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A. ����
�������������������������!�������"�!��#$��%
&'(��	 

                

              ����	���������������������!�"#$�������%�$"�&
��'	()*
�� ��Q��G��������,�$�	����

��	��������-������7	������ (BarrierMed, Inc./Siam Polymer Engineering & Consultation 

Co., Ltd.) ;<��,�$�;=��	>>� “Research and Development Agreement on Allergen Test Kits”  

�	� ���. �-?���	���� 13 ���#�G-  2546  ��?��"#$�����	���������	���������������������!�"#$

�������%�$���&
��'	()*
��  %����?���������7	�-�,�$�!��������"#$���������	�����G����-

�	>>�  �<��!�"#$��-��O�!��������,�$"����	���?���-�H�(*�����	+� ��
,�$��� progress reports 

,�"#$ BarrierMed ��$�-�	+��!����"#$ ���. 2 G�	+�  �	���

����
��	����,���+ 

 
A.1 ���������	
����
��������
�	����������� 17 kD 
�� 30 kD ���������!��"���
#� 
                  �����
������	
��	��-�H�(*����G����� “���N<�7��+!�
������"����	��-�
��


��?�����
���*"�$"������#���-”  (�	>>��
���� RTA/08/2543) ,�$-����G$�������������!�"#$����

���%�$����,-�
�
�
�+!��	�"#-� 2 �	�  ;<����"�$�!�#�	�����	���������������������!�"#$����

���%�$"�&
��'	()*
�� G?������� 17 kD %
� 30 kD  ��
�����$�� monoclonal antibody ���

�������	��
�����?���!�,�"�$%���������	��
���"�����������?���	��	�����������!�"#$�������%�$

�	��
��������	�,�$���&
��'	()*
�� �	��	+��<��$��-�����!�����������!�"#$�������%�$�	��
���"#$

������/�V����������!�,�"�$��Q�%������� �	���+    

 

�������	
��
����� 
                 a) �������
-%--����������������'�G�$�#
��  

                     �!��+!�
�����������,�$"#-�Z (��
���"�$'����%���+!�%�=����
"������=��+!�
�� 

��?���[���	����%��������'�G
H��
�*) ,�%
��$�
�G�?��� ultracentrifuge ( 45,000g , 45 min) 

��?��%
��+!�
�������Q��	+������������,��$�
���'�G
�� �	+��
��#�?�����"���� cytosol (C-

serum) %
� �	+��$�#
�� (bottom fraction, BF) �!��	+��$�#
�����������,��$�
���'�G  

(luotid %
� Frey Wyssling ) ���-��--%���#��#�$- ,���	�����������_`����
���
$���$�
 

isotonic buffer ( 0.9% NaCl "� 50 mM Tris-HCl, pH 7.4)   �!�����
�
���'�G��� BF �$�


��� Freeze-thaw  ;+!�#
�
G�	+�����(�#'H-� -20
o
C �
	��	���(#'H-�#$�� �|}�%
�������� BF 

membrane  (BM) �����������������#
� (B-serum)  %
$��!�������� BF membrane  

(BM) ,���	�����������_�̀������� BM ��
���
$���$�
 isotonic buffer   

                 b) �������
-����������!�"#$�������%�$���� 17 %
� 30 kD ��� BM 

                      �!������	� proteolipids  (PL) ��� BM �$�
���
�
�
�$�
�	��!�
�
�


������
* %chloroform:methanol (2:1,v/v) ��
"�$���-��� 5 ���� ���������	�&��������7���� 
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%
$������+�,�$"#$%
��	+� �!����%
���������	+���;<����,�$ proteolipid ���
�
�
,�$"� methanol 

#�?� BMPL/M ;<����������,��$�
����������!�"#$�������%�$����  30 kD %
������	+�
���

��-��O����
-��Q�,���� proteolipid fluff  #�?� BMPL/f  ;<����������,��$�
����������!�"#$

�������%�$����  17 kD %
���
�
�
H���#�����	+� chloroform %
� �+!� #
	�������-�+!���
?� 

(0.6% NaCl) 
�,�  �!�����������������"� BMPL/m %
�  BMPL/f �$�
 60%  acetone 

%
$��!�,��!�������/�V����$�
��/� preparative SDS-PAGE  

                 c)  ����!� IgE immunoblot 

                       �!�������;<��
�
�
�+!�,�$�������
-,�$��� BF "��H� BMPL/m %
� BMPL/f  

;<����Q����������
�
�
�+!�,-�,�$,��!����%
��$�
 SDS-PAGE  �$�
���O��
�������	��
��� 
�

"�%&�� nitrocellulose %
$��!� immunoblot  ��"�$serum ���,�$���&H$%�$���������
��  ��$�-

�$�
����!�
$�-"#$�#=�%O� IgE binding protein  �$�
���"�$ anti human IgE �����?��-�	� 

alkaline phosphatase  

  

�
�����
��	
��
������
 
 

                            ����������!�"#$�������%�$ 2 �	������"�$"�����	�����������G?������� 

17 kD %
� 30 kD ;<����-��O�!�,�$������/�V  ��
����!� proteolipid  (PL) ��� bottom 

membrane (BM) �������
-�
H�"��H���� BMPL/f %
� BMPL/m  ,���������$�
 acetone ���

G��-���-�	� 60%  ,��!�������/�V&��� preparative SDS-PAGE  %
$������- fraction ���"#$

������������/�V 17 kD  (�H���� A.1, A ) %
� 30 kD (�H���� A. 2, A)   ��
��-��O
?�
	�O<������Q�

����������!�"#$�������%�$��� (IgE reactive) ������������������/�V�������!� IgE- immunoblot  

��
"�$;��	�-��������-���	����%�$���������
�� �	�&
����H� B ����H���� A.1 %
� A.2  

��-
!��	�  %
��������!������� 17 kD  %
� 30 kD ���������/�V,�#�
!��	������-��������( 

N-terminal  �	�&
"��������� A.1 %
� �������� A.2  &
���,�$��-��O 
?�
	�O<�G��-������/�V���

�������������
-,�$������-� N-terminal ���
� %
����&
������
�
!��	������-����$�� N-

terminal  �	��$�-H
"� database ��-��O
?�
	�,�$�����Q��������	��
�����Q�����������!�"#$����

���%�$ ����"#-� 
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            A                                         B 

                     
            �H���� A.1.  SDS-PAGE  (A) %
� IgE-immunoblot (B) ��� ������"� fraction  

         ����Z���,�$ ����!�������/�V������ 17 kD (#4-13)  ��
��/�  preparative SDS-PAGE 

 

            A                                    B                           

 
             �H���� A.2.  SDS-PAGE  (A) %
� IgE-immunoblot (B) ���������"�fraction ����Z���    

      ,�$����!�������/�V������ 30 kD (#48-66)��
��/� preparative  SDS-PAGE 
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 �������� A.1  &
����!� N-terminal sequence ��������� 17 kD: DLDVFVTGSF 

 
 

Cycle 
Number

N���C

Major
assigned 

a.a.'s

Amount
in

pmoles 

Minor
assigned 

a.a's Cycle Comments: 
1 D 15  Positive assignment above background 
2 L 16  Positive assignment above background 
3 D 15  Positive assignment above background 
4 V 15  Positive assignment above background 
5 F 12  Positive assignment above background 
6 V 15  Positive assignment above background 
7 T 14  Positive assignment above background 
8 G 9  Positive assignment above background 
9 S 5  Positive assignment above background 

10 F 8  Positive assignment above background 
11      
12      
13      
14      
15      
16       
17        
18         
19         
20         
21         
22         
23         
24         
25         

 
General comments:  The sequence was clearly above background. 
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�������� A.2 &
����!� N-terminal sequence ��������� 30 kD: GGIAIYWGQN 
 
 

Cycle 
Number

N���C

Major
assigned 

a.a.'s

Amount
in

pmoles 

Minor
assigned 

a.a's Cycle Comments: 
1 G 4  Positive assignment above background 
2 G 4  Positive assignment above background 
3 I 5  Positive assignment above background 
4 A 4  Positive assignment above background 
5 I 5  Positive assignment above background 
6 Y 4  Positive assignment above background 
7 W 2  Positive assignment above background 
8 G 3  Positive assignment above background 
9 Q 3  Positive assignment above background 

10 N 1  Positive assignment above background 
11      
12      
13      
14      
15      
16       
17        
18         
19         
20         
21         
22         
23         
24         
25         

 
General comments:  The sequence was clearly above background. 
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A.2  ���$����%������%�
%����%"� &��'���(��)��!#���*%������ 30 kD 
          ���&
��-����G
��
%������������ IgG ;<��-�G��-�!��������������  30 kD -�

��

����
��	����,���+: 

 

 Materials and Methods:  
               a) Immunization Pattern (Table A.3) 

      First immunization, 10-15 �g of  antigen (purified 30 kD  ) was mixed with 

Complete Freund’s Adjuvant (CFA) and injected to intraperitoneal of a mouse. First 

boosting with 10-15 �g antigen in Incomplete Freund’s Adjuvant (IFA) was followed two 

weeks after the first immunization. The whole immunization schedule is described in 

table1. Three days after the final  boost, mouse spleen cells were collected for fusion. 

 

Table A.3. Immunization schedule on mouse Balb/c with 30 kD  proteins. 

Day Manipulation Antigen (�g) Adjuvant 

0 Primary Immunization 10-15 CFA 

14 Boost # 1 10-15 IFA 

28 Boost # 2 10-15 IFA 

32 Boost # 3 10-15 IFA 

46 Boost # 4 10-15 IFA 

50 Fusion 3-4 day after 

boosting # 4 

- - 

 

b)  Fusion of mouse spleen cells with myeloma cells 

      Prior to cell fusion, the partner (myeloma) cell line was expanded and a 

booster injection of antigen  administered to the primed animals. On the day of fusion, 

the spleens were harvested. Spleen cells and partner cells are washed, harvested, and 

mixed. Cell fusion is performed at 37�C in the presence of polyethylene glycol (PEG). 

The resulting fused-cell mixture is harvested and plated onto tissue plates. After 
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incubation with hypoxanthine, azaserine (HA) medium and feeding over 2 weeks , the 

hybridomas were then ready for screening. 

Cell preparations :         

       Myeloma cell : A day before performing cell fusion, myeloma cells was 

checked under an inverted microscope to make sure that they are not contaminated and 

there is enough cells for the fusion. 

       Spleen cells : The immunized Balb/c mouse was sacrificed and spleen 

aseptically harvested. 

                    The cells (myeloma and spleen cells) were counted and assessed viability 

in each cell suspension using a hemacytometer and Trypan blue exclusion. Add an 

appropriate number of myeloma cells into the entire volume of spleen cells using, cell 

ratio of 10 : 1 (spleen: myeloma ) and  sediment  by centrifugation . 

 Cell fusion :  

The supernatant was aspirated and pellet suspended by tapping the end of the 

tube. Polyethylene glycol (PEG) was added while tapping the side of the tube for 

thorough mixing. The pellet was separated and suspended under RPMI medium.  The 

pellet was next resuspended in HA medium, at appropriate volume to bring the cells to 

about 1 x 10
5 

 cells/well/200μl and  dispensed into 96 well plates (200�l/well). Resulting 

hybridomas were checked ,about 10-14 days after fusion, under an inverted microscope 

and screened for the clone cells with high titer by ELISA method. 

c) Cloning of hybrid cell by limiting dilution: 

   Monoclonal antibodies are secreted by the progeny of a single cell that can 

produce only a single antibody. Cloning is required to ensure that the problem of 

polyspecificity are avoided and the risk of overgrowth by nonproducing cells minimized. 

Although cloning can also be performed by the soft-agar technique, clone derived by this 

techique must be adapted to liquid culture before the supernatants can be tested. Cloning 

by limiting dilution allows direct testing of the supernatants, therefore, 10-14 days after 

first limiting dilution, the hybridoma clones can be directly checked under an inverted 

microscope and the titer screened by ELISA. The clones having high titer can be 

subjected to second limiting dilution for monoclonal antibody with high specificity. 

d)  Immunoglobulin type checking : 

 Type of immunoglobulins were checked by using ELISA and isotyping kit.  

Immunogkobulin standrards in isotyping kit are rabbit anti - mouse immunoglobulin panel 

;IgG1,IgG2a ,IgG2b, IgG3,IgM,IgA,� chain and � chain. Second antibody is goat anti- 
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rabbit immunoglobulin horseradish peroxidase conjugate. Substrate is TMB peroxidase 

and  stopping solution is 1% HCl 

e) Production of ascites fluid containing monoclonal antibody 

   A major advantage of using monoclonal antibodies over polyclonal antisera is 

the potential available of large quantities of the specific monoclonal antibody. In the 

general, hyridoma cells (2-2.5x10
6
 cells ) are injected into pristanised Balb/c mice. After a 

few weeks, the ascites  containing  high concentration of monoclonal antibody together 

with other proteins is collected. To obtain a purified preparation of the monoclonal 

antibody, an affinity chromatography  purification is required. A high-titer monoclonal 

antibody preparation can be obtained from the ascites fluid of BALB/c (8-9 weeks) 

inoculated intraperitoneally with monoclonal antibody – producing hybridoma cell. The 

fluids are collected several times following injection of the hybridoma cell.  

              f) Purification of Monoclonal Antibody 

The ascitics fluid obtained from intraperitoneal of BALB/c mice was precipitated 

with ammonium sulphate ,at 4�C, at final saturation of 40%.  The suspension was 

centrifuged at 10,000 rpm for 20 min.   The pellet was dissolved in 0.02 M sodium 

phosphate buffer pH 7.0 and dialyzed overnight in the same buffer. A protein A 

Sepharose column was equilibrated with 0.02 M sodium phosphate buffer pH 7.0 for 2-3 

column volumes, before loading with the dialyzed sample. The column was then washed 

with 0.02 M sodium phosphate buffer pH 7.0 and eluted with 0.1 M citric acid pH 3.0 

about 5-10 column volumes.   Each eluted fraction was neutralized with 1.0 M tris-HCL 

buffer pH 9.0 (60 �l/ml of fraction ).   The OD280 of each fraction was determined and the 

eluted peak fractions were pooled and concentrated by centrifugation in concentration 

tube and subjected to dialysis by using gel filtration column.  

 

Results and discussion:  
 a) Result on cell fusion trails  

a.1) Mouse number 1 

       Spleen cells of mouse number 1 immunized with purified 30 kD antigen were 

harvest and fused with myeloma cells. Two weeks later, hybrid cells were screened 

antibody production by ELISA method . The supernatant from 346 clones of hybrid cells 

were used for antibody titer determination. The result indicated 24 clones with high titer 

against 30 kD (OD450 > 4.00), 45 clones with titer OD more than 3.00 (OD450>3.00), 

and 49 clones with titer OD more than 2.00 (OD450>2.00). The ELISA OD screening 
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result  and details on the corresponding clone cells applied to microtiterplate were shown 

in  Table A.4 and A.5, respectively. The clone no. 57, 73, 204, 213, 251, 302, 323, 326 

were selected and subjected to first limiting dilution. 

 

Table A.4. The hybrid clone numbers from which their supernatants were applied to 

microtiterplate for antibody titer measurement by ELISA method as shown in Table A.5. 
 
 1 2 3 4 5 6 7 8 9 10 11 12

A Blank C15 C323 C302 C221 C57 C208 C242 C250 C260 C268 C276

B Blank C16 C24 C215 C222 C73 C209 C243 C251 C261 C269 C277

C NC C17 C210 C216 C223 C230 C236 C244 C252 C262 C270 C278

D NC C18 C211 C217 C224 C231 C237 C245 C253 C263 C271 C279

E PC C19 C202 C218 C225 C232 C238 C246 C254 C264 C272 C280

F PC C20 C204 C219 C207 C233 C239 C247 C255 C265 C273 C281

G C13 C21 C206 C206 C226 C204 C240 C248 C256 C266 C326 C282

H C14 C22 C213 C220 C227 C235 C241 C249 C257 C267 C340 C283

NC  =  Negative control;  PC  =  Positive control;  

C    =  Hybrid clone cell exp.; C13 = Hybrid clone cell number  

 

Table A.5.  The optical density of antibody produced by corresponding hybridomas in  

                Table A.4. 
 

 1 2 3 4 5 6 7 8 9 10 11 12

A 0.04 Out Out Out 1.03 Out 0.99 0.81 0.85 0.73 1.57 3.03

B 0.04 0.67 1.48 1.42 0.63 Out 3.89 1.87 Out Out 0.94 2.12

C 0.23 2.12 1.44 1.42 1.25 3.22 1.27 0.67 1.23 0.57 0.96 0.61

D 0.23 0.78 1.47 1.17 0.67 1.30 1.31 2.04 0.57 0.74 0.57 0.83

E Out 1.04 2.03 0.86 3.51 0.68 2.94 3.31 0.84 0.52 1.44 3.15

F Out 0.66 1.40 3.39 1.39 1.38 1.04 1.99 1.77 1.33 0.93 1.03

G 2.51 0.97 2.36 1.50 1.38 Out 1.02 1.36 1.95 1.05 Out 0.97

H 1.10 2.78 Out 1.75 0.63 3.17 1.15 1.10 0.71 1.07 1.05 0.75

Out = OD 450 >  4.00  (high titer) 
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a.2)  Mouse number 2 

        Spleens of mouse no. 2 immunized with 30 kD antigen under the same 

condition as mouse number 1 were harvest and fused with myeloma cells. Two weeks 

later, hybrid cells were screened  for anti-30 kD antibody production by ELISA method. 

The supernatant from 285 clones of hybrid cells were used for antibody titer 

determination. There were 10 clones with have high titer against 30 kD (OD450 > 3.00).  

Selection was made on 4 most positive hybridomas and subjected to first limiting dilution.  

 

 b)  Cloning of hybrid cell by limiting dilutions: 

 b.1) First limiting dilution 

 b.1.1) Anti-30 kD hybridmas derived from mouse number 1  

          The selected eight most positive hybridomas from the first fusion were subjected 

to limiting dilution. As many as 270 clones were found in the first limiting dilution under an 

inverted microscope. There were 69 clones exhibiting antibody titer against 30 kD when 

determined by ELISA method. The titer values and their correspoding clones were shown 

in Table A.6 and Table A.7, respectively. There were 16 clones with high titer against the 

30 kD and clone no. 137, 138, and 170 were chosen for secondary dilution limiting. 

 

 

Table A.6. Hybridoma clone numbers obtained after first limiting dilution  and their 

corresponding supernatants applied to microtiterplate for measuring the antibody titer by 

ELISA as shown in Table A.5. 
 

 1 2 3 4 5 6 7 8 9 10 11 12

A Blank C100 C108 C116 C124 C132 C140 C148 C156 C164 C12 C92

B Blank C101 C109 C117 C125 C133 C141 C149 C157 C165 C13 C93

C NC C102 C110 C118 C126 C134 C142 C150 C158 C166 C14 C94

D NC C103 C111 C119 C127 C135 C143 C151 C159 C167 C15 C95

E PC C104 C112 C120 C128 C136 C144 C152 C160 C168 C16 C96

F PC C105 C113 C121 C129 C137 C145 C153 C161 C169 C17 C97

G  C106 C114 C122 C130 C138 C146 C154 C162 C170 C18 C98

H  C107 C115 C123 C131 C139 C147 C155 C163 C171 C19 C99

NC  =  Negative control; PC  =  Positive control; C    =  Hybrid clone cell 
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Table A.7. The ELISA optical density of anti-30 kD antibody produced by corresponding 

clones shown in Table A.6. 
 
 1 2 3 4 5 6 7 8 9 10 11 12

A  0.37 0.25 0.40 0.26 3.86 1.45 0.33 0.22 0.25 0.35 0.68

B  0.33 0.35 0.53 0.40 3.58 0.29 0.23 0.24 0.26 0.25 0.41

C  0.55 0.49 0.43 0.28 3.47 0.28 0.24 0.23 0.36 0.44 0.35

D  0.40 0.44 0.73 0.32 3.79 0.25 0.30 0.26 0.46 0.25 0.31

E  0.41 0.39 0.299 3.27 3.73 0.20 0.39 0.26 0.33 0.40 0.34

F  0.45 0.43 0.27 2.81 3.82 0.32 0.47 0.28 0.60 0.44 0.30

G  0.43 0.32 0.25 3.53 3.87 0.28 0.22 0.25 3.52 2.89 0.40

H  0.29 0.33 0.35 3.72 2.39 0.24 0.26 0.29 0.33 2.11 0.34

 

 
  b.1.2) Anti-30 kD hybridomas derived from mouse number 2 

        Four most positive hybridomas were subjected to first limitation. Two weeks later, 

hybrid cells were screened by ELISA method. The supernatant from 178 clones of hybrid 

cells were employed for anti- 30 kD antibody titer determination. There were 12 clones 

with high titer against 30 kD (OD450 > 3.00) and 4 most positive clones were selected for 

second limitation. 

 b.2) Second limiting dilution  

 b.2.1) Anti 30 kD hybridomas (mouse no.1) from first limiting dilution  

Three selected hybrid clones obtained after the first limiting dilution were 

subjected to second limiting to ensure that monoclonal antibody production derived from 

one cell only. A total number of 186 clones was obtained from secondary limiting, but only 

100 clones showing titer against 30 kD. The titer values and their corresponding clones 

were reported in Table 8 and 9 respectively. About 32 clone possesed high titer against 

30 kD. These clones were amplified in tissue culture flask for production of monoclonal 

antibody, preservation of cells, characterize the type of immunoglobulin and determination 

of specificity against 30 kD protein . 
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Table A.8. Hybridoma clone numbers obtained after second limiting dilution from which 

their corresponding supernatants applied to microtiterplate for measuring the antibody titer 

by ELISA method shown in Table A.9. 

 

 1 2 3 4 5 6 7 8 9 10 11 12

A Blank C5 C13 C21 C29 C37 C44 C52 C60 C68 C76 C84

B Blank C6 C14 C22 C30 C105 C45 C53 C61 C69 C77 C85

C NC C7 C15 C23 C31 C38 C46 C54 C62 C70 C78 C86

D PC C8 C16 C24 C32 C39 C47 C55 C63 C71 C79 C87

E C1 C9 C17 C25 C33 C40 C48 C56 C64 C72 C80 C88

F C2 C10 C18 C26 C34 C41 C49 C57 C65 C73 C81 C89

G C3 C11 C19 C27 C35 C42 C50 C58 C66 C74 C82 C90

H C4 C12 C20 C28 C36 C43 C51 C59 C67 C75 C83 C91

 
Table A.9. The ELISA optical density of anti-30 kD antibody produced by corresponding 

clones shown in Table A.8. 
 
 1 2 3 4 5 6 7 8 9 10 11 12

A  0.21 3.14 2.17 2.87 0.25 0.156 0.22 0.18 0.21 0.29 0.30

B 2.57 2.75 0.60 3.04 0.20 0.168 0.28 0.15 0.23 0.15 0.22

C 2.40 3.05 2.05 2.61 0.198 0.171 0.21 0.24 0.18 0.27 0.14

D 3.27 2.22 3.11 2.36 0.23 0.31 0.16 0.28 0.20 0.16 0.21

E 2.74 0.62 3.16 3.25 2.21 0.23 0.19 0.19 0.20 0.20 0.18 0.21

F 3.43 2.78 3.35 3.11 0.24 0.22 0.21 0.23 0.20 0.17 0.24 0.21

G 2.24 0.40 2.70 3.32 0.22 0.23 0.24 0.20 0.21 0.20 0.26 0.17

H 1.49 3.01 3.03 2.96 0.27 0.19 0.25 0.21 0.25 0.20 0.17 0.21

 
 
 
b.2.2)  Anti-30 kD hybridoma (mouse number 2) from first limiting dilution  

         Four most positive hybridomas were selected to subjected to second limitation.  

Two weeks later, hybrid cells were screened by ELISA method. The supernatant from 206 

clones of hybrid cells were determined the titer. The result indicated 82 clones with high 

titer against 30 kD (OD450 > 4.00) and 39 clones with OD450>3.00. Twenty most positive 

clones were selected for immunoglobulin typing using isotyping kit , ELISA method. 
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c) Typing of monoclonal antibody   

c.1)  Anti-30 kD hybridomas derived from mouse number 1 

         Monoclonal antibodies from 33 hybrid clones obtained after the second limiting 

dilution were characterized  for the type of immunoglobulin by using isotyping kit (Bio-

Rad, USA). The result revealed that 29 clones were IgG2b Kappa class, 2 clones IgG1 

with low titer , 2 clones with no antibody secretion and high titer only observed  on  IgG2b 

and k chain.  
 

Table A.10. Titer values ( OD 450 ) obtained from isotyping kit in characterization of 

second limiting of  fusion clone (mouse number 1). 
 

C 14 C 17 C 18 C 19 C 20 C 21 C 23 C 24 blank 

IgG1 1.194 1.461 1.124 1.151 1.548 0.995 1.140 1.058 0.042 

IgG2a 0.310 0.347 0.232 0.271 0.399 0.201 0.25 0.210 0.042 

IgG2b Out 3.971 3.889 Out 3.996 3.879 Out 3.995 0.042 

IgG3 0.251 0.343 0.213 0.242 0.396 0.208 0.222 0.191 0.040 

IgM 0.404 0.508 0.336 0.402 0.552 0.278 0.386 0.292 0.040 

IgA 0.732 0.757 0.634 0.920 0.814 0.587 0.734 0.607 0.092 

� chain 3.561 3.79 2.623 3.598 Out 3.735 3.858 Out 0.091 

� chain 0.312 0.34 0.238 0.292 0.398 0.218 0.260 0.295 0.051 

 

 c.2)  Anti-30 kD hybridoma from mouse number 2 

Twenty most positive clones, obtained after the second limiting dilution, were selected for 

typing of the immunoglobulin. Types of immunoglobulin that produced from these clones 

all are all IgM Kappa class since the result indicated higher titer values on IgM  than any 

other types. All twenty clones were preserved at – 80 � C for the stock. Some data on 

characterization by isotyping kit (ELISA system) was shown in Table A.11. 
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Table A.11. ELISA OD 450 obtained from isotyping kit  obtained from immunoglobulin 

characterization among clones derived from the second limiting dilution (mouse no. 2). 
 

C153 C65 C70 C124 C72 C121 C122 C123 blank 

IgG1 0.155 0.175 0.157 0.144 0.157 0.134 0.138 0.136 0.042 

IgG2a 0.097 0.093 0.095 0.097 0.095 0.089 0.098 0.098 0.042 

IgG2b 0.090 0.093 0.094 0.090 0.094 0.088 0.092 0.092 0.042 

IgG3 0.144 0.166 0.153 0.155 0.141 0.145 0.139 0.149 0.040 

IgM 2.85 3.15 3.03 3.09 3.08 3.03 2.96 2.82 0.040 

IgA 0.125 0.097 0.091 0.097 0.092 0.094 0.095 0.124 0.092 

� chain 2.183 2.793 2.062 2.668 2.859 2.551 2.78 2.503 0.091 

� chain 0.156 0.144 0.166 0.153 0.150 0.141 0.145 0.134 0.051 

 

 d) Purification of anti- 30 kD monoclonal antibody 

After loading the sample suspension onto the protein A column, the column was 

washed with binding buffer (0.02 M sodium phosphate buffer pH 7.0) and eluted with 

elution buffer (0.1 M citric acid pH 3.0). The fractions were collected and subjected to 

protein absorbance (OD280 ) measurement  and the antibody specificity to the 30 kD by 

ELISA method.  The profile on protein OD280 and antibody specifity OD ELISA were 

showed in Figure A. 3, respectively.   The eluted fraction with high protein concentration 

and antibody titer (fraction 19-30) were pooled, concentrated and kept in new 

appropriated buffer. 
 
 

 
Figure A.3  Column profiles on protein  absorbance (OD 280 ) and anti- 30 kD antibody 

specificity  (OD450 ) of  fractions eluted from Protein A column. 
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                                  A            B             C 

                          

Figure A.4  SDS-PAGE of anti-30 kD monoclonal antibodies.  

              A: Standard molecular weigh marker (daltons) Low range (BIO-RAD);  

              B: Unbound fraction or washed peak;  

              C: Eluted  peak fractions (30 �g ) 
 

 

 

Mr 35,500 

Mr 88,000 
 

Mr 50,700 
 

Mr 28,800 
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                           A        B

 Figure A.5  Western-blotting analysis of 30 kD antigen against anti-30 kD mAb     

A: Standardmolecular weight marker (daltons) Broad range (BIO-RAD);                 

B: Purified mouse monoclonal antibodies reacted with 30 kD antigen. 

 

 

From the correlation profiles on OD measurements, between protein and ELISA in 

each fraction, the purified monoclonal antibodies were highly specific to the 30 kD. (Figure 

A. 3).   The measurement of OD ELISA in washing peak was 3.045 and elution peak > 

4.000 indicated column overloading    However, the monoclonal antibodies for using in 

test kit was selected from elution peak only since it had higher specificity than washing 

peak. The purity of the 30 kD monoclonal antibodies  was assessed by SDS-PAGE and 

revealed  28 kD light chain (Figure A.4) and the specificity of purified the monoclonal 

antibodies was also shown by Western-blotting analysis (Figure A.5 ).   

 
 
 

Mr 28,491

Mr 52,989 

Mr 30,000

Mr 18,533 
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A.2 ���$����%������%�
%����%"� &��'���(��)��!#���*%������ 17 kD 

          ���&
��-����G
��
%������������ IgG ;<��-�G��-�!��������������  17 kD ,�$-��
H�

"���
��� progress report   No.1  (Appendix 1) ���,�$���"#$ ���7	� BarrierMed  %��-���

�G
��
%������������ IgM ;<���#-���	����"�$�!�  agglutination test �����	+� �<�,�$��	�����  

condition "�������#�H��$�-�	+��
�-�
?��#�H"������
�����#-���- %���=
	�,�$ -����G
��


%��������-�G��-�!������	+� 2 subclass (IgM, IgG) �<��
?�� clone ,��!����  switching class 

��?��"#$,�$ ��Q� monoclone ���-�G��-�!������	� IgG �����	+� %��G�� titer ���,�$�=,-��H�-��  �	�

��

����
��	����,���+: 

 

�������	
��
����� 
                  a) �����������$�#�H 

                  �!������� 17 kD ������/�V���,�$-�-�����!�#�	�G��-�$����������"�$"����������

�!� monoclonal antibody  ;<��,�$ �!�,����#�H(#�HO���	����
�	�/�* BALB/c ��N�-�
 ��
� 8-9  

�	���#*) ��
���%������� G�	+�
����-�( 10 ug &�-�	� Freund's Adjuvant "��	������� 1:1 

��-�������� A.12  ��?��"#$#�H��$��%��������   
 

�������� A.12.   %��� condition �����������$�#�H��?��&
���-���G
��
%�������� ;<��-�G��-   

                          �!�������������� 17 kD 

 
 
 

#�H����* %����������"�$

���G�	+����1 
��
���
���� 

boost 
%����������

"�$���G�	+����

2 

��
���
���� 

boost 
%����������

"�$���G�	+����

3 

��
���
���� 

boost 
%������

����"�$���

G�	+����4 

��
���
���� 

boost 
%������

����"�$���

G�	+����5 

��
���
���� 

boost 

1 CFA &�-

������ 17 kD 

(1:1v/v) 10 

�g/�	� 

2 �	���#* IFA &�-

������ 17 

kD (1:1v/v) 

10 �g/�	� 

2 �	���#* �#-?��G�	+�

���2 
2 �	���#* �#-?��

G�	+����2 
2 �	���#* �#-?��

G�	+����2 
3 �	� 

 
 
��?����,�$�!��;

*-$�-���#�H���&���������%
$� ,�"�$�	+��������!�,������-��;

*   ��?���!����

%
��G
� �����-��O&
���-���G
��
%�������� (Mab) ��������� 17 kD   

          b)  ����!� limiting dilution 

  �!� hybridoma cell -����#
�-���,�$�������%
$����&
�� anti-��������� 17 kD -��	�

�;

*%
��!�"#$��?����"� feeder cell suspension (�;

*-$�-���#�H BALB/C ������$-�$� 10
6
 

cells/ml ��� H medium) ��
��	�"#$,�$G��-��$-�$����hybridoma cell 0.5-1 �;

*���#
�-"�

���-�( 200 ,-�G�
��� %
$��	������H#
�-'�
"�$�
$����
���N�*���-�#�<���;

*����>��������Q��-

���G
��;

*�="#$�!��+!��
�+
�-�����#�%����������������� 17 kD   
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                c) �������#�G��-�!������������ Immunoglobulin ����-���G
��
%�����

������������� 17 kD 

        �������#�G��-�!��������������� immunoglobulin ����-���G
��;

*���

��-��O&
��%����������������� 17 kD �!�,�$��
�G
?����
��$�
������ 17 kD 0.1 �g/ml/

#
�- ����� 37 �C 1 �	���-� 
$��#
�- %
$� block #
�-�$�
 1% BSA ����� 37  �C 1 �	���-�  
$��

#
�-  ���-�	��
������������ ����� 37�C 1 �	���-� 
$��#
�- ���-������� Immunoglobulin ����� 

37  �C 1 �	���-�  
$��#
�- %
$����- conjugate linked HRP ����� 37�c 1 �	���-� 
$��#
�- ���- 

TMB substrate �������(#'H-�#$�� 30 ���� #
���������
��$�
 1 %HCl ����G�� OD450 (ELISA) 

                 d) ��� switching class clone �	� ��?��&
��������-���G
��
%�������� 

subclass IgG 

                      ��� switching class clone ��?��&
��������-���G
��
%�������� subclass 

IgG   ��
-��	+�����	���+ 

-�
�+
� hybridoma cell "#$�
H�"����� log phase ����	+��!�����|}���=�%
$��	�"#$,�$�!���� 

���   �$�����  ���- 20 μl ��� anti – mouse IgM (0.5 mg/ml) ��-��� 37 
o
C 30 ���� �-?��

G����
��!�-��|}���� 800 rpm ��� 25 
o
C  10 ����  ���- 40 μl ��� Rabbit complement 

��-��� 37 ��N��;
�;�
� 90 ���� �-?��G����
��!�-��|}���� 800 rpm ��� 25 ��N��

�;
�;�
� 10 ���� ����	+� resuspend �$�
 medium RPMI (10% FBS) 20 ml �!����

���

�"� 96 wells plate (200ul/well) ��-"� CO2 incubator ���-�( 14 �	���?���� 

check type '�
#
	�������  switching   class 

�	+������� check type���
��	���#���� IgM �	� IgG  �$�
��/� ELISA-��	+�����	���+ 

-coat plate �$�
 Rabbit anti – mouse IgM %
� Rabbit anti – mouse IgG ��-���37
 o
C  

60 ��������	+�
$���$�
 PBS-T 3 G�	+� ���- 1% BSA ��-��� 37 
o
C  60 ��������	+�
$��

�$�
 PBS-T 3 G�	+�  ���-�+!��
�+
��;

* 50 μl/well ��-��� 37 
o
C 2 �	���-�����	+�
$���$�
 

PBS-T 3 G�	+�  ���-  conjugate anti – IgM, IgG  100  μl/well ��-���37 
o
C  60 ����

����	+�
$���$�
 PBS-T 5 G�	+� ���- substrate 100  μl/well ��-�����(#'H-�#$�� 30 ���� 

���- 1% HCl 100 μl/well  ���� OD.��� 450 nm 
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�
�����
��	
��
������
 
 

 ������"�$ condition "������������$������� 17 kD "��	��*��
�� &
��������?��-

�;

*-$�-�	� myeloma cell ��
��/� hybridoma technology ��?��"#$,�$ hybrid clone ���   ������ 

17 kD   ����#=�����
$����
���N�* ������������ hybrid clone �!���� 117 �G
� %
�-� hybrid 

clone �!���� 2 �G
� (�������� A.13)  �����-��O#
	�������������� 17 kD ,�$  
 

�������� A.13.  %���G�� OD 450  (ELISA) ����-���G
��
%����������������� 17 kD 
 

�������	 OD450 (ELISA) 
102 

                                17 

���
�� 4.00 

���
�� 4.00 

 
 
 �����������������  Immunoglobulin (subclass) ,�$G	��
?�� monoclone ���-� titer 

�H��!���� 26 clone -�����#� subclass &
�������� monoclone ���,�$����"#>���-�

G��-�!�������� IgM %
�-�G��-�!������	+� 2 subclass (IgM, IgG) (�������� A.14,15) 

��������	+��<��!���Q��$���
?�� clone ���,�$��+-��!����  switching class ��?��"#$,�$ ��Q� 

monoclone ���-�G��-�!������	� IgG �����	+�  
 

 

 

 

 

�������� A.14. &
��� Screening ��?�� check titer ��#���� IgG (��) ���
��	� IgM (
���) ���  

                    clone 12F  
 

IgG 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.736 0.654 0.612 0.649 0.585 0.598 0.57 0.628 0.616 0.613 0.625 0.682 

B 0.648 0.578 0.484 0.501 0.499 0.537 0.528 0.521 0.488 0.579 0.574 0.644 

C 0.612 0.521 0.47 0.48 0.522 0.46 0.432 0.448 0.481 0.497 0.496 0.586 

D 0.59 0.516 0.432 0.521 0.445 0.436 0.388 0.43 0.435 0.468 0.506 0.632 

E 0.566 0.411 0.418 0.409 0.395 0.447 0.413 0.405 0.475 0.459 0.467 0.511 

F 0.533 0.445 0.388 0.369 0.4 0.399 0.376 0.375 0.415 0.423 0.398 0.513 

G 0.499 0.415 0.412 0.358 0.401 0.39 0.386 0.379 0.414 0.39 0.408 0.457 

H 0.522 0.411 0.382 0.454 0.43 0.409 0.39 0.463 0.397 0.373 0.407 0.463 
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IgM 1 2 3 4 5 6 7 8 9 10 11 12 

A 1.886 1.705 1.793 1.84 1.65 1.776 1.683 1.77 1.661 1.598 1.713 1.619 

B 1.706 1.602 1.564 1.542 1.48 1.617 1.549 1.507 1.477 1.53 1.568 1.64 

C 1.611 1.438 1.422 1.533 1.488 1.42 1.295 1.374 1.354 1.447 1.344 1.468 

D 1.515 1.436 1.241 1.447 1.291 1.355 1.165 1.281 1.392 1.352 1.362 1.429 

E 1.471 1.113 1.207 1.223 1.166 1.69 1.192 1.218 1.261 1.336 0.085 1.318 

F 1.3358 1.179 1.164 1.078 1.102 1.174 1.107 1.064 1.178 1.199 0.091 1.145 

G 1.197 1.1 1.051 1.002 1.044 1.065 1.074 0.998 1.067 0.983 0.096 1.062 

H 1.219 0.999 0.999 1.122 1.079 1.073 0.858 1.166 1.067 0.961 0.151 0.27 

 
 
�������� A. 15  &
��� screening ��?�� check titer ��#���� IgG (��)  ���
��	� IgM (
���) ���   

                     clone 11D 
 

IgG 1 2 3 4 5 6 7 8 9 10 11 12 

A 0.756 0.732 0.595 0.628 0.589 0.618 0.628 0.629 0.635 0.648 0.678 0.781 

B 0.631 0.565 0.512 0.478 0.483 0.527 0.541 0.471 0.499 0.519 0.517 0660 

C 0.622 0.553 0.471 0.469 0.474 0.449 0.500 0.449 0.487 0.498 0.548 0.677 

D 0.502 0.514 0.455 0.482 0.414 0.419 0.454 0.453 0.494 0.532 0.539 0.669 

E 0.519 0.522 0.424 0.406 0.374 0.358 0.371 0.404 0.442 0.499 0.512 0.627 

F 0.449 0.438 0.372 0.394 0.348 0.342 0.359 0.391 0.423 0.420 0.453 0.563 

G 0.459 0.403 0.367 0.390 0.358 0.352 0.423 0.381 0.370 0.400 0.417 0.480 

H 0.489 0.459 0.409 0.386 0.433 0.378 0.386 0.395 0.392 0.394   0.418 0.453 

 
 

IgM 1 2 3 4 5 6 7 8 9 10 11 12 

A 1.561   1.464   1.325 1.410   1.257   1.336   1.237   1.257   1.303 1.303   1.383 1.364 

B 1.485 1.377 1.330 1.189. 0.891 1.233 1.192 1.139 1.238 1.255 1.231 1.232 

C 1.445   1.346 1.325   1.280 1.356 1.083 1.118 1.120 1.178 1.166 1.210 1.325 

D 1.334 1.199 1.138 1.245 1.129 1.047 1.201 1.150 1.141 1.225 1.161 1.252 

E 1.131 1.219 1.056 1.129 1.014 0.933 0.992 1.030 1.040 1.113 1.092 1.123 

F 1.014 0.934 0.965 1.017 0.946 0.862 0.785 0.913 0.895 0.894 0.906 1.118 

G 0.998 0.913 0.927 0.953 0.948 0.915 0.938 0.928 0.903 0.946 0.909 0.968 

H 1.172 0.996 0.993 0.976 1.060 0.966 0.826 0.944 0.962 0.890 0.976 0.981 
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������ switching class G�	+���� 1 ���
��	� �����!����  ���#=���� Titer ��� IgM 
	��H����� IgG 

�	��	+����$��-�����!� switching class ���,�����
����$�
 1-2 G�	+�;<�� &
����$�
,�$G	��
?���-��

�G
�,�$�!���� 4 �G
�  ��?��"#$&
��  IgG ,�$���
� subclass ���
���
,-�-� titer ��� IgM  

�#
?��
H��

 

A.3 �������� cross-reaction +%'��������%�
%����%"��*%������  30 kD ������*%
������  17 kD 
 ��?������ -����G
��
%����������� 17 kD  ���,�$#
	�����!�  class switching -�G�� 

titer G����$����!�  �	��	+��<�,�$�!����N<�7� cross-reaction ����-���G
��
%�����������

������  30 kD  ���-����������  17 kD �$�
#�?�,-� #��-� cross reactivity �=����-��O"�$�-��

�G
��
%�����������������  30 kD"���������	������� 17 kD �$�
 �!�"#$�����%
�-�

������/�'��
����<+��!�#�	�"�$"���������  

 

�������	
��
����� 
       ���N<�7� cross-reaction ��
��/� Indirect ELISA  ��
�!������� 17 kD -��G
?����
���� 

0.1�g/#
�- ����� 4 �C 1 G?� 
$����
� 3 G�	+��$�
 PBS-T  block #
�-�$�
 1% BSA ����� 37  

�C 1 �	���-� 
$����
� 3 G�	+��$�
 PBS-T ���-�-���G
��
%����������������� 30 kD G?�

�G
��?�� C87 %
� C131 ��
����-��?������� 1:100 %
��!������?����,���?��
Z ����� 37�C 1 

�	���-� 
$����
� 3 G�	+��$�
 PBS-T ���- rabbit anti-mouse immunoglobulin linked HRP ��?�

������ 1 ; 1000 ����� 37�C 1 �	���-� 
$����
�  G�	+��$�
 PBS-T ���- TMB substate �����

��(#'H-�#$�� 30 ����  #
���������
��$�
 1 %HCl  ����G�� OD ELISA 450 

 

 

 �
�����
��	
��
������
 
 ���������������� cross-reaction ������-���G
��
%����������������� 30 kD 

�	������� 17 kD �$�
��/� ELISA  &
���������-���G
��
%������������#	��G
� C 17, 87 

%
� C131  ��-��O cross-react �	� ������ 17 kD ,�$ (�������� A.16) ��
���	�G��-�!�����

�#	��G
� 87>131>17 ��-
!��	� �	��	+�����������-��O"�$�G
��#
����+&
���-���G
��
%����

�������-�G��-�!�����GH� (dual specificities) ����	+������� 17 %
� 30 kD ��?��"�$"��������� 
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�������� A. 16.  G�� ELISA OD450 ��� a checkerboard titration  ����-���G
��
%��������

��� 30 kD ����G
��#	�  87 %
� 131  %
� ��� 17 kD  ����G
��#	�  17  �������!���?����  

serial 1:100 dilution  

 
                              
A Blank           

B 0.069 0.068 0.066 0.061 0.062 0.058 0.058 0.067 0.061 0.059 0.061 

C 0.072 0.063 0.062 0.071 0.066 0.057 0.061 0.064 0.058 0.066 0.062 

D 0.083 0.074 0.065 0.057 0.065 0.055 0.057 0.064 0.059 0.063 0.060 

E 87 OUT OUT OUT OUT 2.954 1.542 1.100 0.487 0.375 0.191 0.208 

F131 OUT OUT 3.04 1.100 0.692 0.429 0.250 0.157 0.104 0.080 0.072 

G17 OUT 3.829 2.851 1.342 0.76 0.386 0.216 0.153 0.101 0.074 0.069 

                             OUT: OD450 =, > 4.00 
 
 
 
A.4  ���$�����������%�
%����%"� &��'���(��)��!#���*% ������ 30 kD 
�� 17 kD 
)������ C87 
�� C131   
 ���&
�������� cross-reaction  ���������#	��G
� C87 %
� C131 ��-��O&
���-

���G
��
%����������������� 30 kD �����-��O cross react �	������� 17 kD �	��	+��<�,�$�!�

�������
-%
��!�������/�V�-���G
��
%������������G
��	��
��� ��$�-�	+�
?�
	��������
� 

cross reaction �$�
��/� Western blot 

 

�������	
��
����� 
a) �������-�!�����-���G
��
%��������"������$��#�H 

           �������-�!�����-���G
��
%��������"������$��#�H��
�!���
 �������-�!���� 

hybridoma cell "� flask "#$,�$�;

*��-�!��������$����������!�,������$������$��#�H %
� -�

�����������$�#�H�$�
 Pristane "��������
-�����$����?��&
�� ascitic fluid ������� hybridoma 

cell ���-�( 14 �	� ����	+��=��� hybridoma cell ��-�!��������#-���- �����-�( 7-10 �	�

�<��!�������������$��#�H��?����� ascitic fluid -��!���� purified �	+����,� 

b) ����!�������/�V�-���G
��
%�������� 

            �!��+!����������������$��#�H (ascitics fluid),�&����	+��������!�"#$������/�V�$�
��/� 

Protein A affinity chromatography ��?��"#$,�$�-���G
��
%�����������������/�V%
�-����-�(

-�����
���������!�-�"�$&
�������������,� ��
�	+��������!�����-�$�����!� ascitics fluid ���

,�$-��������"#$,�$O<�������-�	���� 40% �	� %�-�-���
-;	
��������(#'H-� 4�C #
	�����	+��<�

�!�,��|}���?����=��������������� 10,000 rpm ��Q���
� 20 ���� %
$��<��!���������,�$,�
�
�
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�	��	�����*����#-���-%
��!���� dialysis ����������!�,��!�"#$������/�V�$�
��/� affinity 

chromatography  ���,� ��
��-��	+������� equilibrate %
� wash column �$�
 0.02 M 

sodium phosphate buffer pH 7.0 %
��	+������� elute  �-���G
��
%�������� �$�
 0.1 M 

citrate buffer pH 3.0 ����	+��<��!� fraction �����=������� elute �	+�#-�,��	�G������H��
?�%��

���
��	���#���� OD. protein ��� 280 nm %
� OD. ELISA ��� 450 nm ����������!�,��!�"#$

��$-�$��<+�%
$��<��	����-�(�-���G
��
%���������$�
��/� Lowry 

 

�
�����
��	
��
������
 
           �������-�!�����-���G
��
%��������"������$��#�H ,�$���-�( ascitic fluid ���-�( 

30 %
� 35 ml ���#�H���
� 10 �	� �������$�
�G
� 87   %
� 131 ��-
!��	� ,��!�������/�V��


��/� affinity chromatography ,�$�-���G
��
������/�V���-�( 6.42 %
� 32  mg/ml #�?� 0.1926 

%
� 4.192  ��-
!��	� ��
��-��O
?�
	�G��-������/�V����-���G
��
%���������	��
���,�$

���%O������� 28 kD Kappa light chain (�H���� A.6) ��
������N<�7�G�(�-�	��G��-�!�����

��� �-���G
��
%������������G
� 87 %
� 131 ���������  30 kD %
� 17 kD ��
��/� 

Western blot (�H���� A.7-8)  ������-���G
��
%���������G
�-�G��-�!���������	+������� 17 

%
� 30 kD  
 

    A      B     C  D      B     C      D’ 
 
 
 
 
 
 
 
 
 
 
 
 
           �H���� A.6  SDS-PAGE ����-���G
��
%��������;<���!�"#$������/�V�$�
��/� affinity 

chromatography  A: %O�������-������� (��
�	�)���� low range (BIO-RAD);  B: �+!�

�����$��#�H;<���������$�
�-���G
��
%��������%
��������?��Z; C: ���������,-�,�$�	��	� 

Protein A "�����!��-���G
��
%��������"#$������/�V;  D, D’: �-���G
��
%��������

������/�V���,�$����G
� 87 %
� 131 ��-
!��	�.  

Mr 113,000 
   Mr 52,900 

    Mr 29,000 
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                                                                 A         B
 

 
 
 
 

                                                              A        B’ 
      

 
 
 
         �H���� A.7. &
������G���#*�������
��$�-����-���G
��
%��������������/�V (�G
� 

87) ���������%������� 17 %
� 30 kD  ��
��/� Western-Blot. A: %O�������-������� 

(��
�	�)���� low range  (BIO-RAD); B, B’: �-���G
��
%��������������/�V ;<���!�

�������
��	������� 17 %
� 30 kD ��-
!��	�  

 
 
 
 

Mr 20,514

Mr 15,189 Mr 17,000  

Mr 41,220 

Mr 52,900

Mr 29,000 Mr 30,000

Mr 21,500 



 26

 
 
 
                                                                    A        B 
 
 

 
 
                                                           A        B’ 

 
 
 
 
        �H���� A.8. &
������G���#*�������
��$�-����-���G
��
%��������������/�V (�G
� 131) 

���������%������� 17 %
� 30 kD  ��
��/� Western-Blot. A: %O�������-������� (��
�	�)

���� low range  (BIO-RAD); B, B’: �-���G
��
%��������������/�V ;<���!��������
��	������� 

17 %
� 30 kD ��-
!��	�  
 
 
 
 
 
 
 
 
 

Mr 17,000  
 Mr 15,189

Mr 20,514

Mr 41,220

Mr 52,900

Mr 29,000 Mr 30,000  
 Mr 21,500
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A.5  ���#�,��/
"��()(���):�;����������*%���!��"���
#���$���<��=>;�'����/���/��"
�("!�?(�";(���%����(�� ����������@ 
  ��/��������������	
��������
��G��G��--H���G�-������� �	���Q���/��������������	


��?+���$����������=������-��O����&
�������,�$'�
"� 10 ���� ��
��N	
#
	�����G
?������

����	��
���&����������� Z ��� Membrane %
��!�"#$�����������
����%����������-��
H�"�

�	��
����	�%������������
H��� membrane �!�"#$�#=�%O�����-������������� label �	�

%�������� ��������������$�
 membrane �������� Z �	��H���� A.9 

 

 
 

 
 

 �H���� A. 9  '��%����������������� Z ����������������	
������ 

 

 

�������������� Z ��-�H���� A.9 �������$�
 Sample pad (SP) ��Q���������	�

�	��
���, Conjugate pad (CP) ��Q������������$�
�-���G
��
%������������!�����������������

�$���������%
�����
���$�
 colloidal gold (conjugate), �������%���&
������� G?�  

nitrocellulose membrane ;<������<��$�
%�������� 2 ���� G?� %������������!�����������������

�$��������������( Test line (T) %
�����G��G�- Control line (C) ;<������-����"�$ anti-

mouse Ig �-?��"�$�-���G
��
%����������Q� conjugate %
���������$�
G?� Wick #�?� 

Sample pad

       T  line       C line

Absorbent pad

 Sample flow

Conjugate pad 

Polyester backing
Nitrocellulose membrane
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Absorbent pad ��Q��������;<-;	��	��
���#�?�����#
����,#
��� SP %
��!�"#$�	��
���,#
,�

�� membrane ,�$�
��������?��� �������� Z �#
����+�������
H�"��
	��
����� (cassette 

housing)  �-?��#
���	��
���
�"������	��	��
�������
	��
����� (sample well) ;<����Q�

�����( SP �	��
�����,#
&��� CP O$�"��	��
���-�����������!������	��-���G
��
%��������

����
H�"� CP �������������
����%�������-%�������� (Ag-Ab gold conjugate) %
��-?�����

�#
�,#
&��� membrane �����( T �������������
���� Ab-Ag-Ab gold conjugate ���G�	+� �!�

"#$�#=�%O������ gold �����(��+ �-?���	��
���,#
&��������( C ���,��������������
���#����  

anti-mouse Ig %
� Ab gold conjugate �!�"#$�#=�%O��������( C ���G�	+�����!��������� 

�	��	+� �-?���!���������%
$��#=�%O��� 2 %O������( T %
� C %������ "��	��
���-����������

�$��������� %
�O$��#=�%O��� 1 %O������( C %������"��	��
���,-�-�����������$��������� 

 

�������	
��
����� 
 

         a) ���N<�7��	����H�%��-����������������������	
�������$�
�	+�������� Z �	���+ 

             a.1) �������
���-���G
��
%���������$�
 colloidal gold (MAb-gold conjugate) 

          �!��-���G
��
%��������+-�&�-�	����
�
�
 gold colloid ���-� pH 8.0 "�

�	������� 5 ug ��� gold colloid 1 ml.��� Optical density (OD) �����	� 1 &�-�	��$�
 roller #�?� 

vertex ��� 20 ���� ����	+����- 10% BSA "#$-�G��-��$-�$�"����
�
�
 gold �����	� 1% 

&�-�	����,���� 20 ���� �!�,�,��|}����������� 10,000 rpm ��� 20 ���� ����"���+�,� %
�

��=������������� gold ,�$ %
���	�G��-��$-�$���� Ab-gold conjugate "#$-� OD ��-���

�$����� ���� 10, 20 %
� 30 OD ��Q��$� �$�
 storage buffer ����	+��!�,������ conjugate 

release pad (CRP) ���-�(            10 μl /cm. ��"#$%#$���� 40
o
C ��� 30 ���� %
���=�,�$"�

O����

*���-�����H�G��-�?+�������
H� 

              a.2) �����<�%���������� nitrocellulose membrane 

        ��	�G��-��$-�$���� MAb %
� anti-mouse Ig "� phosphate buffer "#$-�G��-

��$-�$�     1 mg/ml %
��!�,����
��� nitrocellulose membrane ������-�( 1 μl /cm. ��
��� 

MAb ����!�%#��� Test line ( T) %
���� anti-mouse Ig ����!�%#��� Control line (C) ����	+��!�,�

��-"#$%#$�"��H$�������(#'H-� 40
o
C ��� 30 ���� %
���=�,�$"�O����

*���-�����H�G��-�?+������

�
H� 

              a.3) ����������������� 

                     �!��������� Z �����������,�$%�� Wicking pad, SP %
� CP �������$�
 Ab-

gold conjugate %
� nitrocellulose membrane �����<��$�
 Ab %���	��� backing ��-�!�%#���

���%���"��H���� 1 ����	+� �	�"#$-����� 4 --. �$�
�G�?����	� %
��!���+���������	�,�$������"�
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�
	��
����� ��,�$�������������$�-���!�,������,�$ �����������
	�,-�,�$"�$"#$��=�"�O��

��
*�������������������H�G��-�?+� 

 

        b)  �����	����������&
��'	()*
��/��-���� 

      b.1) �����	� soluble (hydrophilic) protein 

      �!�O��-?�-��	���Q�����#
��
-�	���	����� 5X5 ;-. %
$��	�%���G�<����Q���+��
=� Z 16 

��+������	� ���-�( 5 ��	- "��
�,�"��������* ����	+����- 50 mM Tris-HCl, pH 7.4 
�,� 50 

ml. ��
����Q���
� 2 �-. �-?��G����
���,�$�+!���	���?���!�,�����������	
���������,� 

           b.2)  �����	� insoluble(hydrophobic) protein 

      �!�O��-?�-��	���Q�����#
��
-�	���	����� 5X5 ;-. %
$��	�%���G�<����Q���+��
=� Z 16 

��+������	� ���-�( 5 ��	- "��
�,�"��������*   ���-G
������*- : �-����
 "��	������� 2 : 1 

���-�( 50 -
. 
�,�%
��������������*"#$���� ��+�,�$ 14 �-. ����	+����#
 G
������*- :      

�-����
"#$%#$� %
����- 50 mM Tris-HCl pH 7.4 
�,� 50 ml. ��
����Q���
� 2 �-. �-?��G��

��
���,�$�+!���	���?���!�,�����������	
���������,� 

          c)  �����	�#�?�#�G��-��$-�$���� MAb ���"�$��Q� Test line 

               ��	�G��-��$-�$���� MAb "� phosphate buffer "#$-�G��-��$-�$� 1 %
� 2 mg/ml 

%
��!�,����
��� nitrocellulose membrane ������-�( 1 μl/cm. ��
��� MAb ����!�%#��� 

Test line (T) %
���� Anti-mouse Ig 1 mg/ml ����!�%#��� Control line (C) ����	+��!�,���-"#$

%#$�"��H$�������(#'H-� 40
o
C ��� 30 ���� %
���������Q������������-�	����#� OD ��� 

Ab-gold conjugate ����#-���-  

 

 �
�����
��	
��
������
 
 �!�#�	��H�%��"�����	����������������	
"���?+���$�,�$�!� MAb clone 131 ;<���!�����

�	+����������� 30 kD %
� 17 kD ����
-��Q� test line �����<��
H��� nitrocellulose membrane 

�!�,���������Q���������%
�N<�7�G�(�-�	������ Z ���-�	������	�O��-?�
��
��#$� B ;<��"�$

��Q��$�%��"����N<�7������	�������"�O��-?�
��   �������� &
���,�$���"�$�����	� 

hydrophilic protein "����������	���������������
-�<+�-� ����� ��������,-���--��O

������������"�����#
������	�,�$         %���-?��"�$�����	� hydrophobic protein"����

������	���������������
-�<+�-� ����� ��-��O������������"�"�O��-?������	�,�$�!���� 4 

��� 5 �	��
��� (�������� A.17 )��
����$-���%O�������!�%#��� T -�����"�O��-?� L4 -����� 

L1, L3 %
� L5 (�������� A.17 ) �	+���+#
	����,�$-������	���
��
���
� (�������� A.18) %
�

���-�(�	��
���O��-?�(�������� A.19) ���"�$"������	� %
� G��-��$-�$���� conjugate (�������� 

A.20) "#$�#-���-��-�	+� �	�����*���"�$
�
�
������#
	�������#
 �-����
 : G
������*-

%
$� (�������� A.21) 
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;<����
���� ��/������	��	��
������O��-?�
��/��-��������#-���-"��(���+G?� �	���+�O��-?�
��

"#$-������
=� Z ���-�( 2 ��	- ��	�"� methanol : chloroform ���-��� 10 ml "� Falcon 

tube ���� 15 -
. �����
� 30 ���� �����(#'H-�#$�� %
���+�����O��-?���������������#
��$�


&$����; ���#
����#
�"� petri dish �����
=� �����(#'H-� 60
o
C "� water bath "#$%#$����� 

����	+�
�
�
�
	��$�
�	�����*A  ���-��� 1 -
. ��
��
����� 30 ���� �!�����#
����,�$,��|}�

��� 5,000 rpm ��� 5 ���� �!�����"����,�$���-��� 100 ul #
��
�,�"� sample well ������

����� ��&
���-�( 10 �����<��	��<�&
 &
������������&
��Q� ��� 
� ��
�	��
���

�	��
������"#$&

����#=� 1 %O���-����-�-�H��� C  %
��	��
������"#$&
������#=�%O����-�H

-��� 2 %O� ����!�%#��� C %
� T (�H���� A.10)               ���������	�#�?�#�G��-��$-�$���� 

MAb ���"�$��Q� Test line���&
�����������-�	���#���� OD ��� conjugate %
����-�( Ab 

����!�%#��� test line ����� 10 OD �#-���-������!�,�&
�������������-�	������<� Ab ��� Test 

line ���-�( 2 mg/ml ��
,-��!�"#$���� nonspecific binding �	��	�����* A %
�"#$&
���

�����������!��	�����* A 
�
�
���������O��-?�
�� (�������� A.22)  

  

 

 

�������� A.18 &
����!� innunochromatography �	������	�����	��
���O��-?�
������Z 

 

Natural rubber gloves Result with IC test 

L1 + 

L2 - 

L3 + 

L4 ++ 

L5 + 
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�������� A.18  &
�����
���
�����Z���"�$��	��	��
������O��-?�
��/��-���� 

 

��
����"�$��	�O��-?� &
���������$�
��������%�� IC 

30 ���� + + 

60 ���� + + 

90 ���� + + 

120 ���� + + 

14 �	���-� + + + 

Control (�	�����* A) - 

#-�
�#�� : + #-�
O<�&
���; �!���� + ���-���<+� #-�
O<�G��-��$-���-���<+����%O������ test 

line      -  #-�
O<�&
����������Q�
� ,-������%O������ test line 

 

 

 

�������� A.19  G��-�	-�	�/*��#�������-�(O��-?� ���-����	�����*���"�$
�
�
������#
	���� 

                       ���#
%#$�  

 

���-�(O��-?� ��(#'H-����"�$���#
%#$� �	�����* A ���"�$
�
�
 &
�������� 

5 ��	- 60
o
C  in water bath 1.0 ml + ++ 

2 ��	- 60
o
C  in water bath 0.5 ml + ++ 

2 ��	- 60
o
C  in water bath 1.0 ml + + 

1 ��	- 60
o
C  in water bath 1.0 ml - 

#-�
�#�� : ������#
 chloroform : methanol �����#
"� chemical hood ��
�!� water bath 

"��"� chemical hood   
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�������� A.20  &
���G��-��$-�$���� conjugate (OD) %
����-�( Ab ����!�%#��� Test  

                       line ���������� nonspecific binding %
�&
��������	��
��� 

 

OD of 

conjugate 

Concentration of 

Ab at test line 

������	��	�����* A &
���
�
�
���������O��

-?�
���$�
�	�����* A 

10 2 mg/ml - ++ 

20 2 mg/ml + ++ 

30 2 mg/ml + ++ 

30 1 mg/ml ND + 

ND = ,-�,�$�!��������� 

 
 
�������� A.21  &
����	�����*����Z���"�$
�
�
�����������	����O��-?�
��/��-���� 

 

&
�����������������
�
�
�	�

�$�
�	�����*������-������� Z 

��������	�����*���"�$
�
�
 &
����!��	�����*,�

������	��������� 

(control) 1 ml 2 ml 

Phosphate buffer saline, pH 

7.4 

+ + + + 

50 mM Tris-HCl, pH 7.4 + + + + + 

�	�����* A - + + + 

#-�
�#�� : +  =  &
��� ��
�!���� + �������-�<+�%���G��-��$-���%O������ T line 

     -  =  &

� 
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                                                  A                            B 

        �H���� A.10.  &
����!� immunochromatography  (IC)  ��
"�$ buffer A (A) %
� �����	�

���O��-?�
��  ���
�
�
"� buffer A (B) 

 

           ���&
���,�$���#=����������������	���,�$
	�,-��-�H�(*�	� �<�-��$�����%��%��������

�	���%
����	
�H�%�������������������	�����Q����G$�����-���-�	����,���+ 

     -������	
���,�$����!�"���?+���$�-��	�O�����G*#
	�G?��!�"#$��-��O����������������	�

���O��-?�
��,�$ ;<����
����"#>�%
$�����Q�����	����H�%���������	�-����������	���

������������� immunochromatographic  (IC) strip ;<��-��|��	
�!��	�"�����	���"���?+���$� 

�!�#�	�����	������,���-�����$�,��������	�����

����
����  IC strip �	���+ 

- �!��-���G
��
%������������G
����&
��%
$� ����
-��Q� conjugate %
� Test line 

%
������HG��-�#-���-��� %����������������Q� conjugate #�?� Test line ��
�!� 

checker board 

              -N<�7�&
��� nitrocellulose membrane �������� Z ���G��-,� %
�G��-�!�����"� 

                ��������	��
�����������	�  

-N<�7�&
�������	�����*�������� Z ���"�$�!�#�	�����
- SAP ��?������-G��-,�%
�   

   G��-�!�����"���������	��
��� 

            -N<�7�&
��� surfactant �������� Z ���-�&
������
�
�
�������
	�G?�#
	���� 

C line 

T line 
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              ���#
%#$� ��
����
-�
H�"��H�����	�����* %
����
����-G��-,� "�������� 

             ����������$����� 

 -N<�7�&
�������	�����*�������� Z ���"�$�!�#�	�����
- CRP ��?������-G��-,�%
� 

   G��-�!�����"���� �����	��
��� 

 -�!��������-��G�('������������
������	�O��-?�
��/��-�������-��!�#���
  

   "��$���
�� 

 -�H�%������������������	
��������?+���$�������	�����Q����G$��	+��������$�
 2 ����

G?� �������������	
���������
H�"�;����$�-����H�G��-�?+� %
��	�����* A ���"�$
�
�
������

�����	����O��-?�
��#
	�������#
 G
������*- :�-����
 %
$� �	+����������+���������
H�"�

;�����
��	� O$�-���/�������������#
����-����$�
 Z ���-�( 1.5 ml "�'�������������� 

#�?����������	�����*"���������-��O"�$�	������������-�( 20  test ��Q��$� 

 

A.6 ��������������%�
%����%"����B"�#�,��!�E� ELISA kit ��()�������� 17 kD 

�� 30 kD 
         ��?����������!��-���G
��
%�����������,�$-��	�����Q� ELISA kit ��?������#� 17 

kD  %
� 30 kD ��-�����
��*�
���-���	�&H$��������� ��?������-�����-�(�������������!�

"#$�������%�$�	+�"��	�O�����+!�
���$�������!�,�"�$�!�&
��'	()*O��-?�
��%
�"�O��-?����&
��,�$ 

�	+���+��?����Q��$�-H
������G�(�-�	��������G$�%
��!�#�	������	�����G�('��������G$� 

 

�������	
��
����� 
a) ���N<�7�#��'�������#-���-�!�#�	�����!� ELISA ��?��#������� 17 %
�/#�?� 30 

kD "�&
��'	()*
�� 

        a.1) �!�����G
?����
���
�$�
 0.1,0.5,1.0, μg/ 100ul coating buffer/well ����-��

�G
��
        %��������;<��-�G��-�!���������	+� 17 %
� 30 kD ��-��� 4 
o
C 1 G?�#
	�����	+�


$���$�
   PBS-T 3G�	+�   ���- blocking  solution (�H�����1:0.5% casein in PBS-T, �H����� 

2:3% skim milk in PBS-T #�?� �H�����3: 1% BSA in PBS-T) �!����%
����-%��
��H����


������-#
�-
� 200 ul #
	�����	+���-��� 37 
o
C ��Q���
� 1 �	���-�%
$�
$���$�
 PBS-T 3 G�	+�  

���-�	��
������� 100 ul ��-��� 37 ��N��;
�;�
� ��Q���
� 1 �	���-�%
$�
$���$�
 PBS-T 3  

G�	+�   (�!� negative sample, positive sample;<������&
%
$� %
� reagent blank) %
����- 

conjugate ;<����Q��-���G
��
%��������;<��-�G��-�!���������	+� 17 , 30 kDa linked HRP  

(direct ELISA ) ��-��� 37  
o
C 1 �	���-�#
	�����	+�
$���$�
  PBS-T 5 G�	+�G�	+�����$�

$���$�
 

PBS ���- TMB substrate �!���� 100 μl /well ��=����-?���(#'H-�#$�� 30 ���� ���- 1% HCl 
�!����  100 μl %
$��!�����	�G�� OD 450 ����	+��!���������	+�������N<�7�%
$��!����

�����	��
���;<���!������	��$�
 25 ml ������-�(�	��
��� 5 ��	- 
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             b) ����	���������������#�������17 %
� 30 kD "��	��
���O��-?�
����


��/� ELISA 

         b.1) �������
-�	��
���&
��'	()*�!����O��-?�
�� ��-��O��	�"� PBS 

(phosphate buffer saline)��
����	��	��
��� O��-?�
����Q���+��
=�Z�!�,��	�� 5 ��	-���-   

PBS 25 ml %����Q���
� 2 �	���-�����	+��!�,��|}�%
$� ���������� ����"���?���!�-�

����#������� 17 %
� 30 kD 

               b.2) �	+�����������#������� 17 %
� 30 kD ��
��/� ELISA ������N<�7�#�

�'�������#-���-�!�#�	�#������� 17 %
� 30 kD &
�$���$���
"�$ �-���G
��


%���������  0.1 μg/100 ul/well "�����G
?����
� ��-��� 4 
o
C 1 G?� 
$�� 3 G�	+� �$�
 

PBS-T %
�"�$ 1 % BSA in PBS-T ��Q� blocking solution  200 μl /well ��-��� 37 
o
C 1 

�	���-�
$�� 3 G�	+��$�
 PBS-T ���-�	��
����!���� 6 �	��
���Z
� 100 μl  /#
�-%
� 

negative control (PBS-T) %
� positive control (standard protein 17 #�?� 30 kD %
$�%��

�$�����#��	�,#�)��?����"� PBS-T ��-��� 37 
o
C  1 �	���-�
$�� 3 G�	+��$�
 PBS-T ���-�-��

�G
��
%����������� 17 %
� 30 kD linked HRP �����?���� ���1 : 1500  "� PBS-T��-��� 37 
o
C  1 �	���-�
$�� 5 G�	+��$�
 PBS-T G�	+�����$�

$���$�
 PBS���- TMB substrate 100 μl /

#
�- ��-��� -?� 30 ���������(#'H-�#$���-?��G����
����- 1% HCl 100 μl/well %
$��!�����	� 

OD 450  

 
�
�����
��	
��
������
 
 �������/� ELISA ;<��"#$&
��"�������� G?� direct ELISA ��
"�$ �-���G
��


%��������� 0.1 μg/100 μl /well "�����G
?����
� %
�"�$ 1 % BSA in PBS-T ��Q� 

blocking solution "�������� conjugate��Q� �-���G
��
%������������ 17 %
� 30 kD 

linked HRP �����?�������1 : 1500  "� PBS-T  (�������� A.22) �������!�G�� ELISA OD 450 

����	��
���-�����
����
��	�G�� OD 450 ��� ������-������ 30 kD (positive control)  

�����$����Q�����-������ (�H���� A.11) �=��-��O#����-�(������ 30 kD "��	��
���O��-?�


��/��-�����	+� 8 �	��
���,�$ ;<�������-�G����#���� 0.3-33.63 μg��
-�G����
��
�
H���� 

12.71μg (�������� A.23) 
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��������A.22   &
���G����?���� conjugate ����#-���- '�
"�$ condition ����Z  
 

 1:500 1:1000 1:1500 1:2000 1:2500 1:3000 
Blank 0 0 0 0 0 0 
Negative control (PBS-T) 0.298 0.157 0.094 0.049 0.041 0.041 
Negative control (PBS-T) 0.257 0.167 0.088 0.048 0.031 0.037 
50 mM Tris –HCl pH7.4 0.294 0.158 0.097 0.01 0.058 0.058 
50 mM Tris –HCl pH7.4 0.33 0.152 0.119 0.038 0.038 0.048 
Positive control  30 kD 2.46 1.475 1.053 1.109 0.639 0.577 
 

 
         �H���� A.11 ����-��������#����G��-��$-�$���� ������ 30 kD (positive 

control) %
� ELISA OD450  

 

            �������� A. 23  ���-�(������ 30 kD ���-��
H�"�O��-?�
���	��
�������Z 
  

 
Glove 

extract # 

ELISA OD450 30 kD content  

(µg) 

1 0.214 1.58 
2 0.049 0.58 
3 0.438 4.54 
4 3.006 38 
5 1.641 20 
6 0.328 3.092 
7 2.643 33.63 
8 0.069 0.3 

y  =  0 .0 7 5 8 x +  0 .0 9 3 6
R 2 =  0 .9 8 2 2

0

0 .1

0 .2

0 .3

0 .4

0 .5

0 2 4 6

Pos itive  con tro l (O D  450 )

Sta
nd

ard
 pr

ote
in (

ug
)
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B. ���������%� 2 

���������6�,
!�%%� ,��������"�
��
+�3%��=�+*�&*6&���#<���!���,�<+
��#��	��

������� 

                   �|����	�#
�
�����N�	+�"�
����%
���-���� ,�$���#�	�O<��	����
��������%�$

����������������"��+!�
���������"�$"����&
���	���'	()*����Z  ��
&H$%�$��-������%�$%��

���
��
	� (type I) ;<��-������
�����������%��O<��	+����
�����   ��?����������������+!�
������-�

��Q��$�
Z���� %���|����	�,�$-�&H$��
������G$��������������-��O�!�"#$���������%�$%
$� 13 

���� ;<��-��+!�#�	��-�
��
�
H�"������	+�%�� 5-115 kD  �������	��
���,�$%��   Hev b1  (Rubber 

elongation factor); Hev b2 ( �-1,3 Glucanase); Hev b3 (Small rubber particle protein); Hev 

b4 (Microhelix component); Hev b5 (Acidic latex protein); Hev b6.01 (Prehevein); Hev 

b6.02  (Mature hevein) ;  Hev b6.03 (C-domain of prohevein); Hev b7  (Patin-like protein); 

Hev b8 (Latex profilin);  Hev b9 (latex enolase); Hev b10  (Manganese superoxide 

dismutase); Hev b 11 (class I endochitinase) , Hev b12 (lipid transfer protein)  Hev b 13 

(latex esterase)  "��!�������������,�$-������
%
$�����!�"#$�������%�$�	+�   -����
� Hev b1 

%
� Hev b3 �����Q����������,-�
�
�
�+!� %
��G
?���
H���&��������'�G
��  

                  ��
�|����	�
	�,-�-���/����G���#*"�Z���G
���G���"#$&
%-��
!� 100% ��?��������	
���

&H$���
-����%�$���������
��#�?�,-�  ��/��������
�-��������%����������%
�,�$&
%-��
!�"����	� 95% 

%
� 99%  G?�����!� skin prick test ��
"�$���
�
�
�������������
-����+!�
����������	�G��-

��$-�$� 0.1 %
� 1 mg/ml ��-
!��	��!�#�	���� prick 
���&��#�	����&H$���%�$��
��� ��
�-?��

��=�Z (J. Allergy and Clin. Immuno.109, 2002) ,�$-�����!���� allergens &�- 8 ���� ����!�

������/�V����+!�
���� ;<���������$�
 Hev b1, 2, 3, 4, 6, 7b %
� 7c �	� allergen Hev b5 ;<��

����
-�������!� cloning G��-��$-�$����� .001 O<� .01 mg/ml  ,��������
����!� skin 

prick test ��?���HG��-G��-,� (sensitivity) �	���G
���������%��
*���%�$���������
���!���� 

62 G� ��������,�$ G��-%-��
!����
� 91.9 % ��
��G��-O�� ��� IgE reactivity ��� allergen 

Hev b5 �����	� 65% (�H����), Hev b2 , 63%;  Hev b3, 24% ;  Hev b4, 39%,  Hev b7, 45% 

%
� Hev b1, 23% (��!����)  ���&
���G�� sensitivity ���,�$ �������+"#$�#=����
	�-� allergen �	�

�!�G	>�?��������
	�����
H�%
��$��G$�#����,���?��"#$,�$G�� sensitivity ����H��<+�   

                       #��-������'��/��-��������-�
��
����	�����������!�"#$�������%�$ ���

��-��O%����������	��
������,�$��Q�  2 ����  G?�  �������
�
�
�+!� #�?� "�$�+!�
$�����,�$ �	� 

�������,-�
�
�
 #�?� "�$�+!�
$��,-���� ���#=����"����������&
��&
��'	()*
�����

&H$��������� ����-��O�!��	�������������������
�
�
�+!�,�$ ��Q�����"#>������	+� ���G��-�H$

�?+�������,�$�!����N<�7����	
�������������
��$���	���������������������	��������+!�
�� &H$���	


%
�G(��,�$�����"��+!�
������-��������
H��
��-#�<�����,-�
�
�
�+!�  %
���Q�������������� 

rubber coagulum ;<��,�$%���
��-�--����������������'�G
��%
����'�G�$�#
��(���'�G
H
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��
�*) ����!�#�$������Q��$������	�"�����+!�
�� (Wititsuwannakul et al 2008, Appendix…)    

�������	��
��������
H��	���?+�
��#�?�&
��'	()*
�� %
�
��������!��	������
���
$���$�
�+!�  

�	��	+�G(�&H$���	
�<�,�$�!����G$�#�����������!�"#$�������%�$�	�"#-����
����������
��-����--

�����������������
--�������'�G�$�#
�� (bottom fraction membrane, BFM) 

 

�������	
��
����� 
             a)  �������
-�--��������������+!�
����  

                  �!��+!�
�����������,�$"#-�Z (��
���"�$'����%���+!�%�=����
"������=��+!�
�� ��?��

�[���	����%��������'�G
H��
�*) ,�%
��$�
�G�?��� ultracentrifuge ( 45,000g , 45 min) ��?��

%
��+!�
�������Q��	+������������,��$�
���'�G
�� �	+��
��#�?�����"���� cytosol (C-

serum) %
� �	+��$�#
�� (bottom fraction, BF)  �!��	+��$�#
�����������,��$�
���'�G ( 

luotid %
� Frey Wyssling ) ���-��--%���#��#�$- ,���	�����������_`����
���
$���$�
 isotonic 

buffer  �!�����
�
���'�G��� BF �$�
��� Freeze-thaw  ;+!�#
�
G�	+�����(�#'H-� -20
o
C �
	�

�	���(#'H-�#$�� �|}�%
���������#
����,�$ (B-serum)  ������������� BF membrane  (BFM) 

��	�����������_`�������� BFM ��
���
$���$�
 isotonic buffer  �!������	�������,-�
�
�


�+!������� BFM �$�
 Tris-buffer ���-� 0.2 % Triton X-100  

            b) ����!� allergen specific IgE %
� IgG ELISA assay 

                �!�
�
�
%������������Q������� BMF (10 μg/ml)���-��� 50 μl ,�  coat 
���

#
�- microplate �!������ 4
o
C    ��Q���
� 18 �	���-� �!����
$��%��������������,-��!��	�#
�-

#�?�����#
?������
���
$�� plate �!����5 G�	+��$�
 �	�����*
$�� PBS-T (0.05% tween 

20/PBS, pH 7.2)   �!���� block microplate �$�
 2% skim milk ���
�
�
"� PBS-T �� ���  37  
o
C , 2 �- %
� 
$�� microplate 3 G�	+��$�
 PBS-T   ���,����-�	��
���;��	-����$���������
�,�

#
�- 
� 50  �l (diluted 1:5 �$�
 2% skim milk/PBS) ��
����� 37 
o
C, 1 �-. ��-�$�
���
$�� 

microplate 5 G�	+��$�
 PBS-T     ���-  HRP labeled  antihuman IgE  #�?� HRP labeled  

antihuman IgG %
$�%����(� �!���������   37 
o
C, 1 �-.   %
$�
$�� microplate 4 G�	+��$�
 PBS-

T   ��-�$�
��� substrate 3, 3', 5, 5'- tetramethylbenzidine (TMB) %
$���"����-?����

��(#'H-�#$��  30 ���� %
$�#
�� �������
��$�
������-100 μl ��� 1N HCl  %
��!�,��	������

�����<+���� 450 nm �$�
 �G�?��� microplate reader 

            c)  ���#� immunoreactive allergen ��
��N	
co-immunoprecipitation 

                ���#� immunoreactive allergen ��� BFM ��
��N	
��G��G co-

immunoprecipitation ��-��O����-�$���
�������
�� BFM �$�
 biotin #�?� ����!� 

biotinylation ��������� BFM ��?���!�,�"�$"��	+���� co-immunoprecipitation �!���
����!� 

BFM ������,���-�	����
�
�
 biotin reagent (10 mM Sulfo-NHS-LC-Biotin) ��� 4°C ��Q�

��
� 2 �	���-���
���%���+!�%�=�  �!�����!��	� biotin reagent �������������
���
$���$�
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�	�����* PBS-M pH 7.4 (0.14 M NaCl, 8 mM sodium phosphate, 2 mM potassium 

phosphate %
� 0.01 M KCl)    

           ����!� co-immunoprecipitation  �!���
"�$ Seize X Immunoprecipitation Kit (Pierce 

Biotechnology) �!� Seize X Protein A gel ,���?��-�	� IgG2a subclass monoclonal antibody 

(mAb) ��� human Fc�  (Biodesign International, Saco, ME) ��
��N	
 disuccinimidyl 

suberate (DSS) cross-linker ��
�����-�����(#'H-�#$����Q���
� 1 �	���-� ��-�$�
���
$�� 5 

G�	+�   #
	�����	+��!�������-;��	�- (350 μl)
�,��� anti- human Fc� mAb conjugated protein 

A bead �!����
$�� 5 G�	+� %
$���-�$�
������-������biotylated BFM %
$��!������-�$�
���

#-�������(#'H-�#$�� 1 �	���-� �!����
$�� 5 G�	+�%
$��!������ immuno-preipitated proteins  

������ protein A bead ��
���"�$�	�����* pH 2.8 %
$��!�,�%
���������
 SDS-PAGE 

(15%) O��
�������	��
��� 
�"�%&���--���� PDVF %
$� blocked �����(��������%&��%--

�����$�
 5% skim milk/PBS ���4
o
C �$�-G?� %
$��!���-�	� HRP-conjugated streptavidin 

��?��"#$��-��O-���#=� biotinylated BFM proteins �$�
��G��G chemiluminescence �$�
���� 

ECL western blotting analysis ��-�$�
���exposed �	� Kodak X-ray film 

 

�
�����
��	
��
������
 
 G�� BFM specific IgE  ������"�$�
��-�
?���	��
������G�  4 �
��-  ( �H���� B.1) �����

G����
��
 allergen specific IgE ����	��
���;��	�-�
?��G����������O��-?�
�� (Latex glove 

worker, LGW) �!���� 170 G������	� 0.10 ± 0.26 OD ��
-�G�������
� 38 G����-�G�� BFM  

specific IgE �H�����G����
��
  �!�#�	�G����
��
 BMF specific IgE ����
?���	��
�������
��- 

CAP
+
 �����-����	�"�
$�G�
��	��
��-G����������O��-?�
�� ��
-�G�"��
��- CAP

+
 �!���� 9 

G����-�G�� BFM specific IgE �H�����G����
��
"��(�����
��- CAP
-
  -� 11 ��� 22 G����-�G�� BMF 

specific IgE �H�����G����
��
 (0.02 ± 0.02 OD) %
��
��-��G
����������$�����'�� (HCW) -� 7 

��� 35 G����-�G�� BFM  specific IgE �H�����G����
��
(0.04 ± 0.13 OD)  #��"�$��()* 0.06 OD 

;<��,�$-����G����
��
 + 2 SD ����
��- CAP
-
  (0.02 + 0.07 = 0.09)"�����	����       �!����

�	��
�����������"#$&
���#�?�-� IgE ��� BMF allergen �����-��!���� 56, 11, 1 %
� 5 G� ���

�
��- LGW, CAP
+
, CAP

-
 %
� HCWs ��-
!��	� G�� BFM specific IgE �H���� 3 �	��	�%��,�$%��

;��	�-#-�
�
�  4, 248 %
� 253  ;<��-�G������	� 2.71, 1.40 %
� 0.78 OD ��-
!��	� �������	+�

G�� BFM specific IgG  ������"�$�
��-�
?���	��
������G�  4 �
��-  (�H���� B.2) �����-�G����
��
 

BFM specific IgG "��
��- LGW, CAP
+
, CAP

-
 %
� HCWs �����	� 0.20 ± 0.34, 0.09 ± 0.13, 

0.02 ± 0.04 %
� 0.03 ± 0.04 OD ��-
!��	� �!�����	��
�����������"#$&
����#�?�-� IgG ��� 

BMF �����-��!���� 50, 9, 7  %
� 15 G� ����
��- LGW, CAP
+
, CAP

-
 %
� HCWs ��-
!��	�

#��"�$��()*����	�����!�������
����G����
��
 SD ���,�$����
��- CAP
-
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           ���#=�,�$���G��
��- LGW -� IgE %
� IgG ��� BFM �H�����G��
��-�?��Z �	+���+�����Q�

������
�- LGW -�������	-&	��	� BFM ;<���
H��+!�
��%
�&
��'	()*O��-?�
�����&
�����-�

"#-�Z,�$-�������
��-�?��Z        

          �������	+���� plot %�� scatter format (�H���� B.3) �����G�� correlation ��#���� 

BFM specific IgE %
� IgG  ��#����;��	�-#-�
�
� 4, 248 %
� 253 -����	��H����  %
���
G�� 

OD �!�#�	� specific IgG �����	� 2.64, 1.16 %
� 1.53 ��-
!��	� (�������� B.1) ��
��� LGW  

#-�
�
� 4 �����	+���������-������%�$���������
�� %
�&
�������!� skin prick test �=��Q�


��	+�#-�  ;<�������Q�,�,�$������	� IgG -����/��
���������������������%�$ #�� Fc�RIIB 

,����-�����
��-#�?� co-aggregated �	� Fc�RI ��?������������� allergen cross-linking ��


��N	
 IgG %
� IgE ������������
��$���	� por-allergenic signal �=��#-�,� (Kraft et al, 2006 ) 

        ������#� immunoreactive allergen ��
"�$��G��G co-immunoprecipitation ��Q���G��G

�����
-�!��	������ �'��/��-������� epitopes ��� allergen ��
	�G��
H��	+�#-� ;<��,-��#-?��

����!� immunoblot ���-�����H>���
�'��/��-������� epitopes ���-�$�
 ��
�-?��"�$;��	�-��� 

LGW #-�
�
� 4 ����� ������ BFM ���� 55 kD ��Q� IgE reactive allergen (�H���� B.4 A) 

��
�������BFM �	��
���-����-�(�
H��$�
-��,-���-��O
$�-#�?�-���#=�%O�������,�$������

�!� SDS-PAGE  (�H���� B.4 B)  %���-?��"�$;��	�-��� CAP
+
 #-�
�
� P1396  �=,-������ BFM

������ 55 kD ��Q� immunoreative allergen �	+�Z���;��	�- CAP
+
  ��-����	� IgE  ����H�  (�H���� B.4 

A)  ;<��%���"#$�#=����"��������� CAP 
	���������� 55 kD ;<��#������-�������	���+
�,��$�


"��������� �$�
�=���!�"#$��-��O������	
���%�$���������
������,�$%-��
!��<+�  

             O<�%-$������ BFM ���� 55 kD  -�����"�
$�G�
��	� Hev b 4 (50-57 kD) %�� Hev b 

4 ��Q� latex allergen �������
�
�
�+!�,�$����
�
H�"� B-serum �	��	+������� BFM ���� 55 kD 

�<��������Q�������,-�
�
�
�+!�����"#-�����!�"#$�������%�$  ;<��
	��$���!����
?�
	���
��G��G

�������G
�����%
�%���������,�  %����?���������-�(������ 55 kD -��
H��$�
-��"� BFM 

&H$���	
,�$�
�
�-�!�������/�V������ 55 kD ��?���!�,�#�
!��	�����-�����?���!�,�"�$��$�� primer 

�!�#�	��G
�����  %���=,-���-��O�!�,�$�!���=� 
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         �H���� B.1 Relative comparison of specific IgE level from 31 CAP
+
, 22 CAP

-
, 170 

LGW and 35 HCW samples by indirect ELISA. Each data point represents the specific 

IgE level in relation to the absorbance value at OD 450 nm. Solid horizontal lines 

represent the means of individual categories. These data are representative of three 

independent experiments. (Mengumpun et al, 2008, Appendix 3) 
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�H���� B.2  The IgG level from 31 CAP
+
, 22 CAP

-
, 170 LGW and 35 HCW samples was 

assayed by indirect ELISA. Solid horizontal lines represent the means of individual 

categories. These data are the representative of three independent experiments. 

(Mengumpun et al, 2008, Appendix 3) 
 

 

         �H���� B.2  Correlation of specific IgE and IgG levels obtained from indirect ELISA 

(Fig B.1 and B.2, respectively). Each data point represents an individual sample from 31 

CAP
+
, 22 CAP

-
, 170 LGW and 35 HCW groups. LGWs no. 4, 248, 253 are shown in the 

ellipse area. (Mengumpun et al, 2008, Appendix 3) 
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         �H���� B.4. Identification of immunoreactive allergen by co- immunoprecipitation 

assay (A). Protein mixtures of biotinylated BFM proteins are shown in lane 1. Fractions 

collected from incubation with LGW sample no. 4, CAP
+
 sample no. P1396 and CAP

-
 

sample no. P2136 are shown in lanes 2, 3, and 4. Whole protein extract is shown by 

Coomassie Blue R250 staining in polyacrylamide gel under denaturing condition (B). BFM 

proteins were shown in lane. (Mengumpun et al, 2008, Appendix 3) 

  

References: 
Kraft S, Novak N. (2006) Fc receptors as determinants of allergic reactions. Trends in 

Immunology  27: 88-95. 

Mengumpun, K., Yayapiwatana, C., Hamilton, R.G., Sangsupawanich, P., 

Wititsuwannakul, R. (2008) Identification of a novel hydrophobic allergen from Hevea 
brasiliensis bottom fraction membrane. Asian Pacific Journal of Allergy and 

Immunology (final revision resubmitted). 
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C. ���������%� 3 

��������%���������<�#����*6���
�E*�

������#���� 

 

               O<�%-$���,�$-����N<�7�����
��	�����	��G���#*
��/��-���� -���Q���
���
����� 50 

�2%
$�  �	+�%���2 GN. 1950  %��G��-�H$���,�$ �=
	�#���,�
���G��-�-�H�(*�
H�-��  �|����	�
	�,-�

��Q�����H$�	����-� ������"��$�� ����!�#�$��������
��$���	�����!�����	��G���#*
��  �	+���+�����Q�

������������	��
���-	���Q� hydrophobic protein#�?� �
H��	��--���� ;<��
��%������!�������/�V 

�$�
��/�-��������������G-��	��,�     �	����
�N����*�|����	��<��
�
�-%�$�|>#��	��
��� ��


��N	
 ��G��G��� proteomics %
� genomics ��$����
  �
���,��=��- ��������"�$����
��*�H����

���&
������	
���,�$   �!���Q��$����N	
#
	�G��-�H$�?+��������$���������������	��G���#*
��

/��-������Q���()*  

            ��
��-��*
��/��-�����������$�
#���

��
�����Q� cis-isoprene ��?���	+�#-�  ��


�	+��������-%��(initiation) �������!�����	��G���#*
����-����"�$ allylic diphosphate ��Q� 

priming co-substrate %
$���-�$�
�	+���� elongation #�?� prenyl chain extension ��?�����

��$����Q���
��-��*
��(Archer and Audley, 1987; Madhavan et al., 1989; Cornish and 

Backhaus, 1990). ����	��G���#* allylic prenyl diphosphates ���$����N	
���,;-* trans-

prenyl transferase ;<��,�$�����,;-*�	��
���-��
H��	+�"�����������'�G�$�#
��%
�������� C-

serum ���,�$#
	�����|}�%
��+!�
���� (Tangpakdee et al., 1997; Wititsuwannakul and 

Wititsuwannakul, 2001) %
�,�$�����������-����	��G���#*
������-��OOH������$�,�$�$�
 

allylic diphosphates ���-�G��-
����� C5-C20 ��

���
��
��������$�,�$���<+� ���� C5 < C10 < C15 

< C20 C20 (Archer and Audley, 1987). ;<�����-����N<�7���
��N	
��G��G���  
13

C-NMR 

������
��-#���

��
,��;��������!�#�$������Q��������-�$� (initiating species) "����������-#���



��
 IPP %��  cis addition ,���?��
Z ����Q� rubber polymer (cis-1,4-polyisoprene) ��Q� 

trans-allylic diphosphate �!����  farnesyl  pyrophosphate (Tanaka et al., 1996).  �|����	�


	�,-���Q��������������'�G
����Q�%#
�������$�� initiating species �$�
#�?�,-�   -����G��G�-

�����$�� initating species ��$�-�	+�G��-
�������
��-��*
�� �
���,�  

                 G(�&H$ �� �	 
 ,�$ ���� � ������ ' �G�$ �#
��  (;<� � ,-� " �� � ����� ' �G
� � ) 

(Witisuwannakul et al., 2003) %
��--����������'�G�$�#
��(Wititsuwannakul et al, 

2004, Appendix 4)  �����-��O����
-,�$#
	�����|}�%
��+!�
�����$�
�G�?��� ultracentrifuge �=-�

������/�'��"������$����
��-��*
�������	�  �<��!�"#$���G�������
������N<�7�����	��G���#*


�������'�G
�����-�-�"������	+� ��Q����N<�7������'�G
��������/�V����Z #�?���Q����'�G


���������_`���$�
�--����������������'�G�$�#
���������
��$���	�����	��G���#*
�� ���#
��

���,��G�?�G��
�--��������%# ;<��,�$-������/��,�$��Q�'����� (�	��H��$��
���)��
 Southorn 

(1961) ��
���#=�,�$������'�G"��+!�
�����������,��$�
���'�G
�� (rubber)   ���'�G
H��
�* 
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(lutoid)  %
�     ���'�G ������
��� (Frey  Wysling) �	+�"��'��/��-����"�����+!�
��  ��

��?��-�
��	���Q��G�?����
����%# (reticulum) %���
�
�
H�"������������#
� (cytosol) "��+!�


��     %���#���
�����G�?��� ultracentrifuge �!�"#$�+!�
��������!�-�N<�7�-�����H>���
G��-

��O�
�����G�?����
�--��������%#�	��
���  �������	+�Southorn (1961)
	�,�$�	(�����,�$���

�G�?����
����%#�#
����+�������Q�%#
������!�#�$������$����
��-��*
��  
 
 

 
 
 
         �H� C.1    �H���/��O<�G��-��Q�,�,�$��������?��-�
�������'�G����Z"�����+!�
�� ��
 

Southorn , 1961 

 

 

              �-?���!����%
��+!�
���� ��
����|}�%
��$�
�G�?��� ultracentrifuge ��� 49,000g ��� 

45 ����  ���'�G����Z�����������Q��G�?����
����%#��OH�%���#���
�%
��������	�  ��


���'�G
����
�
�<+�,��
H��	+��������
�����("�$�	+�
����-����'�G������������������
H��$�


�
=��$�
 ����"#>�������'�G
H��
�*%
�������������OH��#���
�,��
H������(�$�#
��  �	��	+����

G$���O<�������/�'��������'�G�$�#
�� "�����!�����	��G���#*
����
G(�&H$���	
 

[Wititsuwannakul et al., 2003, Wititsuwannakul et al, 2004 (Appendix4) ; 

Rattanapittayaporn et al.2004 (Appendix5)] �<���Q��������-�$��	(��������  Southorn 

(1961)  

            ���N<�7���G*G��-�H$"#-�����
��	�����	��G���#*
��"���
�����+ �<���Q����N<�7�

�����?����������G
�!�,�$ ��
���!�������G���#*���������
��-��*
�������$����
���'�G����Z

�������%#�--���� ��$�-�	+� ��N<�7�#�G�(�-�	��������'�G ������
���;<����Q��-�������

�G�?�G��
����%#����-���- �����"�����%O�,-�-��$�-H
���N<�7�����   
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C.1) ������(�!�����>"H�(��
���*�'+%'+��"+%'#%��!�%�>;�'���	�'!�����>�";!��
!���������+%'%�
<���*�'J��!��K%+*�;�*�'
� 
 

�������	
��
����� 
                 a) �������
-%
�
$�����'�G�$�#
�� 

                     �!��+!�
���������������$�
���	�/�* RRIM600 ��
����	��$�
'�������%��,�$"�

�+!�%�=� ,��|}�%
��$�
�G�?��� ultracentrifuge ��� 49,000g ��Q���
� 40 ���� �+!�
����OH�%
�

�����Q� 3 �	+� �	+��������Q��	+�������'�G
�� �	+��
����Q�����#
�"� cytosol (C-serum) 

%
��	+�
��������Q�����������'�G�$�#
�� (bottom fraction, BF) %
����������� BF  ,�
$��

�$�
���
�
�
�	�����* [ 50 mM Tris-HCl (pH 7.4)]���&�-�$�
 0.9% NaCl (w/v) �!���� 3 G�	+� 

%
�%
�������� BF ���&������
$�������%
$�  (washed bottom particles, WBP) �$�
����|}�

%
���� 4500g ��Q���
� 30 ���� ��=�,�$"�'�������%��"��+!�%�=� 

                 b) �������
-�--����������'�G�$�#
�� 

                      �!�  WBP #�?����'�G�$�#
�����&������
$��%
$�,��!�"#$%����
,�&�-
�

"��+!��
	�����-��� 3 ����%
$������
���"�$�G�?������ %
���������--���������
����|}�

%
����%���#���
� 4500g ��� 60 ���� %
$��!����
$�� 3 G�	+� �$�
���
�
�
�	�����* [ 50 mM 

Tris-HCl (pH 7.4)]���&�-�$�
 0.9% NaCl (w/v)] ��=���������--�������&������
$�� ( washed 

bottom membrane, WBM) ��=�,�$"�'�������%��"��+!�%�=� 

                 c) �������
-%
�
$�����'�G
�� 

                   %
��������������'�G
�������
=� #�?������( Zone 2 ��-���  Moir (1950) 

,�$�/���
,�$  #
	�����|}�%
��+!�
�����$�
�G�?��� ultracentrifuge ��� 49,000g ��Q���
� 40 ���� 

�!�,�
$��  3 G�	+� �$�
���
�
�
�	�����* [ 50 mM Tris-HCl (pH 7.4)] ���-���  5 ����  �!�

���'�G
�����&������
��� ( washed rubber particle, WRP) ��=�,�$"�'�������%��"��+!�%�=� 

                 d) ������G���#*�������
�����	��G���#*
�� 

                     Assay mixture  ����������
�����	��G���#*
���������$�
�	����� IDP , 

allylic diphopshate initiator  
14

C-IDP,   
3
H-FPP #�?� 

14
C-UPP ,�--������������� WRP 

#�?� WBM   ��
&�-�
H�"� �	�����* (50 mM Tris-HCl, pH7.7) ��-��

����
��������!��	�,�$"�$

�H� #�?������  ��$�-�$�
 reagents ����-�������
� (30 mM KF, 5 mM MgCl2 %
�10 mM DTT) 

%
�-�������- 20 mM EDTA 
�"��������
�G��G�- ��
��"�$�����-�����(#'H-� 30
o
C ��Q�

��
���� 2 �	���-�   %
$�#
���������
���
���%���+!�%�=� �����!�,���	� radiolabeled rubber   

                 e) ������G���#* radiolabeled rubber ���,�$����������
�����	��G���#*
�� 

                  �!����������� radiolabeled rubber (
3
H-rubber #�?� 

14
C-rubber)  ���,�$���

�������
�����	��G���#*
�� ��
������-�������

�,�"� assay mixture %
$��|}�%
���������  

12000g ��� 45 ���� �!���������,�$,�
�
�
"����
�
�
 hexane:toluene (1:1) %
$��|}�%
�
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����������
�
�
 ,����#
��?��
����-���
�%
$�������� radilolabeled rubber ������/�V �$�
��

;����#�?��������
  �!���������,�$,�
�
�
"� toluene ���-��� 150 μl �!�������/�V 

radiolabeled rubber �$�
�����&
�� �$�
��;����%���
=����-��� 750 μl  �!���� 3 G�	+� �!�

��������,�$,�
�
�
"� toluene ;<��������
H�"���� scintillation %
$��!�,�"��"��G�?��� 

scintillation counter ��?�����G���#*G!���(#����-�(����	������ radiolabeled  rubber ���,�$

���,�  

                 f) ����!�����	��G���#*
����
 WRP ������ 
14

C-UPP Rubber �����$����
 WBM  

                     �!� 50 mM Tris-HCl buffer, pH 7.7 (37,650 cpm) �����$����� 
14

C-UPP ��
 

WBM  ,� incubate �	� WRP "��	�����* (50 mM Tris-HCl buffer, pH 7.7) ���-��� 200 �l 

����������$�
 40 mM DOC, 5 mM MgCl2 , 10 mM DTT %
� 1 mM IPP �!������-�������
����  

37
o
C ��� 4 �	���-� #
���������
���
%���+!�%�=� %
��!����%
� 

14
C-rubber �	���

����
����

�
���"��$���$� 

                 g) ������G���#* molecular weight distribution (MWD) ���
 14

C-rubber  

                      �!����
�
�
"� tetrahydrofuran (THF) ���-� 
14

C-rubber ������/�V
�
�
�
H�,�

�!�������G���#*�$�
��/� gel permeation chromatography  (GPC) ��
"�$;�������G�
	-�* TSK 

gel (Tosho)��������?����	�  4 G�
	-�* -�G�� exclusion limit  �	���+1.01 x 10
6
, 1.72 x 10

5
, 1.13 x 

10
4
 %
� 1.30 x 10

3
) ����!� GPC "�$��(#'H-�  35

o
C %
� THF ��Q��	��� ����	������,#
 0.5 

-
./����   �!�����	�G���H��
?�%�� (�210 nm) %
� ���-�(�	������ polyisoprene "� fraction

����Z���OH������-����Z���� ��$�-�	+�#�G�� molecular mass ��
����
����
��	�  

polystyrene MW markers. 

 

�
�����
��	
��
������
  
       ���&
"��H���� C.1 ���#=�����-?��"�$ 

14
C-UPP ��Q� allylic diphosphate initiator �--����

������������'�G
H��
�*%
����������� #�?� ���'�G-�$�#
�� (WBM) -�������/�'��"����

�	��G���#*
��,�$-���������'�G
�������
=�O<� 5 ���� ��
������/�'��"�����	��G���#*
��

��� WBM ���,�$������"�$  
14

C-UPP ��Q� allylic diphosphate initiator ���H��������,�$������"�$  
14

C-IPP %
�  
3
H-FPP ���-�( 6 %
� 2.5 ������-
!��	� (�H���� C.2)  ��
�+!�#�	��-�
��
���


�������$�����
 14

C-UPP ��
 WBM ������G���#*,�$��� GPC �
H�"����� 1 - 4 x 10
5
  %
�-� MWD 

��Q� %�� skewed unimodal  (�H���� C.3-4)  ��
�+!�#�	��-�
��
�����
��-��*
���	��
�����

����-�<+����-�( 3 ����#�?�����-�<+���Q�  9 x 10
5
 �-?���!�,� incubate �	� WRP ���-�������- 60 

μM IPP ��
-� MWD %�� unimodal (�H���� C.5) 

          &
������N<�7��+!�#�	��-�
��

�� �����$����
�--�������,;-*�������
��$���	�

�������������	��G���#*���
��/��-���� �!�"#$,�$G��-�H$�?+����"#-������	������$��	(�����

����	����
�N����* (Southorn, 1961) 
�G������� ����-�
��

�������OH���$���<+�"�����%#�--
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���������?��-���'�G
�� ���'�G
H��
�* %
� ���'�G ������
��� ��$��$�
�	� ��

!��	��	+����

�����$�����	� early elongation ������-������'�G�$�#
��;<���������$�
���'�G������
���%
�

���'�G
H��
�* �!������$��,�$��
��-��*
�����-������
=� (1 - 4 x 10
5
 ) %
�-� MWD ��Q� %�� 

skewed unimodal #
	�����	+������$�����	� late elongation "#$,�$��
��-��*
�����-�����"#>�

�<+� (9  x 10
5
 ) �������<+�������'�G
�������
=�  ��-
!��	� �	+���+����N	
���,;-* rubber 

transferase ��������Z��������
H��	��--����������'�G�	��
���  

 

 

   
 
           �H���� C.1  ����	��G���#*
����
  WRP (A) %
� WBM (B) ;<�����-�(���"�$���
�����

�+!�#�	�%#$����-�( 20 mg %
�-� 
14

C-UPP (354,000 cpm) ��Q� allylic initiator ��
"� 

�������
�G��G�-��"�� 20 mM EDTA  ���	�������-%���"��H���� % 
14

C-UPP ���OH� 

incorporate ��$�,�"��-�
��

�����,�$��������	� toluene/hexane (1:1, v/v).   
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         �H���� C. 2 ���/��
��� allylic isoprene ��-��������	��G���#*
����
  WBM (B) �������
�

���-���  200 μl �������$� WBM ( ���-�(�+!�#�	�%#$� 20 mg), 60 μM IPP , radiolabeled 

allylic initiators [12.5 μM 
3
H-FPP ,7 ci/mol(B) or 100,900 cpm 

14
C-UPP ]  �!�#�	��������
� 

(A),-�-� allylic initiator %��-� 15 μM 
14

C-IPP (15 ci/mol) ��
"� �������
�G��G�-��"�� 20 mM 

EDTA  ���	�������-%���"��H���� % 
14

C-UPP ���OH� incorporate ��$�,�"��-�
��

�����,�$

��������	� toluene/hexane (1:1, v/v).   
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         �H���� C.3 ������G���#*�+!�#�	��-�
��
���
�������$����
������� WBM �����������$�
 

acetone ���� 0-20%��
-� UPP ��Q� allylic initiator �$�
 GPC�!�%
� radiolabeled rubber 

������ origin spot #
	�����!�,�%
��$�
 �$�
 TLC %
$��!�,����G���#*�$�
 GPC ��
"�$

��(#'H-�  35
o
C %
� THF ��Q��	��� ����	������,#
 0.5 -
./����   �!�����	�G�� ���-�(�	��� 

(A) %
�G������H��
?�%�� ��� �210 nm ��� polyisoprene "��
H�"�%��
� fraction ���OH���

���-����Z���� ��$�-�	+�#�G�� molecular mass ��
����
����
��	�  polystyrene MW 

markers. 
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         �H���� C.4 ������G���#*�+!�#�	��-�
��
���
�������$����
 WBM ��
-� UPP ��Q� allylic 

initiator �$�
 GPC �!�%
� radiolabeled rubber ������ origin spot #
	�����!�,�%
��$�
 

�$�
 TLC %
$��!�,����G���#*�$�
 GPC ��
"�$��(#'H-�  35
o
C %
� THF ��Q��	��� ����	������

,#
 0.5 -
./����   �!�����	�G�� ���-�(�	��� (A) %
�G������H��
?�%�� ��� �210 nm ��� 

polyisoprene "��
H�"�%��
� fraction ���OH������-����Z���� ��$�-�	+�#�G�� molecular mass 

��
����
����
��	�  polystyrene MW markers. 
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         �H���� C.5  ������G���#*�+!�#�	��-�
��
�����
��-��*
���	��������-�-?���!���
��-��*
�����

��$����
 WBM (�H���� C.3) ,�incubate �	� WRP ���-�������- 60 μM IPP  ��
�!� radiolabeled 

rubber ���%
�,�$��� origin spot #
	�����!� TLC ,����G���#*�$�
 GPC ��
"�$��(#'H-�  35
o
C 

%
� THF ��Q��	��� ����	������,#
 0.5 -
./����   �!�����	�G�����-�(�	��� (A) %
�G�����

�H��
?�%��(B) ����210 nm ��� polyisoprene "��
H�"�%��
� fraction ���OH������-����Z���� 

��$�-�	+�#�G�� molecular mass ��
����
����
��	�  polystyrene MW markers. 
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C.2) ��� ������
�	�����+%'%�
<�� !@�(�	���'���%;H*��!��K%�*�;�*�'
�   
 C2.1) ����������'!%�B&�> 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR)  
                 ���'�G���'�G�������
��� ��+%������������'�G
H��
�* %
����'�G
��"�

�G�?����
����%# (reticulum) ��������Q����'�G���-��--����#��#�$- 2 �	+� G
$�
Z�	����'�G 

plastid �!���� chromoplast  %
� leucoplast ����?��?����
�	��,�  ��O�����	��G���#* isoprene  

"����'�G plastid ����Q�%�� MEP pathway ;<����%�����������O� (MVA pathway) ���-� HMG-

CoA reductase ��Q� rate-limiting enzyme %
������<+�"� cytosol  (�H���� C.6) %����O� MEP 

pathway����N	
 glyceraldehyde 3-phosphate %
� pyruvate ;<��,�$�������
�
 glucose ��


��O� pentose phosphate  ��Q�����	+��$�%
�-� 1-Deoxy-D-xylulose reductase (DXR) ��Q� rate-

limiting enzyme (�H���� C.7)  

 

 

 

 
 
         �H���� C.6  ��O�����	��G���#* isoprene "� ���*%��%�
 (plastid %
� mitochondria) %
�,;

���
��;<- 
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         �H���� C.7   The non-mevalonate pathway or 2-C-methyl-D-erythritol 4-phosphate/1-

deoxy-D-xylulose   5-phosphate pathway (MEP/DOXP pathway) of isoprenoid 

biosynthesis 

 

�	��	+� #�����'�G������
��� ��-��O��$�� IPP ,�$��� glucose  �=���-�G��-��Q�,�,�$����$�
��

��-��O��
��
��+!���
���-��
H�"��G�?����
����%#"#$,���Q�
����
���  

 

 

�������	
��
����� 
                 a) �������
-���'�G���������� 

                      �!��+!�
����-��|}�%
��$�
�G�?���#-���#���
� ��� 1700g ��(#'H-� 10
o
C ��� 

30 ���� "� swing-out bucket rotor ��?��
���������%����#�������'�G����Z����+!�
��"�

�(����OH��#���
�  �!�����!��	�����G�<����;<������"#>���Q����'�G
�����,� %
$��!�����G�<��
���

����#
?�,��|}�%
����  7000g ��(#'H-� 4
o
C ��� 15 ���� ��
"�$ fixed angle rotor  �+!�
����OH�

%
������Q� 3 �	+� �	+�
�����
H������ ��
"�$�	+�
����-����'�G�������������#
?���-�$-

%���
�
�
H� �!���������-���'�G%���
�
�	��
��� %
$��!�,��|}�%
��$�
�G�?��� 

ultracentrifuge ��� 59,000g ��(#'H-� 4
o
C ��� 20 ����  �!����
$����������'�G���������� 3 

G�	+��$�
�	�����* 

                 b) ������G���#*&
��'	()* 
14

C-prenyl �����$����� 
14

C-glucose ��
���'�G�����

����� 

                     �!����'�G�����������������
-,�$,��!�"#$%����
��/� sonication %
$� �!�,���	�

�������"���
����|}�%
��$�
%���#���
� 10,000g ��� 4
o
C ��� 10 ����  �!�����"����-��� 100 
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μl ;<��-����-�(������ 280 μg ,�"��"� reaction mixture ���-��� 500 μl ;<���������$�
  50 

mM Tris-HCl, pH 7.8, 10 mM MgCl2, 10 mM DTT, 30 mM KF, 0.15 NADPH, 74 μM 

mevinolin ("���(����"�� )  %
� 1 mM [
14

C]glucose (5 Ci/mol)  �!������-�������
���� 37 oC 

��Q���
� 6 �	���-� %
$��!����%
�&
��'	()* prenyl diphosphate �$�
 1-butanol %
$��!����

�
�
#-H��������$�
�����
"�$���,;-* potato acid phosphatase  ��	�&
��'	()* prenols ���

,�$�$�
 pentane %
$��!�,����G���#*�$�
��/� TLC ��%&�� reverse LKC-18 plate %
�"�$ 

acetone/water (19:1, v/v) ��Q��	���  �!��������
����
������	� prenols -�����������-��O

-���#=�,�$��
��N	
,����#
,��������$�-�	����G���#*#����-�( radioactive "�&
��'	()* 

prenols �$�
�G�?��� Bioimage analyzer   

                 b) ����G
����� cDNA ���1-deoxy-D-xylulose reductase (DXR) 

                     �!���
"�$ PCR  product ���-�G��-�!�����;<��,�$���%��-����
!��	����,��*

������,;-* solanesyl diphosphate synthase "� ����$�-H
  -�"�$��Q��	������-"���������

#�
���	��
������#$���-��;�����=����������
-����+!�
������  ����	+���+��������
���	��
���,�$

OH��!�-����%�� primer  ��?��"�$"����#���+���������	�/����-�	+�#-�������,;-* �	�

��

����
�"� (Yoonrum et al, 2008, Appendix 6) 

                 g) ������G���#*���%������ mRNA ��� DXR  

                     �!�������G���#*��
"�$ RT-PCR ��
��� amplify total RNA (1��	-) ���%
�,�$

�����?+��
?������Z�$�
 primer .������%���!������	� DXR        

                 f) ���#��!�%#�������
H���� DXR '�
"��;

* 

                     ���#��!�%#�������
H���� DXR '�
"��;

* �!���
��N	
��G��G��� Gateway 

cloning system�	���

����
�"� Yoonrum et al, 2008 (Appendix 6) 

 

�
�����
��	
��
������
  
         �������!� [

14
C] glucose ,� incubate �	����'�G������
��� "��'�����-��	�
	�
	+� HMG-

CoA reductase (mevinolin)  ��������'�G������
�����-��O��$����� [
14

C] prenyl  ,�$#
�


������-�	+� FDP %
� GGDP ��� [
14

C] glucose    %�����-�(���,�$���#=������!��������,�$"�

�'�����,-�-����"���	�
	�
	+� mevilonin  (�H���� C.8)  %
���?������-������
������ FDP ��Q� 

allylic diphosphate ���OH�"�$��Q� initiation species "��������-�������������	��G���#*
��   

�	��	+����'�G������
���������!�#�$������$�� initiating primer "#$�	���
��-��*
���=,�$ %��

��?������
	�,-�-���
���"�Z,�$�!����
?�
	�������'�G������
�����Q����'�G����'� plastid 

����Z  �	��	+�G(����	
�<�,�$�!�����G
����,;-* 1-deoxy-D-xylulose reductase (DXR) ;<����Q� 

rate-limiting enzyme "�����	��G���#* isoprene ��
��O� MEP "� plastid ������"�$ cDNA 

library �������
-,�$����+!�
�� ��?����Q����
?�
	� 
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         �H���� C.8   TLC autoradiogram ��� [

14
C]prenyl  (#
	����
��
�$�
 acid phosphate) ���

,�$������ incubate [
14

C] glucose  �	����'�G���'�G������
���  "��'�����,-�-� (lane 1) %
�-� 

mevinolin (lane2) &�-�
H��$�
  (S.F. = solvent front; Ori = origin) (Yoonrum et al, 2008, 

Appendix 6) 

  

&
����G
�
�� DXR ���
������ (HbDXR) ��
"�$ cDNA library �������
-,�$����+!�
�� 

����� 
�� HbDXR  ������,��$�
#�<��  putative ORF (open reading frame) ���-� % ���

���
�
!��	����G
$�
G
<��	� DXR "��?��?��ZG?� L. esculentum (86%), A. thaliana (82%), S. 
rebaudiana (82%), and O. sativa (80%) (������ C.9 ) ��
����������	��G���#*��� HbDXR ��

������,��$�
�����-��� 417 �	� %
�G�����-� molecular mass �����	� 50.97 kDa  

�������	+�
	���������	���� expression ���
�� HbDXR  -�-��������"�"���?+��
?���������-�

���������%
�
!��$���������$��
$�
��   -����	�����
��"��+!�
�� %
�%��,-�-��

"�"�
��

%�� (�H���� C.10) �	��	+�
�� HbDXR  ����G
�,�$�����Q��������-�G��-�!������������+!�
�� ������

�����H
�� HbDXR  �$�
 ChloroP algorithm ����� HbDXR -������-��� 80 �	��$�� N-

terminal  ����������Q���������!�#�$������Q� transit peptide  ��?���!� DXR ��$�,�"� plastid  ;<��

��-��O
?�
	����&
�����
����
��� fuse 
�� HbDXR  �$�
 GFP fluorescent ��������( 

C-terminal  %
$��!�,�"��"���

* Arabidopsis  ����������-��O��
�� HbDXR "������(���

��Q� chromoplastid  (chloroplast)  (������ C.11) �	��	+� ���'�G�����������<���Q����'�G�
��������
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�!������!�#�	�����+!�
�� %
����������
��$���	������$��#���

��
,��;���� ���"�$"������$��

#-H������
���� FDP %
� GGDP ;<��"�$��Q� primer �!�#�	������$���-�
��

�� "��	+���� 

initiation step 

 

 

 

 
         �H���� C.9  Multiple sequence alignment of the deduced amino acid of HbDXR and 

DXRs from four other plants including two of those from bacteria. The residues boxed in 

black indicated the positional identity for at least four of six compared sequences. Dashed 

indicate gaps introduced in order to optimize the alignment. Asterisks indicate the 

NADPH-binding motif. The putative cleavage site is indicated with an arrowhead. The 

cDNA accession number are A. thaliana; AF148852, L. esculentum; AF331705_1, O. 
sativa; AF367205, S. rebaudiana; AJ429233, H. brasiliensis; DQ437520, S. leopoliensis; 
AJ250721 and E. coli; AB013300. (Yoonrum et al, 2008, Appendix 6) 
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         �H���� C.10  Analysis of mRNA expression patterns by RT-PCR. A: mRNA 

expression of HbDXR (28 cycles); B: 18S rRNA expression as an internal control. 

(Yoonrum et al, 2008, Appendix 6) 

 

 
 
 
        �H���� C.11 Subcellular localization of HbDXR in Arabidopsis T87 cells. Cells 

expressing HbDXR, fused with GFP at C-terminus of GFP and GFP, were observed by 

laser confocal microscopy. The panels indicated as BA510IF, BA585IF, and Merge show 

fluorescence images of GFP, the autofluorescence of chlorophylls, and the merged image 

of green and red fluorescence, respectively. (Yoonrum et al, 2008, Appendix 6) 
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C.2.2 ����������'!%�B&�> solanesyl diphosphate synthase  
        ������������'�G���������� ��Q����'�G���
�����
H�"��G�?�G��
����%#���-��--���� 2 �	+�

#��#�$- %
���Q����'�G���-����#
?���-�$-;<�������-�#�$��������
��$���	������$�� carotenoids  %��

�|����	��$�-H
����
��	�������-������'�G��+
	�-��$�
-��  G(����	
�<�,�$�!����������G���#*#�

����!����  plastidial isoprenoid ���� plastoquinone ;<����OH���$����� IPP ���,�$-���� MEP 

pathway ������'�G�
����� ��$�-�	+��!�����G
��������,;-*�������
��$�� �	+���+��?����Q����

����-�$�-H
G�(�-�	���!������$�������Q��
�����������'�G�������������,� 

 

�������	
��
����� 
                 a) �������
-���'�G���������� 

                     �!��+!�
����-��|}�%
��$�
�G�?���#-���#���
� ��� 1700g ��(#'H-� 10
o
C ��� 30 

���� "� swing-out bucket rotor ��?��
���������%����#�������'�G����Z����+!�
��"�

�(����OH��#���
�  �!�����!��	�����G�<����;<������"#>���Q����'�G
�����,� %
$��!�����G�<��
���

����#
?�,��|}�%
����  7000g ��(#'H-� 4
o
C ��� 15 ���� ��
"�$ fixed angle rotor  �+!�
����OH�

%
������Q� 3 �	+� �	+�
�����
H������ ��
"�$�	+�
����-����'�G�������������#
?���-�$-

%���
�
�
H� �!���������-���'�G%���
�
�	��
��� %
$��!�,��|}�%
��$�
�G�?��� 

ultracentrifuge ��� 59,000g ��(#'H-� 4
o
C ��� 20 ����  �!����
$����������'�G���������� 3 

G�	+��$�
�	�����* 

                  b) ���%
� plastidal isoprenoid 

                       �!������	� prenyl lipid ��������������'�G���������� ��
��� reflux �$�


���
�
�
 chloroform/methanol (2:1, v/v) �!������	�,����#
"#$%#$�%
$�
�
�
�$�
 

chloroform/methanol (1:1) �!�,�%
��$�
  TLC (Kieselgel 60 F254) ��
"�$���
�
�
 

hexane/diethyl ether/acetic (80:20:1, v/v/v) ��Q��	���   �!�,�%&�� TLC ,�����"�$%�� UV 

%
$�%
����������� prenylquinone (Rf 0.27-0.59) ,���	��$�
 chloroform/methanol (1:1) �!�

"#$%#$� %
$��!�,�
�
�
"� solvent A (methanol/propa-o2-ol; 4:1,v/v) %
$��!����%
� &���

G�
	-�*  reverse-phase C18 Symmetry 5 μm (3.9 mmx150 mm) ���-������	��'���$�
���

&�- solvent A �	� solvent B (mrthanol/propan-2-ol;1:1,v/v) "����-��������	� �$�
�	������

,#
 1 -
./���� ��
�����$��G�?��� HPLC %
$��!�������$�
 linear gradient ��� 50-100% ��� 

solvent B ��Q���
� 10 ����  %
$���-�$�
 solvent B ��� 10 ����   ����
-���
�
�
-������ 

ubiquinone 10 "� solvent ��?��"�$"��������
����
� %
��!����
?�
	���� platoquinone  ���

����
-�$�
,�$��
��/� Hirooka et al.(2003)  

                 c) ����G
����� cDNA ��� solanesyl diphosphate synthase  

                      �!���
"�$ PCR  product ���-�G��-�!�����;<��,�$���%��-����
!��	����,��*

������,;-* solanesyl diphosphate synthase "� ����$�-H
  -�"�$��Q��	������-"���������
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#�
���	��
������#$���-��;�����=����������
-����+!�
������  ����	+���+��������
���	��
���,�$

OH��!�-����%�� primer  ��?��"�$"����#���+���������	�/����-�	+�#-�������,;-* �	�

��

����
�"� (Phatthiya et al, 2007) 

                 d) �������
- Hevea solanesyl diphosphate synthase (HbSDS)    

                     �!���
����!�%�G�����
 E. coli  BL21 (DE3)/pET32a/HbSDS ;<��,�$�G
�
�� 

SDS ���-���� �
��-�� pGEM T-easy/HbSDS   -��	��!�"#$������ SPS %������  %
$��!�

���%
� SDS ������� pellet fraction ��� cell homogenate #
	�����|}�%
� 

                 e) ������G���#*������-���HbSDS              

                     ����&�-����������
� (reaction mixture) ���"�$"�����	��G���#*
��"����-���

�������	+�#-� 0.1 ml -� 50 mM Tris/HCl buffer, (pH 7.5) , 5 mM MgCl2,  20 mM �-

mercaptoethanol , 50 μM farnesyl diphosphate, 50 μM [1-
14

C] IPP (2.15 GBq.mmol
-1
), 

0.5% Triton X-100 %
� 200 μg ��� crude enzyme �!������-�����(#'H-� 30
 o
C ���� ��Q���
� 

1 �	���-�  

                f) ������G���#* product ���,�$���������-���HbSDS              

                    �!������	� product prenyl diphosphate ���,�$���,�$#
	������-�$�
 butanol %
$�

"�$���,;-* potato acid phosphatase 
��
#-H����������  ����	+��!�,�%
���%&�� TLC 

���� reverse-phase LKC-18 ��
"�$�	��!�
�
�
 acetone/water (19:1,v/v) %
$��!�,����G���#*

�$�
�G�?��� Bio-image analyzer    

               g) ������G���#*���%������ mRNA ��� HbSDS  

                   �!�������G���#*��
"�$ RT-PCR ��
��� amplify total RNA (1��	-) ���%
�,�$

�����?+��
?������Z�$�
 primer ������%���!������	� HbSDS        

 

�
�����
��	
��
������
  
          &
�������!���� plastidal isoprenoid �����	�������'�G���������,��!�������/�V��
��/� 

TLC %
� ���G���#*�$�
 HPLC (������ C.12) ��
����
����
��	� plastidal isoprenoid (PQ-9 

%
� UQ-10) �����	���� chloroplast %
� mitochondria ���"�   ����������Q������	������

���������Q����� PQ-9    

          &
����G
�
�� SDS ���
������ ��
"�$ cDNA library �������
-,�$����+!�
�� ����� 


�� HbSDS ������,��$�
#�<��   ORF (open reading frame) ��� encode �����-��� 418 �	� 

#�?����������� 46 kD (������ C.13)  ��
���%����������������	��
���"� E. Coli ���
H�"�

�H���� recombinant protein ���� 60 kD  (������ C.14) ��
�
H�"������������� �	+���+�����

�������	��
���������,��$�
�����-������� hydrophobic O<� 48% "��(����-������-���

���� hydrophilic ���
� 28%   %
� -������-���G
$�
G
<��	� SDP synthase 1 ��� A. thaliana 

70%, ODP synthase ��� E. Coli 46% , GDP synthase ��� Citrus siensis 41%, GGDP (���
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��� C.15) %
���� sequence analysis ��� HbSDS ��
 Predotar program �����������,�

�$�
�������  plastid targeting sequence �������	+�
	���-��O
?�
	����&
��'	()*���,�$���

������-������,;-*  HbSDS "������	����,�$��� IPTG-induced E.Coli  ���
�� SDS ����G
�

,�$��-��O��$�� C45 prenyl moiety (������ C.16)  ��
���,;-*�	��
���-�G��-�!�������� allylic 

primers ��-
!��	��	���+ GGDP>FDP>GDP �������	+�
	���-��O�����%��������� 

HbSDS mRNAs ,�$�H����"��+!�
�� ;<���H�����"�"�%
�����
!��$�����$�����    %��,-������

%������"���?+��
?����� (������ C.17)  �	��	+� PQ-9 "����'�G���������������!�#�$������Q��|��	


#�<�� "��������
������?��������������� desaturation ����!���Q��!�#�	������$�� carotenoid  

#�?� ����!�#�$������Q���� antioxidant G
$�
G
<��	�#�$������� ubiquinone "� mitochondria 

#�?� ���-�#�$��������
��$���	�����$�������G�#-?���	����,�$-������
���,�$"��?��?��Z 
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         �H���� C.12   HPLC chromatogram of Hevea prenylquinones. (A) Chloroplast 

plastoquinone-9 extracted from leaves (B) Frey-Wyssling particle plastoquinone-9 

extracted from latex (C) Mitochondrial ubiquinone-10 extracted from leaves. (Phatthiya et 

al, 2007. Appendix 7) 
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         �H���� C.13  Nucleotide and deduced amino acid sequences of HbSDS. Number of 

nucleotide sequence and amino acid sequence are indicated on the left and right, 

respectively. (Phatthiya et al, 2007. Appendix 7) 
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         �H���� C.14 Comparison of the deduced amino acid sequences of HbSDS. The 

deduced amino acid sequences of HbSDS are compared with those of solanesyl 

diphosphate synthases from A. thaliana (SPS1 GenBank accession no. BAD88533) and 

SPS2 GenBank accession no. BAD88534) and Rhodobacter capsulatus (GenBank 

accession no. BAA22867). The filled boxes indicate the positional identity of the 

sequences. The seven highly conserved regions are underlined. (Phatthiya et al, 2007. 

Appendix 7) 
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         �H���� C.15  SDS-PAGE gel of purified HbSDS. Lane SC and S, soluble protein from 

non-induced and induced E. coli cells, respectively; lane PC and P, insoluble proteins 

from non-induced and induced E. coli cells, respectively; lane Pu, purified HbSDS; lane M, 

molecular-mass markers. (Phatthiya et al, 2007. Appendix 7) 
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         Fig.C.16  TLC autoradiogram of the prenyl alcohols obtained by enzymatic 

hydrolysis of the products formed by the reaction with cell-free homogenate of IPTG 

induced E. coli harboring pET-HbSDS (lane 1), non-induced E. coli harboring pET-HbSDS 

(lane 2), and E. coli harboring pET-32 (lane 3). (Phatthiya et al, 2007. Appendix 7) 

 

 

         Fig.C.17  Analysis of mRNA expression patterns by RT-PCR. (A) Control (18S 

rRNA); (B) mRNA expression of HbSDS (35 cycles). (Phatthiya et al, 2007. Appendix 7) 
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D. ���������%� 4 

���&�����
"&/�I,��������"�
��
+�3%��=�+*�+<���EJ�%,��!�!<�	������������� 

 

                �G�����
��
 4 ��+��Q��G����������?����������������-�
��-���	
 (�-/����	
������

���. ����!��2 2543  '�
"�$�G�����
��
 3 ��?���������	
�������G-����-�-H
G���H�����+!�


������) ��
G(�&H$���	
,�$����������-��O��$��-H
G������-"#$�	��+!�
����������������G-� 

;<���
H�"��������,-�"��
������+!�
��  �����-��O���U�/�V
	�
	+���?+�"��������#
�
������-�	+�  

Candida albicans  ;<����Q����#�������������?+���"�������� (oral candidiasis)    ��
-�

������/�'��"����
	�
	+���?+� C. albicans ,�$��������    %
�����?+���$������� anti-candida  

��-��O��G��-�$��,�$�� %
� -��+!�#�	��-�
��
 ���-�( 10 kD  �	��	+��G�������+�<���Q�

���N<�7���
�!�������/�V��$�-�	+����G���#*G�(�-�	�������� anti-candida ��� 

 

�������	
��
����� 
           a) %�G�����
���"�$"����N<�7� 

                Reference strain C. albicans 

           b) ��/������  

              ��������G��-��-��O��� ������
	�
	+�%G����$��������
-,�$����+!�
���� "�

���
	�
	+��������>���������%G����$� �!���
���"�$ microdilution technique  �!� B-serum 

#�?�B-serum "��H�������
�
�
����������������"����� G��-��$-�$� acetone 40-60 

%
� 60-80% ��OH�����
-"#$,�$G��-��$-�$����� Z  ,�$%�� undilute, 1:2, 1:4, 1:8, 1:16, 1:32, 

1:64, 1:128 "� microtiter plate (��
"�$ serum B 100 μl ��?�����$�
 ��#���
�+
���?+� 100 

μl  �!������?���� serial dilution ���-�������$�
#
	��������
-��Q� 100 μl) ����	+����-

%�G�����
#�?���?+����������
-,�$ (���G��-����-������ Mac Farland 0.5 ;<����-���?+��
H�

���-�( 10
5
 – 10

7
 �	�/-
.) 50 μl  �!���������
�+
���?+�,�$��� ���
���N���� ��(#'H-� 37 

�C  ��Q���
� 24 �-. "������������G�	+��$��-� positive control (�������$�
 ��?+����

������	���#���
�+
���?+�) %
� negative control (�������$�
 ��#���
�+
���?+������	+�)  

         c) �������&
��������  

              #
�-���-�G��-�������� positive control -�&
��Q� + #
�-���-�G��-"����� negative 

control -�&
��Q� – %
� G��G��-��$-�$�����$�
���"#$&
��Q�
���Q�G�� MIC (minimum 

inhibitory concentration) �����?+��	+�Z   
         d) ���#�G�� MIC  

             �!���
"�$ Reference Method ��� National Committee for Clinical Laboratory 

Standards  (NCCLS) Document M27, No.25 ��
�������#�� RPMI broth ���-��� 100 

μl  
�"�#
�-��%&�� U-microtiter plate �!����
�
�
 antimicrobial ����$����������,��!� 
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serial dilution 1:2 ���#
�-�	��
�����-
!��	� %
$����-��?+� ����$����������G��-���� 0.5 

McFarland ���-��� 50 μl  
�,�"�#
�-�	��
������#
�- 
���$�#
�- control �����-��#��

%����?+� �!� plate ,� incubate �����(#'H-� 35 
o
C #�?� ��(#'H-�#$�� ���  12 �	���-� #��-�

�������>����������?+���#���#
�����
�+
���-�G��-������?������������-�<+�������-�(��?+� 

"��������	��$�-#��,-�-��������>�����������?+���#������
�+
��������"�  

          e)  �������� Inhibition 

               "�$ loop �
?���G�
�� C. albicans -� 4-5 �G�
�� ��� culture agar  plate �!�,�  

incubate �����(#'H-� 35-37 
o
C 
���$� ���  2-8 �	���-� ��	�G��-������
"�$ sterile saline "#$

,�$G��-���������	� 0.5 McFarland standard �!��������
-�����	� ��
"�$ micropipette �H����

�$�����������
���-� 10 �l  #
�
���%&�� sterile disk ;<������
H�����%����#
=�����
H�"� 

sterile petri dish (#
�
�����
��)  �!����Inoculate ��?+��������
-,�$ 
�"� SDA plate ��


��/� streaking (�!�;+!�  3  G�	+�)  %
$�"�$ Forceps G��%&�� disk ;<��-�����	��
���������
H� ���

"� plate ���-���?+� incubate ��� 35-37
o
C ��� 16-18 �-.   ����&
��
�	���$�&���NH�
*�
����� 

Inhibition Zone  ��
"�$ Vernier caliber  

           f)  �������
- B-serum ����	��
�������+!�
����   

               �!��+!�
�����������,�$"#-�Z��
"�$'����%���+!�%�=����
"������=��+!�
�� ��?��

�[���	����%��������'�G
H��
�*) ,�%
��$�
�G�?��� ultracentrifuge ( 45,000g , 45 min) 

��?��%
��+!�
�������Q��	+������������,��$�
���'�G
�� �	+��
��#�?�����"���� cytosol 

(C-serum) %
� �	+��$�#
�� (bottom fraction, BF) �!�����
�
���'�G��� BF �$�
��� 

Freeze-thaw  ;+!�#
�
G�	+�����(�#'H-� -20
o
C �
	��	���(#'H-�#$�� �|}�%
���������#
����,�$ 

(B-serum)   

           g) ����!�������/�V��� anti-candida ��� B-serum  

                �!� B-serum ;<������
-,�$�������!� bottom fraction ���,�$�������|}�%
��+!�
��

�� ,�&������ freeze-thaw �
	��	�#
�
ZG�	+������(#'H-� -20
o
C %
������(#'H-�#$�� %
$��|}�

%
��������"���� B-serum ,����������;���� �
?���������-� anti-candida activity �H����  

����G��-��$-�$���#����  70-80% ,��!�������/�V�����
%
�&���G�
	-�* DEAE-Sephadex G-

25  

 

�
�����
��	
��
������
 
         a)  ����!�������/�V %
�������G���#*-�
%
������-������ anti-candida protein   
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              ����!�������/�V anti-candida protein ��-��O�!�,�$��
����!� bottom fraction ���

%
�,�$#
	�#���|}�%
��+!�
���� ,�&�������!� acetone fractionation ;<����������������

�������"�����G��-���-�	���#���� 60-80% ��-� anti-candida activity  (�H���� D.1) �-?���!� 

active fraction ��+,��!� acetone fractionation ;+!�"�$O���<+� ��������,�$ active fraction "�����

G��-���-�	���#���� 70-80% (�H���� D.2) ��
"#$G�� MIC ���-�(  64 �g/ml (�������� D.1) 

%
�#
	�����!�,����G���#*��
 SDS-PAGE ���#=����-�%O�������#
	����
�%O����
� %��

�-?���!�,����������
��/� Mass Spec (�H���� D.3) �����-�������#
	�, peak height 10000 

a.i.,���� 4.721 kD  %
�-����������������� 3.817 kD (4760 a.i.) %
� 4866 kD (4000 a.i.) 

���
H��$�
 (�H���� D.4)  �<�,�$�!�,��!�������/�V�����
&��� DEAE-Sephadex G-25 column   

(�H���� D.5) ,�$ active fraction ���"#$G�� MIC 27 �g/ml  �#=����������
�%O����
�#
	����

�!�,����G���#*��
 SDS-PAGE  %
� �-?���!�,����G���#*��
 Mass Spec(�H���� D.6) �����-� 

peak ������#
	� peak height 25,000 a.i. ���� 4.717 kD %
���������� peak height 7500 

a.i. ���� 4.863 kD. ���&
��+�<�;<��O?�,�$��� anti-candida protein ���,�$-� �+!�#�	��-�
��
�����	� 

4.717 kD.  

 

 

 

 
 
   
 
 
 
 
 
 
 
 

        �H���� D.1  SDS-PAGE ������������,�$#
	�����!� bottom fraction ,���������$�
 

acetone ����G��-���-�	� 0-20%, 20-40%, 40-60%, 60-80% %
� 80-95% ��-
!��	� 
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         �H���� D.2   SDS-PAGE ������������,�$#
	�����!� bottom fraction ,��������

�$�
 acetone ����G��-���-�	�  20-40%, 40-60%, 60-70% %
� 70-80% ��-
!��	�        

                

 

 

 

 

 

 

 

 

 

 

 

             �H���� D.3   ����!� anti-candida protein ���,�$������������������G��-

���-�	���� ������    70-80% ,��!�������/�V&���G�
	-�* DEAE-Sephadex G-25                                            

                        = anti-candida fraction     

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 101 106 111



 73

 

 

                           

                           �H���� D.4  SDS-PAGE ��� anti-candida protein ���,�$#
	�����!�������/�V  

            &���  DEAE Sephadex G-25 

                                 Lane ��� 1 =  anti-candida protein ���,�$�������������� 

                                                  �$�
 acetone  ����G��-���-�	�70-80%   

                                 Lane ��� 2-3 = unbound fractions  

                                 Lane ��� 4-6= eluted peak fractions of anti-candida protein  

 

 

 

-------------------------------------------------------------------------------------------------------------- 

                   Sample                              Total protein              MIC                Yield 

                                                               (μg)                   (μg/ml)              (%) 

-------------------------------------------------------------------------------------------------------------- 

 

 

 

 

 ------------------------------------------------------------------------------------------------------------- 

 

 

 

                               �������� D.1   Purification of anti-candida  protein  

70-80% acetone fraction                 3820                       64                    100 

DEAE-Sephadex A-25: 

Unbound   fraction                         3342                        0                     87 

Eluted fraction                                496                       27                    13 
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         �H���� D 5     Mass spectrum ��� anti-candida protein ���,�$��������������$�
 

acetone ���� G��-���-�	� 70-80% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         �H���� D 6     Mass spectrum ���  purified anti-candida protein ���,�$��� peak 

fraction���G�
	-�* DEAE-Sephadex G-25 
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��
����� anti-candida ������/�V-�G�� MIC ���-�( 27 ug/ml %
�-��+!�#�	��-�
��
������G���#*

�$�
 Mass Spec (4.717 kD) ������G
$���	� hevein (�H���� D6)    ��
&
������G���#* 

������������������-��� (����� D. 2)  ������ anti-candida ������/�V %
� ������
��	����

�����-����
�
  N-terminal �	���+ : 
 

Anti-candida:       EQCGRQAGGKL-------------------------------- 11 
                             ***********                                 
Hevein                 EQCGRQAGGKLCPNNLCCSQYGWCGSSDDYCSPSKNCQSNCKG 43 

(CLUSTAL W (1.82) multiple sequence alignment) 

         �	��	+���� anti-candida  �����"� B-serum  �=G?� hevein     ;<��-�G�(�-�	����Q� chitin 

binding protein  %
�,�$�����-� anti-fungal activity  �����?+�������!�
�
�?�#
�
���� (Archer, 

B.L. ,1960)  ��
,������	��	� chitin  �� call wall �����?+�   ���G$������ hevein -�U�/�V 

anti- Candida    ��Q����G$���"#-��������
��$��	���?+�����
�������������G"�G� 

 

��������� D.2  Amino acid composition ��� anti-candida  protein �-?�����
����
��	� hevein  
 

Amino acid 
(residue/mole) 

Anti-
candida 

Hevein   
(Parijs et al., 
1991) 

Hevein 
(Archer, 
1960)  

Hevein 
(Walujono,  
1975) 

 
Ala 
Cys 
Asp 
Glu 
Phe 
Gly 
His 
Ile 
Lys 
Leu 
Met 
Pro 
Arg 
Ser 
Thr 
Val 
Try 

 
1 
2 
6.4 
5.6 
0 
5 
0.9 
0.01 
2.8 
2 
0 
2.1 
0.9 
3.4 
0.9 
0 
0.9 

 
1.3 
8 
7.6 
6 
0.1 
5.8 
0.9 
0.2 
2.1 
2.3 
0 
2.5 
1.2 
3.5 
1.1 
0.2 
1.1 

 
0.8 
8 
5.1 
3.9 
0 
3.9 
1.4 
0 
2.1 
2.1 
0 
2.1 
1.9 
5 
0.9 
0.7 
1.9 

 
1 
7.9 
6.2 
5.5 
0 
4.9 
1.4 
0 
2 
1.9 
0 
1.9 
1 
3.7 
0.9 
0 
1 

Total 33.91 43.9 39.8 39.3 
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         b)  G�(�-�	��������U�/�V
	+�
	+�%G�������� anti-candida protein (hevein) 

             ���������H������U�/�V��� hevein "����
	�
	+� candida #
�
��
�	�/�* ��� C. 
albican, C. tropicalis, C. krusei %
�  C. glabrata  ����� hevein ��-��O���U�/�V"����
	�
	+� 

candida ,�$�����
�	�/�*��
��-��O
	+�
	+� C. tropicalis > C.albicans> C.glabrata> C. krusei  
��-
!��	� (�H���� D.7 ) %
��������!� C. tropicalis ;<��-�G��-,�������OH�
	�
	+��$�
 hevein 

,�$�������� -���������G��-��-��O"����OH��#���
���������
��-�$�
 hevein ����� ���$��

G��-��$-�$���� hevein ���-�( 30 μg/ml O<�����-��O�#=���������
��-��� C. tropicalis  
%
��$���
H�"��'�����-� Ca

2+
 &�-�
H��$�
  ��
#��"�$���G��
����*�!����-� EDTA &�-
�

�!�
�
U�/�V  Ca
2+

 �=��,-���-��O�#=���������
��-��� C. tropicalis (�H���� D.8) ;<��%������ 

hevein ��-��O�����	��	�&�	� chitin ��� candida   �������	+��-?���!� chitotriose ;<����Q�  

trimer ��� N-acetylglucosamine ;<����Q�#���

��
��� chitin �=������+!���
 chitotriose -�

���/��

	�
	+����U�/�V��� hevein "����
	�
	+��������>��������� candida  (�������� D.3) &


���,�$����-�
,�������U�/�V��� hevein ��
&�����������	��	�&�	� chitin ��� candida  

            �������	+�
	������ hevein -�G�(�-�	������������(#'H-��H�,�$����
��-��O�����

��(#'H-��+!���?��,�$���O<� 30 ���� (�H���� D. 9)  %
�������'�� pH ���%
�����,�$�� (�H���� 

D.10) %
� �	�
	�
	+���������������/�V���%
�,�$���������� C-serum ( Sritanyarat et al., 2006, 

Appendix 8) ��-��O�!�#�$��������-U�/�V��� hevein "����
	�
	+��������>��������� candida  

( �H���� D.10) 

   

 

�������� D.3 ���/��
����+!���
 chitotriose ���-����������U�/�V��� hevein "����
	�
	+� 

candida 

 
 

Treatment Fungal growth 

inhibition (%) 

Hevein  Control 100 

Hevein + Chitotriose  

(1 mM) 

50 

Hevein + Chitotriose  

(5 mM) 

25 

Hevein + Chitotriose   

(10 mM) 

0 
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                    �H���� D.7  U�/�V��� hevein "����
	�
	+��������>��������� candida  species ����Z �-?��

���
��	����G��G�-;<��  ���N��� hevein (Kanokwiroon et al, 2008, Appendix 9) 

  
. 
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            ������ D.8  �	�
����
���	�	�
�	��������� candida ��
 hevein �����
���������  CaCl2 

1.5 mM (Kanokwiroon et al, 2008, Appendix 9) 
 
 
 
 
 
 
 
 
 
 
 

without hevein 

30 �g/ml hevein+ 
10 mmol l-1 EDTA 
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                   (A1)                      (A2)                       (B) 

         ������ D.11  (A) �%�*%+���� hevein ���	�
��
�-��	�
/�%3
&%��& (��%
�#�4��!) 6�� C. 
tropicalis ATCC 750 (A1) and C. albicans ATCC 10231 (A2)  ;�� �	�
!�%��%�*%+���� 

hevein ���	�
��
�-��	�
/�%3
&%��& (��%
�#�4��!) 6�� C. tropicalis ATCC 10231 ��
!	�


��
�-����&�
�!/	��-�	
	�+	�	 (HPI)   !�	�����	������  A1 ;�� A2 !	�&���
�	��� dics 1 

�������<�
 40 �l  ��� Tris-HCl buffer , dics 2-5 �������<�
 hevein ��%�	# 1, 5, 10 and 

30 �g &	���	���  !������	������ B  !	�&���
�	��� dics 1 �������<�
 40 �l  ��� Tris-

HCl buffer; disc 2 �������<�
 400 �g ��� HPI; disc 3, 40 �g ��� hevein; disc 4-5, 40 �g  

��� hevein @!���� 200 ;�� 400 �g ��� HPI &	���	���(Kanokwiroon et al, 2008, 

Appendix 9) 
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Kanokwiroon, K., Teanpaisarn, R., Wititsuwannakul, D., Hooper, A.B., Wititsuwannakul, R. 
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on oral microorganisms. Mycoses (2008), doi:10.1111/j.1439-0507.2008.01490.x (in 

press) 

Parijs, J.V ., Broekaert, W.F., Goldstein, I..J.,Peumans, W. (1991) Hevein: an antifungal 

protein from rubber-tree (Hevea brasiliensis) latex. Plata 183, 258-264. 

Sritanyarat, W., Pearce, G., Siems,  W.F.,  Ryan, C.A.,  Wititsuwannakul, R., 

Wititsuwannakul , D. (2005) Isolation and characterization of isoinhibitor of the potato 

inhibitor I family from the latex of the rubber tree, Hevea brasiliensis. Phytochemistry 

67, 1644-1650. 

Walujono, K., Acholma, R.A. and J.J. Beintema, J.J. (1975) Proceeding of the  

International Rubber Conference, Kuala Lumpur, 518-531.  
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                                                  E. ��������	
� 5 

������
����

�������
��������������������
� �	
����
�	
��� �!"�����"�#��$%�&���

����'��$  

 

E.1 ���������	
��
��������������
�������������������������� (Hevea protease 
inhibitor, HPI)  
       
�Q���/	� HPI 
�U�!	�
��
�-����&�
�!&������������
�����-�	
	�/X�/�	
�U�&<����	��<����

��#!���&%�<	��	
$	+;��6��$	+���� 
+Q����<!	�	�"��	Y����
��&��6<Y�<
��	�!� ��

6Q-� 

 

�������	
��
����� 
             a)  �	�
&��
��-�	
	� 

                  ��	�-�	
	�!��������Y�<����'��
�6<$	6��;6��-�	;�Z�6��
���	�
�Z��-�	
	� 
+Q��

�[������	�;&�������$	�����
��) Y�;
��<�

��Q��� ultracentrifuge (45,000g , 45 min) 


+Q��;
��-�	
	����
�U�6�-������������Y��<�
���$	�
	� 6�-���	���Q�!����!��� cytosol 

(C-serum) ;�� 6�-��<����� (bottom fraction, BF)  ��	�	�;
�!������
������
�U� C-serum 

;���6<���	� purify PI 

               b) �	���	��%!��*%\  HPI      

                    ��	 C-serum ���;
�Y�</	��-�	
	�!������	���	 ultracentrifugation Y�

&�&�����<�
 acetone ��
�6<6��� % acetone saturatuion �����- 0-50, 50-70, 70-80 ;�� 

80-95% &	���	���  ��	6�����	��%��&�����Y�< PI !��!��Y��6<���	�
&��
� PI  

                c)  �	� assay HPI  

                    ;��&%�%&���� HPI  !	�	�"���Y�<��
��/	���	�!	�	�"��� PI ���	�
��
�-�

;��&%�%&����
��Y4�� ���&�
�! 
6�� trypsin ��Q� gingipain  ���	�
��
  benzoyl-DL-

arginine-p-nitroanilide (BAPNA) 4X��
�U�!��
!&�������!� ��
�	���	 stock solution ���

�������<�
 BAPNA /�	��� 30 mg 4X�����	
�
���� dimethylsulfoxide (DMSO)   ;�<�Y� 

dilute 100 
��	�<�
  50 mM Tris-HCl pH 80.0 �����6<
�U� substrate solution  ��	 C-serum  

��Q� PI sample Y� preincubate ��� trypsin ( ��%�	&� 100 �l , 0.1 mg/ml �� 50 mM Tris-

HCl pH 7.5 )��� 37
o
C 
�U�
��	 30 �	�� ��
����%�	&���� 300 �l  ����/	���-�
�%�� 

incubation �<�
�	�
&%� BAPNA substrate solution ��%�	&� 500 �l ��� 37
o
C 
�U�
��	 20 

�	�� �
��� %̀�%�%
	��
�	�
&%� acetic acid 30% (v/v) ��	�	������%�	#��� p-nitoraniline ���

"��!�	
����	/	� BAPNA ��� OD 410 nm.  ��
 1 unit  ��� PI activity /�
��	�����%�	#

��	 O.D. ��� 410 nm ������� 0.1 ����
 
�Q��
��
���� control 4X����;&� trypsin ��Q� gingipain 

�
���� reaction mixture  
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�
�����
��	
��
������
 
         Y�<��	�	�qX�{	��	���������%�� ��� protease inhibitor ��%!��*%\ 
+Q���	�
���
�
��
�

��� protease inhibitor ���+Q6�Q��'  �	�
&��
� protease inhibitor ��<��%!��*%\ �	q�
�	�

&�&���� C-serum �<�
 acetone  ���6�����	�
�<��<�&�� 80-95%  (������ E.1) ;�<���	Y� 

purified @�	� ������� Sephadex G-75 (������ E.2)  4X��!	�	�";
����Y�<
�U�  2 

isoprotease inhibitors (HPI-1 ;�� HPI-2) ;��Y�<��	;&��� isoinhibbitorY� purified @�	� 

HPLC (������ E.3)  ��
!	�	�";
�Y�< 3 isoinhibitors �Q�   HPI-1 ,  HPI-2a ;�� HPI-2b  

����/	���-�Y�<��	Y��%
��	����	�	�
��
���	������������%�� +�<����-�
���
�
��
���	�

��<	
��X����+Q6�Q��' ���@���������  (E.4)  ���/	���-�
��+���	 HPI 
�U� serine protease 

inhibitor ��������!%�*%$	+&��	��Q�����	# 14.47-18.15% ;&�
�U������!%�*%$	+!����Q�

����	# 57.59 % ���	�
��
�-� pronase.  (������ E.5 ;��&	�	� E. 1) ���
6Q-� 

Streptomyces griseus  4X��������Y��<�
 proteases ��	
6�%�Y�<;�� endopeptidases 

(serine ;�� metalloproteases), exopeptidases (carboxypeptidase ;�� aminopeptidase), 

neutral protease, chymotrypsin, trypsin, carboxypeptidase, ;�� aminopeptidase   
 

 

&	�	���� E.1 ������	����}�*%\
��
�-� protease 6�%�&�	�'��
 HPI  
 

Type of Protease  Enzyme Inhibition by HPI  
(%) 

Trypsin 14.47 Serine protease 
Chymotrypsin 18.15 

Metalloprotease Thermolysin 4.61 
Mix-proteases Pronase 57.59 
Cysteine protease Papain 7.39 

Pepsin 0 Aspartic protease 
(acid protease) Protease (Aspergillus 

saitoi) 
0 
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         ������ E.1   SDS-PAGE (A)  ;��  Tricine SDS-PAGE (B) ��� Hevea protease 

inhibitor  (HPI) ��� Y�</	��	�&�&���� C-serum �<�
 acetone 6�����	�
�<��<� 80-95% 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

         ������ E.2   �	���	 HPI /	���� E.1 Y� purified @�	� Sephadex G-75  �%
��	���;��&%�%&�

��� HPI /	� % �	�
��
�-�  subtilisin  A ��
�6< Azocasein 
�U� !��!
&��                       

(Sritanyarat et al, 2006, Appendix 8)  
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         ������ E.3   �	���	��%!��*%\ HPI-1 ;�� HPI-2 ��
�	�;
��<�
������� C18-HPLC ��


6� �<�
  acetonitrile  gradient   ��!	����	
 0.1% Trifluoroacetic acid  ;��&%�%&� 

 ��� PI ��	��
�� �	�
��
�-��	���	�	� ��� subtilisin A ��
�6< azocasein 
�U�!��!
&��            

(Sritanyarat et al, 2006, Appendix 8)  
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         ������ E.4  &	�	�
���
�
��
���	���������%�������	� protease inhibitor /	��-�	
	� 

HPI) ���+Q6�Q��' [ At, Arabidopsis thaliana; Citrus, grapefruit flavedo (Citrus x paradise); 

CMTI-V, pumpkin seeds (Cucurbita maxima); LUTI, common flax seeds (Linum 
usitatissimum); Elder (Sambucus nigra); BGIA and BGIT, bitter gourd seeds (Momordica 
charantia); Grapevine, Grapevine (Vitis vinifera); BWI-1, buckwheat seeds (Fagopyrum 
esculentum); ATSI, amaranth seeds (Amaranthus caudatus); TIMPa, tobacco (Nicotiana 
tabacum); SPLTI, Sweet potato leaves (Ipomoea batatas); PFCI and PFTI, pumpkin fruit  

(Cucurbita maxima); TomE,  tomato fruit  (Lycopersicon esculentum); ASI-I, adzuki beans 
(Vigna angularis); TomW,  tomato fruits of wild species (Solanum peruvianum); PI-1, 

potato (Solanum tuberosum); CLSI-I, beach canavalia seeds (Canavalia lineate); WSCI, 

bread wheat   (Triticum aestivum); CI-2A and CI-1C, barley seeds (Hordeum vulgare); 

MPI, maize (Zea mays); VSI, broad bean (Vicia faba); LTCI, common earthworm 

(Lumbricus terrestris); LIE, eglin C from medicinal leech (Hirudo medicinalis)]. (Sritanyarat 

et al, 2006, Appendix 8)  
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         ������ E.5 (A)  Titration of the three purified isoinhibitor forms of HPI (HPI-1, HPI-

2a, and HPI-2b) against subtilisin A (B)  Titration of HPI-2a (�, �) and HPI-2b (�, 

�) with trypsin (open symbols) and chymotrypsin (closed symbols).  (Sritanyarat et al, 

2006, Appendix 8)  
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E.2 ���������	
��
������ HPI ��������
���� gingipain �����!�� Porphyromonas 
gingivalis 
             
�Q���/	�
��Y4�� gingipains 
�U� extracellular protease���
6Q-� Porphyromonas 
gingivalis ��	��<	���
��
!�	

�Q-�

Q��
��Q��;��
�U�!	
�&��������	������<
�%������%���&�

���
!� (periodontal disease)��
 gingipains /���	�	�
��
���&��/�	+�� ������%� ;�������

�%� IgG ;�� IgA  ��
�Q����
�����	��<	�������
��-
�
��Q�� ;��
�U�$��%��<������<���
��Q��

&	���	���  ��//����+���	!��$	+��6����	���Y�

�U���3�	�����6	&%��3�	��X�� 
�Q���/	�

���6	6��	���	���< ��	�
�<	�/;���	���;�
�	�/�!������+� /X���	

�U���3�	��������<
�%�

@�
!�
�	�
q�{��%/�Q��'&	��	  ���6	���	�$	��&<���Y�
��/������!���	 ����	�
!��
�

&��!$	�������%���&��������!�� ��
+���	�<�
�� 84-93 ��!$	�������%���&����
!�
�Z��<�


"X��	���	� ;�� �<�
�� 10-30 ��!$	�������������;��  

         
��Y4�� gingipains �������<�
 Arg-gingipain (Rgp) and Lys-gingipain (Kgp) /���
��

������� cysteine proteases ������%/�������
$� "trypsin-like" /	�&	�	���� E.1 /�
�Z���	 

HPI !	�	�"
��
�-� protease ��-�6�%� trypsin ;�� cysteine proteases �����-�/X���	!��/���/�

���
�%���	�!	�	�"���	�
��
�-� gingipains �<�
  

 

�������	
��
����� 
           a) �	�
&��
�
6Q-�   P. gingivalis 
               ��	�	�
��-
�
6Q-� P.  gingivalis   W50  ;�� P. gingivalis ATTC 33277  ���	�	� 

brain heart infusion broth (BHI) ���
!�%��<�
 yeast extract, hemin ;�� vitamin k  ;�<���	Y�


��-
�$	
�&<���
	�	q H2 10%, CO2 10% ;�� N2 80% ��#�$��% 37
o
C 
�U�
��	 3 ��� 

           b) �	�!���
��Y4�� gingipain  ���
6Q-�  Porphyromonas gingivalis  

               ��	�-�	
��-
�
6Q-�  P.  gingivalis ������	
� 3 ��� ��	�	�����
����
�
+Q��;
�
4������

/	��-�	
��-
�
4������ 10,000 rpm �	� 20 �	�� �����#�$��% 4 ��q	
4�
4�
! 
�Z�!����!���Y�<

;����	Y�&�&�����<�
��4%�&������	�
�<��<� 60% /	���-���	Y�����
����
�
+Q��;
�
�Z�

&�������Y�<��� 10,000 rpm �	� 20 �	�� &�������Y�</�"����	�	
��	
+Q��Y����4%�&�����<�


;��!Y��&�
/�/	���-���	�	���	
�� 50 mM Tris-HCl pH 7.4  ;����	Y�Y���Y�4���50 mM 

Tris-HCl pH 7.4 �	� 24 6��������� 4 
o
C 

 /	���-���	��<
�<��<��X-���
�	q�
 CM cellulose ����-�	���/	� dialysis bag  ��	�	���	/��

!������Y�����	
�����
��	Y�����
����
� ;��
�Z�!	����	
���&�� (crude gingipain)Y�<���

��#�$��% -20 
o
C 

           c) �	���!���	�
��
�-� gingipain �<�
 HPI 

               ���;���&	��%*���� Gusman  et al.(2000) ;��&%�%&����&��
��
�-� gingipain 

!	�	�"���Y�<��
����	�!	�	�"���	�����	�!	�	�"��� Arg-gingipain &���	�
��
 !��
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!&�� benzoyl-Arg-p-nitroanilide (BAPNA) (0.5 mM) 4X�����	
�
�������
���� 100 mM 

Tris-HCl, pH7.4  ����������<�
 1 mM CaCl2, 50 mM L-Cysteine;�� Lys-gingipain &��

�	�
��
!��
!&�� N-p-tosyl-Gly-Pro-Lys-p-nitroanilide (Lys-pNA ) (0.5 mM) 4X�����	
�
��

�� 100 mM Tris-HCl , pH 8.0 ����������<�
  5mM  L-Cysteine               

                ��	 HPI ���Y�</	��	�&���4%�&� C-serum ��6�����	�
�<��<� 80-95% �	��	

�	�
/Q�/	�;����	���!�� (2-fold serial dilution);����	Y������� crude gingipain 
6Q-����

��#�$��%37
 
��q	
4�
4�
!
�U�
��	 30 �	�� ����/	���-�/X�
&%�!��!
&����Y� ;�<���	Y�������

��#�$��% 37
o
 C 
�U�
��	 20 �	�� �
��� %̀�%�%
	��
�	�
&%� acetic acid 30%(v/v) ��	

!	����	
���Y�<Y������	�	������Q�;!������	�
	���Q��410 �	��
�&� ��	�����<��	�����Y�

���
��Y4�� 1 
��%&
��	��� 1 Y���������� p-nitroanilide ���
�U�@�%&$�#��/	��	�
��
!�	


!��!
&��
�U�
��	 1 �	�� /	���-��	��	�	�
��
�-��%/�������
��Y4��/%�/%
������<�
�� 50 

(IC50)  

                    �	�qX�{	@��	�
��
�-����&��
��
�-��Q��' �Q� 0.1mM p-chloromercuribenzoic 

acid, 0.1mM N-Ethylmaleimide, 0.5 mM Leupeptin, 0.1 mM EDTA, 0.2 mM 

Iodoacetamide ;�� 0.01g/ml Trypsin inhibitor from soybean ��	��
��	&��
��
�-����&<���	�

��!���	��	�	�
/Q�/	�;����	���!��;�������� gingipain 
+Q���	��	�	�
��
�-�����<�
�� 50 

(IC50) ����%*��	����Y�<���	�Y�<�<	�&<� 

 

�
�����
��	
��
������
 
            @��	��	�!��� crude protease (gingipain) /	�!�������-�	
��-
�����6<
��-
� 
6Q-� 
Porphyromonas gingivalis 4X����!$	+���
�%������%���&����
!� (periodontal disease) 

gingipain /������	��<	���
��
!�	

�Q-�

Q��
��Q�� ��
��	�-�	
��-
�Y�&�&�����<�
 acetone ���

��	�
�<��<� 60%  ;�<���	&�������&��Y��%
���	�����
�	���	 SDS-PAGE /�
�Z�;"�

���&������6������&������-�	������
������� gingipain ����	# 44 -51 kD (������ E.6)  
�Q��

��	 HPI Y�
��
�-� arg- ;�� lys-gingipain �� crude gingipain  ���
&��
�Y�< +���	!	�	�"


��
�-�Y�< ��
���!%�*%$	+���	�
��
�-��X-�&�������%�	# protease inhibitor  (������ E.7) ��


��	 specific inhibition ��Q� IC50  &�� Arg- ;�� Lys-gingipain ���
6Q-� P. gingivalis 33277 


��	��� 1.387 – 2.663±0.548  μM ;��  1.279 – 2.458±0.06 μM  &	���	��� ;����
��	  

IC50  &�� Arg-gingipain  ���
6Q-�  P.gingivalis W50 
��	��� 1.478 – 2.838±0.37  μM ;&�Y��

+���	;��&%�%&�  lys-gingipain ��� P.gingivalis W50 (&	�	���� E.1)   /	��	
�	�@��	��%/�
 

leupeptin  
�U� cysteine proteinase inhibitor ���Y�<�	/	�
6Q-� Actinomycetes  !	�	�"���

}�*%\/��
��
�-����&�
�!���/�	
+	���� arg-gingipain 4X��!	�	�"
��
�-��	�!�	
 collagen ��
 P. 
gingivalis Y�<
�Q����� (ref…..) �	���� HPI !	�	�"
��
�-� arg-gingipain Y�<���<
��
���� 

leupeptin (&	�	���� E.2, E.3) ;!����	 HPI ��q��
$	+!�	�����6<���	����{	��Q��[��������
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��%��������
!�Y�<��+�'��� leupeptin  ��
�	/�6<
!�%���Q�;��
	��%6����  tetracycline, 

doxycline ;�� chlorhexidine 4X��
�U�&��
	�����	��<	���
��
�-� collagenase activity ��� arg-

gingipain   4X��
	��%6����������	����!��@��<	�
��
�&��@�<�6< ��
��	��<!�
�Q-�������� 
�%�

�	�	�;!���%
�#

Q����6����	� ��Q� �	����-��Z!���%�*%+�&���	�;��
����
����!	�����!

�	�	��<�
  ���/	���-�/���	��<
6Q-��	 Candida albicans  4X���	q�
�
����%
�#�%-� 
/�%3
&%��&

Y�<���
�Z�
%���X-� ;����	��<
�%����&%�
6Q-� candidiasis ��6����	�  (oral candidiasis) 4X��

+���	��Y�
����	�6����������- �<�
�� 10  

 

  

 

 
 
              ������ E.6   SDS-PAGE ������&��+������	���	!�������-�	
��-
����
6Q-�  
Porphyromonas  gingivalis  �	&�&�����<�
 acetone �����	��%��&�� 60% 
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                  ������ E.7  ��	��	�
��
�-��%/�������
��Y4�� Arg ;�� Lys-gingipain �<�
 HPI 

       A-B = �	�
��
�-��%/������� Arg- ;�� Lys-gingipain ���
6Q-� P. gingivalis 33277 

       C = �	�
��
�-��%/���� Arg-gingipain ���;
�/	�
6Q-� P. gingivalis w50 

          �������	
  ± ������	
���
������
 (S.D.) ��������������� 2 ���� 

  (A) 

  (B) 

  (C) 
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  &	�	���� E.2  ;!����	�	�
��
�-�;��&%�%&�����<�
�� 50 ��� arg- ;�� lys-gingipain ��
 HPI  

 

                             50% Inhibitory concentration (IC50)       Microorganism 

BAPNA hydrolysis 

(arg-gingipain) 

Z-lys-PNA hydrolysis 

(Lys-gingipain) 

P.gingivalis ATCC 33277 

Crude gingipain + HPI 

 

     

 1.387 – 2.663±0.548  μM 

 

 1.279 – 2.458±0.06 μM    

P.gingivalis W50 

Crude gingipain + HPI 

 1.478 – 2.838±0.37   μM                           * 

*   no detectable enzyme activity  

 
 
&	�	���� E.3  ��	�	�
��
�-�����<�
�� 50 ���&��
��
�-�&�	�'&��
��Y4�� gingipain 

 

 Inhibitor  IC50 

p-Chloromercuribenzoic acid 

N-ethylmaleimide 

Iodoacetamide 

EDTA 

Leupeptin 

Trypsin inhibitor from soybean 

HPI 

1.52 ±0.375    mM 

5.59 ±0.296    mM 

3.24 ±0.0035  mM 

1.12 ±0.311     mM 

1.43 ±0.216     μM 

44.75 ±7.53     μM 

2.912– 5.59 ±0.296  μM 
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E.2 ���������	
��
������ HPI ��������
�����������"���
�����  hepatitis B virus 
(HBV) 
       
�Q���/	�
��Y4�� protease NS3 
�U� chymotrypsin-like serine protease ���/�	
�U�!�	���� 

proliferation ��Q� replication cycle ��� HBV ;�� HPI /	��-�	
	�+	�	�����!%�*%$	+��

�	�
�-�
�-� chymotypsin (&	�	���� E.1 ;�������� E.5)  �����-�/X���	!��/���/����
�%�}�*%\���	�

��	��Q�
��
�-� HBV 

 

�������	
��
����� 
            a) �	�
��-
�
6�����
�Z�&�� PLC/PRF/5  

                !	�
��-
��������<�
 MEM (EBSS) + 10% FBS + 2mM L-Glutamine + 1% 

non-essential amino acids ��	�	�
��-
���� 37 
o
C $	
�&< 5% CO2  

             b) �	���!��}�*%\
��
�-��	�!�<	� HBsAg   

                �	���!��}�*%\
��
�-� HBsAg: ��	��

&��
�
4��� PLC/PRF/5 �����	���	;��� 

10
5
 cell/ ml �� 24 well plate ������ 1 ml  ��� 37 �C , 24 6�. , ��� supernatant �%-� ;��
&%� 

1 ml HPI (5.24 mg/ml) ������	
�� 2% MEM ��
��!��!����	�
/Q�/	�  1:5, 1:10, 1:20, 1:40, 

1:80, 1:160, 1: 320, 1:640, 1:1280, ;�� 1:2560 &	���	��� ��� 37 �C , 24 6�. ;�<���	 

supernatant  �	��� OD 450 
+Q���	��%�	# HBsAg ������� 
��
����6�����������
��-
���  2% 

MEM ��
Y���� HPI   

               �	��%
��	�����%�	# HBsAg  �6<6����!�� Monolisa Ag-HBs Plus  ���

Diagnostics Pasteur (France) ��
��	 ELISA plate ���
��Q���<�
  anti-HBsAg monoclonal 

antibodies 4X���� 3 6�%� 
&%�!	����	
&���
�	����&<���	��	 HBsAg �������� ;�<������� 37° C 


+Q����<
�%��	�/����������	� HBsAg ;�� anti-HBsAg ��	�	��<	� plate  �<�
�-�	�������-���-
+Q��

�/��;��&%
/����
��Q�  
&%� anti-HBsAg monoclonal antibodies peroxidase conjugate4X���� 2 

6�%� ;��&�	�/	� 3 6�%�;����������  ���Y�<�����#�$��%  40° C 
�U�
��	 2 6������ &	��<�


�	��<	� plate �<�
(Tris/NaCl, pH 7.4)   /	���-�
&%�!	����	
���
�U� developer (hydrogen 

peroxide ;�� O-phenylenediamine dihydrochloride) ��Y� ;�<�����
��<��	��%�%�%
	���

��#�$��%�<��������Q�
�U�
��	Y��
�%� 30 �	�� /	���-��
����%�%�%
	��

&%����4�����%� ��	�


�<��<� 2 M ������ 50μl /	���-����
�%���%�	# HBsAg ��
��	���	��	�
�<��<�!������%�%�%
	

���
�%��X-�(��	O.D)��;&���������� ELISA plate �����	�
	���Q��;!� 450 �	��
�&� ��



���
�
��
������	 O.D. ���Y�</	� �	&�	�	� HBsAg ����6<
�U� positive control 

             c) �	���!��}�*%\ anti-proliferation ��� HPI �����&�� PLC/PRF/5   

                �	���!��}�*%\ anti-proliferation ��	��
�	������%�	#  cell proliferation ;�� 

cell viability  ��
���	� cleavage ���
��Q� tetrazolium  WST-1  
����
�
�U�  fromazan (!���	

;��) ��
�	q�

��Y4�� mitochondrial dehydrogenase �� viable cells ��
 
&��
�
4��� 
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PLC/PRF/5 �����	���	;��� 10
5
 cell/ml �� 96 well plate ������ 100 μl  ��� 37 �C , 24 

6�., ��� supernatant �%-� ;��
&%� 100 μl  HPI������	
�� 2% MEM ��
��!��!����	�
/Q�/	�  

1:5, 1:10, 1:20, 1:40, 1:80, 1:160, 1: 320, 1:640, 1:1280, ;�� 1:2560 &	���	��� ��� 37 �C 

, 24 6�., 
&%� WST-1  10 �l  ������� ��� 4 6�. 37 �C  ��	�	�
�
�	 1 �	�� ;�<���	�	������	

�����Q�;!���� 450 nm  

 

�
�����
��	
��
������
 
          /	�@��	��%/�
4X��Y�<��	 HPI �X����%!��*%\ ���
&��
�Y�</	��	���	 C-serum ��
�	�

&�&�����<�
��4%�&���6�����	��%��&�� 80-95% Y���!����}�*%\
��
�-��	�!�<	� HBsAg  

(&	�	���� E.3, ������ E.3) /	��	�����	 hepatitis B antigen �<�
�%*� Monolisa Ag HBs  +���	 

HPI !	�	�"
��
�-��	�!�<	� HBsAg ���
4��� PLC/PRF/5  ��
��	 IC50 �%�
�U� dilution ratio 

����	# 1:74 ��Q� ��	�
�<��<� HPI ����	# 70 �g/ml  (9.3 μM) ���/	���-�
�Q����	 HPI 

Y���!����}�*%\ anti-proliferation �����&�� PLC/PRF/5 +���	 HPI /	��-�	
	���}�*%\ anti-

proliferation ��
��	  IC50  �%�
�U�!��!����	�
/Q�/	�  1: 36  ��Q� ��	�
�<��<� 145.36 �g/ml 

( 19 μM)   (&	�	���� E.4 , ������ E.4)     

 

&	�	���� E.3 
����
4Z�&��	�
��
�-���%�	#�	�@�%& HBsAg   ���!��!����	�
/Q�/	�&�	�' ���

!	����	
 HPI ���
4��� PLC/PRF/5 

 Assay 
      Dilution  ratio 

 1: 
No. 1 

(OD450) No.2 (OD450) Average(OD450) 

%Inhibition 

2560 3.85 3.859 3.855 3.64 

1280 4 3.972 3.986 0.35 

640 3.866 4 3.933 1.68 

320 3.156 4 3.578 10.55 

160 2.807 2.977 2.892 27.70 

80 2.203 2.76 2.482 37.96 

40 1.4 1.311 1.356 66.11 

20 0.869 0.845 0.857 78.58 

10 0.778 0.188 0.483 87.93 

5 1.295 1.011 1.153 71.18 

Control Test 4.00    
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          /	���	�!�	
�Z/���!	�	�"�6< aspartic protease inhibitor ���	���	/�� HIV  @��	��%/�


��-6�-��<
�Z�����	���
��
����
�	�Z��	/�!	�	�"�6< HPI  ���	���	/�� HBV  Y�<
6����� ��
�	/�6<

�6<
�U�
	!���Y+��%��[�������Q�
��
�-��	�����	���� HBV 4X��
�U�!	
�&�������&�����
!�;��

��
�Z�&��  ���/	���-�
��!	�	�"�6< HPI ��	�	
 HBV ���/	�$	6�����!��@�!���@�<���
 
+Q��

�[������	�&%�&��������Y�<����<�
  

 

                 &	�	���� E. 4  Anti-proliferation activity &��
4��� PLC/PRF/5  ���!��!����	�
/Q�

/	�&�	�' ���!	����	
 HPI* 

           %Proliferation of PLC/PRF/5* 

Dilution 1: %  

5 64.358 

10 72.500 

20 63.733 

40 55.454 

80 16.096 

160 -4.144 

320 -0.043 

640 -0.788 

1280 -6.147 

2560 -0.094 

 
dilution 1 2 3 4 ave sd 

5 0.617 0.633 0.677 0.677 0.651 0.031 

10 0.496 0.576 0.517 0.517 0.527 0.034 

20 0.463 0.478 0.462 0.462 0.466 0.008 

40 1.174 1.507 1.616 1.616 1.478 0.209 

80 2.107 2.294 2.526 2.526 2.363 0.203 

160 2.031 2.427 2.376 2.376 2.303 0.183 

320 1.950 2.232 2.281 2.242 2.176 0.152 

640 2.294 2.316 2.417 2.325 2.338 0.054 

1280 2.157 1.929 2.343 2.438 2.217 0.225 

2560 2.118 2.362 2.344 2.316 2.285 0.113 

control 2.040      
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         ������ E.3  Monolisa Ag HBs Assay :��	�;!����	�!��+��*������	� OD450 !��!����	�


/Q�/	�!	����	
 HPI 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                              
         ������ E.4   Anti-proliferation assay:  ��	�;!����	�!��+��*������	� OD450 !��!���

�	�
/Q�/	�!	����	
 HPI 
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E.2 ���������	
��
������ HPI �����������#$%�& hevein'������
����*��+�+-� 
                 
�Q���/	� HPI Y��!	�	�"
��
�-� aspartic protease (&	�	���� E.1) 4X��
�U� 

extracellular protease ���;���%�<	 ;&� HPI !	�	�"
��
�-� pronase 4X��������Y��<�
 

proteases ��	
6�%�Y�<;�� endopeptidases (serine ;�� metalloproteases), 

exopeptidases (carboxypeptidase ;�� aminopeptidase), neutral protease, chymotrypsin, 

trypsin, carboxypeptidase ;�� aminopeptidase 
�Q���/	�  aminopeptidase �Z
�U���X���� 

intracellular  protease ���;���%�<	 ��

�Q��;���%�<	&	
�� aminopeptidase �Z/������	!


��
��Q���	�	
}�*%\��� hevein   �����-�/X���	!��/���/����
�%��	�
!�%�}�*%\��� hevein ��
 

HPI  

 

�������	
��
����� 
    �	
��
��
��%*��	�
��-
�;���%�<	
��Q���������	�
��
 4 

 

�
�����
��	
��
������
 
                 /	�@����Y�< +���	 HPI !	�	�"Y�
!�%�}�*%\ anti-candida ��� hevein  (������ 

E.5) �����-� HPI �	/��	��<	���
��
�-� intracellular proteases ���
6Q-�;���%�<	 6��
�[�����

Y����<  hevein "����	�	
 ��	��< hevein !	�	�"���}�*%\Y�<�����!%�*%$	+���X-�  "X�;�<��	 

hevein 
�U�!	����$��%;+< 4X��Y��!	�	�"���
��&��6<���	����{	�	��	�;+�
� ;&��<�������Y�<��-

��	��<!	�	�"���
��&��6< HPI 
!�%�}�*%\
	 anti-candida ���
$�
��Y����Q��'Y�< 
6�� 

histatin 
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    1   =    Control DW 

    2   =    PI 400 μg + DW 

    3   =    Hevein 40 μg + DW 

    4   =    Hevein 40 μg + PI 100 μg 

    5   =    Hevein 40 μg + PI 200 μg 

    6   =    Hevein 40 μg + PI 300 μg 

    7   =    Hevien 40 μg + PI 400 μg 
 
 

 

 

 

     1   =    Control DW 

    2   =    PI 300 μg + DW 

    3   =    PI 300 μg + hevein 10 μg 

    4   =    PI 300 μg + hevein 20 μg 

    5   =    PI 300 μg + hevein 30 μg 

    6   =    PI 300 μg + hevein 40 μg 

    7   =     DW + hevein 40 μg 

 

 
 
 

 

 

������ E.5  �	�
!�%�}�*%\ anti-candida ���  hevein ��
 HPI   
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F. ��������	
� 6 

��������( �������������)�)&��!"����������������
�%����(�*�+�,����-����'����!"

����)�
��")��'���!����  

 

          /	��	
�	�@��%/�
�������	�
��
 4 (�	���	��%!��*%\;��qX�{	��#!���&%������&��

&<	�
6Q-�;���%�<	/	��-�	
	�+	�	) Y�<+���	!	�
��
�-�;���%�<	 �Q� hevein 4X��
�U� latex 

allergen (Hev b 6) ��Q� !	������	��<
�%��	�;+< /X�Y��������
6�������/���	�	�
&��
�����%�	#

!��
+Q���	���!�������+����%�%� ;&�/	��	
�	��������	�
��
�����	�
��
 5 (�	�qX�{	

�	����}�*%\������&��
��
�-����&�
�! &��
6Q-�������;���	����
��&��6<�	��	�;+�
� ) Y�<

+���	���&��
��
�-����&�
�! /	�
	�+	�	 (protease inhbibitor, HPI) !	�	�"���}�*%\ 1)  


��
�-�
��Y4�� gingipain ������������	/	�
6Q-� porphylomonas gingivalis 
+Q��
��
!�	



��Q���������%���&���Q�
��Q�����
!�  2) 
��
�-��	�
/�%3
&%��&���Y���!  hepatitis B (HBV) 

�	��<�+���-������
6�����/���	 HPI  ;�� 3) 
!�%��	���	�	���� anti-fungal protein/ peptide 

��
�[������	�"����	�	
���!	�������	���
 intracellular proteases ���
6Q-����"����	�	
��<

&	
��/	�!	� anti-fungal ������	�  �����-�/X�����	�/�	
�U����/�&<���	�������	�
&��
�!	�


��
�-����&�
�!/	��-�	
	�����%�	#!��
+Q����<
+�
�+�!�	����
+Q���	���!�������+����%�%�   

 
F.1) ��������� �����
������������ (HPI) '������
�/��������������� 
 

�������	
��
����� 
             a)  �	�
&��
�@�4�����;�<�/	��-�	
	�!� 

                  ��	�-�	
	�!��������Y�<����'�	
���
���	��<
�%��	�/��&��
�U��<����
�	�
&%�

��������%�(0.2% &����%�	&�)   ��Y����-�	
	�!� 
+Q����<!$	+��	�
�U����
����
���	��<


�%��	�/��&������<��
	� ;�<�/X���	�	�;
�
�	!������ fresh serum (F-serum) ���/	�

�<��
	���
�	����@�	�
��Q������
	�;@�� (������ F.1) ��	�	������� F-serum ;�<�;�<���	Y�

����@�	� ����@�	�
��Q��� microfiltration ��	� 0.22 Y�����  
+Q���/��
6Q-�/��6�+;��;
�

���$	�
	������
������
���� F-serum ���Y� ;�<���	��<
�U�@�;�<���
�6<
��Q��� spray dryer 

               b) �	���	��%!��*%\  HPI      

                    ��	@�4�����;�<�Y����	
�-�	����� ;�<���	Y�&�&�����<�
 acetone ��
�6<6��� 

% acetone saturatuion �����- 0-50, 50-70, 70-80 ;�� 80-95% &	���	���  ��	6�����	�

�%��&�����Y�< HPI !��!��Y��6<
�U� HPI ��%!��*%\  

                c)  �	� assay HPI  

                    ;��&%�%&���� HPI  !	�	�"���Y�<��
��/	���	�!	�	�"��� PI ���	�
��
�-�

;��&%�%&����
��Y4�� ���&�
�! 
6�� trypsin ��Q� gingipain  ���	�
��
  benzoyl-DL-
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arginine-p-nitroanilide (BAPNA) 4X��
�U�!��
!&�������!� ��
�	���	 stock solution ���

�������<�
 BAPNA /�	��� 30 mg 4X�����	
�
���� dimethylsulfoxide (DMSO)   ;�<�Y� 

dilute 100 
��	�<�
  50 mM Tris-HCl pH 80.0 �����6<
�U� substrate solution               ��	  

PI sample Y� preincubate ��� trypsin (��%�	&� 100 �l , 0.1 mg/ml �� 50 mM Tris-HCl 

pH 7.5 )��� 37
o
C 
�U�
��	 30 �	�� ��
����%�	&���� 300 �l  ����/	���-�
�%�� incubation 

�<�
�	�
&%� BAPNA substrate solution ��%�	&� 500 �l ��� 37
o
C 
�U�
��	 20 �	�� �
��

� %̀�%�%
	��
�	�
&%� acetic acid 30% (v/v) ��	�	������%�	#��� p-nitoraniline ���"��!�	


����	/	� BAPNA ��� OD 410 nm.  ��
 1 unit ��� PI activity /�
��	�����%�	#��	 O.D. ��� 

410 nm ������� 0.1 ����
 
�Q��
��
���� control 4X����;&� trypsin ��Q� gingipain �
���� 

reaction mixture  

 

�
�����
��	
��
������
 
            
�Q���/	� HPI 
�U�!	�����
����!���������
����! ��Q� 6�-���	� C-serum ���Y�<����

�	���	�-�	
	�Y�����;
��<�

��Q��� ultracentrifuge ;&��%*�������	�Y��!	�	�"��	�	�6<���	�


&��
� HPI /	��-�	
	�!�����%�	#!��Y�<
+�	�&<����!��;��
!�

��	�	� �����-�/X�Y�<
����
�

�	
�U���	�����-�&��&�	�'���������F.1 4X��
�%���<�
�	�!���
&��
�4�����/	�;@��
	������	�
&%�

�����Y����-�	
	�
+Q����<
	�/��&��
�U��<�� ;����	�	�;
�!���������
����!���/	��<��


	�;@�� ��
�	���	Y������
�6<
��Q������
	�;@��  ���
����!���Y�< (F-serum) /��� HPI ����

�
��������&��������	
�-�	Y�<������
�����-�	
	���	
6�%�  Y�<��%�	&� F-serum ���
&��
�Y�</	��-�	


	� 50 �%&� 
��	��� 28 �%&� (&	�	���� F.1) 
�Q����	 F-serum Y���	��<
�U�@�;�<���
@�	�+��

�<�

��Q���spray dryer /�Y�<@�;�<�750 ���� 4X��!	�	�"��	@�������	�Y����	
�-�	�����
+Q����	

;
����&��&���Q��'���/	�!	����	
 F-serum ��
�%*�&�&�����<�
��4%�&� (acetone 

fractionation) ��

+%�������6�����	�
�<��<����  acetone �X-�
�Q��
' ��
���&�����Y���6� HPI 

!�����3�/�&�&����6�����	�
�<��<� acetone �����	� 0-80% ;�� HPI ��%!��*%\/����

&�&����6�����	�
�<��<���4%�&������	� 80-95% ��������� F.1 /�
�Z�;"����&����� PI 

�
�	�
���6��;�����-�	������
��������	# 7.5 kDa /�
�Z���	 HPI ���Y�<����	���%!��*%\

�����<	�!��;�����	�;"����&����	� >60 kDa ���
��
+�
�
�Z��<�
      
�Q��
��
���� PI ���


&��
�Y�</	� C-serum 4X��&<���6<�	�����;
��-�	
	�!��<�

��Q��� ultracentrifuge 4X��/�
�Z�

;"����&�� PI 
+�
�;"�
��
� (������ F.2)  

          !����	��	��%�	# activity ��� PI 4X����/	���	�!	�	�"��� PI ���	�
��
�-� 

activity ��� trypsin +���	�-�	
	� 50 �%&� Y�< total activity ��� HPI ������	��%!��*%\�<�
�	�

�%*� acetone fractionation 6�����	�
�<��<� 80-95%  ����	#  260 TIU (trypsin inhibition 

unit)  ��	�
�<��<���� HPI ���-�	
	�+	�	������	# 5.2 mTIU/ml  4X���
����6������<
��
����

�������	�
�<��<�&��	!�� (7-70 mTIU /ml) ����	��	�;+�
��6<!	����	
 PI (Aprotinin) ���!���
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/	������� !�	����
��
�-��	���	�	���� thrombin protease ���	��[������	�!�3
!�

�Q����

�	�@�	&������/��Y�< (open heart surgery)] 

 

 

 

Fresh latex  

                          

   [Acid coagulation]         

   0.2% Formic acid 

                                                                                      

                                                                          

                                                      [ Roller mills] 

 

  

F-serum  

                                                                       

               

          [Spray  dryer]  

   

                  

              [Serial acetone fractionation] 

 

 

                    Hevea protease inhibitor (HPI) 

 

 

            ������ F.1  ��-�&���	�
&��
�!	�
��
�-����&�
�! HPI ����%�	#!��/	��-�	
	�+	�	 
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         ������ F.1  SDS-PAGE ��� PI ��%!��*%\ 4X��Y�</	�	���	 C-serum Y�&�&�����<�
��4%

�&�6�����	�;�<��<�&�	�' (0-20%, 20-40%, 40-60%, 60-80%, 80-95% &	����Y�<���Y�<) 

��
 HPI /�&�&����6��� 80-95% 

 
 
 

 
 
 
        

 
         ������ F.2  SDS-PAGE ��� HPI ��%!��*%\ 4X��Y�</	��	���	!	����	
@�;�<� F-serum  

(lane 2) Y�&�&�����<�
��4%�&�6���&�	�' 0-40% (lane 3); 40-60% (lane 4); 60-80% 

(lane 5);80-95%(lane 6)  &	���	�����
 HPI /�&�&����6��� 80-95% 
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    &	�	���� F.1  ��%�	# activity ��� HPI ���
&��
�Y�</	��-�	
	�!�&	���-�&������� F.1 
 

 

���-���� ��%�	&��-�	
	�!�    

(L) 

��%�	&� F-serum 

(L) 

�-�	����@�;�<�  

            (g) 

 Total HPI actitity      

          (TIU*)  

1 28.5 16 260 158 

2 7.0 3.5 80 34 

3 13 6.5 130 68  

�3( 50 26 470 260 

*TIU = trypsin inhibitor unit 

       ��
 1 TIU /�!	�	�"�� activity ��� trypsin /�	��� 2 units ��Y� 50%  4X�� trypsin  

1 unit /�
��
 BAPNA Y�< 1 μmole &���	����� pH 7.8 ;����#�$��% 25 
o
C   

 
F.2)  ���$+��
$������0������������
������������ (HPI) 
          
�Q���/	� HPI !	�	�"���}�*%\  
!�%��	���	�	���� anti-fungal protein/ peptide 

��
�[������	�"����	�	
���!	�������	���
 intracellular proteases ���
6Q-����"����	�	
��<

&	
��/	�!	� anti-fungal ������	� �����-�
�	�	//��6< HPI �����!���Y+��	
!�%�}�*%\���
	

��	
6Q-��	;���%�<	6�%����
�U�
��Y���
6��/�	+�� histatin, lactoferrin Y�<�	� HPI Y������#!�

��&����	������<
�%��	����	

�Q��&�� @�/	�!��!	� HPI  ��%!��*%\���
&��
�Y�<����%�	#!�� Y�

��!���	� skin irritation  ��Q��	������	����	

�Q��&��@%��������&�	
 ��
�6<�%*���!��

��	

�� 404 ��� OECD, Guidelines for Testing of Chemicals (2001)  ��
�6<!	����	
 

HPI ��%�	&� 0.5 ml �������@%��������&�	
�	� 4 6������;�<��<	���� !��
�&��	�@%���&%

���@%��������&�	
&%�&����� 3 ��� ��	�`��	Y��+��	�	�;��;���	�	����&��@%�����

���&�	
 ;&��
�	���  ����	
��
��
����	
�	� �$@.17/49 ���! 03-12-48 ��
 !"	����%/�


�%�
	q	!&��;��
������
�;������
�qY�
 (��.) (Appendix 9) 
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G. ��������	
� 7 

          ���'�9���#)�)�
� ELISA �'�:
%�&��;���3�	�������<=!�
���-����  

 

         ���&�������q��
$	+���	��6<
�U�&�����6�-�	�Y������-�	
	���-� Y�<�<�+��	/	��	�

qX�{	�%/�
�������	��	�6��
������
���
��<������	����&���������-�	
	�  ��
�#��%/�
Y�<+���	

���������	�������	������&�������
�� 3 6�%����
���
��<��  �����
���������� G.1 ��
6�%���� 1 


�U�
��
������&���������#!���&%
�U�
��&%� (Wititsuwannakul et al, 2008a, Appendix 10) ���


��
���	 Hevea latex lectin (HLL) ������&���
����%
�#

Q��
��
����<	���������$	�����
��

����-�	
	�  ��

�Q������
��;&���� 
��&%�������	��Z/���	��<	������	�
����
���	��<
�%��	�

/�������������$	�
	���	�
�Z� (small rubber particle, SRP)     ��-���- 
+�	������

��	�!	�	�"
�	�/��/�	
+	����������	����Y�
������
�U�!���������������&��6�%���� 2 ����
��

��@%�������$	�
	� (Wititsuwannakul et al, 2008b, Appendix 11.) ��

��
�Y�������&��

������	���	 HLL binding protein ������$	�
	� (RP-HLLBP) @���	��<
�%��	���������

�����	�
��
����������
��������$	�
	� ��	

�U��<��
	� (rubber coagulum) �������	�

��3�+����/������<
�%��	����&���������-�	
	� ���/	���-��#�@�<�%/�

��+���	 HLL 
����

��	�!	�	�"
�	�/��/�	
+	����!	��	����Y�
�������������X-�
�U�!�����X��������&��6�%���� 

3 4X�����	
�
����!������ cytosolic serum (CS) ��Q� 4������-�	
	�+	�	 (Wititsuwannakul et 

al, 2008c, Appendix 12) ��

��
�Y�������&��6�%���-��	 CS-HLLBP   +�<����-�Y�<+���	

��%�	#����-�	
	����Y�<&�����-�����/�;��@����
&�������%�	# CS-HLLBP (������G.2)  ;�� 

CS-HLLBP ��	��<	���
�U� anti-coagulating factor  ���������	�
�%� rubber latex 

coagulation &	���
���������
!��Y�<  (������ G.1)  �����-����&�� CS-HLLBP /X�"����	Y��6<


�U�&�����6�- (biomarker) q��
$	+���	�Y������-�	
	�  ���	�+���	
�U�6����!�� indirect 

ELISA 
+Q�������%�	# CS-HLLBP ���-�	
	�  
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         ������ G.1 Proposed model for rubber latex coagulation: the intrinsic latex lectin 

(HLL) on the lutoid membrane vs. its insoluble or surface-bound rubber particle ligand 

(RP-HLLBP) and soluble C-serum binding protein ligand (CS-HLLBP). The bursting of 

lutoid particles will lead to the exposure of HLL that can bind to either RP-HLLBP on the 

rubber particles, leading to the formation of a rubber coagulum, as depicted in process 

A or to the soluble CS-HLLBP, forming no coagulum, as depicted in process B. The 

coagulation of rubber latex will take place whenever process A exceeds B (i.e. at the 

distal open-end of the latex vessel upon tapping). 

 (Wititsuwannakul et al, 2008c, Appendix 12) 
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       ������ G.2  Correlation between rubber yield and CS-HLLBP activity (H.I.) per 

tapping (n =  22 )  (Wititsuwannakul et al, 2008c, Appendix 12) 
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�������	
��
����� 
        a) �	�
&��
� CS-HLLBP ��%!��*%\  

           
+Q����<!	�	�"��	Y��6<
�U�;��&%
/�!�	����!�<	�;��&%�������/�	
+	�������&�� CS-

HLLBP ��
��	Y�������&�	
 ;���6<!�<	���	��	&��	�!�	�����	��%
��	�����%�	#���&�� 

CS-HLLBP ��
�%*� indirect ELISA �%*��	�
&��
�
�%��/	���	�-�	
	�!��	������<;
����
�U�

!���&�	�'��

��Q���������	�
�Z�!�� (ultracentrifuge) �����	�
�Z� 59,000 g 
�U�
��	 45 �	�� 

/	���-��6< autopipette ���
�	
�+	�!������ C-serum 
+Q���6<
�U�;����!�	������	��%!��*%\

���&�� CS-HLLBP �	���	��%!��*%\
�%��/	���	 C-serum ���������Y�<�	&����&���<�

��Q�

ammonium sulfate ����������	�
�<��<� 70-80% ��	&�������&�����Y�<�	���	
�����
���� 

Tris-HCl, pH7.4 /	���-���	!	����	
���&�����Y�<�	&����&��������-���X���<�
 cold acetone 

��%�	&� 2 
��	 
�Z�&������
�6<
��Q�������;�<����	
&�����<�
���
����6�%�
��
��������6<��

���-�;��;&��6<����%�	&�����<�
���	��-���-
+Q����<!	����	
����	�
�<��<�������&��!�� ��-�&��Y�

�Z/����;
����&���������	����<
��
�������&�� CS-HLLBP ��
��	!	
���	
���&��Y�@�	�

������� gel infiltration (Bio-Gel P300) ;��
�Z�������
�+	� fraction ����� activity ��� CS-

HLLBP !��' !	����	
���&������/	�@�	�������� gel infiltration ;�<�/�
��Q����&��Y�����

6�%� �%*��	����/�Y�<�	4X�����&�� CS-HLLBP 
+�
�6�%�
��
�����-�&��Y�!	�	�"�����	Y�< 2 

�%*��Q� �%*�;�� ��	!	����	
���&��Y�@�	�������� ion-exchange (DEAE-Sepharose) �%*����2 


<	
���&������
����!	����	
��<�
����
��
���;�<�;
�
�+	����&�� CS-HLLBP ���/	�


��
��� ���	�qX�{	���-���-Y�<
�Q���6<�%*����2 4X�����%*��	���
!��
�������-�Q�   ��	!	����	


���&�����@�	�������� gel infiltration Y�;
�;"����&����
�%*� SDS-PAGE /	���-�
<	
;"�

���&������
����
/���<�	�
����
��
��� PVDF (immobilon) ��
�%*� electroblotting ;�<�&��

;
�
��
���
�+	����
�U�;"����&��CS-HLLBP !������&�� CS-HLLBP ��<�������/	�


��
�����
�6<���
���� Tris-HCl, pH9.5 ����� 1% TritonX-100 
�U�!���@!�  

        b) �	�
&��
�;��&%���� (polyclonal antibody)  

           ���	�!�<	�;��&%�������/�	
+	�&�����&�� CS-HLLBP �6<���&�	
/�	��� 5 &�� �	�

������&�	
;&���&�������-�;���6<���&�� CS-HLLBP ��%�	# 200 μg ����
���� phosphate 

buffered saline (PBS) ��%�	&� 0.5 ml @!���<
�<	��� complete Freuds’adjuvant ��%�	&� 

0.5 ml ��������	�����;��&<���&	���	;����	��� Dunbar ;�� Schwoebel (5) 
+Q����<

���&�	
!�<	�;��&%����������X-� ���
+%����� 2 ���-� ;&������-��6<���&�� CS-HLLBP ��%�	# 100 

μg ����
���� phosphate buffered saline (PBS) ��%�	&� 0.5 ml @!���<
�<	��� incomplete 

Freuds’adjuvant ��%�	&� 0.5 ml 
�Q�����&�	
!�<	�;��&%����;�<� 
/	�
�Q��/	����&�	
�	

;
�
�Z�
�+	�!������4����  4�������Y�</�
�Z����{	�����#�$��% -20°C /����	/���	�	�6<  
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        c) �	�&��/�����%�	#CS-HLLBP  

           ���	�qX�{	���-���-�6<�%*� indirect ELISA 
�Q���/	�
�U��%*����Y��
���
	� ����-�&���	�

��%��&%�����-�Q� 
��Q�����&����������� ELISA plate (Nunc, Denmark) ��%�	&�100μl ��


��<���&��
/Q�/	������
�����	��
�& pH 9.6 ���&������6<
��Q������Y�<;�����&�� CS-

HLLBP �����%!��*%\ (!�	����!�<	���	��	&��	�)  ;�����&����-��������
����!��� C-serum 

(!�	�����	��%�	#���&�� CS-HLLBP ���-�	
	�) ����
��<���&��/���<�����
�U���
�
��	

��X�� /	���-� block �<������<�
 1%BSA+0.05Tween-20 ����
���� PBS 
�U�
��	 1 6�. ���

��#�$��% 37°C  
�Q�������	��� �<	� plate 3 ���-��<�
 PBS ����� 0.05%Tween-20(PBS-T) 


&%�4����
�Q�����&�	
4X��
/Q�/	��� PBS-T �������� ��%�	&� 100μl &������ ;�<�����
��<

;��&%����/�����;��&%
/� 
�U�
��	 1 6�. �����#�$��%  37°C   
�Q�������	��� �<	�plate 3 

���-��<�
 PBS �����0.05%Tween-20(PBS-T) ��-���-
+Q���/��;��&%�������Y��Y�</�����;��&%
/�  


&%�;��&%����&�����!��4X����
��Y4��
�������4%
�!
6Q���&%� (goat anti-rabbit IgG-HRP, 

Sigma Chemical Co.) ��������  ��%�	&� 100μl &������ ��
���;��&%����&�����!����-"��
/Q�

/	��� PBS-T  ����
�%-�Y�<��<;��&%����&�����!��/�����;��&%����&��;��
�U�
��	 1 6�. ���

��#�$��%  37° C &	��<�
�<	� plate 5 ���-� /	���-�
&%�!	����	
���
�U� developer (hydrogen 

peroxide ;�� O-phenylenediamine dihydrochloride) ��Y������� 100μl ;�<�����
��<��	

��%�%�%
	�����#�$��%�<��������Q�
�U�
��	Y��
�%� 30 �	�� /	���-��
����%�%�%
	��

&%����4����

�%� ��	�
�<��<� 2 M ������ 50μl ��	���	��	�
�<��<�!������%�%�%
	���
�%��X-�(��	O.D)��;&�

��������� ELISA plate ��
�6< spectrophotometer plate reader (Bio-Tex , ELx808) ���

��	�
	���Q��;!� 492 �	��
�&� 

        d) �	�
���
�
��
��	�&��/�����%�	# CS-HLLBP ��
�%*� indirect ELISA ��� �%*� 

hemagglutination inhibition ��Q��	�
��
�-��	�
�	���������
�Z�
�Q��;��  

            �	�qX�{	���-���-Y�<
�Z�@�@�%&&<�
	�+��*�� RRIM 600 
�U��	
&<� /�	��� 30 &<� !���

&���
�	��-�	
	����;&���&<��	�����<�
 ultracentrifuge (��	�
�Z� 30,000 rpm �	� 30 �	��) 

��-���-
+Q��;
�
�	!��� C-serum ����-�	
	��	�%
��	����	��%�	# CS-HLLBP ���	��%
��	���

��
�6<�%*� indirect ELISA ��	 C-serum �	
/Q�/	��<�
 phosphate buffer saline (PBS) 640 


��	 ;�<���	Y�
��Q����������� ELISA plate ��

/Q�/	���� coating buffer ��� 10 
��	 

/	���-���%��&%&	���-�&��&	����Y�<���	��	������<	��- ��	 O.D. ���&���
�	������	�Y�</���	Y�

;���
�U���	�-�	����/	���	��	&��	����Y�</	��	���	 CS-HLLBP �	
��Q��������������

��	�
�Z��<������	� 0.31-20 μg/ml !�	�����	��%
��	�����
�%*�
��
�-��	�
�	���������
�Z�


�Q��;�� 
�%��/	���	 C-serum �	��	 serial dilution   (2 
��	) ��� isotonic buffer ��������� 

microtiter plate /	���-�
&%� HLL ���������� titer ��� activity 
��	��� 2
2
 ����
�%-�Y�<���

��#�$��%�<���	� 20 �	�� ;�<�
&%�
�Z�
�Q��;�����&�	
�������	�
�<��<� 2% ����
�%-�Y�<���

��#�$��%�<���	� 1 6�. ;�<���	�@��	�
��
�-��	�
�	���������
�Z�
�Q��;�� 
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�
�����
��	
��
������
 
    a)   CS-HLLBP��%!��*%\���
&��
�Y�<  

         ���	���	��%!��*%\ CS-HLLBP 
�%��/	��	���	 C-serum �������;
�Y�</	��-�	
	�!� Y�

&�&�������&���<�

��Q�;����
��
�4��
�& ;�� cold acetone /	���-���	!	����	


���&�����Y�<Y�@�	�������� gel infiltration 
�Z�
�+	�!	����	
���&������� activity ��� CS-

HLLBP !�� ;�<���	Y�;
�;"����&���<�
�%*� SDS-PAGE /	���-�"�	
;"����&��/	� 

acrylamide gel ����
��
��� immobilion �<�
�%*� electrblotting 
+Q��&��
�	
�+	�;"�

���&�� CS-HLLBP 4X������	� 40 kD �	��	�	�6� ;�<���	Y��%
��	�����	���%!��*%\ �<�
 

SDS-PAGE ��	����	Y�< CS-HLLBP ��%!��*%\;"�
��
�  (������ G.3)  ��X�� ���&�� CS-HLLBP 

���!���Y�<�����-���-/�Y���
����!$	+
�%� (native form) ��-���-
�Q���/	���	��<������-�&�����

�	�
&��
�&���
�	�
+Q��;
�;"����&���<�
�%*� SDS-PAGE �
�	�Y��Z&	� ���&����!$	+

������	�!	�	�"�6<�	����	�qX�{	���-���-Y�<
�Q���/	���
�[	��	

+Q����	Y��6<������&�	
 ;��


�U�;��&%
/�!�	�����	�!�<	���	��	&��	�
+Q���%
��	����	��%�	#���&�� CS-HLLBP �<�


�%*� indirect ELISA 

b) ;��&%���� &�����&�� CS-HLLBP ���
&��
�Y�<  

          �	�!�<	�;��&%�������/�	
+	�������&�� CS-HLLBP �6<���&�	
/�	��� 5 &�� ��	�	�

������&�� CS-HLLBP 2 ���-� 
+Q�����&�<���<���&�	
!�<	�;��&%���� �Q� ������-�;�� ;��

����/	����-�;�� 21 ��� 
�Q����� 30 �������/	�������-�;�� 
�Z�
�Q�����&�	
;&���&���	

&��/�	;��&%�������/�	
+	�������&�� CS-HLLBP ��
�6<�%*� indirect ELISA @���	����	 

���&�	
;&���&��!�<	�;��&%�������/�	
+	�������&�� CS-HLLBP Y�<Y��
��	��� (������ G.4) ��


������&�	
&�����1 �� titer &��	!�� �����-� �	�������&�� CS-HLLBP �����-�&��Y� (40 �������/	�

������-�;��) 4X��
�U��	����
+Q������@����	�
�Z�
���
�;��&%���� /X�Y�<&�����&�	
&�����1���Y� 

@�/	��	�
�Z�
�Q�����&�	
;&���&�� (&����� 2-5) �	&��/�	;��&%����
�Q�� 7 ;�� 14 ���

����/	�������&�� CS-HLLBP �����-�!���<	
 @���	����	4����
�Q�����&�	
&����� 4 �� titer 

���;��&%����!��!�� ������	Y�<;��4����
�Q�����&�	
&����� 3‚ 2 ;�� 5 &	���	��� ���/	���-


��+���	
�Q�����
�Z�
�Q�� 7 ;�� 14 �������/	�������-�!���<	
 �� titer ��

����
;�<�Y��;&�&�	�

��� ;&��Z�� titer !�����	
�Q�����
�Z���!�������-�;�������<	��	� (������ G.5)    ��
+���	

��	�/�	
+	����;��&%���������&�����&�� CS-HLLBP /	��	���!����
�6<�%*� westernblots 

��	����	 ;��&%�������@�%&Y�</	����&�	
�����-���-����	�/�	
+	�&�����&�� CS-HLLBP 

�����<	�!�� (������ G.6) 

     c)  �	�&��/�����%�	#���&�� CS-HLLBP ��
�6<�%*� indirect ELISA  

          �	�&��/�����%�	#���&�� CS-HLLBP ��
�6<�%*� indirect ELISA ��
�Q-��&<�Y�<

��	
�%��	��	��	�
�<��<����
��	�!�������&�� CS-HLLBP ���/���	�	�6<!�<	���	��	&��	� 
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��	�
/Q�/	���� C-serum ���/���	�	
��Q������ ;����%�	# IgG ��4����
�Q�����&�	
����6<

/��������&�� CS-HLLBP ���/	���-
�����Y�"X���//�
�Q��' 
6�� ��
�
��	����6<���	�
��Q��

���� ��
�
��	�������
��<
�%���%�%�%
	!�����/	�
&%� developer 
�U�&<� 

         /	��	������
��Q�������<�
���&�� CS-HLLBP ;�����&��/	� C-serum ��������

��	�
�<��<�������� 2 
��	 (serial dilution) ��
��	�
�<��<�!��!��
��	��� 16 μg/well ;��

��	�
�<��<�&��	!��
��	��� 0.25 μg/well 
�U���
�
��	�	� 1 6�. ��� 37°C  /	���-� incubate 

�<�
4����
�Q�����&�	
 (&����� 4 
�Z�
�Q�����-���� 3) ���
/Q�/	������
���� 2000, 4000 ;�� 8000 


��	 @�/	��	������%�%�%
	!����
�%��X-�����/	�Y�<��%��&%�����-�&��&	��%*���� indirect ELISA 

��	����	 �	��6<4����
�Q�����&�	
���
/Q�/	��<�
���
���� 4000 
��	 ����	�
��	�!����!����

�	�!�<	���	��	&��	�;���	������%�	#��� CS-HLLBP ����
���� C-serum 
�Q���/	�@����

Y�<�
����6��������	 O.D. ���Y��!����Q�&��	
�%�Y� ���/	���-
��+���	 �	�
��Q�������<�
���&��

/	� C-serum ����������	�
�<��<� 8 μg/well ��<��	 O.D. !��!�� ������������	�
/Q�/	����

4����
�Q�����&�	
����6< (������ G.7)  ��
�%�*%+���
�
��	����6<���	�
��Q������ +���	/	��	�


��Q�������<�
 C-serum ������������&�� CS-HLLBP ����������	�
�<��<�������� 2 
��	 

(serial dilution) ��
��	�
�<��<�!��!��
��	��� 16 μg/well ;����	�
�<��<�&��	!��
��	��� 0.25 

μg/well 
�U���
�
��	�	�&�	���� 3 
��	 �Q� 1 6�. (��� 37°C) 4 6�.  ;�� 24 6�. (��� 4°C) 

/	���-� incubate �<�
4����
�Q�����&�	
 (&����� 4 
�Z�
�Q�����-���� 3) ���
/Q�/	��<�
���
���� 

4000 
��	   @�/	��	������%�%�%
	!����
�%��X-�����/	�Y�<��%��&%�����-�&��&	��%*���� indirect 

ELISA ��	����	 ��
�
��	�	�
��Q���������
	��	��X-���@���	��<��%�	#���&�����
�	�&%���

�������	��X-� (����	 O.D. 
+%���X-�) ��

�Z�Y�<6��
/�������&�� CS-HLLBP ;&�����#� C-

serum +���	 �	�
��Q�������	� 1 ;�� 4 6�. ��<@�Y��;&�&�	���� ���/	���-
��+���	 �	�


��Q�������<�
���&��/	� C-serum ����������	�
�<��<� 8 μg/well ��<��	 O.D. !��!�������

��
�
��	����6<
��Q������ (������ G.8) 

     d) ��%�	#���&�� CS-HLLBP ���&��/�����
�%*� indirect ELISA ��� ��������activity���

&��/�����
�6<�%*�
��
�-��	�
�	���������
�Z�
�Q��;��  

         /	��	���	@��	��%
��	�����%�	# CS-HLLBP ���&��/����������� g/tapping (!�	����

�%*� indirect ELISA) ;�� H.I. activity/tapping (!�	�����%*�
��
�-��	�
�	���������
�Z�
�Q��;��) 

Y��%
��	����	��	�!��+��*����@�@�%&
	�;�<����&<�
	� ��	����	 ���/	���%�	# CS-

HLLBP ����%
��	���Y�</	���-�!���%*�/�����	�!��+��*��������!�����@�@�%&
	�;�<�(������ G. 

9A ;�� G.9B) 
��+���	��%�	# CS-HLLBP ����%
��	���Y�</	���-�!���%*�����	�!��+��*������

�����!������<�
 (������ G.9C) �����-� �	���� CS-HLLBP !	�	�"��	Y�<��
�%*� indirect ELISA 

�X-�4X��/�!����;����	
���	 ;���	��%*����activity /	��	�
��
�-��	�
�	���������
�Z�
�Q��

;��4X��
�U��%*���������<	�
���
	�  
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         ������ G.3. SDS-PAGE (12% gel) ������&��/	���-�&��&�	�'����	���	��%!��*%\ CS-

HLLBP ��
 lane kDa  �Q� standard protein marker 

               A:  lane Cs �Q����&����� C-serum ����6<
+Q��;
� CS-HLLBP ��%!��*%\ 

            B : lane F8-F10 ;�� F11-F12 �Q����&�� fraction �����;��Y���� activity ��� CS-  

                 HLLBP ���Y�<�����	�;
�@�	�������� Bio-Gel P300  

            C: lane HLLBP �Q� CS-HLLBP��%!��*%\���;
�&��/	�
��
��� PVDF                                          
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         ������ G.4 Y&
&������;��&%������4����
�Q�����&�	
&����� 1-5 ���
�Z���!�����-�;�� 

(30 �������/	�������-�;��) ��!����
�6<�%*� indirect ELISA (
��Q�������<�
���&�� CS-

HLLBP ��	�
�<��<� 5 μg/ml) 

 
                                                                                                                     
             
 
 
                                                                                                                     
 
 
 
 

 
         ������ G.5  
���
�
��
�Y&
&������;��&%������4����
�Q�����&�	
&����� 2-5 ���
�Z� 3 

���-� (30‚ 47 ;�� 52 �������/	�������-�;��) ��!����
�6<�%*� indirect ELISA (
��Q������

�<�
���&�� CS-HLLBP ��	�
�<��<� 5 μg/ml) &��
����<	
��Q�����	
 / ��	
"X�&�����&�	
 

!���&��
������
��Q�����	
 / ��	
"X����-����
�Z�
�Q�����&�	
  

 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

No.1 No.2 No.3 No.4 No.5

O
.D

.

 1:100  1:500  1:1000  1:5000  1:10000

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 1:1000  1:5000  1:10000

Serum  dilution

O
.D

.

 2/1  2/2  2/3  3/1  3/2  3/3

 4/1  4/2  4/3  5/1  5/2  5/3
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         ������ G.6 ��	�/�	
+	����;��&����� ���@�%&Y�</	����&�	
&����� 4 &�����&�� CS-

HLLBP �� C-serum �%
��	�����
�	���	 Western blot ��
 (A) ��	���&��/	� C-serum �	 

run SDS-PAGE  ��
�6<  �����	�
�<��<� 3 ����� �Q� 40 μg (lane 1 ;�� 4), 20 μg (lane 2 

;�� 5) ;�� 10 μg (lane 3 ;�� 6) /	���-� (B) 
<	
���&������
���� gel ���� nitrocellulose 

membrane Y� incubate &���<�
4��������&�	
���
/Q�/	� 2 ����� �Q� 1:500  (B, lane 1-3) ;�� 

1:1000 (B, lane 4-6) &	��<�
 Anti-rabbit IgG �����
�Z�Y4�� peroxidase 
6Q���&%� &��/�	�/��

�����	����&�� HLLBP ��� IgG ��
����%�%�%
	!����
�%��X-�����/	�
&%� substrate solution ����� 

diaminobenzidine (DAB) 
�U�!���@!�  
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         ������ G.7. �	�&��!������;��&����� &�����&�� CS-HLLBP (HLLBP) ��%!��*%\ ;��

����
���� C-serum ����������	�
�<��<�&�	�' �� indirect ELISA 

 
 
 

 
         ������ G.8. @������
�
��	�	�
��Q�������<�
���&�� CS-HLLBP (A) ;�����&��/	� 

C-serum (B)�� indirect ELISA ��
�6<4�������
�Q�����&�	
&����� 4 (
�Z����-���� 3) 
/Q�/	��<�
 

buffer 4000 
��	 

 
 

C-serum

0

0.5

1

1.5

2

2.5

3

0.25 0.5 1 2 4 8 16
microgram/well

O.D
.

 1:2000
 1:4000
 1:8000

HLLBP

0
0.5

1
1.5

2
2.5

3
3.5

0.25 0.5 1 2 4 8 16
microgram/well

O.D
.

 1:2000
 1:4000
 1:8000

HLLBP

0.0

0.5

1.0

1.5

2.0

2.5

0.25 0.5 1 2 4 8 16microgram/well

O.D
.

Overnight
 4 hr
1 hr

C-serum

0.0

0.5

1.0

1.5

2.0

2.5

0.25 0.5 1 2 4 8 16microgram/well

O.D
.

Overnight
 4 hr
 1 hr
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         ������ G.9. 
���
�
��
���	�!��+��*������	�@�@�%&
	�;�<� (����/&<�/���-�����) ���

&<�
	�/�	��� 30 &<������%�	#���&�� CS-HLLBP ���&��/�����
�%*� hemagglutination 

inhibition (A) ;�� indirect ELISA (B) ;����	�!��+��*������	���%�	#���&�� CS-HLLBP ���

&��/�����
�%*���-�!�� (C) 
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Abstract

A distinct protein specifically recognized by its strong interaction with Hevea latex lectin (HLL) was detected in the aqueous C-serum
fraction of centrifuged fresh latex. This C-serum lectin binding protein (CS-HLLBP) exhibited strong inhibition of HLL-induced hem-
agglutination. The CS-HLLBP was purified to homogeneity by a protocol that included ammonium sulfate fractionation, size exclusion
and ion exchange chromatography. The purified CS-HLLBP had a specific HI titer of 0.23 lg ml�1. Its Mrs analyzed by SDS–PAGE was
ca. 40 kDa and that by gel filtration was ca. 204 kDa. It has a pI value of 4.7, an optimum activity between pH 6 and10 and was heat
stable up to 50 �C. The HI activity of CS-HLLBP was abolished upon treatment with chitinase. The CS-HLLBP inhibited HLL-induced
rubber particle aggregation in a dose dependent manner. A highly positive correlation between CS-HLLBP activity and rubber yield per
tapping was found. The correlations for fresh latex (r = 0.98, P < 0.01) and dry rubber (r = 0.95, P < 0.01) were both highly significant.
This indicated that the CS-HLLBP might be used as a reliable marker for the mass screening of young seedlings to identify and select
clones with potential to be superior producers of rubber. A latex anti-coagulating role of the CS-HLLBP is proposed. The findings
described in this 3 paper series have been used to propose a new model of rubber latex coagulation that logically describes roles for
the newly characterized latex lectin and the two lectin binding proteins.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Hevea brasiliensis; Euphorbiaceae; Rubber latex; C-serum; Lectin; Lectin binding protein; a-Globulin; Latex flow; Anti-coagulating factor;
Latex coagulation

1. Introduction

The C-serum fraction of centrifuged fresh latex repre-
sents the aqueous phase of the laticiferous cytoplasmic con-
tents, and can be considered to be the metabolically active

fraction of the latex cytosol. Glycolytic enzymes (d’Auzac
and Jacob, 1969) and other common cytosolic enzymes,
including those of the isoprenoid pathway (Wit-
itsuwannakul et al., 1990; Suvachitanont and Wit-
itsuwannakul, 1995; Koyama et al., 1996) have been
detected in the C-serum. These findings have indicated that
the C-serum is active in a number of different metabolic
processes. An active involvement of the C-serum in rubber
biosynthesis has been noted (Tangpakdee et al., 1997), as
has the importance of a heat stable calcium binding pro-
tein (calmodulin) in regulating these different interrelated
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metabolic processes. A purified calmodulin from C-serum
was clearly shown to activate HMG-CoA reductase in the
bottom (lutoid) or membrane fraction (Wititsuwannakul
et al., 1990). The composition of the latex cytosol C-serum
has been reviewed (d’Auzac and Jacob, 1989; Wit-
itsuwannakul and Wititsuwannakul, 2001). The presence
of many high molecular weight compounds, low-molecular
weight organic solutes and mineral elements has been well
documented. The high molecular weight compounds in
C-serum are mainly proteins and nucleic acids. The distri-
bution of proteins in whole latex is approximately 20% in
the rubber phase, 20% in the bottom fraction, and 60% in
the C-serum (Archer and Sekhar, 1955; Archer et al.,
1963; Wititsuwannakul and Wititsuwannakul, 2001). Gel
electrophoresis analysis of C-serum (Tata and Edwin,
1970) has indicated a large number of different proteins at
varying concentrations. One C-serum protein that is present
at a highest level is a-globulin. The a-globulin has a pI of
4.55, the same as that of latex. Due to its ease of adsorption
onto rubber particles there has been a suggestion that it
could play a key role in contributing to the latex and rubber
particles’ colloidal stability (Archer et al., 1963; Archer and
Cockbain, 1955).

In this paper, the C-serum is shown to contain another
Hevea latex lectin (HLL) binding protein with properties
in many way similar to those of the previously isolated sur-
face-bound protein on rubber particles (Wititsuwannakul
et al., paper #2 in this series). This study demonstrates that
this protein has an anti-coagulating role that is important
physiologically for maintaining the colloidal stability by
preventing the coagulation of the latex. A new model for
rubber latex coagulation is presented, based on the bal-
anced interactions between the HLL and the two binding
proteins that are dependent on the stoichiometric ratios
for the extent and selectivity of the dynamic variable real
time interactions.

2. Results and discussion

In the preceding part of our studies on the HLL, the gly-
coprotein located on the small rubber particle (RP) surface
was specifically recognized by and interacted with the HLL
also previously characterized (Wititsuwannakul et al.,
2007, papers #2 in this series). In this report, a different
HLL binding protein was identified in the C-serum fraction
of centrifuged fresh latex. This new C-serum HLL binding
protein had unique properties, characterized in this report,
in addition to it being a soluble protein located in the
C-serum.

2.1. Purification of the soluble HLL binding protein in the

latex C-serum

The protein purified from the latex C-serum bound
strongly to HLL and strongly inhibited HLL-mediated
hemagglutination. The amount of lectin binding protein

and its specific activity was monitored by the level of HI
titres in the assays. Purification of the C-serum HLL bind-
ing protein (CS-HLLBP) was achieved by a protocol
employing fractionation with ammonium sulfate, gel filtra-
tion (Bio-gel P-300) and ion exchange (DEAE-Sephacel)
chromatography (see Table 1). The first protein peak eluted
from the Bio-gel had a high HI titre but only a small
amount of protein (Fig. 1). Fractionation on DEAE-
Sephacel produced a symmetrical protein peak after elution
with buffer A plus NaCl, that coincided exactly with the
only fraction with a high HI titre (Fig. 2). The purified pro-
tein produced a single band upon SDS–PAGE analysis
(Fig. 3), with an Mr of ca 40 kDa . This protein also
appeared as a major band in the 70–85% ammonium sul-
fate fraction and was the major band from the Biogel frac-
tion with the high HI activity (Fig. 3). The native form of
the HI active protein had an Mr of ca 204 kDa as deter-
mined by gel filtration. This indicated that it was a multi-
meric form of the 40 kDa protein subunits. This property
is similar to that of the RP-HLLBP previously identified
and characterized (Wititsuwannakul et al., paper #2 in this
series) but the subunits and their multimeric form have dif-
ferent Mr values and other properties are different.

Fig. 1. Chromatographic profile of crude CS-HLLBP on a Bio-gel P-300
column obtained after (NH)2SO4 fractionation.

Table 1
Purification protocol of CS-HLLBP

Step HI titrea

(titre)
Specific HI titreb

(lg ml�1)
Yield
(%)

(NH4)2SO4

precipitate
7.68 · 103 3.20 100

Bio Gel P-300 3.20 · 103 0.48 42
DEAE-Sephacel 2.56 · 103 0.23 33

a Hemagglutination inhibition (HI) titre is defined as the reciprocal of
the lowest dilution that gives detectable inhibition of agglutination of the
rabbit erythrocytes.
b Minimal concentration of CS-HLLBP required for detectable HI.
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2.2. Characterization and properties of the C-serum-HLL

binding protein

The purified CS-HLLBP is an acidic protein with pI
value of ca 4.7 similar to that reported for a-globulin
(Archer et al., 1963). SDS–PAGE analyses (Fig. 3) showed
that it was the most abundant C-serum protein. Archer
et al. (1963) had previously identified a-globulin as the
most abundant C-serum protein. The native protein was
heat stable up to 50 �C as monitored by its remaining HI
titres between 4 and 90 �C. Above 50 �C, the remaining
HI titre was reduced by 50% up to 80 �C. These results
indicate that above 50 �C a partial dissociation of the
native multimeric form occurred. It is not known if the
remaining titre of 50% activity is associated with more heat
stable 40-kDa monomers or with partially associated forms
of CS-HLLBP.

The CS-HLLBP native form retained only 50% HI titres
below pH 6 but from pH 6 to 10 retained maximum titres.
This result indicates that a pH of 6 or greater was required
for the formation of the active form, perhaps the multimer,
while at pH values closer to its pI of 4.7 the ionized states
of the protein did not allow for the production of the active
form of the CS-HLLBP. This effect may also be related to
the thermal effects as discussed earlier.

Treatment of the CS-HLLBP with various glycosidases
followed by testing in the HI assay showed that the chiti-
nase enzyme was the only one that resulted in the loss of
the binding interaction (Table 2). This is a similar response
to that of the RP-HLLBP previously observed and
reported (Wititsuwannakul et al., paper #2 in this series).
The specific HI titre for CS-HLLBP was 0.23 lg.ml�1, as
determined by the inhibition of HLL induced hemaggluti-
nation. This is 6-fold higher than the value of 1.37 lg ml�1,
previously reported for RP-HLLBP (Wititsuwannakul
et al., paper #2 in this series). Hence, the binding affinity
of HLL for the soluble CS-HLLBP was much greater (at
least or about 6-fold higher affinity) than that of the bound
RP-HLLBP on the small RP. This might explain the colloi-
dal stability of the latex under normal conditions, in that
the CS-HLLBP prevents the HLL on the lutoid membrane
(if rupture) from interacting with the RP-HLLBP by virtue
of its higher affinity and therefore stronger competitive
capacity. In addition, a strong and highly specific interac-
tion between HLL and the 40-kDa CS-HLLBP was
revealed on SDS–PAGE of the washed pellet obtained
after a precipitin reaction (Fig. 4). This precipitin reaction
is similar to that commonly employed in an immuno-pre-
cipitin assay to demonstrate a highly specific strong inter-
action, such as antibody/antigen interaction, that
produces a precipitate. In this case, the 40-kDa protein
reacting specifically with HLL.

2.3. CS-HLLBP as a key factor for preventing latex
coagulation

A possible role for CS-HLLBP was further tested using
a similar rationale to that used for demonstrating the pos-
sibility that RP-HLLBP was the RP ligand that reacted
with the HLL to promote aggregation of RP (Wit-
itsuwannakul et al., paper #2 in this series). The assay used
was therefore the same as that developed previously to
demonstrate RP-HLLBP inhibition of HLL induced
RP aggregation. Again preincubation of HLL with

Fig. 2. Chromatographic profile of pooled active fractions of CS-HLLBP
from the Biogel P-300 column on a DEAE-Sephacel column. The column
was eluted by the stepwise increase of NaCl as indicated.

Fig. 3. SDS–PAGE analysis of the purified CS-HLLBP. Lane S: standard
proteins; lane 1: C-serum proteins in 40–75%, lane 2: 70–85%, lane 3: 0–
40% (NH4)2SO4 pellet fractions; Lane 4–6: pooled peak fractions from
BioGel P-300 column with 50, 75 and 100 lg protein, respectively; Lanes 7
and 8 : purified CS-HLLBP (20 lg, each) from eluted peak fraction on
DEAE-Sephacel column.

Table 2
Effect of glycosidase treatments on HI activity of CS-HLLBP

Treatment HI activity (% control)

1. CS-HLLBPa (Control) 100
2. As 1 + Galactosidase (50 U) 100
3. As 1 + Glucosidase (5 U) 100
4. As 1 + Chitinase (0.125 U) 25

a The amount of CS-HLLBP was 40 lg in a total assay volume of 100 ll.
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CS-HLLBP, before being used in the RP aggregation
assay, abolished HLL induced RP aggregation in a dose
dependent manner (Fig. 5). Under the in vivo conditions
within the latex vessel, it is hence feasible for the HLL on
the lutoid membrane debris to simultaneously link with
both the HLLBP in the CS and the HLLBP on the RP
via the shared common HLL binding sites. The adsorbed
CS-HLLBP, having a higher binding affinity, will prevent
direct interactions between the RP-HLLBP and HLL and
contribute to the colloidal stability of the rubber particles
and prevent latex coagulation. The proposed latex colloidal
stability function of CS-HLLBP is similar to that earlier
suggested for the C-serum a-globulin (Archer et al., 1963).

2.4. CS-HLLBP levels and their possible uses as rubber yield

markers

The very strong inhibition by CS-HLLBP on rubber
particles aggregation and hence the latex coagulation as
discussed above indicates the possibility that this soluble
lectin binding protein could play a key role in prolonging

the latex flow time. A possible correlation between the
CS-HLLBP level and the latex yield was thus investigated.
The accumulated results obtained demonstrated highly sig-
nificant positive correlation between the CS-HLLBP activ-
ity levels (in term of HI titres) for the fresh latex (r = 0.98,
P < 0.01) and the dry rubber yield per tapping (r = 0.95,
P < 0.01) (Fig. 6). These values are significantly higher
and more reliable than were our earlier reports on the cor-
relation between latex NAD(P)H quinone reductase
[NAD(P)H-QR] activity and rubber yield per tapping
(Chareonthipakorn et al., 2002). The NAD(P)H-QR reac-
tion was suggested to support the integrity of the lutoids
in the electron transfer process and consequent antioxidant
activity for removing free radicals. This activity is very dif-
ferent from that of the CS-HLLBP that contributes to latex
stabilization by preventing HLL from interacting with RP-
HLLBP through its competitive binding. The CS-HLLBP
can play a direct role as an anti-latex coagulating factor
by preventing the formation of the rubber coagulum
required for plugging of the latex vessels or impeding latex
flow. Hence, the CS-HLLBP activity levels are likely to
serve as a better marker than that proposed earlier for
the NAD(P)H-QR in predicting the yield potential for
selected superior rubber producing clones.

2.5. Proposal of a new model for latex coagulation

The physiological functions of HLL in mediating rubber
latex coagulation and the sequence of events have been
convincingly demonstrated in this series of three related
reports. RP-HLLBP bound to the RP surface acts as the
ligand for HLL to cause aggregation while the soluble
CS-HLLBP acts as an anti-coagulating factor that com-
petes for HLL, prevents aggregation and so maintains

Fig. 4. SDS–PAGE of protein pellet obtained after the precipitin reaction
Lane 1: C-serum protein in the 60–80% (NH4)2SO4 pellet fraction; lanes 2–
4: the serially diluted fraction of washed protein pellet obtained after the
precipitin reaction; lane S: standard protein marker.

Fig. 5. Inhibitory effect of CS-HLLBP on HLL-induced rubber particle
aggregation. The HLL (5 lg) was preincubated with either assay buffer
only (a) or buffer solution containing 16.5 (b), 65 (c) or 130 (d) lg of CS-
HLLBP before being employed in the rubber particle aggregation assay as
described in methods.

Fig. 6. Correlation between rubber yield and CS-HLLBP activity (HI) per
tapping (n = 22).
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the colloidal stability of the latex. The two specific binding
proteins therefore have a dynamic competitive interaction
with HLL and their proposed specific function have been
incorporated into a new model for latex coagulation
(Fig. 7). This model supports the different functions and
compartmentalization of the cell constituents and allow
for a normal controlled and balanced outcome. Since the
coagulating and anti-coagulating factors are differently
localized, RP-HLLBP bound to the rubber particles and
the soluble CS-HLLBP present in the C-serum, their dis-
tinct locales and compartments allow for differential inter-
actions with the HLL. These differential interactions are of
a dynamic nature with respect to the spatial and stoichiom-
etric ratio aspects. The new model developed from our
finding indicated that the formation of the rubber coagu-
lum, required for latex vessel plugging, is dependent mainly
on the interactions between HLL and RP-HLLBP but not
those between HLL and CS-HLLBP. For a successful
rubber coagulum to form, the number of exposed HLL
binding sites should exceed those to be occupied by the
CS-HLLBP. Therefore, the higher the number of the
remaining exposed HLL binding sites, the better the chance
of forming a rubber coagulum.

The mechanism of latex coagulation as proposed in our
new model is quite different from the one previously pro-
posed by Gidrol et al. (1994). According to the former
model, hevein and chitinase, both localized within the same
intra-lutoid compartment, were suggested to play two
opposite major roles in the latex coagulation process. The
hevein was shown to induce the coagulation of latex by
bridging together the rubber particles, in a lectin-like man-
ner, via interacting with the glycosylated 22 kD protein of
the rubber particles. Chitinase, on the other hand, was sug-

gested to help prevent latex coagulation by releasing Glc-
NAc moieties from the 22 kD receptor to block the
hevein binding site (Gidrol et al., 1994). The positive effect
of chitinase on stabilizing the latex did not fit well with our
finding since the HI activities of both coagulating (RP-
HLLBP) and anti-coagulating factors (CS-HLLBP) were
sensitive to chitinase treatment. However, it may be possi-
ble for hevein to play a supportive role by working in par-
allel with the coagulating factor (RP-HLLBP). This is due
to its ability to induce formation of rubber particle aggre-
gates by becoming more accessible to HLL recognition in
the rubber coagulum. Moreover, hevein may help to induce
formation of a larger rubber coagulum complex by sand-
wiching between rubber particles attached on different rub-
ber coagulum surfaces. Hence, the partial positive effect of
chitinase on latex stabilization may possibly operate
through its indirect intervention to diminish the supportive
activity of hevein in the formation of the rubber coagulum.

Our proposed model agrees well with previously
reported parameters involved in latex vessel plugging, that
include the important roles of lutoids in latex vessels plug-
ging (Southorn and Edwin, 1968; Southorn and Yip, 1969;
Southorn, 1968; Milford et al., 1969; Paardekooper, 1989).
Vessel end plugging occurs when the factors that promote
rubber coagulum formation out-compete the factors that
inhibit coagulum formation. The high correlation between
the lutoid bursting index and the intensity or levels of the
latex vessel plugging (Yeang and Paranjothy, 1982) has
been well documented. The inverse correlation between
the lutoid bursting index and rubber yield (Southorn and
Yip, 1969) has also been well documented where a higher
lutoid bursting index resulted in a sequentially lower yield.
Moreover, this proposed intrinsic latex coagulation pro-
cess, at the tapping or severed ends of the latex vessels,
may be one of the primary initial biochemical events that
contributes to the complex process of wound healing
occurring at the injured tapping site of the bark tissue.
The latex coagulation will help limit the flow and thus pre-
vent the excessive loss of stored resources to minimize any
sequential harmful effects. The rubber and latex compo-
nents could be considered as stores of carbon and reserves
of other nutrients required for in vivo turnover and carbon
redistribution during periods of metabolic adaptation. The
control of latex coagulation could assist with the need for
metabolic adaptability that allows for readjustment of
responses to changes that occur from time to time. For
example, net control of latex coagulation will allow for a
balanced physiological response from the rubber trees in
response to tapping.

Any model must identify the correct physiological state
and how it is achieved for each of the components that are
ultimately required for the process of latex coagulation and
plugging of the vessel ends. Therefore, a thorough under-
standing of the factors involved in the rubber particle
aggregation and sequential latex coagulation is of the
utmost importance for developing a conceivable
mechanism.

Fig. 7. Proposed model for rubber latex coagulation: the intrinsic latex
lectin (HLL) on the lutoid membrane vs. its insoluble or surface-bound
rubber particle ligand (RP-HLLBP) and soluble C-serum binding protein
ligand (CS-HLLBP). The bursting of lutoid particles will lead to the
exposure of HLL that can bind to either RP-HLLBP on the rubber
particles, leading to the formation of a rubber coagulum, as depicted in
process A or to the soluble CS-HLLBP, forming no coagulum, as depicted
in process B. The coagulation of rubber latex will take place whenever
process A exceeds B (i.e. at the distal open-end of the latex vessel upon
tapping).
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2.6. Concluding remarks

The new findings described in this 3 paper series on the
identification and characteristics of a latex lectin HLL and
two different binding proteins, together with previously
reported data, have been used to propose a new model
(Fig. 7) that we believe provides a better more logical
explanation of the latex coagulation process than does
any previous model.

3. Experimental

3.1. Chemicals

DEAE-Sephacel, glycoproteins and chitinase were from
Sigma. Bio-gel P-300 from Bio-rad. All other chemicals
were of reagent grade.

3.2. Hemagglutination inhibition (HI) assay

The activity of CS-HLLBP was measured by its ability
to inhibit hemagglutination induced by HLL. Each CS-
HLLBP sample (25 ll) was 2-fold serially diluted with
hemagglutination buffer, containing 0.9% NaCl in 50 mM
Tris–HCl buffer, in a microtiter U plate. This was followed
by addition of HLL solution (25 ll) having a hemaggluti-
nation titre of 4 U, the solution then mixed and incubated
at room temperature for 20 min before addition of 50 ll of
a 2% (v/v) rabbit erythrocyte suspension into each well.
Hemagglutination was recorded after incubation for 1 h
at room temperature. The minimum concentration of
inhibitors that completely inhibited hemagglutination
activity induced by HLL was calculated. The inhibition
activity was expressed in terms of the hemagglutination
inhibition (HI) unit or titre.

3.3. Purification of CS-HLLBP

The C-serum (60 ml) obtained from ultracentrifuged
latex as earlier described (Wititsuwannakul et al., 2007)
was fractionated with (NH4)2SO4. The protein pellet
obtained from 60% to 80% (NH4)2SO4 saturation was
recovered by centrifugation at 15,000 g for 20 min and dia-
lyzed against 50 mM Tris–HCl, pH 7.4 (buffer A). The
crude CS-HLLBP concentrate (3 ml) was loaded on to a
Bio-Gel P 300 column (1.8 · 80 cm), previously equili-
brated with buffer A and eluted with the same buffer at a
flow rate of 12 ml/h. Fractions (3 ml) were collected and
assayed for HI activity and the peak fractions were pooled,
concentrated and further purified on a DEAE-Sephacel
column (1.8 · 8 ml), previously equilibrated with buffer A
at a flow rate of 15 ml/h. The column was washed with buf-
fer A until the absorbance at 280 nm was below 0.01. The
column was then stepwise eluted with buffer A containing
0.1 and 0.2 M NaCl, respectively. The active fractions con-

taining high HI activity were pooled, desalted, concen-
trated and used for further characterization studies.

3.4. Effect of glycosidases on HI activity of CS-HLLBP

An aliquot containing 50 ll of CS-HLLBP (40 lg) was
incubated with 50 ll of glycosidase enzymes (galactosidase,
30 U; glucosidase, 30 U; neuraminidase, 0.15 U and chiti-
nase 0.15 or as indicated) for 30 min at room temperature.
After the incubation, the HI activity of CS-HLLBP was
determined in each reaction mixture as described in Section
3.2.

3.5. Effect of CS-HLLBP on HLL-induced rubber particle
aggregation

A solution (15 ll) containing HLL (5 lg), isolated and
purified as earlier described (Wititsuwannakul et al.,
2007), was incubated with 15 ll of various amounts, from
16.5 to130 lg of the RP-HLLBP. Incubation without the
CS-HLLBP served as the control. After incubation for
30 min, the rubber particle aggregation assay was per-
formed by adding 30 ll of rubber particle suspension to
the mixture. The rubber aggregate formed was stained, sep-
arated and observed as earlier described (Wititsuwannakul
et al., 2007).

3.6. Precipitin reaction

The protein pellet from the 60–80% saturated
(NH4)2SO4 fractionation was dissolved, and dialyzed
against buffer A to give a C-serum protein solution (CSP)
of 0.52 mg/ml. CSP solution (50 ll), obtained after being
serially diluted by 2-fold increments, was added into a pre-
cipitin reaction mixture containing 26 lg of HLL in a total
volume of 250 ll. After incubation for 1 h at 37 �C, the
reaction mixture was kept for 48 h at 4 �C. The precipitate
formed was separated by centrifugation (15,000 g, 30 min)
and washed with cold PBS. It was then dissolved in 0.5 M
NaOH, subjected to SDS–PAGE and visualized after Coo-
massie Brilliant blue staining (So and Goldstein, 1967).

3.7. Effect of pH and temperature

The effect of temperature on the HI activity of CS-
HLLBP was determined by incubating aliquots of CS-
HLLBP sample at various pH values (for 1 h) or temp.
(for 30 min) as indicated. The mixtures were adjusted back
to pH 7.4 or 4 �C and assayed for HI activity.

3.8. Polyacrylamide gel isoelectric focusing

Isoelectric focusing was performed on 5% polyacryl-
amide gel with 2% Biolyte 3/10 ampholytes in the Bio-
Rad minigel IEF apparatus (Model 111 Mini IEF Cell).
The potential difference was increased stepwise according
to the manufacturer’s instructions.
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3.9. Polyacrylamide gel electrophoresis

SDS-PAGE was performed either in the presence or
absence of SDS by the method of Laemmli (1970).

3.10. Protein determination

Protein concentration was determined by method of
Lowry et al. (1951) using bovine serum albumin as a
standard.

3.11. Correlations between levels of HI activity of CS-

HLLBP and the amounts of fresh latex and dry rubber

obtained per tapping

Twenty-two rubber trees giving high, medium, and low
levels of rubber yield per tapping were used for the correla-
tion study. The fresh latex from each tree was separately
collected after tapping into an ice-chilled container and
the total volume yield per tapping was measured. The
amount of dry rubber, obtained from the oven-drying of
fresh latex material at 65 �C to constant weight, was used
for determination of dry rubber yield per tapping. The
fresh latex was fractionated by centrifugation (49,000 g,
4 �C, 45 min) into a top rubber layer, a middle aqueous
latex cytosol (C-serum), and a bottom (lutoid) fraction.
The C-serum was isolated and directly used for determina-
tion of HI activity due to the presence of CS-HLLBP and
expressed as total HI activity per tapping. Correlation
curves between levels of HI activity of CS-HLLBP and
dry rubber and fresh latex yield per tapping were
constructed.
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Introduction

Rubbers in the latex from various plants[1] are polyisopre-

noids of high molecular weight hydrocarbon polymers con-

sisting almost entirely of the five-carbon isoprene (C5H8)

units. The polyisoprene rubber is the major component

of latex synthesized by specially differentiated cells of the

plants. They are synthesized by a series of enzyme-

catalyzed polymerizations[2] of the isoprene units to various

different degrees, resulting in a wide range of molecular

weight (MW). The rubbers of highMWare produced in the

latex of about 300 genera of Angiosperms. Among them,

Hevea brasiliensis (Brazilian rubber trees) is the best rub-

ber producer, and commercially cultivated for the natural

rubber production used industrially for various products.

Hevea latex contains rubber particles that are accumulated

in specialized cells known as laticifers. The double bonds

in Hevea rubber are in the cis configuration as cis-1,4-

polyisoprene, with a wide range of molecular size distri-

bution. In addition to rubber particles, two other specialized

particles (lutoids and Frey-Wyssling particles) are also pre-

sent as major constituents of the Hevea latex. The presence

Summary:Centrifugation of freshHevea rubber latex yields
three distinct fractions. The sediment bottom fraction (BF)
content of membrane-bound organelles is ca. 20 vol.-% of
latex. Prolonged storage or delayed use of fresh latex will
result in disintegration and loss of the bottom fraction. This is
due to the osmotically sensitive BF rupture and its membrane
debris being tightly bound to the top rubber particles (RP)
phase. The BF membrane was found to be highly active for
rubber biosynthesis (RB), in contrast to previous reports that
describe RB only occurring on the RP surface. It was clearly
shown that washed BF membrane (WBM) was much more
active than fresh RP for RB activity. WBM was highly acti-
vated by SDS for RB in a biphasic manner, but SDS strongly
inhibited the RP. Probably WBM micelle formation resulted
in a highly increased active surface area for RB. C55-PP
(UPP) was a very active allylic for WBM in RB function, but
inactive for RP. Serial acetone extraction of WBM proteins
showed a distinct profile of the fractions with different RB
activity. WBM isolated proteins suspended in 2% sodium
dodecyl sulfate (SDS) with an RB activity equal to that of
intact WBM was with the 20% acetone protein fraction. The
60 and 80% fractions were inactive. Combining the 20 with
80% fractions showed a complete inhibition of RB activity.

Complete RB loss was also found when WBM was mixed
with the 80% fraction, indicating that WBM has both an
enzyme system and a factor for regulation of the RB activity
in a well controlled metabolic function for the latex RB
process.
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of these two major particulate components provides the

unique characteristic to the Hevea latex properties. The

structure of Hevea latex and its detailed biochemistry has

recently been thoroughly and extensively reviewed.[3]

Fresh Hevea latex can simply be fractionated by centri-

fugation into three fractions as the top rubber layer, middle

aqueous C serum, and the sediment bottom fraction (BF) of

membrane-bound organelles. The BF content is quite con-

siderable, constituting about 20 vol.-%[3] of the fresh latex

as compared to an average of ca. 30% of the rubber phase.

The BF is composed almost entirely of membrane-bound

organelles, the lutoids and Frey-Wyssling particles. The

fresh latex is thus a colloidal mixture of these different

particles, together with the cell soluble substances in an

aqueous suspension. Lutoids were first described by

Homans et al.[4] as membrane-bound vacuoles, with the

single layer membrane rich in phosphatidic acids,[5] thus

rendering them as negatively charged vesicles. The lutoids

contents (called B-serum) are proteins, enzymes and awide

range of metabolites, considered as a type of phytolyso-

somes.[6] Frey-Wyssling particles are double layer mem-

brane organelles containing lipid globules, membrane

vesicles, and b-carotene.[7,8] The high carotenoid content

suggested it might contain enzymes for the isoprenoids

synthesis pathway.[7] So far, only few studies were perform-

ed that might suggest the related metabolic roles of these

particles in isoprenoids and rubber biosynthesis (RB) path-

ways.[7,9] HMG-CoA reductase (HMGR), presumably one

of the rate-limiting enzymes in the RB pathway,[10] was

purified from the washed BF membrane.[9] It was shown to

be under control by calmodulin,[11] the Ca2þ binding heat

stable protein in the C-serum, as the activator of this HMGR

enzyme.

Hevea latex has been shown to be active[2,12] in the syn-

thesis of rubber for quite some time. The study on rubber

biosynthesis (RB) process is of much interest as it appeared

in several reviews.[13–17] Details or understanding of the

RB process is still ambiguous and a clear evidence has not

yet been convincingly presented. Most of studies focused

mainly on the surface of rubber particles (RP) and was

always reviewed[13–18] as the only prerequisite site required

for synthesis of rubber molecules. This might seem a para-

dox to address the question on how and where the original

RP was formed if the new rubber has to be synthesized on

its preexisting surface. In the layman term, one might say

this is the question of chicken and egg that has long been

overlooked or ignored. The true RB initiation sites other

than the RP surface with active rubber formation need to

be sought out. It’s therefore still an open question as to the

actual specific site for synthesis of new rubbers that will

eventually aggregate to form the RP. If one considers the

complex nature ofHevea latex and itsmyriad compositions,

it might be possible that the RB can take place at certain

specific site other than the RP surface. This has been earlier

postulated,[7,19] but has received little attention nor careful

investigations were carried out to substantiate this sugges-

tion. A study under the condition that it is free of rubber

particles should be attempted because it would serve as an

ideal system to solve this query. Hevea latex is regarded as

the living cytoplasm in which the rubber particles, the non-

rubber particles, and other cell components are dispersed in

an aqueous phase of the cytosol. Of particular interest are

the membrane-bound non-rubber particles in the latex that

may have active role in the RB process. Recently, we have

shown that the surface of these particles was quite active in

the synthesis of new rubber molecules.[20,21] The results

might thus suggest that the actual RB site could be localized

on these particles membrane other than the RP surface. As

stated in our most recent report,[21] this was in contrast with

the previous numerous studies, in which the RP surfacewas

implicated as the one and only prerequisite site for the in

vitro RB process.[12,18,22] Our different results[20,21] could

suggest that there might be more than one site for RB acti-

vities in the latex. However, it is still doubtful and needs

clarification considering our reports on other RB related

enzymes.[20,23,24] Isopentenyl diphosphate isomerase (IPPI)

in the Hevea latex was clearly detected and characterized

for the first time by our group.[23] We also detected the high

IPPI and prenyl transferase (PT) activities in the BF parti-

cles and their properties thoroughly characterized.[23,24]

Consequently, we clearly showed highly active rubber for-

mation by fresh BF particles.[20] The presence of high IPPI,

PT and rubber transferase (RT) activities in the same BF

particles were also determined.[24] A kinetic study on
14C-IPP incorporation into the rubber and the product ana-

lyses showed new appearance of the low molecular weight

rubber molecules.[20] These results suggested quite likely

the synthesis of new rubber molecules being initiated and

formed by these particles enzymes. The results also pointed

out the function of the BF particles surface or membrane

in carrying out the rubber synthesis in this study.

Subsequently, further careful studies on RB activities of

themembrane[21] from theBF particleswere carried out and

detailed properties were characterized. Extensively washed

BF particles (WBP) and the derived washed BF membrane

(WBM) on RB activities were compared. It was clearly

shown that the RB activity was located on the isolated

membrane. Parameters affecting the membrane functions

were investigated on the RB process. Effect of detergents

and heat treatments of the WBM before being subjected to

the optimum RB assays conditions were characterized in

details.[21] The RB stimulation results thus suggested a

possible increase of active surface area by formation of

micelle caused by these parameters. The active membrane

RB assays clearly indicated that the synthesis of new rubber

could effectively occur with no requirement of the RP pre-

requisite site.

In this report, we have further characterized the RB

activity of the washed BF membrane (WBM). We show

that the RP rapidly isolated from the freshly tapped latex
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contains only two proteins with very low or no RB activity,

and the delayed use of fresh latex can lead to rupture and

disappearance of the BF particles. TheRP thus obtained has

higher and different protein content, along with increased

RB activity. Most importantly, we can demonstrate that

the isolated proteins and enzymes from the WBM can

carry out the rubber synthesis when suspended with 2%

sodium dodecyl sulfate (SDS). Thus, the postulation of

micelles as the cause for the enhancedRB activity, as earlier

reported,[21] is strongly supported by the results in this

study. Even more interesting are experiments on mixing or

reconstitution of WBM fractionated proteins, because they

provide a good indication for the RB control mechanism

by the proteins present or localized in the membrane.

Experimental Part

Materials

Isopentenyl diphosphase (IPP, 1 mg �ml�1), sodium dodecyl
sulfate (SDS) and analytical chemicals used in this RB study
were mainly obtained from Sigma-Aldrich (St. Louis, MO).
[1-14C] Isopentenyl diphosphase (14C-IPP, 54 mCi mol�1)
was from Amersham Biosciences. Undecaprenyl diphosphate
(UPP), uniformly labeled (14C-UPP) and UPP synthase (UPS)
were generously provided by Dr. Koyama (Tohoku University,
Japan). They were also prepared by us according to Koyama’s
published procedure,[25] using the UPS enzyme with the same
quality and purity as provided. Other chemicals, reagents and
solvents used were all of analytical grade.

Collection of Fresh Latex for Immediate Centrifugation

Fresh latex used in this study was obtained from regularly
tapped rubber trees (clone RRIM600) at the adjoining Songkla
Rubber Research Center, Thailand. These trees were tapped in
a half-spiral with V-shape knife by stripping the bark (2–3mm
thick) to make cuts across the latex vessels. All preparations
for fresh latex fractionation were made ready beforehand
prior to the latex collection. The latex was collected in ice-
chilled beakers and was immediately subjected to centrifuga-
tion within less than 10 min from the tapping collection time.
As such, the fractionated fresh latex was almost similar to the
in situ latex with minimum rupture or loss of the BF particles.

Preparation of Washed Bottom Fraction Particles (WBP)

The freshly tapped latex was immediately fractionated by cen-
trifugation without delay to obtain the three distinct fractions
as described[9,21] with maximum sediment BF and minimum
RP associated or contaminated protein. They were routinely
monitored and checked to ascertain the consistency of sam-
ples before the assays. Intact BF particles were prepared as
reported,[21] with a slight modification. The collected BF
was washed five times by careful suspension in 50� 10�3

M

Tris-HCl buffer (pH 7.4) containing 0.9% NaCl (w/v) so that
the intact WBP was obtained, with no small RP present. All

operations were carried out at 0–5 8C. The intact WBP as
prepared was kept in an ice-bath. An aliquot was immediately
used for the preparation of BFmembrane for theRB assays. All
operations were carried out at 0–5 8C.

Preparation of Washed Bottom Fraction Membrane (WBM)

Washed BF membrane (WBM) was prepared from the intact
WBP as described.[21] The cleanedWBP pellet was suspended
in 3 volumes of distilledwater and stirred for hypotonic lysis of
WBP.Themembranewas prepared as a clean sediment fraction
by high speed centrifugation and repeated three times after
each washing to obtain WBM cleansed of any contamination.
All operations were carried out at 0–5 8C for membrane inte-
grity and stability. The washings were carried out under the
same method as that used for the WBP preparation and kept in
the ice-bath until used.

Serial Acetone Fractionation of WBM Proteins

TheWBMwas subjected to serial acetone dissolution and pre-
cipitation of proteins at the ranges of 0–20, 20–40, 40–60 and
60–80% saturation as described.[26] The acetone-precipitated
protein from each step was collected by centrifugation at
10 000� g and dried up under N2 gas as powdered protein and
stored at �20 8C until use for the assay. The protein concen-
tration was determined by Bradford assay.[27]

Preparation of Washed Rubber Particles (WRP)

Rubber particles were prepared from the centrifuged zone
2 rubber as described[19] by repeated washing three times
with 5 volumes of 50� 10�3

M Tris-HCl buffer (pH 7.4) to
obtain the WRP for assays. All operations were carried out at
0–5 8C. The prepared WRP was kept cool in an icebox until
used. The rubber quantity was determined by measuring the
absorbance at 280 nm. The rubber content was calculated as
described by Light and Dennis:[28] (0.04� 0.002 mg of
rubber)/A280.

Rubber Biosynthesis (RB) Assays and Incubation Conditions

The incubation mixture, in a final volume of 300 ml, contained
designated amounts of samples (WBP,WBM,WRP, or acetone
extracted WBM protein) in Tris-HCl buffer, pH 7.7, as in-
dicated in the captions for Figure and Table. The 50� 10�3

M

Tris-HCl buffer (pH 7.7) for the RB assays was included
reagents (30� 10�3

M KF, 5� 10�3
M MgCl2, 1� 10�2

M

DTT) and 40� 10�6
M [1-14C] IPP (2.5 ci �mol), unless

otherwise indicated. For the assays using C55PP (UPP) as ally-
lic acceptor for the RB activity, the 14C uniformly labeled
product of UPPS (14C-UPP at 245 000 dpm) was used together
with 40� 10�6

M unlabeled IPP substrate. All the RB incub-
ation mixtures were carried out at 37 8C for 6 h, unless indicat-
ed otherwise. After 37 8C optimum incubations, the reaction
was chill-stopped by placing the incubation tubes in an icebox
and was immediately processed for the 14C-labeled rubber
extraction and the RB activity determinations.
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Rubber Extraction and RB Activity Determination

The labeled rubber product was extracted by precipitation of
the rubber out from the incubation mixtures. Right after the re-
action was stopped, 1.2 ml cold ethanol were added into the
incubation mixtures and immediately separated by centrifuga-
tion at 5 000� g for 10 min. The WRP prepared as described
was added as the carrier to every incubation tube before the
precipitation step by the addition of cold ethanol. This stepwas
taken to assure quantitative recovery of the labeled rubber
product. This was considered necessary because only a little
amount of product was formed which might not be completely
self-aggregated in order to sediment out after ethanol addition
and centrifugation. The WRP addition as carrier was without
any effect on the RB activity of the samples and greatly im-
proved the quantitative product recovery. The rubber pellets
were extracted and purified repeatedly 3 times using 1 ml of a
mixture of toluene and hexane (1:1, v/v). The solvent mixture
was evaporated at room temperature in the fume hood to a
small volume. The extracted soluble rubber was then further
purified by precipitation twice with 1.2 ml cold acetone
as described previously.[7,8] The amount of radioactivity in
the purified rubber was determined for the RB activity by
determining the 14C-labeled rubber with liquid scintillation
counter.[20,21]

Results and Discussion

The results presented in this paper are extended detailed

analyses of our recent report[21] on the activeRB function of

the washed BF membrane (WBM). Several criteria are

considered for the experiments designed to ascertain and

convincingly show that the RB activity can actually occur

without the presence of the RP surface which is not requir-

ed. This will help lending more and stronger support on our

earlier reported results.[20,21] To clarify the still remaining

ambiguity, some trivial, long overlooked aspectwith impor-

tant implications is carefully documented in experiments

reported herein.

Osmotic Sensitivity of the Fractionated Latex
Bottom Fraction Particles

The BF membrane-bound particles are quite abundant,

comprising around 20% or more of the latex volume. They

are sensitive to osmotic change and some might rupture

during the flow of latex from tapping.[29,30] Addition of

0.7%ammonia or the buffered glycerol as latex preservative

led to a complete loss of the BF as recently shown by Yeang

et al.[31] However, the stability of intact fresh latex as frac-

tionated immediately after tapping has never been carefully

monitored and documented.

Our study on the time course of the fresh latex fractions

shown in Figure 1 indicated that the sediment BF was quite

unstable if not quickly separated from other fractions.

Centrifugation of fresh latex right after tapping showed that

BF of high contents sediment as intact particles (tube A,

time 0). After standing for 45 min at room temperature, the

isolated intact BF started bursting (tube B, 45 min), and

releasing B-serum content together with membrane debris

into the clear aqueous C-serum as a turbid phase. After 1 hr

(tube C), the C-serum became clearer as the membrane

debris started binding onto the rubber phase, while C-serum

was mixed with the released B-serum. After 1.5–2.0 h,

(tube D, E) only two fractions remained as rubber and

mixed C-serum phases, while the BF diminished. The

membrane debris from disrupted BF was associated with

the RP as puffy rubber phase (tube E). This could probably

be a hydrophobic interaction with high binding affinity to

the RP.

The study was repeated several times on different

fresh latex samples with no added preservative. The

average bursting time of the isolated BF was around 40–

50 min.

The results thus clearly showed that prolonged storage or

delayed use of fresh latex will yield only two fractions due

to loss of the ruptured BF organelles. Therefore, a standard

procedure was adopted for our experiments: to use only the

RP andBFas obtained from tubeA in Figure 1 for all theRB

assays, if not indicated otherwise. The next study was

carried out to see how the difference on RP proteins could

be observed.

Comparison of the RP Proteins Under
Different Conditions

Analyses on the RP associated proteins of different RP

samples were carried out in this study. This is to discern

protein patterns comparing the RP rapidly separated from

the freshly tapped latex and BF diminished RP samples

(Figure 1, tube A and E) and the preserved latex RP

commonly used in RB study by others.[13–18] The

Figure 1. Fractionation by centrifugation of fresh Hevea latex.
A: Freshly tapped latex (0 time); B: after standing at room tempe-
rature for 45 min; C: 60 min; D: 90 min; E: 120 min. (1: rubber
phase; 2: C-serum; 3: bottom fraction).
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SDS-PAGE results revealed quite different protein pat-

terns (Figure 2). The fresh RP (lane A of tube A) showed

mainly two major proteins of 14 and 24 kDa with a few

very faint protein bands. These two major proteins might

be considered as intrinsic proteins of the RP. On the other

hand, the RP from tube E showed several other prominent

protein bands in addition to the two intrinsic ones (lane E).

Comparison of the two samples (the RP from tube A and

tube E) clearly suggested that the extra protein bands (lane

E) were likely from the tightly bound BF membrane, even

though both were extensively washed before protein

analyses. The protein pattern (lane E) was similar to the

result of the preserved latexRP protein profile as previously

shown.[32]

Examination of the additional bands revealed similar

and common to some proteins extractable from the BF

membrane (lane M). The results thus suggested that these

RP extra proteins, probably derived from BF membrane

fragments might help contribute RB activity to the RP.

The preserved RP commonly used, as reviewed in the RB

study[13,18] might thus be attributed to the proteins or en-

zymes from the BF membrane. This observation might be

used to distinguish the intrinsic RB activity of the RP, if

ever its designated function, fromRB activity of thewashed

BF membrane (WBM), as we have recently reported.[21]

A comparison between the fresh RP and WBM on the rela-

tive RB activity would certainly be critical to support this

postulation and to an understanding of the actual biological

function of the RP in Hevea latex.

RB Activity of Fresh RP and Washed
BF Membrane (WMB)

In order to clarify the actual or exact RB site in the latex, RB

activity of the isolated fresh RP and the washed BF mem-

brane (WBM) were carefully compared. Preceding results

showed that the RP extra proteins were difficult to remove

or wash out, be it intrinsic or BF membrane proteins. This

might probably be a factor responsible for RB activity

commonly observed with the preserved washed rubber

particles (WRP) in those reports.[12–14,18] Considering the

high binding affinity, it is presumed that the burst BF mem-

brane once associated with the RP, will act like a part of the

RP component itself. So the isolated freshly tapped RP was

used for all experiments to minimize this possibility and

was compared to the BF membrane on RB activity. Results

in Figure 3 clearly showed a big difference in RB function

of the two specimens.

It was found that the RB activity of the isolated fresh RP

was very low compared to the high RB activity of theWBM

under the same assay conditions. The RB activity of the

WBMwas about 6.5 up to 7.8 fold higher than RP obtained

from different samples of two separated experiments. The

results were done in triplicate and quite convincingly indi-

cated that the WBM did indeed possess the enzyme system

for rubber formation. On the contrary, the fresh WRP as

prepared (tube A, Figure 1) for this experiment had very

low or no RB activity at all. This might be in contrast to the

past reports and reviews that WRP was the site of rubber

synthesis.[13,18] It can be explained on the different degrees

of contamination on the WRP with BF membrane which was

then overlooked. Only quite recently we have presented the

convincing evidence that the RB site is actually located on the

BF membrane.[20,21]

Figure 2. SDS-PAGE analyses of proteins extracted from
different fractions of latex. A: Proteins from RP of freshly tapped
latex (Figure 1, tube A); E: proteins from RP of the delayed use
latex (Figure 1, tube E); C: proteins from WBM prepared from
freshly tapped latex (Figure 1, tube A); Std: standard molecular
weight proteins.

Figure 3. RB activity ofWRPandWBMwere shown as 14C-IPP
incorporation into rubber molecules. Each tube of incubation
mixtures containedWRP orWBM(approx. 30mg dryweight) and
20� 10�6

M [1-14C] IPP (20Ci �mol�1). All other conditions were
followed as in Experimental Part. 20� 10�3

M EDTAwas added
in the incubations used as controls. Inserted Table: Showing the
percent incorporation of 14C-IPP into the rubber.
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Formation of Rubber Using UPP as
Allylic Isoprene Units Acceptor

We have previously shown that the fresh BF particles

possess both the IPPI and PT activities active in rubber

synthesis.[20,24] This was also found with BF membrane[21]

and as shown in the preceding results. A previous study

showed that WRP could use the low MW allylic dipho-

sphate for rubber synthesis with IPP,[18] butWRP could not

use UPP (C55-UPP) to form the rubber.[33] Recently, it was

suggested that UPP is possibly elongated by IPP to form

dolichols and eventually rubber molecules.[17] Dolichols

were quite abundant in Hevea tissues and latex and exten-

sive characterized.[34]

Experiments were carried out to test this postulation by

incubation C14-UPP as the allylic acceptor for IPP sub-

strate. Both the fresh RP and WBM were assayed under

the same condition to test and compare RB activities. The

results were quite stunning in terms of the different magni-

tude of RB activities (Figure 4) between the freshWRP and

WBM. The WRP showed very low or no RB activity, but

the WBM was very active in the rubber formation from

UPP. This was in agreement with a previous report that

WRP was not active for rubber synthesis when incubated

with UPP and C14-IPP substrate.[33] It was noted that WRP

had a higher incorporation ratio with C14-UPP than with

C14-IPP incubation as shown in Figure 3. This might due

to some minor proteins on the fresh WRP (Figure 2) with

activity for UPP condensation and because the C14-UPP

used in the assay was uniformly labeled.[25] The formation

of UPP by UPP synthase inM. luteus has been extensively

characterized.[25] Recently it was suggested that UPP could

also be a precursor in Hevea latex to form rubber.[17]

The results in Figure 4 thus clearly show that WBM pos-

sess the enzyme system of a wide range for rubber synthe-

sis, be it small allylic acceptors (GPP, FPP, GGPP) or a

larger one like UPP in this study. In an earlier study, it was

shown that the whole latex is active for rubber synthesis

when incubated with UPP and C14-IPP,[33] but was with no

activity with WRP. This strongly supported our results

with the WBM activity. The whole latex RB activity with

UPP[33] might likely be attributed to the BF membrane part

andwas in good agreement with our assayswith the isolated

WBM.

The difference between fresh WRP and WBM in their

capability to catalyze the synthesis of rubber was thus very

clear in this study. The active RB function of WBM indi-

cated that it contains the membrane-associated enzyme

system carrying out rubber synthesis. The enzyme system

was absent in the fresh WRP, unless contaminated, as

speculated. The finding thus strongly supported our report

on rubber formation by fresh BF particles[20] and a more

recent study on the RB activity ofWBM that did not require

the presence of rubber particles.[21] The kinetic of WBM

enzymes for RB catalysis was thus studied in details.

Comparison of the Kinetics of the RB
Catalytic Rate between WBF and WBM

The RB activity between the intact washed BF particles

(WBP) and the derived membrane (WBM) was compared

for the catalytic rate. This was a further study on the RB

functions of the two as we previously reported,[20,21] but

not yet analyzed for the kinetic difference. The assays were

to determine the saturation time point on rubber synthesis.

The results showed a large difference in their kinetics

(Figure 5) for RB activity. It took WBP 12 h to reach maxi-

mum activity, but only 2 h for WBM. This indicated that

the WBMwas six times more active than WBP. The results

pointed out two important aspects: 1) that the BFmembrane

was fully equipped with all necessary enzymes to complete

carrying out the RB function and 2) that the B-serum did

not play an active role in the RB catalysis. The fast kinetic

of the WBM could be attributed to the formation of

small vesicles with a highly increased active surface area.

The enzyme would be more accessible to the substrates

as earlier described.[35,36] This was in spite of a certain

loss from washing the membrane derived from an equal

amount of WBP as used in the study. WBM was then used

in the further study of the membrane-bound enzyme

properties.

We have earlier shown that the RB activity of WBM

could be activated by the anionic detergent SDS[21] but

not by any other groups. It was not clear then how SDS

could bring about this RB activation. It was commonly ob-

served in WRP study that several detergents, but not SDS,

Figure 4. 14C-labeled rubber formed by the activity ofWRP and
WBM using 14C-UPP as an allylic substrate. Each tube of in-
cubation mixture contained WRP or WBM (approx. 30 mg dry
weight). The incubation condition was done according to Experi-
mental part. 20� 10�3

M EDTAwas added in the incubations used
as controls. Inserted table: Showing the percent incorporation of
14C-IPP into the rubber.
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could stimulate its RB activity.[18] The BFmembrane lipids

was found with high content of phosphatitic acids and

thus displayed a highly negative charged character.[5] It

was tempting to assume that SDSmight have amimic effect

on the charged environment of the membrane. In addition,

protein denaturation by SDS must also be considered. Exa-

mination on this unexpected surprising result revealed that

the SDS effect was of biphasic character (Figure 6), being

inhibitory at low level but then stimulating at higher con-

centration. This is in contrast to theWRP study that showed

SDS to be a strong RB inhibitor.[37] Activation by high

[SDS] was quite pronounced in term of the magnitude on

the RB, a three fold increase was seen at 0.150 M SDS.

It is remarkable that the increase in rubber synthesis

displayed a dose response curve even at [SDS] above 0.15M.

A possible reason for this SDS biphasic effect might be the

formation of micelles at high [SDS], thereby considerably

increasing the active surface area[35] for RB enzymes

catalysis. The critical micelle concentration (CMC) of SDS

is at 8.2� 10�3
M, so a low [SDS]will cause denaturation of

the enzymes, resulting in a decreased RB activity. At higher

[SDS] the micelle will start forming together with the

dissolved membrane as a mixed micelle[36] with the

incorporated RB enzymes. An EM study would contribute

to a better understanding of this micelle phenomenon. It

would be interesting to investigate if WBM extractable

proteins are still active either alone or with micelle for the

RB activity.

Protein Profile of Acetone-Fractionated
WBM Proteins

Several procedures for membrane protein extraction are

available[35] and were tried. Among them the acetone

method was found to be most satisfactory and suitable to

be employed. The advantage of using acetone is to dissolve

the soluble membrane while the released proteins are pre-

cipitated in the same treatment steps. Serial extraction of

WBM proteins with acetone ranging from 20–80 vol.-%

was devised in this study. The results showed that the mem-

brane protein could be fractionated into different fractions

by the acetone ranges as employed. A protein profile of

distinct patterns by SDS-PAGE (Figure 7) was obtained,

although overlap of some common proteins did occur. Most

of the acetone-precipitated proteins were in the 40 and 80%

(lane B, D) acetone ranges while moderate amounts were

in the 20 and 60% (lane A, C) ranges. These fractions were

then examined for possible RB activity.

RB Activity Detection of Acetone-Fractionated
WBM Proteins

The protein fractions were dissolved with assay buffer for

the standard incubation of RB activity. However, no RB

activity could be detected in any fractions. It seemed that

theymight be inactive once separated from the nativemem-

brane, or that the protein composition was perturbed and

different from the arrangement or topology as existing in

the intact membrane. It could also be due to the absence of

hydrophobic condition for them to be active. As was sug-

gested from preceding results that high [SDS] could activate

the RB activity assays, SDS was then added to the aqueous

suspension of the inactive protein fractions. It was quite

astonishing that the activity for rubber synthesis was thus

restored by the SDS addition as shown in Table 1 for the

RB levels.

Different amounts of SDS were attempted, and 2% SDS

was found to be optimum for RB activity assays. Results for

Figure 5. Kinetic of RB catalytic rate between WBP (*) and
WBM (*). Each incubation contained WBP (approx. 20 mg
dried weight) or WBM which was prepare from the same
amount of WBP. The incubation assay condition was carried
out as detailed in Experimental part.

Figure 6. Biphasic nature of SDS activation onWBM enzymes.
The RB activity ofWBMat each SDS concentration was shown as
the number of 14C-IDP incorporation into the rubber. The WBM
(approx. 40 mg dried weight) was mixed with the SDS before
subjected to the standard incubation condition as described in
Experimental part.
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each fraction (Table 1) showed that the maximum activity

was in the 20% acetone protein fraction, whereas other

fractions were much lower or without any RB activity. The

RB activity was almost exclusively located in the 20%

acetone fraction, which was almost equal or the same as

WBM from which the protein was extracted. Repeated

experiments with different preparations of samples con-

sistently showed similar results, and thus helped to confirm

the results obtained.

One explanation for this could be the formation of

micelles. At 2% SDS (8�CMC), a lot of micelles with

highly increased active surface area as compared to WBM

could be formedwith the incorporated enzymes. Thismight

be accounted for the high RB activity even with lesser

enzyme in the fraction. Although themembrane proteinwas

distributed into fractions, it could be compensated by the

highly increased active surface area for the micelle RB

catalysis. Increased activity of the isolated enzyme by

hydrophobic condition or micelle was previously shown

for polyisoprene synthesis in the other system.[36] Another

likely reason could be the possible separation of a certain

inhibitory factor from this 20%protein fraction. An enzyme

kinetic study was needed to substantiate the results. An

experiment on remixing of the fractions could give support

to the results and a rationale for the given explanation.

Enzyme Kinetics of the RB Active Protein Fraction

The preceding results suggested that the SDS micelles with

the incorporated enzymes might be serving as a micro-

reactor for rubber synthesis. To characterize the active rub-

ber synthesis of this protein fraction, a kinetic study on the

enzyme concentrations was carried out. The results showed

that the RB activity was catalyzed by enzyme in this frac-

tion, not by nonspecific trapping (Figure 8). Corresponding

increases were seen with the enzymes in a dose dependent

manner. A linear relationship was still observed at high

enzyme levels with saturated IPP substrate. It was clearly

indicated that the enzyme was still highly active even

when the [SDS] above CMC replaced the native or natural

membrane condition. The results suggested that it is pos-

sible to synthesize natural rubber ex vivo by a protein ex-

tract from BF membrane if proper or optimum conditions

are provided to support or stabilize the isolated enzyme

activity.

Table 1. RB activity of the serial acetone fractionated proteins.
The ranges of acetone percentage used were 20, 40, 60, and 80%
(A, B, C, D fraction). The precipitated protein mixture in each
incubation tubewas prepared from the sameWBM(approx. 40mg
dried weight) in the serial acetone fractionation. To all incubations
were added 2% SDS (w/v) before being subjected to the standard
incubation condition as detailed in the Experimental Part.

Sample 14C-IPP incorp. % incorp.a)

cpm

WBM (control) 6 655 9.6
A (20% acetone) 6 505 9.4
B (40% acetone) 1 080 1.0
C (60% acetone) 323 0.5
D (80% acetone) 121 0.2

a) The data represent the average of three determinations.

Figure 7. SDS-PAGE analyses of proteins profile from WBM
proteins.WBM: proteins fromWBM.The serial of acetone extract
precipitated WBM proteins are shown in lane A–D. A: preci-
pitated proteins at 0–20% acetone saturation; B: 20–40%; C: 40–
60%; D: 60–80%; Std: standard molecular weight proteins.

Figure 8. The activity of 0–20% acetone precipitated protein
from WBM (*, 1.7 mg protein ml�1). 2% SDS (w/v) was
mixed with the samples before subjected to the standard
incubation condition as described in Experimental part.
Control (*) was carried out with the same condition as
sample but with 20� 10�3

M EDTA added in the incubation
assay.
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RB Activity of the Combined or
Reconstituted Protein Fractions

As was discussed in the preceding results that fractionation

ofBFmembrane proteinsmight lead to separation of certain

inhibitory factor from the fraction that showed high RB

activity (20% acetone protein, fraction A), it would be

interesting tovalidate this assumption.The designed experi-

ments were carried out by mixing the highly active fraction

(fraction A) with other low or inactive RB fractions (frac-

tion B, C, D), and the effect was followed. The combining

was a reconstituted assay to see if changes in RB activity

were affected by the additions. When the active 20% acet-

one fraction (A) was mixed with any of the other fractions

(B, C, D), some changes or effect on the RB activity were

observed. WBM and the mixed WBM activity would be

serving as controls to verify the changes as occurring in

the combining isolated fractions. These results of several

RB incubation assays were summarized in Table 2 as the

average values of three duplicate determinations.

When the active fraction A was mixed with fraction B,

an increased RB activity was observed. This indicated that

the slight activity in fraction B (shown in Table 1) was an

overlap or spilled over from A and thus had an additive

effect in the combined assay.

It might also be that fraction B contained an activator

for RB activity as the total activity was a bit higher than the

addition of the two isolated activities. Combining fractions

A and C or A and D showed an opposite effect: the

RB activity in fraction A was inhibited by both C and D

fractions. The most pronounced effect was seen with D as

fractions’ A activity was totally diminished. Complete

inhibition exerted by fraction D indicated that the inhibitor

protein is present in this fraction upon acetone separation of

the proteins fromBFmembrane.When the intactWBMwas

mixed with this fraction D, again the same complete inhibi-

tion of RB activity was also observed similar to that seen

with the RB active fraction A (Table 2). This might lend a

strong support to the result seen in the 20% acetone protein

fraction A that showed quite unusual high RB activity. It

was expected to have lower activity due to the redistribution

of enzymes upon fractionation by the acetone. It is not

known whether the active fraction A also contains an acti-

vator of the RB enzymes and hence the unusual high RB

activity. Combining or reconstitution experiment was a

common practice when studying the interaction of different

fractions as previously reported for WRP activation by

C-serum addition[38] or activation of HMGR on BF

membrane by C-serum calmodulin.[11] It certainly needs

further study as shown recently[39] and more reconstitution

assays are in progress.

The two inhibitory results for both WBM and the iso-

lated active protein fraction was a strong evidence that the

RB activity of the BF membrane was tightly controlled in a

well regulated manner. The results from both were compli-

mentary and supporting one another in the control mecha-

nism that certainly exists in the membrane enzyme system.

It was something not totally unexpected from these results

considering the fact that most if not all the biochemical

processes need to have well regulated control mecha-

nisms, for metabolic balance and a coordinated process of

the overall metabolic pathways integration and balanced

cell functions.

This is indeed a totally new finding and quite an exciting

result of the BF particles function in the latex. It thus

strongly suggested that the RB enzyme in the membrane is

not only capable of catalysis for rubber synthesis, but it also

contains a controlling element in regulatory mechanism for

the rubber synthesis and the biogenesis control. This ori-

ginal preliminary finding on the control process of rubber

synthesis needs a careful examination with well designed

experiments to verify in detail the regulatory mechanism

that pertains to the BF membrane for the control synthesis

of new rubber molecules. Therefore, this certainly warrants

a more detailed study and further refined investigation to

gain a better understanding of the BF membrane functions

in their active roles for rubber synthesis and the control

mechanism in the Hevea latex.

Conclusion

Rubber synthesis was unequivocally demonstrated to occur

on the bottom fraction (BF) particles surface or the washed

bottom fraction membrane (WBM). The rubber biosyn-

thesis (RB) activity of WBM was much higher than the

rubber particles (RP) surface.Generally, RPwas considered

to be the only RB site. Our results suggested that the RB

activity observed with the washed rubber particles (WRP)

surfacemight be due to the associatedmembrane fragments

from rupture of the BF particles. The WBM was highly

Table 2. Reconstitution experiments on RB activity of acetone
fractionated proteins. Acetone ranges were as in Table 1 (fraction
Awasmixedwith each of the other fractions). The protein fraction
in each incubation tubewas prepared from the sameWBMin serial
acetone fractionation. WBM used in this study was approx. 40 mg
dried weight. All incubations were mixed with 2% SDS (w/v)
before being subjected to the standard incubation condition as
described in the Experimental Part. Intact WBM and WBMþD
were also tested for comparisonwith the isolated protein fractions.

Sample 14C-IPP incorp. % incorp.a)

cpm

WBM (control) 6 915 10
A (control) 6 750 9.8
AþB 8 580 12.4
AþC 990 1.4
AþD 866 1.3
WBMþD 467 0.7

a) The data represent the average of three determinations.
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active with C55 (UPP) as an allylic acceptor for the isopen-

tenyl diphosphate isomerase (IPP) in rubber synthesis, but

was inactive for theWRP. SDSwas a strongRBactivator for

WBM, probably due to micelle formation, thereby highly

increasing the active surface area, resulting in a high RB

activity with WBM. The SDS effect was of biphasic man-

ner: inhibition at low SDS concentrations, but activation

at high ones.

Serial acetone extraction of WBM proteins showed that

isolated fractions still have RB activity under appropriate

conditions. An RB regulatory protein was also detected in

this study.
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Introduction

It has been demonstrated and reported for quite some time

that theHevea latexwas active[1,2] in the synthesis of rubber

molecules. Study on rubber biosynthesis (RB) process is of

much interest and has appeared in several reviews.[3–7] The

most extensive and up to date review covering most aspects

of the Hevea latex structure and biochemistry[8] appeared

recently with full details, discussions and the perspective

outlooks. Decent understanding of the RB process is still

ambiguous and the clear evidence has yet to be convin-

cingly presented. Most studies focused mainly on rubber

particles (RP) surface and always reviewed[3–7,9] as the

only prerequisite site required for rubber synthesis. This

might seem puzzling, an obvious paradox, on how the RP

was originated. If the new rubber has to be synthesized on its

surface, the question remains of the origin of RP. In layman

term, one might say this is the question of chicken and egg

that has long been overlooked or ignored. The actual RB

initiation sites other than the RP surface with active rubber

formation need to be sought out. It is therefore still an open

question as to the actual specific site for synthesis of rubbers

Summary: Washed bottom fraction (BF) membrane-bound
particles of centrifuged fresh Hevea latex were found to be
very active in rubber biosynthesis (RB). The washed BF
membrane (WBM) showed higher RB activity and is strongly
stimulated by anionic surfactants – more by DOC than SDS.
WBM enzymes system can synthesize rubber either with
allylic isoprenes (higher RB) or without (lower RB). Washed
rubber particles (WRP), used generally in RB assays, had
very low RB activity compared to the much higher activity
observed forWBM.Bacterial undecaprenyl diphoshate (C55-
UPP) was very active allylic initiator for rubber synthesis by
WBM. Comparisons of allylic UPP with the shorter ones
(C15-FPP, C20-GGPP) showed that UPP was the most effec-
tive. WBM activity orders were UPP >> GGPP>FPP. The
DOC activated WBM synthesized less polyprenyl inter-
mediates (butanol extractable) but more final rubber product
(toluene/hexane extract), different than FPP and GGPP.
WBM enzymes were highly versatile in using diverse dif-
ferent allylics, but UPPwasmost preferable.WRPwas found
a little active for UPP with DOC, but still much lower than
WBM. Rubber product analysis by RP-TLC with acetone/
hexane solvent system showed thatWBMwasmostly rubber,
butWRPwasmainly the intermediates. Quantitative analysis
showed that WBM labeled rubber was confined to the origin
spot, different than WRP as mainly labeled intermediates. It

was thus confirmed that the WBM plays the key role in RB
functions, and not WRP as mostly reported. WBM served as
the actual rubber synthesis site, and bacterial UPP was very
good RB initiator.
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molecules that will eventually aggregate to form the RP. If

one considers the complex nature of Hevea latex and its

myriad compositions, it might possibly be that RB can take

place at specific sites other than the RP surface. This is an

active area of our research.

The rubbers in latex from various plants[10] are poly-

isoprenes of high molecular weight hydrocarbon polymers

consisting of the five-carbon isoprene (C5H8) units. Rubber

is major component of latex formed by special differen-

tiated cells of plants. Synthesis is by series of enzyme

polymerization[1] of isoprene units to various degrees,

resulting in a wide range of MW. The high MW rubbers are

produced in the latex of about 300 genera of Angiosperms.

Hevea brasiliensis (Brazilian rubber trees) is the best rubber

producer, and commercially cultivated for natural rubber

production used industrially for various products. Hevea

latex is accumulated in specialized cells called laticifers.

Double bonds in Hevea rubber are in cis configuration as

cis-1,4-polyisoprene, with a wide range of MW distribu-

tion. In addition to rubber particles, two other specialized

particles (lutoids and Frey-Wyssling) are also present as

major part of Hevea latex. Presence of the two particulate

components provides unique characteristic to Hevea latex

properties. Hevea latex biochemistry was thoroughly

reviewed recently.[8]

FreshHevea latex can be fractionated into three fractions

by centrifugation, the top rubber phase, aqueous C serum

and bottom fraction (BF) of membrane-bound organelles.

BF content is quite considerable, constituting about 20% by

volume[8] compared to ca. 30% of the rubber phase. The BF

is composed of membrane-bound organelles, lutoids and

Frey-Wyssling particles. Fresh latex is a colloidal mixture

of theree different particles with cell soluble substances in

an aqueous suspension. Lutoids first described by Homans

et al.[11] as single layer membrane-bound vacuoles, found

rich in phosphatidic acids,[12,13] rendering them negatively

charged vesicles. Lutoids contents (B-serum) are proteins,

enzymes and a wide range of metabolites, considered as a

type of phytolysosomes.[13] Frey-Wyssling are double layer

membrane organelles with lipid globules, membrane

vesicles and b-carotene.[14,15] The high carotenoid content

suggested it probably contain enzymes for isoprenoids syn-

thesis pathway.[14] So far, few studies were made to suggest

the relatedmetabolic roles ofBF particles in the isoprenoids

and/or RB pathways.[14,16] HMG-CoA reductase (HMGR),

one of the rate-limiting enzymes in RB pathway,[17,18] was

purified from thewashed BFmembrane.[16] It was shown to

be under control by calmodulin,[19] heat stable Ca2þ

binding protein in C-serum, as HMGR activator.

It was commonly believed that RP surfacewas RB active,

as extensively characterized and reported in a series of four

consecutive papers with lot of extensive details.[20–23]

However, RB activity at certain membrane site is more

likely with good rationale reconciling on the origin of RP.

This was earlier postulated,[14,24] but received little atten-

tion and no investigation was carried out to substantiate it.

Study conditions, free of preexisting rubber particles, will

serve as an ideal system to solve this query. Hevea latex is

regarded as the living cytoplasm in which the rubber

particles, the non-rubber particles and other cell compo-

nents are dispersed in an aqueous phase of cytosol. Of

particular interest is the membrane-bound non-rubber

particle in the latex that may have active role in the RB

function. Recently, we have shown that the surface of

these particles was quite active in the synthesis of new

rubber.[25,26] The results might suggest that actual RB site

may be localized on these particles membrane rather than

the RP surface, as stated in our recent reports,[26,27] in

contrast to previous numerous studies which implicated RP

surface as the only prerequisite site for the in vitro RB

process.[2,9,28] Our different results[25–27] could suggest that

there might be more than one site for RB activity in the

latex. However, it is still doubtful and needs clarification

considering our BF reports on RB related enzymes.[25,29,30]

IPP isomerase (IPPI) in the Hevea latex was first directly

detected and characterized[29] by us. IPPI and prenyltrans-

ferase (PT) high activities detected on BF were character-

ized[29,30] for their properties. The highly active rubber

formation by fresh BF particles[25] was clearly shown.

Kinetic study on RB activity and products analyses showed

new appearance of the low MW rubber.[25] The results

suggested the synthesis of new rubber being initiated and

formed by these particles enzymes. Further careful studies

on RB activity of the membrane[26] from the BF particles

were carried out with detailed properties characterized.

Extensive washed BF membrane (WBM) showed high RB

activity, clearly indicating that the RB activity was located

on the isolated membrane. The RB stimulation ofWBM by

surfactant is probably resulting from the increased active

surface area of RB active mixed micelles. In a recent

report,[27] the delayed use of fresh latex led to rupture of BF

particles and membrane debris bound to the WRP was

shown. This may be the case for those using the preserved

WRP with RB activity[3–7,9] as resulted from the bound

debris. The most noticeable result was the serial acetone

extractedWBMproteins being still RB active.[27] Recently,

two Hevea latex genes[31,32] were successfully cloned with

high activity. One was dominant PT enzymes in latex,

GGPP synthase, rubber transferasewas also cloned (termed

HRT) that was RB active with WBM, strongly support

WBM role.

It was quite intriguing that an exquisite idea proposed

recently on microbes might be capable of producing

rubber.[33] This coincides with our ongoing research on

rubber synthesis from bacterial undecaprenyl diphosphate

(C55-UPP). Among family microbial prenyltransferases,

UPP synthase (UPS)[34,35] has been most extensively

studied. It was purified and characterized from several

bacteria (S. newington,[36] B. subtilis,[34] E. coli,[37,38] L.

plantarum,[39–43] andM. luteus[44,45]). UPP is required as a
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lipid carrier of glycosyl residues in synthesis of bacterial

cell wall. For this RB study, we employ 14C-UPP prepared

as described in the literature[46] and provided to us for using

as allylic initiator of rubber synthesis by WBM.

In this report we will describe the significant role of UPP

in RB process. Comparisons with other shorter allylics

(C15-FPP, C20-GGPP) on the RB levels and efficiency are

also reported. Surfactant DOC effect was tested and

compared to SDS on RB activation.[26,27] Comparisons of

WBM and WRP activities with UPP are also made. In

addition product analyses, qualitative and quantitative on the

rubbers formed with UPP are extensively presented here.

Experimental Part

Materials

Isopentenyl diphosphase (IPP), farnesyl diphosphate (FPP),
sodium dodecyl sulfate (SDS), deoxycholic acid (DOC) and
organic solvents are all of analytical grade. Other analytical
chemicals and reagents used in this study were mainly
purchased from Sigma-Aldrich (St. Louis, MO). [1-14C] Iso-
pentenyl diphosphase (14C-IPP, 54 mCi mmol�1) was from
AmershamBiosciences. [1-3H] Farnesyl diphosphate (3H-FPP,
20 Ci mmol�1), [1-3H] Geranylgeranyl diphosphate (3H-
GGPP, 20 Ci mmol�1) were from American Radiolabelled
Chemicals Inc. Uniformly labeled undecaprenyl diphosphate
(14C-UPP) and the UPP synthase (UPS) were generously
provided by Prof. Dr. Koyama (Tohoku University, Japan).
They were also prepared by us according to the published
procedure[46] using the UPS enzymewith the same quality and
purity as provided.

Collection of Fresh Latex for Centrifugation

Fresh latex used in this study was obtained from regularly
tapped rubber trees (clone RRIM600) at the adjoining Songkla
Rubber Research Center, Thailand. These trees were tapped in
a half-spiral with V-shape knife by stripping the bark (2–3mm
thick) tomake cuts across the latex vessels. All preparations for
fresh latex fractionation were made ready beforehand, prior to
the latex collection. The latex was collected in ice-chilled
containers and was immediately subjected to centrifugation
within less than 10 min from the tapping collection time.

Preparation of Washed Bottom Fraction Membrane (WBM)

The freshly tapped latex was immediately fractionated by
centrifugation to obtain the three distinct fractions as describ-
ed[16,26,27] with maximum sediment bottom fraction (BF) and
minimum rubber particle (RP) associated or contaminated
protein. The collected BF was washed five times by careful
suspension in 50� 10�3

M Tris-HCl buffer (pH 7.4) containing
0.9% NaCl (w/v) so that the intact washed bottom fraction
particle (WBP) was obtained with no accompanied small RP.
ThewashedBFmembrane (WBM)was then prepared from the
intact WBP as described.[26,27] The cleaned WBP pellet was
suspended in 3 volumes of distilled water and stirred for hypo-

tonic lysis of WBP. All contaminants were then eliminated
from the membrane by three times repeated washing. All
operations were carried out at 0–5 8C for membrane integrity
and stability. The WBM was kept in the ice-bath until use.

Preparation of Washed Rubber Particles (WRP)

Rubber particles was prepared from the centrifuged zone
2 rubber as described[24] by three repeated washing with 5
volumes of 50� 10�3

M Tris-HCl buffer (pH 7.4) to obtain the
WRP for assays. All operationswere carried out at 0–5 8C. The
prepared WRP was kept cool in icebox until use. The rubber
quantity was determined by measuring the absorbance at
280 nm. The rubber content was calculated as described by
Light and Dennis.[20]

Rubber Biosynthesis (RB) Assays and Incubation Conditions

The incubation mixture contained designated amount of
samples (WBM or WRP) in Tris-HCl buffer, pH 7.7. The
50� 10�3

M Tris-HCl buffer (pH 7.7) for the RB assays
included reagents (30� 10�3

M KF, 5� 10�3
M MgCl2, 10�

10�3
M DTT). The substrate unlabeled IPP (or 14C-IPP) and

allylic initiators (3H-FPP, 3H-GGPP or 14C-UPP) were added
as indicated in the figure and table captions. 20� 10�3

MEDTA
was added in the incubation uses as control as mentioned in
figure captions. All the RB incubation mixtures were carried
out at 30 8C for 2 h. After 30 8C optimum incubations, the
reactionwas chill stopped by placing the incubation tubes in an
icebox and was immediately processed for the radiolabeled
products extraction and product analysis.

Two-Steps Differential Solvents Extractions of
Radiolabeled Products

Right after the reaction was stopped, 300 ml saturated NaCl
solution was added and mixed thoroughly. The mixture was
then treated (three times) with 500 ml H2O saturated 1-butanol.
The radioactivity in 1-butanol phase was subjected to a liquid
scintillation counter to estimate the amount of radiolabeled
polyprenyl intermediate. The aqueous layer (withmembrane at
the interphase) left after 1-butanol extraction was again treated
(three times) with 500 ml of toluene/hexane (1:1, v/v). The
amount of radioactivity in toluene/hexane phase was deter-
mined for the RB activity by measure the 14C-labeled rubber
with liquid scintillation counter. The product analysis of
1-butanol and toluene/hexane extracts were then performed on
RP-TLC as described below.

Product Analysis by Using Reverse Phase Thin Layer
Chromatography (RP-TLC)

The radiolabeled products from the incubation mixtures
extracted in 1-butanol and toluene/hexane were hydrolyzed
to the corresponding alcohols with potato acid phosphatase.[47]

The products were subjected to RP-TLC plate (LKC-18,
Merck) using acetone/hexane (19:1, v/v) as the solvent sys-
tem.[48] The RP-TLC plates were then exposed overnight on a
Fuji film BAS-III imaging plate at room temperature. The
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distributions of radiolabeled products were visualized with
bioimage analyzer (Fuji BAS 1000 Mac). The sizes of
the radiolabeled products were determined comparing with
the authentic standard alcohols that were run along with the
samples and visualized with iodine vapor.

Results and Discussion

The results presented in this report are further investigations

with more refined and well designed experiments to deli-

neate the results we previously reported.[27] This is for a

better understanding of the RB process and activity of the

latex WBM. The results and observations are logically

interpreted for rationale explanation of the possible under-

lying RB mechanism. New methodology and experimental

procedures are employed for a more detailed study on

the active role of WBM in synthesis of new rubber

molecules. Different allylic isoprene pyrophosphate initia-

tors for the rubber synthesis activity were tested and

compared for their suitability and efficiency, especially the

bacterial C55-isoprene UPP. Surfactant study was also

including DOC effect on RB activity as an extended study

comparing to the SDS. Differential solvent extractions

were employed for the separation of polyisoprene inter-

mediates and the rubber product. In addition, separation

of the products by RP-TLC was characterized on both

qualitative and quantitative evaluations. The results ob-

tained in this study strongly substantiated our earlier

findings[25,26] and are extensively discussed as presented

in this report.

Comparison of WRP and WBM in Rubber Synthesis
Activity Using IPPAlone or with UPP as
Allylic Initiator

Fractionation of fresh Hevea latex by high speed centrifu-

gation resulted in three distinct fractions as top rubber

phase, middle aqueous C-serum, and the sediment bottom

fraction (BF) particles of membrane-bound organelles. The

BF content of fresh latex is quite considerable, constituting

about 20% by volume[8] as compared to an average of ca.

30% of the rubber phase. We have recently shown that the

cleanlywashed surface of these particles was quite active in

the synthesis of new rubber molecules.[25,26] This is in

contrast to the numerous previous studies in which the

washed rubber particles (WRP) surface was implicated as

the one and only prerequisite site for the in vitro RB

process.[2,9,28] That there might be more than one site for

RB activities in the latex is still doubtful and needs

clarification considering our BF particles reports on RB

related enzymes.[25,29,30] The washed BF membrane

(WBM) was unequivocally demonstrated to be highly

active in the RB process when incubated with IPP alone as

shown in our recent report.[27]

The result presented in Figure 1 is an attempt to clarify

the roles ofWRPandWBMinRBactivities. Two sets ofRB

incubations for WRP and WBM were carried out in the

presence of 2% SDS under the same conditions, as we have

previously shown the SDS on RB activation ofWBM.[26,27]

The RB incubations assays were either with 14C-IPP alone

(Figure 1, A) or 14C-UPP and IPP (Figure 1, B) for both

WRP and WBM to monitor the levels of new rubber

formation. This is to compare the RB activities with and

without allylic isoprene and to assess the UPP function in

theRBprocess. Besides this, the experiment is also aimed at

the possible use of bacterial derived oligoprenylUPP for the

in vitro rubber synthesis by the Hevea enzymes.

It was quite clear that the allylic UPP was very effective

to initiate or activate the new rubber synthesis as shownwith

the maximum RB activity for WBM (Figure 1, B2). All the

assays with their specific controls are by the presence of

20� 10�3
M EDTA that can completely inhibit RB activity.

The overall results (Figure 1-A, 1-B) clearly indicated that

the WBM was very active using microbial UPP in the

synthesis of new rubber byWBMand only slightly byWRP.

In the assays with 14C-IPP alone (Figure 1-A), WBM was

quite active as compared to theWRP activity (A2, A1) with

more than 4 folds activity over the very low or no WRP

activity. The results are in good agreement with our earlier

reports[26,27] thatWBMwasRBactivewith IPP.Addition of

allylic UPP to RB incubations (Figure 1-B) was even more

Figure 1. RB activity of WRP (1) and WBM (2) in the
incubations with 14C-IPP (A) or 14C-UPP (B) as allylic initiators.
The activity was shown as percent of the 14C-allylic initiators
incorporation into rubber molecules. Each tube of incubation
mixture (300 ml) contained WRP or WBM (approx. 30 mg dry
weight) in 50� 10�3

M Tris-HCl buffer (pH 7.7), 2% SDS (w/v),
30� 10�3

M KF, 5� 10�3
M MgCl2, 10� 10�3

M DTT and
40� 10�6

M
14C-IPP (5 ci mol�1). In the case of using 14C-UPP,

unlabeled IPP (60� 10�6
M) was added together with the 14C

labeled bacterial UPP (245,000 cpm). 20� 10�3
M EDTA was

added in the incubations used as controls.
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striking as evidenced by the very much more increase of

WBM activity and only moderately by WRP (B2, B1).

WBM activity was about 6 folds higher than that of WRP

withUPP. TheWRP result was in contrast to previous report

that UPP could not be used for RB by WRP[21] and that the

RB activity inhibited by SDS.[22] It was thus clear that UPP

was very suitable for RB process.

Comparison of WRP activities showed that addition of

allylic UPP resulted in about 4 folds increases over that with

IPP alone (B1,A1).Numerous earlierWRP studywith short

allylic isoprenes (GPP, FPP, GGPP) reported the active RB

function ofWRP.[2,9,28] However, those studieswere carried

out with WRP prepared from the preserved latex that was

quite different from our WRP immediately fractionated

from the freshly tapped latex with minimum contamination

by bound rupture BF membrane debris as we recently

demonstrated [26,27] with very low RB activity. RB activity

of the WBM with UPP was more than 6 folds higher than

that with IPP alone (B2, A2). In fact, theWBMactivitywith

IPP alone was already quite high (A2) about equal to WRP

activity with UPP (B1), but was even much higher upon

addition of UPP to the WBM assay (B2). These results

clearly indicated that UPP is more favorable by the WBM

enzymes in using allylic UPP as isoprene initiator for new

rubber formation.

From these results it would be very interesting to further

examine and characterize the WBM activity using allylic

UPP as prenyl initiator for the rubber synthesis. Products of

the WBM activities could also be further characterized

by employing more refined two-steps differential solvent

extractions. This will help in differentiating and separation

of oligoprenyl intermediates from the final rubber product

to ascertain rubber purity. Besides, the anionic surfactant

activation on RB activity of WBM should also further be

characterized. Aside from SDS, DOC is also commonly

used as anionic surfactant in most biochemical and enzyme

study and should be tested on the WBM activities.

Effect of Anionic Surfactants on RBActivities of WBM

As stated in preceding results, WBMwas highly capable of

using microbial allylic UPP in new rubber synthesis and

was activated by SDS as was shown for the RB activity with

IPP.[26,27] Since the goal of this study is to clarify and

characterize the utilization of UPP by WBM and try to

understand the role of UPP influencing WBM activities, so

the followed experiments will focus on this longer chain

isoprene. This will also be compared to other short chain

allylics in subsequent assays. Comparison results of the

anionic surfactants effect on WBM activities, deoxycholic

acid (DOC) and SDS, will be presented. In addition, two-

steps differential solvent extractions will also be used for

products analyses of WBM activities with UPP. The differ-

ential solvents are water-saturated butanol that we have

previously used in dolichols or polyprenols[49] assays and

toluene/hexane routinely used in rubber extraction and

purification.[25–27]

Figure 2 results showed the different effects of SDS and

DOC on RB activity of the WBM incubated with 14C-UPP

and IPP. Upon completion of RB incubation assays, the

products mixture was first extracted with butanol and

the remaining mixtures were then subjected to toluene/

hexane extraction for the final rubber products as detailed in

the experimental part. Butanol extraction of the RB reac-

tions was included as added step in the procedures before

the determination of rubber by toluene/hexane extract as

routinely carried out in our assays[25–27] for the RB activity.

The extracted products in butanol fractions are for the

purpose of detection for oligo- and polyisoprenyl inter-

mediates prior to the final rubber product. To our knowl-

edge, no other investigators performed or included this

added butanol step in their rubber synthesis assays. The

accuracy of those RB studies with WRP[2,9,20–22,28,50] is

therefore debatable and will be shown and discussed later

on the TLC analyses of the products results.

As shown in Figure 2, the RB activation by DOC on

WBM activity was more pronounced than that of SDS

effects. The RB stimulation by DOC was twice that of SDS

as compared on the toluene/hexane extracted rubber

products between the two surfactants. However, the butanol

extractable intermediate products showed opposite results

Figure 2. Effect of anionic surfactants (SDS and DOC above
critical micelle concentrations) on RB activity of WBM enzymes.
The results were shown as percent 14C-UPP incorporation into
polyprenyl intermediates that were extracted by 1-butanol. The
RB activity for rubber products were shown as percent 14C-UPP
incorporation into rubberwhichwas detected from toluene/hexane
(1:1, v/v) extract. The incubation mixture (200 ml) contained
WBM (approx. 20 mg dry weight) in 50� 10�3

M Tris-HCl
(pH 7.7), 30� 10�3

M KF, 5� 10�3
M MgCl2, 10� 10�3

M

DTT, 60� 10�6
M unlabeled IPP, 14C-UPP (100 900 cpm) and

the surfactants (SDS or DOC). No detergent was added in the
control condition.
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to the rubber products. The polyprenyl intermediates was

much higher with SDS activation than that with DOC. The

lower polyprenyl or moderate chain length polyisoprene

intermediates with DOC was actually converted and shown

up as the final rubber products. On the other hand, the RB

incubations with SDS showed almost equal products in the

butanol and toluene/hexane extractions. This indicated that

SDS activatedmore for the polyprenyl intermediates forma-

tion than the rubber formation as was seen with DOC. The

higher level of polyisoprene intermediates suggested that it

was accumulated or lower rubber conversion rate with

SDS and hence resulted in the lower level of new rubber

formation. The control without any surfactant showed that

most of the 14C-UPPwas in the butanol phase, but theWBM

was still moderately active with substantial rubber forma-

tion. This was in good agreement with preceding results

(Figure 1) that showed UPP as highly suitable for the RB

activity of WBM.

The overall calculated results are summarized in Table 1

and show the distributions of the 14C-UPP labeled products.

The butanol extraction with SDS yielded almost 7 folds

higher products than that in the toluene/hexane extract. On

the contrary, the rubber product with DOC in the toluene/

hexane extract was twice higher than that with SDS.

The results clearly indicated that the DOC activation was

twice faster converting or turning the intermediates into the

final rubber products. However, the total combined 14C-

UPP converted into products, in both solvent extractions,

was similar or almost the same for both SDS and DOC

activations which was amounted to total 41–42% total

incorporations. Comparison of butanol extraction of RB

incubations with SDS and DOC and the toluene/hexane RB

extracts of both surfactants showed somewhat discrepancy

in the ratios, which was a bit puzzling. However, this can be

explained by the fact that butanol extractions were also

included the unreacted 14C-UPP in addition to the interme-

diates products, and the discrepancy ratios can thus be

resolved.

Examination of the results in Figure 2 andTable 1 pointed

out that lower intermediates with DOC was the result of

rapid conversion into the final rubber product, while the

higher intermediateswith SDSwas probably due to the slow

turnover of these into the new rubber formation. Results

summarized in Table 1 indicated that the total 14C-UPP

converted into products showed the same total 14C-UPP

utilization by the WBM either with SDS or DOC, but the

difference was only the rate of intermediates converted into

the final rubber products. It could thus be noted that the SDS

effect was more active in polyprenyl intermediates forma-

tion, but less active for the rubber formation than the DOC

effect, even though both stimulated the WBM activity. The

differences could thus be said on quantitative rather than

qualitative effects concerning the final rubber formation

steps. As for DOC effect, it was more active and rapid

converting intermediates into the final rubber product, so

the much lower accumulation than seen with SDS. Since

DOC was shown highly stimulating, the WBM activity in

synthesis of the new rubber from UPP, it would be quite

interesting to compare UPP with the shorter chain allylic

isoprenes (FPP and GGPP) commonly used by others in the

RB study with WRP.[2,9,20–22,28,50]

The Effect of Different Allylic Isoprenyl Initiators on
the Rubber Synthesis Efficiency by WBM Enzymes

The highly significantWBMactivitieswith 14C-UPP allylic

initiator and the DOC activation in preceding results

(Figure 1, 2) indicated the preference of WBM enzymes

for UPP in the synthesis of new rubber molecules. The

results so far revealed quite a strong selective degree of

WBM for using UPP initiator in the RB process. In order to

assess and differentiate the preferential degrees of WBM

for other allylics, some apt investigations were set up to

compare the different allylic isoprenes for RB activities.

Experiments were carried out using the different labeled

allylic isoprenes with excess IPP substrate to monitor the

levels of new rubber synthesis from these labeled allylics.

Amounts of the final rubber products separated were evalu-

ated by differential solvent extractions as used in Figure 2.

The results compiled from these experiments using the

different radiospecificity labeled allylic isopreneswere nor-

malized by calculation as percent incorporation into the

new rubbers formed out of the total added in the RB assays.

The results being presented were compiled from several

experiments with different WBM preparations and times to

account for the seasonal variations being commonly observ-

ed, but were still with consistent trends. These results were

then normalized by performing all assays with the same

WBM preparations at the same time for accuracy and with

high degree of confidence. The explanations on results need

be lengthy with several discussion aspects for a clearer

understanding with minimum ambiguity.

Results in Figure 3 showed the different labeled allylic

isoprenes (C15-FPP, C20-GGPP and C55-UPP) used in the

study of new rubber formation byWBM in RB incubations

Table 1. RB activity of WBM in the presence of anionic
surfactants shown as percent of 14C-UPP corporation into
radiolabeled products extracted by 1-butanol and toluene/hexane
solvent system (1:1, v/v).

samples 14C-UPP incorporationa)

%

Butanol Toluene/Hexane Total

Control 41.22 6.54 47.76
SDS 21.26 19.88 41.14
DOC 3.23 39.21 42.44

a) The data represent the average of three determinations.
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under the same optimum conditions with DOC. The pro-

ducts formation, from these radiotracer allylic isoprenes,

was analyzed both in the butanol extracts and toluene/

hexane extracts for the new rubbers. They showed quite

distinct and different results profiles for both solvents

extractions. Comparisons of the toluene/hexane extracts

showed UPP with the maximum activity, but FPP was with

the maximum activity for the butanol extracts. The results

(Figure 3, C) showed that UPP was the most active for

rubber synthesis with highest percent incorporation as

compared to other allylic isoprenes.

The other two allylics (FPP and GGPP) were about only

half (GGPP) or less (FPP) as compared toUPPon the rubber

synthesis activity (Figure 3, B, A, C). On the contrary, the

butanol extract results showed quite the opposite patterns

on products formation from these allylic isoprenes. As

pointed out earlier, the oligo- and polyisoprenyl intermedi-

ates were first separated out into the butanol phase prior to

the final rubber products extracted by toluene/hexane sol-

vent. The results showed FPP with highest intermediates

formation, followed by GGPP and the lowest with UPP.

These results might seem somewhat perplexing in term of

the differences, but some explanations could possibly be

postulated to delineate these observations and are actively

sought in undergoing further investigations for the explana-

tions to be reported soon.

It is noteworthy to point out that the results and obser-

vations shown in Figure 3 were somewhat similar or

analogous to the results observed for SDS andDOC compa-

risons on WBM assays with UPP (Figure 2). However, the

conditions in these assays were on comparisons of different

chain length allylic isoprenes effects on efficiency of rubber

synthesis by WBM enzymes versus the surfactants effect

(Figure 2). The intermediate products were higher with FPP

and GGPP than UPP similar to those seen with SDS. On the

other hand, the UPP showed twice the total rubber synthe-

sis, with concurrent decreasing of the lowerMWpolyprenyl

products in butanol extract. This was similar to the DOC

activation of WBM rubber synthesis with the allylic UPP.

Conversion rate into the new rubbers formation from FPP

and GGPPwere much lower than that seen with UPP which

showed at least two folds higher in the total final rubber

formed.

The effect of allylics chain length on rubber synthesis

efficiency of WBM was thus clearly shown by results

(Figure 3) in this study. These results on precursor allylics

thus suggested that the longer chain was more effective in

rubber formation by WBM than the short ones, shown by

UPP and GGPP with more rubber formed than FPP. Shorter

allylics were more suitable or preferable by WBM to form

lower MW products than the rubber end product seen with

theUPP.Higher accumulation of the intermediates was thus

shown, but was nevertheless still lower than the rubber

products from UPP. The chain length observation was also

previously studied (C10–C20) with WRP[9] with only a

small difference on RB effect and no clear explanation was

given. It should be noted that in that study, chain lengths

were almost similar, FPP and GGPP were implicated as the

required RB allylic initiators with WRP[2,9,20–22,28,50] but

was never included or extended to the longer allylic like

UPP. The very small difference on those allylics chain

lengths thus could not provide clear cut results.[9] It might

probably also be due to the intermediates bound onto the

WRP and hence the small degrees of RB efficiency[9] might

be considered insignificant and debatable. Ours was the first

attempt including both the short allylics commonly believ-

ed as the required initiator[2,9,20–22,28,50] and the longer

chain UPP[27] studies withWBM, which was different from

those WRP studies[3,9] that still need clarification and be

verified.

It should be noted that in this study there are two major

different aspects than the earlier studies-[2,3,9,18,28]one is the

WBM as opposed to the WRP and the other is the use of

longer allylic UPP along with the shorter ones. There was

only one exception to these studies that used UPP and 14C-

IPP in the RB study of the whole latex.[21] They found

probably new rubber could be formed in the whole latex

assay, but did not find nor could show any RB activity with

the WRP. These results were still unclear on the different

outcomes, and no further study[21] was attempted to clarify

it. Our opinion is most likely the presence of BF membrane

Figure 3. Enzyme activity of WBM shown in percent radi-
olabeled allylic initiators incorporation into polyisoprene inter-
mediates in 1-butanol extract and rubber products in toluene/
hexane (1:1, v/v) extract. The incubation mixture (200 ml)
contained WBM (approx. 20 mg dry weight) in 50� 10�3

M

Tris-HCl (pH 7.7), 30� 10�3
M KF, 5� 10�3

M MgCl2,
10� 10�3

M DTT, 40� 10�3
M DOC, 60� 10�6

M IPP and
radiolabeled allylic initiators [12.5� 10�6

M
3H-FPP (7 ci

mol�1), 12.5� 10�6
M

3H-GGPP (7 ci mol�1) and 100 900 cpm
14C-UPP as prepared]. 20� 10�3

M EDTA was added in the
incubations used as controls.
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in the whole latex, but the WRP was devoid of active BF

membrane and hence no RB activity. This might agree well

with our study with WBM that showed significant RB

activity, be it the short or longer allylics with only the

different RB efficiency. Therefore, thewhole latex study[21]

can be reconciledwell with our earlier reports[25–27] and the

new findings in this report.

There seems to be a direct or relative correlation between

the allylics chain length and the RB efficiency. The longer

allylic isoprenes chain sizes resulted in the more or the

higher rate of new rubber formation by WBM activities as

evidenced in Figure 3 results. Calculations of the combined

total percent incorporations in both solvent extracts for all

the three allylics revealed some interesting comparison.

Even though GGPP was more RB active than FPP but less

intermediates accumulation, the total percent incorpora-

tions when combined were the same at 17%. The combined

total percent incorporation forUPPwas at 23%with highest

proportion as the rubber product. WBM utilization of the

UPP was thus almost ½ fold higher than the other two

allylics for the overall WBM activities. The differences of

6% in total incorporation and the 2 folds higher rubber

formation pointed out the significant and important roles of

UPP in the RB process. If all the 3 allylics were assumed to

act as only the initiators, each rubber molecule would have

or contain only one unit of each allylic. Therefore they

should have similar or about equal percent incorporations in

the rubber product when normalized by the calculated

percentage of the total labeled allylics of different radio-

specificity added to each RB incubation. The difference

between FPP and GGPP was very small, within the errors

limit, and thus could be reconciled with the assumption.

Previous study with short allylics (GPP, FPP and GGPP)[9]

onWRP showed similar or almost equal percent incorpora-

tions, albeit insignificant difference, agreed well with our

FPP andGGPP results. However, when theywere compared

to the UPP percent incorporation, a big difference was

observedwith 2 folds or almost 3 folds higher thanGGPP or

FPP. This was obviously not the case as assumed and there

seems to be something special on the UPP properties, not

only on its molecular nature, but might also be its specific

recognition or preference by WBM enzymes. These per-

plexing and interesting results opened up possibilities that

might help expanding the research onRBprocess that is still

complex and little understood. They are now under exten-

sive and refined investigation to elucidate themechanism of

RB process and the interactions between UPP and WBM

enzymes system.

These results pointed out the selective or preferential

degrees ofWBMenzymes for the allylics chain length, with

more activity for the longer ones. Thismight be attributed to

the WBM enzymes active site affinity or differential recog-

nition for the allylics. More detailed study of WBM enzy-

mes was certainly needed. Recently, we have cloned one of

the most active prenytransferase enzymes in the Hevea

latex, GGPP synthase gene,[31] and the key rubber trans-

ferase genes termed HTR-1 and HTR-2[32] that was RB

active with theWBM assays. As for the allylic chain length

effect in this study, the WBM activity orders were

UPP >> GGPP> FPP for the rubber synthesis. So far,

very little is known onWBM enzymes details as we are the

first group starting this study to clarify the mystery of how

and where molecules of rubber are initiated and eventually

aggregated to form the rubber particles (RP). This is in

contrast to the common belief and reports[2,9,20–22,28,50] that

the rubber was being synthesized by the RP enzymes. Our

common sense certainly would indicate or suggest other-

wise that this belief is rather a poor rationale, an obvious

paradox, or might be misleading as to how we can explain

the origin of the RP as being present in the latex.

It was thus clear that bacterial allylic UPP was highly

active and suitable for synthesis the new rubber by the

WBM enzymes. This is quite agreeable with the thoughtful

and insight opinion recently proposed[33] on the microbes

capable of producing rubber-like polymers. Therefore,

more assays were conducted for better understanding to

resolve the differences betweenWRP andWBM on the RB

functions. More reliable, accurate, qualitative and quanti-

tative analyses with suitable TLC assays will be presented.

Comparison of WRP and WBM Rubber Synthesis
Functions Using Allylic UPP

It was previously shown that the RB activity ofWBM could

be strongly activated by SDS with 14C-UPP as allylic

initiator together with IPP as elongating substrate for the

synthesis of new rubber molecules.[27] In this study, SDS

was compared with another anionic surfactant DOC for the

effect on WBM and found with higher RB activation than

SDS as shown in Figure 2. DOC was therefore used in

further studies on the rubber synthesis effects. As indicated

in preceding results on the roles of WRP and WBM in RB

functions, the experiments were carried out to compare the

RB activities of WRP and WBM using allylic 14C-UPP for

both and in the presence of DOC. The assays are of two

purposes, comparing the RB functions of both with UPP

and the DOC effects.

The results in Figure 4 showed the differences of RB

functions between WRP and WBM with allylic 14C-UPP,

both with and without DOC. It was found that the RB acti-

vity of WBM could be highly activated by DOC (Figure 4,

B2), but WRP was also slightly activated (Figure 4, A2)

even though quite very small comparing to theWBM. Even

withoutDOC, theWBMstill showed quite considerable RB

activity with UPP and higher than the WRP with DOC (B1

vs. A2), a 2.5 folds difference of 6.5% and 2.7% 14C-UPP

incorporations. But when the WBM without DOC was

compared to theWRPwithoutDOC (B1 vs.A1), it was even

more considerable for the difference of up to 6.5 folds

higher RB activity. The results thus clearly indicated that
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UPP was highly favorable and preferentially suitable by

WBM enzymes utilizing for the rubber synthesis. The DOC

activation of WBM activity was very significant and highly

substantial, an increase of 5 folds over the already high

WBM activity without DOC. The levels of rubber product

formation increased from 6% to 32% incorporations of 14C-

UPP (B1 vs. B2). With the presence of DOC for both

specimens (B2 vs. A2), the WBM activity was almost 12

folds higher thanWRP in the rubber synthesis levels. These

results and observations strongly substantiate the assump-

tion that allylic UPP derived from bacteria could be highly

acceptable for the rubber synthesis by Hevea enzymes as

was recently speculated and proposed.[7]

Although the DOC activation of WRP was small com-

paring to the WBM activity, but the WRP activity as seen

was still quite significant. Calculation of theWRP increased

activity byDOC revealed a 2.5 folds over thatwithoutDOC,

from 1.1 to almost 2.8% 14C-UPP incorporations into the

rubber formed by WRP activity. In a previous study,[26] we

could not find any RB activity with WRP, and the new

rubber formed by WRP could hardly be detected at all.

However, in this WRP study with 14C-UPP the RB activity

could be significantly detected, which was different from

that studywith 14C-IPP alone.[26] This was in contrast to the

previous report that no WRP activity could be found for

rubber synthesis with allylic UPP and 14C-IPP substrate in

RB incubation of WRP assays.[21] Our results in this study

agree well as compared to the SDS effect on WRP with

allylic 14C-UPP as previously reported.[27] On the contrary,

WRP without DOC showed very little or without any signi-

ficant RB activity, about equal to the control inhibited with

20� 10�3
M EDTA for the control RB activity assays. The

slight activation seen with WRP could possibly be attribut-

ed to the bound rupture BF membrane debris[8] due to

shearing force during the flow of latex upon tapping, which

is inevitable no matter how fresh the latex from which the

WRP is prepared. This tiny little contaminated BF mem-

brane debris could or might thus be activated by DOC as

seen in the results. Other plausible reason might arise from

the fact that theWRP being used in this study was prepared

from the small rubber particles (SRP) in zone 2 of cen-

trifuged fresh latex, that was previously reported to be RB

active.[50] The WRP from SRP as used for assays in this

study was with some RB activity but none forWRP prepar-

ed from the upper top rubber phase that was mainly the

mature RP with only two major associated proteins. When

the WRP derived from SRP was characterized, it showed

slightly different extractable proteins profile than that seen

with matureWRP as we have previously shown in the SDS-

PAGE analyses.[27] This could therefore be accounted for

the observed activity with UPP and DOC effect.

Since both WBM and WRP could be detected for RB

activities with UPP and were highly significant with DOC

activation, it was therefore of interest to assay further for the

nature of the products, even though it might seem quite

obvious as the toluene/hexane extracted rubber products.

Both qualitative and quantitative analyses by appropriate

TLC separation assays with suitable solvent systems might

yield some useful data and results that might further clarify

the roles of UPP in the synthesis of new rubber products

both by WBM and WRP activities.

Analyses of Rubber Products from UPP by
WBM and WRPActivities

The products fromRB incubations assays of bothWBMand

WRP with UPP would be of great interest to determine the

similarity or difference between the two enzymes system

for synthesis of the rubber from allylic UPP. Since no

attempt for the products analysis was ever made before by

investigators[2,9,20–22,28,50] on rubber produced by WRP

activity, this will be the first reportmade onWBMandWRP

with allylic UPP.

Besides, the DOC effects on both incubations assayed

with UPP were also compared.

Both qualitative and quantitative aspects are to be deter-

mined, they will be discussed separately and then assimila-

ted interpretations made. Qualitative analysis will be done

by effective reverse phase TLC that we performed on poly-

prenols.[49] The products as derived from TLC separation

assays will then be subjected to quantitative analysis as

routinely carried out in our RB studies.[25–27]

Figure 4. RB activity of WRP (A) and WBM (B) compare
between incubation in the absence (1) and presence of DOC (2).
The activity was shown in percent 14C-UPP incorporation
into rubber which was extracted by toluene/hexane (1:1, v/v).
The incubation mixture (500 ml) contained WRP or WBM
(approx. 30 mg dry weight) in 50� 10�3

M Tris-HCl buffer
(pH 7.7), 30� 10�3

M KF, 5� 10�3
M MgCl2, 10� 10�3

M DTT,
60� 10�6

M IPP and 14C-UPP (354 000 cpm) with and without
40� 10�3

M DOC. The control incubations (A0 and B0) were
done with 20� 10�3

M EDTA added.
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Qualitative analysis of the WBM and WRP with allylic

UPP incubation products were shown in Figure 5. The ana-

lyzed products were the toluene/hexane extract (Figure 4)

on synthesis of the rubber study and the DOC effects.

Rubber products from bothWBMandWRP activities using

UPP together with DOC effects were TLC analyzed for the

products separation and identification. Four different

samples were TLC assayed for WBM products (A, B) and

also WRP products (C, D) without and with DOC. A few

solvent systems were tested for separation suitability and

the high resolution of the products identification. The

solvent system of acetone/hexane (19:1, v/v) for product

analyses of the new rubber synthesized from UPP was

found to be the most suitable for our analyses as previously

employed[48] for polyisoprenes separation. However, the

solvent system of acetone/water (19:1, v/v) [51] as pre-

viously used for the assay of RB products was found

unsatisfactory, with only one spot at the origin that might be

analyses defect. With acetone/hexane solvent, both rubber

product at the origin and some other polyprenyl inter-

mediates were well separated with high resolution.

The reverse phase TLC pattern of the WBM and WRP

products showed the difference with distinct profiles. The

differences were seen between WBM and WRP and for

the DOC effects also. For the WBM products, most of the

labeled products were confined or localized as rubber at the

origin (A, B), as revealed by autoradiogram profiles. But for

the WRP products, most of the labeled products were as

polyprenyl intermediates with very little labeled rubber.

The rubber did notmove in this solvent system, but removed

the intermediates from the origin as we previously

demonstrated for the labeled rubber.[25] The acetone/water

solvent showed only rubber spots with no intermediates,

hence it was unsuitable for our investigations, as re-

ported.[51] It was clear that our analyses were reliable and

accurate for further quantitative analyses of the purified

synthesized rubber with no contaminated products. The

results showed clear distinction for WBM and WRP in the

RB functions. Past studies always took for granted to

implicate the WRP as only RB site,[2,9,20–22,28,50] which

need to be reexamined. The results as shown in Figure 5

clearly indicated thatWBMcould be assumed or implicated

as actual RB site. As towhy other products were found with

toluene/hexane extract rubber need to be further discussed,

which might provide a clearer picture of the RB process.

The anionic surfactant DOC effect also revealed the clear

differences for WBM and WRP. As stated earlier, not only

the WBM and WRP differences were observed, but

differences on the added DOC conditions also be detected.

TheDOC effect profileswere quite interesting in contrast to

the ones without DOC.WBMprofiles (A, B) showed higher

intermediates intensity without DOC (A), but lower with

DOC (B) and hence themore rubber formed (B) as reported

(Figure 5)whichwas in good agreement with TLC intensity

patterns. But WRP (C, D) showed the opposite to WBM

profiles. WRP without DOC (C) showed low radiotracer

intensity for both rubber spot and the intermediates. The

WRP with DOC (D), showed the same intensity of rubber

spot, but with much higher intermediates intensity. Even

thoughWRPwith DOC showed twice (Figure 4) the rubber

synthesis level, it could be attributed to the bound radio-

tracer as detected. Qualitative analysis of WRP and WBM

from the TLC separated products would provide a clearer

answer to this somewhat unexpected outcome.

The results thus obtained showed the distinct patterns on

TLC separation profiles of the toluene/hexane extracted

products for WBM and WRP activities, which still need

explanation pending further investigation and elucidation.

These profiles all have symmetrical rubber spots, different

than the smear diffused spot as shown in previous report.[51]

It should be noted that all the samples analyzed were first

extracted with water-saturated butanol to remove the unre-

acted substrates and short to medium chain intermediates.

Figure 5. RP-TLC autoradiogram analysis of RB products by
WBM and WRP. After product extraction and dephosphorelation
as mentioned in Experimental part were performed, the products
were separated on RP-TLC plate (LKC-18, Whatman) with a
solvent system of acetone/hexane (19:1, v/v). The plate was
exposed on image plate and analyzed by a Bio-image analyzer.
Lane A: products from WBM incubation without DOC, lane B:
products from WBM incubation with the presence of 40� 10�3

DOC, lane C: products from WRP incubation without DOC, and
land D: products from WBM incubation with the presence of
40� 10�3

M DOC. On the left shows number of carbon according
to authentic standards run along with the samples. ori. :origin,
s.f. :solvent front.
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The butanol extraction stepwas found effective and suitable

to remove these compounds.[47,48] This was then followed

by toluene/hexane solvent dissolution of the rubber

products for subsequent TLC analyses as detailed in

Methods. As to why many bands other than the rubber

products at origin were seen in this TLC separation profiles

is still quite puzzling. A few speculations could be proposed

to open up more investigations. Polarity index of butanol

and partition efficiency for all intermediates from the com-

plex extracting products might be possible. This problem

was discussed[49] in the extraction of polyprenols from the

whole latex. One of the most likely cause or reasons could

be attributed to the strong association of these intermediates

onto the rubber molecules or rubber particles with high

affinity, and thus some can neither be separated nor removed

by butanol, since the intermediates are still undergoing

active enzymatic propagation or elongation of polyprenol

hydrocarbon chains with strong hydrophobic interactions

and high affinity on the rubber chains. This is also plausible

for the allylic UPP exerting quite high affinity toward the

WBM hydrophobic enzymes and resulting in the high yield

of rubber being formed. In addition, itmight also be coupled

with strong hydrocarbon rubber chains hydrophobic

interactions. It will remain to be proved in more detailed

study with well defined and refined experiments. However,

quantitative assays of the TLC separated rubber products

might be helpful.

Quantitative Analyses of Rubber Synthesis from
Allylic UPP

From theTLC separation profiles and autoradiogram results

(Figure 5), further extended assay might provide detailed

understanding of the RB process. Not only differences of

WBM andWRP, but the DOC effects can also be compared

to delineate active role ofmembrane in the rubber synthesis.

Quantitative analyses may provide a logical reason and

possibly better rationale to explain the results thus obtained

as indicated (Figure 5), be it forWBMandWRPor the assay

conditionswithDOC effects. Results on rubber quantitative

analyses were shown in Table 2 as extended assays of

Figure 5 profiles.

The rubber products appeared as the discrete confined

spots at origin. Highly purified rubber was separately tested

and shown that it retained at origin in the solvent system

used in this study. This is to ascertain that the analyzed

products are purified rubbers. The origin spots were quanti-

tatively scraped from TLC plate and subjected to further

rubber purification as previously described.[26,27] Quanti-

tative assays (Table 2) of the labeled rubbers revealed a

large difference for WBM and WRP. Besides, DOC effects

differences on RB activation were also clearly indicated.

Incorporation of 14C-UPP in the newly formed rubbers by

WBM activity were substantial and highly significant. It is

noted that even though WRP activity was quite low in this

study, but the labeled rubberwas still significant with allylic
14C-UPP compared to the 14C-IPP previously reported with

no RB activity of WRP.[26,27] Quantitative assay results

revealed that WBM was very active in rubber synthesis

function, but much less for WRP.

Results in Table 2 on quantitative assays of rubber

products (Figure 5) was quite similar to the toluene/hexane

extract results (Figure 4), but with a bit lower percent

incorporation for all rubber products. Thiswas due to higher

purity upon removal of the contaminants by developing

solvent system. Since the intermediates in TLC profiles

were not well confined, so only the rubber products were

reported in the Table 2 (A, B, C, D) assay. Calculated

percent incorporation of WBM synthesized rubbers were

5.8% without DOC (A) and 30.4% with DOC (B), about

1.5–2% lower than the total extracted, but was closely

comparable on the fold differences for both separated

assays. WRP calculated extracted rubber results showed

only 0.7% (C) and 1.9% (D) 14C-UPP incorporations for the

higher DOC effect. It was lower than the total extracts but

was still similar on the difference. The results clearly

indicated that the actual RB functions belong to the WBM

as previously shown.[25–27] but not the WRP as commonly

reported [2,9,20–22,28,50] without well defined and accurate

analyses. The small insignificant activity as shown forWRP

Table 2. Quantitative analysis of the rubber synthesized by WBM and WRP with 14C-UPP. The incubation condition was according to
Figure 4. The total 14C-UPP used in each incubation assay was 354 000 cpm.

Samples 14C-UPP incorporationa)

Toluene/hexane extract Origin spot

cpm� 103 % incorp cpm� 103 % incorp

WBM A: without DOC 23.07 6.52 20.64 5.83
B: with DOC 114.28 32.28 107.80 30.45

WRP C: without DOC 4.06 1.15 2.48 0.70
D: with DOC 9.89 2.79 6.80 1.92

a) The data represent the average of three determinations.
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was actually the tiny bound BF membrane debris as we

suspected all along and recently set out to prove.[27] It is

very important to note that the TLC separated bands inten-

sity has no positive correlations, whatsoever, to the

quantitative results as reported in Table 2. The TLC autora-

diogram as seenwas verymuch overexposed to ascertain all

non-rubber bands can be detected, nomatter how low levels

they are. At first glance, our Table 2 datamight seem contra-

dict to the TLC intensity, but it is actually and absolutely

not. So the data presented are highly valid. They were

obtained from the averages of three separated experiments

with showed a high degree of reproducibility and good

consistency.

From these results it could be deduced and an extrapo-

lating solid statement can be made that the WBM was

highly capable of rubber synthesis functions. In contrast,

the WRP was not capable as compared to the highly active

WBM with very high RB levels. WBM enzymes exhibited

also a high degree of capability in utilizing diverse allylic

isoprene initiators to synthesize new rubbermolecules, be it

the short chain (FPP, GGPP) or a medium to long chain

isoprenes (UPP) as demonstrated in this report. It thus

showed the high versatility of WBM enzymes in rubber

synthesis from the diverse different allylic isoprene with

distinct and characteristic effective degrees and efficiency.

The overall results (Figure 1–6) as shown clearly revea-

led that WBM enzymes system was highly capable of

forming high MW polyisoprenes up to the rubber molec-

ules. The highly active WBM enzymes system and the

versatility in synthesis new rubbermolecules from bacterial

isopreneUPPmight point theway for engineeringmicrobes

to synthesize rubber or the rubber-like polymers as

exquisitely discussed and recently opinionated by Steinbü-

chel.[33] It is therefore quite tempting to postulate that itmay

have certain potential degree or at least to construct the

interactive combination of the microbe metabolites and

plant enzymes to realize the possibility. The findings in this

report certainly warrant further investigation. Of particular

interest is determination of the rubber MWas resulted from

the bacterial isoprene UPP. This would certainly hold a

promise for a better understanding of the RB mechanism

and potential utilization of the Hevea enzymes system for

the in vitro synthesis of specialty functionalized rubber with

the desired properties of superior functions. This will of

course be further pursued and subsequently reported on the

molecular properties of such derived rubbers.

Conclusion

Bacterial undecaprenyl diphoshate (C55-UPP), lipid carrier

of glycosyl residues in the cell wall synthesis, was found

very suitable and highly effective for rubber synthesis by

the Hevea latex enzymes. The washed bottom fraction

membrane-bound particles of centrifuged fresh latex was

rubber biosynthesis (RB) active. Washed BF membrane

(WBM) showed much higher RB activity, strongly stimu-

lated by anionic surfactants, withDOCbeingmore effective

than SDS. WBM enzymes can synthesize rubber with

allylic isoprenes or without (but lower RB). Washed rubber

Figure 6. Schematic view proposing the interactive combinations of plant and bacteria in
rubber biosynthesis.
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particles (WRP) was very low on RB activity compared to

the very much higher RB byWBM. Bacterial undecaprenyl

diphoshate (C55-UPP) was very effective as an allylic

initiator for rubber synthesis by WBM. Comparisons of

UPP with the shorter allylics (C15-FPP, C20-GGPP) showed

UPP was the most effective. The RB activity orders of

WBM were UPP >> GGPP> FPP. The DOC activated

WBM synthesized more final rubber product (toluene/

hexane extract), with less polyprenyl intermediates (buta-

nol extractable) accumulated. This is different than FPP and

GGPP, with more intermediates but less of the rubber

product. Enzymes on WBM were highly versatile in using

diverse different allylics, and UPP was most preferable.

WRP was found little active with UPPþ IPP, but inactive

with IPP alone.

RP-TLC analyses of rubber product with acetone/

hexane solvent system, quantitative and qualitative, were

in good agreement with the WBM incubation RB assay

results.

Results from this study strongly confirmed that WBM

playing the key role in the RB functions, notWRP asmostly

reported. WBM was thus serving as the actual rubber

synthesis site, and the bacterialUPPwas very goodRB initi-

ator forWBMenzymes system.Aschematicview(Figure6)

can thus be drawn for proposing the interactive combina-

tions of the apt microbial metabolite (UPP) and the plant

enzymes capable of rubber synthesis in vitro, that might

possibly be manipulating in formation of some specialty

rubber. This idea would of course be verified and warrants

study.
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Abstract 

 

Natural rubber from Hevea brasiliensis is synthesized by enzymic polymerization of 

isopentenyl diphosphate (IDP) units. This has been proposed to occur inside the latex vessel 

in a thread-like tubular reticulum, connecting rubber particles to single- (lutoid) and double- 

(Frey-Wyssling, FW) membrane-bound organelles. We show that a membrane free 

preparation from FW particles converted [14C] glucose into radio labeled prenyl products 

and this was only partially inhibited by  mevinolin an inhibitor of the MVA cytosol 

associated pathway for IDP synthesis  This implicated the alternative plastid associated 

MEP pathway for IDP synthesis. We then identified a cDNA clone (Hbdxr) from a Hevea 

rubber latex cDNA library, encoding for 1-deoxy-D-xylulose-5-phosphate 

reductoisomerase (DXR), a key enzyme of the MEP pathway for the IDP biosynthesis. 

Sequence analysis and the deduced amino acid sequence had >80% homology to other 

plant DXR enzymes with an ORF consisting of 1413 bp capable of encoding a 50.97 kDa 

polypeptide. A highly conserved binding site for NADPH was identified and an N-terminal 

transit peptide with a putative conserved cleavage site.  The Hbdxr-gfp gene, transformed 

into Arabidopsis cells was located in the chloroplasts, thus Hbdxr may be expressed and 

localized in the FW plastids. The levels of Hbdxr mRNA detected in young latex 

containing tissues, inflorescence and seedling stems, were higher than those found in the 

latex from the tree and were barely detectable in the mature leaves. We therefore suggest 

that one function of the FW particles could be to supply IDP for rubber biosynthesis 

through the tubular thread-like reticulum. 

 

 Keywords

Hevea brasiliensis; Euphobiaceae; 1-Deoxy-D-xylulose-5-phosphate reductoisomerase; 

Frey-Wyssling particles; Rubber latex; Rubber biosynthesis 



 3 

1. Introduction 

Hevea rubber latex is obtained as the white-colored fluid that exudes from the trunk of 

rubber (Hevea brasiliensis) trees after tapping. The tapping severs a number of latex vessel 

rings, allowing the latex to flow out. All the components present in the vessel ring, at their 

different stages of development, can be found in the tapped latex. The latex contains 

particles the majority of which are rubber, lutoids, and Frey-Wyssling [1-3].The rubber 

particles consist mainly of a highly hydrophobic rubber core surrounded by a lipid 

monolayer containing a few embedded proteins [4].The lutoids are vacuoles enclosed by a 

single membrane and because of their high acid hydrolase content [5] are considered to be 

phytolysosomes [6]. The Frey-Wyssling (FW) particles are surrounded by a double 

membrane and contain many membranes or tubular structures. They are specialized 

chromoplasts containing plastochromonol, plastoquinone and �-carotene with characteristic 

orange to yellow colors and assumed to be modified plastids [7-12]. The highly 

complicated structure of FW particles indicates that they have important functions in the 

metabolism of Hevea latex [8]. When viewed with a phase contrast microscope, these three 

major latex particles seen in fresh latex after being collected at a low temperature, seem to 

be attached to a network of threads or a thread-like reticulum,. The yellow FW particles 

were found in grape-like clusters enclosed within a bag-like membrane. The lutoids were 

strung along the reticulum thread, like beads, and the rubber particles were attached through 

their stalks [13]. The different particulate materials in fresh latex can be separated by 

centrifugation with the rubber particles in the top layer, the middle fraction composed of the 

aqueous C serum, and the sedimented bottom fraction of lutoid and FW particles. It has 

been suggested that the thread-like structures, commonly observed throughout the 

centrifuged fresh latex, represent the remnants of an extensive reticulum of hollow thread-

like processes, within the latex vessel to which the various particles attach and through 

which they interact. It has been proposed that this thread-like reticulum could serve as the 

site for the biosynthesis of the natural rubber hydrocarbon [13]. In support of this 

possibility we have recently provided evidence for an active involvement of the latex 
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bottom fraction, containing the sedimented lutoid and FW particles, in rubber biosynthesis 

[14, 15]. The rubber is found in the top layer of rubber particles so it is possible that the 

tube –like reticulum acts as a conduit between these particles.  

 

Natural rubber is synthesized and made almost entirely of cis-isoprene units derived from 

IDP. An allylic diphosphate is, however, required as the priming co-substrate to initiate the 

subsequent extensive prenyl chain elongation process for the formation of the rubber 

molecule [16-18]. Synthesis of the allylic prenyl diphosphates are catalyzed by trans-prenyl 

transferase enzymes, that were found in both the bottom fraction and the cytosol C-serum 

of centrifuged fresh Hevea latex [3, 19]. The allylic diphosphates of chain length C5-C20 

have been shown to stimulate  in vitro rubber formation, the efficiency of which increases 

with the increasing chain length of the allylic diphosphates, i.e. C5 < C10 < C15 < C20 [16]. A 

structural analysis study to characterize the initiating species of Hevea rubber has indicated 

that farnesyl diphosphate (FDP) is the preferred starting molecule for rubber biosynthesis 

[20]. Recently, the expression of Hevea FDP synthase in rubber latex was shown to be 

much higher than that of the geranylgeranyl diphosphate (GGDP) synthase [21]. The rubber 

transferase enzymes responsible for the cis-1, 4-polymerization of isoprene units onto the 

allylic primer have until now been thought to be bound to particles [22-24].  

 

Since a laticiferous vessel is specialized in synthesizing the rubber polymer, it must have a 

means for a sufficient and efficient supply of IDP as this is the most important precursor 

required for the biosynthesis of rubber [25]. In higher plants, IDP is formed by two 

pathways that operate in different subcellular compartments [26-28]. The well-known 

mevalonate (MVA) pathway is present in the cytosol-endoplasmic reticulum while the 2C-

methyl-D-erythritol 4-phosphate (MEP) pathway is localized in the plastid. The two 

pathways start from different central intermediates: the MVA pathway starts from acetyl-

CoA whereas the MEP pathway starts from pyruvate and glyceraldehyde 3-

phosphate.Within the MEP pathway, the initial enzymatic step involves the condensation of 

glyceraldehyde 3-phosphate and pyruvate to form 1-deoxy-D-xylulose-5-phosphate (DXP), 
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catalysed by DXP synthase (DXS), the product of the dxs gene. The next reaction, the 

conversion of DXP to MEP, is catalyzed by 1-deoxy-D-xylulose-5-phosphate 

reductoisomerase (DXR), encoded by the dxr gene. The DXP is an intermediate precursor 

of not only the IDP but is also a common precursor for thiamine pyrophosphate and 

pyridoxol phosphate [29, 30]. Thus, the reaction catalyzed by DXR is thought to represent 

the first committed step in the MEP pathway. Ko et al. [31] have previously reported the 

expression of a gene encoding DXS in the Hevea latex, thus the MEP pathway is initiated 

in the latex. The high level of latex dxs gene expression reported is compatible with a 

possible involvement of the MEP pathway in supplying the isoprene precursor for the 

synthesis of the major rubber (polyisoprene) product, in addition to other minor 

isoprenoids, in the Hevea latex.  

 

To gain further insights into the MEP pathway in a non photosynthetic latex vessel, with 

the possibility of implicating it in rubber biosynthesis, we decided to attempt to clone the 

dxr gene from the latex of the rubber tree. Our previous detection of radio labeled prenyl 

products in the isolated FW particles after incubation with [14C] glucose gave us some 

confidence that this might be possible. So far, the detailed biological function of these 

particles in latex, besides their possible involvement in carotenoid biosynthesis, has not 

been established [3]. In this report we describe the isolation and characterization of latex 

cDNA encoding the dxr gene.  

 

2. Experimental 

 

2.1 Materials 

E. coli JM109 and pGEMT-easy vector (Promega) were used for the TA cloning. E. coli 

BL21 (DE3) and pET-32(a+) vector (Novagen) were used for expression of the 

recombinant protein. [1-14C]Glucose was from Amersham. Precoated reverse phase TLC 

plates (RP-18) were from Whatman Chemical Separation. Restriction enzymes were from 
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Takara (Tokyo, Japan), TOYOBO (Osaka, Japan) and New England Biolabs, Inc. DXP was 

purchased from Echelon Research Labs (Salt Lake City, UT, USA) 

 

2.2 Plant materials and RNA isolation 

Fresh Hevea latex and other tissue samples were obtained from regularly tapped rubber 

trees at the Songkhla Rubber Research Institute, Songkhla, Thailand. Hevea seeds were 

collected during a fruit-bearing season, September–October, germinated in sterile sand and 

grown into 5-week-old seedlings. Total RNAs of latex, leaves, inflorescences and seedling 

stems were isolated by using the RNeasy Plant Mini Kit (Qiagen). 

 

2.3 Frey-Wyssling particle isolation 

FW particle isolation was carried out as described by Phatthiya et al. [12]. Briefly, fresh 

latex was subjected to a series of centrifugations. First, a low speed centrifugation 

(1700 × g at 10°C for 30 min), using swing-out bucket rotors, was employed to minimize 

inter-particle collisions, especially between FW and lutoid particles, to allow all the 

particles to travel down the centrifuge tube through the viscous latex medium according to 

their density gradients. The upper half of the centrifuged latex, containing the less dense 

rubber particles, was removed whereas the lower half was further separated, by using a 

fixed angle rotor centrifuge (7000 × g at 4°C for 15 min), into three distinct layers: a minor 

uppermost rubber fraction with yellowish FW particles lying beneath, a middle aqueous 

fraction and a bottom fraction containing the most dense lutoid particles. After careful 

removal of the uppermost rubber layer, the floating yellowish-orange FW particles were 

collected from the top layer of the aqueous phase and collected as a pellet by 

ultracentrifugation (59,000 × g at 4 °C for 20 min). The pellet was washed once by 

resuspending in 2 vol. of washing buffer (50 mM Tris-HCl, pH 7.4) and kept at -20 oC until 

used. 

 



 7 

2.4 Assay of radioactivity incorporation from [14C] glucose into prenyl products 

The washed FW particles were sonicated with 10 short 10 sec bursts interspersed by 

intervals of 10 sec for cooling. FW membranes were removed by centrifugation at 10,000 � 

g at 4 oC for 10 min). An aliquot  (100 �l containing  280 μg of protein) of supernatant was 

added to a 500 �l reaction mixture containing 50 mM Tris-HCl, pH 7.8, 10 mM MgCl2, 10 

mM DTT, 30 mM KF, 0.15 NADPH, 74 μM mevinolin (when required )  and 1 mM 

[14C]glucose (5 Ci/mol). After the reactions were incubated at 37oC for 6 h, radioactive 

prenyl diphosphate products were extracted with 1-butanol saturated with water and 

hydrolyzed to the corresponding alcohols with potato acid phosphatase according to the 

method reported previously [32]. The hydrolyzed products were extracted with pentane and 

analyzed by TLC on a reverse LKC-18 plate (Whatman) with acetone/water (19:1, v/v). 

The distribution of radioactive products on TLC plate was analyzed with a Fuji BAS-100 

Mac Bioimage analyzer and spots of marker prenols were visualized with iodine vapor. 

 

2.5 Cloning of Hevea dxr fragment 

 

The cDNA fragment containing the region corresponding to the DXR was amplified from 

the Hevea latex cDNA library that had been constructed using the ZAP-cDNA Synthesis 

Kit (STRATAGENE). Degenerate primers were designed to amplify the Hevea dxr cDNA 

fragment according to the most highly conserved amino acid sequences of previously 

cloned genes encoding for plant dxr; sense primers, F1 (ALAAGSNV) 5�-

GCNCTNGCNGCNGGNTCNAAYGT-3�, F2 (VVTGIVGC) 5�- 

GTNGTNACNGGNATHGTNGGNTG-3�, and F3 (VAAIEAGK) 5�-

GTNGCTGCNATHGA AGCNGGNAA-3� and antisense primers, R1 (AQLGWPDM) 5�-

CATATCNGGCCANCCNARYTGNGC-3�, R2 (TWPRLDLC) 5�-

GCANAGRYCNAGNCKNGGCCANG-3�, and R3 (MTGVLSAA) 5�-GCNGCRCTNAGA 

ACTCCNGTCAT-3�, where R, Y, K, H and N represents A/G, C/T, G/T, A/C/T and 

A/C/G/T respectively. PCR was performed in a final volume of 50 μl containing 20 mM 
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Tris-HCl buffer (pH7.5), 25mM MgSO4 0.2 mM each dNTP mixture, 1 μM each primers, 

0.1 μg template and 1 unit KOD-Plus DNA polymerase(Toyobo). The PCR program used 

was 35 cycles of 94oC for 15 s, 50oC for 30 s, 68oC for 1 min (Mastercycler Eppendorf). 

The amplified DNA fragments were purified from agarose gel by using QIAquick Gel 

Extraction Kit (Qiagen) and subcloned into the TOPO TA cloning® Kit (Invitrogen) for 

sequencing. The resulting clones were verified by homology-based database searching 

using the BLASTN program. An internal 705 bp DNA fragment amplified by F1 and R1 

primers which showed homology to plant dxrs was termed HDR705. 

 

 RLM-RACE-PCR was used for cloning the full-length cDNA of Hevea dxr. The 

procedures were according to the manufacturer's instructions (GeneRacer Kit, Invitrogen). 

Gene specific primers for performing both 5�- and 3�- RACE reactions were designed based 

on the sequence of HDR705. The primers used for 5�-RACE were 5�-

TCCAGCTTCTATTGCAGCCACCG-3� (GSP1) and 5�-

CTACACTGACAGCATCTGGATGG-3� (GSP2), respectively, and those used for 3�-

RACE were 5�-TGGAGCTTTCAGGGATTGGCCTG-3� (GSP3) and 5�-

CAGTGGACTCCGCTACCCTTTC-3� (GSP4), respectively. According to the sequence 

information obtained by the 5�- or 3�- RACE reaction, the cDNA was amplified by RT-PCR 

using the total latex RNA as the template and then sequenced. The final full length cDNA 

obtained was designated Hbdxr. 

 

All cDNA fragments were sequenced with a Model 310 Genetic Analyzer (PE Biosystems) 

using a BigDye Terminator Cycle Sequencing Kit. Computer analysis and comparison of 

DNA sequences were carried out using GENETYX genetic information software (Genetyx 

Corp., Tokyo, Japan). 

 

2.6 Analysis of Hevea dxr expression 
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For RT-PCR, the total RNA was extracted from inflorescences, seedling stems, leaves and 

latex. A quantity of 1μg of total RNA was used as a template for synthesis of the first 

strand cDNA using Omniscript® Reverse Transcriptase (QIAGEN). PCR amplification was 

performed with first strand cDNA and Hbdxr specific primers, GSP4 and GSP5 (5�-

TCATGCAAGAACAGGGCTTAGACCAG-3�). The reactions were carried out with 28 

cycles of 15 s at 94oC, 30 s at 54 oC and 1 min at 68 oC with 2 min preheat at 94 oC. A 18s 

rRNA fragment was amplified for comparison. The amplified PCR products were analyzed 

by agarose gel electrophoresis. 

 

2.7 Subcellular localization of Hevea DXR 

 

The gateway entry clone harboring Hbdxr without a stop codon was applied for 

recombination with a Gateway destination vector. The pGWB5, kindly provided by Dr. 

Tsuyoshi Nakagawa (Shimane University, Japan), was used for construction of a binary 

vector to express HbDXR fused with sGFP at the C-terminal region in plant cells. The 

resulting plasmid was introduced into Agrobacterium tumefaciens GV3101 (pMP90) by 

triparental mating. Arabidopsis T87 cultured cells [33] were transformed by co-cultivation 

with GV3101 (pMP90) carrying the resulting construct as reported [34]. A stationary phase 

culture of A. tumefaciens was washed and resuspended with the same amount of JPL 

medium [35]. Seven-day-old T87 cultured cells grown in JPL medium under continuous 

illumination at 22°C rotating at 120 rpm were filtered through a 0.5-mm nylon sieve. The 

filtered culture was diluted 5 times in fresh JPL medium and cultured to grow until 20-40 

mg fresh weight/ml medium was obtained. Then 5 ml of the cultured cells were incubated 

with 50 μl of the Agrobacterium suspended in JPL medium in a 100 ml Erlenmeyer flask 

by gentle agitation (120 rpm) under continuous illumination at 22°C. After 48 h, the cells 

were collected, washed three times in the same amount of JPL medium supplemented with 

200 mg/l claforan (Hoechst Marion Roussel, Tokyo, Japan). The cells were resuspended 

with 5 ml of JPL medium supplemented with 200 μg/ml claforan and cultured again for 3-4 

days in a 100 ml Erlenmeyer flask. The co-cultivated cells were plated on cell growth 
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medium, containing 0.5 g/l MES (pH 5.7), 3.3 g/l Gamborg’s B5 medium salt mixture 

(Wako Pure Chemical Industries, Osaka, Japan), B5 vitamin (SIGMA, MI, USA), 3% (w/v) 

sucrose, 0.2 mg/l a-NAA, 200 mg/l claforan and 0.6% Bact-Agar, on which a nylon 

membrane was over-laid, and cultured under continuous illumination at 22°C for three 

days. The nylon membranes were transferred to new cell growth medium supplemented 

with 200 mg/l claforan and 10 μg/ml hygromycin and stored until green calli formation (for 

about two-weeks). Small cell aggregates of calli were transferred to JPL medium containing 

200 mg/l claforan. The suspension was kept under continuous illumination at 22°C rotating 

at 120 rpm. After 7-10 days, an aliquot of cell suspension was transferred to fresh medium 

containing 200 mg/l claforan and 10 μg/ml hygromycin and maintained as an independent 

cell line.

 

For GFP imaging, T87 cells expressing GFP-fused HbDXR were observed with a BX50 

microscope equipped with a FLUOVIEW confocal scanning system (OLYMPUS, Tokyo, 

Japan). The green (GFP) and red (chlorophyll autofluorescence) emissions were detected 

with filters BA510IF-BA550RIF and BA585IF, respectively. The images were then 

pseudo-colored and combined into one image.

3. Results  

3.1 [14C] labeled prenyl products derived from [14C] glucose 

 

A membrane-free extract, prepared from washed FW particles, was incubated with [14C] 

glucose in order to evaluate the presence of the MEP pathway in the putative FW plastids. 

An autoradiogram of the total acid phosphatase treated prenyl products, derived from [14C] 

IDP, revealed a major component, [14C] C20-OH  with [14C] C15-OH  and [14C] C45 -OH as 

minor products (Fig.1, lane 1). This result may indicate the presence of the MEP pathway 
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in the FW particles. For further confirmation, mevilonin (74 μM) was added to the 

incubation mixture to inhibit HMG-CoA reductase, a rate-limiting enzyme of the MVA 

pathway that might be present due to contamination by residual latex cytosol and the 

thread-like reticulum in the original isolated FW particles. The concentration of mevinolin 

employed was about three times higher than that reported to completely inhibit the HMG-

CoA reductase in Parthenium argentatum bark [36]. An autoradiogram of the prenyl 

alcohol products produced from [14C] glucose gave a similar pattern to the original without 

the inhibitor but the intensity was reduced by approximately one-half (Fig. 1, lane 2). This 

result confirmed that the MEP pathway was present in the FW particle preparation. An 

allylic diphosphate, especially the C15-diphosphate (FDP), had been identified as a species 

necessary for initiating rubber formation [21]. The presence of [14C] C15-OH in the 

autoradiogram indicated that the FW particles may be also involved in providing the 

initiating primer for the rubber biosynthesis. This warranted an attempt to detect and isolate 

the gene encoding for Hevea 1-deoxy-D-xylulose-5-phosphate reductoisomerase (HbDXR), 

a rate limiting enzyme in the MEP pathway. This assists in establishing a biological 

function for the FW particles in Hevea latex synthesis.  

  

3.2 Cloning of a full-length cDNA encoding Hevea DXR 

For the cloning of Hevea dxr, a BLAST database search was conducted using DXR as the 

query. From the four previously isolated plant cDNA’s encoding for dxr from, Arabidopsis 

thaliana [37], Lycopersicon esculentum [38], Oryza sativa [37] and Stevia rebaudiana [39], 

three sets of degenerated primers were designed to align with highly conserved regions. 

When PCR was conducted using a latex cDNA library as a template with the primer pair of 

F1 and R1, an amplified product of 705 bp was obtained and sequenced. The sequence was 

subsequently verified by using the BLAST program in a search of the NCBI database. This 

showed that it had a high sequence homology to the other plant DXRs. Based on the 

sequence of this DNA fragment, two sets of gene specific primers were designed to 

generate 5�- and 3�- ends using RNA ligase-mediated rapid amplification cDNA 5� and 3� 
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cDNA ends (RLM-RACE) PCR. The GSP1 and GSP2, in combination with a 5�-oligo 

primer and 5�-nested oligo primer, were used to amplify the 5�-end of cDNA. A 511 bp 

product was obtained by nested PCR. For the 3�- RACE, the first PCR was performed with 

GSP3 and oligodT primer. After 3�-nested PCR with GSP4 and the 3�- nested primer, a 572 

bp fragment was obtained. Three contiguous regions were assembled, and the resulting full-

length cDNA contained an open reading frame (ORF) of 1,413 bp capable of encoding a 

protein of 471 amino acids. We termed this clone Hbdxr. The GenBank accession number 

of this cDNA had been assigned as DQ437520. The amino acid sequence deduced from the 

nucleotide sequence was compared with the NCBI databases. It had a very high homology 

throughout the entire ORF with the plant dxrs: L. esculentum (86%), A. thaliana (82%), S.

rebaudiana (82%), and O. sativa (80%) (Fig. 2).The highly conserved GSTGSIG motif, 

proposed to constitute the NADPH binding site of a ketol acid reductoisomerase [40], was 

present near the N-terminal of HbDXR (positions 81-87). 

 

To characterize the sequence of the N-terminal region, two prokaryotic DXRs; E.coli [40] 

and Synechococcus leopoliensis [41] DXRs were aligned with the plant DXRs. The plant 

enzyme contains an extension of about 80 residues that is not present in the prokaryotic 

sequence. The extended region at the N-terminal of the plant DXRs indicated that it was 

likely to be a transit peptide for a plastid protein and contained a conserved cleavage site 

[37]. A putative conserved processing site, Cys-Ser-Ala motif, was present at positions 49-

51 of the HbDXR sequence. The extended region at the C-terminal side of the putative 

cleavage site contains a consensus motif PPPPAWPGRA (positions 53-62 of HbDXR), 

defined as the Pro-rich region at the N-terminus of the mature plant DXR [40].

 

Phylogenetic analysis, based on the alignment of plant dxrs, revealed a relationship 

between the phylogeny of dxr sequences and phylogenic distances (Fig. 3). There appear to 

be three major lineages of these genes; gymnosperms, monocots, and eudicots. The eudicot 

genes formed two major clades, rosids and asterids. The Hevea gene was most closely 
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related to the one from Croton stellatopilosus (GenBank accession no EF451544) which is 

in the same Euphorbiaceae family as the rubber tree. 

 

3.3 Expression analysis of Hevea mRNAs 

 

To examine the Hbdxr mRNA expression in various Hevea tissues,  

RT-PCRs using total RNA extracted from inflorescences, seedling stems, leaves and latex 

were performed. As shown in Fig. 4, the levels of PCR products in the inflorescences and 

young stems were higher than that of the latex tapped from the tree. The PCR product was, 

however, barely detected in the mature leaves. 

3.4 Subcellular localization of Hevea DXR 

 

HbDXR was predicted by the ChloroP algorithm (http://www.cbs.dtu.dk/services/ChloroP/) 

to have a putative plastid transit peptide in the 80 amino acid region at the N-terminus thus 

indicating the function of HbDXR in the plastid. As expected, a fluorescence of HbDXR 

fused with GFP at the C-terminal region was detected in chloroplasts of Arabidopsis 

cultured cells, and this was confirmed by an overlapping of the autofluorescence of 

chloroplasts (Fig. 5).  

4. Discussion 

The presence of [14C] C45- prenyl DP products, derived from [14C] glucose, on the 

autoradiogram from the membrane free preparation derived from sedimented FW particles 

indicated a successful preparation able to initiate synthesis of prenyl DP products. 

Previously, C45 prenyl side chains of plastoquinone-9 had been detected in the FW particles 

isolated from fresh Hevea latex [12] and  C15- , C20- and C45 –prenyl DP products had been 

detected among the prenyl DP extraction products from a freeze-dried bottom fraction, 

containing both lutoid and FW particles, after incubation with [14C] IDP [19]. The allylic 
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diphosphate, especially FDP, had been identified as an initiating species for rubber 

formation [20]. Hence, it is interesting to see whether the FW particles make a major 

contribution for providing both the initiating primer and the IDP, from the MEP pathway, 

for in vivo rubber formation in the proposed Hevea latex thread-like reticulum [13]. 

Moreover, the involvement of an endoplasmic reticulum had previously been reported in 

the ontogeny of rubber formation in guayule, Parthenium argentatum [42]. 

 

A Hevea rubber latex gene (Hbdxr) encoding for the rate limiting enzyme in the MEP 

pathway was successfully cloned from rubber latex cDNA. This gene contains a putative 

ORF encoding a protein consisting of 471 amino acid residues with a predicted molecular 

mass of 50.97 kDa. Accordingly, the study on the localization of HbDXR in the chloroplast 

of Arabidopsis cells indicated that HbDXR has a distinct transit peptide function in 

translocation of the HbDXR to a plastid. Latex FW particles have been assumed to be 

modified plastids due to the presence of plastoquinone, plastochromanol and isoprenoids 

[11, 12]. Hence, the Hbdxr may be expressed and localized in the latex FW plastid-like 

particles. Accordingly, the levels of Hbdxr mRNA transcripts in young latex containing 

tissues, inflorescences and seedling stems, were shown to be higher than that of the latex 

tapped from mature latex vessels localized in the bark of the rubber tree. This result is 

opposite to the barely detectable transcript found in the leaves rich in light gathering 

plastids. Thus, this Hbdxr homolog may be specific to the putative FW plastids specialized 

in the biosynthesis of rubber. It remains to be seen whether the IDP and FDP required for 

the biosynthesis of rubber polymer, in the proposed thread-like reticulum, is also mainly 

contributed by the FW particles. 
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Figure legends 

Fig. 1. TLC autoradiogram of the prenyl alcohols obtained by enzymatic hydrolysis of 

products formed by the reaction mixture containing [14C] glucose and FW particles. The 

products obtained from reaction in the absence (lane 1) and presence of mevinolin (lane 2) 

was analyzed by TLC on a reversed-phase LKC-18 plate with a solvent system of 

acetone/water (19:1, v/v). S.F.: solvent front; Ori: origin. 

 

Fig. 2. Multiple sequence alignment of the deduced amino acids of HbDXR and DXRs 

from four other plants and two from bacteria. The residues boxed in black indicate the 

positional identity for at least four of six compared sequences. Dashes indicate gaps 

introduced in order to optimize the alignment. Asterisks indicate the NADPH-binding 

motif. The putative cleavage site is indicated with an arrowhead. The cDNA accession 
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numbers are A. thaliana; AF148852, L. esculentum; AF331705_1, O. sativa; AF367205, S.

rebaudiana; AJ429233, H. brasiliensis; DQ437520, S. leopoliensis; AJ250721 and E. coli; 

AB013300. 

 

Fig. 3.A phylogenetic tree generated by MEGA3 program based on the degree of similarity 

between plants dxrs. Sequence analysis was performed using CLUSTAL W. The branches 

were validated by bootstrap analysis from 500 replications, which are represented by 

percentages in the branch nodes. The cDNA accession number are Salvia (S. miltiorrhiza); 

DQ991431, Mentha (M. x piperita); AF116825, Plectranthus (P. barbatus); AY515699, 

Antirrhinum (A. majus); AY770406, Picrohiza (P. kurroa); DQ347963, Catharanthus (C.

roseus); AF250235, Nicotiana (N. tabacum); DQ839130, Lycopersicon (L. esculentum); 

AF331705, Stevia (S. rebaudiana); AY834755, Artemisia (A. annua); AF182287, 

Chrysanthemum (C. x morifolium); AB205048, Arabidopsis (A. thaliana); AF148852, 

Pueraria (P. Montana var lobata); AY315651, Cistus (C. creticus); AY297794, Populus (P.

tremula x P. alba); AJ574852, Croton (C. Stellatopilosus); EF451544, Hordeum (H.

vulgare); AJ583446, Oryza (O. sativa); AF367205, Ginkgo (G. biloba); AY494186 and 

Taxus (T. cuspidata); AY575140. 

 

Fig. 4. Analysis of mRNA expression patterns by RT-PCR. (A) mRNA expression of 

Hbdxr (28 cycles); (B) 18S rRNA expression as an internal control. 

 

Fig. 5.  Subcellular localization of Hevea DXR in Arabidopsis T87 cells. Cells expressing 

HbDXR, fused with GFP at the C-terminus and GFP, were observed by laser confocal 

microscopy. The panels indicated as BA510IF, BA585IF, and Merge show fluorescence 

images of GFP, the autofluorescence of chlorophylls, and the merged image of green and 

red fluorescence, respectively. 
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Summary

Plastoquinones play important roles as electron carriers in the light-dependent reactions of photosynthesis and also as a cofactor of phytoene

desaturation in the synthesis of carotenoid. A plastoquinone-9 (PQ-9) was identified in Frey-Wyssling organelles of fresh rubber latex from Hevea

brasiliensis. This indicates that a Hevea solanesyl diphosphate synthase (HbSDS) must be present for the synthesis of the C45 prenyl side chain of

the PQ-9 found in the rubber latex. Based on the sequence information of other trans-prenyl diphosphate synthases, the cDNA encoding HbSDS

was cloned from aHevea rubber latex cDNA library. Sequence analysis revealed the presence of an ORF consisting of 1254 bp capable of encoding

a 46,095 Da polypeptide. The deduced amino acid sequence of the clone contained all conserved regions found in typical trans-prenyl chain

elongating enzymes. This cDNA, expressed in Escherichia coli cells as an insoluble but Trx-His-tagged fusion protein, showed a distinct solanesyl

diphosphate synthase activity in the presence of Triton X-100. The expression level of HbSDS mRNA in latex was found to be higher than those in

leaves, stems and roots. The expressed HbSDS is suggested to be a specific enzyme in the Frey-Wyssling particles of rubber latex.

# 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Solanesyl diphosphate synthase; Plastoquinone; Frey-Wyssling particle; Prenyl diphosphate synthase; Hevea brasiliensis; Rubber latex

1. Introduction

Prenylquinones present in photosynthetic organisms belong

to a large multifunctional family of lipid soluble compounds

that include plastoquinones, phylloquinones, tocopherols and

tocotrienols. All prenylquinones are composed of hydrophobic

prenyl tails of various lengths attached to aromatic head groups

that are capable of donating and accepting electrons. The

aromatic compound homogenistic acid is used for condensation

with phytyl diphosphate (PDP), geranylgeranyl DP (GGDP), or

solanesyl DP (SDP) in tocopherol, tocotrienol and plastoqui-

none synthesis, respectively [1–4]. The length of the prenyl side

chain is controlled by specific trans-prenyl diphosphate

synthase. In general, a long-chain trans-prenyl diphosphate

product is derived from its short-chain prenyl diphosphate

precursor produced by short-chain trans-prenyl diphosphate

synthases which includes farnesyl diphosphate synthase (FDS)

or geranylgeranyl diphosphate synthase (GGDS). Several genes

encoding for short-chain trans-prenyl diphosphate synthases

have been cloned and characterized including Arabidopsis

thaliana FDS [5] and GGDS [6–8], Hevea FDS [9] and GGDS

[10], Citrus sinensis and Capsicum annuum geranyl dipho-

sphate synthases (GDS) [11–13]. At present, there have been

only two plant genes encoding for a long-chain trans-prenyl

diphosphate synthase, solanesyl diphosphate synthase (SDS)

reported from a small cruciferous plant, A. thaliana [14–16].

To gain further insight into the structure, function and

evolution of the long-chain trans-prenyl diphosphate synthases

among various plants, we became interested in isolating the

SDS gene from the latex of the rubber tree (Hevea brasiliensis).

The incentive for this isolation arises from a preliminary

detection of plastoquinone with a C45 prenyl side chain moiety

www.elsevier.com/locate/plantsci
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(plastoquinone-9) in specialized rubber latex organelles called

the Frey-Wyssling (FW) particles [17]. The FW particles are

surrounded by a double membrane and had been shown to

contain plastochromanol and carotenoids that give character-

istic yellow to orange colors [18,19]. So far, the detailed

biological function of these particles in latex, besides their

possible involvement in carotenoid biosynthesis, has not been

established [20].

2. Materials and methods

2.1. Materials

Escherichia coli JM109 and pGEMT-easy vector (Promega)

were used for the TA cloning. E. coli BL21 (DE3) and pET-

32(a+) vector (Novagen) were used for expression of the

recombinant protein. [1-14C]IDP was from Amersham. Non-

labelled IDP, GDP, FDP and GGDPwere synthesized according

to the procedure of Davisson et al. [21]. Precoated reverse phase

TLC plates (RP-18) were fromWhatman Chemical Separation.

Restriction enzymes were from Takara (Tokyo, Japan),

TOYOBO (Osaka, Japan) and New England Biolabs, Inc.

Ubiquinone-10 (UQ-10) was a product of Sigma.

2.2. Plant materials and RNA isolation

Fresh Hevea latex and other tissue samples were obtained

from regularly tapped rubber trees (Hevea) at the Songkhla

Rubber Research Institute, Songkhla, Thailand. Hevea seeds

were collected during a fruit-bearing season, September–

October, germinated in sterile sand and grown into 5-week-old

seedlings. Total RNAs of latex, leaves, roots and whole young

seedling tissues were isolated by using the RNeasy Plant Mini

Kit (Qiagen). Mitochondria and chloroplasts were prepared

from Hevea leaves by the previously described method [22].

2.3. Frey-Wyssling particle isolation

Fresh latex containing most numerous rubber particles, in

addition to other lutoid and FW particles [23], was subjected to

a series of centrifugations to isolate the FW particles. First a low

speed centrifugation (1700 � g at 10 8C for 30 min) with

swing-out bucket rotors to allow all the particles to travel

through the viscous latex media, according to their densities

gradients, down the length of the centrifuge tube without being

forced against the sides of the tube. This aimed to minimize

inter-particle collisions, especially between FW and lutoid

particles. The upper half of the centrifuged latex, containing the

majority of the less density rubber particles, was removed

whereas the lower half was further separated, by using a fixed

angle rotor centrifuge (7000 � g at 4 8C for 15 min), into three

distinct layers: a minor uppermost rubber fraction with

yellowish FW particles lying beneath, a middle aqueous

fraction and a bottom fraction containing the most dense lutoid

particles. After careful removal of the uppermost rubber layer,

the floating yellowish-orange FW particles were collected from

the top layer of the aqueous phase and collected as a pellet by

ultracentrifugation (59,000 � g at 4 8C for 20 min). The pellet

was washed twice by suspending in 3 vol. of washing buffer

(50 mM Tris–HCl, pH 7.4), and kept at �20 8C until used.

2.4. Prenylquinone analysis

H. brasiliensis leaves (50 g) were cut into small pieces and

homogenized in a Waring blender with 300 ml of ice-cold

medium (0.3 ml 1 M MgCl2, 0.3 ml 1 M MnCl2, 0.3 ml 1 M

glycine, 0.6 ml 0.5 M Na2 EDTA, 15 ml 1 M Tris–HCl, pH 7.5,

30.81 g sucrose, 0.48 g BSA, 211 g Na-ascorbate, added

immediately before used, H2O added to 300 ml). After

filtration through four layers of cheesecloth, the filtrate was

centrifuged at 2500 � g at 4 8C for 5 min. The pellet contained

the chloroplasts and the supernatant contained the mitochon-

dria. The mitochondria were isolated from the supernatant by

centrifugation at 15,000 � g at 4 8C for 15 min [22].

Prenyllipids were separately extracted from the pellets (2 g,

wet weight, each) of mitochondria, chloroplasts and FW

particles under total reflux for 3 h with chloroform/methanol

(2:1, v/v). The extracts were evaporated to dryness, dissolved in

chloroform/methanol (1:1), and analyzed by normal-phase

TLC (Kieselgel 60 F254, Merck) with hexane/diethyl ether/

acetic acid (80:20:1, v/v/v) [24]. The UV-visualized areas

contained the prenylquinones (Rf 0.27–0.59) and these areas

were scraped from the TLC plates, extracted with chloroform/

methanol (1:1, v/v) and evaporated to dryness. The dry sample

was dissolved in solvent A (methanol/propan-2-ol; 4:1, v/v) and

subjected to HPLC (Waters) on a reverse-phase C18 Symmetry

5 mm (3.9 mm � 150 mm) column, preequilibrated with a

solvent mixture containing an equal volume of solvent A and

solvent B (methanol/propan-2-ol; 1:1, v/v), at a flow rate of

1.0 ml/min. After sample injection, the column was eluted with

a linear gradient from 50 to 100% solvent B for 10 min,

followed by isocratic elution with solvent B for another 10 min.

A standard solution of UQ-10 was prepared in solvent A and

used to confirm identification of purified ubiquinone

(lmax = 275 nm). Plastoquinone (lmax = 256 nm) was identi-

fied by a combination of spectroscopy and mass spectroscopy

according to the method of Hirooka et al. [14].

2.5. PCR amplification of Hevea trans-prenyl diphosphate

synthase cDNA fragment

The cDNA fragment containing the region corresponding to

the trans-prenyl diphosphate synthases was amplified from the

Hevea latex cDNA library that had been constructed using the

ZAP-cDNA Synthesis Kit (STRATAGENE). Seven degenerate

oligonucleotide primers were designed to amplify the Hevea

trans-prenyl diphosphate synthase cDNA fragment after

identifying highly conserved regions of other trans-prenyl

diphosphate synthases; sense primers, TransF1 (GGKRVRP,

region I) 50-GGNGGHAARMGKRTNMGDCC-30, TransF2

(VXLVSRA, region I) 50-GTRYTSCTRRTATCACRWGC-30,
TransF3 (EMIHTAS, region II) 50-GARATGATHCAYACNG-
CHAG-30, and TransF4 (HDDXXDE, region II) 50-CAHGAY-
GAYGTGKTAGAYGA-30 and antisense primers, TransR1
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(KTASLVA, region V) 50-GCHACYAAWGANGCNGTYTT-

30, TransR2 (VDDILDF, region VI) 50-AMRTCVAR-

AATRTCRTCMAC-30, and TransR3 (GKPAGXD, region VI)

50-ACMBWMSCKRCHGGYAAHCC-30, where R is G or A, K

is G or T, S is G or C,W is A or T,M is A or C, Y is Tor C, D is G

or A or T, V is G or A or C, B is G or Tor C, H is A or Tor C, and

N is G or A or T or C. PCR was performed in a total volume of

20 ml containing 1 mM of amplification primer pair for 30

cycles of 15 s at 94 8C, 30 s at 50 8C and 1 min at 68 8C. The
resulting band of PCR products were extracted from agarose gel

and subcloned into pGEMT-easy vector for sequencing by the

ABI PRISM 310 Genetic Analyzer and analyzed by

GENETYX software. One of the resulting clones, that showed

homology to trans-prenyl diphosphate synthases, was termed

LS300.

2.6. 30- and 50-RACE reaction and cloning of Hevea trans-

prenyl diphosphate synthase cDNA

Cloning of the full length cDNA of Hevea trans-prenyl

diphosphate synthase was performed by using total RNA

extracted from young Hevea seedlings as the template for both

30- and 50-RACE reactions based on the cDNA sequence of the

LS300. The procedures applied for the 30- and 50-RACE
reactions were according to the manufacturer’s instructions

(GeneRacer Kit, Invitrogen). The primers used for 30-RACE
were 50-CGGCCAGCTTAATCCTGATGATGT-30 (HesF1), 50-
ACTCTATGGCACGAGGGTGGCAGT-30 (HesF2) and 50-
CTGCGATGTTGAACTCGAGGAGTA-30 (HesF3), respec-

tively, and those used for 50-RACE were 50-ACTCCTC-
GAGTTCAACATCGCAGT-30 (HesR1), 50-GTACTGCCAC-
CCTCGTGCCATAGA-30 (HesR2) and 50-CATCATCATG-
GATTAAGCTGGCGGTAT-30 (HesR3), respectively. Accord-
ing to the sequence information obtained by the 30- or 50-RACE
reaction, the cDNA was amplified by RT-PCR using the total

latex RNA as the template and then sequenced. The final full

length cDNA obtained was designated HbSDS.

2.7. Construction of an expression vector system in E. coli

and purification of Hevea trans-prenyl diphosphate

synthase

An expression vector system for the HbSDS was constructed

by choosing the pET-32(a+) vector (Novagen) designed to

express the gene product as a thioredoxin- and His-tagged

fusion protein, suitable for production of soluble protein in the

E. coli cytoplasm and for rapid purification. The restriction

enzyme recognition site for SacI and SalI was introduced by

PCR at the 50- and 30-end of the coding regions of the HbSDS

cDNA, respectively. The resulting fragments were sequenced,

digested with SacI and SalI, and ligated into the SacI–SalI

vector of pET-32(a+), yielding the expression plasmid pET-

HbSDS. The expressed plasmid was used for transformation of

E. coli BL21(DE3), and 1 ml of an overnight culture of the

transformant in Luria–Bertani medium containing 100 mg/ml

ampicilin was inoculated into 200 ml of the same medium. The

cells were grown at 37 8C to reach an A600 value of 0.8.

Isopropyl thio-b-D-galactoside was added to a final concentra-

tion of 0.1 mM, and the culture medium was further incubated

at 30 8C for 5 h. Overproduction of the proteins was confirmed

by SDS/PAGE according to the standard method of Laemmli

[25]. The cells were harvested by centrifugation (5000 � g,

10 min) and then disrupted by sonication. The cell homo-

genates were separated into soluble and insoluble protein

(inclusion body) fractions by centrifugation at 8000 � g for

10 min. The expressed proteins were purified essentially

according to the protocol of Xpress Protein Purification System

(Invitrogen), using a Ni2+ nitrilotriacetic acid-agarose column.

The insoluble proteins were extracted with buffer A (20 mM

phosphate buffer, pH 7.4, containing 0.5 M NaCl and 8 M urea)

at 37 8C for 1 h. The protein extract was collected by

centrifugation at 8000 � g for 10 min, filtered through a filter

membrane, and applied to a Ni2+ resin column. The column was

washed with buffer A and the tagged protein was eluted with

buffer B (20 mM phosphate buffer, pH 7.4, containing 0.5 M

NaCl and 0.3 M imidazole). The purified protein was renatured

by dialysis against buffer C (10 mM Tris–HCl, pH 7.4,

containing 1% Triton X-100).

2.8. Solanesyl diphosphate synthase assay and product

analysis

The incubation mixture, in a total volume of 100 ml,
contained 50 mM Tris–HCl (pH 7.5), 5 mM MgCl2, 20 mM b-
mercaptoethanol, 50 mM FDP, 50 mM [1-14C]IDP, 0.5% Triton

X-100 and 200 mg of crude enzyme from the cell-free

homogenate of HbSDS-overexpressed E. coli cells. After

incubation at 30 8C for 1 h, the reaction was stopped by chilling

on ice and followed by addition of 100 ml saturated NaCl

solution. The products were extracted with 1 ml of 1-butanol

saturated with water and the amount of [1-14C]IDP incorpo-

rated into the 1-butanol-extractable polyprenyl diphosphate

was measured in a liquid scintillation counter. The enzyme

activity was expressed in terms of the radioactivity in the 1-

butanol extract. The 1-butanol extracts were hydrolyzed with

potato acid phosphatase according to Fujii et al. [26] The

hydrolyzed products were extracted with pentane and analyzed

by TLC on a reversed LKC-18 plate (Whatman) with acetone/

water (19:1, v/v). The distribution of radioactive products on

the TLC plate was analyzed with a Fuji BAS-100 Mac

Bioimage analyzer and spots of marker prenols were visualized

by exposing the plate to iodine vapor.

2.9. Expression analysis of HbSDS mRNAs

RT-PCR was performed for the analysis of HbSDS mRNA

expression. Total RNAs (1 g) from various Hevea tissues was

amplified with HbSDS specific primers, S1 (50-CCTAGTGT-
CAAGAGCCACAGCAGAA-30) and C2 (50-GTTTATACCCC-
TGTAAAGCTTACCTA-30). The reactions were carried out

with 35 cycles of 15 s at 94 8C, 30 s at 54 8C and 1 min at 68 8C
with a 2 min preheat at 94 8C. The products obtained were

analyzed by agarose gel electrophoresis with ethidium bromide

staining.
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3. Results

3.1. Latex Frey-Wyssling prenylquinone identification

Frey–Wyslling particles are known to be very specialized

chromoplasts containing b-carotene and found in lacticiferous

vessels including rubber latex collected by tapping [23,27]. The

prenylquinones in the lipids extracted from FW particles were

identified, through a combination of TLC and HPLC, and

compared to those of leaf chloroplast and mitochondria. A

similar retention time (9.5 min), monitored by A256 in an HPLC

chromatogram was obtained for the main chromatographic

peaks of the prenylquinones from FW particles and chloroplasts

(Fig. 1). Their chemical structures were confirmed as

plastoquinone-9 (PQ-9) by mass spectroscopy (data not

shown). This is different from the mitochondrial prenylquinone

which was identified as UQ-10 (Fig. 1), by comparing the

retention time of the chromatographic peak, monitored by A275,

with an authentic reference UQ-10 standard. These findings

indicate a possible involvement of latex FW particles in the

synthesis of PQ-9. Hence, further studies to isolate and

characterize the Hevea solanesyl diphosphate synthase

(HbSDS), involved in the synthesis of the C45 prenyl side

chain of the PQ-9 present in rubber latex are thus warranted.

3.2. Isolation of the gene encoding solanesyl diphosphate

synthase

In order to obtain a gene fragment containing conserved

amino acid regions of HbSDS, seven degenerated oligonucleo-

tide primers were designed to identify highly conserved regions

of various trans-prenyl diphosphate synthases such as

octaprenyl diphosphate synthase (ODS) from E. coli [28],

SDP synthase from Anabaena [29], SDP synthase 1 from A.

thaliana [14], decaprenyl diphosphate (DDP) synthases from

Gluconobacter suboxydans [30] and Schizosaccharomyces

pombe [31]. Three kinds of products were obtained from

PCR using a Hevea latex cDNA library as a template with

primer pairs of TransF1 and TransR2. Then nested PCR was

performed using primers TransF3 and TransR1. The resulting

0.3 kb cDNA fragment was cloned into the pGEMT-easy

vector, and its nucleotide sequence was determined. The

deduced amino acid sequence of this cDNA contained regions

common to the conserved regions II, III, IV and V of trans-

prenyl diphosphate synthases with 39, 65 and 89% identities to

the corresponding regions of E. coli ODS, Anabaena SDP

synthase and, A. thaliana SDP synthase 1, respectively. Specific

primers, designed from the 0.3 kb cDNA fragment, were used

to amplify 50- and 30-UTRs by 50- and 30-RACE, respectively.
Two cDNA fragments that contained the same ORF were

obtained from the 50-end amplification and only a 762 bp cDNA

fragment was obtained from the 30-RACE. These sequences

were used to design primers for the amplification of full length

cDNA. The full length sequence revealed the presence of an

ORF consisting of 1254 bp capable of encoding a 418 amino

acid protein (Fig. 2). The protein encoded by this ORF contains

the seven conserved regions found in typical prenyl dipho-

sphate synthases (Fig. 3). This gene was thus designated as

HbSDS (Hevea solanesyl diphosphate synthase, GenBank

accession no. DQ437520). The amino acid identities of the

protein encoded by this ORF compared to those of the SDP

synthase 1 from A. thaliana, ODP synthase from E. coli, GDP

synthase from Citrus sinensis, GGDP and FDP synthases from

Hevea were 70, 46, 41, 33 and 23%, respectively.

3.3. Overproduction of recombinant HbSDS protein in E.

coli

In order to obtain a HbSDS gene product, its cDNA was

expressed in E. coli cells by means of a pET-32a(+) expression

system that contains a thioredoxin fusion sequence suitable for

production of soluble proteins in the E. coli cytoplasm. By

induction with IPTG, the E. coli cells harboring HbSDS cDNA

produced a recombinant protein of 60 kDa in the insoluble

pellet fraction (Fig. 4). The urea extracted HbSDS protein was

subjected to a metal affinity column for purification of the His-

tagged fusion protein, under denaturing conditions. As shown

in Fig. 4, the affinity-purified HbSDS protein was detected as a

single band of 60 kDa corresponding to the His-tagged fusion

protein.

3.4. Enzymatic activity of HbSDS protein

The activity of HbSDS was examined in the crude enzyme

obtained from a cell-free homogenate of IPTG-induced E. coli

Fig. 1. HPLC chromatogram of Hevea prenylquinones. (A) Chloroplast plas-

toquinone-9 extracted from leaves; (B) Frey-Wyssling particle plastoquinone-9

extracted from latex; (C) mitochondrial ubiquinone-10 extracted from leaves.
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harboring pET-HbSDS. The prenyl alcohol product clearly

indicated that the cloned gene catalyzed the synthesis of a C45

prenyl moiety (Fig. 5). This confirmed that the expressed

enzyme is solanesyl diphosphate synthase. When the primer

substrate specificity was examined by using four allylic

diphosphates namely dimethylallyl diphosphate (DMADP),

GDP, FDP and GGDP (Table 1), the HbSDS was found to

utilize only allylic primers that contain at least two C5 isoprenyl

units and its allylic substrate specificity is directly proportional

to the isoprene unit contents of the primers,

GGDP > FDP > GDP, respectively.

3.5. Expression analysis of HbSDS mRNAs

To examine the HbSDS mRNA expression in various Hevea

tissues, RT-PCRs using total RNA extracted from young stems,

roots, leaves and latex were performed. As shown in Fig. 6, the

PCR products representing the HbSDS mRNA expressions

were detected in all tissues but at a different level. The level of

transcript accumulation for HbSDS was found to be highest in

the latex and lowest in the root. This is opposite to the

expression level ofHeveaGGDP synthase, a short-chain prenyl

Fig. 2. Nucleotide and deduced amino acid sequences of HbSDS. The number of nucleotide sequence and amino acid sequence are indicated on the left and right,

respectively.

Table 1

Allylic substrate specificity of HbSDS

Substrate Relative activity

DMADP 0

GDP 44

FDP 100

GGDP 257

Enzyme reactions were performed as described in Section 2. Each allylic

substrate was used at 50 with 50 mM [1-14C]IDP. Relative activities were

determined based on the activity with FDP.
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diphosphate synthase, which had been shown to be higher in the

leaves than in the latex [10].

4. Discussion

Our identification study on prenylquinones from Hevea

tissues showed that the prenylquinone in leaf mitochondria

possesses a C50 prenyl side chain which is longer than those C45

prenyl side chains found in leaf chloroplast and rubber latex

FW particles. This finding indicates the need for at least two

Hevea trans-long chain prenyl diphosphate synthases including

a latex solanesyl diphosphate synthase. This is different from

the prenylquinones found in A. thaliana where only a single

species of side chain with the C45 prenyl moiety was found [14].

A Hevea rubber latex gene that encodes for a solanesyl

diphosphate synthase was successfully cloned and expressed in

E. coli cells. This gene contains a putative ORF encoding a

protein consisting of 418 amino acid residues with a predicted

molecular mass of 46 kDa. The expressed protein was found in

the pellet fraction in spite of being fused with a His- and

thioredoxin-tag suitable for production of soluble protein in the

E. coli cytoplasm. This may result from a much higher

proportion of hydrophobic amino acids (48%) as compared to

the hydrophilic ones (28%). As a consequence, a non-ionic

detergent (Triton X-100) was required to stimulate the enzymic

activity of the HbSDS, and this is similar to reports for other

long-chain prenyl diphosphate synthases found in microorgan-

isms [32,33]. From the sequence analysis of HbSDS the

Predotar program [34] has predicted the presence of a plastid

targeting sequence. The plant plastids had previously been

shown to accumulate isoprenoids, including carotenoids, prenyl

chains of chlorophylls and plastoquinone, synthesized via the

MEP pathway [35–37]. The latex FW particles have also been

assumed to be modified plastids [38] due to the presence of

Fig. 3. Comparison of the deduced amino acid sequences of HbSDS. The deduced amino acid sequences of HbSDS are compared with those of solanesyl diphosphate

synthases from A. thaliana (SPS1 GenBank accession no. BAD88533 and SPS2 GenBank accession no. BAD88534) and Rhodobacter capsulatus (GenBank

accession no. BAA22867). The filled boxes indicate the positional identity of the sequences. The seven highly conserved regions are underlined.

Fig. 4. SDS-PAGE gel of purified HbSDS. Lanes SC and S, soluble protein

from non-induced and induced E. coli cells, respectively; lanes PC and P,

insoluble proteins from non-induced and inducedE. coli cells, respectively; lane

Pu, purified HbSDS; lane M, molecular-mass markers.
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plastoquinone, plastochromanol and isoprenoids. Hence, the

expressed HbSDS may be specific for the synthesis of PQ-9

prenyl side chains in the latex FW particles. Accordingly, the

level of HbSDSmRNA transcript was also found to be higher in

the latex. We therefore suggest that it has an important function

in the lacticiferous vessels where rubber biosynthesis is highly

active. The PQ-9 in the latex FW particles may function as a

cofactor in the sequential desaturation reactions, catalyzed by

phytoene desaturase, required for carotenoid synthesis and play

an antioxidative role similar to the function of ubiquinone in

mitochondria and/or be involved in disease resistance as had

been reported in other plants [39–41].
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Summary This study aimed at screen for antimicrobial activity present in the non-rubber

constituents of rubber latex of Hevea brasiliensis against various microbial strains. An

antimicrobial protein, hevein was extracted from the bottom fraction after

centrifugation and purified by acetone fractionation and anion exchange

chromatography on a DEAE-Sepharose Fast Flow column. This procedure was more

efficient and rapid than the previously described procedures. The antimicrobial activity

was investigated and revealed that hevein, a small (4.7 kDa) cysteine-rich protein, had

strong antimicrobial activity, especially against Candida spp. including Candida albicans,

Candida tropicalis and Candida krusei. The MIC80 value for hevein was as low as

12 lg ml)1 with C. tropicalis ATCC 750. Higher MIC80 values were obtained for

C. albicans ATCC 10231 (95 lg ml)1) and C. krusei ATCC 6258 (190 lg ml)1). To
confirm the antifungal activity, hevein also inhibited the growth of those fungi in a disk

diffusion assay and its inhibition was enhanced when a Hevea latex protease inhibitor

was also included. Hevein at a concentration of 30 lg ml)1 also caused a Ca2+-

dependent aggregation of C. tropicalis yeast cells. These data indicate that hevein can

inhibit the growth of certain potential oral fungal pathogens.

Key words: Hevea brasiliensis, hevein, antimicrobial activity, Candida spp., oral organisms, rubber latex.

Introduction

Hevea brasiliensis is a tropical rubber tree belonging to

the family Euphorbiaceae. It is extensively cultivated in

Southeast Asia for the production of natural rubber.

Although numerous plants can synthesize rubber in

latex, the Hevea rubber tree remains to be the most

suitable and viable source of commercial natural

rubber. A few hundred milliliters of latex can be

obtained from each tree by simply incising the bark, the

common practice of tapping the rubber trees. Besides

rubber particles that constitute 30–40% of the whole

latex volume, the latex contains numerous other non-

rubber constituents including proteins that are pres-

ently overlooked and discarded as waste in the rubber

industry. In our laboratory, we had already purified

and characterised several biological-active molecules

present in the non-rubber constituents from latex such

as b-1,3-glucanase isozymes,1 a polyphenol oxidase,2

NAD(P)H quinone reductase3 and a protease inhibitor.4

These proteins are involved in the defense mechanisms

of the rubber tree against fungal pathogens. In this

study, hevein was found to inhibit various Candida spp.

As the rubber trees are tapped or wounded almost

everyday for latex collection, it has been suggested that

the rubber tree must be well equipped with antimicro-

bial compounds to protect itself from any invaders.

Defense-related proteins reported to be present in latex

include chitinase, b-1,3-glucanase, hevamines, hevein,
glucosidase, b-galactosidase, b-N-acetyl-glucosamini-
dase, polyphenol oxidase, and a protease inhibitor.5,6

Correspondence: Assoc. Prof. Dr. Rapepun Wititsuwannakul, Department of

Biochemistry, Faculty of Science, Prince of Songkla University, Hat Yai,

Songkhla 90112, Thailand.

Tel.: +66 7 428 8266. Fax: +66 7 444 6656.

E-mail: wrapepun@yahoo.com or rapepun.w@psu.ac.th

Accepted for publication 21 December 2007

Original article

� 2008 The Authors

Journal compilation � 2008 Blackwell Publishing Ltd doi:10.1111/j.1439-0507.2008.01490.x



This has been supported by the finding that whole latex

had antifungal activity against a broad spectrum of

potential plant fungal pathogens. Such antifungal

activity may be related to the presence of glycosidase

activities such as a-mannosidase, N-acetyl-b-D-glucosa-
minidase, chitinase, chitinase ⁄ lysozyme and b-1,3-
glucanase that hydrolyse the polymers in the fungal

cell wall.1,7–9 Another report showed that another

substance with antifungal activity was hevein, a major

protein component of the B-serum derived from the

bottom fraction of centrifuged fresh latex. Hevein was

active against several phytopathogenic fungi included

Botrytis cinerea, Fusarium culmorum, Fusarium oxyspo-

rum, Phycomyces blakesleeanus, Pyrenophora tritici-repen-

tis, Pyricularia oryzae, Septoria nodorum and Trichoderma

hamatum.10 Hence, the B-serum normally treated as

waste could be a great biotechnological resource

because of the large quantity produced and its potential

for possible use as an antimicrobial agent, a value

added product. In this study, we determined the

antimicrobial activity of freshly prepared latex serum

against various potentially pathogenic oral micro-

organisms and identified a compound that possesses

antimicrobial activity.

Materials and methods

Microorganisms

A total of 49 microbial strains, potential pathogens of

the oral cavity and respiratory tract, were tested in this

study. These were Porphyromonas gingivalis A, P. gingi-

valis W 50, P. gingivalis 381, P. gingivalis ATCC 33277,

Prevotella intermedia 25611, Tannerella forsythia ATCC

43037, Aggregatibacter actinomycetemcomitans ATCC

33384, Pseudomonas aeruginosa ATCC 27853, Strepto-

coccus mutans ATCC 25175, Lactobacillus fermentum

ATCC 14931, Candida albicans ATCC 90028, C. albicans

ATCC 10231 and 28 clinical isolates. Candida glabrata

ATCC 90030, C. glabrata ATCC 66032, Candida tropi-

calis ATCC 750, C. tropicalis ATCC 13803, C. tropicalis

ATCC 66029, Candida krusei ATCC 6258, C. krusei

ATCC 34135, Cryptococcus neoformans ATCC 90112,

C. neoformans ATCC 90113. Organisms were main-

tained on 5% blood agar, brain heart agar or Sabouraud

dextrose agar as appropriate to their growth require-

ments.

Preparation of B-serum from fresh latex

Fresh latex was collected from rubber trees of the

H. brasiliensis species (clone RRIM 600) grown at

Songkhla Rubber Research Center, Songkhla, Thai-

land. The latex was filtered through cheese cloth and

centrifuged at 5000 g for 15 min at 4 �C to separate

the bottom fraction from the latex serum. The bottom

fraction was subject to ultracentrifugation at

59 000 g, 4 �C for 45 min and four main layers

were obtained. The upper white creamy layer con-

sisting mostly of rubber particles was discarded, a thin

layer of yellow Frey-Wyssling particles beneath the

top layer, the less coloured serum fraction called

C-serum and the yellowish bottom fraction containing

lutoid particles were kept for antimicrobial activity

screening. After rinsing the bottom fraction with

isotonic buffer [50 mmol l)1 Tris–HCl, pH 7.4 con-

taining 0.9% NaCl (w ⁄ v)] to remove any contami-

nating latex, the lutoid particles in the bottom

fractions were burst by freezing and thawing several

times until a majority had lysed. This was then

centrifuged at 8000 · g for 15 min at 4 �C and the

brownish aqueous fraction called B-serum was col-

lected. The Frey-Wyssling layer, C-serum and B-serum

were screened for antimicrobial activity. The B-serum

from the bottom fraction was the only one to show

antimicrobial activity.

Purification of an antimicrobial protein from B-serum

B-serum was fractionated by acetone precipitation

with increasing concentrations from 0–40%, 40–60%

and 60–80% acetone saturation and centrifuged. The

pellets were collected and any acetone was removed

by blow drying. Pellets of each fraction were dissolved

in 20 mmol l)1 Tris–HCl, pH 7.4 and were screened

for antimicrobial activity. The active fraction was

submitted to anion exchange chromatography on a

DEAE-Sepharose Fast Flow column equilibrated in

20 mmol l)1 Tris–HCl, pH 7.4 and washed with

20 mmol l)1 Tris–HCl, pH 7.4 until the A280 fell

below 0.01. The bound protein was then eluted with

a gradient of 0–0.5 mol l)1 NaCl in the same buffer.

The peak fractions containing antimicrobial activity

were pooled, dialysed against water and lyophilised.

Protein concentrations were determined by the

Bradford method using bovine serum albumin as

standard.11

N-terminal amino acid sequencing

The 11 amino acids of the NH-terminal sequence were

determined by Edman degradation using the Applied

Biosystems-Procise HT Instrument (Mayo Proteomic

Research, Minneapolis, MN, USA).
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Antimicrobial assay of antimicrobial protein

The broth microdilution method

For determining the minimal inhibitory concentration

(MIC) values, bacteria were grown to stationary phase in

Brain Heart Infusion (BHI) broth under aerobic or

anaerobic conditions, according to the species being

tested. Each cell suspension was adjusted to approxi-

mately 106 CFU ml)1. For yeast, MIC testing was

performed using a modified broth microdilution method

following that of the National Committee for Clinical

Laboratory Standards.12 Yeasts were grown on Sabou-

raud dextrose agar (SDA) and incubated at 35 �C for

24 h. The inoculum was prepared by picking five

colonies from these culture plates and suspending them

in RPMI medium pH 7.0, the cell density was adjusted to

the density of a 0.5 McFarland standard unit at 530 nm,

which resulted in a yeast stock suspension of 1 · 106 to
5 · 106 cells ml)1. A working suspension was prepared
by diluting this 1 : 1000 with appropriate medium to

obtain 1 · 103–5 · 103 CFU ml)1. The broth micro-

dilution test was performed by using 96 well plastic flat

bottom plates with covers. Then, 50 ll of sample was
added and serially diluted by two fold dilutions to

appropriate concentrations. A control was included for

the determination of the growth of each species in the

absence of antimicrobial protein. 50 ll of working
inoculum was added to 100 ll final volumes. After
inoculation, plate was incubated at 35 �C for 24 h. The
optical density at 620 nm (OD620) was measured with a

microplate reader. The OD of the blank wells were

subtracted from the OD of the inoculated wells.

For a growth inhibition plot, Candida spp. were mixed

with RPMI 1640 medium and hevein at various

concentrations and incubated for 24 h. The growth

inhibition was represented as a percentage of the

growth inhibition of the control cultures.

The disk diusion assay

This was performed as described previously13 with

several modifications. Briefly, SDA was autoclaved and

cooled to 45 �C. A suspension of C. albicans ATCC

10231 and C. tropicalis ATCC 750 in RPMI 1640

medium was added to a concentration of

1 · 104 organisms ml)1 and 20 ml portions of the

warm liquid agar suspension were added to a Petri

dish. Sterile paper discs were placed on the solidified

agar, and 40 ll of diluted sample preparations was

added to each disc, and the plates were incubated

overnight at 37 �C. Clear zones of fungal growth were
visualised around the discs containing inhibitory con-

centrations of antimicrobial proteins.

The disk diffusion assay was similarly employed for

investigating the effect of a Hevea proteinase inhibitor

(HPI) on the antifungal activity of hevein. The HPI was

partially purified, as an 80–95% acetone precipitated

fraction from the C-serum isolated from ultracentrifuged

fresh latex, according to the method described by

Sritanyarat et al. [4]. Hevein at 40 lg was mixed with
either 200 or 400 lg HPI before adding it to each paper
disc. The resulting clear zones of fungal growth were

compared to those of the controls containing either

hevein (40 lg) or HPI (400 lg) alone.

Aggregation analysis

Candida tropicalis ATCC 750 was used in this experi-

ment. The experiments were carried out as previously

described.14 Briefly, the yeast cells were suspended in

calcium-binding buffer (CBB); 20 mmol l)1 Tris–HCl, pH

6.75, 0.5 mmol l)1 CaCl2, 5 mmol l)1 MgSO4,

0.1 mmol l)1 DTT, 154 mmol l)1 NaCl, (or CBB con-

taining 10 mmol l)1 EDTA) and diluted to the required

absorbance at 620 nm (A620). Appropriate concentra-

tions of hevein or buffer were added to the final volume

of 800 ll for all samples. After protein supplementation,
the A620 of each sample was measured every minute for

2 h.Aggregation is recorded by a decreasingA620 greater

than that observed in the negative control (without

protein addition) as the aggregated material collected

at the bottom of the assay tube as sedimentation.

Results

Purification and characterisation of protein that inhibits

microbial growth

B-serum was fractionated by precipitation of protein

with increasing concentrations of acetone, 0–40%,

40–60% and 60–80%. Each fraction was assayed for

antimicrobial activity by the broth microdilution

method. Only the 60–80% acetone fraction inhibited

the growth of the microbes tested as shown by the MIC

values (Table 1). C. albicans ATCC 90028 was the most

sensitive microbe with an MIC 112 lg ml)1 protein but
C. neoformans, the other fungus tested at this time, was

not sensitive at 1.8 mg ml)1. All Gram-negative bacte-

ria tested except the P. aeruginosa species had MIC values

of 896 lg ml)1 protein. However, the Pseudomonas and

Gram-positive bacteria were not affected by 1.8 mg ml)1

protein from this fraction. When this 60–80% acetone

fraction was tested against 28 clinical isolates of

C. albicans, the average MIC of those isolates was

91.3 ± 40.45 lg ml)1 and two standard strains of
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C. albicans ATCC 10231 and ATCC 90028 had MIC of

56 and 112 lg ml)1 respectively. Thus, C. albicans

ATCC 10231 was used for the rest of the study to

identify the active substance during further purification

of the 60–80% acetone fraction. This first step using

DEAE-Sepharose Fast Flow chromatography separated a

protein with antimicrobial activity. The active fractions

were pooled and contained a homogenous protein of

0.3 mg of purified active protein per 1 l of fresh latex.

The mass spectrum of the active fraction was deter-

mined by MALDI-TOF mass spectrometry and exhibited

major peaks corresponding to an Mr value of 4717 Da

(data not shown). The N-terminal sequence (11 resi-

dues) was analysed and showed 100% similarity to the

hevein sequence (Fig. 1) that had been previously

reported.15 Previously, the antifungal activity of hevein

had been examined by a hyphal extension-inhibition

assay in which it had shown potent antifungal activity

against several plant pathogenic fungi.10 In this study,

the antimicrobial activity of hevein was investigated

with other ATCC strains of Candida spp. including

C. albicans ATCC 10231 and ATCC 90028, C. tropicalis

ATCC 750, ATCC 66029 and ATCC 13803, C. krusei

ATCC 34135 and ATCC 6258 and C. glabrata ATCC

90030 and ATCC 66032. The concentration of protein

required for 80% growth inhibition (MIC80) was used as

a measure of the inhibitory potency of hevein on these

fungi. Hevein was able to inhibit the growth of

C. tropicalis strains in suspension cultures at as little as

12 lg ml)1. Although C. tropicalis strains were the most

sensitive species of Candida tested, strains of C. albicans,

and C. krusei were quite sensitive with strains of

C. glabrata being the least sensitive with MIC values of

>190 lg ml)1 (Fig. 2).
The disk diffusion assay showed inhibition of growth

of C. tropicalis ATCC 750 (Fig. 3a1) and C. albicans

ATCC 10231 (Fig. 3a2) by hevein, added to the disc at a

concentration of as little as 125 lg ml)1 (5 lg per disc).
At each concentration, the inhibition zone was bigger

with C. tropicalis ATCC 750.

An enhancing effect of HPI on the antifungal activity

of hevein was also revealed from the clear zone diameter

size obtained upon combination with hevein (Fig. 3b).

The HPI (at 400 lg) when tested alone showed no

antifungal activity as no clear zone could be seen from

disc 2. However, when it (at either 200 or 400 lg) was
combined with 40 lg of hevein, the clear zone diameter
obtained (discs 4 or 5) was significantly bigger than that

of the hevein control, disc 3.

The interaction with hevein and C. tropicalis ATCC

750 yeast cells was investigated. We performed aggre-

gation experiments using purified hevein. Hevein was

added to the diluted yeast cells and the aggregation was

tested by measuring changes in absorbance at 620 nm

as a function of time. This provided a method for

evaluating the interaction of hevein under a variety of

conditions. The addition of hevein (30 lg ml)1) resulted
in a decrease in absorbance owing to the aggregation of

yeast cells to form sediment in the presence of

0.5 mmol l)1 CaCl2. This effect was inhibited by the

addition of 10 mmol l)1 EDTA. Binding of hevein to

yeast cells is therefore calcium dependent because the

addition of EDTA completely inhibited the aggregation

(Fig. 4).

Discussion

Hevein was previously shown to have antifungal

activity against various plant pathogenic fungi.10 In

our study, this is the first testing of its activity against

various commensals and potential pathogens of the oral

cavity and respiratory tract. The inhibitory effect of a

pure sample obtained by a new procedure, that was far

more simple than the previously described methods,10

Table 1 Screening of a crude 60–80% acetone fraction from the

Hevea brasiliensis against various potential microbial pathogens of

the oral cavity and respiratory tract

Microbial MIC (lg ml)1)

Gram-negative bacteria

Porphyromonas gingivalis A 896

Porphyromonas gingivalis W50 896

Porphyromonas gingivalis 381 896

Porphyromonas gingivalis ATCC 33277 896

Prevotella intermedia 25611 896

Tannerella forsythia ATCC 43037 896

Aggregatibacter actinomycetemcomitans

ATCC 33384

896

Pseudomonas aeruginosa ATCC 27853 >1800

Gram-positive bacteria

Streptococcus mutans ATCC 25175 >1800

Lactobacillus fermentum ATCC 14931 >1800

Fungi

Candida albicans ATCC 90028 112

Cryptococcus neoformans ATCC 90112 >1800

Cryptococcus neoformans ATCC 90113 >1800

Controls were cell suspensions added to broth without hevein.

Figure 1 N-terminal sequence analysis of hevein purified in this

study showing that its first 11 residues had 100% identity to he-

vein previously isolated.15
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showed a strong inhibition against Candida spp.

(MIC range 12–190 lg ml)1) but less for C. krusei

ATCC 34135 and C. glabrata ATCC 90030 with MIC

(>190 lg ml)1). It was much less active against oral

Gram-negative species (MIC 896 lg ml)1) and inactive
against Gram-positive species at concentrations of

1.8 mg ml)1. Hevein is one of the major proteins in

lutoids, which are small vacuole-derived organelles.16

Lutoids contain proteins encoded by defense- or stress-

related genes.17 This indicates that defense is one of the

functions of laticifers. Hevein is accumulated more than

10-fold in the latex when compared with the leaf

tissues.18 The antifungal property of hevein has been

investigated against potential human pathogenic fungi

including C. albicans, C. tropicalis, C. krusei and C. gl-

abrata. The structural components of the cell wall of

these fungi are mainly chitin, (1, 3)b-D-glucan, (1,6)b-
glucans, lipids, and peptides embedded in a protein

matrix.19 Hevein is a small chitin-binding protein that

targets the chitin of the pathogenic fungal cell wall. An

estimate of the fungal wall pore size predicts that

proteins larger than 15–20 kDa will not pass through

the fungal wall.20 Thus, hevein with a molecular size of

4.7 kDa could penetrate the fungal cell wall matrix. As
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C. albicans ATCC 90028
C. albicans ATCC 10231

C. tropicalis ATCC 750
C. tropicalis ATCC 66029
C. tropicalis ATCC 13803

C. krusei ATCC 34135
C. krusei ATCC 6258

C. glabrata ATCC 90030
C. glabrata ATCC 66032Figure 2 Antimicrobial activity of purified

hevein. The percentage of growth inhibi-

tion was measured at varying concentra-

tions of hevein with the following test

organisms: Candida albicans ATCC 90028

(¤), ATCC 10231 ( ), C. tropicalis ATCC

750 (*), ATCC 66029 (d), ATCC 13803

(h), C. krusei ATCC 34135 ( ), ATCC

6258 ()), C. glabrata ATCC 90030 (s),

ATCC 66032 (4). The growth inhibition is
represented as a percentage of the growth

of the control cultures.

(a1) (a2) (b)

Figure 3 (a) Growth inhibition (clear zone) of hevein against Candida tropicalis ATCC 750 (a1) and C. albicans ATCC 10231 (a2) and (b)

The enhancing eect on antifungal activity of hevein against C. albicans ATCC 10231 by Hevea protease inhibitor (HPI). Discs in both A1 and

A2 contained 40 ll hevein solution added at dierent concentration, where disc 1 is the negative control containing 40 ll of 20 mmol l)1

Tris–HCl buer, disc 2–5 contained 40 ll of hevein solution at 25, 125, 250, 750 lg ml)1 or 1, 5, 10 and 30 lg per disc respectively. For
the discs in C, disc 1, negative control containing 40 ll of 20 mmol l)1 Tris–HCl buer; disc 2, 400 lg of HPI; disc 3, 40 lg of hevein; disc
4–5, 40 lg of hevein combined with 200 and 400 lg of HPI respectively.
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can be seen from the aggregation experiment, within

2 h of mixing, hevein caused a Ca2+-dependent aggre-

gation of C. tropicalis. Aggregation of the fungal cell was

inhibited by EDTA. We assume that aggregation was

because of the penetration of hevein through the protein

matrix of the cell wall to bind to the chitin embedded in

the protein matrix in the presence of Ca2+. This binding

then led to a modification of the wall to induce

aggregation and finally death of the fungus within 24 h.

Our quantitative analyses of the growth-inhibitory

effect of hevein gave some inconsistent results as shown

by the broad distribution of MIC obtained against

C. albicans, ranging from 12 to 95 lg ml)1 for strain
ATCC 10231 and from 23 to 190 lg ml)1 for strain
ATCC 90028 using different isolation and testing

procedures (data not shown). For the disk diffusion

assay, a higher concentration of hevein was required for

growth inhibition (Fig. 3). The differences observed

could be because of the different times of sample

preparation. Different cultivation conditions, different

protocols, or the different strains used had effects on the

MIC values; for example, the test by the disc diffusion

assay yielded higher MIC than those obtained by the

broth microdilution method with the same material.

This may also reflect different arrangements of the wall

components. MIC values are therefore dependent on the

choice of protocol.

A protease inhibitor (HPI) has recently been purified

and characterised from Hevea latex in our laboratory.4

The assay of HPI, isolated from an 80% to 95% acetone

fraction of the C-serum, against several proteases,

including serine and aspartic proteases, revealed that

it inhibited only subtilisin A and trypsin. A protease

inhibitor cocktail has been shown to enhance the

activity of the antifungal peptides, Mucin MUC7 12-

Mer-L and 12-Mer-D Peptides, by preventing them from

protease degradation.21 It was therefore interesting to

see if HPI had any effect on the antifungal activity of

the latex hevein peptide. The HPI by itself was found to

possess no antifungal activity (Fig. 3b), thus supporting

the earlier finding on its ineffectiveness against aspartic

protease,4 a virulence factor secreted by C. albi-

cans.22,23 However, it was shown to enhance the

antifungal activity of the hevein (Fig. 3b). The HPI may

help to prevent hevein degradation by the intracellular

proteases produced after the fungi are killed. Hence, it

may be possible for the HPI acting as a natural

protease inhibitor to be a candidate for inclusion in the

protease inhibitor cocktail used to enhance the effec-

tiveness of antifungal peptides in their therapeutic

applications.

Candida albicans is part of the normal microbial flora

of the human host and can be found in the digestive,

oral cavity and vaginal tracts24 and is a major human

opportunistic pathogen, causing both mucosal and

systemic infections called candidiasis, especially in

immunocompromised patients.25,26 However, an in-

creased prevalence of candidiasis has been attributed

to the widespread use of antibiotics and immunosup-

pressive agents.27 At present, synthetic antifungal

drugs are available for the treatment of Candida

infections some having very serious side effects to

immunocompromised and AIDS patients who suffer

from immune dysfunction. In the future, it may be

necessary to seek out and test naturally occurring

antifungal substances to treat these patients. However,

as hevein is a known allergen (Hev b 6.02), its

therapeutic application may be limited. Further work

will be required to investigate this possibility. Ability to

modify the hevein to eliminate its allergenicity without

loosing its antifungal activity would obviously create

more opportunities for the use of this biologically

active �waste protein�.
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Figure 4 Candida tropicalis ATCC 750 aggregated by hevein. Yeast

cells were suspended in calcium-containing buer with or without

10 mmol l)1 EDTA at room temperature. The suspensions were

monitored at absorbance 620 nm (A620) to the appropriate dilu-

tion and hevein was added to a final concentration of 30 lg ml)1.
Buer was added to the negative control sample. The A620 of the

suspensions was monitored every minute for 2 h after protein

supplement.
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Abstract

Three isoinhibitors have been isolated to homogeneity from the C-serum of the latex of the rubber tree, Hevea brasiliensis clone
RRIM 600, and named HPI-1, HPI-2a and HPI-2b. The three inhibitors share the same amino acid sequence (69 residues) but the masses
of the three forms were determined to be 14,893 ± 10, 7757 ± 5, and 7565 ± 5, respectively, indicating that post-translational modifica-
tions of the protein have occurred during latex collection. One adduct could be removed by reducing agents, and was determined to be
glutathione, while the other adduct could not be removed by reducing agents and has not been identified. The N-termini of the inhibitor
proteins were blocked by an acetylated Ala, but the complete amino acid sequence analysis of the deblocked inhibitors by Edman deg-
radation of fragments from endopeptidase C digestion and mass spectrometry confirmed that the three isoinhibitors were derived from a
single protein. The amino acid sequence of the protein differed at two positions from the sequence deduced from a cDNA reported in
GenBank. The gene coding for the inhibitor is wound-inducible and is a member of the potato inhibitor I family of protease inhibitors.
The inhibitor strongly inhibited subtilisin A, weakly inhibited trypsin, and did not inhibit chymotrypsin. The amino acid residues at the
reactive site P1 and P0

1 were determined to be Gln45 and Asp46, respectively, residues rarely reported at the reactive site in potato inhib-
itor I family members. Comparison of amino acid sequences revealed that the HPI isoinhibitors shared from 33% to 55% identity (50–
74% similarity) to inhibitors of the potato inhibitor I family. The properties of the isoinhibitors suggest that they may play a defensive
role in the latex against pathogens and/or herbivores.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: Hevea brasiliensis; Euphorbiaceae; Proteinase isoinhibitors; Wounding; Plant defense

1. Introduction

Para rubber trees (Hevea brasiliensis from the Euphorbi-
aceae family) grow in hot humid intertropical regions and
are cultivated for their latex, the main source of natural rub-

ber used for many industrial purposes in the world. The
physiological roles of latex remain unclear and considering
the high-energy cost, it is unknown why plants produce
latex. Latex secretion has been hypothesized to be part of
the defense system targeted against pest and/or pathogen
attacks (Farrell et al., 1991). In latex collection, rubber trees
are regularly wounded by a systematic ‘‘tapping’’ proce-
dure, in which the bark is shaved to a thin layer and pre-
treated with Ethrel� or Ethephon� (ethylene generators)
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to stimulate latex production. Hevea possesses articulated
laticifers at the inner soft zone of the bark that produce
the latex (de Faÿ and Jacob, 1989; Premakumari and Panik-
kar, 1992). Wounding in the manner described can cause a
10- to 50-fold increase in the expression of stress related
genes (Kush et al., 1990). These genes produce the second
most abundant transcripts in Hevea latex, with transcripts
for rubber biosynthesis being the highest (Han et al.,
2000; Ko et al., 2003). Defense-related proteins reported
to be present in latex include chitinase, b-1,3-glucanase,
hevamines, hevein, glucosidase, b-galactosidase, b-N-ace-
tyl-glucosaminidase, polyphenol oxidase, and a protease
inhibitor (D’Auzac and Jacob, 1989; Kim et al., 2003).
Details on the biochemistry of natural rubber and of latex
structure and compositions, including rubber biosynthesis
and defense-related proteins have been extensively reviewed
(Wititsuwannakul and Wititsuwannakul, 2001). Our recent
interest is focused on the protease inhibitor activity that we
found to be induced in the latex as a result of tapping. We
report here the purification and characterization of three
subtilisin A isoinhibitors (HPI) from the latex ofHevea that
had been repeatedly tapped. These studies revealed that the
three isoinhibitors contained an identical amino acid
sequence, and that post-translational modifications of the
single half-cystine residue with two small organic adducts
resulted in the three isoinhibitor types. The isoinhibitors
are members of the potato inhibitor I family and may play
a defensive role in the latex against pests and/or pathogens.

2. Results

The presence of trypsin inhibitors in the non-rubber
fractions of Hevea latex was investigated. The non-rub-
ber fractions were separated from the rubber fractions
by centrifugation of the latex, and included a clear serum
called C-serum and a fluid derived from the lutoid or
bottom fraction called B-serum (see Graphical Abstract).
The latex of repeatedly tapped rubber trees contains
about 3 times higher trypsin inhibitory activity than latex
of rubber trees tapped for the first time (Fig. 1), indicat-
ing that the latex trypsin inhibitory activity was induced
by wounding. Trypsin inhibitory activity was not
detected in the B-serum fraction from repeatedly tapped
trees.

Trypsin inhibitor activity found in 70–95% acetone frac-
tions of the C-serum comprised over 80% of the total inhib-
itory activity of the original serum, while 60% of the total
trypsin inhibitory activity was in an 80–95% fraction.
SDS–PAGE analysis of the proteins present in the 80–
95% acetone fraction, revealed the presence of only one
major protein band with an estimated Mr of about 7 kDa
(Fig. 2). The protein was called Hevea protease inhibitor,
HPI.

The inhibitory activity in the 80–95% acetone fraction
was assayed against several proteases in addition to tryp-
sin, including chymotrypsin, pepsin, papain, subtilisin A,

pronase E, protease type XIII, and thermolysin. Only sub-
tilisin A and trypsin were inhibited, with HPI activity
against subtilisin A being 40-fold higher. Therefore, subtil-
isin A was chosen to assay HPI activity during further
investigations.

Fig. 1. Inhibition of trypsin activity by the C-serum of fresh latex
collected from rubber trees during the first tapping (single wound) and
from trees after several days of alternate-day tapping (multiple wounds).
Equal amounts of C-serum protein (250 lg protein) were pre-incubated
with 7.5 lg trypsin for 10 min at 37 �C and the activities assayed as
described in Section 4. Data were performed in triplicate. The single
wound data are the average from three singly wounded trees.

Fig. 2. SDS–PAGE separation of proteins Hevea latex C-serum that
precipitated at 80–95% acetone. Electrophoresis of 3 lg HPI in Tricine-
SDS–PAGE gels (16.5%).

W. Sritanyarat et al. / Phytochemistry 67 (2006) 1644–1650 1645



Sephadex G-75 size-exclusion chromatography of the
80–95% acetone fraction revealed the presence of three
components, of which two exhibited inhibitory activity
against subtilisin A (Fig. 3). The inhibitory proteins were
designated as HPI-1 and HPI-2, respectively.

Proteins in HPI-1 eluted from a C18-HPLC column sep-
aration as one major peak along with two minor peaks,
and each exhibited inhibitory activity (Fig. 4A). HPI-2
eluted as two peaks, each having inhibitory activity, and
were designated HPI-2a and HPI-2b (Fig. 4B). The major
component of HPI-1 corresponds to Mr 14,893 ± 10 (m/
z = 14,894, 7449, 4967, and 3725, +1, +2, +3, and +4 ions,
respectively). The mass spectrum of HPI-2 exhibited major
peaks corresponding to Mr values of 7757 ± 5 for HPI-2a
(m/z = 7758 and 3879, +1 and +2 ions, respectively) and
7565 ± 5 for HPI-2b (m/z = 7566 and 3785, +1 and +2
ions, respectively). The same m/z values were observed in
the spectrum of HPI-1, but as minor components, confirm-
ing that HPI-1 contains small amounts of the two proteins
HPI-2a and HPI-2b.

Size-exclusion chromatography of HPI-1 on Sephadex
G-75 indicated a mass of about 14 kDa, which is twice
the Mr estimated by electrophoretic analysis using Tri-
cine-SDS–PAGE under reducing conditions. This indi-
cated that HPI-1 had a monomer molecular mass of
approximately 7 kDa. HPI-I therefore, under oxidizing
conditions, was engaged as a disulfide-linked dimer.

The isoelectric points of HPI-2a and HPI-2b, analyzed
by isoelectric focusing, were 4.24 and 4.17, respectively.

All three isoinhibitors were fully active after incubation
at 90 �C for 2 h. They were also stable between pH 3 and
pH 11 when incubated at 37 �C for 24 h.

The inhibitory activities of HPI-1, HPI-2a, and HPI-2b
against subtilisin A are shown in Fig. 5. The Kis for the

three isoforms toward subtilisin A were estimated to be
0.21, 0.08, and 0.10 nM, respectively.

The N-terminal amino acids of all three isoinhibitors
were blocked, precluding sequence analysis on the native
proteins. The proteins were reduced and alkylated, and
then digested with the endopeptidase Glu-C to obtain frag-
ments for MALDI-MS analysis. The resulting peptides
were separated by C18-HPLC and sequenced. Three of
the peptide fragments derived from each digestion were
determined to have the sequences NANVKAIVVKE,
GLPITQDLNFNRVRVFVD, and NRVVTQVPAIG,
respectively.

To obtain the complete amino acid sequences, the pro-
teins were reduced and subjected to the deblocking enzyme,
Ac-DAP, an enzyme that specifically cleaves N-terminal
acyl-type blocking groups (such as formyl, acetyl, and myr-
istyl) sequentially releasing amino acids from the N-termi-
nus until it encounters an X-Pro bond. The deblocked N-
terminal peptides were sequenced. The amino acid
sequences of peptide fragments produced by endopeptidase

Fig. 3. Chromatography of HPI on Sephadex G-75 in 50 mM ammonium
bicarbonate, pH 7.8. The absorbance of eluting proteins was recorded at
280 nm and subtilisin A inhibition was assayed using azocasein as
substrate.

Fig. 4. Separation of (A) HPI-1 and (B) HPI-2 by C18-HPLC. Proteins
were eluted with an acetonitrile gradient in 0.1% TFA. The absorbance
was recorded at 280 nm and subtilisin A inhibition was assayed as in
Fig. 3.
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Glu-C and Ac-DAP cleavages from each protein produced
the complete sequence that is shown in Fig. 6. This
supported the mass spectroscopy data that all three isoin-
hibitors were derived from the same protein.

A search of the HPI sequence using the National Center
for Biotechnical Information (NCBI) databases (NIH,
USA), using the protein–protein BLAST (blastp) program,
revealed high sequence homology with a conserved domain
of the potato inhibitor I family, pfam00280 (score = 72.2
bits). The amino acid sequence of HPI showed the highest
sequence identity with a family member called HbPI1
(GenBank accession no. AAP46156) that had been identi-
fied by ESTs and cDNA-AFLP as a protein from Para rub-
ber tree (Hevea brasiliensis) (Han et al., 2000; Ko et al.,
2003).

The amino acid sequence of HPI was identical to HbPI1
except at two residues. At residue 9 an N in HPI replaced D
in HbPI1, and at residue 10, S replaced A, consistent with
the MS/MS data. HPI isoinhibitors differ from the HbPI1
in several other respects. All HPI isoinhibitors have acetyl-
Ala at their N-terminus, while HbPI1 has an N-terminal
Met. Isoinhibitor HPI-2a is modified with a small molecule
through a disulfide bond and released by reduction. Non-
reduced HPI-2a, analyzed by LC/MS, produced a +2 ion
with m/z 846.9 ± 0.5 Da, yielding a spectrum consistent
with a species having a glutathione molecule linked to the
cysteine residue by a disulfide linkage, including fragment
ions that specifically relate to the glutathionyl moiety. In
contrast to HPI-2a, reduction and alkylation of HPI-2b
did not result in a change in its mass spectrum, indicating
that the adduct with the cysteine residue was not through
a disulfide linkage. LC/MS/MS analyses of HPI-2b yielded
an MS/MS spectrum having a cysteine modified or substi-
tuted to produce a residue with mass 116 ± 1 Da greater
than cysteine itself. This is consistent with the cysteine
being alkylated with an adduct with the molecular formula
C6H12O2, although no additional structural information
could be gleaned from the MS/MS spectrum.

The reactive site of HPI, analyzed by the amino acid
sequences of cleavage products when incubated with subtil-
isin A at low pH, indicated that the P1–P

0
1 residues of the

reactive site of the HPI for subtilisin A were Gln45-Asp46.

3. Discussion

The tapping system in latex collection involves multiple
wounds over a period of weeks that create important entry
sites for pests and pathogens. Plants respond to wounding
by activating genes that play roles in wound healing and
defense (Ryan, 1990; Bowles, 1990; Ryan, 2000; Lawrence
and Koundal, 2002; Valueva and Mosolov, 2004). Protease
inhibitor proteins are among the defenses induced by
wounding, and their defensive role in vegetative tissues
and storage organs have been studied in detail in species
of the Solanaceae, Leguminosae, Cucurbitaceae, and
Graminaceae families (Ryan, 1990; Koiwa et al., 1997;

Mosolov et al., 2001; Mosolov et al., 2004). The consis-
tently higher trypsin inhibitory activity in the C-serum
from the latex of rubber trees (Hevea brasiliensis) (Fig. 1)
indicated that a wound inducible protease inhibitor was
present in the latex. The presence of 60% of the inhibitory
activity as a single electrophoretic band in the 80–95% ace-
tone fraction of the C-serum (Fig. 2) facilitated the purifi-
cation of the inhibitory activity. Although the inhibitory
activity present in the latex was originally identified using
trypsin inhibitor assays, the inhibitory activity of the
C-serum was 40 times higher against subtilisin A than
against trypsin.

Three isoinhibitors of subtilisin A were purified from the
protein in the 80–95% acetone fraction of C-serum, (Figs.
3–5) and were named HPI1-1 (Mr 14, 893), HPI-2a (Mr

7757), and HPI-2b (Mr 7565). The isoinhibitors were heat
stable, and acidic in charge, and the N-terminal residue
of each isoinhibitor was blocked with an acetylated ala-
nine. All three were powerful inhibitors of subtilisin A,
having Ki’s in the high pM range.

The complete amino acid sequences of the three isoin-
hibitors were achieved by removing the acetyl groups from
the isoinhibitors with the enzyme Ac-DAP, and producing
internal fragments using endopeptidase Glu-C. The amino
acid sequences of the three isoinhibitors were revealed as
being identical (Fig. 6), and the differences in the molecular
masses determined by mass spectrometry were therefore
due to post-translational modifications of a single transla-
tion product of 69 amino acids in length that is a member
of the potato inhibitor I family. Family members are found
widely distributed throughout the plant kingdom, as well
as in the leech and common earthworm, indicating that
the family has an ancient origin. HPI is the only isolated
family member that has a single cysteine.

Fig. 5. Inhibition of the three purified isoinhibitor forms of HPI (HPI-1,
HPI-2a, and HPI-2b) by subtilisin A. Each point was performed in
triplicate.
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Structural analyses indicated that the single cysteine res-
idue present in the inhibitor was engaged in three interac-
tions. The first being the formation of an intermolecular
disulfide bond through the cystine residue to cause dimer-
ization, which explains the identification of a 14 kDa spe-
cies (HPI-1). The other two modifications also involved
the cystine residue in a disulfide bond with glutathione
(HPI-2a) or by a small unknown adduct of mass 116 ± 1,
in a covalent bond with cysteine that could not be dissoci-
ated under reducing conditions (HPI-2b). The post-transla-
tional modifications of the nascent polypeptide may have
resulted from cross-linking of HPI-1 reduced monomers
with itself, with glutathione, and an unknown adduct, in
the oxidizing environment of the latex, either before or dur-
ing its collection from trees.

The inhibitors may be components of the wound-induc-
ible defenses of rubber trees, directed against secreted pro-
teases of pathogens and/or digestive proteases of
herbivores. The natural targets of HPI, and the wound sig-
nals that regulate its synthesis in Hevea latex, remain to be
investigated.

4. Experimental

4.1. Materials

Trypsin (bovine pancreas, EC 3.4.21.4), chymotrypsin
(bovine pancreas, EC 3.4.21.1), subtilisin A (Carlsberg
Type VIII protease from Bacillus lichenifermis, EC 3.4.21.
62), pronase E (Streptomyces griseus, EC 3.4.24.31), pepsin
(porcin stomach mucosa, EC 3.4.23.1), papain (papaya
latex, EC 3.4.22.2), protease type XIII (Aspergillus saitoi,
EC 3.4.23.18), thermolysin (Bacillus thermoproteolyticus

rokko, EC 3.4.24.27), casein, azocasein, hemoglobin, ben-
zoyl-DL-arginine-p-nitroanilide (BAPNA), N-succinyl-ala-
ala-pro-phe-p-nitroanilide (SAAPF pNA), and iodoacetic
acid (IAA) were from Sigma (St, Louis, MO). N-benzoyl-
L-tyrosine ethyl ester (BTEE) was from Nutritional Bio-
chemicals Corporation (Cleveland, OH). Dithiothreitol

(DTT) was from Pierce (Rockford, IL). Endoproteinase
Glu-C (Staphylococcus aureus, EC 3.4.21.19) excision
grade, was from Calbiochem (La Jolla, CA). N-acetyl
deblocking aminopeptidase (Pyrococcus furiosus) was from
Takara Mirus Bio Corporation (Madison, WI).

4.2. Methods

Rubber trees (Hevea brasiliensis, RRIM 600 clone), age
about 20 years, were grown at Songkhla Rubber Research
Center, Hat-Yai, Songkhla, Thailand. The trees were
tapped for latex on alternate days. Fresh latex was col-
lected in ice-chilled plastic cups, pooled and separated on
the same day as collected. The pooled latex was sieved
through cheesecloth to remove small particles and centri-
fuged (Beckman Model JA 2-21, Beckman Coulter, Fuller-
ton, CA) at 5000g for 15 min at 4 �C. The latex separated
into 3 layers; the top white zone containing rubber, a mid-
dle milky aqueous center layer called C-serum, and the
sediment bottom layer containing lutoid particles. The
C-serum was further subjected to ultracentrifugation
(Beckman Model L8-70 M ultracentrifuge, Beckman Coul-
ter, Fullerton, CA) at 59,000g for 45 min at 4 �C, and the
supernatant containing the C-serum was collected and used
for protease inhibitor purification. C-serum proteins were
fractionated step-wise by the addition of acetone in incre-
ments of 0–50%, 50–70%, 70–80% and 80–95%. Each frac-
tion was centrifuged at 59,000g, resuspended in distilled
water, and assayed for trypsin inhibitory activity.

Amino acid sequencing from the N-terminus was per-
formed on an Applied Biosystems (Foster City, CA) Pro-
cise Model 492 protein sequencer using Edman chemistry.

HPI-2a and HPI-2b were assayed for temperature stabil-
ity in 50 mM citrate buffer, pH 6.

The reactive-site of the HPI with subtilisin A was iden-
tified by the methods of Finkenstadt and Laskowski, 1965.
HPI (2 nmol) was incubated with 1% mol of subtilisin A in
the solution of 0.5 M KCl and 0.05 M CaCl2, pH 3.75 for
24 h at room temperature. After incubation, the reaction
mixture was subjected to amino acid sequence analysis.

SDS–PAGE was performed according to the modified
method of Laemmli (1970), using a 7–15% linear gradient
of acrylamide, a 4% stacking gel and protein standards
from Amersham Biosciences (Piscataway, NJ). After elec-
trophoresis, proteins were stained with Coomassie Brilliant
Blue R-250 (Sigma, St, Louis, MO). Tricine-SDS–PAGE
(polyacrylamide gel, 16.5%) was prepared using the
method as described by Schägger and von Jagow (1987).
Isoelectric focusing was performed with a BIO-RAD
minigel IEF apparatus (Model 111 Mini IEF Cell, Bio-
Rad, Hercules, CA) according to the manufacturer’s
instructions.

Protease inhibitory activity against trypsin and subtilisin
A were assayed using azocasein as substrate. Aliquots from
fractions were pre-incubated for 10 min at 37 �Cwith subtil-
isin A in a total volume of 300 lL containing 50 mM Tris–
HCl pH 8.8. The assays were initiated by the addition of

Fig. 6. The amino acid sequences of HPI. The peptides sequences of HPI
fragments after enzyme digestion with endopeptidase Glu-C (Glu-C) and
Pfu N-acetyl deblocking aminopeptidase (Ac-DAP) are shown, analyzed
by either Edman degration or Maldi MS. (<) indicates the acetylated N-
terminal. Fragments produced by Glu-C digestion and identified by
MALDI MS are designated by f1, f2, f3, f4, f

0
4, and f5.
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200 lL substrate solution (1% (w/v) azocasein), further
incubated for 20 min at 37 �C, and 235 lL of trichloroacetic
acid (TCA, 20% w/v) was added to terminate the reaction.
After 20 min at room temperature, the mixture was centri-
fuged at 10,000g for 10 min and the absorbance of the super-
natant was measured at 335 nm. One unit of subtilisin A
inhibitory activity was defined as the amount of inhibitor
which decreases the absorbance at 335 nm by 0.1 OD when
compared to a control solution lacking inhibitory activity.
Activity assays against trypsin, chymotrypsin, pronase
E and subtilisin A were measured as follows; aliquots of
inhibitor-containing solutions were pre-incubated for
2 min with the appropriate enzyme in a total volume of
50 lL of appropriate buffer (see below) and the reaction
was initiated by adding 500 lL substrate and adjusted to a
final volume of 1 mL with buffer. The change in absorbance
was recorded every minute for 5 min with a Hitachi Model
U-2000 spectrophotometer. Trypsin and pronase E were
assayed at pH 8.1 in 46 mMTris–HCl, 11.5 mMCaCl2 with
the substrate BAPNA by a modified procedure based on the
methods of Erlanger et al. (1961); Hummel (1959). Chymo-
trypsin was assayed at pH 7.8 in 80 mM Tris–HCl, 100 mM
CaCl2 with the substrate BTEE as described by Hummel
(1959). Subtilisin A was assayed at pH 8.8 in 50 mM Tris–
HCl, 5 mM CaCl2 with N-Succinyl-Ala-Ala-Pro-Phe-p-
nitroanilide (SAAPF pNA) as substrate by the method of
Pekkarinen et al. (2002). Thermolysin and papain were
assayed using casein as substrate (Eguchi and Yamashita,
1987; Shivaraj and Pattabiraman, 1981). Papain assays
was carried out using 100 mM phosphate buffer, pH 6, with
0.38 mM EDTA and 1.9 mM cysteine-HCl. Pepsin and
Aspergillus protease were assayed according to the Anson
method (1938), using hemoglobin as substrate.

Purified inhibitors were reduced and alkylated using the
method described by Pearce et al. (2001). The reduced and
alkylated inhibitors were separated from the unreacted
reagents prior to cleavage with enzymes by using ZipTipC18
pipette tips containing C18 reversed-phase media (Milli-
pore, Bedford, MA, USA), concentrated using a Speed
Vac concentrator and then subjected to MALDI mass
spectrometry analysis.

MALDI spectra were obtained using a PerSeptive
Biosystems Voyager DE/RP time-of-flight mass spectrom-
eter equipped with a nitrogen laser (337 nm) (Framington,
MA). Dried-droplet samples were prepared using a-cyano-
4-hydroxycinnamic acid as the matrix, and spectra were
acquired as averages of 256 laser shots with the laser flu-
ency set approximately 20% above threshold. For LC/
MS/MS analyses of peptide mixtures, samples separated
with an LC Packings Ultimate Capillary LC system (Dio-
nex Corporation, Sunnyvale, CA) were analyzed in data-
dependant mode with a Bruker Daltonics (Billerica, MA)
HCT ion trap with nanospray electrospray ionization
(ESI). Aliquots of 5 lL were injected onto a 150 lm
i.d. · 5 mm C18 packed capillary column (Dionex Corpo-
ration, Sunnyvale, CA) and eluted with a 60 min gradient
of 0–100% methanol/0.1% trifluoroacetic acid.

Reduced and alkylated of each isoinhibitor (25 lg) were
incubated with endopeptidase Glu-C (2.5 lg) in 50 mM
ammonium bicarbonate buffer, pH 7.8, at 37 �C overnight
to fragment the protein. The reaction was terminated by
adding 1 lL TFA and dried in vacuo to remove ammo-
nium bicarbonate and TFA. The dried fractions were dis-
solved in water, concentrated to small volumes and then
subjected to mass spectroscopic analyses.

The internally calibrated positive ion MALDI-MS spec-
trum of the endopeptidase Glu-C digests exhibited peaks
with m/z values within ±0.1 Da of the predicted singly
charged ions of fragments f3, f4, and f5 of the EST
(1184.7, 2232.2, and 1153.7 Da, respectively), while the
negative ion spectrum exhibited a peak within ±0.1 Da of
the m/z expected for f2 (1569.8 Da). The positive ion spec-
trum also showed a strong peak at m/z 1507.8 ± 0.1 Da,
matching the mass expected for the fragment
f 04 ¼ LNFNRVRVFVDE, which was obtained by endo-
peptidase Glu-C cleavage at an aspartate residue. Numer-
ous other peaks of moderate intensity were observed in
the positive ion spectrum of the endopeptidase Glu-C
digest, but even though the f1 fragment of the EST contains
a basic residue and is therefore expected to appear in the
MALDI spectrum, none of the observed m/z values
matched the m/z predicted for f1.

The endopeptidase Glu-C digest of purified HPI-2a
included a prominent +2-charged peak of m/z
723.8 ± 0.5 Da at retention time 27.3 min. MS/MS spectra
of this 723.8 Da +2 parent showed strong and interpretable
series of b and y ions, containing the N and C termini,
respectively, of a peptide tentatively interpreted to be
Ac-ASQC*PVKNSWPE, where Ac-indicates N-terminal
acetylation, and C* is the alkylation product of the SH
group by iodoacetic acid.

N-acetyl deblocking aminopeptidase (Ac-DAP) was
used to remove N-terminal acetyl groups from the inhibitor
protein. Cleavage by Ac-DAP was performed according to
the manufacturer’s instruction (Takara Bio Inc, Shiga,
Japan). The enzyme (25 lg) was added to the reduced
and alkylated inhibitors (25 lg) in 50 mM N-ethylmorpho-
line-AcOH, 0.1 mM CaCl2, pH 8.0 and incubated at 50 �C
for 24 h. The reaction was terminated by adding 50% for-
mic acid to a final concentration of 5% and the protein
were subjected to amino acid sequence analyses.
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Abstract

An in vitro aggregation of washed lutoid membrane and rubber particles, respectively, prepared from the bottom (lutoid) fraction and
rubber layer of centrifuged fresh latex, leading to the formation of rubber coagulum necessary for a latex coagulation was demonstrated.
A Triton X-100 extract of washed lutoid membrane proteins, isolated and prepared from the bottom fraction of centrifuged fresh latex
was examined for its role in the latex coagulation process. It induced agglutination of rabbit erythrocytes, indicating the presence of a
lectin-like protein. Hevea latex lectin-like protein (HLL) was purified to homogeneity by active chitin binding separation, followed by
DEAE-Sepharose chromatography. Its Mr analyzed by SDS–PAGE was 17 kDa, whereas that determined by gel filtration was
267 kDa. The HLL had a pI value of 7.2. Several glycoproteins were shown to inhibit the HLL-induced hemagglutination. The hemag-
glutinin activity of HLL was enhanced by Ca2+. Of most interest was the finding that HLL strongly induced aggregation of the Hevea

latex rubber particles (RP). This strong RP aggregation leads to latex coagulation, indicating the possibility that it is involved in the
formation of the coagulum that plugs the latex vessel ends and stops the flow of latex upon tapping. In addition, the purified HLL also
induced aggregation of RP taken from several other non-Hevea latex producing plants. This might indicate either a common or universal
role of this lectin-like protein in RP aggregation and hence latex coagulation. This paper, for the first time, provides clear and unequiv-
ocal evidence for either a key biological role or physiological function of an endogeneous latex lectin-like protein in the sequential process
of latex coagulation.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Protein–carbohydrate interactions play a major role in
establishing the specificities of a wide range of biological

recognition and communication events. A class of carbohy-
drate binding proteins, called lectins, have been isolated
from a wide variety of natural sources including plants,
fungi, bacteria, viruses, algae and body fluid, as well as cell
membranes of vertebrates (Goldstein and Hayes, 1978;
Goldstein and Poretz, 1986; Lis and Sharon, 1986). Lectins
in animal systems have been implicated as a direct first-line
defence against pathogens, cell trafficking, immune regula-
tion and prevention of autoimmunity (Hauri et al., 2000;
Kilpatrick, 2002). The biological function of plant lectins
is, nevertheless, still unclear although diverse roles
that include enzymatic activity, storage proteins, cell wall
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extension, transport of carbohydrate, mitogenic stimula-
tion, as well as plant defense mechanism have been sug-
gested (Etzler, 1985; Chrispeels and Raikhel, 1991; Van
Damme et al., 1998). There has been almost no evidence
to indicate the occurrence of plant lectins that recognize
and bind ‘endogenous’ glycoconjugates or ligands, and
are therefore probably involved in recognition mechanisms
within the organism itself.

The rubber tree (Hevea brasiliensis) is one of the world’s
most frequently wounded plants. The tree is regularly
tapped by means of bark stripping, for collecting rubber
latex, throughout its economic lifespan. Freshly tapped
latex is in fact a living cytoplasm in which the rubber
particles and non-rubber particles such as lutoids and
Frey–Wyssling, particles as well as other cell components
are dispersed in an aqueous phase of the cytosol (Moir,
1959; Dickenson, 1969). The rubber latex is largely formed
and stored in the rings of anastomosing lacticifers in the
inner bark area. This allows draining of the latex from a
large area after tapping (Zhao, 1987). A process leading
to rubber latex coagulation at the severed vessel ends was
suggested to take place immediately after tapping (Boat-
man, 1966). The progressive plugging of latex vessels dur-
ing the course of the latex flow, following tapping,
restricts the quantity of latex exuded and is thus an impor-
tant limiting factor of yield output per tapping (Milford
et al., 1969). The plugging of latex vessels is vital for the
rubber tree in preventing the loss of its metabolites and
entry of pathogens to the phloem. Various hypotheses have
been proposed to explain the mechanism of plugging, many
of which have emphasized a role for the damaged vacuolar
lutoids (Southorn, 1969; Southorn and Edwin, 1968). Both
damaged lutoids and rubber particles were found to be
associated in a cap of rubber coagulum formed over the
severed vessels (Southorn, 1968). A similar in vitro aggrega-
tion of ruptured lutoids and rubber particles that resulted
in the formation of a rubber coagulum had also been dem-
onstrated in ultracentrifuged fresh field-latex upon pro-

longed storage (Wititsuwannakul et al., 2004). A soluble
protein inside the lutoid bodies, known as hevein, has also
been shown to mediate rubber particle aggregation in a lec-
tin like manner (Gidrol et al., 1994). This type of aggrega-
tion is not directly related to the association observed
between lutoid membrane debris and rubber particles. It
is the intention of this paper to investigate the presence
of a latex protein on the lutoid membrane that could act
like a lectin and induce aggregation of rubber particles to
form a rubber latex coagulum.

2. Results and discussion

In this report, we demonstrate an in vitro aggregation of
washed lutoid membrane and rubber particles giving rise to
a rubber coagulum in a latex coagulation. Biochemical
studies on a Hevea latex lectin-like protein derived from
the lutoid membrane isolated from the bottom fraction of
the centrifuged fresh latex are described. The role and func-
tion of the intrisic latex lectin-like protein and its involve-
ment in the latex coagulation process was established.

2.1. In vitro aggregation of lutoid membrane and rubber

particles

The bottom (lutoid) particles in a centrifuged fresh
latex, comprising around 20% or more of the latex volume,
had previously been shown to be either unstable or disap-
peared upon prolonged storage of the fresh latex. The
membrane debris from disrupted bottom particles was
shown to be associated with rubber particles as a puffy
upper rubber phase in the destabilized latex (Wit-
itsuwannakul et al., 2004). Washed lutoid membranes
and rubber particles, prepared from centrifuged fresh latex,
were also observed to undergo an in vitro aggregation
(Fig. 1). After incubating washed lutoid membranes with
a rubber particle suspensions for 30 min, the membranes

Fig. 1. Ultracentrifugation of suspensions, 6 ml each, containing washed lutoid membrane (a–c), washed rubber particles (d) and their mixtures (e–g).
Tubes a, b and c: control washed lutoid membrane suspensions with total protein contents of 24, 48 and 72 mg and dry weight contents of 0.13, 0.26 and 0.
39 g, respectively; Tube D: control rubber particle suspension with total protein content of 1.28 g and dry weight content of 2.42 g. Tubes e, f and g: a + d,
b + d and c + d mixtures, respectively.
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had completely disappeared from the bottom fraction and
were found to be associated with the top rubber layer upon
centrifugation. The increase in the size of the rubber layer
was directly proportional to the amount of the washed
lutoid membrane debris added to the incubation mixtures.
(Fig. 1, tubes e–g). A direct involvement of lutoid mem-
branes in rubber coagulum formation and latex coagula-
tion was thus demonstrated. Although the lutoid
membranes have always been implicated in the latex coag-
ulation process, until now, with these findings, their role
has neither been known nor well understood (Southorn,
1968, 1969a; Southorn and Edwin, 1968). Our current
working hypothesis is that the latex coagulation process
is based on a biologically specific recognition and interac-
tion. We have therefore isolated a Hevea latex lectin-like
protein from the lutoid membrane and investigated its
properties.

2.2. Purification of Hevea latex lectin-like protein (HLL)

The HLL was extracted with Triton X-100 from the
membranes of a washed lutoid particle sediment in the bot-
tom fraction of the centrifuged fresh latex for purification
and characterization of its properties. A Triton X-100
extract of the washed lutoid membrane proteins aggluti-
nated erythrocytes from rabbits and mice, but had no activ-
ity with human erythrocytes of any blood group. The
erythrocyte specificity of the lectin-like protein found in
Hevea latex was in accordance with the property reported
for the lectin from the latex of Euphorbia marginata (Stripe
et al., 1993). Triton-X (0.2%) was as effective in solubilizing
HLL from the vacuolar lutoid membrane as was the deter-
gent previously employed for extracting lectin associated
with the vacuolar membrane (Heyen et al., 2002). Triton-
X was removed from the membrane protein extract using
SM-2 beads prior to any further purification steps. HLL
was found to have a high affinity for binding to chitin
and was thus easily separated from other proteins. Tri-
ton-X was also found to effectively elute HLL after batch
binding to chitin. A further chromatographic purification
step for HLL with a DEAE-Sepharose column was also
effective using Triton-X for elution (Fig. 2), as most of
the hemagglutination activity (HA) was recovered. Hydro-
phobic regions of the HLL are implicated in playing a
major role in the binding interactions with both the chitin
and Sepharose matrices as indicated by the efficiency of the
Triton-X elution protocols presented above.

2.3. Characterization of the purified HLL

The molecular weight of the active native HLL
was determined by gel filtration in the presence of Triton
X-100, according to the method employed for determina-
tion of a large molecular weight human membrane bound
lectin (Baenziger and Maynard, 1980). The native HLL
was a very large protein of ca 276 kDa (Fig. 3a). The Mr

obtained by SDS–PAGE analysis showed a single purified

HLL band of ca 17 kDa (Fig 3b and c). The HLL was thus
unique in being a large multimeric protein comprising as
many as 16 monomeric units of the 17-kDa protein. This
is a major new finding, different from those found for the
dimeric latex lectins previously reported in E. Lactea and
E. Lactea cristata (Lynn and Clevette-Radford, 1986).
The purified HLL showed a specific titre of 4.9 ng ml�1

against rabbit erythrocytes used in the HA assay (Table
1). The minimum concentration of HLL required for
detectable hemagglutination is about 16 times lower than
that, 80 ng ml�1, reported for the Hevea bark lectin
(HBL) (Wititsuwannakul et al., 1998). These large differ-
ences could be due to HLL being a much larger multimeric
complex compared to that of HBL.

2.4. Factors influencing the HLL activity

Several glycoproteins tested (i.e. fetuin, asialofetuin,
ovomucoid, mucin, asialomucin) were either found to inhi-
bit the HLL-induced hemagglutination in a competitive
manner. However, a1-acid glycoprotein, soybean trypsin
inhibitor and a range of various mono- or disaccharides
had no inhibitory activity (Table 2). Moreover, native fet-
uin and mucin were more effective inhibitors of HLL activ-
ity than were their asialo counterparts. Hence molecules
devoid of the sialic moiety forms of N-acetylneuraminyl
(sialic acid) residues are probably essential and actively
involved as the HLL specific ligands. Based on these results
from the glycoproteins tested in the assays, HLL might be
one of the sialic acid specific lectins. However, the precise
carbohydrate-binding specificity domain remains to be
defined and verified by further analyses. Unlike the mostly
cationic basic proteins found in the lutoid vacuolar con-
tents (B-serum) (Southorn and Yip, 1968), the membra-
nous HLL was a neutral protein with pI of 7.2 (Fig. 4).

Reports on the Ca2+ requirement of lectins for their
interaction with carbohydrate and binding activity are well
documented (Drickamer, 1993; Drickamer and Taylor,

Fig. 2. Elution profile of HLL on a DEAE-Sepharose column.
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1993). In the case of HLL, the hemagglutination activity
level was doubled with addition of low Ca2+ (0.5–
1.5 mM) to the assay mixture (Fig. 5). This indicated that
the residual Ca2+ present in the preparation was not suffi-
ciently high enough to provide optimum conditions for the
HA of HLL. This result was similar to those observed in a
great majority of other lectin activites (Goldstein and
Hayes, 1978). Surprisingly, the HLL-induced HA
decreased when the concentration of the added Ca2+ was
higher than 1.5 mM, a concentration reported to be the
physiological concentration (around 1.5 mM) within the
lutoid particles (d’Auzac and Jacob, 1989). The activity

Fig. 3. Analysis of purified HLL. a and b: Molecular weight calibration of HLL by gel filtration on a Sepharose CL 6B column (a) and SDS–PAGE (b),
respectively. c: SDS–PAGE. Lane 1: HLL extract (100 lg); lane 2: eluted protein (10 lg) from chitin-batch binding; lane 3: eluted protein (10 lg) from
DEAE-Sepharose with 0.5 M NaCl; Lane 4: purified HLL (10 lg) eluted from DEAE-Sepharose column with 0.2% Triton X-100.

Table 1
Purification protocol of HLL

Fraction Titre* Specific titre** (ng ml�1) Yield (%)

HLL extract 8.19 · 105 49.0 100
Chitin batch-binding 2.84 · 105 12.5 34.7
DEAE-Sepharose 2.66 · 105 4.9 32.5

* Titre is defined as the reciprocal of the lowest dilution that gives
detectable agglutination of rabbit erythrocytes.
** Minimal concentration of HLL required for detectable
hemagglutination.

Table 2
Carbohydrate binding specificity of HLL

Glycoprotein
(mg ml�1)

Concentration required for 100% inhibition of
agglutination of rabbit erythrocytes in the presence of
HLL (1.17 lg ml�1)

Fetuin 0.625
Asialofetuin 1.250
Mucin 0.625
Asialomucin 2.500
Ovomucoid 2.500
Trypsin

inhibitor
(type II-S)

1.250

The carbohydrate binding specificity of the HLL was determinded by
hapten inhibition assays using a series of mono-, di-, tri-saccharides and
some glycoproteins. The following compounds were not inhibitory: glu-
cose, galactose, mannose, fucose, arabinose (200 mM); raffinose, GlcNAc,
ManNAc, GalNAc (100 mM); chitosan dimer, chitosan trimer (5 mg/ml);
GlcNAc 1! 6 GlcNAc, Gal 1! 4 GlcNAc (2 mg/ml); 30-N-Acetyl-
neuramin-lactose, 6 0-N-Acetylneuramin-lactose (2 mg/ml) and a1-acid
glycoprotein, type II-S trypsin inhibitor (5 mg/ml).

Fig. 4. pI determination of HLL. Lane a: standard markers; Lane b:
purified HLL.
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was reduced by 50% at 5 mM and was almost completely
inhibited at 10 mM Ca2+. The biphasic nature of the
Ca2+ effect on HLL might be an intrinsic property of its
hydrophobic protein producing a specific adverse response
to high Ca2+ ionic strength in the HA assays.

2.5. Rubber particle aggregation induced by HLL

Unlike the hemagglutination assay for HLL as pre-
sented above (Section 2.3), the assay for rubber particle
(RP) aggregation is still difficult to perform and the current
commonly accepted reliable method is not yet available as
a routine protocol. To circumvent this problem, a novel
new assay technique to monitor the RP aggregation was
developed. This new assay for the HLL induced aggrega-
tion of RP was based on a specific dye binding technique

Fig. 5. Effect of CaCl2 concentration on the hemagglutination activity of
HLL.

Fig. 6. RP aggregation induced by HLL. (a) Specific staining. After 30 min-incubation of RP with either control buffer (tubes1 and 3) or 1.8 lg of HLL
(tubes 2 and 4), the assay mixture (50 ll) was stained with either basic Fuchsin (tubes1 and 2) or Alcian blue (tubes 3 and 4). The RP aggregates were
separated by centrifugation and viewed with a light microscope. (b) Time course of HLL-induced RP aggregation. After the assay mixtures (50 ll, each)
containing RP and HLL (1.8 lg) were incubated for 5, 10, 20 and 40 min as in tubes 1, 2, 3 and 4, respectively, and stained with Fuchsin. The amounts of
RP aggregates obtained after centrifugation were compared. (c) Effect of various proteins other than HLL on RP aggregation. After 30 min-incubation of
the RP with either control buffer (tube1), 10 lg of BSA (tube 2), 2.5 lg of fetuin (tube 3), or 8 lg of C-serum protein, the assay mixture was stained,
separated by centrifuged and the amount RP aggregates were compared. (d) HLL induced aggregation of non-HeveaRP. HLL (1.8 lg) was incubated with
either isotonic buffer (tube 1) or RP suspension prepared from the latex of Calotropis gigantea (tube 2); Euphobia mili DesMoulin (tube 3); Ficus elastica
Roxb (tube 4); Plumeria rubra Linn. (tube 5); Argyreia capitiformis (tube 6) for 30 min. The mixtures were stained and the RP aggregates were separated
and visualized.

R. Wititsuwannakul et al. / Phytochemistry 69 (2008) 339–347 343



Author's personal copy

for visualizing the stained complex using a microscopic
observation. A hematocrit tube and centrifuge were
employed for separating the free RP from the aggregated
RP followed by examination with a microscope.

After the incubation of HLL with washed rubber parti-
cles, the RP aggregate, separated into the top layer and was
specifically and intensely stained with basic Fuchsin
(Fig. 6a). The Alcian blue dye that is generally used for
detecting glycoproteins did not stain the aggregated com-
plex. With a fixed amount of HLL used in the incubation,
the size of RP aggregate, as evidenced by the stain inten-
sity, increased with the incubation time (Fig. 6b). This is
in addition to the intensity of the stain being dose depen-
dent on HLL.

Lectins from other plants producing no latex (i.e. Cana-
valia ensiformis, Cicer arietinum, Maackia amurensis and
Sambucus nigra) were either ineffective or unable to induce
the RP aggregation (data not shown). Similarly, other non-
lectin proteins such as bovine serum albumin (also served
as the control), fresh latex C-serum proteins and fetuin
(glycoprotein) were also unable to induce RP aggregation,
as no staining was detected for these protein groups
(Fig. 6c). These results strongly indicated a specific biolog-
ical role for the endogenous latex lectin-like protein in
mediating the aggregation of RP, hence the possibly that
the lectin-like protein induced RP aggregation is an intrin-
sic physiological function. Moreover, the HLL may be a
common RP agglutinin as it also induced aggregation of
RP taken from several other latex producing plants (i.e.
Ficus elastica, Plumeria rubra, Euphorbia milii, Calotropis
gigantea and Argyeia capitiformis) in a similar manner to
that shown for aggregation of the Hevea latex RP
(Fig. 6d). Hence, the HLL recognition domain and the
interacting glycoconjugate on RP surface receptors may
be common among various different plant species.

2.6. HLL mediating latex coagulation: a proposed

physiological function for latex lectin-like protein

Lutoids have been recognized for a long time and
thought to play an important role in latex vessel plugging
to stop the flow of latex (Southorn and Edwin, 1968; Sou-
thorn and Yip, 1968; Southorn, 1968; Milford et al., 1969;
Paardekooper, 1989). The rupture or extent of lutoid burst-
ing was shown to be inversely correlated with the rubber
yield (Southorn and Yip, 1968) by shortening the duration
of flow. The lutoid vacuoles are bound by a single layered
fragile membrane that can be either easily damaged or rup-
tured by osmotic shock or the physical shear occurring nat-
urally during the flow of latex upon tapping. Release of the
lutoid membrane debris together with its vacuolar contents,
that also includes Ca2+, into the latex cytosolic phase had
been implicated as the initiator of latex coagulation or the
formation of the so called rubber coagulum (Southorn
and Edwin, 1968; Southorn and Yip, 1968). The plugging
of the latex vessel end was a consequence of this coagula-
tion. The association between the damaged lutoid fragment

and the RP aggregates had been demonstrated in the forma-
tion of the rubber coagulum cap over the tapping cuts or the
severed latex vessel ends (Southorn, 1968). This biophysical
association is now confirmed by our new and novel finding
that the HLL of the lutoid membrane has a strong ability to
aggregate the RP. The rupture or bursting of lutoids might
ensure the exposure of the HLL, sited on the luminal mem-
brane debris, to the RP surface glycoproteins in the presence
of the concomitantly released Ca2+ along with other lutoid
contents causing coagulation. This might eventually lead to
an accumulation of the rubber coagulum into a large mac-
romolecular complex that is sizable enough for plugging
the extremity of the exuding vessel ends.

3. Conclusion remarks

Our findings have indicated the direct involvement of
the lutoid membrane HLL in latex coagulation leading to
the formation of a rubber coagulum from the interaction
and association between the damaged lutoid membrane
debris and the RP. The protein content ratios of lutoid
membrane debris to rubber particles found in the rubber
coagulum were from 1:54 to 1:17 (Fig. 1, tubes e–g). The
process could thus lead to immobilization of the colloidal
freely mobile RP. This phenomenon is different from the
previous report on the rubber aggregate being cross-linked
by the freely soluble small hevein protein of 4.7 kDa
(Gidrol et al., 1994). That would seem to be a much less
effective process, considering the very huge differences in
size of RP having a maximum size distribution of 0.1 lm
(Gomez and Hamzah, 1989) and the smaller hevein. More-
over, the amount of hevein required for minimum RP
aggregation was observed to be much higher than that of
HLL (data not shown). A physiological role for the intrin-
sic latex lectin-like protein in mediating RP aggregation in
the rubber latex coagulation is therefore being proposed.
This is a rather unique role for the lectin-like protein in
latex of plants and is different from those diverse roles
implicated or known for lectins in animal systems (i.e.
intracellular routing of glycoproteins, cell–cell adhesion,
phagocytosis) and other lectin interactions such as those
proposed by (Inohara et al., 1996; Kappler et al., 1997;
Ferguson et al., 1999). Further studies to purify and char-
acterize the binding proteins recognized by or specifically
interacting with HLL are thus warranted. The detailed
findings are presented in the accompanying papers for this
completely original long term investigative research.

4. Experimental

4.1. Chemicals

DEAE-Sepharose, glycoproteins, lectins, sugars and chi-
tin were from Sigma, whereas SM-2 adsorbent was from
Bio-Rad and Sepharose CL-4B was a product of Amer-
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sham Pharmacia Biotech. All other chemicals were of
reagent grade.

4.2. Plant material (collection and fractionation of latex)

Freshly tapped latex was collected in an ice-chilled bea-
ker from regularly tapped trees of the RRIM 600 clone.
The latex was fractionated by centrifugation at 49,000g
(Rav 8.12 cm) for 45 min to give a floating rubber fraction,
C-serum (latex cytosol) and the bottom (lutoid) fraction,
respectively. The bottom fraction was separated and sub-
jected to further treatment as described below.

4.3. Preparation of washed lutoid membrane

The bottom fraction (35 g) was washed three times by
suspending in 5 volumes of Tris-buffered saline, (TBS:
50 mM Tris–HCl, pH 7.4, containing 0.9% NaCl), stirred
for 30 min at 4 and recovered by centrifugation at
30,000g for 30 min. It was then subjected to hypotonic
bursting by mixing with equal volumes of cold distilled
H2O and stirred on ice for 30 min. The lutoid membrane
pellet was separated and washed three times with TBS.

4.4. Purification of Hevea latex lectin-like protein (HLL)

The washed lutoid membrane fraction was suspended in
10 volumes of buffer A (50 mM Tris–HCl pH 7.4) contain-
ing 0.2% Triton X-100 and extracted by stirring overnight
at 4�. The HLL extract was separated after centrifugation
at 10,000g for 25 min and concentrated by ultrafiltration
(Amicon, Mr 10,000 cut-off). The concentrated HLL
extract (5 ml) was incubated with SM2 absorbent (1:10,
w/v) for 15 min to remove residual Triton X-100. It was
then mixed with 10 ml of 30% (w/v) chitin solution and
incubated overnight at 4�. Following adsorption, the
adsorbent was extensively washed with buffer A with the
bound protein eluted successively with 0.5 M NaCl and
0.2% Triton X-100 in buffer A. Fractions containing
HLL were pooled, incubated with SM2 (1:10, w/v) for
15 min to remove Triton X-100 and then applied onto a
DEAE-Sepharose CL-6B column (2.5 · 10 cm), previously
equilibrated with buffer A. Following extensive washing,
the column was successively eluted with 0.5 M NaCl and
0.2% Triton X-100 in buffer A (Fig. 1).

4.5. Hemagglutination assay of HLL

Hemagglutination assays were performed in U-well
microtiter plates in a final volume of 100 ll containing
50 ll of a 2% suspension of rabbit erythrocytes, previously
washed three times with TBS, and 50 ll of HLL solutions
(each serially diluted with 2-fold increments). Hemaggluti-
nation was recorded visually after 1 h at room temperature,
as the reciprocal of the lowest dilution giving detectable
agglutination. The carbohydrate-binding specificity of the
HLL was determined by inhibition assay using either the

glycoproteins (fetuin, asialofetuin, mucin, asialomucin,
ovomucoid, a1-acid glycoprotein) or a series of mono-,
di- or tri-saccharides. The sugars tested were glucose, gal-
actose, mannose, fucose, arabinose, raffinose, GlcNAc,
ManNAc, GalNAc, chitosan dimer, chitosan trimer, Glc-
NAc 1 ! 6 GlcNAc, Gal 1 ! 4 GlcNAc, 3 0-N-Acetylneur-
amin-lactose and 6 0-N-Acetylneuramin-lactose.

4.6. Molecular weight determination by gel filtration

The molecular weight of native HLL was determined by
gel filtration on a Sepharose CL 6B column (2.5 · 85 cm)
using buffer A containing 0.1% Triton X-100. Aldolase
(158 kDa), catalase (240 kDa), ferritin (450 kDa) and thy-
roglobulin (660 kDa) were used as molecular weight stan-
dards. The molecular weight calibration was carried out
according to the method described by Baenziger and May-
nard (1980).

4.7. Preparation of washed rubber particles

For the latex coagulation assay, the entire rubber layer
containing Moir’s zone 1 and 2 (Moir, 1959) of ultracentri-
fuged latex was used in order to obtain sizable amount of
rubber coagulum for direct visualization. The isolated rub-
ber was thoroughly washed twice to remove any cytoplas-
mic protein adhering to their surface by resuspending in
10· vol by weight of TBS. The washed RP suspension
was diluted to give protein concentration of 0.32 g/ml or
a dry rubber content of 0.6 g/ml and used for the in vitro
latex coagulation assay.

For the rubber particle aggregation assay, small RP
were isolated from Moir’s zone 2 translucent cream at
the bottom of the rubber layer (facing C-serum) by skim-
ming off and collected with a spatula. Similarly, this small
RP cream was washed twice by resuspending in 10x vol. by
weight of TBS. The washed small RP solution was diluted
to give either a protein concentration of about 0.3 mg/ml
or an absorbance at 600 nm of about 0.8–0.9 and used
for the rubber particle aggregation assay.

For preparation of the non-Hevea latex rubber particle
suspensions, incisions were made on young stems of several
locally grown latex producing plants, including Calotropis

gigantea, Ficus elastica, Plumeria rubra, Euphorbia milii

Des Moulin or Argyeia capitiformis, in order to collect
exuded latex into TBS. The latex was similarly washed
and diluted with the same buffer to give an absorbance at
600 nm of about 0.8–0.9. All rubber particle suspensions
were freshly prepared and kept on ice for use that day.

4.8. Latex coagulation assay

Three aliquots of a washed lutoid membrane suspen-
sion, containing measured amounts of total protein and
dry weight contents as indicated in the text, were mixed
with 4 ml of a rubber particle suspension with the total
dry weight and protein content as indicated. The whole
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mixture was readjusted to a final volume of 6 ml with TBS,
thoroughly mixed and incubated for 30 min before being
separated by centrifugation at 49,000g for 30 min. The
increased rubber layer volumes due to latex coagulation
and the disappearance of the bottom lutoid membrane
fractions were visualized and compared with the controls.

4.9. Rubber particle aggregation assay

A new method was developed for the assay of rubber
particle aggregation induced by HLL. The rubber particle
suspension (25 ll) was mixed with 25 ll of solution con-
taining either HLL or other proteins as indicated and incu-
bated at room temperature for 30 min. After staining by
mixing with 5 ll of basic fuchsin, 0.1% w/v, or other dye
as indicated, the mixture was loaded into a hematocrit tube
by means of capillary suction. The mixture-containing end
was plugged by pressing it into the Seal-ease from Clay
Adams Co. or modeling clay. The rubber particle aggregate
that separated into the top layer after 5 min centrifugation
in a micro-hematocrit centrifuge, was examined microscop-
ically. Aggregation and autoaggregation controls were,
respectively, carried out by mixing HLL with isotonic buf-
fer and rubber particles with isotonic buffer.

4.10. Effect of CaCl2 concentration

Various concentrations of CaCl2 were added to the hem-
agglutination assay buffer as indicated. The control was
carried out in the same way but without CaCl2 addition.

4.11. Isoelectric focusing

Isoelectric focusing was performed with a 5% polyacryl-
amide gel containing 2% Biolyte 3/10 ampholytes in the
Bio-Rad minigel IEF apparatus (Model 111 Mini IEF
Cell). The potential difference was increased stepwise
according to the manufacturer’s instructions.

4.12. Polyacrylamide gel electrophoresis

SDS–PAGE was conducted as described by Laemmli
(1970) with 12 % (w/v) acrylamide gels.

4.13. Protein determination

Protein concentration was determined by the method of
Lowry et al. (1951) using bovine serum albumin as a
standard.
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Abstract

In the first of this three paper series, an in vitro latex coagulation was shown to arise from aggregation of rubber particles (RP) and
lutoid membranes. RP aggregation was shown to be induced by a specific Hevea latex lectin-like protein (HLL) present on the lutoid
membrane. In this second paper, a binding protein (BP) ligand counterpart for HLL was identified. This RP-HLLBP, having a specific
interaction, with HLL was isolated from RP and characterized. The protein was extracted from the small RP in the presence of a sur-
factant (0.2% Triton-X-100) and further purified to homogeneity. Purification steps included acetone precipitation, heat-treatment, and
column chromatography. The presence of RP-HLLBP was monitored by its ability to compete with erythrocytes in the hemagglutination
inhibition (HI) assay. The purified RP-HLLBP had an HI titre of 1.37 lg ml�1, a pI value of 5.4, optimum activity at pH 5–8 and was
thermostable up to 60 oC. On SDS–PAGE a single glycoprotein with Mr of 24 kDa was detected while on native PAGE the major Mr

was about 120 kDa. The purified RP-HLLBP was shown to inhibit latex coagulation. Chitinase, but no other glycosidase tested, abol-
ished its HI action and inhibited HLL-induced RP aggregation in a competitive dose dependent manner. This indicated the presence of,
and role for, N-acetylglucosamine residues in the binding recognition. The Hevea latex lectin-like protein can thus be referred to as a
Hevea latex lectin. Based on protein identification by peptide mass fingerprinting, the RP-HLLBP was confirmed to be the small rubber
particle protein (SRPP). This work has unambiguously determined the role of an intrinsic RP glycoprotein (RP-HLLBP or SRPP) as a
key component in formation of the rubber latex coagulum.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Hevea brasiliensis; Euphorbiaceae; Rubber particle; Lectin receptor; Rubber particle protein; Rubber latex; Latex coagulation

1. Introduction

Rubber particles (RP) are colloidal components present
in natural rubber latex. They comprise 30–45% of the
whole latex volume. The size of RP in fresh latex varies
over a wide limit, from 0.02 to 3 lm (Southorn and Yip,
1968; Gomez and Hamzah, 1989) with maximum distribu-

tion of 0.1 lm (van den Tempel, 1952; Gomez and Moir,
1979). Three distinct zones with RP have been separated
by means of ultracentrifugation of fresh latex (Moir,
1959). The largest RP particles are found in the uppermost
Moir’s zone 1 (Southorn, 1969; Yeang et al., 1995). Due to
a large area occupied by zone 1, its RP diameter of
1.55 lm, as well as those as large as 3–6 lm, had been
reported (Dickenson, 1969). In Moir’s zone 2, the size of
RP varies from 0.05 to 0.25 lm and those in Moir’s zone
3 are of a lower average size (0.035–0.2 lm) (Hamzah
and Gomez, 1982). Two major RP proteins of 14.6 and
24 kDa had been classified as proteolipids and identified
in washed RP obtained from ultracentrifuged fresh latex
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(Hasma, 1987; Wititsuwannakul et al., 2004). The genes
encoding these two major proteins were found to be most
abundant in the analysis of the Hevea lacticifer transcrip-
tome (Ko and Chow, 2003). A deduced amino acid
sequence obtained from a full-length c-DNA encoding
the 24 kDa protein was shown to have a high homology
to that of the 14.6 kDa protein (Oh et al., 1999). Both
the 14.6 kDa (Hev b1), a first latex allergen reported in gen-
eral population, and 24 kDa (Hev b3) proteins are major
latex allergens in patients with spina bifida (Czuppon
et al., 1993; Alenius et al., 1993; Yeang et al., 1996). The
major rubber particles protein of 24 kDa has been sug-
gested to be tightly associated with small rubber particles
and also involved in rubber biosynthesis (Oh et al., 1999).
A later study on micromorphology and Hevea rubber par-
ticle protein characterization has indicated that the 24 kDa
core protein might not be the protein necessary for rubber
biosynthesis (Singh et al., 2003). The exact role for the RP
24 kDa protein remains to be verified and discerned upon
further careful studies, so the ambiguity could be resolved.

In this paper, a protein present on the smaller RP (the
rubber layer zone 2 of centrifuged fresh latex) was purified
and shown to be a specific binding protein for the Hevea

latex lectin as well as being an inhibitor of latex coagula-
tion. This binding protein on the RP surface serves as a
specific receptor for the latex lectin interaction and sequen-
tially mediates the latex coagulation.

2. Results and discussion

In our previous paper, the aggregation of small RP was
shown to be induced by HLL (Wititsuwannakul et al.,
2008). Although both the 14 and 24 kDa RP proteins were
detected by SDS–PAGE in the Triton X-100 extracts of
either large (Moir’s zone 1) or small (Moir’s zone 2) RP,
the 24 kDa protein was found to be more abundant than
the 14 kDa (Fig. 1) in the small RP. This was in contrast
to the large RP where the 14 kDa was a dominant protein
(data not shown). The washed small RP were, therefore,
used for the extraction of the RP bound proteins.

2.1. Purification of a rubber particle surface protein as a

HLL binding protein

RP bound protein was extracted from the washed small
RP with 0.2% Triton X-100 present in the extracting solu-
tion mixture. The procedure used for successfully extract-
ing the RP protein is similar to that employed for
extracting either hydrophobic proteins or membrane-
bound proteins (Barondes, 1986). The RP extracted soluble
protein was shown to interact strongly with the Hevea latex
lectin (HLL) as a specific binding protein (BP) and was
thus designated as a HLL binding protein (HLLBP). In
the previous report (Wititsuwannakul et al., 2008) the
HLL was shown to cause either aggregation or agglutina-
tion of RP. Consequently, because washed RP was the

source of the lectin binding protein, the RP protein was
thus designated as RP-HLLBP. The crude extracted RP-
HLLBP prior to its purification showed strong inhibition
of the HLL-mediated rabbit erythrocyte hemagglutination.
It was further purified to homogeneity by the purification
protocol described in the Section 4. This included acetone
precipitation, followed by heat-treatment and chromato-
graphic separation using Sepharose 6B (Fig. 2) and
DEAE-Sephacel (Fig. 3) columns, respectively. The cyto-
chrome P450 protein of 53 kDa had earlier been reported
as the major rubber particle protein in guayule (Pan
et al., 1995). However, in our analysis of theHevea RP pro-
teins by SDS–PAGE with acetone precipitation of the RP
solubilized proteins showed mainly two major bands of
about 14 and 24 kDa proteins (Fig. 1). They were consid-
ered as the intrinsic proteins of Hevea RP with a few other

Fig. 1. SDS–PAGE analysis of the purified RP-HLLBP. The gel was
stained with Coomassie Brilliant Blue R250. Lane S: standard proteins;
lane A: crude RP protein extract obtained after acetone precipitation of
the washed rubber particle protein extract; lane B and C: as in A but after
further heat treatment; lane D and E: purified RP-HLLBP from the
DEAE-Sephacel peak fraction.

Fig. 2. Chromatographic profile of partially purified RP-HLLBP on a
Sepharose 6B column. Acetone precipitated protein from a washed rubber
particle protein extract was subjected to heat treatment before being
loaded onto the column.
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minor protein bands that likely resulted from association
of the tightly bound bottom fraction membrane as earlier
described (Wititsuwannakul et al., 2004). These extra and
other contaminating proteins with higher molecular weight
were sensitive to heat-treatment, unlike the two major 14
and 24 kDa proteins that are more heat stable. The purified
RP-HLLBP, obtained after the ion exchange chromatogra-
phy, showed a single protein band of 24 kDa by SDS–
PAGE (Figs. 1, 4 and 5) and had a specific HI titre of
1.37 lg ml�1 (Table 1).

2.2. Characterization of the RP-HLLBP properties and

interactions

The purified RP-HLLBP produced a single band ca.
24 kDa on SDS–PAGE (Figs. 1 and 4) and major (ca.
120 kDa) as well as minor (ca. 130 kDa) bands on the
non-denaturing native PAGE (Figs. 4 and 6). This result
indicated that the native RP-HLLBP was a multimeric pro-
tein, either pentameric (major) or hexameric (minor)

depending on the affinity of subunit association. The 24-
kDa protein had been previously identified as an RP asso-
ciated intrinsic protein (Wititsuwannakul et al., 2004), but
with no assigned function. The findings of RP-HLLBP
activity indicated a possible role for this protein in latex

Fig. 4. SDS–PAGE (I) and native-PAGE (II) of purified RP-HLLBP,
stained with Coomassie Brilliant Blue R250. Lane A: standard protein
markers; Lane B: purified RP-HLLBP (30 lg).

Fig. 5. Calibration curve for subunit molecular weight determination of
RP-HLLBP on SDS–PAGE.

Table 1
Purification protocol of RP-HLLBP

Step Total activity
(HI titre unita)

Total
protein (mg)

Specific HI
titreb (lg ml�1)

Yield
(%)

Acetone precipitate 1.79 � 105 574 3.20 100
Heat treatment 8.32 � 104 241 2.89 46
Sepharose 6B 1.02 � 105 170 1.75 57
DEAE-Sephacel 1.60 � 104 22 1.37 9

a Hemagglutination inhibition (HI) titre unit is defined as the reciprocal
of the lowest dilution that gives detectable inhibition of agglutination of
rabbit erythrocytes.
b Minimal concentration of RP-HLLBP required for detectable HI.

Fig. 3. Chromatographic profile of pooled active fractions from the
Sepharose 6 B column on a DEAE-Sephacel column.

Fig. 6. Calibration curve of standard marker proteins for native molec-
ular weight determination of RP-HLLBP on native-PAGE.
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coagulation. Based on protein identification by peptide
mass fingerprinting data (Fig. 7), this 24 kDa protein is
confirmed to be the same as that previously identified
(Oh et al., 1999) as SRPP and as the Hev b 3 latex allergen
(Yeang et al., 1996, 1998). However, these reports did not
provide any convincing evidence for a specific role. Our
finding of RP-HLLBP activity might resolve this issue
(see Table 2).

The RP-HLLBP is an acidic protein. Isoelectric focusing
resolved a single major component (pI ca. 5.2), and a minor
component (pI ca. 6.0) (Fig. 8). These pI values obtained
are in agreement with pH stability ranges of 5–8 for the
active RP-HLLBP (Fig. 9). The heterogeneity of the
(native) intact protein on isoelectric focusing may reflect
a tendency for associating among itself into either penta-
meric (major) or hexameric (minor) forms, similar to those
observed under the non-denaturing PAGE (Fig. 4). The
native active form of RP-HLLBP was heat-stable up to
60 oC. Above 60 oC up to 80 oC, the HI activity dropped
sharply to 50% remaining and at 90 oC and 100 oC only
20% remained (Fig. 10). Among all the proteins extracted
from RP by Triton X-100, the 24-kDa RP-HLLBP was
the only glycoprotein. On SDS–PAGE analyses of the sep-
arated proteins, the 24-kDa protein band was the only one
that was stained by PAS and Alcian blue dyes (Fig. 11).

The purified 24-kDa glycoprotein, RP-HLLBP, had a
4.25% (w/w) neutral sugar content as determined by the
phenol–sulfuric acid method that is commonly employed
for neutral sugar analyses. Treatment of the glycoprotein

with different glycosidase or glycohydrolase enzymes
(galactosidase, glucosidase, neuraminidase and chitinase)
followed by assaying for remaining HI activity showed that
only chitinase completely abolished HI activity. The

Fig. 7. RP-HLLBP tryptic digest mass spectrum from peptide mass
fingerprinting analysis by MALDI -TOF mass spectrometry.

Table 2
Effect of glycosidase treatments on HI activity of RP-HLLBP

Treatment HI activity (% control)

1. RP-HLLBPa (control) 100
2. As 1 + galactosidase (30 U) 100
3. As 1 + glucosidase (30 U) 100
4. As 1 + neuraminidase (0.15 U) 100
5. As 1 + chitinase (0.15 U) 0

a The amount of RP-HLLBP was 40 lg in a total assay volume of 30 ll.

Fig. 8. Isoelectric focusing of RP-HLLBP. The gel was stained with
Coomassie Brilliant Blue R 250.

Fig. 9. pH stability of RP-HLLBP.

Fig. 10. Temperature stability of RP-HLLBP determined by the HI
activity.
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decrease in HI activity was proportional to either the con-
centration or units of the chitinase enzyme levels applied
for treatment (Fig. 12). Hence, the RP-HLLBP contains
N-acetylglucosamine residues involved in the binding rec-
ognitions by the Hevea latex lectin-like protein which can
now be referred to as Hevea latex lectin. The purified
RP-HLLBP has a specific HI titre of 1.37 lg ml�1 in the
specific HA inhibition assays. The minimum concentration
of RP-HLLBP required for detectable hemagglutination
inhibition is much lower than those reported for glycopro-
teins from non-latex origin (Wititsuwannakul et al., 2008).
Perhaps this is another illustration of the high specificity
that can exist in biologically important specific recognition
phenomena and biochemical specific interactions. Nor-
mally these specific reactions between a ligand and its
receptor are signaling events leading to some specific cellu-
lar response. In this case it would seem that the intrinsic
RP-HLLBP ligand reacts with its natural latex lectin recep-
tor to facilitate latex coagulation and plugging of the latex
vessels.

2.3. Inhibition of latex coagulation by purified RP-HLLBP

A complete latex coagulation process occurred after
mixing appropriate amounts of washed lutoid membrane
with RP, as indicated (Fig. 13, tube C). The protein content
ratio, ca. 1:54, of lutoid membrane debris to RP found in
the rubber coagulum were similarly shown in earlier report
(Wititsuwannakul et al., 2008). This indicates a single
lutoid membrane complexing several rubber particles.
Accordingly, from an electron microscopic study of latex
vessel in Hevea bark, the destabilized lutoids had been
shown to have numerous small rubber particles zone 2 vari-
ety adhering to their surfaces (Yeang et al., 1995). All the
lutoid membrane debris disappeared from the bottom frac-
tion due to their rapid aggregation with the RP. However,
a prior incubation of the lutoid membrane with purified
RP-HLLBP was found to reduce the extent of their ability
in aggregating the RP. The higher the amounts of the sol-
uble RP-HLLBP added to the pre-incubation mixtures, the
higher were the remaining amounts of unaggregated lutoid
membrane in the bottom fraction (Fig. 13, tubes D–F).
These results indicate that HLLBP, in either soluble or sur-
face-bound forms was specifically recognized by the lutoid
membrane HLL while the surface-bound HLLBP was nec-
essary for the latex coagulation.

2.4. RP-HLLBP as the latex coagulating factor

The assay developed to monitor the HLL induced aggre-
gation of RP (Fuchsin staining) (Wititsuwannakul et al.,
2008) was used to test the possibility that the specific func-
tion of RP-HLLBP, the lectin binding protein, was associ-
ated with latex coagulation. HLL was preincubated with
various amounts of purified RP-HLLBP followed by addi-
tion of the washed small RP. RP-HLLBP inhibited the
HLL-induced RP aggregation in a dose dependent manner
(Fig. 14). The amount of stained RP aggregate without the
RP-HLLBP was sequentially reduced as the BP level
increased until it was completely abolished by the BP. How-
ever, when RP-HLLBP was pretreated with chitinase, but
not by other glycosidase enzymes, there was no reduction
of the stained RP aggregate (Fig. 15). These results indi-

Fig. 11. SDS–PAGE of RP-HLLBP, stained with Coomasie Brilliant Blue
R250 (I), PAS (II) and Acian blue reagent (III). Lane S: standard proteins;
Lane A and B contained 150 and 100 lg of partially purified RP-HLLBP
obtained after heat-treatment.

Fig. 12. Effect of chitinase on RP-HLLBP activity.

Fig. 13. Centrifugation of suspensions A–H, 0.5 ml each. A: washed
lutoid membrane, containing 1.2 mg protein; B: washed rubber particle,
with 64 mg protein, C: A + B; D–F: (A + RP-HLLBP) + B, the total
amounts of purified RP-HLLBP in D–F were 15, 45, and 90 lg,
respectively.

R. Wititsuwannakul et al. / Phytochemistry 69 (2008) 1111–1118 1115



cated that N-acetylglucosamine on the RP-HLLBP was
actively involved in the specific binding recognition. A sim-
ilar role has been postulated for the N-acetylglucosamine
sugar on the RP glycoprotein receptor, in mediating polyva-
lent bridging between hevein and RP (Gidrol et al., 1994).
Although chitinase was demonstrated to have a negative
effect on the HLL-induced RP aggregation, this effect was
considerably reduced in the presence of Ca2+, previously
shown to promote the HLL agglutinating activity (Wit-
itsuwannakul et al., 2008). The chitinase and Ca2+ are both
lutoid vacuolar constituents and are concurrently released
upon bursting of the lutoids. Hence, the contents and levels
of the exposed HLL binding sites on the ruptured lutoid
membrane might be key limiting factors in promoting latex
coagulation. This agrees well with the reports of a high cor-
relation between lutoid bursting and the latex vessel plug-
ging indexes (Yeang and Paranjothy, 1982; d’Auzac,
1989). These findings indicate that the small RP with the
intrinsic 24-kDa surface glycoprotein receptor acts as a
coagulating factor in the rubber latex coagulation process.

3. Concluding remarks

This proposed physiological function for the RP-
HLLBP or SRPP is strongly substantiated by previous

findings on the tight association of the 24-kDa protein with
the small RP surface (Oh et al., 1999). Therefore, the logic
of these findings is that the highly abundant small RP, less
than 0.36 lm in size and accounting for ca. 95% of the total
RP population in Hevea latex (van den Tempel, 1952;
Gomez and Hamzah, 1989), has an important role in the
latex coagulation process.

4. Experimental

4.1. Chemicals

DEAE-Sephacel, glycoproteins, sugars and chitinase
were from Sigma. Biogel P-300 was from Bio-Rad
(USA). All other chemicals were of reagent grade.

4.2. Purification of RP-HLLBP

The washed RP suspension, prepared as previously
described (Wititsuwannakul et al., 2008), was extracted
with 5� vol. of 0.2% Triton X-100 detergent. The mixture
was stirred overnight at 4 oC and centrifuged to obtain the
supernatant. Two volumes of cold acetone was added,
mixed well and kept on ice for 10 min. The solution was
then centrifuged at 10,000g for 10 min at 4 oC. The acetone
precipitate was dissolved in 50 mM Tris–HCl, pH 7.4 (buf-
fer A) and again centrifuged at 40,000g for 10 min to sep-
arate the supernatant. The first step for purifying the RP-
HLLBP was to heat the resuspended acetone precipitated
solution at 70 oC for 5 min followed by immediately plac-
ing it in an ice bath and centrifuging at 40,000g for
10 min to remove the precipitate. The supernatant was con-
centrated and subjected to further purification on a Sephar-
ose 6 B column (1.4 � 70 cm) previously preequilibrated
with buffer A at a flow rate of 12 ml/h at 4 oC. After load-
ing the sample, the column was eluted with the same buffer.
Fractions of 2 ml were collected and their absorbance mea-
sured at 280 nm. An HI assay was performed in all frac-
tions. The fractions containing HI activity were pooled,
concentrated and further purified on a DEAE-Sephacel
column (1.8 � 8 cm), preequilibrated with buffer A. After
loading the sample, the column was washed with the same
buffer until the absorbance at 280 was below 0.005. The
column was then eluted using the same buffer containing
0.3 M NaCl. The fractions containing high HI activity were
pooled, desalted and concentrated for further characteriza-
tion studies.

4.3. Assay of hemagglutination inhibition (HI) by RP-

HLLBP

The activity of RP-HLLBP activity was measured by its
ability to inhibit hemagglutination induced by HLL. Each
25 ll of RP-HLLBP sample was 2-fold serially diluted with
hemagglutination buffer (TBS), containing 0.9% NaCl in
50 mM Tris–HCl buffer, in a microtitre U plate. This was

Fig. 14. Inhibitory effect of RP-HLLBP on HLL-induced rubber particle
aggregation. The HLL (2.5 lg) was preincubated with either assay buffer
only (A) or buffer solution containing 5 (B), 20 (C) or 40 (D) lg of RP-
HLLBP before testing in the rubber particle aggregation assay as
described Section 4.

Fig. 15. Effect of various glycosidases on the inhibition of HLL-induced
rubber particle aggregation by RP-HLLBP. The RP-HLLBP (40 lg) was
preincubated with either (A) galactosidase, 15 U; (B) glucosidase, 1.5 U;
(C) neuraminidase, 0.075 U or (D) chitinase, 0.075 U, before testing its
inhibitory effect on HLL-induced rubber particle aggregation as described
Section 4.
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followed by the addition of HLL solution (25 ll) that pos-
sessed a titre of 4 hemagglutination units. The solution was
mixed and incubated at room temperature for 20 min
before the addition of 50 ll of a 2% (v/v) rabbit erythrocyte
suspension into each well. Hemagglutination was recorded
after incubation for 1 h at room temperature. The mini-
mum concentration of inhibitors that caused 100% inhibi-
tion of hemagglutination activity of the HLL was
calculated. The inhibition activity was expressed in term
of hemagglutination inhibition (HI) unit or titre.

4.4. Effect of glycosidases on HI activity of RP-HLLBP

7.5 ll aliquots each containing 40 lg of partially purified
RP-HLLBP were incubated with 7.5 ll of glycosidase
enzymes with various activity units (galactosidase, 30 U;
glucosidase, 30 U; neuraminidase, 0.15 U and chitinase
0.15 U or as indicated) for 30 min at room temperature.
After incubation, the HI activity of RP-HLLBP was deter-
mined in each reaction mixture as described above (see the
previous section).

4.5. Effect of RP-HLLBP on HLL-induced rubber particle

aggregation

A solution (15 ll) containing 2.5 lg of HLL, isolated
and purified as described previously (Wititsuwannakul
et al., Paper #1 in series), was incubated with 15 ll of var-
ious amounts of the RP-HLLBP from 5 to 40 lg. Incuba-
tion without the RP-HLLBP served as the control. After
incubation for 30 min, the rubber particle aggregation
assay was performed by adding 30 ll of rubber particle sus-
pension to the mixture. The rubber aggregate formed was
separated and observed as described previously (Wit-
itsuwannakul et al., 2008).

4.6. Effect of glycosidases treated RP-HLLBP on HLL-

induced RP aggregation

Aliquots (30 ll) containing partially purified RP-
HLLBP, obtained after pretreatment with various glycosi-
dases (galactosidase, 15 U; glucosidase, 1.5 U; neuramini-
dase, 0.075 U and chitinase, 0.075 U) as described above
were incubated with 2.5 lg of HLL for 30 min. After the
incubation, a washed RP suspension (30 ll) was added to
the assay mixture and incubation was continued. The com-
plete assay mixture was then stained with Fuchsin. The
rubber aggregate formed was separated and observed as
described previously (Wititsuwannakul et al., 2008).

4.7. Effect of pH and temperature

The effect of temperature on the HI activity of RP-
HLLBP was determined by incubating a RP-HLLBP sam-
ple at various pHs (for 1 h) or temperature (for 30 min) as
indicated. The mixtures were then adjusted back to pH 7.4
or 4 oC and assayed for HI activity.

4.8. Carbohydrate determination of RP-HLLBP

The neutral sugar content of the RP-HLLBP was deter-
mined in a scaled down version of the phenol–sulfuric acid
method of Dubois et al. (1956).

4.9. Polyacrylamide gel electrophoresis

PAGE was performed either in the presence or absence
of SDS by the method of Laemmli (1970) and stained as
indicated.

4.10. Glycoprotein staining

SDS–PAGE of partially purified RP-HLLBP was sub-
jected to PAS staining according to the method of Zacha-
rius et al. (1969) and Alcian blue staining as described by
Wardi and Michos (1972).

4.11. Polyacrylamide gel isoelectric focusing

Isoelectric focusing was performed on a 5% polyacryl-
amide gel with 2% Biolyte 3/10 ampholytes in Bio-Rad
minigel IEF apparatus (Model 111 Mini IEF Cell). The
potential difference was increased stepwise according to
the manufacturer’s instructions.

4.12. Latex coagulation inhibition assay

Fifty microliter aliquots each containing a washed lutoid
membrane suspension with a total protein content of
1.2 mg, prepared as previously described (Wititsuwannakul
et al., 2008), were mixed with 50–200 ll of the purified RP-
HLLBP with various amounts of protein as indicated and
incubated for 1 h at room temperature. Two hundred
microliter of a washed RP suspension with protein content
of 64 mg or dry rubber content of 120 mg, prepared as pre-
viously described (Wititsuwannakul et al., 2008), was then
added. The final volume of the mixture was maintained at
500 ll by adding TBS buffer and thoroughly mixed. After
additional 30 min incubation, the mixture was separated
at 10,000 rpm for 20 min in a microcentrifuge. The
amounts of the decrease in the size of rubber coagulum
and increase in the size of remaining bottom lutoid mem-
brane obtained after the final incubation were visualized
and compared with the latex coagulation control tube. A
mixture containing 50 ll of washed lutoid membrane,
200 ll of washed RP suspensions and 250 ll of TBS was
used in the latex coagulation assay control. The washed
RP assay control contains 200 ll RP suspension and
300 ll TBS and the washed lutoid membrane control,
50 ll lutoid membrane suspension and 450 ll TBS.

4.13. Protein identification by mass spectrometry

The electrophoretic band corresponding to the 24 kDa
RP-HLLBP was excised and digested with trypsin. A pep-
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tide mass fingerprint (PMF) was produced by analysing the
digested protein with a Bruker Biflex III MALDI-TOF
mass spectrometer. The resulting PMF was compared with
the calculated masses of all tryptic peptides that can be the-
oretically produced from the sequences corresponding to
all Hevea brasiliensis proteins in SWISS-PROT and
NCBInr public protein databases. The protein that yielded
the best match between the theoretical and experimental
mass values was identified to be a small rubber particle pro-
tein. The MALDI-MS analysis was carried out, under a
requested service, at The University of Minnesota Center
for Mass Spectrometry and Proteomics.

4.14. Protein determination

Protein concentration was determined by the method of
Lowry et al. (1951) using bovine serum albumin as a
standard.
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