Applied Microbiology and Biotechnology (2020) 104:10541-10553
https://doi.org/10.1007/500253-020-10969-2

BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS @

Check for
updates

Inducible expression of agar-degrading genes in a marine bacterium
Catenovulum maritimus Q1" and characterization of a p-agarase

Zhen-Xing Xu' - Pei Yu' - Qi-Yun Liang' - Da-Shuai Mu'? - Zong-Jun Du'?

Received: 2 September 2020 /Revised: 9 October 2020 / Accepted: 18 October 2020 / Published online: 26 October 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Agar-degrading bacteria are crucial drivers for the carbon cycle in the marine environments due to their ability that use algae as a
carbon source. Although numerous agar-degrading bacteria and agarases have been reported, little is known about expression
levels of agar-degrading genes in wild strains. Here, the genome of an agar-hydrolyzing marine bacterium, Catenovulum
maritimus Q17, was sequenced and annotated with 11 agarase and 2 neoagarooligosaccharide hydrolase genes. Quantitative
PCR revealed that all the annotated agar-degrading genes were expressed consistently that initially upregulated and then
gradually downregulated under agarose induction. Moreover, the presence of glucose inhibited the agar-degrading ability, in
terms of both gene expression and enzymatic activity. These facts indicated the agar-degrading ability of wild bacteria was
mainly induced by agarose and repressed by the available carbon source. Additionally, a (3-agarase, AgaQl, belonging to the
GH16 family, with high expression in strain Q1", was cloned and characterized. Biochemical analysis showed that the recom-
binant AgaQ1 was substrate-specific, yielding neoagarotetraose and neoagarohexaose as the main products. It exhibited optimal
activity at 40 °C, pH 8.0, and an agarose concentration of 1.6% (w/v). Besides, AgaQ1 showed a high-specific activity (757.7
U/mg) and stable enzymatic activity under different ion or agent treatments; thus, AgaQ1 has great potential in industrial
applications.

Key points

« The genome of C. maritimus Q1" was sequenced and annotated with 11 agarases and 2 Nabh genes.
« The expression of agar-degrading genes in the strain C. maritimus Q1" was induced by agarose.

* Glucose was the carbon source utilized prior to agarose for bacterial growth.

* A [B-agarase, AgaQl, with high expression and activity was identified.

Keywords Agar-degrading bacteria - Catenovulum maritimus - Gene expression - Agarose induction - (3-agarase AgaQl -
Characterization

Introduction

The oceans cover for more than 70% of the Earth’s surface
and produce an abundance of algae, which are among the
most potentially significant sources of sustainable biofuels
(Wargacki et al. 2012; Menetrez 2012; Kawai and Murata
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replacing the L monomer. The galactan backbones are often
masked by ester sulfate groups, methyl groups, or pyruvic
acid acetal groups, thereby increasing the number of possible
agarobiose structures (Lahaye et al. 1989; Usov 1998; van de
Velde et al. 2002). Given their tandem repetitive feature, agar
hydrolysis is easily performed by chemical or biological treat-
ments (Yun etal. 2017; Xu etal. 2018). The common products
of agar hydrolysis are mixtures of oligosaccharides, the so-
called agar-oligosaccharides, which are generally water-solu-
ble, harmless, and easily absorbed by the body (Kim et al.
2017; Hong et al. 2019). Moreover, agar-oligosaccharides
with a low degree of polymerization, such as neoagarobiose
(NA2), neoagarotetraose (NA4), and neoagarohexaose
(NAO6), have also been reported to possess antioxidative activ-
ities, bacteriostatic ability, and moisture retention capacity
when applied to human skin (Kang et al. 2014; Kim et al.
2017; Yun et al. 2017). Hence, agar-oligosaccharides have
great potential for the applications in foods, medicines,
nutraceuticals, cosmetics, and other fields (Wang et al. 2004;
Yun et al. 2017; Park et al. 2020).

Although chemical and enzymatic methods are both used
for agar degradation, the latter has more potential due to better
controllability of products and the uncertain environmental
effect of the former (Chi et al. 2012). Agarase, the first key
enzyme in the agar-degrading pathway, is a glycoside hydro-
lase, mostly obtained from bacteria that can degrade agarose
to agaro-oligosaccharides (AOS) or neoagaro-
oligosaccharides (NAOS). Based on their cleavage pattern,
agarases are classified as «-agarase (E.C. 3.2.1.158) if they
hydrolyze the «~(1,3) glycosidic bonds of neoagarobiose re-
peating moieties to produces AOS (Potin et al. 1993), or 3-
agarase (E.C. 3.2.1.81) if they hydrolyze the (3-(1,4) glycosid-
ic bonds of agarobiose repeating moieties to produce NAOS
(Kirimura et al. 1999). According to the carbohydrate-active
enzymes (CAZY) database (http://www.cazy.org/), «-
agarases are classified within the glycoside hydrolase (GH)-
96 family, with 5 members now, while [3-agarases are mainly
classified into families: GH16, GH39, GH50, GH86, and
GH118 families (Park et al. 2020). Therein, the GH16 family
is the largest agarase group and contains hundreds of reported
members with high enzyme activities (Fu and Kim 2010; Park
et al. 2020).

Many agarases have been reported to digest agarose to
NAOS or AOS, but the smallest product of hydrolysis has
been NA2 or agarobiose, and none have been reported to
digest agarose to monosaccharide, the direct carbon source
for bacterial growth (Fu and Kim 2010; Chi et al. 2012).
Hence, to further utilize NA2 or agarobiose, agar-degrading
bacteria must also harbor NA2 or agarobiose hydrolase to
support the final stage of agar degradation, even if no purified
agarobiose hydrolase has yet been purified and identified
(Kim et al. 2018). Neoagarooligosaccharide hydrolase
(Nabh) was first discovered by Day and Yaphe in 1975, in
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the marine bacterium Pseudomonas atlantica, with the ability
to cleave NA2 to LA and G (Day and Yaphe 1975).
Subsequently, several Nabhs belonging to a novel family
GH117 were successively reported, with different substrate
preferences (Suzuki et al. 2002; Rebuffet et al. 2011; Jiang
et al. 2020). Although there are many reports of the two key
steps of agarose degradation (Chi et al. 2012; Park et al. 2020),
an understanding of the expression level of both agarase and
Nabh genes in wild bacteria is limited.

Numerous marine microorganisms have been reported to
have agar-degrading ability, such as the genera Catenovulum
(Yan et al. 2011), Aquimarina (Chen et al. 2012),
Thalassomonas (Park et al. 2011), Colwellia (Xu et al.
2017a), and Tenacibaculum (Xu et al. 2017b). Among them,
the genus Catenovulum was proposed by Yan etal. (2011) and
contained three agar-hydrolyzing species C. agarivorans
YMO1" (Yan et al. 2011), C. maritimum Q1" (Li et al.
2015), and C. sediminis D2" (Shi et al. 2017). These three
Catenovulum strains have been reported to show high enzy-
matic degradation and utilization of multiple polysaccharides,
such as agarose, alginate, and starch (Shi et al. 2017).
Particularly, strain C. maritimum Q17 can liquefy and grow
on agarose as the sole carbon source, indicating that it can
secrete highly active agarases, a trait which was further ex-
plored in this study.

Taking the agar-hydrolyzing marine bacterium
C. maritimus Q1", we clarified the dynamic expression char-
acteristics of all annotated agar-degrading genes, and charac-
terized an endo-type (3-agarase, AgaQl, with significant in-
dustrial potential.

Materials and methods
Strains

The strain C. maritimus QlT, isolated from the surface of the
marine alga, Porphyra yezoensis Ueda, was commonly cul-
tured at 28 °C on marine agar 2216 (MA; BD Difco, NY,
USA) or marine broth 2216 (MB; Difco) supplemented with
0.5% glucose (MBG) or 0.5% agarose (MBA) (Li et al. 2015).
Escherichia coli DH5x and E. coli Rosetta™ (DE3), which
were used as the hosts for cloning and expression, respective-
ly, were cultured at 37 °C in Luria-Bertani (LB) medium.

Genome sequencing and analysis of the strain Q1"

The biomass of the strain Q17 for genome sequence was har-
vested after culturing in MBG for 2 days. Genomic DNA was
extracted using a bacterial genomic DNA kit (Takara, Tokyo,
Japan), according to the manufacturer’s instructions for Gram-
stain negative bacteria. The quality and quantity of DNA sam-
ples were determined using a BioPhotometer (Eppendorf,
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Hamburg, Germany). Next, the DNA sample was randomly
fragmented to produce DNA fragments of the desired length,
followed by end repair and the adapter ligation. The qualified
libraries were constructed and sequenced using Illumina
MiSeq paired-end sequencing technology at Shanghai
Personal Biotechnology (Shanghai, China). Raw sequencing
data were assembled using Newbler version 2.8 (Margulies
et al. 2005) and GapCloser version 1.12 (Luo et al. 2012).
Protein-coding gene prediction and annotation were per-
formed based on the SEED database of the RAST server
(Aziz et al. 2008), the Swiss-Prot database (Bairoch and
Apweiler 2000), and the NCBI Refseq database (Pruitt et al.
2005).

Sequence analysis of the agar-degrading enzyme
genes

All agarase genes and Nabh genes of strain Q1" were identi-
fied based on the annotation of the Swiss-Prot database and
CAZY database with the dbCAN2 meta server (Zhang et al.
2018), and further verified by the BLASTP tool against the
NCBI database. Gene integrity was confirmed using ORF
Finder (https://www.ncbi.nlm.nih.gov/orffinder/). The DNA
sequences were translated into amino acid sequences using
the Sequence Manipulation Suite (http://www.
bioinformatics.org/sms/). The molecular weight, isoelectric
point, signal peptide, and transmembrane domain of the
proteins were estimated using the peptide mass tools on the
ExPASy server of the Swiss Institute of Bioinformatics
(Artimo et al. 2012). The circular map, based on the draft
genome and showing the locations of all target genes, was
generated by CGView Serve with the default parameters
(Grant and Stothard 2008). The conserved domains in the
analyzed proteins were annotated using Pfam 32.0 (El-
Gebali et al. 2018) and reconfirmed with the NCBI structure
tool. The amino acid sequences of other agarases were
downloaded from the NCBI database and aligned using the
CLUSTAL W algorithm in MEGA X (Kumar et al. 2018). A
phylogenetic tree, based on amino acid sequences, was con-
structed using the neighbor-joining method, with 1000 boot-
strap replicates in MEGA X (Kumar et al. 2018), and further
edited using EvolView (Subramanian et al. 2019).

Determination of bacterial growth curve and the
agarase activity of the strain Q1"

The growth curve of strain Q17 was drawn based on the
ODgqo values of biomass over time, using 100 mL of the
MBA in a 250-mL conical flask. For the determination of
agarase activity, the wild strain Q17 was cultured with three
different media as the independent variable: MBG, MBA, and
MBGA (MB with 0.5% glucose and 0.5% agarose). Samples
were collected every 4 h from the time bacteria started to

grow, and then preserved at — 20 °C until analysis of enzy-
matic activity. Agarase activity was quantified using a modi-
fied 3,5-dinitrosalicylic acid (DNS) method, as described be-
low (please refer to the section “Enzyme activity assay”),
modified to use 100 uL of the bacterial broth and 100 uL of
the lysis buffer as reaction solutions.

Total RNA extraction, cDNA synthesis, and real-time
quantitative PCR

For RNA extraction, the biomass of strain Q17 was collected
at different growth times from the three different media as
described above. Total RNA was extracted from the cells
using a bacterial RNA extraction kit (Tiangen, Beijing,
China), according to the manufacturer’s instructions. The
quality, concentration, and integrity of extracted RNA were
tested using a BioPhotometer (Eppendorf) and agarose gel
electrophoresis. cDNA synthesis from the RNA templates
was performed using a cDNA synthesis kit (Takara), with
random primers. Real-time quantitative PCR (RT-qPCR)
was performed using the StepOnePlus Real-Time PCR
System (Applied Biosystems, CA, USA) with the SYBR
Green PCR Master Mix (2X, Applied Biosystems), according
to the manufacturer’s instructions. The reaction condition
adopted was the default program of the instrument with the
Fast model. The primer pairs for RT-qPCR were designed
based on the MIQE guidelines (http://rdml.org/miqge), with
the software Primer Premier 5 and listed in Table S1. The
quantification technique used to analyze the data was that
described by Schmittgen and Livak (2008). The geNorm tool
was used to select the most stable genes for use as references.
Data were normalized to the reference genes, 16S rRNA gene
and recA, to increase the robustness of the procedure. All
experiments were repeated three times with independent
RNA samples.

Cloning of the agaQ1 gene

The whole sequence of agarase gene agaQl was amplified
from the genomic DNA of strain Q17 with the primer sets:
agaQl1F: 5°>-GCGCGGATCCATGCTAAACAAAATCA
CGTTATG-3" and agaQIR: 5’-CGCGCTCGAGTTAT
TGGAACTTCCATTGCTG-3’, which contained the BamH
1 and X%ol 1 restriction enzyme sites (underlined), respective-
ly. The amplified products were then purified and inserted into
the expression vector pET-28a (+), using T4 DNA ligase
(Takara). Subsequently, the recombinant plasmid, pET-28a
(+)-agaQl, was transformed into E. coli DH5x competent
cells and further confirmed by Sanger sequencing with the
universal primers, T7 and T7ter. Next, the plasmid pET-28a
(+)-agaQ1 was extracted and purified from E. coli DH5x cells
and transformed into E. coli Rosetta™ (DE3) competent cells
for heterologous expression.
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Expression and purification of the recombinant
enzyme AgaQ1

E. coli Rosetta cells harboring the recombinant plasmid pET-
28a (+)-agaQl were cultured at 37 °C in LB broth supple-
mented with 50 pg/mL kanamycin. When the cell density
reached 0.6-0.8 (ODgqg), 0.1 mM (final concentration) iso-
propyl 3-D-1-thiogalactopyranoside (IPTG) was added to in-
duce the expression of AgaQl. After further overnight incu-
bation at 16 °C, the crude fermentation broth containing bac-
terial cells was collected to verify agarase activity.
Concurrently, bacterial biomass was collected by centrifuga-
tion at 10,000xg for 10 min at 4 °C, and then washed twice
with ice-cold 50 mM Tris-HCI buffer. The collected bacteria
were subsequently re-suspended in 1/20 volume Tris-HCI
buffer and disrupted by sonication (300 W, 6 s bursts, and
10 s pulses for 20 min) in an ice-water bath. Crude inclusion
bodies of AgaQ1l were collected after centrifugation at
12,000xg for 30 min. The purification and renaturation of
inclusion bodies were performed according to the methods
described by Han et al. (2013). Purity and molecular mass of
AgaQl were examined by SDS-PAGE, and the amino acid
sequence was confirmed by LC-MS/MS, supplemented with
the Mascot search engine version 2.3.1, which was carried out
by Beijing Protein Innovation (Beijing, China) using the
Prominence nano LC system (Shimadzu, Tokyo, Japan) inter-
facing with the MicrOTOF-QII system (Bruker Daltonics,
MA, USA). The concentration of purified and renatured pro-
tein was measured using the BCA Protein Assay Kit
(Beyotime, Shanghai, China), with bovine serum albumin
(BSA) as the standard.

Enzyme activity assay

The agar-degrading activity of the wild strain Q1" and recom-
binant AgaQ1 was visualized by staining with Lugol’s iodine
solution and quantified by detecting the reducing sugar using
the DNS method (Miller 1959), with some adjustment. In
brief, the reaction system was first prepared with 50 puL of
the enzyme solution and 150 pL of lysis buffer (50 mM
NaH,PO,4, 300 mM NaCl, 5 mM Imidazole, pH 8.0) contain-
ing 1.0% (w/v) melted agarose. After incubation at 40 °C for
30 min, the reaction was stopped by adding 100 uL. DNS
reagent (1% 3,5-dinitrosalicylic acid, 30% potassium sodium
tartrate, and 1.5% NaOH), and then immersed in boiling water
for 5 min. Then, 700 pL of distilled water was added and
mixed, to chill the reaction system and dilute the reaction
solution to a volume of 1 mL. The absorbance of the reaction
solution was measured at 520 nm using a VersaMax
Microplate Reader (Molecular Devices, CA, USA). The
alkalified (pH > 11) and boiled enzyme solution was used as
the negative control. D-galactose was used as the standard for
calculating agarase-specific activity. Enzyme activity (U) was

@ Springer

defined as the amount of enzyme that produced 1 pmol of
reducing sugars per minute.

Biochemical characterization of AgaQ1

Seven polysaccharides, including agarose, cellulose, gelatin,
carrageenan, alginate, starch, and agar powder, dissolved in
lysis buffer at a concentration of 1.0% (w/v), were individu-
ally assayed to determine the degradable substrates of AgaQ1.
The temperature tests were performed with lysis buffer con-
taining 1.0% (w/v) agarose at a temperature range of 30-80
°C. A pH range of 5.5-10.0 was tested, using the following
buffers (Sangon Biotech, Shanghai, China): MES (pH 5.5 and
6.0), PIPES (pH 7.0), HEPES (pH 8.0), and CAPSO (pH 9.0
and 10.0), at a concentration of 20 mM. The optimal substrate
concentration was confirmed at agarose concentrations rang-
ing from 0.1 to 2.0% (w/v), while the effects of various metal
ions, chelators, and reducing reagents on the activity of
AgaQl were assayed using lysis buffer supplemented with
1.0% agarose and various ions or agents (10 mM). The
agarase activity, under the different conditions listed above,
was determined using the modified DNS method. Relative
activity was defined as the percentage of the maximum
agarolytic activity, except for the effect of various ions and
reagents, whose relative activity was in contrast to the condi-
tion without any ions or reagents.

Identification of products of hydrolysis and the
minimum hydrolytic substrate

To determine the hydrolytic products of purified AgaQl, the
hydrolysis reaction was carried out at 40 °C using 50 uL of the
purified agarase solution and 150 puL of the lysis buffer con-
taining 1.0% (w/v) agarose with a reaction time varying from
5 min to 72 h. The hydrolytic products were detected using
thin layer chromatography (TLC) method, according to the
process described by Cui et al. (2014), using Silica Gel 60
TLC plates (Merck, NJ, USA). Three agar-oligosaccharides,
NA2, NA4, and NAG6, obtained from Seebio Biotech
(Shanghai, China) were used as standard markers.
Identification of the minimum hydrolysis substrate was per-
formed using purified 0.2% (w/v) NA4 or NA6 in the lysis
buffer as the only substrate. The reaction time and detection
method were the same as those used for the identification of
products of agarose hydrolysis.

Accession numbers

All sequences used in this study were deposited in NCBI
database with the following accession numbers: agaQl-
MHO005810, agaQ2-MHO005811, agaQ3-MHO005812,
agaQ4-MHO005813, agaQ5-MH005814, agaQ7-MH005816,
agaQ10-MHO005818, agaQ11-MH005819, agaQ12-
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MHO005820, agaQ13-MH005821, agaQ14-MH005822,
recA-MK770644, 16S rRNA gene-NR 146038.1. The ge-
nome sequences of strain Catenovulum maritimus Q1" were
deposited in NCBI database with the accession number
NZ LAZL00000000.1. The strain Catenovulum maritimus
Q1" is available in the China Center of Industrial Culture
Collection (CICC) and the German Collection of
Microorganisms and Cell Cultures (DSMZ) with accessions
numbers CICC 10836 and DSM 28813", respectively.

Results
Genome analysis of strain Q1"

In the genomic sequence of strain Q1", approximately 6.7
million raw reads were obtained and assembled into 62
contigs, with a total genome length of 4.5 Mbp, a mean cov-
erage of 346 x, and a N50 value of 155,862 bp. The average
G+C content of the genome was 37.9 mol%. Automated an-
notation identified 3751 open reading frames (ORFs), 57
tRNA genes, and 2 CRISPR sequences. Moreover, there were
2482 protein-coding genes annotated with the Swiss-Prot da-
tabase and 56 carbohydrate-active enzymes with the CAZY
database, including 11 agarase genes and 2 Nabh genes,
which were located at different positions in the genome with-
out any contiguity (Fig. 1). Based on the phylogenetic analy-
sis, most of the annotated agarases were clustered into the
various GH families of (3-agarase: AgaQ1 and AgaQ3 belong
to GH16, AgaQ4, AgaQ5, AgaQ7, AgaQll, AgaQ13, and
AgaQ14 belong to GH50, AgaQ10 belongs to GH86, and
AgaQ?2 belongs to GH118 (Fig. 2, Table 1). In addition, an
x-agarase, AgaQ12, belonging to GH96 was also annotated
with a longer amino acid sequence than any of the [3-agarases
(Fig. 2, Table 1). The two annotated Nabhs, Nabhl and
Nabh2, were classified into the family GH117 based on their
high similarities to other reported Nabhs (Table 1). These
multiple agar-degrading enzymes have also explained the high
agar-degrading activity of the wild strain Q1" on agar plates.
Detailed information on the 11 annotated agarase genes and 2
Nabh genes, and their GenBank accession numbers are listed
in Table 1.

Expression profiles of all agar-degrading genes in the
strain Q1"

Before examining the expression profiles of agar-degrading
genes in strain Q1”, a growth curve was first drawn that di-
vided the growth phase of strain Q17 into three parts: lag
phase (08 h), logarithmic phase (8-20 h), and stationary
phase (20-36 h), with a generation time of approximately
2.1 h (Fig. S1). Three times (16 h, 20 h, and 26 h) at specific
points in the growth curve were chosen to harvest bacteria for

RT-qPCR analysis. To calculate the relative expression of all
genes under this study, the culture condition of MBG was
designed as the experimental control. As is shown in Fig.
3a, when agarose alone was used as the inducer, the expres-
sion levels of all annotated agarase and Nabh genes were
initially high, decreasing steadily from the 16 to the 26 h.
However, when both agarose and glucose were used as in-
ducers, the expression initially increased from the 16 to the
20 h, and then decreased from the 20 to the 26 h, which
suggested that the presence of glucose delayed the expression
of all agar-degrading genes. These facts indicate that both
agarase and Nabhs were produced inductively during the bac-
terial logarithmic phase to degrade agarose as a carbon source
for bacterial growth, but were inhibited by the presence of
glucose.

Agar-degrading activity of strain Q1"

The agar-degrading ability of strain Q1" was visualized by the
transparent zones (Fig. 3b) and quantified by detecting the
amount of reducing sugar (Fig. 3c). Although the ability to
degrade agar showed a steadily decreasing trend under aga-
rose induction, agarase activity remained higher than in cul-
tures containing glucose (Fig. 3c). This consistent phenome-
non with the gene expression levels under agarose inductive
conditions indicated that agarase secretion from bacteria was
induced by its substrate, agarose, and inhibited by glucose
(Fig. 3a, 3¢). However, under both agarose and glucose induc-
tion, the enzyme activities continued to increase during the
stationary phase, rather than following the gene expression
profiles by increasing initially, then decreasing (Fig. 3a, 3c).
These conflicting results might be caused by the difference in
durability between gene expression and protein activity. Gene
expression profiles are more sensitive to environmental
change, whereas protein activity can be sustained for longer,
especially if secreted to extracellular conditions.

Analysis of the AgaQ1 gene and amino acid sequence

The gene agaQ! consists of an ORF of 1,314 nucleotides,
encoding a protein of 437 amino acid residues. The predicted
protein AgaQ1 has a molecular mass of 48.6 kDa, and its
calculated isoelectric point is 5.94, higher than all other close
neighbors (Table 2). SignalP 4.1 analysis indicated that
AgaQ]1 contained a signal peptide which was composed of
the first 20 amino acid residues, and no transmembrane helices
were predicted. Conserved domain analysis with the full pro-
tein sequence suggested that AgaQ1l not only contained a
family GH16 catalytic module (Ala20-Lys287) but also
contained a Ricin module (Ser310—Phe436), related to carbo-
hydrate combination, near the C terminus (Fig. 2). A three-
dimensional structure simulation of the catalytic module of
AgaQl shows that 1 o-helix and 14 3-strands are present
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Table 1 The characteristics of all annotated agarases and Nabhs in strain Catenovulum maritimus Q1

Protein ~ Family Length of Size Category Signal Transmembrane The most similar proteins and the sequence Accession no.

name amino acid (kDa) peptide helices identity values

AgaQl  GHIl6 437 48.6 8] Y N YMO1-3, Catenovulum agarivorans YM01 AYW35318.1
(92.3%)

AgaQ2  GHI18 528 56.8 B Y Y AgaXa, Catenovulum sp. X3 (80.3%) AYW35319.1

AgaQ3  GHIl6 350 39.9 8] Y Y ZgAgaC, Zobellia galactanivorans (60.2%) AYW35320.1

AgaQ4  GH50 759 86.6 8] Y N AgaH92, Pseudoalteromonas sp. H9 AYW35321.1
(57.5%)

AgaQ5  GH50 789 89.0 B Y N Aga50B, Saccharophagus degradans 2-40 AYW35322.1
(52.3%)

AgaQ7  GH50 770 87.5 8] Y N Aga50D, Saccharophagus degradans 2-40 AYW35324.1
(51.0%)

AgaQl0 GH86 800 89.0 8] Y Y BuGHS86wt, Bacteroides uniformis (42.9%) AYW35326.1

AgaQll GH50 773 88.6 B Y N Aga50D, Saccharophagus degradans 2-40 AYW35327.1
(52.7%)

AgaQl2 GH96 1466 1589 « Y Y AgaD, Thalassomonas sp. LD5 (97.3%) AYW35328.1

AgaQl3 GH50 783 88.8 B Y N AgaB1, Thalassomonas agarivorans AYW35329.1
BCRC 17492 (44.6%)

AgaQl4 GH50 799 914 B Y N AgaBl, Thalassomonas agarivorans AYW35330.1
BCRC 17492 (56.7%)

Nabhl GHI117 359 88.7 o4 N N «-Nabh, Saccharophagus degradans 2-40 AYW35311.1
(71.1%)

Nabh2 GHI117 388 1022 « N N 73615, Zobellia galactanivorans (61.8%) AYW35312.1

Y, yes, indicates the enzyme contains signal peptide or transmembrane helices; N, no, indicates the enzyme doesn’t contain signal peptide or transmem-

brane helices

and form a (3-jelly roll motif (Fig. 4a), which is a conserved
secondary structure for 3-agarases in the GH16 family

Fig. 1 The locations of all
annotated agarase and Nabh
genes in the circular genome of
strain Catenovulum maritimus
QI17. The rings from inner to
outer: ring 1, GC skew; ring 2, G+
C content; ring 3, the locations of
annotated agarase and Nabh
genes; ring 4, 5, all predicted
ORFs of strain Catenovulum
maritimus Q17
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(Allouch et al. 2003). Moreover, catalytic residues of AgaQl
were annotated with three amino acids, Glul147, Asp149, and

C. maritimus Q1

W cos
M RNA
W ANA
I Other
BLAST blast 1

W GC content
W CC shews
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agaQ7
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Fig. 2 Phylogeny and protein structures of all annotated agarases (in
bold) in strain Catenovulum maritimus Q1" and representatives of some
related GH families. The tree was constructed based on amino acid
sequences using MEGA X with neighbor-joining method. The protein

Glul52, located in a (3-strand of the catalytic module, similar
to its relative neighbors (Fig. 4a, 4b). A BLASTP search,
based on the NCBI database, revealed that the deduced amino
acid sequence of AgaQ1 shared the highest sequence identity
(92%) with the (3-agarase YMO1-3, which was derived from
strain C. agarivorans YMO1" with the GenBank accession no.
AGU13985 (Cui et al. 2014), followed by the (3-agarase

a

agaQ13
agaQ14
nabh1
nabh2

M

SIRCARCHE S

Fig. 3 Gene expression and phenotypic results of the wild strain
Catenovulum maritimus Q17 under agarose induction. a The expression
profiles of all annotated agarase and Nabh genes of strain Q1" under
different treatments, Aga, AG represent the induction of agarose and
agarose plus glucose, respectively; 16 h, 20 h, 26 h represent three
culture times when collected samples. b Transparent zone caused by
agarose degradation of fermentation broth. CK, negative control with

domains were annotated with Pfam 32.0 with e value of 1.0 as the thresh-
old. Bootstrap values of the tree (expressed as percentages of 1000 repli-
cations) over 70% are shown as black dots at branching nodes. The
background colors indicated different GH families

AguD from an uncultured bacterium (GenBank accession
no. AAP49316) (76% similarity) (Voget et al. 2003).
Phylogenetic analysis based on the full protein sequences
showed that AgaQl was clustered with other 3-agarases in
the family GH16, and was distanced from other families,
which was also confirmed by the conserved protein domains
(Fig. 2). These results revealed that AgaQ1 obtained from the

- MBG -= MBAG -+ MBA

0.8

0.6

Reducing sugar (g/L)

0.0 1+~ T T T T T
0 10 20 30

Culture time (hours)

100 uL of the MBA; F1 and F2, 100 uL of the MBA with inoculation
of strain Q17. ¢ Relative agarase activity of the wild strain Q17 under
three treatments: MBG, MB supplemented with 0.5 % glucose; MBGA,
MB supplemented with 0.5% glucose and 0.5% agarose; MBA, MB
supplemented with 0.5% agarose. Samples were collected every 4 h
from the time bacteria started to grow
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Table 2  Differential characteristics between the agarase AgaQ1 and its top ten similar agarases in the family GH16
Agarase  Gene source Size Isoelectric  Enzymatic activity ~ Optimal Optimal Product Accession no. Ref.
(kDa)  point (U/mg) # temp. (°C) pH
AgaQl  Catenovulum maritimus 48.6 5.94 757.7 40 8.0 NA6,  AYW35318.1 This study
Q1' NA4
YMO1-3  Catenovulum 46.9 5.66 1140* 60 6.0 NA6, AGUI13985.1 Cuietal.
agarivorans YMO1 NA4 2014
AgaP Pseudoalteromonas sp. 33 5.90 207.5 55 55 NA4, ADD60418.1 Ohetal.
AG4 NA2 2010
AgaML  Metagenomic library 71.6 5.05 967.5° 50 7.0 NA6,  ANT83229  Maietal
NA4 2016
AgaTM2  Simiduia sp. TM-2 64 4.62 ND 35 8.0 NA6, BAQ95400.1 Tawara et al.
NA4 2015
RagaA7  Microbulbifer sp. 49.0 4.40 398 50 7.0 NA4 BAC99022.1 Ohta et al.
JAMB-A7 2004
Agalll  Microbulbifer pacificus  64.3 4.50 16.8 50 7.0 NA2 AYV64444.1 Chen et al.
LD25 2019b
Agal62  Pseudoalteromonas sp.  50.1 4.81 4.6 45 6.5 NA6, AXK59832  Cuietal
Q30F NA4 2018
AgaY Janthinobacterium sp.  50.2 4.78 837.1 40 7.0 NA4, ABO93616  Shietal.
SY12 NA2 2008
AgaD Vibrio sp. PO-303 50.8 5.83 63.6 40 7.5 NA4 BAF34350.1 Dong et al.
2007
AgaA Zobellia 60 5.69 160 ND 6.0 NA6,  AAF21820.1 Jametal
galactanivorans NA4 2005

#Specific activities, except a, Vi from Lineweaver-Burk double reciprocal plots

ND, not available

strain C. maritimus Q1" is a B-agarase located in the family
GHI6.

Expression and purification of recombinant AgaQ1

Preliminary enzyme activity of recombinant strain £. coli
showed that the crude fermentation broth formed a transparent
zone on agarose plates (Fig. 5a), indicating that the recombi-
nant protein, AgaQ1, together with a Hisg tag, was success-
fully expressed. Furthermore, the enzymatic hydrolysates of
the crude fermentation broth, with agarose as the substrate
showed that NA2 and NA4 were the major products (Fig.
5b). Although the supernatant of the cell lysate showed high
agar-degrading activity, most of the target proteins were lo-
cated in the precipitates of the cell lysate, as inclusion bodies
(Fig. 5c). After purification and renaturation, the renatured
protein eluent was obtained and showed a single band with a
molecular weight of approximately 50 kDa on SDS-PAGE
analysis (Fig. 5c). Further analysis by LC-MS/MS indicated
that the amino acid sequence of the purified protein was in
accordance with the deduced sequence of AgaQl (Fig. S2).
Together, this indicated that purified AgaQ1 with agarase ac-
tivity had been obtained.

@ Springer

Biochemical characterization and enzyme activity of
AgaQ1

Reducing sugars were produced when agar powder or agarose
was used as the enzyme substrate, but no reducing sugars were
detected when using other polysaccharides. This result re-
vealed that AgaQl is a substrate-specific agarase that only
degrades agar or agarose. The optimal reaction temperature
of AgaQ1 was 40 °C (Fig. 6a), and the optimal pH was 8
(Fig. 6b). When the reaction temperature exceeded 60 °C or
the pH was above 10, AgaQ1 lost more than 70% of its max-
imum activity, whereas under conditions of 40-50 °C and pH
6.0-9.0, AgaQ!1 retained more than 80% of its maximum ac-
tivity, indicating a wider range of effective reaction condi-
tions. The optimal concentration of substrate (agarose) was
1.6% (w/v) (Fig. 6¢). The agarase activity of AgaQl was
inhibited by Cu®*, but significantly increased by Fe**, Co**,
and dithiothreitol (DTT) (Fig. 6d). Notably, the presence of
10 mM DTT increased enzymatic activity by up to 340%,
indicating that breaking the disulfide bonds may considerably
increase the activity of AgaQ1. Under the optimal conditions
0f'40 °C, pH 8.0, and 10 mM DTT, the specific activity of the
agarase AgaQl on agarose was 757.7 U/mg, which is higher
than most other reported agarases (Table 2, Fu and Kim 2010).
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Fig. 4 Structure and sequence analysis of AgaQl. a 3D structure
prediction of the catalytic domain in AgaQ1 using the SWISS-MODEL
server. The structure was simulated based on a known agarase with the
SMTL ID, 3wzl.1 (57.4% identity). The different colors represent N-
terminal (blue), C-terminal (green), alpha helix (cyan), beta strand (red),
loop (light red), and catalytic residues (yellow). b Comparison of the
amino acid sequences of the catalytic domain in AgaQ1 (20-276 aa) with
five close and known agarases belonging to the family GH16. The
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Identification of hydrolytic products and minimum
hydrolysis substrate of AgaQ1

Purified AgaQ1 hydrolyzed agarose to various polymerization
degrees at the initial reaction stage (Fig. 7a). After 1 h of
incubation, NA4 and NA6 were determined as the major prod-
ucts of the reaction system, and neither NA2 nor galactose was
detected (Fig. 7a). The same result was obtained from the
other hydrolysis test, which was performed by adding enzyme

AgaQ1

CK AgaQ1

Fig. 5 The enzyme activity and purity of the recombinant agarase
AgaQl. a Transparent zones of agarose degradation by agarases in
crude fermentation broth of recombinant E. coli with (below) or without
(above) Lugol’s iodine solution. b TLC images of agarose degradation
from the crude recombinant agarase AgaQ1l before purification. S1,
marker NA2; S2, marker NA4; S3, marker NA6; AgaQl, degrading
products of AgaQ1 from the crude fermentation of recombinant E. coil.
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conserved residues are indicated with sequence logo (above) and blue
color. AGU13985.1: (3-agarase from Catenovulum agarivorans YMO1;
ADDG60418.1: (3-agarase from Pseudoalteromonas sp. AG4;
BAKO08910.1: B-agarase from Microbulbifer thermotolerans JAMB
A94; BAC99022.1: (3-agarase from Microbulbifer elongatus JAMB-
A7. The predicted catalytic residues of the catalytic domain in AgaQl
are represented as red triangle symbols

solution twice (0 h and 24 h) to confirm the stability of hydro-
lytic products (Fig. S3). These facts suggest that AgaQl is an
endo-type [3-agarase, and the final hydrolyzed products are
NA4 and NAG6. Additionally, AgaQ1 was also found to hy-
drolyze purified NA6 to NA4 and NA2 (Fig. 7b), but when
NA4 or NA2 was used as the substrate, no other oligosaccha-
ride was generated. Thus, NA6 was the minimum hydrolysis
substrate of AgaQ1.

M CK 1 2 3 4 5
kDa

100

70

50 +AgaQ1

¢, SDS-PAGE image of purified recombinant agarase AgaQ1. M, molec-
ular mass marker; CK, total cellular extract from E. coli Rosetta™ (DE3)
before induction; lane 1, total cellular extract after induction; lane 2, total
cellular soluble extract after induction; lane 3, total cellular insoluble
extract after induction; lane 4, the inclusion body dissolved in urea solu-
tion; lane 5, purified AgaQl in elution solution of affinity
chromatography
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Discussion

In this study, we analyzed the draft genome of a wild agar-
degrading bacterium, C. maritimus Q17, and found 11 anno-
tated agarase genes and 2 Nabh genes located in different GH
families (Fig. 2). Agarases belonging to different GH families
have been reported to display different digestion profiles to-
wards agarose; NA4 is usually the main product of agarases in
the GH16 family, NA2 for those in the GH50 family, and
NA6, NAS, or larger NAOS polymers for those in the GH86
family (Fu and Kim 2010). In addition, many reported
agarases and Nabhs can use different polymers of NAOS as
substrates to produce a lower degree of polymerization

Fig. 7 TLC images of agarose a
degradation (a) and NA6

degradation (b) by the purified

AgaQl at different incubation

time with NA2, NA4, and NA6 as NA2

the standard markers ¥
NA4
NAG =

M 5 10 30 1 3 6

T T T T T T
00 05 1.0 15
Agarose concentration (%)

— T 1 0-
20 25

(Suzuki et al. 2002; Han et al. 2016). These facts indicate that
agarases and Nabhs from different GH families, present in
strain Q17, acted jointly to digest agarose to monosaccharides
to provided carbon sources for bacterial growth. Furthermore,
a signal peptide was annotated to all agarases found in strain
QIT, but none were annotated to Nabhs (Fig. 2, Table 1),
suggesting that the Nabhs act within the cell, whereas the
agarases act extracellularly. However, due to the presence of
transmembrane helices in agarases AgaQ2, AgaQ3, AgaQ10,
and AgaQ12 (Table 1), it is suggested that these four agarases
work in the cytoplasm, which further supports the notion of
combined and systematic action for agar-degrading enzymes.
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In addition, we detected the expression profiles of all an-
notated agar-degrading genes in strain Q17 and found similar
patterns in the expression of all annotated agarase and Nabh
genes, even under different treatments (Fig. 3¢), which sug-
gested that their expression was consistent and mainly con-
trolled by agarose induction rather than the growth phase. This
result was also consistent with the observation that the pres-
ence of agarose substrate caused higher degrading activities
than constitutive activities without agarose induction. This
further implies that most agar-degrading activities of strain
Q1" were induced by the substrate agar or agarose, rather than
constitutive expression or growth conditions, and supports the
conclusion that agar-degrading enzymes in strain Q1" indeed
act synergistically. Additionally, the available carbon source,
glucose, provoked an obvious inhibition of agarase secretion,
which is consistent with previous studies for Streptomyces
coelicolor (Romero-Rodriguez et al. 2016; Kwakman and
Postma 1994), indicating that glucose was utilized prior to
agarose for bacterial growth.

All annotated agarase genes in strain Q1" were expressed
under agarose induction, although their expression profiles
were not identical (Fig. 3a). However, it remains unclear
whether the annotated agarase genes are really associated with
the ability of bacteria to degrade agar. In order to confirm this
and to develop more efficient agarase sources for future in-
dustrial application, we cloned and characterized a 3-agarase,
AgaQl1, owing to its high expression level after agarose in-
duction in strain Q1. AgaQl is the first reported agarase
obtained from the strain C. maritimus Q17. It belongs to the
family GH16 and shares the highest similarity with the f3-
agarase YMO1-3. Interestingly, (3-agarase YMO1-3 has the
highest reported agarase activity (Cui et al. 2014), which im-
plies that AgaQ1, as its closest relative, might also possess a
relative higher agarose-degrading activity. The gelling tem-
perature of agar is reported to be around 38 °C and the natural
seawater has a weakly alkaline pH (Fu and Kim 2010);
however, the optimal conditions for YMO01-3 are a tem-
perature of 60 °C and pH of 6.0 (Cui et al. 2014).
These facts suggest that AgaQ1 with an optimal temper-
ature of 40 °C and pH of 8.0 would be a better indus-
trial agarase for large-scale applications due to its alkali-
tolerance and lower optimal temperatures, with the po-
tential to decrease energy costs and improve the ma-
chining efficiency (Chen et al. 2019a). Although hun-
dreds of agarases with certain enzymatic activity have
been reported, most of them have a relative low activ-
ity, even under optimal conditions, indicating that only
a few agarases have the potential for industrial applica-
tion (Table 2; Cui et al. 2014; Fu and Kim 2010).
However, the (3-agarase AgaQl not only gave a higher
activity value (757.7 U/mg) than most reported ones,
but also showed stable activity after treatment with var-
ious ions and agents. These strengths further suggested

the great potential of AgaQl in industrial applications,
especially in agar degradation and in the preparation of
agar-oligosaccharides.

Purified AgaQ1 degraded agarose to NA4 and NAG6 as the
major products, which is consistent with most reported
agarases in the GH16 family (Fu and Kim 2010; Park et al.
2020), but slightly different from the major products (NA2
and NA4) of AgaQl in crude fermentation broth (Fig. 5b,
7a). Additional experiments confirmed that purified AgaQ1
can degrade NA6 to NA4 and NA2, which indicated the abil-
ity to produce NA?2 of purified AgaQ1 was present but weak.
When recombinant AgaQ1 was in the crude fermentation
broth before purification, some of them were directly from
soluble expression of the agaQ! gene and with higher enzy-
matic activity. Under these conditions, it is possible that
AgaQl directly hydrolyzed agarose to NA2 and NA4 (Fig.
5b). However, in view of the 340% DTT effect on the enzy-
matic activity and the lower activity value than that of YMO1-
3, AgaQIl lost most of its activity in comparison with the
native enzyme after purification and renaturation. Singh
et al. (2015) noted that bioactive proteins are hard to recover
their full activities from the inclusion bodies, due to the in-
complete refolding of the protein structures. These facts would
explain why purified AgaQ1 lost its ability to degrade agarose
to NA2 directly.

In conclusion, this study not only improved our under-
standing of agar-degrading genes and activities under agarose
induction but also expanded the available agarase resources,
with great potential for future use in industry. This study pro-
vides an initial exploration of agarase function based on gene
expression. With such promising applications, further re-
search into the mechanisms of high-activity agarases is ur-
gently needed.
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