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Abstract

Background: Agmatine is a member of biogenic amines and is an important medicine which is widely used to
regulate body balance and neuroprotective effects. At present, the industrial production of agmatine mainly depends
on the chemical method, but it is often accompanied by problems including cumbersome processes, harsh reaction
conditions, toxic substances production and heavy environmental pollution. Therefore, to tackle the above issues,
arginine decarboxylase was overexpressed heterologously and rationally designed in Corynebacterium crenatum to
produce agmatine from glucose by one-step fermentation.

Results: In this study, we report the development in the Generally Regarded as Safe (GRAS) t-arginine-overproducing
C. crenatum for high-titer agmatine biosynthesis through overexpressing arginine decarboxylase based on metabolic
engineering. Then, arginine decarboxylase was mutated to release feedback inhibition and improve catalytic activity.
Subsequently, the specific enzyme activity and half-inhibitory concentration of 1534D mutant were increased 35.7%
and 48.1%, respectively. The agmatine production of the whole-cell bioconversion with AGM3 was increased by 19.3%
than the AGM2. Finally, 45.26 g/L agmatine with the yield of 0.31 g/g glucose was achieved by one-step fermentation
of the engineered C. crenatum with overexpression of speA ssp.

Conclusions: The engineered C. crenatum strain AGM3 in this work was proved as an efficient microbial cell factory
for the industrial fermentative production of agmatine. Based on the insights from this work, further producing other
valuable biochemicals derived from t-arginine by Corynebacterium crenatum is feasible.
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Background

Agmatine, also known as (4-aminobutyl) guanidine, one
of the important biogenic amines, is widely applied in a
variety of industrial fields such as pharmaceuticals [1],
food, chemicals and feed [2]. As an important essence
of medicine or nutrition, agmatine can enhance metab-
olism, regulate nutritional balance or accelerate body
recovery and has gained interest from the medical indus-
try [3, 4]. In addition, agmatine has been shown to have
neuroprotective effects in cases such as stroke, central
nervous system traumas and neuropathic pain [5, 6]. At
present, the industrial production of agmatine mainly
depends on the chemical method, which is often accom-
panied by problems such as low efficiency, harsh reac-
tion conditions and heavy environmental pollution [7].
With the growing world market for agmatine, there is a
significantly increased interest in the more efficient and
economical production of agmatine. Therefore, it is nec-
essary to find a safe and environmental-friendly biologi-
cal approach for the production of agmatine.

The reaction from L-arginine to agmatine is catalyzed
with the enzyme arginine decarboxylase (ADC; EC
4.1.1.19) encoded by the speA or adiA gene [8, 9]. Cur-
rently, Escherichia coli is an attractive microbial chassis
to produce various substances by metabolic engineer-
ing, since it has a clear genetic background [10-12]. Xu
et al. had constructed a series of engineered E. coli for
agmatine production [13, 14]. They first constructed
an engineered E. coli for agmatine production through
the deletion of speC and speF (encoding the ornithine
decarboxylase isoenzymes), speB (encoding agmati-
nase) and argR (encoding a transcriptional repressor).
And then, the arginine decarboxylase gene speA from
E. coli was overexpressed in the base strain AUX4,
generating the strain AUX5. The engineered strain E.
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coli AUX5 produced 15.32 g/L agmatine with a yield
of 0.11 g/g glucose in fed-batch fermentation [13]. Xu
et al. used heterologous strong promoters sequen-
tially to overexpress the genes encoding glutamate
dehydrogenase (gdhA), glutamine synthetase (ginA),
phosphoenolpyruvate carboxylase (ppc), aspartate
aminotransferase (aspC), transhydrogenase (pntAB),
and L-arginine decarboxylase (speA) in the previously
developed E. coli strain AUX4. They finally constructed
an engineered E. coli strain AUX11 by metabolic engi-
neering, which produced 40.43 g/L of agmatine with a
yield on the glucose of 0.29 g/g [14]. In addition, the
inducible arginine decarboxylase AdiA were overex-
pressed in E. coli at a 15-L fermenter and 279.21 g/L of
agmatine was produced by whole-cell biotransforma-
tion with a conversion rate of 98% [15].

Corynebacterium crenatum is a Gram-positive bacte-
rium and had been recognized as a well-established host
to produce amino acids [16], chemicals [17], and natu-
ral products [18]. In contrast to E. coli, C. crenatum, a
Generally Regarded as Safe (GRAS) strain, was the most
commonly used industrial microorganism for the pro-
duction of various amino acids and derivatives, including
L-glutamate, L-arginine, and L-lysine [19]. Furthermore,
C. crenatum possesses a strong metabolic flux to L-glu-
tamate, making it a more potent producer of L-arginine
and its derivatives [20]. In our previous study, the base C.
crenatum SYPA was developed and shown to be capable
to overproduce L-arginine [21, 22]. Based on the above
description, we are committed to broadening the product
spectrum of Corynebacterium crenatum.

In this study, we report a metabolically engineered
C. crenatum strain for enhancement the production of
agmatine by overexpressing the arginine decarboxy-
lase (ADC) on the recombinant plasmid (Fig. 1). To
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release agmatine inhibition of SpeA and improve the
titer and yield of agmatine, we generated 16 mutants by
site-directed mutagenesis. The best result showed that
the half-inhibitory concentration and specific enzyme
activity of the I534D mutant were 48.1% and 35.7%
higher than those of the wild-type SpeA. Meanwhile, the
agmatine production of whole-cell bioconversion with
AGMS3 was increased by 19.3% compared with AGM2.
Finally, our engineered strain C. crenatum AGM3 was
performed for synthesizing agmatine by fed-batch fer-
mentation and allowed the production of 4526 g/L
with the yield of 0.31 g/g glucose. To the best of our
knowledge, this is the first report for the production of
agmatine by engineering Corynebacterium crenatum.

Results

Construction of the engineered C. crenatum

by overexpressing arginine decarboxylase

Agmatine, an intermediate metabolite of the biogenic
amines synthesis pathway, is produced from L-arginine as
the precursor [23]. In our previous work, L-arginine con-
centration in the fermentation supernatant was increased
via the inactivation of arginine decarboxylase, which
could direct the precursor molecules for the production
of agmatine [24]. The arginine decarboxylase from E. coli
was selected to produce agmatine [25], and C. crenatum
SYPA was chosen as the chassis strain in this work due
to its capability to overproduce L-arginine. Hence, genes
encoding arginine decarboxylase from E. coli were overex-
pressed heterologously in the host strain. Two ADCs exist
in E. coli, encoded by the constitutively expressed speA and
the inducible adiA. AdiA is an inducible enzyme which is
induced in a low pH growth environment [26], while SpeA
is a constitutive enzyme and plays a role in the biosynthe-
sis of agmatine [27]. The gene with a higher level of spe-
cific arginine decarboxylase activity among speA and adiA
will be selected for the production of agmatine.

To effectively produce agmatine by C. crenatum SYPA,
the shuttle plasmid pXMJ19 with an inducible strong
tac promoter was selected as the vector. We cloned the
ADC-coding gene into the pXMJ19 plasmid to construct
a recombinant ADC expression plasmid. And then, the
expression vectors were transformed into C. cremnatum
SYPA to generate two recombinant strains, termed AGM1
(C. crenatum SYPA/pXMJ19-adiA) and AGM2 (C. crena-
tum SYPA/pXMJ19-speA). The empty vector pXMJ19 was
introduced into C. crenatum SYPA to generate the control
strain AGMO.

Activity assay and characterization of recombinant
arginine decarboxylase

After construction of the recombinant strains, the effect
of overexpressing ADC on the agmatine production was
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analyzed using recombinant strains by whole-cell bio-
transformation. L-Arginine was added to the reaction
mixture and was directly converted into agmatine by the
recombinant strains with ADC, which can clearly reflect
the activity of arginine decarboxylase. Table 1 shows that
the two arginine decarboxylases can direct the L-arginine
for the production of agmatine and the AGMO was used
as a control strain. A total of 21.72 g/L of agmatine in a
57.45% conversion ratio was produced from L-arginine
using AGM2, while a lower conversion ratio of 40.74%
was obtained with AGM1. As we expected, without any
agmatine was produced by the strain AGMO, and the
crude enzyme activity analyses also demonstrated the
above result (Table 2). Although the recombinant strain
with heterologous expression of the speA gene from E. coli
showed higher levels of agmatine production, in order to
select the better enzyme for the next research, the enzy-
matic properties of the two ADCs were determined.

As shown in Table 2, arginine decarboxylase SpeA and
AdiA were purified by His-Tag (His-Tag at C-terminal)
and enzyme activity was determined. The specific activity
of purified SpeA and AdiA were 55.7 U/mg and 46.4 U/
mg, respectively. And the specific activity of purified SpeA
was 6.2-fold higher than that of the crude cell extracts.
Besides, pH and temperature are important parameters
affecting enzyme activity and the result of whole-cell bio-
transformation and fermentation. Then, the properties of
two arginine decarboxylases were further characterized
by different temperatures and pH values. The optimum
pH of ADC was measured from 5.0 to 10.0, and the maxi-
mum activity of SpeA was observed at pH 7.5 (Fig. 2a). In
contrast, the maximum specific enzyme activity of AdiA
appeared at pH 6.0. As described in Fig. 2b, the maxi-
mum activity of SpeA and AdiA was detected at 50, 45 °C,
respectively, when we measured the optimum temperature
from 30 to 70 °C. The catalytic activity of AdiA decreased
significantly when the temperature exceeded 50 °C. Based
on these findings, SpeA was used for agmatine production
in proceeding studies. The effect of metal ions on SpeA
activity was shown in Fig. 2e, the enzyme activity was pro-
moted 46.09% by 1 mM Mg”". At the same time, the feed-
back inhibition of the product was next determined. We
determined the enzyme activity by adding different con-
centrations of product to the reaction system. As shown
in Fig. 2g, the results showed that the half-inhibitory con-
centration of SpeA was 5.4 g/L. In order to enhance the
catalytic efficiency, SpeA was rationally designed to release
feedback inhibition.

Target residue selection for mutation and function
determination

The structure of arginine decarboxylase protein (PDB
ID: 3NZQ) from E. coli was used as the initial enzyme
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Table 1 The agmatine production of strains with different ADCs
by whole-cell biotransformation

Strains Agmatine (g/L) Conversion rate (%)
C. crenatum AGMO ND ND

C. crenatum AGM1 15.344£0.22 40.744+0.58

C. crenatum AGM?2 21.72+£050 5745+0.84

ND means no data detected

Table 2 The arginine decarboxylase activities of crude extracts
from engineering C. crenatum and purified enzyme from E. coli

Strains Total activity (U/mL) Specific
activity (U/
mg)

C. crenatum AGMO ND ND

C. crenatum AGM1 14484638 83+05

C. crenatum AGM?2 1777 £6.1 89403

Purified AdiA 929434 464+19

Purified SpeA 105.8+£23 557+12

ND means no data detected

structure. A tetramer was observed for arginine decar-
boxylase from E. coli, composed of two dimers of
tightly associated monomers. The structure was visu-
ally displayed by Schrodinger, and the protein struc-
ture was pretreated (Fig. 3a). Then, the structure of
arginine decarboxylase was docked with the molecule
of agmatine that was pretreated. Mutations located in
531D, 533 A, 5341 and 535D were close to the active
center, may play a crucial role in releasing feedback
inhibition. Virtual saturation mutagenesis library of
four key amino acids was constructed by Schrod-
inger. The 16 mutants with improved prime stability
were selected and listed in Additional file 1: Table S2.
After the completion of site-directed mutagenesis, two
mutants (I534D and 1534S) with increased enzyme
activity were identified by enzyme activity assay
(Fig. 2f). The optimum temperature and pH of the
two mutants were measured and found to be the same
as that of the SpeA, except for an increase in enzyme
activity. Catalytic activity decreased significantly when
the temperature exceeded 60 °C (Fig. 2d). Meanwhile,
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two mutants and SpeA had more than 90% residual
activity after incubation for 12 h under neutral condi-
tions (Fig. 2c). As shown in Fig. 2g, the half-inhibitory
concentration of 1534D was increased from 5.4 g/L to
8.0 g/L compared with wild-type SpeA.

According to previous reports, residues which were
adjacent to the active center played an important
role in catalytic efficiency [28]. In our studies, the
1534 site was near the active center, thus 1534 acted
a crucial role in catalytic activity. Thus, mutating the
hydrophobic isoleucine (44.5) into hydrophilic aspar-
tic acid (-3.5) decreased the affinity for the product
agmatine, reducing feedback inhibition. Meanwhile,
the mutation of serine (— 0.8), which was relatively less
hydrophilic, also had a little effect on releasing feed-
back inhibition. In addition, the catalytic efficiency
of mutant 1534D was increased compared with wild-
type SpeA, which may be attributed to the smaller
side chain and the release of feedback inhibition after
mutation [29] (Fig. 3c). Furthermore, the Kcat/Km of
1534D was 1.42 times higher than SpeA, indicating
that 1534D significantly improved catalytic efficiency
(Table 3). Although the substrate affinity of the 1534D
mutant was reduced, the Kcat was increased 1.48-fold
seems to result from the enhanced product release.
And our results can be supported by previous study
[30].

The gene encoding mutant 1534D was linked with
the shuttle plasmid pXMJ19 to construct recombinant
expression plasmid and it was transformed into strain
C. crenatum SYPA to produce AGM3 (C. crenatum
SYPA/pXMJ19-speA saun).

Recombinant whole-cell bioconversion for the production
of agmatine

A mutant that can reduce the inhibition of the product
was selected through rational modification, and its cata-
lytic activity was also increased compared with SpeA. The
production of agmatine by whole-cell biotransformation
was used to test the effect of L-arginine decarboxylase
mutation [31]. The effect of the final ODg,, value, sub-
strate concentration, temperature, pH, PLP and Mg** on
agmatine production was determined. The amount of cell
in the transformation mixture is one of the crucial factors

(See figure on next page.)

Fig.2 Biochemical characterization of ADCs and mutations. a Effect of pH on ADCs and mutations activity. b Effect of temperature on ADCs and
mutations activity. ¢ Residual activity of SpeA and its mutations after incubated for 12 h at different pH buffers. The initial activity before incubation
was defined as 100%. d Residual activity of SpeA and its mutations after incubated for 12 h at different temperatures. The initial activity before
incubation was defined as 100%. e Effect of metal ions on wild-type SpeA activity. f Specific enzyme activities of different SpeA variants. The
wild-type SpeA enzyme activity was defined to 100%. g The enzyme activity of wild-type SpeA and mutations at different agmatine concentrations.
h The enzyme activity of wild-type SpeA and mutations at high agmatine concentrations. The enzyme activity without agmatine was defined as
100%. All determinations were performed in triplicate
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docking site on the surface of 15345

Fig.3 The structure of wild-type SpeA and the structural analysis of SpeA, 1534D and 1534S after docking agmatine. a The structure of wild-type
SpeA. b Changes in product docking site on the surface of SpeA. ¢ Changes in product docking site on the surface of 1534D. d Changes in product

in the transformation reaction. As shown in Fig. 4a, when
the final ODg, value of C. crenatum cells reached 40,
the optimal agmatine titer was 25.68 g/L with a conver-
sion rate of 68.19%. As shown in Fig. 4b, the optimal
substrate concentration of AGM3 appears at 50 g/L, the
conversion production decreased when other concentra-
tions were added. When 40 g/L L-arginine was added, the
agmatine yield of AGM2 was highest. By adjusting the
temperature from 30 to 60 °C, the maximum agmatine
titer was observed at 50 “C for both AGM2 and AGM3
(Fig. 4c). The agmatine titer was increased gradually
from 30 to 50 ‘C but decreased significantly from 50 to
60 ‘C. The highest agmatine titer was achieved at 50 C,
and the agmatine titer was 29.81 g/L at a conversion rate
of 79.18%. We assayed the agmatine concentration using
whole-cell bioconversion by changing the pH from 6.0
to 9.0. At pH 8.0, the highest production of 31.37 g/L
was formed and the titer of agmatine dropped with the
pH decrease (Fig. 4d). At pH 9.0, the catalyst activity
decreased and a lower titer of agmatine was formed. PLP
is essential for arginine decarboxylase and the catalytic
activity of arginine decarboxylase can be improved when

Table 3 The kinetic parameters of wild-type SpeA and mutants
towards substrates L-arginine

wT 1534D 1534S
Km (mM) 060240092  0623£0075  069140.069
Keat (57) 178840135 264340328 212140206
Keat/Km (S™'mM™") 2,97 4242 3.069

ICs (9/) 544019 8040.21 594024

Ki (mM) 4424032 6.594045 5464039

PLP was added [32]. As shown in Fig. 4e, the catalysis
efficiency was highest when 5 mM PLP was added to
the transformation broth and 31.66 g/L agmatine could
be produced in 12 h. The agmatine titer of the mutant
increased from 30.11 to 32.55 g/L in 12 h from 50 g/L
L-arginine at different Mg*" concentrations (Fig. 4f).
As the concentration of Mg®" increased, the highest
agmatine titer was achieved at 3 mM, and then agmatine
decreased with increasing Mg®" concentrations.
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system. e The PLP concentration of the biotransformation system. f The Mg?* concentration of the biotransformation system. All determinations
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On the basis of the optimized transformation condi-
tions described above, the reaction system was added
50 g/L L-arginine at 0 and 6 h. In short, the reaction mix-
ture included 100 g/L L-arginine, 5 mM PLP, 3 mM Mg>™,
the ODgyy, = 40 of induced cells and 50 mM Tris-HCl

buffer (pH 8.0). Finally, the agmatine production of
whole-cell bioconversion with AGM3 was 62.84 g/L at a
conversion rate of 83.44% in 12 h, but only a lower level
of 48.24 g/L agmatine was produced in recombinant
strain AGM2 (Table 4).
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One-step preparation of agmatine from glucose

was realized by C. crenatum

We engineered C. crenatum strain for the production of
agmatine using L-arginine as the substrate that may com-
pete with the use of L-arginine in pharmaceuticals and
feed industries. Glucose, an inexpensive and attractive
sustainable fermentation raw material, is an excellent raw
material for the production of various high value-added
compounds and was used for the production of agmatine
to address this problem. AGMO was used as the control
strain, shaking flask cultures of AGM2 and AGM3 with
glucose as substrate supply was carried out to compare
the ODg(, and agmatine titer of engineered strain C. cre-
natum. As shown in Fig. 5a, C. crenatum AGMO grew
with a rate of 0.23 h™! to a final biomass concentration of
21.93 g/L. The overexpression of arginine decarboxylase
affected the cell growth, resulting in the cell dry weight of
AGM2 and AGM3 lower than that of the control strain.
C. crenatum AGM3 grew with a rate of 0.18 h™! to a final
cell dry weight concentration of 17.71 g/L and the cell
density measurement showed no significant differences
between AGM2 and AGM3. These results indicate that
AGMO is unable to produce agmatine, although the cell
density of AGMO was higher than the other two strains
(Fig. 5b). As described in Fig. 5b, a total of 15.53 g/L of
agmatine was produced from glucose using C. crenatum
AGM2, while a high level of agmatine was obtained with
AGM3. Agmatine was produced to a titer of 17.96 g/L
corresponding to a yield of 0.16 g/g glucose by C. cre-
natum AGM3. After fermentation, the strain AGM2
produced 1.68 g/L L-arginine, which was not found in
AGM3, which may be due to the relatively low catalytic
activity and the feedback inhibition of wild-type SpeA.
These results illustrated that the yield of agmatine could
be increased by releasing feedback inhibition of SpeA.
In addition, the neutrality of fermentation broth by the
production of agmatine relative to L-arginine may also
be a reason for the high agmatine yield. The expression
of SpeA mutant in the AGM3 strain was optimized by
adding different concentrations of the inducer isopropyl
B-p-1-thiogalactopyranoside (IPTG) at 24 h. And then,
resulting in the production of 18.9 g/L of agmatine after
fermentation of 96 h when 0.7 mM was added (Fig. 5c).

Enhanced production of agmatine using fed-batch
strategy

Finally, to further test the performance of engineered
strain C. crenatum AGM3 for large-scale production
of agmatine, fed-batch fermentations were carried out
in a 5-L bioreactor with industrially relevant complex
medium using glucose as carbon sources. The time pro-
files of fed-batch fermentation of the C. crenatum AGM3
were shown in Fig. 6. In the first stage (0—24 h), biomass
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Table 4 The whole-cell biotransformation on agmatine
production under optimized conditions in C. crenatum AGM2
and AGM3

Strains Agmatine (g/L) Conversion rate (%)
C. crenatum AGM?2 4824+161 64.05+2.14
C. crenatum AGM3 62.84 £0.64 83434085

was accumulated rapidly and achieved the DCW of
13.3 g/L, while glucose consumption was slow. The pro-
duction of agmatine in the first stage may be due to the
leaky expression of inducible promoter tac. With the
induction of 0.7 mM IPTG at 24 h, a high accumulation
of agmatine was observed with a high production rate
up to 0.79 g/L/h during the phase of fermentation (24—
72 h). Contrarily, the growth of the strain AGM3 became
slower than the time before 24 h due to the addition
of IPTG. At the end of fermentation, the C. crenatum
AGMS3 strain was able to produce 45.26 g/L of agmatine
with the yield of 0.31 g/g glucose and achieved the pro-
ductivity of 0.47 g/L/h. Different from shaking flask culti-
vations of the engineered strains AGM3, a small amount
of extracellular intermediate metabolites L-arginine was
produced in the culture medium before 24 h and main-
tained at a low-level titer of around 1.6 g/L during fed-
batch fermentation. The maximum biomass was reached
after 96 h fermentation and achieved the highest DCW
of 28.44 g/L. Those are the highest value for agmatine
production from C. crenatum, demonstrating that the
engineered strain C. crenatum AGM3 is a competitive
platform strain for agmatine production.

Conclusions

In this study, C. crenatum was engineered for the first
time to produce agmatine. The agmatine synthesis path-
way was reconstructed and key catalytic steps were
enhanced by screening efficient enzyme variants with
high catalytic activity and agmatine tolerance. Compared
with wild-type SpeA, the half-inhibitory concentration
and specific enzyme activity of 1534D were increased by
48.1% and 35.7%, respectively. The agmatine production
of whole-cell bioconversion with AGM3 was 62.84 g/L
in 12 h with a conversion rate of 83.44% and the yield
was increased by 19.3% compared with AGM2. The final
AGMS3 strain can produce 45.26 g/L of agmatine with a
yield of 0.31 g/g glucose in fed-batch fermentation. This
result represented the highest yield of agmatine synthe-
sized by C. crenatum. The present study also represents
the first report on the efficient production of agmatine
from low-value raw materials using C. crenatum,
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Mix) used for PCR were purchased from Vazyme Biotech
Co. Ltd. (Nanjing, China). Agmatine was purchased from
Aladdin (Shanghai, China). All other chemicals of high
grade were obtained from commercial sources.

Structural analysis and molecular docking

The three-dimensional structure model of SpeA was
downloaded from the Protein Data Bank (PDB) and PDB
ID: 3NZQ [33]. The agmatine and L-arginine were docked
into the protein structure by Schrodinger. The prime sta-
bility score of each docking intermediate complex was
calculated, and the best docking position was selected by
docking analysis. The best mutations score of prime sta-
bility were listed in Additional file 1: Table S2. Mutants of
SpeA were modeled by introducing the mutated residues
into the wild-type model.

Cloning and site-directed mutagenesis of arginine
decarboxylase

The speA gene coding for arginine decarboxylase was
amplified by PCR using the E. coli genomic DNA as a
template. The linear fragments of the amplified prod-
ucts were inserted into the BamH I and EcoR 1 sites of
the pXMJ19 vector. Mutations were introduced by over-
lapping PCR using the primers listed in Additional file 1:
Table S3. The recombinant plasmids were finally trans-
formed into E. coli BL21 (DE3) for expression and the
success of the desired mutation was confirmed by DNA
sequencing. The recombinant plasmids were transformed
into C. crenatum SPYA using the electroporation method
described by Tauch et al. [34].

Expression and purification of proteins

All recombinant proteins expressed in E. coli or C. crena-
tum SPYA were labeled with a His-Tag at C-terminally.
In order to express arginine decarboxylase, recom-
binant E. coli were cultured at 37°C in LB medium
until ODg, reached about 0.6. Then, isopropyl B-p-1-
thiogalactopyranoside (IPTG) was added at a final con-
centration of 0.5 mM, and the strains were cultured at
16 °C for 12 h to induce the expression of the protein.
The C. crenatum cells were cultured and induced in LBG
medium for 18 h at 30 °C. After cultivation, the cells were
collected by centrifugation at 8000xg and 4 °C for 5 min,
washed twice and suspended in Tris-HCI buffer (pH 8.0).
The cell suspension was disrupted on ice by sonication
and the cell crude extract was obtained by centrifugation
at 10,000xg and 4 °C for 20 min. After that, the proteins
were purified using the HisTrap™ HP affinity column
(5 mL) and the AKTA protein purifier (GE Healthcare,
Sweden). The target proteins were eluted by buffer M,
(20 mM Tris-HCI, 500 mM NaCl, pH 7.4) and M., (20
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mM Tris-HCl, 700 mM imidazole, 500 mM NaCl, pH
7.4) with a gradient ratio. The purified enzymes were ana-
lyzed by SDS-PAGE.

Determining specific enzyme activity, biochemical
properties and feedback inhibition of ADC

The enzyme activity of ADC was determined according
to the amount of agmatine produced at 37 °C for 10 min
[35]. The reaction mixture contained 50 mM Tris-HCl
buffer (pH 8.0), 50 mM L-arginine, 2.5 mM MgSO,, 0.6
mM pyridoxal phosphate (PLP) and an appropriate
amount of purified enzyme. The reaction was stopped by
the addition of 500 puL 40% trichloroacetic acid. One unit
of ADC activity is defined as the amount of enzyme that
generated 1 umol agmatine per minute. The L-arginine
and agmatine concentrations were measured by HPLC.
With bovine serum albumin (BSA) as the standard, the
purified protein concentration was determined by Brad-
ford [36].

The optimal temperature of ADC was determined by
changing the temperature range from 30 °C to 70 °C. The
optimum pH of ADC was measured by changing dif-
ferent pH values from 5.0 to 10.0. Thermostability was
measured by incubating purified enzyme in the tem-
perature range of 30 °C to 70 °C for 12 h at pH 8.0, then
the residual enzyme activity was determined. In addi-
tion, the pH stability was determined by culturing puri-
fied enzyme in different pH buffers from 5.0 to 10.0 for
12 h. The activity of the enzyme without incubation was
defined as 100%. The influence of metal ions on enzyme
activity was measured using 1 mM Mg**, Zn**, Mn*",
Ca”", Fe?*, Cu®", Na™, Ni*, Co®*, Li*, Fe**, La®*, and
K™ separately. The method of measuring enzyme activity
was consistent with that described above. The activity of
the enzyme without metal ions was defined as 100%.

The method of feedback inhibition determination was
similar to that of SpeA activity determination, the only
difference was that we added different concentrations of
agmatine to the enzymatic reaction mixture. The inhibi-
tion curve was constructed by changing the concentra-
tion of agmatine in the reaction mixture. The activity of
SpeA without agmatine was defined as 100%.

Whole-cell bioconversion and production of agmatine

A 50-mL whole-cell conversion was performed in a 250
mL airtight container. For the production of agmatine by
whole-cell bioconversion, 50 g/L L-arginine was dissolved
in 50 mM Tris-HCI buffer, including MgSO,, pyridoxal
phosphate (PLP), and an appropriate amount of recom-
binant C. crenatum cells. Whole C. crenatum cells were
added to this reaction solution with different final ODg,
values (30, 35, 40, 45 and 50). The pH value of the reac-
tion system was adjusted from 6.0 to 9.0. The different
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concentrations of PLP were added (0, 1, 3, 5, 7, 9 mM)
and Mg®* was added in concentrations of 1, 2, 3, 4 and
5 mM. After adding recombinant C. crenatum cells, the
reaction solution was incubated at different temperatures
(30 °C, 40 °C, 50 and 60 °C) for 12 h. After the reaction,
the solution was centrifuged, and the product was ana-
lyzed by HPLC. The conversion rate is the molar concen-
tration of the product to the molar concentration of the
substrate.

Fed-batch fermentation and medium

Corynebacterium crenatum SYPA as a chassis strain for
agmatine production and LBG medium was used to cul-
ture C. crenatum and corresponding recombinant strains
at 30 °C and 180 rpm. A single colony was inoculated into
20 mL of primary seed medium and cultured at 30 °C for
24 h in a 250 mL shake flask. The primary seed culture
was inoculated to a 200 mL secondary seed medium and
cultured at 30 °C. If necessary, 10 pg/mL chlorampheni-
col was added to the seed medium. After 12 h cultivation,
200 mL of the secondary seed culture was inoculated
to a 5-L fermenter containing 2 L of the fermentation
medium. The fermentation medium contained the fol-
lowing: 100 g/L glucose, 50 g/L corn steep liquor, 20 g/L
yeast extract, 2 g/L KH,PO, 0.5 g/L MgSO,-7H,0,
1 g/L KCI, 0.02 g/L FeSO,-7H,0, 0.02 g/L MnSO,, and
30 g/L (NH,),SO,. The temperature and the airflow rate
were maintained at 30 °C and 3 L/min, respectively. The
pH was maintained at 7.0 by automatically adding 50%
NH;-H,O solution. The feeding solution comprises the
following components: 600 g/L glucose, 60 g/L corn
steep liquor, 12 g/L KH,PO,, 3 g/L MgSO,-7H,0, 100 g/L
(NH,),SO,, 10 g/L yeast extract.

Assays of cell concentration, glucose and agmatine

The absorbance at 562 nm wavelength (ODs,, 1 ODg,
= 0.375 g/L dry cell weight, DCW) was measured using
Ultraviolet spectrophotometer (UNICOTM-UV2000,
UNICO, Shanghai, China) for quantification of cell
growth. The concentration of glucose in the fermenta-
tion supernatant were detected with SBA-40 C biosen-
sor (developed by the Biology Institute of the Shandong
Academy of Sciences, Jinan, China).

The concentration of agmatine and L-arginine was ana-
lyzed using the HPLC system (Agilent LC1260) equipped
with an Agilent C18 (5 pm, 250 x 4.6 mm) and a UV
detector. The chromatographic conditions were as fol-
lows: rate flow of 1 mL/min, temperature of 40 C and
wavelength of 338 nm. The agmatine and L-arginine were
measured by OPA FMOC precolumn derivatization.
The mobile phases required for agmatine and L-arginine
detection were phase A and phase D. Phase A contained
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8 g sodium acetate and 225 pL triethylamine per liter of
aqueous solution, pH was adjusted to 7.2 with acetic acid,
5 mL tetrahydrofuran were added to the mixture. Phase
D contained 6 g sodium acetate in 200 mL water, acetic
acid was added to the solution and pH was controlled
to 7.2, then 400 mL methanol, 400 mL acetonitrile were
added.
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