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Abstract (3-Glucosidase (BG) is widely applied in the
biofuel’s industry, as part of a cellulase cocktail to catalyze
the hydrolysis of the (3-1,4 linkages that join two glucose
molecules in a cellulose polymer. The hydrolysis step is gen-
erally recognized as the major limiting step in the develop-
ment of efficient enzyme-based technologies for the conver-
sion of lignocellulosic biomass to sugars and the production of
biofuels due to the accumulation of the reaction product, glu-
cose. Relieving this glucose inhibition of BG is therefore a
major challenge. In this study, 008324, a putative BG gene
encoded in the hyperthermophilic archaeon Thermococcus
sp., was cloned and overexpressed in Escherichia coli.
008324 showed maximum activity between pH 5-6.8 and
at 78 °C and was thermostable with a half-life of 860 min at
78 °C in the presence of 1.5 M glucose. 008324 was not
inhibited by glucose up to the highest assayable concentration
of 4 M and also shows no decrease in activity in the presence
of up to 4 M of sodium chloride or potassium chloride.
008324 supplementation of Trichoderma viride cellulase en-
hanced glucose production by more than 50 % compared to a
commercially available BG, when Avicel (10 %, w/v) was
used as a substrate at 37 °C. Multiple sequence alignments
across previously reported glucose-tolerant BGs shows that
many conserved residues previously implicated in glucose
tolerance are not conserved in this BG suggesting a need for
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a relook at understanding the molecular basis of glucose
tolerance.
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Introduction

Lignocellulosic biomass is the biomass derived from cell walls
of plants such as trees, shrubs, and grasses, and is one of the
most abundant plant materials available in our planet. Typical
sources include agricultural and forest residues, municipal
waste such as organic and paper waste, and dedicated biofuel
crops. The cellulose in lignocellulosic biomass needs to be first
depolymerized by cellulases to glucose. The other important
uses of cellulases include textile, pulp, paper, food, and deter-
gent industries (Kuhad et al. 2011). Cellobiohydrolase,
endoglucanase, and [3-glucosidase work synergistically to de-
grade biomass and comprise the minimum set of enzymes
known as cellulase (Datta 2016). Endoglucanases (EC
3.2.1.4) randomly cleave the [3-1,4 glycosidic linkages of cel-
lulose; cellobiohydrolases (EC 3.2.1.91) attack cellulose chain
ends to produce cellobiose (a dimer of glucose linked by a 3-1,
4 glycosidic bond); and -glucosidases (EC 3.2.1.21) hydro-
lyse cellobiose into two molecules of glucose (Glc). -
Glucosidase enzymes (BG) catalyze the hydrolysis of the {3-
1,4 linkage that joins two glucose molecules in a cellulose
polymer. The hydrolysis step is generally recognized as the
major limiting step in biofuel production due to the accumula-
tion of the reaction product, glucose (Sternberg et al. 1977).
One of the remaining challenges is to relieve this product inhi-
bition by the cellulase cocktail, either by engineering such tol-
erance or by using enzymes that are natively tolerant to
glucose.
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Lignocellulosic biomass is heterogeneous across different
sites and seasons and requires a robust biomass conversion
technology that will be insensitive to such fluctuations of the
substrate and reaction conditions. The advantage of biomass
processing at elevated temperatures is the reduction of heat
exchange after pretreatment and the lower risk of contamina-
tion. Microorganisms that can survive at extreme temperatures
and environments are a key source for enzymes for use in
heterogeneous biomass conversion processes. The thermal tol-
erance of enzymes is often linked to solvent tolerance, substrate
selectivity, and stability. Engineering similar properties in
mesophilic enzymes typically entail sophisticated engineering
and optimization of the enzyme while the enzymes from an
extremophilic organism often natively exist with such proper-
ties (Egorova and Antranikian 2005; Yeoman et al. 2010).
Thus, in the search for enzymes capable of hydrolyzing bio-
mass at elevated temperature, the biocatalysts derived from
these extremophilic organisms are generally superior over their
mesophilic counterparts.

In 2011, the discovery of an endoglucanase from an archae-
al consortium that was active towards crystalline cellulose at a
temperature of 109 °C was reported (Graham et al. 2011).
Recently, a systematic characterization of a wide range of
GH1s including from thermophilic bacteria and archaea was
conducted to identify enzymes active in ionic liquids (Heins
et al. 2014). Thermococcus sp. is a thermophilic archaecon
from deep-sea hydrothermal vents and is expected to represent
one such repository for thermophilic enzymes. While a
Thermococcus genome sequence analysis in our laboratory
indicated the possibility of existence of putative cellulase
genes, there had not been any reports in the literature until
recently in 2015 when the initial characterization of a novel
endoglucanase from Thermococcus sp. AM4 was published
(Leis et al. 2015). We identified 008324 as a putative BG
from Thermococcus sp. that shares a more than 60 % sequence
identity with the membrane-bound BG from another archacon
Pyrococcus horikoshii, with an extremely long half-life and
high thermostability (Matsui et al. 2000). We reasoned that
008324 might be similarly thermostable and also might ex-
hibit salt tolerance due to the organism’s deep-sea origin.
There are very few reports of halophilic BGs in the literature.
A BG from a marine streptomycete with a tolerance to 0.5 M
salt had been reported (Mai et al. 2013). A few years prior to
that, another BG from a marine metagenomic library with a K;
of 1000 mM glucose but very low salt tolerance had been
reported (Fang et al. 2010). The second objective of choosing
this enzyme was to probe the molecular basis of the glucose
tolerance of these thermophilic enzymes.

In this study, 008324 was cloned and expressed in
Escherichia coli. The recombinant enzyme was purified, and
its biochemical properties, including optimum pH and tempera-
ture, thermostability, substrate specificity, and hydrolysis effi-
ciency of cellobiose, were investigated. The kinetic data in the
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absence and in the presence of exogenously added glucose (Glc)
was fit to the Michaelis-Menten model by non-linear regression
analysis. The enzyme was found to be uninhibited by up to
4.0 M Glc. In addition, the enzyme was tolerant up to 4 M of
sodium chloride or potassium chloride. No transglycosylation
activity, in the presence of Glc, could be detected, indicating
the efficiency of conversion of cellobiose into glucose. The ¢,
of 008324 increases with higher Glc concentrations due to sta-
bilization by Glc and indicates that the enzyme remains kineti-
cally competent. The enzyme was also tested for competence on
insoluble substrate and found to be a promising target for further
improvements and for understanding the basis of salt and glu-
cose tolerance.

Materials and methods
Chemicals

All chemicals used were reagent grade. Restriction endonu-
cleases, DNA ligase, and DNA polymerase were purchased
from NEB (Ipswich, USA). Primers were synthesized by
Xceleris (Ahmedabad, India). All chromogenic substrates,
Avicel PH-101, media, and ionic liquids were purchased from
Sigma-Aldrich (St. Louis, USA). The active fractions post
purification were pooled and concentrated using 30-kDa cut-
off Amicon-Ultra-15 membranes (EMD Millipore, Billerica,
USA). All plasmids and strains were bought from Merck
Millipore, Billerica, USA. All chromatography columns were
bought from GE Healthcare, Marlborough, USA.

Cloning and expression

The synthetic gene corresponding to the BG from
Thermococcus sp. was constructed (Gene accession number
Banklt1899421 BG_Thermo KU867869) and assembled by
Gene Art (Thermo Fisher Scientific, Waltham, USA). The
gene was cloned into a T7 bacterial expression plasmid pET-
21b(+) (Agilent Technologies, Santa Clara, USA) and trans-
formed into the E. coli BL21(DE3) expression strain (Thermo
Fisher Scientific, Waltham, USA). For enzyme production,
the cells were grown at 37 °C in 2x YT media supplemented
with ampicillin (100 pg/mL) and induced with 0.8 mM IPTG
(G-Biosciences, St. Louis, USA) for an additional 4.5 h at
37 °C. Cells were harvested by centrifugation at 4000xg for
10 min at 4 °C.

Protein purification

To disrupt the bacterial cell wall, the cell pellet was suspended
in binding buffer (10 mM potassium phosphate buffer, 10 mM
imidazole, and 500 mM NaCl) pH 7.4 and sonicated under ice
at 60 % amplitude, 5 cycles of 1 min each with a 1-min interval
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between two consecutive cycles. The cell debris was removed
by centrifugation at 13,000 rpm for 15 min at 4 °C. The solu-
ble fractions were collected and loaded onto a His-trap column
equilibrated with binding buffer pH 7.4 using a similar proto-
col as detailed previously (Goswami et al. 2016). The purity of
BG (Uniprot ID 008324) was confirmed by SDS-PAGE on a
10 % gel and the concentration determined by measuring the
absorbance at 280 nm and using the extinction coefficient
(€250 = 112,760 M "' cm ™! with all free cysteines) as per the
modified Edelhoch and Gill/Von Hippel method available on
ExPASy ProtParam website (Gasteiger et al. 2005).

Enzyme activity assays

The activity of 008324 was assayed for 5 min at 78 °C in
50 mM MES buffer (pH 6.5) using artificial substrate p-
nitrophenyl-f-pD-glucopyranoside (pNPGlc) containing
the non-physiological chromogenic aglycone p-nitrophe-
nol (pNP) as per a protocol reported earlier (Goswami
et al. 2016). In all assays, spontancous hydrolysis of the
substrate was accounted for by assay of blank mixtures,
lacking enzyme. All measurements were performed in
triplicate and repeated at least thrice. Other substrates
checked were p-nitrophenyl-f-D-galactopyranoside
(pNPGal), p-nitrophenyl-f3-D-cellobioside (pNPClb), and
p-nitrophenyl-p-p-lactopyranoside (pNPLac).

The activity of enzyme with cellobiose was deter-
mined by measuring the amount of glucose liberated as
a product. Glucose oxidase-peroxidase assay (Glucose
Oxidase kit, Sigma-Aldrich, St. Louis, USA) was used
to measure the glucose in accordance with the manufac-
turer’s protocol adapted to microplate assay and reported
earlier (Goswami et al. 2016).

Determination of optimum pH

The pH dependence of 008324 was determined by measuring
specific activity on pNPGlc in the pH range of 3.0 to 8.5 at the
optimum temperature of 78 °C for 5 min after incubating the
enzyme overnight at 4 °C in Mcllvaine buffer (for pH 3 to 8)
and Tris-HCI buffer (for pH 8.5).

Kinetic analysis

The kinetic parameters of 008324 were determined using
PpNPGIc and cellobiose as substrates. The reaction conditions
and the method used to detect enzymatic activity are as de-
scribed above. The reaction velocity was determined at eight
to twelve different substrate concentrations, between the
ranges of 0.1-50 mM of K, for each substrate. The kinetic
constants K;,, and k., were calculated by a non-linear regres-
sion of the Michaelis-Menten equation using GraphPad
PRISM version 6.0 (GraphPad Software, La Jolla, CA).

Thermostability assay

008324 was incubated in 50 mM MES buffer, pH 6.5 at
78 °C, and at different time intervals, samples were taken
out and assayed for residual activity. Half-life was calculated
using the equation for linear decay. The thermostability of
purified O08324 in the presence of glucose was investigated
by incubating the enzyme with different concentrations of
glucose (0-2.0 M) and then assayed as above for residual
activity.

Effects of additives

The effects of different sugars, solvents, alcohols, ionic lig-
uids, metals, and inhibitors on the activities of 008324 were
evaluated by measuring activity in the presence of different
concentrations of additives as per previously described
methods (vide infra).

Transglycosylation assay

To verify the products generated during the catalysis by
008324, thin-layer chromatography was performed on a
Kieselgel 60 F-254 silica gel plate (Merck Millipore,
Mumbai, India). Samples were collected from activity assays
at 78 °C in the presence of 100 mM of glucose, cellobiose, and
lactose after a 2-h incubation. The reaction products were an-
alyzed as per the protocol reported here (Goswami et al. 2016).

Differential scanning fluorimetry

The melting temperature (7;,,) of 008324 was measured by
differential scanning fluorimetry (DSF) as per protocol report-
ed previously (Niesen et al. 2007). Typically, the reaction
mixture consisted of 6 uM of enzyme, 10x SYPRO Orange
dye, 50 mM MES buffer (pH 6.5) and additives (glucose,
cellobiose, salt, and ionic liquids), to a total volume 25 pL
and measured in 8-well strips with optical cap. The apparent
Tn was determined by fitting a Boltzmann sigmoid equation
to the measured fluorescence as per the DSF analysis protocol.

Efficiency of 008324 on Avicel

The effect of purified 3-glucosidase (1 p1g) supplementation
of a commercial cellulase (10 pg) from Trichoderma viride
(Sigma-Aldrich, St. Louis, USA) on hydrolysis of Avicel PH-
101 (loading of 10 % w/v) at 37 °C was measured by the
quantity of glucose generated in the absence and presence of
008324. Sweet almond 3-glucosidase (SRL, Chennai, India)
was used as a control for O08324. The time course of the
reaction was followed till 8 h. The enzyme was then
inactivated by heating at 95 °C for 10 min and the glucose
generated analyzed by GOD-POD assay.
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Results

Cloning, expression, and purification of 3-glucosidase
from Thermococcus sp.

The open reading frame encoding the putative (3-
glucosidase in Thermococcus sp. was cloned into
E. coli pET21b(+) under the control of T7 promoter with
the sequence for an N-terminal His tag and the recombi-
nant plasmid verified by sequencing. The 008324 was
overexpressed in E. coli BL21(DE3) and purified via
His-Trap affinity chromatography from crude extract ob-
tained from harvested cells, as a soluble protein. Proteins
obtained at each purification step were analyzed by 10 %
SDS-PAGE, and the final purified enzyme showed a sin-
gle band with an apparent molecular mass of 51 kDa
(Fig. 1).

008324 showed substantial activity at temperatures be-
tween 75 to 90 °C and exhibited the highest activity at the
optimal temperature of 78 °C (Fig. 2). The enzyme had
88 % or higher activity across a wide pH range from 4.5
to 7.0 (Fig. 2), and maximal activity between pH 5.5 to
6.5, when assayed with 20 mM pNPGlc at 78 °C. Under
these optimal conditions, the enzyme had a specific activ-
ity of 208 + 8 U mg ' with 1 U =1 umol of pNP formed
per min per mg of O08324. The relative stability of the
enzyme is evident from tolerance to the wide range of pH
and temperature.

Substrate specificity and Kinetic constants of 008324

To determine substrate specificity, the hydrolytic activity of
008324 was measured on various substrates. Amongst the
chromogenic substrates, not only pNPGlc but also pNPGal
were good substrates of 008324 (Supplementary file,
Table S1). The enzyme showed very little activity with
pPNPCIb (20 % with respect to pNPGlc) and with pNPLac
(24 % with respect to pNPGlc). The steady-state kinetic pa-
rameters of 008324 were measured by varying the substrate
concentration and the data fit using a non-linear regression
method, for both pNPGlc and cellobiose under optimal assay
conditions (5 min, pH 6.5, 78 °C). The enzyme had a high
apparent K, of 7.6 and 16.48 mM and k,, 0f 99 and 89 s ! for
hydrolysis of pNPGlc and cellobiose, respectively. The en-
zyme showed a slightly greater hydrolytic efficiency for
pNPGIc than the natural substrate cellobiose, something that
has been previously reported for other BGs (Table 1
summarizes the kinetic data).

Halotolerance and glucose tolerance of 008324

To test the effect of salt concentration on 008324, activity was
analyzed by measuring the specific activity of the enzyme in
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Fig. 1 The molecular weight and purity of 008324 were confirmed by
SDS-PAGE on a 10 % SDS gel. Lane I: SeeBlue protein ladder
(ThermoFisher, Waltham, USA); and Lane 2: purified 008324 stained
by Coomassie Brilliant Blue R250
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Fig. 2 (a) Effect of pH measured by preincubation of enzyme in buffer of
pH range 3.0-8.0 (Mcllvaine buffer) and Tris-HCl (pH 8.5) for 12 h at
4 °C. The residual activity of the enzyme was measured by standard kinetic
assay and reported as % specific activity. (b) Effect of temperature on the
activity of 008324 by assayed at temperatures between 30 and 100 °C to
measure % specific activity
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Table 1  Kinetics of 008324. The kinetic parameters were determined with cellobiose and pNPGlc as substrates in the presence of 0—1500 mM
glucose
Kinetic parameters Cellobiose (mM) pNPGlc in the presence of glucose (mM)

0 250 500 750 1000 1500
keat 571 89.33 95.27 97.97 100 98.57 100.81 119.33
K, (mM) 16.48 7.6 10.0 93 9.1 8.5 13.1
keat/Kim 5.42 12.4 9.8 10.8 10.9 11.8 9.1

The k., and K, values were determined on the basis of the Michaelis—Menten equation and the data fit by non-linear regression analysis using GraphPad

Prism. Standard deviation is within the range of less than 5 % of the values

different concentrations of sodium chloride and potassium chlo-
ride, till the solubility limits of the salts. As seen in Fig. 3, the
enzyme retains 100 % of activity across all the concentrations
tested. The salt also helps in stabilizing the enzyme, as seen in
Fig. 4. 008324 retains 80 % of its activity upon incubation in
0.5, 1, and 1.5 M sodium chloride for 30 min. When incubated
for 1 h, the enzyme retains up to 70 % of its specific activity in
the presence of 1.5 M NaCl, in contrast to only 40 % of its
specific activity in the absence of any salt. Such an increase had
been previously reported for other non-halophilic proteins and
was probably due to the interplay of the hydrophobic and elec-
trostatic interactions between the protein and the salt solution
(Kaushik and Bhat 1999).

To probe the glucose sensitivity of 008324, the en-
zyme was assayed in the presence of 0—4 M glucose
(Fig. 3). Beyond 4 M glucose concentrations, the very
highly viscous nature of the glucose solution affects
mixing and probably the reaction efficiency. Therefore,
we chose to limit our assays to 4 M. Within standard
error, the relative specific activity at 4 M glucose remains
close to 100 % of the specific activity in the absence of
glucose. To understand the effect of glucose further, the
steady-state kinetic parameters were also determined in
the presence of a subset of the glucose concentrations
(250 to 1500 mM) and compared to when no glucose
was added. The turnover number (k) of 008324 did
not change with increasing concentrations of glucose till
1.5 M, when a small increase was observed (Table 1).
This lack of change stands in sharp contrast to the de-
crease observed in most enzymes reported in the litera-
ture (Teugjas and Viljamde 2013). Because of a lack of
any measurable inhibition, the v vs [pNPGlc] data could
not be fit to any inhibition models in the case of O08324.

Transglycosylation activity of 008324

To make sure that the transglycosylation pathway did not
play any role in this glucose tolerance as had been re-
ported for other BGs (Uchiyama et al. 2013), samples
were incubated similar to conditions used during the

steady-state kinetic assay, both in the absence of glucose
as well as in the presence of glucose using both pNPGlc
and cellobiose (Clb) as substrate (Supplementary file,
Fig. S1). The 2-h reaction products were analyzed by thin
layer chromatography (TLC) to verify the presence of
any transglycosylated product. The longer time period
was chosen to allow the detection of any products that
might not be detectable during the standard 5-min assay.
While unreacted pNPGIlc or Clb could be seen, no
transglycosylation product bands with high retention
time, towards the bottom of the TLC plate, could be seen.
To check the effect of exogenously added glucose and
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Fig. 3 Effect of (a) glucose and (b) sodium chloride (NaCl) and
potassium chloride (KCI) on 008324 activity. Different concentrations
of glucose and NaCl and KCl were added in 50 mM MES buffer, pH 6.5,
and the enzyme assayed with 20 mM pNPGlc to measure residual activity
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Fig. 4 NaCl provides protection against heat inactivation of 008324.
Enzyme was incubated in 0, 0.5, 1.0, and 1.5 M NaCl at 78 °C for 0,
30, and 60 min and assayed for residual activity. Specific activity of

enzyme assayed with the same concentrations of NaCl as above but at
t =0 min was taken as equivalent to 100 % specific activity

lactose on the hydrolysis of 20 mM pNPGlc, 100 mM
glucose and 100 mM lactose were added. Other than in
the case where 100 mM lactose was added and a
transglycosylated product expected, no other bands could
be detected for the other reactions. Therefore, it is unlike-
ly that transglycosylation is a factor in the glucose toler-
ance of 008324.

Effects of inhibitors, metals, and other reagents on 008324
activity

The kinetics of inhibition was determined using pNPGlc as a
substrate in the presence of various metals and other common
enzyme inhibitors and reported in Supplementary file,
Table S2. While the enzyme retains nearly 80 % of its activity
in the presence of 10 % DMSO, the relative specific activity
decreases to 59 % with 20 % DMSO, a relatively mild de-
crease indicating the stability of the protein even at such a high
concentration. The addition of 5 % (v/v) ethanol resulted in no
significant change in activity, whereas 10 % (v/v) ethanol
slightly reduced enzyme activity (data not shown), indicating
the suitability during simultaneous saccharification and fer-
mentation of biomass. While a systematic study across differ-
ent ionic liquids (ILs) is underway, we looked at the addition
of 15 % (v/v) of the ionic liquid, 1-ethyl-3-methylimidazolium
methylsulfonate and 10 % 1-ethyl-3-methylimidazolium di-
methyl phosphate in the enzyme assay and found the enzyme
activity to be reduced by only around 15-25 %. EDTA did not
affect enzyme activity significantly, with only a slight increase
in specific activity, possibly indicating a lack of role of a metal
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ion. The addition of detergents up to 10 % (v/v) resulted in a
slight increase in activity. These results cumulatively point
towards an enzyme that is able to tolerate a wide variety of
potential inhibitors.

Glucose tolerance of 008324

Increase in half-life of 008324 in the presence of Glc The
half-life (¢, ») was measured to quantitate the effect of glucose
on enzyme stability and kinetics. The #;,, of 008324 at 78 °C
was 55 min, without any additives. However, when the en-
zyme was incubated with Glc, the half-life of enzyme at 78 °C
increases steadily with increasing glucose concentrations, up
to 860 min (1500 mM Glc), a 15-fold increase in ¢, (Table 2).
We had previously observed a similar trend with a 3-
glucosidase from Agrobacterium tumefaciens (Goswami
et al. 2016). Glc has been reported to influence the structure
of water around the protein surface and solvate the protein and
in turn the strength of hydrophobic interactions. Other than the
contribution to the thermodynamic stability of 008324, the
kinetic stability for this enzyme is probably contributed by
the shape and electrostatic properties of the entrance to the
active site, including the glucose-binding subsite inside the
active site tunnel. All of these factors are under investigation.

Melting temperature of 008324 increases in the presence
of Glc and NaCl A differential scanning fluorescence experi-
ment allows the monitoring of protein denaturation upon heating,
via fluorescent-based detection (Niesen et al. 2007). The fluores-
cent dye-based probe preferentially binds the hydrophobic re-
gions of a protein, which are increasingly exposed during protein
denaturation at increasing temperatures. The mid-point of the
melting curve, as seen by plotting the thermal melting curve, is
the temperature at which 50 % of the protein has denatured and
defined as the melting temperature, 7;,, and is a measure of the
protein’s inherent thermal stability. 008324 has a high T, of
88.6 = 0.1 °C in the absence of Glc. The T, increased from
88.6 °C (no Glc) up to 94.6 °C (1 M Glc) as the Glc concentra-
tion was increased up to 1 M (Table 3). The 7}, also increases
with higher salt concentrations, from 0.5 to 1.5 M in a similar
manner. In the presence of both 1.5 M NaCl and 1 M Glc, there is
an additive effect on T, with a further increase to 95.7 °C. In the
presence of 15 % IL, l-ethyl-3-methylimidazolium
methylsulfonate, the 7}, decreases to 81.3 + 0.6 °C. Addition
of 1 M Glc and 1.5 M Glc increases the 7, by around 7 °C.
Thus, Glc and NaCl increase the 008324 stability. Other than the
contribution to the thermodynamic stability of 008324, the ki-
netic stability for this enzyme is probably contributed by the
shape and electrostatic properties of the entrance to the active site
of 008324 and inside the active site tunnel (de Giuseppe et al.
2014). The increased thermodynamic stability in this case also
leads to an increase in kinetic competency, as seen from the
increased half-life. It remains to be seen whether this increased
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Table 2 The half-life (7,,) of 008324 in the presence of increasing 10 Cellulase
concentrations of glucose (see “Materials and methods™) + Almond BG
—
Glucose (mM) t1/» (min) 8F 000524 1
T

0 55 g n
250 90 g O
500 550 9
750 525 S 4

2 L
1000 700 1G]
1500 860

21
The equation for linear decay was used to calculate #1/,
ili lates into enh ionic liquid tol fi i 0 X - x x

stability translates into enhanced ionic liquid tolerance for a wider 0 100 200 300 200 500

range of ionic liquids.

008324 shows synergism with commercial cellulase
mixture and hydrolyzes the insoluble substrate Avicel

The effect of 008324 supplementation on commercial cellu-
lase mixture by hydrolysis of Avicel showed a more than 50 %
increase in glucose generation at 37 °C (Fig. 5), while a sim-
ilar increase is 80 % at 50 °C (data not shown). The commer-
cially available sweet almond (3-glucosidase supplementation,
in comparison, showed only 22 % increase at 37 °C and 15 %
at 50 °C. The 008324 itself had no activity on Avicel.

Discussions

Thermophilic bacteria and archaea inhabit the extreme environ-
ments of our planet that is otherwise hostile for most living

Table3  The melting temperature (7,,) of 008324 was measured in the
presence of additives like glucose (Glc), glycerol, sodium chloride
(NaCl), and ionic liquids by differential scanning fluorimetry (DSF)

Additives T (°C)

No additives 88.6 £ 0.1
Glc (0.25 M) 90.8 £ 0.1
Glc (0.5 M) 92.1£0.0
Gle (1.0 M) 94.6 £0.3
NaCl (0.5 M) 90.4 +£0.2
NaCl (1.5 M) 91.1 £0.0
NaCl (1.5 M) + Gle (1 M) 95.7+0.3
[C,C1im][MeSO3] (10 %, v/v) 82.8 £0.6
[C,Cim][MeSO3] (15 %, v/v) 81.3+£0.6
[C,Cim][C,CPO4] (20 %, v/v) 81.9+0.1
[C,Cim][MeSO3] (15 %, v/v) + NaCl (1.5 M) 82.4+0.2
[C,Cim][MeSO3] (15 %, v/v) + Glc (1 M) 87.5+0.3
[C,Cim][MeSO3] + Glc (1 M) + NaCl (1.5 M) 88.1+0.2

[C,C1im][MeSO;] = 1-ethyl-3-methylimidazolium methylsulfonate

Each measurement was in triplicate and repeated at least twice

Time (min)

Fig. 5 Synergy of 008324 (1 pg) with commercial cellulase cocktail
(10 pg) mixture (Trichoderma viride) was measured by hydrolysis of
insoluble substrate Avicel (10 % w/v). Glucose (mM) generated upon
hydrolysis was measured by GOD-POD assay at 37 °C and plotted against
time. 3-Glucosidase from sweet almond (1 pg) was used as a control

organisms (Liszka et al. 2012) and are known to tolerate both
very low and high temperatures, extremes of pH, and sometimes
high concentrations of salt. Thermophilic microorganisms opti-
mally survive between 60 and 80 °C and hyperthermophiles
between 80 and 110 °C (Bauer et al. 1998). Halophiles have
been classified by Kushner and Kamekura (1988) based on the
optimal salt concentration in which the microorganisms show
optimal growth. The extreme halophiles best grow in media con-
taining 3.4-5.1 M (20-30 %) NaCl. 008324 from
Thermococcus sp. was expected to be a thermophilic BG, which
was confirmed when the T, of the enzyme was found to be at
78 °C. 008324 was also found to be extremely halophilic, with
the enzyme exhibited tolerance to NaCl and KCI concentrations
of more than 4 M without any loss in activity. In addition, the salt
also stabilizes the enzyme, as seen by the increase in half-life in
the presence of salt. The tolerance is related to thermodynamic
stability of the protein as seen from the increases in 7y, in the
presence of salt. Previously, it had been reported that Aspergillus
terreus UniMAP A A-6 retained more than 80 % activity in 15 %
w/v (2500 mM) NaCl after a 24-h incubation (Gunny et al. 2014).
A cellobiohydrolase (Hu-CBH1) from the halophilic archaeon,
Halorhabdus utahensis, has been reported to be active in the
presence of up to 5 M NaCl (Zhang et al. 2011). The very high
salt tolerance of 008324 is the highest amongst BGs from GH1
reported in the literature and makes an interesting target for fur-
ther analysis and possible development of halophilic cellulase
cocktails. The other advantage of 008324 is the high tolerance
to well-known inhibitors of BG. This was also verified in the 7},
measurements in the presence of a few of these inhibitors. In
particular, ILs are particularly known to decrease the specific
activity of BG (Heins et al. 2014). In this case, the decrease is
very modest and points towards the robustness of this enzyme.
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Most microbial (3-glucosidases are competitively inhibited
by glucose, with K; of 0.6 to 8 mM. A nice compilation of such
BG can be found here (Teugjas and Véljamée 2013). The inhi-
bition by glucose limits the use of such BGs in industrial ap-
plications because an inefficient enzyme contributes towards
biofuel costs. Therefore, glucose-tolerant 3-glucosidases are
in high demand. Several glucose-tolerant (3-glucosidases have
been purified and characterized. Table 4 contains a list of BGs
across the GH1 and GH3 families with K; of glucose reported
to be larger than 500 mM when the enzyme was assayed with
PNPGIc. Aside from the microbes isolated from metagenome
studies, the rest in this list are from identified microbial sources.
The specific activities in this list range from 15 to 1066 Umg .
The highest glucose-tolerant enzyme reported till date is from a
[3-glucosidase from a metagenomic library of mangrove soil
with hydrolyzing ability for soybean isoflavone glycosides
and an inhibition constant K; of 4.28 M that was calculated
on the basis of a Dixon plot; the enzyme has around 75 %
relative activity at 3.5 M glucose (Li et al. 2012). The authors
did not report the specific activity but based on the molecular
weight and assay volumes, the approximate specific activity
probably ranges between 1 and 10 U mg'. In comparison,
008324 has no measureable glucose inhibition. While no stim-
ulation was observed in the presence of glucose, unlike many
such instances reported in the literature, the glucose conferred
additional stability on the enzyme, as evident from the large
increases in half-life. In the presence of 1.5 M Glc, the half-life
of the enzyme is 15 h, with both the high concentrations of
glucose and the half-life becoming more relevant to industrial
fermentation conditions. The increase in 7y, in the presence of
Glc confirms the thermodynamic stability gained by the en-
zyme which in this case also leads to an increase in kinetic
competency at high glucose concentrations. The beauty of this
stabilization is that the increased glucose concentrations would
not be exogenously added glucose but that generated during the
saccharification reaction.

To understand the glucose tolerance of 008324 in the context
of previously reported high glucose-tolerant BG from the litera-
ture, the amino acid sequence of 008324 was aligned against
four previously identified BGs that were identified to exhibit
glucose tolerance (Fig. 6). Two conserved motifs, NEP and
TENG, containing the catalytic acid/base E153 and catalytic nu-
cleophile E320, can be readily discerned as also many other
conserved residues across glycone and aglycone binding sites.
However, our analysis indicates that the residues that had been
previously identified to be responsible for glucose tolerance are
not very conserved. For example, it was reported that residues
corresponding to aromatic Trp168 and the aliphatic Leul73 in
Humicola insolens (HiBG) are conserved in all glucose-tolerant
GHI BGs and contribute to relieving enzyme inhibition by im-
posing steric constraints (de Giuseppe et al. 2014). However, in
the case of 008324, the corresponding residues are different, a
Met155 and Alal60. It was reported that His form hydrogen
bonds at position 228 of metagenomic BG (D5KX75) and plays
an important role in glucose tolerance and stimulation (Yang
et al. 2015). In 008324, the corresponding residue is a Pro208.
In 2012, two more residues, Trp120 and Cys168, were implicat-
ed in glycone and aglycone binding in BGs (Lee et al. 2012). The
corresponding residues in 008324 are Phel10 and Vall56. As
part of our own ongoing research program to study glucose
tolerance properties of 008324, we chose these two residues at
the 008324 active site region tunnel. Phel10 was mutated to a
Trp because all of the other three BGs in the alignment have an
identical W at that position. In 008324, while there is a Val at
156, the other proteins had both Val and Cys. The F110W and
V156C mutant proteins were designed to decrease glucose toler-
ance since all of the other proteins in the alignment had lesser Glc
tolerance. Neither the F110W mutant nor the V156C showed any
glucose inhibition with increasing glucose concentrations.
Understanding the basis of glucose tolerance in 008324 is thus
a work in progress. However, while we think that the previously
reported residues in the literature are important for Glc tolerance

Table4 Comparison of 008324 with known glucose-tolerant BGs from other organisms with a K larger than 500 mM

Organism Topt  PHopt Specific activity (umol/min/mg) K, (mM) K;* (glucose, mM) References

Aspergillus niger 55 5.0 124.4 21.7 543 Yan and Lin (1997)
Agrobacterium tumefaciens 52 72 248 3.09 686 Goswami et al. (2016)
Compost metagenome 75 5.5 15.2 0.39 1000 Uchiyama et al. (2013)
Marine metagenome 40 6.5 50.7 0.39 1000 Fang et al. (2010)
Aspergillus oryzae 50 5.0 1066 0.55 1360 Riou et al. (1998)
Candida peltata 50 5.0 108 23 1400 Saha and Bothast (1996)
Soil metagenome 60 5.0 183.9 2.09 1500 Lu et al. (2013)

Soil metagenome 50 5.0 2.82 38.45 3500 Cao et al. (2015)

Soil metagenome 40 6.0 NR 0.23 4280 Lietal. (2012)
Thermococcus sp. 78 6.5 208 7.6 Undetectable This study

# K; measured for glucose with pNPGIc as substrate
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008324 1 ———mmmmee MFREZDCH -——PP
D5KX75 1 MTKISLPTCSPLLTKE[] ADNSN
AOAOF7KKB7 1 --MTSDTARSY KDGDT
B8CYAS R MAKII BEENGDT
TD2F2 1 ———-—-- QIADGTT
008324 a1 LEREN
D5KX75 57 EWKKR
AOAOF7KKB7 57 GELEA
B8CYA8 52 NWLKA
TD2F2 52 LGA
008324 "L H B PERPNIR ADNIEG-

D5KX75 LP[OE(L Il TLAFGD

AOAOF7KKB7 D FEKFKG

B8CYAS FEEFNGL

TD2F2 VRQLGD

008324 159 vASHVE@TWPEFEKNPLK ----GKFR| [«

D5KX75 176 FLEMEIETH VGKQY QNSP-TTL

AOAOF7KKB7 177 DGEMLHEAL RSAYE EV--GEGQ

B8CYAS 172 FE[EHAFENHNZETKDFKT EE-DLPGE

TD2F2 172 MLy LgVH TDLKR AAAPQPLQ

008324 TDEIRY TENRS LDGHLTGREKGEY---—-——-—------ RTEDJPAS
D5KX75 TAFARDY/INOM MDGTggAIMEQLPSAHL -~ PDIHDGEMANESO
AOAOF7KKB7 RRRANAQ MR WDIZ  MGRGMEEE ! TDVYGAAWREF - - PKEJRFE | MAE
B8CYAS ASLLEDY WA FKGSPEEEI'HHIYEQNLGAFTTQPGIEMD) SR
TD2F2 ARRFNGF) WRQ AGRGE4§0D LDYYGAA--APQANPERLTOMAAP
008324 260 N IMKVRAVRNPL-RRFAVEDAGVSR --GL
D5KX75 293 MTROFYKAHETEIYE----PIEPTGPL -
AOAOF7KKB7 293 {TINAVPENARDAWPTRSRPVRQTQHAH G
B8CYAS 291 }S/8MVVRHKEGDNLFNAEVVKMEDRP S #M v RUNKEN-T
TD2F2 290 MERVMRAVDAEDASLPOAQRLDDPDLPH-TADR N ) -
008324 316 1voio v KAIKE@ID

D5KX75 348 YNSfglNAHNIATE QR

AOAOF7KKB7 353 HULOTRI KA H DIVIGKEWD

B8CYA8 350 1 LGDBIFKQAY KBV K D@ P

TD2F2 348 \ I FEARITAOTORIN AREYP

008324 366 f ERFE GEFIAKKGE IRGELLEGYGLGEKL
D5KX75 406 SO0 AMKAWRSNR-—-——---—----—--
AOAOF7KKB7 413 i Tie)a LHAS MK THGDVLNTL-—-------
B8CYAS 409 ENGN WHROVMEKGQVEAN---—————---

TD2F2 407 EfLE LRI, FMAGORGKLAALEHHHHHH-—

Fig. 6 Sequence alignment of 008324 against previously known glucose-
tolerant GH1 BG. Proteins are identified by Uniprot Id’s (except Td2F2).
B8CYAS is encoded in Halothermothrix orenii (Hassan et al. 2015).
AOAOF7KKB7 (Cao et al. 2015), DSKX75 (Fang et al. 2010), and
Td2f2 (Uchiyama et al. 2013) are BGs taken from environmental
samples. Full-length amino acid sequences were aligned by ClustalW

for those studied proteins, the presence of similar residues at
equivalent positions across other BGs may not be a universal
indicator of glucose tolerance. Accurate prediction of glucose
tolerance and the exact molecular basis is still not well
understood.

The 008324 shows kinetic competence on insoluble substrate
Avicel even at temperatures much lower than its temperature

version 1.2.1 (Sievers et al. 2011) and are presented with boxshade
(https://sourceforge.net/projects/boxshade). General acid/base catalyst
(Glu 153) and the catalytic nucleophile (Glu 320) of 008324 are marked
by star (*). The identical residues are shown in white with a black
background, and conservative changes are shown with gray background.
The F110 and V156 residues are indicated by a black arrow

optima when used with the 7. viride cellulase, pointing towards
the possibilities when used with a thermotolerant cellulase mix-
ture at a temperature close to the 008324 T,. This (3-
glucosidase is particularly suitable for use in enzymatic hydroly-
sis of biomass because the glucose generated during the sacchar-
ification would afford additional increased half-life required for
hydrolysis of such insoluble substrates.
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Our results show that 008324 is a [3-glucosidase with no
measurable inhibition in the presence of glucose and with a
very high salt tolerance, with both contributing to enzyme
stability. The enzyme is stabilized by its reaction product glu-
cose, with an enhanced half-life and higher 7}, in the presence
of glucose. Understanding the molecular basis of such toler-
ance is important. The thermostability and the initial sacchar-
ification results on insoluble substrate indicate the interesting
possibilities of using such glucose-stabilized enzymes as part
of a cellulase cocktail for saccharification.
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