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Abstract

Enzymatic depolymerization of seaweed polysaccharides aroused great interest in the production of functional oligosaccha-
rides and fermentable sugars. Alginate lyase Alg0392, a potential novel member of the polysaccharide lyase PL17 family, was
cloned from Alteromonas sp. A1-6. The enzymatic properties, kinetic parameters, and hydrolytic products of Alg0392 were
systematically characterized. Especially, the recombinant enzyme Alg0392 showed excellent tolerance to organic reagents.
When treated with 5 mmol/L of TritonX-100 or 20%(v/v) of methanol, its relative enzyme activity could be maintained at
more than 70%. The recombinant enzyme has a substrate preference for poly (B-D-mannuronic acid). The products of alginate
hydrolysis catalyzed by Alg0392 are mainly monosaccharides, disaccharides, and trisaccharides. The products generated by
the degradation of polymannuronic acid (polyM) are mainly monosaccharides. So Alg0392 is a polymannuronate cleaving
enzyme. It has excellent organic solvent-tolerance and possesses both endo- and exo-glycosidase activities towards alginate.
These unique properties make the recombinant enzyme Alg0392 more advantageous for the future industrial production of
biofuels and the preparation of alginate oligosaccharides.

Key points

o Alg0392 is a bifunctional alginate lyase with exolytic and endolytic cleavage activity.
o Alg0392 exhibits excellent organic solvent tolerance.

e The enzymatic hydrolysates of Alg0392 exhibit antioxidant activity.

Keywords Alginate lyase with exolytic and endolytic cleavage activity - Heterologous expression - Enzymatic properties -
Polymannuronic acid preference - Organic solvent-tolerant

Introduction

Brown algae are a highly productive and widely distributed
multifunctional seaweed, which is one of the important
raw materials for the production of biofuels. Alginate is an
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important component of the cell wall in brown algae and
some red algae (Li et al. 2023a). It is a linear acidic poly-
saccharide which consists of a-L-guluronic acid (G) and
-D-mannuronic acid (M) linked by a 1,4-glycosidic bond in
an alternating building block arrangement (Xu et al. 2018).
In terms of the content of the two monosaccharides in the
alginate, it can be categorized into three types: polymannu-
ronic acid (polyM), polyguluronic acid (polyG), and hybrid
(polyMG) alginate. The type of block and molecular size
distribution affect the gel-forming ability and viscosity of
polysaccharides (Zhang et al. 2021). The alginate with dif-
ferent molecular weights formed by these two monomers in
different occupancy ratios and arrangements is used in dif-
ferent applications. Alginate and its lysates were widely used
as a biomaterial in the field of bioengineering and medicine
due to their favorable properties. They also were used as
a thickener and emulsifier in the food industry. Especially,
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they have attracted much attention in biofuel development
and biochemical uses recently (Cragg et al. 2015; Hehemann
et al. 2014; Martin et al. 2014; Zhu et al. 2017). However,
the properties of alginate such as its high degree of polym-
erization, high molecular mass, and high viscosity are often
the main factors limiting its potential applications (Yang
et al. 2021). Therefore, scientists often use alginate lyases
to depolymerize it, obtaining smaller molecular weight
hydrolysis products (alginate oligosaccharides) for applica-
tion. To further promote the development of brown algae
resources and develop high value-added brown algae oligo-
saccharide products, it is necessary to continuously explore
the excellent enzyme-producing strains and gene resources
of enzymes.

Alginate oligosaccharides (AOS), which are degradation
products of alginate, have received increasing attention due
to their low molecular weight, good water solubility, easy
absorption by the organism, and good bioactivity. It has been
found that oligosaccharides exist in major biomolecules, par-
ticipate in different life metabolic activities, and also exhibit
special biological activities that alginate does not possess,
including antitumor (Han et al. 2019), antioxidant (Zhou
et al. 2015), antibacterial (Tgndervik et al. 2014), antihy-
pertensive (Terakado et al. 2012), hypoglycemic (Zhang
et al. 2008), and neuroprotective effects (Eftekharzadeh
et al. 2010), etc. According to the composition of glucuro-
nides, AOS are classified as mannuronic acid oligosaccha-
rides (MAOS), glucuronic acid oligosaccharides (GAOS),
and heterozygous acid oligosaccharides (HAOS) (Lu et al.
2022). Both MAOS and GAOS are oligosaccharides com-
posed of one type of monosaccharide molecule. AOS with
different glucuronic acid compositions exhibit different
activities (Huang et al. 2024). In addition, oligosaccharides
with different degrees of polymerization (DP) have different
functions. AOS with a DP of 3—6 induce cytokine synthesis
and regulate blood glucose and lipids, while AOS with a DP
of 2—-10 inhibit the growth of human prostate cancer cells
(Guo et al. 2024). Currently, alginate oligosaccharides are
prepared by three main methods: chemical, physical deg-
radation, and biodegradation/biocatalysis. Chemical and
physical degradation methods are the traditional preparation
methods, which have many disadvantages, such as high cost,
poor product recovery, and easy generation of by-products.
In contrast, the biodegradation/biocatalysis method, which
has high catalytic efficiency, strong substrate specificity, and
is more safe and environmentally friendly, has become the
main method for alginate oligosaccharides preparation.

Alginate lyases are polysaccharide lytic enzymes that
degrade alginate by B-eliminating the 1, 4 glycosidic bond
between C4 and C5 at the nonreducing end, thus producing
unsaturated alginate oligosaccharides as the main products
(Sun et al. 2020). Based on their preference for different
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substrates, they are classified into three groups: polygulu-
ronic acid (PolyG)-specific ligases, polymannuronic acid
(PolyM)-specific ligases, and bifunctional lyases (Zhu and
Yin 2015). Hundreds of alginate lyases have been catego-
rized in the CAZy database (http://www.cazy.org/) into
PL5, 6,7, 14, 15, 17, 18, 32, 34, 36 and 39 families (Duan
et al. 2009; Sawabe et al. 2001). Most of the characterized
enzymes have endoglycosidase activity, and fewer exogly-
cosidase alginate lyases have been reported, of which most
of the lysases with exoglycosidase activity that have been
reported belong to the PL15 and PL17 families (Yang et al.
2021). The complete saccharification of alginate requires
the joint action of both endoglycosidases and exoglycosi-
dases (Amtzen et al. 2021). Some studies on the efficient
degradation of alginate using the synergistic action of algi-
nate lyase have been widely noticed (Badur et al. 2015).
The bifunctional alginate lyase with both endo- and exo-
activities is more advantageous in hydrolyzing alginate for
the preparation of high-value-added alginate oligosaccha-
rides. In this study, we predicted and cloned the alginate-
degrading gene alg0392 from an alginate-degrading lyase
bacterium Alteromonas sp. A1-6 and carried out a more
systematic study on the enzymatic properties of the recom-
binant enzyme. The enzyme possessed endo/exo activities
at the same time and it was a kind of bifunctional lyase
enzyme. This study could provide a theoretical basis for
the better development of the brown algae resources. It
also provides a new enzyme for the preparation of alginate
oligosaccharides.

Materials and methods

Bacterial strain, plasmids, chemical reagents,
and culture medium

Alteromonas sp. A1-6 (Li et al. 2023b) was originally iso-
lated using Ulva prolifera polysaccharide as the only carbon
source. It was also able to grow with alginate as the only car-
bon source. It was cultured in an artificial seawater contain-
ing 4 g/L of alginate as a carbon source. Artificial seawater
comprises (per liter): 20 g NaCl, 3.6 g MgSO,-7H,0, 3 g
MgCl,-6H,0, 1 g (NH4),SO,, 0.5 g KCl, 0. 42 g KH,PO,,
0.3 g CaCl,,-2H,0, 0.2 g NaHCO;, 0.05 g KBr, 0.02 g
SrCl,-6H,0, and 0.01 g (NH,)Fe(SO,)-6H,0O (Batani et al.
2019).

TransStart FastPfu DNA Polymerase was purchased from
TransGen Biotech Co, Ltd. One-step seamless cloning kit
was purchased from Vazyme Biotech Co., Ltd. PolyG,
PolyM, alginate oligosaccharides, and monosaccharides
were purchased from Qingdao BZ Oligo Biotech Co., Ltd.
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All other chemicals for buffers and medium preparation were
of analytical reagent grade.

Determination of growth curve and enzyme
production of bacterium A1-6

The single colony of bacterium A1-6 was inoculated into 5
mL of artificial seawater medium containing 4 g/L of algi-
nate as carbon sources. The culture was incubated at 28 °C
until ODg, reached 0.3-0.4, and then 0.5 mL culture was
inoculated into 50 mL of artificial seawater with 4 g/L of
alginate. The samples were taken to measure their ODg, at
an interval of 24 h. At the same time, the enzyme activity of
alginate lyase was determined in the fermentation solution
using the DNS method (Sumner and Graham 1921).

The expression level of gene alg0392 was validated
by quantitative real-time PCR

The single colony of bacterium A1-6 was inoculated in 10
mL of artificial seawater medium with 2 mM of alginate
or succinate (control group) as carbon sources. The inocu-
lants were cultured on a gyratory shaker (28 °C, 160 rpm)
for 6 days. RNA extraction was carried out using Trizol
solution. The concentration of RNA was determined by
denovix DS-11 + Ultra-Micro Spectrophotometer (USA),
1 ug of total RNA was reverse transcribed with a Prime-
Script RT kit after trace amounts of residual contaminat-
ing genomic DNA was treated and eliminated with gDNA
eraser (Takara, Dalian, China). The cDNA was synthesized
with the extracted RNA as a template after it was monitored
with the reverse transcriptase for quantitative real-time PCR.
Quantitative real-time PCR was performed using the 16S
rRNA gene as the internal reference gene (all primers are
listed in Table 1). qRT-PCR assays were performed on Bio-
Rad CFX96 Touch with a final volume of 25 uL containing
12.5 pL of 2X SYBR Green qPCR mix (ToroGreen® qPCR
mix, China), 1 uL. of cDNA template, and 1 pL of each
primer and 9.5 yL ddH,0. The reaction program for PCR

amplification of alg0392 (Accession number: PV021574)
was as follows: denaturation at 95 °C for 3 min; 40 cycles
(denaturation at 95 °C for 15 s, annealing at 56 °C for 20 s,
and extension at 72 °C for 30 s); and a final extension at 72
°C for 5 min. The relative expression levels were calculated
by the 2722€T method (Livak and Schmittgen 2001). PCR
products were analyzed by agarose gel electrophoresis for
non-specific amplification.

Bioinformatics analysis of alginate lyase Alg0392

The N-terminal signal peptide of Alg0392 was predicted
with Signal-6.0. The theoretical isoelectric point and molec-
ular weight of the protein were predicted using ProtParam
in ExPAsy. The phylogenetic tree was constructed by the
software MEGA 11 (version 4.0) using the neighbour-join-
ing (NJ) method. The structural domains of alginate lyase
Alg0392 were aligned with sequences in the NCBI Con-
served Domain database for further confirmation. Alg0392
was subjected to multiple sequence analysis on DNAMan
software with four alginate lyases from the PL.17 family that
have been fully resolved, namely AlgL.17 from Microbulbi-
fer sp. ALW1 (ATG71374.1), AlgSH17 from Microbulbi-
fer sp. SH-1 (QIJ31368.1), Algl7 C from Saccharophagus
degradans 2-40 (Q21 FJO.1), and OalS17 from Shewanella
sp. Kz7 (AHW45238.1).

Cloning of alginate lyase gene alg0392

The 2166 bp target gene without the signal peptide sequence
was amplified with PCR using the genome of Alteromonas
sp. A1-6 as a template. The PCR product was ligated into
the pET28a to construct a recombinant plasmid and then
transformed into Escherichia coli DH5a. The recombinants
were verified by PCR amplification. The recombinant plas-
mid was transformed into E. coli BL21(DE3) receptor cells
before DNA sequencing.

A single colony of Alteromonas sp. A1-6 was picked and
suspended in 50 pL of sterile water, then heated at 100 °C for

Table 1 Primers used in this

Primer name Sequence (5'-3") Annealing

study temperature
O

0Orf0392-F (RTFQ PCR) AATCGCCCACAATACCCTCT 56

0Orf0392-R (RTFQ PCR) TTCACCCGCAATATGTCCAA

Eub341 F CCTACGGGAGGCAGCAG 56

Eub534R ATTACCGCGGCTGCTGGC

Orf0392-F AGGAGATATACCATGAATAATCACCCGAACCTTATTCTC 57

Orf0392-R TGCGGCCGCAAGCTTCTGATAATAGTACGGGCCTGAC

pET28a-F CATGGTATATCTCCTTCTTAAACAAAATTAT 62

pET28a-R AAGCTTGCGGCCGCACTC
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10 min, and centrifuged at 12,000 rpm for 10 min after rapid
cooling on ice. The supernatant obtained from the lysate
of Alteromonas sp. A1-6 was used as a template for PCR
amplification of the genes of interest. The PCR amplifica-
tion system was as follows: 10 pL of 5 x PCR Buffer, 1 uL of
pF, 1 uL of pR1, 0.5 pL of fast pfu enzyme, 4 uL of dNTPs
(2.5 mmol/L each), and 23.5 uL of ddH,0O. PCR amplifica-
tion conditions were as follows: denaturation at 95 °C for 5
min; 30 cycles (denaturation at 95 °C for 30 s, annealing at
56 °C for 30 s, and extension at 72 °C for 2.5 min), and a
final extension at 72 °C for 8 min. The vector pET28a was
linearized with PCR. The PCR amplification system was as
follows: 10 pL of 5x PCR Buffer, 0.5 pL of pET28a, 1 uL
of pET28a-F, 1 pL of pET28a-R, 0.5 L of fast pfu enzyme,
4 uL of dNTPs (2.5 mmol/L each), and 33 uL of ddH,O0.
PCR amplification conditions: pre-denaturation at 95 °C for
5 min, denaturation at 95 °C for 30 s, annealing at 62 °C
for 30 s, extension at 72 °C for 3 min, cycling for 30 times,
and a final extension at 72 °C for 8 min. PCR amplification
products of the target gene and the linearized fragments of
the vector were subjected to gel electrophoresis and recov-
ered from the gel.

Construction of recombinant expression vector

The target gene amplification product was ligated with the
linearized vector using the One-Step Seamless Cloning kit
according to the manufacturer’s protocol. The enzyme reac-
tion system was as follows: target gene fragment 3 pL, linear
vector 2 uL, 2 X One Step Cloning Mix 5 pL. The ligation
mixture was incubated at 50 °C for 20 min before it was
transformed into E. coli DH5a. The positive clones were
screened with colony PCR. The DNA sequence of the cloned
interest gene was determined by Sangon Biotech (Shanghai,
China). The correct recombinant plasmid was designated as
pET28a-alg0392. It was transformed into E. coli BL21(DE3)
for the gene expression.

Induced expression and purification of recombinant
enzyme Alg0392

A single colony of E. coli BL21 (DE3) (pET28a-alg0392)
was inoculated in 5 mL LB medium supplemented with 50
pg/mL kanamycin and cultured on a gyratory shaker (180
rpm, 37 °C) overnight. Five milliliters of overnight culture
was transferred to a 500 mL LB medium containing 50 mg/
mL kanamycin. When ODyj, of the culture reached 0.5-0.6,
isopropyl-p-D-thiogalactoside (IPTG) was added at a final
concentration of 0.1 mmol/L. The expression was induced
for 16 h at 16 °C. The bacterial cells were collected by cen-
trifugation at 8000 rpm. The bacteria precipitate was washed
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twice with PBS buffer (50 mmol/L PBS, pH 7.4), resus-
pended in the same buffer, and then ultrasonically crushed
at 400 W for 30 min with the working/gap time of 2 s/3 s.
The lysate was centrifuged to get the crude enzyme solution.
The recombinant enzyme in the supernatant was purified by
Ni—NTA agarose affinity chromatography. The target protein
was detected and analyzed by dodecyl sulfate—polyacryla-
mide gel electrophoresis (SDS-PAGE). Protein content was
determined by Bradford’s method (Inoue et al. 2001) using
bovine serum albumin as the standard.

Determination of enzyme activity and enzyme
kinetic parameters

The DNS method was used to determine the amount of
reducing sugars generated. Two hundred microliters of
4 mg/mL alginate solution (dissolved in 50 mmoL/L
Na,HPO,-NaH,PO, buffer, pH 6.0), mixed with 1 puL of
enzyme solution and incubated at 30 °C for 5 min, then
DNS was added to terminate the reaction. The color was
developed in a boiling water bath for 5 min and then quickly
cooled to room temperature in ice water. The supernatants
were taken to determine the value at ODsy,,. The inacti-
vated enzyme solution was added to the control group, and
three replicates were conducted for both the control and
experimental groups during the enzyme activity assay. One
enzyme activity unit was defined as the amount of enzyme
required to degrade alginate to produce 1 umol of reducing
sugar per minute at 30 °C.

The enzyme activities of the recombinant enzyme
Alg0392 were determined at different substrate concentra-
tions (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5 mg/mL). The maximum
reaction rate (V,,,,), the value of the Michaelis—Menten
constant (K,,), the value of the catalytic constant (K_,,), and
the value of K, /K, were calculated for Alg0392 using Ori-
gin2021 to fit the relationship between the substrate con-
centration and the reaction rate with substrate concentra-
tion [S] as the horizontal coordinate and [V] as the vertical
coordinate.

Analysis of enzymatic properties
The optimum pH and pH stability of Alg0392

Buffers of different pH (50 mmoL/L acetic acid-sodium ace-
tate buffer, pH 4.0 ~6.0; 50 mmoL/L Na,HPO,-NaH,PO,
buffer, pH6.0 ~8.0; 50 mmoL/LTris-HCI buffer, pH8.0 ~9.0;
50 mmoL/L glycine—-NaOH buffer, 9.0 ~10.0) were pre-
pared. The enzyme activity of alginate lyase Alg0392 was
determined at different pH according to the above enzyme
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activity assay method. The relative enzyme activity of the
recombinant enzyme at different pH was calculated by tak-
ing the highest enzyme activity measured as 100%.

The enzyme solution was incubated with buffers of dif-
ferent pH for 1 h, and then the relative enzyme activity of
recombinant enzyme treated with buffers of different pH
was calculated against that of the untreated enzyme solution
as 100%. The pH stability of the recombinant enzyme was
determined.

The optimum temperature and temperature stability
of Alg0392

The enzyme activity of alginate lyase Alg0392 was deter-
mined in the temperature range of 0~ 90 ‘C using algi-
nate dissolved in 50 mmoL/L Na,HPO,-NaH,PO, buffer
(pH =6.0) as the substrate. The highest enzyme activ-
ity was taken as 100%, and the relative enzyme activity
of the recombinant enzyme at different temperatures was
determined.

The relative enzyme activity of the recombinant enzyme
treated at various temperatures for 30 minutes was calcu-
lated by setting the activity of the untreated enzyme (control
group) as 100%. The temperature stability of the recombi-
nant enzyme was subsequently determined.

Effect of metal ions on enzyme activity

One mmol/L or five mmol/L metal ions were added into
the above reaction system for the determination of enzyme
activity, and the enzyme activity after 5 min reaction under
the optimal reaction condition was determined. An equal
volume of 50 mmoL/L Na,HPO,-NaH,PO, buffer (pH
=6.0) substituted for metal ions solution was added to the
reaction system as the control group. The relative enzyme
activity of recombinant enzyme after the addition of differ-
ent concentrations of ions was calculated with that of the
control group as 100%.

Effect of organic reagents on enzyme activity

One mmol/L (or 5% (v/v), where the concentrations of
methanol, ethanol, isopropanol, and DMSO were 5% (v/v),
and the concentration of the other reagents was 1 mmol/L)
and 5 mmol/L (or 20% (v/v) of organic reagents were added
into the above reaction system. The enzyme activity after
the reaction for 5 min under the optimal reaction condi-
tions was determined. An equal volume of 50 mmoL/L
Na,HPO,-NaH,PO, buffer (pH =6.0) substituted for organic
reagents was added in the control group, and the relative
activities of the recombinant enzyme after the addition of
different concentrations of organic reagents were calculated
with that of the control group as 100%.

Effect of different concentrations of NaCl on enzyme
activity

NaCl was added to the enzyme activity assay system
described above to achieve final concentrations ranging
from 0 to 600 mmol/L. The enzyme activity measured
without NaCl was set as 100%, and the effect of different
concentrations of NaCl on the activity of the recombinant
enzyme Alg0392 was analyzed.

Substrate specificity analysis

Four mg/mL of alginate, PolyG, and PolyM solution was
prepared, respectively. The different substrates were mixed
with the purified enzyme individually and reacted for 5
min under the optimal reaction conditions. The enzyme
activity was measured. The preference of recombinant
enzyme for different substrates was analyzed, with algi-
nate activity defined as 100%.

Analysis of hydrolysis products of alginate lyase

Five microliters of the enzyme (30.557 +0.553U/mg)
solution were added to 200 pL of 4 mg/mL of alginate,
PolyG, and PolyM, respectively, after the catalytic reac-
tion for different times. The supernatant was centrifuged
for spot sampling. The degradation products of alginate,
PolyG, and PolyM by the recombinant enzyme for 30 min
or overnight were analyzed by thin layer chromatography
(TLC). The spreading agent was a mixture of n-butanol:
formic acid: water =4:6:1. The silica gel plate was dried
with the blower after the spreading. Ten percent ethanol
sulfate was evenly sprayed on the silica gel plate, and the
color development was carried out at 100 °C for 30 min.
The samples were analyzed by liquid chromatography
and mass spectrometry using an Agilent LC-MS system
equipped with a Poroshell 120 EC-C18 column (2.1 X 150
mm, 2.7 um). The mobile phase consisted of solvent A
(0.1% formic acid in water) and solvent B (acetonitrile). A
gradient elution was employed with a flow rate of 0.3 mL/
min as follows: 0-2 min, 95% solvent A and 5% solvent B;
2-5 min, solvent A decreased from 95 to 50%, and solvent
B increased from 5 to 50%; 5—-12 min, solvent A decreased
from 50 to 5%, and solvent B increased from 50 to 95%;
12—15 min, solvent A returned from 5 to 95%, and solvent
B decreased from 95 to 5%. The column temperature was
maintained at 40 °C, and the injection volume was set to
3 uL. Mass spectrometric analysis was conducted using a
SCIEX QTRAP 6500 + system in negative electrospray
ionization mode (ESI-negative). The instrument param-
eters were configured as follows: capillary voltage, 3.0

@ Springer



122 Page 6 of 16

Applied Microbiology and Biotechnology ~ (2025) 109:122

kV; entrance potential, 10 V; declustering potential (DP),
100 V; ion source temperature, 550 °C; curtain gas flow
rate, 35 L/h; ion source gas 1 and 2 flow rates, 50 L/h each;
collision energy, 35 eV; and mass range (m/z), 100-1200.

Verification of the antioxidant activity of alginate
oligosaccharides

The experiment utilized ultrapure water to prepare a 4 mg/
mL alginate solution, which was sterilized prior to use. Sub-
sequently, 50 uL. of purified enzyme solution was added to
1 mL of the alginate solution, followed by incubation at 30
°C and 200 rpm on a shaking incubator. Samples were col-
lected at 1 h and 24 h to determine the concentration of
reducing sugars and the antioxidant activity of alginate oli-
gosaccharides. Each experimental group was conducted in
triplicate to ensure data reliability. The antioxidant activity
was evaluated using the ferric-reducing ability of plasma
(FRA) assay. The FRA working solution (900 pL) consisted
of 750 uL TPTZ dilution solution, 75 uL TPTZ solution, and
75 pL detection buffer. The reaction system for antioxidant
measurement included 900 pL of FRA working solution,
30 pL of the test sample, and 90 pL of distilled water. The
mixture was thoroughly homogenized and allowed to react at
room temperature for 10 min before the antioxidant activity
was assessed. The amount of reducing sugars produced was
quantified simultaneously using the DNS method.

Results

Growth curve and enzyme production of bacterium
A1-6

As shown in Fig. 1, bacterium A1-6 was in the lag phase
from O to 48 h in the medium with alginate as the only car-
bon source, with a slower growth rate and less enzyme pro-
duction. In the period from 72 to 144 h, the bacterium A1-6
entered into the logarithmic phase, and the enzyme produc-
tion increased gradually. The biomass reached the maximum
after 168 h incubation, and the growth of the strain entered
the stationary phase. The biomass and enzyme production
began to decline in the period of 216 h with the depletion
of the substrate. It can be inferred that bacterium A1-6 can
utilize alginate to grow and produce the enzyme that can
decompose alginate.

The expression level of gene alg0392

Alteromonas sp. A1-6 was originally an Ulva prolifera poly-
saccharide degrading bacteria (Li et al. 2023b). When per-
forming genomic information data mining on Alteromonas
sp. A1-6, we found that gene alg0392 was probably an algi-
nate lyase gene. In order to further verify whether this gene
is an alginate degradation-related gene, we carried out a qRT-
PCR experiment using cDNA as the template and the 16S
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rRNA gene as the internal reference. It can be seen that the
expression level of gene alg0392 was significantly increased
after the induction with alginate compared with that of the
succinate control group, so it was initially inferred that the
gene alg0392 was an alginate degradation-related gene.

Bioinformatics analysis of alginate lyase Alg0392

The length of gene alg0392 is 2214 bp, encoding 737
amino acids, and there is a signal peptide consisting of 15
amino acids at the N-terminal end of Alg0392 predicted
with Signal-6.0. The molecular weight of the protein is
predicted to be 83 KDa, and the theoretical isoelectric
point (pI) is 4.89 using ExPAsy. The sequence of Alg0392
was aligned with those of alginate cleavage enzymes that
had been deposited and annotated in the CAZy database.
It was found that Alg0392 shared the highest identity
(37.75%) with the alginate lyase from Saccharophagus
degradans (Accession number: Q21 FJO.1). From the phy-
logenetic tree, Alg0392 belonged to the alginate lyase of
the PL17 family (Fig. 2A). Multiple alignment analysis of
the structural conserved domain showed that there were
two structural domains in Alg0392, one is the N-terminal
Alg Lyase superfamily domain and the other is the C-ter-
minal HeparII/III domain, which is in line with alginate
lyases of the reported PL17 family. Multiple sequence
comparisons show that Alg0392 also has conserved

Microbulbifer sp. ALW1(ATG71374.1)
Microbulbifer sp. SH-1(QU31368.1)
Shewanella sp. Kz1(AHW45238.1)
Saccharophagus degradans 2-40(Q21FJ0.1)
Pseudomonas sp.(BAA19848.1)
A Alg0392
Vibrio splendidus 12B01(EAP93062.1)
Pseudomonas syringae pv. syringae FFS(AAF32371.1)
Azotobacter chroococcum(CAA11481.1)
Azotobacter vinelandii( AAC04567.1)
Pseudomonas sp. E03(A1Y22644.1)
Pseudomonas aeruginosa(AAAT1990.1)
100 I’u udomonas aeruginosa PAO1(AAG06935.1)
macleodii ATCC 27126(AFS36376.1)
{ Thalassotalea sp. PSO6(QDP01039.1)
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Fig.2 Sequence and phylogenetic analysis of Alg0392. A The phylo-
genetic tree of alginate lyase Alg0392. B Sequence and phylogenetic
analysis of Alg0392. Identical amino acid sequences are indicated in
dark blue. Brick red circles (His190, Tyr264, and Tyr456) and light

sequence residues common to other alginate lyases of the
PL17 family. The multiple sequence alignment of Alg0392
with alginate lyases which have available structures
showed that the catalytic residues (His190, Tyr264, and
Tyr456) and substrate-binding residues (Gln134, Asn137
Asnl89, Tyr263, Arg266, Tyr267, His419, Argd444, and
Glu670) were conserved in the Alg0392 (As shown in
Fig. 2B) (Park et al. 2014; Wang et al. 2018). Therefore, it
is inferred that Alg0392 belongs to the PL17 family.

Gene expression and purification of recombinant
enzyme Alg0392

The sequencing results were consistent with the sequence
of the target gene, which indicated that recombinant plas-
mid pET28a-alg0392 was successfully constructed. The
recombinant bacterium BL21 (pET28a-alg0392) success-
fully expressed the target protein Alg0392 by the induction
of IPTG at low temperature. The cells of BL21 (pET28a-
alg0392) were collected by centrifugation, crushed, and
then centrifuged to obtain the crude enzyme solution. The
enzyme was purified by Ni-NTA affinity chromatography.
The target protein was eluted under 80 mM imidazole. The
purified protein was detected by SDS-PAGE and the size
of the bands matched the expected molecular weight of the
target protein (Fig. 3).
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blue diamonds (GIn134, Asn137, Asnl189, Tyr263, Arg266, Tyr267,
His419, Arg444, and Glu670) indicate the proposed catalytic sites
and substrate interaction sites of Alg0392, respectively
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Fig.3 SDS-PAGE of recombi- NI

nant alginate lyase. M, protein
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tion. 2: flow-through fluid. 3: 20

mM imidazole eluting protein.
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protein. 5: 80 mM imidazole 130 S—
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eluting protein
40 —
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Determination of enzyme kinetic parameters

The enzyme-catalyzed reaction rate was determined under
optimal reaction conditions using different concentrations
of alginate as substrate. The K, and V. values for the
recombinant Alg0392 against alginate are 3.772 mg/mL
and 0.102 pmol/min, respectively. K, was 87.775 s!. The

cat
calculated K, /K, was 23.271 mL/mg:s.

cat’

Analysis of enzymatic properties
Optimum pH and pH stability

The enzyme activity of the recombinant enzyme Alg0392
was determined at different pH, and the results showed
that the optimum pH of the recombinant enzyme Alg0392
was 6.0 (Fig. 4A). The enzyme activity of the residual
recombinant enzyme was determined after incubation at
different pH for 1 h, and the results showed that the recom-
binant enzyme activity could be maintained at more than
90% within the range of pH 6.0-9.0, and above 50% of its
activity was maintained in the range of 9.0-10.0, which
indicated that the enzyme had good pH stability (Fig. 4B).

@ Springer

1 2 3 = 5

Optimum temperature and temperature stability

The optimum temperature of recombinant enzyme Alg0392
was 30 °C (Fig. 4C). The residual enzyme activity of recom-
binant enzyme was determined after the incubation at dif-
ferent temperatures for 30 min. The results showed that the
relative enzyme activity of recombinant enzyme could be
maintained at above 90% within the temperature range of 5~
30 °C, and the recombinant enzyme still had 80% relative
enzyme activity under the condition of 30 ~40 °C; however,
the enzyme activity decreased obviously when the tempera-
ture was elevated to 45 °C. The recombinant enzyme was
completely inactivated after exceeding 50 °C (Fig. 4D).

Effect of metal ions on the enzyme activity

Different metal ions were added to determine their effects
on the enzyme activity of the purified enzyme Alg0392. At
the low concentration of 1 mmol/L, Mn**, Mg?*, Ca®*, and
EDTA did not affect on the activity of Alg0392, and the
relative enzyme activity was maintained at more than 80%.
Fe?*, Zn*, and Ni** had less effect on the recombinant
enzyme, and the relative enzyme activity was maintained at
more than 70%, while Co?" and Cu** had obvious inhibitory
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Fig.4 A The optimal pH of Alg0392. B The pH stability of Alg0392. C The optimal temperature of Alg0392. D The temperature stability of

Alg0392

effect on it. At the high concentration of 5 mmol/L, the rela-
tive enzyme activity was still maintained at about 90% with
Ca®*. When treated with Mg?*, Ni**, Zn**, and EDTA,
respectively, the relative enzyme activities were above 50%,
while the recombinant enzyme was almost inactivated under
the effect of Co** and Cu®* (Fig. 5).

Effect of organic compounds on the enzyme activity

Different organic compounds were applied to determine their
effects on the activity of Alg0392. The analysis showed that
at both low and high concentrations, Dithiothreitol (DTT)
and p-Mercaptoethanol (B-Met) had a more obvious stimula-
tion effect on the enzyme activity of Alg0392, which ulti-
mately enhanced the recombinant enzyme activity by nearly
10%. The recombinant enzyme activity was largely unaf-
fected by treatment with 1 mmol/L guanidine hydrochloride,
TritonX-100 or 5% (v/v) methanol, ethanol, isopropanol,

and DMSO, and its relative enzyme activity was basically
maintained at more than 70%. When treated with 5 mmol/L
of TritonX-100, 20% (v/v) methanol, or DMSO, the rela-
tive enzyme activity of Alg0392 could also be maintained
at more than 70%. The relative enzyme activity of Alg0392
was maintained at 51% or more than 45% in the presence
of high concentrations of 20% (v/v) ethanol or isopropanol
(Fig. 6).

Effect of NaCl concentration on enzyme activity

As shown in Fig. 7, the recombinant enzyme Alg0392 exhib-
ited alginate lyase activity in the absence of NaCl, whereas
the addition of low concentrations of NaCl (0-400 mM)
enhanced its activity. The enzyme exhibited maximum activ-
ity in the presence of 100 mmol/L NaCl, which increased
the enzyme activity by 181.26%. It is noteworthy that the
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Fig.5 Effects of metal ions on
the activity of Alg0392

Fig. 6 Effects of organic
reagents on the activity of the
recombinant enzyme Alg0392.
The concentration of metha-
nol, ethanol, isopropanol, and
n-butanol is in mg/mL, and the
concentration of other reagents
is in mmol/L
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Fig.7 Effect of NaCl on the activity of the recombinant enzyme
Alg0392

recombinant enzyme activity was inhibited when the NaCl
concentration was higher than 400 mM (Fig. 7).

Substrate specificity analysis

The enzyme activity of Alg0392 was determined under dif-
ferent substrates to investigate its substrate preference. The
recombinant enzyme showed high degradation efficiency for
alginate and polyM with a higher specific activity of 48.152
+ 1.175 U/mg for PolyM and 30.557 +0.553 U/mg for algi-
nate, respectively, in contrast to polyG with a lower activity
of 11.902 +0.205 U/mg, which indicated that the enzyme
was a polymannuronide cleavage enzyme with specificity
for PolyM.

Analysis of hydrolysis products of Alg0392

The components of hydrolysis products generated by the
action of recombinant enzyme in each substrate were ana-
lyzed using thin-layer chromatography. When the reaction
time was 30 min, the products of alginate generated by
recombinant enzyme degradation were mainly disaccha-
rides, trisaccharides, and some oligosaccharides with DP
4~ 6. While products generated by the degradation of PolyM
were monosaccharides, disaccharides, and trisaccharides.
When the recombinant enzyme reacted with each substrate
overnight, the degradation products of alginate generated
by the recombinant enzyme were mainly monosaccharides,
disaccharides, and trisaccharides. All the products generated
by the degradation of PolyM were converted into monosac-
charides. In the experimental group where PolyG was used
as a substrate, no obvious substrate was generated, which
was presumed to be due to the low degradation activity of

the enzyme on PolyG. In order to further determine the
components of the hydrolysis products of alginate lyase, the
degradation products of alginate, PolyM, and PolyG were
determined and analyzed using LC-MS. As shown by the
mass spectrometry results (Fig. 8), the enzyme degraded
the above three substrates to produce monosaccharides and
a small amount of oligosaccharide with DP2-6, with the
highest amount of monosaccharide, and in addition to the
production of saturated monosaccharides, there was also
the production of unsaturated monosaccharides, 4-deoxy-
L-erythro-5-hexoseulose uronic acid (DEH) and therefore
it was inferred that Alg0392 was an exonuclease. However,
at the same time, these results showed that a small amount
of oligosaccharide was indeed generated, indicating that
the recombinant enzyme has endonuclease activity. The
recombinant enzyme is a PolyM-preferring alginate-cleaving
enzyme with both endo- and exo-cleavage properties.

Enzymatic hydrolysates possess a certain level
of antioxidant capacity

The concentration of reducing sugars produced after 1 h of
reaction was 0.545 mg/mL, and the total antioxidant capac-
ity of the enzymatic hydrolysate was 1.227 mmol/g. After 24
h of reaction, the concentration of reducing sugars increased
to 0.674 mg/mL, and the total antioxidant capacity of the
enzymatic hydrolysate reached 2.547 mmol/g. These experi-
mental results preliminarily demonstrate that enzymatic
hydrolysates possess a certain level of antioxidant capacity.

Discussion

Alteromonas sp. A1-6 was originally an Ulva prolifera poly-
saccharide degrading bacteria (Li et al. 2023b), and it was
found to be able to grow with alginate as the only carbon
source. Since Ulva prolifera polysaccharide and alginate
are algae-derived polysaccharides with certain similarities,
this bacterium was cultured with alginate as the only carbon
source to detect its growth. As a naturally abundant polymer,
alginate serves dual roles as a good biomaterial and a raw
material used in the production of biofuel ethanol. The depo-
lymerization of high-MW alginate into low-MW alginate
oligosaccharides (AOS) is critical to recovering alginate for
biofuel production. Alginate oligosaccharides (AOS) of dif-
ferent molecular weights and compositions also have various
biological properties. Compared with GAOS, MAOS has
the potential to protect the nervous system and to prevent
and treat neurodegenerative diseases. Derivatives of MAOS
also exhibit good antiviral, hypoglycemic, hypolipidemic,
and immunomodulatory activities (Huang et al. 2024). Algi-
nate lyase can hydrolyze alginate into small molecules of
unsaturated alginate oligosaccharides. In this study, a novel
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Fig.8 A LC-MS analysis of hydrolysis products of alginate overnight reaction. B LC-MS analysis of hydrolysis products of PolyM overnight
reaction. C LC-MS analysis of hydrolysis products of PolyG overnight reaction

alginate lyase with exolytic and endolytic cleavage activity
was identified from Alteromonas sp. A1-6, which belongs
to the PL17 family.

Previous studies indicate the PL17 family of alginate
lyases are all PolyM-preferring, with low degradation
activity for PolyG, such as AlgSH17 from Microbulbifer
sp. SH-1 (Wang et al. 2021; Yang et al. 2021), and Algl.17
from Microbulbifer sp. ALW1 (Jiang et al. 2019). Alginate
lyase with specificity for PolyM is more advantageous in
the preparation of MAOS (Stender et al. 2019). It has been
verified that recombinant enzyme Alg0392 is a polymannu-
ronic acid lyase specific for PolyM by substrate specificity
analysis, and its degradation ability for PolyG is lower. In the
analysis experiments of the hydrolysis products of alginate
lyase, it can be found that the products with different polym-
erization degrees can be obtained by different times of reac-
tion, and different MAOS products can be obtained through
reaction time modulation in the industrial production pro-
cess. This gives it a greater potential for application in the
production of MAOS and its derivatives. It also provides
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new possibilities for the production of natural antioxidants
as neuroprotective drugs.

The growing interest in alginate oligosaccharides has
driven the increasing research on alginate oligosaccharides,
and more and more alginate-cleaving enzymes have been
characterized. Among the reported alginate lyases, most
of them are enzymes with endolytic cleavage activity. Few
studies have characterized alginate lyases possessing dual
exolytic/endolytic activities. The identification of exogly-
cosidase alginate lyases and bifunctional enzymes is still
limited (Yang et al. 2021). Most of the existent enzymes
with exoglycosidase activity belong to the PL15 and PL17
families. The recombinant enzyme Alg0392 was analyzed
as an alginate lyase belonging to the PL17 family. At pre-
sent, most of the identified PL17 family alginate lyases are
exoglycosidase (exo-alginate lyase), which degrade alginate
and mainly release monosaccharides. For example, OalV17
from Vibrio sp. SYOI (Li et al. 2020) and TcAlgl from T.
crassostreae (Wan et al. 2018) are exo-type alginate lyases
of the PL17 family. Unlike most PL17-family alginate lyases,
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recombinant enzyme Alg0392 degraded alginate and PolyM
to generate end products that were mainly monosaccharides
and a small amount of oligosaccharide with DP2-6, whereas
the degradation of polyG produced end products that were
mainly monosaccharides and a small amount of disaccharide
and trisaccharide. Generally, exolytic alginate lyases could
not generate oligomer intermediates, because they released
monomers one by one from the end of the alginate polysac-
charide chain (Chu et al. 2020; Tang et al. 2020). LC-MS
analysis revealed that Alg0392 generates both monosaccha-
rides and oligosaccharides (DP2-6), demonstrating its unique
bifunctionality that possesses exolytic and endolytic cleav-
age activities. This property is similar to two other enzymes
of the PL17 family, AlgSH17 (Yang et al. 2021) and Aly23
(Tang et al. 2022). Both enzymes have a PolyM preference.
The products of hydrolysis of alginate by AlgSH17 consisted
mainly of monosaccharides and a small amount of DP 2-6
oligosaccharides, and the products of degradation of alginate
by Aly23 were monosaccharides, disaccharides, and trisac-
charides, which are similar to those of Alg0392. The effi-
cient degradation of alginate relies on the synergistic action
of alginate lyases with exolytic and endolytic cleavage activ-
ity, which is a unique property exhibited by the recombinant
enzyme Alg0392. Furthermore, the high salt environment of
the ocean makes alginate lyases derived from marine bacteria
usually salt-activated or salt-tolerant, so that the recombi-
nase enzyme activity was slightly activated at low concentra-
tions of NaCl. Analysis of the antioxidant activity of alginate
hydrolysis products confirms that the products generated by
Alg0392 exhibit notable antioxidant properties. This provides
a solid theoretical basis for developing alginate oligosaccha-
rides as natural antioxidants and underscores the enzyme’s
significant potential in alginate oligosaccharide production.
Especially, the recombinant enzyme Alg0392 has excellent
tolerance to organic reagents, a property that few enzymes
have been reported to have. Currently, the production process
for preparing alginate oligosaccharides from brown algae
often involves the use of organic reagents such as methanol,
ethanol, or isopropanol during the pre-treatment stage, which
can affect the enzymes used in the subsequent enzymatic
hydrolysis step. Utilizing alginate lyases that are tolerant to
organic solvents offers certain advantages. Therefore, the
stability of enzymes in the presence of organic reagents is a
crucial characteristic for their industrial applications. Addi-
tionally, when hydrolyzing alginate to produce monosaccha-
rides for ethanol production via microbial fermentation, it
is also necessary to consider the organic solvent tolerance
of the alginate lyases used. The currently reported organic
solvent-tolerant alginate lytic enzyme MtAl138 (Jeong et al.
2021) derived from Microbulbifer thermotolerans DAU221
has only 9% and 25% enzyme activity in the presence of 20%
(v/v) dimethyl sulfoxide or ethanol. Whereas the recombinant
enzyme Alg0392 had 76% and 51% enzyme activity in 20%

(v/v) dimethyl sulfoxide, or 20% (v/v) ethanol, respectively.
MtA1138 exhibits a preference for polyG and has an opti-
mal pH of 7.0. However, its relative enzymatic activity drops
below 10% when the pH is lower than 6.0 or exceeds 8.0. In
contrast, Alg0392 maintains over 80% of its relative activ-
ity within the pH range of 6.0-8.0, demonstrating a broader
pH stability compared to MtA1138. Although the alginate
lyase MAALI1 (Yan et al. 2024), derived from Microbulbifer
sp. QZHAL, also exhibits tolerance to organic solvents. In
the presence of 20% (v/v) methanol, ethanol, or isopropanol,
its relative enzymatic activity remains above 80%, demon-
strating superior solvent-tolerance compared to Alg0392.
However, its specific activity is relatively low, measuring
only 4.30 U/mg. The alginate lyase VRALGI (Li et al.
2024), which is derived from Vibrio sp. DS32, had only 50%
enzyme activity remaining after incubation with 5% (v/v) iso-
propanol, and in isopropanol solutions under the same condi-
tions (Table 2); however, the enzyme activity of Alg0392 was
always maintained above 80%. In addition, the enzyme activ-
ity of the recombinant enzyme Alg0392 increased in both
high and low concentrations of DTT and -mercaptoethanol
solutions. This series of enzymatic properties makes the
recombinant enzyme Alg0392 more advantageous for the
industrial preparation of alginate oligosaccharides.
Compared with the reported exolytic alginate lyases, the
recombinant enzyme Alg0392 exhibits superior industrial
applicability. Its uniqueness lies in its bifunctional activity, pos-
sessing both endolytic and exolytic capabilities, which enables
it to efficiently degrade alginate and produce unsaturated mono-
saccharide DEH. DEH can be further fermented into ethanol
for biofuel production, while also generating oligosaccharides
with antioxidant activity. In industrial applications, the syner-
gistic action of endolytic and exolytic enzymes is commonly
employed to enhance alginate degradation efficiency. For exam-
ple, Wang et al. (2014) successfully produced high-purity DEH
using the endolytic enzyme Alg7D and the exolytic enzyme
Algl7 C. Algl7 C (PL17 family) exhibits an optimal pH of
6.0 and retains more than 60% of its relative activity within
the pH range of 5.0-7.0, but its activity drops to only 10% at
pH 8.0. In contrast, Alg0392 maintains high stability across a
broader pH range (6.0-8.0), consistently retaining over 80% of
its activity, indicating greater adaptability. Furthermore, kinetic
analysis shows that Algl7 C shows a K, of 35.2 mg/mL and
Vinax Of 41.7 U/mg, whereas Alg0392 demonstrates lower K|,
(3.772 mg/mL) and higher V,,, (0.102 pmol/min is equivalent
to 73.91 U/mg) suggesting that Alg0392 exhibits higher cata-
lytic efficiency and stronger substrate affinity, making it more
suitable for efficient alginate degradation. Additionally, Santos
et al. (2013) constructed a recombinant Escherichia coli system
capable of directly utilizing brown algae for ethanol production
via metabolic engineering coupled with recombinant enzymes.
This system includes the endolytic enzymes AlyA, AlyB, AlyD,
and AlyE, as well as the exolytic enzymes OalA, OalB, and
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OalC. Among them, OalA, OalB, and OalC (all belonging
to the PL17 family) exhibit specific activities of 29.0 U/mg,
20.0 U/mg, and 21.0 U/mg, respectively, all of which are lower
than that of Alg0392, further demonstrating that Alg0392 is
a promising enzyme for biofuel production. However, due to
various factors, alginate lyases currently applied in industrial
production remain limited. Therefore, future research should
focus on protein engineering to modify Alg0392, optimizing its
enzyme activity, stability, and substrate specificity to enhance
its potential for industrial-scale alginate degradation and biofuel
production.
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