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Abstract The main carbohydrate of red macroalgae is aga-
rose, a heterogeneous polysaccharide composed of D-galac-
tose and 3,6-anhydro-L-galactose. When saccharifying aga-
rose by enzymes, the unique physical properties of agarose,
namely the sol–gel transition and the near-insolubility of aga-
rose in water, limit the accessibility of agarose to the enzymes.
Due to the lower accessibility of agarose to enzymes in the gel
state than to the sol state, it is important to prevent the sol–gel
transition by performing the enzymatic liquefaction of agarose
at a temperature higher than the sol–gel transition temperature
of agarose. In this study, a thermostable endo-type β-agarase,
Aga16B, originating from Saccharophagus degradans 2-40T,
was characterized and introduced in the liquefaction process.
Aga16B was thermostable up to 50 °C and depolymerized
agarose mainly into neoagarooligosaccharides with degrees
of polymerization 4 and 6. Aga16B was applied to enzymatic
liquefaction of agarose at 45 °C, which was above the sol–gel
transition temperature of 1 % (w/v) agarose (∼35 °C) when
cooling agarose. This is the first systematic demonstration of

enzymatic liquefaction of agarose, enabled by determining the
sol–gel temperature of agarose under specific conditions and
by characterizing the thermostability of an endo-type β-
agarase.
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Introduction

Marine red macroalgae have been considered as sustainable
resource for producing fuels and chemicals due to higher car-
bohydrates and low or lack of lignin (Wei et al. 2013; Yun
et al. 2015, 2016). The main component of red macroalgae is
agar that has a hybrid structure with the carbohydrate back-
bone of galactan consis t ing of al ternat ing β -D-
galactopyranose and α-L-galactopyranose (Chi et al. 2012;
Knutsen et al. 1994). Agarose is the neutral linear polymer as
the main fraction of agar. In agarose, β-D-galactose and α-3,6-
anhydro-L-galactose (AHG) alternatively appear and are linked
byβ-1,4- andα-1,3-glycosidic bonds (Chi et al. 2012; Knutsen
et al. 1994). The average length of agarose is approximately
800 hexose units (Armisén 1991). The monomeric sugar units
of agar backbones are often derivatized by substitution with
sulfate ester, methyl, or pyruvate acetal groups (Lahaye et al.
1989). Since agarose is the major source of carbohydrates in
red macroalgae, efficient saccharification of agarose is impor-
tant for its industrial use (Yun et al. 2016). To saccharify
agarose, either chemical or enzymatic hydrolysis can be used.

To enzymatically saccharify agarose, the unique character-
istics of agarose need to be taken into account: (i) sol–gel
transition and (ii) the near-insolubility in water below boiling
temperature. Agarose in water can exist as a solid in either sol
or gel form. When heated agarose in water is cooled down, its
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sol state is transformed into a gel state, which is called a sol–
gel transition (Fujii et al. 2000). Although agarose in sol and
gel are both solid, the physical shapes of sol and gel are
completely different (Fig. 1). A sol of agarose with water is
composed of solid particles dispersed in the continuous water
phase, but a gel of agarose with water composed of a contin-
uous polymeric network in which water is confined in each
cavity (Brinker and Scherer 2013). Possibly due to the smaller
specific surface area and the restricted fluid movement in the
gel form of agarose, the sol form of agarose has higher acces-
sibility to enzymes than the gel form of agarose. Therefore, to
facilitate the enzymatic saccharification of agarose, it is ad-
vantageous to keep agarose in the sol state above the sol–gel
temperature of agarose, in which the sol–gel temperature
varies depending on the concentration of agarose in water
(Nussinovitch 1997).

The second problem with the enzymatic saccharifica-
tion of agarose is posed by the near-insolubility of aga-
rose in water, as agarose is soluble only in hot water near
its boiling temperature (Armisén and Galatas 1987;
Nussinovitch 1997). To increase the solubility of agarose
in water, chemical prehydrolysis of agarose is performed
to transform agarose into agarooligosaccharides (AOSs),
which are more soluble in water than agarose (Kim et al.
2012, 2013). When using acid catalysts, α-1,3-glycosidic
linkages of agarose are preferentially cleaved and even-
numbered AOSs with D-galactose at the nonreducing ends
are predominantly produced (Kim et al. 2013; Lee et al.
2014). These AOSs are then hydrolyzed to the monomeric
sugars via multiple enzymatic saccharification steps using
an exo-type β-agarase (Kim et al. 2010), a neoagarobiose
hydrolase (NABH; Kim et al. 2012; Yun et al. 2013), and
the agarolytic β-galactosidase (ABG) (Lee et al. 2014).
The drawbacks of this combined process of acid
prehydrolysis and enzymatic saccharification are as fol-
lows: (i) the formation of salts, such as gypsum, as a
result of the neutralization of acid prehydrolysate (Kim

et al. 2012); ( i i) the formation of 5-hydroxyme
thylfurfural (5-HMF) from the degradation of heat-labile
AHG during acid prehydrolysis at high temperatures (Lee
et al. 2015); and (iii) the additional use of ABG, which is
required to hydrolyze the agarotriose that results from the
acid prehydrolysis and enzymatic saccharification by the
exo-type β-agarase (Lee et al. 2015).

To overcome the obstacles described above, it is necessary
to replace acid prehydrolysis with enzymatic liquefaction. In
the β - aga rase sys tem, aga rose i s conver t ed to
neoagarooligosaccharides (NAOSs) by the endo-type β-
agarase belonging to glycoside hydrolase 16 (GH16) and 86
(GH86) families (Ekborg et al. 2006). The NAOSs are then
hydrolyzed to neoagarobiose (NAB) by the exo-type β-
agarase (Kim et al. 2010), and the monomeric sugars (i.e.,
AHG and D-galactose) are produced by NABH (Ha et al.
2011). Exo-type β-agarase and NABH belong to GH50 and
GH117, respectively. To replace the chemical prehydrolysis
with enzymatic liquefaction using endo-type β-agarase, the
first hydrolysis reaction by the endo-type β-agarase needs to
be performed at a temperature higher than that of the sol–gel
transition of agarose in water; this is because the accessibility
of agarose to enzymes is much higher in sol than in gel.
Unfortunately, most kinds of endo-type β-agarase have been
reported to lose enzymatic activities over 55 °C (Chi et al.
2014a; Li et al. 2015; Park et al. 2015; Temuujin et al.
2011). Therefore, thermostability of endo-type β-agarase is
highly desirable for the effective enzymatic liquefaction of
agarose.

Here, a thermostable endo-type β-agarase belonging to
GH16, Aga16B, originating from Saccharophagus degradans
2-40T (Kim et al. 2012; Ko et al. 2012), was characterized and
evaluated for application to the enzymatic liquefaction of aga-
rose. More specifically, the thermostability of Aga16B was
tested, in a temperature range higher than the sol–gel transi-
tion temperature of agarose, to determine whether Aga16B
can be used at a temperature at which agarose exists in the

Fig. 1 Schematic diagram of the
simplified a sol and b gel states of
agarose particles in aqueous
solution of enzyme
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sol state. Thus, this study tests the feasibility of using a β-
agarase as an alternative to acid prehydrolysis for enzymatic
liquefaction of agarose.

Materials and methods

Cloning of aga16B originating from S. degradans 2-40T

and multiple amino acid sequence alignment

S. degradans 2-40T (ATCC 43961) was grown in a defined
minimal medium containing 2.3 % (w/v) synthetic sea salts
(Aquarium Systems, Mentor, OH, USA), 0.2 % (w/v) glucose,
0.1 % (w/v) yeast extract, and 0.05 % (w/v) ammonium chlo-
ride in a 50 mM Tris-HCl buffer (pH 7.4) at 30 °C and
200 rpm for 12 h. The genomic DNA of S. degradans 2-40T

was extracted using a commercial DNA isolation kit (Bioneer,
Daejeon, Korea), and the gene aga16B (Sde_1175 [UniProt
accession no. Q21LJ2]), was amplified by PCR using the
following primers: aga16B-N, 5′-AAAGGATCCATGGC
AGATTGGGACGGAATT-3′, and aga16B-C, 5′-AAAG
CGGCCGCGTTGCTAAGCGTGAACTTATCTA-3′. The
predicted signal sequence at the N-terminus of aga16B (1–
19 amino acids) was removed to facilitate protein expression
in host cells. The restriction sites of BamHI and NotI were
added at the 5′ and 3′ regions of the N- and C-terminal ends,
respectively. The PCR product and pET21a (Novagen,
Madison, WI, USA) were digested with BamHI and NotI
and ligated together using a T4 DNA ligase (BioLabs,
Ipswich, MA, USA). The resulting pET21a vectors harboring
aga16B gene were transformed into Escherichia coli
BL21(DE3) (Novagen, Madison, WI, USA). Multiple amino
acid sequence alignment of Aga16B with the known β-
agarases belonging to GH16 from different species was per-
formed by Clustal Omega program (Sievers et al. 2011).

Overexpression and purification of the recombinant
Aga16B

To produce the recombinant protein Aga16B, E. coli
BL21(DE3) harboring the aga16B gene were grown at 37 °C
in Luria-Bertani broth (Merck KGaA, Darmstadt, Germany)
containing 100 μg/ml of ampicillin until the midexponential
phase of growth. Then, protein expression was induced by
adding 0.5 mM isopropyl-β-D-thiogalactopyranoside (Sigma-
Aldrich, St. Louis, MO, USA) at 16 °C for 16 h. The cells were
harvested by centrifugation at 8000×g for 20 min at 4 °C, and
the cell pellet was resuspended into a 20 mM Tris-HCl buffer
(pH 7.4). The resuspended cells were disrupted using a
sonicator (Branson, Gunpo, Korea), and the supernatant was
collected by centrifugation at 16,000×g for 1 h at 4 °C. The
recombinant Aga16B was purified by using a His-Trap column
(GE Healthcare, Buckinghamshire, UK), and the identity of the

purified Aga16B was verified by SDS-PAGE using its theoret-
ical molar mass of 63.7 kDa (Fig. 2). The purified Aga16B was
concentrated using an Amicon ultrafiltration membrane (mo-
lecular weight cutoff of 30 kDa; Millipore, Billerica, MA,
USA), and the protein concentration was measured using a
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher
Scientific, San Jose, CA, USA).

Assay of enzymatic activity of Aga16B

The agarase activity of Aga16B was measured under the fol-
lowing reaction conditions. A certain amount of Aga16B was
incubated in 3 ml of a 20 mM Tris-HCl buffer (pH 7.0) con-
taining 1 % (w/v) agarose at 45 °C for 30 min. After the
enzymatic reaction was terminated by incubating the
postreaction mixture at 95 °C for 1 min, the amount of the
reducing sugars in the reaction mixture was measured by a
dinitrosalicylic acid (DNS) reagent at 540 nm (Miller 1959),
using D-galactose as a standard. One unit (U) of Aga16B ac-
tivity was defined as the amount of enzyme required to release
1 μmol of reducing sugar per minute at the above enzymatic
reaction conditions.

Enzyme characterization and kinetic parameters
for Aga16B

To determine the optimal temperature of Aga16B, Aga16B
was incubated with 1 % (w/v) agarose in 20 mM Tris-HCl
(pH 7.0) for 30 min at various temperatures ranging from 30
to 70 °C. The optimal pH of Aga16B was determined by
incubating Aga16B with 1 % (w/v) agarose in buffers with
different pHs, such as a 20 mM sodium phosphate buffer
(pH 5–7), a 20 mM Tris-HCl buffer (pH 7.5–9), and a
20 mM borate buffer (pH 9.5–11) at 45 °C for 30 min. After

Fig. 2 SDS-PAGE analysis of purified recombinant Aga16B. Lines: M,
protein markers; 1, crude extract; 2, flow-through fraction from crude
extract loaded into a His-Trap column; 3, wash fraction from washing
the His-Trap column using equilibrium buffer; 4–6, elution fractions from
the His-Trap column
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the enzymatic reactions, the relative enzymatic activity was
measured by determining the amount of reducing sugar using
the DNS reagent at 540 nm using galactose as the standard. To
measure the thermostability of Aga16B, Aga16B was prein-
cubated at various temperatures ranging from 40 to 65 °C for 0
to 2 h, prior to the enzymatic reaction with agarose. The reac-
tion conditions for measuring the enzyme activities of
Aga16B on agarose after the preincubation were the same as
described above. To measure the kinetic parameters of
Aga16B, the enzymatic reactions were performed with differ-
ent concentrations of agarose, ranging from 0.5 to 2% (w/v) in
the total reaction mixture volume of 3 ml containing
0.04 mg/ml of purified Aga16B at 45 °C. The reaction times
were 6 min for 0.5 and 1 % (w/v) agarose and 10 min for 1.5
and 2 % (w/v) agarose. The values of Vmax and Km were cal-
culated from the Lineweaver-Burk plot.

Analysis of enzymatic reaction products by thin-layer
chromatography and high-performance liquid
chromatography

To analyze the reaction products of Aga16B on agarose by
thin-layer chromatography (TLC), a 1 μl aliquot from each
reaction mixture was loaded onto silica gel 60 TLC plates
(Merck, Darmstadt, Germany), and the plates were developed
with n-butanol-ethanol-water (3:1:1, v/v/v). The plates loaded
with the sample were visualized with 10 % (v/v) H2SO4 and
0.2 % (w/v) naphthoresorcinol in ethanol (Yun et al. 2013).
The reaction products of Aga16B on agarose were also ana-
lyzed by high-performance liquid chromatography (HPLC;
Agilent Technologies, Santa Clara, CA, USA) equipped with
a gel permeation column (KS-802; Shodex, New York, NY,
USA). HPLC analysis was performed at 80 °C using distilled
water as the mobile phase at a flow rate of 0.5 ml/min.

Analysis of the enzymatic reaction products
by matrix-assisted laser desorption ionization–tandem
time-of-flight mass spectrometry

The enzymatic reaction products of Aga16B incubated with
agarose were analyzed bymatrix-assisted laser desorption ion-
ization–tandem time-of-flight mass spectrometry (MALDI–
TOF/TOF MS) using an ultrafleXtreme MALDI–TOF/TOF
MS system (Bruker Daltonics, Bremen, Germany). Prior to
the analysis, the reaction products of Aga16B were purified
by solid-phase extraction using a porous graphitized carbon
cartridge (Thermo Fisher Scientific, San Jose, CA, USA) to
remove salts and buffer. The purified reaction products of
Aga16B were resolubilized in water, and 1.0 μl was spotted
on a stainless steel target plate, followed by 0.3 μl of 0.01 M
NaCl and 0.5 μl of 0.1 mg/ml 2,5-dihydroxy-benzoic acid
(Sigma-Aldrich, St. Louis, MO) in 50% acetonitrile. The spot
was dried under vacuum for more homogeneous

crystallization. MALDI-TOF mass spectra were acquired in
a positivemode over them/z range from 500 to 3000 for a total
of 2400 laser shots.

To obtain MS/MS data, precursor ions were accelerated to
7.5 kVand selected in a timed ion selector for the fragment ion
analysis in the TOF/TOF mode. Fragment ions generated by
1-keV collision energy via collision-induced dissociation
(CID) of precursor ions were further accelerated by 19 kV in
the LIFT cell, and their masses were analyzed after having
them pass through the ion reflector. Argon was used as a
collision gas at pressures of 5.9 × 10−6 mbar. Raw MS data
and MS/MS data were processed using the flexAnalysis soft-
ware (version 3.3, Bruker Daltonics, Bremen, Germany).

Monitoring sol–gel transition and enzymatic liquefaction
of agarose by Aga16B

Sol–gel transition of agarose was monitored by measuring the
specific optical rotation of an agarose solution using a polar-
imeter (JASCO, Easton, PA, USA). To determine the sol–gel
transition temperature of agarose, 1 % (w/v) agarose in 20mM
Tris-HCl (pH 7.0) was cooled from 80 to 5 °C. To physically
verify the enzymatic liquefaction phase of agarose by
Aga16B, the turbidities of 1 % (w/v) agarose before the enzy-
matic reaction, the reaction mixture, and 20 mM Tris-HCl
buffer (pH 7.0) were compared by measuring their absor-
bances at 600 nm.

Results

Sol–gel transition temperature of agarose

The sol–gel transition of agarose by cooling was monitored by
cooling the agarose (1 %, w/v) by measuring the specific op-
tical rotation using the polarimeter (Fig. 3). The agarose was
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Fig. 3 Sol–gel transition of agarose by cooling. Sol–gel transition of 1 %
(w/v) agarose was monitored by measuring the specific optical rotations
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melted at 80 °C, and the sol state of agarose was maintained
until it cooled to 35 °C. The sol–gel transition of agarose
started occurring at ∼35 °C when cooling agarose at a concen-
tration of 1 % (w/v) (Fig. 3). In other words, at a temperature
below 35 °C, agarose solidified to gel and the gel structure of
agarose became more rigid by being cooled to 5 °C (Fig. 3)
(Medina-Esquivel et al. 2008). To perform the enzymatic liq-
uefaction process for 1 % (w/v) agarose more effectively, it is
desired to perform the hydrolysis reaction by the endo-type β-
agarase over 35 °C, at which agarose is in the sol state.
Therefore, it is necessary for the enzyme to be stable over
35 °C without losing its activity.

Optimal reaction pH and temperature of Aga16B

To determine the optimal reaction pH and temperature of
Aga16B for the hydrolysis of agarose, 1 % (w/v) agarose
was incubated with Aga16B at different temperatures (30 to
70 °C) and different pHs (pH 5 to 11). Aga16B exhibited high
enzymatic activity from 40 to 60 °C (Fig. 4a). Although the
enzymatic activity of Aga16B decreased significantly at
65 °C, 54 % of its maximal activity was still maintained

(Fig. 4a). The optimal reaction pH of Aga16B was exhibited
at pH 7.5, and Aga16B maintained approximately 93 % of its
maximum activity over a broad range of pH 5.5 to 8.5
(Fig. 4b).

Thermostability of Aga16B

Since the sol–gel transition (from sol to gel by cooling) tem-
perature was determined to be ~ 35 °C, it is desired that the
endo-type β-agarase used in the enzymatic liquefaction is sta-
ble over 35 °C; therefore, the thermostability of Aga16B was
evaluated in this study. To determine the thermostability of
Aga16B, the enzyme was preincubated at different tempera-
tures (e.g., 40 to 65 °C) for different times (e.g., 0 to 120 min)
prior to the enzymatic reaction of the preincubated Aga16B on
1 % (w/v) agarose at 45 °C for 30 min. The enzymatic activity
of Aga16B was maintained at almost 100 % of its initial ac-
tivity up to 50 °C of preincubation temperature for 120 min.
When the preincubation temperature was increased to 55 °C
and higher temperature, the enzymatic activity decreased to
less than 20 % of its initial activity in fewer than 30 min of
preincubation (Fig. 5).

Optimal loading of Aga16B

To determine the optimal loading of Aga16B at the given
enzymatic reaction conditions of a substrate loading of 1 %
(w/v) agarose, pH 7.0, and 45 °C, initial reaction velocities
with different loadings of Aga16B were compared (Fig. 6).
The initial velocity obtained by Aga16B was increased until
the loading of Aga16B increased to 42 U/g agarose. At a
loading of Aga16B higher than 42 U/g agarose, the initial
velocity of the enzymatic reaction was kept almost constant,
even if the loading of Aga16B was increased (Fig. 6). In this
study, the Aga16B loading of 42 U/g agarose was equivalent
to 8 mg Aga16B/g agarose.
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Fig. 4 Optimal reaction (a) temperature and (b) pH of Aga16B. To
assess the effect of temperature, the reactions were carried out at
temperatures ranging from 30 to 70 °C in 20 mM Tris-HCl buffer
(pH 7) for 30 min. To assess the effect of pH, the reactions were
performed at 45 °C for 30 min in different buffers: 20 mM sodium
phosphate (pH 5–7), 20 mM Tris-HCl buffer (pH 7.5–9), and 20 mM
borate (pH 9.5–11)

Pre-incubation time (min)

0 20 40 60 80 100 120

R
e
la

ti
v
e
 a

c
ti
v
it
y
 (

%
)

0

20

40

60

80

100

120

40
O
C

45
O
C

50
O
C

55
O
C

60
O
C

65
O
C

Fig. 5 Thermostability of Aga16B. To measure thermostability of
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Effect of metal ions on enzyme activity of Aga16B

The effect of metal ions on the enzymatic activity of Aga16B
was tested in the presence of one of various metal ions with
1 % (w/v) agarose as the substrate (Table 1). Most of the ions
revealed no effect on the enzymatic activity of Aga16B, ex-
cept for CuCl2 and FeCl2, with which the relative enzymatic
activity of Aga16B significantly decreased to 76.6 and 82.6 %
of its maximum activity, respectively (Table 1).

Kinetic parameters of Aga16B

The kinetic parameters of Aga16B were calculated from the
Lineweaver-Burk plot by using agarose as the substrate at a
pH of 7.0 and 45 °C. These kinetic constants of Aga16B were
then compared with those of other β-agarases belonging to
GH16, originating from Streptomyces coelicolor (Temuujin

et al. 2011), Microbulbifer elongatus JAMB-A7 (Ohta et al.
2004), and Agarivorans albus YKE-34 (Fu et al. 2009)
(Table 2). The Km value of Aga16B on agarose was
7.7 mg/ml, which was 38.5 times higher than that of
AgaB34 (from A. albus) and 3.5 times higher than that of
DagA (from S. coelicolor) (Table 2). The Vmax value of
Aga16B was 18.3 U/mg protein, which was 2.7 times lower
than that of AgaB34. Compared to otherβ-agarases belonging
to GH16, Aga16B showed the lowest value of kcat (i.e., 20/s).
Therefore, the catalytic efficiency (i.e., kcat/Km) of Aga16B
was relatively low compared to those of other β-agarases of
GH16 (Table 2).

Mode of enzymatic action of Aga16B

To verify the mode of enzymatic action of Aga16B, the
reaction products of agarose by Aga16B were analyzed by
TLC (Fig. 7a) and HPLC (Fig. 7b). From the enzymatic
reaction of agarose by Aga16B, two spots were mainly
detected in TLC and the spot intensities increased with
the reaction time (Fig. 7a). In the TLC analysis, mono-
meric sugars (i.e., AHG and galactose) and dimeric sugar
(i.e., neoagarobiose) were not detected among the reaction
products (Fig. 7a). By the HPLC analysis of the reaction
products of agarose with Aga16B using the size-exclusion
column, the degrees of polymerization 4 (DP4) and DP6
were detected as the major products, and DP8 was also
detected as a minor product (Fig. 7b).

To identify the exact masses of the products of enzymatic
reactions by Aga16B, MALDI–TOF/TOF MS analysis was
performed (Fig. 8a). The exact masses of the major reaction
products of agarose with Aga16Bweremeasured as 653.2 and
959.3, which correspond to neoagarotetraose (DP4) and
neoagarohexaose (DP6), respectively; meanwhile,
neoagarooctaose (DP8) with a mass of 1265.4 was also de-
tected as a minor product (Fig. 8a). By further analysis of the
chemical structures of the major reaction products by tandem
MS, neoagarotetraose and neoagarohexaose were confirmed
(Fig. 8b, c). More specifically, the daughter ions produced
from the precursor ions of neoagarotetraose and
neoagarohexaose demonstrated that these reaction products
consist of AHG and galactose, being bonded by alternating
glycosidic linkages (Fig. 8b, c).

Enzymatic liquefaction of agarose by Aga16B

To visually monitor the enzymatic liquefaction of agarose by
Aga16B, the absorbance at 600 nm was measured after the
enzymatic reaction of agarose (1 %, w/v) by Aga16B. After
the enzymatic reaction, the absorbance (measured at 600 nm)
of the postreaction mixture of Aga16B was similar to that of
the 20 mM Tris-HCl buffer without agarose (Fig. 9).
However, without enzymatic liquefaction, 1 % (w/v) agarose
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effect of Aga16B loading, the reaction conditions were carried out at
different Aga16B loadings with 1 % (w/v) agarose in 20 mM Tris-HCl
buffer (pH 7) at 45 °C

Table 1 Effect of
various metal ions on the
relative activity of
Aga16B

Salt Relative activity %

Controla 100.0 ± 0.3

CuCl2 76.6 ± 0.6

MgCl2 99.1 ± 0.1

MnCl2 93.4 ± 0.5

CaCl2 96.5 ± 0.2

FeCl2 82.6 ± 0.7

NH4Cl 97.9 ± 0.1

KCl 96.8 ± 0.3

NaCl 93.0 ± 0.3

a The enzymatic activitywith nometal ions
was set as 100 %. Experimental data are
mean ± standard deviation from triplicate
experiments
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was solidified at room temperature, and its absorbance at
600 nm was significantly higher than that of the
postenzymatic reaction mixture (Fig. 9).

Discussion

In enzymatic liquefaction of agarose, the sol state of agarose in
water can be more accessible to the enzymes than the gel state
of agarose. In this study, we have evaluated a thermostable
endo-type β-agarase, Aga16B, as an enzyme for the liquefac-
tion of agarose. Since Aga16B revealed high thermostability
up to 50 °C, which is over the sol–gel transition temperature
(i.e., ∼35 °C) of 1 % (w/v) agarose in water, Aga16B was
considered to be feasible for the enzymatic liquefaction of
agarose at a relatively high temperature.

Until now, for the efficient saccharification of agarose,
chemical prehydrolysis using acetic acid or Tris-HCl buffer
should be accompanied prior to the enzymatic saccharification
for the chemical liquefaction of agarose (Kim et al. 2012,
2013; Lee et al. 2015; Yun et al. 2016). However, with chem-
ical prehydrolysis, even-numbered AOSs are produced in-
stead of NAOSs (Yang et al. 2009). As a result, agarotriose
is produced as a by-product of the subsequent enzyme reac-
tion by the exo-type β-agarase (Kim et al. 2012, 2013; Lee

et al. 2015). To hydrolyze agarotriose, an additional enzyme,
ABG is required (Lee et al. 2014, 2015). Although the sugar
yields increased significantly by the application of ABG, the
agarose saccharification process has become more complicat-
ed and economically infeasible (Lee et al. 2015).

In this study, we demonstrated the enzymatic liquefaction
of agarose using a thermostable endo-type β-agarase for the
first time (Fig. 9). The sol–gel transition of agarose was found
to occur at ∼35 °C, and the gel structure of agarose became
more rigid by cooling the agarose to ∼5 °C (Fig. 3). By the
enzymatic reaction of Aga16B, agarose decomposed to
NAOS, with mainly DPs 4 and 6 (Figs. 7 and 8), and the
postenzymatic reaction mixture did not turn to the gel state
even at room temperature (Fig. 9). Through the enzymatic
liquefaction of agarose using Aga16B, the chemical
prehydrolysis using acid, requiring neutralization and the ad-
ditional enzymatic reaction to hydrolyze agarotriose, can be
avoided (Kim et al. 2013; Lee et al. 2015).

Aga16B originates from a marine bacterium, S. degradans
2-40T. In the β-agarase system of S. degradans 2-40T,
Aga16B, belonging to GH16, was presumed to be involved
in the initial step of agarose degradation by the endolytic hy-
drolysis of agarose to produce NAOSs (Ekborg et al. 2006).
The exo-type β-agarase belonging to GH50 (e.g., Aga50D)
acts on NAOSs for producing neoagarobiose (Kim et al. 2010;

Fig. 7 a Time course analyses of
reaction products of Aga16B by
TLC and b overlaid HPLC
chromatograms of reaction
products of Aga16B. The reaction
conditions were carried out with
1 % (w/v) agarose in 20 mM Tris-
HCl buffer (pH 7) at 45 °C

Table 2 Comparison of the kinetic parameters of Aga16B with the known agarases belonging to GH16

Agarase Organism Substrate Product Vmax

(U/mg protein)
Km

(mg/ml)
kcat (/s) kcat/Km

(/s/mg/ml)
Reference

Aga16B S. degradans 2-40T Agarose DP4, DP6 18.3 7.7 2.0 × 101 2.6 × 101 This study

AgaB34 Agarivorans albus YKW-34 Agarose DP4 50.0 0.2 4.1 × 101 2.1 × 102 Fu et al. (2009)

DagA Streptomyces coelicolor Agarose DP4, DP6 39.0 2.2 9.5 × 103 4.3 × 103 Temuujin et al. (2011)

AgaA7 Microbulbifer elongatus JAMB-A7 Agar DP4 NA 3.0 2.9 × 106 9.6 × 105 Ohta et al. (2004)

NA not available
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Pluvinage et al. 2013). Finally, the neoagarobiose hydrolase
(e.g., SdNABH), belonging to GH117, produces the monosac-
charides D-galactose and 3,6-anhydro-L-galactose from
neoagarobiose (Ha et al. 2011).

Among the characterized enzymes from the β-agarase sys-
tem of S. degradans 2-40T, the optimal reaction temperatures
for Aga50D and SdNABH were 30 and 42 °C, respectively
(Ha et al. 2011; Kim et al. 2010); however, the optimal tem-
perature for Aga16B ranged from 45 to 60 °C (Fig. 4a).
Although some agarases belonging to GH16 showed optimal
temperature up to 60 °C (Chi et al. 2014b; Lee et al. 2013;
Ohta et al. 2004), most of these agarases significantly lost their
activities at a temperature higher than 45 °C (Chi et al. 2014a;
Fu et al. 2009; Kim et al. 2010; Temuujin et al. 2011; Zhang
and Sun 2007). However, Aga16B showed thermostability in
the preincubation at 50 °C for at least 120 min.

Meanwhile, the results ofmultiple amino acid sequence align-
ment revealed that Aga16B possesses the conserved catalytic

Fig. 8 a Identification of reaction
products of Aga16B by MALDI-
TOF/TOF MS and b, c tandem
MS analyses. The reaction
conditions were carried out with
1 % (w/v) agarose in 20 mM Tris-
HCl buffer (pH 7) at 45 °C

Fig. 9 Enzymatic liquefaction of agarose by Aga16B. The turbidities of
1 % (w/v) agarose, the reaction products of Aga16B with 1 % (w/v)
agarose, and 20 mM Tris-HCl buffer (pH 7) were compared by
measuring their absorbances at 600 nm
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residues, Glu146, Glu151, andAsp148, which are commonly found
in the enzymes belonging to GH16 (Allouch et al. 2003; Cui
et al. 2014) (Fig. S1 in the Supplementary Material). From the
aspect of the possible roles of these catalytic residues of
Aga16B, Glu146 and Glu151 might act as nucleophiles and an
acid/base, respectively, and Asp148 might be important for main-
taining the charged environment of catalytic amino acids.
Furthermore, the catalytic motif (E[ILV]D[IVAF]
[VILMF][0,1]E), which is prevalent in the enzymes of GH16,
was also found to be conserved in Aga16B (Allouch et al.
2003) (Fig. S1 in the Supplementary Material).

In conclusion, the unique properties of Aga16B, such as the
thermostability and the mode of action of producing DP4 and
DP6, were exploited for the enzymatic liquefaction of agarose
to replace the chemical prehydrolysis, which mainly relies on
the use of an acid. Therefore, Aga16B can be effectively used
as a liquefaction enzyme at a high temperature prior to enzy-
matic saccharification.
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