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;�����"�#���< 9����&��&*����'�����+=;����=����,>����+����,/�����
��=���*�� 139 ��� ;�B��&*��+�

�����&*��$�! Carbohydrate Active Enzyme database $�!������=���<5+����$��,�*;� 7 ���=��=��&�� Glycosyl 

hydrolases family (GH)  ,�*�
����,>��;����=���+����,/�����
 2 ���� ��'��+=;� GH1 $�! GH5 ���"�#����

��=�)K�������$�!��*���'  ,�*�9�'��
���� cDNA &�����L�
��&����� GH1 Os4bglu12 �-glucosidase ����*�

�=��&*���*����O� RT-PCR  �
��������!����>"'�$)�������
������������,���&�� Os4bglu12 )�!����*��

����!���� 510 ��� >"'�����!��������*��)����!����&�� Os4bglu12 ���
������*�����&�� cell wall-bound 

�-glucosidase ��'���5+�$��,�*���&*�� �
����5"� 40 ��� �����<���� 44 ���  �)���� Os4bglu12 >"'��=���+=���

�)����,��������>����'(���,�*;� Escherichia coli ;��+)�������$�����)���� 
����5�=����+��������$>���

,�����'����+��
�=������+= 3-6 ��=�� �*��9��O!,����>����$�� �-(1,4) $�!,�$>���,�����'����+��
�=�����*��

9��O!,����>����$�� �-(1,3) ,�*�����  ,�*�9�'��
���� cDNA &�� GH5 glucan 1,3-�-glucosidases ��';�*�U'��=� 

GH5BG ����*��=��&*���*����O� RT-PCR ����=��)������<�!5+�
=��������>�������+����
��������!������'

�)V� signal peptide  GH5BG >"'�)�!���,)�*������!���� 510 ��� ��������

���% 2 
=�� ,�*$�=  �-1,3-

exoglucanase-like domain $�! fascin-like domain >"'�,�=�=��9�;����,>��9U� �)���� GH5BG >"'��=���+=���

�)����,��������>����'(���,�*;��+)�������$�����)����
����5�=����+��������$>���,�����'�=��*��9��O!,��

��>����$�� �-(1,4) $�!,�$>���,�����'����+��
�=�����*��9��O!,����>����$�� �-(1,3) ,�*����� �=�����'���

�����
�����'�=�5"�)�!
��O�	�9�����=�)K������� (kcat/Km) &�����,>����<;�����=����+��������$>���,���$�� 

�-(1,4) ��'����+��
�=������<�$�= 3 5"� 5 ��=�� ���=�����' >"'�$
��;�*��L��=����,>����<�������)V� �-glucosidase  

9��=���<� Os4bglu12 $�! GH5BG 
����5�=��  pNP-�-glycosides ,�*�������� >"'�$
��;�*��L��=���'

subsite �
�$��=� -1 &�����,>���<�
���������
��9�!�=������<
������'�&*�����'
� ���,>����<�
������,�=
����5

�=����+��������$>���,���$�!�9�������&����+��
 ��'����+��
�=�����*��9��O!,����>����$�� �-(1,3) and 

1,3,-1,4-�-glucans ,�* (�����������<$
��;�*��L��=����,>����<�
������������
����$�� exoglucanase ��U� 

�-glucosidase  >"'�
����*����������;���������>"�&��(����>��� 
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Abstract 

Project Code:  MRG4880066  
Project Title:  Recombinant protein expression and functional characterization of  
                         glucanohydrolase from rice 
Investigators:  Dr. Rodjana Opassiri  
E-mail Address:  opassiri@hotmail.com   
Project Period:  1 June 2005 – 31 May 2007 
  

In this study, at least 139 rice genes homologous to glucanohydrolases which are 

classified as the members in 7 subfamilies of glycosyl hydrolase family (GH) has been 

identified in rice genome database and Carbohydrate Active Enzyme database.  The catalytic 

activities and functions of two members of rice glucanohydrolases in GH1 and GH5 were 

analyzed.  The full-length cDNA of the GH1 gene, Os4bglu12 �-glucosidase, was cloned from 

rice seedlings by RT-PCR.  The isolated Os4bglu12 cDNA encoded a 510 amino acid long 

precursor protein which is identical at 40 of 44 amino acid residues with the N-terminal amino 

acid sequence of a cell wall-bound enzyme previously purified from germinating rice.                

A thioredoxin-Os4bglu12 fusion protein expressed in Escherichia coli efficiently hydrolyzed �-

(1,4)-linked oligosaccharides of 3-6 glucose residues and �-(1,3)-linked disaccharide.  The 

cDNA for GH5 glucan 1,3-�-glucosidases, designated GH5BG, was cloned from rice seedlings 

by RT-PCR.  The protein was predicted to be extracellular as judged by the signal peptide 

sequence.  A 510 amino acid mature protein of GH5BG contains two major domains, a �-1,3-

exoglucanase-like domain and a fascin-like domain, which is not commonly found in plant 

enzymes.  A recombinant thioredoxin-GH5BG fusion protein exhibited a marked preference for 

�-(1,4)-linked oligosaccharides and �-(1,3)-linked disaccharide. The catalytic efficiency 

(kcat/Km) values for hydrolysis of �-(1,4)-linked oligosaccharides by the enzyme remained 

constant as the degree of polymerization (DP) increased from 3 to 5, which indicated the 

enzyme can be classified as a �-glucosidase.  

Os4bglu12 and GH5BG was found to hydrolyze many kinds of pNP �-glycosides which 

indicates the low stringency at the -1 subsite of both enzymes.  Hydrolysis of �-(1,3)-linked 

oligosaccharides with DP more than 2, laminarin and 1,3, 1,4-�-glucans by both enzymes could 

not be detected.  These results indicated that both enzymes has exoglucanase/�-glucosidase 

activity, consistent with a role in cell wall metabolism. 
 

Keywords: Glucanohydrolase, �-glucosidase, rice, recombinant protein, cell wall,          

                    oligosaccharides 
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#�,�'(
 (Executive summary) 
 

The purpose of this project is to study the catalytic activities and functions of 

glucanohydrolases in rice.  This work was started from analysis of the coding DNA sequence 

that can be grouped into glucanohydrolases in rice genome database and Carbohydrate  Active 

Enzyme database.   Most of rice glucanohydrolases were found in 7 subfamilies of glycosyl 

hydrolase family (GH).  In order to study the functions the new glucanohydrolases, 2 rice �-

glucosidase cDNAs, Os4bglu12 and GH5BG, were cloned and recombinant proteins expressed 

in E. coli as soluble active form.   

 To study the function of glucanonohydrolaes in GH1, the full-length cDNA of the gene 

that most closely matched the previously reported cell-wall-bound �-glucosidase protein 

sequence purified from germinating rice, Os4bglu12 �-glucosidase, was cloned by RT-PCR 

with the primers derived from gene contig number AAAA02014151 in rice gemone database 

and the first-strand cDNA synthesized from the total RNA of rice seedlings as the template.  

The isolated Os4bglu12 cDNA encoded a 510 amino acid long precursor protein which is 

identical at 40 of 44 amino acid residues with the N-terminal amino acid sequence of a cell 

wall-bound enzyme.  To express the protein in E. coli, the cDNA encoding mature proteins of 

rice Os4bglu12 was cloned by RT-PCR and inserted into pENTR-D/TOPO Gateway entry 

vector and transferred to the pET32a+/DEST Gateway expression vector for expression.  The 

recombinant pET32a+/DEST-Os4bglu12 plasmid was transformed into OrigamiB (DE3) E. 

coli.  A thioredoxin-Os4BGlu12 fusion protein expressed in E. coli efficiently hydrolyzed �-

(1,4)-linked oligosaccharides of 3-6 glucose residues and �-(1,3)-linked disaccharide.  This 

substrate specficity was similar to those reported for rice cell-wall-bound, rice BGlu1, and 

barley �-glucosidases, but not identical, which suggests that small sequence differences likely 

determine specific functional properties.  Hydrolysis of �-(1,3)-linked oligosaccharides with DP 

> 2, laminarin and 1,3, 1,4-�-glucans by this enzyme could not be detected.  Hydrolysis of 

pNP-glycosides with different sugars was used to assess Os4BGlu12 glycone specificity, and it  

was found to hydrolyze many kinds of pNP �-glycosides.  

To assess the role of glucanonohydrolaes in GH5, the cDNA for GH5 glucan 1,3-�-

glucosidases, designated GH5BG, was cloned from rice seedlings by RT-PCR with cDNA 

synthesized from rice seedling RNA and  primers derived from the GenBank accession number 

AC107314 and AK065000.  GH5BG cDNA included a reading frame encoding a 510 amino 

acid precursor protein.  The protein was predicted to be extracellular.  The mature protein is a 
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member of a rice-specific subfamily of GH5 proteins that contain two major domains, a �-1,3-

exoglucanase-like domain and a fascin-like domain, which is not commonly found in plant 

enzymes.  To express the protein in E. coli, the cDNA encoding mature proteins of rice 

Os4bglu12 �-glucosidase was cloned into the pET32a+/DEST Gateway expression vector and 

transformed to Origami B (DE3) E. coli.  A recombinant thioredoxin-GH5BG fusion protein 

produced in E. coli showed high hydrolytic activity towards various kinds of pNP-glycosides, 

including pNP-�-D-glucoside, pNP-�-L-arabinoside, pNP-�-D-fucoside, pNP-�-D-galactoside, 

pNP-�-D-xyloside and pNP-�-D-cellobioside.  These results indicate there is low stringency at 

the -1 subsite of GH5BG.  The GH5BG exhibited a marked preference for �-(1,4)-linked 

oligosaccharides and �-(1,3)-linked disaccharide.  The catalytic efficiency (kcat/Km) values for 

hydrolysis of �-(1,4)-linked oligosaccharides by the enzyme remained constant as the DP 

increased from 3 to 5, which indicated the enzyme can be classified as a �-glucosidase. This 

substrate specificity is significantly different from fungal GH5 exoglucanases, such as Candida 

albicans exo-�-(1,3)-glucanase for which a 3D structure has been solved, which indicates that 

the structural differences with these related enzymes may effect functional differences.   

Although GH5BG was designated a putative glucan 1,3-�-glucosidases based on sequence 

homology, its catalytic activity is somewhat like GH1 �-glucosidases, which show similar 

oligosaccharide preferences.

These results indicated that both enzymes has exoglucanase/�-glucosidase activity that 

might involve in the cleavage of oligosaccharides release from the hydrolysis of cell wall by 

endoglucanses, which is consistent with a role in cell wall metabolism. 
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1. ���+� (Introduction) 
 

 ��'��&������������U'����<���������
�;�;�����"�#�5"�����
��9��O��!��=������
�*��$�!��*���'&��

���,>��;����=� glucanohydrolases >"'��������;���!������
�*��$�!
���(����>���9U� (����>���9U����

����)�!���&"<�������9��$>���,��������������� �����'�,)�!)�!����*�� cellulose )�!��� 15-40% 

hemicellulose $�! pectin )�!��� 30-40% $�! lignin )�!��� 20% (Doy and Kosugi, 2004) cellulose �
�

��*���'�)V������������
�*�� ;�&�!��' hemicellulose $�! pectin �
���*���'�)V�����&=����U'����� celluloses 

�&*��*������*��9��O!,/������ 9U�$�=�!������
=��)�!���$�!��������������&���9���������'(����>���$���=��

��� $�!$�*$�=;���U<���U'��=��[ &��9U��������������L���$���=�����  

$��=�&��(����>���>"'�����+=�)V�)����������'���U���<����	����#������ ��=� \��&*�� \��&*��

��������$�!>��&*���9� 
����5�
���;�*�)V����5����;����$)��+)�)V�
��(���	��]�&���<
����,�* ����
�*��

9U<�B��&��(����>���9U�;����=�O�%9U�$�!9U���!�+��%*�$���=�����9U�������U'�[ �����'9U����=���<�� glycans 

��'������>��>*��$�!����������� ����� glycans ���=���<�=� 1,3-1,4-�-D-glucans (���������=��=� �-glucans) 

�-glucans �)V��9���������',�=$��$&����')�!���,)�*�� cellotriose $�! cellotetraose ;�
��
=�� 2.5 �=� 1 >"'�

��U'������*��9��O!,����>����$�� �-(1,3) (Carpita and McCann, 2000) �-glucans �!$������$�!��U'�����

��� cellulose �&*�,�*�*����� >"'��=��;�*(����>���������$&L�$�� (Carpita, 1996) 

���,>����'���'��&*���������=��(����>���9U����������=� glucanohydrolases >"'��)V����,>�����=��=����'

5+����,�*;� glycosyl hydrolases family (GH) $�!9����,>����<;�
�'�����������=��U'���<�
����$�!�����������*�� 

glucanohydrolases $�=�,�*�)V� 3 )�!�	� ,�*$�= endoglucanase, exoglucanases $�! �-glucosidases 

���,>�� endo-glucanses  �=��9��O!��'��+=	��;� cellulose ��,�*������$>���,���
��
�<��� �����'���,>����<�!

�=��
��
����,�* 
��
�����!�*�����
������+��
��=���*��
�'��=�� (Hatfield and Nevins, 1987) ���,>�� 

exoglucanase �=����+��
������������$>���,���,�*��<����)����*�� reducing ��U�  non-reducing (Huber 

and Nevins, 1981) 
=�� �-glucosidase 
����5�=��������$>���������)��� reducing ends  ,�*��=���<� 

(Hrmova and Fincher, 2001a; Opassiri, 2004) �������<�
�����B���=����,>�����=���<��'9�;�9U������%*����

5+�
=����,)��'������(����>����9U'��=�� cellulose $�! �-glucans (Taiz, 1984; Buchanan et al., 2000) 

���,>�� glucanase �������;�9U�����&*�,)��
=���=��;��!��)`������>���9U� ����=���=��(����>���&����U<��� 

���)V�������$>���,���
��
�<�[ ������$>���,������=���<�
���*���'�)V������!��*� (elicitor) ����
����&�����

����������'���
����=����������&����U<� ;��!�����
=�
�%%��&���>��� (Yamaguchi et al., 2000).  

Hrmova and Fincher (2001a) �)�������������
�*��&�� glycosyl hydrolases &��9U� $�!�O����

����
��9��O��!��=������
�*����������
��9�!�=�
��
����&�����,>�� endohydrolase, exohydrolase $�! 

�-glucosidase �����'���,>����<�
�������������
��9�!�=�
��
����$���=�������U'��������+)�=��&�����������

���
��
���� (binding sites) ��'$���=����� �����'�,) endohydrolases �!��������������
��
�����)V��=����� 

(grooves ��U� depressions) ���(�����&���)���� �����<� endohydrolase �"�
����5������������;��L,�*&��


��
������'�)V��9������� $�*��"��=��9��O!��'��+=	��;��9���������<��*������!������'�)V���+=��=���'q{������+=���

��������<�  ������������
��
����&�� exohydrolase ���+)�=���)V�$���=���U��9����'�"��&*�,)���(���)���� 

(dead-end tunnel, slot, funnel) �����
��9�!�=�
��
�����"�&"<�����=�
��
�������+)�=��9�������+)�=��&��
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������������9���'�!�U'��&*�,)
��(�
�������!������+=��=���'��+=�*�&���=���<�,�*����9���;� (Hrmova and 

Fincher, 2001a, 2001b) ���������&�� �-glucosidase ���+)�=���)V��=��$��$�!�U<���'9��!;�*��+��
$�= 2 

��=���U'��&*�,),�* ���
=����'���U��!�U'�������*����� (Hrmova and Fincher, 2001a)         

���&*��+��
������������,���;������&��9U��������� ��=� Arabidopsis, &*��, &*���������� $�! 

&*���9� 9��=� glucanohydrolases ��'����+=�)V��
�������������������������*������
�*��$�!�
����

����!�����)V���=����� $�!��������������� ,�*$�= ���
������!�� �=��
��� $�!�)��'��$)������
�*��

&��������$>���,���$�!�9��$>���,��� (Hoj and Fincher, 1995; Davies and Henrissat, 2002) 
����5

�
�$�����&�� glucanohydrolases )�!��� 400 ��� ����)V����=��=��,�*  9 ���=� endoglucanases 5+����,�*

;� GH 9, 10, 16, 17, 51$�! 81 ,  exoglucanases 5+����,�*;����=� GH1, 3, $�!  5  $�! �-glucosidase 5+�

���,�*;� GH1 ){���������,�=
����5�"�#���,����
�*��$�!
���(����>���9U���'����&"<�����[ ;��>���9U�,�* 

��U'�������!�����<������>��>*����'�*��;�*���,>���&*��=���������� ){�����������,>�� glucanohydrolases 

�9����������;�9U�,�*5+��
����"�#�5"��������*���'$�!�����
��9�!�=�
��
����  �����&�� glucanohydro-

lases &��&*���9���,�=��'�����',�*������"�#��� $�!���,>����',�*������"�#�
=������!��+=;����=� GH 1, 3, 17 

(Akiyama et al, 2004; Nishizawa et al, 2003; Opassiri et al, 2003; Zheng et al, 2003; Yamaguchi et al, 

2002; Thomas et al, 2000; Rakwal et al, 1999) �)V���U'�������'�!�����������
��9�!;�����
����&��

���,>�����=���<����
��������!�����9�����=������� ;�&*������������=���*�� 130 ������'���,�=,�*������"�#��=�

����,�����
������=��,� �������
��9�!�=�
��
����$���=�������U�,�= �����'���������
������!�����,>��

�����=��$
�����;��=��������U�
	��!;�  �9U'���'�!����
�5�������=���"��������
��)V���'�!�*��$�����,>��

����������"�#����
������=��[  ����������"�#�����
�*�� �9U'��&*�;�5"���,�����
����&�����,>�� $�*�

�
�&*��+���������!��5"�����$���=��$�!
��9��O�;�����
�����!��=�����,>��$�=�!���� �����+*��',�*���

����"�#������=���!�)V�)�!�����;�����
����,>��������<,);�*�=��������,>���U'�[ ��'�������
��9�!���


��
����;��+)$����'$���=�����,);�*;�����=��
�������)�!����=��[ ;�(����>���9U� ��=� cellulose $�! 

glycans >"'��)V� biomass ��'
����5�
�,);�*)�!�����;����
���������(���
���=��[ ��=� $����/���, 
��

��U<��9���, ����!����, ��!��#, 
���9�'�����=������
���� $�!�����#���� �)V��*� ��U��
������������,>��

�9U'�;�*����*���'�~9�!�����'�*�������'�!�
�,);�*)�!����� 

  
2. %&�3,���#����
�������� (Objectives) 

1.  �)���������$�!������
��9��O�&���
��������!����&�����,>�� glucanohydrolases $�=�!����;� 

subfamily �=��[  

2. �9�'��
������<�
=�� cDNA &������������;����=� glucanohydrolase ���&*�����;�*��O� RT-PCR 

3.  (����������$�����)����&�� glucanohydrolase &��&*�� ;�$����������U���
��  

4.  �"�#�
������=��[ ���������� &�����,>��$�!�����
��9�!;�����=��
��� glycans �����=��[ 
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3. %
5�����!	
� (Materials and Methods) 

3.1 Database searching and sequence analysis 

     Identification of rice genes homologous to glucanohydrolases was done using the 

BLAST suite of programs (Altschul et al., 1997) in GenBank at NCBI 

(/www.ncbi.nlm.nih.gov), Beijng Genomic Institute (http://btn.genomics.org.cn/rice/) and 

Carbohydrate Active Enzyme Database (http://afmb.cnrs-mrs.fr/CAZY).  Identification of 

homologous genes and cDNAs was done using tBLASTn and the known protein sequences 

derived from Entrez search at GenBang NCBI.  Coding regions of genes were identified by 

BLASTx searches against the NCBI nr protein database.  All gene/protein clone IDs were 

retrieved and collected in the catalog and grouped into each glycosyl hydrolase subfamily.   

 

3.2 Plant materials and growth conditions 

Rice (Oryza sativa L. spp. indica cv. KDML105 and spp. japonica cv. Yukihikari) seeds 

were germinated in the dark from day 0 to day 3 and in 12 h light-12 h dark from day 4 to day 7 

at 28�C on germinating paper moistened with sterile distilled water.  The whole seedlings were 

harvested and kept at -70�C for RNA isolation.    

 

3.3 Cloning and recombinant protein expression of rice Os4bglu12 �-glucosidase cDNA  

Total RNA was isolated from 100 mg 5-6-d-old rice seedlings using Trizol Reagent 

(Invitrogen , Carlsbad, CA).  The total RNA (5 �g) was used as the template to synthesize the 

first-strand cDNA with SuperScript II reverse transcriptase according to the manufacturer's 

protocol (Invitrogen).  Primers for amplifying the full-length coding sequence (CDS) cDNA 

(designated Os4bglu12) and a cDNA encoding the mature protein of rice Os4bglu12 �-

glucosidase were designed from the GenBank indica rice genome contig number 

AAAA02014151 and AK100820 and AK105375 cDNA sequences (Kikuchi et al., 2003).  A 5' 

sense primer Os4bglu12_fullf (5'-TGTCCATGGCGGCAGCAG-3'), and the antisense primer 

Os4bglu12_3'UTRr (5'-AACTGGATTACTTCCATCTC-3') were used to amplify the full 

coding cDNA.  The amplification was done with 30 cycles of 94�C, 30 s, 53�C 30 s and 72�C 4 

min, using Pfu DNA polymerase (Promega, Madison, WI).  A full-length product was cloned 

into the EcoR V site of pBlueScript II SK+ (Stratagene, La Jolla, CA), and sequenced.  

To express the protein in Escherichia coli, the cDNA encoding mature proteins of rice 

Os4bglu12 �-glucosidase was cloned by RT-PCR and inserted into pENTR-D/TOPO Gateway 
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entry vector and transferred to the pET32a+/DEST Gateway expression vector for expression.  

The cDNA encoding mature proteins of the Os4bglu12 was PCR amplified using cDNA cloned 

as the template with the Os4bglu12matNcoIf (5'-CACCATGGCCTACAATAGCGCCGGCG 

AG-3') and Os4bglu12stopr (5'-ATCATTTCAGGAGGAACTTCTTG-3') primers and Pfu 

DNA polymerase to introduce a direction cloning site at the 5' end.  The amplification was done 

as above, but with 45�C annealing temperature.  The PCR product was cloned into pENTR-

D/TOPO Gateway entry vector, according to the supplier directions (Invitrogen) and 

sequenced.   

The cDNA insert in the pENTR-D/TOPO vectors was subcloned into the 

pET32a+/DEST Gateway expression vector by LR Clonase recombination following the 

recommended protocols (Invitrogen) and thoroughly sequenced.  The recombinant 

pET32a+/DEST-Os4bglu12 plasmid was transformed into OrigamiB (DE3), and positive clones 

were selected with 15 μg/ml kanamycin, 12.5 μg/ml tetracycline and 50 μg/ml ampicilin LB-

agar plate.  For recombinant protein expression, the selected clones were grown in selecting LB 

medium at 37°C until the optical density at 600 nm reached 0.5-0.6, IPTG was added to a final 

concentration of 0.3 mM and the cultures were incubated at 20�C for 8 h.  Induced cultures 

were harvested by centrifugation at 5000�g at 4�C for 10 min.  The cell pellets were 

resuspended in freshly prepared extraction buffer (50 mM phosphate buffer pH 8.0, 200 �g/ml 

lysozyme, 1% Triton-X 100, 1 mM phenylmethylsulfonylfluoride (PMSF), 40 �g/ml DNase I), 

and incubate at room temperature for 30 min.  The soluble protein was recovered by 

centrifugation at 12,000xg at 4°C for 10 min.  All of the protein samples were subjected to 

SDS-PAGE by standard methods (Laemli, 1970).  

 

3.4 Cloning and recombinant protein expression of GH5BG �-glucosidase cDNA  

Total RNA was isolated from 100 mg 5-6-d-old rice cv. KDML105 seedlings with 

Trizol Reagent, and 5 �g of total RNA was used as the template to synthesize the first-strand 

cDNA with SuperScript II reverse transcriptase according to the manufacturer's protocol 

(Invitrogen, Carlsbad, CA).  The GenBank rice genome contig accession number AC107314 

(deduced protein sequence GenBank AC AAAM08614) and AK065000 cDNA sequences 

(Kikuchi et al., 2003) were used to design the primers to amplify a full-length coding sequence 

(CDS) cDNA and a cDNA encoding the mature protein of rice glycosyl hydrolase family 5 �-

glucosidase (designated GH5BG).  The 5' sense primer AK065000f (5'-GCTGAAAAATCTTC 

GTCTTCATC-3') and the antisense primer AAM08614EcoRIr (5'-CCATCCAACTGGAATTC 
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TCACTG-3') were used to amplify a 774 bp-5' PCR fragment.  The 5' sense primer 

AAM08614EcoRIf (5'-CGCAGTGAGAATTCCAGTTG-3') and the antisense primer 

AK065000r (5'-CTTCACAAGAGAAAGTTACACTC-3') were used to amplify a 1016 bp-3' 

PCR fragment.  The amplification for 5' and 3' PCR fragments was done with 30 cycles of 

94�C, 30 s, 51�C 30 s and 72�C 4 min, using Pfu DNA polymerase (Promega, Madison, WI) 

with the first-strand cDNA as the template.  Finally, the AK065000f and AK065000r primers 

were used to amplify a full CDS cDNA by using the 5' and 3' PCR cDNA fragments amplified 

above as template in overlapping PCR. The amplification was done as above, but with 45�C 

annealing temperature.  A full-length product was cloned into the EcoR V site of pBlueScript II 

SK+ (Stratagene, La Jolla, CA), and sequenced.  Protein analyses were done at the Expasy 

proteomics server (http://www.expasy. org/), predictions of signal sequences and cellular 

location were done were done with SignalP (Bendtsen, 2004) and  PSORT (Nakai and Horton, 

1999), respectively.  

 The cDNA encoding the predicted mature protein of the GH5BG was PCR amplified 

with the cloned full-length cDNA as the template, the AAM08614matNcoIf (5'-CACCATGGT 

CTCCGATGGGAGGACG-3') and AAM08614XhoIstopr (5'-CCCTCGAGCTAGCTTTTGA 

GAGAGATGATCC-3') primers and Pfu DNA polymerase to introduce an NcoI site at the 5' 

end and an XhoI site at the 3' end.  The amplification was done as described above, but with 

45�C annealing temperature.  The cDNA product was digested with NcoI and XhoI, cloned into 

pENTR4 Gateway entry vector that had been digested with the same restriction enzymes, and 

subcloned into the pET32a+/DEST Gateway expression vector by LR Clonase recombination 

following the recommended protocols (Invitrogen) and thoroughly sequenced.  The 

recombinant pET32a+/DEST-GB5BG  plasmid was transformed into E. coli strain OrigamiB 

(DE3) by heat shock (Sambrook et al., 1989), and positive clones were selected on 15 μg/ml 

kanamycin, 12.5 μg/ml tetracycline and 50 μg/ml ampicillin LB-agar.  

To produce the protein, selected clones were grown in LB medium containing the same 

antibiotics as above at 37°C until the optical density at 600 nm reached 0.5-0.6.  Then, IPTG 

was added to a final concentration of 0.5 mM and the cultures were incubated at 20�C for 12 h.  

Induced cultures were harvested by centrifugation at 3000 � g at 4�C for 10 min.  The cell 

pellets were resuspended in freshly prepared extraction buffer (50 mM phosphate, pH 8.0, 200 

�g/ml lysozyme, 1% Triton-X 100, 1 mM phenylmethylsulfonylfluoride, 40 �g/ml DNase I), 

and incubated at room temperature for 30 min.  The soluble protein was recovered by 

centrifugation at 12,000 x g at 4°C for 10 min.  The expressed thioredoxin-GH5BG fusion 
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protein was purified by immobilized metal affinity chromatography (IMAC) with cobalt BD 

TALON column according to the manufacturer’s instructions (Clontech, Palo Alto, CA).  The 

fractions with pNPG hydrolysis activity were pooled and concentrated with 10 kDa-cut off 

centrifugal ultrafiltration membranes (YM-10, Amicon, Beverly, MA).  All of the protein 

samples were analyzed by SDS-PAGE by standard methods (Laemmli, 1970).  

 

3.5 Enzyme assays  

The purified thioredoxin-Os4bglu12 and -GH5BG recombinant protein was tested 

against pNP (pNP) derivatives of monosaccharides and cellobiose to determine sugar 

specificity.  In a 100 �L reaction assay volume, 1.47-2.94 pmol enzyme was incubated with 

substrate in 50 mM sodium acetate, pH 5.0, at 37�C, except for the assay with pNP-�-D-

cellobioside, in which 29.4 pmol enzyme was used.  At the end of the reaction time, 70 �L of 

0.4 M sodium carbonate was added to stop the reaction, and the absorbance of the liberated 

pNP was measured at 405 nm.  The enzymes were tested with oligosaccharides including cello-

oligosaccharides with DP of 2-6, laminari-oligosaccharides DP 2-5 and gentiobiose.  In a 50 �L 

reaction volume, 0.74 pmol enzyme was incubated with substrate in 50 mM sodium acetate, pH 

5.0, for 5 min at 37�C, and the reaction was stopped by boiling.  The release of the glucose was 

determined by the PGO (peroxidase/glucose oxidase) assay method (Babcock and Esen, 1994; 

Opassiri et al. 2003).    

The enzyme was also tested for hydrolysis of polysaccharides.  In the assay, 1-5 �g 

enzyme was incubated separately with 0.5% (w/v) laminarin and barley �-glucans in 50 mM 

sodium acetate (pH 5.0) at 37�C for 30-60 min. The reaction was stopped by the addition of p-

hydroxybenzoic acid hydrozide reagent and the increase in reducing sugars was measured 

colorimetrically, as described by Lever (1972).  One unit of �-glucosidase activity was defined 

as the amount of enzyme that produced 1 �mol of product per min.  Protein assays were 

performed by the Bio-Rad protein assay kit (Bio-Rad, Richmond, CA) using bovine serum 

albumin as a standard.   The pH optimum was determined by measuring the release of pNP 

from pNP-�-D-glucoside (pNPG) in different 50 mM buffers ranging in pH from 3.5 to 10 in 

0.5 pH unit increments for 10 min (formate, pH 3.5-4.5; sodium acetate, pH 4.0-5.5; sodium 

phosphate, pH 5.5-8; Tris, pH 7.5-9.0; CAPS, pH 9.0-10).  To find the temperature optimum, 

pNPG hydrolysis was measured in 50 mM sodium acetate, pH 5.0, at temperatures ranging 

from 5°C to 90°C in 5° increments for 10 min.  




�%%���&��'  MRG4880066  

 

 12

4. Result and discussion 
 

4.1  Database searching and sequence analysis 

The completion of the Oryza sativa L. spp. japonica Rice Genome Project and the 

complementary indica rice (O. sativa L. spp. Indica) genome project by the Beijing Genomic 

Institute and Carbohydrate Active Enzyme Database (http://afmb.cnrs-mrs.fr/CAZY) has 

allowed genome-wide analysis of gene families in this important crop.  The sequence and 

mapping information provided to the public databases by these projects enabled us to identify 

glucanohydrolase genes.  At least 139 genes homologous to glucanohydrolases which can be 

classified to be the members in 7 subfamilies of glycosyl hydrolase family in rice (Table 1). 

 

Table 1 Summary of genes homologous to glucanohydrolase in glycosyl hydrolase family  

 
Family Gene ID Protein ID Putative protein 

1 U28047 

AAAA02002143 

AAAA02014151 

AAAA02010831 

AAAA02022575 

AAAA02034198 

AAA84906 

BAD73293 

CAE05483 

AAX95520 

- 

CNS08C89 

beta-glucosidase,  beta-D-glucan exohydrolase 

beta-glucosidase 

beta-glucosidase,  beta-D-glucan exohydrolase 

beta-glucosidase 

beta-glucosidase  

beta-glucosidase 

3 AL732339 

AL442109 

AP004150 

AL606455 

AC130602 

AC135599 

AC091811 

AP003106 

AP003295 

AL662976 

AC091811 

AC091811 

CAJ86028 

CAJ86207 

BAD07748 

CAE02971 

AAU90111 

AAX96800 

AAL58966 

BAB56084 

BAB89846 

CAD41212 

AAL58963 

AAL58976 

 

 

beta-D-glucan exohydrolase 

 

beta-D-glucan exohydrolase 

 

exoglucanase 

exo-1,3-beta-glucanase 

exo-1,3-beta-glucanase 

 

 

exohydrolase 

5 AAL442104 

AAL442104 

AL606614 

AP004583 

AP003284 

AP004817 

AP003076 

AC096687 

AC119290 

AC136224 

CAH67677 

CAH67676 

CAD41088 

BAD61770 

BAB91747 

BAD17132 

BAB56016 

AAL79761 

AAV43969 

AAV44080 

Cellulase 

Cellulase 

Cellulase 

Cellulase, endo-beta-1,4-mannanase 

Cellulase, (1-4)-beta-mannan endohydrolase 

Cellulase, (1-4)-beta-mannan endohydrolase 

Cellulase, (1-4)-beta-mannan endohydrolase 

Cellulase, endohydrolase 

glucan 1,3-beta-glucosidase 
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Family Gene ID Protein ID Putative protein 

5 AAL60614 

AP004023 

AC107314 

APOO4213 

AC096687 

AL606614 

AC107314 

CAD41089 

BAD16839 

AAM08614 

BAD09304 

AAL79758 

CAD41090 

AAM08620 

 

cellulase 

Glucan 1,3-beta-glucosidase 

1,3-beta-glucosidase 

endohydrolase 

 

Glucan 1,3-beta-glucosidase 

9 
 
 
 

AL732351 

AL732344 

AL606627 

AP005092 

AP005319 

AP003614 

BX548155 

AP004689 

AP002094 

AP005657 

AP004027 

AP004463 

AL606457 

AP006453 

AP004846 

AP003722 

AP005112 

AC118133 

AC135914 

AP002094 

AP004885 

AP005619 

CAJ86099 

CAH68191 

CAD41248 

BAD33331 

BAD16147 

BAD53575 

CAE01493 

BAD05437 

BAC00553 

BAD10555 

BAD45673 

BAC55745 

CAE03241 

BAD26493 

BAD19513 

BAB92772 

BAD16040 

AAP03405 

AAT44235 

BAD81358 

BAD07956 

BAD46308 

 

 

 

Cellulase 

endo-1,4-beta-glucanase 

endo-1,4-beta-glucanase 

 

 

endo-1,4-beta-glucanase 

endo-1,4-beta-glucanase 

endo-beta-1,4-glucanase 

endo-beta-1,4-glucanase 

 

endo-beta-1,4-glucanase 

cellulase 

endo-beta-1,4-glucanase 

endo-beta-1,4-glucanase 

endo-beta-1,4-glucanase 

endo-beta-1,4-glucanase 

endo-beta-1,4-glucanase 

endoglucanase 1 

endo-beta-1,4-glucanase 
16 AP004886 

AP005859 

BAD07973 

BAD08162 

xyloglucan endo-1,4-beta-D-glucanase 

xyloglucan endo-1,4-beta-D-glucanase 

17 
 

U72255 

U72253 

AB027430 

AF443600 

U72251 

AF323610 

AB027432 

U72254 

AY217745 

AL732352 

AP003884 

AP005185 

AC146936 

AP003804 

AAD10386 

AAD10384 

BAA77785 

AAL35900 

AAD10382 

AAK16694 

BAA77787 

AAD10385 

AAO64485 

CAJ86292 

BAD01673 

BAC83955 

AAX95654 

BAC83070 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

endo- beta-1,3-glucanase 

beta-1,3-glucanase 

glucanase 

beta-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

 

 

beta-1,3-glucanase 

 

elicitor inducible beta-1,3-glucanase 
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Family Gene ID Protein ID Putative protein 

17 U72248 

AP003259 

AL662947 

AP004073 

AC092781 

AC137611 

AC134045 

AC112160 

AP004073 

AP005446 

AP002972 

AP005810 

AC0099324 

AP004073 

AP002542 

AC133930 

AC137064 

AP005810 

AC108874 

AP003622 

AB027428 

AP004073 

AP004230 

AP004031 

AP003799 

AP005788 

AP004749 

AC104473 

AP005810 

AP004869 

AP005786 

U72249 

AP003259 

AP003287 

AC091787 

AP003221 

AP005294 

AP005110 

AC084765 

AC105364 

AC098696 

AP003259 

AP004690 

AP004073 

AC090871 

AAD10379 

BAC15778 

CAD40655 

BAD88030 

AAP68878 

AAT69611 

AAX95357 

AAU44050 

BAB86248 

BAD36114 

BAD86947 

BAC84505 

AAO73270 

BAB86250 

BAD67869 

AAP44659 

AAX95269 

BAC84500 

AAT01345 

BAD32917 

BAA77783 

BAD88015 

BAC20025 

BAD87992 

BAC75843 

BAD26208 

BAD54223 

AAN60993 

BAC84503 

BAD15845 

BAC80125 

AAD10380 

BAC15784 

BAD82033 

AAP12947 

BAB86422 

BAD10251 

BAD28425 

AAP46217 

AAN05325 

AAN04212 

BAD87205 

BAD05454 

BAD88028 

AAO37977 

beta-1,3-glucanase 

endo- beta-1,3-glucanase 

 

endo- beta-1,3-glucanase 

lichenase 

 

glucan endo-1,3-beta-glucosidase 

beta-1,3-glucanase 

endo- beta-1,3-glucanase 

elicitor inducible beta-1,3-glucanase 

elicitor inducible beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

glucan endo-1,3-beta-glucosidase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

elicitor inducible beta-1,3-glucanase 

beta-1,3-glucanase 

 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

endo-1,3-beta-glucosidase 

elicitor inducible beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

endo-1,3-beta-glucosidase 

beta-1,3-glucanase 

endo-1,3-beta-glucosidase 

beta-1,3-glucanase 
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Family Gene ID Protein ID Putative protein 

17 AC133859 

AC137064 

AP003259 

AP003888 

AP005810 

AC097112 

U72252 

AB027429 

AP004073 

AP005840 

AP004058 

AP005092 

U72250 

AP004031 

AP004340 

AP004031 

AC092778 

AB070742 

AF030167 

AF030166 

AAP50997 

AAX95270 

BAD87200 

BAC75423 

BAC84487 

AAT39206 

AAD10383 

BAA77784 

BAB86249 

BAD31779 

BAD16854 

BAD33320 

AAD10381 

BAB85436 

BAC83528 

BAB85424 

AAP12921 

BAC02926 

AAB86556 

AAB86541 

beta-1,3-glucanase 

endo-1,3-beta-glucosidase 

endo- beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

endo-1,3-beta-glucosidase 

endo-1,3-beta-glucosidase 

glucanase 

endo-1,3-beta-glucosidase 

endo- beta-1,3-glucanase 

beta-1,3-glucanase 

beta-1,3-glucanase 

glucanase 

glucanase 

81 AP005702 BAD26084 beta-glucan binding protein 

 
 
 
4.2 Cloning and expression of Os4bglu12 �-glucosidase 
 
 

Os4bglu12 �-glucosidase cDNAs cloning and sequence analysis 

The protein product for Os4bglu12 gene has highest sequence similarity to the 

previously described cell wallbound �-glucosidase purified from rice seedlings (Akiyama et al., 

1998).  Therefore, it was chosen for expression to test if the protein would have the expected 

activity. The sequence of the Os4bglu12 �-glucosidase mRNA from rice was confirmed by RT-

PCR cloning and sequencing, using rice cultivar KDML105 cDNA as the template. A specific 

PCR product of 1635 bp was produced, and its sequence overlapped that of the indica rice 

contig AAAA02014151.  The reconstructed cDNA sequence of Os4bglu12 included a 1530-

nucleotide long open reading frame encoding a 510 amino acid long precursor protein (Figure 

1).  The Signal P program predicted the protein to contain a 24 amino acid signal sequence and 

a 486 amino acid mature protein.  The deduced Os4bglu12 N-terminal amino acid sequence 

was identical to the N-terminal amino acid sequence of the previously purified cell-wall-bound 

rice �-glucosidase at 40 of 44 residues (Akiyama et al., 1998). 
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ATGGCGGCAGCAGGGGCAATGCCCGGTGGCCTTCTCCTCACGTTCCTCCTC
M  A  A  A  G  A  M  P  G  G  L  L  L  T  F  L  L
CTTGCTGTCGTCGCTTCCGGCGCCTACAATAGCGCCGGCGAGCCGCCGGTC
L  A  V  V  A  S  G  A  Y  N  S  A  G  E  P  P  V
AGCCGGAGAAGCTTCCCCAAGGGGTTCATCTTCGGGACAGCCTCGTCGTCG
S  R  R  S  F  P  K  G  F  I  F  G  T  A  S  S  S
TATCAGTACGAGGGTGGCGCAGCGGAGGGCGGCAGAGGACCAAGCATCTGG
Y  Q  Y  E  G  G  A  A  E  G  G  R  G  P  S  I  W
GACACCTTCACACATCAGCACCCAGAGAAAATCGCCGACAGAAGCAACGGG
D  T  F  T  H  Q  H  P  E  K  I  A  D  R  S  N  G
GATGTGGCTTCGGATTCCTACCATCTCTACAAGGAAGATGTGCGCCTCATG
D  V  A  S  D  S  Y  H  L  Y  K  E  D  V  R  L  M
AAGGATATGGGAATGGATGCATACAGGTTCTCCATCTCATGGACAAGAATC
K  D  M  G  M  D  A  Y  R  F  S  I  S  W  T  R  I
CTTCCAAATGGAAGTCTGAGGGGTGGAGTCAACAAAGAAGGCATAAAGTAC
L  P  N  G  S  L  R  G  G  V  N  K  E  G  I  K  Y
TACAATAATTTGATCAATGAGCTATTATCGAAAGGGGTGCAACCGTTTATT
Y  N  N  L  I  N  E  L  L  S  K  G  V  Q  P  F  I
ACCCTTTTCCACTGGGACTCACCTCAGGCGTTGGAAGATAAATATAACGGA
T  L  F  H  W  D  S  P  Q  A  L  E  D  K  Y  N  G
TTTCTTAGCCCTAATATCATAAATGACTTTAAGGACTATGCTGAAATCTGC
F  L  S  P  N  I  I  N  D  F  K  D  Y  A  E  I  C
TTCAAGGAGTTTGGTGACAGAGTGAAAAATTGGATCACCTTCAATGAGCCT
F  K  E  F  G  D  R  V  K  N  W  I  T  F  N  E  P
TGGACTTTCTGCTCTAATGGCTATGCAACTGGCCTGTTTGCACCAGGCCGT
W  T  F  C  S  N  G  Y  A  T  G  L  F  A  P  G  R
TGTTCGCCCTGGGAGAAGGGAAATTGCAGTGTTGGAGATTCAGGAAGGGAG
C  S  P  W  E  K  G  N  C  S  V  G  D  S  G  R  E
CCTTACACTGCATGCCATCATCAACTACTTGCCCACGCGGAAACTGTTCGG
P  Y  T  A  C  H  H  Q  L  L  A  H  A  E  T  V  R
TTGTACAAAGCGAAATATCAGGCCTTACAAAAAGGGAAGATTGGAATAACT
L  Y  K  A  K  Y  Q  A  L  Q  K  G  K  I  G  I  T
CTGGTCTCGCACTGGTTTGTTCCCTTCTCCCGCTCCAAATCCAACAATGAT
L  V  S  H  W  F  V  P  F  S  R  S  K  S  N  N  D
GCTGCAAAGCGTGCTATAGACTTCATGTTTGGATGGTTTATGGATCCCCTC
A  A  K  R  A  I  D  F  M  F  G  W  F  M  D  P  L
ATTAGAGGCGACTACCCCCTAAGCATGAGAGGATTGGTTGGGAATCGCTTG
I  R  G  D  Y  P  L  S  M  R  G  L  V  G  N  R  L
CCACAGTTCACTAAAGAACAGTCTAAGTTGGTCAAGGGTGCATTTGACTTT
P  Q  F  T  K  E  Q  S  K  L  V  K  G  A  F  D  F
ATTGGACTTAACTACTACACTGCGAACTATGCTGATAACCTTCCTCCATCA
I  G  L  N  Y  Y  T  A  N  Y  A  D  N  L  P  P  S
AATGGCCTTAACAACAGCTATACCACCGATTCTCGAGCTAATCTTACCGGT
N  G  L  N  N  S  Y  T  T  D  S  R  A  N  L  T  G
GTACGAAATGGCATCCCCATAGGACCGCAGGCTGCTTCACCTTGGCTTTAC
V  R  N  G  I  P  I  G  P  Q  A  A  S  P  W  L  Y
GTCTACCCTCAAGGCTTCCGTGACTTGCTACTTTATGTTAAGGAGAACTAT
V  Y  P  Q  G  F  R  D  L  L  L  Y  V  K  E  N  Y
GGCAATCCTACCGTCTACATCACTGAAAATGGCGTTGATGAATTCAACAAT
G  N  P  T  V  Y  I  T  E  N  G  V  D  E  F  N  N
AAGACCTTACCACTCCAAGAAGCCTTGAAGGATGACGCTAGGATAGAATAC
K  T  L  P  L  Q  E  A  L  K  D  D  A  R  I  E  Y
TACCACAAGCACCTCCTTTCCCTGCTAAGTGCTATAAGGGATGGAGCAAAC
Y  H  K  H  L  L  S  L  L  S  A  I  R  D  G  A  N
GTGAAGGGATACTTTGCATGGTCGCTGCTTGATAACTTCGAGTGGTCGAAC
V  K  G  Y  F  A  W  S  L  L  D  N  F  E  W  S  N
GGCTACACAGTTCGATTTGGGATAAACTTCGTAGATTACAATGACGGAAGG
G  Y  T  V  R  F  G  I  N  F  V  D  Y  N  D  G  R
AAGAGATACCCCAAGAACTCTGCCCATTGGTTCAAGAAGTTCCTCCTGAAA
K  R  Y  P  K  N  S  A  H  W  F  K  K  F  L  L  K

 
Figure  1 The full-length cDNA sequence and deduced amino acid sequence of rice Os4bglu12 
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A few reports described the expression patterns of �-glucosidases in rice plants. Based 

on enzyme activity, gibberellic acid glucoside and pyridoxine glucoside �-glucosidases are 

found in rice bran (Schlieman, 1984; Iwami and Yasumoto, 1986), and the cell wall-bound 

enzyme is found in seedling (Akiyama et al., 1998). Northern blot analysis showed that 

Os3bglu7 and Os9bglu30 (rice bglu 2 in Opassiri et al., 2003) �-glucosidase genes are highly 

expressed in seedling shoots, but only Os3bglu7 is expressed in flowers (Opassiri et al., 2003). 

Microarray analysis indicated that the transcripts of the ESTs BE607353 and BG101702, whose 

sequences are homologous to Os3bglu7 and Os4bglu12 �-glucosidases genes, respectively, are 

upregulated in response to high salinity stress in salt-tolerant rice (var Pokkali), but not in the 

salt-sensitive cultivar IR29(Kawasaki et al., 2001). Subtractive hybridization cDNA library 

screening indicated that the transcript level of the EST contig BPHiw028, homologous to 

Os4bglu12, is upregulated in response to brown planthopper (Wang et al., 2005). The presence 

of tricin-O-glucoside, a probing stimulant for planthopper (Adjei-Afriyie et al., 2000), suggests 

that the role of this enzyme is to release an active flavonol for defense. However, these studies 

did not show the specific roles of these enzymes in rice cells in response to such stresses. 

Therefore, identification of natural substrates for the enzymes is needed to understand the 

functions of these enzymes. 

 

Functional expression of recombinant Os4bglu12 

The Os4bglu12 cDNA CDS including the stop codon was inserted into pET32a(+)/ 

DEST.  The construct was used to transform OrigamiB (DE3) E. coli. Comparison of the 

protein profile of induced cultures with the Os4bglu12 insert with those of empty plasmid 

controls by SDS-PAGE showed the thioredoxin-Os4bglu12 fusion protein as an intense band at 

69 kDa on SDS-PAGE.  The fusion protein was purified by IMAC, and a band corresponding to 

69 kDa was observed in SDS-PAGE (Figure 2).  The enzyme was found to hydrolyze pNPG 

with optimal activity at pH 5.0 and 37°C. The enzyme activity with pNPG at 70°C and 80°C 

drops about 17% and 39%, respectively, from the optimal activity at 37°C in a 10 min assay. It 

was stable at 4°C for several months.  
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itnh e 
Figure 2 SDS-PAGE profiles of Os4bglu12 recombinant protein expressed in OrigamiB (DE3) 

E. coli after incubation in the presence of 0.3 mM IPTG, at 20°C for 8 h. Lanes: 1, standard 

marker (Bio-RAD); 2, total protein in E. coli cells containing pET32a(+) without an insert; 3, 

total protein of E. coli cells containing pET32a(+)/DEST-Os4bglu12; 4, soluble fraction of E. 

coli cells containing pET32a(+)/DEST-Os4bglu12; 5, purified Os4bglu12 recombinant protein. 

The arrow points to the position of thioredoxin fusion protein monomer. 

 

Os4bglu12 substrate specificity 

The activity of the purified rice Os4BGlu12 �-glucosidase towards natural and artificial 

glycosides is summarized in Table 2.  Since the reliable kinetic parameters could not be 

retreived dedrived from the cellobiose product inhibition, so the relative activities were used to 

determine the substrate specificity of this enzyme.  The Os4BGlu12 hydrolyzed the �-1,3-

linked glucose disaccharide laminaribiose, but not cellobiose (�-1,4) or gentiobiose (�-1,6).  It 

showed high hydrolytic efficiency at different rates with �-(1,4)-linked oligosaccharides with 

DP of 3-6.  Hydrolysis of �-(1,3)-linked oligosaccharides with DP > 2, laminarin and barley 

1,3, 1,4-�-glucans by this enzyme could not be detected.  The rate of hydrolysis of oligomeric 

substrates by Os4BGlu12 tended to remain approximately constant with increasing DP, which 

is a characteristic often observed with �-glucosidases (Reese et al., 1968).  On the TLC, 

Os4BGlu12 showed hydrolytic activity towards 5 mM laminaribiose and cello-oligosaccharides 

but the transglycosylation activity could not be detected (Figure 3).    
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Hydrolysis of pNP-glycosides with different sugars was used to assess Os4BGlu12  

glycone specificity, and it  was found to hydrolyze many kinds of pNP �-glycosides.  It 

hydrolyzed pNPG and pNP-�-D-fucopyranoside with 2-3 fold lower relative activity than 

oligosaccharides.  It also hydrolyzed pNP-�-D-galactopyranoside, pNP-�-D-xyloside, and pNP-

�-L-arabionoside, at 45%, 45% and 26% the rate of pNPG, respectively.  Hydrolysis of pNP-�-

D-mannoside, pNP-�-D-cellobioside, pNP-�- D-glucopyranoside, and pNP-�-L-fucopyranoside 

were not detectable.  High hydrolysis of �-xyloside is similar to white clover �-glucosidase, but 

otherwise rare in GH1 enzymes, as noted by Marana (2006), who placed the clover enzyme in a 

separate functional grouping based on this activity. 

Rice Os4BGlu12, rice BGlu1 (Opassiri et al. 2003), cell-wall-bound rice �-glucosidase 

(Akiyama et al., 1998) and barley �II �-glucosidase (Hrmova et al., 1998) are enzymes that 

hydrolyze �-linked glucose oligosaccharides, but not polysaccharides.  However, the specificity 

for glycones and substrate chain lengths of these enzymes are different.  In contrast to barley 

and rice cell-wall-bound enzyme, Os4BGlu12 did not hydrolyze �-(1,3)-linked 

oligosaccharides longer than laminaribiose, and hydrolyzed various pNP-derivatives of 

monosaccharides.  This substrate preference was not expected, since it was initially expected 

that Os4bglu12 was the gene for the cell-wall-bound �-glucosidase, and the sequence 

differences might be due to cultivar differences or sequencing errors.  The substrate preference 

of Os4BGlu12 is somewhat similar to rice BGlu1, however, there were many differences 

between these enzymes.  In contrast to rice BGlu1, Os4BGlu12 hydrolyzed �-(1,4)-linked 

oligosaccharides and laminaribiose at higher rates than pNPG, and did not hydrolyze cellobiose, 

gentiobiose, pNP �-D-mannoside, and pNP-�-D-cellobioside.  Their sequence differences are 

likely to reflect the differences in substrate binding to the active site between these enzymes.  

The amino acids identified by Czjzek et al. (2000) as critical for glucose binding (Q38, H142, 

E191, E406, E464 and W465 in maize Bglu1) are  conserved in rice Os4BGlu12, rice BGlu1, 

and barley �-glucosidase.  Interestingly, the rice BGlu1 protein sequence was closest to barley 

BGQ60 at some of substrate binding residues that line the active site cleft and interact with the 

substrate aglycone of maize �glu1 (W378, F198, F205, and F466) (Czjzek et al., 2000), 

suggesting it may have a similar substrate-specificity.  However, these above mentioned amino 

acid residues were different from those in the Os4BGlu12 enzyme and reflect the different 

substrate specificities for some oligosaccharides and glycones.  For instance, BGlu1 and barley 

BGQ60 cluster with tomato and arabidopsis �-mannosidase and can hydrolyze �-mannoside, 
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while Os4BGlu12 does not, and they also hydrolyze longer chain 1,3-linked oligosaccharides 

(Hrmova et al., 1996; Opassiri et al., 2004).  All three enzymes prefer shorter 1,3-linked 

oligosaccharides, with Os4bglu12 being the most extreme, only hydrolyzing the dimer with this 

linkage. This likely reflects the bent shape of oligosaccharides with the 1,3-linkage, which is 

somehow incompatible with the active site for longer chains. Elucidation of the tertiary 

structures of these enzymes would help to clarify the enzyme-substrate binding mechanism 

leading to these preferences.  Elucidation of the tertiary structures of these enzymes would help 

to clarify the enzyme-substrate binding mechanism. 

 
Table 2  Substrate specificity of the purified rice Os4bglu12 
 
 
Substrate    Relative activitya (%) 

 
Laminaribioseb    238 
Laminaritriose     0 
Laminaritetraose    0 
Laminaripentaose    0 
Cellobiose     0     
Cellotrioseb     231 
Cellotetraoseb     301 
Cellopentaoseb     279 
Cellohexaoseb     295 
Gentiobiose     0 
Laminarin     0 
Barley 1,3, 1,4-�-glucans   0 
pNP-�-D-glucoside    100 

pNP-�-D-fucoside    118  
pNP-�-D-galactoside    45 
pNP-�-D-xyloside    45 
pNP-�-L-arabionoside   26 
pNP-�-D-mannoside    0 
pNP-�-D-cellobioside    0 
pNP-�-D-glucoside    0 
pNP-�-L-fucoside    0 
 
a Percent activity relative to glucose or pNP released from pNP-�-D-glucoside.  The assay 
contained 1 mM substrate in 50 mM sodium acetate (pH 5.0) buffer at 37�C. 
bNote that the values for oligosaccharides are in terms of total glucose released. 
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Figure 3  Hydrolysis of oligosaccharide substrates by Os4bglu12 detected by TLC. The 

Os4bglu12 was incubated with 5 mM substrates for 30 min and the products were detected after 

TLC by the carbohydrate staining. Samples were incubated with (+) or without (-) enzyme. 

Lanes: 1, glucose (G) and cello-oligosaccharides of DP 2–4 (C2-C4) marker; 2 and 3, 

cellobiose; 4 and 5, cellotriose; 6 and 7, cellotetraose, 8 and 9, cellopentaose, 10 laminari-

oligosaccharides of DP 2–4 (L2-L4) marker; 11 and 12, laminaribiose; 13–14 laminaritriose. 

 
 
 
4.3 Cloning and expression of glycosyl hydrolase family 5 �-glucosidase   

 

GH5BG cDNA cloning and sequence analysis 

With the completion of high quality drafts of the rice genome, analysis of GH5 

members in rice has been reported in the CAZY homepage (http://www.cazy.org/CAZY/).  

Twenty GH5 genes putatively encoding 7 cellulases, 9 endo-�-mannanases, 3 glucan 1,3-�-

glucosidases, and one 1,3-�-glucanase have been identified in rice databases (see CAZY).  The 

putative glucan 1,3-�-glucosidases encoded by these genes include Genbank accessions 

AAM08614, AAM08620, and AAV43969.  The simplest putative glucan 1,3-�-glucanase genes 

and AAM08614 was chosen for investigation. 

A GH5 glucan-1,3-�-glucosidase cDNA, designated GH5BG, was cloned from rice 

seedlings by RT-PCR with KDML105 rice seedling RNA and  primers derived from the 

GenBank accession number AC107314 (rice genomic contig from which AAM08614 is 

derived) and AK065000 (full-length cDNA,  Kikuchi et al., 2003) sequences.  A specific PCR 

product of 1680 bp was produced, and its sequence overlapped those of AC107314 and  
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Figure 4 Alignment of the protein sequences of rice GH5BG with exo-�-1,3-glucanases and 

endo-�-1,4-glucanase.  GH5BG is rice GH5BG, Candida is exo-�-1,3-glucanase from Candida 

albicans (AC CAA39908), Lentinula is exo-�-1,3-glucanase from Lentinula edodes (AC 

AB192344), Pichia is exo-�-1,3-glucanase from Pichia  pastoris (AC AY954499), and 

Clostridium is endo-�-1,4-glucanase from Clostridium thermocellum (AC AAA23220).  The 

alignment was generated with the ClustalX implementation of ClustalW (Jeanmougin et al., 

1998; Thompson et al., 1994) and analyzed and manually adjusted with Gendoc (Nicholas and 

Nicholas, 1997).  Alignment of the C. thermocellum sequence relied on the structural alignment 

of the 1CEC structural model with the C. albicans Exg 1CZ1 structure.  The positions of the �-

strands of the central (�/�)8 barrel are indicated by arrows above the alignment.  Red bars (�) 

mark invariant GH family 5 residues and the black and grey shading highlight other identities 

between sequences, the asterisks identify the two catalytic glutamate residues, the blue bars (�) 

indicate the two phenylalanine found at the +1 subsites of C. albicans Exg.  The region of rice 

GH5BG homologous to fascin is indicated by blue text. 

 

 

AK065000.  The full-length cDNA sequence contains a 1530-nucleotide open reading frame 

(ORF) encoding a 510 amino acid precursor protein.  The protein sequence was predicted to 

contain a 19 amino acid long prepeptide and a 491 amino acid long mature protein, and to be 

secreted out of the cell.  Its predicted pI is 5.28.  The mature protein includes two domains, a 

fascin-like domain (amino acids 70-180) and a glucan-1,3-�-glucosidase domain (amino acids 

37-60 and 208-496) (Figure 4).  In human, fascin acts as a protein that tightly bundles F-actin 

and it is important for the formation of actin-based protrusions and for maintaining cytoplasmic 

F-actin bundles (Adams, 2004).   

In addition to the putative rice GH5 glucan-1,3-�-glucosidases AAM08620 and 

AAV43969, the GH5BG amino acid sequence is highly similar to the putative 1,3-�-glucanase 

BAD10703 with 49% identity, but has only 28-33% identity with glucan-1,3-�-glucosidases of 

fungi.  Comparison of the deduced amino acid sequence of rice GH5BG with those of fungal 

GH5 exoglucanases revealed that Glu-347, which lies in the conserved NEP motif, is likely to 

be the catalytic acid/base and Glu-450, which lies in the conserved GEW motif, is likely the 

catalytic nucleophile (Cutfield et al., 1999; Sakatomo et al., 2005; Xu et al., 2006).  Similar to 

other GH5 members, rice GH5BG contains eight invariant residues, these being Arg-247, His-

291, Asn-346, Glu-347, His-406, Tyr-408, Glu-450, and Trp-486.  Phe-300 and Phe-411 of 
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GH5BG are also conserved with Phe-144 and Phe-258 in C. albicans Exg, which were found to 

be located at the entrance to the active site pocket by crystallographic structural analysis 

(Cutfield et al., 1999). 

   

Functional expression of recombinant GH5BG and substrate specificity 

The GH5BG cDNA was expressed in redox-deficient, Origami (DE3), as a catalytically 

active thioredoxin fusion protein.  Induced cultures of E. coli Origami (DE3) expressing 

GH5BG thioredoxin fusion proteins had intense bands at 68 in total cell lysates in SDS-PAGE 

(Figure 5).  The optimal pH of the enzyme to hydrolyze pNPG is pH 5.0.  The pH optima of 

this enzyme is in a broad range from 30-50ºC.   

 

 

 
Figure 5 SDS-PAGE of GH5BG-thioredoxin fusion protein expressed in E. coli strain 

OrigamiB (DE3) after incubation in the presence of 0.5 mM IPTG, at 20ºC for 12 h.  Lanes: 1, 

standard marker (Bio-RAD); 2, total protein of E. coli cells containing pET32a(+)/DEST-

GH5BG; 3, soluble fraction of E. coli cells containing pET32a(+)/DEST-GH5BG; 4, purified 

thiredoxin-GH5BG.  The arrow points to the thioredoxin-GH5BG. 
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The activity of the purified GH5BG towards artificial glycosides and oligosaccharides is 

summarized in Table 3.  The GH5BG hydrolyzed a broad range of pNP-glycosides of the 

monosacharides, �-D-glucoside, �-D-fucoside, �-D-galactoside, �-D-xyloside, and �-L-

arabionoside, but it could not hydrolyze pNP-�-D-mannoside.  Among pNP-glycosides, pNP-�-

D-fucoside was hydrolyzed twice as efficiently as pNPG, whereas pNP-�-D-galactoside and 

pNP-�-L-arabinoside were hydrolyzed with 27% and pNP-�-D-xyloside with 15% the 

efficiency of pNPG.  These results indicate there is low stringency at the -1 subsite of GH5BG, 

in which the non-reducing glycosyl moiety is bound, which is somewhat similar to many GH1 

and GH3 �-glucosidases such as rice BGlu1 (Opassiri et al., 2003, 2004).  The enzyme could 

hydrolyze glycosides of �-D-glucose, �-D-fucose, �-D-galactose, �-D-xylose, and �-L-

arabionoside, which are epimers with equatorial OH-2, but not �-D-mannoside, which has an 

axial projection at OH-2.  Therefore, the epimerization of OH-2 is critical for binding of the 

sugar residue to the -1 subsite.  However, the equatorial or axial projection at OH-4 and the 

elimination of CH2OH-6 of D-glucose to H- in D-xylose or CH3- in D-fucose are not critical to 

the capacity of the substrates to bind to the active site.          

For disaccharides, GH5BG hydrolyzed laminaribiose (�-1,3), but had very low activity 

with cellobiose (�-1,4) or gentiobiose (�-1,6).  It also hydrolyzed cello-oligosaccharides with 

degrees of polymerization (DP) of 3-6 at a relatively high rate.  On the other hand, GH5BG 

could not hydrolyze laminari-oligosaccharides with DP 3-5, laminarin, or barley 1,3-1,4-�-

glucans.  The catalytic efficiency (kcat/Km) values for hydrolysis of �-(1,4)-linked 

oligosaccharides by GH5BG remained approximately constant as the DP increased from 3 to 5 

and decreased for cellohexaose.  Having rates of hydrolysis of oligomeric substrates which 

remain approximately constant or decrease with increasing DP length is a characteristic often 

observed with �-glucosidases, unlike polysaccharide exohydrolases, in which the hydrolytic 

rate increases with oligosaccharide length (Reese et al, 1968).   

Although GH5BG was designated a putative glucan 1,3-�-glucosidases based on 

sequence homology, its catalytic activity is somewhat like GH1 �-glucosidases, which show 

similar oligosaccharide preferences.  Rice BGlu1 GH1 exoglucanase/�-glucosidase (Opassiri et 

al., 2004) and rice Os4bglu12 GH1 �-glucosidase (Opassiri et al., 2006) are the enzymes that 

prefer to hydrolyze �-1,4-linked oligosaccharides and a broad range of pNP-glycosides, but 

with differences in catalytic efficiency compared to GH5BG.   
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Table 3 Kinetic parameters of rice GH5BG in the hydrolysis of pNP-glycosides, disaccharides 

and oligosaccharides 

Substrate kcat 

(s-1) 

Km 

(mM) 

kcat/Km 

(s-1 mM-1) 

Cellobiose 

Cellotriose 

Cellotetraose 

Cellopentaose 

Cellohexaose 

Laminaribiose 

Laminaritriose 

Laminaritetraose 

Laminaripentaose 

Laminarin  

Barley 1,3, 1,4-�-glucans 

4.3 ± 0.8 

41 ± 5 

38 ± 2 

35.5 ± 0.4 

9.7 ± 0.8 

36 ± 5 

n.d.a 

n.d.a 

n.d.a 

n.d.a 

n.d.a 

16.4 ± 1.9 

4.53 ± 0.01  

4.09 ± 0.17 

3.4 ± 0.4 

2.2 ± 0.5 

7.0 ± 1.1 

n.d.a 

n.d.a 

n.d.a 

n.d.a 

n.d.a 

0.27 ± 0.02 

9.1 ± 1.2 

9.3 ± 0.9 

10.4 ± 0.4 

4.5 ± 0.5 

5.05 ± 0.07 

n.d.a 

n.d.a 

n.d.a 

n.d.a 

n.d.a 

pNP-�-D-glucoside 

pNP-�-D-fucoside 

pNP-�-D-galactoside 

pNP-�-D-xyloside 

pNP-�-L-arabinoside 

pNP-�-D-cellobioside  

pNP-�-D- mannoside 

36.1 ± 0.7 

24.5 ± 0.5 

27 ± 3 

3.2 ± 0.3 

2.88 ± 0.08 

2.07 ± 0.09 

n.d.a 

0.47 ± 0.03 

0.17 ± 0.07 

1.30 ± 0.10 

0.27 ± 0.05 

0.14 ± 0.02 

6.23 ± 0.17  

n.d.a 

77 ± 4 

144 ± 3 

20.7 ± 0.5 

11.9 ± 1.5 

21 ± 3 

0.34 ± 0.01 

n.d.a 
a means not detectable  

 

Similar to rice BGlu1, GH5BG had cleaved the �-glucosidic bond between the 2 

glucose residues in pNP-�-D-cellobioside, thereby releasing glucose and pNPG, which was then 

rapidly hydrolyzed (data not shown), but the catalytic efficiency of GH5BG for hydrolysis of 

pNP-�-D-cellobioside is about 10 times lower than that of rice BGlu1 (Opassiri et al, 2003, 

2004).  Although GH5BG could hydrolyze both cellotriose and pNP-�-D-cellobioside, it 

hydrolyzed pNP-�-D-cellobioside about 26 times less efficiently than cellotriose.  This suggests 

that the pNP-�-D-cellobioside, unlike cellotriose, cannot bind well to the third subsite in the 

active site cleft of GH5BG.     
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Opassiri et al. (2004) reported subsite affinity differences between barley and rice GH1 

�-glucosidases, which each have 6 subsites for binding �-1,4-linked glucosyl residues.  Barley 

�II �-glucosidase has a relatively low Km (2.67 mM) and high kcat (11.58 s�1) for cellobiose, but 

cellotriose has a nearly 6-fold lower kcat (Hrmova et al., 1998).  In contrast, the kcat of rice 

BGlu1 increases 10 fold as the DP increases from 2 to 3.  The difference corresponded to a high 

affinity of subsite +2 for glucose residue 3 in BGlu1, while a negative interaction was seen at 

this site in the barley enzyme. Conversely, the binding affinity at site +1 is negligible for 

BGlu1, consistent with its high Km and low kcat for cellobiose.  Because of this, the affinity of 

cellobiose binding nonproductively in subsites +2 and +3 is expected to be higher than binding 

in the productive position at the -1 and +1 subsites, so cellobiose is a better inhibitor than 

substrate.  It is likely that GH5BG also binds to cellobiose in a nonproductive position better 

than in the productive position.  Once the third glucosyl residue’s interaction is added in 

cellotriose, the binding to the productive position becomes more favorable.   

 

5. Conclusions 
 

In this study, At least 139 genes homologous to glucanohydrolases which can be 

classified to be the members in 7 subfamilies of glycosyl hydrolase family in rice has been 

grouped.  In addtion, the 2 rice �-glucosidase cDNAs, Os4bglu12 and GH5BG, were cloned and 

recombinant proteins expressed in E. coli as soluble active form.   

Os4bglu12 contig containing the deduced amino acid sequence which appeared to be 

very similar to the previously purified and characterized cell wall-bound �-glucosidase was 

cloned by RT-PCR.  Recombinant Os4BGlu12 protein hydrolyzed �-linked oligosaccharides 

and pNP-glycosides.  The specificity of Os4BGlu12 for oligosaccharides and pNP-glycosides 

was different from the previously characterized GH1 �-glucosidases/exoglucanases cell-wall-

bound rice �-glucosidase, rice BGlu1, and barley �II �-glucosidase.   

A putative GH5 glucan-1,3-�-glucosidase contains a fascin-like domain at the N-

terminus was cloned from germinating rice.  A recombinant thioredoxin-GH5BG produced in 

E. coli showed high hydrolytic activity toward various kinds of pNP-glycosides and exhibited a 

marked preference for �-(1,4)-linked oligosaccharides and laminaribiose (�-(1,3)-linked 

disaccharide).  The substrate specificity of GH5BG is different from fungal GH5 exo-�-(1,3)-

glucanases, which is likely due to differences in the structures of the loops around the active 

site, in addition to the structures and placement of the amino acid resides around the active site.    
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These results indicated that both enzymes has exoglucanase/�-glucosidase activity that 

might involve in the cleavage of oligosaccharides release from the hydrolysis of cell wall by 

endoglucanses, which is consistent with a role in cell wall metabolism. 

  

Abbreviations 
BGI, Beijing Genomic Institute; CDS, coding sequence; C. albicans Exg,  Exo-�-(1,3)-

glucanases of C. albicans; DP, degree of polymerization; EST, expressed sequence tag; GH, 

Glycosyl hydrolases; GH1, glycosyl hydrolase family 1; GH5, glycosyl hydrolase family 5; 
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