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Abstract The genes involved in L-arginine biosynthesis
in Corynebacterium crenatum are organized as the
argCIBDFRGH cluster like in Corynebacterium glutami-
cum. However, the argC~H cluster of the C. crenatum
SYPA 5-5, which is an industrialized L-arginine producer,
had a lethal mutation occurring in the ArgR repressor
encoding gene. The argC ~ H cluster with an inactive argR
was overexpressed in E. coli and C. crenatum. In the
recombinant E. coli JM109 enzyme activities were
increased, and more L-arginine was found in the superna-
tants from L-glutamine. When the argC~H cluster was
overexpressed in C. crenatum under its native promoter
Parg, L-arginine production was increased by 24.9%, but the
presence of the recombinant plasmid pJC-9039 had a neg-
ative effect on cell growth. Surprisingly, the DO value of the
recombinant strain dropped gently and stayed at a lower
level from 24 h to the end of fermentation. The results
demonstrated an increasing utilization of oxygen and the
distinct enhancement of unit cell L-arginine yields with the
cluster argC ~H-bearing in C. crenatum SYPA-9039. This
study provides a kind of Corynebacteria with improved
L-arginine-producing ability and an efficient elevation for
producing amino acid. Moreover, the promoter Parg would
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be used as a valid promoter to express objective genes for
metabolic engineering in Corynebacteria.
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Introduction

L-Arginine is a semi-essential amino acid involved in
numerous areas of human biochemistry, including ammo-
nia detoxification, hormone secretion, and the immune
system. Arginine is also well known as a precursor to nitric
oxide, which is a key component of endothelial-derived
relaxing factor [8]. So far, most L-arginine has been pro-
duced by the direct fermentation method from natural
carbon sources. L-Glutamine is an important metabolic
precursor for L-arginine biosynthesis; therefore, L-gluta-
mine producers have always been used as starting strains
for L-arginine production [6, 7].

A traditional method to develop strains has been random
mutation followed by selection of strains showing the
desired phenotypes. Strategies for developing amino acid
producers are now in transition toward systems metabolic
engineering from random mutagenesis. Targeted metabolic
engineering of several genes and pathways has become a
standard method of strain improvement. After the genome
sequence of the C. glutamicum wild-type strain, ATCC
13032, was determined [12], the genome-wide analyses
contributed to the understanding of genetic regulation and
became integral parts of C. glutamicum systems biology
[28]. Recently, several amino acid producers have been
successfully developed by systems metabolic engineering
[22]. Due to the important role of Corynebacterium species
as amino acid producers, several genes from these strains
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involved in amino acid biosynthesis have been isolated and
characterized, and some of these genes have been used to
design engineered strains with improved amino acid pro-
duction [4].

The genes within the cluster of genes involved in argi-
nine biosynthesis are organized as two separate parts,
which are argCIBDFR and argGH operons in C. glutami-
cum [9]. The gene cluster encodes all of the enzymes
required to convert glutamate to arginine via ornithine
[23, 32]. L-Arginine biosynthesis starts with the acetylation
of the amino group of glutamate, mediated by N-acetylg-
lutamate synthase (in linear pathway) or N-acetyltransfer-
ase (in cyclic pathway). The cyclic acetyl pathway directs
the L-arginine flow in procaryotic organisms such as
C. glutamicum, Pseudomonas aeruginosa [10], Bacillus
subtilis [15], Streptomyces coelicolor [1], and Thermus
thermophilus [21].

In this article, we studied the corresponding genes for
L-arginine biosynthesis from glutamate in C. crenatum
SYPAS5-5. Because the similarity of the 16SrDNA sequence
and the homology of the functional DNA sequence between
C. crenatum and C. glutamicum are highly homogeneous,
we investigated the evolution of the genes involved in the
L-arginine biosynthesis of C. crenatum with the genomic
data of C. glutamicum [12]. The argCIBDFRIJH (argC ~H)
cluster involved in L-arginine biosynthesis was overex-
pressed with the aim to improve L-arginine production in
C. crenatum. The overexpression of arginine cluster was set
up as follows: firstly, we reported our results with the
overexpression of the complete argC~H cluster (argC-
argH genes) in E. coli. Then, motivated by the results
obtained from this work, the simultaneous overexpression of
the genes involved together in arginine biosynthesis was
performed in C. crenatum. All the data obtained are pre-
sented in this article.
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Materials and methods
Strains and plasmids

Corynebacterium crenatum SYA is an aerobic, gram-
positive, non-sporulating coryneform bacterium, and its
UV&EMS-mutant strain C. crenatum SYPAS5-5 (CGMCC
no. 0890) could produce L-arginine (30 g/l) under optimal
culture conditions [30]. Firstly, the argC ~H was cloned on
the pMD-18T vector (Amp®, TaKaRa, Japan) and trans-
formed into E. coli IM109 (Invitrogen) to form JM109-
9039. The C. glutamicum/E. coli shuttle vector pJCl
(Km®) had been demonstrated to replicate in C. crenatum,
too [5, 31]. Then the argC~H cluster (9,039 bp) was
subcloned on the plasmid pJC1 and introduced into
C. crenatum SYPAS-5. Recombinant plasmids were con-
structed (Fig. 1).

Cloning and expression in E. coli of argC~H cluster

Standard protocols were used for transformation of E. coli
and for isolation, digestion, and ligation of DNA [24].
ArgC~H cluster was amplified from templates genomic
DNA from C. crenatum SYPA 5-5. The PCR amplification
was carried out in a 50-pl reaction mixture containing 5 ng
of template, 200 pM dNTPs, 20 uM primers, and 2 U
LATag™ DNA polymerase (TaKaRa, Japan). Then the
PCR products were purified by Gel Extraction Kit and
cloned into pMD-18T vector. The primers (P1: 5'-CGC
TCTAGAAAATTCATGCTTTTACCCACTTGCAGTTTT
AGC-3; P2: 5'-CGCTCTAGAGAATTGATAATAAATG
GCCTGTGCAACTCCCG-3') were designed to introduce
the Xbal site at the promoter of the argC ~H and the Xbal
site at the end of the amplified region argC ~ H cluster. The
PCR products, digested with Xbal-Xbal, were inserted into
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the same site’s digestion plasmid pJC1. The ligation mix-
ture was used for transforming into E. coli JM109 by the
calcium chloride method [2]. When necessary, ampicillin
or kanamycin was added at the proper final concentration
for the transformant selection.

The resulting plasmids, pT-9039 and pJC-9039, isolated
from the recombinant E. coli JIM109 cells grown in Luria-
Bertani (LB) medium containing 100 pg/ml ampicillin or
50 pg/ml kanamycin, were tested. After growth of the cells
at 37°C in liquid LB medium supplemented with ampicillin
or kanamycin, the subsequent steps were carried out at 4°C.
The cells were harvested by centrifugation, suspended in
20% of the original culture volume of 10 mM Tris-HCl
(pH 7.4), sonicated, and the resulting extract was centri-
fuged at 15,000 rpm for 30 min. The supernatant was used
for sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and for the activity assays of seven
enzymes involved in the argC ~H cluster.

Cloning and expression in C. crenatum
of argC ~H cluster

Corynebacterium crenatum was cultivated at 31°C in LBG
medium, LB containing (in g/l) glucose 5 and competent
cell medium, and LB including (in g/1) glycine 30 and
Tween 1. Then the recombinant plasmid pJC-9039 was
transformed into C. crenatum SYPAS-5 to form engineered
SYPA-9039 using the electroporation methods described
by Tauch et al. [26], and transformants were selected on
LBG agar containing 50 pg/ml kanamycin.
Corynebacterium crenatum strains were grown in
200 ml LBG media and harvested when ODs¢, reached
25.0. Cell pellets from 200 ml cell culture were resus-
pended in 5 ml Tris-HCI buffer (100 mM, pH 7.4) to a
concentration of 100 g/l wet cells. Then the cells were
sonicated and centrifuged at 15,000 rpm for 30 min. The
resulting cell-free extracts were used for SDS-PAGE
analysis, with 40 pg total proteins loaded on each lane.

Enzyme assays

The same cell-free extracts were used to measure
the activity of the seven enzymes involved in the
cluster. N-Acetylglutamate 5-semialdehyde dehydroge-
nase (EC. 1.2.1.38), N-acetylornithine aminotransferase
(EC. 2.6.1.11), N-acetylglutamate kinase (EC. 2.7.2.8.),
ornithine N-acetyltransferase (EC. 2.3.1.35), orinithine
transcarbamoylase (EC. 2.1.3.3), argininosuccinate synthe-
tase (EC. 6.3.4.5), and argininosuccinate lyase (EC. 4.3.2.1)
activities were assayed in different E. coli transformants
and C. crenatum according to the methods of Takahara
et al. [25], Martin et al. [17], Wolf et al. [29], Billhemier

et al. [3], Mountain et al. [18], Kumar et al. [14], and
Troshina et al. [27], respectively.

Growth medium and conditions for L-arginine
production

Corynebacterium crenatum SYPA 5-5 and its transfor-
mants are auxotrophic for L-histidine. A stock culture was
maintained on agar slants containing (in g/l) peptone 10,
beef extract 10, yeast extract 5, NaCl 5, and agar 20. The
seed culture medium (in g/1) consisted of glucose 30, corn
steep liquor 20, (NH,4),SO4 20, KH,PO, 1, MgSO,4-7H,0O
0.5, and urea 1.5 (pH 7.0). The seed was inoculated from
agar slants and cultured at 31°C for 14-16 h in a shake
flask. The shake flask culture was then transferred into a 5-1
bioreactor (BIOTECH-5BG, Baoxing Co., China) con-
taining 3 1 fermentation medium A (in g/l) consisting of
glucose 150, corn steep liquor 40, (NH4),SO4 20, KH,PO,4
1.5, MgS04-7H,0 0.5, FeSO47H,0 0.02, MnSO4-H,O
0.02, biotin 8 x 107>, and L-histidine 5 x 10~* (pH 7.0).
The batch fermentation was performed at 31°C for 108 h
until steady strain growth. The aeration rate was controlled
at 1 vvm for all the experiments. Studies in the bioreactor
were carried out at the agitation rate of 600 rpm. The
dissolved oxygen concentration (DOC, %) under the
operation conditions was expressed in terms of dissolved
oxygen (DO) saturation level, while 100% DO saturation
level corresponded to an actual DO concentration of about
7.3 mg/l at 31°C, 1.0 atm. L-Arginine was also produced
by culturing E. coli, which was studied in this article. The
E. coli recombinants had the ability to produce L-arginine
in a medium containing glucose with L-glutamate added to
produce and accumulate L-arginine in a culture. The E. coli
fermentation medium B (in g/l) contained glucose 30,
L-glutamate 5, corn steep liquor 20, (NH4),SO, 25,
KH,PO, 2, MgS0O,4-7H,0 1, and chalk 15 (pH 7.0). Glu-
cose/L-glutamate and chalk were sterilized separately. Then
2 ml of the medium was placed into the test flask, and the
cultivation was carried out at 37°C for 60 h with shaking at
150 rpm.

Assays of cell concentration, glucose, and L-arginine

The cell concentration was first monitored at 562 nm, and
the dry cell weight (DCW) was determined by a pre-cali-
brated relationship (I OD = 0.375 g/l DCW). Glucose
concentration in the media was measured by using the
anthrone method [11]. Concentrations of amino acids were
measured by an Agilent 1100 HPLC under the following
conditions: column Hypersil ODS-C18 4 x 125 mm,
temperature 40°C, flow rate 1.0 ml/min, detection fluo-
rescence detector, Ex 340 nm Em 450 nm, eluent A
20 mM Na-acetate, and eluent B 20 mM of Na-acetate:
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methanol: acetonitrile = 1:2:2 (v/v). All of the measure-
ments, particularly the most important state variables, such
as the concentration of cells, L-arginine, and glucose, were
measured in three parallels.

Plasmid stability test

Samples from fermentation were spread on selective
(50 pg/ml kanamycin) and nonselective LBG agar plates,
respectively, after proper dilution. Then, the plates were
incubated at 31°C for 24-36 h. The plasmid stability was
shown as the ratio in percentage of colonies on the anti-
biotic agar plates over those on the plates without
kanamycin.

Results

Cloning and sequence analysis of the C. crenatum
argC ~H cluster gene

The argC~H cluster on a single 9,039-bp chromosomal
fragment encoding the seven successive enzymes of the
arginine biosynthetic pathway was isolated from C. crena-
tum SYPA 5-5. Analysis of the 9.0-kb nucleotide sequence
revealed eight ORFs, and the ORFs were numbered as
indicated in Fig. 1. The arginine biosynthetic gene cluster
of C. crenatum contains eight genes (argC, argl, argB,
argD, argF, argR, argG, and argH). Accordingly, the
major arginine biosynthetic cluster involves eight genes of
C. crenatum SYA and SYPAS-5 showing 99.23 and
99.22%, respectively, homologous to the argC ~H cluster
of C.glutamicum ATCC13032 (GenBank accession no.
BX927147). In fact, there was only 1-bp difference in the
ORF6 (argR) strain SYPAS5-5 compared to the argR of its
wild-type C. crenatum SYA. But the ORF6 (argR) had an
early termination codon, i.e., TAG. Therefore, the argR
repressor could not carry out the feedback repression with
arginine in its arginine biosynthesis of UV&EMS-mutant
strain C. crenatum SYPAS-5. The nucleotide sequence data
in this study were shown in the GenBank Nucleotide
Databases under accession no. HQ602711.

Construction of recombinant plasmids harboring
argC ~H cluster

The recombinant plasmid pT-9039 was constructed as
described in “Materials and methods.” The recombinant
plasmid harboring argC~H cluster was digested with
Xbal; this recombinant plasmid was divided by Xbal into
two major fragments with sizes of 9.0 and 2.7 kb, respec-
tively, which are consistent with the map of pT-9039. The
resulting E. coli JM109 containing plasmid pT-9039 was
designated JM109-9039.

To further increase the arginine production in C. cren-
atum, we aimed to overexpress argC~H cluster in the
strain SYPAS-5. Similarly, the recombinant plasmid pJC-
9039 was constructed. The recombinant plasmid was
digested with Xbal and Nofl, and the recombinant plasmid
was divided into two major fragments with sizes of 9.0 and
6.1 kb, respectively, which are consistent with the map of
pJC-9039. There were only two fragments in the digestion:
one had the same size as the empty plasmid, pJC1 vector;
the other had the same size as the argC ~H cluster. The
Not 1 digested product had the same 15.1-kb size as the
fragment of argC~H cluster and pJC1.

Expression of argC~H cluster in E. coli

It is supposed that there is a promoter in the upstream
sequence of the cluster. It was verified that the argC~H
cluster had been cloned and could express in E. coli, that is
to say, the native promoter (Parg) had an evident tran-
scription activity in E. coli. The seven enzyme activities
involved in arginine biosynthesis were determined by the
methods described in Materials and methods. The data in
Table 1 demonstrate only low enzyme activities in E. coli;
they were apparently increased over the control, demon-
strating the apparent use of the specific promoter of the
argC~H cluster from C. crenatum. The six enzyme
activities except for OAT were increased 1.6-6.2 times in
the engineered JM109-9039. The specific activity, OAT,
could be detected with 1.14 U/mg; however it was very low
because of the lack of OAT in the control E. coli IM109.
Consequently, the argC~H cluster was expressed with a

Table 1 Specific activities of the enzymes (NAGSD, OAT, NAGK, ACOAT, OTC, AS, and AL)

Strains NAGSD (U/mg) OAT (U/mg) NAGK (U/mg) ACOAT (U/mg) OTC (U/mg) AS (U/mg) AL (U/mg)

E. coli IM109 0.065 0.002 175 x 1073 1.34 x 1073 0.17 0.57 12.63 x 1073
JM109-9039 0.193 1.14 58.9 x 1073 6.4 x 1073 1.06 1.94 19.71 x 1073
C. crenatum SYPA5-5 4.65 15.41 1.01 162 x 1073 1.21 8.33 26.20 x 1073
SYPA-9039 12.44 29.42 2.44 219 x 1073 2.94 14.91 41.66 x 1073

All values are means of the average value of three independent experiments
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Fig. 2 Coomassie blue-stained SDS-PAGE of cell-free extracts of
the recombinant E. coli and C. crenatum. About 40 pg of total
proteins was loaded on each lane. a Lane 1, protein molecular weight
marker; lane 2, sample from E. coli JM109; lane 3, sample from
IJM109-9039. b Lane 1, protein molecular weight marker; lane 2,
sample from C. crenatum SYPAS-5; lane 3, sample from SYPA-9039

certain amount of protein in E. coli JM109 under the pro-
moter Parg. When analyzed by using SDS-PAGE, some
protein bands in the JM109-9039 cell were different from
those in JM109 (Fig. 2a). However, no specific bands cor-
responded to the argC ~H cluster visible in the cell extract
of IM109-9039. The presumable reason is that the quantity
of the overexpressed protein was below the detection limit
of Coomassie brilliant blue (CBB) R250 because of the low
transcription efficiency of the promoter Parg.

Enhanced r-arginine production from glutamate
by engineered JM109-9039

The engineered JM109-9039 was cultured for 60 h in the
medium containing glucose (and L-glutamate or not), and
the concentration of L-arginine in the fermentation culture
was measured. The effect of argC~H expression on cell
growth and L-arginine accumulation by E. coli JIM109 and

Fig. 3 Comparison of the

JM109-9039 was determined. It was proved that the engi-
neered JM109-9039 could harvest more arginine in the
supernatants when the medium contained L-glutamate,
whereas no more arginine was produced if it only con-
tained glucose. It seems that the overexpression of
argC ~H could only further boost the metabolic flux from
L-glutamate to L-arginine in the pathway of E. coli IM109
(Fig. 3). The immediate reason for no more arginine being
harvested from glucose is the lower production of L-glu-
tamate in E. coli, that is to say, the expression of argC~H
cluster in E. coli does little to boost the L-glutamate
productivity.

Expression of argC~H cluster in C. crenatum SYPA

The recombinant plasmid pJC-9039 was transformed into
C. crenatum SYPA 5-5. The expression of argC ~H cluster
by using the plasmid pJC1 under its native promoter Parg
was first checked using SDS-PAGE. The expected seven
distinct proteins (from NAGSD to AL) corresponding to
the overexpressed argC ~H cluster could not be observed,
although a few more bands appeared in the samples of
SYPA-9039 (Fig. 2b). Then the specific enzyme activities
in the recombinant SYPA-9039 were evaluated with the
control activities in SYPAS5-5. As a result, it was found that
the activities from the cell-free extract of SYPAS-5 were
much higher than those from E. coli. Furthermore, specific
enzyme activities in SYPA-9039 displayed 1.5-2.7 times
more than those in the original strain SYPA 5-5 (data
shown in Table 1). Additionally, the results indicate that
the native Parg promoter is a functional promoter; how-
ever, its transcription efficiency in C. crenatum was not
high enough compared to that in E. coli IM109.

Improved L-arginine production by recombinant
C. crenatum carrying argC ~H cluster

The argC~H cluster was introduced to overexpress
NAGSD~AL in C. crenatum under its native promoter
Parg with the aim to increase L-arginine production. The
C. crenatum recombinants were first fermented to produce

~
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L-arginine in a 30/250-ml shake flask test, and the recom-
binant SYPA-9039 was screened for its highest production
in a 250-ml flask. Then one of the SYPA-9039 recombi-
nants was fermented in the 5-1 fermentor. The effects of the
overexpression of the argC~H cluster on cell growth,
glucose consumption, and L-arginine accumulation of the
recombinant C. crenatum were determined. Starting from
the 100% air saturation point, the fermentation curves,
including concentrations of cells, glucose, and L-arginine,
as well as the L-arginine production rate of wild-type strain
and SYPA-9039 compared in the same media for proper
aeration fermentation, are described in Fig. 4. The results
illustrated that the presence of the recombinant plasmid
pJC-9039 could enhance L-arginine production, despite the
fact that the expression of the long gene cluster had a
negative effect on cell growth from the beginning of the
fermentation. However, the final biomass reached the same
level as it did in the wild-type strain (Fig. 4a). Meanwhile,

the glucose consumption rate in the cluster-bearing strain
remained faster than the control (Fig. 4b). Finally, the L-
arginine production of recombinant and wild-type C. cren-
atum reached concentrations of 45.30 and 36.27 g/l under
the same fermentation conditions, respectively, that is to
say, L-arginine production was increased 24.9% (Fig. 4c).
Thus, the distinct enhancement of unit cell arginine yields
with the cluster argC ~H-bearing in C. crenatum SYPA-
9039 could be observed. At the same time, the L-arginine
production rate data also indicated the differences between
the two strains, and hyperproduction rates in the recom-
binant were examined (Fig. 4d). The time changing
profiles of the DO of the two strains are depicted in Fig. 4e.
During the growth phase of the two strains, DO of
wild C. crenatum dropped rapidly and got to the lowest
levels of 41.9% of the saturation point at 15 h and then
began to rebound, while the DO of the recombinant strain
dropped gently and was kept at a lower level from 20 h to
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the end. These results illustrated a distinct increasing uti-
lization of oxygen with the cluster argC ~H-bearing in
C. crenatum SYPA.

To check the plasmid stability of pJC-9039, the afore-
mentioned assays were performed. The ratio in percentage
of colonies on the antibiotic agar plates over those on the
plates without antibiotics was 99.14%. At the same time,
all the assays showed similar specific activities and the
fermentation characteristics with samples taken from sev-
eral continuous fermentations of SYPA-9039, suggesting
the stable fermentation stability of SYPA-9039.

Discussion

In this study, an early termination codon in the argR was
found to be involved in the argC~H cluster from strain
SYPAS-5. Therefore, we supposed that the ArgR repressor
could not act in the feedback repression of arginine bio-
synthesis in UV&NTG-mutated strain C. crenatum SYPAS-5.
Consequently, the argC~H cluster was introduced to
overexpress in C. crenatum and E. coli under its native
promoter Parg, respectively. In E. coli JM109, the enzy-
matic activities of the arginine biosynthesis enzymes
exhibited higher levels with the functional promoter Parg
in JM109-9039. Regardless, this situation raised up the
problem of the efficiency and effectiveness of Parg in
E. coli amd C. crenatum. The comprehensive study of
promoter Parg has been undertaken.

The recombinant C. crenatum SYPA-9039 had a better
L-arginine-producing ability because of the enhancement of
the enzyme activities in L-arginine biosynthesis than the
wild-type, wherein the expression of intracellular enzymes
was enhanced by increasing the copy number of the
argC~H cluster involved in arginine production in
C. crenatum SYPA. Simultaneously, the results in this
study demonstrated an obvious increasing utilization of
oxygen in the cluster argC~H-bearing C. crenatum.
Maghnouj et al. reported that the dissolved oxygen (DO)
levels largely determined the interactions between the
metabolic reactions and genetic regulatory mechanism, as
well as the formations of products and by-products in the
production of L-arginine [13, 16]. Our previous study
demonstrated that the L-arginine production would be
increased in a way enhancing the flux distribution ratio
directed to glutamate synthesis in the TCA cycle during
late fermentation phases throughout the fermentation at the
higher oxygen supply condition [30, 31]. Therefore, the
effects of the improved DO with the overexpression of
argC ~H could lead to more L-arginine production as well
in the recombinant SYPA-9039. Consequently, it could
clearly be considered that the high load pressure of the
expression of the gene cluster 9,039-bp resulted in slow

growth, but more oxygen utilization and glucose con-
sumption, which resulted in an enhancement of L-arginine
production. Thus, the most significant characteristic of
recombinant C. crenatum was the increased unit cell
arginine yields.

Recently, there have been several reports on the use of
omics analysis for the development of strains for amino
acid production [19, 20]. On the basis of more protein
bands being shown in SYPA-9039 using SDS-PAGE, fur-
ther metabolic engineering should be carried out. Proteo-
mics analysis is performed to examine the effect on the
other protein expression of the cluster argC~H in the
engineering strain. Then the data and information obtained
would be used for further improvement of the strain. In
addition, these results indicate that argC~H cluster was
expressed at a level under its own promoter in the upstream
region of argC gene ORF. Consequently, Parg could be
used as the valid promoter to express objective genes in
Corynebacterium species, and moreover, this Parg pro-
moter could be conveniently site-directed and improved for
great efficiency to develop the Corynebacteria vector
systems for metabolic engineering in Corynebacterium
species. The present invention provides a coryneform
bacterium with improved L-arginine-producing ability and
an efficient method for producing L-arginine.
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