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Abstract

Agar is a major polysaccharide of red algal cells and is mainly decomposed into neoagarobiose by the co-operative effort of 3-
agarases. Neoagarobiose is hydrolyzed into monomers, D-galactose and 3,6-anhydro-L-galactose, via a microbial oxidative
process. Therefore, the enzyme, 1,3--3,6-anhydro-L-galactosidase (x-neoagarobiose/neoagarooligosaccharide hydrolase) in-
volved in the final step of the agarolytic pathway is crucial for bioindustrial application of agar. A novel cold-adapted «-
neoagarooligosaccharide hydrolase, Ahg786, was identified and characterized from an agarolytic marine bacterium
Gayadomonas joobiniege G7. Ahg786 comprises 400 amino acid residues (45.3 kDa), including a 25 amino acid signal peptide.
Although it was annotated as a hypothetical protein from the genomic sequencing analysis, NCBI BLAST search showed 57, 58,
and 59% identities with the characterized o-neoagarooligosaccharide hydrolases from Saccharophagus degradans 2—40,
Zobellia galactanivorans, and Bacteroides plebeius, respectively. The signal peptide-deleted recombinant Ahg786 expressed
and purified from Escherichia coli showed dimeric forms and hydrolyzed neoagarobiose, neoagarotetraose, and
neoagarohexaose into 3,6-anhydro-L-galactose and other compounds by cleaving «-1,3-glycosidic bonds from the non-
reducing ends of neoagarooligosaccharides, as confirmed by thin-layer chromatography and mass spectrometry. The optimum
pH and temperature for Ahg786 activity were 7.0 and 15 °C, respectively, indicative of its unique cold-adapted features. The
enzymatic activity severely inhibited with 0.5 mM ethylenediaminetetraacetic acid was completely restored or remarkably
enhanced by Mn”* in a concentration-dependent manner, suggestive of the dependence of the enzyme on Mn** ions. K,, and
Vimax Values for neoagarobiose were 4.5 mM and 1.33 U/mg, respectively.

Keywords 1,3-x-3,6-Anhydro-L-galactosidase - «-Neoagarooligosaccharide hydrolases - Gayadomonas joobiniege G7 -
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Agarose consists of mainly agarobiose and accounts for
60% of the dry cell weight of red algae such as
Gracilariales. Agarose may be degraded by two routes, name-
ly, o- and [3-agarolytic pathways, by several kinds of agar
hydrolytic enzymes (agarases) found in some microorganisms
(Chi et al. 2012; Leon et al. 1992). The [3-agarolytic pathway
of agar is catalyzed by [3-agarase (EC 3.2.1.81) that hydro-
lyzes agarose at [3-1,4-glycosidic linkages of G and AHG
residues and produces neoagarooligosaccharides (NAOSs)
with G residues at their reducing ends (Chi et al. 2012;
Araki 1959). Several types of [3-agarases have been identified
in various bacteria; these belong to four distinct glycosyl hy-
drolase (GH) families (GH16, GH50, GH86, and GH118) in
the carbohydrate-active enZYmes (CAZY) database (http:/
www.cazy.org/). However, very little is reported on «-
agarases (EC 3.2.1.158) that are involved in x-agarolytic
pathways (Potin et al. 1993; Ohta et al. 2005; Zhang et al.
2018); hence, the [3-agarolytic pathway is more common for
agar degradation in nature. The final product of (3-agarolytic
pathway, neoagarobiose (NA2), should be further hydrolyzed
into monomeric sugars, G and AHG, for their microbial oxi-
dation or bioconversion into valuable products for industrial
application (Fig. 1).

The enzymes crucial for the production of these monomer-
ic sugars are o-neoagarobiose hydrolase («-NABH) and o~
NAOS hydrolase (x-NAOSH), wherein «-NABH refers to an
enzyme that is specific for the substrate NA2. These enzymes
act exogenously on «-1,3 linkages from the non-reducing
ends of NAOS to release AHG and other molecules. CAZy
database has grouped them in the GH117 family. Till date,
only 11 x-NABH/NAOSHs have been biochemically identi-
fied (Table 1).

Marine biomass is a rich source of agar and serves as a
promising sustainable resource for chemical feed stocks and
bioenergy. For instance, G may be converted into biofuel as
well as other chemicals such as the sweetener D-tagatose
(Patel et al. 2016). Moreover, G exerts anti-inflammatory
and antioxidant activities (Liu et al. 2008) and helps the im-
mune and digestive systems (Mohammad et al. 2011). Recent
studies have reported the skin whitening, moisturizing, anti-
inflammatory, and anticariogenic effects of AHG (Yun et al.
2017). Therefore, it is anticipated that agar biomass may cre-
ate a big market for new industrial applications in the future.
Although multiple enzyme treatment such as (3-agarase I (exo-
type), B-agarase II (endo/exo-type), and «-NABH/NAOSH
(exo-type) is needed for the efficient production and industrial
application of G and AHG from agar, the biochemical knowl-
edge about x-NABH/NAOSHs is inadequate as compared
with that about (3-agarases.

Gayadomonas joobiniege G7, an agarolytic bacterium be-
longing to the family Alteromonadaceae, was isolated from
coastal sea water (Chi et al. 2013). Its genome study predicted
many genes encoding hydrolytic enzymes, which may play
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important roles in the complete breakdown of sulfated algal
polysaccharides such as agar (Kwak et al. 2012). In previous
studies, we identified several types of 3-agarases in G.
Jjoobiniege G7 (Jung et al. 2017a, b; Lee et al. 2018), but the
lack of knowledge on x-NABH/NAOSHSs encouraged us to
conduct studies for the characterization of the candidate genes.
As a result, we report a unique cold-adapted exo-acting «-
NAOSH from G. joobiniege, hereafter named as Ahg786.

Materials and methods
Bacterial strains and culture conditions

G. joobiniege G7" (ATCC BAA-2321 = DSM25250" =
KCTC23721") was used as the genomic source for ahg786
gene (NCBI accession No. WP_017446786) and grown on
artificial sea water (ASW) agar plate (Kim and Hong 2012).
Plasmid pET-28a(+) was used for cloning. Escherichia coli
Rosetta-gami was used for the transformation and expression
of the recombinant plasmid. E. coli was routinely grown in
Luria-Bertani (LB) medium (Green and Sambrook 2012) at
37 °C. Kanamycin (50 pg/mL) was added when required.

Enzymes and chemicals

Restriction enzymes, T4 DNA ligase, and Taq DNA polymer-
ase were purchased from New England Bio Labs (Ipswich,
MA, USA). Primers for polymerase chain reaction (PCR)
were obtained from Genotech, South Korea. All other
chemicals were procured from Sigma-Aldrich Corporation
(St. Louis, MI, USA). Thin-layer chromatography (TLC) sil-
ica gel plate (60G F,s4) was obtained from Merck KGaA
(Darmstadt, Germany). NA2, neoagarotetraose (NA4), and
neoagarohexaose (NA6) were supplied by DyneBio Inc.
(Seongnam, Korea).

Cloning of ahg786 from G. joobiniege G7

Bacterial cells from glycerol stock were grown on ASW
agar plate at 28 °C for 24 h. Genomic DNA was isolated
using Hi Yield Genomic DNA Mini Kit (RBC Company,
Taiwan). The DNA fragment (1203 bp) carrying the coding
region of the mature form without the predicted N-terminal
signal peptide (1-25 amino acids) of the open reading frame
(ORF), Ahg786, was amplified by PCR using the following
primers: forward primer having BamHI site (underlined) 5'-
GTCTTGGATCCGTTAGATTCGTTTTTTCTG-3" and re-
verse primer having Nhel site (underlined) 5'-ACAG
ATAGCTAGCATGAAATCACTCAAACA-3'.
Amplification reactions were performed in TaKaRa PCR
Thermal Cycler Dice ®Gradient (Takara Bio, Japan) at an
initial temperature of 95 °C for 5 min, followed by 30 cycles
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Fig. 1 Schematic representation
of 3-agarose hydrolytic pathway.
Polymeric agarose is initially
cleaved at the 3-1,4 linkage by
the exported enzyme, (3-agarase 1.
The resulting
neoagarooligosaccharide is then
broken down to neoagarobiose
through the action of 3-agarase II.
Finally, neoagarobiose is cleaved
at the o-1,3 linkage by 1,3--3,6-
anhydro-L-galactosidase (x-
neoagarobiose/
neoagarooligosaccharide
hydrolase) to produce D-galactose
(G) and 3,6-anhydro-L-galactose
(AHG)

Agarose

0f 96 °C for 1 min, 55 °C for 30 s, and 72 °C for 90 s. The
final step at 72 °C for 10 min was performed using Ex-Taq
polymerase. The PCR product was digested by restriction
enzymes (Nhel and BamHI) and inserted into correspond-
ing sites of pET-28a(+) to obtain pET-28a-Ahg786. The
construct was designed to express the recombinant
Ahg786 (rAhg786) protein with 20 additional amino acids
including a 6xHis tag at the N-terminus. After confirmation
of the desired sequence, the recombinant plasmid was trans-
formed into E. coli Rosetta-gami.

Expression and purification of the recombinant
Ahg786

E. coli Rosetta-gami/pET-28a-Ahg786 was cultivated in LB
(100 mL) medium at 37 °C to ODggq of 0.6. The cells were
induced with 0.5 mM (final concentration) isopropyl-3-D-
thiogalactopyranoside (IPTG) and incubated at 16 °C for
12 h. Cells were harvested by centrifugation for 10 min at
10,000xg, and the cell pellet was resuspended in 5 mL of
phosphate-buffered saline (PBS, 137 mM NacCl, 2.7 mM
KCI, 10 mM Na,HPOy, and 1.8 mM KH,PO,, pH 7.4).
After disruption of the cells by sonication (output control 5
and duty cycle 50%) using Branson Sonifier 450 (Branson
Ultrasonics Corp., Danbury, CT, USA), the cell-free extract
was obtained by centrifugation of the sample at 15,000xg for
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30 min at 4 °C. The extract was applied onto TALON metal
affinity resin (Clontech Laboratories Inc., CA, USA) and PBS
buffer containing 200 mM imidazole was used as the elution
buffer to retrieve the His-tagged protein. The eluent was dia-
lyzed overnight at 4 °C to remove imidazole. Molecular
weight and purity of the protein were confirmed by 0.1%
sodium dodecyl sulfate and 12% polyacrylamide gel electro-
phoresis (SDS-PAGE) according to method of Laemmli
(1970). The protein concentrations were determined accord-
ing to method of Bradford (1976).

Determination of molecular mass of Ahg786
by gel-filtration chromatography

Molecular mass of the purified rAhg786 was determined by
gel-filtration chromatography performed on a Superose 12 10/
300 GL column equilibrated with 50 mM Tris-HCI (pH 8.0)
containing 100 mM NaCl in an AKTA-FPLC system (GE
Healthcare Life Sciences, Chicago, IL, USA). Gel filtration
was performed at room temperature at a flow rate of 0.5 mL/
min and the protein elution was monitored at 280 nm wave-
length. The column was calibrated using size markers as fol-
lows: (-amylase (200 kDa), yeast alcohol dehydrogenase
(150 kDa), bovine serum albumin (66 kDa), and bovine car-
bonic anhydrase (29 kDa).
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Determination of the enzyme activity
by 3,5-dinitrosalicylic acid assay

The amount of released reducing sugar after reaction between
Ahg786 and the substrate was measured by 3,5-
dinitrosalicylic acid (DNS) method, as previously described
(Miller, 1959). The reaction mixture containing 10 pL of NA2
(0.1 mg) in 440 uL of assay buffer (50 mM sodium phosphate,
pH 7.0) was incubated for 5 min at 15 °C, followed by the
addition of 50 pL of enzyme and subsequent incubation for
30 min at indicated temperatures. A total of 500 uL. of DNS
reagent (6.5 g of DNS, 325 mL of 2 N NaOH, and 45 mL of
glycerol in 1 L of distilled water) was added to the reaction
mixture, and tubes were boiled for 10 min at 100 °C. The
samples were cooled in ice-cold water for 2 min, and the
absorbance at 540 nm (Asyg) was recorded using Spectronic
Unicam Genesys 8 Spectrophotometer (Thermo Scientific™,
MA, USA). The amount of reducing sugars produced was
calculated by subtracting the value of blank (without enzyme)
from that of enzyme reaction.

Biochemical characterization of rAhg786

Optimum pH conditions were determined at 15 °C in different
buffers from pH 4.0-6.0 (50 mM sodium citrate buffer), pH
6.0-9.0 (50 mM sodium phosphate buffer), and pH 9.0-11.0
(50 mM glycine-NaOH buffer). The optimum temperature
was determined from 0 to 80 °C. Thermal stability was deter-
mined under standard assay conditions (30 min at 15 °C in
50 mM sodium phosphate buffer, pH 7.0) after pre-incubating
the enzyme from 0 to 80 °C for 60 min. To check the effect of
different metal ions on enzyme activity, various metal ions
(CaClz, COClz, CuClz, MgClz, MnClz, NlClz, NaCl, Zl’lClz,
and FeCl,) or ethylenediaminetetraacetic acid (EDTA) at a
final concentration of 0.5, 1, or 5 mM were used under stan-
dard assay conditions.

Assessment of kinetic parameters

Kinetic parameters K, and V., of the enzyme were deter-
mined using NA2 as the substrate under defined optimum
conditions (15 °C and pH 7.0) for 20 min. K;, and V., were
calculated from Lineweaver-Burk plot (Lineweaver and Burk
1934).

Thin-layer chromatography and mass analysis
of the hydrolyzed products

The recombinant protein Ahg786 (15 pg) was incubated with
50 ng of NA2, NA4, or NAG6 (total reaction volume 15 pL) for
16 h at 20 °C. Hydrolyzed products were spotted on TLC
silica gel plates (60G F,s4) and developed with a solvent (n-
butanol:ethanol:water = 3:1:1, v/v). Hydrolyzed products were

visualized by spraying 20% (v/v) methanol prepared in con-
centrated sulfuric acid (Sugano et al. 1994).

For mass spectrometry analysis of the hydrolyzed products,
the reaction mixtures were dried and resolved in methanol and
centrifuged at 15,000xg for 10 min. Insoluble particles were
removed and the supernatant was dried in Eyela centrifugal
evaporator CVE-2000 (EYELA, Japan). Samples were ana-
lyzed using an Agilent 1200 series high-performance liquid
chromatography system coupled to a 4000 QTRAP MS/MS
detector (AB SCIEX, Foster City, CA, USA) with an
electrospray ionization Turbo V ion source. A resolution of
80,000 (200 m/z) was used to acquire the MS spectra at a mass
range of 150-1000 m/z.

Multiple sequence alignment, construction
of phylogenetic tree, and structural modeling

Clustal program (https://www.ebi.ac.uk/Tools/msa/clustalo/)
was used for multiple sequence alignment of Ahg786 amino
acid sequence. The neighbor-joining (NJ) method (Saitou and
Nei 1987) from the Mega 6 program (Tamura et al. 2013) was
used for constructing the phylogenetic tree. Bootstrap analysis
was used to evaluate the tree topology of NJ data by
performing 1000 re-samplings and marking the branching
points. The evolutionary distances were computed using the
Poisson correction method (Zuckerkandl and Pauling 1965).
The three-dimensional (3-D) structure of Ahg786 was
modeled using AhgA (SMTL ID 3p2n.1, Rebuffet et al.
2011) as the template in Swiss Model (http://swissmodel.
expasy.org/).

Results
In silico analysis of Ahg786 from G. joobiniege G7

Based on the genomic sequencing data of G. joobiniege G7,
many genes were annotated for encoding hydrolytic enzymes
probably involved in the hydrolysis of sulfated algal polysac-
charides such as 50 sulfatases, 17 glycoside hydrolases, and
13 agarases (Kwak et al. 2012). The ORF of Ahg786
(WP_017446786.1) annotated as a hypothetical protein
showed 57, 58, and 59% identities with already characterized
«-NAOSHs such as SANABH from Saccharophagus
degradans 2-40 (Ha et al. 2011), AhgA from Zobellia
galactanivorans (Rebuffet et al. 2011), and BpGH117 from
Bacteroides plebeius (Hehemann et al. 2012a), respectively. It
carries a conserved domain (cd08992) belonging to the GH43
family in a broad region spanning between Ser-48 and Lys-
398 with an e value of 0 that is also found in most of the
reported «-NABH/NAOSHs. Despite the presence of the
GHA43 family domain, x-NABH/NAOSHs were proposed to
be assigned to the GH117 family (Rebuffet et al. 2011).
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Fig. 2 Comparison of the gene clusters comprising the 1,3-x-3,6-
anhydro-L-galactosidase gene (ahg786) and its orthologous genes. The
three gene clusters from Zobellia galactanivorans (Rebuffet et al. 2011),
Bacteroides plebeius (Hehemann et al. 2012b), and Streptomyces
coelicolor A3(2) (Bentley et al. 2002) were used for comparison.
Arrows indicate individual ORFs, with stop codons marked with

Analysis of gene arrangement around the ahg786 gene
shows a very different environment from other x-NAOSH
genes (Fig. 2). Several genes probably related to agar deg-
radation and G/AHG metabolism are present near the
NAOSH gene in other bacteria, but the gene coding for
galactose oxidase is the only one predicted to be associated
with agar metabolism around the ahg786 gene in G.
Jjoobiniege G7.

Expression and purification of Ahg786

SIGNALP 4.1 program (http://www.cbs.dtu.dk/services/
SignalP/) predicted that Ahg786 had a signal peptide with
a cleavage site between Ala-25 and Thr-26. Indeed,
NAOSH activity was confirmed in the extracellular protein
prepared from the cell culture of G. joobiniege G7, and the
presence of the protein (probably Ahg786) with the expect-
ed molecular weight (45.3 kDa) was also validated by SDS-
PAGE analysis (Fig. S1). Therefore, a signal peptide-
deleted recombinant protein (rAhg786) with an N-
terminal His tag was expressed in E. coli and purified using
TALON metal-affinity chromatography. The molecular
weight of the purified rAhg786 was estimated to be approx-
imately 47 kDa as per the SDS-PAGE analysis, consistent
with the calculated molecular weight (47.5 kDa) with N-
terminal accessory (Fig. 3a). The purity of the rAhg786
was confirmed to be 93% by Bio-Rad GS670 imaging den-
sitometer (USA). Gel-permeation chromatography on a
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DH pB-Galactosidase Racemase

Sugar Transporter  Sugar- Lacl- famlly Aldehyde
permease binding
protein

arrowheads. The ORF number is depicted in each arrow. The predicted
function for each ORF is shown in the lower row. The 1,3-x-3,6-anhydro-
L-galactosidase gene is indicated by an arrow filled in black, and genes
related to agar metabolism are indicated by shaded arrows. DH, dehydro-
genase; TR, transcriptional regulator

Superose 12 10/300 GL column revealed that the protein
had an apparent molecular weight of 99.4 kDa, suggesting
that the protein exists as a dimer (Fig. 3b).

Enzymatic property of rAhg786

From the amino acid sequence, Ahg786 protein was as-
sumed to be involved in agar degradation. Therefore, the
enzymatic property of the purified rAhg786 was tested
using NA2, NA4, NA6, and agarose. TLC analysis of the
reacted samples revealed that the protein was unable to
hydrolyze agarose but could act on NA2, NA4, and NA6
to release common products equivalent to AHG and other
molecules from all substrates (Fig. 4a). Therefore, the hy-
drolysates from rAhg786 catalysis reaction were analyzed
by mass spectrometry. The hydrolysate of NA2 showed two
spots equivalent to AHG and G on TLC; these were con-
firmed to have molecular masses of AHG (m/z 185 [M +
Na]") and G (m/z 203 [M + Na]*; Fig. 4b). Furthermore, the
enzyme completely hydrolyzed NA4 into AHG (m/z 185.3
[M + Na]") and neoagarotriose (m/z 509 [M + Na]*) and
NAG6 into AHG (m/z 185 [M + Na]") and neoagaropentaose
(m/z 815 [M + Na]*) (Figs. S2 and S3). All these results
indicate that rAhg786 is an exo-type «-NAOSH (1,3-o-
3,6-anhydro-L-galactosidase) that cleaves «-1,3-glycosidic
linkages to release AHG from the non-reducing ends of
NAOS.
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Fig. 3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and gel-filtration chromatography analysis of the purified rAhg786.
a SDS-PAGE analysis. rAhg786 with an N-terminus His tag was purified by
TALON metal-affinity chromatography from E. coli Rosetta-gami/pET-28a-
Ahg786. Lanes: M, molecular mass marker; 1, cell-free extract before IPTG
induction; 2, cell-free extract after IPTG induction; 3, purified rAhg786. The
migration of Ahg786 protein is indicated by the arrow. b Determination of
the molecular mass of rAhg786 by gel-filtration chromatography. a Gel-
filtration chromatography. Sample containing 600 pg of NABH protein

Biochemical characterization of rAhg786

The biochemical properties of rAhg786 as an x-NAOSH were
studied using NA2 substrate in various conditions. Maximum
activity was observed in 50 mM sodium phosphate buffer (pH
7.0), whereas the enzyme activity dropped to 31 and 42 % of
the maximum activity at pH 4.0 and 8.0, respectively (Fig. 5a).

Temperature profile results showed that the enzyme exhibit-
ed maximum activity at 15 °C and the enzyme activity was
maintained between 0 and 25 °C in 50 mM sodium phosphate
buffer (pH 7.0). In particular, 77 and 61% of the maximum
activity (15 °C) was maintained at 4 and 0 °C, respectively
(Fig. 5b). The enzyme activity was 88% of the maximum activ-
ity at 20 °C but decreased below 50% of the maximum activity
above 30 °C. Thermal stability tests revealed that the enzyme is
stable at a range of 0 to 20 °C but severely loses its activity over
25 °C. These results indicate that rAhg786 is a cold-adaptive
and heat-sensitive enzyme, which is unique as compared with
other x-NABH/NAOSHs that are reported to exhibit optimum
activities at temperatures between 20 and 42 °C (Table 1).

The chelator, EDTA, inhibited the enzyme activity by 50
and 16% at 0.5 and 5 mM concentrations, respectively, sug-
gesting that rAhg786 may require metal ions as cofactors.
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was injected onto a Superose 12 10/300 GL column. Gel filtration was
performed at a flow rate of 0.5 mL/min, and the elution profiles were mon-
itored by measuring the absorbance at 280 nm. b Determination of the
molecular mass. Gel-filtration chromatography of rAhg786 and size marker
proteins was performed on a Superose 12 10/300 GL column: position a, 3-
amylase (200 kDa); position b, yeast alcohol dehydrogenase (150 kDa);
position ¢, bovine serum albumin (66 kDa); and position d, bovine carbonic
anhydrase (29 kDa). For comparison, the position of the elution peak for
NABH is indicated with an arrow

Addition of various metal ions (0.5 mM) resulted in the strong
inhibition of the enzyme activity by Cu®* (9% activity reten-
tion) and NiZ* (14% retention); however, the activity was re-
markably enhanced in the presence of 1 mM Mn** (160%).
The inhibitory effect of EDTA was completely circumvented
in the presence of Mn”* ions in a concentration-dependent
manner (Fig. 5c¢), indicating that rAhg786 is dependent on
Mn?* ion for enzyme activity.

Enzyme kinetics

Enzyme kinetics were performed using NA2 (0.2-2 mg/mL) as
the substrate under standard assay conditions for 20 min. K,
and V. were 4.5 mM and 1.33 U/mg, respectively (Fig. 5d).

Construction of phylogenetic tree and structural
modeling of Ahg786

Results of protein BLAST (http://blast.ncbi.nlm.nih.gov)
revealed numerous sequences that were homologous to
Ahg786 from microorganisms. Till date, 11 proteins have
been characterized as «-NABH/NAOSHs, and only seven of
these have their amino acid sequences identified (Table 1). In the
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<« Fig. 4 Instrumental analysis of neoagarooligosaccharides hydrolysates
generated by rAhg786. a Thin-layer chromatography (TLC).
Neoagarooligosaccharides and agarose hydrolysates generated by
rAhg786 were analyzed on a silica gel (60G F,s4) TLC plate. The enzyme
reaction was performed for 16 h at 20 °C with the indicated substrates in
PBS buffer. b lon-trap mass spectrometry. The hydrolysate of neoagarobiose
(NA2) in (a) was dried in vacuo and extracted with methanol. The molecular
mass distribution was determined using a high-performance liquid chroma-
tography system coupled to a 4000 QTRAP MS/MS detector with an
electrospray ionization Turbo V ion source. a Mass spectrometry for sub-
strate, NA2. The peak for the molecular ion at m/z 347 (M + Na)* corre-
sponding to NA2 is indicated by an arrow. b Mass spectrometry of NA2
hydrolysate by rAhg786. The peaks for molecular ions at m/z 203 (M + Na)*
and m/z 185 (M +Na)* corresponding to D-galactose and 3,6-anhydro-L-
galactose, respectively, are indicated by arrows

phylogenetic tree analysis with the known o-NAOSHs (Fig. 6a)
, Ahg786 formed a distinct clade and showed closer evolution-
ary distance to the metal-binding proteins, AhgA from Z.
galactanivorans (Rebuffet et al. 2011) and BpGH117 from B.
plebeius (Hehemann et al. 2012a), than the non-metal-binding
SANABH from S. degradans 240 (Ha et al. 2011).
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Fig. 5 Enzymatic properties of rAhg786 toward neoagarobiose. a Effect
of pH. Enzyme activity was determined at 15 °C in various pH
conditions: pH 4.0-6.0 (50 mM sodium citrate buffer), pH 6.0-9.0
(50 mM sodium phosphate buffer), and pH 9.0-11.0 (50 mM glycine-
NaOH buffer). b Effect of temperature. Temperature profile of rAhg786
activity was evaluated from 0 to 80 °C in 50 mM sodium phosphate
buffer (pH 7.0). The temperature stability of the enzyme was determined
after pre-incubation at temperatures ranging from 0 to 80 °C for 60 min.
Filled circles, optimum temperature; filled squares, thermostability. In (a)

The 3-D structure of Ahg786 was modeled using AhgA as
the template in Swiss Model, recommended as the first prior-
ity by the program (Biasini et al. 2014). The 3-D structures of
the two proteins were very similar and had a narrow substrate-
binding cleft and metal-binding pocket formed by a five-
bladed (3-propeller catalytic domain (Fig. 6b). The three cata-
lytic amino acids in the active site were well conserved and
included Asp-88, Asp-244, and Glu-302 in Ahg786 (Fig. S4).
However, amino acid residues proposed for domain interac-
tion for dimerization in AhgA were poorly conserved and
warrant further studies (Rebuffet et al. 2011).

Discussion

We successfully identified Ahg786 as a unique cold-adapted
exo-acting x-NAOSH classified into the GH117 family from
a marine agarolytic bacterium G. joobiniege G7 (Chi et al.
2013). Among the 11 x-NABH/NAOSHs from the GHI117
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and (b), the highest enzyme activity was set to 100%, and for all others,
the relative activity was calculated. ¢ Effect of metal ions and chelating
agent. Effect of metal ions and EDTA on enzyme activity was determined
at a final concentration of 0.5 or 1 mM. The enzyme activity without
chemicals was considered as 100% while calculating the relative activi-
ties. d Determination of kinetic parameters. Lineweaver-Burk plots were
used to determine the kinetic parameters of rAhg786 acting on
neoagarobiose. In (a) and (d), all data shown are mean values from at
least three replicates
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Fig. 6 Phylogenetic tree analysis and structural modeling of Ahg786. a
Phylogenetic tree of x-NAOS hydrolases including Ahg786. The evolu-
tionary history was inferred using the neighbor-joining method in MEGA
6. All the characterized neoagarooligosaccharide hydrolases listed in
Table 1 were included. Two GH96 family «-agarases from
Thalassotalea agarivorans and Alteromonas agarilytica were also pre-
sented in the tree with their GenBank accession numbers. Two f3-
agarases, GH16 family AgaJ1l (WP_040459371.1) and GH86 family

family listed in Table 1, crystallographic studies have been per-
formed on three proteins, namely, AhgA from Z.
galactanivorans (Rebuffet et al. 2011), SNABH from S.
degradans 2-40 (Ha et al. 2011), and BpGH117 from B.
plebeius (Hehemann et al. 2012a). AhgA is an extracellular
dimeric protein and each of its monomer displays a putative
active site with a funnel-like topology formed by the five-
bladed B-propeller folds. Three catalytic acidic residues,
Asp-97, Asp-252, and Glu-310, are positioned at the bottom
of this pocket (Rebuffet et al. 2011), thereby acting as a
base (nucleophile) and acid (proton donor) (Pons et al.
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Gayadi Jjoobiniege (AgaJs)

Ahg786

Agal5 (WP_017446675.1) from G. joobiniege G7 were also included
in the tree for comparison. The tree is drawn to scale, with branch lengths
in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the
Poisson correction method by eliminating gaps and missing data. b
Comparison of the three-dimensional structures of Ahg786 and AhgA.
AhgA (SMTL ID 3p2n.1) was used to model the three-dimensional struc-
ture of Ahg786 in Swiss Model (http://swissmodel.expasy.org/)

2004). These features are also commonly found in GH32,
GHA43, and GH68 families, necessitating the exo-mode of
action of hydrolases. The Zn>* ion is located at the bottom
of the active site pocket of AhgA, and Asp-97 or Asp-252
carboxyl group of the catalytic residues is involved in hy-
drogen bonding with Zn®* in the presence of water mole-
cules. The dimeric SdNABH and BpGH117 also have struc-
tures similar to those of AhgA. Although the binding be-
tween SdNABH and metal ions is uncertain (Rebuffet et al.
2011), BpGH117 has a metal-binding pocket for Mg**
(Hehemann et al. 2012a).
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The modeling of the 3-D structure of Ahg786 using AhgA
as the template in the Swiss-Model (Biasini et al. 2014) re-
vealed the similarities between the structures of these two pro-
teins, including those in the narrow substrate-binding cleft for
exo-glucanase and metal-binding pocket (Fig. 6b). These struc-
tures are common in AhgA and BpGH117 but not in SONABH.
The phylogenetic tree of the characterized o«-NAOSHs revealed
that Ahg786 formed a clade distinct from all other members,
wherein AhgA and BpGH117 were closer to Ahg786 than
SdANABH. This phylogenetic relationship may reflect the struc-
tural difference between metal-binding AhgA and BpGH117
and non-metal binding SUNABH. Therefore, metal binding to
the pocket may be necessary for Ahg786 activity.

Ahg786 cleaved the «-1,3-glycosidic linkage from the non-
reducing ends of NA2, NA4, and NAG6 but not agarose. This
result indicates that Ahg786 is an x-NAOSH rather than -
NABH or agarase. Among the characterized x-NABH/
NAOSHs, only two «-NABHs were reported from
Pseudomonas atlantica (Day and Yaphe 1975) and Cytophaga
flevensis (Van Der Meulen and Harder 1976), as shown in
Table 1. Therefore, x-NAOSHSs rather than «-NABH seem to
be the main enzymes involved in the complete hydrolysis of agar
in nature. Most of a-NAOSHs reported form dimeric or
multimeric complexes, but the dimeric form is common as ob-
served for Ahg786. The location of proteins in the extracellular
or intracellular environment is similar. If intracellular o-
NAOSHs hydrolyze NA2 in the cell, validation studies evaluat-
ing the new system for NA2 transport into the cell are desirable.

Ahg786 «-NAOSH showed maximum activity at 15 °C
and maintained 77% of its activity at 4 °C, distinct from other
hydrolases that exhibit optimum activities at temperatures be-
tween 20 and 42 °C (Table 1). However, the optimum pH for
Ahg786 was comparable with that of other hydrolases. As a
cofactor, Mn>* was essential for Ahg786 activity. Although oc-
NABH/NAOSH activities are to be enhanced by metal ions
such as Mg”* ions (Bacillus sp. MK03), Mg**/Mn>* ions
(Cellvibrio sp. WU-0601), and Ca** ions (Cellulophaga sp.
W5C), their dependence on metal ions is not verified
(Table 1). Crystallographic analysis has shown that AhgA
binds to Zn®* (Rebuffet et al. 2011) and BpGH117 binds to
Mg** ions (Hehemann et al. 2012a), but the dependence of
enzyme activities on metal ions is unclear. In this study, the
severe inhibition of Ahg786 activity by EDTA was completely
restored and even remarkably enhanced in the presence of
Mn?*, indicating that Ahg786 is Mn>*-dependent hydrolase
(probably through the binding of Mn?* to the metal-binding
pocket). Therefore, the cofactor requirements by o«-NABH/
NAOSHs seem very diverse among the microorganisms.
According to the 3-D structure modeling, Mn?* ion may bind
to the metal-binding pocket through hydrogen bonds mediated
by Asp-88 and Asp-244 residues in the active site of Ahg786.

We have recently reported a novel cold-adapted GH39 [3-
agarase Agal9 (Jung et al. 2017b) that retains more than 80%

of'its activity even at a temperature of 5 °C as well as an acidic
GH16 (3-agarase AgalJll (Jung et al. 2017a) and GH86 f3-
agarase (Lee et al. 2018) in G. joobiniege G7. These imply
that G. joobiniege G7 has a unique enzymatic system that can
completely degrade agar even at low temperatures. The ability
of microorganisms to degrade agar at low temperatures can
offer many advantages in survival. In general, agar is a solid
form in low-temperature seas, and cold-adapted enzymes can
effectively degrade agar to make microbes use it as carbon
source. Especially if it is possible to produce psychrophilic
enzymes capable of degrading agar in the cold season such
as winter, it will greatly help microbial survival.

For biotechnological applications, cold-adapted enzymes
may serve as important resources because their high catalytic
activities at low temperatures deem them as excellent
biocatalysts, thereby eliminating the need to heat and repress
microbial contamination during industrial processes. In our
recent report, we demonstrated that cold-adapted Agal9 f3-
agarase could be effectively used for DNA recovery from
agarose gel, and this process may work better in the presence
of co-treatment with Agal9 and Ahg786.

New agarases are being discovered and characterized for
their biochemical properties; a few of these display a wide
range of activities at low temperatures. Therefore, further
studies are warranted for the use of G. joobiniege G7 with
tens of genes probably involved in the degradation of sulfated
galactans to meet the current and future demands in food,
cosmetic, nutraceutical, and bioenergy industries.
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