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Abstract

A cellulase (endo-3-1,4-D-glucanase(E.C.3.2.1.4)) was isolated from the hepatopancreas

of abalone Haliotis discus hannai by EST analysis. The abalone cellulase named HJEG compassed
1977 bp, including 195 bp in the S untranslated region, 1680 bp in the open reading frame which

encodes 560 amino acid residues, and 92 bp in the 3’-untranslated region. The C-terminal region
of the HAEG showed 44-52% identity to the catalytic domains of glycoside hydrolase family
9 (GHF9)-cellulases from arthropods and bacteria. The recombinant cellulase, pEFHdEG was pro-
duced in E. coli with being fused with C-terminal His-tag. The expressed protein showed a single
band (~62 kDa) on Western blotting which was consistent with the value (61,878 Da) calculated

from the DNA sequence.
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Introduction

Cellulose 1s the most abundant organic compound
produced by terrestrial plants, where it forms the main
structural component of cell wells [2]. The cellulose
molecule is essentially a linear homopolymer, consist-
mg of glucose units linked by B-1.4 bonds. These poly-
mers bond together to form highly ordered (crystalline)
structures, and less ordered (amorphous) regions, which
are more prone to enzyme degradation [3].

Endoglucanase (endo-1,4-B-D-glucanase, EC 3.2.1.4),
cellobiohydrolase (CBH, exo-1,4-B-D-glucanase, EC
3.2.1.91), and B-glucosidase (EC 3.2.1.21) are three ma-
jor types of cellulolytic enzymes. Endoglucanases ran-
domly hydrolyze B-1,4 bonds along the interior of the
cellulose chain. Cellobiohydrolases cleave cellobiosyl
units from non-reducing ends of the cellulose chains.
B-Glucosidases cleave glucosyl units from non-reducing
ends of cello-oligosaccharides. The cellulase has been
shown to exist not only in plants [5], molds [4], fungi
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[18], bacteria [18] and protista [9] but also in herbivo-
rous invertebrates such as arthropods [16,19,23], nemat-
odes [14] and mollusks [1,8,9,21,25]. Most cellulases
from microorganisms are composed of a catalytic do-
main and ancillary domains such as CBMs (carbohydrate-
binding module) and linkers, while the invertebrate cel-
lulases except for two nematode enzymes have just a
catalytic domain [18, 15]. The origin of the invertebrate
cellulases was initially explained as products of sym-
biotic microorganisms in the intestine [7]. However,
those cellulases have become considered to be the prod-
ucts of invertebrates themselves [10] and cellulase
genes were cloned from termite [20], crayfish [6], nem-
atode [24], and mussel [22].

In this study, we cloned a cellulase gene from ab-
alone Haliotis discus hannai which i1s one of the most
common and valuable herbivorous molluscs in Korea,
and determined its primary structure. In addition, re-
combinant cellulase was produced in Escherichia coli.



Materials and Methods

Cloning and sequencing of HAEG gene

Previously, we constructed a cDNA library from the
hepatopancreas of 3-yr-old abalones (Haliotis discus
hannai) and analyzed expressed sequence tag (EST) of
110 clones [11]. The EST clone VHP-059, which car-
ries a 780-bp insert, showed significant similarity to
cellulase. The full-length cDNAs, which was named as
HAEG were amplified from the first-strand cDNAs us-
mg S’race and 3’race using primers based on the se-
quences using the SMART RACE Amplification Kit
(Clontech).

Sequence analysis

Sequencing was performed using the ABI 3100 auto-
matic DNA sequencer (PE Applied Biosystem, CA,
USA) and the ABI Prism Big Dye Terminatior Cycle
Sequencing Ready Reaction kit (PE Applied Biosys-
tems). The nucleotide sequences and deduced amino
acid sequences were analyzed using the Genetyx-Win
program ver. 4.0 (Genetyx Co, Japan). Signal peptides
were predicted using the Signal P program. Multiple
alignments of the cellulase proteins were constructed
using the ClustalW program and visualized with MEGA
(ver. 3).

Construction of HAEG cellulase expression
plasmid

For construction of E. coli expression vector, the cel-
lulase gene containing signal peptide was amplified us-
ing a sense Ndel-linker primer (5'-AGGCATATGAAG
CTGAGTCAG-3") and an antisense Xhol linker primer
(5"-TACAAGGACATCTGCCCTCTCGAGCAC-3")
by PCR. The amplified product was cloned into Ndel
and Xhol sites of expression vector pET22b (Novagen).
The construction plasmid was designated as pEHdAEG.

Expression of recombinant protein in E. coli

E. coli BL21(DE3) cells harboring the pEHJEG was
isolated and moculated into 100 ml LB medium con-
taining ampicillin (100 pg/ml). For induction of the re-
combinant protein, isopropyl-1-thio-[-D-galactopyr-
anoside (IPTG) was added to a final concentration of
1 mM when the cell density achieved at ODeoo=0.6~0.8.
The cells were cultivated for further 12-14 hr at 19°C
after induction and the culture supernatant and pellet
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were collected for the protein analysis.

Analytical method

For protein analysis, the proteins were separated by
SDS-PAGE on a 12% polyacrylamide gel. The gels
were stained with Coomassie brilliant blue R-250.
Recombinant HAEG proteins containing a His-tag were
transferred to a nitrocellulose membrane (Roche). After
locking with 5% skimmed milk (Difco), the membrane
was incubated with anti-His6 mAb for 2h at 37°C.
HRP-conjugated rabbit antimouse IgG was used as sec-
ondary antibody, and 3,3’-diaminobenzidine tetrahydro-
chloride (DAB; Sigma-Aldrich) as the staining substrate.

Results and Discussion

Isolation and analysis of abalone cellulase cDNA

Among the 110 of EST clones, the VHP-059 was
revealed to be homologous to known cellulase genes
of other species by computer homology search of the
public database. The nucleotide and deduced amino
acid sequences of HIEG were shown in Fig. 1. The
full cDNA sequence of HAEG spans 1977 bp and com-
prises a 5°-UTR of 195 bp, a 3°-UTR of 92 bp and
an ORF of 1680 bp that encodes a polypeptide of 560
amino acids. The deduced polypeptide has a molecular
weight of 62 kDa and an expected isoelectric point of
539. In the 3’-terminal region, a putative poly-
adenylation signal sequence AATAAA and a poly (A+)
tail were found. These structural characteristics indicate
that the HIEG cDNA is not derived from prokaryote
like intestinal bacteria. By the comparison with con-
sensus sequence for signal peptides of eukaryote secre-
tory proteins, we could not find putative signal peptide
region in the HAEG sequence. Accordingly, this abalone
cellulase is considered as a non-secretory protein, which
may be due to differences in cellulase function through-
out their evolution.

Alignments and phylogenetic tree construction

By sequence comparison with other invertebrate and
bacterial cellulases, the C-terminal region of 400 resi-
dues in the HIEG was regarded as the glycoside hydro-
lase family (GHF)9-type catalytic domain 1.¢. it showed
44-52% 1identity with the corresponding regions of ab-
alone HAEG [15], termite RsEG [20], crayfish CqEG
[6], and Paenibacillus sp. BP-23 [12] cellulases, re-
spectively (Fig. 2). Further, the catalytically important
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residues in GHF9 cellulases [13, 17], 1.e. Aspl69,
Aspl72, His472, Asp517 and Glu526 in the HIEG se-
quence were all conserved (Fig. 2). Based on these re-
sults, we conclude that HIEG is classified into GHF9.

A phylogenctic tree was generated using MEGA. The
HAEG showed the closest relationship with another ab-
alone cellulase [15] and they formed a cluster with the
GHF9 proteins maintaining a high bootstrap value (Fig.
3).

Heterologous expression of abalone cellulase

We constructed the expression plasmid, pEHdEG as
described in materials and methods. Because the most
of pEHdEG expressed in £. coli was accumulated as
inclusion body in the cells at 37°C induction (data not
shown), induction temperature was reduced to 19°C.
Induction of the transformant resulted in slow bacterial

growth and western blot analysis of cell lysates showed
that the recombinant protein was expressed (Fig. 4).
When both pellets and supernatants from bacterial ly-
sates were analyzed, results showed that the HIEG pro-
tein was located in the cytoplasm somewhat and mostly
present in the insoluble fraction. The expressed protein
has a molecular mass of ~62 kDa, a consistent with
a monomer size from deduced amino acid sequence.
Further studies are needed to clarify the biochemical
properties of the expressed HAEG protein and also the
tissue-specific expression and the function of the cellu-
lase in Haliotis discus hanndi. In the long term, applica-
tion of such studies may assist the development of im-
proved artificial diets for cultured aquatic species
through the icorporation of low-cost feed components
sourced from plant material.

¥yLAACHYYYaCAlCAACCCEACLLCAACATAACLYLOYALELCCOLELYCCCACCACJACAC AJACAACCACHACTACCACCYECLCT

91 cCrogacCRCUCCCRCCRCORCURUARACARCLCYCCOCLyyyyaaacatgyCCaACCRACCACtgRYCCRRLARCACCCCLCCACARRCTRCAD
181 macatcacgtoccayATGAAGCTGAGTCAGCACTATGGCACAACGTGGGAGGGCGAATTCTGCTTCGACTTAAAGGTCGAGATAGTTGCA
¥ KL 5 QQHYGGTTUWETGETFTCFUDLIEKWVETIVWVL 25
271 TGGGAGCTGGATATACGCTTCAGTCAGGAGACCAAGTCTCTCAATAACTATGACGGAGACTTCATTAGCGACACAACATCTTGTACALLG
T EL DI RVF SQETUEKZSTLNDMNTYTDOG?DTFTI3IDTTSCTEK 55
361 CACGCTGTCCTGGTGAACAAGAACACTAAGGGCGTCCACTACGGCGGCAGCALCTACTGTGTCAGGATGACCGGGCAGGTGTGCGGGGEC
H LV L VNI EDNTETGVHYGGSNTYCVENITTGQVCGG 85
451 GGCGTCCCTACAGCTTACGCCGTACTCGTCGACGTCACCAACGACGATCARACAGTGCCCCGAGTACCACTGGTTCAAGGAGCCCAAGCC
G VP T XY 2V LVDVTNIDIDIQTVV?PRVV?PLVQG L QA 115
S41 ACAAAATACAACTATGGGGAGATCCTGATGAAGTCCATCCTGTTCTACGAGGCTCAGAGATCCGGGALACTCCCCCCTGACAACAGGATC
T K ¥N ¥ G E I LMEKESIULFYEWALQERSOGEHETLU?PPIDNTETI 145
631 CCCTGGAGGGGGGACTCGGCGTTAGGAGACAAGGGATCTGGCGGCGAGGATC TGACTGGTGGATGGTACGATGCTGGGGACAACGTGALG
P ¥TRGD S 2L GD KEGS GGETDILTGG G YD LG DNV E 175
721 TTCAACTTCCCCATGGCGTTCAGCACGACCCTCCTGACGTGGAGTC TCATCAGATACAAGGACGCCTACAATGCAACAGGGCAGCTGGAG
F NFP ¥ 1 FSTTILULTUW¥WSILIURTYUET DU LZLTYDNULTGD QTULE 205
811 GACATGTACGAGTGCATCAAGTGGCCTCTGGACTACTTCATCAAGTGTCACACCAAGCCGAACGAGTTGTGGGTACAGGTTGGTALTGGC
0D ¥ ¥ ECI KW¥VPLDYTF I KCHTIETPNETLUWYVQVGNG 235
901 GGTACGGATCACGGGTCGTGGACAAGTCCAGAGCGAATGACCATGTCCAGACCAGCCTACAAGATTGACACATCGGCAGCAGGTTCAGAC
G TDHGS ¥TSPEZRMTMMSRP LY KEIDTS L ALG S D 265
091 ATTGCAATGGAGACTGCGTCTGCCATGGCTGCTGGATC TATAGCTTTCAAGGACAAAGATCCCGCCTACTCCGLCATCCTTCTGAAGCAT
I &4 W ET 4L S & ¥ & L G S I LLF KD EKEDPULLZY S L IUL L KH 295
1081 GCTAAGGAACTGTTTGACTTTGGCARLAATAACCAGGCGTTCTACAGTGCCAGCGTGTCAGCAGCTGCTGGGTTCTACACATCACAGAAC
L K ELFDFGEXKNUDNOQUSLZLTFUYS LSV S & L ALGTF YTS QN 325
1171 TTTACTGACGAGAACAGCTGGGGTGGGATGTGETTATAC AAGGCGACTGGGGACAAGGCCTACCTCGACTACGCCGAGCTGCACCACATC
F TDENSUUGGM UL Y K LTOGDEKALYLDY AL ETLHHETI 355
1261 GGTGTTGCTGCCTGGGECTTCTCGTGGGACGAGALAGTGGCTGGAGC ALATATGCTGCTGTATGAGGAGACCALGAAGGACCTCTACLAG
GV L LWV GF S U¥DEZXKV LG LNMNLIL YEZETIEKETDTLTYEK 38s
1351 AAGGACATCGAGGACACGTTCACTATGTGGCTTCCTGGGGGAGATGTCCCCTACAGCCCCAAGTGTATGGCGTTCAGACTGLAGTGGGGA
EDIEDTTFTHNXULPGGD VP Y S P ECHKU ALTFIERELOGQUG 415
1441 GCCCTCCGATATGCTGL TAMCACAGCTTTCATCGCCCTGGTCGCCGCGGACAATGGCCTCCACACAGAAGAATACCGGAAGTGGGCGATG
L& L R Y A LLNTWAXFTI ALLV LLDNGILUEHETTETETTEREKTUTLHE 445
1531 TCGCAGCTGCACTACGLCTACGGGGACACCGGAAGGAGCTACATCGTCGGATTTGGTGTCAACCCTCCCGTGALGCCACATCACCGAGCC
5 QL HY LY G&GDTOG®RSYTIVGFGVNZP?PV EPHHETEL 475
1621 AGTTCCTGTCCGATGCTACCGGCGCCATGTGGCTGGGACGCCCAGT TGAACARAGGCCCCAACCCCCACACACTGTACGGCGCCATGGTA
s 5 CP ML P LLPCGWD AL?QLNI KXG?PNZPHTILYGLHYV 505
1711 GGCGGCCCTGGTCAGAGCGACGACTACACCGACAGTAGAATGGACTACGTCALGAACGAGGTGGCGTGCGACTACAACGCTGGCATGCAC
G &¢&P GQSsSDDYT?DPSRKXED YV KNEVLCD Y NALGHNH 535
1801 GCCTCTACAGCAGCCCTGGAACACCTGGCCCTGACACACGAACTCCCGACAACTTACAAGGACATCTGCCCTTAGRCCRACtALEARLOE
L 5% T 41 2L EHL ALLTHETLTP?PTTTYEXKTDTITGCTEP * 559
1891 gygatesagactaataaagtactcoctocato

Fig. 1. The nucleotide and deduced amino-acid sequences of the HJEG.. Residue numbers for nucleotide and amino acid
are indicated in the left and right of each row, respectively. 5° and 3 untranslated region are given in lowercase letters.
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HAEG 148 RGDSALGDKGSGGEDLTGG NVKFNFPMAFSTTLLTWSLIRYKDAYNATGQLEDH 207
HAEGEE 179 RGDSALGDKGDNGEDLTGG! GUHVKFSLPMSSTSTVLLUGYLQWKDAYATTKQTDMF 238
RSEG 48  RKDSALNDKGQKGEDLTGG QUFVKFGFPMAYTVTVLAUGVIDYESAYSAAGALDSG 107
CqEG 60  RGDSALNDGSDVGHDLTGG GUHVKFGFPMAFTATHLAWGQIDFANGHSKAGQTSYG 119
BP-23 69  RGDSGMQDGADVGVDLTGE GUHVKFGFPMAASATHLAWSYVEYADGYEQAGQLEET 128
HAEG 208 YECIKWPLDYFIKCHT-KPNELWVQVGNGGTDHGSUTSPERMTHSRPAYKIDTSAAGSDI 266
HAEGé6 239 FDMIKWPLDYFLKCWIPKSQTLYAQVGEGNDDHHFUGRAEDMKMARPAYKLTPSKPGSDY 298
RSEG 108 RKALKYGTDYFLKAHT-AANEFYGQVGQGDVDHAYWGRPEDMTHSRPAYKIDTSKPGSDL 166
CqEG 120 HAALKWATDYFLKAHT-ATNEFYGQVGEGNTDHAYWGRPEDMTMSRPSYKIDQSRPGSDL 178
BP-23 129 KDNIRWATDYFMKAHT-KPNELWGQVGAGNTDHAWWGPAEVMQMNRPSFKIDASCPGSDL 187
HAEG 267 AMETASAMAAGSIAFKDKDPAYSAILLKHAKELFDFGKNNQAFYSASVSAAAGFYTSQ-N 325
HAEGEE 299 AGEIAASLAAGYLAFKQRDAKYAATLLSTSKEIYEFGKKYPGIVSSSIQDAGQFYSSS-G 357
RSEG 167 AAETAAALAATATAYKSADATYSNNLITHAKQLFDFANNYRGKYSDSITDAQNFYASG-D 225
CqEG 179 AGETAAALAAASIVFKSSDSSYSSQVLSVAKELYEFADQHRDIVTNAITDAASFYNSWSG 238
BP-23 188 AAETAAALAASSIVFADSDPVYSAKLLQHAKELYNFADTYRGKYTDCITDAAAFYNSUTG 247
HAEG 326 FIDENSWGGMWLYKATGDKAYLDYAELHHIGVAAW---------~ GFSUDEKVAGANMLL 375
HAEGE6E 358 YKDEMCEGAMULYKATGDKSYLADAKGYHENAWAW---------- ALGUDDKKIACQLLL 407
RSEG 226 YKDELVWAAAWLYRATNDNTYLTKAESLYNEFGLGNWNG------ AFNWDNKISGVQVLL 279
CqEG 239 YGDELAWAALWLARATGDNSYLDRAKGHVSEFNLLGTPS------ QFGUDDKKAGVQALL 292
BP-23 248 YEDELAWGGAWLYLATNDNAYLSKALSAADRWSTSGGSANWPYTUTQGUWDSKHYGAQILL 307
HAEG 376 YEETK------ KDLYKKDIEDTFTMWLPG---GDVPYSPKCMAFRLQUGALRYAANTAFI 426
HAEGéEE 408 YEATK------ DTAYKTEVEGFFKGULPG---GSITYTPCGQAVRDKUGSNRYAANSAFA 458
RSEG 280 AKLTS------ KQAYKDKVQGYVDYLIS----~ SQKKTPKGLVYIDQUGTLRHAANSALI 328
CqEG 293 VLLDG------ SSEYTNALNQFLNFVRN----~ QAPYTPEGLVFLDAUGSNRHAANVAFI 341
BP-23 308 ARITSNLNMPEATKFIQSTERNLDYWTVGTNGGRVKYTPGGLAWLDQUGSLRYAANAAFI 367
HAEG 427 ALVAADNGLHTEEY---RKWAMSQLHYAYGDT--GRSYIVGFGVNPPVK S5CPHL 481
HAEGEE 459 ALVAADAGIDTVTY---RKUAVEQMNYILGDNKYGISYQIGFGTKYPRN! ASCPDI 515
RSEG 329 ALQAADLGINAATY---RAYAKKQIDYALGDGGR--SYVIGFGTNPPVR SSCPDA 383
CqEG 342 ALYAAKLGIDAGTN---QQUARGQIGQLLGDNSRYQSFVVGFGVNPPTR SSSCPDR 398
BP-23 368 SFVYSDUVSDPVKKSRYQNFATSQINYILGDNPROSSYVVGYGQNSPOQH! AHSS-- 425
HAEG 482 PAPCGUDAQLNKGPNPHTLYGAMVGGPGQSDD RIMD ACDYXAGMHASTAAL S41
HAEGé6 516 PAPCSETNLHTAGPSPHILVGAIVGGPDNDDS D ACDYNSGFQSALAGL S75
RSEG 384 PAVCDUNTYNSAGPNAHVLTGALVGGPDSNDS SDYISNEVATDYNAGFQSAVAGL 443
CqEG 399 PADCSNGLTNSG-PNPQTLUGALVGGPAQDGS RQDYQ ACDYNAAYTGALAAL 457
BP-23 425 ~---UMNNEDIPA-NHRHILYGAMVGGPNASDQ IGDYVSNENATDYNAGFTGALAKM 481

1

Fig. 2. Comparison of amino acid sequences for the HdJEG and other cellulases. The sequence of C-terminal 400 residues
fro the HAEG was aligned with the sequences for catalytic domains of HAEG66 (Haliotis discus hannai), RsEG (Reficulitermes
speratus), CqQEG (Cherax quadricarinatus), and BP-23 (Paenibacillus sp. BP-23). Catalytically important residues in GHF9

are boxed.
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Fig. 3. Phylogenetic relationship based on deduced amino
acid sequences of other cellulases. A phylogenetic tree of
the aligned sequences was constructed using the Neighbour-
Joining algorithm within MEGA (version 3.0). The degree
of confidence for each branch point was determined by boot-
strap analysis (1000 repetitions).The scale bar 1s 0.05, which
refers to percentage divergence.

Fig. 4. SDS-PAGE (A) and western blotting (B) analysis of
pEHAEG expressed in E. coli. E. coli BL21(DE3)/pEHJdEG
cells were induced with 1 mM IPTG at 19°C. Pelleted cells
were lysed and separated into pellet and supernatant. Lane
1-2, sonicated supernatant of E. coli BL21 (DE3)/pEHdEG
cultured for Oh and 12h after 1 mM IPTG induction. Lane3-4,
sonicated pellet of E. coli BL.21 (DE3)/pEHJEG cultured for
Oh and 12h after 1 mM IPTG induction. Standards are shown
to the left.
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