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Abstract — An endo-B-14-glucanase gene of Clostridium thermocellum was cloned in Escherichia
coli and was considered as a novel gene by comparison with the restriction patterns of the C.
thermocellum cellulase genes so far reported. The endoglucanase from recombinant E. coli was
purified by column chromatography after heat treatment. The purified enzyme was a monomer
having molecular weight of 40,000. The enzyme hydrolyzed CMC to glucose and cello-oligosacchari-
des at maximum activities at pH 5.0 and 65C . One of the endproducts, glucose, showed no inhibi-
tory effect on the enzyme activity, while the other endproduct, cellobiose, inhibited slightly. The
values of K,, and V. of the enzyme for CMC were 0.39% (w/v) and 268 U/mg protein, respecti-

vely.

At least three kinds of enzymes, ie., endo--1,4-
glucanase, exo-fB-1,4-glucanase, and [-glucosidase
are needed to obtain glucose from cellulose in bac-
teria (1). Clostridium thermocellum, an anaerobic
thermophilic bacterium, is known to produce a the-
rmostable cellulase complex termed cellulosome,
which contains at least 15 different polypeptides
(2). Because of the inherent thermostability and re-
sistance to the end product inhibition by glucose
and cellobiose, the industrial potential of this mic-
robial cellulase system has long been recognized.
Since it is not easy to isolate the individual enzy-
mes from its the cellulase complex of C. thermocel-
lum, clonings of the individual genes in E. coli have
been tried for the study of the cellulolytic mecha-
nism. Genes encoding endoglucanases A, B, C, D,
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E and H have been sequenced (3-8) and corres-
ponding enzymes are purified and characterized
from recombinant E. coli strain (7, 9-12).

In this study we cloned an endoglucanase gene
in E. coli from C. thermocellum and its restriction
map was compared with those reported so far. And
the enzyme produced by the E. coli transformant
was purified and characterized.

Materials and Methods

Bacterial strains, plasmids and culture condi-
tions

Clostridium thermocellum ATCC 27405 was used
as an endoglucanase gene source, Escherichia coli
JM83 as a cloning host, and pUC9 as a cloning vec-

Abbreviations: endo-B-1,4-glucanase, endoglucanase;
carboxymethylcellulose, CMC; dinitrosalicylic acid,
DNS; p-nitrophenyl-8-D-cellobioside, pNPC.
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tor. C. fthermocellum was grown anaerobically at 60
C in CM3 medium (13) supplemented with cello-
biose (9.72 g/liter). E. colt was grown in LB medium
at 37C . Ampicillin (50 pg/m/) was added to the me-

dium when E. coli carrying plasmids was selected.

Isolation of the Clostridium thermocellum endoglu-
canase gene

Chromosomal DNA was isolated from C. thermo-
cellum grown in CM3 medium anaerobically, and
pUC9 DNA was prepared from E. coli JM83 by the
alkaline lysis method (14). C. thermocellum chromo-
somal DNA and pUC9 DNA were digested with
EcoRI. The vector DNA was treated with calf intes-
tinal alkaline phosphatase. DNA ligation was carried
out as described by Maniatis e/ al. (14) and the
ligation mixture was transformed into E. coli JM83.
LB medium containing CMC (0.5%, w/v) and ampi-
cillin (50 pg/mi) was used for the selection of CM-
Case-positive transformants by using the Congo
Red dye method (15).

Preparation of the enzyme extracts

E. colr cells carrying recombinant plasmids were
grown overnight at 37C in LB medium supplemen-
ted with ampicillin. Harvested cells (7 g wet weight)
were suspended 1n 50 mM sodium citrate buffer,
pH 5.0, and sonicated for 10 min with Branson so-
nifier (Model 350) at 40% output. Cell debris was
removed by centrifugation at 16,000 g for 30 min.

Enzyme assay

Endoglucanase activity was determined by mea-
suring the amount of reducing sugars released from
CMC, filter paper and Avicel by the DNS method
(8, 12, 16). The absorbance was measured at 550 nm.
One unit of the enzyme activity is defined as the
amount of enzyme that produces 1 umole of redu-
cing sugar per min. For viscometric assay, the reac-
tion mixture containing 1% CMC (medium visco-
sity) was incubated for 60 min at 60C and the rea-
ction was stopped by boiling for 5 min. The visco-
sity was determined at 20C by using the Haake
viscometer (model UT 181). The amount of glucose

was measured by using the PGO enzyme kit {Sigma
Co.).
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Endoglucanase purification

Streptomycin sulfate solution {(final 1.5% (w/v))
was added to the crude extracts and the mixtures
were centrifuged to remove the nucleic acids. The
streptomycin sulfate treated extracts were heated
at 60C for 20 min and the denatured proteins were
removed by centrifugation at 16,000 g for 30 min.
Then, the heat treated extracts were fractionated
with ammonium sulfate (35~75% saturation) and
dialyzed against 20 mM Tris-HCl, pH 8.0. The ob-
tained enzyme solution was applied to a DEAE Se-
phadex A-50 column, which had been equilibrated
with 20 mM Tris-HCl, pH 8.0. After washing with
the same buffer, bound proteins were eluted by
a linear NaCl gradient (0 to 0.4 M). The flow rate
was 24 m//hr and the fractions (8 m//tube) were co-
llected. The active fractions of DEAE Sephadex A-
50 column chromatography were pooled and dialy-
zed against 10 mM sodium phosphate buffer, pH
7.0. The dialyzed enzyme solution was applied to
hydroxyapatite column, which had been equilibra-
ted with 10 mM sodium phosphate buffer, pH 7.0.
After washing with the same huffer, the proteins
were eluted with linear sodium phosphate gradient
(10 to 200 mM). The flow rate was 12 m{/hr and
the fractions were collected 4 m/, each. Protein con-
centrations were determined by the method of Lo-

wry (17) with bovine serum albumin as the stan-
dard.

Determination of the molecular weight

The molecular weight of the purified enzyme was
determined by 11% (w/v} SDS-polyacryamide gel
electrophoresis according to Laemmli (18). The ap-
parent molecular weight of the enzyme was also
determined by using Sephadex (-100 gel filtration
chromatography with aprotinin (M.W.: 6,500), cyto-
chrome C (M.W.: 12,400), carbonic anhydrase (M.
W.: 29,000), and bovine serum albumin (M.W.:
66,000) as molecular weight markers. The proteins
were eluted with 50 mM sodium phosphate buffer,
pH 7.0, containing 200 mM NaCl

Results

Isolation of an endoglucanase gene
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The chromosomal DNA digested with EcoRI was
ligated to the EcoRI digested pUC9 and the ligation
mixture was transformed into E. coli JM83. Among
the transformants on the selective medium, one
CMCase positive colony was identified by using Co-
ngo Red dye method (15) and a hybnid plasmad,
designated pKH40, contanming 4 kb £coRI chromoso-
mal fragment was isolated from the positive colony.
The restriction map of this recombinant plasmid
is shown in Fig.l.

Enzyme purification and characterization
The purification procedure 1s summarized in Ta-

EcoRI

HindIll
Clal

Hindlll

pKHA40
(6.7 kb)

Pstl
Hindlll

Clal EcoRI
Clal Pstl

EcoRV

Fig. 1. Restriction map of recombinant plasmid, pKH

40.
The thick line indicates FcoRI fragment isolated from

C. thermocellum and the thin hine indicates a region
of pUCY9 DNA. The numbers denote DNA size 1n kilo-

bases.
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ble 1. The heat susceptible E. coli proteins were
removed by treating at 65C for 20 min . The am-
monium sulfate fractionated proteins were resolved
into four major protein components by DEAE Se-
nhadex A-50 c¢olumn chromatography (data not
shown). Enzyme activity was detected in the first
peak of the protein elution. Active fractions were
collected, dialyzed, and apphed to hydroxyapatite
column. The final yield was 29% of original activity
and the enzyme was purified to 40 fold in specific
activity. The purified enzyme preparation displayed
a single protein band on 11% (w/v) SDS-polyacryla-

(B)

66 K

45 K
36K

29K

0 02 04 06 08 10
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Fig. 2. Determination of molecular weight of the puri-
fied enzyme.

(A) 11% (w/v) SDS-polyacrylamide gel electrophoresis;
lane 1, molecular weight standard markers; lane 2,
purified enzyme. (B) the cahbration curve; a, bovine
serum albumin (M.W.: 66,000); b, egg albumin (M.W.:
45,000); ¢, glyceraldehyde 3-phosphate dehydrogenase
(M.W.: 36,000); d, carbonic anhydrase (M.W.: 29,000};
e, trypsin inhibitor (M.W.: 21,100); {, a-lactalbumin (M.
W.: 14,200); <, purified enzyme.

Table 1. Summary of purification of endoglucanase produced by E. coli JM83 (pKH40)

Total Total Specific Fold Yield
Procedure activity proteins activity (%)

(unit*) {(mg) (unit/mg)
Crude extracts 2401 405 59 1.0 100
Streptomycin sulfate fractionate 2168 283 7.7 1.3 90
Heat-treated extracts 2017 155 13.0 2.2 84
Ammonium sulfate fractionate 1110 34 33.0 6.0 46
DEAE Sephadex A-50 914 15 63.0 11.0 38
Hydroxyapatite 704 3 238.0 40.0 29

*umoles of reducing sugars per min.
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Table 2. Specific activities of the purified endogluca-
nase toward various substrates.

All reactions were incubated at 60C in 50 mM sodium
citrate buffer, pH 5.0. Products measured with respec-
tive substrates were: reducing sugars (CMC, filter pa-
per and Avicel); p-nitrophenol (pNPC); glucose (cello-
biose).

Substrates Specific activity*
CMC 238.0
pNPC 1.2
Filter paper L5
Avicel 1.0
Cellobiose N.DZ?

“specific activity is expressed as pmoles of reducing
sugars liberated per min per mg protein. *Not detec-
ted.

mide gel (Fig. 2A).

The purified enzyme hydrolyzed CMC with ma-
ximum activities at pH 5.0 and 65C. The propor-
tions of the glucose to total reducing sugars produ-
ced from CMC and filter paper by the enzyme were
6% and 10%, respectively.

The specific activities of the endoglucanase were
assayed on different substrates (Table 2). The enz-
yme rapidly hydrolyzed a soluble cellulose, CMC,
but showed low activity on crystalline celluloses
such as filter paper and Avicel, and the activity
toward cellobiose was not detected. The enzymatic
hydrolysis of CMC caused a rapid decrease in vis-
cosity of the reaction mixture with an concommitant
increase in reducing sugars (Fig. 3).

Molecular weight

The molecular weight of the enzyme determined
by 11% (w/v) SDS-polyacrylamide gel electrophore-
sis was about 40,000 (Fig. 2). The molecular weight
estimated by electrophoresis was reconfirmed by
gel filtration chromatography in the presence of
0.2 M Na(l (data not shown). These results sugges-
ted that the purified endoglucanase was a monomer
having molecular weight of 40,000.

End product inhibition
The effects of glucose and cellobiose on the enz-
yme activity were Investigated. As shown in Fig. 4,

Kor. . Appl. Microbiol. Biotechnol.

100 1.0
108 -
,..a o
& =
. =t
:;..‘ i o
g 0.6 {:‘;0
‘% 50 T
£ {04 £
z 5
= ks

4 0.2

0 10 20 30 40 50 60
Incubation time {(min)

Fig. 3. Change of viscosity and release of reducing su-
gars during the CMC-hydrolysis by purified enzyme.
1% (w/v) CMC (medium viscosity) was hydrolyzed at
60C for 60 min by the purified enzyme and the visco-
sity was determined at 20C by Haake viscometer (mo-
del UT181). @, change of viscosity; B, release of redu-
cing sugars.
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Fig. 4. Effects of glucose and cellobiose on the pNPC
hydrolyzing activity.
All reactions were incubated at 60C and the activities
were estimated by measuring the amount of p-nitro-
phenol released from pNPC. @, effect of glucose: W,
effect of cellobiose.

the presence of glucose up to 100 mM showed no
effect on pNPC hydrolysis by the endoglucanase,
whereas some inhibition by cellobiose was obser-

ved.
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Kinetic constants

The K,, and V,, values of the purified enzyme
for CMC and pNPC were obtained from Linewea-
ver-Burk plots. The values of K,, and V,.. of the
enzyme for the CMC were 0.39% (w/v) and 268
U/mg protein, respectively. In the hydrolysis of the
pNPC, K,, and V,,,, values were 0.75 mM and 1.32

U/mg protein.
Discussions

We have cloned an endoglucanase gene from C.
thermocellum and compared the cloned ‘gene with
the C. thermocellum cellulase genes .so far reported
(19-21). This gene has some similarity with cel/C
gene in respect to the size of chromosomal DNA
insert and the molecular size of the gene product
(4, 22). However, the restriction pattern of this gene
1s entirely differnt from that of the ¢e/C gene and
from those of any other C. thermocellum cellulase
genes reported so far. Therefore we believed that
we might have cloned a new endoglucanase gene
from C. thermocellum.

The endoglucanase encoded by the new gene
cloned in E. coli was purified and characterized.
The new endoglucanase hydrolyzed CMC, filter pa-
per and Avicel, but not cellobiose. When this enz-
yme reacted with CMC, a rapid decrease in visco-
sity was observed, and this suggested that the puri-
fied cellulase was a typical endo-type enzyme. A
significant amount of glucose was detected in the
hydrolytic products. This glucose might have come
from the direct split of cello-oligosaccharides by the
enzyme instead of the hydrolysis of cellobiose. This
enzyme showed optimum activity at pH 5.0 and at
65C, which is common to other C. thermocellum
cellulases. Glucose caused no endproduct inhibition,
but cellobiose inhibited the enzyme activity a little.
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