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Abstract

Beta-glucosidase (BGL) is an important industrial enzyme for food, waste and biofuel processing.
Jeotgalibacillus is an understudied halophilic genus, and no beta-glucosidase from this genus has been reported. A
novel beta-glucosidase gene (1344 bp) from J. malaysiensis DSM 28777" was cloned and expressed in E. coli.
The recombinant protein, referred to as BglD5, consists of a total 447 amino acids. BgID5 purified using a
Ni-NTA column has an apparent molecular mass of 52 kDa. It achieved the highest activity at pH 7 and 65°C. The
activity and stability were increased when CaCl, was supplemented to the enzyme. The enzyme efficiently
hydrolyzed salicin and (1—4)-beta-glycosidic linkages such as -in cellobiose, cellotriose, cellotetraose,
cellopentose, and cellohexanose. Similar to many BGLs, BgID5 was not active towards polysaccharides such as
Avicel, carboxymethyl cellulose, Sigmacell cellulose 101, alpha-cellulose and xylan. When BgID5 blended with
Cellic® Ctec2, the total sugars saccharified from oil palm empty fruit bunches (OPEFB) was enhanced by 4.5%.
Based on sequence signatures and tree analyses, BglD5 belongs to the Glycoside Hydrolase family 1. This
enzyme is a novel beta-glucosidase attributable to its relatively low sequence similarity with currently known
beta-glucosidases, where the closest characterized enzyme is the DT-Bgl from Anoxybacillus sp. DT3-1.

1. Introduction

Lignocellulose feedstock such as agricultural and forest residues are rich in carbohydrates, and could thus
serve as potential raw materials for large-scale bioethanol production [1]. Cellulases, i.e exoglucanase,
endoglucanase and beta-glucosidase are glycoside hydrolase (GH) enzymes that depolymerize cellulose into
fermentable glucose for value-added bioethanol [2]. Among the aforementioned list, beta-glucosidase (EC
3.2.1.21, synonym gentiobiase; cellobiase; B-D-glucosidase) plays a key role in the biomass deconstruction
pipelineg, as it reduces cellobiose (two glucose units) or short chain cello-oligosaccharides to glucose.

A total of 153 GH families are currently listed on the Carbohydrate Active enzyme (CAZy) website
(http://www.cazy.org). Beta-glucosidases (BGLS) are categorized in families GH1, GH3, GH5, GH9, GH30, and
GH116. A notable exception is that GH9 enzymes adopt an inverting mechanism, while BGLs in other families
use the retaining mechanism [3, 4]. Besides, BGLs are usually classified into three groups according to their
substrate specificity: (i) aryl-beta-glucosidases, which acts on aryl beta-glucosides; (ii) cellobiases, which
hydrolyze oligosaccharides only; and (iii) wide range beta-glucosidases, which exhibit broad activities on various
types of substrates [5]. BGLs are important enzymes in various biotechnological processes, including wine, food,
and saccharification of lignocellulosic materials for biofuels [6-8]. A recent work suggests that BGLs from
Bacillus licheniformis could potentially be used to degrade polysaccharide bioflocculant [9]. Detail reviews
regarding beta-glucosidase are available elsewhere [10-14].

Jeotgalibacillus is a mesophilic and halophilic genus. J. malaysiensis sp. nov. (strain D5'=DSM
28777'=KCTC33550") was isolated from a sandy beach in Johor state, Malaysia [15]. The genome and
transcriptome analyses of this bacterium were performed earlier by our team [16]. A total of 25 GHs and six
carbohydrate esterase genes were annotated in the genome of this strain. J. malaysiensis does not harbor any gene
for GH3, GH5, GH9, GH30, and GH116 BGL. However, a GH1 gene was present in its genome. Beta-glucosidase
from this genus has not been characterized, and we hypothesize that this enzyme has important implications
towards the biotechnological industry. This report describes the biochemical properties of this unexplored BGL.

2. Methods

2.1 Gene cloning of beta-glucosidase BglD5



The stock culture of J. malaysiensis [15] was cultured on Marine Agar (Pronadisa Laboratorios Conda,
Spain) at 50°C for two days. The genomic DNA was isolated using a Wizard Genomic DNA Purification Kit
(Promega, USA) according to the manufacturer’s instructions. Specific primers for bglD5 gene amplification
were designed according to locus-tag JMA 34740 annotated in a completed genome sequencing project
(DDBJ/EMBL/GenBank: CP009416) [17]. Gene amplification was performed using KAPA HiFi HotStart
ReadyMix (KAPA Biosystems, USA) with forward primer (5-
GCCGGATCCATGAGAAAGTTTCCTGAACATTTC G -3°) and reverse primer (5’- GCGGCTCGAGAG
TATATTGTTGTTGAATCTTTAACC C -3°), and the underlined sequences were restriction sites for BamHI and
Xhol, respectively. The gene was cloned into pET28a and maintained in E. coli BL21 (DE3).

2.2 Expression and purification of BglD5

The recombinant E. coli BL21 (DE3) with pET28a-bglD5 gene was cultured overnight on Luria-Bertani
(LB) medium, supplemented with 50 pg/mL kanamycin at 37°C with 200rpm shaking. Next, two milliliters of the
overnight culture were inoculated into 200 mL of fresh LB/Kanamycin broth, and the fresh culture was grown in
the same shaking incubator. When the culture’s ODggonm reached between 0.5~0.6, protein expression was induced
by the addition of 1.0 mM isopropyl-B-D-thiogalactopyranoside into the culture, and growth continued for another
3 hours at 37°C with 200rpm shaking. The cultures were then harvested by centrifugation at 5000 x g for 10
minutes. The crude enzyme was extracted from the harvested cell using a B-PER Direct Bacterial Protein
Extraction Kit (Thermo Scientific, USA) according to the supplier’s protocol. The crude enzyme was then
subjected to purification, which was conducted on a AKTA Start chromatography system (GE Healthcare,
Sweden) connected with a Qiagen Ni-NTA Superflow column. The column resin was equilibrated with a binding
buffer (20 mM sodium phosphate buffer, pH 7.4, containing 500 mM NaCl and 60 mM imidazole), and the bound
proteins were eluted with the elution buffer (20 mM sodium phosphate buffer, pH 7.4, containing 500 mM NacCl
and 350 mM imidazole). The purified BglD5 was dialyzed against 100 mM sodium phosphate buffer (pH 7.4) at
4°C overnight, prior to further analyses.

2.3 Enzyme assay

The enzyme activity of purified BgID5 was determined using substrate p-nitrophenyl-beta
-p-glucopyranoside (pNPG). The purified BgID5 (0.05 mL) was mixed with 5 mM of pNPG (0.5 mL) in a 100
mM sodium phosphate buffer (pH 7.4). After being incubated at 65°C for 15 minutes, the enzyme reaction was
stopped by adding 0.5 mL 1M sodium hydroxide (NaOH). The absorbance was detected by using a
spectrophotometer at 405 nm. One unit (U) of enzyme activity is defined as the amount of enzyme that catalyzed
the formation of 1 umol pNP per minute under the conditions of the assay. Enzyme assays were performed in at
least triplicates for each analysis.

2.4 Characterization of BgID5
2.4.1 Effects of temperature and pH on BgID5 activity

The optimum temperature for BgID5 was determined by incubating the enzyme reactions at various
temperatures ranging from 20-90°C for 15 minutes. The effects of pH on purified BglD5 was determined by
conducting the reactions in various buffers, with pH ranging from 2-11. The buffers employed were glycine-HCI
buffer (pH 2-3), sodium acetate buffer (pH 4-5.5), sodium phosphate buffer (pH 6-7.5), Tris-HCI buffer (pH 8-9)
and carbonate-bicarbonate buffer (pH 10-11). The relative activity of each of the reactions was calculated by using
enzyme activity at the optimum temperature or pH as reference. Thermostability of BgID5 (with and without 5
mM CacCl,) was conducted by incubating the purified enzyme at 65°C, without the addition of pNPG. At a specific
time interval, the incubated enzyme was withdrawn and subjected to enzyme reaction, and the residual activity of
the incubated enzyme was measured by using an enzyme activity at time zero as reference.

2.4.2 Effects of glucose on BgID5 activity
The purified BgID5 was subjected to glucose inhibition evaluation by reacting pNPG substrates in the
presence of glucose (concentration ranging from 0 mM to 2500 mM). The relative activity of each reaction was

calculated against the reaction tube with the highest activity.

2.4.3 Effects of metal ions and chemical reagents on BgID5 activity



The enzyme activity of BgID5 was evaluated by conducting the standard enzyme reactions with
supplementation of 5 mM calcium chloride, sodium chloride, potassium chloride, magnesium chloride, iron (1)
chloride, nickel (11) chloride, cobalt (I1) chloride, ammonium chloride, zinc sulfate, manganese sulfate, copper (I1)
sulfate, rubidium chloride, strondium chloride, and barium chloride. Besides, enzymatic reactions were also tested
with 5% (v/v) urea, sodium dodecyl sulfate (SDS), Ethylenediaminetetraacetic acid (EDTA), Tween-20,
Tween-80, Triton X-100, and dimethyl sulfoxide (DMSO). The residual activity of BgID5 in each reaction tube
was calculated with using enzyme reactions without any salts or chemical reagents as reference.

2.4.4 Enzyme kinetic

The enzyme Kinetic parameters of the purified BgID5, for instance, Michaelis-Menten constant (K.,),
maximum velocity (Vmax), and turnover number (K..;) were assessed by measuring the hydrolysis rate of pNPG at
various concentrations (0.05-3.0 mM) at 65°C for 15min in 100 mM sodium phosphate buffer (pH 7). The data
obtained was used for Michaelis-Menten plotting.

2.4.5 HPLC analyses

Substrate specificity of BgID5 was determined by incubating 100 pL purified enzyme (0.2 U) in various 1%
(w/v) substrates, for instance, cellodextrins (cellobiose — cellohexaose), sucrose, salicin, maltose, lactose,
gentibiose, alpha-cellulose, xylan, Avicel, Sigmacell cellulose and carboxymethyl cellulose. All the reactions
were conducted at 65°C, and pH 7 for 24 hours, and the reactions were stopped by boiling for 5 min. Upon
stopping the enzyme reaction, the samples were analyzed in an Agilent 1260 Infinity high performance liquid
chromatography (HPLC), coupled with an Agilent 385-Evaporative Light Scattering Detector (Agilent
Technologies, USA) with a Rezex RPM-Monosaccharide Pb®* column (Phenomenex Inc, USA) connected.
Unless specified, enzyme activity was measured by quantifying the amount of glucose released, and the relative
hydrolysis rate of each reaction was calculated by using cellobiose reaction tube as reference.

In an independent experiment, the hydrolysis of oil palm empty fruit bunches (OPEFB) was carried out for
one hour at 65°C and pH 7. The raw OPEFB biomass was obtained from a local oil palm mill, and then washed,
dried, and cut to the size of about 0.1 mm ~ 5.0 mm. It was then autoclaved prior to being used. The following
enzymatic hydrolyses were setup in which 1% (v/v) of OPEFB in a total volume of 5 mL was reacted with (i) 875
U BgID5; (ii) 250 pL Cellic® Ctec2 (Novozymes, Denmark); and (iii) 875 U BglD5+ 250 pL Cellic® Ctec2. The
total sugar production was measured using the HPLC.

2.4.6 Bioinformatic analyses of BgID5

Sequences of beta-glucosidases from 70 different species were retrieved using the Uniprot database.
Phylogenetic relationships of BgID5 with those BGLs sequences were inferred using the Maximum-Parsimony
(MP) methods with the help of Molecular Evolutionary Genetic Analysis (MEGA 6) program [18]. The SPRINT
database that collected five motifs of BGLs was used as reference to determine the location of motifs in BglD5
[19]. A Weblogo representation was generated using an online generator [20]. The crystal structures of proteins
were obtained from PDB database.

3. Results
3.1 Characterization of purified BgID5

Our team sequenced and discussed the genomes of a several type strains of Jeotgalibacillus [16, 17, 21, 22].
In the genome of J. malaysiensis, we identified the presence of a gene (1344 bp) that encodes a beta-glucosidase
(BgID5) with 447 amino acids (Uniprot ID: AOAOB5ARUT). This gene was cloned and expressed in E. coli. In
order to eliminate the effect of other factors which may be presented in the crude enzyme preparation, and may
thus interfere with the BgID5 function, the purification of the recombinant protein was carried out by a single step
immobilized metal affinity chromatography (IMAC) using Ni-NTA, according to the method previously reported
[23]. According to Fig. 1, the SDS-PAGE analysis results indicate the high purity of BgID5 with the molecular
weight of approximately 52kDa (calculated based on protein sequence).

Fig 1. SDS-PAGE analysis of purified BgID5. Lane M: Benchmark™ Protein Ladder (Thermo Scientific, USA);
lane 1: cell lysate from recombinant E. coli BL21 (DE3); lane 2: flowthrough (uncaptured) fraction from
purification column; lane 3: purified BgID5. A 5 pL of each sample was loaded into each well and the gel was
stained by Imperial™ Protein Stain (Thermo Scientific, USA).



The enzymatic and physiological characterization of the recombinant enzyme elucidated that recombinant
BglID5 demonstrates optimal activity at a temperature of 65°C (Fig. 2a) and maintains approximately 95% of the
maximal activity at 70°C. BglD5 also shows high activity at pH in the range of 6 ~ 7.5 (85 ~ 100% of the maximal
activity), with the highest at pH 7 (Fig. 2b). Several buffers (pH 7.0) were tested to examine the buffer that was
better for BgID5 activity. The optimal buffer was the sodium phosphate buffer, but the activity in the potassium
phosphate buffer was similarly good. BgID5 also worked well in citrate-phosphate, HEPES and MOPS buffers,
with an approximately 8% lower activity compared to that of the sodium phosphate buffer. Retardation in the
activity of BgID5 in the Tris-HCI buffer is likely due to the inhibition effect caused by Tris that could bind to the
active site cavity [24-26]. Fig 2c showed that BgID5 was activated by the addition of glucose at low concentration,
the enzyme activity gradually increased from 0 mM to 250 mM of glucose. Yet, it was able to tolerate glucose
concentration up to 2500 mM, retaining about 80% of its maximal activity. Using pNPG as a substrate and a
reaction conducted at optimum temperature and pH, BgID5 indicated the K., value of 0.50 = 0.02 mM, a V. Of
39.48 +0.63 U/mg, and a k. value of 33.93 + 0.54s*, using a Michaelis-Menten function (Fig. 2e). A comparison
of biochemical properties and kinetic performance of BglD5 with some other BGLs is shown in Table 1.

Table 2 summarizes the overall effects of metal ions and detergents on the activity of BglD5. With the
supplementation of 5 mM calcium chloride, the relative activity of BgID5 increased to 121%. Besides, calcium
chloride has a positive effect on thermostability (Fig. 2d). A slight increment of activity was also observed when
magnesium chloride was introduced into the reaction (Table 2), while iron chloride, nickel chloride, cobalt
chloride, zinc sulfate, manganese sulfate, and copper sulfate inhibited BgID5 activity.

The substrate specificity of BgID5 was determined by reacting the enzyme with various substrates (10
mg/mL each) (Table 3). The enzyme efficiently hydrolyzed substrates with (1—4)-beta-glycosidic bond. For an
example, cellobiose was effectively hydrolyzed, and vyielded glucose. The effeciency of BgID5 against
longer-chains, for instance cellotriose, cellotetraose and cellopentose, was equally good. Although the cleavage of
cellohexanose (with 6 glucose units) was possible, the relative hydrolysis activity was significantly reduced; thus
suggesting that BgID5 is more suitable to cleave short-length cellodextrins. The enzyme was unable to hydrolyze
sucrose and maltose that consist of alpha-glycosidic bonds. Besides, BgID5 was not active against
polysaccharides such as Avicel, carboxymethyl cellulose, sigmacell cellulose, alpha-cellulose and xylan. This
result is in line with previous findings, which also indicate that long chains of polysaccharides hinder the activity
of BGLs due to substrates complexity [23, 27]. The enzyme exhibited a high activity against salicin (117.5%
relative activity to cellobiose). This finding is in agreement with the report by Riou, et al. [28] since salicin is
typically a good substrate for BGLs. Biomass OPEFB is a very common agricultural waste generated in Malaysia
by the palm oil industry. Due to the highly complex structure of the raw OPEFB, BgID5 alone was unable to
saccharify the non-chemical treated OPEFB. However, the addition of BgID5 into a commercial enzyme cocktail
(Cellic® Ctec2) was able to successfully increase the total sugar production from OPEFB by approximately 4.5%
(Appendix Al).

Fig 2. Enzymatic characterization of recombinant BgID5. (a) The optimal temperature of BglD5. Reactions were
conducted in 100 mM sodium phosphate buffer (pH 7.4) at various temperatures for 15 min. (b) The optimal pH of
BgID5. Reactions were conducted at 65°C for 15 min in various buffers, pH ranging from 2 to 11. (c) Effects of
glucose (0 to 2500 mM) on BgID5 activity towards pNPG substrate. The reactions were conducted at 65°C and pH
7 for 15 min. (d) Thermostability of BglD5. After preincubation of BgID5 at 65°C (supplemented either with or
without calcium chloride), the enzyme was withdrawn and subjected for enzyme assay, which was conducted at
65°C and pH 7 for 15 min. (e) Nonlinear Michaelis-Menten plot of the purified BgID5. The reactions were
conducted at 65°C and pH 7 for 15 min, with pNPG concentration ranging from 0.05 to 3.00 mM.

Table 1. Properties of GH1 beta-glucosidase from various microorganism
Table 2. Effects of metal ions and chemical reagents to the activity of BgID5

Table 3. Hydrolysis of various substrates by purified BglD5

3.2 Bioinformatic analyses of beta-glucosidase BgID5

BgID5 is an intracellular enzyme in the wild type of J. malaysiensis due to the lack of a signal peptide. BgID5
is a member of GH1, as the protein sequence contained a GH1-specific domain. It shared the closest sequence
similarity of 55.0-56.2% to BGLs from Anoxybacillus spp., followed by 54.3% to Caldanaerobius fijiensis,
51.0-54.1% to Alicyclobacillus, 52.3-53.7% to Thermoanaerobacter, 52.8% to Pontibacillus halophilus, 52.3% to
Tumebacillus flagellatus, 52.3% to Roseiflexus castenholzii, 51.8-52.0% to Orenia spp., and 51.8% to



Halobacteroides halobius. The majority of the aforementioned homologous BGLs were annotated in
whole-genome sequencing projects, and have not been biochemically characterized, with the exception of DT-Bgl
from Anoxybacillus sp. DT3-1, which was previously reported by our team [23].

The differences between the motifs of BglD5 to 70 GH1 beta-glucosidases were generated using a Weblogo
representation (Fig 3). It appeared that the motifs of BglD5 were slightly different at certain positions. The
putative active sites and important substrate binding sites for BgID5 were predicted based on the well-investigated
BGL sequence of fungi Oryza sativa subsp. japonica (Q7XKV4) [26]. Residue Glu 162 was identified as the acid
base catalyst, while residue Glu 348 corresponded to the nucleophile. BgID5 is a genuine GH1 beta-glucosidase
with the presence of dual glutamic acid as the catalytic site. The locations of five motifs in BgID5 were deduced
by comparison to the BGL sequence of Thermotoga maritima (Q08638) (Fig 4).

A maximum-Parsimony phylogenetic tree was constructed to gain insight on the relationship among GH1
beta-glucosidases (Fig 5). BgID5 formed a cluster with BGLs from thermophilic Anoxybacillus spp. Interestingly,
BgID5 shared a low similarity to GH1 beta-glucosidases identified in the genomes of J. soli (AOAOC2RQE4) and
J. campisalis (AOAOC2W2Y2) (39-44%) [21, 22]; despite them belonging to the same genus. In addition, BGLS
from J. soli and J. campisalis fall into other groups in the tree (Fig. 5). It is thus concluded that BgID5 is a novel
beta-glucosidase that is closer to thermostable or thermophilic sources.

Fig 3. The consensus motif and signature of BgID5 and other 70 GH1 beta-glucosidases. Weblogo representation
was generated using an online generator [20].

Fig 4. Multiple sequence alignment of BgID5 with GH1 beta-glucosidases from different microorganisms.
Abbreviations: Jeotgali- J. malaysiensis BgID5 (this study), Anoxybacil: Anoxybacillus sp. DT3-1 (Uniprot id:
M5QUM2), Thermoanae: Thermoanaerobacter brockii (Q60026) [12], Thermotoga: Thermotoga maritima
(Q08638, PDB id 5N6S) [47], Paenibacil: Paenibacillus polymyxa (P22505, PDB id 209P) [48], Oryza: Oryza
sativa subsp. japonica (Q7XKV4, PDB id 3PTK, 3PTM, and 3PTQ) [26], Trichoderma: Trichoderma harzianum
(AOA127SA86, PDB id 5BWF) [31] and Humicola: Humicola insolens (AOA076JRLS, PDB id 4MDO) [25]. The
active site is shown in the box. The underlined sequences are the locations of motifs and GH1 N-terminal signature.
Amino acids shown with a yellow (subsite -1), blue (subsite +1), and green (subsite +2) background are the
locations of subsites in the structure of 209P or 3PTQ. Red background residues functioned as gatekeepers in
4MDO. The grey colour background for BGL Thermoanae represents highly conserved residues that may be
important for glucose tolerant characteristics [12].

Fig 5. Phylogenetic analysis of BgID5 with other BGLs. The Maximum-Parsimony (MP) tree was constructed
using MEGA 6 program to elucidate the relationship of BglD5 and other enzymes across bacteria, archaea, and
eukaryote.

4. Discussion

Beta-glucosidase is an enzyme that hydrolyzes glycosidic bonds to release non-reducing terminal glucosyl
residues from glycosides and oligosaccharides [3]. In the past, detailed investigations have been performed for
fungi BGLs [31, 35, 36]. Fungi such as T. harzianum has multiple genes encoded for GH1 and GH3 BGLs. The
expression of GH1 BGL genes under biomass degradation was significantly higher compared to GH3 genes [31],
and two of the highly expressed GH1 BGLs were previously discussed [49]. Due to the merit of thermostability,
BGLs from hyper- and thermophiles were cloned, expressed and biochemically investigated [8, 33, 38].
According to Pei, et al. [8], thermostable BGLs could potentially facilitate the rates of the cellulose hydrolysis in
biomass degradation. In addition, by using thermostable BGLs in cellulose hydrolysis, the product formation
could be increased, while microbial contamination could be decreased, since the enzymatic hydrolysis process
could be carried out at a higher temperature. Some BGLs from marine sources were also reported [37, 40, 50].
GH1 BGLs from various sources were characterized, and demonstrated diverse biochemical properties (Table 1).

Jeotgalibacillus is a rarely explored halophile. J. malaysiensis is gram-stain-positive, endospore-forming,
rod-shaped, that optimally grew at a pH of 7 to 8 and 37°C [15]. To date, BGL from this genus has not been
biochemically characterized. Despite the wild type J. malaysiensis being a mesophilic bacterium, BglD5 exhibited
a relatively high enzymatic optimum temperature of 65°C, comparable to BGLs found in thermophilic
counterparts such as Anoxybacillus sp. DT3-1 [23] and Thermoanaerobacterium spp. [8, 40]. BgID5 remained
active at a pH range of 6 — 7.5, and this characteristic is similar to BGLs found in R. flavipes [34] and F.
islandicum [38], whereby the enzymes were also highly active at a neutral pH.

The activity and stability of BglD5 was enhanced in the presence of calcium chloride. BgID5 had an activity
half-life of 70 min at 65°C, in the presence of CaCl,. Therefore, thermostable BgID5 is an attractive candidate to
be applied in cellulase cocktails, in order to improve the biomass hydrolysis. The addition of CaCl, has a positive
effect on other enzymes as well, for instance, BGLs obtained from R. flavipes, Exiguobacterium sp. DAU5 and
Weissella cibaria 37 [34, 42, 43]. However, CaCl, did not improve the activity of BGLs obtained from B.
licheniformis, P. roxburghii, H. insolens RP86, Clostridium cellulovorans, Trichorderma reesei and Neotermes



koshunensis [9, 24, 30, 35]. The binding pocket for Ca®* for GHs such as endoglucanase, a-amylase, pullulanase,
and CGTase have been well-studied [51-55]. There is lack of studies in the literature on the Ca** binding site for
BGLs. In one particular study, a Ca®* ligand was identified in the crystal structure of GH1 BGL from Thermotoga
maritima [56]. This particular structure consists of 4 chains (PDB id 2WC4). However, Ca®* bound only to
chain-C interacted by a single amino acid, Glu329 (T. maritima numbering). It is likely that the interaction
between Ca*" and Glu329 was unspecific. In another structure of T. maritima BGL (PDB id 2J7B), the Ca**
interacted with Asp278, Ser281, and Glu282 [57]. Nevertheless, these residues were not conserved for BgID5. It is
thus at this point that the Ca®* binding pocket for BglD5 remains to be determined.

A slight increment in BgID5 enzyme activity was also observed when magnesium chloride was added to
the reaction tube. A similar effect was previously reported, where MgCl, enhanced the BGLs from
Cellulomonasmicrobium cellulans and T. thermosaccharolyticum [8, 29]. Similar to that of the Ca®* cation, the
binding site for the Mg?* cation was not emphasized in any earlier studies. The protein structure of GH1 BGLs
that were found to have an Mg?* binding site are 3VKK and 2ZOX, both of which originate from humans [58].
The physiological relevance of Mg?* to BGL is yet to be confirmed.

To date, over 330 BGL structures of various GH families are available at the PDB database. GH1 BGLs
consist of a typical TIM-barrel fold similar to BGL from P. polymyxa (PDB-id 209P), H. orenii (4PTX) or T.
harzianum (5BWF), and the active site pocket is located near the C-terminal region of the (a/B)g barrel [31]. Based
on template 4PTX, the predicted structure of BgID5 has a similar overall structure to the template (Appendix A2).
The sequences of GH1 BGLs are very diverse. Among the examined 70 sequences (Appendix A3), only 17
residues are completely identical at designated positions. Almost all GH1 BGLs had a NEP amino acid stretch
(161-163 BglD5 numbering), where the Glu is the catalytic sites (acid/base). Interestingly, enzymes identified in
some Bacillus spp. and J. soli (AOAOC2RQE, AOA0Q6HVV2, D5E2L2, AOAOMINP20, and AOAQ98FCNT;
formed a group in Fig. 5) had the stretch NET (Threonine instead of Proline) following the acid/base catalytic
site. Besides, stretch TENG (347-350 BgID5 numbering, where the Glu is among the catalytic sites (nucleophile),
is another conserved region in GH1 BGLs from bacteria, archaea and eukaryotes. Exceptionally, vegetative weed
Arabidopsis thaliana (AAB64244.1) had a sequence of MENG.

SPRINT cataloged the presence of five motifs for BGLs [19]. Nucleophile Glu348 was placed in motif 2.
Motifs 1, 4, and 5 consist of several important substrate interacting residues (Fig. 3). These five motifs are very
diversifying in amino acid selection (Fig. 4). Interestingly, we notice the presence of a highly conserved region
(BgID5: “GTATSSFQI™®) near the N-terminal of GH1 beta-glucosidase that was not curated in the SPRINT
database. ScanProsite predicted that this conserved region is Glycosyl Hydrolases family 1 N-terminal signature
(Fig. 3 and 4). Based on earlier findings related to BGL obtained from O. sativa subsp. japonica, a residue Gln
(Q29) in protrude to the direction of glycon residue and formed hydrogen bond around subsite -1 [26]. It is thus
possible that N-terminal signature may be important for substrate recognition or catalytic reaction.

As mentioned previously, the BGL superfamily was grouped into four GH families. Pei, et al. [8] proposed 5
clades for BGLs affiliated to GH1 and GH3. Accordingly, the report suggested that Clade | is represented by GH1
enzymes from mesophilic bacteria; Clade Il is grouped by GH1 BGL from fungi; Clade 11l by GH3 BGL from
bacteria; Clade IV by GH3 enzyme from fungi; and Clade V contains a mixture of GH1 BGL from thermophilic
bacteria and Bacillus. As the analysis applied limited datasets, it may not comprehensively provide clear insight.
Besides, the proposed grouping may be confusing, as the existing clade-groupings for GH3 beta-glucosidase [59]
have not been considered in the analysis [8]. In fact, CAZy has already classified families GH1, GH5, and GH30
to the Clan GH-A [3]. Therefore, classification suggested by Pei, et al. [8] should be relooked, since, indeed, there
is a need to propose more comprehensive groupings. In this work, we constructed a Maximum Parsimony tree
using 70 sequences of genuine GH1 (Criteria: (i) contains 2 highly conserved Glu as catalytic residues, and (ii)
consisted of GH1 domain). The tree (Fig. 5) is robust, as the placement of taxa is similar to when a
Neighbour-Joining tree was used (not shown). BgID5 was clustered together with the BGLs from thermophilic
Anoxybacillus spp. Interestingly, two other uncharacterized BGLs from J. soli (closer to Bacillus megaterium
beta-glucosidase) and J. campisalis (closer to Bacillus halodurans) were located far away from BgID5, suggesting
that BglD5 had evolved more rapidly compared to other counterparts. BGLs from hyperthermophiles, in
particular, archaea, were clustered at the base of the tree, while enzymes from eukaryotic sources (fungi, termites,
plants, and silkworms) formed a distinctive group. The rest of the trees were mainly BGL sequences from
bacteria. For the current tree, we could only suggest a relative relationship among these enzymes, and it is not
possible to propose defined clades, since BGLs (in particular, bacteria origin) were not grouped according to
taxonomy, optimum growth temperature, or salinity requirements. Instead of sequence classification, functional
classification summarized by a review article [13] may be more appropriate. According to the authors, BGLs are
categorized as class | (aryl beta-glucosidases), class Il (true cellobiases), and class 111 (broad substrate specificity
enzymes), and we agree that this functional classification is important to differentiate BGLs. For the group that
consists of BgID5 from J. malaysiensis, DT-Bgl from Anoxybacillus sp. DT3-1, and other uncharacterized BGLs
from Anoxybacillus spp. (Fig. 5), these BGLs can be classified as class I11.



Similar to BGLs isolated from B. subtilis and T. thermarum DSM 5069T [32, 33], BgID5 exhibited
glucose-tolerant characteristics. BgID5 tolerated up to 2500 mM glucose and retained about 80% of its maximum
activity, yet the tolerance level is far lower to that of DT-Bgl from Anoxybacillus sp. DT3-1, which was previously
reported by our team [23]. It has been reported that GH1 BGLs are 10- to 1000- fold more glucose-tolerant
compared to GH3 BGLs, due to the architecture of active site pocket [10, 60]. GH1 enzymes harbor a deeper and
narrower active site at (o/B)g barrel, while GH3 BGLs have relatively shallower cavity where glucose easily binds
at the catalytic pocket, and results in a competitive inhibition with real substrates [25]. In fact, the location of the
active site for GH1 and GH3 enzymes is different. In GH3 BGLs, the catalytic center is located at the interface
between (0/B)g barrel and (a/B)s domain [59]. Collectively, GH1 BGLs are more suitable to be used for the final
step of cellulose saccharification to form fermentable glucose. Mariano, et al. [12] performed a bioinformatic
analysis of 23 protein sequences of glucose-tolerant BGLs. Collectively, the team suggested that 11 residues,
namely, H121, W122, N166, E167, N297, Y299, E355, W402, E409, W410, and F418 (based on the numbering
of T. brockii beta-glucosidase Q60026), may be crucial for glucose tolerant behaviors (Fig. 4). Through protein
engineering of two BGLs, Yang, et al. [61] have elucidated that glucose tolerance is determined by more than a
single site. This finding complied with the findings of work [62], where a mutant with three replacement sites
(W174C/A404V/L4A41F) exhibited greater thermostability, glucose tolerance and activity. In another report, Liu,
et al. [50] suggest that the replacement of H184 with Phe significantly increased glucose tolerance for a
metagenome-derived enzyme [61]. The shape and electrostatic properties of the deep active-site entrance, and the
+2 subsite, in particular, Trp168 and Leul73 (H. insolens AOA076JRL8 numbering), determined the degree of
tolerance to glucose in GH1 members [25]. Besides, for H. insolens BGL, three phenylalanine residues (Phe325,
Phe333 and Phe348), along with another four residues (highlighted in red in Fig. 4), functioned as gatekeepers,
and demarcated a restricted entrance to the active site [25]. Nevertheless, these residues are not conserved in
BgID5. In a separate finding, residual adjacent to subsite +2 may also regulate glucose tolerance, as reported by
mutagenesis H183F (equivalent to 176 in BgID5 numbering) in a marine metagenome derived BGL [50].

5. Conclusions

In conclusion, the bglD5 gene from a marine bacterium J. malaysiensis coding for beta-glucosidase was
successfully expressed in E. coli, and it was found out that CaCl, enhanced the activity of the heterologous
enzyme. BglD5 demonstrates its advantageous application in the saccharification process of cellulosic materials,
attributable to good thermostability and low glucose inhibition. The enzyme is classified as class |11 BGL.
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List of Figures

Fig 1. SDS-PAGE analysis of purified BglD5. Lane M: Benchmark™ Protein Ladder (Thermo Scientific, USA);
lane 1: cell lysate from recombinant E. coli BL21 (DE3); lane 2: flowthrough (uncaptured) fraction from
purification column; lane 3: purified BglD5. A 5 pL of each sample was loaded into each well and the gel was
stained by Imperial™ Protein Stain (Thermo Scientific, USA).

Fig 2. Enzymatic characterization of recombinant BgID5. (a) The optimal temperature of BglD5. Reactions were
conducted in 100 mM sodium phosphate buffer (pH 7.4) at various temperatures for 15 min. (b) The optimal pH
of BgID5. Reactions were conducted at 65°C for 15 min in various buffers, pH ranging from 2 to 11. (c) Effects
of glucose (0 to 2500 mM) on BgID5 activity towards pNPG substrate. The reactions were conducted at 65°C
and pH 7 for 15 min. (d) Thermostability of BgID5. After preincubation of BgID5 at 65°C (supplemented either
with or without calcium chloride), the enzyme was withdrawn and subjected for enzyme assay, which was
conducted at 65°C and pH 7 for 15 min. (e) Nonlinear Michaelis-Menten plot of the purified BgID5. The
reactions were conducted at 65°C and pH 7 for 15 min, with pNPG concentration ranging from 0.05 to 3.00 mM.

Fig 3. The consensus motif and signature of BglD5 and other 70 GH1 beta-glucosidases. Weblogo representation
was generated using an online generator [20].

Fig 4. Multiple sequence alignment of BglD5 with GH1 beta-glucosidases from different microorganisms.
Abbreviations: Jeotgali- J. malaysiensis BgID5 (this study), Anoxybacil: Anoxybacillus sp. DT3-1 (Uniprot id:
M5QUM?2), Thermoanae: Thermoanaerobacter brockii (Q60026) [12], Thermotoga: Thermotoga maritima
(Q08638, PDB id 5N6S) [47], Paenibacil: Paenibacillus polymyxa (P22505, PDB id 209P) [48], Oryza: Oryza
sativa subsp. japonica (Q7XKV4, PDB id 3PTK, 3PTM, and 3PTQ) [26], Trichoderma: Trichoderma
harzianum (AO0A127SA86, PDB id 5BWF) [31] and Humicola: Humicola insolens (AOA076JRLS, PDB id
4MDO) [25]. The active site is shown in the box. The underlined sequences are the locations of motifs and GH1
N-terminal signature. Amino acids shown with a yellow (subsite -1), blue (subsite +1), and green (subsite +2)
background are the locations of subsites in the structure of 209P or 3PTQ. Red background residues functioned
as gatekeepers in 4MDO. The grey colour background for BGL Thermoanae represents highly conserved
residues that may be important for glucose tolerant characteristics [12].

Fig 5. Phylogenetic analysis of BgID5 with other BGLSs. The Maximum-Parsimony (MP) tree was constructed
using MEGA 6 program to elucidate the relationship of BgID5 and other enzymes across bacteria, archaea, and
eukaryote.
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Table 1. Properties of GH1 beta-glucosidase from various microorganism

Source MW  Opt. Opt. Thermostability Km (mM)2 Vmax (U/mg)> Ref
(kba temp. pH
) °C
J. malaysiensis (this study) 52 65 7 t1/2 65°C = 35 min 0.50 39.48 this
stud
(w/o CaClz) y
t1/2 65°C = 70 min
(with CaClz)
Anoxybacillus sp. DT3-1 53 70 8.5 t1/2 60°C = 24 hours 0.22 923.7 [23]
Cellulosimicrobium 57 55 6.0 t1/2 45°C = 25 min 0.36 4.09 [29]
cellulans
t1/2 50°C = 3 min
Putranjiva roxburghii 61 65 4.6 Native: Native: Native: [30]
Retained 67% 0.53 (pNPG) 0.181 pkat/mg
activity after (pNPG)
incubation at 70°C 0.81
for 1 hour (cellobiose) 0.122 pkat/mg
(cellobiose)
Recombinant: Recombinant:
Recombinant:
Retained 35% 0.58 (pNPG)
activity after . 0.157 pkat/mg
incubation at 70°C 087 (pNPG)
for 1 hour (cellobiose)
0.105 pkat/mg
(cellobiose)
Trichoderma harzianum 54 40 6 CD thermal-induced 0.97 (pNPG) 29.3 (pNPG) [31]
unfolding, Tm = 49°C
1.22 10.4 (cellobiose)
(cellobiose)
Bacillus subtilis 53 60 6 t1/2 70°C = 45 min 0.82 55.55 [32]
Thermoanaerobacterium 52 70 6.4 t1/2 68°C = 1 hour 0.62 (pNPG) 64 (pNPG) [8]
thermosaccharolyticum
7.9 (cellobiose) 120 (cellobiose)
DSM 571
Thermotoga thermarum 55 90 4.8 t1/2 90°C = 2 hours 0.59 142 [33]
DSM 5069T
t172 95°C = 50 min
Reticulitermes flavipes 56 <40 7.0 t1/2 45°C = 20 min 1.66 (pNPG) 22.92 (pNPG) [34]
(w/o CaCl2) 1.44 278 (cellobiose)
(cellobiose)
t1/2 45°C = 30 min
(with CaClz)
Humicola insolens RP86 56 60 5-7 t1/2 55°C = 50 min 0.20 mmol/L 36.4 (pNPG) [35]
(pNPG) 183.4 (cellobiose)
0.38 mmol/L
(cellobiose)
Humicola grisea var. 57 40 6 Retained 80% 0.16 6.72 pmol/min [36]
thermoidea activity after
incubation at 40°C
for 1 hour
Marine microbial 51 40 6.5 Retained 70% 0.39 (pNPG) 50.7 (pNPG) [37]

activity after




metagenome incubation at pH 7.5 20.4 15.5 (cellobiose)

and 15°C for 1 hour (cellobiose)
Fervidobacterium 53 90 6-7 t1/2 90°C = 25 min n.a n.a [38]
islandicum

t1/2 100°C = 15 min
soil metagenome 52 50 6 n.a 2.09 183.9 [39]
Thermoanaerobacterium 46 60 6 t1/2 55°C = 90min 0.66 (pNPG) 25.45 (pNPG) [40]
aotearoense P8G3#4

25.45 740.5 (cellobiose)
(cellobiose)

Neosartorya fischeri 60 40 6 t1/2 37°C = 480 min 2.8 1693 [41]
NRRL181

t172 40°C = 60 min

t1/2 50°C = 17 min

t1/2 60°C = 8 min
Exiguobacterium sp. DAU5 52 45 7 t1/2 40°C = 60 min 2.33 31.6 [42]
Weissella cibaria 37 50 45 5.5 t1/2 45°C = 30min 0.92 pmol/min  0.92 pmol/min [43]
Thermobifida fusca 53 50 7 Stable at 60°C and 0.34 29 (cellobiose) [44]

rapidly inactivated at =~ (cellobiose)

65°C
Bacillus halodurans 51 45 8 Retained 80% 4 n.a [45]

activity after

incubation at 45°C

for 1 hour
Hot spring metagenome 57 90 6.5 t1/2 70°C = 14 hours 0.8 0.022 pmol/min [46]

(archaea)

%P Unless specified, the data were obtained with standard assay using pNPG as substrate.



Table 2. Effects of metal ions and chemical reagents to the activity of BgID5

Metal ions/Chemical

reagents Relative activity (%)
(5 mMor 5% v/v)

Reference 100
Calcium Chloride 121
Sodium Chloride 100

Potassium Chloride 104
Magnesium Chloride 109
Iron (III) Chloride 6
Nickel (II) Chloride 3
Cobalt (II) Chloride 4
Ammonium Chloride 95

Zinc Sulfate 7
Manganese Sulfate 7
Copper (II) Sulfate 0
Rubidium Chloride 77
Strondium Chloride 95
Barium Chloride 61
Urea 85

SDS 2

EDTA 4
Tween-20 (5% v/v) 75
Tween-80 (5% v/v) 47
Triton X-100 (5% v/v) 70

DMSO (5% v/v) 84




Table 3. Hydrolysis of various substrates by purified BglD5

Substrates Relative hydrolysis ability (%)
Cellobiose 100
Cellotriose 124
Cellotetraose 125
Cellopentose 125
Cellohexanose 85
Salicin 118
Gentibiose 54
Lactose 34
Sucrose 0
Maltose 0
Avicel 0
Carboxymethyl
cellulose 0
Sigmacell cellulose 0
Alpha-cellulose 0
Xylan 0




Highlights

e BglD5 is the first discovered beta-glucosidase from halophilic genus
Jeotgalibacilus.

e BglD5 belongs to the Glycoside Hydrolase family 1 together with a lately
discovery beta-glucosidase from Anoxybacillus.

e BglD5 is a class III (broad substrate specificity enzymes) beta-glucosidase



Figure 1
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247
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306
312
313
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356
362
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420
427
428
424
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443
454

GH1 N-terminal signature
——————————— MRKFPEHFVWGTATSSFQIEGGR--ESRGESIWDQFCK-NPGKVLNGDHGEVACDHIN
——————————— MFQFPKDFIWGAATSSYQIEGTATGEDKIYSIWDHFSR-IPGKVANGDNGDIAIDHYN
———————— MIKLAKFPRDFVWGTATSSYQIEGAVNEDGRTPSIWDTFSK-TEGKTYKGHTGDVACDHYH
————————— MNVKKFPEGFLWGVATASYQIEGSPLADGAGMS IWHTFSH-TPGNVKNGDTGDVACDHYN
——————— MSENTFIFPATFMWGTSTSSYQIEGGTDEGGRTPSIWDTFCQ-IPGKVIGGDCGDVACDHFH
AYNGAGEPPVSRRSFPKGFIFGTASSSYQYEGGAAEGGRGPSIWDTFTHQHPEKIADRSNGDVASDSYH
_____________ MLPKDFQWGFATAAYQIEGAIDKDGRGPSIWDTFCA-IPGKIADGTSGVTACDSYN
____________ MSLPPDFKWGFATAAYQIEGSVNEDGRGPSIWDTFCA-IPGKIADGSSGAVACDSYK

RYKEDVQLMKDLNVPWYRFSISWSRIFPNG--DRVVNEEGLQFYDNLLTELEQQGIKPAVTLYHWDLPQ
RYVEDVALMKALHLKAYRFSTSWARLYCET--PGKFNEKGLDFYKRLVHELLENNIEPMLTIYHWDMPQ
RYKEDVEILKEIGVKAYRFSIAWPRIFPEE-—-GKYNPKGMDFYKKLIDELQKRDIVPAATIYHWDLPQ
RWKEDIEITEKLGVKAYRFSISWPRILPEG--TGRVNQKGLDFYNRIIDTLLEKGITPFVTIYHWDLPF
HFKEDVQLMKQLGFLHYRFSVAWPRIMPAA---GIINEEGLLFYEHLLDEIELAGLIPMLTLYHWDLPQ
LYKEDVRLMKDMGMDAYRFSISWTRILPNGSLRGGVNKEGIKYYNNLINELLSKGVQPFITLFHWDSPQ
RTAEDIALLKSLGAKSYRFSISWSRIIPKGGRDDPVNQLGIDHYAQFVDDLLEAGITPFITLFHWDLPE
RTKEDIALLKELGANSYRFSISWSRIIPLGGRNDPINQKGIDHYVKFVDDLIEAGITPFITLFHWDLPD

ALQDKG-GWMNR-DIVEEFAHYCDVIFDCFGDRVSNWITHNEPWVVSWLGYGSGEHAPGYRD———————
ALQEKG-GWENR-DIVHYFQEYAAFLYENLGDVVKKWITHNEPWVVTYLGYGNGEHAPGIQN———————
WAYDKGGGWLNR-ESIKWYVEYATKLFEELGDAIPLWITHNEPWCSSILSYGIGEHAPGHKN———————
ALQLKG-GWANR-ETADWFAEYSRVLFENFGDRVKNWITLNEPWVVAIVGHLYGVHAPGMRD———————
WIEDEGG-WTQR-ETIQHFKTYASVIMDRFGERINWWNTINF/PYCASILGYGTGEHAPGHEN———————
ALEDKYNGFLSP-NIINDFKDYAEICFKEFGDRVKNWITEFNEPWTFCSNGYATGLFAPGRCSPWEKGNC
ELHQRYGGLLNRTEFPLDFENYARVMFKALP-KVRNWITFNHPLCSAIPGYGSGTFAPGRQS———————
ALDKRYGGFLNKEEFAADFENYARIMFKAIP-KCKHWITFNHPWCSAILGYNHMGEFAPGHT SD--RSKS

————— IPGFLKAAHHVLLSHGVVVKRFRERG--LQ-GEIGITLNLNSSYPFN-ENASSVEAAVRWDGFL
————— FTSFLKAAHHVLLSHGEAVKAFREIG--PKDGEIGITLNLTPGYAVDPKDEKAVDAARKWDGFM
77777 YREALIAAHHILLSHGEAVKAFREMN--IKGSKIGITLNLTPAYPAS-EKEEDKLAAQYADGFA
77777 IYVAFRAVHNLLRAHARAVKVFRETV--K-DGKIGIVFNNGYFEPAS-EKEEDIRAVRFMHQFN
————— WREAFTAAHHILMCHGIASNLHKEKG--L-TGKIGITLNMEHVDAAS-ERPEDVAAATRRDGFI
SVGDSGREPYTACHHQLLAHAETVRLYKAKYQALQKGKIGITLVSHWFVPFS—RSKSNDDAAKRAIDFM
————— TTEPWIVGHNLLVAHGRAVKVYRDEFKDLNDGQIGIVLNGDFTYPWDSSDPLDREAAERRLEFF
PVGDSAREPWIVGHNILIAHARAVKAYREDFKPTQGGEIGITLNGDATLPWDPEDPADIEACDRKIEFA

motif 1
N-RWFLDPVFKGQYPADMLEHYSVYTD-FSFVKEGDLDTMSAAVDFLGINYYSISYLTHQP-G-——-AWL
N-RWFLDPVFKGQYPADMLEVYKDYLP-DVYQ-DRDLQTIQQPIDFFGFNYYSTATLKDWK-KGEYEPT
N-RWFLDPIFKGNYPEDMMELYSKIIGEFDFIKEGDLETISVPIDFLGVNYYTRSIVKYD-ED---SML
NYPLFLNPIYRGDYPELVLEFAREYLP-ENY—--KDDMSEIQEKIDFVGLNYYSGHLVKFDP-D-—-APA
N-RWFAEPLFNGKYPEDMVEWYGTYLNGLDFVQPGDMELIQQPGDFLGINYYTRSITRSTNDA---SLL
F-GWFMDPLIRGDYPLSMRGLVGNRLP-QFT--KEQSKLVKGAFDFIGLNYYTANYADNLP-P---SNG
T-AWYADPIYLGDYPASMRKQLGDRLP-EFT--PEEKAFVLGSNDFYGMNHYTSNYIRHRT-S——-—PAT
I-SWFADPIYFGKYPDSMRKQLGDRLP-EFT--PEEVALVKGSNDFYGMNHYTANY IKHKT-G---VPP

motif 2
EAGHEG GGHRRTSMG-WEVYAKGLSDLLIRLKNDYDN-PVIYVTENGAAYDD

VFDHVS TGRPVTDMN-WEVNPNGLFDLLVRLKKDYGD-IPLYITEHNGAAYKD
KAENVP GPGKRTEMG-WEISPESLYDLLKRLDREYTK-LPMYITHNGAAFKD
KVSFVE~————————————————— RDLPKTAMG-WEIVPEGIYWILKKVKEEYNP-PEVYITEHNGAAFDD
QVEQVH MEEPVTDMG-WEIHPESFYKLLTRIEKDFSKGLPILITENGAAMRD
LNN---SYTTDSRANLTGVRNGIPIGPQAASPWLYVYPQGFRDLLLYVKENYGN-PTVYITENGVDEFN
ADDTVGN————- VDVLFYNKEGQCIGPETESSWLRPCPAGFRDFLVWISKRYNY-PKIYVTENGTSLKG
EDD.IGN ————— LE.L.YNKYGDCIGPETQS.WLRPHAQGFRDLLNWLSKRYGY—PKIYVT INGTSLKG
motif 3 motif 4 motif 5

E--VTN-GEVHDPERVQYTLOEHLDACLDAIDA-DVDLRGYFAWSFLDNFEWAFGYCKRFGLVYVDFET—
R--VNEDGKIEDDERVTYIREHLIACHRATEQ-GVNLKGYYVWSLFDNFEWAFGYDKRFGIVYVDYET-
E--VTEDGRVHDDERIEYIKEHLKAAAKFIGE-GGNLKGYFVWSLMDNFEWAHGYSKREFGIVYVDYTT-
V--VSEDGRVHDONRIDYLKAHIGQAWKAIQE-GVPLKGYFVWSLLDNFEWAEGYSKRFGIVYVDYST—
E--LVN-GQIEDTGRHGYIEEHLKACHRFIEE-GGQLKGYFVWSFLDNFEWAWGYSKRFGIVHINYET-
NKTLPLQEALKDDARIEYYHKHLLSLLSAIRD-GANVKGYFAWSLLDNFEWSNGYTV————————————
ENDLPKEKILEDDFRVNYYNEYTIRAMFTAATLDGVNVKGYFAWSLMDNFEWADGYVTRFGVTYVDYENG
ENDMPLEQVLEDDFRVKYFNDYVRAMAAAVAEDGCNVRGY LAWSLLDNFEWAEGYETRFGVTYVDYAND

QORIPKESAKWFQQVILNNGLKIQQQYT 447
LERIPKKSALWYKETIINNGLQVDNDK- 453

QKRILKDSALWYKEVILDDGIED----- 450
QKRIVKDSGYWYSNVVKNNGLED——--~— 446
QERTPKQSALWFKQMMAKNGF ——————~— 448

456
QORFPKKSAKSLKPLFDELIAKE————— 465
QKRYPKKSAKSLKPLFDSLIRKE————-— 476
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JMA_34740 Jeotgalibacillus malaysiensis ] Current study
AOAOK6GS41 Anoxybacillus suryakundensis
— R4G036 Anoxybacillus flavithermus

M5QUM2 Anoxybacillus sp. DT3-1

AO0AO0DOQIA4 Anoxybacillus thermarum
AOAIX6MAC4 Anoxybacillus aydenrensis
Q60026 Thermoanaerobacter brockii
A0A1G718G4 Thermoanaerobacter thermohydrosulfuricus
D3Y2V4 Thermoanaerobacter ethanolicus
AOAOH4NXHS Ther bacterium S

D9TRS57 Ther bacterium thermosaccharolyticum
C8WXUS Alicyclobacillus acidocaldarius
AOAIN7KU75 Alicyclobacillus vulcanalis
P22505 Paenibacillus polymyxa
AOA074LMB2 Tumebacillus flagellatus
Q53EH2 Clostridium cellulovorans
WP_028986792.1 Thermicanus aegyptius
AOATMSEG?78 Caldanaerobius fijiensis DSM 17918

LOK7D4 Halob oides halobius
AOA1COA6WO Orenia metallireducens
B8CYAS8 Halothermothrix orenii

B5SYANI1 Dictyoglomus thermophil

Q8GKQ8 Fervidobacteriun sp.

E4S6B1 Caldicellulosiruptor kristjanssonii
A4XIG7 Caldicellulosiruptor saccharolyticus
AOAOAS5GRV1 Pontibacillus halophilus
AOAOF7KKB7 uncultured bacterium
Q08638 Thermotoga maritima
AS5IL97 Thermotoga petrophila
D2C6W?2 Thermotoga naphthophila

ADD96762.1 uncultured bacterium Alteromonadales

D5KX75 uncultured bacterium

Q21KX3 Saccharophagus degrad

DOVECS uncultured bacterium

— A6W3B1 Mari sp.
P12614 Agrobacterium sp.
4I:Q92LX2 Rhizobium meliloti
Q46043 Cellul fimi

QK440 Streptomyces coelicol
Q47RE2 Thermobifida fusca
K414U1 uncultured bacterium
QIRAS58 Thermus sp.
A7NGQ8 Roseiflexus castenholzii
P38645 Thermobispora bispora

AOAOC2RQE Jeotgalibacillus soli
[ AOAO0Q6HVV?2 Bacillus sp. Leaf13

DS5E2L2 Bacillus megaterium
AOAOMINP20 Bacillus sp. FJAT-22058
AOAO098FCNY7 Bacillus simplex
AOAOC2W2Y2 Jeotgalibacillus campisalis
QI9KBK3 Bacillus halodurans
Q9ZNN? Bacillus sp.

Q03506 Bacillus circulans

P22073 Paenibacillus polymyxa

Q2WGB4 Paenibacillus sp.
Q7XKV4 Oryza sativa subsp. japonica
AAB64244.1 Arabidopsis thaliana
AGP76178.1 Anoplotermes schwarzi
AAP13852.1 Bombyx mori
XP_001258596.1 Aspergillus fischeri
AAF74209.2 Aspergillus niger
U9W8B8 Neurospora crassa
AO0AO076JRL8 Humicola insolens
(093784 Humicola grisea var. thermoidea

E7FHY4 Pyrococcus furiosus
4|_|: CDG15325.1 uncultured archaeon
G8YZD7 Fervidob ium islandi
B8E1X9 Dictyoglomus turgidum
_|—|— E7F148 Pyrococcus furiosus
008324 Ther

s Sp.

0.2
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