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Abstract

Carbamoyl phosphate is an important precursor for L-arginine and pyrimidines biosynthesis. In view of this importance, the cell
factory should enhance carbamoyl phosphate synthesis to improve related compound production. In this work, we verified that
carbamoyl phosphate is essential for L-arginine production in Corynebacterium sp., followed by engineering of carbamoyl
phosphate synthesis for further strain improvement. First, carAB encoding carbamoyl phosphate synthetase Il was overexpressed
to improve the synthesis of carbamoyl phosphate. Second, the regulation of glutamine synthetase increases the supply of L-
glutamine, providing an effective substrate for carbamoyl phosphate synthetase II. Third, carbamate kinase, which catalyzes
inorganic ammonia synthesis carbamoyl phosphate, was screened and selected to assist in carbamoyl phosphate supply. Finally,
we disrupted /dh (encoding lactate dehydrogenase) to decrease by-production formation and save NADH to regenerate ATP
through the electron transport chain. Subsequently, the resulting strain allowed a dramatically increased L-arginine production of
68.6 = 1.2 g'L™", with an overall productivity of 0.71 £0.01 g:'L™"+h" in 5-L bioreactor. Stepwise rational metabolic engineering
based on an increase in the supply of carbamoyl phosphate resulted in a gradual increase in L-arginine production. The strategy
described here can also be implemented to improve L-arginine and pyrimidine derivatives.

Key points

* The L-arginine production strongly depended on the supply of carbamoyl phosphate.

* The novel carbamoyl phosphate synthesis pathway for C. crenatum based on carbamate kinase was first applied to L-arginine
synthesis.

* ATP was regenerated followed with the disruption of lactate formation.
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Introduction of the arginine and pyrimidine synthesis pathways that pro-
vide a source of carbamoyl (Wang et al. 2008). In the arginine
Carbamoyl phosphate (CP) is a high-energy phosphate com-  biosynthetic pathway, CP and orithine are the substrates of
pound (Eroglu and Powers-Lee 2002) and at the “intersection”  ornithine carbamoyltransferase (OTCase) for the production
of citrulline (Charlier et al. 2018), joining the biosynthesis of
arginine (Fig. 1). In the pyrimidine biosynthetic pathway, the
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Fig. 1 The major L-arginine biosynthetic pathway in C. glutamicum and
metabolic engineering approach applied to overproduce L-arginine. CPS-
11, carbamoyl phosphate synthetase 1I; CK, carbamate kinase; LDH, lac-
tate dehydrogenase; GS, glutamine synthetase; NAGS, N-
acetylglutamate synthase;NAGK, N-acetylglutamate kinase; NAGPR,

derivatives. In nearly all organisms, carbamoyl phosphate
synthetase (CPS) is the most common enzyme that catalyzes
the formation of CP (Shi et al. 2018). Three classes of
CPSases are known. CPS-I is found in amphibians and mam-
mals, and CPS-III is mainly present in invertebrates and fishes
(Korte et al. 1997; Saced-Kothe and Powers-Lee 2002). Both
have an absolute requirement for the allosteric activator N-
acetyl-L-glutamate (NAG) (Pekkala et al. 2009; Yefimenko
et al. 2005). CPS-II (EC 6.3.5.5), which utilizes glutamine as
the nitrogen-donating substrate present in fungi and bacteria,
and does not require NAG for activity (Kaseman and Meister
1985). Fungi have two different forms of CPS-II, one for the
pyrimidine pathway, and one for the arginine pathway, but
bacteria usually only have one CPS-II for both pathways
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N-acetyl-gamma-glutamyl-phosphate reductase; NAT, N-
acetylornithine transaminase; OAT, ornithine acetyltransferase; OTC, or-
nithine carbamoyltransferase; AGS, argininosuccinate synthase; AGL,
argininosuccinate lyase

(Eroglu and Powers-Lee 2002; Nyunoya and Lusty 1983;
Shi et al. 2018). In Corynebacterium sp., CP supplying both
pathways is synthesized from HCO3", ATP, and glutamine by
glutamine-dependent CPS-II composed of a 43.91-kDa gluta-
minase subunit (CarA) and a 121.8 kDa synthase subunit
(CarB), which catalyzes the hydrolysis of glutamine and the
synthesis of CP, respectively (Shen et al. 2019). Another en-
zyme, carbamate kinase (CK, EC 2.7.2.2), which consists of a
homodimer of a 33 kDa subunit, has been found in some
anaerobes, which can produce CP in the presence of ATP,
HCO5", and NH; (Marina et al. 1999; Uriarte and Marina
1999). It is worth noting that the true substrate of CK is car-
bamate generated chemically from HCO3;™ and ammonia, then
Mg>* and ATP are used to phosphorylate carbamate into CP,
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and the reaction is reversible (Marina et al. 1998; Ramon-
Maiques et al. 2010). Research has shown that CK could
replace CPS in microbial cells for synthesizing CP
(Alcantara et al. 2000).

L-arginine is a semi-essential amino acid, which has nu-
merous applications in food, pharmaceutical, chemical, and
other industries (Moncada and Higgs 1993; Popolo et al.
2014). In recent years, with the increasing knowledge of me-
tabolism and pathway regulation of industrial-related micro-
organisms, microbial fermentation has become the main meth-
od to produce L-arginine (Wieschalka et al. 2013). In our
previous work, we obtained an L-arginine high-producing
Corynebacterium crenatum SYPAS-5 (Corynebacterium
glutamicum var. CCTCC AB 2021051) through screening
and mutation breeding. Systematic metabolic engineering
strategies, such as improvement of the intracellular environ-
ment, upregulation of nitrogen metabolism, and promotion of
L-arginine excretion, alleviating feedback inhibition of key
pathways, were applied to C. crenatum to increase the pro-
duction of L-arginine (Man et al. 2016; Xu et al. 2013, 2019,
2020).

Lee et al. found that the carB gene carries a non-
synonymous SNP in the L-arginine overproducer, compared
with the wild strain, indicating the potential importance of this
gene in enhancing L-arginine production, and that increased
expression levels of the carAB genes allow L-arginine produc-
tion to increase in C. glutamicum (Park et al. 2014). In the
present study, we demonstrated that CP is essential for effec-
tive L-arginine production. For rapid CP supply, the host
strain was engineered to activate the CP and L-glutamine syn-
thesis pathway by overexpression of carAB encoding CPS-II
and glnA encoding L-glutamine synthase (GS). In addition, a
new synthesis approach was introduced via heterologous ex-
pression of CK using inorganic ammonia as a nitrogen-
donating substrate. Finally, the by-product lactate was de-
creased by disrupting the /dh gene encoding lactate dehydro-
genase (LDH), allowing the saved NADH to increase intra-
cellular ATP levels. Fermentation of the resulting strain dem-
onstrated that L-arginine production was significantly en-
hanced by the improvement of the intracellular supply of CP
in C. crenatum.

Materials and methods
Strains and culture conditions

All bacterial strains and plasmids used in this study are listed
in Table S1. Escherichia coli IM109 and BL21 (DE3) were
used as hosts for plasmid construction and heterologous ex-
pression, respectively, and cultured at 37 °C and 180 rpm for
12 h in LB medium. LBG medium (LB medium supplement-
ed with 12 g'L " glucose) was used to culture C. crenatum and

its recombinant derivatives at 30 °C and 180 rpm for growth
and enzyme activity experiments. The minimal medium
CGXII (containing 40 gL' glucose) was used to culture
C. crenatum strains for growth experiments. The shake flask
fermentation medium contained the following: 150 g-L ™" glu-
cose, 10 g-L_] yeast extract, 40 g-L_l (NH4),SOy4, 1.5 g-L_1
KH,PO,, 1.0 g'L™!' KCI, 1.0 g'L™' NaHCO;, 0.5 g-L™'
MgSO047H,0, 0.02 g-L ™" FeSO,7H,0, 0.02 g'L ' MnSO,-
H,0, and 2 g'L ™! CaCO;. The 5-L fermentation medium
contained the following: 100 g'L ™" glucose, 20 gL' yeast
extract, 1.5 g'L™' KH,POy, 0.5 g'L™' MgSO,7H,0, 1.0
g'L™! NaHCOs5, 0.02 g'L™' FeSO4-7H,0, 0.02 g-L™"
MnSOy, and 40 g-Lfl (NH,4),SO4. Where appropriate, 50
ug'mL ™" kanamycin and 10 pg-mL™" chloramphenicol were
added to C. crenatum and E. coli cultures, respectively.

Construction of recombination plasmids and strains

The shuttle plasmids pXMJ-19 and pECXK-99E were used
for gene overexpression in C. crenatum SYPAS-5. The sui-
cide vector pK18mobsacB was used to delete DNA sequences
and replace the promoter in C. crenatum SYPAS-5 via two-
step homologous recombination.

The genes encoding CK from Enterococcus faecalis
V583(GenBank: AE016830.1) and Lactococcus lactis subsp.
lactis 111403(GenBank: CP033607.1) were codon-optimized
for expression in C. glutamicum and synthesized by Genewiz
(Suzhou, China), and these were designated as efarcc
(GenBank accession number: MW418530) and llarcc, respec-
tively (Supplementary Note S1). Other genes were amplified
via PCR from the corresponding genomic DNA using the
primers listed in Table S2.

The yahl gene was amplified via PCR from the genomic
DNA of Escherichia coli K-12 using the primer pair pECXK-
99E-yahl-Xba 1-F and pECXK-99E-yahi-Pst I-R. Then, DNA
fragments and plasmid pECXK-99E double-digested by Xba 1
and Pst I were connected using the homologous recombina-
tion by ClonExpressR II One Step Cloning Kit, resulting in
PECXK-99E-yahl which was transformed into E. coli BL21
(DE3) by heat shock. The plasmids pECXK-99E-efarcc,
pECXK-99E-llarcc, and pPECXK-99E-ccarcc were construct-
ed in the same way using the primers listed in Table S2. For
construction of pXMJ19-carA-carB, the DNA fragment con-
taining the tac promoter and carB was amplified via PCR
from pXMJ19-carB using the primer pair P19-carB-tac-F
and P19-carB-tac-R. The recombinant plasmid pXMJ19-
carA was linearized using the primer pair P19-carA-line-F
and P19-carA-line-R. The two fragments were connected
through homologous recombination, resulting in plasmid
pXMI19-carA-carB. The co-expressed plasmid pXMJ19-
carB-carA was constructed in the same way using the primers
listed in Table S2.
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The gene carB in-frame deletions of DNA sequences in
C. crenatum SYPAS-5 strains were performed via two-step
homologous recombination using vector pK18mobsacB
(Schéfer et al. 1994). For construction of pK18-carB, the up-
stream and downstream regions (approximately 1500 bp) of
the carB gene were amplified using the primer combinations
pK18-AcarB-1/pK18-AcarB-2 and pK18-AcarB-3/
pK18-AcarB-4, respectively, from the genomic DNA of
SYPAS5-5. In the next step, the two amplified DNA fragments
were fused in an overlap-extension PCR using primers
pK18-AcarB-1 and pK18-AcarB-4. Subsequently, the fused
fragments that contained an incomplete carB gene were
inserted into the EcoR I/Hind 111 sites of the pK18mobsacB
plasmid, generating the recombinant plasmid pK18-carB.
This plasmid was electro-transformed into SYPAS-5,
resulting in the first recombination. Colonies of successful
first recombination were cultivated for 18 h in selective
LBGS (12% w/v saccharose in LBG) medium and subjected
to the second recombination. Subsequently, the culture broth
in LBGS medium was separated on the LBG plate, and single
colonies were selected for colony PCR verification to obtain
the carB knockout strain. The recombinant plasmid pK18-
Py,q and pK18-Idh were constructed in the same way using
the primers listed in Table S2.

Protein expression and purification

E. coli BL21 recombinant strains were cultured at 37 °C for
3 h in LB medium to an optical density at 600 nm (ODg() of
0.5-0.8, at which point 0.5 mM isopropyl [3-D-1-
thiogalactopyranoside (IPTG) was added, and then they were
incubated at 16 °C for 10 h to induce expression of the cloned
gene. The only difference was that C. crenatum recombinant
strains needed to be cultured and induced at 30 °C. Following,
the strains were harvested by centrifugation at 8000 rmin "'
for 10 min, and washed twice with 50 mM potassiubm phos-
phate buffer (pH 7.4). Subsequently, the cells were lysed by
sonication on ice. After centrifugation at 4 °C and 12,000
rmin~' for 30 min, the resulting cell extract (supernatant)
was retained for sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and purification.

Ni**-affinity chromatography and an AKTA purifier sys-
tem (GE Healthcare, Sweden) were used to purify the crude
enzyme. The crude enzyme was loaded onto a 1-mL
HisTrapTM HP column with binding buffer (0.02 M Tris-
HCI buffer and 0.5 M NaCl, pH 7.4) with a 0.5-mL-min "
loading rate. The enzyme was eluted at 1 mL-min~' with a
linear gradient of imidazole concentrations ranging from 0 to
0.5 M. Subsequently, the proteins were analyzed by SDS-
PAGE. The protein concentration was determined by the
Bradford method (Bradford 1976) using bovine serum albu-
min as a standard.

@ Springer

Enzyme activity assays

The supernatant of the cell lysate or pure enzyme was used
to determine the activities. GS activity was measured using
a Glutamine Synthetase Assay Kit (Solarbio, Beijing,
China) following the manufacturer’s instructions. One unit
of the GS activity was defined as the amount of enzyme
that resulted in a change in the absorbance of 0.01 (at 540
nm) per minute in a 1-mL reaction. The activity of CPS-II
and CK was determined in the presence of ornithine by
measuring citrulline formation in a coupled assay with
OTC (Alcantara et al. 2000; Rubino et al. 1987). One unit
of CPS-II or CK activity was defined as the amount of
enzyme required to form 1 pumol citrulline per minute.
The LDH activity assay was performed as previously de-
scribed (Inui et al. 2004). One unit of LDH activity was
defined as the amount of enzyme that oxidized 1 wmol of
NADH per minute at 30 °C.

RT-qPCR

For real-time quantitative PCR (RT-qPCR) analysis, the
cells cultured to the exponential phase in LBG medium
were harvested for mRNA isolation. Total RNA was puri-
fied using the RNAprep Pure bacteria kit (Tiangen
Biotech, Beijing, China). cDNA was synthesized using
the HiScript II Q RT SuperMix for qPCR kit (Vazyme
Biotech, Nanjing, China). RT-qPCR was performed using
the StepOnePlus instrument (Applied Biosystems,
Waltham, MA, USA) following the manufacturer’s in-
structions. Relative expression of the 16S rRNA gene
was determined as the internal standard. The primer se-
quences used for RT-qPCR are shown in Table S2. Each
assay was replicated three times.

Shake flask and fed-batch fermentation

For shake flask fermentation, the recombinant strain was cul-
tured on an LBG plate at 30 °C for 24 h. Subsequently, a fresh
colony was inoculated into the seed medium at 30 °C for 18 h.
Next, 8-10% of the seed culture was transferred to 30 mL of
the fermentation medium in a standard 250-mL shake flask
with indentation and was cultured for 96 h at 30 °C, shaking at
180 rpm on a reciprocating shaker. To produce L-arginine via
fermentation in 5-L bioreactors, the seed culture (150 mL) was
transferred into 5-L fermenters (BIOTECH-5BG, Baoxing
Co., Shanghai, China) containing 2.5 L of fermentation medi-
um. The fermentation experiments were performed at 30 °C,
and the pH was maintained at 7.0 by automatically adding
50% NH4OH solution (Schneider et al. 2011).
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Analytical methods

In the fermentation process, 2-mL samples of the culture were
harvested and centrifuged (8000 rrmin', 10 min, and 4 °C). A
spectrophotometer (UNICOTM-UVZOOO, UNICO, Shanghai,
China) was used to measure the ODsq, (1 ODsg, = 0.375
g-L™" dry cell weight, DCW) to monitor cell growth after
dissolving CaCOj3 with 0.125 M HCI. The glucose concentra-
tions were detected using a SBA-40C bioanalyzer (developed
by the Biology Institute of the Shandong Academy of
Sciences, Jinan, China). The concentration of extracellular
NH," in the fermentation broth was detected using a
Thermo Scientific ICS-5000" ion chromatograph (Thermo
Fisher Scientific, New York, USA). To prepare the samples,
the supernatant was centrifuged at 8000 rmin~" for 10 min.
Before using the Thermo OnGuard II RP column, all super-
natants were diluted to an NH,* concentration of approxi-
mately 15 ppm and then filtered twice through 0.22-pum filters
to remove organic substances in the sample. The intracellular
ATP level was measured using an ATP Assay Kit (Beyotime,
Shanghai, China) following the manufacturer’s instructions.
The intracellular concentration of NADH was measured using
an NAD*/NADH Quantification Kit (Sigma-Aldrich,
Shanghai, China) according to the manufacturer’s instruc-
tions. L-arginine, lactate, and UMP were determined by
high-pressure liquid chromatography (HPLC) (Agilent
Technologies, Waldbronn, Germany) according to previous
reports (Deporte et al. 2006; Zhang et al. 2014). All assays
were performed in triplicate. GraphPad Prism 8 and Origin
2019b software were used for statistical analyses.

Results

Importance of CP for L-arginine synthesis in
C. crenatum

CP is an important precursor of L-arginine, and some meta-
bolic engineering strategies have begun to focus on it for con-
structing a high-yielding L-arginine strain. We first construct-
ed a carB deletion strain 5-5/AcarB to confirm the essential
role of CP in growth and metabolism. As shown in Fig. 2a, 5-
5/AcarB did not grow. This is because C. crenatum has a
single CPS-II that produces the CP needed for arginine and
pyrimidine biosynthesis (Shi et al. 2018). The growth results
showed that 5-5/AcarB, which lacks CPS-II, can restore
growth similar to the SYPA 5-5 strain, only when 1 g-L ™" L-
arginine and 1 g'L ™' UMP are simultaneously added into the
CGXI minimal medium. This result indicates that 5-5/AcarB
is arginine and pyrimidine auxotrophic. Furthermore, we did
not detect L-arginine production by 5-5/AcarB in the fermen-
tation medium, although the medium contained yeast extract
and added 1 g'L™' UMP sufficient to sustain 5-5/AcarB

growth. The above results demonstrate that CP is essential
for cell growth and L-arginine production.

To increase the availability of CP, carA and carB were
expressed simultaneously in SYPA 5-5. carA was upstream
of carB, consistent with the order in the genome, resulting in
strain 5-5/CccarAB (Fig. 2b). To analyze the gene expression
levels by RT-qPCR, CPS-II activity was detected by coupling
with OTC. As shown in Fig. 2c, the expression level of carA
and carB in 5-5/CccarAB was significantly upregulated by
36.78- and 3.13-fold, respectively, compared with SYPA 5-
5. Meanwhile, the activity of CPS-II increased 2.71-fold. carB
encodes a large subunit of 118 kDa (1073 aa residues), which
plays a key role in catalyzing the synthesis of CP from am-
monia and carries all binding sites for effectors including ac-
tivator IMP, ornithine, and inhibitor UMP (Charlier et al.
2018; Rubio et al. 1991). In order to assign better expression
intensity to carB, we switched the order of carA and carB in
pXMJ-19, and built strain 5-5/CccarBA (Fig. 2b). The tran-
scription levels of carA and carB in 5-5/CccarBA were 28.38-
and 10.18-fold higher than those in SYPA 5-5. Meanwhile,
the CPS-II activity was 10.73-fold higher than that of SYPA
5-5 (Fig. 2¢). This indicates that CarB is an important subunit
for catalyzing CP formation and that the expression intensity
of carA and carB is important for CPS-II activity.

To further analyze the importance of CP, 5-5/CccarBA was
renamed ARG-CP1 and fermented for the production of basic
amino acids and UMP. The results showed that ARG-CP1,
grown similar to SYPA 5-5, yielded 29.9 + 0.4 g'L™" L-argi-
nine, which was 14.1% higher than the yield of SYPA 5-5
(Fig. 2d). Correspondingly, the UMP level in ARG-CP1 was
73.7+4.1 mg-L™", representing an 18.1% increase, compared
to that of the wild type. These results indicate that CP as an
important donor of the carbamyl group in the cell is required
for normal cell growth and plays a positive role in the biosyn-
thesis of L-arginine and UMP in C. crenatum SYPA 5-5.

Overexpression of ginA for increasing L-GIn supply

From the analysis of amino acid production in the wild-type
and ARG-CP1, it is worth noting that the L-glutamine con-
centration in the ARG-CP1 strain was 31.25% of that of
SYPA 5-5 (Fig. 2d). The level of intracellular L-glutamine
was detected at 48 h of fermentation, and the ARG-CP1 strain
showed a lower L-glutamine concentration, which was de-
creased by 68.7% compared to SYPA 5-5. CPS-II utilizes L-
glutamine as the nitrogen-donating substrate, and L-glutamine
is then converted to L-glutamate. Therefore, intracellular L-
glutamine concentration is necessary to ensure that CPS-II
efficiently synthesizes CP.

To ensure intracellular L-glutamine for CP synthesis, the
expression levels of g/nA in ARG-CP1 genes were increased
by replacing the native promoter with the strong promoter
Py, resulting in the ARG-CP2 strain. The RT-qPCR results
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showed that the level of glnA expression under the control of
the Py, promoter in ARG-CP2 was 5.29-fold greater than that
observed under the control of its native promoter in ARG-
CP1. The increased ginA expression level resulted in the GS
activity of ARG-CP2 reaching 2274.7 + 14.8 mU'mg ',
which was approximately 3.20-fold higher than that of
ARG-CP1 (Table 1). To evaluate the effect of increased GS
enzyme activity on CPS-II catalytic CP synthesis, the activity
of CPS-II in ARG-CP2 was compared to that of ARG-CP1.
We were surprised to find a significant increase (approximate-
ly 79.22%) in CPS-II activity in ARG-CP2 compared to
ARG-CP1. These results indicate that GS plays an effective
role in increasing L-glutamine synthesis to provide an ade-
quate substrate for CPS-II.
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ARG-CP1 strains in the fermentation process. Experiments were con-
ducted in triplicate. Error bars indicate + SD

The two recombinant strains, together with the control
strain SYPA 5-5, were cultivated in shake flask fermenta-
tion medium. Dry cell weight, L-arginine yield, and L-
glutamine content were determined to assess the effects
of glnA overexpression in ARG-CP2. First, the growth of
the constructed strains was similar to that of SYPA 5-5
throughout the fermentation period. After cultivation for
96 h, the ARG-CP2 strain showed a 9.70%, 2.76-fold in-
crease, in L-arginine (32.8 + 0.6 g-L™') and L-glutamine
(0.69 + 0.03 g'L™") concentrations compared to those of
the ARG-CP1 strain, respectively. The results suggested
that glnA overexpression could effectively increase the
yield of L-arginine by increasing the substrate L-
glutamine supply of CPS-II.

Table 1 Activities of the CPS-II, CK, GS, and LDH in SYPA 5-5 and relevant recombination strain. “—" means no data detected

Strains CPS-II (mU/mg) CK (mU/mg) GS (mU/mg) LDH (U/mg)
SYPA 5-5 1023 +4.6 21.5+1.2 613.2+10.2 144.6 £22
ARG-CP1 1034.1 £10.4 223+14 712.7+£9.2 146.2 £3.1
ARG-CP2 18534 +11.5 20.6 £1.0 2274.7 + 14.8 1423+24
ARG-CP3 1532.8 £ 11.2 41723 +254 2143.5+16.1 143.7+£2.7
ARG-CP4 2370.5+13.6 5104.7 £ 29.6 2083.8 £ 13.6 —

All values are derived from three independent experiments
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Introducing a novel CP synthesis pathway for
C. crenatum

For the synthesis of CP, we introduced CK to C. crenatum.
CK, which utilizes inorganic ammonia as a substrate, has the
potential to assist CP synthesis, and can save many organic
nitrogen sources for the production of L-arginine and other
compounds.

We screened and cloned four genes encoding CK,
efarcc, llarcc, ccarcc, and yahl, from Enterococcus
faecalis V583, Lactococcus lactis 111403, Clostridium
carboxidivorans P7, and Escherichia coli BL21, respec-
tively, and compared the capacities of the four encoded
enzymes (Ef-CK, LI-CK, CC-CK, and EC-CK, respective-
ly) (Fig. S1). After comparison, Ef-CK was found to show
better temperature and pH stability. Furthermore, its spe-
cific activity was dramatically higher than that of the
others, reaching 14.761 U-mg . The data are shown in
Fig. S2 and Table S3.

To verify that four CK can replace CPS-II in SYPA 5-5 for
synthesizing CP, the plasmid pECXK-99E carrying the CK
was transformed into 5-5/AcarB, resulting in 5-5/AcarB/
efarcc, 5-5/AcarB/llarce, 5-5/AcarB/yahl, and 5-5/AcarB/
ccarcc. To verify the function of CK as that of CPS-II in
SYPA 5-5, the growth trend of recombinant bacteria was
monitored. Similar to the wild strain, the growth of the con-
structed strains was normal in CGXII medium supplemented
with 30 g-Lﬁ1 (NH4),S0,. CK enzyme activity was then mea-
sured to determine which CK is the most suitable for
C. crenatum; the results are shown in Fig. S3. The large sub-
unit of CPS-II has a slight ability to synthesize CP from am-
monia (Rubino et al. 1987); therefore, SYPA 5-5 shows slight
CK activity. The specific activity of 5-5/AcarB/efarcc
reached 4.321 U'mg !, which was noticeably higher than that
of other recombination strains. With the advantage of better
stability and higher specific activity, and more importantly
good suitability for SYPA 5-5, Ef-CK has the potential to
provide a new CP synthesis pathway for SYPA 5-5 and use
inorganic ammonia to assist CPS-II synthesis of CP. We trans-
formed the plasmids pECXK-99E-efarcc carrying Ef-CK into
ARG-CP1, resulting in ARG-CP1/efarcc, which has two
pathways for synthesizing CP. The total synthesis rate of CP
was determined using both L-glutamine and (NH,4),SO, as
substrates in accordance with the CK and CPS enzyme activ-
ity assay method described in the “Enzyme activity assays”
section. As shown in Fig. 3a, to some extent, the strategy of
overexpression of CPS-II alone could increase (2.4-fold) the
synthesis rate of CP. However, in 5-5/AcarB/efarce, Ef-CK,
which can replace CPS-II, provided a more efficient CP syn-
thesis pathway for SYPA 5-5. With the common action of
CPS-II and CK, ARG-CP1/efarcc presented a higher CP syn-
thesis rate, which is 10.35-fold higher than that in the wild-
type strain. This indicates that Ef-CK has great potential for

application in improving the CP supply for L-arginine
production.

In order to further explore the influence of CK on L-
arginine synthesis, the ARG-CP3 strain (ARG-CP2 harboring
pECXK-99E-efarcc) was constructed. Subsequently, the
ARG-CP3, ARG-CP2, and SYPA 5-5 strains were cultivated
for 96 h in the fermentation medium, and their corresponding
characteristics were compared. The fermentation curves, in-
cluding dry cell weight, extracellular NH,* consumption, and
L-arginine productivity, are presented in Fig. 3b. The growth
rates of the three strains were similar during the fermentation
period while the synthesis of L-arginine increased with the cell
growth. It indicated that heterologous expression of the efarcc
gene had no significant effect on cell growth. The L-arginine
yield of ARG-CP3 reached 38.1 + 0.9 gL' after 96 h in
250-mL shake flask fermentation, which was 16.16% and
45.26% greater than the amount secreted by ARG-CP2 and
SYPA 5-5, respectively. The carbon utilization ratio of AGR-
CP3 was 26.2%, while that of SYPAS-5 is only 17.2%.
Meanwhile, it is notable that the extracellular NH,* levels in
the ARG-CP3 strain were more quickly consumed than was
observed in the ARG-CP2 and SYPA 5-5 strains. Taken to-
gether, these results indicate that the L-arginine yield can be
increased by integrating Ef-CK, which contributes to the sup-
ply of CP by utilizing inorganic ammonia. This provides a
new strategy for improving the ability of microbial cell facto-
ries to synthesize CP and promote L-arginine production in
subsequent studies.

Optimizing carbon flux and increasing the ATP supply
by knocking out the /dh gene

During L-arginine production by the C. crenatum strain, due
to the rapid growth and high cellular metabolism requirements
of the bacteria, the oxygen supply is frequently insufficient,
leading to the accumulation of lactate as a by-product (Zhang
etal. 2014). As shown in Fig. 2d, the engineered strain ARG-
CP1 accumulated 8.25 + 0.64 g‘Lﬁl lactate, which will lead to
carbon loss and energy dissipation carried by NADH (Inui
et al. 2004).

The reduction in lactate accumulation was expected to fur-
ther improve L-arginine production in C. crenatum. The Idh
gene (NCglI2810), which encodes lactate dehydrogenase, was
inactivated in the ARG-CP2 strain, resulting in ARG-CP2/
Aldh. The RT-gqPCR results confirmed that the transcript
levels of ldh in ARG-CP2/Aldh were significantly decreased
(approximately 6.13-fold) after /dh was knocked out. To val-
idate whether NADH and ATP were indeed increased as a
result of the knockdown of /dh, the intracellular NADH and
ATP levels in ARG-CP2/Aldh and ARG-CP2 strains during
their exponential growth phase were measured. In response to
ldh modification, the NADH concentration of ARG-CP2/
Aldh was improved by 67.94% (Fig. 4c). Similarly, we also
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observed a 52.75% increase in intracellular ATP concentra-
tion in the ARG-CP2/Aldh strain at the stationary phase.
From these data, it was clear that disrupting lactate synthesis
has a significant effect on reducing the consumption of
NADH, and adequate NADH contributes H* and electrons
to the electron transport chain (ETC), making it possible to
drive ATP synthesis. Subsequently, in ARG-CP2/Aldh, the
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were measured, compared with ARG-CP2. Both strains
yielded approximately the same biomass. The ARG-CP2
strain accumulated 8.30 + 1.1 g'L71 lactate, whereas the [dh-
knockout strain significantly decreased the lactate titer to 0.67
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by ARG-CP2 at 96 h. The data showed that /dh gene deletion
markedly improved L-arginine production and decreased by-
product lactate formation.

For the production of L-arginine, the recombinant plasmids
and 99E-efarcc were transformed into ARG-CP2/Aldh,
resulting in a novel strain, ARG-CP4. Then, the activities of
enzymes involved in CP synthesis pathways were investigated
(Table 1). Here, we found that deletion of Idh had a positive
effect on the enzyme activities of CPS-II and GS. Evidence
indicates that the enzyme activities of CPS-II and GS were
54.60% and 39.20% higher in the ARG-CP4 strain than in the
ARG-CP3 strain. Therefore, deletion of /dh genes can also be
a strategy that activates ATP-dependent enzymes by increas-
ing ATP supply. These increased enzyme activities would be
beneficial to promote CP synthesis and L-arginine production.
For shake flask fermentation, this allowed enhanced L-
arginine production in ARG-CP4 to 45.09 + 2.1 g-L”!, which
is 71.91 % higher than the yield obtained in SYPA 5-5.
Meanwhile, in the process of L-arginine overproduction, in-
tracellular ATP levels could be maintained at levels similar to
those in the wild-type strain (Fig. 4c). Taken together, our
results indicate that deletion of the /dh gene is effective in
improving L-arginine production in C. crenatum.

Fed-batch fermentation of ARG-CP4 and SYPA5-5

The L-arginine production performance of the final strain,
ARG-CP4, was examined in fed-batch fermentation in 5-L
bioreactors. The time courses of L-arginine fed-batch fermen-
tations of SYPA 5-5 and ARG-CP4 are shown in Fig. 5a, b.
The growth rate curves of the two strains indicated that a series
of molecular manipulations had no effect on cell growth in
ARG-CP4.

It can be observed that the glucose consumption and L-
arginine yield of ARG-CP4 remained fairly consistent at the
beginning of fermentation, compared with the initial strain.
After 24 h, the glucose consumption of ARG-CP4 accelerated

quickly, which could have resulted from the increased biosyn-
thetic pathway of CP, and showed superior L-arginine synthe-
sis. At the end of fermentation, SYPA 5-5 could produce 44.4
+ 1.5 gL' L-arginine with a yield of 0.28 + 0.02 g-g ' and
productivity of 0.46 = 0.02 g-L""-h™" after 96 h. In compari-
son, the ARG-CP4 strain resulted in 68.6 + 1.2 g-l_l of L-
arginine with a yield of 0.34 + 0.02 g-g”' glucose and
achieved a productivity of 0.71 + 0.01 g1 "+h™'. The data
showed that the L-arginine production of ARG-CP4 was in-
creased by 54.5% compared to SYPA 5-5. The metabolically
engineered ARG-CP4 was proven to be an efficient L-
arginine-producing strain, which could become a promising
industrial L-arginine microbial producer. Furthermore, in-
creasing the supply of CP might be a useful strategy for im-
proving production of L-arginine or other products in
C. crenatum.

Discussion

Carbamoyl phosphate (CP), a labile energy-rich molecule
with multiple facets, is at the crossroad of L-arginine and
pyrimidine synthesis pathway that provide a source of
carbamoyl (Shen et al. 2019; Shi et al. 2018). The CPS-II
encoded by the carAB operon converts HCO;3", ATP, and
glutamine to CP (Charlier et al. 2018). In our study, the dele-
tion of the gene coding for CPS-II not only interrupts the
synthesis of amino acids, but also causes cells to stop growing.
The same phenomenon was also found in E. coli (Alcantara
et al. 2000). Only when L-arginine and pyrimidine were pres-
ent in medium did the 5-5/AcarB resume growth. Our re-
search could be considered as a validation that CPS-II is the
only pathway that synthesizes CP in Corynebacterium sp. The
ARG-CP1 with overexpressed carAB shown increased L-
arginine production. CPS-II provides a source of carbamoyl
which is subsequently converted to L-arginine by a three-step
enzymatic reaction (Charlier et al. 2018; Tuchman et al.

60 130
| =@ Dry cell weight
10 ~ V¥~ L-arginine production B
- =M= Glucose concentration /Q—‘ 450~ 425
= L) - - X
24 §/ r -V E) =
B /2 4 = [2)
s \ T 405 20 &
2s i 1 0 -
= - =
s A T / /V/ © >
-] 3 o
€ 60F E T ‘ ]
2 Q 1Y 309 15 2
= \ V/ o @
o P o
S 40 c >
3 20 4105
@ £ (a]
g /)(' {\ 5
= é ¢
o 2 J10= 45
i‘is;
o ’r( e ooa cw v e nle lg
(] 12 24 36 48 60 72 84 96

Time (h)

730
—@— Dry cell weight T 70
10 - -
C“‘ =V= L-arginine production /V’z/x
Q N =M= Glucose concentration V/ e Jeo g 425
20 | /'./ > 3
c \ =y
2 /;/ 4505 420 v
- \ ° 9 =
g : 3 E
€ 60 h\ S =
g i 4403 )
§ ‘e g 15 3
8 \ ?\ ‘ LN {a0e 8
P 40 \ : £ °
8 ALY £ 10§
S 7 I {202
> IR | s
020 b’ 3],
Pl * i\§~ 410
¥
0 1 1 1 1 1 1 1 1 0 0
12 24 36 48 60 72 84 96

Time (h)
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1997). Moreover, CP synthesis by CPS-II is also one of the
pathways by which cells fix CO, used to synthesize biomass.
Therefore, the increased enzyme activity of CPS-II can signif-
icantly promote the production of L-arginine.

In our previous study, we overexpressed g/nA in
C. crenatum to enhance L-arginine synthesis in cells for the
biosynthesis of cell material (Guo et al. 2017). L-arginine has
the highest N:C ratio among the natural amino acids, corre-
sponding to a nitrogen content of 32.1% (Xu et al. 2019). L-
Glutamine is the primary products of ammonia assimilation and
the major intracellular organic nitrogen donors (Reitzer 2003;
Silberbach et al. 2005). Since there is a direct link between L-
arginine and L-glutamine, the rational regulation of L-
glutamine metabolism is essential to increase nitrogen source
assimilation and enhance L-arginine derivatives production.
The nitrogen metabolism in Corynebacterium is regulated by
nitrogen regulatory factor AmtR. When L-glutamine and L-
arginine are synthesized, the intracellular NH,4* concentration
decrease, in this case, the transcription level of genes which
repressed by AmtR is increased. These genes involved in the
ammonia assimilation pathway, for example, g/nA, gltBD, and
amtB. The activation of the ammonia assimilation pathway will
inevitably increase the flux of the whole L-arginine synthesis
pathway (Xu et al. 2019). We overexpressed that g/nA in ARG-
CP1 can effectively increase the activity of CPS-II. The smaller
subunit of CPS-II catalyzes the hydrolysis of L-glutamine to
ammonia and L-glutamate, then ammonia subsequently tra-
verses the molecular tunnel leading to larger subunit where it
reacts to generate the final product, carbamoy phosphate (Hart
and Powers-Lee 2009; Thoden et al. 2002). Accordingly, as the
only nitrogen-donating substrate of CPS-II, the concentration of
L-glutamine will directly affect the activity of CPS-IL. It in-
creases the supply of CPS-II substrates, and may induce the
regulation of the expression level of CPS-II encoded genes.
The increased activity of CPS-II had promoted the synthesis
of L-arginine, as indicated by more L-arginine accumulation
in fermentation process.

It is notable that CP was synthesized by CK from ATP,
HCOy", and NHj; rather than L-glutamine in the hyperthermo-
philic archaea (Alcantara et al. 2000; Uriarte and Marina 1999).
It was discovered, purified, and characterized in Enterococcus
faecalis; most studies and the majority of the practical applica-
tions of CK have used the enzyme from E. faecalis; it is classic
and best characterized CK. CK, a homodimer of a 33-kDa sub-
unit, can also phosphorylate bicarbonate that was believed to
resemble the larger subunit of CPS-II (Marina et al. 1999). It
is an important finding in the understanding of the CP synthesis
method. We expressed, purified, and compared four CK from
Enterococcus faecalis V583, Lactococcus lactis 111403,
Clostridium carboxidivorans P7, and Escherichia coli BL21,
respectively. The optimum temperature of Ef-CK is measured
to be 45°C, the optimum pH is 8.0, and it had good stability in a
certain temperature and pH range than others. Although it had
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higher activity than other CK, further optimization aimed at
reducing the higher K;,, value by molecular modification. Our
work provides a basis for the research about properties and
applications of CK. The Ef-CK can restore the growth of 5-5/
AcarB when inorganic nitrogen was present in the medium. The
results confirmed that the CK could replace CPS-II to supply CP
for cell growth and metabolism in C. crenatum. In ARG-CP2,
the introduction of Ef-CK increased the overall rate of CP syn-
thesis and L-arginine productivity. L-Glutamine provides nitro-
gen for purines, pyrimidines, tryptophan, histidine, glucos-
amine, p-aminobenzoate, arginine, and so on (Reitzer 2003).
The introduction of Ef-CK not only provides a new CP synthesis
pathway for C. crenatum, but also saves valuable L-glutamine
for growth and other biomass synthesis. This is the first example
of CK applied to L-arginine production, which should serve as a
guide for further strain development for other applications.

Lactate is by-product produced by the C. crenatum strain
when the oxygen supply is frequently insufficient (Kondoh
and Hirasawa 2019; Zhang et al. 2014). By blocking the lactate
synthesis pathway, many high-yielding industrial strains have
been successfully constructed. In an /dh-deficient host, the
C. glutamicum intracellular chondroitin titer increased from
0.25 to 0.88 g-'L™' compared with that in a wild-type host
(Cheng et al. 2019). In our study, the /dh-knockout strain
ARG-CP2/Aldh shown significantly decreased the lactate titer
and 20.43% increased L-arginine production than wild strain.
Pyruvate is a branch point of glucose distribution, as it is the
portal for several metabolic pathways, and lactate synthesis
from pyruvate by LDH leads to carbon loss (Zhan et al. 2019;
Zhang et al. 2014). The blocking of lactate synthesis pathway
increases the metabolic flux of glucose to L-arginine synthesis.
Furthermore, a 52.75% increase of intracellular ATP concen-
tration was observed in ARG-CP2/Aldh. The reduction of lac-
tate synthesis can save a large amount of NADH, which is an
important carrier of protons and electrons (Anraku 1988;
Sawada et al. 2012). The protons and electrons are transferred
along the ETC to oxygen; coupled with this process, the energy
released is phosphorylated to form ATP (Bott and Niebisch
2003; Wang et al. 2018). The increased intracellular ATP level
effectively facilitated L-arginine biosynthesis by activating
ATP-dependent enzymes that are related to CP and L-
arginine synthesis pathways. Among them, the enzyme activi-
ties of CPS-II and GS were 54.60% and 39.20% higher in the
ARG-CP4 strain than in the ARG-CP3 strain. On the one hand,
the increase of intracellular ATP level can provide the power
for these enzyme-catalyzed reactions, and on the other hand, it
may regulate the transcription level of coding genes by activat-
ing intracellular regulatory networks. Adequate intracellular
ATP levels are essential in maintaining the intracellular envi-
ronment, central metabolic pathways, cell growth, and produc-
tion of target metabolites (Zhou et al. 2009).

In recent years, L-arginine demand has continued to in-
crease for its wide applications in industry. With the
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development of genetic engineering technology, an L-
arginine high-yielding strain based on metabolic engineering
has become a research focus. In this study, a series of genetic
manipulation strategies were applied to the C. crenatum
SYPA 5-5 strain to enhance the CP supply to improve L-
arginine production, including activating the synthesis of CP
(overexpression of carAB and ginA), introducing a novel het-
erogeneous CP synthesis pathway (carbamate kinase from
Enterococcus faecalis V583), increasing ATP supply, and re-
ducing lactate formation through deletion of /dh. The final
C. crenatum strain developed by systems metabolic engineer-
ing was able to efficiently produce L-arginine. In addition, the
metabolic studies on CP conducted herein are useful for a
better understanding of L-arginine production in microorgan-
isms. The present work provides a strong foundation for fur-
ther strain development towards the improvement of L-
arginine productivity, supply of energy, and conversion effi-
ciency of carbon sources.
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