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Abstract

L-Ornithine is a non-protein amino acid with extensive applications in the food and pharmaceutical industries. In this study,
we performed metabolic pathway engineering of an L-arginine hyper-producing strain of Corynebacterium crenatum for
L-ornithine production. First, we amplified the L-ornithine biosynthetic pathway flux by blocking the competing branch of
the pathway. To enhance L-ornithine synthesis, we performed site-directed mutagenesis of the ornithine-binding sites to solve
the problem of L-ornithine feedback inhibition for ornithine acetyltransferase. Alternatively, the genes argA from Escheri-
chia coli and argE from Serratia marcescens, encoding the enzymes N-acetyl glutamate synthase and N-acetyl-L-ornithine
deacetylase, respectively, were introduced into Corynebacterium crenatum to mimic the linear pathway of L-ornithine bio-
synthesis. Fermentation of the resulting strain in a 5-L bioreactor allowed a dramatically increased production of L-ornithine,
40.4 g/L, with an overall productivity of 0.673 g/L/h over 60 h. This demonstrates that an increased level of transacetylation

is beneficial for L-ornithine biosynthesis.
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Introduction

L-Ornithine is an important chemical ingredient with appli-
cations in the food and pharmaceutical industries as a dietary
supplement, as it is known to be efficacious in the treatment
of liver diseases and wound healing [10]. It can also be used
as a precursor for the synthesis of other amino acids, such as
arginine and citrulline, as well as putrescine, an important
diamine used as a nylon precursor [29]. L-Ornithine can be
produced by fermentation using auxotrophic mutants, such
as citrulline- or arginine-requiring mutants of Acinetobacter
Iwoffii and Corynebacterium sp. obtained by the traditional
mutagenesis [1, 6, 17]. However, the yield of L-ornithine is
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low, and the growth of the auxotrophic mutants is unstable
owing to the development of the new auxotrophic mutant.
L-Ornithine is an intermediate in the L-arginine bio-
synthesis pathway; it is produced by the so-called linear
pathway in Escherichia coli [19] and by the cyclic pathway
in Corynebacterium glutamicum [32]. Recent studies have
demonstrated that C. glutamicum might be more advanta-
geous as an L-ornithine overproducer [15]. In C. glutami-
cum, the L-ornithine biosynthetic pathway is cyclic due to
L-ornithine acetyltransferase (OATase, encoded by argl;
EC 2.3.1.35), which catalyzes the conversion of N-acetyl-
L-ornithine and L-glutamate to L-ornithine and N-acetyl-L-
glutamate (NAG). NAG kinase (NAGK, encoded by argB;
EC 2.7.2.8) and then phosphorylates NAG in the second
step of the pathway. In addition to OATase and NAGK,
argC-encoded N-acetyl-L-glutamate 5-semialdehyde dehy-
drogenase and argD-encoded N-acetyl-L-ornithine ami-
notransferase are critical for the conversion of L-glutamate
to L-ornithine (as shown in Fig. 1). These four genes are
generally involved in one of the L-arginine synthesis clus-
ters, named argCIBD in Corynebacterium strains. Unlike
in the cyclic pathway of Corynebacterium spp., there is
no OATase in Escherichia coli, and its function is instead
performed by N-acetylglutamate synthase (NAGS; encoded
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Fig. 1 Schematic representation of the L-ornithine biosynthesis path-
way of C. crenatum and of the metabolic engineering steps performed
in this study. The yellow box represents the targeted modifications of
the genes. Red arrows indicate amplification, and the multiple sign

by argA; EC 2.3.1.1) and N-acetyl-L-ornithine deacetylase
(NAOD; encoded by argE; EC 3.5.1.16). NAGS catalyzes
the first committed step of the linear pathway, which is
strongly inhibited by arginine but unreactive to ornithine
[36]. The enzyme NAOD catalyzes the fifth step of the orni-
thine biosynthetic pathway, converting N-acetyl-L-ornithine
to L-ornithine, an important step for bacterial growth. How-
ever, in some bacteria, there are several factors that affect the
production of L-ornithine, such as the key enzymes inhibited
by L-ornithine and the shortage of precursors and cofactors.

Currently, metabolic engineering for amino acid produc-
tion has focused on carbon flux optimization, including elim-
inating side pathways, enhancing precursors, and increasing
the supply of cofactors and building blocks [18]. In recent
years, owing to the increased understanding of L-ornithine
biosynthesis and its regulation, many methods of metabolic
engineering aiming to enhance L-ornithine production have
been carried out [12, 14-16, 30, 43]. Hwang et al. reported
deletion of argF, argR, proB, and inactivation of the phos-
phoenolpyruvate carboxykinase activity in a C. glutamicum
strain, increasing the L-ornithine yield to 179.14 mg/L
[12]. Adaptive evolution and argF/proB/speE triple dele-
tion in C. glutamicum led to a mutant capable of producing
L-ornithine at 24.1 g/L [15]. Recently, Kim et al. applied
overexpression of argCIBD and optimization of NADPH to
produce 51.5 g/L L-ornithine in C. glutamicum YWO03 [16].
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indicates gene deletion. Genes and enzymes: argF, encoding ornith-
ine carbamoyltransferase; argA, N-acetyl-glutamate synthase; argE,
N-acetyl-L-ornithine deacetylase; argl], ornithine acetyltransferase;
proB, glutamate kinase

Subsequently, Zhang et al. reported overexpression of LysE
in C. glutamicum S9114, with deletion of argF, ncgl1221,
argR, and putP, and attenuation of oxoglutarate dehydroge-
nase, which resulted in an efficient L-ornithine production
titer of 18.4 g/L [43]. In our previous work, we isolated an
L-arginine producing strain of C. crenatum (subspecies of
C. glutamicum) from a soil sample, and through the breeding
of a series of mutants, the mutant strain SYPA 5-5 produced
L-arginine at 30.6 g/L [41]. In addition, the repression of
the L-arginine biosynthesis operon by the regulator arginine
repressor was eliminated by argR lethal mutation [42], and
the proB gene involved in byproduct synthesis (L-proline)
had been knocked out in our previous study [22]. Moreover,
H-9 was used for L-arginine production, with L-arginine
feedback inhibition dysregulated by an introduced E19Y
point mutation, thus increasing L-arginine production [45,
46]. We initially attempted to enhance L-ornithine accu-
mulation by deleting the side pathway and alleviating the
ornithine inhibition of OATase but instead recorded unex-
pectedly low enzyme activity. Thus, to enhance L-ornith-
ine biosynthesis, in our next attempt, we successfully co-
expressed the E. coli argA and S. marcescens argE genes
in C. crenatum to mimic a linear transacetylation pathway.
To our knowledge, this is the first reported improvement of
L-ornithine production in C. crenatum by introducing an
artificial linear transacetylation pathway.
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Materials and methods
Strains, plasmids, and primers

The argA and argE genes, encoding N-acetylglutamate syn-
thase and N-acetyl-L-ornithine deacetylase, respectively,
were identified in E. coli BL21(DE3), Pseudomonas aerugi-
nosa, Serratia marcescens, Pseudomonas putida KT2440,
Klebsiella pneumoniae, and Bacillus subtilis 168G, and used
as PCR templates. The argl gene from C. crenatum SYPAS-
5, encoding OATase, was also used as a template for PCR.
E. coli IM109 and BL21(DE3) were used for gene cloning
and expression, respectively. The shuttle vector pPDXW10
was used for gene expression in Cc-QF-1, the C. crenatum
SYPAS-5 derivate. The suicide vector pK18mobsacB was
used for deleting unmarked genes in C. glutamicum [38].
All the strains and plasmids used in this work are listed in
Table 1.

Structure simulation

The relatively accurate 3D structure of CcOATase was
obtained via the SWISS-MODEL database (http://swiss
model.expasy.org/). Molecular docking was performed using
AutoDock 4.2 software (Scripps Institute, California, USA)
[26]. The structural changes in the L-ornithine-binding sites
were analyzed using PyMOL software [7].

Site-directed mutagenesis of CcOATase and ECNAGS

Site-directed mutagenesis of argl] and argA was carried
out by overlapping PCR using the C. crenatum arg] and
E. coli BL21 (DE3) argA gene amplicons as templates.
To construct recombinant expression vectors containing
pDXW10-argAyy, multi-mutated argAyy was generated
using overlapping PCR. The successful introduction of
desired mutations was confirmed by DNA sequencing, and
the desired sequences ligated into pDXW 10 were then trans-
formed into E. coli BL21(DE3) for expression. The recombi-
nant plasmids were transformed into C. crenatum using the
electroporation method described by Tauch [39].

Expression and purification of proteins

Recombinant E. coli BL21(DE3) cells were cultured
in Luria—Bertani (LB) medium at 37 °C until OD=1.0
(approximately 3 h), induced with 1 mM IPTG, and then
incubated for 10 h at 16 °C. The C. crenatum cells were
inoculated into Brain Heart Infusion (BHI) medium, cul-
tured at 30 °C for 16 h and 180 rpm, and then harvested
by centrifugation. The cells were resuspended in phosphate

saline buffer (pH 7.4) and disrupted on ice by sonication
to obtain the intracellular protein. Recombinant CcOATase,
NAGS, and NAOD proteins were purified using a His-Trap
HP affinity column as described by Sambrook [35]. The pro-
tein purity was determined by SDS-PAGE (12% acrylamide)
[11], and purified protein was used for activity assays.

Enzyme activity assays

OATase activity was measured using a ninhydrin proce-
dure described by Liu [21]. The standard assay contained
100-mM Tris/HCI, pH 7.4, 60 mM L-glutamate, and 8 mM
N-acetyl-L-ornithine in a final volume of 0.1 mL. After
2 min of preincubation at 37 °C, the reaction was initiated
by adding the enzyme and incubating for 10 min at 37 °C.
Afterward, reaction products were measured via the absorb-
ance at 490 nm.

NAGS activity was assayed as described in [9]. The
assay contained 100 mM L-glutamate, 0.2 mM acetyl-CoA,
0.2 mM DTNB, 40 mM TEA, and pH 8.0. The reaction
was started at 25 °C by adding enzymes and was monitored
spectrophotometrically for absorbance at 412 nm.

NAOD was assayed as described in [13]. In this assay,
N-acetyl-L-ornithine (NAO) hydrolysis was measured spec-
trophotometrically at 25 °C by monitoring the peptide bond
cleavage producing L-ornithine and acetate. The extent of
hydrolysis was calculated by monitoring the decrease in
absorbance at 214 nm.

One enzyme unit is defined as the amount of enzyme pro-
ducing 1 pmol of product per minute. Protein concentration
was determined by the Bradford method [4] using bovine
serum albumin as a standard. All assays were performed in
triplicate.

Analysis of biochemical properties of enzymes

Optimal pH and pH stability [25]: the optimal pH values of
N-acetylglutamate synthase and N-acetyl-L-ornithine dea-
cetylase were determined using the following buffers con-
taining the compounds for the assay: citric acid-Na,HPO,,
pH 5.0-6.5; sodium phosphate, pH 6.6-7.5; Tris—HCI, pH
8.0-8.5; glycine-NaOH, pH 8.6-9.3; and sodium carbonate,
pH 9.4-10.9; and the pH stability was confirmed by incuba-
tion at different pH levels at 4 °C.

Optimal temperature and thermal stability [5]: The
effects of temperature on N-acetylglutamate synthase and
N-acetyl-L-ornithine deacetylase were determined by meas-
uring purified enzyme activity between 20 and 55 °C. To test
the enzyme thermal stability, the enzymes were incubated
at various temperatures (4, 20, 25, 30, 35, 40, 45, 50, and
55 °C) in the presence of 50-mM PBS buffer (pH 7.4) for
20 h.
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Table 1 Strains and plasmid used in this study

Strain/plasmid Characteristic Source
Strains
E. coli IM109 recAl, endAl, gyrA96, thi, hsdR17, supE44, relAl, A(lac-proAB), [F ‘traD36, proAB™, lac Iq, Invitrogen
lacZ AM15]
E. coli BL21(DE3) F~ ompT gal dem lon hsdSB(rB™ mB™) A (DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) Invitrogen
C. crenatum SYPAS5-5 A hyperarginine production strain, His~, SG, D-Arg", H-Arg" Our lab
H-9 C. crenatum SYPAS-5 with the positive mutation E19Y of CcNAGK into the chromosome of Our lab
SYPAS5-5
Cc-QF-0 C. crenatum SYPAS-5 with proB deletion, the positive mutation E19Y of CcNAGK into the Our lab
chromosome of SYPAS-5
Cc-QF-1 Cc-QF-0 with argF deletion This study
Cc-QF-2 Cc-QF-1 with pDXW-10-Ccargl This study
Cc-QF-3 Cc-QF-1 with pDXW-10-argAyy-argE, This study
Cc-QF-4 Cc-QF-1 with RBS4000au and G1A change in argA, and RBS5000au and G1A change in argE,  This study
Plasmids
pK18mobsacB Mobilizable vector allows for selection of double crossover in C. glutamicum, Km®, sacB This study
pDXW10 A shutter expression vector, Km®, Prac promoter Our lab
pK18-AargF A derivative of pK18mobsacB, harboring AargF fragment This study
pDXW-10-CcarglJ A derivative of pDXW 10, harboring arg] gene from C crenatum SYPAS5-5 under its native pro- This study
moter
pDXW10-Cceargltsox A derivative of pDXW 10, harboring mutant argJ gene (T150X) from C. crenatum SYPAS-5 This study
under its native promoter
pDXW10-Ccarglyi76x A derivative of pPDXW 10, harboring mutant arg] gene (M176X) from C. crenatum SYPAS-5 This study
under its native promoter
pDXW10-EcargA, A derivative of pDXW 10, harboring argA gene from E. coli BL21(DE3) under its native pro- This study
moter
pDXW10-PaargA, A derivative of pDXW 10, harboring argA gene from Pseudomonas aeruginosa PAO1 under its This study
native promoter
pDXW10-SmargA, A derivative of pDXW10, harboring argA gene from Serratia marcescens SMB2099 under its This study
native promoter
pDXW10-PpargA, A derivative of pDXW 10, harboring argA gene from Pseudomonas putida KT2440 under its This study
native promoter
pDXW10-argE, A derivative of pDXW10, harboring argE gene from E. coli BL21(DE3) under its native pro- This study
moter
pDXW10-argE, A derivative of pDXW 10, harboring argE gene from Klebsiella pneumoniae subsp. pneumoniae  This study
NTUH-K2044 under its native promoter
pDXW10-argE; A derivative of pDXW 10, harboring argE gene from Bacillus subtilis subsp. subtilis strain 168G  This study
under its native promoter
pDXW10-argE, A derivative of pDXW10, harboring argE gene from Serratia marcescens SMB2099 under its This study
native promoter
pDXW10-EcargAyy A derivative of pDXW10, harboring mutant argA, gene (H15C/Y19C) This study
pDXW10-argA, pDXW10-EcargAyy with RBS3000au and G1A change in argAFe This study
pDXW10-argA, pDXW10-EcargAyy with RBS4000au and G1A change in argAFe This study
pDXW10-argA, pDXW10-EcargAyy with RBS5000au and G1A change in argA® This study
pDXW10-argA, pDXW10-EcargAyy with RBS6500au and G1A change in argA® This study
pDXW10-argE, pDXW10-argE, with RBS3500au and G1A change in argES™ This study
pDXW10-argE, pDXW10-argE, with RBS4500au and G1A change in argES™ This study
pDXW10-argE, pDXW10-argE, with RBS5000au and G1A change in argES™ This study
pDXW10-argE, pDXW10-argE, with RBS6000au and G1A change in argES™ This study
pDXW10-EcargApy—SmargE, A derivative of pPDXW10, tandem argAyy and argE, under its native promoter This study
pDXW10-EcargA,-SmargE, A derivative of pDXW10, tandem argA,, and argE_ under its native promoter This study

KmF resistance to kanamycin
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Metal ion preference [13]: The purified enzyme solu-
tion was first dialyzed against 10-mM PBS buffer (pH 7.4)
for 12 h at 4 °C. Enzyme activity was then evaluated as
described above in the presence of the divalent cations:
(Cu2+, Ca2+, C02+, Li+, K+, Fez+, Mg2+, Ba2+, Mn2+, F63+,
and Zn>*) and EDTA at 1 mM. The assay mixture lacking
ions served as the control.

RNA preparation and transcriptional analysis

Total RNA was extracted as described in [22]. The RT-PCR
assays were performed as described in our previous report
[42]. The primer sequences used in RT-PCR are shown in
the supplementary material (Table S1). All assays were per-
formed in triplicate.

L-Arginine/L-ornithine feedback inhibition
experiments

To investigate the effect of L-arginine/L-ornithine concen-
tration on ECNAGS/CcOATase activity, we added 0-50 mM
of L-arginine/L-ornithine to the enzymatic reaction mixture,
and then, the activity of the mutated NAGS/OATase was
determined. The feedback inhibition curve was constructed
by changing the L-arginine/L-ornithine concentration. IRO'5
is defined as the concentration of L-arginine/L-ornithine that
causes 50% inhibition. The activity of the enzyme without
L-arginine/L-ornithine was defined as 100%.

Growth medium and conditions for L-ornithine
production

Escherichia coli BL21(DE3) was used as the cloning host for
construction of the recombinant plasmid and was cultured
in LB medium. If required, 25 pg/mL kanamycin (Km) was
added for selection. In this study, Cc-QF-0, the SYPAS-5
derivate was used as the original strain for the development
of mutants, and the main L-arginine producer was obtained
by multiple random mutagenesis. BHI medium was used
to propagate C. crenatum. For the L-ornithine fermentation
assay, single clones of the mutants were grown on BHI agar
plates for 16 h. Subsequently, a colony was inoculated and
grown in 10 mL of BHI medium in a test tube at 30 °C for
16 h, and 5 mL of the culture was transferred to 50 mL of
the seed medium in a 250-mL normal shaker flask. Each
liter of the seed medium contained 25 g glucose, 10 g yeast
extract, 5 g beef extract, 15 g (NH,),S0,, 1 g MgSO,-7H,0,
1 g KH,PO,, 3 g K,HPO,, 200

pg thiamine, 0.5 mM L-arginine, 10 mg MnSO,-H,0,
and 10 mg FeSO,-7H,0. After 16 h of cultivation at 30 °C
and 180 rpm, the appropriate amount of culture was trans-
ferred into 30 mL of fermentation medium in 250-mL baffled
shaker flasks and also into a 5-L bioreactor (BIOTECH-5BG,

Baoxing Co., China). Each liter of the fermentation medium
consisted of 120.0 g glucose, 15.0 g corn steep liquor, 15 g
(NH,),S0,, 1 g KH,PO,, 3 g K,HPO,, 50 g biotin, 0.5 mM
L-arginine, 10 mg MnSO,-H,0, 10 mg FeSO,-7H,0, and 20 g
CaCO;. Each liter of the 5-L fermentation medium consisted
of 150.0 g glucose, 25.0 g corn steep liquor, 40 g (NH,),SO,,
1 g KH,PO,, 3 g K,HPO,, 50 ug biotin, 0.5 mM L-arginine,
10 mg MnSO,-H,0, and 10 mg FeSO,-7H,0. The initial pH
was adjusted to 7.0. All shaker-flask cultures were performed
at 30 °C and 180 rpm, and 500-pL samples were collected
every 6 h for further analysis.

Analytical procedures

Cell growth was monitored by measuring the ODy, using a
spectrophotometer (UNICOTM-UV2000, Shanghai, China)
after dissolving CaCOj5 in 0.125 M HCI, and the dry cell
weight (DCW) was determined based on a pre-calibrated
relationship (1 ODgy,=0.375 g/L DCW). For quantification
of substrate consumption and production, 2 mL samples of
the culture were harvested and centrifuged (8000xg, 10 min,
and 4 °C). Glucose, glutamate, and lactate levels were evalu-
ated using an SBA-40C bioanalyzer (developed by the Biol-
ogy Institute of the Shandong Academy of Sciences). The
amino acid concentrations were analyzed by HPLC (high-
pressure liquid chromatography) on an Agilent 1100 LC
system (Agilent Technologies, Waldbronn, Germany), fol-
lowing the procedure described in Xu [41]. All assays were
performed in triplicate.

Results and discussion

Construction of L-ornithine-producing C. crenatum
by deleting proB and argF

Based on the mutated strain, argF was deleted to block the
conversion of L-ornithine to L-citrulline and L-arginine.
The resulting strain, Cc-QF-1, became an L-arginine and
L-proline auxotroph, but the disruption of these two genes
did not affect cell growth during shaker-flask cultivation
because of the complex nitrogen source present in the seed
medium. However, L-ornithine production was found to be
best when supplementing with 0.5 mM L-arginine. Under
this condition, only the 4.2 g/L titer of L-ornithine obtained
from the Cc-QF-1 strain (Table 4) was thought to be due to
the stronger feedback inhibition of CcOATase by ornithine
in C. crenatum.

Site-directed mutagenesis of ornithine
acetyltransferase from C. crenatum

Ornithine acetyltransferase (OATase) encoded by argl
in C. crenatum is an important functional enzyme that
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catalyzes the transfer of the acetyl group from N-acety-
lornithine to L-glutamate, resulting in the formation of
L-ornithine and N-acetylglutamate [23, 32]. The data
indicated that CcOATase suffers from product inhibi-
tion by ornithine with an apparent Ki value of 5.2 mM
(Table S2). The Cc-QF-2 strain, which overexpressed Cca-
rgl] in the Cc-QF-1 strain, showed only a minor increase
in the L-ornithine titer to 5.9 g/L compared to Cc-QF-1
(Table 4). This result might explain why feedback inhibi-
tion of CcOATase plays a key role in the biosynthesis of
L-ornithine in C. crenatum.

The amino acid sequence of CcOATase was submitted to
the SWISS-MODEL workspace [2, 3] to obtain a relatively
accurate 3D structure model. With the 57.62% similarity of
CcOATase and MtbOATase (OATase from Mycobacterium
tuberculosis), the crystal structure of MtbOATase (PDB ID:
3IT6), with a resolution of 2.4 A, was used as a template for
modeling the structure of ornithine acetyltransferase com-
plexed with ornithine from C. crenatum (Fig. S1). Homolo-
gous alignment and analysis of the structure model indicated
that the side chain of the catalytic residues T150 and M176
was potential L-ornithine-binding sites [37]. Thus, site-
saturation mutagenesis was applied to these two residues.
The specific activities and I},  values were determined for
wild-type CcOATase and the mutant enzymes T150X and
M176X. The specific activity of the wild-type CcOATase
is 112.6 U/mg, and its I} 5 is 5.2 mM. Unfortunately, the
mutant CcOATase enzymes did not exhibit the positive
effect that we expected (Table S2). We found that in the
mutants with substitutions of the other 19 residues at posi-
tions T150 and M 176, the specific activities were reduced
by at least 50%, especially in T150P, T150F and M176F,
M176W, which showed dramatic reductions. The I¥ 5 of the
mutant T150S was similar to that of CcOATase (5.2 mM),
though the I® 5 values of other mutants with substitutions
at the residue T150 (with Gln, Asn, Arg, or Val) increased
approximately fivefold, and the I} s of mutants with sub-
stitutions at the residue M176 (with Asp, Ser, or Ile) also
increased approximately fivefold.

The decreased specific activities of the CcOATase vari-
ants were partly due to the lower substrate affinity result-
ing from the replacement of amino acid residues T150 and
M176. The residue T150, located at the entrance of the
substrate-binding pocket of CcOATase, is near the sub-
strate-binding sites. It became evident that the site-directed
mutants possessed dramatically reduced specific activities.
These results suggested that different sizes and shapes of
the side chains of residues 150 and 176 had a significant
impact on the substrate affinity and catalytic efficiency of
CcOATase and indicated that these two residues could be not
only the product binding site but also the substrate-binding
sites and thus not effective for alleviating L-ornithine inhibi-
tion with regard to site-directed mutagenesis.
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Screening of N-acetylglutamate synthase (encoded
by argA) and N-acetyl-L-ornithine deacetylase
(encoded by argE)

Furthermore, to enhance the pathway flux of L-ornithine
biosynthesis (Fig. 1) and to determine which enzymes are
most effective in increasing the transacetylation activity for
L-ornithine biosynthesis in C. crenatum, the N-acetylgluta-
mate synthase, and N-acetyl-L-ornithine deacetylase from
different microorganisms were first characterized. N-acetyl-
glutamate synthase, the first enzyme in L-arginine biosyn-
thesis, catalyzes the acetyl-CoA-dependent acetylation of
the amino group of glutamic acid [20]. N-acetyl-L-ornithine
deacetylase catalyzes the reaction of N-acetyl-L-ornithine
to L-ornithine [40]. All enzymes for ornithine synthesis
were obtained through BLAST searches of the genomic
sequences. The original argA genes were identified from
E. coli BL21(DE3), P. aeruginosa, P. putida, and S. marc-
escens, and the different argE genes were identified from
E. coli BL21(DE3), S. marcescens, K. pneumoniae, and B.
subtilis. A feedback-resistant artificial linear pathway was
introduced into C. crenatum for L-ornithine biosynthesis.

The genes from different sources were sub-cloned into the
plasmid pDXW10 and expressed under the tacM promoter
in E. coli BL21(DE3). Then, the recombinant N-acetyl-
glutamate synthase and N-acetyl-L-ornithine deacetylase
were purified and characterized as summarized in Table 2.
It was found that the E. coli BL21(DE3) NAGS recombi-
nant enzyme had a higher activity than the P. aeruginosa, P.
putida, and S. marcescens recombinant enzymes. Similarly,
the recombinant argE (encoding NAOD) from S. marces-
cens showed higher activity than the NAOD genes from E.
coli BL21(DE3), K. pneumoniae, and B. subtilis. The spe-
cific activities of the recombinant ECNAGS and SmNAOD
at 25 °C were 50.5 and 580.5 U/mg, respectively. As shown
in Table 2, the optimal temperature of the recombinant
EcNAGS was 37 °C, while PpNAGS and PaNAGS exhibited
a similar optimal temperature (40 °C), the highest recorded
value measured to date. The optimal pH of the recombi-
nant EcCNAGS was 9.0, slightly different from NAGS from
other organisms, which exhibited an optimal pH of 8.0. In
addition, the ECNAGS exhibited good stability at pH values
ranging from 6.0 to 9.0. However, the stability decreased
rapidly when the pH was below 6.0 or above 10.0. The activ-
ity of recombinant NAOD in the presence of different metal
ions is shown in Table 2. The results indicated that adding
Mn?*, Li*, and Mg?* increased the activity of recombinant
NAOD almost 1.5-fold compared to that without the addi-
tion of ions.

The recombinant NAGS derived from E. coli BL21(DE3)
exhibited the highest specific activity. Nevertheless, it
was inhibited by approximately 50% at a concentration of
0.02 mM L-arginine (Fig. 2). In this study, the process of
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Table 2 Enzymatic properties of recombinant enzymes used in this study

Enzyme organism Specific pH optimum pH stability Temperature Temperature stability Metals
activity (U/ optimum (C)
mg)

PaNAGS Pseudomonas aerugi- 45.4 8.0 6.0-8.0 40 Below 30 °C Cu** (0.1 mM, 80%
nosa PAO1 inhibition)

SmNAGS  Serratia marcescens 30.1 8.0 6.5-8.0 30 Below 30 °C Co*t, Lit, Mngr
SMB2099 (0.1 mM activity

increases more than
1.6-fold)

PpNAGS  Pseudomonas putida 34.21 8.0 6.0-8.0 37 Below 30 °C Mn?* (0.1 mM, 70%
KT2440 inhibition)

EcNAGS?  Escherichia coli 50.5 9.0 6.0-9.0 37 Below 30 °C Zn>* (0.1 mM, 43%
BL21(DE3) inhibition)

EcNAOD  Escherichia coli 416.26 7.0 6.0-8.0 37 Below 30 °C Zn** (0.1 mM inactivity)
BL21(DE3)

SmNAOD? Serratia marcescens 580.5 7.0 6.0-8.0 37 Below 30 °C Mn?*, Lit, Mg**
SMB2099 (0.1 mM activity

increases more than
1.5-fold)

KpNAOD  Klebsiella pneumoniae  460.06 7.5 6.0-7.5 37 Below 30 °C Mn?* (0.1 mM activity
subsp. Pneumoniae increases 1.5-fold)
NTUH-K2044

BsNAOD  Bacillus subtilis subsp. 62.03 8.0 6.0-8.0 50 Below 30 °C Mn?t (0.1 mM, 57%

subtilis strain168G

inhibition)

4the corresponding parameters were used for next experiments

120

—v— EcNAGS’ T
{ —=— EcNAGS HI5Y+Y19C

100

80

60 4 -

40

Relative activity (%)

204

0 T T T T T T T T T T
0 1 2 3 4 5 6
L-arginine (mM)

Fig.2 Influence of arginine concentration on NAGS enzyme activity
in the WT and mutant forms of the enzyme. The results are expressed
as a percentage of the activity of the same enzyme form in the
absence of arginine. The standard assay containing 4 mM AcCoA and
30 mM glutamate was used (see “Materials and methods”). Error bars
are based on three biologically independent experiments

L-ornithine fermentation required fortification with 0.5 mM
L-arginine, and we, therefore, performed multiple mutagen-
esis with pPDXW10-argAyy to relieve the feedback inhibi-
tion of arginine. According to the previous studies [24,

31], in mutant argA, the His residue in the 15th position
was replaced with the amino acid Tyr (H15Y), and the Tyr
residue in the 19th position was replaced with Cys (Y19C).
The results in Fig. 2 showed that I} 5 of mutant argAyy
increased approximately 200-fold, and the specific activity
of the mutant was similar to that of the native ECNAGS
(50.5 U/mg).

Co-expression of exogenous argA and argE in C.
crenatum

Here, the argA and argE co-expression system was used to
mimic the linear route of the L-ornithine biosynthesis path-
way. First, to increase transacetylation in the L-ornithine pro-
duction pathway, tandem argAyy mutants and argE genes
were inserted into the shuttle expression vector pPDXW10
using their original RBS. Then, the constructed plasmid was
transferred into E. coli BL21(DE3) and Cc-QF-1. Indeed,
the overexpression of the two enzymes was not achieved
very well (Table 3). Currently, scientists have reported that
promoters, ribosome-binding sites (RBSs) and terminators
enable gene expression to be adapted in host cells [8, 27,
28]. This approach has already been applied successfully
for overexpressing foreign genes in C. glutamicum. It has
been reported that continuous genetic modules for the shi-
kimic acid pathway can be constructed with synthetic biol-
ogy logistics in C. glutamicum [44]. Thus, efforts were made
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Table 3 Crude enzyme
activities for argA&argE and
argl in E. coli and C. crenatum

Crude enzyme activity

Total activity of
OATase (U/mL)

Total activity of
NAOD (U/mL)

Total activity of
NAGS (U/mL)

E. coli BL21(DE3)
BL21/pDXW10-arg)
BL21/pDXW10-argAyy&argE,
BL21/pDXW10-argA,&argE,
Cc-QF-1

Cc-QF-2

Cc-QF-3

Cc-QF-4

0.27£0.005 0.34+0.008 -

- - 46.56+1.86
18.9+0.65 343+1.12 -
40.5+1.59 94.5+2.54 -

- - 0.58 +0.005
- - 18.24+0.73
5.2+0.12 8.6+0.34 1.36+0.03
12.5+0.25 25.1+1.11 2.34+0.06

All values were means, the average value of three biologically independent experiments; standard devia-
tions of the biological replicates were represented by +SD

“~"the corresponding parameters were not detected

to upregulate the expression level of the argA gene encod-
ing the enzyme NAGS by RBS substitution. The theoretical
strength predicted by RBS Calculator [33] (https://www.
denovodna.com/software/doLogin) of the natural RBS of the
argA gene is 1162 au. Thus, RBSs with strengths of 3000,
4000, 5000, and 6500 au designed by the RBS Calculator
were used to replace the natural RBS of the argAyy gene in
the expression plasmid, and the start codon GTG of argApy
was simultaneously replaced with ATG. Four reconstructed
plasmids were generated and overexpressed in E. coli
BL21(DE3). First, as shown in Fig. 3a, the NAGS activities
were increased by enhancing the RBS strength. Therefore,
this strategy was applied to argE, for which the original RBS
(1890 au) was replaced by RBSs with strengths of 3500,
4500, 5000, and 6000 au as designed by the RBS Calcula-
tor, and the start codon GTG of argE was simultaneously

(a) 120 : T

HH

100

4
H

(2]
(=]
1
H

(2]
(=]
1
HH
1

NAGS specific activity
(U/mg)
5

(83
(=3
1

Fig.3 Effects of RBS replacement on the specific activities of
enzymes. a Comparison of NAGS-specific activity in E. coli
BL21(DE3) and mutant strains. b Comparison of NAOD-specific

@ Springer

(b) :

NAOD specific activity

replaced with ATG. Four reconstructed plasmids were gen-
erated and overexpressed in E. coli BL21(DE3). As shown
in Fig. 3, this approach effectively controlled the specific
NAGS and NOAD activities through the RBS substitution.
Among these strains, the highest NAGS and NAOD activi-
ties were observed in pDXW10-argA 440y (100.58 U/mg) and
pDXW10-argEsyy, (798.98 U/mg), respectively.

The genes EcargAy and SmargE were inserted in tan-
dem into the pPDXW 10 plasmid, and then, the recombinant
plasmids were expressed in E. coli BL21(DE3). First, as
shown in Table 3, both enzyme activities increased in E.
coli BL21(DE3). Afterwards, pPDXW10-EcargA-SmargE
recombinant plasmids were transferred into Cc-QF-1 via
electroporation. Thus, the mutated Cc-QF-3 and Cc-QF-4
strains were obtained. To check the expression levels of
EcNAGS and SmNAOD, SDS-PAGE experiments were

800

H

N

H

600 =

(U/mg)

200

activity in E. coli BL21(DE3) and mutant strains. Error bars are
based on three biologically independent experiments
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performed. Figure 4 shows that the target protein bands
exhibited molecular weights of approximately 39 and
52 kDa, respectively, indicating that the heterologous genes

KdaM 1 2 3

116.2 =
66. —e S S S

- TeE ﬁ—m‘gA
45.08 g e
350~ Bau §
25.0 e TN '_'&
18.4 argl

Fig.4 SDS-PAGE analysis of the overexpression of Ccargl, EcargA
,and SmargE in recombinant Cc-QF-1. M, protein marker; Lane 1,
Cc-QF-1; Lane 2, Cc-QF-2; Lane 3, Cc-QF-4

had been overexpressed in C. crenatum SYPAS-5, carried
by multiple copies of the plasmid pDXW 10. In addition,
the activities of ECNAGS, SmNOAD, and CcOATase were
evaluated by comparison with those of C. crenatum strains.
The results indicated that tandem EcargA and SmargE
genes increased OATase activity (fourfold higher than that
of Cc-QF-1) and acetyl utilization in C. crenatum (shown
in Table 3). Subsequently, RT-PCR analysis was performed
to observe the relationships between argA, argE, and arg]
involved in L-ornithine biosynthesis. The results showed
that overexpression of the genes EcargA and SmargE could
enhance the Ccarg] mRNA transcription level (increased
80%) in C. crenatum compared with Cc-QF-1 (as shown in
Fig. 5c). In shaker-flask experiments, the recombinant strain
Cc-QF-4 allowed the production of 12.6 g/L of L-ornithine
at 72 h after inoculation, which was higher than that obtained
with the strains Cc-QF-1 (4 g/L), Cc-QF-2 (5.9 g/L), and
Cc-QF-3 (8.2 g/L), as shown in Table 4. Amino acid analy-
sis of the fermentation liquor showed that the concentra-
tion of lysine and isoleucine was obviously decreased in

(a) 20 T T T T T T T T T 160 (b) 454 T T T T T 2.0
+ . 1140
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16 < i & 2
N 120 ris g
g ~ g
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i T
4 @) =h
20
0 —T T T T T T T T Tt 0 0.0
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>
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Fig.5 Comparison of L-ornithine production and gene transcrip-
tional levels between Cc-QF-1, Cc-QF-2, and Cc-QF-4. a Cell con-
centration and glucose concentration, b L-ornithine concentration
and L-ornithine production rate. Open and filled triangles, Cc-QF-1
recombinant; Open and filled squares, Cc-QF-2 recombinant; open

and filled circles, Cc-QF-4 recombinant. ¢ Comparison of argA,
argE, and arg] transcriptional levels in the strains Cc-QF-1, Cc-QF-2
and Cc-QF-3. The transcriptional levels of genes were determined by
RT-PCR and are presented as relative normalized expression. Error
bars are based on three biologically independent experiments
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Table 4 L-Ornithine shake

b Strain L-Ornithine L-Ornithine yield Dry cell Specific L-orni- Productivity (g/L/h)
filil{}ft;:::tosrirzi:meters of production on glucose (g/g)  weight (DCW) thine yield (g/g
(g/L) (g/L) DCW)
Cc-QF-0  0.35+0.005 0.0035+0.0003 11.1+0.42 0.03+0.002 0.0049 +0.0002
Cc-QF-1  42+0.21 0.042+0.003 10.7+0.34 0.39+0.01 0.058 +0.003
Cc-QF-2  59+0.25 0.059 +0.005 11.5+0.49 0.51+0.03 0.082+0.007
Cc-QF-3  8.2+0.32 0.082+0.009 11.6+0.21 0.71+0.05 0.114+0.010
Cc-QF-4  12.6+0.65 0.126+0.011 11.2+0.32 1.13+0.08 0.175+0.012

All values were means, the average value of three biologically independent experiments; standard devia-
tions of the biological replicates were represented by +SD

The values were obtained by triplicate experiments; (mean) + (SD)

Glucose (initially 120 g/L) was 100 g/L consumed in every strain

L-ornithine flask cultures compared with the other strains’
lysine (Table S3a). The results obtained in this section dem-
onstrate the remarkable effects of EcargA and SmargE in
improving CcOATase activity and producing an L-ornithine-
engineered strain. Therefore, in this case, optimization of
RBS strength and replacement of the start codon for EcargA
and SmargE overexpression in C. crenatum are an effective
way to enhance the level of acetyl cycle utilization; thus,
the production of L-ornithine was substantially increased.

Production of L-ornithine in 5-L bioreactor
cultivation

The production performance of the strains Cc-QF-1, Cc-QF-
2, and Cc-QF-4 was investigated in a 5-L bioreactor fermen-
tation. The fermentation curves, including the concentra-
tions of cells, glucose, and L-ornithine, and the L-ornithine
production rate, are shown in Fig. 5. The growth rates of the
three strains were similar throughout the entire fermentation
period (shown in Fig. 5a), indicating that overexpression of
the CcargJ gene and introduced exogenous genes did not
affect cell growth in C. crenatum. It was also observed that
compared with the initial strain, the glucose consumption
remained fairly consistent at the beginning of fermentation
but accelerated markedly after 24 h, as shown in Fig. 5a. The
increased consumption of glucose could have resulted from
the increased transacetylation in the biosynthetic pathway
of L-ornithine and the superior L-ornithine synthesis of the
recombinant strain compared to the initial strain. L-ornith-
ine yield and productivity were similar between the strains
before 24 h. Then, the recombinant strains showed a slight
advantage in L-ornithine production between 24 and 36 h.
At the end of fermentation, L-ornithine yield increased
markedly, to 40.4 g/L, with an overall productivity of
0.673 g/L/h in the recombinant strain Cc-QF-4, which was
approximately 28.2 and 41.8% higher than those of Cc-QF-2
and Cc-QF-1, respectively (Fig. 5b). This result indicates
that L-ornithine yield can be markedly increased by intro-
ducing an artificial linear transacetylation pathway. We also

@ Springer

tracked Ccarg] mRNA transcription levels and CcOATase
activity during fermentation; compared with the wild-type
strain, introduction of EcargA and SmargE increased the
intracellular transcription level of Ccarg] mRNA (Fig. 5¢)
and increased the enzyme activity (Table 3). Regarding the
acetyl cycle level, the increased L-ornithine flows of carbon
metabolism may be the main reason for the difference in
L-ornithine production in Cc-QF-4. Amino acid analysis
of the fermentation liquor showed that the concentrations
of lysine (0.98 g/L) and isoleucine (0.87 g/L) were obvi-
ously decreased compared with the wild-type strain (lysine,
2.34 g/L; isoleucine, 1.97 g/L), and proline was undetectable
(Table S3b). As expected, lactate acid was not detected in
either strain, supporting the idea that the accumulation of
acid during shaking culture was due to the restricted oxygen
supply. These data suggest that improvement of the acetyl
cycle level is effective in increasing the L-ornithine produc-
tion and yield on glucose.

Conclusion

In summary, we reported a metabolically engineered C. cre-
natum strain capable of efficiently producing L-ornithine by
combining the strategies of deleting competing pathways
and introducing an artificial linear transacetylation pathway.
The resulting strain produced L-ornithine at 40.4 g/L., which
is 41.8% higher than that (23.5 g/L) of the original strain.
This study demonstrates the huge potential of C. crenatum
to overproduce not only L-ornithine but also L-citrulline
and L-arginine from renewable resources such as glucose.
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