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Abstract

The novel B-agarase gene aga575 from the agarolytic bacterium Aquimarina agarilytica ZC1 is composed of 2142 bp, and
the encoded protein Aga575 has the highest amino acid sequence homology of only 65.2% with known agarases. Though
carrying a domain of glycoside hydrolase family 42 in the C-terminal, Aga575 should belong to glycoside hydrolase fam-
ily 50 according to the phylogenetic analysis. Gene aga575 was successfully cloned and overexpressed in Escherichia coli
Rosetta (DE3) cells. The recombinant protein had the maximal agarase activity at pH 8.0 and 37 °C. The values K, and
Viax toward agarose were 8.4 mg/mL and 52.2 U/mg, respectively. Aga575 hydrolyzed agarose and neoagarooligosaccha-
rides to yield neoagarobiose as the sole product. The agarose hydrolysis pattern of Aga575 indicated that it was an exo-type
B-agarase. Random mutagenesis was carried out to obtain two beneficial mutants M1 (R534G) and M2 (S4R-R424G) with
higher activities. The results showed that the agarase activity of mutant M1 and M2 reached 162% and 192% of the wild-type
agarase Aga575, respectively. Moreover, the activity of the mixed mutant M1/M2 (S4R-R424G-R534G) increased to 227%.

Key points

e Aga575 is a novel exo-type f-agarase degrading agarose to yield neoagarobiose as the sole product.

o Though owning a domain of glycoside hydrolase family GH42, Aga575 should belong to family GH50.
o The agarase activity of one mutant increased to 227% of the wild-type Aga575.
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Introduction

The seaweed polysaccharides are the main ingredients in
cell walls of marine algae, which is crucial to industrial
application as well as biological cycling owing to its unique
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bioactive function (Henshaw et al. 2006). Agar, as an impor-
tant heterogeneous polysaccharide, is the major cell wall
component of marine red algae (Renn 1997) and mainly
consists of agarose and agaropectin (Rochas et al. 1986).
Agarose is a polymer composed of repeating linear poly-
saccharide units of 3,6-anhydro-L-galactopyranose- a-1,3-
D-galactopyranose (; -AHG-a-1,3-5-Gal) that are linked
with p-1,4 glycosidic bonds (Rees 1969). Agarose can be
hydrolyzed by either a-agarases (E.C. 3.2.1.158) at the a-1,3
linkage producing agaro-oligosaccharides (AOS) (Rochas
et al. 1994) or B-agarases (E.C.3.2.1.81) at the -1,4 linkage
(Morrice et al. 1983) producing neoagarooligosaccharides
(NAOS). To date, diverse bioactivities of NAOS have been
reported, such as antioxidation activities (Jonnadula et al.
2020; Xu et al. 2018; Zhang et al. 2019), whitening and
moisturizing effects on skin (Kim et al. 2017; Kobayashi
et al. 1997), prebiotic effects (Zhang et al. 2019, 2020), anti-
fatigue effects (Zhang et al. 2017), anti-inflammatory effects
(Wang et al. 2017), antitumor activity (Lee et al. 2017), and
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treatment potential on type II diabetes (Lin et al. 2019).
Therefore, NAOS have great potential applications in food,
medicine, and cosmetic industries.

Nowadays, most of the reported agarases belong to
p-agarases (Jahromi and Barzkar 2018; Kwon et al. 2020).
Based on the similarity of amino acid sequence, -agarases
are mainly divided into four glycoside hydrolase (GH) fami-
lies in the CAZy database including GH16, GH50, GHS86,
and GH118. Most of the reported p-agarases display endo-
lytic activity and hydrolyze agarose to produce mixed NAOS
with various degrees of polymerization (DPs). Only a few
B-agarases display exo-lytic activity producing single prod-
uct, especially those exo-type agarases in the family GH50
which degrade agarose to yield neoagarobiose (NA2) as the
sole product. Generally, the agarolytic bacteria produce aga-
rases of family GH118 to decompose agarose into NAOS
with high DPs and produce GH16 and GH86 agarases to
decompose agarose into NAOS with mediate DPs. And
NAOS is further decomposed into NA2 by exo-type agarases
of family GH50. NAZ2 is finally degraded by NA2 hydrolase
into D-galactose and 3,6-anhydro-L-galactose which will be
utilized by the agarolytic bacteria.

The agarolytic bacterium Aquimarina agarilytica ZC1
was isolated from the surface of fresh porphyra (Lin et al.
2012a), and some putative agarase genes had been found in
its genome (Lin et al. 2012b). A phylogenetic tree contain-
ing all the putative agarases of strain ZC1 and the reported
agarases from different GH families was constructed (data
not shown). In the phylogenetic tree, the putative agarase
Aga575 was grouped with characterized GH50 p-agarases
but formed an independent branch. Therefore, it indicated
that the putative agarase Aga575 should belong to fam-
ily GH50 and should be different with the reported GH50
B-agarases. In order to characterize the putative agarase
Aga575, gene cloning and expression of Aga575 were per-
formed in this study, and it was finally found that Aga575
was a novel exo-lytic f-agarase of family GH50. Random
mutagenesis using error-prone PCR was also performed to
obtain mutants with enhanced agarase activity.

Materials and methods
Bacterial strains and chemicals

The agarolytic bacterium Aguimarina agarilytica ZC1 was
kept in our laboratory and had been deposited at the NITE
Biological Resource Center of Japan (NBRC) under the
accession number NBRC 107,695. Escherichia coli DH5«
and E. coli Rosetta (DE3) pLyS were used for routine clon-
ing and protein expression, respectively. Unless otherwise
stated, all chemicals were of analytical grade or higher.
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Sequence analysis

The nucleotide sequence of gene aga575 had been depos-
ited at GenBank with accession number NZ_JH621258. The
signal peptide of agarase gene was predicted using the Sig-
nalP 5.0 server (Almagro et al. 2019). Homology analysis
of amino acid sequence was carried out with the Blastp pro-
gram (http://blast.ncbi.nlm.nih.gov). Protein domain search
was performed using MOTIF (https://www.genome.jp/tools/
motif/) and InterPro (https://www.ebi.ac.uk/interpro/). A
phylogenetic neighbor-joining tree to analyze the evolution-
ary relationship of Aga575 with characterized p-agarases
from different glycoside hydrolase (GH) families was con-
structed using the software MEGA. Multiple sequence align-
ment for Aga575 and its mutants were performed by using
DNAMAN 6.0 software.

Gene expression and purification of recombinant
proteins

The agarase gene aga575 without the signal peptide was
obtained by PCR from the genomic DNA of Aquimarina
agarilytica ZC1 using the specific primers 575F and 575R
(Table S1) with restriction enzyme sites of Nde I and Xho
I at the N-terminus and C-terminus, respectively. A poly-
6-histidine tag was added to the C-terminus of the protein in
order to purify the protein by affinity chromatography. The
agarase gene was then ligated to the pET-32a (+) vector to
construct the recombinant plasmid which was finally trans-
formed into E. coli Rosetta (DE3) pLyS cells.

The transformed E. coli cells were incubated at 37 °C
until the ODg,, 0of the culture reached to 0.6-0.7 in
Luria—Bertani broth with 50 pg/mL of ampicillin. Then the
protein expression was induced by 0.1 mM isopropyl-p-D-
thiogalactopyranoside at 16 °C for 24 h. After induction,
the E. coli cells were collected by centrifugation at 4 °C
and then were resuspended in the 20 mM Tris—HCI buffer
containing 0.25 mM NaCl (pH 7.8) and disrupted on ice
by sonication. The histidine-tagged recombinant proteins
were purified by a Ni-NTA His Band resin (Merck) and
then analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The protein determination was
performed with a BCA protein assay kit (Genstar, Beijing).

Random mutagenesis and site-directed
mutagenesis

Error-prone PCR was performed to induce the random
mutagenesis of gene aga575. Error-prone PCR was carried
out with specific primers (575F and 575R, Table S1) and
0.05 mmol/L of Mn** in the reaction mixture. The site-directed
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mutagenesis PCR was carried out with the PrimeSTAR HS
DNA polymerase (TaKARA Co., Ltd) and primers M-575F
and M-575R according to the three-step method reported by
Wuet al. (2017). The expression of mutant genes in the E. coli
cells and purification of recombinant mutant proteins were the
same with that of the wild-type agarase.

Degradation of agarose and NAOS

The agarose hydrolysis by agarase Aga575 was performed
in 20 mM pH8.0 Tris—HCI buffer at 40 °C containing puri-
fied Aga575 and 1% agarose for 15 min, 30 min, 1 h, 4 h,
8 h, and 18 h, respectively. The degradation of NAOS with
various degrees of polymerization (NA4, NA6, and NAS)
by agarase Aga575 was also carried out at 40 °C for 24 h.
All the above reactions were stopped by heating in boiling
water for 5 min, and then the reaction mixtures were centri-
fuged at 12,000 g for 10 min. The supernatant was applied
to a Silica Gel 60 thin-layer chromatography (TLC) plate,
and the plate was then developed with a solvent mixture
composed of n-butanol/acetic acid/H,0O (2:1:1, by volume).
The oligosaccharides on the plate were visualized by spray-
ing with 10% (v/v) H,SO, and followed by heating at 85 °C.
For the carbon-13 nuclear magnetic resonance ('>*C NMR)
spectrum analysis, the agarose degradation products were
lyophilized (dissolved in D,0, Sigma, USA) recorded on
AVANCE 400 MHz (Brucker Biospin, Swiss).

Enzymatic activity assay

Unless otherwise stated, the activity of agarase was meas-
ured by the DNS (3,5-dinitrosalicylic acid) method follow-
ing the description by Lin et al. with some revisions (2017).
Two hundred microliters of enzyme solution was mixed with
800 pL Tris—HCI buffer (20 mM, pHS8.0) including 0.3%
agarose. After incubation at 40 °C for 20 min, the mixture
was heated in boiling water for 10 min to stop the reaction.
Then 1 mL DNS reagent solution was added, and the mix-
ture was incubated in boiling water for 15 min to develop the
color. The absorbance at 540 nm was recorded subsequently.
The amounts of reducing sugars generated were determined
using D-galactose as a standard. One unit of the enzyme
activity was defined as the amount of enzyme required to
produce 1 pmol reducing sugar per minute. The K, and V.,
values were calculated using the Lineweaver—Burk equation
and low-melting point agarose ranging from 1 to 5 mg/mL
in 20 mM Tris—HCI buffer (pH 7.0) at 37 °C.

The effects of pH, temperature, and chemical
on agarase activity

The effect of pH on the agarase activity of Aga575 was
measured at 37 °C in various buffers: pH 4.0-6.0 (50 mM

sodium citrate-citric acid), pH 7.0-8.0 (50 mM Tris—HCI),
pH 9.0-10.0 (50 mM Tris—glycine), and pH 11.0 (50 mM
Na,HPO,-NaOH). The pH stability was assessed by pre-
incubating the enzyme solution in various pH buffers rang-
ing from 4.0 to 11.0 at 4 °C for 12 h. The effect of tempera-
ture on the agarase activity was determined at pH 8.0 from
25 to 65 °C. In the thermal stability test, agarase Aga575
was pre-incubated in a temperature range of 25-65 °C at pH
8.0 for 1 h, and the residual enzyme activity was measured
subsequently.

The effects of metal ions, chelators, denaturants, and
reducing reagents on agarase activity were studied. Each
chemical with two final concentrations of 10 mM and
50 mM was added to the reaction mixture, respectively. The
relative activity was defined as 100% with respect to that
measured under the standard assay conditions without add-
ing any reagent.

Results
Sequence analysis of agarase Aga575

Agarase Aga575 was encoded by the gene aga575 of
2142 bp. There was a signal peptide of 22 amino acids at the
N-terminus of Aga575 predicted by the SignalP Server. The
MOTIF search showed that Aga575 had an agarase CBM-
like domain at the N-terminus (aa 47-124) and a GH42
family domain in the C-terminus (aa 439-598). The Blastp
search analysis revealed that Aga575 had the highest amino
acid identity of 65.2% with the putative B-agarase (GenBank
accession no. WP_149627357) from strain Aquimarina sp.
RZ0 and 60.7% with the putative p-agarase (QCX40303)
from Flavobacteriaceae bacterium 10Alg115. Based on the
phylogenetic tree containing characterized enzymes from
different GH families (Fig. 1), the two previously reported
exo-type GH42 p-agarases and Aga575 were grouped with
characterized GH50 B-agarases, but not with the typical
GH42 family enzymes. It indicated that p-agarases car-
rying the GH42 family domain might be actually close to
B-agarases of family GH50. Besides, Aga575 formed an
independent branch on the phylogenetic tree (Fig. 1) with the
GH50 exo-type agarase AgaO of Flammeovirga sp. MY04
(AME16507) with which Aga575 had an amino acid identity
of only 51%. All the generated data suggest that Aga575
belongs to family GH50 and should be different with other
GHS50 agarases.

Expression and purification of recombinant Aga575
The recombinant Aga575 was overexpressed in the E. coli

Rosetta (DE3) cells. After IPTG induction at the tempera-
ture of 16 °C, agarase activity of the recombinant protein
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Fig. 1 Phylogenetic tree analysis of Aga575 with other reported aga-
rases and beta-galactosidases. All the amino acid sequences were
obtained from the database of CAZy and NCBI. The accession num-

was detected in the supernatant of the cell lysates. The
recombinant protein was present mostly in a soluble form
instead of inclusion bodies. The recombinant protein was
successfully purified by Ni-NTA affinity chromatography.
The purified recombinant Aga575 formed a single band in
the SDS-PAGE, and the observed molecular weight of the
recombinant protein was estimated to 79.8 kDa includ-
ing the 6-histidine tag, which was close to the theoretical
molecular mass of 79.6 kDa (Figure S1).
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bers and GH family names were shown on the tree. The bootstrap
value was set as 1000. Bar, 0.2 substitutions per nucleotide position

Analysis of enzymatic products

The enzymatic hydrolysis products of agarase Aga575 were
analyzed by TLC. As shown in Fig. 2A, there was no reac-
tion intermediate in the time course agarose degradation of
agarase AgaS575; the sole product was NA2. Besides, aga-
rase Aga575 also hydrolyzed NAOS with various degrees
of polymerization (NA4, NA6, and NAS) to yield NA2 as
the sole product (Fig. 2B). The end products of time course
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Fig.2 TLC analysis on the deg- A
radation of agarose and NAOS
by agarase Aga575. A Time
course degradation of agarose.
Time intervals were as follows:
lane 1, 15 min; lane 2, 30 min;
lane 3, 1 h; lane 4, 4 h; lane 5,
8 h; lane 6, 18 h; lane 7, NA2.
B Degradation of NAOS. Lane
11, NA2; lane 12, NA4; lane
13, NA4 + Aga575; lane 14,
NAG6; lane 15, NA6+ Aga575;
lane 16, NAS; lane 17,

NA8 +Aga575

1 12 13 14 15 16 17

Fig.3 '3C-NMR spectrum
analysis of the agarose degrada-
tion products
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agarose degradation were further identified by '*C NMR
spectrum (Fig. 3). There was no resonance observed at
around 90.7 ppm which is the typical signal of AOS pro-
duced by agarose degradation of a-agarases. However, there
were obvious resonance signals around 92.2 and 96.2 ppm
that were characteristics of the reducing end of NA2. And
the signal corresponding to the non-reducing 3,6-anhydro-
L-galactopyranose was detected at 97.75 ppm. These results
demonstrated that Aga575 was an exo-lytic B-agarase which
can hydrolyze agarose into NA2.

Enzymatic properties of recombinant Aga575

The pH and temperature effects on the agarase activity of
Aga575 were studied (Fig. 4). The enzyme displayed the

optimal activity at pH 8.0, and the activities at pH 6.0-10.0
were over 65% of the optimal activity. It retained more
than 75% of the maximal activity after being incubated
at a pH range of 5.0-10.0 for 12 h (Fig. 4A). Aga575 dis-
played the optimal agarase activity at 37 °C. It was stable
and retained 95% of the maximum activity at temperatures
below 37 °C for 1 h. And it still kept 70% of the maximal
activity at 40 °C. However, its agarase activity declined dra-
matically over 40 °C (Fig. 4B). The Km and Vmax values
of Aga575 were 8.4 mg/mL and 52.2 U/mg based on the
Lineweaver—Burk plot, respectively. The effects of various
chemicals on the agarase activity of Aga575 were carried out
at two concentrations (10 and 50 mM) under the standard
assay conditions. As shown in Table 1, the agarase activity
of Aga575 was significantly enhanced by Ca**. Especially,
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Fig.4 Effects of pH and tem-
perature on the enzyme activity
and stability. A Effects of pH on
the enzyme activity and stability
of Aga575. B Effects of tem-
perature on the enzyme activity
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Table 1 Effects of chemicals on the agarase activity of recombinant

I I T I 1

40 45 50 55 60 65
Temperature (°C)

50 mM Ca?* activated the enzyme activity 2.35 times. How-

Aga5T75 ever, the activity was inhibited by Mg?*, AI**, Fe’*, EDTA,
Chemicals Relative activity (%) of Aga575 effected and SDS.
by various chemicals at two concentra-
tions
10 mM 50 mM Characterization of recombinant Aga575 mutants
Control 100 100 Two mutants (designated M1 and M2) of Aga575 with
NaCl 86.4+3.0 92.1+19 . . .
higher agarase activity were obtained by random mutagen-
KCl 84.5+1.6 105.6+2.6 . . . . . .
esis. The expression analysis and purification of recombinant
CaCl, 1259+5.1 235.7+12.4 . . .
mutant proteins were shown in Figure S2. The sequences
MgCl, 67.4+2.2 16.9+2.2 . . .
FeCl 61413 0 of mutants were determined. The amino acid sequences of
AjClS 21.8 12'4 0 wild-type Aga575 and its mutants were shown in Fig. 5. The
U 3 86.612.3 90,0417 results showed that compared with the wild-type Aga575,
rea OEZ DEL the agarase activity of M1 (R534G) and M2 (S4R-R424G)
SDS 21.4+1.1 29402
EDTA-Na, 45.1+£2.2 10.8+1.6

The activity measured under the standard assay conditions without
adding any other chemical was defined as 100%

@ Springer



Applied Microbiology and Biotechnology (2021) 105:8287-8296

8293

BgaS75S <40
43 <40
L o 24 <0
3 /22 <0
Consensusnlt cgnnapkktvikptetknsnelvilidfnngidaatvk

BgaSTS ETPRIKGSVGFEFWGKFEFHLDVFELPE SHRAVNESVASCRYGAGD 2420
3 DT PRIXKXGSVGFEFWGKFEFEHLCVFEFLPER SHOVNERSVASCRYGAaGD 2490
M2 D TrPKIKGSVGEFWGKFHLDVFEFLPRFERAVNKSVASCKYGAGD <<0
M3 /22 DTrTPRIRKGSVGFEFWGKFHLDVFEFLPRFEFERAVNRSVASCRYGAGD 4420
Consensusdttprkikgsvglfwgkfndvfdpk kavnksvasgkvgagd

AgasSTS Pt’QCIGYFIENgLAWGSVGSLAIGALKSPASQPAKIEFIKD 280
M3 PWCIGYFIDNELAWGSVGSLAIGALKSPEASQPAKIEFIKD <80
| & 54 PWC IGYF IDNEILANWNGSVGSLAIGALXSPASCPARKXIEFIXD 2480
43 /212 PWCIGYFIDNELAWGSVGSLAIGALKSPASQPAXKIEFIXD 220
Consensuspwcigyviiidnelawgsvgslaigalkspasgpakiefikd

ABgaSTS S20
M3 s520
M2 LRRKRKKYQC I IDKLNNQCWGTITITHASKRKALADSTSAPEMARKRKAKED 520
3 /242 LRRKYQIIDKLNNQCWGTITHASKRKALADSTSAPEMAKRKARKED s20
Consensuslilkkkvgtridkilinmnmngwgttthasunkaladstsapemxmakaked

AgasS7Ts LVITFYERKIADTY 560
M3 LVIFYERKIADTY sS&60
f & =4 ENVNEEYERIADEY = 560
3 /242 LVIFYEKIADIYFle I IXEGLNIIAPKCNYLGCREFAWANND sS60
Consensusivcivekiadotyf iikeglimtiapkgnyvigocxrfawannd

BgasS7TsS VVLIAASKYMDIMSENKYEYSVENVGLPKGVDKPIMIGEF 800
M3 VVLIAASKYMDIMSFEFNRYEYSVENVGLPKGVECKRKPIMIGEF 600
M2 VVLIAASKYMDIMSFEFNRYEYSVENVGLPKGVECKPIMIGEF 600
M3 /242 VVLITAASKYMDIMSFNRYEYSVENVGLPKGVECRKPIMIGEF 600
Consensusvvltaaskymdimsfnkyeysvenvglpkgvdkpimigaf

AgaS7T7S HFGATLCRGHYHAGVERKAALSCAIRGVRYERYMKGALCNEPLT &<0
M3 HFGATLCRGCHYHAGVEKAALDSQCAIRGVRYERYMKGALCNFEPLT &6<40
M2 HFGATLCRGHYHAGVERAALSCAIRGVRYERYMKRKGALCNELT &6<20
M3 /M2 HFGATLCRGHYHAGVERAALDSCAIRGVRYERYMKGALCNEPLTI &8<0
Consensushfgatdrxrghvhagvikaadsgacrgvrxyvekvonkgalgnpeli

BgaS7T7S VCARYFQ YLD PLTGRFELGENYNIGCVLEICDRPYEEFISK &80
M3 VGCGARYFCQC YLD PLTGRFLELGENYNIGCVDICDREYEEFISK &80
M2 VGARHYFQ YLD PLTGRFEGENYNIGCVDICDREPYEEFISK &80
3 /2 VCARYFQYLEQ PLTGRFEGENYNIGCVEDICDREPYEEFISK &80
Consensusvgahvifgvldgpltgrfdgenynigcvdicdrpyveefisk

AgaS7TS VREKEVAYNLFELRSA 694
M3 VRKEVAYNLFELRSA 694
M2 VRKEVAYNLFELRSA 694
M3 /M2 VRKEVAYNLFELRSA 694

Consensusvikevayvnlfelxrsa

Fig.5 Amino acid sequence alignment of wild-type Aga575 and its mutants. The mutated amino acids are shown in orange. Glutamate residues

(E), the conserved catalytic residues in agarases of family GH50, are shown in red box.

reached 162% and 192%, respectively (Table 2). Besides, a Discussion
mixed mutant designated as M1/M2 (S4R-R424G-R534G)

was constructed by site-directed mutagenesis and its agarase [t is generally well known that f-agarases are divided into
activity was as 227% as that of the wild-type agarase Aga575 four glycoside hydrolase families including GH16, GH50,

(Table 2).

GHS86, and GH118. In recent years, to our knowledge,
three B-agarases carrying other GH family domains were
reported, including the exo-type GH42 (-agarase Agall61
from Pseudoalteromonas sp. NJ21 (Li and Sha 2015), the
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Table2 Comparison of enzyme activities of wild-type Aga575 and
its mutants

Proteins Enzyme activity ~ Relative
(U/mg) enzyme
activity
(%)
Wild-type Aga575 10.5 100
MI1(R534G) 17.0 162
M2(S4R-R424G) 20.2 192
MI1/M2(S4R-R424G-R534G) 23.8 227

The relative activity of wild-type Aga575 was defined as 100%

exo-type GH42 B-agarase AgaJ10 (Choi et al. 2019), and
the GH39 B-agarase Agal9 from Gayadomonas joobiniege
G7 (Jung et al. 2017). In this study, the MOTIF search
showed that Aga575 also had a GH42 family domain in
the C-terminal. However, on the phylogenetic tree (Fig. 1),
the two previously reported exo-type GH42 -agarases and
Aga575 were grouped with characterized GH50 p-agarases,
but not with the typical GH42 family enzymes. It indicated
that B-agarases carrying the GH42 family domain might be
actually close to f-agarases of family GH50. According to
phylogenetic analysis, agarase Aga575 in this study should
belong to family GH50.

The characteristics of f-agarases from different GH fami-
lies are varied (Park et al. 2020; Veerakumar and Manian
2018). However, p-agarases from the same GH family seem
to own some similar characteristics, such as the molecular
mass and the agarose degradation products. The agarases of
family GH16 and GH118 generally have smaller molecular
masses compared with other GH family agarases. That is
mostly less than 60 kDa. In contrast, the GH50 and GH86
agarases used to own larger molecular weights. Especially,
the endo-type GH50 agarases and some GH86 agarases usu-
ally have molecular weights over 100 kDa, while the exo-
type GH50 agarases mostly have molecular masses from 80
to 90 kDa. As for the agarose degradation products, exo-type
GHS50 agarases degrade agarose to yield NA2 as the sole
product, while endo-type GH50 agarases usually decompose
agarose into NA2 and NA4. And the agarose degradation
products of GH16 and GH86 agarases are mainly NA4 and
NAG6. The GH118 agarases usually degrade agarose to pro-
duce larger NA (NAS, NA10, and NA12). In this study, the
molecular weight of agarase Aga575 is about 80 kDa, and
it degrades agarose to yield NA2 as the sole product. In
this sense, agarase Aga575 displays characteristics of exo-
type GH50 agarases. Based on the time course degradation
of agarose and the degradation of NAOS, agarase Aga575
should be an exo-type GH50 agarase.

In general, many GH16 agarases have Ca>" ion-binding
sites; their agarase activities can be stimulated by CaCl,
(Veerakumar and Manian 2018). Among the several
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reported exo-type GH50 agarases, only Aga50D from
Saccharophagus degradans 2—-40 can be enhanced by
100 mM CaCl, (Kim et al. 2010). In this study, Ca?* could
significantly enhance the enzymatic activity of the exo-
type GH50 agarase Aga575 both at 10 mM and 50 mM,
especially 50 mM Ca®" activated the enzyme activity 2.35
times. However, the activity of GH50 exo-type agarase
AgaO which formed an independent branch with Aga575
in the phylogenetic tree could be inhibited by Ca>* (Han
et al. 2016). This indicates that Aga575 is different from
those several reported exo-type GH50 agarases.

Random mutagenesis is commonly employed to
improve the thermal stability, catalytic activity, and
substrate specificity of enzymes (Baek et al. 2017; Liu
et al. 2017; Niu et al. 2006). In fact, the binding stabil-
ity between substrate and enzyme is supported by a panel
of hydrophobic residues located nearby the catalytic site
(Lammens et al. 2009). The enhancement in the catalytic
activities of mutants might derive from the substitution
of Arg by Gly, which can develop a significant effect on
hydrophobic interactions due to the property of aliphatic
amino acid (Yennamalli et al. 2011).

NAZ2 has been reported to have a better moisturizing
effect than the typical moisturizing reagents glycerol and
hyaluronic acid (Kobayashi et al. 1997). NA2 also exhib-
ited skin-whitening activity in B16 murine melanoma cells
and showed low cytotoxicity (Kobayashi et al. 1997; Lee
et al. 2008; Yun et al. 2013). Especially, NA2 exhibited
significantly lower melanin production at the concentration
of 100 pg/mL compared to arbutin, a well-known skin-
whitening agent (Yun et al. 2013). These findings indicate
that NA2 could be used as moisturizing and whitening
component in cosmetics. Besides, because of owning other
diverse bioactivities which have been mentioned in the
introduction section, NA2 could also have great potential
applications in drug and food industries. As an exo-type
p-agarase, Aga575 degrades agarose to yield NA2 as the
sole product. Single product means easier purification
procedures than that with multi-products. In this sense,
agarase Aga575 has an advantage in producing NA2.

In summary, the novel B-agarase Aga575 encoded by
2142 bp was identified in the agarolytic bacterium Aqui-
marina agarilytica ZC1. Aga575 hydrolyzed agarose and
neoagarooligosaccharides to yield neoagarobiose as the
sole product indicating that it was an exo-type [-agarase.
Random mutagenesis was carried out to obtain two ben-
eficial mutants M1 (R534G) and M2 (S4R-R424G), the
agarase activity of which increased to 162% and 192% of
the wild-type agarase Aga575, respectively. Moreover, the
activity of the mixed mutant M1/M2 (S4R-R424G-R534G)
reached 227%. Though carrying a domain of glycoside
hydrolase family 42, Aga575 together with some reported
agarases of glycoside hydrolase family 42 should belong
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to glycoside hydrolase family 50 according to the phylo-
genetic analysis.
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