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A B S T R A C T   

Spermidine is a naturally occurring polyamine widely utilized in the prevention and treatment of various dis
eases. Current spermidine biosynthetic methods have problems such as low efficiency and complex multi-enzyme 
catalysis. Based on sequence-structure-function relationships, we engineered the widely studied homospermidine 
synthase from Blastochloris viridis (BvHSS) and obtained mutants that could catalyze the production of spermidine 
from 1,3-diaminopropane and putrescine. The specific activities of BvHSS and the mutants D361E and E232D +
D361E (E232D-D) were 8.72, 46.04 and 48.30 U/mg, respectively. The optimal pH for both mutants was 9.0, and 
the optimal temperature was 50 ◦C. Molecular docking and dynamics simulations revealed that mutating aspartic 
acid at position 361 to glutamic acid narrowed the substrate binding pocket, promoting stable spermidine 
production. Conversely, mutating glutamic acid at position 232 to aspartic acid enlarged the substrate channel 
entrance, facilitating substrate entry into the active pocket and enhancing spermidine generation. In whole-cell 
catalysis lasting 6 h, D361E and E232D-D synthesized 725.3 and 933.5 mg/L of spermidine, respectively. This 
study offers a practical approach for single-enzyme catalyzed spermidine synthesis and sheds light on the crucial 
residues influencing homospermidine synthase catalytic activity in spermidine production.   

1. Introduction 

Biogenic amines (BAs) encompass a collection of aliphatic nitroge
nous organic bases with low molecular weight that are ubiquitously 
found within the cellular composition of all living organisms. The 
compounds encompassed under this category consist of diamines 
(Fig. 1A) such as 1,3-diaminopropane (Dap), putrescine (Put), and 
cadaverine (Cad), as well as triamines (Fig. 1B) like spermidine (Spd) 
and homospermidine (Hspd) [1,2]. According to research, spermidine is 
an autophagy inducer with anti-aging properties [3]. In addition, a 
growing number of studies suggest that spermidine may play a benefi
cial role in the prevention and treatment of a variety of disorders, such as 
cardiovascular diseases [4], neurodegenerative pathologies [5], 
translation-associated disorders [6], and inflammation of liver fatty 
tissue [7]. Despite various research attempts to biosynthesis spermidine 
[8–11], the sustainable production of spermidine still confronts several 
problems, and it is desirable to develop new strategies for effective 
spermidine synthesis. 

Homospermidine synthase (HSS, EC: 2.5.1.44), an NAD+-dependent 

transferase, is responsible for transferring the aminobutyl group to pu
trescine. As early as 1979, Tait found that an HSS from Blastochloris 
viridis (BvHSS) could catalyze two molecules of putrescine to produce 
one molecule of homospermidine [12]. Ober et al. noticed that BvHSS 
also catalyze a number of side reactions, in the presence of a second 
substrate (such as Dap, Cad, or 1,6-diaminohexane), BvHSS facilitates 
the reaction between putrescine and its analogous diamines, resulting in 
the production of both homospermidine and the corresponding 
N-(4-aminobutyl) derivatives (Fig. 1C) [13]. However, the catalytic ef
ficiency of BvHSS with 1,3-diaminopropane and putrescine as substrates 
is only 5 % compared to that with putrescine alone. 

In recent years, protein engineering has emerged as a powerful 
strategy for obtaining target catalysts. Several studies have utilized 
molecular modification to successfully alter enzyme properties such as 
catalytic activity, stability, and selectivity [14–16]. BvHSS consists of 
477 amino acids, and its crystal structure has been identified as a dimer 
(Protein Data Bank [PDB] ID: 4PLP), with each monomer containing its 
own catalytically active center and NAD+ binding site [17]. During the 
catalytic reaction facilitated by BvHSS, the first putrescine molecule 
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entering the enzyme’s active pocket undergoes oxidative deamination to 
form 4-aminobutanol, which then condenses with an amino group on 
the second putrescine molecule to form a Schiff base. This Schiff base is 
subsequently reduced to an imino group, resulting in the production of 
homospermidine. The entire catalytic process relies on the coordination 
among residues Asn-162, Trp-229, Glu-237, His-296, and the nicotine 
amide ring of NAD+ [17,18]. 1,3-diaminopropane and putrescine share 
similar structural and physicochemical characteristics. The rational 
design of BvHSS, guided by its structural features and catalytic mecha
nism, holds the promise of creating a mutant enzyme capable of cata
lyzing the reaction between 1,3-diaminopropane and putrescine to 
produce spermidine. 

Whole-cell catalysis, as an enzyme catalysis method, streamlines the 
process by bypassing the need for isolating and purifying enzymes, thus 
cutting costs and simplifying operations [19]. In recent years, there has 
been a steady stream of research reports on the application of whole-cell 
catalysis [20,21]. Among these, Escherichia coli has emerged as the most 
favored host cell for whole-cell catalysis due to its simple structure and 
extensive research history [22,23]. 

In this study, we selected amino acid residues at the substrate 
binding pocket and substrate access tunnel for targeted mutation based 
on the 3D structures (PDB ID: 4TVB, 4XQC) and homologous sequence 
alignment of BvHSS. Two mutants, namely D361E and D361E + E232D 
(referred to as E232D-D), were generated, displaying enhanced reaction 
rates for catalyzing 1,3-diaminopropane and putrescine. We extensively 
characterized the enzymatic properties of these mutants and elucidated 
the structural basis for the difference in catalytic ability compared to 
BvHSS through molecular docking and molecular dynamics (MD) sim
ulations. Furthermore, whole-cell catalysis was utilized to evaluate the 
production of spermidine by these mutants at different time intervals. 
Collectively, these findings lay the groundwork for the one-step enzyme- 
catalyzed production of spermidine. 

2. Materials and methods 

2.1. Materials 

Ployamines and dansyl chloride were from Aladdin (Shanghai, 
China). NAD+ was from Sangon Biotech (Shanghai, China). Kanamycin 
and isopropyl β-D-thiogalactoside were from Takara (Dalian, China). 
Enzymes used to clone, including 2 × FastPfu PCR SuperMix and 2 ×
FastTaq PCR SuperMix, were from Miozyme (Shanghai, China). Quick
Cut™ Dpn I were from Takara (Dalian, China). The AxyPrep Plasmid 
Miniprep Kit was from AXYGEN (Suzhou, China). All organic solvents 
were purchased from Sinopharm (Shanghai, China). 

2.2. Preparation of recombinant BvHSS 

The plasmid utilized in this study is pRSFDuet-1, which contains the 
homospermidine synthase gene (GenBank ID: MH192985) from Blasto
chloris viridis and was synthesized by Exsyn-bio Technology (Shanghai, 
China). The gene was inserted between the BamH I and EcoR I sites of 
pRSFDuet-1 to obtain the recombinant plasmid pRSFDuet-BvHSS, which 
was transformed into Escherichia coli (E. coli) JM109 for plasmid 
amplification and E. coli BL21 (DE3) for protein expression. The E. coli 
strains were cultured at 37 ◦C and induced for protein expression at 
20 ◦C in Lysogenic Broth (LB) broth. 

2.3. Site-directed mutagenesis of BvHSS 

Primers for site-directed mutagenesis at various mutation sites were 
designed and are provided in Table S1. All primers were synthesized by 
Exsyn-bio Technology (Shanghai, China). A whole-plasmid PCR was 
performed using pRSFDuet-BvHSS as a template. The PCR cycling pro
gram was set as follows: 94 ◦C, 2 min; 98 ◦C, 10 s, 56 ◦C, 10 s, and 72 ◦C, 
1 min, (30 cycles); 72 ◦C, 5 min. The amplified PCR products were 
treated with restriction enzyme Dpn I at 37 ◦C during 3 h to eliminate the 
methylated template plasmid and then transformed into the competent 
E. coli JM109 cells using the heat-shock method. Multiple single colonies 
were selected and inoculated in an LB broth (containing 50 μg/mL 
kanamycin, K+) for an overnight culture. The plasmids were extracted 
for DNA sequencing. Plasmids with correct mutations were retrans
formed by heat-shock transformation into the expression strain E. coli 
BL21 (DE3). 

2.4. Recombinant protein expression and purification 

Successful transformants were cultured in 50 mL of LB broth with 50 
μg/mL K+ until reaching an optical density at 600 nm (OD600) between 
0.4 and 0.8 units. Subsequently, induction was initiated by adding 0.4 
mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and incubating at 
20 ◦C for 24 h. After incubation, cells were harvested by centrifugation 
at 8000×g for 5 min. The cell pellets were resuspended in 100 mM Tris- 
HCl buffer (pH 9), followed by cell lysis using sonication. 

Purification of the overexpressed C-terminally 6 × His-tagged pro
tein was performed using immobilized metal affinity chromatography 
(IMAC) with magnetic beads (BeaverBeads™ His-tag Protein Purifica
tion, Suzhou, China) according to the manufacturer’s instructions. 
Briefly, a 10 mL sample was incubated with magnetic beads for 30 min. 
The impurities were then eluted using a solution of 100 mM Tris-HCl 
buffer (pH 9) containing 500 mM NaCl and 50 mM imidazole, while 
the recombinant protein was eluted with 100 mM Tris-HCl buffer (pH 9) 

Fig. 1. Overview of Blastochloris viridis homospermidine synthase (BvHSS)-related biogenic amines and the relative activities of BvHSS-catalyzed reactions. (A) Two- 
dimensional structures of diamines. (B) Two-dimensional structures of triamines. (C) Comparison of the relative activities of known BvHSS-catalyzed reactions. 
Relative activity is defined in terms of the amount of homospermidine (Hspd) produced by each reaction, where the enzyme-catalyzed 1,4-diaminobutane (Put) 
production of Hspd is 100 %. 

W. Liu et al.                                                                                                                                                                                                                                      



Synthetic and Systems Biotechnology 9 (2024) 549–557

551

containing 500 mM NaCl and 500 mM imidazole. The purified protein 
was desalted using a HiTrap desalting column (GE Healthcare) and 
stored at − 80 ◦C. Additionally, the purity of all purified enzymes was 
confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) analysis, and the protein concentration was determined 
using the Bradford Protein Assay Kit (Sangon Biotech, Shanghai, China). 

2.5. Enzyme activity assay 

The enzyme activity was determined following the method described 
by Krossa et al. [17]. The reaction was carried out in a total volume of 1 
mL in 100 mM Tris-HCl buffer at pH 9, comprising 1 mM 1,3-diamino
propane and putrescine, 0.6 mM NAD+, and an appropriate amount of 
enzyme solution. The mixture was incubated at 30 ◦C for 30 min. 
Following the assays, the system underwent derivatization and analysis 
by high-performance liquid chromatography (HPLC) to quantify the 
content of BAs. One unit (U) of enzyme activity is defined as the amount 
of enzyme required to convert 1 μmol of spermidine per minute under 
the given reaction conditions. 

The method for detecting polyamines was comprehensively 
described by Liang et al. [24]. Standard solutions of spermidine were 
prepared with concentrations of 1.0 mg/L, 2.5 mg/L, 5.0 mg/L, 10.0 
mg/L, 15.0 mg/L, 25.0 mg/L, and 50.0 mg/L to construct a standard 
curve (Fig. S1). 

2.6. Determination of enzymatic properties, kinetic parameters, and 
substrate specificity 

To assess the optimal pH conditions, buffers with varying pH levels 
were prepared, including phosphate buffer (pH 7.0–8.0, 100 mM), Tris- 
HCl buffer (pH 8.0–9.0, 100 mM), and Gly-NaOH buffer (pH 9.0–10.5, 
100 mM) [25]. The reaction systems were exposed to different tem
peratures ranging from 30 ◦C to 60 ◦C to determine the optimum tem
perature. Additionally, the enzyme’s thermostability was evaluated by 
measuring the residual activity after incubation at 50 ◦C for 2 h, 4 h, 6 h, 
8 h, 10 h, and 12 h. 

The kinetic parameters (KM, Vmax, kcat, and kcat/KM) of BvHSS and its 
mutants were determined and analyzed at 50 ◦C using a 100 mM Tris- 
HCl buffer (pH 9) supplemented with 0.6 mM NAD+. Assays were 
determined at a varying concentration of substrate 1,3-diaminopropane 
(0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 mM) with 2 mM pu
trescine or varied putrescine concentrations (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 
1.4, 1.6, 1.8, and 2.0 mM) and 1 mM 1,3-diaminopropane. Enzyme ac
tivities corresponding to different substrate concentrations were calcu
lated according to method 2.5. The KM and Vmax values were obtained by 
statistical analysis using the Graphpad Prism 8 software package 
(Graphpad Prism Software, San Diego, CA). The kcat value was calcu
lated using the equation kcat = Vmax/(E), where (E) represents the molar 
concentration of the enzyme. 

The substrate specificities of the wild-type (WT) and mutants were 
evaluated following the method described by Ober [13], using 1 mM 
BAs (including Dap, Put, Cad, 1,6-hexanediamine, and Spd) as sub
strates. The enzymes’ substrate specificities were compared by quanti
fying the catalytically produced homospermidine. 

2.7. Circular dichroism measurements 

Circular dichroism spectra were acquired using a Jasco J720 spec
tropolarimeter (Jasco, Inc., Easton). Measurements were conducted 
with 200 μL of protein samples (0.2 mg/mL) in a 1 mm quartz cuvette 
containing 20 mM Tris-HCl buffer (pH 9.0). Spectra were recorded at 
20 ◦C with a response time of 2 s, a path length of 0.1 cm, and a 
bandwidth of 2 nm across a wavelength range of 190–250 nm. Data were 
collected at intervals of 1 nm, and the scanning speed was set to 30 nm/ 
min [26]. 

2.8. Structural analysis 

The crystal structures of BvHSS (PDB ID: 4PLP, 4TVB, 4XQC) were 
retrieved from the RSCB database, while homology modeling was car
ried out using AlphaFold2 [27]. Ligand structures for spermidine and 
homospermidine were sourced from PubChem. Molecular docking was 
performed using Autodock Vina [28], and the resulting structures were 
visualized using PyMOL software. Molecular dynamics simulations were 
conducted using Schrödinger Maestro Suite 2021-2, employing the 
OPLS4 force field for all computational steps [29]. Initially, the obtained 
complexes underwent preprocessing using the Protein Preparation 
Wizard module. Subsequently, all-atom dynamics simulations [30] 
spanning 300 ns were performed using Desmond, following the meth
odology outlined by Blake E. Smith et al. [31]. For the ensemble class, 
NPT was selected, with simulation temperatures set at 300 K or 323 K, 
and default parameters were applied. Throughout the simulations, co
ordinate frames were saved every 300 ps, resulting in a total of 1000 
frames for subsequent analysis. The simulation interaction diagram tool 
was utilized to assess the Root Mean Square Deviation (RMSD) of Cα on 
the structure of each frame, as well as the Root Mean Square Fluctuation 
(RMSF) of amino acid fluctuations on the protein during the simulations 
[32]. 

2.9. Bioconversion of spermidine from 1,3-diaminopropane and 
putrescine 

The reaction system was composed of 10 mL Tris-HCl buffer (100 
mM, pH 9.0, 0.6 mM NAD+, 40 g/L wet cells) with 10 mM 1,3-diamino
propane and putrescine. The reaction was performed at 50 ◦C for 6 h, 
and 100 μL of the reaction solution was withdrawn per hour, diluted to 
detect the content of polyamine. 

2.10. Statistical analysis 

Each experiment was conducted in triplicate, and the data are pre
sented as mean values accompanied by standard deviations (SD). Error 
bars in the plots represent the SD. 

3. Results 

3.1. Mutation sites selection based on structure and sequence analysis 

The crystal structure of BvHSS, as described by Krossa et al. reveals 
that the enzyme’s catalytic pocket resembles a “boot-shaped” cavity 
[17]. The catalytic residues are classified as inner, center, and outer 
amine sites, corresponding to the three amino groups on the product. As 
shown in Fig. 2B, BvHSS residues E210 and D361 form hydrogen bonds 
with the N atom at homospermidine nitrogen 1 (inner amine site), while 
E237 forms a similar bond with the N atom at homospermidine nitrogen 
11 (outer amine site). Additionally, N162 and W229 form hydrogen 
bonds and cation-π interactions with the N atom at homospermidine 
nitrogen 6 (center amine site) [18]. Spermidine shares a structural 
resemblance with homospermidine, featuring three amino groups and a 
carbon chain that is one methylene group shorter. To obtain a mutant 
enzyme capable of catalyzing spermidine synthesis, our initial consid
eration was to narrow the catalytic pocket. Given the documented 
inactivity of mutants E237Q, E210Q, E210A, and E210K in previous 
studies [17,18], and the high evolutionary conservation of residues 
E237 and E210, we initially opted to perform site-saturation mutagen
esis at D361. 

Co-crystallization of BvHSS with 1,3-diaminopropane and putrescine 
(PDB ID: 4XQC) showed that two 1,3-diaminopropane molecules bind to 
BvHSS, one at the active center and the other at the entrance to the 
active pocket [17]. As seen in Fig. 2C, the pink sticks are the six amino 
acids at the entrance of the active pocket of BvHSS, among which E117 
and E232 form interactions with the amino groups of 1, 
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3-diaminopropane, respectively. To prevent any potential impact on 
enzyme catalytic activity caused by the binding of 1,3-diaminopropane 
(Dap) at the substrate channel entrance, we focused on two residues, 
E117 and E232, known to interact with 1,3-diaminopropane. Based on 
homologous sequence comparisons (Fig. 2D and S2), we designed and 
constructed five single-point mutants (E117D, E117 N, E232D, E232 N, 
and E232T). 

3.2. Enzyme activity assay 

The catalytic activity of both the wild-type (WT) and mutants was 
measured using 1,3-diaminopropane and putrescine as substrates. Ac
cording to Fig. 3, the enzyme activity of WT was 8.72 U/mg, while the 
D361E mutant exhibited a higher activity of 46.04 U/mg. Mutants 
D361A and D361T demonstrated activities of 15.36 U/mg and 9.63 U/ 
mg, respectively, indicating a slight increase compared to the WT. On 
the other hand, mutants D361S, D361L, D361I, and D361V exhibited 
slightly lower activity than the WT, while other single-point mutants at 
this site did not enhance the reaction of 1,3-diaminopropane and pu
trescine (Fig. S3). For mutations at positions 117 and 232, the enzyme 

Fig. 2. Complex structure analysis and the conservation of active residues of the Blastochloris viridis homospermidine synthase (BvHSS). (A) An overview of BvHSS 
monomer (Protein Data Bank (PDB) ID: 4PLP), (B) Enlarged display of BvHSS-homospermidine catalytic pocket (PDB ID: 4TVB), (C) Enlarged presentation of BvHSS- 
1,3-diaminopropane (Dap) catalytic sites and ligand entrance tunnel (PDB ID: 4XQC). The magenta square emphasizes the location of the active pocket. The green 
sticks are catalytic residues, the pink sticks are the six amino acid residues at the entrance tunnel, the yellow sticks are ligands, and the yellow dashed line measures 
the distance between ligands and residues. (D) Sequence logo depicting the conservation of active residues. The three mutated amino acids are marked in pink. The 
sequence logo was generated using the program WebLogo. 

Fig. 3. Catalytic activities of wild-type (WT) and some variants. Other inactive 
mutants were not shown. All measurements were performed in triplicate, and 
the data are displayed as mean ± s.d. 
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activities of E117D and E232D were 10.57 and 11.46 U/mg, respec
tively, slightly higher than the WT (Fig. 3). However, E117 N, E232 N, 
and E232T were inactive, indicating that two acidic amino acids are 
required at the entrance of the substrate channel for the reaction. We 
conducted combinatorial mutagenesis of amino acids at positions 117, 
232, and 361 to explore the collective impact of residues at the substrate 
binding pocket and substrate access tunnel on enzyme activity. 

Using D361E as a template, we obtained the double-point mutants 
D361E + E117D (abbreviated as E117D-D) and D361E + E232D 
(abbreviated as E232D-D) by mutating glutamate to aspartate at posi
tions 117 and 232. Compared to D361E, the enzyme activity of E117D-D 
decreased to 33.94 U/mg, while that of E232D-D increased to 48.30 U/ 
mg. However, the three-point mutant D361E + E117D + E232D was 
found to be inactive. 

3.3. Biochemical characterization of WT and D361E, E232D-D 

The WT, D361E, and E232D-D proteins were expressed in soluble 
form, each exhibiting a molecular weight of 52 kDa (Fig. S4A). The 
catalytic reaction was evaluated using 1,3-diaminopropane and pu
trescine as substrates, with the corresponding HPLC profile is depicted in 
Fig. S4B. 1,7-diaminoheptane served as the internal standard, and 
enzyme activity was quantified based on the standard curve. 

The specific activities of the three proteins showed an initial increase 
followed by a decrease with pH, reaching a peak at pH 9, as illustrated in 
Fig. 4A. Similarly, their activities followed a similar trend with tem
perature, increasing up to 50 ◦C before declining, as shown in Fig. 4B. 
Although both mutants shared the same optimal temperature for reac
tion as the wild type, they exhibited higher specific activity. Between 30 
and 45 ◦C, the activities of D361E and E232D-D were comparable, with 
E232D-D exhibiting a 14.4 % increase over D361E at 50 ◦C. Both mu
tants maintained approximately 90 % activity at 55 ◦C, which sharply 
declined at 60 ◦C. Thermostability assessments revealed that all three 
enzymes exhibited favorable stability, retaining over 50 % catalytic 
activity after exposure to 50 ◦C for 4 h, as shown in Fig. 4C. This in
formation can assist in determining the suitable time for enzyme catal
ysis reaction. 

3.4. Kinetic characterization of WT and D361E, E232D-D 

The kinetic properties of the enzymes were precisely determined by 
reactions with varied 1,3-diaminopropane concentrations while fixing 
putrescine concentration and varied putrescine concentrations while 
fixing 1,3-diaminopropane concentration. As shown in Table 1, the Km 
of BvHSS, D361E, and E232D-D for 1,3-diaminopropane were 0.49, 
0.43, and 0.31 mM, respectively. Conversely, the Km values of the three 
enzymes for putrescine were 0.51, 0.49, and 0.45 mM, respectively. 
Overall, the binding affinity between mutants and substrates was greater 

than that of WT. In contrast, the differences between the kcat of the three 
enzymes were more obvious. For 1,3-diaminopropane and putrescine, 
respectively, the kcat values of BvHSS, D361E, and E232D-D were 13.64, 
19.33, and 21.09 s− 1 and 14.50, 21.90, and 25.92 s− 1. For 1,3-diamino
propane and putrescine, respectively, the kcat/Km values of BvHSS, 
D361E, and E232D-D were 27.84, 44.95, and 68.03 mM− 1s− 1 and 28.43, 
44.69, and 57.60 mM− 1s− 1. The results show that for 1,3-diaminopro
pane and putrescine, respectively, D361E and E232D-D were 1.62 and 
2.44 times more efficient than WT. Both variants exhibit greater cata
lytic activity in the reaction between 1,3-diaminopropane and putres
cine compared to BvHSS. 

3.5. Substrate specificity of WT and D361E, E232D-D 

The reported optimal reaction temperature for the catalytic genera
tion of homospermidine by BvHSS in the literature is approximately 
30 ◦C [33,34]. However, our experimental results suggest that 50 ◦C is 
more conducive to spermidine generation. Therefore, we evaluated the 
substrate specificity of WT and two mutants at both 30 ◦C and 50 ◦C. 
Since BvHSS produces the same product, homospermidine, regardless of 
the substrate used, we quantified the relative activity based on the 
amount of homospermidine produced, as detailed in Table 2. 

Table 2 shows that at 30 ◦C, the mutants exhibit homospermidine 
production from putrescine comparable to WT. However, at 50 ◦C, the 
activity of the three enzymes producing homospermidine from putres
cine decreased. Neither WT nor the mutants catalyze the reaction using 
1,3-diaminopropane or cadaverine as the sole substrate at any temper
ature (not shown in Table 2), consistent with previous reports [13]. 
When putrescine and 1,3-diaminopropane serve as substrates, the ac
tivity of BvHSS is notably inhibited at 30 ◦C. However, at 50 ◦C, the 
BvHSS-catalyzed production of homospermidine and Spd increases by 
1.4 and 3.9 folds, respectively. The D361E mutant increases by 1.5 and 
2.8 folds, while the E232D-D mutant increases by 1.6 and 3.4 folds under 
the same conditions. When using putrescine and Cad or 1,6-Diaminohex
ane as substrates, the two mutants catalyze the production of homo
spermidine less efficiently than WT at 30 ◦C, but produce 
N-(4-Aminobutyl)-1,5-diaminopentane and N-(4-Aminobutyl)-1,6-dia
minohexane more than WT. Nonetheless, both mutants exhibit higher 

Fig. 4. Enzymatic properties of wild-type (WT) and its variants. Effects of pH (A) and temperature (B) on the activity of WT, D361E, and D361E + E232D (E232D-D). 
(C) Thermostability of WT, D361E, and E232D-D at 50 ◦C. 

Table 1 
Kinetic parameters of the WT, D361E and E232D-D.  

Substrate enzyme KM (mM) kcat (s− 1) kcat/KM (mM− 1s− 1) 

Dap WT 0.49 ± 0.03 13.64 ± 0.37 27.84 ± 0.76 
D361E 0.43 ± 0.06 19.33 ± 0.92 44.95 ± 2.17 
E232D-D 0.31 ± 0.02 21.09 ± 0.74 68.03 ± 2.38 

Put WT 0.51 ± 0.05 14.50 ± 0.49 28.43 ± 2.43 
D361E 0.49 ± 0.04 21.90 ± 0.03 44.69 ± 2.56 
E232D-D 0.45 ± 0.02 25.92 ± 0.20 57.60 ± 2.03  
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catalytic activity in the synthesis of homospermidine and its N-(4-ami
nobutyl)-derivatives compared to WT at 50 ◦C. When Spd and putrescine 
were used as substrates, all three enzymes catalyzed the generation of 
homospermidine to more than 60 % of the control. However, when Spd 
or Spd with Cad or 1,6-Diaminohexane were used as substrates, all three 

enzymes exhibited limited catalytic capabilities. 

3.6. Structural analysis and MD simulation 

To comprehend the structural underpinnings of the enzyme’s altered 
catalytic capacity, we utilized circular dichroism to analyze the sec
ondary structure of both the WT and its mutants. As depicted in Fig. S5, 
the spectral trends of WT and mutants are highly similar, with slight 
changes observed in their secondary structures. Additionally, we 
computationally predicted the three-dimensional structures of D361E 
and E232D-D using AlphaFold2. Utilizing parKVFinder [35], we detec
ted the cavities of WT, D361E, and E232D-D separately, and calculated 
the volumes of the active binding pockets. The volumes of the active 
binding pockets for the three enzymes were determined to be 304.34, 
270.43, and 267.41 Å3, respectively. We observed that the mutation of 
aspartic acid at position 361 to glutamic acid effectively reduced the 
volume of the binding pocket. Subsequently, each protein structure was 
semi-flexibly docked with spermidine to obtain the composite structure. 
In the docked WT-Spd complex structure (Fig. 5C), spermidine is posi
tioned at distances of 3.4 Å, 2.5 Å, and 4.3 Å from the acidic amino acids 
E237, E210, and D361, respectively. In the D361E-Spd complex struc
ture (Fig. 5D), these distances decrease to 2.8 Å, 2.7 Å, and 3.2 Å, 
respectively. Similarly, in the E232D-D-Spd complex structure (Fig. 5E), 
the distances are 3.0 Å, 3.0 Å, and 3.1 Å, respectively. This suggests that 
replacing aspartic acid with glutamic acid at position 361 in BvHSS re
duces the size of the substrate binding pocket, thereby shortening the 
distance between residue 361 and the substrate during catalysis and 
stabilizing the reaction product to some extent. The mutation of gluta
mic acid to aspartic acid at position 232 resulted in an increase in dis
tance between this site and E117 from the original 6.2 Å to 7.0 Å. This 
change may contribute to the enhanced activity of the E232D-D mutant 
by facilitating easier entry of the substrate into the catalytic center, 
thereby leading to a faster reaction rate compared to before the 
mutation. 

Table 2 
Substrate specificity of the WT, D361E and E232D-D.  

Sa Pb Relative activity (%)c 

30 ◦C 50 ◦C 

WT D361E E232D-D WT D361E E232D-D 

2a 2b 100.00 102.79 107.48 69.65 78.30 81.49 
2a+1a 2b 5.09 38.15 31.05 12.22 58.24 50.02 

1b 2.18 14.40 13.47 10.76 40.85 45.94 
2a+3a 2b 60.99 36.10 46.08 32.65 56.58 57.05 

3b 25.45 28.25 44.47 25.67 33.68 38.97 
2a+4a 2b 67.77 58.22 40.80 43.62 50.44 56.81 

4b 29.40 35.82 37.09 30.82 37.11 40.94 
2a+1b 2b 71.26 75.41 79.89 62.32 76.42 80.47 

1a 8.16 13.91 22.59 9.06 23.06 25.62 
1b 2b 10.03 14.71 16.19 9.41 13.24 15.06 

1a 15.13 21.58 28.21 19.89 20.92 21.88 
1b+3a 2b 14.59 19.96 18.13 9.94 12.88 11.69 

3b 20.73 24.07 25.63 31.14 36.90 37.49 
1a 17.66 31.37 29.80 23.76 35.32 39.18 

1b+4a 2b 17.15 25.42 36.47 8.91 10.19 19.72 
4b 10.34 23.65 25.70 16.07 35.97 43.76 
1a 19.01 28.38 29.22 24.17 23.05 37.62  

a S: Substrate(s). 
b P: Product(s). Include 2a = Putrescine (Put); 1a = 1,3-Diaminopropane 

(Dap); 3a = 1,5-Diaminopentane (Cad); 4a = 1,6-Diaminohexane; 1b = Sper
midine (Spd); 2b = Homospermidine (Hspd); 3b = N-(4-Aminobutyl)-1,5-dia
minopentane; 4b = N-(4-Aminobutyl)-1,6-diaminohexane. Relative activity (%). 

c Relative activity is defined in terms of the amount of homospermidine 
(Hspd) produced by each reaction, where the enzyme-catalyzed Put production 
of Hspd is 100 %. 

Fig. 5. Molecular docking analysis of Blastochloris viridis homospermidine synthase (BvHSS) and its variants with spermidine. (A) Surface display of WT and mutant 
structures after superimposition. The small hole formed in the blue area is the entrance to the substrate channel. (B) Cartoon display after turning 90◦ upward in (A). 
Blue represents WT, green represents D361E, and pink represents D361E + E232D (E232D-D). (C–E) Detailed structure of WT, D361E, and E232D-D catalytic centers. 
The yellow sticks are spermidine and the yellow dashed line measures the distance between ligands and residues. 
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To verify the accuracy of the docking results, we conducted 300 ns 
MD simulations on the three complex structures at 300 K and 323 K. The 
RMSD fluctuations of the Cα atoms obtained during the simulations 
ranged from 1 to 3 Å (Fig. S6), indicating the reliability of the docking 
results. The RMSF shows the atomic fluctuations averaged on each 
protein residue during MD simulation [36]. Compared to 300 K, the 
complexes exhibited greater flexibility among conserved residues at 323 
K (Fig. S7). Based on the observed catalytic activities at different tem
peratures, it is hypothesized that elevating the temperature will induce 
more pronounced conformational alterations in the enzyme catalyst. 
However, it is important to note that this expanded range of confor
mational changes is not conducive to the production of homospermidine 
but rather facilitates the reactions involving 1,3-diaminopropane and 
putrescine. 

Fig. 6 illustrates the interaction forces between catalytic residues and 
spermidine, calculated by summing the strengths of hydrogen bonds, 
cation-π, and salt-bridge interactions. During the simulation at 300 K, 
the interaction forces between spermidine and BvHSS are weakest in the 
WT-Spd complex. It was observed that the E232D-D-Spd complex ex
hibits the strongest interaction force during simulation at 323 K. A 
stronger interaction force between the enzyme and the ligand generally 
favors the enzyme-catalyzed reaction [37]. While the catalytic reaction 
of BvHSS with 1,3-diaminopropane and putrescine substrates is limited 
at 30 ◦C, an increase in temperature to 50 ◦C enhances the interaction 
force between active residues and the ligand, consequently boosting 
enzyme activity. Similarly, point mutations induce structural changes 
that enhance the interaction force, thereby promoting the reaction be
tween 1,3-diaminopropane and putrescine. 

3.7. Whole-cell catalytic synthesis of spermidine 

The production of spermidine by D361E and E232D-D with whole 
cells was investigated. As illustrated in Fig. 7, the reaction lasted for 6 h 
using 10 mM of 1,3-diaminopropane and putrescine as substrates. 
E232D-D exhibited a higher catalytic activity for spermidine generation 
compared to D361E. The fastest accumulation of the product generation 
was found in the first hour, and after 4 h of the reaction, the amount of 
spermidine appeared to have stabilized and ceased to increase sub
stantially. At the end of the 6 h reaction, D361E and E232D-D produced 
725.3 mg/L and 933.5 mg/L of spermidine, respectively. The substrate 
conversion rates for D361E and E232D-D were 24.95 % and 32.15 %, 
respectively. The existing rate of substrate conversion is unsatisfactory, 
necessitating additional directed evolution of the enzymes to acquire 
mutants with enhanced catalytic efficiency. 

4. Discussion 

Spermidine is essential for maintaining human health and is involved 
in various disease processes [3]. Currently, commercially available 
spermidine is primarily obtained from plant extracts. Therefore, it is 
imperative to develop environmentally friendly and sustainable 
methods for its production [38]. Several studies have focused on 
devising synthetic routes for spermidine using metabolic engineering 
techniques that leverage the natural pathway for spermidine synthesis 
[8–10]. However, the complex coordination among the enzymes 
involved in this pathway has posed significant challenges for industrial 
spermidine production. The proposed single-step enzymatic spermidine 
synthesis is a simple and efficient method that could establish a novel 
pathway for spermidine biosynthesis. In this study, we employed a 
rational design approach based on structural and sequence analysis of 
BvHSS and screened for mutants with enhanced spermidine production 
activity. We analyzed the enzymatic properties of BvHSS and its mutants 
to compare their catalytic abilities and elucidate the enhanced activity 
of the mutants in relation to their three-dimensional structure. Addi
tionally, we provisionally assessed the mutants’ ability to facilitate 
spermidine production using whole-cell catalytic tests. This research 
could also serve as a valuable reference for the industrial-scale pro
duction of spermidine. 

Firstly, the catalytic residues of BvHSS influence its catalytic activity, 
as the amino groups of substrates are positively charged in alkaline so
lutions, facilitating interaction forces with negatively charged amino 
acids [39]. The active pocket of BvHSS contains three acidic residues. 
When the amino acid residue D361 is mutated to glutamate, which has a 
longer carbon chain, the catalytic pocket shortens by approximately a 
methylene distance. This mutation, D361E, accelerates the reaction 
between 1,3-diaminopropane and putrescine 6.6-fold compared to WT. 
Conversely, mutating aspartate at position 361 to other amino acids 
mostly leads to enzyme inactivation, highlighting the importance of 
acidic amino acids in BvHSS catalysis, consistent with other polyamine 
metabolism-related enzymes [40–42]. 

Secondly, the enzyme’s catalytic activity is influenced by reaction 
temperature. The catalytic process of BvHSS involves hydride transfer, 
which is temperature-sensitive [43]. When 1,3-diaminopropan and pu
trescine were used as substrates, the catalytic efficiency of BvHSS was 
higher at 50 ◦C compared to 30 ◦C. This temperature-dependent trend in 
catalytic ability was also observed in the two mutants. MD simulations 
further revealed that the enzyme’s conformation varied during the 
catalytic reaction at different temperatures. Notably, the conformational 
changes at higher temperatures were not conducive to homospermidine 
production but rather promoted the reactions leading to spermidine 
from 1,3-diaminopropane and putrescine. 

Compared to pure microbial fermentation, whole-cell catalysis is 
simpler, has a shorter cycle, does not involve complex cellular metabolic 
pathways, yields more uniform products, and is more convenient for 
subsequent separation and purification. Although the current 

Fig. 6. The interaction rate exists between the ligand and conserved residues.  

Fig. 7. Spermidine production by whole-cell catalyst of D361E and E232D-D.  
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spermidine conversion rate of whole-cell catalysis is not ideal, we 
believe that with the continuous development of protein molecular 
modification technology, obtaining efficient target catalysts through 
enzyme engineering in the future is promising. 

5. Conclusion 

In summary, we utilized a rational approach involving structural 
analysis of BvHSS and alignments with homologous sequences to 
generate two mutants: D361E and E232D-D. These mutants effectively 
catalyze the conversion of 1,3-diaminopropane and putrescine into 
spermidine. By comparing the enzymatic characteristics and substrate 
specificity of BvHSS and its mutants, it is evident that the HSS-catalyzed 
process is influenced by both mutation and elevated temperature. These 
findings serve as a theoretical foundation for future enzyme engineering 
studies related to polyamine metabolism. Our work presents a novel 
enzymatic synthesis pathway for spermidine. With advancements in 
directed evolution technology for enzymes, there is increasing potential 
to tailor enzyme molecules to specific reactions. This opens up possi
bilities for the development of innovative catalysts to facilitate the 
generation of spermidine from 1,3-diaminopropane and putrescine in 
the future. 
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