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Abstract A novel strain of Bacillus sphaericus JS1 pro-
ducing thermostable alkaline carboxymethyl cellulase
(CMCase; endo-1,4-f-glucanase, E.C. 3.2.1.4) was iso-
lated from soil using Horikoshi medium at pH 9.5.
CMCase was purified 192-fold by (NHy4),SO4 precipi-
tation, ion exchange and gel filtration chromatography,
with an overall recovery of 23%. The CMCase is a
multimeric protein with a molecular weight estimated by
native-PAGE of 183 kDa. Using SDS-PAGE a single
band is found at 42 kDa. This suggests presence of four
homogeneous polypeptides, which would differentiate
this enzyme from other known alkaline cellulases. The
activity of the enzyme was significantly inhibited by
bivalent cations (Fe>* and Hg>", 1.0 mM each) and
activated by Co?™, K* and Na™. The purified enzyme
revealed the products of carboxymethyl cellulose (CMC)
hydrolysis to be CM glucose, cellobiose and cellotriose.
Thermostability, pH stability, good hydrolytic capabil-
ity, and stability in the presence of detergents, surfac-
tants, chelators and commercial proteases make this
enzyme potentially useful in laundry detergents.
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Introduction

Bacillus spp. are known to produce a variety of indus-
trially important alkaline hydrolytic extracellular
enzymes, such as amylases, cellulases, pectinases and
proteases [12, 13, 16, 18, 19, 31, 37]. The potential of
cellulases has been revealed in various industrial pro-
cesses, including food, textiles and laundry, pulp and
paper, and agriculture as well as in research and devel-
opment [2, 3, 4, 5, 8, 15, 21, 25, 26, 27, 28, 30, 34, 42, 43,
44, 45].

We have purified and characterised an alkaline
carboxymethyl cellulase (CMCase) from a novel isolate,
Bacillus sphaericus JS1. This species is related to Bacillus
circulans and Bacillus lentus, which is known for activity
against mosquito larvae. Characterisation of this
CMCase is presented in this paper.

Materials and methods

All analytical and media components were purchased from Hi-
Media (Bombay, India) and Sigma (St. Louis, Mo.).

Bacterial strains and preparation of enzyme

Soil samples were collected from the premises of paper, cotton and
wool industries and screened for alkaliphilic bacteria using Congo
Red staining [3]. The isolation medium contained (g/l): CMC
(carboxymethyl cellulose) 10 g; peptone 5 g; yeast extract 5 g;
NaCl 5 g, KH,PO,4 1 g; the pH was adjusted to 9.5 with Na,CO;
(10%, w/v). Cultures were grown on the same medium [containing
2.0% agar (w/v)] at 40°C in Petri plates. The isolate producing the
maximum zone of hydrolysis was selected for further work.

The seed culture was prepared by inoculating a single colony
from the maintenance plate (freshly sub-cultured B. sphaericus JS1)
into the liquid isolation medium and incubating on a rotary shaker
(40°C, 150 rev/min) for 12 h. This inoculum (6.0%, v/v) was used
for the production of enzyme in 250 ml Erlenmeyer flasks
containing 50 ml medium, incubated on a shaker (40°C, 150 rev/
min). The culture broth was centrifuged at 15,000 g at 4°C
for 10 min and the supernatant was used for purification and
characterisation.
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CMCase assay

Diluted enzyme (250 pl) was mixed with an equal amount of CMC
(4.0% w/v in Tris-HCI buffer, pH 8.0). After an incubation of 1 h at
60°C, 750 pl dinitrosalicylic acid reagent solution was added and the
mixture was heated in a boiling water bath for 10 min [39]. This was
followed by addition of 1,250 pl Tris-HCI buffer and the absorbance
was measured at 600 nm. One unit of enzyme activity was defined as
the quantity of enzyme required to catalyse the formation of
1.0 pM min~" mI™" reducing sugar (expressed as glucose).

Purification of CMCase

Purification was carried out at 4°C. Enzyme in the cell-free super-
natant portion of the culture was precipitated with (NH4),SO4 (30—
80% saturation). The precipitate was dialysed against Tris-HCl
buffer (50 mM, pH 8.0). The dialysate was applied to a DEAE
Sephadex A-50 column (3.6x30 cm) equilibrated with Tris-HCI
buffer. The adsorbed material was eluted with a linear gradient of
sodium chloride in the range of 0.05-0.5 M in the equilibrating
buffer. Fractions (6.0 ml) were collected at a flow rate of 15 ml h=!.
The active fractions (20-28), corresponding to the peak of CMCase
activity, were combined, dialysed against 0.05 M Tris-HCl buffer
and concentrated using a Centrisart filter (Sartorius, Goéttingen,
Germany), before loading onto a Sephadex G-100 column
(2.0x35 cm). Fractions (2 ml; 12-18) corresponding to CMCase
activity were collected and the purity was checked on native PAGE.
Extracellular protein was measured using the method of Lowry [22]
with bovine serum albumin (BSA) as standard. The purified enzyme
was subsequently used for characterisation work.

Polyacrylamide gel electrophoresis

Native PAGE was performed as described in the manufacturer’s
instruction manual (Sigma, Technical Bulletin MKR 137). Urease
(272, 542 kDa), BSA (66, 132 kDa), chicken egg albumin (45 kDa),
carbonic anhydrase (29 kDa), a-lactalbumin (14 kDa) were used as
molecular mass markers. Electrophoresis was carried out using 4.5—
10% gels at 200 V for 10 min following the application of sample/
standard, and subsequently at 150 V. The acrylamide gel was
overlayed with agarose gel [0.8%; w/v agarose containing 0.5%
(w/v) CMC(], and incubated at 40°C for 1 h. The agarose gel was
stained with Congo Red for zymography and the acrylamide gel
with Coomassie Brilliant Blue for detection of JS1 CMCase.

SDS-PAGE was performed on 7.0% polyacrylamide gels as
described by Hakamada et al. [10]. The standard molecular weight
markers (MW-SDS-200, Sigma) used were: myosin (205 kDa),
p-galactosidase (116 kDa), phosphorylase (97.4 kDa), albumin
bovine (66 kDa), ovalbumin (45 kDa) and carbonic anhydrase
(29 kDa).

Effect of pH and temperature on enzyme activity and stability

The enzyme assay was carried out at different temperatures (35—
65°C) and at different pH values by using sodium phosphate (7),
Tris-HCI (8-9), glycine-NaOH (10) and KCI-NaOH (10.5-11.5)
buffers.

Thermal stability studies were carried out by incubating the
enzyme at different temperatures (60-70°C). Samples were with-
drawn periodically to determine residual enzyme activity. For pH
stability, relative activity (%) was determined at different pH values
(pH 8.0 and pH 10).

Chromatography of hydrolysed products

Purified CMCase was incubated with CMC (1.0%, w/v) at 60°C for
1 h. An aliquot (0.5 ml) of the enzyme digest was added to 1.0 ml

ice-cold acetone to precipitate proteins. The supernatant was
obtained by centrifugation at 10, 000 g for 10 min, and residual
acetone was removed under vacuum. The hydrolysis products were
assayed by ascending chromatography of 5.0 pl samples on Silica
Gel 60 plates (Merck, Darmstadt, Germany) using a chloroform:
acetic acid: water (6:7:1) solvent system. The chromatogram was
developed by spraying with the following solution: aniline (1.0%,
v/v), diphenylamine (1.0%, w/v), orthophosphoric acid (10%, v/v)
in acetone. Movement of products was compared with standard
cellobiose, cellotriose and glucose (10 mg/ml).

Effect of effectors (metal ions, surfactants, detergents, chelators
and commercial proteases) on CMCase activity

The effect of metal ions [Co®>* (CoCly), K™ (KCI), Na™* (NaCl),
Ca?* (CaCly), Mn?" (MnCl,), Fe* " (FeCl;), Mgt (MgCl,), Pb**
(PbCly), Zn2* (ZnSO,), Cu?* (CuCl,y), Fe? (FeCl,) and Hg>*
(HgCl,)] was determined by adding them to the reaction mixture
and incubating it for 30 min (at 60°C) followed by determination of
relative activity. Effects of different chelating agents (zeolite, EDTA,
sodium citrate and sodium triphosphate; 0.5% w/v each) were
determined by preincubating the enzyme solution with each agent
for 30 min at 40°C before the addition of substrate (CMC). Relative
enzyme activity was measured under standard assay conditions. The
effects of different cationic/anionic detergents (citramide/sodium
deoxycholate; 0.4% w/v each), non-ionic detergents (Triton X-100,
Tween 20, Tween 80; 1.5% w/v each) and commercial proteases
[Maxacal (IBSI, Netherlands) and Savinase (Novo, Bagsraerd,
Denmark); 0.2% each] were similarly determined.

Results and discussion
Taxonomic characterisation of strain JSI

The isolate designated JSI is a facultative anaerobe,
spore-forming (round, terminal endospore with bulging
sporangia), Gram-positive and rod-shaped (0.55—
0.65 um x1.7-2.1 um) with peritrichous flagella. It forms
irregular, rough, convex and round-shaped colonies. It
grew over a pH range of 6.8-11.0, but not at pH 6.0, and
the range of temperature for growth was 30-55°C. Strain
JS1 was positive for utilisation of salicine, CMC, cellu-
lose, citrate (in Koser’s medium), and gelatin liquefac-
tion, and negative for the formation of indol and H,S,
urease, oxidation/fermentation, reduction of nitrate and
hydrolysis of casein. Based on the morphological,
physiological and biochemical characteristics, isolate
JS1 was identified as Bacillus sphaericus by the Microbial
Type Culture Collection and Gene Bank, Institute of
Microbial Technology, Chandigarh (India) and assigned
the accession number 3243.

Purification of CMCase and mass determination

The purification and total recovery of CMCase is sum-
marised in Table 1. CMCase was purified to homoge-
neity, as indicated by native polyacrylamide gel
electrophoresis and staining with Coomassie Brilliant
Blue 250. The band of purified protein detected by
Coomassie staining coincided fairly well with the clear-
ance zone seen on the agarose gel by zymography
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Table 1 Summary of

purification steps of alkaline Purification steps Total protein  Total activity ~ Specific activity ~ Purification  Yield
carboxymethyl cellulase (mg) L) (U/mg) fold
(CMCase) from the culture
supernatant of Bacillus Crude enzyme 2,067 412 0.20 1 100
s])haericus JS1 (NH4)2SO4PreCIpltat10n 48 265 5.5 27.5 64
(30-80% Saturation)
DEAE Sephadex A-50 9.0 180 20 100 44
Sephadex G-100 2.5 96 38.4 192 23

(Fig. 1). The molecular mass of the CMCase was
approximately 183 kDa in the native gel.

SDS-PAGE resulted a single band at ~42 kDa
(Fig. 2). This finding is similar to the monomeric
CMCase (31-94 kDa) reported by many workers [6, 8,
9, 10, 11, 20, 23, 24, 33, 35, 43]. The apparent molecular
mass of JS1 CMCase on native PAGE of 183 kDa
indicates the possibility of four homogenous subunits
in JS1 CMCase.

Effect of pH and temperature on the purified enzyme

Figure 3 shows the effect of pH on the activity of the
purified enzyme. JS1 CMCase was active over a broad
range of pH (7.0-10.5). Similar observations were also
made by others [7, 8, 12, 13, 14, 23, 41, 43, 43].

The activity of JS1 CMCase was maximal at 60°C,
which is similar to the optimum temperature reported
for such enzymes from other sources [1, 6, 7, 8, 11, 23,
24, 32, 33, 35, 37, 41].

Thermostabilty and pH stability
The half-life of the enzyme at 60°C was 1,080 min in

buffer at pH 8.0 and 270 min in buffer at pH 10. At
65°C, it was 120 min and 52 min in buffer at pH 8.0 and
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Fig. 1 Native PAGE pattern of purified JS1 carboxymethyl

cellulase (CMCase). Lanes: 1 Activity staining of CMCase with
Congo Red, 2 Coomassie Brilliant Blue staining of purified enzyme
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10, respectively, and at 70°C, it was 60 min and 7.0 min.
These findings are similar to those reported for the
purified enzymes used for thermostability (50-70°C) and
pH stability in the alkaline region (8-13) by many
workers [6, 8, 10, 11, 17, 23, 36, 37, 38, 41].

Substrate specificity

The relative hydrolytic activities of JS1 CMCase with
various polysaccharides were compared by measuring
the amount of hydrolysed products. Substrates such as
laminarin (f-1,4;1,6 linkages), p-NPG p-(nitrophenyl
p-p-glucopyranoside), curdlan (f-1,3 linkage), Whatman
paper, Avicel, cellulose, methyl cellulose, Sigmacell,
discs of newspaper and discs of tissue paper, showed the
relative activities of 5, 8, 10, 12, 15, 20, 27, 30, 44 and
45%, respectively. These substrates were relatively
resistant to JS1 CMCase. CMC and lichenan (f-1,3; 1,4
linkages) were the best substrates, with relative activities
of 100 and 232%, respectively. This behaviour is quite
similar to that reported for this enzyme from other
sources [§8, 10, 11, 16, 29, 36, 45].

Chromatography of hydrolysed products

Thin layer chromatography of the CMC hydroly-
sate revealed the presence of CM glucose, cellobiose,
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Fig. 2 SDS-PAGE pattern of purified CMCase isolated from
Bacillus sphaericus JS1. Lanes: 1 Marker proteins, 2 monomeric
band of a purified JS1 CMCase
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Fig. 3 Effect of pH and temperature on activity of the purified
CMCase produced by Bacillus sphaericus JS1. The enzyme was
diluted in different buffers (50 mM): sodium phosphate (pH 7.0);
Tris-HCI (pH 8.0 and 9.0); glycine-NaOH (pH 10) and KCI-NaOH
(pH 10.5 and 11), mixed with carboxymethyl cellulose (CMC)
(0.4%, w/v in compatible buffers) and incubated at different
temperatures (35-65°C). The assay was performed under standard
conditions

Glucose — .
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Cellotriose — .
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Fig. 4 Thin layer chromatography showing the hydrolysed prod-
ucts of CMC produced by the action of purified JS1 CMCase.
Lanes: / Standard sugars (10 mg/ml), 2 reaction mixture (purified
enzyme + CMC), 3 substrate blank, 4 enzyme blank

cellotriose, etc. (Fig. 4). Normally, the CMC (Fluka;
low viscosity, degree of substitution =0.70-0.85) with
the lowest viscosity is substituted to 0.7. Degradation of
this substrate produced substituted glucose units
(around 120, some with a carboxymethyl group at C2,
C3, or C6). After degradation, glucose contained

one carboxymethyl group and this gave rise to the dif-
ference in chromatographic behaviours of pure glucose
and the CMC-degraded product.

Effect of effectors on CMCase activity

Table 2 shows the effect of various metal ions on the
activity of the purified enzyme. JS1 CMCase was stim-
ulated by Co**,Na™,and K7 ions [1,9, 16, 28, 45] and
strongly inhibited by Hg>" (88%) [17, 19, 20, 23, 24, 38,
41]. However, it was unaffected by Ca®*, Mg>", Pb>",
Zn?>", Cu®", Fe*" and Fe’ [23].

The enzyme-based detergent compatibility studies
showed the resistance of the enzyme to various anionic
surfactants (alkyl ethoxy sulphonate, ¢-olefin sulpho-
nate, linear alkyl benzene sulphonate; 0.05% w/v each),
non-ionic surfactants (polyethylene alkyl ethers), che-
lating agents (zeolite, EDTA, sodium citrate, sodium
triphosphate; 0.05% w/v each), by preserving more than
85% activity. Similar findings have been made by other
workers [10, 17, 20, 23, 24, 35]. The non-ionic detergents
Triton X-100, Tween 20 and Tween 80 showed no
inhibitory effect up to 1.5% (v/v) concentration, with
more than 75% activity being retained. More than 65%
activity was maintained with cationic (sodium citramide)
and anionic (sodium deoxycholate) detergents (0.4% w/
v; each). These findings are similar to those obtained
with Bacillus sp. VG1 [38]. Similarly, proteases and
cellulases function to improve the activity of detergents.
Cellulases for detergent use should not be hydrolysed by
proteases, and should maintain activity in their presence
[40]. Alkaline JS1 CMCase is resistant to proteases
currently employed in detergents [Maxacal (IBSI,
Netherlands) and Savinase (Novo, Denmark)]. Bacillus
sp. KSM-635 [16], Bacillus strain KSM-522 [20], Bacillus
sp. PKM-5430 [23], Bacillus strain ferm bp-3431 [33],
and Bacillus sp VG1 [38] also showed similar properties.
These results indicate that these proteases, which are
often included in laundry detergents, are almost com-
pletely unable to attack or inactivate the CMCase from
the Bacillus sphaericus JS1. These properties confirm the
essential requirements for use of the enzyme as an
effective laundry additive.

The outstanding stability of JS1 CMCase to alkaline
pH, high temperature, as well as the absence of inhibi-
tion of its activity by inorganic ions, surfactants, deter-

Table 2 Effect of metal ions

on the activity of purified JS1 Metal ion Concentration Percentage Metal ion Concentration Percentage
CMCase. The enzyme was (mM) relative (mM) relative
preincubated with the defined activity activity
concentration of metal ions in
Tris-HCI buffer pH 8.0 at 60°C ~ Control - 100 Control - 100
for 30 min and the reaction was Co~ " (CoCly) 1.0 157 Mg " (MgCly) 1.0 103
carried out under standard K (KCl) 50 117 p bj(P bCl,) 1.0 99
assay conditions. The relative Na ' (NaCl) 50 122 Zn 2+(ZHSO4) 1.0 96
activities were measured Ca’ " (CaCl,) 1.0 100 Cu® " (CuCl,) 1.0 98
Mn?>*(MnClL,) 1.0 92 Fe?* (FeCl,) 1.0 101
Fe’ " (FeCls) 1.0 58 Hg?" (HgCly) 1.0 12




gents and laundry components, make it a good candi-
date for use as an effective additive to laundry deter-
gents.
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