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ABSTRACT: Neoagarobiose (NA2) is the repeating disaccharide unit of agarose and
possesses various promising biological activities. To identify an efficient exolytic β-
agarase required for NA2 production from agarose, the GH50A β-agarase gene from
agar-degrading Cellvibrio sp. KY-GH-1 was overexpressed as a recombinant His-
tagged protein using the Escherichia coli expression system. GH50A β-agarase that
consists of 797 amino acids was able to produce predominantly NA2 from agarose at
an optimal temperature and pH of 35 °C and 7.5, respectively. The enzyme was stable
up to 35 °C and within a pH range of 7.0−9.0. The Km, Vmax, Kcat, and Kcat/Km values
of the enzyme were 26.5 mg/mL, 16.9 U/mg, 25.2 s−1, and 1.2 × 105 s−1 M−1,
respectively. The copresence of 5 mM MnSO4 and 10 mM tris(2-carboxyethyl)-
phosphine (TCEP) resulted in a 2.5-fold enhancement of the enzyme activity. For NA2 production, neoagaro-oligosaccharides
(NAOSs) containing NA4−NA18 were preferred over agarose or agaro-oligosaccharides (AOSs) as substrates. NA2 was produced
along with minor amounts of agarotriose (A3) after treatment of AOS with the enzyme, indicating that the exolytic digestion of AOS
by the enzyme was initiated by releasing A3 from nonreducing ends. Enzymatic hydrolysis of 0.4% agarose (100 mL) using GH50A
β-agarase (20 μg/mL) for 4 h under optimal reaction conditions (5 mM MnSO4, 10 mM TCEP, 35 °C, 20 mM Tris−HCl, and pH
7.5) and purification of NA2 from hydrolysis products by Bio-Gel P-2 column chromatography resulted in the recovery of 216 mg of
NA2 (∼54% yield from agarose). Altogether, these results suggest that the recombinant GH50A β-agarase is useful to convert
agarose to NA2.

■ INTRODUCTION

Agar, a well-known marine red algae cell wall polysaccharide,
consists of a mixture of two different components: neutral
agarose and negatively charged agaropectin. Agarose is
composed of alternating residues of α-1,3-linked 3,6-
anhydro-L-galactose (L-AHG) and β-1,4-linked D-galactose.
Agaropectin consists of the same repeating units but with
partial replacement of AHG residues with L-galactose sulfate
and partial replacement of the D-galactose residues with
pyruvic acid acetal 4,6-O-(1-carboxyethylidene)-D-galactose.1

Agar is widely used as a gelling agent in food industries and for
microbial culture media because it is resistant to microbial
degradation. At least 15 genera of marine bacteria and seven
genera of nonmarine bacteria have been reported to produce
agarases that can degrade agar into its monomers D-galactose
and L-AHG.2−6

Agarases are divided into two types based on their mode of
cleavage: α-agarase (EC 3.2.1.158), which cleaves the α-1,3-
glycosidic linkage, and β-agarase (EC 3.2.1.81), which cleaves
the β-1,4-glycosidic linkage.2,3 Reported agarases are mostly
agar-liquefying endo-β-agarases that produce neoagaro-oligo-
saccharides (NAOSs). Fewer reports are available on α-
agarases that generate agaro-oligosaccharides (AOSs). Com-

paring amino acid sequence similarities among bacterial
agarases, the Carbohydrate-Active Enzymes (CAZyme) data-
base classifies agarases into different glycoside hydrolase (GH)
families: GH16, GH50, GH86, and GH118 for β-agarases,7−9

as well as GH96 and GH117 for α-agarases.10,11 GH16, GH86,
and GH118 β-agarases are endolytic and generate neo-
agarotetraose (NA4)/neoagarohexaose (NA6), NA6/neoagar-
ooctaose (NA8), and NA8/neoagarodecaose (NA10). GH50
β-agarases produce neoagarobiose (NA2), NA4, or NA2/NA4
via their exolytic and endolytic activities.2,12−15 GH96 α-
agarases produce agarobiose from agarose, and GH117 α-
neoagarobiose hydrolase (α-NABH) catalyzes the hydrolytic
degradation of NA2 to L-AHG and D-galactose.11

NAOS and AOS display various biological activities,
including antioxidant,16 antitumor,17,18 prebiotic,19 anti-
inflammatory,20 and antidiabetic and anti-obesity activities.21
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In addition, NA2 and L-AHG demonstrate skin-moisturizing
and whitening, anti-inflammatory, and anticarcinogenic
effects.22−24 The biological activities of agar degradation
products are likely associated with the presence of AHG, yet,
in vivo studies providing direct evidence for the presumed L-
AHG biological functions remain largely unavailable. This
situation is largely attributable to the difficulty of mass-
producing commercially available L-AHG. Recently, an
enzymatic process to produce L-AHG from agarose has been
developed, which involves a cotreatment of GH50 β-agarase
and GH117 α-NABH to degrade agarose into NA2 and then
into L-AHG and D-galactose.25,26 However, this process can
still be improved for better enzymatic saccharification of
agarose. Further exploration of the GH50 family β-agarase that
can efficiently produce NA2 from agarose is still needed.
In a previous study, we sequenced the entire genome of

Cellvibrio sp. KY-GH-1 (KCTC13629BP) to explore genetic
information encoding agarases that hydrolyze agarose into L-
AHG and D-galactose.27 The KY-GH-1 strain possesses three
exolytic GH50 β-agarases in an agarase gene cluster spanning
approximately 77 kb. However, which of these three isozymes
possesses the most prominent exolytic GH50 β-agarase activity
for the production of NA2 from agarose remains unknown.
In this study, we obtained three recombinant His-tagged

GH50 family β-agarases (GH50A, GH50B, and GH50C) from
Cellvibrio sp. KY-GH-1 using the Escherichia coli expression
system with the pET-30a vector and compared their enzyme
activities. We identified that GH50A β-agarase exhibits the
highest exolytic β-agarase activity among the three isozymes.
Finally, we further examined the enzymatic properties of
GH50A β-agarase and assessed its efficiency for NA2
production from agarose.

■ RESULTS AND DISCUSSION
Production of Individual GH50 β-Agarases from

Cellvibrio sp. KY-GH-1 as C-Terminal His-Tagged
Proteins Using E. coli Expression System with pET-30a
Vector. Our previous sequence analysis of the Cellvibrio sp.
KY-GH-1 genome demonstrated the presence of three GH50
β-agarase genes (GH50A, GH50B, and GH50C).27 Based on
these data, we examined which recombinant His-tagged β-
agarases expressed in the E. coli had the most prominent
exolytic activity toward agar degradation.
After E. coli transformants were subjected to isopropyl β-D-1-

thiogalactopyranoside (IPTG) induction, cells were harvested
and prepared for fractionation into total, soluble, and insoluble
portions. All three recombinant β-agarases were detected in
cellular soluble fractions (Figure 1A). The levels of individual
enzymes detected in the insoluble inclusion body fraction were
insignificant. Molecular weights (MWs) of GH50A, GH50B,
and GH50C β-agarases were calculated from the amino acid
composition, including the 6× His-tag. These estimated values
were 90.3, 88.7, and 88.5 kDa for GH50A, GH50B, and
GH50C β-agarases, respectively. However, the estimated MWs
of the recombinant His-tagged proteins using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sug-
gested 89.0, 90.1, and 94.0 kDa, respectively.
Transformants expressing GH50A, GH50B, or GH50C β-

agarase were cultured on LB agarose plates containing 0.05
mM IPTG for 2 days, followed by staining with Lugol’s iodine
solution. Agarose-degrading activity, which is reflected by a
bright clear zone around the colonies, was the highest for the
GH50A β-agarase-expressing transformant (Figure 1B). These

data suggest that GH50A β-agarase is the major exolytic β-
agarase required for the agarose-degrading enzyme machinery
in Cellvibrio sp. KY-GH-1. Therefore, the recombinant GH50A
β-agarase may be useful for enzymatic production of NA2 from
agarose. The functional roles of GH50B and GH50C β-
agarases in the degradation of agarose remain to be elucidated.

Comparison of GH50A β-Agarase Amino Acid
Sequences with Related Enzymes from Other Sources.
The amino acid sequence of GH50A β-agarase was aligned
with other β-agarase sequences using the CLUSTALW
program (Figure 2A). The overall sequence of Cellvibrio sp.
KY-GH-1 GH50A β-agarase shares 97.6% similarity with
Alteromonas sp. E-1 β-agarase (GenBank Accession No.
BAE97587.1),28 as well as 96.9, 96.4, 95.6, and 91.7%
similarity with Cellvibrio sp. OA-2007 (GenBank Accession
No. WP_062065002.1),29 Cellvibrio sp. pealriver (GenBank

Figure 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) of recombinant His-tagged GH50A, GH50B, and
GH50C β-agarases expressed in E. coli and detection of extracellular
agarase activity on agarose plates using Lugol’s iodine solution. (A)
Total, soluble, and insoluble cellular portions were isolated from E.
coli BL21 (DE3) transformants cultured in the presence of 0.075 mM
IPTG. An equivalent amount of each portion was electrophoresed on
SDS-polyacrylamide gel. (B) Transformants expressing recombinant
His-tagged GH50A, GH50B, or GH50C β-agarase were spotted onto
Luria broth (LB) agarose plates containing kanamycin and IPTG and
incubated for 2 days at 30 °C. Plates were stained with Lugol’s iodine
solution at RT. Representative results are shown; two additional
experiments yielded similar results.
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Figure 2. Multiple amino acid sequence alignment comparing GH50A β-agarase with nine GH50 family β-agarases and their phylogenetic
relationship. (A) Amino acids are displayed in single-letter abbreviations after alignment of open-reading frames using Clustal X.33 Identical
residues in all sequences are indicated by asterisks under the column; conserved substitutions are indicated by colons, semi-conserved substitutions
are indicated by dots, and conserved residues are highlighted using the Clustal X color scheme. Deletions are indicated by dashes. (B) Unrooted
tree was constructed using UPGMA.34 Numbers at nodes are levels of bootstrap support.
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Accession No. WP_049629422.1),30 Cellvibrio sp. KY-YJ-3
(GenBank Accession No. WP_151059417.1), and Cellvibrio
sp. BR (GenBank Accession No. WP_157152532.1), respec-
tively. This observation indicates that there is a high degree of
homology among Cellvibrio GH50 β-agarases. GH50A β-
agarase also shares similar identity (66.9, 64.3, 63.2, and
62.7%) with Catenovulum sp. RQJ05 (GenBank Accession No.
WP_111979256.1), Catenovulum sediminis (GenBank Acces-
sion No. WP_143873817.1), Catenovulum agarivorans (Gen-
Bank Accession No. WP_035016017.1),31 and Saccharophagus
degradans (GenBank Accession No. WP_143710996.1).32

Although these β-agarases found in the NCBI GenBank
database (http://www.ncbi.nlm.nih.gov/) possess high levels
of amino acid sequence homology (62.7−96.9%), none of their
enzymatic properties have been tested to date.
The unrooted phylogenetic relationships of individual β-

agarases show that Cellvibrio sp. KY-GH-1 GH50A β-agarase is
more closely related to β-agarases from Alteromonas sp. E-1,
Cellvibrio sp. OA-2007, Cellvibrio sp. pealriver, Cellvibrio sp.
KY-YJ-3, and Cellvibrio sp. BR isolated from nonmarine
sources than to the enzymes from Catenovulum sp. RQJ05, C.
sediminis, C. agarivorans, and S. degradans isolated from marine
sources (Figure 2B).
Several GH50 family β-agarases were previously reported to

cleave agarose by either exolytic activity alone or by a
combination of exolytic and endolytic activities to produce
NA2, NA4, or NA2/NA4.2,12−15 Since GH50A homologues
were present in all of the agar-degrading bacteria aligned, we
reasoned that GH50A β-agarase was most likely to be
associated with degradation of agarose into NA2 and/or
NA4 and is an essential component of the agar-degrading
enzyme machinery in Cellvibrio sp. KY-GH-1.
Enzymatic Characteristics of GH50A β-Agarase. To

examine recombinant GH50A β-agarase for mass production
of NA2 from agarose, we investigated various enzymatic
characteristics. As shown in Figure 3, the soluble β-agarase
band was approximately 32% of the total soluble cellular
proteins when compared to a standard curve, suggesting its
successful overexpression in a soluble form in the E. coli
expression system. The purified GH50A β-agarase was

detected as a single band on an 8% SDS-PAGE gel without
remarkable contaminants, demonstrating the high purity of the
enzyme.
The highest enzymatic activity was found at 35 °C when the

purified GH50A β-agarase was measured at various temper-
atures (Figure 4A). More than 80% of the maximum activity
was retained throughout the temperature range of 20−50 °C.
The enzyme exhibited maximum activity in a broad pH range
of 6.0−10.0 (Figure 4B). The enzyme was stable up to 35 °C
(Figure 4C). However, GH50A β-agarase retained only 60% of
the maximum activity after treatment at 40 °C for 4 h and
completely lost all its enzyme activity after incubating at 50 °C
for 4 h. GH50A β-agarase was stable at the pH range of 7.0−
9.0 but rapidly lost its activity in acidic pHs as it retained 30%
of the maximum activity after incubating at pH 6.0 for 4 h
(Figure 4D). This suggests that GH50A β-agarase is more
stable at alkaline pH. The Km, Vmax, Kcat, and Kcat/Km values of
the enzyme were 26.5 mg/mL, 16.9 U/mg, 25.2 s−1, and 1.2 ×
105 s−1 M−1, respectively (Figure 4E).
GH50A β-agarase activity was enhanced 1.7−1.8-fold in the

presence of 5 mM MnCl2 or 5 mM MnSO4, suggesting that
enzyme activity may rely on Mn2+ (Figure 5A). However, the
enzyme activity was not affected by 5 mM ethylenediaminete-
traacetic acid (EDTA). Interestingly, reported marine β-
agarases are generally dependent on the presence of Mg2+

and Na+.14,35,36 However, GH50A β-agarase activity in this
study was not affected by MgCl2 or NaCl. This demonstrates
that the Mn2+-dependent enhancement of GH50A activity is a
unique enzymatic property. The presence of 5 mM TCEP also
enhanced the enzyme activity by 1.2-fold.
The enhancing effects by Mn2+ and TCEP on GH50A β-

agarase activity were in a dose-dependent manner; 10 mM
MnSO4 and 10 mM TCEP increased the enzyme activity to a
maximum of 1.8-fold and 1.4-fold, respectively (Figure 5B).
Also, GH50A β-agarase activity was elevated 2.5-fold in the
copresence of 5 mM MnSO4 and 10 mM TCEP, suggesting a
synergistic effect with Mn2+ and TCEP on GH50A β-agarase
activity. However, the copresence of Mn2+ and 1,4-
dithiothreitol (DTT) failed to demonstrate synergy between
their individual positive effects on enzyme activity (data not
shown). Although TCEP contributed to promoting the
enzyme activity presumably by preventing oxidation of
sulfhydryl groups of the enzyme, the DTT promoting effect
was not compatible with the Mn2+ enhancing effect on the
enzyme activity. This is possibly due to a suppressive effect on
ionizing manganese salts.37 Therefore, GH50A β-agarase might
require manganese ions and a sulfhydryl reductant TCEP for
full enzyme activity. The manganese-binding affinity of GH50A
β-agarase might be strong enough to resist inhibition by the
chelating action of EDTA.
Individual effects of metal ions, a sulfhydryl reductant

TCEP, and a chelator EDTA at a concentration of 5 mM (A)
and cotreatment effects of MnSO4 (5 mM) and TCEP (5 or 10
mM) on the GH50A β-agarase activity (B) were measured by
mixing purified enzyme (20 μg/mL) with 0.4% agarose in 20
mM Tris−HCl buffer (pH 7.5) and then incubating at 35 °C
for 30 min. Enzyme activity measured without treatment with
various ions and reagents was defined as 100%. Each value is
expressed as the mean ± SD (n = 3; three replicates per
independent experiment). *P < 0.05 and **P <0.01 compared
with non-treated control.

Substrate Degradation Mode of GH50A β-Agarase. In
the literature, GH16, GH86, and GH118 β-agarases are endo-

Figure 3. SDS-PAGE of purified recombinant His-tagged GH50A β-
agarase. Lane: SM, prestained size markers; Crude GH50A, the
soluble cell lysate (10 μg) obtained from E. coli transformant
expressing GH50A β-agarase; and Purified GH50A, the purified
recombinant His-tagged GH50A from the soluble cell lysate using the
NI-NTA Purification System.
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type enzymes that degrade agarose into NAOS with different
DPs of 4−10, whereas GH50 β-agarases degrade agarose into
NA2, NA4, or NA2/NA4 as predominant end products
through their exolytic and endolytic activities.2,12−15

We performed thin-layer chromatography (TLC) analysis of
the hydrolysis products from a time-kinetic treatment of the
substrate (agarose or NAOS mixture of NA2−NA18) with
GH50A β-agarase to determine the substrate-degrading mode.
GH50A β-agarase-catalyzed time-kinetic hydrolysis patterns
showed exo-typic hydrolysis of agarose to yield NA2 from the
initiation of the reaction, and the amount of NA2 consistently
increased as the primary product during the reaction period of
60 min (Figure 6A). In addition, NA4 and some NAOS with
higher DPs were detected to a much lesser extent. TLC
analysis of the hydrolysates of an NAOS mixture containing
NA2−NA18 revealed that NAOSs as large as or larger than
NA6 were preferred substrates for the enzyme reaction to
produce NA2 (Figure 6B). TLC analysis data also revealed
that GH50A β-agarase could degrade an AOS mixture with
various DPs to produce NA2 as the major product. However,
this process also produced minor amounts of A3 that was
presumably generated at the first step of the enzyme-catalyzed
digestion of AOS (Figure 6C).

To confirm the substrate preference of GH50A β-agarase for
NA6−NA8 over NA4, NAOS hydrolysis products treated with
GH50A β-agarase for the indicated time periods were analyzed
by liquid chromatography with tandem mass spectrometry
(LC-MS/MS). Consistent with the TLC data, LC-MS/MS
data showed that the enzyme-catalyzed hydrolysis of NA6−
NA8 occurred prior to that of NA4, confirming that NAOSs
larger than NA4 are preferred substrates for GH50A β-agarase
to produce NA2 (Figure 7). In addition, LC-MS/MS analysis
of the AOS enzyme-catalyzed hydrolysates showed that the
major product NA2 and the minor product A3 were produced
in a time-dependent manner (Figure 8). These results
demonstrate that the AOS exolytic digestion by GH50A β-
agarase to produce NA2 is initiated after releasing A3 from the
nonreducing end of AOS.
To the best of our knowledge, there are no reported GH50

family β-agarases that produce NA2 in an exo-splitting manner
after releasing A3 from the nonreducing end of AOS.
Therefore, this novel GH50A β-agarase reported in this
study is likely to be the first discovered enzyme capable of
catalyzing such reactions.
In addition, although most of the GH50 β-agarases were

reported to produce NA4 or NA2/NA4 from agarose by their

Figure 4. Biochemical characteristics of GH50A β-agarase. (A, B) Effects of temperature and pH on the enzyme activity were measured using 0.4%
agarose and 20 μg/mL purified GH50A β-agarase. (C, D) Temperature and pH stability of the GH50A β-agarase were investigated following 4 h
incubation at individual pH or temperature. (E) Lineweaver−Burk plot to obtain Km, Vmax, Kcat, and Kcat/Km values of GH50A β-agarase was
investigated using indicated concentrations of the enzyme and agarose. Each value is expressed as the mean ± standard deviation (SD) (n = 3; three
replicates per independent experiment). Representative results are shown; two additional experiments yielded similar results.
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exolytic and endolytic activities,2,12−15 GH50 β-agarase that
produces NA2 directly from agarose by exolytic action is
relatively rare. In these regards, GH50A β-agarase from a
freshwater bacterium Cellvibrio sp. KY-GH-1 is a unique GH50
family β-agarase that can exolytically digest its substrates
(agarose, NAOS, or AOS) to produce NA2 as the major
product (Figure 9).
Previously, we reported that Cellvibrio sp. KY-GH-1

possesses genes encoding four endolytic GH16 family β-
agarases, two endolytic GH86 family β-agarases, and three
exolytic GH50 family β-agarases.27 Agarose degradation into
NA2 by combined treatment with endolytic GH16/GH86 β-
agarases and exolytic GH50A β-agarase or with acid pretreat-
ment and GH50A β-agarase treatment may be more efficient
than single treatment with GH50A β-agarase.
Yield of NA2 from Agarose or AOS Treatment with

GH50A β-Agarase under Optimal Reaction Conditions.
To examine whether GH50A β-agarase may be an efficient
enzyme for NA2 production from agarose, we examined the
yield of NA2 from 0.4% agarose under optimum reaction
conditions (5 mM MnSO4, 10 mM TCEP, 20 mM Tris−HCl,
pH 7.5, 35 °C). The concentration of GH50A β-agarase
required for maximal production of reducing sugars from 0.4%

agarose was measured following a 4 h treatment under optimal
reaction conditions. The optimal concentration was 20 μg/mL
(Figure 10A). When treated for 12 h under the same
conditions, the concentration of the enzyme required for
maximum production was 5 μg/mL (data not shown).
Following the treatment of 0.4% agarose (100 mL) with 20
μg/mL GH50A β-agarase for 4 h under optimal conditions, the
reaction mixture was lyophilized. The dried sample was
dissolved in DI water and subjected to size-exclusion
chromatography using a Bio-Gel P-2 column. The TLC
analysis showed that NA2 was identified in fractions 18−19,
demonstrating that NA2 could be purified from the enzyme
reaction products by size-exclusion chromatography (Figure
10B). Lyophilization of fractions 18−19 recovered NA2 as a
powder. When the enzyme hydrolysate of agarose (400 mg)
was fractionated by three rounds of column chromatography, a
total of 216 mg of NA2 was obtained, indicating that the yield
of NA2 was ∼54% from agarose.
To examine whether GH50A β-agarase may be an efficient

enzyme for NA2 production from AOS, we examined the yield
of NA2 from AOS. After 1.0% AOS (30 mL) was treated with
GH50A β-agarase (20 μg/mL) for 4 h under optimum
reaction conditions (5 mM MnSO4, 10 mM TCEP, 20 mM
Tris−HCl, pH 7.5, 35 °C), the reaction mixture was
lyophilized. The dried sample was dissolved in DI water and
subjected to size-exclusion chromatography using a Sephadex
G-10 column. The TLC analysis of individual fractions
obtained from the column chromatography showed that
NA2 was identified in fractions 21−23 along with A3 in
fractions 18−19 (Figure 11A). In addition, NA2 and A3 in
individual fractions were further confirmed with an LC-MS/
MS analysis (Figure 11B). This indicates that NA2 and A3
could be purified from the enzyme reaction products by
Sephadex G-10 column chromatography. Lyophilization of
fractions 21−23 resulted in recovery of NA2 powder (184
mg), indicating ∼61% yield of NA2 from AOS.

■ CONCLUSIONS
In summary, a recombinant His-tagged GH50A β-agarase
derived from a freshwater agar-degrading Cellvibrio sp. KY-
GH-1 produces neoagarobiose (NA2) as the primary product
from agarose. Enzyme activity exhibits more than 80% of
maximum activity at pH 6.0−10.0 and temperature 20−50 °C
and is enhanced 2.5-fold due to the copresence of MnSO4 and
TCEP, but it is not affected by 5 mM EDTA. GH50A β-
agarase hydrolyzes NAOSs irrespective of their DPs to produce
NA2 but with a preference for NA6−NA18. An NAOS mixture
(NA6−NA18) prepared by endolytic β-agarase treatment of
agarose was a preferred substrate over either agarose itself or
an AOS mixture prepared by acetic acid treatment of agarose.
The GH50A β-agarase enzymatic properties suggest that it
may be useful as a one-step process to convert agarose to NA2
with ∼54% yield or as a cotreatment process with an endolytic
β-agarase (GH16/GH86/GH118 β-agarases) to maximize
agarose conversion to NA2. Further, GH50A β-agarase will
be useful for saccharification of agarose biomass to produce
monomers L-AHG and D-galactose, via cotreatment with
GH117 family α-NABH. Also, since none of the nine β-
agarases possessing high-level homology (62.7−96.9%) in their
amino acid sequences were examined for enzymatic properties
to date, current data for GH50A β-agarase reported in this
study may provide insight into β-agarases that exhibit
significant homology to GH50A β-agarase.

Figure 5. Effects of metal ions, reducing agent, and chelating agent on
GH50A β-agarase activity. Individual effects of metal ions, a sulfhydryl
reductant TCEP, and a chelator EDTA at a concentration of 5 mM
(A), and co-treatment effect of MnSO4 (5 mM) and TCEP (5 mM or
10 mM) on the activity of GH50A β-agarase activity (B) were
measured by mixing purified enzyme (20 μg/mL) with 0.4% agarose
in 20 mM Tris-HCl buffer (pH 7.5) and then incubated at 35°C for
30 min. Enzyme activity measured without treatment with various
ions and reagents was defined as 100%. Each value is expressed as the
mean ± SD (n = 3; three replicates per independent experiment). *P
< 0.05 and **P < 0.01 compared with non-treated control.
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■ EXPERIMENTAL SECTION

Cloning and Expression of GH50 β-Agarase Genes
Using the E. coli Expression System with pET-30a
Vector. Three Cellvibrio sp. KY-GH-1 β-agarase genes
(GH50A, GH50B, and GH50C) were amplified from genomic
DNA by PCR using NdeI-forward primers (5′-CCCGCA-
TATGATGTGTTCGAGTTATAA-GCTTG-3′ for GH50A
and 5′-GCGGCATATGAAAAACTCACAACATCTTAATC-
3′ for GH50B), BamH1-forward primer (5′-GGCGGGATC-
CATGAAAAAAAATCAACTACATTTA-3′ for GH50C), and
X h o 1 - r e v e r s e p r i m e r s ( 5 ′ -
CGGGCTCGAGTTTTTTCGCGCGGCGAGTA-3′ for
GH50A, 5′-GCGCTCGAGTTTT-CCAAAACGCTTAATG-
TAAAGG-3′ for GH50B, and 5′-GAATCTCGAGTTG-
GATGGGAGGAATTTTA-3′ for GH50C). The PCR prod-
ucts were purified and digested by NdeI/XhoI for both GH50A
and GH50B genes or BamHI/XhoI for the GH50C gene. The
digested PCR fragments were ligated into the pET-30a
expression vector (Novagen, Madison, WI) using T4 ligase

(Roche, Basel, Switzerland) to express each enzyme as a C-
terminal 6× His-tagged protein. The recombinant pET-30a
plasmids were transformed into E. coli BL21 (DE3)
(Novagen). Transformants harboring individual GH50 β-
agarase genes were cultured overnight at 30 °C in a Luria broth
(LB) plate with 50 μg/mL kanamycin (Sigma-Aldrich, St.
Louis, MO).
Expression of individual β-agarase genes in the E. coli

transformants was induced as previously described.38 Trans-
formants were cultured in LB media containing 50 μg/mL
kanamycin at 25 °C until an OD600 nm of 0.5−0.6 was reached.
For induction of GH50 β-agarases, 0.075 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG, Sigma-Aldrich, St. Louis, MO)
was added and cells were further cultured for an additional 5 h
at 25 °C.

Sequence Analysis and Phylogenetic Tree Construc-
tion. The amino acid sequences of nine GH50 family β-
agarases were obtained by BLAST searches using the NCBI
database (http://www.ncbi.nlm.nih.gov). The amino acid
sequences of individual open-reading frames were aligned

Figure 6. Time-kinetic analysis of GH50A β-agarase-catalyzed hydrolysates of agarose, NAOS, or AOS by TLC. For the hydrolysis of each
substrate, 0.4% agarose (A), 1.0% NAOS (B), or 1.0% AOS (C) was incubated with 10 μg/mL enzyme in 20 mM Tris−HCl (pH 7.5) at 35 °C for
the indicated time periods. Standard neoagaro-oligosaccharides (STD NAOSs) and agaro-oligosaccharides (AOSs) were prepared as described in
Experimental Section. Equivalent amounts of each reaction mixture were analyzed by TLC. Saccharides were visualized with ethanol solution
containing 0.2% (w/v) naphthoresorcinol and 10% (v/v) H2SO4 and then heating at 80 °C. Representative results are shown; two additional
experiments yielded similar results.
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using Clustal X.33 The conserved residues are highlighted using
the Clustal X color scheme. The unrooted phylogenetic tree
containing individual GH50 family members was constructed
based on the amino acid sequence similarities using
UPGMA.34

Zymogram of Agarase Activity on LB Agarose Plates.
The E. coli transformants harboring the empty pET-30a
plasmid or the recombinant β-agarase pET-30a plasmids
(GH50A, GH50B, or GH50C) were spotted on LB plates
containing 1.5% agarose (Invitrogen, Life Technology, Grand
Island, NY), 50 μg/mL kanamycin, and 0.05 mM IPTG and
incubated for 2 days at 30 °C. The plates were stained with
Lugol’s iodine solution at room temperature (RT).
Cell Lysate Preparation, Protein Quantification, and

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro-
phoresis (SDS-PAGE). Transformant cells were suspended in
40 mM Tris−HCl buffer (pH 8.0), disrupted by sonication
with 20 short bursts of 10 s, extracted at 4 °C for 30 min, and
fractionated into three portions (total, soluble, and insoluble
inclusion) as previously described.39 Cell lysate protein
quantification was performed using a Micro BCA kit (Pierce,
Rockford, IL). An equivalent amount of cell lysate (10 μg) was
electrophoresed on an 8% SDS-polyacrylamide gel using the
Laemmli method.40 The gels were stained with Coomassie
brilliant blue (CBB) R-250. To quantify the concentration of
the soluble recombinant protein in the cell lysate, its arbitrary
densitometric unit was compared to a serial diluted bovine
serum albumin standard curve as previously described.41

Densitometry was performed using ImageQuant TL software
(Amersham, Arlington Heights, IL).

Purification of the Recombinant His-Tagged GH50A
β-Agarase. The soluble portion from cell lysates containing
the recombinant His-tagged GH50A β-agarase protein was
subjected to immobilized metal ion affinity chromatography
(IMAC) using Ni-NTA resin (ThermoFisher Scientific,
Rockford, IL).42

β-Agarase Activity Assay. Quantification of GH50 β-
agarase activity was performed using the 3,5-dinitrosalicylic
acid (DNS) method,43 which detects reducing sugars released
from agarose. The enzyme solution (100 μL) was mixed with
an equal volume of 0.8% agarose dissolved in 20 mM Tris−
HCl buffer (pH 7.5). After incubation at 35 °C for 30 min,
reducing sugars formed in the reaction mixture were
colorimetrically measured using the DNS reagent. One unit
of the enzyme activity was defined as the amount of the
enzyme that produced reducing power equivalent to 1 μmol of
D-galactose (Sigma-Aldrich) per minute.

Thin-Layer Chromatography (TLC). TLC analysis for
GH50A β-agarase-catalyzed agarose hydrolysates, NAOS, or
AOS was performed using silica gel 60 aluminum plates (F254
Merck, Darmstadt, Germany) and developed with n-butanol−
ethanol−H2O (3:2:2 (v/v)). Saccharides were detected using a
visualization solution containing 0.2% (w/v) naphthoresorci-
nol (Sigma-Aldrich) and 10% (v/v) H2SO4 in ethanol,
followed by heating at 80 °C. D-Galactose and the NAOS
standard mixture containing NA2−NA18 (prepared as
described44 and gifted by Dr. Sang-Hyeon Lee) were used as

Figure 7. Time-kinetic analysis of GH50A β-agarase-catalyzed hydrolysates of NAOS by LC-MS/MS. For NAOS hydrolysis, 1% NAOS was
incubated with 10 μg/mL enzyme in 20 mM Tris−HCl (pH 7.5) at 35°C for individual time periods. LC-MS/MS analysis was performed as
described in the Experimental Section.
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standards. An AOS mixture was prepared by mild acid
hydrolysis of 1% agarose in 3 M acetic acid treated at 80 °C
for 3 h, followed by adjusting pH to ∼7.0 using 5 M NaOH.
After lyophilization, the solid sample was washed with 95% (v/
v) cold ethanol three times and then dried using a rotary
evaporator to obtain the AOS powder.
Size-Exclusion Chromatography Using Bio-Gel P-2 or

Sephadex G-10 Column. NA2-containing hydrolysis prod-
ucts were prepared by treating agarose with GH50A β-agarase

under optimal reaction conditions, followed by lyophilization.
The lyophilized products were dissolved in deionized (DI)
water and subjected to size-exclusion chromatography using a
Bio-Gel P-2 column (I.D. 1.3 cm × 60 cm, Bio-Rad
Laboratories, Hercules, CA) equilibrated with DI water. Each
3 mL fraction was obtained by elution with DI water as the
mobile phase, and fractions containing NA2 only were
determined by TLC and collected.

Figure 8. Time-kinetic analysis of GH50A β-agarase-catalyzed AOS hydrolysates by LC-MS/MS. For hydrolysis of AOS, 1% AOS was incubated
with 10 μg/mL enzyme in 20 mM Tris−HCl (pH 7.5) at 35 °C for individual time periods. LC-MS/MS analysis was performed as described in the
Experimental Section.

Figure 9. Model for GH50A β-agarase-catalyzed hydrolysis of agarose, NAOS, or AOS. GH50A β-agarase produces NA2 directly from agarose or
NAOS from the nonreducing end by exolytic activity. GH50A β-agarase can produce NA2 from AOS in the same manner after releasing A3 at the
nonreducing end of AOS.
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NA2 and agarotriose (A3) containing enzymatic reaction
products were prepared by treating 1% AOS with GH50A β-
agarase (20 μg/mL) for 4 h under optimal reaction conditions,
followed by lyophilization. Purification of NA2 and A3 was
performed by size-exclusion chromatography using a Sephadex
G-10 column (I.D. 1.3 cm × 60 cm, GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) equilibrated with DI water.
Each 2 mL fraction was obtained by elution with DI water as
the mobile phase, and fractions containing NA2 or A3 were
determined by TLC and collected.
Identification of Enzyme Reaction Products by Liquid

Chromatography with Tandem Mass Spectrometry (LC-
MS/MS). The LC-MS/MS analysis was performed using a
Xevo TQ-S micro mass spectrometer with an electrospray
ionization (ESI) ion source equipped with an Acquity ultra-
performance liquid chromatography (UPLC) H-Class core
system (Waters Corporation, Milford, MA) previously
described.45,46 The sample elution was performed using a
Waters Acquity UPLC Spherisorb amino column (2 mm ×

100 mm, 3 μm particle size) held at 40 °C with a solvent flow
rate of 200 μL/min. The LC system consisted of (A) 0.1%
aqueous formic acid and (B) 0.1% acetonitrile. NA2−NA8 in
enzymatic hydrolysates from NAOS were identified by
chromatography initiated using a binary gradient solvent
system of 35:65 of A/B for 5 min, which gradually changed
to 65:35 of A/B at min 12. Finally, the gradient was switched
to 35:65 of A/B at min 13 and continued until the
chromatography stopped at min 20. NA2 and A3 in enzymatic
hydrolysates from AOS were identified by chromatography
initiated by a binary gradient solvent system of 95:5 of A/B for
3 min, which was gradually changed to 75:25 of A/B until min
13. The flow was maintained at 75:25 of A/B until min 15. The
initial condition of 95:5 of A/B was then attained at min 16
and continued until the chromatography stopped at min 30.
The injection volume was 5 μL, and the sample manager

Figure 10. Dosage effect of GH50A β-agarase activity and TLC
analysis of each fraction obtained by Bio-Gel P-2 column
chromatography of GH50A β-agarase-catalyzed hydrolysate of
agarose. (A) Enzyme reaction was performed by incubating 0.4%
agarose with individual amounts of enzyme for 4 h under optimal
conditions. Each value is expressed as the mean ± SD (n = 3; three
replicates per independent experiment). *P < 0.05 and **P < 0.01
compared with non-treated control. (B) For the preparation of the
TLC sample, 0.4% agarose was treated with the enzyme (20 μg/mL)
for 4 h under optimal conditions and then lyophilized. The
lyophilized sample was subjected to Bio-Gel P-2 column chromatog-
raphy with DI water as the mobile phase. Individual fractions were
analyzed by TLC. Saccharides were visualized as described in the
legend of Figure 6. Representative results are shown; two additional
experiments yielded similar results.

Figure 11. TLC analysis of each fraction obtained by Sephadex G-10
column chromatography of GH50A β-agarase-catalyzed hydrolysate
of AOS and LC-MS/MS analysis of NA2 and A3 obtained from
column chromatography. (A) After 1.0% AOS was treated with 20
μg/mL enzyme for 4 h under optimal conditions, the reaction mixture
was lyophilized. The lyophilized sample was subjected to Sephadex G-
10 column chromatography with DI water as the mobile phase.
Individual fractions were analyzed by TLC. Saccharides were
visualized as described in the legend of Figure 6. (B) Confirmation
of NA2 and A3 by LC-MS/MS as described in the Experimental
Section.
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temperature was set at 5 °C. The mass spectrometer detector
conditions were set as follows: capillary voltage, 2.0 kV; cone
voltage, 20 V; source temperature, 150 °C; desolvation
temperature, 250 °C; desolvation gas flow, 550 m/h; cone
gas flow, 5 L/h; and mass range, 100−1500.
Statistical Analyses. Unless otherwise indicated, data are

representative of at least three independent experiments. All
data are expressed as the mean ± standard deviation (SD, for
each group n ≤ 3). Statistical analyses were performed using
Student’s t test to evaluate the significance of differences
between two groups and one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test
for comparing three or more groups. P values <0.05 were
considered significant. Statistical analysis was conducted using
SPSS Statistics version 23 (IBM, Armonk, NY).
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AHG 3,6-anhydro-L-galactose
AOS agaro-oligosaccharide
DNS 3,5-dinitrosalicylic acid
DP degree of polymerization
GH glycoside hydrolase
IMAC immobilized metal ion affinity chromatography
IPTG isopropyl β-D-1-thiogalactopyranoside
NA2 neoagarobiose
NAOS neoagaro-oligosaccharide
PCR polymerase chain reaction
SD standard deviation
SDS sodium dodecyl sulfate
TCEP tris (2-carboxyethyl) phosphine
TLC thin-layer chromatography
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