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Abstract

Background: In the enzymatic conversion of biomass, it becomes an important issue to efficiently and cost-effec-
tively degrade cellulose into fermentable glucose. 3-Glucosidase (Bgluc), an essential member of cellulases, plays a
critical role in cellulosic biomass degradation. The difficulty in improving the stability of Bgluc has been a bottleneck
in the enzyme-dependent cellulose degradation. The traditional method of protein purification, however, leads to
higher production cost and a decrease in activity. To simplify and efficiently purify Bgluc with modified special proper-
ties, Bgluc-tagged ELP and His with defined phase transitions was designed to facilitate the process.

Results: Here, a novel binary ELP and His tag was fused with Bgluc from termite Coptotermes formosanus to construct
a Bgluc-linker-ELP-His recombinant fusion protein (BglucLEH). The recombinant plasmid Bgluc expressing a His tag
(BglucH) was also constructed. The BglucLEH and BglucH were expressed in E. coli BL21 and purified using inverse
transition cycling (ITC) or Ni-NTA resin. The optimum salt concentration for the ITC purification of BglucLEH was 0.5 M
(NH,),S0, and the specific activity of BglucLEH purified by ITC was 75.5 U/mg for substrate p-NPG, which was slightly
higher than that of BglucLEH purified by Ni-NTA (68.2 U/mg). The recovery rate and purification fold of BglucLEH puri-
fied by ITC and Ni-NTA were 77.8%, 79.1% and 12.60, 11.60, respectively. The results indicated that purification with ITC
was superior to the traditional Ni-NTA. The K., of BglucLEH and BglucH for p-NPG was 5.27 and 5.73 mM, respectively.
The K_t/K.,, (14.79 S~' mM™") of BglucLEH was higher than that of BglucH (12.10 S™' mM™"). The effects of ELP tag on
the enzyme activity, secondary structure and protein stability were also studied. The results showed that ELP tag did
not affect the secondary structure or enzyme activity of Bgluc. More importantly, ELP improved the protein stability in
harsh conditions such as heating and exposure to denaturant.

Conclusion: The Bgluc-linker-ELP-His system shows wide application prospect in maintaining the activity, efficient
purification and improving the stability of Bgluc. These properties of BglucLEH make it an interesting tool to reduce
cost, to improve the efficiency of biocatalyst and potentially to enhance the degradation of lignocellulosic biomass.
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Background

Lignocellulose, mainly comprising of cellulose (20-50%),
hemicelluloses (15—35%) and lignin (18—35%), is the most
abundant biomass on earth and is recognized as a poten-
tial sustainable source for biofuels. Cellulose is a poly-
saccharide composed of long linear chains of D-glucose
linked by B-(1,4) glycosidic bonds [1]. Enzymatic hydrol-
ysis of cellulose requires the synergistic action of endo-
glucanases (EG, EC 3.2.1.4), cellobiohydrolases (CBH, EC
3.2.1.91), and B-glucosidases (Bgluc, EC 3.2.1.21) [2]. The
CBH acts on the ends of the cellulose chain and releases
[B-cellobiose as the end product; EG randomly attacks the
internal O-glycosidic bonds, resulting in glucan chains
of different lengths; and the Bgluc catalyzes the hydroly-
sis of B-glycosidic bond in glucosyl derivatives like aryl-
glucosides, cellobiose, or higher cellooligosaccharides
to produce glucose. Bgluc themselves are also subject to
product inhibition by glucose [3].

These enzymes are members of the glycoside hydro-
lases family (GHF) with hydrolyze the glycosidic bonds
between carbohydrates. Termites have developed cellu-
lose digestion capabilities with endogenous and symbi-
otic cellulases, with the endogenous cellulolytic enzymes
consisting of EG and Bgluc [4]. This dual-cellulose diges-
tion system appears to result in high digestibility of cel-
lulose. The lower termites, Coptotermes formosanus,
are often nicknamed the super-termite because of its
destructive habits due to the large size of its colonies
and its ability to degrade lignocellulosic polysaccharides
efficiently at a rapid rate [5]. Based on the amino acid
sequences, Bglucs have been classified into GHF 1, 3, 5, 9,
30 and 116 [6]. In termite-derived endogenous cellulases,
EGs are affiliated with the GHF9; while all endogenous
Bglucs belong to GHF1, except for one putative endog-
enous GHF3 Bgluc [1].

Bgluc plays a vital role in cellulose hydrolysis by
undertaking the rate-limiting final step of hydrolyzing
cellobiose, which is an intermediate product of cellulose
hydrolysis and also a strong inhibitor of cellulase activi-
ties [7]. It is a common practice to supplement Bgluc to
increase the efficiency of cellulose saccharification. The
insufficiency of Bgluc in this cellulase complex is one of
the bottlenecks in efficient cellulose hydrolysis [8]. To
efficiently digest the cellulase in biomass, certain issues
need to be addressed and resolved. First, much effort
needs to be taken to improve the activity of Bgluc, or a
wide variety of Bgluc can be acquired at lower cost or
at best to utilize effective methods such as recombinant
enzyme. Second, the traditional column chromatogra-
phy purification has some disadvantages, such as been
time-consuming, irreversible adsorption and low repro-
ducibility, which calls for the need to develop an inex-
pensive, productive and simple purification procedure.
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Third, to increase the utilization of enzymes, enzyme
engineering needs to focus on improving stability and
decreasing the loss of activity in harsh conditions such
as heating and exposure to denaturant [9]. However,
there is a lack of an integrated system for the produc-
tion, efficient purification, and techniques for improv-
ing Bgluc stability for its large-scale application as a
biocatalyst for biomass conversion into bioethanol.

Elastin-like polypeptides (ELPs) are repetitive artifi-
cial polypeptides derived from recurring amino acid
sequences found in the hydrophobic domain of tropoe-
lastin [10]. The most commonly used ELP has the pen-
tapeptide sequence (VPGXG),, where the guest residue
X can be occupied by any amino acid except proline
(because proline destroys the inverse phase transition
property of the ELP), and “n” represents the number
of pentapeptide repeats in the ELP [11]. ELPs exhibit
a quick and thermodynamic reversible phase transi-
tion behavior at a specific temperature referred to as
the inverse transition temperature (7,) [12, 13]. ELPs
are structurally disordered and soluble in aqueous solu-
tion below their T\; whereas, intramolecular contacts
between the nonpolar regions result in aggregation, and
hence precipitation above the T, [14]. This transition of
ELP is a reversible process, so the ELP can be fully res-
olubilized when the solution temperature is below the
T.. The transition of ELPs and their fusion proteins can
also be isothermally triggered by reducing the T, below
solution temperature by the addition of salts from the
Hofmeister [15].

The inverse transition cycling (ITC) provides a new
and efficient strategy for protein purification. This
technique can be used to achieve a rapid, high protein
purity using the thermally triggered phase-separation
behavior of ELP to enable a simple separation and puri-
fication of their fusion proteins [11, 16]. In this study, a
gene from C. formosanus encoding Bgluc tagged with
the novel multifunctional binary protein, ELP&His
(Bgluc-Linker—-ELP-6xHis, BglucLEH) was synthe-
sized. Furthermore, the recombinant plasmid express-
ing the fusion protein Bgluc with a His tagged (BglucH)
was also constructed. To achieve biological activity, a
short peptide linker ((GGGGS);) was inserted between
the Bgluc and the ELP. The recombinant BglucLEH and
BglucH were cloned into pET-28a(+), and expressed in
the E. coli BL21. BglucLEH was purified with ITC and
Ni-NTA resin separately, whereas BglucH was purified
with only Ni-NTA resin. We evaluated the purifica-
tion efficiency by comparing BglucLEH purified by ITC
with BglucLEH and BglucH purified by Ni-NTA resin.
Finally, ELP labeling effects on the kinetic parameters,
enzyme activity and stability were also studied.
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Results

The design of fusion protein (BglucLEH and BglucH)

and the construction of recombinant expressional plasmid
Bgluc from the termite C. formosanus, a 479-amino acid
enzyme, was encoded in a 1437-bp DNA fragment. The
length of the DNA fragments encoding linker, ELP and
His was 45, 750 and 18 bp, respectively, as shown in
Fig. 1. The length of the DNA fragments of BglucLEH
was 2268 bp. Furthermore, the recombinant plasmid
pET28a(+)-Bgluc (BglucH) containing His-tagged Bglu
was previously constructed [5]. The recombinant plas-
mids were verified by DNA sequencing.

Production of BglucH and BglucLEH

The molecular weights of BglucH and BglucLEH are
around 56 and 82 kDa, respectively. SDS—PAGE analysis
of the soluble and insoluble fractions following expres-
sion in E. coli revealed that BglucH and BglucLEH accu-
mulated primarily in an insoluble fraction at 37 °C. The
induction of protein expression at lower temperatures
increases the yield of soluble recombinant proteins in E.
coli [17, 18]. To obtain active soluble proteins, we induced
the expression of BglucH and BglucLEH at 25 °C with
1 mM isopropyl-beta-D-thiogalactopyranoside (IPTG)
(Additional file 1: Figure. Sla), and the result showed that
BglucH and BglucLEH were produced in soluble form
(Additional file 1: Figure. S1b).

Purification of BglucH and BglucLEH

The effect of Hofmeister series ions on the T is given as:
NH,">K">Na">Mg*">Ca* >Mn*">Cu?";  SO,* >
HPO,>” > CH;COO™ >Cl™ >Br  >NO,;” >SCN™.
According to the series, 1 M NaH,PO,, 1 M (NH,),SO,,
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1 M Na,SO,, 2.5 M NaCl were selected to purify the
BglucLEH. The expression levels and purity of collected
fractions were determined by SDS—-PAGE (Fig. 2, Lane
11-14). According to the above result (Fig. 2), (NH,),SO,
was selected as precipitant and the effect of the various
concentrations of (NH,),SO, (0.1, 0.3, 0.5, 0.7, 1.0 M) on
the purification efficiency was investigated. A clear band
at size around 82 kDa appeared obviously indicating that
0.3-0.7 M (NH,),SO, could be used to purify BglucLEH
by ITC (Fig. 3a, lane 4, 5, 6). Meanwhile, it can be seen
from Fig. 3b that the purification fold reached a maxi-
mum value of 13.3 at 0.5 M (NH,),SO,. With the increase
of (NH,),SO, concentration from 0.7 M to 1.0 M, the
purification fold decreased gradually. The recovery rate
of the BglucLEH reached the maximum value (80%) at
0.5 M (NH,),SO,. Thus, 0.5 M (NH,),SO, was identi-
fied as the optimum precipitant for the purification of
BglucLEH.

The purification of BglucLEH was conducted utiliz-
ing two techniques, which are Ni-NTA resin and ITC
method because BglucLEH contains His and ELP tags
(Fig. 2), and the two methods are independent of each
other. BglucH, however. was purified using only Ni-NTA
resin because it contains only a His tag (Additional file 1:
Figure S2). To compare the ITC with Ni-NTA resin, the
purification efficiency of BglucLEH either by ITC or Ni-
NTA resin, and that of BglucH by Ni-NTA resin are sum-
marized in Table 1. The specific activity of BglucLEH by
ITC was 75.50 U/mg, which was slightly higher than that
of BglucLEH by Ni-NTA resin (68.22 U/mg) (p<0.01)
and BglucH by Ni-NTA resin (68.85 U/mg) (p<0.01).
The recovery rate and purification fold of the BglucLEH
by either ITC or Ni-NTA resin were 77.78%, 79.07% and

pET28a(+)-BglucLEH (7490 bp)

Bgluc-linket-ELP-6x

(2268 bp)
\ (7319)
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\Spel (6367 Sad
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Fig. 1 Schematic diagram of recombinant plasmid pET28a(+)-BglucLEH
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Fig. 2 SDS-PAGE analysis of BglucLEH production and purification by Ni-NTA resin and ITC. Lane M: protein molecular weight marker (Broad);

lane 1: crude cell lysate of cell with empty pET-28a(+) vector; lane 2: insoluble part of crude lysates containing BglucH; lane 3: crude cell lysate
containing BglucH; lane 4: cell lysates of cell with BglucLEH plasmid without IPTG induction; lane 5: crude lysates of cells with BglucLEH expression;
lane 6: insoluble part of crude lysates of cells with BglucLEH expression; lane 7: crude cell lysate containing BglucLEH; lanes 8, 9, 10: eluted BglucLEH

with 20, 100, 400 mM imidazole, respectively; lanes 11, 12, 13, 14: BglucLEH purified by ITC with 1 M NaH,PO,, 1 M (NH,),SO,, 1 M Na,SO, or 25 M
NadCl, respectively

a b
KDa M 1 2 3 4 5 6 7 8 9
200.0 16 100
u '0 = Recovery Rate
99’2 BelucLEH —o-Purification Fold
«— - 80

66.4

4.3

Purification Fold
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20.1

0.3 0.5 0.7 1
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Fig. 3 SDS—PAGE of fusion proteins BglucLEH purified by ITC method (a). Lane M: protein molecular weight marker (Broad); lane 1: crude lysate of
cells with empty pET-28a(+) vector; lane 2: crude lysate of cells with BglucH expression; lane 3: crude lysate of cell with BglucLEH expression; lanes
4-7: purified BglucLEH by ITC using various (NH,),SO, concentrations (0.3, 0.5, 0.7, 1.0 M); lane 8: little proteins purified from crude lysate containing
BglucH by ITC using 0.5 M of (NH,),50,; lane 9: BglucLEH purified by Ni-NTA resin. Purification efficiency by ITC method using various (NH4),50,
concentration (b)

12.60, 11.39, respectively, and the recovery rate and puri-  excellent performance in the purification process (Fig. 3a,
fication fold of the BglucH by Ni-NTA resin were 75.62%  lane 5).

and 12.14, respectively. Furthermore, the densitometric Furthermore, the effect of the number of ITC on the
analysis of SDS—PAGE indicated that the purity of Bglu-  purification was also investigated. The specific activity of
cLEH by one-round ITC reached 90%, which showed an  BglucLEH by one- and two-round ITC was 75.50 U/mg



Zhou et al. Biotechnol Biofuels (2019) 12:157 Page 5 of 14
Table 1 A comparison of purification efficiency between Ni-NTA resin and ITC
Proteins Total protein (mg) Specific activity Total activity (unit) Yield (%) Purification
(unit/mg) (fold)

Cell lysate? (all proteins of E. coli contained EP) 3.254+0.39 0.08+£0.004 0.263+£0.06
Cell lysate with expression of BglucH @l proteins 663 +0.53 5.7540.042 37.59+0.89

of E. coli contained BglucH)
BglucH® in cell lysate 6.63+0.53 56740.35% 3733+£0.78 100.0 1.0
BglucLEH® in cell lysate (all proteins of E. coli 5234034 6.07 £0.46 31324065

contained BglucLEH)
BglucLEH® in cell lysate 5234034 5.9940.54* 31.06+£0.63 100.0 1.0
Purified BglucH by Ni-NTA resin 04140.09 68.85+£1.19 28.23+£051 75.62 12.14
Purified BglucLEH by Ni-NTA resin 0.36£0.04 68224127 24.564+0.59 79.07 11.39
Purified BglucLEH by one round of ITC 0.32+0.05 7550+ 1.54 24.1640.68 77.78 12.60
Purified BglucLEH by two rounds of ITC 0.27 £0.03 76.22+143 20.58+047 66.26 12.72

EP empty plasmid pET-28a(+)

abc 3 5 mL cell extracts was obtained through ultrasonication treatment of E. coli collected from 75 mL LB culture

* Indicates that the specific activity of the empty carrier has been removed
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Fig. 4 The circular dichroism spectrum of BglucH and BglucLEH

and 76.22 U/mg, respectively (Table 1). The recovery rate
and purification fold of the BglucLEH by one- and two-
round ITC were 77.8%, 66.26% and 12.60, 12.72, respec-
tively (Table 1). The densitometric analysis of SDS—PAGE
showed that the purity of BglucLEH by two rounds of
ITC did not significantly increase compared with a single
round of ITC (Additional file 1: Figure S3), but decreased
the recovery rate (Table 1).

ELP tag did not change the secondary structure of Bgluc

To explore the secondary structure of Bgluc in the pres-
ence of ELP, circular dichroism (CD) analysis for BglucH
and BglucLEH was performed from 190 to 250 nm. The
result showed one positive peak around 196 nm and
two negative peaks trough around 208 nm and 222 nm,
indicating the typical signature for p-sheet and o-helix
structure (Fig. 4), respectively. Analysis of the secondary
structure propensities for BglucH and BglucLEH from

the results showed no significant structure difference
(Fig. 4). This indicated that the ELP tag appears to have
little effect on the secondary structure of Bgluc.

Optimum pH and temperatures of BglucH and BglucLEH
The influence of temperature and pH on the activities
of BglucLEH was studied compared with BglucH. It was
observed that both BglucH and BglucLEH had their high-
est activities at optimum pH of 5.5 (Fig. 5a), which indi-
cates that ELP tag did not change the optimum pH of the
reaction.

The temperature-dependent activities of BglucH and
BglucLEH were studied over the temperature range of
20-80 °C. As shown in Fig. 5b, the optimum tempera-
ture for BglucH and BglucLEH was around at 40 °C. The
enzyme activities of both BglucH and BglucLEH gradu-
ally decreased when the temperature was elevated above
40 °C. The BglucLEH was, however, found to retain more
than 40% of its activity at 60 °C, while BglucH retained
only 3%, suggesting that ELP tag may increase the ther-
mal stability of BglucH.

Kinetic parameters of BglucH and BglucLEH

The kinetic parameters of BglucH and BglucLEH were
conducted using p-nitrophenyl-p-p-glucopyranoside (p-
NPGQ) as substrate under optimal conditions (Table 2). A
Lineweaver—Burk plot was used to calculate the K, and
V. ax Values (Additional file 1: Figure S4). The affinity (K,,)
of BglucLEH for p-NPG was 5.27 mM, which was slightly
lower than that of BglucH (5.73+0.4 mM). The catalytic
efficiency (K, /K,,) of BglucLEH (14.7940.5 S~ mM ™)
for p-NPG was higher than that of BglucH (12.10£0.7
S~ mM ™). The V,, of the BglucH and BglucLEH for p-
NPG were 0.037 and 0.098 mM min !, respectively.
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Fig. 5 Effects of pH (a) and temperature (b) on the enzyme activity. Each value in the panel represents the mean £ SD (n = 3). Asterisks denote
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Table 2 Kinetic parameters of BglucH and BglucLEH
in hydrolysis of p-NPG

Enzyme K, (mM) K (57" Ve (mMmin~") K /K,

(S 'mM™T)
BglucH 573404 6936411 003740006 1210407
BgluclFH 527405 7794409 009840003 1479405

ELP tag increased protein stability
The purified BglucH and BglucH EH were stored at 4 °C
and 25 °C for 28 days. The relative enzyme activities were
evaluated every 4 days as shown in Fig. 6a. The purified
BglucLEH and BglucH retained 90% and 75% of its origi-
nal activity when stored at 4 °C for 28 days, respectively.
BglucH lost 70% of its enzyme activity at 25 °C at the 28th
day, while BglucLEH lost only about 30% of its activity.
To study the thermal stability, the BglucH and Bglu-
cLEH were incubated at various temperatures for 30 min.
As shown in Fig. 6b, BglucH and BglucLEH lost 90% and

20% of its initial activity when the temperature reached
60 °C, respectively. When the temperature reached 70 °C,
BglucH lost almost all activity, while BglucLEH retained
55% of its initial activity. The results indicated that the
thermal stability and storage stability of BglucLEH were
higher than that of BglucH. Moreover, the effect of pH
on the stability of BglucH and BglucLEH was measured
on enzymes after incubation in buffer of different pH
at 40 °C for 30 min. It was, however, observed that the
pH stability of BglucLEH was not different from that of
BglucH (data not shown), which indicated that ELP did
not improve the enzyme’s pH tolerance.

Guanidine hydrochloride is a common protein dena-
turant. In this study, BglucH and BglucLEH were
incubated with various concentrations of guanidine
hydrochloride, and then the changes in secondary struc-
ture were monitored. The Fig. 7a, b shows the CD spectra
of BglucH and BglucLEH treated with various concentra-
tions of guanidine hydrochloride. The denaturation curve
(Fig. 7c) indicates that BglucH lost 15.7%, 26.1%, 43.4% of

ek

40 +
~*= BglucH 4°
204 ~* BeluclEH 4 °
BglucH 25°

~v- BglucLEH 25 °

0 4 8 12 16 20 24 28
Days

Relative activity (%)

Fig. 6 The experiment of stability. Storage stability dependent on time and temperature (a). Thermal stability (b). Each value in the panel represents
the mean £ SD (n =3). Asterisks denote statistical significance. *p <0.05, **p < 0.01

b
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£
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its secondary structure at 0.5, 1, 1.5 M guanidine hydro-
chloride, while the secondary structure of BglucLEH lost
only 7.9%, 8.5%, 15.0% at 0.5, 1, 1.5 M guanidine hydro-
chloride, respectively. Taken together, ELP tag increased
the protein stability against both heat and chaotropic
denaturant.

Discussion

Wood-feeding termites are well known as efficient cel-
lulose decomposers that have the ability to degrade lig-
nocelluloses with their unique enzyme complexes. Bgluc
is known as a multifunctional enzyme for social main-
tenance in terms of both cellulose digestion and social
communication in termites [19]. Bgluc from termites,
such as C. formosanus [20, 21], C. gestroi [22, 23], C.
secundus [24], R. flavipes [25], M. barneyi [26], N. kos-
hunensis [27], N. takasagoensis [28, 29] have been iden-
tified. All of the reported Bglucs from termites were
identified as GH1 [30]. In our previous study, three types
of Bgluc homologs (CfGlulC, CfGlulB, CfGlulD) from
the termite C. formosanus were identified, and CfGlulB
has a high degree of amino acid similarity with the Bgluc

from O. formosanus, N. koshunensis, C. gestroi, and T.
reesei [5]. Moreover, Bgluc form R. speratus (RsBGI) has
also been identified to be 86% identical to Bgluc from C.
formosanus CfGlulB [19].

Bgluc from some other organisms has been heterolo-
gously expressed and purified. The purity of Bgluc from
N. takasagoensis (G1mgNtBG1) using Ni-NTA resin
increased by 6.7-fold with a recovery rate of 83%, and a
specific activity of 5.83 U/mg [29]. The yield and purifi-
cation fold of Bgluc from M. annandalei using Ni-NTA
resin were found to be 7.5% and 19.1-fold, respectively
[30]. The yield and purification fold of Bgluc from Chi-
nese snail using Ni-NTA resin were 21.0% and 9.0-fold,
respectively [31]. The specific activity and yield of Bgluc
from T. amestolkiae using HiTrap Capto Adhere, Mono Q
5/50 and Superdex 75 HR 10/30 were 50.4 U/mg, 78.5 U/
mg, 82.6 U/mg, and 76.5%, 57.3%, 6.3%, respectively [32].
The purification fold and yield of the Bgluc from M. ther-
mophila using gel filtration on Sephacryl S-100 were
11.2-fold and 25.5%, respectively [33]. The Bgluc from P
piceum was 8.7-fold with a specific activity of 80 U/mg
against p-NPG using gel filtration chromatography [34].
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In this study, our data showed that the specific activity,
yield and purification fold of purified BglucLEH by ITC
and Ni-NTA resin were 75.50 U/mg, 77.78%, 12.60-fold;
and 68.22 U/mg, 79.07%, 11.39-fold, respectively. The
results indicate that the purification performance of ITC
was equivalent to or better than that of Ni-NTA resin.
Performance of several rounds of ITC indicated that a
heterogeneous solution of proteins gradually become
more homogeneous, eventually resulting in substantially
higher purity of recombinant ELP fusion protein [35].
However, our data showed that the purity of BglucLEH
by two rounds of ITC did not significantly increase com-
pared with a single round of ITC. It, however, reduced
the yield of ELP fusion protein. One round of ITC was
sufficient for BglucLEH purification. In summary, the
purification performance of ITC had a comparative
advantage, that is, been simple, time efficient, inexpen-
sive and highly efficient, compared with conventional
column chromatography. A comparison of the biochemi-
cal properties and kinetic performance of Bgluc from dif-
ferent species to p-NPG is shown in Table 3. Bgluc from
fungi tends to have high catalytic performance com-
pared to that of other species. Commercial cellulases are
mainly from fungi, especially T. reesei. Bgluc produced by
other species must be added to a T. reesei enzyme mix-
ture to increase the efficiency of the hydrolysis of cel-
lulosic substrates [36]. The catalytic efficiency of Bgluc
from termites (such as R. flavipes [25], C. gestroi [22], M.

Page 8 of 14

annandalei [30] and C. formosanus [5]) tends to be lower
compared to Bgluc from fungi [32, 37—43]. In termites, it
was reported that the optimum pH and temperature of
Bgluc were within pH 5.0-6.5 and 40-60 °C, respectively
[5, 22, 25-27, 30]. Here, the optimum pH and tempera-
ture of BglucH and BglucLEH were identified as 5.5 and
40 °C.

CD analysis of Bgluc from C. gestroi (CgBG1) showed
a negative peak (a-helical) at 222 nm and a positive peak
(B-sheets) at~192 nm. Based on the CgEG1 model, the
secondary structure of Bgluc was primarily o-helical
(43.6%) followed by B-sheets (13.6%) and unstructured
loops (42.8%) [22]. Our results showed one positive peak
at 196 nm (B-sheets) and two negative peaks (a-helical)
at 208 nm and 222 nm. The CD analysis of BGL-2 (Bgluc
from T. amestolkiae) revealed that all BGL-2 forms have
a typical spectrum of a+f folded structures, and the
spectrum of BGL-2T* (a mutation of BGL-2) lacked the
minimum at 208 nm, a typical signature of proteins with
cellulose binding domain, which may be one of the rea-
sons for its increased stability to temperature and pH
[32].

ELP fusion proteins can increase proteins’ solubility
and maintain its biological activity as well as its physi-
cal properties [45-48]. Floss et al. [49] reported that
scFv ELP fusions can accumulate to very high levels,
but the ELP does not affect the protein assembly, fold-
ing or the antigen-binding properties of antibodies. The

Table 3 Enzymatic properties of Bgluc from termites and other species to p-NPG

Source organism Optimum Optimum pH K, (mM) Ko (™Y Keat/Kin References
temperature (°C) (s~'mM™")
Talaromyces leycettanus 75 4.5 0.18 1664 9096 [37]
Trichoderma reesei 40 5 0.09 118 1311 [38]
Talaromyces amestolkiae 40 5 041 485 1167 [32]
Aspergillus japonicus 40 5 0.6 259 431.7 [38]
Aspergillus niger 40 4 22 917 416.8 [39]
Myceliophthora thermophila 40 5 0.39 147 377 [40]
Thermoascus aurantiacus 60 45 0.11 242 2200 [41]
Penicillium verruculosum 40 5 044 160 363.6 [42]
Fomitopsis palustris 50 5 0.12 721 6008 [43]
Nasutitermes takasagoensis 65 5.5 0.67 ND ND [29]
Reticulitermes flavipes 40 7 1.66 2292 13.80 [25]
Neotermes koshunensis 40 5 0.77 ND ND 271
Coptotermes gestroi 55 5 1.59 57.19 35.99 [22]
Macrotermes barneyi 45 5 ND ND ND [26]
Microcerotermes annandalei 50-55 5-6 1.47 8.98 6.12 [30]
Globitermes sulphureus 90 6 0.18 ND ND [44]
Coptotermes formosanus 40 5 2.20 60.7 27.0 [5]
Coptotermes formosanus 40 55 573 69.36 12.10 This work

ND not determined
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antibody—ELP fusion proteins have been reported to
retain the parent antibody’s ability to bind antigen, albeit
with slightly reduced potency [45]. A levansucrase—
ELP fusion protein was expressed in E. coli, and levan-
sucrase activity was not interfered by the ELPs tag [47].
The fusion protein comprising of ELP and KGF retained
the functional characteristics of KGF and elastin as evi-
denced by its enhancement of keratinocyte and fibroblast
proliferation [50]. Here, our data showed that ELP did
not affect the protein production, enzyme activity or the
kinetic parameters of BglucH.

The guest residue composition and chain length of ELP
are two parameters that affect the T, The hydrophobic
guest residues and more chain lengths is associated with
lower T, while the hydrophilic guest residues and less
chain lengths produce higher T,. Furthermore, placing
the ELP at the C-terminus (protein—ELP) or N-terminus
(ELP-Protein) of the target protein controls expression
level and activity of elastin-like polypeptide fusion pro-
teins [51]. Protein—ELP fusions have a greater level of
expression and specific activity levels than ELP—protein
fusions [51, 52]. One explanation is that ELP—protein
increases the fraction of misfolded, and less active con-
formers, which are also preferentially degraded com-
pared to C-terminus ELP fusion (protein—ELP) [51].
Here, we designed a 50 repeating pentapeptide sequence,
Val-Pro-Gly—Val-Gly (VPGVG),, and placed the ELP
at the C-terminus of Bgluc.

Bgluc has attracted the attention of researchers to
improve the enzyme’s activity and thermostability
through bioengineering technology due to its multifunc-
tional role and industrial usefulness. For example, Xia
et al. [37] identified and overexpressed a novel Bgluc with
high specific activity and high catalytic efficiency in P
pastoris, and enhanced the pH stability by reducing the
O-glycosylation. Liu et al. [53] demonstrated a combina-
torial selection/screening strategy for finding thermosta-
ble Bgluc mutants. The Bgluc mutations from 1. reesei
resulted in shift of optimal temperature to 50 °C, at which
the wild type was almost inactive [54]. Moreover, the
Bgluc mutant VM2 from T. fusca with three amino acid
changes has been reported to be more thermostable [55].

ELP fusion proteins have enhanced thermal stability
and improved the circulating half-life and long-term effi-
cacy of therapeutic ELP fusion proteins [56]. To improve
the stability of engineered biopolymers against denatur-
ing agents and oxidants, the biopolymers can be fused
to enzymes to protect them from decomposition, while
maintaining their molecular integrity over an extended
period of time. A study by Liu et al. [57] fused collagen-
like polypeptide (CLP) to an ELP, and separately fused
them to the enzymes SOD and DAAO. The result showed
that SOD-CLP-ELP and DAAO-CLP-ELP were more
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resistant to urea denaturation than SOD and DAAO
alone. Udo et al’s team showed that therapeutic proteins
fused with ELP possessed a substantially longer serum
half-life compared to the non-ELP fusion proteins [58].
ELP forms hydrogen bonds not only with water mole-
cules, but also with other ELP molecules [59]. The longer
the ELP sequence repeats, the more hydrogen bonds it
contains which provide the most general explanation for
the thermal stability in proteins [60]. Cho et al’s team
also speculated from their data that hydrogen bonding
related to structure formation rather than hydrophobic-
ity and was the key factor in the stabilization of collapsed
state of ELPs [59]. Furthermore, the organized reversible
particles formed by ELP at high temperature will restrict
the movement of the enzyme covalently linked, to pre-
vent the enzyme form irreversible aggregation at high
temperature. We also demonstrated that the ELP fusion
enzyme has higher stability to denaturants compared to
the enzyme without ELP. The denaturant competes to
form hydrogen bond with amino acids in protein instead
of the protein internal hydrogen bonds which stabilizes
protein.

ELP-mediated purification may prove as an inexpen-
sive and highly efficient form of purification, but further
removal of ELP tags remains a challenge. To solve this
problem, the Chilkoti lab [61], Wood lab [62, 63] and
Chen lab [64] combined ELP proteins with self-cleav-
ing inteins, which significantly simplified the process.
From this study, however, we found that ELP tag nei-
ther affected the biological activity of the enzyme nor
its structural integrity but rather improved its stability,
and as a result removal of the ELP tag from the purified
enzyme was not of prime importance for this protein.

We also examined the reusability of the BglucLEH, and
the result showed that the purification capacity of the
BglucLEH was below 20% in second purification cycles
compared with first purification cycles (data not shown),
which indicated that ELP did not increase the enzyme’s
reusability. Immobilization of enzyme is an applied tech-
nique that improves the stability and reusability of an
enzyme, making it an economically feasible process [65,
66]. Immobilization using a covalent coupling is found to
be better than a physical adsorption in binding strength.
In our previous study, a novel Fe;O,/PMG/IDA-Ni*"
nanoparticles were synthesized, and protein with His
tag was immobilized onto their surface through com-
bination with the imidazole group and Ni** [65]. The
binary ELP&His tag could also be used to immobilize
BglucLEH onto Fe;O,/PMG/IDA-Ni*" nanoparticles in
addition to purification and thereby increasing its stabil-
ity. The excellent reusability of immobilized enzymes is
of great importance as it decreases the cost of industrial
applications.
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Taking into account their substrate specificity, Bgluc
has been classified into three groups: cellobiases (high
specificity for cellobiose), aryl-p-glucosidases (high
specificity for substrates such as p-NPQG), or wide range
Bgluc, which exhibit broad activities on various types of
substrates [67]. Bgluc from C. formosanus shows higher
affinity and activity toward cellobiose and cellotriose
than other substrates [20]. The G1mgNtBG1 has broad
substrate specificity and hydrolyzes both natural and
synthetic substrates [29]. The Bgluc form G. sulphureus
was active on the p-NPG and cellobiose, but inactive on
avicel [44]. Bgluc from R. flavipes was most active against
p-NPG, cellobiose, salicin, and laminaribose [25]. Our
previous study revealed that BglucH showed high activ-
ity toward p-NPG, cellobiose, cellotriose and lactosum
[5]. Here, the Bgluc activity was measured using p-NPG,
because its hydrolysis can be directly quantified in col-
orimetric assays. It should be noted that there are several
limitations because the activity of Bgluc was only exam-
ined on p-NPG, and it would be interesting to have an
activity with cellobiose or cellotriose that are the natural
substrate of Bgluc. To improve the large-scale application
of the biocatalyst in biomass conversion, lignocellulose
saccharification experiments is necessitated in further
research.

Conclusions

Bgluc, an important member of the cellulose system,
plays a critical role in the enzymatic hydrolysis of bio-
mass for the production of biofuels. In this study, a novel
binary ELP&His tag was fused with Bgluc from C. for-
mosanus to construct a Bgluc—linker—ELP—His recom-
binant fusion protein (BglucLEH). The recovery rate and
purification fold of the fusion enzyme BglucLEH reached
77.78% and 12.60, respectively, through ITC with 0.5 M
(NH,),SO, based on the ELP tag. The purification by ITC
was superior to the traditional Ni-NTA resin. Moreo-
ver, the ELP did not affect the enzyme activity, kinetic
parameters and secondary structure of Bgluc. More
importantly, ELP improved the Bgluc stability in harsh
conditions such as heating and exposure to denaturant.

Materials and methods

Materials

The expression vector pET28a(+) and E. coli strains
BL21 (DE3), were stored at — 80 °C in our lab. Kanamy-
cin, protease inhibitors phenylmethanesulfonyl fluoride
(PMSF) and IPTG were purchased from Sangon Biotech
(Shanghai, China). p-NPG was purchased from Bio Teke
Corporation (Beijing, China). Glycine, Tris, SDS, Bromo-
phenol blue, coomassie brilliant blue R 250 and p-nitro-
phenol (p-NP) were purchased from San gon Biotech
(Shanghai, China). Acrylamide and TEMED were bought
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from Sigma (USA). Glycerinum, isopropanol, methyl
alcohol, B-mercaptoethanol, ammonium persulfate and
glacial acetic acid were obtained from Sinopharm Chem-
ical Reagent (Shanghai, China). Thermo Scientific Pierce
BCA Protein Assay Kit was purchased from Thermo
Fisher Scientific (MA, USA). High Affinity Ni-NTA Resin
was bought from Genscript (Nanjing, China). All other
reagents were of analytical grade and used without any
further treatment.

Construction of recombinant expression plasmids
(BglucLEH and BglucH)

The amino acid coding sequences for Bgluc of C. for-
mosanus was derived from gene (GQ911585) at GenBank
NCBI. The 50 repeating pentapeptide sequence, Val—
Pro—Gly—Val-Gly (VPGVG)s,, was designed (denoted as
ELP). The Bgluc and ELP genes were fused together with
a flexible linker (GGGGS); and adding a 6xHis-tag to the
3’ of the fusion gene. The schematic diagram, nucleo-
tide sequence and restriction enzyme sites are shown in
Fig. 1. The nucleotide sequence of the designed fusion
protein was synthesized by Synbio Tech (Jiangsu, China),
and subcloned into pET28a(+) resulting in the recom-
binant expression of the plasmid pET28a(+)-BglucLEH
(Bgluc-Linker—ELP-His) (Fig. 1). The recombinant plas-
mid pET28a(+)-Bgluc (BglucH) expressing a His-tagged
Bgluc was previously constructed in our lab [5].

Production of recombinant proteins (BglucLEH

and BglucH)

The constructed recombinant expressional plasmids
pET28a(+)-BglucLEH, pET28a(+)-BglucH and empty
vector pET28a(+) were transformed into the E. coli
strain BL21 (DE3) for protein production. A freshly
transformed single colony was inoculated in LB media
with 50 pg/mL kanamycin and cultured overnight in an
orbital shaker at 37 °C with shaking (200 rpm). Two mil-
liliters of this culture was inoculated into 200 mL of fresh
medium supplemented with 50 pg/mL kanamycin. When
ODyg, of culture reached 0.4, IPTG was then added to a
final concentration of 1 mM, and the cells were grown at
25 °C or 37 °C for 16—-20 h. Cells were harvested by cen-
trifuging at 4500xg at 4 °C for 20 min, and cell pellets
were stored at — 80 °C. The cell pellets were thawed and
resuspended in 10 mL Tris—HCI (50 mM, pH 8.0) and the
cells were washed twice with Tris—HCI. Finally, the cells
were resuspended in 5 mL Tris—HCI buffer with 1 mM
PMSE. The cells were broken by sonication for 30 min
using ultrasonic cell disruptor, with alternately sonica-
tion at 10 s and intermittent periods of cooling 10 s. The
supernatant and precipitate were separated by centrifu-
gation twice at 12,000x g for 20 min at 4 °C.
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Purification of fusion proteins

(1) Purification by Ni-charged resin (BglucLEH and BglucH)
The recombinant proteins (BglucLEH and BglucH) were
purified with Ni-NTA resin because both the BglucLEH
and BglucH contain His tag. Purification conditions fol-
lowed the manufacturer’s instructions. Briefly, the crude cell
lysates were mixed with the Ni-NTA resin and incubated
at 4 °C for 2 h. Subsequently, the surplus cell lysates flowed
through the column while target protein was retained. Ni-
NTA resin was washed with 3-mL solution I (50 mM Tris,
pH 8.0, 300 mM NaCl, 50 mM imidazole), then 3-mL solu-
tion II (50 mM Tris, pH8.0, 300 mM NaCl, 100 mM imi-
dazole). Finally, His-tagged protein (BglucLEH or BglucH)
was eluted from Ni-charged resin with 2-mL solution III
(50 mM Tris, pH 8.0, 300 mM NaCl, 400 mM imidazole).
The eluted protein was dialyzed against dialysis buffer
(50 mM Tris—HCI, pH 8.0) at 4 °C to remove imidazole. The
concentration of purified proteins (BglucLEH and BglucH)
was determined by the Pierce® BCA Protein Assay Kit.

(2) Purification by ITC (BglucLEH)

BglucLEH also was purified with different salt (the salt
being investigated at its specified concentration, dissolved
in water) including 1 M NaH,PO,, 1 M (NH,),SO,, 1 M
Na,SO,, 2.5 M NaCl because BglucLEH contains ELP tag.
After SDS-PAGE analysis, (NH,),SO, was selected as the
purification salt.

To determine the concentration of (NH,),SO,, BglucLEH
was purified with various concentrations of (NH,),SO, (0.3,
0.5, 0.7 and 1.0 M). First, a certain amount of (NH,),SO,
was added into 500-pL crude extract, and the mixed solu-
tion was incubated for 20 min and then centrifuged at
12,000x g for 10 min at room temperature (25 °C) (termed
“hot spin”). The supernatant was withdrawn and discarded,
and the pellet containing BglucLEH was redissolved in cold
Tris—HCI buffer at 4 °C for 30—-60 min. Then, a centrifuga-
tion step at 4 °C for 10 min (termed “cold spin”) is carried
out to remove contaminants that may have been physically
trapped in BglucLEH. The supernatant containing Bglu-
cLEH supernatant from the cold spin is retained, and the
pellet is discarded. This process constitutes one round of
ITC. The concentration of protein (BglucLEH) was deter-
mined by the Pierce® BCA Protein Assay Kit. The recovery
rate and purification refold of fusion proteins were deter-
mined by enzyme activity measurement.

Recovery rate (%)

Purified enzyme activity 100

~ Total enzyme activity in crude extract
Purification fold

__ Specific activity of purified enzyme

Specific activity of crude enzyme
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Enzyme activity assay

The activity of Bgluc was measured as described in our pre-
vious study [65]. Briefly, a certain amount of BglucLEH or
BglucH was incubated with 5 mM p-NPG, 50 mM NaAc—
HAc (pH 5.5) buffer at 40 °C. Assays were terminated
10 min later by the addition of 1 M Na,CO,. The amount
of p-NP released was determined at 410 nm with spectro-
photometer. The specific activity (U) was defined as the
amount of enzyme that releases 1 umol of catalytic product
p-NP per min.

Kinetic parameter activity assay

The kinetic parameters such as the Michaelis constant
(K,,), maximum velocity (V,,,,) and turnover number (k_,,)
for BglucH and BglucLEH enzymes were measured using
p-NPG at 1-14 mM. Reactions were carried out in 50 mM
sodium acetate buffer (pH 5.5) with purified BglucH
and BglucLEH at 40 °C and were stopped by adding 1 M
Na,CO;. The K, and V,,,, were calculated according to the
Lineweaver—Burk method.

Secondary structure of BglucH and BglucLEH

The CD spectra of BglucLEH enzyme and BglucH were
recorded at a wavelength of 190-250 nm with a JASCO-
810 spectropolarimeter (Jasco, Tokyo, Japan) and a quartz
cell with 0.1 mm optical path length. All spectra were cor-
rected by subtracting a blank spectrum (buffer without
enzyme). The purified enzyme BglucH and BglucLEH
solutions were prepared by dissolving the enzymes in PBS
buffer to a final concentration of 0.1 mg/mL. The measure-
ments were performed at 25 °C.

Effect of pH and temperature on BglucH and BglucLEH
Activity

p-NPG was used as the substrate for activity assays to
investigate optimum temperature and pH. The purified
BglucH and BglucLEH were incubated with substrate (p-
NPG) at various temperatures that ranged from 20 to 80 °C
(pH 5.5) or in buffers over a pH range of 3.0-8.0 (40 °C) for
10 min. Then, the catalytic activity was then measured as
described above.

Enzyme stability

The stability of BglucH and BglucLEH was investigated,
which included storage, thermal stability and resistance to
chemical denaturant. For storage stability, purified BglucH
and BglucLEH were stored in 4 °C and 25 °C, and the spe-
cific enzyme activity was measured at 4 °C and 25 °C every
4 days for 28 days. The residual specific enzyme activity of
BglucH and BglucLEH reduced over time in comparison to
enzyme activity measured initially. The results presented
are the average of three independent experiments.
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The thermal and pH stability of BglucH and BglucLEH
were measured according to the method described in
our previous studies [65, 66]. Briefly, the purified BglucH
and BglucLEH were pre-incubated without substrate
(p-NPQ) at various temperatures (20, 30, 40, 50, 60, 70,
80 °C) and pH 5.5 for 30 min. Then, the residual enzyme
activities of BglucH and BglucLEH were evaluated using
p-NPG at under standard conditions (pH 5.5, 40 °C and
10 min). To estimate pH stability, the enzyme was pre-
incubated in buffers over a pH range of 3.0-8.0 without
substrate at 40 °C for 30 min, and the residual activities
were measured using p-NPG under the standard condi-
tions (pH 5.5, 40 °C and 10 min). The maximum activity
value was set as value obtained by enzymes exposed to
optimum temperature.

To assess the BglucH and BglucLEH resistance to
chemical denaturant, the purified BglucH and BglucLEH
were incubated with various concentrations of chaotropic
reagent guanidine hydrochloride (0, 0.5, 1, 1.5, 2, 2.5, 3, 4,
5,6 M) at room temperature for 30 min, respectively. The
CD analysis was then measured as described above.

Additional file

Additional file 1: Figure S1. SDS-PAGE analysis of BglucH and BglucLEH
enzyme. (a): SDS-PAGE analysis of BglucH enzyme and BglucLEH enzyme
induce at 37 °C. Lane M, Protein molecular weight marker (Broad); Lane 1,
cell lysates of BglucH induced 0 h; Lane 2, cell lysates of BglucH induced 8
h; Lane 3, precipitation lysates containing BglucH; Lane 4, crude cell lysate
of BglucH; Lane 5, crude cell lysate of empty pET-28a(+) vector; Lane

6, cell lysates of BglucLEH induced 0 h; Lane 7, cell lysates of BglucLEH
induced 8 h; Lane 8: precipitation lysates containing BglucLEH; Lane 9,
crude cell lysate of BglucH; The arrows in the figure are the insoluble
fractions of the BglucH enzyme and the BglucLEH enzyme. (b): SDS-PAGE
analysis of BglucH enzyme and BglucLEH enzyme induced at 25 °C. Lane
M, Protein molecular weight marker (Broad); Lane 1, cell lysates of BglucH
induced 0 h; Lane 2, cell lysates of BglucH induced 8 h; Lane 3, precipita-
tion lysates containing BglucH; Lane 4, crude cell lysate of BglucH; Lane

5, crude cell lysate of empty pET-28a(+) vector; Lane 6, cell lysates of
BglucLEH induced 0 h; Lane 7, cell lysates of BglucLEH induced 8 h; Lane
8: precipitation lysates containing BglucLEH; Lane 9, crude cell lysate of
BglucH; The red wireframe in the figure indicates the whole bacteria, sedi-
ment and supernatant solution containing BglucH enzyme and BglucLEH
enzyme, respectively. Figure S2. SDS-PAGE analysis of BglucH induced at
25 °C and purification by Ni-NTA resin. Lane M, Protein molecular weight
marker (Broad); Lane 1, crude cell lysate of cell with empty pET-28a(+)
vector; Lane 2, crude cell lysate containing BglucH; Lanes 34, puri-

fied BglucH by Ni-NTA resin. Figure $3. SDS-PAGE analysis of twice [TC
and 400mM imidazole purified BglucLEH. Lane M, Protein molecular
weight marker (Broad); Lane 1, crude cell lysate of cell with empty pET-
28a(+) vector; Lane 2, crude cell lysate containing BglucLEH; Lanes 34,
BglucLEH purified after one and two rounds of ITC operation using 0.5

M of (NH,),SO, Figure S4. Lineweaver-Burk plots for (a) BglucLEH, (b)
BglucLEH.
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