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Cyclodextrin glycosyltransferase (CGTase) has always played a significant role in the 
production of cyclodextrin through the cyclization reaction. The wide application of 
this valuable protein demands a better understanding, leading to a comprehensive in-
silico analysis of CGTase. The analysis focused on the functional domain composition 
of the recombinant CGT-BS protein by comparing it with several other CGTase 
proteins from different Bacillus spp. A three-dimensional (3-D) model was constructed 
to predict the active, substrate binding and cyclization sites of the CGT-BS protein. 
Structural function prediction revealed the active site within domain A at the wide end 
of the (β/α)8-barrel, with Asp 268, Glu 296 and Asp 357 as the catalytic residues. 
Additionally, the reaction site for cyclization was identified in domain B at Tyr 234. In 
comparison to maltose binding sites (MBS) 1 and 2 which are associated with raw 
starch binding activity, a comparable role is deduced for the MBS identified on the 
surface of the Domain E protein. We additionally observed that the residues Tyr 139, 
Arg 266 and Asp 367, located at the substrate binding cleft of the catalytic site, 
exhibited heightened hydrophobicity and concurrent cyclization activity. The 
successful extracellular expression of the CGT-BS protein is also anticipated to be 
facilitated by the presence of a functional signal peptide. In conclusion, our in-depth in-
silico analysis unveils critical insights into the structural and functional aspects of CGT-
BS protein, laying the groundwork for further exploration of its catalytic mechanisms 
and potential applications in cyclodextrin synthesis. 
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INTRODUCTION 
 
Carbohydrate-active enzymes (CAZy), involved in 
modification, biosynthesis, binding, and catabolism of 

carbohydrates, have been classified based on their catalytic 
roles. These roles include glycosyltransferases, glycoside 
hydrolases, carbohydrate esterases, polysaccharide lyases 
and auxiliary activities [1]. Specifically, for cyclodextrin 
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glycosyltransferase (CGTase, EC 2.4.1.19), it has been 
classified as a member of glycosyl hydrolase family 13 
(http://www.cazy.org/). Its main function is to convert starch 
into cyclodextrins via intramolecular transglycosylation 
(cyclization) reaction [2]. Despite the high demand for 
cyclodextrin on large scales in industries such as food [3], 
pharmaceutical [4], environment [5] and agricultural [6], the 
low CGTase production by the native producer has become 
a bottleneck for its widespread application. Enhancing 
CGTase activity can be achieved by expressing the gene of 
interest in recombinant Escherichia coli. Recombinant 
protein production by E. coli is preferred due to its well-
known cellular and genetic properties, which make the 
expression of many foreign proteins both possible and easy 
to carry out [7]. The recombinant E. coli expressing the 
CGTase gene was reported to enhance CGTase production 
with shorter cultivation time and lower cost by simplifying 
enzyme purification [8] due to the production of specific 
CGTase.  

Another challenge lies in the failure of extracellular 
protein translocation. One of the strategies is by introducing 
signal peptides, which play a key role in enhancing the 
translocation efficiency of the recombinant proteins [9], 
conceptualized upon the cruciality of a positively charged 
amino-terminal (n-region, 1-5 residues), a central-
hydrophobic region (h-region, 7-15 residues) and a polar 
carboxy-terminal domain (c-region, 3-7 residues) in cleaving 
the amino terminus of the protein once its targeting function 
is executed. The proper removal of the signal peptide from 
the mature chain has also been investigated, with significant 
emphasis on specifying and modifying the signal peptidase 
cleavage site of the c-region [10, 11]. The manipulations of 
the n-region [12] and h-region have been widely adopted to 
ensure the proper extracellular expression of CGTase [13]. 
Studies are also being done on the optimization of native 
signal peptides to enhance the extracellular recombinant 
protein translocation [14]. Moreover, the structure and 
function of various signal peptides have been precisely 
elucidated to evaluate the secretory production of 
recombinant proteins. This includes predicting functional 
signal peptides through in-silico studies [15, 16]. 

Furthermore, understanding the genetic 
information and structural properties of CGTase is of utmost 
priority to pioneer a suitable heterologous expression 
system, specifically for the synthesis of this functional 
protein. Various bioinformatics techniques have been 
developed to predict the protein interactions within and 
between protein complexes, drawing on prior knowledge of 
the corresponding protein structures. By leveraging the 
extensively studied structural relationships within the α-
amylase family, it may be possible to elucidate the 
mechanisms of CGTase activity, given that these enzymes 
exhibit approximately 30% amino acid sequence identity 
[17]. In general, while the glycosidic bonds in starch 
molecules are being hydrolyzed by amylases, CGTases will 
contrarily catalyze the transglycosylation reactions instead, 

which shows that hydrolysis is just its minor activity [18]. 
CGTase structure consists of five domains; A, B, C, D and E 
where the first three domains are structurally similar with α-
amylase. Meanwhile, domains D and E are only unique to 
CGTases [2]. The A domain, which is common to all α-
amylase family enzymes, is the catalytic domain and 
comprises a (β/α)8 or triosephosphate isomerase (TIM) 
barrel [19; 20], while the other domains mainly consist of β-
sheets and loop regions [21]. The unique domains D and E 
are involved in binding starch and play a role in the 
cyclization and transglycosylation reactions specific to 
CGTases [22; 23]. 

Cyclodextrin, typically derived from starch 
degradation, is a naturally occurring cyclic oligosaccharide, 
structured as ring-shape with non-polar interior and polar 
exterior [24]. Comprising seven α-D-glucose units, β-
cyclodextrin forms a truncated cone with a central cavity of 
approximately 262 Å3 [25]. This cyclodextrin group, widely 
produced through enzymatic starch degradation by Bacillus 
macerans [24], is the most preferred owing to its 
affordability and availability [25]. Nevertheless, its 
derivatives are reportedly better for industrial application, as 
the native β-cyclodextrin tends to have lower solubility 
issues [26]. Therefore, structural modification, such as 
substituting hydrogen-bond-forming hydroxyl groups [26], 
offers a promising alternative to enhance its solubility in 
aqueous solution. However, the primary focus should be on 
achieving higher yield production, and the synthetic 
production of the CGTase enzyme, holds great promise in 
addressing this concern.      

In our previous studies, cgt-BS gene was expressed 
extracellularly from E. coli, showing a 2.6-fold increase after 
optimizing glycine supplementation [27]. Furthermore, a 
5.6-fold increment was achieved through combined 
optimization of codon and glycine induction [28], compared 
to the native producer, Bacillus sp. NR5 UPM [29]. In this 
study, we aimed to utilize in-silico approaches based on 
amino acid sequence correlation between distant positions in 
the multiple sequence alignment of several Bacillus spp. 
from previous studies. Further construction of three-
dimensional (3-D) modeling of the CGT-BS protein involves 
comparing its sequences with those of β-CGTase from the 
alkalophilic Bacillus circulans 251. Bacillus circulans has 
been reported as a significant producer of β-CGTase in 
several studies focusing on its immobilization for batch 
fermentations [30, 31]. Specifically, for the alkalophilic 
strains, the remarkable specificity of its CGTase in 
producing 95% β-cyclodextrin [32] has further motivated us 
to predict of the active site, cyclization reaction site and 
maltose binding sites (MBS) using this bacterium as the 
model. The prediction of residues possible for site directed 
mutagenesis, aimed at increasing hydrophobicity and 
consequently enhancing cyclization activity, was also 
provided by comparing with previous studies. In addition, 
the signal peptide that functions in secreting the CGT-BS 
protein across the plasma membrane was also characterized.   

http://www.cazy.org/
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MATERIALS AND METHODS 
 
2.1. Sequence alignment and conserved motif 
identification 
The CGT-BS protein sequences (GenBank accession 
number: HQ876173.1) were aligned with several CGTase 
sequences from Bacillus spp. namely B. circulans 251 
(GenBank accession number: X78145), B. circulans 
(GenBank accession number: X68326.1) and Bacillus sp. 
KC201 (GenBank accession number: D13068.1) using 
protein-protein Basic Local Alignment Search Tool 
(BLASTP) available from National Center for 
Biotechnology Information (NCBI). 
 
2.2. Secondary and tertiary structure predictions 
The PSI-blast based secondary structure prediction 
(PSIPRED) analysis [33] was carried out to indicate the coil, 
strand and helix, and hydrophobic character of the protein. 
SWISS-MODEL (https://swissmodel.expasy.org/) was 
utilized in constructing the secondary and tertiary protein 
structures with primary protein sequence as the template. To 
predict the active and cyclization sites, as well as the MBS 
for substrate binding, the protein sequences of CGT-BS were 
compared with protein sequences of β-CGTase from 
alkalophilic B. circulans 251. From this analysis, 
Ramachandran plot was constructed as a means to indicate 
the quality of the protein model [34]. 
 
2.3. Prediction of physicochemical characteristics of 
signal peptide 
Multiple physicochemical characteristics of the signal 
peptide were evaluated by ExPASY’s ProtParam online tool 
at http://web.expasy.org/protparam/ [35] including number 
of positively and negatively charged amino acids, instability 
index (II), aliphatic index (AI) and grand average of 
hydropathicity (GRAVY). 
 
2.4. Protein localization analyses 
To predict the probability of the CGT-BS protein secretion 
into the growth media, SignalP 5.0 
(http://www.cbs.dtu.dk/services/SignalP/), Phobius 
(https://phobius.sbc.su.se/) [36] and Philius 
(http://www.yeastrc.org/philius/pages/philius/runPhilius.jsp
) [37] were utilized. Gpos-mPLoc software 
(http://www.csbio.sjtu.edu.cn/bioinf/Gpos-multi/) was also 
used to predict the subcellular localization of CGT-BS 
protein to the external medium environment.  
 
RESULTS AND DISCUSSION 
 
3.1. Characterization of CGT-BS by multiple sequence 
alignment against CGTases expressed by Bacillus spp. 
The CGT-BS amino acid sequence from this study was 
compared with other CGTases sequences using the BLASTP 
program provided by NCBI. As shown in Figure 1, the five 

domains (labeled as domains A to E) in CGT-BS protein 
were identified. Domain A comprises approximately 300-
400 amino acid residues which can be found in each of the 
enzymes coming from the α-amylase family. It comprises of 
eight parallel β-strands with a tremendous symmetrical fold 
that is organized in a barrel encompassed by eight α-helices, 
usually known as (β/α)8-or triosephosphate isomerase 
(TIM)-barrel catalytic domain [18]. Being separated into 
A1/B/A2, this catalytic domain is visualized as a domain B 
positioned between the β-sheet 3 and α-helix 3 of domain A, 
which primarily formed a (β/α)8 barrel with a prominent and 
extensive loop [38]. 

It is reported that A/B or A1/B/A2 structure which 
represents the major substrate binding site and catalytic 
center of the enzyme is conserved in the α-amylase family 
[39]. The conversion of starch to cyclodextrin is catalyzed 
by three conserved carboxylates located in the A2 domain, 
where a glucan is covalently bound and subsequently 
cleaved through a retaining double-displacement 
mechanism. Following an intramolecular transglycosylation 
reaction, cyclodextrin is being synthesized when the 
intermediate is translocated to the C4-OH group of its 
reducing end [40]. 

Meanwhile, domain B comprises 44 to 133 amino 
acid residues that are responsible for the binding of substrate 
[18]. It also has been recognized as the domain that is 
involved in thermostability [41], even though limited 
numbers of studies have been reported. The heat-labile 
CGTase produced from B. circulans 251 was previously 
mutated by introducing a salt bridge at domain B, which 
resulted in the increased activity half-life of the CGTase by 
6-fold at 60°C [42]. 

Domain C has an antiparallel β-sandwich fold 
which consists of approximately 100 amino acid residues 
(Figure 2). Lawson et al. [43] reported that domain C of β-
CGTase expressed by B. circulans 251 assimilates one of the 
MBS which is observed in the structure derived from 
maltose dependent crystals. The detection of this MBS 
suggested a role for domain C in the binding of raw starch 
during the cyclodextrin anabolism. On the other hand, 
domain D which consists of 90 amino acids with an 
immunoglobulin fold was found only in CGTases. By 
comparison, domain E which is more ubiquitous in starch-
degrading enzymes with an estimated 110 amino acid 
residues is responsible for the adsorption onto granular 
starch [39]. 

 
3.2. Secondary structure prediction using PSIPRED 
The PSIPRED analysis showed that the protein primarily 
consists of coils, with 22.4% of helix and 22.5% of strand, 
respectively (Figure 3(a)). In the pursuit of enhanced 
cyclization activities, three additional residues have been 
selected as possible candidates for site directed mutagenesis, 
aiming to increase the hydrophobicity around the substrate 
binding cleft of the catalytic center. Referring to Wang et al. 
[44], a similar approach was done on β-CGTase from the  
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Figure 1. Amino acid sequence alignment among CGT-BS from 
this study (HQ876173.1), BC251: β-CGTase from Bacillus 
circulans 251 (X78145), BC: CGTase from Bacillus circulans 
(X68326.1) and KC201: CGTase from Bacillus sp. KC201 
(D13068.1). Domains A, B, C, D and E of β-CGTase, along with 
the active and catalytic sites, are labeled accordingly. 
 

 
 
Figure 2. Theoretical 3-D structure of CGT-BS on the side of 
domain C, featuring an antiparallel β-sandwich fold. 

 

 
Figure 3. Secondary structure prediction determined by PSI-blast 
based secondary structure prediction (PSIPRED); (a) differences in 
coil, strand, and helix, with a higher frequency of random coil in 
the CGT-BS protein; (b) analysis of the protein’s hydrophobic 
character. Regions boxed in black are suggested as possible sites 
for site directed mutagenesis to increase hydrophobicity around the 
substrate binding cleft of the catalytic center, as suggested by Wang 
et al. [44]. 
 
 

 
 
 
Figure 4. Theoretical 3-D structure of CGT-BS, highlighting the 
side of Tyr 139, Arg 266 and Asp 367. 
 
 
 
alkalophilic Bacillus sp. N-227, focusing specifically on 
residues Tyr 127F, Arg 254F and Asp 355R. The mutant β-
CGTase demonstrated the same optimal pH and temperature, 
as well as pH and thermal stabilities, while exhibiting an 
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elevated cyclization activity on corn starch substrate, ranging 
by 1.64 to 2.1-fold, as compared to the wild type. The 
corresponding residues in CGT-BS namely Tyr 139, Arg 266 
and Asp 367, have been identified (Figure 4). All of these 
residues are located within domain A, which is responsible 
for catalysis (Figure 3(b)). However, further experiments 
are required to validate these in-silico results.      
 
3.3. Predicted protein structure using SWISS-MODEL 
Program 
The CGT-BS protein sequence was compared to a known 
protein with high sequence identity and coverage to further 
extrapolate on the secondary and higher levels of CGT-BS 
protein structure. The amino acid sequences derived from 
cgt-BS gene of Bacillus sp. NR UPM (this study) showed a 
sequence identity of 59.26% and a coverage of 0.8 with the 
amino acid sequence of β-CGTase from the alkalophilic B. 
circulans strain 251 (SMTL ID: 1dtu.1) 
(https://swissmodel.expasy.org/templates/1dtu.1). 

The construction of Ramachandran plot, as shown 
in Figure 5, allows an exposition of the energetically favored 
regions for the dihedral angles of backbone amino acid 
residues in the protein structure. Due to its capability in 
detecting gross error in the structure, Ramachandran plot of 
residue φ-ψ torsion angles is acknowledged as the best 
means to evaluate the quality of a protein model. The 
generated model for CGT-BS protein showed a calculated 
favorable value of 94.51%. Overall, the model generated in 
this research is legitimate, with favorable values exceeding 
the 90% threshold set for residues located within the favored 
regions [34]. 

The secondary structures and the associated 
residues were identified by comparing the protein sequence 
against amino acid sequence alignment between CGT-BS 
protein (HQ876173.1) and BC251: CGTase from B. 
circulans 251 (X78145) as the template (Figure 6). The 
result elucidates the presence of the CGT-BS active site in 
domain A at the wide end of the (β/α)8-barrel, observed 
together with catalytic residues of Asp 268, Glu 296 and Asp 
357 as shown in Figure 7, corresponding to Asp 229, Glu 
257 and Asp 328 in CGTase protein from B. circulans strain 
251 (BC251), respectively [17]. The importance of the 
catalytic residues was discussed by Nakamura et al. [45] in 
which by replacing Asp 229, Glu 257 and Asp 328 with Asn 
or Gln resulted in loss of their starch-degrading and β-
cyclodextrin forming activities. It can be said that Asp 229, 
Glu 257 and Asp 328 are crucial in catalyzing the enzymatic 
reaction instigated by CGTase, exhibiting similar catalytic 
mechanisms present in both CGTases and α-amylases. In 
support of this finding, Dijkhuizen et al. [17] demonstrated 
the relevance of these carboxylates in the active site by 
adopting a site-directed mutagenesis, where these three 
residues were replaced with asparagine (Asp 229N, Asp 
328N) and glutamine (Glu 257Q). These changes caused a 
near vanishing of the liquefying, saccharifying and 

cyclodextrin formation activities of CGTase, indicating the 
importance of these catalytic residues in CGTase reactions. 
 

 
Figure 5. Ramachandran plot of CGT-BS protein. Calculated 
favored value: 94.51%. Outlier: Histidine (H) 129, with a value of 
0.59%. 
 
Meanwhile, the reaction site for the cyclisation reaction of 
CGT-BS is present at Tyr 234, corresponding with the active 
site of Tyr 195 in BC251, located in domain B, as shown in 
Figure 8. The cyclization of starch is exclusively carried out 
by CGTase, resulting in the formation of cyclic structures 
known as cyclodextrins. Conversely, α-amylases function by 
hydrolyzing starch, breaking α-(1,4) glycosidic bonds and 
producing linear products such as maltose and other 
oligosaccharides. Dijkhuizen et al. [17] identified Tyr 195 as 
the key factor in the cyclization of oligosaccharides. An 
obvious difference is observed in CGTases that possess a 
large aromatic amino acid (Tyr or Phe) at position 195 in 
contrast to α-amylases where a small residue (Gly, Ser or 
Val) is present at the exact same position. A previous study 
on site directed mutagenesis revealed that mutants with 
replacement of Tyr 195 with Trp, Phe, Leu and Gly led to 
significant reduction of cyclodextrin forming activity [46]. 
However, the disproportionation and saccharifying reactions 
of the constructed mutants were not negatively affected. 
Therefore, the presence of aromatic amino acid (Tyr 234) in 
CGT-BS is important for the efficiency of cyclization 
reaction, thereby potentially preventing or even minimizing 
the formation of linear products. 

In addition, the binding of substrates is 
indispensable in enzyme catalysis. In affirmation to this fact, 
the detection of domain E in various starch-degrading 
enzymes was revealed when the sequences of domain E from 
several amylases and CGTases were compared with the raw 
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binding domain from glucoamylases [39]. Furthermore, 
three MBS were spotted on the protein surface in domain E, 
where MBS1 and MBS3 contribute to the intermolecular 
crystal contacts. It was also suggested that MBS1 and MBS2 
found in domain E play a role in the raw starch binding 
activity (Figure 9). The conserved residues of Trp 651, Trp 
698, Lys 686 and Asn 703 of CGT-BS is a part of MBS1, 
corresponding to Trp 616, Trp 662, Lys 651 and Asn 667 in 
BC251, respectively. As described by Penninga et al. [47], 
the maltose unit binds through van der Waals contacts 
between the indole groups within MBS1, contributed by Trp 
616 and Trp 662 with the glucose ring. The maltose binding 
is further enhanced by the direct hydrogen bonds with the 
side groups of Lys 651 and Asn 667 and water-mediated 
hydrogen bonds with the main chain carbonyl oxygen atoms 
of Trp 616 and Glu 663. 
 

 
 
Figure 6. Alignment of CGT-BS amino acid sequences to the 
template, CGTase of Bacillus circulans 251 associated with Tris. 
QMEAN values indicate the modeling errors and estimate the 
expected model accuracy. α-Helix and β-sheets are represented by 
blue and green segments, respectively. 

 
Figure 7. (A) Theoretical 3-D structure of CGT-BS on the side of 
the active site (boxed). The locations of the catalytic residues (Asp 
268, Glu 296 and Asp 357) are as seen in (B), (C) and (D), 
respectively. 
 
 

 
Figure 8. Theoretical 3-D structure of CGT-BS on the side of the 
cyclization reaction site (boxed) with the catalytic residue of Tyr 
234. 

 
In a different study, the importance of MBS1 was shown by 
deleting the whole MBS1 site where the conversion of starch 
to cyclodextrins was reduced from 28% to about 17%. In 
addition, the ratio of β-cyclodextrin to total cyclodextrins 
decreased from a level of 83% to 61% as compared to the 
wild-type strain [48]. The deletion of the MBS1 site has 
altered the catalytic functionality of β-CGTase, inhibiting the 
cyclodextrin formation reaction. MBS1 was also 
demonstrated to be crucial for raw starch binding, as proven 
by the mutational study of CGTase conducted by Lawson et 
al. [43]. 

Meanwhile, MBS2 in CGT-BS is present at Tyr 
668, Thr 633 and Gly 636, corresponding to Tyr 633, Thr 
598 and Gly 601 in BC251, respectively. Tyr 633 in MBS2 
forms van der Waals contacts with a glucose residue [46]. 
Several elements complete the formation of the maltose 
binding which are the direct hydrogen bonds with the side 
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chains of Thr 598, Asn 627 and Gln 628, the main chain 
carbonyl oxygen atoms of Ala 599 and Gly 601, and one 
water-mediated hydrogen bond with Asn 603 [43]. 
 

 
 
Figure 9. Theoretical 3-D structure of CGT-BS on the side of the 
maltose binding sites (MBS) 1, 2 and 3 (boxed). 
 

 
Figure 10. Theoretical 3-D structure of CGT-BS on the side of the 
raw-starch binding motif in domain E. 
 
Chen et al. [49] mentioned that, as an effort to minimize 
product inhibition, a purposeful modification was done on 
the CGTase from B. circulans STB01, which displayed a 
mixed-type product inhibition. By replacing Asn 603 with 

aspartic acid, there was a 23.9% increase in cyclodextrin 
yield per gram of CGTase. This improvement resulted from 
the reductions in competitive and non-competitive product 
inhibition, as exhibited by the Asn 603D variant’s activity 
[49]. Through a previous mutational study, it was found that 
MBS2 also assists in attracting linear starch chains into the 
active site through a groove on the surface of the CGTase 
protein [43]. 

On the other hand, MBS3 was reported to be 
present in domain C. Trp 452 of CGT-BS is present at 
MBS3, corresponding to Trp 413 in BC251. A maltose 
molecule is stacked with the non-polar face of the reducing 
sugar against the aromatic side chain of Trp 413 [17]. While 
three hydroxyl groups of the maltose are not involved in 
hydrogen bonding, another 10 hydrogen bonds work to 
achieve further binding to the protein. Additionally, 
hydrogen bonds mediating interactions between the sugar 
and protein were also formed in the presence of water 
molecules. Simultaneously, four water molecules appeared 
to be associated with both the protein and maltose [17]. 

The presence of raw-starch binding motif in domain 
E could indicate strong binding between CGTases and raw 
starch. Eleven strictly conserved residues; Thr 633-Gly 636-
Gly 643-Leu 648-Gly 649-Trp 651 -Pro 669-Trp 671-Lys 
686-Trp 698-Asn 703 in CGT-BS protein (Figure 10) 
corresponding to Thr 598-Gly 601-Gly 608-Leu 613-Gly 
614-Trp 616-Pro 634-Trp 636-Lys 651-Trp 662-Asn 667 in 
CGTase protein from B. circulans 251 were identified to act 
as the raw-starch binding motif [43]. However, the other 
strictly conserved residues which were Gly 601, Gly 608, 
Leu 613, Gly 614 and Pro 634, do not directly bind to 
maltodextrin. Instead, they are most likely functioning as 
structural support for the raw-starch binding domain only 
[17]. 

 
3.4. Physicochemical properties of signal peptide 
The physicochemical parameters of the signal peptide were 
analyzed using ExPASY’s ProtParam tool 
(http://web.expasy.org/protparam/). Only one positively 
charged residue (Lys) was detected with the composition of 
3.4%. This may contribute to the stability of the signal 
peptide, as the presence of a high number of positively 
charged amino acids (Lys and Arg) tends to destabilize the 
protein [50]. The instability index (II) computed using this 
tool also classified this signal peptide to be stable with the 
value of 13.83. On the other hand, the higher value of 
aliphatic index of 151.38 indicates the signal peptide to be 
thermostable. Enhanced protein secretion is associated with 
increased hydrophobicity levels and the length of the H-
region. The aliphatic index, representing the relative volume 
occupied by aliphatic side chains (alanine, leucine, 
isoleucine, and valine), serves as a positive factor 
influencing both hydrophobicity and the improvement of 
protein thermostability [35]. In addition, the positive grand 
average of hydropathicity index (GRAVY) of 1.517 
indicates the peptide as hydrophobic. The information on the 
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total hydrophobicity of the hydrophobic region of the signal 
peptides is crucial in determining the substrate specificity. 
Those with lower hydrophobicity interact with SecA, a 
protein that functions within complexes to “decode” 
targeting information in signal sequences, facilitating 
selective and regulated binding, while highly hydrophobic 
signals generally bind to ribosome-associated signal 
recognition particles (SRP) [51]. 
 
3.5. Prediction of extracellular protein localization 
In terms of protein localization, a relatively high value 
(0.8174) obtained from the analysis using SignalP 5.0 
(Figure 11(a)) suggests the highest probability of the CGT-
BS protein to be secreted extracellularly. The route for CGT-
BS protein to be secreted out of the cytosol is predicted to be 
via Sec pathway, which is known as the universal general 
secretion pathway in bacteria [52]. This is further supported 
by Phobius (Figure 11(b)) and Philius analyses data which 
show the detection of signal peptide and the protein 
localization to be non-cytoplasmic. Meanwhile, the 
prediction of subcellular localization of CGT-BS protein 
done by using Gpos-mPLoc also verifies the extracellular 
excretion of this protein. As indicated in the previous study, 
the CGTase produced by the E. coli harboring pQECGT-BS 
was translocated extracellularly with the activity of 30.371 
U/mL without addition of any inducer at 12 hours of 
cultivation [27], indicating that the signal peptide of CGT-
BS was functional in E. coli. 

The role of the signal peptide is indispensable, 
particularly in ensuring the transportable folding of the 
protein precursor for its eventual expression into the media 
[53]. Ultimately, the successful enzyme translocation into 
the extracellular environment, aided by the signal peptide, 
would minimize the cost of industrial recombinant protein 
production due to the enhanced efficiency of the overall 
downstream processing [54]. Mahmud et al. [14] 
investigated the impact of signal peptides on CGTase 
secretion by Lactococcus lactis, employing a heterologous 
signal peptide (G1), an engineered signal peptide (M5), and 
a homologous signal peptide (Usp45). The study revealed a 
four-fold improvement in CGTase secretion when utilizing 
the G1 signal peptide compared to Usp45. Table 1 
summarizes various studies on molecular cloning of the 
CGTase genes aimed at improving the efficiency of 
extracellular recombinant protein secretion involving signal 
peptides. In relation to the presence of the functional signal 
peptide in this research, it has validated the possibility of 
high secretion of extracellular CGT-BS protein without 
excessive manipulation, making it practical for further 
industrial application. 
 
CONCLUSION 
 
The thorough examination of CGT-BS protein, 
encompassing multiple sequence alignment and structural 
predictions, has elucidated its distinctive domains and key 

 
Figure 11. Localization of CGT-BS protein predicted by (a) 
SignalP 5.0, and (b) Phobius software. 
 
 
Table 1. Translocation of recombinant CGTases into the 
extracellular media facilitated by functional signal peptides. 
 

 
catalytic features. Secondary structure predictions revealed a 
balanced composition, ensuring protein stability. Notably, 
the catalytic domain (Domain A) and MBS in Domains B 
and E play crucial roles in starch hydrolysis and cyclodextrin 
synthesis. Additionally, the analysis of the signal peptide 
highlighted its stability and thermostability, essential for 
efficient extracellular secretion. Predictions from SignalP 
5.0, Phobius, and Philius strongly support the likelihood of 
CGT-BS being extracellularly secreted via the Sec pathway. 
These insights position CGT-BS as a promising candidate 
for industrial applications, emphasizing its potential in 

Parental strain  NCBI GenBank 
accession 
number 

Cloning host  Enzyme 
activity 
(U/mL) 

References  

Bacillus 
stearothermophilus α/β-
CGTase 

NA Bacillus subtilis 
WS11 and 

WS13 

51.93 - 
249.35 

[12] 

Bacillus sp. NR5 UPM  HQ876173.1 Escherichia coli 
JM109  

38.30 [27] 

Bacillus clarkii 7364 BAH14968.1 Escherichia 
coli BL21(DE3) 

50.29 [54] 

Paenibacillus 
campinasensis Hhj-1  

KF143743 Escherichia 
coli BL21(DE3) 

37.67 [55] 

Geobacillus 
stearothermophilus strain 
No     . 2 

X59043.1 Escherichia 
coli BL21 (DE3) 

170.60 - 
213.96 

[56] 

Bacillus lehensis G1 AY770576 Escherichia coli 
BL21(DE3) 

637.40 [57] 
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cyclodextrin production and the importance of 
comprehending its molecular intricacies for optimization in 
biotechnological processes.      
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