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Abstract The celX gene encoding an extracellular cold-
active cellulase was isolated from a psychrotrophic
bacterium, which was isolated from deep-sea sediment
and identified as a Pseudoalteromonas species. It en-
coded a protein consisting of 492 amino acids with a
calculated molecular mass of 52.7 kDa. The CelX con-
sisted of an N-terminal catalytic domain belonging to
glycoside hydrolase family 5 and a C-terminal cellulose-
binding domain belonging to carbohydrate-binding
module family 5. The long linker sequence connecting
both domains was composed of 105 residues. The opti-
mal temperature for cellulase activity of CelX was 40°C.
The enzyme was most active at pH 6-7 and showed
better resistance to alkaline condition. The zymogram
activity analysis indicated that the CelX consisted of
single enzyme component. The cellobiose was main
hydrolysate of CelX.
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Cellulose is the major polysaccharidic compound in
plants and the most abundant renewable energy on
Earth. Its turnover plays an important role in global
carbon cycle for all living organism. In natural envi-
ronment, the degradation of cellulose is mainly carried
out by the multiple enzyme components produced by
microorganism. Microbial cellulases have been widely
studied in various bacteria, as well as in fungi (Garsoux
et al. 2004; Grant et al. 2004; Gaudin et al. 2000; Singh
and Hayashi 1995). In contrast to their mesophilic
counterparts, cold-active enzymes are more attractive
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not only because of their high activity in low tempera-
ture which is more valuable in application, but also
because they represent the lower natural limit of protein
stability and is a useful tool for studies in the field of
protein folding (Feller et al. 1996). Many cold-active
enzymes have been isolated from permanent environ-
ment such as the deep sea and the Antarctic, but the
cold-active cellulase is still short of study up to now.
Among the limited studies, one cellulase CelG was iso-
lated from an Antarctic bacterium Pseudoalteromonas
haloplanktis (Violot et al. 2003), another endoglucanase
was characterized from a mesophilic ruminal anaerobe
Fibrobacter succinogenes S85 (Iyo and Forsberg 1999),
the rest of the endoglucanase was isolated from a soil
psychrotrophic yeast Rhodotorula glutinis KUJ 2731
(Oikawa et al. 1998). Deep sea is the largest region on
the Earth, which is permanently below 5°C. But to our
knowledge, the isolation and characterization of cellu-
lase gene from deep sea has not been reported. Here we
report the isolation, characterization, and gene clone of
a cold-active endoglucanase CelX from a deep-sea psy-
chrotrophic bacterium.

The strain DY3, which showed strong cellulolytic
activity, was isolated from deep-sea sediment collected
from a depth of 5000 m at 8°21’N, 145°19’W in the east
Pacific with screening medium containing carboxym-
ethyl cellulose (CMC) and yeast extract. It could grow at
temperature ranging from 5 to 30°C and had an
optimum growth temperature of 20°C. As determined by
16S rDNA sequence, strain DY3 was most closely
related to the genus Pseudoalteromonas (Fig. 1), exhib-
iting the highest affiliation with P. citrea and P. elyah-
ovii. Thus we named this strain as Pseudoalteromonas sp.
DY3. Most of the bacteria exhibiting high levels of 16S
rDNA sequence similarity (upwards of 98%) to strain
DY3 were undefined species of Pseudoalteromonas,
indicating that the strain DY3 may be a new species.

The endoglucanase activity of the enzyme was
determined by the method described previously (Iyo and
Forsberg 1996). According to the cell growth, extracel-
lular cellulolytic activity was detected at 5-25°C, and
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Fig. 1 Phylogenetic analysis of Pseudoalteromonas sp. DY3. The
numbers in brackets are the EMBL accession numbers of the 16S
rDNA sequences. The tree was constructed by neighbor-joining
method. The scale bar shows 0.001 substitutions per base position.
Numbers refer to bootstrap values for each node out of a total of
100 replicate resamplings

reaching the highest value at 20°C. The purification
CelX was achieved at 4°C as follows. The cell-free
supernatant was brought to 90% saturation in
(NH4),SOy4, and the precipitate was dissolved and dia-
lyzed in 50 mM phosphate buffer (pH 8.0). The prepa-
ration was loaded onto a DEAE Sepharose CL-6B
column that was pre-equilibrated with 10 mM Tris—HCI
buffer (pH 8.0) and elution was carried out with a linear
gradient from 0 to 500 mM NaCl in the same buffer.
The active fractions showed a single clear band that
equal to a molecular mass of about 52 kDa on SDS-
PAGE by zymogram activity staining.

The maximal cellulolytic activity of CelX was ob-
tained at 40°C, 55 and 15% residual activity was de-
tected at 15 and 5°C, respectively (Fig. 2). But the
activity decreased quickly at temperature higher than
45°C. The CelX was stable at temperature below 20°C,
and no loss of activity was observed up to 12 h at 20°C.
At temperature above 40°C, the enzyme was rapidly
inactivated; only 30 and 10% residual activity was de-
tected after 30 min and 1 h incubation at 50°C, respec-
tively (Fig. 2). The CelX was most active at pH 6—7 and
retained 73 and 63% residual activity at pH 9 and 10,
respectively. It showed better stability in the buffers with
high pH values, keeping 64.3 and 37.6% residual activity
after incubation at pH 9 and 10 for 1 h separately.

The CelX digestion products of various substrates
were submitted to thin-layer chromatography (TLC) on
silica gel plate according to the method described pre-
viously (Jung et al. 1993). The CelX digested G4 to G2,
and did not show activity toward G2 and G3. The
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Fig. 2 The effect of temperature on activity (W) and stability of
CelX. The thermostability of CelX was determined by detecting the
relative activity after incubating the enzyme at temperatures from 5
to 60°C with increment of 5°C for 30 min (A), 60 min (@), and
120 min (O)
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Fig. 3 Analysis of CelX digestion products by TLC. M marker, G
glucose, G2 cellobiose, G3 cellotriose, G4 cellotetrose, G5 cellopen-
tose

digestion product of the G5 and CMC were all mixture
of G2 and G3, but the concentration of G2 produced
from CMC was obviously higher than that from GS5.
The results showed that the G2 was the main hydroly-
sate of CelX (Fig. 3).

Based on known endoglucanase sequences, oligonu-
cleotide primers were designed and used for ce/X gene
cloning as follows: 5-GGATCCATGAATAACAGTT-
CAAATAATCACA-3" (celXF) and 5-GCTAGCT-
TAATTACAAGTATAAAGAAGCGTCC-3" (celXR).
The PCR amplification was performed with an initial



denaturation step of 2 min at 95°C and then 30 cycles of
30 s denaturation at 94°C, 30 s at 52°C for primer
annealing, and 2 min at 72°C for primer extension. The
PCR product was cloned into pGEM-T vector
(Promega, WI, USA) and sequenced. Sequence analysis
of the amplified DNA revealed an open reading frame
(ORF) of 1479 nucleotides, encoding a protein of 492
amino acids (AAs), with a calculated molecular mass of
52,700 Da and an estimated pl of 4.05. It shared 95%
identity in AAs with P. haloplanktis endoglucanase CelG
(Violot et al. 2003).

The CelX contained three domains with distinct
structure and function, including catalytic domain in N-
terminal, cellulose-binding domain in C-terminal, and a
linker between them. The AA sequence of CelX catalytic
domain, between 33 and 327 from N-terminal, displayed
97 and 64% of similarity to P. haloplanktis endoglu-
canase CelG and Erwinia chrysanthemi endoglucanase
Cel3, respectively (Fig. 4). They all belonged to glyco-
side hydrolase family 5 (Davies and Henris1995), char-
acterized by five strictly conserved residues in the active
site namely Arg57, His100, His194, Glul35, and Glu222
(Bortoli-German et al. 1995; Wang et al. 1993). The
primary structure alignment of the catalytic domain
revealed that the cellulase Cel5 from E. chrysanthemi
(Py et al. 1991) was the mesophilic homologue of the
CelX. The C-terminal domain was a cellulose-binding
domain, belonging to family 5 of carbohydrate-binding

Fig. 4 Amino acid sequence
alignment of the psychrophilic
(CelX, CelG) and mesophilic
(Cel5) cellulases. The accession
numbers of cel/X gene and CelX
in GenBank were AY250997
and AAP04424, respectively
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modules (Tomme et al. 1995). The CelX had a long
linker sequence, which was much longer than that in
Cel5. The type of these additional residues was mainly
provided by an increase of Asp, Gly, Asn, Ser, and Val
residues.

Cold-active enzymes from psychrophilic microor-
ganisms are generally characterized by the following
specialties (Feller et al. 1996). At first, they have an
activity curve displaced toward low temperatures com-
pared with mesophilic counterparts. Second, they have a
higher catalytic activity and catalytic efficiency than
their mesophilic counterparts in the temperature range
of 0-30°C. Third, they have a limited thermostability
owing to denaturation at moderate and high tempera-
tures. The optimal temperature for cellulase activity of
CelX was 40°C, which was 15°C lower than that of Cel5.
The CelX kept 55% remnant activity at 15°C, whereas
its mesophilic counterpart Cel5 was totally inactive at
this temperature. On the other hand, the CelX was more
sensitive to the raising of temperature than Cel5. In view
of the characteristics described above, the CelX from
Pseudoalteromonas sp. DY 3 was a typical psychrophilic
cellulase.

Similar to the psychrophilic cellulase CelG, the CelX
had 20 AA residues that interacted with the substrate
(Garsoux et al. 2004), as indicated in Fig. 4 with aster-
isk. These conserved residues were consistent with the
structure of Cel5 from E. chrysanthemi, with the excep-
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tion of Tyr 204 in CelX, which is a Leu in Cel5 (Fig. 4).
No specific function has been assigned to this residue in
family 5 cellulases. Therefore, no obvious structural
change within the active site that can be related to the
activity of CelX at low temperature, implying that the
protein structures outside the active site were responsible
for cold-activity. The apparent difference between psy-
chrophilic cellulase and its mesophilic counterpart was
the linker sequence connecting catalytic domain and
cellulose-binding domain. In comparison with the
structure of Cel5, the psychrophilic cellulase CelX had a
longer linker sequence containing 73 additional AA
residues. The long linker endued the enzyme with better
extending and folding ability, which increased the sur-
face of substrate available to the catalytic domain. Three
DxDxDGxxDxxD motifs (Fig. 4) in linker sequence of
CelG were considered to be a possible structural basis
for the conformational organization of the enzyme chain
(Garsoux et al. 2004). In this study, the same motifs were
found in the linker sequence of CelX also, indicating
that they were special structure of psychrophilic cellu-
lase. Moreover, most of the difference in AAs between
CelX and CelG were found in these DxDxDGxxDxxD
motifs (Fig. 4), impling that these motifs might be
responsible for the enzymatic characteristics at low
temperature.
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