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Abstract

Cyclodextrin glycosyltransferases (E.C. 2.4.1.19) (CGTases) are industrially important enzymes
for the production of cyclodextrins (CD) from starch. While cyclomaltohexaose («-CD), cyclo-
maltoheptaose (8-CD), and cyclomaltooctaose (y-CD) are the most commonly reported products,
the production of cyclomaltononaose (8-CD) by CGTases has not been studied previously. A
CGTase from Paenibacillus sp. F8 was purified and characterised. The molecular weight was esti-
mated to be 72kDa by SDS-PAGE. The pH optima of the enzyme were 7.5 for the cyclisation
activity and 8.0 for the hydrolysis activity. The temperature optima for the cyclisation and
hydrolysis activities were 50 and 60 °C, respectively. Ca™ * had a stabilising effect on the enzyme
activity. The initial production ratio of «-CD, B-CD, y-CD, and §-CD from soluble starch was
0.09:1:0.25:0.14. Prolonged incubation times resulted in a decreased ratio of §-CD and, to a lesser
extent, of y-CD and a increased ratio of «- and S-CD compared to the other CD. Coupling
experiments showed that §-CD was more easily degraded by Paenibacillus sp. F8 CGTase com-
pared to «-, -, and y-CD. © 1998 Elsevier Science Ltd. All rights reserved
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1. Introduction positional, and stereo isomers in analytical
chemistry [6,7].

Cyclodextrins (CD) have the ability to affect the CD are made from starch by cyclodextrin glyco-
stability, solubility, reactivity and bioavailability syltransferases (E.C. 2.4.1.19) (CGTases) produced
of a wide range of molecules and have found by various bacteria. CD have a minimum number
numerous applications in the agricultural, food, of six a-(1—4)-linked D-Glc units and CD with up
chemical, and pharmaceutical industries [I-5]. to 17 Glc units have been isolated and char-
Furthermore, CD have shown to be valuable as acterised [8—11]. Recent studies have shown that
selectivity reagents for the resolution of structural, CGTases may be capable of producing cyclic amy-

loses with up to several hundred «-(1—4)-linked
D-GIc units [12], similar to the «-(1—4)-glyco-
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produced by the CGTases initially and converted
into smaller CD with 6 to 8 Glc units, classified as
a-, B-, and y-CD, respectively, after prolonged
incubation times [12]. These CD constitute the
majority of the cyclic products formed by CGTases
after prolonged incubation with starch [1,2,14-16].
Most studies on larger CD have been centered on
the purification and characterisation of these
molecules. These studies date back to the pioneer-
ing work of French et al. [17,18], who have isolated
for the first time large CD with 9 to 12 a-(1—4)-
linked D-Glc units.

However, until recently, the existence of larger
CD has not been proven unequivocally [8—11]. The
large CD studied previously have been isolated
from commercial CD preparations by multiple
purification steps, including liquid chromato-
graphy [8-11,19,20]. Presently, only very limited
information is available on the formation of large
CD by CGTases.

Employing a new analysis method [21] we have
shown that a range of crude CGTases from several
bacterial strains produced §-CD, which consists of
9 a-(1—4)-linked D-Glc units [22]. In this paper, we
report the purification and characterisation of a
CGTase from a newly isolated bacterial strain,
Paenibacillus sp. F8 and present results on the
production and degradation of §-CD by this
enzyme.

2. Results and discussion

Identification of Paenibacillus sp. F8.—Accord-
ing to its cellular fatty acid composition, the strain
showed similarity to the Paenibacillus group. A
98.7% similarity to Paenibacillus pabuli according
to partial 16SrDNA sequence comparisons was
found, however this result was not in correlation
with the physiological characteristics of this isolate.
It was therefore not possible to identify strain F8

Table 1
Purification of the CGTase from Paenibacillus sp. F8

as one of the described species within the Paeniba-
cillus group.

Purification of the CGTase—Preliminary results
showed that Paenibacillus sp. F8 did not produce
measurable amounts of CGTase when grown on
Glc or soluble starch as carbon source. When
grown on substrates such as whole rice, rolled oats
and wheat bran, CGTase activities was produced.
CGTase was purified by ammonium sulphate pre-
cipitation and affinity chromatography on S-CD
Sepharose 6B (Table 1). The ammonium sulphate
precipitation step was used to concentrate the
enzyme preparation. Since it lead to a loss of 67%
of the enzyme activity, this step was omitted in the
final purification scheme. Eighty-eight per cent of
the enzyme activity added to the 8-CD Sepharose
6B gel could be recovered by elution with an «-CD
solution. a-CD was chosen because, in contrast to
B- and y-CD, it did not interfere with the coo-
massie brilliant blue based protein determination
method of Bradford (1976) [23]. A 52-fold pur-
ification was achieved in the two steps. The
CGTase preparation was concentrated by use of a
dialysis membrane resulting in a 2.2-fold purifica-
tion (Table 1). The CGTase was further purified
using gel filtration. The CGTase was eluted as a
single symmetrical peak and contained the highest
protein content of all fractions (Fig. 1). The large
fraction of UV-absorbing material, which eluted
between 15 to 22 mL did not contain proteins when
analysed with the Bradford protein assay. The gel
filtration step yielded an additional 1.36-fold
purification resulting in a total 157-fold purifica-
tion. The proteins in each purification step were
analysed by sodium dodecyl sulphate capillary gel
electrophoresis (SDS-CGE) under non-reducing
conditions (Fig. 2). The S-CD affinity purification
step removed most of the non-CGTase protein in
the ammonium sulphate precipitated fraction. Gel
filtration chromatography could be used as final
polishing step. A coomassie brilliant blue dyed

Step Volume Protein Protein total mUnits/mL mUnits Specific activity Yield Purification
(mL)  (ug/mL) (ng) total (Units/mg protein) (%) factor

Culture supernatant 1875 145 272000 28.1 52600 0.19 100 1

Ammonium sulphate 37 3420 127000 473 17500 0.14 33 0.72

precipitation (70%)

B-CD Sepharose 6B 60 26.1 1560 258 15500 9.93 29 52.3

Dialysis 32 215 687 4790 15300 22.3 29 115

Gel filtration 128 4.14 530 126 16100 30.3 30 157
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Fig. 1. Gel chromatographic separation of Paenibacillus sp.
CGTase. 50 ul sample containing 240 mUnits of CGTase was
applied. Solid line: absorbance at 280 nm, Dotted line: protein
content, Dashed line: CGTase activity.

sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel of the purified
CGTase fraction showed the presence of only one
protein band with an apparent molecular weight of
72kDa indicating that the additional peak at
4.6 min detected by SDS-CGE of the same fraction
was due to an artefact.

Characterisation of the CGTase—The effect of
pH on the cyclisation activity and the hydrolytic
activity of the enzyme was investigated. A max-
imum of cyclisation activity was obtained at pH
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Fig. 2. SDS-CGE electropherograms of protein fractions in
different purification steps. (A) Standard protein mixture: 1.
Benzoic acid, 2. Lysozyme (14.4kDa), 3. Trypsin inhibitor
(21.5kDa), 4. Carbonic anhydrase (31kDa), 5. Ovalbumin
(45kDa), 6. Serum albumin (66.2kDa), 7. Phosphorylase B
(97kDa), 8. B-Galactosidase (116 kDa), 9. Myosin (200 kDa).
(B) Ammonium sulphate precipitated fraction (70% satura-
tion), CGTase activity 15mU/mL. (C) pooled fractions after
the B-CD Sepharose 6B chromatography step, CGTase activ-
ity 240 mU/mL. (D) purified CGTase after gel filtration chro-
matography, CGTase activity 400mU/mL. The arrow
indicates the position of the CGTase peak.
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7.5, while the optimum for the hydrolytic activity
was found at pH 8.0 [Fig. 3(A)]. The enzyme
remained stable for 1 h between pH 6.0 and 8.0 for
the cyclisation activity and between pH 6.0 and 9.0
for the hydrolytic activity [Fig. 3(B)]. The tem-
perature optimum of the cyclisation and the
hydrolytic activity was found at 50 and 60 °C,
respectively [Fig. 4(A)]. Fig. 4(B) shows the resi-
dual cyclisation and hydrolysis activity in the
presence and absence of Ca™ ™ after incubation for
1 h at different temperatures. Both the cyclisation
and the hydrolytic activity were stable up to 40 °C
without Ca™ ™. In the presence of Ca™ ™", the
hydrolytic activity was stable up to 60 °C whereas
the cyclisation activity was stable up to 50 °C.
Differences in the pH and temperature stability of
the hydrolytic and the cyclisation activity and the
stabilising effect of Ca™* on the activity of
CGTases had been reported previously [24-28].
The formation of «-, B- y- and §-CD by the
CGTase using 5% soluble starch as substrate is
shown in Fig. 5. The molar ratio of «-, - y- and
5-CD, calculated from the initial slope of the pro-
duction curve, was 0.09:1:0.25:0.14. The molar
ratio between the four CD changed during incu-
bation over a 24h period. The amount of 8-CD
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Fig. 3. Effect of pH on the activity and stability of the purified
CGTase: (A) effect of pH on the activity. Wl cyclization activ-
ity, [J hydrolysis activity; (B) stability of the purified CGTase
at different pH. W cyclisation activity, [] hydrolysis activity.



214 K.L. Larsen et al./Carbohydrate Research 310 (1998) 211-219

100 4

75 4

50

Relative activity (%)

25 A

0 T T T T T T |
20 30 40 50 60 70 80 90
Temperature (°C)

100

75 A

50

Relative activity (%)

254

0 T T T T 1
20 30 40 50 60 70 80 90
Temperature (°C)

Fig. 4. Effect of temperature on the activity and stability of
the purified CGTase: (A) effect of temperature on the activity.
W cyclization activity, [] hydrolysis activity; (B) stability of
the purified CGTase at different temperatures. [l cyclisation
activity with 10 mM CaCl,, @ cyclisation activity with 10 mM
EDTA, [ hydrolysis activity with 10mM CaCl,, O hydro-
lysis activity with 10mM EDTA.

produced remained almost constant during the
production process and showed a small increase
from 67 to 70% based on the molar ratio. The
amount of y- and §-CD decreased from 18 to 17%
and 9 to 4%, respectively, while the amount of «-
CD increased from 6 to 9%.

Comparison of the coupling activity of the
CGTase with of «-, 8-, y- and §-CD showed that
3-CD was a much better substrate for coupling

Concentration (mM)

0 300 600 900 1200 1500
Time (min)

Fig. 5. Formation of «-, B-, y-, and §-CD by the purified
CGTase (15mU/mL) using 5% soluble starch as substrate at
50 °C and pH 7.0. A «-CD, W 8-CD, & y-CD, x §-CD.

reactions compared to the smaller CD. The cou-
pling rate with maltotetraose was higher than with
maltose (Table 2). It is therefore likely that the
rearrangement of §-CD and to some extent y-CD
into «- and B-CD during incubation of starch with
CGTase was caused by the higher coupling activity
with these two CD. Which may be the result of an
higher flexibility of these molecules compared to o-

and B-CD.
Analysis of the reaction products by high per-
formance anion exchange chromatography

(HPAEC) showed that CD were the main products
formed by the Paenibacillus CGTase using soluble
starch as the substarte, while only a small amount
of linear compounds were produced (Fig. 6). The
retention times of the different cyclic and linear
oligo-saccharides is shown in Table 3. A small
increase in the amount of reducing sugars detected
during the enzyme reaction also indicated that only
a few non-cyclic compounds had been produced.

CGTases from different microorganisms have
been described previously (Table 4). These include
Thermoanaerobacterium [25], Thermoanaerobacter
[29], Clostridium [30], Micrococcus [27], Klebsiella
[31], Brevibacterium [28] and several Bacillus spe-
cies [14-16]. Although most of these CGTases have
been characterised with respect to their catalytic
activity towards the formation of «-, 8-, and y-CD,
quantitative data on the production of large CD
have not been reported. The ratio of the produc-
tion of @-, B-, and y-CD by Paenibacillus sp. F8 is
similar to the values found in the literature for
other CGTases [14-16]. Less accurate analysis and
determination methods used for the determination
of the CD production ratio made a detailed com-
parison with previously reported results on CD
production by CGTases difficult. All CGTases
previously investigated produced more than one
type of CD. Although the dominating end product
(a-, B-, or y-CD) may vary, 8-CD was generally
found to be the major product followed by a- and
y-CD.

The Paenibacillus sp. F8 CGTase also showed

comparable properties with other CGTases
Table 2
Coupling activity of the purified CGTase (U/mg)
Maltose Maltotetraose
a-CD 0.4 0.2
B-CD 0.3 0.4
y-CD 1.0 1.0
5-CD 4.8 8.2
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regarding the apparent molecular weight, the tem-
perature optimum, the stabilising effect of Ca™ *
and the pH optimum and stability.

3. Experimental

Materials—Benzoic  acid, maltose, mal-
toheptaose, carboxymethylcellulose and bovine
serum albumin (BSA) were obtained from Sigma
Chemical Co., St Louis, MO, USA. Phenolph-
thalein (3,3-bis(4-hydroxyphenyl)-1(3 H)-isobenzo-
furanone, 3,3-bis(4-hydroxyphenyl) phthalide),
ethylenedinitrilo tetraacetic acid disodium salt
(EDTA), glucose and soluble starch were obtained
from E. Merck, Darmstadt, Germany. Oxoid yeast
extract was obtained from Unipath Ltd., Basing-
stoke, Hampshire, UK. Bacto tryptone was obtained
from DIFCO lab., Detroit, MI, USA. Brown rice
from Neue Allgemeine Reisgesellschaft mbH,
Hamburg, Germany was used. Meriwax waxy
maize starch was obtained from Amylum, Aalst,
Belgium. Pharmaceutical grade «-, 8-, and y-CD
were a gift from Wacker Chemie Danmark ApS,
Glostrup, Denmark. §-CD was provided by Dr H.
Ueda, Hoshi University, Tokyo. All chemicals
were, unless stated otherwise, of analytical grade.

Isolation of Paenibacillus sp. F§.—Strain F8§ was
isolated from a wheat sample collected at Dra-
bekmolle, Lunderskov, Denmark near a heater
aggregate as described in Larsen et al. (1998) [22].

Production of CGTase—Paenibacillus sp. F8
was grown in a medium consisting of 2% w/v
whole rice, 0.5% w/v yeast extract, 0.5% w/v
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Fig. 6. HPAEC chromatograms of (bottom) 5% soluble
starch and (top) after 24h of incubation with 15mU/mL
CGTase. Twenty-five ul sample diluted 1:5 with water was
loaded onto the column. The retention times of the com-
pounds are shown in Table 3. It should be noted that linear
oligosaccharides gives an approximately 11 times higher
detector response (based on peak area) on a molar basis com-
pared to the cyclic oligosaccharides when using HPAEC-PAD.

tryptone, 0.2% w/v K,;HPOy, 0.2% w/v Na,HPO,,
0.02% w/v MgS0O4.7H,0, 0.02% w/v CaCl,.2H,0
and 0.1% w/v (NH4),SO,4 for 24h at 37 °C in a
shaking incubator at 200 rpm.

Purification of CGTase—Cells and insoluble
material were removed from the fermentation
broth by centrifugation. The CGTase was con-
centrated by ammonium sulphate precipitation
(70% saturation). Precipitated material was dis-
solved in 50mM phosphate, pH 7.0 and 2mM
CaCl,. The CGTase was further purified using an
affinity gel prepared by covalently binding 8-CD to
an epoxy-activated Sepharose 6B (Pharmacia Bio-
tech, Uppsala, Sweden) [33]. Three g of freeze-dried
epoxy activated sepharose 6B was washed on a
sintered glass filter with 600 mL of water. The gel
was mixed with 0.9 g 8-CD in 20mL 0.1 M NaOH
at 45 °C for 24h. Unreacted epoxy groups were
blocked in 25mL 1 M ethanolamine for 24h at
45 °C and washed with 600mL of each 0.1 M
acetate buffer pH 4.0, 0.1 M NaCl; 0.1 M NaOH,
0.5 M NaCl and 0.01 M phosphate buffer pH 9.0.

Table 3
Retention times of cyclic and linear oligosaccharides separated
by HPAEC (Fig. 6)

DP? Retention time (min) n®
1 4.54+0.02 22
2 10.44 +£0.02 24
3 12.18+0.01 24
6 (-CD) 13.260.10 13
4 13.69+0.04 24
5 14.93+£0.02 24
6 15.99+0.02 24
7 16.98 £0.03 24
8 (y-CD) 17.64+0.15 4
8 17.84+0.01 14
9 18.56 £0.01 12
10 19.22+0.01 13
9 (6-CD) 19.31+0.20 2
7 (8-CD) 19.37+0.20 1
11 19.81+0.01 13
12 20.36 £0.01 11
13 20.87+0.01 11
14 21.34+0.01 11
15 21.77+0.01 11
16 22.19+0.01 11
17 22.57+0.02 11
18 22.94+0.02 11
19 23.28 +£0.02 11
20 23.60£0.02 6
21 23.90+0.02 6
22 24.19+0.02 6
23 24.46+0.01 6
24 24.76 £0.10 6
25 25.00+0.10 6

2 DP, degree of polymerisation.
b p, denotes the number of measurements.
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Table 4
Comparison of CGTases from various microorganisms

Origin Molecular weight (Da) Optimum  Heat stability Optimum  pH Major References
SDS-PAGE Calculated® Temperature ——— _ —  pH stability product
C) —Ca +Ca
Paenibacillus sp. F8 72,000 — 50 40 50 7.5 6.0-8.0 B-CD This work
Brevibacterium sp. no. 9605 75,000 — 45 30 40 8.0-9.0 6.0-8.0 y-CD  [28,39]
Thermoanaerobacter sp. 103,000 75,291 90-95 80 5.8 5.0-6.7 B-CD [29,30,40]
ATCC 53627
110,000
117,000
Thermoanaerobacterium 68,000 75,100 80-85 70b — 4.5-7.0 —  B/a-CD [25]
thermosulfurigenes EMI
Micrococcus varians M 849 85,000¢ — 55-65 45 50 5.0-8.0 5.0-9.0 o/B-CD [27]
Bacillus circulans E 192 78,000 — 60 — 45 5.5-58 7.0-8.0 pB-CD [41]
Bacillus macerans 1IFO 3490 75,000 74,008 55 55 — 5.2-5.7 8.0-10.0 «-CD [42-44]
Alkalophilic Bacillus sp. 38-2 88,000 — 50 60 70 7.0 6.0-8.0 pB-CD [26,46]
Neutral CGTase
Alkalophilic Bacillus sp. 38-2 88,000 — 45 65 65 4547 6.0-10.0 B-CD [45,46]

Acidic CGTase

Klebsiella oxytoca M5Al — 69029

— — 45

6.0-7.5 5.0-7.5 «/p-CD [31,47,48]

pH and temperature optimum and stability refer to the cyclisation reaction.

2 Derived from the amino acid sequence of the enzyme.
® In the presence of starch.
¢ Determined by ultracentrifugation.

B-CD Sepharose 6B gel (3 g) was mixed with the
sample for 1h at room temperature in 50 mL cen-
trifuge tubes under continuous stirring. The super-
natant was decanted after centrifugation. Unbound
protein was removed by mixing the gel with 30 mL
50mM phosphate, pH 7.0 and 2mM CaCl, for
10 min under continous stirring followed by cen-
trifugation and removal of the supernatant. This
procedure was repeated eight times. Bound
CGTase was eluted with 5x10mL 20mM «-CD in
50mM phosphate, pH 7.0, 2mM CaCl,, each for
20min under continous stirring. The pooled elu-
tion fractions were concentrated 18 fold in a Ser-
vapor dialysis tube (Serva, Heidelberg, Germany)
with a molecular weight cut off of 12-14kDa
placed in carboxymethylcellulose. Gel filtration
chromatography was performed using a FPLC
system (Pharmacia Biotech, Uppsala, Sweden).
Aliquots of 50 ul were loaded onto a a prepacked
Sephadex 75 HR 10/30 column (Pharmacia Bio-
tech, Uppsala, Sweden) and eluted with 50 mM
acetate buffer, pH 6.0, 2mM CaCl,.

The protein content was estimated by the
method of Bradford, 1976 [23] using the BIO-RAD
Protein Assay Dye Reagent Concentrate (Bio-Rad
Laboratories, Hercules, CA, USA) with BSA as
standard.

CGTase assays.—For the determination of the
temperature optimum, the purified CGTase was

incubated in 2% soluble starch, 10mM CacCl,,
100 mM phosphate buffer, pH 8.0 at 30, 40, 50, 55,
60, 65, 70 and 80 °C. Determination of tempera-
ture stability was performed by incubating the
purified CGTase in 100 mM phosphate buffer, pH
8.0 for 1 h at 30, 40, 50, 55, 60, 65, 70 and 80 °C in
the presence of 10mM CaCl, or 10mM EDTA.
Residual activity was determined by incubation
with 2% soluble starch, 100 mM phosphate, pH 8.0
with 10mM CaCl, or 10mM EDTA. The pH
optimum was determined in 2% soluble starch,
10 mM CacCl, solubilised in 100 mM acetate buffer
(pH 4 and 5), 100mM phosphate buffer (pH 6-8)
and 100 mM borate buffer (pH 9-11). The pH sta-
bility was determined by incubation of purified
CGTase in 10 mM actual buffer without starch (see
above) at 50 °C for 1h prior to the determination
of residual activity by incubation in 2% soluble
starch, 100 mM phosphate and 10 mM CacCls,.

The reactions were stopped by boiling for 5 min.
Cyclisation activity was determined by CE [21] and
hydrolysis activity was determined using the
CuSOy/bicinchonate reducing sugar assay [34].
One unit of cyclisation activity corresponds to the
amount of enzyme that produces 1 umole CD/min
at 50 °C and pH 7.0.

The production of CD by CGTase was deter-
mined by incubating 5% w/v soluble starch in
50 mM phosphate buffer, pH 7.0, 2mM CaCl, with
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aliquots of the purified CGTase preparation for
varying lengths of time at 50 °C. For CE analysis,
the enzyme reactions were stopped by the addition
of three volumes of cold methanol and placed at
4 °C for 30 min. After the precipitated material was
removed by centrifugation, the CD containing
supernatant was decanted and dried in a heating
block at 100 °C. The dried CD fractions were
dissolved in double distilled water prior to analy-
sis. Samples for HPLC analysis were stopped by
boiling for 10 min.

The coupling activity of the CGTase was mea-
sured by incubating 5SmM «-, 8-, and y-CD with
SmM maltose or maltotetraose and 1 mM §-CD
with 1 mM maltose or maltotetraose with purified
CGTase (15mU/mL) for various lengths of time.
The amount of residual CD were determined by
CE and the coupling activity was calculated using
the slopes of the CD degradation curves. The cou-
pling activity is defined as the amount of enzyme
degrading 1 umol of CD/min. at pH 7.0 and 50 °C
in the presence of a given acceptor.

Maltotetraose was prepared using malto-
tetraohydrolase (EC 3.2.1.60) from Pseudomonas
stutzeri [35]. Meriwax waxy maize starch (50 mg/
mL) was gelatinised at 100 °C for 15min and
cooled to room temperature under continuous
stirring. Maltotetraohydrolase (7.8 U/g starch) was
added to the gelatinised starch and incubated at
40 °C under continuous stirring for 120 min. One
unit of maltotetraohydrolase activity corresponds
to the amount of enzyme that hydrolyses one
umole of glycosidic bonds/min at 37 °C and pH
7.0. The reaction was stopped by the addition of
two volumes of ethanol [36] and the precipitate was
removed by centrifugation at 10,000 ¢ for 15min.
Ethanol was removed from the supernatant by
evaporation at 50 °C at reduced pressure prior to
lyophilisation. The Ilyophilised products were
desalted using a molecular grade AG 501-X8(D)
mixed bed resin (Bio-Rad Laboratories, Hercules,
CA, USA) (6g/g of lyophilisate). The mal-
totetraose preparation had approximately 85%
purity determined by HPAEC-PAD. Maltotriose
was the main contaminant.

Analysis of CD.—The analysis of CD was per-
formed as described in Larsen and Zimmermann,
1998 [21]. Capillary electrophoretic analysis of
3-CD was performed according to Larsen et al.
(1997) [32] using a range of aromatic anions as
BGE in the concentration range of 50 to 100 mM
in 2mM phosphate buffer, pH 7.0. The effective

mobility of the §-CD/aromatic anion complex in
the CGTase assays was equal to the effective
mobility of a standard §-CD aromatic anion com-
plex in all BGE solutions used.

Analysis of linear oligosaccharides—HPAEC-
PAD was performed using a CarboPac PA-1
column on a Dionex DX-300 system (Dionex Cor-
poration, Sunnyvale, CA, USA). The starch
degradation products formed by the action of
CGTase were separated in 0.1 M NaOH with a
gradient of 1.0 M Na-acetate from 0 to 43% from
5 to 30 min after injection. Residual bound mate-
rial was eluted by raising the Na-acetate con-
centration from 43 to 90% over 1 min. The starch
hydrolysis products were identified using «-, 8-, y-
and §-CD, glucose, maltose and maltoheptaose as
standards. Since the retention times of homologous
linear oligosaccharides increases with the degree of
polymerization, linear oligosaccharides of inter-
mediate D.P. could be easily identified [37,38].

SDS-CGE—Prior to SDS-CGE analysis, the
samples were concentrated and concomitantly
desalted by use of 10kDa Microsep centrifuge fil-
ters (Filtron, Northborough, MA, USA). This step
also removed residual a-CD, which could other-
wise interfere with the binding of sodium dodecyl
sulphate to the proteins. Samples for SDS-CGE
were prepared by mixing 5 ul sample, 5 ul Bio-Rad
CE-SDS protein kit sample buffer (Bio-Rad
Laboratories, CA, USA) and 1 ul 1 mg/mL benzoic
acid. After thorough mixing, the samples were
boiled for 10min and placed in an icebath for
3 min. The supernatant was applied to the capillary
after centrifugation at 14,000 rpm for 5 min.

SDS-CGE was performed on a Beckman P/ACE
System 5010 equipped with a P/ACE UV absor-
bance detector. Capillaries were 27cm (20cm to
detector) 50 um i.d. fused silica capillaries obtained
from Composite Metal, USA. Separations were
performed using the Bio-Rad CE-SDS protein kit
run buffer (Bio-Rad Laboratories, CA, USA).
Prior to analysis, the capillary was rinsed with 1 M
NaOH for 3min, followed by water for 30s. and
subsequently filled with Bio-Rad CE-SDS protein
kit run buffer for 4 min, all by use of a high pres-
sure purge (20 psi). Before the sample was loaded
onto the capillary, excess gel on the outer surface
of the cathodic side of the capillary was washed off
in two vials containing water. Sample loading was
performed by a low pressure purge (0.5 psi) for 90's
at the cathodic side of the capillary. Separation was
carried out at 16.80 kV constant voltage for 10 min
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with a Bio-Rad CE-SDS protein kit run buffer at
both cathode and anode. Absorbance was recorded
at 214nm and capillary temperature was main-
tained at 25 °C.
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