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The isoform 1 of cyclodextrin glycosyltransferase
(CGTase, EC 24.1.19) from Paenibacillus sp. A1l was
purified by a preparative gel eectrophoresis. The
importance of higtidine, tryptophan, tyrosine, and
carboxylic amino acids for isoform 1 activity is suggested
by the modification of the isoform 1 with various group-
spoecific reagents. Activity loss, when incubated with
diethylpyrocarbonate (DEP), a higidine modifying
reagent, could be protected by adding 25 mM methyl-B-
cyclodextrin - substrate prior to the modification.
Inactivation kinetics of isoform 1 with DEP resulted in
second-order rate constants (Kiagivaion) Of 29.5 M7's™. The
specificity of the DEP-modified reaction for the higtidine
residue was shown by the correlation between the loss of
isoform activity and the increase in the absorbance at 246
nm of N-carbethoxyhigtidine. The number of histidines
that were modified by DEP in the absence and presence of
a protective substrate was estimated from the increase in
the absorbance using a specific extinction coefficient of N-
carbethoxyhistidine of 3,200 M~'cm™. It was discovered
that methyl-B-CD protected per mole of isoform 1, two
histidine resdues from the modification by DEP. To
localize essential higtidines, the native, the DEP-modified,
and the protected forms of isoform 1 were digested by
trypsin. The resulting peptides were separated by HPLC.
The peptides of interest were those with R, 11.34 and
40.93 min. The molecular masses of the two peptides were
5,732 and 2,540 daltons, respectively. When the data from
the peptide analysis were checked with the sequence of
CGTase, then His-140 and His-327 were identified as
essential higtidinesin the active site of isoform 1.
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Introduction

For several years, cyclodextrins (CDs) have been known for
their applications in industries, particularly food, cosmetics,
and pharmaceutical industries (Bender, 1986). Alpha, beta, and
gamma-CDs are three main native forms that have been
reported. They are cyclic oligosaccharides of 6, 7, and 8
glucose units, respectively. Several bacteria species are capable
of producing CDs from starch by using their extracellular
enzymes known as cyclodextrin glycosyltransferase (CGTase).
The enzyme CGTase is classified as a member of the o-
amylase family due to similar structural domains for starch
hydrolysis. However, CGTase has additional domains that
allow it to form cyclic oligosaccharide products (Bart et al.,
2000). The enzyme is produced by various microorganisms,
for example Klebsiella pneumoniae MS5al (Bender,1986),
Micrococcus sp. (Yagi et al., 1986), and mainly Bacillus sp.
(Kitahata et al., 1974; Kobayashi et al., 1978; Kitahata and
Okada, 1982a, b). CGTases from different sources were
reported to have different characteristics, such as working pH,
temperature, and molecular weight. Each CGTase enzyme
yields a different major product. For example, Klebsiella
pneumoniae M5al CGTase mainly produces o-CD, while
CGTase of alkalophilic Bacillus sp. 38-2 gives B-CD as its
main product. A few CGTases reportedly contained multiple
forms. They are referred to as isozymes (Nakamura and
Horikoshi, 1976), isoforms (Kaskangam, 1998), or subforms
(Mattsson et al., 1990). The existence of multiple forms of the
enzyme is not yet completely understood.

CGTase from Paenibacillus sp. A11 contained 4 isoforms,
discovered by the work of our group (Kaskangam, 1998).
They were separated by preparative gel eectrophoresis. Each
isoform had the same molecular weight of 72 kDa, but with
different pl, product ratio, and carbohydrate content. Isoform
1 with the highest pl vadue of 4.73 was the mgjor form. The
am of the present work is to investigate the active site of
CGTese isoform 1. This study will lead to more insights into
understanding the multiple forms of the enzyme aswell asthe
ability to compare it with other CGTases.
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Materials and Methods

Chemicals and bacterial strain  All of the chemicals that were
used were purchased from Sigma Chemica Co. (St. Louis, USA).
Paenibacillus sp. A1l isolated from South-East Asian soil, was
screened for CGTase activity by Pongsawasdi and Yagisawa (1987).

Assay of CGTase The dextrinizing activity of CGTase was
assayed by measuring the reduction in the intensity of the blue color
of the starch-iodine complex (Fuwa, 1954). In a typical experiment,
the enzyme sample (5-100 pl) was incubated with 0.3 ml of the
starch substrate (0.2% w/v soluble starch (potato) in a 0.2 M
phosphate buffer, pH 6.0) at 40°C for 10 min. The reaction was
stopped with 4 ml of 0.2 N HCI. Then 0.5 ml of the iodine reagent
(0.02% 1, 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 the control, the HCI was added before
the enzyme sample. The protein concentration was determined by
the Coomassie blue method (Bradford, 1976), using bovine serum
albumin as the standard.

Purification of CGTaseisoform 1 CGTase was partidly purified
from the culture broth of Paenibacillus sp. A11 by starch adsorption
(Kato and Horikoshi, 1984), and then concentrated by ultrafiltration
before loading on a preparative gel dectrophoresis Modd 491 Prep
cdl (Bio-Rad, Hercules, USA). The dectrophoresis was run from
cathode towards anode at a constant power of 12 W (Kaskangam,
1998). The proteins were eluted from the gel with an electrode
buffer at aflow rate of 1 ml/min. Fractions of 2.5 ml were collected
and measured for A, and CGTase activity. Every 5 fractions were
run on dab gels and stained for dextrinizing activity. Then the
fractions that gave the e ectrophoretic band with the same mobility
were pooled. 1soform 1 was the last pool, due to having the least
negative charge when compared to other isoforms.

Chemical modification with group-specific reagents To
investigate the active site residue of this enzyme, various group-
specific reagents were tested for their ability to inactivate the
CGTase isoform 1 activity. CGTase isoform 1 in a 50 mM acetate
buffer, pH 6.0, was incubated with reagents (Means and Feeney,
1971; Lee and Cho, 2002) at 40°C for 30min. The final
concentrations of the enzyme and reagents were 25 pig/ml and
1 mM, respectively. The total volume of the reaction mixture was
60 pul. After incubation, the samples (10 ul) were removed from
these reaction mixtures and the residual activities were measured.
For an investigation on the essential histidines, the kinetics of
inactivation were studied under various DEP concentrations, a
specific reagent for histidine modification.

Protection of inactivation by substrate The experiment was
performed by incubating a suitable DEP concentration with the
CGTase isoform 1 in the presence or absence of methyl-B-CD as a
protective substance. The CGTase isoform 1 in a 50 mM acetate
buffer, pH 6.0, was preincubated with 25 mM of methyl-B-CD at
40°C for 5 min prior to the addition of a suitable DEP concentration
(Tongsima, 1998). The final concentration of isoform 1 was 25 ug/
ml. The total volume of the reaction mixture was 60 ul. After
incubation with DEP for 30 min, the residual CGTase isoform 1

activity was determined.

Determination of the number of essential higtidine residues of
CGTase isoform 1 To measure the number of DEP-modified
higtidine residues of the CGTase isoform 1 in the presence and
absence of the protective substance, the differential increase in the
absorbance a 246 nm between the two conditions was followed
(Wakayama et al., 1996 ). The reaction was performed in a 1-cm
pathlength quartz cuvette, consisting of 0.325mM DEP and
0.05 g/l CGTase isoform 1 in the presence or absence of 25 mM
methyl-3-CD. The protection time was 5min, while the
modification time was 30 min. The cuvette was put into the sample
chamber of a spectrophotometer, and the temperature inside was set
at 40°C. The absorbance at 246 nm was then recorded.

The number (n) of modified higtidine residues was calculated by
using the following equation:

_Aus X M,
T e X C

where M, is the molecular weight of the CGTaseisoform 1 whichis
72,000 (Kaskangam, 1998), €, of N-carbethoxyhistidine (DEP-
modified hitidine) is 3,200 M*cm™ (Wakayama, 1996), and C is
the CGTase isoform 1 concentration (g/1).

Digestion of isoform 1 and separation of peptides Three forms of
isoform 1 (native, DEP-modified, and protected forms) were
digested by trypsin at aratio of 1:80 (w/w) ina 0.2M TrissHCI
buffer, pH 8.0, for 18 h at 37°C (Delforge et al., 1997). Then a
desdting column was used to separate the peptides from the other
reagents in the reaction mixture. The fractions that contained the
peptides were pooled, lyophilized, and dissolved in 60 ul of ultra
pure water before filtration with a2 0.22 um filter. The peptides were
then separated by a reversed phase HPLC on a C,3 column (0.46 x
25 cm) that was previoudy equilibrated with solvent A. Solvent A
was 0.1% (v/v) trifluoroacetic acid in water. Elution was made by
mixing solvents A and B. Solvent B was the mixture of 0.1% (v/v)
trifluoroacetic acid in water and acetronitrile a the ratio of 1: 3.
The elution of HPLC was carried out a a flow rate of 1 ml/min.
The detection of peptides was performed a 210 and 246 nm.
Injecting the ultra pure water adone, under the same
chromatographic conditions, was aso performed as a control. The
euted peptides were collected and either frozen a —-80°C or
lyophilized for further analysis.

Mass analysis of peptides Peptides of interest were dissolved in
asolution of acetronitrile: 0.02% formic acid in water (50 : 50), and
their masses were determined by mass spectrometer. The sample
from the HPLC column was introduced into the Mass
Spectrometer: TOF ESI-MS system by the electrospray ionization
method. The ions were detected by a time-of-flight mass analysis
and the m/z ratio was determined with the on-line analyzer. The
molecular mass was calculated according to Siuzdak, 1996.

Amino acid sequence determination of peptides Prior to the
amino acid sequencing, the interested peptide peaks from HPLC
were concentrated using Speedvac. Amino acid residues were
anayzed from the N-terminus by Edman degradation reaction. The
peptide samples were hydrolyzed with 6 M HCI that contained 1%
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Table 1. Effect of various group-specific reagents on the CGTase activity isoform 1

Reagent (1 mM)*

Amino acid involved Residud activity (%)

None

N-ethylmaeimide (NEM)

|odoacetamide (IAM)

Dithiothreitol (DTT)

2,4,6-Trinitrobenzenesulfonic acid (TNBS)
Phenylmethylsulfonyl fluoride (PMSF)
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
Diethylpyrocarbonate (DEP)

N-bromosuccinimide (NBS)

N-acetylimidazole (NAI)

- 100

Cysteine 99.8

Cysteine 97.6

Cysteine 98.1

Lysine 100

Serine 100

Carboxylic amino acids 67.1
Histidine 0
Tryptophan 0

Tyrosine 69.9

*Incubation with 25 ug/ml enzyme at 40°C and pH 6.0 for 30 min.

phenaol (v/v) in evacuated tubes at 110°C for 1 h per each cyclein
the Waters Pico-Tag Workstation after they were derivatized with
phenylisothiocyanate (PITC). The hydrolyzed sample was then
dried under a vacuum and resuspended in a 100l Picotag™
sample diluent. The amino acid mixtures obtained were anayzed
on a Picotag™ column (0.39 x 30 cm) of the Waters 510 HPLC.

Results

Chemical modification of CGTase isoform 1 When
isoform 1 was incubated with various group-specific reagents,
it was discovered that al of the activity was logt in the
presence of 1 mM DEP or NBS (Table 1). Partid activity loss
was observed when incubated with EDC and NAI. This
indicates the importance of higtidine, tryptophan, carboxylic
amino acids, and tyrosine on the enzyme activity. The
ineffectiveness of NEM, IAM, DTT, TNBS, and PMSF
suggests that cysteine, lysine, and serine were not a the
enzyme active dte.

From the chemica modification result, it appeared that
histidine was a very important residue in the enzyme cataysis;
therefore, we investigated its presence at the active ste.
Inactivation kinetics and substrate protection experiments
were then carried out.

Inactivation kinetics of CGTase isoform 1 with DEP  The
incubation of the CGTase isoform 1 with varying DEP
concentrations (0-1.0 mM) at pH 6.0 and 40°C resulted in a
time-dependent loss of CGTase isoform 1 activity. When the
CGTase isoform 1 was incubated with 1.0mM DEP for 5
min, the residua activity was 10%. And at every DEP
concentration, the activity loss was exponentia with the
incubation time. The pseudo first-order rate constants
(Kinectivation) Of these inactivation kinetics were determined from
the dope of the plot between the logarithm of relative residua
activity (%) versus time at different DEP concentrations (Fig.
1A). A graight line was obtained for the plot of Kavaion VErsus
the DEP concentration, and the second-order rate constant
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Fig. 1. Inactivation of CGTase isoform 1 with DEP. (A) CGTase
isoform 1 was incubated with DEP at O mM (4), 0.10 mM
(H), 0.25mM (A), 050 mM (%), 0.75 mM ([J), and 1.0 mM
(@) for 0-10 min. The pseudo fird-order rate congants of
inactivation k., were obtained from the dopes of straight lines.
(B) Determination of the second-order rate congtant of
inactivation.

was 29.5 M™'s* (Fig. 1B). The double logarithmic plot of
Kinactivation VErsus the DEP concentration gave a slope value of
0.84.

Protection of inactivation by substrate The suitable DEP
concentration and inactivation time were 0.325 mM and 5 min
at 40°C. At these conditions, approximately 50% activity was
retained. To determine whether the histidine residue was
involved at the active site of isoform 1, the modification DEP
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Table 2. Effect of substrate on the inactivation of CGTase isoform 1 by DEP

Compound added

Residual activity (%)

I I Average
1) None 100 100 100
2) 25 mM Methyl-B-CD 99.5 97.6 98.6
3) 25 mM Methyl-B-CD, then 0.325 mM DEP 775 70.8 74.2
4) 0.325 mM DEP 50.3 489 49.6

Numbers under | and Il are duplicate values.

in the presence or absence of the substrate was compared.
Table 2 shows that the modification by 0.325 mM DEP led to
a 50.4% loss of isoform 1 activity. When isoform 1 that was
preincubated with the substrate was modified by DEP, the loss
of isoform 1 activity was partially reduced. In the presence of
methyl-B-CD, the activity loss was 26%.

Determination of the number of essential histidine
resdues of CGTaseisoform 1  The specificity of the DEP-
modified reaction for the histidine residue was shown by the
correlation between the loss of isoform 1 activity and the
increase in absorbance a 246 nm, which indicates the
formation of N-carbethoxyhigtidine (Wakayama et al., 1996).
The absorption spectra of isoform 1 before and after DEP
modification are shown in Fig. 2. The number of higtidine
resdues which were modified by 0.325mM DEP were
determined from the incresse in the absorbance at 246 nm,
using an extinction coefficient of 3,200 M~‘cm™. The result
shows that 8.5 histidine residues per mole of isoform 1 were
modified by 0.325 mM DEP when the enzyme was incubated
with DEP only. The number of modified histidine residues
decreased to 6.5 in the presence of methyl-B-CD as a
protective substrate. Hence, methyl-B-CD could protect two
histidine residues per mole of isoform 1 from the modification
by DEP.

Digestion of isoform 1 and separation of peptides To
localize the essentid histidines, three forms of isoform 1
(native, DEP-modified, and methyl-B-CD protected prior to
the modification) were digested by trypsin. The HPLC
profiles of the peptides are shown in Figs. 3 and 4. The
peptides detection was performed a 210 nm (Fig. 3), while
the detection of the modified-histidine product was followed
at 246 nm (Fig. 4). When these profiles were compared, it was
found that the peaks eluting at R 11.34 and 40.93 min (Fig.
3B) appeared when isoform 1 was modified with DEP, while
the peaks at R, 8.69 and 15.48 min (Fig. 3A) disappeared. A
comparison of Figs. 3C with 3B confirmed the importance of
these peaks. The pesk euting a R 11.34 min decreased. The
one & R 40.93min disappeared when isoform 1 was
protected with methyl-B-CD prior to DEP-modified. However,
the peaks at R, 8.69 and 15.48 min increased in Fig. 3C. The
appearance and disappearance of these pesks were confirmed

0.5 T

Absorbance

235 245 255 265 275 285

Wavelength (nm)

Fig. 2. Absorption spectra of CGTase isoform 1 before and after
the modification with DEP. For control, CGTase isoform 1
(100 ug/ml) (M) or DEP 065mM (O) were separately
scanned. After a modification of 0-30 min (0 min L1, 10 min A,
20min @, and 30 min 4 ), the modified CGTase isoform 1
from each incubation time was scanned a the same wavelength
range.

at 246 nm (Fig. 4) which was a specific wavelength to follow
the modification with DEP. The profile comparison showed
that the pesks eluting at R 11.34 and 40.93 min (Fig. 4B)
appeared when isoform 1 was modified with DEP, while these
pesks were not seen in Fig. 4A. When comparing Fig. 4C
with 4B, the pesks that euted a R 11.34 and 40.93 min
decreased when isoform 1 was protected with methyl-3-CD
prior to DEP-modified. From these results, the peptides from
the peaks a R 11.34 and 40.93 min (Fig. 3B) should contain
essentia histidines since they were confirmed by absorbance
at 246 nm. These pesks were then pooled and submitted to
mass determination and N-termina sequence determination
for further characterization.

Mass analysis of peptides The pesks duting a R 11.34
and 40.93 min were dissolved in a solution of acetonitrile:
0.02% formic acid (50:50), then injected into mass
spectrometer and their mass spectra were obtained. The peaks
a R 11.34 and 40.93 min were caculated to have molecular
masses of 5,732 and 2,540 Da, respectively.
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Fig. 3. HPLC chromatograms a 210 nm of the tryptic peptides
of CGTase isoform 1. Digested products of (A) native isoform 1,
(B) DEP-modified isoform 1, and (C) isoform 1 protected by
methyl-B-CD prior to DEP-modification.

Determination of N-terminal sequence of peptides The
amino acid sequence of the N-terminus of the two peptides of
interest, the R 11.34 and 40.93 min pesks, were determined by
automated Edman degradation using the peptide sequencer.
For the peak duting at R 11.34 min, the sequence F A Q K
was identified. Also, the determined sequence for the pesk
eluting at 40.93minwasVIIDFAPN*HT.

Localization of essential higtidines The postion of
essential histidine within the 40.93 min peptide pesk was
localized at His-140 when the overall information, including
the size from mass spectra, the N-termina sequence of the
two peptides, and the action of trypsin (which is known to
cleave the C-termind of lysine and Arginine) was anayzed.
Figure 5 shows the postions of the tryptic cleavage to
generate peptide of an approximate size of 25 amino acids.

mAU:

] (A)
L

] ﬁ 2 (B)
81

6 §oox

] <

% - B
4 [}

4 <t
2

03

I A

0 5 10 15 20 25 30 35 40 min

mAU

I & (©)
81
6

] & R
‘: = — =

] 3 - =4
2
o{———J
22 -

0 5 10 15 20 25 30 35 40 min

Fig. 4. HPLC chromatograms a 246 nm of the tryptic peptides
of CGTase isoform 1. Digested products of (A) native isoform 1,
(B) DEP-modified isoform 1, and (C) isoform 1 protected by
methyl-B-CD prior to DEP-modification.

Trypsin cleaved at the C-terminal of Lys-131 and Arg-156. In
this peptide, higtidine (His-140) was at position 9 from the N-
terminus. For the peptide pesk a R 11.34 min with the N-
terminal sequence F A Q K, the positions of the tryptic
cleavage were at the C-terminal of Arg-284 and Arg-331 (Fig.
5). This peptide contained exactly 47 residues, egqud to the
number that was estimated from the mass determination. One
higtidine (His-327) was found a position 43 from the N-
terminus.

Discussion

CGTase isoform 1 activity from Paenibacillus sp. A1l was
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Fig. 5. Localization of essentia hitidines in CGTase from Paenibacillus sp. A11l. Shaded areas are peptides with essential histidines
(Val 132-Arg 156 is the R 40.93 min peptide and Phe 285-Arg 331 is the R 11.34 min peptide). The arrows indicate possible tryptic
cleavage sites. The underlined H are the essentia histidines that were identified. The bold letters indicate the conserved sequences by
comparing them with other CGTases. The amino acid sequence (without signd peptide) was obtained from the deduced sequence of

CGTase of this strain that was reported by Rimphanitchayakit, 2000.

completely inactivated by 1 mM DEP The activity could be
protected when the 25 mM methyl-B-CD substrate was added
prior to the modification. This result suggests the involvement
of histidine at the enzyme active site. Inactivation kinetics was
followed by the plot of the logarithm of remaining activity
versus time at different reagent concentrations. It was found
that the activity decreased with increasing time and DEP
concentration, indicating the pseudo first-order kinetics of
inactivation. The plot of Kuivaion VErsus DEP concentration
gave a draight line, which suggests that the chemical
modification was the result of a smple bimolecular reaction.
The dope value of 0.84 from the double logarithmic plot of
Kiracivaion VErSUs DEP concentration indicates the inactivation
results from the reaction of approximately 1 mol of DEP with
1moal of enzyme (Levy et al., 1963).

From the comparison of the HPLC profiles of the tryptic
digests of the native isoform 1, DEP-modified, and methyl-[3-
CD protected from prior to the DEP-modification [as
monitored by absorbance at 210 nm for peptides and 246 nm
for modified-histidine (N-carbethoxyhistidine)], the peaks at
R 11.34 and 40.93 min were selected for analysis since they
showed a dgnificant difference in the peak height among
Figures 3A, B, and C. This difference was aso confirmed in
Figures 4A, B, and C. It may be proposed that the peaks at R
8.69 and 15.48 min in the native isoform 1 (Fig. 3A), which
disappeared upon DEP-modification (Fig. 3B), became the
pesks a R 11.34 and 40.93 min. This proposal is possible

snce DEP-modification led to an increase in the
hydrophobicity of the peptide (Means and Feency, 1971); the
peaks a R 11.34 and 40.93 min are less polar than the peaks
at R 8.69 and 15.48 min, respectively.

The molecular mass that was determined by mass
spectrometry of the peptide peaks eluting at R 11.34 and
40.93 min were 5,732 and 2,540 daltons, respectively. The
number of amino acids in the two peptides were then
estimated to be about 47 and 25 residues, using the
assumption that the average molecular mass of amino acids
was in the range of 100-120 daltons (Voet and Voet, 1990).
When the N-terminus sequences of both peptides were
determined, the sequence FA QK andVIIDFAPNHT
were obtained. These data, in combination with the proposed
tryptic cleavage Sites, were then fitted into the deduced amino
acid sequence of CGTase that was reported by
Rimphanitchayakit (2000) (Fig. 5). Two histidines, His-140
and His-327, were then identified as essential residues of the
CGTase isoform 1 from Paenibacillus sp. A11.

CGTase sequences that were previoudy reported,
demonstrated four conserved regions, which were designated
as regions A, B, B', and C, respectively (Wind et al., 1995).
Three conserved regions contained histidine residues (Fig. 5).
It should be noted that a Similar pattern of conserved histidine
resdues was demondtrated in K. pneumoniae and some
species of Bacillus. From the three-dimensional structure of B.
stearothermophilus CGTase, His-140 and His-327 bound the
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same glucose unit of amylose; whereas His-233 bound a
different one (Kubota et al., 1991). Nakamura (1993) reported
that the three higtidine residues (His-140, His-233, and His
327) of CGTase from alkaophilic Bacillus sp. 1011 were
essential histidine residues in the active center of the enzyme.
His-327 wasimportant for catalysis over an akaline pH range,
because a decrease in activity was observed when the
replacement of His-327 by the asparagine residue was
performed. For His-140 and His-233, different roles in
catalysis could not be clarified. In this study, only two
essential histidines, His-140 and His-327, were identified in
the active site of the CGTase isoform 1 from Paenibacillus sp.
A11. Theresult from an analysis of the peptides confirmed the
data that was produced by spectra analysis and calculation of
the active site higtidines, which also suggested two histidine
residues. His-233 was not identified, which means it may not
be at the active site of isoform 1, or the techniques of chemical
modification and substrate protection could not identify this
resdue. Another aternative is that the peptide that contains
this residue may be one of the small pesks (Fig. 3A), due to
the inconsistency of the trypsin digestion at the cleavage site
which gave rise to the peptide. When the peptide peak was
small, it was impossible to see the differences of the peak
among the native, modified, and protected forms of the
enzyme. To prove the importance of His-233, the use of other
hydrolytic enzymes with different cleavage sites may be tried.
The technique of the site-directed mutagenesis may also be
used for further identification.
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