Int. J. Md. Sci.2012 13, 53075323 doi:10.3390/ijms1385307

International Journal of

Molecular Sciences

ISSN 14220067
www.mdpi.com/journal/ijms

Article

Rational Mutagenesis of Cyclodextrin Glucanotransferase at the
Calcium Binding Regions for Enhancement of Thermostability

PohHong Goh, Rosli Md. llliasand Kian Mau Goh *

Faculty of Biosciences and Bioengineering, Universiti Teknologi Malaysia, 81310 Skudai, Johor,
Malaysig E-Mails: gph_ashin@hotmail.coifi?.H.G.);r-rosli@utm.my(R.M.I.)

* Author to whom correspondence should be addre&s#thil: gohkianmau@utm.my
Tel.: +607-5534346 Fax:+607-5531112

Received9 January 2012; in revised form: 8 March 201&ccepted13 April 2012/
Published:25 April 2012

Abstract: Studies related to the engineering of calcium binding sites of CGTase are limited.

The calcium binding regions that are known for thermostability function were subjected to
site-directed mutagenesis in this study. The starting -geotein is a variant o€GTase

Bacilluss p . G1, reported earlier and denoted as
variants (S182G, S182E, N132R and N28R) were constructed. The two variants with a
mutation at residue 182, located adjacent to thé <it@ and the active site #lepossessed

an enhanced thermostability characteristic. The activityliialbf variant S182G at 6&

was increased to 94 min, while the parent CGTase was only 22 min. This improvement
may be attributed t o-hdixhaed theadviatiant of unfavorabfe a s hc
steric strains by glycine at the corresponding region. For the variant S182E, an extra ionic
interaction at the A/B domain interface increased the-llalto 31 min, yet it reduced

CGTase activity. The introduction of an ionideéraction at the Gasite via the mutation

N132R disrupted CGTase catalytic activity. Conversely, the variant N28R, which has an
additional ionic interaction at the @hsite, displayed increased cyddition activity.

However, thermostability was not affted.

Keywords: CGTase; thermostable enzyme; siteected mutagenesis; protein engineering;
calcium binding site
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1. Introduction

The industrial enzyme cyclodextrin glucanotransferase (CGTase, EC 2.4.1.19esakslgrolysis,
disproportionationcoupling and cyckation reaction$l]. Cyclization is the major activity of CGTase,
where starch is converted into cyclodextrins (CDs). Cyclodextrins offer broad biotechnological
applications. A recenteview summades these applications and work related to previous protein
mutagenesis studigd]. In 1992, the first study regarding the manipulation of CGTase product
specificity was reported2]. The authors suggested that hydrophobic aromatic residues, such as
Phel91 and Phe255, could affect product specificity. Following that study, attempts to elucidate the
importance of the substrate binding subsites, particularlytesb8i 1 6, andi 7, were also reportel@,4].

A mutation at position 179 in subsiie in Bacillus circulansDF 9R CGTase both altered the CD ratio
and affected catalytic efficieng¥y]. By substituting the histidine with a smaller amiacid at position 43
(subsitet 3) in Bacilluss p . G 1CD yieldh was enhancef]. Ample mutagenesis reports have
discussed ththeme of product specificity.

ThermostableCGTase is particularly important due to the requirement of high operating
temperatures in starch processing. Solutions to overcome this temperature limitation have been sough
First, numerous outstanding thernmadde CGTases have been cloned from thermophiles. Most likely,
the stability of CGTase is contributed by ionic interactipf|s unfortunately, the exact location that
can improve the thermostability has yet to be determined. Second,, @Ga@tded to CGTase to
promote activity and stabilitf7,8]. However, the removal of Caluring downstream processing is
tedious. Third, immobilzing CGTase on suitable carriers may also improve thermostal@lit®].

Fourth, CGTase thermostability can be improved using a protein engineering apfdrbpchhe
stability of Bacilus circulan®251 CGlrase was significantly increased by introducing a new salt bridge

at the protein surface in domain B. To the best of our knowledge, this is the only study that mutated
CGTase to improve thermostability. In fact, research on elucidating the protein straictlCGTase
thermostability is limited. Recentlyn silico mutations and molecular dynamic simulations were used

to investigate the relationship between thermostability and salt brid@és The computational
simulations suggest that thermostability Bacillus maceransCGTase might be improved by
introducing new salt bridges into thermally unstable regions.

Aforementionedaddition of CaCl can improve CGTase stability. Studies related to the modification
of calcium binding sites of CGTase are scarce. Unlike CGTase, numerous mutational efforts were
performed at t he c-amylade,uwhichmémomsirated thae highly sonserded U
calciuminteraction residues influence thermostabi[it@i 15]. -atdylase and CGTase belong to the
Uamylase family 13 and they share several common character(gtjpsssess a catalytic THdarrel
fold domain,(i i ) ar e a bglymsidic tinkages(tii) empioy aJsimilar catalytic mechanism
t h a t-retaining double displacement a(id) possess Asp, Glu and Asp as catalytic resifiiep
Ce r t -amylasedJpossess three aait binding sites and one sodium binding $it8], while most
reported CGTases possess only two calcium binding sites located at domain A and the A/B domain
interface[17]. Mut ations at calcium bindi ngmyksetabildy c au
and catalytic activityf13,15] For instance, iBacillus licheniformisU-amylase BLA), the mutation
D204K at calcium binding site Il caused a decrease in gh@&émperature for 50% inactivation) from
83 € to 64 €, and the activity halfife at 85 C decreased from 5 min to less than 1 rfiiB].



Int. J. Mol. Sci2012 13 5309

Substitution of a calciuanteraction residue irBacillus amyloliquefaciengtamylase (BAA) also
resulted in a reduction in catalytic activity and thermostaljilib}. In contrast, anutagenesis study of
Bacillus stearothermophilu&JS100 demonstrated that shortening the length of a loop adjacent to
calcium binding site | Hdamylasgt8]. & ahese dnylasksetheseffeatdaf | i
mutagenesis on the calcium binding sites are distinctive in each example of interest. As limited
information on the influence of CGTase mutagenesis on thermostability is available, the data
presated herein may provide important information for future studies relating to the CGTase calcium
binding regions.

2. Results and Discussion
2.1. Mutagenesis Design

For many years, our group has been working with a CGTase Bacilus sp. G1 (GenBank
Accesion number: AY770576)19]. The wildtype CGTase is an alkalotolerant protein and exhibits
an optimum temperature of 60. Earlier, several mutagenesis experiments were performed on
CGTase G1 for the study of product specificity. Double mutations at poskié8% and Y87F had
more outstanding properties than the other constructed m{ganthis work aims to further improve
the thermostability of this mutant using a mutagenesis approach. All mutagenesis reported herein was
performed on this mutantegn e . For <clarity, throughout this
refers to the starting CGTase soulioe, the mutant CGTase H43T/Y8T6]. Table 1 summazes the
comparison of parent CGTase with some known CGTases.

Table 1.Comparisorof optimal temperature and thermostability of various CGTases.

CGTase tcéfrtl'rr;‘:;':ure @ Halfife tio(min)  Reference
Parent CGTase (this study) 60 22 min at 60°C

Bacillus circulans251 60 9.7 min at 60C [11]
Bacillussp strain G825-6 50155 nd * [20]
Bacillus stearothermophilusT1 80 10 min at 8C°C [21]
Thermoanaerobacterium thermosulfurige®dl 8 01 9 5 30 min at 100C [7]
Thermoanaerobactesp ATCC 53627 95 nd* [22]

* not determined.

Strategies to protein engineer CGTase for altered activity and product specificity are well
reviewed [1], but only one work successfully used mutagenesis to increase tempestability.

In this study, we inferred that amino acid substitution at the two calcium binding regions would alter
thermostability. The main motivation for this mutation is that no study has elucidated the importance
of calcium binding sites to CGTatligermostability using a protein engineering approach.

Four CGTase variants (S182G, S182E, N132R and N28R) were constructed. The mutation site
S182 was chosen based on a primary sequence comparison with a thermostable CGTase. Residue 1
is located in an amo acid stretch important for thermostabilifyl]. In contrast, the mutations N132R
and N28R were located at calcium binding sites | and I, respectively. By changing Asn to the charged
residue Arg, an ionic interactiowith an oppositely charged residue would be introduced to the
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calcium binding pockets. This newly introduced interaction would hopefully gialtiie CGTase. The
detailed reasons and the effect of these mutations on thermostability are discussefliowting
sectionsFigure 1 is a schematic diagram showing the location of each mutation sites.

Figure 1. Theoretical 3D structure dhe parent CGTaseased in this work. For simplicity,
Domain C, D and E are not shown. The catalytic residues Asp222, Glu250 and Asp321 are
presented irscaled ball and sticklhe two calcium ions are represented by green balls. The
calcium binding sites | and Il are locdtat the A/B domain interface and domain A,
respectively. The residues for iwh point mutations were madé&gn28, Asnl132 and
Serl82) are displayed stick

Domain /A1 DomainA2
Call Glu250
J " 321 Asp222
Asn28 <P Cal
Asn132 Oﬂk
Ser182
Domain B

2.2. Activity Screening and Purification of Parent and Mutant CGTases

The parent CGTasgene and four constructed mutant genes were cloned into thZ{B¥)
system and expressedhn coli BL21 under the control of the T7 promoter. From preliminary activity
screening on a starch agar plate, the mutation N132R was detrimental, and\aasvibgt. The three
other mutants retained stardbgrading activity similar to the parent CGTase, and they formed
observable halo zones around colonies on starch plates flooded with a 1% iodine solution (Figure 2a).
The screening was repeated five timad aonsistent results were obtained. Purification of the parent
and mutant CGTases was performed, and highly pure enzyme was obtained with a molecular mass ©
approximately 75 kDa, as determined by SBSGE (Figure 2b). This level of purity was achieved
because of the nat i v e-Chsiamddhe bigdingasitels inCGTase. Theepurified e n
CGTases were then used for biochemical charaaten.
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Figure 2. (a) Halo zone detection on starch agar platgg. SDSPAGE. Lane M,
molecular weight statards; Lane 1, purifiegparent CGTaseLane 2, purified mutant
N28R; Lane 3, purified mutant S182G; Lane 4, purified mutant S182E.
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2.3. Mutations Adjacent to Calcium Binding Pocket |, S182G and S182E, Affected CGTase Thermostability

Domain B of the enzyme is generally thought to contribute to the stability of CGTase and
Uamylasd11,13]. Three domain B residues (lle183, Asp192 and His226) and Asn132 from domain A
are the residues that interact with calcium at site | (Figure 3). These residues are folded in close
proximity at the A/B domain interface. 11e183 is located within asesved segment of amino acids
(178SYEDSIYR-185) in parent CGTase. This region of sequence is conserved in the thermostable
CGTase ATCC 53627 and EM1 (Figure 4). In the thermolabile CGTase BC251, the respective
sequence is 18PTENGIYK-192. Interestingly, this region has been shown to be important for
thermostability in the BC251 CGTase. Altering the whole -I8ENGIYK-192 segment in the
CGTase BC251 to resemble the sequenceSIMBBEDGIYR-193 in the thermostable EM1 CGTase
increased the activity halife to 73 min from 9.3 min for the native enzyipid].

The parent CGTase has a distinctive residue at position 182, but the thermostable CGTases have
glycine residue in this position (Figure 4). Hence, the mutant S182@amatructed, and the effect of
this mutation on enzyme stability and activity was examined. Similar to the parent CGTase, the S182G
mutant is most active at 6Q€, yet it exhibited tolerance to a broader range of temperatures
(Figure 5a). At 6(C, the half-life (94 min) of the S182G mutant was approximately-fél@ higher
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than that of the parent CGTase (22 min) (Figure 5b). Substitution of the serine residue to glycine
affected the cat a-lyglization sppcdic dctwity, the majar acity DfhC&Tabe,

was decreased by 25% to 162 U'mTable 2), while theke was also reduced from 3.13 g0

2.62 & Y(Table 3). Nevertheless, the catalytic efficienky/K) of the S182G mutant (aL md s §

was better than that of the nati@&Tase (1.82nL md s J.

Figure 3. Computational model for calcium binding site | at A/B domain interface.
Numberingis based on the parent CGTase used in this work.

Table 2. The specific activities for parent and mutant CGTases.

Specificactivity (U mg' §

CCTase b-CD cyclization 2-CD cyclization Coupling
Parent 216 (8.11) 1.08 (0.01) 0.67 (0.01)
N28R 359 (23.46) 2.13 (0.04) 0.67 (0.01)
S182G 162 (10.59) 1.08 (0.02) 0.70 (0.03)
S182E 178 (22.29) 0.76 (0.14) 0.77 (0.04)

Each value representse mean of three independent measurements and the numbers between the brackets
indicate the standard deviation.

Table 3.The enzyme kinetics for parent and mutant CGTases.

Enzyme Kcat (ST 3 Efficiency, Keal Km (mL -mgT %si 3

Parent 3.13 +0.13 1.82 +0.001
N28R  3.52 +0.17 2.52 +0.35
S182G 2.62 +0.12 2.00 £0.05

S182E 2.57 +£0.22 1.82 #0.27
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Figure 4. Amino acid sequence alignmettetween B. stearothermophilusCGTase
(denoted Bst; PDB ID: 1CYGP)hermoanaerobacterium thermosulfurigelieddl CGTase
(EM1; 1CIU), Thermoanaerobactesp. ATCC 53627 CGTase (denoted ATCC 53627),

B. circulans251 CGTase (BC251; 1CXI) and parent CGTase (current work). The calcium
interacting residues at sit¢ and Il are bordered by a dash and solid rectangular boxes,
regectively. The residues marked with asterisks are the important catalytic residues of
CGTase. The shading portion referghe regionthathas been shown to be important for
thermostability{11]. The positions of poinnutations in this study are highlighted.

Domain Al Call Call

Bst - - - AGNLNKVNFTSDVVYQIVVDRFVIDENT: SGALFSSGCTNLRKYJAPWOGI INK 57

EM1 ASDTAVSNVVNYSTDVIYQIVTDRFVD) TGDLYDPTHTSLKKY QGIINK 60

ATCC 53627 APDTSVSNVVNYSTDVIYQIVTDRFL P TGDLYDPTHTSLKKY QGIINK 60

Parent CGTase —---DVTNKVNYSKDVIYQVVTDRF' SGATFSQNCIDLTKY(C QGIIDK 56

BC251 APDTSVSNKQNFSTDVIYQIFTDRF: TGAAFDGTCTNLRLX(L QGIINK 60

Bst INDGYLTDMGVTAIWISQPVENVFSVMN- -DASGSASYHGYWARDFKKPNPFFGTLSDFQ 115
EM1 INDGYLTGMGVTAIWISQPVENIYAVLPDSTFGGSTSYHGYWARDFKRTNPYFGSFTDFQ 120
ATCC 53627 INDGYLTGMGITAIWISQPVENIYAVLPDSTFGGSTSYHGYWARDFKKPNPFFGSFTDFQ 120
Parent CGTase INDGYLTDLGITALWISQPVENVYALHP----SGFTSYHGYWARDYKKTNPYYGNFDDFD 112
BC251 INDGYLTGMGVTAIWISQPVENIYSIINYSGVN-NTAYHGYWARDFKKTNPAYGTIADFQ 119

Domain B
Bst RLVDAAHAKGIKVIIDF; TSPASETNPSYMENGRLYDNGTLLGGYTNDANMYFHHNG 175
EM1 NLINTAHAHNIKVIIDFAENHTSPASETDPTYAENGRLYDNGTLLGGYTNDTNGYFHHYG 180
ATCC 53627 NLIATAHAHNIKVIIDFAPNHTSPASETDPTYGENGRLYDNGVLLGGYTNDTNGYFHHYG 180
Parent CGTase RLMSTAHSNGIKVIMDFTEYHSSPALETNPNYVENGAIYDNGTLLGNYSNDQONLFHHNG 172
BC251 NLIAAAHAKNIKVIIDFAFNHTSPASSDQPSFAENGRLYDNGTLLGGYTNDTQNLFHHNG 179
. Domain A2 Cal
Bst GTTFSSLEDGI¥RNLFDLADLNHONPVIDRYLKDAVKMWIDMGIDGIRMDAVKHMPFGWQ 235
EM1 GTDFSSYEDGIYRNLFDLADLNQONSTIDSYLKSATIKVWLDMGIDGIRLDAVKHMPFGWQ 240
ATCC 53627 GTNFSSYEDGIY¥RNLFDLADLDQONSTIDSYLKAATKLWLDMGIDGIRMDAVKHMAFGWQ 240
Parent CGTase GTDFSSYEDEIY¥RNLYDLADYDLN QYLKESIKFWLDKGIDGIRVDAVKHMSEGWQ 232
BC251 GTDFSTTENGI¥KNLYDLADLNHNNSTVDVYLKDAIKMWLDLGIDGIRMDAVKHMPFGWQ 239
£t e P
Bst KSLMDEIDNYRPVFTFGEWFLSENEVDANNHYFANESGMSLLDFRFGOKLRQVLRNNSDN 295
EM1 KNFMDSILSYRPVFTFGEWFLGTNEIDVNNTYFANESGMSLLDFRFSQKVROVFRDNTDT 300
ATCC 53627 KNFMDSILSYRPVFTFGEWYLGTNEVD PNNTYFANESGMSLLDFRFAQKVRQVFRDNTDT 300
Parent CGTase TSLMSEIYSHKPVFTFGEWFLGSGEVDPONHHFANESGMSLLDFQFGQTIRNVLKDRTSN 292
BC251 KSFMAAVNNYKPVFTFGEWFLGVNEVS PENHKFANESGMSLLDFRFAQKVRQVFRDNTDN 299
*
Bst WYGFNOMIQDTASAYDEVLDQVTFIDNHDMDRFMIDGGD PRKVDMALAVLLTSRGVPNIY 355
EM1 MYGLDSMIQSTASDYNFINDMVTFIDNHDMDRFYNGGSTR-PVEQALAFTLTSRGVPAIY 359
ATCC 53627 MYGLDSMIQSTAADYNFINDMVTFIDNHDMDRFYTGGSTR-PVEQALAFTLTSRGVPALIY 359
Parent CGTase WYDFNEMITSTEKEYNEVIDQVTFIDNHDMSRFSVGSSSNRQTDMALAVLLTSRGVPTIY 352
BC251 MYGLKAMLEGSAADYAQVDDQVTFIDNHDMERFHASNANRRKLEQALAFTLTSRGVPAIY 359
*
Domain C
Bst YGTEQYMTGNGDPNNRKMMS SFNENTRAYQVIQKLSSLRRNNPALAYGDTEQRWINGDVY 415
EM1 YGTEQYMTGNGDPYNRAMMTSFNTSTTAYNVIKKLAPLRKSNPATAYGTTQORWINNDVY 419
ATCC 53627 ¥GTEQYMTGNGD PYNRAMMTSFDTTTTAYNVIKKLAPLRKSNPATAYGTQRORWINNDVY 419
Parent CGTase YGTEQYVTGGNDPENRKPLKTFDRSTNSYQIISKLASLRQTNSALQYGTTTERWLNEDIY 412
BC251 ¥YGTEQYMSGGTDPDNRARIPSFSTSTTAYQVIQKLAPLRKCNPATIAYGSTQERWINNDVL 419
Bst VYERQFGKDVVLVAVNRSSSSNYSITGLFTALPAGTYTDQLGGLLDGNTIQVGSNGSVNA 475
EM1 IYERKFGNNVALVAINRNLSTSYNITGLYTALPAGTYTDVLGGLLNGNSISVASDGSVTP 479
ATCC 53627 IYERQFGNNVALVAINRNLSTSYYITGLY TALPAGTYSDMLGGLLNGSSITVSSNGSVTP 479
Parent CGTase IYERTFGNSIVLTAVN-SSNSNQTITNLNTSLPQGNYTDELQORLDGNTITVNANGAVNS 471
BC251 IYERKFGSNVAVVAVNRNLNAPASISGLVTSLPOGSYNDVLGGLLNGNTLSVGSGGAASN 479
Domain D
Bst FDLGPGEVGVHAYSATESTPIIGHVGPMMGQVGHQVTIDGEGFGTNTGTVKFGTT -- 533
EM1 FTLSAGEVAVWQYVSSENSPLIGHVGPTMTKAGQTITIDGRGFGTTSGQVLFGSTAGT-— 537
ATCC 53627 FTLAPGEVAVWQYVSTI'NPPLIGHVGPTMTKAGQTITIDGRGFGTTAGQVLFGTTPAT-— 537
Parent CGTase FQLRANSVAVWQVSNESTSPLIGQVGPMMGKSGNTITVSGEGFGDERGSVLFDSTSSE-- 529
BC251 FTLAAGGTAVWOYTAATATPTIGHVGPMMAKPGVTITIDGRGFGSSKGTVYFGTTAVSGA 539
Domain E

Bst ~VVSWSNNQIVVAVPNVSPGKYNITVQSSSGQTSAAYD! TNDQVSVREVVNNATTN 592
EM1 - IVSWDDTEVEVKVPSVTPGKYNISLKTSSGATSNTYNNINILTGNQICVRFVVNNASTV 596
ATCC 53627 - IVSWEDTEVKVKVPALTPGKYNITLKTASGVTSNSYNNINVLTGNQVCVRFVVNNATTV 596
Parent CGTase -IISWSNTEISVKVPNVAGGYYDLSVVTAANLKSPTYKE SGNQVSVRFGVNNATTS 588
BC251 DITSWEDTQIKVKIPAVAGGNYNIKVANAAGTASNVYD SGDQVSVRFVVNNATTA 599
Bst LGONIYIVGNVYELGNWDTSKAIGPMFNQVVYSYPTWYIDVSVPEGKTIEFKFIKKDSQG 652
EM1 YGENVYLTGNVAELGNWDTSKAIGPMFNQVVYQYPTWYYDVSVPAGTTIQFKFIKKNGN- 655
ATCC 53627 WGENVYLTGNVAELGNWDTSKAIGPMFNQVVYQYPTWYYDVSVPAGTTIEF--IKKNGS- 653
Parent CGTase PGTNLYIVGNVSELGNWDADKAIGPMFNQVMYQYPTWYYDISVPAGKNLEYKYIKKDONG 648
BC251 LGONVYLTGSVSELGNWDPAKAIGPMYNQVVYQYPNWYYDVSVPAGKTIEFKFLKKQGS— 658

Bst

EM1

ATCC 53627
Parent CGTase
BC251

NVTWESGSNHVYTTPTNTTGKIIVDWON 680
TITWEGGSNHTYTVPSSSTGTVIVNWQQ 683
TVITWEGGYNHVYTTPTSGTATVIVDWQP 681
NVVWQSGNNRTYTSPTTGTDTVMINW-- 674
TVIWEGGSNHTFTAPSSGTATINVNWQP 686
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Figure 5. Effects of temperature on the activity and stability of the pa@@iase

(06, dashed | ine), mut ant N28R ( z, solid it
S182E (1, (apQptimaldempeiatare(l)) Time plot for CGTase thermostability
at 60C up to 120 min.
a 100 o
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E 60
0 T T T T T T
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b 100
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40 -

Residual activity (%)

20 4

' ’ "’ Incub?tion timin(min) . - -

Part of the conserved thermostability region (amino aci@18/4 ) f ol d e éhelmandisa s h
in close proximity to the active cleft at the A/B domain interfdoesilico modeling suggests that the
single replacement o f s e +hdlixlengthwidy treducing Ithe aumbes of s h C
U-helix forming residues from six to five. The CGTases fiBatillus stearothermophiluPDB ID:
1CYG) andThermoanaerobacteriurthermosulfurigeneEM1 (1CIU) have five and four residues at
t h ehelix) respectively, whereas mesophilic CGTases fatillus circulans251 (1CXI) and
Bacillus s p . 1011 (1PAM) compr i se -helixxt thiseragiord may de Tl
favorah e f or CGTase st abi |-carbop mayAause stenic clashing loetween the t |
b-carbon and the peptide backbdi28,24]. Among the amino acids, glycine has the simplest side
c hai n an dcarboma anll theredorexhibits a higher torsional freedom. The replacement of
serine to glycine may possibly relieve unfavorable conformational strain and steric interactions in the
f ol dhelk. ABimilar substitution of serine to glycine increased the thermostabili®jostridium
thermocellunendoglucanase, where the activity Hd# was increased by eigiiwld at 85C [23].

As residue 182 was recogged as a determining residue for CGTase stability, another mutation was
made: Serl82 was replaced with a negatively charged Glu. The S182E mutant was more stable an
active than parent CGTase in the tempegatange of 7090 C (Figure 5a). Furthermore, the activity
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half-life at 60 € was slightly enhanced to 31 min (Figure 5b), and this increment is statistically
significant with a 95% confidence interval based otedt analysis. This enhancement in stapilit
might be caused by the additional croesnain ionic interaction formed between Glu182 (domain B)
and Lys225 (domain A2) that was predicted from the homology model. Lys225 is one of the substrate
binding residues at subsite +2. The extra ionic interaataused an interruption to CGTase catalysis
and caused a decrease in the specific activitiekgnda | u e s a n dcyclizatidn specific activities

were reduced by 18% and 30%, respectively (Table 2). KEhevalue decreased approximately
1.2-folds to 2.57 'S, whereas the catalytic efficiency retained similar to parent CGTase (see Table 3).

2.4. The N132R Mutation at the Calcium Binding Site | Caused Enzyme Dysfunction

The aforementioned Ser182 and its mutant derivatives are adjacecaltmuatinteracting residue
(Ile183) at the calcium binding site I. Asn132 and Asp192 are two other calcium interacting residues at
Cal site (Figure 3). Asn132 was replaced with a positively charged Arg. We intended to introduce an
ionic interaction betwen resi dues Asnl1l32 and Asp h9 Zshddth aat b
respectively. We thought the ionic interaction could stabilCGTase by pulling the two opposite
secondanstructures together. Unfortunately, substitution of Asn132 to an Arg leiztyme dysfunction
No activity could be detected on starch plates or by the CGTase activity assay. The Asn132 residue is :
strictly conserved residue in CGTase and may be an amino acid that is intolerant to replacement. It is
hypothesied that the longidechain of the arginine points towards the substbateling subsita 1
and may cause a steric hindrance to His133 (Figure 6). His133 is important for binding to the glucose
moiety of starch, and earlier mutagenesis studies demonstrated that it isiteveseasidue[25].
Substitution of His133 to Asn reduced the activity of #ecillus sp. 1011 CGTase by 75%.
Furthermore, replacement to Arg nearly inactivated the enzyme actieitytsat the dtvity was only
2% of the wildtype CGTase. Hence, any modification, disturbance or hindrance to the interaction
between residue 133 and the substrate could critically affect the enzyme activity.

Figure 6. Theoretical model focalcium binding site | with mutation N132R. An ionic
interaction is formed between Argl32 and Aspl92, yet the long arginineclsade
could possibly block the interaction of His133 (subsitel residue) with the
substrat€maltotetraose)



