Current Research in Food Science 6 (2023) 100414

ELSEVIER

Contents lists available at ScienceDirect
Current Research in Food Science

journal homepage: www.sciencedirect.com/journal/current-research-in-food-science

© Current Research in
Food Science
Partofthe 0 =5

L)

Check for

Characterization of degradation patterns and enzymatic properties of a ol
novel alkali-resistant alginate lyase AlyRm1 from Rubrivirga marina

Yuting Zheng®, Yujie Wang , Meiling Dan “, Yanping Li“, Guohua Zhao “, Damao Wang

2 College of Food Science, Southwest University, Chongqing, 400715, China

a,b,*

® Guangxi Key Lab of Agricultural Resources Chemistry and Biotechnology, College of Chemistry and Food Science, Yulin Normal University, Yulin, Guangxi, 537000, PR

China

¢ Department of Chemistry, College of Resource and Environment, Baoshan University, Baoshan, 678000, PR China

ARTICLE INFO ABSTRACT

Keywords:
Alginate lyase
Alkaline resistant
Oligosaccharides
Molecular docking

Alginate lyase is essential for the production of alginate oligosaccharides (AOSs), which exhibit diverse bio-
activities and have numerous applications in the food and pharmaceutical industries. The creation of recombi-
nant alginate lyase by genetic engineering lays a crucial foundation for the commercialization of alginate lyase.
This study cloned and expressed the polysaccharide lyase family 6 (PL6) alginate lyase gene alyrml from
Rubrivirga marina.The optimum temperature and pH for recombinant AlyRm1 are 30 °C and 10.0, respectively.

AlyRm1 shows good alkaline stability, for it remained over 80% of the enzyme activity after being incubated at
pH 10.0 for 24 h AlyRm1 preferentially degrades PolyM into AOSs with degrees of polymerization (DP) 2-5 and
monosaccharides as an endolytic bifunctional lyase. In addition, the analysis of degradation products toward
oligosaccharides revealed that the minimal substrate of AlyRml is trisaccharide and clarified the degradation

patterns.

1. Introduction

Alginate is a common polysaccharide exist in a variety of brown
algae, constituting approximately 40% of the dry weight (Rioux and
Turgeon, 2015). It is a linear unbranched polymer of homopolymeric
monomers of (1 — 4)-linked B-D-mannuronic acid (M) and its C-5 epimer
a-L-guluronic acid (G). Typically, there are three different types of
blocks: polyguluronic acid (PolyG), polymannuronic acid (PolyM), and
the heteropolymer of Ms and Gs (PolyMG or GM) (Barzkar et al., 2022).
Due to its excellent physicochemical features, such as high viscosity,
sol/gel transition capabilities, and water-retaining property, etc., algi-
nate is widely employed as thickening ingredient in the food industry.
(B. Zhu et al., 2019). As a matrix or carrier, alginate is predominantly
used in biomedicine to prolong the drug’s release and enhance the
drug’s efficacy in the delivery systems. As a functional component, the
use of alginate has been severely constrained refer to its polymeric
structure, poor solubility, and low bioavailability (Benwei Zhu, Ni,
Xiong, & Yao, 2021).

Alginate oligosaccharides have attracted great interest due to their
biological activities, which include antioxidant activity, antimicrobial
activity, and antitumor activity (Y. Li et al.,, 2021), indicating a

promising application in the functional food and biopharmaceutical
industries. In addition, they have been added successfully to feeds to
improve aquaculture, poultry, and swine production, and they can also
be utilized as elicitors of plants and microbes, and prebiotics. (J. Liu
et al., 2019; Tusi et al., 2011). So far, alginate has been converted into
AOSs via chemical (acid or alkali) or physical (microwave or hydro-
thermal treatment) or enzymatic method (alginate lyases) (M. Liu et al.,
2021). Enzymatic degradation of alginate offers several benefits over
physical and chemical methods, including environmental protection,
energy savings, specificity, and high biological activity (Lari et al.,
2019).

Alginate lyases depolymerize alginate through the f-elimination of
the 1,4-glycosidic bond and subsequently generate an unsaturated C=C
between C4 and C5. Endolytic alginate lyases cleave long alginate chains
to produce unsaturated oligosaccharides, while the exolytic alginate
lyases generate unsaturated monosaccharides, which could be converted
into 4-deoxy-L-erythro-5-hexoseulose uronic acid (DEH) nonenzymati-
cally (D. M. Wang et al., 2014). Based on CAZY database (http://www.
cazy.org/), alginate lyases have been classified into twelve poly-
saccharide lyase (PL) families (PL5, 6, 7, 14, 15, 17, 18, 31, 32, 34,36
and 39) (Jouanneau et al., 2021). In specific, alginate lyases are
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classified as PolyM-specific lyases (EC 4.2.2.3) which prefer degrading
M blocks, and PolyG-specific lyases (EC 4.2.2.11) which prefer
degrading G blocks, as well as bifunctional lyases (EC4.2.2.-) that can
degrade both M blocks and G blocks (F. Xu et al., 2020). Alginate lyases
are not only employed as catalysts for degrading alginate into AOSs, but
also as medicines to enhance antibiotic killing of mucoid Pseudomonas
aeruginosa in cystic fibrosis (Benwei Zhu, Tan, Qin, Xu, Du, & Yin, 2015).
The exolytic alginate lyases could convert alginate to unsaturated
monosaccharides, which split into pyruvate and
glyceraldehydes-3-phosphate, and then the pyruvate can be converted
into various biofuels and biochemicals (Kim et al., 2011). However,
enzymes with higher stability, especially those that remain stable and
highly active in industrial production scenarios, are still in shortage. In
this work, a deep-sea marine bacteria Rubrivirga marina (Park et al.,
2013) which harboring complete alginate metabolism pathway was
chosen as the gene source for the potential enzymes with special prop-
erties, and a novel PL6 alginate lyase was characterized. Compared with
other PL6 family enzymes that have been characterized, AlyRm1 has
broad substrate specificity and high alkaline resistance, providing a
candidate for the industrial application of alginate lyase.

2. Materials and methods
2.1. Chemicals and material

Sodium alginate (M/G ratio 77/23) was purchased from Sigma-
—Aldrich (St. Louis, MO, USA). Polymannuronic acid (PolyM, larger than
5 kDa) and polyguluronic acid (PolyG, larger than 5 kDa) were pur-
chased from Carbosynth US LLC (San Diego, CA). Qingdao BZ Oligo
Biotech Co., Ltd. (Qingdao, China) supplied $-D-mannuronic acid oli-
gosaccharides (DP: 2-5, purity: over 97%) and a-L-guluronic acid oli-
gosaccharides (DP: 2-5, purity: over 97%).

2.2. Amino acid sequence analysis of AlyRm1

The BLAST algorithm and conserved domain research on the Na-
tional Center for Biotechnology Information server were applied to
analyze the amino acid sequence. ExXPASy ProtParam, an online analysis
tool, was used to calculate some parameters of AlyRm1 including mo-
lecular weight (Mw), instability index, and isoelectric point (pI). The
native signal peptide sequence of alyrml was predicted by SignalP 6.0
server  (http://www.cbs.dtu.dk/services/SignalP/). Multi-sequence
alignment was implemented by Clustal X and further analyzed
through ESPript 3.0.

2.3. Cloning and expression of alyrm1

The alyrm1 gene (GenBank ID: WP_095509519.1) lacking the native
signal peptide sequence consisting of 20 amino acids from Rubrivirga
marina(GenBank ID: GCA_002283365.1) was amplified using DreamTaq
Green PCR Master Mix (Thermo Fisher). The forward primer was 5'-
CGGGATCCGACCGCTACGTCACGA -3, and the reverse primer was 5'-
CCCTCGAGCCGGGCCAGGGTCA -3’ (the BamHI and Xhol sites were
underlined). The pET21a-AlyRm1 plasmid was transformed into E. coli
host cells (DH5a and BL21) using the Ultra-Competent Cell Preps Kit
(Sangon Biotech, Shanghai, China) and cultured in Luria-Berani (LB)
broth with 100 mg/L of ampicillin. The cells were cultivated at 37 °C
and 200 rpm till the optical density (OD) at 600 nm reached 0.8-1.0,
after which the E. coli BL21(DE3) harbouring pET21a-AlyRm1 plasmid
was induced with 1 mM isopropyl-D-1-thiogalactopyranoside (IPTG) at
16 °C and 180 rpm for 16 h to produce the recombinant protein. The
cells were collected by centrifugation and resuspended in 20 mM sodium
phosphate buffer (pH 7.4) containing 0.5 M NaCl, and broken up by
using ultrasonication. The cell homogenate was centrifuged at 11000xg
for 1 h at 4 °C. The supernatant was filtered through a 0.22 pm filter and
then load to a HisTrap™ HP column (GE Healthcare, Uppsala, Sweden).

Current Research in Food Science 6 (2023) 100414

The recombinant protein was eluted with buffer containing imidazole in
gradient concentrations (50, 100, 200, 300, and 1000 mM). Protein
fractions were displayed by SDS-PAGE to determine the molecular
weight using Pierce™ Unstained Protein MW Marker (Thermo Fisher).
The AlyRm1-containing fractions were concentrated using an Amicon
ultra-centrifugal filter unit (Molecular weight cutoff value: 10000 Da;
Millipore, Cork, Ireland). Bradford assay kit (Sangon Biotech, Shanghai,
China) was applied to determine the concentration of the purified
protein.

2.4. Enzymatic activity assay of AlyRm1

To determine the activity of AlyRm1, enzyme reaction was processed
in a 200 pL 50 mM glycine-NaOH buffer (pH 10.0) with the concen-
tration of sodium alginate at 2% (w/v). After incubated at 30 °C for 20
min, the reaction was terminated by boiling water bath for 5 min. The
3,5-dinitrosalicylic acid (DNS) assay(Bailey, 1988) was used to measure
the reducing sugar concentration at 540 nm wavelength using glucose as
the standard. One unit (U) was defined as the amount of enzyme capable
of releasing 1 pmol of reducing sugars per minute.

2.5. Characterization of AlyRm1

The impact of temperature on AlyRml was investigated under
different temperature intervals (20-70 °C). To test the thermostability,
the enzymes were incubated at various temperatures for 1 h before the
enzyme reaction. In addition, the enzymes were incubated at 30 °C for
30-120 min before the enzyme reaction to obtain the half-life time of
AlyRm1 at 30 °C. After determining the optimal temperature, the effect
of pH on AlyRm1 was assessed by incubating the enzyme in different
buffers ranging from pH 4.0 to 12.0, including 50 mM sodium acetate
buffer (pH 4.0-6.0), 50 mM sodium phosphate buffer (pH 6.0-8.0), 50
mM Tris-HCI buffer (pH 7.0-9.0), 50 mM glycine-NaOH buffer (pH
9.0-12.0) at 30 °C for 20 min. The pH stability was determined by
measuring the residual activity after the enzyme was incubated in
different buffers at 4 °C for 24 h. The effects of metal ions, EDTA and SDS
on AlyRm1 were determined by incubating the enzyme under the op-
timum pH and containing different chemicals of 1 mM, and then
measuring the enzymatic activity. The activity of AlyRm1 without
adding metal ions was used as a control. Substrate specificity of AlyRm1
was determined using sodium alginate, PolyM and PolyG (2%, w/v) as
substrates. Furthermore, the kinetic parameters of the enzyme toward
these substrates were determined by measuring the initial reaction ve-
locities under the optimal pH and temperature. The K, and Vpax values
were obtained from a nonlinear regression plot using Origin 9.0
software.

2.6. Analysis of the degradation products of AlyRm1

Sodium alginate, PolyM and PolyG (2%, w/v) were digested by a 2
pM purified enzyme under optimal conditions for 0-24 h. The degra-
dation products were firstly analyzed by thin layer chromatography
(TLC) with the mobile phase of 1-butanol: acetic acid: water = 6:6:1. The
developed plates were visualized Xu’s assay (X. Xu et al., 2014). The
reaction products were also analyzed using High-performance liquid
chromatography (HPLC) (Shimadzu LC-20A system, Kyoto, Japan)
equipped with a PL aquagel-OH 20 size exclusion column (7.5 x 300
mm) (Agilent Technologies, CA) and a refractive index (RI) detector.
The column was kept at 30 °C, and the mobile phase was 0.02 M
NaH,PO4 with a flow rate of 0.2 mL/min. Hydrolysis reactions were
conducted with p-D-mannuronic acid oligosaccharides (DP: 2-5) and
a-L-guluronic acid oligosaccharides (DP: 2-5) as substrates in order to
evaluate the reaction mode towards oligosaccharides and the minimal
recognizable substrate of AlyRm1.
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Fig. 1. Sequence analysis of AlyRm1. (A). Conserved domain analysis (B). Sequence alignment of AlyRm1 with characterized PL6 enzymes. The residues in AlyGC
whose enzymatic activity, Ca%* coordination, and catalytic activity have been confirmed (F. Xu et al., 2017), are represented by orange stars, blue triangles, and red
dots, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (A) SDS-PAGE of purified AlyRm1. (B) Relative activities of AlyRm1 at different temperatures. (C) The thermal stability of AlyRm1. (D) Relative activities of
AlyRm1 under different pHs. (E) The pH stability of AlyRm1. (F) Inactivation of AlyRm1 at 30 °C (G) The effects of metal ions, EDTA and SDS on AlyRm1. (H)

Substrate specificity of AlyRm1 towards sodium alginate, PolyM and PolyG.
2.7. Molecular modelling and docking analysis

The structure of AlyRm1 was constructed using SWISS-MODEL on-
line workspace using the alginate lyase AlyGC from G. chathamensis
S18K6" (PDB ID: 5GKQ) with the sequence similarity of 39.81% as a
template. Meanwhile, the prediction of the structure of the enzyme was
performed with the program AlphaFold2 Colab [https://colab.research.
google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.
ipynb]. The molecular docking of the AlyRm1 and alginate oligosac-
charides (DP: 2-4) was performed using the Autodock-Vina (Trott and
Olson, 2010). The ligands G4, G3, G2, M4, M3 and M2 were extracted
from the AlyF-G4 complex (PDB: 6A40) (Lyu et al., 2019) and AlyGC-M4
complex (PDB: 5GKQ)(F. Xu et al., 2017) and converted to PDBQT
format using by Autodock Tools (Morris et al., 2009). Analysis of the
docking results and graphical presentations were performed in PyMOL
(http://www.pymol.org)

3. Results and discussion
3.1. Sequence analysis of the alginate lyase gene

The alyrml gene from Rubrivirga marina is a 1728 bp open reading
frame (ORF) encoding 575 amino acid residues, including a 20-amino
acid signal peptide (Metl1-Ala20) in the N-terminus. A conserved PL6
family domain (Val24-Gly396) suggests that AlyRm1 is a PL6 family
alginate lyase. A C-terminal FIgD Ig-like domain (Phe501-Ala562) that is
known to be required for hook assembly (Ohnishi et al., 1994), yet is

uncommon in alginate lyase (Fig. 1A). The theoretical molecular weight
(Mw) is about 61.78 kDa and the isoelectric point (pI) is 4.96. The
instability index is 31.73, which classifies the protein as stable. The
similarity of AlyRm1 compared to Patl3640 from Pseudoalteromonas
atlantica Té6c, Pedsa0632 from Pedobacter saltans (Mathieu et al., 2016),
BcAlyPL6 from Bacteroides clarus(B. Wang et al., 2021), and AlyGC from
G. chathamensis S18K6" (F. Xu et al., 2017) is 42.69%, 41.81%, 40.69%
and 39.81%, respectively. Particularly, compared with AlgGC which is
the first alginate lyase of the PL6 family whose structure was reported,
those residues that are responsible for the enzymatic activity, Ca®* co-
ordination, and catalysis are quite conserved in AlyRm1, while residues
are more variable at the C-terminal domain (Fig. 1B). Considerable PL6
enzymes have a multi-modular structure in which the PL6 family
domain is coupled to additional domains, such as F5/8 type C domains,
glycoside hydrolase domains, etc. BcAlyPL6, a recently discovered
exolytic alginate lyase, has two domains: a PL6 family domain and an
unknown C-terminal function domain. The PL6 family domain is
responsible for substrate binding via the prolonged positively charged
cleft, whilst the C-terminal domain is important for anchoring the sub-
strate into the proper conformation (B. Wang et al., 2021). Little is
known about a variety of other domains in the PL6 enzymes to date. This
study will provide additional information about this item.

3.2. Biochemical characterization of AlyRm1

The full-length alyrm1 gene was successfully cloned and expressed in
E. coli BL21(DE3). The theoretical molecular weight of AlyRm1 is 61.78
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Table 1
Characteristics of PL-6 alginate lyases.
Alginate Source Temperature” pH" Metal ions® Action Substrate Degradation Reference
lyase mode Specificity products
AlyPL6 Pedobacter hainanensis 45°C,35°C(1 10.0, Na™ (1 mM) Endo- Sodium alginate > 2-6 (Q. Li et al., 2020)
NJ-02 h) 9.0-10.0 polyG > polyM
(12h)
oucC- Streptomyces ecolicolor 50°C,30°C(1 9.0, Mn2*, Fe®*, Zn%*, Endo- PolyM > sodium 2-4 Cheng et al. (2020)
ScCD6 A3(2) h) 7.0-10.0 (4 Ba2+, Co*t (1 alginate > polyG
d) mM)
FsAlyPL6 Flammeovirga sp. NJ-04 45°C,35°C(1 9.0, Na*, Ca®* and Endo- Sodium alginate > 1-5 (Q. Lietal., 2019)
h) 9.0-10.0 Mg?* (1 mM) polyM > polyG
(20 h)
BcelPL6 Bacteroides 30 °C, N.D. d 7.5, N.D. N.D. Endo- Sodium alginate > 2 Stender et al. (2019)
cellulosilyticus CRE21 polyM, polyG not
detected
AlyF Vibrio splendidus OU02 30 °C, N.D. 7.5, N.D. Na*t (0.2 M) Endo- PolyG > sodium 3 Lyu et al. (2019)
alginate, polyM not
detected
AlyGC Glaciecola chathamensis 30 °C, N.D. 7.0, N.D. N.D. Exo- PolyG > polyM > 1 (F. Xu et al., 2017)
S18K6" sodium alginate
0alS6 Shewanella sp.Kz7 40 °C, 0-40 °C 7.2, 6.0-8.0 Na™ (1-300 Mm), Exo- PolyG > sodium 1 (S. Li et al., 2015)
(1h) (24 h) K"(1-100 mM) alginate > polyM
AlyMG Stenotrophomas 40 °C, N.D. 8.0, N.D. Na®, K (1-100 Endo- PolyMG > alginate 2-6 In Lee, Choi, Lee, &
maltophilia KJ-2 Mm) and Ca** (1 > polyM > polyG Kim (2012)
mM)
0alC6 Cellulophaga sp.SY116 40 °C, 0-30 °C 6.6, 6.0-8.0 Na*t (1-500 Mm), Exo- PolyG > sodium 1 (S. Li et al., 2018)
(1h) 6h) K* and Ca®* (1 alginate > polyM
mM)
ALY Pseudomonas sp.0S- N.D. N.D. N.D. Endo- PolyM > polyG N.D. Kraiwattanapong
ALG-9 et al. (1997)
Alg823 Pseudoalteromonas 55°C, 35-45°C 8.0, Ca%t, Mg?t, K+ Endo- PolyM > polyG > 2-3 Zeng et al. (2019)
carrageenovora ASY5 (0.5h) 6.0-10.0 and Na* (1 mM) sodium alginate
(24 h)
AlyRm1 Rubrivirga marina 30°C,20°C(1 10.0, Cu** and K™ (1 Endo- PolyM > sodium 1-5 This study
h) 6.0-10.0 mM) alginate > polyG
(24 h)

? The optimal temperature, the range of temperature within which the residual activity of alginate lyase was over 80% after incubated for a certain time (the in-

cubation time).

Y The optimal pH, the range of pH within which the residual activity of alginate lyase was over 80% after incubated for a certain time (the incubation time).
¢ Those metal ions increased the enzyme activity under a certain concentration (the concentration).

4 Not determined.

kDa, which corresponded well to the band at approximately 66.2 kDa on
the SDS-PAGE (Fig. 2A). For the optimum temperature test, the results
showed that AlyRm1 performed the highest activity at 30 °C (Fig. 2B).
After incubation at 40 °C for 60 min, AlyRm1 lost about 80% of the
enzyme activity but it preserved approximately 90% and 70% of its
activity at 20 °C and 30 °C, respectively (Fig. 2C). The half-life time of
AlyRm]1 at 30 °C was 90 min (Fig. 2F). The optimal pH of AlyRm1 was
found to be pH 10.0 (Fig. 2D). Furthermore, it was shown that more than
50% of the enzyme activity retained at pH 4.0-11.0, and over 80% of the
enzyme activity retained after incubating at pH 10.0 for 24 h (Fig. 2E).
As shown in Table 1, the majority of alginate lyases belonging to the PL6
family exhibited the maximum enzymatic activity at 30-50 °C and pH
7.0-9.0. AlyPL6, OUC-ScCD6, FsAlyPL6 and Alg823 all exhibited
optimal activity at or above 45 °C, whereas the optimal temperature of
0alS6, AlyMG, OalC6, AlyGC, AlyF and BcelPL6 was 30 or 40 °C. The
majority of enzymes exhibited good thermal stability between 30 °C and
40 °C, for instance, AlyPL6 and FsAlyPL6 retained over 80% of the
enzymatic activity after 1 h of incubation at 35 °C, and OUC-ScCD6
remained over 80% of the enzymatic activity after 24 h of incubation
at 30 °C. Compared with other PL6 family alginate lyases, AlyRml
showed the optimal activity at 30 °C and remained at about 90% of its
activity after indicated at 20 °C for 1 h, indicating that AlyRm1 is stable
at low temperature. Regarding pH, the optimal pH of AlyPL6, OUC-
ScCD6, and FsAlyPL6 was 9.0 or 10.0. Nevertheless, their enzymatic
activity drastically diminished when the pH of the reaction system fell
below 7.0. AlyRm1 also performed the highest enzymatic activity at pH
10.0, and was stable within pH 4.0-11.0, indicating that AlyRm1 shows
broad pH stability as an alkali-resistant alginate lyase. Alkali treatment

usually is used to pretreat alginate for improving the saccharification
biomass in enzymatic reaction (Lu et al., 2022). Thus, AlyRm1 with
extensive pH performance and alkali resistance could be suitable for
industrial application. In addition, the effects of metal ions, SDS and
EDTA on AlyRm1 were investigated. As shown in Fig. 2G, Cu*" and K*
enhanced the activity of AlyRm1, while some kinds of metal ions
inhibited the enzyme activity, such as Co?*, Fe3*, Mg?*t, AI**, Ni?*,
Mn?* and Zn?*. 1 mM SDS significantly promoted the enzyme activity,
while 1 mM metal chelating agent EDTA almost inactivated the enzyme,
suggesting that metal ions have a great influence on the activity of
AlyRml.

The enzyme activity of AlyRm1 was measured toward PolyM, PolyG
and sodium alginate. As shown in Fig. 2H, the relative activities of
AlyRm1 towards PolyM and PolyG were 141.9% and 54.0% of that for
sodium alginate. Moreover, when PolyM was used as a substrate, the Kp,,
Vmax and K¢, values were 8.1 mg/mL, 13.15 U/mg and 13.54 s
respectively. In contrast, the Ky, Vinax and Ky values for PolyG were
14.5 mg/mL, 9.81 U/mg and 10.10 s_l, respectively. The Ky, Viax and
K at values for sodium alginate were 12.6 mg/mL, 10.08 U/mg and
10.38 571, respectively. As shown in Table 1, most PL6 alginate lyases
were specific for PolyMG or PolyG, such as OalS6, AlyMG and OalCé,
certain enzymes, such as AlyF, AlyGC, Patl3640, and Pedsa0640 (Violot
et al., 2021) had no activity towards PolyM. In addition, BcelPL6 is a
PolyM-specific lyase with negligible PolyMG activity and no PolyG ac-
tivity (Stender et al., 2019). There are few PL6 alginate lyases possess a
broad substrate specificity. The Viax and Kgae values of AlyRm1 for
PolyM were greater than those for PolyG and sodium alginate, indicating
that its affinity for PolyM is stronger than that for PolyG. Meanwhile,
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Fig. 3. Degradation products analysis of AlyRm1 by
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AlyRm1 could also degrade sodium alginate and PolyG into AOSs,
demonstrating that AlyRm1 has a broad substrate specificity, making it
appropriate for industrial applications. The reducing sugar yields after
24 h were 32.6%, 23.6% and 23.8% for sodium alginate, PolyM and
PolyG, respectively.

3.3. Reaction mode of AlyRm1

To obtain the degradation mode of AlyRm1, TLC analysis was firstly
performed on the degradation products of three distinct substrates at
various time points. With increasing incubation time, the length of the
oligomer was seen to decrease from a relatively lengthy oligomer at the
beginning of the reaction to a progressively shorter oligomer. (Fig. 3A,
B, C), suggesting that AlyRm1 possesses endolytic activity. The primary
products are oligosaccharides of DP 2-5, and monosaccharides were
formed with the increase of incubation time. The degradation pattern
was also confirmed by HPLC. It is noteworthy that DP3 was the main
degradation product after a 24 h reaction when PolyG was used as the
substrate (Fig. 3F). However, for PolyM and sodium alginate, the algi-
nate oligosaccharides of DP 2-5 were uniformly distributed (Fig. 3D and
E). Using oligosaccharides as substrates, we further investigated the

reaction mode of AlyRm1. It demonstrated that neither M2 nor G2 can
be degradated (Fig. 4). In addition, AlyRm1 could not degrade M3 and
G3 efficiently, trisaccharide was still dominant after 24 h incubation for
both. For M4 and G4, their main degradation products were di-
saccharides in the early stage, and the amount of mono- and trisaccha-
ride increased after longer incubation times, indicating that AlyRm1l
tends to degrade tetrasaccharide into disaccharides, followed by tetra-
saccharide into mono- and trisaccharide. For M5 and G5, di- and
trisaccharide were the main component in the early stage, and mono-
and tetrasaccharide accumulated continuously, indicating that AlyRm1
tends to degrade pentasaccharide into di- and trisaccharide, followed by
pentasaccharide into mono- and tetrasaccharide (Fig. 4). For alginate
lyases in the PL6 family, most of them are endolytic alginate lyases, for
instance, AlyPL6, OUC-SCCD6, BcelPL6 and AlyF which produce algi-
nate oligosaccharides of DP 2-6, 2-4, 2 and 3 in the endolytic mode,
respectively, whereas only a few are exolytic alginate lyases, such as
AlyGC, OalS6 and OalCé6.

3.4. Molecular modeling and docking analysis of AlyRm1

Using the SWISS-MODEL online workspace, we predicted the



Y. Zheng et al.

Current Research in Food Science 6 (2023) 100414

A
VAAAR R » ® &
Sennes « o
secces o
M4 [ )
e o ST M5 '
1 2 3 4 5 6 12 3456 M12 3456 M12 3456
B

Lenany

(R R R R R
G3 ¥

6

Sl e

1 2 3 45 56

. ..»...

® % % & B
G4 ;

.

ONRRSREP S

G123456G123435

6

Fig. 4. TLC analysis of the degradation products of AlyRm1 towards oligosaccharides. (A) f-D-mannuronic acid oligosaccharides (DP: 2-5) as substrates. (B) o-L-
guluronic acid oligosaccharides (DP: 2-5) as substrates. Lane 1-6: degradation products of substrates for 0 h, 1 h, 3 h, 6 h, 12 h, 24 h. Lane M: dimannuronic acid.

Lane G: diguluronic acid.
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homology structure of AlyRm1l. The GMQE and QMEAN values were
0.58 and —1.73, indicating that the homology structure of AlyRm1 is
credible because GMQE and QMEAN scores should be 0-1 (Waterhouse
et al., 2018) and —4-0 (Benkert et al., 2010), respectively. In addition,
AlphaFold is a novel machine learning method developed by DeepMind,
which has proved very successful in predicting the structure of proteins
according to their amino acid sequences(Jumper et al., 2021). Alpha-
Fold 2 was also used to predict the structure of AlyRm1. There existed a
substrate-binding active cleft (Fig. 5B). The predicted structure of
AlyRm1 using AlphaFold 2 and the homologous model of AlyRm1 were
similar fairly with a root-mean-square deviation (RMSD) of 0.70 A
(Fig. 5A).

In the study, the structure of protein obtained using AlphaFold 2 was
used for molecular docking analysis. The results of molecular docking
with the lowest binding energy were selected for analysis. - n and + n
represent the non-reducing ends and the reducing ends, respectively
(Davies et al., 1997). Combining with the result that the minimum
substrate of AlyRm1 is trisaccharide, the key residues for substrate
binding were determined by the molecular docking analysis of AlyRm1
and M3/G3. In the AlyRm1-M3 complex, Glu235, Asn322, Tyr324,
Asn350, Pro495, and Phe497 can form a hydrogen bond with the M3
molecule (Fig. 6B). For the AlyRm1-G3 complex, Asn201, Ser211,
His262, Arg285, Tyr324 can form a hydrogen bond with the G3 mole-
cule (Fig. 6E). In the AlyRm1-M4 complex, Asn201, Arg207, Ser211,
Ser212, Glu235, Arg285, Asn322, Tyr324, Asn350 and Pro495 can form
a hydrogen bond with the M4 molecule (Fig. 6C). For the AlyRm1-G4
complex, Asn201, Arg207, Ser211, Glu235, Asn322, Tyr324, Asn350
and Glu543 can form a hydrogen bond with the G4 molecule (Fig. 6F).

Fig. 5. The overall structure of AlyRm1 (A) Overlap
of the homology model structure of AlyRm1 which
was obtained using the SWISS-MODEL (green) with
the structure of AlyRm1 which was predicted using
Alphafold 2. The color of a signal peptide fragment,
PL6 family domain, and FIgD Ig-like domain are yel-
low, blue, and orange, respectively. The linkage be-
tween the PL6 family domain and FlgD Ig-like domain
is in cyan. (B) The electrostatic surface view of
AlyRm1 was predicted using Alphafold 2. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Among them, Arg207, His262, Arg285 and Tyr324 are the key residues
of the enzymatic activity in the corresponding position of the AlyGC, in
addition, Asn201 and Glu235 are the key residues of Ca>* coordination
(F. Xu et al., 2017). BcAlyPL6 is a two-domain alginate lyase that bound
one calcium ion and one melonic acid in its catalytic cleft. The calcium
ion is chelated by Asn182, Glu185, Glu214 and Glu216 (corresponding
to Asn201, Glu204, Glu233 and Glu235 in AlyRml) and two water
molecules. One melonic acid is mainly bound by Arg242, Arg266 and
Tyr305(corresponding to Arg261, Arg285 and Tyr324 in AlyRml) via
hydrogen bonds or electrostatic interactions at the subsite —1. Asp617
and Ser619 of the C-terminal domain are involved in the formation of
catalytic pockets and can interact with sugar residues at the subsite —1,
suggesting that the C-terminal domain of BcAlyPL6 plays an important
role in the formation of the right conformation for the substrate (B.
Wang et al., 2021). For AlyRm1, Pro495 and Phe497 are located in the
linkage between the PL6 family domain and the FIgD Ig-like domain,
and Glu543 is located in the FlgD Ig-like domain, indicating that the
FlgD Ig-like domain is crucial to the interaction of AlyRm1 with sub-
strate. In addition, in the model of AlyRm1 complexed with M4, the
distance between M4 and the catalytic residues Lys240 and Arg261 is
shorter than the distance between M2 or M3 and the same residues
(Fig. 6A, B, C). The same phenomenon occurs in a-L-guluronic acid ol-
igosaccharides (Fig. 6D, E, F), validating the conclusion that AlyRm1
cannot degrade M2/G2, and cannot degrade M3/G3 effectively.
Compared with the AlyGC-M4 complex, AlyGC is an exolytic alginate
lyase that cleaves the subsites between — 1 and + 1 of the M4 substrate to
liberate mono- and trisaccharide (F. Xu et al., 2017). M4 in the
AlyRm1-M4 complex moves toward the non-reducing end, thus, AlyRm1
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Fig. 6. Molecular docking analysis of AlyRm1. The
ligands in Figures A, B, C, D, E, and F were M2, M3,
M4, G2, G3, and G4, respectively. Lys240 and Arg261
labelled yellow are the catalytic base and acid of the
reaction, respectively. (G) Comparison of the M4
position in the AlyGC-M4 complex and the AlyRm1-
M4 complex. The M4 are shaped in red and green in
the AlyGC-M4 and AlyRm1-M4 complex, respec-
tively. (H) Putative degradation pattern of AlyRm1l
towards alginate oligosaccharides (DP: 2-5). (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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releases mono-, di-, and trisaccharide by cleaving the subsites between —
1 and + 2 on the M4 substrate. However, catalytic residues Lys240 and
Arg261 are closer to the subsites between —1 and +1 than to the subsites
between +1 and + 2 (Fig. 6C, G), indicating AlyRm1 preferentially
cleaves the subsites between —1 and +1 to release disaccharide from the
M4 substrate. In combination with the result of the analysis of degra-
dation products towards oligosaccharides, we obtained the putative
degradation pattern of AlyRm1 towards alginate oligosaccharides (DP:
2-5) (Fig. 6H), which provided greater insight of the action mode and
substrate recognition of PL6 family alginate lyases.

4. Conclusion

In conclusion, a new PL6 family alginate lyase AlyRm1 from Rubri-
virga marina was cloned, purified, and characterized. AlyRm1 shows
good alkaline stability, for it retained over 80% of the enzyme activity
after being incubated at pH 10.0 for 24 h. In addition, AlyRm1 preferred
to degrade PolyM into AOSs (DP: 2-5) and monosaccharides, suggesting
that AlyRm1 possesses endolytic activity, yet it could digest PolyG and
sodium alginate. More importantly, the interaction of substrate binding
was obtained by the molecular docking analysis. It was shown that
Asn201, Arg207, Ser211, Ser212, Glu235, His262, Arg285, Asn322,

Tyr324, Asn350, Pro495, Phe497 and Glu543 are crucial substrate
binding residues. Combining with the result of the analysis of degra-
dation products towards oligosaccharides, we obtained the putative
degradation pattern of AlyRm1 towards alginate oligosaccharides (DP:
2-5) (Fig. 6H) These unique properties enabled a more demanding
application of AlyRm1 in the functional food and biopharmaceutical
industries for the production of AOSs.
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