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CHAPTER |

INTRODUCTION

Cyclodextrins

Cyclodextrins (celluloseine, cycloamylose, cyclomaltose, Schardinger dextrin :
CD) are afamily of starch-derived cyclic compounds commonly containing six, seven
or eight glucose residues per molecule, designated a.-, 3- and y-CD, respectively. The
glucose units are linked by a-(1,4)-glycosidic linkage and contain no reducing ends.
(Figure 1) (French, et al., 1942, 1949; Schardinger, 1903, 1904). The ring shape of the
CDs is a consegquence of the Cl-chair configuration of the D-glucopyranosyl units,
and their 1,4-a-D-linkages. The overall appearance of the CD molecule is that of a
truncated cone : the “wide” sideis formed by secondary O(2)H and O(3)H hydroxyls,
whereas primary O(6)H hydroxyls are located on the more closed side (Figure 2),
rendering the molecule a hydrophilic outside. The cavity of the CDs is hydrophobic,
with all the intramolecular hydrogen bonded between the secondary hydroxyl groups
of neighboring D-glucopyranosyl units O(3)...0(2), contributing to the
hydrophobicity and rigidity of the CD molecule.

Some physical properties of CDs are summarized in Table 1 (Szejtli, 1988).
Among the CDs, y-CD has the biggest cavity, the most flexible characteristics and is
more soluble than o-CD and B-CD. The secondary hydroxyl groups of the nearby
glucose unit in the molecule of B-CD can form seven hydrogen bonds, called the
secondary belt, which gives B-CD the most stable but the lowest soluble form. A
glucose unit of a-CD isin adistorted position and can form only four hydrogen bonds

(Szejtli, 1988).
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Figure2 Structure of B-cyclodextrin (Bender, 1986; Szejtli, 1990)

(&) Chemical structure; O = oxygen atoms, ® = hydroxyl groups

(b) Functional structure scheme




Table 1 Characteristics of cyclodextrin (Saenger, 1982; Szejtle, 1988)

a-CD B-CD v-CD
Glucose monomers 6 7 8
Molecular weight 972 1,135 1,297
Cavity dimension
Cavity diameter (A°) 4.7-53 6.0-6.5 7583
Cavity depth (A°) 7.9+0.1 7.9+0.1 7.9+0.1
Cavity volume (A°) 174 262 472
Solubility in water 14.40 185 23.20
(g/200ml at 25°C)
Crystal form (from water) Hexagonal Monoclinic Quadratic prisms
plates parallelograms
Melting range (°C) 255-260 255-265 240-245
Water of crystallization 10.2 13-15 8-18
Water molecules in cavity 6 11 17




Complex formation of cyclodextrin and guest molecule can markedly improve
the chemical and physical properties of the guest molecule such as protection against
oxidative degradation or destruction by UV light, improvement of the solubility of
hydrophobic substances in ageous solution, stabilization of volatile compounds,
aternation of the chemical reactivity, modification of liquid substances to powder, or
reduction of undesirable smell or taste in products, e.g., foodstuffs are among those
known useful properties (Schmid, 1989). The applications of cyclodextrins as
emulsifiers, antioxidants and stabilizing agents have rapidly increased in food,
cosmetics, pharmaceutical, agrochemical and plastic industries (Nagamoto, 1985)
(Table 2).

Several cyclodextrin derivatives have been developed through chemical or
enzymatic means in order to obtained CDs with specific desirable properties. Some of
those are methylated, hydroxypropylated and glycosylated at the hydroxyl groups,
resulting in higher solubility than parental CDs. CD-polymers (linked cyclodextrins)
are often used as stationary phase in various liquid chromatography system (Casu and
Roggiani, 1979; Ensuiko, 1994; Yamamoto, et al., 1990). These modified CDs, in
addition to their native or parental CDs (the a-, B- and y-CD) offer wider range of
properties to be selected as the suitable host molecules. Currently available modified
cyclodextrinsare listed in Table 3.

As cyclodextrins -have been widely used in various industries since early
1970s, many countries (for example, Japan, Germany, France, Netherland, Denmark,
Spain, Italy, Belgium, Hungary, USA and Tawan) have approved the use of
cyclodextrins (at different levels) in several industrial fields (Amaizo, 1991). The

forecast for world market usage (all types of CDs) is shown in Figure 3.



Table 2

Szejtli and Pagington, 1991)

Industrial applications of cyclodextrins (Horikoshi, 1982; Bender,1986;

Use

Guest compound/end product

Food

1.Emulsification

2.Increase of forming powder

3.Stabilization of flavors and seasoning

4.Taste masking
5.Reduction of hydroscopicity

6.Elimination of unpleasant tastes

7.Elimination of cholesterol
8.Reduction of odour
Cosmetics and toiletries
1.Color masking and control
2.Stabilization of fragrance

3.Stabilization

4.Preventing inflammation of skin

5.Deodorant

Eggless mayonnaise, seasoning oil,
whipping cream, etc.

Egg-white (freeze-dry), hotcake-mix,
cake-mix, etc.

Chewing gum flavor, biscuit flavor,
seasoning powder, instant noodles,
seasoning paste, etc.

Meat paste

Powder flavor products

Juice, milk, casein, ginseng, propylene
glycol

Egg yolk, milk, butter

Mutton, fish, soybean

Fluorescein, bath agent

Menthol

Chalcone, dihydrochalcone (toothpaste),
perfume

Skin lotion, sun block cream

Mouth wash, refrigerator




Table 2 Industria applications of cyclodextrins (continued)

Use

Guest compound/end product

6.Reduction of irritation

7.Enhancement of attained concentration
8.Defoaming effect

Agriculture

1.Stabilization of volatility
2.Stabilization of nutrient
3.Improvement of palatability

Phar maceuticals

1.Increase of solubility

2.Taste masking

3.Powdering (non-volatile)
4.Stabilization (UV, thermal)
5.Decrease irritation
6.Enhancement of bioavailibility
7.Reduction of systemic toxicity
Pesticides

1.Stabilization (UV, thermal)

2.Powdering (non-volatile)

Chemical technology

1.Catalyzation for reaction

Shampoo, cream, skin powder
Skin moisturizing lotion

Laundry

Tobacco,aroma
Animal-feed

Bone-powder, microbial cell-mass

Prostaglandin, phenobarbital,
Cholramphenical

Prostaglandin

Nitroglycerin, elofibrate
Prostaglandin, vitamin
Cu-alcanomine complex, tiamulin
Barbiturate, flufenamic acid, digixin

2-amino, 4-methyl-phosphynobutyric acid

Pyrethrins, pyretenoids, isoprenoids

DDVP and other organic phosphorus

pesticides

Products of hydrolysis, substitution




Table 3 Classification of cyclodextrin derivatives (Ensuiko, 1993; Rajewski and

Stella, 1996; Szejtli, 2000)

Parental CD Modified CD
Substituted CD Branched CD CD polymers
a-, B-, y-CD | Methylated CD Homogeneous branched CD | Cross-linked CDs
-dimethylated -glucosyl Matrix coupled CDs
-trimethylated -maltosyl
-randomly methylated
Ethylated Heterogeneous branched CD
-diethylated -gal actosy!
-triethylated -mannosy!
-maltosy!
Hydroxy alkylated

-2-hydroxyethylated
-2-hydroxypropylated
-3-hydroxypropylated
-hydroxybutenyl

Sulfobutylether
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By way of general introduction, it can be said that chemical combinations in
solution can exist in a number of forms including simple mixtures, salts or complexes.
Different types of complexes are classified according to the nature of the complexants.
These can be meta complexes, complexes of organic molecules, or structural
complexes. Structure complexes can be distinguished by the type of associations
which occur.

Inclusion complexes are cage-like molecular arrangements which hold other
molecules. The included molecule is called the guest while the complexing agent is
known as the host molecule. Complexation is a dynamic process. The interactions
between host, guest, and solvent molecules are all involved in determining the nature
of the complexes, if in fact they occur (Amaizo, 1993) (Figures4 and 5).

Several major factors direct the formation and dissociation of cyclodextrin
complexes. These forces are related primarily to molecular interactions and molecular
size. There are several types of molecular interaction that affect complexation:

a) The most important molecular interaction is the hydrophobic attraction
between a hydrophobic solute in agueous solution and the hydrophobic
cavity of the cyclodextrin.

b) The close proximity of the cavity walls permits increased Van Der Waals
interactions between included guest molecules and the cyclodextrin.

c). Hydrogen bonding, when possible, can play a significant role in the

stabilization of a guest molecule in the CD cavity.
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MODIFICATION OF gHey MODIFICATION OF
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Figure 4 Inclusion complex formation between CDs and guest molecules leading to

modification of guest physical and chemical properties. (Amaizo, 1993)
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d) Another major driving force is the displacement of high energy water
molecules from the cavity by complexation of a more hydrophobic guest.
Release of water energy when it combines with the bulk water at a lower
energy level can be a significant driving force for complexation. Even
though the cavity has hydrophobic character, when cyclodextrin is
crystallized from water, water is included in the cavity, though at a higher
energy level. Up to 6 moles of water can be incorporated into cyclodextrin
in this fashion.

€) One source of energy driving complexation is derived from a more stable
guest conformation. For example, under alkaline conditions the red color of
phenophthalein is bleached when it reverts to a more stable colorless form

during cyclodextrin complexation (Millone, 1989).

Cyclodextrin producing enzymes

Cydodextrin olycosyltranderase (14-0-D-glucen : 14-a-D-
glucopyranosyltransferase, EC 2.4.1.19. CGTase ) is known to catalyze degradation of
starch to form cyclodextrins. This enzyme catalyzes three possible mechanisms :
cyclization, coupling, and disproportionation reactions (Kitahata and Okada, 1975), as

shown in the following equétions:

cyclization
Gn > G(n-x) + CGx
coupling

disproportionation
Gm+G, — 5 Gmy *+ G
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Where G, and G, are 1,4-a-D-glucopyranosyl chains with “n” and “m”
glucose residues ; x is a part of the 1,4-a-D-glucopyranosyl chain and cGy is a symbol
for CDs.

In addition, the enzyme has a weak hydrolyzing activity (Bart, et al., 2000).
These reactions are demonstrated in Figure 6.

The cyclization reaction is thought to be a special type of disproportionation,
the non-reducing end of one chain itself serving as acceptor, whereas the helical
conformation of substrate is thought to be a prerequisite for cyclization. Catalyzing the
two-substrate reactions, disproportionation and coupling, the CGTases have been
proposed to posses two binding sites for donor and acceptor, respectively. The
acceptor binding site proved to be not specific for glucose or maltooligosaccharides
(Bender, 1986). The cyclization reaction is efficient for long chain substrates
containing 16-80 glucopyranosyl residues. If the chain length is greater than 100 units,
disproportionation reaction dominate. The relationship between chain length of
substrate and reaction of CGTase is summarized in Table 4. Higher concentration of
maltooligosaccharides or glucose favors the reversed coupling reaction resulting in
linear products with negligible amount of cyclodextrins (Kitakata, Okada, and Fukai,
1978). The action of CGTase is different from that of other starch-degrading enzymes
in that the products are cyclic and non-reducing.

The three-dimensional structure of CGTase from X-ray crystallographic
technique showed that CGTase consisted of five domains, labeled A toE. A, B, and C
domains are homologous to a-amylase. Compared of a-amylase, CGTase contains
two additional domains (D and E). The E-domain of CGTase has been recognized as a
putative raw (native) starch binding domain. B-cyclodextrin tightly binds to this E-

domain, as observed in crystal structure, which may interfere with starch binding,
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providing at least part of the explanation for the observed cyclodextrin product
inhibition. Analysis of a maltose-dependent CGTase crystal structure revealed that
each enzyme molecule contained three maltose molecules, situated at contact points
between protein molecules in the crystal. Two of these maltoses were bound to
specific sites in the E-domain, the third maltose was bound at the C-domain. The roles
of the two maltose binding sites in the E-domain in raw starch binding, cyclization
reaction Kinetics, and product inhibition by B-cyclodextrin were studied by replacing
Trp616 and Trp662 of maltose binding site 1 and Tyr633 of maltose binding site 2 by
alanines using sSite-directed mutagenesis. Characterization of purified (mutant)
CGTase shows that maltose binding site 1 is most important for raw starch binding
whereas maltose binding site 2 is involved in guiding linear starch chains into the
active site groove. Inhibition of the cyclization reaction by p-cyclodextrin is of a
mixed type, which can be divided in competitive inhibition interfering with catalysis
in the active site and non-competitive inhibition interfering with the function of
maltose binding site 2 in the E-domain (Figure 7).

Model of mechanism for the cyclization has been postulated that CGTase binds

eight to ten (or even more glucose units of a starch molecule The active site of
CGTase thus consisted of eight to ten (or more subsites The reaction is an exoattack
on glucose chains from the nonreducing ends The resulting maltohexaose
intermediate is bound to an aspartyl group of enzyme by ester bond. The non-reducing
end of the maltohexaose subsequently binds to subsite two and new a-1,4-glycosidic

bond is formed between glucose residues one and six of maltohexaose, as shown in

Figure 7 (Bender, 198s).
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Figure 6 Schematic representation of the CGTase-catalyzed  transglycosylation
reactions. (A) cyclization; (B) coupling; (C) disproportionation; and (D) hydrolysis.
The shaded circles represent glucose residues; the white circles indicate the reducing

end glucoses. (Bart, 2000)
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Table 4 Relationship between length of subsite and mechanism of CGTase (Szeitli,

1988)
Substrate chain length Effect on mechanism of CGTase
(residues)
1 (D-glucose) -no catalysis
2-4 -inhibit initial reaction of cyclization

-substrate for coupling reaction

5-14 -good substrate for coupling reaction
-poor substrate for disproportionation reaction

16-80 -good substrate for cyclization reaction

> 100 -good substrate for disproportionation reaction
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Figure 7 CGTase from Bacillus circulans 251
(a) Stereo ribbon drawing of CGTase (Lawson, et al., 1994)

(b) Schematic represent the active site (van der Veen, et al., 2000)
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molecule

Figure 8 Model of CGTase mechanism from Klebsiella pneumoniae M5 a (Bender,

1988)
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CGTase is produced by various microorganisms, for instance Klebsiella
pneumoniae (Bender, 1977), Brevibacterium sp. (Mori et al., 1994), and mainly the
Bacillus sp. (Bender, 1986 ; Komitani et al., 1993), as listed in Table 5. The CGTase
can be devided into three types : a-, -, and y-, according to the major type of CD
formed (Horikoshi, 1988). The enzymes from different sources show dlightly different
characteristics such as working pH, temperature, and molecular weight. Each CGTase
enzyme Yyields different ratio of cyclodextrin products, for example, the CGTase of
B. macerans produced a.-, -, and y-CD in relative amount of 2.7:1.0:1.0 (Depinto and
Campbell, 1968), while the CGTase of alkalophilic Bacillus no. 38-2 and B. circulans
produced CDs in relative ratio of 1.0:11.0:1.5 (Matzuzawa, et al., 1975) and
1.0:10.0:1.0 (Pongsawasdi and Y agisawa, 1987), respectively. The Bacillus fermusl
lentus 290-3 was known to produce y-CGTase in the initial phase of the enzyme
production (Englbrecht, et al., 1990)

Although the potential of cyclodextrins in industrial application iswell known,
the market for cyclodextrins is still limited due to high cost and the availability of a-,
and y-cyclodextrins. Various studies have been emphasized on improvement of
cyclodextrin productions. Development of cultivation for cyclodextrin over-production
was carried out under optimized culture condition and with complex nutrient media. A
need for a thermostable or thermotorelant CGTase which gives high cyclodextrin yield
has been recognized. CGTase from an akalophilic Bacillus strain no.38-2 (ATCC
21783) was observed to provide these required properties (Horikoshi and Akiba,
1982). Immobilized CGTase can be utilized in several conversion cycles to steadily

increase the volume of production, hence reduce the production cost (Nakamura and



Table5 Properties of cyclodextrin glycosyltransferases

Organism Predominant Optimum pH Optimum MW pl References
product temperature (°C) (dalton)*
Alkalophilic Bacillus sp. 38-2 B-CD 7.0 50 88,000 ND Larsen, et al., 1998
Neutral CGTase
Alkalophilic Bacillus sp. 38-2 B-CD 4547 45 88,000 ND Larsen, et al., 1998
Acidic CGTase
Alkaophilic Bacillus 17-1 B-CD 6.0 ND 74,000 ND Y amamoto, et al., 1972
Bacillus fermus/lentus y-CD 6.0-8.0 50 75,000 4.1 | Englbrecht, et al., 1990
Bacillus macerans IFO 3490 o-CD 5.0-5.7 55 75,000 4.6 | Kitahata, et al., 1974
Bacillus macerans IAM 1243 o-CD 55-75 60 74,000 ND | Kobayashi, et al., 1978
Bacillus megaterium B-CD 5.0-5.7 55 ND 6.07 | Kitahataand Okada, 1974
Bacillus stearothermophilus a-CD 6.0 ND 68,000 4.5 Kitahata and Okada, 1982
Klebsiella pneumoniae M5 al a-CD 6.0-7.2 ND 68,000 4.8 Bender, 1982

ND =nodata , * = by SDS-PAGE
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Horikoshi, 1976; Kato and Horikoshi, 1984; Yang and Su, 1989). Protein engineering,
site-directed mutagenesis and gene cloning were also used to increase the yield of
enzyme product. These techniques were not only based partly on an assumption of
lower production costs, but also on the trends towards greater acceptability of
cyclodextrins (Schmid, 1989).

Gene cloning and over-expression of CGTase gene, not only provides
satisfactory cyclodextrin production, but also provides more enzyme for studies on its
structure and mechanism including determination of its nucleotide sequence. In such
studies, the 3-CD synthetase gene from an alkalophilic Bacillus sp. #1011 (Kimura et
al., 1987, 1989, 1990), Bacillus sp. strain no. 38-2 (Kaneko et al., 1988) and
Klebsiella pneumoniae M5 al (Binder, et al., 1986) were cloned and expressed in
E. coli and Bacillus subtillis.

The conventional procedure for the production of CDs includes liquefaction of
starch using a thermostable o-amylase at 105 to 110°C and pH 6.0 to 6.5. However,
further o-amylase treatment reduces the CD yield, because the maltodextrins,
oligosaccharides, and glucose formed during this process act as acceptors, so that the
coupling reaction (the degradation of CD) is accelerated. Another problem relating to
the pH of liquefaciton is the need to raise the pH of the 30 to 35% (wt/vol) starch
dlurry (the pHin genera is4.5to 5.0) to pH 6.0 to 6.5. This pH adjustment require the
costly. addition of acid-neutralizing chemicals. Moreover, in the next CD formation
step, the pH must be adjusted to optimum for CGTase. After the reaction mixture is
allowed to cool to ~ 50°C, it is treated with bacterial CGTase (Kitahata, et al.,1974;
Nakauma and Horikoshi, 1976; Bender, 1977; Kobayashi, et al., 1978; Kitahata and
Okada, 1982; Makela, et al., 1988; Yagi, et al., 1986), which have an optimum

catalytic reaction temperature of 50-65°C. However, this procedure is inefficient in
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many aspects : firstly, a-amylase should be inactivated before the addition of CGTase;
secondly, microbial contamination is possible; thirdly, it istime consuming. Therefore,
a CGTase with liquefying and cyclizing activities at high temperature would be
appropriated for efficient production of CDs. Norman and Jorgensen (1992) reported a
thermostable CGTase isolated from a thermophilic anaerobe, Thermoanaerobacter.
This thermostable CGTase has a temperature optimum of 90°C and produced CDs
more efficiently than the CGTase isolated from Bacillus macerans with a temperature
optimum of 55°C (Yagi, et al., 1986). However, the producing organism,
Thermoanaerobacter, is not presently included in those organisms that are generally
reconized as being safe for the production of food or pharmaceutical products of their
applications. Inactivation of the enzyme upon the completion of the process would not

be easy due to the thermostability of the enzyme.

Purification methodsfor CGTase

The study on physical and biochemical properties of CGTase required
separation techniques to purify the enzyme. Methods reported thus for CGTasse
purification include precipitation with organic solvents or ammonium sulfate, starch
adsorption , electrophoresis and chromatography on DEAE-cellulose (Nakamura and
Horikoshi, 1976; Kitahata, et al., 1974; Matzuzawa, et al., 1975; Stavn and Granum,
1979; Kobayashi, et al., 1978). Very efficient purification of CGTase from B. macerans
was achieved on o-CD-derivatized agarose (Laszlo, et al., 1981). Because CGTase
from that strain produces mainly o-CD, the current view is that the o-CD ligand is

appropriate only for this CGTase. Thus, B-CD has been suggested to serve as the

affinity ligand for -CD producing enzyme (Bender, 1986).
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The cyclodextrin research group at the Department of Biochemistry, Faculty of
Science, Chulalongkorn University has been working on B-CGTase of Bacillus
circulans All, a strain isolated from South-East Asian soil (Pongsawasdi and
Y agisawa, 1987). The enzyme was purified and characterized in its properties such as
molecular weight, working pH and temperature and the enzyme activity on various
substrates (Techaiyakul, 1991).Effect of some carbohydrates on the induction of
CGTase to produce higher CD-products mainly y-CD was also studied (Rattapat,
1996). The enzyme was purified by chromatofocusing column and analysis on native-
PAGE suggested that it may compose of 4 isozymes with different isoelectric pointsin
the range of 4.40-4.90 (Rojtinnakorn, 1994). Specific antibody against CGTase was
prepared (Rojtinnakorn, 1994) and was used in enzyme purification through
immunoaffinity column chromatography (Kim, 1996). Optimization of CGTase
production in a5 litre-fermenter and cyclodextrin production from rice starch by using
immobilized CGTase in both batchwise and continuous processes and also free
CGTase were studied (Rutchatorn, 1993; Kuttiarcheewa, 1994 and Malai, 1995).
Siripornadulsil (1992), Vittayakitsirikul (1995) and Booncha (1996) reported on
molecular cloning techniques, gene expression, mapping and partial nucleotide
sequence determination. ‘Laloknum (1997) synthesized oligonucleotide probes for
CGTase gene and Jantarama (1997) studied on the mutation of Bacillus sp. A1l for
the production of higher CGTase activity. Kaskangam (1998) later isolated and
characterized CGTase isozymes from this strain. Production of cyclodextrins from
cassava starch was studied (Nilmanee, 2000) and Wongsangwattana (2000) reported
on specificity of glycosyl acceptor in coupling and transglycosylation reactions of

CGTase from Bacillus circulans A11. In addition reduction of naringin and limonin in



25

tangerine Citrus reticulata, Blanco juice with B-cyclodextrin polymer was also studied
(Rodart, 2001).

In the hope to reduce the before mentioned problems in the process of CDs
production, the thermostable CGTase-producing bacteria were, therefore, screened
from the hot spring environments at northern Thailand. Conditions for growth and
CGTase production were optimized. The enzyme was also purified and studied some

of its physical and biochemical characteristics.



CHAPTERII

MATERIALSAND METHODS

2.1 Equipments

Autoclave : Model HA-30, Hirayama Manufacturing Cooperation, Japan

Autopipette : Pipetman, Gilson, France

Centrifuge, refrigerated centrifuge : Model J-21C, Beckman Instrument Inc., U.S.A.

Centrifuge, microcentrifuge high speed : Model MC-15A, Tomy Seiko Co. Ltd.,
Tokyo, Japan

Diaflo Ultrafilter : Stirred Ultrafiltration Cell 8050 Amicon W.R. Grace Cooperation ,
U.SA.

Electrophoresis Unit : Model Mini-protein Il Cell, Bio-Rad, U.S.A.

Freeze-dryer : Stone Ridge, New Y ork, U.S.A.

Fraction Collector : Model 2211 Pharmacia LKB, Sweden

Gene Amp PCR System : Model 2400 PERKIN ELMER, U.S.A

High Performance Liquid Chromatography : Model Hewlett PACKARD series 1050,
Japan

Incubator : Model OB-28L Fisher Scientific Inc., U.SA.

Incubator shaker, controlled environment : Psycrotherm, New Brunswick Scientific
Co., U.SA

Incubator shaker : Model G76D New Brunswick Scientific Co., Inc. Edison, N.J. U.SA.

Magnetic stirrer and heater : Model IKAMA R GRH, Janke& Kunkel Gmbh& Co.KG,
Japan

Spectrophotometer : UV-240, Shimadzu, Japan and Jenway, England
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Vortex : Modd K-550-GE, Scientific Industries, U.S.A.
Water bath : Charles Hearson Co.Ltd., England

Water bath, Shaking : Heto lab Equipment, Denmark

2.2 Chemicals

Acetonitrile (HPLC grade) : J.T. Baker Chemical, U.SA.

Acrylamide : Merck, U.SA.

Beta-amylase : Type 1-B from sweet potato (A7005), Sigma, U.S.A.

Coomassie Brilliant Blue G-250 : Sigma, U.S.A.

Coomassie Brilliant Blue R-250 : Sigma, U.S.A.

Glycine: Sigma, U.SA.

Maltose, maltotriose, maltotetraose, maltoheptaose, maltohexaose, and maltoheptaose
: Sigma, U.SA.

Methyl orange : BDH, England

N,N’-methylene-bis-acrylamide : Sigma, U.S.A.

Noble agar : BBL, Becton, Dickinson and Company, U.S.A.

Phenolphthalein : Fluka A.G, Buchs S.G., Switzerland

Potato starch (soluble) : Sigma, U.S.A.

Soluble starch (potato) : FlukaA.G. Buchs S.G., Switzerland

Standard a-, B-, and y-CD : Sigma, U.S.A.

Standard molecular weight marker proteins : Biorad, U.S.A.

Standard pl marker proteins: Sigma, U.S.A.

Trichloroethylene (TCE) : BDH Laboratory Chemical company, U.S.A.
The other common chemicals were of reagent grade. Corn starch (Maizena)

were locally purchased.
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2.3 Mediapreparation

2.3.1 Medium|

The medium to maintain bacterial culture was prepared as described by
Pongsawasdi and Y agisawa (1987). Medium | consisted of 0.5% beef extract, 1.0%
polypeptone, 0.2% NaCl, 0.2% yeast extract and 1.0% soluble starch (Fluka) was
prepared and adjusted to pH 7.2 with 1.0M HCI. For solid medium, 2.0% agar was

added. Medium | was sterilized by autoclaving at 121°C for 15 minutes.

2.3.2 Cultivation Medium (modified from Horikoshi’ s medium)

Medium for enzyme induction, slightly modified from Horikoshi (1971),
contained 1.0% soluble starch, 0.5% polypeptone, 0.5% yeast extract, 0.1% K,HPO,,
0.02% M@gS0O,.7H,O and 0.75% NaCO3z; with starting pH of 10.0. For screening
medium, 2.0% agar, 0.03% phenolphthalein and 0.01% methyl orange were added.

The medium was sterilized before used.

2.4 Screening of bacteria strains

Soil samples were collected from hot spring environments in northern Thailand
such as Chiang Rai, Chiang Mai, and Tak province. The samples were taken at various

distances from the hot springs as shown in Appendix A.
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2.4.1 Primary screening

A small amount of soil sample was suspended in sterilized water and was
diluted in seria dilution from 10 to 10°. Subsequently, each dilution was spreaded
onto Medium | agar plate. The culture was incubated at 37°C for 2-3 days. The strains
tested positive for starch hydrolyzing activity on agar plate stained with iodine
solution (0.2% (w/v) I, in 2.0% (w/v) K1) were selected and kept in Medium | slant at

4°C.

2.4.2 Secondary screening

Taguchi (1986) found that phenolphthalein was transformed into colorless
dianion within the cavity of B-CD. To distinguish CGTase activity from the actions of
acids produced by some microorganisms, methyl orange were also included in the
method

The positive strains from 2.4.1 were further screened for CD-forming activity
by the phenolphthalein test developed by Park (1989). The bacteria were streaked on
Horikoshi’s agar plate. The culture was incubated at 37°C for 2-3 days. The colony
which was surrounded by appreciable yellowish halo zone was selected and

maintained in Medium'| slant at 4°C.
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2.5 ldentification of the CGTase producing bacteria

2.5.1 Biochemical test

The isolated strain was identified by biochemical characteristics at Thailand

Institute of Scientific and Technological Research.

2.5.2 Anaysisof the 16S rRNA gene

The 16S rRNA gene of the strain was amplified by PCR technique with
forward primer 5-AGAGTTTGATCCTGGCTCAG-3 (primer A) and reverse
primer 5-AAGGAGGTGATCCAGCCGCA-3 (primer H). The amplified PCR
product was sequenced by primer pA, pD, and pF. (Edwards, et al, 1989) The 16S
rRNA gene sequence was then aligned with those sequences of representative group of

Paenibacillus and Bacillus obtained from GenBank (http://www.ncbi.com).

2.6 Cultivation of bacteria

2.6.1 Starter inoculum

A colony of the bacteria was grown in 50 ml of starter Medium | in 250 ml
Erlenmeyer flask at 37°C with 250 rpm rotary shaking until Agso reached 0.3-0.5 unit

or about 8-10 hours.
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2.6.2 Enzyme production

The starter bacteria was transferred into 100 ml Horikoshi’s broth in 500 ml
Erlenmeyer flask with 1% inoculum and cultivated at 37°C with 250 rpm rotary
shaking. Culture was harvested after 84 hours and cells were removed by
centrifugation at 5,000 rpm for 30 minutes at 4°C. Culture broth with crude CGTase

was collected and kept at 4°C until purification.

2.6.3 Physiological characteristics of the bacteria

The physiological characteristics of the isolated bacteria was investigated for
optimal growth and enzyme production condition. The incubation temperature, pH,
and CaCl, concentration of Horikoshi’s medium were varied. The growth temperature
was tested for 37-60°C. The pH of the medium was varied from 6 to 10. The CaCl,
concentration ranged from 0-1.0 mM CaCl,. Samples were collected every 12 hours
and the cell density was measured at Aesso. The protein content and dextrinizing

activity were also examined.

2.7 Enzyme assay

For this study, CGTase activity was routinely determined by starch degrading
(dextrinizing) activity and CD-forming activity [phenolphthalein or CD-trichloroethylene

(CD-TCE)] assays.
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2.7.1 Dextrinizing activity assay

Dextrinizing activity of CGTase was measured by the modification methods of
Fuwa (1954) and Techaiyakul (1991)

Enzyme sample (5-100 pl) was incubated with 0.3 ml of starch substrate
(0.2%(w/v) soluble starch (potato) in 0.2M Tris-HCI buffer, pH 8.0 containing 10mM
CaCl,) at 65°C for 10 minutes. The reaction was stopped with 4 ml 0.2M HCI. Then
0.5 ml of iodine reagent (0.02% I, in 0.2% KI ) was added. The mixture was adjusted
to a final volume of 10 ml with distilled water and its absorbance at 600 nm was
measured. For control tube, HCI was added before the enzyme sample.

One unit of enzyme was defined as the amount of enzyme which produces
10% reduction in the intensity of the blue color of the starch-iodine complex per

minute under the described condition.

2.7.2 Phenolphthalein assay

CD-production of CGTase was determined by the method of Chung, et al.
(1998).

The enzyme solution (100ul) was added to 1 ml of soluble starch solution (4%
(w/v).in'50mM Tris-HCI buffer, pH 8.0 containing 15mM CaCl,) and incubated at
75°C for 15 minutes. The reaction was stopped by adding 3.5 ml of 30mM NaOH.
Then 0.5 ml of phenolphthalein solution (0.03% (w/v) in 5mM Na,COs3) was added to
the reaction mixture and left to stand at room temperature for 15 minutes. The

concentration of 3-CD was calibrated by comparing the reduction in absorbance at 550 nm
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with a standard 3-CD curve. For control tube, NaOH was added before the enzyme
sample.
One unit of enzyme activity was defined as the amount of enzyme producing 1 mg

of B-CD per minute.

2.7.3 Cyclodextrin-trichloroethylene (CD-TCE) assay

CD-forming activity of CGTase was determined by the method of Nomoto, et
al., (1986) with dlight modification (Rojtinnakorn, 1994). This method is specifically
measuring 3-CD whichisinsolublein TCE.

The enzyme sample was diluted in serial double dilution by 0.2M phosphate
buffer, pH 6.0. The reaction mixture, containing 0.5 ml of sample and 2.5 ml of starch
substrate (2.0% (w/v) soluble potato starch in 0.2M phosphate buffer, pH 6.0) was
incubated at 40°C for 24 hours. Thereafter the mixture was vigorously mixed with 0.5
ml of trichlorothylene (TCE) and left overnight at room temperature in the dark. The
activity was expressed in term of dilution limit (1:2") which was the highest dilution
that still produce observable CD-TCE precipitate at the interphase between the upper

starch solution layer and the lower TCE layer.

2.8 Protein determination

Protein concentration was determined by the Coomassie Blue method
according to Bradford (1976), using bovine serum albumin as standard.
One hundred microlitres of sample was mixed with 1 ml of protein reagent and

left for 5 minutes at 25°C before recording the absorbance at 595 nm. One litre of
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Coomassie Blue reagent was the mixture of 100 mg Coomassie Blue G-250, 50 ml of

95% ethanol, 10 ml of 85% H3PO, and distilled water.

2.9 Purification of CGTase

CGTase was partialy purified from the culture broth of the bacteria by starch
adsorption method of Kato and Horikoshi (1984) with some modification
(Kuttiarcheewa, 1994). It was further purified by the affinity chromatography method of

Larsen, et al., (1998). All enzyme purification procedures were performed at 4°C.

2.9.1 Starch adsorption

Corn starch (local grade) was oven dried at 120°C for 30 minutes and cooled to
room temperature. It was then gradually sprinkled into stirring crude broth to make 5%
(w/v) concentration. After 24 hours of continuous stirring at 4°C, the starch cake was
collected by centrifugation at 8,000 rpm for 30 minutes and washed twice with 10mM
Tris-HCI containing 10mM CaCl,, pH 8.5. The adsorbed CGTase was eluted from the
starch cake with the same buffer containing 0.2M-maltose (3x150 ml for the culture
broth of 5 L), by stirring for 30 minutes. The partialy purified CGTase was then
concentrated approximately 10 times by ultrafiltration (cut off ‘M.W. = 30 kDa) before

loading onto the affinity column.
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2.9.2 Affinity chromatography (Larsen, et al., 1998)

Affinity gel was prepared by covalently linking B-CD to epoxy-activated
Sepharose 6B. Four gram of freeze-dried epoxy activated Sepharose 6B was washed
on a sintered glass filter with 800 ml of water. The gel was mixed with 1.2 g of 3-CD
in 24 ml of 0.1M NaOH at 45°C for 24 hours. Unreacted epoxy groups were blocked
in 120 ml of 0.1M ethanolamine for 24 hours at 45°C and washed respectively with
400 ml each of 0.1M acetate buffer, pH 4.0, 0.1M NaCl, 0.1M NaOH, 0.5M NaCl, and
0.01M phosphate buffer, pH 9.0.

The affinity column was prepared by packing the matrix in a 10x200 mm
column and equilibrated with 10 volumes of the 20mM phosphate buffer, pH 7.0. The
crude enzyme solution was loaded onto the column and washed with 20mM phosphate
buffer, pH 7.0 until the eluant showed no absorption of Ajg. Contaminating proteins
non-specifically adsorbed to the column were removed by washing with the same
buffer containing 0.5M NaCl. The CGTase bound to the column was eluted with
20mM phosphate buffer, pH 7.0 containing 1% B-CD. The eluted fractions containing
CGTase activity were then pooled. The flow rate of the affinity chromatography was
0.2 ml/min. Fractions of 2 ml were collected for measurement of A,go and dextrinizing

activity.
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2.10 Detection of the CGTase

2.10.1 Polyacrylamide Gel Electrophoresis (PAGE)

Two types of PAGE, non-denaturing and denaturing gel electrophoresis were
employed for analysis of the purified enzyme. Electrophoresis conditions, protein and

activity staining were as described below.

2.10.1.1 Non-denaturing gel electrophoresis

Discontinuous PAGE was performed on slab gels (10x8x0.75 cm) of
5.0% (w/v) stacking and 7.5% (w/v) separating gels. Tris-glycine buffer, pH 8.3 was
used as electrode buffer. The electrophoresis was run from cathode towards the anode
at constant current of 20 mA per slab at room temperature in a Midget LKB 2001 Gel

Electrophoresis unit.

2.10.1.2 SDS-polyacrylamide gel electrophoresis

The denaturing gel was performed according to Bollag and Edelstein
(1991). The gel system was 0.1% (w/v) SDS in 5.0% (w/v) stacking and 7.5% (w/v)
separating gels and Tris-glycine buffer, pH 8.3, containing 0.1% SDS was used as
electrode buffer (Appendix B). Samples to be anayzed were treated with sample
buffer and boiled for 5 minutes prior to application to the gel. The electrophoresis was
performed at constant current of 20mA per slab at room temperature on aMidget LKB

2001 Gel Electrophoresis unit from cathode towards anode.
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2.10.1.3 Detection of proteins

After electrophoresis, proteins in the gel were visualized by Coomassie
blue staining, whereas the enzyme was detected by activity staining for the dextrinzing

activity or dye staining for the product cyclodextrin.

2.10.1.3.1 Coomassie blue staining

Gels were stained with 0.1% (w/v) of Coomassie brilliant blue
R-250 in 45% (v/v) methanol and 10% (v/v) acetic acid for at least 1 hour. The slab
gels were destained with excessive solution of 10% methanol and 10% acetic acid for

3-4 hours until gel background was clear.

2.10.1.3.2 Dextrinzing activity staining (slightly modified from

the method of Kobayashi, et al., 1978)

The gel was soaked for 10 minutes in 10 ml of substrate
solution, containing 2.0% (w/v) potato starch in 0.2M phosphate buffer, pH 6.0, at
room temperature. It was then quickly rinsed several times with distilled water to
remove unbound starch before 10 ml of |, staining reagent (0.2% 1, in 2.0% KI) was
added for color development at room temperature. The clear zone on the dark blue
background represents starch degrading activity of the enzyme.

For SDS-PAGE, the gel was washed with 1.0% Triton X-100 in
0.2M phosphate buffer, pH 6.0 at 37°C with gentle shaking for 3 hours before being

soaked in the substrate.
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2.10.1.3.3 Dye staining for cyclodextrin

The gel was stained by the method of Malai (1991) which was
modified from Park, et al., (1989).

The basis of the staining is that 3-CD produced by the CGTase
can trap phenolphthalein dye in its cavities hence the dye become colorless. To clearly
determine the color of the positive result, methyl orange was also used together in the
method.

The non-denaturing gel was soaked in 10 ml of phenolphthalein
staining solution (2.0g% potato starch, 0.039g% phenolphthalein, and 0.01g% methyl
orange in 1.0% Na,COs) at room temperature for 20 minutes. After leaving the gel to
cool for 30 minutes, the yellow color of methyl orange appeared at the CD producing
band whereas the background of the gel was red due to the color of methyl orange in

akaline condition.

2.11 Characterization of the CGTase

2.11.1 Carbohydrate determination

Qualitative - analysis - for the presence of . carbohydrate in. CGTase was
performed by periodic acid-Schiff (PAS) staining (Zacharius and Zell, 1960)

For PAS staining of glycoprotein, the SDS gel was immersed in 12.5%
trichloroacetic acid for 30 minutes and then rinsed lightly with distilled water. The gel
was then treated with the 1.0% periodic acid solution (Appendix C) for 50 minutes

followed by washing 6 times for 10 minutes each in 200 ml distilled water. After that
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the gel was immersed in Schiff’s reagent in dark for 50 minutes. The gel was then
washed with freshly prepared 0.5% metabisulfite 3 times for 10 minutes each.
Thereafter, the result immediately recorded or the gel should be stored in 3.0% acetic

acid at 4°C.

2.11.2 Determination of the isoelectric point by isoelectric focusing

polyacrylamide gel electrophoresis (1EF)

|EF-PAGE was performed on slab gel (10x8x0.75 cm), of 2.4% gel (Appendix
D). The catholyte (20mM NaOH) was added to upper buffer and for lower buffer
chamber was added by anolyte (10mM phosphoric acid). Focusing was carried out
under constant voltage conditions in a stepwise fashion. The gel was firstly focused at
200V for 1.5 hours and then run at 400V for 1.5 hours. Current would be about 400
mA at the start and decrease during focusing. The temperature was controlled at 4°C
by ice-water bath.

After complete electrofocusing, the gel was stained. Standard protein markers
with known pl’s in the range 3-10 were run together. The standards consist of
amyloglucosidase (3.50), soybean trypsin inhibitor (4.55), B-lactoglobulin A (5.20),
bovine carbonic anhydrase B (5.85), human carbonic anhydrase B (6.55), myoglobin-
acidic band (6.85), myoglobin-basic band (7.35), lentil |ectin-acidic band (8.15), lentil
lectin-middle band (8.45), lentil lectin-basic band (8.65), and trypsinogen (9.30). The
pl’'s of sample proteins were determined by the standard curve constructed from the

pl’s of the standard proteins and their migrating distance from cathode.
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2.11.3 Analysis of cyclodextrins by high performance liquid chromatography

(HPLC)

The sample solution were analyzed for cyclodextrins by HPLC using
Spherisorb 10 NH, column (0.46x25cm) and detected by RI detector. The eluant was a
mixture of 75% acetonitrile and 25% water by volume, and the flow rate was 2
ml/min. To prepare the sample solution, the enzyme were firstly incubated with 2.5 ml
of starch substrate (2.0g% potato starch in 0.2M phosphate buffer, pH 6.0) at 40°C for
24 hours. The reaction was stopped by boiling in water for 5 mintues. After cooling,
the reaction mixtures was treated with 20 units of 3-amylase at 25°C for 3 hours, and
the reaction stopped by heating in boiling water bath. Prior to injection, the samples
were filtered through 0.45 pm membrane filters. Cyclodextrin (a-, B-, and y-CD) were
analyzed by comparing the retention time with those of standard CDs and the amount

was calculated from peak area.

2.11.4 Effects of temperature, pH, CaCl, and time on CGTase activity

The enzyme activity was determined by the methods described in 2.7.1 and
2.7.2. The incubation condition was varied as follows : temperature range from 0 to
100 °C, pH range from 3.0 to 11.0 (Appendix E), 0-20mM CaCl, concentration, and O-

30 minutes for incubation time.
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2.11.5 Effectsof metallic ions and chemicals on CGTase stability

The enzyme were incubated in various metalic ions and chemicals for 15
minutes at 0°C. Its remaining activity was determined by the method described in

Section 2.7.1.

2.11.6 Effects of temperature on CGTase stability

The enzyme was incubated at various temperature, from O to 100°C, in

phosphate buffer with or without 10mM CaCl, for 15 minutes. The activity was then

determined by the methods described in Section 2.7.1 and 2.7.2.

2.11.7 Effectsof pH on CGTase stability

The enzyme was kept in buffer solution of various pH, (pH 3.0 to 11.0) at 4°C

for 24 hours. Its remaining activity was determined by the methods described in

Section 2.7.1 and 2.7.2.

2.11.8 Effects of storage on the enzyme

The crude enzyme was kept at —20 and 4°C. It was then determined the activity

by th