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Introduction

Advances in bio-nylon 5X: discovery of new lysine
decarboxylases for the high-level production of
cadaverinef

Yaju Xue,? Yongliang Zhao,? Xiuling Ji,? Jiahao Yao,? Peter Kamp Busk,© Lene Lange,®
Yuhong Huang @ *2P€f and Suojiang Zhang @ *2®

Cadaverine (1,5-pentanediamine) is the most important precursor for nylon PASX, which has an extremely
competitive market due to the high consumption of engineered plastics and fibers. The key enzyme
lysine decarboxylase is in desperate need for industrial bio-based cadaverine production. In this study,
new lysine decarboxylases have been mined by peptide pattern recognition for the high-level production
of cadaverine. The predicted enzymes were expressed in E. coli and analyzed as whole-cell biocatalysts.
Two outstanding recombinant enzymes from Edwardsiella tarda and Aeromonas sp. (LdcEt and LdcAer,
respectively), were further purified and characterized. The optimal pH and temperature for LdcEt and
LdcAer were pH 7, 55 °C and pH 6, 50 °C, respectively. These two enzymes were stable over the pH range
of 5=7 during 24 h incubation. Both of them still had activity after being incubated at pH 8. LdcEt and
LdcAer also have good thermostability with a half-life of 14.5 h and 20.3 h at 60 °C, respectively. The
kinetic analysis showed that they have high catalytic efficiency as the kea/Km (LdcEt: 243.28 s™ mM~;
LdcAer: 266.86 s~ mM~) was the highest when compared for all the related studies. The whole cell con-
version by LdcEt with 0.1% (v/v) Triton X-100 can convert 100% 2 M L-lysine HCl to cadaverine in 2 h and
the cadaverine productivity was high up to 103.47 + 4.37 g L™* h™. The in vitro studies further found that
unpurified cell-lysates of LdcEt had relatively higher activity compared to the whole cell conversion.
Meanwhile, 0.4 mg mL™ purified LdcEt and LdcAer can efficiently produce 165.96 + 1.41 g L™ and 155.84
+ 4.63 g L™* cadaverine only in 0.5 h, respectively. The high specific activity, pH, thermo-stability, and
catalytic efficiency in vivo and in vitro, combined with simultaneous cell treatment with Triton X-100 and
the bioconversion process, provide LdcEt with great potential in the economic and efficient production of
cadaverine at the industrial scale.

automotive, engineering plastics, electronics and electrical,
textile, and other industries." The growing population and the

Nylon polyamides (PAs) are well-known lightweight and tough
synthetic polymers, which have been widely applied in the
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presence of huge secondary processed product manufacturers
have boosted the demand of the nylon market.> PA 66 is one of
the most important and widely used nylon varieties as it has
strong dielectric resistance in thermally- and mechanically-
stressed moldings. In Europe and China, the shortage of the
major raw material adiponitrile, which is the precursor of
hexamethylenediamine for PA 66, has caused a price hike and
put significant pressure on the supply.” Meanwhile, pet-
roleum-based hexamethylenediamine has significant impact
on the environmental sustainability. Therefore, similar and
sustainable substitute products with good characteristics for
PA 66 are highly expected to be explored. Bio-based nylon
PA5X varieties (such as PA52, PA54, PA56, and PA510) are syn-
thesized from cadaverine and diprotic acid by a green process,
throwing light on the development of the renewable nylon
market. It has been reported that bio-based nylon PA56 with
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remarkable properties such as lightweight, good moisture
absorption, thermo-resistance, high tensile strength, low temp-
erature dyeing, high elasticity, and flame retardancy has great
potential to be developed into various high-end applications.*

However, recently, no market supplies of cadaverine (1,5-
pentanediamine (NH,(CH,)sNH,)), which is the most impor-
tant precursor for PA5X, has limited the further global pro-
duction of PA5X. The petrochemical technology for cadaverine
production is neither cost efficient nor economically viable at
the industrial scale due to its low selectivity in catalysis and
high-cost of the precursor.” Therefore, the efficient, green, and
economic process for the high-level production of cadaverine
is a primary issue for the PA5X market. Gale and Epps® firstly
observed that lysine decarboxylase from Escherichia coli can be
induced during the acid stress-induced process. This signifi-
cant discovery has paved a shortcut for bio-based cadaverine
production.

Currently, biocatalytic approaches for cadaverine pro-
duction are inherently divided into fermentation and whole
cell bioconversion. The former is beneficial for use in natural
raw materials such as glucose,® cellobiose,” starch, and
sucrose® and other related alternative carbon sources for the
production of cadaverine by genetic E. coli or Corynebacterium
glutamicum strains. However, the biotoxicity of the product
and the released CO, limit the cell to maintain its viability and
activity for growth and catalysis during the fermentation
process, resulting in low yield of cadaverine (less than 100 g
L7").° Meanwhile, the relatively low concentration of cadaver-
ine, various cell-secreted metabolites, and residue compounds
in the culture broth and the cellular degradation of the
product have significant effects on the downstream purifi-
cation of cadaverine. Whole-cell bioconversion, in turn, can
directly convert r-lysine to cadaverine in a single step. This
reaction process does not require complex fermentation
control and there is no accumulation of the by-products. It has
been expected that the global i-lysine market will be about
3.28 million metric tons and the price of 1-lysine has decreased
to about $1.5 in 2020.'° Therefore, whole-cell bioconversion
using recombinant strains with lysine decarboxylase is a prom-
ising and economic route for the direct conversion of r-lysine
to cadaverine.

Most of the studies have focused on inducible lysine decar-
boxylase (EC 4.1.1.18) from E. coli (CadA) as it has high cata-
Iytic activity and expression level.>*'! Ajinomoto Corporation
took the lead in constructing genetically engineered strains;
after overexpressing the E. coli lysine decarboxylase, the titer of
cadaverine was up to 66.8 g L™..*> Then, the introduction of
lysine/cadaverine antiporter (CadB), fusing the signal sequence
to the recombinant strains, has been confirmed for improving
the mass transfer and increasing the production of cadaverine,
such as E. coli BL-BADE ( pETDuet-pelB-cadB-cadA)'® and E. coli
BL21AspeEApuuAAspeGAygiG  (pSITDuet-cadA-pelB-cadB)."*
Kanjee et al.'® have revealed that CadA is an oligomer of five
dimers, which associate to form a decamer. The structure of
the decamer is sensitive when the pH changes from 5.0 to 8.0,
which significantly affects the stability and activity of the
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enzymes. Therefore, it is necessary to improve the stability of
CadA by protein engineering. Ajinomoto and Mitsui
Chemicals Corporation have screened mutants with higher
thermal stability and activity through the directed evolution of
CadA."® Hong and Kou have half-rationally designed the deca-
meric interface of CadA and the target mutants
F14C/K44C/L7M/N8G and T88S obviously improved the stabi-
lity and activity, which can produce 157 g L™' cadaverine in
9.5 h (productivity: 16.52 ¢ L™" h™") and 198 g L™" cadaverine
within 5 h (productivity 40 g L™" h™")."”'® Pyridoxal phosphate
phosphate (PLP) cofactor plays an important role in the cataly-
sis of PLP-fold type I lysine decarboxylase CadA. Moon et al.*’
introduced an intracellular ATP regeneration system using
polyphosphate kinase (ppk) into systems containing CadA and
PdxY for intracellular PLP production and combined it with
hexadecyltrimethylammonium bromide (CTAB) for membrane
permeabilization, which resulted in 102 g L™ cadaverine in
6 h (productivity: 17 g L™" h™"). Ma et al.*® introduced intra-
cellular PLP synthesis gene yaaDE into E. coli BL-BADE
(pETDuet-pelB-cadB-cadA), which can produce 250 g L™" cada-
verine finally (productivity: 62.5 ¢ L~" h™"). The addition of the
inducer isopropyl f-p-1-thiogalactopyranoside (IPTG) and the
enzyme co-factor PLP increases the cost for the whole cell bio-
conversion of r-lysine to cadaverine during the enzyme induc-
tion and catalytic process.”™?*> Currently, a new PLP- and IPTG-
free whole cell bioconversion process of r-lysine to cadaverine
has been developed by the engineered strain E. coli XL1-Blue
(pKE112-HaLdcC) using lysine decarboxylase from Hafnia
alvei. This recombinant XBHaLDC can produce 123.2 g L™*
cadaverine after 12 h of reaction with a productivity of 10.3 g
L' h™".*' These recombinant strains with CadA/mutant CadA/
HaLdcC can improve either the stability or the activity of the
enzymes; however, due to the low productivity of the enzyme,
it is still difficult to meet the industrial requirement.
Undoubtedly, we need to discover more efficient lysine decar-
boxylases for high-level cadaverine production.

In this study, we have first set up the databases with lysine
decarboxylase protein sequences. For this, peptide pattern
recognition (PPR) bioinformatic program>*** was used for dis-
covering new lysine decarboxylases. Combined with the phylo-
genetic tree, sequence, and 3D structure analysis, nine lysine
decarboxylases from different origins were further chosen for
constructing the recombinant strains. After the characteriz-
ation and optimization, we found an efficient lysine decarboxy-
lase LdcEt from Edwardsiella tarda, which can completely
convert 2 M t-lysine HCI to cadaverine with the productivity of
up to 103.47 + 4.37 g L' h™". This new lysine decarboxylase
has great potential for large scale applications.

Results and discussion
Analysis of lysine decarboxylases by PPR

PPR is a non-alignment-based method for analyzing a large
number of divergent protein sequences with a low degree of
similarity.>*** In this study, 17 560 lysine decarboxylases (EC
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4.1.1.18) protein sequences were downloaded from GenBank
and then, 9901 curated protein sequences with less than 98%
identity were used to create the peptide patterns with the PPR
algorithm. The 9901 lysine decarboxylase protein sequences
were divided into 57 groups based on the unique and con-
served short peptides. The 57 short peptide groups can be
combined with the homology to peptide pattern (Hotpep) to
further identify the targeted lysine decarboxylase.”® The
muscle alignment of the highest scoring sequence in each PPR
group and the percent identity matrix indicated that the 57
PPR groups were quite different (Fig. S1t). The phylogenetic
tree of the sequences with the highest score in each PPR group
showed that groups 1, 2, 4, 6, 26, 29, 45, 48, and 52 clustered
closely together (Fig. S27). Therefore, these 9 PPR groups pro-
vided more chances to find potential lysine decarboxylases.
Further, the analysis of the 9 PPR groups indicated that consti-
tutive lysine decarboxylases were mainly assigned to the PPR
groups 2, 4, 6, 29, 48, and 52. PPR group 26 contained by far
the most inducible lysine decarboxylases. Sequences that fell
into groups 1 and 45 were not identified as constitutive or
inducible lysine decarboxylases. It has been reported that
inducible lysine decarboxylase has a much higher expression
level, catalytic activity, and thermostability than the constitu-
tive ones, which were progressively inactivated when the incu-
bation temperature was above 37 °C.>>*® Therefore, lysine dec-
arboxylases from groups 1, 26, and 45 are the most interesting
for further analysis according to the clustering analysis and
the characterized sequences.

The 87 inducible lysine decarboxylases sequences in PPR
group 26 were mainly originated from E. coli, Klebstella sp.,
Serratia sp., Hafnia sp., Edwardsiella sp., Vibrio sp., and
Aeromonas sp. One genus clustered closely together except the
sequences from Edwardsiella sp., which can be found in three
clades (Fig. 1). The sequences from each genus with the
highest score were isolated for further analysis (Table 1).
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Fig. 1 Inducible lysine decarboxylases sequences in the PPR group 26.
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Table 1 The predicted lysine decarboxylases based on the PPR and phylogenetic analysis

Coverage

Range

Seq. Similarity

Found by  Method  Resolution

QSQE
0.65
0.65
0.67
0.69
0.67
0.67
0.59
0.6
0.49
0.6

Seq. identity ~ Oligo-state

Template

Origin

Accession no.

PPR group

1-711
1-711
1-711
1-711
1-711
1-711
1-710

0.61
0.6

410 A
410 A

HHblits
HHblits
BLAST
BLAST
BLAST

Proteobacteria

Klebsiella

1
1

X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray
X-ray

Homo-10-mer

100

3q16.1.A

WP_001295383.1

26

0.97
0.97
0.93

23-733

6-752
26-750

0.59
0.58
0.58
0.57
0.53
0.54

0.4
0.36

410 A
410 A
410 A
410 A
410 A
410 A
2.40 A
3.00 A

HHblits
HHblits
HHblits
HHblits
HHblits

Homo-10-mer
Homo-10-mer
Homo-10-mer
Homo-10-mer
Homo-10-mer
Homo-10-mer
Homo-10-mer
Homo-10-mer
homo-dimer

94.41
92.44
89.33
87.92
86.83
75.77
75.25
39.07
29.84

3q16.1.A
3q16.1.A
3q16.1.A
3q16.1.A
3q16.1.A
3q16.1.A
3q16.1.A
2vyc.1.A

1ord.1.A

Salmonella bongori
Serratia
Edwardsiella tarda

Aeromonas
Vibrio cholerae

Bordetella
Cellvibrio

Hafniaceae

WP_095123982.1

WP_001100654.1

WP_020828344.1

WP_025800207.1

WP_005282982.1

WP_069526264.1

WP_001229857.1

WP_086063064.1

WP_062063161.1
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Multisequence alignment showed that the catalytic active site,
PLP-binding site, and the substrate combing site were highly
conserved among these sequences (Fig. S3t). The sequence
identity was in the range of 75.25-94.41% when compared
with the well-studied CadA (WP 001295383.1) and the
sequences were separated from each other based on the clus-
tering analysis (Fig. 1).

Finally, the highest score sequence WP 086063064.1 from
Bordetella sp. 8 (LdcBor) in group 1, WP 062063161.1 from
Cellvibrio sp. OA-2007 (LdcCel) in group 45, and 7 sequences
from E. coli (CadAEc), Klebstella sp. (LdcKle), Salmonella
bongori (LdcSal), Serratia sp. (LdcSer), Hafnia sp. (LdcHaf),
Edwardsiella tarda (LdcEt), Vibrio sp. (LdcVib), and Aeromonas
sp. (LdcAer) in group 26 were chosen for further recombinant
strain construction. Among them, the enzymes from E. coli
(CadA),"®** Klebstella sp.,”” Hafnia sp.,>"*® and Vibrio sp.*>*°
were well-characterized. There will be significant space to
explore the potential properties of the lysine decarboxylases
from Bordetella sp., Cellvibrio sp., Serratia sp., E. tarda,
Salmonella sp., and Aeromonas sp. according to the PPR predic-
tion and the phylogenetic analysis.

Heterologous expression of the predicted lysine decarboxylases

The whole-cell bioconversion for cadaverine production is a
promising process, which is suitable for large scale appli-
cation. Ma et al.'® found that fusing the signal peptide pelB to
lysine/cadaverine antiporter (CadB) can overcome the per-
meability of the cell membrane and increase the cadaverine
yield by 12%. Therefore, in this study, the codon optimized
9 genes and CadB fusing the signal sequence pelB was inserted
to the pETDuet plasmid. The resulting pETDuet-ALDC-pelB-
cadB was transferred to E. coli BL21 (DE3) for each lysine dec-
arboxylase. The well-characterized CadA from E. coli was also
included in this study. The recombinant strains were further
cultured and induced for expressing the enzymes. All the
genes (except LdcVib) were expressed according to the
SDS-PAGE analysis (Fig. 2A). The molecular weight of these
sequences (monomer) was close to 80 kDa for each enzyme.

The results of whole cell conversion of r-lysine HCI are
available in Fig. 2B. LdcBor from Bordetella sp. 8 in PPR group
1 and LdcCel from Cellvibrio sp. in PPR group 45 did not show
the decarboxylate activity when using 1-lysine HCI as the sub-
strate. It is interesting to find that lysine decarboxylase from
Edwardsiella tarda (LdcEt) and Aeromonas sp. (LdcAer) in the
PPR group 26 have much higher activity than the most studied
CadAEc. These two enzymes have not been characterized yet.
The cells with enzymes from Salmonella bongori (LdcSal) and
Hafnia sp. (LdcHaf) have comparable catalytic component in
the cells with CadAEc. Even though the lysine decarboxylase
originating from Hafinia sp. has been investigated by protein
engineering and heterologous expression to improve the cada-
verine production,”"*® its cadaverine productivity was not high
enough for large scale application. In this study, the two
enzymes LdcEt and LdcAer have been further analyzed for
efficient cadaverine production.
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CadA Lde Lde Lde Lde Lde LdcLde Lde Lde Lde Lde
Ec Kle Sal Ser Haf Et AerVib Bor Cel M Aer Et

Fig. 2 (A) SDS-PAGE profile for the selected lysine decarboxylases.
Lane 1 M (marker), lane 2 CadAEc from E. coli, lane 3 LdcKle from
Klebstella sp., lane 4 LdcSal from Salmonella bongori, lane 5 LdcSer
from Serratia sp., lane 6 LdcHaf from Hafnia sp., lane 7 LdcEt from
Edwardsiella tarda, lane 8 LdcAer from Aeromonas sp., lane 9 LdcVib
from Vibrio sp., lane 10 LdcBor from Bordetella sp., and lane 11 LdcCel
from Cellvibrio sp. Purified LdcAer and LdcEt are shown in lane 12 and
13, respectively. (B) Whole cell conversion of 1.5 M L-lysine HCl to cada-
verine by the recombinant host with the predicted lysine decarboxylases
at pH 6, 45 °C, 500 rpm for 1 h.

Structural analysis of LdcEt and LdcAer

The 3D modeling homodecamer structures of LdcEt and LdcAer
can be found in Fig. 3A and D. In the alignment for LdcEt, 710
of 714 target residues (99.4%) were aligned to template the resi-
dues (3N75, X-ray crystal structure of CadA). Among these
aligned residues, the sequence identity and similarity were
86.8% and 93.8%, respectively. After the side-chains had been
built, optimized, and fine-tuned, all newly modeled parts were
subjected to a combined steepest descent and simulated anneal-
ing minimization. The overall quality Z-score (—0.388) of the
resulting half-refined model indicated that the model quality
was good. During the LdcAer homology modeling process, 709
of 710 target residues (99.9%) were aligned to the template resi-
dues (3N75). Among these aligned residues, the sequence iden-
tity is 75.6% and the sequence similarity is 86.2%. The full
refined model with an overall quality Z-score of —0.403 was pre-
dicted as the final model. The unit of the LdcEt and LdcAer
homodecamer was assembled by the two-fold symmetric dimer
and the core domains including the linker region, PLP-binding
domain, and subdomain 4 of each monomer were tightly associ-
ated, while the N-wing domains are separate from the body of
the dimer as the described CadA structure (3N75).'>

Lysine decarboxylases belong to the fold type I family of
PLP-dependent enzymes, which need cofactor PLP to decar-
boxylate the a-carbonyl group of the substrate. It is important
to identify the crucial contacts between the residues and PLP.
In this study, 25 VINA docking runs of PLP to the receptor
LdcEt and LdcAer were done at the optimal reaction pH 7 and
6, respectively. After clustering the 25 runs, 6 distinct complex
conformations (differing by at least 5.0 A heavy atom RMSD
after superposing on the receptor) were obtained for both the
receptors. The first conformation with the highest binding
energy (6.10 and 6.64 kcal mol™" for LdcEt and LdcAer,
respectively) and lowest dissociation constant (34007348 and

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 3D model structure analyses of LdcEt and LdcAer. The 3D model homodecamer structure of LdcEt (A), PLP binding sites in LdcEt, PLP is
shown as a stick with the color based on the element. Residues that directly interact with PLP are labeled and colored (B). The substrate coordinating
sites in LdcEt. Both PLP and L-lysine are shown as sticks with the color based on the element. Residues that involve substrate binding are labeled and
colored by yellow in one monomer and by orange in the second monomer. The hydrophobic interaction is shown in green line, the hydrogen bond
is shown by the pink dotted line, and the ionic bond is shown by the pink line (C). The 3D model homodecamer structure of LdcAer (D), PLP binding

sites in LdcAer (E), and the substrate coordinating sites in LdcAer (F).

13531609 pM for LdcEt and LdcAer, respectively) were shown
in Fig. 3B and E. PLP contacted 16 LdcEt residues by hydrogen
bonding with LYS246A and by hydrophobic interactions with
HIS245, LYS246, TYR308A, LYS367, THR399 (residue from the
second monomer), and LEU650. PLP participated in the inter-
actions of 14 LdcAer residues (including the active site LYS367)
by hydrogen bonding with GLY219, by hydrophobic interaction
with THR220, HIS245, SER247, ALA332, THR399 (residue from
the second monomer), and by ionic bonding with HIS366.

The residues involved in binding the substrate r-lysine
during decarboxylation were further identified for both the
enzymes (Fig. 3C and F). The binding active site LYS367 is in a
cleft between the two monomers. The active site LYS367 con-
tacted with t-lysine via ionic bonding. LYS367, GLU526 and
THR149, SER181, ILE182, SER183, THR399, SER400 (from the
second monomer) were also important for binding the sub-
strate. It is interesting to find that LdcEt has a larger cleft for cat-
alysis compared with that of LdcAer, which may result in higher
catalytic activity for LdcEt (Fig. S47). Kanjee et al'> have also
proposed that LYS367 and GLU526 were important in coordinat-
ing the substrate binding. However, the residues involved in the
decarboxylation process have still not been exactly clarified yet.

Characterization of the purified LdcEt and LdcAer

The enzymes with high thermostability, alkaline/acidic stabi-
lity, and specific activity are highly desirable for industrial
application. However, the most studied CadA from E. coli lose

This journal is © The Royal Society of Chemistry 2020

almost all the activity at pH 8.>° In this study, the optimal pH
for LdcEt and LdcAer was pH 7 and 6, respectively (Fig. 4A).
LdcEt still has 40.88% and 18.66% activity when the reaction
pH was 8 and 9, respectively. There was 23.46% activity for
LdcAer at pH 8 (Fig. 4A). The pH profile for LdcEt was close to
the alkaline lysine decarboxylase (AsLdc) from Aliivibrio salmo-
nicida but the specific activity of LdcEt was 2.77 and 3.30 times
higher when compared with AsLdc (optimal pH 7.5) and CadA
(optimal pH 5.5), respectively.”® The alkaline stability was
further investigated for these two enzymes. The result showed
that LdcEt was stable over the pH range of 5-7 after 24 h incu-
bation. Also, it still has 28.44% residual activity after 24 h incu-
bation at pH 8 (Fig. 4C). Surprisingly, LdcAer could retain
72.18% of its activity after 1 h incubation at pH 8 and still has
13.21% activity when it is incubated at pH 10 for 1 h (Fig. 4C).
These two enzymes, which were active at elevated pH and rela-
tive alkaline stability, were highly desirable for industrial appli-
cation as the product will increase the pH and less acid will be
consumed in the reaction system.

Atomic force microscopy (AFM) was applied to track the
morphological changes of the purified LdcEt when it was incu-
bated at pH 5, 7, and 9 (Fig. 5). Fig. 5A showed that large
aggregates have an assembled amount of LdcEt decamers
present at pH 5.0 with the height of about 4.21 nm. The slight
depolymerization of the large aggregates was observed at pH 7
and the height of the enzyme was similar to the large oligo-
mers, indicating that the mixture of LdcEt decamers and oligo-
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Fig. 4 Effects of temperature and pH on recombinant LdcEt and LdcAer activity and stability. (A) pH profile of LdcEt and LdcAer when using 10 mM
L-lysine HCl as the substrate. (B) Temperature profile of LdcEt and LdcAer when using 10 mM L-lysine HCl as the substrate. (C) pH stability of LdcEt
and LdcAer after incubating the enzyme under different pH for 1 h and 24 h, the residual activity was analyzed under the optimal condition using
10 mM L-lysine HCl as the substrate. (D) Thermostability of LdcEt and LdcAer, incubating the enzyme at 40, 50, and 60 °C for 15 min, 30 min, 1 h,
2 h, 6 h, and 24 h, the residual was is analyzed under the optimal condition using 10 mM L-lysine HCl as the substrate.

Fig. 5 The atomic force microscopy (AFM) images of LdcEt incubated at pH 5 (A), pH 7 (B), and pH 9 (C).

mers was still stable under this condition (Fig. 5B). However,
the height of the enzyme decreased obviously when it was
incubated under pH 9 (around 0.73 nm). Meanwhile, the size
of the enzyme changed significantly when compared with the
enzymes incubated at pH 5 and 7 (Fig. 5C). Therefore, the
topological structure changes from pH 5 to 9, which demon-
strated that LdcEt has a pH-dependent dissociation from large
oligomers and decamers to dimers from pH 5 to 9 or even in
an alkaline environment. The depolymerization of LdcEt will
significantly affect the catalytic cleft between the two mono-
mers, as described above. Hong et al.'® designed the disulfide
bond mutant together with the N-terminal region mutation of
CadA; the resulting multimeric lysine decarboxylase
(L7M/N8G/F14C/K44C) can improve the reaction pH from 4.9
to 8.3. The mutation (T88S) of CadA also exhibited higher reac-
tion pH and alkaline stability when compared with the pro-
perties of wide-type CadA.'” The half-rational/rational design
of the interested enzymes has great potential for improving

Green Chem.

the enzymatic properties and for meeting the industrial
requirement. In this study, LdcEt with high specific activity at
elevated pH 7 and broad pH stability will have extremely high
room to further improve its resistant properties so as to meet
the industrial demand for the production of cadaverine.
Meanwhile, the advanced thermostability with the effective
lifetime of the enzymes is also necessary for large scale appli-
cation. The optimal reaction temperature for LdcEt and LdcAer
was 55 and 50 °C, respectively (Fig. 4B). The specific activity of
LdcEt and LdcAer was up to 696.39 U mg™' and 406.29 U
mg~!, respectively, under the optimal pH and temperature.
The thermostability results showed that both LdcEt and
LdcAer were very stable when they were incubated at 40, 50,
and 60 °C for 6 h. The residual activity of LdcEt and LdcAer,
after incubation at 60 °C for 24 h, was 31.78% and 50.44%,
respectively (Fig. 4D). LdcEt and LdcAer exhibited half-life of
14.5 h and 24.30 h at 60 °C, respectively. The half-life of the
multimeric lysine decarboxylase (F14C/K44C) of CadA was 19 h

This journal is © The Royal Society of Chemistry 2020
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under 60 °C, increasing 216-folds when compared with the
wide-type CadA.'® The half-life of LdcEt and LdcAer was com-
parable with the mutation (F14C/K44C), indicating their high
thermostability and effective lifetime, which most of the
reported lysine decarboxylases cannot reach.>”>*3!

We have also analyzed the purified enzymes and whole-cell
bioconversion for catalyzing the high titer of the substrate (1.5
M r-lysine HCl) in the buffer with pH in the range of 5-11.
However, the substrate has significant effects for the reaction
pH and the initial pH was changed from 4.69 to 7.57
(Fig. S5AT). Though the cell will protect the enzymes and
provide a better microenvironment for the reaction, the con-
version by the cells and the purified enzyme have very similar
pH and temperature profile for both LdcEt and LdcAer
(Fig. S5A and S5Bf). The main difference was that the activity
decreased obviously at pH 11 for the cells as the cells were first
suspended in the hash pH 11 condition, which damaged the
function of the cells and affected the enzyme activity.
Therefore, LdcEt and LdcAer can work efficiently in the high
concentration of r-lysine HCI without adding the acid for con-
trolling the pH, which will make the conversion process
simple and economic.

The kinetic parameters of LdcEt and LdcAer can be found
in Table 2. To our surprise, the maximal specific activity of
LdcEt (1500 U mg ') and LdcAer (674.5 U mg ') was 10.3 and
4.6 times, respectively, which was higher than most studied
CadA, which was 145.3 U mg™"."® The k. of LdcEt and LdcAer
was increased by 13.84 and 6.77 times, respectively (ke of
CadA: 146.4 s')."® Though the K, of LdcEt was higher than
CadA and other lysine decarboxylases, the Viax, kcat, and kea/
K,, of this enzyme was far more than that of all the reported
lysine decarboxylases, as shown in Table 2. The -catalytic
efficiency (kcat/Km) increased by 201% and 242% for LdcEt and
LdcAer, respectively, when compared with CadA.'® The specific
activity of LdcEt (696.39 U mg™') was higher than that of
LdcAer (406.29 U mg ') under the optimal conditions
(Fig. 4B), showing the different result of catalytic efficiency
(keae/Km) for these two enzymes. The possible explanation was
that the enzyme reaction rate was mainly controlled by k... but
not K, ([S] > K.). The outstanding catalytic efficiency of
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LdcEt and LdcAer was highly important for efficient and econ-
omic cadaverine production.

Enhanced whole cell bioconversion of cadaverine

The whole cell bioconversion of r-lysine to cadaverine is a
promising process for large scale application. However, the
permeability of the cell wall and the cell membrane has great
impact on the transfer rate of the substrate and the product.*?
The lysine/cadaverine antiporter CadB, which works based on
the concentration gradients of i-lysine and cadaverine, was
constructed and transformed to the host cell to improve the
yield of cadaverine by 12%." However, our study showed that
the host cell co-expressing LdcEt and CadB (negative control in
Fig. 6A) can still significantly improve the yield of cadaverine
to 68.13% by cold pretreatment at —80 °C of the cells (positive
control in Fig. 6A). The scanning electron microscopy (SEM)
analysis also showed that the surface of the original cells
(Fig. 7A) was obviously changed after cold pretreatment
(Fig. 7C). However, —80 °C pretreatment of the cells makes the
bioconversion process complex and uneconomical at the
industrial scale for cadaverine production. Therefore, this
study developed a new strategy for increasing the transfer rate
of i-lysine and cadaverine. Different kinds of additives (sol-
vents/detergents)*® such as CTAB, SDBS, acetone, PEG600,
Tween 80, anti-foamer, and Triton X-100 have been applied to
the cadaverine whole cell bioconversion system. The results
showed that the addition of 0.01% (v/v) of CTAB, SDBS, and
Triton X-100 can increase the yield of cadaverine 1.14, 1.55,
and 1.78 times, respectively (Fig. 6A), which were close to the
positive control (—80 °C pretreatment of the cells). Kim et al.*?
have found that acetone can improve the whole cell conver-
sion; however, acetone did not increase the yield of cadaverine,
neither did PEG600 or the anti-foamer in this study. Different
concentrations of CTAB, SDBS, and Triton X-100 were tested to
further find the optimal additive and concentration. The
results showed a the low concentration (0.005% (v/v)) of Triton
X-100 was good enough to improve the transfer rate of r-lysine
and cadaverine significantly (Fig. 6B).

SEM was employed to characterize the cell morphology. It
was shown that the surface of the Triton X-100-treated cells

Table 2 Kinetic analysis of LdcEt, LdcAer, and other lysine decarboxylases based on the Michaelis—Menten equation

Enyzme Origin Reaction condition Ky (mM) Keat (571 Keat/Ken (s7' mM ™) Ref.

CadA E. coli pPH 6.5 0.42 30 71.43 15

CadA E. coli pH 5.6, 45 °C 1.22 146.4 120.1 18

CadA E. coli pH 5.5 0.78 — — 26

CadA (L7M/N8G/F14C/K44C) E. coli PH 5.6, 45 °C 1.47 172.1 117.1 18

AsLdc Aliivibrio salmonicida pPH7.5 0.92 — — 26

Ldc1E Subtropical soil pH 6.5, 40 °C 1.08 5.09 4.73 31
VvCadA Vibrio vulnificus pH 6,37 °C 0.45 1.58 3.51 29

CadA Klebsiella pneumoniae pH 6,37 °C 7.7 0.98 0.12 27

Ldc Selemonas ruminatium pH 6, 30 °C 1.5 16 10.66 34

Ldc Hafnia alvei pH 6.5,37 °C 4.93 4.12 0.84 28

Ldc (E583G) Hafnia alvei pH 6.5, 37 °C 3.23 5.43 1.68

L-Lys-DC Burkholderia sp. PH 6.0, 50 °C 0.84 — — 35

LdcEt Edwardsiella tarda pH 7,55°C 8.41 2046 243.28 This study
LdcAer Aeromonas sp. pH 6, 50 °C 3.41 910 266.86 This study
This journal is © The Royal Society of Chemistry 2020 Green Chem.
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Fig. 6 Effect of additives on cadaverine production. Comparison of the
final cadaverine yields after 1 h reaction in 1 M L-lysine HCl with 0.01%
(v/v) 7 additives, the fresh cell without treatment were used as the nega-
tive control and the cells were kept at —80 °C for 2 h before the reaction,
which was used as the positive control (A). Effects of different concen-
trations of CTAB, SDBS, and Triton X-100 on cadaverine production (B).

Fig. 7 Scanning electron microscopy (SEM) imaging of E. coli BL21
(DE3)/pETDuet-ldcEt-pelB-cadB. The fresh cells (A), cells after 1 h treat-
ment by 0.01% (v/v) Triton X-100 (B), cells after being kept in —80 °C for
at least 2 h (C), fresh cells after 1 h bioconversion of 1 M L-lysine HCl at
pH 7, 55 °C (D), cells after the 1 h bioconversion of 1 M L-lysine HCl with
the addition of 0.01% (v/v) Triton X-100 at pH 7, 55 °C (E), —80 °C frozen
cells after the 1 h bioconversion of 1 M L-lysine HCl at pH 7, 55 °C (F).

(Fig. 7B) and cold-treated cells (Fig. 7C) were changed when
comparing with the surface of the original cells (Fig. 7A),
which can improve the transfer rate of the substrate and the
product, resulting in the improvement of the catalytic
efficiency. The membrane of the cells was almost excessively
damaged by the product cadaverine, as shown in Fig. 7D, E,
and F, which were the serious shortcomings for the reuse of
the cells. The molecular modification of the membrane could
be a strategy for designing the super host, which can resist the
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cadaverine effect and improve the membrane permeability
limitation.

High level production of cadaverine by LdcEt and LdcAer

The high concentration of cadaverine will decrease the energy
efficiency of the downstream separation and purification of
the product. In this study, we used 2 M 1-lysine HCI (365 g L™")
(dissolved in 50 mM phosphate buffer, pH 8, the initial reac-
tion pH was 6.45 as the pH was affected by the high concen-
tration of r-lysine HCI) and the added cells (ODggo = 10, sus-
pension in 50 mM phosphate buffer, pH 8) with —80 °C cold
pretreatment (positive control), non-pretreatment (negative
control), and the addition of 0.1% (v/v) Triton X-100 (cell treat-
ment and bioconversion simultaneously). The reaction was
performed at 50 °C without pH titration for the cells with
LdcEt and LdcAer. It is interesting to find that the reactions
containing the cells after cold pretreatment were severe and
released large amount of bubbles in the first half hour.
However, there were no bubbles in the reaction with the
addition of Triton X-100. The addition of Triton X-100 to the
reaction has outstanding function to improve the transfer rate
of the cells with LdcEt, showing similar cadaverine pro-
ductivity for the reaction with —80 °C cold pretreatment cells
(Fig. 8A). The molar yield of cadaverine can reach 85% after
1 h conversion. Meanwhile, 2 M t-lysine HCI can be completely
converted to cadaverine in 2 h. The cadaverine productivity
was high up to 103.47 + 4.37 g L' h™". Cells with LdcAer can
completely convert 2 M r-lysine HCI in 4 h and its cadaverine
productivity (50.06 + 1.39 g L™" h™") was lower than the cells
with LdcEt (Fig. 8B). Whole cell conversion with LdcEt has the
highest cadaverine productivity when compared with the most
studied wild CadA and the mutations of all the published
enzymes, as shown in Table 3. The high productivity of cada-
verine and no pH control system can avoid using a large
amount of acid for titrating the pH, which makes the in vivo
bioconversion of the cadaverine process much easier to
achieve and economical. Advanced expression systems without
the necessity of IPTG induction and PLP addition can further
improve the cost efficiency of the cadaverine production
process.”"*” The development of a new and economic system
will be the part of ongoing research.

Then, half the amount of the cells (final ODgy, = 5) were
sonicated to obtain cell-lysates for high level r-lysine conver-
sion. The resultant unpurified cell-lysates of LdcEt have almost
the same capability to convert 2 M r-lysine HCl in 2 h as whole
cell conversion even with for cell-lysates including the half
amount of the cells (Fig. 8C). The unpurified cell-lysates of
LdcAer can also produce 177.5 g L' cadaverine in 4 h
(Fig. 8D). The results indicated that the cell-lysates of LdcEt
have a relatively higher activity than whole cell conversion with
LdcEt as the cell barrier has been completely avoided. The
unpurified cell-lysates of LdcEt could be a promising and
economic choice for the high level production of cadaverine at
an industrial scale.

This study further applied purified LdcEt and LdcAer to
convert the high concentration of i-lysine HCI (2 M) to cadaver-

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 High level production of cadaverine by LdcEt and LdcAer. Whole cell conversion of 2 M L-lysine HCl to cadaverine by the recombinant cells
(ODggo = 10) with LdcEt (A) and LdcAer (B). Cells with —80 °C cold pretreatment (positive control), non-pretreatment (negative control), and the
addition of 0.1% (v/v) Triton X-100 (cell treatment and conversion, simultaneously) were applied for whole cell conversion. Unpurified cell-lysate
conversion of 2 M L-lysine HCl to cadaverine (the amount of cell-lysates is equal to the cells with the final ODggg as 5) by LdcEt (C) and LdcAer (D).
Purified enzyme conversion of 2 M L-lysine HCl to cadaverine by 0.2 and 0.4 mg mL™* purified LdcEt (E) and LdcAer (F). The full line shows the con-
centration of cadaverine and the dotted line shows the concentration of L-lysine.

Table 3 Production of cadaverine by the recombinant strains with lysine decarboxylases

Cadaverine  Productivity
Enzyme Origin Plasmid Host (gL™ (gL'h™) Ref.
CadA E. coli BL21 (DE3)  pETDuet-pelB-cadB-cadA, E. coli BL21(DE3) 250 62.5 36 and 37

PRSF-yaaDE

CadA E. coli K12 MG1655 pET23a-cadA E. coli BL21(DE3) Increased  — 18

80% of the

yield
CadA E. coli K12 W3110 pET28a-cadA E. coli BL21(Py,cadB) 200.2 66.7 38
HaLdcC Hafnia alvei pKE112-HaLdcC E. coli XL1-Blue 136 1.13 19
LdcC — pT-cI®857-pr-pr-pelBs-ldcC 414 116.8 29.2 39
CadA E. coli BL21 (DE3)  pETDuet-pelB-cadB-cadA E. coli BL21(DE3) 221 13.8 13
CadA(M176V/ E. coli K12 MG1655 pET21-CadAM176 V/Y230H/K44R  E. coli BL21(DE3) 249 62.25 40
Y230H/K44R)
CadA(F14C/ E. coli B pET24ma-CadAF14C/ E. coli BL21(DE3) 157 16.53 18
K44C/L7M/N8G) K44C/L7M/N8G
CadA E. coli K12 MG1655 pET21a-CadAM176V/Y230H/K44R E. coli BL21(DE3) 198 39.6 17
Ldc(E583G) H. alvei AS1.1009 pTrc99a-E583G E. coli JM109 63.9 9.13 28
CadA(V3I/A590T) E. coli K12 W3110 pUC19-CadAV3I/A590T E. coli ]M109 135 8.44 16
CadA E. coli K12 MG1655  pSIT-Duet-cadA-pelB-cadB E. coli BL21(DE3) AspeE, 32.1 0.8 14

AspeG, AygjG&ApuuA

LdcEt Edwardsiella tarda ~ pETDuet-ldcEt-pelB-cadB E.coli BL21(DE3) 204 103.47 £4.37 This study
LdcAer Aeromonas sp. PETDuet-ldcAer-pelB-cadB E.coli BL21(DE3) 204 50.06 + 1.39  This study
This journal is © The Royal Society of Chemistry 2020 Green Chem.
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ine. The results showed that both purified LdcEt and LdcAer
can efficiently produce 165.96 + 1.41 ¢ L' and 155.84 + 4.63 ¢
L™" at the initial pH of 7, 55 °C and initial pH of 6, 50 °C,
respectively, by only 0.5 h and a very low dosage of enzyme
(0.4 mg mL™") (Fig. 8E and F). We also found that 0.029 mg
mL ™" LdcEt can completely convert 100% 1.5 M 1-lysine HCI to
cadaverine in 1 h. This was the first report of the significantly
high catalytic efficiency of purified lysine decarboxylases LdcEt
and LdcAer under such a high substrate concentration. Both
the purified enzymes can tolerate more than 155 g ™" cadaver-
ine without pH control and work at higher than 50 °C, which
can increase the solubility of the substrate. Kind et al*'
reported that about 30 mM cadaverine (3.06 g L ') can reduce
about 50% of the lysine decarboxylase activity. Therefore, the
super properties for LdcEt and LdcAer were important for
enhancing the yield of cadaverine by the in vitro reaction.'®**

Conclusions

In this study, we performed the comprehensive peptide-based
bioinformatic analysis of the lysine decarboxylases by using
PPR in combination with the phylogenetic relationship of the
enzymes and the taxonomic position of the producing organ-
ism. Nine potent lysine decarboxylases were further investi-
gated by heterologous expression and characterization. Two
outstanding LdcEt and LdcAer from Edwardsiella tarda and
Aeromonas sp., respectively, were stable over a broad range of
PH (pH 5-7) and also have good thermostability with a half-
life of 14.5 h and 20.3 h, respectively, at 60 °C. The kinetic ana-
lysis showed that they have the highest catalytic efficiency com-
pared to that described earlier when compared with other
studies. The recombinant cells and the cell-lysates also showed
excellent capability for high-level production as it can comple-
tely convert 2 M t-lysine HCI to cadaverine in 2 h (productivity
103.47 + 4.37 g L' h™"). The low dosage of purified LdcEt and
LdcAer (0.4 mg mL™") can also efficiently produce 165.96 +
1.41 g L' and 155.84 + 4.63 g L™ " in only 0.5 h. In conclusion,
this study discovered new lysine decarboxylases with high
specific activity, pH, thermostability, and catalytic efficiency
in vivo and in vitro, and developed the process for simul-
taneous cell treatment via Triton X-100 and conversion,
leading LdcEt to have a significant opportunity for the high-
level production of cadaverine at an industrial scale.

Experimental section

Peptide pattern recognition analysis of the sequences of lysine
decarboxylases

17 560 lysine decarboxylases (EC 4.1.1.18) protein sequences
were downloaded from GenBank on 2019 July 11. Of these,
9901 not-identical sequences were identified (less than 98%
identity between the sequences). These sequences were clus-
tered in 57 unique PPR groups based on the unique and con-
served short peptides using the same approach as that
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described for CAZymes.>*>* The patterns can be used for
finding additional lysine decarboxylases combined with the
homology to peptide pattern (Hotpep) algorithm.>?

Phylogenetic analysis

Phylogenetic analyses were performed for the top ranking
lysine decarboxylase protein sequence in 57 unique PPR
groups and 87 protein sequences of inducible lysine decarbox-
ylases in PPR group 26. The WAG with Freqgs. (+F) model and
Jones-Taylor-Thornton (JTT) model was chosen, based on the
best model prediction by MEGA-X. Nearest-Neighbor-
Interchange (NNI) ML Heuristic Method was used for tree
inference analysis. The Maximum Likelihood phylogenetic tree
was finally constructed according to the manual of MEGA-X.*
The trees were visualized in ITOL.**

Sequence and structure analysis

3D structures of LdcEt and LdcAer were predicted by YASARA’s
homology modeling experiment, Version 19.12.14.W.64"
(YASARA Structure, YASARA Biosciences, Vienna, Austria),
using the homology modelling function. The modeling speed
was “Slow”, and 10 and 15 possible templates were identified
for LdcEt and LdcAer, respectively, by running 3 PSI-BLAST
iterations to extract the position specific scoring matrix (PSSM)
from UniRef90, then searching the PDB for a match (i.e., hits
with an E-value below the homology modeling cutoff 0.5).
LdcEt and LdcAer shared the templates 3N75, 6Q7L, 5FKZ,
and 2VYC, which were automatically identified as templates
for the preparation of the homology models. LdcAer has one
more template 5XX1. Finally, YASARA tried to combine the
best parts of the predicted models to obtain a hybrid model,
hoping to increase the accuracy beyond each of the contribu-
tors. However, the hybrid model could not be improved by
copying parts from other models. The hybrid model was dis-
carded, and edw_3n75-~01.yob and aer_3n75-~.yob were saved
as the final model for LdcEt and LdcAer, respectively. After the
side-chains had been built, optimized, and fine-tuned, all the
newly modeled parts were subjected to a combined steepest
descent and simulated annealing minimization. The Z-score
was evaluated for the resulting half-refined and full unrest-
rained simulated annealing minimization. Finally, the half-
refined model and fully refined model were accepted for LdcEt
and LdcAer, respectively.

The final models of LdcEt and LdcAer were applied for
ligand PLP docking around the active residue LYS367 under
the optimal pH 7 and 6, respectively. PLP was cleaned and fol-
lowed by an energy minimization step. 25 VINA docking runs
of PLP to the receptor LdcEt/LdcAer yielded 6 clusters for both
the enzymes. The binding energy (kcal mol™"), dissociation
constant (pM), and the contacting receptor residues were con-
sidered for choosing the clusters. Finally, the first cluster was
applied for further research into LdcEt and LdcAer. Then,
LdcEt_PLP and LdcAer PLP were used for substrate r-lysine
HCI superposition under optimal pH 7 and 6, respectively.

This journal is © The Royal Society of Chemistry 2020
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Heterologous expression of the predicted lysine decarboxylases

The genes of LdcEt (accession no. WP 005282982.1) and cada-
verine/lysine antiporter (CadB, accession no. WP 000092909.1)
were codon-optimized and synthesized by Shanghai Generay
Biotechnology company. LdcEt and CadB genes were inserted
into the Ncol/Sacl and BglIl/Pacl restriction sites of the pETDuet
plasmid, respectively, to construct the plasmid pETDuet-ldcEt-
cadB. Then, the signal peptide pelB was introduced into the
Ndel/BglII restriction site before CadB to construct the eventual
expression pETDuet-ldcEt-pelB-cadB.  Finally, the
expression vector pETDuet-ldcEt-pelB-cadB was transferred into
E. coli BL21 (DE3). The LdcEt gene was replaced by other codon-
optimized lysine decarboxylase genes (LdcBor, LdcCel, CadAEc,
LdcKle, LdcSal, LdcSer, LdcHaf, LdcVib, LdcAer) (Table 1) to
construct different recombinant strains.

vector

The recombinant strains were inoculated in 5 mL of LB
medium containing 100 mg L™' ampicillin, which were incu-
bated at 37 °C for 12 h. Then, 1% of the culture was inoculated
into 50 mL of LB medium containing 100 mg L™" ampicillin at
37 °C, 200 rpm for 3 h. 0.1 mM IPTG was added for inducing
the enzyme at 20 °C for 16-20 h. Finally, the cells were col-
lected by centrifugation (6000 rpm, 5 min under 4 °C) and
stored at —80 °C or used for whole-cell conversion directly.

Purification of lysine decarboxylase

The lysine decarboxylase was purified by fast protein liquid
chromatography (FPLC) on an AKTA™ pure 25 with a 5 mL
HisTrap HP crude affinity column (17524802, Cytiva) and 5 mL
HiTrap desalting column (17140801, Cytiva), as described by
Huang et al.,*® with some modification. The frozen cells were
suspended in the binding buffer (20 mM sodium phosphate,
0.1 mM PLP, 500 mM NacCl, 20 mM imidazole, pH 7.5) and the
concentrated sample was obtained by cell sonication (power
60%, start 2 s, stop 3 s) for 30 min. 5 mL HisTrap HP crude
affinity column was equilibrated with the binding buffer for 5
column volumes. Then, the concentrated sample was loaded
into the column, followed by washing with the binding buffer
for 5 column volumes. The column was gradient eluted with
an elution buffer (20 mM sodium phosphate, 0.1 mM PLP,
500 mM NaCl, 500 mM imidazole, pH 7.5). The purified
enzymes were collected and the elution buffer was replaced
with the protein buffer (20 mM sodium phosphate, 0.1 mM
PLP, 150 mM NacCl, 10% glycerol, pH 7.5) via the desalting
column. The protein purity of lysine decarboxylase was deter-
mined by SDS-PAGE. The protein concentration of the purified
lysine decarboxylase was analyzed according to the Pierce™
BCA Protein Assay Kit (23227, Thermo Scientific) and BSA
used as the standards. Purified LdcEt and LdcAer were stored
in protein buffer (20 mM sodium phosphate, 0.1 mM PLP,
150 mM NacCl, 10% glycerol, pH 7.5) with the concentration of
4-6 mg mL~" in small aliquots at —80 °C.

Lysine decarboxylase activity analysis

Lysine decarboxylase activity was analyzed by using purified
LdcEt and LdcAer: the reaction system was 500 puL in volume,
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including 10 mM t-lysine HCIl, 0.1 mM pyridoxal phosphate
(PLP), 0.12 pg purified enzyme, 50 mM phosphate buffer pH 7
or 50 mM sodium acetate buffer pH 6, which was incubated at
55 °C or 50 °C for 1 h for LdcEt and LdcAer, respectively. Then
the reaction system was terminated at 70 °C for 5 min, and the
sample was applied for r-lysine and cadaverine analysis.

The lysine decarboxylase activity was analyzed by using the
recombinant cells with LdcEt and LdcAer: the frozen/fresh
cells were suspended in 50 mM phosphate buffer pH 8. The
suspended cells with the final ODg(, 1.5 were added to the
reaction system with the final 500 pL volume including 1 M
-lysine HCl, 0.1 mM pyridoxal phosphate (PLP), and 50 mM
phosphate buffer pH 8, which was incubated at 55 °C or 50 °C
for 1 h for the cells with LdcEt and LdcAer, respectively. Then
the reaction system was terminated at 70 °C for 5 min and cen-
trifuged at 12000 rpm for 2 min to obtain the supernatant for
t-lysine and cadaverine analysis.

1-Lysine and cadaverine analysis by HPLC

t-Lysine and cadaverine were analysed by a high performance
liquid chromatograph (HPLC, LC-ADXR, Japan), as described
by Kim et al,”” with some modifications. The samples were
firstly — derivatized by diethylethoxymethylenemalonate
(DEEMM) in the system including 600 pL 50 mM borate buffer
(pH 9), 200 pL methanol, 130 pL distilled water, 60 pL diluted
sample, and 10 pL of 1 M DEEMM. After incubation at room
temperature for 10 min, the mixture was heated at 70 °C for
2 h to allow the complete degradation of excess DEEMM and
the reagent by-products. Then, the sample was further ana-
lysed at 284 nm by reverse-phase chromatography on a C18
column (Shim-pack GIST-HP-C18 column, 2.1 x 100 mm, 3 pm
particle size) at 35 °C. The eluent system comprised 100%
acetonitrile (A) and 25 mM aqueous sodium acetate buffer (pH
4.8) (B), as well as a flow rate of 0.5 mL min~" with the follow-
ing gradient program: 0-2 min, 80-75% B; 2-27 min,
75-37.5% B; 27.01-37 min, 80% B. Quantification was per-
formed using external standards of r-lysine and cadaverine.

Effects of temperature and pH on purified LdcEt and LdcAer

The optimal reaction pH of purified LdcEt and LdcAer was
determined over a pH range of 5-11 (50 mM sodium acetate
buffer pH 5, 6, 50 mM phosphate buffer pH 7, 8, 50 mM Tris
hydrochloric acid buffer pH 9, and 50 mM sodium carbonate
buffer pH 10, 11). The reaction system is the same as that for
the session above (lysine decarboxylase activity analysis). The
pH stability of the purified enzymes was analyzed by incubat-
ing the enzyme at different pH in the range of 5-11 at 4 °C for
24 h. The residual enzyme activity after 1 h and 24 h incu-
bation was detected as described above.

The optimum reaction temperature of purified LdcEt and
LdcAer was determined as described above except that the
reactions were incubated at different temperatures (35-65 °C).
The thermostability of the enzyme was also analyzed by incu-
bating the purified enzymes for 24 h at 40, 50, and 60 °C in
50 mM sodium acetate buffer pH 5, and residual enzyme
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activity after 1 h, 2 h, 6 h, and 24 h incubation was measured
as described above.

Kinetic analysis

The Michaelis-Menten kinetics of purified LdcEt and LdcAer
were determined using different concentrations of t-lysine HCl
(0-25 mM) in 50 mM phosphate buffer pH 7 and in 50 mM
sodium acetate buffer pH 6, respectively. 0.1 mM PLP and
0.468 pg purified LdcEt/LdcAer were added in the 500 pL reac-
tion system. The enzyme reactions were carried out for 10 min
under 55 and 50 °C for LdcEt and LdcAer, respectively. Then
the reactions were terminated at 70 °C for 5 min. The k., and
K, were calculated by the enzyme kinetics-Michaelis-Menten
method using the non-linear regression program GraphPad
Prism 8 (https:/www.graphpad.com/).

Effect of additives on cadaverine production

For the whole cell conversion system of LdcEt, 0.01% (v/v) hex-
adecyl trimethyl ammonium bromide (CTAB), sodium dodecyl
benzene sulfonate (SDBS), acetone, PEGgq,, Tween 80, anti-
foamer, and Triton X-100 were added. The reaction conditions
were the same as in the above section “Lysine decarboxylase
activity analysis”. 0.005%, 0.01%, 0.05%, and 0.10% (v/v) of
CTAB, SDBS, and Triton X-100 were further added to the whole
cell conversion system. The frozen cells in the reaction system
were applied as the positive control and the fresh cells in the
reaction system without the additives were applied as the nega-
tive control.

Morphology analysis of the recombinant strain with LdcEt by
scanning electron microscopy (SEM)

The surface morphology of the recombinant cells before and
after whole cell conversion was investigated by SEM. The six
samples included the cells before and after whole cell conver-
sion: the fresh cells, cells after 1 h treatment with 0.01% (v/v)
Triton X-100, cells kept at —80 °C for at least 2 h, fresh cells
after bioconversion, fresh cells after bioconversion with the
addition of 0.01% (v/v) Triton X-100, and —80 °C frozen cells
after the 1 h bioconversion. The cells were washed three times
with 50 mM phosphate buffered saline (pH 7.2). Subsequently,
they were fixed for 8 h at 4 °C with 2.5% glutaraldehyde and
then dehydrated by graded ethanol series (50%, 60%, 70%,
80%, 90%, and 100%, 10 min for each titer) and finally by
pure tert-butanol (twice, 10 min for each time). Then, the
samples were lyophilized, coated with gold, and visualized
using a SEM-EDX SU8020 microscope.

Morphology analysis of LdcEt by atomic force microscopy
(AFM)

LdcEt was incubated in pH 5, 7, and 9 for 1 h; the enzyme
solution was then dropped on the fresh mica surface and
dried using nitrogen at first. Then, the surface 2D and 3D
topography of the protein was measured using AFM
(Multimode, Bruker, USA) under the tapping mode. AFM tips
(SNL-10) with nominal spring constants between 0.05 and 0.5
N m™" were used throughout the experiments, and the scan
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rate was 1.00 Hz. The images underwent second-order flatten-
ing using Nanoscope Analysis.

High-level production of cadaverine

High-level production of cadaverine by whole cell conversion:
the frozen/fresh cells were resuspended in 50 mM phosphate
buffer pH 8. The 20 mL high-level production of cadaverine
system included 2 M 1-lysine HCI (364 g L™") and 0.1 mM
PLP, which was resuspended with final ODgo as 10 and
50 mM phosphate buffer pH 8. The reaction system with the
frozen cells was the positive control. The reaction system
with 0.1%/0.5% (v/v) Triton X-100 and fresh cells was com-
pared with the positive and negative control, with the reac-
tion system containing the fresh cells but without 0.1%/0.5%
(v/v) Triton X-100. After incubating at 50 °C for 1-4 h for
cells with LdcEt and LdcAer, respectively, the whole-cell con-
version system was terminated at 70 °C for 5 min and centri-
fuged to obtain the supernatant for cadaverine
determination.

High-level production of cadaverine by unpurified cell-
lysates conversion: the fresh cells were resuspended in 50 mM
phosphate buffer pH 8 and the cell-lysates were obtained by
cell sonication as described in the section “Purification of
lysine decarboxylase”. The 20 mL high-level production of
cadaverine system included 2 M 1-lysine HCl (364 g L7%),
0.1 mM PLP, unpurified cell-lysates (the addition was equal to
the cells with final ODgy, as 5) and 50 mM phosphate buffer
pH 8. After incubating at 50 °C for 0.5-4 h for the unpurified
cell-lysates with LdcEt and LdcAer, respectively, the reaction
was terminated at 70 °C for 5 min. The following experimental
steps were the same as those above.

High-level production of cadaverine by purified enzyme
conversion: The purified LdcEt and LdcAer were further
applied for the high-level production of cadaverine. 0.2 mg per
0.4 mg LdcEt and LdcAer were added into the 1 mL reaction
system including 2 M 1-lysine HCI (364 g L™"), 0.1 mM PLP,
and 50 mM phosphate buffer pH 8 and pH 7, under 55 °C and
50 °C, respectively. The reactions were terminated at 70 °C for
5 min and diluted for cadaverine determination.
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