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Obijective: To compare the effect of different reaction temperatures on the cyclization and coupling reactions of the Toruzyme®
CGTase influencing the yield of cyclodextrins (CDs) and to study the solubility of paracetamol with CDs.

Material and Method: Type and amount of CDs were analyzed by HPAEC-PAD. The stability constants for the inclusion
complex formed between CDs and paracetamol were determined using the phase solubility method. The solubility of paracetamol
with CDs was measured by UV-spectrophotometer at 240 nm.

Results: The result has shown that the reaction temperature has effect on the Toruzyme® CGTase reactions in production of
CDs. The CDs yield after 30 min of incubation was higher at 60 °C than at 80 °C. The catalytic efficiency (k /K ) of this enzyme
indicated the higher value of the cyclization reaction at 60 °C compared to 80 °C while the opposite was found for the coupling
reaction. Paracetamol is used as an analgesic and antipyretic but it is poorly water-soluble drug. To improve the solubility of
paracetamol, CDs obtained were used to study for paracetamol/CDs complexes. The phase-solubility diagrams of paracetamol
with o-, B- and ~CD were A type while that of paracetamol with maltosyl-3-CD (G,--CD) complex was A, type. The
stability constants (K ) for the inclusion complex of paracetamol with o, 8-, »CD and G,-3-CD were 5.69, 16.75, 4.73 and
2,223.25 M, respectively.

Conclusion: The optimum temperature for CDs production was at 60 °C and the low solubility of paracetamol was signifi-
cantly improved by complexation with CDs, where the enhancing effect was in the order of G,-3-CD > -CD > o-CD > ¢

CD.
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Cyclodextrin glycosyltransferase (CGTase, EC
2.4.1.19) is an enzyme involved in the conversion of
starch to cyclodextrins (CDs). The enzyme is a member
of the a-amylase family of glycosyl hydrolases (family
13)®. CGTase performs three transglycosylation
reactions and a hydrolysis reaction. CDs (Cyclic o-1,4-
glucans) are formed by an intramolecular
transglycosylation reaction where the terminal 4-OH
group of the intermediate acts as an acceptor
(cyclization reaction). The reverse reaction also occurs
where the CD ring is opened and the linear
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oligosaccharide is transferred to a linear glucan acceptor
(coupling reaction). Linear o.-1,4-glucan products are
also formed in the third reaction, an inter-molecular
transglycosylation where a linear oligosaccharide is
transferred to another linear glucan acceptor
(disproportionation reaction). In a hydrolysis reaction,
aglucan is cleaved and the reducing end is transferred
to water. The amounts and size distribution of CD
formed by CGTase are strongly influenced by the
combined effects of the three transglycosylation
reactions, as well as by the hydrolytic activity of the
enzyme.

The CDs are naturally produced by various
CGTases and were found mainly to consist of six,
seven, or eight glucose units, named o.-, -, and y-CD
(CD,, CD,, and CD,), respectively. In addition to the
native forms of CDs, there are still many types of CD
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derivatives such as methyl-B-CD (M-B-CD) and
hydroxypropyl-B-CD (HP-B-CD) that have been
synthesized by chemical methods®*. The molecular
structures of CD resemble a hollow, truncated cone
with a hydrophilic outside and hydrophobic inside®.
Due to this structure, CD can form inclusion complexes
with guest molecules. It is widely applied in many food
and pharmaceutical industries. CDs have been
extensively used for improving solubility®®),
stability™®, and bioavailability®*® of drugs.

In this study, we compared the effect of
different reaction temperatures on the cyclization and
coupling reactions of the Toruzyme® CGTase from
Thermoanaerobacter sp. in CDs production. Moreover,
inclusion complexes of paracetamol with a-, B-, y- and
G,-B-CD for improving the solubility of paracetamol
were also investigated.

Material and Method
Materials and enzymes

The mixture of a-, -, y-CDs was synthesized
by Toruzyme® CGTase, and separated and purified by
Mokhtar MN®. G,-B-CD (CD derivative), potato starch
(molecular mass 296 kDa), BSA, methyl-o.-D-glucose
(MaDG), were purchased from Sigma-Aldrich Chemie
GmbH (Munich, Germany). Pea starch (degree of
polymerization = 4000) was kindly provided by
Emsland-Starke GmbH (Emlichheim, Germany).
Toruzyme® CGTase 3.0 L was obtained from Novo
(Nordisk A/S Bagsvaerd, Denmark).

CGTase assays and protein determination

Cyclization activity was determined as CD-
forming activity by the phenolphthalein method®?.
CGTase (0.5 mg) was added to 0.6 ml of 1.5% (w/v) pea
starch in 0.2 M potassium phosphate buffer (pH 6.0)
containing 50% (v/v) DMSO. The reaction mixture was
incubated for 30 min at various temperatures. The
reaction was stopped by boiling for 10 min. An aliquot
(0.5 ml) was incubated with 2.0 ml of a solution
containing 1.0 ml of 4 mM phenolphthalein in ethanol,
4 ml of ethanol and 100 ml of 125 mM Na,CO, in distilled
water. The absorption was measured at 550 nm, and the
amount of B-CD formed was calculated using a
calibration curve. One unit of activity was defined as
the amount of enzyme that produced 1 mmol of B-CD
per min.

The coupling activity was determined by
incubating B-CD as donor with 60 mM MoDG as
glucosyl acceptor at various temperatures. The 50 mM
potassium phosphate buffer, (pH 6.0) was added to
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obtain a total volume of 0.5 ml. The 3-CD and MaDG
were preincubated for 5 min at each temperature. The
reaction was started by adding enzyme (0.5 mg). After
5 min, the reaction was stopped by boiling for 5 min.
Subsequently, Rhizopus sp. glucoamylase (0.385 U)
was added to convert linearized oligosaccharides to
glucose at 40°C for 30 min. The released reducing sugars
were determined with the dinitrosalicylic acid method®?.
One unit of activity was defined as the amount of
enzyme that produced 1 mmol glucose per min.

All kinetic experiments were carried out at 60
and 80°C in potassium phosphate buffer pH 6.0.
Lineweaver-Burk diagrams of the initial velocity against
substrate concentration were plotted, and kinetic
parameters were determined using enzfitter software
(Biosoft, Cambridge, UK). Reaction time of 30 min for
cyclization reaction and 5 min for coupling reaction
was used in the Lineweaver-Burk experiments. By
varying the reaction time with fixed substrate
concentration, it was confirmed that the reaction
velocity was linear at this time point. The protein
concentrations were determined according to
Bradford®?, using BSA as standard.

Synthesis of cyclodextrins

The CD synthesis reaction was performed
using 2.5 ml of 1.5% (w/v) pea starch and 2 U/ml of
CGTase in 0.2 M potassium phosphate buffer, pH 6.0.
The incubation time was 30 min at 60°C and 80°C. The
reaction was terminated by boiling the mixture for 10
min. Glucoamylase (3.85 U/ml) was added and the
mixture was incubated for 24 h to convert the linear
oligosaccharides to glucose. The CD product obtained
was determined by HPAEC.

Analysis of cyclodextrins

High performance anion-exchange chromato-
graphy with pulsed amperometric detection (HPAEC-
PAD) was carried out using a DX-600 system (Dionex
Crop, Sunnydale, USA) to analyze and quantify the
CD products. A Carbopac PA-100 analytical column (4
x 250 mm, Dionex Crop, Sunnydale, USA) was used. A
sample (25 ml) was injected and eluted with a linear
gradient of sodium nitrate (0-10 min, increasing from
0% to 4%; 10-12 min, 4%; 12-32 min, increasing from
4% to 8%; 32-48 min, increasing from 8% to 9%; 48-59
min, increasing from 9% to 18%; 59-79 min, increasing
from 18% to 28%) in 150 mM NaOH containing 2%
acetonitrile with a flow rate of 1 ml/min. The amounts of
o-, B-, 7-CD were quantified by comparison with
standard curves of authentic o.-, B-, y-CD samples.
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Phase solubility study

The stability constant for the inclusion
complex formed between various types of CD and
paracetamol was determined using the phase solubility
method which was carried out according to Higuchi
and Conners®®, Briefly, 20 mg of paracetamol was
added to 1 ml solutions of CD, varying concentrations
from 0-60 mM in distilled water and then shaken at 250
rpm for 1 h at 25°C. After that, the solutions were filtered
through 0.45 um membrane filter. The filtered solution
was analyzed by UV spectrophotometer (Shimadzu
Double Beam Spectrophotometer 1700) at 240 nm for
concentration of paracetamol.

Results
Effect of different reaction temperatures on the
cyclization and coupling activities of the Toruzyme®
CGTase

To investigate the effect of the reaction
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Fig. 1 Comparison of the cyclization (0) and coupling (x)
activities of the Toruzyme® CGTase at different tem-

peratures.

temperature on CD production, the optimum
temperature for the cyclization and coupling activities
was determined. The Toruzyme® CGTase showed the
optimum temperature for the cyclization and coupling
reaction at 60°C and 80°C, respectively (Fig. 1). CD
products obtained from using pea starch as substrate
catalyzed by Toruzyme® CGTase at 60°C and 80°C were
also confirmed by HPAEC (Fig. 2). The result showed
clearly that the yield of CDs at 60°C was higher than at
80°C.

Effect of different temperatures on kinetic parameters
of Toruzyme® CGTase

Kinetic parameters, Michaelis-Menten
constant (K ), turnover rate (k_,) and catalytic
efficiency (k /K ) for the cyclization and coupling
reactions of Toruzyme® CGTase were determined and
shown in Table 1. The affinity constants (K ) of
cyclization reaction at 60°C and 80°C were 0.36 and
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Fig. 2 Duplicate HPAEC analysis of cyclodextrins formed
by Toruzyme® CGTase at 60°C (A) and 80°C (B)
for 30 min. 1.5% Pea starch was incubated with 2 U
CGTase. The number 1, 2 and 3 listed on each peak
indicates as o-, B-, y-CD, respectively. G4 indicates
a glucose tetrasaccharide (0.1 mg/ml) added as an
internal standard.

Table 1. Kinetic parameters of the 3-CD cyclization reaction and the coupling reaction of f-CD with MaDG catalyzed by
Toruzyme® CGTase from Thermoanaerobacter sp. at 60 and 80°C

CGTase 60°C 80°C
reaction
Km kcat kca!/ Km Km kcat kca!/ Km
(mg/ml) (s) (s*)(mg/ml)*  (mg/ml) (s) (s)(mg/ml)*
Cyclization 0.36 + 0.04 62.14+0.09 1.73x10? 0.41 +0.02 31.70+0.10 7.73x 10!
Coupling 1.81+0.11 337.38 +10.93 1.86 x 10° 1.54+0.09 427.35+11.90 2.78x10?
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0.41 mg starch/ml, respectively while those of the
coupling reaction were 1.81 and 1.54 mg 3-CD/ml for at
60°C and 80°C. The Toruzyme® CGTase showed the
k /K, for the cyclization reaction was higher at 60°C
than at 80°C; in contrast the k /K for the coupling
reaction was higher at 80°C than at 60°C.

Phase solubility study

The phase solubility diagrams for the
inclusion complex between various types of CD and
paracetamol were presented in Fig. 3. The plot showed
the solubility of the drug increased linearly as a function
of G,-B-CD concentration. It is clearly observed that
the solubility diagram of paracetamol and G,-3-CD can
be classified as the A type®. For o-, B-, y-CD, the
solubility diagrams of paracetamol revealed hyperbolic
curve which was classified as the A type.

Discussion

The optimum temperature for the cyclization
and coupling activity of the Toruzyme® CGTase was
determined at 60°C and 80°C, respectively. The result
showed clearly that the yield of CDs at 60°C was higher
than at 80°C by HPAEC. These data are useful for
choosing the operating temperature for CD synthesis
by avoiding the temperature at which CD could be
highly degraded in a coupling reaction®®?, In addition,
we also found that the optimum temperature for the
cyclization and coupling activity depended on the type
of microorganism. Qi et al*” reported that Bacillus
macerans CGTase showed optimum temperature for
the cyclization and coupling reactions at 60°C and 50°C,
respectively. In contrast, CGTase from Paenibacillus
sp. A1l showed optimum temperature for the
cyclization and coupling reactions at 40°C and 60°C(9),
Similar to Paenibacillus sp. All, the optimum
temperature for the coupling reaction of Toruzyme®was
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Fig. 3 Phase solubility diagrams of paracetamol with vari-
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at higher temperature than the cyclization reaction.

In Table 1, the Toruzyme® CGTase shows an
increase of k /K value for the cyclization reaction at
60°C higher than that at 80°C. For coupling reaction, a
higher k /K _value was obtained with a reaction
temperature of 80°C compared to 60°C. With the K |
values, the Toruzyme® CGTase indicated the stronger
binding on starch to form B-CD for the cyclization
reaction at 60°C with K value of 0.36 mg starch/ml
compared to K value of 0.41 mg/ml at 80°C. The
coupling reaction also indicated that the stronger
binding on B-CD to degrade to linear-maltooligo-
saccaride was found at 80°C with K _ value of 1.54 mg
B-CD/ml compared to K _ value at 60°C. However, the
changes of K , k  and k_/K _values are probably
caused by several factors®. For this work, kinetic
parameter values changed had directly effect from
choosing the optimum temperature for 3-CD formation.
The easier accessibility of substrate to the active site
of the B-CD-Toruzyme® CGTase at optimum temperature
could cause changes in the binding affinity and
turnover rate of the enzyme in the better way.

Fig. 3 shows the phase solubility diagrams of
paracetamol with CDs in water at 25°C. The solubility
diagrams of paracetamol with o-, B-, y-CD showed A
type where the solubility of the drug increases as
hyperbolic curve. For paracetamol with G,-B-CD, the
diagram showed A type curve where the solubility of
the drug increases linearly with CD concentration. The
solubilizing ability of paracetamol increased in the order
of G,-3-CD > 3-CD > o-CD >y-CD with K_of 2,223.25,
16.75, 5.69 and 4.73 and M, respectively. Using CD
derivatives such as HP-B-CD in drug application was
firstly reported by Abe et al®. HP-3-CD could enhance
the aqueous solubility of lipophilic penetration
enhancers and oleic acid, and improved the stability of
oleic acid against the oxidative degradation through
the inclusion complexation. Nevertheless, this
complexation is particularly useful for the design of
aqueous nasal formulations of peptide and protein
drugs. In the year 2007, Talegaonkar et al® found that
the solubility of paracetamol was increased 6-folds (K
=416.4 M) of normal solubility by complexation with
HP--CD while complexation of paracetamol with G-3-
CD was studied firstly in this report. For other CDs,
Reddy et al®® found that the aqueous solubility and
dissolution rate of celecoxib could be increased by
inclusion complexation with B-CD. These results
suggest that CDs and their derivatives can be used as
drug carrier for enhancing bioavailability of drugs. In
the clinical study of paracetamol, CDs can be used
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instead of organic solvents: methanol, ethanol,
dimethylformamide, ethylene dichloride, acetone, ethyl
acetate for drug solubility. This advantage of CDs helps
to decrease risks on liver and target organs damage
from organic solvent @,

Conclusion

In conclusion, the B-CD forming cyclization
reaction showed the highest rate at 60°C while the
coupling reaction resulting in the CD degradation was
found the highest rate at 80°C. Therefore, the optimum
temperature of incubation at 60°C should be chosen to
obtain the maximum CDs yield using in process of
paracetamol/CD complexation. With drug application,
phase solubility profiles indicated that the solubility of
paracetamol was increased in the presence of CDs and
derivative. In this study, G,-B-CD was the most suitable
for the drug-CD inclusion complex.
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