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Abstract A thermostable pullulanase has been isolated
and purified from Thermus caldophilus GK-24 to a homo-
geneity by gel-filiration and ion-exchange chromatography.
The specific activity of the purified enzyme was 431-fold
increase from the crude culture broth with a recovery of
11.4%. The purified enzyme showed M, of 65 kDa on
denaturated and natural conditions. The pl of the enzyme
was 6.1 and Schiff staining was negative, suggesting that
the enzyme is not a glycoproiein. The enzyme was most
active at pH 5.5. The activity was maximal at 75°C and
stable up to 95C for 30 min at pH 5.5. The enzyme was
stable 10 incubation from pH 3.5 to pH 8.0 at 4C for 24
br. The presence of pullulan protected the enzyme from heat
inactivation, the extent depending upon the substrate con-
centration. The activity of the enzyme was stimulated by
Mn®" jon, Ni*", Ca™, Co™" jons. The enzyme hydrolyzed
the o-1,6-linkages of amylopectin, glycogens, a, [i-limited
dexerin, and pullulan. The enzyme cansed the complete hydrol-
ysis of pullulan to maltotriose and the activity was inhibited
by a, B, or p-cyclodextrins. The NHx-terminal amino acid
sequence [(Ala-Pro-Gln-(Asp or Tyr)-Asn-Leo-Leu-Xaa-
ILe-Gly-Ala(Ser)] was compared with known sequences of
various sources and that was different from those of bac-
terial and plant enzymes, suggesting thal the enzymes are
structurally different.

Key words: Pullulanase, a-1,6-glucosidic linkage, (Thermus
caldophilus GK-24)

Introduction
Pollulanase {pullulan 6-glucanchydrolase, EC 3.2.1.41} has
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an activity to hydrolyze the u-1,6-glucosidic linkages in
pullulan and produces maltotriose as the end product [1].
The enzyme can be used logether with several amlyases to
improve ihe efficiency of starch saccharification for the
production of ghicose, maltose and high glucose syrups.
This enzyme was first found in Klebsiella pneumoniae by
Bender and Wallenfels [5]. In most cases, pullulanases can
also split the a-1,6-glucosidic linkages of branched poly-
saccharides, such as amylopectin or plycogen. Isvamylase
also hydrolyzes the a-1,6-glucosidic inter chain linkages of
cerfain branched a-D-glucans but it cannot hydrolyze
pullulan.

Since the discovery of K. preumonine pullulanase by
Bender and Wallenfels [5], a mumber of microbial pul-
lulanases have been purified from and characterized from
mesophilic and thermophilic bacteria by many investigators
[3.4,10,13-15,27,29-31,34,36,38,39]. However, little is known
about the biochemical properties and substrate specificities
of such enzymes from extremely thermophilic bacteria
except for those from Thermus agquaticus [34] and Thermus
sp. AMD33 [29]. Most enzymes from thermophilic bacteria
are Type 11 pullulanases, which hydrolyze the a-1,6-glucosidic
linkages of pullulan, as well as the a-1,4-linkages of other
polysaccharides. Pullulanases of Type I, which exclusively
hydrolyze the o-1,6-linkages of pullulan, are produced by
K. preumoniae [5], Bacteroides thetaiotaomicron 93-1 [38],
alkaliphilic Bacitlus sp. KSM-1876 [3], Thermus agquaticus
YT-1 [34), alkaliphilic Bacillus sp. S-1 [13,14], alkaliphilic
Micrococens sp. Y-1 [14], and Bacillus acidopullulyticus
[10]. To our knowledge, there are few reports on microbial
thermosiable pullulanases of Type I, except case of T
aguaticus YT-1 [34].

The genus Thermus can routinely grow at temperatures
of 70 - 75, and some species can grow at 851 [7]. Various
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highly thermostable enzymes, which have been shown to
be useful in high-temperature systemns, have been isolated from
thermophilic bacteria [33,34,41]. In particular, carbohydrates-
related enzymes from extreme thermophiles have drawn in-
terest because of their application to biomass bioconver-
sions. However, there are a few report on formation and
biochemical characteristics of thermophilic enzymes used
in carbohydrate degradation from Thermus yet. Moreover,
pullulanase from Thermus species has not been fully studied
yet. Comparison of the properties and primary structures
of the thermostable pullulanase with those of the enzyme
from other sources will give insight into structure and
function of this protein. The organisms produce pul-
lulanases in intracellular space, in a similar manner to whati
is observed in other bacteria [17]. The evolutionary rela-
tionships of Thermus to prokaryotes and plant promptes a
comparison of Thermus pullulanase properties to those of
bacterial sources.

In this paper, we report a novel pullulanase from the
thermophilic 7. caldophiins GK-24 and compared molecular
weight, NHa-terminal amino acid sequence and heat stability
of enzyme from 7. caldophilus GK-24 to the enzymes from
other bacteria.

Materials And Methods

Materials

Pullulan (M; 65,000), panose, and isopanose were from
Hayashibara Co. Ltd. (Okayama, Japan). Maltooligosac-
charides were purchased from Nibon Shokuhin Kako Co.
(Tokyo, Japan), and a-, p-, and p-cyclodexirins were pur-
chased from Seikagaku Yakuhinn Co. (Osaka, Japan).
Shimpak Uliron 300-C4 column (pore size of 5 pm, 4.6
mm X 150 mm) for reverse-phase high pressure liquid
chromatography (HPLC) was purchased from Shinwa Co.
Ltd. (Tokyo, Japan). All the other reagents were of the
highest grade available.

Cultivation of thermophilic 7. caldophifus GK24 and
preparation of crude enzyme

T caldophilus GK-24 cells (kindly supplied by professor
T. Ohta, Faculty of Agriculture, The University of Tokyo,
Tokyo, Japan) [33,41] was grown in a medium containing
0.8% polypeptone, 0.4% yeast extract, and basal salts with
1% soluble starch as a cartbon source [32]. The pH of the
medium was adjusted to 7.2. The cultivation was carried
out at 73T for 2 days in a S-liter stirred-tank fermentor
{Korea Fermentor Co. Ltd, Inchon, Korea} [32]. The working
volume was 3 Hiers and a speed of the impeller of 350
rpm was maintained. Previous seed culture media was made
of 0.4% polypeptone, 0.2% vyeast extract, and basal salts.
The culture obtained was centrifuged, and the cells were
used for purification procedure.

Enzyme assay and analytical methods.

Pullulanase and amylase activities were assayed by
measuring the reducing sugar released from pullulan and
soluble starch, respectively [16]. The reaction mixture (1.0
ml) containing pullulan or soluble starch (1%, wfv), 50 mM
Tris-HCl (pH 7.0), and enzyme (5-20 pg) was incubated
at 73T for 30 min. The reducing sugar was measured by
the dinitrosalicylic acid (DNS) procedure [6,28]. One unit
{U) of pullulanase or amylase activity was defined as the
amount of enzyme that produced 1 ymole of reducing sugar
as glucose per min under the conditions described above.
Protein were measured by the method of Lowry er al. [23]
with bovine serum albumin as the standard. The absorbance
at 280 nm was wused to monitor protein in column eluates.

Purification of the thermostable pullulanase from
T. caldophilus GK24

Lnless otherwise stated, all steps were performed at 47C .
The cells were grown at 75T in the medium as described
{32) and harvested at the logarithmic phase (ca. 2 X 10°
cells/m]). The frozen cells (50 g) of T, caldophilus GK24
were thawed and resuspended (about 5 ml bufferfg cells)
inte 30 mM Tris-Cl buffer, pH 8.0 (buffer A), containing
5 mM MgCls. The cells were disrupted by sonic oscillation
in a Ultrasonic homogenizer (model Cole-parmer 4710
series, USA) and followed by centrifugation at 12,000 X
g for 20 min. The supernatants are referred to as the crude
extract. The crude enzyme was fractionated with 20 to 70%
saturation of ammonium sulfate. The precipitates were
dissolved in 120 ml of buffer A and dialyzed against the
same buffer overnight. The dialysate was divided into por-
tions, and each portion was chromatographed sequentially
on a Sephacryl-S200 colurnn (2.5 %< 120 cm) thai had been
equilibrated with Buffer A. Fractions of 8 ml each were
collected and enzyme activity was detected between 17-24
(Fig. 1A). The active enzyme fractions (tubes nos 44-58)
were combined and concentrated by ultrafiliration {Amicon
PM30; Amicon Co. Ltd., Danvers, MA, USA) and dialyzed
apainst the same buffer overmight.

The concentrated enzyme sclution (24 ml} was further
dialyzed against buffer A and applied on a DEAE-Sephacel
column (1.5 ® 20 cm) that had been preequilibrated with
the same buffer. After washing with 1.5 liters of the same
buffer A, the enzyme was eluted with a linear NaCl gradient
of 0.0 to 0.4 M in 300 ml of buffer A. Enzyme activity
was detected in the region of 0.17 M- 025 M NaCl
concentration and the active fractions (5 ml/fraction; Nos
21 to 30) were pooled (50 ml) and then concentrated in
the manner indicated above (Fig. 1B).

Further purification of the pullulanase enzyme protein
was achieved by high performance ion-exchange chroma-
tography (HPLC) on a DEAE Toyopear] 5PW column (10
* 100 mm; Tosoh Co., Tokyo, Japan). The concentrated
sample (5 ml) was applied to the column preequilibrated
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Sephacryl 5-200 gel filtration

A 2 200
4 F e
T 15 150 _E_
= =
2 c
© 3
o : 2
& : 2
a 1 ; t100 &
Q ; 3
c : P
3 .f E
2 . &
! c
& o5 i r50 U
1
0 - T L ' 0
v] 10 20 30 40 50
Fraction number{8ml)
B 1 100
04
- 075 L L —
c 03 75 3
& &
2 =
o c
= 2
8 =
o 095 2 50 >
o) —_ =
g Z 3
@ Q@
3 e g
=4 1 rd &
& g o5q i los  ©
\ 11
o : T T n
o] 10 20 3¢ 40

fraction numher(5mil)

Fig. 1, Elution profile of the pullulanase activity after column
Ezyme activity of the eluted fractions (Jll} was assayed, and
gradient ( ).

A. Elution profile of gel filtration on a Sephacryl 5200.
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protein absorbance was monitored at 280nm {----) with NaCl

B. Elution profile of the pullulanase activity after chromatography on a DEAE-Sephacel.
C. Elution profile of the pullulanase activity after HPLC on a DEAE Toyopearl S5PW.
D. Elution profile of the pullulanase activity after FPLC on a Mono-Q column.

with buffer A. The column was washed with 5 column
volumes of the same buffer and the enzyme activity was
eluted with a linear NaCl gradient (100 mi, 0.0 - 0.5 M)
in buffer A at a flow rate of 0.5 ml/min. BEnzyme activity
was detected in the region of (.17 - 0.1% M NaCl con-
centration and the active fractions {tubes nos 19-23) of 1
ml were collected and those containing aclivity were pooled
(Fig. 1C) and concentrated by ulirafileation (Amicon
PM30), and the concentrate was dialyzed against the same
buffer. The collected fractions were reapplied to a FPLC
Mono-Q HR 10/10 column (10 % 100 tmm; Pharmacia LKB,
Upssala, Sweden) and the pullulanase was recovered as a
single peak which eluted at 0.11 - (.13 M NaCl, where
the enzyme activity was found to coincide with the protein
peak (Fig. 1D). At this stage of purification the pullulanase
was found to be pure from other contaminating proteins and
the putified pullulanase was used for the next characteriza-
tion, For analysis of the N-terminal aminoc acid sequence,
the purified pullulanase-E was further ultra-purified by

chromatography on a column of Ultron 300-C4, using an
HPLC System Gold (Beckman, San Ramon, CA, TUSA).

Electrophoresis, measurement of molecular weight,
activity staining, and Western blotting.

Native polyacrylamide gel electrophoresis (PAGE) was
done using 7.5% (wfv) polyacrylamide gels, as described
by Davis [9]. For Activity staining of pullulanase after
PAGE, gels were soaked in a solution of 1% (w/v) starch
in 50 mM Tris-HCI buffer (pH 7.0) at 50C for 30 min,
rinsed with water, then stained for amylase or pullulanase
activity by flooding with an iodine solution [12]. The bands
of amylasc activity were seet as white zones and those of
pullulanase activity as blue zones, on the weak blue
background.

Discontinuous sodium dodecyl sulfate {SDS)-PAGE was
done essentially by the method of Laemmli [20]. The bands
of protein were stained with Coomassie Blue R250 dye and
destained with a solution of 5% methanol- 7.5% acetic acid
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(v/v). Molecular mass markers (Bio-Rad) used were myosin
(208 kDa), phosphorylase b (97.4 kDa}, bovine serum albumin
(BSA, 68 kDa), ovalbumin (43 kDa), carbonic anhydrase
(29 kDa}, and lysozyme (184 kDa). The molecular mass
of pullulanase was also measured by calibration of a
Sepharose 4B column (1.6 cm X 76 cm) with standard
proteins which included ovalbumin, BSA, cytochrome C
(124 kDa), catalase (232 kDa), and thyroglobulin (669
kD).

Isoelectric point of the purified enzyme was determined
by isoelectric focusing {IEF) gel electrophoresis using
precast PhasiGels with a pH gradient from 3.5 to 9.0
(Pharmacia LKB Biaotechnology Inc.). The protein standards
for IEF were trypsinogen (pl = 9.0), lentil lectin-basic band
(pl = 8.65), lentil lectin-middle band (pI = 8.45), lentil
lectin-acidic band (pI = 8.13), myoglobin- basic band (gl
= 7,35}, myoglobin-acidic band (pI = 6.85), human carbonic
anhydrase B (pl = 6.56), bovine carbonic anhydrase B (pl
= 5.86), B-lactoglobulin A (pI = 5.20), and soybean trypsin
inhibitor (pl = 4.60).

Effects of pH and temperature on the pullulanase
activity

For examination of effect of temperature on the activity and
stability, the enzyme activities were measured as in the
pullulanase assay, except that 0.087 U of enzyme was
incubated with 2% pullulan at various temperatures (20 Lo
1007C). The maximum in each temperature-activty profile
was taken as 100%. For thermal stability, the enzyme
solutions were kept at various ternperatures for 60 min in
Tris-HCL (pH 6.0), and then the residual activity was
measured.

For effect of pH on the activity and stability, the enzyme
activities of the crmde enzyme and purified PUL were
measured as in the pullulanase assay, except that 0.023 U
of enzyme was added and the pH was changed using 50
ul of one of the buffers at various pHs. Buffers used were
30 mM sodium acetate buffer (pH 3.0 - 6.0), 30 mM sodium
phosphate buffer (pH 6.0 - 8.0), 30 mM Tris-HC1 buffer
(pH 8.0-10.0), and 30 mM glycine buffer (pH 9.0 - 12.0).
The activity found at pH 2.0 was taken as 100%. For pH
stability of the enzymes, enzyme solutions kept in 30 mM
various buffers of KCi- HCI (pH 2.0 - 3.0) and the buffer

Table 1. Purification summary of pullulanase

systemdescribed above for 24 hr at 47, and assayed for
remaining activity after twofold dilution with 1.0 M
Tris-HC1 (pH 6.0). The activity of untreated enzyme was
expressed as 100%.

Sequencing of N-terminal amino acids

After ultra-purification of the final sample by reverse phasc
chromatography using an Ultron 300-C4 column, the
N-terminal part of the protein was sequenced using a 470A
gas phase protein sequencer equipped with a 120A on-line
phenylihiohydantoin analyzer (Applied Biosystems, Warring-
ton, Cheshire, U.K.}

Other analytical methods

Schiff staining for glycosylation of protein was done [21].
Oligosaccharides produced by enzymatic action were
examined by thin layer chromatography (TLC), as described
by Kim er al. [22].

Results and Discussion

Purification of pullulanase

T. caldophilus GK24 pullulanase was purified to homo-
geneity by sequencial chromatographic methods inchuding
Sephacryl S-200, DEAE-sephacel and Mono Q chroma-
tography. pullulanase was purified 431-fold to homogeneity
with a specific activity of 86.2 Ufmg protein and 13.2%
recovery (Table 1).

Of interest is that Affi-gel Blue, usually utilized for
purification of proteins related diphosphate, was effective
in purification of the enzyme. The specific activity (86.2
U/mg protein) of the purified enzyme is approximately
similar to the values reporied for the highly purified
pullulanase from other bacteria. Pullulanases of the active
fractions in gel filtration column were further purified by
DEAE-Sephacel, DEAE Toyoperal 5PW of HPLC and
Mono Q column of FPLC. The single peak of activity eluted
was used as purified pullulanase. The purified enzyme
migrated as a single protein band on SDS-PAGE (Fig. 2).
To obtain the ultra-pure pullulanase for N-terminal amino
acid sequencing, further putification was done by reverse
phase HPLC using an Ultron 300-C4 column (data not
showt).

Tatal protein

Total activity

Specific activity

Purification step (me) (units) (units/mg) Yields (%) fold
Crude enzyme 3250 783.4 0.2 100

(NHa)50y precipitate 3075 803.3 0.3 102.5 1.5

(30-70%)

Sephacryl-S200 560 562.5 1.0 71.8 5.0
DEAE-Sephacel 187 531.2 2.8 67.8 14.0
DEAE-Toyopeal 5PW 40 482.7 12.1 61.6 60.5
Mono-(} 12 103.4 86.2 132 431.0
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Fig. 2. SDS-PAGE of the purified pullulanase.
Approximately 10 pg of protein was put on each lane and 2
mA per lane was applied for 120 min, Arrowheads denote the
position of pullulanase. Positions of standard proteins are indi-
cated by (small) arrowheads. Lane 1, purified pullulanase (3 pg);
lane 2, purified pullulanase (4 pg); lane 3, purified pullulanase
(5 ng). Standard molecular weight markers: myosin (200 kDa),
phosphorylase b (97.4 kDa), bovine serum albumin (68 kDa),
ovalbumin (43 kDa), carbonic anhydrase (29 kDa), and B-
lactoglobulin (18.4 kDa).

The molecular mass of the enzyme

The molecular mass of the pullulanase was 65 kDa. A
calibrated column of Sepharcse 4B gave a molecular mass
of 63 kDa. The value was similar to those of pullulanases
reported to date. The molecular masses of pullulanases
reported thus far are range between 70 and 140 kDa:
alkalophilic Bacillus sp. KSM-1876 (120 kDa) [3], K.

a ' GloAsp@¥iSer

=2

preumoniae (80 kDa) [5], T. aguaticus YT1 (83 kDa) [34],
alkaliphilic Bacillus sp. $-1 (140 kDa) [13], B
acidopullulyticus (115 and 116 kDa) [10], C. thermosuifu-
rogenes EM1 (102 kDa) [39], alkaliphilic Bacillus WNo.
202-1 (92 kDa) [30], B. flavocaldarius KP1228 (55 kDa)
[40], alkalopsychrotrophic Micrococcus sp. (120 kDa) [18],
thermophilic Bacilfus sp. (100 kDa) [4], Bacteroides thetai-
otaomicron 95-1 (72 kDa) [38], B. stearothermophilus (70
kDa) [19], T. aguaticus YT-1 (70 kDa) [34], Thermus sp.
AMD33 [29], and Thermoactinomycetes thalpophilus (79
kDa) [31]. Some pullulanase-like enzymes, such as .
circulans F-2 amylase-pullulanse enzyme (220 kDa) [15],
B. subtilis pullulanase-amylase complex (450 kDa) [42],
Thermoanaerobacter B6A amylopullulanase (450 kDa)
[36], and C. thermohydrosulfuricum a-amylase-pullulanase
(165 kDa) [27], have been regarded as enzymes of high
molecular masses. Farthermore, these enzymes are not true
pullulanases in that they all have dual activities of amylase
and pullulanase. Therefore, pullulanase from T. caldophilis
GK24 can be identified as a real pullulanase or pullulanase
Type 1 which has the smallest molecular mass.

Isoelectric point, carbohydrate content, and N-
terminal amino acid sequence
The isoelectric point of pullulanase was estitnated to be 6.1
by isoelectric focussing using a Pharmacia LKB IEF system
{data not shown). The pullulanase, when resolved by
SDS-PAGE, was negative for staining with the Schiff
reagent, indicating that the enzyme is not glycosylated. The
ultra-purified sample was treated by Edman degradation.
The N-terminal amino acid sequence of the purified
native pullulanase is Ala-Pro-Gln-(Asp or Tyr)-Asn-Ser-
Len-Xaa-ILe-Gly-Ala. This sequence shows some similarity
to pullulanases from Thermoanaerobacterium saccharolyti-
cum BOA-RY [35], T. thermosulfurigens EM1 [24], The-
rmoanaerobacter ethanolicus 39E [26], K. pneumonice AT-
CCI1505 [11] and B. flavocaldarius [40]. As shown in Fig.
3, Ala-Pro {(positions 1-2), Asn (5), and ILe-Gly (2-10)
sequences coincide with sequences from the similar, noted

LeuXaallRSgRA la(Ser)*!

!AlaAspasniBServalValala¥l 1eValGlyAspPheGlnAspG InLeudBAspSerAsnTrpAsn®?

c 'AlaAspAsn[BServalval Alall 1eValGlyG luPheG1nAspG I nLeu MB¥AspSerAsnTrp®®
d *GluThrAspThe NETZEMAlalLeA ] al¥WalVal Gl yAspPheG 1 nSerLys IR IMAspSerAs pTrp**
e 'GluThrAspThrXETTEA lal LeAl a¥Va1ValGlyAsnPheG 1 nSerLysLeudIfAspSeraAs plrp*

f 'AlaTrpTyrGluGlyNH

PhePheTyrGlnl leFheProAspTyrPhePheTyrA laMEI‘AsnTrpAsnI 1e*®

Fig. 3. N-terminal amino acid sequence comparison of pullulanases from various procaryotic sources. Sequences from (a) T, caldophilus
GEK24 (this study). (b) T. saccharolyticum B6A-R1 [35], (c) T. thermosulfurigens EM1 [24], (d) Thermoanaerobacter ethanolicus
39E [26], (e} K. prewmoniae ATCC1505 [L1] and (f) B. flavocaldarins [40] arew aligned. Identical amino acid sequences between
pullulanase and other pullulanases are indicated by dark-shadow boxes.
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pullulanases.

Effects of temperature and pH on the activity and
stahility

The optimum temmperature for the enzyme reaction was
around 75T at pH 6.0 (Fig. 4A). The purified pullulanase
was stable op to 907, after incubation for 60 min at pH
5.5, and the activity was lost completely on heating at 95T
(data not shown). However, crade enzyme was stable up
to 98. The enzyme was stabilized by the addition of the
substrate, pullulan. As the temperature for optimal activity
rose with Increasing substrate added, the thermostability of
ihis enzyme seems more enhanced at higher substrate levels.
The enzyme was active at 937 in 3.0% (w/v) pulinlan.
Pultulan protected the enzyme from heat inactivation, and
this effect was dependent on the added concentrations. In
the absence of pullulan, pullulanase rapidly lost its pullu-
lanase activity at temperatures above 85, and the half-life
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Fig. 4. Effecis of temperatire and pH on the puarified pullulanase.
Experimental details are described in Materials and Mcthods.
Symbols: W, activity of purified pullulanase. The activity of un-
treated enzyme was expressed as 100%. A) Temperature effect.
B) pH effect

of the enzyme was 72 hr when incubated at pH 6.0 and
at 73°C. In the presence of 5% (w/v) starch, pullulanase
activity was completely stable a1 B0C, and 45% of the
original activity remained after heating at 30°C for 30 min.
This property and stability will give il potential as a
debranching enzyme in the starch-processing industry [2].

Pullulanase was most active at around pH 5.5 (Fig. 4B).
This optimum pH is in good ggreement with those of other
pullulanases from K. preumoriae (pH 6.5) [5] and B
acidpullulyticus (pH 5.0) [10], etc, except for enzymes from
alkaliphilic bacteria [3,13,14,30]. pullulanase was stable
from pH 4.0 to 8.0 after incubation at 4°C for 24 hr (data
not shown). Thus, the pullulanase from thermophilic 7.
caldophilys GK24 is mesophilic.

Effects of chemical reagents.

Divalent cations, such as Zn*", Cu’*, and Fe*' ions, inhibited
the enzyme activity (Table 2). Ni*’, Co®, K, and Na" ions,
each at 1 mM, were neither inhibitory nor stimulatory. Ca®’,
Mg™", and Mn”" ions stimulated the pullulanase activity and
EDTA was not inhibitory. The purified pullulanase was
dialyzed against H20 or EDTA for 24 hr. The effects of
Mn"" ions and EDTA on the pullulanase activity were then
examined 9data not shown). Dialysis against EDTA did not
inhibit the activity, when compared with the conirol
{dialyzed against H.O). EDTA and EGTA, each at 15 mM,
were also not inhibitory under our assay conditions, sug-
gesting that these chemicals did pot chelate a possible
divalent cation(s) required for the pullulanase activity of
pulivlanase. Such insensitivity to EDTA and EGTA is also
observed with B. flavocaldarius and alkaliphilic Bacillus sp.
8-1 pullulanases [13,40|. However, dialysis against EDTA
stimulated of the enzymatic activity of pullulanase in the
presence of Mn®" or Co”", suggesting that Mn"" and Co®'
ions are required for full activity of the puilulanase.
Similarly, in most cases of the reported pullulanases, Ca™
jions are required for their full activity {4,5,18,31]. It was
also known that Ca”” jons strongly enhance both the activity
and stability of pullulanases from T. aquaticus [34] and T.
thalpophilus [4] at a high temperature. Ca™ jons are without
effect on the activities of pullulanases from thermophilic
T. caldophilus GK24 (Table 2) and from B. flavocaldarius
[40]. The activity of pullulanase was inhibited by g, B, and
¥ -cyclodextrins, indicating that a-, B- and y -cyclodextrins,
known as possible competitive inhibitors of pullulanase
[25], had the same effect. These resulis show that
pullulanase is similar to other bacterial pullulanases.

Substrate specificity and action pattern of pullu-
lanase enzyme on various polysaccharides

Of the carbohydrate substrates tested, the enzyme hydro-
lyzed pullulan efficiently. o-Limited dextrin, [-limited
dextrin, soluble starch, amylopectin, potato starch, and
glycogen were also hydrolyzed to some extent. Dextran and
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Table 2. Comparison of enzyme effectors on purified pullulanase Activity

Reagent Concentration Relative Reagent Concentration Relative
(mM) activity(%) (mM) activity(%)
No addition - 100 CuCty 1 3
KOl 1 107 FeS0; 1 72
Na(Cl 1 110 CuS0y 1 41
CaClz 1 107 FeCl, 1 35
CoCl; L 102 MnCl, 1 134
NiClI; 1 103 EDTA 1 103
NiSOQ, 1 105 a-CD 1 12
MgClz 1 132 B-CD i 15
ZnCle 1 56 ¥-CD 1 B

a-, B-or 7 -cyclodextrins were practically unaffected by the
enzyme {Table 3). Maltotriose was detectable as the sole
product of hydrolysis of pullulan, indicating that the enzyme
had an absolute specificity directed at the a{1—6) glucosidic
linkages of pullulan (Fig. 5). Low levels of glucose, maltose,
and maltotriose were also detectable in the hydrolysis pr-
oducts of amylopectin and soluble starch. This observation
is consistent with activity being directed at the a{l—6)
branch points of amylopectin and starch. Maltose, malto-
triose, maltotetraose, and dextran were not hydrolyzed by
pullulanase like B, acidpullnlanaseluliticus [10], K. pneumo-
niae [5], T. aquaticus YT-1 [34], and Micrococcus sp. [30].
In addition to pullulanase (pullulanase type I}, pullulan-
hydrolyzing activities have been demonstrated in a glo-
coamylase that hydrotyze pullulan at the noureducing end
to produce glucose; an isopullulanase that cleaves the a
-1,4-glucosidic linkages of pullulan to generate isopanose
[37]; and a neopullulanase [19] and a pullulan-hydrolyzing
a-amylase [8], both of which act on the a-1,4-glucosidic
linkages of pullulan to panose. Like pullulanases from K.
preumoniae [5), alkaliphilic Bacilins KSM-1876 [3], and
alkaliphilic Bacillus sp. S-1 [13], the enzyme from thermo-
philic T. caldophilus GK24 generated maltotriose, and not
panose and isopanose from pullulan. Unlike pullulanases
from alkaliphilic Bacillus KSM-1876 [3], and K. pneu-
monige [5], our themmostable pullulanase, as well as the
enzymes from alkaliphilic Bacillus No 202-1 [30] and Baciliis
sp.S-1 [13], hydrolyzed glycogens.

In conclusion, our pullulanase is characteristically stable

Table 3. Substrate specificity of pullulanase

Substrate Relative Substrate Relative
(2%, wiv) activity (%) (2%, wiv) activity (%)
ggﬂgf: starch 100 Dextran N.D
‘ 10.6 f-Limited dextrin 16.7

Potato starch )

. 24 Amylopectin 21.0
a,f-Limited

. 363 Ovster glycogen 14.2
dextrin N.D Liver glycoge: 13.5
Amylose ' gycogen ’

N.D., Not Detected.

G mp
Gp

Gy ==

123

Fig. 5. Thin-layer Chromatogram (TLC) of the Reaction Products
Produced by the Purified pullulanase.

One-half ml of the purified pullulanase solution was incubated
with 0.5 ml of 2% pullulan ai 50°C. Ten ul portions of the reac-
tion mixture were withdrawn at intervals and tested to TLC as
described in Materials and Methods. Lane I, standard of malto-
triose (G3); lane 2, 3-min; lane 3, 10-min incubation.

in the high temperature range. Current work is focussing
on the cloning of the gene encoding pullulanase and aimed
at applications of the enzyme in the detergent and starch
industries.
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