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a b s t r a c t

Low reaction yields and the high cost of obtaining a single type of pure CD make �-CD costly. Using rational
design and with the aid of 3D modeling structures, recombinant CGTase from Bacillus sp. G1 was molec-
ularly engineered with the aim of producing a higher percentage of �-CD. A single mutation at subsite
−3, denoted H43T, was found to increase �-CD production from 10% to approximately 39% using tapioca
starch. This novel increment was probably the result of reduced steric hindrance to the formation of �-CD
because of the shortened side chain together with the shortened loop at positions 86–89, at substrate-
binding subsite −3. A mutation (Tyr188 → Trp) and a deletion at loop 139–144 showed little effect on
product specificity; however, mutagenesis at these sites affected cyclization, coupling and hydrolysis
activities as well as the kinetic properties of the mutant CGTase. Based on rational design, three fur-
roduct specificity
rotein engineering

ther mutations of the mutant H43T (denoted H43T/�(139–144)/S134T/A137V/L138D/V139I, H43T/S85G
and H43T/Y87F) were constructed and produced �-CD with yields of 20%, 20% and 39%, respectively.
The mutant H43T/�(139–144)/S134T/A137V/L138D/V139I had very low cyclization and coupling activ-
ities, however their hydrolysis activity was retained. Double mutation (H43T/S85G) caused the enzyme
to exhibit higher starch hydrolysis activity, approximately 26 times higher than the native CGTase G1.
Although the mutants H43T and H43T/Y87F could produce the same percentage (39%) of �-CD, the latter

total

p
b

�
b
s
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o
p
t

was more efficient as the

. Introduction

Cyclodextrin glycosyltransferase (CGTase) is an industrial
nzyme used for the production of cyclodextrins (CDs) from starch.
he mechanism responsible for the formation of CDs is a cycliza-
ion reaction and the reverse reaction is called a coupling reaction.
n a disproportionate reaction, starch is cleaved by CGTase and the
inear maltooligosaccharide is then transferred to a second linear
cceptor substrate. CGTase can also break down starch via a weak
ydrolytic reaction.
CGTase produces mainly �-, �- and �-CDs, which have closed
ing structures with six, seven and eight glucose units, respectively,
oined by �-1,4-glycosidic bonds. The CDs easily form inclusion
omplexes with many organic substances that can change the
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amount of CD produced was higher based on the Vmax and kcat values.
© 2008 Elsevier B.V. All rights reserved.

hysicochemical properties of the guest molecule, such as its solu-
ility and stability [1,2].

Most of the reported CGTases produce a mixture of �-, �-, and
-CD, and the product ratio can vary depending on the source of the
acteria, reaction time, and conditions [3,4]. CGTases can be clas-
ified into three main groups, �-CGTase, �-CGTase and �-CGTase,
epending on the main CD produced. Most of the numerous reports
n CGTase strains involve those that produce �-CD as the main
roduct or �-, �-, and �-CD in almost equal proportions. However,
here have been few literature reports of predominant �-CGTases,

unique subgroup of �-CGTase [5]. A predominant �-CGTase is
efined as an enzyme that produces very high percentage of �-CD
hile the remaining percentage is �-CD and usually little or no �-

D is formed. As for �-CGTase, this group is very rare; only a few
ild-type CGTases and their sequences are known [6,7]. A major
isadvantage of �-CD production via a common CGTase is that �-,
-, and �-CD are produced in a mixture where the amount of �-CD

s generally lower.

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:r-rosli@utm.my
dx.doi.org/10.1016/j.molcatb.2008.09.016
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Mutagenesis and X-ray crystallography studies of CGTase have
esulted in three regions being proposed that may affect product
pecificity: (a) the centre active cleft [8,9], (b) subsite −3 and (c)
ubsite −7 [6,10–12]. Alteration of the amino acids in these regions
ay change the proportion of each CD produced. However, some of

he amino acid substitutions in these regions were reported to have
beneficial effect on the product specificity while contradictory

esults have been reported in other publications [13–15]. At present,
he roles of these sites remain unresolved.

Therefore, the aim of this paper is to investigate the mutation
f a predominant �-CGTase strain G1 in order to enhance �-CD
pecificity. A mutant CGTase H43T (mutagenesis at subsite −3 of
he protein) is known to increase the percentage of �-CD from 10%
o approximately 39% [16]. The current paper elucidates that the
ncrement in �-CD production is probably due to reduced steric
indrance at the active site provided by the shortened side chain
fter mutagenesis in synchronization with the presence of a short-
ned loop at positions 86–89. Three further modifications of the
utant H43T were made. A double mutation H43T/Y87F mutant

roduced a similar CD profile as H43T, but it had a better kinetic
erformance. Both mutants, CGTase H43T and H43T/Y87F, could
otentially be used for �-CD production.

. Experiments

.1. Bacterial strains, plasmids and growth conditions

The alkalophilic bacteria identified as Bacillus sp. G1 was iso-
ated from local soil [17], and the DNA fragment that encodes the
ignal peptide and mature gene of CGTase was cloned into plas-
id pUC19 and expressed in E. coli JM109 [endA1, recA1, gyrA96,

hi, hsd R17 (rBkB
−, mk

+), relA1, supE44, �(lac-proAB), (F′, traD36,
roAB, lacIqZ� M15)]. The transformed cells were grown overnight

n Luria-Bertani (LB) medium containing 100 �g/ml ampicillin at
7 ◦C. Crude enzymes were then concentrated by salting them out
ith 70% ammonium sulphate and purifying via an �-CD Sepharose

olumn using the same protocol published by Sian et al. [18].

.2. DNA manipulations

Site-directed mutagenesis was carried out using the PCR
ethod. The megaprimer-PCR method [19] was used to con-

truct mutant H43T. Overlapping-extension PCR [20] was used to
reate mutants Y188W, �(139–144), H43T/(�(139–144)/S134T/
137V/L138D/V139I, H43T/S85G, and H43T/Y87F. In all approaches,
fu polymerase was used because of its proofreading ability. The
ollowing oligonucleotides were used, respectively, in PCR ampli-
cations: 5′-CCACCACAATACTTGGTAAGATCTATACAG-3′ (mutant
43T), 5′-CATTTACAGAAACTTATGGGATCTGGCAGA-3′ and 5′-GTC-
GCCAGATCCCATAAGTTTCTGTAAAT-3′ (mutant Y188W), 5′-CCCA-
TTTCAACaagtgccggtgatgaatgatttgg-3′ and 5′-catcaccggcacttGTTG-
AAATGGGGCGATATATGAT-3′ (mutant �(139–144)), 5′-ACCTCA-
CGGTTGACatcgaaaatggggcg -3′ and 5′-ccattttcgatGTCAACCGG-
GAGGTATGATTTGG-3′ (H43T/�(139–144)/S134T/A137V/L138D/
139I), 5′-CCTACACCCAAGCGGCGGTACCTCCTACCATGG-3′ and 5′-
GTTTATGCCCTACACCCAGGCGGCTATACCTCCTACC-3′ (H43T/
85G), 5′-CCTACACCCAAGCGGCTTCACCTCCTACCATGG-3′ and
′-CCATGGTAGGAGGTGAAGCCGCTTGGGTGTAGG-3′ (H43T/Y87F).
nderlined nucleotides are the mutagenized codons and lower

ase nucleotides are overlapping regions that necessitate gener-
tion of the complete gene in the overlapping-extension PCRs.
ix mutants were constructed; recombinant wild-type CGTase
1 gene was used as a template for single point mutation and
ingle deletion in the respective mutants. Plasmid mutant H43T

2

m
d

sis B: Enzymatic 57 (2009) 270–277 271

as used as a template for double point and multiple point
utations with deletion. Mutant genes were cloned into pUC19

nd expressed using E. coli JM109. All mutants were confirmed by
NA sequencing.

.3. Homology modeling

All computational methodology was carried out using Accel-
ys Discovery Studio (DS) Modeling 1.1 Windows-based modules.
lasting to NCBI database was done using the BLAST program, and
utomated sequence alignment between CGTase G1 and the tem-
late sequence was carried out. Adjustment on the gap was done
anually to improve the alignment. Homology modeling was per-

ormed using Modeler software, and the internal algorithm for
he optimization level option for model building was set to high
here the program used a thorough molecular dynamic simulation

nnealing step when building the first model. The 3D structure of
GTase G1 obtained was further optimized by gradual energy mini-
ization in two stages. Constraints in both stages were of positional

armonic constraints of 20 kcal/mol A, applied to all of the back-
one atoms. The steepest descents method was set at 500 steps for
rst minimization, followed by 1000 steps of the conjugate gradient
ethod. The refined model was used as the final structure for fur-

her analysis and comparison. The 3D structures for mutant CGTases
ere constructed using the Build Mutants program in Modeler’s
ackage. Display and comparison of structures were achieved using
he DS Modeling Visualizer.

.4. ˇ-CD cyclization assay

The �-CD cyclization activity of CGTase was measured according
o the method established by Kaneko et al. [21] with modification.
he reaction mixture containing 40 mg of soluble starch in 1.0 ml of
.1 M phosphate buffer (pH 6.0) and 0.1 ml of enzyme solution was

ncubated at 60 ◦C for 10 min. The reaction was stopped by adding
.5 ml of 30 mM NaOH solution. Then, 0.5 ml of 0.02% (w/v) phe-
olphthalein in 5 mM Na2CO3 was added to the mixture and mixed
ell. After leaving the mixture to stand for 15 min at room temper-

ture, the reduction in colour intensity was measured at 550 nm.
ne unit of enzyme activity is defined as the amount of enzyme

hat formed 1 �mol of �-CD per minute under the conditions men-
ioned above. Approximately 0.1 mg/ml of purified enzymes were
sed to determine the specific �-CD producing activity.

.5. �-CD cyclization assay

The �-CD forming activity was determined by the bromocresol
reen (BCG) method of Kato and Horikoshi [22] with modification.
amples of 0.2 ml of enzyme solution and 1 ml of 4% soluble starch
n phosphate buffer (pH 6) were incubated for 20 min at 60 ◦C. The
eaction was stopped by adding 0.5 ml of 0.2 M HCl and subse-
uently 0.2 ml of 0.05% (w/v) BCG in 20% ethanol. After leaving the
ixture for 20 min at room temperature, 2 ml of 1 M sodium acetate

uffer containing 30 mM citric acid (final pH 4.2) were added and
he colour intensity was measured at 630 nm. One unit of �-CD
orming activity is defined as the amount of enzyme that produced
�mol of �-CD per minute under these conditions. Approximately
.1 mg/ml of purified enzymes were used to determine the specific
-CD producing activity.
.6. CGTase coupling activity

The assay was performed by using �-CD as the donor and
ethyl-�-d-glucopyranoside as the acceptor, and the method

escribed by Nakamura et al. [23] was used with slight
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odification. To a solution containing 10 mM CD and 20 mM
ethyl-�-d-glucopyranoside, a total volume of 1 ml of CGTase was

dded. After 20 min of incubation at 60 ◦C, the reaction was stopped
y boiling for 10 min. Then, 0.1 ml of reaction mixture was incu-
ated with 4 U of glucoamylase in 0.1 ml of 0.4 M sodium acetate
uffer, pH 5, for 1 h at 40 ◦C, to convert linear oligosaccharides

nto single glucose units. The amount of glucose was accurately
etected with a glucose/GOD-Perid kit (Sigma). One unit of activity
as defined as the amount of enzyme able to convert 1 �mol of CD

o glucose per minute under corresponding conditions. Approxi-
ately 0.1 mg/ml of purified enzymes were used to determine the

pecific coupling activity.

.7. CGTase hydrolysis activity

Hydrolytic activity was assayed using 1 ml of 4% soluble starch
s substrate, measuring the increase in starch reduction after incu-
ation at 60 ◦C for 10 min. The reducing power was measured with
initrosalicylic acid using the DNS method [24]. One unit of activity
as defined as the amount of enzyme that is able to release 1 �mol
f reducing end per minute under the corresponding conditions at
40 nm. Approximately 0.1 mg/ml of purified enzymes were used
o determine the specific starch hydrolysis activity.

.8. Protein determination

Protein concentration was quantified by the method of bicin-
honinic acid assay using the Pierce BCA Protein AssayTM (Rockford,
L) with bovine serum albumin as the standard.

.9. Determination of enzyme kinetics parameters

The kinetics parameters for the purified enzyme were deter-
ined by incubating 0.2 ml of the samples with soluble starch in
ml of 0.1 M phosphate buffer (pH 6.0). The protein concentrations

or the samples used were 15–20 �g/ml. The data were produced
ccording to the �-CD cyclization assay. Km and Vmax values were
hen determined from a Hanes-Woolf plot. The turnover number
kcat) for CGTase G1 was calculated by dividing Vmax by the molar
oncentration of CGTase (kcat = Vmax/(E)0).

.10. Analysis of CDs by HPLC

Diluted purified recombinant and mutant CGTases with 1 ml
f 1% (w/v) tapioca starch in 0.1 M phosphate buffer (pH 6) were
ncubated at 60 ◦C for different periods of time, and the enzymatic

eaction was then stopped by boiling for 10 min. Insoluble particles
ere filtered through a 0.45 �m syringe Nylon-filter (Whatman).

he proportions of the different CDs produced were analyzed
sing a Waters HPLC system with an Econosphere NH2 (5 �m,
50 mm × 4.6 mm) column, and CDs were detected using an RI

h
B
w
s
t

able 1
atio of �-CD to �-CD produced during the 18th reaction period for recombinant and mu
-CD compared to other CGTases. In all situations, �-CD was not detected.

GTase Description

ontrol Native recombinant CG
188W Center of active site
43T Subsite −3
(139–144) Loop deletion at subsit
43T/�(139–144)/S134T/A137V/L138D/V139I Combination of subsite

plus amino acid substi
region

43T/Y87F Subsite −3 double mut
43T/S85G Subsite −3 double mut
inant CGTase G1, B: mutant Y188W, C: mutant �(139–144), D: mutant H43T, E:
utant H43T/�(139–144)/S134T/A137V/L138D/V139I, F: mutant H43T/Y87F, and
: mutant H43T/S85G. In all cases, only �-CD and �-CD were detected, with negli-
ible �-CD.

etector. The isocratic flow rate was set at 1 ml/min with 70:30
cetonitrile–water used as the mobile phase. The standards used
or calibration were glucose, maltose, maltotriose, maltotetraose,
nd the CDs and were of high purity grade, purchased from Sigma
nd Supelco.

. Results and discussion

In this paper, the predominant �-CGTase G1 was used to elu-
idate the relationship between protein structure and product
pecificity. All of the mutant CGTases were purified using the �-
D Sepharose column. Based on the SDS-PAGE gels stained with
ilver staining kit, at least 98% in purity was achieved for the
amples. Besides that, single symmetrical absorbance peak was
etected when the purified sample was eluted from Superdex 75 gel
ltration column (data not shown). Results from the CD spectra pro-
uced by the mutant CGTases constructed in this study are shown

n Table 1 and Fig. 1. Table 1 summarized the ratio of �- to �-CD
roduced at maximum quantity which occurred at the 18 h incu-
ation, while Fig. 1 indicates the �-CD ratios that were produced
t various reaction periods. Three or more runs were conducted for
ll the enzymatic reactions studies. The data presented here are the
verage values.

Blasting of CGTase G1 protein sequence to NCBI database was
one using the BLAST program. CGTase from Bacillus stearother-
ophiles (1CYG) was chosen as template for homology modeling

ue to its highest E value of 6.3 e−227. Besides that, CGTase G1
as sequence identity of 62% and similarity of 78% to CGTase

acillus stearothermophiles. The final 3D structure of CGTase G1
as obtained by several rounds of optimizations. The ERRAT

core for CGTase G1 structure was further improved to 98.07 after
hree rounds of energy minimization processes resulting in a high

tant CGTases. Mutant CGTase H43T and H43T/Y87F both have the highest ratio of

Product specificity (�-CD:�-CD ratio)

Tase G1 90:10
90:10
61:39

e −7 90:10
−3 and −7 mutations,

tutions in the subsite −7
80:20

ation 61:39
ation 80:20
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uality of CGTase G1 model. The score for the final model was
0.991% (data not shown).

.1. Site-directed mutagenesis at subsite −3 (mutant H43T)

Subsite −3 (residue 43 according to CGTase G1 numbering) was
eported to be important for the product specificity of CGTase.
here is a clear discrimination pattern at this residue between dif-
erent groups of CGTase. For �-CD and �-/�-CD producers, lysine
K) or arginine (R) is mainly found whereas, for the �-CD pro-
ucer without or with minor �-CD (the predominant �-CGTase),
istidine (H) is found. Histidine has a relatively shorter imidazole
roup side chain than lysine and arginine. �-CGTase, �-/�-CGTase,
-CGTase and predominant �-CGTase all carry positively charged
mino acid residues at this site. In comparison, CGTase from Bacil-
us firmus/lentus 290-3, Bacillus clarkii 7364 and alkalophilic Bacillus
p. G-825-6 are �-CD producers and have threonine (T) at the cor-
esponding locations, as shown in Fig. 2. Threonine has a polar,
ncharged and shorter side chain compared to lysine, arginine and
istidine.

Wild-type CGTase G1, a member of the predominant �-CGTase
ategory, has histidine at subsite −3 (H43). Based on rational design,
utant H43T was constructed. The proportion of �-CD produced

ncreased from 10% using the original native recombinant CGTase
1 to 39% for the mutant H43T (Table 1, Fig. 1). Virtually no �-CD
as detected within the 24-h reaction period.

CGTase from Bacillus circulans 251 and G1 have residue Arg and
is, respectively at position 43 (CGTase G1 numbering) as shown

n Fig. 2. From the computational modeling for CGTase G1 (and
utant H43T), it was found that His43 and Thr43 (before and

fter mutation, respectively) have shorter side chains and no strong
nteractions with ligands, either substrate or product (Fig. 3).

It had previously been proposed that the relatively short side
hain of the residue at subsite −3 is the reason for the enhanced
ormation of the larger CD [12] simply because the forming of the
atter compound requires larger cavity volume in the active cleft
s compared to smaller size CD. In an earlier report on subsite −3
utagenesis [12], the mutation from arginine 47 to glutamine in

GTase Bacillus circulans 251 produced only a slight increment in
he yield of �-CD. Therefore, this hypothesis seems to be imperfect
ased on the mutant R47Q of CGTase Bacillus circulans 251 [12].

In the case of mutant R47Q of CGTase Bacillus circulans 251, hav-
ng the shorter aliphatic side chain glutamine alone probably seems
nadequate to provide a large enough space for �-CD formation
ecause of the hindrance caused by the loop 87–93 in the region of
ubsite −3, which is absent in the case of G1 CGTase (Figs. 2 and 4)
nd other CGTases that produce larger CD, namely �-CGTases as
hown in Fig. 2. The missing loop is actually part of subsite −3 [10]
ocated just below the amino acid 43 (H or T, CGTase G1 number-
ng). It was deduced that this shorter loop creates extra space in the
ctive site cleft, particularly at subsite −3 in the protein structure.
t is therefore hypothesized here that the ability of mutant CGTase
43T to enhance the specificity of �-CD production is due to the
xtra space provided by both the shorter side chain of residue 43
nd the missing loop (residues 86–89) in CGTase G1 mentioned
arlier. In other words, these two factors must occur in concert to
aximize the production of �-CD. This hypothesis seems rational

s only predominant �-CGTases and �-CGTases share this unique
haracteristic of the missing loop.

Biochemical analyses were carried out for mutant CGTase H43T,

nd the specific activities are summarized in Table 2. By chang-
ng the histidine residue to threonine, the �-CD cyclization activity
ropped from 1443 to 217 U/mg while the �-CD cyclization activ-

ty increased from 1.7 to 2.2 U/mg. The starch hydrolysis activity
ncreased tremendously from 3.5 to 40.1 U/mg, a 10-fold enhance-

H
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l
−
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sis B: Enzymatic 57 (2009) 270–277 273

ent in activity. Mutant CGTase H43T also showed lower affinity
or CDs in the coupling reaction where the breakdown of CD was
lower compared to the native enzyme. Even though the mutant
GTase H43T was able to enhance the proportion of �-CD that was
roduced, the efficiency of this mutant in converting starch to CDs

s relatively low compared to the original enzyme. One possible rea-
on is that mutant H43T displays an increased hydrolysis activity,
hich causes an accumulation of short oligosaccharides in the reac-

ion mixture that can inhibit the cyclization reaction. In addition,
he drop in cyclization efficiency might be caused by �-CD inhibi-
ion. It was observed by Hirano et al. [7] that the yield of total CDs
roduced by �-CGTase is remarkably lower than that of the other
GTase groups, probably due to inhibition by �-CD itself.

.2. Site-directed mutagenesis at the centre active site (mutant
188W)

Mutant Y188W was designed based on the theory of the active
ite cleft [8]. The results in Table 1 and Fig. 1 show that no signif-
cant changes in product specificity were observed. Sin et al. [8]
uggested that the size of the aromatic amino acid (Phe or Tyr),
resent in a dominant position in the centre of the active site cleft
f CGTases, influences the preferred CD size. It was reported that
double increment in �-CD yield was observed. The theory of the

entre active site cleft was generally accepted at that time and was
onsistent with the results for CGTase from Bacillus circulans No. 8
9], where the percentage of �-CD increased from 21% to 55% of the
otal CDs produced due to the mutant Y195W. However, the theory
f the centre active site cleft does not always work for all CGTase
trains where mutation at this location did not really determine
pecificity of the CDs produces [13,14].

In our study, the initial cyclization to form �-CD and �-CD via
utant CGTase Y188W is significantly less efficient than reaction

ia the original recombinant enzyme (Table 2). Reduced cyclization
ctivity was also reported earlier for variants from two different
GTases strains where the tyrosine residue was also substituted by
ryptophan [9,13]. However, the specific activity of starch hydrolysis
or the in-house mutant Y188W was insignificantly higher than that
f native CGTase G1. The coupling activity, which is the CD degra-
ation activity for mutant Y188W, was reduced approximately by
hreefold compared to the control CGTase.

.3. Double mutation at subsite −7 (mutant �(139–144))

The third location that is commonly accepted as important in
nfluencing the product specificity of CGTase is subsite−7 [6,10–12].

utant CGTase denoted �(139–144) was constructed using the
verlapping-extension PCR method. The nucleotides that encoded
mino acids numbered 139–144 were successfully removed. The
roduct specificity for mutant CGTase �(139–144) is shown in
able 1 and Fig. 1.

No improvement in �-CD specificity was detected for mutant
GTase �(139–144). The biochemical analyses (Table 2) revealed
hat the overall cyclization activities for this mutant declined to
great extent. Drops of more than 90% and 29% in �-CD and �-

D forming activities were detected, respectively, compared to the
ative recombinant CGTase G1. The hydrolysis activity was, how-
ver increased while the coupling activity for this mutant was the
owest compared to the parent CGTase, mutant Y188W and mutant

43T. These data reveal that loop 139–144 of CGTase G1 plays an

mportant role in the cyclization and coupling reaction and has a
esser effect on hydrolysis. The importance of the loop at subsite
7 to cyclization and coupling activation was also noted by other

esearchers [15].
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Fig. 3. Nine sugars are bound at the catalytic groove of the CGTase, namely +2 to −7. During the cyclization mechanism, the cleave of starch takes place between sugar −1
and +1. CGTase from Bacillus circulans 251 has Arg at subsite −3 position (A) and the distance between the side chain to sugar −3 was approximately 3.9 Å. In CGTase G1 (B),
histidine 47 was found to have a distance of 6.0 Å and after mutating the residue to Thr, the distance increased to approximately 7.1 Å (C). The size of CD formed has inverse
correlation with the distance between the side chain and the sugars.

Table 2
Specific activities for purified recombinant and mutant CGTases. The specific �-CD forming activity for mutant H43T, H43T/Y87F and H43T/S85G were higher than the control.
Mutant H43T/S85G exhibited extraordinary high starch hydrolysis activity. Mutation at multiple sites (mutant H43T/�(139–144)/S134T/A137V/L138D/V139I) has cause the
enzyme to lose most of its transglycosylation (cyclization, coupling and disproportional) activities.

CGTase �-CD cyclization (U/mg) �-CD cyclization (U/mg) Starch hydrolysis (U/mg) Coupling (U/mg)

G1 1443 1.7 3.5 0.067
Y188W 205 1.4 7.7 0.024
H43T 217 2.2 40.1 0.046
� 1
H 0
H 1
H 3

�
d
w
w
v
w
w
o

T
i
i

3

F
f
f
(
L
Y
(

(139–144) 115
43T/�(139–144)/S134T/A137V/L138D/V139I 62
43T/Y87F 1623
43T/S85G 847

Parsiegla et al. [9] showed that a similarly constructed mutant
(145–151)D, derived from CGTase Bacillus circulans No. 8 with

oubled the percentage of �-CD was achieved compared to the
ild-type CGTase [9]. It was mentioned that deletion at subsite −7
ould probably open up one end of the active site cleft and pro-
ide additional space for saccharide binding. However, this thought
as further clarified by van der Veen et al. [25] in a review paper
hen they proposed that the loop 145–151 is located at the end

f the active site cleft, which is already opened up to the medium.

Fig. 4. HPLC chromatogram for mutant H43T/S85G at various reaction times.

H
H

y
i
l
l
a
t
i
l
u

d
t
o
s
2
7

r

ig. 2. Mature amino acid sequence comparison for �-CGTase from Bacillus circulans 251 (d
rom Bacillus clarkii 7364 (clarkii), Bacillus firmus/lentus 290-3 (290-3), and Bacillus sp. G-8
or �-CGTase at position 43 of CGTase G1 numbering. (�) Non-conserved residue; howeve
290-3) and Bacillus sp. G-825-6 (825-6). (Dash-box) Unique shorter loop found only in p
ocations where the residues adjacent to the gap in the subsite −7 were substituted, as in
188 (G1 numbering), which was mutated to Trp. (*) Conserved Asp196 and Tyr371 (CGTas
CGTase BC251 numbering) that stabilize the product during the cyclization mechanism;
.4 11.0 0.010

.2 4.0 0.005

.8 29.8 0.023

.0 93.0 0.049

his means a better explanation for the enhancement of �-CD yield
s the lack of residues involved in product specificity rather than
ncreased exposure of the active site.

.4. Further mutations at subsites −3 and −7 (mutant
43T/�(139–144)/S134T/A137V/L138D/V139I, H43T/S85G and
43T/Y87F)

Our work has demonstrated that 39% yield of �-CD and 61%
ield of �-CD could be produced by mutant H43T. Although the
ncrement is novel, nevertheless, the proportion of �-CD is still
ow compared to wild-type �-CGTases such as CGTase from Bacil-
us clarkii [6] and Bacillus sp. G-825-6 [7] which produces up to 79%
nd 90% �-CD, respectively. We demonstrated in another paper that
he performance of mutant H43T could be improved by manipulat-
ng the reaction conditions [16]. However, at the protein structural
evel, the factors that can further boost �-CD specificity are yet
nclear.

Using mutant H43T as a template, three additional mutants were
esigned with aspirations to further enhance the �-CD ratio. All
hree mutants are novel and were constructed based on the results
f sequence alignment (Fig. 2) and comparison of 3D modeling

tructures for CGTase Bacillus sp. G1, CGTase Bacillus firmus/lentus
90-3, CGTase Bacillus sp. G-825-6 and CGTase Bacillus clarkii
364.

Both subsites −3 and −7 were proposed to have an important
ole in determining the product specificity of CGTases [6,10–12]. We

enoted BC251), predominant �-CGTase Bacillus sp. G1 (denoted G1) and �-CGTases
25-6 (825-6). (©) Arg is found for �-CGTase, His for predominant �-CGTase and Thr
r, two glycines are found alongside for �-CGTases from Bacillus firmus/lentus 290-3
redominant �-CGTase and �-CGTases. (♦) Conserved Phe found in �-CGTases. (↑)
the case for mutant H43T/�(139–144)/S134T/A137V/L138D/V139I. (Box) Residue

e BC251 numbering) that stabilize the cyclization mechanism. (�) Arg47 and Tyr89
however, neither residue is well conserved.
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ave already shown that only subsite −3 mutations (residue His
3) gave a positive result for CGTase G1. However, it was observed
hat the naturally existing wild-type �-CGTases have both thre-
nine and shortened loops at subsites −3 and −7, respectively.
herefore, a new CGTase with multiple site mutations—mutant
43T/�(139–144)/S134T/A137V/L138D/V139I—was constructed.
his mutant CGTase carries the same amino acids typically found
n subsites −3 and −7 of �-CGTases. The aim of this modifica-
ion was to recreate the pseudoactive site cleft environment that
xists in �-CGTases. When allowed to react with 1% tapioca starch,
pproximately 80% �-CD and 20% �-CD were produced using this
utant (Table 1). Surprisingly, the percentage of �-CD produced by
utant CGTase H43T was only half. The specific activities of mutant

GTase H43T/�(139–144)/S134T/A137V/L138D/V139I were greatly
educed (Table 2). Both �-CD and �-CD cyclization activities for
his mutant dropped to 62 and 0.2 U/mg, respectively, which cor-
espond to 4% and 12% of the original activities. The reduction in
yclization performance was probably due to a weaker interaction
etween the mutant CGTase and the substrate. Minute changes in
tarch hydrolysis were detected using this mutant CGTase, as shown
n Table 2. The results suggest that there are still some unclear
actors affecting the active site cleft and, consequently, the prod-
ct specificity of the predominant �-CGTase and �-CGTase, which
robably may not lie at subsite −7.

Therefore, two further experiments were carried out in an
ttempt to identify other amino acids along the active site cleft that
ay affect product specificity. At the equivalent residue for Ser85

CGTase G1 numbering), glycine is found in the �-CGTase from Bacil-
us firmus/lentus 290-3 and Bacillus sp. G-825-6 (Fig. 2) and, in fact,
wo glycines are actually placed side by side in the �-CGTase pro-
ein sequence. Since Ser 85 is part of a loop in the 3D structure, it
as thought that substituting Gly for Ser 85 would probably add
exibility to the loop, which is in fact positioned near subsite −3 in
he active site cleft.

Interestingly, the percentage of �-CD produced by mutant
43T/S85G dropped compared to that of mutant H43T, as shown

n Table 1 and Fig. 1. Approximately 20% of �-CD was detected after
h of reaction, a maximum of 27% �-CD was detected after 8 h of

ncubation, and the number decreased to 19% �-CD after 24 h of
ncubation. The action of CGTase H43T/S85G on starch produces

large quantity of glucose. The glucose peaks on the HPLC chro-
atograms were normally negligible for the native enzyme and
utant H43T. In Table 2, our results also show that replacement of

erine 85 with glycine substantially increased CGTase starch hydrol-
sis activity (93 U/mg), which was obviously higher than that of
he native and any other mutant CGTases. The area of the glucose
eak in the HPLC chromatogram increased along with the reaction
ime, however the peak area started to diminish after 18 h (Fig. 4).
ajor peaks formed at running times specific for maltose and mal-
otriose were detected after 24 h of reaction. It is very likely that, at
he early stage of reaction, hydrolysis activity that produces glucose
eems to be enhanced. During prolonged incubation, the degrada-

n
C
c
h

able 3
inetic properties of recombinant and mutant CGTases as determined using �-CD assay. A
43T, the former CGTase has higher Vmax and kcat values and this indicated that mutant
as based on the same amount of protein used for each mutant.

GTase Km (mg/ml) Vmax

1 2.9 3.8
188W 2.0 2.8
43T 1.9 8.0
(139–144) 1.8 3.1
43T/�(139–144)/S134T/A137V/L138D/V139I 2.4 5.0
43T/Y87F 1.8 19.7
43T/S85G 2.1 27.8
sis B: Enzymatic 57 (2009) 270–277

ion of CD (via a coupling reaction) to longer linear products was
ccelerated and, almost at the same time, disproportionate activity
ncreased, which converted the longer linear product to maltose
nd maltotriose.

On the other hand, Tyr87 of CGTase G1 has the equivalent con-
erved amino acid of phenylalanine in the other three �-CGTases
Fig. 2). Phenylalanine has a slightly shorter side chain compared
o tyrosine and it was thought that Tyr87Phe substitution would
robably give slightly more room at subsite −3 for the formation
f a larger CD. In the time-lapse experiments (Fig. 1), the CD spec-
ra produced by mutant CGTase H43T/Y87F and mutant H43T were
imilar (39% �-CD and 61% �-CD). No change in product specificity
as observed, and this suggests that the impact of side chain short-

ning is too small and plays a negligible role in providing more
pace for the formation of a bigger CD.

Although mutation at H43T/S85G and H43T/Y87F failed to fur-
her improve the �-CD ratio, these results at least suggested that
hese two amino acids might not be involved in determining the
roduct specificity of CGTases, and particularly not in enhancing
he percentage of �-CD.

.5. Kinetics parameters of CGTase G1 and mutants

Since the enhancement of �-CD specificity is the main inter-
st of this paper, the kinetics parameters of CGTase G1 and
he mutant CGTases were adjudicated based on the experimen-
al results obtained from the initial rate of formation of �-CD.
he kinetic properties for �-CD cyclization are summarized in
able 3.

The turnover number (kcat) for CGTase represents the max-
mum number of �-CD cyclization reactions per active site per
econd and characterizes how efficiently CGTase works at sat-
rating starch concentration. The value can also be linked to
he activation energy: a high kcat value indicates low acti-
ation energy. Recombinant CGTase G1 has a kcat value of
500 s−1, while the mutants CGTase Y188W, �(139–144), H43T/
87F and H43T/S85G have elevated values. The mutant CGTase
43T/S85G however has the highest turnover number (Table 3).
utants H43T and H43T/�(139–144)/S134T/A137V/L138D/V139I

ave lower kcat values of 2200 and 1900 s−1, respectively. Muta-
enesis at both subsites −3 and −7 of mutant H43T/�(139–144)/
134T/A137V/L138D/V139I caused an approximately 25% increase
n activation energy.

The kcat/Km is an apparent second-order rate constant for the
nzymatic conversion of starch into �-CD at low starch and it
escribes the efficiency of CGTase when the starch concentration

s not at saturation levels. A higher kcat/Km value indicates lower
ant CGTase G1 has a kcat/Km value of 900 ml/(mg s). Only mutant
GTase H43T/�(139–144)/S134T/A137V/L138D/V139I has a lower
atalytic efficiency of 800 ml/(mg s). The other mutant CGTases had
igher kcat/Km values.

lthough the ratio of �-CD produced by mutant H43T/Y87F was the same as mutant
H43T/Y87F can actually produce a higher amount of �-CD. The comparison made

(×10−3 �mol/(min mg protein)) kcat (s) kcat/Km (ml/(mg s))

2500 900
3100 1600
2200 1200
2600 1400
1900 800
2700 1500
5000 2400
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In the case of mutant H43T and H43T/Y87F, data shown in
able 2 indicates that the �-CD cyclization, starch hydrolysis, and
oupling activities for the latter mutant were lower than those of
he former. The difference in overall catalysis preferences influ-
nced the kinetics parameters. The Km values for both mutants
ere the same (±1.85 mg/ml), but the Vmax for mutant H43T/Y87F

19.7 × 10−3 �mol/(min mg protein)) was more than double than of
utant H43T (8.0 × 10−3 �mol/(min mg protein)). These data show

hat, in fact, mutant H43T/Y87F can actually produce a higher
mount of �-CD compared to mutant H43T although their CD
atios were the same for both mutant CGTases. Thus, the kcat for
utant H43T/Y87F was higher (2700 s−1) than that of mutant H43T

2200 s−1). Nevertheless, the performance of both mutant CGTases
t low starch concentrations was almost identical as there was no
ignificant difference in the values of kcat/Km.

The equilibrium constant between enzyme (E) + substrate (S)
CGTase + starch) and the transition state ES‡ is proportional to the
ctivation energy �GT

‡ of kcat/Km [26]. Theoretical Gibbs energy
hanges during the reaction begin with the interaction of CGTase
nd starch (E + S) and track the formation of a CGTase–starch
omplex (ES complex) and the transition state of glycosidic bond
leavage (ES‡). From the data of kcat and �-CD cyclization activity in
ables 2 and 3 for mutant H43T, it shows that at high starch concen-
rations the binding energy of reaction only stabilized the transition
tate of glycosidic bond cleavage (ES‡) but not the ES binding, based
n the theoretical explanation by Fersht [26]. Mutant H43T/Y87F,
n the other hand, outperformed mutant H43T because the binding
n ES and ES‡ was stronger than in the case of the mutant CGTase
43T.

. Conclusions

Studies of the functionality of CGTase with regard to product
pecificity need to be revisited. Although the hypotheses of the cen-
re active site cleft and subsites −3 and −7 are generally accepted,
ome findings in the past were self-contradictory. Here we have
roduced mutants of a predominant �-CGTase from Bacillus sp. G1
o verify these hypotheses. Interestingly, single mutation at sub-
ite −3 (mutant H43T) was able to enhance the yield of �-CD by
pproximately fourfold compared to the wild-type enzyme, and
his characteristic is novel. It was found, too, that the increment
as probably due to the extra space in the active site cleft caused
y the mutation itself and the natural existence of free space due to
he shortened loop 86–89 adjacent to subsite −3. Residue Y188 and
egion 139–144 were found to be important for cyclization activ-
ty and were not involved in product specificity. Mutations of other
mino acids at/near subsites −3 and −7 were also examined; how-
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ver, we were unable to further improve the �-CD ratio. Mutant
43T/Y87F outperformed mutant H43T as the former enzyme was
ble to produce a higher quantity of �-CD although the CD spec-
ra for both mutants were the same. This is because the binding in
he ES and ES‡ states was stronger for mutant H43T/Y87F than for

utant H43T.

cknowledgement

This work was financially supported by the National Biotech-
ology Division, Malaysia Ministry of Science, Technology and

nnovation (MOSTI), under the project number 09-02-05-006
TK/ER/34.

eferences

[1] J. Szejtli, J. Mater. Chem. 7 (4) (1997) 575.
[2] J. Szejtli, Chem. Rev. 98 (1998) 1743.
[3] A. Tonkova, Enzyme Microb. Technol. 22 (1998) 678.
[4] K. Kamaruddin, R.M. Illias, S.A. Aziz, M. Said, O. Hassan, Biotechnol. Appl.

Biochem. 41 (2005) 117.
[5] Q. Qi, W. Zimmermann, Appl. Microbiol. Biotechnol. 66 (5) (2005) 475.
[6] M. Takada, Y. Nakagawa, M. Yamamoto, J. Biochem. 133 (2003) 317.
[7] K. Hirano, T. Ishihara, S. Ogasawara, H. Maeda, K. Abe, T. Nakajima, Y. Tamagata,

Appl. Microbiol. Biotechnol. 70 (2) (2006) 193.
[8] K.-A. Sin, A. Nakamura, H. Masaki, Y. Matsuura, T. Uozumi, J. Biotechnol. 32

(1994) 283.
[9] G. Parsiegla, A.K. Schmidt, G.E. Schulz, Eur. J. Biochem. 255 (3) (1998) 710.
10] J.C.M. Uitdehaag, K.H. Kalk, B.A. van der Veen, L. Dijkhuizen, B.W. Dijkstra, J.

Biol. Chem. 274 (49) (1999) 34868.
11] J.C.M. Uitdehaag, G.J.W.M. van Alebeek, B.A. van der Veen, L. Dijkhuizen, B.W.

Dijkstra, Biochemistry 39 (26) (2000) 7772.
12] B.A. van der Veen, J.C.M. Uitdehaag, B.W. Dijkstra, L. Dijkhuizen, Eur. J. Biochem.

267 (2000) 3432.
13] D. Penninga, B. Strokopytov, H.J. Rozeboom, C.L. Lawson, B.W. Dijkstra, J.

Bergsma, L. Dijkhuizen, Biochemistry 34 (10) (1995) 3368.
14] S. Fujiwara, H. Kakihara, K. Sakaguchi, T. Imanaka, J. Bacteriol. 174 (22) (1992)

7478.
15] K.-W. Lee, H.-D. Shin, Y.-H. Lee, J. Mol. Catal. B: Enzym. 26 (2003) 157.
16] K.M. Goh, N.M. Mahadi, O. Hassan, R.N.Z.R.A. Rahman, R.M. Illias, J. Mol. Catal.

B: Enzym. 49 (2007) 118.
17] R.M. Illias, T.S. Fen, R.A. Rahman, N.A.A. Rashid, W.M.W. Yusoff, A.A. Hamid, O.

Hassan, K. Kamaruddin, Sci. Asia 29 (2) (2003) 135.
18] H.K. Sian, M. Said, O. Hassan, K. Kamaruddin, A.F. Ismail, R.A. Rahman, N.A.N.

Mohamood, R.M. Illias, Process Biochem. 40 (2005) 1101.
19] R. Lai, A. Bekessy, C.C. Chen, T. Walsh, R. Barnard, Biotechniques 34 (1) (2003)

52.
20] J. Lee, H.J. Lee, M.K. Shin, W.S. Ryu, Biotechniques 36 (3) (2004) 398.
21] T. Kaneko, T. Kato, N. Nakamura, K. Horikoshi, J. Jpn. Soc. Starch Sci. 34 (1987)

45.
22] T. Kato, K. Horikoshi, Anal. Chem. 56 (1984) 1738.

23] A. Nakamura, K. Haga, K. Yamane, Biochemistry 32 (26) (1993) 6624.
24] G.L. Miller, Anal. Chem. 31 (3) (1959) 426.
25] B.A. van der Veen, J.C.M. Uitdehaag, B.W. Dijkstra, L. Dijkhuizen, Biochim. Bio-

phys. Acta 1543 (2) (2000) 336.
26] A. Fersht, Enzyme Structure and Mechanism, 2nd ed., WH Freeman, New York,

1985.


	A predominant beta-CGTase G1 engineered to elucidate the relationship between protein structure and product specificity
	Introduction
	Experiments
	Bacterial strains, plasmids and growth conditions
	DNA manipulations
	Homology modeling
	beta-CD cyclization assay
	gamma-CD cyclization assay
	CGTase coupling activity
	CGTase hydrolysis activity
	Protein determination
	Determination of enzyme kinetics parameters
	Analysis of CDs by HPLC

	Results and discussion
	Site-directed mutagenesis at subsite -3 (mutant H43T)
	Site-directed mutagenesis at the centre active site (mutant Y188W)
	Double mutation at subsite -7 (mutant Delta(139-144))
	Further mutations at subsites -3 and -7 (mutant H43T/Delta(139-144)/S134T/A137V/L138D/V139I, H43T/S85G and H43T/Y87F)
	Kinetics parameters of CGTase G1 and mutants

	Conclusions
	Acknowledgement
	References


