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Various approaches for industrial production of CDs have been presented. In order to 
increase (he bioavailable ol (he substrate, the raw March was extruded instead of liquefaction. The 
processes of CDs production using raw starch as substrate, liquefied starch and swollen extrusion 
March were compared. The highest yield of CDs (54 g/1) was obtained after 24 hours for extrusion 
starch, compared to 45 g/l of that of liquefied starch and only 6 g/1 CDs from raw starch (starch 
concentration was 100 g/1).

Представлены различные подходы промышленного получения I Լ\ г\\я 
увеличения биодоступности субстрата, сырой крахмал подвергали экструзии 
вместо разжижения Сравниались процессы получения ЦД с использованием 
сырого, разжиженного и разбухшего экструзионного крахмала в качестве 
субстратов Наиболыпой выход ЦД (54 г/л| получен после 24ч в случае 
экструзионным крахмалом, по сравнению с 45 г/л из разжиженного крахмала 
и только 6 г/л из сырого крахмала (концентрация крахмала 100 г/л).

Ներկայացված են ՑԴների արդյունաբերական ստացման տարբեր 
մոտեցումներ: Սուբստրատի կենսահասանելիությունը բարձրացնելու նպատակով, 
մասնակի հիդրոլիզի փոխարեն, չմշակված օսլան ենթարկել են էկստրուզիայի: 
Համեմատվել են ՑԴների ստացման եղանակների արդյունավետությունը չմշակված, 
հիդրոլիզացված ևէկստրուզիոն օսլայի դեպքում: ՑԴների ամենաբարձր 
քանակություն (54գ/լ) ստացվել է 24ժամ հետո էկստրուզիոն օսլայից, համեմատած 
45գ/լ ջրիկացված օսլայի և միայն 6գ/լ չմշակված օսլայի դեպքերի հետ:

Introduction

Cyclodextrins (cyclomaltooligosaccharides, cyclic( I —*4)-a-D-glucans, CDs) are 
produced by the action of cyclodexrin glucanotransferase(CGTase) from starch, amylose, 
amylopectin, and other long-chain maltooligosacchandes. and posses a hydrophilic outside 
and hydrophobic central cavity. The formation of inclusion complex between CDs and dye 
was discovered by C ramer el al. at the beginning of the 1950s, and a patent covering 
practical application of CD in drug formulations was filed by Freudenberg et al. Thereafter, 
(he enzymatic production of CDs. fractionation of CDs, and characterization of their 
chemical and physical properties had been intensively studied, and the commercialization of 
CI) was initiated in Japan al 1970s | 1].

( Ds have been widely utilized in food, pharmaceutical, chemical, cosmetic, and 
agricultural industries because ot their ability to form inclusion complexes with a wide 
variety of chemicals by partially encapsulating them into their cavity, thereby, altering the 
physical and chemical properties of these compounds. The utilization of CDs in Korea was 
staled al 1984 using the import 0-CD, and their utilization has been gradually increased in 
pharmaceutical, food, and cosmetic industry. CD mixture comprising ot-( ’I) as a major CD as 
well as pure 0-CD are manufactured by Sewon Inc. since the end of the 1980s |2j.
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Cyclodextrin Glucanotransferase (CGTase)
( (11 use enzymes are able to produce ( i u frr.

Which is the basis of their industrial application ' Recent H Cyclizatio" ^ctrnn, 
concentrate on the use of the CGTase catalyzed coupling deVeloprnenu however, also 
synthesis of modified oligosaccharides by usine altLX d,Sproport։Onal“>n reactions for 

(1) Reactions catalyzed by CGTase l'Ve acceptor substrates.

։Urch
the unique cyclization reaction that is only efficient 7r i .°*n in fiS^e I. there l 
(dextrose equivalent (DE) < 20). According to Bender L mT՜ r SUbstrates used 
with 1,4-a-D-glycopyranosyl chins at a lentth of 16 RO ? cycl«zat«on rate are achieved 
cyclized directly |6J. The cyclization rcachon s ini.f tTh fh“'" > 08 K 
substrates from their nonreducing chain ends. y an exoanack of suitable

reaction explains the time-dependent sNfJoTcD-p^uct? duri’n "COUpljng This 
CDs. For example, during the enzymatic reaction of a a-CCl . i e°nverslon of starch 10 
can be transformed to a significant extent to B CD as h e lmtial PCdk °f a CD 
cyclization equilibrium. The reverse coupling reaction is favored at hi di ’ COUpling 
maltooligosaccharieds of glucose [7J. " higher concentrations of

The disproportionation reaction -occurs mainly at the beginning of the CGTase 
reaction if longer chain starch substrates are used. This is apparent from the rap,d and 
drastic decrease of the viscosity of substrate It is assumed that the disproportionation 
reaction does not influence the synthesis of CDs any further. The difference between the 
cyclization reaction and disproportionation is that cyclization is a one-substrate and 
disproportionation is a two-substrate reaction [7.8]

1. Intramolecular Tnmsglycosylaiion(Cyclizing)
G—G

-O-O-O-G-G-G-G G G Cydodcxtnns
G (a,d, y-CD)

2. Intermolecular Transglycosylation
• Coupling

G G + G* r-r-—— G-G-G-G-G-G-G* 
b-d CD»

• Disproportionation
Q. + On Qm * On»

3. Hydrolysis
G^^G G-G-G-G-G-G (Maltooligosacchandes)

^-G CDs

G-(G)a-G = 
(Amylose)

G-tO.-G + G-(G)„-G 
(Dextrins)

I igure I. Various catalytic reactions of CGTase.

(2) Classification and source
( GTase are divided into three types (a, 0. and y) according to the type ot ( 1) formed 

initially. As the enzymatic reaction continues, the two other forms of CD are usually also
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synthesized. When the reaction is allowed to reach equilibrium. [3-CD is the main end
product; formation of 0-CD is thermodynamically more favorable than that of a- and y-CD 
17]. .....

Table 1 classifies microorganisms producing CGTase according to its main product 
from starch Hence. a-CGTase produces (initially) a-CD. Typical representatives arc the 
CGTase of B macerans, B. steamthermophilus, Thennoacaerobacter sp.. and Klebsiella 
oxytoca M5al. 0-CGTase have been analyzed from B circulans and a variety of alkalophilic 
bacteria Examples of unique enzyme are the 0-CGTase of the alkalophilic strains, B. 
ohbensis, Bacillus 1-1. and B.firmus var. alkalophilus. Both enzymes produce high amounts 
of 0-CD. some y-CD, but no a-CD under standard reaction conditions [4, 5, 7].

Table I. Microorganisms producing cyclodextrin glucanotransferase (CGTase)

_____ Main product from starch Microorganisms _______
a-CD Bacillus macerans, B stearolhermophilus, 

Klebsiella pneumoniae, Ihermoanaerobacler sp.

3-CD B. megaterium. B. circulans, B. ohbensis, 
Alkalophilic Bacilli, B.firmus var. alkalophilus

Y-CD Bacillus sp AL6, B subtilis No. 313, 
Brevibacterium sp. No. 9605

(3) Biochemical and genetic features
Typically, CGTase have a molecular weight of about 70-75 kDa, which is significantly 

higher than that of a-amylases (45-55 kDa). Most of them require Ca2+ for optimal activity 
and stability. They show activity over a broad pH-range, often from pH 5 to pH 10. The 
thermostability of the mesophilic enzymes is limited to about 60°C. An exception is the 
CGTase of Theroanaerobacter sp. which shows highest activity at 95°C [ 10].

At least 18 genes from different sources have been cloned in Escherichia coli and the 
DNA sequence of the majority of these genes have been elucidated (Table 2) [4]. Among the 
Bacillus sp. CGTase a significant sequence homology (50-70%) of the deduced amino acid 
sequence exists. Sequence homology of the CGTase of K. oxytoca M5al to other CGTases is 
only about 30%, which confirms the uniqueness of these enzymes from a gram-negative 
bacterium. Interestingly, primary sequence comparisons of CGTases to various a-amylases 
indicate moderate sequence homology, roughly 15-25%, however, four highly conserved 
regions have been identified in a-amylases as well as in CGTases [ 10].

In our laboratory. 0-CGTase gene from B. firmus var. alkalophilus has been cloned 
and it s nucleotide sequence also determined. In addition, ten highly conserved regions 
including above four regions, which are important amino acid residues in catalysis of 
CGTase, were further identified through comparison of their amino acid sequence among 
CGTases as shown in Figure 2. Particularly, four highly conserved regions (region 11, V, VI, 
and VIII) have been identified in a-amylases as well as in CGTases [12]. In addition, other 
enzymes were analyzed containing this conserved four-region sequence motif. The so called 
a-amylase family includes-besides a-amylase and CGTase-branching enzymes, 
neopullulanase, cyclodextrinase, and amylomaltase. P-Amylase and glucoamylase do not 
possess these sequence motifs and belong to another protein family [10]. Region IX and X 
are belonged to putative raw starch-binding motif, and important in CGTase catalysis.
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Table 2. Bacterial sources and enzymatic properties of CGTases

Enzyme source
Bacillus megatrium

MW, CGTase type 
____P'ype

Opt. PH 
52-6.2

pH stability 
7 0-10.0

T s. 
<55°C

Gene cloned
75.1uni

P-type 5.2-57 7.0-9.0 <55V +
ft tiearvthermophilus 68.1 a-type 60 8 0-100 <50°C +
Bacillus inaceraru_______ 75.1 a-type 5.2-57 8 0 10 0 <55°C

—
4-

Klebsiella pneumoniae a-type 5.2 5.0-7.5 • 4-
Alkalophilic bacillus 
sp. 38-2._______________

88.000 0-type 45-4.7 6 0-10 0 <65°C +

B fimius var. 
alkalophilus____________

75. P-type 6.0 5 5-100 <60°C
— 1

♦

Bacillus ohbensis_______ 35. P-type 5.5 6.5-95 <55°C •
Bacillus sp AL6 45. Illi Y-type 7.0 60-10.7 <55°C •
Bacillus subtil is _____ 64.000 Y-type 8.0 6.0-8 0 <50°C +
Thermoanaerobacler sp. 75.291 a-type 6.0 5 0-6.7 100°C 4-

1 Brcvibacierium sp 75.RTn Y-type 10.0 | 6.0-8.0 <50°C J_____ '

M W.: molecular weight. T.S.: temperature stability

(4) Crystallography, active site, and site directed mutagenesis
Crystallographic structural data confirm that four highly conserved regions are 

involved in the active site (substrate - binding catalytic center) and the Cation binding. 
Despite the low sequence homology between a-amylase and CGTase they show a common 
overall folding pattern and active arrangements [9]

In both cases the amino-terminal domain (A) is a TIM band structure, consisting of 
eight inner, parallel 0-sheets, surrounded by eight a-helixes (0/a) 8-barrel). This crystal 
structure is now known for 21 proteins. Characteristic for the a-amylase family is the 
arrangement of the active site between a small separate domain (B-domain) in between P- 
strand 3 and helix 3 of the (p/a)8 fold. The B-domain is supposed to be responsible for the 
functional diversity of the a-amylase family enzymes.

A C-domain is succeeded to the (P/a)8 barrel, approximately 100 amino acid residues 
ling and folds as eight parallel P-sheets in a Geek key topology. The function of the C- 
domain is unknown, although mutations in the C-domain of a-amylases inactivate the 
enzymes which suggests that the domain is necessary for enzyme activity.

In contrast to a-amylses, CGTase exhibit two further domains (D and E) which are 
anti-parallel p-Sheets at the C-terminal end of the protein and which cause the higher 
molecular weight compared to a-amylases (֊25kDa) as shown in Figure 3. The D-domain 
following the C-domain is similar to immunoglobulin topology (11]. No function has been 
suggested for this domain up to now. Surprisingly, the a-CGTase of K.oxytoca M5al is 
missing this D-domain.

The E-domain found in the tertiary structure of CGTases has a raw starch binding site 
and shows high similarity to region of glucoamylase enzyme which are responsible tor 
binding starch granules, and also contained two maltose-binding sites (MBS); one would 
seems to be involved in raw starch binding (MBSI) and the other guides the starch chain into 
the active site as well as playing an inhibitory role in CD production through accessibility 
control of substrates (MBS2) from X-ray crystallographic studies [9.11].
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Figure 2. Comparison of ihe deduced amino acid sequences of the CGTase gene from Bacillus 
firnius var. alkaloplulus with other CGTases.

(a) 119 478

(b) 139 406 434 580 684

Figure 3. Schematic protein domain arrangement of (a) taka-amylase and (b) CGTase

Figure 4. Model for the active site of CGTase: S refers to the subsites for binding of a 
glucopyranosyl residue (G) which are a-l,4-linked. The “cleavage" and “coupling” site is between 
subsites S| and Sf.
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mdc. " 0Ur laborator*' in order to ldent<‘y the catalytic functions of E-domain. especially 
MBS1, site-directed mutation on MBS1 of E-domain from p-CGTases gene of H.firmus 
alkaiophihus was cared out, thereby several mutant 0-CGTases was obtained Our recent 
work using site-directed mutagenesis showed that MBS1 of E-domain plays a more critical 
role in the cyclization reaction forming CDs from starch than in the coupling or starch 
hydrolysis reactions as shown in Figure 11 [12].

Three-dimensional structures of a-amylase and CGTases on X-ray crystallographic 
data reveal a common principle in the set up of their catalytic domains. The N-terminal 
domain A. a(0/a)8 barrel. This common structure motif and the four highly conserved 
primary sequences, which are part of the active site, implies that both enzymes are a 
common catalytic mechanism. However, distinct variations in 0-strand-loop structures are 
believed to be responsible for different product specificity in different enzymes.

Klein et «/.[13] have proposed that the active center of CGTase contains seven subsites 
designated from the nonreducing end to the reducing end. as S5 through S2' as shown in 
Figure 4. The cleavage point is located between sub-site SI and SI'. The acidic amino acids 
Asp-229, Glu-328 are arranged next to the cleavage point and play an essential role in 
catalysis.

Figure 5. HPLC chromatogram of CDs and maltooligosaccharides produced from soluble 
starch by wild-type, MBS I, and W652G p֊CGTases.

Wild-type. MBS1, and W652G p-CGTases (0.1 unit/m/ cyclization activity) were reacted with 
5.0 %(w/v) of soluble starch dissolved in 50 mM Tris-Maleic acid-NaOH buffer (pH 6.0) at 50 C tor 
12 hours. Peak 1 : Glucose (Gl), 2 : maltose (G2). 3 : Maltotriose (G3). 4 : a-CD, 5 : maltotetraose 
(G4), 6 : P֊CD, 7 : maltopenlaose (G5), 8 : y-CD, 9 : maltohexaose (G6)

Industrial Processes for Production of Cyclodextrins
Production of CDs derived from starch has been carried out by two stages; liquefaction 

or partial cyclization of starch by liquefying amylase or CGTase and then cyclization of the 
liquefied starch by CGTase 114]. And also, surfactant, solvents, and PEG etc. as complexants 
are added into reaction in order to enhance the CD conversion yield and production rate in 
solvent process developed in the late 1960s from work by Com Products ( orporation, a I S- 
based food company. Figure 6. shows the scheme of a typical solvent process tor production of 
CDs.
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However, the addition of solvents may be cause the safety in foods and pharmaceutical 
applications and need the complicated process to recycle the solvent. Therefore. CDs 
produced by solvent process are restricted the application of certain field because remained 
the solvent in DE cavity. In the beginning of the 1970s, to overcome the problems of solvent 
process, a process for manufacturing CDs using chromatography or ultrafiltration system 
instead of the use of any organic solvent in Japan |15.16|. Fig .7. shows manufacturing 
procedure for cyclodextrin using ultrafiltration and reverse osmosis membrane of Dnsuiko 
Co in Japan.

However, above traditional enzyme reaction system utilizing liquefied starch as the 
substrate for follow-up enzyme reaction by various carbohydrase has the following 
shortcomings, such as. high energy consumption, low product yield, and complexities of 
separation and purification of products because the residual oligosaccharides formed al 
liquefaction step and remained after main reaction by various carbohydrases.

Figure 6. Solvent process 
for production of cyclodextrin

Products
(CD։ «nd Kycbc dr rina)

Figure 7. Manufacturing procedure for cyclodextrin 
using ultrafiltration and reverse osmosis membrane

If the above products can be produced from insoluble raw starch directly without 
liquefaction of starch, it can be expected that the high purity of products can be obtained 
without accumulation of undesirable oligosaccharides, for enzyme reaction may be carried 
out directly from the glycosyl residues in the surface of raw starch. Also, the easy separation 
of residual insoluble starch by simple separation process will facilitate the purification of 
various products. However, because the raw starch exists as the compact crystalline 
structure, the enzyme reaction rate and yield of products from raw starch would be loo low 
for industrial implication. Therefore the structure modification of raw' starch is required to 
increase the susceptibility to enzymes. • »

In order to increase the susceptibility to various carbohydrases, the raw starch was 
extruded instead of liquefaction by cooking and liquefying enzyme. The extrusion starch 
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exists as nearly water insoluble suspension state, the intermediate stales between water 
soluble liquefied and insoluble raw starch, therefore the practical heterogeneous enzyme 
reaction system composed of soluble enzyme and nearly insoluble substrate could be 
maintained. In this way the advantages of direct production of CD maltose and 
transglycosylated stevioside from surface of swollen extrusion starch may be achieved ’

In our laboratory, characteristics of carbohydrase reaction in heterogeneous enzyme 
reaction system utilizing swollen extrusion starch were investigated (17-23]. The progresses 
of enzyme reaction of CD production using raw starch, liquefied starch, and swollen 
extrusion starch, were compared. The highest concentration of 54 g/1 CDs (total of a- (3 
and y-CD) was obtained after 24hours for extrusion starch, compared to 45 g/1 of that of 
liquefied starch. Meanwhile only 6 g// of CD was produced after 24 hours from raw starch 
indicating that CD production reaction from raw starch is very limited. Figure 8 also showed 
that the rate of CD synthesis from swollen extrusion starch was slightly lower at ihe initial 
stage of reaction compared with that of liquefied starch, however increased steadily, and 
them exceeded from after 4 hours of reaction.

0 6 12 18 24
Reaction time, hr

Figure 8. Comparison of cyclodextrin produced from raw(A), extrusion(e). and liquefied» ■ I
starch. 100 g//(w/v) of corn starch. 900 units of CGTase//. 200 rpm. pH 6.0. and 50°C.

As shown in Figure 9 in the case of swollen extrusion starch. CD was mainly 
produced without accumulation of any significant amount of maltooligosacchries as can be 
seen in HPLC chromatogram. Above characteristics may be explained by the action of 
CGTase that synthesize CD from the non-reducing ends of extrusion starch, and the 
extrusion starch existed in swollen granular structure without significant fragmentation, so 
the formation of other maltooligosaccharides was depressed.

Also the un-reacted residual starch could be easily separated by simple unit operation, 
such as certifugation which will facilitate recovery and purification of CD produced after 
enzyme reaction. It was also suggested that the spent CGTase remained in the reaction 
mixture could be recovered for reulilization by adsorbing on fresh swollen extrusion starch. 
Above facts suggested that the CD production in heterogeneous enzyme reaction system 
utilizing the swollen extrusion starch seems to have potential advantages tor C D production 
in industrial scale, and further study needed to be conducted.
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(A) Raw Starch

(B) Extrusion Starch

Figure 9. Scanning electron microscopic photograms and hypothetical micellar structures of 
raw and extrusion starch

Table 3 compares the reaction parameters for transglycosylalion reaction of stevioside 
in the heterogeneous reaction system using extrusion starch and conventional system using 
liquefied starch. The transglycosylation using extrusion starch as a glycosyl donor seems to 
have many potential advantages over conventional methods, hence, is expected to be utilized 
for industrial production of functional carbohydrates, such as coupling sugar and 
transglycosylated stevioside.

Table 3. Comparison of the main performance variables of convention process and heterogeneous 
enzyme reaction systems for cyclodextrin production

Conventional 
process

_____ Heterogeneous era 
Bioattntor

ryme reaction system 
Extrusion starch

Starch concentration (g/1) 100 100 100
Cyclodextnn concentration (g/1) 45 48 54
Yield of cyclodex tn n 045 0.48 0.54
Half reaction time (hr)* 2.0 6.2 3.2
Separable residual starch (g/1 _ 51 43
Punty of total cyclodextnn (%) 65 >95 >95
Glucose concentration (g/1) 16 <1 <1
M al tool i gosaccharide 
concentration (g/1)

8 <1 <1

a-CD fl-CD: y-CD ratio 1 9-2.6:10 1 6:39:1.0 1.9:43:1.0
Separation of residual 
maltool igosacc han des

Required Not required Not required

Separation of residual starch Difficult Easy Easy
Separation and purification 
of cyclodexlrin

Difficult Easy Easy
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