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Abstract 

As an important monomer for bio-based nylons PA5X, cadaverine is mainly produced by enzymatic decarboxyla-
tion of L-lysine. A key issue with this process is the instability of L-lysine decarboxylase (CadA) during the reaction 
due to the dissociation of CadA subunits with the accumulation of alkaline cadaverine. In this work, we attempted to 
improve the thermal and alkaline stability of CadA by combining directed evolution and computation-guided virtual 
screening. Interestingly, site 477 residue located at the protein surface and not the decamer interface was found as a 
hotspot in directed evolution. By combinatorial mutagenesis of the positive mutations obtained by directed evolution 
and virtual screening with the previously reported T88S mutation, K477R/E445Q/T88S/F102V was generated as the 
best mutant, delivering 37% improvement of cadaverine yield at 50 ºC and pH 8.0. Molecular dynamics simulations 
suggested the improved rigidity of regional structures, increased number of salt bridges, and enhancement of hydro-
gen bonds at the multimeric interface as possible origins of the improved stability of the mutant. Using this four-point 
mutant, 160.7 g/L of cadaverine was produced from 2.0 M Lysine hydrochloride at 50 °C without pH regulation, with 
a conversion of 78.5%, whereas the wild type produced 143.7 g/L cadaverine, corresponding to 70% conversion. This 
work shows the combination of directed evolution and virtual screening as an efficient protein engineering strategy.
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Introduction
As an important raw material of bio-based nylons PA5X 
and chelating agents, cadaverine has great commer-
cial values (Kind and Wittmann 2011; Ma et  al. 2017). 
At present, whole-cell catalysis is the main approach to 
producing cadaverine, and the production efficiency is 
mainly limited by the catalytic performance of L-lysine 
decarboxylase, which is a pyridoxal-5-phosphate (PLP)-
dependent enzyme. L-lysine decarboxylases are found in 
a wide range of microorganisms, such as Escherichia coli, 
Bacterium cadaveris, Aliivibrio salmonicida, Hafnia alvei, 
Selenomonas ruminantium (Fecker et al. 1986; Schneider 
and Wendisch 2011; Wang et al. 2015; Jeong et al. 2016; 
Kou et al. 2016), among which CadA from E. coli is widely 
used to produce cadaverine in the industry owing to its 
high catalytic activity and protein expression level (Kim 
et al. 2015a; Leong et al. 2020). However, CadA only has 
a high catalytic activity in the pH range of 5.5–6.5 (Lem-
onnier and Lane 1998; Kanjee et al. 2011), which conflicts 
with the alkaline nature of cadaverine. With the accumu-
lation of alkaline cadaverine during the reaction, dissocia-
tion of CadA subunits occurs, causing inactivation of the 
enzyme (Watson et  al. 1992; Kanjee et  al. 2011). There-
fore, a large amount of acid should be added to maintain a 
relatively low pH during cadaverine production, followed 
by addition of massive alkali to separate cadaverine in the 
downstream process, which increases the costs and causes 
environmental burden (Kind et al. 2014; Ma et al. 2017). 

Meanwhile, a high reaction temperature can increase sub-
strate solubility and accelerate the reaction. Therefore, a 
CadA mutant with improved thermal and alkaline pH sta-
bility would be of great significance for large-scale indus-
trial production of cadaverine.

Previous efforts have been made to improve the stabil-
ity of CadA, mostly by means of rational design target-
ing at the residues on the subunit interface. For instance, 
a double mutant F14C/K44C showing improved ther-
mal and alkaline pH stability was created by introduc-
ing disulfide bonds in the multimeric interface of CadA; 
however, the catalytic activity was decreased (Hong 
et al. 2017). In another study, mutant T88S was created 
by computational saturation mutagenesis at the T88 
position located in CadA decamer interface, showing 
improvement in both stability and catalytic activity (Kou 
et al. 2018). Despite these progresses in CadA engineer-
ing, exclusive selection of the interface residues as the 
engineering targets has limitations. Due to the complex 
three-dimensional structures of enzymes, the introduc-
tion of mutations at other regions of the protein may 
also affect the structure of the multimeric interface, thus 
affecting protein stability (Reetz et al. 2009; Yu and Dalby 
2018). Directed evolution which works through screen-
ing of mutant library generated by random mutagenesis 
often leads to discovery of mutagenesis hot spots in dis-
tant residues (Sheldon and Pereira 2017; Arnold 2018). 
Meanwhile, algorithms and software for prediction of 
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protein stability have emerged with the rapid develop-
ment of computer technology, such as Rosetta_ddG, 
CUPSAT, iStable, FoldX, and Fireport, which largely 
saves experimental workloads and contributes to con-
struction of small-size mutant libraries with high quality 
(Wijma et  al. 2014; Bednar et  al. 2015; Arabnejad et  al. 
2017; Romero-Rivera et al. 2017). Therefore, combination 
of directed evolution and virtual screening may serve as 
an efficient strategy for improving protein stability.

In this study, E. coli CadA was engineered for improved 
thermal and alkaline pH stability by combining directed 
evolution and computation-guided virtual screening. First 
of all, a high-throughput screening method is developed 
for distinguishing lysine decarboxylase activity at 50  ºC 
and pH 8.0. Subsequently, directed evolution of CadA 
is conducted based on this high-throughput screening 
method. Meanwhile, virtual saturation mutagenesis of 
residues on the decamer interface of CadA is performed 
using iStable, CUPSAT, and Rosetta-ddG, respectively. 
Finally, the positive mutations selected out by the above 
methods are combined to generate the best mutant, and 
the possible mechanism behind the stability improvement 
is discussed via molecular dynamics simulations.

Materials and methods
Strains, plasmids, and chemicals
pET-30a(+) was used as the expression vector. E. coli 
strains BL21(DE3) and K12 were used for DNA trans-
formation and gene cloning, respectively. EasyTaq DNA 
polymerase and FastPfu Fly DNA polymerase were pur-
chased from TransGen Biotech (Beijing, China). Prime-
STAR HS DNA polymerase, BamH I, Hind III, and T4 
DNA ligase were purchased from Takara (Dalian, China). 
L-lysine hydrochloride was purchased from Macklin 
(Shanghai, China). PLP was purchased from Sangon Bio-
tech (Shanghai, China). Other chemicals were all of ana-
lytical grade purity.

Mutant library construction
The cadA gene was cloned into pET-30a(+) and then 
used as the template for error-prone PCR to construct 
the mutation library of CadA. The primers used are 
listed in the supplementary material (Additional file  1: 
Table  S1). The error-prone PCR reaction mixture con-
tained 10 × EasyTaq buffer (2.5 μL),  ddH2O (16.0 μL), 
dNTPs (2.5 mM, 2 μL),  Mn2+ (1 mM, 2.5 μL), template 
plasmid (0.5 μL), forward and reverse primers (10  μM, 
0.5 μL each), and EasyTaq DNA polymerase (2.5 U). The 
PCR program was 3 min denaturation at 94 ºC, followed 
by 30 cycles of 95  ºC for 30  s, 55  ºC for 30  s, 72  ºC for 
140 s, and 10 min final elongation at 72 ºC.

The error-prone PCR products were used as primers to 
generate mutation-containing plasmids by MEGAWHOP 

(megaprimer PCR of whole plasmid) with pET-30(a)-
cadA as the template. The MEGAWHOP reaction mix-
ture was composed of the template plasmid (0.5 μL), 
5 × FastPfu Fly DNA buffer (2.5 μL),  Mg2+ (50 mM, 0.5 
μL), dNTPs (2.5  mM, 2 μL), PCR stimulant (2.5 μL), 
 ddH2O (13.0 μL), megaprimer (1 μL), and FastPfu Fly 
DNA polymerase (0.5 μL). The MEGAWHOP program 
consisted of a denaturation step at 95  °C for 2 min, fol-
lowed by 25 cycles of denaturation at 95  °C for 20  s, 
annealing at 55  °C for 20  s, and elongation at 72  °C for 
230  s. The final elongation was performed at 72  °C for 
5  min. The PCR product was digested by the DMT 
enzyme (TransGen Biotech) at 37  ºC for 2  h and then 
transformed into competent cells of E. coli BL21 (DE3). 
Finally, the cells were incubated overnight at 37  °C on 
the LB agar plates supplemented with 50  μg/mL of 
kanamycin.

Library screening
Individual colonies of the CadA mutant library were 
selected into 96 deep-well plates containing 300 μL LB 
media supplemented with 50 μg/mL of kanamycin. After 
overnight incubation at 37 °C and 220 rpm, 10 μL of seed 
cultures were inoculated into a new 96 deep-well plate 
containing 500 μL of LB media supplemented with 50 μg/
mL of kanamycin. After incubation at 37 °C and 220 rpm 
for 2  h, isopropyl-β-thiogalactopyranoside (IPTG) was 
added to a final concentration of 0.1 mM and incubated 
at 25 °C and 220 rpm for another 10 h to induce enzyme 
expression. The cells were harvested by 10 min centrifu-
gation at 4000 rpm and 4 ºC, followed by washing twice 
using 0.9% saline solution.

The cells in each well were suspended in 500 μL borate 
buffer (5 mM, pH 8.0). The cell suspension (10 μL) was 
transferred into 96 deep-well plates, and 490 μL of sub-
strate buffer (100  mM L-lysine hydrochloride, 0.1  mM 
PLP in 5  mM borate buffer, pH 8.0) was added. The 
reaction plates were incubated at 50 °C and 220 rpm for 
30  min. The reaction was stopped at 100  ºC for 5  min, 
and centrifuged at 4000  rpm for 10  min to remove the 
cells. The reaction mixture (150 μL) was then transferred 
into new 96-well microtiter plates, together with 20 μL of 
the mixed indicator composed of 0.1% thymol blue and 
0.1% phenolphthalein (3:1, v/v). The absorbance of the 
reaction mixture was measured at 550  nm by EPOCH2 
(BioTek, USA). The mutants with improved activity at 
50 ºC and pH 8.0 as indicated by the higher absorbance 
were selected out.

Computational saturation mutagenesis
The crystal structure of CadA (PDB Number: 3N75) 
was obtained from the PDB database (https:// www1. 
rcsb. org/). Computational saturation mutagenesis was 

https://www1.rcsb.org/
https://www1.rcsb.org/
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conducted by CUPSAT (Cologne University Protein Sta-
bility Analysis Tool), iStable and Rosetta_ddG, respec-
tively. CUPSAT is a web tool to analyze and predict 
protein stability of single amino acid mutations based on 
structural environment specific atom potentials and tor-
sion (Parthiban et al. 2006). The PDB Number was input 
to CUPSAT (http:// cupsat. uni- koeln. de/) to predict the 
difference in free energy of unfolding between the wild 
type and the single-point mutants using specific atom 
potentials and torsion angle potentials. iStable (http:// 
predi ctor. nchu. edu. tw/ iStab le/) is an integrated predic-
tion tools with grid computing architecture constructed 
by prediction results from different element predictors 
(Chen et al. 2013, 2020). The PDB number, temperature, 
and pH were input to iStable to predict the change in the 
stability of a single-point mutant. The changes in folding 
free energy △△G (△△G = △GMUT –△GWT) of the 
CadA variants were calculated using Rosetta Cartesian_
ddG, substituting with all proteinogenic amino acids 
except cysteine (Arabnejad et al. 2017). △△G < -1.0 kJ/
(mol·subunit) was defined as a mutant with improved 
stability.

Analytical methods
L-lysine hydrochloride and cadaverine were derivatized 
with diethyl ethoxymethylenemalonate (DEEMM) before 
quantification (Kim et al. 2015b). The DEEMM derivati-
zation mixture contained 80 μL of 10 mM sample, 32 μL 
of 200  mM DEEMM, 480 μL of borate buffer (50  mM, 
pH 9.0), 160 μL ethanol, and 48 μL  ddH2O. To remove 
the excessive DEEMM, the derivatization mixture was 
incubated at 70  ºC for 2  h. The derivatized samples 
were quantified on a Shimadzu HPLC system (LC-20A) 
equipped with a ZORBAX Extend-C18 (4.6 × 150  mm) 
column (Agilent, USA) and a UV/Vis detector. The 
mobile phase was composed of sodium acetate buffer 
(25 mM, pH 4.8) (A) and 100% acetonitrile (B). The sam-
ples were eluted at a flow rate of 1  mL/min with a gra-
dient program: 0–2 min, 20–25% A; 2–32 min, 25–60% 
A; 32–40  min, 60–20% A. The signals were detected at 
284 nm.

Enzyme purification and activity assay
The E. coli cells expressing the wild type and mutants of 
CadA were collected and re-suspended in binding buffer 
(20  mM phosphate buffer, 0.1  mM PLP, 0.1  mM dithi-
othreitol (DTT), 20  mM imidazole, 0.5  mM NaCl) to 
50 g wet cells per liter and disrupted by sonication. The 
supernatant containing crude enzyme was collected by 
centrifugation at 4000  rpm and 4  °C for 20  min. After 
filtration through a 0.45 μm filter, the enzyme was puri-
fied using a Ni-NAT column (Sangon Biotech, Shanghai) 
and desalted using a DS-10 G-25 column (Geochrom 

Biological, Wuhan). The purity of the proteins was deter-
mined by SDS-PAGE.

Protein concentrations were determined with the 
BCA Protein Assay Kit (Sangon Biotech, Shanghai). 
The activity of lysine decarboxylase was tested using 
Phan’s method (Phan et al. 1982), based on the different 
solubilities of products formed from 2,4,6-trinitroben-
zenesulfonic acid (TNBS) and lysine or cadaverine. 
N,N’-bisnitrophenylcadaverine (TNP-cadaverine) was 
extracted by toluene, and the absorbance at 340 nm was 
measured. One unit of enzyme activity was defined as 
the amount of enzyme producing 1 μmol cadaverine per 
minute at 37 ºC.

Molecular dynamics simulations
The crystal structure of the wild-type CadA was obtained 
from the protein databank (PDB Number: 3N75). The 
models of the mutants were constructed by Chimera. The 
ligand model was built using ChemOffice 2014. Substrate 
molecular dockings were performed using AutoDock 4. 
Molecular dynamics simulations were conducted using 
AmberTools 18. Counterions of  Na+ were added to neu-
tralize the system, which was filled with TIP3P water 
molecules under periodic boundary conditions (Yang 
et al. 2017).

Whole‑cell catalysis
The whole-cell reaction was performed at 50  °C and 
pH 6.0. The reaction mixture contained 2.0  M L-lysine 
hydrochloride, 0.1  mM PLP, 6.0  g wet cells per liter of 
whole-cell biocatalyst, and acetate buffer (500  mM, pH 
6.0). No extra acidic solutions were added to regulate the 
pH of the reaction mixture during the reaction.

Statistical analysis method
Statistical significance of the different data in comparison 
with the wild type was evaluated using Student’s t test (*, 
P < 0.05, **, P < 0.01).

Results and discussions
Development and validation of the high‑throughput 
screening method
In order to obtain lysine decarboxylase mutants with 
improved stability under alkaline and high-temperature 
conditions, a high-throughput screening (HTS) method 
was developed to select out mutants with higher cata-
lytic activity at 50  ºC and pH 8.0. The principle of the 
HTS method is illustrated in Fig. 1a. With the accumula-
tion of alkaline cadaverine produced by decarboxylation 
of lysine, the pH of the reaction system would increase. 
Therefore, the activity of lysine decarboxylase could be 
visualized by color changes of appropriate pH indicators.

http://cupsat.uni-koeln.de/
http://predictor.nchu.edu.tw/iStable/
http://predictor.nchu.edu.tw/iStable/
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Fig. 1 Establishment of the HTS method. a Colorimetric method for the determination of lysine decarboxylase activity. b Color change of 
thymol blue with pH increase at pH 8.0. c Color change of the mixed indicator with pH increase at pH 8.0. d Correlation between the absorbance 
at 550 nm and the HPLC results. The reaction was conducted at 50 ºC in borate buffer (pH 8.0), and samples were taken after 0, 15, 30, 45, and 
60 min of reaction. The cadaverine concentration was determined by HPLC. The error bars represent standard deviations calculated from triplicate 
experiments

Fig. 2 Directed evolution of CadA. a High-throughput screening of error-prone PCR mutation libraries. b Site-directed mutagenesis of K477. The 
error bars represent standard deviations calculated from triplicate experiments, and statistical significance of the different relative cadaverine yield 
in comparison with the wild type was evaluated using Student’s t test (*, P < 0.05, **, P < 0.01)
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When choosing pH indicators, the following factors 
should be taken into consideration. To ensure that the 
color change of the pH indicator is proportional to the 
number of protons consumed in the decarboxylation 
reaction, the pKa value of the buffer should be equal or 
similar to the pKa value of the indicator, and the color 
change point of the indicator should be compatible with 
the target reaction (Yu et al. 2011; Jiang et al. 2017). Based 
on these principles, thymol blue with a pKa value of 8.9 
and color profile of yellow (pH 8.0) to blue (pH 9.6) and 
borate buffer with a pKa value of 8.21 and a buffered pH 
range from 8.0 to 10.0 were chosen for assay at an initial 
pH of 8.0. However, an illegible transition color (green) 
with a weak change of absorbance reduced the accuracy 
of screening (Fig.  1b). Additionally, in actual condition, 
the final pH of the decarboxylation reaction could not 
reach 9.6, so thymol blue seemed to be not the perfect 
indicator for mutant screening. In comparison, mixed 
indicators have superior properties, such as narrower 
color profiles, and are void of illegible transition colors. 
The mixed indicator composed of 0.1% thymol blue and 
0.1% phenolphthalein (3:1, v/v) has a color change point 
at pH 9.0 and a color profile of yellow (pH 8.7) to violet 
(pH 9.3) (Fig. 1c). Therefore, it was selected for establish-
ment of the HTS method.

To find out a suitable detection wavelength for deter-
mination of the color change during HTS, full-wave-
length scanning was conducted for the protonated and 
deprotonated forms of the mixed pH indicator using an 
EPOCH2 microplate reader (BioTech, USA). As shown in 
Additional file 1: Fig. S1a, the wavelength with maximal 
difference in absorbance was 550 nm.

To validate the HTS method, different concentrations 
of NaOH were added to simulate the consumption of 
protons in the decarboxylation reaction, and the rela-
tionship between absorbance at 550 nm and proton con-
sumption was examined. As shown in Additional file  1: 
Fig. S1b, the concentrations of borate buffer showed an 
important effect. In the concentration range of 5–20 mM, 
the higher the buffer concentrations, the broader the lin-
ear range and the lower the sensitivity. To ensure rela-
tively high sensitivity and appropriate linear range of the 
HTS method, 5 mM borate buffer was selected.

Finally, the effectiveness of the HTS method was veri-
fied by HPLC analysis (Fig.  1d). The linear relationship 
between the cadaverine concentration and the absorb-
ance at 550 nm demonstrated that the HTS method was 
suitable for directed evolution of CadA toward higher 
activity at 50 ºC and pH 8.0.

Directed evolution of CadA for improved stability
As shown in Fig.  2a, a majority of mutants generated 
by error-prone PCR were deleterious with much lower 

enzyme activity than the wild type, only a few strains 
showed improved enzyme activity. Finally, from the 
mutant library with a size of around 3000, two positive 
mutants K477R and F102V were screened out using 
the HTS method established above, with 15% and 10% 
improvement in cadaverine yield at 50  °C and pH 8.0, 
respectively.

Site 102 is located on the decamer interface of CadA 
and had been selected as an engineering target for sta-
bility improvement in a previous rational design effort 
(Hong et  al. 2017). Surprisingly, site 477 as the other 
mutation hotspot identified in directed evolution is not 
located on the decamer interface but elsewhere at the 
surface of CadA, and it is therefore not a typical site that 
would be selected in rational engineering for altering the 
stability of CadA. The K477 site was further mutated into 
different types of amino acids to find the best substitu-
tion, including the polar amino acids Q and T, the non-
polar hydrophobic amino acid V, the acidic amino acid D, 
and the alkaline amino acid H. However, they all showed 
lower cadaverine yield than K477R (Fig. 2b). Among the 
above-mentioned amino acids, only arginine (R) had a 
higher pI value than lysine (K) (10.76 vs 9.6), so the sub-
stitution of R for K could introduce more positive charges 
around the 477 site at pH 8.0. This result implied that 
increasing the positive charges on the CadA surface may 
have a positive effect on its catalytic performance under 
alkaline conditions.

Computational saturation mutagenesis of selected sites 
on the decamer interface of CadA
Dissociation of CadA subunits occurs with the accu-
mulation of alkaline cadaverine, causing inactivation of 
the enzyme. Therefore, residues located on the decamer 
interface of CadA are important targets for improving the 
stability of CadA. In a previous report, disulfide bonds 
were introduced to sites 41, 102, 445, and 544 located on 
the decamer interface of CadA by amino acid substitu-
tion to obtain high-stability variants (Hong et  al. 2017). 
Although introducing disulfide bonds is a common and 
effective method to improve protein stability (Eijsink 
et  al. 2004; Badieyan et  al. 2012), it may have negative 
impacts on enzyme activity. Most of the mutants gener-
ated by this strategy lost 60%–90% of the initial enzyme 
activity (Hong et al. 2017). In our study, virtual saturation 
mutagenesis was conducted for the above-mentioned 
sites instead using CUPSAT, iStable, and Rosetta-ddG, 
respectively (Fig. 3a). The prediction results are shown in 
the supplementary material (Additional file 1: Table S2). 
Experimental verification was conducted for the candi-
date mutants predicted as positive by two algorithms or 
more. The mutant E445Q was screened out with 13% 
improvement in cadaverine yield at 50  ºC and pH 8.0. 
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Most of the other mutants had no significant improve-
ment in the catalytic performance, and some of them 
even showed obviously decreased yield of cadaverine 

(Fig.  3b). Although the above-mentioned algorithms 
had been successfully used to enhance the stability of a 
number of proteins, such as ω-transaminase (Meng et al. 
2020) and lipase (Li et  al. 2018), they seemed to be not 
very accurate in prediction of the decamer CadA with 
relatively complex structure.

Combinatorial mutagenesis
Based on the three positive mutations K477R, F102V, 
and E445Q identified in directed evolution and virtual 
screening, together with the previously reported T88S 
mutation (Kou et  al. 2018), combinatorial mutagenesis 
was conducted. As shown in Table  1, among the dou-
ble mutants constructed based on the K477R mutant, 
only K477R/E445Q showed further activity improve-
ment. In the three-point and four-point mutants con-
structed based on K477R/E445Q, only K477R/E445Q/
T88S/F102V achieved a higher relative yield, whereas 

Fig. 3 Computational saturation mutagenesis of the decamer interface of CadA. a The decamer interface region of CadA is a decamer composed 
of five dimers. F102, E445, and T544 are located in interfacial region A, while D41 is located in interfacial region B. b Experimental verification results 
of the mutants with improved stability as predicted by virtual screening. The error bars represent standard deviations calculated from triplicate 
experiments, and statistical significance of the different relative cadaverine yield in comparison with the wild type was evaluated using Student’s t 
test (*, P < 0.05, **, P < 0.01)

Table 1 Cadaverine yield of CadA multi-site mutants relative to 
the wild type

Mutants Relative 
yield 
(%)

Wild Type 100

T88S 105.2

K477R/E445Q 124.1

K477R/F102V 103.2

K477R/T88S 105.5

K477R/E445Q/T88S 93.4

K477R/E445Q/F102V 103.5

K477R/E445Q/T88S/F102V 137.7
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the activity of K477R/E445Q/T88S was even lower than 
the wild type. This result suggested that the combina-
tion of positive mutations did not necessarily lead to an 
additive effect. In many cases, the mutations interact in 
a non-additive manner (Reetz 2013; Yu and Dalby 2018). 
Non-additivity could not only occur in the neighboring 
mutations but also between distant mutations through 
a network of interactions (Whitley and Lee 2009; Reetz 
et al. 2009), the mechanism of which is yet to be explored.

Effect of pH and temperature on the activities of CadA 
and its mutants
The optimal pH of the wild-type CadA and its mutants 
was determined by measuring the enzyme activities at 
pH 5.5–9.0 (Fig. 4a). The optimal pH of CadA_WT was 
5.5, and its enzyme activities were dramatically decreased 
with the increase of pH. The mutants showed similar 
decreasing trends in the activity at alkaline conditions, 
although the activities were higher than those of CadA_
WT in alkaline conditions (pH 7.5–9.0). Most of the 
mutants had higher optimal pH than CadA_WT. The pH 
optimum of the best mutant K477R/E445Q/T88S/F102V 
reached 6.5, while the three single-point mutants (K477R, 
E445Q, and F102V) had a pH optimum of 6.0. The dou-
ble mutant K477R/E445Q had an optimal pH range of 
5.5–6.0. Meanwhile, the enzyme activities of CadA_WT 
and its mutants were measured at different temperatures 
ranging from 37 to 70 ºC (Fig. 4b). The optimal tempera-
ture of all mutants was found to be 55 ºC, which was 5 ºC 
higher than that of CadA_WT (50 ºC).

Kinetic analysis of CadA and its mutants
The kinetic parameters of the wild-type CadA and its 
mutants were analyzed by measuring the initial velocities 
over the substrate concentration range of 0.4–8.0 mM at 
pH 5.5 and 37 ºC, as well as at pH 8.0 and 50 ºC. In gen-
eral, the Km values were increased and the Kcat/Km val-
ues were decreased for all enzymes at pH 8.0 and 50 ºC. 
Nevertheless, similar trends were observed in the kinetic 
parameters under these different conditions. As shown 
in Table  2, the enhanced catalytic efficiency (Kcat/Km) 
of mutants K477R, K447R/E445Q, and K477R/E445Q/
T88S/F102V mainly originated from the decreased 
Km. This result indicated that the K477R mutation may 
increase the affinity of the enzyme to the substrate. For 
E445Q and F102V, the Kcat/Km values were either not 
obviously changed or decreased as compared to CadA_
WT. The marginal changes in kinetic parameters for 
E445Q indicated that the E445Q mutation did not affect 
the active site of CadA, and the increase in cadaverine 
yield at high temperature and alkaline conditions mainly 
resulted from the improved stability. The lower Kcat/Km 
value of F102V than CadA_WT at pH 5.5 and 37 ºC sug-
gested that although the F102V mutation improved the 
stability of CadA, it may have a negative effect on its 
active site. Such a negative correlation between stability 
and enzyme activity is known as stability-activity trade-
off, which is also reported in previous studies (Nagatani 
et al. 2007; Tokuriki et al. 2008).

Fig. 4 Effect of pH and temperature on the activities of CadA and 
its mutants. a Relative activities of wild-type CadA and its mutants 
at different pH. All the relative activities were calculated based on 
the activity of the wild-type CadA at pH 5.5. b Relative activities 
of wild-type CadA and its mutants at different temperatures. All 
the relative activities were calculated based on the activity of the 
wild-type CadA at 50 ºC. The error bars represent standard deviations 
calculated from triplicate experiments, and statistical significance of 
the different relative cadaverine yield in comparison with the wild 
type was evaluated using Student’s t test (*, P < 0.05, **, P < 0.01)
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Table 2 Kinetic parameters of the wild-type CadA and its mutants

Kinetic measurement at various lysine concentrations (0.4–8 mM) were performed at pH 5.5 and 37 ºC, or at pH 8.0 and 50 ºC in sodium acetate buffer solution. The 
results are presented as means ± standard deviations for triplicate experiments

mutant pH 5.5 and 37 ºC pH 8.0 and 50 ºC

Km (mM) Kcat  (s
−1) Kcat/Km 

 (s−1·mM−1)
Km (mM) Kcat  (s

−1) Kcat/Km 
 (s−1·mM−1)

WT 1.52 ± 0.15 81.09 ± 4.53 53.34 3.3 ± 0.69 73.75 ± 0.94 22.35

K477R 1.17 ± 0.25 83.59 ± 5.63 71.44 1.52 ± 0.17 79.26 ± 0.48 52.14

E445Q 1.44 ± 0.23 79.33 ± 3.79 55.09 2.64 ± 1.06 67.35 ± 1.68 25.51

F102V 1.66 ± 0.27 80.08 ± 6.32 48.24 3.01 ± 0.50 69.01 ± 0.89 22.92

K477R/E445Q 0.96 ± 0.21 83.53 ± 3.42 87.00 2.45 ± 0.25 71.69 ± 0.42 29.26

K477R/E445Q/F102V/T88S 1.09 ± 0.63 83.66 ± 4.67 76.75 1.78 ± 0.78 82.76 ± 3.67 46.50

Fig. 5 Thermostability and pH stability of the wild-type CadA and its mutants. a Residual activities of mutants and the wild-type CadA after 
incubation at 60 ºC. b Residual activities of mutants and the wild-type CadA after incubation at 70 ºC. c Residual activities of mutants and the 
wild-type CadA after incubation at pH 8.0 and 50 ºC. d Residual activities of mutants and the wild-type CadA after incubation at pH 9.0 and 50 ºC. 
The initial activities without incubation were set as 100%. The error bars represent standard deviations calculated from triplicate experiments
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pH and thermostability of CadA and its mutants
To evaluate the thermostability of K477R, K477R/E445Q, 
and K477R/E445Q/F102V/T88S, the residual activities 
of the variants after incubating at 60  ºC and 70  ºC were 
measured (Fig.  5a and Fig.  5b). The activity of the wild-
type CadA and mutants decreased with increased incu-
bation time. After 2 h incubation at 60 ºC, the wild-type 
CadA maintained 36.43% of activity, whereas the residual 
enzyme activities of mutants were higher (43.21–74.31%). 
In particular, the K477R mutant retained 74.31% of its ini-
tial activity. Likewise, after 70 min of incubation at 70 ºC, 
only 5.81% of activity remained for the wild-type CadA, 
while the best mutant K477R/E445Q/F102V/T88S main-
tained 49.14% of its initial activity. These results demon-
strated the improved thermal stability of the mutants. The 
melting temperature (Tm) of the purified proteins was also 
measured by circular dichroism (Chirascan plus, Applied 
Photophysics) (Additional file  1: Fig. S2). Compared to 
CadA_WT (66.7  ºC), all mutants had higher Tm values. 
To evaluate the pH stability of K477R, K477R/E445Q, and 
K477R/E445Q/F102V/T88S, the residual activities were 
measured after incubating under different pH (8.0 and 
9.0) at 50  ºC (Fig. 5c and d). After 3 h incubation at pH 
8.0, the wild-type CadA maintained 33.43% of its activ-
ity, whereas the mutants had higher residual activities 

(38.75–42.57%). When incubated at pH 9.0 for 2 h, only 
5.32% of activity remained for the wild-type CadA, while 
the residual activities were 11.95%, 7.98%, and 10.92% for 
K477R, K477R/E445Q, and K477R/E445Q/F102V/T88S, 
respectively. These results suggested that the pH stability 
was enhanced for the mutants.

Molecular dynamics simulations of CadA_WT and its 
mutants
To explore the mechanism behind the stability improve-
ment of the mutants, molecular dynamics simulations 
were conducted. Considering the correlation of protein 

Fig. 6 RMSF of each residue in the wild-type CadA and its mutants. a WT, b K477R, c E445Q, d F102V, e K477R/E445Q, f K477R/E445Q/T88S/F102V. 
The black solid lines indicate the wild type; the red solid lines indicate the mutants. The blue boxes indicate the areas where the RMSF values of the 
mutants have decreased

Table 3 Number of salt bridges in the wild-type CadA and its 
mutants

Mutants Total number of 
salt bridges
(probability > 5%)

Number of salt 
bridges
(probability > 80%)

WT 28 7

K477R 25 10

E445Q 29 8

F102V 28 9

K477R/E445Q 30 8

K477R/E445Q/T88S/F102V 28 8
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stability and the rigidity of its structure, RMSF (Root 
Mean Square Fluctuation) analysis of CadA_WT and its 
mutants was conducted. RMSF indicates the magnitude 
of change of each atom relative to its average position 
and has a mathematical relationship with the B-factor 
(1). As an important indicator of the rigidity of the pro-
tein structure, the larger the value of B-factor, the greater 
the flexibility (Parthasarathy and Murthy 2000; Sun et al. 
2019). Increasing the rigidity of local areas in the protein 
has been shown to improve the stability of the whole pro-
tein (Wijma et  al. 2013), and rigidifying flexibility sites 
(RFS) has been demonstrated as an effective approach for 
increasing protein stability (Yu and Huang 2014).

B− factor = RMSF
2
·

8

3
π2

.(1)

In comparison to CadA_WT, all mutants had 2 or 
more regional structures with lower RMSF, indicating 
higher rigidity (Fig. 6). Therefore, the improved rigidity of 
regional structures may contribute to the overall stability 
of the CadA at high temperatures and alkaline pH condi-
tions. Moreover, these improved rigid regions are mostly 
found in the C- and N-terminal of CadA. In 3D structure 
models, these regions are mainly located at the surface 
and the decamer interface of CadA. This result implied 
that improving the rigidity of the decamer interface and 
surface of CadA may both affect its stability. The changes 
in RMSF values of these distant regions also implied a 
complex relationship between the introduction of muta-
tion sites and the RMSF values of each amino acid resi-
due in the protein (Yu and Dalby 2018).

It has been reported that introducing hydrogen bonds 
(Akbulut et  al. 2013), salt bridges (Wu et  al. 2015), 

Fig. 7 Salt bridge between K543 and E104’ at the decamer interface of CadA. The minimum energy conformation was extracted by Amber cpptraj, 
and the distance of the interacting residues was calculated by pymol

Table 4 Probability of hydrogen bonds formation at the decamer interface of the wild-type CadA and its mutants

Hydrogen bonds WT K477R E445Q F102V K477R/
E445Q

K477R/
E445Q/
F102V/T88S

GLN32-GLU21’ 28.6 63.2 7.5 0.2 3.7 0.3

ASN49-LEU107’ 30.6 1.7 1.2 58.7 3.5 41

LYS434-SER87’ 6.5 46.8 29.5 94.7 34.9 0.9

ARG441-LEU89’ 39 79.3 87.7 71 63.4 83.3

ARG543-GLU104’ 48.6 73 64.4 32.2 58.3 48.9

ARG551-LEU93’ 31.3 29.4 16.3 7.4 36.2 36

ARG551-LEU96’ 62.3 76.6 94.3 27.6 91.2 52.1
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β-folding, and charged residues exposed to solvents 
(Gribenko et  al. 2009) can improve the enzyme toler-
ance to extreme environments, such as high tempera-
ture, strong acid, and strong alkali. Sáez-Jiménez et  al. 
(Sáez-Jiménez et al. 2015) improved the acid stability of 
versatile peroxidase by directed evolution, finding the 
new salt bridges in the mutant as the main reason for the 
enhanced pH stability. Yokot et al. (2006) found that there 
were more salt bridges and polar amino acids in thermo-
philic proteins. Since the inactivation of CadA during 
the reaction is caused by dissociation of the decamer to 
form dimers under alkaline conditions, the interactions 
at the subunit interface are of great importance to its sta-
bility. The main interactions at the subunit interface are 
salt bridges and hydrogen bonds in the wild-type CadA 
(http:// www. ebi. ac. uk/ pdbsum/). Thus, salt bridge and 
hydrogen bond analysis of CadA_WT and its mutants 
might shed light on the mechanism behind the stability 
improvement of the mutants.

Analysis of molecular dynamics trajectory showed a 
higher number of salt bridges with a formation probabil-
ity of more than 80% in all the five mutants as compared 
to CadA_WT (Table 3 and Additional file 1: Tables S3–
S8). This result indicated the improved stability of these 
mutants might be partially due to the increased num-
ber of salt bridges. Most of the salt bridges are located 
on the surface of CadA, and only a pair of salt bridge 
(K543-E104’) is located on the decamer interface. Notice-
ably, introduction of the mutation sites changed the for-
mation probability of salt bridge between K543 and E104’. 
Particularly, in mutant K477R, the distance between the 
 NH3

+ of K543 and the  COO− of E104’ was shorter than 
3.5 Å during most time of the 1000 ps molecular dynam-
ics trajectory (Additional file  1: Fig. S3), and the prob-
ability of forming a salt bridge was greatly increased from 

7.9 to 88.2% (Fig. 7). Strengthening the salt-bridge inter-
actions at the subunit interface in K477R may prevent 
CadA from dissociating under alkaline conditions. In 
other single-point mutants E445Q and F102V, the prob-
ability of forming a salt bridge between K543 and E104’ 
was 9% and 2.8%, respectively, and there was no signifi-
cant change in the salt-bridge interactions at the subunit 
interface. In the multi-site mutants K477R/E445Q and 
K477R/E445Q/F102V/T88S, the formation probability of 
K543-E104’ salt bridge was 54.4% and 5.9%, respectively. 
These results implied that complex interactions might 
occur when several individual mutations were combined 
and that designing new salt bridge pairs in the surface of 

Fig. 8 Comparison of the electrostatic surface around residue 477. a The wild-type CadA. b The K477R mutant. Blue means positive charge, while 
red means negative charge

Fig. 9 Cadaverine production by whole-cell catalyst of the wild-type 
and mutant CadA. The reaction was conducted using 2.0 M lysine 
hydrochloride as the substrate and at an initial pH of 6.0 and 50 ºC, 
and the pH was not regulated during the reaction. The error bars 
represent standard deviations calculated from triplicate experiments

http://www.ebi.ac.uk/pdbsum/
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CadA may be an effective measure to obtain high-stabil-
ity variants.

As for hydrogen bonds, no new hydrogen bonds were 
formed at the subunit interface of all five mutants, but 
the formation probability of some existing hydrogen 
bonds was increased compared to the wild-type CadA 
(Table 4). The enhancement of hydrogen-bonding inter-
actions at the decamer interface may contribute to the 
improved stability of mutants. Noticeably, the K477R 
mutation affected both the salt-bridge and hydrogen-
bonding interactions at the subunit interface although it 
is not located there. This result implied that there are 
long-range interactions in CadA, which may be medi-
ated by a complex network of interactions. Explor-
ing the mechanism of such long-range interactions 
would provide valuable guidance for future protein 
modification.

Considering the surface location of the 477 site, its 
mutation alone or in combination with others may cause 
changes in the charge on the protein surface. Previous 
studies had found that optimizing the charge distribution 
on the protein surface and eliminating adverse electro-
static forces could enhance the protein stability (Eijsink 
et al. 2004; Strickler et al. 2006), and that removal of the 
negative charge contributed to the improved stability of 
ω-transaminases (Meng et  al. 2020). Comparison of the 
surface charge between the wild type and the K477R 
mutant showed that the K477R mutation led to more 
positive charges around the 477 site (Fig. 8). The positive 
charge may neutralize the negative charge on the protein 
surface and reduce unfavorable electrostatic interactions 
on the protein surface, which may partially contribute to 
the improved stability.

Evaluation of wild‑type CadA and the K477R/E445Q/
F102V/T88S mutant for cadaverine production
The catalytic performance of the best mutant K477R/
E445Q/F102V/T88S was compared with the wild-type 
CadA in whole-cell reactions with 2.0  M lysine hydro-
chloride as the substrate. The reaction was conducted 
without pH regulation at an initial pH of 6.0 and 50 ºC. 
After 8 h, the wild-type CadA produced 143.7 g/L cadav-
erine with a 70% conversion rate, whereas the mutant 
K477R/E445Q/F102V/T88S produced 160.7  g/L cadav-
erine with a 78.5% conversion rate. Compared to the 
wild-type CadA, mutant K477R/E445Q/F102V/T88S 
reached the platform period later (Fig. 9). The improve-
ment of cadaverine yield was the result of the improved 
thermal and alkaline stability and also the increased Kcat 
value of this mutant. In a previous study, pH-unregu-
lated L-lysine bioconversion mediated by a CadA mutant 
F14C/K44C/L7M/N8G obtained by rational design 

delivered 157  g/L cadaverine from 2.0  M lysine after 
9.5  h of reaction (Hong et  al. 2017). However, 10% v/v 
of cell extract was used as the biocatalyst in that study, 
and preparation of cell extract would lead to extra costs 
as compared to whole cells. Besides protein engineering, 
immobilization is another efficient method to improve 
the stability of enzymes (Kumar 2020; Bayramoglu et al. 
2020). Immobilization of wild-type CadA had been 
reported to improve cadaverine production as com-
pared to the free enzymes (Bhatia et al. 2015; Zhou et al. 
2020). If we could immobilize K477R/E445Q/F102V/
T88S in the future, the catalytic stability may be further 
enhanced.

Conclusion
In this study, the thermal and alkaline stability of the E. 
coli lysine decarboxylase CadA was improved by com-
bining directed evolution and computation-guided vir-
tual screening. Interestingly, site 477 residue located 
at the protein surface and not the decamer interface 
was found as an engineering target in directed evolu-
tion, and its mutation from lysine (K) to arginine (R) 
increased both the affinity of the enzyme to the sub-
strate and the formation probability of salt bridges and 
hydrogen bonds at the decamer interface. The final four-
point mutant K477R/E445Q/F102V/T88S displayed a 
superior catalytic property (up to 37.7% improvement 
in cadaverine yield) than the wild-type CadA with both 
increased thermal and alkaline stability (residual activity 
10.92% vs. 5.32% after 2  h incubation at pH 9.0, resid-
ual activity 49.14% vs. 5.81% after 70 min incubation at 
70  ºC) and Kcat/Km value (76.75 vs. 53.34   s−1·mM−1 at 
37 ºC, pH 5.5). Higher cadaverine was produced by the 
mutant K477R/E445Q/F102V/T88S from 2.0  M lysine 
hydrochloride at 50 ºC and a pH-unregulated condition 
than the wild-type CadA (160.7 g/L vs. 143.7 g/L). The 
pH-unregulated whole-cell reaction mediated by the 
CadA mutant K477R/E445Q/F102V/T88S can reduce 
the amount of acid and alkali required in whole-cell 
catalysis for cadaverine production. Meanwhile, these 
results demonstrated that directed evolution and com-
putation-guided virtual screening is a useful and power-
ful means to generate enzymes with superior catalytic 
performances. In addition, the findings that mutations 
in sites that are located on the surface of CadA also 
influenced its stability, and that the improved stability 
was the result of the improved rigidity of regional struc-
tures, increased number of salt bridges and enhance-
ment of hydrogen bonds at the multimeric interface, 
would provide a useful reference for stability improve-
ment of other proteins.



Page 14 of 15Xi et al. Bioresources and Bioprocessing            (2022) 9:24 

Abbreviations
CadA: L-lysine decarboxylase; PLP: Pyridoxal-5-phosphate; MEGAWHOP: 
Megaprimer PCR of whole plasmid; CUPSAT: Cologne University Pro-
tein Stability Analysis Tool; DEEMM: Diethyl ethoxymethylenemalonate; 
TNBS: 2,4,6-Trinitrobenzenesulfonic acid; HTS: High-throughput screen-
ing; Tm: The melting temperature; DCS: Differential scanning calorimetry; 
RMSF: Root Mean Square Fluctuation; DTT: Dithiothreitol; TNP-cadaverine: 
N,N’-bisnitrophenylcadaverine.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40643- 022- 00510-w.

 Additional file 1. Figures S1–S3 and Table S1–S8.

Acknowledgements
This work was financially supported by the National Key Research and Devel-
opment Program of China (Grant No. 2020YFA0908400), Zhejiang Provincial 
Natural Science Foundation of China (Grant No. LZ20B060002), and National 
Natural Science Foundation of China (Grant No. 32171412).

Authors’ contributions
YX designed and conducted the experiments, interpreted the results, and 
drafted the manuscript; LDY and HWY conceived the contextualization of 
work and revised the manuscript. All the authors read and approved the final 
manuscript.

Funding
This work was financially supported by the National Key Research and Devel-
opment Program of China (Grant No. 2020YFA0908400), Zhejiang Provincial 
Natural Science Foundation of China (Grant No. LZ20B060002), and National 
Natural Science Foundation of China (Grant No. 32171412).

 Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All the authors approved the consent for publishing the manuscript to Biore-
sources and Bioprocessing.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institute of Bioengineering, College of Chemical and Biological Engineering, 
Zhejiang University, Hangzhou 310027, China. 2 Hangzhou Global Scientific 
and Technological Innovation Center, Zhejiang University, Hangzhou 311200, 
China. 

Received: 30 November 2021   Accepted: 23 February 2022

References
Akbulut N, Tuzlakoğlu Öztürk M, Pijning T et al (2013) Improved activity and 

thermostability of Bacillus pumilus lipase by directed evolution. J Biotech-
nol 164:123–129. https:// doi. org/ 10. 1016/j. jbiot ec. 2012. 12. 016

Arabnejad H, Lago MD, Jekel PA et al (2017) A robust cosolvent-compatible 
halohydrin dehalogenase by computational library design. Protein Eng 
Des Sel 30:175–189. https:// doi. org/ 10. 1093/ prote in/ gzw068

Arnold FH (2018) Directed evolution: bringing new chemistry to life. Angew 
Chem Int Ed 57:4143–4148. https:// doi. org/ 10. 1002/ anie. 20170 8408

Badieyan S, Bevan DR, Zhang C (2012) Study and design of stability in GH5 cel-
lulases. Biotechnol Bioeng 109:31–44. https:// doi. org/ 10. 1002/ bit. 23280

Bayramoglu G, Salih B, Arica MY (2020) Catalytic activity of immobilized 
chymotrypsin on hybrid silica-magnetic biocompatible particles and its 
application in peptide synthesis. Appl Biochem Biotechnol 190:1224–
1241. https:// doi. org/ 10. 1007/ s12010- 019- 03158-z

Bednar D, Beerens K, Sebestova E et al (2015) FireProt: Energy- and Evolution-
Based Computational Design of Thermostable Multiple-Point Mutants. 
PLoS Comput Biol 11:e1004556. https:// doi. org/ 10. 1371/ journ al. pcbi. 
10045 56

Bhatia SK, Kim YH, Kim HJ et al (2015) Biotransformation of lysine into cadav-
erine using barium alginate-immobilized Escherichia coli overexpressing 
CadA. Bioprocess Biosyst Eng 38:2315–2322. https:// doi. org/ 10. 1007/ 
s00449- 015- 1465-9

Chen CW, Lin J, Chu YW (2013) iStable: off-the-shelf predictor integration for 
predicting protein stability changes. BMC Bioinformatics 14:S5. https:// 
doi. org/ 10. 1186/ 1471- 2105- 14- S2- S5

Chen CW, Lin MH, Liao CC et al (2020) iStable 2.0: Predicting protein thermal 
stability changes by integrating various characteristic modules. Comp 
Struct Biotechnol J 18:622–630. https:// doi. org/ 10. 1016/j. csbj. 2020. 02. 021

Eijsink VGH, Bjørk A, Gåseidnes S et al (2004) Rational engineering of enzyme 
stability. J Biotechnol 113:105–120. https:// doi. org/ 10. 1016/j. jbiot ec. 2004. 
03. 026

Fecker LF, Beier H, Berlin J (1986) Cloning and characterization of a lysine 
decarboxylase gene from Hafnia alvei. Mol Gen Genet 203:177–184. 
https:// doi. org/ 10. 1007/ BF003 30400

Gribenko AV, Patel MM, Liu J et al (2009) Rational stabilization of enzymes by 
computational redesign of surface charge–charge interactions. Proc Natl 
Acad Sci U S A 106:2601–2606. https:// doi. org/ 10. 1073/ pnas. 08082 20106

Hong EY, Lee SG, Park BJ et al (2017) Simultaneously enhancing the stability 
and catalytic activity of multimeric lysine decarboxylase CadA by engi-
neering interface regions for enzymatic production of cadaverine at high 
concentration of lysine. Biotechnol J 12:1700278. https:// doi. org/ 10. 1002/ 
biot. 20170 0278

Jeong S, Yeon YJ, Choi E-G et al (2016) Alkaliphilic lysine decarboxylases for 
effective synthesis of cadaverine from L-lysine. Korean J Chem Eng 
33:1530–1533. https:// doi. org/ 10. 1007/ s11814- 016- 0079-5

Jiang H, Xia XX, Feng Y et al (2017) Development of a robust system for high-
throughput colorimetric assay of diverse amino acid decarboxylases. 
Process Biochem 60:27–34. https:// doi. org/ 10. 1016/j. procb io. 2017. 05. 028

Kanjee U, Gutsche I, Alexopoulos E et al (2011) Linkage between the bacterial 
acid stress and stringent responses: the structure of the inducible lysine 
decarboxylase: linkage between the bacterial acid stress and stringent 
responses. Embo J 30:931–944. https:// doi. org/ 10. 1038/ emboj. 2011.5

Kim HJ, Kim YH, Shin JH et al (2015a) Optimization of direct lysine decarboxy-
lase biotransformation for cadaverine production with whole-cell biocat-
alysts at high lysine concentration. J Microbiol Biotechnol 25:1108–1113. 
https:// doi. org/ 10. 4014/ jmb. 1412. 12052

Kim YH, Kim HJ, Shin J-H et al (2015b) Application of diethyl ethoxymethylen-
emalonate (DEEMM) derivatization for monitoring of lysine decarboxy-
lase activity. J Mol Catal B-Enzym 115:151–154. https:// doi. org/ 10. 1016/j. 
molca tb. 2015. 01. 018

Kind S, Wittmann C (2011) Bio-based production of the platform chemical 
1,5-diaminopentane. Appl Microbiol Biotechnol 91:1287–1296. https:// 
doi. org/ 10. 1007/ s00253- 011- 3457-2

Kind S, Neubauer S, Becker J et al (2014) From zero to hero—production of 
bio-based nylon from renewable resources using engineered Corynebac-
terium glutamicum. Metab Eng 25:113–123. https:// doi. org/ 10. 1016/j. 
ymben. 2014. 05. 007

Kou F, Zhao J, Liu J et al (2016) Characterization of a new lysine decarboxylase 
from Aliivibrio salmonicida for cadaverine production at alkaline pH. J Mol 
Catal B-Enzym 133:S88–S94. https:// doi. org/ 10. 1016/j. molca tb. 2016. 11. 
023

Kou F, Zhao J, Liu J et al (2018) Enhancement of the thermal and alkaline pH 
stability of Escherichia coli lysine decarboxylase for efficient cadaver-
ine production. Biotechnol Lett 40:719–727. https:// doi. org/ 10. 1007/ 
s10529- 018- 2514-7

https://doi.org/10.1186/s40643-022-00510-w
https://doi.org/10.1186/s40643-022-00510-w
https://doi.org/10.1016/j.jbiotec.2012.12.016
https://doi.org/10.1093/protein/gzw068
https://doi.org/10.1002/anie.201708408
https://doi.org/10.1002/bit.23280
https://doi.org/10.1007/s12010-019-03158-z
https://doi.org/10.1371/journal.pcbi.1004556
https://doi.org/10.1371/journal.pcbi.1004556
https://doi.org/10.1007/s00449-015-1465-9
https://doi.org/10.1007/s00449-015-1465-9
https://doi.org/10.1186/1471-2105-14-S2-S5
https://doi.org/10.1186/1471-2105-14-S2-S5
https://doi.org/10.1016/j.csbj.2020.02.021
https://doi.org/10.1016/j.jbiotec.2004.03.026
https://doi.org/10.1016/j.jbiotec.2004.03.026
https://doi.org/10.1007/BF00330400
https://doi.org/10.1073/pnas.0808220106
https://doi.org/10.1002/biot.201700278
https://doi.org/10.1002/biot.201700278
https://doi.org/10.1007/s11814-016-0079-5
https://doi.org/10.1016/j.procbio.2017.05.028
https://doi.org/10.1038/emboj.2011.5
https://doi.org/10.4014/jmb.1412.12052
https://doi.org/10.1016/j.molcatb.2015.01.018
https://doi.org/10.1016/j.molcatb.2015.01.018
https://doi.org/10.1007/s00253-011-3457-2
https://doi.org/10.1007/s00253-011-3457-2
https://doi.org/10.1016/j.ymben.2014.05.007
https://doi.org/10.1016/j.ymben.2014.05.007
https://doi.org/10.1016/j.molcatb.2016.11.023
https://doi.org/10.1016/j.molcatb.2016.11.023
https://doi.org/10.1007/s10529-018-2514-7
https://doi.org/10.1007/s10529-018-2514-7


Page 15 of 15Xi et al. Bioresources and Bioprocessing            (2022) 9:24  

Kumar CV (2020) Methods in enzymology nanoarmoring of enzymes with car-
bon nanotubes and magnetic nanoparticles, 1st edn. Elsevier, Academic 
Press, Cambridge, MA San Diego, CA Oxford London

Lemonnier M, Lane D (1998) Expression of the second lysine decarboxylase 
gene of Escherichia coli. Microbiology 144:751–760. https:// doi. org/ 10. 
1099/ 00221 287- 144-3- 751

Leong YK, Chen CH, Huang SF et al (2020) High-level l-lysine bioconversion 
into cadaverine with enhanced productivity using engineered Escherichia 
coli whole-cell biocatalyst. Biochem Eng J 157:107547. https:// doi. org/ 10. 
1016/j. bej. 2020. 107547

Li G, Fang X, Su F et al (2018) Enhancing the thermostability of Rhizomucor 
miehei lipase with a limited screening library by rational-design point 
mutations and disulfide bonds. Appl Environ Microbiol 84:e02129-e2217. 
https:// doi. org/ 10. 1128/ AEM. 02129- 17

Ma W, Chen K, Li Y et al (2017) Advances in cadaverine bacterial production 
and its applications. Engineering 3:308–317. https:// doi. org/ 10. 1016/J. 
ENG. 2017. 03. 012

Meng Q, Capra N, Palacio CM et al (2020) Robust ω-transaminases by compu-
tational stabilization of the subunit interface. ACS Catal 10:2915–2928. 
https:// doi. org/ 10. 1021/ acsca tal. 9b052 23

Nagatani RA, Gonzalez A, Shoichet BK et al (2007) Stability for function 
trade-offs in the enolase superfamily “catalytic module.” Biochemistry 
46:6688–6695. https:// doi. org/ 10. 1021/ bi700 507d

Parthasarathy S, Murthy MRN (2000) Protein thermal stability: insights from 
atomic displacement parameters (B values). Protein Eng 13:9–13. https:// 
doi. org/ 10. 1093/ prote in/ 13.1.9

Parthiban V, Gromiha MM, Schomburg D (2006) CUPSAT: prediction of protein 
stability upon point mutations. Nucleic Acids Res 34:W239–W242. https:// 
doi. org/ 10. 1093/ nar/ gkl190

Phan APH, Ngo TT, Lenhoff HM (1982) Spectrophotometric assay for lysine 
decarboxylase. Anal Biochem 120:193–197. https:// doi. org/ 10. 1016/ 0003- 
2697(82) 90336-0

Reetz MT (2013) The importance of additive and non-additive mutational 
effects in protein engineering. Angew Chem Int Ed 52:2658–2666. 
https:// doi. org/ 10. 1002/ anie. 20120 7842

Reetz MT, Soni P, Acevedo JP, Sanchis J (2009) Creation of an amino acid 
network of structurally coupled residues in the directed evolution of a 
thermostable enzyme. Angew Chem Int Ed 48:8268–8272. https:// doi. 
org/ 10. 1002/ anie. 20090 4209

Romero-Rivera A, Garcia-Borràs M, Osuna S (2017) Computational tools for 
the evaluation of laboratory-engineered biocatalysts. Chem Commun 
53:284–297. https:// doi. org/ 10. 1039/ C6CC0 6055B

Sáez-Jiménez V, Fernández-Fueyo E, Medrano FJ et al (2015) Improving the pH-
stability of versatile peroxidase by comparative structural analysis with a 
naturally-stable manganese peroxidase. PLoS ONE 10:e0140984. https:// 
doi. org/ 10. 1371/ journ al. pone. 01409 84

Schneider J, Wendisch VF (2011) Biotechnological production of polyamines 
by bacteria: recent achievements and future perspectives. Appl Microbiol 
Biotechnol 91:17–30. https:// doi. org/ 10. 1007/ s00253- 011- 3252-0

Sheldon RA, Pereira PC (2017) Biocatalysis engineering: the big picture. Chem 
Soc Rev 46:2678–2691. https:// doi. org/ 10. 1039/ C6CS0 0854B

Strickler SS, Gribenko AV, Gribenko AV et al (2006) Protein stability and surface 
electrostatics: a charged relationship. Biochemistry 45:2761–2766. https:// 
doi. org/ 10. 1021/ bi060 0143

Sun Z, Liu Q, Qu G et al (2019) Utility of B-factors in protein science: interpret-
ing rigidity, flexibility, and internal motion and engineering thermosta-
bility. Chem Rev 119:1626–1665. https:// doi. org/ 10. 1021/ acs. chemr ev. 
8b002 90

Tokuriki N, Stricher F, Serrano L, Tawfik DS (2008) How protein stability and new 
functions trade off. PLoS Comput Biol 4:e1000002. https:// doi. org/ 10. 
1371/ journ al. pcbi. 10000 02

Wang C, Zhang K, Zhongjun C et al (2015) Directed evolution and mutagen-
esis of lysine decarboxylase from Hafnia alvei AS1.1009 to improve its 
activity toward efficient cadaverine production. Biotechnol Bioprocess 
Eng 20:439–446. https:// doi. org/ 10. 1007/ s12257- 014- 0690-4

Watson N, Dunyak DS, Rosey EL, Slonczewski JL (1992) Identification of ele-
ments involved in transcriptional regulation of the Escherichia coli cad 
operon by external pH. J Bacteriol 174:530–540

Whitley M, Lee A (2009) Frameworks for understanding long-range intra-
protein communication. Curr Protein Pept Sci 10:116–127. https:// doi. 
org/ 10. 2174/ 13892 03097 87847 563

Wijma HJ, Floor RJ, Janssen DB (2013) Structure- and sequence-analysis 
inspired engineering of proteins for enhanced thermostability. Curr Opin 
Struct Biol 23:588–594. https:// doi. org/ 10. 1016/j. sbi. 2013. 04. 008

Wijma HJ, Floor RJ, Jekel PA et al (2014) Computationally designed libraries for 
rapid enzyme stabilization. Protein Eng Des Sel 27:49–58. https:// doi. org/ 
10. 1093/ prote in/ gzt061

Wu J-P, Li M, Zhou Y et al (2015) Introducing a salt bridge into the lipase 
of Stenotrophomonas maltophilia results in a very large increase in 
thermal stability. Biotechnol Lett 37:403–407. https:// doi. org/ 10. 1007/ 
s10529- 014- 1683-2

Yang C, Ye L, Gu J et al (2017) Directed evolution of mandelate racemase by 
a novel high-throughput screening method. Appl Microbiol Biotechnol 
101:1063–1072. https:// doi. org/ 10. 1007/ s00253- 016- 7790-3

Yokot K, Satou K, Ohki S (2006) Comparative analysis of protein thermostabil-
ity: differences in amino acid content and substitution at the surfaces 
and in the core regions of thermophilic and mesophilic proteins. Sci 
Technol Adv Mater 7:255–262. https:// doi. org/ 10. 1016/j. stam. 2006. 03. 003

Yu H, Dalby PA (2018) Coupled molecular dynamics mediate long- and short-
range epistasis between mutations that affect stability and aggregation 
kinetics. Proc Natl Acad Sci U S A 115:E11043–E11052. https:// doi. org/ 10. 
1073/ pnas. 18103 24115

Yu H, Huang H (2014) Engineering proteins for thermostability through rigidi-
fying flexible sites. Biotechnol Adv 32:308–315. https:// doi. org/ 10. 1016/j. 
biote chadv. 2013. 10. 012

Yu K, Hu S, Huang J, Mei LH (2011) A high-throughput colorimetric assay to 
measure the activity of glutamate decarboxylase. Enzyme Microb Tech-
nol 49:272–276. https:// doi. org/ 10. 1016/j. enzmi ctec. 2011. 06. 007

Zhou N, Zhang A, Wei G et al (2020) Cadaverine production from L-lysine with 
chitin-binding protein-mediated lysine decarboxylase immobilization. 
Front Bioeng Biotechnol 8:103. https:// doi. org/ 10. 3389/ fbioe. 2020. 00103

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1099/00221287-144-3-751
https://doi.org/10.1099/00221287-144-3-751
https://doi.org/10.1016/j.bej.2020.107547
https://doi.org/10.1016/j.bej.2020.107547
https://doi.org/10.1128/AEM.02129-17
https://doi.org/10.1016/J.ENG.2017.03.012
https://doi.org/10.1016/J.ENG.2017.03.012
https://doi.org/10.1021/acscatal.9b05223
https://doi.org/10.1021/bi700507d
https://doi.org/10.1093/protein/13.1.9
https://doi.org/10.1093/protein/13.1.9
https://doi.org/10.1093/nar/gkl190
https://doi.org/10.1093/nar/gkl190
https://doi.org/10.1016/0003-2697(82)90336-0
https://doi.org/10.1016/0003-2697(82)90336-0
https://doi.org/10.1002/anie.201207842
https://doi.org/10.1002/anie.200904209
https://doi.org/10.1002/anie.200904209
https://doi.org/10.1039/C6CC06055B
https://doi.org/10.1371/journal.pone.0140984
https://doi.org/10.1371/journal.pone.0140984
https://doi.org/10.1007/s00253-011-3252-0
https://doi.org/10.1039/C6CS00854B
https://doi.org/10.1021/bi0600143
https://doi.org/10.1021/bi0600143
https://doi.org/10.1021/acs.chemrev.8b00290
https://doi.org/10.1021/acs.chemrev.8b00290
https://doi.org/10.1371/journal.pcbi.1000002
https://doi.org/10.1371/journal.pcbi.1000002
https://doi.org/10.1007/s12257-014-0690-4
https://doi.org/10.2174/138920309787847563
https://doi.org/10.2174/138920309787847563
https://doi.org/10.1016/j.sbi.2013.04.008
https://doi.org/10.1093/protein/gzt061
https://doi.org/10.1093/protein/gzt061
https://doi.org/10.1007/s10529-014-1683-2
https://doi.org/10.1007/s10529-014-1683-2
https://doi.org/10.1007/s00253-016-7790-3
https://doi.org/10.1016/j.stam.2006.03.003
https://doi.org/10.1073/pnas.1810324115
https://doi.org/10.1073/pnas.1810324115
https://doi.org/10.1016/j.biotechadv.2013.10.012
https://doi.org/10.1016/j.biotechadv.2013.10.012
https://doi.org/10.1016/j.enzmictec.2011.06.007
https://doi.org/10.3389/fbioe.2020.00103

	Enhanced thermal and alkaline stability of L-lysine decarboxylase CadA by combining directed evolution and computation-guided virtual screening
	Abstract 
	Introduction
	Materials and methods
	Strains, plasmids, and chemicals
	Mutant library construction
	Library screening
	Computational saturation mutagenesis
	Analytical methods
	Enzyme purification and activity assay
	Molecular dynamics simulations
	Whole-cell catalysis
	Statistical analysis method

	Results and discussions
	Development and validation of the high-throughput screening method
	Directed evolution of CadA for improved stability
	Computational saturation mutagenesis of selected sites on the decamer interface of CadA
	Combinatorial mutagenesis
	Effect of pH and temperature on the activities of CadA and its mutants
	Kinetic analysis of CadA and its mutants
	pH and thermostability of CadA and its mutants
	Molecular dynamics simulations of CadA_WT and its mutants
	Evaluation of wild-type CadA and the K477RE445QF102VT88S mutant for cadaverine production

	Conclusion
	Acknowledgements
	References




