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Abstract

Ž .cDNA of Cel12A formerly EG III , one of five endoglucanases of Trichoderma reesei, was expressed in Escherichia
coli by using the tac promoter of E. coli. Transformants of E. coli harboring a plasmid pAGmegl3 containing mature form
Cel12A cDNA produced Cel12A protein largely as insoluble inclusion bodies in the cytoplasm of the cells. The insoluble
fraction was solubilized with urea from which Cel12A was purified by cation chromatography to electrophoretic
homogeneity. The purified enzyme was immunologically and enzymologically identical to that of Cel12A purified from T.
reesei. E116 and E200 of Cel12A of T. reesei are completely conserved in family-12 cellulases. In order to investigate the
role of these two glutamate residues in the enzymic function of Cel12A, two mutant enzymes were produced at each
position, namely E116DrQ and E200DrQ. The specific activity of these mutant enzymes is reduced by more than 98%,
revealing the importance of these two residues to the catalytic function of Cel12A. The data demonstrated that E116 and
E200 are the nucleophilic and acid-base residues, respectively. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Plant cell-wall hydrolases, such as cellulases
and xylanases, have especially received increas-
ing attention because they convert cellulose and
hemicellulose, which are the most abundant
carbohydrate produced in the biosphere, into
fermentable sugars. Over 1500 sequences of
glycosyl hydrolases, including plant cell-wall
hydrolases and related proteins, are known to
date. They are conveniently classified into a
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number of families based on amino-acid se-
w xquence similarities 1 . With the accumulation

of three-dimensional data, the related families
have been grouped into clans, since their mem-
bers share a common fold and the position of
their catalytic residues is conserved despite the
dissimilarities of their sequences. In addition, it
has been found that most glycosyl hydrolases
are modular enzymes consisting of discrete cat-

walytic domain and cellulose binding domain 2–
x6 . Glycosyl hydrolases cleave their target sub-

strates by either a single or double displacement
mechanism, resulting in the inversion or the
retention of anomeric configuration of the prod-

w xuct, respectively 7 . In the active site of these
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enzymes, there are two carboxylic acids residues
w xthat participate in catalysis 8 . The two cat-

alytic carboxylates, a general acid and a general
base catalysts, for enzymes operating with in-

˚version are normally separated by 9–10 A,
whereas retaining enzymes have two catalytic

Žfunctions a nucleophile and a general
˚.acidrbase separated by approximately 5.5 A.

The filamentous fungus Trichoderma reesei
produces seven cellulases, two cellobiohydro-

Ž . Ž .lases CBH and five endoglucanases EG .
Ž .Cel12A formerly EG III , which belongs to

family 12 of the retaining glycosyl hydrolases,
consists of a single polypeptide chain of 218
amino acid residues with a calculated molecular
mass of 23,480 Da. The enzyme is a sole cellu-
lase without a cellulose-binding domain and

w xcarbohydrates in T. reesei 9,10 . In the family-
12 cellulases, the structure of the catalytic do-
main of the Streptomyces liÕidans CelB was

˚recently solved to 1.75 A resolution by X-ray
w xcrystallography by Sulzenbacher et al. 11 . They

proposed that Glu-120 and Glu-203 conserved
in all the known family-12 sequences are as-
signed to the catalytic nucleophile and general

w xacidrbase, respectively. Zechel et al. 12 sug-
gested that Glu-120 was confirmed to be the
nucleophile by trapping the glycosyl-enzyme
intermediate with a mechanism-based inactiva-
tor, 2X,4X-dinitrophenyl 2-deoxy-2-fluoro-b-D-
cellobioside. These residues correspond to Glu-
116 and Glu-200 in T. reesei Cel12A. We have
cloned Cel12A cDNA and genomic DNA, and
their nucleotide sequences were determined.
Moreover, the heterologous expression of
Cel12A was also performed to secrete it in
Saccharomyces cereÕisiae and Schizosaccha-
romyces pombe, and to produce it intracellularly
in Escherichia coli. Expression of the mature
Cel12A in E. coli resulted mostly in the forma-
tion of enzymatically inactive inclusion bodies
w x10 . Here, we describe a successful method for
recovering the active enzyme from the inclusion
body. Furthermore, using the E. coli expression
system, the potentiality of the Glu residues as
two catalytic residues, a nucleophile and an

acidrbase catalyst, was investigated by site-di-
rected mutagenesis.

2. Materials and methods

2.1. Plasmids and strains

E. coli JM109 was used as the host cell for
w xCel12A expression. Plasmid pAG9-3 10 was

used as an E. coli expression vector. Plasmid
Ž .pT7Blue-T Novagen was used for subcloning

and sequencing of PCR products. E. coli
MV1184 and plasmid pKF19k were used for
site-directed mutagenesis.

2.2. Modification and subcloning of the cel12A
cDNA

The mature Cel12A expression plasmid in E.
coli was constructed as follows. The DNA frag-
ment comprised of the mature Cel12A-coding
region flanked with restriction enzyme sites at
both ends was amplified using a PCR method
with sequence-specific primers and pT7Blue-

w xegl3 10 as a template. The primers were
5X-GGCCATGGCACAAACCAGCTGTGACCA-

X Ž . XTGGGC-3 sense and 5 -CC AAGCTTAGT-
X Ž .TGATAGATGCGGTCCAGGA-3 antisense

Žitalicized letters indicate the NcoI and HindIII
.restriction site, respectively . The PCR fragment

was cloned into pT7Blue-T, generating
pT7Bluemegl3. Plasmid pT7Bluemegl3 was di-
gested with NcoI, blunt-ended and further di-
gested with HindIII, and a 700 bp fragment was
recovered. The fragment was joined between
blunt-ended EcoRI and HindIII sites of pAG9-

Ž .3, resulting in the plasmid pAGmegl3 Fig. 1 .
Plasmid pAGmegl3 thus prepared contains a
modified Cel12A gene in which the signal se-
quence region of Cel12A is replaced by the

Ž .initiation ATG codon and GCA Ala codon.

2.3. Preparation of recombinant enzymes

Transformants harbouring the expression
plasmid pAGmegl3 were incubated in LB
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Fig. 1. Construction of Cel12A high-expression vector
Ž .pAGmegl3 . Ptac and TrrnB indicate tac promoter and rrn
terminator, respectively. Gene for resistance to ampicillin is indi-
cated by Ampr.

Žmedium supplemented with ampicillin 50
.mgrml at 378C for 16 h, and the cultures were

Žinoculated in 2=YT medium 1.6% tryptone,
.1% yeast extract, 0.5% NaCl with ampicillin at

a ratio of 1:25. After 2 h of incubation, expres-
sion of recombinant Cel12A was induced with

Ž .isopropyl b-D-thiogalactoside IPTG at a final
concentration of 1 mM. After further 6 h of
cultivation, the cells were harvested, homoge-
nized by sonication and centrifuged to obtain
precipitates. The sonicated pellets were washed

Žtwice with 50 ml of STE 10 mM TrisrHCl, pH
.8.0, 1 mM EDTA, 0.1 M NaCl , twice with 5

ml of 10% Triton X-100 and once with 50 ml of
H O. The final pellet gave an inclusion body2

containing recombinant Cel12A. The inclusion
body was dissolved in 50 ml of a denaturing

Žbuffer 10 mM acetate buffer, pH 4.8, contain-
Ž ..ing 8 M urea and 1 mM dithiothreitol DTT

with stirring at 48C for 16 h. After centrifuga-

tion, the supernatant was diluted with 950 ml of
Ža renaturing buffer 10 mM acetate buffer, pH

.4.8, containing 1 mM DTT and stirred. The
solution was kept at 48C for 16 h, and the
enzyme activity was assayed. After centrifuga-
tion at 6000=g for 10 min, the supernatant

Ž .was applied to an SP-Sepharose FF Pharmacia
Ž .column 2.5=11 cm previously equilibrated

with 10 mM acetate buffer, pH 4.8. The column
was washed with the same buffer and the pro-
tein was eluted with a linear gradient of the
buffer containing 0 to 0.5 M NaCl. The active
fractions were pooled, and concentrated and
desalted by ultrafiltration. The purity of recom-
binant Cel12A was determined by SDS-poly-

Ž .acrylamide gel electrophoresis SDS-PAGE
w xperformed under reducing conditions 13 .

2.4. Site-directed mutagenesis

In mutating Glu-116 and Glu-200, the
XbaI–HindIII fragment of pT7Bluemegl3 was
first cloned into pKF19k to serve as a template
for mutagenesis, generating plasmid pKFmegl3.
Site-directed mutagenesis was performed by
PCR mutagenesis strategy using Mutan-Super

Ž .Express Km Kit Takara Shuzo, Kyoto, Japan
according to the supplier’s instructions. The
primers used were shown in Table 1. PCR was
performed in a final volume of 50 ml with 10
ng of the template DNA, pKFmegl3, 5 pmol of
each primer and 0.4 mM dNTPs. Each of the 30
amplification cycles consisted of denaturation at
948C for 1 min, annealing at 558C for 1 min,
and primer extension at 728C for 4 min. After

Table 1
Oligonucleotide primers used for site-directed mutagenesis
All the oligonucleotide primers were 5X-phosphorylated. Nu-
cleotides that do not pair with a nucleotide in the gene for Cel12A
are italicized.

X XŽ .Mutation Sequence from 5 to 3

Ž .Glu 116™Gln E116Q GGGAGACTACCAACTCATGA
Ž .Glu 116™Asp E116D GGGAGACTACGATCTCATGA
Ž .Glu 200™Gln E200Q TTTGGTACCCAGCCCTTCAC
Ž .Glu 200™Asp E200D TTTGGTACCGATCCCTTCAC
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ethanol precipitation, the amplified DNA was
transformed with E. coli MV1184 and plated
on LB medium supplemented with kanamycin
Ž .50 mgrml . The mutated DNA fragments ob-
tained as an SphI–PstI fragment were used to
replace their corresponding original fragment in

Ž .pAGmegl3 Fig. 1 and the sequences of inserts
were confirmed by nucleotide sequencing with

Ž .BcaBEST Dideoxy Sequencing Kit Takara .

2.5. Circular dichroism

Ž .Circular dichroism CD spectra of the wild-
Ž .type wt Cel12A and its mutants were obtained

Ž .in 10 mM acetate buffer pH 4.8 using a CD
Žspectrophotometer model J-600: Jasco, Tokyo,

.Japan at 158C. The protein concentration of
each enzyme was 0.2 mgrml. All data were
averaged from six acquisitions at a scan rate of
10 nmrmin between 255 and 200 nm.

2.6. Enzyme assay

Endoglucanase activity was determined by
measuring the enzymatic release of reducing

Ž .sugars from carboxymethyl cellulose CMC .
Ž .Standard assay mixture total volume, 0.5 ml

contained 0.4 ml of 1.25 % CMC in 50 mM
acetate buffer, pH 5.5, and 0.1 ml of appropri-
ately diluted enzyme solution. After incubation
at 508C for 15 min, the amount of reducing
sugar was determined by the Somogyi–Nelson

w xmethod described earlier 14 , using glucose as
a standard. All of the assays were done in
triplicate. One unit of the activity was defined
as the amount of enzyme that liberates reducing
sugars equivalent of 1.0 mmol of D-glucose
from the substrate per minute. For determina-
tions of K and k , various concentrationsm cat
Ž .0.04–1.25% of CMC in 50 mM acetate buffer,
pH 5.5, were used. The optimum pH and tem-
perature for endoglucanase activity of Cel12A

w xwere determined as described previously 15 ,
Ž .using 50 mM citraterphosphate buffer pH 3–8

for optimum pH. The pH stability was exam-
ined by preincubating the enzyme in the ab-

sence of substrate at 508C for 30 min in 25 mM
Ž .citraterphosphate buffer pH 3–8 before deter-

mining the endoglucanase activities. For the
determination of thermostability, the enzyme

Žwas preincubated in 50 mM acetate buffer pH
. Ž .5.5 at various temperatures 30–708C for 30

min.

2.7. Other methods

SDS-PAGE and subsequent Western blotting
w xwere performed as described before 10 . Se-

quencing of Cel12A protein transferred from an
SDS-polyacrylamide gel to PVDF membrane
was carried out by automated N-terminal Ed-
man degradation using a PPSQ-21 protein se-

Ž .quencer Shimadzu, Kyoto, Japan .

3. Results and discussion

3.1. Production of recombinant Cel12A in E.
coli

The expression vector for the mature form of
Cel12A, pAGmegl3, was constructed by insert-
ing Cel12A cDNA into the multicloning site of

Ž .pAG9-3 as shown in Fig. 1. ATG Met codon
Ž .and GCA Ala codon containing a NcoI site

were inserted to immediate upstream from the
Gln17 codon of Cel12A cDNA by using a
synthetic oligonucleotide linker to delete the
signal sequence and introduce a translation initi-
ation codon. By this construction, it was ex-
pected that the protein with the extra Met–Ala
amino acids added at its N-terminus could be
expressed in E. coli. pAGmegl3 was introduced
into several lacI q derivatives of E. coli K-12,
and the transformants were cultivated in 2=TY
medium containing 50 mgrml of ampicillin for
IPTG induction. Cultured cells were disrupted
by sonication, and the suspensions were cen-
trifuged to obtain a supernatant and a pellet.
The highest CMCase activity in the supernatant
of 58 mUrml was observed using E. coli

Ž .JM109 as a host data not shown . However, it
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Ž . Ž .Fig. 2. SDS-PAGE A and immunoblot analysis B of Cel12A
Ž .produced in E. coli JM109. A Each sample was put on an

Ž .SDS-PAGE gel 15% , and the gel was stained with Coomassie
Brilliant Blue R-250. Lane 1, native Cel12A purified from T.
reesei culture supernatant; lane 2, recombinant Cel12A purified
from E. coli; lane 3, soluble fraction of the E. coli-transformed

Ž .cell extract; lane 4, insoluble fraction. B The protein was
transferred onto PVDF membrane and the rabbit anti Cel12A
antiserum was used as primary antibody. Lane 1, soluble fraction;
lanes 2,3, and 4, insoluble fraction solubilized by 10% SDS; lane
5, insoluble fraction solubilized by 8M urea; volume ratio per
culture broth was 1:1r5:1r10:1r20:1r10.

could be judged that the active soluble form was
still expressed in little amount. SDS-PAGE
analysis of the pellet also showed that the trans-
formant of E. coli JM109 produced the largest
amount of Cel12A protein as an inclusion body
Ž .data not shown . The Cel12A synthesized in E.
coli JM109 was the major protein in the insolu-
ble pellet, with the same apparent molecular
mass as that of the native Cel12A purified from
a T. reesei culture supernatant, as shown in

Ž .SDS-PAGE in Fig. 2A lane 4 . Immunoblot
analysis after SDS-PAGE of the soluble and
insoluble fractions showed that the amount of
Cel12A protein expressed as an insoluble form
was about 10-fold over that of the soluble form
Ž .Fig. 2B .

3.2. Renaturation and purification of recombi-
nant Cel12A

Since recombinant Cel12A was produced in
E. coli mainly in the insoluble fraction, we
developed a protocol that allowed the recovery
of significant amounts of active Cel12A. The
inclusion body was solubilized with 8 M urea,
and the supernatant was analysed by SDS-
PAGE, indicating that about 80% of the insolu-

Žble Cel12A could be solubilized data not
.shown . A preliminary experiment demonstrated

that more than 90% of the activity of Cel12A in
the solution was maintained at a urea concentra-
tion below 0.5 M at 48C. After denaturation,
therefore, the supernatant was diluted 20-fold
with the renaturation buffer to 0.4 M urea con-
centration. The renaturated protein solution was
applied to SP-Sepharose column chromatogra-
phy, by which most of the contaminant proteins
were removed. In this way, active recombinant
Cel12A was purified with the yield of 36 mg of
the protein and 468 mU of the activity per ml of
culture, which corresponds to eightfold activity
of the soluble fraction. The specific activity of

Ž .recombinant Cel12A 13.1 Urmg was almost
Žthe same as that of the native Cel12A 12.7

.Urmg . The recombinant enzyme exhibited
quite the same enzymological properties as those
of the native one, such as the specific activity,

Ž .pH and temperature characteristics Table 2 ,
Ž .and also the CD spectrum data not shown . The

N-terminal amino acid sequence identified by
an automated protein sequencer was Ala-Gln-

Ž .Thr-Ser- Xaa -Asp-Gln-Trp-Ala-Thr, which
agreed with the constructed Cel12A cDNA ex-

Table 2
Properties of the Cel12As from T. reesei and E. coli

T. reesei E. coli

Ž .Molecular mass kDa 25 25
Ž .Specific activity Urmg 12.7 13.1

Optimum pH 5.5 5.5
Ž .Optimum temperature 8C 55 55

pH stability 5.0–5.5 5.0–5.5
Temperature stability up to 458C up to 458C
N-terminal amino acid sequence pyrGlu–Thr–Ser– Ala–Gln–Thr–Ser–
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Fig. 3. Circular dichroism spectra of wild-type and mutant forms
of Cel12A.

cept for no detection of the first methionine
residue, which is assumed to be deleted with
endogeneous methionine aminopeptidase in E.

Ž .coli. The fifth amino acid residue, Xaa , indi-
cated as an unidentified amino acid may be a
cystein residue in view of the nucleotide se-
quence. These results indicate that the presence
of the extra alanine residue does not affect the
catalytic activity of this enzyme. Furthermore,
this E. coli expression system appears to be
suited to the study of the catalytic function of
Cel12A.

3.3. Site-directed mutagenesis and characteriza-
tion of mutants

Two glutamic acids, Glu-116 and Glu-200 of
T. reesei Cel12A are conserved in family-12
cellulases and presumed to act as the nucle-
ophile and the acidrbase in the double displace-
ment mechanism. To confirm this, we investi-

gated the effect of replacement of Glu-116 and
Glu-200 with Asp or Gln separately. Site-di-
rected mutagenesis was performed by the PCR
mutagenesis method described in Section 2.4. A
double mutant having two aspartates at these
putative catalytic residues was also prepared.
All mutants were expressed in E. coli as inclu-
sion bodies, which were solubilized and purified
according to the same procedure as that for the
wt Cel12A. Based on an SDS-PAGE analysis,
the mutant enzymes were obtained with a simi-
lar yield to that of the wt enzyme, and the
molecular mass of each mutant was estimated to

Žbe the same as that of the wt Cel12A data not
.shown . Comparison of CD spectra of the mu-

tants with that of the wt enzyme in the far-UV
regions did not reveal any significant difference,
indicating that the mutations did not modify the

Ž .fold of the enzyme Fig. 3 .

3.4. Kinetic studies

Specific activities and kinetic parameters, Km

and k , of the wt Cel12A and the mutantscat

were determined with CMC as a substrate. These
measurements were made at pH 5.5, at which

Žthe wt Cel12A had the highest activity Table
.2 . Specific activities and the parameters deter-

mined by the Lineweever–Bark plots are sum-
marized in Table 3. The specific activities of the
Asp mutants, E116D and E200D, were 1.7%
and 0.4% of that of the wt Cel12A, respectively,
while the double mutant E116D:E200D dis-
played little activity. The k values of thecat

mutant enzymes E116D and E200D were 50-

Table 3
Specific activities and kinetic parameters of wild-type and mutant enzymes with CMC as a substrate

y1Ž . Ž . Ž .Enzyme Specific activity K grl k s k rK lrgPsm cat cat m

Ž . Ž .Urmg %

Ž .Wild type 13.1 100 2.00 5.50 2.8
Ž .E116D 0.214 1.7 4.17 0.106 0.025
Ž .E200D 0.0483 0.40 0.500 0.0265 0.053

y3 Ž .E116D:E200D 1.82=10 0.015 – – –
y3 Ž .E116Q 1.61=10 0.013 – – –
y3 Ž .E200Q 2.39=10 0.019 – – –
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and 200-fold lower than that of the wt enzyme,
respectively, which corresponded to the de-
creases in specific activity. On the other hand,
both of the Gln mutants, E116Q and E200Q,
had the activity reduced almost at all, namely to
0.01–0.02% of that of the wt enzyme, strongly
suggesting that these glutamic acids play an
important role in the catalysis of hydrolysis.

Ž .The K value of the E116D mutant 4.2 grlm

was twofold higher than that of the wt Cel12A
Ž . Ž2.0 grl , while that of the E200D mutant 0.5

.grl was reduced by fourfold compared with
that of the wt Cel12A. Furthermore, the cat-

Ž .alytic efficiencies k rK of the mutant en-cat m

zyme E116D was more than two orders of
magnitude lower than that of the wt enzyme.
Reduction of catalytic efficiency was less pro-
nounced when E200 was replaced by D. It is

w xobserved in other retaining glycosidases 16–20
that the general acidrbase residue less con-
tributes to catalysis relative to the nucleophile.
Although further detailed kinetic analysis, or
investigation of azide-effects or pH effects on
the reaction by the mutant enzymes will be
necessary to clarify the function of the active
residues, it is plausible that Glu-116 and Glu-200
act as the nucleophile and the general acidrbase,
respectively, in the catalysis of hydrolysis. This
is consistent with the prediction of Sulzenbacher

w xet al. 11 by X-ray analysis of the S. liÕidans
CelB and with the nucleophile identification of

w xit by Zechel et al. 12 .
It was reported that the removal of the cat-

alytic nucleophile of the retaining b-glucosidase
and b-1,3-1,4-glucanase yields an enzyme with
the regio- and stereo-specific glycosylation of
a-glycosyl fluoride with various glycoside ac-

w xceptors 21,22 . From this viewpoint, further
research will be conducted to synthesize new
b-1,4-glycans using the mutant E116Q prepared
in this study.
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