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Agmatine, involved in various modulatory actions in cellular mechanisms, is produced from
arginine (Arg) by decarboxylation reaction using arginine decarboxylase (ADC, EC
4.1.1.19). The major obstacle of using wild-type Escherichia coli ADC (ADCes) in
agmatine production is its sharp activity loss and instability at alkaline pH. Here, to
overcome this problem, a new disulfide bond was rationally introduced in the
decameric interface region of the enzyme. Among the mutants generated, W16C/
D43C increased both thermostability and activity. The half-life (T1/2) of W16C/
D43C at pH 8.0 and 60°C was 560 min, which was 280-fold longer than that of
the wild-type, and the specific activity at pH 8.0 also increased 2.1-fold. Site-
saturation mutagenesis was subsequently performed at the active site residues of
ADCes using the disulfide-bond mutant (W16C/D43C) as a template. The best variant
W16C/D43C/I258A displayed a 4.4-fold increase in the catalytic efficiency when
compared with the wild-type. The final mutant (W16C/D43C/I258A) was successfully
applied to in vitro synthesis of agmatine with an improved yield and productivity
(>89.0% yield based on 100 mM of Arg within 5 h).

Keywords: disulfide bridge, enzyme catalysis, Escherichia coli arginine decarboxylase, protein design, site-
saturation mutagenesis

INTRODUCTION

Agmatine ((4-aminobutyl)guanidine) is a critical arginine metabolite synthesized through ADC
reaction, and it has various actions in the body. It is a potential candidate for therapeutic use in
various diseases, including neurotrauma diseases, mood disorders, diabetes mellitus, cognitive
disorders, and cancer (Aricioglu et al., 2003; Roth et al., 2004; Wade et al., 2009; Keynan et al.,
2010; Haenisch et al., 2011; Song et al., 2014; Rahangdale et al., 2021). An interesting recent study
evaluated the pharmacological effects of treating agmatine on the offspring of rats exposed to alcohol
in the prenatal period. The results showed potential for treating cognitive impairment and other
neurological complications associated with fetal alcohol spectrum disorders (Aglawe et al., 2021).
Agmatine has also been shown to have significant hepatic and renal protective functions in
cholestatic animals. This mechanism of action of agmatine may be related to its antioxidant
properties (Ommati et al., 2020). The practical function of agmatine as a diverse drug candidate
in the body is also related to its interference with imidazoline receptors (Zomkowski et al., 2002; Neis
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et al., 2016). Based on the promising results of agmatine against
various illnesses, the molecule may be utilized for potential
therapeutic targets (Piletz et al., 2013).

ADCes is a robust biocatalyst that produces agmatine from the
decarboxylation of Arg. Studies have shown that ADCes have
excellent characteristics, such as high specific activity and high
substrate selectivity, compared to ADCs from other origins
(Blethen et al., 1968; Morris and Boeker, 1983). The major
problem using ADCes for the synthesis of agmatine is that the
activity and stability of the enzyme vary greatly depending on pH
conditions. ADCes uses pyridoxal 5-phosphate (PLP) as a
cofactor to decarboxylate the α-carboxyl group of Arg and
consumes a proton (Figure 1). As a result, the reaction pH
increases during the generation of agmatine and significantly
affects ADCes structural stability and activity. Under acidic
conditions, the five homodimers of ADCes spontaneously
associate as a decamer, becoming an active form, whereas the
structure dissociates as an inactive homodimer form under
neutral or alkaline conditions. Even though it is not sure why
the homodimer structures are inactive, ADCes gain their active
functionality depending on the pH (Andrell et al., 2009; Kanjee
et al., 2011). Thus, it is desirable to overcome this problem via
protein engineering to apply the enzyme for stable agmatine
production.

Various diamines from renewable carbon sources are
becoming essential in building a sustainable chemical industry,
and decarboxylases are frequently applied for such purposes
(Chae et al., 2020). However, similar to ADCes, various
decarboxylases such as lysine decarboxylase (Kanjee et al.,
2011), glutamate decarboxylase (Capitani et al., 2003), and
ornithine decarboxylase often tend to lose their activities
depending on the reaction pH. Even though buffers and pH
titers can be used to maintain the pH of the decarboxylation
reaction at the required pH, the use of additives in mass
production adds additional costs, dilutes the concentration of
the target product, and complicates the purification process.
Thus, if the enzyme is active even in alkaline conditions
without the additives, it can reduce the final production cost,
which is advantageous for the industrial-scale process. For this
reason, several studies aimed to improve various decarboxylase
activities at alkaline pH (Guirard and Snell, 1980; Thu Ho et al.,
2013; Hong et al., 2017). Even though there is a previous study
producing agmatine using ADC, recombinant wild-type ADCs
are used in the reaction (Sun et al., 2015), and no attempt was
undertaken to alter the properties of the enzyme for industrial
applications.

Random mutagenesis, often used in directed evolution to
improve the desired properties of a target protein, creates a

wide variety of libraries covering the entire protein sequence.
Intensive labor is required to find desirable mutants within a
limited time (Porter et al., 2016). Thus, to reduce the library size
efficiently and screen effective mutants, advanced bioinformatics
and computational tools are often used to create smart libraries.
Through rigorous computational methods, calculating the
conservative scores based on multiple sequence alignments to
analyze putative positive mutation sites called “hot spots” (Hazes
and Dijkstra, 1988; Craig and Dombkowski, 2013), or homology
modeling based on the sequence similarity of proteins are some
frequently applied technical examples to help select critical
residues in the enzyme (Choi et al., 2014a; Choi et al., 2014b;
Choi et al., 2016; Jung et al., 2018). Subsequently, protein
engineering techniques such as multiple site-saturation
mutagenesis (SSM)) (Reetz and Carballeira, 2007; Sun et al.,
2016) or site-directed mutagenesis (SDM) (Bornscheuer and
Pohl, 2001) can be applied to the selected residues to generate
mutation libraries.

In this study, to improve ADCes enzyme activity and stability
at alkaline pH, we selected residues to perform mutations by
computationally analyzing the enzyme’s structural changes and
active sites. Substantial improvements in thermal stability and
specific activity at alkaline pH were achieved by introducing a
new disulfide pair in the decameric interface of the ADCes
homodimer subunit. Our results provide a general mutation
strategy for enhancing enzyme stability by disulfide bond
formation on oligomeric state proteins and subsequently
enhancing their specific activity via active site mutations.

MATERIALS AND METHODS

Construction of ADCes in Expression
Vector
DNA manipulations were performed according to the method of
Sambrook, etc. (Sambrook et al., 2006). E.coli DH5α was used for
DNA manipulation, and E.coli BL21 (DE3) was used as a host
strain for gene expression. Escherichia coli BL21 (DE3) genomic
DNAwas used as the source for adiA gene, which encodes protein
ADCes (GenBank accession: CAQ34466). To express C-terminal
His-tagged fusion ADCes, the coding region of adiA was
amplified by PCR using forward primer 5′- TATAATCAT
ATGATGAAAGTATTAATTGTTGAA -3′ and reverse primer
5′- ATATACTCGAGCGCTTTCACGCACAT -3’. The PCR
product was digested with restriction enzymes (NdeI/XhoI)
and inserted into the corresponding restriction enzyme sites in
pET24ma vector (Lee et al., 2010) as reported previously (Hong,
2017).

FIGURE 1 | General scheme of chemical synthesis of agmatine.
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Disulfide Bond Design of ADCes
ADCes PDB structure (2VYC) was analyzed using DbD v2.12, which
predicts the appropriate pair of residues capable of disulfide bonding
(Craig and Dombkowski, 2013). Predicted pairs were identified using
Pymol, and mutation was performed by only selecting disulfide
residue pairs in the interfacial region. The primer sequences for
the three disulfide-linked mutants W16C/D42C, W16C/D43C, and
W16C/D42C/D43C are shown in Supplementary Table S1.

Site-Saturation Mutagenesis
To screen for positive mutants in selected residues of ADCes,
NNK codons were used for site-saturated mutagenesis (Hong et al.,
2018). The primers corresponding to Supplementary Table S1 were
used for PCR to perform alanine scanning and site-saturated
mutation. The gene libraries were treated with DpnI for 1h at
37°C, and 10 μl of the library plasmids were transformed into
E. coli BL21 (DE3). To screen mutants from a single residue, ∼200
colonies were examined to ensure a mutation coverage of 95% or
greater. The mutant libraries were cultured in 96 deep-well plates for
20 h, and after centrifuging the cultured cells, the supernatant was
discarded, and the relative activity of mutants was measured.

Expression and Purification of ADCes
Variants
According to the previously reported method, the expression and
purification of ADCes variants were carried out (Hong, 2017). IPTG
(0.2mM)was added to the culture when theOD600 reached 0.8, and the
cells were harvested after 18 h induction at 18°C. His6-tagged fusion
proteins were purified at 4°C with Ni-NTA agarose resin from Qiagen
(Hilden, Germany). Elution containing the purified His6-tagged ADCes
variants was concentrated by ultrafiltration using Centriplus YM-30
(Millipore, Bedford, MA) with a molecular weight cut-off of 100 kDa.

Temperature Effect on ADCes Variants
The protein melting temperature (Tm) of the variants were
compared by SYPRO Orange excitation/emission wavelength
profile (Niesen et al., 2007). 1000X SYPRO Orange was
dissolved in Tris-HCl (50 mM, pH 8.0) buffer, and 20 μl
solution was added to the 0.5 μg purified enzyme. Light cycler
480 II System (Roche Applied Science) was used for the detection
of fluorescence changes at specific time points. By the excitation/
emission curve, Δ Tm was calculated (Hong, 2017).

The thermal activity of ADC was evaluated by measuring the
enzyme activity at various temperatures. The purified enzyme
variants were incubated for 1 h at 33 to 65°C, and then cooled on
ice for 10 min. The residual enzyme activity was then measured.

To confirm thermal stability under acidic or alkaline
conditions, the purified enzyme was placed in 50 mM citrate
buffer, pH 5.6, or 50 mM sodium phosphate buffer, pH 8.0,
respectively. The samples were then placed in 60°C water bath.
Residual activity was calculated based on the ADC activities of
non-incubated enzymes. All reactions were done in triplicate.

Enzyme Assay
The relative reaction rates of the mutant libraries were
quantitatively measured by a colorimetric method using cresol

red (pKa � 8.3) (Hong, 2017). The decarboxylase reaction was
measured using 5 mM pH8.0 sodium phosphate buffer, 4 mM L-
Arg, 0.2 mM PLP and 0.2 mM indicator. For high-throughput
library screening, the same method was applied, and the cultured
mutants were examined in 96-well plates. The increase in
absorbance at 574 nm was recorded using a UV
spectrophotometer (BMG LABTECH, Germany), and the
activity was determined via the ΔOD on the basis of the
solution containing all substances other than the enzyme.

To determine the kcat and KM values, 200 μl reaction was
performed in 96-well plates using purified enzymes. The
reactivity was confirmed at 45°C by increasing Arg
concentrations from 0.5 to 20 mM in pH 8.0 potassium
phosphate buffer. kcat and KM were calculated with the
nonlinear regression analysis of the Michaelis-Menten
equation by GraphPad Prism 7 (https://www.graphpad.com/
scientific-software/prism/) software.

To determine enzyme activity at various pH, a reaction
solution was obtained using the following 60 mM buffers:
sodium citrate (pH 5.0–6.0); sodium phosphate (pH 7.0–8.0);
and Tris-HCl (pH 8.8). 30 mM L-Arg, 0.1 mM PLP, and 7.5 μg of
purified enzyme were added to the reaction mixture. Enzyme
activity was measured using HPLC.

Batch Reaction for Agmatine Production
To compare agmatine production over time, 150 μg of the
purified enzyme was added to the 500 μl reaction mixture of
100 mMArg and 0.2 mM PLP. Reactions were carried out at 45°C
and quantitated by HPLC after certain time intervals. All the
reactions were done in triplicate.

Analysis of Substrate and Products
Quantitative analysis of Arg and agmatine was performed using
YounglinHPLC systemwith IonoSpher 5 C, G100x3Column (Agilent,
United States). The flow rate of eluant consisting of 0.6 g L−1 citrate,
4 g L−1 tartaric acid, 1.4 g L−1 ethylene diamine, 5% methanol in 95%
water was 0.9mlmin−1 at 40°C. Refractive index (RI) detection was
used for the detection of substrate and product. Retention times for Arg
and agmatine were 1.5 and 4.1min, respectively.

Molecular Modeling Studies
The ADC mutants were modeled by introducing the mutant
residues into the reported wild-type structure (PDB 2VYC) using
SWISS-MODEL (Bordoli et al., 2009). The template and W16C/
D43C/I258A ADC mutant had three amino acid differences,
resulting in a sequence identity of nearly 100%. The docking
model of substrate Arg into the ADC active site was generated
around 5 Å of the PLP site using AutoDock Vina 1.1.2 (Trott and
Olson, 2010).

RESULTS

Design and Selection of ADCes Disulfide
Bridge Variants
ADCes have been reported to be activated depending on pH due
to its conformation changes (Andrell et al., 2009). To confirm the
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pH dependent activity of ADCes, the specific activity was
measured in a pH range between 5.0 and 8.0. The highest
specific activity of the ADCes was observed at pH 5.0, and the
activity decreased sharply when the pH increased. Little activity
remaining at pH above 7.0, which is in good agreement with the
reported activity profile (Kanjee et al., 2011) (Supplementary
Figure S1).

To rationally create a focused, smart library for selecting
ADCes mutants with enhanced structural stability at alkaline
pH, insertion of disulfide bonds at the decameric interface was
attempted. A web-based tool, “Disulfide by Design (DbD) v2.12”,
was used for in silico design of new disulfide bridges using the 3D
structure of ADCes (PDB 2VYC). The computational algorithm
predicted the distance between the two Cβs of a Cys pair when a
particular target residue is mutated to cysteine (Cys) and verified

possible disulfide bonds (Craig and Dombkowski, 2013). Out of
83 disulfide pair candidates, five pairs were situated on the
decamer interface region. Among the five putative disulfide
bond pairs, we narrowed down the putative mutation
targets to the residues involved in the pentameric inner
ring formation. Thus, the N-terminal wing domain
interface in helix α′ 1 and helix α′ 2 regions were selected
and counted as ‘hot-spot’ (Andrell et al., 2009) (Figure 2A).
From the two putative disulfide pair candidates in the hot-
spot regions, W16C was predicted to form a disulfide bond
with D42C or D43C, respectively. W16 is located in helix α′ 1,
whereas D42 and D43 residues are in helix α′ 2 of another
homodimer subunit (Figure 2B). To examine the activity and
stability changes of ADCes through Cys substitution, two
mutants were generated: W16C/D42C and W16C/D43C.

FIGURE 2 | Proposed disulfide bridges in the interface of ADCes. (A) The potential residue pairs for disulfide formation from DbD V1.20. Out of the five predicted
pairs located in the decamer interface, only two pairs are in the “hot-spot”, the intrinsic interface only for decameric structures. (B) The “hot-spot” decameric interface
region of ADCes (PDB 2VYC). The basic unit of ADCes is composed of five homodimers that combine as a decamer. To define the monomers, monomer A is colored in
red and monomer B is colored in blue. The green structure represents the other monomers in the pentameric ring among the decameric monomers. There were
two disulfide bond pairs predicted in the interface. W16 in helix α′ 1 in monomer B was predicted to form a disulfide bond with D42 and D43 in helix α′ 2 in monomer A,
respectively.
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The enzyme activities of the two resulting mutants were
measured at pH 8.0 using their cell extracts. As given in
Supplementary Figure S2, the relative activities of the
variants were measured using ADCes activity as control.
Among the two mutants examined, only W16C/D43C
mutation was active towards the substrate. When protein
expression levels were compared, the protein expression level
of the W16C/D42C mutant was similar to that of the wild-
type, but this mutant lost activity (Supplementary Figure
S3); thus, only W16C/D43C mutant was chosen for further
enzyme characterization.

Enzymatic Activity of Purified W16C/D43C
Mutant at Alkaline pHs
To better understand and precisely compare the W16C/D43C
mutant activity, enzyme reactions were conducted in
different alkaline pH buffers using the purified enzymes.
At pH 8.0, the specific activity of ADCes and W16C/D43C
mutant were 3.01 ± 0.10 and 6.28 ± 0.12 μmol/min/mg,
respectively, whereas at pH 8.8, the specific activity of
ADCes and W16C/D43C mutant were 2.73 ± 0.11 and
5.05 ± 0.6 μmol/min/mg, respectively. One thing to note is
that W16C/D43C mutant showed almost two-fold enhanced
specific activity (i.e., 2.1 and 1.9 folds at pH 8.0 and 8.8,
respectively) at alkaline conditions compared to the wild-
type (Figure 3). The purified enzyme reaction at pH 8.0
showed higher activity enhancement than the cell extract
(Supplementary Figure S2).

Determination of the Thermostability of
ADCes Variants
The thermostability of wild-type andW16C/D43C was compared
by incubating the purified enzymes at 60°C, as explained in the
Material and Methods section. To examine the thermostability at
different pH, the samples were incubated at pH 5.6 (Figure 4A)
and pH 8.0 (Figure 4B), respectively. The wild-type activity
dropped to almost zero within 10 min at both pH 5.6 and 8.0
conditions; However, W16C/D43C maintained activity
compared to wild-type at both pHs. When the enzymes were
heated at pH 5.6, W16C/D43C was exceptionally stable, and
nearly 97% of the initial activity remained after 10 min
incubation. The dramatic thermostability enhancement was
calculated by the half-life (t1/2-pH5.6) as shown in
Supplementary Figure S4a. The t1/2-pH5.6 of W16C/D43C
mutant was 2100 min, 1050-fold as that of ADCes at 60°C. In
the case of pH 8.0 (Supplementary Figure S4b), the t1/2-pH8.0 of
W16C/D43C mutant was 560 min, almost 280-fold as that of the
wild-type indicating that the dramatic thermostability
enhancement of W16C/D43C mutant was maintained under
both acidic and alkaline conditions.

T50, the temperature at which any enzyme loses 50% of its
activity after 1 h incubation, was also measured (Figure 4C), and
the W16C/D43C mutant displayed 12.7 ± 3.2°C higher T50 than
ADCes. All of the examined thermostability values were
summarized in Table 1, verifying that the disulfide bond
mutation substantially enhanced the ADC’s stability.

Site-Saturation Mutagenesis in the Active
Site Residues
In order to further increase the activity of W16C/D43C disulfide
bond mutant, single SSMs at the active site residues of ADCes
were subsequently performed. Candidate residues for
mutagenesis were selected based on ADCes -Arg docking
simulations and the previously reported agmatine aldimine
structure at ADCes active site (Andrell et al., 2009). Among
the residues directly contacting the cofactor PLP or the substrate
Arg, the residues interacting with the phosphate group of PLP
and carboxylic group of Arg were carefully examined. Among 13
residues, seven residues near the phosphate group of PLP and six
residues near the carboxylic group of Arg were chosen
(Figure 5A). To minimize the experiments for SSM, alanine
scanning was performed in these residues before SSM. When the
corresponding amino acids of the selected residues were
substituted to Ala, only the two mutants, C254A and I258A,
maintained more than 60% of their original activities towards Arg
(Figures 5B,C). The activity loss of most of Ala substituted
mutants was somewhat expected because the examined
residues were highly conserved based on the conservation
analysis using HotSpot Wizard 2.0 (Bendl et al., 2016)
(Figure 5A).

C254 and I258 were subjected to SSM using the disulfide bond
mutant (W16C/D43C) template. Degenerate NNK codons were
used for the library construction, and at least 172 mutant clones
were examined to ensure a mutation coverage of 95% or more for

FIGURE 3 | Specific activity of ADCes and W16C/D43C in alkaline pH.
Each purified enzyme was tested against 30 mM concentration Arg. Values
are expressed as μmol per min per mg of purified enzyme. Experimental points
represent mean values of triple replicates. Error bars represent the
standard deviations.

Frontiers in Catalysis | www.frontiersin.org November 2021 | Volume 1 | Article 7745125

Hong et al. Improving the Stability and Activity of Arginine decarboxylase

https://www.frontiersin.org/journals/catalysis
www.frontiersin.org
https://www.frontiersin.org/journals/catalysis#articles


a single SSM (Nov 2013). 200 colonies were selected from each
residue library from the agar plates, and, in total, 400 clone
activities were compared through whole-cell cultures in 96 well

plates at pH 8.0. Among the mutants, 12 colonies with higher
activity than the template W16C/D43C were identified. However,
only one mutant displayed more than 1.4-fold increased activity,
and its mutation site was identified as W16C/D43C/I258A.
Interestingly, the best mutant from the SSM library at position
I258 was the same mutant created by alanine scanning.

Characterization of ADCes Variants
To investigate the mutational effect on the kinetic values, the
kinetic parameters of W16C/D43C, I258A, and the final mutant
W16C/D43C/I258A of ADC were determined after purification
at pH 8.0, as shown in Table 2. Compared with ADCes, all the
three variants displayed an increase in kcat and a decrease in KM

FIGURE 4 | Thermal stability of W16C/D43C mutant compared to ADCes. The half-life of W16C/D43C mutant was compared to that of ADCes by incubating the
purified samples at 60°C and measuring the remaining activity. The samples were respectively incubated at (A) pH5.6 using 50 mM citric buffer and (B) pH 8.0 using
50 mM sodium phosphate buffer. (C) To determine T50, the remaining enzyme activities were measured after the enzyme variants were incubated from 33°C to 65°C for
1 h. The closed circle represents ADCes, and the open circle represents W16C/D43C. Experimental points represent mean values of triplicate measurements.
Error bars represent the standard deviations.

TABLE 1 | Thermal parameters of the ADC variant.

Variants T50 [oC] t1/2-pH5.6 (min)a t1/2-pH8.0 (min)b

Wild-type 45.9 ± 4.37 2.01 2.01
W16C/D43C 58.6 ± 1.16 2111 561

at(1/2) �(ln2/kd), Kd (first-order rate constant of inactivation) was determined based on
Supplementary Figure S4a after incubating the samples at pH 5.6 (60°C).
bt(1/2) �(ln2/kd), Kd (first-order rate constant of inactivation) was determined based on
Supplementary Figure S4b after incubating the samples at pH 8.0 (60°C).
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value, resulting in enhanced catalytic efficiency (kcat/KM). In
particular, the final mutant W16C/D43C/I258A showed
enhanced kcat value for Arg (2.1 fold increase) and showed
decreased KM value (2.0 fold decrease), resulting in a
significant kcat/KM value (4.4 fold increase) compared to that
of the wild-type.

In order to confirm the influence of the additional active site
mutation (W16C/D43C/I258A) on the disulfide mutant (W16C/
D43C), the melting temperatures (Tm) of ADCes variants were
measured using differential scanning fluorometry (DSF)
(Supplementary Figure S5). The disulfide bond W16C/D43C
mutant exhibited 18°C higher Tm than that of ADCes. However,
I258A mutation alone harmed the stability of ADCes and

displayed 2.4°C lower Tm value. Nonetheless, when the single
mutation (I258A) was combined with the disulfide mutation
(W16C/D43C), the melting temperature of the final mutant
(W16C/D43C/I258A) was 81.7 ± 0.01°C, which was 16.0°C
higher than the wild-type. The final mutant W16C/D43C/
I258A provided dramatic structural stability against the single
I258A mutation.

Batch Reaction of ADCes Variants
Finally, the time course of agmatine production was monitored
by HPLC with RI detector using the purified enzyme variants
(150 μg) together with 100 mM Arg and 0.2 mM PLP. The
starting pH of the batch reaction for agmatine production
using Arg monohydrochloride as substrate was ca. 6.7. As
shown in Figure 6, the examined three mutants were
identified to be superior to ADCes in converting Arg into
agmatine throughout the whole reaction. I258A and W16C/
D43C/I258A mutants exhibited an initial conversion rate of up
to 1.4- and 1.5-fold, respectively, within 20 min compared to the
wild type. In terms of the final yield, W16C/D43C and W16C/
D43C/I258A mutants with the disulfide bond mutation showed
1.8- and 2-fold increases of agmatine yield compared to the wild-
type within 5 h, respectively. As a result, due to the improved
stability and the activity, W16C/D43C/I258A mutant showed the
highest agmatine yield, which is ca. 2-fold improvement (>89%

FIGURE 5 | (A) Schematic diagram showing the interactions stabilizing PLP in the active site of ADCes (PDB2VYC). The thick grey line shows the pocket interacting
with the substrate Arg. The degree of conservation is indicated by different colors and is based on the result of HotSpot Wizard. Relative activities of alanine-substituted
mutant enzymes for ADCes residues interacting with the (B) phosphate group of PLP and (C) carboxylic group of Arg.

TABLE 2 | Kinetic parameters of ADC variants based on Michaelis-Menten
equation.

Variants KM (mM) kcat (s
−1) kcat/KM (s−1 mM−1)

Wild- type 4.35 ± 0.30 1.03 ± 0.03 0.24
W16C/D43C 3.20 ± 0.30 2.23 ± 0.07 0.70
I258A 2.25 ± 0.35 1.81 ± 0.09 0.81
W16C/D43C/I258A 2.13 ± 0.51 2.19 ± 0.16 1.03

All enzyme assays were performed at 45°C and pH 8.0 in potassium phosphate buffer.
The results are presented as means ± standard deviations for triplicates.
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yield within 5 h) in total compared to that of the wild-type (>43%
yield within 5 h).

DISCUSSION

Intracellular ADCes activate according to the acid stress response
of E. coli cells, and by its decarboxylation mechanism, consumes a
proton in the cytoplasm. Consumption of the protons in acidic
conditions allows the cells to maintain a neutral pH suitable for
cell growth. However, ADCes are no longer active when the pH
becomes neutral or alkaline. This phenomenon occurs to avoid
excessive degradation of Arg in the cells (Andrell et al., 2009).
However, the acid response of ADCes causes problems when
applied for industrial agmatine production because the pH
increases rapidly due to the high concentration of substrate
used in the reaction process.

ADCes belongs to the prokaryotic ornithine decarboxylase
(pODC) subclass of Fold Type 1 PLP-dependent decarboxylase,
composed of five domains: an N-terminal wing domain, linker
domain, PLP-binding domain, the aspartate aminotransferase-
like small domain followed by a C-terminal domain (Andrell
et al., 2009). The N-terminal wing domain is vital in creating the
decamer structure. Through hydrogen bondings or electrostatic
interactions in this domain, ADCes forms an active decamer from
the inactive homodimers depending on the pH. In particular, the
first two α-helices present in the ADCes wing domain are
essential for creating the pentameric structure of the enzyme

(Andrell et al., 2009). Thus, these specific interface regions were
selected to generate disulfide bridge mutants.

When creating SSM libraries, residues close to the active site
and substrate-binding pocket were selected. We were particularly
interested in the residues interacting with the phosphate group of
cofactor PLP, which are essential in binding the ligand to PLP-
dependent enzymes (Denesyuk et al., 2002). The residues
interacting with the phosphate group of PLP were examined
primarily. Due to the extremely high conservation scores of the
examined seven residues (Figure 5A), all the Ala substituted
mutants lost their original activities. According to a reported
study of other amino acid decarboxylases, the carbon dioxide
releasing process from the α-carbon of the substrate is the rate-
limiting step of decarboxylation reactions (Kluger and Rathgeber,
2008); thus, the residues near the carboxyl group of Arg where its
dynamic interaction occurs were selected for further Ala
scanning. Although mutating the substrate interacting residues
is very likely to reduce the original activity of the enzyme
(Toscano et al., 2007), interestingly enough, a mutant with
improved activity was discovered.

A few reports analyzed ADC catalytic efficiency from
various origins. In one of the studies, the ADC from G.
forsetii was evaluated after analyzing the phylogenetic
distribution of various forms of ADC (Burrell et al., 2010).
The kcat/KM value of the G. forsetii ADC at pH 8.5 was 0.22
mM-1s-1. Considering that the mutant W16C/D43C/I258A in
this study exhibited a value of 1.03 mM-1s-1 kcat/KM at pH 8.0,
it is not easy to compare the activities accurately because of the
slightly different alkaline pH conditions used for the
evaluation. However, roughly speaking, our final W16C/
D43C/I258A mutant is approximately 4.7-fold more active
than the G. forsetii ADC at alkaline conditions. From another
recent study, the catalytic efficiency of ADC from Shewanella
algae was characterized (Pei et al., 2021). Even though the kcat
(12.62 ± 0.68 s−1) for this variant was comparatively high,
because of its high KM (14.55 ± 1.45 mM), when the overall
kcat/KM value was compared to the final W16C/D43C/I258A
mutant of this study it had lower catalytic efficiency.
Compared with the papers reported so far, the W16C/
D43C/I258A mutant developed in our article has higher
catalytic activity at alkaline pH.

The increased activity of the W16C/D43C/I258A mutant
showed that the catalytic activity of an enzyme could be
improved by subtle changes in the amino acid side chains,
as reported (Taylor and Vaisman, 2010). To better understand
the cause of increased activity, the structure of the final mutant
W16C/D43C/I258A was modeled and compared with that of
the wild type (Figure 7). For ADCes, the distance between the
sec-butyl side chain of I258 and the Cα atom of Arg and the
distance between the sec-butyl side chain of I258 and the
guanidino group of Arg were determined as 9.6 Å and
6.3 Å, respectively. On the other hand, in the W16C/D43C/
I258A mutant case, the distances were identified as 10.1 Å and
7.1 Å, respectively. Based on the protein modeling results of
the I258A mutant, when the bulky hydrophobic side chain of
Ile was replaced with the more diminutive amino acid Ala, this
may have minimized the steric hindrance, thus improving

FIGURE 6 | Time course agmatine production. Agmatine production
was compared at 45°C using the purified enzymes of ADCes, W16C/D43C,
I258A, andW16C/D43C/I258A. The reaction mixture contained 100 mM Arg,
0.2 mM of PLP, and 150 μg purified enzymes.

Frontiers in Catalysis | www.frontiersin.org November 2021 | Volume 1 | Article 7745128

Hong et al. Improving the Stability and Activity of Arginine decarboxylase

https://www.frontiersin.org/journals/catalysis
www.frontiersin.org
https://www.frontiersin.org/journals/catalysis#articles


substrate binding to the active site. However, it is difficult to
explain the affinity change due to the long structural distance
between the substrate Arg and the Ala of I258A amino acid
residue (>6 Å) when docking simulation is performed.
Therefore, the docking simulation result cannot suggest the
exact cause of the productivity improvement due to the
interaction change caused by the mutation of the enzyme. If
the protein structure of the W16C/D43C/I258A mutation is
resolved through further studies, a more accurate explanation
will be possible. Further studies such as molecular dynamics
simulations could also explain the cause of kcat increase and
KM decrease in the mutant.

The starting pH of the batch reaction for agmatine production
using Arg monohydrochloride as substrate was ca. 6.7. After 5 h,
the pH of the reaction mixture using the ADCes reached around
8.1, whereas the mutant reached near 8.4. The higher final pH of
the reaction using the mutant indicates that the W16C/D43C/
I258A mutant’s reaction consumes more protons which means
more agmatine was produced than the wild-type at alkaline
conditions. The stability enhancement of the enzyme could be
advantageous in the process development of agmatine
production. Although the water solubility of Arg is high at
20°C, i.e., 149 g/L, the substrate solubility could be further
increased at a higher temperature, and more significant
amounts of agmatine production could be achieved using the
mutant.

CONCLUSION

In conclusion, we rationally selected mutational target sites of
ADCes for disulfide bond formation based on its PDB
structure (2VYC). We chose the best performers by
creating smart, focused libraries with SSM. Protein-ligand
docking simulations for this mutant showed that when the
hydrophobic side chain of Ile at position 258 was replaced by
the smaller amino acid Ala, the space of the active site to

which the substrate binds was expanded. Due to the enhanced
activity and stability at alkaline pH, the final mutant
W16C/D43C/I258A showed better agmatine production
throughout the reaction than the wild-type.
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