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A cellulase-producing bacterium was isolated from soil and identified as Cellulomonas sp. YJ5.
Maximal cellulase activity was obtained after 48 h of incubation at 30 °C in a medium containing
1.0% carboxymethyl cellulose (CMC), 1.0% algae powder, 1.0% peptone, 0.24% (NH,4)>SO4, 0.20%
KoHPQO,, and 0.03% MgSO,-7H,0. The cellulase was purified after Sephacryl S-100 chromatog-
raphy twice with a recovery of 27.9% and purification fold of 17.5. It was, with N-terminal amino
acids of AGTKTPVAK, stable at pH 7.5—10.5 and 20—50 °C with optimal pH and temperature of 7.0
and 60 °C, respectively. Cu®*, Fe®", Hg?>", Cr®*, and SDS highly inhibited, but cysteine and
p-mercaptoethanol activated, its activity. Substrate specificity indicated it to be an endo-$3-1,4-glucanase.
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INTRODUCTION

Cellulases can effectively hydrolyze cellulose into glucose via
three enzymes’ synergistic actions including endo--1,4-glucanase
(EC 3.2.1.4, EG; randomly cleaving internal linkages), cellobio-
hydrolase (EC 3.2.1.91, CBH; specifically hydrolyzing cellobiosyl
units from nonreducing ends), and 5-p-glucosidase (EC 3.2.1.21;
hydrolyzing glucosyl units from cellooligosaccharides) (/). Cur-
rently, they are frequently applied in the animal feeds, textile,
wastewater treatment, and brewing and winemaking industries
(2, 3). These enzymes are composed of independently folding,
structurally and functionally discrete units called domains or
modules, making cellulases modular (4). Although cellulases act
on polymers via either exo- or endocleavages, they target specific
cleavage of f-1,4-glycosidic bonds (5). A carbohydrate binding
domain (CBD) is the most common accessory module of cellu-
lases. The major function of CBDs is to deliver and bring the
catalytic domain into much closer contact with crystalline cellu-
lose for efficient hydrolysis. Binding of cellulase via CBD close to
cellulose is extremely stable, yet still allows the enzymes to diffuse
laterally across the surface of substrates. Some CBDs are pre-
ferential to binding noncrystalline cellulose (6—8).

Over the past decades, cellulase-producing bacteria have been
isolated from a wide variety of sources such as composts, decayed
plant materials, feces of ruminants, soil and organic matters, and
extreme environments such as hot springs (9). Screening for
bacterial cellulase in microbial isolates is typically performed on
carboxymethyl cellulose (CMC) containing plates (/0). This
method can be timely, but zones of hydrolysis cannot be easily
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discernible. Now, the new substrates, 2-(2-benzothiazolyl)phenyl
(BTP) cellooligosaccharides with two to four polymerizations
(BTPG2—4) were synthesized for the screening of microbial
cellulolytic activity. The usefulness of BTP substrates was shown
during the purification of Bacillus polymyxa cellulolytic complex,
which consists of at least three types of enzymes: cellobiohydro-
lase, endo-f-p-glucanase, and S-glucosidase (/7).

A number of cellulolytic enzymes, especially cellulases pro-
duced by fungi and bacteria, have been isolated and character-
ized (12). Recently, the bacterial strain B39, isolated from poultry
manure in Taichung, Taiwan, was identified as a novel cellulose-
degrading Paenibacillus sp. strain. A high molecular weight (148
kDa) cellulase with both CMCase and avicelase activities was
found to be secreted by this isolate. The CMCase activity, with
maximum activity at 60 °C, pH 6.5, of the isolated cellulase was
much higher than that on Avicel or filter paper (/3). On the other
hand, another novel cellulase-producing Paenibacillus campina-
sensis BL11 was also isolated from the black liquor of brownstock
at washing stage of the Kraft pulping process. It was a thermo-
philic, spore-forming bacterium, which could be grown between
25 and 60 °C over a wide pH range (/4). More recently, a
thermostable cellulase was found in newly isolated Bacillus
subtilis DR from a hot spring. The high-temperature environment
allowed for the production of a thermostable endocellulase
CelDR with an optimum temperature at 50 °C. This CeIDR
retained 70% of its activity (CMCase) even after 30 min of
incubation at 75 °C (15).

Whole green microalgae, Chlorella and Scenedesmus, have
poor digestibility and assimilability in human intestine due to
their rigid cell wall (16). The enzymatic hydrolysis of cell walls and
plasma proteins is considered as a promising method to improve
the protein digestibility of algae, which consequently makes them
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useable in human nutrition and medical applications (17, 18).
Accordingly, this study aimed to isolate the cellulase-producing
bacteria and characterize the cellulase produced by the isolated
strain.

MATERIALS AND METHODS

Isolation of Cellulase-Producing Bacteria. The cellulase-producing
bacterium was isolated from the soil in northern Taiwan. Ten percent of
sample suspended in sterile phosphate-buffered saline (PBS, 10 mM
potassium, 150 mM NaCl, pH 7.4) was inoculated and incubated in a
1.0% CMC broth at 30 °C for 7 days. Ten percent of the resulting broth
was inoculated to a medium (CMC broth, CMCB) containing 1.0% CMC,
1.0% algae powder, 1.0% peptone, 0.24% (NH4),SOy4, 0.20% K,HPO,,
and 0.03% MgSO,- 7H,0 and incubated at 30 °C for 3 days. The resulting
broth was then spread on a CMC agar plate (CMCA, CMCB + 1.5%
agar) and incubated at 30 °C for 3 days. The colonies with clear zone
(indicating those with CMC hydrolyzing ability) on CMCA were selected
and inoculated onto a fresh CMCA. After 3 days of incubation at 30 °C,
the colonies with the largest CMC hydrolyzing haloed ring were picked up
and subjected to identification. The isolated strain was stored at —80 °C in
CMCB with 20% (v/v) glycerol for further studies. CMCB was employed
for further production of cellulase under aerobic incubation conditions at
30 °C with 150 rpm shaking. The viable cell counts (CFU/mL) and
cellulase activity were measured during cultivation.

Bacterial Identification. According to the method described by Yoon
and Choi (19), the sequence of 16s rDNA of the isolated strain was
determined after genomic DNA extraction and PCR amplification by
using the forward primer [5-(AGT TTG ATC CTG GCT CAG GAC
GAA CG)-3'] and reverse primer ['-(AGC CGG TCC CCC TGC AAG)-3].
Comparison of the sequence with homologous strains in GenBank was
performed using the Basic Local Alignment Search Tool (BLAST). The
phylogenetic tree was inferred from BLAST at the National Center for
Biotechnology Information (NCBI).

The cellular fatty acids of the organism grown on a TSA agar for 2 days
were saponified, methylated, and extracted according to the protocol of
Sherlock Microbial Identification System (MIDI, Newark, DE).

Purification of Cellulase. After 2 days of cultivation at 30 °C with
shaking (150 rpm), the broth was centrifuged at 8000g for 20 min, passed
through a 0.45 yum membrane to remove cells, and then concentrated by
ultrafiltration with a 5 kDa cutoff membrane. The resulting crude enzymes
were then eluted on Sephacryl S-100 HR (2.6 x 100 cm) with 20 mM Tris-
HCI buffer (pH 8.0) at a flow rate of 12 mL/h and a fraction volume of
2.0 mL. Fractions with cellulase activity were collected and concentrated
by ultrafiltration with a membrane (MW cutoff: 5 kDa) to a minimal
volume. They were passed through Sephacryl S-100 HR again with the
same conditions. Fractions with cellulase activity were again collected and
subjected to the following assays.

Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis
(SDS-PAGE). Electrophoresis was performed mainly according to the
method of Laemmli (20). To the purified enzyme an equal volume of
sample buffer (0.05% bromophenol blue, 5% S-Me, 10% glycerol, and
2% SDS in 0.25 M Tris-HCI buffer; pH 6.8) was added and boiled at
100 °C for 2 min. The resulting samples were then subjected to SDS-PAGE
(resolving gel, 12.5% polyacrylamide; stacking gel, 4% polyacrylamide)
by using a Mini-Protein II system (Bio-Rad, Hercules, CA). Electro-
phoresis was performed at room temperature for 1.5 h at 100 V. A low
molecular weight calibration kit (GE Healthcare BioSciences Corp.,
Westborough, MA) was used as markers [phosphorylase B subunit
(97 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic
anhydrase (30 kDa), soybean inhibitor (20.1 kDa), and o-lactalbumin
(14 kDa)].

Endo-f-1,4-glucanase Activity Assay. Endo-f-1,4-glucanase activ-
ity was determined by incubation of 900 uL of 1% CMC in 20 mM
phosphate buffer (pH 7.0) with 100 L of the appropriate concentration of
enzyme at 50 °C. After 30 min of reaction, 1 mL of dinitrosalicylic acid
(DNS) was added and boiled in a water bath for 5 min to stop the reaction.
The resulting samples were then cooled to room temperature, and the
absorbance was measured at 540 nm (A4s4). One unit of endo-f-1,4-
glucanase activity was defined as the amount of enzyme that could hydro-
lyze CMC and release 1 ug of glucose within 1 min of reaction at 50 °C (21).
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Determination of Protein Concentration. Protein concentration
was determined by Lowry’s method, using bovine serum albumin as a
standard (22).

N-Terminal Amino Acid Sequence Analysis. Purified cellulase was
subjected to SDS-PAGE analysis and then electrotransferred onto poly-
vinylidene difluoride membrane (PVDF). Proteins were stained with
Coomassie blue R-250 after electrophoresis. N-Terminal amino acid
sequences were analyzed by Edman degradation (23) after being electro-
transferred onto PVDF.

Temperature Optimum. To 900 uL of 1% CMC in 20 mM phosphate
buffer (pH 7.0) was added 100 uL of the appropriate concentration of
enzyme, and the activity was measured at various temperatures (20, 30, 40,
50, 60, 70, 80, 90 °C) according to the method of Miller (21).

Temperature Stability. Purified cellulase in 20 mM phosphate buffer
(pH 7.0) was incubated at various temperatures (20, 30, 40, 50, 60, 70, 80,
90 °C) for 30 min. The residual activity was measured at 50 °C according to
the method of Miller (27).

pH Optimum. To 900 u«L of 1.0% CMC at various pH values (pH
3.0—7.5, 50 mM citrate buffer; pH 7.5—9.5, 50 mM Tris-HCl buffer; pH
9.0—10.5, 50 mM carbonate buffer) was added 100 4L of cellulase, and the
activity was measured at 50 °C according to the method of Miller (21).

pH Stability. Purified cellulase was incubated in buffers with various
pH values (pH 3.0—7.5, 50 mM citrate buffer; pH 7.5—9.5, 50 mM Tris-
HCI buffer; pH 9.0—10.5, 50 mM carbonate buffer) at 50 °C for 30 min.
The residual activity was then measured at 50 °C according to the method
of Miller (27).

Effects of Metals and Inhibitors. Purified cellulase in 20 mM Tris-
HCI buffer (pH 7.0) with various metals (K™, Li*, Na*, NH,", Ba*",
CaH, Cd2+, C02+, Cu2+, Fe2+, Hg2+, Mg2+, Ni2+, ZnH, Cr”, Fe‘”) or
chemicals [cysteine; dithiothreitol (DTT); ethylenediaminetetraacetic acid
(EDTA); iodoacetic acid (IAA); 5-Me; phenylmethanesulfonyl fluoride
(PMSF); SDS; urea] were incubated at room temperature for 30 min. The
final concentrations of metals and inhibitors were 1.0, 5.0, and 10.0 mM.
After 30 min of incubation, the residual activity was measured at 50 °C
according to the method of Miller (27).

Substrate Specificity. The hydrolytic ability of purified cellulase
against 1% Avicel, cellulose, chitin, chitosan, CMC, locust bean gum,
and xylan and 5 mM pNP-Glu in 20 mM phosphate buffer (pH 7.0) was
determined to evaluate the substrate specificity.

Statistical Analysis. One-way analysis of variance (ANOVA) was run
using the Statistical Analysis System (SAS/STAT), release 8.0 (Cary, NC).
Duncan’s multiple-range test was used to determine the significance of
differences within treatments. For each treatment, three replicates were
measured, and the mean values were calculated. Values were considered to
be significantly different when P < 0.05.

RESULTS AND DISCUSSION

Isolation of Cellulase-Producing Bacterium and the Production
of Cellulase. The cellulase-producing bacteria surviving after 7
days of incubation in a selective medium containing 1.0% of
CMC at 37 °C were isolated from soil. After being transferred to
CMCB, only 18 colonies had CMC-degrading abilities among the
total 50 colonies of these strains (data not shown). The strain with
the highest hydrolytic activity was subjected to identification.
According to the fatty acids analysis and 16s rDNA sequencing
(data not shown), this strain was identified as Cellulomonas sp.
Y15, a catalase-positive, oxidase-negative, and non-endospore-
forming Gram-positive bacterium. The alignment of 16s TDNA
by BLAST from GenBank indicated about 92.0% sequence
similarity with those from Cellulomonas sp. d20 (AJ298927)
and Cellulomonas sp. EMB (DQ413153). As shown in Figure 1,
the logarithm phase of Cellulomonas sp. YJ5 was observed
between 0 and 48 h of incubation; however, a rapid increase in
cellulase activity occurred after 24 h of incubation at 30 °C. Broth
after 2 days of incubation was collected for cellulase purification
and characterization.

The biological degradation of cellulose has been studied for
many years. Many cellulolytic enzymes, especially cellulases from
Cellulomonas sp., have been purified and characterized (19).



Article

70
_
12 E
=) S
g =
= Qo
~ oL
2z 1o =
£ =
g £
< 2
2 Fs S
-
3 =
+ _ 6 I
0 T T T v T T T 4
0 24 48 72 96 120 144 168 192
Time (h)

Figure 1. Changes in total count and cellulase activity of Cellulomonas sp.
YJ5 during 7 days of incubation at 30 °C.
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Figure 2. SDS-PAGE of purified cellulase from Cellulomonas sp. YJ5. The
concentration of gels was 15% acrylamide. Lanes: 1, purified endogluca-
nase; M, markers phosphorylase B (97 kDa), albumin (66 kDa), ovalbumin
(45 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor (20.1 kDa), and
a-lactalbumin (14.4 kDa).

Algae powder was used not only for the complex nutrient for
bacterial growth but also as an inducer for the production of
cellulase, due to its hydrolytic ability on microalgae. Because
algae powder or CMC consists of numerous celluloses, they could
be degraded into small oligosaccharides by cellulase before
bacterial utilization (12). Accordingly, the existence of nitrogen
or carbon sources, such as peptone, CMC, and algae powder,
could induce the production of cellulases and provide for growth.

Enzyme Purification. Cellulomonas sp. YJ5 was cultivated in
the medium and produced only the endo-f-1,4-glucanase at 30 °C
for 2 days. However, the activities of the other two enzymes,
avicelase and f-glucosidase, were very low during cultivation
(data not shown). After removal of the cells, the cellulase was
purified to electrophoretical homogeneity after two Sephacryl
S-100 chromatographies (Figure 2). At this stage, the specific
activity and purification fold were 168.4 units/mg and 17.5,
respectively (Table 1).

Molecular Mass. According to the SDS-PAGE profile of the
purified cellulase (Figure 2), no subunit was observed. It was,
therefore, considered that the purified enzyme was a monomer.
The molecular mass (M) was estimated to be 43.7 kDa (Figure 2).
The M of the purified cellulase was lower than that of some other
endoglucanases obtained from Cellulomonas spp. such as 50 and
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Table 1. Summary of the Purification of Cellulase from Cellulomonas Sp. YJ5

total total  specific
activity  protein  activity

purification  recovery

procedure ) (mg)  (Umg) (fold) (%)
crude enzyme 13770.0 1429.8 9.6 1.0 100.0
first Sephacryl S-100 6655.0 52.0 128.1 13.3 48.3
second Sephacryl S-100  3839.1 228 1684 17.5 279

52 kDa from Cellulomonas uda CS1-1(19), 49 kDa from Cellulo-
monas flavigena (24), 46.7 kDa from Cellulomonas fimi (25), and
66 kDa from C. uda (26).

The N-terminal amino acids of the purified cellulase were
AGTKTPVAK. By comparison of the N-terminal sequence with
those from other species in GenBank, the purified cellulase was
the same as those from Bacillus subtilis (ABV45393), Bacillus
amyloliquefaciens (ABS70711), and Bacillus licheniformis
(ABK63476), but only moderately similar to $-1,4-f-mannosi-
dase (77.8%) from Lycopersicon esculentum (AAKS56557) and
endoxylanase (55.6%) from C. fimi (CAA90745) (Table 2).

Temperature Effects. The optimal temperature of purified
cellulase was found to be 60 °C at pH 7.0 (Figure 3A). The
purified cellulase was stable at temperatures <50 °C and could
retain 70% activity even after 30 min of incubation at 60 °C
(Figure 3A). The optimum temperature of purified cellulase was
the same as that of some of C. flavigena (60 °C) (27) and higher
than that of C. flavigena (50 °C) (24) and Mucor circinelloides
(55°C) (28). However, it was lower than that of some other Bacillus
strains [65 °C (CH43) and 70 °C (RH68)] (29). The thermal
stability of purified cellulase ( < 50 °C) was similar to those from
other Bacillus strains at 0—50 °C (29), but lower than that from
M. circinelloides (0—70 °C) (28).

pH Effects. Cellulomonas sp. YIS cellulase exhibited highest
activity at pH 7.0 and was stable at pH 7.5—10.5 (Figure 3B).
According to previous studies, the optimal pH values of cellulases
were 6.0 (24) and 7.5 (27) from C. flavigena, 5.0—6.5 for those
from Bacillus strains (29), 6.0—7.0 from Aspergillus niger (30), and
5.0=7.0 from Lysobacter sp. (31). The purified cellulase was
stable at pH 7.5—10.5, which was higher than those from M.
circinelloides (4.0—7.0) (28) and Bacillus circulans (4.5—7.0) (32).
This pH stability range is good for this enzyme to be utilized in
alkaline conditions such as paper pulp processing (3).

Effect of Metal Ions, Inhibitors, and Other Reagents. As shown
in Tables 3 and 4, most metal ions such as K*, Li*, Na™, and
NH, " did not affect the activity, whereas cysteine, 5-Me, and 1
mM Co”>" and Cu*" activated the purified cellulase. The purified
cellulase activity was greatly inhibited by Cu>*, Fe?*, Hg* ", Cr**,
and SDS, but only moderately inhibited by Cd*", Mg*", Fe*",
EDTA, and PMSF. The activation of cellulase by reducing agents
might be due to the reduction of disulfide bonds, which was
caused by autoxidation or aggregation during purification or
storage (32). In this study, inactivation by Cu*", Fe>*, Hg*", and
Cr’" was almost similar to that from Catharanthus roseus (33)
and Chalara paradoxa (34). Among these metals and chemicals,
Hg*" and Cu”" can bind the thiol groups and also interact with
imidazole or carboxyl groups of amino acids (34), whereas SDS
can interact with the hydrophobic group of amino acids (29). The
data obtained from this study were quite similar to those
investigated by Saha (28), Lucas et al. (34), and Murashima (35);
that is, K*, Na®, and NH," did not affect the cellulase from
Rhizopus oryzae (35), Co*" activated that from M. circinel-
loides (28), but Fe** and Mg>" inhibited that from Chalara
paradoxa (34).

Substrate Specificity. The purified enzyme showed highest
activity against CMC (100%) and moderate activity on locust
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Table 2. Comparison of N-Terminal Amino Acid Sequences of Cellulase of Cellulomonas Sp. YJ5 with Those from Other Strains

Strain (NCBI number; enzyme)

Cellulomonas sp.YJ5 ' GTKTP|-—- —|]VA K|’
(cellulase)
B. subtilis . GTKTP|-— —|vA K™
(ABV45393, cellulase)
B. amyloliquefaciens 30 GTKTP|l-— —|vaAa K*
(ABS70711, cellulase)
B. licheniformis 30 GTKTP|-— —|vA K*®
(ABK 63476, cellulase)
Lycopersicon esculentum 32 S TKTP|GYT|V A K™
(AAKS6557, B-1,4-beta-mannosidase)
Cellulomonas fimi ¥ PlT|IT|ITP|—— —|VA|T?Y¥
(CAA90745, endoxylanase)
100 7 G-——B——B—— Table 3. Effect of Metal lons on the Cellulase from Cellulomonas Sp. YJ5
relative activity (%)
80 1 metal? 1 mM 5mM 10 mM
§ none 100.0 100.0 100.0
Z 604 K* 103.0 99.0 96.0
= Li* 101.0 100.0 94.0
2 Na* 105.0 101.0 96.0
“Z‘ 40 - NH, " 103.0 99.0 94.0
= Ba®" 105.0 99.0 96.0
e Ca?" 105.0 101.0 93.0
20 | Cd** 92.0 83.0 70.0
Co?* 119.0 110.0 89.0
Cu?* 116.0 32,0 1.0
0 ‘ ' ‘ . . 8——-n . Fei 87.0 0.0 0.0
10 20 30 40 50 60 70 80 90 Hg 5 0.0 0.0 0.0
(A) . Mg 95.0 89.0 60.0
Temperature (°C) N+ 98.0 93.0 84.0
Zn?+ 102.0 103.0 106.0
crt 85.0 50.0 31.0
Fe®" 100.0 85.0 78.0
100 -
@The counterion of these metals is chloride.
50 Table 4. Effect of Chemicals on the Cellulase from Cellulomonas Sp. YJ5
_ relative activity(%)
X
; 60 - chemical® 1 mM 5 mM 10 mM
z none 100.0 100.0 100.0
= cysteine 114.0 126.0 132.0
2 40 DTT 104.0 104.0 104.0
= EDTA 94.0 89.0 76.0
& IAA 103.0 94.0 920
20 1 B-Me 108.0 117.0 125.0
PMSF 106.0 96.0 89.0
SDS 100.0 64.0 46.0
0 , urea 103.0 101.0 104.0
(B) * 1 aDTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; IAA, iodoacetic

Figure 3. Effects of temperature (A) and pH (B) on cellulase: (®) optimal;
(O) stability.

bean gum (27%) and xylan from oat spelt (13%) (Table 5). It
could not hydrolyze the crystalline substrates of Avicel, chitin,
and cellulose. According to substrate specificity results and
alignment of the N-terminal sequence, these phenomena indi-
cated that the substrate binding domain of cellulase had very high
affinity to glucose from CMC and moderate affinity to mannose
from locust bean gum and xylose from xylan, which was further
confirmed by the result from N-termimal sequence alignment and
proved its hydrolytic ability to those substrates. This suggests that

acid; 5-Me, [-mercaptoethanol; PMSF, phenylmethanesulfonyl fluoride; SDS,
sodium dodecy! sulfate.

Table 5. Substrate Specificity of the Cellulomonas Sp. YJ5 Cellulase

initial velocity relative
substrate (ug of glucose/min) activity (%)
CcMmC 59.2 100
locust bean gum 16.0 27
xylan from oat spelt 8.0 13
Avicel PH-101 5.4 9
chitin 2.7 5
cellulose 2.1 4
chitosan (=75% deacetylated) 0 0
5 mM pNP-Glu 0 0
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the purified celleulase could break natural agri-wastes for further
industrial application. So far, most of the cellulases from fungi
and bacteria were found to be CMCase (/2). However, that from
Brevibacillus sp. strain JXL could hydrolyze cellulose, CMC, and
xylan (36). According to the substrate specificity found in this
study, the purified cellulase revealed high hydrolytic activities on
CMC and was considered to be an endo-1,4-glucanase.

From the results obtained in this study, this novel Cellulomonas
sp. YJ5 could utilize chlorella powder as substrate for growth and
subsequently produce high levels of cellulase. This characteristic
highly benefits microalgae industrial applications such as hydro-
lyzing the cell wall of Chlorella (data submitted to J. Food Sci. for
publication). Further optimization of commercial scale produc-
tion for cellulase and biohydrolysis of Chlorella cell walls using
this cellulase are ongoing in our laboratory.
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