
exchange column (HPX-87H; BioRad, CA, United States), as
described previously (Mao et al., 2017; Mao et al,, 2018). And
5 mM H,SO, was used as mobile phase at a flow rate of 0.4 ml/
min, and temperature of the column was set at 65°C. All data
represent the average values and standard deviations from three
independent replicates.

Enzyme Activity Assays

To extract crude enzyme, C. glutamicum strains were cultured in
CGXII-YA medium till the exponential growth phase. Procedures
of crude enzyme extraction were followed as previously described
(Lu et al.,, 2020). Total protein concentrations were determined
using a Bradford assay kit (CWBiotech, Beijing, China).

For measuring the enzyme activity of MCR, the procedures
were followed as previously described (Liu et al., 2013) with
incubation temperature changed to 30 °C. The enzyme activity of
MCR was calculated according to the oxidation rate of NADPH.

For measuring the enzyme activity of CS, the procedures were
followed as previous described (Eikmanns et al, 1994). The
enzyme activity of CS was calculated according to the
formation rate of coenzyme A.

Metabolome Analysis

Procedures for extraction of intracellular metabolites are listed in
the Supplementary Material. Intracellular metabolites were
analyzed using an ultra-performance liquid chromatography
(UPLC) system (Nexera 30A, Shimadzu, Kyoto, Japan)
coupled with a mass spectrometer (TripleTOFm 5600, Applied
Biosystem Sciex, United States) in negative electrospray

Enhanced 3-HP Production in Corynebacterium glutamicum

ionization (ESI) mode. Most of the metabolites were identified
with LC equipped with a SeQuant ZIC-HILIC column (100 x
2.1 mm, 3.5 um, Merck, Germany). Then 10 mM ammonium
acetate and 100% acetonitrile were used as mobile phases A and B,
respectively, and the flow rate was set at 0.2 ml/min with a
gradient as follows: 0-3 min, 90% B; 3-6 min, 90-60% B;
6-25 min, 60-50% B; 25-30 min, 50% B; 30-30.5 min, 50-90%
B; and 30.5-38 min, 90% B. The relative content of metabolites
was normalized to cell density.

Real-Time Quantitative PCR

To extract RNA, C. glutamicum strains were cultured in CGXII-
YA medium till the exponential growth phase. Procedures of total
RNA extraction and qRT-PCR were followed as previously
described (Zhu et al, 2013). The transcriptional level of 16S
ribosomal RNA of C. glutamicum was used as an internal
reference. Each targeted gene of a strain was measured
three times.

RESULTS AND DISCUSSION

Optimization of the Expression Level of
Malonyl-CoA Reductase

Corynebacterium glutamicum can assimilate acetate as the sole
carbon substrate. More precursor acetyl-CoA would be
supplemented when acetate was utilized, rather than glucose,
which could be beneficial to 3-HP production via malonyl-CoA
pathway. However, C. glutamicum is not a natural 3-
hydroxypropionic acid (3-HP) producer due to the lack of the
malonyl-CoA reductase (MCR). Therefore, the mcr* gene
encoding a bifunctional malonyl-CoA reductase mutant
(N940V, KI1106W, SI114R) (Liu et al, 2016) from
Chloroflexus aurantiacus was inserted into shuttle vector pEC-
XK99E, resulting in pEC-mcr*. Then, several strategies were used
to increase the expression level of MCR (Figure 2A): the
sequences of mbp-tag and his-tag, which could increase the
expression level of target protein by destabilizing the
secondary structures of mRNA (Fang et al, 2018), were
inserted upstream of the RBS of mcr*, resulting in expression
plasmids pEC-mbp-mcr* and pEC-his-mcr*, respectively; the
N-terminal half with malonate semialdehyde (MSA) reductase
(MCR-N) activity and the C-terminal half with malonyl-CoA
reductase (MCR-C) activity (Liu et al., 2013) were separately
expressed in different sort orders, yielding plasmids pEC-N-C,
pEC-N-C*, and pEC-C*-N; and stronger promoters Pz (Yim
et al, 2013) and P,q were used to express N-terminal and
C-terminal halves, resulting in pEC-H36-N-C* and pEC-sod-
N-C*, respectively. The vector pEC-mcr which contains
unmutated mcr gene was also constructed as control. All
plasmids were separately introduced into Cgz2, generating a
series of strains (Table 2). An optimization of IPTG induction
strength was conducted, and an induction time and
concentration of 0 h and 1 mM were found to be ideal for
MCR expression (Supplementary Figure S1). Both MCR
enzyme activities and 3-HP titers of the constructed strains
were determined.
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As is shown in Figure 2A, Cgz2/mcr showed neglectable MCR
activity (2 nmol/mg/min), which explained the undetectable 3-
HP in the medium. MCR activity of Cgz2/mcr* was increased to
33 nmol/mg/min, which was 15.5-fold higher than Cgz2/mcr, and
0.14 g/L 3-HP (Figure 2B) was accumulated by this strain in 48 h.
When mbp-tag and his-tag were introduced, the corresponding
strains Cgz2/mbp-mcr* and Cgz2/his-mcr* both showed an
obvious increase in MCR enzyme activity and 3-HP titer. The
better producer Cgz2/mbp-mcr* accumulated 0.42 g/L 3-HP.
Strain Cgz2/N-C* possessing both mutation and dissection
showed higher catalytic efficiency (41 nmol/mg/min), and 3-
HP titer was also increased to 0.22 g/L. It was reported that
C-terminal half was the rate-limiting part (Liu et al, 2016);
therefore, it is reasonable to deduce that placing mcr-C* into
the first place of the operon would improve its expression level as
a similar case was reported (Liu et al., 2019). However, an obvious
decline of catalytic activity (9.9 nmol/mg/min) in Cgz2/C*-N was

observed, resulting in the vanishment of 3-HP (Figure 2B). Both
strains Cgz2/sod-N-C* (63 nmol/mg/min) and Cgz2/H36-N-C*
(52 nmol/mg/min) showed much increased MCR enzyme
activity. The best strain Cgz2/sod-N-C* produced 0.66 g/L 3-
HP after 48 h cultivation in flasks (Supplementary Figure S2).
Cell growth was not severely retarded when acetate was used as
the sole carbon source, and the biomass of Cgz2/sod-N-C*
reached 23.8 ODgy. The results illustrated the successful
optimization of MCR expression in C. glutamicum.

The mbp-tag and his-tag were shown to improve the enzyme
activity of MCR and the overall 3-HP production under the
control of promoter Py,.. The mRNA secondary structure analysis
showed that the insertion of mbp-tag and his-tag increased the
minimum free energy (MFE) from -36.15 kJ/mol to -27.24 kJ/mol
and -24.8 kJ/mol, respectively (Supplementary Figure S3), which
connoted the effectiveness of mbp-tag and his-tag in destabilizing
the mRNA secondary structure. Moreover, transcriptional levels
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of mcr* were also measured by RT-PCR. As shown in
Supplementary Figure S4, mRNA levels of gene mcr* in
Cgz2/his-mcr* and Cgz2/mbp-mcr* were slightly increased,
which were 13.0 and 12.4% higher than that of Cgz2/mcr*,
respectively. However, the enzyme activities of MCR in Cgz2/
his-mcr* and Cgz2/mbp-mcr* were, respectively, 40.2 and 83.4%
higher than the activity of Cgz2/mcr*. The results demonstrated
that the increased enzyme activities of MCR in Cgz2/his-mcr* and
Cgz2/mbp-mcr* were mainly caused by destabilization of mRNA
secondary structure of mcr*, which facilitated the translation
initiation of MCR. Naturally, the better mbp-tag was also
inserted in pEC-sod-N-C* and then introduced into strain
Cgz2, resulting in strain Cgz2/sod-mbp-N-C*. Minimum free
energy of pEC-sod-mbp-N-C* also increased from -30.2 kJ/mol
to -25.25kJ/mol compared to pEC-sod-N-C* (Supplementary
Figure S5); however, 3-HP production was not boosted as
expected (Supplementary Figure S$6). It was presumed that
insertion of tag could only enhance the expression level of
mcr-N, leaving the rate-limiting mcr-C* unaffected, which was
of no help to 3-HP production. Strain Cgz2/mbp-N-C* under the
control of promoter Py, was also constructed to vindicate our
presumption. As expected, 3-HP titer of Cgz2/mbp-N-C* did not

increase comparing with strain Cgz2/N-C* (data not shown).
Therefore, Cgz2/sod-N-C* was selected for further modification.

Knockdown of Gene g/tA Boosts the

Production of 3-HP

Acetyl-CoA is the indirect key precursor for 3-HP synthesis,
whose availability would extensively affect malonyl-CoA pool
and 3-HP production. It was reported that when glucose was
replaced with acetate as the sole carbon source, acetyl-CoA
concentration in C. glutamicum was increased by about 5-fold,
and the majority of which was depleted through the TCA cycle
(Wendisch et al., 1997; Wendisch et al., 2000). In order to save
more acetyl-CoA for 3-HP synthesis, we tried to reduce the flux of
TCA by downregulating the expression of the gltA gene, which
encodes citrate synthase (CS).

Three weak promoters Py, P5, and P, with different strengths
(1, 6, and 13% relative strength of promoter Py, respectively)
were selected from a promoter library constructed in our previous
work (Zhang et al., 2018) and used to replace the native promoter
of gltA, respectively. Then plasmid pEC-sod-N-C* was
introduced into the engineered strains, yielding strains Cgz8/

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

January 2022 | Volume 9 | Article 808258


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Chang et al.

25 13
= =
B 20,—. =
c 8 2
° do 12 g
® 150 | =
=] z ©
(= o o
S -
] = =}
s S| g
8 5 o
<

0 40
FIGURE 4 | Effect delineations of deregulation of acc. Time profiles of cell
growth (ODggg), acetate, and 3-HP concentrations of recombinant strains
Cgz2/s0d-N-C* and Cgz13/sod-N-C*. Circles indicate strain Cgz2/sod-N-C*.
Triangles indicate strain Cgz13/sod-N-C*.

sod-N-C*, Cgz9/sod-N-C*, and Cgz10/sod-N-C*. The cultivation
results indicated that all the three strains exhibited significantly
increased 3-HP titer, and the best producer Cgz8/sod-N-C*
accumulated 1.81 g/L 3-HP, which was 1.74-fold higher than
that of the control strain Cgz2/sod-N-C*, while strains Cgz9/sod-
N-C* and Cgz10/s0d-N-C* produced 1.16 g/L and 1.66 g/L 3-HP,
respectively (Figure 3A). Meanwhile, the maximum biomass of
all the three strains decreased to different extents, among which
Cgz8/pEC-s0d-N-C* (ODgy, 17.85) exhibited the highest
biomass reduction (25.1%) compared with Cgz2/sod-N-C*
(Figure 3B). No difference in acetate consumption was
observed among the strains, suggesting the acetate transport
and utilization systems were not affected (Figure 3C).

Since Pp; is the weakest promoter in the library (Zhang
et al.,, 2018), the start codon ATG of gltA was replaced with
GTG and TTG, respectively, to further decrease the expression
level of CS in Cgz8/sod-N-C*, generating strains Cgz11/sod-
N-C*and Cgz12/sod-N-C*. As expected, cell growth of Cgz11/
sod-N-C* slightly declined to 16.65 ODgq, and 1.90 g/L 3-HP
was detected, which was similar to Cgz8/sod-N-C*
(Figure 3A). The 3-HP titer of Cgz12/sod-N-C* showed a
more distinct increase of 32.04%, reaching 2.39 g/L with a yield
of 0.26 g-3-HP/g-acetate in 48 h (Figure 3A), which were,
respectively, 2.62-fold and 3.06-fold higher than those of strain
Cgz2/s0od-N-C*. Accordingly, the maximal biomass of Cgz12/
sod-N-C* was further decreased to an ODgg, of 9.48, which
decreased by 60% compared to Cgz2/sod-N-C* (Figure 3B).
The acetate consumption rate was also negatively affected by
the decreased cell growth, and 0.61 g/L residual acetate was
detected after the fermentation (Figure 3C).

In order to prove that it was the reduction of CS enzyme
activity that escalated 3-HP production, CS enzyme activities of
relevant strains were analyzed. CS activities were sharply
decreased by 90.6, 84.2, and 87.3%, respectively, when
promoters Py, Ps, and P, were used. The detected CS activities
were in line with the trends of 3-HP production and cell growth
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(Figure 3D). Thereinto, CS enzyme activity of the best producer
Cgz12/s0d-N-C* with the start codon TTG for gltA was reduced
to merely 3.62% of the control. The results demonstrated that the
reduced CS activity contributed significantly to 3-HP
accumulation.

Deregulation of the Expression of acc

Genes Elevated 3-HP Production
Malonyl-CoA is the direct precursor for 3-HP synthesis and is
converted from acetyl-CoA. This reaction was catalyzed by
acetyl-CoA carboxylase (ACC)—a heterodimer comprising
subunits AccBC and AccD1 (Gande et al., 2007). It was
reported that the two subunits were strictly regulated by
transcriptional repressor FasR via binding with the fasO
motifs of accBC and accD1 (Nickel et al., 2010). Since FasR is
also a negative regulator for the genes involving fatty acid
synthesis pathway, which is the dominating competitive
pathway of 3-HP synthesis, we chose to deregulate the
expression of acc genes by eliminating the fasO sequences,
instead of deleting fasR.

The fasO sequences of accBC and accD1I in Cgz2/sod-N-C*
were substituted, as previously reported (Milke et al., 2019),
generating strain Cgzl13/sod-N-C*. As shown in Figure 4,
strain Cgz13/sod-N-C* produced 1.12 g/L 3-HP in 24 h and
the titer remained about the same (1.19 g/L) in 36 h as a result
of the depletion of acetate in the medium, which was
1.80 times as Cgz2/sod-N-C*. Meanwhile, 3-HP yield also
increased to 0.12 g-3-HP/g-acetate. Noteworthily, 3-HP
productivity was increased from 18.54 mg/L/h to 46.64 mg/
L/h during 0-24 h. Likewise, the acetate assimilation rate of
Cgz13/s0d-N-C* reached 0.34 g/L/h, which was increased by
47.8% compared with strain Cgz2/sod-N-C* (0.23 g/L/h). The
cell growth rates of the two strains were similar within 24 h.
However, the final ODgqq of strain Cgz13/sod-N-C* in 36 h
was only 18.0, 24% lower than that of strain Cgz2/sod-N-C*. It
was concluded that deregulation of the repression of the acc
genes could efficiently redirect more acetyl-CoA toward 3-HP
production.

Combination of the Strategies of g/tA
Knockdown and Deregulation of the

Expression of acc Genes

Both the knockdown of gltA and deregulation of the expression of
acc genes were effective in promoting 3-HP production. Hence,
mutations of acc genes were introduced into strain Cgz12/sod-N-
C*, generating strain Cgzl4/sod-N-C*. However, no obvious
differences in final 3-HP titer, cell growth, and acetate
consumption rate were observed between the two strains
(Supplementary Figure S7). The transcription levels of accBC
and accD1 were then analyzed by RT-PCR to verify the effect of acc
genes deregulation. As shown in Supplementary Figure S8, the
transcription levels of genes accBC and accD1 in strain Cgz14/sod-
N-C* were, respectively, 2.7 times and 3.0 times as those of strain
Cgz12/s0d-N-C*, illustrating the fact that the two acc genes were
deregulated by fasO mutations.
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FIGURE 5 | Changes of intracellular metabolites in response to different genetic manipulations. (A) Heat map (log, fold change) showing the changes of intracellular
metabolites involving central carbon metabolism in strains Cgz2/sod-N-C*, Cgz12/sod-N-C*, Cgz13/sod-N-C*, and Cgz14/sod-N-C* at 12 h. “#” indicates metabolites
that could not be distinguished in LC-MS. Comparison of intracellular (B) relative NADH content and NADH/NAD™ ratio, and (C) relative NADPH content and NADPH/
NADP?* ratio in strains Cgz2/sod-N-C*, Cgz12/sod-N-C*, Cgz13/sod-N-C*, and Cgz14/sod-N-C* at 12 h. (D) Time profile of cell growth (ODgq0), acetate, and 3-
HP concentrations of Cgz12/sod-N-C* and Cgz14/sod-N-C* with addition of 15 uM cerulenin at 12 h.

The combination of the two strategies did not promote 3-HP
production further as expected. Considering the enzyme activities
of MCR were similar in Cgz2/sod-N-C* and Cgz12/sod-N-C*, it
could be deduced that supply of acetyl-CoA coordinated well with
the MCR activity in Cgz2/sod-N-C*. However, when CS was

weakened and acetyl-CoA consumption in the TCA cycle was
decreased in strain Cgz12/sod-N-C¥, its MCR activity or NADPH
supply became the rate-limiting factor for 3-HP production.
Future endeavors should focus on further optimization of
MCR expression and increase the supply of cofactor NADPH.
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Quantification of the Intracellular

Metabolites via Metabolomics Analysis

To elucidate the changes of intracellular metabolites behind the
improvement of 3-HP titers and give instructions to future strain
improvement, intracellular metabolites of strains Cgz2/sod-N-
C*, Cgzl2/sod-N-C*, Cgzl3/sod-N-C*, and Cgzl4/sod-N-C*
were extracted and analyzed. When comparing Cgz12/sod-N-
C* with Cgz2/sod-N-C*, it was shown that attenuating CS had a
significant influence on metabolites involving several pathways
(Figure 5A). Acetyl-CoA, the main substrate for CS, was
increased by 18-fold in Cgzl2/sod-N-C* and consequently
increased concentrations of metabolites involving 3-HP
synthesis (53, 411 and 181% higher for malonyl-CoA, MSA
and 3-HP, respectively). This result demonstrated that the
knockdown of gitA directed more acetyl-CoA into the 3-HP
synthesis pathway in Cgzl2/sod-N-C*. However, the
significantly piled up acetyl-CoA and MSA suggested the
activities of ACC and MCR-N might be the limiting steps for
3-HP production. On the other hand, metabolites in the major
competing route, TCA cycle, were decreased in different degrees
(30, 84, 62, and 39% lower for citrate/isocitrate, a-ketoglutarate,
succinate, and fumarate, respectively). Moreover, intracellular
levels of cofactors NADH and NADPH were also influenced
by the decreased flux through the TCA cycle as the intracellular
NADH content and NADH/NAD" ratio were decreased by 10
and 22%, respectively; meanwhile, the NADPH content and
NADPH/NADP® ratio were decreased by 59 and 69%,
respectively (Figures 5B,C). The reduced concentrations of
these metabolites were highly correlated with the reduced
maximal cell biomass of Cgz12/sod-N-C*.

The detailed intracellular metabolites in Cgz14/sod-N-C*
were also compared with Cgz12/s0od-N-C* to analyze the
metabolic response of deregulating acc genes. As shown in
Figure 5A, the concentrations of metabolites along the 3-HP
synthesis pathway obviously declined (44, 50, 51, and 54%
lower for acetyl-CoA, malonyl-CoA, MSA, and 3-HP,
respectively). On the contrary, the concentrations of the
main fatty acids were much higher in Cgzl4/sod-N-C* (270,
463, 560, and 414% higher for dodecanoate, tetradecanoate,
hexadecanoate, and stearate, respectively). This result indicated
more acetyl-CoA was directed into fatty acids, instead of 3-HP
synthesis pathway in Cgzl4/sod-N-C*. However, the
phenomenon was not observed in Cgzl3/sod-N-C* when
compared with its control strain  Cgz2/sod-N-C*
(Figure 5A). Deregulating acc genes in two different hosts
(Cgz2/sod-N-C* and Cgzl2/sod-N-C*) led to different
metabolic responses, and the exact reason for which was
undetermined. It was reported that the K, value for
NADPH of MCR from Chloroflexus aurantiacus was 25 uM
(Hugler et al., 2002), which was much higher than the
corresponding value (4.5 uM) of fatty acid synthase from C.
glutamicum (Agira et al., 1984). Therefore, it was deduced that
the difference might be caused by the different NADPH and
NADH levels (or NADPH/NADP" and NADH/NAD" ratios)
in the two hosts, and malonyl-CoA might tend to be
metabolized by fatty acid synthesis pathway under a lower
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intracellular NADPH level (Figure 5C). Moreover,

concentrations of metabolites in TCA were decreased to
different extents in Cgzl4/sod-N-C* (19, 75, 17, and 54%
lower for citrate/isocitrate, aconitate, fumarate, and malate,
respectively), which showed that the deregulation of the
expression of acc genes further reduced the amount of
acetyl-CoA metabolized in TCA cycle. The NADPH level in
Cgz14/s0d-N-C* was further decreased by 18%, indicating the
NADPH availability in Cgz14/sod-N-C* needs to be improved
to increase 3-HP synthesis.

In view of the fact that the increased supply of malonyl-CoA
in Cgz14/sod-N-C* was mainly directed to fatty acids synthesis,
cerulenin was used to inhibit fatty acid synthesis to explore its
potential in 3-HP production with Cgz12/sod-N-C* as control.
As shown in Figure 5D, the 3-HP titer and yield of Cgz14/sod-
N-C* reached 4.26 g/L and 0.50 g-3-HP/g-acetate, which were
5.4 and 12.2% higher than strain Cgz12/sod-N-C*. The addition
of cerulenin resulted in an increase of 81 and 108% in 3-HP titer
and yield compared to those without cerulenin addition, and 3-
HP productivity was also significantly increased from 50 mg/L/h
to 120 mg/L/h during 0-36 h. The results demonstrated that
Cgz14/s0d-N-C* is a promising host for 3-HP production from
acetate. However, the high cost of cerulenin renders its
application unsuitable for large-scale production. Therefore,
besides further increasing MCR activity, future endeavors
should also be made to inhibit fatty acid synthesis properly,
which can save both malonyl-CoA and NADPH for 3-HP
production.

Fed-Batch Fermentation in a 5L Bioreactor
To further evaluate the ability of 3-HP production from acetate,
Cgz14/s0d-N-C* was cultured in a 5-L bioreactor without
cerulenin addition. As shown in Figure 6, a titer of 17.1 g/L
3-HP was obtained in 120 h with a production rate of 140 mg/L/
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h and a yield of 0.10 g-3-HP/g-acetate. Cell growth was slow in
the first 72 h, after which cells grew faster with a specific growth
rate of 0.028 h™" till 120 h, reaching an ODg of 132.6. The yield
of 3-HP in bioreactor decreased by 61.5% compared with that of
the same strain in shake flasks, which might be caused by
increased carbon flow toward cell growth in the bioreactor,
indicating the conditions for fed-batch fermentation could be
further optimized.

Strain Cgzl4/sod-N-C* produced 4.26 g/L 3-HP from
8.52 g/L acetate with cerulenin addition in shake flasks, and
17.1 g/L 3-HP using acetate as substrate without addition of
cerulenin in bioreactor, which is the highest titer achieved
using acetate as substrate. The performance of the engineered
C. glutamicum strain proved its potential in 3-HP production
from acetate.

CONCLUSION

This is the first report on engineering C. glutamicum to
sufficiently assimilate acetate as the sole substrate to produce
3-HP. With optimization of MCR expression and weakening of
CS expression, 3-HP titer of strain Cgzl2/sod-N-C* was
increased to 2.39 g/L. With the subsequent deregulation of
ACC and addition of cerulenin, strain Cgzl4/sod-N-C*
produced 4.26g/L 3-HP with a yield of 0.50 g/g-acetate.
Furthermore, Cgzl4/sod-N-C* accumulated 17.1g/L 3-HP
without addition of cerulenin in a 5L bioreactor. The results
demonstrate that C. glutamicum is a promising host for 3-HP
production from acetate.
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Resveratrol, a bioactive natural product found in many plants, is a secondary metabolite
and has attracted much attention in the medicine and health care products fields due to its
remarkable biological activities including anti-cancer, anti-oxidation, anti-aging, anti-
inflammation, neuroprotection and anti-glycation. However, traditional chemical
synthesis and plant extraction methods are impractical for industrial resveratrol
production because of low vyield, toxic chemical solvents and environmental pollution
during the production process. Recently, the biosynthesis of resveratrol by constructing
microbial cell factories has attracted much attention, because it provides a safe and
efficient route for the resveratrol production. This review discusses the physiological
functions and market applications of resveratrol. In addition, recent significant
biotechnology advances in resveratrol biosynthesis are systematically summarized.
Furthermore, we discuss the current challenges and future prospects for strain
development for large-scale resveratrol production at an industrial level.

Keywords: resveratrol, physiological function, microorganism, metabolic engineering, synthetic biology

INTRODUCTION

Resveratrol has been universally found in a variety of plants including berries, bilberries, peanuts,
grapes and even ferns since it was initially extracted from the root of white hellebore (Veratrum
grandiflorum) in 1940 (Lim et al., 2011; Jeandet et al., 2012; Li et al., 2015). In plants, resveratrol, the
de novo synthetic phytoalexin, acts as a protector against pathogen invasion and infection (Tian and
Liu, 2020). It is known that two isomeric forms exist in nature, including cis- and trans-resveratrol,
but the trans isomer is the primary biologically-active form. The anti-tumor properties of resveratrol
in multiple human organs or systems, include breast (Sinha et al., 2016), cervical (Liu Q et al., 2020),
uterine (Sexton et al., 2006), blood (Breuss et al., 2019), kidney (Den Hartogh and Tsiani, 2019), liver
(Jakubezyk et al., 2020), eye (Bola et al., 2014), bladder (Almeida and Silva, 2021), thyroid (Giuliani
et al., 2017), esophageal (Zhou et al., 2003), prostate (Zaffaroni and Beretta, 2021), brain (Kiskova
etal,, 2020), lung (Feng et al., 2016), skin (Ravikumar et al., 2019), gastric (Zulueta et al., 2015), colon
(Li et al., 2019), head and neck (Shrotriya et al., 2015), bone (Chen et al., 2019), ovarian (Sirotkin
et al.,, 2020), and cervical (Sun et al,, 2021), and have been extensively studied over the last few
decades (Baur and Sinclair, 2006). Moreover, as a plant secondary metabolite, resveratrol has also
been noted for many pharmacological applications such as an anti-oxidant, anti-inflammatory, anti-
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FIGURE 1 | Physiological function of resveratrol.

aging, and neuroprotective agent, as well as for many other
properties (Rauf et al.,, 2018) (Figure 1). However, the effects
of resveratrol, especially its clinical effects on human health,
currently must be further verified and studied because of a
limited number of human studies and small cohort sizes.
Nevertheless, considering its various physiological activities,
resveratrol has attracted much attention in the pharmaceutical,
cosmetic and many other industries. Because of an increasing
demand in all walks of life, large-scale resveratrol production is
urgently needed.

It is difficult to meet the current industry demand for
resveratrol by extracting and purifying it from plants, due to
the complex process, high production cost and low yield (Sdez-
Séez et al., 2020). Although resveratrol production can currently
be increased by employing chemical synthesis, the complex
production process, the requirement for toxic solvents and the
production of byproducts limits large-scale production (Shrestha
et al., 2019). It is noteworthy that the use of microorganisms has
made significant contributions to the biosynthesis of
pharmaceutical and industrial compounds in recent decades,
because of its low production cost, high efficiency, high
product purity and simple genetic operation process, and it is
considered to have a promising potential for the production of
natural products (Cravens et al., 2019). De novo resveratrol
biosynthesis via metabolic engineering and synthetic biology in
microorganisms provides a feasible way to produce resveratrol,
and this has attracted worldwide interest (Liu et al., 2019; He
et al., 2020; Liu Z et al., 2020; Yuan et al., 2020; Costa et al., 2021).
This review discusses the current status and progress of
resveratrol production in recent years, as well as optimization
strategies for related hosts, pathways and enzymes for resveratrol
production. Hopefully in the next few years, researchers will

Recent Advances in Resveratrol Biosynthesis

continue to improve process engineering strategies, and
increasingly utilize metabolic and protein engineering to meet
a series of more complex biosynthetic challenges.

MICROORGANISM HOSTS FOR
RESVERATROL PRODUCTION

Many properties should be considered when selecting hosts for
natural products production. Due to a long history of research,
microorganisms have been widely chosen because of mature
techniques such as gene editing and large-scale fermentation,
particularly for metabolic engineering (Yang et al., 2021). With
the increasing demand for resveratrol, many studies have focused
on heterologous resveratrol production in prokaryotes such as
Escherichia coli, Corynebacterium glutamicum and Streptomyces
venezuelae, and in eukaryotes, including Saccharomyces cerevisiae
and Yarrowia lipolytica (Dudnik et al., 2018; Cravens et al., 2019).
Table 1 presents studies using metabolically engineered strains to
produce resveratrol.

YEAST HOSTS

Yeasts are considered as a more suitable platform than bacteria
for the expression of natural products, because of their ability to
carry out eukaryotic post-translational modifications and
feasibility of genetic manipulation (Madzak, 2015; Braga et al,,
2018a). Yeasts and plants have a similar endoplasmic reticulum,
an intracellular compartment to support eukaryotic and
membrane protein biosynthesis (Rainha et al, 2020). S.
cerevisiae is a Generally Regarded As Safe (GRAS) organism
that is widely used for pharmaceutical products and food markets
because of its safety, and it is more commonly used for resveratrol
production than other host species (Fletcher et al., 2016; Pereira
et al., 2019). Becker et al. (2003) reconstructed for the first time a
biochemical pathway in a microorganism to produce resveratrol
and obtained a titer of 0.00145 mg/L resveratrol in yeast. The
biosynthesis of resveratrol via a tyrosine intermediate has been
achieved in S. cerevisiae; this was a first time demonstration of the
possibility of de novo resveratrol biosynthesis from glucose. By
using a pull-push-block strain engineering strategy, 800 mg/L
resveratrol was produced by the engineered host strains (Li et al.,
2015; Li et al., 2016). Yuan et al. (2020) constructed a consortium
system for de novo resveratrol biosynthesis and obtained 36 mg/L
resveratrol. Y. lipolytica, another yeast, has been widely
concentrated in industrial area for more than 50 years because
of its high production capacity for organic acids, which are widely
used in diverse research areas (Ma et al., 2020) (Madzak, 2018).
Gu et al. (2020) created resveratrol-producing strains of Y.
lipolytica, in which could produce 12.67 + 2.23mg/L of
resveratrol with glucose as the substrate. He et al. (2020)
engineered Y. lipolytica as a vehicle for high-level resveratrol
production and obtained 0.43 g/L resveratrol by exploiting the
tyrosine and the phenylalanine branches of the pathway.
Recently, Sdez-Siez et al. (2020) tried to improve the
resveratrol titer in Y. lipolytica by metabolic engineering,
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TABLE 1 | Biosynthesis of resveratrol in engineered microorganisms.

Microbial host

S. cerevisiae
W303-1A
S. cerevisiae WAT11

S. cerevisiae
W303-1A

S. cerevisiae WAT11
S. cerevisiae WAT11
S. cerevisiae EC1118

S. cerevisiae
CEN.PK102-5B

S. cerevisiae
CEN.PK102-5B

Y. lipolytica

Y. lipolytica Po1d (wt),
derived from W29

Y. lipolytica

ST6512 (W29)

C. glutamicum
DelAro3

C. glutamicum
DelAro4

E.coli BW27784

E. coli C41 (DE3)

E. coli BL21 (DE3)

Pathway genes
(source)

4CL1 (A. thaliana)

STS (A. hypogaea)

TAL (R. sphaeroides)

4CL:STS, 4CL1 (A. thaliana)-STS

(V.vinifera) fusion enzyme

PAL (R. toruloides)

C4H, 4CL1 (A. thaliana)

STS (A. hypogaea)

4CL1 (A. thaliana)

STS (V. vinifera)

4CL:STS, 4CL1 (A. thaliana)-STS
(V. vinifera) fusion enzyme

ACL (A. thaliana)

STS (V. vinifera)

TAL (H. aurantiacus) TAL (F.
johnsoniae) 4CL1 and 4CL2 (A.
thaliana)

RS (V. vinifera)

PAL2, C4H, 4CL2 (A. thaliana)
VST1 (V. vinifera)

4CL (N. tabacum)

STS (A. hypogaea)

TAL (F. johnsoniae)

PAL (V. vinifera)

C4H, 4CL1 (A. thaliana)
VST (V. vinifera)

TAL (F. johnsoniae)

4CL1 (A. thaliana) VST1 (V.
vinifera)

STS (A. hypogaea)

4CL (P. crispum)

TAL (F. johnsoniae) 4CL

(Petroselinum) STS (A. hypogaea)

aroH (E. colj)

4CL (A. thaliana)
STS (A. hypogaea)
4CL (A. thaliana)
STS (V. vinifera)
4CL (P. crispum)
STS (A. hypogaea)
4CL (P. crispum)

STS (V. vinifera)
4CL (A. thaliana)
STS (V. vinifera)

TAL (Saccharothrix espanaensis)
4CL (Streptomyces coelicolor)
TAL (R. glutinis)

4CL (P. crispum)

STS (V. vinifera) matB and matC
(R. trifolii)

Pathway/Host
engineering

PAD1 knockout

Expression of arak transporter (E. coli)

Overexpression of ACC1

Synthetic scaffold

Overexpression of AAE13

Overexpression of ARO4for,ARO7for, and ACC1

Overexpression of ARO4fbr, ARO7for, ACCH,
CYBS5 (S.cerevisiae), ATR2 A. thaliana), ACS (S.

enterica), and deletion of aro10

Overexpression of:ACC1, PEX10

Overexpression of:ARO4fbr and ARO7fbr

Deletion of phdB, pcaF and pobA

Deletion of phdB, pcaF, qsuB and pobA

Recent Advances in Resveratrol Biosynthesis

Substrate

p-Coumaric
acid
Tyrosine
p-Coumaric
acid

Grape Juice
Tyrosine

p-Coumaric
acid
p-Coumaric
acid
p-coumaric
acid

Glucose (Fed-
batch)

Ethanol (Fed-
batch)
Glucose (Fed-
batch)
Ethanol (Fed-
batch)
p-Coumaric
acid

Glycerol

Glucose
Glucose (Fed-
batch)
p-Coumaric
acid
p-coumaric
acid +
cerulenin
Glucose
Glucose +
cerulenin
Glucose

(40 g/L)
Glucose

(80 g/L)
Glucose (Fed-
batch)
p-Coumaric
acid

p-Coumaric
acid
Tyrosine

Titer References
(mg/L)

3.1 Shin et al. (2011)

3.1 Wang et al. (2011)
2.3

3.44
5.8 Shin et al. (2012)
14.4 Wang and Yu, (2012)
Up Wang et al. (2014)
to 8.7

8.249 Sun et al. (2015)

41565 Lietal (2015)

531.41
812 Li et al. (2016)
755
48.7 Palmer et al. (2020)

430 He et al. (2020)

409 Saez-Sdez et al. (2020)
12,355

12 Kallscheuer et al. (2016)

158

12 Braga et al. (2018b)
59

12

404 Lim et al. (2011)
1,380

142

610
2,340

1.4 Choi et al. (2011)

3502 Wuetal (2019)

(Continued on following page)
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TABLE 1 | (Continued) Biosynthesis of resveratrol in engineered microorganisms.

Recent Advances in Resveratrol Biosynthesis

Microbial host Pathway genes Pathway/Host Substrate Titer References
(source) engineering (mg/L)

E. coli C41 (DE3) TAL (S. espanaensis) — Glucose 5.2 Kang et al. (2014)
4-CL (S. coelicolor)
STS (A. hypogaea)

E. coli BW27784 4CL (A. thaliana) — p-Coumaric 160 Afonso et al. (2015)
STS (A. hypogaea) acid

E. coli BL21 (DE3) TAL (S. espanaensis) — Tyrosine 114.2 Wang et al. (2015)
4-CL (A. thaliana)
STS (A. hypogaea)

E. coli BW25113 4CL2 (P.crispum) — p-Coumaric 268.2 Yang et al. (2015)
STS (V. vinifera) acid

E. coli TAL (R. glutinis) Inactivation of tyrR and deletion of trpED by Glucose 4.6 Liu et al. (2016)

BW25113 (DEJ) 4CL (P. crispum) chromosomal integration
STS (V. vinifera)

E.coli W (pheA-) Rg TAL (R. glutinis) tktAfor and Deletion of pheA Glycerol 22.58 Camacho-Zaragoza
aroGfbr (E. coli) et al. (2016)

E.coli W-W 4CL (S. coelicolor) STS (V. vinifera)

E. coli BL21 (DE3) TAL (Trichosporon cutaneum) Down-regulation of fabD, fabH, fabB, fabF, fabl Glucose 304.5 Wu et al. (2017)
4CL (P. crispum)
STS (V. vinifera) matB and matC
(R. trifolii) tyrAfor and aroGfbr
(E.coli K12)

resulting in 12.4 + 0.3 g/L resveratrol, which is the highest titer for

de novo resveratrol production up to now.

BACTERIAL HOSTS

E. coli has been the subject of industrial interest for resveratrol

production because of its fast growth the availability of advanced

technology for its genetic manipulation and synthetic biology

(Braga et al., 2018a). Furthermore, tyrosine and p-coumaric acid,

the basic precursors of resveratrol, are the critical for increasing

production, and are easily assessable and improved in E. coli via

multiple metabolic engineering strategies (Shrestha et al., 2019). A  Clucose

Additionally, E. coli is more 'sultable for resveratrol prOfiuctl(.)n Precursors

than yeast because of its high tolerance to p-coumaric acid,

another advantage (Shin et al, 2011; Huang et al, 2013) K Resveratrol

(Donnez et al., 2009). Recently, Zhang et al. identified stilbene

synthase as the limiting enzyme via a novel probabilistic i o ]

i 1 del and impr d the final r ratrol titer FIGURE 2 | Metabolic engineering at multiple levels has enabled
computational model a prove .e al resveratro € engineering of increasingly complex heterologous resveratrol pathways.
from 62.472 mg/L to 172.799 mg/L, proving the model useful for Heterologous resveratrol production in a microbial host can involve
predicting and improving biological production (Cotner et al., engineering at three different scales: host, pathway, and enzyme.

2021).

Engineered C. glutamicum has also been employed as a
vehicle for resveratrol production. Kallscheuer et al. (2016)
introduced TAL from Flavobacterium johnsoniae into a strain
of C. glutamicum for resveratrol production; 60 mg/L
resveratrol was produced when using glucose as the carbon
source. They further achieved 5 mg/L trans-resveratrol in C.
glutamicum from 4-hydroxybenzoate, which is the first time a
phenylpropanoid was synthesized from 4-hydroxybenzoic acid
other than aromatic amino acids and ammonia lyase
(Kallscheuer et al., 2017). Milke et al. (2019) constructed a
recombinant C. glutamicum stain and increased the titer of

resveratrol to 112 mg/L by modulating the central carbon
metabolism of the host strain.

Engineered S. venezuelae has also been employed to produce
resveratrol. Park and others reported resveratrol synthesis by
expressing the heterologous phenylpropanoid biosynthetic
pathway genes in S. venezuelae for the first time, although
they only obtained 0.4 mg/L of resveratrol (Park et al., 2009).
Likewise, the use of other organisms such as Lactobacillus lactis
and Aspergillus niger has also been reported for resveratrol
bioproduction (Chong et al., 2012).
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METABOLIC ENGINEERING TO ENHANCE
RESVERATROL PRODUCTION

The design-build-test cycle (DBT cycle) has been widely used in
metabolic engineering for the production of plant natural
products (Nielsen and Keasling, 2016). In DBT iterative
engineering cycles, host engineering includes the sufficient
provision of  precursor via  precursor  metabolites
overproduction. Pathway engineering includes biosynthesis via
a heterologous route to produce natural products, and enzyme
engineering includes directed evolution to improve the properties
of key rate-limiting enzymes (Cravens et al., 2019) (Figure 2).
The rapid development of synthetic biology and enabling
technology has accelerated DBT iterative engineering cycles,
which have been widely employed for the engineering of
resveratrol biosynthesis.

HOST ENGINEERING

In recent years, significant progress toward high-level resveratrol
production has been achieved by microbial metabolic
engineering. Nevertheless, an insufficient precursor supply
(i.e., aromatic amino acids and malonyl-CoA) is still the main
rate-limiting factor for resveratrol production in heterologous
hosts. Thus, increasing the precursor supply via genetic
manipulation of the host strain is considered a fundamental
strategy for resveratrol bioproduction (van Summeren-
Wesenhagen and Marienhagen, 2013; Milke et al., 2018).

As shown in Figure 3, resveratrol is produced from the aromatic
amino acids L-phenylalanine (L-Phe) or 1-tyrosine (L-Tyr). The
metabolic engineering of the shikimic acid pathway primarily
regulates the carbon flux into chorismate, followed by L-Phe and
L-Tyr (Jiang et al., 2005; Rodriguez et al., 2015). Frequently-used
strategies to increase the biosynthetic flux of the shikimic acid
pathway are the elimination of enzyme feedback inhibition and
the regulation of transcription. Furthermore, extending the supply
and  availability =~ of erythrose-4-phosphate ~ (E4P) and
phosphoenolpyruvate (PEP) are the primary methods for
improving chorismate production (Bulter et al, 2003; Liitke-
Eversloh and Stephanopoulos, 2007). Significant strategies have
been developed to enhance the production of aromatic amino
acids or derived phenylpropanoic acids in microorganisms
(Juminaga et al, 2012; Zhang and Stephanopoulos, 2013;
Rodriguez et al, 2015). For example, Juminaga et al. (2012)
reported the biosynthesis of resveratrol by encoding the key
enzymes for converting E4P and PEP to L-Tyr, which
significantly increased L-Tyr production to 80% of the
theoretical yield.

Malonyl-CoA also serves as an important precursor for
resveratrol biosynthesis. Moreover, malonyl-CoA is mostly used
as an essential intermediate for fatty acid biosynthesis to support cell
growth, so only a limited level of malonyl-CoA remains for
resveratrol biosynthesis, which is a major challenge in resveratrol
production. Therefore, two prime strategic steps have been utilized
in order to expand the intracellular malonyl-CoA pool in
microorganisms: 1) repressing fatty acid biosynthesis to inhibit

Recent Advances in Resveratrol Biosynthesis

malonyl-CoA consumption; 2) expanding the cytoplasmic
malonyl-CoA pool by carboxylation of acetyl-CoA carboxylase
(ACC), which can increase the amount of acetyl-CoA
carboxylation to malonyl-CoA. Zha et al. (2009) found that
overexpression of ACC increased the concentration of malonyl-
CoA in E. coli. In addition, deleting genes encoding competing
pathways, such as pta and ackA, which are involved in the
degradation of acetyl-CoA into acetic acid, and the adhE gene,
which is involved in ethanol production, can achieve significant
effects (Finzel et al., 2015). Yang et al. (2015) revealed that blocking
malonyl-CoA consumption and the deletion of the fab genes were
lethal in microorganisms. Thus, three procedures have been carried
out to inhibit malonyl-CoA consumption: 1) inhibiting FabB and
FabF by adding the antibiotic cerulenin (Lim et al., 2011; Lu et al,,
2016); 2) using antisense RNA to repress the fab operon, especially
the fabD genes (Wu et al,, 2014; Yang et al., 2015); 3) using CRISPRi
technology to inhibit the fab gene and direct the carbon flux toward
malonyl-CoA (Wu et al, 2015; Liang et al,, 2016). Furthermore,
another significant approach is to introduce biosynthetic pathway
genes for malonate assimilation, such as matB and matC, into the
system. (Shin et al., 2011).

PATHWAY ENGINEERING

By introducing the entire biosynthetic pathway into
microorganisms, efficient synthesis of resveratrol from
precursors (L-Phe or L-Tyr) or low-cost materials (such as
glucose, ethanol or glycerol) can be realized, which is a great
help for de novo biosynthesis or biotransformation of resveratrol
(Jeandet et al., 2012; Li et al, 2016; Chen et al., 2020). The
biosynthetic pathway for resveratrol is shown in Figure 3. The
secondary metabolite phenylpropanoid route is the major
metabolic pathway for resveratrol biosynthesis (Lu et al,
2016). The first step in resveratrol biosynthesis is the
production of phenylpropanoic acids (i.e., p-coumaric acid and
cinnamic acid) through nonoxidative deamination via tyrosine
ammonia lyase (TAL) and L-phenylalanine ammonia lyase
(PAL), which are then converted to p-coumaroyl-CoA and
cinnamoyl-CoA by 4-coumarate-CoA ligase (4CL). Cinnamic
acid can also be hydroxylated with the assistance of cinnamic
acid-4-hydroxylase (C4H) to form p-coumaric acid. Finally,
malonyl-CoA is condensed with p-coumaroyl-CoA to produce
resveratrol, catalyzed by stilbene synthases (STSs) (van
Summeren-Wesenhagen and Marienhagen, 2015; Milke et al.,
2018). The main objective for the engineering of this pathway is to
efficiently convert the aromatic amino acids to phenylpropyl by
introducing hyper-active ammonia lyases such as PAL or TAL
(Huang et al.,, 2013; Zhang and Stephanopoulos, 2013), which is a
bottleneck in the resveratrol production from glucose (Yang et al.,
2015; Kallscheuer et al., 2016). Liu et al. (2016) introduced TAL,
4CL and STS genes into E. coli strain and obtained 4.6 mg/L of
resveratrol from glucose. Soon after, Wu et al. (2017) applied
multiple metabolic engineering approaches to produce
resveratrol from glucose in E. coli. However, the low activity
of TAL and PAL enzymes is still the main obstacle for introducing
the entire de novo pathway into the microorganism.
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ENZYME ENGINEERING

As mentioned above, in many cases the function of one or a few key
enzymes acts as a bottleneck in the overall metabolic fluxes, which
are considered as the rate-limiting steps. Microorganisms cannot
produce enough targeted product because of enzymes that have
limited turnover or poor expression (Song et al., 2017; Song et al,,
2018; Lian et al., 2018). Therefore, protein engineering, particularly
directed evolution, has become one of the most powerful and
widespread tools for engineering improved or novel functions in
enzymes (Wu et al,, 2013; Wang et al,, 2021). Researchers employed
protein engineering of 4CL and STS in E. coli for higher and more
efficient resveratrol production (Becker et al., 2003; Zhang et al,
2015). Likewise, a yeast host harboring codon-optimized TAL and
fused 4CL and STS, which allowed the production of 1.06 mg/L
resveratrol without the use of L-Tyr (Wang et al., 2011). Moreover,
the robustness of the rate-limiting enzymes or the metabolic activity
of pathways can be optimized in vivo via metabolite-responsive
biosensors (Skjoedt et al, 2016). Xiong et al. (2017) selected
resveratrol hyper-producers rapidly and efficiently by reapplying
the TtgR regulatory protein to a resveratrol-responsive biosensor in
E. coli. Compared to the wild type, 4CL variants displayed improved
catalytic properties for the production of this aromatic compound.

PRODUCTION PROCESS OPTIMIZATION
TO INCREASE RESVERATROL SYNTHESIS

The balance and optimization of microbial growth and product
formation have been identified as essential for increasing resveratrol
production. In order to satisfy the world’s sustainable demand,
researchers have conducted some important studies for large-
scale industrial production. Braga et al. (2018b) observed that
increasing the glucose concentration from 40g/L to 80g/L
resulted in a resveratrol titer that increased from 4mg/L to
12mg/L, which demonstrated that proper culture conditions,
ie, substrate concentration, were essential for the resveratrol
production in C. glutamicum (Braga et al., 2018b).

In order to optimize and construct recombinant strains, the
metabolic burden caused by the competition between natural
metabolism and chemical production pathways (including
chemical precursors, energy molecules and reduction
equivalents) is one of the most important challenges to be
urgently faced and resolved. Considering that polyphenols
such as resveratrol are produced through complex biosynthetic
pathways, the concept of co-culture has gained increasing
attention in recent years. Through co-culture, that is, using
multiple strains to produce different products or metabolize
different substrates, it is feasible to co-produce resveratrol.
Furthermore, the entire pathway can be divided and
introduced into each strain as an entire module (Zhou et al,,
2015). Yuan et al. (2020) recently described an approach utilizing
a co-culture of E. coli-S. cerevisiae to produce resveratrol, with a
final titer of 36 mg/L using glucose as a carbon source. To alleviate
the metabolic burden of a single host, researchers divided the
labor among artificial microbial communities using a cell
consortium strategy (Yuan et al., 2020).

Recent Advances in Resveratrol Biosynthesis

There are many other obstacles to resveratrol production in
microbial hosts, such as the high cost of precursors and precursor
toxicity. Researchers recently attempted to overcome these
difficulties by using engineered strains to obtain low-cost and
sustainable substrates and by using fed-batch cultures to reduce
the toxicity of precursors (Wu et al., 2017) (Watts et al., 2006;
Huang et al,, 2013; Zhang and Stephanopoulos, 2013).

CONCLUSION AND FUTURE
PERSPECTIVES

As of now, the efforts and results mentioned above have
demonstrated the feasibility of converting microorganism hosts
into cell factories to produce resveratrol, which can be achieved
by grafting exogenous biosynthetic pathways into the endogenous
metabolic network of cells. However, the current problem is that
although they have promising potential for development and
popularization, at present the performance of most engineered
strains cannot achieve the goals required for industrial production.
How to use microorganisms as vehicles to produce resveratrol more
economically is still an important challenge. Multiple factors,
including the cytotoxicity of end products, the low activity and
stability of catalytic enzymes, and metabolic imbalances at the
biosynthetic pathway level and across the cellular network, are
challenges for the advancement of cell growth, the rate of
production, product titer and yield to a certain degree.
Furthermore, the production process is also hampered by the lack
of critical, basic information about the interactions and regulation of
metabolic networks, which require more time to discover and verify
the contribution of potential biosynthetic pathways for resveratrol
production. However, with the recent rapid development of
metabolic engineering principles, it is expected that novel and
reliable solutions will be found that will break the shackles that
hinder industrial biological resveratrol production.

The cellular adaptation and metabolic stability of engineered cell
factories has frequently been affected by heterologous chemicals,
which are tremendously cytotoxic during the process of biosynthesis
and long-term accumulation. Consequently, some approaches,
including adaptive laboratory evolution (ALE) (Sandberg et al,
2019) and the multi-functional genome-wide CRISPR (MAGIC)
system (Lian et al., 2019), have been designed to reduce the toxicity
of products while maximizing the potency and yield of chemical
products. For instance, Pereira et al. (2019) recently investigated
through ALE experiments the mechanism of tolerance of S.
cerevisiae to the cellular stress imposed by inhibiting
concentrations of dicarboxylic acids. Lian et al. (2019) improved
furfural tolerance in yeast using the MAGIC system; a method that
identifies complex phenotypic genetic determinants that have not
been previously identified, especially those interacting synergistically
when disturbed to different levels of expression. The novel strategies
mentioned above represent a promising alternative strategy to
improve the resveratrol production capability of microbial hosts.

In order to alleviate the rate-limiting steps, protein engineering,
especially directed evolution, has been applied to improve enzyme
properties. It is particularly worth noting that machine learning has
been increasingly utilized for protein engineering. Luo et al.
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developed a high-performance method called Evolutionary Context-
Integrated Neural Network (ECNet), providing generalization from
low-order mutants to higher-order mutants, which can predict
protein function levels from sequence to protein engineering
process (Luo et al, 2021). Besides, recent advances in the
development of sequence-based, MD-based, structure-based, and
machine learning-based computational tools will promote the
identification of the beneficial mutations and accelerate the
protein engineering process by creating smaller but smarter
libraries to enhance the robustness of catalytic enzymes (Huang
et al.,, 2016). Moreover, attention should be paid to a combinatorial
method to guide every precursor and metabolite towards the large-
scale resveratrol production. Additionally, for resveratrol
biosynthesis processes based on a microbial platform, the
application of complete biosynthetic and related knowledge of
molecular biology, including the entire genome, transcriptome,
proteome and metabolome, will be promising for the
improvement of the production efficiency and yield of resveratrol.

In summary, the goal of efficient resveratrol production in
microbial hosts can be advanced by the integration of multiple
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The demand for raspberry ketone (RK) as a plant-based natural flavoring agent is high, but
natural RK is one of the most expensive flavor compounds due to its limited content in
plants. Here, we produced RK de novo from simple carbon sources in Escherichia coli. We
genetically engineered E. coli metabolism to overproduce the metabolic precursors
tyrosine and p-coumaric acid and increase RK production. The engineered E. coli
produced 19.3- and 1.9g/L of tyrosine and p-coumaric acid from glucose,
respectively. The p-coumaric acid CoA ligase from Agrobacterium tumefaciens and
amino acid substituted benzalacetone synthase of Rhemu palmatum (Chinese rhubarb)
were overexpressed in E. coli overproducing p-coumaric acid. The overexpression of fabF,
encoding B-ketoacyl-acyl carrier protein synthetase Il increased intracellular malonyl-CoA,
the precursor of benzalacetone synthase for RK biosynthesis, and improved RK
production. Fed-batch cultures given glucose as a carbon source produced 62 mg/L
of RK under optimized conditions. Our production system is inexpensive and does not rely
on plant extraction; thus, it should significantly contribute to the flavor and fragrance
industries.

Keywords: raspberry ketone, flavor agent, microbial production, plant secondary metabolite, metabolic engieering

1 INTRODUCTION

The raspberry phenylbutanoid ketone 4-(4-hydroxyphenyl)butan-2-one (RK) is a natural flavor in
plants such as raspberries, grapes, peaches, and rhubarb. The berry flavor of RK with a low odor
threshold is used as a food additive to create various aromas such as cherry, strawberry, kiwi and
other fruits (Beekwilder et al., 2007; Bredsdorff et al., 2015; Sun et al., 2021). The alleged health
benefits of RK include weight reduction (Morimoto et al.,, 2005; Wang et al, 2012) and skin
lightening (Harada et al., 2008) and it is in high demand in the supplements and cosmetics industries
(Milke et al., 2020; Vandamme and Soetaert, 2002). As the demand for RK is second only to vanillin,
the potential of RK in the natural flavor market RK is 6-10 million Euros (Feron and Wache 2005).
However, RK is difficult to cost-effectively produce from plants due to low contents. For example,
raspberries contain only 1 to 4 mg/kg of RK (Larsen et al., 1991; Beekwilder et al., 2007), and
extraction costs are high (Boker et al., 2001). Thus, the market for naturally occurring RK as a
flavoring agent is United States $3,000-$20,000/kg (Milke et al., 2020). Chemically synthesized RK
(Malkar and Yadav 2019) is not regarded as a natural flavor by United States and EU regulations, and
it is essentially unacceptable to some consumers. However, microbial fermentation is an alternative
strategy that allows inexpensive mass production of RK without the need for extraction from plants.
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The RK biosynthesis pathways and mechanisms in raspberries
and rhubarb have been investigated (Borejsza-Wysocki and
Hrazdina 1994; Abe et al., 2001). The pathway starts from
p-coumaroyl-CoA  (Figure 1), which is a ubiquitous
intermediate of the plant lignin biosynthetic pathway. During
RK synthesis, the non-oxidative deamination of phenylalanine is
catalyzed by phenylalanine ammonia lyase (PAL) and followed by
hydroxylation and CoA-activation catalyzed by cinnamate-4-
hydroxylase (C4H) and p-coumarate CoA ligase (CL) to produce
p-coumaroyl-CoA. Thereafter, p-coumaroyl-CoA is condensed with
malonyl-CoA to generate p-hydroxybenzalacetone by the activity of
benzalacetone synthase (BAS), which is a type III polyketide
synthase. The resulting p-hydroxybenzalacetone is reduced by the
NADPH-dependent benzalacetone reductase (BAR) to yield RK
(Figure 1).

Microbial RK has been produced wusing genetically
manipulated microorganisms such as yeast, Escherichia coli
and other bacteria (Lee at al. 2016; Wang et al., 2019; Milke
et al., 2020). The common approach converts p-coumaric acid as
a starting material to RK in host cells producing heterogenous CL,
BAS and BAR that originate from plants. Host E. coli and
Corynebacterium glutamicum cells convert p-coumaric acid to
RK with titers of 91.0 and 99.8 mg/l, respectively (Wang et al,

2019; Milke et al., 2020). However, few efforts have been made to
produce RK de novo using renewable carbon sources. One
exception is a wine yeast that generates plant PAL, C4H, and
the synthetic CL and BAS fusion enzyme, and this yeast produces
3.5 mg/l of RK in grape juice medium (Lee at al. 2016), which is
far lower than that yielded using p-coumaric acid as the raw
material. The low titer could be due to the low availability of
p-coumaroyl-CoA and malonyl-CoA that are substrates of BAS,
the key enzyme of RK biosynthesis. Here, we showed that
improving p-coumaric acid and malonyl-CoA availability
significantly increased the productivity of microbial de novo
RK synthesis. We constructed E. coli that generated abundant
p-coumaric acid and malonyl-CoA by metabolic engineering and
chemical stimulation. After gene selection and stepwise culture
optimization, our recombinant E. coli produced RK biosynthesis
enzymes and fermented glucose to produce 62 mg/L of RK.

2 MATERIALS AND METHODS

2.1 Strains, Materials, and Instrumentation
Supplementary Table S1 lists the strains used in this study. We
produced RK and constructed plasmids using E. coli BL21 (DE3)
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and E. coli JM109 (Novagen, Madison, WI, United States),
respectively. ~ We  purchased  4-coumaroyl-CoA  from
Sigma-Aldrich (St. Louis, MO, United States) and L-tyrosine,
p-coumaric acid, and p-hydroxybenzalacetone from Wako
Chemicals (Tokyo, Japan). Plasmids were constructed using
KOD One PCR Master Mix (Toyobo, Osaka, Japan),
restriction enzymes (Takara Bio Inc., Shiga, Japan), Ligation
high Ver. 2 (Toyobo) and NEBuilder HiFi DNA Assembly
Master Mix (New England Biolabs Inc., Ipswich, MA,
United States). Metabolites were analyzed by high-
performance liquid chromatography (HPLC) using a 1200
infinity photodiode array detector (Agilent Technologies Inc.,
Santa Clara, CA, United States), and by LC-ESI-MS/MS and GC-
MS using LCMS-8045 and QP-2010 mass spectrometers (both
from Shimadzu, Kyoto, Japan).

2.2 Plasmid Construction and E. coli Gene

Knockout

Supplementary Table S2 lists the plasmids used in this study.
Nucleotide fragments of the tyrA gene were amplified by PCR
using E. coli MG1655 genomic DNA and primers
(Supplementary Table S3), digested with Ncol and BamHI,
and cloned into pETduet-1 (Novagen) that was also digested
with these enzymes to generate pET-tyrA. Plasmid pET-FevV
for producing TAL (fevV from Streptomyces sp. WK-5344), was
provided by Dr. Kawaguchi (Kawaguchi et al., 2017). Nucleotide
sequences of the PAL genes of Camellia sinensis (Matsumoto
et al., 1994) and Lithospermum erythrorhizon (Yazaki et al,
1995) were optimized according to E. coli codon usage
(accession numbers; MZ439822 and MZ439823, Cspal and
Lepal), synthesized and cloned into pUC57 (Genscript
Biotech Corp., Piscataway, NJ, United States) to generate
pUC-Cspal and pUC-Lepal. These plasmids were digested
with Ndel and EcoRI and the resulting PAL gene fragments
were cloned into pET-28b (Novagen) to obtain pET-Cspal and
pET-Lepal, respectively. Plasmid pET28a-pal (Zhu et al., 2013)
was digested with Ndel and Xhol to obtain Rhodotorula glutinis
PAL gene fragments, and these were cloned into pRSFduet-1
(Novagen) to generate pRSF-Rgpal. The Agrobacterium
tumefaciens 4-coumarate CoA ligase gene (Atul4l6) was
amplified by PCR using A. tumefaciens C58 genomic DNA
and primers (Supplementary Table S3), digested with EcoRI
and Sall, and cloned into pCDFduet-1 (Novagen) to generate
pCDEF-AtCL. The Rubus idaeus and Rhemu palmatum BAS
genes were codon optimized (accession numbers; MZ439820
and MZ439821), synthesized, and cloned into pEX-A2 to obtain
pEX-RiBAS and pEX-RpBAS (Eurofins Genomics Inc., Tokyo,
Japan), respectively. We mutated BAS genes using QuickChange
Site-directed Mutagenesis Kits (Agilent Technologies) and
primers (Supplementary Table S3) to generate pEX-
RiBAS®**®*Y pEX-RpBAS***'V. The DNA fragments of RiBAS
and RpBAS genes were digested with Ndel and Xhol and cloned
into pCDF-AtCL to generate pCDF-AtCL-RiBAS, pCDE-
AtuCL-RpBAS, pCDF-AtCL-RiBAS®***Y and pCDF-AtuCL-
RpBAS**!V, respectively. We amplified fabF by PCR using
E. coli MG1655 genomic DNA and primers (Supplementary

Raspberry Ketone Production

Table $3), then assembled it with pET28b that was digested with
Ncol and Xhol to generate pET-fabF. Fragments of DNA
containing the T7lac promoter, fabF, and T7 terminator
sequences were amplified by PCR using pET-fabF and
primers (Supplementary Table S3), then assembled with
pCDF-AtCL-RpBAS that was digested with Pacl to generate
pCDEF-AtCL-RpBAS-fabF. The tyrR and poxB genes of BL21
(DE3) were disrupted using the Red/ET recombination system
(Gene Bridges, Heidelberg, Germany) with the described
primers (Supplementary Table S3) to generate AtyrR and
ApoxB strains (Masuo et al., 2016).

2.3 Fermentation

Recombinant E. coli BL21 (DE3) strains were cultured in 3 ml
of LB medium, then 2 ml portions were inoculated into 500-
ml conical flasks containing 100 ml of fermentation medium
(10 g glucose, 10 g tryptone, 5 g yeast extract, 24 g Na,HPOy,,
12 g KH,PO,, 0.5g NaCl, 1g NH,CI, 0.5g MgSO, 7H,0,
15 mg CaCl,, 50 mg thiamine-HCI and 2 ml of trace element
solution/L; Fujita et al., 2013) or modified fermentation
medium (10 g glucose, 10 g tryptone, 5 g yeast extract, 12 g
Na,HPO,, 6 g KH,PO,, 42 g MOPS, 0.5 g NaCl, 10 g (NH4)
2504, 0.5 g MgSO, 7H,0, 15 mg CaCl,, 50 mg thiamine-HCI
and 2 ml of trace element solution/L). The flasks were rotary-
shaken at 120 rpm and 30°C for 3 h under aerobic conditions
unless otherwise stated. When the ODgq reached 0.6, 0.5 mM
isopropyl-B-D-thiogalactoside (IPTG) was added, then the
cells were further incubated for the indicated amounts of time.
Fed-batch cultures in a 1.0-L BMJ-01 fermenter (Biott, Tokyo,
Japan) containing 0.5L of fermentation or modified
fermentation medium were agitated at 550 rpm, 30°C, and
aerated at 1.0 L/min. When the ODygqo reached 0.6, 0.1 mM
IPTG was added. Peristaltic pumps fed the cultures with
500 g/L of glucose when the glucose concentration dipped
below 1.5 g/L. The pH was monitored using an electrode and
maintained between 7.0 and 7.1 by adding 10% NH,OH.

2.4 Bioconversion

Escherichia coli BL21 (DE3) harboring either pET-FevV, pET-
28a-pal, pET-Cspal or pET-Lepal was cultured in 3 ml of LB
medium, then 2 ml portions were inoculated into 100 ml of LB
medium and rotary-shaken at 120 rpm at 30°C under aerobic
conditions. When the ODg of the cultures reached 0.6, the
cultures were incubated for 18 h with 0.5 mM IPTG, then the
cells were sedimented by centrifugation at 3,000 x g for
10 min. The cells were washed with 50 mM Tris-HCI (pH
7.0), suspended in 50 mM Tris-HCI (pH 8.0) containing 1.8 g/
L of tyrosine and incubated at 30°C with agitation at 120 rpm.

2.5 GC-MS Analysis

Culture supernatants were acidified with formic acid and
extracted twice with equal amounts ethyl acetate. The ethyl
acetate was evaporated, then the extracts were dissolved in
methanol and analyzed by GC-MS equipped with a ZB-5MS
capillary column (30 m x 0.32 mm internal diameter x 0.25-um
film thickness: Phenomenex, Torrance, CA, United States). The
injection and ion-source temperatures were 250 and 200°C,
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respectively. The linear velocity of the carrier helium gas was
45 cm/s. The oven temperature was controlled at 40°C for 4 min,
increased to 250°C at a rate of 12°C/min, then maintained at
250°C for 7 min.

2.6 Determination of Metabolite

Concentrations

Tyrosine and p-coumaric acid were quantified using HPLC and a
TSKgel® ODS-100V column (4.6 mm x 25 cm, particle size 3 pm,
Tosoh, Tokyo, Japan). The initial mobile phase comprised 95%:
5% 10 mM ammonium formate (pH 7.0): acetonitrile for 8 min,
followed by an increase to 50% acetonitrile for 6 min and
maintained for 2 min. The flow rate of 0.8 mlmin~' and the
column temperature of 30°C were maintained throughout the
analysis.

We quantified RK and intermediates using the multiple-
reaction monitoring mode on the LC-ESI-MS/MS under the
following conditions: capillary voltage, 4.5 kV; desolvation
line, 250°C; heat block, 400°C; nebulizer nitrogen gas 3 L/
min; drying gas, 10 L/min. Compounds of interest were
separated by the LC system equipped with a 150 x 2.1 mm
ACQUITY UPLC CSH™ C,g 2.1 x 150 mm (Waters, Corp.,
Milford, MA United States) with particle and pore sizes of
1.7 um and 130 A, respectively. The initial mobile phase was
solvent A (0.025% formic acid) for 4 min. The concentration
of solvent B (acetonitrile) was increased to 50% for 11 min,
then maintained for 1 min. The column was re-equilibrated
for 4 min. Malonyl-CoA was separated using 5mM
ammonium formate (pH 7.0) containing 50% acetonitrile
as the mobile phase in isocratic mode. The flow rate of
0.4mlmin™" and the column temperature at 40°C were
maintained throughout the analysis. The MRM-transitions
were m/z 180.05 to 163.15 (for tyrosine, negative ion mode),
m/z 163.05 to 119.05 (p-coumaric acid, negative ion mode),
m/z 165.05 to 147.10 (p-hydroxybenzalacetone, positive ion
mode), m/z 854.05 to 303.00 (malonyl-CoA, positive ion
mode) and m/z 165.10 to 107.10 (RK, positive ion mode).
The dwell time, Q1 pre-bias, collision energy and Q3 pre-bias
were set at 100 ms, 20V, 14 eV, 17V for tyrosine, 100 ms,
17 V,14 eV, 21V for p-coumaric acid, 100 ms, —12vV, -12 eV,
—-15V for p-hydroxybenzalacetone, 100 ms, —34V, —41 eV,
-30V for malonyl-CoA, and 100 ms, —-14V, —12¢eV, -11V
for RK.

3 RESULTS

3.1 Metabolic Engineering of E. coli to

Produce p-Coumaric Acid

We initially generated E. coli that overproduced tyrosine, the
precursor of p-coumaric acid to construct a microbial de novo
RK synthesis system (Figure 1). A feedback resistant mutant of
3-deoxy-D-arabinoheptulosonate-7-phosphate (DAHP) synthase
(aroG") and the chorismate mutase/prephenate dehydrogenase
gene (tyrA) were overexpressed in E. coli BL21 (DE3) with the
native aroG and T7 promoters, respectively (Figure 1). The resulting
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FIGURE 2 | Tyrosine production from glucose by E. coli with engineered
metabolism. (A,B) Time-dependent tyrosine production (A) and growth (B) of
E. coli BL21 (DEB) (closed circles), ApoxB (closed triangles) and AtyrR (closed
squares) harboring pET-tyrA and pACYC-aroG™ in fermentation medium at
30°C. E. coliBL21 (DE3) harboring pET and pACYC empty plasmids was analyzed
as a control (open squares). (C) Fed-batch cultures of AtyrR harboring pET-tyrA
and pACYC-aroG™ in jar fermenters containing 0.5 L of fermentation medium at
30°C and pH 7.1 (maintained by 10% ammonium) were incubated for 24 h, then
fed with glucose (0.8 g/L/h). Error bars indicate standard deviation (n = 3).

strain produced 04 * 0.1g/L of tyrosine in the modified M9
medium, whereas the parental E. coli BL21 (DE3) almost did not
(Supplementary Figure S1). Another potential parental strain,
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TABLE 1 | Tyrosine production from glucose by E. coli gene deletion mutants.

Raspberry Ketone Production

Strain Growth rate (h™) Tyr production (g/L) Tyr production rate (g/L/h) Yield (%)
Wild-type (pET-duet, pACYC184) 0.90 + 0.25 <0.01 <0.00002 n.d.
Wild-type (pET-tyrA, pACYC-aroG4) 0.38 + 0.08 0.40 + 0.08 0.007 + 0.001 1.9
ApoxB (pET-tyrA, pACYC-aroG4) 0.52 + 0.12 0.89 + 0.08 0.021 + 0.003 3.8
AtyrR (pET-tyrA, pACYC-aroG4) 0.85 + 0.08 1.2 +01 0.024 + 0.002 5.1

Wild-type E. coli BL21 (DE3), ApoxB and AtyrR harboring pET-tyrA and pACYC-aroG4 were cultured in fermentation medium. Growth and tyrosine production rates were calculated from
changes in ODgoo and tyrosine concentrations during culture for 12 and 24 h. The yield was calculated from amounts of tyrosine produced and glucose consumed after 96 h of culture.

n.d.: not determined.

TABLE 2 | Bioconversion of tyrosine to p-coumaric acid by E. coli harboring PAL expression plasmids.

PAL/TAL p-Coumaric acid produced
(o/L)

Few 1.1 +£01

RgPAL 1.6+0.2

CsPAL 0.27 £ 0.01

LePAL 1.5+ 01

p-Coumaric acid production

Conversion efficiency (%)
rate (g/L/h)

0.095 + 0.008 66
0.80 + 0.04 89
0.05 + 0.01 17
0.50 + 0.06 88

Escherichia coliBL21 (DE3) cells (10 mg wet weight), harboring pET-FevV (Kawaguchi et al., 2017), pET28a-pal (Zhu et al., 2013), pET-Cspal or pET-Lepal, were each incubated in 1 ml of
100 mM Tris-HCI (pH 8.5) containing 1.8 g/l of tyrosine. Production rates were calculated from the amount of p-coumaric acid produced during the first 0.5 h of incubation.
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FIGURE 3 | Production of p-coumaric acid by E. coli. Fed-batch cultures

of AT2 strain in jar fermenters containing 0.5 L of fermentation medium at 30°C
and pH 7.1 (maintained by 10% ammonium) were incubated for 24 h, then fed
with glucose (0.8 g/L/h).

E. coli NST37 (DE3)/ApheLA, which has an enhanced shikimate
pathway (Masuo et al., 2016), produced less tyrosine after the same
genetic modification (Supplementary Figure S1B). The poxB gene
deletion mutant (ApoxB) harboring aroG"" and tyrA expression
plasmids produced 0.9 £ 0.2 g/L of tyrosine in the 72-h flask culture
(Figure 2A and Table 1). Deletion of poxB encoding the pyruvate
oxidase that synthesizes acetate from pyruvate (Causey et al., 2004),
led to a positive effect on tyrosine production probably due to the
altered carbon flux including acetate, phosphoenolpyruvate, and
erythrose-4-phosphate generation (Figure 1).

A gene deletion mutant of tyrR (AtyrR), which encodes a
transcriptional repressor of aromatic amino acid biosynthesis
genes (Pittard et al,, 2005), harboring the aroG"®" and tyrA
expression plasmids (strain AT1) produced 1.2 + 0.3 g/L of
tyrosine in flask cultures. The production titer of AT1 was

3.0-fold higher than that of parental BL21 (DE3) strain
(Figure 2A and Table 1). Growth defect caused by aroG™"
and tyrA overexpression was restored by gene disruption of
tyrR (Figures 2A,B). Fed-batch cultures of AT1 with stepwise
additions of glucose avoided excessive glucose accumulation in
the jar fermenters. The culture generated 15.7 g/L tyrosine with a
production yield of 7.4% vs glucose (Figure 2C). Precipitates that
appeared on the inner walls of fermentation vessels
(Supplementary Figure S2B), contained 1.9 g of tyrosine, and
the total amount produced was 19.3 g/L. The culture generated
low levels of acetate (<1.0 g L™"; Supplementary Figure S2A),
indicating decreased metabolic flow of glucose to acetate, which
resulted in increased tyrosine production.

To convert the produced tyrosine to pCA, we employed
tyrosine ammonia lyase (TAL) or bifunctional PAL that
deaminate phenylalanine and tyrosine. We cloned TAL or
PAL genes derived from vyeast, plant or bacteria into the
pRSFduetl vector under the control of the T7 promoter and
the resulting plasmids were introduced into BL21 (DE3). These
strains converted tyrosine into pCA (Table 2). The E. coli
producing Rodotorura glutinis PAL (RgPAL) had the highest
yield, conversion rate and efficiency, and was deemed adequate
for pCA synthesis de novo. We introduced the RgPAL expression
plasmid into the ATI1 strain and the resulting AT2 strain
produced 1.9 g/L of pCA from glucose in a fed-batch culture
under optimized conditions over a period of 60 h (Figure 3). The
culture accumulated >1.0g/L tyrosine, indicating that PAL
reaction limits pCA production.

3.2 RK Production by p-Coumaric Acid

Producing E. coli.
We used AT2 as a heterologous expression host to construct the
RK pathway. We expressed both the genes for AtCL and RiBAS,
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FIGURE 4 | Production of RK from glucose by E. coli expressing 4CL
and BAS. (A) GC-MS profile of extracts of cultured E. coli AT2 harboring
PCDF-Atu4CL-RiBAS (RIBAS) or pCDFduet-1 (Vector). Arrow, peak of
standard RK. (B) Gas chromatography-mass spectrometry
fragmentation patterns of peaks at 23 min (arrow in (A)).
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derived from Agrobacterium tumefaciens C58 (Campillo et al.,
2014) and Rubus idaeus BAS (Zheng and Hrazdina, 2008) in the
AT2 strain under the control of T7lac promoter. The resulting
AT2Ri strain was cultured in modified M9 medium for 169 h and
its metabolites were extracted with ethyl acetate and analyzed by
GC-MS (Figure 4A). The ion peaks had the same retention time
and fragmentation ion pattern as standard RK in the metabolites
of AT2Ri, but not AT2 (Figures 4A,B). The AT2Ri strain
produced 0.44 mgL™"' of RK from glucose for 76 h, whereas is
considerable amount of pCA remaining in the culture
supernatant (Table 3), implied insufficient BAS activities in
the cells. Substituting serine 331 with valine in BAS from
Rhemu palmatum (RpBAS) increases the catalytic activity (Abe
et al., 2007). Alignment of the amino acid sequences showed that
this serine residue was conserved in RiBAS (Supplementary
Figure S3). The corresponding mutants of RiBAS
(RiBAS***®), RpBAS, and mutated RpBAS®**!Y, together with
AtCL, were introduced into AT2, respectively. The resulting
AT2Rp and AT2RpSV strains, expressing RpBAS and
RpBAS®", produced 28 and 29 mg/L of RK from glucose as
the raw material after 76 h, respectively. These yields were 60-fold
higher than that of AT2Ri (Table 3). The AT2Rp and AT2RpSV
strains accumulated less pCA than AT2Ri, indicating that
conversion of pCA to RK is more efficient with RpBAS and
RpBAS***'Y, Our study showed that the mutations in RpBAS and
RiBAS had little effect on cellular RK production (Table 3),
probably due to the pH dependence of BAS activity (Abe et al.,
2007). Less p-hydroxybenzalacetone accumulated in cultured
AT2RpSV (Table 3), implying sufficient BAR activities in this
strain under appropriate culture conditions.

3.3 Genetic and Chemical Manipulation
Increased Intracellular Malonyl-CoA and RK

Production.

The overexpression of fabF, which encodes {-ketoacyl carrier
protein synthase II, inhibits FabD activity and hence fatty acid
elongation (Figure 1), and resulted in cellular accumulation of
malonyl-CoA in E. coli (Subrahmanyam and Cronan 1998;
Kassab et al., 2019). The AT3 strain that was the AT2 strain
overexpressing in under the control of T7 lac promoter,
accumulated  2.2-fold more malonyl-CoA than AT2
(Figure 5A). We constructed a plasmid to overexpress fabF
along with the AtCL and RpBAS***'Y genes and introduced it
into AT2 to generate AT3RpSV, which produced 24 mg/L of RK

TABLE 3 | Raspberry ketone production by E. coli expressing different BAS genes.

Gene Tyrosine (mg/l) p-Coumaric acid (mg/l)
RIBAS 31.3+19 142.6 + 8.3
RpBAS 6.4 +0.5 <0.1

RIBAS (S338V) 276 +1.8 3534 +17.6
RpBAS (S331V) <01 0.6 + 0.1

p-Hydroxybenzalacetone (mg/l) Raspberry ketone (mg/l)
0.04 + 0.01 0.44 + 0.02
3.44 +0.32 28.38 + 3.52
0.07 + 0.01 0.29 + 0.02
0.46 + 0.08 29.19 £ 2.32

AT2 harboring BAS expression plasmids were cultured in modified fermentation medium containing 1% glucose for 76 h, then concentrations of compounds were determined by LC-MS.
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FIGURE 5 | Overexpression of FabF increased intracellular malonyl-CoA

and RK production. (A) Intracellular malonyl-CoA concentration in AtyrR strain
harboring pETduet-1 or pET-fabF incubated in modified fermentation medium
at 30°C for 60 h. (B) Concentrations of RK and intermediates in cultured

AT2 strain harboring pCDF-Atu4CL-RpBASS®1Y (-/RpBASS**™) or pCDF-
Atu4CL-RpBASS1V_fabF (FabF/RpBASS1Y (AT3RpSV strain). Strains were
incubated in modified fermentation medium at 30°C for 60 h. (C) Fed-batch
cultures of AT3RpSV in jar fermenters containing 0.5 L of fermentation
medium were incubated for 24 h at 30°C and pH 7.1 (maintained by 10%
ammonium), then fed with glucose (0.8 g/L/h). Error bars indicate standard
deviation (n = 3).

when cultured for 60h in modified fermentation medium
(Figure 5B). The production titer of AT3RpSV was 1.4-fold
higher than that of AT2RpSV, indicating that the increased
cellular malonyl-CoA levels improved the amount of malonyl-
CoA available for RK production. We optimized aeration
conditions, culture media, and IPTG concentrations for RK
production by AT3RpSV (Supplementary Figure S4). Fed-
batch cultured AT3RpSV under controlled glucose addition
produced 41 mg/L of RK with a production yield of 0.08% (vs
glucose, Figure 5C).

Raspberry Ketone Production

Cerulenin binds to ACP synthase to block its interaction with
malonyl-CoA and inhibits fatty acid biosynthesis. Adding
cerulenin to bacterial cultures thus accumulates high levels of
intracellular malonyl-CoA  (Davis al.,  2000). We
simultaneously added IPTG and various concentrations of
cerulenin to AT3RpSV cultures. The AT3RpSV strain
produced 1.6-fold RK (54 mg/L) when cultured with 0.1 mM
cerulenin than those without cerulenin (Figure 6A). Fed-batch
cultures of AT3RpSV with 0.1mM cerulenin in 1-L jar
fermenters produced 62 mg/L of RK under optimized culture
conditions, which increased the yield (Figure 6B) up to 0.12% vs
glucose.

et

4 DISCUSSION

We constructed a microbial platform that produced RK from
glucose. Genetically engineering E. coli metabolism and
subsequent PAL optimization resulted in the respective
production of 19.3 and 1.9 g/L of Tyr and pCA from glucose
(Figures 2, 3). A strain producing pCA harbored plasmids to
express CL and BAS generated RK from glucose (Figure 4).
Increasing cellular malonyl-CoA by genetic and chemical
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FIGURE 6 | Cerulenin addition increased E. coli RK production. (A)
Production of RK by AT3RpSV cultured in modified fermentation medium
containing various concentrations of cerulenin at 30°C for 60 h. (B) Fed-batch
cultures of ATSRpSV were incubated in jar fermenters containing 0.5 L of
fermentation medium at 30°C and pH 7.1 (maintained by 10% ammonium).
Cerulenin (100 mM) was added after incubation for 10 h and the cultures were
fed with glucose (0.8 g/L/h) after incubation for 24 h. Error bars indicate
standard deviation (n = 3).
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manipulation improved the RK yield (Figures 5, 6). Finally, fed-
batch culture under optimal conditions fermented 62 mg/L of RK
from glucose (Figure 6). Currently, the use of cerulenin is a
disadvantage for cost-saving RK production. Notably, our
platform produces 41 mg/L of RK without the cerulenin,
which is 12-times more than the previous fermenting process
(Lee et al., 2016).

During biosynthesis, BAS conjugates p-coumaroyl-CoA and
malonyl-CoA, which are respectively synthesized via the
phenylpropanoid and fatty acid synthesis pathways (Figure 1).
The efficient production of RK from glucose in a heterologous
host requires the optimal production of these substrates. Due to
difficulties achieving this, published reports describing microbial
RK production are limited to those in which phenylpropanoid
pCA was the raw material (Lee at al. 2016; Wang et al., 2019;
Milke et al, 2020). The present study engineered the
phenylpropanoid- and fatty acid synthesis pathways using
genetic and chemical approaches, as well as fermentation, and
optimized pCA levels and malonyl-CoA supplies in E. coli.

The engineered AT2 strain fermented glucose to produce
1.9g/L of pCA during culture for 60h (Figure 3). This
amount exceeded that produced by any previous E. coli system
(Flourat et al., 2021). Not only is pCA important as an aromatic
precursor of bioactive substances such as stilbenoids, flavonoids
and curcuminoids (Katsuyama et al., 2008; Trantas et al., 2009),
but it is also a raw material for thermo-tolerant plastics (Kaneko
et al., 2006). Our platform could thus facilitate the production of
these valuable compounds.

The culture supernatant of the AT2 strain still contained a large
amount of tyrosine (>1.0 g/L), and this strain yielded 10-fold less
PpCA than AT1 (Figures 2, 3). This implied insufficient conversion of
tyrosine to pCA, and that enhancing RgPAL production improves
the generation of pCA and RK. The tyrosine conversion rate of
RgPAL to pCA reached 0.8 g of pCA/L/h under resting-cell reactions
(Table 2). This was much higher than the calculated maximum rate
of 0.07 g of pCA/L/h generated by fermenting AT2 cells (Figure 3).
This indicates that fine-tuning cellular metabolic flux further
improves productivity.

The availability of intracellular malonyl-CoA was increased by
FabF overexpression and cerulenin, which improved RK
production de novo (Figures 5, 6). This implied that
increasing the intracellular flux for malonyl-CoA synthesis
would improve RK production. Another strategy might be to
overproduce acetyl-CoA carboxylase that converts intracellular
acetyl-CoA to malonyl-CoA (Figure 1), which is supported by
the following findings. Excessive acetyl-CoA carboxylase
production results in a 100-fold increase in intracellular
malonyl-CoA levels (Davis et al., 2000). Overexpressed acetyl-
CoA carboxylase combined with engineering the metabolism of
the glycolytic system and the TCA cycle, results in 4- and 5.6-fold
increases, respectively, in the amounts of intracellular malonyl-
CoA and naringenin, a plant-specific secondary metabolite
derived from malonyl-CoA (Xu et al., 2011).

This study used multiple plasmids for expressing heterologous
genes. Although this approach allows rapid construction of
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recombinant E. coli, several issues should be addressed before
applied to large-scale fermentation that includes stability of
plasmids, cost of antibiotics, and stable enzyme production.
Genomic integration of the introduced genes should be a
possible approach to solve these issues. CRISPR/Cas9 or A-Red
recombination systems enable scarless genome engineering in
E. coli (Pyne et al.,, 2015; Bayer et al., 2021; Vo et al., 2021) and
must be powerful tools for this purpose. These approaches
improve our RK fermentation system to a more stable and
economically friendly one.

In conclusion, this study established a microbial system that
produced useful amounts of RK at low cost, and within a
reasonable time frame. The present supply of RK derived from
plants is limited and extraction is costly. Our straightforward
batch fermentation system offers an inexpensive and efficient
alternative to extracting RK from plants based on a simple carbon
source that should significantly contribute to the flavor and
fragrance industries.
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5-Aminolevulinic acid (5-ALA) is the key precursor for the biosynthesis of tetrapyrrole
compounds, with wide applications in medicine, agriculture and other burgeoning fields.
Because of its potential applications and disadvantages of chemical synthesis, alternative
biotechnological methods have drawn increasing attention. In this review, the recent
progress in biosynthetic pathways and regulatory mechanisms of 5-ALA synthesis in
biological hosts are summarized. The research progress on 5-ALA biosynthesis via the C4/
C5 pathway in microbial cells is emphasized, and the corresponding biotechnological
design strategies are highlighted and discussed in detail. In addition, the detection
methods and applications of 5-ALA are also reviewed. Finally, perspectives on
potential strategies for improving the biosynthesis of 5-ALA and understanding the
related mechanisms to further promote its industrial application are conceived and
proposed.

Keywords: 5-aminolevulinic acid, biosynthetic pathway, metabolic engineering, detection, application

1 INTRODUCTION

5-Aminolevulinic acid (5-ALA), also known as §-aminolevulinic acid, is an oxygen- and nitrogen-
containing hydrocarbon. It is the common precursor of all tetrapyrrole compounds, including
chlorophyll, heme and vitamin B;, (Kang et al., 2012). It can be synthesized by plants, animals,
bacteria and fungi. There are two biosynthetic pathways of it in nature, C4 pathway and C5 pathway
respectively. Since it is an endogenous substance that is non-toxic to humans and animals and is
easily degraded in the environment without residues, 5-ALA has received widespread attentions in
recent years. 5-ALA can be converted into protoporphyrin IX, which is a powerful photosensitizer to
cause photosensitive effect (Wang X. F. et al., 2020). Therefore, 5-ALA is successfully used in the
treatment of tumors and others diseases (Millesi et al., 2016; Pepa et al., 2020; Suero Molina et al.,
2021; Ubbink et al., 2021). 5-ALA is also used as an animal feed additive to improve iron status and
immune response in livestock (Wang et al., 2009; Hendawy et al., 2019; Direkbusarakom et al., 2021).
It also has functions in higher plants, such as stimulating physiochemical processes, regulating plant

Abbreviations: 5-ALA, 5-aminolevulinic acid; ALAS, 5-aminolevulinic acid synthase; pyridoxal PLP, 5'-phosphate; GluTS,
glutamyl-tRNA synthetase; GIuTR, glutamyl-tRNA reductase; GSA, L-glutamic acid 1-semialdehyde; GSA-AM, glutamate-1-
semialdehyde aminotransferase; ALAD, 5-aminolevulinate dehydratase; Odhl, oxoglutarate dehydrogenase inhibitor; GS,
glutamate dehydrogenase; asRNAs, antisense RNA; PMP, pyridoxamine 5’-phosphate; PEP, phosphoenolpyruvate; ROS,
reactive oxygen species; LA, levulinic acid; 5'-UTRs; 5'-untranslated regions; CRISPRi, CRISPR interference.
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growth and development in seed germination, vegetative growth
and fruit coloring (Wu et al, 2018). With the continuous
discovery of biological functions of 5-ALA, its synthesis and
related regulatory mechanisms have attracted increasing
attention, which led to further research and progress.

Compared with chemical methods, the biosynthesis of 5-ALA
has many advantages as green, sustainable, renewable, and
inexpensive technology (Kang et al., 2012). Researchers have
made major breakthroughs in the study of synthesis
mechanisms of 5-ALA and fermentation process optimization
for its biosynthesis over the past 20 years. A number of different
microbial hosts were used to produce 5-ALA, including
Escherichia coli (Zhao and Zhai, 2019), Corynebacterium
glutamicum (Feng et al., 2016) and Saccharomyces cerevisiae
(Hara et al, 2019). Recently, the highest titer of biosynthetic
5-ALA reached 18.5 g/L in C. glutamicum, which was achieved
via evaluation of 5-ALA synthetases from different sources,
regulating intracellular activities of 5-ALA synthetase and
phosphoenolpyruvate carboxylase, and optimization of the
fermentation medium (Chen et al, 2020). In the process of
microbial 5-ALA production, the optimization strategies of
biosynthetic pathways or metabolic networks based on
genome-scale metabolic network models also play an
important role in the biosynthesis of 5-ALA by solving the
problems of precursor supply (Ren et al, 2018; Hara et al,
2019), proper expression of 5-ALA synthase (Yu et al., 2019;
Chen et al., 2020), and regulating the expression levels of key
enzymes in downstream pathways (Zhou et al., 2019; Sakurai
et al,, 2021). Additionally, the detection technologies applied for
different samples have also made great progress (Hara et al., 2019;
Ren et al., 2018; Tan Z. J. et al., 2019). Previous applications and
synthetic methods have been reviewed in detail before in earlier
(Kang et al., 2012; Liu et al., 2014; Kang et al., 2017). However, a
review focusing on the metabolic engineering strategies to
improve 5-ALA production and systematic summary of
detection methods with recent advances has not been
reported. Therefore, it is of great significance to provide a
comprehensive review on 5-ALA for its further synthesis,
detection and application.

In this paper, we summarized the recent progress in the
research on the biosynthetic pathways and regulatory
mechanisms of 5-ALA. The research progress on 5-ALA
synthesis in microbial cells is emphasized, and design
strategies for obtaining efficient production hosts are analyzed
and discussed in detail. Additionally, 5-ALA detection methods
as well as its applications in agriculture, medicine and food
additives are also reviewed. Finally, possible solutions are
proposed to increase our understanding of the regulatory
mechanisms and biosynthesis of 5-ALA.

2 BIOSYNTHESIS AND MOLECULAR
REGULATION OF 5-AMINOLEVULINIC
ACID

In 1953, 5-ALA was firstly discovered in duck blood (Shemin and
Russell, 1953). In the following years, more and more studies

Development of 5-Aminolevulinic Acid Biosynthesis

proved the existence of 5-ALA synthesis in many animals and
higher plants (Harel and Klein, 1972; Samuel and Paul, 1974).
Although many efforts have been made to improve the yield of 5-
ALA (Ano et al,, 1999; Hama and Hase, 1978), its yield was still
very low in plants. Some microorganisms in nature also have the
ability to synthesize 5-ALA, such as photosynthetic bacteria,
which were the first host organisms to synthesize 5-ALA
(Sasaki et al., 1987). It is undeniable that some photosynthetic
bacteria liking Rhodobacter sphaeroides show significant
advantages on vyield compared to animals and plants
(Kamiyama et al., 2000), but its strict requirement demand on
fermentation conditions are not conducive to subsequent large-
scale industrial production. Therefore, the development of
engineered strains for directional produce 5-ALA is in the
core of the research in 5-ALA biosynthesis. At present,
Corynebacterium  glutamicum,  Escherichia  coli ~ and
Saccharomyces cerevisiae are the most commonly used strains
for biosynthesis of 5-ALA by metabolic engineering strategies.
Additionally,  Streptomyces  coelicolor,  Propionibacterium
acidipropionici (Kiatpapan et al, 2011), Shewanella oneidensis
(Yiand Ng, 2021) and Bacillus subtilis (Liu et al., 2020) have also
been attempted to synthesis 5-ALA recently (Supplementary
Table S1).

2.1 Biosynthetic Pathway of
5-Aminolevulinic Acid

5-ALA was confirmed as the common precursor of tetrapyrrole
compounds and was found in many organisms. Two natural 5-
ALA biosynthesis pathways are known to date. One is the C4
pathway (Shemin pathway), which was firstly reported by Shemin
and Russell (1953). It exists in animals, yeast, some protozoa and
purple non-sulfur photosynthetic bacteria. In this pathway,
glycine and succinyl-CoA are condensed to 5-ALA under the
catalysis of 5-aminolevulinic acid synthase (ALAS), with
pyridoxal 5'-phosphate (PLP) as the cofactor (Figure 1)
(Sasaki al., 2002). Succinyl-CoA is synthesized by
methylmalonyl-CoA mutase, which utilizes vitamin B;, as an
essential co-factor (38). The other is the C5 pathway (Beale
pathway), which starts from the discovery of 5-ALA in
Chlorella vulgaris by Beale (Beale, 1970). Glutamate produced
via the TCA cycle acts as the substrate of the C5 pathway (Kang
et al,, 2012). The C5 pathway is mainly present in higher plants,
algae, and many bacteria. The pathway starts with the ligation of
tRNA and glutamate to generate L-glutamyl-tRNA, catalyzed by
glutamyl-tRNA synthetase (GluTS) (Figure 1). The NADPH-
dependent glutamyl-tRNA reductase (GIuTR) reduces the
carboxyl group of Glu-tRNA to a formyl group, which enables
the conversion of L-Glu-tRNA into L-glutamic acid 1-
semialdehyde (GSA). In the last step, 5-ALA is created through
transamination by glutamate-1-semialdehyde aminotransferase
(GSA-AM) (Moser et al., 2001). The enzymes involved in this
pathway, GluTS, GluTR and GSA-AM, are encoded by the genes
gltX, hemA (homonymic with the ALAS gene of the C4 pathway)
and hemlL, respectively. However, a few microorganisms have
both C4 and C5 pathways with Euglena gracilis being a well-
known example (Weinstein and Beale, 1983).

et
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2.2 Regulation of 5-Aminolevulinic Acid

Biosynthesis

2.2.1 Main Regulation Mechanism of the C4 Pathway
In the C4 pathway, 5-ALA is formed by ALAS, encoded by the
hemA or hemT gene, which catalyzes the condensation of
succinyl-CoA and glycine. The hemA gene provides most of
the ALAS activity, much more than hemT (Neidle and Kaplan,
1993; Zeilstra-Ryalls and Kaplan, 1995). ALAS is a rate-
limiting enzyme for 5-ALA biosynthesis, and the synthesis
of this enzyme is itself highly regulated via feedback regulation
of the hemA and hemT genes (Sasaki et al., 1995). The
transcription of hemA from its two promoters is regulated
by the DNA-binding proteins FnrL and PrrA in R. sphaeroides
(Figure 1), which might be the only transcription factors
involved in the oxygen responsiveness of hemA (Fales et al,,
2002; Ranson-Olson and Zeilstra-Ryalls, 2008). Furthermore,
the enzymatic activity of ALAS is subject to feedback
inhibition by the end-product heme (Tian et al, 2011).
Another important protein, mitochondrial ClpX, directly
stimulates 5-ALA synthase in S. cerevisiae by catalyzing the
incorporation of its cofactor, pyridoxal 5 phosphate (Kardon
et al., 2020).

2.2.2 Main Regulation Mechanism of the C5 Pathway
In the C5 pathway, 5-ALA is derived from a transfer RNA
(tRNA)-bound glutamate in three enzymatic steps. In some
bacteria, the GluTS complexed with ATP and tRNAS™ as well
as its five domains for substrate or cofactor recognition (Zn>",
Mg**, ATP, glutamate and tRNA) and catalytic activity have
been studied (Dubois et al., 2009). In E. coli, GIuTS is
responsible for the formation of glutamyl-tRNA and 5-ALA

synthesis (Beale et al., 1975). The regulation of GluTS activity
is multi-dimensional and complex. Its activity is regulated by
intracellular heme levels (Levican et al., 2007) (Figure 1).
GIuTR was proved to be the key enzyme of the C5 pathway,
forming a tight complex with GSA-AM to protect the highly
reactive intermediate GSA-AM (Moser et al., 2001). The
activated glutamate is converted to GSA by the NADPH
dependent GIluTR enzyme, which in turn is quickly
converted to 5-ALA by GSA-AM. In addition, GIuTR is
regulated at the posttranscriptional and protein levels
(Woodard and Dailey, 1995; Wang et al., 1999). When the
concentration of heme is sufficient, the activity of GluTR is
strongly inhibited to reduce the synthesis of 5-ALA.
Furthermore, the complex of heme and GluTR-binding
protein also inhibits the interaction between GBP and
GIuTR, causing the deregulation of GIuTR (Richter et al,
2019).

Similar but more complex regulation mechanisms also
exist in higher plants. Feedback inhibition plays an
important regulative role in 5-ALA synthesis via the C5
pathway. It was reported that GIuTR is the target of FLU
protein in higher plants (Zhang M. et al., 2015). The negative
regulator, FLU protein, has been proposed to have a synergetic
role in the chlorophyll branch, similar to the function of heme
(Kauss et al., 2012). The transcription factors like Far-red
Elongated Hypocotyl 3 (FHY3) and Far-red Impaired
Response 1 (FARI) have a positive regulative role in
chlorophyll biosynthesis since they can bind and activate
the expression of hemB (encodes ALAD), thereby
upregulating the synthesis of 5-ALA in higher plants (Tang
et al., 2012).
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FIGURE 2 | Genetic manipulations in metabolic engineering strategies for 5-aminolevulinic acid biosynthesis. The genes in green or red represent the enzymes

that should be overexpressed or inactivated to accelerate 5-ALA accumulation, respectively. The red cross indicates that the pathways are disrupted, the dashed
green line indicates positive regulation, and the dashed red line indicates feedback inhibition. pdxH, encoding pyridoxal 5-phosphate synthase; pdxY, pyridoxal
kinase; Cgl0788-Cgl0789, pyridoxal 5'-phosphate synthase gene; gapA, encoding glyceraldehyde 3-phosphate dehydrogenase; serA, encoding 3-
phosphoglycerate dehydrogenase; serB, encoding phosphoserine phosphatase; serC, encoding phosphoserine aminotransferase; glyA, encoding serine
hydroxymethyl transferase; coaA, encoding pantothenate kinase; dfp, encoding dephospho-CoA kinase; coaD, encoding pantetheine-phosphate
adenylyltransferase; coak, encoding dephospho-CoA kinase; ppc, encoding phosphoenolpyruvate carboxylase; pyc, encoding pyruvate carboxylase; pck,
encoding phosphoenolpyruvate carboxykinase; gltA, encoding citrate synthase; IdhA, encoding L-lactate dehydrogenase; pgo, encoding pyruvate:menaquinone
oxidoreductase; pta, encoding phosphotransacetylase; ackA, encoding acetate kinase; cat, encoding acetyl-CoA:CoA transferase; ACO2, encoding aconitase;
icd, encoding isocitrate dehydrogenase; sucAB, encoding a-oxoglutarate dehydrogenase; odhl/, encoding a-oxoglutarate dehydrogenase inhibitor; sucCD,
encoding succinyl-CoA synthetase; aceA, encoding isocitrate lyase; aceB, encoding malate synthase; ic/R, encoding the transcriptional regulator of glyoxylate cycle
genes aceBAK; gdhA, encoding glutamate dehydrogenase; gitX, encoding glutamyl-tRNA synthetase; hemA, encoding glutamyl-tRNA reductase; hemL, encoding
glutamate-1-semialdehyde aminotransferase; pgr7, encoding hem1 stimulator protein; hemA, encoding 5-aminolevulinate synthase; rhtA, encoding serine/
threonine transporter; lysk, encoding lysine/arginine transporter; putP, encoding L-proline transporter; Ncgl1221, encoding glutamate transporter; agxt, encoding
glyoxylate aminotransferase from Homo sapiens. G6P, glucose-6-phosphate; 3PP, 3-phosphoserine; GAP, glyceraldehyde 3-phosphate; DPG, 1,3-
bisphosphoglyceric acid; PEP, phosphoenolpyruvate; PYR, pyruvic acid; AcCoA, acetyl-CoA; AHP, 3-hydroxy-1-aminoacetone phosphate; DXP, deoxyxylulose 5-
phosphate; PNP, pyridoxine 5'-phosphate; PL, pyridoxal; Rup, ribulose 5-phosphate; PAN, pantothenate; 4PPAN, 4’-phosphopantothenate; PPC, 4'-
phosphopantethenine; PPA, dephpspho-CoA; CoA, coenzyme A; ADK, adenylate kinase; HK, hexokinase; ZWF, glucose-6-phosphate dehydrogenase; PGL,
phosphogluconolactonase; GND, 6-phosphogluconate dehydrogenase; R5P, D-ribulose 5-phosphate.

3 METABOLIC ENGINEERING STRATEGIES
FOR 5-AMINOLEVULINIC ACID
BIOSYNTHESIS

A number of metabolic engineering strategies have been
developed with the aim to establish an industrially sustainable

biosynthesis route for 5-ALA (Figure 2), including engineering of
key enzymes, redistribution of central carbon fluxes toward
precursors, blockage of downstream pathways, cofactor
engineering, and transporter engineering. The recent research
on improving 5-ALA Dbiosynthesis is summarized in
Supplementary Table S1.
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3.1 Engineering of Key Enzymes for

5-Aminolevulinic Acid Biosynthesis

3.1.1 5-Aminolevulinate Synthase in the C4 Pathway

ALAS is the key enzyme for 5-ALA synthesis via the C4 pathway,
and its isoenzymes are encoded by different redundant genes
(Kanget al., 2012). Tai et al. (1988) identified the two genes hemA
and hemT as potentially encoding ALAS in R. sphaeroides, which
was further confirmed by Neidle et al., as well as Neidle and
Kaplan (1993). Compared with the hemT gene, the expression of
hemA is more sensitive to feedback inhibition by heme in wild-
type R. sphaeroides 2.4.9 (Stoian et al, 2018). When the
expression of hemA is inhibited, hemT starts to play an
alternative role in 5-ALA synthesis. In addition, hemO is
another redundant gene that also encodes ALAS and can
support the synthesis of 5-ALA in R. sphaeroides (Zhang et al.,
2013). Engineered E. coli overexpressing the hemO gene produced
6.3 g/L of 5-ALA, which was higher than the 5.7 g/L of the strain
overexpressing hemA (Zhang et al., 2013). Moreover, both ALAS
activity and its affinity for substrates in the host cell influence the
synthesis of 5-ALA. For example, overexpression of the hemA
gene from R. palustris ATCC 17001 yielded a 5-ALA titer of 3.8 g/
L, which was 15.2% and 18.9% higher than those produced by two
other ALAS genes in C. glutamicum (Chen et al., 2020).

To decrease the feedback inhibition by heme and increase the
thermostability of ALAS, the enzyme was modified using
different strategies. For example, the H29R and HI15K ALAS
mutants were screened from several single variants by computer-
assisted rational design (Tan Z. J. et al.,, 2019). The 5-ALA levels of
C. glutamicum strains expressing the mutants respectively
increased by 6 and 22 compared with the strain expressing
wild-type ALAS (Tan Z. J. et al, 2019). To enhance the
soluble protein expression, Yu et al. (2019) used TrxA and its
chaperone GroELS to improve the activity of ALAS (Figure 1).
Recently, Yu et al. (2022) further biosynthesized 5-ALA by
integrating and co-expressing groELS and hemA in
chromosome. The final 5-ALA titer increased to 15.6 g/L after
supplying ferric ion and optimizing the glucose-glycerol as a
mixed carbon source. In addition, the transcription of hemA was
found to be influenced by changes of the cellular redox state
(Zeilstra-Ryalls and Kaplan, 1996). Most importantly, the
expression strength of ALAS should be maintained at a
moderate level in case of an imbalance between 5-ALA
synthesis and the TCA cycle (Chen et al, 2020). In
conclusion, reliving the complex feedback inhibition of ALAS
and maintaining moderate expression levels are the key to
achieving high productivity of 5-ALA.

3.1.2 Glutamyl-tRNA Reductase and Glutamate-1-
semialdehyde Aminotransferase in the C5 Pathway
GluTR (encoded by hemA) and GSA-AM (encoded by hemL) are
two charging enzymes in the C5 pathway (Figure 2). GluTR is the
key enzyme forming a tight complex with GSA-AM to protect the
highly reactive intermediate GSA-AM (Moser et al., 2001).
GIuTR activity is also inhibited by heme and further
influences the synthesis of 5-ALA. However, it has been
reported that a C170A mutant of HemA from Salmonella

Development of 5-Aminolevulinic Acid Biosynthesis

enterica is not influenced by heme (Jones and Elliott, 2010).
Although this work was a breakthrough in eliminating feedback
inhibition from heme, the influence of the C170A mutant to 5-
ALA synthesis was still unknown. Subsequently, HemA mutants
from different sources with higher activity and stability were
screened to increase the production of 5-ALA combined with
HemL in E. coli and C. glutamicum (Kang et al., 2011a; Yu et al,,
2015; Zhang et al, 2017; Ko et al, 2019). To increase the
expression level of the two genes hemA and hemlL, different
metabolic engineering strategies were applied with good
results, including promoter engineering (Noh et al, 2017),
transcriptional regulation with synthetic 5’-untranslated
regions (5'-UTRs) (Noh et al, 2017) and RBS engineering
(Zhang and Ye, 2018; Zhang J. L. et al, 2019) (Figure 3).
Recently, the engineered strain E. coli Transetta GTR/GBP co-
overexpressing the stimulator protein GBP (encoded by pgr7)
could produce 3.08 g/L of 5-ALA, representing a 2.37-increase
compared to overexpression of hemAl alone (Zhao and Zhai,
2019). In general, overexpression of the two genes hemA and
hemL both contributes to the biosynthesis of 5-ALA. Further
exploring the mechanisms that control these two genes and
reducing other influencing factors are effective strategies for
increasing the production of 5-ALA.

3.2 Enhancing Precursor Supply by
Redistributing the Fluxes of Central Carbon

Metabolism
3.2.1 Metabolic Engineering of Central Carbon
Metabolic Pathways for Supplying Precursors in the
C4 Pathway
5-ALA is produced by the condensation of succinyl-CoA and
glycine in the C4 pathway (Figure 2). Previous studies found that
addition of the precursors succinyl-CoA and glycine was
conducive to enhancing the production of 5-ALA (Choi et al,
1999; Liu et al,, 2010), which indicated that the supply of these
two precursors might be the main bottleneck of 5-ALA synthesis.
Consequently, many metabolic engineering studies have been
undertaken in different microorganisms to increase the supply of
these precursors (Figure 2). Further advances will make it
possible to directly regulate the metabolic flux toward
succinyl-CoA and glycine.

There are two main strategies to improve the intracellular
succinyl-CoA pool. One relies on reinforcing the carbon flux
toward the TCA cycle. For example, overexpression of gltA

(encoding citrate synthase), ppc (encoding
phosphoenolpyruvate carboxylase) and pyc (encoding
pyruvate carboxylase), together with the deletion of pck
(encoding  phosphoenolpyruvate  carboxykinase), can

redirect the carbon flux towards the TCA cycle (Feng et al,
2016). Combined with the knockout of by-product pathways
that produce acetate and lactate, the production of 5-ALA by
engineered C. glutamicum was further increased from 1.44 to
2.07 g/L (Feng et al., 2016). However, high overexpression
levels of target genes in central carbon metabolic pathways
might interfere with the synthesis of 5-ALA and destroy the
balance  between  complicated pathways. Recently,
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FIGURE 3 | Strategies for tuning the expression and regulation of genes. Tuning gene expression and regulation requires a balance between cell growth and a
specific biological activity in order to transform the original system within the microbial cells into one that generates the target product. The strategies include several
methods, such as CRISPRi, Riboswitch engineering, Synthetic asRNA engineering, RBS engineering. Promoter engineering, 5’-UTR engineering and RBS library can be
used to optimize the expression of the target genes, and thereby increase the biosynthesis of 5-ALA. In riboswitch engineering, a glycine-OFF riboswitch was
utilized to dynamically downregulate ALAD expression in the presence of glycine, while small amounts of glycine allow hemB to be expressed normally (Zhou et al., 2019).
Using CRISPRI technology, a heme-responsive regulatory system was developed to control the concentration of heme dynamically and precisely. At low heme
concentration, the regulatory system hinders the expression of CRISPRI (Zhang et al., 2020a).

overexpression of ppc resulted in decreased accumulation of 5-
ALA while an obvious elevation of production (34.1% higher
than control) could be achieved by finer tuning using a
moderate RBS (Chen et al., 2020). Another approach relies
on strengthening the metabolic flux from the TCA cycle to the
precursor of 5-ALA synthesis. Succinyl-CoA synthetase,
encoded by sucCD, catalyzes the reversible reaction between
succinate and succinyl-CoA. The inactivation of sucCD can
redirect the carbon flux toward the 5-ALA synthesis branch
rather than the reductive TCA cycle (Yang et al., 2016; Ding
et al., 2017). And cutting down glutamate biosynthesis
pathway (encoded by gdhA) increased the flux from a-
oxoglutarate to succinyl-CoA, which increased the 5-ALA
titer 2-fold compared to the control (Ge F. et al., 2021).
Apart from preventing the flux to the reductive TCA cycle,
reinforcing the gene expression in the oxidative arm of the
TCA cycle is equally significant for the synthesis 5-ALA. For
example, the overexpression of ACO2 (encoding aconitase) in
the oxidative-arm of the TCA cycle could enhance the 5-ALA
yield in S. cerevisiae (Hara et al., 2019). In C. glutamicum CgS1,
overexpressing a-oxoglutarate dehydrogenase (encoded by
sucAB) caused a 6% increase of the 5-ALA titer, while
isocitrate dehydrogenase (encoded by icd) had a negative
effect in this case (Yang et al., 2016). These results
indicated that the regulation of multiple genes in the TCA
cycle is relatively complex, and a design based on genome-scale
metabolic network model is a more effective approach for
increasing 5-ALA production.

Glycine is another precursor in the C4 pathway and it limits
the yield of 5-ALA. The supply of glycine is a well-known
bottleneck for the high-level production of 5-ALA, and this
problem is mainly solved by adding exogenous glycine in the
fermentation process (Fu et al., 2010; Kang et al., 2010; Kang
et al., 2011b). Some experts also attempted to provide glycine
for 5-ALA biosynthesis via metabolic engineering strategies
(Figure 2). 3-phosphoglycerate dehydrogenase (encoded by
serA) is the first enzyme of the glycine synthesis pathway and is
tightly regulated via feedback inhibition by L-serine
analogues, which could be released by mutations (Ding
et al,, 2017). The level of 5-ALA in a C. glutamicum strain
overexpressing serA”'”’, serB and serC increased by 70%
compared to the parental strain with an unmodified glycine
synthesis pathway (Zou et al., 2017). Recently, an unnatural
pathway for the production of 5-ALA was construct by
introducing the agxt gene from Homo sapiens to transform
glyoxylate into glycine and finally realize 5-ALA synthesis
without glycine addition (Ren et al., 2018). The proposed new
approach is particularly useful to circumvent the problem of
precursor supply, which was difficult to be engineered. In
addition, our own research demonstrated the moderate
amounts of glycine indeed improve 5-ALA synthesis (Zou
et al., 2017), while excessive glycine poisons the host cells and
influences the final yield (Sasaki et al., 2002; Fu et al., 2010).
Therefore, it is necessary to continuously maintain an
appropriate concentration of glycine in order to realize high
productivity of 5-ALA.
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3.2.2 Metabolic Engineering of Central Carbon
Metabolic Pathways for Providing Precursors to the
C5 Pathway

Glutamate is the precursor of the C5 pathway, mainly produced
from a-oxoglutarate by glutamate dehydrogenase (GS) (encoded
by gdhA). To improve the supply of glutamate, the carbon flux
from the TCA cycle or glyoxylate cycle is redistributing towards
a-oxoglutarate (Figure 2). The carbon flux of the TCA cycle was
diverted to glutamate by overexpressing the gltA gene, deleting
sucA (encoding a-oxoglutarate dehydrogenase), and precisely
regulating the glyoxylate cycle wusing an appropriate
transcription strength of aceA (encoding isocitrate lyase) in an
engineered E. coli overexpressing hemA™ and hemlL, generating
the flux-optimized strain WSAL4 (Noh et al., 2017). The level of
5-ALA was increased 3.6-fold compared to the control strain. In
addition, repressing the transformation of a-oxoglutarate to
succinyl-CoA  and  overexpressing an  oxoglutarate
dehydrogenase inhibitor (OdhI) reinforced the supply of
glutamate in C. glutamicum (Ko et al,, 2019). Double-mutated
Odhl with eliminated phosphorylation and inhibited
oxoglutarate dehydrogenase activity was further used to
synthesize 5-ALA.The 5-ALA production of the double-
mutated OdhlI strain increased to 2.1 g/L, which was much
higher than the 0.35g/L of the strain expressing wild-type
OdhI (Ko et al, 2019). Moreover, Zhang et al. dynamically
regulated the expression of odhA  (a-ketoglutarate
dehydrogenase complex E1 subunit gene) with the strategies of
auto-inducible metabolic engineering by a growth-regulated
promoter Pcp 5536, Which increased the production of 5-ALA
by 1-fold (Zhang C. L. et al., 2020).

Repressing glutamate degradation and transport is also an
alternative strategy. Recent studies reported that inactivation of a
glutamate-transporter membrane protein (encoded by Ncgl1221)
could drastically decrease the secretion of glutamate (Zhang and
Ye, 2018) and promote the accumulation of intracellular 5-ALA
in C. glutamicum (Chen et al, 2015; Zhang and Ye, 2018)
(Figure 2). There are also other glutamate transport proteins,
such as GItP, GltJ, GltK, GItL and GItS, which are strongly related
to the intracellular glutamate concentration (Zhao and Zhai,
2019). Moreover, deleting the transport proteins of the
downstream by-products of glutamate, proline and arginine
also promoted the synthesis for 5-ALA (Zhang and Ye, 2018).

3.3 Regulated Expression of Key Genes in

Downstream Pathways
Tetrapyrrole compounds are produced from 5-ALA in specific
downstream pathways and are important for physiological and
metabolic activities of organisms. The expression levels of
downstream genes affect enzymes activity and transcription of
the 5-ALA biosynthesis pathway as well as cell growth. In other
words, regulated expression of key genes in downstream
pathways is conducive to further increase 5-ALA production.
ALAD is the first enzyme in the biosynthetic pathways of
heme, chlorophyll and other essential porphyrins. They all start
from 5-ALA in the downstream pathway and ALAD has a close
relationship with final accumulation of 5-ALA. The metabolic
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intermediate protoporphyrinogen IX inhibits the expression of
ALAD and further influences the accumulation of 5-ALA
(Figure 1) (Zhang J. L. et al, 2015; Zhang et al., 2016). Many
studies have attempted to improve the concentration of 5-ALA by
inhibiting the expression of ALAD to reduce the intracellular
utilization of 5-ALA (Ding et al.,, 2017; Yu et al.,, 2015). As ALAD
is an important enzyme catalyzing the first step in the synthesis of
many essential porphyrins, the complete loss of ALAD activity
has a negative impact on cell growth. The replacements of the
initiation codon or promoter to regulate ALAD expression at the
transcriptional and translational levels is another validated
measure to realize the balance between cell growth and 5-ALA
biosynthesis. After altering the most preferred initiation codon
AUG into GUG in E. coli, the production of 5-ALA significantly
increased from 1.31 to 1.76 g/L (Ding et al., 2017). Promoter
engineering is another effective way to directly downregulate
ALAD expression at the transcriptional level by replacing its
promoter with constitutive promoters and stationary-phase
promoters (Figure 3). A strain in which the stationary-phase
promoter fliCp was introduced displayed superior performance,
and the final production of 5-ALA was 2.68 g/L (increased by 11%
over the control strain) (Zhang J. L. et al., 2019). Additionally, a
glycine-OFF  riboswitch from Clostridium pasteurianum,
Apt2#82, was utilized to dynamically downregulate ALAD
expression in the presence of glycine, resulting in an 11%
improvement of 5-ALA production in recombinant E. coli
(Zhou et al.,, 2019) (Figure 3). It is reported that the antisense
RNA (asRNAs) of hemB could decrease its’ mRNA level by 50%,
and the production of 5-ALA was increased by 17.6% (Ge F. L.
etal., 2021) (Figure 3). In a recent research, CRISPR interference
(CRISPRI) was used to repress the expression of hemB, and the
titer of 5-ALA increased 3.7 fold compared to the control
(Miscevic et al, 2021). However, weakening the activity of
ALAD cannot guarantee the elevation of production (Xie
et al,, 2003; Zhang J. L. et al,, 2019), implying that ALAD has
an appropriate range of activity and advanced research should be
carried on.

The combinatorial perturbation of multiple genes in the
downstream pathway has attracted widespread attention, with
most studies focusing on engineered E. coli. Among several genes
in the downstream pathway, the upregulation of hemD and hemF
facilitated the accumulation of 5-ALA, while the overexpression
of hemB, hemG and hemH had no effect (Zhang J. L. et al., 2019).
The expression of hemD and hemF with moderate intensity, as
well as overexpression of hemA and hemL increased the
production of 5-ALA in recombinant E. coli LADF-6 to 3.25 g/
L, 3.78-fold higher than the parental strain (Zhang J. L. et al,
2015). Recent studies indicated that the iron regulator small RNA
ryhB distinctly downregulates the transcription of hemB and
hemH, perturbing the accumulation of heme and 5-ALA
(Figure 1) (Li et al, 2014). Subsequently, further studies
investigated the transcriptional regulatory mechanism of ryhB
in relation to other genes of the heme synthesis pathway. It was
demonstrated that both overexpression of hemD and hemF
downregulated the transcription of ryhB, while overexpression
of hemB resulted in an unexpected increase (Zhang et al., 2016).
In addition, a heme-responsive regulatory system (Figure 3) was
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designed and constructed by CRISPRi to dynamically and
precisely control the downstream pathways for 5-ALA
synthesis (Zhang et al., 2020a). In this work, a H149D mutant
was obtained by semi-rational design with site saturated
mutagenesis of HrtR from Lactococcus lactis, and used as a
biosensor to dynamically regulate the expression of hemC and
hemH in the downstream pathways, which resulted in a 5-ALA
titer of up to 5.35 g/L 5-ALA in batch-cultures of E. coli (Zhang
et al., 2020a).

Thus, the biosynthesis of 5-ALA interacts with heme synthesis
in downstream pathways and the deeper regulation is complex
and ambiguous. Therefore, the simple deletion or overexpression
of genes may not be able to produce a high yield of 5-ALA, and
more elaborate regulatory strategies need to be developed to
achieve a balance between cell growth and 5-ALA biosynthesis.

3.4 Cofactor Engineering

The supply of cofactors immediately impacts the production of
metabolic products and the modification in cofactor engineering
can accelerate the yield of targeted products, such as acetoin and
2,3-butanediol (Yang et al., 2017). During the synthesis of 5-ALA,
the conversion of substances and the activation of enzymes
mostly relies on cofactors such as pyridoxal PLP, coenzyme A,
NADPH/NADP, etc. The supply of sufficient cofactors is of great
significance to ensure the flow of electrons, activation of enzymes
and maintenance of their stability. Currently, studies on cofactor
supply mainly focus on the strengthening of the pyridoxal 5'-
phosphate and coenzyme A supply by exogenous addition and
metabolic pathway engineering, and also few involves the
metabolic engineering of ATP and NAD(P)H (Figure 2).

3.4.1 Pyridoxal 5’'-Phosphate

Pyridoxal 5'-phosphate (PLP) is a biologically active form of
vitamin Bg that can catalyze many enzymatic and non-
enzymatic reactions (Heyl et al, 1951; Hayashi et al., 1990).
At the same time, PLP is also an essential cofactor involved in
both the C4 and C5 pathways. The key residues of these enzymes
that interact with PLP are suspected to undergo extensive
movements and contribute to the formation and stabilization
of the functional conformation at the active sites (Brown et al.,
2018). In the C4 pathway, ALAS condenses two precursors into
5-ALA with the assistance of PLP as an important cofactor.
Firstly, PLP combines with glycine to form a covalent adduct,
and  further  triggers  transaldimination in  the
microenvironment. Then the PLP-glycine adduct releases
CO, to synthesize 5-ALA by decarboxylation or
deprotonation with the participation of succinyl-CoA (Kang
et al., 2012). The interplay of the PLP cofactor with the protein
moiety determines and modulates the multi-intermediate
reaction cycle of ALAS (Stojanovski et al., 2019). At the same
time, PLP binding induces re-ordering of active sites and key
residues to achieve the active conformation of the enzyme
according to the crystal structure of ALAS (Brown et al,
2018). GSA-AM is the last enzyme in the C5 pathway and
also depends on PMP/PLP to synthesize 5-ALA. In view of
structural similarity with ALAS, GSA-AM has been
hypothesized to be the evolutionary precursor of ALAS
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(Schulze et al, 2006). One proposed reaction mechanism
supported by kinetic studies posits that PLP is initially
present as pyridoxamine 5'-phosphate (PMP) (Pugh et al.,
1992). GSA is converted to 5-ALA via the intermediate 4,5-
diaminovalerate along with the conversion of PMP into PLP (Li
et al., 2018).

It was confirmed that the addition of PLP has a positive effect
on 5-ALA production (Zhang J. L. et al., 2019). Subsequently, the
supply of PLP was reinforced by slightly strengthening the native
PLP pathway, and the titer of 5-ALA was increased by 7% to
2.86 g/L in the C5 pathway (Zhang J. L. et al., 2019). In a recent
research, the overexpression of Cgl0788-Cgl0789 operon
(encoding pyridoxal 5'-phosphate synthase) in engineered C.
glutamicum also improved the production of 5-ALA by 15.6%
(Yan et al., 2020), which proved that the metabolic modification
of PLP pathway promoted the production of 5-ALA (Figure 2).
Similarly, PLP is also important in the C4 pathway and removing
PLP led to complete loss of enzyme activity (Choi et al., 1999; Liu
et al, 2010). Given the obvious efficiency of PLP in the C5
pathway, we speculate that it also may have a significant
positive effect on 5-ALA synthesis in the C4 pathway, which is
confirmed by a recent research. After integrating the gene
encoding pyridoxal kinase (PdxY) into the chromosome and
coexpressing ALAS from R. capsulatus, the 5-ALA titer of
recombinant E. coil increased 4.33-fold to 1.99 g/L (Xue et al,
2021).

3.4.2 Coenzyme A

Coenzyme A (CoA) is another essential cofactor in numerous
biosynthetic pathways, such as the synthesis of pantothenate
(vitamin Bs), cysteine, and ATP (Takagi et al, 2010).
Moreover, CoA has a direct relationship with the synthesis of
succinyl-CoA, indicating that perturbation of CoA metabolism
might have a distinct influence on 5-ALA.

Pantothenate kinase (encoded by coaA) is an essential protein
in the CoA biosynthesis pathway and it is regulated via feedback
inhibition by CoA (Song and Jackowski, 1992; Rock et al., 2000).
The overexpression of coaA in recombinant C. glutamicum led to
a 10% increase of 5-ALA production (Yang et al, 2016). The
synthesis of CoA from pantothenate involves a four-step
enzymatic process, whereby the reactions catalyzed by
pantothenate kinase and phospho-pantetheine adenylyl
transferase (encoded by coaD) are major rate-limiting steps
(Vadali et al., 2004; Lee et al., 2013). The effects of all genes in
the CoA synthetic pathway on 5-ALA was confirmed, and it was
demonstrated that upregulating all the genes of the CoA synthesis
pathway, except for coaE (encoding dephospho-CoA kinase), is
beneficial to the accumulation of 5-ALA (Ding et al., 2017). The
production of 5-ALA reached 1.00 g/L (increased by 45.1%) by
co-overexpressing the coaA™, dfp and coaD genes (Ding et al.,
2017) (Figure 2).

3.4.3 ATP and NAD(P)H

As cofactor, ATP and NAD(P)H directly participate in the
transmission of energy and the transport of electrons to
influence the yield of 5-ALA (Ren et al,, 2018). The strains are
capable of synthesizing these cofactors, while their own
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regeneration is generally insufficient for the overproduction of 5-
ALA. Accounting for the importance of cofactors for growth and
production, it was assumed that enhancing cofactor regeneration
pathways may facilitate increased 5-ALA production. In the
biosynthesis of 5-ALA in the C5 pathway, the reactions
catalyzed by GIuTS and GIuTR are respectively ATP and
NADPH  dependent (Figure 1). The appropriate
overexpression of phosphoenolpyruvate (PEP) carboxykinase
(PCK, encoded by  pckA) from Mannheiemia
succiniciproducens, which can irreversibly convert PEP to
oxaloacetate and generates ATP, increased the production of
5-ALA by 12.7% (Zhang C. L. et al., 2020). In order to improve the
pool of NADPH, isocitrate dehydrogenase (IDH, encoded by icd)
and NADP'- dependent glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, encoded by gapA) were successively
overexpressed, and the production of 5-ALA respectively
increased 13.5% and 26.7% compared with the control (Zhang
C.L.etal, 2020) (Figure 2). Although few research concerned on
increasing ATP flux by metabolic engineering strategies, the
potential positive effect on increasing the yield of 5-ALA
deserves further attention from researchers in the future.

3.5 Accelerated Transport of Intracellular

5-Aminolevulinic Acid

High-level synthesis of target products may be harmful to the
microbial host cells and further inhibit the production of the
target product to some extent. 5-ALA is one of the typical
representatives, which easily result in the accumulation of
reactive oxygen species (ROS) that has toxic effects on cells. It
is therefore critical to improve 5-ALA production by accelerating
intracellular 5-ALA transfer to the extracellular environment,
alleviating the cytotoxicity.

Because its physical properties are close to those of
proteinogenic amino acids, different transport proteins with
the ability to transport amino acids and their analogues have
been used to improve the production of 5-ALA (Figure 2) (Moser
et al, 2001). The serine/threonine transporter RhtA has been
widely used in numerous recombinant strains and exhibited
excellent results in increasing the extracellular 5-ALA
concentration. Kang et al. firstly applied the rhtA gene in 5-
ALA synthesis and successfully demonstrated its feasibility for
further improvement of production (Kang et al., 2011a). Recently,
overexpressing rhtA with a T7 system composed of orthogonal
T7RNA polymerase and the T7 promoter increased 5-ALA
production 40-fold in E. coli (Tan S. I et al, 2019).
Introduction of rhtA into the high-yield recombinant C.
glutamicum AL-OI** increased production of 5-ALA by 28%
over the control (Ko et al,, 2019). Interestingly, the expression
level of rhtA was upregulated 17-fold in the high-yield E. coli
Transetta GTR/GBP co-expressing HemAlI and pgr7 from A.
thaliana (Zhao and Zhai, 2019). The timely and effective
transport of 5-ALA outside the cell is of great significance for
the continuous synthesis of 5-ALA. It is undeniable that RhtA is
not the only protein that can transport 5-ALA. However, only few
export proteins have been found, and the discovery of
transporters remains a great challenge.
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A second strategy for facilitating the transport of 5-ALA relies
on changing the permeability of the cell wall. Penicillin inhibits
the synthesis of cell wall components by restraining the activity of
penicillin-binding proteins and further benefits the accumulation
of 5-ALA (Laneelle et al., 2013; Ramzi et al., 2015). However, the
exogenous addition of penicillin not only increases the
production cost but is also not environmentally friendly. Our
previous study directly influenced the synthesis of the cell wall by
deleting the non-essential high molecular-weight penicillin-
binding protein genes pbpla, pbplb, and pbp2b individually,
and all were positive for the production of 5-ALA with
increases of 13.53, 29.47, and 22.22%, respectively (Feng et al.,
2016), demonstrating the vital role of cell wall permeability for
extracellular 5-ALA accumulation.

3.6 Cell-free Metabolic Engineering in vitro
The production of 5-ALA in vivo is limited by low volumetric
productivity, byproduct losses and complex fermentation
processes. Moreover, the producer strains tend to be
exposed to the toxic effects of ROS, which affects the
normal growth of the cells (Zeng et al,, 2015). To address
these limitations, cell-free metabolic engineering that utilizes
purified enzymes or crude cell extracts to synthesize 5-ALA
was proposed (Dudley et al., 2015).

In an early study using cell-free extracts of recombinant
E. coli with the addition of succinate, glycine, LA and ATP, the
production of 5-ALA reached 22.6 mM (2.96 g/L) in vitro
(Van Der Werf and Zeikus, 1996). By contrast, the same
recombinant strain from which the cell extract was
prepared was only able to produce 2.25 mM (0.30 g/L) 5-
ALA in vivo, which illustrates the great potential for high-
level 5-ALA production in vitro. Limited by the relatively
lower enzyme activities of cell extracts and complex
engineered of recombinant strains, researchers
continually looking for more efficient and commercially
viable approaches for 5-ALA synthesis. With the
purification of the key enzymes in the metabolic pathway
and elucidation of their structure and mechanism (Brown
et al., 2018), it is possible to produce 5-ALA using a cell-free
multi-enzyme catalysis system. Meng et al. (Meng et al., 2016)
firstly constructed a cell-free multi-enzyme catalysis system
based on the C4 pathway using the substrates succinic acid,
glycine, and polyphosphate, catalyzed by the three enzymes,
ALAS, succinyl-CoA synthase and polyphosphate kinase.
Although the final titer of 5-ALA reached only 5.4 mM
(0.71 g/L), the study demonstrated the possibility of cell-
free multienzymatic synthesis. Subsequently, a cell-free
semi-permeable process based on the C5 pathway was
realized using glucose, sodium polyphosphate, ATP,
NADPH, glutamate and nine enzymes (Zhao et al., 2019).
Similar to previous research, the yield of 5-ALA was very low
and the cost was very high, but this cell-free semi-permeable
system firstly realized the recycling of enzymes and high-value
cofactors for 5-ALA biosynthesis. In spite of the challenges
faced by current studies, the considerable potential to realize
commercial in vitro production by cell-free metabolic
engineering cannot be ignored.

were
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4 DETECTION OF 5-ALA

Detection of 5-ALA is important for the study of synthetic
pathways, metabolic mechanisms and applications of 5-ALA.
In order to more easily measure the quantity of 5-ALA,
detection methods based on Ehrlich’s reagent, fluorescent
protein-based detection systems, liquid chromatography
tandem-mass spectrometry (LC-MS/MS), high performance
liquid chromatography (HPLC) and gas chromatography-mass
spectrometry (GC-MS) have been developed.

4.1 Ehrlich’s Reagent Method
Ehrlich’s reagent was firstly used for the quantification of 5-ALA.

It produces an adduct, that can be detected colorimetrically at
553 nm (Mauzerall and Granick, 1956; Tomokuni and Ogata,
1972). This method involves cell collection, extraction of
intracellular components, and the Ehrlich reaction, which
requires about 30min for each sample (Mauzerall and
Granick, 1956; Tomokuni and Ogata, 1972). Ehrlich’s reagent,
as a classic detection method, has been widely accepted and used
to measure the 5-ALA content, but the method suffers from
severe sample background interference, in addition to being time-
consuming and laborious.

4.2 Fluorescence Spectroscopy

5-ALA is stable only under acidic conditions. Currently, it is
mostly sold in the form of hydrochloride and there is need for a
simpler approach. The conversion of chemicals into easily
detectable signals such as color or fluorescence has been a
powerful tool for de novo metabolite monitoring and in vitro
small molecule detection. Chung et al. (2005) proposed a
combination of hemA with a green fluorescent protein gene
(egfp) to realize the characterization and investigation of
extracellular 5-ALA. Although the concentration of 5-ALA is
reflected in the fluorescence intensity, the precise concentration
of 5-ALA still depends on Ehrlich’s reagent. Recently, a
fluorescence-based whole-cell system was developed for the
simultaneous detection and production of 5-ALA in
recombinant E. coli (Tan S. I. et al., 2019). In this method, a
constitutive 5-ALA production strain with R. sphaeroides HemA
(RshemA) and a fusion of super-folder-green fluorescent protein
was established with an optimized promoter, medium, and fusion
sites. The de novo quantification of intracellular and extracellular
5-ALA by monitoring the fluorescence of sfGFP fused to RshemA
was also explored using dual promoters and dual plasmids (Tan S.
I et al,, 2019). Additionally, to increase the understanding of the
regulatory mechanism of 5-ALA in higher organisms, matrix
isopotential synchronous fluorescence spectrometry and the first
derivative technique were combined for the direct determination
of 8-ALA in urine samples (Ajmal et al., 2019). The fluorescent
derivatization of 5-ALA was based on the Hantzsch reaction.
Matrix-isopotential synchronous fluorescence spectra were
recorded along a matrix-isopotential trajectory, which
combines the points of equal intensity in theoretical 3D
contours. Maximum sensitivity and appropriate selectivity
were ensured by the study of the experimental variables in the
d-ALA bands, centered at its excitation and emission maxima
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(392.6 and 464.5nm) (Ajmal et al, 2019). This method was
comparable to conventional high performance liquid
chromatography-fluorescence, with a detection limit of 5.4 ppb
and lower linear-range limit of 18 ppb. These methods have
improved effectiveness, enabling real-time detection with
outstanding sensitivity, which is of great significance for ALA
synthesis, detection and studies of the underlying metabolic
mechanism.

4.3 Chromatography

Compared with a microbial fermentation broth with high 5-ALA
content, samples with low 5-ALA concentrations such as blood,
urine or tissue require more sensitive detection technology. The
LC-MS/MS method was developed to simultaneously determine
5-ALA concentrations in fluids or tissues after solid-phase
extraction, butanol derivatization, and quantification by
selective reaction monitoring using ’Cs, '’N-ALA and 2,4-
13C2—PBG internal standards (Zhang et al., 2011; Dogan et al.,
2019). The assay was highly sensitive for 5-ALA (LLOQ = 0.05-
0.005 uM), and required ~4 h from extraction to results. Later, a
HPLC and GC-MS test method for 5-ALA detection was also
developed (Ren et al., 2018; Hara et al., 2019) to obtain the real 5-
ALA levels in microbial fermentation broth. Although these
methods are sensitive and practical, more research is still
needed to improve 5-ALA detection and decrease the assay costs.

5 BIOLOGICAL EFFECTS AND
APPLICATIONS OF 5-AMINOLEVULINIC
ACID

5.1 Plant Growth Regulators, Herbicides

and Insecticides in Agriculture
To date, 5-ALA has been demonstrated to act as a metabolic
intermediate and also as a growth regulator in plant cultivation. It
is regarded as a plant growth promoting hormone since many
studies found that it could regulate the growth and development
of higher plants. Instead of only focusing on the effects of 5-ALA
on plant, more and more researchers began to use omics to
explain its mechanism (Zheng et al., 2021). The role of 5-ALA in
stimulating physiochemical processes in higher plants under
stress, regulating plant growth and development in seed
germination, vegetative growth and fruit coloring has been
reviewed by Wu et al,, in 2019 (Wu et al, 2018). Here, we
mainly discussed the latest studies on its role in plant growth as
well as the amelioration of the effects caused by various abiotic
stresses.

5-ALA can selectively kill weeds without affecting
monocotyledonous wheat and corn crops (Rebeiz et al., 1984).
Therefore, a large amount of 5-ALA is used in plants or pests to
exert the effects of herbicides and insecticides (Sasikala et al.,
1994). For example, two different types of agricultural herbicides
have been produced based on the principle that 5-ALA is
necessary for plant life and cannot be synthesized in the dark.
“Norfluron” can inhibit Glu-tRNA gene expression and prevent
5-ALA synthesis, resulting in a lack of 5-ALA leading to plant
death (Kumar et al., 1999). Acifluorfen-methyl is a product that
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deregulates 5-ALA synthesis leading to a large accumulation of 5-
ALA, thereby inhibiting the synthesis of heme and porphyrin
compounds (Gullner and Dodge, 2000). However, higher
concentrations required in herbicides and insecticides made it
difficult to popularize the application or 5-ALA in this field based
on current prices.

The abiotic stresses caused by environment, such as drought,
salinity, high or low temperature, cause great losses to crop yields
and social and economic aspects, and 5-ALA is helpful to alleviate
these problems effectively. With the foliage application of 5-ALA
at 75 mg/L, the activities of catalase, ascorbate peroxidase and
superoxide dismutase of sunfower (Helianthus annuus L.)
enhanced by 157.1, 90 and 80% under drought stress than no
5-ALA addition (Sher et al., 2021). It is reported that exogenous
addition of a suitable concentration of 5-ALA can effectively
alleviate weak light stress in tobacco seedlings (Li et al., 2019) and
damages induced by UV-B in Cajanus cajan L. seedlings (Gupta
and Prasad, 2021). Moreover, 5-ALA has shown a significant
effect on alleviating abiotic stress caused by low temperature (Yan
etal,, 2020) and salinity (Islam et al., 2021; Wu et al., 2021) and so
on in plants, which were summarized in detail in a recent review
(Rhaman et al., 2021).

5.2 Photosensitizers and Cosmetics

Many studies have investigated fluorescence-guided resection of
malignant tumors based on 5-ALA and protoporphyrin IX
accumulation in tumors. This approach has become a well-
established technique to facilitate greater extent of resection
resulting in improved progression free survival (Stummer
et al., 1998; Stummer et al., 2000; Pichlmeier et al., 2008;
Stummer and Kamp, 2009; Rapp et al., 2012; Hadjipanayis
et al, 2015; Guyotat et al, 2016). Additionally, 5-ALA was
used with varying success in tumors such as meningiomas,
medulloblastomas, ependymomas, and metastatic carcinoma
(Millesi et al., 2016;Zhang C. et al, 2019; Wainwright et al.,
2019). Other applications in medicine are being constantly
developed, in addition to the applications related to cancer.
Recently, there have been some excellent reviews covering the
research progress on 5-ALA-based treatment of tumors
(Wainwright et al.,, 2019; Zhang C. et al, 2019), and will not
be repeated here.

Photodynamic therapy (PDT) with 5-ALA has been
demonstrated as an effective treatment for severe acne in
medical and cosmetic field (Itoh et al, 2000; Gold and
Goldman, 2004), and recent studies have further researched
the concentration of 5-ALA administration in different cases
(Serini et al., 2019; Zhang et al., 2020b). Additionally, 5-ALA or
its derivatives and ferric citrate compounds also are the main
ingredient of disease prevention and improvement agent. A
recent research demonstrated that 5-ALA combined with
sodium ferric citrate could effectively improve aerobic capacity
and voluntary exercise training achievement in older women over
75 years (Masuki et al., 2016; Ichihara et al., 2021). 5-ALA was
also developed as a combined therapeutic-diagnostic agent in
dentistry based on the strong dual modality of 5-ALA as lethal to
cariogenic bacteria through photodynamic inactivation and
enhancing LIF intensity for identification of dental caries
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(Lashkari et al., 2019). However, 5-ALA has a complex
mechanism of action in the body, and the metabolic
mechanism of 5-ALA conversion is still unclear. These
unresolved issues led to a more prudent acceptance process of
related products containing 5-ALA.

5.3 Promising Animal Feed Additives

It was found that adding appropriate amounts of 5-ALA to
animal feed can significantly improve their growth. In
invertebrate aquaculture, dietary administration of 5-ALA
effectively improved the immune system, ATP levels and acute
hepatopancreatic necrosis disease resistance in pacific white
shrimp (Direkbusarakom et al, 2021). Dankook University
studied the effects of 5-ALA on the growth performance,
blood status, and immune system of weaned piglets, sows,
broilers and hens in South Korea. These results showed that
adding appropriate amounts of 5-ALA to the diet can increase the
hemoglobin concentration and iron in the serum, the levels of
lymphocyte subsets, the quality of immune organs and the
immune performance of these animals (Chen Y. J. et al., 2008;
Chen Y. et al,, 2008; Wang et al., 2009). Similarly, 5-ALA had the
same effect on cows (Hendawy et al,, 2019). Our own recent
research work tried to efficiently enrich feed with 5-ALA by
developing a solid-state fermentation process based on S.
cerevisiae (Mao et al., 2020). In this work, 5-ALA not only
plays a role in improving the animal’s growth performance
and immune system, but yeast cells can be used as feed
protein to provide nutrition for animals. In summary, it was
concluded that 5-ALA could indeed be used as an animal feed
additive to improve the iron status and immune response in
livestock, which was also reviewed recently by Hendawy et al.
recently (Hendawy et al., 2020).

6 DISCUSSION AND OUTLOOK

6.1 Exploration of Production Hosts With
Natural Advantages

According to the Comprehensive Enzyme Information System of
BRENDA, there are 147 known organisms with 5-
aminolevulinate synthesis ability, and we can assume that
many natural hosts have not yet been developed to synthesize
5-ALA. In the future, high-yield production of 5-ALA can be
achieved by fully screening natural hosts with innate advantages
in 5-ALA synthesis. Furthermore, efficient 5-ALA synthesis can
also be achieved through further metabolic engineering to
transform the current model strains to give full play to their
natural advantages. For example, C. glutamicum can naturally
accumulate amino acids and lacks a glycine cleavage pathway,
making it a highly attractive potential biosynthetic host
(Jorgensen et al, 2012). It was shown that the activation of
native antioxidant defense systems alleviated the deregulation
of ROS metabolism due to 5-ALA accumulation and further
improved 5-ALA tolerance and synthesis (Zhu et al, 2019).
Therefore, hosts such as C. glutamicum and S. cerevisiae with
the advantages of natural resistance to high concentrations of
organic acids can be further explored as chassis cells for 5-ALA
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synthesis. Fully exploiting and utilizing the natural advantages of
hosts to build a 5-ALA artificial cell factory may be an effective
way to synthesize 5-ALA.

6.2 In-Depth Analysis and Understanding of
Relevant Mechanisms of 5-ALA

Biosynthesis

Although the synthesis and application of 5-ALA has been
extensively studied, there are still some challenges that need to
be resolved, such as the regulation and transport mechanisms in
5-ALA biosynthesis and the metabolic mechanisms related to 5-
ALA application. First, the feedback regulation of ALAS or
GIuTR by heme exists in plants, animals and microorganisms,
and influences the 5-ALA biosynthesis and host cell growth. In
addition, feed-back regulation by downstream products in plant
cells regulates the biosynthesis of 5-ALA in an opposite manner.
However, the mechanism of feedback regulation by these factors
and heme has not been elucidated. Secondly, the cellular
transport capacity is also crucial for 5-ALA biosynthesis,
which has been proved in previous research (Feng et al,
2016). However, Transport mechanisms of 5-ALA are not
fully clear and need to be studied further. Detailed knowledge
of the metabolic mechanisms of 5-ALA will resolve the safety
issues and improve its industrial applications.

6.3 Improving 5-Aminolevulinic Acid
Synthesis Using Artificial Microbial

Consortia

Recently, a growing fraction of research has transitioned towards
employing a modular co-culture engineering strategy using
multiple microbes growing together to facilitate a “divide-and-
conquer” approach for chemical biosynthesis. Artificial microbial
consortia have been constructed and applied to produce bio-
based chemicals (Lu et al., 2019), natural products (Wang R. F.
et al, 2020) and bioenergy (Jiang et al., 2019). According to the
latest research progress on metabolic engineering for the
synthesis of 5-ALA (Supplementary Table S1), the high-level
production 5-ALA through the C4 pathway requires the
exogenous addition of glycine in all cases. Moreover, our
research group confirmed the effect of the addition of different
glycine concentrations on the synthesis of 5-ALA in C.
glutamicum (Zou et al.,, 2017), and the supply of glycine is the
key limiting factor for 5-ALA synthesis in the C4 pathway (Ren
et al., 2018). However, the addition of glycine not only increases
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YALIlcloneNHEJ: An Efficient Modular
Cloning Toolkit for NHEJ Integration of
Multigene Pathway and Terpenoid
Production in Yarrowia lipolytica
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Non-homologous end-joining (NHEJ)-mediated random integration in Yarrowia lipolytica
has been demonstrated to be an effective strategy for screening hyperproducer strains.
However, there was no multigene assembly method applied for NHEJ integration, which
made it challenging to construct and integrate metabolic pathways. In this study, a Golden
Gate modular cloning system (YALIcloneNHEJ) was established to develop a robust DNA
assembly platformin Y. lipolytica. By optimizing key factors, including the amounts of ligase
and the reaction cycles, the assembly efficiency of 4, 7, and 10 fragments reached up to
90, 75, and 50%, respectively. This YALIcloneNHEJ system was subsequently applied for
the overproduction of the sesquiterpene (-)-a-bisabolol by constructing a biosynthesis
route and enhancing the flux in the mevalonate pathway. The resulting strain produced
4.4 g/L (-)-a-bisabolol, the highest titer reported in yeast to date. Our study expands the
toolbox of metabolic engineering and is expected to enable a highly efficient production of
various terpenoids.

Keywords: Y. lipolytica, (-)-a-bisabolol, sesquiterpene, Golden Gate cloning, non-homologous end-joining

INTRODUCTION

The monocyclic sesquiterpene (-)-a-bisabolol has important applications in the fields of medicine,
food, and biofuels (Han et al., 2016; Lim et al., 2021)—for example, Melo et al. (2017) found that oral
formulations of (-)-a-bisabolol can reduce oral injury in rodents to a certain extent. Tabari and
Tehrani (2017) were the first to explore the potential mechanism of the pharmacological properties
of (-)-a-bisabolol, showing that it could interact with the neurotransmitter y-aminobutyric acid,
exhibiting anxiolytic and sedative effects. In previous studies, (-)-a-bisabolol was mainly produced

through plant extraction, but this method is limited due to low extraction efficiency and high cost
(Lim et al, 2021). In recent years, with the fast development of synthetic biology, microbial
fermentation has become increasingly more popular in the synthesis of natural products (Luo
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Abbreviations: ERGI10, acetoacetyl-CoA thiolase; ERG13, hydroxymethylglutaryl-CoA synthase; tHMGI, truncated
hydroxymethylglutaryl-CoA reductase; ERG12, mevalonate kinase; ERG8, phosphomevalonate kinase; ERG19, mevalonate
diphosphate decarboxylase; IDI, isopentenyl diphosphate isomerase; ERG20, geranyl/farnesyl diphosphate synthase; PCR,
polymerase chain reaction.
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etal., 2015; Ledesma-Amaro and Nicaud, 2016; Chae et al., 2017).
The synthesis of (-)-a-bisabolol has been previously achieved in
Escherichia coli with the highest titer of 23.4 g/L (Lim et al., 2021).
However, due to the possible infection risk of E. coli by
bacteriophage, lots of researchers preferred to use fungi as the
host to synthesize (-)-a-bisabolol—for example, some researchers
attempted to use Saccharomyces cerevisiae to synthesize (-)-a-
bisabolol heterologously. When a (-)-a-bisabolol synthase from
Matricaria recutita was expressed, the titer was only 8 mg/L (Son
et al, 2014). Introducing a truncated HMGI gene coding for
HMG-CoA reductase, ERG10 encoding acetyl-CoA thiolase, and
ACSI gene coding for acetyl-CoA synthetase into S. cerevisiae
genome, the titer increased to 124 mg/L (Kim et al,, 2021). In
order to improve the level, metabolic engineering strategies,
including optimizing the mevalonate pathway and the lipid
synthesis pathway, were adopted. The (-)-a-bisabolol titer was
improved from 8 to 364 mg/L in yeast (Ma et al, 2021).
Nevertheless, the production of (-)-a-bisabolol in fungi is still
very low (Table 1).

The non-conventional oleaginous yeast Yarrowia lipolytica is a
generally-recognized-as-safe organism, and it has gradually
become a promising host for the synthesis of various terpene
chemicals (Ma et al,, 2019; Li et al.,, 2021). Compared with S.
cerevisiae and Escherichia coli, Y. lipolytica has many natural
advantages, including a sufficient intracellular acetyl-CoA/
cofactor supply, no phage infection risk, and no Crabtree
effect (Cao et al, 2017; Tang et al, 2021). Therefore, Y.
lipolytica has great potential as a robust chassis for
biosynthesizing terpenes.

Although episomal plasmids containing centromeric sequences
or autonomously replicating sequences have been developed for Y.
lipolytica, they are usually unstable and have a low copy number
(Dulermo et al., 2017). Consequently, the genetic manipulation of

Y. lipolytica for metabolic engineering applications mainly relies on
homologous recombination (HR)-mediated chromosomal
integration (Larroude et al., 2018). However, this method is
limited by low integration efficiency, especially in the case of
long DNA fragments encoding multi-gene transcription units.
Cui et al. (2019) systematically investigated a genomic
integration method based on non-homologous end-joining
(NHE]) in Y. lipolytica. In comparison with homologous
recombination, NHE] has many unique advantages, including
high integration efficiency and no need for a homologous
template (Liu et al, 2019). Moreover, the heterologous DNA
can be randomly inserted into the chromosome, which results
in a library of multilocus integrants that can facilitate the screening
of hyperproducer strains (Ye et al., 2012; Friedlander et al., 2016;
Cui et al, 2021). However, there was no multigene plasmid
construction method for NHE]J-based integration, which made
it challenging to construct and integrate metabolic pathways in Y.
lipolytica. Golden Gate is a gene cloning method using type IIS
restriction endonucleases, which enables the modular assembly of
customized DNA building blocks (Sarkari et al., 2017; Tong et al.,
2021). By designing various features of the building block,
including promoters with a highly variable strength of
expression and terminators with a rigorously variable control of
mRNA half-life, the Golden Gate assembly method can be applied
into the combinatorial expression of multiple genes or the
construction of gene libraries with variable intensities—for
example, Celinska et al. (2017) designed a Golden Gate
assembly system to create HR-mediated multigene integration
for Y. lipolytica. Subsequently, the Golden Gate-based promoter
shuffling was used to identify the best promoter set for the
production of B-carotene (Larroude et al., 2017). The B-carotene
titer could reach 6.5 g/L in Y. lipolytica, which is the highest yield
currently reported in the literature. In addition, this assembly

TABLE 1 | (-)-a-Bisabolol production in yeast.

Strains Titer (mg/L)
S. cerevisiae 8

S. cerevisiae DIEMA 124

Y. lipolytica Po1f-2BtHE-S-R8 364.23

Y. lipolytica LYW7-3 4,400

Productivity References
(mg L™ h™)
- Son et al. (2014)
2.1 Kim et al. (2021)
3.04 Ma et al. (2021)
26.20 This work
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TABLE 2 | Strains used in this study.

Modular Cloning Toolkit for Yarrowia

Strains Genotype or properties Sources

E. coli DH5a supE44 AlacU169 (980 lacZ AM15) hsdR17 recA1 endA1 gyrA96 thi-1 relAl Ktsm-life

Po1h MatA, leu2-270:LEU, ura3-302, xpr2-322, axp-2 Madzak et al. (2004)
LYW1-1~ LYW1-12 Po1h with integrated fragment of linearized plasmid pGGYL1-HTBX This work

LYW2-1~ LYW2-12 LYW1-11 with integrated fragment of linearized plasmid pGGYL3-HTitY-Gi12S-G19L This work

LYWS3-1~ LYWS3-12 LYW2-11 with integrated fragment of linearized plasmid pGGYL3-HT10X-G13M-GIL This work

LYW4-1~ LYW4-12 LYWS3-5 with integrated fragment of linearized plasmid pGGYL2-HG8M-T20Y This work

LYW5-1~ LYW5-12 LYW4-2 with integrated fragment of linearized plasmid pGGYL1-HTitX This work

LYW6-1~ LYW6B-12 LYW4-2 with integrated fragment of linearized plasmid pGGYL2-HTitX-EtL This work

LYW7-1~ LYW7-12 LYWB-3 with integrated fragment of linearized plasmid pGGYL2-HTiBS-TBY This work

method also has the characteristics of low cost and convenient
operation. Therefore, we aimed to establish a Golden Gate library
specifically for NHE] integration in Y. lipolytica.

In this work, we first adapted the Golden Gate method for
NHE]J-based random integration in Y. lipolytica, which can be
applied for the rapid assembly of up to 10 fragments. Using this
approach, we rapidly optimized the biosynthetic pathway of
(-)-a-bisabolol and realized a titer of 4.4 g/L, the highest (-)-a-
bisabolol titer reported in yeast to date. This study expands the
synthetic biology toolbox for DNA assembly and integration,
greatly facilitating the genetic manipulation of the non-
conventional yeast Y. lipolytica.

MATERIALS AND METHODS

Strains, Media, and Culture Conditions

E. coli DH50a was used for plasmid construction. The strains with
plasmids encoding gene fragments were cultivated at 37°C in
lysogeny broth (LB) medium supplemented with 100 pg/ml
ampicillin, while the strains with the backbone plasmids with
or without assembled building blocks were cultivated at 37°C in
LB supplemented with 50 ug/ml kanamycin, 40 pg/ml X-Gal, and
0.05puM IPTG. The Polh (uracil auxotrophy) and other Y.
lipolytica strains were cultivated at 30°C with shaking at
240 rpm in YPD medium for seed culture (20 g/L peptone,
10 g/L yeast extract, and 20 g/L glucose). Subsequently, the
seed cultures were transferred into the fermentation medium
YPDE (20 g/L peptone, 10 g/L yeast extract, and 60 g/L glucose)
at an initial ODggg of ~0.1, followed by a fermentation period of
4 days. An upper organic phase comprising 10 ml dodecane was
added to 40 ml YPDE medium after 24 h to capture the (-)-a-
bisabolol. The synthetic SC-URA solid medium (20 g/L glucose,
6.7 g/L yeast nitrogen base without amino acids, and 2.5% agar)
was used to screen yeast transformants. YPD medium
supplemented with 1.2 g/L 5-fluoroorotic acid and 20 g/L agar
was used to remove the URA3 counter-selection marker (Gao
et al., 2017).

Construction of Building Block Plasmids

and Backbone Plasmids
The sequence of (-)-a-bisabolol synthase (MrBBS, A1G92846.1)
from Matricaria recutita (Son et al., 2014) was codon-optimized

for Y. lipolytica and synthesized by Tsingke Biotech Co., Ltd.
Building blocks including promoters, coding genes, and
terminators were amplified from the Y. lipolytica genome and
then cloned into plasmid pUC-T7-FCC1 (Shi et al., 2019). Each
building block in the building block plasmids was flanked with
Bsal recognition sites and predesigned 4-bp overhangs, in which
the internal Bsal recognition sites have been removed by
synonymous mutations. The backbone plasmid PGGYLI-3
was derived from pUCI9, in which (1) the ampicillin
resistance gene was substituted with a kanamycin resistance
gene, (2) the internal Bsal site in pUC19 was removed by loop
PCR, and (3) lacZ flanked with Bsal and 4-bp overhangs was
cloned into pUC19. All building block plasmids %nd backbone
plasmids were constructed using the ClonExpress MultiS One
Step Cloning Kit (Vazyme Biotech Co., Ltd., Nanjing, China). All
plasmids used in this study and the sequences of building blocks
and backbone plasmids are listed in Supplementary Tables
S1, S2.

Yeast Transformation and Strain

Construction

The Frozen-EZ Yeast Transformation II Kit was used for Y.
lipolytica transformation (Shi et al, 2021). A flow chart
summarizing the construction of Y. lipolytica strains is shown
in Figure 5B. All Y. lipolytica strains constructed in this study are
listed in Table 2.

Golden Gate Assembly Protocol

The Golden Gate assembly mainly relies on the restriction
enzyme Bsal (NEB, R3733L) and T4 DNA Ligase (Takara,
2011A; NEB, MO0202T; Vazyme, C301-01). The reaction
conditions were based on a previously published protocol
(Celinska et al., 2017). The backbone and building block
plasmids were first digested with Bsal, and the DNA
concentration of each assembly piece was measured. Assembly
reaction systems of 20 pul contained 100 ng of the linearized
backbone plasmid, equimolar amounts of the other assembly
pieces, 2 ul of 10x Takara T4 Buffer, 1l of Bsal, Takara T4
Ligase, and ddH,O. The assembly reaction was performed in a
PCR thermocycler as follows: (3 min at 37°C, 4 min at 16°C) x 60
reaction cycles (or 90 and 120), followed by 5 min at 50°C and
5 min at 80°C. After that, 20 pl of the reaction mixture was used to
transform 100 pl of E. coli DH5a competent cells.
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FIGURE 1 | Non-homologous end-joining (NHEJ) integration-based Golden Gate cloning toolkit dedicated to Yarrowia lipolytica. (A) The backbone plasmid
pGGYL1-3 was designed for the assembly of 4, 7, and 10 DNA fragments covering 1-3 transcription units, respectively. Swal recognition sites were included to cut the
assembled selection marker and transcription unit for Y. lipolytica transformation. (B) Building blocks, including the selection marker, promoters, coding gene, and
terminator, were cloned into pUC57-T7-FCC1 to generate building block plasmids. The building blocks were flanked with predesigned 4-bp overhangs. The Bsal
cleavage sequences at the junction sites of two building blocks were designed to be complementary with each other (each assigned a number from 1 to 11). (C)
Schematic diagram of the NHEJ integration-based Golden Gate cloning toolkit. The backbone and building block plasmids were digested with Bsal, assembled in one
step, and used to transform Escherichia coli DH5a. White colonies were picked for verification.

Blue-white spot screening

In this study, the quantification of assembly efficiency was
carried out on blue and white spot screening plates. Strains
with successful ligation products were white in color, but white
colonies could also be mis-joined or false positives. Therefore,
PCR analysis and Sanger sequencing were required. In brief, 24
white colonies on the plates were picked randomly. Primer F
(5" to 3": TCTCCCCGCGCGTTGGCCGATT) and primer R
(5" to 3": GTCTCGCGCGTTTCGGTGATG) were designed to
target the outside regions of Swal in the plasmids (Figures 2A,
3A, 4A). First, the PCR results obtained by colony PCR and
DNA gel electrophoresis were used to select the possibly
positive colonies. Subsequently, the 4-bp overhangs in the
assembled plasmids (extracted from possibly positive
colonies) were sequenced to rule out the possibility of mis-

joined or false positive cases. The final assembly efficiency is
the ratio of the number of successfully assembled spots to the
total white spots (24 colonies). The quantification of
transformation efficiency was the ratio of the number of
total white spots on the plates to the linearized backbone
plasmid (100 ng).

Finally, the successfully assembled plasmid was linearized by
restriction digestion with Swal and used to transform Y. lipolytica
for random integration.

Analytical Methods

In order to determine the (-)-a-bisabolol titer, the standard curve was
measured by diluting the standard with dodecane to yield
concentrations of 0.001, 0.002, 0.004, 0.008, 0.02, 0.04, 0.06, 0.08,
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FIGURE 2| Assembly of four fragments using YALIcloneNHEJ. (A) Schematic representation of the completely assembled plasmid pGGYL1-HT10X. (B) Assembly
efficiency using different amounts of T4 DNA ligase from three commercial suppliers. The primers F/R were used to amplify the assembled fragments.

0.10, 0.20, 0.40, 0.60, 0.80, and 1.00g/L and analyzed by gas
chromatography-mass spectrometry. The dodecane phase and the
fermentation broth were centrifuged at 5,000 g for 5 min. The upper
dodecane phase was filtered through a 0.22-pm-pore-size membrane
and analyzed on a QP2020NX instrument (Shimadzu, Japan)
equipped with an HP-5MS column (30 m X 320 um x 0.5 pm).
The oven program consisted of a ramp at 20°C/min to 280°C for
20 min, with N, as the carrier gas at a flow rate of 1.14 ml/min. The
retention time of (-)-a-bisabolol was 12.24 min. The cell pellet was
washed twice with distilled water and lyophilized for further analysis.

5-L Fermentation

An inoculum comprising 5ml of a pre-culture in YPD was first
transferred into 45 ml of fresh YPD medium. After 24 h of cultivation
at 28°C and 240 rpm, 20 ml of the culture was transferred into 180 ml
of YPD in a 500-ml shake flask and cultivated under the same
conditions for 18 h. Then, 200 ml of the resulting seed culture was
used to inoculate a 5-L bioreactor (T&J-Atype, Shanghai, China)
containing 2 L of medium for fed-batch fermentation. The initial
fermentation medium consisted of 60 g/L glucose, 40 g/L peptone,
and 20 g/L yeast extract. The temperature, dissolved oxygen, and
agitation speed were maintained at 30°C, 1vvm, and 600 rpm,
respectively. The pH was controlled at 7.0 by automatically
adding 3 M potassium hydroxide or 3 M sulfuric acid. When the
glucose concentration fell below 2 g/L, feed solution containing 800 g/
L glucose was added to reach a glucose concentration of 80 g/L in the

bioreactor. The (-)-a-bisabolol titer, glucose content, and ODgg, were
measured every 12 h.

RESULTS AND DISCUSSION

Preparing the Modular Parts for Golden
Gate Assembly

NHE] was recently found to be a promising method for
chromosomal integration in Y. lipolytica (Cui et al.,, 2021).
However, there is currently no modular assembly tool for the
construction of multi-gene biosynthetic pathways applied for
NHE] integration, which makes genetic manipulation time-
consuming and laborious. Therefore, we constructed a Golden
Gate library for terpene production in Y. lipolytica.

The library consists of a total of 75 backbone plasmids and the
building block plasmids. Three backbone plasmids—pGGYL1,
PGGYL2, and pGGYL3—can be used for the ligation of 4, 7, and
10 fragments, respectively (Figure 1A). In order to make the
subsequent transformant screening more convenient, a lacZ
expression box was inserted between the Bsal sites in the
pGGYLI1-3 plasmid for blue-white colony screening.

The 72 building block plasmids contain genetic parts, such as
selection markers, promoters, protein-coding gene sequences, and
terminators. Each building block is flanked with respective Bsal
recognition sites and predesigned 4-bp overhangs (from 1 to 11).
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FIGURE 3 | Assembly of seven fragments using YALIcloneNHEJ. (A) Schematic representation of the completely assembled plasmid pGGYL2-HT10X-G13M. (B)
The effect of different amounts of Takara T4 DNA ligase on the assembly efficiency of seven DNA fragments. (C) The effect of different amounts of Takara T4 DNA ligase
on the number of transformants. (D) Assembly efficiency using different numbers of reaction cycles with 1,400 U of T4 DNA ligase. (E) Number of transformants using
different numbers of reaction cycles with 1,400 U of T4 DNA ligase. The primer F/R was used to amplify the assembled fragments.

The Bsal cleavage sequences at the junction sites of two building
blocks are designed to be complementary with each other. As shown
in Figure 1B, eight endogenous promoters (Pgpp, PGppins Pexps
PTEF) PTEFin) PILVS) PFBAim and PYAT) and nine terminators (TMigh
TLipb TLipZ’ TSCCYCI’ TYICYCI’ TTEF) TPOTI’ TAco3’ and TXPRZ) with
different transcriptional and termination strengths in Y. lipolytica
were selected in order to regulate the gene expression effectively
(Curran et al., 2015; Dulermo et al., 2017; Holkenbrink et al., 2018).
Eight genes (tHMGI, IDI, ERG8, ERGI0, ERGI2, ERGI13, ERGIS,
and ERG20) from the mevalonate (MVA) pathway were selected as
building blocks to enhance the terpene biosynthesis flux. Six
selection markers, including hisG-URA3-hisG (HUH), LEU2 (-
isopropylmalate ~ dehydrogenase), ~HPH  (hygromycin B
phosphotransferase), NEO (aminoglycoside phosphotransferase),

URA3  (orotidine-5'-phosphate  decarboxylase), and DsdA
(D-serine ammonia-lyase), were selected to be used in different
auxotrophic or non-auxotrophic strains of Y. lipolytica. Among
these, LEU, HPH, NEO, URA3, and DsdA were flanked with loxp
tags (locus of X cross-over in P1) to make the markers recyclable.
Furthermore, to ensure efficient assembly, the internal Bsal and Swal
recognition sites inside the building blocks were removed by
introducing synonymous mutations. After the assembly reaction
was finished and the DNA was introduced into E. coli DH5a, white
colonies were screened for identification of successfully assembled
plasmid by multiplex PCR and Sanger sequencing (Figure 1C).

The successfully constructed plasmid can be digested with
Swal. After the target fragment is recovered, it can be used to
transform Y. lipolytica for random integration.
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FIGURE 4 | Assembly of 10 fragments using YALIcloneNHEJ. (A) Schematic representation of the completely assembled plasmid pGGYL3-HT10X-G13M-EIL. (B)
Assembly efficiency with 1,400 U of T4 DNA ligase and 120 reaction cycles. (C) Number of transformants with 1,400 U of T4 DNA ligase and 120 reaction cycles. The
primer F/R was used to amplify the assembled fragments.

Optimization of the Assembly Efficiency

It was previously reported that the assembly efficiency decreased
with an increasing number of ligation fragments (Marillonnet
and Werner, 2015). Therefore, the DNA ligation conditions were
subsequently optimized to maximize the assembly efficiency of 4,
7, and 10 fragments.

Considering that T4 DNA ligase has a direct effect on assembly
efficiency (Potapov et al, 2018), T4 ligases from three different
producers (Takara, NEB, and Vazyme) were selected, and their
assembly efficiency was compared when four fragments (HUH, Prgp,
ERGI0, and Txpp,) were assembled (Figure 2A). When 200 U of
enzyme was used, no successful assembly cases were found,
indicating that the enzyme amount was too low to support the
ligation reaction. Therefore, the T4 DNA ligase amount was
increased to 600 and 1,000 U, respectively. It was found that the
assembly efficiency of four fragments could reach more than 90%
with all three enzymes (Figure 2B). Taking into account the lower
price of T4 DNA ligase from Takara, this enzyme was used for
further experiments.

Subsequently, the assembly efficiency of seven fragments (HUH,
Pygp, ERG10, Txpro, Popp, ERG13, and T)e;) was verified under the
same conditions (Figure 3A). However, the assembly efficiency
reached only 194 * 9.8%, indicating that 600 U of T4 DNA
ligase may not be enough for the assembly of seven fragments
(Figure 3B). Therefore, the ligase amounts were increased to 1,000
and 1,400 U. It was found that the assembly efficiency was improved
with increased ligase amounts, and the highest reached 58.5 + 5.2%.
Therefore, the ligase amounts were further increased to 1,800 U, but
there was no further increase of efficiency (Figure 3B). In addition,
although the assembly efficiency was highest with 1,400 U of T4
ligase, it came at the cost of a decreased number of transformants
(Figure 3C). Consequently, it was significant to search for an
approach to balance the assembly efficiency and the number of

transformants. By increasing the number of ligation cycles with
1,400 U of T4 ligase from the original 60 cycles to 90 and 120 cycles,
it was found that, although the assembly efficiency was not be
improved (Figure 3D), the number of transformants increased a
remarkable 20 times from 133 + 21 to 3,655 + 515 cfu/pg vector
(Figure 3E). Due to the fact that the transformation efficiency of
circular plasmid is dozens of times higher than that of linear plasmid
in E. coli, we thus speculated that when the number of ligation cycles
was increased, multigene fragments (which could not be assembled
as a circular plasmid in a short time) assembled successfully in an
extended period of time. Therefore, the number of transformants
was improved significantly. In brief, increasing the number of
ligation cycles can be a good strategy for improving the efficiency
of Golden Gate assembly.

Finally, the optimized ligation conditions (1,400 U, 120 cycles)
were used for the assembly of 10 fragments (HUH, Prgr, ERGI0,
TXPRZ’ PGPD! ERG13, TMigb pEXP) IDI, and TLipZ)) and the
assembly length reached 13.8 kb (Figure 4A). In this case, the
number of transformants still reached 1,380 + 30 cfu/pg vector,
with more than 44.5 + 11.2% assembly efficiency (Figures 4B,C),
which was high enough for plasmid assembly and verification.

These results demonstrate that, with careful optimization of
ligation conditions, Golden Gate can efficiently assemble 10 DNA
fragments via a simple one-step ligation reaction, which achieved the
simultaneous assembly and expression of three genes.

Constructing a Baseline (-)-a-Bisabolol
Production Strain by Randomly Integrating
the MrBBS Cassette

After the Golden Gate library for NHE] integration was
successfully constructed, we sought to use the library to
quickly construct an (-)-a-bisabolol-overproducing strain.
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FIGURE 5 | Overproduction of (-)-a-bisabolol by optimizing the mevalonate pathway. (A) (-)-a-Bisabolol biosynthesis pathway. (B) Flow chart describing the
construction of engineered Yarrowia lipolytica strains. (C) (-)-a-Bisabolol titer after randomly integrating MrBBS into Po1h and tHMG1 as well as ERG12 and ERG19 into
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randomly integrating a single copy or two copies of tHMG1 into LYW4-2 and two copies of MrBBS into LYW86-3. The red arrow indicates the best-performing strain.

(-)-a-Bisabolol is synthesized by MrBBS from the precursor
farnesyl diphosphate (FPP), which is an intermediate of the
MVA pathway (Figure 5A) (Sarrade-Loucheur et al., 2020; Kim
et al, 2021). Therefore, we first verified whether MrBBS was
functional in Y. lipolytica. We chose the strain Polh derived
from W29 as the host (Nicaud et al., 2002; Madzak et al., 2004).
Subsequently, the plasmid pGGYL1-HTBX containing the selection
marker HUH and MrBBS expression cassette was constructed using
YALIcloneNHE]. After the plasmid was linearized by digestion with
Swal, the HUH and MrBBS expression cassettes were recovered and
used to transform Y. lipolytica protoplasts for random chromosomal
integration. Twelve transformants (designated LYW1-1 to LYW1-
12) were picked randomly to test the yield of (-)-a-bisabolol after

4 days of fermentation. It was found that all picked strains were able
to produce (-)-a-bisabolol, indicating 100% integration efficiency
(Figure 5C). Among these, the highest titer of strain LYW1-11
reached 2.5 mg/L, corresponding to a yield of 0.103 mg/g dry cell
weight (DCW). Therefore, the LYW1-11 strain was selected for
further optimization.

Improving the (-)-a-Bisabolol Titer by
lteratively Integrating an Entire MVA

Pathway
Although (-)-a-bisabolol could be synthesized heterologously in
Y. lipolytica, the titer was still too low to meet the demands of
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industrial production. Previous studies have demonstrated that
enhancement of the MV A pool favors the accumulation of related
terpene products (Yang et al., 2016; Liu et al., 2020). Therefore,
eight genes in the MV A pathway for the synthesis of FPP from
acetyl-CoA, including ERGIO, ERGI3, truncated HMGI
(tHMGI), ERGI2, ERGS8, ERGI1Y9, IDI, and ERG20, were
overexpressed to push the carbon flux from acetyl-CoA
towards (-)-a-bisabolol. The eight genes were placed under the
control of a series of strong constitutive promoters and divided
into three sets by Golden Gate assembly: (1) Prgp,,-tHMGI-
Tyicyct Peppin-ERG12-Tsecycr> and Pgpp-ERG19-T i, (2) Prep-
ERGIO-TXPRZ, PGPD'ERG13'TMig1’ and PGPD'IDI'TLiPZ’ and (3)
Pgpp-ERG8-Thgigr and Prgpr-ERG20-Tyicycy. Subsequently, the
three sets were iteratively integrated into strain LYW1-11, and
12 transformants were randomly picked after each round of
integration to test the (-)-a-bisabolol titer. The best-
performing strains were selected for the next iterative round of
transformation.

As shown in Figure 5C, LYW2-11 produced the highest
(-)-a-bisabolol titer among 12 randomly picked strains
(70.6 mg/L, 2.83 mg/g DCW). When tHMGI, ERGI2, and
ERG19 were first introduced to LYWI1-11, the titer of the
resulting strain was 28-fold higher compared with the
control strain LYW1-1. After that, ERGI0, ERG13, and IDI
were integrated into the best-performing strain LYW2-11. The
(-)-a-bisabolol titer among the eight picked strains in this
round exceeded that of LYW2-11, and the highest (-)-a-
bisabolol titer of LYW3-5 can reach 135.3 mg/L (5.16 mg/g
DCW), a 91.6% increase compared with the parental strain
(Figure 5D). Based on this excellent result, the last two genes
of the MVA pathway, ERG8 and ERG20, were integrated into
LYW3-5. The best-performing strain LYW4-2 produced
242.6 mg/L (9.34 mg/g DCW) (-)-a-bisabolol, a further
79.3% increase compared with LYW3-5 (Figure 5D).

Following three rounds of random integration of an entire
MVA pathway, the (-)-a-bisabolol titer was increased from 2.5 to
242.6 mg/L, a nearly 97-fold improvement, which indicated that
dredging the MV A pool by NHE]-based random integration was
an effective strategy for (-)-a-bisabolol overproduction. This

method could also be applied to the production of other
terpenoids in Y. lipolytica in the future.

Optimizing the Copy Number of the
Cassettes Encoding the Rate-Limiting

Enzymes tHMG1 and MrBBS

In terpenoid biosynthesis, tHMGI is generally considered a key rate-
limiting enzyme which irreversibly reduces 3-hydroxy-3-methyl
glutaryl coenzyme A to mevalonate (Gao et al, 2017). Therefore,
tHMGI was first overexpressed. A single copy of tHMGI and two
copies of tHMGI under the control of strong promoters were
individually introduced into strain LYW4-2. Six strains
(designated LYW5-1 to LYW5-6 and LYW6-1 to LYW6-6) were
respectively picked, but none showed a significantly improved (-)-a-
bisabolol. The best-performing strain LYW6-3 could produce
2753 mg/L  (11.03 mg/g DCW) (-)-a-bisabolol, which was
13.48% higher than the titer of LYW4-2 (Figure 5E). These
results indicated that the expression level of tHMGI was high
enough, and this reaction was no longer a limiting step.
Terpenoid synthases are also generally considered key rate-
limiting enzymes because they directly convert the precursor
skeleton into various terpenoid products (Li et al, 2021). Thus,
in order to increase the titer, two copies of MrBBS under the control
of strong promoters were introduced into strain LYW6-3. It was
found that 6 of 12 randomly picked transformations produced
higher (-)-a-bisabolol titers than the control strain LYW6-3. In
particular, strain LYW?7-3 produced 573.7 mg/L (22.71 mg/g DCW)
(-)-a-bisabolol in shake flasks, which was a 108.4% improvement
over LYW6-3 (Figure 5E). To our best knowledge, this is the highest
shake-flask titer of (-)-a-bisabolol reported in yeast so far.

In addition, the stability of the selected strains used for the
next round of transformation, including LYW1-11, LYW2-11,
LYW3-5, LYW4-2, LYW5-2, LYW6-3, and the final optimized
strain LYW7-3, was also investigated. After 10 generations of
continuous subculture, the (-)-a-bisabolol titer was not
significantly lower than that of the first generation, which
indicated that the engineered strains were genetically stable
(Supplementary Figure S1).
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In summary, terpenoid production could be significantly
improved by dredging the MVA pathway. In addition, a
mutant library can be quickly constructed based on NHE]
integration to screen hyperproducer strains.

High-Density Fermentation

In order to explore the potential of LYW7-3 for large-scale
production of (-)-a-bisabolol, we carried out fed-batch
fermentation experiments in a 5-L bioreactor. As shown in
Figure 6, cell growth entered the stationary phase at about
60 h. After that, the cell growth was relatively slow, and the
highest ODgq, value reached 60.40 after 144 h of fermentation.
However, (-)-a-bisabolol increased continuously, reaching 4.4 g/
L after 168 h, which corresponds to a productivity of 26.2 mg L™
h™'. After that, the titer remained basically unchanged. To the
best of our knowledge, this is the highest (-)-a-bisabolol titer
reported in yeast to date. These results showed that terpenoid
biosynthesis could be boosted through high-density
fermentation. What is more, engineering Y. lipolytica for
terpenoid production quickly by using an efficient NHE]
integration-based modular cloning toolkit is a powerful new
strategy, which can be used for a highly efficient production of
various terpenoids in the near future.

CONCLUSION

In this study, we build a Golden Gate cloning toolkit
YALIcloneNHE], which could assemble 4, 7, and 10 fragments
simultaneously with high efficiency in one step. Using this toolkit, we
constructed a (-)-a-bisabolol biosynthesis route in Y. lipolytica. After
randomly integrating an entire MVA pathway and optimizing the
copy number of rate-limiting enzymes tHMGI and MrBBS, the
(-)-a-bisabolol titer in the resulting strain LYW7-3 reached 4.4 g/L,
the highest (-)-a-bisabolol titer reported in yeast. Our study expands
the toolbox for metabolic engineering in Y. lipolytica and is expected
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Biosensors can be used for real-time monitoring of metabolites and high-throughput
screening of producer strains. Use of biosensors has facilitated strain engineering to
efficiently produce value-added compounds. Following our recent work on the production
of short branched-chain fatty acids (SBCFASs) in engineered Saccharomyces cerevisiae, here
we harnessed a weak organic acid transporter Pdr12p, engineered a whole-cell biosensor to
detect exogenous and intracellular SBCFAs and optimized the biosensor’s performance by
varying PDR12 expression. We firstly constructed the biosensor and evaluated its response to
arange of short-chain carboxylic acids. Next, we optimized its sensitivity and operational range
by deletion and overexpression of PDR72. We found that the biosensor responded to
exogenous SBCFAs including isovaleric acid, isobutyric acid and 2-methylbutancic acid.
PDR12 deletion enhanced the biosensor’s sensitivity to isovaleric acid at a low concentration
and PDR12 overexpression shifted the operational range towards a higher concentration.
Lastly, the deletion of PDR12 improved the biosensor’s sensitivity to the SBCFAs produced in
our previously engineered SBCFA-overproducing strain. To our knowledge, our work
represents the first study on employing an ATP-binding-cassette transporter to engineer a
transcription-factor-based genetic biosensor for sensing SBCFAs in S. cerevisiae. Our findings
provide useful insights into SBCFA detection by a genetic biosensor that will facilitate the
screening of SBCFA-overproducing strains.

Keywords: short branched-chain fatty acids, weak organic acids, transporter, genetic biosensor, promoter,
Saccharomyces cerevisiae

INTRODUCTION

Carboxylic acids are used as platform chemicals for manufacturing a variety of industrial products
such as plastics, solvents, polymers and serve as “building blocks” for pharmaceuticals, fragrances,
foods and other valuable products (Sauer et al., 2008). In the industry, carboxylic acids are produced
from petrochemicals, which has brought concerns about unsustainability and environmental
pollution. Therefore, there are strong interests in developing economical and environmentally
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friendly routes to produce carboxylic acids using microbial hosts
(Chen and Nielsen, 2016). Isovaleric acid (IVA), isobutyric acid
(IBA) and 2-methylbutanoic acid (2MBA) are representative
short branched-chain fatty acids (SBCFAs) containing a
methyl branch located on one or two carbon atoms (Yu et al,
2016). IVA derivatives are used as drugs, e.g., anticonvulsant and
sedative and flavourings (Suerbaev et al., 2012; Wang et al., 2018).
IBA derivatives are used as plastics, flavorings, fragrances, textile
auxiliaries, surfactants and plasticizers (Zhang et al., 2011; Lang
etal., 2014; Hammer et al., 2020). 2MBA is used for the synthesis
of pharmaceuticals and flavoring (Kwon et al., 2000). Recently,
several microorganisms, including Saccharomyces cerevisiae,
Pseudomonas putida and Bacillus licheniformis, have been
engineered to produce these SBCFAs (Lang et al, 2014; Yu
et al., 2016; Shi et al, 2019). However, their production level
in the engineered microbes is still low.

Genetic biosensors can be developed and used to facilitate
strain engineering and optimization by biosensor-assisted high-
throughput screening (HTS) of microbes for high SBCFA
producers. Typically, a genetic biosensor consists of an
allosterically regulated transcription factor (TF), which binds a
specific ligand and associates with a target promoter to regulate
the expression of a reporter gene (Teo and Chang, 2015; Taylor
et al,, 2016; Chen et al., 2018; Xia et al., 2019; D’Ambrosio et al.,
2020; Hossain et al., 2020). For constructing an SBCFA biosensor,
the weak organic acid-activated TF, Warlp, from S. cerevisiae is a
suitable candidate. Warlp is constitutively expressed and binds to
the weak organic acid response (War) element in the PDRI2
promoter (pPDR12) (Kren et al., 2003; Gregori et al.,, 2008).
When it binds to a weak organic acid, Warlp is phosphorylated
and conformationally changed to activate the expression of
PDRI12 (Mollapour and Piper, 2012). Based on this inducible
system, Baumann et al. have developed a genetic biosensor which
consists of Warlp and pPDRI12 coupled with green fluorescent
protein (GFP) to detect short- and medium-chain fatty acids in S.
cerevisiae, in which the fatty acid sensing was decoupled from the
production using a two-cell sensor system (Baumann et al., 2018).
Compared to the two-cell sensor system, a one-cell sensor system
that produces and senses SBCFAs is favored for HTS of SBCFA-
producing strains (Lim et al.,, 2018).

Optimizations are commonly needed to achieve desired
properties of the genetic biosensors such as dynamic and
operational ranges for the effective detection of target
compounds (Hossain et al., 2020). The main strategies for
such optimization include tuning of the TF’s receptor level,
engineering of the DNA binding domain, the promoter’s
upstream region, operator sequence or the 5'-untranslated
region of the reporter gene and control of the target chemical
level. For instance, Snoek et al. have reported that the evolution-
guided engineering of the ligand binding domain of a bacterial TF
(BenM) in S. cerevisiae led to a 15-fold increase in sensitivity and
a 40-fold change in operational range (Snoek et al., 2020).
Dabirian et al. have inserted the binding sites into various
positions in the core promoter region of five native promoters
in S. cerevisiae, which led to a higher sensitivity of malonyl-CoA-
responsive TF (FapR) (Dabirian et al., 2019). Williams et al. have
developed a pPDRI12-based genetic biosensor to detect

Transporter-Driven Engineering of an SBCFA Biosensor in Yeast

p-hydroxybenzoic acid and propionic acid through a positive-
feedback activation of Warlp by promoter engineering (Williams
etal., 2017). Reduction of the intracellular level of target chemical
by activating an exporter shifts the operational range of an
allosteric TF-based biosensor in E. coli (Raman et al., 2014). In
yeast, the ATP-binding-cassette (ABC) transporter Pdr12p plays
roles in regulating the intracellular level of weak organic acids by
export and its expression is selectively induced by weak organic
acids (Piper et al., 1998; Hatzixanthis et al., 2003). Therefore, we
hypothesized that tuning of PDR12 expression could be employed
to optimize the properties of genetic biosensors for the detection
of weak organic acids such as SBCFAs.

In this study, we aimed to develop a genetic biosensor to detect
SBCFAs (exemplified by IVA, IBA and 2MBA) produced by our
previously engineered S. cerevisiae strain (Yu et al., 2016). To this
end, we firstly constructed a biosensor based on the Warlp TF
and pPDRI2 and characterized its substrate spectrum.
Furthermore, we optimized its sensitivity and operational
range by deletion and overexpression of PDRI2 in the
engineered SBCFA-overproducing strain. This study provides
useful insights into SBCFA detection by a one-cell biosensor
system that can potentially facilitate the HTS of SBCFA-
overproducing strains.

MATERIALS AND METHODS

Plasmids and Strains

Plasmids and strains used in this study are shown in Table 1.
Oligonucleotide primers (Supplementary Table S1) were
synthesized by Integrated DNA Technologies (Singapore).
Chemically competent Escherichia coli TOP10 was used for
subcloning. The transformants were selected on LB agar plates
with 100 ug/mL ampicillin.

Chemicals and Reagents

The Q5 high-fidelity DNA polymerase, NEBuilder HiFi DNA
Assembly Cloning Kit, Restriction enzymes, T4 DNA ligase and
PCR reagents were purchased from New England Biolabs
(Beverly, MA, United States). QIAquick Gel Extraction Kit,
QIAprep Spin Miniprep Kit and RNeasy Mini Kit were
purchased from Qiagen (Valencia, CA, United States). Peptone
was purchased from Oxoid Ltd. (Basingstoke, Hampshire, UK).
Dropout SC amino acid mixture formulation (without Uracil) for
S. cerevisiae growth media was purchased from MP Biomedicals
(Santa Ana, CA, United States). All other reagents were
purchased from Sigma Aldrich (St. Louis, MO, United States)
or Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) unless
otherwise stated.

Construction of the SBCFA Biosensor

To construct the SBCFA biosensor, a GFP reporter gene was
cloned under the control of pPDR12 which is inducible by weak
organic acids. Specifically, pPDR12 was amplified by PCR from
the genomic DNA of S. cerevisiae BY4741 using primers
PDR12p-f with a Sacl site and PDR12p-r (Supplementary
Table S1). The GFP gene was amplified from pKT127

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

143

March 2022 | Volume 10 | Article 838732


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Miyake et al.

TABLE 1 | Plasmids and strains used in this study.
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Plasmids/ Description Source
Strains
Plasmids
pESC-URA AmpR, URA3, 2-micron ori Agilent
puUGT72 AmpR, loxP-URAS-loxP Gueldener et al. (2002)
pUG72-TEF1 pUG72 carrying Prerq Yu et al. (2016)
pSHE9 AmpR, hpnMX, Cre under Pga, 4 control Hegemann and Heick, (2011)
pPDR12-GFP PESC-URA carrying Pppr12 and yEGFP This study
Strains
E. coli
E. coli TOP10 F—mcrA A (mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 recAl araD139 Alara-leu)7697 galU galK rpsL(Str") endA1  Invitrogen
nupG
S. cerevisiae
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 ATCC
4G-AADH6 BY4741 with overexpressed BAT1, ARO10, ALD2, ALD5 and disrupted ADHE Yu et al. (2016)
TOEO1 BY4741 with overexpressed PDR12 This study
TDLO1 BY4741 with disrupted PDR172 This study
TDLO2 4G-AADHBG with disrupted PDR12 This study
BY4741-S ca BY4741 with pPDR12-GFP This study
4G-AADHB-S ca  4G-AADHB with pPDR12-GFP This study
TOEO1-S| ca TOEO1 with pPDR12-GFP This study
TDLO1-S_ca TDLO1 with pPDR12-GFP This study
TDLO2-S| ca TDLO2 with pPDR12-GFP This study

harboring the yEGFP gene (Accession No. MK178572) (Sheff and
Thorn, 2004) using primers yEGFP-f and yEGFP-r with an Xhol
site. pPESC-URA was digested with Sacl and Xhol. The amplified
pPDR12, yEGFP and the digested pESC-URA fragment were
purified and assembled by NEBuilder to yield the SBCFA
biosensor namely pPDRI12-GFP. The sequence of the
biosensor plasmid was confirmed by Sanger sequencing (1st
Base, Singapore).

Deletion and Overexpression of PDR12in S.

cerevisiae

To tune the expression of PDR12 gene and study its effect on the
biosensor’s behavior, PDR12 was deleted and over-expressed in S.
cerevisiae. Briefly, the PDR12 gene deletion was carried out using
the Cre-LoxP system (Gueldener et al., 2002). The plasmid
pUG72 (carrying the loxP-URA3-loxP cassette) was used to
generate the gene deletion cassette and its derivative plasmid
namely pUG72-TEF1 (carrying the strong constitutive promoter
pTEF1) was used to replace the pPDR12 with pTEF1 in the
chromosome (Yu et al,, 2016). The plasmid pSH69 (carrying
pGALI1-CRE) which contains a hygromycin B resistance gene was
used for marker rescue (Hegemann and Heick, 2011).

To delete the PDRI12 gene, the URA3 selection marker flanked
by loxP sites was amplified from pUG72 by PCR using primers
PDR12-Del-f and PDRI12-Del-r, which contained a 42 bp
homology to the integration site of PDRI2 gene
(Supplementary Table S1). The obtained DNA fragments
were purified and transformed into BY4741 and the SBCFA-
overproducing strain 4G-AADH6 using a modified yeast
transformation method (Gietz and Schiestl, 2007; Ling et al.,
2015). The transformants were selected on solid defined medium
lacking uracil (SCD-U) and confirmed by colony PCR using the

primers PDR12-CheGD-f PDRI12-CheGD-r (Supplementary
Figure S1). The obtained strains were transformed with the
CRE recombinase-expressing plasmid pSH69 and grown on
YPD plates containing 200 ug/mL hygromycin B (YPDH) to
remove the URA3 marker gene between the loxP sites. The
obtained strains were evaluated by PCR to confirm removal of
the URA3 gene and designated as TDLO01 (derived from BY4741)
and TDLO2 (derived from 4G-AADHS®).

The replacement of the native promoter of PDRI2 gene
(pPDR12) to TEFI promoter (pTEF1) was carried out using
the same procedure as described for PDRI2 deletion. The pTEF1
was amplified by using primers PDR12-pTEF1-F and PDRI12-
pTEFI-R and pGU72-TEF1 as a template. The promoter
replacement in the obtained transformants were confirmed by
PCR with the primers TEFp-UP-f and PDR12-CheTEFp-r
(Supplementary Figure S1). After marker rescue, the obtained
strains were evaluated by PCR with primers PDR12-CheTEFp-f
and PDR12-CheTEFp-r to confirm removal of the URA3 gene.
The confirmed strain was used for transformation with the
constructed SBCFA biosensor as described above.

Detection of Exogenous SBCFAs by the
SBCFA Biosensor

Prior to the detection of exogenous SBCFAs, the strains harboring
the SBCFA biosensor pPDR12-GFP were grown in SCD-U with
100 mM potassium phosphate buffer (KPB, pH6.5) overnight at
30°C with shaking at 200 rpm. The overnight culture was diluted
to ODggp of 0.1 in 2 mL of fresh medium and grown until the
ODgop reached 0.4-0.6. The cells were centrifuged and
resuspended in fresh SCD-U with 100 mM KPB (pH6.5) and
100 pL of cells was transferred to each well in black 96-well plates
with clear flat bottom. Subsequently, 90 pL of fresh SCD-U with
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KPB was mixed with 10 uL of SBCFAs (Supplementary Table
$2) to final concentrations of 0.05-10 mM, where the SBCFA
stocks were prepared at 1 M in 70% ethanol and pH neutralized
with sodium hydroxide solution. The SBCFA stocks were diluted
to 1-200mM using sterile water before adding into the
microplate wells.

To measure the fluorescence signal of the SBCFA biosensor,
the samples described as above in the 96-well plate were
incubated at 30°C with shaking at 600 rpm in a Synergy H1
plate reader (BioTek, VT, United States). The cell density (ODgg0)
was measured at 600 nm and the fluorescence signal was
measured with excitation at 470 nm and emission at 515 nm
every 30 min. The fluorescence intensity was normalized to
ODgo9 and the normalized fluorescence intensity was
compared between the conditions with and without SBCFAs.
The ECs, (50% effective concentration) values were calculated by
nonlinear regression using GraphPad Prism version 9 software
(Graph Pad Software, CA, United States).

Detection of Intracellularly Produced
SBCFAs by the SBCFA Biosensor

Besides the detection of exogenous SBCFAs, the intracellular
SBCFAs produced by our previous SBCFAs-overproducing strain
4G-AADHS6 was detected. The strains were cultivated in SCD-U
medium at 30°C with shaking at 220 rpm overnight. The
overnight culture was re-inoculated to an initial ODggo of 0.05
in 25 mL fresh SCD-U with 100 mM KPB (pH6.5) and grown
under the same conditions in 250 mL shake flasks. For time
course experiments, culture samples were collected every 12 h to
determine the SBCFA levels and cell density (ODgo) was
measured by a spectrophotometer BioPhotometer Plus
(Eppendorf, Germany). The culture samples were diluted by
SCD-U with KPB to adjust the cell concentration and the
fluorescence intensity was measured on a Synergy HI
microplate reader and normalized to the cell density (Jung
et al., 2021) as described above.

Gas Chromatography/Mass Spectrometry

Analysis of SBCFAs

GC analysis of SBCFAs was performed using methods modified
from previous studies (Teo et al., 2015; Yu et al., 2016; Ng et al,,
2020). One milliliter of yeast culture was collected and
centrifuged to obtain the supernatant. To quantify the SBCFAs
in the supernatant, 0.4 mL of 10% hydrochloric acid-methanol
(v/v) and heptadecanoic acid (C17:0) at a final concentration of
1 mM as an internal standard were added to 0.8 mL culture
supernatant and the mixtures were vortexed for 2min and
incubated at 62°C for 3h to methylate the SBCFAs. SBCFA
standards (IVA, 2MBA, IBA) at 0.5 and 2.0 mM added to
SCD-URA medium were extracted and methylated as describe
above. To the reaction mixtures, 0.2 mL hexane was added, and
the resulting fatty acid methyl esters (FAMEs) were extracted by
vortexing for 2 min and phase separation by centrifugation. The
organic extracts containing FAMEs were then subjected to GC/
MS analysis using a 7890B GC system with an Agilent 5977A

Transporter-Driven Engineering of an SBCFA Biosensor in Yeast

MSD and an HP-5MS column. The method for GC/MS analysis
was as follows: oven temperature with initial hold at 45°C for
3 min, ramp to 50°C at 10°C/min and hold for 3 min, ramp to
280°C at 50°C/min and hold for 5 min. Helium was used as the
carrier gas and set at a constant pressure of 13.8 psi. The injector
was maintained at 250°C and the ion source temperature was set
to 230°C. The injection volume was 1.0 pL in a splitless mode.
FAMEs of the respective SBCFAs were identified by their
retention time and the mass spectra of FAME standards. Data
analysis was performed using the Agilent Enhanced Data
Analysis software. Given that 2MBA and IVA are isomers that
have the same mass spectrum and retention time, they were
quantified as a mixture.

RESULTS AND DISCUSSION

Construction and Characterization of the
SBCFA Biosensor

We have previously engineered S. cerevisiae to produce SBCFAs
that comprise IVA, IBA and 2MBA (Yu et al, 2016). Here, to
construct a genetic biosensor to detect SBCFAs in S. cerevisiae, we
designed a biosensor that consists of 1) Warlp, a TF that
phosphorylates upon binding to weak organic acids (e.g.,
hexanoic acid, heptanoic acid and octanoic acid), 2) pPDRI2,
which is activated by the phosphorylated Warlp and 3) a yeast-
enhanced GFP gene (yEGFP) under the control of pPDR12. To
ensure a higher copy number of the target genes, we cloned the
aforementioned genetic elements into a high-copy plasmid pESC-
URA and introduced the resulting biosensor (namely S;c,) into
S. cerevisiae strains (BY4741, TOEO1, TDL01, TDL02, 4G-
AADH6) to obtain the biosensor strains (BY4741-Sica,
TOEO1-S, s, TDLOL-S; o, TDLO2-Sycar 4G-AADH6-S; ).
To determine a suitable condition for sensing SBCFAs, we
measured and compared the fluorescence intensity of BY4741-
Sica in SCD-U medium under buffered pH (at pH6.5 and pH7.4)
and unbuffered (at pH4.5) pH conditions added with IBA and
IVA, respectively. Supplementary Figure S2 shows that SLCA
with a starting pH4.5 and unbuffered had a higher background
than that when the pH was buffered to 6.5 and 7.4 without
SBCFAs, suggesting that the low pH effect can be mitigated by
maintaining the pH at about 7.0. The background fluorescence
without pH buffering increased with incubation, whereas it
remained low and constant under the buffered pH condition.
It was found that under the unbuffered condition, the pH
dropped from pH4.5 to pH3.5 after overnight incubation and
under the buffered condition the pH remained above pH6.0. The
higher fluorescence background under the unbuffered condition
(pH 4.5) was likely due to the higher concentration of proton than
that at pH 6.0. The undissociated weak organic acids can pass
through the plasma membrane by passive diffusion under an
acidic condition and free weak organic acids can be taken up by
active transport at a physiological condition near pH7 (Casal
et al,, 2008). The uptaking efficiency of the former is generally
more efficient than the latter (Borrull et al, 2015). We
hypothesized that the whole-cell biosensor BY4741-SLCA
would give a higher response at pH6.5 and pH7.4 than at
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FIGURE 1 | Characterization of biosensor BY4741-S ca. (A) Responses of BY4741-S, s cells (fold changes) to IBA under different pH conditions. BY4741-S; ca
cells were grown in SCD-U medium under buffered (at pH6.5 and pH7.4) or unbuffered (at pH4.5) pH conditions. GFP fluorescence was measured after incubation with
1.0 mM IBA and normalized to cell density (OD600). The fluorescence of control without the IBA supply was normalized to its cell density and set to 1. (B) Time-course
fluorescence intensity of BY4741-S; ¢ cells in response to IBA supplied into the medium. BY4741-S, c cells were incubated in the buffered SCD medium (pH 6.5)
with IBA supply (at 0.5, 1, and 2 mM). The fluorescence was measured and normalized to cell density (OD600). (C) Dose-dependent responses of BY4741-S; ca cells to
respective SBCFA, i.e. IVA, 2MBA and IBA after a 3-h incubation. Fl, fluorescence intensity. Values are means of three independent experiments. An error bar represents
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pH4.5. This was proven by a 7.3-fold and 2.3-fold higher fold-
change (FC) of fluorescence intensity towards IBA under the
buffered pH at 6.5 (FC 20.3) and 7.4 (FC 6.3) than that when
unbuffered (FC 2.8) at about 3h (Figure 1A). Supplementary
Figure S2B also shows that the time-course responses (FC) to
IVA at pH6.5 (FC 37.0) and 7.4 (FC 14.9) are significantly higher
than at pH4.5 (FC 3.9) at about 3 h. Given higher fluorescence
from at pH6.5 than pH7.4, the medium buffered at pH6.5 was
chosen for biosensing SBCFAs in this study.

Next, under the condition with the pH buffered to 6.5, we
characterized the operational range of BY4741-S;c, against
individual SBCFAs (IVA, 2MBA, IBA) fed at various
concentrations. We firstly determined the minimal incubation
time required for the S; ¢4 to respond to the SBCFAs till the signal
remained stable. Using IBA as an example, we found that there
was a time-dependent exponential increase in the fluorescence
signal against 0.5-2.0 mM of IBA till about 3 h. Afterwards, there
was a slight decrease of signal from control (without IBA)
(Figure 1B), which showed a 10-fold increase in cell density
and a 2-fold increase in fluorescence (Supplementary Figure S3).
This result suggests that a 3-h incubation is required prior to
measuring the biosensor’s signal.

To determine the correlation of SBCFA doses to the signal, we
exposed the BY4741-S;ca to IVA, 2MBA and IBA fed at various
concentrations (0.05-10 mM) and measured the fluorescence
signal. In Figure 1C, with a 3-h incubation, BY4741-S;ca
demonstrated a dose-dependent increase of the response (FC)
against the respective SBCFAs ranging from 0.05 mM (~FC 2) to
10 mM (>FC 36). It is noted that, starting from 0.25 mM till
10 mM, the response from IVA was the highest (up to FC 49)
amongst the three tested SBCFAs, suggesting that IVA is a

preferred sensing target (ECsy 2.2) over 2MBA (up to FC 43,
ECs 3.6) and IBA (up to FC 36, ECsq 5.0). Our results show that
our biosensor is suitable for screening SBCFA-overproducing
strains that produce SBCFAs at 0.25-10 mM, including the
engineered S. cerevisiae strain producing 4 mM SBCFAs (Yu
et al., 2016).

Structurally, the branched chain of IBA (C4) and 2MBA (C5)
is located at the a position, whereas IVA’s (C5) branched chain is
at the B position further from the carboxylic group. Given the
differences in the branched-chain positions, the binding affinity
of Warlp to these SBCFAs will differ, depending on the varying
binding tendency towards the structurally dissimilar carbon
chain. It is known that Warlp prefers binding to lipophilic
weak acids over hydrophilic weak acids (Kim et al, 2019).
Therefore, the differences in the binding efficacy of Warlp to
the SBCFAs could cause different responses of the biosensor. In
addition, intracellular concentration of these SBCFAs could vary
due to different import/export efficiency, hence causing variable
responses of the biosensor.

Substrate Spectrum of the SBCFA

Biosensor
Besides SBCFAs, we investigated the substrate spectrum of Syca
against other representative industry-relevant short-chain weak
organic acids, including short linear chain fatty acids and
lipophilic carboxylic acid derivatives such as phenolic acids,
methacrylic acid, hydroxy carboxylic acids, keto acid and
branched-chain amino acid (Castano-Cerezo et al.,, 2019).

To determine if shorter linear chain fatty acids and the
lipophilic carboxylic acids with various chemical groups (vinyl,
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FIGURE 2| Substrate spectral analysis of biosensor BY4741-S| ca. (A) Responses of BY4741-S, ¢ cells (fold change) to weak organic acids categorized based on
the similarity of their chemical structures. GFP fluorescence was measured after overnight incubation at 30°C and normalized to cell density (OD600) and further to
control without weak organic acid supply. Values are the means of three independent experiments, and an error bar represents a standard deviation of three independent
experiments. (B) Molecular structures of the tested weak acids, comprising of shorter straight chain fatty acids (1), and lipophilic carboxylic acid derivatives including
SBCFAs (ll), phenolic acids (Il), methacrylic acid (IV), hydroxy carboxylic acid (V), keto acids (VI) and amino acid Leucine (VII). Their numbers are indicated, and SBCFAs

methyl, oxo, phenyl, hydroxyl and amino) were substrates of the
biosensor BY4741-S;c4, we investigated its response to acetic
(C2), propionic (C3) and octanoic (C8) acids and several
lipophilic carboxylic acid derivatives (Figure 2). We found
that Spca was responsive to propionic acid (FC 3.8) and
octanoic acid (FC 34.0), but not acetic acid. This result
suggests that the pPDR12-based genetic biosensor respond to
linear chain fatty acids with 3 carbons (C3) and longer. In
addition, the biosensor Spch showed a strong response (FC
40.0), consistent with a previous study (Baumann et al., 2018).

For methacrylic acid, a lipophilic carboxylic acid derivative
with a vinyl group, a significant response was observed from the
biosensor (FC 17.7). In line with previous studies (Hatzixanthis
etal., 2003; Kren et al., 2003), the biosensor showed an FC 55.6 in
response to benzoic acid (with a phenyl group) and an FC 38.0 in
response to cinnamic acid (with a phenyl and a vinyl group). To
our knowledge, this is the first evidence on sensing cinnamic acid
using the pPDRI12-based system in S. cerevisiae. We did not
observe any responses (FC < 2.0) to the SBCFA’s precursors
including L-leucine (with an amino group) and 4-methyl 2-
oxovalerate (with a methyl and an oxo group), as well as
hydroxylated derivatives including hydroxy isovaleric acid,
hydroxy benzoic acid and coumaric acid. Supplementary
Table S2 shows that some carboxylic acids (e.g., hydroxy
isovaleric acid and 4-oxo pentanoic acid) have a relatively low
hydrophobic constant (logP), i.e., a relatively low solubility in the

medium. Interestingly, coumaric acid and hydroxy benzoic acid
have high logP values. The lack of response to these compounds
might be due to their low intracellular concentration caused
either by low uptake, high efflux, or cellular metabolism
(Barnhart-Dailey et al., 2019).

Optimization of the SBCFA Biosensor by

PDR12 Deletion and Overexpression
Given the role of transporters in regulating the intracellular level
of SBCFAs (Piper et al., 1998; Nygard et al., 2014), we examined
the effect of deleting and overexpressing an efflux pump gene
PDRI2 on the Sicp’s behaviors (sensitivity and operational
range). We hypothesized that the deletion of PDRI2 would
result in a higher intracellular level of SBCFAs than that in
the wild-type cells and vice versa for PDR12 overexpression.
Based on the above hypothesis, we sought to enhance the
biosensor’s sensitivity through PDRI2 deletion and to shift the
operational range through PDRI2 overexpression (Figure 4A).
Firstly, we deleted PDRI2 gene (Supplementary Figure S1) and
examined its effect on cell growth in the presence of 15 mM IVA.
We found that the PDRI2-deficient strain (TDLO1) had a slight
growth retardation after 12h in the absence of IVA. In the
presence of IVA, TDLO1 showed a significant growth
retardation till the log-phase when it had a cell density
comparable to its parental strain BY4741 (Supplementary
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FIGURE 3 | Responses of biosensor TDLO1-S ca With PDR12 gene
deletion to representative weak organic acid including IVA, benzoic acid,
cinnamic acid, hydroxy isovaleric acid, hydroxy benzoic acid and coumaric
acid. BY4741-S ca and TDLO1-Si ¢ cells were grown until the

exponential phase. After a 16-h incubation in a buffered SCD-U medium (at
pHB6.5) with the supply of weak organic acids (2 mM each), GFP fluorescence
was measured, and fold changes were calculated. Values are means of three
independent experiments, and an error bar represents standard deviation of
three independent experiments.

Figure S4). The significant growth retardation suggests a growth
inhibition caused by the higher intracellular IVA accumulated in
TDLO1. Secondly, we introduced the biosensor plasmid pPDR12-
GFP into TDLO1 and measured the FC of the resulting strain
TDL-S;ca. TDL-S;ca was found to have a response of FC 107.9
to 2 mM IV A, which is over 3-fold higher than BY4741 (FC 33.4).
The increase in response to IVA in TDL-S;ca confirms the
significant improvement in sensitivity. In addition, there was
an increase in response by about three times to 2 mM of benzoic
acid and a slight increase against cinnamic acid. We observed no
change in the response toward other carboxylic acids
(i.e, hydroxyl isovaleric acid, hydroxyl benzoic acid and
coumaric acid) (Figure 3). These results show that the PDRI2
deletion improves the sensitivity of the pPDR12-GFP biosensor
to its target sensing substrates. Thirdly, to evaluate the
operational range of the biosensor, we investigated its response
to IVA at various doses in the PDRI2-deficient (TDL01) and
-overexpressing (TOEO1) strains (Figure 4B and Supplementary
Figure S1). Given a higher expression level of PDRI2 upon the
replacement of pPDR12 with the TEF1 promoter (pTEF1) in

Transporter-Driven Engineering of an SBCFA Biosensor in Yeast

S. cerevisiae (Yu et al., 2016), in the absence of exogenous IVA
supply, the biosensor TOEO01-S;cp showed the lowest
background fluorescence in SCD medium (Supplementary
Figure S5). TOEO1-S;ca showed a shift of the operational
range towards higher concentrations to exogenous IVA
(2-25mM) compared to BY4741-S;ca (Control). Given that
the response was not saturated at 25 mM IVA, there would be
a continuing increase of the response to IVA at >25 mM. Thus,
we speculated an operational range that is wider than 2-25 mM.
TDLO1-Syca showed a higher sensitivity (up to FC18.9) toward
exogenous IVA (0.2-10 mM). ECsq of TDLO1-S; ¢4 (1.3 mM) was
7.7-fold lower than that of BY4741-S;ca (10 mM).

The higher sensitivity (TDLO1-S;cs) and wider operational
range (TOEO1-S;c4) could be due to changes in export efficiency
caused by PDRI2 overexpression and deletion. Our results
suggest that maintenance of the appropriate intracellular level
of target biochemical can be used to enhance the operational
range or widen the sensitivity of a whole-cell biosensor. Whole-
cell biosensors with various operational ranges or sensitivities are
desired for pathway engineering and strain optimization. For
instance, at the early stage of pathway engineering when the
production level of target biochemical is low, a biosensor with a
higher sensitivity like TDLO1-S; ¢4 is favored for screening strain
screening. On the other hand, at a later stage, a biosensor with a
wider operational range like TOEO01-S;ca is suitable for
optimizing the production to achieve a higher production level.

Sensing of SBCFAs in the
SBCFAs-Overproducing Strain

After we studied S;ca’s responses to exogenously supplied
SBCFAs, we used it to sense SBCFAs in an SBCFA-
overproducing strain. We previously engineered S. cerevisiae
BY4741 (4G-AADHS6) to overproduce SBCFAs at up to
3.7mM SBCFAs (Yu et al., 2016). Given that the intracellular
level of SBCFAs lies within the identified operational range of
TDLO1-S;ca (0.2-10 mM), we employed the strategy of PDRI2
deletion for the biosensing. To this end, we deleted PDR12 in 4G-
AADHS, resulting in TDL02. Next, we introduced the pPDR12-
GFP plasmid into 4G-AADH6, TDL02 and analyzed the
fluorescence signals of the resulting strains 4G-AADHG6-S;ca
and TDLOZ-SLCA.

Figure 5A shows that the fluorescence signal of 4G-
AADH6-S; 4 intensified with the increase in SBCFA
production. The fluorescence signal of TDLO02-S;c, also
showed an increase along with the SBCFA production, but
up to 76.7% higher than 4G-AADHG6-S;ca. The fluorescence
signal of both 4G-AADH6-S;cs and TDL02-S;ca showed a
linear correlation to the produced SBCFAs (R* > 0.93)
(Figure 5B). Given that the SBCFA production level is
comparable in 4G-AADH6 and TDLO02, the fluorescence
signal suggests the biosensor S;ca can monitor the SBCFA
production real-time and the PDRI2 deletion enhances the
sensitivity of the biosensor in the SBCFA-overproducing
strain. The sensitivity enhancement is consistent with
BY4741 and TDLO1 with SBCFA supplementation. At 48 h,

the signal of TDL02-S;ca is slightly lower than
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FIGURE 4 | Optimization of biosensor’s sensitivity and operational range. (A) Schematic presentation of strategies employed to optimize the biosensor. The ABC
transporter Pdr12p is known to regulate the intracellular level of weak organic acids by export. To improve the biosensor’s sensitivity, an ABC transporter gene PDR12
was deleted to increase the intracellular SBCFA level (TDL-S| ca), Which will increase the fluorescence. To extend the biosensor’s operational range, PDR12 was over-
expressed under the control of a strong constitutive promoter pTEF1 to reduce the intracellular SBCFA level (TOE-S| ca) through SBCFA export, which will enhance
the SBCFA saturation level. (B) Dose-dependent responses of biosensors against IVA fed at 0.5, 2, 5, 10, and 25 mM. Their responses (fold change) were compared to
control BY4741-S, ca. Fluorescence was measured after a 5-h incubation with IVA. Values are the means of three independent experiments, and an error bar represents

A
=0000 —O— 4G- AADH6-S|ca 18
—O— TDLO02-S ca
25000 |[-7x- 4G- AADH6-S ca 1.5
== TDL02-Sca
20000 1.2
(=3
=]
8 15000 f 0.9
) .
[
10000 0.6
5000 | 0.3
A’
0 1 1 1 1 1 1 1 1 O
0 12 24 36 48 60 72 84 96

Time (h)

SBCFAs (mM)

FIGURE 5 | Responses of SBCFA biosensor in a S. cerevisiae strain overproducing SBCFAs. PDR12 was deleted in a previously engineered SBCFA-
overproducing strain 4G-AADHS, resulting in strain TDLO2. The biosensor S| ca Was introduced into TDLO2 and 4G-AADHS6 respectively. (A) The fluorescence (solid
lines) and the over-produced SBCFAs (dotted lines) were measured after fermentation in buffered SCD-U (at pH6.5) medium for up to 96 h. (B) Correlation between GFP
fluorescence with SBCFAs produced in 4G-AADH6-S| ca and TDLO2-S, ca. Trendlines with respective /2 value are shown in orange (4G-AADHB-S, ) and grey
(TDLO2-S| ca). Values are the means of three independent experiments, and an error bar represents a standard deviation of three independent experiments.

30000
{> 4G- AADH6-S,c
¢ TDLO2-S,cs —p—
25000 |
20000
2 R2=0.9571
Q 15000 f
(<)
- 4 % Re = 0.9258
10000 | 5" o
5000 | &
0 1 1 1 1
0 02 04 06 08 1
SBCFAs (mM)

4G-AADH6-S;ca, likely due to a slightly lower SBCFA
production in TDL02-S;cs (0.34 mM) than 4G-AADH6-
Sica (0.44 mM) (Supplementary Figure S6).

In terms of the biosensing substrates, TDL02-S;c5 and 4G-
AADH6-S; 5 sensed the mixture of SBCFAs, where the
fluorescence signal attributes to the responses from such a
mixture of SBCFAs. However, the contribution of each SBCFA in
the mixture to the fluorescence is still unclear. In addition, we

observed a 3-fold lower SBCFA titer in both 4G-AADH6 and TDL02
and a lower proportion of IVA/2MBA than those reported in our
previous study (Yu et al,, 2016). Such changes in the production titer
and SBCFA profiles could be due to the use of a defined medium
SCD that allows the SBCFA production from glucose, whereas in our
previous study, the SBCFAs were likely produced from glucose and
branched-chain amino acids present in YPD medium. Nevertheless,
the SBCFA levels obtained using SCD were shown to lie within the
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operational range of our biosensor TDLO01-S; 4 which allows real-
time monitoring of the SBCFA production in the engineered strains.

CONCLUSION

In this study, we engineered a genetic biosensor based on Warlp
and pPDR12. The biosensor detected SBCFAs (e.g., IVA, IBA and
2MBA) that were exogenously fed and intracellularly produced
by engineered S. cerevisiae strains. The biosensor’s properties
including sensitivity and operational range were optimized by
varying the expression level of PDRI2 encoding an ABC
transporter responsible for SBCFA export. Besides SBCFAs,
the biosensor can also sense short linear chain fatty acids and
lipophilic carboxylic acid derivatives. Our findings suggest that
the engineered biosensor is potentially a useful tool for
monitoring the production of biochemicals, such as IVA, IBA,
2MBA, benzoic acid, cinnamic acid, propionic acid and octanoic
acid, and for screening and discovering high producer strains.

Given the low sensitivity observed when the SBCFAs were at low
concentrations (<0.25 mM), future efforts could be focused on
improving the sensitivity. One strategy could be to introduce a
positive-feedback loop on Warlp to enhance the sensitivity.
Williams et al. reported that the promoter replacement of the
WARI promoter with pPDR12 in the genome, where Warlp
regulates its own expression in response to propionic acid
(Williams et al., 2017), resulting in a dramatic increase in the
sensitivity (from FC 3.6 to FC 10). In our current study, we
confirmed an operational range of up to ~0.8mM of the
intracellularly produced SBCFA mixture. To effectively detect
SBCFAs produced by a higher producer, the operational range
could be further evaluated and improved through optimization of
the binding affinity between SBCFAs and the receptor domain of
Warlp, DNA binding domain of Warlp or WARE sequence of
pPDRI12 (Gregori et al., 2008).
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The unfolded protein response (UPR) is one of the most important protein quality control
mechanisms in cells. At least, three factors are predicted to activate the UPR in yeast cells
during fermentation. Using UPRE-lacZ as a reporter, we constructed two indicator strains, KZ
and WZ, based on Angel-derived K-a and W303-1A strains, respectively, and investigated
their UPR response to tunicamycin, ethanol, and acetic acid. Then, four strains carrying
plasmids BG-cwp2 and BG were obtained to realize the displaying and secretion of f-
glucosidase, respectively. The results of cellobiose utilization assays indicated interactions
between the UPR and the metabolic burden between the strain source, anchoring maoiety,
oxygen supply, and cellobiose concentration. Meanwhile, as expected, growth (ODgqo), -
glucosidase, and p-galactosidase activities were shown to have a positive inter-relationship, in
which the values of the KZ-derived strains were far lower than those of the WZ-derived strains.
Additionally, extra metabolic burden by displaying over secreting was also much more serious
in strain KZ than in strain WZ. The maximum ethanol titer of the four strains (KZ (BG-cwp?2), KZ
(BG), WZ (BG-cwp?2), and WZ (BG)) in oxygen-limited 10% cellobiose fermentation was 3.173,
5.307, 5.495, and 5.486% (v/v), respectively, and the acetic acid titer ranged from 0.038 to
0.060% (v/v). The corresponding maximum values of the ratio of -galactosidase activity to
that of the control were 3.30, 5.29, 6.45, and 8.72, respectively. Under aerobic conditions with
2% cellobiose, those values were 3.79, 4.97, 6.99, and 7.67, respectively. A comparison of the
results implied that B-glucosidase expression durably induced the UPR, and the effect of
ethanol and acetic acid depended on the titer produced. Further study is necessary to identify
ethanol- or acid-specific target gene expression. Taken together, our results indicated that the
host strain W303-1A is a better secretory protein producer, and the first step to modify strain
K-a for cellulosic ethanol fermentation would be to relieve the bottleneck of UPR capacity. The
results of the present study will help to identify candidate host strains and optimize expression
and fermentation by quantifying UPR induction.

Keywords: recombinant yeast, UPRE-/acZ, -glucosidase, displaying and secreting, cellobiose, ethanol and acid,
UPR response, metabolic burden
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1 INTRODUCTION

Saccharomyces cerevisiae is one of the most widely used cell
factories and is utilized in biotechnological processes including
the production of heterologous proteins, biofuels, and chemicals
of medical or industrial interest (Jouhten et al., 2016; Lian et al.,
2018; Thak et al., 2020). In synthetic biology and metabolic
engineering applications, yeast not only faces many kinds of
stress, such as osmotic, heat, inhibitor, and nutrient starvation
stress, but also endures a metabolic burden resulting from the
heterologous production of enzymes to broaden the yeast’s
substrate or product range (Mattanovich et al, 2004; Wu
et al., 2016; Brandt et al.,, 2021).

Protein synthesis, folding, and processing are tightly
controlled and are sensitive to perturbation of endoplasmic
reticulum (ER) homeostasis in all organisms. The unfolded
protein response (UPR) is a conserved intracellular signaling
pathway that regulates the transcription of ER homoeostasis-
related genes (Dallbey et al., 2009; Young and Robinson, 2014). S.
cerevisiae is a major model for studying UPR mechanisms.
Research has focused on protein quality control pathways and
mechanisms using endogenous or exogenous protein expression
in yeast (Dallbey et al., 2009; Young and Robinson, 2014; Cedras
et al,, 2019; Sun and Brodsky, 2019). However, in recent years,
other factors have been reported to induce the UPR (Navarro-
Tapia et al., 2016; Kawazoe et al., 2017; Navarro-Tapia et al,,
2018). Ethanol stress has been shown to alter membrane fluidity,
which then activates the UPR; thus, ethanol tolerance might be
improved by enhancing the UPR (Navarro-Tapia et al., 2016;
Navarro-Tapia et al, 2018). Acetic acid has also been
demonstrated to cause ER stress and lead to UPR (Kawazoe
et al., 2017).

In fact, the UPR is so important that it is increasingly
becoming a limiting factor in the exploitation of vyeast.
Quantification of UPR induction and modulation of the UPR
and ER-Associated Degradation (ERAD) activity is increasingly
applied in yeast synthetic biology and metabolic engineering
(Cedras et al., 2019; Thak et al., 2020). However, current
knowledge about the UPR pathway and its mechanism in
yeast is inadequate, especially the regulatory role of the UPR
underlying stress adaptation, the metabolic burden, and their
mutual interaction.

In the bio-energy field, although S. cerevisiae is the preferred
microorganism in various biofuel production configurations, its
application in second-generation (2G) fermentation involving
lignocellulose conversion remains challenging (Lian et al., 2018;
Brandt et al., 2021). One of the key difficulties is the low titer of
cellulase expression, which is reported to possibly be limited by
the UPR or ERAD or both (Davison et al., 2020). Furthermore,
because ethanol and acetic acid are constantly present, either as a
target in the bio-energy field or as the main by-product in other
application fields (Navarro-Tapia et al, 2016; Kawazoe et al.,
2017; Navarro-Tapia et al., 2018), the role of ethanol and acetic
acid and their mutual interaction with other activators in the UPR
are also important.

B-Glucosidase is an essential and key component in
lignocellulose bio-conversion and is also an important

UPR During Yeast Cellobiose Utilization

enzyme in medicine and industry (Bhatia et al., 2002;
Wang et al., 2013; Ding et al., 2018). The expression of B-
glucosidase in yeast leads to enzyme production or the
production of whole cell biocatalysts for cellulosic ethanol
fermentation (Wang et al., 2013; Ding et al., 2018; Cedras
et al., 2019; Davison et al., 2020). The haploid strain K-a is
derived from the diploid industrial yeast strain TH-AADY
(Angel Yeast Co., Ltd., Yichang, China) and has been proven
to have good ethanol fermentative performance and stress
resistance. Thus, in this study, the enzyme BGLI (f-
glucosidase) from Aspergillus aculeatus was selected as a
reporter protein to investigate the effects on the UPR of
genetically different host strains (industrial K-a and a laboratory
strain W303-1A), heterologous enzyme expression, displaying or
secreting mode, and fermentation conditions. Then, the unfolded
protein response element (UPRE)-lacZ was used as a reporter gene
to evaluate the UPR (Amberg and Huo, 2009; Dallbey et al., 2009).
In the present study, the UPRE was a hybrid promoter and
contained a 22-base pair sequences, which allows Haclp (a
UPR-associated transcription factor) binding to activate the
UPR (Dallbey et al., 2009). Assays to measure [P-galactosidase
activity were performed to determine the UPR induction levels
(Amberg and Huo, 2009). In addition, 2 and 10% cellobiose were
used to observe the possible effects from metabolic products,
including ethanol and acetic acid. The relative expression of
several key target genes was further investigated. The results of
this study are expected to assist in identifying candidate host strains
and for optimizing the expression mode and fermentation
condition by quantifying UPR induction.

2 MATERIALS AND METHODS

2.1 Strains, Plasmids, Media, and Growth

Conditions

The microbial strains and plasmids used in this study are listed in
Table 1 (Wangetal., 2013; Ding et al., 2018; Lu et al., 2019; Zhang
et al,, 2020). Escherichia coli Topl0 was used for recombinant
DNA manipulation. Recombinant plasmids were constructed
and amplified in ToplO cultivated at 37°C in a Luria-Bertani
liquid medium or on Luria-Bertani agar (1% tryptone, 1% NaCl
and 0.5% yeast extract, pH7.0). Ampicillin was used at a final
concentration of 100 g/L. WZ, that was W303-1A (leu 2:UPRE-
lacZ) (Zhang et al., 2020), was constructed by integrating the
donor DNA fragment UPRE-lacZ into gene leu 2 site with the
CRISPR-Cas9 method (Lu et al., 2019). The haploid yeast strain
K-a, obtained by the sporulation of the commercial Angel yeast
strain TH-AADY (diploid, Alcohol active dry yeast, Angel Yeast
Co., Ltd., Yichang, China, http://www.angelyeast.com) and then
counter selection on a 5'-FOA plate, was used as the host to
express exogenous cellulases (Lu et al., 2019; Zou et al.,, 2021).
Yeast strains were generally cultivated at 30°C in rich YPD or YPC
medium (1% yeast extract, 2% peptone, 2% glucose or cellobiose),
or basal CMG or CMC medium (6.7 g/L yeast nitrogen base
without amino acids, 20 g/L glucose or cellobiose, and the
appropriate amino acid and nucleic acid supplements) (Wang
et al., 2013).
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TABLE 1 | Microbial strains, plasmids, and primers used in this study.

Strains/plasmids/

Essential properties

UPR During Yeast Cellobiose Utilization

Source or reference

primers
Escherichia coli Top10 F~ mcrA (mrr-hsd RMS-mcrBC)80 lacZM15 lacX74 recAl ara139 (ara-leu)7,697 galU galK rpsL (StrR) endA1  Inour lab
nupG
S. cerevisiae MATa ade? trp1 his3 can1 ura3 leu2 In our lab
W303-1A
Wz W303-1A (leu 2:: UPRE-lacZ) In our lab
WZ (YEplac195) Strain WZ containing plasmid YEplac195 In our lab
K-a MATa ura3, derivative from the diploid industrial yeast strains TH-AADY (Angel Yeast, Yichang, China) In our lab
K-a (YCplac33-Cas9) Strain K-a containing plasmid YCplac33-Cas9 In our lab
WZ (BG) Strain WZ containing plasmid YEplac195-Ptpi-xyn2s-Aa BGL1-Tadhl In this study
WZ (BG-cwp?2) Strain WZ containing plasmid YEplac195-Ptpi-xyn2s-Aa BGL1-cwp2-Tadhl In this study
KzZ K-a (leu 2::UPRE-lacZ) In this study
KZ (YEplac195) Strain KZ containing plasmid YEplac195 In this study
KZ (BG) KZ containing plasmid YEplac195-Ptpi-xyn2s-Aa BGL1- Tadhl In this study
KZ (BG-cwp?2) KZ containing plasmid YEplac195-Ptpi-xyn2s-Aa BGL1- cwp2-Tadhl In this study
YCplac33-Cas9 Amp", URA 3, Cas 9, 5,603 bp (shown in Figure 1 and Supplementary Material Data Sheet 2) In our lab
pRS42H-gRNA Amp’, hph NT1 crRNA In our lab
pRS42H-gLEU2 Amp', hph NT1, crRNA, 20 bp guide for LEU 2 gene (shown in Figure 1 and Supplementary Material Data In our lab
Sheet 1)
YEplac195 Amp’, URA3 In our lab
BG YEplac195-Ptpi-xyn2s-Aa BGL1-Tadhl, p-glucosidase secreting expressing vector In our lab Wang et al. (2013)
BG-cwp?2 YEplac195-Ptpi-xyn2s-Aa BGL1-cwp2-Tadhl, p- glucosidase displaying expressing vector, containing 207 bp  In our lab Ding et al. (2018)
cwp?2 sequence encoding an anchored peptide to display the expressed -glucosidase on the cell surface
Primer P1 5" CACAATTTGCTAAAGGTACT 3’ Donor DNA synthesis
Primer P2 5' CTTGTGATTCTTTGCACTTC 3’
Primer P3 5" TGACCAAGTTCGTAAATCTA 3 Transformant identifying
Primer P4 5" CCATCTCCACAATAGGCATA 3’
HAC1-F 5'CTTTGTCGCCCAAGAGTATGCGS' Product size 532/280 bp
HAC1-R 5'GTGATGAAGAAATCATTCAATTCAAATGSE!
ACT1-F 5'CAAACCGCTGCTCAATCTTC3! Product size 150 bp
ACT1-R 5'AGTTTGGTCAATACCGGCAG3'
IRE1-F 5'AAGGCATCCGTTGTTTTGGC3' Product size 128 bp
IRE1-R 5'’AGTCAGAACCGGCGTCAAAT 3’
INO1-F 5'’AGAGATTGCTCCTTCCACGA 3’ Product size 164 bp
INO1-R 5'’ACTTGGTTTGTCCCGACTTG 3’
ERO1-F 5'TGAAGGAGGCAGGCAAATCG 3’ Product size 150 bp
ERO1-R 5'TACCGTTAGAGGGCCTTGGA 3’
HLJ1-F 5'ATTTGGGCCTTCTGCTTCCA 3’ Product size 127 bp
HLJ1-R 5'TGCTTGTTGTTGCTGCTGTC 3’
LHS1-F 5'GCTCGTCAGGAGTTGCGTAT 3’ Product size 149 bp
LHS1-R 5'AGTAAAAGCCAAACGGCTGC 3’
MPD1-F 5'CCCCCAATGAGGGTCCTTTT 3’ Product size 109 bp
MPD1-R 5'TCGTCGTGCTTGTTTCCTGA 3’
KAR1-F 5'’ATTCCACCAGCACCAAGAGG 3’ product size 85 bp
KAR1-R 5'CTGTGGCAGACACCTTCAGA 3’

2.2 DNA Manipulation, Plasmid
Construction, and Yeast Transformation

Standard molecular genetic techniques were used for nucleic acid
manipulations (Sambrook and Russell, 2001). The primers and
plasmids used were listed in Figure 1, Table 1, and
Supplementary Material.

The procedure to construct an indicating strain K-a (leu 2:
UPRE-lacZ), also abbreviated as KZ, was shown as follows: 1) The
primer pair P1/P2 was used to amplify 3,721 bp donor DNA
fragment UPRE-lacZ by PCR with the genomic DNA of strain
WZ as the template; 2) The aforementioned donor DNA and
guide plasmid pRS42H-gLEU2 (Table 1) were co-transformed
into the competent cells of strain K-a (YCplac33-Cas9) by the
lithium acetate method (Gietz et al., 1995), and the screening

plate used was CMG Y with hygromycin B at the final

concentration of 450 ug/mL; 3) The colonies grown on the
aforementioned plates were copied to the plate YPD with
tunicamycin and X-Gal (5-bromo-4-chloro-3-indolyl-beta-D-
galacto-pyranoside). The blue colonies were further identified
by PCR with genomic DNA as the template and the primers used
were P3 and P4, which were all external to P1 and P2,
respectively. The PCR products were predicted to be 4,327 and
795 bp for positive and negative colonies, respectively.

Plasmids YEplac195, BG, and BG-cwp2 (Table 1) were also
transformed into the competent cells of the strains WZ and KZ by
the lithium acetate method (Gietz et al., 1995). URA3 was used as
a selective marker and yeast transformants were screened in a
CMG solid medium absent of uracil.
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2.3 Growth and UPR Response Evaluation
of Indicating Strains WZ and KZ in YPD With

Different Additives

After being pre-cultivated twice in the YPD medium for 16-20 h at
30°C, the recombinant yeast indicator strains were grown aerobically
to ODggp = 2.0 + 0.1 in a fresh YPD medium with the initial ODgqq
value ~0.2 at 30°C and 220 rpm. 50 ml of the resultant cultures were
aliquoted into 250 ml shake flasks, mixed with different reagents,
sealed with Parafilm films and then continued to grow at 30°C and
150 rpm. These cultures were sampled at regular time points for
growth and UPR response analysis.

Growth analysis was generally conducted by detecting the
optical density of the culture at 600 nm (ODyggp). UPR response
analysis was carried out by p-galactosidase activity assay (Amberg
and Huo, 2009). Protein content was measured with the Bradford
protein assay kit according to the instruction book (Tiangen
Biotech (Beijing) Co., Ltd.). One unit of activity (U) was defined
as the amount of enzymes required to release 1nmol of O-
nitrophenol per minute under the assay condition.

2.4 Growth, p-Glucosidase and Ethanol
Production, and UPR Response Evaluation
of p-Glucosidase-Expressing Strains in

Cellobiose

After being pre-cultivated in the CMG medium for 24 h, the
recombinant yeast B-glucosidase-expressing strains were grown
aerobically in a fresh medium for 24 h at 30°C. The resultant cells
were collected by centrifugation, and these were washed twice
with distilled water and then inoculated into 250 ml shake flasks
containing 50 ml of rich media containing 2% or 10% cellobiose.
The initial optical density at 600 nm (ODyg0) of the medium was
adjusted to 0.2. These cultures were allowed to grow aerobically at
30°C with shaking at 220 rpm, or anaerobically by sealing with
Parafilm films at 30 C with shaking at 150 rpm. Samples were
collected at regular time points for growth, B-glucosidase or/and
B-galactosidase activity, sugar, and product analyses.

Growth and (-galactosidase activity analyses were carried out
as aforementioned. If needed, the cell dry weight was further
measured according to the reported method (Ding et al., 2013). B-
Glucosidase activity was evaluated by using p-nitrophenyl- B-
D-gluco-pyranoside (pNPG) as described previously (Wang et al.,
2013). The supernatant and cells of the resultant cultures were
separated by centrifugation before the cells were washed twice
with distilled water and finally re-suspended in distilled water.
The supernatant and the re-suspended cells were tested for
activity. Then the total activity and the ratio of extracellular
activity to total activity were calculated.

Sugar and product analysis was carried out by HPLC (Waters
Alliance 2695) with RI-detection after the separation on a guard
column (Cation-H Refill Cartridges) and an Aminex HPX-87H
column (Bio-Rad), using 4 mM H,SO, as the mobile phase with a
flow rate of 0.6 ml/min at 40°C.

2.5 RNA Extraction, Reverse Transcription,

and PCR and qPCR Methods

The broth for RNA extraction was sampled and stored at —80°C as
soon as possible. Then, the total RNA was extracted with a
TIANDZ Column Fungal RNAout Kit (Beijing TIANDZ Gene
Technology Co., Ltd.) according to the manufacturer’s
instructions.  Absorbance value determination, integrity
analysis, reverse transcription reaction, and DNA pollution
detection were all carried out according to the methods
previously reported in our laboratory (Li et al., 2020).

The primers used for PCR and qPCR are described in Table 1.
The product of the reverse transcription reaction was used for the
amplification of the bands belonging to active/inactive HACI
(HACI1' and HACI1", respectively) with the pair of HAC1 primers
(Table 1) (Kawazoe et al., 2017). Reactions were subjected to 30
PCR cycles of 95°C for 30's, 54°C for 30 s and 72°C for 60 s. The
PCR products were resolved on a 1.5% (w/v) agarose gel.

qPCR was carried out by using LightCycler 480 II and its
corresponding software (Roche, Switzer-land) and ROCHE
LightCycler@ 480 SYBR Green I Master and referring to the
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manual for specific operation steps. A total volume of 20 ul and
25 ng nucleic acid templates were used and the nucleic acid
source was the RNA extraction or c¢DNA from RNA
extraction. The gPCR conditions were as follows: 95°C for
5min, 40 cycles of 95°C for 20s, 55°C for 20s, and 72°C for
20s. The constitutive reference gene ACT1 and the 27247
method was utilized to normalize the amount of mRNA and
obtain the relative expression level of the targeted genes. Each
data point was referred to the control strain samples. The results
represent the average and standard deviation of three
independent biological replicates. Specially, all evaluating and
analyzing experiments in aforementioned sections were repeated
at least three times with consistent results.

3 RESULTS

3.1 Amplification of the Donor DNA
Fragment and Construction of
Recombinant Indicating Strains and

B-Glucosidase-Expressing Strains

In our previous work, we constructed the indicator strain W303-
1A (leu 2::UPRE-lacZ, abbreviated as WZ) (Zhang et al., 2020)
(Figure 1; Table 1), using the clustered regularly interspaced
short palindromic repeats (CRISPR)-CRISPR associated protein
nine (Cas9) method, with UPRE-lacZ as a reporter gene.
Specifically, UPRE contains a 22bp DNA sequence, 5'-
GGAACTGGACAGCGTG TCGAAA-3', and a 250 bp
upstream sequence before the initial codon of the CYClgene
(Cox et al., 1993; Dallbey et al., 2009); and has LacZ, a commonly
used reporter (Cox et al., 1993). The 20 bp guide DNA sequence
selected 5"  TATTTACTTTGGTAAGAGAA 3/,
corresponding to 423-442 nt of the LEU2 open reading frame
(OREF), according to the design principle of the CRISPR-Cas9
method (DiCarlo et al., 2013). The PAM site sequence AGG,
corresponding to 443-445 nt of the LEU2 ORF, was deleted and
replaced by a UPRE-lacZ fragment in the genome of strain WZ.
The resultant strain was selected by plating onto yeast potato
dextrose (YPD) agar plates with tunicamycin and X-Gal.
Tunicamycin induced the UPR, leading to the expression of
lacZ, which enzyme catalyzes the substrate X-Gal to produce
blue colonies. This phenotype indicated the existence and
function of UPRE-lacZ fragment in cells.

In addition, we isolated and obtained the haploid strain K-a,
derived from the diploid industrial yeast strain TH-AADY (Angel
Yeast Co., Ltd., Yichang, China), and further proved that the
CRISPR-Cas9 method was feasible in this strain (Lu et al., 2019).
To conveniently design a guide sequence and integration site,
auxotroph marker-encoding genes were sequenced, and the
results proved that strain K-a contained the same DNA
sequence of the LEU2 ORF as that of the strain W303-1A.
Therefore, the same strategy was carried out to construct the
indicator strain KZ (Figure 1; Table 1; Section 2.2).

Furthermore, B-glucosidase-expressing strains were obtained
by transforming B-glucosidase- Expressing plasmids BG and BG-
cwp2 into strains WZ and KZ, respectively. As a control, the

was

UPR During Yeast Cellobiose Utilization

plasmid YEplac195 was also transformed. The results of the effect
of secreting or displaying -glucosidase using plasmids BG or BG-
cwp2, respectively, has been reported previously (Wang et al.,
2013; Ding et al., 2018).

3.2 Growth and UPR of Indicator Strains WZ
and KZ in the Presence of Tunicamycin,
Ethanol, and Acetic Acid

In YPD, no significant growth difference between the indicator
strains and their host strains were observed (data not shown).
Previous reports suggested that ethanol and acetic acid might
induce a UPR during the fermentation process of cellobiose or
lignocellulosic hydrolysates by the constructed p-glucosidase-
expressing strains (Navarro-Tapia et al., 2016; Kawazoe et al,
2017; Navarro-Tapia et al., 2018; Cedras et al., 2019). Therefore,
in the present study, ethanol and acetic acid, as well as
tunicamycin as a control, were first selected to investigate the
UPR in the indicator strains KZ and WZ. The growth data
(Figures 2A,B) indicated that while the maximum ODggo
value of KZ-1 was significantly lower than that of WZ-1,
different additives inhibited growth by variable degrees. Acetic
acid induced the highest growth inhibition and tunicamycin
induced the lowest. In addition, the growth of strain KZ was
inhibited to a lower extent than that of strain WZ, which implied
that strain KZ has higher ethanol and acetic acid tolerance
compared to strain WZ, which is in agreement with previous
observations of the parental strains K-a and W303-1A (data
unpublished).

The B-galactosidase activity data (Figure 2C) indicated that
the UPR varied greatly according to the strains and additives, but
did not seem to be related to growth. From high to low values, the
[B-galactosidase activity in the two strains in the presence of the
additives was: tunicamycin > 8% ethanol (v/v) >5% ethanol (v/v)
+ 0.1% acetic acid (v/v) > 0.3% acetic acid (v/v). The ratio values
of the latter two additives were 5.07-3.42 and 1.10-1.49 for strain
KZ, and 1.99-2.57 and 1.46-2.15 for strain WZ, respectively.
Thus, acetic acid showed only a slight activating effect.

In strain KZ, the (-galactosidase activity increased rapidly,
peaked at about 2 h, and then decreased quickly. By contrast, the
enzyme activity in strain WZ increased slowly and peaked at 16 h.

Taken together, these results demonstrated obvious
differences in the rate and degree of the UPR between the
strains. As a control, the [-galactosidase activity values of
strain KZ and WZ in YPD were (10.65 + 0.61)-(12.06 + 0.59)
and (22.2 + 1.09)-(24.1 = 1.35) U/mg protein, respectively.

3.3 Aerobic Growth, p-Glucosidase
Production, and the UPR of
B-Glucosidase-Expressing Strains in 2%
Cellobiose

The catalytic activity of B-glucosidase toward cellobiose allows
recombinant strains that express [-glucosidase to utilize
cellobiose directly for growth and ethanol production. Here,
2% cellobiose medium, YPC, was first selected, and the aerobic
growth, B-glucosidase, and [P-galactosidase production of the
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FIGURE 2 | The growth and p-galactosidase activity of strains KZ and WZ in the YPD medium with different additives. (A) The growth curve; (B) the ratio of
maximum ODggo value to that of controls KZ-1 or WZ-1; and (C) the ratio of B-galactosidase activity to that of controls KZ-1 or WZ-1. The original data was shown in
Supplementary Material Table 1.

recombinant strains were determined (Figure 3). As expected, the
growth rates of strain WZ (BG-cwp2) and WZ (BG) were similar
(Ding et al., 2018); however, the growth of strains KZ (BG-cwp2)
and KZ (BG) differed (Figure 3A). Their ODgq, values at 48 h,
which were close to the maximum during the whole period, were
30.23 + 1.08 WZ (BG-cwp2), 32.15 + 1.41 WZ (BG), 17.00 + 0.65
KZ (BG-cwp2), and 26.40 + 1.14 KZ (BG), respectively.
Growth in the YPC medium depends on p-glucosidase
production; therefore, the growth rate reflects the f-
glucosidase production. Figure 3B shows that the total (-
glucosidase activities of strains KZ (BG-cwp2) and KZ (BG)
were also far lower than those of WZ (BG-cwp2) and WZ
(BG), and their maximum activities were 0.035 + 0.002 KZ
(BG-cwp2), 0.047 + 0.003 KZ (BG), 0.147 + 0.008 WZ (BG-
cwp2), and 0.323 + 0.021 WZ (BG) U/ml/ODgg. Interestingly,
the ratios of B-glucosidase activity of KZ (BG) to that of KZ (BG-
cwp2) and WZ (BG) to that of WZ (BG-cwp2), were relatively
stable. The differences in the ratios of extracellular activity
between strains KZ (BG) and WZ (BG), or between KZ (BG-
cwp2) and WZ (BG-cwp2), were also not significant, at (39.08 +

2.15) %—(49.82 + 2.11) % and (3.55 + 0.21) %—(8.00 + 0.37) %,
respectively (Figure 3C).

Furthermore, the B-galactosidase activities of the four strains
correlated positively with their corresponding p-glucosidase
values; however, the relationship was not linear (Figures
3B,D). All the p-galactosidase values of strain KZ-based
samples were much lower than those of strain WZ-based
samples (Figure 3D). However, when the activity data were
expressed as ratios to that of the control, and their difference
was not significant (Figure 3E). The maximum ratio values of
strain KZ (BG-cwp2), KZ (BG), WZ (BG-cwp2), and WZ (BG)
were 3.79, 4.97, 6.99, and 7.67, respectively. This clearly showed
that plasmid BG led to higher P-galactosidase as well as -
glucosidase activities than plasmid BG-cwp2 in both hosts. In
addition, plasmid BG allowed the cells to reach the maximum
value of B-galactosidase activity more quickly than did plasmid
BG-cwp2.

HPLC analysis revealed that ethanol and acetic acid were
produced, with maximum titers of 5.38-6.09 g/L and <0.302 g/L,
respectively. According to the results from Section 3.2, we
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suspected that ethanol or acetic acid did not contribute to the
UPR, because their concentrations in the fermentation culture
were too low.

3.4 Oxygen-Limited Growth, p-Glucosidase
and Ethanol Production, and the UPR of
B-Glucosidase-Expressing Strains in 10%
Cellobiose

Oxygen conditions greatly influences enzyme expression levels,
cell growth, and fermentation performance. In addition, a high
sugar concentration will lead to a high production of ethanol and
other by-products. To observe the possible mutual interaction of
UPR activation with exogenous gene expression, ethanol, and
other by-products, we evaluated oxygen-limited growth, [-
glucosidase activity, ethanol production, and [-galactosidase

activity of the recombinant strains in media containing 10%
cellobiose. The results are summarized in Figure 4, which
indicated a significant effect of the strain source and
displaying or secreting expression mode of the exogenous gene.

First, the results showed that strains WZ (BG-cwp2) and WZ
(BG) could quickly produce sufficient p-glucosidase to utilize high
cellobiose for growth and fermentation into ethanol and acetic acid
(Figures 4A-C). In fact, the initial cellobiose concentration in media
was measured by HPLC to be 93.3 + 0.9 g/L. Strain WZ (BG-cwp2)
and WZ (BG) exhausted cellobiose during 48-60 h and 24-36 h,
respectively (Figure 4F). The maximum ethanol titer and yield
reached 45.98 + 2.31 g/L (5.495 + 0.276%, v/v) and 91.7% (at 72 h) in
WZ (BG-cwp2), and 45.91 + 1.96 g/L (5.486 + 0.234%, v/v) (72 h)
and 91.5% in WZ (BG) (expressed as a percentage of the theoretical
yield) (Figure 4C). At the same time, acetic acid was produced and
reached the highest level of 0.631 g/L or 0.058% (v/v) in WZ (BG-
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cwp2), and 0.651g/L or 0.060% (v/v) at 60h in WZ (BG)
(Figure 4C).

By contrast, the results showed that strains KZ (BG-cwp2) and
KZ (BG) utilized cellobiose but grew slowly (Figures 4A-C,F),
possibly because of insufficient enzyme supply (Figure 4B). In
detail, their maximum values of ODgq reached 24.30 + 1.34 in KZ

+

(BG-cwp2) and 28.30 1.32 in KZ (BG) at 84 and 72h,
respectively (Figure 4A). The cellobiose, ethanol, and acetic
acid concentrations of strain KZ (BG-cwp2) at 84h were
23.96 £ 1.67, 26.55 + 1.26, and 0.415 + 0.008 g/L, respectively.
Those of strain KZ (BG) at 84 h were 3.21 +0.28,44.41 + 2.16, and
0.460 + 0.021 g/L, respectively (Figures 4C,F).
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In our experience, a higher cellobiose content resulted in a
higher B-glucosidase production level. In fact, the maximum
values of total B-glucosidase activity from the four strains, KZ
(BG-cwp2), KZ (BG), WZ (BG-cwp2), and WZ (BG), were
0.075 £ 0.007, 0.123 + 0.006, 0.275 + 0.015, and 0.460 *
0.036 U/ml/ODgqp, respectively (Figure 4B). Compared with
those in 2% cellobiose media (Figure 3B), the maximum
values increased by 2.14, 2.62, 1.87, and 1.42 times in 10%
cellobiose media in the four strains, respectively (Figure 4B).

In 10% cellobiose, there was also a positive, but not linear,
relationship between the [-glucosidase and [-galactosidase
activities (Figures 4B,D,E). Similar to that in 2% cellobiose, the -
galactosidase values from strain KZ-based samples were lower than
those of strain WZ-based samples (Figures 4D,E). The maximal ratio
values of B-galactosidase activity of strain KZ (BG-cwp2), KZ (BG),
WZ (BG-cwp2), and WZ (BG) became 3.30, 5.29, 6.45, and 8.72,
respectively (Figure 4E). Therefore, the results suggested that
anaerobic fermentation with 10% cellobiose increased the
difference in [-galactosidase activity levels between strains KZ
(BG-cwp2) and KZ (BG), or WZ (BG -cwp2) and WZ (BG).
Additionally, strain WZ (BG) reached the maximum value of -
galactosidase activity the most quickly in both 2 and 10% cellobiose,
at 24 and 48 h, respectively, after which, the values decreased.

The times taken by the three strains, WZ (BG), WZ (BG-
cwp2), and KZ (BG) to produce >5% (v/v) ethanol, which is equal
to 41.85 g/L ethanol, were 36, 48, and 84 h, respectively. At those
times, the ethanol titers in the three strains were 5.07, 5.18, and
5.31% (v/v), respectively, and the acetic acid titers were 0.515,
0.540, and 0.460 g/L, corresponding to 0.047, 0.050, and 0.042%
(v/v), respectively. Such ethanol and acetic acid titers were close
to those of the group treated with 5% (v/v) ethanol +0.1% (v/v)
acetic acid in Section 3.2 (Figure 2) and would probably make a
contribution to UPR signaling. It would be a challenge to
determine the effect of ethanol or acetic acid on the UPR,
because their titers varied with the course of fermentation,
especially when the UPR had been induced by other factors,
for example, exogenous protein expression.

3.5 Quantitative PCR of UPR Target Genes
and HAC1 mRNA Analysis

UPRE contains a 22 bp cis-acting element, that is, necessary and
sufficient for the induction of the yeast KAR2 (BiP) gene in
response to unfolded proteins (Dallbey et al., 2009). In fact,
UPRE-lacZ has often been used in UPR studies as a reporter
gene (Dallbey et al., 2009; Navarro-Tapia et al., 2018). It has also
been proven to respond to tunicamycin, ethanol, or acetic acid
(Figure 2), in addition to p-glucosidase production (Figure 3).
Therefore, it could provide a direct and quantitative comparison
of UPR signaling from different inducers.

To investigate the effect and mechanism on the UPR of the
abovementioned inducers, it is necessary to carry out molecular
detection. The canonical UPR pathway genes in yeast cells
include those encoding an ER membrane sensor, Irelp, a
transcription factor, Haclp, and Kar2p. When activated by the
accumulation of aberrant folded proteins in the ER, Irelp
catalyzes the splicing of HACI to activate hundreds of genes
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that restore the normal ER function. Kar2p acts as a chaperone to
mediate protein folding in the ER and regulates the UPR via
interaction with Irelp (Dallbey et al., 2009). While no protein de-
naturation has been described at 6% or 8% ethanol, ethanol was
reported to activate INOI gene expression and further enhance
the UPR by membrane fluidification (Navarro-Tapia et al., 2016;
Navarro-Tapia et al., 2018). INOI encodes an essential enzyme
for inositol biosynthesis and is activated to restore lipid levels
(Navarro-Tapia et al., 2018). Acetic acid was demonstrated to
lead to the accumulation of misfolded proteins in the ER and the
activation of Irelp and Haclp (Kawazoe et al., 2017). Therefore,
in the present study, HACI mRNA splicing and the expression of
eight genes (Table 1) were analyzed by RNA extraction from the
samples stored at —80°C in Sections 3.2-3.4 experiments. An
additional four genes involved in protein folding, EROI, LHSI,
HLJj1, and MPDI were assessed (Dallbey et al., 2009; Navarro-
Tapia et al., 2018). The results are shown in Figure 5.

As expected, spliced HACI mRNA was shown to accumulate
by varying degrees, which correlated positively with the
corresponding [-galactosidase values (Figures 2C, 4D, 5A,B).
In fact, the spliced HACI mRNA accumulation in the samples of
strains WZ and KZ with 0.3% (v/v) acetic acid or 5% ethanol
+0.1% acetic acid (v/v) was slight (Figure 5A and data not
shown). This result was different from a previous report
(Kawazoe et al., 2017). We hypothesized that the main causes
were the differences in the strains, medium, and the initial ODg,
value when exposed to stress. A similar phenomenon was also
observed for strain KZ in the fermentation broth, especially in the
presence of 2% cellobiose (data not shown).

The results in Figures 5C-F demonstrated the characteristic
responses to the different inducers, which generally agreed with
changes observed in previous articles (Navarro-Tapia et al., 2016;
Kawazoe et al., 2017; Navarro-Tapia et al., 2018). The existence of
ethanol led to INOI to be among the most activated genes. The
expression of KAR2 was relatively high and constant, as expected;
however, IRE1 only showed a slightly upregulated expression. In
addition, the response of LHSI appeared to be specific for acetic
acid and had a higher expression level than the other genes
(Figures 5C,D).

The results in Figures 5G-H indicated that the expression
levels of INOI and KAR2 were significantly activated and
upregulated in cells in the fermentation broth with 10%
cellobiose. The times to obtain the highest level of INOI
expression were 36 and 48 h for strains WZ (BG) and WZ
(BG-cwp2), respectively, and the corresponding ethanol titers
were 5.07, and 5.18% (v/v), respectively (Figure 4). Comparing all
of the data under 10% cellobiose (Figures 4, 5) with those under
2% cellobiose (Figures 2, 3), allowed us to hypothesize that
ethanol also contributes to UPR signaling over a certain titer
range. For acetic acid, the data did not reveal its effect in the UPR
in the fermentation broth, possibly because its titer was too low.

4 DISCUSSION

Although there has been a lot of research on protein quality
control mechanisms and secretory recombinant protein
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production in yeast (Orlean and Menon, 2007; Pittet and
Conzelmann, 2007; Dallbey et al., 2009; Young and Robinson,
2014; Bao et al,, 2017; Cedras et al., 2019; Sun and Brodsky, 2019;
Davison et al., 2020; Thak et al., 2020), this study provides the first
evaluation and direct comparison of the UPR during cellobiose
utilization of recombinant haploid yeast derived from Angel and
W303-1A strains expressing P-glucosidase under the same
conditions. On the basis of quantifying UPR induction, we
attempted to analyze all possible factors that contribute to

UPR signaling in a specific fermentation system, and further
investigated the interconnectedness and mutual influence on
UPR among the inducers.

Although S. cerevisiae is reported to naturally have a relatively
low secretory pathway capacity (Bao et al., 2017), there is still a
significant difference in secretion capacity between different
strains (Davison et al., 2020), which should be evaluated and
exploited. Angel Yeast is widely used in large-scale industrial bio-
ethanol production in China and is also among the world-famous
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industrial yeast brands (http://www.angelyeast.com) (Zou et al.,
2021), being an ideal candidate for lignocellulose conversion.
However, Angel Yeast TH-AADY-derived haploid strains were
repeatedly found to have much lower cellulase enzyme activity
compared to the host strain W303-1A (Wang et al., 2013; Hong
et al., 2014; Ding et al., 2018; Zou et al., 2021).

Therefore, one aim of this study was determining why the
cellulase activity produced by Angel-derived strains is low, how it
relates to UPR induction, and whether the UPR capacity is a
limiting factor. The results of growth and UPR response
evaluations of strains KZ and WZ in tunicamycin, ethanol,
and acetic acid proved that strain KZ has a stronger resistance
to those additives, and could more quickly activate and then
inactivate the UPR (Figure 2C). By contrast, the results in 2% and
10% cellobiose both showed poorer B-glucosidase production and
lower UPR signaling in KZ-based strains than in WZ-based
strains, which led to a slower growth and a lower maximum
ODgqo value (Figures 3, 4). The observed positive correlation
between the two enzyme activities possibly implied a low
processing capacity of the secretory pathway in the parental
strain K-a, which implied a low threshold to activate the UPR
to degrade unfolding proteins.

The second aim of this study was to observe how the displaying
and secreting pattern of heterologous protein expression influenced
the UPR and further determine if there is a relationship between the
UPR and the metabolic burden, which has been reported to be an
extra by displaying over secreting (Ding et al., 2018). Cellobiose
cannot be transported into yeast, thus its utilization depends on the
production of secreted enzymes; however, we observed a non-linear
relationship between enzyme expression and biomass synthesis and/
or product formation based on substrate utilization. The maximum
value of B-glucosidase activity in WZ (BG) cells was 2.20 and
1.68 times the level of WZ (BG-cwp2) cells in 2% and 10%
cellobiose, respectively (Figures 3B, 4B). However, their growth
and fermentation rates were very similar (Figures 3A, 4A,C).
Herein, the metabolic burden induced by B-glucosidase displaying
over secreting seems to be low for the WZ-based strains. By contrast,
while the maximum values of -glucosidase activity in KZ (BG) cells
were 1.35 and 1.64 times the level of KZ (BG-cwp2) cells in 2 and
10% cellobiose, respectively (Figures 3B, 4B). There was a marked
difference in their growth and fermentation rates (Figures 3A,
4A,C), which demonstrated the existence of a significant
metabolic burden, as reported previously (Ding et al., 2018).

Unexpectedly, only strains KZ (BG) and KZ (BG-cwp2)
showed that the [-galactosidase activity was essentially
proportional to the P-glucosidase activity, or were at least
positively correlated. In other words, the UPR seems to have
no direct relation to displaying or secreting, regardless of the
oxygen supply or cellobiose concentration. However, this was not
the case for strains WZ (BG) and WZ (BG-cwp2). Compared to
the difference in B-glucosidase activity between strains WZ (BG-
cwp2) and WZ (BG), the B-galactosidase activity of strain WZ
(BG-cwp2) was similar to that of strain WZ (BG), and seemed to
be abnormally high (Figures 3D,E, 4D,E).

It is necessary to first analyze which factors induce UPR
signaling. According to previous reports (Dallbey et al., 2009;
Young and Robinson, 2014; Navarro-Tapia et al., 2016; Kawazoe
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et al,, 2017; Navarro-Tapia et al,, 2018; Cedras et al., 2019; Sun
and Brodsky, 2019), it was speculated that there are at least three
factors that activate the UPR in the cellobiose utilization system
in this study, heterologous B-glucosidase expression, ethanol, and
acetic acid production. However, only the combination of mild
acetic acid stress (0.1% acetic acid) and mild ethanol stress (5%
ethanol) was reported to induce the UPR, whereas neither mild
ethanol stress nor mild acetic acid stress individually activated the
UPR (Kawazoe et al., 2017). 6 or 8 % ethanol was observed to
activate UPR but did not de-nature proteins (Navarro-Tapia
et al., 2018). By contrast, a minimal ethanol titer of 4%-5%
v/vis required to render distillation economically viable; however,
ethanol concentrations in lignocellulose fermentations struggle to
reach these concentrations (Brandt et al., 2021). Therefore, in this
study, oxygen-limited 10% cellobiose fermentation was designed
and >5% v/v maximum ethanol titers were obtained at the later
stage of fermentation (Figure 4C).

In such a system, the switch from p-glucosidase expression to
substrate utilization, and then biomass synthesis and by-product
production, is supposed to influence the dynamics of the UPR. To
detect the mRNA levels of both the UPR central components and
UPR target genes, would help to reveal UPR inducers and
response dynamics. Comparisons of the curves of enzyme
activity, growth, substrate, and products in 2 and 10%
cellobiose (Figures 3, 4), and the relative expression level of
different genes (Figure 5), made it reasonable to conclude that the
constitutive heterologous expression would result in a durable
UPR induction, and ethanol or acetic acid activation depends on
the titer produced. In 10% cellobiose fermentation, the ethanol
titer was up to 5% (v/v) and could induce high expression of the
specific target gene INOI and should lead to UPR signaling.
Regrettably, detection and analysis still could not differentiate
and quantify the contribution of ethanol to UPR signaling in such
a complex fermentation system. Such an analysis requires multi-
faceted investigations.

An important issue is how and why the display and secretion
pattern of B-glucosidase expression influenced UPR activation,
especially in strain WZ cells. Undoubtedly, the key step is
glycosylphosphatidylinositol ~ (GPI) anchor addition, an
essential maturation process of secretory proteins in the ER,
which is also the first step to distinguish displaying from
secreting of secretory proteins (Orlean and Menon, 2007;
Pittet and Conzelmann, 2007). GPI lipids are synthesized in
the ER and added onto proteins by a pathway comprising 12
steps, carried out by 23 gene products, 19 of which are essential
(Pittet and Conzelmann, 2007). Thus, GPI anchoring of cell-
surface proteins is the most complex and metabolically expensive
lipid post-translational modification described to date (Orlean
and Menon, 2007).

Consequently, the growth defect observed in this study was
expected and was also similar to that reported previously (Ding
etal., 2018; Brandt et al., 2021). The phenomenon that the defect
was more serious in strain KZ (BG-cwp2) cells than that in strain
WZ (BG-cwp2) cells supported the speculation that the growth
defect stems from a combination of relatively low activity on
cellobiose and the metabolic burden imposed by enzyme
expression. In addition, anchoring moieties contribute to the
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growth difference of the cell-surface-display-expressing strains
under both aerobic and anaerobic conditions (Ding et al., 2018).

The results of the present study allowed us to cautiously
speculate that the GPI anchoring process by an anchored
peptide-encoding sequence (cwp2) in plasmid BG-cwp2 would
bring about two results: 1) An increased expression of
endogenous anchoring-related genes inside cells, which would
boost UPR induction and make the resultant signal comparable to
that during the secretion of B-glucosidase; 2) extra material and
energy consumption, which would lead to biosynthesis stress and
this lagged behind p-glucosidase expression in cells and cellobiose
hydrolysis. Both of these pathways imposed a metabolic burden.

The maximum values of the ratio of -galactosidase activity in
aerobic 2% cellobiose culture were 3.79, 4.97, 6.99, and 7.67 for
the four strains KZ (BG-cwp2), KZ (BG), WZ (BG-cwp2), and
WZ (BG), respectively; whereas, those values in anaerobic 10%
cellobiose culture changed to 3.30, 5.29, 6.45, and 8.72,
respectively. Although [-glucosidase activity by all strains
increased under anaerobic 10% cellobiose (Figure 5), it was
still apparent that the difference in the ratio of -galactosidase
activity between strains KZ (BG-cwp2) and KZ (BG), and WZ
(BG-cwp2) and WZ (BG), increased. One reason behind this
might be attributed to biomass synthesis. The biomass yield
(expressed as g of dry cell weight (DCW) /g sugar consumed)
in anaerobic 10% cellobiose was determined to be only from one-
third to one-fifth of the value under aerobic 2% cellobiose
conditions (data not shown). This would greatly alleviate the
aforementioned biosynthesis stress from GPI anchoring and also
decrease UPR induction in KZ (BG-cwp2) or WZ (BG-
cwp2) cells.

Therefore, the results of the present study indicated a mutual
interaction of the UPR response and the metabolic burden that
varied according to the host strain, protein expression level,
displaying or secreting mode, and fermentation conditions.
Undoubtedly, the host strain had the most significant effect.
Here, the comparison of W303-1A- and K-a-derived strain
demonstrated the relationship between secretory recombinant
protein production and the UPR and metabolic burden. Low B-
glucosidase production from KZ-derived strains should result in
UPR and/or ERAD induction (Davison et al., 2020), and in turn, a
low induction signal reflects a limited ER processing capacity in
cells. Expensive displaying exacerbates the metabolic burden
resulting from insufficient or slow enzymes and glucose
substrate supply. By contrast, host strain W303-1A confers on
its derived strains excellent enzyme productivity and secretory
pathway capacity, and a subtle difference in the metabolic burden
of displaying over secretion.

A key challenge for bioengineering or synthetic biology is to
balance different traits for a specific application. It is apparent that
strain W303-1A is more suitable for use as a host to produce
secretory recombinant proteins than strain K-a. When it is
necessary to express heterologous genes in strain K-a, to broaden
its substrate range to take full advantage of its industrial traits for
ethanol production, it will be necessary to first enhance the UPR and
ERAD activity and modulate its secretory pathway capacity. In fact,
recently, much progress has been made in strain K-a modification
based on the results of this study in our laboratory.

UPR During Yeast Cellobiose Utilization

In summary, this study illustrates the differences in
resistance to ethanol or acetic acid and the UPR between
indicator strains KZ and WZ. The results of cellobiose
utilization assays demonstrated the interaction of the UPR
and the metabolic burden according to the strain source,
anchoring moiety, oxygen supply, and cellobiose
concentration. The ODggo values and B-glucosidase and (-
galactosidase activities were shown to correlate positively with
each other; however, these values in the KZ-derived strains
were far lower than those in the WZ-derived strains under the
conditions tested. Meanwhile, the metabolic burden induced
by displaying over secreting was also much more serious in
strain KZ than in strain WZ. Comparisons of the results under
two different conditions implied that B-glucosidase expression
would provide a durable inducing effect on the UPR, whereas,
the effect of ethanol and acetic acid depends on the titer
produced, and could be identified by detecting the
expression levels of key specifically targeted genes. The
results indicated that host strain W303-1A is a better
secretory protein producer. Moreover, the first step to
modify strain K-a for cellulosic ethanol fermentation would
to break the bottleneck of the UPR capacity.
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[taconic acid (IA) is a high-value organic acid with a plethora of industrial applications. In this
study, we seek to develop a microbial cell factory that could utilize waste cooking oil (WCO)
as raw material for circular and cost-effective production of the abovementioned
biochemical. Specifically, we expressed cis-aconitic acid decarboxylase (CAD) gene
from Aspergillus terreus in either the cytosol or peroxisome of Yarrowia lipolytica and
assayed for production of IA on WCO. To further improve production yield, the 10 genes
involved in the production pathway of acetyl-CoA, an intermediate metabolite necessary
for the synthesis of cis-aconitic acid, were individually overexpressed and investigated for
their impact on IA production. To minimize off-target flux channeling, we had also knocked
out genes related to competing pathways in the peroxisome. Impressively, |A titer up to
54.55 g/l was achieved in our engineered Y. lipolytica in a 5 L bioreactor using WCO as the
sole carbon source.

Keywords: itaconic acid, Y. lipolytica, waste cooking oil, peroxisome, subcellular engineering

INTRODUCTION

Carboxylic acids are important building blocks in the chemical industry. Among them, itaconic acid
(IA) is favorably listed by the US Department of Energy as one of top 12 biochemical to be produced
from renewable resources (Werpy and Petersen, 2004), with a forecasted market potential of $260
million in 2025 (Sriariyanun, 2019). IA is an unsaturated dicarboxylic acid that is characteristically
stable in acidic, neutral and moderately alkaline conditions. Due to its advantageous properties, IA is
often used as a co-monomer in the manufacture of synthetic fibers, coatings, adhesives, thickeners
and binders (Willke and Vorlop, 2001; Zhao et al., 2018), and as substitutes for petrochemical-based
acrylic or methacrylic acids (Nuss and Gardner, 2013). Traditionally, to meet the growing demand
for IA, industries resort to fossil resources through petrochemical refinery processes to produce IA at
scale. However, these methods often suffer from low efficiency and generate large amount of waste in
the process, such as spent heavy metal catalysts and organic solvents (Krull et al., 2017). Furthermore,
fossil resources are finite and will eventually be depleted. For these reasons, bio-based production of
IA using microbial cell factories are increasingly being pursued.

Filamentous fungi such as Aspergillus terreus (Kuenz et al., 2012), Ustilago maydis (Geiser et al.,
2016) and Ustilago cynodontis (Hosseinpour Tehrani et al.,, 2019b) have been demonstrated to
naturally produce IA at high titers. In one example, the fermentation of A. terreus at industrial scale is
able to generate a titer of 160 g/L IA (Krull et al., 2017), a value that is close to the theoretical yield. In
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another example, up to 220 g/L IA was achieved by fermentation
of U. maydis (Hosseinpour Tehrani et al., 2019a). Despite having
high production titers, current bioprocesses involving
filamentous fungi are not without challenges. Critically, the
highly branched mycelial filaments of filamentous fungi give
rise to high broth viscosity during fermentation, leading to
poor aeration and mixing in stirred-tank bioreactors (Kubicek
et al,, 2011; Porro and Branduardi, 2017). Increasing impeller
speed, on the other hand, is not an option due to the shear-
sensitive nature of filamentous fungi. Moreover, fermentation of
most filamentous fungi requires the addition of alkali to maintain
a neutral pH condition which is a cause of concern as this
increases the probability of bacterial contamination during
cultivation (Cui et al, 2017; Li et al, 2021). To circumvent
issues associated with filamentous fungi bioprocessing,
scientists have applied systems metabolic engineering
principles to enable heterologous production of IA in several
strains of bacteria and yeasts (Table 1).

The industrial microbe Yarrowia lipolytica is an
unconventional oleaginous yeast that is also classified by the
US Food and Drug Administration as ‘generally regarded as safe’
(GRAS) (Zhao et al., 2021b). Y. lipolytica possesses unique
physiological and metabolic features compared to the most
widely used chassis strains Escherichia coli and Saccharomyces
cerevisiae, which enhance its merits as a microbial cell factory (Liu
et al., 2015). Firstly, Y. lipolytica has good tolerance for external
environment stresses, such as low temperatures, high salt
concentrations and acidic pH (Gongalves et al, 2014).
Secondly, the oleaginous yeast is able to utilize a myriad of
carbon substrates for growth, including waste cooking oil
(WCO) (Zinjarde, 2014; Pang et al,, 2019; Li et al,, 2022). This
permits the valorization of waste streams and reduces the overall
cost of production. Thirdly, Y. lipolytica is richly endowed with
multiple pathways for the generation and accumulation of

ltaconic Acid Production From WCO

intracellular acetyl-CoA, which are important intermediaries of
IA biosynthesis (Zhou et al., 2012; Ng et al., 2020). Finally, the
yeast exhibits high tolerance for IA, thus allowing for
accumulation of TA within (Zhao et al., 2019).

In our previous studies, we successfully engineered Y.
lipolytica to produce limonene and bisabolene, where WCO
was employed as the sole carbon source (Pang et al, 2019;
Zhao et al, 2021b; Li et al, 2022). Motivated by earlier
successes, we herein investigated the feasibility of producing
IA from engineered Y. lipolytica on WCO (Figure 1). We
expressed cis-aconitic acid decarboxylase (CAD) gene from A.
terreus in either the cytosol or peroxisome of Y. lipolytica and
assayed for production of IA in the extracellular supernatant. To
further improve the final yield, the 10 genes involved in the
production pathway of acetyl-CoA, an intermediate metabolite
necessary for the synthesis of cis-aconitic acid, were each singly
overexpressed. To minimize off-target flux channeling, we had
also knocked out genes related to competing pathways in the
peroxisome. Finally, IA titer up to 54.55 g/L was obtained in the
engineered Y. lipolytica with a yield of 0.3 g/g WCO and a
maximum productivity of 0.6 g/L/h without pH control in the
5 L bioreactor. At the time of writing, this is the highest titer of IA
obtained with an engineered yeast cell factory.

MATERIALS AND METHODS

Strains, Plasmids, Primers, and Cultivation

Media

The E. coli strain DH5a was used as the host in this study for the
cloning and plasmid construction. E. coli strains were routinely
cultured at 37°C in Luria-Bertani (LB) media (1% tryptone, 0.5%
yeast extract, and 1% sodium chloride contained) or on LB agar
plates supplemented with 100 pg/ml of ampicillin. Y. lipolytica

TABLE 1 | Representative examples of IA production in engineered microbial hosts.

Parental strain Engineering strategy Fermentation Carbon source Titer References
condition
E. coli CAD?T, CST, ICD|, ICLA, PTAA, PYKA, SUCSA  Fed-batch bioreactor ~ Glucose and glutamic acid ~ 32.00 g/ Harder et al. (2016)
L
CAD?T, ACOT, ICDA Fed-batch bioreactor LB + Glucose 434 g/l Okamoto et al. (2014)
CAD1, CST, ACOT, PTAA, LDHA Bioreactor LB + Glucose 0.69g/L  Vuoristo et al. (2015)
S. cerevisiae CADT, ADE3A, BNA2A, TESTA Large-scale bioreactor  Glucose 017 g/L Blazeck et al. (2014)
Halomonas bluephagenesis CAD?1, ACOT, ICD] Batch shake flask Citrate 63.60 g/  Zhang et al. (2021a)
L
Corynebacterium CAD1, MALET, ICD| Shake flask Glucose 7.80g/L  Oftten et al. (2015)
glutamicum
Pichia kudriavzevii CAD?T, MTTT, ICDA Fed-batch bioreactor  Glucose 1.28 g/L Sun et al. (2020)
Y. lipolytica CADT, ACOT, AMPD| Bioreactor Glucose 4.60 g/L Blazeck et al. (2015)
CAD?T, MTTT Fed-batch bioreactor  Glucose 22.029/  Zhao et al. (2019)
L
CAD-ePTS11, POT11, ICLA Bioreactor Waste cooking oil 54.55 g/ This study
L

1, Gene overexpression; |, gene knockdown; A, gene knockout; CAD, cis-aconitic acid decarboxylase gene; CS, citrate synthase gene; ICD, isocitrate dehydrogenase gene; ICL, isocitrate
lyase gene; PTA, phosphate acetyltransferase gene; PYK, pyruvate kinase gene; SUCS, succinyl-CoA synthetase gene; ACO, aconitase gene; LDH, lactate dehydrogenase gene; ADE3,
cytoplasmic trifunctional C1-tetrahydrofolate (THF) synthase gene; BNA2, a putative tryptophan 2,3-dioxygenase or indoleamine 2,3-dioxygenase gene; TES1, peroxisomal acyl-CoA,
thioesterase gene; MALE, maltose-binding protein gene; MTT, mitochondrial tricarboxylate transporter gene; AMPD, adenosine monophosphate deaminase gene; POT1, peroxisomal
thiolase gene.
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FIGURE 1 | Simplified schematic of IA biosynthetic pathway in Y. fipolytica. Engineered Y. lipolytica uptakes and converts extracellular carbon sources such as
glucose and waste cooking oil into IA products. Genes and metabolites of the native TCA and glyoxylate cycle pathway are identified in black, while heterologously
introduced genes are shown in green and the endogenous genes used in this paper are shown in red. LIP2, lipases; POX1-6, six difffferent acyl-CoA oxidases; MFE1,
multifunctional enzyme; POT1, peroxisomal thiolase; PEX10, a proteins required for peroxisome assembly; CAT, carnitine acetyltransferases; ICL, isocitrate lyase;
CAD, iso-aconitic acid decarboxylase; ACO, aconitase; MLS, malate synthase; MDH, malate dehydrogenase; CIT, citrate synthase.

Polg KU70A was used as the base strain in this study, which has Plasmid Construction

been generated from the parental strain Polg (a commonly used ~ The Y. lipolytica expression vector pYLEX1 used in this study
host strain for protein expression). This strain was used as it is ~ possesses the strong promoter hp4d, and its detailed information
known that the rate of precise homologous recombination (HR) was provided in Li et al. (2021). Using primers CAD1-F/R and
increased substantially for deletion of the KU70 gene in Polg (Yu  CAD2-F/R that were synthesized according to the existing sequence
etal., 2016). Routine cultivation of Y. lipolytica strains was carried ~ (GenBank ID: AB326105.1) in NCBI GenBank, two fragments of the
out at 30°C in YPD medium (1% yeast extract, 2% peptone and ~ CAD gene without introns were amplified from the A. terreus
2% dextrose contained) while the yeast synthetic complete =~ HAT418 genome and cloned into pYLEXI to yield pYLEX1-
medium (YNB) (0.67% yeast nitrogen base without amino =~ CAD through adapted homologous recombination. The
acids, 2% glucose, 1.5% bacto agar) lacking the appropriate  construction process of plasmid pYLEX1-CAD is depicted in
nutrients was used for the screening of transformants. The  Supplementary Figure S1. The sequences of the oligonucleotides
fermentation experiment used YPO medium containing WCO  used to amplify all the genes are listed in Supplementary Table S2 in
(1% yeast extract, 2% peptone, 1.18% WCO and 0.2% tween-80  the Additional file. Subsequently, the expression cassettes of other
contained), and the initial pH of cultivation media was 5.73.  gene candidates were cloned into pYLEXI1-CAD individually
Among them, the amount of WCO added is calculated based on ~ (Supplementary Figure S2). All recombinant plasmids were
the same C atoms as glucose in YPD medium. The strains and  constructed using the One Step Cloning Kit from Vazyme
plasmids used in this study are listed in Supplementary Table S1.  Biotech Co., Ltd. (Nanjing, China). Transformants were plated on
The PCR primers used in this study were synthesized by Genewiz =~ LB-ampicillin agar plates and incubated overnight at 37°C. Single
(Jiangsu, China) and are listed in Supplementary Table S2. colonies were inoculated into LB-ampicillin and cultured overnight
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at 37°C with shaking at 225 rpm. Plasmids were isolated, and the
genes were verified by DNA sequencing,.

Following that, all plasmids were linearized using the Spe | enzyme
and then transformed into the Y. lipolytica Polg KU70A competent
cells using lithium acetate/single-stranded vector DNA/polyethylene
glycol method. The linearized plasmids introduced were integrated at
the pBR322 locus of the strain Polg KU70A. After 2 to 3 days of
culture, the positive Y. lipolytica transformants were selected on YNB-
LEU plates and subsequently confirmed by genomic DNA PCR
analysis (Yu et al., 2016). Accordingly, in this study, the engineered Y.
lipolytica Polg KU70A strain was used as the host for all genetic
modifications with gene knockouts and chromosomal expression
constructs introduced via engineered pYLEX1 plasmids.

Yeast Cultivation

Seed inoculum of Y. lipolytica were first cultured in a 20 ml tube
with 5ml YPD medium and incubated for 24 h in a shaking
incubator set at 30°C and 220 rpm. Next, a 250 ml flask was filled
with 50 ml YPO medium and inoculated at the seeding density of
ODgg 0.1. The inoculated finished shake flasks were grown in a
shaking incubator set at 30°C and 220 rpm. Fermented yeast
cultures were collected on the fourth day and analyzed by GC-MS
to determine and identify the IA content.

Gene Knockout

The ICLA strain was generated by knocking out the ORF region gene
of ICL via the homologous recombination (HR) mechanism, which
replaced ICL with the hygromycin B resistance marker gene (HPH)
amplified from pSH69-Hph using the primer pairs ICL-Hph-F/R. To
this end, two targeting arms (upstream and downstream flanking
sequences of ICL), each approximately 1,000 bp in length, were
amplified using PCR from the genomic DNA of Polg-2G and
ligated to the 5" and 3’ ends of the HPH gene, respectively. After
transformation of the ICL disruption cassette into Y. lipolytica cells, a
gene replacement event occurs via double-crossover homologous
recombination within the two flanking homology arms at the
targeted locus. Transformants were grown in the YPDH solid
medium (30°C, under dark conditions) supplemented with
hygromycin and chosen randomly. The correct ICLA strain was
confirmed by PCR with ICL-Hph-knock-F and ICL-Hph-knock-R
primers. The construction of the CATA strain was carried out using a
similar procedure.

Visualizing Fluorescence Distribution by

Laser Scanning Confocal Microscopy

To test the peroxisomal targeting ability of enhanced peroxisome
targeting signal ePTS1, yeast cells expressing hrGFPO-ePTS1 were
cultured in 50 ml YPD medium for 24 h. For simultaneous
visualization of hrGFPO and Nile red, precultures incubated in
50 ml YPD were stained by adding Nile red solution (1 mg/ml) in
acetone to the cell suspension (0.1 v/v) and incubated for 60 min
in the dark at room temperature. The stained cells were washed
with normal saline and resuspended in potassium phosphate
buffer (pH 7.4) before being transferred onto glass slides to
visualize hrGFPO at 488 nm and Nile red at 561 nm with an
Olympus FV1000 confocal laser scanning microscope.

ltaconic Acid Production From WCO

Esterification of the Fermented Supernatant
2 ml of the fermented supernatant was added to 1.5 ml of 10%

HCI-CH;O0H solution, which was esterified at 62°C for 3 h. Then,
2ml of n-hexane was added and the resultant mixture was
violently shaken for 1 min to dissolve the dimethyl itaconate.
After centrifugation (6,000 rpm, 5 min), the upper organic phase
was transferred into another clean bottle for detection.

GC-MS Analysis

0.6 pl of the upper organic phase from the above Section was
analyzed by GC-MS using an Agilent 7890A GC with a 5975C
MSD equipped with an HP-5MS column (30m x 0.25mm x
0.25 um, Agilent, Santa Clara, CA, United States). The GC oven
temperature was initially held at 60°C for 2 min, and then ramped up
to 250°C at a rate of 10°C/min and held for 9 min. The split ratio was
10:1. Helium was used as the carrier gas, with an inlet pressure of
13.8 psi. The injector was maintained at 250°C and the ion source
temperature was set to 220°C. The final data analysis was performed
using the Enhanced Data Analysis software (Agilent, Santa Clara,
CA, United States) to obtain the standard curve of dimethyl
itaconate, and the area obtained after the sample is analyzed and
detected by the instrument is brought into the formula of the
standard curve to obtain the output of dimethyl itaconate. The
titer of IA is obtained by converting with the esterification rate
obtained in the above section.

Statistical Analysis

Differences in titers between the control strain and other strains were
evaluated using SPSS 22.0 software for Windows (SPSS, Chicago, IL,
United States). One-way ANOVA analyses were carried out with a
confidence interval of 95% and statistical significance between the
groups and the relevant control was considered if p-value < 0.05.

Bioreactor Fermentations

Bioreactor fermentation was batched processed using an optimal
medium formulation containing 59 g/ WCO, 16 g/L yeast
extract, 8 g/L peptone and 10 g/L tween-80. The strain was
first seeded in 50 ml YPD medium in 250 ml shake flasks,
cultured at 30°C and 220 rpm for 16h. Following that, the
bioreactor containing 3L of YPO medium were inoculated
with the seed cultures at an ODgq, of 1.

Fermentation without any pH control was carried out in a 5L
stirred fermenter (Shanghai Baoxing Bioengineering Equipment Co.,
Ltd., Shanghai, China) at 30°C and 1 vvm. The bioreactor pressure
was maintained at 0.06 MPa. The impeller stirring speed was
400 rpm.

RESULTS AND DISCUSSION

Heterologous Expression of A. terreus
Cis-Aconitic Acid Decarboxylase in Y.
lipolytica

In A. terreus, 1A is generated from the decarboxylation of the TCA
intermediate cis-aconitic acid by the CAD enzyme (Bonnarme et al,,
1995; Tevz et al, 2010). To test if A. terrus’s CAD gene can be
expressed successfully in Y. lipolytica without codon optimization,
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FIGURE 2 | IA production in Y. lipolytica strains expressing the CAD
gene. The titer of IA and biomass of Y. lipolytica were determined by shaking
flask fermentation of Po1g-CAD strain and control strain Po1g in YPO culture.
All values presented are the mean of three biological replicates +
standard deviation.

we first cloned the associated gene from A. terreus HAT418 strain
into Y. lipolytica strain Polg KU70A, with the gene’s intron spliced
out. In the gene sequencing analysis that followed, we discovered that
the actual PCR-amplified gene sequence was different from the
genome sequence shown in NCBI database. Our sequence data for
A. terreus HAT418 CAD gene was submitted to GenBank under the
accession number MT862134.1. Overexpression of the CAD gene in
Y. lipolytica Polg KU70A resulted in the creation of strain Polg-
CAD. We subjected both the engineered strain with cytosolic CAD
and control strain without CAD to shake flask fermentation and
assayed for IA continuously over a period of 6 days. We confirmed
that IA was produced only in the engineered Y. lipolytica but not in
its wild type. IA levels were first detected in the supernatant on day 2
and they increased gradually with time until a maximum yield of
33.12 mg/L was obtained on day 4 (Figure 2). This is contrasted with
the Polg KU70A original strain where no IA production detected,
thereby confirming that the heterologous expression of the A. terreus
CAD is necessary for IA production in Y. lipolytica.

Peroxisomal Targeting of Heterologous
Cis-Aconitic Acid Decarboxylase Gene

Improved Itaconic Acid Production

B-oxidation of long chain fatty acids in eukaryotes are known to
occur mainly in the peroxisomes (Wache et al., 2001; Hanko et al,,
2018). In Y. lipolytica, this process produces acetyl-CoA which then
enters the glyoxylate cycle for synthesis of the IA precursor, cis-
aconitic acid (Dominguez et al., 2010; Koivistoinen et al., 2013; Xu
et al., 2017). Several studies have shown that subcellular localization
of specific enzymes or metabolic pathways not only increase product
conversion efficiency, but is also able to suppress the undesirable
effects of competitive metabolic inhibition (Zhu et al., 2018; Yang

ltaconic Acid Production From WCO

et al,, 2019; Zhu et al,, 2021). As such, this approach of subcellular
compartmentalization is adopted in our study and complemented
with the use of WCO as the substrate to enable sustainable, efficient
and low-cost production of IA. To this end, IA production from the
glyoxylate cycle in Y. lipolytica was ensured by targeting the involved
heterologous enzymes to the peroxisomal matrix through the
addition of enhanced peroxisomal targeting signal (ePTS1) after
its gene sequence. The ePTS1 applied in this instance has been
shown to be localized in S. cerevisiae (DeLoache et al., 2016).

Two separate dyes, Nile red and green fluorescence, were
employed for staining of the yeast cells to validate the
peroxisomal targeting ability of ePTS1. In an earlier study, it was
shown that hrGFPO, encoding the green fluorescence protein, was
most strongly expressed in Polg KU70A (Zhao et al.,, 2021a). The
plasmid with sequence ePTS1 added after the hrGFPO protein
sequence was retransformed into yeast, resulting in strain Polg-
hrGFPO-ePTS1 (Figure 3A). Nile red fluorescence, on the other
hand, was used to stain the peroxisomes of the yeast cells. To
determine if ePTS1 could be successfully localized to peroxisomes in
Y. lipolytica, Laser Scanning Confocal Microscopy (LSCM) was
performed to observe the location of the two different
fluorescence in yeast cells. As shown in Figure 3B, a green
fluorescent protein with localization signal ePTS1, which exhibits
green light under microscope irradiation, was expressed in the
engineered yeast. Yeast cells after Nile red staining also show
localized red fluorescence under the microscope. Combining
these two images, we observed that the green and red shades
overlap almost completely and produce a bright yellow light.
Therefore, it can be confirmed that ePTS1 plays a role in
determining the location of the peroxisome could be used as a
peroxisomal targeting sequence for Y. lipolytica.

Subsequently, the plasmid pYLEX1-CAD-ePTS1 constructed
through the ligation of ePTS1 downstream of the CAD gene was
integrated into the Y. lipolytica Polg KU70A chromosomes of the
strain. The resulting engineered strain was cultured in the YPO
medium and the 6 days course of IA production titers and biomass
were shown in Figure 4. The titers of IA increased continuously
from the beginning of cultivation up to day 4 with the highest titer
having reached 1.58 g/L. Following this, the titers of IA gradually
stabilized, likely owing to WCO depletion. Notably, we also
compared the use of WCO and glucose in this subcellular
compartmentalized approach to generate IA under the same
conditions. The use of WCO had resulted in almost 100-folds
increase in IA titer as compared to glucose (13.68 mg/L of IA) as
the carbon source, hence implying that WCO was superior to
glucose for IA production in these conditions. We also observed
that the overproduction of IA has a positive effect on the cell growth.
Together, our results demonstrate that the expression and
localization of CAD in the peroxisomes of Y. lipolytica can lead
to substantial increase in IA production.

Overexpression of Endogenous Genes
Involved in the Acetyl-CoA Production
Pathway of Y. lipolytica

To further enhance IA production in Y. lipolytica, we attempted to
study the pathway genes involved in the conversion of oils to fatty

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

169

April 2022 | Volume 10 | Article 888869


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Rong et al. ltaconic Acid Production From WCO

Bright hrGFPO

Nile red

ria

FIGURE 3 | Investigation of the localization of peroxisomes. (A) Schematic diagram of experimental design. hrGFPO-ePTS1 is used to specififically mark peroxisomes in Y.
lipolytica. Nile red is used to show intracellular peroxisomes regions. (B) Localization observation of peroxisomes use the Nile red and strain Po1g-hrGFPO-ePTS1 through LSCM.

. overexpressed in an attempt to increase the flux towards IA. Ten
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proteins required for peroxisome assembly, Zhang et al., 2021b),
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05 T ] T 7 ) T 0 individual corresponding genes could improve IA production
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Time (d) CAD-ePTSI1 gene. Among them, the POT1-overexpressed strain

(hereafter named Polg-2G), achieved the highest titers of 2.42 g/L

FIGURE 4 | 1A production in Y. fipalytica sirains expressing the GAD- for IA after 4 days of cultivation (Figure 5). The results indicated that
ePTS1 gene. The titer of IA and biomass were determined by shaking flask . R K

fermentation of Po1g-CAD-ePTSH1 strain and control strain Po1g in YPO overexpression of this key €nzymes can effectlvely promote the fatty

culture. All values presented are the mean of three biclogical acid degradation process and release the most acetyl-CoA molecules

replicates + SD. for TA biosynthesis. This observation is consistent with several other

studies in which POT1 has already been demonstrated to be the key
rate-limiting enzyme in the p-oxidation pathway (Ma et al., 2020;
acids and the utilization of fatty acids to raise the flux of precursor ~ Zhang et al,, 2021b). Therefore, the engineered strain Polg-2G was
acetyl-CoA. The B-oxidation of fatty acids is a four-reaction cycle  used for subsequent engineering efforts to boost IA production.
comprising of oxidation, hydration, dehydrogenation, and thiolysis,

which results in one molecule of acetyl-CoA released in the  Effects of Deletion of the Carnitine

peroxisome (Braga and Belo, 2016). In Y. lipolytica, the first step .
of fatty acid -oxidation can be catalyzed by six different acyl-CoA Acetyltransferases and Isocitrate Lyase

oxidases (POX1-6) (Beopoulos et al., 2008). The second and third Genes on Itaconic Acid Production in Y.
steps of B-oxidation are catalyzed by a multifunctional enzyme  lipolytica

(MFE1) (Black et al, 2000; Dulermo et al., 2013), and the final ~ The yield of IA can be further improved by reducing the loss of the
step is catalyzed by peroxisomal thiolase (POT1) (Wangetal,2020).  precursor acetyl-CoA and preventing the synthesis of cis-aconitic acid
As such, the genes involved in the P-oxidation pathway were  from the glyoxylate cycle into downstream products such as succinic
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FIGURE 5 | Effects of overexpressing genes involved in the acetyl-CoA production pathway on IA production. The genes involved in the acetyl-CoA production
pathway, consisting of LIP2, POX1-6, MFET, POT1 and PEX10, were overexpressed individually. Titers of 1A produced by the strains were quantified after 6 days of
cultivation in shake flasks with YPO medium. All values presented are the mean of three biological replicates + standard deviation. “p<0.05, significantly different from

acid. The carnitine acetyltransferases (CAT) is responsible for
transporting acetyl-CoA between different organelles, which can
reversibly link the acetyl units to the carrier molecule carnitine
(Strijbis et al., 2008; Strijbis et al., 2010). Meanwhile, the isocitrate
lyase (ICL) manages the conversion of isocitrate into succinic acid
and glyoxylic acid (Koivistoinen et al,, 2013). To verify if either of
these enzymes assume a major role in IA production, the
corresponding genes singly were deleted from Polg-2G, resulting
in the creation of strains Polg-2G-CATA and Polg-2G-ICLA. After
cultivating the resulting strains in shake flasks in YPO medium, it was
found that higher IA production reaching 3.33 g/L was observed in
ICL knockout strain as compared to CAT knockout strain with 2.8 g/
L titers. This suggests that blocking the downstream pathway
improves IA production while blocking the efflux effect of the
acetyl coenzyme in the peroxisome is not as advantageous.
Therefore, the Polg-2G-ICLA strain was selected as the final
optimized strain.

Itaconic Acid Production by the Engineered
Y. lipolytica in Bioreactor

One of the most crucial issues in platform chemicals production is in
achieving a high product titers consistently (Gao et al., 2016; Li et al,,
2020). To investigate the performance of IA-producing Y. lipolytica at

conditions that are more relevant for large-scale application, a 5L
bioreactor was employed. Unlike the procedure conducted in the
shaking flask fermentation method, here, the composition of the
growth medium was altered and the approach of adding sufficient
WCO substrate at once was adopted to avoid the problems caused by
fed batch fermentation. In the phase of active cell growth between 24
and 96 h, the Polg-2G-ICLA strain intensively produced IA. During
this period, the average specific rate of IA synthesis was 0.8 g/L/h, and
the maximum specific rate of 2.3 g/L/h was observed between the
76-96-h intervals (Figure 6). Hence, the maximum titer of IA was
54.55 g/L after the 96-h reaction in the fermenter. At the time of
writing, this is the highest IA production achieved by a yeast host
reported worldwide. As such, Y. lipolytica would be a promising
industrial host for IA production from renewable feedstock. Our
study also demonstrated that the circular bioeconomy concept can be
an effective model for scale-up production of valuable biochemical, in
particular with the valorization of WCO as raw material.

CONCLUSION

With increasing global interest in environmental protection and
sustainable development, the use of low-cost waste to produce
valuable platform chemicals in the industrial scale is gaining

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

m

April 2022 | Volume 10 | Article 888869


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Rong et al.
Polg-2G-ICLA Titer
80— — 80
—— Polg-2G-ICLA ODyg
=)
60— =60 <
e
2
o
= g
& 40 - 40 2
= <
ping
S
20— =20 2
<
0 T T T T T T 0
0 1 3 4 5 7
Time (d)
FIGURE 6 | IA production in bioreactor of Y. lipolytica strain expressing
the 2G-ICLA gene. The titer of IA and biomass were determined by bioreactor
fermentation of Po1g-2G-ICLA strain in YPO culture. All values presented are
the mean of three biological replicates + SD.

attention. In the few studies conducted to date, IA production in
engineered strains of Y. lipolytica was predominantly using glucose
as the primary carbon source (Blazeck et al., 2015; Zhao et al., 2019).
Even so, production titers had remained suboptimal (Table 1). This
had limited the feasibility of large-scale industrial adoption. Here, we
employed the cheap raw material WCO to increase acetyl-CoA
availability for conversion into IA in the peroxisome of Y. lipolytica.
By applying both systems metabolic engineering and bioprocessing
optimization strategies in unison, we achieved IA titers of 3.33 g/L in
shake flasks and up to 54.55 g/L in stirred-tank bioreactor on WCO
as the carbon source without the need for pH control. This
amounted to more than 34-folds as compared to the initial titers
of 1.58 g/L IA before the optimization of strain and fermentation
conditions. In this study, as the supernatant may contain WCO that
was not consumed completely, IA cannot be detected directly by
HPLC. We used esterification of the supernatant to detect the yield
of dimethyl itaconate. While this method, in principle, can be used to
determine the theoretical final yield of IA from the esterification rate,
it is not the best approach to quantify the exact yield of IA. The
development of a more robust and higher throughput method of
analysis should be considered in future studies. Furthermore, the
yield of organic acids produced by Y. lipolytica is primarily affected
by the genetic mechanism and various environmental factors, such
as the carbon source, nitrogen source, temperature, pH, iron
concentration, and dissolved oxygen levels. As such, since
bioreactor fermentation with WCO as the sole carbon source is
still relatively understudied, further optimization of the fermentation
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Global warming is approaching an alarming level due to the anthropogenic emission of
carbon dioxide (CO,). To overcome the challenge, the reliance on fossil fuels needs to be
alleviated, and a significant amount of CO, needs to be sequestrated from the
atmosphere. In this endeavor, carbon-neutral and carbon-negative biotechnologies are
promising ways. Especially, carbon-negative bioprocesses, based on the microbial CO,-
metabolizing chassis, possess unique advantages in fixing CO, directly for the production
of fuels and value-added chemicals. In order to fully uncover the potential of CO,-
metabolizing chassis, synthetic biology tools, such as CRISPR-Cas systems, have
been developed and applied to engineer these microorganisms, revolutionizing carbon-
negative biotechnology. Herein, we review the recent advances in the adaption of CRISPR-
Cas systems, including CRISPR-Cas based genome editing and CRISPR interference/
activation, in cyanobacteria, acetogens, and methanogens. We also envision future
innovations via the implementation of rising CRISPR-Cas systems, such as base
editing, prime editing, and transposon-mediated genome editing.

Keywords: carbon dioxide, CRISPR, genome editing, cyanobacteria, acetogen, methanogen

INTRODUCTION

Anthropogenic emission of carbon dioxide (CO,) has driven an unprecedented high level of CO, in
the atmosphere, leading to an approximately 1.1°C increase in the average global temperature
(Tollefson, 2021). This increase has reached an alarming level and has caused global and local climate
issues. It also leaves a very small window to achieve the 1.5°C target settled in the Paris Agreement
and reinforced in the UN Climate Conference in Glasgow (COP26). The atmospheric CO, level must
be lowered by a significant amount by controlling the emission of CO, and sequestering CO, from
the atmosphere at the same time. In this endeavor, biotechnology provides promising routes. In one
way, carbon-neutral biotechnology utilizes sustainable carbon sources (e.g., agriculture and forest
wastes) to produce chemicals (e.g., ethanol, butanol, and 2,3-butanediol), alleviating the reliance on
fossil fuels and reducing CO, emissions (Liu et al, 2020). In another way, carbon-negative
biotechnology directly consumes industrial or atmospheric CO, for the bioproduction of fuels
and value-added chemicals (Liu et al., 2020; Liew et al., 2022).

With metabolic engineering and synthetic biology, the inventory of products from biological
routes has been greatly expanded, and the production and yield have been improved. For instance,
the baker’s yeast Saccharomyces cerevisiae has been genetically engineered to convert lignocellulosic
feedstock to bioethanol and chemicals, exhibiting the potential of carbon-neutral biotechnology (Wei

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 175

June 2022 | Volume 10 | Article 897204


http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.897204&domain=pdf&date_stamp=2022-06-23
https://www.frontiersin.org/articles/10.3389/fbioe.2022.897204/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.897204/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.897204/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.897204/full
http://creativecommons.org/licenses/by/4.0/
mailto:pfxia@sdu.edu.cn
https://doi.org/10.3389/fbioe.2022.897204
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.897204

Yu et al.

et al., 2013; Sun et al., 2021). Recently, S cerevisiaze has been
engineered to utilize wasteful CO, accumulated during
lignocellulosic sugar fermentation by the installation of a CO,
fixation pathway, transforming the correlated biotechnology
from a carbon-neutral process to a carbon-negative technology
(Li et al., 2017; Xia et al., 2017). Inspiringly, Gassler et al. (2020)
generated an engineered yeast Pichia pastoris capably of growing
with CO, and methanol, opening a new window for heterotrophic
yeast to use one-carbon (C1) compounds as sole carbon sources.
Similar enterprises have been made in Escherichia coli, and
artificial autotrophic E. coli has been generated via the
implementation of CO, fixation pathways and adaptive
laboratory evolution (Antonovsky et al., 2016; Gleizer et al.,
2019; Flamholz et al., 2020).

Another biological path is to employ microorganisms that
metabolize CO, innately, such as photoautotrophic cyanobacteria
and chemoautotrophs, including acetogens and methanogens. These
organisms can use CO, as a carbon source from either industrial waste
gases or the atmosphere (Fackler et al, 2021). CO,-metabolizing
microorganisms have shown great potential as microbial chassis, and
industrial attempts have been made (Liu et al., 2020; Liew et al., 2022).
Given the advances in synthetic biology, these microbes play more
important roles on the path towards a sustainable future with
enhanced CO, utilization efficiency and an expanded spectrum of
products. For instance, cyanobacterium Synechocystis sp. PCC 6803
has been modularly engineered to produce a high titer of 1-butanol,
short/medium-chain carbohydrate, and lactate from CO, (Liu X. et al.,
2019; Shabestary et al,, 2021; Yunus et al,, 2022). Lately, a pioneer
study conducted by LanzaTech, Inc. (Skokie, IL, United States) shows
that Clostridium autoethanogenum can convert syngas (consisting of
CO,, CO, and H,) to acetone and isopropanol, and a pilot-scale
fermentation in a 125-L scalable reactor was demonstrated (Liew et al.,
2022). These advances have validated the capability of CO,-
metabolizing chassis in the fixation of CO, and production of
value-added chemicals, and these succuss illustrated the ever-
increasing power of synthetic biology in biotechnology.

CRISPR-Cas systems, the bacterial and archaeal immune systems,
have been repurposed as synthetic biology tools for gene editing and
regulation (Knott and Doudna, 2018). They have been
revolutionizing biotechnology in fundamental ways. Though still
in its infant stage, multiple CRISPR-Cas-based synthetic biology
tools have been developed for cyanobacteria, acetogens, and
methanogens, driving the rising of novel biotechnologies based on
CO,-metabolizing microbes. Herein, we summarize the current
progress of CRISPR-Cas systems in genetically engineering
microbial CO,-metabolizing chassis, especially cyanobacteria,
acetogens, and methanogens, for the conversion of CO, to
biofuels and value-added products, and we discuss the challenges
and future endeavors in developing more efficient synthetic
biology tools.

MICROBIAL CO, METABOLIZING
ORGANISMS

Microbial CO,-metabolizing chassis, mainly autotrophic
microorganisms, can use CO, as a sole carbon source for

CRISPR for CO, Metabolizing Microbes

catabolic and anabolic activities. Until now, six CO, fixation
pathways have been identified, among which the Calvin cycle and
Wood-Ljungdahl Pathway are the most understood and
applicable routes (Fuchs, 2011; Muller, 2019; Gleizer et al,
2020). Compared to the complementary physiochemical
strategies, biological ways have advantages in forming carbon-
carbon bonds with one-carbon (C1) building blocks using either
solar energy or redox power from inorganic compounds, i.e., iron,
sulfide, and ammonia, offering better opportunities for
bioproduction by the microbes themselves or in combined
biotic-abiotic processes (Li et al., 2012; Sakimoto et al., 2016;
Jin et al,, 2021).

Photoautotrophic organisms, such as microalgae and
cyanobacteria, can fix CO, with solar energy through the
Calvin cycle and produce a large variety of organic
compounds. Notably, efforts have been made to design and
build engineered cyanobacteria for the production of biofuels
(i.e., biodiesel, bioethanol, and isobutanol), value-added
chemicals (Santos-Merino et al.,, 2019; Xia et al.,, 2019), and
food-related products, such as starch (Luan et al, 2019).
Besides the photoautotrophs, Cupriavidus necator (formerly
Ralstonia eutropha), a facultative chemolithotroph, can grow
on CO, through the Calvin cycle as well with H, or formate
as the electron donor without light. C. necator has also been
engineered as a novel chassis for bioproduction (Li et al., 2012;
Panich et al., 2021). Chemoautotrophic organisms harboring the
Wood-Ljungdahl Pathway can utilize CO, and H, anaerobically.
As the key representatives, acetogens, especially strains from the
class of Clostridia (e.g., C. autoethanogenum, Clostridium
ljungdahlii, Acetobacterium woodii, and Eubacterium limosum),
have been interrogated and engineered to utilize CO, (with H,) or
CO,-containing mixed gases (Muller, 2019; Fackler et al., 2021).
Due to the requirement and capability of co-utilization of H,,
acetogens can also be the bridge connecting bioproduction and
“Power-to-Gas” technology, generating a novel nexus “Power-to-
X” (Molitor et al, 2019; Mishra et al., 2020). Similarly,
methanogens play important roles in different bioprocesses in
various niches, such as in the gut, in soil, and in engineered
systems (i.e., wastewater treatment facilities). They produce CH,4
from CO, and H, or other one-carbon compounds, like methanol
(Thauer et al., 2008; Zabranska and Pokorna, 2018). As
methanogens are archaea, they typically possess unique
industrial merits, including high tolerance to temperature and
osmatic stress, making them advantageous CO,-metabolizing
chassis.

CRISPR-CAS BASED SYSTEMS

CRISPR-Cas-based synthetic biology tools are repurposed from
the bacterial and archaeal immune systems (Jiang and Doudna,
2017), and the innovations in CRISPR-Cas-based systems have
been reshaping biotechnology in fundamental ways (Knott and
Doudna, 2018; Pickar-Oliver and Gersbach, 2019). For instance,
an artificial autotrophic P. pastoris was generated via the
integration of six foreign genes and deletion of three innate
genes with the CRISPR-Cas-based gene-editing tool (Gassler
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FIGURE 1 | (A) CRISPR-Cas-based genome editing. Under the guidance of a gRNA containing a spacer complementary to the protospacer and a scaffold
consisting of crRNA and tracer RNA, the Cas9 and gRNA complex finds and binds to the protospacer with a PAM, forming an R-loop. Then, Cas9 cuts the DNA in each
strand, leaving a double-strand break (DSB) in the target. Finally, the target DNA will be modified with the repair of DSB. (B) Nuclease deactivated Cas9 protein (dCas9).
When the nuclease activity of Cas protein was deactivated, the dCas9 still binds to the target sequence but it will not cleave the DNA anymore. (C) CRISPRi and
CRISPRa. For CRISPRI, dCas9 binds to the promoter or coding region of a gene of interest and prevents the binding of RNAP, resulting in the repression of transcription.
For CRISPRa, the dCas9-transcription factor (TF) fusion binds to the up region of the promoter. The TF helps recruit RNAP and allows the activation of transcription. We
employed Cas9 from S. pyogenes as a representative in the figure, while a great variety of CRISPR systems can be used for genome editing, CRISPRi, and CRISPRa. TF
stands for transcription factor, RNAP stands for RNA polymerase, CDS stands for coding sequence, and PAM stands for protospacer adjacent motif.
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et al., 2020). Recently, CRISPR-Cas-based methods have also
been deployed to upgrade carbon-negative bioprocess by
manipulating CO,-metabolizing chassis. In this section, we
focus on the adaption of different CRISPR-Cas systems for the
perturbation of CO,-metabolizing microbes. We highlight
achievements and challenges in cyanobacteria, acetogens, and
methanogens.

CRISPR-CAS-BASED GENOME EDITING

CRISPR-Cas-based genome editing in microbes typically has two
steps: RNA-guided DNA cleavage and DNA repair of the double-
strand break, the latter of which eventually resulted in the editing
of a target gene (Selle and Barrangou, 2015; Knott and Doudna,
2018). Taking the Class II Type II CRISPR-Cas system from

Streptococcus pyogenes as an example, the single CRISPR effector
Cas9 is led by a guide RNA (gRNA) consisting of a targeting
sequence (spacer), which is complementary to the target sequence
(protospacer), a CRISPR RNA (crRNA) and trans-activating
CRISPR RNA (tracer RNA) (Jiang and Doudna, 2017). When
the complex of Cas9 and gRNA reached the target sequence, it
recognizes the protospacer when a protospacer adjacent motif
(PAM) presents. Then, the Cas9 nuclease cleaves the DNA and
leaves a double-strand break, generating a “dead or alive” scenario
for the microbe (Vento et al, 2019). With DNA repair
mechanisms, the target gene will be edited to survive the
deadly cleavage of Cas9 (Figure 1A). CRISPR-Cas-based
genome editing has been prosperous due to the ease of use
and the clean editing products without leaving a marker or a scar.

In cyanobacteria, CRISPR-Cas-based genome editing has been
realized (Xia et al., 2019). Li et al. (2016) adapted a CRISPR-Cas
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genome editing tool for cyanobacterium Synechococcus elongatus
PCC 7942 based on S. pyogenes Cas9 with a transient expression
system. Later, a plasmid-based CRISPR-Cas system was
developed for S. elongatus UTEX 2973, a fast-growing
cyanobacterium showing great potential in sustainable
bioproduction (Wendt et al., 2016). However, these countable
successes implied the severe toxicity of Cas9 on cyanobacteria.
Due to the toxicity of Cas9, conventional CRISPR-Cas-based
genome editing tools with a “dead or alive” selection have not
been thriving in cyanobacteria. To surmount this bottleneck, two
strategies have been engaged. One is to use alternative Cas
proteins. For instance, the Class II Type V CRISPR system
with Casl2a as the effector showed lower toxicity than Cas9 to
cyanobacteria. By using Casl2a, Ungerer and Pakrasi (2016)
achieved CRISPR-Cas-based gene editing in S. elongatus
UTEX 2973, Synechocystis sp. PCC 6803 and Anabaena sp.
PCC 7102. Another way is to control the expression of the
CRISPR-Cas system tightly. Hudson and colleagues hired a
tightly regulated RNA device, the theophylline-responsive
riboswitch, to maintain a low enough OFF-state expression of
Cas9 to prevent its toxicity, and induce the genome-editing when
required (Cengic et al., 2022). By applying this system, the reliable
transformation of a replicable plasmid harboring CRISPR-Cas9
was obtained, leading to successful deletions and insertions of
DNA fragments in the genome of Synechocystis. To our best
knowledge, this study also reported multiplex genome editing in
cyanobacteria for the first time regardless of methods. As multiple
genes are typically involved in engineering a microbe for desired
functionalities, multiplexing is of great importance in synthetic
biology by saving considerable time and labor.
CRISPR-Cas-based genome editing tools have also been
established in acetogens and methanogens. For acetogens,
Cas9 and Casl2a based methods have been devised in C.
autoethanogenum (Nagaraju et al, 2016), C. ljungdahlii
(Huang et al, 2016; Zhao et al, 2019), and Eubacterium
limosum (Shin et al, 2019). To be noted, enhanced genome
editing was achieved via a combination of CRISPR-Cas and
serine recombinase (Huang et al., 2019). As reported, a phage
serine recombinase was used for the integration of large DNA
fragments while CRISPR-Cas inserts a small recognition motif of
the recombinase. With this method, a butyric acid production
pathway was successfully introduced to C. ljungdahlii for the
production of butyric acid from syngas (Huang et al, 2019).
Similar to the abovementioned method for cyanobacteria, a
tightly regulated system controlled by a riboswitch, namely
RiboCas, was designed to enable CRISPR-Cas-based genome
editing in Clostridium  strains, including Clostridium
pasteurianum, Clostridium difficile, and Clostridium sporogenes
(Canadas et al.,, 2019). Moreover, CRISPR-Cas-based deletion
and integration accomplished in  methanogen
Methanosarcina  acetivorans via applying an inducible
CRISPR-Cas9 system from S. pyogenes (Nayak and Metcalf,
2017). In the same study, the authors reported CRISPR-based
deletion via the implementation of a foreign non-homologous
end-joining (NHEJ]) machinery from Methanocella paludicola,
enabling the deletion of gene fragments (75-2.7 kb) without
repairing DNAs. Recently, CRISPR-Cas-based genome editing

were
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was reported in methanogenic archaea Methanococcus
maripaludis with the Casl2a system from Lachnospiraceae
bacterium (Bao et al., 2022), further expanding the genome
editing tools for methanogens.

CRISPR INTERFERENCE (CRISPRI) AND
CRISPR ACTIVATION (CRISPRA)

Actually, the toxicity of Cas proteins is not an exclusive issue in
cyanobacteria, while most bacteria suffer from the toxic effects of
CRISPR-Cas systems (Banno et al.,, 2018; Canadas et al., 2019;
Vento et al., 2019). Despite screening alternative CRISPR-Cas
systems and implementation of fine control modules, one
alternative way is to employ the nuclease deactivated Cas
protein (dCas) (Figure 1B). When the nuclease activity of Cas
proteins is dead (dCas) or partially dead (nCas), dCas or nCas
proteins are less toxic to bacteria compared to fully functional Cas
effectors. By using dCas9, the resulting CRISPR-Cas system will
no longer cleave the target DNA sequence but bind to the target.
When dCas9 binds to the promoter or the coding sequence of a
gene of interest, it will prevent the binding of RNA polymerase
(RNAP), thus silencing the target gene at the transcription level
and generating the method CRISPRi (Figure 1C) (Larson et al.,
2013; Qi et al,, 2013).

Due to the alleviated toxicity, CRISPRi obtained more
popularity and has been developed for cyanobacteria. For
instance, Yao et al. (2016) employed dCas9 to enable
multiplex CRISPRi in Synechocystis sp. PCC 6803, Choi and
Woo (2020) demonstrated CRISPRi with dCas12a in S. elongatus
PCC 7942, and a dCasl2a-based CRISPRi system was also
established for S. elongatus UTEX 2973 (Knoot et al, 2020).
In the former two reports, multiplex CRISPRi was achieved, and
up to four genes were repressed at a single time, showing the huge
potential of CRISPRI in engineering cyanobacteria for sustainable
production (Yao et al., 2016; Choi and Woo, 2020). Notably, a
CRISPRi system was devised for generating a gene repression
library in Synechocystis sp. PCC 6803 in order to interrogate the
genotype-phenotype interactions. By doing so, an industrially
relevant strain with higher production of lactate, as a proof of
principle, was engineered via CRISPRi-based repression of
correlated essential genes (i.e., gltA and pcnB) related to lactate
synthesis (Yao et al, 2020). More recently, CRISPRi was
programmed as a genetic switch between cell growth and
product synthesis. Shabestary et al. (2021) employed CRISPRi-
based gltA regulation in a lactate-producing Synechocystis and
achieve a high yield of lactate by decoupling cell growth and
lactate production.

CRISPRI displays potential for acetogens and methanogens as
well (Dhamad and Lessner, 2020; Fackler et al., 2021). Woolston
et al. (2018) developed an inducible dCas9-based CRISPRi system
for the repression of essential genes related to carbon metabolism in
Clostridium ljungdahlii. Specifically, the pta gene encoding the
phosphotransacetylase and the aor2 gene encoding the aldehyde:
ferredoxin oxidoreductase were repressed with CRISPRi individually
and in a multiplex mode, redirecting carbon from acetate to the
desired product 3-hydroxybutyrate with significantly increased titer
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FIGURE 2 | (A) Base editing. The cytosine base editor with a combination of dCas9 cytosine deaminase is shown as an example to illustrate the working
mechanism. When dCas9 binds to its target sequence and an R-loop is formed, the cytosine deaminase (CDA) mutates a cytosine (C) to uracil (U), generating a uracil-
guanine (U-G) mismatch. The C will then be replaced by thymine (T) along with the reparation of the mismatch upon DNA repair or replication, resulting in a C-to-T
substitution at a one-nucleotide resolution. For adenine base editors, an A-to-G substitution will occur as a result of base editing. Notably, nCas9 can also be used

as the effector for base editors. (B) Prime editing. The prime editing takes advantage of nCas9 and a fused reverse-transcription (RT). By designing a pegRNA consisting
of the spacer for targeting, RT template with designed edits, and primer binding site (PBS), deletions, insertions and point mutations can be achieved. (C) Transposon-
mediated CRISPR-Cas system for DNA integration. As a paradigm, dCas9 was fused to a transposase (Tns), and when the transposase was led to the target sequence,
it recognizes the motif for transposition and integrates the donor DNA into the upstream of the protospacer, enabling large fragment insertions. Cas9 was used as the
Cas effector for illustration of the basic working principles of base editing, prime editing and transposon-mediated editing.
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|

and yield (Woolston et al., 2018). In a pioneer study, a CRISPRi
system was developed for archaeal methanogen M. acetivorans by
applying S. pyogenes dCas9, and the system was evaluated by
interrogating the gene cluster related to nitrogen fixation (nif
operon) and its regulator (nrpRI) (Dhamad and Lessner, 2020).
Besides gene repression, transcriptional activation can also be
possible with CRISPR activation (CRISPRa) (Bikard et al., 2013;
Liu Y. et al,, 2019). CRISPRa deploys a combination of dCas
protein and transcription factor, such as the w subunit of the
RNAP. When CRISPRa targets the upstream of a promoter, it will
help bring RNAP and activate the transcription of the
corresponding gene (Figure 1C). Bikard et al. (2013) first
developed a CRISPRa system for bacteria and employed the
dCas9-w fusion to allow upregulation of gfp and lacZ

expressions in E. coli. Recently, more advances in CRISPRa
have been reported in bacteria (Liu Y. et al, 2019; Schilling
et al., 2020; Kiattisewee et al., 2021; Villegas Kcam et al., 2021;
Tickman et al., 2022). Given these advances, new transcriptional
factors have been systematically screened, and the application has
been expanded from E. coli to other bacteria, including
Paenibacillus ~ polymyxa  (Schilling al, 2020) and
Pseudomonas putida (Kiattisewee et al., 2021). Moreover, a full
range of gene regulation from repression to upregulation has been
achieved by programmable CRISPRi/a circuits (Tickman et al.,
2022) and by designing the targeting loci (Liu Y. et al,, 2019).
Though not been adapted yet, the application of CRISPRa and
CRISPRi/a circuits will be a powerful tool for gene regulations in
CO,-metabolizing microbes.
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RISING CRISPR-CAS SYSTEMS
Base Editing

A novel CRISPR-Cas-based genome editing was invented via
combining nucleotide deamination, namely base editing
(Figure 2A). For base editing, a dCas9 or nCas9 was fused with
cytosine deaminase or adenine deaminase, and when binding to a
target sequence, the deamination generates a mismatched base pair
which will be repaired, resulting in C-to-T or A-to-G substitution
(Komor et al,, 2016; Nishida et al., 2016; Gaudelli et al.,, 2017). Along
with emerging base editing methods, the single nucleotide substitution
has been expanded to more combinations including C-to-G and C-to-
A (Kurt etal,, 2021; Zhao et al,, 2021). Base editing was demonstrated in
bacteria and exhibited prodigious capacities in engineering microbes
for designed functionalities (Tong et al, 2019; Cheng et al., 2020;
Rodrigues et al, 2021; Wu et al, 2021). Until now, one attempt
reported the development and application of base editing in the
chemoautotrophic acetogen. Xia et al. (2020) designed a C-to-T
base-editing method for C. lungdahlii using dCas9 and the
activation-induced cytidine deaminase from the sea lamprey
Petromyzon marinus, enabling precision genome editing at a one-
nucleotide resolution. By applying this method, the carbon flux in C.
liungdahlii was redirected from ethanol to acetate, leading to increased
production of acetate from CO, and H,. Besides the common merits of
CRISPR-Cas systems, base editing exhibits unique advantages in
engineering CO, metabolizing microbes in that: 1) the core module
of base editing can be dCas or nCas which are less toxic to the host, 2)
the system does not need repairing DNAs (donor DNA), and 3) it does
not require high transformation efficiency to screen a survival cell from
the direct “dead or alive” selection (Molla and Yang, 2019; Gu et al,
2021). These advantages make base editing a promising candidate for
genome editing in CO,-metabolizing chassis.

Prime Editing and Transposon-Mediated

Integration
Despite the merits of base editing, the precision feature of base editing
limits its capability in the deletion and insertion of DNA fragments.
As a one-step forward, prime-editing was invented via a combination
of nCas9 and a reverse-transcriptase, allowing the insertion of small
DNA fragments without generating DNA double-strand breaks or
requiring a donor DNA (Anzalone et al,, 2019) (Figure 2B). Tong
etal. (2021) further adapted this method for bacteria, making possible
the introduction of deletions, insertions, and nucleotide substitutions
with prime editing in E. coli. More specifically, an up to 97 bp of DNA
fragment was deleted, and an up to 33 bp of DNA fragment was
inserted into the genome of E. coli with high fidelity and efficiency
(Tong et al,, 2021). To enable large DNA insertion, a more recent
study invented a twin-prime system with a prime editing system and
serine recombinase. This system first inserts two motifs using the twin
prime editing systems, and then the motifs will be recognized by the
serine recombinase. Upon activation of the serine recombinase and
the presence of a donor DNA, the DNA fragment can be integrated
into the genome (over 5,000 bp of DNA fragment) or be inverted (up
to 40 kb of DNA fragment) (Anzalone et al., 2021).

Another CRISPR-Cas-based tool for insertion of large-DNA-
fragment is the transposon-mediated integration (Klompe et al,

CRISPR for CO, Metabolizing Microbes

2019; Strecker et al, 2019) (Figure 2C). Strecker et al. (2019)
discovered a CRISPR-associated transposase from Scytonema
hofmanni containing a Tn7-like transposase and a Type V-K Cas
protein (Cas12k) and achieved insertion of 60-66 bp DNA fragment.
Another work designed a system with dCas9 and Tn7-like transposon,
enabling the integration of DNA fragments. The results show that the
system is able to insert 1,000 bp of fragments with maximum
efficiency, and efficient integration could also be achieved with a
larger fragment (Klompe et al., 2019). Given these advances, prime
editing and transposon-mediated integration, though not been
realized yet, may offer powerful synthetic biology tools for genome
editing in CO,-metabolizing microorganisms.

CONCLUDING REMARKS

In this review, we summarized recent advances in developing and
applying CRISPR-Cas systems for CO,-metabolizing chassis.
CRISPR-Cas-based genome editing and CRISPRi, have been
reported in these microbes, and the methods have been
advancing biorefinery and bioproduction with CO, as the
carbon source, exhibiting great potential in alleviating CO,
emissions and in reducing atmospheric CO, levels. However,
more efforts are imperative to awake the full power of CRISPR-
Cas systems in these CO,-metabolizing chassis. CRISPRa, base
editing, prime editing, and transposon-mediated integration may
offer encouraging future directions in developing novel CRISPR-
Cas systems for CO,-metabolizing microorganisms. Moreover,
discoveries of new CRISPR-Cas systems with special properties
(e.g, a thermostable Cas9) are needed to engineer CO,-
metabolizing microorganisms, such as thermophilic strains
Thermoanaerobacter ~ kivui ~ and  Methanothermobacter
thermautotrophicus (Moon et al., 2019; Fink et al.,, 2021).

Besides CO,, CO, methane, methanol and formate are also
important greenhouse gases and Cl compounds that can be
obtained from waste gases and products or byproducts of clean
energy industries. As such, natural and engineered C1-metabolizing
microbes, including but not constrained in the autotrophs discussed
here, will also be favorable microbial chassis for sustainable
bioproduction. The development of novel synthetic biological
tools, such as CRISPR-Cas systems, for Cl metabolizing
organisms, will significantly foster innovations in carbon-negative
biotechnologies.
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