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Abstract: The protein 3D structure for CGTase G1 was determined by homology modeling and a good structure
was generated after three rounds of energy mimmization process. The ERRAT and Verify3D scores for the
predicted structure were determined as 98.07 and 90.991%, respectively. The presences of ionic interactions
mnside the CGTase G1 structure were compared with five CGTases crystal-structures. Mesophilic CGTases have
lesser numbers of ionic pairs (average of 72.3 pairs) than of the thermophilic CGTases (average of 78.6 pairs).
Most of the mteractions n CGTases were involved in the form of networking. The average number for
networking ionic pairs in thermostable and mesophilic CGTases is 69.3 and 62.7, respectively. Most of the ionic
mteractions in CGTases were found in Domam A and the most complex 1onic networking was located in this
catalytic domain as well. These charged-residues generate interlinking networking that covers a huge area that
surrounds the active site groove. A few numbers of secondary structures strands were interlinked by the 1omic
interactions and this creates a natural protection for the catalytic TTM-barrel structure (Domain A) against heat.
Most of the residues mvolved are consensus, however, slight variations were found. The triad Aspl81-
Argl85-Aspl75 might plays an important factor in the networking which causes the half life of CGTase G1 to
be slightly igher compared to other CGTases originally produced by mesophilic strains.

Key words: Cyclodextrin glucanotransferase, homology modeling, ionic interaction, protein salt bridge, protein
stability

INTRODUCTION

Cyclodextrin  glycosyltransferase (CGTase) is an
industrial enzyme which produces cyclodextrin (CD) when
it reacts with starch. Cyclodextring have various
applications in the food, cosmetic, pharmaceutical and
agrochemical industries. Bacteria Bacillus sp. G1 has been
screened previously and was found to produce CGTase
(Sian et al., 2005). CGTase from Bacillus sp. G1 produced
about 89% B-CD and 11% y-CD, with no ¢-CD detected.
The gene encoded the enzyme was earlier fished out and
the nucleotide sequence of the CGTase gene was
submitted to the National Center for Biotechnology
Information (NCBI) database (accession number
AYT70576).

Domain A contains the (p/a); tertiary arrangement or
so called TIM barrel structure. The fold of the caronical
{P/w); -barrel consists of a closed eight-stranded parallel
B-strands, forming the central barrel, which is surrounded
by eight c-helices. The active site of CGTase is located in
Domaimn A. CGTase 13 mainly used m starch ndustry. High
operation temperature is normally applied in liquefying
starch paste and CGTase that can resist to heat 13 of great
advantages.

There are many reasons that contribute to the
thermostability of proteins and these factors have been
extensively reviewed by various researchers (Szilagyi and
Zavodszky, 2000, Kumar et «l., 2000; Kumar and
Nussinov, 2001; L1 ef ai., 2005; Greaves and Warwicker,
2007). Generally, proteins that can withstand higher
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temperature have greater hydrophobicity (Haney et al.,
1999), better efficiency in the packing of folded protein
(Russell ef al., 1997), deletion or shortemng of loops
(Chalkoavarty and Varadarajan, 2002; Zhou, 2004), smaller
and less structural cavities (Russell et al., 1997), higher
percentage of proline residues and reduced amount of
thermeolabile residues (Kumar et al., 2000), mcrease in the
presence of interactions such as the hydrogen, iomnic,
disulfide bond, hydrophobic, electrostatic and
hydrophobic interactions (Vogt ef al., 1997, Li et al., 2005,
Ramazzotti et al., 2006, Greaves and Warwicker, 2007).
Due to the contribution of these factors, protein or
enzyme can exhibits enhanced thermodynamic and kinetic
stabilities (Kumar et af., 2001).

The purpose of this study is to homology model the
strtucture of CGTase Gl and to study the relationship
between ionic interactions and thermostability. The ionic
interactions in the mesophilic and thermophilic CGTase
homologous were compared.

MATERIALS AND METHODS

Cell culturing, purification and determination of
activity half life: The alkalophilic bacteria identified as
Bacillus sp. G1 was isolated from soil and the nucleotide
sequence of the CGTase gene was submitted to the
National Center for Biotechnology Information (NCBI)
database (accession No. AY770576). The recombinant
CGTase Gl was expressed by E. coli IM109 in 1L, LB/amp
media and the crude enzyme was harvested after
overnight incubation at 37°C, 200 rpm. The method
used to purify the recombinant CGTase Gl 1s sumilar
to the procedure used to purify the wild type CGTase
(Sian et al, 2005). The B-CD cyclization activity of
CGTase was measwred according to the method
established by Kaneko et al. (1987) with modification. The
reaction mixture containing 40 mg of soluble starch in
1.0mL of 0.1 M phosphate buffer (pH 6.0) and 0.1 mL of
enzyme solution was incubated at 60°C for 10 min. The
reaction was stopped by adding 3.5 mL of 30 mM NaOH
solution. Then, 0.5 mI, of 0.02% (w/v) phenolphthalein in
5 mM Na,CO, was added to the mixture and mixed well.
After leaving the mixture to stand for 15 mimn at room
temperature, the reduction in colour intensity was
measured at 550 nm. One unit of enzyme activity is
defined as the amount of enzyme that formed 1 umol of
B-CD per minute under the conditions mentioned above.
The half life activity of CGTase G1 was determined by
soaking the samples at optimum temperature (60°C)
without substrate for various periods of time and the
residual activity was determined using the assay
mentioned above.
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Homology modeling and determination of ionic
interaction in the 3D structure: All computational
methodology was carmed out using Accelrys Discovery
Studio (DS) Modeling 1.1 Windows-based modules,
unless specified Blasting to NCBI database was done
using the BLAST program and automated sequence
aligrnment between CGTase G1 and the template sequence
was carried out. Adjustment on the gap was done
manually to improve the alighment. Homology modeling
was performed using Modeler software and the internal
algorithm for the optimization level option for model
building was set to high where the program used a
through molecular dynamic simulation annealing step
when building the first model. The 3D structure of CGTase
(31 thus obtammed was further optimized by gradual energy
minimization m three stages. Constraints mn both stages
were positional harmonic constraints of 20 kcal mol™. A,
applied to all of the backbone atoms. The refined model
was used as the fmal structure for further analysis and
comparison. Display of structures were aclieved using
the DS Modeling Visualizer.

The presence of ionic interactions in the deduced
CGTase G1 3D structure was compared with the five
known 3D structure of CGTases. The residue pairs that
are involved in the ionic interactions were preliminary
predicted wsing the WHAT- TF web interface program
(Rodriguez et al., 1998). The residues numbers mvolved
1n the interactions were extracted and the coordinates of
the charged atoms were subsequently identified using the
Yasara View software (Krieger and Vriend, 2002). Then,
the centroid distance between the opposite charged
residues were computed manually (using Microsoft Excel)
by taking the average of the coordinates of the heavy
{(non hydrogen) atoms in the side chamn charged group.
The calculation was based on the reported method by
Kumar and Nussinov (2002a).

RESULTS AND DISCUSSION

Homology prediction and structural refinement: From the
ExPASy database, it was found that more than forty
CGTase gene/amino acid sequence from various strains
have been deposited. The number of known sequence 1s
expected to grow. Three dimensional (3D) structures of
five CGTase are known from the Bacillus circulans strain
8 251 (BC251), Thermoanaerobacteriim
thermosulfurigenes strtain EM1  (Tabiwm), Bacillus
stearothermophiles and alkalophilic Baciffus sp. 1011.
From these five main structures, approximately 40 crystal
structures were further developed where the crystals were
diffracted at different conditions such as in the presence
of ligands typically calcium ions, genune and pseudo-

and
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Table 1: Energy levels and validation scores for CGTase G1 models at different stages

Structure energy Structure validation Structure validation
Explanation level {kcal mol™) by ERRAT plot by VERTFY3D (%6
Initial CGTase G1 model build 9.291.83 97.63 79.880
CGTase G1 model after first minimization -5,108.74 96.59 88.138
CGTase G1 model after second minimization -5,519.16 97.93 88.438
CGTase G1 model after third minimization -5,961.00 98.07 90.991

substrates, cyclodextrins as well as nlubitors (data
retrieved from NCBI protein structure database).
Homology modeling for protein CGTase G1 was executed
to understand the structure of tlus enzyme and to
determine the ionic mteractions that exist within the
structure. Comparative protein modeling is based on the
reasonable assumption that two homologous proteins will
share very similar structures (Rodriguez et al., 1998).
Because a protein's fold is more evolutionarily conserved
than its amino acid sequence, CGTase G1 can be modeled
with reasonable accuracy on a very distantly related
template, provided that the relationship between target
and template can be discerned through sequence
alignment.

Most of the computational methodologies used in the
experiments were carried out using Accelrys Discovery
Studio (DS) Modeling 1.1 Windows based modules,
unless specified. Blasting to NCBI database was done
using the BLAST program. CGTase from Bacillus
stearothermophiles (1CYG) was chosen as template
because it turned out to have the highest E value 6.3 e =¥
and has the closest sequence identity of 62% and
similarity of 78% to CGTase G1. The amino acid alignment
between CGTase G1, template sequence (1CYG) and four
other sequences with known 3D structures 18 shown in
Fig. 1. Automated sequence alignment between CGTase
(1 and template sequence was carried out using Alignl23
program. Subsequently, initial model for CGTase G1 was
built by homology modeling performed using Modeler
software. The 3D structure of CGTase G1 thus obtained
was further optimized by gradually minimizing energy in
three stages.

Table 1 resumes the energy level and structure
quality for the models in different steps. Preliminary model
generated by the Modeler software has high energy level
(9,291.83 kcal mol™). Normally this energy level is
considered too high and due to this reason, a series of
energy minimization steps 1s required to reach a local or
more preferential global mimmum level of total energy.
In silico, protemn structures are more stable in low energy
level. After three rounds of minimization process, the total
energy of CGTase Gl modelreduced to-5,108.74, -5,519.16
and -5,961.00 kcal mol ™, respectively for models obtained
in the first, second and third round minimization, as
shown in Table 1.
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Verification of the models in each stage of
minimization processes were determined using the ERRAT
and Verify3D programs (Colovos and Yeates, 1993).
ERRAT program was designed to detect local errors
within the geometry i the 3D structure using a mine
residue sliding window approach. The quality of CGTase
(31 mtial model was considered good based on ERRAT
plot program (97.63). The ERRAT score for CGTase Gl
structure was further improved to 98.07 after three rounds
of minimization processes (Table 1) resulting in a high
quality of CGTase Gl model. Some of the predicted
CGTase structures deposited in Swiss-Model Repository
were examined, CGTase  Bacillus licheniformis
(UnmiProt AC P14014) has ERRAT score of 82.5,
CGTase Brevibacillus brevis (030565) 81.4, CGTase
Bacillus ohbensis (P27036) 79.3, CGTase Bacillus sp.
strain 17-1 (P30921) 93.4 and CGTase Bacillus sp. strain
38-2(P09121) 85,

The structures of CGTase G1 generated at different
optimization steps were also evaluated using the VERIFY
3D program in DS Modeling package. While the ERRAT
plot justified the geometrical errors, VERIFY 3D program
validates the structure by a statistical approach that
measures the compatibility of an amino acid sequence
with the model structure. The comparisons were based on
criteria such as residue environments (area of buried and
fraction polar of each residue) and the local secondary
structure. As shown in Table 1, the VERIFY3D scoring for
the 1mmitial CGTase G1 model was 79.88%. The score
improved gradually to 88.138 and 88.438, respectively for
models in first and second round of minimizations. The
score for model refined in the third minimizations process
was 90.991% which simply means that 90.991 % of the total
amino acids in the 3D structure were located in a
theoretically correct position. Only 9.009% of the
structure was inaccurately predicted. This might be due to
a few reasons. First, there were no compatible amino acids
in the template that were useful to generate estimated
positions of coordination in space. Second, the flexibility
of these amino acids was lgher. Based on the scoring
from ERRAT plot and VERIFY3D program, it was
concluded that a reasonably good 3D structure was
predicted for CGTase Gl. The Ramachandran plot
(Lovell et al., 2003) for the model generated after three
cycles of energy minimization is shown in Fig. 2. There are
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Fig. 1: Amino acids alignment of CGTase G1 with some other CGTases with known 3D structure. Abbreviation used:
CGTase from Bacillus stearothermophiles (1CYG, template used in modeling CGTase G1), CGTase from
Bacillus  ircudans strain 8 (1CGT), CGTase from alkalophilic Bacillus sp. 1011 (1PAM), CGTase from
Thermoanaerchacterium thermosulfurigenes strain EM1 (1CIU) and CGTase from Baciffus circulans 251
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Fig. 2: Full Ramachandran plot of the main-chain conformation angles of final CGTase GG1 model. Glu 229, Ser 429 and
Pro 663 (red col our) are those energeticall y unfavorable residues

only three amino acid- Glu229, Serd29 and Pro663 that fall
inte  energetically unfavorable region in  the
Ramachandran plot. Number of residues in CGTase G1 3D
structure that were in the favoured region was 95.5%,
allowed region (490) and outlier region (0.4%0). Based on
the ERRAT plot, VERIFY3D secoring and Ramachandran
plot, it is shown that a good model for CGTase Gl was
generated.

General amine acid comparison: Secillus sp. G1 was
originally isolated locally from soil at a rubber estate.
Although CGTase G1 was produced from a mesophilic
Bacillus strain, it has an activity halflife of 30 min at 60°C
which is considered above the average half life of known
C(Tases. It can be observed from Table 2 that CGTase G1
is more stable than some other C(Tases from the
mesophilic microorganism. The CGTase G1 can withstand
higher temperature in a longer period of time.

In folded proteins, pairs of neighbouring oppositely
charged residues often interact to form ionic interactions.
These interactions stabilize the folded conformations of
proteins. Kumar and Nussinov coworkers collected
abundant protein structure in the PBD database and
analyzed the statistical correlation of ionic interactions
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with the stability of protein structure based on the half life
of cach proteins/enzymes (Kumar et of., 2000; Kumar and
Nussinov, 2002b). Such statistical works on ionie
interactions were also performed by other researches, for
examples in reports by Musafia et of. (1995), Szilagyi and
Zavodszky (2000) and Hendsch (1994). It was coneluded
from the statistical data that ionic interactions have
important influences on the stability of a protein.
Thermophilic protein or enzyme normally has more ionic
interaction than of the same type of protein produced
from the mesophilic strains (Kumar et /., 2000).

In Table 3, ionic interactions that existed in CGTase
(1 structure were compared with five known crystal
structures for CGTase Thermasulfiurizenes
thermasudfurigenes FEMI (PDB code: 1CIU), CGTase
Bacillus stearothermophiles (1CY ), CGTase Bacillus
circulans 251 (1CXT), CGTase Bacillus circrdans No. 8
(1CGT) and CGTase from Bacillus sp. 1011 (1PAM).
Among them, two CGTases were thermostable enzymes
while the rest were mesophilic enzymes.

Generally, it can be observed from Table 3 (Row
No. 1) that thermostable CGTases exhibited slightly
shorter amino acid sequence than of the mesophilic
CGTases. Interestingly, CGTase G1 has the shortest
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Table 2: Thermostability behavior of selected CGTases

Optimum
CGTase source temperature (°C) Temperature stability Reference
Thermophilic CGTase
Thermococcus sp. B1001 >90 90°C, >3 h Yamamoto et al. (2000)
Pyrococcus furiosus DSM3638 95 95°C, 46 min Lee et af. (2007)
Thermococcus kodakaraensis KOD1 80 No activity loss after 80 min, at 85°C Rashid et ad. (2002)

ty;: at 100°C 20 min, (present of 10 mM CaCl,

Tabium (EM1) 60 t;: 90°C, 15 min Leemhuis et al. (2004)
Bacilluy stearothermophiliy 80 t: 75°C, 10 min Leemhuis et af. (2004)
Mesophilic CGTase
Bacitluy sp. TSI-1 60 t;: 70°C, 30 min Rahman et af. (2006)
Bacillus firmus var. akalophilus 50 ti: ~65°C, 10 min Hyun-Dong et ai. (2000)
Bacitluy stearothermophilus W0, 60 Retain 65 % activity at 70°C for 1 h Jeon et of. (1998)
Brevibacifius brevis CD162 55 ty: 55°C, 30 min Kim et al. (1998)
Bacitluy sp. Gl 60 t;: 60°C, 30 min Present study
Anaerobranca gottse halkii 65 DSC: 66°C (Tm) Thiemann et af. (2004)
Alkalophilic Bacillus clarkii 7364 60 ty: 55°C, 15 min Takada et ai. (2003)
Bacillus agar adhaerens LS-3C 50 t;:45°C, 1h Martins and Hatti-Kaul (2002)
Bacilluy circidan 251 50 t;: 60°C, 10 min Leemhuis et af. (2004)
Bacillus macerans 60 ty: 57°C, 10 min, in 1.2 mM CaCly Chang et al. (1998)
Paenibacillus sp. F8 50 ty: 63°C, 1 h (present of CaCly) Larsen et af. (1998)
Bacillus circulan E 192 60 Heat stability up to 45°C (present of CaCly) Larsen et al. (1998)
Klehsiella oxytoca M3A1 N.A Heat. stability up to 45°C (present of CaCly) Larsen et af. (1998)
Bacillus autolyticus 60 Up to 40°C Martins and Hatti-Kaul (2002)

Table 3: Summary of ionic interactions in various CGTases. Negatively charged amino acids are Asp (D) and Glu (E) while positively charged residues are

Arg (R), His (H) and Lysine (K)

Row No.  Description Gl 1CIU* 1CYG* 1CXI 1CGT 1PAM
1. Total residue number in primary sequence 674 683 680 686 686 686
2. Total numbers of Asp (D)+ Glu (E) residues in primary sequernce 74 58 70 58 63 63
3 Total numbers of D+E involved in ionic interactions 50 48 52 48 41 45
4. Total numbers of Arg (R) +His (H) + Lysine (K) residues in primary sequence 58 54 60 61 60 60
5. Total numbers of R+H+K residues involved in ionic interactions 47 45 47 51 48 47
6. Total ionic pairs 78 73 85 76 70 71
7. Tsolated ionic pairs 12 9 7 1 8 10
8. Networking ionic pairs 66 64 78 65 62 61
9. Tonic interactions in domain A only 52 45 52 47 44 45
10. Tonic interactions in domain B only (number in bracket refers to cross
interaction between Domain B with other domains) T+ T T (+60) 5 (+h 7 (+4) 6 (+4)
11. Tonic interactions in Dornain C only 2 3 3 3 4 4
12. Tonic interactions in Domain D only 2 3 1 4 3 2
13. Tonic interactions in Domain E only 3 5 4 4 3 3
14. Cross domains interactions 12 10 18 13 9 11
15. No. of salt bridges 16 18 15 19 21 19
16. No. of N-O bridge 12 14 18 14 12 21
17. No. of long pair 50 41 52 43 37 31

Abbreviation/PDB-code used: G1-CGTase G1, 1CIU-CGTase T thermosulfirigenes EMI, 1CYG- CGTase Bacilius stearothermophiles, 1 CXI-CGTase
B. circulany 251, 1CGT-CGTase B. circulany No. 8 and 1PAM-CGTase B. sp. 1011, *CGTase from T thermosulfirigenes EMI and Bacilluy
stearothermophiles are thermophilic enzymes while the rest are from mesophilic strains

primary sequence of 674 residues. In row number 2 of
Table 3, it shows that the overall negatively charged
amine acids (Asp and Glu) in the primary sequence were
relatively more for thermophilic CGTase (average number
64) compared to mesophilic CGTase (average number 61
without considering CGTase G1). Surprisingly, CGTase G1
has 74 negatively charged residues and this number is
greater than the two other thermostable CGTases. The
presence of higher quantity of charged residues can
increase the changes of 1onmc mteraction forming. Moving
downward to row No. 3 of Table 3, the values actually
refer to the numbers of Asp+Glu that were found involved
i the ionic mteractions for each respectively protein
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structures. By taking CGTase G1 as an example, 50 out of
a total 74 negatively charged amino acid (Asp and Glu)
were involved in the ionic interactions. The rest of the
residues have no charge-charge interactions with any
adjacent amino acid n the structure of CGTase G1. The
total number of Asp+Glu that were involved m the 1onic
interaction for CGTase G1, CGTase Thermosulfurigenes
thermosulfurigenes EMI! and CGTase Bacillus
stearothermophiles once agam 1s slightly higher than that
of the mesophilic CGTases, as shown in Table 3 (row
No. 3). However, the total numbers of positively charged
amino acid (Argt+His+Lys) in protein primary sequence
and those that were mvolved in the ionc nteractions
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for  CGTase G1, CGTase Thermosulfurigenes
thermosulfurigenes EMI and CGTase
stearothermophiles are lower than that of the mesophilic
CGTases, typically CGTase Bacillus circulans 251,
CGTase Bacillus circulans No. 8 and CGTase from

Bacillus sp. 1011 as shown in Table 3 (row 4 and 5).

Bacillus

Ionic interaction comparison: The statistical analysis
showed that ionic interactions have direct correlation with
the stability of protein structure (Kumar et al, 2000,
Kumar and Nussinov, 2002b). The total numbers of 1onic
pairs in the CGTases protein structure are sumimarized in
Table 3 (row No. 6). CGTase G1 and CGTase Bacillus
stearothermophiles have total interactions of 78 and 85,
respectively. Mesoplulic CGTase Bacillus circulans 251,
CGTase Bacillus circulans No. 8 and CGTase from
Bacillus sp. 1011 however have lesser numbers of ionic
pairs, respectively 76, 70 and 71. If more than three
charged residues were linked together, it is defined as
networking 1onic complex. Otherwise, 1solated 1onic pair 1s
defined as only a negatively charged residue linked with
another positively charged residue. Most of the
mteractions in CGTases were mvolved in networking
systems as shown in Table 3 (row No. 6-8).

Networking pairs for CGTase G1 and thermostable
CGTases (average No. 69.3) were found higher than
mesophilic CGTase Bacillus circulans 251, CGTase
Bacillus circulans No. 8 and CGTase from Bacillus sp.
1011 (average No. 62.7). From the data comparison
discussed since the beginning of this section, it appears
that CGTase G1 1s distinct from the other three mesophilic
CGTases. The 1omic interactions characteristic for CGTase
(G1 has higher similarity to the thermostable CGTases
rather than the mesophilic CGTases. From statistical
analysis, Kumar and Nussinov (2002b) mentioned that
normally thermostable proteins have slightly more pairs of
interactions compared to the mesophilic proteins of the
same kind. Besides that, complex ionic networking can
stabilize the protemn structure more than single isolated
pairs (Musafia et al, 1995). We mentioned that the half
life of owr CGTase G1 is higher than some other
mesophilic CGTases (Table 3). One of the possible
reasons 1s because of richer lomc interactions was found
i CGTase G1 than other mesophilic CGTases.

Examination on the ionic pair’s location and the distance
of interactions: The locations of the ionic pairs in each
CGTases were further examined. The numbers of pairs in
each domain of CGTase was shown in Table 3 (row
No. 9-13). Tt was observed that most of the ionic pairs
were located in Domamm A of the protemn structure.
Assuming CGTase Gl is categorized as a psedu-
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thermostable enzyme, the average number of total
interactions in Domain A of thermostable CGTase
(CGTase G1, CGTase 7. thermosulfurigenes EMI and
CGTase Bacillus stearothermophiles) 13 49.7 while the
average number for mesophilic CGTase is 45.3. Domain A
is known as catalytic domain consisting of the active site
and active site cleft. This domain has a tertiary structure
of a TIM-barrel. To be able to stand mactivation as well as
to maintain the enzyme activity at high temperature, the
secondary and tertiary structures of Domain A must be
stable. One of the possible ways to stabilize the
conformation 1s to have a higher quantity of iomic
interactions. It is observed from Table 3 that thermostable
CGTases indeed have more ionic interactions.

Besides that, earlier studies (Leemhws ef ai., 2004)
suggested that Domain B 1s also important for the stability
of CGTase. CGTase G, CGTase T. thermosulfurigenes
EMI and CGTase Bacillus stearothermophiles have an
average total interaction of 7 pairs in Domain B while the
average pair 18 6 for mesophilic CGTases. If the cross
domains interactions (between Domain B and other
domains) were taken into consideration, the thermostable
CGTases still have higher ionic pairs than the normal
CGTases. In Table 3 (row No. 10), the number in brackets
refers to the numbers of interaction between Domain B
with other domains in the protein structure. The average
number of mteraction for thermophilic CGTase 1s 11.7 and
for mesophilic CGTase it 13 10. On the other hand, no
apparent difference was observed for the interactions in
Domain C-E as shown in Table 3 (row No. 11-13).

The 10n pairs can actually be divided into three basic
geometrical categories: salt bridges, N-O bridges and
longer-range ion pairs. An ion pair is classified as a salt
bridge when the side chain charged group centroids are
within 4 A distance and has at least one pair of Asp/Glu
side chain carbonyl oxygen and Arg/Lys/His side chain
nitrogen atoms are within 4 A distance (Kumar and
Nussinov, 2002a). Table 3 shows that CGTase G1, CGTase
T.  thermosulfurigenes EMI, CGTase Bacillus
stearothermophiles, CGTase B. circulans 251, CGTase
B. circulans No. 8 and CGTase B. sp. 1011 have salt
bridges of 16, 18,15, 19, 21 and 19, respectively.

An 1onic pair 15 called N-O bridges when at least a
part of the side chain mitrogen and oxygen atoms of the
ion-pairing residues are within 4 A but the centroid
distance is greater than 4 A In the longer-range ion pairs,
the side-chain charged group centroids as well as the side
chain nitrogen and oxygen atoms are more than 4 A apart.
Previous continuum electrostatics studies indicate that
most of the ion pairs have stabilizing electrostatic
contributions when the centroids are within a 5 A&
distance (Kumar and Nussmov, 2002a). Unfortunately,
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there is no clear indication of correlation between the
stabilizing ion pairs (centroids < 5 A) with the
thermostability of CGTases as shown in Table 3. This
could probably be due to the lack of sufficient data as
there are only limited known CGTase structures to date
and the statistical comparison might not be sufficiently
representative. Nevertheless, all the earlier data revealed
that there are differences between the thermoplulic and
mesophilic CGTases.

Ionic networking comparison: Protein stabilization by
1onic networking 15 much greater than the contribution by
individual interactions (Kumar et al., 2000). Location of
networking is believed to be important as well. By
comparing the networking pattern of various CGTases,
important msight of enzyme stability might be gained.
Figure 3 shows the amino acids that were involved in the
largest ionic networking found in CGTase G1 and other
five CGTases with known crystal structure. The more
consensus residues from various CGTase were painted
with the same color. The bolded-line indicates the salt-
bridges, while the normal-line represents N-O pairs. Long
1omc pairs are denoted by the dashed-line. As an overall
plcture, almost all residues in the networking were
conserved. Those residues that are less conserved are not
color painted. Tn the case for CGTase Gl, twenty two
residues (11 AsptGluand 11 Hist+Lys+Arg) were cluster-
linked by three salt-bridges, six N-O pairs and seventeen
long pairs. Generally in the case for ionic networking, Arg
is an important key connector because its geometry
allows 3 possible directions of interaction (Musafia ef al.,
1995) because it contains guamdium group in its side
chain (Kumar and Nussinov, 2002a). Apart from that, Arg
often forms a triad Asp-Arg-Asp in the 1onic networking
for proteins. There are four Arg (Arg368, Arg220, Argl85
and Arg579) m CGTase Gl and all these Arg were in the
form of triad system (Fig. 3). Residues Arg368 and Arg220
were both involved in a multiple triad systems connecting
Asp364- Arg368- Asp321- Arg220-Aspl28-Asp222. For
Argl85, 1t acts as a comnector between Aspl8l and
Aspl75. The fourth Arg found in CGTase G1 biggest
networking was Arg579 and its connecting Aspl94 and
Asp628, acting as a conduit between Domaimn B and E.
While Arg 1s the key connector for positively charged
amino acid, Glu which is respectively longer than Asp
serves as a connector for negatively charged residue
(Musafia et af, 1995). Although statistical analysis
showed that Glu i1s an important comnector n iomnic
interactions (Musafia ef al. 1995), however in the case of
CGTase, only one Glu (Glu250) is present in the biggest
networking in CGTase G1. This applies to the other five
CGTases in Fig. 3.
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Several differences could be pointed out between the
six diagrams shown in Fig. 3. First, variation in distance
(verifies by the bold, normal or dash lines) can be noticed
for the other five CGTases. Second, besides the
differences in distance, dissimilarity is noted at the
top-left portion of each diagram in Fig. 3, as
indicated by the arow m CGTase Gl. Lys44 and
Aspdl of CGTase were not consensus. Interestingly
CGTase B. stearothermophilus has a few extra residues
not found in other CGTases. These amino acids were
located near the TIM-barrel N-terminal of the CGTase.

The third variation is located at the bottom-right of
each diagram, as shown by the arrow n the diagram for
CGTase Gl in Fig. 3. Arg579-Asp628 (CGTase Gl
numbering) were joined to the networking main body by
Asp 194 (non consensus) which was linked to a histidine
(His169). As in other five CGTases, for example in CGTase
T. thermosulfurigenes EM 1, Arg583- As 632 was directly
linked to His172 (orange coloured).

The fourth variation is observed at the top-right
region of CGTase G1, as shown by the dashed-oval in
Fig. 3. Triad Aspl81-Argl 85-Aspl75 was linked to the
main networking body by His 226, However, the
linking was only found in CGTase Gl. In CGTase
T. thermosulfurigenes EMI, the consensus residues
Aspl84-Arg188- Glul83 were located too far away from
the main networking body resulting in separation among
the two networks. About the same observation could be
found in CGTase Bacillus stearothermophiles, where the
triad Aspl89-Argl93-Aspl83 was not iome-linked
with the major networking. In mesophilic CGTase from
B. circulans 251, non ionic-mteraction were able to form
at this region as the corresponding residues in primary
sequence were non-charged amino acid (Asn). As in the
case for CGTase B. circulans No. 8 and CGTase B. sp.
1011, isolated pair Aspl82-Argl 92 also stayed apart from
the main networking bodsy.

Leemhuis ef al. (2004) applied the concept of salt
bridges in improving thermostability of B. circulans 251
(BC 251) CGTase. By comparing the salt bridges
networking i mesophilic BC 251 CGTase with
CGTase from Thermoanaerobacterium
thermosulfurigenes EM1, four unique salt bridges in the
latter CGTase was identified and was introduced to the

thermostable

structure of the former by site-directed mutagenesis
method (Leemhuis ez al, 2004). A mutant being
introduced with a new salt bridge has an mteraction
between Aspl88 and Argl92 (BC 251 numbering). The
mutant CGTase showed a significant half life increased of
7.5 fold compared to the CGTase from the wild type stram.



Biotechnology 7 (3): 418-429, 2008
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Fig. 3: The presence of biggest ionic interaction networking in CGTase G1 and five other CGTases with known crystal

structures. The lines indicate the 1onmic interaction between the amino acids. The residues that are mn the same
position in ammo acid alignment are mdicated with the same background colors. The residues that are not
consensus are not painted. Variations in distance can be observed for each CGTase. The two arrows and dashed-
line oval indicate the other three main variations found in the structures

The new pair of 1onic mteraction mtroduced 1s actually the
forth variation mentioned above for the biggest ionic
interaction networking in CGTases. Before the mutation
was made for CGTase BC 251, no naturally existing
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charged-interaction was observed because residue 188
was originally an Asn (uncharged amino acid).
Substitution Asnl88 to Asp and Lys192 to Arg provides
a chance for residues 188 and 192 to form a close-distance
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Fig. 4: Stereo representation of the biggest ionic networking in CGTase G1. Green: residues involved in the networking.
Magenta: catalytic residues. Orange: substrate. TIM barrel (Domain A) is shown in faint ribbon representation.
The ionic interactions grab hold of a few numbers of secondary strands and create a natural protection for the

TIM- barrel structure against heat

ionic interaction. The location of the newly introduced
salt bridge could be one of the crucial factors that
determine the structural stability of CGTase. In CGTase
G1, the corresponding residues are Aspl81 and Argl85
(Fig. 3). Surprisingly, these two residues were located
very closely in the 3D structure and have a strong salt
bridge interaction with centroid distance of 3.49 A (results
not shown). Very likely a hydrogen bond is also present
since the distance is less than 3.5 A. This Aspl8l-
Argl185-Aspl75 ionic pairing of CGTase G1 is partially
exposed to solvent and the theoretical bonds dissociate
enthalpy can fall in the range of 12.5-21 kJ mole™" (Petsko
and Ringe, 2002). The triad Asp181-Argl85-As 175 salt
bridges pair is also in concert with the biggest ionic
networking that exists in CGTase G1. Probably because of
this, CGTase G1 has better tolerance ability to heat. As a
conclusion, it was presumed that the triad Aspl81-
Argl85-Aspl75 plays an important factor in the
networking that caused the half life of CGTase G1 to be
slightly higher compared to other CGTase originally
produced by mesophilic strains, typically B. circulans 251
CGTase. CGTase G1 is indeed relatively more resistant to
heat. Although it was originally produced from mesophilic
Bacillus strain, it has a half life of 30 min at 60°C.

The locations of the residues that form the biggest
networking in CGTase G1 is shown in Fig. 4. These 22
amino acids are in green colour. The catalytic residues of
CGTase Gl are differentiated by magenta color. The
substrate (starch) is in orange color. The locations of the
two calcium binding sites are shown by blue dots. Twenty
of the networking residues are actually located in Domain
A and B of CGTase G1. Furthermore, it can be seen from
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Fig. 4 that the networking covers a huge area (from the left
to the right) and it is placed surrounding the active site
cleft. The ionic interactions grab hold of a few numbers of
secondary structure (a-helice, B-sheet and loop) strands
and create a natural protection for the TIM-barrel
structure against heat (Hocker e al., 2001).

CONCLUSION

The thermostable CGTase is particularly important in
converting starch to cyclodextrins. Although CGTase G1
was produced from a mesophilic Bacillus strain, it has a
relatively higher half life than of other CGTases. Indeed
ionic interactions can stabilize the structure of CGTase G|
and hence increases the life spends of the enzyme. The
location of ionic interaction in the protein structure also
plays an important factor in deciding the stability of the
conformation.
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