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Abstract Pseudoalteromonas sp. NO3 was isolated from
the hemolymph of diseased sea squirts (Halocynthia rore-
ntzi) with symptoms of soft tunic syndrome. The strain was
found to produce an extracellular cellulase (CelY) that con-
sisted of a 1,476 bp open reading frame encoding 491
amino acid residues with an approximate molecular mass of
52 kDa. Homologies of the deduced amino acid sequence
of celY with the products of the celA, celX, celG and cel5Z
genes were 92.6, 93.3, 92.6, and 59.1%, respectively. Addi-
tionally, CelY had 50-80% remnant catalytic activity at
temperatures of 10-20°C. Highest carboxymethyl cellulose
(CMC) hydrolysis was observed at pH 8.0 and 40°C. CMC
activity was determined by zymogram active staining and
different degraded product profiles for CelY were obtained
when cellotetraose, cellopentaose, and CMC were used as
substrates. This study identified a transglycosylation activ-
ity in CelY that allows the enzyme to digest G4 to G2 and
G3 without the production of G1.
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Introduction

Cellulose consists of a linear polymer chain of f-linked
glucose molecules and is the most abundant biopolymer
worldwide [1]. Previous studies have revealed the existence
of many different bacterial and fungal cellulases that can be
classified into three types: endoglucanases (EC 3.2.1.4),
exoglucanases (EC 3.2.1.91), and pf-glucosidases (EC
3.2.1.21) [2, 3]. Endoglucanases cleave intramolecular
f-1,4-glucosidic linkages at random, whereas exoglucan-
ases hydrolyze long chains from the ends in a progressive
process [4]. f-Glucosidases cleave cellobiose into glucose
[4]. Endoglucanase activities can be measured based on an
increase in reducing ends determined by a reducing sugar
assay [5]. The general technique for measurement of endo-
glucanase activities can also be performed easily on agar
plates by staining the residual long chains of polysaccha-
rides with Remazol brilliant blue R dye [6]. The family 113
glycoside hydrolases (GHs) includes a group of glycosi-
dases, transglycosidases and GH-encoding genes that are
estimated to contain genomes corresponding to about 47%
of the enzymes classified in the carbohydrate-active
enzymes databases (CAZy) [3]. Recently, screening of
novel enzymes from prokaryotic organisms has increased
due to the identification of Fibrobacter succinogenes S85,
Cellulomonas pachnodae, Bacillus sp., and various
extremophiles as potential sources for the industrial pro-
duction of cellulases [7-12]. In addition, cold-active
enzymes have high enzymatic activity and protein stability
at low temperature; therefore, they have generated consid-
erable interest because they have the potential to improve
the energy efficiency of industrial applications [12]. The
cold-active enzyme CelG is produced by Pseudoaltero-
monas haloplanktis, which was isolated from the deep
ocean and the Antarctic [13]. In addition, CelA and CelX,
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which both encode cellulase, were isolated from Pseudoal-
teromonas sp. MB-1 and DY 3, respectively [14].

We isolated a cellulolytic bacterial strain, designated
NO3, from the hemolymph of diseased ascidians (sea
squirts, Halocynthia roretzi). The diseased sea squirts have
thin and soft tunic tissues due to the low density of cellu-
lose microfibrils on their surfaces, whereas normal sea
squirts have a thick and hard tunic. Here, we characterized
a cellulase (CelY) produced by Pseudoalteromonas sp.
NO3, which was highly active toward carboxymethylcellu-
lose (CMC).

Materials and methods
Strain and cultivation conditions

Using standard dilution plating techniques, Pseudoaltero-
monas sp. NO3 was isolated from the hemolymph of dis-
eased H. rorentzi samples collected from aquaculture sites
in Tongyoung, Korea, in June 2008. Isolation was
achieved using modified ZoBell’s agar (5 g Bacto pep-
tone, 1 g yeast extract, 0.1 g ferric citrate and 15 g Bacto
agar in 1 L distilled water) supplemented with 2% artifi-
cial sea salts (Sigma, St. Louis, MO) and 1% sodium
CMC (Sigma) [21]. The isolate was then cultured rou-
tinely on marine agar 2216 (MA; Difco, Detroit, MI) at
25°C and maintained as a glycerol suspension (20%, w/v)
at —80°C.

Bacterial identification

Bacterial DNA preparation, PCR amplification and
sequencing of the 16S rRNA gene were conducted as previ-
ously described [15]. The resultant sequence of strain NO3
(1,444 nt) was then aligned manually against sequences
obtained from the GenBank database. Phylogenetic trees
were inferred from the regions available in all sequences
(positions 24-1440; Escherichia coli numbering system)
using the neighbour-joining (NJ) method [16]. Evolution-
ary distance matrices were generated using the method
described by Jukes and Cantor [17]. The resultant NJ tree
topology was evaluated by means of bootstrap analyses
[18] based on 1,000 resamplings. Alignment and phyloge-
netic analyses were conducted using the jJPHYDIT program
(available at http://plaza.snu.ac.kr/~jchun/jphydit/) and
PAUP 4.0 [19], as described previously [20].

Physiological and biochemical tests
Growth tests were conducted on nutrient agar (NA, Difco),

trypticase soy agar (TSA, Difco), R2A agar and ZoBell’s
agar (5 g Bacto peptone, 1 g yeast extract, 0.1 g ferric
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citrate and 15 g Bacto agar in 1 L distilled water) [21]. All
media used in physiological tests were supplemented with
2% sea salt except for MA and marine broth 2216 (MB;
Difco). The optimum growth temperature (4-50°C) was
determined based on the level of growth on MA after incu-
bation for 1 week. Hydrolysis of casein (2% skim milk,
w/v), Tween 20 (1%, w/v) and Tween 80 (1%, w/v) was eval-
uated using the method described Smibert and Krieg [22],
with MA being used as the basal medium. DNase activity
was determined using DNase test agar (Difco). Other bio-
chemical tests and enzyme activities were performed using
API 20E and API ZYM kits (bioMérieux, Marcy 1’Etoile,
France) and a GN2 MicroPlate (Biolog, Hayward, CA)
according to the manufacturer’s instructions, with the
exception that the bacteria were suspended in artificial sea
water (ASW) [23]. Antibiotic resistance was determined
using the disc diffusion method by incubating the samples
in the presence of commercial antibiotic-impregnated discs
(BBL Becton Dickinson, Franklin Lakes, NJ) for 4 days at
25°C in MA. The results were interpreted according to the
guidelines set forth by the Clinical Laboratory Standards
Institute (CLSI) [24].

Cellulase purification

Pseudoalteromonas sp. NO3 was grown at 25°C for 24 h
in a 7L fermenter (KoBioTech, Incheon, Korea) that
contained 4 L marine broth. After centrifugation at
7,000 g for 30 min, the bacterial cell pellet was removed
and the supernatant concentrated using an Amicon con-
centrator (10 kDa cut-off filter) against 50 mM Tris
buffer (pH 8) at 4°C. Fractionation of bacterial proteins
by gel filtration chromatography (GFC) was then con-
ducted using HPLC (Shimadzu system, LC-6AD pump,
RID-10A detector, SPD-M20A detector, Kyoto, Japan)
with an Asahipak GS-310 column (20 mm ID x
500 mm, Showa Denko Kogyo, Tokyo, Japan). The sam-
ples were eluted with water at a flow rate of 5 mL/min.
Protein elution was determined using both a refractive
index detector (RID-10A detector) and a photodiode
array detector (SPD-M20A detector). Aliquots (2 mL) of
protein solutions were injected, and fractions were
collected.

Cellulase activity assays

The optimal enzyme temperature and pH were estimated
within the ranges of 10-50°C and 6.0-10.0, respectively,
using a Nelson—-Somogyi assay for the measurement of
reducing sugars [5]. A standard curve was prepared by
measuring the absorbance of glucose at concentrations
ranging from 31.5 to 1,000 pg/mL at an absorbance of
525 nm using a spectrophotometer (Mecasys) [5].
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Protein fractions obtained by HPLC fractionation were
treated with sample buffer without 2-mercaptoethanol and
then analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) on 10% acrylamide gels
according to the method described by Laemmli [25]. After
SDS-PAGE, zymogram active staining was performed
using the proteins in the gel, which was renatured by incu-
bation in renaturation buffer (50 mM Tris—-HCI buffer,
pH 8.0, 10 mg/mL casein, 2 mM EDTA, 0.01% NaN3) con-
taining 25% methanol three times for 30 min each. The
polyacrylamide gel was then washed with 100 mM Tris—
HCI buffer (pH 7.2) and overlaid on a 2% agarose gel con-
taining 1 mg/mL. CMC, 10 mg/mL NaCl, and 100 mM
Tris—HCI buffer (pH 7.2). Finally, the gel was incubated at
30°C for 20 h, followed by flooding with an excess of 0.1%
aqueous Congo red for 20 min, after which it was washed
with excess 1 M NacCl solution.

Analysis of reaction products by thin-layer chromatography

Cellooligosaccharides (cellobiose, cellotriose, cellotetra-
ose and cellopentaose) and CMC (molecular weight
250,000 g/mol) were purchased from Sigma-Aldrich (St.
Louis, MO). The degree of substitution of CMC was 1.2.
To determine if CelY had cellulase activity, 0.1% (w/v)
CMC and 10 mM cellooligosaccharides (cellobiose, cel-
lotriose, cellotetraose and cellopentaose) were digested
with 25 pL CelY (2.29 mg/mL) in 50 mM Tris buffer
(pH 8) at 40°C. Subsequently, the reaction products were
developed in a mixture of 1-propanol, nitromethane, and
water (5:3:2, v/v/v) for 2 h, after which the hydrolysis
products were separated by thin-layer chromatography
(TLC) on a silica gel plate (Analtech, Newark, DE). After
separation, the sugars were visualized by spraying the
plates with a mixture of 1 mL phosphoric acid and 10 mL
stock solution (1 g diphenylamine, 1 mL aniline, 100 mL
acetone) [26].

Cloning and sequence analysis

The gene of interest was PCR-amplified from the chromo-
somal DNA of Pseudoalteromonas sp. NO3 using the fol-
lowing modified primers derived from conserved regions of
known cellulases [14]: 5'-AGA AGG AGA TAA ACA
ATG AAT AAC AGT TCA AAT AAT CAC AAA AG-3'
(CelYF) and 5'-GGA TGA GAC CAG GCA GAT TAA
TTA CAA GTA TAA AGA AGC GTC CAC-3’ (CelYR).
PCR amplification was as follows: 95°C for 5 min, fol-
lowed by 30 cycles of denaturation at 95°C for 30 s, anneal-
ing at 52°C for 30 s, extension at 72°C for 2 min and final
extension at 72°C for 5 min. The PCR product was then
cloned into the pGEM-T vector (Promega, Madison, WI)
and sequenced.

Nucleotide sequence accession numbers

The nucleotide sequence of the 16S rRNA gene and the
amino acid sequence of cellulase evaluated in this study
were deposited in GenBank. The accession number of the
16S rRNA gene sequence is FJ600315, while that of the
amino acid sequence of the cellulase gene (celY) is
FJ648763.

Results and discussion
Isolation and description of Pseudoalteromonas sp. NO3

Bacterial colonies (strain NO3) grown on an agar plate that
developed a clear zone around them were isolated (Fig. 1a).
Agarolytic activity was confirmed when the colony of the
isolated bacterium formed a clear zone and depression on
commercial agar medium. Cellulase activity of the isolate
was confirmed by a Congo red overlay assay, which detects
hydrolysis of CMC based on Congo red staining of the
carbohydrate reducing ends (Fig. 1b) [6].

Several studies have been conducted to evaluate the
infection of ascidians by viruses and tributyltin [27]. Artifi-
cially infected normal H. rorentzi with Pseudoalteromonas
sp. NO3 (10° CFU/one sea squirt) reared at 10°C for
20 days induced 50% mortality of H. rorentzi at 12 days
post-challenge, which suggested that the strain is responsi-
ble for the disease symptoms resulting from the degradation
of cellulose microfibrils on the tunic tissues of sea squirts
[S.J. Jung, interview transcript, 15 June 2009]. Phyloge-
netic analysis based on 16S rRNA gene sequences
indicated that strain NO3 belonged to the family
Pseudoalteromonadaceae and was related to the genus
Pseudoalteromonas; its closest neighbours were P. nigrifi-
cans NCIMB 86147 (99.86% sequence similarity), P. halo-
planktis ATCC 143937 (99.79%), and P. undida NCIMB
2128" (99.71%). Based on this information, the strain was
designated as Pseudoalteromonas sp. NO3. A neighbour-
joining tree based on 16S rRNA gene sequences showed
that strain NO3 formed a monophyletic clade with P. halo-
planktis ATCC 143937 (X67024) with 64% bootstrap
support (Fig. 2).

A number of physiological and chemotaxonomic charac-
teristics [28-32] clearly distinguished our isolate from the
physiologically related species P. haloplanktis ATCC
14393T (Table 1). For example, strain NO3 can grow at 4°C
(optimum 20-25°C) and does not hydrolyze DNA and
starch, whereas P. haloplanktis ATCC 143937 is not able to
grow at 4°C and is capable of hydrolyzing DNA and starch.
Strain NO3 digests CMC as well as agar extracted from
Gelidium. Additionally, strain NO3 can utilize the follow-
ing substrates: p-lactose, b-melibiose, D-trehalose, cellobiose,
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Fig. 1 aIsolation of clear-zone-
forming bacteria from diseased
sea squirt Halocynthia rorentzi
on modified Zobell’s agar.

b Plate screening of carboxy-
methylcellulose (CMC)-hydro-
lyzing activity using a Congo red
assay. Arrows indicate agarase
(a) and cellulase (b) positive
colonies. Arrows’ indicate
cellulase-negative colonies

in the Congo red assay

Fig. 2 Neighbor-joining (NJ)
tree based on nearly complete
16S rRNA gene sequences
showing the relationships
between strain NO3 and other
species belonging to the genus
Pseudoalteromonas. Alteromon-
as marina SW-47T (AF529060)
was used as an outgroup (not
shown). The percentage num-
bers at the nodes indicate the
levels of bootstrap support
>50% based on NJ analyses of
1,000 resampled data sets. Bar
0.01 nucleotide substitutions per
position. T type strain
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h22]

Pseudoalteromonas ftetraodonis KMM 4587 (AF214729)
Pseudoalteromonas carrageenovora |AM 126627 (X82136)

Pseudoalteromonas atiantica IAM 129277 (X82134)

Pseudoalteromonas espejiana NCIMB 21277 (X82143)

Pseudoalteromonas agarivorans KMM 2557 (AJ417594)
Pseudoalteromonas elyakovii KMM 1627 (AF082562)
Pseudoalteromonas paragorgicola KMM 35487 (AY040229)

Pseudoalteromonas distincta KMM 6387 (AF043742)

. Pseudoalteromonas antarctica CECT 46647 (X98336)
_EE Pseudoalteromonas transiucida KMM 5207 (AY040230)

Pseudoalteromonas arctica A 37-1-27 (DQ787199)

Pseudoalteromonas haloplanktis ATCC 143937 (X67024)

TrPseudoaIteromonas sp. NO3 (FJ600315)
Pseudoalferomonas nigrifaciens NCIMB 86147 (X82146)

L Pseudoatteromonas undina NCIMB 21287 (X82140)

Pseudoalteromonas aliena KMM 35627 (AY387858)

Pseudoalteromonas marina Mano4T (AY563031)
| Pseudoalteromonas flavipulchra NCIMB 20337 (AF297958)
Pseudoatteromonas maricaloris LMG 196927 (AF144036)
Pseudoalteromonas peptidolytica MBIC 1416T (AF007286)
&2l Pseudoalteromonas piscicida ATCC 150577 (X82215)

Pseudoalteromonas rubra ATCC 295707 (X82147)
Pseudoalteromonas luteoviolacea NCIMB 18937 (X82144)

Pseudoalteromonas spongiae UST010723-006T (AY769918)
Pseudoalteromonas ruthenica KMM 3007 (AF316891)

1w~ Pseudoalteromonas mariniglutinosa NCIMB 17707 (AJ507251)
L Pseudoalteromonas prydzensis ACAM 6207 (U85855)
Pseudoalteromonas byunsanensis FR11997 (DQ011289)
[~ Pseudoalteromonas aurantia ATCC 330467 (X82135)
Pseudoalteromonas citrea NCIMB 18837 (X82137)

Pseudoalteromones denitrificans ATCC 433377 (X82138)

a-cyclodextrin, dextrin, D-galactose, D-galacturonic
acid, gentiobiose, D-glucose, L-glutamic acid, glycogen,
glycyl L-glutamic acid, inosine, a-ketoglutaric acid, malt-
ose, D-mannitol, methylpyruvate, L-proline, succinic acid,
sucrose, Tween 40, Tween 80, uridine, alaninamide, L-ala-
nine, L-alanyl glycine, and L-asparagine. In contrast to
strain NO3, P. haloplanktis ATCC 143937 is positive for
the utilization of myo-inositol, but negative for the utiliza-
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Pseudoalteromonas ulvae UL12T (AF172987)

tion of p-lactose, p-melibiose and p-trehalose. The strain is
also resistant to the following antibiotics (micrograms per
disc): amikacin (30), ampicillin (10), gentamicin (10),
kanamycin (30), streptomycin (10), tetracycline (30) and
vancomycin (30), but sensitive to chloramphenicol (30),
erythromycin (15), and nalidixic acid (30), whereas
P. haloplanktis ATCC 143937 is sensitive to kanamycin (30),
streptomycin (10), ampicillin (10) and tetracycline (30).
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Table 1 Differential characteristics between strain NO3 and Pseud- (A)
oalteromonas haloplanktis ATCC 14393". Data from Gauthier et al.
[28], Isnansetyo and Kamei [29], Nam et al. [30], Romanenko et al. 100 +
[31] and this study
90 -
Characteristic Strain NO3 P. haloplanktis -
é 80
Growth at 4°C + - z 1
- - >
Pigmentation + - ‘g 70 -
Hydrolysis of @
Agar + - T 601
DNA - &
Starch - 501
Utilization of 40 ‘ ‘ ‘ ‘ ‘
myo-Inositol — + 0 10 20 30 40 50 60
p-Lactose + — Temperature (°C)
p-Melibiose + - B)
D-Trehalose + — 100
Susceptibility to (pg/disc)
Kanamycin 30 R S 80
Streptomycin 10 R S 2
Ampicillin 10 R S -; 60 |
Tetracycline 30 R S ‘g
[
+ Positive, — negative, R resistant, S sensitive -% 40 1
©
o
20 -
0 T T T T
kda ' 5 6 7 8 9 10 11
. oH
Fig. 4 The effect of temperature (a) and pH (b) on the cellulase activ-
ity of bacterial cell supernatant (above 10 kDa) of Pseudoalteromonas
76 4 sp. NO3 in a reducing sugar assay
S2 ——
Characterization of cellulase CelY
38 CMCase was detected in cell-free supernatant by a reduc-
' ing sugar assay. The bacterial cell supernatant was concen-
trated using an Amicon concentrator, after which the
‘ extraneous proteins were fractionated by GFC using a recy-

by

Fig. 3 Nondenaturing SDS-PAGE and zymogram activity staining of
cellulase (celY-NO3). The left panel shows a polyacrylamide gel
stained with Coomassie Brilliant Blue R-250 after SDS-PAGE without
2-mercaptoethanol. The right panel shows an agarose gel containing
CMC after zymogram activity staining. Lanes: M Molecular weight
marker proteins, / cellulase obtained from the HPLC fraction, 2 cellu-
lase on an agarose gel after zymogram activity staining

cling preparative column (GS-310), which enables purifica-
tion of both the organic gel permeation chromatography
and aqueous gel filtration chromatography products [33].
The active fraction with the highest cellulolytic activity
produced three bands in 10% SDS-PAGE with estimated
molecular masses of approximately 52, 76 and 90 kDa
(Fig. 3a). After SDS-PAGE, the proteins in the gel were
analyzed by SDS-PAGE under renaturation conditions and
then subjected to activity staining. The cellulase activity of
Pseudoalteromonas sp. NO3 was detected in a clear band
with a molecular weight of approximately 52 kDa, which is
in accordance with the theoretical molecular mass of
52.7 kDa (Fig. 3b).
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Fig. 5 Thin layer chromatogra- (A)
phy analysis of degradation
products released by CelY. G1 .

a Hydrolysis of cellooligosac-
charides (G2-G5) after 30 min
of incubation at 40°C. b Time G2 .

course degradation of carboxy- .

methyl cellulose (CMC) sam-

pled at the times indicated.

M Standard mixture of G/ G3 .
glucose, G2 cellobiose, G3

cellotriose, G4 cellotetraose and

G5 cellopentaose. NI without G4
enzyme and N2 without CMC

are negative controls .

G5

"a
o ®
M G2

The endoglucanase activity of the enzyme was deter-
mined by a reducing sugar assay in which a greater number
of reducing sugars leads to increased color intensity in
response to enzymatic hydrolysis of the glycosidic bonds of
the carbohydrates [33]. The reducing sugar assay revealed
that the cellulolytic activity was highest at 20-40°C. Fur-
thermore, the results revealed that the activity was greater
than 80% throughout that temperature range, with the high-
est value being observed at 40°C. We also found that the
activity of the enzyme at low temperatures (10-20°C) was
only 50% that of the activity at 40°C (Fig. 4). Furthermore,
the activity decreased quickly at temperatures greater than
40°C. Taken together, these findings are characteristic of a
cold-active enzyme. The maximum cellulolytic activity was
obtained at pH 8, while 60 and 78% residual activity was
detected at pH 7 and pH 9, respectively (Fig. 4).

The end products of the hydrolysis of cellulooligosac-
charides (cellobiose, cellotriose, cellotetraose and cello-
pentaose) and CMC by CelY were determined by TLC
after 30 min and 1-4 h of incubation, respectively (Fig. 5).
Different product profiles for the cellulase CelY were
obtained when cellotetraose, cellopentaose, and CMC were
used as the substrates. It is well known that certain f-glu-
cosidases not only have cellulose hydrolysis activity but
also transglycosylation activity. Recently interest in the
transglycosylation activity of f-glucosidases has gained
momentum due to their ability to synthesize novel oligo-
saccharides linked with the f-1,2, -1,3, $-1,6 and f5-1.4
bonds [34]. When cellooligosaccharides are hydrolyzed by
cellulase, the cellooligosaccharides serve as an acceptor for
glucosyl units and place on a subsite positioned at the
reducing end of the catalytic site in transglycosylation [35].
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G1

G3 G4 G5

M 1h 2h 3h

4h N1 N2

CelY hydrolyzed G4 to G2 and G3 without the production
of G1, whereas the enzyme digested G5 to G2, G3 and G4.
However, CelY was not able to cleave G2 and G3. These
results suggested that CelY has transglycosylation activity,
which allows the enzyme to digest G4 to G1 and then use
Gl as a glycosyl donor to synthesize G5 from G4. The
enzyme degraded G5 efficiently to cellobiose, cellotriose,
and cellotetraose as the main final hydrolysis products.
Hydrolysis of CMC yielded oligosaccharides such as
cellobiose, cellotriose, and cellotetraose. Both cellulase-
catalyzed hydrolysis of CMC and cellooligosaccharides
and neo-cellooligosaccharides production occurred via
the transglycosylation activity, which indicates that the
enzyme may be capable of synthesizing various f-linked
cellooligosaccharides.

Amino acid sequencing analysis

CelY contains three domains with distinct structures and
functions, including a catalytic domain at the N-terminal
end, a C-terminal cellulose-binding domain belonging to
GH family 5 (EC 3.2.1.4) of the carbohydrate-binding mod-
ules [3], and a longer linker between the two domains than
in Cel5Z. The homologies of the deduced amino acid
sequence of celY (Pseudoalteromonas sp. NO3) with those
of celA (Pseudoalteromonas sp. MB-1), celX (Pseudoalte-
romonas sp. DY3), celG (P. haloplanktis ATCC 14393T)
and cel5Z (Erwinia chrysanthemi) genes were 92.6, 93.3,
92.6, and 59.1%, respectively (Fig. 6). The characteristics
of Pseudoalteromonas sp. NO3 that distinguish it from
other Pseudoalteromonas species are its ability to grow at
4°C and its production of extracellular cellulase that has a
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Catalytic domain

20 40 60
celY-NO3 AVEKLTVSGNQI LAGGENTSFAGTSLFWSNTGWGAEKFYTAETVARAKSEFNATLIRAAI 60
celA-MB1 AVEKLTVSGNQI LAGGENTSFAGPSLFWSNTGWGAEKFYTAQTVAKAKTEFNATLIRAAI 60
celX-DY3 AVEKLTVSGNQI LAGGKNTSFAGPSLFWSNTGWGAEKFYTAETVAKAKTEFNATLIRAAI 60
celG-A23 AVEKLTVSGNQI LAGGENTSFAGPSLFWSNTGWGAEKFYTAETVAKAKTEFNATLIRAAI 60
cel5Z SVEPLSVNGNKIYAGEKAKSFAGNSLFWSNNGWGGKKFYTADTVASLKKNWKSSI|VRAAM 60
61 80 100 120
celY-NO3 GHGSSAGGSLNYDWDGNMSRLDTVVNAAIAEDMYVI IDFHSHEAHTDQATAVRFFEDVAT 120
celA-MB1 GHGTSTGGSLNSDWEGNMSRLDTVVNAAISEDMYVI IDFHSHEAHTDQATAVRFFEDVAT 120
celX-DY3 GHGTSTGGSLNFDWEGNMSRLDTVVNAAISEDMYVI IDFHSHEAHTDQATAVRFFEDVAT 120
celG-A23 GHGTSTGGSLNFDWEGNMSRLDTVVNAAIAEDMYVI IDFHSHEAHTDQATAVRFFEDVAT 120
celsZ GVQES-GGYL-QDPAGNKAKVERVVDAAIANDMYV I IDWHSHSAKNNRSEAIRFFQEMAR 18
121 140 160 180
celY-NO3 KYGQYDNVIYEIYNEPLQI SWANDIKPYAETVIDKIRAIDPDNLIVVGTPTWSQDVDVAS 10
celA-MB1 KYGQYDNVIYEIYNEPLQI SWANDIKPYAETVIDKIRAIDPDNLIVVGTPTWSQDVDVAS 10
celX-DY3 KYGQYDNVIYEIYNEPLQISWYNDIKPYAETVINKIRAIDPDNLIVVGTPTWSQDVDVAS 10
celG-A23 KYGQYDNVIYEIYNEPLQI SWYNDIKPYAETVIDKIRAIDPDNLIVVGTPTWSQDVDVAS 10
celZ KYGDKPINVIYEIYNEPLQVSWSINTIIKPYAEAVISAIRAIDPDNLIIVGTPSWSQNVDEAS 178
181 200 22 240
celY-NO3 QDPIDRANIAYTLHFYAGTHGQSYRNKAQTALDNGIALFATEWGTVNADGNGGVNANETD 240
celA-MB1 QNP I DRANIAYTLHFYAGTHGQS YRNKAQTALDNGIALFATEWGTVNADGNGGVNANETD 240
celX-DY3 QNP IDRANIAYTLHFYAGTHGQSYRNKAQTALDNGIALFATEWGTVNADGNGGVNINETD 240
celG-A23 QNP I DRANIAYTLHFYAGTHGQSYRNKAQTALDNGIALFATEWGTVNADGNGGVNINETD 240
cel5Z RDPINAKNIAYTLHFYAGTHGESLRNKARQALNNGIALFVTEWGAVNADGNGGYNQTETD 238
241 20 280 2%
celY-NO3 AWMVFFKTNNISHANWS INDKNEGASLFTPGGSWNSLTASGTKVKEI IQGWGGST 295
celA-MB1 AWMAFFKTNNISHANWALNDKNEGASLFTPGGSWNSLTASGTKVKEIIQGWGGST 295
celX-DY3 AWMAFFKTNNISHANWALNDKNEGASLFTPGGSWNSLTASGTKVKEIIQGWGGST 295
celG-A23 AWMAFFKTNNISHANWALNDKNEGASLFTPGGSWNSLTSSGSKVKEI IQGWGGGS 295
celsZ AWV TFEMRDNNI SNANWALSDKNEGASTYYPDS——INLTESGKKVKSIIQSWPYKA 291
Linker
296 30 340 355
celY-NO3 -—VALDSDGDGISDSLDQCDNTPADTVVDSIGCAVTDADADGISDSVDQCPNTPAGETVN 353
celA-MB1 —-—VALDSDGDGISDSLDQCDNTPAGTTVDSIGCEVTDSDGDGI SDSVDQCPNTPVGETVN 353
celX-DY3 —-— |1 ALDSDGDGISDSNDQCDNTPAGTTVDSIGCAVTDSDGDGISDSVDQCPNTPAGETVN 353
celG-A23 SNVDLDSDGDGVSDSLDQCNNTPAGTTVDSIGCAVTDSDADGISDNVDQCPNTPVGETVN 360
cellZ @ ———————— GSAASATTDQSIDTTTAPPLA—————— - —— - — —— - — —— —— — —— —— 312
356 380 402
celY-NO3 DVGCAVEVVEPQSDADNDGVNDDIDQCPDTPAGTNVDANGCSVVSST 400
celA-MB1 NVGCVVEVVEPQSDADNDGVNDDIDQCPDTPAGTSVDTNGCSVVSST 400
celX-DY3 NVGCVVEVVEPQSDVDNDGVNDDIDQCPDTPTGTSVDTNGCSVVSST 402
celG-A23 NVGCVVEVVEPQSDADNDGVNDDIDQCPDTPAGTSVDTNGCSVVSST 400
celiZ o ————————— NLPRP——————— ——————— TRRQ————————— ———— TA 312
Cellulose-binding domain
403 420 440 462
celY-NO3 DCNGINTYPNWVKKDYSAGPFTHNNTDDKIQYQGNAYSANWYTNSLPGSDASWTLLYTCN 460
celA-MB1 DCNGINAYPNWVKKDYSAGPFTHNKTDDKMQYQGNAYSANWYTTSIPGSDASWTLIYSCN 460
celX-DY3 DCNGINTYPNWVNKDYSDGPFTHNNTDDKMQYQGNAYSANWYTNSLPGSDASWTLLYTCN 460
celG-A23 DCNGINAYPNWVNKDYSGGPFTHNNTDDKMQYQGNAYSANWYTNSLPGSDASWTLLYTCN 462

cel5Z

DCANANVYPNWVSKDWAGGQPTHNEAGQS I VYKGNLYTANWYTSSVPGSDSSWALVGSCN

383

Fig. 6 Amino acid sequence alignment of psychrophilic (ce/Y-NO3,
celA-MB1, celX-DY3, celG-A23) and mesophilic (cel5Z) cellulases.
The GenBank accession numbers of celY, celA, celX, celG and cel5Z

50-80% remnant catalytic activity at temperatures ranging
from 10 to 20°C. Conversely, mesophilic cellulase (Cel5Z)
produced by E. chrysanthemi was found to be totally inac-
tive at this temperature but had a higher thermostability
than CelY at temperatures greater than 40°C. When pri-
mary structure alignment was conducted, the linker
sequences of CelY, CelA and CelX had the same motifs
(DxDxDGxxDxxD). It has been suggested that this linker
sequence may play an important role in the enzymatic sta-
bility of typical psychrophilic cellulases [14].
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