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Abstract

ackground: Enhanced production and improved properties of cellulases for a greater activity on

plant biomass would rank amongst the top priorities for second-generation ethanol production.

Based on the emergence of protein engineering as a cutting-edge technology for enhancing

enzyme activity and expression level, the present study is aimed at the application of this technique
to the major cellulosomal processing endoglucanase of C. thermocellum, CelR for refining enzyme
characteristics.

Methods: The full-length native enzyme gene (CelR) and a truncated version without the docking
domains at C-terminus (CelR-CB) were PCR amplified using gene specific primers. The amplified PCR
products were T/A cloned in the vector pTZ57 R/T and transformed in E. coli DH5a. The cellulase genes
from the confirmed transformed plasmids were sub-cloned in T7 promoter-based expression vector pET-
28a and expression analysis was done in E. coli (DE3) BL21 codon Plus.

Results: An SDS PAGE analysis of both the CelR derivatives revealed that the truncated version i.e. CelR-
CB showed a two-fold increase in expression level as compared to the full-length enzyme.

Conclusion: The increased expression level of CelR in E. coli coupled with its increased production
therefore makes it a promising method for augmenting the recombinant enzyme production for potential
applications.
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Introduction

Rising concerns about global climate change due to the
combustion of fossil fuels has shifted scientific focus
towards use of non-conventional (renewable) energy
resources to sustain environment whilst fulfilling
increased energy demands worldwide [1]. The structural
polysaccharides comprising plant cell wall, mainly
cellulose and hemicelluloses, represent the most
abundant renewable, biological energy source in the
world. These can be converted to industrially useful
biofuels via the action of various enzymes. The use of
plant biomass for second generation ethanol production
would give several compensations such as minimizing
the clash between land use for food and fuel production,
providing inexpensive raw material and allowing less
greenhouse gas emissions than those of other fuels [2].

Cellulose is a high molecular weight polymer
consisting of several hundred to ten thousand beta-
linked D-glucose units forming crystalline microfibrils,
thus making it intrinsically resistant to microbial and
enzymatic  degradation known as  “biomass
recalcitrance” [3,4]. This inherent resistance of plants to
hydrolysis can be overcome using consolidated
bioprocessing- a promising strategy that combines the
production of cellulases, substrate hydrolysis and
fermentation in a single step, for sustainable energy
production [2]. Cellulolytic microbes such as bacteria
and fungi are exploited as potential producers of
cellulases that are usually secreted as multiprotein
complexes known as cellulosomes [5]. The three types of
cellulases, classified on the basis of their mode of action,
include cellobiohydrolases, endoglucanases and f-
glucosidases, with the former two mainly involved in
most of the cellulolytic activity. Cellobiohydrolases act
by cleaving cellobiose residues successively from the
ends of cellulose chains while endoglucanases cleave p-
1,4-glycosidic bonds in the cellulose chains [6]. The two
carboxylic groups present in the active site of the
enzyme are involved in hydrolysis. The types of
cellulases, with different specificities, work together in
synergism. A large number of thermostable microbial
cellulases find extensive applications in food, chemical,
pharmaceutical, paper and waste treatment industries
[7,8].

With attention drawn to cellulosic biofuels, scientists
have laid much focus on the induction of more cellulase
production by the native organism and development of
an effective artificial cellulase system from cellulases of
different sources, in non-natural hosts through
recombinant DNA technology. Many cellulases of

fungal and bacterial origin have been cloned into non-
cellulase producing hosts, E. coli, S. cerevisiae and
Schizosaccharomyces pombe with corresponding high-
expression vectors [9-12]. The capacity to exploit
cellulolytic enzymes through protein engineering, like
those present inherently in the highly versatile
cellulosome producing C. thermocellum, under optimal
conditions holds immense prospects in the production
of ethanol as an inexpensive renewable energy source.
Four cellobiohydrolases CbhA, CelK, CelO, and CelS
along with twelve endoglucanases CelA, CelB, CelD,
CelE, CelF, CelG. CelH, Cel], CelN, CelQ, CelR and
CelT are produced by C. thermocellum that, unlike
fungal celluloses, exhibit a significantly high activity on
crystalline cellulose [12,13]. With recent advances in
genetic engineering, Clostridium thermocellum has
emerged as a potential candidate for consolidated
bioprocessing due to its anaerobic, ethanologenic and
thermophilic nature along with its amenability to co-
culture; thereby offering a promising future in biofuels
[14,15]. Cellulosic biofuels are not currently produced at
a competitive level primarily due to high production
costs of the cellulolytic enzymes.

The present study underscores the application of
protein engineering technique to cellulase, CelR of
Clostridium thermocellum for improving enzyme
characteristics i.e. enhancement of expression level
through truncation of native enzyme so as to reduce the
cost of the enzyme. Endoglucanase R (CelR) is the major
cellulosomal  processing endoglucanase of C.
thermocellum, having a catalytic domain of GH family
9 at N-terminus followed by a carbohydrate binding
module of family 3 (CMB3) and dockering domains at
the C-terminus. The full length native enzyme gene
(CelR) and a truncated version without the dockering
domains (CelR-CB) were successfully expressed in
E.coli under pET expression system. The truncated
version of CelR i.e. CelR-CB showed two fold increase
in the expression level as compared to full length CelR;
thereby making it a prospective approach to increase the
recombinant enzyme production.

Methods

1. Reagents, Plasmids and Bacterial Strains

The plasmid pTZ57R/T was employed for gene cloning
while pET28a was used to construct an expression
vector. Gene manipulation was done using E. coli DH5a
while E. coli BL21 (DE3) served as a host for pET
expression system. The genomic DNA of C.
thermocellum was purchased from ATCC (27405D).
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DNA purification was done using Fermentas DNA
Extraction kit (K0513) while TA cloning was carried out
using Fermentas InstaT/Aclone™ PCR Product Cloning
kit (K1214) according to the manufacturers’ guidelines.
Fermentas TransformAid™ Bacterial Transformation
kit (K2711) was used for the preparation and
transformation of competent cells of E. coli strains
DH5a and BL21 (DE3). All the reagents used in
experimental procedures were of analytical grade.

2. Primer Designing

According to the 2704 bp long nucleotide sequence of
CelR of C. thermocellum (NCBI accession no.
AJ585346) encoding a mature peptide, primer designing
was done using software Primer 3.0 and FastPCR (Table
1) and their properties were checked by
“Oligonucleotide Properties Calculator”. The gene’s
restriction map was checked using NEBcutter and
DNAmend. Restriction sites of Ncol and Xhol were
added in the forward (CelR-F) and reverse (CelR-R)
primers, respectively.

Primer Name Sequence

CelR-F (forward) 5 CCATGGATAACTATGGAGAAGCACTCC 3
CelR-R CB 5 CTTGGTACTCGAGGAGATCGATTTCG 3’
(reverse)

CelR-R (reverse)

5 CATACATCTTCTCGAGCAATCCTACAAAAC3’

Table 1: Primers designed for CelR

3. Amplification and TA cloning of native and
truncated Cel-R gene
The DNA sequence of Cel-R and CelR-CB was PCR
amplified using Taqg DNA polymerase and the primers
given in Table 1 as follows: denaturation at 95°C, 40 s;
annealing at 63.2°C, 30 s; extension at 72°C, 1 min 25 s
for 30 cycles. Following amplification, the PCR products
were analyzed on 1% agarose gel, the DNA was purified
and TA cloned in pTZ57R/T. The recombinant plasmids
(pTZ57R/T-  cel-R;  pTZ57R/T- celR-CB)  were
transformed into competent E. coli DH5a and cultured
onto LB agar plates containing kanamycin (50pg/ml),
isopropyl-B-D-thiogalactopyranoside (IPTG; 0.5mM)
and 5-bromo-4-chloro-3-indolyl--D-
galactopyranoside (X-gal; 20pg/ml) at 37°C. Positive
clones were confirmed by colony PCR and by blue-white
screening. Ten well-formed white colonies were re-
cultured on fresh LB agar media at 37°C (overnight).
The cloned recombinant plasmids, confirmed by
restriction digestion, were then purified from the culture
medium by alkaline lysis with SDS and pellet dissolved

in TE buffer (50ul). The isolated plasmids were then
restriction  digested with Ncol and Xhol for
confirmation, checked on 1% agarose gel and stored at -
20°C.

4. Construction of expression vectors

Plasmid pET-28a, that codes for a kanamycin resistance
marker, was employed as a vector to direct the
expression of cloned cel-R gene from its inducible T7
promoter as a His-tag fusion. The plasmid was
linearized by restriction digestion with Ncol and XhoI
that was checked by agarose gel electrophoresis. Purified
restricted celR and celR-CB were then ligated into
corresponding restriction sites of the linearized pET28a.
The resulting ligation mixture was transformed into
competent E. coli DH5a that were propagated at 37°C in
LB agar medium having 50pg/ml kanamycin for the
selection of transformants. Transformed E. coli DH5a
colonies were subjected to plasmid isolation by alkaline
lysis similar to the isolation of pTZ57R/celR (celR-CB)
from E. coli DH5a. The isolated expression plasmids
(pETCelR; pETcelR-CB) were confirmed by restriction
digestion.

5. Expression of native and truncated Cel-R in
shake flask

The confirmed expression constructs (pETCelR;
pETcelR-CB) were finally transformed into competent
E. coli BL21 (DE3) for cel-R expression. The bacterial
host cells were cultured onto LB-agar plates containing
kanamycin (50ug/ml) at 37°C. Positive clones were
streaked onto fresh LB agar plates and allowed to
incubate overnight at 37°C. Subsequently, a fresh clone
of recombinant E. coli BL21 (DE3) containing pETCelR
and pETcelR-CB respectively, was propagated in LB
broth supplemented with 100ug/ml kanamycin at 37°C
for 1-1.5 hours to an ODggonm 0f 0.5-0.8. Then 0.5mM of
IPTG was added to induce the expression of cloned
cellulase genes. The expression levels were
systematically assessed by analyzing the samples at
different induction times (0, 1, 2, 4, 6, 8 and 10 hours).
pET28a vector transformed E. coli BL21 (DE3) cells
were employed as a negative control.

6. Total cell protein analysis by SDS-PAGE

For evaluating protein expression in E. coli, 1 ml of the
post-induction samples was individually centrifuged at
12,000 rpm for 1 minute. The respective cell pellets were
resuspended in 75 pl of 1X phosphate buffered saline
(PBS) followed by the addition of an equal volume of 2X
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SDS sample buffer to each sample. Further processing
comprised of passing each sample through a 27-gauge
needle 10-20 times and heating at 85°C for 5-10 minutes
in a water bath. The samples were then subjected to 12%
SDS-PAGE at 100V for 15 minutes. Detection of
proteins was done by Coomassie brilliant blue R250
staining and protein assessed
densitometrically.

fractions were

Results
1. Amplification and TA cloning of native and
truncated Cel-R gene

CelR was PCR amplified for 30 cycles from genomic
DNA of C. thermocellum. Agarose gel analysis revealed
successful amplification of both the native and truncated
versions of CelR gene (Fig 1). PCR products were gel
purified and cloned into pTZ57R/T. Transformation of
E. coli DH5a cells with the recombinant plasmids
(pTZ57R/T- cel-R; pTZ57R/T- celR-CB) was then
carried out.

(A) (B)

2.2kb

1.6kb

Figure 1: Analysis of PCR product of celR (a) and CelR-CB (b) by
conventional agarose gel electrophoresis. Lane M: DNA Ladder; Lane
1: PCR products 2.2 Kb (a) and 1.6 Kb (b).

2. Transformation of E. coli DH5a with
recombinant plasmids

Following cloning of CelR into pTZ57R/T,
transformation of competent E. coli DH5a cells were
with  the constructed recombinant plasmids
(pTZ57R/T- cel-R; pTZ57R/T- celR-CB) was done.
Positive clones were determined by blue-white colony
screening and further confirmation was done by colony
PCR.

2.2kb — 2.2kb

Figure 2: Electrophoresis results of colony PCR of CelR on 1% agarose
gel electrophoresis. Lane M: DNA Ladder; Lane 1-9: colonies

3. Subcloning of CelR in expression vector pET-28a
The cloned recombinant plasmids were isolated from
the culture medium and purified restricted celR and
celR-CB were subcloned into linearized plasmid pET-
28a at Ncol and Xhol sites. The expression plasmids
(pETCelR; pETcelR-CB) transformed into E. coli DH5a
were confirmed by restriction digestion.

[V} (B)

M 1 2 3 4

—b 54k
5.4kb
2.8kb
1.6kb

Dl — 2210

Figure 3: Restriction analysis of (a) pCelR and (b) CelR-CB on 1%
agarose gel. Lane M: DNA ladder. (a) Lane 1: 5.4kb and 2.2 kb bands
produced for CelR. (b) Lane 4-5: Restriction of pET28a(+)/TCelR
(CD+BD) yields 5.4 kb and 1.6 kb bands.

4. CelR expression in E. coli BL21 (DE3) and Total
Cell Protein Analysis

The pET vector transformed E. coli BL21 (DE3) cells

were induced with 0.5mM IPTG for directing cellulase

gene expression. The expression levels were checked on

12% SDS-Polyacrylamide gel using SDS-PAGE.
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Figure 4: SDS-PAGE analysis of Total cell protein of E. coli BL21
(CodonPlus) transformed with (a) pET 28a(+)/CelR and (b) pET
28a(+)/CelR CD+BD and induced with 0.5 mM IPTG. Lane U: un-
induced sample, Lane 1: After 4 hr induction total cell protein, Lane 2:
After 6 hr induction total cell protein, Lane 3: After 8 hrs induction
total cell protein , Lane 4: After 10 hrs induction of total cell protein.

Discussion

In Clostridium thermocellum, a well-organized
complex of cellulase and hemicellulase enzymes,
referred to as cellulosome, is produced for hydrolyzing
plant cell wall polysaccharides [16,17]. The use of plant
biomass for second generation ethanol production
endows several benefits including cutting-down
dependence on fossil fuels and allowing less greenhouse
gas emissions [18]. Production cost is one of the factor
limiting cellulosic biofuel production which is mainly
due to expense associated with the production of
cellulolytic enzymes [19]. Protein engineering of
cellulolytic enzymes under ideal conditions is regarded
as an extremely promising approach in generating
ethanol as a cost-effective renewable energy source [20].
Hence, this research was aimed at enhancing the
expression of processive cellulase, CelR, from C.
thermocellum through deletion of dockerin domain,
located at the C-terminus of enzyme.

Endoglucanase R (CelR) is the chief cellulosomal
processing endoglucanase of C. thermocellum, having
an N-terminal catalytic domain, a carbohydrate binding
module and a dockerin domain [21,22]. Both native
(CelR) and truncated (CelR-CB) sequences were
subjected to PCR amplification from the genomic DNA
of C. thermocellum. PCR confirmation of successfully
amplified DNA fragments was done by agarose gel
analysis.

Optimization of MgCl, concentration was done for the
amplification of both enzyme sequences which
indicated best amplification at 2.5 mM MgCl,. The DNA
eluted from gel in each case was cloned into pTZ57R/T
followed by transformation of E. coli DH5a cells with
the constructs. The determination of positive clones was
done through blue/white screening and colony PCR of
white colonies. The PCR products of different sizes were
obtained as expected; 2.2 kb for CelR and 1.6 kb for
CelR-CB. The respective recombinant plasmids were
isolated from a positive colony and further confirmed by
restriction analysis, which indicated correctly restricted
products.

The native type gene celR (encoding native enzyme)
and its truncated derivative celR-CB (encoding the
truncated enzyme), were subjected to sub-cloning from
their respective pTZ-vectors into a T7-promoter based
expression plasmid, pET28a(+) at Ncol and Xhol sites.
Confirmation of the transformed E. coli DH5a colonies
was done by colony PCR and restriction digestion of
recombinant plasmids, pCelR and pCelR-CB with Ncol
and Xhol, which revealed successful release of celR (2.2
Kb) and celR-CB (1.6 kb) from the respective
recombinant plasmids. Transformation of E. coli BL21-
CodonPlus (RIPL) cells with the recombinant
expression plasmids was then carried out for expression
analysis.

Expression of recombinant cellulase variants in E. coli
BL21-CodonPlus (RIPL) was evaluated in LB medium
using IPTG or lactose as an inducer [23]. Both CelR
variants showed successful expression at their
corresponding molecular weights in E. coli BL21-
CodonPlus (RIPL) i.e. 80 kDa for native enzyme and 60
kDa for truncated version. Expression of CelR and CelR-
CB expressed in E. coli BL21-CodonPlus (RIPL) was
procured at levels of 12 and 125%, respectively of the
total cell proteins as calculated densitometrically.
Difference in heterologous expression of a recombinant
protein in E. coli may be due to multiple factors; but
most commonly it is regarded that larger the variant
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size, lower the expression level. Comparable
recombinant expression patterns of derivatives of two
main xylanases (XynC and XynZ) of C. thermocellum
have been previously documented [24]. Expression of all
the cellulase variants was obtained in the form of
insoluble proteins in the cytoplasm as revealed by the
SDS-PAGE analysis of sub-cellular fractions. No band of
cellulase was observed in in soluble fraction in each case.

The study indicates that recombinant enzymes (i.e.
CelR and CelR-CB) were successfully expressed in the
media and, more importantly, CelR-CB construct
exhibited over-expression due to deletion of dockerin
domain at the C-terminal end. Further studies on
soluble expression and refolding of enzyme are needed
for functional characterization of engineered enzyme to
divulge the effect of truncation of dockerin domain on
enzyme function.
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