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Agarooligosaccharides have great potential in food industry because of their various bio-activities, while the
limited availability and diversity of a-agarases hinder agarooligosaccharides’ broader application. To overcome
this limitation, a computer-assisted method was used to screen and identify novel agarases. Firstly, one novel
a-agarase, AgaB, with an N-terminal CBM2 domain (the first report of this domain in agarases), was discovered.

Purified agarases only exhibited activity against agarose, with optimum activity at 40°C and pH 8.0. Analysis of
hydrolysis products indicated that AgaB is an endo-type a-agarase, producing agarotetraose and agarohexaose.
Secondly, AgaB truncated CBM2 showed increased Ky, values, suggesting that CBM2 aids in substrate binding.
Thirdly, E468 and D333 are possibly catalytic amino acids, which was supported by molecular docking results
and mutants. Biochemical characterization of first reported CBM2-containing agarase and catalytic mechanism
study lay the foundation for the exploration and development of a-agarases in the future.

Introduction

Agar oligosaccharides have recently captured significant attention
due to their potential as bioactive agents in food, pharmaceuticals, and
cosmetics industries. This interest stems from several key factors (Chen,
Fu, Huang, Xu, & Gao, 2021). Firstly, red algae, as the source of agar
oligosaccharides, are abundant and have a large production volume
(4.87 million tons/year). They do not require arable land irrigation or
fertilization making them an accessible and economical non-grain
biomass (Hehemann, Boraston, & Czjzek, 2014; Wargacki, Leonard,
Win, Regitsky, Santos, Kim, Cooper, Raisner, Herman, Sivitz, Laksh-
manaswamy, Kashiyama, Baker, & Yoshikuni, 2012). Secondly, agar
oligosaccharides exhibit a range of biological activities including anti-
inflammatory, antioxidant, hepatoprotective, anti-diabetic, anti-tumor,
anti-caries, and a-glucosidase inhibitory activities (Chen, Yan, Zhu, &
Lin, 2006; Enoki et al., 2010, 2012; Hong et al., 2017; Yu, Yun, Kim,
Park, & Kim, 2019). Thirdly, due to their low molecular mass and good
water solubility, agar oligosaccharides can be easily absorbed expanding
their range of applications while avoiding the limitations associated
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with the high viscosity and poor water solubility of agar (Young,
Duckworth, & Yaphe, 1971; Yun, Yu, & Kim, 2017).

Agarase serves as a pivotal enzyme in the enzymatic production of
agar oligosaccharides, where its abundance and diversity are pre-
conditions for its application. This enzyme is classified into o-agarase
(GH96 family) and f-agarase (GH16/GH50/GH86/GH117) based on
their ability to hydrolyze a-1,3 glycosidic bond and p-1,4 glycosidic
bond in agar, respectively. Most reported agarases belong to p-agarases
and came from marine, soil, plant and human microbiota (Allouch et al.,
2003; Hosoda & Sakai, 2006; Song et al., 2015, 2016). While, only 7
a-agarases were reported and all of them come from marine bacteria,
including Alteromonas agarilytica, Gilvimarinus agarilyticus, Thalassomo-
nas sp JAMB A33, Thalassomonas sp LD5, Catenovulum agarivorans and
Catenovulum sediminis WS1-A (Cheng et al., 2015; Flament et al., 2007;
Ohta et al., 2005; Xu et al. (2022); Lee, Lee, & Hong, 2019). Due to the
unique bio-activities exhibited by agarooligosaccharides (with 3,6-
anhydro-r-galactose at the reducing end) produced by a-agarase, re-
searchers’ interest in a-agarase has grown in recent years (Xu et al.
(2022); Liu, Liu, Jiang, & Mao, 2019).

Received 27 June 2023; Received in revised form 25 September 2023; Accepted 29 September 2023

Available online 30 September 2023

2590-1575/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:ppenggao@163.com
mailto:songtao@cdu.edu.cn
www.sciencedirect.com/science/journal/25901575
https://www.sciencedirect.com/journal/food-chemistry-x
https://doi.org/10.1016/j.fochx.2023.100915
https://doi.org/10.1016/j.fochx.2023.100915
https://doi.org/10.1016/j.fochx.2023.100915
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

D. Yuan et al

Carbohydrate-binding module (CBM) domain is a non-catalytic
module often found in conjunction with glycoside hydrolases and
could enhance enzyme solubility and stability (Sidar et al., 2020). CBM6
and CBM13 are found in most f-agarases while only CBM6 is found in all
a-agarases (Alkotaini, Han, & Kim, 2016). Most reported a-agarases face
the difficulty in expression and low activities, for example, a-agarase
from Alteromonas agarilytica are not solubly expressed and had very low
activity (Flament et al., 2007). Meanwhile, removal of CBM6 caused
insoluble expression and activity lost of AgaE from Thalassomonas sp.
LD5. The activity and stability of enzymes serve as pivotal prerequisites
for industrial applications, and the discovery of additional CBM families
akin to the CBM6 domain represents a vital avenue for enhancing the
stability and activity of a-agarases.

The current scarcity and inadequate diversity of a-agarases pose
significant limitations to their further application. Meanwhile, reported
a-agarases share relatively high sequence similarity with each other
ranging from 44 % to 90.5 %. Considering there is no available approach
to screen a-agarase specifically, in this study, we employed a computer-
assisted method to find novel a-agarase from public databases. A novel
a-agarase AgaB with CBM2 domain (never reported in agarase) was
characterized and potential catalytic amino acids were investigated.

Materials and methods
Construction of a local a-agarase database

Firstly, we download non-redundant database containing 420
million genes from the NCBI database. Then a-agarase was identified in
two approaches, one based on protein sequence similarity and the other
based on protein domains.

Identification based on protein sequence similarity: In order to
reduce computational time, the diamond method was used due to its
faster computational speed compared to blast (Buchfink, Xie, & Huson,
2015). Experimentally characterized o-agarases with catalytically
irrelevant regions such as CBM and TSP removed were employed as
query sequences. The parameters were set as follows: e-value > 1e-10,
match length > 50, matched protein length > 150.

Identification based on protein structural domains: Currently,
a-agarases mainly came from the GH96 family, so only GH96 Hmmer
model was used for searching (Finn, Clements, & Eddy, 2011; Zhang
etal., 2018). The GH96 Hmmer model was downloaded from the dbCAN
database and the parameters for the hmmersearch program were set as
follows: e-value < le-10, matched length > 50, and matched protein
length > 150.

Domain architecture of agarase

In order to investigate the structural domain composition of proteins
in the locally constructed a-agarase database, we used Hmmer models
from both pfam and dbCAN sources for analysis. The prediction results
prioritized the use of dbCAN-predicted structural domains; if dbCAN
could not predict them, then pfam-predicted structural domains were
used. The match length was greater than 50 and the score was greater
than 1e-10.

Phylogenetic tree analysis

In order to reduce the influence of non-catalytic regions on the
phylogenetic analysis, regions of non-catalytic domains were removed
using in-house script. Then MUSCLE was used to perform protein
sequence alignment and IQtree was used for phylogenetic tree analysis.
The inferred phylogenetic tree was displayed in ITOLs. Three GH16
agarases were used as outgroup.
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Strain cultivation

Strain Agarilytica rhodophyticola (MCCC 1H00123) was purchased
from the Marine Culture Collection of China (MCCC). According to in-
struction of MCCC, it was streaked onto Marine2216 agar medium and
incubated at 20 °C for 3 days. At the same time, 16srDNA of the strain
was sequenced to ensure that purchased strain is correct.

Protein expression and purification

Firstly, A. rhodophyticola from a solid plate was inoculated into liquid
Marine2216 medium and incubated at 20 °C for 3 days. Subsequently,
genomic DNA was extracted from using a TTANGEN DNA extraction Kit,
and the integrity of the extracted genomic DNA was confirmed by
electrophoresis on a 0.8 % agarose gel. Secondly, primers were designed
to amplify selected a-agarase DNA sequences without signal peptides or
transmembrane regions (Supplementary material 1). The PCR amplifi-
cation of the target gene sequence was performed using a High-Fidelity
DNA Polymerase enzyme Q5 (NEB,lot number M0491). The pET-28(+)
plasmids and amplified PCR products were digested by BamH I and Xhol
I restriction enzymes, ligated using T4 ligase and then transformed into
Escherichia coli. In this study, two expression strains E. coli BL21(DE3)
and E. coli Rosetta (DE3), were investigated. The clones were sequenced
to confirm the gene was successfully constructed into the vectors and
used for further protein expression.

Then clone with constructed expression vector was inoculated into
LB medium containing a final concentration of 100 pg/mL kanamycin
and incubate at 37 °C and 180 rpm. When ODggg reached 0.60 ~ 0.70,
IPTG was added to a final concentration of 5 mM and induction was
conducted at 20 °C for 14 h. Then bacteria pellet was resuspended in
buffer A (20 mM Tris-HCI, 10 mM CaCl,, 100 mM NacCl) and sonicated.
The supernatant was collected at 10,000 g for 5 min. Subsequently, re-
combinant proteins were purified using immobilized metal ion affinity
chromatography. Buffer A containing different concentrations of imid-
azole were used for washing step. Fractions with high purity were
collected, dialyzed with buffer A and used for subsequent enzymatic
property analysis.

Biochemical characterization of recombinant protein

Engyme activity assay

To determine the agarase activity, 0.2 % agarose substrate solution
(20 mM Tris-HCl and 10 mM CaCl,, pH 7.0) was prepared and kept at
40 °C for later use. 20 pL of purified AgaB was added to 480 pL substrate
and was kept at 40 °C for 15 min (Song et al., 2014). Then, 500 pL of DNS
was added to the mixture, with the NaOH in the DNS solution acting to
stop the enzyme reaction, and the mixture was subsequently boiled at
100°C for 7 min to complete the reaction between the released reducing
sugar and DNS. The absorbance was then measured at 540 p,. The unit
of agarase activity is defined as: under experimental conditions, the
amount of enzyme required to produce 1 pmol reducing sugar per
minute is one enzyme activity unit (U). Unless otherwise specified in this
study, all experiments used inactivated enzyme solution (heat inacti-
vated for 10 min at 100°C) as the control group and had three replicates.

Substrate specificity

To determine the substrate specificity of the recombinant enzyme,
we tested the polysaccharides that could be degraded by the recombi-
nant enzyme. The substrates tested included agarose, sodium carbox-
ymethyl cellulose, soluble starch, sodium alginate, dextran, pectin,
carrageenan, xanthan gum and gum arabic. 0.2 % substrate solutions
were prepared separately (20 mM Tris-HCl and 10 mM CaCly, pH 7.0).
For each 480 pL of substrate solution, 20 pL of purified AgaB was added
and reacted at 40 °C for 15 min. The concentration of reducing sugar was
determined by the DNS method (Miller, 1959; Song et al., 2021). If
reducing sugar was released, it was considered that agarase could
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Fig. 1. A: Scheme of novel a-agarase screening pipeline. B: Phylogenetic tree analysis of collected 298 a-agarases. IQ-tree was used to infer the phylogenetic tree and
ITOL was used for visualization. The color of the outer ring of the evolutionary tree represents the species of the corresponding protein origin, the outermost circle
represents whether the protein origin species can be cultured, and the different coloured pentagrams represent the studied proteins and AgaB. Three GH16 agarases
were used as outgroup. C: Paradigms of a-agarases domain architecture. D: Distribution of a-agarases domain architecture paradigms.

degrade the polysaccharide.

Effect of Ca?* on agarase activity

Most reported a-agarases needed Ca®" as the co-factor, therefore we
firstly investigated if AgaB needed metal ions as co-factor and if Ca%*
could enhance AgaB activity. Exhaustively dialysis was used to remove
Ca2" from the purified enzyme solution. The purified a-agarase was
dialyzed using a Ca®* buffer (20 mM Tris-HCl, 100 mM NaCl, pH7.0),
with a volume of 2 L each time and dialyzed 5 times. First, to confirm if
AgaB was metal ion dependent, we assessed the enzyme’s activity by
introducing varying concentrations of a metal ion chelator (EDTA) at
levels of 0 mM, 1 mM, 5 mM, 10 mM, and 20 mM. The presence of EDTA
causing a decrease in AgaB’s activity would signify the essentiality of
metal ion as a cofactor for AgaB; conversely, its sustained activity would
indicate otherwise. Then different concentrations of Ca®* (0 mM, 1 mM,
5 mM, 10 mM, 20 mM and 50 mM) were added to the reaction system
separately and the enzyme activity was measured under optimal
conditions.

Optimum temperature and temperature stability

To evaluate the optimal temperature of the recombinant agarase, the
enzyme activity was tested at 0 °C, 10 °C, 20 °C, 30 °C, 40 °C, 50 °C and
60 °C. The temperature with highest enzyme activity was the optimum

temperature. To test the temperature tolerance of the recombinant
agarase, the agarase was placed at different temperatures and its enzyme
activity was measured after 2 h (Song et al., 2021).

Optimum pH and pH stability

To test the optimal reaction pH of the recombinant agarase, agarose
solutions were prepared using Britton-Robinso pH buffers (pH 3-11).
The agarase was added to 0.2 % agarose solution prepared using
different pH buffer solutions and reacted at 40 °C for 15 min to measure
the released reducing sugar. To test the stability of purified AgaB at
different pHs, the agarase was placed in different pH buffers and its
enzyme activity was measured after 2 h. In this experiment, the highest
enzyme activity was recorded as 100 % to calculate the relative enzyme
activity under other conditions (Song et al., 2021).

Effect of heavy metal ions and chemical regents on enzyme activity

To investigate the effect of metal ions and chemical reagents on the
activity of recombinant agarase, 1 mM and 10 mM of Co?*, Ba?*, Ni%",
FeZ*, Mg?*, Mn?*, Cu®™, Li*, Zn®*, Cr?*, Fe3* and SDS were added to
the substrate separately. Inactivated enzyme solution was used as a
blank control and the positive control was enzyme activity without the
addition of metal ions. The enzyme activity was recorded as 100 % and
used to calculate the relative enzyme activity at different concentrations
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of metal ions and chemical reagents.

Effect of salt concentration on enzyme activity

0.2 % agarose solutions with different NaCl concentrations (0.10 M,
0.20 M, 0.50 M, 1.00 M, 2.00 M and 3.00 M) were prepared and purified
AgaB was added separately. The enzyme activity was measured after
reacting for 15 min under optimal conditions. In this experiment, the
highest enzyme activity was recorded as 100 % to calculate the relative
enzyme activity of recombinant agarase at different NaCl
concentrations.

Kinetic parameter measurement

AgaB was added to a mixture of different concentrations of agarose
solution (0.05 %, 0.08 %, 0.10 %, 0.15 %, 0.20 %, 0.25 % and 0.30 %)
containing purified AgaB (without Ca?"), purified AgaB (with Ca®").
The enzyme activity was measured after incubating for 15 min under
optimal conditions using the Lineweaver-Burk double reciprocal plot
method in origin software (Jumper et al., 2021). A plot of 1/V against 1/
[S] was used to determine Vmax and Km.

Characterization of hydrolyzed product

5 U AgaB was added to a 10 mL 0.2 % agarose solution (20 mM Tris-
HCl and 10 mM CaCly, pH 7.0). Samples were taken at different time
points: 0, 3, 5, 10, 15, 30, 60 and 120, 240 min. The supernatants were
collected by centrifugation and applied to thin layer chromatography
using n-butanol/acetic acid/distilled water (volume ratio = 2:1:1) as
developing agent and aniline-diphenylamine solution as coloring agent.
Freeze-dried products were dissolved in D20 and then analyzed using
JNM-ECZ400S (400 M) spectrometer. Meanwhile, the freeze-dried
products were also analyzed using electrospray-ionization mass spec-
trometry (ESI-MS) in negative ion mode.

Structure prediction and molecular docking of AgaB

Homology modeling was not used to predict AgaB structure because
no 3D structure of GH96 family protein was available currently.
Therefore, AgaB model was produced using AlphaFold Colab notebook
using the default settings with Amber relaxation (msa_method =
mmseqs2, homooligomer = 1, pair mode = unpaired, max_msa =
512:1024, num_relax = 5, use_ptm = True, rank by = pLDDT, num_-
models = 5, max_recycles = 3, use_templates = False) (Mirdita et al.,
2022) (Jumper et al., 2021). Consurf online service was used to analyze
conservation of AgaB, Prankweb3 was used to predict the substrate
binding pocket and Autodock Vina was used to conduct the molecular
docking (Ashkenazy et al., 2016; Jakubec, Skoda, Krivak, Novotny, &
Hoksza, 2022; Trott, Olson, & Vina, 2009).

Construction of truncated a-agarase

Three truncations were constructed, including Truncation-1
(30-108), Truncation-2 (109-789), and Truncation-3 (160-786), each
containing CBM2, linker + GH96, and GH96, respectively. The plasmid
construction, protein expression, protein purification and enzyme ki-
netic assay were similar to those for AgaB. Corresponding primers were
showed in Supplementary material 1.

Site directed mutagenesis

Overlapping PCR was used for construct site directed mutagenesis
and the mutants were sequenced to confirm. The plasmid construction,
protein expression, protein purification and enzyme kinetic assay were
similar to those for AgaB. Corresponding primers were showed in Sup-
plementary material 1.
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Results and discussion
Screen of novel a-agarase with novel CBM domain

Phyla distribution of a-agarases

The enzymatic degradation of agar by a-agarase produces oligosac-
charides with unique biological activities and significant economic po-
tential, making o-agarase a vital enzyme. Therefore, developing
accurate and efficient methods to explore a-agarase is crucial for
enhancing its diversity and quantity, and is an indispensable prerequi-
site for its industrial application. In this study, we utilized bioinformatic
ways to find 298 a-agarases, (Fig. 1A). The phylogenetic tree analysis
revealed that the 7 previously studied o-agarases and AgaB were
grouped within the same clade, indicating that they shared a common
ancestor. Meanwhile, the 7 agarases formed a smaller distinct subclade,
and the short branch lengths suggested they were closely related. This
was consistent with their high sequence similarity with each other (44 %
to 90.5 %). Based on phylogenetic topology, AgaB was distinct with the
reported agarases and selected for subsequent study (Fig. 1B). Mean-
while, the short branch lengths in this clade might because they have
high sequence similarities. The taxonomic distribution of these explored
a-agarases revealed that the majority came from bacteria, with the PVC
group (35.7 %), Terrabacteria group (27.9 %), and Proteobacteria (18.6 %)
being the most common. In contrast, only a small proportion of
a-agarases (3.2 %) were from the Euryarchaeota. Remarkably, although
a-agarases were found across various bacterial and archaeal phyla, all
reported a-agarases to date are from Proteobacteria. Furthermore, a
significant proportion of the microbes carrying a-agarases (74.5 %) were
from metagenomes, while only 25.5 % can be cultivated in the labora-
tory. The prevalence of Proteobacteria among cultivable microorganisms
corresponds to the observed pattern of a-agarase exclusivity to Proteo-
bacteria. Thus, the reliance on screening coupled with sequencing may
introduce a bias towards bacterial species that are easier to cultivate in
laboratory settings when exploring o-agarase, potentially skewing
a-agarase discovery.

Screen of novel a-agarases

Due to the impracticality of studying all 298 individual a-agarases,
representative o-agarases with specific domain architectures were
selected for investigation (Fig. 1C). The domain architecture of a-agar-
ase had four different paradigms, which were Paradigm-1 (GH96, 88.2
%), Paradigm-2 (GH96 + CBM2, 0.7 %), Paradigm-3 (GH96 + GH143,
1.4 %), and Paradigm-4 (GH96 + CBMS6, 9.6 %) (Fig. 1D). The most
abundant paradigm was Paradigm-1, which mostly consisted of mem-
bers with one or two GH96 domains. Paradigm-4 had the second-largest
number of members and included all currently reported a-agarases, with
3-4 consecutive CBM6 domains. Paradigms 2 and 3 had the fewest
members, with only 2 and 4 members, respectively, but they also con-
tained domains that have never been found in agarase, namely CBM2
and GH143 domains.

Paradigm 2 (GH96 + CBM2) was selected for this study based on two
considerations: firstly, CBM2 was not found in any reported agarases,
and secondly, the presence of CBM could enhance both the solubility
and stability of agarase, thereby increasing success probability of ex-
periments. Consequently, Paradigm 1 and Paradigm 3 were not
considered due to the absence of the CBM domain, and Paradigm 4 was
not considered because CBM6-containing agarases were well studied in
previous studies. There were 2 proteins from Paradigm 2, including
PCK04292.1 from a metagenomic assemble genome Alteromonadaceae
bacterium and WP_086933634.1 from A. rhodophyticola. Considering the
A. rhodophyticola was deposited in MCCC, we chose A. rhodophyticola for
later analysis of a-agarase’s role in agar degradation process. Protein
AgaB (WP_086933634.1) had a N-terminal CBM2 domain, shared
49-65 % sequence identities and 41-65 % coverage with known
a-agarases, indicating that it is a novel a-agarase.

Since the first discovery of a-agarase in the 1993, only a few
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a-agarases have been reported. Compared to the traditional method of
screening agarases by culturing bacteria and sequencing, constructing
a-agarase database for screening has several advantages. First, this
approach utilizes current sequencing data and enables researchers to
target the screening of a-agarases with novel domain architecture or low
sequence similarity. If the bacterium is cultivable, researchers may
obtain the strain from a bacteria culture collection center and investi-
gate the role of a-agarase in corresponding strain’s agar utilization.
Second, the computer-assisted approach is not limited by the bacterial
screening method or sampling, making it possible to explore the “dark
matter” of metagenomes and enabling researchers to quickly identify
novel proteins of interest. In particular, for proteins such as a-agarases,
which are sparsely reported and studied, the use of computer-assisted
approaches is crucial to augment the diversity of a-agarases.

Biochemical characterization of AgaB

Purification and expression of AgaB
After CBM2-containing AgaB is selected, we purchased and cultured
the corresponding bacterial strain A. rhodophyticola from MCCC, not

only to clone AgaB gene, but also to study its role in agar degradation.
Despite our attempts to alter the culture medium, adjust the culture
temperature, and re-inoculate the strain, A. rhodophyticola failed to
propagate after one passage. We were able to extract ample genomic
DNA from a colony on a plate, enabling us to proceed with gene
amplification and vector construction. Moreover, a lot of effort was
made to obtain soluble and active AgaB. Firstly, we attempted to express
AgaB in different bacterial strains, and recombinant AgaB was only
expressed actively in E. coli Rosetta (DE3) strain while not in E coli BL21
(DE3). This was probably because AgaB had rare codons, especially
continuous occurrence of rare codon (Supplementary material 2). Sec-
ondly, the expression conditions for AgaB were strict, as it only
expressed at ODgoonm Of 0.4-0.6, induction temperature of 16-20°C, and
IPTG concentration of 1-5 mM. Activity sharply decreased or was absent
when these conditions were not met. Following metal affinity chroma-
tography purification, AgaB exhibited a single band with over 90 %
purity on SDS-PAGE with 90 kDa molecular mass, which was close to
predicted 89.8 kDa (Fig. 2A). Furthermore, AgaB was found to be active
only against agarose, but not pectin, starch, beta-glucan, cellulose, or
carrageenan, indicating that it is an agarase (Fig. 2B).
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Table 1
Ky, and Vi of AgaB, AgaB mutants and truncations.

K (mg/mL) Vinax (U/mg)
AgaB" 3.18 £ 0.23 0.24 + 0.13
AgaBb 0.35 £ 0.01 0.63 £ 0.11
Truncation-2 4.30 + 0.37 0.79 £+ 0.04
Truncation-3 5.47 £0.28 3.96 + 0.30
E468Q ND ND
D259N 0.11 £ 0.01 0.55 + 0.03
D333N ND ND
E452Q 0.27 £ 0.02 1.21 £+ 0.05

2 AgaB activity was detected in 20 mM Tri-HCl buffer without Ca®*.
b AgaB activity was detected in 20 mM Tri-HCl buffer without 10 mM Ca®".

Table 2
Effects of different metal ions and reagents on AgaB activity.
1 mM 10 mM

Control 100.01 + 3.13 100.00 =+ 7.93
Cu** 62.47 + 3.53 58.85 + 2.97
Mg+ 80.26 + 3.68 86.91 + 1.93
Mn?* 58.55 + 5.36 0.00 + 0.00
Co** 87.35 + 5.50 57.67 + 3.11
Ba®" 121.27 + 6.75 122.43 + 5.97
Nit 78.90 + 4.05 52.54 + 4.65
crt 60.51 + 1.71 32.71 + 2.66
Lit 61.71 + 1.59 106.97 + 1.87
Fe3* 60.66 + 1.63 26.82 + 1.63
Fe?* 82.22 + 6.02 33.02 + 9.88
Zn%* 72.27 + 1.71 37.30 + 3.13
SDS 71.36 + 4.53 19.70 + 0.53

Dependent of Ca®" for enzyme activity

In previous reports, Ca?* was characterized as critical co-factor for
a-agarase (Lee et al., 2019; Liu et al., 2019; Zhang et al., 2018). Firstly,
our results showed that the relative enzymatic activity of AgaB was 52
%, 48 %, and 47 % at EDTA concentrations of 1 mM, 5 mM, and 10 mM,
respectively (Fig. 2C). Thus, although EDTA can reduce AgaB activity, it
does not completely abolish it. Secondly, the addition of Ca®* resulted in
AgaB activity increment, with the highest activity observed at 10 mM,
which was 1.75 times higher than the activity without Ca®* (Fig. 2D).
However, when the calcium ion concentration exceeded 10 mM, the
activity slightly decreased. Thirdly, the presence of Ca2" significantly
enhanced the substrate affinity of AgaB enzyme, as evidenced by a lower
Km value (0.34 mg/mL) compared to that in the absence of Ca®t (3.18
mg/mL) (Table 1). In conclusion, our results suggested that Ca%* may
enhance the binding between AgaB and its substrate.

We hypothesized that Ca%* improved AgaB activity by enhancing the
binding affinity between substrate and enzyme, while AgaB could
exhibit activity without Ca?". This was similar to AgaE from Thalasso-
monas sp. LD5 and AgaWS5 from Thalassomonas agarivorans (Lee et al.,
2019; Zhang et al., 2018). However, in some reports, EDTA could
completely inhibit a-agarase activity (Liu et al., 2019; Zhang et al.,
2018). This is likely due to the low activity of the enzyme itself making it
undetectable when Ca?t was removed and activity decreased, or the
agarase was not stable after removal of Ca2*. Therefore, the mechanism
by which Ca?* affect AgaB activity requires further investigation.

Effects of metal ions and chemical regeants on enzyme activities

AgaB was tolerant to most metal ions and exhibited 26.82 %-87.35 %
enzymatic activity in the presence different metal ions (1 mM or 10 mM)
(Table 2). For example, AgaB maintained activity in the presence of
metal ions at a concentration of 10 mM, with Cu®* (58.85 % activity),
MgZ" (86.91 %), Co?t (57.67 %), Nit (52.54 %), Cr>* (32.71 %), Fe>*
(26.82 %), Fe>™ (33.02 %), and Zn>" (37.30 %). Only the presence of 10
mM Mn?* led to complete inactivation of the enzyme, which was also
observed in AgaD from Thalassomonas sp. LD5 (Zhang et al., 2018).
Notably, 1 mM and 10 mM Ba®" significantly enhanced the activity of
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AgaB, by 21.27 % and 22.43 %, respectively. Meanwhile, the enzymatic
activity of AgaB was significantly reduced in the presence of 1 mM or 10
mM SDS, with respective decreases of 71.36 % and 19.70 %. This sug-
gested that the enzyme was sensitive to the presence of detergents,
which may limit its application.

Effects of temperature and pH on enzyme activities

The optimum temperature of a-agarase was 40 °C, with over 80 %
enzymatic activity retained at 30-40 °C (Fig. 2E). The optimal temper-
ature for AgaB was similar to the reported optimal temperature for most
a-agarases. This was possible that the predominant a-agarases came
from marine environments, where temperatures typically range from
0 to 35°C. a-agarases had evolved to adapt its natural habitat. Mean-
while, like other a-agarases, AgaB was relative stable at 0-20 °C and its
activity declined sharply when exposed to temperatures of 50 °C or
higher (Fig. 2F).

The optimum pH for AgaB was 7, which was also the optimum pH for
other reported a-agarases. AgaB showed over 50 % enzymatic activity
between pH 4-8, indicating its relative wide pH range (Fig. 2G). AgaB
retained over 80 % activity after being incubated for 2 h at pH 7-11,
indicating AgaB was relative stable in alkaline environment (Fig. 2H).
This was similar to CaLJ96 from C. agarivorans and better than AgaE
from Thalassomonas sp. LD5 (Xu et al. (2022); Lee et al., 2019). The fact
that AgaB is stable within an alkaline environment could be advanta-
geous for its industrial applications.

Effects of salt concentration on enzyme activities
Most agarases came from marine environments and therefore the salt
concentration might affect the enzyme activities. Both NaCl and KCl
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could enhance AgaB enzymatic activity (Fig. 2I and Fig. 2J). For
instance, 0.1 M NaCl increased the enzyme activity by 23.44 %, while
0.2 M KCl increased it by 17.54 %. As the salt concentration increased,
the activity of AgaB gradually decreased. However, even at a salt con-
centration of 3 M, AgaB retained activity. For example, AgaB showed
29.86 % and 43.38 % activities in the presence of 3 M NaCl and 3 M KCl.
Tolerance to high salt concentration was not reported in any reported
a-agarases and is also advantageous in industrial application.

Characterization of degradation products

TLC was used to determine whether AgaB is an endo- or exo-type
enzyme. It was observed that large oligosaccharides appeared after 10
min hydrolysis and low molecular mass oligosaccharides increased with
time on TLC plate (Fig. 3A). At 240 min, reducing sugar amounts were
not increased and only two bands were observed. Therefore, like other
reported a-agarases, AgaB was an endo-type a-agarase rather than exo-
type a-agarase. ESI-MS analysis of hydrolysis product showed that two
products might be A4 and A6, because the appearance of 664.97 mz ([M
+ Cl]-) and 971.05 mz ([M + Cl]-) (Fig. 3B). Similarly, hydrolysis
products of AgaE from Thalassomonas sp. LD5 were also A4 and A6,
while other a-Agarases mainly produced A4 as the major hydrolysis
product.

In addition, NMR analysis of the products showed appearance of a
characteristic peak of a-agarase at 90.72 ppm (corresponding to hy-
drated form of the aldehyde), indicating the AgaB was an a-agarase
(Rochas, Potin, & Kloareg, 1994) (Fig. 3C). The signals (97.11 ppm and
93.12 ppm) for C-1 position of galactose residue confirmed that 3,6-
anhydropyranose was the reducing end of purified oligosaccharides
(Li et al., 2007). Therefore, combining the MS results and CNMR results,
we confirmed that AgaB was an endo-type a-agarase which produced A4
and A6 as main products.

Catalytic mechanism study of AgaB

Prediction of AgaB three-dimension structure

The investigation of the catalytic mechanism of a-agarase has been
limited in previous reports due to the lack of a 3D structure. The scarcity
of a-agarases and difficulties in their expression have greatly impeded
progress in characterizing their crystal structures. Thanks to the recent
development of Al-based algorithms for 3D structure prediction, it is
now possible to simulate the 3D structure of a-agarase and investigate its
catalytic mechanism even in the absence of experimentally verified
structures. In this study, the three-dimensional structure of AgaB was
predicted using the widely used AlphaFold2 algorithm. The prediction
results revealed that the AgaB 3D structure comprised a N-terminal
CBM2 domain and a C-terminal GH96 domain, connected by a long
linker (amino acids 108-160) (Fig. 4A and B). The CBM2 structure
consisted mainly of p-sheets and was attached to the surface of GH96
structure, possibly through hydrogen bonds and salt bridges. The GH96
structure was comprised of multiple p-sheets and a-helices. Both struc-
tures (CBM2 and GH96) had a high confidence score, and only the
confidence score of the linker random coil was low (Supplementary
material 3). Since the low confidence region was not located within the
functional domains, this predicted structure can be used for subsequent
analysis.

Engzyme kinetic analysis of truncations

We sought to examine the impact of the CBM2 domain on AgaB
activity by constructing three truncations, Truncation-1 (30-108),
Truncation-2 (109-789), and Truncation-3 (160-786), comprising
CBM2, linker + GH96, and GH96 domain, respectively (Fig. 4C).
However, only Truncation-2 and Truncation-3 were successfully
expressed, while Truncation-1 failed to be expressed even though the
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expression conditions were exclusively optimized. Interestingly, we
found that purified Truncation-2 and Truncation-3 had agarase activity,
indicating that a-agarase could be expressed solubly without the CBM2
domain and retained activity (Fig. 4D). This finding contrasts with
previous studies that showed CBM was essential for a-agarase stability,
such as AgaE from Thalassomonas sp. LD5, which did not have activity
after CBM was removed. Therefore, we hypothesized that CBM2 domain
might not be essential for the soluble expression and activity of AgaB.
Moreover, our findings also suggested that the CBM2 domain could
enhance the affinity between AgaB and substrate. The quantitative
measurement of binding affinity between CBM2 and agarose was un-
known because CBM2 was not successfully expressed. Km values of
CBM2-removed truncations (Truncation-2 and Truncation-3) increased
12.32- and 16.44-fold compared to that of AgaB (with ca®h, respec-
tively, and 1.35 and 1.8-fold increases for AgaB (without ca®h
(Table 1). Therefore, our results indicated that CBM2 could increase

substrate binding affinity evidenced by increased Km value of CBM2-
removed truncations, which was similar to previous report (Alkotaini,
Han, & Kim, 2016). Moreover, our findings extended the substrate
spectrum of CBM2 family, as known CBM2 could only bind to chitin
(Hanazono et al., 2016), cellulose (Courtade, Forsberg, Heggset, Eijsink,
& Aachmann, 2018), xylan (Simpson, Xie, Bolam, Gilbert, & Williamson,
2000), and B-glucan (Courtade et al., 2018).

In our study, we found that Truncation-2 and Truncation-3 had
higher Vipay values compared to full-length AgaB (with Ca®"), with 1.25-
fold and 6.26-fold increases, respectively (Table 1). These results sug-
gested that the linker region may impede enzyme catalytic efficiency.
The removal of the flexible linker region may have removed an obstacle
to enzyme-substrate interactions or conformational changes required for
catalytic activity. Additionally, we found that this discovery provided a
strategy for the industrial application of AgaB, which usually requires
high concentrations of agarose for biomass conversion and enzymes that
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are usually substrate saturated. Therefore, Truncation-3, which had
higher catalytic efficiency and lower molecular mass, may be a more
optimal choice.

Key catalytic amino acid of AgaB

Studies on the catalytic mechanism of alpha-agarase have been
limited, but using the protein structure predicted by AlphaFold, we
attempted to elucidate its catalytic mechanism. Firstly, we used consurf
analysis to identify the conserved amino acid residues. Most conserved
amino acid residues located in the cleft formed by alpha helices and beta
folds in the GH96 domain, which was adjacent to the CBM2 structure
(Fig. 5A). Meanwhile, 5 substrate binding pockets were predicted and all
of them were located on one side of CBM2 and GH96 (Fig. 5B and
Supplementary material 4). Pocket 1, Pocket 2 and Pocket 4 were in the
conserved region predicted by consurf, making them likely to be
involved in agarose hydrolysis. However, the predicted binding pockets
involved too many amino acids, making it difficult to identify the key
catalytic amino acid. Therefore, we used Truncation-3 which had cata-
lytic activity and a simpler structure for further substrate binding pocket
prediction. Truncation-3 only had 1 predicted binding pocket, which
matched the conserved region predicted by consurf, greatly reducing the
number of amino acid candidates (Fig. 5C).

The conservation of catalytic amino acids in glycoside hydrolases
(GH) is essential during protein evolution process. In this study, we
aimed to identify conserved aspartic acids and glutamic acids in the
substrate-binding pocket of AgaB. We employed Prank and Consurf
analyses to identify the most conserved amino acids in the substrate-
binding pocket. In predicted substrate-binding pocket, 2 aspartic acids
(D333 and D259) and 2 glutamic acids (E452 and E468) were found.
Subsequently, the Consurf analysis revealed that D333 and E468 were
the most conserved residues (100 %), while D259 and E452 were rela-
tively conserved (Supplementary material 5). To confirm the potential
catalytic amino acids, we used molecular docking and selected NA6 as
the substrate because AgaB could only degrade oligosaccharides equal to
or longer than NA6. Autodock-vina results showed that the best match
had an affinity score of —8.5 kcal/mol, indicating high affinity between
the ligand and AgaB. Among the amino acids that interacted with NA6,
D333, E468, D259, E452, and D349 were identified (Fig. 5D, 5E and 5F).
Finally, based on the results of the substrate-binding pocket analysis,
protein conservation analysis, and molecular docking, we selected
D333, E468, D259, and E452 as candidate sites for subsequent muta-
genesis studies.

Through expression and purification of 4 mutants (D333, E468,
D259, E452), we found that E468Q and D333N, exhibited no enzymatic
activity. Considering that these two amino acids were highly conserved
and located within the predicted pocket, and the molecular docking
results predicedt their interaction with NA6 through hydrogen bonding,
we speculated that they play a role as a proton donor or a nucleophile/
base. Interestingly, previous reported AgaE from Thalassomonas sp. LD5
inferred D779 was critical for catalysis, which was different with our
finds. Therefore, further experimental studies are needed, particularly
on experimentally confirmed crystal structures, to clarify the catalytic
mechanism of a-agarase.

Meanwhile, the K, and V. values of D259N and E452Q mutants
were changed compared to the wild type. For example, K, values of
D259N (0.11 mg/mL) and E452Q (0.27 mg/mL) were lower than that of
AgaB (0.35 mg/mL). Meanwhile, Vp.x of D259N (0.55 U/mg) was
slightly decreased and the Vj,x of E452Q (1.21 U/mg) was doubled
comparing with Vyax of AgaB (0.63 U/mg) (Table 1). These results
indicated that mutation of key amino acids in the substrate binding
pocket may be a feasible strategy for improving the catalytic properties
of AgaB.

Conclusion and perspective

The absence of specific screening methods is the primary reason for
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the scarcity and inadequate diversity of a-agarases. We employed a
computer-assisted screen method to find a novel a-agarase with CBM2
domain, which was never found in agarases. The following enzyme
characterization indicates its potential in industrial application due to
its small molecular weight and tolerance to most heavy metal ions. The
identification of crucial catalytic amino acids and substrate binding
pocket also lay a foundation for improving its catalytic efficiency and
enzyme stability.
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