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a  b  s  t  r  a  c  t

Biofuel  production  from  plant-derived  lignocellulosic  material  using  fungal  cellulases  is  facing
cost-effective  challenges  related  to  high  temperature  requirements.  The  present  study  identified  a cold-
adapted  cellulase  named  endo-1,4-�-glucanase  (EF-EG2)  from  the earthworm  Eisenia  fetida.  The  gene
was  cloned  in the cold-shock  expression  vector  (pCold  I)  and  functionally  expressed  in  Escherichia  coli
ArcticExpress  RT  (DE3).  The  gene  consists  of  1368  bp  encoding  456  amino  acid  residues.  The  amino  acid
sequence  shares  sequence  homology  with  the endo-1,4-�-glucanases  of  Eisenia  andrei  (98%),  Pheretima
hilgendorfi  (79%),  Perineresis  brevicirris  (63%),  and  Strongylocentrotus  nudus  (58%),  which  all  belong  to
glycoside  hydrolase  family  9. Purified  recombinant  EF-EG2  hydrolyzed  soluble  cellulose  (carboxymethyl
ndo-1,4-�-glucanase
isenia fetida
old-adapted enzyme

cellulose),  but not  insoluble  (powdered  cellulose)  or crystalline  (Avicel)  cellulose  substrates.  Thin-layer
chromatography  analysis  of  the  reaction  products  from  1,4-�-linked  oligosaccharides  of  various  lengths
revealed  a cleavage  mechanism  consistent  with  endoglucanases  (not  exoglucanases).  The  enzyme  exhib-
ited significant  activity  at 10 ◦C (38%  of  the activity  at  optimal  40 ◦C)  and  was stable  at  pH  5.0–9.0,  with
an optimum  pH  of 5.5. This  new  cold-adapted  cellulase  could  potentially  improve  the  cost  effectiveness

of  biofuel  production.

. Introduction

The development of renewable energy sources has become
ncreasingly important to cope with the fast growing world pop-
lation and the limited crude oil supplies (Schiffer, 2008). While
he production of ethanol from corn or cane juice has raised con-
roversy due to its effect on food costs, this study paves the way
or the development of more cost-effective processes involving the
igestion of plant-derived lignocellulosic wastes, such as pulp and
aper (Dashtban, Schraft, & Qin, 2009). Lignocellulose is composed
f cellulose, hemicellulose, and lignin. Among them, cellulose is
he most abundant organic molecule on earth. Fungi, bacteria, and

nvertebrates produce enzymes named cellulases that are capa-
le of degrading the linear biopolymers of anhydroglucopyranose

Abbreviations: EF-EG2, endo-1,4-�-glucanase from Eisenia fetida; CMC, car-
oxymethyl cellulose; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
lectrophoresis; CBB, Coomassie Brilliant Blue; GH, glycoside hydrolase; dNTP,
eoxynucleotide triphosphate.
∗ Corresponding author. Tel.: +81 72 254 9468; fax: +81 72 254 9468.

E-mail address: mueda@biochem.osakafu-u.ac.jp (M.  Ueda).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.09.057
© 2013 Elsevier Ltd. All rights reserved.

connected by 1,4-�-glycosidic bonds into sugars for conversion to
bioethanol by fermentation.

Three types of cellulases function in concert to hydrolyze
cellulose into sugars. First, 1,4-�-glucan cellobiohydrolase (exo-
glucanases; EC 3.2.1.91) degrades cellobiosyl units from the
ends of the cellulose polymer. Second, endo-1,4-�-glucanase
(endo-glucanases; EC 3.2.1.4) randomly degrades internal 1,4-�-
glycosidic bonds into cello-oligosaccharides of various lengths.
Third, 1,4-�-glucosidase (EC 3.2.1.21) generates glucose from the
cleavage of cello-oligosaccharides by a process named saccharifi-
cation. Traditionally, the lignocellulosic material is pretreated using
alkaline and heat to expose the cellulose, which requires a costly
cooling step before hydrolysis (Ingram et al., 2011; Kovacs, Macrelli,
Szakacs, & Zacchi, 2009). However, the cooling step can be avoided
by the use of thermophilic fungal species, such as Sporotrichum
thermophile and Thielavia terrestris (Dashtban et al., 2009). Unfor-
tunately, the activity of most thermophilic organisms is lower than
that of mesophilic fungi, which would also interfere with produc-
tion efficiency.
It is likely that the cold-adapted enzymes have a great potential
value for biotechnological aspects. The enzymes have significant
advantages at the level of the specific activity, lower stabil-
ity, and unusual specificity (Gerday et al., 2000). Some of the

dx.doi.org/10.1016/j.carbpol.2013.09.057
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.09.057&domain=pdf
mailto:mueda@biochem.osakafu-u.ac.jp
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bvious applications for cold-adapted enzymes include the indus-
ries and processes such as detergent additives, textile industry,
ood industry, and bioremediation. A well known enzymes, such
s proteases, lipases, �-amylases, and cellulases, are able to use
s additive in detergent. The benefits of cold washing using cold-
dapted enzymes were reduced in the energy consumption and in
nnecessary wear and tear.

A recent study showed that the earthworm Eisenia fetida
xpresses a cold-adapted carboxymethylcellulase (EF-CMCase25)
ignificantly active at lower temperatures (Ueda et al., 2010). This
nzyme forms a complex with �-glucosidase, 1,3-�-glucanase,
nd �-xylosidase to efficiently hydrolyze intractable cellulosic
nd hemicellulosic substrates of plant cell walls. Therefore, cold-
dapted enzymes could potentially decrease the energy cost of
ydrolysis for the bioenergy industry. However, information about
ellulase genes and cold-adapted cellulolytic enzymes from E. fetida
s currently limited. The present study shows that E. fetida function-
lly expresses a cold-adapted endo-1,4-�-glucanase (EF-EG2) that
ould be developed as a cost-effective industrial biocatalyst.

. Materials and methods

.1. Isolation of total RNA and cDNA synthesis

E. fetida earthworms were obtained from Nagane Industry
Sapporo, Japan), and only those at nearly the same age were
sed in the experiments. The earthworms were washed, kept
n wet filter papers, and starved for 24 h at 20 ◦C. Next, they
ere freeze-dried and grinded to a fine powder using a mor-

ar and pestle. Total RNA was extracted using Isogen II (Nippon
ene, Japan) according to the manufacturer’s instruction. First-
trand cDNA was synthesized using an oligo(dt)17 adapter primer
GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT) and Superscript
I reverse transcriptase (Invitrogen, USA), according to the manu-
acturer’s instructions.

.2. Cloning of the EF-EG2 gene

Since E. fetida and Eisenia andrei are closely related earthworm
pecies, we used the sequence of endo-1,4-�-glucanase from E.
ndrei (EA-EG2; GenBank No. EU315749) to conduct cDNA cloning
f EF-EG2. Forward (5′-ATGGCGACACGATTGATGATGCTGCTG-3′)
nd reverse (5′-TCACTTGCCGTCTCTCAGCTGAATGGC-3′) primers
ere synthesized on regions corresponding to amino acids 1–9 and

49–456, respectively. The reaction mixture (50 �l Ex Taq buffer)
ontained E. fetida cDNA (100 ng), 0.25 �M of each primer, 200 �M
f each deoxynucleotide triphosphate (dNTP), and 1.25 U EX Taq
ot Start DNA polymerase (Takara Bio, Kyoto, Japan). Thermocy-
ling consisted of 30 cycles at 98 ◦C for 10 s, 60 ◦C for 10 s, and
2 ◦C for 90 s. The resulting 1.4-kb DNA fragment was  cloned into
he pGEM-T-easy vector (Promega, Fitchburg, WI,  USA), and the
ucleotide sequence of the amplified fragment was confirmed by
equencing.

.3. Construction of the expression plasmid

The forward (5′-CGC CAT ATG GGT CAA TAT AAT TAT GAC GAA
TT CTG-3′, NdeI site underlined) and reverse (5′-TGC TCT AGA
TT GCC GTC TCT CAG CTG CTG AAT G-3′, XbaI site underlined)
rimers were synthesized on regions corresponding to amino acid
esidues 21–29 and 449–456 of EF-EG2, respectively. The PCR reac-
ion mixture (50 �l Prime STAR buffer) contained E. fetida cDNA,

.25 �M of each primer, 200 �M of each dNTP, and 1.25 U of Takara
rime STAR DNA polymerase (Takara Bio, Kyoto, Japan). Thermocy-
ling consisted of 25 cycles at 98 ◦C for 10 s, 60 ◦C for 5 s, and 72 ◦C
or 90 s. The resulting 1.4-kb DNA fragment was cloned into the
mers 101 (2014) 511– 516

pGEM-T-easy vector according to the manufacturer’s instructions.
The pGEM-T-easy vector containing the DNA fragment was treated
with the restriction enzymes NdeI and XbaI, and the DNA fragments
were purified by agarose gel electrophoresis. The DNA fragments
and pCold I vector (Takara Bio, Kyoto, Japan) were mixed and ligated
with T4 DNA ligase (Nippon Gene, Tokyo, Japan). This expression
plasmid coding a matured EF-EG2 was named pCo EF-EG2.

2.4. Expression and purification of recombinant enzyme

The expression plasmid pCo EF-EG2 was  transformed into
Escherichia coli ArcticExpress RT (DE3) co-expressing the chaperon
system Cpn60/10 from Oleispira antarctica (Agilent Technologies,
Santa Clara, CA, USA). The transformed bacteria were cultured at
37 ◦C in 400 ml  LB medium containing ampicillin (final concentra-
tion 100 �g/mL) till an optical density of 0.4 at 600 nm was  reached.
Next, 1 mM isopropyl thio-�-d-galactopyranoside (Nakarai Tesque,
Kyoto, Japan) was added to induce protein expression at 13 ◦C
overnight. The cultures were harvested by centrifugation (9000 × g,
20 min, 4 ◦C). The cells were resuspended in 40 ml of 20 mM
Tris–HCl buffer (pH 7.0) containing protease inhibitor cocktail (cat-
alog No. 03969-21, Nakarai Tesque, Kyoto, Japan), sonicated, and
centrifuged (9000 × g, 20 min, 4 ◦C). The supernatant was applied
to a Ni-Sepharose 6 FF column (1 cm × 7 cm)  (GE Healthcare, Lit-
tle Chalfont, Buckinghamshire, UK) and equilibrated with 50 mM
phosphate buffer (pH 8.0) containing 5 mM imidazol and 300 mM
NaCl. EF-EG2 was  eluted over 5–300 mM imidazol gradient (60 min;
1 ml/min). The active fractions were desalted on a PD-10 column
(GE Healthcare, Little Chalfont, Buckinghamshire, UK), and then
loaded onto a Resource Q column (column volume: 6 ml)  (GE
Healthcare, Little Chalfont, Buckinghamshire, UK) and equilibrated
with 20 mM  Tris–HCl (pH 7.0). The enzyme was  eluted with linear
gradient of NaCl (0–1.0 M)  in 20 mM Tris–HCl (pH 7.0) at a flow rate
of 1 ml/min. Active fractions were pooled and used as the purified
enzyme solution.

2.5. Enzyme and protein assay

The activity of EF-EG2 was  detected by the release of reduced
sugar from carboxymethyl cellulose (CMC; Nakarai Tesque, Kyoto,
Japan), as previously described (Ueda et al., 2010). The assays of the
purified enzyme with powdered cellulose and Avicel (Funakoshi,
Tokyo, Japan) were conducted using the same procedure as the
standard assays. The amount of enzyme activity required to form
an amount of reducing sugar corresponding to 1 �mol  of glucose
per min  of reaction time was regarded as one unit of enzyme
activity. Protein concentration of EF-EG2 protein was calculated
using absorbance at 280 nm and the protein extinction coefficient,
according to the method of Gill and von Hippel (1989).

2.6. Effects of pH and temperature on enzyme activity and
enzyme stability

The activity of EF-EG2 was  measured over a range of pH and
temperatures with CMC  as the substrate. The buffer systems were
0.1 M sodium acetate (pH 3.5–6.0), 0.1 M sodium phosphate (pH
6.0–8.0), and 0.1 M Tris–HCl (pH 8.0–9.0). The effect of temperature
on enzyme activity was  examined at 10–60 ◦C.

The effect of pH on the stability of EF-EG2 activity was examined
by incubating the enzyme for 30 min  at 37 ◦C in 0.1 M of the follow-
ing buffers: sodium acetate (pH 3.5–6.0), sodium phosphate (pH
6.0–8.0), Tris–HCl (pH 8.0–9.0), and glycine–NaOH (pH 9.0–12.0).

After the incubation, the remaining activity was  measured under
the standard assay conditions. To measure thermal stability, the
enzyme was  incubated in 0.1 M acetate (pH 6.0) for 30 min  at
various temperatures (10–60 ◦C). After the incubation, the
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emaining activity was measured under the standard assay con-
itions.

.7. Substrate specificity

Standard enzyme assays were conducted to test the specificity
f EF-EG2 for polymers containing �-glycosidic bonds, such as Avi-
el, cellulose powder, and CMC. In each case, enzyme activity was
easured by the production of reduced sugars.

.8. Thin-layer chromatography (TLC)

The mode of action of EF-EG2 was investigated by TLC of the
eaction products generated by hydrolysis of various 1,4-�-linked
ligosaccharides. The reactions were conducted in 0.1 M acetate
uffer (pH 5.5), containing 50 �l enzyme (0.47 U/ml) and 1 mg/ml
,4-�-linked oligosaccharides (cellotriose, cellotetraose, cellopen-
aose, or cellohexaose). The reactions were conducted at 25 ◦C, and
amples collected after 0–200 min  were identified by TLC, as previ-
usly described (Kusuda, Nagai, Hur, Ueda, & Terashita, 2003; Ueda
t al., 2010).

.9. Molecular mass and N-terminal amino acid sequence

The molecular mass was estimated by sodium dodecyl sulfate-
olyacrylamide gel electrophoresis (SDS-PAGE) following the
ethod of Laemmli (1970) using the Precision Plus ProteinTM

nstained Standards (Bio-Rad Laboratories, Inc., CA, USA). Protein
ands were detected by Coomassie Brillant Blue (CBB) R-250 stain-

ng. Protein band pattern analysis was conducted using the ImageJ
oftware.

Proteins separated by SDS-PAGE were transferred onto a
olyvinylidene fluoride membrane. The membrane was washed
xtensively with water, stained with 0.25% CBB R-250, 5% aque-
us methanol, and 7.5% acetic acid for 5 min, and then de-stained
ith 90% aqueous methanol for 10 min. A portion of the membrane

ontaining the target protein band was cut out, and the protein
as extracted from the membrane. The N-terminal amino acid

equence was determined with an automated protein sequencer,
s previously described (Ueda et al., 2008; Ueda, Asano, Nakazawa,
iyatake, & Inouye, 2008).

.10. Nucleotide sequence accession number

The E. fetida EF-EG2 mRNA data reported in the present paper
ave been submitted to the DDBJ, EMBL, and NCBI databases under
he accession number AB679653.

. Results and discussion

.1. Cloning and sequence analysis of EF-EG2 gene

The present study shows that endo-1,4-�-glucanase is function-
lly expressed by the earthworm species E. fetida. The length of the
F-EG2 gene was determined to be 1368 bp, encoding for a pro-
ein of 456 amino acids. The mRNA sequence of EF-EG2 has been
eposited in the GenBank database (AB679653). The amino acid
equence of EF-EG2 shows similarity with endo-1,4-�-glucanases
f E. andrei (98%; EU31579), Pheretima hilgendorfi (79%; AB452993),
erineresis nuntia brevicirris (63%; AB558290), Strongylocentrotus
udus (58%; AB282677), Nematostella vectens (58%; XP 001640312),
nd Ampullaria crossen (54%; FJ716619). The fact that these inver-

ebrate 1,4-�-glucanases all belong to the glycoside hydrolase (GH)
amily 9, suggests that EF-EG2 may  also belong to this enzyme
amily. In addition, all catalytically important residues of endo-
,4-�-glucanase of the GH family 9 (Nishida et al., 2007) were
mers 101 (2014) 511– 516 513

conserved in EF-EG2 (Asp74, Asp77, His378, Asp422, and Glu431),
as shown for E. andrei and P. hilgendorfi (Fig. 1). The structure of EF-
EG2 contains a signal peptide and a catalytic domain, as reported for
the endo-1,4-�-glucanases of P. hilgendolfi, S. nudus, and Teleogryl-
lus emma (Kim et al., 2008; Nishida et al., 2007; Nozaki, Miura,
Tozawa, & Miura, 2009). EF-EG2 exhibited high activity against
soluble substrate, but no activity against insoluble (powdered
cellulose) or crystalline cellulose (Avicell) substrate containing 1,4-
�-glycoside bond. On the other hand, the endo-1,4-�-glucanases
of Ampullaria crossean and H. discus are modular enzymes com-
posed of a signal sequence, a cellulose binding module, a linker,
and a catalytic domain (Li, Yin, Ding, & Zhao, 2009; Suzuki, Ojima,
& Nishita, 2003). In the case of endo-1,4-�-glucanase of A. crossean,
the enzyme exhibited hydrolytic activities against both CMC  and
Avicell. It was suggested that endo-1,4-�-glucanases of GH family
9 require the cellulose binding domain to hydrolyze the insoluble
and crystalline cellulose substrates.

3.2. Expression of EF-EG2 in E. coli ArcticExpress

The mature active form of EF-EG2 (catalytic domain of EF-EG2)
was successfully expressed in E. coli ArcticExpress co-expressing
the chaperon system Cpn60/10 of O. antarctica.  1,4-�-Glucanase
activity of the recombinant crude enzyme solution was determined
to be 1.0 U/ml culture. The recombinant enzyme purified in this
study was from E. coli ArcticExpress RT harboring pCo EF-EG2.
Based on SDS-PAGE analysis, the molecular mass of the purified
recombinant enzyme was estimated to be 50 kDa (Fig. 2). Protein
band pattern analysis indicated that EF-EG2 accounted for 64% of all
bands. Partially purified enzyme contained chaperonine proteins
(Cpn60/10), corresponding to the 60 kDa band on the SDS-PAGE.
Cpn60/10 could not be removed using the protocol of Joseph and
Andreotti (2008). The recombinant enzyme was purified 136-fold,
with a recovery of 1.15%. A total of 41.2 �g protein was  harvested
from the cell-free extract of E. coli harboring pCo EF-EG2 (400 ml
culture broth).

3.3. Properties of recombinant EF-EG2

The functional properties of purified recombinant EF-EG2 were
determined by enzyme assays with CMC  as the substrate. The opti-
mum pH of EF-EG2 was  found to be 5.5 (Fig. 3A, Table 1). Its activity
was stable at 60–65% of maximal value at pH 6.0–9.0 (Fig. 3B).
Similar optimum pH values have been reported for other types of
cellulases, namely EF-CMCase25 (Ueda et al., 2010), Nasutitermes
takasagoensis (Tokuda, Watanabe, Matsumoto, & Noda, 1997) Reti-
culitermes speratus (Watanabe et al., 1997), T. emma (Kim et al.,
2008), and A. crossean (Li et al., 2009). In contrast, endo-1,4-�-
glucanases exhibit optimum pH values ranging from 6.3 to 7.5,
namely Haliotis discus hannai (Suzuki et al., 2003), and S. nudus
(Nishida et al., 2007).

The optimal temperature of EF-EG2 was identified as 40 ◦C
(Fig. 3C, Table 1), and the enzyme exhibited significant activity at
10 ◦C (38% of the activity at optimal 40 ◦C) (Fig. 3C). These data show
that EF-EG2 is a cold-adapted enzyme. The earthworm E. fetida
expresses other cold-adapted enzymes, namely EF-CMCase25, raw
starch-digesting �-amylases, and an anti-plant viral serine pro-
tease (Ueda et al., 2008a; Ueda, Asano, et al., 2008; Ueda et al.,
2010). In addition, the endo-1,4-�-glucanases from invertabrates
are also cold-adapted enzymes (Table 1). The optimal temperatures
of cellulase (SnEG54) of S. nudus and cellulase (TeEG-I) of T. emma
were identified as 35–40 ◦C, and the enzymes exhibited significant

activities at 10 ◦C (30–40% of the activities at optimal temperatures)
(Kim et al., 2008; Nishida et al., 2007). Cellulase (AC-EG2) of A. croc-
cean also had a significant activity at lower temperature (Li et al.,
2009). All these invertebrates are considered psychrophiles. They
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EF-EG2            1 MATRLMMLLG MIALCMSGVAGQYNYDEVL EKSILFYEAERSGDLP ANNRIPYRGDSALGD QGN QGQDLTG 70 
EA-EG2            1 MATRLMMLLG MIALCMSGVAGQYNYDEVL EKSILFYEAERSGDLP SNNRIPYRGDSALGD QGN QGQDLTG 70 
P.hil_Cel         1 --MMLKLLLG-IFVYLGTATGQYNYDEVLSKSILFYEAERSGDLPANNRIDYRGDSALGDRGNGGQDLTG 68 

EF-EG2           71 GWYDAG DHVKFGFPMAF ATTTLAWGILEFRDGYEAAGQYNLALDSIRWTLNY FLKAHVSDNEFYGQVGDA 140 
EA-EG2           71 GWYDAG DHVKFGFPMAF ATTTLAWGILEFRDGYEAAGQYNLALDSIRWTLNY FLKAHVSDNEFYGQVGDA 140 
P.hil_Cel        69 GWYDAGDHVKFGFPMAFSTTTLAWGILEFRAAYEAAGQYSYALDSIRWPLDYFIKAHVSDNEFYGQVGDG 138 

EF-EG2          141 NTDHAYWGRPEDM TMERPAWSI SPSAPGSDLAAETAAALAAGYLVFRD SDAAFANNLL AHSR TLY DFA LN 210 
EA-EG2        141 NTDHAWWGRPEDMTMERPAWSISPSAPGSDLAAETAAALAAGYLVFRDLDAAFANNLLAHSRTLYDFALN 210 
P.hil_Cel       139 NADHSYWGRPEDMIMARPAWSITPSAPGADLAAETAAALAAGYLVFRDSDAGYAANLLDHARRLYTFAYN 208 

EF-EG2          211 NRGIYSQSISNAAGFYASSAYEDELAWGAAWLYRATEEQEYLDRAYEFGTTTNTAWAYDWNEKIVGYQLL 280 
EA-EG2          211 NRGIYSQSISNAAGFY ASS AYEDELAWGAAWLYRAT EEQ EYLDR AYEFGT TTNTAWAYDWNEKIVGYQLL 280 
P.hil_Cel 209 NRGIYSQSISNAAQFY SSS SYVDELAWGAAWLYRAT NEQ TYLNY ALEFAD TSAISWAYDWNEKIVGYQLL 278 

EF-EG2          281 LTTSAGQT DFLPRVENFL RNWFPGGSV QYTP LGLAWLAQWGPNRYAAN AAFIALV SAKYNILAS ESEQFA 350 
EA-EG2          281 LTTSAGQT DFLPRVENFL RNWFPGGSV QYTP LGLAWLAQWGPNRYAAN AAFIALV SAKYNILAS ESEQFA 350 
P.hil_Cel       279 LFSSAGQTVFQTPVEGYIRSWMPGGSVTYTPQGLAWRQQWGPNRYAANSAFIALVAAKYNILTAEAQNFA 348 

EF-EG2          351 RSQIHYMLGDAGRSYVVGFGNNPPQQPHHRSSSCPDQPAECDWDEFNQPGPNYQILYGALVGGPDQNDQF 420 
EA-EG2         351 RSQIHYMLGDAGRSYVVGFGNNPPQQP HHRSSSCPDQPAECDWDE FNQPGPNYQILYGALVGGPDQNDQF 420 
P.hil_Cel       349 RSQIHYMLGDTGKSFVVGFGNNPPQQP HHRSSSCPDQPNPCDWDE YNNPGPNYQILYGALVGGPDQNDNY 418 

EF-EG2          421 EDLRSDYIRN EVA NDYNAGFQGAVA ALRAIQLRDGK 456  
EA-EG2         421 EDLRSDYIRNEVANDYNAGFQGAVAALRAIQLRDGK 456 
P.hil_Cel       419 NDARSDYISNEVACDYNAGFQGAVAGLRALTL---- 450  
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ig. 1. Sequence alignment of earthworm 1,4-�-glucanases from Eisenia fetida (EF-EG
ed  letters indicate the catalytic amino acids. All sequences are numbered from Me
eferred to the web  version of the article.).

row vigorously in low temperature environments, and their base-
ine metabolism may  be maintained at low temperatures with little
r no change in enzymatic activities.

The enzymatic activity of purified recombinant EF-EG2 was
0.8 units/mg protein with CMC  as the substrate. This value was
igher than that of E. fetida EF-CMCase25 (7.25 units/mg protein)
Ueda et al., 2010). In contrast, EF-EG2 was unable to hydrolyze
nsoluble (powdered cellulose) or crystalline (Avicel) cellulose sub-

trates containing 1,4-�-glycosidic bonds. The inability of EF-EG2
o digest Avicel is shared by the endo-1,4-�-glucanase (Cel5M) of
sychrophilic deep-sea bacteria Pseudomonas (Garsoux, Lamotte,

ig. 2. SDS-PAGE analysis of partially purified recombinant EF-EG2. M, Precision Plus Pr
-glucanase. Protein band pattern analyzed by ImageJ (http://rsb.info.nih.gov/ij/). The ta
pn60.
679653), Eisenia andrei (EA-EG2, EU315749), and P. hilgendorfi (P. hil Cel, AB452993).
 the peptide (For interpretation of the references to color in this text, the reader is

Gerday, & Feller, 2004). In contrast, Avicel is a substrate of cel-
lobiohydrolase in Cellulosilyticum ruminicola (Cai et al., 2010)
(ACZ98592.1). Cellobiohydrolase from C. ruminicola has cellu-
lose binding domain in the multi-domain structure, but EF-EG2
and Cel5M do not have cellulose binding domain. Generally, the
cellulose binding domains have been enhanced the hydrolytic
activity against the insoluble and crystalline cellulose substrates.
These studies confirm that EF-EG2 expresses only an endo-1,4-�-

glucanase activity against soluble cellulose substrates.

To clarify the mode of action of purified recombinant
EF-EG2, enzymatic assays were conducted with 1,4-�-linked

oteinTM Unstained Standards (Bio-Rad Laboratories, Inc., CA, USA); 1, Purified 1,4-
ble indicates the relative intensity of each band, with the identity of EF-EG2 and

http://rsb.info.nih.gov/ij/


M. Ueda et al. / Carbohydrate Polymers 101 (2014) 511– 516 515

Fig. 3. Functional properties of purified recombinant EF-EG2. All reactions were conducted on purified enzyme with CMC  as the substrate. (A) Effect of pH on enzyme activity
at  37 ◦C in 0.1 M of the following buffers: �, sodium acetate (pH 3.5–6.5); �, sodium phosphate (pH 6.0–8.0); �, Tris–HCl (pH 8.0–9.0). (B) Effect of pH on enzyme stability.
Assays  conducted at 37 ◦C (pH 5.5) after a 30-min incubation in 0.1 M of the following buffers: �, sodium acetate (pH 3.5–6.0); �, sodium phosphate (pH 6.0–8.0); �, 0.1 M
T on en
A .0) at
d

o
l
t
u

F
c
c

ris–HCl  (8.0–9.0); •, glycine–NaOH buffer (pH 9.0–12.0). (C) Effect of temperature 

ssays  conducted at 37 ◦C after a 30-min incubation in 50 mM acetate buffer (pH 6
eviations were within the symbols.
ligosaccharides of various lengths (cellotriose, cellotetraose, cel-
opentaose, or cellohexaose), and buffer aliquots collected over
ime were analyzed by TLC (Fig. 4). The major hydrolysis prod-
cts from cellohexaose and cellopentaose were cellotriose and

ig. 4. Mode of action of purified recombinant EF-EG2 analyzed by TLC. Separation of th
ellopentaose, (3) cellotetraose, or (4) cellotriose, as described in Section 2. Standards: G
ellohexaose. C (negative control): incubation of each oligosaccharide in 0.1 M acetate bu
zyme activity measured at 10–60 ◦C. (D) Effect of temperature on enzyme stability.
 10–60 ◦C. The data represent the mean of duplicate measurements. The standard
cellobiose. The major hydrolysis product from cellotetraose was
cellobiose. In contrast, cellotriose was  not degraded. The hydrol-
ysis pattern and products generated by EF-EG2 were similar to
those reported for endo-1,4-�-glucanases from S. nudus and Mytilus

e reaction products from enzyme reactions conducted with (1) cellohexaose, (2)
1, glucose; G2, cellobiose; G3, cellotriose; G4, cellotetraose; G5, cellopentaose; G6,
ffer (pH 5.5) in the absence of EF-EG2.
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Table 1
Properties of GH family 9 endo-1,4-beta-glucanases from invertebrates and insects.

Origin (enzyme name) Molecular
mass (kDa)

Optimum pH Optimum
temperature (◦C)

pH stability Thermostability (◦C) References

E. foetida (EF-EG2)* 50 5.5 40 5.0–9.0 ∼40 This study
E.  foetida (EF-CMCase25)* 25 5 40 7.0–9.0 ∼40 Ueda et al. (2010)
Ampullaria crossean (AC-EG2)* 65 5.5–6.5 50–55 4.5–5.5 ∼50 Li et al. (2009)
Haliotis discus hannai 66 6.3 38 ND ∼30 Suzuki et al. (2003)
Nasutitermes takasagoensis (NtEG) 47 6 65 5.5–9.0 ∼60 Tokuda et al. (1997)
Pheretima hilgendorfi (phhEG) 51 ND ND ND ND Nozaki et al. (2009)
Reticulitermes speratus (YEG1) 42 6 50 ND ∼40 Watanabe et al. (1997)
Reticulitermes speratus (YEG2) 41 6 50 ND ∼40 Watanabe et al. (1997)
Strongylocentrotus nudus (SnEG54)* 54 6.5 35 ND ND Nishida et al. (2007)
Teleogryllus emma (TeEG-I)* 47 5 40 ND ND Kim et al. (2008)

N
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mite. Insect Biochemistry and Molecular Biology, 27,  305–313.
D: not determined.
* Cold-adapted enzyme and/or cold active enzyme.

dulis (Nishida et al., 2007; Xu, Hellman, Ersson, & Jason, 2000).
rom these results, this enzyme was considered to be an endo-type
,4-�-glucanase.

. Conclusion

This study demonstrates that E. fetida expresses a cold-adapted
ndo-1,4-�-glucanase. Currently, the best scenario envisioned for
ost-effective biofuel production involves an alkaline/heat pre-
reatment of the plant-derived lignocellulosic material to expose
he cellulose, followed by high-temperature degradation of the
ellulose using thermophilic fungi as a source of endo-1,4-�-
lucanase to avoid the costly cooling step. The identification of
old-adapted cellulases, like EF-EG2, constitutes an important step
n the development of a low-temperature industrial process that

ould reduce costly energy consumption, protect thermolabile
ubstrates, decrease the rate of nonspecific chemical reactions and
educe the risks of infection by microorganisms.
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