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ABSTRACT

B-amylase is a hydrolytic enzyme that is involved in breaking down starch and producing energy.
Since the discovery of B-amylase, it has been applied in various applications especially in the food
industry. In this study, a novel B-amylase from Clostridium thermosuluregen, a thermophilic
anaerobic bacterium that ferments its extracellular emulsion to ethanol at 62 °C was modelled and
studied using bioinformatics tools and compared with B. cereus 3-amylases that functions at
mesophilic conditions. The results showed that the overall structural conformations, secondary
structures, and important residues involved in active and binding sites were identified in both
proteins. The results revealed that the modelled f-amylase of C. thermosulfuregen is very similar
with respect to the global conformation, location of active and binding sites. Both proteins showed
identical structural domains with the thermophilic variant possessing a high percentage of
hydrophobic amino acid residues, polar amino acid residues, and differences in secondary
composition such as loops and beta sheets as the potential evolutionary thermal adaptations that
make it stable enzyme that functions up to 70 °C. The results suggest that the thermal stability are
not dependent on one single unique mechanism and may use one or a combination of the
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mechanisms to sustain its structural conformation at a higher operating temperature. Overall,
considering the common properties of this modelled protein with the B-amylase of B. cereus, it can
be assumed that if the B-amylase of C. thermosulfuregen were expressed in-vitro, it would produce
a stable protein that possesses the hydrolysis function for C. thermosulfuregen to break down the

starch and sugar formation.

Keywords: B-amylase; Clostridium thermosulfuregen; characterization; Bacillus cereus.

1. INTRODUCTION

The B-amylase (EC 3.2.1.2) enzyme, or known
as a-1,4-glucan maltohydrolase, is an exo-type
enzyme and catalyses the [3-anomeric maltose
from the non-reducing end of starch to produce
maltose. It belongs to the family 14 of the
glycoside hydrolase (GH) [1]. B-amylase can be
found in plants, fungi, and bacteria. The f-
amylase enzyme has important applications in
industries due to its saccharogenic activity. It is
useful in the pharmaceutical industry due to its
digestive activity, used for the preparation of
malto-oligosaccharides, a reagent that is used
for research, as nutrients in the health industry
substitute for other saccharides and used in the
production of the malto-oligomer mixture, an
ingredient used for the preparation of chewing
gum, buttercream, cakes, jellies, canned cocoa
and fruit drinks [2].

Plant-based B-amylases are well documented,
the breadth of the sources is limited to five plants
and one bacterial origin. Therefore, it is of
interest to expand the source of the enzyme to
include a thermostable B-amylase that is active
at higher temperatures, increasing its potential
applicability in the industry. The activity of beta-
amylase in the temperature range of 20 to 90 °C
has been investigated in various organisms [3].
B-amylases from Bacillus cereus (a mesophilic
bacterium) and soybean on raw starch granules
from various botanical sources (potato, sweet
potato, wheat, rice and corn) were examined and
found that Bacillus cereus (3-amylase hydrolyzed
corn granules efficiently at 45 °C while, soybean
B-amylase was 60% less active than Bacillus
cereus B-amylase at the same temperature [4].
B-amylase purified from Bacillus cereus
(mesophilic) has been reported to possess an
optimum temperature of about 50 °C (Takasaki,
2005). While the B-amylase purified from
Clostridium thermosulphurogenes (thermophilic)
have 55% maximal activity at 50 °C and 65%
maximal activity at 80°C, and have an optimum
temperature about 75 °C [5]. [6] The
thermostability can be enhanced by substrate

and Ca2+ addition at 80 °C. The enzyme has a
greater operating pH range of between pH 3.5 to
6.5, unlike other B-amylase that possess the
optimal activity and stable only at neutral pHs.
Results have also shown that the enzyme
possesses an optimum activity at pH 5.5 to 6.0
[7], making it an interesting candidate for
studying the sequence and structural differences
that may contribute to its ability to operate at a
different temperature and pH range. Barnaud et
al. [8] cloned and sequenced the gene encoding
the thermophilic pB-amylase of Clostridium
thermosulfurogenes in Bacillus subtilis and
showed that the mature B-amylase has 519
amino acids and molecular weight (MW) of
57167 kDa. The B-amylase sequence showed
32% homology with B-amylase of soybean and
barley. However, there is no 3D structure of this
thermophilic enzyme available for study.

Clostridium thermosulfurogenes is gram-
negativ, straight rods in shape about 0.5 x > 2

um. It forms long filaments and motile by
peritrichous flagella. Endospores are white-
refractile, spherical and swollen. When C.

thermosulfurogenes grow on thiosulphate, it
produce and store yellow granule sulphur on
their cells and in the medium. In the thin section,
there is no outer membranous layer. Clostridium
thermosulfurogenes have catabolites like ethanol
and lactate, that are biotechnologically interest.
As an ethanol or lactate-producing thermophile
bacterium, it grows at lower pH values than C.
thermocellum [6].

The characterization of B-amylase and
determination of its 3D structure has been
documented for a range of species; from bacteria
Bacillus cereus [9] Glycine max (soybean) [10],
Ipomoea batatas (sweet potato) [11], Hordeum
vulgare (barley) [12] and Triticum aestivum
(wheat) [13]. All of these B-amylase structures
share common characteristics that suggest
highly conserved regions especially at the active
centre in the region of (a/B)s barrel. Only the
tertiary structure barrel configuration differs
between that of plant and bacterial p-amylase
[9]. This study is conducted to model the




structure of the thermophilic B-amylase from
Clostridium thermosulfurogenes and compare
the predicted model of enzyme thermophilic B-
amylase from Clostridium thermosulfuregenes
with Bacillus cereus B-amylase and making it the
first modelled thermophilic structure and the first
from species other than Bacillus cereus and of
plant origin. The model will be used to examine if
there are differences that can be attributed to
structural adaptations that allow it to function at
higher temperatures. The knowledge of these
differences would be contributing to the
understanding of thermophilic adaptation in (3-
amylase and may be used in protein modification
for future use.

2. RESEARCH METHODS

For in silico modelling and characterisation of (-
amylase from Clostridium thermosulfuregen,
different databases, software and other sources
were applied to analyse molecular structure of
this protein. Fig. 1 shows the outline
methodology of this study.

2.1 Primary Structure Analysis

2.1.1 Protein sequence retrieval, analysis and
comparison

The EC number for enzyme B-amylase is 3.2.1.2
in BRENDA. All information about the B-amylase
of C. thermosulfuregen such as metabolic
pathway, pH, optimum temperature and reaction
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were retrieved from BRENDA database
(“https://www.brenda-enzymes.org/”). The
FASTA format was got from UniProt database
(“https://www.uniprot.org/”) [14] and no structure
was found for this enzyme on RCSB
(“www.rcsb.org”). A BLAST (Basic Local
Alignment Search Tool) was performed using
NCBI database (“https://www.ncbi.-nlm.nih.gov/”)
[15] to obtain similar sequences of B-amylase
from other organisms for the purpose of
structural comparison and analysis.

The protein sequence analysis of B-amylase
from C. thermosulfuregen was conducted by
applying the FASTA format of the protein in the
ProtParam tool (“https://web.expasy.org/-
protparam/’) [16] and calculated molecular
weight, theoretical pl value, amino acid
composition, total number of positively and
negatively charged residues, atomic composition,
chemical formula, estimated half-life, aliphatic
index, and hydropathicity value of the protein.
After that, these primary structure information
compared with B-amylase of Bacillus cereus that
has 44.99% similarity with B-amylase of C.
thermosulfuregen.

2.1.2 Multiple sequence alignment

Three sequence alignments will perform using
the ClustalO tool (“https://www.ebi.ac
.uk/Tools/msa/clustalo/”) to identify the
conserved regions and comparatively analyse
the different sequences [17].

PHASE 1:
Primary structure analysis

To investigate the primary sequence characteristics of en- |

zyme P-amylase.

|

PHASE 2:

To identify the amounts of helices, sheets, and loops in

protein B-amylase.

Secondary structure analysis

I To identity the amounts of different amino acids groups,

composing helices, sheets, and loops in protein f-amylase |

PHASE 3: of C. thermosulfiregen.
3D modelling
I To build a homology 3D structure for the protein f-
amylase of C. thermosulfiuregen.
PHASE 4:

Comparison of thermophilic -
amylase of C. thermosulfuregen
and B-amylase of Bacillus cereus.

To compare the charactrastics of primary, secondary, and |
3D model structure and phylogenetic tree between C. ther- |

mosulfiuregen and B. cereus.

Fig. 1. Schematic outline of methodology



2.1.3 Secondary structure prediction

Secondary structure prediction of
uncharacterized p-amylase protein of Clostridium
thermosulfuregen was performed using the
CFSSP Protein Sequence Analysis software
(“http://www.biogem.org/tool/chou-fasman/”) [18]
and GOR VI (“https://npsa-prabi.ibcp.fr/cgi-
bin/npsa_automat.pl?page=npsa_gor4-.html”)
[19]. The percentages of alpha helices, B-sheets,
turns, and coils were observed for further
comparison and analysis. In addition, CFSSP
were used to calculate the percentages of
different groups of amino acid residues in an
alpha helix, B-sheets, turns, and coils. Since the
B-amylase of Bacillus cereus protein has a
known structure stored as 1B90, the information
about its secondary structure obtained from
PDBsum database
(“http://www.ebi.ac.uk/pdbsum”) (Roman et al.,
2017).

2.2 Tertiary Structure Analysis

2.2.1 Homology Modelling and

selection

template

The amino acid sequence of the uncharacterized

protein (P19584) from Clostridium
thermosulfuregen was submitted to the online
modelling server SWISS-MODEL program

(“https://swissmodel.expasy.org/”’) to obtain a
recommended template for homology modelling
[20]. The template was chosen based on
sequence identity.

2.2.2 Homology model validation

The 3D structure of modelled protein predicted
by SWISS-MODEL database was validated using
the PROCHECK software.
(“http://services.mbi.ucla.edu/PROCHECK/”) and
Ramachandran plot to investigate about the psi-
phi angles and ERRAT program
(“http://services.mbi.ucla.edu/ERRAT/”) was
used to determine the accuracy of the predicted
structure. Verify 3D (“http://services.mbi.ucla.-
edu/Verify_3D/*) (Luthy et al., 1997) also used to
assess the model of the protein 3D structure.

2.2.3 Structural comparison

The structure of p-amylase of Clostridium
thermosulfuregen was compared with B-amylase
of Bacillus cereus. B-amylase of Bacillus cereus
has known structure with PDB ID (1B90) on the
PDB database (“http://www.rcsb.org”). UCSF
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Chimera (“https://lwww.cgl.ucsf.edu/chimera/”)
[21]. was used to superimpose the modelled
structure of B-amylase of  Clostridium
thermosulfuregen and the known structure of
beta-amylase of B. cereus to compare surface
structure, determining active site, binding sites,
and other structural details.

For protein thermostability comparison, several
factors have been compared. Amino acid
composition, hydrophobicity, hydrogen bond, salt
bridge and secondary structure comparison like
helical content, beta-strands and shortening of
loops were compared between mesophilic [3-
amylase Bacillus cereus and thermophilic B-
amylase of Clostridium thermosulfuregen.

2.3 Phylogenetic Study

The evolutionary relationship of the P19584
protein was studied using phylogenetic tree
analysis. The sequence of modelled protein was
submitted to NCBI BlastP service to search for
protein similarity sequence. A set of 5 proteins
sequences including the template were selected
and aligned using MEGA X program (version
10.1) and CastalO [17] and phylogenetic tree
was constructed [22].

3. RESULT AND DISCUSSION

3.1 Protein Structure Analysis
3.1.1 Protein sequence selection and retrieval

The protein B-amylase from Clostridium
thermosulfuregen bacterium was reached in the
UniProt. The UniProt ID is P19584
(https://www.uniprot.org/uniprot/-P19584).  The
sequence has no known structure in UniProt and
subsequent search in Protein Data Bank (PDB)
(www.rcsb.org) confirmed that this sequence has
no prior structure. The amino acid sequence of
B-amylase from Clostridium thermosulfuregen
bacterium have retrieved from Uniprot database

(Fig. 2).

The amino acid sequences of all five 3-amylases
were retrieved from the Uniprot database in
FASTA sequence format. B-amylases from five
different species were selected from the Uniprot
database as suggested templates for sequence
alignment and listed in Table 1. These B-amylase
sequences were used for the analysis in
secondary structure determination, multiple
sequence alignments, and comparison of the
three-dimensional structures.
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>sp|P19584 |AMYB THETU Thermophilic beta-amylase 0S=
Thermoanaerobacterium thermosulfurigenes 0X=33950 PE=1 SvV=1
MIGAFKRLGOKLFLTLLTASLIFASSIVTANASIAPNFKVEVMGPLEKVTDEFNAFKDQLT
TLKNNGVYGITTDIWWGYVENAGENQFDWSYYKTYADTVRAAGLKWVPIMSTHACGGNVG
DTVNIPIPSWVWTKDTQDNMQYKDEAGNWDNEAVSPWYSGLTQLYNEFYSSFASNFSSYK
DITTKIYISGGPSGELRYPSYNPSHGWTYPGRGSLOCYSKAAITSFONAMKSKYGT IAAV
NSAWGTSLTDESQISPPTDGDNFEFTNGYKTTYGNDFLTWYQSVLTNELANTASVAHSCED
PVFNVPIGAKIAGVHWLYNSPTMPHAAEYCAGYYNYSTLLDQFKASNLAMTFTCLEMDDS
NAYVSPYYSAPMTLVHYVANLANNKGIVHNGENALATSNNNQAYVNCANELTGYNEFSGET
LLRLSNIVNSDGSVTSEMAPFVINIVTLTPNGTIPVTFTINNATTYYGONVYIVGSTSDL
GNWNTTYARGPASCPNYPTWTITLNLLPGEQIQFKAVKIDSSGNVTIWEGGSNHTYTVPTS

GTGSVTITWON

Fig. 2. FASTA format of the amino acid sequence of the B amylase enzyme from
Thermoanaerobacterium thermosulfurogenes

Table 1. Accession number, protein name, gene name and organism source for the five 8-

amylase

ID Protein Gene name Origanism
P36924 B-amylase Spo Il Bacillus cereus (mesophilic)
P10538 B-amylase BMY1 Glycine max (soybean)
P16098 B-amylase BMY1 Hordeum vulgar (Barley)
P10537 B-amylase BMY1 Ipomoea batatas (sweet potato)

Thermoanaerobacterium
P19584 B-amylase N/A Thermosuifurigenes (Clostridium

thermosulfurogenes)

Alignment of the different B-amylase sequences
showed that the Thermoanaerobacterium
thermosulfuregenes B-amylase share many
identical sequence characteristic with other B-
amylases, especially to the enzyme from Bacillus
cereus with 44.99% similarity. The active and the
binding site that are present in the thermophilic
enzyme are aligned to both bacterial and plant
sourced enzyme (Fig. 3).

Results showed that highly similar residues that
implies conservation and subsequently structure
are found mostly in the regions containing beta
strands. There are limited conserved residues
within helices with only the helix from residue
274-300 of Thermoanaerobacterium
thermosulfurigenes possessing the highest
incidence of conserved residues (9 out of 26
amino acids). This suggests that conservation of
function is located and dependent upon the beta
strands. Seven amino acids that are involved in
the binding site and two of the amino acids
responsible for the functioning of the active sites
are located on the beta strands.

3.2 Physicochemical Characterization

The result of the ProtParam analysis used for
characterisation of the enzyme prior to future

experimental studies [16]. The result of the
analysis is presented in Table 2. The Table 2
illustrate chemical formula, molecular weight,
amino acid composition, total number of
positively and negatively charged residues,
hydropathicity value, estimated half-life, aliphatic
index and theoretical Pi value of the model
protein.

3.3 Amino acid Composition

The amino acid composition between the
thermophilic B-amylase of C. thermosulfuregen
and mesophilic 3-amylase from Bacillus cereus
are presented in Table 3.

Comparison of individual amino acids between [3-
amylase from C. thermosulfuregen and B. cereus
revealed that the changes in the number of
amino acids that have been shown to be
associated with higher temperature adaptations
are present but not significant. In thermophilic
protein, the number of Arg and Tyr residues are
expected to be higher in number compared to
the mesophilic homolog. Comparison between
the two homologs showed that only the number
of Tyr residues are higher with five more
residues (36 versus 31). The number of Arg
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residues are lower in the thermophilic than the adaptation strategy. Further analysis needs to be
mesophilic homolog (5 versus 11). This suggests  performed to look at the 3D conformation and the
that from the sequence analysis point of view, location of Arg and Tyr in the protein structure.
compositional change of Arg and Tyr are not an

P36924 AMYB BACCE 1 MKNQFQ----YCCIVILSVVMLFVSLLIPQASSAAVNGK-GMNPDYKAY KKEPEV 55
P10538 AMYB_SOYBN 1 MATSDSNMLLNYVP LBEGVVNVD 27
P16098 AMYB HORVU i MEVNVRGNYVQ LBEDAVSVN 24
P10537 AMYB IPOBA & MAPIPGVMPIGNYVSLYVMLBEGVVNAD 28
P19584 AMYB THETU 1 MIGAFKRLGQKLFLTLLTASLIF--—---- ASSIVTANA-SIAPNFKVEVMGBEEKVT-- 50
o R eI -
P36924 AMYB BACCE 56 112
P10538 AMYB SOYBN 28 87
P16098 AMYB HORVU 25 84
P10537 AMYB IPOBA 29 88
P19584 AMYB_THETU 51 106
P36924 AMYB BACCE 1.3 165
P10538 AMYB SOYBN 88 147
P16098 AMYB_HORVU 85 144
P10537 AMYB IPOBA 89 148
P19584 AMYB THETU 107 159
P36924 AMYB BACCE 166 222
P10538 AMYB SOYBN 148 207
P16098 AMYB HORVU 145 204
P10537 AMYB IPOBA 149 208
P19584 AMYB THETU 160 215
P36924 AMYB BACCE 223 280
P10538 AMYB SOYBN 208 260
P16098 AMYB HORVU 205 CHC SHPEEFPN-DVGQYNDT PER' 5 257
P10537 AMYB_IPOBA 209 ) D NADWEMPGKGAGTYNDT 262
P19584 AMYB THETU 216 3 273
P36924 AMYB BACCE 281 340
P10538 AMYB SOYBN 261 399
P16098 AMYB HORVU 258 314
P10537 AMYB IPOBA 263 319
P19584 AMYB THETU 274 333
P36924 AMYB BACCE 341 392
P10538 AMYB SOYBN 318 376
P16098 AMYB HORVU 315 373
P10537 AMYB IPOBA 320 378
P19584 AMYB_THETU 334 387
P36924 AMYB BACCE 393 NE YNNSLMGK— 440
P10538 AMYB SOYBN 377 SMEGY] LOKSNENI- 434
P16098 AMYB_ HORVU 374 ] QLVFGQNYVN— 431
P10537 AMYB IPOBA 379 DELOTDNFEL- 436
P19584 AMYB THETU 388 g IVNSDGSVTSE 437
. ol -2 g
P36924 AMYB BACCE 441 488
P10538 AMYB_ SOYBN 435 485
P16098 AMYB HORVU 432 479
P10537 AMYB IPOBA 437 483
P19584 AMYB THETU 438 491
P36924 AMYB BACCE 489  YYDSHSNDWRGNVVEPAERNIEFKAF----IKSKDGTVKSWQTIQQSWNPVP-LKTTSHT 543
P10538 AMYB SOYBN 486 ———————-} WLPETDMKVDG 496
P16098 AMYB HORVU 480 FQEHTDLPVGPTGGMGGQAEGPTCGMGGQVKGPTGGMGGQAEDPTSGIGGEL 531
P10537 AMYB IPOBA 48 iYDVTDMPVDGSNPED 499
P19584 AMYB THETU 492  ASCPNYPTWTITLNLLPGEQIQFKAV--—-KIDSSGNV-TWEGGSNHTYTVPTSGTGSVT 546
P36924 AMYB BACCE 544  SSW-- 546
P10538 AMYB_SOYBN 497 ————- 496
P16098 AMYB HORVU 532  PATM- 535
P10537 AMYB IPOBA 500 —==—- 499
P19584 AMYB THETU 547  ITWON 551

Fig. 3. Multiple sequence alignment of B-amylase Bacillus cereus (mesophilic), Glycine max
(Soybean), Hordeum vulgare (Barley), Ipomoea batatas (sweet potato) and
Thermoanaerobacterium thermosulfurigenes (Clostridium thermosulfurogenes) with coloured
bands representing
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Table 2. Composition and characterization of sequences for the modelled proteins f amylase
and template

Characteristics f-amylase C. thermosulfuregen  B. cereus

Number of amino acids 551 546

Molecular weight 60547.58 61628.95

Theoretical PI 576 6.29

Total number of negatively charged

residues (Asp + Glu): 37 35

Total number of positively charged residues

(Arg + Lys) 27 52

Aliphatic index 73.30 75.20

Average of hydropathicity -0.170 -0.360

Chemical formula ComioHuossNeooOs3:S17 C270sHa237N
7110820821

Table 3. Comparison of percentages of individual amino acids between -amylase from C.
thermosulfuregen and B. cereus with significant changes highlighted as grey boxes

Amino acids B-amylase of B. cereus

B-amylase of C. thermosulfuregen

No % No %
Ala (A) 36 7.0% 39 7.5%
Arg (R) 11 2.1% 5 1.0%
Asn (N) 36 7.0% 51 9.8%
Asp (D) 27 5.2% 22 4.2%
Cys (C) 3 0.6% 7 1.3%
GIn (Q) 20 3.9% 15 2.9%
Glu (E) 28 5.4% 15 2.9%
Gly (G) 40 7.8% 41 7.9%
His (H) 8 1.6% 8 1.5%
lle () 26 5.0% 29 5.6%
Leu (L) 38 7.4% 29 5.6%
Lys (K) 40 7.8% 19 3.7%
Met (M) 14 2.7% 9 1.7%
Phe (F) 22 4.3% 22 4.2%
Pro (P) 25 4.8% 26 5.0%
Ser (S) 32 6.2% 46 8.9%
Thr (T) 35 6.8% 51 9.8%
Trp (W) 15 2.9% 16 3.1%
Tyr (Y) 31 6.0% 36 6.9%
Val (V) 29 5.6% 33 6.4%

The result showed that the expected reduction of
the number Cys and Ser residues did not occur
for the thermophilic amylase. The number of Cys
residues increased from three to seven and Ser
residues increased significantly from 32 to 46.
Biggest amino acid compositional changes
between mesophilic and thermophilic homolog
are the increase of Asn residues from 36 to 51

(45 % increase), reduction of Glu residues from
28 to 15 (46 % reduction), reduction of Lys
residues from 40 to 19 (47.5 % reduction) and
increase of Thr residues from 35 to 51 (68%
increase). The amino acids involved in these
compositional changes have not been attributed
to previous research on thermostable
adaptations. However, it could be attributed to



other adaptations such as halophilic or
barometric adaptations. There is no increase of
Pro residues usually attributed to the increase
stiffness conferred by adding Pro residues
especially in the loops. The expected reduction
of Gly residues often seen in thermophilic
proteins are not observed between these two
homologs as well.

Thermophilic B-amylase of Clostridium
thermosulfuregen and mesophilic B-amylase of
Bacillus cereus showed differences in the acidic
and basic amino acids. The percentage of acidic
and basic amino acids of modelled protein is
lower than template but natural amino acids are
more than template (Table 4).
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3.4 The Composition of Amino Acid
Groups

The result of the distribution analysis shown in
percentages of amino acids for the model protein
showed that as expected, there are no significant
differences between hydrophobic and polar
amino acid composition between the mesophilic
and thermophilic homologs. There is a slight
increase in frequency of small amino acids that
has been attributed to thermal adaptation.
Overall, comparison of both homologs show little
guantitative differences between thermophiles
and mesophiles (Table 5).

Table 4. Comparison of the amino acids composition in f-amylase between C.
thermosulfuregen and B. cereus

Amino acid Sequence Composition

Tiny (A+C+G+S+T)

Small (A+B+C+D+G+N+ P+S+T+V)
Aliphatic (A+I+L+V)
Aromatic (F+H+W-+Y)

Non-polar
(AF+CHF+GHI+L+M+AP+V+W-+Y')

Polar (D+E+H+K+N+Q+R+S+T+2)
Charged (B+D+E+H+K+R+Z)
Basic (H+K+R)

Acidic (B+D+E+7)

C. thermosulfiiregen B. cereus

No 2o No %0

184 35.453 146 28.295
316 60.886 263 50.969
130 25.048 129 25.000
82 15.800 76 14.729
82 15.800 279 54.070
232 44.701 237 45.930
69 13.295 114 22.093
32 6.1660 59 11.434
37 7.1290 55 10.659

Table 5. The composition of various amino acid groups with the groups that does not play a
significant role in thermostability adaptation.

Amino-acid composition By Groups

% in B-amylase % in B-amylase of

of Bacillus Clostridium
cereus thermosulfuregen
Acidic D, E 10.6% 7.1%
Aliphatic I, L, V 18% 17.6%
Aromatic H, F, W, Y 14.8% 15.7%
Basic R, H, K 11.5% 6.2%
Charged R, D, E, H, K 22.1% 13.3%
Hydrophobic A, C,F, L. M, V,W. Y 41.5% 42.3%
Polar R, N, D, E, Q. H, K, S, T 46% 44.7%
BigE.FFH LK, L, M,Q, R, W.Y 49.1% 39.1%
Small A,C,D,G,N,P, S, T,V 51% 60.8%
Tiny A, C, G, S 21.6% 25.6%




3.5 Secondary Structure Analysis

The prediction of the secondary structure of the
B-amylase of C. thermosulfuregen carried out
using the CFSSP and GOR VI. Protein
Sequence Analysis software showed that the
number of possible amino acid residues to form
helix structure are 282 amino acid equals to
51.2%, while 397 amino acid residues form beta
sheet (72.1%), 67 amino acid residue form turns
(12.2%) and 314 amino acid residue form
random coil (56.88%) as shown in Fig.
4. These data indicate that beta sheets are the
predominant modelled protein structure. It also
shows that spirals are the second largest,
and caoils, rings, and rotations make up the

third largest material of modelled protein
(Fig. 4).
About the B. cereus, possible amino acid

residues to form helix structure are 391 amino
acid which equals to 71.6%, while 249 amino
acid residues form beta sheet (45.6%), 64 amino
acid residue form turns (11.7%) and 259 amino
acid residue form random coil (47.44%) (Fig. 4).
In general, there are only slight variations in the
values obtained for this aspect of comparison.
However, C. thermosulfuregen protein residues
form 51.20% helixes, 72.10% sheets, 56.99%
loops, and 12.20% turns.

Studies have been reported that beta-sheets
cause protein stability and increase protein
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strength [23], the results obtained from the
GOR4 for modeled protein with 72.10% sheets,
indicate the stability of the modeled protein
relative to the template protein. In addition, the
percentage of helixes in modeled protein is lower
than template protein (51.20% for model protein)
and it show the reduction of flexibility of model
protein.

3.6 Tertiary Structure
3.6.1 Identification of the template

Given the importance of this protein in enzymatic
action (by breaking down stable relationships)
and ethanol fermentation in thermophilic
bacterium, the first step in future studies is
certainly to model this protein. The tertiary
structure prediction of the target protein was
done using Phyre2, HHPred, and SWISS Model.
Among the models made by three modeller, the
result of SWISS Model was selected as the best
model based on the very similarity of the
template protein. The results from HHPred and
Swiss Model servers were evaluated.

Table 6 shows the results of two servers. The
identity and e-values is within the acceptable
range. The identity obtained from Swiss model
database is 44.99 %, while the one from HHPred
is 44% and e-values is 3.4e-65. The template
and model proteins are both monomer.

=B.cereus

# C.thermosulfuregen

Coil or loop

Secondary structure components

Fig. 4. Comparison of percentage of helices, sheets, loops, and turn in secondary structure of
B-amylase of C. thermosulfuregen and B amylase of B. cereus using the CFSSP and GOR VI
Protein Sequence Analysis software



Nayel et al.; BJI, 25(4): 1-22, 2021, Article no.BJI.72975

Table 6. P19584°s top four proposed templates from two server

Enzyme  Server Template Protein name Length Identity E-
name name Value
P19584 HHPred 1VEM_A (BACCE) B-amylase 516 44% 3.4e-65
modeller P10538 Glycine max B-amylase 495 36% 3.1e-64
(Soybean) (Glycine
hispida)
P16098,Hordeum B-amylase 535 37% 1.3e-64
vulgare (Barley)
P10537{Ipomoea B-amylase 498 36% 1.8e-65
batatas (Sweet
potato)}
3U7V_A Beta- 552 14% 6.5e-11
(Caulobacter galactosidase
crescentus)
SWISS P36924 (BACC) B-amylase 546 44.99% N/A
Model 3VOC_A Beta/alpha- 419 39.95% N/A
(Paenibacillus amylase
polymyxa)
QILIR6 Beta-amylase 1, 575 48.2% N/A
chloroplastic
023553 Beta-amylase 3, 548 47.2% N/A

chloroplastic

3.6.2 Homology modeling

SWISS-MODEL software is a server for modeling
three-dimensional comparative structure of
proteins [24] that are used for prediction tertiary
structure of B-amylase protein in Clostridium
thermosulfuregen. As shown in the Fig. 5, the
structure has many beta sheets, which play an
important role in protein stability. The modelled
structure (Fig. 5) showed high similarity to the
template B-amylase from B. cereus (PDB ID:
1B90).

3.7 Homology Modeling validation

ERRAT2: ERRAT analyses the statistics of non-
interconnected interactions between different
types of atoms and breaks down the amount of
error performance against the position of a non-
residual sliding window in a database. Since
different types of atoms are distributed randomly
in proteins, the structure of the protein can be
verified by distinguishing between correct and
incorrect regions of the protein structure based
on the interaction of the atomic characteristic.
The overall quality factor of the structure must be
higher than 91% in order to be considered as
qualified protein structure. A high-resolution
structure generally produces an overall quality
factor of about 95 [25]. The overall quality factor
of the predicted thermophilic B-amylase from C.
thermosulfuregen is 913894 (Fig. 6).
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Procheck: Ramachandran plot was used to
validate the accuracy of the 3D structure model
by visualizing the phi (®) and psi (y) dihedral
angles of amino acid residues in protein structure
The Ramachandran scheme shows the validity of
the thermophilic p-amylase protein prediction
model from the SWISS Modell as shown below in
Fig. 7.

As Fig. 7 shows, there are 393 residues in the
favoured region (86.8%) and the red dots on
charts are less, which means that model protein
is very accurate. In addition, the Residues in
disallowed regions shows less than 1% and this
shows the accuracy of the model (Table 7).

Verify 3D: The Verify3D program determines the
compatibility of the 3D model's atomic
coordinates with its amino acid sequence (1D).
The three-dimensional profiles calculated from
the correct protein structures match their
sequences with high scores [26]. The model
structure is passed from validation if at least 80%
of the amino acids have scored greater or equal
to 0.2 in the 3D/1D profile. Quality of the 3D
structure homology of the thermophilic -
amylase protein using Verify3D is shown in Fig 8.
From the results obtained, at least 80% of the
amino acids have scored > 0.2 in the 3D/1D
profile.
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Fig. 5. (Left) Modeled structure of thermophile B-amylase from C. thermosulfuregen as
modelled using the SWISS-MODEL software. (Right) 3D structure of B-amylase protein from B.
cereus (pdb id: 1B90)
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Fig. 6. Tertiary structure validation of modelled protein
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Fig. 7. Tertiary structure validation of modeled B-amylase using Ramachandran plot tool. The
non-colored areas are disallowed regions that are very small
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Table 7. Ramachandran plot validation percentage

Evaluation of residues Score %
Residues in most favoured regions [A,B,L] 393 86.8
Residues in additional allowed regions [a,b,l,p] 56 124
Residues in generously allowed regions [~a,~b,~I,~p] 3 0.7
Residues in disallowed regions 1 0.2
Number of non-glycine and non-proline residues 453 100.0
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 41
Number of proline residues 26
Total number of residues 522
Verify3D: (model.pdb)
] Averaged Score [ Raw Score
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Fig. 9. Cartoon representation of the template 1B90 (right) and modelled (left) with the beta
sheets in yellow and helices in red

3.8 Structural Comparison

Size and shape: The results show both B-
amylase of C. thermosulfuregen and B. cereus
are highly similar and have very little differences.
This is expected as the p-amylase of C.
thermosulfuregen is also monomer with only 3
amino acid difference in the length of the peptide
chain. The shape of the modelled structure
corresponds similarly to the shape of the
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template. The beta barrel located in the centre of
the enzyme are highly similar in share, size and
orientation, suggesting that the thermal
adaptation does not involve reduction in size

(Fig. 9).

Active site prediction: There is no previous
report on the location of active site residues for
the B-amylase of C. thermosulfuregen. The 1B90
structure was used as a reference to determine



the possible location of active site amino acid
residues on the modelled protein. Two residues
E202 and E397, have been reported as active
site for the protein template in the UniProt
(P36924). In the PDB database, 1-30 residues of
the sequence B-amylase template (1B90)
represented as a signal peptide and excluded
from the structure. Therefore, the amino acids
E172 and E367 are the active site for the
template  B-amylase. Multiple  sequence
alignment of the modelled protein (P19584) of C.
thermosulfuregen with sequence of B-amylase
from B. cereus (P36924) revealed that the active

1YB_BACCE
1YB THETU
AMYB BAC 57
AMYB_THET(
4 AMYB BACCE 11 TH)OCGGNVGDL-NVPIPSWVH
AMYB_THETU 111 SEHACCCNVEH N1 BTBSHN K OTO

AAAAAAAAAA

.........
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site of the modelled p-amylase are located on
the same sequence region (E195 and E392) and
within  highly conserved segment of the
sequence (Fig. 10).

The location of the amino acid residues forming
the active site are identified on the 3D model of
the C. thermosulfuregen and compared with the
template 1B90. (Fig. 11). The location and the
orientation of the r-group of each amino acid are
identical between the B. cereus and of C.
thermosulfuregen.

7 PYKDVIAKIY.SGGE” 23
P 70 SYKDIITREY ISGGE: 22
ko g kg ook 3 ok ok ok ok kR Kk
AMYB_ BACCE 237 LNEEGSINEMN<BWGE BT SELA 29
AMYB_THETU 230 IKSKEGT I AAUN-BHGE-BT0FS o, 28
24 AMYB BACCE 29 ;; SELEEN 521' T g‘,‘VPIGAKIAGVHW‘(‘ZE ﬂ,ﬂ G El’(, AGY}IL_S’llLLDAﬂ;:,KLJ 356
AMYB_THETU ) N@§ BH- CERPVENVETGAKTAGVEW XN - BTVPH  AE Y CAGY Y N¥S T EEBOBKASNEA 349
* Wk | kdk _kedkdkkokkkkkokokdkk kk kkokk kk  kkk skk ok *
AMYB_BACCE VEETCEEMTRGS 113
>84 AMYB THETU 5 MEETCEEMDE S NA] 409
sk ok sk
AMYB BACCE 414 MAFNENEAGERRER Y 465
AMYB_THETU 410 469
24 AMYB BACCE 166 25
AMYB THETU 170 27
AMYB BACCE 526 4
1 AMYB THETU 528 551

Fig. 10. Multiple sequence alignment of the sequence P19584 of C. thermosulfuregen
(modelled protein) with the sequence of P36924 of B. cereus (templet protein). The active site
is highlighted in red colour

g

Fig. 11. Cartoon representation of the template protein 1B90 (blue color) and modelled enzyme
(gray color) with the enzyme active site of 1B90 (E172 and E367; dark blue) and the model
protein (E167 and E364; red color) highlighted
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Binding Sites: Binding sites are small pockets of
the tertiary structure in which ligands attach to it
using non-covalent bonding. Protein binding sites
play an important role in a wide range of
applications, including molecular binding, drug
design, structure identification and comparison of
functional sites [27]. The seven amino acids that
form the binding site for both the template protein
B-amylase of Bacillus cereus and the C.
thermosulfuregen model was obtained from
Uniprot database and listed in Table 8.

The result shows that the amino acids involved in
bindings are identical between the model and
template, suggesting that the thermal adaptation
did not cause changes in the binding domain of
the enzyme (Fig. 12).

Measurement of the binding sites distances
between amino acids in the template and model
are shown in Fig. 13.

As mentioned, in the template protein, the amino
acids Gly 79, Lys 119,127,360, Leu 317 and Ser
322 play a role in substrate binding site formation
and in the modelled protein, the amino acids Asp
73,121, His 113,315, Lys 310,Thr 353 and Arg

Nayel et al.; BJI, 25(4): 1-22, 2021, Article no.BJI.72975

423 are form the substrate binding site. In the
template protein, the distance between the
amino acids that make up the site is 6.48 A and
in the modelled protein the distance Asp73 with
Lys310 is 6.325901 A, Arg423 with Aspl21l is
7.311912 A, Thr353 with Arg423 is 9.846662 A,
Thr353 with Lys310 is 6.229181 A, Asp73 with
Aspl21 is 6.501258 A, Lys310 with Arg423
11.152993 A and the distance between Asp121
and ligand and the site is modelled in the protein
9.90A.

Metal Binding Sites: One small difference
between template and modelled protein is metal
binding sites. In the template protein, the amino
acids Glu86, Asp90, GIn91, Glul71, and Glul74
play a role in the formation of the metal
binding site, but in the modelled protein, amino
acids Glu 80 and Glu167 make the metal binding
site. In template protein, the distance between
the amino acids that make up the metal binding
site is 12.8 A and in modelled protein, this
distance is 5.15 A. The distance
between ligands with the site, in modelled
protein, is 33.01 A and template protein, it is
12.23 4.

Table 8. Location of amino acids that are involved with the binding of substrates in f-amylase
of Bacillus cereus and for modeledled B-amylase of C. thermosulfuregen

No B.cereus C. thermosulfuregen
1 Asp (D) 79 Asp (D) 73
2 His (H) 119 His (H) 113
3 Asp (D) 127 Asp (D) 121
4 Lys (K) 317 Lys (K) 310
5 His (H) 322 His (H) 315
6 Thr (T) 360 Thr (T) 353
7 Arg (R) 427 Arg (R) 423
% ¥
._)_"J ® e
W ACRAT A Rt e Y

Fig. 12. The cartoon representation of the amino acid involved in the binding site of B-amylase
of C. thermosulfuregen (left): binding residues in cyan, active site in red and beta sheets in
yellow and the template 1B90 (right), binding residues in red, active site in blue and beta
sheets in yellow
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Fig. 13. Th cartoon show the distance between amino acids that form the binding sites and
their relative positions in templet protein structure (1B90) and in modeled protein of C.
thermosulfuregen (P19584)

Both amino acids Asp and Glu are polar with
negative charge, so they have same feature [28].
As a result, in model protein amino acids Glu80,
Glu4, Asn85, Leul64, Glul67 and in template
protein amino acids Glu86, Asp90, GIn91,
Glul71, and Glul74 contributing metal binding
site (Table 9). Two missing information on the
binding residues from the Uniprot database can
now be identified using sequence and structural
alignment (Asn and Leu) (Fig. 15). As the result
of the sequence and structure align shows, the
position of metal binding site in both model and
template proteins are similar, the difference in
metal binding site is 3 residues Asp90, GIn91,
and Glul71lof template protein (Fig. 14. Modeled
(P19584) and template (P36924) proteins metal
binding site (red highlights).

Protein

3.9 Comparison of

Thermostability

Comparison of the amino acids composition
showed that there are only changes in the
number of charged, aliphatic and aromatic
residues. Aliphatic amino acids, which consists of
Ala, lle, Leu, and Val are involved in the
formation of hydrophobic interaction [29] [30]. It
is expected that the amount of lle in the
thermophilic protein is higher than mesophilic.
Charged amino acids, which include Arg, Asp,
His, Glu and Lys play a role in the formation of
electrostatic interaction [29] [30], and Glu and
Arg play a role in the formation of the salt bridge
interaction in proteins. Aromatic amino acids like
Phe, Trp, and Tyr have role in the protein
thermostability. It is expected that the percentage
of Tyr in the thermophilic protein has been
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shown to be higher in thermophilic than
mesophilic protein. Polar amino acids (including
Asn, GIn, Ser and Thr) because of interacting
with water; can reduce the stability of the protein.
The amount of polar amino acids in thermophilic
protein is expected to be lower than that of
mesophilic protein. In addition, certain amino
acids (including Cys, Gly, Met and Pro) undergo
oxidation at high temperature [31] and expected
to be reduced in thermophilic proteins.

The result of the Protparam database showed
that not all the thermal adaptation characteristics
literature reported are observed in the B-amylase
of C. thermosulfuregen. The percentage of
aliphatic and aromatic amino acids does not
differ significantly, but polar and charged amino
acids showing significant differences (Table 10).
Polar amino acids would decrease protein
thermostability by interacting with water, so it is
expected that the amount of polar amino acids in
thermophilic proteins is less than the mesophilic
proteins. In addition, Cys and Met undergoes
oxidation at high temperature and considered as
thermolabile amino acids and would reduce
stability of proteins [31]. Kumar et al. [30] have
reported that Cys has lower frequency in
thermophilic proteins than mesophiles. The result
showed that there is a 50% reduction of Met
(1.7% in mesophilic versus 2.7% in thermophilic),
the opposite was observed in Cys where there is
an increase 0.6% in mesophilic versus 1.3% in
thermophilic. The composition of amino acids
that have been observed to reduce in
thermophilic protein (Gly 7.8%, and Pro 4.8%) is
similar to the composition in the mesophilic beta-
amylase (Gly 7.9%, and Pro 5.0%). This



suggests that the structure of B-amylase of C.
thermosulfuregen does not exhibit all previously
reported thermal adaptations.

Mapping of the locations of hydrophobic (Fig.
16), hydrophilic (Fig. 17) and polar amino acids
(Fig. 18) on the surface indicates no major
differences in the distribution pattern between
the mesophilic and thermophilic -amylase.
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Phylogenetic Study: The full sequence was
searched using the NCBI BlastP server. The
alignment results have been used to construct a
phylogenetic tree using the neighbour connection
methods used in the MEGA X program [22]. Fig.
19 shows the phylogenetic tree of bacterial
proteins. Based on the result obtained, the
template protein is closest to Clostridium
thermosulfuregen among all five species in the
phylogenetic tree (Fig. 19).

Table 9. Amino acids contributing metal binding sites of both model and template proteins

B-amylase of B. cereus

B-amylase C. thermosulfuregen

Glu86, Asp90, GIn91, Glul71, and Glul74:
Calcium ion bhinding site

Glu80, Glu84, Asn85, Leul64, and Glul67:
Calcium ion binding site
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Fig. 14. Modeled (P19584) and template (P36924) proteins metal binding site (red highlights)
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Fig. 15. Model (right; red) and template (red; green) proteins metal binding site
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Table 10. The percentage of major amino acid groups in C. thermosulfuregen and B. cereus

The percentage of amino acids C. thermosulfuregen (%) B. cereus (%)
Aliphatic amino acids 17.6 18

Charged amino acids 2.9 5.4

Aromatic amino acids 15.7 14.8

Polar amino acids 44.7 46

Fig. 16. Shows hydrophobic (red part) and polar (light blue) amino acid residues in both model
(blue) and template (green) proteins

Fig. 17. Shows hydrophilic amino acid residues in both model (light blue) and template (green)
proteins
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Fig. 18. Shows polar amino acid residues in both model (red part) and template (yellow part)
proteins

sp|P10537]AMYE IPOBA Beta-amylase OSlpomoea batatas OX4120 GNBMY1 PE1 SVv4

sp|P10538|/AMYB SOYBN Beta-amylase OSGlycine max OX3847 GNBMY1 PE1 SV3

sp|P16098|AMYE HORVU Beta-amylase OSHordeum vulgare OX4513 GNBMY1 PE1 SV1

— sp|P19584|AMYB THETU Thermophilic beta-amylase OSThermoanaerobacterium thermosulfurigenes OX33950 PE1 SV1

sp|P36924|AMYB BACCE Beta-amylase OSBacillus cereus OX1396 GNspoll PE1 SV2

Fig. 19. Summary of Phylogenetic tree result using maximum likelihood tree neighbour-joining
method from Mega X

Secondary structural comparison: The result
showed that although the overall conformational
structure of the protein is very similar. The
comparison of helices, strands and loop
properties indicates changes that may constitute
part of the thermal adaptations.

Hydrogen bonds: Results of the hydrogen
bonding comparison between the model and
template showed that there are no significance
difference. Using hydrogen bond calculating
software  http://cib.cf.ocha.ac.jp/bitool/HBOND/,
the result showed that the model has 522
hydrogen bonds compared to 516 hydrogen
bonds in the template, and that difference in the
amino acid numbers did not produce a significant
nett changes of hydrogen bond numbers,

suggesting that additional hydrogen
bond formations is not an adaptation to
temperature.
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Helices: Helices play an important role in the
maintenance of the conformational structure,
how the enzyme performs and the transfer
between different conformational modes in
nucleus regulation and remodeling [32]. The
result showed that the percentage of helices in
modelled protein is 51.20% compared to
template protein that is 71.60% (Fig. 20). The
TIM barrel which is a conserved protein
architecture consisting of eight a-helices and
eight parallel B-strands that alternate along the
peptide backbone is similar between the two
proteins. The helices of the mesophilic structure
are shorter compared to the model.

Strands: The result showed that there is a
comparable difference between the modelled
and template proteins based on amount of beta-
strands that forms a stable structure for protein
[23]. The modelled protein possess a



significantly higher percentage of beta-sheets
(72.10%) compared to the mesophilic template
protein (45.60%) (Fig. 21). This increase in beta-
sheets in thermophilic variants have been
reported as thermal adaptation strategies
[23]. However, it can be conclude that higher
percentage of beta-sheets in modelled protein is
one of the reason for thermal adaptation of this
modelled protein.

Loop: Prior researches has shown that
thermophiles can have different loop lengths
between secondary structure elements. The loop
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is a flexible part of a polypeptide cross-linking
chain that binds two secondary structures in a
protein. The loop region plays an important role
in protein function, including the involvement of
catalytic sites in enzymes, facilitating molecular
recognition and participation in ligand binding
sites [33]. As the GOR VI result showed, the
amount of loop in the two proteins is significantly
different; in the template protein, it is 47.44% and
in the [34-37] model protein, it is 56.99%. There
are significant changes such as shortening in
loop length (Fig. 22).

Fig. 21. Comparison of the beta-strand content and orientation between the thermophilic
model proteins (red) against the mesophilic template protein (blue)
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Fig. 22. Comparison of loop structure of modelled protein (yellow) against template protein
(purple). The red box denotes one area highlighting significant difference in loop length where
the thermophilic protein has a shorter loop length at the particular region of the protein

4. CONCLUSION

The knowledge of protein 3D (three-dimensional)
structures is vitally important for protein
engineering design. The 3D models of P19584
were generated by SWISS MODELL using
P36924 (PDB ID: 1B90) as a template. The
results revealed that the modelled B-amylase of
C. thermosulfuregen is very similar with respect
to the global conformation, location of active and
binding sites. Both proteins report identical
structural domains with the thermophilic variant

possessing high percentage
of hydrophobic amino acid residues (43.4%),
polar amino acid residues (44.1%) and

differences in secondary composition such as
loops and beta sheets as the potential
evolutionary thermal adaptations that make it
stable enzyme that functions up to 70 °C.

Overall, considering the common properties of
this modelled protein with the B-amylase of B.
cereus, it can be assumed that if the B-amylase
of C. thermosulfuregen is expressed in-vitro, it
would produce a stable protein that possess the
hydrolysis function for C. thermosulfuregen to
break down the starch and sugar formation.
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